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Display Controller Architectures for Computer Graphics 

D.J. Dwyer 

Abstract 

The currently prevalent forms of display controller hardware are 

discussed in terms of their architecture, and their relationship to 

the software which forms the graphics packages with which they are to 

be used. New architectures are proposed utilising both conventional, 

commercially available components and special purpose Large Scale 

Integrated c i rcui ts . The concept of a "hardware graphics package" is 

developed and implementation details presented. The conclusions drawn 

f r o m this work are that in order to provide an appropriate environment 

for the type of interact ive graphics capabilities which will form the 

hub of much fu ture software, more emphasis must be placed on 

intel l igent display systems. This distributed approach requires that a 

host computer provides a display controller wi th a high-level scene 

description which is subsequently rendered to constituent polygonal 

f a c e t s by the c o n t r o l l e r . Subs tan t ia l benefits accrue f r o m this 

reduced dependance upon a s ingle C e n t r a l Processing element. 
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Chapter I 

An Introduction to Computer Graphics 

1.1 Introduction 

Many of the areas in computing systems, which were traditionally 

handled by software, are being dominated to much greater extents by 

special purpose hardware. The key to this shi f t in emphasis is the 

isolation of those operations which are fundamental, or primitive, and 

the modif ica t ion of the appropriate algorithms to a form suitable for 

implementa t ion as either microcode, or as integrated components. 

Examples of this process are legion in the fields of communications 

and operating system design. An example of the latter is the hardware 

stack employed on many computers to deal with the primitive operations 

involved in subroutine linkage. This has been carried a stage further 

by the i n c o r p o r a t i o n of mic rocode i n to the GEC 4000 series 

minicomputers to deal w i th rescheduling of processes[l]. Al l multi

task operating systems contain some code which determines the order in 

which individual modules are made available to the central processor. 

This task is normally performed by an operating system process and is 

fundamental to the operation of multi-access machines. By tailoring 

the hardware in such a way that the NUCLEUS firmware is able to 

control processor access, dramatic savings can be made in rescheduling 

intervals, often by one or two orders of magnitude[2]. Applications in 

communications range f r o m the simple asynchronous line controllers 

which are able to compute and check parity for characters in a serial 

data stream to the more recent High Level Data Link Control (HDLC) 

c i rcui ts which implement the link access portion of an X.25 packet 
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switched service by providinq flags, transparency, cyclic redundancy 
code generation and protection e tc . [3] . 

This work at tempts to isolate similar examples of p r imi t ive 

operation in the increasingly important area of computer graphics. At 

a f u n d a m e n t a l l eve l i t may be c l a imed tha t th i s a f f e c t s al l 

i n t e r a c t i o n over current man-machine interfaces, be they via the 

simple transactional Video Display Unit(VDU) which provides a screen 

editor, or the more complicated interfaces to a Computer Aided Design 

(CAD) and manufacturing (CAM) faci l i ty . It is reasonably uncontentious 

to state that the major complaint of users of existing CAD/CAM 

packages is the lack of speed. Clearly, i f i t is possible to isolate 

p r imi t ive operations and modify the current algorithms to provide 

hardware rep lacements f o r some sections of such packages, the 

resultant increase in data throughput would benefit a large portion of 

the computer using community. 

Modern ideas in computer graphics have evolved over the f i f teen 

years which fol lowed the i n i t i a l research in the field, stimulated to 

a great extent by Sutherland's work on Sketchpad in 1963[4], Once the 

basics had been mastered, the emphasis switched from graphics, as an 

end in itself, towards its use as a form of communication. Any spare 

computational capabil i ty available to a system could then be applied 

to application related tasks such as f i n i t e element analysis, circuit 

design simulation and so forth. 

The need for a self consistent modelling system attached to an 

interact ive graphics f a c i l i t y evolved in the latter part of the 1960's 

in the f i e ld of cartography[5]. The data bases were large and i t was 

1.2 
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soon apparent that formalised techniques for manipulation of what were 
essentially graphical enti t ies were required. This work was discussed 
by Cooke[6] in 1967 and gave rise to several mapping systems such as 
DIME[7] and GIMMS[8] which could be described as the earliest systems 
to represent t o p o l o g i c a l s t r u c t u r e s and m a i n t a i n a consistent 
representation of geometric networks. 

At approximately the same time, proposals for work on machine 

vision had been made by Rober ts [9] at MIT: these resulted in the 

publication, in 1964, of the f i r s t hidden line removal algorithm. At 

Stanford Research Institute Baumgart[10] attempted to model the real 

world in great detail as part of a robot system which tried to match 

its physical position, determined by analysis of a television camera 

image, to its internal "memory" of how things should be. This work has 

been continued into the 1980s by MoravecCll] and resulted in attempts 

to quantify the importance of parts of an imaqe in terms of what he 

called the Interest Operator. 

Towards the end of the 1960s[12] and well into the present day, 

the necessity fo r high speed rendering of images generated from a 

somewhat stylised description of the three-dimensional world has come 

f r o m simulator construction programmes:- the f i r s t of which were 

funded by NASA and supported by the General Electric company. The 

earliest systems moved a television camera, under computer control, 

over a scale model of some terrain, but this was fe l t to be inadequate 

and more general solutions to the problem were sought. The special 

marke ts f o r m i l i t a r y and other simulators promoted the work in 

expensive "real - t ime" display systems which can provide spectacular 

e f f e c t s at e q u a l l y s p e c t a c u l a r p r i ce s . The classic work of 

1.3 
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Sutherland's group at the Universi ty of Utah into hidden surface 
r e m o v a l , shading and high speed t ransformat ions was continued 
th roughou t the 1970s by students such as Blinn, Evans, Gouraud, 
Warnock and Watkins. This school gave rise directly to the Evans and 
Sutherland Computer Corporation and provided many of the personnel for 
Lucas Fi lm and other such purveyors of computer graphics expertise. 

Even today, the raster graphics methods used in all but the most 

expensive systems rely on the modif ica t ion of a bit map or frame 

buf fe r , and for this reason, they usually perform better when used in 

a memory mapped environment. This is because specification of all the 

p i x e l i n t ens i t i e s is a considerably larger task than defining the 

start and end points of vectors as required for caligraphic displays. 

Whilst mainframes and minicomputers were the order of the day, the 

computational overheads were too large to employ such close coupled 

networks. Furthermore, the high cost of memory tended to make the 

construction of frame buffers and shared memory systems prohibitively 

expensive. 

This situation has, however, been alleviated by the emergence of 

Large Scale Integrated(LSI) c i r cu i t technology. The cost and density 

of memory have both improved: 64K dynamic Random Access Memories(RAM) 

ensure that the chip counts fo r relat ively large frame buffers are 

small and the RAM cost is no longer an appreciable part of the overall 

system investment. This trend is continuing and the capabilities of a 

system wi th in a part icular range of expenditure are continually being 

enhanced. 

1.4 
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A l t h o u g h there had been some graphics workstations which 
contained local intelligence in the form of a dedicated minicomputer, 
the tendency towards the provision of processing power within display 
and other peripherals has escalated in recent years. Again the trend 
towards increased a b i l i t y in microprocess ing e lements is also 
continuing and devices such as Intel's iAPX 432[13], which are capable 
of working with reasonably complicated data structures at the machine 
instruction level, show much promise for the future. 

Indeed there is some justification for the comment that progress 

in computer graphics has marched hand-in-hand with improvements in 

semiconductor technology. The requirements of the Very Large Scale 

Integrated (VLSI) c i rcu i t designer[14] for techniques which can handle 

seemingly unmanagable data sets and display layouts, albeit in a 

s t y l i s ed f o r m , in a very short period of t ime to allow maximal 

feedback f o r i n t e r a c t i o n , have undoubtably spurred research in 

graphics. Furthermore the rewards of this research have often been 

improvements in the circuit design techniques which in turn gave rise 

to both the technology and the requirements for fu r ther work in 

graphics[15]. 

I t would be wrong , however, to describe computer graphics 

research only in these funct ional terms and i t is impossible to 

discount the effect of the aesthetic requirements of computer users as 

motivat ion towards better and faster displays. It is fair to say that, 

discounting speech synthesis/recognition systems which are, by any 

d e f i n i t i o n , s t i l l in t h e i r i n f a n c y , a l l communications along the 

man/machine interface are influenced by the work of research in 

computer graphics. The increase in quali ty of visual display units 
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(VDUs) and line printers (par t icular ly the dot-matr ix variety) is a 
d i r e c t r esu l t of th i s work and the increased "intell igence" of 
computer peripheral units owes much to the experience of those who 
wish to communicate via pictures. 

C o m p u t e r graphics , then , represents synthesis ; i t is the 

production of an image, "real" or stylised, from a data set. In many 

ways it represents the fundamental research into computers and images 

as many of the techniques developed from synthesis can be used in 

f i e l d s where analysis ( image processing) or analys is /synthes is 

(computer vision) are appropriate!! 16]. 

Finally i t should be mentioned that many workers in this field 

have been attracted by the aesthetic value of "digital images" per se 

and the s tate-of- the-art owes much to the influence of artists. Many 

of the a l g o r i t h m s used today - the "Painter's a lgori thm" is an 

excellent example - simulate with frame buffer memory the work of an 

ar t is t on canvas. Across the Atlantic, a new breed of computer artist 

is emerging using computer drawing systems for their own sake: the 

brushless and canvasless studio is as much a reality as the paperless 

office, perhaps more so[17]. 

The chief concern of the work presented here is applications of 

medium resolution (of the order of 512 x 512 pixel display area) 

co lour ras ter graphics systems to pseudo- rea l - t ime compu t ing 

environments. A key consideration of any proposal made herein is cost: 

the f l igh ts of fancy indulged in by certain transatlantic researchers 

wi th requirements for multi-processor C R A Y implementations will be 

ignored and the descriptions will be aimed at users who have a need 

1.6 
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fur I 'H t i r tn iml i ly funl. i i i l i ) i j r graphim Workstations wMoh t»f« not an nod 
in themse lves , but are used to i n t e r f ace to some other applications 
package or programme suite, for example f in i te elements calculat ion or 
gene ra t i on of control data for Numerical Control(NC) machines as part 
of a C A D / C A M system. In this way we address what might be described as 
the Presen ta t ion Level Protocol for data communications. 

1.2 The Transfer of Digital Pictures Over a Communications Link 

A l l c o m p u t e r g raph ics sys tems can be broken down into several 

i n te rdependen t components . A main processor, o f ten cal led the "host", 

is r equ i red to deal w i t h the applications software and to provide an 

i n t e r f a c e w i t h t h e u s e r . F i g u r e 1.1 i l l u s t r a t e s the genera l i sed 

c o n f i g u r a t i o n for digi tal p ic ture generation machines. 

A p p l i c a t i o n s s o f t w a r e w h i c h is being execu ted on the host 

c o m p u t e r passes d isplay i n s t r u c t i o n s a long a communications l ink to 

t h e g r a p h i c s work s t a t i o n . Here a d isplay processor conve r t s the 

c o m m u n i c a t e d f o r m of the image i n to d raw ing ins t ruc t ions for the 

d isp lay ha rdwa re . C l e a r l y the forms these stages take are varied. A t 

one extreme the host and display processor are the same unit and the 

c o m m u n i c a t i o n s channel is s imp ly some f o r m of p a r a m e t e r passing 

throuqh software. A t the other end of the spectrum, the host computer 

may be in a d i f f e r e n t count ry or on a d i f ferent continent f rom the 

graph ics cont ro l le r . In this case the communications l ink might be the 

p u b l i c s w i t c h e d t e l e p h o n e n e t w o r k o r t h e I n t e r n a t i o n a l Packe t 

S w i t c h i n g Serv ice . The display processor may be a super-minicomputer 

or a s ixteen b i t microprocessor, or i t may simply be the dumb address 

l og i c that surrounds a part icular f rame buf fer . 

1.7 
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A c o m p u t e r g raph ics works ta t ion , then, comprises an applications 

p r o c e s s o r , a c o m m u n i c a t i o n s channe l , a d isplay processor and a 

d i s p l a y . W o r k s t a t i o n s f a l l i n to t w o groups, those wh i ch m igh t be 

descr ibed as " loose ly coup led " and those which are "closely coupled". 

These somewhat q u a l i t a t i v e t e r m s are usual ly used to imp ly some 

m e a s u r e o f t h e b a n d w i d t h o f t h e c h a n n e l w h i c h connects the 

app l i ca t i ons i n t e l l i g e n c e w i t h the d isp lay subsys tem. A works ta t i on 

ope ra t i ng at a remote site over a communications l ink such as PSS w i l l 

have d i f f e r e n t bandw id th r e q u i r e m e n t s f r o m one wh ich is c lose ly 

coupled to i t s app l i ca t i ons s o f t w a r e by means of a Di rec t Memory 

A c c e s s ( D M A ) l i n k t o t h e a p p l i c a t i o n s p r o c e s s o r . C l e a r l y the 

conve rsa t i ona l p ro toco l s requ i red of the t w o systems are d i f ferent . 

The l oca l p a r a l l e l l i nk may feed d i r e c t l y i n t o a f rame buf fer , the 

display intel l igence on such a system being merely an address counter. 

The works ta t i on connected to PSS would respond very slowly indeed i f 

every p i xe l i n t ens i t y had to be t ransmit ted serially f rom its host. In 

such a case i t is unwise not to encode the picture in some fo rm prior 

t o c o m m u n i c a t i o n . C o n s e q u e n t l y t h e l o c a l d i s p l a y p r o c e s s o r 

intel l igence must be greater than was the case for the closely coupled 

n e t w o r k . A f u r t h e r cons ide ra t i on must be the p i c t u r e source. The 

s t a t i s t i c a l componen t m ixes f o r a Generated (ar t i f i c ia l ly produced by 

a computer) image and a Found (natural ly occurring as might be sampled 

by a c a m e r a and d i g i t i s e r ) image are c l e a r l y d i f f e r e n t and the 

encoding techniques which are applicable to the one form may not f i t 

at a l l we l l when used w i th the other( .see i f c l ) . 

The most usual systems which this work w i l l deal w i th comprise a 

s e p a r a t e h o s t c o m p u t e r , u s u a l l y b u t n o t a l w a y s a l a b o r a t o r y 

1.8 
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m i n i c o m p u t e r c o - l o c a t e d w i t h and coup led to an i n t e l l i g e n t display 
processor by means of ei ther a serial or paral lel data highway. 

The basic ha rdware r e s t r i c t i o n wh ich the cons t ra i n t s described 

e a r l i e r place upon this work is in terms of the video monitor which is 

to be used. As s ta ted prev iously , cost was a signif icant guideline to 

the course of the work under taken, and for that reason, the normal 

o u t p u t p e r i p h e r a l a s s u m e d was the 625 l i ne Te lev i s i on S tandard 

m o n i t o r . The h o r i z o n t a l and v e r t i c a l synchron isa t ion of the monitor 

was ad jus ted to map an appropriate pixel matr ix to w i th in this f rame 

space. The other fundamental constant which this choice imposes, apart 

f r o m r e s o l u t i o n , is speed. Since s tandard television monitors wi thout 

a long pers is tance phosphor w i l l be used, the video informat ion must 

be t r a n s f e r r e d to the monitor in approximately a l / 25 th of a second. 

This t i m e is also conven ien t as, in any at tempt to produce moving 

p i c t u r e s , such an i n t e r v a l is a s u i t a b l e a p p r o x i m a t i o n to the 

persistance of vision in the human. 

I f we cons ider a very s imp le monochrome display system where 

e a c h p i c t u r e e l e m e n t ( p i x e l ) is r e p r e s e n t e d by a s ingle b i t of 

Black/Whi te informat ion - that is to say there is no Grey Scale - then 

the data which must be delivered to the monitor is: 

512 x 512 = 262144 bits = 32768 bytes 

The data throughput per second is then: 

32768 x 25 = 819200 = 0.8 Mbytes/sec 

1.9 
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I f a co lou r p i c t u r e cons is ts of mixing data channels representing the 
r e d , green and blue components of the image, and these are arranged 
s imp ly as a s ing le b i t each p rov id ing a to ta l of only eight colours, 
the data throughput becomes 2.46 Mbytes/sec and for a more real ist ic 
scene d e s c r i p t i o n of , say, e i gh t b i t s per co lour channe l , a da ta 
processing mach ine wou ld have to m a i n t a i n a 19.7 Mbyte /sec data 
t r a n s f e r r a t e . I f these figures are contrasted w i th the Direct Memory 
Access (DMA) t imes for a few computers of the type typical ly found in 
sma l l business or l a b o r a t o r y e n v i r o n m e n t s (Tab le 1.1)[18,19,20,21] i t 
w i l l be seen tha t although the requirement for moving colour pictures 
may exist, the technology to produce them may not. 

1.10 



Introduction Chapter I 

Table 1.1 D i r e c t Memory Access Times for a few 

typ ica l computer systems 

Da ta Genera l Nova I I I 2.5 Mbyte/sec (High Speed) 

1.0 Mbyte/sec (Low Speed) 

D a t a G e n e r a l M i c r o n o v a 0 . 3 4 4 M b y t e / s e c 

Dig i ta l Equipment PDP11/23+ 0.08 Mbyte/sec (DRV11) 

0.50 Mbyte/sec (DRV11B Single Cycle) 

1.00 Mbyte/sec (DRV11B Burst Mode) 

Motorola MC68000 DMA 4.00 Mbyte/sec (Using DMA chip w i th 10MHz 

Processor ) 

1.11 
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The t i m i n g s f o r the data t r ans fe r s wh ich appear in Table 1.1 
i nd i ca te t ha t w i t h o u t recourse to much fas te r computers , the data 
r a t e s a l o n e p r e c l u d e t h e p r o d u c t i o n o f s i m p l e c o l o u r p i c t u res 
compr i s ing only e igh t i n t ens i t y leve ls w i t h no shading i n fo rma t ion . 
The Micronova and P D P 11/23 are incapable of supporting such high 
i n f o r m a t i o n th roughpu ts and, indeed, the Micronova is incapable of 
keep ing up the data t r a f f i c required to produce a simple monochrome 
p i c t u r e . The NOVA and the MC68000 are both capable of maintaining the 
th roughpu t bu t t h i s is done by freeing the bus to the peripheral and 
suspension of any processing. Thus a moving sequence would have to be 
generated on mass storage, read into memory and then output. Moreover, 
the whole sequence would have to exist as a single block in memory, as 
the data r a t e for DMA transfers f rom the type of moving head hard 
d i sks t y p i c a l l y found in the env i r onmen ts under cons ide ra t i on , is 
substantially lower than that which can be achieved f rom Random Access 
Memory (RAM) , 512 kbytes/sec being typical (assuming no t ime is taken 
by the mechanical components in seeking to a part icular address). This 
techn ique places l imi ts on the sequence length as the address counters 
on many DMA control lers w i l l only allow a cer ta in size of data segment 
to be invo lved in a single transfer (The word count registers on both 
the Da ta General NOVA and the PDP 11 are sixteen bits long, and i t is 
requ i red t ha t the twos-complement of the size of the data block be 
represen ted w i t h i n these s i x teen b i t s ) . A fu r ther compl icat ion which 
ar ises is in terms of the capacity of disk memory systems, 5.24 Mbyte 
for DEC R L O l and DGC 6045 type drives and 10.48Mbyte for DEC RL02s. 
This means that our simple monochrome moving picture could last for 
only 6.39 seconds on the R L O l type drives and 12.78 seconds on the 
R L 0 2 s . The s ing le b i t per channel co lou r sequence cou ld not be 
produced in rea l t i m e by any o f the c u r r e n t l y available laboratory 
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computers and, fur thermore, a single disk pack could contain only 4.26 
seconds of " r e a l - t i m e " a c t i o n . I t is f o r t h i s reason t ha t the data 
sets f o r pictures are usually stored on magnetic tape. A typical phase 
encoded tape w i l l c o n t a i n 1600 b i ts per inch(bpi) of informat ion and 
w i l l be approximately 2400 feet long providing about 46 Mbytes of data 
or 18.69 seconds of " r ea l - t ime " motion for our simple colour picture. 
The d i s a d v a n t a g e is, however , t h a t the da ta access ra te is only 
72kby te /sec , the result being that each second of the recorded picture 
wou ld requ i re a t r a n s f e r t i m e f rom the media of 34.1 real seconds. 

I f some cons ide ra t i on is g iven to work w i th the more real ist ic 

e igh t b i t per channel colour p icture system, then i t w i l l be apparent 

that a typical magnetic tape would contain only 2.34 seconds worth of 

i n f o r m a t i o n and t ha t each second of p layback wou ld requ i re 237.6 

seconds tape access t i m e . The R L 0 2 disk wou ld con ta i n only 0.53 

seconds of ' a c t i o n ' , and i t wou ld take some 20 seconds to retr ieve 

this f rom storage. 

I t is c l ea r , t hen , t ha t the requ i r emen ts f o r the production of 

mov ing images by a s imp le s t r a i g h t f o r w a r d calculat ion of intensit ies 

a t a l l a d d r e s s a b l e p o i n t s in t h e p i c t u r e a r e w e l l beyond the 

c a p a b i l i t i e s of modern computers of a type to which most industr ial , 

or educat iona l , users might have access, and i t is this which accounts 

f o r the mania for increased processor speed and word lengths which is 

p r e d o m i n a n t in c e r t a i n s c h o o l s o f c o m p u t e r g raph i cs research . 
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1.3 The Information Content of Pictures 

Chapter I 

In l o o k i n g f o r a s o l u t i o n t o some of the p rob lems so fa r 

d e s c r i b e d , i t is necessa ry to cons ider c a r e f u l l y the f undamen ta l 

cons t ra i n t s upon a sys tem. In 1948 C.E. Shannon [ 2 2 ] proposed a 

genera l t heo ry of i n f o r m a t i o n which provides an absolute standard of 

p e r f o r m a n c e f o r an i n t e r f a c e and i t s assoc ia ted c o m m u n i c a t i o n s 

channe l , w h i c h may be approached assymptotical ly but never exceeded. 

He de f i ned the capac i t y of the channel in terms of the bandwidth 

requirement and obtained the result that: 

C = W l o g 2 (1 + S/N) 

Where: 

C = Channel Capacity 

W = Bandwidth 

S/N = Signal to Noise Rat io 

The Bandwidth W is a funct ion of a parameter H ( referred to as 

t he negen t ropy ) and the number of messages per second. H is a 

p r o b a b i l i t y f a c t o r wh i ch represents the average in fo rmat ion content 

per message, and 

H = - P . l o g 2 P . 

w h e r e P. is the p r o b a b i l i t y of the r e c e i p t of a message i. This 

assumes, however , t h a t all the probabi l i t ies are independent, which in 

p r a c t i c e t h e y are no t . Thus the negent ropy re l a t i onsh ip must be 
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extended to account for dependant probabil i t ies of the fo rm: 

PCa-Ja.) 

wh ich represents the c o n d i t i o n a l p r o b a b i l i t y of a message a. given 

t ha t the prev ious message was a . . The m o d i f i e d expression for the 

informat ion content then becomes: 

H = - P(a.),P(a.|a.)log 2P(a.|a.) 

Th i s v a l u e f o r H may be s u b s t a n t i a l l y s m a l l e r than t h a t 

p rev ious ly ob ta i ned , as a l l p r o b a b i l i t i e s must be less than or equal 

to 1 , and to some degree i t represents a measure of the redundancy of 

a message source. I t is this redundancy which provides the key to the 

t ransmiss ion of v i d e o - t y p e s ignals between data communication nodes. 

1.4 Coherence in Images 

There are severa l i d e n t i f i a b l e methods to ut i l ise the redundancy 

inheren t in p ic tures to reduce the e f fec t i ve bandwith requirements for 

a c o m p u t e r graph ics workstat ion, and these w i l l be discussed in some 

de ta i l in te rms of their requirements both of informat ion transfer and 

p r o c e s s i n g o v e r h e a d s f o r t h e l o c a l ( S p e c i a l P u r p o s e ) and host 

compu te rs . I t is apparent t ha t removal of redundant informat ion can 

only be ach ieved by the introduct ion of intel l igence at either end of 

a communicat ions channel i f the image is to be reconstructed correct ly 

f r o m a m i n i m a l da ta set . I t is as these encoding techn iques are 

re f ined and made more sophisticated, to remove more and more redundant 

da ta , in an a t t e m p t to p rov ide e x t r a e f fec t i ve bandwidth, that new 
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speed cons t ra i n t s are imposed on the sys tem in the fnrm of the 
pro iH iBs inq o v e r h e a d ) } t o d e c o d e t h i s m i n i m i s e d d a t a s e t . 

I t is a t th i s po in t that some of the terms, defined as a result 

of t h i s work , and used throughout i t , must be introduced. In order to 

m a i n t a i n some degree of compat ib i l i ty w i th accepted terminology , the 

t e r m Model w i l l be used to r e f e r to some accurate, but minimised, 

d e s c r i p t i o n o f a p i c t u r e . I t i s o f t e n u s e f u l i f such a mode l 

represents not s imp ly a s ing le image , bu t a l l possible views bf an 

ob jec t wh ich m igh t be r e q u i r e d by a work stat ion. Such a model is 

usual ly known as G e o m e t r i c since i t must, to some extent, represent 

t h e b a s i c g e o m e t r y of the re la t i onsh ips be tween ob jec t s . T y p i c a l 

examples are the Construct ive Solid Geometry or C S G t r ee [23 ] which 

represents ob jec ts as summat ions of simple pr imi t ive shapes (See Fig 

1.2), and the Boundary R e p r e s e n t a t i o n or B-rep [24 ] technique which 

considers an ob jec t as be ing de f i ned in te rms of a two-dimensional 

manifold (a p lane wh i ch d iv ides space into two parts) describing the 

' i ns ide ' and the ' ou ts ide ' of an o b j e c t . Much w o r k [ 2 5 , 2 6 ] is being 

done on the techn iques requ i r ed to bu i l d scene desc r ip t i ons f r o m 

e x i s t i n q d a t a r e p r e s e n t a t i o n s [ 2 7 ] and, wh i l s t at present th i s is 

ach ieved through the implementat ion of large software packages such as 

B U I L D [ 2 8 ] and P A D L [ 2 9 ] , some e f f o r t is involved in an at tempt to adapt 

some of these a l g o r i t h m s to ha rdware i m p l e m e n t a t i o n s . I f th i s is 

ach ieved , then geometric modellers might wel l be used to encode scene 

desc r ip t i ons f o r t ransmiss ion to a work s t a t i o n and subsequent real 

t i m e d i s p l a y o f a l t e r n a t i v e v i e w i n g angles d e t e r m i n e d by some 

t r a j e c t o r y w i t h i n the mode l space, and as such would fa l l under the 

scope of the c u r r e n t w o r k [ 3 0 ] . 
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I t is perhaps i m p o r t a n t to distinguish between the needs of the 
user and those of the d isp lay sys tem in relat ionship to an internal 
mode l . The model should be suf f ic ient ly f lexible to allow a user fu l l 
access to a l l i t s f ea tu res but should s t i l l be simple enough to allow 
e f f i c i e n t d i s p l a y g e n e r a t i o n . A m o d e l w h i c h a l l o w s e x c e l l e n t 
i n t e r a c t i o n w i t h i t s d a t a s t r u c t u r e b u t requ i res h a l f an hour 's 
p r o c e s s i n g t i m e t o d isplay the resu l ts of such i n t e r a c t i o n is of 
dubious mer i t . The converse argument also applies. 

1.4.1 The Level of a Picture 

Some q u a n t i t a t i v e measure of how w e l l a model p e r f o r m s is 

someth ing wh i ch seems to be l a c k i n g f r o m the l a rge l y descr ip t i ve 

l i t e r a t u r e wh ich surrounds th is emerg ing f i e l d and, t h e r e f o r e , the 

t e r m level has been defined to refer to a picture as: 

level = Number of data points in the original picture 

Number of data points after application of the model 

I t is poss ib le , now, to t a l k o f h i g h - l e v e l scene descriptions in 

t e r m s o f a q u a n t i f i a b l e r a t i o , and i t is in t h e s e t e r m s t ha t 

subsequent descriptions wi l l be couched. 

A l t h o u g h t h i s d e f i n i t i o n p r o v i d e s some m e a s u r e o f t h e 

e f f e c t i v e n e s s of a mode l l i ng or encod ing techn ique , the measure is 

somet imes confused by "pathological" cases in a model. This is, of 

course , l a rge ly the faul t of a model which cannot represent al l input 

da ta . An example may be taken for the very simplest coding system 

w h i c h we shal l discuss, " r u n l eng th encod ing" . For a very s imp le 
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p i c t u r e , say a screen of a sinqle colour, or for the imaqe in f igure 

1.3 the leve l of the d e s c r i p t i o n is h igh (of the order of severa l 

1000s) bu t f o r the pa tho l og i ca l case of a "salt and pepper" picture 

(one in wh ich the i n t e n s i t y changes at each pixel position) the level 

w i l l be less than 1.0 and may be as low as 0.5. 

1.4.2 Pixel Coherence 

The f i r s t and s imp les t f o r m of reduc ing the data set f rom a 

p i c t u r e genera t i ng sys tem, is analogous to d i f f e r e n t i a l pulse code 

modu la t i on (DPCM) in a communications environment and results in a 

techn ique r e f e r e d to as run length encoding. Essentially, the image is 

d i f f e r e n t i a t e d upon a p i xe l by p i xe l basis and i n f o r m a t i o n is only 

passed f rom the host i f a change in intensity occurs in the image. In 

a s tandard c o n f i g u r a t i o n , t h e n , a host w i l l t r a n s m i t a p ixe l count 

f o l l o w e d by an i n t e n s i t y . The sys tem degenerates for images which 

c o n t a i n a l a r g e n u m b e r o f edges and w i d e l y d i f f e r i n g p i x e l 

i n t e n s i t i e s , where the r e q u i r e m e n t that a pixel count be t ransmit ted 

wou ld , in fac t , expand the data set which the system is at tempt ing to 

m i n i m i s e . R e l i a n c e on p i x e l coherence , t h e n , is only su i tab le in 

s i t ua t i ons where the t ransmi t ted image consists of a series of simple 

shapes. 

I t s h o u l d be n o t e d , however , t h a t the i n t e l l i g e n c e wh ich is 

requ i red f o r th is system is l im i ted and the display control ler is made 

very s imp le : i t need only be a counter which decrements the current 

run leng th count wh i l s t a l a t ched i n t ens i t y value is wr i t ten to the 

d isp lay sc reen . A t the host node, the implementat ion is also simple, 

a l though in some cases a holding (or frame) buf fer might be required 
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to eva lua te a p a r t i c u l a r p i xe l count value. 

Chapter I 

This simple technique has been used w i th some success to encode 

Found images and compress them into a fo rm suitable for storage on 

d isk . The compress ion f a c t o r s are c l e a r l y da ta r e l a t e d , as indeed 

must be the case w i th any scheme that uti l ises coherence in the data 

to achieve its compression. 

1.4.3 Scan Line Coherence 

I f the assumpt ions made above are c a r r i e d f u r t h e r and i t is 

assumed t h a t an image w i l l not change great ly f rom one line to the 

nex t then the image may be d i f fe rent ia ted on a l ine by line basis -

only the changes in the pixel run length changes being t ransmit ted as 

t h e y v a r y f r o m l i n e t o l i n e . F o r g e n e r a t e d images wh ich are 

e s s e n t i a l l y f l a t and f e a t u r e l e s s t h i s t echn ique can represent a 

cons iderab le saving in c o m m u n i c a t i o n s bandwid th . An example of an 

image to wh ich t h i s techn ique is app l i cab le appears as f igure 1.4. 

C lea r l y more compl icated structures could be bui l t up which comprise a 

ser ies of t e x t u r e d s t r i ps , and w h i l s t the encoding for the f i rs t l ine 

m i g h t be t i m e consuming subsequent lines could be represented w i th 

l i t t l e or no data. 

This techn ique of c a p i t a l i s i n g on l i ne coherence is s imi lar to 

t h a t used by W a t k i n s [ 3 1 ] . The in i t ia l pixel line must be t ransmit ted 

in run l eng th encoded f o r m ut i l i s ing pixel coherence wi th in the l ine. 

Subsequent l ines wh ich may have w ide l y d i f f e r i n g p i x e l In tens i t i es 

a long the line need only be encoded as the change points f rom line to 

l ine. 
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C l e a r l y a simple implementation of a display generation processor 

f o r such an encoding scheme is a line bu f fe r which is f i l l ed w i th the 

run length encoding hardware and updated on a line by line basis. 

1.4.4 Frame Coherence 

Once t h e p o s s i b i l i t y o f d r a w i n g mov ing p i c tu re s has to be 

considered, use may be made of the f a c t that images vary l i t t l e f r o m 

f r a m e t o f r a m e . Thus a mov ing sequence cou ld be genera ted by 

m a i n t a i n i n g a f rame buf fe r and updating only the parts of the images 

wh ich change on a f rame by f rame basis. A key point which is emerging 

f r o m t h i s d iscuss ion is t ha t as more soph i s t i ca t ed data encoding 

amount of memory available to the local processing unit as well as an 

increase in the complexity and capabili ty of that processor. 

1.4.5 Scene Coherence 

Scene coherence or, as i t is sometimes known, t ime coherence, 

applies only to desc r ip t ions o f mov ing p i c t u r e s . I f the diagram of 

f i g u r e 1.5 is c o n s i d e r e d , i t w i l l be seen t o represent severa l 

snapshots f r o m a sequence of images of a rotat ing cube (see also the 

p h o t o g r a p h s a t t h e end o f t h i s c h a p t e r ) . T h e r e is c l e a r l y no 

i n f o r m a t i o n being passed f r o m the host compu te r unless the cube 

changes speed or direction. To work w i t h a model such as this requires 

a display processor which can manipulate geometric entit ies at speed. 

C u r r e n t l y the re are no systems which can do this wi th general data 

cons t ruc ts and very few which per form the task fo r specific instances. 

Those which do exist tend to be confined to the simulator markets and 

schemes are u t i l i s e d , the re is requirement fo r an increase in the 
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are expensive. The m a t r i x t ransform processors used in certain f l i gh t 
s imu la to r s are capable of working w i t h certain specific models, f o r 
example , a type of a i r c r a f t , and must be reprogrammed to work w i t h 
o the r g e o m e t r i c e n t i t i e s . 

The scope o f t h i s work has been i d e n t i f i e d as a study of the 

a r c h i t e c t u r e s w h i c h are available fo r a computer graphics workstation 

and t h e i r a p p l i c a t i o n t o r e a l s y s t e m s . C h a p t e r I I describes a 

suggested i n t e r f a c e w i t h the user w h i c h a l lows the specif icat ion of 

drawings f o r subsequent c o m m u n i c a t i o n w i t h the display processors 

descr ibed l a t e r . The O D L graphics compiler has been implemented on 

several machines and has been used to generate al l the images in this 

thesis. Chapter I I I describes the * S I X T H * programming system which was 

developed at Durham f o r work w i t h small machines: i t has been used to 

p rov ide bo th a p p l i c a t i o n s and display s o f t w a r e on the Data General 

NOVA, the PDP 11 and the MC68000. Chapter IV describes the use of 

s imple microprocessors f o r display app l i ca t i ons and includes a case 

study o f the S A B R E da ta analysis f a c i l i t y , a loosely coupled m u l t i -

microprocessor graphics system. The use of microprogrammable elements 

f o r d i s p l a y sys tems is descr ibed in Chap te r V toge the r w i t h a 

d e s c r i p t i o n o f a sys tem b u i l t at D u r h a m f r o m A M D 2900 series 

components . The m i c r o - c o d e cross-assembler and simulator which are 

n e c e s s a r y f o r i t s use were w r i t t e n s p e c i f i c a l l y f o r th i s b i t - s l i c e 

system and they , too , are discussed in this section. Display systems 

w e r e b u i l t u s i n g t h r e e d i f f e r e n t s p e c i a l p u r p o s e L S I g raph ics 

c o n t r o l l e r s and the configurations used are discussed in Chapter VI as 

are the techniques used to increase the local intelligence provided by 
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the c o n t r o l l e r . This has been done by building mul t i -chip systems or 

a d d i n g a d e d i c a t e d m i c r o p r o c e s s o r as a p p r o p r i a t e . Chap te r V I I 

d i scusses t h e p o s s i b i l i t i e s o f d i s t r i b u t e d processing as appl ied to 

computer graphics and includes a design fo r an NMOS intel l igent memory 

c o m p o n e n t f o r use w i t h r a s t e r graphics t e r m i n a l s . The resu l t s of 

s i m u l a t i o n s a t bo th the l o g i c a l and e l e c t r i c a l l eve l are inc luded 

a l o n g w i t h a proposed c i r c u i t l a y o u t . Chap te r V I I I compr ises the 

conclusions of the work and o f fe r s suggestions fo r fu ther research and 

investigation. 
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Photographs 

Views of a Cube bui l t f r o m the ODL model used to generate f igure 1.5. 
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Chapter II 

A Simple Object Description Language 

2.1 Introduction 

O n e o f t h e f i r s t r e q u i r e m e n t s f o r any s y s t e m o f p i c t u r e 

g e n e r a t i o n and subsequent t r ansmiss ion is the a b i l i t y f o r an ope ra to r 

to descr ibe e x a c t l y , and as s imply as possible , the c h a r a c t e r i s t i c s of 

the image in such a way t h a t the d e s c r i p t i o n w i l l be recognisable to 

bo th machine and human programmer. For this reason a new programming 

language has been developed. Known as Object Description Language(ODL) 

i t a l l ows a user to s p e c i f y in h igh l e v e l t e rms a s ingle p i c t u r e or , 

by p a r a m e t e r i s a t i o n o f v a r i a b l e s , a set o f independent but r e l a t e d 

p i c t u r e s . Each is b u i l t f r o m p r i m i t i v e p i c t u r e components or f r o m pre

e x i s t i n g images designed by p r i o r O D L c o m p i l a t i o n s . The language does 

c o n s t i t u t e a c o m p l e t e d e f i n i t i o n and is very much oriented towards the 

user. I t conta ins a h igh degree of redundancy in i t s inpu t syntax in 

order to make the necessary th ree-d imens iona l geometry somewhat more 

p a l a t a b l e , and e x p e r i e n c e o f i t s use is t h a t reasonably c o m p l i c a t e d 

s t r u c t u r e s can be b u i l t w i t h o u t recourse to d i g i t i s a t i o n o f an inpu t 

i m a g e . T h i s is because a g rea t deal of f l e x i b i l i t y in t e r m s of co 

o r d i n a t e s and g e o m e t r i c components is m a i n t a i n e d . I t is possible to 

work in d i f f e r e n t c o - o r d i n a t e systems f o r d i f f e r e n t pa r t s of an image 

and c o m b i n e t h e c o n s t i t u e n t g e o m e t r i c ob jec t s at the end o f the 

c o m p i l a t i o n . T h i s means t h a t i t is unnecessary f o r the designer to 

work w i t h the whole p i c t o r i a l datastructure and that components may be 

d e s i g n e d , m o d i f i e d and d e l e t e d independent ly o f the e n t i r e p i c t u r e . 
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C l e a r l y i n t h i s u s e r - o r i e n t e d f o r m O D L does n o t r e p r e s e n t any 
I m p r o v o m e n l o v e r s i m p l e r r n d l r u j nyBtninn f u r lmn<| i< I i / innmhmiun -
h o w e v e r , in i t s c o m p i l e d s t a te , the image exis ts as pa r t of a t r ee 
s t r u c t u r e , the s u i t a b i l i t y of w h i c h w i l l be discussed in t e rms of the 
inheren t c o m m u n i c a t i o n s p r o b l e m w h i c h exis ts in any graphics system. 
F i r s t , however , i t is necessary to describe the f o r m a t of the O D L 
d a t a s t r u c t u r e s and t o discuss the use of m a t r i x r epresen ta t ions f o r 
p i c t u r e components, henceforth referred to as subpictures 

2.2 The M a t r i x Representation of Pictures 

A g e n e r a l p o i n t i n t h r e e d i m e n s i o n a l space ( x , y , z ) may be 

represented by the column vector: 

X 

Y 

Z 

(see Appendix hi) . 

The e x t r a e n t r y i n t h e v e c t o r l i s t is a f u n c t i o n o f t h e use of 

homogeneous co -o rd ina t e s and exis ts to r e f l e c t the dependance of some 

t r a n s f o r m a t i o n s o f p o i n t s upon t h e x , y and z p a r a m e t e r s . C o -

i n c i d e n t a l l y i t a lso r e p r e s e n t s t h e p r o j e c t i o n o f the o b j e c t space 

onto the z=w plane. For this reason w is usually set to 1. By adopting 

t h i s m a t r i x r e p r e s e n t a t i o n f o r a po in t , i t is possible to s p e c i f y a 

t r a n s f o r m a t i o n i n t e r m s o f a m a t r i x m u l t i p l i c a t i o n . The t e r m 

t r a n s f o r m a t i o n w i l l be used to r e f e r to a conformal mapping between a 

p o i n t in one c o - o r d i n a t e s y s t e m t o a new p o i n t i n the same or 

d i f f e r e n t c o - o r d i n a t e s . The i d e n t i t y m a t r i x I w i l l s imply t r a n s f o r m 
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a l l p o i n t s i n E u c l i d e a n t h r e e - d i m e n s i o n a l (E-3) space to t h e i r own 

positions. 

I = 

1 0 0 0 

0 1 0 0 

0 0 1 0 

0 0 0 1 

and 

( ) 
X 

X 

y = y 

z z 

w w 

I t is possible to m o d i f y the I m a t r i x by the i n s e r t i o n o f appropriate 

values to f o r m a t ransformation matr ix T. 

2.2.1 Translation 

The whole co-ordinate system fo r an object can be moved through a 

d i s t a n c e t such tha t the o r i g i n (0,0,0) becomes the po in t ( T x , T y , T z ) . 

T h a t is t o say t h a t the base v e c t o r t is "added" to a l l the po in t s 

w h i c h d e f i n e an o b j e c t . This can be ach ieved by p re -mu l t i p ly ing" the 

simple column vector by the T mat r ix : 
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Assuming w = 1 then we have 
1 0 0 0 
0 1 0 0 
0 0 1 0 
T x T y T z 1 

Postmul t r i p l i c a t i o n 

2.2.2 Change of Scale 

Chapter II 

1 0 0 T x 

0 1 0 T y 

0 0 1 T z 

0 0 0 1 

P r e m u l t i p l i c a t i o n 

A s e t o f s c a l e f a c t o r s S x , S y , S z , m a y be a p p l i e d t o t h e 

g e n e r a l i s e d p o i n t (x ,y ,z) to move i t to the po in t (Sx .x ,Sy .y ,Sz .z ) by 

p r e m u l t i p l i c a t i o n of the column vector by the T matr ix 

Sx 0 0 0 

0 Sy 0 0 

0 0 Sz 0 

0 0 0 1 

2.2.3 Rotation 

A po in t becomes t r a n s f o r m e d by the appropr i a t e d i r e c t i o n cosine 

vec to r s so t ha t to r o t a t e a point about the"2 axis by an angle r the 

T matrix w i l be 

' Cos(r) Sin(r) 0 0 

Sin(r) Cos(r) 0 0 

0 0 1 0 

0 0 0 1 
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about the Y axis: 

Chapter II 

Cos(r) 0 -Sir<r) 0 

0 1 0 0 

Sin(r) 0 Cos(r) 0 

0 0 0 1 

and about theX axis 

1 0 0 0 

0 Cos(r) Sin(r) 0 

0 -Sin(r) Cos(r) 0 

0 0 0 1 
V 

T r a n s f o r m a t i o n s o f the above type are "added" by matr ix mul t ip l ica t ion 

but i t is i m p o r t a n t t h a t the order o f th i s " a d d i t i o n " is considered as 

such c u m u l a t i v e t r a n s f o r m a t i o n s are c o n s t r u c t e d in a n o n - c o m m u t a t i v e 

way. 

2.2.4 Projection 

T r a n s l a t i o n s such as those descr ibed above are used f i r s t o f a l l 

to move the po in t s f r o m the a c t u a l c o - o r d i n a t e space to that of the 

o b s e r v e r ; a s c a l i n g is then appl ied to the p i c t u r e components as a 

f u n c t i o n o f t h e i r Z c o - o r d i n a t e s . In t h i s way par t s o f an o b j e c t 

f u r t h e s t away f r o m the observer w i l l seem smaller. 
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2.2.5 Planes and Lines 

Chapter II 

The above discussion is q u i t e genera l and there is no need f o r 

t h e o b j e c t s t o be t r a n s f o r m e d to be broken down in to a series o f 

p o i n t s . The c o e f f i c i e n t s used in the d e f i n i t i o n of a t h r e e - d i m e n s i o n a l 

p l a n e may a l so be t r a n s f o r m e d i n a s i m i l a r w a y . 

A plane is defined by the relationship 

aX + bY + cZ + d = 0 

(a,b,c,d) x \ 

y = o 

z 

w 

The plane may be transformed by the sequence 

(a,b,c,d) a b e d s a V b ' ^ d ' 

e f g h 

i j k 1 

m n o p 
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to f o r m the new plane 

r \ 

y 

z 

= 0 

The t r a n s f o r m a t i o n s a l ready descr ibed may be imposed upon a set of 

p l a n e s by i n s e r t i n g a p p r o p r i a t e values i n to the c o r r e c t l oca t i ons in 

the mul t ip l ica t ion mat r ix . 

2.3 ODL Variables 

O D L s u p p o r t s f o u r b a s i c d a t a t y p e s , i n t e g e r , r e a l , po in t and 

v e c t o r . A l l va r i ab l e s must be d e f i n e d b e f o r e use and are i n i t i a l i s e d 

to zero u n t i l set as the resu l t o f an assignment s ta tement . The only 

e x c e p t i o n t o t h i s is the b u i l t in symbol I N F I N I T Y . I d e n t i f i e r s must 

begin w i t h an a lphabe t i c c h a r a c t e r and must be unique wi th in the f i r s t 

e igh t characters. The syntax fo r the def in i t ion of new variables is: 

integer count, i,depthvalue; 

real scalef actor,charsize, in terval ; 

point oriqin,basevector,start; 

vector topl ine,front l ine,pvecl ,pvec2; 

The f u r t h e r r e s t r i c t i o n s tha t va r i ab l e names may not be the same as 

r e s e r v e d k e y w o r d s and may n o t be used t o r e f e r t o e n t i t i e s o f 

d i f f e r e n t type also appl ies . Ass ignment f o l l o w s thg accented syntax fo r 
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many a l g o r i t h m i c languages and takes the f o r m : 

Chapter II 

count := 1; 

i:= count * 2 ; 

scalefactor := 2.0; 

charsize := charoize * scalefactor; 

origin := 0.0,0.0,0.0; 

basevector := 0.5,0.5,0.5; 

start := basevector + origin; 

topline := origin start; 

T y p e c h e c k i n g is r easonab ly loose and O D L w i l l a t t e m p t to coerce 

var iab les as requested by the user. In th i s way, a po in t may consist 

of t h ree reals , a v e c t o r o f t w o poin ts or one po in t and th ree reals 

e t c . The opera to rs c u r r e n t l y suppor ted are + , * , - , / , . and x. These have 

the no rma l a r i t h m e t i c e f f e c t s on in teger and rea l data types but not 

on p o i n t a n d v e c t o r s w h e r e + i m p l i e s v e c t o r a d d i t i o n and -

s u b t r a c t i o n . * and / are used to modify a vector by a scalar and . and 

x provide some type of vector manipulation. Hence: 

scalar := pvecl . pvec2; 

provides the dot product and 

vector := pvecl x pvec2; 

the cross product. 

I n t e r n a l l y , v a r i a b l e s a re m a i n t a i n e d as a series of l i n k e d l i s t 
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r eco rd types wh ich g row i n to a dynamic s to rage area wh ich is q u i t e 
d i s t i n c t f r o m tha t used by O D L to m a i n t a i n i t s g raph ics In fo rma t ion . 

2.4 The Use of ODL 

The f o l l o w i n g paragraphs p rov ide some ind i ca t i ons as to the use 

o f t h e o b j e c t d e s c r i p t i o n l a n g u a g e t o g e n e r a t e p i c t o r i a l database 

r e l a t i o n s h i p s . I t s h o u l d be emphasised t h a t th is does not c o n s t i t u t e 

an O D L r e f e r e n c e m a n u a l ( f o r w h i c h see [ 3 1 ] ) . The i n t e r n a l 

d a t a s t r u c t u r e is very s imp le , be ing a t w o way l i nked l i s t , each node 

compr i s i ng a fou r c h a r a c t e r header f o r i d e n t i f i c a t i o n , a po in te r to a 

t r a n s f o r m a t i o n m a t r i x wh ich w i l l be applied to the elements which make 

up an e n t r y , and a po in te r to a paren t node. The base, or root, node 

i s t h e m a i n d e f i n i t i o n a n d m a y n o t be a s s o c i a t e d w i t h a 

t r a n s f o r m a t i o n . Lea f nodes ( those a t the highest^rnes^i^'l i^gjlevel) must 

c o n s i s t o f a s e r i e s o f p r i m i t i v e s u b p i c t u r e s , descr ibed l a t e r . I f a 

compar ison be tween th i s da ta s t r u c t u r e (see F i gu re 2.1) and that used 

in the S I X T H p r o g r a m m i n g sys tem (see Chapter III) is made, i t w i l l be 

found t h a t there is a g rea t deal of s i m i l a r i t y and, indeed, a S IXTH 

i m p l e m e n t a t i o n has been c o n s t r u c t e d wh ich cap i ta l i ses on th is f a c t . 

The purpose of O D L is to bu i l d the l i nked l i s t f rom a series of 

r e a s o n a b l y u s e r - f r i e n d l y i n s t r u c t i o n codes in e x a c t l y the same way 

t h a t t h e S I X T H d i c t i o n a r y is c o n s t r u c t e d f r o m the input words. The 

p r o g r a m m e t h e n enables some degree of m a n i p u l a t i o n of the l i s t in 

o r d e r to p r o d u c e t h e d e s i r e d o b j e c t desc r i p t i on in t w o - or t h r e e -

d imens iona l space. The who le gamut of O D L / E D I T fac i l i t ies available to 

a use r c a n n o t be descr ibed he re ; consequent ly only those cons idered 

t h e m o s t i m p o r t a n t w i l l be d iscussed. 
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2.*> Oofinitinn of n t.«nf Nodn 

A l l p i c t u r e s a r e c o n s t r u c t e d f r o m s imple p r i m i t i v e s , in two or 

th ree d imensions, by means of a begin . . . end d i rect ive. In order to 

be used, a node must be named wi th a header of between one and four 

A S C I I c h a r a c t e r s . T h i s p l a c e s a l i m i t on t h e m a x i m u m p i c t u r e 

c o m p l e x i t y but has p roven to be q u i t e adequate so far. The syntax for 

node ini t ia l isat ion is: 

begin C U B E ; 

or 

begin Fred; 

The node is terminated by an end d i rect ive of the fo rm: 

end C U B E ; 

or 

end; 

I t s h o u l d be n o t e d t h a t t h e f i r s t f o r m of th is c o n s t r u c t w i l l 

f o r c e t h e c l o s u r e o f a spec i f i c node wh i l s t the second w i l l s imp ly 

c l o s e an o p e n n o d e a t t h e c u r r e n t l e x i c a l l e v e l . I t is t o be 

c o n s i d e r e d bad p r a c t i c e t o use the second f o r m but i t does ex is t 

w i th in the syntax as a shorthand. 
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W i t h i n t h i s d e f i n i t i o n may e x i s t t h e ob jec ts wh ich are to be 

c o n s i d e r e d p r i m i t i v e to the c u r r e n t O D L c o m p i l a t i o n . These e lemen ts 

m a y c o n s i s t o f v e r y b a s i c b u i l t - i n d e f i n i t i o n s such as l i n e s , 

r ec tang les , c i r c l e s , most s imp le c i r c u i t d i ag ram e lemen ts e t c . or may 

be the ou tpu t f r o m previous ODL compilat ions which may be restored to 

the data s t r u c t u r e by means of the load i n s t r u c t i o n . The corol lary of 

t h i s is t h a t a r o o t node may be s a v e d f o r l a t e r i n c l us i on as a 

p r i m i t i v e by means of the save command. 

2.6 Addition of a Transformation Specification 

A n a m e d p i c t u r e node may be assoc ia ted w i t h a t r a n s f o r m a t i o n 

m a t r i x by one o f severa l t r a n s f o r m a t i o n s t a t e m e n t s . S imple translat ion 

is i m p l i c i t , in so f a r as a l l i ns tanc ing of a p rede f i ned node includes 

a l o c a t i o n in t w o - or th ree-space to wh i ch the new ins tance wi l l be 

moved . O the r t r a n s f o r m a t i o n s are added by means of special statements 

such as: 

scale 

rotate 

project 

The e f f e c t o f these is s imp ly to rep lace the values in the T 

m a t r i x such t h a t a new t r a n s f o r m a t i o n i3 added to that maintained for 

a g iven node. In th i s way , a ser ies of named subblocks or subpictures 

can be c o n s t r u c t e d and used to f o r m a s ingle ma in d e f i n i t i o n , one 

w h i c h e x i s t s at l e x i c a l l eve l zero and has no p resc r ibed name. The 

who le p i c t u r e is named by means of the picture statement which takes 
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the fo rm: 

picture Fig 1.3; 

or 

picture test; 

and is completed w i th a finish; command. 

2.7 The Main ODL Statements 

begin 

The begin s t a t e m e n t opens a new node in the data structure and 

assigns a name to i t by p lac ing up to four characters into i ts header. 

S u b s e q u e n t s t a t e m e n t s are added to th i s node u n t i l a spec i f i c end 

s t a t e m e n t c loses a l l opened c h i l d nodes or u n t i l an un labe l led end 

o c c u r s a t t h e c o r r e c t l e x i c a l l e v e l t o c lose the subp ic tu re b lock . 

end 

The s t a t e m e n t ex is ts in t w o f o r m s end N A M E ; wh i ch closes a l l 

s u b b l o c k s up to and inc lud ing NAME or the s imple f o r m end; wh ich 

closes the current subpicture. 

3dmove 

Pos i t i ons the d raw ing cursor in t h ree -d imens iona l space, i t takes 

the fo rm: 

3dmove x,y,z; 3dmove point; 
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and is usefu l f o r m a n i p u l a t i o n of ob jec t s de f ined on a two-dimensional 

net in t h ree -d imens iona l space. Hence a f la t group BOX might be used 

to f o r m the f ront and rear faces of a cube by means of the statements: 

3dmove origin; 

comment P l a c e the current point at the origin; 

draw BOX origin; 

comment Add the flat BOX group to the picture ; 

3dmove 0.0,0.0,1.0; 

draw BOX 0.0,0.0; 

c o m m e n t A d d t h e r e a r f a c e a t a g e a t e r Z d i s t a n c e ; 

an example is shown in f igure 2.2. 

line 

The l ine p r i m i t i v e s imp ly adds a s ingle l ine to the cur ren t two-

dimensional subpicture, i ts syntax is: 

line xltyltx2,y2; 

and draws a l ine f r o m the co -o rd i na tes (x^,y^) t o (x 2 ,y2)« A s i m i l a r 

fac i l i t y exists in three-dimensions: 

3dline x 1 , y 1 , z 1 , x 2 , y 2 > z 2 ; 3dline vector; 

rectangle 

Two co -o rd i na tes are p rov ided and a rec tang le is d rawn w i th i ts 

b o t t o m l e f t c o r n e r at the f i r s t c o - o r d i n a t e and i t s t o p i g h t at the 

second. For example: 
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rectangle x 1 , y 1 , x 2 , y 2 ; rectangle point dx,dy; 

grid 

In order t h a t the user may spec i f y dev ice and system independant 

co -o rd ina tes to descr ibe an o b j e c t , the g r i d s t a t e m e n t is p rov ided to 

spec i f y screen part i t ions. I t takes the fo rm: 

grid x,y; 

or 

grid x,y,z; 

The e f f e c t of th i s is to d i v ide the t o t a l ava i l ab le p l o t t i n g area into 

x u n i t s i n the V d i r e c t i o n , y un i t s in the 'y ' d i r e c t i o n and, f o r a 

t h ree dimensional scene, z units in the 'z' d i rect ion. 

colour 

The co lour s t a t e m e n t spec i f i es the pen number in which subsequent 

add i t i ons to a picture w i l l be made. I t has the syntax: 

colour R E D ; 

colour B L U E ; 

etc. 

C u r r e n t l y only r e d , g reen , b lue and b lack are supported as named 

c o l o u r s : t o s p e c i f y an a l t e r n a t i v e , an i n t e g e r number is p rov ided 

wh i ch is used in a dev ice dependant way to specify subsequent colours. 
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text 

Charac te r s may be added to the diagram by the input statements: 

text 0.0,0.0 %A text statement%; 

text x,y %Hello%; 

text point %A Picture Label%; 

T h i s p l a c e s t h e c h a r a c t e r s enc losed in the s t r i ng s p e c i f i c a t i o n 

on to the d iag ram at the l o c a t i o n g iven by x,y. The cu r ren t character 

set is qsed. 

font 

The font d i r e c t i v e is used e i t h e r to a l t e r the c u r r e n t l y selected 

or de fau l t cha rac te r set. I t is a construct of the fo rm: 

font s a l ; 

font cset; 

where cse t is a code used to select a new typeface f rom amongst those 

l isted in appendix A2. 

csize 

The statement 

csize factor; 

is used t o a l t e r the d e f a u l t c h a r a c t e r he igh t and w i d t h , 

r e f e r s to a sca l ing va lue r e l a t i v e to the d e f a u l t s ize . I f 

is g rea te r than 1.0 then the c h a r a c t e r s are increased in 
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they are reduced. The size is reset to the default by the call 

csize 1.0; 

The a s p e c t r a t i o (he igh t to w id th ) is f i x e d by the se lec t i on of the 

f o n t a n d w i l l be v a r i e d i n a c c o r d a n c e w i t h t h e s c a l e f a c t o r . 

draw 

draw x,y subpicture; draw point pict; 

causes t h e s p e c i f i e d subp ic tu re to be d rawn ( ins tanced) at an x,y 

p o s i t i o n . L i k e m a n y o f t h e t r a n s f o r m a t i o n c l a s s , t h i s i m p l i c i t 

t r a n s l a t i o n is a p p l i e d a t t h e c u r r e n t z c o - o r d i n a t e . To ins tance a 

s u b p i c t u r e a t a s p e c i f i e d p o s i t i o n i n t h r e e - s p a c e t h e r e is a 

requ i remen t for a 3dmove to precede the draw. 

scale 

A p r e v i o u s l y d e f i n e d b l o c k o r d a t a s t r u c t u r e node c a n be 

i n s t a n c e d w i t h a s c a l i n g f a c t o r b e i n g p l a c e d i n t h e a p p r o p r i a t e 

locat ions of i ts t ransformation matr ix by the statement: 

scale subpicture point, factor; 

For examp le , to double the size of a simple nand gate and locate i t at 

the o r i g i n , the O D L sys tem must be commanded: 

scale 7400 0.0,0.0,2.0; 

or 
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point origin; 

real scalefactor; 

origin z= 0.0 0.0 0.0; 

scalefactor := 2.0; 

scale 7400 origin scalefactor; 

rotate 

A g r o u p may be r o t a t e d about any of the th ree axes by some 

ammount specif ied in degrees. 

<axis>rotate subpicture point,factor; 

A g a i n , an i m p l i c i t t w o - d i m e n s i o n a l t r a n s l a t i o n is app l i ed . The order 

in wh ich r o t a t i o n s are "added" to the t r ans fo rma t i on matr ix is that in 

w h i c h t h e i n p u t s t a t e m e n t s a re p a r s e d ( i t w i l l be r e c a l l e d t h a t 

"addi t ion" of rotat ions is not commutat ive) hence: 

Xrotate C U B E 0.0,0.0,45.0; 

Yrotate C U B E 0.0,0.0,45.0; 

wi l l produce d i f ferent results f rom 

Yrotate C U B E 0.0,0.0,45.0; 

Xrotate C U B E 0.0,0.0,45.0; 

repeat 

M u l t i p l e i n s t a n c e s o f o b j e c t s may be c r e a t e d w i t h o u t t h e 

requ i rement that they be named by means of the statement: 

repeat subgroup x,y,z,count,interval; 
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w h i c h w i l l repea t the spec i f i ed subgroup count t i m e s s t a r t i n g at the 
p o s i t i o n x,y and at a sepa ra t i on o f interval un i t s . R e p e t i t i o n occurs 
in t h e x d i r e c t i o n o n l y bu t t h i s is not a l i m i t a t i o n as the r o t a t e 
s p e c i f i e r s may be app l ied to produce r e p e t i t i o n a long any ax is . For 
example: 

point origin; 

integer count; 

real interval rightangle; 

origin := 0.0 0.0 0.0; 

rightangle := 90.0; 

count := 5; 

interval := 0.2; 

begin XAXI ; 

repeat D ISC origin,count,interval; 

end XAXI ; 

begin Y A X I ; 

begin IntO; 

Zrotate X A X I origin rightangle; 

end IntO; 

repeat IntO origin,count,interval; 

end YAXI ; 

begin ZAXI; 

begin Int l ; 

Yro ta te Y A X I origin rightangle; 

end Int l ; 

repeat Intl origin count interval; 

end ZAXI ; 

draw ZAXI origin; 
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w i l l p r o d u c e a t h r e e - d i m e n s i o n a l vo lume ar ray of d iscs. The i n t e r n a l 

d e f i n i t i o n s IntO and I n t l n e v e r r e a l l y a p p e a r and i l l u s t r a t e s the 

techn ique of nest ing subp ic tu res . The subsequent O D L / E d i t output f rom 

t h e a b o v e p r o g r a m f o r m s f i g u r e 2.3. The f i n a l subp ic tu re has been 

m o d i f i e d by means of the project statement to make the diagram easier 

to fo l low. 

delete 

The delete ope ra to r s imply removes a node f rom the data structure 

by w r i t i n g Os i n t o t he po in te rs in i t s en t ry in the l i nked l i s t . I ts 

syntax is: 

delete subpicture; 

and i t is most use fu l in c o n j u n c t i o n w i t h the load s t a t e m e n t which 

adds other pr imi t ives to the system. 

save/load 

The instruct ion 

save subpicture filename; 

w r i t e s the data s t r u c t u r e f r o m the spec i f i ed node downwards into the 

f i l e po in ted to by filename. I t can be restored by the statement 

load filename; 

S u b s e q u e n t l y nodes can be removed w i t h delete or a l t e r e d w i t h the 
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modify s t a t e m e n t wh ich ac ts e x a c t l y l i ke begin bu t does not create a 
new node, i t s imply adds to an existing one, hence 

modify 7400; 

line 0.0,0.0,0.2,0.2; 

end 7400; 

depth 

The l e x i c a l l eve l of the input language is r e f l e c t e d in the data 

s t ruc tu re which is passed to the O D L / E D I T phase. When a search is made 

o f t h e s t r u c t u r e , to f i n d an e l e m e n t , i t no rma l l y occurs a t l e x i c a l 

l e v e l 0 - t h e m a i n d e f i n i t i o n . T h i s d e f a u l t can be a l t e r e d by 

spec i f y i ng a p a r t i c u l a r l e x i c a l dep th by means of the input syntax 

depth factor; 

The depth statement has the same e f fec t as the O D L / E D I T phase 'W key. 

plotter 

The n o r m a l o u t c o m e o f a s u c c e s s f u l O D L c o m p i l a t i o n is the 

en t rance of the O D L / E D I T mode. The plotter d i r e c t i v e is used for a 

d e v i c e w h i c h has no i n t e r a c t i v e c u r s o r a d d r e s s i n g c a p a b i l i t y , i t 

causes t h e p i c t u r e to be d rawn , bu t the E D I T is never commenced . 

project 

The d e f a u l t f o r the t h ree -d imens iona l r ep resen ta t i ons is to draw 

an o r t hog raph i c p r o j e c t i o n ; pe rspec t i ve can be added by means of the 

syntax: 
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project subgroup point,zmax,viewpoint; 

Chapter II 

w h e r e z m a x is t h e m a x i m u m v i s ib le 'z ' c o - o r d i n a t e and viewpoint 

represents the d is tance f r o m the screen to the v i e w e r typ ica l l y these 

values w i l l be 

viewpoint := 2.0; 

zmax := INFINITY; 

T h e p e s p e c t i v e p r o j e c t i o n m u s t be a p p l i e d a f t e r a l l o t h e r 

t r a n s f o r m a t i o n s , and w i l l , t h e r e f o r e , appear , in the n o r m a l course of 

even ts , as the only s tatement in a main def in i t ion. 

picture/finish 

A l l O D L compilat ions must begin w i th the statement 

picture name; 

wh ich sets up the data structure and names the root node. This is done 

f o r cons is tency as the name of the roo t is never d i rect ly referred to 

in any O D L p r o g r a m m e . The f in ish; s ta tement closes the data structure 

and o u t p u t s t h e r e s u l t a n t p i c t u r e to the c u r r e n t l y se lec ted g raph ics 

dev i ce , and, i f the c o m p i l a t i o n was success fu l , no e r ro r s hav ing been 

logged, the O D L / E D I T suite is star ted. 
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2.8 The ODL/EDITor 

The i n t e r a c t i v e cursor-addressed editor is entered either as the 

result of a successful language compilat ion or as the default mode for 

the ODL programme; in which case, the user is prompted for a filename 

which poin ts to a previously saved datastructure to be edited. The 

names of a l l ob jec t s loaded dur ing th i s phase are printed on the 

display and echoed to the current l is t ing f i l e . The editor works in 

two distinct segments, a transformation mode and a draw mode. 

2.8.1 Draw Mode 

The d e f a u l t mode is draw. In th i s c o n f i g u r a t i o n the user is 

required to place the cursor at some point on a diagram and enter a 

single key stroke command. The effects of which are listed here. 

A - Again 

Instances a current ly defined subpicture at another part of the 

data s t r u c t u r e . The user applies an impl i c i t translation by pointing 

f i r s t to the object to be copied and then to the location where the 

copy wil l be made. 

B - Box 

E f f e c t i v e l y is a rectangle statement; two points, the lower l e f t 

and upper r ight corners, are indicated and the appropriate rectangle 

is added to the picture. 
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C - Colour 

An existing object may have its colour altered by indicating the 

p a r t i c u l a r subpic tu re instance to be coloured and then indicating a 

colour f r o m the menu provided in the lef t hand margin of the screen. 

D - Dotted 

A l i n e is drawn f r o m the previous cursor pos i t i on to tha t 

indicated at the t ime the 'D' command was issued. The line type is 

dotted. 

E - Erase Rules 

In order to provide for construction lines and to enable a user 

to define parts of a picture wi th reasonable accuracy without recourse 

to the ODL compiler, lines may be added to the picture as part of a 

special subblock 'RULE' which may be later removed with the E command. 

F - Font 

The user is prompted for a character string which corresponds to 

a character set code as defined fo r an argument to the ODL font 

statement. 

G - Greek Text 

This command is now redundant but is maintained for compatibility 

wi th versions 1 and 2 of O D L / E D I T . I t adds a character string to the 

drawing using the Greek character set. Its function has been subsumed 

by the font directive. 

H - Character Size 

The user is prompted for a real number which is passed to the ODL 
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cs ize s t a t ement , modifying the scale at which subsequent characters 
will be drawn. 

L - Add a Line 

A single so l id l i ne is added to the p i c t u r e s t a r t i n g at the 

previous cursor position and ending at that indicated when the line 

command was used. 

M - Move Current Cursor Position 

The x,y co-ordinates fo r subsequent additions to the main picture 

are set equal to those genera ted by the digitised input f r o m the 

display device. 

P - Place a Named Object 

The i n d i c a t e d cursor p o s i t i o n becomes the o r i g i n of a new 

instance fo r a named object . In this way a subpicture which does not 

ye t ex is t in the main d e f i n i t i o n can be added to the display by 

reference to its name entry wi th in the header of the appropriate node 

in the data structure. 

Q - Change Pen Colour 

A colour is selected f rom the menu provided at the le f t hand side 

of the display screen, al l lines and objects which are added to the 

m a i n d e f i n i t i o n f r o m th is po in t onwards w i l l be in the co lour 

s p e c i f i e d . The user is reminded of the currently selected colour by 

means of a small arrow within the menu space. 
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R - Refresh the Screen 

During the course of an O D L / E D I T the display screen of certain 

terminals may become clut tered by the prompts for the edit commands. 

The screen is redrawn w i t h only the segments appropriate to the 

current structure of the main definition being made visible. 

S - Set Screen Square/Unsquare 

Normally the display is set to a 1:1 x:y aspect ra t io , this may 

be altered by means of the 'S' directive. 

T - Add Text 

A text string supplied by the user is placed at the x,y position 

i nd i ca t ed in the c u r r e n t t ype face wi th characters of the currently 

selected size. 

W - Set Search Depth 

Analogous to the ODL depth statement, this command prompts for an 

in teger wh ich is used to select the in i t i a l lexical level f r o m which 

the datastructure w i l l be searched by a transformation mode command. 

X - Add Construction Lines 

Subsequent lines are added to the RULE subblock which is later to 

be removed from the main definition by the 'E' command. 

Y - Link to Language Compiler 

Some editing requirements may not be satisfied by ODL/EDIT cursor 

a d d r e s s i n g mode or may requ i re several key s t rokes and menu 

se lec t ions . For these i t was found that a link back to the ODL 

language compiler proved most e f f i c i e n t . The 'Y* command supports this 
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feature by prompting the user for characters which are passed to the 
compiler on receipt of an End-of-File character. 

Z - End the Draw Mode 

The O D L / E D I T o r is p laced in to i t s second c o n f i g u r a t i o n -

transformation mode. 

2.8.2 Transformation Mode 

In th i s c o n f i g u r a t i o n the e d i t o r becomes menu driven, options 

being selected by a cursor hit on one of the transformation menus. The 

in i t i a l options are : SAVE, TRANSFORM, DELETE, PLOT, STOP or DRAW; 

their e f fec t s are described in the following paragraphs. 

SAVE 

The user w i l l be prompted fo r a f i lename into which the current 

s ta te of the graphics data structures w i l l be saved. These may be 

subsequently loaded via an ODL load d i rec t ive . The data structures 

c o r r e s p o n d i n g to the i n t e r n a l represen ta t ions of var iab les and 

pointers are not retained. This means that parameterized models must 

be arranged and then saved but it does free the ODL programmer from 

the tedious task of t rying to remember if a variable has been used in 

a previously saved picture or not. 

DELETE 

S t a r t i n g at the c u r r e n t l e x i c a l l e v e l the e d i t o r at tempts to 

match a geometric component to the x,y co-ordinate indicated by the 

user. I f i t is unable to do so the operator is prompted for another 

lexical level to t ry , typically the next lowest. 
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STOP 

The O D L / E d i t run is terminated but, just in case, the current 

state of the graphics tree is written to a temporary fi le PICTUREji. 

DRAW 

The program returns to DRAW mode which has been described in 

section 2.8.1 

TRANSFORM 

A single i t e m w i l l have i t s associated t r ans fo rma t ion matrix 

r e w r i t t e n by m o d i f i c a t i o n s in an interact ive way, d i f f e r en t changes 

being added to the T matrix in the order in which they are specified. 

Once an e lement has been p icked f o r t ransformation the menu is 

rewrit ten to enable selection of either MOVE,SCALE,ROTATE or DONE. The 

effects of each are as follows: 

MOVE 

The user is asked to point to the current position of the element 

to t r ans la t e and then to the new p o s i t i o n . The resultant re la t ive 

t r a n s l a t i o n vec to r is added to the t r a n s f o r m a t i o n matrix for the 

s p e c i f i e d p i c t u r e element. An instance of the object wi th this new 

t r a n s f o r m a t i o n m a t r i x is drawn on the c u r r e n t l y se lec ted output 

device. 

SCALE 

The user is prompted for a real number which represents a scale 

f a c t o r by w h i c h a l l the d i m e n s i o n s o f a s u b p i c t u r e w i l l be 

t r ans fo rmed . Scaling is applied in a l l three dimensions equally, i t is 

not at present possible to "stretch" objects interactively. 
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ROTATE 

The program requires that an angle is entered, in degrees, along 

wi th a ro ta t ion code (ROTX, ROTY or ROTZ) corresponding to the axis 

about wh ich the r o t a t i o n w i l l be p e r f o r m e d . Again i t is not yet 

possible to rotate an object about an arbi t rary vector but this may 

become available at some future date. 

DONE 

The rota t ion matrix is f ixed to the current value and the program 

passes back to the main transformation menu. 

A sample ODL/EDIT s e s s i o n i s shown i n the photographs a t the 
end of t h i s c h a p t e r . ^ ^ ^ ^ ^ ^ ^ ^ ^ m m ^ ^ ^ ~ 

2.9 Implementations 

The main ODL implementation has been done in PASCAL and comprises 

some 3000 lines of code. The system assumes the existance of only 

three local procedures, move(x,y) which places the drawing beam or pen 

at a position in two dimensional space and draw(x,y) which lowers the 

pen (or turns on the writ ing beam) and moves from the current position 

to that specified in the ca l l . The th i rd routine is a PASCAL function 

Function GIN(var x,y:real):char; which returns a character and an x,y 

posi t ion f rom some input device, a cursor or joystick etc. The f i r s t 

ODL system was run on an IBM 4341 and remains the most sophisticated 

but other systems are available or in the process of becoming so. The 

PASCAL code is being ([Minnow to an OS9 system and implementation has 

begun in C using the Y A C C compi l e r - compi l e r to provide drawing 

facilities for UNIX based systems. 

Many of the processors which have been discussed this far , and 
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are to be discussed l a t e r , are incapable of providing the complete 
range of ODL functions for such reasons as lack of memory, shortage of 
mass storage etc. For these smaller machines a version of the compiler 
but wi th no interact ive edit f a c i l i t y has been wr i t t en in SIXTH (See 
Chapter I I I ) : i t operates by interpret ing SIXTH def ini t ions which are 
the names of O D L commands. Thus the begin operative is used to 
generate a new SIXTH de f in i t ion which is tagged with the name of the 
s u b p i c t u r e . The draw command s imply executes these d i c t i o n a r y 
defini t ions to produce the resultant picture as output. The words MOVE 
and DRAW must be repatched fo r each output device such that they 
remove an x and y value from the stack and place a drawing beam or pen 
in the appropr i a t e p lace . Listings of the source code for some of 
these implementations appear, along wi th a complete definit ion of the 
command syntax, in the appendix which is associated with this chapter. 
The g e n e r a l f o r m o f d i a l o g u e f o r the ope ra t i on of an O D L 
implementation is as follows: 
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RUN ODL 

Chapter II 

Execution Begins 

Compile or Edit? <Edit>: c 

User \i APM4 has access to ODL3, Usage Logged! 

I am about to load the standard gate definitions 

I f you wish to use your own they should be in a f i le called DEVS 

Object Data Base Built 

Graphic Compiler Durham University Compilation Begins 

Source File Name: odLeg 

Language File => odl.eg 

Listing File : -odLlist 

**** Compiling Picture: Figure 1.4 **** 

**** Compilation Terminated **** 

*** No Errors Detected *** 

Terminate or Draw? <Draw>: 

2.10 Diagnostics 

In order to aid an operator define the correc t data structure, 

O D L provides several h e l p f u l d iagnos t ic features. Fi rs t ly the text 

ou tpu t f r o m each c o m p i l a t i o n is wr i t t en to a l is t ing f i l e complete 

wi th any error messages which may have been generated by the compiler. 
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An example of such a l is t ing f i l e is shown in l is t ing 1. This is the 
text output from ODL which was used to generate the diagram for figure 
1.5. This provides a complete record of the successful compilation and 
any subsequent edit . The system attempts to wr i t e to the listing f i le 
suitable command statements which produce the e f f e c t of a particular 
edit d i rect ive. For example i f the B or draw box command is used to 
add a rectangle to the datastructure, ODL will write a suitable set of 
begin, end, rectangle and draw statements to the l is t ing f i l e . The 
specia l s t a tement debug may also be used to determine what the 
cu r r en t s ta te of the entire ODL datastructure is. I t causes al l the 
linked lists to be dumped, along wi th their associated data to a f i le 
or device. 

In common wi th conventional 

exis ts which are coded numer ic 

l i s t i n g d e v i c e a long w i t h the 

offending input line. Their meanings 

compilers a set of error messages 

a l l y . These may be wr i t t en to the 

e r ro r code i m m e d i a t e l y a f t e r an 

are as follows: 

001 REAL and INTEGER Collision 

002 POINT and INTEGER Collision 

003 VECTOR and INTEGER Collision 

004 REAL and POINT Collision 

005 REAL and VECTOR Collision 

006 POINT and VECTOR Collision 

The above messages refer to the attempt to define a variable using the 

name of an already existing data type. 

007 INTEGER Declared Twice 
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008 REAL Declared Twice 

009 POINT Declared Twice 

010 VECTOR Declared Twice 

The above messages refer to an attempt to define two variables of the 

same type with the same name. 

011 REAL Number or Variable Expected 

012 INTEGER Number or Variable Expected 

The parser is expecting a part icular type of token in accordance with 

the syntax and this is not present. 

013 Unknown REAL Operator Type 

014 Unknown INTEGER Operator Type 

015 Invalid POINT Operator 

016 Invalid VECTOR Operator 

017 Illegal REAL Assignment 

018 Illegal INTEGER Assignment 

019 Illegal POINT Assignment 

020 Illegal VECTOR Assignment 

An error has occured in an assignment statement either as 

of an a t t empt to assign incompatible types or to use an 

undefined operator, for example cross product of a scalar. 

021 Undefined Symbol in Input Stream 

The parser is unable to recognise the right-hand side of an assignment 
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022 Undefined Group 

Chapter II 

An attempt has been made to reference a subpicture which does not 

exist. 

023 No Text! Can't Compile Nothing! 

A text statement has been found with no associated text string 

024 What Colour is That? 

A named colour has been referenced but is unknown. 

101 File Does Not Exist 

102 File is not permitted READ 

103 File is not permitted WRITE 

104 Segmentation Error!!!!! 

The above are messages which occur as the result of invalid or illegal 

fi le assignments. 

201 Invalid Transformation Matrix 

202 Invalid Subpicture Format 

203 At tempt to delete inbuilt subpicture or symbol 

The above errors are the result of attempts to corrupt the data base, 

for example attempting to delete 'root' or 'MENU1. 

999 No Picture Statement 
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2.11 

The experience of the use of ODL has been that i t provides a 

la rge ly machine independent def in i t ion fo r a series of simple objects 

in a form which is easy to deal with. The problems of much of the co

o rd ina te geometry have been removed f rom the user's shoulders and 

placed where they belong, in the depths of the display system. The 

input syntax contains a high degree of redundancy to enable human 

i n t e r a c t i o n w i t h the model w h i l s t the c o m p i l e d data s t r u c t u r e 

represents a compact t ree- l ike machine readable def in i t ion of a real 

o b j e c t . This t ree s t r u c t u r e is co-incidentally of great use when i t 

comes to our i n i t i a l aim of transferring the image from one part of a 

system to another. Since its redundancy is low the tree is useful as 

i t stands but by means of testing the v i s ib i l i ty of various branches, 

the communication overhead can be reduced further for closely coupled 

systems where only a single image from an object is transferred to the 

display device at one t ime, or even fo r remote workstations where a 

single image is to be transmitted. 

As s ta ted previously, there is a requirement for some fo rm of 

i n t e l l i gence to translate f rom the model of an image to the actual 

p i x e l values which make i t up and i t is to th i s , now, that the 

at tention of this work w i l l turn. The ultimate aim is to show that, by 

ca re fu l consideration of architectures for what w i l l be called display 

processors, a high-level structure l ike ODL can be used to generate 

data sets which may be subsequently rendered to a set of coherent 

images without the need for a programmer to define the pixel intensity 

values or the real set of vectors which make up a required picture. It 

is su f f i c ien t to work wi th ODL transformations of a simpler model, the 
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resultant tree structure being interpreted by some set of hardware or 
f i r m w a r e a t the d i s p l a y . 
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Chapter m 

The *SIXTH» Programming System 

3*1 Introduction 

The application of F O R T H [ 3 3 ] , a threaded interpretive language, 

to a wide variety of process control and instrumentation systems has 

promoted a great deal of interest amongst prospective users. FORTH was 

developed in the late 1960's by C.H. Moore and was initially used to 

c o n t r o l rad io telescopes used f o r the measurement of spectral l ine 

densities at the NARO observatory at K i t t Peak. Its advantages as a 

small machine-independent language have been discussed by many authors 

[34,35,36,37]. 

A FORTH implementation comprises a high level interpreter, a call 

processor, a dictionary and two stacks. The interpreter provides the 

man-machine in ter face which essentially "looks-up" words, typed at the 

keyboard , in the d i c t i o n a r y . The cal l processor then executes code 

which is pointed to by the dictionary entries. The claims made fo r 

FORTH are: 

(1) I t provides easy access to the machine hardware. 

(2) The code produced is highly compact, and complex functions 

such as ed i to r s and assemblers are easily implemented on 

machines with l i t t le memory. 

(3) The speed of execution is fast and, indeed, approaches that 

of assembler; the only overhead being that introduced by the 

call processor. 
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Figure 3.1 The *SIXTH* Dictionary 
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(4) Machine t ransportabi l i ty is pract ical as CODE statements are 

grouped together. 

•S IXTH* is a second i te ra t ion and a considerable improvement upon 

FORTH based on the precepts that the cost of memory is appreciably 

lower than i t was in the 1960's and that speed and f l e x i b i l i t y are 

always welcome. The newer language was wr i t t en specifically with the 

current work in mind. I t performs in al l ways, wi th the exception of 

memory conservation, more e f f i c i e n t l y than FORTH. This latest version 

allows f u l l access to the machine at two levels. An in-line assembler 

is provided which enables direct control , by the programmer, of the 

signals which are propagated along the system mother board and access 

to the Real Time Disk Operating System (RDOS) ut i l i ty routine vector 

tables via .SYSTEM calls. At a high level, FORTH and *SIXTH* look very 

s imi la r , but several major changes have been made at machine level 

wh ich allow faster and more f lex ib le use of the available resources. 

3.2 The Dictionary 

The biggest change, undoubtably, is to the dictionary structure 

as the *SIXTH* system provides a direct ly executable dictionary. That 

is to say that the entries consist of machine instructions. A typical 

entry is shown in Figure 3.1 and comprises a header, a series of code 

statements and a series of addresses. 

The header is composed of a l eng th /precedence word (See 

Compiler) , a four byte name fo r the de f in i t ion , a link to the address 

o f the previous en t ry and a one word p a r i t y check across the 

d e f i n i t i o n . The sequence of events which occurs when the Kernel is 
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f i r s t loaded f r o m disk is shown in the f l o w - c h a r t of Figure 3.2. 
D u r i n g e x e c u t i o n the i n t e r p r e t e r w i l l s t a r t at the end of the 
d i c t i o n a r y and compare an input keyword, f r o m a terminal or mass 
storage device, w i th this f i na l entry. Words are deemed to be the 
same i f both the length and the first four letters are the same. If no 
match is found w i t h the en t ry po in ted to by DL, the interpreter 
transfers its a t tent ion to the next entry by fo l lowing the link in the 
header. Should the start of the dictionary be reached and no match 
found then an error message is printed and the next word examined. 

Once the dictionary entry has been isolated, control is passed to 

the code which is at an of f se t of l ink address + 4 and execution 

cont inues . This imp l i e s generality as a l l entries are treated in the 

same manner. The e f fec t s of this change in structure are far reaching, 

i t is now possible to include in-l ine assembler in defini t ions, as the 

mnemonics are simply executed at compile t ime to insert appropriate 

code at the c u r r e n t d i c t i o n a r y p o s i t i o n . Since the mnemonics are 

executed they may cal l WORD to retrieve tokens from the input stream 

and need not have their operands preceding the name. 

T h i s new d i c t i o n a r y s t r u c t u r e a c c o u n t s f o r much of the 

improvement gained by this total rewrite of the FORTH-like programming 

system. Although the structure of the source code can be said to be 

similar to FORTH's the object modules produced are unique and are as 

described above. The cal l processor which interpreted FORTH's address 

lists has been rendered irrelevant by the executable code format: when 

a d e f i n i t i o n is r e f e r e n c e d , the address of the f i r s t execu tab le 

instruct ion of a def in i t ion is simply placed in the programme counter. 

The e f f e c t of this is a considerable increase in speed and the ability 

to include assembler statements in a colon def in i t ion . The fundamental 

d i f ference then is that in execution, FORTH was a simple interpreter, 
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•SIXTH* is a true compiler. 

Chapter III 

3.3 The Compiler 

When in compile mode the interpreter, having located the word via 

a dictionary search, passes control to the section of code responsible 

f o r e x t e n d i n g the d i c t i o n a r y . T h e r e f o r e the i n f o r m a t i o n tha t is 

available about a de f in i t ion is the start address of the code that i t 

represents . A re la t ive indirect jump to subroutine instruct ion (JSR@) 

is s tored in the next f ree dictionary location and the address just 

f ound is placed in a compile table. When a compilat ion sequence is 

t e r m i n a t e d by execu t ion of the '; ' compiler d i rect ive , this table is 

searched f o r unique entries which are copied into dictionary space. 

The duplicated entries are only copied to the dictionary once, and all 

the appropriate jump to subroutine instructions are modif ied to point 

to th i s single l o c a t i o n . W i t h reference to Figure 3.3, consider the 

compilation of: 

: TEST DUP DUP MOV 1 0 DUP ; 

The sequence of events which occurs is: 

(1) : is executed. I t increments the machine state and removes the 

word TEST f r o m the buf fe r , inserting an appropriate header into 

the dictionary. 

(2) DUP is found, i ts precedence is less then the machine state so a 

JSR(a) i n s t r u c t i o n is added to the dictionary and its address is 

stored in a compile table. 
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(3) DUP is found again so operation (2) is repeated. 

(4) MOV is found, its precedence is one so i t is executed. It removes 

the tokens 1 and 0 from the input buffer and assembles a MOV 1,0 

ins t ruc t ion (which copies the contents of accumulator one to 

accumulator zero) into the next available dictionary location. 

(5) DUP is found and operation (2) is repeated. 

(6) ; is found. Its precedence is one so i t is executed. It decrements 

the machine s ta te and r e loca te s the addresses s tored in the 

compile table. The relat ive branch between a particular JSR@ and 

i t s address is c o m p u t e d and the JSR(§ i n s t r u c t i o n patched 

appropriately. 

This in t roduces a level of opt imisat ion into the system since, i f a 

d e f i n i t i o n occurs more than once, the address is added to the 

dictionary once only and the relevant JSR(a)s modified to point to the 

same location as per Figure 3.4. 

This second pass of the compiler does increase the compilat ion 

t i m e over the F O R T H s ingle pass address l i s t generating system: 

however , t h i s is usual ly u n i m p o r t a n t and the process is s t i l l fast , 

t y p i c a l l y t h i r t y seconds to c o m p i l e 10k of d i c t i o n a r y space. The 

c o m p i l e r also computes p a r i t y across the d e f i n i t i o n and th is is 

installed into the header. The keyword PARITY may then be included in 

a d e f i n i t i o n to cause a pari ty check across each word called. This 

provides a high degree of security f r o m the single bi t errors typical 

of memory f a u l t s . Since there is no need fo r the dictionary to be 
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cont iguous the c o m p i l e r can be instructed to ignore bad locations. 
This P A R I T Y o p t i o n decreases speed but is useful in some control 
applications. 

Once again a key improvement is provided by the new language. The 

nature of much of the work performed in an environment which deals 

w i t h compute r graphics is t ha t h igh- leve l data structures must be 

u t i l i s e d to produce machine level p r imi t ives . In the past there has 

been no way tha t a single language could provide this f a c i l i t y and 

graphics packages wr i t t en in F O R T R A N have invariably had low-level 

sections coded in assembler. The only break made wi th the traditional 

approach to i n t e r a c t i v e graphics was the coding of a system in 

A P L [ 4 0 , 4 1 ] which, whilst of technical interest, proved in many ways, 

to have more problems at the device level than the more conventional 

systems, and, indeed, p e r f o r m a n c e considerations in respect of the 

data base management f a c i l i t i e s reguired of an interact ive system, 

forced Jimenez and Navalen to recode in P L / l . *SIXTH* was written with 

these requi rements in mind and provides the perfect blend of high-

l e v e l c o n t r o l and data s t r u c t u r e s w i t h the f l e x i b i l i t y and inherent 

e f f ic iency associated with machine level instructions. 

3.4 Stacks 

L i k e F O R T H , *SIXTH* is an entirely stack oriented language in 

t h a t a l l parameters are passed to the ope ra t i ona l stack b e f o r e 

procedures are called. It is the responsibility of the programmer to 

achieve c o r r e c t o rde r ing and man ipu la t ion of items on this stack. 

In addition the system maintains two other stacks: the DO...LOOP 

stack and the machine stack. The DO..LOOP stack is used to hold loop 

var iab les and aids access to the co r rec t counter values in nested 
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L O O P s . T y p i c a l F O R T H implementations place these counters on the 
machine stack interspersed wi th the def in i t ion return addresses, and 
t h i s imposes a considerable overhead v i s - a -v i s r e t r i e v a l of the 
c o r r e c t l oop p a r a m e t e r s dur ing execu t ion of a d e f i n i t i o n . The 
inclusion of the extra stack ensures that *SIXTH* systems are somewhat 
more robust than F O R T H ones as i t is harder to corrupt both return 
addresses and loop counters since these are maintained in separate 
areas of memory . A fur ther consequence of this additional stack is 
that a * S I X T H * loop executes considerably faster than the equivalent 
F O R T H one. This is not only because the call processor has been 
abandoned, but is also due to the much neater handling of LOOP 
variables and parameters. 

3.5 The * S I X T H * Programming Philosophy 

As mentioned above, * S I X T H * is pr imari ly a stack based language, 

a n a t u r a l r e su l t of which is the adopt ion of the Reverse Polish 

n o t a t i o n f o r operators. Thus a typica l * S I X T H * sequence, at a low-

level of machine control, takes the form: 

<data> <address> < operator> 

As the level of the language increases and the dictionary is extended, 

new words being defined in terms of old, this notation becomes more 

no t i ceab le in constructs such as . . . I F . . . E L S E . . . T H E N . Another problem 

is in t roduced by the fac t that comments (. . . .) are not defined unt i l 

h a l f way down the d i c t i o n a r y . L a t e r i m p l e m e n t a t i o n s inc lude a 

mod i f i ca t ion to the B U F F E R routine to eradicate this but the major 
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f a i l i ng of both F O R T H and * S I X T H * is s t i l l the unreadability of the 
code. The system provides a very fast e f f i c i e n t u t i l i t y for debugging 
and programming interface hardware, and whilst *SIXTH* programmes are 
very s imple to w r i t e , they can be d i f f i c u l t to maintain. The only 
so lu t i on to th i s remains the abi l i ty of the programmer to code as 
i n t e l l i g i b l y as possible and to provide as many helpful comments as 
possible. The experience of its use has been that the rewards to be 
g l eaned f r o m the high degree of machine c o n t r o l and speed of 
programming do outweigh the diff icul t ies of programme maintenance, and 
once the basic dictionary has been defined, the control structures for 
app l i ca t i ons programmes are f l e x i b l e enough not to force users to 
adopt the programming tr i cks o f t e n associated wi th other, more 
conventional languages. 

As descr ibed p rev ious ly the * S I X T H * system, whilst originally 

imp lemen ted on the Data General Nova I I I minicomputer, has been 

t r a n s p o r t e d q u i t e succes s fu l l y to a number of o ther machines , 

including the Dig i ta l Equipment PDP 11-34, the Motorola MC6809 and 

MC68000 microprocessors and an IBM 370! Each of these implementations 

c o n t a i n s a machine-dependent Kerne l w r i t t e n in the appropr i a t e 

assembler code which is used to provide the very basic dictionary 

manipulation functions. A f i l e of * S I X T H * source code is then written 

in terms of these basic functions. The f i r s t part of the Dictionary 

which this source represents, is again machine-dependant and is used 

to produce the structured control flow statements (*SIXTH» COULD NOT 

use a GOTO) which form the basis of the *SIXTH* programmer's armoury. 

T h e r e a f t e r the d i c t i o n a r i e s f o r a l l the machines are identical and 

a p p l i c a t i o n programmes w r i t t e n for one may be transferred to the 

o the r s . When in use the system "boot-straps" i tself f r om some mass 
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storage device, the kernel being loaded into memory (or maintained in 
PROM) and the dict ionary source f i l e interpreted to build the machine 
executable form of itself in RAM. 

3.6 The Kernel 

A l is t ing of the assembler code used to produce the Data General 

Nova I I I and PDP-11 series versions of the programming util i ty appear 

in appendix B-3: a br ief description of the most important routines 

written is included here. 

BITE 

The location ST is used as a byte pointer and the contents of 

the least s ignif icant byte of accumulator zero, i f i t is not 

a backspace, is moved to the appropriate RAM byte. The next 

memory byte is set to zero and the pointer ST is incremented. 

The main use of this routine is in the BUFFER procedure which 

handles the t e rmina l / f i l e input. 

BYTE 

The location GT is used as a byte pointer and the contents of 

the indicated memory location are moved to accumulator zero. 

GT is then auto-incremented. 

DIV 

Is used to simulate the Data General Hardware divide. The 

t h i r t y - t w o b i t number in ACO and AC1 is divided by the 

sixteen b i t unsigned number in AC2. Bit 0 of ACO is the high-

order b i t of the dividend and bi t 15 of AC1 is the low-order 

b i t . The q u o t i e n t and remainder are s i x t e e n - b i t unsigned 
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numbers and are placed in AC1 and ACO, respectively. The 
carry bit is reset and AC2 is unchanged. 

MUL 

The MUL routine simulates the hardware multiply. The sixteen 

bit unsigned number in AC1 is mul t ip l ied by the sixteen bi t 

unsigned number in AC2 to yield a thir ty- two bit intermediate 

r e su l t . The sixteen bi t number in ACO is added to this to 

produce the f i n a l t h i r t y - t w o b i t r e su l t . The carry bi t is 

u n c h a n g e d . Because the r e su l t is t h i r t y - t w o b i t s wide , 

overf low cannot occur. 

NUMBER 

A series of charac te r s po in ted to by the word beginning 

pointer WB and the word end pointer WE is considered as a 

number in the current base. I f i t can be converted into a 

v a l i d number i t s value is moved to the operational stack, 

otherwise an error is flagged. 

PUSH 

The v a l u e of the z e r o a c c u m u l a t o r is p laced on the 

operational stack. 

POP 

The value on the top of the operational stack is copied into 

the zero accumulator. 
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STK 

The conten ts of the zero accumulator are placed upon the 

DO...LOOP stack. 

UNST 

The top of the D O . . . L O O P s tack is copied into the zero 

accumulator. 

LENGTH 

The length of the current word (WB - WE) is computed and the 

result returned in accumulator one. 

FIND 

The word which has been isolated from the input stream by the 

WORD routine is "looked-up" in the dict ionary. I f it is found 

i t s en t ry s t a r t address is l e f t on the stack, otherwise a 

zero is returned. 

TYPE 

An address and a number are removed f r o m the operational 

stack. The contents of memory, start ing at the address, are 

t h e n e c h o e d , as c h a r a c t e r s , to the t e r m i n a l u n t i l the 

appropriate number have been transmitted. 

QUESTION 

The c u r r e n t word is copied to the t e r m i n a l as a s t r ing 

3 u f f i x e d by a question mark. 
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BUFFER 

A series of characters is taken f r o m the current I/O channel 

and loaded into an area of memory. Backspaces are used to 

decrement the memory pointer and the sequence ends with a 

carriage return. 

WORD 

Scans the input buf fe r f r o m the current position of WE until 

a space is f o u n d . WB is set to this address and the scan 

continues. When the next space is found WE is set, in this 

way an input word is isolated in the buffer. 

CRLF 

C a r r i a g e r e t u r n and l i n e - f e e d are communica t ed to the 

terminal. 

EXECUTE 

The precedence of the currently isolated dictionary word is 

compared against the machine STATE. I f the state Is less than 

or equal to this precedence value, the def in i t ion is executed 

by placing its link address + 4 into the programme counter. 

I f the s ta te is greater than the precedence the address of 

the d e f i n i t i o n is added to the compile table. In this way, 

compilat ion becomes merely a special case of execute. 

UFLOW 

The stack pointers are checked fo r underflow or overflow. If 

a po in t e r is i n c o r r e c t l y loaded, an error is indicated and 
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RESTART 

The R E L O A D f l ag is reset and the stack pointers set to their 

i n i t i a l values. The system S T A T E is set to zero, and the 

t i t l e prompt is issued to the terminal. 

HEAD 

Reads the f i r s t f o u r cha rac te r s f r o m the currently active 

w o r d and , p a d d i n g w i t h spaces , w r i t e s them in to the 

d i c t i o n a r y along w i t h the length/precedence entry. The link 

address to the last de f in i t ion is added a f t e r this header. 

S t a r t s the c o m p i l e mode o f o p e r a t i o n . The S T A T E is 

incremented and a ca l l made to HEAD. An op-code is stored 

a f t e r the link address: when the def in i t ion is executed, this 

w i l l cause the current return address to be placed onto the 

machine stack. 

Returns f r o m compile mode by decrementing the state, checking 

fo r UFLOW and adding a sequence of code to the end of the 

executable part of the de f in i t i on . These statements cause the 

re t r ieval of the return address f rom the stack and subsequent 

loading of its value into the programme counter. The compile 

t a b l e is t h e n searched and the addresses added to the 

d i c t i o n a r y . The r e l a t i v e i n d i r e c t jump to subroutine calls 
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CONSTANT 

A number is removed from the stack, a header placed into the 

d i c t i o n a r y and a c a l l put in to code which w i l l move the 

value back onto the stack when the def in i t ion is subsequently 

executed. 

INTEGER 

Is used to put in a call to code which wil l move the value of 

the next memory word found in the dictionary onto the stack 

and skip around that word during execution. 

VARIABLE 

Is just like INTEGER but moves the address of the location 

skipped to the operational stack. 

COUT 

Wri tes the character contained in the least s ignif icant byte 

of a ccumula to r zero to the console via a . S Y S T E M ca l l . 

These ca l l s are made by saving the current value of the 

programme counter as a r e t u r n address in zero page, and 

executing a vectored jump through the system dispatch table. 

The appropriate operating system code is executed at the top 

of memory and return made to *SIXTH* through zero page. 
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DOS 

Resets the f i l e system and attemps to execute a return to the 

operating system. 

CIN 

Reads a character via the operating system. 

OPEN 

Opens the dictionary f i l e on channel 0. 

XAPPEND 

Cal l s the RDOS append command. I t is used later in the 

dictionary to provide append access to files. 

XCLOSE 

provides access to the system close f i le routine. 

SPOS 

Sets the f i l e pointers for the f i l e which is opened on the 

CHANNEL channel. 

READ 

Reads a line f r o m the currently selected channel and places 

it in BUFFER space. 
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WRITE 

Places characters f rom the bu f fe r into the fi le opened on the 

currently selected channel number. 

RELOAD 

Reads l ines f r o m the f i l e on the current input stream and 

passes them to the interpret loop unt i l the R E L O A D f l ag is 

reset by a RESTART or an %ENDFILE. 

FRESET 

Closes all the currently opened files. 

XDELETE 

Allows a f i le to be deleted from an RDOS directory. 

XCREATE 

Creates a random access f i l e in the current RDOS directory. 

XSWAP 

Allows another RDOS save-file to be loaded on top of *SIXTH* 

and the programming system to be swapped to disk. In this way 

RDOS u t i l i t i e s may be utilised from *SIXTH*. 

IMMEDIATE 

Increments the value of the precedence byte for the current 

dictionary entry. 
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(a)W 

An address is removed f r o m the operat ional stack and is 

replaced by the contents of the memory location to which i t 

points. 

I 

An address is removed f r o m the operational stack, and a data 

value also. The data value is then stored at the address. 

+ 

Two numbers are removed from the stack and replaced by their 

sum. 

TOKEN 

A word is removed f rom the input stream and it is searched 

f o r in the d i c t i o n a r y . I f i t is found i t is executed as a 

constant, otherwise i t is passed to NUMBER and an attempt 

made to convert it to a valid number in the current base. 

3.7 The Dictionary 

A l is t ing of the * S I X T H * source code required to recompile the 

dict ionary is also included as part of appendix B3. The f i r s t section 

is used to associate dictionary names wi th the internal variables used 

by the assembler par t of the system. A store byte (!B) routine is 

inc luded w i t h the base conversion routines, which simply change the 

value of the radix (RDX) used by the NUMBER procedure. The in-line 

assembler fol lows these and is arranged as a series of IMMEDIATE 
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definit ions which are executed at compile t ime and cause a series of 
o c t a l c o n s t a n t s , e q u i v a l e n t to the m a c h i n e i n s t r u c t i o n s they 
represent , to be w r i t t e n into the dictionary at the current pointer 
(DP) p o s i t i o n . Since the exact make-up of these sixteen bi t words 
cannot be determined f rom a single definition word, a set of modifiers 
are used to provide skip f u n c t i o n s etc.: these update a previously 
written instruction word. 

F o l l o w i n g the assembler, which provides the complete range of 

Data General Nova-line instructions, are the stack manipulation words: 

DROP 

The top element on the stack is simply removed. 

SWAP 

The positions of the top two items on the operational stack 

are interchanged. 

OVER 

The second i tem on the stack is duplicated on the top of the 

op-stack. 

ROT 

The f i r s t three items on the operational stack are rotated, 

the t h i r d i t e m t a k i n g up the f i r s t position, and the other 

two being pushed down one position. 

Fol lowing the stack manipulation routines are the procedure call 

m o d i f i e r s which allow calls to be made to IMMEDIATE routines for 

inc lus ion in other c o m p i l e r d i r e c t i v e de f in i t ions . The f low control 
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words appear next: each of these is IMMEDIATE and places code in the 
d i c t i o n a r y to produce the desired resu l t s . This means tha t such 
d e f i n i t i o n s must be used wi th in a colon compilat ion sequence. Their 
use is as follows: 

<condition> IF < words executed if condition is TRUE > 

E L S E < words executed if condition is FALSE> THEN ... 

<high parameter> <Iow parameter> DO < words used by the loop > 

LOOP 

BEGIN < words used in infinite loop > END 

The f low of control in any of these statements may be modified by the 

words : 

STOP 

Halt the current DO..LOOP, clean up the s^ack for the loop-

counters and continue with the definition. 

NEXT 

Start the next i te ra t ion of a DO..LOOP. 

ABORT 

Clean up the stacks and abort execution to the end of the 

current de f in i t ion . 

As the dictionary continues, ARRAYs and STRINGs are defined and 
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the dictionary maintenance routines added. These are not described in 
detail here as their actual mode of operation is somewhat convoluted: 
a p o r t i o n of memory is reserved, values copied to i t and the 
d i c t i o n a r y d e f i n i t i o n then b u i l t around the data. Code is inserted 
into the def in i t ion which w i l l cause the address of the data space and 
the number of data elements available to be moved to the stack. The 
data is bui l t into dictionary space a f t e r the end of the def ini ton so 
there is no need to patch a jump around i t . Furthermore STRINGs may be 
inc luded not only as s ingle defintions, but as part of larger ones, 
for example: 

: TEST DIA 0 60 7 >' OF STRING % Out of Range!!% SAY BEEP 

E L S E STRING % Data OK ->% SAY THEN ; 

This is a result of the fac t that the string data is placed after the 

executable portion of the dict ionary. The code for STRING is further 

complicated by the fac t that when i t is executed the length of the 

compile table, and hence the address l is t is unknown. FORGET is used 

to free memory space by moving both the current dictionary pointer 

(DP) and the end of dictionary pointer (DL) back to a previous link 

address. WHAT l i s t s the names, precedences and addresses of all 

entries that have not been protected by the KEEP command. It simply 

compares the address of a de f in i t ion wi th the value of .K (a variable 

set by K E E P ) and scans the dictionary headers of all those definitions 

which occur a f t e r the "keep point". LIST displays the memory map for a 

p a r t i c u l a r d e f i n i t i o n and F R E E c a l cu la t e s the remaining available 

space. 

The routine PANIC is used to patch the RDOS system keyboard 

interrupt vectors. The addresses of * S I X T H * routines are stored in the 

3.20 



The "SIXTH* Programming System Chapter III 

v e c t o r l o c a t i o n s and s u b s e q u e n t k e y b o a r d i n t e r r u p t s a re used t o 
provide a R E S T A R T . 

The f i n a l p a r t o f t h e d i c t i o n a r y is concerned w i t h R D O S f i l e 

m a n a g e m e n t . T h i s is some th ing e n t i r e l y new to * S I X T H * . The more 

a n t i q u a t e d F O R T H systems cou ld not support a proper f i l e system and 

dea l t w i t h data on mass s torage in s imple f i x e d size blocks known as 

"screens". * S I X T H * maintains Data General RDOS compatible random block 

f i l e s , t he screen e d i t o r S C maps these on to a memory segment and 

r e w r i t e s the e d i t e d f i l e s in to an R D O S type f o r m . In this way all the 

system u t i l i t i e s , such as the SPEED editor may be used wi th * S I X T H * 

f i l e s . C O M P I L E s t a r t s the I N T E R P R E T loop reading inpu t f r o m a f i l e 

u n t i l an % E N D F I L E is f o u n d ; a second f i l e may be opened on another 

channel read, i n t e r p r e t e d and execu ted , c losed and con t ro l returned to 

the o r i g i n a l f i l e by way of the I N C L U D E command. The keyword C L I is 

used to read a sequence of R D O S command line interpreter instructions 

i n t o the B U F F E R , these are subsequently wr i t t en to the f i l e C L L C M and 

a SWAP p e r f o r m e d . The command line interpreter now reads this f i l e and 

e x e c u t e s t h e i n s t r u c t i o n s i t con ta ins b e f o r e f i n a l l y r e t u r n i n g c o n t r o l 

t o * S I X T H * . The s y s t e m i s , t h e r e f o r e , no t as i so la ted as Moore ' s 

s lower s tand-alone sys tem. I t has, in f a c t , become pa r t of an overall 

s y s t e m , and is n o t a r e p l a c e m e n t f o r or a s imple a d d i t i o n to any 

ope ra t i ng sys tem. In th i s way, i t has become c o r r e c t to refer to the 

• S I X T H * sys tem as an a p p l i c a t i o n p r o g r a m m i n g system. I t was designed 

w i t h i n t e r a c t i v e graphics f o r s m a l l machines i n m i n d , but has been 

used w i t h t remendous success fo r a wide variety of systems and control 

w o r k . The o r i g i n a l ve rs ion w h i c h ran i n t i m a t e l y linked wi th RDOS, has 

g i v e n b i r t h to a whole series o f i m p l e m e n t a t i o n s on o ther machines . 

The s t r u c t u r e was f o u n d to be such t h a t very f e w changes have been 

made f o r i t to run wi th other operating systems such as UNIX and MTS. 
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Indeed i f some of the sys tem v e c t o r tab le addresses are replaced w i t h 
i n t e r n a l * S I X T H * rou t ines , then the language may be used as its own 
o p e r a t i n g s y s t e m , as is the case in the M o t o r o l a MC68000 ve r s ion . 

3.8 The *Sixth* Implementation model 

I n o r d e r t o f a c i l i t a t e t h e r a p i d d e v e l o p m e n t o f * S I X T H * 

i m p l e m e n t a t i o n s a d e f i n e d procedure has been es tabl ished to which al l 

instances of the programming language must conform. The model proposes 

t h e ex i s tence o f a v i r t u a l machine compr i s i ng th ree s tacks , a series 

o f f u l l w o r d ( s i x t e e n b i t ) r e g i s t e r s and some f o r m of mass s torage 

subsystem. The i m p l e m e n t a t i o n process is tackled in three stages: 

1) The Machine Dependant Kernel is wr i t t en . 

2) The Machine Dependant port ion of the Dict ionary is wr i t t en . 

3) The remainder of the dictionary is copied f r o m the model. 

W i t h i n these broad c l a s s i f i c a t i o n s the i m p l e m e n t a t i o n model does 

a l l o w some degree of f l e x i b i l i t y in order to accommodate the physical 

and l o g i c a l c o n s t r a i n t s i m p o s e d by t h e a r c h i t e c t u r e of the t a r g e t 

m a c h i n e . T h e r e is n o t space or s u f f i c i e n t re levance to discuss the 

i m p l e m e n t a t i o n guide f u l l y in t h i s document but some discussion of the 

choices available to a designer might be appropriate. 

The f i r s t and most f u n d a m e n t a l l y i m p o r t a n t dec is ion concerns the 

f o r m a t o f the execu tab le code. This is o f t e n l a rge ly d i c t a t e d by the 

a v a i l a b l e m a c h i n e i n s t r u c t i o n s b u t t h e * S I X T H * m o d e l e s sen t i a l ly 

a l l o w s t h r e e d i f f e r e n t t e c h n i g u e s t o be used . The f i r 9 t and most 
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f a v o u r e d i s t h a t d i s c u s s e d e a r l i e r i n t h i s c h a p t e r ; i t p r o d u c e s 
somewhat smal le r code segments than the o ther formats which may be 
i m p o r t a n t on s m a l l m a c h i n e s . I t is app rec i a t ed , however , t h a t the 
r e l a t i v e i n d i r e c t j u m p t o s u b r o u t i n e i s a s o m e w h a t e s o t e r i c 
i n s t r u c t i o n and conseguent ly t w o o ther technigues are suggested. The 
next most popular fo rma t is that used on the PDP 11 series of machines 
and i n v o l v e s a p rog ramme coun te r r e l a t i v e j u m p t o subrou t ine w h i c h 
g e n e r a t e s l a r g e r code but is s t i l l r e l o c a t a b l e . The f i n a l system has 
been used success fu l ly on smal l e igh t b i t microprocessors and involves 
s u b r o u t i n e l i n k a g e or i n d i r e c t j u m p s t h r o u g h a b s o l u t e add res se s . 

Once th i s key design compromise has been made i t is a relat ively 

s i m p l e m a t t e r to w r i t e the rou t ines w h i c h f o r m the k e r n e l . This is 

done in the machine assembler and occupies approximat ly 2K words of 

m a i n m e m o r y . The m a j o r i t y o f o p e r a t i o n s a re s i x t e e n b i t i n t ege r 

c a l c u l a t i o n s and t h e s e a re f u l l y d e f i n e d . C l e a r l y t h e s i x t een b i t 

V i r t u a l R e g i s t e r se t s have t o be s i m u l a t e d on a s imple e igh t b i t 

p r o c e s s o r w i t h a s u b s e q u e n t o v e r h e a d i n e x e c u t i o n s p e e d . 

The second stage of i m p l e m e n t a t i o n involves the production of the 

m a c h i n e dependan t s ec t ion o f the d i c t i o n a r y code. Here a series of 

i m m e d i a t e d e f i n i t i o n s must be w r i t t e n which on execution w i l l assemble 

some f o r m of tes t and branch i n t o the code sec t ion o f a d e f i n i t i o n . 

A r m e d w i t h the a b i l i t y to tes t a r eg i s t e r f o r a value and skip the 

next l o c a t i o n the r ema inde r o f the * S I X T H * code can simply be copied 

f r o m the m o d e l . In th i s way the p o r t a b i l i t y o f h i g h - l e v e l d e f i n i t i o n s 

is assured. A p p l i c a t i o n s p rogrammes such as the mic rocode assembler 

descr ibed in chap te r V can then be run on any o f the machines fo r 

wh ich the programming system has been w r i t t e n . 
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3.9 *Sixth* Application Programming 

The p r i m e example of a * S I X T H * application programme, which w i l l 

be c o n s i d e r e d here , is the i m p l e m e n t a t i o n o f the O b j e c t D e s c r i p t i o n 

L a n g u a g e m e n t i o n e d i n C h a p t e r I I . The t e c h n i q u e used is a lso 

a p p l i c a b l e to many o the r env i ronmen t s and has been used w i t h some 

success in the p r o j e c t s wh ich w i l l be men t ioned later in this work, in 

p a r t i c u l a r the mic rocode cross-assembler descr ibed in Chap te r V . The 

most common system fo r the implementation of a symbolic language based 

i n p u t s y s t e m is t o e x t e n d the d i c t i o n a r y s t r u c t u r e to the po in t at 

wh ich the r equ i r ed s y n t a c t i c a l symbols correspond to * S I X T H * words. 

The key to t h i s i m p l e m e n t a t i o n technique is the unique manner in 

wh ich a p rog rammer can control both the compiler and interpreter modes 

of t h e o p e r a t i n g s y s t e m . The d e f i n i t i o n $ is d e f i n e d w i t h i n the 

i n i t i a l l y boo t - s t r apped dict ionary code as: 

: $ I M M E D I A T E WORD F I N D 5 + DP! ; 

and i t s e f f e c t is to place a c a l l to a d e f i n i t i o n i n t o the d ic t ionary . 

The w o r d D P ! is responsible f o r the generation of the calling code and 

t h e a d d i t i o n o f t h e e x e c u t a b l e addres s to the c o m p i l e t a b l e . The 

r e su l t of the input combination $ F R E D is to place a call to F R E D into 

the c u r r e n t d e f i n i t i o n , w h a t e v e r the precedence o f F R E D may be. In 

t h i s way i t is p o s s i b l e t o d e f i n e t h e O D L k e y w o r d begin by the 

sequence: 

: begin $ : ; 

The e f f e c t of the words begin F R E D are now the same as : F R E D and 
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cause a new d i c t i o n a r y e n t r y to be c r e a t e d . S i m i l a r l y the compilat ion 
o f the ODL keyword end may be governed by the * S I X T H * code: 

: end $ ; ; 

subsequen t o c c u r e n c e s of end w i l l cause an open d e f i n i t i o n to be 

t e r m i n a t e d . The k e y w o r d s l ine and t e x t are used to enter v e c t o r 

i n f o r m a t i o n i n t o the d e f i n i t i o n in the same way as text is placed into 

a S T R I N G in * S I X T H * . Thus the draw, sca le and rotate type O D L 

d i r e c t i v e s s imp ly have to use W O R D and F I N D to isolate a subpicture 

w i t h i n t h e d i c t i o n a r y , a p p l y t h e t r a n s l a t i o n they represent to the 

v e c t o r s and e i t h e r display the r e su l t or enter the new vec to r s i n t o 

another dictionary def in i t ion . 

Since the O D L s t a t emen t s f o r m real * S I X T H * definit ions the source 

code can s imply be interpreted by R E L O A D . to generate the picture data 

s t r u c t u r e , and a c a l l made to the specia l in terpre t loop which is used 

to display the vec to r s made on encoun te r ing the word f inish. Indeed, 

in the ac tua l i m p l e m e n t a t i o n o f O D L the keyword finish is a bona-fide 

• S I X T H * d e f i n i t i o n w h i c h scans the d i c t i o n a r y s t r u c t u r e to draw the 

m a i n p i c t u r e d e f i n i t i o n , i t is s imp ly execu ted by the R E L O A D loop to 

produce picture output. 

3.10 iSuaaitery; 

The d e v e l o p m e n t of the * S I X T H * p r o g r a m m i n g sys tem has added 

f l e x i b i l i t y to the a r m o u r y o f tools ava i l ab le to the programmer. I t is 

n o t c l a i m e d t ha t i t replaces the c o n v e n t i o n a l p r o g r a m m i n g languages 

ava i l ab l e , but r a t h e r t h a t i t complemen t s t h e m . The abi l i ty to include 

l o w - l e v e l d e f i n i t i o n s i n t h e c o n t r o l s t r u c t u r e s n o r m a l l y associa ted 
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w i t h h i g h - l e v e l languages resu l t s in a ve ry p o w e r f u l sys tem ha rdware 
d e b u g g i n g f a c i l i t y . S ince a l l t h e d e f i n i t i o n s a re s i m p l y compound 
s t a t e m e n t s in t e r m s of p rev ious ly d e f i n e d r o u t i n e s , i t is unnecessary 
to salvage, or r e w r i t e , subrout ines f r o m e a r l i e r w o r k , as is o f ten the 
c a s e w i t h a s s e m b l e r o r o t h e r p r o g r a m m i n g l a n g u a g e s , as t he se 
subrout ines are, in the na tu re of th ings , present f r o m load t ime. The 
f e e d b a c k t o a p r o g r a m m e r is f a s t , t he re is no lengthy c o m p i l a t i o n 
phase and no need to use a r e l o c a t a b l e l i n k e r / l o a d e r in order to call 
system rou t ines . In th i s way m o d i f i c a t i o n s to ha rdware can be tested 
i n a f r a c t i o n o f t h e t i m e r e q u i r e d f o r a conven t iona l p r o g r a m m i n g 
s y s t e m . I n i m p l e m e n t a t i o n s where the ke rne l and large q u a n t i t i e s of 
d i c t i o n a r y space have been R O M e d , such as the M o t o r o l a MC68000 
v e r s i o n , t h e t e s t a b i l i t y o f a s y s t e m is even f u r t h e r i n c r e a s e d . 

There is no need f o r an i n t e r a c t i v e debug system in a * S I X T H * 

i m p l e m e n t a t i o n s i n c e , by i t s v e r y n a t u r e , the p r o g r a m m i n g sys tem 

p r o v i d e s t h e f a c i l i t i e s of most debuggers. M e m o r y l oca t ions can be 

accessed and changed i n d i v i d u a l l y by means of (§}W and !, or in blocks 

via L I S T and L O A D . The contents of the stacks and accumulators may be 

examined and b reakpo in t s set by simply inserting a call to I N T E R P R E T 

at an appropriate point. 

What * S I X T H * does not provide is an operating system environment, 

where several users may access a s ingle machine and use a series of 

u t i l i t y p r o g r a m m e s w r i t t e n i n d i f f e r e n t l a n g u a g e s . The * S I X T H * 

e n v i r o n m e n t has been used to p rov ide m u l t i - u s e r access to a D a t a 

Genera l Nova I I I equipped w i t h only 32K of R A M , but the speed of the 

XSWAP rou t ines was such t h a t i t was only possible to allow users to 

wr i t e their programmes in * S I X T H * . 

I t is d o u b t f u l whe the r the p r o g r a m m i n g sys tem should be used to 

p rov ide m u l t i - u s e r access to machines anyway, as i n such a mode the 
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r e l i a b i l i t y o f the system can become degraded. This is because as each 
user is a l l owed f u l l access, at the machine l e v e l , to such th ings as 
accumula to r s , s t a c k - p o i n t e r s e tc . , i t is ve ry easy f o r a mistake made 
in a s ingle task to cause the machine to c rash . The so lu t ion to this 
is t o r e s t r i c t t h e a v a i l a b i l i t y o f c e r t a i n f a c i l i t i e s to users. This , 
h o w e v e r , i s a g a i n s t the genera l phi losophy wh ich was assumed when 
• S I X T H * was w r i t t e n and tends to turn a powerful programming tool into 
y e t a n o t h e r r e s t r i c t i v e s u p e r v i s o r y p r o g r a m m e w h i c h , l i k e t h e 
o p e r a t i n g s y s t e m , is o f t e n more o f a h indrance than a help to the 
machine user. 
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Table 3.1 The •SIXTH* system Variables 

1) The Kernel Variables 

DP 
The Dictionary Pointer contains the address of the next 
avail a b l e location i n memory. 

DL 

WB 

WE 

GT 

ST 

RDX 

STORE 

STATE 

TABLE 

PREFIX 

LAST 

REFLAG 

NFLAG 

Points to the header of the l a s t d e f i n i t i o n compiled into 
the dictionary. 

Points to an address i n the BUFFER which contains the f i r s t 
character of the s t r i n g under consideration by WORD. 

I s the address of the l a s t character i n the current word. 

I s the auto-incrementing byte address which i s used by the 
get a byte routine BITE. 

I s the halfword address used by the BYTE, or store a byte 
routine. 

I s the value of the current radix. 

I s the address of the area of memory which i s used as the 
BUFFER. 

Contains the value of the current machine state (q.v.). 

I s the address of the compile table, and an index location 
TPOINT i s used to indicate the next free location i n i t . 

I s a variable which holds the octal value of the prompt 
character. 

I s a boolean variable which i s used to indicate whether or 
not the l a s t word on an input l i n e has been processed. 

The reload f l a g determines the device code from which input 
l i n e s are read. 

I s true i f the current word i s a s t r i n g which represents a 
va l i d number i n the current base. 

ERROR 
Contains the error flagged by the operating system. 
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MCSTK 
I s the address of the machine stack. 

OPSTK 
Contains the address of the operational or user stack. 

STK2 
Points to the DO...LOOP stack. 

LOSTK 
I s the address of the top of memory which i s used to 
prevent c o l l i s i o n s of the system stacks with the dictionary. 

2) Used i n the Dictionary 

WIDTH 
The variable contains the length of the character sequence 
which w i l l be compiled into a de f i n i t i o n by STRING. 

The keep point i s used by the dictionary l i s t i n g routine 
WHAT. Only those definitions whose headers s t a r t at 
addresses a f t e r that contained i n ,K w i l l be l i s t e d . 

CHANNEL 
The I/O channel number which i s to be used next by the 
system i s maintained i n t h i s variable. 
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Chapter IV 

General Purpose Microprocessors For Display Systems 

4.1 Introduction 

T h e u s e o f t h e F i x e d I n s t r u c t i o n S e t ( F I S ) M O S b a s e d 

m i c r o p r o c e s s o r t o r e p l a c e m o r e s p e c i a l i s e d d i g i t a l ha rdware , in a 

v a r i e t y o f f i e l d s , is inc reas ing ly p r e v a l e n t [ 4 5 ] . In many app l i ca t i ons 

where smal l to med ium scale t r a n s i s t o r - t r a n s i s t o r log ic ( T T L ) c i r c u i t s 

m i g h t normal ly have been used, i t is now not uncommon to f i nd a single 

microprocessor and a p r o g r a m m e con ta ined in read only memory (ROM). 

Indeed, l a t t e r l y , the re has been a tendency amongst m a n u f a c t u r e r s to 

p rov ide mic roprocess ing un i t s (MPUs) s p e c i f i c a l l y f o r such tasks. Such 

chips are usually equipped w i t h a scratch pad RAM, a segment of ROM 

f o r p r o g r a m m e s torage and some f o r m of I / O c o n t r o l in order t h a t 

c o m m u n i c a t i o n w i t h the outs ide w o r l d m i g h t be p e r f o r m e d . This I / O 

c o n t r o l o f t e n takes the f o r m of a se r i a l i n t e r f a c e , fo r communications 

w i t h a t e r m i n a l o r p r i n t e r , and a p a r a l l e l P e r i p h e r a l I n t e r f a c e 

A d a p t e r ( P I A ) f o r a m o r e g e n e r a l c o n t r o l e n v i r o n m e n t . 

These " s i n g l e c h i p m i c r o s " a re r a p i d l y r e p l a c i n g the i n t e r n a l 

e l e c t r o n i c s f o r a w i d e r a n g e o f c o n s u m e r goods, such as washing 

m a c h i n e s , s e w i n g m a c h i n e s and even t e l ev i s ions , tape recorders and 

m o t o r cars. This t r e n d towards the use of low cost "mult i -appl icat ion" 

larqe scale i n t e g r a t e d (LSI ) components is one w h i c h is a f f e c t i n g the 

w h o l e o f t h e e l e c t r o n i c s , c o m m u n i c a t i o n s and c o m p u t i n g indus t r i e s . 

Many of the l a t e s t gene ra t i on of t es t instruments are of the so called 

"intel l igent" variety. 
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A s m i g h t b e e x p e c t e d , t h i s t r e n d i n e l e c t r o n i c g o o d s 
m a n u f a c t u r i n g has n o t been s l o w t o e n t e r t h e l u c r a t i v e marke t s 
g e n e r a t e d by t h e p o p u l a r i t y o f s y s t e m s based a r o u n d i n t e r a c t i v e 
c o m p u t e r g r a p h i c s t 4 6 ] . The cost of co lour ras te r graphics t e r m i n a l s 
has a l w a y s been low , in compar i son w i t h , say, p e n i t r o n type v e c t o r 
tubes, because of the a b i l i t y o f m a n u f a c t u r e r s to c a p i t a l i s e upon the 
r e s e a r c h and d e v e l o p m e n t w h i c h sur rounded the domes t i c t e l e v i s i o n 
i n d u s t r y . I n d e e d such d i s p l a y s a re o f t e n r e f e r r e d t o as " d i g i t a l 
t e l e v i s i o n " . There have a lways been t w o basic problems w i t h pract ical 
r a s t e r scan d i s p l a y systems: the need to m a i n t a i n a la rge b lock o f 
memory f o r the z - i n t e n s i t y - m o d u l a t i o n data ( the f r a m e buf fe r ) and the 
c o m p u t a t i o n a l l y in tens ive c a l c u l a t i o n s wh ich have to be done by the 
host compu te r to produce diagrams on the display screen. The overheads 
have been such t h a t , i n o r d e r t o ensure s u f f i c i e n t b a n d w i d t h is 
a v a i l a b l e f o r data t r ansmiss ion be tween the f r a m e b u f f e r and C P U 
memory , a "c lose-coupled" d i r e c t m e m o r y access (DMA) l ink has usually 
b e e n m a i n t a i n e d b e t w e e n t h e t w o . 

One way in which this communication overhead can be reduced is to 

t r a n s m i t a h i g h - l e v e l scene d e s c r i p t i o n to the display dev ice , w h i c h 

is i n t e r p r e t e d by a graphics processor . By p r o v i d i n g the display u n i t 

w i t h i n t e l l i g e n c e , i t i s p o s s i b l e t o save on b o t h m e m o r y and 

t r a n s m i s s i o n t i m e . The f r a m e b u f f e r mode l f o r a display is o f t e n 

w a s t e f u l , as i t u s u a l l y has t o m a i n t a i n a f u l l m e m o r y w o r d o f 

i n t e n s i t y i n f o r m a t i o n f o r e a c h p i x e l on the d isp lay . The use o f a 

Video L o o k - u p Table ( V L T ) w h i c h takes the f rame buf fe r contents as an 

address i n t o a w ide r R A M segment, whilst not increasing the number of 

d i f f e r e n t c o l o u r s w h i c h may be d i s p l a y e d a t any one t i m e , does 

increase the t o t a l number o f possible co lours . Edge models f o r f i l l e d 

" 4.2 
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polygons may be used to save memory space in the te rmina l : there is no 
need f o r a l l the po in t s in a s ingle po lygon to be m a i n t a i n e d , as al l 
t ha t is r e q u i r e d is t h a t the pos i t ions o f the edges are known and a 
p o i n t e r to an entry in the colour table maintained [ 4 7 ] . 

The s i m p l e s t m e t h o d o f p r o v i d i n g d i s p l a y i n t e l l i g e n c e is the 

a d d i t i o n , t o a g r a p h i c s w o r k s t a t i o n , o f a g e n e r a l p u r p o s e 

microprocessor and some s o f t w a r e . Many commercial ly available terminal 

systems adopt th i s approach and as a consequence i t w i l l be considered 

in some detai l . 

4.2 An Overview 

The cost and s o p h i s t i c a t i o n o f microprocessor c o n t r o l l e d graphics 

displays has, by and l a rge , r ema ined commensura te w i t h the technology 

u p o n w h i c h t h e y a re b a s e d . The e a r l i e s t s y t e m s p r o v i d e d l i t t l e 

i n t e l l i g e n c e and were based around s imple processors, f o r example the 

ub iqu i tous 6502. As the s emiconduc to r m a n u f a c t u r i n g processes matured 

and more soph i s t i ca t ed c i r c u i t s became ava i l ab l e , the display marke t s 

f o l l o w e d ; the Chromatics 7900 is based on the new Motorola MC68000 and 

the Gresham L i o n Supervisor 214 on the LSI 11 . Table 4.1 shows a br ief 

c o m p a r i s o n o f c o s t vs . c a p a b i l i t i e s f o r a se r i e s of F I S processor 

based graphics systems. By and la rge these commercia l systems contain 

a s i n g l e p r o c e s s o r a n d d e a l w i t h a s i n g l e f r a m e s t o r e . The 

i n s t r u c t i o n s w h i c h are i n t e r p r e t e d are i n v a r i a b l y of the l i n e , s imple 

po lygon , po in t t ype . There have been, however, many proposals made fo r 

m u l t i - m i c r o p r o c e s s o r d i s p l a y c o n t r o l l e r s and these w i l l be discussed 

later. 
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Table 4.1 
Microprocessor Based Display Systems 

Function Tektronix Gresham AED Ramtek VIP Tektronix Crottatlcs 
4027 Lion 512 6000 system 4110 7900 

Series Supervi- S e r i e s S e r i e s S e r i e s 
sor 214 

Processor: 8080 LSI-11 6502 Z80 6809 68000 

Resolution: 640x480 1024x525 512x512 512x256 512x512 480x360 
480x640 

Display RAM: 192kb 512kb 256 kb I80kb 256kb 42Mb 

I n t e r f a c e : RS232 
GPIB 

RS232 
DMA 

RS232 
DMA 

RS232 RS232 RS232 

Software: PLOT 10 
PDP 

MACR011 
Routines 

MIOP 
MEZZO 
AEGRAF 

Z80 
Routines 

PICASSO PLOT 10 
GKS 

HLL Control: Yes Yes No No No No 

Colours: 8 
of 64 

16000 256 
of 2g24 

8 
of 64 

15 
of 4096 

8 
of 64 

Vectors: Soft 
ware 

Hard 
ware 

Soft 
ware 

Soft 
ware 

Soft 
ware 

Soft 
ware 

User Symbols: Yes Yes Yes Yes No Yes 

User Macros: Yes No No Subroutines No Yes 

Run User Code: No Yes Yes Yes No No 

Zoom: No Yes Yes Yes Yes Yes 
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Pan: No Yes Yes Yes Yes Yes 

Two-Dim. :No No No No No 
Transformation 

Yes 

Grahlcs Input: Cursor Joystick Joystick Joystick Nil 
keys Trackball 

Keys 
Pot 

Imaging: No Yes Yes No Yes No 

Scanning: 30Hz 50Hz 60Hz 60Hz 50Hz 
int e r l a c e i n t e r l a c e 

60Hz 

Overlays: No Yes Yes No No No 

Cost: $5K $30K+ $20K+ $5K+ $7K+ $5K 
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I t is apparent t h a t t w o basic modes of operation are envisaged by 
t h e m a n u f a c t u r e r s , the f i r s t consis ts o f the u t i l i s a t i o n of low speed 
s e r i a l c o m m u n i c a t i o n s l i n k s and r e a s o n a b l y h i g h - l e v e l i n s t r u c t i o n 
sequences to g e n e r a t e s t y l i s e d p i c t u r e s f o r d a t a p r e s e n t a t i o n the 
second involves the s p e c i f i c a t i o n o f a l l p ixe l s by the user and a high 
speed p a r a l l e l c o m m u n i c a t i o n s channe l . Several display systems a l l ow 
t h e u s e r t o b y p a s s t h e l o c a l i n t e l l i g e n c e and t r a n s m i t p i x e l 
i n t ens i t i e s d i r e c t l y i n t o the f r a m e b u f f e r m e m o r y over some f o r m of 
d i r e c t m e m o r y access l i n k . This then gives the user the o p t i o n o f 
w o r k i n g i n e i t h e r a c lose ly coupled D M A type e n v i r o n m e n t or in a 
l o o s e l y c o u p l e d r e m o t e w o r k s t a t i o n m o d e . As has been men t ioned 
e a r l i e r , the advantages o f i n t e l l i g e n c e in such a system are immense. 
T h e h i g h e r t h e l e v e l a t w h i c h a p r e s e n t a t i o n l a y e r p r o t o c o l is 
d e f i n e d , t h e l o w e r t h e number of i n f o r m a t i o n bytes wh ich must be 
t r a n s m i t t e d over the s e r i a l n e t w o r k in ques t ion to d e f i n e a part icular 
p i c t u r e or p i c t u r e sequence. C l e a r l y the savings may not only be in 
t i m e b u t a l so , p a r t i c u l a r l y i f the n e t w o r k is t ha t p rov ided by the 
Common Carrier, in money. 

C u r r e n t l y t h e t e n d e n c y has been f o r m a n u f a c t u r e r s to adopt 

r e a s o n a b l y s i m i l a r f o r m s o f p i c t u r e d e f i n i t i o n languages, the most 

common types being those used by Tektronix and Gresham Lion. Here the 

command sequence compr ises an i n t r o d u c e r (a character to d i f fe ren t i a te 

command sequences f r o m text) and a command str ing. The actual commands 

consis t o f three A S C I I cha rac t e r s w h i c h unique ly def ine the subsequent 

mode of o p e r a t i o n and the context fo r the parameters which fo l low. The 

p a r a m e t e r s are then t r a n s m i t t e d , also in A S C I I and the command is 

4.4 
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t e r m i n a t e d b y a c a r r i a g e r e t u r n . I n t h i 9 w a y a s e q u e n c e o f c o n t r o l 
commands m i g h t t ake t he f o r m : 

! V E C 100,100 200,200 

! P O L 100,100 300,300 400,400 500,500 100,100 

! T X T 300,300 % A T e x t S t r ing% 

as f o r the T e k t r o n i x 4027 . 

I t s h o u l d be n o t i c e d t h a t s u c h a c o m m a n d s e q u e n c e i s , i n many 

w a y s , s i m i l a r t o t h e i n p u t s y n t a x f o r t h e O b j e c t D e s c r i p t i o n Language 

a n d , i n d e e d , f o r d e v i c e s l i k e t h e T e k t r o n i x 4 0 2 7 w h i c h suppor ts m a c r o 

d e f i n i t i o n s a n d e x p a n s i o n s as w e l l as r e l a t i v e c o - o r d i n a t e c o m m a n d 

s e q u e n c e s , i t is s i m p l e t o c o n c e i v e o f an O D L c o m p i l e r w h i c h c o n v e r t s 

the sequence: 

begin B O X ; 

rectangle boUle f t bot.right xlength ylength; 

end B O X ; 

draw B O X origin; 

t o 

! M A C M l 

! R P O L 1 0 0 , 1 0 0 2 0 0 , 1 0 0 2 0 0 , 2 0 0 1 0 0 , 2 0 0 1 0 0 , 1 0 0 

E N D M l 

! V E C 100,100 

J E X P M l 

4.5 
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T h e 4 0 2 7 s u p p o r t s s i x t e e n s u c h n a m e d mac ros so the usefulness o f 
s u c h a s i m p l e c o m p i l e r w o u l d be l i m i t e d . F u r t h e r m o r e t h e r e is no 
p a r a m e t e r i s a t i o n o f e x p a n d e d m a c r o s so f a m i l i e s o f s u b p i c t u r e s c o u l d 
n o t b e p r o d u c e d f r o m a s i n g l e e x p a n s i o n . T h e p o s s i b i l i t y o f a p p l y i n g 
t r a n s f o r m a t i o n s t o a l r e a d y d e f i n e d m a c r o s t o gene ra te new ones is also 
u n a v a i l a b l e . S i m i l a r l y f o r t h e d i r e c t i m p l e m e n t a t i o n o f the O D L / E D I T 
s u i t e i t w o u l d b e n e c e s s a r y f o r t h e t e r m i n a l t o r e t u r n s o m e v a l u e 
c o r r e s p o n d i n g t o t h e n a m e o f a m a c r o i n d i c a t e d du r i ng a g raph ics i npu t 
sequence as w e l l as t he s imp le x,y c o - o r d i n a t e p r o v i d e d a t p resen t . 

T h e s e c o n d f o r m o f c o n t r o l s e q u e n c e is t ha t p rov ided by t he A E D 

512 a n d by t h e 7 2 0 0 s e r i e s o f H e w l e t t P a c k a r d p l o t t e r s . H e r e a s ing le 

c h a r a c t e r f o r m s t h e o p e r a t i o n c o d e f o r t h e d e v i c e and the p a r a m e t e r s 

a r e e n c o d e d as b i n a r y n u m b e r r e p r e s e n t a t i o n s w h i c h are t r a n s m i t t e d as 

a s e e m i n g l y m e a n i n g l e s s j u m b l e o f A S C I I c h a r a c t e r s . The resu l t of t h i s 

i s t h a t m o r e c a l c u l a t i o n h a s t o b e p e r f o r m e d b y b o t h h o s t a n d 

w o r k s t a t i o n t o d e c o d e t h e p a r a m e t e r s b u t l e s s i n f o r m a t i o n i s 

t r a n s f e r r e d a c r o s s t h e c o m m u n i c a t i o n s l i n k . T h e H P 7 2 2 1 , f o r e x a m p l e , 

uses t h e c h a r a c t e r " p " t o c a u s e an a b s o l u t e m o v e . C o m m a n d sequences 

c o m p r i s e a n o p e r a t i o n c o d e , a v a r i a b l e l e n g t h s e q u e n c e o f b i n a r y 

p a r a m e t e r s a n d a c o m m a n d t e r m i n a t o r , u s u a l l y t h e c h a r a c t e r " 2 " . I n 

t h i s w a y a p i c t u r e c o m p i l e r w o u l d have t o c o n v e r t the sequence: 

picture test ; 

2 D ; 

grid 750, 1000; 

text 100.0, 100.0 % A text S t r ing%; 

f in ish; 
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t o 

< t i 1 da >< underl ine> ( I n i t i a l i s e t he P l o t t e r ) 

<t i lda>W (Set t he G r i d s ize) 

pfQ$} (Move t o 100,100) 

<tilda>' (Set L a b e l Mode) 

A text str ing (The T e x t C h a r a c t e r s ) 

E T X y ( T e x t T e r m i n a t o r ) 

S o m e f a c i l i t y is a v a i l a b l e f o r m a c r o d e f i n i t i o n , b u t a l i m i t is p laced 

u p o n t h e n u m b e r a n d s i z e o f s u c h c o l l e c t i o n s o f d i s p l a y commands as 

t h e m a c r o s m u s t o c c u p y s p a c e i n t h e m a c h i n e s i n p u t b u f f e r . To some 

e x t e n t i t i s p o s s i b l e t o i m p l e m e n t t h e b l o c k t r a n s f o r m a t i o n s w h i c h 

f o r m t h e r e a l f l e x i b i l i t y o f O D L i n t e r m s o f t h e b a s i c d e v i c e 

i n s t r u c t i o n s as t r a n s l a t i o n o f o r i g i n a n d r o t a t i o n o f s u b s e q u e n t 

v e c t o r s a r e p r o v i d e d as p a r t o f t h e f i r m w a r e . The d r i v e r s f o r such an 

O D L i m p l e m e n t a t i o n a r e , o f c o u r s e , h a r d e r t o w r i t e and debugg ing the 

s y s t e m i s s u b s t a n t i a l l y m o r e c o m p l i c a t e d as t h e p r o g r a m m e r is less 

a w a r e o f w h a t c h a r a c t e r c o m b i n a t i o n s a r e b e i n g u s e d t o g e n e r a t e t he 

d isp lay v e c t o r s . 

A s d i s p l a y s y s t e m s h a v e b e c o m e m o r e s o p h i s t i c a t e d the degree t o 

w h i c h t h e h a r d w a r e / f i r m w a r e c o m b i n a t i o n w i t h i n t h e d isp lay dev i ce has 

t a k e n o v e r s o m e o f t h e r o l e o f t h e h o s t c o m p u t e r has b e c o m e m o r e 

m a r k e d . M o d e r n d i s p l a y s y s t e m s a r e d e f i n i t e l y o r i e n t a t e d t o w a r d s 

l o o s e l y c o u p l e d e n v i r o n m e n t s a n d h i g h - l e v e l p r e s e n t a t i o n l a y e r 

p r o t o c o l s . T h e l a t e s t g e n e r a t i o n o f T e k t r o n i x 4 1 1 5 d i s p l a y t e r m i n a l s 

i n c o r p o r a t e s e v e r a l f e a t u r e s w h i c h a r e i m p o r t a n t i n t h e e v o l u t i o n o f 

d u m b f r a m e b u f f e r s i n t o i n t e l l i g e n t g r a p h i c s m a c h i n e s . Th is new range 

o f t e r m i n a l s , w h i c h u t i l i s e a c o m b i n a t i o n o f b i p o l a r b i t - s l i c e 
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t e c h n o l o g y i n t a n d e m w i t h t h e n e w I n t e l 8 2 0 0 s e r i e s C P U , a i m s a t 
c o m p a t i b i l i t y w i t h t h e G K S a n d G S P C C O R E g raph ics s tandards and a re 
c a p a b l e o f h a n d l i n g c o n c e p t s s u c h as n a m e d d i s p l a y s e g m e n t s , t w o -
d i m e n s i o n a l t r a n s l a t i o n a n d p a r a m e t e r i s a t i o n o f i n t e r n a l d i s p l a y 
s e c t o r s . W i t h s u c h t e d i o u s c o m p u t a t i o n s c a r r i e d ou t in the f i r m w a r e o f 
a p e r i p h e r a l d e v i c e , t h e s i z e o f p i c t u r e c o m p i l e r s l i k e O D L w i l l 
b e c o m e s u b s t a n t i a l l y r e d u c e d . T h e e f f e c t o f t h i s m u s t be an increase 
i n d a t a t h r o u g h p u t a n d t h e r e l e a s e o f m a c h i n e t i m e f o r a p p l i c a t i o n s 
w o r k . W i t h m o v e s o f t h i s s o r t , g r a p h i c s becomes a t o o l r a t h e r than an 
e n d i n i t s e l f . I n c u r r e n t i n s t a l l a t i o n s w h e r e g r a p h i c s s o f t w a r e l i k e 
G I N O , P L O T 1 0 and I G [ 4 8 , 4 9 ] f o r m s a m a j o r p a r t of the load modules f o r 
a p p l i c a t i o n s s o f t w a r e , t h e r e m o v a l o f t h e g r a p h i c s t r a n s l a t i o n s t o 
d i s p l a y f i r m w a r e w i l l e n t a i l a s u b s e q u e n t i n c r e a s e i n t h e a b i l i t y o f 
d a t a a n a l y s i s p r o g r a m m e s s u c h as t h o s e d e v e l o p e d f o r t h e S t a r e / S a b r e 
s y s t e m a n d d e s c r i b e d l a t e r , t o p e r f o r m t h e i r p r i m a r y f u n c t i o n - t h e 
analys is o f da ta . 

A g l a n c e t h r o u g h t h e c o l u m n s o f t a b l e 4 . 1 w i l l r e v e a l t h e w i d e 

v a r i e t y o f c a p a b i l i t i e s w h i c h e x i s t a m o n g s t c o m m e r c i a l l y a v a i l a b l e 

d i s p l a y s y s t e m s . T h e m o s t o b v i o u s v a r i a b l e i s , o f c o u r s e , t he measure 

o f t h e c a p a c i t y o f t h e l o c a l i n t e l l i g e n c e . T h e p r o c e s s o r s v a r y f r o m 

t h e 6 5 0 2 , t h e w o r k h o r s e o f m o s t e a r l y m i c r o p r o c e s s o r sys tems, t h r o u g h 

t h e M C 6 8 0 0 0 , a m o d e r n s i x t e e n b i t s i n g l e ch i p M P U , t o the L S I 1 1 , a 

l a r g e s c a l e i n t e g r a t e d i m p l e m e n t a t i o n o f t h e p o p u l a r D i g i t a l P D P 

r a n g e . T h e r e s o l u t i o n s o f t h e d i s p l a y s a r e , t o s o m e e x t e n t , a f u n c t i o n 

o f t h e s i z e o f t h e f r a m e b u f f e r a n d t h i s , i n t u r n , i s dependant upon 

t h e p h y s i c a l a d d r e s s s p a c e o f t h e l o c a l p r o c e s s o r . T h i s v a r i e s f r o m 

a b o u t 1 8 0 k b y t e s t o s o m t h i n g g r e a t e r t h a n 2 M b y t e s . T h e n u m b e r o f 

i n d e p e n d a n t l y d i s p l a y e d c o l o u r s i s a f u n c t i o n o f t h e w i d t h o f t h e 
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f r a m e b u f f e r w h i l s t t h e t o t a l p a l l e t t e is d e t e r m i n e d by t h e w i d t h o f 
any a v a i l a b l e v i d e o l o o k - u p t a b l e . F o r e x a m p l e , t he A E D 512 possesses 
a 512 x 512 x 8 b i t f r a m e b u f f e r w h i c h w o u l d , o n i t s own , a l l o w on ly 
2 5 6 p i x e l i n t e n s i t i e s . T h e e i g h t b i t f r a m e b u f f e r c o n t e n t s a r e , 
h o w e v e r , u s e d as an a d d r e s s i n t o a 24 b i t w i d e r a m s e g m e n t w h i c h 
c o n t a i n s t h e r e d , g r e e n a n d b l u e i n t e n s i t y v a l u e s ( e i g h t b i t s f o r each 
c h a n n e l ) . C o n s e q u e n t l y , w h i l s t o n l y 256 i n d i v i d u a l c o l o u r s m a y a p p e a r 
on t h e screen a t any one t i m e , these may be chosen f r o m a cons ide rab ly 
l a rge r se t . 

A l l t h e d e v i c e s l i s t e d i n t h e t a b l e a r e c a p a b l e o f o p e r a t i n g i n 

a n " o f f l i n e " m o d e o v e r a r e m o t e s e r i a l i n t e r f a c e ( n o r m a l l y R S 2 3 2 C 

c o m p a t i b l e ) . T h e y p e r f o r m t o v a r y i n g d e g r e e s o f e f f i c i e n c y in t e r m s o f 

d a t a c o m p r e s s i o n a n d d i s p l a y c o m m a n d i n t e l l i g i b i l i t y as d i s c u s s e d 

e a r l i e r . T w o o f t h e s y s t e m s may also be accessed by t h e host c o m p u t e r 

o v e r a D M A l i n k . I n m a n y w a y s , p e r h a p s , the P P L Superv isor 214 is a 

c l a s s i c e x a m p l e o f t h i s m o d e o f c o m m u n i c a t i o n . T h e h o s t a n d s l a v e 

p r o c e s s o r s c o m m u n i c a t e v i a a s i m p l e p a c k e t p r o t o c o l w h i c h opera tes as 

f o l l o w s . A c o m m a n d p a c k e t i s c o n s t r u c t e d i n t h e m e m o r y o f t h e 

t r a n s m i t t e r ; t h i s c o m p r i s e s a c o n t r o l w o r d a n d a ser ies o f p a r a m e t e r s . 

O n c e c o n s t r u c t e d t h e p a c k e t is s h i p p e d o v e r the t w o - w a y D M A l ink t o 

t h e r e c e i v e r s p a c k e t p r o c e s s i n g b u f f e r . T h e t r a n s m i t t e r t h e n 

i n t e r r u p t s t h e r e c e i v e r w i t h o n e o f a s e r i e s o f i n t e r r u p t codes w h i c h 

a r e u s e d t o d e t e r m i n e w h a t use t h e r e c e i v e r w i l l m a k e o f t h e d a t a 

p a c k e t . A s p e c i a l c a s e o f t h i s is t h a t i m a g e s m a y be t r a n s f e r r e d t o 

a n d f r o m d i s k as a la rge da ta p a c k e t , or m o r e s l ow ly on a l i n e by l i n e 

b a s i s . T h e u p p e r l i m i t o n t h e s i z e o f e a c h p a c k e t is s e t by t h e 

c o m m u n i c a t i o n s h a r d w a r e w h i c h c o n t a i n s t h e t w o ' s - c o m p l e m e n t o f t h e 

w o r d coun t f o r a packe t in a s i x t e e n b i t r e g i s t e r . 
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A n i n t e r e s t i n g p o s s i b i l i t y w h i c h i s o p e n e d up by t h i s m o d e o f 

c o m m u n i c a t i o n s i s t h a t i n s t r u c t i o n c o d e s c a n be t r a n s m i t t e d i n t o t h e 

s l a v e p r o c e s s o r ' s m e m o r y w h i c h c a n t h e n be e x e c u t e d . T h r e e o f t h e 

g r a p h i c s c o n t r o l l e r s m e n t i o n e d i n T a b l e 4 . 1 a r e c a p a b l e o f t h i s . When, 

as o f t e n h a p p e n s i n t h e c a s e o f S u p e r v i s o r s y s t e m s , t he host and t h e 

s l a v e e x e c u t e t h e s a m e i n s t r u c t i o n s e t , d y n a m i c r e a l l o c a t i o n s o f 

f u n c t i o n m a y b e p e r f o r m e d b y t h e p a r t s o f t h e o v e r a l l s y s t e m . 

4.3 M u l t i - M i c r o p r o c e s s o r Display S y s t e m s 

A s h a s b e e n m e n t i o n e d e a r l i e r , t h e p r o c e s s e s e s s e n t i a l t o t h r e e 

d i m e n s i o n a l g r a p h i c s , s u c h as t h e t r a n s f o r m a t i o n s o f t h e c o - o r d i n a t e 

s y s t e m s , d e p t h c o m p a r i s o n s a n d i n t e n s i t y c a l c u l a t i o n s a r e 

c o m p u t a t i o n a l l y i n t e n s i v e . [ 5 0 ] T h e m o s t s o p h i s t i c a t e d d i s p l a y s y s t e m s 

a v a i l a b l e a r e u s e d i n t h e " s i m u l a t o r " c l a s s o f s y s t e m s and a re l a r g e l y 

i n t e n d e d f o r m i l i t a r y o r c i v i l a i r l i n e u s e . T h e s e s y s t e m s , w h i c h 

p r o d u c e r e a l - t i m e i m a g e s o f s u r p r i s i n g r e a l i s m on c o l o u r T V s , a r e 

p r o h i b i t i v e l y e x p e n s i v e f o r use i n a l a b o r a t o r y e n v i r o n m e n t - c o s t i n g 

u p w a r d s o f $ 5 0 0 , 0 0 0 . A s s t a t e d i n C h a p t e r I t h e r e a s o n s f o r s u c h 

c o m p l e x i t y b e c o m e a p p a r e n t w h e n s o m e c a l c u l a t i o n o f the c o m p u t a t i o n a l 

e x p e n s e o f t h e p r o b l e m is m a d e . T h e o b j e c t o f w o r k w i t h m u l t i p l e 

m i c r o p r o c e s s o r s y s t e m s is t o o r g a n i s e t h i s o v e r w h e l m i n g l o a d i n t o a 

s e r i e s o f r e l a t i v e l y i n d e p e n d e n t t a s k s w h i c h m i g h t be p e r f o r m e d i n 

p a r a l l e l . 

T h e r e a r e m a n y w a y s i n w h i c h m i c r o p r o c e s s o r s m i g h t be c o n n e c t e d 

t o g e t h e r t o f o r m s u c h a p a r a l l e l s y s t e m a n d e a c h has i t s advan tages . 

A l t h o u g h s u c h s y s t e m s a r e r a r e i n t h e c o m m e r c i a l l y a v a i l a b l e p roduc t s 
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w h i c h f o r m t h e l o w - c o s t e n d o f t h e d i s p l a y m a r k e t , t hey are b e c o m i n g 
o f i n c r e a s i n g i n t e r e s t t o w o r k e r s i n t h e r e s e a r c h c o m m u n i t y . T h r e e 
m a j o r f o r m s o f i n t e r p r o c e s s o r c o m m u n i c a t i o n a r e u t i l i s e d i n r e a l 
s y s t e m s ; s i n g l e a n d m u l t i p l e b u s s i n g ; p i p e l i n i n g a n d s y s t o l i c a r r a y 
c o n n e c t i o n . T h e m e r i t s a n d d e m e r i t s o f e a c h t e c h n i q u e h a v e b e e n 
d i s c u s 8 e d [ 5 1 , 5 2 ] - o f t e n w i t h v e h e m e n c e . S o m e d i s c u s s i o n o f t h e s e 
t e c h n i q u e s and i n d i c a t o r s as t o w h e r e t h e a u t h o r sees t h e p o s s i b i l i t y 
o f " r e a l " app l i ca t i ons w i l l f o l l o w . 

A s w i l l b e m a d e c l e a r , t h e r e i s c u r r e n t l y n o " b e s t w a y " o f 

i n t e r c o n n e c t i n g p r o c e s s o r s t o f o r m a d i s p l a y s y s t e m b u t t h e r e a r e 

a d v a n t a g e s i n u s i n g c e r t a i n i n t e r c o m m u n i c a t i o n s t r a t e g i e s u n d e r 

c e r t a i n cond i t i ons . 

4.3 .1 B u s S t r u c t u r e d C o m m u n i c a t i o n s 

F i g u r e 4 . 1 i l l u s t r a t e s t h e m o d e o f i n t e r c o n n e c t i o n f o r s e v e r a l 

p r o c e s s i n g e l e m e n t s o n a s i n g l e b u s . C o m m u n i c a t i o n a l o n g s u c h a 

h i g h w a y m u s t u s u a l l y be s y n c h r o n i s e d t o a v o i d t h e p o s s i b i l i t y o f a l l 

e l e m e n t s " t a l k i n g a t o n c e " . T o t h i s e n d i t i s n o r m a l t o d e s i g n a t e a 

s i n g l e p r o c e s s o r as t h e bus m a s t e r d u r i n g a g i v e n c o m m u n i c a t i o n , and 

f o r i t t o g o v e r n t h e a c c e s s t o t h e i n f o r m a t i o n h i ghway . The advantages 

o f s u c h a b u s s e d a r c h i t e c t u r e a r e c o s t a n d s i m p l i c i t y . S i n c e t h e 

p r o c e s s i n g u n i t s a r e s y n c h r o n i s e d b y t h e b u s m a s t e r , t h e t i m i n g 

p r o b l e m s a s s o c i a t e d w i t h s o m e o f t h e o t h e r i n t e r c o n n e c t p o s s i b i l i t i e s 

a r e e r a d i c a t e d . P rocessors may share c o m m o n m e m o r y v e r y s imp l y as the 

a d d r e s s e s may be p r o v i d e d by any node on t he bus. Th is means t h a t d a t a 

d o e s n o t n e c e s s a r i l y h a v e t o b e t r a n s f e r r e d o v e r t h e b u s , s i m p l y 

m e s s a g e s t o say w h e r e t h e d a t a is. Bank se lec ted m u l t i p l e p o r t m e m o r y 
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c a n a l s o b e u s e d t o a d v a n t a g e ; d i f f e r e n t p o r t i o n s o f t h e d i s p l a y 
s y s t e m w o r k i n g i n d i f f e r e n t b a n k s o f the same p o r t i o n o f m e m o r y . The 
r e s u l t s a r e t r a n s f e r r e d b e t w e e n p r o c e s s o r s s i m p l y by s w i t c h i n g t h e 
b a n k a d d r e s s e s o f t h e R A M s e g m e n t s i n w h i c h t h e da ta res ides. These 
p o s s i b i l i t i e s e x i s t b e c a u s e a l l n o d e s on t h e d a t a l i n k a r e c a p a b l e o f 
t a l k i n g t o a l l o t h e r n o d e s , t h e o n l y t h i n g w h i c h p r e v e n t s t h i s f r o m 
h a p p e n i n g h a p h a z a r d l y i s t h e bus p r o t o c o l . 

T h e m a j o r d i s a d v a n t a g e o f t h e s t r u c t u r e d e s c r i b e d a b o v e is t h a t 

t h e d a t a t h r o u g h p u t is l i m i t e d by t h e b a n d w i d t h o f t h e bus. In o rde r 

t h a t d a t a a r e m e a n i n g f u l , o n l y o n e process ing e l e m e n t may use t he bus 

a t a s i n g l e t i m e , a n d t h e o v e r h e a d i n s i g n a l l i n g b u s a v a i l a b i l i t y 

s e r v e s t o f u r t h e r r e d u c e t h i s b a n d w i d t h . F u r t h e r m o r e , u n l e s s t h e 

d i s p l a y a l g o r i t h m s a r e c o n s i d e r e d c a r e f u l l y , t h e r e i s a d i s t i n c t 

p o s s i b i l i t y t h a t t i m e w i l l be w a s t e d w h i l s t a s i n g l e p r o c e s s o r w a i t s 

f o r t h e bus t o be m a d e a v a i l a b l e by a n o t h e r e l e m e n t w h i c h is w o r k i n g 

m o r e s l o w l y . T h e t e c h n i q u e h a s , h o w e v e r , b e e n used t o some e f f e c t i n 

t h e G D 8 0 [ 5 2 ] s y s t e m and , i n many ways , r e m a i n s the best sys tem f o r t he 

i n t e r c o n n e c t i o n o f g e n e r a l p u r p o s e b o a r d - l e v e l c o m p o n e n t s t o m a k e a 

d isp lay s y s t e m . 

4 .3 .2 Pipel ining 

P i p e l i n i n g f o r d i s p l a y s y s t e m s d r a w s u p o n t h e r e a l i s a t i o n t h a t 

m a n y o f t h e s t a g e s i n t h e p r o d u c t i o n o f an i m a g e are independant o f 

e a c h o t h e r . A s a r e s u l t , i t is p o s s i b l e t o c o n s i d e r p e r f o r m i n g t h e s e 

i n d e p e n d a n t c a l c u l a t i o n s on d a t a w h i c h a re passed f r o m one e l e m e n t on 

t h e p i p e t o t h e n e x t . I n t h i s w a y , f o r e x a m p l e , a s i n g l e p r o c e s s o r 

m i g h t r e a d t h e l i s t o f t h e o r i g i n a l p o l y g o n s i n o b j e c t c o - o r d i n a t e 
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s p a c e a n d t r a n s f o r m t h e m i n t o t h e shapes r e q u i r e d o f t h e s i m u l a t e d 
v i e w i n g p o s i t i o n . T h e t r a n s f o r m e d s h a p e s c o u l d t h e n be p a s s e d t o t he 
n e x t p r o c e s s o r w h i c h c l i p s t h o s e p a r t s o f t h e p o l y g o n s w h i c h do n o t 
a p p e a r i n t h e f i e l d o f v i e w . T h e c l i p p e d p i c t u r e s e g m e n t s a r e t h e n 
p a s s e d t o a n e l e m e n t w h i c h a p p l i e s a p e r s p e c t i v e t r a n s f o r m a t i o n t o 
f o r e s h o r t e n t h e a p p r o p r i a t e p a r t s o f t h e i m a g e as a f u n c t i o n o f 
d i s t a n c e . F i n a l l y t h e d a t a m i g h t b e p a s s e d t o a f o u r t h d i s p l a y 
c o n t r o l l e r w h i c h s o r t s t h e p o l y g o n s i n o r d e r o f d e p t h t o p r o d u c e a 
h idden su r f ace p i c t u r e . 

G i v e n t h a t t h e i m a g i n g p r o c e s s f a l l s i n t o t h a t c l a s s o f 

c o m p u t a t i o n a l p r o b l e m s i d e n t i f i e d by F l y n n [ 5 4 ] as S I M D ( S i n g l e 

I n s t r u c t i o n S t r e a m M u l t i p l e D a t a S t r e a m ) , t h a t is t o say t h a t t h e 

c o m p u t a t i o n s c a n be p e r f o r m e d on t he i nd i v i dua l polygons w h i c h make up 

a s c e n e w i t h o u t a f f e c t i n g t h e o t h e r s , i t i s p o s s i b l e t o pass t he d a t a 

w h i c h r e p r e s e n t s a p i c t u r e d o w n t h e p i p e a s i n g l e po lygon a t a t i m e . 

A n e x a m p l e o f a p i p e l i n e d i n t e r c o n n e c t i o n t o p o l o g y a p p e a r s i n f i g u r e 

4 . 2 . The b a n d w i t h p r o b l e m s d e s c r i b e d a b o v e a r e less i m p o r t a n t in t h i s 

a r c h i t e c t u r e as c o m m u n i c a t i o n o c c u r s i n d e p e n d e n t l y b e t w e e n a s s o c i a t e d 

p i p e l i n e p r o c e s s o r s . T h e r e i s , h o w e v e r , no p o s i b i l i t y o f u s i n g s h a r e d 

m e m o r y a n d e a c h e l e m e n t m u s t m a i n t a i n i t s o w n l oca l wo rkspace . Th is 

m e a n s , i n e f f e c t , t h a t p i p e l i n e s y s t e m s u s u a l l y have t o be des igned a t 

t h e b o a r d - l e v e l , s p e c i a l p r i n t e d c i r c u i t s b e i n g p r o d u c e d f o r a 

p a r t i c u l a r a p p l i c a t i o n . O n e k e y p r o b l e m w h i c h o c c u r s w i t h a n y 

p i p e l i n e d d e s i g n i s t h a t o f s y n c h r o n i s a t i o n . T o w o r k e f f i c i e n t l y t h e 

d e l a y i n t r o d u c e d by e a c h p r o c e s s i n g s t a g e m u s t be s i m i l a r o r b o t t l e 

n e c k s w i l l o c c u r a l o n g t h e p i p e , a processor hav ing t o w a i t t o pass on 

i t s d a t a s e g m e n t t o a busy n e i g h b o u r . 
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4.3.2 Systo l ic A r r a y s 

Chapte r IV 

F i g u r e 4 . 3 i l l u s t r a t e s t h e i n t e r c o n n e c t i o n p a t t e r n u t i l i s e d by an 

a r r a y p r o c e s s o r s u c h as t h e C L I P s e r i e s o f i m a g e processors deve loped 

a t U n i v e r s i t y C o l l e g e L o n d o n [ 5 5 ] . A p a r t i c u l a r e l e m e n t is connec ted t o 

e a c h o f i t s n e i g h b o u r s i n a h a r d w i r e d a r r a y . Such a t e c h n i q u e f o r m s 

t h e b a s i s o f t h e d i s p l a y s y s t e m d e s c r i b e d i n C h a p t e r V I I . A t t h i s 

l e v e l t h e c o m p l i c a t i o n o f t h e i n t e r p r o c e s s o r c o m m u n i c a t i o n n e t w o r k is 

s u c h t h a t i t i s d i f f i c u l t t o use i n a n y f o r m o t h e r t h a n i n t r a - c h i p 

c o n n e c t i o n i n a L a r g e S c a l e I n t e g r a t e d ( L S I ) c i r c u i t . A l t h o u g h t h e 

e a r l y C L I P s y s t e m s w e r e h a r d w i r e d , t h e r e w a s a d e f i n i t e l i m i t t o the 

l e v e l o f c o m p l e x i t y o f t h e s y s t e m as a t r a d e o f f b e t w e e n p rocess i ng 

p o w e r a n d a m o u n t o f h a r d w a r e is i n e v i t a b l e . 

T h e c l a s s i c f o r m o f t h e s y s t o l i c a r r a y c o m p r i s e s a ser ies -of one-

b i t c o m p u t a t i o n a l u n i t s w h i c h w o r k as m u l t i - w a y p ipe l i nes . Many o f the 

a l g o r i t h m s used i n c o m p u t e r g r a p h i c s c a n be b roken down t o th i s f o r m 

a n d C h a p t e r V I I d e s c r i b e s a n i m p l e m e n t a t i o n o f s u c h an a r r a y t o 

p r o v i d e a s m a r t m e m o r y s y s t e m c a p a b l e o f d isp lay ing so l id shapes on a 

ras te r t e r m i n a l . 

4.4 The Sabre D a t a A n a l y s i s S y s t e m 

A n e x a m p l e o f w h a t i s e f f e c i v e l y a l o o s e l y c o u p l e d m u l t i -

m i c r o p r o c e s s o r g r a p h i c s a n d d a t a a n a l y s i s s y s t e m is t h e S w e d i s h a n d 

B r i t i s h R a d a r E x p e r i m e n t ( S A B R E ) a j o i n t v e n t u r e i n i o n o s p h e r i c 

r e s e a r c h p e r f o r m e d b y t h e U n i v e r s i t i e s o f L e i c e s t e r ( D e p a r t m e n t o f 

P h y s i c s ) a n d D u r h a m and by t he Max P lanck I n s t i t u t f u r A e r o n o m i e (MPT) 

a t L i n d a u i n West G e r m a n y . The w o r k g r e w out of MPI ' s expe r ience w i t h 
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t h e e a r l i e r S c a n d a n a v i a n T w i n A u r o r a l R a d a r E x p e r i m e n t ( S T A R E ) [ 5 6 ] 
I n s t a l l e d a t l o c a t i o n s i n N o r w a y a n d F i n l a n d by G r e e n w a l d e t al [ 5 7 ] . 
T h e i r r e g u l a r i t y d r i f t v e l o c i t y o f i o n i s e d p a r t i c l e s w a s m e a s u r e d by 
m e a n s o f a d o p p l e r r a d a r t e c h n i q u e . T h e r e t u r n s f r o m a s i n g l e pu lse 
d o u b l e p u l s e r a d a r w e r e i n t e g r a t e d o v e r a t w e n t y s e c o n d p e r i o d t o 
d i s t i n g u i s h t h e s i g n a l f r o m t h e n o i s e , a n d t h e c o m p l e x a u t o 
c o r r e l a t i o n f u n c t i o n c a l c u l a t e d by t h e s i t e c o m p u t e r , a D a t a G e n e r a l 
N o v a I I m i n i c o m p u t e r . A m a g n e t i c t a p e w a s p r o d u c e d by th i s m a c h i n e 
o n t o w h i c h w e r e r e c o r d e d t h e r a d a r p a r a m e t e r s , t h e p o w e r d e n s i t y 
s p e c t r a a n d t h e d o p p l e r p r o d u c t s . O n c e t h e t a p e was f u l l , i t was sent 
b a c k t o M P I ' s h e a d q u a t e r s a t L i n d a u f o r a n a l y s i s . In o rde r to bu i l d up 
an i m a g e o f t h e m o v e m e n t o f p a r t i c l e s i n s p a c e , i t was necessary t o 
c r o s s - r e f e r e n c e t h e d a t a f r o m t h e N o r w e g i a n s i t e w i t h t h a t o b t a i n e d 
f r o m F i n l a n d . T h i s was d o n e by m e r g i n g t h e d a t a t a p e s on a 32 b i t 
I n t e r d a t a m a c h i n e . A n o u t p u t t a p e w a s p r o d u c e d w h i c h c o n t a i n e d t h e 
i n t e r l e a v e d reco rds f r o m the r a w da ta sets . 

T h e a n a l y s i s o f t h i s m e r g e d i n f o r m a t i o n w a s c o n t i n u e d on ano the r 

N o v a I I . A d i g i t a l t o a n a l o g u e c o n v e r t e r was used t o d r i v e a T e x t r o n i x 

6 0 0 s e r i e s s t o r a g e t u b e . T h i s w a s u s e d t o g e n e r a t e p l o t s o f t h e 

d o p p l e r v e l o c i t y a g a i n s t p o s i t i o n i n a f o r m w h i c h became k n o w n as the 

S t a r e p l o t [ 5 8 ] ( F i g u r e 4 .4) . 

I t w a s c l e a r f r o m t h e S T A R E s t u d y [ 5 9 ] t h a t a n u m b e r o f f a u l t s 

w e r e i n h e r e n t i n t h e d e s i g n o f b o t h t h e r a d a r c o n t r o l l e r a n d t h e 

a n a l y s i s f a c i l i t y . S A B R E is an a t t e m p t t o a p p l y t h e t e c h n i q u e s a n d 

a r c h i t e c t u r e s d e s c r i b e d i n t h i s w o r k t o a r e a l d a t a p r e s e n t a t i o n 

p r o b l e m . I n o r d e r t h a t t h e f i n a l s y s t e m c o u l d be u s e d w i t h a 

r e a s o n a b l e d e g r e e o f r e l i a b i l i t y a d i s t r i b u t e d m i c r o p r o c e s s i n g n e t w o r k 
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w a s b u i l t a n d u s e d t o s e r v e as an i l l u s t r a t i o n t o th i s c h a p t e r . SABRE 
m a i n t a i n s t w o r a d a r c o n t r o l l e r s , o n e a t W i c k , i n S c o t l a n d a n d t h e 
o t h e r i n S w e d e n . O f t h e s e t h e S c o t t i s h s i t e , b u i l t a t D u r h a m , s h o w s 
t h e g r e a t e s t d i v e r g e n c e f r o m t h e S T A R E m o d e l . D a t a Genera l c o m p u t e r s 
w e r e used t o m a i n t a i n s o m e d e g r e e o f c o m p a t i b i l i t y w i t h t h e S T A R E 
s y s t e m , a n d t h e W i c k s i t e c a n o p e r a t e ve ry e f f e c t i v e l y as an o l d s t y l e 
c o n t r o l l e r . A n E M I 8 0 0 0 s e r i e s t a p e d e c k i s ava i l ab le t o w r i t e r a w da ta 
t a p e s w h i c h c a n , a l b e i t n o t v e r y e a s i l y , be r e t r i e v e d , m e r g e d a n d 
a n a l y s e d i n t h e o l d w a y . T h e f i r s t m a j o r advantage t h a t SABRE has is 
i n t e r m s o f i t s d i s t r i b u t e d r a d a r c o n t r o l l e r . A M i c r o n o v a ( t h e L S I 
s i n g l e c h i p v e r s i o n o f t h e N o v a ) i s i n c lose coup led D M A c o n t a c t w i t h 
t h e m a i n s i t e m a c h i n e . T h i s m i c r o p r o c e s s o r is c a p a b l e o f p e r f o r m i n g 
m o r e c o m p l e x c a l c u l a t i o n s t h a n t h o s e u s u a l l y d o n e ( a l b e i t o v e r a 
l o n g e r t i m e p e r i o d ) w i t h o u t d i s t u r b i n g t h e o p e r a t i o n o f the rada r . The 
r e q u i s i t e d a t a i s m a d e a v a i l a b l e by t a k i n g " s n a p - s h o t s " o f N o v a m a i n 
m e m o r y , v i a a s y n c h r o n o u s c o n t r o l o f t h e D M A l i n k , a t s u i t a b l e 
i n t e r v a l s . T h e M i c r o n o v a a l s o p r o v i d e s s o m e d e g r e e o f d i a g n o s t i c 
c a p a b i l i t y , as i t c o n t r o l s a m o d e m w h i c h l i n k s t h e e n t i r e s y s t e m t o 
t h e a n a l y s i s c o m p u t e r , n o w i n s t a l l e d a t L e i c e s t e r . D a t a a n d s t a t u s 
i n f o r m a t i o n m a y , t h u s , be p a s s e d o v e r t h e P u b l i c S w i t c h e d T e l e p h o n e 
n e t w o r k , w h i c h c i r c u m v e n t s t h e n e e d f o r v i s i t s t o S c o t l a n d t o r e c o v e r 
m a g n e t i c tapes . 

C l e a r l y , f o r a r e m o t e s t a t i o n o f t h i s n a t u r e t o be w o r t h w h i l e , i t 

m u s t f u n c t i o n r e l i a b l y . W i t h t h i s i n m i n d t h e n u m b e r o f m e c h a n i c a l 

d e v i c e s w h i c h h a v e t o w o r k i n o rde r t o keep the c o n t r o l l e r r unn ing has 

b e e n k e p t t o a m i n i m u m . P r o g r a m s t o r a g e i s p rov ided by a 1 M e g a b i t 

I n t e l B u b b l e M e m o r y s y s t e m ( a l t h o u g h a f l o p p y disk sys tem is ava i l ab le 

f o r p r o g r a m d e v e l o p m e n t a t t h e s i t e ) . A f t e r a p o w e r f a i l u r e , or some 
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o t h e r c a t a s t r o p h e , t h e M i c r o n o v a e x e c u t e s a h a r d w i r e d j u m p t o an 
i n i t i a l b o o t s t r a p p r o g r a m i n P r o g r a m m a b l e R e a d O n l y M e m o r y ( P R O M ) . 
T h i s b o o t s t r a p r e a d s t h e f i r s t page of the Bubb le M e m o r y and s t a r t s t o 
e x e c u t e t h e c o d e i t f i n d s t h e r e . T h i s , i n t u r n , c a u s e s t h e * S I X T H * 
p r o g r a m m i n g u t i l i t y ( s e e C h a p t e r I I I ) t o b e t r a n s f e r r e d f r o m t h e 
r e m a i n d e r o f t h e B u b b l e M e m o r y a n d t h e n o r m a l I N T E R P R E T l o o p i s 
s t a r t e d . P a r t o f t h e s p e c i a l c o d e f o r t h e M i c r o n o v a i n t e r p r e t e r is t o 
c h e c k t o s e e i f t h e m a i n c o m p u t e r i s r u n n i n g . T h i s is t e s t e d by 
a n a l y s i s o f t h e s y s t e m v a r i a b l e s o v e r t h e D M A l i n k . I f t h e 
m i c r o p r o c e s s o r d e t e r m i n e s t h a t t h e m i n i c o m p u t e r has h a l t e d i t a t t e m p t s 
t o r e s t a r t i t by m e a n s of the f o l l o w i n g sequence. 

T h e M i c r o n o v a uses the D M A l ink t o s to re zeros in l oca t i ons 0 and 

1 o f N o v a m a i n m e m o r y . I t t h e n p r o c e e d s t o m o n i t o r the c o n t e n t s o f 

l o c a t i o n 0 a n d i n t e r r u p t s t h e N o v a . The e f f e c t o f th i s is t o cause t h e 

m i n i c o m p u t e r t o s t o r e i t s c u r r e n t p r o g r a m c o u n t e r c o n t e n t s in l o c a t i o n 

0 a n d t o u s e l o c a t i o n 1 as a n a d d r e s s f o r t h e i n t e r r u p t s e r v i c e 

r o u t i n e . I f t h e n e w c o n t e n t s o f l o c a t i o n 0 a r e n o n - z e r o the M i c r o n o v a 

w i l l c a u s e t h e m t o b e o v e r w r i t t e n by c l e a r i n g t h e a d d r e s s . I n t h i s 

w a y , t h e N o v a i s f o r c e d t o u s e l o c a t i o n 0 as t h e a d d r e s s o f i t s 

i n t e r r u p t s e r v i c e r o u t i n e a n d t o e x e c u t e t h e c o d e whose va lue is ze ro 

as t h e f i r s t i n s t r u c t i o n o f t h i s r o u t i n e . T h e v a l u e 0 i s d e c o d e d as 

J M P t o l o c a t i o n z e r o i n z e r o - p a g e . Consequen t l y the N o v a is l e f t i n an 

i n f i n i t e l o o p a t l o c a t i o n n o u g h t . T h e M i c r o n o v a i s t h e n a b l e t o 

t r a n s m i t t h e * S I X T H * sys tem i n t o N o v a m e m o r y f r o m l o c a t i o n 1 upwards . 

F i n a l l y t h e s e c o n d * S I X T H * sys tem is s t a r t e d when the M i c r o n o v a p laces 

t h e c o d e f o r J M P @ l o c a t i o n 23 i n t o the b o t t o m address in N o v a m e m o r y . 

T h e s t a r t a d d r e s s o f t h e i n t e r p r e t l o o p i s h e l d i n l o c a t i o n 23 so t he 

N o v a b e g i n s t o e x e c u t e * S I X T H * . T h e f i r s t t a s k o f t h e i n t e r p r e t loop 
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w h i c h was s p e c i a l l y m o d i f i e d f o r t h i s a p p l i c a t i o n , is to d e t e r m i n e 
w h i c h p r o c e s s o r i t is e x e c u t i n g on. This is done by a t t e m p t i n g to 
p r o g r a m m e the tape deck. Since there is none present on the Micronova, 
a s u c c e s f u l r e t u r n c a u s e s t h e i n t e r p r e t e r t o s e t t h o s e f l a g s 
a p p r o p r i a t e t o t h e N o v a and t r a n s f e r c o n t r o l to t h a t pa r t of the 
d i c t i o n a r y c o n c e r n e d w i t h c o n t r o l of t he r a d a r . The d e c i s i o n to 
u t i l i s e the * S I X T H * f a c i l i t y was taken on the grounds of f l e x i b i l i t y , 
ease o f i n t e r a c t i o n and s p e e d . I t m i g h t , a t f i r s t , be though t t h a t 
i n t e r a c t i v e s o f t w a r e w a s o f l i t t l e use i n a d e d i c a t e d r e m o t e 
a p p l i c a t i o n but exper ience has j u s t i f i e d the dec is ion . As has a l ready 
been m e n t i o n e d , t h e s i t e c o m p u t e r is l i n k e d back t o the analys is 
f a c i l i t y by means of an auto-answer modem. When the Micronova receives 
an i n t e r r u p t f r o m the modem i n t e r f a c e as the r esu l t of a cal l to i t , 
the i n t e r p r e t loop is execu ted and the B U F F E R f i l l e d w i t h characters 
f r o m the modem. In th i s way , i t is possible t o change the operat ing 
p a r a m e t e r s or to de f ine and debug new data cap tu re and process ing 
r o u t i n e s by r e m o t e a c c e s s . As t h e r a d a r is of s c i e n t i f i c i n t e r e s t 
o n l y , no r e a l s e c u r i t y o r p r o t e c t i o n is ava i l ab le , bu t i t wou ld be 
poss ib le , f o r examp le , to demand a password f rom users who at tempted 
to execute words w i th a precedence of one or more. 

A t t h e o t h e r end o f t h i s r e m o t e l i nk is the analys is f a c i l i t y , 

also b u i l t at D u r h a m , wh i ch compr ises a Nova I I I , two EMI 8080 tape 

d e c k s , a T e k t r o n i x 4027 d i s p l a y sys tem and i t s assoc ia ted t h e r m a l 

cop ie r and a H e w l e t t Packa rd HP7221S m u l t i p e n plot ter . These form a 

c o - l o c a t e d m u l t i m i c r o p r o c e s s o r n e t w o r k w h i c h p e r f o r m s t h e d a t a 

analys is and graph ics d isp lay f u n c t i o n s . The 4027 was upgraded by the 

s i m p l e e x p e d i e n t of adding 4116 t ype memory c i r c u i t s , t o the po in t 

where more memory was ava i l ab le to this display device than was used 

4.18 



General Purpose Microprocessors Chapter IV 

in the analys is compu te r . In r e t r o s p e c t i t m igh t be c l a i m e d t h a t the 
4 0 2 7 , w h i c h f o r m s the workhorse f r o m the po in t of v iew of d isp lay 
c a p a b i l i t y , was not the best possib le cho i ce , but f r o m the po in t of 
v i e w o f c o s t , c a p a b i l i t y a n d , p e r h a p s most i m p o r t a n t , a v a i l a b i l i t y , 
the dev ice was the most su i t ab le at the t ime S A B R E was implemented. 
The dec is ion to adopt a co lou r g raph ics sys tem had been prompted by 
the exper ience of the S T A R E g roup w i th analysis of real data f rom an 
i o n o s p h e r i c r a d a r . The d a t a a re e s s e n t i a l l y " t h r e e d imens iona l " in 
n a t u r e , as t h e y r e p r e s e n t m a g n i t u d e s and d i r e c t i o n s of i r r e g u l a r i t y 
d r i f t v e l o c i t i e s o f i o n i s e d p a r t i c l e s w i t h i n t h e i o n o s p h e r e , a t 
p a r t i c u l a r l oca t i ons . F u r t h e r m o r e , some measure o f the r e l i a b i l i t y o f 
a p a r t i c u l a r d a t u m is p r o v i d e d by knowledge of a f u n c t i o n of the 
b a c k s c a t t e r i n t ens i t y at the po in t i t rep resen ts . The S T A R E group had 
p r o d u c e d c o l o u r p l o t s by m u l t i p l e e x p o s u r e o f f i l m , t o d i f f e r e n t 
e l e m e n t s o f t h e p i c t u r e , t h r o u g h c o l o u r e d f i l t e r s . The r e s u l t a n t 
photograph was the f i rs t and slowest colour Stareplot. 

4.4.1 The Colour Stareplot 

The f o r m a t o f t h e o r i g i n a l S t a r e p l o t p r o g r a m m e was changed 

d r a m a t i c a l l y . The p rog ramme was wr i t ten in F O R T R A N to maintain some 

degree of p o r t a b i l i t y w i t h the STARE system (although there is, now, a 

• S I X T H * wh i ch runs w i t h the ha rdware memory map and I/O protect ion 

f a c i l i t i e s s w i t c h e d o f f , on t h e N o v a IV at MPI ) , bu t was heav i l y 

o v e r l a y e d . This was because the R D O S sy tem used on the Nova I l l s 

imposes a cons iderab ly g rea te r ove rhead , in terms of memory, than the 

Mass Storage Ope ra t i ng System (MSOS) previously used at MPI, and the 

F O R T R A N l i n k a g e to the o p e r a t i n g sys tem rou t ines is less e f f i c i e n t 

than the equivalent * S I X T H * calls. 
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The c o d e is d i v ided i n to f i v e ma in ove r lays . The roo t segment , 
w h i c h is a l w a y s c o r e r e s i d e n t , loads and executes them se r ia l l y to 
p r o d u c e t h e f i n a l i m a g e . The f i r s t o v e r l a y d e a l s w i t h o p e r a t o r 
i n t e r a c t i o n and eva lua tes the necessary parameters for a run. Once al l 
the inpu t values have been checked , the instruct ions which do this are 
rep laced by a segment wh ich ac ts as a magnetic tape control ler . I t is, 
i n f a c t , c a p a b l e o f r e t r i e v i n g d a t a e i t h e r f r o m d i sk o r tape in 
accordance w i t h the input c o n t r o l i n s t r u c t i o n s p icked up by the f i r s t 
ove r l ay . Once the data set has been l o c a t e d , the th i rd section of the 
p r o g r a m d r a w s t h e b a s i c s c a l e s and o u t l i n e s f o r t h e s u b s e q u e n t 
p l o t t i n g s t a g e s . The f o u r t h ove r l ay (L INDRW) ca l cu l a tes the doppler 
v e l o c i t i e s and p lo ts them w i t h respec t to the l a t i t u d e and long i tude 
at wh ich they were measured. Final ly SPLTDRW is loaded and the signal 
t o n o i s e r a t i o s f o r the b a c k s c a t t e r i n t ens i t i es are p l o t t e d f o r each 
s i t e . T h i s l a s t da ta f o r m s some l eve l of con f idence t e s t i n g f o r the 
measured d r i f t veloci t ies at a point. 

D u r i n g input of the p a r a m e t e r s , the " f o r m - f i l l " mode of operation 

on the 4027 was used t o p rov ide a menu-dr iven option selection known 

as a S tare form. This f o r m is ed i t ed l o c a l l y t o the graphics uni t ; data 

is o n l y t r a n s m i t t e d to the Nova once i t is c o m p l e t e and has been 

c h e c k e d . A p r o t e c t i v e mode is used t o a l l ow only numer i c inpu t in 

c e r t a i n f i e l d s , w h i c h s e r v e s to reduce the l i k e l i h o o d of e r r o r s . A t 

t h e same t i m e , a ser ies of i n t e r n a l macros are p re - loaded i n t o the 

d i s p l a y s y s t e m . T h i s i s d o n e t o c u t d o w n t h e b a n d w i d t h o f 

c o m m u n i c a t i o n s w i th the host: only an "expand-macro" command need then 

be t r a n s m i t t e d t o cause a reasonably c o m p l i c a t e d graphics pr imi t ive to 

be p e r f o r m e d . The use of such macros can be seen as a m e t h o d o f 

i n c r e a s i n g t h e l e v e l a t w h i c h c o m m u n i c a t i o n o f t h e p i c t o r i a l 

4.20 



General Purpose Microprocessors 

in format ion takes place. 

Chapter IV 

The m agne t i c tape u n i t spec i f i ed in the menu is selected, and the 

d a t a i t c o n t a i n s searched f o r the s t a r t t i m e g iven in the f o r m . A 

c o l o u r S t a r e p l o t i s t h e n d r a w n . H a r d c o p y o f t h i s is a v a i l a b l e 

i m m e d i a t e l y v ia the b lack and whi te thermal copier or may be produced 

l a t e r on a Hew le t t Packard 7221S mult i -pen p lot ter . 

The ma jo r advan tage , and in many ways, the major disadvantage, of 

the 4027 is i t s i n s t r u c t i o n se t . Th is takes the f o r m of a h igh l eve l 

ASCII character str ing of the fo rm: 

<command identif ied <command string> <parameters> <terminator> 

for example: 

!VEC 100,100 100,100; 

W h i l s t t h i s m a k e s d e b u g g i n g o f s o f t w a r e r e a l t i v e l y e a s y , i t also 

increases the amount of i n f o r m a t i o n which has to t ravel f rom the host 

t o t h e g r a p h i c s t e r m i n a l . F u r t h e r m o r e , s ince t h e r e is only a se r ia l 

RS232 l i n k t o i t , the c o m m u n i c a t i o n s overheads increase d r a m a t i c a l l y . 

A l t h o u g h D M A c i r c u i t r y is p r o v i d e d , i t is not suppor ted by c u r r e n t 

releases of Tek t ron i x f i rmware . I t would seem, then, that the most 
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s e r i o u s d e s i g n d e c i s i o n m a d e h e r e w a s t h e u s e o f a s e r i a l 
c o m m u n i c a t i o n s l i n k b u t , s ince only an 8080 type m ic rop rocesso r is 
used t o c o n v e r t the high l e v e l d e s c r i p t i o n i n t o mach ine i n s t r u c t i o n s , 
th i s does not t u r n out t o be the case. I t is qui te possible to run the 
s e r i a l l i n e a t such a r a t e t h a t the dev ice 's input b u f f e r is be ing 
f i l l e d f a s t e r t h a n i t is b e i n g i n t e r p r e t e d . O v e r a f u l l R S 2 3 2 C 
c o m m u n i c a t i o n s l i nk where bo th t r a n s m i t t e r and receiver can manipulate 
t h e D a t a T e r m i n a l R e a d y and Request to Send l ines th is is not a 
p r o b l e m . W i t h the s t r i pped down se r ia l i n t e r f a c e s used on Novas and 
PDPs, however , a c o m b i n a t i o n of the protocols required by V24 and 20 
m i l l i a m p c u r r e n t loop is suppor ted . The E IA data l ines are suppor ted 
by D J 1 1 t y p e i n t e r f a c e s , bu t c o n t r o l of commun i ca t i ons f o l l o w s the 
X O N / X O F F p r o t o c o l n o r m a l l y a s s o c i a t e d w i t h t h e o l de r da ta l i nk 
s t a n d a r d . The r e c e i v e r is able to ho ld up da ta t r a n s f e r by sending 
C N T L - S to the t r a n s m i t t e r over a f u l l duplex l i n k . D a t a t ransmission 
is r e a c t i v a t e d by sending C N T L - Q . The p rob lem wh ich th is causes is 
t ha t many pe r i phe ra l s m a n u f a c t u r e r s bu i l d equipment which performs to 
t h e C C I T T V24 s tanda rd . T e k t r o n i x is one such. For t h i s reason the 
S ta rep lo t p rog ramme must continual ly monitor the status of the command 
input b u f f e r by means of the r e p o r t ( !REP) sequences. On rece ip t of 
t h e ! R E P c o m m a n d , t h e d i s p l a y d e v i c e r e t u r n s the ASCI I dec ima l 
equ i va len t of the ava i l ab le b u f f e r space f o l l o w e d by a carriage return 
l ine feed pair in the f o rm : 

!ANS value < C R X L F > 

L a t t e r l y , d e v i c e s have become ava i l ab le wh ich p e r f o r m the p r o t o c o l 

c o n v e r s i o n w h i c h is a c t u a l l y r e q u i r e d . One such, is the Rea l T i m e 

S y s t e m s C l e a r w a y n e t w o r k w h i c h , a l though n o r m a l l y p a r t of a la rge 
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c o m m u n i c a t i o n s r i n g , is a b l e to work in such a mode t h a t i t can 
moni tor DTR or X O N / X O F F as appropriate. 

The p r o b l e m w i t h t h e 4027 des ign, t h e n , is the cho ice of the 

l e v e l a t w h i c h a p i c t o r i a l component is designed. In an a t t e m p t to 

m a k e t h e d e v i c e " u s e r - f r i e n d l y " t h e h i g h - l e v e l c o m m a n d language 

requ i res many more I /O t r a n s f e r s than is abso lu te ly necessary to draw 

a s ing le l i ne . Some commands , f o r example the po lygon draw and f i l l 

ser ies , do save cons iderab ly on the commun i ca t i ons overheads by being 

t r a n s m i t t e d a t a h i g h - l e v e l , b u t i n g e n e r a l t h e scene desc r i p t i on 

wh i ch must be spec i f i ed f o r the t e r m i n a l is such t h a t the h igh - leve l 

p r o t o c o l is more of a hindrance than a help. 

In order to t r y to compensa te f o r t h i s lack of speed (the several 

m i n u t e s requ i red to produce a p lo t are psycho log ica l l y unaccep tab le ) , 

the new S ta rep lo t p r o g r a m m e ensures t ha t subsequent p lo ts are drawn 

o f f screen w h i l s t the f i r s t one is being displayed. As i t was found to 

be i m p o s s i b l e t o i n t e r r o g a t e t h e 4027 r e g a r d i n g t h e s t a t e of i t s 

g raph ics m e m o r y , the p rogramme makes an intel l igent "guess" at what is 

l e f t , based on the amount of da ta t r a n s f e r r e d f o r previous plots. This 

is a h i g h l y u n s a t i s f a c t o r y s i t u a t i o n as, due t o a bug in the 4027 

f i r m w a r e , an o v e r e s t i m a t i o n w i l l cause the d isplay sys tem to c rash , 

a n d an u n d e r e s t i m a t i o n is c l e a r l y w a s t e f u l of r e s o u r c e s . A l a t e r 

so lu t i on to the p rob lem was to d raw the "bas ic " p lo t w i th very l i t t l e 

d e t a i l and fo r subsequent over lays to r e f i n e the p ic tu re over a period 

o f t i m e , t h u s as t h e user " l o o k e d - h a r d e r " the d isp lay became more 

d e t a i l e d . The p rob lem wh i ch th i s gave rise to was the determinat ion of 

a mechan ism by wh ich a " r o u g h " plot could be aborted without halt ing 

t h e p r o g r a m m e . The f i n a l recourse was, u n f o r t u n a t e l y , t o add i n - l i n e 

4.23 



General Purpose Microprocessors Chapter IV 

a s s e m b l e r i n s t r u c t i o n s t o t h e m a i n F O R T R A N p r o g r a m m m e . These 
i n s t r u c t i o n s , a f t e r p r e s e r v i n g t h e c u r r e n t v a l u e s o f a l l r eg i s te r s , 
(Da ta Genera l F O R T R A N d y n a m i c a l l y reallocates memory so i t is unsafe 
t o make assumpt ions conce rn ing i t s con ten ts ) p lace the address of a 
F O R T R A N r ou t i ne in to locat ion 411 in Nova RAM. This location normally 
c o n t a i n s t h e R D O S keyboard i n t e r r u p t v e c t o r ; subsequent C t l - A t ype 
i n t e r r u p t s w i l l t r a n s f e r c o n t r o l t o t h e S t a r e f o r m update rou t i nes . 
Since the functions of the keys of the 4027 may be reprogrammed by the 
host s o f t w a r e , the setup ove r lay ensures tha t a large ABORT key is 
p rog rammed to send the C t l -A sequence when used during a p lot ; in this 
way t h e speed o f d a t a t h roughpu t to the user can be subs tan t i a l l y 
i m p r o v e d . This is because a user can determine reasonably quickly i f a 
p a r t i c u l a r d a t a s e g m e n t is of i n t e res t or no t , and can con t inue or 
abor t the d rwa ing process as appropriate. 

A r e q u i r e m e n t of any use fu l c o m p u t i n g sys tem is ha rdcopy , and 

g e n e r a l l y t h i s s h o u l d be a t l e a s t t o t h e same r e s o l u t i o n as the 

d i sp lays in a n e t w o r k . The sys tem of p roduc ing hardcopy f r o m Sabre 

t a p e s is t o p r o v i d e o u t p u t v i a a H e w l e t t Packa rd 7221S m u l t i - p e n 

p l o t t e r w i t h a u t o page advance and c u t t i n g . The X - Y reso lu t i on is 

c l e a r l y b e t t e r than most ras te r d isp lays but the number of d i f f e r e n t 

c o l o u r s a v a i l a b l e is r e s t r i c t e d to f ou r . The p rob lem was so lved by 

u s i n g t h e "dot" t e c h n i q u e f a m i l i a r f r o m n e w s p a p e r p i c t u r e s . Th is 

r e s u l t e d in d iagrams wh ich we re o p t i c a l l y p leas ing but were s low to 

p roduce . The p lo ts were produced in ba tch overnight. The user provides 

a s t a r t and stop t i m e f o r the p lo ts and, o p t i o n a l l y , an i n c r e m e n t in 

seconds wh i ch is added to the c u r r e n t plot t ime in oredr to determine 

wh i ch f r a m e is drawn next. The computer then simply sends plot data to 

the 7221 and f in ishes w i th a "page advance" command. In the morning a 
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n e a t p i l e o f c o m p l e t e d p lo ts is ava i l ab le ! (See F i g u r e 4.5) A b lack 
a n d w h i t e t h e r m a l T e k t r o n i x c o p i e r was a lso p r o v i d e d so t h a t 
instantaneous low resolution (X -Y and colour) hardcopy was available. 

The n e w s o f t w a r e is a l so capable of p e r f o r m i n g the type of 

sur face / a n d c o n t o u r i n g p l o t s s h o w n i n f i g u r e 4 . 6 . H e r e t h e 

i r r e g u l a r i t y d r i f t v e l o c i t i e s a r e r e p r e s e n t e d as po in ts on a square 

g e o g r a p h i c a l g r i d . The s lope o f t h e s u r f a c e ind ica tes whe ther the 

c o m p o n e n t is E a s t / W e s t . L i n e a r i n t e r p o l a t i o n is p e r f o r m e d be tween 

a d j a c e n t p o i n t s t o b u i l d up t h e s m o o t h s u r f a c e d e s c r i p t i o n wh ich 

appears in the d iag rams. A s imp le z-buffer algori thm is used to do the 

r e q u i s i t e h i d d e n l i n e r e m o v a l . The data are assembled in a " t h r e e -

d i m e n s i o n a l " a r r a y and v i s i b i l i t y is d e t e r m i n e d , as t h e l ines are 

d r a w n , f r o m t h e back f o r w a r d s . The p l o t can be d rawn i n many 

o r i e n t a t i o n s so t h a t t h e user c a n e s s e n t i a l l y " see a l l r ound " the 

segment of space covered by the radar. These plots, more than anything 

e l s e , i n d i c a t e how m u c h o f an a p p r o x i m a t i o n is m a d e w h e n the 

i o n o s p h e r e is cons idered to be a f l a t r e f l e c t i n g p lane. C l e a r l y the 

p r o p e r t i e s o f t h i s r e f l e c t i o n v a r y as d i s t u r b a n c e s a re p ropaga ted 

t h r o u g h t h e l a y e r . T h i s is e q u i v a l e n t to d i s t o r t i n g the shape of a 

f l a t m i r r o r . In pa r t the r e q u i r e m e n t of the Stare and Sabre teams was 

some q u a n t i t a t i v e f ee l f o r the way in wh ich these disturbances a f fec t 

p ropaga t ion of rad io s ignals th rough the ionosphere. The S ta re results 

s h o w n e a r l i e r g i v e l i t t l e f e e l f o r t h e " s h a p e " of the area under 

cons ide ra t i on a l though they do a l l ow reasonably a c c u r a t e measurements 

to be taken f r o m the processed data. The surface plots produced by the 

Durham Sabre p rograms go some way to providing a "v ia-media" between 

t h e r e q u i r e m e n t s f o r accuracy and ease of v i sua l i sa t i on . The sur face 

p lo ts make the da ta appear " s o l i d " and enable a user to imagine the 
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s u r f a c e o f t h e i o n o s p h e r i c l a y e r unde r c o n s i d e r a t i o n . In order to 

p rov ide some leve l of q u a n t i t a t i v e analys is as w e l l , the data may be 

p l o t t e d as a ser ies of con tou r maps f rom which real measurements may 

be made. 

Hav ing discussed the use of F i x e d I n s t r u c t i o n Set microprocessors 

to p rov ide d i s t r i b u t e d sys tems fo r co lour graph ics and the ind ica t ions 

are t h a t w h i l s t the ready a v a i l a b i l i t y of processors and suppor t chips 

makes i m p l e m e n t a t i o n easy, the techn ique f a i l s in t e r m s of bandwidth 

o f t h e d a t a h i g h w a y s . The t e n d a n c y towards m u l t i p l e x i n g data and 

a d d r e s s l ines and the p redominance of ser ia l c o m m u n i c a t i o n ne two rks 

means t h a t the improvements in speed and performance which might have 

been expec ted cannot be rea l i sed . I t is , t h e r e f o r e , necessary t o look 

f o r n e w i n t e r c o n n e c t i o n s t r a t e g i e s w h i c h w i l l be d i s c u s s e d i n 

subsequent chapters. 

4.5 
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Chapter V 

Bit-Slice Microprogrammed Display Processors 

5.1 Introduction 

The process of generating a "three-dimensional image" of a model 

(wh ich is pa r t of some data base) involves the transformat ion of the 

polygons used to model the scene to place them, in object space, as is 

app rop r i a te to the simulated viewing posit ion. The scene is cl ipped to 

remove those po r t i ons wh ich w i l l no t appear in image space and a 

pe rspec t i ve t r a n s f o r m a t i o n is then normally applied to foreshorten the 

image as a f u n c t i o n of imag ined distance. These calculations can be 

performed in real - t ime by current vector systems. To provide the same 

f u n c t i o n f o r v i s ib le surfaces as represented by a raster-scan image is 

subs tan t i a l l y more d i f f i c u l t . Most r e a l - t i m e v e c t o r systems [60,61] 

use a p ipe l ine a r c h i t e c t u r e , such as that discussed in Chapter IV, to 

a c h i e v e t h e n e c e s s a r y d a t a r a t e s . B i t - s l i c e m i c r o p r o c e s s o r s , 

m a n u f a c t u r e d using b ipo la r Scho t t ky technology provide a convenient 

rou te t owards a p ipel ined archi tecture and have the added advantages 

o f s p e e d a n d f l e x i b i l i t y o v e r f i x e d i n s t r u c t i o n MOS t y p e 

microprocessors. This freedom of C P U archi tecture has tended to make 

t h e m na tu ra l cho ices f o r ras te r g raph ics e n v i r o n m e n t s [ 6 2 , 6 3 ] . The 

genera l a r c h i t e c t u r e of a m i c r o p r o g r a m m a b l e compu te r is shown in 

F i g u r e 5 . 1 . D a t a and i n s t r u c t i o n s a re t r a n s m i t t e d a l o n g t h e 

b i d i r e c t i o n a l da ta bus wh i l e addresses are sent a long a separa te 

highway. I/O processing is a funct ion of the address and data paths in 

so fa r as i t is memory mapped. The interrupt control logic is used to 
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s e q u e n c e s . 

A very common mode in wh ich such a structure is used is as 

f o l l o w s : the i n s t r u c t i o n code present in the i n s t r u c t i o n register(IR) 

is used to index an address in read only memory (ROM) known as the 

i n s t r u c t i o n map. The con ten t s o f the address wh ich the instruct ion 

f o r m s i n t h e map is used t o i ndex i n t o t h e c o n t r o l s to re or 

microprogram memory. Execution of the microcode which makes up the 

mach ine inst ruct ion begins at the address pointed to by these mapping 

P R O M S . T h i s a v o i d s the r e q u i r e m e n t f o r an i n s t r u c t i o n decod ing 

m i c r o s u b r o u t i n e and an associated subroutine dispatch table which not 

only speeds up execution but also simpli f ies the coding of the control 

store. 

A f t e r the desired microrout ine has been executed a cal l is made 

to the code which fetches the next instruct ion f rom memory and places 

i t i n to the i n s t r u c t i o n r e g i s t e r . The process is then repeated. 

The ove r lapp ing of the f e t c h o f the next microinstruct ion of a 

microprogrammed CPU w i th the execution of the current ly selected one 

by the use of a pipeline register at the output of the microprogramme 

memory is wel l known[64 ] . The register is used to hold the current ly 

e x e c u t i n g m i c r o i n s t r u c t i o n , the nex t m ic rocode word being made 

ava i l ab le at the input to the reg i s te r by v i r tue of the presence of 

i t s address at the microprogramme counter. In this case the length of 

the p ipe is sma l l and i t s use specialised. More recent systems have 

t e n d e d t o e x t e n d t h i s i dea t o m a c r o i n s t r u c t i o n s and t o data 

ope ra t i ons . Indeed, the l a t e s t f i x e d ins t ruc t ion set MOS type MPUs, 

such as the newer pa r t s of the 68000 series, w i l l provide access to 
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the i n t e r n a l p ipe l i ne f o r use by p e r i p h e r a l - and co-processors. This 

a b i l i t y to i so la te data opera t ions acco rd ing to the pos i t ion of the 

operand a long a data pa th results in improved ef f ic iency by allowing 

some degree of p a r a l l e l i s m to be adopted in the f l o w of contro l . 

T h e p i p e l i n e a r c h i t e c t u r e i s , t h e r e f o r e , s u i t a b l e f o r any 

a p p l i c a t i o n w h e r e t h e p a r t s o f an i n t e g r a t e d s y s t e m o p e r a t e 

essent ia l l y independent ly and sequen t i a l l y . I t is un fo r tuna te that in 

rea l systems the ra tes of process ing of the various data operations 

are n o n u n i f o r m , consequently some of the ef f ic iency of an ideal pipe 

is los t and t he re is an increase in complexi ty due to the need for 

synchron isa t ion be tween consecutive parts. 

The g e n e r a l e f f e c t o f m i c r o p r o g r a m m i n g is to add to the 

f l e x i b i l i t y o f any s y s t e m , and, in p rov id i ng a processor f o r an 

i n t e r a c t i v e g r a p h i c s a p p l i c a t i o n , t h i s is a g rea t advan tage . I t is 

s t i l l d i f f i c u l t , d e s p i t e t h e s tanda rd i sa t i on a t t e m p t s of G K S and 

C O R E [ 65,66] to define precisely what is required of a drawing system. 

As men t i oned p rev ious l y , the d i s t i n c t i o n between a graphics package 

and i t s d i s p l a y p r o c e s s o r , wh i l s t phys i ca l l y obv ious, is becoming 

i n c r e a s i n g l y h a r d t o d e s c r i b e l o g i c a l l y . The i n t r o d u c t i o n of a 

m i c r o p r o g r a m m a b l e d i s p l a y p r o c e s s o r s e r v e s on l y t o b l u r t h e 

d i s t i n c t i o n f u r t h e r , as i t is not inconce ivab le that a host computer 

m igh t reload the microprogramme memory of a display processor equipped 

w i t h a wr i teable control store. Thus a graphics package would be able 

to d e t e r m i n e wh i ch t ransformat ions were required to be performed in 

hardware and could load the DPU appropriately. I t is not impossible to 

imagine a programme suite capable of generating the microcode for i ts 

own g raph ics processor to enable opt imal use of the hardware for a 
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part icular appl icat ion. 

5.2 Microprogramming 

The b a s i c c o n c e p t s o f m i c r o p r o g r a m m i n g were discussed by 

Pro fessor Maurice V. Wilkes of the University of Cambridge in 1951 in 

an a t tempt " to provide a systematic al ternat ive to the usual somewhat 

ad hoc p rocedure used f o r designing the control system of a d ig i ta l 

compute r " [67 ] . Despite the early use of the technique by Ferrant i L t d . 

i t w a s g e n e r a l l y n e g l e c t e d u n t i l t h e m i d 1960 ' s w h e n IBM 

microprogrammed most implementations of the System/360. This appears 

l a rge ly to have been due to the performance, in terms of cost and 

speed, assoc ia ted w i t h ear ly m e m o r y . Since then there has been an 

increas ing tendency to rep lace the sequential "random" logic used to 

p rov ide C P U c o n t r o l s ignals w i t h " f i r m w a r e " , which is either blown 

in to ROM by the manufacturer or is held in a random access wri teable 

c o n t r o l s to re as in the P e r q [ 6 8 ] , W i t h this second arrangement the 

mach ine becomes user microprogrammable, an end user being able to 

change the C P U i n s t r u c t i o n set of his mach ine w i t h the aid of a 

microassembler. 

M ic rop rog ramming wa9 proposed, and continues to be used, mainly 

as an a l t e r n a t i v e m e t h o d f o r i m p l e m e n t i n g m a c h i n e l a n g u a g e 

i n s t r u c t i o n s . H o w e v e r , w i t h c o n t i n u e d deve lopments in ha rdware 

techno logy the concept has evolved to connote a more general notion 

and many LSI c i rcu i ts now contain some fo rm of microcode in the fo rm 

of a PLA or ROM, and i t seems certa in that the trend w i l l continue 

w i t h a l l VLSI and ULSI c i r c u i t s being designed this way. Indeed, as 

the c o m p l e x i t y of c i r c u i t s increases, i t becomes more important that 
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much of the design be done by mach ine . The need for High Level 
Language type m ic rocode c o m p i l e r s is a d i r e c t consequence of this 
c o m p l e x i t y p rob lem and, u l t i m a t e l y , any S i l i con C o m p i l e r [ 6 9 ] must 
produce some kind of microcoded hardware since the complexity of an 
a l t e r n a t i v e sys tem is d i f f i c u l t to imagine. 

W h a t m i c r o p r o g r a m m i n g does, t h e n , is to reduce the design 

c o m p l e x i t y of a system. The consequence of this may be an increase in 

cost - m i c r o p r o g r a m m i n g a simple system is not economically viable. 

Fo r more c o m p l i c a t e d sys tems, however , the microcoded approach is 

o f t e n cheaper than the equivalent sequential random logic as the costs 

of design are pushed fa r above the savings made f rom avoiding the 

redundancy inherent in a microprogrammed solution. 

There a re , essen t i a l l y , two dist inct formats a designer may use: 

e i t he r V e r t i c a l or H o r i z o n t a l m i c r o c o d e . A hor izon ta l design results 

in a high degree of paral lel ism, as the microcode words are made wide 

and only a few are executed to generate a macroinstruct ion sequence. A 

v e r t i c a l f o r m a t execu tes more and narrower microinstruct ions, making 

the design s imp le r bu t , necessar i l y , s lower . Th is t r a d e - o f f between 

speed and complexity is a recurr ing theme throughout any discussion of 

m o d e r n d i g i t a l des ign. In the case of a m i c r o p r o g r a m m e d des ign, 

however , the types of i n t e r - r e l a t i o n between microcode and hardware 

introduce many possible compromises to the designer, and the cost of a 

poor ly thought out microcode might be a to ta l redesign of the hardware 

at a l a t e r da te . 
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5.3 The Durham University 2901 System 

Chapter V 

The des ign of the b i t - s l i c e m ic rop rocessor sys tem f o r ras te r 

g raph ics app l i ca t i ons is essent ia l l y t h a t of a s ix teen b i t A L U wi th 

look-ahead c a r r y . Cost and size cons t ra i n t s suggested the use of a 

ha l f word data space archi tecture, the fu l l word processor width being 

s i x teen b i t s . F igu re 5.2 is the c i r c u i t diagram for the A M D 2900 

ser ies based C P U . The 2901 ALU/reg is ter sl ice, in i ts various guises, 

is the s l ice most widely used today. The fami ly includes two bi t -s l ice 

processors , severa l m i c r o p r o g r a m m e sequencers and support chips, a 

m e m o r y i n t e r f a c e s l i c e , a s t a t u s and s h i f t c o n t r o l dev i ce , bus 

t r a n s c e i v e r s , a p r i o r i t y - i n t e r r u p t u n i t , R A M s , ROMs, reg i s te rs and 

m u l t i p l e x e r s . The o rgan i sa t i on of the fou r b i t ALU/reg is ter slice is 

rep resen ted by f i g u r e 5 . 3 [ 7 0 ] : i t con ta ins a sixteen word dual port 

R A M bank which can be used to fo rm a series of register/accumulators, 

t w o of wh ich may be se lec ted s imu l taneous l y . A pa i r of four bi t 

l a t c h e d signals, the A and B busses, are used to select which of the 

R A M words w i l l be available to the A L U . The A L U can per form three 

a r i t h m e t i c (base- two) and f i ve logical operations on data available at 

i t s R and S p o r t s , which are fed by mult iplexers, al lowing operations 

to be p e r f o r m e d be tween the A r e g i s t e r , the D bus, zeros, the B 

reg is te r or the output f rom the Q register. The functions are selected 

by means of the ava i l ab le 13, 14 and 15 microinstruct ion inputs. The 

resu l t an t e igh t possib le f unc t i ons are performed upon the R and S 

input por ts to the A L U in accordance w i t h the fo l lowing selection 

scheme: 
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0 R plus S 

1 S minus R 

2 R minus S 

3 R or S 

4 R and S 

5 not(R) and S 

6 R ex-or S 

7 R ex-norS 

The operands available at the R,S ports are governed by the 10, 

I I and 12 inputs and provide the fo l lowing possibil i t ies: 

0 R =' A S = Q 

1 R = A S = B 

2 R = 0 S = Q 

3 R = 0 S = B 

4 R = 0 S = A 

5 R = D S = A 

6 R = D S = Q 

7 R — D S = 0 

Since the A and B addresses can be equal there are only seven 

non- redundant operand pa i rs f r o m the to ta l number possible and the 

2 9 0 1 i m p l e m e n t s e i g h t ( t h r e e b i t s ) , OB and OA are f u n c t i o n a l l y 

equ iva len t i f the word addresses A0-A3 and B0-B3 are ident ical . 

The results of a calculat ion can be gated along the F bus to the 

Q register, via the shif ter to the R A M bank or to the t r i -s ta te output 

Y bus. 
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Refe rence to f i g u r e 5.2(page 2) revea ls t h a t the 2901 system 
desiqned f o r th is work is based upon a s i x teen b i t archi tecture. It 
compr ises four A L U s l ices coup led to a high speed look-ahead carry 
gene ra to r . Th is device accepts the four pairs of Carry Generate/Carry 
Propagate s ignals p rov ided by the ALUs and establishes three output 
s ignals equ iva len t to the c a r r y - i n l ines fo r the h igh order s l i ces . 
Mu l t i p l e levels of carry look ahead may be performed to accommodate 
processors w i t h word leng ths g r e a t e r than s i x teen b i t s but this is 
unnecessary f o r the sys tem under discussion. The four b i t9 of status 
i n f o r m a t i o n wh ich appear a t the top sl ice, carry, zero, overf low and 
n e g a t i v e , are l a t ched by a 74374 and fed back to the condit ional 
c o n t r o l c i r c u i t f o r use by the tes t and branch class of instructions. 

An e igh t b i t data bus is ut i l ised to maintain compatabi l i ty w i th 

pe r i phe ra l and memory un i t s wh ich were read i l y available. For this 

reason the s i x teen b i t resu l t s of an A L U mode operat ion must be 

m u l t i p l e x e d out onto the data bus via the two 2920 latches by the 

7 4 2 5 3 s . T h i s is done under the c o n t r o l of the B Y T E b i t in the 

microcode control word. 

The basic m a c r o i n s t r u c t i o n wo rd is , t hen , on ly eight bi ts long 

and may, therefore, be latched into a single 2920. Extra bytes in main 

m e m o r y m a y , o f c o u r s e , be used to p rov ide pa rame te rs to the 

i n s t r u c t i o n so th is l i m i t a t i o n s imp ly requires that there be only 256 

classes of macro o p e r a t i o n . In the p ro to t ype system two 2716 type 

E P R O M s are used to map the eight bi t instruct ion word to appropriate 

code in the control store. This is done under the control of a 2910 

microprogramme counter / instruct ion sequencer. The 2910 is a twelve b i t 

w ide microprogramme control ler which comprises a programme counter, a 
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stack and a h a r d w i r e d c o n t r o l P L A wh ich prov ides s i x teen special 
m i c r o i n s t r u c t i o n s se lec ted by the 10 - 13 b i ts in the 2910 f ie ld of 
the con t ro l word. In normal mode, sequential access of microprogramme 
memory occurs as fol lows: the microprogramme counter is used to place 
an address on the YD - Y l l outputs of the 2910, the corresponding data 
wo rd is than made available to the pipeline register (a series of four 
2 9 2 0 s ) . The c o n t e n t s o f t h e m i c r o p r o g r a m m e coun te r are then 
incremented and the cycle continues. 

In o r d e r to p rov ide more f u n c t i o n s than m igh t o the rw ise be 

p o s s i b l e in 4 K of m i c r o c o d e , the 2910 is capable of c o n d i t i o n a l 

e x e c u t i o n and m i c r o subrou t ine l i nkage . Such branches may be to 

addresses specif ied in the microcode word in test and branch mode, or 

may be performed relat ive to the contents of the pipeline register. 

The 2910 provides an input NOT(CCEN) which i f held low indicates 

t h a t the c o n d i t i o n a l tes t is passed. This signal has been mult iplexed 

t h r o u g h t o t h e c o n d i t i o n code l a t c h , the i nd i v i dua l b i t s of the 

c o n d i t i o n code word being se lec ted by th ree b i t s in the tes t and 

branch microcode word. These bi ts provide the four assembler mnemonics 

f o r c o n d i t i o n a l i t y : ONO, ONZ, ONC and ONN. 

A t h i r t y - t w o b i t microcode word length was chosen to keep the 

design r e l a t i v e l y s imp le but is i n s u f f i c i e n t in i t s e l f to provide al l 

t h e f u n c t i o n s r e q u i r e d . C o n s e q u e n t l y s e v e r a l b i t s o f t h e 

microinstruct ion are fed to more than one part of the system and are 

ga ted in accordance w i th the value of the top two MODE bits. In this 

way, an e f f e c t i v e m i c rocode l eng th of 50 bi ts is provided in three 

modes. In A L U % mode the fu l l range of ar i thmet ic and logical functions 
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may be p e r f o r m e d be tween t w o i n t e r n a l registers, but no microcode 
branch address or l i t e r a l data is available. L IT% allows work w i th a 
s ingle r eg i s t e r and a l i te ra l data f ie ld provided by the microcode. In 
these two modes any branch address must be obtained f rom the pipeline 
register i f a 2910 statement other than CONT or J Z is to be used. The 
only way an external condit ion code may be gated to the microprogramme 
sequencer, and a branch or jump executed by way of a constant address 
contained wi th in the microcode, is by selecting the TST% or " test and 
b r a n c h m o d e " . The r e s u l t of th i s is to increase the number of 
m i c r o i n s t r u c t i o n s requ i red to implement an algor i thm wi th respect to 
t h e e q u i v a l e n t f i f t y b i t m i c r o w o r d s but the saving in cost and 
r e s u l t a n t ease o f c o d i n g w e r e f e l t to j u s t i f y t h i s compromise . 

The test system was operated w i th a clock frequency of 3MHz, the 

microcode being contained in EPROMS. In this way microcode could be 

d e v e l o p e d f o r a f as te r t a r g e t mach ine using b ipo la r P R O M S and 

ope ra t i ng c loser to 10MHz . 

The format of the microcode is shown in f igure 5.4, four bits of 

every word are used to determine the direct ion and destination of data 

t r a n s f e r w i t h the p ipe l i ne ( the R E G b i t s ) , and one to specify which 

h a l f w o r d is to be addressed. A f u r t h e r b i t is used to s ignal the 

presence of a v a l i d memory address to the rest of the system. As 

shown, the remaining parts of the word are functions of the mode in 

wh ich the processor is ope ra t i ng and are used either to control the 

A L U / r e g i s t e r s or to p rov ide constants f rom memory. The last b i t in 

A L U % or TST% modes is used to in i t ia l ise the state of the carry and, 

as such, can be used to f o r c e an O N C c o n d i t i o n to s imu la te an 

uncond i t i ona l b ranch . The t iming for the 2901s is arranged to occur 
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on the t r a i l i n g edge of the clock. This ensures that the contents of 
the p i p l i n e , which is clocked on the leading edge, are constant during 
an A L U o p e r a t i o n . For s i m p l i c i t y , and to cu t costs, no programme 
coun te r is p rov ided (e .g . 2930). Ins tead a s ingle register inside the 
A L U is used: this can mean that the microcode has to cycle whilst the 
output control is low in order to cope wi th slow memory such as ACIAs 
and PIAs. 

5.4 The Microcode Cross-Assembler 

The i n i t i a l vers ion of the microcode crossassembler was wr i t ten 

in F O R T R A N IV on a Data General Nova II I minicomputer. I t was RDOS 

'save f i l e ' c o m p a t i b l e and uses the C L I and C O M . C M conven t ions 

no rma l l y assoc ia ted w i th this operating system. This allows i t to pick 

up parameters f rom the command line and to perform prel iminary checks, 

such as the ex is tence of source f i l e s , p r i o r to the loading of the 

ma jo r code segments . I t genera tes f i lenames wi th specif ic extensions 

in accordance w i t h their use. They are as fol lows: 

f n a m e . S C A temporary f i le used by the cross assembler 

f n a m e . R B The microcode output f i le 

fname .LS The l ist ing f i le 

f n a m e . M P The MAP f i le 

fname .ST. The Symbol Table for the cross assembly. 

The S y m b o l T a b l e f i l e is n o r m a l l y de le ted along w i t h the 

t empora ry f i le but may be retained by specifying the KEEP switch on 

the assembly command l ine. The C L I command line used to generate a 

2901 output f i le set f rom a source deck is ei ther: 
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In teract ive ly : 

AS2901(8witche8) fname 

or in Batch: 

•JOB XASM 

E X E C AS2901(switches) fname S Y S O U T / L 

E O F 

where the possible switches are: 

/ L Produce a L ist ing f i l e . 

IK Keep the Symbol Table af ter assembly. 

/M Produce the Map f i le . 

I f the /M switch is not specif ied any subsequent .MAP pseudo ops w i l l 

cause a non fa ta l error. 

5.4.1 Genera l Cross-Assembler Principles 

The memory overheads in the use of the Data General F O R T R A N IV 

c o m p i l e r are h i g h : a p p r o x i m a t e l y 2037g words for the simplest "Do-

N o t h i n g " programme. With this in mind, i t was clear that a programme 

the size of the described cross-assembler was too large to be memory 

resident on as small a machine as the Unmapped NOVA DX Unl ike many 

of the larger operating systems, RDOS allows the user a great deal of 

con t ro l over the detailed run- t ime dynamics of an overlayed programme. 

Because of this, the resource ut i l isat ion is best i f a given programme 
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is b roken down i n to la rge sequential blocks which the overlay loader 
is commanded to fe tch in a simple predefined order. The heavily used 
rou t i nes are best l e f t co re res iden t and, although i t is against the 
s p i r i t of H igh L e v e l Language programming, are of ten best coded in 
assembler . I t is f o r t u n a t e t h a t the FORTRAN / assemble r interface is 
we l l def ined and easy to use in such a small processor as the NOVA 
because i t of ten proves helpful to be able to code the memory resident 
sec t ions w i t h mach ine i n s t r u c t i o n s . The over lay usage and operating 
system calls, combined wi th the need to use assembler routines, means 
t ha t the p o r t a b i l i t y of t h i s crossassembler is low and, indeed, the 
m a j o r c o n s i d e r a t i o n s in c h o o s i n g t o c o d e i n F O R T R A N w e r e : -

1) Subsequent readabi l i ty , by both the author and others. 

2) Speed of I m p l e m e n t a t i o n 

In a l l , t h e N O V A a s s e m b l e r was reso r ted to f o r only f ou r 

sub rou t i nes , each f o r a s p e c i f i c and, h o p e f u l l y , j u s t i f i a b l e reason. 

The rou t i ne G E T A R G makes severa l R D O S . S Y S T E M ca l ls that are 

impossible f rom F O R T R A N ! I ts sole task is to decode the COM*CM f i le 

t ha t the Command Line Interpreter (CLI) builds whenever a 'save f i l e ' 

is t o be execu ted . To do th is w i t h the I /O ca l l s ava i l ab le f r o m 

F O R T R A N would be a long winded a f fa i r and would fo rm yet another 

O V E R L A Y segment. The two routines B ITE and G E T C are also wr i t ten in 

assembler . In order to save space Data General F O R T R A N packs two 

cha rac te r s per s i x teen b i t word and since the bu i l t - in routines which 

handle s ingle b i t Boo lean opera t i ons wou ld have to be called many 

t i m e s to m a n i p u l a t e e a c h b y t e , these rou t i nes were w r i t t e n to 

c i r c u m v e n t the p r o b l e m . As the very basic purpose of the c ross-
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assembler is c h a r a c t e r man ipu la t ion , i t is a clear advantage to have 

the get c h a r a c t e r ( G T E C ) and put c h a r a c t e r ( B I T E - Jthe name is 

h is tor ica l ) routines small , fast and memory resident. 

t 

The f i n a l mach ine i n s t r u c t i o n subroutine is BASE which converts 

an i n t e r n a l r e p r e s e n t a t i o n of an integer into an equivalent character 

s t r i n g i n any base . The r o u t i n e has to p e r f o r m a t h i r t y - t w o - b i t 

unsigned d iv ide wh i ch is unavai lab le f rom F O R T R A N . One interesting 

f e a t u r e o f th i s subroutine is the use of the hardware stack. None of 

D a t a Genera l 's R D O S s o f t w a r e u t i l i ses the stack registers. This is 

because the p rog rammes o r i g i n a l l y ran on NOVA l is which did not 

possess a stack, and as a result, the user programmes are free to make 

wha t use they can of i t . Since the F O R T R A N compiler also executes on a 

NOVA II i t cannot allow access to such a useful CPU feature, however, 

the B A S E rout ine moves the address of a F O R T R A N array, to the stack 

po in te r and subsequently uses NOVA HI stack manipulation instructions 

t o p rov ide o rde red t e m p o r a r y s to rage f o r i t s e l f . F u r t h e r m o r e , the 

s tack may now be accessed either as an array f rom F O R T R A N or as a 

s tack v ia the assembler routines wr i t ten at Durham and contained in 

the S T A C K . L B l ibrary. 

The rema inde r of the programme modules (nineteen subroutines in 

f i v e over lay segments) are wr i t ten in High Level Language. A block of 

un labe l led COMMON is used to contain switches indicating whether a 

l i s t i ng is to be produced, whether the MAP f i le is opened, whether the 

symbol table is to be kept, and whether the assembly is over or is on 

pass one; the f i l e name of the source code; the current base and 

locat ion counter; the mode of the assembly and a buf fer which contains 

the contents of the current source code l ine. Unlabelled COMMON was 
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used as th is is dynam ica l l y a l l oca ted on the run- t ime stack during 
execu t ion which keeps the memory requirements low (labelled COMMON 
requires linkage space in each module). 

Cross-assembly occurs by means of the fol lowing serial t ra in of 

events . The SETUP overlay is loaded and the input f i lename checked for 

ex i s tence , the c ross-assembler de fau l t s are set and the f ive RDOS 

f i l e s r e q u i r e d by t h e p r o g r a m m e a re c r e a t e d ; f i n a l l y , the f i l e 

2901INST wh ich con ta ins the i n s t r u c t i o n d e f i n i t i o n s is opened. Any 

f a i l u r e wh i ch occurs during the at tempts to ini t ia l ise the f i le system 

r e s u l t s in a f a t a l e r r o r , t h e p r o g r a m m e abor ts and re tu rns an 

appropriate system error code. 

Pass one of the cross-assembly now begins w i th the construct ion 

of the symbol table in the .ST f i le . GETL1N is called to read a line 

f r o m the s o u r c e f i l e and to check for premature end-of- f i le . I T Y P E is 

now used to d e t e r m i n e the i n s t r u c t i o n t y p e . I f i t is a pseudo-op, 

d e s i g n a t e d by a p r e f i x e d p e r i o d , i t is eva lua ted by the P S E U D 

over lay .The arguments for the pseudo-ops may be absolute or re lat ive. 

I f p r e c e d e d by a ' + ' or a ' - ' the p a r a m e t e r is i n c r e m e n t e d (or 

dec remented) by the a rgumen t va lue : i f not, i t is set equal to the 

a rgumen t . The .RADIX and . L O C pseudo commands change the values of 

I R A D and L O C r e s p e c t i v e l y , the .MAP instruct ion wri tes the current 

l o c a t i o n coun te r value (LOC) to the .MP f i le along w i th a map code 

w h i c h represents the equ iva len t macro i n s t r u c t i o n and the . E N D 

d i r e c t i v e sets PASS1 to . F A L S E . The .DUSER command causes a 2901 

i n s t r u c t i o n r e c o r d of the t ype held in the instruct ion def in i t ion f i l e 

to be wr i t ten into the , S C f i le . 
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E v e r y t i m e a r e a l p r o c e s s o r i n s t r u c t i o n t y p e is d e t e c t e d t h e 
l o c a t i o n c o u n t e r is i n c r e m e n t e d a n d , p r o v i d e d no l a b e l i9 d e c l a r e d , 
t h e n e x t i n p u t l i n e r e a d . T h e L A B E L S o v e r l a y w r i t e s up t o s i x 
c h a r a c t e r s o f the name of the l abe l t o g e t h e r w i t h the c u r r e n t c o n t e n t s 
o f t h e l o c a t i o n c o u n t e r as a r e c o r d in the . S T f i l e . Once P A S S 1 is 
fa l se , the assembler w o r k f i l e s are rewound and a second pass over t he 
source begins. 

T h e a c t i o n o f t h e pseudo-ops on pass t w o is somewha t d i f f e r e n t 

f r o m t h a t . a l ready m e n t i o n e d . . L O C and . R A D I X behave as p rev ious ly b u t 

. D U S E R and . M A P a re i gno red . The . E N D c o n s t r u c t causes the F I N I S H f l a g 

t o b e s e t a n d t h e . T I T L E i n s t r u c t i o n t o i d e n t i f y t h e m o d u l e as 

undergo ing pass t w o process ing . 

M a c h i n e i n s t r u c t i o n s a r e b u i l t on t h i s pass on ly . The i n s t r u c t i o n 

d e f i n i t i o n f i l e is s e a r c h e d f o r e a c h s u b - i n s t r u c t i o n t y p e a n d t h e 

c o n t e n t s o f i t s r e c o r d p l a c e d i n t h e i n t e r n a l r e p r e s e n t a t i o n o f the 

m i c r o c o d e o u t p u t words . I f a subcommand is no t f o u n d , t he , S C f i l e is 

s e a r c h e d t o see i f i t w a s d e f i n e d by a . D U S E R on pass one: any 

o u t s t a n d i n g s u b c o d e s a r e t h e n f l a g g e d as e r ro r s . Re fe rences to labe ls 

a r e r e s o l v e d i n a s i m i l a r way by means of the . S T f i l e b u i l t du r ing 

t h e f i r s t pass . The G E T V A L subrou t ine is also ca l l ed du r ing r e s o l u t i o n 

o f addresses t o a l l ow r e f e r e n c e s o f the f o r m " N E X T -1" . As each l i ne 

is assembled t he r esu l t an t m i c r o c o d e words are w r i t t e n i n t o the o u t p u t 

o r . R B f i l e . F i n a l l y , o n c e F I N I S H is s e t , t h e C L E A N U P sec t i on is 

c a l l e d t o d e l e t e t h e i n t e r m e d i a t e f i l e s and, i f S Y M B is . F A L S E . , t h e 

• S T f i l e . A w a r n i n g is p r i n t e d on t h e c o n s o l e i f t h i s f i l e is n o t 

de l e ted . 
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5.4.2 The * S I X T H * C r o s s - A s s e m b l e r 

S i n c e t h e p r o c e s s o r was equ ipped w i t h on ly 32K o f m e m o r y , t he 

F O R T R A N p r o g r a m m e descr ibed above and p resen ted in appendix B-5 was 

h e a v i l y o v e r l a y e d a n d a l l the m a j o r tab les w e r e b u i l t on to d isk. The 

r e s u l t o f t h i s w a s t h a t , as s i g n i f i c a n t q u a n t i t i e s o f m i c r o c o d e w e r e 

w r i t t e n , the t i m e t a k e n f o r an assembly became unaccep tab le . Fo r t h i s 

reason the p r o g r a m m e was r e w r i t t e n in * S I X T H * , a F O R T H - l i k e reverse 

P o l i s h l a n g u a g e deve loped a t D u r h a m (See C h a p t e r I I I ) . U n l i k e F O R T H , 

• S I X T H * i s a t r u e c o m p i l e r g e n e r a t i n g s e m i - o p t i m i s e d m a c h i n e -

e x e c u t a b l e c o d e . W i t h t h i s r e w r i t e c a m e a change in the p r o g r a m m e 

p h i l o s o p h y , w h i c h r e s u l t e d in a less c o n v e n t i o n a l , bu t m o r e e f f i c i e n t , 

u t i l i s a t i o n o f r e s o u r c e s . The f o r m a t rema ins t h a t o f a two-pass cross 

a s s e m b l e r , b u t t h e s y s t e m o p - c o d e s a n d m n e m o n i c s a r e d e f i n e d as 

• S I X T H * e x e c u t a b l e s t a t e m e n t s . Thus, on pass one, the source f i l e is 

s c a n n e d f o r labe ls w h i c h are c o m p i l e d i n t o the d i c t i o n a r y as C O N S T A N T S 

o f v a l u e e q u a l t o the c u r r e n t l o c a t i o n coun te r c o n t e n t s . A t t he same 

t i m e p s e u d o - o p s a r e e v a l u a t e d a n d use r s y m b o l s c r e a t e d by f o r m i n g 

n o r m a l * S I X T H * d e f i n i t i o n s in t he same way t h a t the * S I X T H * O D L 

i m p l e m e n t a t i o n d e f i n e s b l o c k s w i t h t h e begin d i r e c t i v e . A r e s t r i c t i o n 

w h i c h o c c u r s h e r e is t h a t t h e n a m e s o f labe ls or user symbo ls are 

r e q u i r e d t o be u n i q u e i n t e r m s o f t h e i r l e n g t h a n d t h e f i r s t f o u r 

c h a r a c t e r s . T h i s has no t , so f a r , p roved to be a p r o b l e m . 

I n o r d e r t o avo id hav ing to r espec i f y m o r e o f the m i c r o c o d e t han 

is necessary , c o m m o n l y used op -code c o m b i n a t i o n s may be g i ven a user 

s y m b o l name as descr ibed above. On t he second pass the op-codes and 
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use r s y m b o l s a r e i n t e r p r e t e d by * S I X T H * , t h e i r e f f e c t be ing to w r i t e 
t h e p a r t s o f t he 32 b i t m i c r o c o d e w o r d they rep resen t t o the o u t p u t 
f i l e . The mapp ing p r o m f i l e is w r i t t e n a t the same t i m e by v i r t u e o f 
t h e . M A P pseudo-op w h i c h o u t p u t s the va lue o f the l o c a t i o n c o u n t e r and 
a s i x t een b i t number w h i c h w i l l f o r m the m a c r o i n s t r u c t i o n code f o r t he 
C P U . T a b l e 5 . 1 g i v e s a l i s t o f t h e a v a i l a b l e m i c r o c o d e i n s t r u c t i o n s 
a n d t h e i r m e a n i n g . The cross assembler is ca l l ed XS and is run f r o m 
• S I X T H * by t he f o l l o w i n g seguence. 

• S I X T H * 

> C O M P I L E X S 

2901 System C r o s s - A s s e m b l e r R e v 1.02 

Res tored from R D O S disk f i le X S 

ok 

F r e e Space = 007410 bytes 

A S S E 

> A S S E M B L E 

Input f i le name ? G R A P H S 

Output f i le n a m e ? P R O M S 

Map f i le name ? M A P S 

Programme IS Re locatab le 

. T I T L E G R A P H S 
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assembly complete 

Chapte r V 

• S I X T H * 

> 

> 

T h e f o r m a l s y n t a x o f t h e a s s e m b l e r i n p u t is i n c l u d e d as an 

a p p e n d i x ( A - 5 ) b u t i t f o l l o w s t h e g e n e r a l r u l e t h a t labe ls appear in 

c o l u m n one o f the inpu t f i e l d as do c o m m e n t s w h i c h are p receded by a 

s e m i c o l o n . The assembly mode is se lec ted by add ing a p e r c e n t s ign t o a 

d i r e c t i v e and assembler pseudo-ops are p r e f i x e d by a do t . The * S I X T H * 

p r o g r a m m e is e n t i r e l y c o r e - r e s i d e n t a n d o c c u p i e s 7 7 5 2 g w o r d s as 

o p p o s e d to the 24115g words used by the o v e r l a y e d F O R T R A N p r o g r a m m e . 

T h e * S I X T H * sys tem s u f f e r s in one m a i n c o n s i d e r a t i o n , load t i m e . The 

a s s e m b l e r is c o m p i l e d f r o m source each t i m e i t is r equ i r ed and th i s is 

l o n g e r than t he equ i va len t load t i m e f o r an R D O S save f i l e . H o w e v e r , 

i t mus t be a p p r e c i a t e d t h a t subsequent assembl ies i nvo l ve no load t i m e 

as o n c e c o m p i l e d t h e assembler is c o r e - r e s i d e n t u n t i l F O R G E T is used 

t o cha in ano the r p r o g r a m m e or the * S I X T H * s ys tem is c losed down . In 

e x e c u t i o n t h i s v e r s i o n is s i g n i f i c a n t l y f a s t e r s i nce i t s disk accesses 

a n d g e n e r a l I / O r e q u i r e m e n t s a r e s u b s t a n t i a l l y l ess i n t e n s i v e t h a n 

those o f the F O R T R A N p r o g r a m m e . 
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5 . 4 . 3 T h e P r i n c i p l e s of O p e r a t i o n o f t h e " S I X T H * C r o s s - a s s e m b l e r 

A n i n p u t and o u t p u t b u f f e r is m a i n t a i n e d in B U F F E R space, w h e r e 

c h a r a c t e r s e n t e r e d f r o m the keyboa rd are n o r m a l l y s t o red . T w o p o i n t e r s 

* I and * 0 a re used t o i n d i c a t e t h e addresses o f these areas o f m e m o r y , 

w h i c h a r e o f f s e t by 2 0 0 g w o r d s . T h i s a l l o w s a m a x i m u m inpu t l i n e 

l e n g t h o f 2 5 6 ^ g c h a r a c t e r s w h i c h is q u i t e s u f f i c i e n t f o r the 133^Q, 

m a x i m u m l e n g t h R D O S c o m p a t i b l e t e x t l i n e . A v a r i a b l e P A S S is used t o 

m a i n t a i n t h e s t a t e o f t he assembly : i t is se t t o one on the f i r s t pass 

w h i l e t h e s y m b o l t a b l e is c o n s t r u c t e d , t o t w o on t he second op -code 

i n t e r p r e t a t i o n p a s s , and t o t h r e e when the assembly is c o m p l e t e . The 

v a r i a b l e M A P is used as a Boo lean f l a g t o i n d i c a t e w h e t h e r or no t t he 

I / O c h a n n e l used t o m a i n t a i n the mapp ing p r o m f i l e is open. W W O R D and 

L O W O R D c o n t a i n , r e s p e c t i v e l y , t h e m o s t s i g n i f i c a n t a n d l e a s t 

s i g n i f i c a n t s i x t e e n b i t s o f t he t h i r t y t w o b i t o u t p u t m i c r o c o d e w o r d . 

L O C is t h e va lue o f t he c u r r e n t l o c a t i o n c o u n t e r and C U R R E N T con ta i ns 

t h e n u m b e r o f c h a r a c t e r s in t he inpu t l i ne under cons ide ra t i on by t h e 

c ross -assemb le r . The * S I X T H * w o r d , l oad and s to re po in te rs (WE, WB, S T 

a n d G T ) f o r b o t h i n p u t a n d i n p u t / o u t p u t ope ra t i ons are rese t by t he 

d e f i n i t i o n s I A L I G N a n d A L L A L I G N . A f t e r these have been e x e c u t e d , 

s u b s e q u e n t c a l l s t o w o r d w i l l e x t r a c t a ser ies o f symbo ls , bounded by 

s p a c e s , f r o m the inpu t b u f f e r , w h i c h can be passed t h e r e a f t e r t o F I N D 

and E X E C U T E . 

T h e p s e u d o - o p d e f i n i t i o n s a r e e x e c u t e d t o p roduce t he r e q u i r e d 

e f f e c t s . The . T T T L E i n s t r u c t i o n w r i t e s the s t r i n g % T I T L E % and scans 

t h e i n p u t b u f f e r f o r t h e n e x t w o r d . I t s l e n g t h and s t a r t i n g address 

a r e d e t e r m i n e d and passed t o S A Y so t h a t t he segment name f o r t he 

c u r r e n t m i c r o c o d e s e c t i o n is w r i t t e n t o t h e ope ra to r s conso le . . E N D 
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s i m p l y i n c r e m e n t s t he va lue o f P A S S t o i n d i c a t e t h a t t he i npu t source 
f i l e has b e e n p a r s e d c o m p l e t e l y . B o t h t h e . L O C and . R A D pseudo-
commands a t t e m p t t o c o n v e r t the nex t W O R D t o a N U M B E R w h i c h is s t o r e d 
i n L O C ( l o c a t i o n c o u n t e r ) o r R D X ( R a d i x ) as a p p r o p r i a t e . The . D U S E R 
i n s t r u c t i o n on ly execu tes on pass one : i t pu ts in a c a l l to : and t h e n 
scans the inpu t l i ne c a l l i n g F I N D and E X E C U T E w i t h the m a c h i n e S T A T E 
s e t t o o n e , u n t i l a c a r r i a g e r e t u r n is e n c o u n t e r e d . A c a l l is t hen 
made to ; so t h a t a new d i c t i o n a r y d e f i n i t i o n is f o r m e d . Fo r e x a m p l e : 

. D U S E R E X A M P R E L P C J Z A D D 1 1 

is t he same as: 

: E X A M P R E L P C J Z A D D 1 1 ; 

a n d , i n d e e d , o n c e the c ross-assembler has been c o m p i l e d may be used 

i n s t e a d o f t h e m o r e n o r m a l * S I X T H » d e f i n i t i o n s e q u e n c e a t t h e 

keybo rad . 

T h e f i r s t pass t h e n c o n t i n u e s w i t h t h e f o l l o w i n g s e q u e n c e o f 

e v e n t s . A l i n e is r e a d f r o m the inpu t source f i l e and t he l o a d / s t o r e 

p o i n t e r s r e s e t , a check is made to see i f end-of - f i le has been f o u n d , 

a n d i f so an A B O R T is p e r f o r m e d . The i npu t b u f f e r is t hen prepassed t o 

c o n v e r t any t a b c h a r a c t e r s t o spaces. The f i r s t c h a r a c t e r on each l i n e 

is t e s t e d : i f i t i s a s e m i c o l o n t h e l i n e i s s i m p l y i g n o r e d as t h i s 

i n d i c a t e s t h e p r e s e n c e o f a c o m m e n t . I f t h e f i r s t c h a r a c t e r is a 

s p a c e , W O R D i s c a l l e d t o e x t r a c t t h e n e x t s e r i e s o f n o n - b l a n k 

c h a r a c t e r s f r o m t h e b u f f e r , t he f i r s t c h a r a c t e r , p o i n t e d t o by WB, is 

t h e n t e s t e d f o r a d o t . I f a d o t is f o u n d t he l i ne is passed t o t he 
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i n t e r p r e t l o o p f o r e x e c u t i o n as a p s e u d o - o p , o t h e r w i s e t he l o c a t i o n 
c o u n t e r is i n c r e m e n t e d t o i n d i c a t e the d e t e c t i o n o f a s t a t e m e n t and 
t h e l i n e i g n o r e d . S h o u l d t h e f i r s t c h a r a c t e r on t h e l i ne have been 
a n y t h i n g o t h e r t han a sem ico lon o r a space t h e assembler w o u l d have 
a s s u m e d the ex i s tence o f a l abe l and made a scan o f t he i npu t b u f f e r 
f o r t h e c o l o n w h i c h de l i nea tes the end o f the l abe l name . Th is co lon 
w o u l d have been c o n v e r t e d t o a space in o rde r t h a t a c a l l t o C O N S T A N T 
w o u l d be able t o r e t r i e v e t he l abe l name and add i t t o the d i c t i o n a r y . 
In t h e m e a n t i m e the va lue o f the l o c a t i o n coun te r wou ld have been 
p l a c e d upon t h e o p e r a t i o n a l s tack so t h a t when t he cons tan t was f o r m e d 
t h e l a b e l ' s address w o u l d be e n t e r e d in the d i c t i o n a r y . The labe l may 
n o w be e x e c u t e d as a d e f i n i t i o n t o r e t u r n t he l o c a t i o n c o u n t e r va lue 
i t r e p r e s e n t s . A r e s t r i c t i o n o f t h i s t e c h n i q u e is t h a t , i n o rde r t o 
c o n f o r m w i t h t h e * S I X T H * c o n v e n t i o n s , the labe l mus t be un ique in 
t e r m s o f i t s f i r s t f o u r c h a r a c t e r s and i t s l e n g t h . 

T h e f i r s t pass ends w i t h t he e x e c u t i o n o f t he . E N D pseudo-op ond 

t he i n c r e m e n t i n g o f t he P A S S va lue . 

O n pass t w o , t h e . M A P i n s t r u c t i o n s a re e x e c u t e d t o cause the 

l o c a t i o n c o u n t e r a n d t h e m a p v a l u e t o be w r i t t e n i n t o t h e o u t p u t 

b u f f e r a n d w r i t t e n t o t h e m a p f i l e ; t h e d e f i n i t i o n O P U T r emoves a 

n u m b e r f r o m the s tack and en te r s i t i n t o the o u t p u t b u f f e r as an A S C I I 

s t r i n g w i t h a number o f lead ing zeros a p p r o p r i a t e t o t he base set by 

. R A D . 

Pass two is c o m m e n c e d by a c a l l t o R E S E T - P A R A M E T E R S and R E W I N D 

t h e s o u r c e f i l e . Each t i m e a l i n e is read f r o m the i npu t i t is cop ied 

t o t h e o u t p u t b u f f e r a t a c h a r a c t e r o f f s e t , a p p r o p r i a t e t o t h e base, 
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in o r d e r t o a l l o w t h e l o c a t i o n c o u n t e r a n d m i c r o c o d e words to be 
s u b s e q u e n t l y w r i t t e n i n f r o n t o f t h e l i ne . Assuming a l i ne does no t 
b e g i n w i t h a sem ico lon t he op-codes are e x e c u t e d in sequence by t he 
i n t e r p r e t l o o p a n d s e t a p p r o p r i a t e b i t s i n t h e t w o w o r d o u t p u t 
va r iab les . On t h i s pass labe ls a re ignored unless they f o l l o w t h e J U M P 
d i r e c t i v e when t hey a re i n t e r p r e t e d to d e t e r m i n e t he address t o i nse r t 
i n t o t h e m i c r o c o d e w o r d f o r a t e s t and b r a n c h t y p e i n s t r u c t i o n . 

5 .4 .4 T h e Microcode Simulator 

T h e r o u t e f r o m source m i c r o c o d e v ia t he c ross-assembler t o 2901 

s y s t e m P R O M o r R A M is s o m e w h a t t o r t u o u s and t he feedback t o t he 

m i c r o p r o g r a m m e r is s l o w . F o r t h i s r e a s o n i t is des i rab le t o have a 

s i m u l a t o r f o r t h e h a r d w a r e w h i c h a l l o w s a s e q u e n c e o f 

m i c r o i n s t r u c t i o n s t o b e i n t e r p r e t e d , p r i n t i n g t h e c o n t e n t s o f 

r e g i s t e r s and s ta tus words a t t h e end o f each s i m u l a t e d mach ine c y c l e . 

N o r m a l l y t h i s r e q u i r e s the w r i t i n g o f a l a rge s o f t w a r e package in an 

a p p r o p r i a t e h i g h - l e v e l language w h i c h w i l l accep t the o u t p u t f r o m the 

c r o s s - a s s e m b l e r a n d p e r f o r m t h e s i m u l a t i o n . T h e a d v a n t a g e o f t h e 

• S I X T H * p h i l o s o p h y o u t l i n e d he re is t h a t the s i m u l a t o r and t h e c ross -

a s s e m b l e r a r e e s s e n t i a l l y the s a m e p r o g r a m m e . The only d i f f e r e n c e is 

t h a t t h e a c t u a l o p - c o d e d e f i n i t i o n s are changed so t h a t t h e i r e f f e c t 

is t o u p d a t e some V A R I A B L E l o c a t i o n s used to s i m u l a t e t he reg i s te r s in 

t h e A L U R A M bank . The r o u t i n e P U T w h i c h p rev ious ly w r o t e the o u t p u t t o 

t h e P R O M f i l e is m o d i f i e d t o w r i t e a banner and the c o n t e n t s o f these 

v a r i a b l e l o c a t i o n s t o the sys tem conso le . Th is is a r esu l t o f the f a c t 

t h a t a v a l i d m i c r o - c o d e s o u r c e f i l e i s a l s o a v a l i d * S I X T H * 

i n t e r p r e t a b l e d i c t i o n a r y . The p r o g r a m m e r s imp ly C O M P I L E S t h e f i l e S IM 
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w h i c h r e d e f i n e s t h e a c t i o n s o f the op-codes and the f u n c t i o n o f t he 
o u t p u t d e f i n i t i o n s and con t i nues e x a c t l y as per the c ross-assembly . 

5.5 Suitable Algor i thms F o r Microcode 

M i c r o c o d e p r o g r a m m e s h a v e b e e n used in t he past t o p rov ide the 

a r i t h m e t i c and l og i ca l p r i m i t i v e s f o r c o m p u t e r p r o g r a m m i n g in the f o r m 

o f m a c h i n e i n s t r u c t i o n s . I t is w i t h th i s in m i n d t h a t the a l g o r i t h m s 

f o r c o m p u t e r g raph ics are cons ide red in t e r m s o f d r a w i n g and g raph i ca l 

p r i m i t i v e s . Bas ic d raw ing c a p a b i l i t i e s such as M O V E , D R A W and E R A S E ; 

t e x t s c a l i n g and p o s i t i o n i n g ; nes t ing o f g raph ics p rocedures and J U M P s 

o r C A L L s i n t h e d i s p l a y f i l e ; a r i t h m e t i c / l o g i c a l a s s i g n m e n t s , 

c o m p a r i s o n s a n d t e s t s ; v i e w i n g a n d v i e w p o r t i n g ; o u t p u t c o n t r o l ; so l id 

a r e a scan conve rs ion and po l ygon shading in accordance w i t h some po in t 

s p r e a d f u n c t i o n ; f i g u r e d r a w i n g by v i r t u e o f f i r m w a r e D D A s ; m e m o r y 

t r a n s f o r m a t i o n f o r s c a l i n g , r o t a t i n g a n d t r a n s l a t i n g p i c t u r e s o r t h e i r 

c o n s t i t u e n t p a r t s ; g r a p h i c a l i n p u t ; c l i p p i n g , w i n d o w i n g , z o o m and pan 

p r o v i s i o n a n d i m a g e e d i t i n g a r e a l l b a s i c m a c h i n e l e v e l p r i m i t i v e s 

w h i c h c a n b e p e r f o r m e d o n D P U m e m o r y u s i n g i t e s s e n t i a l l y as 

control ler command s tack and f r a m e b u f f e r . 

I f t h e d i v i s i o n o f l a b o u r is m o v e d f r o m t h e h o s t p r o c e s s o r ' s 

g r a p h i c s p a c k a g e t o w a r d s t h e d isp lay s y s t e m , t h e n m o r e soph i s t i ca ted 

d a t a s t r u c t u r e s may be used and t he m i c r o c o d e w o u l d p e r f o r m the h idden 

l i n e o r h i d d e n s u r f a c e r e m o v a l on a h ighe r l e v e l d e s c r i p t i o n o f t he 

p i c t u r e t h a n t h e i n t e n s i t y b i t map usual ly used in g raph ics h a r d w a r e . 

The scene may be rep resen ted by n a m i n g and desc r ib ing t he edges o f i t s 
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c o n s t i t u e n t p o l y g o n a l f a c e t s o r by t h e l ess u s u a l B o o l e a n s u r f a c e 

m o d e l . T h e a d v a n t a g e o f t h e e d g e n a m i n g c o n v e n t i o n is t h a t t h e 

a l g o r i t h m s f o r m o s t p i c t o r i a l m a n i p u l a t i o n s h a v e b e e n w o r k e d o u t 

w h i l s t use o f t h e B o o l e a n e x p r e s s i o n m o d e l is s t i l l i n i t s i n f a n c y . 

Consequen t l y the a l g o r i t h m s w h i c h do ex i s t are f a r f r o m d e f i n i t i v e and 

f o r many o f even t he mos t c o m m o n g raph ics t r a n s f o r m a t i o n s s imp ly do 

n o t e x i s t (The use o f a D i v i d e and Conquer t echn ique t o s i m p i f y dep th 

c a l c u l a t i o n s is a p r i m e e x a m p l e ) . T h i s l a c k o f a v a i l a b l e a l g o r i t h m s 

m e a n s t h a t h a r d w a r e w h i c h wo rks w i t h th i s mode l can easi ly become an 

e x p e n s i v e m i s t a k e , as a resu l t the use o f a m i c r o c o d e d mach ine w i t h 

w h i c h m e t h o d s and techn iques can be m o r e easi ly t e s t e d , is suggested. 

T h e a b i l i t y o f t h e m i c r o c o d e d m a c h i n e t o p e r f o r m a ser ies o f 

o p e r a t i o n s on d a t a f r o m a s i n g l e i n s t r u c t i o n code also opens up the 

p o s s i b i l i t i e s o f u s i n g i t t o g r e a t e f f e c t as a d a t a s t r u c t u r e s 

m a n i p u l a t o r . The basic ope ra t i ons f o r m a i n t e n a n c e o f a da ta t r e e , say, 

c o u l d be m i c r o c o d e d . A s ing le m a c r o i n s t r u c t i o n m i g h t t hen be used t o 

p e r f o r m the a d d i t i o n o f a node as occurs in the begin s t a t e m e n t o f the 

O D L s ys tem. I t is t o th i s end t h a t any c o n t i n u e d w o r k w i t h t he 2901 

s y s t e m w i l l be p e r f o r m e d a t D u r h a m . The u l t i m a t e a i m of w h i c h is t o 

p r o d u c e an O D L " e n g i n e " , t h a t is a m a c h i n e w h i c h execu tes O D L 

s t a t e m e n t s as p a r t o f i t s basic i n s t r u c t i o n se t . 

T h e f l e x i b i l i t y w h i c h i s a v a i l a b l e t o a u s e r o f B i t - S l i c e 

m i c r o p r o c e s s o r t e c h n i q u e s s o l v e s m a n y o f t h e p r o b l e m s w h i c h w e r e 

d e s c r i b e d i n t h e p r e v i o u s c h a p t e r . T h e 2900 ser ies , and s l ices f r o m 

o t h e r m a n u f a c t u r e r s , p rov ides an i n t e g r a t e d set o f suppor t ch ips w h i c h 

5.6 (i 
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e n a b l e a designer t o have a g r e a t dea l o f c o n t r o l over the way da ta 
a n d a d d r e s s pa ths are used. The r a t e s o f i n f o r m a t i o n t r a n s f e r b e t w e e n 
b l o c k s o f m e m o r y a r e t h e r e f o r e g r e a t e r than those p r e v a l e n t in t he 
F i x e d I n s t r u c t i o n S e t m i c r o p r o c e s s o r a p p l i c a t i o n s so f a r d i s c u s s e d . 
T h i s is n o t s i m p l y b e c a u s e t h e b i p o l a r t echno logy emp loyed in mos t 
s l i c e m a n u f a c t u r e is i n h e r e n t e l y f a s t e r t han c u r r e n t l y ava i l ab le MOS 
processes bu t also because the h a r d w a r e may be m o r e easi ly t a i l o r e d to 
a p a r t i c u l a r a p p l i c a t i o n . 
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Table 5.1 

Assembler Mode Control 

KLU% S u b s e q u e n t l y assemb led i n s t r u c t i o n s w i l l be assumed t o 
be ALU f o r m a t . 

L I T $ S u b s e q u e n t l y assemb led i n s t r u c t i o n s w i l l be assumed t o 
c o n t a i n LITERAL s t r i n g s . 

TSTSK S u b s e q u e n t l y assemb led i n s t r u c t i o n s w i l l be T e s t and 
B r a n c h t y p e . 

Pseudo-Op Codes 

.T ITLE A s s o c i a t e s a name w i t h a segment o f m i c r o c o d e . 

.END I n d i c a t e s t h e end o f a p r o c e s s a b l e code s e g m e n t . 

.RAD Changes t h e r a d i x i n w h i c h LITERAL numbers w i l l be 
r e p r e s e n t e d t h r o u g h o u t t h e c r o s s a s s e m b l y . 

.LOC S e t s t h e l o c a t i o n c o u n t e r t o t h e v a l u e w h i c h f o l l o w s . 

.MAP W r i t e s t h e n e x t v a l u e and t h e c o n t e n t s o f t h e l o c a t i o n 
c o u n t e r t o t h e MAP f i l e . 

.DUSER D e f i n e s a new mnemonic i n t e r m s o f o l d o n e s . 

Beglster-Bus Transfera 

LPC Load f r o m t h e a d d r e s s b u s . 

OPC O u t p u t t o a d d r e s s b u s . 

LDAT Load f r o m t h e d a t a b u s . 

ODAT O u t p u t f r o m d a t a b u s . 

Address Control Codes 

AEBL V a l i d Memory a d d r e s s . 

ADIS Complement o f AEBL. 

H I Access t h e h i g h b y t e o f t h e a d d r e s s . 

LO Access t h e l o w b y t e o f t h e a d d r e s s . 

2910 Control Codes 

JZ Jump Ze ro o r RESET t h e m io rop rog ramme c o u n t e r . 

CJS C o n d i t i o n a l Jump t o S u b r o u t i n e v i a t h e p i p e l i n e 
r e g i s t e r . 

JMAP Jump t o a d d r e s s s u p p l i e d by t h e m a p p i n g PROMs. 
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CJP . C o n d i t i o n a l Jump t o a P i p e l i n e s u p p l i e d a d d r e s s . 

•PUSH Push t h e v a l u e o f t h e m ic rop rog ramme c o u n t e r o n t o t h e 
s t a c k . 

JSRP C o n d i t i o n a l Jump t o S u b r o u t i n e v i a e i t h e r t h e R e g i s t e r 
C o u n t e r o r t h e P i p e l i n e r e g i s t e r . 

CJV C o n d i t i o n a l Jump v i a a V e c t o r s u p p l i e d f r o m a PROM o r 
a LITERAL f i e l d f o r i n t e r u p t s e r v i c i n g . 

JRP C o n d i t i o n a l Jump v i a e i t h e r t h e R e g i s t e r / C o u n t e r o r 
t h e P i p e l i n e r e g i s t e r . 

RFCT Repeat m i c r o i n s t r u c t i o n s F o r a Count w h i c h i s p r e s e t . 

RPCT Repeat m i c r o i n s t r u c t i o n s whose a d d r e s s i s d e t e r m i n e d 
by t h e P i p e l i n e R e g i s t e r f o r a Count p r e s e t i n t h e 
r e g i s t e r / c o u n t e r . 

CRTN C o n d i t i o n a l R e t u r n f r o m S u b r o u t i n e . 

CJPP C o n d i t i o n a l Jump v i a t h e P i p e l i n e r e g i s t e r and Pop t h e 
r e t u r n s t a c k . 

LDCT Load t h e r e g i s t e r C o u n t e r and c o n t i n u e . 

•LOOP T e s t t h e end o f LOOP. 

CONT C o n t i n u e w i t h t h e n e x t m ic rop rog ramme i n s t r u c t i o n . 

TWB T h r e e Way B r a n c h c o n d i t i o n a l . 

Memory I / O Control 

RE Read f r o m memory o r I / O . 

WT W r i t e t o memory o r I / O . 

ALP Shift Control Codes 

SZ S h i f t and pad t h e wo rd w i t h Z e r o s . 

SO S h i f t and pad t h e wo rd w i t h Ones . 

SR S h i f t and R o t a t e t h e end b i t s o f t h e w o r d . 

SA P e r f o r m an A r i t h m e t i c S h i f t . 

Beglster/Begister Transfer Codes 

NOP No t r a n s f e r O c c u r s . 

RAMA The o u t p u t wo rd f r o m t h e ALU i s l o a d e d i n t o t h e 2901 B 
r e g i s t e r and t h e A r e g i s t e r i s w r i t t e n t o t h e b u s . 

RAMF The r e s u l t o f t h e c a l c u l a t i o n i s l o a d e d i n t o t h e B 
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r e g i s t e r and i s a l s o o u t p u t t o t h e b u s . 

RAMQD The ALU r e s u l t i s s h i f t e d DOWN and l o a d e d i n t o t h e B 
r e g i s t e r . The Q r e g i s t e r i s s h i f t e d down and t h e ALU 
o u t p u t w r i t t e n t o t h e b u s . 

RAMD The o u t p u t f r o m t h e ALU i s s h i f t e d DOWN and l o a d e d 
i n t o t h e B r e g i s t e r , i t i s a l s o o u t p u t t o t h e b u s . 

RAMQU The ALU r e s u l t i s s h i f t e d UP i n a c c o r d a n c e w i t h t h e 
s h i f t s p e c i f i e r s and l o a d e d i n t o t h e B r e g i s t e r as 
w e l l as w r i t t e n t o t h e b u s , t h e Q r e g i s t e r i s a l s o 
s h i f t e d UP. 

RAMU The ALU o u t p u t i s w r i t t e n t o t h e b u s , as w e l l as 
b e i n g s h i f t e d UP and l o a d e d i n t o t h e B r e g i s t e r . 

Source Destination Control 

AQ S o u r c e R e g i s t e r i s s p e c i f i e d by t h e A r e g i s t e r and 
t h e D e s i n a t i o n by t h e Q r e g i s t e r . 

AB Sou rce A ; D e s t i n a t i o n B 

ZQ S o u r c e L i t [ 0 ] D e s t i n a t i o n Q 

ZB Sou rce L i t [ 0 ] D e s t i n a t i o n B 

ZA S o u r c e L i t [ 0 ] D e s t i n a t i o n A 

DA S o u r c e D a t a D e s t i n a t i o n A 

DQ S o u r c e D a t a D e s t i n a t i o n Q 

DZ S o u r c e D a t a D e s t i n a t i o n L i t [ 0 ] 

Arithmetic Functions 

ADD Add R t o S 

SUBR S u b t r a c t R f r o m S 

SUBS S u b t r a c t S f r o m R 

OR L o g i c a l OR R w i t h S 

AND L o g i c a l AND R w i t h S 

NOTRS NOT R AND S 

EXOR E x c l u s i v e OR R w i t h S 

EXNOR E x c l u s i v e NOR R w i t h S 

Condition Code Control 

ONC On C a r r y 
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ONN On N e g a t i v e 

0N0 On O v e r f l o w 

ONZ On Z e r o 

Processor Carry Control 

ZC S e t t h e C a r r y F l a g t o Z e r o . 

OC S e t t h e C a r r y F l a g t o One. 

Special Purpose Dunny Operands 

JUMP The •SIXTH* d i c t i o n a r y i s s e a r c h e d f o r a CONSTANT 
d e f i n i t i o n w h i c h , i f f o u n d , i s e x e c u t e d t o g e n e r a t e 
t h e v a l u e f o r t h e l o c a t i o n o f a p r e v i o u s l y d e f i n e d 
l a b e l . 
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Table 

T h e r e i s no c u r r e n t map f i l e 

U n d e f i n e d MACRO e l e m e n t ! 

E n d - o f - F i l e No END-> 

Unknown Assembly MODE 

S h i f t s U n a l l o w e d i n TEST mode 

U n a v a i l a b l e ALU mode 

WHAT? 

R e g i s t e r o u t o f RANGE 

O n l y a l l o w e d i n ALU mode 

U n a l l o w e d C o n d i t i o n s o n l y i n TST 

U n d e f i n e d LABEL e r r o r 

5 . 2 

A .HAP p s e u d o - o p has been 
used and a Map f i l e n o t 
o p e n e d . 

.DUSER c o u l d n o t f i n d an o p 
code o r a p r e v i o u s .DUSER 
w h i c h f i t s t h i s mnemon ic . 

T h e r e i s no .EHD p s e u d o - o p . 

F a u l t i n ALU*, LIT* o r TST*. 

A t t e m p t t o s p e c i f y an ALU 
s h i f t w h i l s t 1ST% i s s e l e c t e d . 

The s p e c i f i e d s u b i n s t r u c t i o n 
c a n n o t be e x e c u t e d a f t e r ALU*. 

I n t e r n a l mode e r r o r . The 
c u r r e n t assemb ly mode has 
been l o s t ! 

A n o n - e x i s t a n t 2901 r e g i s t e r 
was s p e c i f i e d . 

A r e g i s t e r t r e n s f e r has been 
s p e c i f i e d i n TST* o r LIT* 
mode. 

An ON c o n d i t i o n has been 
i n c l u d e d i n an ALU* o r TST* 
i n s t r u c t i o n . 

On pass two a JUMP has 
s p e c i f i e d a l a b e l t h a t was n o t 
c o m p i l e d i n t o t h e d i c t i o n a r y 
by pass 1 . 
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Chapter VI 

Single Chip Display Controllers 

6.1 Introduction 

The terminology of the computer press describes current technical 

solutions as "Fourth Generation". This phrase is used to imply that 

the structuring of hardware architectures, which is directly related 

to the fundamental components utilised in a design, leans towards 

implementations which comprise Large Scale Integrated (LSI) circuits 

as the basic building blocks. The motivations towards LSI are lower 

costs, higher speeds, higher reliability and shorter design times than 

are prevalent in multi-chip systems[71]. The new problems which face a 

designer are the pinout and part proliferation problems. This is to 

say that intra-chip communication between cells is inexpensive in 

terms of design costs and processing, whilst inter-chip communication 

is n o t [ 7 2 ] ; furthermore, the reguirement that a completely new 

specif icat ion be wr i t t en for each application, rather than use 

standard parts, results in inefficiency. The initial design costs for 

an LSI device are high but the production cost per unit is extremely 

low; it follows that production costs for a multi-application chip are 

considerably more favourable than those fo r a single purpose 

specialised one. With the advent of VLSI technology, the lessons of 

avoiding memory/processor dichotomys and of maximizing homogeneity of 

function and hardware throughout the system, which became apparent 

during the design of many of the currently available LSI circuits, 

will become increasingly relevant. The philosophy that LSI leads to 

Large Scale Distribution(LSD) is fundamental to the discussion of the 

use of that technology for display applications[73]. By Large Scale 
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Dist r ibut ion I wish to infer that the ability to produce complex 
circuit element blocks cheaply results in the mass application of such 
blocks. 

The modern use of raster scan graphics capitalises on the 

technology which was required for mass produced television receivers, 

on the falling cost of memory for frame buffers and, increasingly, on 

the more common application of LSI design to the somewhat specialised 

processing requirements of a graphics display. If we include mass 

produced Random Access Memory of the modern qenre (64Kbits and above) 

in this definition of large scale integrated components, then it is 

clear that such devices exhibit all the properties so far mentioned. 

Their use is, obviously, not restricted to the expansion of frame 

buffer memory and the resultant contraction of the overall system chip 

count reduces the total cost of an application. In this way, memory 

forms, perhaps, the prime example of a multi-application low cost 

c i r cu i t . The construction of what are essentially graphics co

processors, designed to relieve the CPU of much of the more mundane 

calculat ion associated with bi t mapped displays, is increasingly 

common. As indicated above, however, i t is important, from cost 

considerations, . that these be general purpose "graphics engines" for 

use in mult iple applications, rather than be t ied to a single 

environment. There are cases where special purpose LSI design is the 

only answer to a particular problem and these are discussed elsewhere, 

but, by and large, there must be a reasonable market for the 

integrated product in order to justify the investment in time and 

effor t required to produce a reliably debugged design. The simplest 

way to ensure this is by the production of multi-purpose components. 

6.2 
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The effects of provision of a graphics co-processor can be far-
reaching, but the most advantageous is the possibility of raising the 
level at which communication between the host computer and the display 
system occurs. The scene description which has normally been used has, 
at the display level, been that of a series of points or lines, or at 
most a polygon l i s t . By increasing the processing power in the 
graphics controller other higher-level scene descriptions, which are 
subsequently rendered by the controller, may be sent from the host. 
The result is to reduce the bandwith between the central processor and 
the display memory, and, almost inevitably, speed the display process. 

6.2 The Texas Instruments 9918 Video Display Processor (VDP) 

The TMS 9918 provides most of the functions required for a table-

driven graphics display controller, and handles the refresh timing and 

address multiplexing for up to 16K of 4027 or 4116 type dynamic RAM. 

It provides an NTSC standard video output signal which can be used to 

drive a video monitor or to modulate a carrier for use with a 

domestic television. The VDP is a dedicated processor which 

essentially simplifies the pixel addressing in the video RAM (or 

VRAM). It is directly wired to the RAMs to avoid the need for a 

dynamic memory controller. The advantages of this are that system cost 

and complexity are kept low and no time is lost in refresh access 

contentions. The VDP performs a memory access every 372 nanoseconds: 

interposing a memory controller would slow down VRAM access 

considerably.[74] 

Figure 6.1 shows the internal organisation of the 9918. It 

6.3 
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comprises three parts: the CPU interface, the display logic and what 
is known as the sprite processor. The interfaces to the VRAM, CPU and 
display are scheduled by the VDP in an essentially asynchronous 
manner. The CPU communicates via an eight-bit bidirectional data bus 
and three control signals; CSR (Chip Select Read), CSW (Chip Select 
Write) and MODE. The interleaving of CPU and refresh VRAM access is 
controlled by the VDP. 

The sixteen bit VRAM address is loaded by two eight bit data 

transfers from the CPU to an internal VDP address register. If the 

most significant bit of the address is zero then the fourteen least 

significant bits are used to address up to 1 6 K of display memory 

directly. If the most significant bit is a one, then three of the top 

eight bits are used to select the command, base address and backdrop 

colour registers internal to the display processor - the contents of 

the least significant eight bits of the address being copied to the 

selected register.[75] 

As soon as the address is loaded, the VDP schedules a CPU read 

cycle and puts the data into the CPU data register - this may be read 

after eight microseconds. The address register is auto-incremented and 

the next location read automatically, allowing successive display 

memory locations to be accessed without continually writing the 

updated address to the VDP. A write cycle follows a similar sequence -

the data being passed to the 9918, written to VRAM and the address 

incremented. 

From a programming point of view the TMS 9918 divides the screen 

into 767JQ, areas, each containing 8 x 8 pixels. There is a single 
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entry for each in the Pattern Name Table which is effectively a 
pointer to another entry in the Pattern Generator Table. Each element 
of this list is eight bytes long and defines which of two colours CO 
or C I is used to display a given pixel. 

As an example, the pattern: 

CI CI CI CI CI CI CI CI 

C 0 C O C 0 C 0 C O C O C O C 1 

C 0 C O C 0 C 0 C 0 C O C O C 1 

CO CI CI CI CI CI CI CI 

C O C O C O C O C O C O C O C 1 

C O C O C O C O C O C O C O C 1 

CI CI CI CI CI CI CI CI 

represents the character '3'. The component reguired for the Pattern 

Generator Table is arrived at by writing a logical 0 for colour CO and 

a value 1 for colour C I . Collating the resultant bit pattern into a 

series of eight two digit hexadecimal numbers the entry becomes: 

FF,01,01f7F,01,01f01,FF 

A name is assigned to this list such that it points to the start 

address of the pattern when calculated by the expression: 

name * 8 + offset - start address of pattern 

where offset is a value contained in one of the VDP base address 

registers. 

6.5 
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Hex Code Colour 

00 Transparent 
01 Black 
02 Medium Green 
03 Light Green 

04 Dark Blue 
05 Light Blue 
06 Dark Red 
07 Cyan 

08 Medium Red 
09 Light Red 
OA Dark Yellow 
0B Light Yellow 

0C Dark Green 
0D Magenta 
0E Grey 
OF White 

Black Level 
Colour Burst 
Sync Level 

Table 6.1 

Luminance Chrominance 

0.00 — 
0.00 — 
0.60 0.60 
0.80 0.53 

0.47 0.73 
0.67 0.60 
0.53 0.53 
0.80 0.73 

0.67 0.73 
0.80 0.73 
0.87 0.53 
1.00 0.40 

0.47 0.60 
0.60 0.47 

1.00 — 

0.00 
0.00 0.40 

-0.40 — 

Table 6.1 VDP Colour Assignments 
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The final stage in describing an area of the screen is to define 

the two colours CO and CI . This is done by making an entry in the 

Pattern Colour Table. The f i rs t two locations of the Pattern Colour 

Table defines the colours for patterns 0 - 7 , the second for 8 - 1 5 

and so on, giving a total table length of thirty two colour sets. Each 

set is eight bits long and defines two colours providing a four bit 

colour resolution defined in Table 6.1. It is in the allocation of 

table space that the major flexibility of the VDP is realised, as it 

is possible to have two Pattern Generator Tables in memory and switch 

between them by rewriting the base address register. In this way a 

display character set may be changed dynamically by the transfer of a 

single byte from the CPU. Figure 6.2 represents the required linkages 

between the various data tables which are used, by the code described 

later, to generate an image. 

The 9918 has clearly been designed with an eye to the lucrative 

"computer games" market. Its ability to provide a reasonable degree of 

low-cost, low-resolution animated graphics should make it an admirable 

contender for much of this trade. Its use, however, as a tool for 

"serious" graphics is perhaps somewhat more limited, as it is 

nececessary, as w i l l be shown later, for the user to provide a 

relatively large quantity of "clever" software in order to perform 

some essentially simple tasks. 

The VDP is an object oriented processor: to display a particular 

shape it is necessary to divide i t into 8 x 8 cells and create a 

pattern definition for each. The problem of drawing a series of, 

possibly random, lines across the display is somewhat more 
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complicated. The simplest solution is to define a line graphics area 
on the backdrop plane and to f i l l this with ascending pattern names. 
To draw a line, the patterns it will pass through are calculated and 
the appropriate pixels updated. The major draw-back to this approach 
is apparent when coloured lines are considered. As mentioned 
previously, a single entry in the colour table maps to eight pattern 
definitions and thus it becomes difficult to ensure that lines do not 
suddenly change colour as they cross from one area of the screen to 
another. 

To avoid this the available colours must be restricted and colour 

maps maintained within the host's memory. By assigning the patterns as 

reguired and not l inear ly , a greater degree of f l e x i b i l i t y is 

introduced, but the load on the host and the programmer is increased 

which is, unfortunately, contrary to the philosophy of a Display 

Processor Unit (DPU) system. 

For st i l l more complicated displays it is possible to run into 

problems over the number of available patterns. The VDP chip can only 

maintain 256^g d i f f e r en t patterns simultaneously. If more are 

required, either two VDPs must be cascaded together, with the external 

video input of one being provided by the NTSC output of another, or 

patterns must be "saved" by using the intelligence of the host 

processor to prevent reallocation of effectively similar patterns. 

Both of these methods suffer from drawbacks: cascading increases the 

cost and complexity of the system; while pattern saving increases 

processing time and interdependence of the host and display 

processors. From some of the examples shown in Appendix B-6 it will be 

apparent that such pattern saving routines are non-trivial. 
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Sprites are the VDP's thirty two prioritorised and movable 

character planes. Each plane is transparent with the exception of a 

single pattern which is defined by the Sprite Generator Table. The 

position, colour and size of an individual sprite are held in the 

Sprite Attr ibute Table - this means that the position of such a 

picture element may be updated by a two byte host-VDP transfer as 

opposed to the time consuming display rewrites necessary with a bit 

mapped picture system. See Figure 6.2. 

The VDP has four sets of sprite display hardware so that up to 

four sprites may appear on a given line. If a violation of this 

condition occurs, the lowest priority sprite is blanked, an interrupt 

flagged and the number of the offending sprite is loaded into the VDP 

status register in order that it be made available to the Host. Sprite 

processing occurs in three stages. Because there are a limited number 

of memory accesses during horizontal retrace, the sprites are pre-

processed, in terms of their vertical position, to determine which 

characters will be shown on the next line. The auto-incrementing 

Sprite Number counter is used along with knowledge of the Sprite 

Attribute Table base address offset to determine the vertical position 

of a sprite, the vertical screen position count is subtracted from the 

position attribute just fetched and the result compared with the size 

and magnification parameters to determine if a pixel must be set on 

the next line. If the sprite is to appear, its identification number 

and a tag bit to indicate that it is a valid location are pushed onto 

a f i r s t - i n f i r s t -ou t bu f f e r (FIFO): this pre-processing sequence 

continues wi th the next sprite number until the stack is f u l l . 
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Once horizontal retrace has started the information in the FIFO 
is used to fetch the display data for the sprites which are to appear, 
the two bit Attribute Counter is set to zero, the output from the 
stack checked for the tag bit and its value added to the base address 
register. In this way, the vertical position attribute is retrieved 
from memory and placed into the subtracter, the attribute counter is 
incremented to point to the horizontal position which is then copied 
to the First Sprite Downcounter in the display hardware. After another 
increment to the Attribute Counter, the name is moved into the Name 
latch which is empty during retrace. In a similar way, the colour is 
latched. I f the magnification bit is set the vertical attribute is 
right shifted and then the vertical counter contents subtracted from 
it - no shift is performed if the magnification is zero. The result of 
this calculation, along with the name and sprite descriptor table base 
address, allows the VDP to access the eight bits of the current line. 
If the size option is set, a second byte of shape information is 
passed to the display hardware by virtue of a parallel-in, serial-out 
shift register. 

A "leftmost one" priority selector logic is used to determine 

which of the many possible colour registers is to be gated onto the 

colour bus on a dot by dot basis. If a colour register contains the 

code which represents the special "transparent" colour, then the 

corresponding shift register is simply ignored by the prioritiser so 

that lower priority planes will show through. The shift registers dump 

data to the display at a rate of one shift per dot for single 

magnification or one shift every other dot for magnification x2. If no 

sprites are active the current pattern is shifted through the Pattern 

Shift register to provide the backdrop. 
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T h e h o r i z o n t a l a n d v e r t i c a l c o u n t e r s a r e u s e d t o d r i v e t h e 
h o r i z o n t a l and v e r t i c a l P r o g r a m m a b l e L o g i c A r r a y s ( P L A s ) w h i c h gene ra te 
t h e V D P s m a j o r c o n t r o l s i g n a l s . I t is i m p o r t a n t t h a t t h e e x t e r n a l 
s y n c h r o n i s a t i o n i n p u t c o n t r o l s t h e r e s e t a n d c l o c k r a t e s o f b o t h o f 
t h e s e c o u n t e r s so t h a t V D P gene ra ted images w i l l be s tab le when m i x e d 
w i t h a v i d e o s igna l . Th is is p r o v i d e d f o r v ia the S Y N C i npu t , f o r a TV 
t y p e s i g n a l , o r by r u n n i n g in open loop sync f r o m a s ingle c lock in 
t h e c a s e o f m u l t i p l e V D P s . T h e c o l o u r bus d e c o d e r g e n e r a t e s the 
s i x t e e n c o n t r o l s i g n a l s f o r c o l o u r a n d c o n v e r t s t h e h o r i z o n t a l and 
v e r t i c a l c o n t r o l i n f o r m a t i o n i n t o b l a n k i n g , b u r s t a n d s y n c f o r t h e 
c o m p o s i t e v i d e o - o u t l i n e [ 7 6 ] , 

6.3 The Single V D P Contro l ler Sys tem 

T h e i n i t i a l s y s t e m i m p l e m e n t a t i o n c o m p r i s e d a s i n g l e V i d e o 

D i s p l a y P r o c e s s o r w h i c h o p e r a t e d u n d e r p r o g r a m m e d I /O on a D a t a 

G e n e r a l N o v a I I I m i n i c o m p u t e r u n d e r t h e c o n t r o l o f the * S I X T H » 

p r o g r a m m i n g s y s t e m . The D a t a Genera l p r o g r a m m e d I /O sys tem is a c t u a l l y 

v e r y s imp le . A s i x teen b i t open c o l l e c t o r da ta bus is used to t r a n s m i t 

t h e i n v e r t e d da ta s ignals t o a l l t he i n t e r f a c e cards in t he C P U r a c k . 

T h i s bus is also used t o ga te da ta back t o the C P U . A f u r t h e r six b i t 

d e v i c e s e l e c t bus is used t o a d d r e s s t h e p a r t i c u l a r i n t e r f a c e . T h r e e 

i n p u t a n d t h r e e o u t p u t s t robe l ines are ava i l ab le and these co r respond 

t o t h e d a t a o u t ( D O A , D O B , D O C ) a n d d a t a i n ( D I A , D I B , D I C ) 

i n s t r u c t i o n s a v a i l a b l e on t h e N o v a . A n o u t p u t c y c l e p r o c e e d s as 

f o l l o w s : T h e d a t a a n d d e v i c e s e l e c t c o d e a r e p l a c e d on t o t h e i r 

r e s p e c t i v e busses , t h e d a t a a p p e a r i n g s h o r t l y a f t e r d e v i c e s e l e c t . 

O n c e b o t h these h ighways have s e t t l e d , a s t robe s ignal ( D O A , D O B o r 

D O C ) is a p p l i e d t o t h e i n t e r f a c e . D u r i n g t h i s pu lse, usual ly on t he 

6.10 
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t r a i l i n g e d g e , t h e i n t e r f a c e m u s t l a t c h t h e d a t a t o an o n - b o a r d 
r e g i s t e r . I n p u t t o t h e p r o c e s s o r is e s s e n t i a l l y s i m i l a r , t he dev i ce is 
i d e n t i f i e d , a n d an i n p u t s t r o b e ( D I A , D I B o r D I C ) a p p l i e d t o t h e 
i n t e r f a c e . The I /O c o n t r o l l e r m u s t ga te da ta f r o m an on -board r eg i s t e r 
t h r o u g h a s e r i e s o f open c o l l e c t o r bus d r i v e r s , on to the da ta h ighway 
d u r i n g t h i s s t r o b e . T h e C P U reads t he da ta s o m e t i m e a f t e r i n i t i a t i n g 
t h e s t r o b e in o rde r t o ensure t h a t i t is v a l i d . 

S y n c h r o n i s a t i o n o f i n t e r f a c e s ta tes is m a i n t a i n e d by means o f a 

s t a r t and c l e a r s t robe f r o m the C P U and an assoc ia ted B U S Y / D O N E l i ne 

f r o m the I /O c a r d w h i c h is set wheneve r the dev ice is r e f e r e n c e d . No 

I / O i n s t r u c t i o n s (N IO) a r e a v a i l a b l e t o c o n t r o l these s ignals w i t h o u t 

p e r f o r m i n g d a t a t r a n s f e r . In t h i s w a y , a d e v i c e c a n be c l e a r e d or 

i n i t i a l i s e d by a N I O C w i t h no n e e d f o r a c t i v i t y a t t h e i n t e r f a c e 

l a t c h e s . I t s h o u l d , p e r h a p s , be m e n t i o n e d t h a t t h e s t a r t and c l e a r 

l i n e s a r e a s s e r t e d t o w a r d s t h e e n d o f a dev ice se lec t p e r i o d , a f t e r 

any i n p u t / o u t p u t opera t i ons w o u l d occu r . In t h i s way i t is possib le t o 

c o m b i n e t w o f u n c t i o n s w i t h i n s t r u c t i o n s l i k e D O A C w h i c h p e r f o r m s I /O 

and t hen c lea rs t he i n t e r f a c e . 

F i g u r e 6 . 3 i s t h e c i r c u i t d i a g r a m f o r t h e h a r d w a r e o f t h e 

i n t e r f a c e . I t s h o w s t h a t t w o o f t h e N O V A ' s , ' d a t a ou t ' i n s t r u c t i o n s 

a r e used: on D a t a O u t A (DOA) d a t a a re l a t c h e d t o the i n t e r f a c e and on 

D O B a VDP i n s t r u c t i o n is e x e c u t e d . On ly e igh t b i t s o f the da ta bus a re 

u s e d as t h e p r i n t e d c i r c u i t boa rd (see photographs a t t he end o f t h i s 

c h a p t e r ) , w h i c h was designed f o r t h i s s y s t e m , was also used w i t h o t h e r 

s m a l l e r m i c rop rocesso r sys tems. The D O B l i ne is used t o pulse the VDPs 

C S R , C S W and M O D E l i nes in acco rdance w i t h the t e m p l a t e s o f Tab le 6 .2 . 

T w o * S I X T H * d e f i n i t i o n s A and B a re used t o p e r f o r m o u t p u t t o t he 
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i n t e r f a c e and t o de f i ne * C S R and * C S W , w h i c h a re used to pulse t he 
V D P ' s r e a d a n d w r i t e l ines r e s p e c t i v e l y . 

A l t h o u g h p r o g r a m m e d I /O is used, the * S I X T H * p rog rams enable t he 

v ideo R A M to be cons idered as an ex tens ion t o N O V A m e m o r y , the words 

V D P ! and VDP(a) be ing used in the same way as ! and (a)W. The * S I X T H * w o r d 

(a)W is l og i ca l l y equ i va len t t o F O R T h P s (a) bu t the symbo l (a) is reserved 

f o r i n d i r e c t r e f e r e n c e s w h e n u s e d w i t h t h e i n - l i n e a s s e m b l e r 

s t a t e m e n t s , i n o r d e r t o be c o n s i s t e n t w i t h t he D a t a Genera l RDOS 

a s s e m b l e r s . A s a r e s u l t o f t h i s i t is p o s s i b l e t o use V R A M as a 

p r o g r a m m e and da ta s to re as w e l l as d isp lay m e m o r y . 

A c o m p l e t e l i s t i n g o f t h e * S I X T H * w o r d s used t o c o n t r o l the 

9 9 1 8 / N O V A i n t e r f a c e is g i ven in Append ix B-6 and a b r i e f d e s c r i p t i o n 

o f t h e a c t i o n o f some o f the m o r e i m p o r t a n t d e f i n i t i o n s is p resen ted 

he re . 

VW takes an a r g u m e n t f r o m the ope ra t i ona l s tack and w r i t e s i t t o 

t h e n e x t a v a i l a b l e l o c a t i o n i n V R A M . Th is l o c a t i o n is p o i n t e d to by 

t h e V D P ' s a u t o - i n c r e m e n t i n g r e g i s t e r . Th is is ach ieved by s e t t i n g up 

t h e d a t a a n d s t r o b i n g t h e c o n t r o l l i n e s w i t h m a c h i n e l e v e l 

i n s t r u c t i o n s c o n t a i n e d w i t h i n t h i s h i g h - l e v e l colon d e f i n i t i o n . 

V R accesses the c u r r e n t l y addressed V R A M l o c a t i o n and p laces i t s 

c o n t e n t s on t h e t o p o f t h e o p e r a t i o n a l s t a c k as is cons is ten t w i t h 

• S I X T H * m e m o r y access words . 

W A D D X a n d R A D D X a re used to set up t he read and w r i t e f o r m a t s , 

r e m o v i n g a s i x t e e n b i t number f r o m the o p e r a t i o n a l - s t a c k and p l a c i n g 
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Table 6 . 2 

Operation Data Assignments Contr o l Lines 
0 1 2 3 4 5 6 7 CSW CSR MODE 

Write Register 
Data DO D1 D2 D3 D4 D5 D6 D7 0 1 1 
Register 1 0 0 0 0 RSO RSI RS2 0 1 1 

Write VRAM 
Address A6 A7 A8 A9 A10 A11 A12 A13 0 1 1 
Address 0 1 AO A1 A2 A3 AU A5 0 1 1 
Data DO D1 D2 D3 D4 D5 D6 D7 0 1 0 

Read Register 
Data DO D1 D2 D3 D4 D5 D6 D7 1 0 1 

Read VRAM 
Address A6 A7 A8 A9 A10 A11 A12 A13 0 1 1 
Address 0 0 AO A1 A2 A3 AU A5 0 1 1 
Data DO D1 D2 D3 DU D5 D6 D7 1 0 0 

Table 6.2 The VDP Register Assignments 
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i t , i n t h e a p p r o p r i a t e f o r m ( T a b l e 6 . 2 ) i n t h e a u t o - i n c r e m e n t 
r e g i s t e r . T h e r e a f t e r a s i n g l e b y t e t r a n s f e r is a l l t h a t is r equ i r ed to 
r e a d o r w r i t e s u c c e s i v e l o c a t i o n s , t hus : -

0 R A D D X V R V R V R V R 

w i l l r e a d t h e f i r s t f o u r V R A M loca t i ons . 

R W is used to w r i t e to a VDP r e g i s t e r , w r i t i n g the da ta w i t h one 

d a t a o u t o p e r a t i o n and s e t t i n g up the reg i s te r address w i t h ano the r : -

5 0 R W 

w i l l w r i t e f i v e in to the base or ze ro reg i s t e r . 

T h e V R A M s to re and access words are de f i ned by : -

: VDP@ R A D D X V R ; ( Read ) : V D P ! W A D D X VW ; ( Wri te ) 

w h i c h m a i n t a i n s t h e d a t a , a d d r e s s and o p e r a t i o n f o r m a t n o r m a l l y 

a s s o c i a t e d w i t h the reverse po l i sh language. H e n c e : -

4 3F V D P ! 

w i l l w r i t e f ou r in to l o c a t i o n 3F in V R A M and 3 F VDP(a) w i l l r e t u r n f o u r 

t o the ope ra t i ona l s tack . 

P o i n t e r s t o t h e d i s p l a y g e n e r a t i o n t a b l e s d i s c u s s e d p r e v i o u s l y 

are m a i n t a i n e d in the va r i ab les S G E N - T A B L E , P G E N - T A B L E , S P R I T E - T A B L E , 
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P A T - T A B L E and C O L - T A B L E ( w h i c h po in ts t o t he co lou r t ab le map in 
p a t t e r n a n d m u l t i c o l o u r g raph ics modes) . These va r iab les are only used 
t o load da ta f r o m the host C P U to the V D P co-processors V R A M and 
c o n s e q u e n t l y , o n c e a d i s p l a y has been set up, t h e i r c o n t e n t s can be 
v a r i e d and a second p i c t u r e ' d rawn ' o f f - s c r e e n . The P A T T E R N and P A T 
r o u t i n e s a r e u s e d t o w r i t e d a t a f r o m a mass-s to rage dev ice (or the 
c o n s o l e ) t o V R A M and to copy a segment o f C P U m e m o r y to V R A M 
r e s p e c t i v e l y . The syn tax f o r t h e i r use i s : -

( i ) P A T T E R N ( m a p l ) ( m a p 2 ) (map3). . . 

e.g. 

5 F P A T T E R N 00 F F F F 00 A A A A 00 F F 

w h i c h w r i t e s t h e p a t t e r n d e f i n e d by the (map)s i n to the i t h pos i t i on 

in the p a t t e r n t a b l e a n d : -

: ( name ) P A T (map l ) (map2) (map3) . . . ; 

e.g. 

: T R E E P A T 51 F F 52 F F A A 01 20 AO ; 

w h i c h c rea tes a d i c t i o n a r y e n t r y name w h i c h compr i ses an a r ray in C P U 

m e m o r y w h i c h c o n t a i n s t h e ( m a p ) va lues. 

T h e P A T T E R N c o m m a n d is d e s i g n e d t o be i n t e r p r e t e d , and no t 

c o m p i l e d . I t r e m o v e s t h e ( m a p ) v a l u e s f r o m t h e i n p u t s t r e a m by 
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p e r f o r m i n g a ser ies o f W O R D N U M B E R ope ra t i ons . Since these values are 
o n l y a v a i l a b l e dur ing the I N T E R P R E T phase o f the * S I X T H * loop, ( W O R D 
and N U M B E R ope ra te on the c u r r e n t b u f f e r on ly ) the w o r d P A T T E R N , w h i c h 
is I M M E D I A T E , m u s t be used w i t h ca re in h i g h e r - l e v e l d e f i n i t i o n s . I f 
t o o f e w p a r a m e t e r s a r e p r o v i d e d a s t a c k u n d e r f l o w w i l l occur . Th is 
d e f i n i t i o n c o u l d h a v e b e e n a l t e r e d to take i t s D O loop l i m i t s to be 
the number o f i t e m s on the o p e r a t i o n a l s tack by using N O N t o push SP -
base a d d r e s s o f t h e s t a c k . T h i s w a s n o t d o n e , howeve r , as i t was 
c o n s i d e r e d d e s i r a b l e t h a t a n e r r o r c o n d i t i o n s h o u l d o c c u r i f a 
p a r t i c u l a r p a t t e r n e l e m e n t was unde f i ned . 

T h e w o r d V R A M is used to f i l l d isplay m e m o r y i n t e r a c t i v e l y by 

m e a n s o f input f r o m the k e y b o a r d . A n " = " p r o m p t is p r i n t e d and numbers 

a r e r e a d f r o m t h e s t a n d a r d i npu t s t r e a m and w r i t t e n i n t o successive 

V R A M loca t i ons . S i m i l a r l y V R A M - L I S T w r i t e s the c o n t e n t s o f a spec i f i ed 

section of display memory t o the s tanda rd o u t p u t p a t h . 

P r e - d e f i n e d p a t t e r n s may be t r a n s f e r e d f r o m C P U m e m o r y to the 

v i d e o d i s p l a y t a b l e s by use o f t h e words P A T - L O A D , S P R I T E - L O A D , 

A T T R I B U T E S a n d B A C K D R O P , and (assuming the A S C I I c h a r a c t e r set 

c o n t a i n e d in f i l e C H A R S has been I N C L U D E d ) t hen V D P - S A Y w i l l d isp lay a 

t e x t s t r i n g on t he m o n i t o r and V D P . or VDPO. may be used t o d isp lay 

n u m e r i c a l v a l u e s . M o v e m e n t o f c h a r a c t e r s de f i ned in t he sp r i t e va lue 

is p e r f o r m e d by the d e f i n i t i o n s I N C X , D E C X , I N C Y and D E C Y in c o n j u n c t i o n 

w i t h t he va r i ab le I N C R E M E N T . 

The l i s t i n g o f f i l e D E M O i nc luded in the appendix shows how the 

d r i v e r r o u t i n e s m a y be u s e d t o p r o d u c e a m o v i n g p i c t u r e o f some 
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c o m p l e x i t y . (See also the pho tographs w h i c h appear at the end of th i s 
c h a p t e r ) . 

6 . 4 T h e M u l t i p l e V D P C o n t r o l l e r System 

A s has been m e n t i o n e d , the r e s t r i c t i o n on the number o f ava i l ab le 

p a t t e r n d e f i n i t i o n s a n d t h e n u m b e r o f s p r i t e c h a r a c t e r s wh i ch may 

a p p e a r on a s ing le l i ne was cons idered a ma jo r obs tac le t o the use o f 

t h e V D P as a t o o l f o r ser ious g raph ics w o r k . One way to o v e r c o m e th i s 

p r o b l e m is t o c a s c a d e m u l t i p l e d i s p l a y c o n t r o l l e r s , t h e v i d e o 

c o m p a t i b l e ou tpu t o f one be ing f e d t o the e x t e r n a l v ideo inpu t o f the 

n e x t s t a g e . Wh i l s t no t i m p r o v i n g the o v e r a l l 256 x 192 r e s o l u t i o n , the 

n u m b e r o f a v a i l a b l e p a t t e r n s a n d s p r i t e p l a n e s is d o u b l e d . T h e 

i n t e r r e l a t i o n s h i p o f t h e t i m i n g e l e m e n t s f o r e a c h o f t h e V D P s is 

p la in l y c r i t i c a l . 

T h e c o m p o s i t e v i d e o is g e n e r a t e d f r o m a ' res is to r ' t ap se lec ted 

b y t h e d e c o d e d f o u r b i t c o l o u r bus t o f o r m a s i m p l e d i g i t a l t o 

a n a l o g u e c o n v e r t e r . T h e s y n c h r o n i s a t i o n , b l ank i ng , co lou r burs t t i m i n g 

a n d the six 3 .58MHz co lou r c l ocks w h i c h f o r m the c h r o m i n a n c e leve ls o f 

y e l l o w , r e d , m a g e n t a , b l u e , c y a n a n d g r e e n are used to s w i t c h t he 

c o l o u r bus a t a r a t e o f 5 . 3 M H z in o rder t o es tab l ish the p i x e l c l o c k 

w h i c h p roduces the 256 dots per scan l i ne . In the case where a V D P is 

l o c k e d o n t o a t e l e v i s i o n b r o a d c a s t s i g n a l , t h e c o l o u r s u b - c a r r i e r is 

m a i n t a i n e d in phase w i t h t he chip 's i n t e rna l c locks by use o f a phase 

l o c k e d l o o p r u n n i n g a t t h r e e t i m e s t h e c o l o u r sub -ca r r i e r f r equency 

( 1 0 . 7 M H z ) w h i c h is s u b s e q u e n t l y d i v i d e d down i n t e r n a l l y . The loop is 

l o cked w i t h the red phase 3 .58MHz VDP o u t p u t c l ock . By adding a de lay 

t o t h e 1 0 . 7 M H z i n p u t , a t i n t c o n t r o l can be rea l i sed . 
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H o r i z o n t a l a n d v e r t i c a l s y n c a r e m a i n t a i n e d by s u p p l y i n g a 

c o m p o s i t e s y n c h r o n i s a t i o n s i g n a l t o the t r i - l e v e l S Y N C / R E S E T p in on 

t h e V D P . Th is s igna l mus t be l e v e l s h i f t e d t o p rov ide a pos i t i ve go ing 

s y n c h r o n i s a t i o n s i g n a l w h i c h v a r i e s b e t w e e n t w e l v e and f i v e v o l t s in 

o rde r t o avo id a c c i d e n t a l V D P RESET commands . The p o s i t i v e go ing edge 

o f a s i g n a l w h o s e a m p l i t u d e i s g r e a t e r t h a n f i v e v o l t s is used t o 

r e s e t t h e h o r i z o n t a l c o u n t e r a n d o p e n s t h e e x t e r n a l v i d e o g a t e in 

o r d e r t o s e t t h e c u r r e n t l i n e s c a n . V e r t i c a l s y n c is c o n s i d e r e d t o 

h a v e o c c u r e d w h e n a p u l s e l o n g e r t h a n 7 . 2 \isec is d e t e c t e d . 

I t is s i m p l e r t o i n t e r f a c e t w o V D P ' s t o g e t h e r t han t he m o r e 

g e n e r a l c a s e d e s c r i b e d a b o v e . No sync s t r i ppe r is necessary , nor a re 

p h a s e l o c k e d l o o p s . T h e s y s t e m c o n f i g u r a t i o n used is shown in f i g u r e 

6 . 4 : the VDPs run f r o m the same c r y s t a l f r equency source and are rese t 

t o g e t h e r by a N I O C to the i n t e r f a c e . Th i s C L s ignal synchron ises the 

i n t e r n a l s t a t e s o f each VDP and a l l ows t h e m to r u n , subsequent ly , in 

o p e n l o o p s y n c . I n o r d e r t o e n a b l e t h e v ideo m i x i n g c i r c u i t r y , i t is 

n e c e s s a r y f o r t h e d e v i c e i n i t i a l i s a t i o n s o f t w a r e t o p lace t he second 

d i s p l a y p r o c e s s o r i n t o e x t e r n a l v ideo mode by s e t t i n g t he a p p r o p r i a t e 

b i t i n i t s c o n t r o l r e g i s t e r . T h e e x t e r n a l v i d e o bias res i s to r is used 

t o c h a n g e t h e l um inance re la t i onsh ips and t o p roduce a possib le t h i r t y 

d i f f e r e n t c o l o u r s . B y s l i g h t l y s h i f t i n g t h e c l o c k i n p u t s t h e 

c h r o m i n a n c e re la t i onsh ips may also be a l t e r e d t o va ry t he e x a c t makeup 

o f t he ava i l ab le co lou rs . 

R e f e r e n c e t o t h e c i r c u i t d i a g r a m s o f f i gu res 6.3 and 6.4 w i l l 

a l s o r e v e a l s e v e r a l c h a n g e s t o the i n t e r f a c e c i r c u i t s . The t i m i n g f o r 

t h e C S R , C S W and M O D E l ines is now p e r f o r m e d by a ser ies o f monos tab le 
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m u l t i v i b r a t o r s , e n a b l i n g a d a t a t r a n s f e r t o be c o m p l e t e d on a s ing le 
I / O i n s t r u c t i o n . The b o t t o m e igh t b i t s a re w r i t t e n t o the V D P and t he 
m o s t s i g n i f i c a n t o u t p u t b i t is used t o c o n t r o l the t i m i n g o f the M O D E 
c o n t r o l s i g n a l . I f t h i s t o p b i t ( B i t 0 ) i s s e t t h e n M O D E w i l l be 
p u l s e d l o w p r i o r t o a C S W or C S R c o n t r o l sequence: i f i t is no t set 
t h e M O D E l i ne w i l l go l o w a f t e r the se lec t and be f o r c e d h igh b e f o r e 
t h e e n d o f i t . T h e s e c o n d ( B i t 1) b i n a r y d i g i t is u s e d t o c o n t r o l 
w h i c h o f t h e t w o p o s s i b l e s e l e c t s is used. A l og i ca l one causes the 
C S R s t r o b e t o b e a p p l i e d a n d a l o g i c a l z e r o t h e C S W p u l s e . 

T h e i n d i v i d u a l V D P ' s a r e s e l e c t e d by d i f f e r e n t o u t p u t c o n t r o l 

l i n e s : one is w r i t t e n t o on D O A and read f r o m on D I A , w h i l s t the o t h e r 

r e s p o n d s t o D O B a n d D I B . In th i s way the base l e v e l d e f i n i t i o n s f o r 

e a c h V D P m u s t be r e d e f i n e d t h u s : -

: WADDX P O P DOA 0 60 100 P O P D O A 0 60 ; 

: R A D D X P O P D O A 0 60 0 P O P D O A 0 60 ; 

: VW 100000 L O R P O P D O A 0 60 ; 

: V R 140000 L O R P O P D O A 0 60 ; 

T h e s e n e w d e f i n i t i o n s m a y b e r e p l a c e d i n t h e s o f t w a r e p r e v i o u s l y 

d e s c r i b e d and t he m u l t i p l e s y s t e m used in m u c h the same way as t he 

s i n g l e V D P i n t e r f a c e . In the t e s t sys tem a va r i ab le C U R R E N T - V D P was 

u s e d t o d e t e r m i n e w h e t h e r the h a r d w a r e should be addressed by D O A or 

D O B i n s t r u c t i o n t ypes . 
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: V D P 1 ? C U R R E N T - V D P (§W 1 = ; 

( I f we a re addressing V D P No. 1 th is is true ) 

C h a p t e r VI 

: VW 100000 L O R P O P V D P 1 ? I F D O A 0 60 E L S E D O B 0 60 T H E N ; 

( I f not V D P 1 t h e n a t t a c k V D P 2 ) 

6.5 Summary 

T h e i n c r e a s e i n f l e x i b i l i t y w h i c h a c c r u e s as t h e r e s u l t o f 

m u l t i p l i c a t i o n o f 9 9 1 8 s is q u i t e m a r k e d and serves t o i l l u s t r a t e t he 

p o t e n t i a l o f an e x p a n d a b l e sys tem des ign. The l o w - c o s t na tu re o f t he 

d i s p l a y s y s t e m so f o r m e d a n d t h e r e l a t i v e a b s e n c e o f e x t e r n a l 

c i r c u i t r y m a k e a g r a p h i c s t e r m i n a l b a s e d on t h e T e x a s c h i p s an 

a t t r a c t i v e p r o p o s i t i o n f o r o b j e c t - o r i e n t e d l o w r e s o l u t i o n w o r k . I t s 

a b i l i t y t o i n t e r a c t w i t h e x t e r n a l b r o a d c a s t s ignals and t o m i x v ideo 

i n f o r m a t i o n f r o m d i f f e r e n t s o u r c e s is an a d d i t i o n a l i n c e n t i v e t o i t s 

u s e . T i t l i n g o f p i c t u r e s f r o m a c a m e r a , V T R , o r v ideo disc is made 

e l e m e n t r y by use o f p r e d e f i n e d p a t t e r n s w r i t t e n o n t o t he backd rop , and 

t h e t h i r t y - t w o s p r i t e p l a n e s m a y be u t i l i s e d t o m o v e c u r s o r s o r 

s i m i l a r o b j e c t s o v e r a t e l e v i s i o n p i c t u r e o r a s y n t h e s i s e d d i s p l a y 

p r o d u c e d by a n o t h e r v i d e o p r o c e s s o r . I t s m a j o r d r a w b a c k is in t he 

n a t u r e o f t h e o b j e c t s i t can handle and the l i m i t e d r e s o l u t i o n i t has 

t o o f f e r . A n i n t e r e s t i n g use f o r i t , h o w e v e r , m a y b e as a d i g i t a l 

v i d e o p o s t - p r o c e s s o r t o one of the m o r e soph i s t i ca ted d isp lay sys tems 

t o b e d i s c u s s e d l a t e r . I n t h i s w a y a g r a p h i c s s y s t e m w i t h t h e 

q u a l i t i e s n o r m a l l y a s s o c i a t e d w i t h a M i n e - d r a w i n g ' l o w c o s t r a s t e r 

d i s p l a y c o u l d be c o m b i n e d w i t h the o b j e c t m a n i p u l a t i o n c a p a b i l i t i e s o f 

t h e V D P , t h e v ideo s ignals f o r the one be ing s imp ly super imposed upon 

those o f the o the r . 
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6.6 T h e Thomson E F C I S 9365 Graph ics Display Processor ( G D P ) 

T h e G r a p h i c s D i s p l a y P r o c e s s o r ( G D P ) is t h e r e s u l t o f w o r k 

c a r r i e d out j o i n t l y by the F r e n c h sem iconduc to r company Thomson EFCIS 

a n d t h e E c o l e N o r m a l e S u p e r i e u r i n P a r i s . T h e p r i n c i p l e s o f i t s 

o p e r a t i o n w e r e f i r s t l a i d o u t i n a p a p e r t o t h e 1979 S i g g r a p h 

C o n f e r e n c e [ 7 7 ] by M . P. M a t h e r a t . I t was seen as an enhancement t o 

t h e , t h e n p r e v a l e n t , M A T R O X [ 7 8 ] and M o t o r o l a [ 7 9 ] d isp lay un i t s w h i c h 

a l l o w e d o n l y p o i n t - b y - p o i n t m o d i f i c a t i o n o f t h e f r a m e b u f f e r . Some 

f o u r y e a r s a f t e r t h e announcemen t o f the des ign, (an N-channe l MOS 

i n t e g r a t e d c i r c u i t o f a p p r o x i m a t e l y 2 , 0 0 0 g a t e s e q u i v a l e n t 

c o m p l e x i t y ! ! 80 ] ) t h e c o m p o n e n t is read i l y ava i l ab le c o m m e r c i a l l y . When 

t h e i n i t i a l d e s i g n w o r k w a s d o n e 6 4 k d y n a m i c R A M p a r t s w e r e 

u n a v a i l a b l e so t h e s t r u c t u r e had ve ry much the 4116 types in m i n d , 

a l t h o u g h , as s h o w n l a t e r , no t many changes are r e q u i r e d to use 64K 

R A M s . T h e P r o c e s s o r is c a p a b l e o f p r o v i d i n g 512 x 512 r e s o l u t i o n 

( a p p r o x i m a t e l y 7 0 n s p i x e l c l o c k r a t e ) o n a s t a n d a r d t e l e v i s i o n 

m o n i t o r . T h e f r a m e b u f f e r is read in p a r a l l e l i n to h igh-speed S c h o t t k y 

s h i f t r e g i s t e r s in o rde r t h a t s lower m e m o r y (down t o 350ns c y c l e t i m e ) 

c a n be used. Th is t echn ique is q u i t e c o m m o n in r a s t e r g raph ics sys tems 

as i t is o f t e n t h e o n l y w a y a s t a b l e image can be gene ra ted . The 

o v e r h e a d on i t s u s e , h o w e v e r , is t h a t w r i t i n g a p a r t i c u l a r s c r e e n 

l o c a t i o n becomes s i g n i f i c a n t l y more c o m p l i c a t e d t h a n is the case whe re 

a m o r e s imp le m e m o r y map is used. 

R e f r e s h o f the screen image takes only 57% o f the GDPs ava i l ab le 

R A M a c c e s s t i m e , t h e r e m a i n i n g t i m e is f r e e f o r p i c t u r e u p d a t e 

a c c e s s e s . I t is t h i s t i m e cons ide ra t i on w h i c h d e t e r m i n e s the m a x i m u m 
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d r a w i n g s p e e d ( a p p r o x i m a t e l y 1 . 3 n s e c p e r p o i n t ) o f t h e G D P . T w o 
t w e l v e - b i t r eg i s te rs a re used t o po in t t o the l o c a t i o n in m e m o r y w h i c h 
is c u r r e n t l y o f i n t e r e s t . T h i s g i v e s an e f f e c t i v e address ing range o f 
4 0 9 6 x 4 0 9 6 i n t e r n a l l y , b u t i n t e r - c h i p c o n n e c t i o n c o n s i d e r a t i o n s 
r e d u c e s u b s t a n t i a l l y t h e a c t u a l m e m o r y a d d r e s s i n g c a p a b i l i t y 
ava i l ab le . 

T h e G D P , e f f e c t i v e l y , does a v e c t o r t o ras te r conve rs ion , " . . i t 

' d r a w s ' in f r a m e b u f f e r m e m o r y , l i ke a p l o t t e r d raws on p a p e r . . " [ 8 1 ] . 

V e c t o r s a r e s p e c i f i e d i n w h a t P a v l i d i s [ 8 2 ] c a l l s t h e d i f f e r e n t i a l 

c h a i n c o d e s y s t e m . The s t a r t i n g c o - o r d i n a t e s o f the l i ne are spec i f i ed 

by t w o reg i s te r s and the changes in X and Y by t w o D E L T A X D E L T A Y 

r e g i s t e r s . T h e s i g n o f t h i s ' s l o p e ' i n f o r m a t i o n is a f u n c t i o n o f the 

p l o t c o m m a n d , P l o t - P o s i t i v e o r P l o t - N e g a t i v e . I f t h e d i r e c t i o n 

r e q u i r e d is p a r a l l e l t o an ax is or a long a d i agona l , one o f the D E L T A 

r e g i s t e r s may be i gno red - t h i s increases the p l o t t h roughpu t r a t e and 

r e s u l t s i n t h e l o n g e s t d i a g o n a l b e i n g p l o t t e d i n on ly 700( isecs. The 

a l o g o r i t h m u s e d i s a m o d i f i c a t i o n o f t h a t e s t a b l i s h e d by J . F . 

B r e s e n h a m ( S e e L i s t i n g 6 . 1 ) [ 8 3 ] , t h e d i f f e r e n c e b e i n g t h a t t h e 

i n t e r n a l r e p r e s e n t a t i o n o f v a l u e s is as t h e i r o n e s - c o m p l e m e n t . As a 

r e s u l t , t h e ro les o f the t w o D E L T A reg i s te r s become s i m i l a r and t h e r e 

i s n o n e e d t o s w a p v a l u e s b e t w e e n t h e m a s i n o t h e r 

i m p l e m e n t a t i o n s [ 8 4 ] . 

The i n t e r n a l o rgan i sa t i on o f the G D P is shown in F i g u r e 6 .5 , The 

v e c t o r g e n e r a t o r cons is ts o f t w o adders, a. m u l t i p l e x e r and a feedback 

r e g i s t e r . A m o d u l o - D E L T A X c o u n t e r is i n c r e m e n t e d by D E L T A Y a t each 

c l o c k c y c l e t o f o r m a D E L T A Y - t u p l e c o u n t , i t o v e r f l o w s a t a f r equency 

^out w ^ i c h ' s d e f i n e d by t he r e l a t i o n s h i p : -
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f . = D E L T A Y F . 
O U t D E L T A X , n 

where f. is the c lock f r e q u e n c y . This "carry-out" signal is used as 

the comparison signal which changes the mode of operation, that is the 

increment of X or Y registers. Since the D E L T A X , D E L T A Y registers are 

e i g h t b i t s l o n g , t h e m a x i m u m l i n e i n c r e m e n t is 2 5 5 ^ . I t is, 

t h e r e f o r e , necessary to use severa l "plot-line" ins t ruct ions to make 

up the longer lines which might be required. 

The G D P also provides i n t e r n a l c h a r a c t e r genera to r c i r c u i t r y 

wh ich a l lows the ninety-six printable ASCII characters to be drawn as 

5 x 7 d o t m a t r i c e s . These d o t sets may be scaled by p l a c i n g 

app rop r i a t e X , Y scale f a c t o r s in the C S I Z E registers (these registers 

are an a d d i t i o n to the c o m m e r c i a l ch ip - M a t h e r a t used the X / Y 

regis ters in his original implementation) up to a maximum scale fac tor 

of s ix teen . C h a r a c t e r gene ra t ion occurs by means of an up-and-down 

ras te r scan of the po in t s required to generate the character: in this 

way, a f t e r output of one symbol, the addresses fo r the next character 

pos i t i on w i l l be available. The maximum screen capacity, fo r a 512 x 

512 r e s o l u t i o n display is s i x t y f o u r l ines o f print , w i t h eighty f i v e 

characters per line. 

This same generator hardware can also be used to draw and f i l l 

r e c t a n g u l a r s c r e e n s e g m e n t s - a u s e f u l f a c i l i t y f o r " t h r e e -

d imens iona l " or mov ing displays . A more genera l polygon f i l l must, 

however , be p r o v i d e d by the p rogrammer , either by sub-division into 

r e c t a n g l e s o r a t a l ower l e v e l by using l ines and p i x e l w r i t i n g 

informat ion. 

There is p rov is ion , wi th in the DPU hardware, f o r the attachment 
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of a l i g h t - p e n . The output f r o m a phototransistor is used to generate 
a c lock pulse to the L P C L K input. When a "read pen" instruction is 
encountered in the display f i l e , the fo l lowing TV f rame is forced to 
w h i t e , a count is s t a r t ed in the two light-pen position registers, and 

procedure Bresenham(var x,y,deltax,deltay:real); 

(* The procedure draws a line from pixel position 

x,y to a point defined by x+deltax,y+deltay *) 

var 

reg i stereinteger; (* Some Temporary Storage *) 

begin 

register:=-deltax div 2; 

while (x > deltax) do 

begin 

plot(x,y); (* Set Point at current Raster Position *) 

x:=x+l; 

register:=register+deltay; 

if (a >= 0) then 

begin 

y:=y+l; 

a:=a-deltax 

end 

end 

end; 

Listing 6.1 A Modified Bresenham Algor i thm 

th i s is l a t ched on the r i s ing edge of the L P C L K signal. The host 

p r o c e s s o r may t h e n r e a d the p o s i t i o n o f the " p i c k " f r o m these 
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registers. 

Chapter VI 

6.7 The Durham University GDP System 

The D u r h a m Universi ty system makes use of a Thomson EF9365C 

Graphics Disp lay Processor to p rov ide a 512 x 512 interlaced scan 

d i s p l a y s y s t e m . A s s h o w n i n t h e c i r c u i t d i ag ram of f i g u r e 6.5 

Mi t sub i sh i 64K dynamic R A M chips are used to provide the 512 x 512 x 3 

b i t f r a m e buf fe r . Eight b i t words are wr i t t en by the display processor 

to a single plane of f rame buf fe r R A M and colour is produced by ANDing 

th i s w r i t e s ignal w i t h the output f r o m a C O L O U R register which is 

under the control of the host, a Data General Nova I I I minicomputer. 

The basic clock cycle of 14MHz is divided down to generate output R A M 

accesses every 0.56[is . Eight consecutive bits of informat ion are read 

f r o m each co lour plane i n t o highspeed Scho t tky sh i f t registers, and 

then s h i f t e d out s e r i a l l y a t the basic pixel clock rate. These three 

se r ia l data streams are summed together in appropriate proportions and 

s h i f t e d up o n t o a v i d e o " p e d e s t a l " . The f r a m e and l i ne sync 

i n f o r m a t i o n genera ted f r o m v e r t i c a l and h o r i z o n t a l blanking control 

signals is superposed upon th i s to p rov ide a composite video signal. 

The use of only twenty four 64K DRAMs would, in fac t , cover the 

addressing range of the GDP ( for three colour planes) twice over. This 

cou ld have been used to extend the available depth of the f rame bu f f e r 

to six b i t s and generate a more subtle colouring scheme, but f o r the 

app l i ca t i ons considered - notably a replacement f o r the Tektronix 4027 

- (See Chap te r IV) i t was f e l t to be more important to be able to 

p r o v i d e t h e " o f f s c r e e n " d r a w i n g f a c i l i t y . A single b i t b i s t ab le is 

used, therefore , to switch the addressing range of the R A M up to its 
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L i s t i n g 6.1 
F i n i t e State Machine Timing Control 

Address Data 
= = 3 S S S S a s a a 

0000 0100 
0001 0001 
0002 0001 
0003 0001 
0004 1001 
0005 1011 
0006 1011 
0007 0101 

Data Format i s : 
<CK>< IEXSTRX !L0AD> 
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upper segment. In this way the host system can produce a plot in one 
segment, display this as normal, and then switch to the other segment 
of R A M whilst s t i l l maintaining the previous image. 

The t i m i n g f o r the e n t i r e system comes f r o m a single 14MHz 

c r y s t a l c o n t r o l l e d o s c i l l a t o r . The t i m i n g diagrams of Figure 6.6 are 

genera ted by a f i n i t e state machine which consists of a counter and a 

h igh speed bipolar PROM. The contents of the PROM appear in Lis t ing 

6.2. 

The display sys tem centres around a Data General 4010 General 

Purpose Interface board. The sixteen b i t Nova instruction word is used 

to prov ide bo th the e igh t b i t i n s t r u c t i o n code and four bi t register 

address fo r the GDP. The remaining four bits are used to define three 

b i t s of co lour i n f o r m a t i o n in the C O L O U R register and the top b i t 

de te rmines w h i c h f r a m e b u f f e r memory segment is currently in use. 

I n i t i a l l y the i n t e r f ace is under programmed control , the GDP registers 

are set up and a display sequence readied. A GDP display f i l e is then 

cons t ruc ted in Nova memory: this consists of a sequence of commands 

which can be interpreted by the 9365. The GDP is then started. Part of 

the set up procedure is to enable interrupts on the 9365. Each t ime 

the command b u f f e r is ready to accept a new command sequence an 

i n t e r r u p t is f l a g g e d by l o w e r i n g the I R Q l i n e . This l ine has been 

connected to the Nova's Data Channel Request (DCHR) signal and is used 

to s t a r t a s ingle w o r d DMA t r a n s f e r . When the i n t e r f a c e is f i r s t 

programmed, i t is provided w i t h an address which is stored in an auto-

i n c r e m e n t i n g address r eg i s t e r . A w o r d count is also loaded into a 

s i m i l a r a u t o - d e c r e m e n t i n g reg i s t e r . Each t ime the GDP is "ready", a 

D C H R is communicated to the Nova. The Nova replies w i th a Data Channel 
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Acknowledge (DCHA) and waits f o r the address of the word required f r o m 
memory to appear on the bus. This value is provided by the address 
reg i s t e r on the i n t e r f a c e . The Nova then signals Data Channel Out 
( D C H O ) and places the da ta contained in that address onto the bus. 
This is cop ied to the GDP by the i n t e r f a c e logic and the address 
i n c r e m e n t e d and word coun t d e c r e m e n t e d . This process w i l l continue 
u n t i l the GDP receives a command to switch its interrupts o f f , or the 
wordcount register reaches zero. 

6.8 Programming The Graphics Display Processor 

The s o f t w a r e used t o c o n t r o l t h e G D P is somewhat more 

soph i s t i ca t ed than tha t so f a r descr ibed f o r display processors, and 

is a * S I X T H * implementation of the drawing package presented as part 

of Chap te r I I . The syntax f o r the language compiler is identical to 

t h a t of the l a rge r P a s c a l p r o g r a m m e , but the data s t ructures and 

i m p l e m e n t a t i o n dependent rou t ines are cons iderably s impler . This is 

f a c i l i t a t e d by the use o f the * S I X T H * p r o g r a m m i n g system and is 

inhe ren t in i t s use (See Chap te r I I I ) . The structure of the language 

c o m p i l e r i s , as m i g h t be e x p e c t e d , a l t e r e d cons iderably by i t s 

i m p l e m e n t a t i o n in the less c o n v e n t i o n a l language al though the user 

interface remains the same. 

On a pass through the source code, I N T E R P R E T is called to execute 

a l l t h e s o u r c e s t a t e m e n t s as * S I X T H * co lon d e f i n i t i o n s . A new 

subp ic tu re , spec i f i ed by the begin statement, is merely compiled as a 

d i c t i o n a r y e n t r y ; the words " : " and " ; " be ing s imply r e d e f i n e d as 

begin and end. Subpic tures are now b u i l t up as s imple d i c t i o n a r y 

en t r i e s r a t h e r than as the more elaborate tree structures used in the 
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Table 6.3 

00 01 02 03 on 05 06 07 
00 Pen Selec t Vec tor 0 § P i P 
01 Eraser Se lec t Drawing j 1 A Q a q 
02 Pen/Eraser on C o n t r o l n 2 B R b r 
03 Pen/Eraser o f f Codes 3 C S c s 
04 C lear Screen $ 4 D T d t 
05 Clear XfY B i t 3 = 0 % 5 E U e u 
06 Clear Screen X fT B i t O = 1 C 6 F V f V 
07 I n i t i a l i s e B i t 1 = DX t 7 G W g w 
08 L t Pen White s i g n ( 8 H X h X 
09 L t Pen Cycle B i t 2 = DY ) 9 I Y i y 
OA 5x8 Csize B l k s i g n « • 

• 
J Z J z 

0B 4x4 Csize B l k + • 
> 

K ] k • 
0C Backgnd White f a L £ 1 £ 
OD Clear X - = M 0 m 2 

OE Clear Y • \ N 2 n & 
OF ? 0 o DEL 

MODE Bit 0 - Pen o r Eraser A c t i v e 
Bit 1 - Eraser Selec ted 
Bit 2 - Fast W r i t e Mode 
Bit 3 - Window Mode 
Bit 4 - Enable I n t e r r u p t s 
Bit 5 - Enable I n t e r r u p t s 
Bit 6 - Enable I n t e r r u p t s 
Bit 7 - Unused 

on L i g h t Pen S igna l 
on V e r t i c a l B l a n k i n g 
on Ready f o r Command 

Control Characters Vectors 
0 H o r i z o n t a l Continuous 
1 H o r i z o n t a l Dot ted 
2 H o r i z o n t a l Dashed 
3 H o r i z o n t a l Dot-Dashed 
4 H o r i z o n t a l T i l t Continuous 
5 H o r i z o n t a l T i l t Dot ted 
6 H o r i z o n t a l T i l t Dashed 
7 H o r i z o n t a l T i l t Dot-Dashed 
8 V e r t i c a l Continuous 
9 V e r t i c a l Dot ted 
A V e r t i c a l Dashed 
B V e r t i c a l Dot-Dashed 
C V e r t i c a l T i l t Continuous 
D V e r t i c a l T i l t Dot ted 
E V e r t i c a l T i l t Dashed 
F V e r t i c a l T i l t Dot-Dashed 

Table 6.3 GDP C o n t r o l Codes 
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P a s c a l implementation. When a draw command is encountered, the current 
point is simply updated by call ing WORD and NUMBER twice to retr ieve 
the co -o rd ina t e s f r o m the inpu t l i n e , and the d i c t i o n a r y def in i t ion 
g iven as the draw parameter is executed. The e f f e c t of execution of 
e i t he r a subp ic tu re d e f i n i t i o n or a p r i m i t i v e l ine, rectangle, text 
e tc . . command as pa r t o f the main picture is to place a series of 
s i x t e e n b i t w o r d s c o r r e s p o n d i n g to GDP commands, or i n t e r f a c e 
commands, into NOVA memory, at an o f f se t wel l above the dictionary. In 
th i s way a simple linear display f i l e is generated, the finish command 
c a l c u l a t e s t h e l eng th of the display f i l e and t r a n s m i t s i t s s t a r t 
address and l e n g t h to the s ix t een b i t i n t e r f a c e counters. The GDP 
setup procedure is called and the GO signal asserted. From this point 
the host processor may return to the normal I N T E R P R E T loop whilst the 
display process is controlled by the GDP. 

I t is c l e a r l y w a s t e f u l of host address space fo r the display f i l e 

t o be genera ted l i n e a r l y as described. A more e f f i c i e n t system is to 

a l low jumps through the GDP control instructions and the setting up of 

subrout ines . In t h i s case the i n t e r p r e t a t i o n o f group descriptions is 

such t h a t the subpic tures are expanded immediately into the display 

f i l e and the only dictionary entry made is the value of the address of 

such a subpicture. The GDP instructions of Table 6.3 do not cover the 

f u l l r a n g e o f s i x t e e n - b i t comb ina t i ons and one of these is now 

r e s e r v e d t o r e l o a d the i n t e r f a c e address coun te r . In th i s way a 

s t r u c t u r e d d i s p l a y f i l e is b u i l t up as s h o w n i n F i g u r e 6 . 7 . 

This is about the l i m i t of what is available w i t h the current GDP 

system but a design has been produced fo r a more sophisticated display 

processor w h i c h involves the a d d i t i o n o f some i n t e l l i g e n c e to the 
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i n t e r f a c e c a r d . In p a r t i c u l a r the implementa t ion contains a Motorola 
68701 single chip microcomputer. A single unused opcode is trapped by 
th i s co-processor as an escape code, and the fol lowing display command 
is i n t e rp re t ed by a programme contained in its on-chip EPROM. In this 
way e x t r a c a p a b i l i t i e s , such as c i r c l e d rawing d i g i t a l d i f f e r e n t i a l 
analysers and scan l ine c o n v e r t e r s f o r genera l i sed polygons may be 
added. 

6.9 Summary 

The Graphics Disp lay Processor provides a convenient method of 

o f f - l o a d i n g the t ime consuming display generation process f r o m a host 

computer. I t copes adequately w i t h f rame buf fe r sizes up to 512x512x4 

and is capable of r e w r i t i n g p i c t u r e i n f o r m a t i o n at a m a x i m u m of 

1 .5Mpixels /sec (screen b lanked) or 750,000pixels /sec average (display 

enabled) . The degree of f l e x i b i l i t y ava i l ab le t o the programmer is 

c o n s i d e r a b l y w i d e r t h a n t h a t p r o v i d e d by t h e V D P , and i t s 

c a p a b i l i t i e s , in t e r m s o f the more conven t iona l l i ne graphics f o r 

w h i c h i t i s d e s i g n e d , t o g e n e r a t e c o m p l i c a t e d p i c t u r e s a re 

cons iderab le . A p a r t i c u l a r advantage over the VDP is its abi l i ty to 

genera te characters of varying size and place them a d i f f e r i ng angles. 

In t e r m s o f the app l i ca t i ons discussed in Chap te r I V , th i s display 

p r o c e s s o r p r o v i d e s , i n t e r m s o f c o s t and c a p a b l i t y , t h e best 

r ep l acemen t f o r the Tektronix 4027 that we have found. 

The tendency of th i s work has been, however, to look at the 

w i d e r i m p l i c a t i o n s of adop t ing a "display processor approach" to 

c o m p u t e r g raphics . In the f ields of picture making which require less 

s t y l i s e d i m a g e s than those w h i c h s u f f i c e f o r data analysis on a 
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s c i e n t i f i c r a d a r , t h e i m a g e s p r o d u c e d by t h e GDP are s imply 
inadequate . N o t only is the r e s o l u t i o n l o w , by any def in i t ion f r o m 
modern c o m p u t e r image c o n s t r u c t i o n , but the speed of generation of 
t h a t image is, in f ac t , quite slow. The GDP is not as good as the VDP, 
f o r ins tance , a t moving objects about the screen. This is because an 
o b j e c t must be d e f i n e d by w r i t i n g the p i x e l positions i t represents 
w i t h a series of "pen-down" instructions; erased f r o m graphics memory 
by r e d r a w i n g the o b j e c t w i t h the "eraser"; its position updated and 
then i t s image r e c o n s t r u c t e d . This process can be carried out quite 
q u i c k l y f o r a s ingle o b j e c t but is notably unsuccessful when several 
parts of a picture are moving. 

For work of the "realism" school, or fo r animation then, the GDP 

has l i m i t e d capabilities: i t is necessary to look fur ther . 

6.10 The N E C | iPD7220 Graphics Display Controller (GDC) 

The Nipon Elect r ic Company |iPD7220 display processor is the most 

v e r s a t i l e o f t h e s i n g l e c h i p g r a p h i c s c o n t r o l l e r s wh ich w i l l be 

discussed here . As such, i t should be considered as the "state of the 

a r t " in t e r m s of th i s p a r t i c u l a r a r c h i t e c t u r e . W i t h the increas ing 

f l e x i b i l i t y , however , comes an increase in the complexity of both the 

ha rdware i m p l e m e n t a t i o n and the control l ing software. The underlying 

a r c h i t e c t u r e is v e r y s i m i l a r to t h a t of the Thomson GDP. The 

C o n t r o l l e r m u l t i p l e x e s da ta to one, or more, of a series of parallel 

memory planes. These planes provide a data word which represents the 

r ed green and blue components of a picture. In order to achieve the 

d a t a r a t e s f o r the display g e n e r a t i o n , the p i c t u r e i n f o r m a t i o n is 

removed f r o m the f rame bu f f e r sixteen pixels at a t ime and loaded into 
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a series of video sh i f t registers. From these the data are shi f ted out 
to the monitor at the pixel clock frequency. The controller is capable 
o f g e n e r a t i n g t h e c o m p o s i t e v i d e o s y n c h r o n i s a t i o n signals as a 
f u n c t i o n of the basic c lock f r e q u e n c y based upon parameters loaded 
i n t o i t dur ing setup. For normal graphics work, the f rame bu f f e r can 
be organised as 1024 pixels by 1024 lines w i th four bits per location 
( i . e . a t o t a l of 4 M b i t s are a v a i l a b l e . ) . I f a f u l l t h i r t y - t w o b i t 
p i x e l access were performed, at a pixel clock frequency of 80 MHz, a 
2:1 i n t e r l a c e d scan p i c t u r e can be c o n s t r u c t e d w i t h 1024 by 1024 
r e so lu t i on using th ree planes fo r red, green and blue and the four th 
f o r a g raphics overlay. I t is doubtful i f a wirewrapped display system 
would run at such speeds, so the Durham University GDC system utilises 
a 512 by 512 resolution w i t h a basic clock frequency somewhere nearer 
2 0 M H z . The i n t e r f a c e to the GDC is over an eight b i t bi-direct ional 
data pa th w h i c h is u n f o r t u n a t e as i t aims the system at the older 
e igh t b i t mic roprocessors . The c o n f i g u r a t i o n used f o r this prototype 
was in ter faced to a Motorola MC68000 MPU by means of an eight b i t PIA 
data port . 

The G D C occupies two adresses in the host processor's memory, one 

corresponds to the i n t e r n a l s ta tus register and the other to a Firs t 

in F i r s t out (FIFO) buf fe r . Address 0 provides status informat ion when 

read and is used to access the command buf fe r in wr i t e mode. Address 1 

is a r e a d / w r i t e entry to the sixteen word by nine b i t FIFO which is 

used to a l l o w some degree of asynchronism between the host and the 

display processors. 

Some d i f f e r e n t i a t i o n is required between command and parameter 

bytes , so the GDC maintains an extra b i t fo r each datum which is used 
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as a f l a g . I f the host processor w r i t e s to address 0 (the command 
r eg i s t e r ) the f l ag is set to indicate to the GDC command processor 
that i t is not a parameter f r o m a previous operation. I f , however, the 
da tum is passed via address 1, i t is flagged as parameter informat ion. 
In th i s way parameter lists can be cut short, only the required number 
of command a rguments being t ransmit ted. 

Two s ta tus b i t s may be m o n i t o r e d by the cont ro l sof tware to 

d e t e r m i n e the s ta tus o f the FIFO. Whilst the bu f fe r is not f u l l , the 

graphics software is f ree to generate and transmit drawing commands as 

a p p r o p r i a t e . The F I F O o p e r a t e s in h a l f - d u p l e x r e a d / w r i t e mode, 

tu rna round occurs when a command requests data transfer back to the 

host . Any f o l l o w i n g commands are d iscarded by the GDC and the 

pa rame te r FIFO is f i l l e d f r o m display memory. The host processor can 

then read the data back f r o m the GDC. The mode of this communications 

channel swings around again when the host attempts to wr i t e the next 

instruction to the command register. 

I t is possible to request DMA cycles to communicate wi th display 

memory wi thout the intervention of the GDC; in this mode data can be 

t r a n s f e r r e d at up to 1.25 Mbytes per second assuming, of course, that 

i t can be generated at this rate. 

M u l t i p l e GDCs may be synchronised in one system to expand the 

display memory depth w h i l e m a i n t a i n i n g i t s he igh t and wid th . Two 

c o n t r o l l e r s , f o r i n s t a n c e , a l l o w e i t h e r t h e s u p e r p o s i t i o n o f 

a l p h a n u m e r i c d a t a u p o n g r a p h i c s , or more b i t planes per p i x e l . 

Mul t ip le GDCs may also be used in a double buf fered memory system to 
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ensure t h a t p i c t u r e gene ra t i on is " f l a s h - f r e e " ; one control ler wr i t ing 
to the b u f f e r which is not currently on display whilst the other deals 
w i t h o u t p u t o f the active f rame buf fe r . Drawing speeds are increased 
by using one GDC f o r each memory plane and true colour is made 
possible by the use o f severa l chips fo r display memories of up to 
2048 x 2048 resolut ion. The GDC does not use a colour register l ike 
t h a t of the s imp le r display chips in order to maintain f l e x i b i l i t y . I t 
is capable of dynamically reconfiguring the display memory, and, since 
a co lour r eg i s t e r makes assumptions about the fo rmat of the f rame 
b u f f e r , i t s use wou ld be i n a p p r o p r i a t e . Besides this very impressive 
r e s o l u t i o n the GDC in t roduces the capab i l i ty of performing a Read-
M o d i f y - W r i t e s equence w i t h d i s p l a y m e m o r y . The mode f o r the 
m o d i f i c a t i o n o f i n d i v i d u a l b i t s w i t h i n a display R A M word are 
f u n c t i o n s of t w o i n t e r n a l registers - the Mask and Pattern registers. 
In this way areas of screen memory can be set (made bright) , cleared 
(made da rk ) , inver ted or replaced w i t h a pattern specified in the on-
chip parameter R A M . 

The GDC operates in one of three modes. The f i r s t is known as 

f u l l g raph ics mode and uses a l l 256K words of memory. Sixteen data 

b i t s may be used by means o f the t ime division multiplexed display 

memory i n t e r f a c e . The low order or high order byte is selected as a 

f u n c t i o n o f the Ag address line. Another mode combines graphics and 

coded c h a r a c t e r s on the screen simultaneously, sixteen lines f r o m the 

address bus decode to the display memory and two control an external 

l i ne coun te r . The f u n c t i o n o f th i s coun te r is to switch a block of 

i n t e r f a c e c o n t r o l l og ic be tween graphics and charac te r display. The 

f i n a l mode is as a V D U c o n t r o l l e r : i t allows character display only. 

In th i s mode t h i r t e e n address and da ta l ines c o n t r o l up to 8K of 
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BESET 00 

VSYNC 

CCHAR 

ZOOM 

START 

ZOOM 

CURS 

PRAM 

PITCH 

HDAT 

MASK 

FIGS 

6E 

IB 

46 

6B 

46 

70 

47 

4A 

4C 

FIGD 6C 

GCHRD 68 

RDAT 101XXO00 

CORD EO 

LPRD CO 

DMAR 101XX100 

DMAW 001XX1XX 

Table 6.4 

Resets the graphics display controller to i t s i d l e state 
and s p e c i f i e s the video display format. 

Selects master or slave video synchronisation. 

Specifies the cursor and character row heights. 

Specifies a factor for extension of memory cycles for 
display and graphics character writing. 

I n i t i a t e s the Display Process. 

Specifies a factor for extension of memory cycles for 
display and character writing. 

Sets the position of the cursor i n the display window. 

Defines the s t a r t i n g addresses and lengths of the 
display areas as well as specifying the required 
parameter bytes f or graphics characters. 

Sets the width of the display screen. 

Causes data to be written to display RAM. 

Loads the MASK r e g i s t e r . 

Sets the parameters for the D i g i t a l D i f f e r e n t i a l 
Analyser. 

Causes a previously s p e c i f i e d figure to be drawn. 

Draws a previously defined graphics character into 
memory. 

Reads data from display memory. 

Reads the current address of the cursor. 

Reads the address of a previous ' h i t ' with the l i g h t 
pen. 

Requests the GDC to shedule a DMA read transfer. 

Requests the sheduling of a DMA write transfer. 

Table 6.4 The GDC Instruction Set 
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display memory of thirteen bits width. The character code and a series 
of a t t r ibute bits are then simply wr i t t en to the display RAM at 
appropriate locations. 

The GDC responds to eighteen d i f fe rent commands as listed in 

Table 6 . 4 [ 8 6 ] which provide the basic functions of video t iming 

generation, memory control , character generation, and figure drawing. 

A f t e r power-up, the display system must be initialised by means of a 

RESET command which places the 7220 in the idle mode and prepares it 

to receive commands. I t is then necessary to define the mode of 

display operation by a series of command packets. The SYNC command is 

used to c o n f i g u r e the video t i m i n g genera tors to provide the 

appropriate horizontal and vertical blanking pulses. A VSYNC command 

is available to configure the GDC for master or slave operation in a 

multi-7220 configuration. The PITCH and PRAM commands are then used to 

ident i fy the addresses in display memory which will be mapped onto the 

a c t i v e screen area, a C H A R d i rec t ive is used to establish the 

characteristics of the character generator and a ZOOM instruction used 

to specify the current magnification factor. Finally the START command 

may be executed and picture generation begins. The ZOOM factor 

mentioned above is o f ten unused in simple implementations, this is 

because it simply slows the memory access down so that a single pixel 

datum is used to f i l l two or more display pixels. To use this as a 

display memory READ function, (i.e. to cause a portion of the image to 

be expanded) requires that external c i rcu i t ry is available to adjust 

the display parameters as appropriate to the current resolution. The 

ZOOM fac i l i ty may, however, also be used as a WRITE function to cause 

subsequent drawing commands to be expanded. 
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Drawing command sequences may now be t ransmit ted to the 
c o n t r o l l e r s FIFO by i t s host in e ight by te b locks . ( I t Is the 
responsiblity of the host to check the FIFO ful l flag and to end the 
data transfer appropriately.) From this point, pictures may be built 
up by means of the figure drawing capallity of the nPD7220. The pixels 
are addressed by means of a pointer to the appropriate word in display 
memory and a MASK register which indicates which bit (or bits) are to 
be changed. This register is shif ted l e f t on each pixel dot clock 
cycle, in this way the next pixel position is addressed. Af ter sixteen 
such shif ts , the mask b i t is carried round to the least significant 
b i t position, the o f f se t into display memory incremented and the 
addressing process continued. I t is possible, of course, to wr i te 
something other than a single one into the MASK register, for example 
i f al l bits are set the f igure wil l be draw 'by the word' in display 
memory. I t is d i f i c u l t to imagine non- t r iv ia l applications for other 
bi t patterns but these are available. 

The cursor address and MASK register, then, provide a simple 

means of d rawing paral lel lines in image space. I t is, however, 

important that a display controller be capable of specifying a general 

line segment. This is achieved by means of adding (or subtracting) the 

value of the PITCH (memory word width) to the current cursor address. 

This provides the ability to move vertically through memory space and 

coupled with the horizontal movement specified by a MASK shift, allows 

eight drawing directions to be defined (see Figure 6.8)[88]. The DIR 

command enables the programmer to select a specific initial drawing 

direction for a figure and to hence specify an area octant in which to 

w o r k . These r e s t r i c t i o n s are imposed on the hardware d ig i ta l 

d i f f e r e n t i a l analyser (DDA) when a diagram segment is specified in 
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parameter RAM by means of the FIGS command. 

Chapter VI 

The DDA generates the pixel positions which are required to 

define a f igure by a high speed analysis of the differential equation 

which the f igure represents. The hardware works in parallel with the 

Read-Modify-Write display update hardware to form a pipelined system 

which provides a high data rate. The processes are overlapped so that 

whilst the RMW section is updating a particular pixel address, the DDA 

is calculating the address of the next pixel to update. The octant 

specif icat ion determines which axis (x or y) w i l l be used for the 

independent f igure values. The DDA advances along this axis, a pixel 

at a t ime, calculating the values for the dependent axis which may or 

may not be advanced by a pixel distance depending on the figure type 

and the position of the pixel within the figure. As with most systems 

which implement a DDA the resultant image is always within one half 

pixel of its mathematically ideal position. A picture segment is set 

up by the FIGS (figure specify) command, a number of parameter bytes 

fo l low the command iden t i f i ca t ion sequence. The first configures the 

DDA in order to draw a particular diagrammatic element type and the 

rest of the parameters comprise fourteen b i t integer variables in 

two's complement fo rma t which control the action of the DDA. 

In all there are six modes in which the DDA may operate; Single 

Dot mode, in which successive word addresses are transmitted for DMA; 

Line and Vector mode; Arc mode; Rectangle drawing mode; Area Fil l and 

graphic cha rac t e r d rawing mode and Slanted Graphics mode fo r 

characters and area f i l l . 
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Vec to r d rawing requires nine parameter bytes (making up 5 
variables) to fo l low the FIGS command. The first byte specifies that 
vector graphics w i l l be performed and details which octant will be 
used. The next two bytes form the dot count which refers to the number 
• f pixel addresses to be calculated and drawn; this is a function of 
the project ion of the length of the vector onto the independent axis. 
The DDA is then passed the difference between the projections of the 
vec to r on each axis and the length of the project ion onto the 
dependent axis. In this way the slope of the line is encoded into the 
DDA parameters so that it may determine when to advance its pointers 
along the dependant axis. 

The GDC is capable of drawing arc segments subtending an angle of 

up to 45° in a single octant. A circle may thus be made up of eight 

arcs, each wi th the same radius of curvature. To draw an arc, the 

star t ing pixel is transmitted to the display controller by means of a 

CURS (or cursor position) command and a FIGS command with the 

appropr i a t e parameter by tes . Once again, a f t e r the byte which 

specifies arc drawing, a dot count is made available to the DDA: this 

is an integer rounded representation of the radius multiplied by the 

sine of the angle made by the point at which arc drawing wil l commence 

and the x axis. The second parameter is the radius as is the third -

since no parameters may be skipped these must be included. An all one 

value is used for the dots masked parameter (all dots are drawn) and 

the last parameter is the arc length (The radius multiplied by the 

sine of the angle i t will subtend). 

Rectangles may be drawn by specifying only the number of pixels 

to be drawn on each side of the figure and a start position. These are 
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encoded by passing the GDC a code value of three, the number of pixels 
in the in i t i a l ly specified direct ion and the number of pixels in the 
perpendicular direct ion. The starting position is communicated as part 
of a CURS command and rectangles may be draw at any direction as 
specified by DIR. 

The area f i l l modes operate in a sl ightly d i f f e ren t way from 

those so far described. The contents of the bottom eight bytes of 

parameter RAM can be transferred into display memory starting at any 

pixel position. When f i l l e d wi th a pattern or character description, 

this RAM acts as a holding buffer which, until i t is overwritten, can 

be moved to the display as many times as are required, and in any of 

the eight orientations set by the DIR command. The f i l l figure drawing 

process, then, scans the RAM from the least significant bit up to the 

most s ignif icant and wri tes the contents of these eight bytes to 

display memory. I f the area is greater than 8 x 8 pixels then the 

process is simply repeated unt i l the area is f i l l e d . The f i l l stops 

immediately the specified area is covered, whatever the state of the 

parameter R A M . In this way, graphics characters may be specified in 

parameter RAM and drawn on to the display space. 

The above describes the ways in which a figure may be set up: i t 

is not actually drawn until the GDC encounters either a FIGD (Draw 

Figure) or GCHRD (Draw Graphics Character) instruction. Al l of these 

commands are e f fec ted by the ZOOM directive which performs pixel 

repl icat ion to achieve a zoom factor up to sixteen times. The start 

address of the figures is added to a base address offset which is set 

by the CURS command, therefore allowing the user to pan through 

display memory a section at a time. 
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6.11 The Durham University GDC System 

The Durham System comprises a single iiPD7220 controller circuit 

which is used to address four megabits of display f i le memory arranged 

in four planes. These planes designated red, green, blue and white are 

read in parallel to provide the four bits of colour information used 

by the monitor. The available display addressing area is 512 x 512 

pixels within a 1024 x 1024 total display memory area. By writing to 

the base address o f f se t register of the interface, it is possible to 

pan the actual picture area around this total image memory space. 

I t should, perhaps, be emphasised that the GDC is not capable of 

genera t ing the f i n a l video image signals direct ly and requires a 

c e r t a i n degree of support f r o m both its interfaces to the host 

computer and the video system. The problems with production of the 

control ler ensured that its f i na l availablity as a commercial product 

was s ignif icant ly predated by its announcement as a viable component 

in real systems. This seems to be reflected in its design, for whilst 

i n t e r n a l l y , and in its dealings wi th the display buf fe r , the data 

paths are sixteen bits wide, the interface bus to the host is only 

ha l f th i s w i d t h . Whilst this may be a func t ion of the "pin-out" 

problem which surrounds the design of LSI/VLSI components, it seems 

more l ikely that the current plethora of sixteen (and even thirty-two) 

b i t microprocessor devices had not been envisaged when development 

work began on the GDC. Like the other processors we have discussed, 

the device was made to be "memory mapped" into the address space of 

ita host. With this in mind, and also the superior capability in terms 

of speed and address space, i t was decided that the GDC system would 
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in i t i a l ly be interfaced to a processor which supported this form of 
I / O a c t i v i t y . The subsequently formed " inte l l igent graphics unit" 
could then collect i ts picture data f rom any one of a variety of 
sources. 

The host processor employed was the Motorola MC68000 MPU as 

configured for the KDM68 development module. Two eight bit peripheral 

interface adapters are used to provide the sixteen bit word size used 

by the microprocessor. As mentioned earlier, the GDC uses an eight bit 

data path but requires address read and write and DMA control lines 

which were provided by ut i l i s inq several bits of the upper output 

byte. This initial system buffered its I/O through the PIA rather than 

making the GDC behave as a slow memory peripheral on VERSABUS in order 

to make the interfacing as simple as possible. 

The development software was written in *SIXTH* (see Chapter III) 

and enabled reasonably complicated operations on the interface to be 

programmed from the keyboard. The PIA is made known to the software by 

the following code: 

H E X ( Set the Base to 16 ) 

3FF40 CONSTANT PIA ( Address of first PIA ) 

PIA 2 + CONSTANT P B ( Next location ) 

P B 2 + CONSTANT CRA ( Control Register PIA ) 

CRA 2 + CONSTANT CRB ( Control Register P B ) 

The interface adapter is set up as follows: 
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: SETUP 0 CRA !W 0 CRB !W ( Initialise Control Registers) 

F F F F PIA »W F F F F PIB !W ( Set all lines to Output ) 

404 C R A !W 404 CRB !W ( Select ouput mode in i /F ) 

0 PIA !W 0 PIB !W ( Zero all O/P lines ) 

; ( End of Setup ) 

Subsequently lines can be set by: 

< value > PIA !W 

or, a f te r the control registers have been programmed to read from the 

GDC, the code: 

PIB @W 

w i l l place the levels set on the second adapter as a hex nuber on the 

operational stack. 

GDC commands were added by simple definitions of the form -

: START 6B ( Hex Value of Start Command ) 

PIA !W ( Place on the output lines ) 

OUTPUT ( Clock the data in ) 

> 

where OUTPUT is a word which controls the read, write and addressing 

l ines f o r the data l ink. A clock pulse may be in i t ia ted by the 
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sequence -

: C L O C K 0 P B !W ( Zero all control lines ) 

10 PIB !W ( raise clock line ) 

0 PIB !W ( Reset output buffer ) 

> 

and data may be placed on the bus with a strobe line by the *SIXTH* 

command -

: DATA 0 P B !W ( Zero all control lines ) 

PIA !W ( Put data onto the Bus ) 

10 PIB !W ( raise the strobe line ) 

0 P B !W ( lower the strobe ) 

0 PIA !W ( Clear the data register ) 

» 

These commands may be used to copy a parameter array from the host to 

the GDC, as occurs in the FIGS directive, by constructing a definition 

of the form -

: LOADPARAMS FIGS ( Issue FIGS Command Sequence ) 

8 1 DO ( Set up parameter copy route ) 

PARAMS [ I ] ( Perform Array Access ) 

LOOP ( End of DO ) 

» 

In this way complicated pictures of the type found at the end of this 

chapter can be bui l t up very quickly from the primitive operations 
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described here. 

Chapter VI 

6.11 ^um»Ty 

By and l a rge , the display processors which are, current ly, 

available are of the types discussed in this chapter. Some of the more 

tedious calculations which are required of an interact ive computer 

graphics package, areperformed by a co-processor which modifies the 

contents of frame buffer memory in accordance with primitive drawing 

instructions supplied by the host. The overall architecture, however, 

is 8 t i l 1 conventional. The processor is quite distinct from the data 

upon which i t operates. To perform a drawing operation, data must pass 

along a bus f r o m the host to the DPU, read-modify-write operations 

then occur along a communications path between the frame buffer and 

this subsidiary processor. The chapter which fol lows will propose a 

more parallel architecture for display systems and wil l compare and 

con t ras t a l t e r n a t i v e approaches to the problems inherent in the 

manipulation of simple graphic data elements. 

The e f f e c t s of the b l u r r i n g of the defining lines between 

processor and memory which accrue from this increase in parallelism 

result in a trade o f f between efficiency in terms of speed and data 

t r ans fe r , and e f f i c i ency in terms of the ut i l i sa t ion of space and 

communica t ions f a c i l i t i e s ava i l ab le to a designer. Chapter VII 

d i s c u s s e s t h e s e c o m p r o m i s e s i n s o m e d e t a i l . 
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Photographs 

(a) Data General Nova III Interface Board (Component Side) 

(b) Data General Nova III Interface Board (Circuit Side) 

(c) VDP Display Processor Printed Circuit Board (Component Side) 

(d) VDP Display Processor Printed Circuit Board (Circuit Side) 

(e) VDP Prototype Wire Wrap Board 

( f ) Dual VDP Prototype Wire Wrap Board 

(g) Dual VDP Prototype Wire Wrap Board (Close Up) 

(h) Thomson EFCIS Graphics Display Processor Board (Data General I/F) 

(i) Ditto 

( j ) NEC nPD7220 Graphics Display Controller Prototype Wire Wrap Board 

(k) GDC installed in card frame with Memory Subsystem 

(1) Ditto 

(m) onwards.. Demonstration Pictures 
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Chapter VII 

A Special Purpose Display Controller 

7.1 Introduction 

The display hardware which has been described so far has 

concentrated upon the implementation of simple linear algorithms such 

as digi ta l d i f f e r e n t i a l analysis, in such a way as to offload some of 

the repeti t ive calculations, which would otherwise have been performed 

by a host processor, on to a slave or co-processor. An excellent 

example of this is the calculation of the next pixel address to set 

f o r l ine gene ra t i on , as p e r f o r m e d by the single chip display 

controllers described in Chapter V I . A natural succession of ideas 

would at tempt to ut i l ise this approach to f ind hardware which is 

capable of the p i x e l intensive calculations required of a raster 

display system used to produce solid shaded images. The wireframe 

drawings generated by vector displays, and by simple raster based 

drawing schemes are, of their nature, ambiguous and often confusing. 

I t is not always apparent which parts of a wireframe model are 

supposed to mask other elements and hidden line removal is slow and 

not always helpful. Some attempt to rectify this is made with "depth 

cueing" where lines at different apparent distances from the observer 

are d isplayed in d i f f e r i n g intensi t ies or colours. There is s t i l l , 

however, no substitute for the block fil led drawings available from a 

raster scanned image. 

What the following pages attempt to do is to continue the lessons 
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in d i s t r i b u t i o n of labour , which have been described in earlier 
chapters, but wi th special reference to a block f i l l imaging system. 
The distr ibut ion of intelligence which is witnessed throughout this 
work w i l l be taken a stage further and the network to be described 
w i l l be directed towards a future date when large arrays of single bit 
computational elements wil l be made possible by ever increasing trends 
towards miniturisation and Large Scale Integration. 

7.2 The Durham University Display Processor 

Throughout this work, the standard configuration used for simple 

colour raster scan systems has been that of an intel l igent display 

control ler working in tandem with a simple frame buffer. This frame 

bu f f e r has comprised a series of planes of simple arrays of single bit 

memory cells. Each array represented a single picture element and each 

plane provided an extra level of resolution in terms of colour. What 

is proposed f r o m here on is t ha t th i s c o n t r o l l e r / f r a m e buf fe r 

dichotomy be removed and replaced with a network comprising the same 

display c o n t r o l l e r but w i t h an i n t e l l i g e n t memory capable of 

performing pixel oriented operations. Such a memory element has been 

designed, and has been s u b m i t t e d f o r c o n s t r u c t i o n at SERCs 

microelectronics fabrication facil i ty at Edinburgh. 

One of the principles which is foremost in this type of work is 

the realisation that, although the limits which are imposed by current 

technology, and by the part icular fabr icat ion route available, mean 

tha t commerc ia l ly viable in te l l igent memory systems may not be 

produced, the techniques and algorithms developed for use with these 
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relat ively small scale c i rcui t s w i l l be applicable to future systems 
w i t h f e w e r l i m i t a t i o n s . Consequent ly the "Se l f -F i l l i ng Memory" 
described herein is of l i t t le use as i t stands (far too many would be 
r equ i red to b u i l d a pract ical f rame buf fe r ) but the concepts i t 
encompasses are qu i t e app l icab le to some fu tu re design route. 

The basic algori thm which has been implemented is known as 

"Simple F i l l " . Any area of a single colour and texture, within an 

image, may be defined in terms of the closed loop graph which forms a 

l is t of the bounding edges of that area, and a related flag which 

implies some function of the colour or intensity profile for the area. 

Furthermore, i t is necessary to iden t i fy a point wi th in the closed 

boundary to distinguish "inside" from "outside". The term "Simple" is 

used because the technique works at the pixel level and, therfpre, may 

not f i l l the mathematically correct area. 

Also fundamental to the design is the concept avowed earlier in 

th i s work t ha t i n t r a - c h i p c o m m u n i c a t i o n was substantially less 

"expensive" to implement than inter-chip communication. In real terms, 

this means that although arrays of very simple processors may be used 

quite e f f i c i e n t l y on a single integrated circuit, the extension of the 

connections across chip boundaries is impract ical as the number of 

r equ i s i t e connec t ion routes increases. 

Final ly, i t must be appreciated that the macroscopic drawing 

functions, such as line and character generation, are best performed 

by what we shall cal l 'conventional ' display processors of the type 

described in chapter V I . This is because they are operations which 

cannot be computed for picture areas in isolation. 
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Given the requirements already outl ined, the fo l lowing design 

decisions were taken. The "Self-Filling Memory" would be packaged in 

much the same way as the standard single bit Random Acess Memory(RAM) 

used in many f rame buf fe r applications. That is to say that when 

accessed for read or write, i t is presented with a single address and 

the appropriate memory cell is either output to the Qout pad or read 

f rom Din. In addition, however, each address will maintain a second 

memory cell called border which is available as a write only line and 

is set by the presence of its address and Set on the memory's input 

pins. A l l the border ce l l s are reset (c leared to zero) by the 

application of the broadcast line Clear. This doubling of the ram 

requirement seems at f irst sight to be a heavy price to pay for the 

d i s t r i b u t i o n of i n t e l l i g e n c e which i t produces. The premise is, 

however, that for a standard 4116 type RAM of the sort used in many 

frame buf fe r applications, the technology required to produce a "Self-

F i l l ing Memory" is only that required to build a 32k dynamic RAM. 

Since most manufacturers are capable of constructing 64k bit RAMS, and 

128k and 256k devices are on the horizon, this approach to frame 

b u f f e r c o n s t r u c t i o n is more r e a l i s t i c than i t at f i r s t seems. 

7.3 Use of the Self-Filling Memory 

The s e l f - f i l l i n g memory is designed to replace the normal RAM 

chips used in the frame buffer of a simple raster graphics subsystem. 

A location of this special memory is required for each picture element 

to be displayed, and colour is produced by the use of parallel memory 

planes in the usual way. Data are extracted eight, or more, pixels at 

a t ime into a video sh i f t register and shi f ted out to the display 
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system at the appropriate pixel clock speed for the given resolution. 
This serves, as normal, to slow down the addressing logic. Characters 
and graphics figures are produced by some form of digital differential 
analyser such as the NEC nPD7220 Graphics Display Controller described 
in the last chapter. In this mode of operation memory locations are 
set in appropriate planes to produce a pixel of the correct colour in 
exactly the same way as would occur for a simple or dumb frame buffer. 
The major use of the new memory system occurs when solid areas must be 
f i l l e d in a single colour. In this mode, the DDA is used to describe 
the outlined of the shape to be f i l l e d in a series of draw line 
i n s t r u c t i o n s . T h i s f i t s qu i t e nea t ly w i t h the usual f o r m of 
specif icat ion for a f i l l e d area in a language such as ODL. During 
description of these outlines, the address is provided to the ram but 
the Set line is held high for all those planes which are to be fi l led 
(as is appropriate to the colour of the fi l led area). As the addresses 
are computed by the DDA, the outline is "drawn" into the border memory 
cells of the "Sel f -Fi l l ing Memory". Once this is completed, a point 
wi th in the f i l l e d shape is selected and addressed in each plane which 
is to be f i l l e d . Whilst this address is present on the input address 
bus, the chips in the selected planes are given a start pulse. From 
this point, the memory writes a logic 1 into each of the cells within 
the bounded area. F i l l ing proceeds asynchronously outwards from the 
seed pixel to the boundaries and then halts. 

Each pixel processing unit is in communication with four of its 

neighbours by means of eight lines. Four output drive lines are 

available to in i t ia te action in surrounding cells, and these appear as 

the f o u r input sense lines in a part icular cells neighbours. The 

action of the seed cel l is to f i l l its pixel memory location and to 
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EVENTS| 

STATES| 
Read j 

S e l e c t | 
Wri te 
S e l e c t 

1 Set I S t a r t 1 Neighbour I 
f i l l | 

C l e a r 1 D e s e l e c t 

I D L E | 
READ | WRITE I BORDER F I L L 1 F I L L I I D L E I D L E 

I D L E | 
Output | Input | S e t Bdr Set F i l Set F i l l 1 + + 

READ 
READ | I D L E I I D L E I D L E F I L L I D L E I D L E 

READ 
Output | A 1 * A Set F i l l A O/P High 

WRITE 
IDLE | WRITE | I D L E I D L E F I L L I D L E I D L E 

WRITE 
A | Input 1 * A Set F i l l A + 

B_SET 
IDLE | I D L E | B _ S E T I D L E BORDER I D L E BORDER 

B_SET 
A 1 A | S e t Bdr A + A + 

BORDER 
READB| WRITEB |BORDER BORDER BORDER I D L E BORDER 

BORDER 
Output | Input | + r s e f i l + c l r bdr + 

READB 
READ | BORDER I BORDER BORDER BORDER BORDER BORDER 

READB 
i O u t p u t | A I * 1 * + A + 

WRITEB 
I BORDER| WRITE I BORDER I BORDER BORDER BORDER BORDER 

WRITEB 
1 A 1 Input 1 * 1 * + A + 

F I L L 
I IDLE | I D L E I IDLE I F I L L F I L L I D L E I D L E 

F I L L 
1 + 1 A 1 * |Set F i l Set F i l l A + 

+ = Perforin no A c t i o n Set Bdr = Set Border c e l l to one 

A = E r r o r Condi t ion Set F i l = Set Data c e l l t i i n d i c a t e f i l l 

Format 
====== EVENT 

I Next S t a t e I 
STATE | 1 

I A c t i o n j 
I I 
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raise the f o u r drive l ines under i ts cont ro l . Each of the four 
neighbouring single b i t cells w i l l detect a stimulus on one of its 
input sense lines and wil l respond by checking the value of its border 
f l a g . I f th i s is set i t w i l l copy a logic 1 to its pixel memory 
element but w i l l not raise the four drive lines under its control. If 
the border f l ag is not set when an input sense stimulus is detected, 
the pixel w i l l be " f i l l ed" and the four drive lines activated to cause 
the f i l l i n g process to continue towards the boundaries of the defined 
area. Table 7.1 gives the state/event table fo r the action of the 
special purpose memory device. 

7A The Design of a Special Purpose Display Controller 

The " S e l f - F i l l i n g memory" was designed using a top-down 

structured design methodology of the type suggested by Mead and 

Conway[71] . The design rules are 6\i NMOS and a complete design 

comprises eight masks, only seven of which are currently used (mask 5 

is reserved fo r a fu tu re second layer of polysilicon) and these are 

defined as follows: 

1) Diffusion 

2) Ion Implantation 

3) Contact Cuts to Diffusion 

4) Polysilicon 

5) Currently Unused 

6) Contact Cuts to Metal 

7) Metal 

8) Overglaze Windows to Pads 
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D i g i t a l logic c i rcui ts are constructed f rom NMOS transistors, 

which are used as switches. A single switch element is formed where a 

p o l y s i l i c o n layer crosses a d i f fus ion region. The basic e lect r ical 

characteristics of one of these elements is shown in figure Since 

a typical design may contain many thousands of these elements i t is 

important to adopt a logical and systematic approach to design. The 

procedure used to produce the c i rcu i t currently under consideration 

was divided into eight phases which are enumerated below: 

1) Logic Simulation (Functional) 

2) Logic Simulation (Ciruit Level) 

3) Translation to Circuit Description 

4) Definition of Circuit Blocks 

5) Design Rule Verification 

6) Construction of Circuit from Subelements 

7) Design Rule Verification 

8) Fabrication 

At each stage, a loop back to a previous operation may have to be 

performed as the result of the discovery of a "bug" in the design 

process. The f ina l stage in such an i tera t ive design is the most 

costly, both in terms of f inancia l investment and in terms of time, 

there may be several months turn-around time between submission of a 

design and receipt of partially tested packages. 

A t each stage in the process there are some CAD fac i l i t i e s 
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available to enable a designer to have some confidence in the logic of 
his design before proceeding to the next stage. These are not always, 
however, as helpful as they might be, as will be discussed later. The 
part icular fabr icat ion route used for this design was that provided as 
part of SERCS electron beam lithography NMOS design faci l i ty. A PRIME 
750 computer system executing PRIMOS was available with three basic 
CAD[87,88,89] packages. HILO is a logic and circuit simulator which 
works at the f u n c t i o n a l and gate level; SPICE is an e lec t r ica l 
characterist ic simulation suite which allows a designer to simulate 
small parts of a c i rcu i t in great detai l ; and GAELIC is a circuit 
layout programme and design rule checking suite which is the user 
interface to the electron beam lithography process used to etch the 
necessary masks. 

7.5 Logic Simulation (Functional) 

The s i m u l a t i o n of the f u n c t i o n a l spec i f ica t ion of the self 

f i l l i n g memory element was performed using Cirrus Computers HILO 

package issue 2. The system comprises six modules, an Editor, a 

Ci rcu i t Compiler, a Waveform Compiler, a Simulator, a Test Generator 

and a Data Base Management System. The editor is used to input a 

c i rcu i t description by means of a c i rcu i t def in i t ion language. The 

description consists of:-

1) A Circuit Header 

2) An Element Declaration List 

3) A Wire Declaration List 

4) Terminator 
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Several basic c i rcu i t elements are provided as part of the language, 
these include basic logic gates and transistor switches which enable 
the user to bu i l d up a c i r cu i t level simulat ion of a part icular 
network. The language syntax is, however, suf f ic ient ly f lex ib le to 
allow the designer to work wi th funct ional descriptions of circuits 
complete wi th specif icat ions of delay timing and dynamic behaviour. 
This input language d e f i n i t i o n is then compiled to produce the 
i n t e rna l representa t ion of the simulated network. A similar text 
description of a test waveform is required to complete the simulation. 
This definition comprises:-

1) A Waveform Header 

2) Declarat ion of variables and wire types 

3) Waveform Clauses 

4) A Terminator 

A f t e r c o m p i l a t i o n of the wave fo rm descr ip t ion , simulat ion 

commands are used to associate an internal circuit description with 

the compiled waveform. Monitoring commands are used to determine which 

points in the c i rcu i t w i l l appear in the output list and the format 

that the t ime sequence diagram should take. 

The subcircuit which forms the border cell would be described as 

follows: 
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C C T BORDER(DELl :DEL2) (QOOUT, SET, C L E A R , PHI1, PHI2); 

** 

* * Subcircuit of Self Filling Memory D. J . Dwyer May 1983 

* * 

* * The Border C e l l is either set to one or zero by the host 

* * Processor Prior to initiating a START. 

* * 

* * INPUTS - SET The external SET line gated with ADDRESS SELECT 

** CLEAR The Global CLEAR LINE 

* * PHI1, PHI2 The Two Phase Clock 

#» 

*» OUTPUTS- QOOUT The value of BORDER 

*» 

* * DELAY PARAMETERS DELI , DEL2 

* • 

INPUT SET CLEAR PHI1 PHI2; 

R E G I S T E R ( D E L 1 , D E L 2 ) B D 2 = B D 1 L O A D I F 1 P H I 2 ; 

R E G I S T E R ( D E L 1 , D E L 2 ) BD1 = V A L U E L O A D I F 1 P H I 1 ; 

* * REGISTER SET UPS NOW WIRES 

UNID VALUE = VALCASE .SET, CLEAR* , 

XX = 1 1, 

* * UNALLOWED VALUE 

0 = 0 1 , 

1 = 1 0 , 

BD2 = 0 0, 

ENDCASE; 

UNID QOOUT = BD2 
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This module can be tested in isolation wi th a special waveform 
desc r ip t i on or can be assembled into a description of an ent ire 
circuit and tested as a subsystem. 

7.6 Logic Simulation (Circuit) 

The simulat ion of the network at a c i rcu i t element level is 

carr ied out once the functional description is complete. This involves 

rewr i t ing the definition in terms of the simple switch elements which 

are most easily realisable in an NMOS integrated circuit. This was 

done at two levels. HILO was used to simulate a simple switch based 

version of the c i rcu i t and those paths which were felt to be time 

c r i t i ca l , or where detai led considerations of power consumption was 

important, were simulated with SPICE. The SPICE program works at the 

physical or device level . Transistors may be simulated to different 

levels of approximation, but the computational overheads are such that 

only very small sub-blocks (say less than f ive transistors) can be 

simulated sensibly. 

This res t r ic t ion places serious l im i ts on the usefulness of such 

simulations as interdependences between parts of the circuit, which 

are not obvious, cannot be investigated. The funct ional simulation, 

described above, w i l l pick up some of the relationships between sub-

blocks, which are important in terms of timing and the avoidance of 

race condit ions, which can then be investigated more closely with 

SPICE but the major interact ions concerned with power consumption 

cannot be adequately explored. Indeed the overwhelming tendency to 

design sequential logic is, at least in par t , prompted by the fact 

t ha t de ta i l ed i n v e s t i g a t i o n of the t i m i n g character ist ics of an 
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overal l system is complicated and, o f ten , impossible with currently 
available design tools. 

7.7 Circuit Definition 

Once a design has been sett led upon, it is necessary to define 

the patterns which w i l l be etched into the si l icon to provide the 

e l e c t r i c a l c h a r a c t e r i s t i c s a p p r o p r i a t e t o the dev ice under 

construct ion. This is done with the GAELIC (Graphic Aided Engineerng 

Layou t of Integrated Circui ts) program suite. An input def in i t ion 

language is used to construct an internal binary representation of the 

design which is then manipulated with a graphics editor. This internal 

structure is not, as might be expected, based upon a tree structure 

but rather on a r ing. The result of this design decision is that the 

data structure can be manipulated very quickly and efficiently but 

that GAELIC allows the programmer only ten levels of nesting within a 

design. 

To cope wi th this res t r i c t ion , a shape merger and data base 

management programme called MERGE exists. It rewrites a ring fi le but 

removes al l nesting f rom the structure by creating real instances of 

al l objects rather than pointers. The resultant f i le is, however, not 

readily interpreted by the designer i f i t is converted back to the 

l a n g u a g e f o r m as a l l t h e i n i t i a l s t r u c t u r i n g w i l l be los t . 

A design s t a r t s , t h e n , w i t h a language def in i t ion which is 

compiled by the RDGL program. The input syntax is very simple and, 

basical ly, allows a user to specify the geometric shapes which are 

required for each mask. The basic statement syntax takes the form:-
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<Shape> «Mask No .» <co-ordiante list><terminator> 

Chapter VII 

T h u s a s i m p l e g r o u p d e f i n i t i o n m i g h t t a k e t he f o r m : -

"NEWG"D1; 

IDemonstration Group 

"RECT'Kl)0,0:18 flA4; 

"RECT'K2)010:18>144; 

" P O L Y n ( 4 ) S , 0 , 0 : 6 0 , 1 8 , - 4 2 , 4 5 , 4 2 , 8 1 , - 6 0 , - 1 8 , 4 2 , - 4 5 , - 4 2 , - 8 1 ; 

"ENDG"; 

Clearly without many comments, such a description is dif f icult to 

fo l low, and as might be expected, once the input language has been 

comp i led these po in te rs to the designers original intentions are 

removed. 

Once the ring data structure has been created, it is manipulated 

w i t h a cursor e d i t o r known as EDITG. In pr inciple i t is never 

necessary to resort to the language form but this does not turn out to 

be the case. The f ine contro l is not suf f ic ient to perform all the 

required operations w i th this edi tor. I t is of ten the case that the 

WRGL program must be used to produce a language description of the 

c i rcu i t and manual edits performed with this. Unfortunately the ring 

data s t ruc tu re does not allow top-down production of the output 

language, as would occur with a tree representation; futhermore RDGL 

ins is ts t ha t groups must be defined prior to instanciat ion. I t is, 

therefore, necessary to use SORTLL to sort the language fi le such that 

group definitions occur in the correct order. 
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Having overcome all the problems so far described, the user may 
begin to check out the circuit description. The GAELIC package will 
only check that a design does not contravene cer ta in rules which 
describe minimum constraints on the way various features may be laid 
out in various areas of the chip. For instance, to avoid edge effects 
i t is necessary to separate tracks by certain minimum distances with 
bulk (or untreated) si l icon. The DCHECK program wil l perform this 
funct ion. The design rules are written in yet another input language 
and compiled by the DCOMP ut i l i ty. Fortunately the design rules are 
usually provided by the fabr icat ion fac i l i t y and do not have to be 
specified by the integrated ciruit engineer. Once DCHECK has been run 
the results must be investigated. The output from DCHECK is a ring 
data f i l e in which extra masks have been created (usually masks 12 and 
13). These e x t r a masks contain some text which relates to the 
part icular design rule which has been contravened and a pointer to the 
area of the circuit which is under suspicion. It is important that the 
whole design has been MERGEd prior to design rule checking as DCHECK 
is unable to deal with shapes which contain overlaps. 

A t any point during this process, hard copy may be obtained by 

means of GAELPL. This program reads a ring fi le and produces calls to 

a GINO-F package which, in turn, can be used to provide output on a 

p lo t t e r or display system. Figure 7.1 is the drawing produced by 

GAELPL which relates to the self fi l l ing memory. Once the design is 

complete the microfabrication facil i ty run the GAEL9E program which 

converts the ring descript ion into a f i le of commands suitable for 

automated mask production with the EBMF-2 electron-beam lithography 

system. 
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In order to minimise many of the problems so far discussed, the 
self f i l l i ng memory was bui l t as a synchronous finite state machine. 
This is not the most efficient utilisation of space but was felt to be 
j u s t i f i e d in te rms of r e l i a b i l i t y . I t is very d i f f i cu l t to debug 
integrated c i rcu i t designs as i t is of ten impossible to probe points 
wi th in them. This is because the capacitance of the probes of a 
suitable test machine is often of the same order of magnitude as that 
of the c i rcu i t elements being tested. To some extent, then, if i t is 
not possible to tell what is wrong with a circuit by simply examining 
the s ignals available at i ts ouput pins, i t may be impossible to 
define what, i f any, are the faults in a circuit. 

I n t e r n a l tes t po in ts can be added which may be probed to 

determine something of the nature of the integrated circuit, but these 

again add a large capacitance to the tracks they are used to monitor, 

and a circui t which operates correctly with such test pads in may fail 

when they are removed to increase performance. Reference to figure 7.1 

w i l l reveal that a test str ip is etched at the top of the frame in 

wh ich the act ive c i rcu i t elements are placed. This str ip contains 

several d i f fe rent types of transistor and ring osci l lator which are 

tes ted at the fabr icat ion centre. Only chips on which these test 

c i rcu i ts operate are returned to designers. This type of testing wi l l , 

however, only pick up gross errors in processing and cannot be used as 

n just i f icat ion as to the correct processing of the remainder of the 

nil icon nrnn which may well contain defects. 

The prototype self f i l l i ng memory contains only thirty cells in 

f ive rows of six elements each. This avoided the need for address 

demultiplexing and RAS/CAS timing by providing enough pins to allow a 
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simple row-column matr ix addressing strategy to be used. A single 
output pad is used so that the behaviour of the circuit is as close as 
possible to an ordinary random access memory ce l l . The voltages 
required are VCC (+5V), VDD(OV) and a substrate bias Vsub which is 
nominal -2V but is adjusted over a range to modify the switching 
character ist ics of the internal transistors. This is done to account 
for some of the variat ions which occur during fabrication. Although 
G A E L I C accepts tracks and lines at any angles, the production of masks 
w i th a general angle is very t ime-consuming so, wherever possible, 
r e c t a n g u l a r c i r c u i t components have been used. The fo l lowing 
convention has been adhered to during the production of this plot:-

Mask 1 - Green Di f fusion 

Mask 2 - Yel low Ion Implantation 

Mask 3 - Black Contact Cuts to Diffusion (Potted) 

Mask 4 - Red Polysi l icon 

Mask 5 Current ly Unused 

Mask 6 - Black Contact Cuts to Metal 

Mask 7 - Blue Metalisation 

Mask 8 - Red Overglaze Windows (Dotted) 

7.8 Conclusions 

The major disadvantage w i th the current ly available tools for 

interated c i rcu i t design is the lack of a single specification system 

which is accepted by all the CAD programs available to a designer. The 

rou te descr ibed in t h i s chapter is not claimed to be the most 

sophisticated available but i t is by no means the least. As has been 

m e n t i o n e d e a r l i e r , a p a r t i c u l a r c i r c u i t d e f i n i t i o n has to be 
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translated into a var iety of d i f fe ren t speci f icat ion languages. This 
is done by the engineer and is, therefore, error prone. There is no 
guarantee that the descript ion of the circuit which was supplied to 
the simulators was even remotely related to that which is finally 
delivered to the mask making devices. Clearly, this renders the entire 
s imu la t i on process of less use than perhaps i t ought to be. The 
dif ferences in the types of elements which the various parts of the 
program suites use is so marked that there is often not even a one to 
one correspondence between the subcircuits used at the simulation 
level and those which are actual ly used to provide the functional 
capabi l i ty of the integrated circuit. 

What the designer requires is either a recogniser, which can 

construct definitions at the transistor level from a mask layout or an 

auto router which can layout transistor models. Some work has been 

done in this f ie ld and pr im i t i ve fac i l i t ies exist for both of these 

f u n c t i o n s , but the c o m p u t a t i o n a l complex i ty is such that their 

appl icat ion to the general case is somewhat limited. 

A solution which side-steps the issue somewhat is to restrict the 

designer to the use of certain predefined circuit modules which can be 

assembled by reasonably simple route layout software. Such a system is 

available for use with PRIME computers and is capable of dynamically 

adjusting track sizes to cope with the variations in power consumption 

for the d i f fe rent building blocks. The current system claims to be 

able to route any network, dropping at most three connections which 

have to be inserted manually. The program is not fast when used in its 

i te ra t ive mode, where the results of one layout attempt are used to 

al ter the act ion of subsequent ones, and is best run in batch and 
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forgotten for hours if not days. 

Fo l l ow ing the same strategy of imposing constraints on the 

designer, in order to produce a coherent system architecture, is the 

work on the UK5000 project. Here a single description of the circuit 

is provided to both simulators and layout programs. The technique 

re l ies on the fact that most applications can be implemented on 

Uncommit ted Logic Arrays(ULAs), and has, as inherent in its design 

philosophy, the bel ief that advances in integrated circuit manufacture 

w i l l continue to outstrip those in software engineering. The trade off 

introduced here being that of the efficiency of use of silicon area as 

opposed to a necessary increase in the sophistication of those CAD 

tools used by the circuit designer. 
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C h a p t e r V I I I 

C o n c l u s i o n s 

The i n i t i a l aim of t h i s work was to s t u d y s p e c i a l 

machine a r c h i t e c t u r e s f o r a p p l i c a t i o n to computer g r a p h i c s . 

An e a r l y r e q u i r e m e n t was t h a t a f l e x i b l e machine independent 

p i c t u r e s p e c i f i c a t i o n language s h o u l d be a v a i l a b l e and t h a t 

i t s h o u l d be p o s s i b l e to map the p r i m i t i v e language elements 

onto the b a s i c o p e r a t i o n s p r o v i d e d by s u c h a " g r a p h i c s com

p u t e r " . To t h i s end, a broad spectrum of d i s p l a y c o n t r o l l e r 

a r c h i t e c t u r e s have been i n v e s t i g a t e d and t h e s e can be broken 

down i n t o f o u r main c a t e g o r i e s : -

1) F i x e d I n s t r u c t i o n S e t P r o c e s s o r s 

2) B i t S l i c e microprogrammed c o n t r o l l e r s 

3) S p e c i a l p u r p o s e s e r i a l L S I p r o c e s s o r s 

4) H i g h l y p a r a l l e l , s p e c i a l p urpose V L S I o r even ULSI 

a r c h i t e c t u r e s . 

The s t a r t i n g p o i n t f o r t h i s work was the d e f i n i t i o n of 

ODL ( t h e O b j e c t D e s c r i p t i o n Language) which p r o v i d e s a 

machine independent d e s c r i p t i o n of a g e o m e t r i c e n t i t y . I t s 

b e n e f i t s a r e t h a t i t r e l e a s e s the u s e r from the burdens of 

t h r e e d i m e n s i o n a l c o o r d i n a t e geometry; i t i s s i m p l e to w r i t e 

but, a f t e r c o m p i l a t i o n , p r o v i d e s a h i g h degree of d a t a 

c o m p r e s s i o n which makes i t s u i t a b l e as a t r a n s f e r s y n t a x f o r 
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communication of p i c t u r e s ; and t h a t i t s h i e r a r c h i c a l b l o c k 
s t r u c t u r e d s y n t a x e n a b l e s i t to be mapped i n t o p a r a l l e l s e g 
ments w i t h r e l a t i v e e a s e . 

The complementary language to ODL i s SIXTH - i t p r o 

v i d e s an i n t e r a c t i v e debugging and f a s t p r o t o t y p i n g e n v i r o n 

ment i n which the mapping of the ODL t r e e s on to the p r i m i 

t i v e o p e r a t o r s of the d i s p l a y a r c h i t e c t u r e may be i n v e s t i 

g a t e d . B e c a u s e ODL and SIXTH have s i m i l a r i n t e r n a l d a t a 

s t r u c t u r e s i t has been p o s s i b l e to e x p e r i m e n t w i t h d i f f e r e n t 

d i s p l a y c o n t r o l l e r s i n a s h o r t e r time s c a l e than might o t h 

e r w i s e have been e n v i s a g e d . 

The SABRE c a s e h i s t o r y i l l u s t r a t e s the u s e of the f i r s t 

a r c h i t e c t u r e c o n s i d e r e d - t h a t of t h e s i m p l e F I S m i c r o p r o 

c e s s o r . The major s h o r t c o m i n g s of t h i s approach a r e to do 

w i t h bandwidth r e q u i r e m e n t s . The n e c e s s i t y to m u l t i p l e x d a t a 

and a d d r e s s s i g n a l s onto the same bus and the o v e r r i d i n g 

predominance of e f f e c t i v e l y s e r i a l communications s y s t e m s 

reduced the p r e d i c t e d d a t a throughput by a s i g n i f i c a n t 

amount. The l e v e l of p r o c e s s i n g was a l s o a problem h e r e ; 

the c o r r e c t b a l a n c e between the l e v e l a t w h i c h a h o s t may 

d e s c r i b e the p i c t u r e and the amount of p r o c e s s i n g r e q u i r e d 

to r e n d e r t h i s model to i t s p o l y g o n a l f a c e t s had not been 

a c h i e v e d . I t was a s i m p l e t a s k f o r the h o s t to swamp the 

d i s p l a y p r o c e s s o r w i t h d a t a . The i m p l i c a t i o n of t h i s i s t h a t 

the p i c t u r e model was wrongly d e f i n e d : by making the b a s i c 

o p e r a t o r s r e a s o n a b l y complex, a s i g n i f i c a n t l o a d was removed 

8.2 



C h a p t e r V I I I C o n c l u s i o n s 

from the h o s t p r o c e s s o r . The d i s p l a y s y s t e m was, however, 
u n a b l e to cope w i t h the s u b s e q u e n t i n c r e a s e i n throughput 
from the h o s t . I n o t h e r words, the i n t r o d u c t i o n of c o n s i d e r 
a b l e i n t e l l i g e n c e to the s y s t e m had i n c r e a s e d the c o s t s i g 
n i f i c a n t l y but had l e f t the performance u n a f f e c t e d ! 

T h i s b a l a n c e between c o m p l e x i t y of the model and p r o 

c e s s i n g time has proved to be c r i t i c a l , and i t i s u n f o r 

t u n a t e l y not a l w a y s p o s s i b l e to a d j u s t the p a r a m e t e r s of a 

s y s t e m a p p r o p r i a t e l y . Once a model has been s e l e c t e d and i t s 

p r i m i t i v e f u n c t i o n s implemented i n d i s p l a y hardware t h e r e 

i s c o n s i d e r a b l e human i n e r t i a i n the s y s t e m . I f , as i m p l e 

m e n t a t i o n p r o c e e d s , i t becomes a p p a r e n t t h a t the p r o c e s s i n g 

c a p a b i l i t i e s of the DPO w i l l be i n a d e q u a t e , t h e r e tends to 

be c o n s i d e r a b l e r e s i s t a n c e to the s u g g e s t i o n t h a t the model 

s h o u l d be changed! 

The added f l e x i b i l i t y of microprogrammed s y s t e m s can 

h e l p w i t h t h i s problem. I t i s sometimes p o s s i b l e to e x p l o i t 

the p a r a l l e l i s m of a p a r t i c u l a r a r c h i t e c t u r e to i n c r e a s e the 

i n f o r m a t i o n f l o w r a t h e r than f o r c e a change i n the a l g o r i t h m 

o r the p i c t u r e e n c o d i n g . I t i s p o s s i b l e , then, to t a i l o r t h e 

hardware to an a p p l i c a t i o n and to become l e s s dependent on 

the fundamental s p e c i f i c a t i o n of the machine. The major 

problem w i t h such an approach tends to be the microcode 

i t s e l f . E f f i c i e n t microprogramming i s an a r t form and a l l 

too o f t e n a " p a r a l l e l " m i c r o c o d e i m p l e m e n t a t i o n t u r n s out to 

be a bundled s e t of s e r i a l o p e r a t i o n s . Although the r e s u l -
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t a n t o p e r a t o r s p r o v i d e a more n a t u r a l s p e c i f i c a t i o n f o r p i c 

t u r e segments, v e r y l i t t l e i s done to e x p l o i t the p a r a l l e l 

n a t u r e of the c a l c u l a t i o n s . 

A t h i r d approach i s to acknowledge the s u c c e s s of F I S 

m i c r o p r o c e s s o r s i n the env i r o n m e n t s f o r which they were 

d e f i n e d and to attempt t o b u i l d an L S I c i r c u i t w i t h a 

" g r a p h i c s i n s t r u c t i o n s e t " . The d i s p l a y c o n t r o l l e r s 

d e s c r i b e d i n c h a p t e r V I a r e the an a l o g u e s of the F I S 

m i c r o p r o c e s s o r s . They f a l l i n t o two broad c a t e g o r i e s , the 

" l i n e o r i e n t e d " and the " o b j e c t o r i e n t e d " c o n t r o l l e r s . The 

former c l a s s tends to be u s e f u l f o r r e a s o n a b l y complex imag

in g and the l a t t e r f o r a n i m a t i o n . O v e r a l l , however, the 

a r c h i t e c t u r e s tend to be c o n v e n t i o n a l . T h e s e s y s t e m s s t i l l 

m a i n t a i n the memory/processor dichotomy i n o r d e r to use 

r e a d i l y a v a i l a b l e , cheap memory s u b s y s t e m s . Thus the drawing 

o p e r a t i o n s s t i l l l e a d to "Read-Modify-Write" c y c l e s a l o n g a 

m u l t i p l e x e d memory bus. F u r t h e r m o r e , no c u r r e n t l y a v a i l a b l e 

L S I d i s p l a y c o n t r o l l e r p r o v i d e s the complete s o l u t i o n and 

p r a c t i c a l s y s t e m s may have to be h y b r i d i n n a t u r e u s i n g both 

l i n e and o b j e c t o r i e n t e d p r o c e s s o r s and e i t h e r s h a r i n g frame 

b u f f e r memory o r m i x i n g o u t p u t v i d e o s i g n a l s . T h i s means, of 

c o u r s e , t h a t the g e n e r a l i t y of a p p l i c a t i o n of s u c h c i r c u i t s 

i s l i m i t e d and t h i s may be a s e r i o u s drawback i n terms of 

the economics of l a r g e s c a l e i n t e g r a t i o n . 

The f i n a l c l a s s of a r c h i t e c t u r e s c o n s i d e r e d a r e s p e c i a l 

purpose custom d e s i g n i n t e g r a t e d c i r c u i t s . T h e s e can be 
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h i g h l y p a r a l l e l i n n a t u r e p r o v i d i n g t h e communication paths 
are w i t h i n a s i n g l e s i l i c o n element - i n t e r - c h i p communica
t i o n , however, i s v e r y e x p e n s i v e . T h i s s e v e r e l y l i m i t s t he 
e x t e n s i b i l i t y o f such a system and i t may mean t h a t a 
d e s i g n e r i s f o r c e d t o d e s c r i b e fundamental c o n s t a n t s o f a 
d i s p l a y system such as i t s s i z e and the number of c o l o u r s 
s u p p o r t e d . I t i s c l e a r t h a t t h i s l a c k of e x t e n s i b i l i t y w i l l 
have p r o f o u n d i m p l i c a t i o n s on t h e g e n e r a l i t y o f such a 
p a r a l l e l s o l u t i o n and t h i s i n t u r n a f f e c t s t h e p e r u n i t c o s t 
o f the component. 

Given t h a t these problems e x i s t i t may s t i l l be p o s s i 

b l e t o u t i l i s e such an approach i f a s i g n i f i c a n t advancement 

can be made i n the s o f t w a r e t o o l s used t o d e s i g n such c i r 

c u i t s . As d i s c u s s e d i n c h a p t e r V I I c u r r e n t systems have no 

o v e r a l l s p e c i f i c a t i o n language which i s common t o s i m u l a 

t o r s , l a y o u t and shape managers and mask f a b r i c a t o r s . Such a 

s p e c i f i c a t i o n would s i g n i f i c a n t l y reduce t h e design c o s t o f 

components and hence lower the t h r e s h o l d a t which i t becomes 

e c o n o m i c a l l y v i a b l e t o design them. Another approach may be 

t o t r y t o b e n e f i t f rom improvements i n p r o d u c t i o n processes 

and use l a r g e OLA s t r u c t u r e s . The p r i n c i p l e here being t h a t 

a l t h o u g h ULAs are i n t r i n s i c a l l y " w a s t e f u l " o f s i l i c o n area 

the r e d u c t i o n i n element s i z e and i n c r e a s e i n u s e f u l area 

which accrue from b e t t e r p r o d u c t i o n m i g h t be enough t o 

u n d e r c u t custom design s o l u t i o n s . 

The major c o n c l u s i o n s which must be drawn, t h e n , are 
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t h a t none o f the a r c h i t e c t u r e s under c o n s i d e r a t i o n i s ade
quate i n i t s own r i g h t and t h a t a 'best f i t ' s o l u t i o n i s 
p r o b a b l y some form o f h y b r i d system. The h i g h l y p a r a l l e l 
p i x e l o r i e n t e d c a l c u l a t i o n s b e i n g performed by s p e c i a l p u r 
pose " i n t e l l i g e n t memory" - t h e i n t e r - c h i p communication 
problem b e i n g s o l v e d p o s s i b l y by i n t e g r a t i n g the d i s p l a y 
system over t h i s p a r a l l e l module. The " i n t e l l i g e n t memory" 
subsystem c o u l d be d r i v e n by b o t h a l i n e and o b j e c t o r i e n t e d 
L S I d i s p l a y c o n t r o l l e r t o make b e s t use o f t h e f e a t u r e s of 
each and a microprogrammed c o n t r o l l e r used t o t r a n s l a t e t h e 
o b j e c t d e s c r i p t i o n p r o v i d e d i n t r e e f o r m and t o s y n c h r o n i s e 
the o p e r a t i o n o f the o t h e r p a r t s . E x t e n s i b i l i t y of t h e s y s 
tem m i g h t come v i a the a d d i t i o n of new L S I p r i m i t i v e c a l c u 
l a t i o n elements - e.g. a p l a n e p r o c e s s o r o r a s p l i n e p r o c e s 
s o r . 

I n terms of p i c t u r e d e s c r i p t i o n , t r e e l i k e s t r u c t u r e s 

s t i l l seem adequate, t h e i r branches b e i n g processed i n 

p a r a l l e l . Of c ourse, t h e r e are p r o b a b l y more c o m p u t a t i o n a l l y 

e f f i c i e n t r e p r e s e n t a t i o n s b u t i n the f i n a l a n a l y s i s t h e s y s 

tem e x i s t s f o r a human user and h i g h l y p a r a l l e l s p e c i f i c a 

t i o n s do n o t seem t o be a n a t u r a l form of communication. 

F i n a l l y , i t i s i n t e r e s t i n g t o compare ODL w i t h p a r a l l e l 

developments i n o t h e r a r e a s . The I n t e r n a t i o n a l Standards 

O r g a n i s a t i o n ( ISO ) has a work i t e m f o r sub-committee 12 o f 

t e c h n i c a l committee 97(TC97/SC12) t o s t a n d a r d i s e the G r a p h i 

c a l K e r n e l System ( GKS ) which i s c u r r e n t l y a t t h e D r a f t 

8.6 



Chapter V I I I Conclusions 

P r o p o s a l stage (DP 8632). GKS comes under t h e auspices o f 
the programming languages s e c r e t a r i a t and has been proposed 
as a " m e t a f i l e " d e s c r i p t i o n f o r p i c t u r e t r a n s f e r i n t h e 
p r e s e n t a t i o n l a y e r o f DIS 7498(The OSI Seven Layer M o d e l ) . 
The GKS s y n t a x p r o v i d e s no s t r u c t u r i n g of the p i c t u r e -
t h e r e i s no h i e r a r c h y of begin ...end t y p e o p e r a t i o n s and 
t h e r e are no t r a n s f o r m a t i o n o p e r a t o r s . The s p e c i f i c a t i o n s of 
c h a r a c t e r f o n t s and l i n e t y pes are verbose and no i n t e r n a l 
v a r i a b l e m a n i p u l a t i o n i s p r o v i d e d . I n many a s p e c t s , t h e n , 
ODL i s a s u p e r i o r t r a n s f e r s y n t a x t o t h a t o f t h e c u r r e n t GKS 
d e f i n i t i o n and w h i l s t GKS has p a i d s p e c i a l i n t e r e s t t o t h e 
l ower l e v e l p i c t u r e elements l i k e p a t t e r n d e f i n i t i o n , no 
r e a l a t t e m p t has been made t o d e a l w i t h p i c t u r e s t r u c t u r e . 
Consequently t h e l e v e l o f a GKS d e f i n i t i o n i s lower than 
t h a t o f the e q u i v a l e n t ODL d e s c r i p t i o n , and i s more t e d i o u s 
t o produce. As a r e s u l t , GKS p i c t u r e d e s c r i p t i o n s tend t o be 
e r r o r prone and u n n a t u r a l . I t i s n o t always obvious f r o m the 
d e s c r i p t i o n language what t h e p i c t u r e i s supposed t o be and 
the l a c k o f typed v a r i a b l e s makes i t i m p o s s i b l e t o 
p a r a m e t e r i s e p i c t u r e s o r p i c t u r e segments. 

8.7 
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Appendix 1A - Transmission over a Communications Link 

The f o l l o w i n g parameters are s p e c i f i e d f o r t h e PSS DTE as 
per t he 1980 v e r s i o n o f Recommendation X.25, p u b l i s h e d i n 
the CCITT Yellow Book, Volume V I I I . 2 . 

PSS p r o v i d e s p h y s i c a l l e v e l communications a t 2400, 4800, 
9600, 19.2k and 48k bps u s i n g X.21 b i s . A t t h e L i n k L e v e l , 
X.25 p r o v i d e s t h e two l i n k access p r o t o c o l s LAP and LAPB. 
The s t a n d a r d frame i s 135 o c t e t s i n l e n g t h and, a c c o u n t i n g 
f o r a d d r e s s i n g i n f o r m a t i o n and headers t h i s p r o v i d e s a 128 
o c t e t data p a c k e t . 

The 1980 recommendation i s inadequate f o r p r o v i s i o n o f t h e 
ISO Network S e r v i c e (DIS 8348) and must be enhanced e i t h e r 
t o p r o v i d e X.25(1984) o r th e X.25(1980)convergence p r o t o c o l 
which i s used t o map X.25(1980) t o ISO DIS 8348. The o v e r 
head on t h e convergence p r o t o c o l , i n terms o f d a t a t r a n s f e r 
i s zero o c t e t s as a l l t he e x t r a f a c i l i t i e s ; r e c e i p t c o n f i r 
m a t i o n , e x p e d i t e d - d a t a s e l e c t i o n and t r a n s m i s s i o n , a re p r o 
v i d e d by m a n i p u l a t i o n o f th e M(more d a t a ) and Q ( q u a l i f i e r ) 
b i t s . 

Network S e r v i c e i s n o t , however, "End-to-End" ( d e s p i t e t h e 
use o f r e c e i p t c o n f i r m a t i o n ) and Network Connections may 
e x i s t o n l y as f a r as the n e x t Gateway o r Network Relay. I t 
i s necessary, t h e r e f o r e , t o p r o v i d e a T r a n s p o r t Layer which 
handles a c o n n e c t i o n i n an "End-to-End" manner. Such a p r o 
t o c o l and s e r v i c e are d e f i n e d by ISO DIS 8072 and DIS 8073. 
The p r o t o c o l sends messages as data r e q u e s t s w i t h i n Network 
S e r v i c e Data U n i t s . To d i s t i n g u i s h t h e type o f T r a n s p o r t 
P r o t o c o l Data U n i t a header i s prepended t o each d a t a 
t r a n s m i s s i o n . T h i s has t h e e f f e c t t h a t an overhead o f a t 
l e a s t 8 o c t e t s p e r data PDU are r e q u i r e d . T h i s does n o t 
n e c e s s a r i l y reduce t he f r e e d a t a t r a n s m i s s i o n segment t o 120 
o c t e t s a l t h o u g h t h i s i s , o f cour s e , t h e w o r s t case. A TPDU 
may however be s p l i t across s e v e r a l Network S e r v i c e Data 
U n i t s , t h e PDU i d e n t i f i e r b e i n g t r a n s m i t t e d i n o n l y t h e 
f i r s t p a c k e t . 

A complete communication i n s t a n c e i s s y n c h r o n i s e d by t h e 
Session Layer d e f i n e d i n DIS 8326 and DIS 8327. As w i t h t h e 
T r a n s p o r t Layer, Session P r o t o c o l Data U n i t s a r e c a r r i e d as 
T r a n s p o r t S e r v i c e Data U n i t s and a p e n a l t y i s p a i d i n o r d e r 
t h a t t h e d i f f e r e n t PDUs may be r e c o g n i s e d . F o r t u n a t e l y , t h e 
Session Data PDU r e q u i r e s o n l y a s i n g l e b y t e i d e n t i f i e r 
w i t h i n a T r a n s p o r t Data Request. 

Once a c o n n e c t i o n has been bound a t th e Session Layer t h e n , 
i n accordance w i t h t h e seven l a y e r model (DIS 7498) presen
t a t i o n l a y e r i n f o r m a t i o n may be exchanged by means o f a 
t r a n s f e r s y n t a x . T h i s i s the l e v e l a t which p i c t u r e 
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b u f f e r . To t r a n s m i t t h i s p i c t u r e as raw d a t a over our l i n k 
we would r e q u i r e 512 p a c k e t s , an overhead of 8192 o c t e t s . 
A c c o u n t i n g f o r the acknowledgement mechanism t h e r e i s a 
t o t a l overhead o f 73728 o c t e t s . The t r a n s m i s s i o n times f o r 
t h i s p i c t u r e a r e , t h e n , :-

Baud Rate Time(Sec) 

2400 1119.5 

4800 559.7 

9.6K 279.8 

19.2K 139.9 

48K 55.9 

For i n t e r n a t i o n a l t r a n s m i s s i o n over IPSS a c o n v e r s i o n i s 
done t o X.75 and back f o r each network t r a v e r s e d and t h i s 
slows down the communication process c o n s i d e r a b l y . A p p l i c a 
t i o n o f the run l e n g t h and scan l i n e encoding t o the p i c t u r e 
o f f i g 1.3 g i v e s , f o r the run l e n g t h encoding a l o n e : -

Baud Rate Time(Sec) 

2400 81.92 

1800 40.96 

9.6K 20.48 

19.2K 10.24 

48K 4.09 
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i n f o r m a t i o n may be exchanged, and i t i s i n t e r e s t i n g t o lo o k 
a t t h e e f f i c i e n c y o f the t r a n s f e r p r o c e s s . As discus s e d 
above, the overhead i n t h e p r o t o c o l encoding appears very 
s m a l l , f o r a s i m p l e p i c t u r e o f 512 x 512 r e s o l u t i o n and no 
grey s c a l e o r c o l o u r i n f o r m a t i o n i t can be c o n s i d e r a b l e . I f 
we assume, f o r example, t h a t t h e T r a n s p o r t Layer n e g o t i a t e s 
a 512 o c t e t p a c k e t o r TPDU s i z e t h e n , t he overhead i n encod
i n g our s i m p l e p i c t u r e i s 1024 o c t e t s ! T h i s e x t r a IK o f data 
i s n o t , however, t he end of t h e s t o r y . A t each phase i n the 
data t r a n s f e r t h e p r o t o c o l s acknowledge r e c e i p t o f data mes
sages by exchanging acknowledgement PDUs (ACKs). Each ACK 
f o r t h e t r a n s p o r t l a y e r i s 16 o c t e t s i n l e n g t h and a t Ses
s i o n i s 8 o c t e t s l o n g . T h i s i n c r e a s e s our r e q u i r e d d a t a 
t h r o u g h p u t by p l a c i n g a new overhead o f 1536 o c t e t s onto our 
t r a n s m i s s i o n system. L u c k i l y t h i s t r a n s f e r i s b i 
d i r e c t i o n a l , b u t i f we c o n s i d e r the v a r i o u s PSS baud r a t e s , 
then t o t r a n s f e r t h e s i m p l e b l a c k / w h i t e p i c t u r e would 
r e q u i r e t h e f o l l o w i n g t i m e s . 

Baud Rate Time(Sec) 

2400 117.76 

4800 58.88 

9.6K 19.44 

19.2K 14.72 

48K 5.8 

These t a b l e s do n o t account f o r t h e time taken t o e s t a b l i s h 
a c o n n e c t i o n a t the p r e s e n t a t i o n l e v e l w h i c h , p r a c t i c a l 
e x p e r i e n c e shows, may be o f t h e o r d e r of 20 seconds. 

I f we l o o k , now, a t t y p i c a l compression o r modeling t e c h 
n i q u e s , i t w i l l be seen t h a t c o n s i d e r a b l e r e d u c t i o n s i n 
these t r a n s m i s s i o n times may be ach i e v e d . 

The source code f o r t he ODL d e s c r i p t i o n o f f i g u r e 1.5, f o r 
example, occup i e s o n l y 71200 b y t e s (comments and a l l ! ) . 
T h i s , o f co u r s e , i s because t h e r e i s l i t t l e redundant i n f o r 
m ation i n the s p e c i f i c a t i o n - a l l t h e 'blank' space i s 
un d e s c r i b e d ( c l e a r l y t h e comp i l e d code i s s u b s t a n t i a l l y 
s m a l l e r ) . Another encoding example may be o b t a i n e d by con
s i d e r i n g f i g 1.3. Using run l e n g t h encoding - t h e so c a l l e d 
p i x e l coherence, the image may be r e p r e s e n t e d by 98304 
o c t e t s which g i v e s a p i c t u r e m o d e l l i n g l e v e l o f 2.6. The 
same p i c t u r e u s i n g b o t h run l e n g t h and scan l i n e encodings 
may be model l e d w i t h a l e v e l o f 1351!. These c a l c u l a t i o n s 
assume t h e p i c t u r e may be b u i l t i n a 512x512x8 b i t frame 
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and f o r t h e combined encoding s t r a t e g y : -

Baud Rate Time(Sec) 

2400 0.64 

4800 0.32 

9.6K 0.16 

19.2K 0.08 

48K 0.03 

The times f o r the h i g h e r baud r a t e s are q u i t e r e s p e c t a b l e . 
At 48K we are w i t h i n t h e 0.04 sec t i m e r e q u i r e d t o d e s c r i b e 
a moving p i c t u r e over a network. F i n a l l y i t i s i n t e r e s t i n g 
t o d e t e r m i n e t h e l e v e l o f the models r e q u i r e d t o produce 
moving p i c t u r e s o f both our s i m p l e b l a c k / w h i t e p i c t u r e and 
a n o t h e r which uses e i g h t b i t s o f grey s c a l e o r c o l o u r i n f o r 
m ation . 

Baud Rate 512x512x1 
l e v e l 

512x512x8 
l e v e l 

2400 2730 21845 

4800 1365 10920 

3.6K 682 5461 

19.2K 314 2730 

48K 136 1092 

I t i s c l e a r , t h e r e f o r e , t h a t t o g e n e r a t e moving p i c t u r e s 
over a network c o n n e c t i o n , d e s c r i p t i o n s which a r e very h i g h 
l e v e l models are r e q u i r e d . 
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The Syntax of the ODL Compter Appendix 2-A 

<picture> ::= <pic>[<block>V n . < f u l l statements, <finish> 

\ .• . - . .. 

<block> ::= <begin>£<full statement)^ n <end> 

< f u l l statement> r:= <statement>!<label><separator><statement> 

<statement> ::= <comment*!<line>!<3dline>!<3dmove>!<text>!<rotation>! 

<csize>! < f u l l > ! <plotter>!<goto>! <load>! <save>! <colour> 

<rectangle>!<font>!<grid>!<repeat>!<project>! <delete>! 

<modify>!<Dimchange> 

<modify> ::= 'modify\<separatorXnameXterminator> 

<proJect> ::= 'project' <separatorXnameXseparatorX2dpoint> 

<separatbrXf actorXseparatorXf actorXterminator> 

<repeat> :: = "•• repeat'<separatorXnameXseparatorX2dpointXseparator> 

<integerXseparatorXf actorXterminator> 

<grid> ::= 'grid'<separatorX2-3pointXterminator> 

<font> ::= 'f ont'<separatorXtypef aoeXterminator> 

<rectangle> : := 'rectangle' <separatorX2dpointXseparatorX2dpoint> 

, <terminator> 

<depth> ::= '.depth'<separatorXintegerXterminator> 

<colour> :: = 'colour' <separa|;orXeolXterminator> 
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<save> ::= ' save'<separatorXnameXseparatorXf ilenameXterminator> 

<load> ::= 'load'<separatorXfilenameXtenninator> 

<plotter> ::= 'plotter'<terminator> 

<delete> ::= 'delete'<separatorXnameXterminator> 

< f u l l > ::= 'full'<termlnator> 

<cslze> ::= 'cslze*<separatorXfactor><termlnator> 

<draw> ::= 'draw'<separatorXnameXseparatorX2dpointXterminator> 

<scale> : := 1 scale'<separatorXnameXseparatorX2dpolntXseparator> 

<f actor> < terminator> 

<rotatlon> ::= <direction>'rotate'<separatorXnameXseparator> 

<2dpointXseparatorXf actor><termlnator> 

<dlrectlon> ::= 'XM'YM'Z' 

<text> :: = ' text • <separatorX2dpolntXseparatorXstringXtermlnator> 

<3dmove> ::= ' 3dmove'<separator><3dpolntXterminator> 

<3dline> :: = ' 3dline' <separatorX3dpointXseparatorX3dpoint> 

<terminator> 
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<line> : : r 'line'<separatorX2dpointXseparatorX2dpointXterminator> 

<pic> ::= 'picture 1 <separatorXnameXterminator> 

<finish> :: = 'finish'<terminator> 

<end> ::= 'end'<separatorXnameXterminator>!'end'<terminator> 

<begin> ::= ' begin'<separatorXnameXterminator> 

<comment> ::= 'comment•<separator>f<alpha>T. <terminatbr> 

<dimohange> ::= • 2D 1<terminator>!'3D 1<terminator> 

<lable> ::= ' t '<name> 

<typeface> ::= »sa1'!'std'!•7as»!'sa2'!'sao'!'ro2'!'ro3'!*it1»!'it2'! 

• i t 3 ' I ' s o l ' ! »sc2'!'grT !'gr2'I'grc»!'goe't'goi'! »gof •! 

• cry' 

<col> ::= 'red'!'black'!'blue'!'green'!<integer> 

<separator> £<alpha>J comment' 1-n 

<filehame> :s= 4<alpha>!<alphaXf ilename> 
3 1-12 

<name> ::= £<alpha>!<alphaXname> 

<2-3point> »:= <2dpoint>!<3dpoint> 

<3dpoint> :: = <faotofXseparatorXf actorXseparatorXfactor> 
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<2dpoint> ::= <factorXseparatorXfactor> 

<factor> ::= <integer*<point>! <integer*<pointXinteger> 

<integer> ::= <digit>!<digit><integer> 

<string> ::= <text separator* fOlpha*?,, <text separator* 

<text separator* ::= 

<separator> : : r ' 1 ' 

<terminator* ::= 1;' 

<point> ::= ' 

<digit> s:= '0'...'9' 

<alpha* ::= <ucalpha>!<lcalpha> 

<lcalpha> ::= 'a'. ..'z' 

<ucalpha> ::= 'A'.^'Z' 
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Appendix 2B - 2 - Homogeneous C< 

Homogeneous c o o r d i n a t e s a l s o h e l p w i t h persp< 
j e c t i o n s . For example we may c a l c u l a t e t h e f o r t 
t o be a p p l i e d t o each c o o r d i n a t e as a f u n c t i o n o f 
p l a c i n g t h i s i n the l a s t p o s i t i o n i n t h e quae 
remembering t h a t a s c a l i n g i s done i n trans 
e u c l i d e a n space, we may s p e c i f y t he t r u e p e r s p e c t j 
the p o i n t ( x , y , z ) t o an o b s e r v e r a t t h e p o i n t (0,(| 

[ x , y , z , l ] 

1 0 0 

0 1 0 0 

0 0 1 1/p 

0 0 0 1 

= [x,y,z,z/p+l] 

F i n a l l y we c o u l d n o r m a l i s e t he p o i n t [ x , y , z , 

px py pz 

z +p z +p z +p 

I n o t h e r words, the f o u r t h column of the 4 
c o n t a i n s t h e p e r s p e c t i v e f a c t o r s i n x,y,z and w f d 
c u l a t i o n o f t h e p r o j e c t i o n . j 

I t can f u r t h e r be shown t h a t t h e r e i s an e[ 
between t h e t o p o l o g y o f p r o j e c t i v e p lanes and h 
c o o r d i n a t e s . The case where w=l can be t h o u g h t o f 
j e c t i o n o n t o t he z p l a n e . I t i s i m p o r t a n t t o reme 
ever, t h a t t h e r e may be some d i s c r e p a n c i e s cause; 
many t o one mapping of homogeneous t o e u c l i d e a n co, 
For example t h e p o i n t s ( x , y , z , 0 ) and (-x,-y,-, 
r e p r e s e n t t h e "same i n f i n i t y " . 

Appendix 2B - Homogeneous Coordinates 

Using homogeneous c o o r d i n a t e s we may d e f i n e a p o i n t i n 
homogeneous space as t h e q u a d r u p l e t ( x , y , z , w ) . When w i s 
non-zero, t h i s can be mapped ont o a p o i n t i n normal 
e u c l i d e a n space which i s d e s c r i b e d as (x/w, y/w, z/w). The 
p o i n t a t i n f i n i t y , which we c o u l d n o t n o r m a l l y r e p r e s e n t i n 
a computer model becomes, i n t h i s homogeneous r e p r e s e n t a t i o n 
(x,y,z,0 ) . 

C l e a r l y , t h e r e i s a "many t o one" mapping f r o m homo
geneous t o e u c l i d e a n space", t h a t i s , a p o i n t ( x , y , z ) i n the 
normal c o o r d i n a t e system w i l l have many p o s s i b l e r e p r e s e n t a 
t i o n s i n homogeneous space. The s i m p l e s t p o s s i b l e mapping i s 
t o s i m p l y augment the normal t r i p l e t ( x , y , z ) t o form a qua
d r u p l e t ( x , y , z , l ) . For computer r e p r e s e n t a t i o n s , however, 
p a r t i c u l a r l y where i n t e g e r a r i t h m e t i c i s t o be used, t h e 
e x t e n s i o n o f the t r i p l e t by a f a c t o r w which can be used as 
a s c a l e f a c t o r has g r e a t p r a c t i c a l a p p e a l . 

F u r t h e r m o r e , we f i n d t h a t t h e a d d i t i o n o f the e x t r a w 
c o o r d i n a t e a l l o w s us t o use 4x4 t r a n s f o r m a t i o n m a t r i c e s 
r a t h e r than t he 3x3 m a t r i c e s n o r m a l l y used f o r e u c l i d e a n 
t r a n s f o r m a t i o n s . Work i n l i n e a r a l g e b r a shows t h a t a 3x3 
m a t r i x can be used f o r r e p r e s e n t i n g a r o t a t i o n , s c a l i n g , 
s h e a r i n g , o r r e f l e c t i o n o f a p o i n t ( x , y , z ) . I f we extend 
t h i s m a t r i x by adding t he "homogeneous f a c t o r " 1 then we 
have, i n i t s p o s t m u l t i p l i c a t i o n f o r m , a m a t r i x : -

H M M 0 

M H M 0 

H M N 0 

.0 0 0 1 

The e f f e c t o f the 3x3 t r a n s f o r m a t i o n i s unchanged as 
the f o u r t h c o o r d i n a t e p o i n t i s i n e r t i n t h i s t r a n s f o r m a t i o n . 
The bottom row of t h e m a t r i x may however be used t o s p e c i f y 
a t r a n s l a t i o n ( n o t one o f the t r a n s f o r m a t i o n s d e t a i l e d above 
f o r the 3x3 m a t r i x ) . As an example:-

[ x , y , z , l ] 

1 0 0 0 

0 1 0 0 

0 0 1 0 

Tx Ty Tz 1 

= [x+Tx, y+Ty r z+Tz, 1] 
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Bit-Slice Microprogrammed Display Processors Chapter V 

Table 5.1 

Assembler Mode Control 

ALU? Subsequently assembled instructions w i l l be assumed to 
be ALU format. 

LIT? Subsequently assembled instructions w i l l be assumed to 
contain LITERAL st r i n g s . 

TST? Subsequently assembled instructions w i l l be Test and 
Branch type. 

Pseudo-Op Codes 

.TITLE Associates a name with a segment of microcode. 

.END Indicates the end of a processable code segment. 

.RAD Changes the radix i n which LITERAL numbers w i l l be 
represented throughout the cross assembly. 

.LOC Sets the location counter to the value which follows. 

.MAP Writes the next value and the contents of the location 
counter to the MAP f i l e . 

.DUSER Defines a new mnemonic i n terms of old ones. 

Register-Bus Transfers 

LPC Load from the address bus. 

OPC Output to address bus. 

LDAT Load from the data bus. 

ODAT Output from data bus. 

Address Control Codes 

AEBL Valid Memory address. 

ADIS Complement of AEBL. 

HI Aocess the high byte of the address. 

LO Access the low byte of the address. 

2910 Control Codes 

JZ Jump Zero or RESET the mieroprogramme counter. 

CJS Conditional Jump to Subroutine via the pipeline 
r e g i s t e r . 

JMAP Jump to address supplied by the mapping PROMs. 
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CJP Conditional Jump to a Pipeline supplied address. 

•PUSH Push the value of the microprogramme counter onto the 
stack. 

JSRP Conditional Jump to Subroutine via either the Register 
Counter or the Pipeline r e g i s t e r . 

CJV Conditional Jump via a Vector supplied from a PROM or 
a LITERAL f i e l d f o r interupt servicing. 

JRP Conditional Jump via either the Register/Counter or 
the Pipeline r e g i s t e r . 

RFCT Repeat microinstructions For a Count which i s preset. 

RPCT Repeat microinstructions whose address i s determined 
by the Pipeline Register f o r a Count preset i n the 
register/counter. 

CRTN Conditional Return from Subroutine. 

CJPP Conditional Jump via the Pipeline register and Pop the 
return stack. 

LDCT Load the register Counter and continue. 

•LOOP Test the end of LOOP. 

CONT Continue with the next microprogramme i n s t r u c t i o n . 

TWB Three Way Branch conditional. 

Memory I/O Control 

RE Read from memory or I/O. 

WT Write to memory or I/O. 

ALU Shift Control Codes 

SZ S h i f t and pad the word with Zeros. 

SO S h i f t and pad the word with Ones. 

SR S h i f t and Rotate the end b i t s of the word. 

SA Perform an Arithmetic S h i f t . 

Register/Register Transfer Codes 

NOP No transfer Oocurs. 

RAMA The output word from the ALU i s loaded i n t o the 2901 B 
register and the A register i s w r i t t e n to the bus. 

RAMF The res u l t of the calculation i s loaded i n t o the B 
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Bit-Slice Micrpprogrammed Display Processors Chapter V 

r e g i s t e r and i s also output to the bus. 

RAMQD The ALU r e s u l t i s shi f t e d DOWN and loaded i n t o the B 
regis t e r . The Q register i s s h i f t e d down and the ALU 
output w r i t t e n to the bus. 

RAMD The output from the ALU i s shif t e d DOWN and loaded 
i n t o the B re g i s t e r , i t i s also output to the bus. 

RAMQU The ALU r e s u l t i s shi f t e d UP i n accordance with the 
s h i f t specifiers and loaded i n t o the B register as 
well as w r i t t e n to the bus, the Q register i s also 
shi f t e d UP. 

RAMU The ALU output i s w r i t t e n t o the bus* as well as 
being s h i f t e d UP and loaded i n t o the B regi s t e r . 

Source Destination Control 

AQ Source Register i s specified by the A register and 
the Desination by the Q reg i s t e r . 

AB Source A; Destination B 

ZQ Source L i t [ 0 ] Destination Q 

ZB Source L i t [ 0 ] Destination B 

ZA Source L i t [ 0 ] Destination A 

DA Source Data Destination A 

DQ Source Data Destination Q 

DZ Source Data Destination L i t [ 0 ] 

Arithmetic Functions 

ADD Add R to S 

SUBR Subtract R from S 

SUBS Subtract S from R 

OR Logical OR R with S 

AND Logical AND R with S 

NOTRS NOT R AND S 

EXOR Exclusive OR R with S 

EXNOR Exolusive NOR R with S 

Condition Code Control 

ONC On Carry 
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ONN On Negative 

0N0 On Overflow 

ONZ On Zero 

Processor Carry Control 

ZC Set the Carry F l a g to Zero. 

OC Set the Carry F l a g to One. 

t 

Special Purpose Dummy Operands 

JUMP The "SIXTH* dictionary i s searched for a COHSTAHT 
defi n i t i o n which, i f found, i s executed to generate 
the value for the location of a previously defined 
l a b e l . 
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Object Description Language Source Code 

Object Description Language Source Code 

Pascal 

Fortran (Prototype) 
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IF N A M - A c h a r a c t e r s t r i n g ui n i c h p o i n t s t o t h e f i l e f r o m w h i c h 
a ' S A V E D ' l i o t u r ? >ui 11 l o a d e d . 

NOBVEC - A v e c t o r w h i c h w i l l c o n t a i n t h e s u o p i c t u r e names 
a f t e r t h e c a l l t o 7 G L 0 A D 

Y F S i L Y E S - C o n s t a n t s c o n t a i n i n g t i e unp»r e n d l o w e r case c h a r a c t e r 
' y ' * Y ' f o r i n p u t c o T p a r i s o n 

PI - A c o n s t a n t c o n t a i n i n g P I ( s u r p r i s i n g l y enough) 
COMMON XCUR»YCUR ,GT40 
•7 E AL MAMOEV 
COMMON /?0XN'1/ NAM HE V, N<4) 
COMMON /GATES/ AGATESC256)• I COUNT 
DIMENSION IFNAMC10).NO^V EC(2D) 
INTEGER v*\ IPFXC3) ,CHK CIL, XFNAM,IFST?P 
INTEGER *2 IANS,YES,LY=S,I ABO,ITEK,JTE»M(20) 
DATA YfcS/lHY/, LYES/lHy/, ITEK/'Tfvj V , I^FX/12 i 1 , '* '/ 
DATA IA80/1HA/,IFSTDP/'MENU'/ 
PI=3 .14159 
IC0UNT=1 

C Assume we are n o t ! ! u s i n ^ t h e GT40, s t a t i s t i c a l l y sound=========: 
T GT40=.FALSE. 

C G^t t h e t e r m i n a l t y p e fro.n NUNET 
1 CALL GUINF0C7*,JTERM) 
! IF(JTERMC5).NE.ITEK)GT40=.TRIJE. 

I f i t ' s N0 T a t e k t h e n we s e t GT40 e l s e l e a v e u n s e t C 
C 
C 
C 
C 

Now I c a l l IGPSWD a s e t «°LCTSYS o * f . T h i s T ieans t h a t I can c a l l 
o t s y s r o u t i n e s i n IG space! 

CALL IGP0SW(0,0) 
I n i t i a l i s e t h e G r a p h i c s d a t a b a s e 

! CALL I G I N I T 
CALL BUILD 

C Arid b u i l d t h e guys d a t a oase 
C Set t h e c u r r e n t p o i n t c o - o r d i n a t e s t o t h e o r i g i n o f t h e s c r e e n 

XCUR=0 
YCUR=0 

C P r e v e n t t h e t e r m i n a l * r o m r e d r a w i n g t h e p i c t u r e EVERY t i m e r o u n d 
C ( i f i t ' s a TfcK.) T h i s c a l l i s i c n o r e d oy t h e GT4C d r i v e r r o u t i n e s 

i CALL IGCTRLC'TERMINAL ', 'KEEP ' »1 ) 
1 CALL IGCTRLC'TERMINAL','PICK^OX', .01 ) 

C WERE THEPE ANY OLD PICTURES HE WANTS TO RELOAD 

1499 
1599 

3 R IN T l ^ ' i 
FORMAT C ' f . I s t h i s 
»EA0 li>93,IANS 
c 0 RM AT(A 1 ) 

an o l d p i c t u r e : ') 



c 
C Y 
c 

P R I N T 1 7 9 - - I 
1 7 9 3 - 0 PM 3 T-( ' t F 1 1 A n ?-n o : ' ^ 

P E A O I P N A ' I 
1 6 9 } c O R M 4 T C 1 0 r t 4 j 

A L L I G L O A T C ' : j . J * ' ) 
r 
C S d ' 1 e t s g e + t o w r> r i*- ? o cl 1 ? t h i i r. 1. ? y u t r i t 1 f T h « P T C T U ! 1 E ! ) 
r 

I P ( C T A N S . N r . v L

: S) . A " l ? . ( T A ' . ' S . \ ' r . L Y = S ) ) 7* 3 T O 30 

s . f i s ' s j o t a n o l d p i c * . u r » s o H J ? H J i 1 1 l o i H i t f o r n i n 

C Me1 d i d n ' t h a v e a n o l d p i c t u r » s o me c r " 3 t ^ a n ? u . * ' 4 P * a n d d r a w a i ? n u 
C b e s i d e i t I n t h e s o p h i s t i c ? t i o n o f I T ! 
C — " 
5 0 C O N T I N U E 

C A L L I G B G N S C ' M E N U ' ) 
C A L L M E N U C ' R E D < = > ' , . 3 ) 
C A L L M E N U C ' 6 L U E < r > ' , .0 ) 
C A L L M E N U C * 3 L A C K < E > ' , - . 3 ) 
C A L L M t N U C ' G R E S : N < E > ' , - . 6 ) 
C A L L I G E N D S C ' M E N U ' ) 
C A L L I G D P O N C ' T E R M I N A L ' ) 
C O N T I N U E 

i t i a t e a 1 i o h t p e n s e q u e n c e C ^ c + u ^ l l y I d ^ n ' t n a v e a l i o h t c a n o u t i t ' s 
C t h > P R I N C I P L E t h a t c o u n t s 

I C 0 D C = I G X Y I N C X I N , Y I N ) 
C D i l d n e t e r m i n a t e w i t h a " Z ' » i f s o T P A N S c D ^ M * i m o u t ? h e r e 

I F C I C 0 D E . E Q . 4 2 ) G 0 T T 5 1 
R ' °JJi 1 1 r e d r a w t h e s c r e e n * o r n i m m i n u s a l l t ^ e r u b b i s h I w r o + e 

I F C I C G 0 E . E G . 3 O C A L L I G C T P L C ' T E R M I N A L ' , ' E R A S E ' ) 
I F C I C 0 0 E . E 3 . 3 O G n . T n 7 5 

C 111 U l a s s o m e t h i n g e l s e s o l e t ' s t r y a n d d r a w i t 
C A L L D R A W I T C I C O O E , X I M . Y I N ) 

m a y b e b o r i n g t o d o a l l t h i s o u t I ' m o o i n o t o d o t h i s a g a i n 
G O T O 7 5 
C O N T I N U E 

7 5 
C I 

C A 

C 11 

5 1 
C 

C C F E A T E T H E G L 0 3 A L M E N U 

C 
3 0 C A L L I G B G N S C ' M E N U ' ) 

C A L L M E N U C ' S A V E < E > ' , . 6 ) 
C A L L M c N ' J C ' T R A N S C G R M < E > ' , . 3 ) 
C A L L M E N U C ' D E L E T = < - > ' , . 0 ) 
C A L L MfcNUC ' P L 0 T < E > ' , - . 3 ) 
C A L L M E N U C ' O p A W < E > ' , - . 6 ) 
C A L L MfcNUC ' S T Q P < E > ' , - . 7 5 ) 
C A L L I G E N D S C ' M E N U ' ) 

c - _ 4 _ -
C 0 I C K A G L O B A L C 0 M A N n 

C 
4 0 
1 

C A L L I b C T R L C ' T E R M I N A L ' , ' E R A S ' : ' ) 
J U W P = I G P I K S C ' S A V E ' , ' T R A N ' , ' D E L E ' , ' P L O T ' , ' S T O P ' , ' D R A W ' ) 
G O T O C 6 0 0 0 , 1 0 0 0 , 2 0 0 0 , 7 0 0 0 , 3 0 0 0 , « 0 0 0 ) , J U M P 
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T R A N S F O R M A S U ? P : C T U » E * M ? * 

1 C O O P R I N T 1 0 9 ? 
1 Q 9 9 c 0 " ' A t - l i ' P I C K I ' - E ' - ' T C T ? A M S c J 9 " . ' ) 

C A L L I G P I K S C ' * ' ! P * ' ) 
N A V T p N = I G P T K r K I , < r i I T , Y ^ I T ) 

C A L L T G C V T C ( N A M ' r R N , y ^ T T , Y H : T , ' * r - ' t > * ' , X l , Y 1 ) 
X " I T = X 1 
Y H I T = Y 1 

p i c k u s t h e X - Y c o - o r c l i n r i t e s o f t i r ? s u h p i c + u r q ? ? u i e l l a s i t s n a «• e 
I F C N A M T R N . E Q . I c S T O P ) P R I N T 1 0 8 2 
I F ( N A M T R N . r Q . I P S T Q f ) G ? T T 1 Q 0 0 

1 0 8 2 P Q R M A T C ' Y o u C A N T t r ? n s f o r n t h e * u c k i n i M E N U ! ! ' ) 

S W I T C H T O T R A N S F O R M A T I O N M E N U 

C A L L I G 3 G N S C ' M E N U ' ) 
C A L L M t N U C ' M Q V F < E > ' » . ** 5 ) 
C A L L M t N U C ' S C A L E < E > ' , . 1 3 ) 
C A L L M E N U ' C ' R O T A T E < E > ' , - . 1 5 ) 
C A L L M E N U C ' D O N E < E > ' , - . < » 5 ) 
C A L L I G E N D S C ' M F N U ' ) 

P I C K A T R A N S F O R M A T I O N 9 0 Y O H ! 

C 
1 0 0 1 J U M P = I G P I K S C ' M H V E ' , ' S C A L ' , ' P . O T A ' , T I N E ' ) 

G O T O ( 1 1 0 0 , 1 2 0 0 , 1 3 0 0 , 3 0 ) , J U M P 

^I0V E 

C 
1 1 p;0 P R I N T 1 1 9 9 
1 1 9 9 = O R M A T C ' P O I N T T O C U R = C ' I T L O C A T I O N ' ) 

C A L L I G X Y I N C X 1 , Y l ) 
P R I N T 1 1 9 8 

l l | 3 - 8 c O R M A T C ' P O I N T T O MEW L O C A T I O N ' ) 
C A L L I G X Y I N C X 2 , Y 2 ) 
C A L L I G T R A N ( N A " * T R N , ' C U R R c N T ' , ' M O V E ' , X 2 - X l , v 2 - Y l ) 
G O T O 1 0 0 1 

C '>C A L E 

1 2 9 9 

C 
1 2 0 0 0 R I N T 1 2 ^ 9 

F O R M A T C ' C E N T E R S C A L E E - S C T O ? : ' ) 
R E AO C 5 , 1 9 9 9 , f. ' 5 ; = 7 60 A C T0 o 
C A L L I G T R A N ( N A M T p N , ' S C A L E ' , P a C T Q » , ' C U R R E N T ' ) 

7 o Q 2 G O T O 1 0 0 1 
C i 

C - -
C R O T A T E 
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W (O «o C l CP (»> w on r> a O- CJ> o o o > o o O O O O O O O O O O O ^ — r - » - T - » - » - » - « - r - »— cv 



t i l 
LV 

M l 

« + * * * * * * * 
* * * * * •ft 

• « « * ft 
* * * * * * * + * « « * * 
* * •« * * * * * * * * * 
* * * * * * * * * * * * * • * • * * * •* * * * « * * * * * * * * * * * * « * * * ft 
« * * * * * * or + * •¥ * * * Ul * * * * ¥ X « * * * « 
* r— •ft * * o * ¥ * * * ft 

* z * * * * <r * * * * * « * * * * * o * * * * * 
* t- * * * * * * * * * ¥ *- * * ty. * a * * * 
* o + * u * * * * 

r - 1 « s: * * o * * * 
X 1 * i u * * * * it * Ul 1 * s: * * •¥ * »- 1 * * u_ * * •ft • 

* U- * * UJ * * * t_> - J * * •ft ft 
* * * « * * * I V * * t- * o * ft 

* •a * •n t-l * o * C J •¥ 
• u. n * * C J * «_J ft 

* * U' « s * * o * « u) •K or * «/» * * o ¥ 

* * *r it H i •* • « * * s ¥ 
- L " * J_ * V * ¥ 
t - * * </i 3 * t i l * ¥ 
X « 2T * ZD * * o « to ¥ 
»- l * CJ — l ¥ O * or * •ft - J ¥ 
v> * oc ¥ U- ¥ 1— « _> * ft o ¥ 
¥ * u « x * O * * o ¥ 

* UJ ¥ • ^ « i / l * * V X ¥ 
r < * r - * o ¥ C J * \ * * z ¥ 
r - * or ••1 •3 * </> * * C J or % ' ¥ 
1 1 i-1 * ZD * rtl * _ J * * _ l o a t i t o ¥ 

Z * o •r O I I I H I Z * * O i n z * * o T— o c> «_> O o in ¥ 
s: 1— * 0 * to f - l r - i »- « C J K l t - * * C J X M l - J «i « M 0 0 ¥ 
m Ml ¥ x x V Ul •K f - * V Ul * or * X m X X X X UJ X < l ¥ 
I - I cr ¥ * vtl ITS <•* i r . Or * or * CM or * O * r-i fv f»J to X >T rvi ¥ 

* z> « ¥ I U * * 3 * ¥ 
l _ u. U X * •> * C J * •H _ i ¥ 

O •K * <a u . 1/1 Ul « <» a. * _ l u . ¥ 
<*- * I W ¥ Ul O X * or * U ! o T « Ul * U J o C J <r ST ¥ 

* « X X a f- a * * I a. 1- * z * X > C J c> t— C J <r -> ¥ 
r H CO * i / l * o _ J a. </> u. eo « IJJ * U- u~ to CD * u_ n l/l C/1 UL U . ¥ 
UJ ¥ Ul ¥ C J * * I I I ¥ 

¥ e< * IJT « • « ¥ 

¥ z * * Z3 * * H ¥ 
r M «* ¥ L J « U . 
10 * X * I / ) * * I I J * ¥ 
C * o * * * * tn * ¥ 
L. * * * * « « ¥ 
<D * * * * ¥ 

•K * ¥ * * « * ¥ 

or i C J C J C J o c_i C J o C J C J C J a c j C J c_>»_» « J C J C J c j o C J C J O C J C J C J C J 
i n l r—' C o f~> o O O O o o o O o o o o O O O c> c o o O o o o o 
m i O O o o o o o o C J o a n o o o o t j o o o o o o o O O C J r j o O 

_3 1 r~ O J f ) in 0 0 t»> L I CM r«> <r i n •o C J ^- I V I K 1 i n •o r - U J w- O 
Z 1 r>i f M rvi rvi r v #v K . K l r o -J" vt 

N r - r- r- r r - r r- r r - r - ^- r«- tv-

* * 

¥ 
¥ 
¥ 
¥ 
¥ 
f t 
¥ 
¥ 
¥ 
¥ 
¥ 
¥ 
¥ 
¥ 
¥ 
¥ 
¥ 
¥ 
¥ 
¥ 

CVJ 
C J 

c» 
x 

x 
Z 
o 
_ J 
C J 
C J 

X 
o 

r ' 
x 

c.< 
C J 

C J 
K-1 
2L 
Ul 
to 
I 
f-
u: 
or 
<_i 

s: o. n. ic 
I I I 0 0 . 0 0 0 . I l l o. 
1/1 » N N N N 1 1 O 

X C / J X X X X X X 
» - M r 1

 l « 1 I M t ' W S t 

L J 

in • i C J o 
x > o C J i - ' 
U. H M l-l to to 

r- r- t ^ -



C J 

• * * * 

• 
* « * * 

* * * 
* * 

* * * 
* * * * 
* * * * 
* * 
* * * 
« -* * * 
-* * * * 

« • 
* 

* * 
* « « 

* * * * 
* * * 
* * * 
* * « * 
* * 

* * 
* * • • 
* « 

* * • 
* * 

* * * 
* « * 

h 1 * • * * 
X 1 * * •K 
11' 1 * * * 1- 1 * « * 

* A * * 
* *_ * * * 
* U l * * * 
* z * * o 
* a. * * * C J 

* » * C J 
* •* o 

* CO * ». 
ii * * C J * a= 
* C J * * <-i * 

I I I * o « Z * * 
* C5 * •-» * o * \ 
* <^ * 2L * IX 

^ \ _ l * U- l C J * i n * C J 
o * U * m s * z * nr O o 
s * C J or V C J 

» o * U l « or v ^ * * UJ u V 
«_» « / l cr * C J « « or * V rr V-* I X 
C -» "tt * or fa « O * z I I I NO CO 

r— C J f \ J * or. « i - r - I L • C l i n ^—' a 
tn C J V f - * to * in C J ZD 00 * r v i <t f \ l to o O to 
•a » rv U l * or * v ». O U J (/I « s 111 <t v V <s 
K l X to r\- * a * tr vr r - j 3 * _ l * m X V t | v j -T 

* ee * O f * -1 * 
I V •* l _J _ i « a * C J _ J —J — I 

U . * • i i * d _ J a . * C J * <x _ l _1 _ i ti
5T + l i t •a s: * at <r «T er o 
-» O «T * or * x <x C J -> * <o * X C J <t C J X X O Q 
u_ O _ J aj It UJ * C J _ l u. UL * UJ * u. u. U _ - J tO U - I L 

* _1 * * _ l * 

r~ Ol * n j -K 
U . I * s: * * s: * 
U. U J n UJ * 
C J •ft to * * 

* I.O • * l / > * 

* * 
U I * « * 
1/) * * * * 

nr i O C J o C J O C J C J C J C J C J C J C J o C J C J C J C J C J C J C J O C J 
in 1 O O O O O O O O O O O O O O O O O O O o o o 
ft! 1 o O O C J O C J o o O O O O O C J O O O o o o o o 

ID I CM 1" O N IJU o < _ l CM m - J - i/> M J fs. to o C J «— CM 
<o >o >o >o <o >o * IS. fv. r rv ^ iv ^ OO CO CP 

o f- r>- r - •>. r - r - r - r - »>- P - r- i>-

* 
* 
* * * 
* 

* 

* 
•n 

* 
* 
•¥ 
* « * 

* 
• 
* « 

* * * 

T - # 
to * 
«X •¥ 
r - J « 

* 

s: * 
* 

* 

* 

to 
IU 
_ l 
a j 

s: 
U J 
c i 
to 

•K 
* 

* 

« * * 
+ 

* 

* * 
1" 

* * 

* 
* 
* 
« 

* * 
* 
41 

* * * 
•K 
+ 

« 

* 

« O O «-v 
2 I O v C J 
SL 2 » v o cn 
t v i > ; CJ a . to v 

V r*J C J to v ii--, 
o- v a I>J ^ 
rv c.i vr i n o v o 
v _ i » v \ x e u s 

M «J X » t v t IA s f i n n i n 

C J 
«a a. o_ 
1 1 ! O _J O 
X c j o o - _ j a o r x < » 
o o a u _ t o u _ o - i _ i 

m to 
V V «3 

i n - ~ t IVJ 

X — I CY- —) 
to C J u. 

T— CM m •>* m ^ •>- o.i o c j 
o o o c j - o o o o o o 
r - N N N rv iv. r - h- h- no 

file:///xeus


CM 

IU 

a 

x 

* 

t X 

1/1 
* 

C l 

r 
• r"i 

•0 2: 
r- ai 

•-•i 
i r v 

c> i_ 
• v . u 
r • «*-
T— 

i - « 
L I (V 
U • 

#—< 
t o 10 
r- c 

C 
W 

r r 
i n 
H. 
l/> or 
f J m 
_ l m 

111 
_ l Z 
1 H 
II II • 

• r H I 

* 
* 

* * 

* 

* 
* * * 
* 
* 
* 

* 

* * * 
* 

* * 
* 

* 

* 
* 
* 

* 
* 

* 
* 
* 
• 

+ 

* 
+ 

* 
* 
* 

« 
* 
« 

* 

IO * 
O * 
l - l * 

z * 
o * 
5. * 
u i * 
Z * 

ac * 

r— * 

«x * 
ar * 
DC * 
t_» * 
• L * 
X * 
or. « 

* 
t o * 
•xi * 
_ l * 
OJ •« 
3T * 
U l * 
to * 
< 0 * 

« 

U J 

o 

o 
d 

U 
o 

• a 

m 
10 
1/1 

to 

I U • U l C 
tr> U ' 0 O f < t U l 

O f U J n H- O f iij 
0 nr r - 0 Z O f 
r - X _ i €»• O X 

O IU U l <r _J a III U ' . 
CO to r j to err «=r _ i to 0 1/1 
111 M Z •cl U l st U ' v T H-l z « l 
I K L I »-« U J »— • X O f O L J »-« a » 

II II II II IV-I O II U l II 11 II 
tr\ -0 r- CO _1 Z O f O f v - CO 

* 
I 

« z » 

V r-J O 
X w O 
of rv cv 
v _J « 

P J «* x 

^> ^ v 

C J C J C J 
O 0 n 

V 0 ^ v O V 
C J C J l _ l C J C J 0 C J 
C J C J > L I s C J C J 
K> \ 0 v > 

T - 0 C J O C J *— ^— 
X C J C J X X 
O f *— V-/ r - or. ac 
1 T— X r — a X 1 1 
1— X O f X t o or T - 111 
If 1 or 1 O O f M 1 U l U l _ J 

v T _ J C ' 1 X V 1 L I X _ l CM _ J »-« C.J 
C J c : HI s 0 O f V* 0 0 X O f n »-J a 
C J C3 CO Q_ CO IIJ 0 —1 v > C J C J «t O CL •O 0 a r ! 2: CO 

r • or or c j < l LO or r v i «© r v t r— v l - or ? or ST T— < t s; r - 0 rr- <f 

V s \ _ l C J _ l O f > \ s O V V O f O V —1 0 N 0 \ _ l 
i n i r >o r • m I L u ii- m « >o ui >t >t r- >o z « r <o u> 0 r- »>• u u co t-- i r v m ir. 11 

ci 
<t a. 
u i O _ l 
r o u n _i or 
O U U I L V) Ifl 

uc 

a. 
H 111 O K 

J I 1 I J 2 O. H 
O m o «! u_ _ 1 

a. 
O 

U J a 
z 
I I I O f or or > 

0. u. 

r : r <t or or s: nr x 0 o. o. ^ _ . . . — 
t D _ I J I / ) O l O U ) J O ( U t f l U . U . V ) U r t l l L « I U . O U O S ; 

C J 
C J 

o 
z 

T -
U J 

f 

d r - 1 
U J a 
t o 
c j C J 
O J C J 

C J CJ «.J C J C J l_J C J C J C J C J O C J « - J C J O C J C J O O O C J C J C J O C J C J C J C J C J C J O C J C J C"J f J o U i ; 1 C l o 
O O O C ^ O r T O O r ^ C ? O O O O O O O O O O O O O O O C » C ^ O O O O O O O 
0 0 0 0 0 0 C j o c ~ » o o CD C J O O O C i O O O O O O O O O O O O O O O O O O C 1 0 0 < ~ > 0 

T - M f i u n j N 011 y . u »- n f i 1/1 o r c x j < j ^ o r - c v j r < i v j i j ^ s o | v - o a ^ O T - c N ' r ' » v r i n ^ r - o r . 1 c j > - o 
0 0 0 0 0 0 0 0 0 * - « — * - « - « - * - * - T - r - « - c M <M n r\i rvi cvi r> f\i w ro ro K I M r (A r 
f f l f n « i « ) « o « r o w f o w t o K ) a i w w m v i ( o c c o o r o 



CVJ 

Ul 

Q.. 

X 
U.I 

* 
o 
r -

ru 

C 
O 

r 4 

ru c «_ 
OJ 

i f , 

O O <~ 
• v o 
v a o 

a. to v 
^ <r or 

w r u v st o »— r— O 
c.i \ r.i c «t i r i r - v> iri i/i fr 

\ C L \ V S V N « X v < i nc 

X «I X _ l r v : DC 

V I O J 

_J a iu 
a o K n 
(fl ti 1 u. u. 

or « 
O * 
IX « 
oc * 
at * 

¥ * 
•n 

« 

* * 

# * * * * 
« 
* 
* 
* 
« 
• 

+ * 

* 
« * * 

» * 
y * 
_ i * 
» « 

* 

i— * 

* 

« * * * 

* * « * * 
r - * 
•a * 
2" « 
or * 
o * 
u_ * 

« 
to * 

* « 

111 
2 

* 
X I 
or 2 » 

V £ U 
•— K J C J 
CO o 
Of f\l C J 

o 
CM 

\ 

C J 
C J 

V 
o 

CJ 

O f 

CO 

o or 
v 1 

o «S 
— on «a 
v v _ l to 

N O 

IL1 
_ l 
f-« 

M O r 
«— ? » -

S O UJ 
f ^ < x i ^ i A \ 0 ' O r in I L of or; co C J cr 

CJ 
«X CL 
U J o _» 
x C J C J tv _ i 
a C J a u. co 

a. a. 
o _ J O 
n. j o K 
U . l/J u_ to 

CI C i . 
t-l O - J IT 
_ i ui a. _ i ~» 
C J cu u_ to u_ OJ 

to 
ur 

to 
or 

* * * * * 
* 

* * * * * * 
* 
« 

+ * * * * 

* 
•ft 
* 
* 

* * * 

« 

* 
* 

* * * 
ft 
•ft 

•ft 
* 

« 
* « 
* 
* 
* 
• 
•ft 
* 
* 

* 

* * * 

* 
* 
• 
* 
•K 

«- + 
to I 
O f 2 » 

ru N c 
CO f I 
Of c O 
v 

O 
I V 

V 
r rr 

ts\ <x x m m «C r en 

CJ 
<1 U- ti
ll 1 O _J «-> 
x C J c j o _» ci rr cv 
u cj o u_ to u_ to c i 

or 
f M 
t/l 

rr 
ui 
ro 
S. 
=) 
2 

u • 
<. 
*-< 

o C J C J c i C J C J C J C J C J cj o o r j o C J o C J 0 o C J C J C J C J C J o C J f J C J C J C J C J C J C J a o u u r j u o 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
O O O O O O O O O O O O O O O O O O O O O O O C J O O O O O O O O O O O O C J O C J O 

r— r\j m *^ m so fN- oj u- O r\J ro m *o fN- 0 0 O N 1—' *— cvi f i m *o l>- CO O c_i * 'NJ r̂ i -^T m ' • O r>- t T > t̂  
N t N t N f , t N T N t v t N r > r i r i i / > i r \ i n i n i n i ^ i o i A ^ « > c i < , , o * ' < > < o < c , o > o r ^ f r- ^ r - r- r „ , ^ 
o o « m T O i o m r n o o c o ( » o o o o c o « M i » o a w J 



ro 
a 
o 

Of 
. u i 

ru 

uJ 
-> 
CJ 
z 

r— 
Cl 

>-
a 
CO 
or 
X 

f M 

UJ 

•«.» 

O 
I V I 

I I I 
2 

X 
Ul 

CJ 
Ul 

»•-

in 
i~-
to or 

in 
ro 
s: 

1 
, -ft 1 CJ 

1 CJ 
1- 1 \ 

1 X 
l - l 
V I 
•ft 

c 
1 

o 
CJ 
or 
CM 
to in 

r-. 1 t J Of. _ i 
• 1 V 1 M 

• ci» <x f\ i o_ 
V P sr 1 CX fM T— s: 
r - CO 1 _ l to \ G 

n 1 IL CV ro ro CJ 
tn 
c j 1. J 
^» u 1 a. u 
CM 1 l - l o _ l s-
T— 1 _ l 111 a. _ i -> l - l 1 CJ aj u. CO LC 

* * * 
* 
* 
•ft 
* 
•ft 
* 
• f t 

' * 
•ft 
•ft-
* 

•ft 

H # O 

C J 
o 
v 

C J 
C J 
v 

O 
CJ 
»-» 

rvi * or 
to i «— 
or z > I-H 
V 1 U C J V I 

r - N O S I 
1—I w f — I CT) «T 
v i r J O i n fl r 

\ _ l « V J M 
r t y in u. v iNor-

to a. 
I to 

111 H M 
_ l CO CJ 
l-l O K X 

\o o o o <r 
3E or %o or a; 

N O v \ or v 
m r r U O N ^ U J * 

C J 
n «~ 
v o 

C J C J 
C J V 
w o 
tv. o 

V^ 
•"I " 

UJ 
CJ CJ Or _J 
a c j to CJ 

a. a. 
O O _ J 

U J n e J 
D U. IL 1/1 

a. o- rx 
O J S C 
o i —> tv 
ij_ co u. u. 

3C X 
> m C J 

to < 
i i - i 

H CO 
V) I 
or a 
O IJJ 
or z: 
or s: 
Ul M 

Q 
at ca 

• IC •ft 

* * 
• f t l- l • f t 

* vt 

* 
* « or 

r-i * « r -
to * « n 
or « •ft •ft to 

* •ft •ft * * 
* • f t 

* * •ft 

« • f t * •ft 

* * * « 
* * * « 
•ft •ft « « 
• f t « •ft •ft 

* •ft •ft •ft 

* * * * * •ft 

* • f t « •ft 

ft * • f t •ft 

* « •ft • f t 

* * •ft 

• f t •ft •ft •ft 

•ft •ft * •ft 

* * •ft * 
• f t * •«< * 
* * •ft •ft 

* * * • f t 
• f t * • f t •ft 

* •ft • f t 

* * * •ft 
•ft * -ft • f t 

* •ft •ft 

« 
« * • f t 

* * * •ft 

* * * •ft 

* -ft •ft •ft 

• f t * * •ft 

•ft •ft • f t •ft 

•ft « * • f t 

* •ft * •ft 

* * * • f t 

* « • f t 

* •ft * • f t 

• f t « •ft 

ft * • f t . •ft 
• f t • f t • f t •ft 

* •ft • f t 

•ft • • « 

* •ft •ft •ft 

* •ft •ft • f t 

• f t » •ft • f t 

•ft • f t • f t 

• f t to •ft r — •ft •ft CO •ft 

• f t CJ •ft l - l 1 * CJ • f t 

• f t *-i • to z * l-« • f t 

• f t z • f t V 2 : CJ * z •ft 

Of • f t o •ft fM r-j o • f t o •ft 

o * s: « t-4 o z s: •ft 

or * m •ft CO fV CJ r - * i n * or * z • f t V _ l UJ •ft z •ft 

UJ * s: * ro «rr X or •ft •ft 

« •ft •ft 

t— •ft C l * i— •ft 

IX • f t <a • f t <9 <t •ft 

n * ft I U •ft :r •ft 
—> * Of •ft X o o •ft Of '•ft 

u_ « o -ft a o CJ cu * o •ft 

u_ •ft * u. • f t 
•ft "ft * • f t 

»—i * n • f t * to •ft 

v> * V I * v» * 
or * •ft * • f t 

O * •ft or • f t • f t 

or • f t • f t rvi •ft • f t 

or. • f t • f t •« •ft 

LU * •ft v» * •ft 

to 
V 

V I 
to * 

V I 

s: 
D r-J 

111 IM 
X _J 
en <t 

CJ 
a 

u 
Ul 

C J f̂ l U O [ J I. I U U O O L l U U U C J C J O C J C J C J O t j C J O C J C J O C J (_> C J L J O C_) O C J C J O C J I . J o 
O O O O O O O O O O O O O O O O O O O O O O O O O O O O O ' O 0 0 0 0 0 0 O C f f O 
o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o f i o 
f - r \ i i < i ^ i n " t l r v T O ' > U T - r \ i r w i n * r N o j a a i - i v r w i n ' t ) N W ' > L i 
r/i m en no ooiio m t » 60 f> C . O O O O O- O O- O O O O O O O O O O O T - * — T - t - ^ -
i » r > o r j 3 B o c i O f j O c o c o 6 0 » cjs «> r>. o O- o ox o>. o> 

«— rv» r<i -vT t n •<> rv o j 
CT" O O V f> |> O 

• / 



* * * ft ft * « * ft * • f t ft • f t 

* * •ft * • f t * •ft • f t 

* * •ft ft * •ft • f t 
•ft * * * * * * •ft •ft 
•ft * •ft * * * * ft ft 
* * * * • * « •ft 

* ft • f t « * ft * * * * * * « * • f t ft 
* * * * * * * • f t ft t 
* * * 1C * * •ft • f t 

* •ft •ft •ft' * 11 ft • f t 

* * * * * •ft * ft 
* * * * * * « • f t 

* •ft • f t * * * * ft •ft t 
« •ft * •ft * * * ft ft l 
* * * ft * * * • f t •ft 
•ft * * « * •ft ft ft i 
* * * * « 11 •» • f t •ft i 
* * * * * 11 

* •ft * * * * « ft 
* • f t * •ft * * * « ft 
* ft * ft * •ft * • f t ft • 

« « * • f t * * •ft ft 
* « * ft * •ft • f t ft 
* ft •ft * * « * •ft • f t 

* * 11 ft * * * 11 • f t 

* » * ii- * 11 ft 
* ft * • f t if * « * •ft 

* * * « * * * * ft 
* * * •ft * « •ft •ft ft 
* * * * * •ft • f t •ft ft 
* •ft * •ft" * • f t •ft ft 
* * * ft * ft •ft • f t •ft 

* * • f t * * * * •ft ft 
* * •ft * l_J •« • f t ft •K * ft * * « CJ * •ft • f t 

* * * * * •ft O ft ft ft 
* * * ft O * • « C J * •ft ft 
ft CJ « •« • f t • f t 

ft * * O * t - « CO •ft ft • f t 

* * * • f t o « z •ft • f t • f t ft 
« * * ft \ * Ul • f t s * •ft ft 
• f t * X * to * X •R •ft ft •ft * •ft * =n. * UJ a •ft •ft O ft 
•ft * * * V * Of + •ft •ft Ul •ft 

* • * * * CM * a. r-t * •ft u> • f t ^— 

* * • f t UJ * * LC •» •ft «a • f t 1 CJ 
• f t to * «- + •ft ft • / ) * _ i * V • f t • « oo •ft I/O CJ c> «—> 

ft L J ft to | •ft • * \ * _ i Q * to • f t u. • f t o z 
ft t-A • f t V ) 5£ » * « X * <r Ul •ft Of • f t ft z z I U 

o « z ft \ at. C J C J * r_j rvi * * to 1— •« Ul •ft UJ Of o • f t •¥• UJ U.I _ l 

z * o ft f \ l K l O ft UJ * z s * * «s V •« CD •ft o UJ •ft o _J _ J u. 
o z * s: •ft 1/) O z ft X -ft o Z * a * CO C5 z * CT •ft o o cr» T— ft vr V u. 
C.) t— * U.I ft to rv.' o 1— * UJ * U_ <f •— * Ul * u, «I t - * Ul • f t C J «l <r </> • f t o X _ i _ J => « Ul * <r * V - J » UJ * o * _ J tu U> * \ _ l Ul * X •ft V V _ l <a X ft i-« LC LC u_ U. u to CO 
X rv • f t y- <t x or * z * r j IL or * •a: * CVJ u. Of * • f t -* X •J- u Kl o ft a t — T— x— v— v> v> 

« •ft * n * * co * •ft a •ft ft 
•ft I — * CJ •ft CJ * u * I I J ft C J _ J • f t 
• f t <l • f t o •ft • f t o 11 «* CJ •ft <r a. •ft 

* 5T • f t UJ * 1- * in * I I J * o •ft in <x -ft CO 
o « or * I U O * * x > * * I > •ft o • f t X o Of > "5 CO ft or. to to 00 ul co ui to to 
c i cu * o •ft Q u a CO * U_ CO * C3 * u. s: on •K •ft o U. to LL a « o a a t_J r_i r_j 

* U_ * ft « <r * <« z •ft •ft 
• f t * —1 * * _ J l-H ft ft 
* to * * U_ •ft * L L * * •ft •ft 

Ul * * •ft * * Ul • f t •ft l\J U-
• f t it »- * * r— * « f ~ •ft ft »- it: u. 

ev * * or * UJ « * I L I * * ZD •ft o •ft s t r^i rv.i uo o CJ ZD 
«- « * rj * to * * to * • f t Q •ft z • f t v vr vr. vr a. o o at 
UJ * to * * * ft Ul • f t V- I - (V- o —1 _ i u. 
to ft to * * * •ft 11 •ft ft X ft U> Ul UJ Ul r— OJ OJ I-H 

u u Q o o u o u u o u o o o u u u u o o a o u o o o o o u c J U U O o o u o u o u 
o o o o o o . o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o c - -
O O O O O O O O O O O O O C I O O O O O O O O O O O O O O O O O O O O O O O O O C J 

r - r \ i i > i < ^ t n v o N r j u o v u T - r a r o > f i n « t v - ( » ( > o » - r v j K ) > t i j i > o N w o \ O T ' f \ i i o > » i n > o r v - ( ) j O ' I _ I 
r \ i r v j r \ i r v , i i > l r \ ) r v i i \ j r v i r o r y > r ^ r ^ i ^ r ^ r o 
r>6^t>rjxo>cJAo>>c>o>>o^o>>^o^ 



r • 
en 
O 

n i 

v 
tv 
u i 
ru 

in 

C J 

I I I 

Cl> 
» * 

D 

n 
C I 

or 
r> 
x 
i— 

• ••• 

in 
i-

x 
i i ' 

•K 
X 
r-
X 

IV 

i n 
c.' 

l -

n* 
u I 

to 

t-1 
ii 

C . 
rv 
f 

S 
rr 

t> 

10' 
c 
c 
Ci 

V 

tar 
H I 

en 
2 . 
_> 

7* 

l i ' 

H I 

v̂ X X 

I I I U J 

—I 1X1 C J 

I I - _ l « T 

I C r - n n 
ZD n to o 
m _ l s: X I I I 

«—/ v^ o tr. 

n 
to to to to 
C J C J C J r j I I I 

I I 

u u_ 
u. _J 

C O 

on t-
o. n 
c j —I ac 

o C J C J C J C J 

o o o o o C J o o o 
rvi to vr tn 
«o -o 

o o- o O 



I l l 
C D 

« i 
o 

or 

o. 
o 

N C 

IJJ 

<l 

O 

C J 

Q. 

C J a t l - l 
C> d • 

I— V I r~ 
Z Z Z 

1 U 1 
h U h 
« / • I / ) 

u-
O O 
O r— I J 

X 

CO U l + 

O T— 
• t— 

* T 1 * f - d • 
z »--
o to C * 
f— 1̂ • 
to o 
2 O I -
CJ z 
i_) 111 c i 

I--
d rr> 10 

c i Z 

T— l _ l 
• O 

1— 
a + 

a r -
f - to «-• 
<o Z 
CJ t J • 
I J 

o </> 
T— • 

t o 
r- T" |-

z 
I— I— 'X 
z z 1— 
n 1 n 
»- I - Z 
l / l V I C J 
Z Z t J 

O O 
CJ CJ f j 

c> 
C • CJ T— 

•— 
d z 
- I d 

T— ix r— 
CO on 0 . to 
t _J CJ 1 - z 

« H- • z 0 

I — z d CJ 
1 — d 1— 1— 

d ^ * 1 - z to + 
t-- < i to d z 
f 1 1— z 1— CJ f i 
Z to CJ v> CJ 
O z 0 z xr. 
CJ CJ 0 • z 

CJ •t CJ 0 

_ l 
-•- •f> rv + to 

3 
CM CM >«r rvi • :*r 

• z 
or 1 1 . u. <t 

• V m • _ i 
• ni 

UL u_ U- »— 

• • r m z r-
<* Z 

1— r- d 1— t— CT 

<c 1 — V I 1 — 

d *T «/"> d Z to 
r - h- z r - O z 
1 0 V 1 CJ v» CJ CJ 
z z CJ Z 0 

0 0 c> + 
CJ 0 + CJ + 
-t- • I M -t-

0 
*— CM 0 . n i JJJ 

tn • • 
0 UJ • f v l 

• • CO tn 5". 
0 . • 

0 Ul 0 rvi • • • • n i r -
r - Z 

l - r - r - t- Z d 

^ *r *r cl I — 
< l d d d 1- to 
r- t- h- lO Z 
to to to to Z O 
z z Z z CJ CJ 
0 CJ CJ CJ CJ 
CJ CJ CJ CJ •*• 

+ 
-» •t- f 

T— 
T— f \ ! rv r : CD 

a « t 
L _ l ai *— CJ _ l 

• • • a j u. 

CJ CJ 0 CJ « _ > C J 
0 O 0 0 

0 CJ 0 O CJ 0 

tn %o i>. OJ ' j - CJ 

to O 
<l C J 

ac ar. 
u. 
_J f~ 
< t Z 

JL -a 

D 

a . 
> 

to 
CJ 
CJ 

CJ 

vr > to 

ic 
o 
JS K-
I - Z 

<T 
*~ r -
1̂ t / i 

< r z 
t— o 
to CJ 

o + 
C J 

UJ 
•<» UJ 

Of 
I J J X 
z »• 
o 

111 
CJ UJ UJ 
or ? or 
i n o r 

z <x z 
« 1 r— 
I— f ) I-
to 2 to 
Z O Z 

Q U O 
CJ CJ 

••-
+ + 

o 
o or o 
o m 1 

• r j 1— 

1 - to 
Z Z 
«a o C J 

r - V J u . i r - u 
to to Z3 Z «tr 
Z + H Z c t O 
o tn —1 H to 
l j x to 

«t 51 Z r -
+ s r r ^ o z 

i/) <r b < 
E : Z 

O J 4 I -
II I t~ z 
1 : J l / I 1 
H l l Z l -
O O C O 

<c u> i : 
C J to t J 
_ i < t + CJ 

c j _ i »r > 

+• to 
z 
C J 

UJ 
r - + 

or <f ix 

Z 3 
r-i U 
Cl 
•a 1— 
O z 
_J 

r-
r- t/i 
z z 
<I o 
I - C J 
to 
Z 4 
o 
C J vr 

v: 
to 

or 1 1 

3 _ J 
0 «i 
11.. x. 

or ci 
0 

C* c j 
o z 
or 

C J 

r— C J 

Z O 
•3. 
t~ 
to I -
Z Z 
O ct 
t J I -

t / l 
+ z 

CJ 
sr C J 

o C J 

C J • « • 

> X 
u 

U J o 
I - > 
l - l 
or x 
3 t U-
> O-

> 

Z r -
< r z 
*— <x 
«/• K 
Z to 
o z 
0 o 

o 

vr 
S T 

C I 
<r. O 
111 i - i 
or _ i 

or or or or > 
or or Cl I I J or —J CJ 
z d z Ul 
_ i 0 * - J vt X 

•— or fir or O 
or or or or or C J _J 
or or C J or. or t- i n 

_ i 0 . <t C O C J vr X X 
_ i rM «— • j O C O or or 

t— or to 
or ur or r_> X <J cr- a.j 3 -

ur or i_i or or V I or cu i n H . I V I 

0 CO C J Ul Ul 
_ 1 ^— O a «t X 0 X _ J n X O 

CM nr _ j Of vT UL 1- or 'i-t 
or or or oc X V I or 
or X I V ; or or u . _ J O or 11 to 

_ l f > or rv. <I v t X N O 

0 or v» r \ i <t. Oi or r j 
T— i_> f i _ i X i/» 

5cT or Of t^. d X 2L O d Or 
Z vr rv. or Cl I V or X 
n V I v— _ l or U.I X X X C J 

V I u_ CJ oc i n or X _ l or UJ 
ST or T— or to -* or to 

nr O or or Ul O 111 
1 — or or. or or r- X vl 1^- X N O d 

LX ur. — J I V u . 1X1 u 1 U . 

z CJ- or <r rvi p Ul X O to 
r - l - l O U. to C J X 1.0 O U C J 

to 1 O or or T J or tn rvj 
Z _ l vr 1— or tn or X X X X Co 
O O r— to X or 111 or >r o- or _J Of rvr 
C J u.i Z to or i n _ l Of <r «-T 

cl _ i Cf < i 3 a Cll vo CJ tr' 
-t- t- »- I K C J ur I X 1/1 r>- C J vr i n X N O UJ 

Z to or or or or • J Of 
m <t Z or C J •vt or OC 111 X _ l 0 c i n 

•— O C O or l>! rc> or 51 X «i C J Ul 2. d d 2. 
r— v j C J c» or U J r 1 ur. U t 1 — or _ l — 1 

Z Z i n O* rv rvi IL X X X X to to to * n O 4- or *— a rv m or to Of Of Cl or 
or C J C J Cl l_> tv UJ vr C M I N I 

I X m or —1 C J X or C J «t i n X C J V I to V I V I 

to z 0 3 O vT i n or NO Of rv rv rv 
U. or or or. Of •a h-

1 - Ul Z or or 5 . DC cr rv m to X z ra 113 CJ d 1 1 I J -

<f C J n or or or V I C J u \ l / l « J N t i i ir-
i - i I V + r- or r-~ Of X X 
or 3 C J vr or fvl t j f i X or X Of S X I I1 r i CJ 
0 C J 1 1 r - rvi 111 or Or or _J _ J d y 
to v i «; or C J Of or ri n i vr X X _ i or _ i 

31 1 1 r - or T — O C Y UJ C O vr O - i n Of m rfi to to * l ~ + C J O »- c 1 O Of r v v t N O 

z H ai _ l or _J 5" _ l UJ *t t - C J t— r 1 rv 
<i Z 1 - to Cl 1 1 1 _ i X to Ul Cl <u to to v> to 
t~ <X Z or or Of Of (Y ct _J d _ i ev or or or 
to r - <r or or or Of cvr Of or X X to 
4 £ v i »— or I V . X tv. X tr. X x r v cl U 1 I M 

C J ^ to N U r 1 I V ! C J f l or or X I C or ixj ou 111 a i 
O 0 z 0 T— on rvi rv< f Cl T— n Of 

0 0 to C T vr CO m d C O CJ C J 
••• C J or oc or rv vr a) N O r - x. IiJ _ J v • 

_ J or 1 :1 or Ul or X 0 1 u> X (Jf- _ l 1 — 

I X J u. •a. y~ I X z Cl r- 111 1 1 1 r - CJ > Cl -« m V I V I V ' 

orj u. m _ l «-I _ l to _ J 2: C J 00 m O cT _ l <o -
V I u. ^— 1 NI 

Cl VlT U_ or or or or or ur nr. X X X X X X X V I V J V J V J 

or z u rv or O ' 0 - Of or rv rv or Of c rv Of Of Or or Or- rv 
l - l LL 

C J V I U m rv 0 . T ~ 00 r 1 CJ I J - C . i | v - u. d 0 e l Nt> Pf" C I 1 J 
V I i . rv Cl v— fVJ I M c» r i n- vr s r s r u \ N U | N - K J I X J UJ H I 

C J «_J C J Cl C J C J O C J O C J CJ C J C J C J C J C J C J r j I J CJ 
0 0 0 0 O C O 0 O r ' 0 O O 
0 0 0 0 O O O O O O O O tr> 0 C J 0 O O c;> O 0 

C J fM t ' l s r i n O rv C O «>v CJ rvj m vr i n N O l - V I X J CJN t j 
r \ i r\- r\.' C M r\) rvi rvi rvi m m m to to K- m tn tn f v t 



CL IT M 
U l O <_> 1 - u LL U L 

n CL n a. Z or 
Z CO (/) C J r - K t— 

CM z Z Z 
T— I S ! CM r - U l r\' < l 

l-H 1—1 U J U > i/i »— r - C J C l C J C l 
U 1 CO to to </i LO «/i ui en CO on m 

v t z z Z 
•sT C J o C J C J o C J C J C I C l CM C J 
1 / l » l o- u. C J C J C J C J o C J 

CD 
M o CO r- a X a. • K 

»• < 2 - c i u .> C J C J C J u. 
>» V I n VL UL U J U J U J U . I 
y l / l C J r v l o H - X _J i n 

CVJ u I C u. 1 -
*— CM CM « - c o r J Z 
n 1/1 i/i t / i to 1— 1- t— • V • K n 
1/1 L O to to to to z z z O 

to <T <l «t C J C J o 0 n_ 
r J c > ( I I U ' C J C J C J 1 - r— r - 0 1 ai m a j z 
IT- U. 1 U S u. u_ C J U J U ) U l uc 

Z Z o CO r - i l l m 
m V£ I_> o o O O \-
C J X D > U l C J C J o Of U l 

i - - * >—* C J Z tl. JL. C J >- U - O ur. 
t- X t— f- —i ST X <r n no r o U ' O 

cv re o O z tc it) m Z 
1— «— CM f <— T— U.< CM _ i 
H n t - l K 1 «o to to to « a C J a. St. r--J t u 

to t o to to to to 1 0 u z z Z rvf 
CM 1- L L L L L L 

»— rv d u f ' l t J C J r- Z t - • • 
I f U S O S t j s I C 11 . Q z r - 1— 1— C J C J C J C J C J 

:*r I - - <t Z Z Z tr cc en 0 0 en l ~ 
!*: z 3L U l i - <T •ct z 

D Of C J c> > C J Z U 1 r - r - u <r r 0 0 t-i 
r_) CL l - l «a CL S_ C J U J o z to </i U 1 C l 0 
Or o X X a to C J CD z Z Z Q . 

rvi r.i C J o o o U l r - j . Z 
CM CV T— t O r • io O C J t J C l rv _ i K | z or 

n l - l H t-l I O to 1/1 oo to U . I ( T l OCI on u on Z3 
t o t o to 1/1 t o to c o t V o r • CO t— 

T— I I . 111 U J 
m >*J o - I L l CM O J C J s u U J ^» C J J _ _ J i n 0-
««.) ir> I T - L i u. LL o U l z 

z u u I I 11 y— 
1 0 CD c> C J c.i 0 C J z 

L J H O C J n <_> CJ r - r - 1— 1— I - m n l CXI eu aj 
C J _ l »-< > L L X — I I I J <r Z z z p— 
-JE C > C J r-- 3L C J <» d < i <3 « J u_ I M a < sr U l U l 

rvi rvi r ~ f - t - r— 1 - t~i o Z 
*~ « VJ 1 Vi T - *— V J 1 VJ U l V I u» U J U l U l O 

H to to to 1/1 U ) Z z Z _ l 2. C > 
t o t o I/O to t o 1/1 to CD O o o a X z T z 

o in C J u o C J C J to m on 0 0 on r 1 
v t U I f J l C J T - « * C J U l C J T— 
CXI C» <«J 1>A U _ U _ C J C J u u CM sr I M 

z z z U J 
1— r - 1— ur 
U l U l U J 

or or or f-
U l 

p - t - f— r - X 
to to uo to r - -

u i 
vt 

i n l / i H I 
m 

vt 

O 0 Cl 0 
CD 

O 
• 

z 
•V-

CJ CJ C> vt UJ 
• • • vr X z or z 

z X D K 1 
r— 
L U 

X 
•« 

X X 
* r 

X 
t -

IJI 
Or _ J 

r -
U ' 

111 
r> 

r— u. U l 

Z X CJ _ J _ J CJ K S O m r 
(VI t - _ l _ l u »- i n LO i / i 
C J Ul m U- u i Or-
O 1/1 If! m O vt - t 
O <r vt vt i n O O s: 0 CD 0 O O « • CD z 
Z> CJ CJ CJ CJ • 1 -

-> 0 vr vr vt • • vt X 
Cl 

• 
X 
» 1 

X 
^» 

CJ 
• 

III 
I — • X X X X X •it 
^: * i Tl 3»r X X H- X 
<i z -*c _ i -a _ l U l -u- U l 
t- z z z 
L O LL) _J m to i n vt 1 0 c 
z tx U l rr vr vr vr vT z L 1 
C J Cl m ir- vt O vt vt Cl 
Cl _ l v» r-- V ^r i i J • • 

L O u0 Ul to to vt fY 0 O O 
Ul sT C..1 <t <i Or «i O • or • • rr CJ 

<T ^ . 2 . u i i . i . CJ <l _ i _ J • 
r j <* O _ J U. _ l u. • _ J X O X X C? 

• CJ _ l _ J i n _ | _ l CT u. •«* II X 
1 - _ J ID <t - 1 <r X CD u 
z X CJ IC X i ( i 11 z X z z • _ l _ i H- _ l 
n <r • 1 - 1 - »- _ J U J 1/1 
0 _ J _ i _ J —1 Ul _ i III _ J u i <r vt vt vt 
0 C' _ J X or or or vt S O c> 
_ l « • vt vT vt vt •vt «t CJ CD vt • 
_ J 0 vt <t «-r «r * 0 C"i 

• <t 0 CD CD O _ i _ l O _ l O O 0 rv 
C J vT _ l CJ • • CJ CJ • _ j 

X 0 Cl CJ Cl CJ CJ CJ 0 CJ • « Cl 
H 7 1 - O 0 X X X 11 
Z • • X X 
«X 1 0 X X X X ou X CO X au *t I t •_J 
1— u X vT % i t =r». *r -rr- I I . LL. or vr 
U l z 4 1 CJ Cl Cl CJ <l LL 1— 11 - c J 
Z 1-1 O X 00 • X • 00 • ev rs rr» 0 j> 1--1 
Cl 2 . 1 • t n 1 0 to — • — • I _ I U J I_J L L Cl 1—1 
C J CJ I.J c> 

UJ UJ O UJ LLI 111 111 UJ lu ILl ILl u i Ul u • Ul 0 rn m CO CI O CD 00 0 on rn no CI O Cl 0 J c 0 
<r 0 0 OJ 0 Cl O O - I I CJ •n Cl Cl CJ CJ c:» 1 CJ Cl 
IM 0 CJ CJ CJ Cl CJ CJ CJ CJ LJ 0 CJ Cl CJ 

CJ Cl < J CJ O i_ i 1. > CJ CJ C . I C ' J t J u 0 C J C J C J CJ Cl CJ C J Cl CJ CJ CJ l _ J C -• Cl l_ l CJ 0 CJ CJ CJ CJ CJ CJ Cl C J 

CD O O Cl CD CO O 0 Ci O O O CD O O CD Ci O O CD CD 0 0 0 C> CD CJ 0 0 0 r-> O CD CD Cl 0 rr c C-
O O O Cl 0 CJ O CD CD O CD CJ Cl CJ O O CD O 0 CD CD CD O O O CJ C J 0 0 0 O O CJ CD 0 CJ CD O c i rD 
T— CM f l V t i n so Cv- C1J O CJ T— CM C I v t i n ^0 r- a j OS CJ m t ^ i v t i n SO r - co OS CJ T— I M C I v t i n -0 r v CO CJ- I . J 
v t v t v t v t v t v t v t v t v f i n m i n m 1 0 i n i n i n i n i n SO O so sO so «o O vO -O fs fs |s- r r- r-- r- fv 



z 
ui 
x 

X 
— • 

or 
X • 

I M 

rv 
• >-

or 
CJ d 
T ~ Z 

l - l 
X U l 

Z U J 
X fl a 

r -

UJ • • 
or • s 

r - • s X 
to ta 

J _ 
v t — • or 

• • V 

O or 
• U J U . I 

O «/i c> 
• <r <t rr 

H I _ j 
X CJ 
*- _ i • m CO 

<t 
U ) ac fl.l 

n • S •» 
o CJ 

• i n ••• I I i 
Cl _ j 

or X i - i 

r> • • ro o 
o s-
u • • • o 

CJ 
or v t 
_ i X 

— UL 
V T _ l 

ry CO 
o m 

• L O X 
a • _J <«» 

I i CJ 
_ l l - l I I 

« «j -> 
y~ U . I 

U l C J CV on 
Cl o o. • 

v t 

•vt 

• ». • «. 
or 
u i o_ 
-> o 
co or • 

CJ 
cv x 
i n u . i d 
> o 
CJ or _ i 

u • 
ur. 
I J J a. en 
> « h-
o or w 
CM C J « J 

cxi _ l 

flf 

u r— 
J ( J i 
c rv ft-

Q_ I — o_ 
ZJ C J c i 
L i u r • 

U C l I t 
c i or U J 

c\" r \ i x 

C J 

r~ i n 
CO f -

co 

c> 

v * 

o 

»-

CJ 
I— m 
co —• 

<t + 

vo r 

c i 
U J 

ou 

CO x 
• v — . — . 

d c t 

o- rs 3 
A i n i / l 

2 
CO + + 

••• m x 
I I I CB 

ra 
cv rv 

LK I I I U J 
U J J > > 

> o o 
O 

a. a. 
a. o <r 
« J J J : 

ZS to i o 
i / 1 

O l i 

m 
a 
* 

z 
4 
l > -
to 
z 
o 
t j 
4-

CJ « s 

CR 
« h < o 
_ i oo _ j 

I « » • N • V V I 

to <r _ i c <f 
• CM • |— 00 ft 

«— r \ i i / i —. 
v t I 

•4 2 i?— to 
0 - O O • U.I 

CJ u i • or or 
ur «— tu 

CIO C O X 
• * * • - » _ l > m o « 
U i « • a \ 

Kl 
to - J X CJ 

V T • *- a. 

V I 

v t I I I 

or 

O > 
E : 

C J 

I - I i / i 

U l 
or. H J 

i d 
X rn 

v t 
r j 

to 
• s-

Z 
or aj 
to 

CO " v 

CJ 
«/l > 

• ty> 
ft 

O 
c 

U J 
r - O 
Z3 > 
o l / l 
i u 

X •• 
I I I 

C J 
a > 
Z l>0 
I - I -ft 
u_ 

ur 
CO Or 
or 
O <a 
j : C J 

00 
—. 

to sr. 
• a 

L O 

_ i a. 
« T d 
on -S 

co 
o 
O CO 

U l U J 

or or 

to to 

st <r 

o o 

o o 
• • 

X X 
4 £ 

z o 

- t v t 

o o 

CJ o 

r - -vt z 
or u i 
U . I <1 
10 _ l 
u i 
•— i d 
Z O 
f - l C J 

c 
C l 

v T C_> 
n 

• — 
or 

i n m 
CJ U l 

C J or 

to r • o 
• or 

at. 
ur oo C J 
U l 

••- O 
<r z • 
V T C J X 

o -r 
i z 

or n 
UJ D O 
O »r- a 
C J U J 

o or •• 

r ~ f— r— 2T 

C J 

O 

Cl 

zx 
o 

z a. 
I - I U J 

C J 

o. 
o_ 
£ £ 
_) Q_ 
-> U J 

ft 
L L 
2. ur. 
ZJ rr 

x x 
T i ^t-

o. n 
o o 

U . LL. 

v t v t 

ur. 
t-
ui 

v t 

z o 
I — 
Ul CJ 
or • 
i - x 
u i » 

v t vo 

O v t 

O I U 

• z 
o 

X 
•tt or 

C J 

X _ l 

v * < t 

O v t 

O _J 
• 

v t 
X 

O 

o o 
o • 
UL 

X 
V t V 

X 
I — 
U J 

o 

U J 

or 

C O 

C J 

u. 

o 
U J 

s 

to 
s; 

x x 
— - j r 

L L < I 

en n 
z 
<a L J 

• Q_ 

as o 

^ n.i 
on 5t 
o: 
5c X 

<r o 
x Q-
+ o 

«— U l 
2. 

U J 

or x 
U J i t 

L I • or r -
z or C J c i 
«T O X Z Z l - l 

l U U J U J I I I 

O D O O 
c j C J c c i 
C J C J C J C J 

_ l U J 

o 
• • c i 

X 
a 
Cl 
a 
CJ 

Cl 

a 

x 
% I 
U J CM 
z 
00 U l 

or 
I — U J 
Z X 
l - l 
C J U J 

a. a 
Z ft 
or 
ZD C J 

r— 
U J 00 
or <r 

•ft 
cx 
I— I 
_ l 

I U 

v t or 
i n 

v t x 

o_ u. 
o -o 
O. ft 

* 

i 
v £ 
r— 
u i 

a. 
U J 

OL 
ivi 

O 
c i 
JC 

• S U l 

U - I 

ft o. 
*x 

» 3 
to 

l> I L l 
oo or 

U J 
u- x 
n 
* a. 

Z3 
«• Cl 

— z 
ui 

u. X 
»l t— 
mm mm 

z 
U l 

1 X 
1 -

CM X 
—• 1 

U J -t-
or CM 

ui o 
X « I I I J 

3 or 
C J C O U J 

an X 
• 

U J QL1 

— ca 
o CO 

C J C J — • 
«i 
_ i U J C * 1 

u_ or 1 
U J _ l 

v j U -

1 i v t 

z z Z 
U l U l U 1 

X X X 
i— 1- » — 

«• • • 
i 

o a. 
< I <i o 
J. J& d. 
in C O zs 

oo 
L L a. 
vr: vr 11 

l -H 
to oo *£ 
• • U J 

CXI 

on n 
• U J 

U y 
l -H I J 

I L l I I I U 

X r - I - i 
h <t y 
• • I 1 C O 

C J • • 

U J u. sr I I 

n a. I - I 

or m 
ci? . v ca 

i i 
«* 
zs 
U l 

I I ' 

L L Or 
I — I I I I 

V X 
on 

i i i 
i n y 
y- <t 
a »- i 

O U.I 
Ul S" 
i . £ 

U J i U J U J at. i—i 
• • H - i — i 

Z c l Z 
Z U J u . I - - i U l I—t 
U J J L I—I L J U i L ' . 1 

I f - sr i n J u i 
y~ co at i n no 

2 . 

• • i—i 

CO CJ Cl I J CJ CJ CJ r, 1 Cl Cl CJ C J CJ CJ CJ Cl CJ CJ CJ CJ CJ CJ CO CJ CJ O CJ C > CJ CJ CJ CJ CJJ C_J O CJ CJ C Cl C J 
O O O O O O O C n o o O O O O O O O c n O O O O O O O O O O O O O O O O O O O O C ^ C - - -
CO O O O o CO O O O CO O O O CJ O C.J c_> o CO O O O O O O O O O O O O O O O CJ O O O c.i o 

T - I M c i vt u i vci r>- ou cr C J T - C M C I vt u-» \o rv. oa u u r I M h i •* i n >o N m o > u r I M i " < m o M U u u 
CO CTi ff- fJ^ f>n cr; ryi on a O- O CO O O t> n o O O O O O O O O C J O O « - T - « - T - T - T - r - r - T - ^ r - n -



r i • 

• • 
r ' i 

r 
T— 

I I 

I I I 

> 
I 4 
»•-

i 
i 

I. 
ft 
JL 
»-

I X 
1—• 
V I 

ft 
1. ' 

r 
• I < 

vfl Zf 

r n i 
n 

i r 

c c 
•v. o 
r-• 4~ 
r -

>i 
l_i L 
I I i lu 
r* C 

u 
I I •fH) 
i V 

o 
•«H 
L I 

Ul 
«a a 

I-
X 
Ul 

cv 
I I : 
m 

UJ 

i 

2 

U J 

X 

•XI 

1 2 
i l l 

U l X 
LO r~ 
_J 
ILl or 

to ir 
— u i 

v t X 
r h-

— • 

IE 
u LO 
l-H 

JT. vJ 
v 1 r-H 

7* v j 
1 U 

U 
or c i f-H 
U l _ l 
> s: 
o vJ z 

u 
O-
«T _J 
3t O 
i/> S t 

cr 
U 111 
1—1 OJ 

HI o 
1 

or or 
II r— r-
l - l _ i -J 

— v t -vT 

on <r -J 
C3 

_ j _ l 
CO 

* - T t - v t 
l i i 

UJ CJ rv t J 
1— 
« i CJ t - CJ 
I - I • to • 
en 
UJ X <r X 
i _ HI 
2 . CJ 
H II V 

L J CJ CJ 
CJ * 
«- IIJ U l 
U l a X C I 

CJ HT CJ 
• • CJ CJ 

f 1 e j CJ r . j 
o o c: 
CD a o o 
t— rvi r»i s t 
f - l r \ j 

2 Z 
U l 
or 

or 
Z J 

*~ 
UJ 

or 

<t 

vO 

I U 
2 

o 

CJ 
O 

S t 

CJ 

C J 

X 
It 

or. 
co 

v t 

CD 

u \ 

X 
HT 

to 

vT 

O 
U I 

X 
Hr 

o. o_ 
CD CJ 
or or 
co ci 

• v 
V 

II 
Cl U 

«t 
\- zs. 
CD to 
2 

A 

_ l _J »v 
s t v t Z Z Z 

111 U J U J 
CD O X X X 

I— I— I— 
CJ CJ 

• u i 
ZJ 

X 2 

-H- l - l 
3L 

O 
o u 

o_ u 

LO t o 

u a 

II v 
CJ C_T 

II v 

ir\ V 
O 

r— o. 
u _j 
UJ CD 
_ l 

to 
U! CD 
c j cr 
o 
C J • • 

v / \ 
or rv 
UJ u i 
•> 5» 
Cl CJ 
CM O.I 

X Z 
<t l-l 
x ar 

z 
u. r— 

I I I 
or 2 

2. r -
u X U l 

to or 
LL ZD 
1- U X 

1/1 
o «o _3 
Z a 
u. X 

to | s 
or m 
I— Q rv 
_ i C l 

rv-
«o -o 

or 
>o C J in 

Z 
X o •o o 
i/) l-H o 
_ J r— U l 
u. i/i 

u- sr. in 
r- r j 

c or 
IX i . 
« r n. U l 

z 
VCJ Z J o 

—> m 
in o. 

Z o o. 
a 111 Q o 
o X U 
o r~ r 

|V-
r z u. 

U l C J Q. 
o X Ci r> 
o 1— Q 
a. in 

«rT in 
I n I— C J 

I I I 3» •s. 
« uc C-1 * 

UJ U ' U • 
D I/O C J C l 
C J _ j C i C J 
C J UJ C J C l 

a 
o 
or 

o 
jt r-
to u i rv 
r i 
5» J -
CJ _J 

L ' CO 
C J at 

C J 

• • c> 

• s s: 
a. x 
c OJ 
or 
ci h-

or 
L l CJ 
> no 
c> 

UJ 
S CO 

o 

X 2 

p— m in 
to 

i— CM 
S t z 

n 1/0 

CJ o 3L 
u. r— 

to 2 X or or 
37 X or J* r - o 

r - _J —i O.I 
X LO 1— or <I 
H * UJ «a in 

m or O. 
4 U i U l 2 . 

_J CJ IX _ l 
r- v t or -) 

m CO _l X 
i _ - J z 

CM 1— i n m ILl 
X to IT . X 

m «- i n O r -
U l CM 

C J J - j - u_ 
»>- C.l r- tO r-H m 

no LO V) 7" 
H> to rvi r -
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A 

1 0 

C( 

3 0 
<: 

ci : : 

4 0 

E n 

D I M E N S I O N MASK ( 6 8 0 0 ) , V E R T E X ( J. 6 ) . O U T B U F ( 6 1 ) , Z ( 6 1 > 
T Y P £ " W I L L T E S T 3 DP L O T G R A P H I C S " 
T Y P E 
T Y P E •WHEN R E A D Y 
P A U S E - S E T UP L P O T T E R NOW P L E A S E 
I N I T ^ - 1 
DO 2 0 N L I N I E > 1 , 6 1 
T Y P E "OK p 

B E A M V » % I N < 1 5 . 0 * 5 I N ( ( 3 * N L I N E - 9 3 > * 0 . 0 1 7 4 5 3 2 9 3 ) ) / ( 1 5 , 0 * S I N ( ( 3 * N L I N E - 9 3 > 
1 * 0 . 0 1 7 4 5 3 2 9 3 ) ) 

DO 1 0 NPOINT=«l ,61 
O U T B U F ( N P O I N T ) > = 

1 » E A M V * ( ( S I N ( 7 . 5 * 5 I N ( ( 3 * N P 0 I N T - 9 3 ) * 0 . 1 7 4 5 3 2 9 3 ) ) ) / ( ( 7 .5 
1 * S I N ( ( 3 * N P O I N T - 9 3 > * 0 . 1 7 4 5 3 2 9 3 ) ) ) ) + 0 . 2 5 

C O N T I N U E 
C A L L P L O N 
C A L L P L 0 T 3 D < 1 0 , 0 . 0 . O U T B U F , 0 . 0 , 0 . 4 , 1 0 . 0 ,-0 . 1 , 

1 N L I N E , 6 1 , - 3 0 . , - 4 5 . , 9 . 0 , 0 . 5 , 3 4 . 0 , M A S K , 0 ) 
C A L L P L O F F 
C O N T I N U E 

E N E R A T E SECOND F I G U R E 
.NERATE A R R A Y O F 2 COMPONENTS 

DO 3 0 N L I N E = ' l , 6 1 
Z ( N L i N E ) ' « ~ 0 . 1 * < N L I N E - - 1 ) 
C O N T I N U E 

E N E R A T E DATA R U N N I N G G P A R A L L E L T O Z - A X I S 
DO 5 0 N L I N E ^ l , 6 1 
X « 0 . 1 * ( N L I N E - 1 ) 
BEAMV---=SIN< ( 7 . 5 * S I N ( ( 3 * N L I N E - 9 3 ) * 0 . 0 1 7 4 5 3 2 9 3 ) ) ) / ( 7 . 5 * 5 I N < ( 

1 3 * N L I N E - 9 3 ) * 0 . 0 1 7 4 5 3 2 9 3 ) ) 
DO 4 0 N P O I N T ^ l , 6 1 
O U T B U F ( N P O I N T ) — 

1 B E A M V * 5 I N < ( 1 5 . 0 * S I N ( ( 3 * N P O I N T - 9 3 ) * 0 . 0 1 7 4 5 2 3 2 9 3 ) > ) / ( 1 5 . 0 * S I N ( ( 
1 3 * N P O I N T ~ 9 3 ) * 0 . 0 1 7 4 5 2 3 2 9 3 ) ) + 0 . 2 5 

L O T E A C H L I N E A S I T I S C O MPUTED 
C O N T I N U E 
C A L L P L O N 
C A L L P L 0 T 3 D ( 1 0 1 1 , X , O U T B U F , 2 , 0 . 4 , 1 0 . 0 , - 0 . 1 , 

1 N L I N E , 6 1 , - 3 0 . , - 4 5 . , 8 . 0 , 0 . 5 , 3 4 . 0 .MASK , VERTE.X ) 
C A L L P L O F F 
C O N T I N U E 
S T O P 
END 

d o f L i s t i n g 



A S U B R O U T I N E P L O T 3 D ( I V X Y Z , X D A T A , Y D A T A , Z D A T A , X S C A L E , Y S C A L E , 7.SCALE!, Nl. I N E , 
1 N P N T S , P H I , T H E T A , X R E F , Y R E F , X L E N G T H , MASK , V E R T E X ) 

I N T E G E R H I G H . O L D H I . O L D L O W 
D I M E N S I O N X D ATA < 1 ) , Y D A T A ( 1 > , Z D A T A ( 1 ) , MASK < 1 ) , V E R T E X ( 1 ) 
COMMON / F R E D / I N G I , I N I T , I , S P H I , S T H E T A , L I M I T X 
DATA I N I T , S P H I , S T H E T A / - 1 , - 1 E 3 8 , - 1 E 3 8 / 
JVXYZ=:~1 
P I P I « " 1 0 0 . 0 
N Y P I - Z O O O 
I F ( N L I N E . E Q . 0 ) G O T O S 5 0 
I F ( NL I N E . NE . :l. ) GOTO 2 0 
i O N Y P I H O O 
C A L L I P L O T ( 0 , - 1 , — 3 ) 
L I M I T X » X L E N G T H * P I P I + 0 . 5 
I » « L I M I T X + L I M I T X 
DO 1 0 K""l. ,1 
MASK ( K > = " I N I T 

:l.O C O N T I N U E 
INIT=»-1 
I N C : i > - - l 
I ™ 0 

2.0 I F C J V X Y Z . E Q . I V X Y Z ) G O T O 7 0 
J V X Y Z ^ I V X Y Z 
INDZ==-1 
INDY=«J. 
INDX--1 
I N D V = 1 
I F ( J V X Y Z . L T . 1 0 0 0 ) GOTO 3 0 
IN»V=»2. 
J V X Y Z ^ J V X Y Z - I O O O 

3 0 I E ( J V X Y Z . L T . 1 0 0 ) G O T O 4 0 
I N D X « Z 
J V X Y Z » J V X Y Z - • 1 0 0 

4 0 I F ( J V X Y Z . L.T . 1 0 ) GOTO 5 0 
I N D Y » 2 
J V X Y Z ' « J V X Y Z - 1 0 

50 I F ( J V X Y Z . L T . 1 ) G O T O 6 0 
INDZ«"2 

6 0 J V X Y Z - - I V X Y Z 
7 0 C O N T I N U E 
C A B O V E I S A H I G H L Y ! ! ! ! ! ! ! ! ! ! ! D U B I O U S L I N E ! ! ! 
C C O M P U T E R O T A T I O N F A C T O R S 

S P H : i > S I N ( 0 . 0 1 7 4 S 3 2 5 Z S * P H I ) 
C P H I ^ C G S ( 0 . 0 1 7 4 ! 5 3 2 5 Z 5 * P H I ) 
STHETA===SIN< 0 . 0 1 7 4 5 3 2 5 * T H E T A ) 
CTHETA=="COS ( 0 . 0 1 7 4 5 3 2 5 * T H E T A > 
A11=='CPHI 
A 1 3 = - - S P H I 
A Z 1 - S T H E T A * S P H I 
A Z Z B-C T H E T A 
A Z 3 " n 5 T H E T A * C P H I 
S P H I - P H I 
S T HE'T At!iI T MET A 

C MOVE THRO' DATA A R R A Y S I N R E Q U I R E D D I R E C T I O N ! 
&0 I N C I « — I N C I 
C G E T F I R S T P O I N T ! 

I F < I . NE . 0 > I<s«NPNT5+l 
C DATA C A L C U L A T I O N ; AT L A S T YOU C R Y I 

DO 5 3 0 K»«l , N P N T S 
I«=I + I N C I 
G O T O ( 9 0 , 1 0 0 ) , I N D X 

9 0 X'^XDATA ( 1 ) + ( I - 1 ) * X 5 C A L E 
GOTO 1 1 0 

1 0 0 X'"XDATA ( I ) * X 5 C A L E 



:l.4 
.1.5 

J. :l. 0 GOTO ( 1 2 0 , 1 3 0 ) , I N D Y 
12|o Y--YDATA ( 1 ) + ( I ) * Y 5 C A L E 

GOTO 1 4 0 
1 3 0 Y'~YDATA( I ) * Y 5 C A L E 

O G O T O ( 1 5 0 , 1 6 0 ) , I N D Z 
0 Z » Z D A T A ( 1 ) + ( N L I N E - 1 ) * Z S C A L E 

GOTO 1 7 0 
1.60 Z'-~Z.DATA< I > * Z S C A L E 

D ATA R O T A T I O N ! 
1 7 0 X X X ~ A 1 1 * X + A 1 3 * Z + X R E F 

xx-xxx 
I X ™ . T F I X ( X X * P I P I ) 
Y Y Y = " A 2 1 * X + A 2 3 * Z + Y R E F 
Y Y - Y Y Y + A 2 2 * Y 
I Y - I F I X ( Y Y * P I P I ) 

G E T I T ON A P A G E ! I ! ! 
I F ( I X . L E . O ) I X - 1 
I F ( I X . GT . L I M I T X ) I X ' = L I M I T X 
I F ( I Y . L T . 1 0 ) IY=-10 
I F < I Y . G T . N Y P I ) l Y ^ N Y P I 
I F ( K . N E . 1 ) G O T O 2 5 0 

.OCATE I N I T I A L P O I N T W I T H R E S P E C T TO T H E MASK 
LOUI=":I:X+ix 
H I G H - L O W - 1 
MLOW-MASK(LOW) 
MHIGH'-MASK ( H I G H ) 
I F ( M H I G H - I Y ) 2 0 0 , 2 1 0 , 1 8 0 

184) I F ( M L O W - I Y ) 1 9 0 , 2 3 0 , 2 2 0 
I.9P L O C O L D - 0 

GOTO 2 4 0 
2 0 4 ) MASK ( H I G H ) - 1 Y 

I F ( M L O W . EQ . -1 ) MASK ( LOW > ™ I Y 
4) L O C O L D ^ + 1 

GOTO 2 4 0 
M A S K ( L O W ) ~ I Y 

3 0 LOCOLD>«--l 
. E T ' S G E T T H E R E ! 

*.4^ C A L L I P L O T ( I X , I Y , 3 ) 
J X = I X 
J ' Y ^ I Y 
l'REFs«I Y 

C IJlID H E WANT T H E C O R N E R S ? 
I F ( I N D V . EIQ . 1 > GOTO 5 3 0 
I N D E X - I N C I + 6 
V E R T E X ( I N D E X ) = X X 
V E R T E X ( I N D E X H ) » Y Y 
V E R T E X ( I N D E X f 8 ) ='XXX 
V E R T E X ( I N D E X + 9 ) = Y Y Y 
I F ( N L I N E . N E . 1 ) G O T O 5 3 0 
V E R T E X ( 1 ) "=XX 
V E R T E X ( 2 ) - Y Y 
V E R T E X ( 9 ) ~ X X X 
V E R T E X ( 1 0 ) =»YYY 
GOTO 5 3 0 

CDON'T WANT TO L E T L I N E K I L L I T S E L F 
'•''.50 I F ( I X . N E . J'X ) GOTO 2 6 0 

J"Y*>IY 
GOTO 2 8 0 

C d O M P U T E C O N S T A N T S F O R T H E O L D L I N E A R I N T E R P O L A T I O N 
:60 YINC«"FL.OAT ( l Y - J Y > / ADS < F L O A T ( I X ™ J X > ) 

IN C X b " ( I X - J ' X ) / I A D S ( I X - - J X > 
Y J - J ' Y 

C DO I T ! ! ! ! ! ! ! ! I ! ! I ! I ! ! 
2 7 0 J X - J X + I N C X 

C 



Cl : 

280 
29:0 
C W E 

300 

c W E 

31.0 

f'LOT 
I) 

I'LOT 
I) 
>L0T 

I) 

Y J = = Y J f Y I N C 
J Y ' : 3 I F I X ( Y J " ) 

L O T I N C R E M E N T A S A F U N C T I O N O F L O C A T I O N O F L L A S T P O I N T ! (WOW!) 
LOW=«=JX+JX 
HIGH--LOW -1 
MLOW^'MASK ( L O W ) 
MM I GH=-"MAS K ( H I GH ) 
I F ( M H I G H - J Y ) 3 0 0 , 3 0 0 , 2 9 0 
I F ( M L O W - J Y ) 3 1 0 , 3 2 0 , 3 2 0 

R E A B O V E T H E MASK - G E T DOWN! 
L.OC--+1 

. I F ( LOCOI..D)360 , 3 7 0 , 4 3 0 
R E I N S I D E T H E MASK - T H A T ' 5 B E T T E R 

L O C ^ O 
I F ( L O C O L D > 3 4 0 , 3 5 0 , 3 3 0 

C lj<JE' ' R E BELOW T H E MASK —TOO F A R P E R H A P S ! 
3 2 0 L O C » - l 

I F <LOCOL D ) 5 1 0 , 4 5 0 , 4 4 0 
DOWNWARDS FROM A B O V E T H E MASK 
I F ( M H I G H . L E . I Y R E F ) C A L L I P L O T < J X , M H I G H , 2 > 
GOTO 3 5 0 

UPWARDS FROM BELOW T H E MASK 
I F ( M L O W . G E . I Y R E F ) C A L L I P L O T ( J X , M L O W , 2 > 

K E P T W I T H I N MASK 
C A L L I P L O T ( J X , J Y . 3 ) 
GOTO 5 2 0 

R O U B L E ! - S P E C I A L C A S E 
I F ( M L O W - I Y R E F ) 3 7 0 . 3 8 0 , 3 8 0 
I F ( M H I G H - 1 YREF') 4 0 0 , 3 9 0 , 3 9 0 
C A L L I P L O T ( J X , M L O W , 2 ) 
C A L L I P L O T ( J X , M H I G H , 3 ) 
GOTO 4 3 0 
I F ( M H I G H . E Q . - 1 ) G O T O 4 3 0 
OI. D H I <«H I GH - 2 * I N C X 
I F (MASK (OLDI-II ) ~ J Y ) 4 2 0 , 4 2 0 , 4 1 0 
C A L L I P L O T ( J X , J Y , 3 ) 
GOTO 4 3 0 
C A L L I P L O T ( J X - I N C X , M A S K ( O L D H I ) , 3 ) 
M A S K ( H I G H ) - J Y 
I F ( MLOW . E Q . - 1 ) MASK ( LOW ) «=> J Y 

1 C A L L I P L O T ( J X , J Y , 2 ) 
GOTO 5 2 0 
I F ( M H I G H - I Y R E F > 4 6 0 , 4 6 0 , 4 5 0 
I F < M L O W - I Y R E F ) 4 7 0 , 4 7 0 , 4 8 0 
C A L L I P L O T ( J X , M H I G H , 2 ) 
C A L L I P L O T ( J X , M L O W , 3 ) 
GOTO 5 1 0 
O L D L O W > » L O W - 2 * I N C X 
I F ( M A S K ( O L D L O W ) - J Y > 4 9 0 , 5 0 0 , 5 0 0 
C A L L I P L O T ( J X , J Y . 3 ) 
GOTO 5 1 0 
C A L L I P L O T ( J X - I N C X , M A S K ( O L D L O W ) , 3 ) 
MASK ( L O W ) ™ J Y 
C A L L I P L O T ( J X , J Y , 2 ) 
I Y R E F - - J Y 
L O C O L D « " L O C 
I F ( J X . Nli." . I X ) GOTO 2 7 0 
C O N T I N U E 

si:;; P E N 

C A L L I P L O T ( J X , J Y , 3 ) 
D H E WANT T H O S E C O R N E R S ? ? 

I F ( I N D V . E Q . 1 ) G O T O 5 4 0 
I N D E X « - I N C I + 6 
V E R T E X ( I N D E X ) <=XX 

H-90 

500 
1310 

i30 

: R A : 

D:I 



V E R T E X < I N D E X * 1 ) =»YY 
V E R T E X ( I N D E X + 8 ) = X X X 
V E R T E X ( I N D E X + 9 ) «>YYY 
I F ( N L I N E . N E . 1 > G O T O S540 
V E R T E X ( 3 ) « X X 
V E R T E X ( 4-) ~ Y Y 
V E R T E X ( J. 1 ) r !'XXX 
V E R T E X ( 12)'«'YYY 

5-410 I = I - - J . 
R E T U R N 

\>0 I N I T I O 
R E T U R N . 
END 

E r d a-P L i s t i n g 
A S U B R O U T I N E I F ' L O T ( I X , I Y , MODE > 

I F ( M O D E . E Q . 2 ) GOTO 200. 
I F ( MODE . EGl. 3 ) GOTO 3 0 0 
I F < M O D E . L T . 0 )GOTO 9 9 9 
R E T U R N 

•0 0 C A L L D R A W ( I X . I Y ) 
R E T U R N 

3 0 0 C A L L M O V E ( I X . I Y ) 
R E T U R N 

9 9 f ? C A L L P L O F F 
T Y P E " I N I T I A L I S E P L O T T E R ! ! I ! ! " 
P A U S E 
CALL. P L O N 
R E T U R N 
END 

E n l l o f L i s t i n g 
A O V E R L A Y OMOVE 

S U B R O U T I N E M O V E < I X ( I . Y ) 
D I M E N S I O N I N U M ( S > 
NX==IX 
NY»'IY 
C A L L M B P ( N X , N Y , I N U M , I P A R ) 
I C O M - 1 1 2 
I T E R " 1 2 3 
W R I T E B I N A R Y ( 1 0 ) I COM , ( INUM (l< ) , K E 11 ,1 PAR ) , I T E R 
R E T U R N 
END 

E i» d ' a F L i s t i n g 
A x O V E R L A Y ODRAW 

S U B R O U T I N E DRAW ( I X . I Y ) 
D I M E N S I O N I N U M ( 5 ) 
NX'-IX 
NY3-"! Y 
C A L L MBP ( NX , NY , INUM , I P A R ) 
I C O M - 1 1 3 
I T E R » 1 2 S 
W R I T E B I N A R Y ( 1 0 ) I C O M , ( INUM ( K >, I<«1 , I P A R >, I T E R 
R E T U R N 
END 

E n d a +' L i s t i n g 
A S U B R O U T I N E P L O N 

I N T E G E R 1 ( 3 ) 
1 ( 1 ) P'27 
1 ( 2 ) 
I ( 3 ) « 4 0 
W R I T E B I N A R Y ( 1 0 ) ( I ( K ) , K ~ l , 3 ) 
R E T U R N 
END 

E n d o f L i s t i n g 
A S U B R O U T I N E P L O F F 



I N T E G E R 1 ( 3 ) 
1 ( 1 ) ••-•2.7 
I ( 2 ) = > 4 6 

- I ( 3 ) ™ 4 1 
W R I T E B I N A R Y ( 1 0 ) ( I ( K ) , K=*l , 3 ) 
R E T U R N -
E N D 

E n d u -F L i s t i n g 
A S U B R O U T I N E M B P ( N X , N Y , I N U M , I P A R ) 

I D I M E N S I O N I N U M ( 5 ) 
N»»NX 
I F ( N X . G T . N Y ) G O T O 1 
N»»NY 
C O N T I N U E 
I F ( N . L T . 2 5 6 ) G O T O 2 
I F ( N . L T . 2 0 4 8 ) G O T O 4 0 
I F ( N . L T . 1 6 3 8 4 ) G O T O SO 
S T O P 
C O N T I N U E 
I F ( N . G T . 3 1 ) G O T O 3 0 
I F ( N . G T . 3 ) G O T O 2 0 
IPAR'=1 
INUM ( 1 ) ™ N Y + 9 6 + 4 # N X 
R E T U R N 

2Q C O N T I N U E 
I PAR«»2 
N X l ^ N X / 2 
NX2^NX--2*NX1 
INUM ( 1 ) ="NXl+96 
INUM ( 2 ) >=NY+32*NXZ 
I F ( I N U M ( 2 ) . G T . 3 1 ) G O T O 1 0 0 
INUM ( 2 ) <»INUM ( 2 ) + 6 4 

1 0 0 C O N T I N U E 
R E T U R N 

3 0 C O N T I N U E 
IPAR-^3 
N X 1 = « N X / 1 6 
N X 2 - « N X - 1 6 * N X 1 
NY2==NY/64 
NY3=*NY--64*NY2 
INUM ( 1 ) "'NXl + 9 6 
I N U M ( 2 ) » * N Y 2 + 4 * N X 2 
INUM(3)===NY3 
I F ( I N U M ( 2 ) . G T . 3 1 ) G O T O 2 0 0 
INUM ( 2 ) »«INUM < 2 > + 6 4 

2 0 Q C O N T I N U E 
I F ( I N U M ( 3 ) G T . 3 1 ) GOTO 3 0 0 
INUM ( 3 ) «=INUM ( 3 ) + 6 4 

30C| C O N T I N U E 
R E T U R N 

4 0 C O N T I N U E 
I P A R ™ 4 
N X 1 = N X / 1 2 8 
NXR'=NX-128*NX1 
N X 2 = N X R / 2 
N X 3 » = N X R - 2 * N X 2 
NY3=*NY/64 
N Y 4 ^ N Y ~ 6 4 * N Y 3 
INUM ( 1 ) =='96+NXl 
INUM ( 2 ) =*NX2 
I F ( I N U M < 2 ) . G T . 3 1 ) G O T O 4 0 0 
INUM ( 2 ) '"INUM ( 2 ) + 6 4 

4 0 0 C O N T I N U E 
INUM ( 3 ) « - N Y 3 + 3 2 * N X 3 



I F ( I N U M ( 3 > . G T . 3 1 ) G O T O 5 0 0 
INUM ( 3 ) "-INUM ( 3 >+64-

)p() C O N T I N U E 
I N U M ( 4 ) « » N Y 4 
I F ( I N U M < 4 ) .GT. 3 1 > GOTO 6 0 0 
I N U M ( 4 ) » - I N U M ( 4 > + 6 4 

>$)0 C O N T I N U E 
R E T U R N 
C O N T I N U E 
I P A R - S 
N X 1 - N X / I 0 2 4 
N X R « ' N X - - 1 0 2 4 * N X 1 
N X 2 - N X R / 1 6 
N X 3 ~ N X R ~ 1 6 * N X 2 
N Y 3 - N Y / 4 0 9 6 
NYRn»NY---4096*NY3 
NY4*>NY/64 
N Y 5 n " N Y R - 6 4 * N Y 4 
INUM ( 1 )=-=96+NXl 
I N U M ( 2 ) - N X 2 
I F ( I N U M ( 2 ) . G T . 3 1 ) G O T O 7 0 0 
I N U M ( 2 ) " I N U M ( 2 ) + 6 4 

7 0 0 C O N T I N U E 
INUM ( 3 > = » N Y 3 + 4 * N X 3 

"• I F ( I N U M ( 3 ) . G T . 3 1 ) GOTO 8 0 0 
INUM ( 3 ) -~INUM ( 3 ) + 6 4 

80|[) C O N T I N U E 
IN U M ( 4 ) " = N Y 4 
I F ( I N U M ( 4 ) . G T . 3 1 ) GOTO 9 0 0 
I NUM ( 4 ) »*INUM ( 4 ) + 6 4 

9 0 ( ) C O N T I N U E 
I N U M ( 5 ) ' « N Y 5 
I F ( I N U M ( 5 ) . G T . 3 1 ) GOTO 1 0 0 0 
INUM < 5 ) a»INUM ( 5 ) + 6 4 

10(1)0 C O N T I N U E 
R E T U R N 
END 

En<\ o f L i s t i n g 



Appendix B5 



Microcode Cross-Assembler - F O R T R A N 

Microcode Cross-Assembler - * S I X T H * 

Microcode Cross-Assembler - Example 
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c 
c 
c 
r 

C 
C 
C 
C 
C 

c 
c 

s u o r a u i i n e 1 0 set, a i l T'iass f o r x s s s 
i t t a k e s no a r g u m e n t s and r e t u r n s e l l d a t a t h r o COMMON 
's t o r a g e 

S e t s l o g i c a l f l a g s opens 
Channel 0 o r i g i o n a l s o u r c e f i l e 

1 ,SC f i l e ( temp f i l e f o r a s s e m b l e r ) 
2 . RB f i l e ( c o m p i l e d code ) 
3 .ST f i l e ( symbol t a b l e f i l e > 
4 ,LS f i l e ( l i s t i n g o u t p u t f i l e ) 
6 ..MP f i l e ( map PROM f i l e ) • 

a p r i l 81 

SUBROUTINE SETUP 
COMMON L I S T i S Y M B i I F N A M < 1 0 ) » I L I N ( B O ) i IR AD » LOG i P ASS :L > MAP 

1 > FINISH r MODE 
LOGICAL LIST ?SYMB,PASS1,MAP,FINISH 
FINISH=.FALSE. 
L I S T - . FALSE. 
SYMB".FALSE. 
PASS1".TRUE . 
MAP".FALSE. 
L0C = 0 
IRAD=10 
MODE^O 

Set UP 311 t h e a s s e m b l e r d e f a u l t s t h e s e a r e ; 
HOT f i n i s h e d t h e assembly? do NOT "produce a l i s t i n g f i l e OR a 

C Symbol T a b l e OR a map f i l e ( n o t e .MAP w i l l f a i l i f t h i s s w i t c h 
C i s n o t s e t by t h e a s s e m b l e r /M s w i t h c h ) . 
C The L o c a t i o n C o u n t e r i s s e t t o z e r o and t h e d e f a u l t oase i s 
C DECIMAL . THe d e f a u l t i n s t r u c t i o n t y p e i s ALU I t o 
C s t a r t w i t h a L i t e r a l o r TESTand b r a n c h y o u must s p e c i f y 
C L I T ! o r TSTJ 

DO 1 1 = 1 f 1 0 
I f NAM ( I )--0 
CONTINUE 
CALL GETAR6 ( I1*I2»IFNAM ) ? GET CLI's AR 6 S 

C. T h i s w i l l have o b t a i n e d a l l t h e n e c e s s a r y 
C a r g u m e n t s so s e t t h e f l a g s 

IFU2.EQ,16.OR.12.EQ.48.OR.I2.EQ.24.OR.12.EQ.56>LIST=.TRUE. 
I F ( I2.EQ.32.0R.I2.EQ.48.0R. 12. EQ. 40. OR. .12 . EQ . 56 > SYMB= . TRUE . 
IF(I2.EQ.8.0R.I2.EQ,40.0R.I2.EQ.24,0R.I2.EQ.S6>MAP=.TRUE. 

e t ' s t r y and open h i s f i l e on c h a n n e l 0 
CALL OPEN <0»IFNAM»3»IER»512> 

i f t h a t f a i l s we g o t a bomb o u t 
I F ( I E R . N E . 1)GOTO 9999 

N o w we open t h e e x t e n s i o n f i l e s we r e e u i r e 
IEXT="SC" 
CALL CONCAT <IFNAM>IEXT> 
CALL OPEN < 1 » I F N A M » 3 I I E R F 5 1 2 > 

h3t i s h i s t e m p o r a r y f i l e opened 
IEXT^-RB" 
CALL CONCAT ( I F N A M i I E X T ) 
CALL OPEN f2,IFNAM*ItIERI512) 

C The o u t p u t f i l e 
IEXT="ST" 
CALL CONCAT (IFNAMrlEXT) 
CALL OPEN ( 3 » I F N A M F 3 I I E R I 5 1 2 > 

C T h a t i s f o r t h e symbol t a b l e 
C f i n a l l y a l i s t i n g f i l e . 

IF < . N 0 T . L I S T ) G 0 T 0 20 
IEXT= ,LS" 
CALL C0NCAT(IFNAM»IEXT) 
CALL OPEN (4 » IFNAM > 3 >IE R ? 512) 

C NOW t i d y UP and go home 
20 IF<.NOT.MAP)GOTO 43 

I EXT--" MP" 
I CAL L CONCAT '• IFNAM ? I EXT > 



CALL OPEN <6»IFNAM»3fIER>5i2) 
C Now I need t h e i n s t r u c t i o n s e t w h i c h l i v e s i n 
C t h e f i l e 2901INST or. dpO 
43 CALL 0PEN<8»"2901INST",3tIER»512> 

RETURN 
9999 TYPE ° E r r o r f r o m e r o s s a s s e b l y phase 1 

TYPE " F a i l e d t o open F i l e E r r o r " 
TYPE 1 RDOS r e t u r n s code t - ">1ER 
STOP 
END 



i n i t i a t e d by t h e FORTRAN c a l l 
CALL BASE C n e s c f i r-ad ? inumb » i s t k J i a r r ) 

Where*, nasc ~ number o f s s e i i c h a r a c t e r s t o be p r o d u c e d -
5 f o r DEC 4 f o r HEX e t c 

i r s d ~ t h e c u r r e n t r a d i :•: 
inumb - t h e numbe r t o c o n v e r t 
i s t k ™ a w o r k - s p a c e a r r a y t h a t i s used f o r s t a c k space 
i a r r ~ an o u t p u t a r r a y w h i c h c o n t i o n s t h e c o n v e r t e d c h a r t ; 

5 0 
BASE: 

H:HV; 

NCONJ 

Tii MP". 0 
sryrsi 
0KF3I 
OF F4: 
MINE: 

Dvpo: 

dJd 13/4/81 

> TITLE FBASE. 
.DIAC PSHA--061401 
,DIAC POPA-061601 
, B I A C MTSF=061001 
. TXTM 1 
.ENT BASE 
.EXTD .FRET > 
> NREL 

JSR 0.CPYL 
STA 3»SAV3 
LDA OF--164P3 
MTSP 0 

Of 0 - 1 6 7 t 3 
Of TEMP 
1,0-165?3 
3 ? SAV3 
2?0-166P3 
OrO 
.DIV 
0 J Save 

TEMP 
MDIV 
3 » S A V 3 
Of 6-167?3 
Of TEMP 
2?-163?3 
2?3 
0 
2f0FF3 
1»NINE 

LDA 
STA 
LDA 
LDA 
LDA 
SUB 
JSR 
PSHA 
DSZ 
JMP 
LDA 
LDA 
STA 
LDA 
MOV 
POP A 
LDA 
LDA 
SUBZL* O J I J S Z C 
LDA 2?0FF4 
ADDZ 2?0 
STA 0 ? 0 ? 3 
INC 3»3 
DSZ TEMP 
JMP NCON 
LDA 3?SAv3 
JSR G•FRET 

0 
60 
67 
1 J. 
? SUBROUTINE TO 
i FROM DATA GEN 
• DIVIDE 32 BIT 
STA 3fSAV2 
SUBZ* 2?0?SZC 
JMP DIV1 
LDA 3?M20 
HQVZL 1 » 1 
MOW. 0*0 
SUB* 2f0rSZC 

f Def i ne t h e S f - e c i s 1 
?Keer- i t a l l R'DOS c o m p a t i b l e 
t R o u t i n e n a m e 

CPYL 
J S t a r t c o d e 
? Work space f o r t h i s 
? Push a FORTRAN s t a c 
5 We w i l l need him l a t e r 
? Ad d r e s s o f t h e work space 
5 Set UP s t a c k 
? Number o f a s e i i c h a r a c t e r s 
? Set UP c o u n t e r 

i n s t r u c t i o n s 

r o u t i i"i e 
f rame 

s t a c k 

on 

i Get t h e RADIX 
?C l e a r t h e r e s u l t 

? Do a d i v i d e 
t h e s t a c k t h e r e s u l t 

f D e c rement c o u n t e r i f z e r o s t o P 
»Pointer t o t h e FORTRAM s t a c k 
t Get back t o p c o u n t 
?And r e s e t c o u n t e r 
5 P o i n t e r t o t h e o u t p u t a r r a y 

Set UP i n d e M 
GET back e l e m e n t s o I I ..hi t a c k 

5 A S s c i i d e c i m a l o f f e s t - . 

i ess t h a n n i n e 
iNO 
5 ADD THE OFFSET IN 
J SAVE ON THE OUTPUT 
i NEXT CHAR 
* DECREMENT COUNTER 
- FINISHED r 
? YEP SO GET READY 
i BACK TO FTN 

STACK 

TO GO HOME 

DIvIDE TWO NUMBERi 
MATH.LB BOOK 
BY 16 BIT 



SUB 2*0 
MOvL 1*1 
I N C 3 F 3 I S Z R 
JMP DVDO 
SUBO 3 » 3 i S K P 
SUBZ 3 r 3 
LDA 3 » S A V 2 
JMP 0 » 3 

-20 
• END 



5 S u b r o u t i n e t o p i c k UP CL.I a r g u m e n t s t o a FORTRAN programme 
i c a l l e d by 
i CALL GETARG(i n t e g e r » i n t e g e r ? i n t e g e r a r r a y ) 
5The two i n t e g e r s a r e r e t u r n e d w i t h b i t s s e t a c c o r d i n g t o 
?th e GLOBAL s w i t c h P 3 t t e r n s p e c i f i e d and t h e a r r a y 
f c o n t a i n s t h e f i l e n a m e 

..TITLE GETARG 
> TXTh i R » D . 0 * S 

50 
GETARG5 

C4 J 

COMCM: 

DUMMY: 

ER: 

4 
.+1*2 
.TXT 
.+1*2 
>BLK 20 
.SYSTM 
, ERTN 
,RTN 
»END 

. ENT GETARG 

. E X T D .FRET? * C F' Y L 
t NREL 

JSR 0.CPYL 
LDA 0?COMCM 
, SYSTM 
> OPEN 5 
JMP ER 
LDA 0 > DUMMY 
>SYSTM 
> RDL 5 
JMP ER 
LDA 0?-166?3 
MOVZL 0?0 
LDA 1?C4 
.SYSTM 
»RDS 5 
JMP ER 
LDA 0>-165?3 
MOVZL 0?0 
.SYSTM 
> RDL 5 
JMP ER 
» SYSTM 
> CLOSE 5 
JMP ER 
JSR e.FRET 

COM.CM" 

C o m p a t i b l e - t e x t h a n d l i n g 
i Programme na m e 
? T h i n g s we r i e e d 

? Some s t o r a g e s p ace 
? PUSH a S t a c k FRAME 
i Open f i l e COM.CM 

WHOOPS! 

? S k i p o v e r o u r own f i l e n a m e 
? We ble w i t k i d ! 

5 P o i n t t o s w i t c h space 
! BYTE p o i n t t o s w i t c h space 
? Number o f b y t e s 

? Go g e t 'em 
? J u s t i n case 
? FORTRAN a d r e s s u f t e x t b u f f e r 
f FORTRAN b y t e p o i n t e r 

? Second F i l e n a m e 

5 Get r i d o f Channel 5 ! 

? P 0 P e s t a c k f r a m e 

« ALL GONE 



u :tx w r u e s x-ne name of the l a o e i I S I H chars o n l a ) t o the »S1 
C ymbol t a b l e f i l e and w r i t e s the c o n t e n t s of the LOC 
C t o the f i l e 

SUBROUTINE LABELS 
COMMON LIST?SYMB»IFNAM(10>11 L I N E ( 8 0 ) > I RADtLOC»PASS 1tMAP 
DIMENSION IARR(3> 

C Tihis a r r a y i s used t o pack the l a b e l s name i n t o 
LOGICAL LIST * SYMB > PASS 1 * MAP 
DO 2 1=1?3 
IARR(I>= :0 — 
CONTINUE 
CALL GETC(NCHAR»0?ILINE) 
I F ( NCHAR . EQ . 32 . OR . NCH'AR .EQ.59 . OR. NCHAR . EQ . 9 ) RETURN 

C Assuming t h e l a b e l s t a r t s i n column 1 
DO 1 1=0>6 
CALL GETC(NCHAR>I»ILIN£) 
IF < NCHAR.EQ » 32.OR.NCHAR.EQ.59.OR,NCHAR.EQ.9,OR.NCHAR• EQ.58 > GOTO 
CALL BITE(NCHAR*If'IARR> 

1 CONTINUE 
C Th3t was p r e t t y p a i n l e s s so now w r i t e t h e »ST f i l e 

URITE(3,100)IARR<1)rLOC 
100 FORMAT(1H >S6>I5) 
C p r e t t y f u c k i n g d e v a s t a t i n g t h a t ehi 

RETURN 
END 
SUBROUTINE ASM 
COMMON LISTFSYMBJIFNAM<10)»I LINE(80)»I RADtLOC>PASS 1?MAP 

1 >FINISH»MODE 
LOGICAL LIST?SYMB»PASS1iMAPiFINISH 
DIMENSION IARR(3) 

C ltokk i n column one f o r a l a b e l 
X TYPE " I N SUBROUTINE ASM' 

CALL GETC(NCH>0>ILINE) 
IF<NCH.EQ.32.0R.NCH.EQ,9)G0T0 10 

C I p was a l a b e l so now we have t o f i n d a s e p a r a t o r 
DO 1 1=0*130 
CALL GETC(NCH»IyILINE) 
IF <NCH.EQ.32«QR.NCH»EQ«9) GOTO 11 

I CONTINUE 
3.0 1=0 
C Su now we are p o i n t i n g a t the r e a l i n s t r u c t i o n so l e t s 
C ao s e t t h e b a s t a r d 
I I CALL U0RD(I»IARR) 
X WRITE (10»732)IARR(1)pIARR(2)?IARR(3)?IARR(1 ) 
X73J- FORMAT(1H >A2?A2 fA2yS6) 

IF(IARR(1).EQ•"AL",AND.IARR(2),EQ•'UI")GOTO 100 
IF U A R R U ) » EQ • " TS B • AND • I ARR ( 2 ) .EQ."T ! " )G0T0 200 
I F ( I A R R ( 1 ) . EQ • * LI 1.AND.IARR<2)»EQ.'TJ'>GOTO 300 

C Thjis i s where we get t o go t o i f we can't f i n d an 
C l|ype •.».••« 

IF(MODE.GT.2.0R,M0BE.LT.O)GOTO 999 
ISW=M0DE+1 
G0T0(101T201»301 )ISW 

999 CONTINUE 
TYPE "A r e a l FUCK-UP has oc c u r r e d " 
TYPE " I am t o t a l l y LOST!!!!!' 
CALL RESET 

I STOP Well what would you s u r e s t 
C Here we have J u s t r e c i e v e d s mode change t o 31u 
C sc we t r y t o do something about i t 
100 M0DE=0 

CALL WORD(I»IARR) 
C now we are p o i n t i n g a t the end of the f i r s t i n s t r u c t i o n 
C word and IARR c o n t a i n s t he c u r r e n t wor so we do an ASM 
101 

C Th 
200 

CALL ALU(I»IARR) 
RETURN 

i s i s what happens i f we are going t o change t o TST made 
M0DE = :L 



CALL WORD(I»IARR) 
CALL TST<I»IARR> 
RETURN 

t h i s i s where we £fo t o do a LITERAL assembly 
M0DE=---2 
CALL WORD<I»IARR> 
CALL L I T ( I f l A R R ) 
RETURN 
END 
SUBROUTINE CONCAT ( I ARR s> IEXT ) 
DIMENSION IARRC10) 
DO 20 1=1*20 
CALL BETC <N»I»IARR> 
TYPE ° DEBUGGING RETURNS " »N 
IF<N.EG.0.0R.N.EG.32> CALL BITE <46iI»IARR>-
r.F<N.EQ.0.0R.N.EQ.32) 1 = 1 + 1 
IF<N.EQ.O.OR.N.EQ.32)G0TO 100 
IF(-N.EQ. 46) 1 = 1 + 1 
IF(N.EQ.46)G0T0 100 

0 CONTINUE 
TYPE ' E r r o r #1 Filename 0 

STOP 
CALL BETC ( N F O » I E X T ) 
CALL BITE ( N I I J I A R R ) 
CALL BETC ( N t l i l E X T ) 
1 = 1 + 1 
CALL BITE (NpIflARR) 
RETURN 
END 



This s u b r o u t i n e e x t r a c t s an a s c i i s t r i n g from t h e 
i n p u t l i n e b u f f e r and c o n v e r t s i t t o a number i n 
the c u r r e n t base 
The f o l l o w i n g are used t o set IREL 

space IREL=-0 => a b s o l u t e 
+ IREL=1 => increment r e l a t i v e 

IREL=2 ~> decrement r e l a t i v e 

SUBROUTINE GET UAL<IVAL»IRELFI> 
COMMON LISTFSYMBFIFNAM<10)»ILINE<80)FIRAD tLOC?PASS 1FMAP 
LOGICAL LISTFSYMBFPASSIFMAP 

F i r s t we f i n d an a p p r o p r i a t e space 
DO 1 K = I F 1 3 0 ' 
CALL GETC<NCHARFKFILINE> 
IF<NCHAR,EG.32)G0TD 10 
CONTINUE 
I V A L = 0 
IREL=1 
RETURN 

j CONTINUE 
NOW we f i n d the c o r r e c t addressing mode 
I=K + 1 
DO 2 K=I»130 
CALL G E T C ( N C H A R F K F I L I N E ) 
IF(NCHAR.NE . 32.AND.NCHAR,NE•9)GOTO 2 0 
CONTINUE 
GOTO 1 
Got a mode command so check i t out 

3 IREL=0 
IVAL«=0 
IF(NCHAR.EQ.43)IREL=1 
IF(NCHAR.EQ.45)IREL=2 
I = K 
I F ( NCHAR , EG . 43 . OR . NCHAR « EG # 45 > I 1 + 1 

Now we c o n v e r t t h e a s c i i s t r i n g t o a number ! 
M = I + 8 
DO 3 K = I F M 
CALL GETCCNCHARFKFILINE) 
IF(NCHAR TEQ,32.0R.NCHAR.EQ.13)G0T0 70 
NCHAR=NCHAR-48 » NOT OBVIOUS! 
IF<NCHAR.LT,0)GOTO 999 
IF(NCHAR.GT,9)G0T0 30 
GOTO 40 

5 NCHAR"NCHAR-7 
IF(NCHAR,LT.0)G0T0 999 

check t h e r a d i x 
IF(NCHAR.GT»IRAD)GOTQ 999 
IVAL=NCHAR+IVAL#IRAD 
CONTINUE 
I = K 
RETURN 
WRITE(4*51 ) 
WRITE <10»51) 
U R I T E < 1 0 F 5 2 ) I L I N E < 1 ) 
FORMAT( 1H i ° NUBER E r r o r Base Conversion") 
FORMAT( 1H F S 1 3 0 ) 
TYPE "Base="FIRAD?"No='FIVALF"CHAR"F NCHAR 
GOTO 1 
END 



OVEKLHT u r a c u u 
V, S u b r o u t i n e t o h a n d l e the o c c a s i o n a l p s e u d o OPS r e o u i r e o 
C assumes . <Pseudo-op> <ard> 
C 

SUBROUTINE PSEUD 
COMMON LIST r'SYMB » IFNAM ( 10 ) » IL INE ( 80 ) . I R AD , LOC » PASS 1 , MAP 

+ rFINISH 
DIMENSION IARR(3) 
LOGICAL LISTiSYMB,PASS1»MAP»FINISH 

C F i r s t we have t o det the type o f Pseudo_op 
G so we get r i d of a l l the s p a c e s 3nd c n t r l - I ' s 
" DO 1000 1 = 1 »3 

IARR(I)-0 
1000 CONTINUE 

DO 1 I=0»100 
C I f i t s not i n f i r s t 100 chars we assume i t s J u s t n o t t h e r e 

CALL GETC(ICHK»I»1'LINE^ 
IF<ICHK.NE.46)GOTO 1 
IF(ICHK,EQ.46)G0T0 70 
QOTO 10 

1 CONTINUE 
C NOW we determine the type of t h e pseudo_oP and i t s arsumerit 
70 1=1+1 

CALL GETC<ICHKfIfILINE) 
1 = 1 + 1 
CALL G E T C ( I C H K I I I F I L I N E ) 
1 = 1 + 1 
CALL GETC(ICHK2»I»ILINE) 
IF<ICHK.EQ.82,AND.ICHK 1.EQ.65.AND.ICHK2.EQ.68)GOTO 100 

G Found a . RADIX OP 
; IF(ICHK.EQ.76.ANIi.ICHKl.EQ.79.AND,ICHK2.EQ.67)G0T0 200 
£ The infamous .LOC command 

IF(ICHK.EQ.77.AND.ICHK1.EQ.65.AND.ICHK2.EQ.80)GOTO 300 
C That's a .MAP command 

IF(ICHK.EQ.69.AND.ICHK.1.EQ.78.AND.ICHK2.EQ. 68) GOTO 400 
2 That was an .END pseudo 

IF(ICHK.EQ.84.AND,ICHK1.EQ.73.AND.ICHK2.EQ.84)GOTO 500 
2 The .TIT pseudo OP 

IF(ICHK.EQ.68.AND.ICHK1.EQ.B5.AND.ICHK2.EO.83)GOTO 600 
" This b a s t a r d s a .DUSER so Just nana on i n t h e r e ! 

URITE(10f21 ) I L I N E ( 1 ) 
!1 FORMAT ( 1H »S130) 

URITE(4»22) 
WRITE(10 ? 22) 

:2 FORMAT(1H , " I n v a l i d o r unknown Psedo OP ERROR * 1") 



J 

R E T U R N 

1.00 CALL G E T v A L < I V A L J I R E L J I ) 
I F ( I R E L . E Q . O ) I R A D - I V A L 
I F ( I R E L . E Q . l ) I R A D - - I R A D + Iv'AL 
I F < I R E L . E Q • 2 ) I R A D " I RAD-IVAL 
RETURN 

2 0 0 CALL G E T V A L < I V A L J I R E L F I ) 
I F ( IREL.EQ.0)L0C--=IVAL 
];F( I R E L »EQ.1)L0C = L0C + I V A L 
I F ( I R E L « E 0 » 2 ) L 0 C = L 0 C - i y A L 
RETURN 

3 0 0 I F < . N 0 T 
I F < . N O T 

CALL 
CALL 

MAP)TYPE "No 
MAP) RETURN 

G E T V A L ( I V A L F I R E L F I ) 
H E X W ( 6 F I V A L ) 

M3p f i l e opened by ProSrsmme 

11 

400 

4 1 0 

500 

51 

6 0 0 
X 

6 0 1 
C So now 

CALL HEXW<6FL0C> 
U R I T E ( 6 i 3 1 ) 
FORMAT(1H ) 
RETURN 
I F ( P A S S 1 ) G D T 0 4 1 0 
F I N I S H * . T R U E . 
RETURN 
PASS1=.FALSE. 
RETURN 
I F ( P A S S 1 ) R E T U R N 
W R I T E < 1 0 F 5 1 ) I L I N E Q ) 
FORMAT(1H FSIOO) 
RETURN 
I F < . N 0 T . P A S S 1 ) R E T U R N 
TYPE "Debug statement . DUSER used 1 

DO 6 0 1 N C = I F 1 0 0 
CALL G E T C < I C H A R F N C F I L I N E ) 
I F <ICHAR.EQ.32.OR.ICHAR.EQ.9)GOTO 
CONTINUE 
we fou n t h e space get the name 

60; 

6 0 2 NC=NC+1 
X TYPE "POINTER TO NAME " F I C H A R 

MC=NC+6 . 
DO 6 0 3 I= N C F M C 
CALL G E T C ( I C H A R F I F I L I N E ) 
I F ('ICHAR . EQ . 3 2 . OR . ICHAR , EQ . 9 ) GOTO 6 0 4 
IG=I-NC 
CALL BITE(ICHARy I G ,IARR) 
CONTINUE 
DO 6 0 5 K = I > 1 0 0 

f o r t h e argument t o the .DUSER command 
CALL GETC<ICHARIKFILINE) 
IF<ICHAR.EQ.61)GOTO 6 0 7 
CONTINUE 
TYPE " No arusjment s u p p l i e d f o r the »DUSER command" 
WRITEdOf 1 0 0 1 ) I L I N E < 1 > 
FORMAT(1H FSIOO) 
GOTO 1 0 

6 0 7 CALL GETVAL(IVAL tIREL » K) 
CALL G E T V A L ( J V A L J I R E L F K ) 
TYPE "READY TO WRITE TO THE .SC F I L E " 
W R I T E ( 1 r 6 0 6 ) I V A L fIARR <1)FJVAL 

6 0 6 FORMAT(1H F 1 2 > I X » S 6 F 1 4 ) 
RETURN 

1 0 RETURN 
CMfi 

6 0 3 
6 0 4 
C scan 

60J 

1 0 0 1 
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»TI I LL K-bLIU 
, TXTM 1 
,ENT GETC 
» EXTD . FRET s .CPYL. 
• NREL 

GETCi JSR 6.CPYL 
LDA 0.-165»3 
LDA 2.0-166-3 
SUB 1»1 
MOVZR 2»2»SZC 
INC i t l 
ADDZ 0*2 
LDA 0»0>2 
MOV l f l ' S N R 
MOVS 0»0 
LDA 1>MABK 
ANDZ 1»0 
5TA 0,6-167,3 
JBR @»FRET 

HlASKt 177 
-END „ 

i ihrnut i no riot opnii n'oc + K » i r , <r, +. r> u n ir. i ' > n t. <-< F' 

> I J. I LL I Lb I J. 

• LOG 0 
»RAD 16 

BEGIN: LIT i HI CONT WT RAMF OR 1 00 
NEXT? ALU. LPC CONT WT RAMF ZB OC ADD 1 1 

OPC CONT WT NOP ZB ZC OR 1 1 
LDAT CONT WT NOP ZB OR 1 1 ZC 
ODAT CONT WT NOP ZB OR 1 1 ZC 

TST! CJP WT ONN JUMP NEXT -1 
CJP WT ONO JUMP NEXT 

>END 



EXTERNAL. OBAN j OSETUP » OITYPE v O P S E U D ? OLfl f l L L S 
L O G I C A L L I S T F S Y M B F P A S S I F M A P F F I N I S H 
F I N I S H " . F A L S E , 
C A L L Q V O P N ( 5 p " MAIN « OL"» I E R > 
C A L L O V L O D ( S » O S E T U P F 1 t I E R > 
C A L L S E T U P 
C A L L FOVftL<OSETUPfIER) 
CALL. O V L O B ( 5 F O B ' A N F 1 F I E R ) 
C A L L BANNER-
C A L L FOVR-L( OBAN F I E R ) 

1 0 I F ( .NOTtPASSl )GOTO 1 0 0 
X T Y P E " D E B U G G I N G R A D I X * ' F I R A D F L O C 

C A L L G E T L I N 
C A L L 0 V L 0 D - ( 5 F 0 I T Y P E F 1 F I E R ) 
C A L L I T Y P E C I C O M ) 
C A L L F O V R L C O I T Y P E F I E R ) 
T Y P E " I C O M r e t u r n e d a s " F I C O M 
I F < I C O M . E Q . O ) G O T O 1 0 
I F < I C 0 M . E Q . 2 ) G 0 T 0 2 0 

T h i s means we g o t 3 p s e u d o - o p 
C A L L 0 V L 0 D ( 5 F 0 P S E U D F 1 F I E R > 
C A L L P S E U D 
C A L L F O V R L ( O P S E U D F I E R ) 
GOTO 1 0 

T h i s means we a o t a R E A L i n s t r u c t i o n ! ! 
C T h i s must be t h e f i r s t PBSS SO we on l a s c a n f o r l a b e l s 
2 0 C A L L 0 V L 0 D ( 5 F O L A B E L S F 1 t I E R ) 

C A L L L A B E L S 
C A L L F O V R L ( O L A B E L S F I E R ) 
L0C=--L0C + 1 

I n c r e m e n t t h e l o c a t i o n c o u n t e r 
GOTO 1 0 

C £jst n e x t l i n e 
C V e 3 d y f o r p a s s 2 ? 
1 0 P T Y P E "Programme i s R e l o c a t a b l e 1 ' 

I F ( F I N I S H ) G 0 T 0 1 0 0 0 
I R A D = 1 0 
L 0 C = 0 
T Y P E " T R Y I N G TO REWIND ALL F I L E S " 
R E W I N D 0 
REWIND 1 
REWIND .3 

X T Y P E 0 THAT SHUD DO I T " 
U P I F ( F I N I S H ) G 0 T 0 1 0 0 0 

C A L L G E T L I N 
C A L L I F I N I K I C O M ) 
T Y P E " I C O M I S SET AT"?ICOM 
I F < ICOM-, E Q . O ) GOTO 11.0 

C 3 e t n e x t l i n e i f i t was a comment o r a s c r e w - u p 
1 I F < l C O M . E Q . 2 ) G 0 T 0 2 0 0 

C i f we i3et h e r e i t ' s a p s e u d o OP s o l e t s J u s t do i t ! 
C A L L 0 V L 0 D ( 5 F 0 P S E U D F 1 F I E R ) 
C A L L P S E U D 
C A L L F O V R L < O P S E U D F I E R ) 

| . GOTO 1 1 0 
C T h i s i s w h e r e t h e r e a l work s t a r t s a s we h a v e t o a s s e m b l e t h e l i n e 
C h e r e wow! 
•10Q CALL. ASM 

L0C=>L0C+1 
GOTO 1 1 0 

1 0 0 0 C A L L C L E A N U P 
C A L L F 6 T I M '( I HO r IMIN r 1 S E C > S' 
W R I T E < 1 0 ? 1 0 0 1 ) I H O F I M I N F I S E D 

1 0 <;> 1 FORMAT ( 1 H r " C r o s s a s s e m b l y t e r m i n a t e s a t " , 12» " t ' F 1 2 , ' I " » 1 2 ) 
STOP --Return t o RD08' 



,1 

•'• Thi s i s t h e FORTH c r o s s assembler f o r ) 
i. t h e 2901 system. ) 
OCT 
< START AS WE MEAN TO GO ON ) 
72 CONSTANT COLON 
7 3 CONSTANT SEMICOLON 
5 6 CONSTANT DOT 
40 CONSTANT BLANK 
15 CONSTANT RETURN 
11 CONSTANT TAB 
< D E F I N E SOME CHARACTER CONSTANTS WE WILL NEED ) 
: * I V A R I A B L E f 
{ *0 V A R I A B L E i 
STORE @U nil ! ( SET P O I N T E R TO INPUT B U F F E R ) 
STORE' @W 200 + *0 ! ( OUTPUT B U F F E R ) 
I PASS V A R I A B L E » 
1 PASjS ! < PASS OF THE CROSS ASSEMBLER ) 

MAR; V A R I A B L E f 
0 MAR ! ( NO MAP FILE > 
5 HIWORD V A R I A B L E t 
*» LOWORD V A R I A B L E } 
o HIWORD \ 
0 LOWQRD ! ( THE 16 BIT PARTS OF 32 BIT OUTPUT ) 
J LOC V A R I A B L E • 
0 LOC ! ( THE L O C A T I O N COUNTER ) 
1 MOD£ V A R I A B L E i . -
0 MODE ! ( MODE ASSEMBLER I S I N ) 
> CURRENT V A R I A B L E 5 
0 CURRENT ! ( THE CURRENT * OF CHARS ON LINE ) 
1 5R ,P0P 4R MOV 0 0 R Z PUSH i 
t 1PASS PASS l?W 1 = » 
2PASS PASS BW 2 = I 

I FINISH PASS SW 3 • r 
'• WHICH PASS OF THE ASSEMBLEY ARE WE ON ) 
5'IALIGN * I (?W DUP DUP GT ! WB ! WE ! i 
J ALL'ALIBN * I @W DUP DUP DUP GT ! WB ! WE ! ST ! » 
» .TITLE 2PASS I F S T R I N G V. .TITLE '/. CRLF SAY WORD WB @W LENGTH 

'! MOV 1 0 PUSH 1 + SAY C R L F 1 LAST ! THEN f 
5 MAFj'? MAP ew 1 = f 
\ EMD S T R I N G V. There i s no c u r r e n t map f i l e ! % CRLF SAY i 
( •MAP GOES L A T E R COS I NEED MORE DEFS ) 
i •END PASS "1 i 
! »LOC WORD NUMBER LOC ! r 
t .RAD DEC WORD NUMBER RDX ! 5 
( d e f i n e s i m p l e pseudo OPS ) 
! DISpLAY_LINE * I @W CURRENT @W SAY i 
*> EM2 D I S P L A Y . L I N E S T R I N G V. Undefined MACRO element ! % CRLF SAY CRLF » 
J CR1BATE-ENTRY 30 1 DO WORD LAST @W 1 » I F STOP ELSE 

FIND DUP 0 = I F EM2 DROP 1 LAST ! STOP 
' ELSE E X E C U T E THEN THEN LOOP I 

I .DljjSER 1PASS I F 0 LAST ! $ 5 CREATE.ENTRY $ » THEN » 
( CAN'T USE THIS > 
'• NOW THE I/O S T U F F ) 

5 PREpASS A L L A L I G N CURRENT 0W 1 DO BYTE PUSH TAB = I F BLANK POP BITE 
ELSE ST "1 THEN LOOP 

' Q E T L I N E ERROR BW -1 = I F 0 CHANNEL ! * I @W POP READ MOV 1 0 PUSH 
CURRENT ! P R E P A S S THEN i 
PUT L I N E 1 CHANNEL ! *Q G»W POP WRITE i 

'• NUMBER OUT R O U T I N E S ) 
> ASNUM 1 DO HUP 11 > I F 67 + POP BITE ELSE 60 + POP BITE THEN LOOP i 
J OPL>T D I S S E C T RDX SW 2 = I F 20 

ELSE RDX 0W 10 = I F 6 



ELBE RDX 6U 20 " I F 4 
TH4N THEN THEN THEN 
OVEiR OVER >= IF DROP ELSE OVER - 1 DO 60 POP BITE LOOP THEN 
( QPUT TAKES * OFF STACK AND PUTS IT INTO OUTPUT BUFFER ) 

1 0 POP SPOS J 

ASNUH 

ew 1 DO BYTE BITE LOOP i 

DO BYTE PUSH COLON 
1 

= IF BLANK 
THEN LOOP 

POP BITE 

REWIND CHANNEL ! 0 POP MOV 0 
0ALI6N * I @W GT ! *0 CW ST ! 
COPY_LINE * I BW GT ! CURRENT 
SO WE ARE READY FOR PASS1 ) 
PROCESS ONE LINE ) 
COMMENT ) 
COLKIL ALLALIGN CURRENT @W 1 

ELSE ST 
LjABEL COLKIL I ALIGN LOC @W $ CONSTANT LOC "1 i 
STATEMENT IALIGN WORD WB OW GT ! BYTE PUSH 

DOT = IF FIND EXECUTE ELSE LOC "1 THEN f 
'ROCESS.GETLINE I ALIGN BYTE PUSH DUP 

SEMICOLON = IF DROP COMMENT 
ELSE DUP BLANK = IF DROP STATEMENT 

ELSE RETURN = IF 
ELSE LABEL 

THEN THEN THEN { 
Etill STRING Y. E r . d - o f - F i l e No END -> % CRLF SAY i 
Fl[RST_PASS 0 1 DO PROCESS ERROR GW 6 = IF EMI STOP THEN 
'] 2PASS IF STOP THEN LOOP 

i STRING % Programme IS r e l o c a t a b l e "/. CRLF SAY CRLF i 
Ntj)W WE HAVE THE CODE FOR THE SECOND PASS ) 
EXECUTABLE PARTS ) 
NOW THE .MAP PSEUDO OP 
PUTMAP *Q BW 2 CHANNEL 
»MAP 2PASS IF *0 SW ST 

RE'SET_PARAMETERS 0 LOC ! 

LAND HIWORD ! 
LAND 100000 + 
LAND 040000 + 

0 MODE ! 
COM *Q SW ST ! CQPY_LINE PUTLINE 
OUTPUT COPY-LINE PUTLINE i 
A L ? MODE e y 0 = i 
Lij? MODE ew 1 = t 
TSV MOLE ew 2 = i 
SALU HIWORD @W 37777 
SLiT HIWORD @W 37777 
STST HIWORD ew 37777 
EMB STRING Unknown Assembly MODE 
ZEF:0 0 HIWORD ! 0 LDWORD ! } 
SA$M ZERO AL? IF SALU E L S E T S ? 

HEN THEN THEN i 
WH^T MODE ARE WE IN ) 

SASM » 
SASM i 
SASM i 
157777 LAND 

POP WRITE i 
MAP? IF LOC ew OPUT BLANK POP BITE 

WORD NUMBER OPUT RETURN POP 
PUTMAP ELSE EMD THEN THEN » 

OCT 0 REWIND » 

BITE 

HIWORD 
HIWORD 
% CRLF SAY DISPLAY-LINE 

IF STST ELSE L I ? IF SLIT ELSE EH3 

ALL|% 0 MODE 
LIJ-/. 1 MODE 
TS 
AD'] 
AE$I. 
LO 
HI 
DAT 
LPC 
OPC 

ew 20000 + HIWORD ! » 
2 MODE 
HIWDRD 
HIWORD ew 157777 LAND HIWORD ! » 

HIWORD ew 167777 LAND 10000 + HIWORD 
HIWORD GW 167777 LAND HIWORD ! 
< HIWORD ew 170777 LAND t 
DATR 1000 + HIWORD ! t 
DATR 2000 + HIWORD ! i 

LDAlT DATR 3000 + HIWORD ! i 
Of- AT DATR 4000 + HI WORD ! » 
12931 HIWORD ew 177037 LAND } 
JZ 12901 HIWORD ! > 
CJS 12901 40 + HIWORD ! } 
JMAI-' 12901 100 + HIWORD ! f 
CJP 12901 140 + HIWORD ! i 
*PU!iH 12901 200 + HIWORD ! i 
JSRI* 12901 240 + HIWORD ! i 
CJV 12901 300 + HIWORD ! i 
ic-c T n a A -i 



K 'CT 1 2 9 0 1 -440 + HIWORD.! > 
CiTN 1 2 9 0 1 3 0 0 + HIUORD ! 5 
CJPP 1 2 9 0 1 3 4 0 + HIUORD ! i 
L::ICT 1 2 9 0 1 6 0 0 + HIUORD I i 
*I.DOP 1 2 9 0 1 6 4 0 + HIWORD ! » 
CONT 1 2 9 0 1 7 0 0 + HIWORD ! i 
TUB 1 2 9 0 1 740 + HIWDRD ! » 
WT HI WORD GW 1 7 7 7 5 7 LAND HIWORD ! i 
R£ HI WORD BW 1 7 7 7 5 7 LAND 2 0 + HIWORD ! i 

i E M STRING 7. S h i f t s u n allowed i n TEST mode V. CRLF SAY CRLF DISPLAY-LINE 
{ S K I P S TS? IF EM4 ELSE HIUORD BW 1 7 7 7 6 3 LAND THEN 5 
: S2 SKIPS HIWORD ! 5 
t SC SKIPS 4 + HIWORD ! i 
\ Sf SKIPS 10 + HIWORD ! i 
! SA SKIPS 14 + HIWORD ! J 
•> Rf̂ HREG TS? IF EM4 ELSE HI WORD BW 
LObORD @U 7 7 7 7 7 LAND LQUORD I THEN » 

: GREG RAMREG f 
J NOP RAMREG LOWORD BW 1 0 0 0 0 0 + LOWORD 
RAMA RAMREG HI WORD "1 } 

I RAttF NOP HIWORD "1 i 
i RAMQD RAMREG HIWORD GW 2 + HIWORD ! 
: RA rtD NOP HIWORD GW 2 + 
1 RA1QU RAMREG HIWORD BW 
J RA1U NOP HIWORD BW 3 + 

1 7 7 7 7 4 LAND HIWORD I 

HIWORD ! i 
3 + HIWORD ! 5 
HIWORD ! i 

EM6 STRING % R e 3 i s t e r out o f RANGE% CRLF SAY DISPLAY_LINE CRLF i 
RANGE DUP 17 > IF DROP 0 EM5 THEN i 
GE1TREGS WORD NUMBER RANGE 5 LEFT LOWORD GW 

LOWORD ! 5 
GEfDATA WORD N.UMBER RANGE 5 LEFT LOWORD @W 

NUMBER DUP 5R 11' LEFT 
>WAP 37 LAND + 

+ WORD NUMBER RANGE 1 LEFT + 

+ LOWORD ! 

EM 
EM 
AC 

AD J 

WOR 
LOWORD GW + LOWORD 

ALfllASK LOWORD GW 107001' LAND LOWORD 
LlHlASK LOWORD BW 1 0 0 0 0 0 LAND LOWORD 

DISPLAY-LINE STRING % U n a v a i l a b l e ALU mode % CRLF SAY CRLF i 
DISPLAY-LINE STRING 7.WHAT?"/. CRLF SAY i 

TL T S ? IF EM4 ELSE AL? IF ALMASK GETREGS ELSE L I ? IF LIMASK GETDATA 
ELSE EM6 THEN THEN THEN 

ACNTL i 
SUBLR ACNTL LOWORD GU 1 0 0 0 0 + LOWORD 
SUBS ACNTL LOWORD BW 2 0 0 0 0 + LOWORD 
OR ACNTL LOWORD BW 3 0 0 0 0 + LOWORD ! 
AND ACNTL LOWORD BW 4 0 0 0 0 + LOWORD ! 
NOTKS ACNTL LOWORD BW 5 0 0 0 0 + LOWORD ! 
EXOR ACNTL LOWORD BW 6 0 0 0 0 + LOWORD ! T 
EXNDR ACNTL LOWORD BW 7 0 0 0 0 + LOWORD ! » 
EM7l DISPLAY-LINE STRING %Or.la a l l o w e d i n ALU modeZ CRLF SAY CRLF 
RHONE A L ? IF. LOWORD BW 1 7 0 7 7 7 LAND LOWORD ! ELSE EM7 THEN i 
AO.! IRMODE 

LOWORD 
LOWORD 
LOWORD 
LOWORD 
LOWORD 
LOWORD 
LOWORD 

AB'RHODE LOWORD BW 1 0 0 0 
ZQ RHODE LOWORD BW 2 0 0 0 
ZB .'RHODE LOWORD BW 3 0 0 0 
ZA 'Ifr-MODE LOWORD BW 4 0 0 0 

MODE'LOWORD BW DA 
DO 

iOOO 
;MODE LOWORD BW 6 0 0 0 

DZ RHODE LOWORD BW 7 0 0 0 

C o n d i t i o n s o n l y , i n T S T 7. CRLF 

ELSE EM8 THEN i 

ZC 'ILOWORD BW 1 7 7 7 7 6 LAND LOWORD ! » 
OC .iLOUORD BW 1 7 7 7 7 6 LAND 1 + LOWORD 
EH8 DISPLAY-LINE STRING % Unallowed 

SAY CRLF i 
CKO^ D TS? IF LOWORD BW 1 0 7 7 7 7 LAND LOWORD ! 
ONC CKQND i 
ONN CKOND LOWORD BW 2 0 0 0 0 + LOWORD ! } 
ONO CKOND LOWORD BW 1 0 0 0 0 + LOWORD ! i 
ONZ CKOND LOWORD BW 3 0 0 0 0 + LOWORD ! 9 
TSSEJ HIWORD BW 177.740 LAND HIWORD ! LOWORD BW 0 7 7 7 7 7 LAND 



i E!M9 DISPLAY'-LINE STRING %Undefined LABEL e r r o r % ' CRLF SAY CRLF f 
I JUMP TSSET WORD FIND DUP 0 - IF EM9 DROP 
ELSE EXECUTE 1 LEFT LOWORD @W 

1 170001 LAND + LOWORD ! THEN i 
\ EMA DISPLAY-LINE STRING 7. Unknown INSTRUCTION tape % CRLF SAY CRLF i 

DO-LINE 0 LAST ! 0 1 DO WORD LAST BW 1 = I F STOP 
E L S E F I N D HUP 0 = IF DROP EMA STC 

E L S E 
i EXECUTE THEN THEN LOOP f 
DATAQUT LOC BW OPUT BLANK POP BITE HIWORD 6U OPUT BLANK 

POP B i r F . I.OWORD ew OPUT 
BLANK POP BITE i 

2STAT DO..LINE *0 BW ST ! IAL3GN 
1 DATAOUT COPY-LINE PUT LINE i 
PSEUD IALIGN WORD FIND EXECUTE *0 6W S T ! 1 ALIGN COPY-LINE PUTl.JNE i 

\ NORMAL SASM FIND DUP 0 •« IF EMA DROP E L S E EXECUTE 2STAT THlriN i 
AJ>SEN WORD WB BW GT ! BYTE PUSH DOT !- IF 

PSEUD ELSE NORMAL LOC " 1 THEN • 
ROC GETLINE IALIGN BYTE PUSH DUP " ' -

SEMICOLON = IF DROP COM 
E L S E DUP BLANK ••- IF DROP ASSEM 
E L S E RETURN « IF 
E L S E IALIGN WORD ASSEM 

THEN THEN THEN i 
SECOND-PASS 0 .1 DO FINISH IF STOP E L S E 2PR0C THEN LOOP 0 CLOSE 1 CLOSE 
MA:'7 IF 2 CLOSE THEN STRING 7. Aosiuinbly complete 7. CRLF SAY 1 LAST ! i 

F 
Mi FIRST..PASS RESET-PARAMETERS SECOND-PASS i 
11 STRING 7. I n p u t f i l e name ? % SAY » 

FN? STRING 7. Output f i l e name ? X SAY » 
FILES CRLF 0 CLOSE FM1 BUFFER WORD WB BW 0 CHANNEL ! POP ROPF.H CRLF FH2 BUFF 

WORD WB BW 1 CHANNEL ! POP ROPEN 1 LAST ! • 
F(i3 STRING % Map F i l e Name ? % SAY i 
Fi't STRING 7. No map f i l e s p e c i f i o d 7. CRLF SAY i 
MPS CRLF FM3 0 LAST ! 76 PREFIX ! BUFFER 

WORD LAST BW 1 ••• IF FM4 0 MAP ! ELSE 1 MAP ! WB BW 2 CHANNEL ! 
POP ROPEN CRLF THEN 43 PREFIX ! r 

ASSEMBLE CLEAR-ERROR 76 PREFIX ! FILES 43 PREFIX ! 
CHiXK-ERROR 1 PASS ! 0 MODE ! 0 LOC ! 

AP ! MAPS OCT AS f 
ATCH THE LENGTH OF I HE DICT ) 

SEARCH WHEN USING THE ASSEMBLER ) 
TL * I BW POP READ MOV i 0 PUSH CHECK-ERROR CURRENT ! f 
MER VARIABLE f 

WA13T TIMER eW 1 DO LOOP i 
HER ! 
PEN 0 1 DO I ALIGN GET I. ERROR BU 6 - IF SI OP THEN HI SPLAY.. LINE CRLF 
WAIT LOOP 

1 LAST ! i 
EW CRLF J TIMER ! CLEAR-ERROR 0 OPEN TYPEH 0 CLOSE i 

PftON 33 TO 100 10 f 
; PR OF 33 TO :i 01 Til i 
: PRINT CRLF 7000 IIMER ! PRON CLEAR-ERROR 0 OPEN TYPHI'S PROF 0 CLOSE i 
t HPLT * DOS F 
; MSB STRING 7. 2901 system .Crous AsstMnbler Rev 1.00 % CRLF SAY 

STRING 7. Restored from RDOS d i s k fil« XS 7. CRL.F SAY 
STRING % Ok 7. CRLF SAY CRLF CRLF » 

MSG:-0R6ET MSG 
\ *RES RESTART i 
) RESTART *RES i 
? PATCH WORD FIND 4 + 0 SWAP ! f 
• NO J WE STOP EM SEARCHING BACK FARTHER THAN ) 
• TH- ASSEMBLER ! ) 

BUf WE STILL. ALLOW RDOS COMMANDS ) 
PATCH FILENAME 
RESTART 
End' of L i s t i n a 

0 I 

GE-j 
T 

J. T;it 
: TY 

VI 



Appendix B6 



Video Display Processor Control Code - Assembler 

Video Display Processor Control Code - *SIXTH* 

Graphics Display Processor Code - *SIXTH* 

G r a p h i c s D i s p l a y C o n t r o l l e r C o d e - * SIX T H * 



J i i LE '.'DPIE-iT 
061401 ; D I h iC'PSHA-0*1'! 0,1 
061601 . DI AL P0PA = 061601 
061001 ,»InC M)'SP = 061001 

. NREL fNORMAL RELOCATABLE 

. IN I " l i f t L I BATION ROUTINE FOR VDP REGS 

B E G I N : i 

••0000'020023- LDA OfMCBIK »SEf UP MACHINE 
00001'061001 MTSP 0 i 0 » K . 
00002'024024- LDA IfHIGH fALL CONTROL LINES HIGH 
00003'030025- LDA 2f CSW p'CSU LOW 
00004'020031- LDA 0» REG i REGISTER 7 
00005'040010- SIA Of SAVE fSAVE IT 
00006'020007- LDA OfREG7 fDATA FOR REG 7 
00007'004420 JSR RU iWRITE IT 
00010'020006- LDA OfREG6 fDATA FOR REG 6 
OOOil'004416 JSR RU JURITE I T 
00012'020005- LDA Of REGS iFOR REG 5 4 

00013'004414 JSR RU fSURPRISEf SURPRISE! 
00014'020004- LDA Of REG4 f FOR REG 4 
00015'004412 JSR RU f YET AGAIN 
00016'020003- LDA OfREG3 f REG 3 
00017'004410 J S R RU }AND AGAIN! 
00020'020002- LDA OfREG2 f REG 2 
00021'004406 JSR RU f ONLY 2 MORE 
00022'020001- LDA OfREGl .REG 1 
00023'004404 JSR RU fLAST ONE! 
00024'020000- LDA 0>REGO f REG 0 
00025'004402 JSR RU fTHAT'S I T ! 
00026'002016- JMP 

* 
&AMAIN fCARRY ON 

r 
f REGISTER 
t 

WRITE~ROUTINE . 

00027'075401 RU! PSHA 3 fSAVf RETURN ADDRESS 
00030'004407 JSR WRITE fGO WRITE REG 
00031'020010- LDA Of SAVE fGET REGISTER NUMBER 
00032 ,'004405 JSR WRITE fWRITE TO VDP REG 
00033'014010- DSZ SAVE f DECREMENT REG COUNTER 
00034'101000 MOV OfO }NO-OP 
00035'075601 POPA 3 i RECOVER RETURN ADDRESS 
00036'001400 JMP 0f3 f RETURN 
00037'061052 WRITE J DOA Of 52 JLAICH DATA -
00040'066052 DOB I f 52 ?CONTROL LINES HIGH 
00041'072052 DOB 2f52 fDOUN GOES CSU 
00042'066052 DOB 1 F52 fAND UP AGAIN! 
00043'001400 JMP 0f3 , J RETURN 

r 
» REGISTERS NOW INITIALISED 
» 

i 
• ROUTINE 
/ 

TO WRITE VRAM ADDR TO VDP BUFFER 

00044' 075401 ADDRW i 
J 

PSHA 3 f SAVE RETURN ADDRESS 



000,? VDPTE 
00045'021000 
00046'004410 
00047'010010-
000S0'0300.1,0-
00051'030010-
00052'021000 
0Q053'004403 
00034'07S601 
00055'001400 

LDA 
JSR 
IS2 
LDA 
LDA 
LDA 
JSR 

0 » 0 t 2 
RWRITE 
SAVE 
2fSAVE 
2tSAVE 
0 f 0 > 2 
KWRITE 

POP A 3 
JMP Of 3 

»GET LOW BYTE 
iWRITE TO VDP 
rINCREMENT POINTER 
i GET NEW POINTER 
» JUST IN CASE 
? GET" HIGH BYTE 
FWRITE TO VDP 
f RECOVER RETURN ADDRESS 
tAND RETURN 

ROUTINE TO STROBE DATA TO ADDRESS BUFFER 

0 0 0 5 6 ' 0 7 5 4 0 1 RWRITEt P S H A 3 
0 0 0 5 7 ' 0 2 4 , 0 2 4 - LDA 
0 0 0 6 0 ' 0 3 4 0 2 5 - LDA 
0 0 0 6 1 ' 0 6 1 0 5 2 DOA 
0 0 0 6 2 ' 0 6 6 0 5 2 DOB 
0 0 0 6 3 ' 0 / ' 6 0 5 2 DOB 
0 0 0 6 4 ' 0 6 6 0 5 2 DOB 
0 0 0 6 3 ' 0 7 5 6 0 1 POPA 
0 0 0 6 6 ' 0 0 1 4 0 0 JMP OP 3 

1fHIGH 
3f CSW 
Of 52 
l f 5 2 
3f 52 
I f 52 
3 

f SAVE RETURN ADDRESS 
f LINES HIGH 
fCSW LOW 
iLATCH DATA 
i WRITE 
i TO 
i VDP 
fRECOVER RETURN ADDRESS 
fAND RETURN 

» THIS ROUTINE CYCLES ROUND WRITING SUCCESSIVE 
i BYTES INTO VRAM UNTIL DATA -1 IS FOUND 

00067' 
00070' 
00071' 
00072' 
00073' 
00074' 
00075' 
00076' 
00077' 
00100' 
00101' 
00102' 
00103' 

075401 MLOOP: 
006015-
010010-ML0P1! 
030010-
021000 
126400 
124000 
122415 
000403 
004404 
000770 
075601 EX I P , 
001400 

PSHA 3 
JSR C*AADRW 
ISZ SAVE 
LDA 2fSAVE 
LDA 0»0f2 
SUB l f l 
COM l f l 
SUB* IfOfSNR 
JMP EXIT 
JSR MWRITE 
JMP ML0P1 
POPA 3 
JMP Of 3 

fUSUAL 
fWRUE VRAM STAR)' ADDRESS 
fINCREMENT POINTER 
fLOAO POINTER 
f GET DATA 
fZEROIZE ACC 1 
f - 1 
rACC.O - -17 
f YES SO LEAVE 
fNO SO WRITE TO VRAM 
f BACK FOR NEXT DAT A 
J RECOVER RETURN ADDRESS 
fRETURN 

TO VDF 

i ROUTINE TO WRITE DATA INTO VRAM AFTER 
f STAR)' ADDRESS HAS BEEN SET UP 

00104'075401 MWRITE: PSHA 3 
00i05'065401 PSHA 1 
00106'061052 DOA 0»52 
00107'024026- LDA 
00110'030027- LDA 
00111'034024- LOA 
00112'066052 DOB 
00113'072052 DOB 
00114'066052 DOB 
OOllS'076052 DUB 
00116'065601 POPA 1 

I f MODE 
2fMCSW 
3 f HIGH 
1 f 52 
2f 52 
1 f 52 
3f 52 

iUSUAL 
f SAVE A C C l AS WELL 
iLATCH DATA 
f MODE LOW 
f MODE AND CSW LOW 
fALL LINES HIGH 
f WRITE 
i IN 
f TO 
f VRAM 
f RECOVER ALC.l CONTENTS 



0 0 0 3 V D P T E 
O 0 H 7 ' 0 7 5 6 0 1 POP A 3 , rRECOVER RETURN ADDRESS 
0 0 1 2 0 ' 0 0 1 4 0 0 J M P O F 3 F AND RETURN 

1 

i R O U T I N E TO 
n 

WRITE A BLOCK UP DATA TO VRAM 

0 0 1 2 1 ' 0 7 5 4 0 1 PWRliEi PSHA 3 F S A V E R E T U R N ADDRESS 
0 0 1 2 2 ' 0 0 4 7 6 2 PWR i J S R M H R I T E iWRITE TO VRAM 
0 0 1 2 3 ' 1 2 4 4 0 0 N E C ;i »1 » D E C R E M E N T 
0 0 1 2 4 ' 1 2 4 0 0 0 COM l ? l i ACC.l 
0 0 1 2 5 ' 1 2 5 0 0 4 MOV i > 1 > S Z R F A C C . 1 = 0 ? 
0 0 1 2 6 ' 0 0 0 7 7 4 JMP PWR »N0 SO W R I T E N E X T VALUE 10 V 
0 0 1 2 7 ' 0 7 5 6 0 1 POPA 3 F R E C Q V E R R E T U R N ADDRESS 
0 0 1 3 0 ' 0 0 1 4 0 0 JMP 0 » 3 iRETURN 

i 
F R O U T I N E TO C A L C U L A T E S P R I T E L O C A T I O N 
» P O I N T E R S I N VRAM 

0 0 1 3 1 ' 0 7 5 4 0 1 ACALC: PSHA 3 F S A V E R E T U R N A D D R E S S 
0 0 1 3 2 ' 0 2 0 0 1 3 - L DA OrSPRSV ilSET S P R I T E NUMBER 
0 0 1 3 3 ' 1 0 3 0 0 0 ADD 0 » 0 F D O U B L E I T 
0 0 1 3 4 ' 1 0 3 0 0 0 ADD OFO FAND A G A I N -> OFFSET 
0 0 1 3 5 ' 0 3 0 0 2 1 - LDA 2tSATTR iPOINTER TO A D D R E S S LOW BYTE 
0 0 1 3 6 ' 0 2 5 0 0 0 LOA .1 9 0 » 2 ? G E T LOW BYTE 
0 0 1 3 7 ' 1 2 3 0 0 0 ADD 1 TO FADD TO O F F S E T 
0 0 1 4 0 ' 0 4 0 0 1 1 - SI'A O F A D S V I F S A V E IT 
0 0 1 4 1 ' 0 3 0 0 2 1 - LDA 2 tSATTR F P O I N T E R TO ADDR HIGH BYTE 
0 0 1 4 2 ' 0 2 S 0 0 1 LOA 1 1 1 t2 F G E T HIGH BYTE 
0 0 1 4 3 ' 0 4 4 0 1 2 - S T A 1 F A D S V 2 F S A V E I T 
0 0 1 4 4 ' 0 0 1 4 0 0 JMP 0 t 3 iRETURN 

» 

t 

R O U T 1 N E TO C A L C U L A T E S P R I T E NUMBER 

0 0 1 4 5 ' 0 2 4 0 3 4 - •SPRNO: LDA 1 F 2 L R 0 } A S C I I ' 0 ' 
0 0 1 4 6 ' 1 2 2 4 0 0 S U B 1 rO F G E T S P R I T E NUMBER 
0 0 1 4 7 ' 0 4 0 0 1 3 - S T A O F S P R S V F S A V E I T 
0 0 1 5 0 ' 0 0 4 7 6 1 J S R A C A L C iCALCULATE A D D R E S S 
0 0 1 5 1 ' 0 0 0 5 0 1 JMP ANIM { A N I M A T I O N R O U T I N E 

i 
n 

R O U T I N E TO SET UP VRAM A D D R E S S ON VDP 

0 0 1 5 2 ' 0 7 5 4 0 1 ASTP: PSHA 3 F S A V E R E T U R N A D D R E S S 
0 0 1 5 3 ' 0 2 0 0 1 1 LDA 0 » A D S V 1 J G E T A D D R E S S LOW BYTE 
0 0 1 5 4 ' 0 0 4 7 0 2 J S R R W R I T E { W R I T E TO VDP 
0 0 1 5 5 ' 0 2 0 0 1 2 LDA O F A D S V 2 iGET A D D R E S S H I G H B Y T E 
0 0 1 5 6 ' 0 0 4 7 0 0 J S R R W R I T E » W R I T E TO VDP 
0 0 1 5 7 ' 0 7 5 6 0 1 POPA 3 ^ R E C O V E R R E T U R N A D D R E S S 
0 0 1 6 0 ' 0 0 1 4 0 0 JMP 0 F 3 } AND R E T U R N 

t 
R O U T I N E TO READ A B Y T E FROM VRAM 

/ n 



0004 VDPTE 
00161'075401 MREAD; 
00162'024026-

030030-
'034024-

00165'066052 
00166'072052 
00167 '066052 
00170'076052 
00171'064452 
O01/2'075601 
00173'001400 

00163' 
00164 

PSHA 3 
LDA 1»MODE 
LDA 2fMLSk 
LDA 3fHI0H 
DOB i f52 
DOB 2f52 
DOB I f 5 2 
DOB 3f52 
DIA I f 52 
POPA 3 
JMP Of 3 

P U S U A L 
f MODE LOW 
f MODE AND CSk LOW 
t ALL CONTROL LINES HIGH 

f READ 
f H ROM 
f VRAM 
fFETCH DATA FROM VDP 
}RECOVER RETURN ADDRESS 
f AND RETURN 

ROUTINE TO INCREMENT SPRITE Y<LOC 

00174'004756 Y.1NU JSR ASTP f SET UP ADDRESS 
00175'004764 JSR MREAD iREAD FROM VRAM 
00176'152400 SUB 2f 2 JZEROISE ACC <• 2 
00177'150000 CUM 2f 2 f - 1 
00200'150400 NE6 lit 2 ) + l 
00201'147000 ADD 2f 1 flNCREMENI ACC.l 
00202'004750 JSR ASTP fSET UP ADDRESS AGAIN 
00203'121000 MOV l f O i MOVE ACC.l -> ACC.O 
00204'004700 JSR MWRITE i WRITE TO VRAM 
00205'000445 JMP ANIM fRETURN 

ROUTINE TO DECREMENT SPRITE Y,LOC 

00206'004744 Y tDEC • JSR ASTP f SET UP ADDRESS 
00207'004752 JSR MREAD t READ BYTE FROM VRAM 
00210'124400 NEG 1 f 1 ) DECREMENT 
00211'124000 COM I f 1 f ACC.l 
00212'004740 JSR ASTP fSET UP ADDRESS AGAIN 
00213'121000 MOV If O f A C C l -> ACC.O 
00214'004670 JSR MWRITE iWRITE TO VRAM 
00215'000435 JMP ANIM ? AND RETURN 

f 
f ROUTINE TO INCREMENT SPRITE X.LUC 

00216'004713 x . I N C : i 
JSR ACALC fCALCULATE ADDRESS 

00217'OIOOU- ISZ ADSV1 f INCREMENT ADDRESS 
00220'125000 MOV l f l iNO-OP 
00221'000753 JMP Y . INC f COMMON OPERATION NOW 

f 
f ROUTINE 
f 

TO DECREMENT SPRITE X . L U C 

00222'OlOQll- X.DEC: 1SZ ADSV1 fINCREMENT ADDRESS 
00223'125000 MOV l f l iNO-OP 
00224'000762 JMP Y »DEC f COMMON OPERAION NOW 

f 
f MAIN LOAD ROUTINE 



0005 VDPTE 

00225'03001/'-MAIN: LDA 2»SPAT 1 {POINTER TO SPRITE F A I T TABLE 
00226'0S0010- STA 2tSAVE }SAVE IT 
00227'004640 JSR MLGGP , {WRITE BLOCK 10 VRAM 
00230'030020- LDA 2r PATT *F POINTER TO PAT FERN GEN TABLE 
00231'050010- STA 2 F S A V E {SAVE IT 
00232'004635 JSR MI..UOP iWRITE BLOCK TO VRAM 
00233'030021- LDA 2tSAT TR {POINTER TO SPRITE AT TR T ABLE 
00234'050010- STA 2»SAVE iSAVE IT 
00235'004632 JSR MLOOP {AND WRITE BLOCK TO VRAM 
00236'030022- LDA 2»PNAM iPOINTER 10 NAME IABLE 
00237'050010- STA 2»SAVE {SAVE IT 
00240'006015- JSR 8AADRM {WRITE ADDRESS TO VDP 
00241'024014- LDA 1FMAXNO iNG. OF ENTRIES 
00242'102400 SUB OFO {ZEROISE ACC 0 
00243'004656 JSR PWRITE {WRITE BLOCK TO VRAM 
00244'024032- LDA IrCNUM {NO. OF ENTRIES IN COLOUR TABLE 
00245'030042- LDA 2 F C 0 L {ADDRESS POINTER 
00246'050010- STA 2tSAVE {SAVE IT 
00247'006015- JSR @AADRU FWRITE ADDRESS TO VDP 
00250'020033- LDA O F C V A L F COLOUR VALUE 
00251'004650 JSR 

{ 

PURITE {WRITE COLOUR TABLE TO VRAM 

i END OF INITIALISATION ROUTINE 5 
F 
{ START OF ANIMATION ROUTINE 

0 0 2 5 2 ' 1 2 6 4 0 0 AN1MJ 

9 

S U B 1 F 1 { Z E R O I S E A C C . l 
0 0 2 5 3 ' 0 0 6 0 1 7 > S Y S T M { S Y S T E M 
0 0 2 5 4 ' 0 0 7 4 0 0 f GCHAR { G E T A C H A R A C T E R 
0 0 2 5 5 ' 1 0 1 0 0 0 MOV OFO {NO-OP 
0 0 2 5 6 ' 0 2 4 0 3 4 - LDA I F Z E R O { A S C I I ' 0 ' 
0 0 2 5 7 ' 1 2 2 4 1 5 S U B * I F O F S N R { I S R E C E I V E D CHAR ' 0 ' ? 
0 0 2 6 0 ' 0 0 0 6 6 5 JMP S P R N O { F I N D S P R I T E NO. 
0 0 2 6 1 ' 0 2 4 0 3 5 - L D A I f LINE FNO SO A S C I I ' 1 ' 
0 0 2 6 2 ' 1 2 2 4 1 5 S U B * I F O F S N R f I S I T ' 1 ' ? 
0 0 2 6 3 ' 0 0 0 6 6 2 J H P S P R N O { F I N D S P R I T E NO. 
0 0 2 6 4 ' 0 2 4 0 3 7 - M O U T : LDA IFDOWN F C U R S E R DOWN 
0 0 2 6 5 ' 1 2 2 4 1 5 S U B * I F O F S N R F I S T H I S THE CHAR WE G E T ? 
0 0 2 6 6 ' 0 0 0 7 0 6 JMP Y . I N C F Y E S I T I S SO M O D I F Y Y.LOC 
0 0 2 6 7 ' 0 2 4 0 3 6 - LDA I F U P FNO I T I S N ' T SO T R Y NEXT CHAR 
0 0 2 7 0 ' 1 2 2 4 1 5 S U B * I F O F S N R { I S I T A C U R S E R UP C H A R ? 
0 0 2 7 1 ' 0 0 0 7 1 5 JMP Y . D E C { Y E S I T I S ! 
0 0 2 7 2 ' 0 2 4 0 4 1 - LDA 1 F R I G H T F'WELL A L R I G H T T H E N F T R Y T H I S ONE 
0 0 2 7 3 ' 1 2 2 4 1 5 S U B * I F O F S N R { H A V E WE FOUNQ I T ? 
0 0 2 7 4 ' 0 0 0 7 2 2 JMP X . I N C f Y E S WE HA V E 
0 0 2 7 5 ' 0 2 4 0 4 0 - LDA I F L E F T { W E L L P E R H A P S NOT 
0 0 2 7 6 ' 1 2 2 4 1 5 S U B * I F O F S N R { T H I S MUST B E I T 
0 0 2 7 7 ' 0 0 0 7 2 3 J M P X > D E C { Y E S SO U P D A T E X . L O C 
0 0 3 0 0 ' 0 0 0 7 5 2 JMP ANIM f AND START A G A I N 

. Z R E L { Z E R O P A G E 

00000- 000000 REGOI 
00001- 000301 REG1\ 
00002- 000004 REG2I 

0 
301 
4 

fEXTERNAL VIDEO OPTION 
{ASSORTED CONTROL OPTIONS 
{PATTERN NAME TABLE 



0 0 0 6 VDPTE 
0 0 0 0 3 - 0 0 0 1 1 0 fcEQ3J. 
0 0 0 0 4 - 0 0 0 0 0 1 R E 6 4 > 
0 0 0 0 5 - 0 0 0 0 5 1 KEGS 2 
0 0 0 0 6 - 0 0 0 0 0 0 REG6! 
0 0 0 0 7 - 0 0 0 0 1 7 REG7» 
0 0 0 1 0 - 0 0 0 0 0 0 S A V E : 
0 0 0 1 1 - 0 0 0 0 0 1 A D S V I : 
0 0 0 1 2 - 0 0 0 0 0 2 ADSV2; 
0 0 0 1 3 - 000.003 S PRSV: 
0 0 0 1 4 - 0 0 1 3 7 7 MAXN05 
0 0 0 1 5 - 0 0 0 0 4 4'AAURW: 
0 0 0 1 6 - 0 0 0 2 2 5 ' AMAIN 
0 0 0 1 7 - 0 0 4 0 0 0 SPAT: 
0 0 0 2 0 - 0 0 4 0 2 3 PATT * 
0 0 0 2 1 - 0 0 4 0 3 6 SATTR: 
0 0 0 2 2 - 0 0 4 0 5 1 PNAM! 
0 0 0 2 3 - 0 0 4 0 5 7 MCSTK: 
0 Q 0 2 4 - 0 0 0 0 0 7 HIGH! 
0 0 0 2 5 - 0 0 0 0 0 3 c s w : 
0 0 0 2 6 - 0 0 0 0 0 6 MODEi 
0 0 0 2 7 - 0 0 0 0 0 2 MCSW: 
0 0 0 3 0 - 0 0 0 0 0 4 MCSR! 
0 0 0 3 1 - 0 0 0 2 0 7 REG; 
0 0 0 3 2 - 0 0 0 0 4 0 CNUMi 
0 0 0 3 3 - 0 0 0 0 1 5 CVAL: 
0 0 0 3 4 - 0 0 0 0 6 0 ZERO5 
0 0 0 3 5 - 0 0 0 0 6 1 ONE: 
0 0 0 3 6 - 0 0 0 0 1 3 UP: 
0 0 0 3 7 - 0 0 0 0 1 2 DOWN: 
0 0 0 4 0 - 0 0 0 0 1 0 L E F T : 
0 0 0 4 1 - 0 0 0 0 1 4 R I G H T : 
0 0 0 4 2 - 0 0 4 0 5 4 COL! 

0 0 5 0 0 0 

0 0 4 0 0 0 
oooooo ASPAT: 
0 0 0 1 0 0 
0 0 0 0 3 0 
0 0 0 0 7 4 
0 0 0 1 7 6 
0 0 0 3 7 7 
0 0 0 3 7 7 
0 0 0 1 7 6 
0 0 0 1 0 2 
0 0 0 2 0 1 
0 0 0 0 3 0 
0 0 0 0 4 4 
0 0 0 1 4 6 
0 0 0 2 3 1 
0 0 0 2 3 1 
0 0 0 1 4 6 
0 0 0 0 4 4 
0000.30 
1 7 7 7 7 7 

0 4 0 0 0 
0 4 0 0 1 
0 4 0 0 2 
0 4 0 0 3 
0 4 0 0 4 
0 4 0 0 5 
0 4 0 0 6 
0 4 0 0 7 
0 4 0 1 0 
0 4 0 J 1 
0 4 0 1 2 
0 4 0 1 3 
0 4 0 1 4 
0 4 0 1 5 
0 4 0 1 6 
0 4 0 1 7 
0 4 0 2 0 
0 4 0 2 1 
0 4 0 2 2 

110 iCOLOUR TABLE 
1 iPATTERN GEN TABLE 
51 )SPRITE NAME TABLE 
0 iSPRIT'E PATTERN GEN TABLE 
17 fBACKGR0UND COLOUR 
0 5SAVE LOCATION 
1 iSAVE LOCN 

f SAVE LOCN 
3 iSAVE LOCN. 
1377 JNO OF ENTRIES IN NAME TABLE 
AD DRW tPOINTER TO ADDRW 
MAIN iPOINTER TO MAIN 
ASPAT iPOINTER TO SPRITE PATTERN TABLE 
APATT iPOINTER TO PATTERN TABLE 
ASATR »POINT ER TO SPRITE ATTR TABLE 
APNAM iPOINTER TO PATTERN NAME TABLE 
AMCSTK iPOINTER TO MACHINE STACK 
7 tCONTROL LINES HIGH 
3 JCSW LOW 
6 iMODE LOW 
A* fMODE AND CSW LOW 

4 rMODE AND CSR LOW 
2 0 7 }N0. OF REGISTERS 
40 rNO, OF ENTRIES IN COLOUR TABLE 
15 iCOLOUR VALUE 
0 6 0 tASCII ' 0 ' 
061 JASCII ' 1 ' 
0 1 3 ?ASCII CURSOR CONTROL 
0 1 2 tASCII CURSOR CONTROL 
0 1 0 fASCtl CURSOR CONrROL. 
0 1 4 JASCII CURSOR CONTROL 
ACOL JPOINTER TO COLOUR TABLE 
»NREL »BACK TO RELOCATABE TEXT 
f 
) DATA TO BE WRITTEN INTO VRAM 
t 
.BLK 5 0 0 0 

.LOC 4 0 0 0 
0 ?SPRITE,0 PATTERN DEFN 
100 
3 0 
74 
176 
3 7 7 
3 7 7 
176 
102 
201 
30 iSPRITE.l DEFN 
44 
146 
231 
2 3 1 
146 
44 
30 
-1 



0007 VDPTE 
04023 000000 APATT: 0 i ADDR Lu BYTE 
04024 000110 110 iAODR HI BYTE 
04025 000377 377 
04026 000377 377 
04027 000377 377 
04030 000377 377 
04031 000377 377 
04032 000377 377 
04033 000377 377 
04034 000377 377 
04035 177777 -1 
04036 000200 ASATR: 200 J ADDR LO BYTE 
04.6 3 7 000124 124 JAQDR HI BYTE 
04040 000020 020 J Y . L G C 
04041 000020 020 iX.LOC 
04042 000000 000 ? POINTER TO SPRITE 
04043 000004 004 % COLOUR 
04044 000040 040 J Y . L O C 
04045 000040 040 fX.LOC 
04046 000001 001 iPOINTER TO SPRITE 
04047 000014 014 iCOLOUR 
04050 177777 -1 
04051 000000 APNAM: 0 * ADDR Ltl BYTE 
04052 000120 120 JADHR HI BYTE 
04053 177777 -1 
04054 000000 ACOLi 0 iADDRESS LOU BYTE 
04055 000124 124 iADDRESS HIGH B Y T E 
04056 177777 -1 
04057 004060 AMCSTK: . + 1 iSTACK LOCATION 

000020 • BLK 20 

000000' .END BEGIN 



!)008 
AADRW 
, ACALC 
jACOL 
ADDRW 
.ADS VI 
,ADSV2 
^AMAIN 
AMCST 
,AN1M 
A PA'I T 
APNAM 
'A SATR
A P AT 
ASTP 
BEGIN 
'CNUM 
COL 
CSU 
CVAL 
DOWN 
EXIT 
HIGH 
LEFT 
MAIN 
MAX NO 
MCSR 
MCSTK 
MCSW 
MLOOP 
MLOP1 
MODE 
MOOT 
READ 
WRIT 
DNE 
:'ATT 
:'NAM 
JWR • 
PURIT 
liEG 
REGO . 
liEGl 
REG2 
f:EG3 
f:EG4 
FIEG5 
FIEG6 
F:EG7 
FIGHT 
F W 
fi WRIT 
ATTR 
AVE 
PAT 
PRNO 
PRSV 
P • 

WRITE 
X;,DEC 

VDPTE 
000015-
000131' 
004054 
00004 4' 
000011-
000012-
000016-
004057 
000252' 
004023 
004051 
004036 
004000 
000152' 
000000' 
000032-
000042-
000025-
000033-
000037-
000102' 
000024-
000040-
000225' 
000014-
000030-
000023-
000027-
000067' 
000071' 
000026-
000264' 
000161' 
000104' 
000035-
000020-
000022-
000122' 
000121' 
000031-
000000-
000001-
000002-
000003-
000004-
000005-
000006-
000007-
000041-
000027' 
000056' 
000021-
000010-
000017-
000145' 
000013-
000036-
000037' 
000222' 



000V MDPTE 
X.INC 000216' 
Y.DEC 000206' 
Y.3NC 000174' 
ZERO 000034-
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• " t i l I 

. li R E I.. i N i i R i l A L. R E L. 0 C A T A 1.-: L E L 1.1 D L 
. Ii N i I.! I:. b .1 N 
. M A C P S H A - 0 6 1 A 0 1 
. D I C P I.II P A -- 0 £ .!. £ 0 1 
. D i n t . MTSP=Q£1GG1 
. M A C MF'SP = 0 6 1 2 0 1 
i ,K +. _K f̂t. .4; *:+: + * 1 *. * * * * * •* * -4::+. * * * + * ;K * * 
J * B Y T E M A N I P U L A T I O N R O U T I N E S * 
•j .j; +. * * * * * + * * * M * * * * * * * * * *.*;)<*** # * * *:+ * 

0 > < 4 > B I T E 

SZR 

A b l T E : . T X T 
B h I T c . I 0 
* I i E I PSHA 3 

P S HA 2 
PSHA 1 
L D A 1 9 dl . ft i 
BUBZtf 1 , 0 , 
.1 h P N 0 T h S 
LDA .1. > START 
BUBZi. 3 , 3 
HUB ;;• ? i 
S T A :i , 3T A R T 
JP IP ABORT 

H u T B S I LDA 1 , S T A R T 
ttOVZR 1 , 3 
i. DA 2 , 0 , 3 
LDA 3 i MASK1 
h O V Z R f 1 » 1 , S N C 
SUB 3 , 3 
r i 0 V Z P «• l ? 1 , SNC 
ri 0 V S 0 • 0 

| AHD Z 3 , 2 
A D D Z v), 2 
hOVZR 1 , 3 
ST A 2 , 0 , 3 
HOVZR* l » l i S N C 
H 0 y S 0 , 0 
I N C l r l 
S T A J. , S T A R T 

i'iBljR'1 I POP A I. 
POP A 2 
POP-:, .3 . 

SAVE A L L A C C ' B 

A C C 0 - B Y T E TO S T O R E 
LOAD B A C K S P A C E CHAR 
CURRENT C H A R - B A C K S P ACE ? 
NO 
Y E S SO MODIFY P O I N T E R 
G E N E R A T E +1 
B Y T E P O I N T E R - 1 
R E S T O R E I T 
L E A V E R O U T I N E 
OET CURRENT B Y T E P O I N T E R 
3-WORD P O I N T E R 
2 - U 0 R D 6 3 
3 - 177 4 0 0 
CURRENT B Y T E 1 
NO SQ i i A S K - 0 
WHICH B Y T E TO S T O R E ? 
B Y T E 0 
F O R C E A P P R O P R I A T E B Y T E ( S ) -
ADD IN NEW B Y T E 
GET WORD P O I N T E R AGAIN 
S T O R E NEW WORD 
C O S M E T I C i' 
Y E S SWAP B Y T E S BACK A G A I N 
BUi-iP B Y T E P O I N T E R 
R E S T O R E I T 
RETURN A L L THE 
ACC ' S 
Fi' C:'_T. 11£• ii u!'il!p'.F SS.., _ 



, * G E T A B Y T E P O I N T E D TO * 
; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

X isYTE : . TXT " < 0 > < 4 > B Y T E " 
K B Y T E ! X B I T E 
B Y T E : . PSHA 3 i S A V E A C C ' S 

PSHA 1 } U S E D 
IDA 1, G S T A R T » GET B Y T E P O I N T E R 
HOVZR 1 , 3 J G E N E R A T E WORD P O I N T E R 
I. DA 0 , 0 , 3 i GOT WORD NOW 
MOVZRt I r l r S N C i WANT ODD OR E V E N ? 
HOVS 0 , 0 i E V E N 
L D A 3 i H A S K 2 } r • 
AND2 2 , 0 i MASK OFF' UNUSED B Y T E 
INC 1 ,1 } BUMP B Y T E P O I N T E R 
BT A I f GSTART i R E S T O R E I T 
POPA 1 i R E S T O R E 
POP A 3 i A D D R E S S 
JHP 0 , 3 » AND P L Y 
»* * * Y * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
r* CONSTANTS USED BY THE ABOVE * 
» * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

S : B S P A C E i B A C K S P A C E CHAR 
H i i S K i : 1 7 7 4 0 0 i PGR TOP 6 B I T S 

\2: 3 7 7 , POR BOTTOM 3 B I T S 
}* * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
5* SOFTWARE n U L T I P L Y / D I V I D E R O U T I N E * 
; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

i v : ,T>;T " < O > < 3 > D I V • 
D I V i X B Y l E 

IV 5 PSHA 3 i S A V E ACC 
S U E Z * 2 f 0 » 3 Z C i DATA G E N E R A L R O U T I N E " 
JMP Ml V I 
LDA 3 ? H 2 0 « 

- 1 r iOVZL 1 . 1 
DVDO: HOVL 0 , 0 

S U B * 2 , 0 , £ Z C 
SUB 2 , 0 
hi.) VI... 1,1. 
INC 3 , 3 , S Z R 
JMP DVDO 

| SUBCS 3 , 3 , S K P 
D I V i : SUBZ 3 , 3 

PUPA 3 ) IN PPP MANUAL 
J ri P 0 , 3 t E X I T 
i * * :M * * * * * * * * * * * * Y * * * * * * * * * * * * * * * * * * 
•: AND M U L T I P L Y ROU f I N E * • 

, '•> * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
• n P Y I , TXT '<0><3>HUL " 
• •.tF- r I X L I V 
HPY I PS MA 3 » ALSO A !• < C , R O U T I N E 

I... l.i A , CI 'J. U 

;ri P Y 1 I' hi 0 V R .!. , i ? S N C 
hi 0'.' R 0 , 0 , S K F' 

" " A D D Z R 2 , 0 
' •' '" INC 3 * 3 , S Z R 

J n !'• ri F" Y 1 
hOVCR 1 ,1 
F OP A 3 

, J h P 0 . 3 S IN F'PP MANUAL 
; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

! ii B I T S USED * 
i [, \. t. f i t * t i, f. * + . * t : * * * * * * * + * * * * * * * * * * * * * * 

n 0 - 2 r, 
I * 1 t r .•• i :* :fc -f i. < .*. * .i't * M i. M M * * .* :k * * * .* * * * 



•T U U l \ 1.1 I i'i U l i .c-1.1\ Hi'lD F L Ab R • U L !• 

>; N U M B 
BNUMB 
M u ii B : 

INTO : 

IME1 

'" I M E B 

p L u s : 

O UE 

i * * * * »** * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
• T X T '<0><6>NUMB n 

XMPY 
PSHA 3 
PSHA 2 
L hA 1,WB 
S T A 1 , G S T A R T 
J S R g . B Y I 
LDA 1 , M I N U S 
SUB O t l » S N R 
J S R O . B Y 1 
PSHA 1 
BUB 1,1 
PSHA 1 
PSHA 1 
LDA l i O F T l 
3 U B Z L * 1 , 0 , S Z C 
JMP TOQUE 
BUB 1 , 0 
LDA l r N I N E ? 
B U B Z L * 0 , 1 , SNC 
JMP T I M E l 
LDA 1 , O F F 2 
S U B Z L * Of I f S N C 
JHP TOQUE 
LDA 1 , R E L 1 
SUB l t O 
LDA l , e . R D l 
S U B Z L 4 O f l f S Z C 
JMP TOQUE 
L. D A 2 , ( ? , R D 1 
POP A 1 
J S R B.MP1 
POP A 3 
PSHA .1. 
MOV 3 f l 
J S R e . M P l 
POP A 3 
PSHA 1 
PSHA 3 
LDA Or WE 
LDA 1 •> GST ART 
S U B Z * l f O f S Z R 
JMP NEXT 
POP A 0 
POP A i 
POP A 2 
i'l 0'.' I 2 f 2 f S Z R 
JMP P L U S 
N E G Z 0 » 0 
COM 1 ,1 
PC PA 2 
J S R y . P U l 
BUBZL. 0 , 0 
STA O i S . N F G 
POP A 3 
JflP 0 , 3 
? Li P A 0 

0 
0 

PO PA 
POP A 
P 0 F' A 2 
SUB 0 , 0 
BTA 0»B 
POPA ?• 

NFb 

S E T P O I N T E R S TO WORD 
WORD DONE 
GET F I R S T CHAR 
GET A S C I I MINUS 
S K I P I F NOT 
GET ANOTHER CHAR 
PUSH A KLAG=0 I F - V E <>0 I F + VE 
G E N E R A T E A 0 
R E S E R V E STACK S P A C E FOR L A T E R 
AND A B I T MORE 
F I R S T A S C I I O F F S E T 
CHECK < CHARACTER RANGE 
INVOKE ERROR 
NOW SUBTRACT P R O P E R L Y 
CHECK FOR NUMBER > 9 
S K I P I F NUMBER > 9 
NOW JMP TO R A D I X CHECK 
SECOND O F F S E T 
CHECK FOR >9 <A 
ERROR 
LOAD D I F F E R E N C E 
MODIFY SO UE HAVE A NUMBER 
NOW B E E I F U I E BASE I S OK 
WELL ? 
ERROR 
S E T UP TO M U L T I P L Y 
L A S T NUMBER 
M U L T I P L Y ( A C C 2 * A C C 1 ) + A C C O - > A C C 0 , A C C1 
R E C O V E R L A S T TOP B I T S 
SAVE NEW L E A S T B I T S 
GET READY FOR TOP B I T S 

GET NEW L E A S T B I T S 
S A V E NEW MOST B I T S 
SAVE NEW L E A S T B I T S 
CHECK FOR ENDWORD 
CURRENT WORD P O I N ' l E R 
L A S T WORD ? 
NO SO R E P E A T 
Y E S SO GET READY 
MOST S I G 
R E C O V E R STACK P O I N T E R 
WAS NUMBER --VE 
NO SO E X I T 
NEGATE NUMBERS 

GET STACK P O I N T E R 
PUSH L E A S T 8 B I T S 
G E N E R A T E +1 
S T O R E IN NUMBER F L A G 
RETURN 
B Y E 

C L E A N UP STACK 

OK 
STACK P O I N T E R 
C L E A R 0 
F L A G NOT A NUMBER 
RF TURN 



N L X I'; 

. &YI : 
t M P i : 
. H F G : 
, P U I : 
. R D I : 
MINUS 
0 F F 1 : 
0 F F 2 5 
N I N E ! 
R E L 1 : 

X P U S H 
'USH i 
>SH: 

B 
P J 5 

X P G P 
ti PGP 
PGP : 

J T K i 
• ISTK: 

s TK : 

j tit< a. B i' i 
JMP I N T O > E T NEXT B Y T E AND R E T U R N 
jf if. if. if. ^ if* .f. tf. if* .f. if* if. if. if, if. 4"- Jfi if. if. if. if* *H if, if. if* if> 4^ " " a* >̂  4 * "T 

J * T H I N G S U S E D BY NUMBER DK * 

B Y T E 
MPY 
NFL AG 
P U S H 
RDX 
55 
60 
20 
11 
7 
f ĵc J(C ?̂  jjc i(c sfi J1!̂  *̂  
i * O P E R A T I O N A L S T A C K PUSH R O U T I N E * 
)|k 3̂  )f\ jjt 3|C )(c ijc J|( J^J )j( ?|( 4^ 4^ ^ 4^ 4^ 4^ '(^ 4^ 4^ 4^ 4^ 4^ 4^ 4^ ^ 4^ 

• T X T , < 0 > < 4 > P U S H " 
XNUMB 
PSHA 3 5 S A V E R E T U R N 
S U B Z L 3 , 3 i G E N E R A T E +1 
S U B Z 3 # 2 i D E C R E M E N T S T A C K P O I N T E R 
STA 0 , 0 , 2 5 S T O R E R E S U L T 
POPA 3 J R E C O V E R 
JMP 0 , 3 J E X I T 

7* O P E R A T I O N A L S T A C K POP R O U T I N E * 

S T K : 

X U N S T K : 
BUNS T K{ 
Ui IS.-TK : 

L E N : 
p ft • 

. T X T " < 0 X 3 
XPUSH 
LDA 0 , 0 , 2 
INC 2 , 2 
JMP 0 , 3 

•POP 

5 R E C O V E R WORD 
5 P O I N T E R + 1 
i E X I T 

f 4^ 4^ ^ 4^ * ^ 4^ 4^ 4^ 4^ 4^ * ^ 4^ î̂  *̂  4^ 4^ 4^ 4^ 4^ 4^ 

» * SECOND STACK PUSH R O U T I E N * 
JI & ^f, )j( ^ )jc f̂r*- t̂̂- -"t̂  ''t̂  "̂̂̂  t̂1*- -"fr*1 t̂**- -̂fr̂  "̂̂̂  î*̂  t̂̂-
. T X T » < 0 > < 3 > S ' f K 0 

XPOP 
PSHA 2 
DSZ S . S T K 2 
LDA 2 » 6 . S T K 2 
S T A 0 , 0 » 2 
POPA 2 

S K I P 

J MP 0 , 

S A V E USUAL P O I N T E R 
DECREMENT BUT NEVER 
GET P O I N T E R 
S T O R E WORD 
R E C O V E R 
B Y E 

y ^ ^ 4^ 4^ 4^ 4^ 4^ 4^ ^ 4^ 4^ 4^ 4^ 4^ 4^ 4^ 4^ 4^ * ^ * ^ 

f * THE NEW STACK R E F E R E N C E I S H E R E * 
y ^ 4^ 4^ ^ 4^ ^ 4^ 4^ 4^ ^ 4^ 4^ ^ 4^ 4^ 4^ 4^ 4^ ^ 4^ 4^ 4^ 4^ 4^ 4^ 

S I K2 
t M * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

; * THE NEW STACK POP R O U T I N E OK * 
? 
. TXT " < 0 X 5 > U N S T " 

X S T K 
SAVE OLD S T A C K P O I N T E R 
GET NEW ONE 
GET WORD 
INCREMENT BUT DO NOT S K I P 
R E C O V E R OLD F A I T H F U L 

PSHA 2 
LDA 2 » C , S T K 2 
LDA 0 . 0 , 2 
I S Z P . S T K 2 
POPA 2 
JMP 0 , 3 
i* *** ** ** * * * * * * * * * * * * * * * * * * * * * * * * * * * 

"f * G E T S THE LENGTH OF CURRENT WORD* 
i * * * * * ****** * * * * * * * :>' * * * * ******** * * * * 
. TXT " < 0 X 6 > L E N G " 

v n w c r w 



i... l.i A 1 s WL 
L.DA 0,WB 
S U B Z 0 , 1 
POPA 3 
JMP 0 , 3 

, WORD END B i ' T E P O i N i E R 
i WORD B E G I N B Y T E P O I N T E R 
i NO. OF B Y T E S 
i E X I T 
> B Y E 

• i 1 ̂  'ik ̂  i i i i ^ ^ ^ ^ ^ ^ ^ 'I ̂  ^ i ^ ^ ^ ^ ^ 4 1"̂  11 4 ̂  ^ 4 
F *? * ^P *p *p *p ^ *p *p T̂̂  *P p̂ p̂ ^P ^P ^P *x* ^ ^P 'T* *fi * ^ ^P p̂ p̂ •?% ^P p̂ p̂ ^ ^P p̂ 

»* D I C T I O N A R Y F I N D R O U T I N E * 
y ^ t * ^ • ' K ^ ^ ' ^ ' K ^ ^ H ^ ^ ' ^ ^ * ^ ^ * ^ ^ ^ * ^ * ^ ^ ^^f*^^^f*^ 
. T X T » < 0 > < 4 > F I N D ' 

X L E N 
PSHA 
PSHA 
J S R 0 
LDA 
MOV 
JMP 
LDA 
I. DA 
AND 
iU&tt 

L E 2 
2 , Dl. 
2 , 2 > S N R 
Q U I T 
0 , 0 , 2 
3 , M A S K 3 
3 , 0 

0 , 1 , S Z R 
AG2 
0 ,WB 
0 , G S T A R T 
( ? . B Y 2 

JMP 
I... DA 
ST A 
J S R 
HGVS 0 , 3 
PSHA 3 
J S R 0 . B Y 2 
S U B Z L 3 , 3 
S U B t 1 , 3 , S N R 
LDA 0 , S P A 
POPA 3 
ADD 0 , 3 
LDA 0 , 1 , 2 
S U B * 0 , 3 , S Z R 
JMP AG2 
SUB 0 , 0 
I N C Z L 0 , 0 
S U B Z L * 1 , 0 , S N C 
JMP G O T I T 
J S R G> • BY2 
MOVS 0 , 3 
PSHA 3 
J S R -@ , B Y 2 
SUB 3 , 3 
I N C O L 
SUB# 1 
LDA 0 , 5 
POPA 3 
ADD 0 , 3 
LDA 0 , 2 

AG: 

3 , 3 
, 3 , S N R 

, 0 
JMP 
MOV 2 
POPA 
J S R 0 . P U 2 
POPA 3 
JMP 0 , 3 
POPA 2 
SUB 0 , 0 
J S R B . P U 2 
POPA 3 
JMP 0 , 3 
LDA 2 , 4 , 2 
JMP AGAIN 

S A V E P O I N T E R S 
STACK P O I N T E R 
L E N G T H IN ACC1 
L A S T D E F I N I T I O N 
I F F ZERO => END OF D I C 
SO E X I T 
GET L E N G T H / P R E C ENTRY 
MASK OFF P R E C 
SO L E N G T H OF HE FN I B IN ACCO 
MATCH '? 
NO SO GET NEXT DEFN 
THE B Y T E S 
OK 
GET A B Y T E 
GET B Y T E SWAP 
S A V E B Y T E SWAPPED 
GET NEXT B Y T E 
G E N E R A T E +1 
S E E I F LENGTH>1 
LENGT.H= 1 F O R C E B Y T E 2 = S P A C E 
R E C O V E R F I R S T SWAPPED B Y T E 
NOW WE HAVE A C O M P L E T E WORD 
SO GET WORD FROM HEADER 
COMPARE THEM 
NOT EQUAL SO GET NEXT DEFN 
G E N E R A T E 
+ 2 
L E N G T H > 2 
NO SO WEVE FOUND I T 
Y E S 30 WE NEED TO LOOK MORE 
SWAP B Y T E 
SAVE I T 
AND ANOTHER 
G E N E R A T E 
+ 3 
S E E I F LENGTH>3 
F O R C E B Y T E 4 = S P A C E 
R E C O V E R SWAPPED B Y T E 
MAKE WORD 
GET D E F I N I T I O N L A S T WORD 

NO SO GET NEXT 
OK WEVE GO! I T 
R E C O V E R SI 'ACK 
PUSH A D D R E S S 
GET A D D R E S S 
B Y E 
R E C O V E R STACK P O I N T E R 
F L A G ZERO A D D R E S S 
PUSH I T 
R E C O V E R 
E X I T 
L 0 A D 2 WITH 
TRY A G A I N 

@ADDRESS=ACCO 
P O I N T E R 

L I N K A D D R E S S 



. p 0 3 : 
B Y 3 5 
C 0 3 : 

, .1. i * * * * * * * * * + * * * * * * * + * * * * * * * * * * * * * * .f 

P U S H 
B Y T E 
L E N 
3 7 7 
40 
* \L & 'A* ^ ^ > L - ^ ^ ^ J . - ^ J / iXr ^ ^ ^ ^ ^ ^ -Xr \ D ^ ^ ^ iX' iX- >X> ~X iX> ^* ^( 

^k ^ \ ^ \ ^> ^ ^ \ ^ \ ^ \ ^ \ ^ \ 4^ ^\ ^\ ^ ^* Q \ ^ \ #p 

r * T Y P E R O U T I N E FOR N CHARS @ ADDX * 
* ' J / ^ ^ ^ ^i ^ *^ 1 ^ Â* ^1/ ^ ^ *JK ^ ^1/ ^ ^* * ^ ^1/ y 4% 4*fc ^ \̂ \̂ ̂ \ 4 * \̂ ̂ \ ̂ \ ijk ^ ^ ^ /[* ^ /yv 
, TXT 0 < 0 X 4 > T Y P E " 

X F I N 
PSHA 3 
J 3 R 6 . P 0 3 

Of 1 » S N R 
N O T Y P E 
B . P 0 3 
O f G S T A R T 

'.•> 

MOV 
JMP 
J S R 
S T A 
P S H A 
S U B Z L 2 » 2 
J S R B . B Y 3 
J S R 
SUB 
JMP 
POPA 2 
POPA 3 
JMP Of 3 

CD3 
2 f 1 t S I R 
MORE 

S A V E A D D R E S S 
POP NO OF CHARS TO T Y P E 
Z E R O ? 
Y E S SO E X I T 
B Y T E P O I N T E R 
S T O R E I T I N B Y T E R O U T I N E 
S A V E S T A C K P O I N T E R 
G E N E R A T E +1 
G E T A B Y T E 
OUTPUT I T 
COUNT DOWN 
AND A G A I N 
R E C O V E R 
A D D R E S S 
AND L E A V E OK 

f * A D D R E S S E S R E Q U I R E S BY T Y P E * 
j î̂ - t̂̂ - 4̂̂- ''î - -'t̂  -̂ t̂  t̂t̂  -̂ t̂- t̂̂ - •̂4̂  4̂̂- f̂r̂  ^̂K̂- -̂ K̂- Ĵ̂ -
POP 
BYTE: 
COUT 
" *T * " •f^ T* *P *P T T T T T T ' T T T nS * T* " * * * ™ * * * * *P * *P 

} * T H E T I T L E R O U T I N E ! * • 
y 4^ 4^ 4^ 4^ 4^ 4^ 4^ 4^ 4^ 4^ 4^ 4^ ^ * 4^ 4^ 4^ 4^ 4^ 4^ 4^ 4^ 4^ 4^ 

. + 1 * 2 » T H I S I S WHERE WE ARE 
. T X T " < 1 5 > < 1 2 > C S Y S 8 . 6 ] < 1 5 > < 1 2 > 0 

. T X T ' < 0 > < 5 > T I T L ' 
X T Y P 
PSHA 3 
LDA Of H E R E 

G . P U 4 
Of T I T L E 
B . P U 4 
( ? . T Y 4 

J S R 
LDA 
J S R 
J S R 
POPA 3 
JMP Of 3 

J SAVE RETURN A D D R E S S 
i B Y T E A D D R E S S 
i PUSH I T 
5 L E N G T H 
f PUSH I T 
f T Y P E I T 
f R E C O V E R 
5 E X I T OK 

B if )k 'k ^ k k ^ ^ ^ 'k ^ & ^ >ii '4i -k ±' ^ ^ ^ & "it ^ -k ~k ^ k k ~k "k 
r 1* p̂ ' R 'Th * *n p̂ *p "T̂  'Tk p̂ p̂ p̂ p̂ * ^ 'p p̂ p̂ p̂ 

i * THE USUAL B I T S USED * 
y #f( -4̂  4̂  *̂ 
16 f NO OF CHARS IN T I T I . 

PUSH 
'I YP 

5* Q U E S T I O N AN U N I D E N T I F I E D WORD * 

. T X T "<0:: 
XT I T 
PSHA 3 
LDA OfWB 
J S R 
J S R 
MOV 
J S R 
.JSR 

B . P U 5 
B . L E 5 
1 v 0 f 
e.pus 
0* TYFi 

: I O > Q U E S 

f 
> 
i 

TO MOVE 

S A V E R E T U R N A D D R E S S 
S T A R T A D D R E S S 
PUSH I T 
G E T L E N G T H 
0 SO WE CAN PUSH I T 
DONE 
T Y P F . T T 



j i> r< t ' . L U j i I i f L V, WUKLi .I r 
POPA' 3 J RETURN A D D R E S S 
JMP O i 3 t E X I T 

r * A D D R E S S E S USED BY Q U E S T I O N * 

L E N 
PUSH 
T Y P 
COUT 
7 7 ; • ? • . 
^ < ^ ^ ^P p̂ ^ *P p̂ * ^ * * * p̂ »p p̂ 

r * I / O B U F F E R R O U T I N E FOR T E R M I N A L * 
J ^ \ ^ ^ ^ ^ ^ ^ ^ /fi ^ ^ / p ^ ^ ^ ^ ^ ^ ^ T * ' ^ T ' *P * * * *P " * * * * 'T• 

. T X T • < 0 > < 6 > B U F F ' 
XOUE 
PSHA 3 
J S R B . C R 6 
LDA O 1 B . P R 6 
J S R 0 . C Q 6 
LDA 0 , S T O R E 
S T A Of S T A R T 
STA Of WE . 
J S R e . C I 6 
LDA I F B . B S P 
S U B * O f l f S N R 
JMP OK 
LDA l f C R 
S U B * O f l f S N R 
JMP OK 
LDA I f N P R T 
S U B Z L * l f O f S Z C 
JMP NCHAR 

B . C 0 6 
B . B I 6 
1>START 
3 t S T O R E 

S Z C 

J S R 
J S R 
LDA 
LDA 
S U B Z L * 3 i l » 
JMP P R E F 
LDA l i C R 
S U B * l i O f S Z R 
JMP NCHAR 
F'OPA 3 
JMP O i 3 

FOR 
FOR 
GET 
GET 

S A V E A D D R E S S 
C R L F 
P R E F I X CHAR 
OUTPUT I T 
S E T S T A R T OF B U F F E R 

B I T E R O U T I N E 
WORD R O U T I N E 
A CHAR 
B A C K S P A C E CHAR 

CHECK C U R R E N T * B A C K S P A C E -
Y E S I T I S BUT I S OK 
GET C R = 1 5 O C T A L 
CHECK C U R R E N T • - C R E T U R N 
Y E S BUT I S OK 
CHECK FOR ANYTHING E L S E 
AND TRAP THEM 
OK 
ECHO CHAR 
S T O R E I T 
CHECK B E G I N N I N G OF L I N E 
WITH S T O R E 
C U R R E N T > B E G I N N I N G 
NO SO S T A R T A G A I N 
CHECK FOR CRETURN A G A I N 
WELL ? 
NO SO GET NEXT 

E X I T 
j -i§t -^t t̂* "JĴ  (̂c -1̂  5̂  »̂  *̂  *̂ ĴC 
i * B I T S AND P I E C E S U S E D BY B U F F E R * 

y t̂c 4̂̂  -4** -4̂  -tt 4̂*̂  *̂  -4̂  4̂̂  -!41'' *̂  
. C R 6 J C R L F 
. P R £ \ P R E F I X 
, 0 0 6 ! COUT 
. T C I £ T C I N 
. # 1 6 : B I T E 
, ' B S P i B S P A C E 
C R t 1 5 
N P R T : 3 7 

B A C K S P A C E CHAR 
CRETURN CHAR 
NON P R I N T I N G O F F S E T 



y )jc ^ 5|C )jt }|( 4^ jĵ  .̂ t ^( JjC )jc )|C 3(C J|C 3(C )|( 

i * S E T S P O I N T E R S TO CURRENT WORD * 
y »^ ^ \ 4 * * ^ 4 * *^ ^ *p 4 * ^p rfjl #p ^ ^p ^p ^p ^ *p -T* ^p fy* *p 

• TXT '<0><4>WORD' 

LDA 
LDA 
ST A 
S T A 
J S R 

LDA 
BTA 
J MP 

XBUF F 
PSHA 3 
PSHA 2 
LDA 2 » C R E T 

1 ,SPCE 
Of WE 
Of WD 
O f G S T A R T 
e . B Y 7 

S U B * O f l f S Z R 
JMP P I C K 

O f G S T A R T 
Of WB 
ALONG 

P I C K : S U B Z t 0 I 2 I S Z R 
JMP G E T I T 
S U B Z L 3 f 3 
STA 3 f @ • L A S T 
JMP E X I T 

G E T I T : J S R 0 . B Y 7 
S U B * O f l f S N K 
JMP E X I T 
S U B * 0 y 2 f S Z R 
JMP G E T I T 

E X I T : LDA 0»GSTART 
S U B Z L i f l 
SUB l f O 
STA OfWE 
POPA 2 
PQPA 3 
JMP Of 3 

f S A V E RETURN 
i AND STACK P O I N T E R 
J A S C I I CRETURN ' 
f A S C I I S P A C E 
i END OF L A S T WORD 
i = S T A R T OF T H I S ONE 
; WORD P O I N T E R 
J GET A B Y T E 
i A S P A C E P E R H A P S ? 
f NO SO WE CAN S T A R T 
J GET CURRENT 
5 MOVE ALONG WORD S T A R T 
t NEXT P L E A S E 
J C R E T U R N ? 
i NO SO WE CARRY ON 
i G E N E R A T E +1 
i F L A G L A S T WORD 
J AND L E A V E 
J GET ANOTHER B Y T E 
i S P A C E ? 
f Y E S GOODBYE 
5 CRETURN ? 
f NO SO CARRY ON F U R T H E R 
J OVERSHOT P O I N T E R BY 
i G E N E R A T E +1 
> DONE 
J S T O R E IN 

J. SO A D J U S T BY -1 

CURRENT WORD P O I N T E R 

f E X I T 
5 B Y E B Y E 

7 *r 'T1' ^P * ^ ^P ^P ^P *f* 'T* *̂  *n "T̂  *P 4 * * ^ T* 4* 

J * V A L U A B L E B I T S AND P I E C E S * 
3^ 5|t )|( i jc 3 ^ J^l 5(f j|t 3^ }|C 1^ i|C jjc )|( f|( )jc î t 

B Y T E 
L A S T 
15 J C R E T U R N = 1 5 
40 J A S C I I S P A C E 
} * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
i * T Y P E S OUT CRETURN L I N E F E E D * 
j * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
. T X T ' < 0 X 4 > C R L F ' 

XWOR 
PSHA 3 
LDA O f C R T N 
J S R 6 . C Q 8 
LDA O i L F E D 
J S R 0 , C 0 8 
POPA 3 
JMP Of 3 

? PUSH RETURN 
i G E T A S C I I 15 
J AMD OUT 
i GET A S C I I 12 
5 AND OUT 
J B Y E 
f B . . Y , , , , E ».;. 

f * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * . 
? * HO HUM MORE B I T S NEEDED OKAY ! ! * 
J * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
15 
1 2 
COUT 
f * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
>* T E H E MAIN E X E C U T E / C O M P I L E P R O G , * 

. ; . * * * * * * * * * * * * * * * * _ * . * • * * * * * * * * * * * * * * * * * . . 



E R R I i 

E R R 2 : 

. c o i o : 
. c i u i o : 
. O P S T K : 

tlSTNS 

X R E S T 
B R E S T ! 
R E S T : 

, C R 1 1 : 
. T 1 1 1 : 
, R E E L A G 
. L D S T N : 
. S T 2 : 

B S P A C E : 

X H E A D : 
B H E A D : 
HEAD : 

HAPPY ! 
' M" 
COUT 
RETURN A D D R E S S 
Q U E S T I O N 
R E S E T STACK 

.1 ri P 0 f 3 
LDA 0»M 
J S R e . c o i o 
POPA 3 
JMP B . G U I O 
MOV 0 , 2 
I..DA O r Q S T N 
JMP . - 5 i OUTPUT THEN Q U E S T I O N 
f jjt î c jjc- (̂ jjt 34̂  î1* Ĵ̂- 4̂̂- f̂r̂  't-
i * L I N K S USED AND V A R A A B L E S NEEDED * 
i * * * * * * * * * * * * * * : i c * * * * * * * * * * # * * * * * * * * * 
COUT 
QUE 
O P S T K 
1 1 5 
77 
f "fa fa Ifa i j t fa. fa fa, ) j t 'fa "fa Ifa fa, fa "fa Ifa fa Ifa)|()((ij^ ]jc ) jc i j c ^fa )j( ^fa )j()|t"fa )|c Ĵ £ 

f * S Y S T E M R E S T A R T P R O C E D U R E ( W O R L D ) * 
j * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
. T X T ' < 0 > < 7 > R E S T 1 

XUFLOW 
PSHA 3 
LDA 2 , B 
STA 
LDA 
SUB 
STA 
STA 

L O S T K 
S T 2 
O P S T K 

2»B 
2» B 
0 , 0 
0 p B 
Of S T A T E 
B . CR11 

J S R B . T I l l 
POPA 3 
JMP 0 , 3 

R E E L A G 

J S R 

S T A R T B Y S A V I N G 
LOAD 2HD STACK P O I N T E R 
S T O R E I T 
LOAD STACK P O I N T E R 
LOAD ZERO 
RELOAD F L A G 
SYSTM S T A T E 

C R L F 
T I T L E 

L E A V E 
DO I T 

y ~fa fa fa, fa *fa'fa fa* "fa fa* j j t i jc j^ j i iJ^kJl iJ l i )^ fa, fa, fa ifa fa fa ijc fa fa )(i fat ̂fa fa, ?|c fa fa fa* fa. 

i * MORE T H I N G S NEEDED * 
j ^ )k $ % ^ ̂  $ ^ ^ ^ ^ ^ ̂  ^ ^ ^ 
C R L F 
T I T 

R E F L A G 
L O S T K 
S T K 2 
P 4̂̂* 4̂̂  4̂̂  **4̂  4̂̂  -̂4̂  4̂̂  4̂̂  4̂̂  4̂̂  -̂4̂  -*4̂  
5 * HEADER S E T S UP R E Q U I R E D HEAD * 
10 
y ^ ' K ^ K ^ ' t ^ ' ^ ^ fa fa- fa "fa ^fa fa ̂ fa fa "fa ^fa ^fa fa ̂ fa "fa fa- "fa ^fa fa "fa ^fa "fa *fa ^fa fa fa ̂ fa fa fa1 

. T X T 1 < 0 X 4 > H E A D ' 

J S R 
SUB 
STA 
S T A 
L DA 
LDA 

PSHA 3 
PSHA 2 
J S R G.WQ12 

B . L E I 2 
0 , 0 
0 , T P O I N T 
1 , BDP 
2 , DP 
Of WB 

S T A O f G S T A R T 
J S R B . B Y 1 2 
MOVS 0 , 0 
PSHA 0 
J S R B . B Y 1 2 
S U B Z L 3 , 3 
S U B * 1 , 3 , S N R 
JMP PADOUT 
POPA 3 

11 Ti f i . ~Z 

A GOOD S T A R T 
S A V E STACK P O I N T E R AS WELL 

GET WORD 
AND L E N G T H 
ZERO 
S T A R T OF T A B L E 
S T O R E P R E C ( O ) / L E N G T H ENTRY 
R E C O V E R NEXT A V A I L A B L E A D D R E S S 
S T A R T OF WORD 
S E T P O I N T E R S TO B Y T E 
GET A B Y T E 
PUT IN T O P ' S B I T S 
S A V E FOR L A T E R 

GET NEXT B Y T E 
G E N E R A T E +1 
CHECK LENGTH>1 
PADD WITH BLANKS 
R E C O V E R TOP 8 B I T S 



,'. L K L.. F 
PSHA "3 
J S R & . P G 9 
MOV 0 , 0 , S N R 
JMP V A L U E 
MOV 0 , 3 
LDA 1 , 0 , 3 
L.DA 0 , M S K 1 
ANUS 0 , 1 
LDA 0 , S T A T E 
S U B Z * 0 , 1 , S N C 
JMP COMP 
LDA 0 , F I V E 
ADD 0 , 3 
S T A 3 , X F E R 
POPA 3 
JMP (?XFER 
LDA 0 , F . I V E 
ADD 3 , 0 
LDA 3 , T A B L E 
LDA l i T P O I N T 
ADD 1 , 3 
STA 0 , 0 , 3 
I S Z T P O I N T 
LDA 0 , J S U B 
POPA 3 
JMP S . A S 9 
J S R 0 . N U 9 
MOVZ 0 , 0 , S Z R 
JMP Y E S 
J S R B . C R 9 
POPA 3 
JMP B . Q U 9 
LDA 0 , S T A T E 
MOVZ 0 , 0 , S Z R 
JMP CNUM 
POPA 3 
JMP 0 , 3 
POPA 3 
JMP S . C Q 9 

NEED TO SAVE H E R E A L S O 
GET A D D R E S S 
BUT I S I T ZERO ? 
Y E S SO I T COULD BE A NUMBER 
MOVE I T AROUND 
GET L E N G T H / P R E C HEADING 
MASK O F F LENGTH 
DO I T AND SWAP B Y T E S 
GET CURRENT S T A T E 
P R E C X S T A T E 
NO SO C O M P I L E 
CONSTANT 
ACTUAL S T A R T A D D R E S S 
T R A N S F E R A D D R E S S 

OFF WE GO 
CONSTANT 
S T A R T ADDRESS 
C O M P I L E T A B L E 
AND P O I N T E R 
WHERE WE ARE 
S T O R E A D D R E S S 
BUMP P O I N T E R 
PUT IN C A L L 

A S S E M B L E I T 
C A L L NUMBER 
NUMBER? 
I T I S 
C R L F 
RETURN A D D R E S S 
Q U E S T I O N 
WHAT TO DO ? 
C O M P I L E I T ? 
Y E S 
NOTHING E L S E SO E X I T 
T I M E FOR BED 
L I N K A D D R E S S 
C O M P I L E NUMBER 

f 4̂*£ .̂4̂  i^c ."4*̂  >"4c 5^ 4̂*̂  4̂*̂  ^"l1^ sfrt sfr* 

i * MORE ODDS AND ENDS THAT WE NEED # 

, P 0 9 ! POP 
A S 9 I ASMB 

NUMB 
CONST 
QUE 
CRL F 

1 7 7 4 0 0 
6 4 0 0 
f '"jt jj( )|t i^fi /Jt ~^fi ^( Jtfi < | t 3 j C i|( ) jc ĵ t ) | C ) ( ( J | ( S| i 1|( )|( i j ( )|( <j( )f* i j ( 

J * UNDERFLOW C H E C K S P O I N T E R S OK * 
* * * * * * * * * * ' * * * * * * * * * * * * * * * * # * * 
0 X 5 " U F L u • 

i ***** * 
. T X T "< 

X E X E C 
PSHA 3 
MFSP 0 
S U B Z L * iZC 
JMP ERR1 
LDA 0 » B . O P S T K 
S U B Z L * 2 , 0 , S Z C 
JMP E R R ? 

S A V E RETURN 
MOVE MACHINE S T A C K P O I N T E R 
CHECK A G A I N S T OP S T A C K P O I N T E R 
ERROR 
UNDERFLOW ? 
OCCURRED ? 
YF"R 



:: U J.( i i < 3 
I N C Z L 3 , 3 
S U B * 3 , 1 , S N R 
J M P P A B O U T + 4 
J S R B . B Y 1 2 
M O V S 0 , 0 
P S H A 0 
J S R B . B Y 1 2 
S U B Z 3 , 3 
I N C O L 3 , 3 
S U B * 1 , 3 » S N R 
L B A 0 , S P X 
P O P A 3 
A D D 0 , 3 

3 , G D P 
0 , 0 
Oi B D P 
0 , D L 
O F B D P 

S T A 

S U B 

S T A 

L D A 

S T A 

S T A 2 , D L 

P O P A 2 

P O P A 3 

J M P 0 , 3 

L D A 0 , S P X 

P O P A 3 

A D D 0 , 3 

3 , B D P 

0 , D S P X 

0 , B D P 

. - 1 6 

i L L L . A R 3 

, G E N E R A T E + 2 

» L E N 6 T H > 2 
> E X I T 
, G E T N E X T B Y T E 
i S W A P T O T O P 8 B I T S 
F S A V E F O R L A T E R 
i G E T . N E X T B Y T E 
f C L E A R 3 
i G E N E R A T E + 3 
i T E S T L E N G T H > 3 

, R E C O V E R T O P 8 B I T S 

F O R M C O M P O S I T E W O R D 

F S A V E I T 

S T A 

L D A 

S T A 

J M P 

i Z E R O 

i D U M M Y W O R D L I K E D O S 

, L I N K A D D R E S S ) 

. i S T O R E D 

i N E W L A S T E N T R Y 

} G E T S T A C K P O I N T E R B A C K 

F A N D A D D R E S S 

5 A N D A W A Y 

F G E T A B L A N K 

i R E C O V E R C H A R 

, S T O R E I T 

i D O N E 

i D O U B L E S P A C E 

i F I N I S H H E A D E R 

'i R E T U R N 
9 fa fa" fa 'fa fa fa ̂ fa "fa fa' fa ̂ fa ^fa fa "fa ^fa fa fa fa fa "fa fa, ̂ fa ^fa fa fa, Tfa fa fa "fa ^fa fa. JjC ^fa "fa "fa 

f * T H E U S U A L T H I N G S N E E D E D H E R E * 
} * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

B Y T E 

WOR 

L E N 

2 0 0 4 0 

4 0 

5 * C O L O N S E T S U P C O M P I L E M O D E * 
> * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

, T X T • < o x i > : 
X H E A D 

P S H A 3 

I S Z S T A T E 

B . H E 1 3 

0 F P S H A 3 

0 , B D P 

3 

V J S R 

\ D A 

S T A 
P O P A 
J M P 0 , 3 

U S U A L S T A R T 

U P T H E S T A T E 

P U T I N H E A D E R 

C A L L P S H A 3 

S T O R E I T 

E X I T 

A N D L E A V E 
; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
J * N E E D S A L O T F O R S U C H A S M A L L 1 * 
»" * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
H E A D 
7 5 4 0 1 

f . -̂fr̂  -•̂^ 4̂̂- t̂1^ 4̂̂- f̂r1 ifr- -

i * S E M I R E T U R N S F R O M C O M P I L E M O D E * 
i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

. T X T " < 2 > < 1 > , 
X C O L O N 
P S H A 3 
P S H A 2 
L D A 0 ? S T A T E 
S U B Z L 1 , 1 
P. 11 ft 7 1 . 0 

S T A N D A R D S T A R T 
S A V E P O I N T E R 
G E T S T A T E 
G E N E R A T E + 1 
P. T A T F = =. T A T E - I 



::;U B 
STA 
LDA 
STA 
LDA 
STA 
SUB 
STA 
LDA 
LDA 
ADDZ 
LDA 
PSHA 0 
LDA Or Of 2 
LDA l f J J S U B 
S U B * 1 , 0 » S Z R 
JMP F I NONE 

1 f T A B L E 
3 , T P O I N T 
T P O I N T 
1 f 3 
1 , 0 , 

3 

0 f S T A T E 
O f P 0 P A 3 
o » e d p 
O f R E T N 
O f B D P 
Of 0 
O f T P O I N T 
Of S I X 
2f DL 

0 » 2 
Of DP 

3 

LDA 
LDA 
I S Z 
ADD 
LDA 
POPA 
PSHA 3 
LDA Of DP 
INC OfO 
S U B * 3 f 0 f S N R 
JMP NOT IN 
LDA Of Of 3 
INC 3 f 3 
SUB * I f O f S Z R 
JMP NTRY 

OfO 
OfO 
0 , 3 
2 , 3 
O f H S K 4 
0 , 3 
0 , 0 , 2 
3 , 0 

SUB 
INC 
SUB 

i E T O : SUB 
LDA 
AND 
LDA 
ADD 
STA 0 , 0 , 2 
I N C 2 , 2 
JMP N J S U B 

I NONE: LDA 1 , P 0 P A 3 
SUB * 1 , 0 , SZR 
JMP X I T 
LDA I f R E T N 
LDA 0 , 1 , 2 
S U B * 1 , 0 , SZR 
JMP X I T 
JMP GO 

.11 \ INC 2 , 2 
JMP NJSUB 

iO: POPA 0 
POPA 2 
POP A 3 
JMP 0 , 3 

l O T I N t STA l f B D P 
LDA 3 , DP 
JMP S E T O 

DEFN CONSTANTS 

A D D R E S S E S 

A D D R E S S S E A R C H P O I N T E R 

r-i >/ o D o i. A 11 

S T O R E I T 
GET END OF 
S T O R E THEM 
JMP 0 , 3 
OK NOW THE 
ZERO 
R E S E T T A B L E E N T R I E S 
O F F S E T TO S T A R T OF DEFN 
L A S T ENTRY 
P O I N T S TO F I R S T J S U B C O M P I L E D 
CURRENT D I C P O I N T E R 
SAVE T H I S FOR L A T E R 
OK GET F I R S T WORD 
GET J S U B T E M P L A T E 
I S I T ? 
NO SO CHECK END 
Y E S OK 
GET T A B L E ENTRY 
BUMP P O I N T E R 
FORM A D D R E S S TO A D D R E S S 
GET A D D R E S S 
GET S T A R T OF 
AND R E - S A V E 
CURRENT P O I N T E R 
+ 1 
PAST END P O I N T E R ? 
Y E S SO WE A I NT GOT 
GET NEXT A D D R E S S 
MOVE ALONG 
HAVE WE GOT T H I S A D D R E S S 
NO BUT T H E R E ARE O T H E R S 
Y E S WE HAVE 
FORM +1 
A D D R E S S P O I N T E R - ! 
R E L A T I V E O F F S E T 
MASK FOR R E L A T I V E 
F O R C E A D D R E S S TO 8 
GET THE J S U B WORD 
ADD IN R E L A T I V E 
R E P L A C E C O M P L E T E C A L L 
GO TO NEXT ONE 
AND CONTINUE 
S T A R T OF TERMINATOR ? 
WELL ? 
BACK FOR MORE 
CHECK NEXT TERMINATOR 
GET CHAR 
OK ? 
BACK FOR MORE 
L E A V E F O R E V E R 
BUMP P O I N T E R 
BACK FOR MORE 
GET R I D OF T H I N G S WE DONT 
STACK P O I N T E R 
A D D R E S S 

THAT A D D R E S S Y E T 

L E F T 

B. B I T S 
B I T S 

WANT 

E X I T 
I N S E T NEW A D D R E S S 
NEW END P O I N T E R 
CARRY ON 

9 -"4̂  4̂̂* ĴC ""t̂  4̂̂* t̂̂ -
, * MORE T H I N G S THAT WE NEED * 
p M % % % ¥ % £ 4* $ % # -ft % 
3 7 7 



' 0 P A 3 : 

. P 0 1 4 
, P U1 4 ! 
, A S 14 I 
, C L 1 4 : 
f CD1 4 
• S E 1 4 : 

n v l 1 ^ W ^ ^ * i ' ''X ^ ^ ^ ' J l lA/ 'A ^ <A' ^ ^ ^ \A» »L" ^ ^ ^ ^ ^ ^ 

r * R E A L CONSTANT R O U T I N E * 

, T X T " < 0 > < 1 0 > C O N S ' 
X S E M I 
PSHA 3 
J S R B . C L 1 4 
J S R 0 . C O 1 4 
J S R B . S E 1 4 
POPA 3 

50 WHATS NEW 
P R O V I D E HEADER 
I N S T A L NUMBER 
F I N I S H UP 
P R E P A R E TO 

JMP 0 , 3 5 R E T I R E 
j £̂ 1tfa ^fa ifa ^fa ^ /jt ^fa Ifa /j( jjt ^fa J|C l|C ij( ^fa < ^ 3 | ( i|( ^fa ) t ( J ^ C ^fa .̂C 3 ^ 1 ^ 

5 * I N T E G E R R O U T I N E FOR NUMBERS * 
f fa fa fa fa fa fa. fa fa fa fa fa 'fa fa fa fa fa fa fa fa fa fa fa fa fa 'fa fa fa fa fa fa fa fa % fa fa 

, TXT ' < 0 > < 7 > I N T E ' 
XCQNST 
PSHA 3 
L. DA Of T A B L E 

3 J T P O I N T 
Of 3 
0 f I N S I D E 
0 ? 0 r 3 
T P D I N T 
O f J J S U B 
Of @DP 
(3. P O M 

3 

LDA 
ADD 
LDA 
STA 
I S Z 
LDA 
STA 
J S R 
POPA 

GOOD S T A R T 
GET C O M P I L E T A B L E 
AND P O I N T E R 
FORM A D D R E S S 
INTERNAL. A D D R E S S 
S T O R E I T 
INCREMENT P O I N T E R 
J S R 
PUT IN D I C 
POP 
RETURN 
V I A ASMB 
I N T E R N A L A D D R E S S 
RETURN R O U T I N E 
NUMBER 
PUSH 
RETURN 
0LOCN+1 
GOOD LUCK ! ! ! 

* \L ^ •Jj ^ J , - yli -if J j ^ ^ ^ .Xf iXf -Xf «i- vLf \L» ^ "Jf lir ^ J / \ b ^ ^ " J / <Af lX* \ V JJ' 

F * E V E N MORE T H I N G S NEEDED H E R E * 

POP 
PUSH 
ASMB 
COLON 
CONST 
SEMI 
}iiliiti^^t**'M'***^***V***t^*^^*^**t * * * + * * 
i * L I K E CONSTANT BUT P R O V I D E S ADDX * 

. T X T " < 1 > < 1 0 > V A R I 0 

X I N T E T 

JMP B . A S 1 4 
. +1 
PSHA 3 
LDA Of Of 3 
J S R B . P U 1 4 
POPA 3 
INC 3 f 3 
JMP Of 3 

PSHA 3 
LDA Of T A B L E 
LDA 3 f T P O I N T 
ADD O F 3 
LDA Of I N S 
S T A Of O F 3 
I S Z T P O I N T 
LDA O F J J S U B 
STA OfBDP 
LDA 0 . D P 
INC OfO 
INC O F O 

STA O i B D P 
S I L F t . 0 » 0 . 

USUAL S T A R T 
C O M P I L E T A B L E 
AND P O I N T E R 
F I N A L A D D R E S S 
INTERNAL. A D D R E S S 
S T O R E I T 
INCREMENT C O M P I L E T A B L E P O I N T E R 
J S R 
PUT IN D I C 
A D D R E S S 
+ 1 
+ 2 
R E S E R V E D 1 WORD V A R I A B L E 
S T [ i k F A . . 



Ji1P l i ' . i - ibH 
, +1 
PSHA 3 
LDA 0 , 0 , 3 
J S R S . P U 1 4 
POPA 3 
INC 3 , 3 
INC 3 , 3 
JMP 0 , 3 

V I A ASMB 
I N T E R N A L A D D R E S S 
S A V E 
GET A D D R E S S 
PUSH 
RETURN A D D R E S S 
+ 1 
+ 2 
F I N A L L Y GO 

9 *̂  -4̂  4̂  *̂  * ^ 4^ ^ 4^ 4^ 4^ 4̂  4^ 4^ 4̂  •'K 4^ 4^ 4^ 4^ 4^ *^ 4^ 

i * DOS OUTPUT A CHAR R O U T I N E * 
f 3j( )|( j|t $ )jt ^ J^S vj( 5|C ) ) C )|t J|( «ft )|t )Jt J( ( )Jv))()jt /j( J^^f(^()^)jt)jC}|()f()f^ 

, TXT 0 < 0 > < 4 > C 0 U T ' 
XVAR 
PSHA 3 
PSHA 2 
PBHA 1 
. SYSTM 
< PCHAR 
. RTN 
POPA 1 
POPA 2 
POPA 3 
JMP 0 , 3 

, NEED TO S A V E E V E R Y T H I N G H E R E 

C A L L SYSTM 
OUTPUT 
* P A N I C * 
R E C O V E R 

r DONE 
i OK 

* vLr \If J / ^ ^ IA 1 ^ vLr "df i i" ^ ^ J / -X/ U/ -Jy ^ ^ iX/ iXf ^L* iA> lA- vL/ ^ 
a * T» * ^* J ^ T \ 4 * ' P "T̂  T *n *P "TP 

, * RETURN TO DOS I F P O S S I B L E * 
J * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
. T X T " <3><3>D0S " 

XDOUT 
H E R E 

i i 

. S Y S T M j NO F O R M A L I T I E S 
. R E S E T » T I D Y UP 

MOV 0 , 0 , ERROR ? SO WHAT 
. S Y S T M i K I L L I T 
. R T N , DONE 
. R T N ) NO WAY ROUND T H I S ONE 
f <^ ^ ^ ^ * ^ ^ 4^ 4^ ^ ̂  ̂  -4̂  *̂4-
5 * DOS I N P U T A CHAR R O U T I N E * 
f J ^ C î-k 4̂  4̂  f̂* jfĉ  4̂̂-

1 1 1 

, TXT 
XDOS 
PSHA 
PSHA 
PSHA 

; 0 X 3 > C I N 

, AGAIN SAVE ALL. 

1 
. S Y S T M 
,GCHAR i GET THE CHAR 
. R T N , * P A N I C * 
POPA 1 } R E C O V E R 
POPA 2 
POPA 3 , DONE 
JMP 0 , 3 i GO 
f % k 4' J-K k $ % ^ k % k ^ %& jfc •¥ % K % )fc % % •fc % % 
, * OPENS THE D I C F I L E FOR RELOAD * 
; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
. TXT " < 0 X 4 > 0 P E N " 

X C I N 
PSHA 3 
PSHA 2 
LDA 0 ,FNAM 
SUB 2 , 2 i CHANNEL 0 
J S R ROPEN , OPEN F I L E 
POPA 2 
POPA 3 
JMP 0 , 3 
f •'K^4*"t*^^^•4^4* -^^^'^'i^''K -4^'4^^K't'^^•^H^^'^^'K^ 
; i . A P P F.M ri«; T n P" w 11 n 1- F T I C * 



I 

A i n - t - L : 
S B A P P E : 
A P P E J 

X M O P E 

PSHA 3 

I X 1 L 

S U B 1 , 1 
. S Y S T M 
• A P P E N D 7 7 
E T A 2 , E R R 
POPA 3 
JMP 0 , 3 
y ifa fa* *fa ^ ifa ifa *<fa "^fa ^fa ^fa l(C l|c 3̂  l(C ̂ (C )|t l|C l̂ C ^fa ^fa ^fa ^fa 2̂  ̂ fa l̂ C 

, * C L E A R S A CHANNEL FOR U S E * 
* "ir ^ ^ \ t ^ ^* "A* 'A/ \k ^ \U >fc ^ ^ w "4' W ^ 

X C L 0 5 : . T X T ' < 0 > < 6 > X C L 0 ' 
B C L O S : X A P P E 
: L D S E : P S H A 3 

, S Y S T M 
• C L O S E 7 7 
STA 2 , E R R 
POPA 3 
JMP 0 , 3 
j p̂ *p . [ \ *fc p̂ rfp 4yl / p p̂ ^ ^ p̂ p̂1 ^ tjl *p fp p̂ p̂ ^ ^ ̂ p fp / p p̂ #p p̂ ^ * 

y ~fa j(t fa )j( / j t )p')p^)fl^)pJp'}^ jj( fa Jj( fa fa, fat fa "fa fa )jt fa, )j( )|t j|c ĴC )|( 3j( )p" )(C )(C fa fa* 

< C R E A T : . TXT A < 0 X 7 > X C R E ' 
:<CREA: X C L O S 

C R E A T E : PSHA 3 
. S Y S T M 
. C R A N D 
STA 2 , E R R 
POPA 3 
JMP 0 , 3 

K D E L E ' J . T X T • <0>.<7>XDEL ' 
I i D E L E : X C R E A T 
l i E L E T E * . P S H A 3 

f S Y S T M 
. D E L E T 
STA 2 , E R R 
POPA 3 
JMP 0 , 3 

; ;SWAP: . T X T •<O><5>XSWA" 
INSWAP: X D E L E 
F S W A P : PSHA 3 

. S Y S T M 
• E X E C 
STA 2 , E R R 
POPA 3 
JMP 0 , 3 

>:GPOS: . T X T " < O : X 5 > X G P O " 
i i G P O S : XSUAP 
l i P O S : PSHA 3 

. SYSTM 
. G P O S 7 7 
STA 2, ERR 
POPA 3 
JMP 0 , 3 

>;SPOSl . T X T « < 0 > < 5 > X S P 0 " 
I i S P O S ! X G P O S 
£iPOS: P S H A 3 

. S Y S T M 
, S P O S 7 7 
STA 2 , E R R 
POPA 3 
JMP 0 , 3 

> R E S J , TXT X 0 X 6 > X R E S " 
F s F R F S . : . X S P i l S • . 

CRANDS A RANDOM A C E S S F I L E 



RETURN ADDRESS 

SYSTEM 
} CHANNEL 0 

. R E S E T 
STA 2 i E R R 
POPA 3 ' 
JMP 0 , 3 
* \0 «^ *^ >Xr ^ "X* ^ >J/ ^ ^ ^ 'A' >k ^ 'X' ^ ^ ^ ^ ^ ^ ^ ^ ^ 4f ^ i f 

^p ^p '̂ p ^p ^p ^p ^P ^p ^P T * ^P ^P ^P ^P ^P ^P ^P * ^ ^P ^p ^P ^ ^p 

f * OPENS THE DIC F I L E TO RELOAD * 
A « ^ il* J J «Lf i b «•/ ^ ^ "X" 
J ^p ^p ^p ^p p̂ ^p ^p p̂ / p p̂ ^p *p p̂ ^p p̂ ^p p̂ ^p ^p ^p ^p ^p «^ ^p ^p ^p ^p #p ^p ^p 

,TXT '<0><5>R0PE' 
XRES 
PSHA 3 > SAVE 
SUB 1»1 ' t MASK 
»SYSTM i CALL 
. OPEN 77 
STA 2 , E R R »ERROR 
F'OPA 3 
JMP 0 , 3 i E X I T 
k J . ^ « ^ ^ ^ ^ ^ ^ ^ ^ ^ -K. .a* ^ ^ ^ ^ ^ ^ ^ ^ ^ |Xr ^ ^ ^ \ U ^ ^ ^ ^ 
f * ^ * V ^ ™ * ^p * * * ^p ^ * * * * * *p * * *p * * * * *p ^ V * ^ *p ^ * * 

i * ONLY THE F I L E NAME REQUIRED * 
* ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 4 ^ 4^ \k 4/ ^ ^ ^ W 4 ^ ^ 4 4 ^ "it W ^ ^ ^ ^ ^ W 
J ^p #^ ^p ^ ^p ^p ^p ^p ^p p̂ ^p ^p ^p p̂ ^p ^p ^p ^p *p ^p p̂ ^p ^p ^p p̂ ^p ^p 

. + 1 * 2 
.TXT "D IC<15> ' 
* "Af ^ ^ 4 i t ^ ^ A' it' ^ ^ & 'it W 'If ^ ^ 4f 'Jf W i 4 4 i 4 4 ^ ^ ^ * ^ \L-
^ ^\ ^p #^ ^p p̂ p̂ ^p ^p ^p ^p ^p p̂ ^p ^p ^p ^p ^p ^p ^p ^p ^p ^p p̂ 

9% READS A L I N E INTO THE BUFFER OK * 
7 JJV ^ > ^ ^ ^ ^ tft rfl tf\ i f t ^ f t iyt ^ ^ (Jl jJV ^ ^ tf» ^ ^ ^ ^ 

.TXT , <6><4>READ' 
XROPEN 
PSHA 3 
SUB 1»1 5 MASK==0 
.SYSTM i C A L L I T 
. RDL 77 5 READ IT 
STA 2»ERR J * * * * IT 
POPA 3 
JMP 0»3 f BYE -MM 
™ / |» i p JJv <T> f{* rfl r p »p Jf* fjv fl\ / p Vp *P * ^ *P * * *P * "n * * ^p ^ * ^ ^ *™ «P *|> ^ 

i * RELOADS THE DICTIONARY UNTIL 

.TXT '<0><6>REL0» 
XREAD 
PSHA 3 
PSHA 2 
SUBZL 0»0 
STA. 0»@»RXXF6 
LDA 0 fSTORE 
STA Or WE 

0» STORE 

» STARTING WELL 
t SAVE STACK POINTER 
i GENERATE +1 
? RELOAD FLAG=1 
i SET BUFFER/WORD UP 

INPUT BUFFER 
CHANNEL-0 
READIT 
GET STACK POINTER 
E X I T 

LDA 
SUB 2 ? 2 J 
J5R READ i 
POPA 2 i 
POPA 3 f 
JMP 0»3 
REFLAG 

i * WRITES A L I N E TG) CURRENT F I L E * 

.TXT n < 0 X 5 > W R I T » 
XRELO 
PSHA 3 
SUB I , 1 

«SYSTM 
.WRL 77 
STA 2 » ERR 
POPA 3 
JMP 0»3 

... » * * # . * * * ' * * . * » . * * * # . * * * * * * * * * * * * * * * * . 

MASK=0 
CALL SYSTEM 

ERROR? 
E X I T 



, .|> .(v . f .f.fc. .t. .1% .h t> > + + * f. * » + * * . * * * * * * + + * 

. TXT "<2><1l>IHriE" 
XWRIT 

USUAL START 
GET HEADER 
PREC IN LOWER EIGHT 
UP 1 
SWAP BACK 
PUT BACK 
LEAVE 

PSHA 3 
LDA OrODL 
MOVS 0 , 0 
INC 0 , 0 
MOVS 0 , 0 
STA o»enL 
POPA 3 
JMP 0 , 3 
* *X* ^ J ' 'A' *X' ^ 4 ^ *if ^ ^ 4 4 <A ^ , d / i * i ^ 4 \V *^ ^ 4 ^ ^ "A/ ^ ^ i ^ J ^ ^ fli ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ »P ^ ^ «P ^ ^ ^ *P *p ^ ^ ^ * * ^ « p * *f* *n fl* 

i * ASSEMBLES D IRECTLY A NUMBER * 
i t̂̂- t̂tt t̂t̂  ̂ fr̂  f̂t̂  f̂l̂  •̂î  f̂r̂  
.TXT 0<0><4>ASMB' 
XIMM 
PSHA 3 » YOU GUESSED I T 
STA 0,@DP , STORED I T 
POPA 3 » BYE 
JMP 0 , 3 i E X I T 
t "df 'Xr *V \Lr <^ %fr \^ & 4 AT ^ W 4* NLT I L * 'Af ^ 4 \ t W ^/ ^ ^ ^ 4f 4f 4 "A/ 

»* INDIRECT REFERENCE INSTRUCTION * 
^ *p #p ^ m fp . ^ f|V ^ ifk i f i f f l f f i ^ l f i f y / p ^ i ^ ^ rft ift ff% ^ JJV ^ f p . ^ /ft ^ ^ ^ ^ * 

.TXT "<0><2>eU ' 
XASMB 
PSHA 3 
JSR S . P 0 1 6 
MOV 0 , 3 
LDA 0 , 0 , 3 
JSR 0 .PU16 
POPA 3 
JMP 0 , 3 > E X I T 
J r|V p̂. ^ p̂ ffi ^p ^p <JV ^p ^p ^p p̂ ^p ^p ^p <̂  ^p p̂ ^p ^ ^ ^ ^p ^p ^p ^p 

i * STORE INSTRUCTION * 
y #1% * ^ *n * * * * * ™ * * * n * * * »p * ^ ^ ^ * »n ^ * *p >p ^ * 

.TXT "<0><1>! 
XIND 

SAME AS ALWAYS 
POP 
MOVE ADDRESS 
DO REFERENCE 
PUSH 

PSHA 3 
JSR 
MOV 
JSR 
MOV 
STA 

G . P 0 1 6 
0 ,1 
0 .PO16 
1 ,3 
0 , 0 , 3 

OK 
POP 

POP 
FOR 

ADDRESS 

DATA 
INDEXED MODE 

t STORE IT 
POPA 3 * 
JMP' 0 , 3 i E X I T 
j ^p 4^ fjl ^\ ^p #p ffi tfk p̂ ^p ^ p̂ ifl ^p ^p ^p ^p ^p ^p p̂ p̂ ^p p̂ ^p p̂ 

5* MORE THONGS NEEDED FOR NOW * 
* vl/ ^ ^ 'if *b 'Jj ^ U»" J." ^X, ^ ^ ' i / ^ 'A" ^ Vl' W >t >t St ^ W "i* 'A' ^ W ^ 4" W ^ ^ ^ ^p ^p p̂ r p ^p p̂ ^p ^p JfL p̂ ^p p̂ ^ ^p #p< p̂ ^ ^p ^p p̂ ^p ^p ^p ^p p̂ ^p f p p̂ ^p 4^ 

POP 
PUSH 
/ * * * * *p ^ *p * * * *p * ^ • * * T * ^ *p * T * * T T * * * n * P ^ *p * ^ 

i * BASIC ARITHMETIC ROUTINES * 
t 4i *ii '-1/ Uf* - i / \U ' i / >̂  U« 'V'U' ^* "ik "4* ^ \ ^ J s 4 , \ b i l / ' 4 s - 4 / , X - ' J r \ L r ^ \ l ' ^ \ ^ ^ ^ 

.TXT "<0><1>+ ' ' . 
XSTOR 
PSHA 3 
.JSR § . P O U 
MOV 0,1 
JSR B .P016 
ADD 1,0 
JSR B.PU16 
POPA 3 
JMP 0 , 3 

WELL WELL 
POP F I R S T 

POP SECOND 
PLUS 
PUSH 

} E X I T 
T ' p *fi *n *P ^ p p̂ 'P-^P *p 

i XL. ROM LI. NF. Tfl .RHTF..T. .1 FF.T . * . 



XLcK i-
B L E F T 
L E F T : 

RWD! 

.1x1 '• 0 ,•• 'l L -.1- 1 ' 
XP2- • 
PSHA 3 
JSR 0 .PO16 > POP NO OF TIMES 
MOV O t l » MOVE TO WORKING ACC 
C0M2 i l l 
I N C l r l i FOR J N C F S Z R 
JSR S . P 0 1 6 } POP WORD 
MOVZL OtO i SHIFT 
INC l i l f S Z R i F I N I S H E D ? 
JMP RWD 
JSR S . P U 1 6 i PUSH ANSWER 
POPA 3 
JMP 0>3 i R E T I R E 



FF'NUM: 

NOSt 
. P U 2 3 ! 
. T Y 2 3 : 

POPA 
POPA 
POPA 
POPA 
POPA 
JMP 
21 
PUSH 
TYP 

0 
0 
0 
2 
3 

0,3 

i GET BACK OUR STACK POINTER» WE NEEEU I T ! ! 

* |&/ <X; ilj >U ^ i l f \ | / >t> « | j ^ * | j i | j iXf \ l f ^ ^ \ b ^ ^ ^ i t f ^ ^ <X> \ U ^ ^ «A» J j t b ^ 
J ^P ^ P ^ P ^ P ^ P ^P ^ P ^ P ^ P ^ P ^ P ^ P ^ P ^ P ^ P ^ P ^ P ^ P ^ P ^P ^ P ^ P ^ P ^P " P ^ P ^ P ^ P ^P ^P ^ P ^ P 

f * THE INTERPRET LOOP * 
* \|« \1j iAj IAT ilf t | / \1/ \1# < ^ t | j ^ ylf <X> <Xt \ | J ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ >0 ^ ^ 
? ^ P ^ P ^P ^ P ^ P *^ ^P ^ P ^p ^ P ^ P ^P ^ P ^p ^ P ^ P ^ P ^ P ^P ^ P ^ P ^p ^ P ^P ^p ^ P ^p ^P ^ P ^ P ^ P ^P ^ P ^P 

B E G I N ! 

INTERP* 
NUORD• 

T E S T I T : 

LDA OrMCSTK 
MTSP 0 
JSR 0 . R E 2 O 
JSR S»BU20 
JSR G.W020 
LDA l r L A S T 
MOV 1»1»SZR 
JMP T E S T I T 
JSR 0 . F I 2 O 
JSR @»EX20 
JSR 6 . U F 2 0 
JMP NWORD 
SUB 1,1 
STA 1 , L A S T 
LDA 1, REFLAG 
MOV 1>1>SNR 
JMP .INTERP 
JSR 0.RD2O 
JMP NWORD 

• R E 2 0 ! 
> B U 2 0 ! 
,wo2o: 
. F I 2 0 J 
, ! E X 2 O : 
. U F 2 0 5 
. R D 2 0 : 
M C S T K : 
O P S T K J 
L O S T K : 
P R E F I X : 
L A S T ? 
R E F L A G : 
R D X : 
S T K 2 5 
N F L A G : 
S T I N T : 

LASTLOC 

WB: 
WE: 
S T A R T : 
G S T A R T 
S T A T E ; 
: R R J 

S E T MACHINE UP 
OK 
R E S T A R T 
B U F F E R 
WORD 
L A S T WORD ? 
WELL ? 
Y E S SO LOOK AT R E L O A D 
F I N D 
E X E C U T E 
UFLOW 
LOOP 
CLEAR 
LAST . 
CHECK RELOAD 
RELOAD ? 
NO 
RELOAD 
LOOP 

»* ADD THE B I T S INTERPRET NEEDS * 

REST 
BUF 
WOR 
F I N 
EXEC 
UFLOW 
RELO 
LASTLOC+24000 
LASTLOC+27777 
LASTLOC+23777 
43 
0 
0 
20 
0 
0 
INTERP 

f * LAST OF ALL WE HAVE ZERO PAGE * 
a ^ 4 4 ^ 4 4 4 4 4 4 ^ ^ ^ 4 ^ ^ 4 ^ 4 ^ ^ ^ ^ ^ T&f ^ ^ «1# )lf ^ lX« 

, + i 
s BLK 31000 
. ZREL 
0 
0 
0 
0 
0 
0 



u 

t'mf 
:iE 

- UE 
. WE] 

ST 
BT 

STA 
ERROR 
DL 

-d r'TTTs'tTn a1""" 
CONSTANT WB 

+ CONSTANT 
+ CONSTANT 
+ CONSTANT 
+ CONSTANT 
1 + CONSTANT 
1 + CONSTANT 

WE 
ST 
GT 

STATE . 
ERROR 
DL 

+ CONSTA.MT TABLE 
TABLE 1 + CONSTANT TPOINT 
TPOINT 1 + CONSTANT STORE 
S T O * E 1 + SW CONSTANT MCSTK 
MCS IK 1 + CONSTANT OPSTK 
OPSTK 1 + CONSTANT LOSTK 
LOSTK 1 + CONSTANT P R E F I X 
P R E F I X 1 + CONSTANT LAST 
L A S " 1 + CONSTANT REFLAG 
REFt.AD 1 + CONSTANT RDX 
RDY i l + CONSTANT S T K 2 
STK3 1 .+ CONSTANT. ^ F L A G . 

INTERPRET 

1 0 RDX ! i 

NFLA& 1 .+ CONSTANT' 
11 CONSTANT DP 

OC:T B RDX ! * J HEX 
" MX A RDX ! i 

OCT 
ACjc WORD NUMBER 1 3 L E F T + POP ASMB i 
DACC WORD NUMBER 1 5 L E F T + WORD NUMBER 
PUPA IMMEDIATE 6 1 6 0 1 ACC i 
PS MA IMMEDIATE 6 1 4 0 1 ACC 5 

MFSP IMMEDIATE 6 1 2 0 1 ACC } 
HTSP IMMEDIATE 6 1 0 0 1 ACC } 

IMMEDIATE 1 0 3 0 0 0 
1 0 2 4 0 0 
1 0 0 4 0 0 
1 0 2 0 0 0 
1 0 1 0 0 0 
1 0 1 4 0 0 
1 0 0 0 0 0 
1 0 3 4 0 0 

BIN 2 RDX ! f 

13 L E F T + .'POP ASMB 

AD [i 
SUp 
NE 
AD 
MOi» 
I N 
coin 
AND 
FR 

DACC 
DACC 
DACC 
DACC 
DACC 
DACC 
DACC 
DACC 

!AME I M M E D I A T E 6 2 4 0 1 POP ASMB ,* 
R E J U R N I M M E D I A T E 6 2 6 0 1 POP ASMB 
MODI DP ew eu + DP ew « » 
e I M M E D I A T E 2 0 0 0 MOD i * 

IMMEDIATE 
IMMEDIATE 
IMMEDIATE 
IMMEDIATE 
IMMEDIATE 
IMMEDIATE 
IMMEDIATE 

5 SKFI I M M E D I A T E 1 MOD » 
: EZC .. I M M E D I A T E '5 MOD i 
\ SNt I M M E D I A T E 3 MOD 5 
I "32F I M M E D I A T E 4 MOD i 
! SNF ' ' I M M E D I A T E 5 MOD i 
: S E Z I M M E D I A T E 6 MOD ; 
'. BB^ I M M E D I A T E 7 /MOD i 
' * I MMEDIATE 1 0 MOD i 
£-Z I M M E D I A T E 2 0 MOD ; 



i I. I MML 1.11 H i t:. i>0 MUD i 
I L I M M E D I A T E 1 0 0 MOD i 
: R I M M E D I A T E 200 MOD > 
J S I M M E D I A T E 3 0 0 MOD i 
J BN I M M E D I A T E 0 MOD i 
i BZ I M M E D I A T E 1 0 0 MOD » 
% DN I M M E D I A T E 2 0 0 MOD i 
I DZ I M M E D I A T E 3 0 0 MOD i 
\ S R I M M E D I A T E 1 0 0 MOD 5 
I C L I M M E D I A T E 2 0 0 MOD i 
1 PU I M M E D I A T E 3 0 0 MOD i 
I S A C C WORD NUMBER 1 3 L E F T + WORD NUMBER 10 L E F T P U P MOV 0 0 S Z PUSH + 
WORD NUMBER 1 0 L E F T + POP ASMB > 
J NACC WORD NUMBER 1 0 L E F T POP MOV 0 0 S 1 P U S H + WORD NUMBER 1 0 L E F T + 
ASMB 5 
: I / O WORD NUMBER 1 5 L E F T + WORD NUMBER + POP ASMB i 
! N I / O WORD NUMBER + POP ASMB t 
5 DOA I M M E D I A T E 6 1 0 0 0 I / O i 
; DOB I M M E D I A T E 6 2 0 0 0 I / O » 
: DOC I M M E D I A T E 6 3 0 0 0 I / O 5 
5 D1A I M M E D I A T E 6 0 4 0 0 I / O i 
: D I B I M M E D I A T E 6 1 4 0 0 I / O .» 
! D I C I M M E D I A T E 6 2 4 0 0 I / O } 
t N I O I M M E D I A T E 6 0 0 0 0 N I / O i 
: I S K P I M M E D I A T E 6 3 4 0 0 N I / O » 
J LDA I M M E D I A T E 2 0 0 0 0 S A C C $ 
J STA I M M E D I A T E 4 0 0 0 0 S A C C J 
J JMP I M M E D I A T E 0 NACC i 
J I S Z I M M E D I A T E .10000 NACC ) 
I DSZ I M M E D I A T E 1 4 0 0 0 NACC ) 
i 1+ l + ? 
i DUP POP PUSH PUSH 5 
5 SWAP POP P S H A 0 POP MOV 0 1 POPA 0 PUSH MOV 1 0 P U S H ) 
. LAND POP MOV 0 1 POP AND 1 0 Z PUSH 5 
I = POP MOV 0 1 POP S U B 3 3 S U B 1 0 # SNR IMC 3. 3 MOV 3 0 i 
\ > POP MOV 0 1 POP S U B 3 3 S U B 0 1 L L # S Z C I N C 3 3 MOV 3 0 v 
\ < POP MOV 0 1 POP S U B 3 3 S U B 1 0 Z L * S Z C I N C 3 3 MOV 3 0 ) 
i B A S E RDX GW » 
J - POP MOV 0 1 COM 1 1 Z S U B 0 0 I N C 0 0 ADD 1 0 Z P U S H + t 
J 1 - 1 - i .» 
5 1+ POP I N C 0 0 p.USH t 
\ " 1 - DUP @W 1 - SWAP ! i 
! "1 DUP @W 1+ SWAP ! 5 
i TO POP COUT f 
X SWAP P S H A 1 POP P S H A 0 POP MOV 0 1 PDPA 0 PUSH MI.1V 1 0 PUSH POPA 1 f 
: DROP POP i 
: DUP POP P U S H P U S H ; 
x OVER POP MOV 0 1 DUP POP P S H A 0 MOV 1 0 P U S H F O P A 0 P U S H i 
x 4R HOV 0 0 R Z MOV 0 0 R Z MOV 0 0 R Z MOV 0 0 R Z F 
J 2 L MOV 0 0 L Z MOV 0 0 L Z 5 
: 6R 4R MOV 0 0 R Z MOV 0 0 ft Z i 

4L. 2 L 2 L i 
I 1 2 R 6R 6R i 
J H E R E DP 0W i 
: => I M M E D I A T E WORD F I N D 5 + I N T E G E R 5 
i C A L L DP "1 6 0 0 0 4 0 0 + DP GU ! 5 
I <= C A L L T A B L E 8W T P O I N T @U + ! T P O I N T "1 ? 
: L A S T S DL 8U f 
! $ I M M E D I A T E WORD F I N D 5 + < * 5 
» = O S K I P 1 0 1 0 2 4 POP ASMB 4 0 0 POP ASMB » 
J > O S K I P 1 0 1 0 2 5 POP ASMB 4 0 0 POP ASMB » 
5 I F I M M E D I A T E > O S K I P H E R E i 
' THEN I M M E D I A T E DUP H E R E 1 + SWAP - OVER 13W POP MOV 0 1 POP ADD 1 0 Z 
J E L S E I M M E D I A T E 4 0 0 POP ASMB * THEN H E R E 
I • < OVER O V E R < I F DROP DROP E L B E = THFN i 



rur' J i | t , ru r t K t> I i\ i 
DO IMMEDIATE 0 INTEGER HERE => <DO •<= » 
<LOOP UNSTK PSHA 0 MOV 0 1 UNSTK 

SUB 0 1 Z INC 0 0 STK 
POPA 0 STK 

MOV 1 0 Z SNR "LOOP » 
LOOP IMMEDIATE =••> <LOQP <•-•• =OSKIP 
HERE 2 - OVER ! 2 + HERE - 377 LAND 400 + HERE i 

ABORT "LOOP POPA 0 i 
NEXT POPA Q UNSTK PSHA 0 UNSTK PSHA 0 UNSTK PUSH 

STK POPA 0 STK POPA 0 STK POP PSHA 0 
STOP POPA 0 UNSTK UNSTK UNSTK PUSH 3 + POP PSHA 0 i 
I UNSTK PSHA 0 UNSTK PUSH STK POPA 0 STK f 
BEGIN IMMEDIATE HERE 1 + » 
END IMMEDIATE HERE 1 + - 377 LAND 400 + POP ASMB » 
LOOK UB I9U GT ! > 
PUT DP GW 1+ POP MOV 0 0 L 2 PUSH ST ! i 
<> OVER OVER < I F SWAP THEN i 
< IMMEDIATE LOOK 100 1 DO BYTE PUSH 51 = I F 

GT BW WE ! ABORT THEN LOOP } 
ALLOCATE DP GW + DP ! » 
DELIM WORD LOOK BYTE PUSH i 
WIDTH VARIABLE t 
DP! DP BW 1+ DUP DP ! ! » 

3 PUSH 
3 PUSH 
+ OVER + POP MOV 0 3 JMP 0 3 ) 
L E F T 3T ! DELIM 

I F DROP DROP WIDTH BW G! BW WE ! ABORT THEi 

3 + 1 L E F T DP! DUP DP! ALLOCATE f 

LEAP POPA 3 LDA 0 0 3 PSHA 
POPA 3 LDA 0 1 3 PSHA 
POPA 3 MOV 3 0 PUSH 2 

F I L L . 0 WIDTH ! DP GW 4 + 1 
100 1 DO BYTE PUSH OVER OVER = 

WIDTH "1 POP B I T E LOOP i 
ARRAY IMMEDIATE => LEAP <== DP GW 
SAY TYPE f 
STRING IMMEDIATE F I L L $ ARRAY r 
D I G I T POP MOV 0 1 RDX BW POP PSHA 2 MOV 0 2 SUB 0 0 DIV POPA 2 PUSH MOV J 

U3H } 
NUMERIC 1 DO DUP 11 
D I S S E C T 20 1 DO D I G I T DUP 0 
- D I S S E C T NUMERIC i 
0.. D I S S E C T RDX GW 2 = I F 20 

E L S E RDX. BW 10 
E L S E RDX BW 12 
E L S E RDX BW 20 

THEN THEN THEN THEM 
^ER OVER > - I F DROP E L S E OVER - 1 DO 60 TO LOOP THEN NUMERIC 

P 

0 

I F 67 + TO E L S E 60 + TO THEN LOOP i 
I F DROP I ABORT THEN LOOP i 

I F 6 
I F 5 
I F 4 

DUP 0 >= I F E L S E 55 TO POP NEG 0 0 Z PUSH THEN _ i 
t CRLF . i 
FROM CIN PUSH i 
% POP MOV 0 1 POP PSHA 2 MOV 0 2 SUB 
NAME 2 1 

0 0 MUL POPA 2 MOV 1 0 PUSH i 
S 4R AR COUT 

1 0 H PUSH 
0 PUSH , t 

DO DUP I, + BW DUP POP 4R 4R COUT POP MOV 0 0 Z 
LOOP DROP i 

SPACE 40 TO 5 
SPACES 1 DO SPACE LOOP ? 
LOC WORD FIND ? . 
L I S T DO I BW • SPACE LOOP i 
DEFN DUP BW SPACE 177400 POP MOV 0 1 PUP AND 

DUP BW SPACE 377 POP MOV 0 1 POP AND 1 
•K VARIABLE f 

KEEP WORD FIND .K ! i 
FORGET WORD FIND DUP 0 * I F 

CRLF DROP STRING ' *NOT FOUND*' SAY E L S E DUP »K BW =< I F 
CRLF DROP STRING ' * D E F I N I T I O N K E P T * ' SAY E L S E DUP 1- DP 
THEN THEN i 

WHAT CRLF DL BW 1000 1 DO 

4 + BW DL 



,.>.. i i . , . . .. ...... i ut l i . UC I SJ IK.H'H.. x-t.- I .1. W J. • J LMU: :;H ! 

bOKT THEN L O O P r - • • 
SP MOV 2 0 P U S H ; 
R E B O O T POPA 0 I N T E R P R E T GW 1 - POP P S H A 0 ) 

^» ^ ^ ^ ^ * * ^ *l* * * ^ T* T* *T" * * ™ ^* *V * ™ T* * ** ^ * * * T * ^ / (° 

* E D I T O R R E V I E W 2 . 0 B / 9 / B 0 * ) J 
• J > ^ ^ 4 4 4? ^ J / A' 4 ^ A" i ^ ^ ^ ^ -J# ^ • £ » * l / ' J v ' L r > b ^ ^ / ^ * ^ ^ r ^ ^ ^ i ^ ^ > ^ ^ - X ' ^ ^ > ^ \ 
* * * * V ^ * * * * * * * ^ ^ * *T* * *I* ^* *P T" •!* * T* ^ * * * *T* * * " T* T ^ T" ^P ' \ , 

* S V A R I A B L E i S T O R E @W 2 0 0 + * S ! 
7 C O N S T A N T P L ( L E N G T H OF P A G E ) 
14 CONSTANT L L ( L E N G T H OF L I N E ) 

L P V A R I A B L E r ( P O S I T I O N ON L I N E ) 
PP V A R I A B L E J ( P O S I T I O N ON P A G E ) 
N O . - O N V A R I A B L E i ( NUMBER OF L I N E S ON T H E S T A C K ) 
BOL? L P @W 0 = i 
E Q L ? L P (?W L L = i 
E O P ? PP GU PL = > 
•TOP? P P . ew o = i • 
4 B S T "1 i 
- B S T " 1 - } 
+ L P L P "1 + B I * 
J - L P L P " 1 - - B i 
+PP PP "1 ST @W 4 6 1 L E F T + S T ! » 
- P P PP " 1 - S T @W 4 6 1 L E F T - S T ! f 
HOME? DUP 3 6 = i 
R U B - O U T ? DUP 1 7 7 = i 
L I N E F E E D ? HUP 11 = » 
C R ? DUP 1 5 = i 
N O T - V A L I D ? DUP 7 =< I F 1 POP 

E L S E DUP 1 5 > I F DUP 3 7 -< I F 1 P U P . 
E L S E 0 POP 

E L S E 0 POP 
THEN THEN T H E N i 

E S C ? HUP 3 3 - i 
+CHAR B Y T E P U S H i 
- C H A R POP B I T E i 
/ 2 POP MOV 0 0 Z R P U S H i 
B E L L 7 TO i 
S E T - T O P * S @W GT ! ( S E T S P O I N T E R S TO TOP OF P A G E ) 

* S 6W S T ! 
! 0 L P ! 0 PP ! » 

t !>HOME 3 6 TO 7 1 DO C R L F LOOP 5 
A L I G N S T @W GT ! r ( A L I G N S R E A D / W R I T E P O I N T E R S ) 
S I Z E GT @U S T eW - WIDTH ! 5 
S T A R T ? 0 8 T Q\A GT = I F DROP 1 THEN POP i 
P O I N T . N E X T +PP S T ©W POP MOV 0 0 Z R PUSH L P @W / 2 - 1 L E F T SI ! 0 L P ! i 
N E W _ L I N E E O P ? I F E L S E C R L F P O I N T - N E X T THEN i 
S E T . E O L S T L?W P O I N T - N E X T - B A L I G N S T ! 5 
O N - S T A C K WIDTH (?W 0 DO B Y T E P U S H GT @W 2 - GT ! LOOP » 
C O P Y - L I N E ST @W WIDTH SW 1+ T Y P E GT " 1 - ? 
R E S E T . . . S C R E E N 3 6 TO N O . - O N (!?W 1 DO C R L F LOOP 1 2 0 1 DO 

4 0 TO LOOP N O . „ 0 N " 1 - i 
S E T - S C R E E N 3 6 TO N O . - O N "1 N O . - O N @W 1 DO C R L F LOOP i 
BLANK WIDTH GU 0 DO 40 TO LOOP 5 
C L E A R - R E S T - WIDTH SW 0 DO 4.0 POP B I T E LOOP i 
S A V E . L I N E S E T . E O L S I Z E WIDTH SW 0 < I F LL L P ! E L S E 

N O . - O N SW 6 = I F E L S E 
B L A N K S E T - S C R E E N 7 6 TO C O P Y - L I N E O N - S T A C K 
WIDTH C'U C L E A R . R E S T S E T - T O P >HOME THEN T H E N } 

O F F - S T A C K 0 DC) E O L ? I F POP E L S E DUP TO POP B I T E L P "' J THEN LOOP i 
G E T . L I N E NO. _0N L»W 0 = I F E L S E 

O F F _ S T A C K R E S E T - S C R E E N S E T - T O P >HOHt THEN i 
EMPTY S E T - T O P * S POP MOV 0 0 2 R P U S H L L P L 1+ * + * S POP MOV 0 0 Z R PUSH 

DO 4 0 - C H A R LOOP » ( W R I T E S P A C E S ) 
I + . L I N E NO. _0N (?W 0 = I F E L S E 

N0.». TIN RU A * ..TF..EI RE. -



CHAN u>U POP PSHA 2 MOV 0 2 MOV 1 0 WRITE POPA 2 SET-CHAR L I N E H LOOP > 
( RDOS-COMPATIBLE F I L E EXEC COMMANDS AR6HHHHHH!! ! ! ! ) 

FOPEN CLEAR-ERROR DROP POP MOV 0 1 POP PSHA 2 MOV 0 2 MOV 1 0 ROPEN 
POPA 2 CHECK-ERROR i 

CLF 7 6 ' P R E F I X ! BUFFER 1 LAST ! STORE @W 4 S I R I N G Z C L I . C N X FOPEN 
|POP MOV 0 1 4 POP PSHA 2 iiOV 0 2 MOV 1 0 WRITE POPA 2 43 P R E F I X ! 5 

FSWAP CLEAR-ERROR FILENAME PDF' SUB 1 1 PSHA 2 XSWAP POPA 2 CHECK-ERROR 
C L I C L F 4 CLOSE CLEAR-ERROR STRING Z C L I . S V Z DROP 

••OP SUB 1 1 PSHA 2 XSWAP POPA 2 CHECK-ERROR i 
.DC PANIC 5 + DUP 411 ! 

KCEP PANIC 
RKSTART 
E n d of L i s t i n s t 



JDUP I'D S T O R E GW I + ! L O O P 
W I D T H BW S T O R E GW + W I D T H BW 0 DO 
D U P QW SWAP 1 - L O O P D R O P W I D T H GW 
W I D T H BW S T O R E BW + W I D T H BW 0 DO 
D U P ew SWAP 1 - L O O P D R O P W I D T H BW 
S E T - T O P >HOME T H E N T H E N i 

> S C R E E N 3 2 TO i 
B A N N E R 2 0 S P A C E S S T R I N G ' S . A . B . R . E . E D I T O R R E V . 3 . 1 1 9 8 0 
R E _ S T O R E G T BW S T ! i 
P A G E S E T - T O P ( S E T P O I N T E R S AND C U R S O R • ) 

SAY 

PL 0 DO ( DO T I L L END OF PAGE ) 
LL 1 DO + CHAR CR? I F DROP 4 6 DUP RE-STORE POP B I T E 

THEN DUP 0 = I F DROP 4 0 ( NULLS 
< S T R I P C R ' S ) 
> 

LOOP 
>CONTROL 

E|LSE 
L S E 
L S E E 

E L S E 

THEN DUP 
THEN TO 

LOOP 7 4 T.0 5 5 TO HEX I 

3 7 =< I F DROP 4 6 ( NON PRINTING CHARS ) 
( PRINT CHAR ) 
OCT QRLF ( SHOW EMl.i OF 

DUP 1 0 = I F BOL? I F DROP BELL ,0 E L S E - L P THEN TO 
DUP 1 4 = I F EOL? I F DROP BELL 0 E L S E + LP THEN TO 

IF DROP BELL 0 E L S E - P P THEN TO 
I F EOF? I F DROP B E L L 0 E L S E +PP THEN TO 
I F DROP DROP B E L L E L S E TO POP B I T E LP " l 

( <= ) 
( 

) DUP 1 3 = I F TOP? 
DUP 1 2 = I F EOP? I F DROP B E L L 0 E L S E +PP THEN TO C 1 
DUP EOL? 

THEN THEN THEN THEN THEN i 
E D I T >SCREEN BANNER >HDME PAGE S E T - T O P >HOME 0 N O . - O N ' ! 

0 1 DO CIN PUSH E S C ? I F STOP THEN 
RUB-OUT? IF DROP S A V E - L I N E NEXT THEN 

HOME? I F DROP G E T - L I N E NEXT THEN 
L I N E F E E D ? I F DROP + - L I N E NEXT THEN 

CR? I F NEW-LINE DROP NEXT THEN 
NOT-VALID? I F DROP NEXT THEN 

>CONTROL LOOP >SCREEN REBOOT i 
COMPILE * S BW WE ! POPA 0 INTERPRET BW 1 + POP PSHA 0 » 
: S IMMEDIATE POPA 0 INTERPRET BW POP PSHA 0 i 
PANIC CRLF STRING G D O S O T Y P E ' D" SABRE = >TYPE °S* B SAY 

CIN PUSH DUP DUP POP COUT 1 0 4 = I F >SCRE£N CRLF * DOS E L S E 1 2 3 = I F 
INTERPRET BW 3 - POPA 0 POP PSHA 0 E L S E PANIC THEN THEN i 

( ROUTINES TO INTERFACE TO THE RDOS F I L E STRUCTURE 1 2 8 8 0 ) 
FILENAME WORD WB GW 5 
CLEAR-ERROR - 1 ERROR ! P 
CHECK-ERROR ERROR BW - 1 = I F E L S E CRLF STRING *FOUND ERROR NUMBERB SAY 

ERROR BW . CRLF THEN » 
CHAN VARIABLE i 
OPEN CHAN ! CLEAR-ERROR FILENAME POP MOV 0 1 CHAN GW POP PSHA 2 MOV' 0 2 

MO,V 1 0 ROPEN .POPA 2 CHECK-ERROR i 
APPEND CHAN ! CLEAR-ERROR CHAN GW POP MOV 0 1 FILENAME POP PSHA 2 MOV 1 2 

XAPPEND POPA 2 CHECK-ERROR i 
CLOSE CHAN ! CLEAR-ERROR CHAN SW POP PBHA 2 MOV 0 2 XCLOSE POPA 2 

QH.ECK-ERROR S 
PRESET PSHA 2 XRESET POPA 2 » 
GPOS CLEAR-ERROR POP PSHA 2 MOV 0 2 XGPOS POPA 2 PUSH 

MOV 1 0 PUSH CHECK-ERROR i 
SPOS CLEAR-ERROR POP STK POP STK POP STK PSHA 2 UNSTK MOV 0 2 
UNSTK MOV 0 1 UNSTK XSPOS POPA 2 > 

CREATE CLEAR-ERROR FILENAME POP PSHA 2 XCREATE POPA 2 CHECK-ERROR ? 
D E L E T E CLEAR-ERROR FILENAME POP PSHA 2 XDELETE POPA 2 CHECK-ERROR i 

L I N E + 1 POP MOV 0 0 7. R PUSH LL / 2 + POP MOV 0 0 Z L PUSH i 
BLOK^-START * S GW 5 
BLOK CHAN ! BLOK-START 2 0 1 DO CLEAR-ERROR DUP CHAN GW PUP MOV 0 

SHA 2 HOV 1 2 READ POPA 2 L I N E + 1 ERROR BW - 1 = I F E L S E ERROR t?U 6 
I F STRING %ENDFILE% CRLF SAY DROP ABORT E L S E 
STRING "/.FOUND ERRROR NO. 7. SAY ERROR BW . CRLF THEN THEN LOOP i. 

SAVE-CHAR LINE+1 GT ! BYTE PUSH R E - S T O R E 
15 POP B I T E i 

SET-CHAR R E - S T O R E POP B I T E i 
RAUf" T H A N I ftl OK' S T A R T ? A 1 TiH TlllP <^AUF r.MAR HUFfi ' P O P MOU O 1 

1 POP 



The POP 11 Implementation of the SIXTH V i r t u a l Kernai 

/ * " * 
/ + The \S IXTH KERMflL Operat ing System fo r UNIX based * 
/ •+ PDP 11/23+ Mac h i nes + 
i 

/ * There have been two major m o d i f i c a t i o n s * 
* Made from the Durham U n i v e r s i t y SIXTH Implementat ion* 
* Gu i de s — * 

/\ * 1) F l o a t i n g Po in t Numbers a r e passed to the * 
* FPF11 as unused op-codes + 

* 2) Comments a r e de f ined from the word so * 

The F o l l o w i n g R e g i s t e r Assignments w i l l be assumed 
In accordance w i th the SIXTH V i r t u a l Machine Model 

r0 —> The In teger Accumulator 
vh -> The Do. . L O O P S tack P o i n t e r 
r5 —> The Opera t iona l Stack Po in te r 
S P - > The Machine Stack P o i n t e r 

The other r e g i s t e r s w i th the e x c e p t i o n of P C 
fire f r e e for use as in teger accumula tors by 
The User 

T I T L E = KERNEL for DEC PDP 11/23+ 

System: UNIX V e r s i o n 7m 
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The PDP 11 Implementation of the SIXTH V i r t u a l Kernal 

/ '! 

/ The B a s i c System 
/ Text Segment and 

bodge s 
temp s 

Parameters a r e 
a re def i ned as 

Iocated 
fo I Iows 

at the s t a r t of the 

t e r I P2: 
ew: > r d ! 
b w o r d : 
l a < ; t s 
pf x : 
d I a s t : 
dp: 
r d u : 
n f ag s 
O P S i t K s 
d o s s t k ! 
m s i ; k : 
states 
re 
sbibf 
d b u f : 

chan 
s t k e n d : 
d e i n \ i 

h w a r e s 
S b 

b u f t O P i 
do; 
filS 
OP 
d b 
/ 
/ 
/ 
/ 

/* 
/ + 
/ * 
/ * 

jmp s t a r t 
0 
0 
0 
0 
0 
43 
xed i t 
d i c 

O P 
d o 
m s 
0 
0 
s b 
d b 
0 
buftop 
40 
hW 
.=.+400 
. =. +100 
. =. +100 
. =. +100 
.=.+2000 
. byte 40> 40 

/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 

- / 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 

UNIX Assembler needs to be fooled TWICE 
The L o c a t i o n of the output buf fe r 

L o c a t i o n of the input b u f f e r 
P o i n t e r to the end of the c u r r e n t word 
P o i n t e r to the beginning of the c u r r e n t word 
E n d - o f - L i n e F l a g 
Terminal Prompt C h a r a c t e r I n i t i a l l y # 

P o i n t e r to the l a s t d i c t i o n a r y E n t r y 
The Cur ren t D i c t i o n a r y Po in ter 

Cur rent base -> HEX 
to a ONE i f the l a s t word was a v c . I i d number 
a d d r e s s of the Operat ional Stack 

of the Do. . L O O P s t a c k 
of the Machine s t a c k 
s t a t e of the V i r t u a l Machine 
mode of input -> te rmina l 

A p o i n t e r to the s t a r t of the bu f fe r a r e a 
The P o i n t e r to the d i s k buf fer 
The c u r r e n t input channel 
Max va lue for s t a c k s 
Cur rent del i m i t e r c h a r a c t e r -> space 
A p o i n t e r to a p o i n t e r to the P h y s i c a l addx spac* 
The Input B u f f e r Area 
Marker for bottom o f Do-Stack 
The DO s t a c k grows down towards buf fe r 
The Machine S tack grows down to the Do 

/ A marker f o r the O P s t a c k 
/ The end of the d i s k buf fer 

The 
The 
The 
The 
The 

The 
Set 
The 
The 
The 
The 
The 

add r e s s 
add r e s s 
cur rent 
cur rent 

s t a c k 

$ e v e r a l System Parameters which a r e not 
i c t i o n a r y must now be def ined as loca l 

P i c k e d U P 
symbols 

in the 

/ E n d - o f - L i n e C h a r a c t e r 

Read f row a Iog i c a I i /o u n i t 
Wri te to a l o g i c a l i /o d e v i c e 
Open a Iog i c a I i /o dev i ce 

e o I=12 
e x i t = l 
r e a d = 3 / 
w r i t e=4 / 
o p e n = 5 / 
P h y s = S 4 
e x e c e = l l . 

>f:>f:+ + + 4:>t:>H>t:>fc4:4:>f:>fc>t:4.">f:it:»t:>t:>t:>t: >f: >t: »f 5 >+! *t= »»! ̂  >t;»»: >!•: >t: tt-:>H H-t >>: s+s >f: >f:>t= >!•: H-: »t: H-i >f: H: »>: 

The a b o v e s y m b o l s a r e s y s t e m s p e c i f i c and MUST b e c h a n g e d f o r * 
c o r r e c t o p e r a t i o n w i t h RT/U o r RSX-11M * 
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The PDP 11 Implementation of the SIXTH V i r t u a l Kernai 

/ 
/ 
/ 
/ 
x d 

/ 

The D i c t i o n a r y 
c h a r a c t e r from 

s I 

h i n! . b y t e 0 
. b y t e 4 

< c h i n > 

0 

S t a r t s Here» The t t y r o u t i n e reads a s i n g l e 
the STANDARD input channel 

/ E x e c u t e Precedence 
/ Length of word 
/ Name of the d e f i n i t i o n 
/ L i n k address = 0 -> F i r s t Def i n i t i on 

A l l D e f i n i t i o n s Mainta in the above format which i s known as a * 
D i c t i o n a r y HEADER* the e x e c u t a b l e code f o l l o w s t h i s header * 

/ ; 
n s (tiov $3T r0 / P ick U P the channel for s tandard inpi t 

/ C a i I UNIX for a read 
/ The C h a r a c t e r Holding B u f f e r 
/ A s i n g l e c h a r a c t e r only ! 
/ Return the c h a r a c t e r in the V i r t u a l Accumulator 
/ And re turn cont ro l I to the cal l e r 

/ 
/ 
/ 
/ 
x c 

(tiov $3T r0 
s y s - r e a d 
t e m p 
1 
fiiov tempi r0 
r t s P C 

The next rou t ine Wr i tes 
Standard Output Channel 

a S i n g l e C h a r a c t e r onto the 

hout : . b y t e 0 
. b y t e 5 
<chou> 
K C h i n / 

sojut s mov r0i temp2 / 
mov $1. r0 / 
s y s w r i t e / 
temp2 / 
1 / 

i mov temp'2» v0 / 
r t s pc / 

Header ! 
P l a c e the c h a r a c t e r into the holding 
P ick U P the Standard Output d e v i c e 
C a l I UNIX 
The c h a r c t e r 
T r a n s f e r but a s i n g l e byte 
Cosmet ic Leave h i s Acc r igh t 
What e l s e d id he want? 

b u f f e r 

/ 
/ 
/ 
/ 
X b u f f 

The B u f f e r 
must p a s s . 

Routine i s the P l a c e through w h I 

I t c o n n e c t s t h e V i r t u a l Machine 
ch a l l commun i cat ion 
wi th the V i r t u a l User 

b u f f 

buff 1 

b u f f 2 : 

. b y t e 0 

. b y t e E 

< b u f f > 
X C h O U t 

mov 
J s r 
mov 
mov 
j s r 
mov 
J s r 
CHIP 
bne 
movb 
r t s 
CHIP 
b i t 

sbuf ieword / 
P C I c r I f / 
*0 , l a s t / 
pf X i r0 / 
P C i sout / 
s b u f i r 1 / 
P C » s i n / 
$eo l , r 0 / 
buff 2 / 

r0i <". r l ) + / 
P C / 
r0 ,$40 / 
b u f f i / 

Set mysel f a b u f f e r s p a c e to use 
c l e a n the rubb ish o f f my l i n e 
and c l e a r the end of l i n e f l a g s e t l a s t t ime 
P ick U P our output p r e f i x 
and p r i n t i t 
Meanwhi le s e t the index for the i /o bu f fe r 
Read a c h a r a c t e r from the te rmina l 
I s i t a C a r r i a g e Return? 
Nope 
Save the c h a r a c t e r I n the b u f f e r 
An re turn to c a l l e r 
Check for n o n - p r i n t i n g c h a r a c t e r 
and ignore any we f i n d 
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The 
UNIX 

The PDP 11 Implementation o f the SIXTH V i r t u a l Kernai 

fo l lowing L i n e Commented Out to Account for. the 
t r a i t of echoing c h a r a c t e r s back to a user 

J s r P C I sout / 
movb rtl, <.'rl)+ / 
br b u f f i / 

Echo c h a r a c t e r to user 
Save t h e c h a r a c t e r in the 
And so back for more 

buf fer 

( 
f 
<c\- i f i 

T h e j c r l f rou t ine outputs 
a l i n e f e e d c h a r a c t e r 

. b y t e tfi 

. b y t e 4 
<cr I f ) 
K b U f f 

mov $15 

a c a r r i a g e re tu rn fo l lowed by 

: r l f : 

/ 
/ 
/ 
/ 
/ 
/ 
xworcl 

word s 

wordl 

/ Header! 
r0 / Get a CR 

J s r P C . sout / Wri te i t 
mov $12. r0 / l ine feed 
J s r PC>sout / w r i t e i t to the te rmaina i 
r t s P C ' / Tel I y 7 what* l e t ' s s e t o u t t a here f a s t ! 

The Word r o u t i n e forms the main syntax p a r s e r 
FIND EXECUTE I O O P in the i n t e r p r e t e r . A v a l i d 
de f ;ned to be a c h a r a c t e r s t r i n g s e p a r a t e d - b y 
Of the type found in de l im 

. b y t e 0 
* byte 4 
<word> 
xcr I f 
mov ewo rd.bwo rd 
mov bword.r2 
cmpb $407 C r2) + 
beq wordl 
cmpb - (. r2) . $eo I 

for the 
token is 
deI i mi t o r s 

word2 
word4 

word3 

bne 
mov 
r t s 
mov 

word2 
* 1 , l a s t 
P C 
r2» bword 

/ 
/ 
/ 
/ 
/ 
/ 
/ 

The b e s s i n i n s of the next word= end of the l a s t 
use r e g i s t e r 2 for indexing 
I s i s a s p a c e ? 

Iook i ns 
DarI i n g ? 
Jeremey 

cmPb <r2)+.del 
beq w.ord3 
cmpb -1C r 2 ) . $ e o I 
bne word4 
mov $11 l a s t 
movb - <! r2) . r0 
mov r2.eword 
r t s P C 

I t i s s o keep 
I s i t t he end 
Of c o u r s e not 
Dear J o h n . . 

/ . . . . . . . y o u r s H i l a r y 
/ Th i s i s the begg i nn i ng 

m / I s i t the del i mi t o r 
/ I f yes then f i n i s h 

/ I f cou ld s t i l l be those ham a c t o r s 
/ But i f w e ' r e lucky we cou ld do something 

Set the E n d - o f - t h e - L i n e f l a g 

of o u r p a r s e 

good 

T h i s w i l l now c o n t a i n the addx of the end of wd. 

T h i s 
to •pstab I i S h 
word has i d e n t i f i e d 

i s t h e d i c t i o n a r y S e a r c h r o u t i n e . I t c a l l s upon l e n s t h 
the number of c h a r a c t e r s in the token which 

from the input s t raem and looks at the 
l a s t e n t r y in t h e d i c t i o n a r y C pointed to by d i a s t ) i f the 
length and the f i r s t four c h a r a c t e r s a r e the same, then the 

r e s s of the d e f i n i t i o n i s P l a c e d upon the o p e r a t i o n a l add 
s t a t k . I f no match i s 
by fo l lowing the l ink 

foundi the 
add r e s s i n 

next e n t r y 
the header 

Pase —4-

i s c o n s i d e r e d 
down to the 

May 1^S2 



The PDP 11 Implementat ion of the SIXTH V i r t u a l Kernal 

/ bottom of the 
/ token was not 

d i c t i o n a r y . A ze ro 
in the d i c t i o n a r y . 

a d d r e s s i n d i c a t e s tha t the 

/ . 

:<f nd i . b y t e 0 
. b y t e 4 
<f i nd> 
xword / 

F i nd: J s r P C i lens / 
mov d l a s t i r2 / 

F i nd 1 s mov *4 , r3 / 
mov r2, - < ! S P ) / 
C H I P 'M, r0 / 
ble f i nd2 / 
mov r0, r3 / 

•F i nd2: mov taword,rl / 
i nc r2 / 
CftlPb < r2 )+ , r0 / 
bne f ind3 / 

Header! 
Get t he 
Get the 
The number 
Stack the 

length of the c u r r e n t word 
a d d r e s s of the l a s t d i c t i o n a r y en t ry 

of c h a r a c t e r s to compare 
ur rent defn addx in case t h i s i s i t 

• F ind4l C d l P b 

bne 
sob 
mov 
J s r 
r t s 
mov 
mov 
t s t 

bne 
mov 
J s r 
r t s 

<r l )+ i <r2) + / 

I s the word s h o r t e r than four c h a r s anyway? 
Yes so take account of tha t 
Set U P the REAL length 
The a d d r e s s of f i r s t char in the tohen 
Matching ignores precedence 
Are the lengths the Same sweety! 
No so you re not in t h i s game 

Compare the c h a r a c t e r s 
f i nd3 

r3 , f i nd4 
( S P ) + I r 0 
P C i P u s h 

P C 

C S P ) + I r 2 
6 ( r 2 ) , r2 
r2 
f indl 
$0, r0 
P C , p u s h 

P C 

/ C a n ' t be t h i s e n t r y , a i l have to be v 
/ o t h e r w i s e t h e r e i s s t i l l hope for our 
/ GOTTCHA 
/ Reveal A l l to o u t s i d e world 
/ Return to our C a I l e r 
/ Get the c u r r e n t a d d r e s s 
/ And s u b s t i t u t e w i th the l ink address 
/ I f i t ' s ze ro we ran o u t t a t ime 
/ E l s e s imply s t a r t a l l over again 
/ T h i s i n d i c a t e s tha t we are f i n i s h e d 
/ G ive him SOMETHING to chew on 
/ Back home in a t r i c e S i r ! 

i sh t 
re I at i onsh i p 

from header 

/ Number of c h a r a c t e r s in a token e x t r a c t e d 
/ 
>|< I eng : . byte 0 

. b y t e 6 
< l ens> 
xf i nd / 

eng: mov eword, r0 / 
mov bword , r l / 
sub r l , r0 / 
r t s P C / 

'That i s 
by word 

the 

Header ! Wouldn't t h i s 
Get word end p o i n t e r 
Get word s t a r t po in te r 
The Length! 

be e a s i e r w macro? 

/ 
/ 

/ 
i 

\ 

The Main Stack Maintenace Rout ines Fo l low here , Notes tha t 
PUSH and POP on the o p e r a t i o n a l s t a c k ONLY! perform some 
degree of user p r o t e c t i o n and prevent s t a c k underf lows and 
o v e r f l o w s . T h i s PURPOSELY does not e x i s t on the DO. . LOOP s t a c k 

> ; p u s h i 

and the machine s t a c k which 
system i f you use them make 
do i n s ! 

should be mainta ined by the SIXTH 
s u r e you understand what you are 

. b y t e 0 

. b y t e 4 
(push) 
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The PDP 11 Implementat ion of the SIXTH V i r t u a l Kernal 

x I ens / Header 
p u s h : 

p u s h l 

C M P 
b l e 
mov 
r t s 
mov 
j s r 
r t s 

r5i mstK 
P U S h l 
r0, -<:r5) 
P C 
$pshr i r3 
P C , s t k e r r 
P C 

Spot an over f low into the 
Yes so s e t the hel I o u t t a t h i s space 
No so do h i s push for hint »." Lazy Bugger 
I need that C a l l G i r l Asa 

machine s t a c k ? 
s space 

! ) 
n 

Get the a d d r e s s of 
Bad Mouth the Dude. 

our e r r o r b l a s t 

p $ h r s 
/ 

The Ma i n 
Stack to 

<Push Err> 

/ 
/ 
/ 
X I ' O P : 

f jperat i ona I 
the V i r t u a l 

Destack rou t ine 
Accumu I a to r 

moves a v a l u e from the 

0 . byte 
. byte 
<POP > 
X P U S h 

ppp: mov C r 5 ) + i r 0 
! CHIP r5 , opstk 

bst P O P l 
t s t r0 

/ The ABOVE I ine i s 

/ 
/ 
/ 
/ 

The Header! 
P O P tha t Number 
Whoops? 

man ! 

IMPORTANT! the t e s t s done on the v i r t u a l accumulator 
by the r o u t i n e s h i s h e r U P the d i c t i o n a r y can ONLY work i f t h i s I ine 

/ i s in to s e t the appropr i a t e c o n d i t i o n code r e g i s t e r s 
r t s P C / T h a t ' s that 

P O P l • mov $ P O P r i r3 / The address of our doomsday message 
t s t - C r 5 ) / c o r r e c t the e r r o r on the s t a c k 
J s r P C , s t k e r r / Give him some I i P 
mov $(3» r0 / So that f o l l o w i n g r o u t i n e s have SOME 
r t s P C / Return to c a 1 l e r 

popr: < P O P E r r > 

parameters 

/ 
/ 
/ " 

s t k e r r j s r P C , exec'2 / Which of h i s damn fool programmes was 
mov *40 , r0 / Space c h a r a c t e r 
j s r P C , sout / Send I t 
mov *7&, r0 / More 
j s r P C , sout / Go t h e r e 
mov $12), i-2 / The c h a r a c t e r count! for the bad news 
mov t-3, r l / The addx of the bad news 
j s r P C , t y p e l / He looked J u s t too happy t i l l now 
j s r P C , c r I f / Throw we some s p a c e 
j s r P C , r e s t / Set em U P Joe 
r t s P C / Return to ca1 le r 

to blame 

/ 
/ 
/ 
/ 
/ 
/ 
x l s t k : 

The 
DO. 
t-4. 
of 

f o l l o w i n g r o u t i n e s a re used to cont ro l the second or 
•LOOP s t a c k , the po in te r to which i s found in r e g i s t e r 

I t s i m p l i f i e s the d i c t i o n a r y and speeds U P the I t e r a t i o n 
I O O P S which use counters 

. b y t e 0 

. b y t e 3 
<stk > 
X P O P 
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s t l ' 

x u v 

/ 
/ 
/ 

"mov r 0 , - < r 4 ) 
r t s P C 

/ S t a c K t h e v a l u e 
/ R e t u r n t o c a l l e r 

/ 
/ j fecond U n s t a c k Rout i 
/ 

i s t : . b y t e 0 
. b y t e 4 
<unst > 
x s t k 
mov (. r 4 ) + i r 0 
r t s PC 

ne 

/ U n s t a c k i t 
/ Home James 

he NUMBER rout i ne i 
" e p r e s e n t a t i on i n t o 

s used t o t r a n s l a t e a word f rom i t s a s c i i 
a number in t h e c u r r e n t b a s e . I f i s sucet - d s 

/ -fhe nf l a g i-.i s e t i f i t f a i l s i t i s r e s e t . 
/ 
x n i f 

n u c 

^ tub: 

ib: 

n u 

I I Ui f i b 4 i 

u f l b " 

n u r 

. b y t e IZ) 

. b y t e B 
<numb) 
x u n s t 
mov b w o r d , r 1 
c I r r0 
c l r r 3 
c m P b (. r 1 ) i $55 

bne numbl 
movb ( r l ) + . r 0 
CHIP r 1, eword 
b e q numb5 
movb ( r l ) + 7 r 0 
s u b $ 6 0 , r0 

numb'2 
$ 2 0 , r d x 
numb 3 
rdx i r0 
numb 2 
rdx , r3 
r0> r 3 

numbl 

b 11 
cmp 
b l e 
cmp 
b I e 
i i i u I 

add 
b r 

cmp 
bge 
cmp 
b s e 
cmp 
b I e 
s i ill 
b r 

* 1 1 , r0 
numb 4 
* 2 0 , r 0 
numb 2 
$ 2 7 , r0 
numb2 
»r»7, i-0 

numb 4 
l b b : 

n u f » > b 2 : 

mov r 3 , r0 
mov $ 1 , n f l a g 
mov b w o r d , r 3 
c m P b $55 , C r3 ) 
bne numb6 
neg r0 
J s r P C . P u s h 

r t s PC 
mov $ 0 , n f l a s 
r t s PC 

/ The s t a r t o f t h e a s c i i s t r i n g 

/ make a I i t t l e s p a c e 
/ I s i t a m i n u s ? 
/ No So g e t on w i t h t h e t r a n s l a t i o n 
/ p a d d l e a r o u n d t h e m i n u s s i g n 
/ Have we f i n i s h e d t h e t r a n s l a t i o n ? 
/ Y e s s o go away 
/ Get t h e n e x t a v a i t a b l e c h a r a c t e r 
/ s u b t r a c t t h e f i r s t a s c i i o f f s e t t 
/ I f . I t . t h e n i t ' s no b a s e we e v e r h e a r d 
/ What b a s e we in a n y w a y ? 
/ I f ' t i s hex c o u l d be in 
/ I s i t r e a l l y a number? 
/ Nope 
/ M u l t i p l y t o t a l by r a d i x 
/ ftdd in new c h a r a c t e r an 
/ Go back f o r n e x t d i g i t 
/ i s i t in r a n g e A - F ? 
/ I f not t r e a t a s normal 
/ I t c o u l d be b i g g e r t h a n 
/ w r o n g ! 
/ C h e c k f o r v a l i d i t y 
/ Wrong! 
/ Tf w© ê>T, h&\'& i T,1 Kj t h e 
/ iso s e t U P t o add i t In 
/ S t a n d i 119 By M i s s i on C o n t ro I 
/ H o u s t o n . . . W e Have ft N u m b e r . . . B e e e e e P ! 
/ But i s i t n e g a t i v e ? 
/ We I I ? 
/ No s o a I I i s wel l 
/ Y e s s o n e g a t e i t 
/ Put t h e number on t h e s t a c k w h e r e i t 
/ and s e e what e l s e i s in s t o r e f o r us 
/ S i g n a l an e r r o r , t h i s i s no number! 
/ and r e t u r n t o c a l l e r 

r a n g e ft-F 

form new t o t a l 

F s o c h e c k 

a I nha I M I \, <"> t ...» !>'?!> II 

be I O I 1 9 S 
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/ 
The S y s t e m R e s t a r t 
<5tacK p o i n t e r s and 

/ 
/ 
/ 
xr-fc-st : 

re 

R o u t i n e i s used t o i n i t i a l i s e a l l t h e 
t o - f o r c e t h e m a c h i n e i n t o a known s t a t e . 

. b y t e 0 

. b y t e 7 
< r e s t ) 
x n u m b 

5 t : m o v $20» r d x 
mov o p s t k i r 5 
mov d o s t K i r4 
w o v * i 3 7 s t a t e 
m o v $ 0 7 r e I o 
f r tOV ' - fcclbi d b u f 

j s r P L I t i t I 
r t s PC 

/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 

S e t U P f o r Hex 
Map o p e r a t i o n a l 

D o . . L O O P 
ne t h e m a c h i n e s t a t e 
t h e r e l o a d f l a s o f f 

s t a c k t o r e g i s t e r 5 
4 

Def 
S e t 
S e t U P The D i s k B u f f e r 
t e l I him we a r e h e r e 
and ready t o do b a t t l e 

•) s o t o t e r m 
Addx 

r o u e n • 

a m e s s a g e w i l l be 

/ 
/ T h e Fo I low ing r o u t i n e w i l l open t h e d i c t i o n a r y f i l e 
/ ,a . r e a d i f t h e r e 
/ >pn t h e s t a n d a r d 
/ 
x o f c e n : 

i s a f a i I u r e t h e n 
o u t p u t c h a n n e l 

f o r 
p r i n t e d 

f i 

/ 
/ 
/ 
/ 
x r * I o 

re I 

. b y t e 0 

. b y t e 4 
< o p e n > 
x r e s t 
s y s o p e n 
f i l e 
0 
b c s l o a d l 
m o v r0> c h a n 
r t s PC 
<DIC> 
. b y t e 0 

/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 

C a l l UNIX t o open t h e f i l e 
What i t ' s c a t l e d 
Open F i l e f o r read 
C a r r y s e t = UNIX e r r o r 
S a v e t h e i / o c h a n n e l 
and r e t u r n 

s o sawakkk 

f i l e 
UNIX 

name 
n e e d s 

he R e l o a d r o u t i n e s i m p l y s e t s t h e 
a11 l s t o LOAD from t h e i n t e r p r e t e r 

. b y t e 0 

. b y t e S 
< re I o> 
xopen 
mov $ l i r e l o 
r t s P C 

f i I e n a m e s t e r m i n a t e d by a n u l l 

r e l o a d f lag» t h e r e s t i s done b y 

/ 
/ 

S e t 
and 

t he f l a s 
r e t u r n 

l | o a d > 
Wh i c h 

/ 
/ 
/ 
/ 
/ 
V ; 
x I o a d 

( o c t a l 2000 ) r e a d s a s e c t o r 
i s o p e n o n t h e 

s u b s e q u e n t G E T L I N E c a l I s w i I I 
BUFFER a r e a f o r i n t e r p r e t . 

b y t e s f rom t h e d i s k f i l e 
chan c h a n n e l i n t o t h e d i s k b u f f e r dbu-f. 

r e w r i t e t h e c h a r a c t e r s i n t o t h e 

. b y t e 0 

. b y t e 4 
<load> 
x r e I o 

l o a d : mov $ o P i d b u f / 
mov c h a n i r0 / 
s y s read / 

R e s e t t h e a d d r e s s o f d i s k b u f f e r 
C h a n n e l # f o r open f i l e 
C a l l good ' o l UNIX 
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i oad 1 

I e 
/ 

O P / A d d r e s s t o r e a d i n t o 
2000 / Read in a h a l f a K g u y s ! 
r t s P C / And t h a t ' s a l l t h e r e i s t o i t 
J s r P C i c r 1 f / C l e a r t h e way a I i t t l e 
mov $ l e r r . r l / The a d d r e s s of t h e e r r o r message 
mov $14 . t»2 / I t s l e n g t h 
J s r p c . t y p e l / s a y i t t o h im 
J s r P C i r e s t / t h e n do a r e s t a r t 
<+FAIL* - r e a d ) 

/ 
/ 
/ 
/ 
/ 
/ 
/ 
xsfet I 

s e t I : 

g e t 13: 

/ * 
/ * 
/+ 
/ * 
/* 
/* 
/ * 

b u f f e r t o t h e input 
a s t c a r r i a g e r e t u r n and c o p i e s 

r r : 
3 e t I ine c o p i e s a I ine f rom t h e d i s k 
b u f f e r . ( B U F F E R ) . I t s t a r t s a t t h e 
unt i I e i t h e r : 

I t e n c o u n t e r s a, c a r r i a g e r e t u r n . I f t h i s happen; 
dbuf t o t h e s t a r t o f t h e n e x t l i n e and t h e n r e t u r n -

I t e n c o u n t e r s t h e end o f t h e d i s c b u f f e r . I f t h i s h a p p e n s i t 
a l l load and c o n t i n u e t o copy c h a r a c t e r s a s i f c a l l e d from t h e 

t w i l l a l t e r 

w i l l 
s t a r t . 

g e t I 1 

g e t I 2 s 

/ 
/ 
/ * 
•/* 
/* 
/ * 
/ * 
/ * 
/ * 
/ * 
/ * 
/ * 

. b y t e 0 

. b y t e 7 
<get I ) 
x I oad 
mov d b u f i r 2 / 
mov $0» l a s t / 
mov s b u f i e w o r d / 
mov s b u f i r l / 
movb (r2)+» ( r l ) + / 
c m p b - l ( r l ) » * e o l 
beq g e t I 1 / 
CHIP r2i $db / 
bge s e t I 2 / 
br get I 3 / 
mov r2i dbuf / 
r t s PC / 
J s r PC 7 l oad / 
mov dbuf7 r2 / 
br ge t I 3 / 

I n d e x t h r o u g h t h e d i s k b u f f e r in r e g i s t e r 2 
I n d i c a t e t h e end o f t h e l a s t l i n e 
S e t t h e p o i n t e r s f o r t h e s t a r t o f word 
I n d e x t h r o u g h t h e i t o b u f f e r on r l 

Copy a c h a r a c t e r f rom d i s k b u f f e r t o i t o b u f f e r 
/ I s i t t h e e n d - o f - t h e - I i n e ? 

I f s o t h e n get I ine 
Have we s o t t o t h e end o f t h e d i s k b u f f e r ? 
y e s s o get some more c h a r a c t e r s 
o t h e r w i s e J u s t keep g o i n g 
R e s a v e t h e d i s k b u f f e r p o i n t e r 
and r e t u r n t o s e n d e r 
C a l I UNIX f o r more d a t a 
R e s e t t h e index r e g i s t e r 
And c o n t i nue 

The f o I low ing r o u t i n e s form t h e I n c r e m e n t a l C o m p i l e r and a r e 
t h e most c o m p l i c a t e d in t h e s y s t e m . 

Dnce a word h a s been i s o l a t e d i i t i s p a s s e d t o e x e c u t e where 
i t s p r e c e d e n c e i s compared w i t h t h e m a c h i n e s t a t e . I f t h e s t a t e * 
i s t h e same ( o r s m a I l e r ) t h a n t h e p r e c e d e n c e t h e d e f i n i t i o n i s * 
e x e c u t e d , o t h e r w i s e i t i s compi led by i n s e r t i o n of a J s r P C . X X X * 
i n s t r u c t i o n a t t h e c u r r e n t d i c t i o n a r y p o i n t e r p o s i t i o n , t h e + 

r e l a t i v e b r a n c h addx i s computed and i n s t a l l e d f o l l w i n g t h i s * 

: -> P l a c e s Header in t h e D i c t i o n a r y and s t a r t s coniPi l a t i o n * 
e x e c - ) E x e c u t e s Immedia te modes and c o m p i l e s o t h e r s * 
; -> R e t u r n s f rom c o m p l l e mode * 

Do NOT c h a n g e any o f t h e s e r o u t i n e s u n l e s s you know EXACTLY 
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/ * what you a r e d o i n g . . . . And l e t ' s f a c e i t ? who d o e s ? * 
/ + * 
/>t:>t:>r>t:>t:>»:>t:>r:>f:*:*!>r:*>H>f:>r:>^ 

/ 

x c o l o s . b y t e 0 
. b y t e 1 
<: > 

1 x g e t I 
c o l d : add $ l i s t a t e 

mov $ 7 2 , P f x 
c o l q 2 : J s r p c , w o r d 

c I r r0 
1 J s r P C , l eng 

mov dp, r l 
movb $0, ( r l ) + 

co I •: 1 

co l c>3 

movb r0» <! r 1) + 
hiov $4, r 3 
mov bword? r 2 
movb (. r 2 ) + , ( r l ) + 
d e c r0 
bge c o I o 3 
movb $ 4 0 , - 1 ( r1> 
s o b r 3 , c o I o l 
mov d l a s t , (. r 1) + 
mov d P r d l a s t 
mov r 1 , d P 

r t s PC 

O l I s y s t e m s a r e go s o bump t h e s t a t e - we mean b u s i n e s 
I n f o r m u s e r t h a t a s o f now t h i s i s a COMPILER 
p r e p a r e t o I n s t a l l t h e h e a d e r 
s p a c e 
Get t h e 

Get t h e c u r r e n t v a l u e o f t h e d i c t i o n a r y p o i n t e r 
S e t h i s 
S e t U P 

l e n g t h o f t h e c u r r e n t word 
c u r r e n t v a l u e o f t h e d i c t i o n a r y 
p r e c e d e n c e t o z e r o , i n i t i a l l y 

t h e l e n g t h o f t h e word 

/ 

maximum # o f c h a r a c t e r s in a h e a d e r 
w h e r e t o s t a r t r e a d i n g them from 

copy c h a r a c t e r s t o d i c t i o n a r y 
d e c c o u n t 
Done? 
pad w i t h s p a c e s 
put in t h e f i r s t f o u r c h a r s o f t h e name 
p i c k U P t h e l a s t l i n k a d d r e s s 
s e t U P a new d i a s t 
t i d y U P 
and go home 

/ 
/» 
/ * 
/ * 
/ * 
/ * 
/ + 
/ + 
/ 

E X E C U T E :-> D e c i d e s on e x e c u t i o n o r c o m p i l a t i o n + 
I F F c o m p i l a t i o n i t w i l l c a u s e numbers X X X X t o be * 
e n t e r e d in t h e form mov $ X X X , C S P ) - * 

+ H|: >•:>•:»•: >f: >f: >f:»+: >+: »t: >f' >f' >f' >Js »>' •+"• *fs *f! *f! *t! *f! *t= »f »f: »fs >fi »f: J+: >f:>f:ir:>t:>ti>f:>r:>f:^>t:^>r:>f:>f:4:>t:>f:4:>t:>t:>f:>f'-4:>f:>f:>t:>f:>f:>f'>f: 

exe>::: 

exei: 
exet : 1: 

. b y t e 0 

. b y t e 7 
<exe c> 
x c o 1 o 
j s r P I : , P O P / The r o u t i n e a d d r e s s w i l t have been l e f t by 
mov I-I.I, r l / s a v e i t f o r p o s t e r i t y 
t s t i-0 / I f i t was z e r o t h e r e can be n o t h i n g t h e r e 
bne e x e c 1 / o t h e r w i s e we found i t in d i c t i o n a r y 
cmp bword ,eword / i s t h e r e r e a l l y a word o r i s i s t a n o - n o 
beq e x e c 3 / N o t h i n g t h e r e b o y s 
j s r P C , numb / wel1 maybes i t s a number 
cmp $0, n f l ag / Was i t ? 
bea e x e c 2 / z e r means a d e f i h a t e n o - n o 
cmp $1 , s t a t e / what s t a t e a r e we i n anyway 
bgt e x e c 3 / we a r e not c o m p i l i n g s o do n o t h i n g 
mov dp, r 2 / p r e p a r e t o c o m p i l e t h e number 
mov $ 0 1 2 7 4 5 , Cr2 ) + / => MOV $XXXX»-<R5) 
J s i - P C , a s m b l / put in t h e XXXX 
r t s PC / so away 
movb <: r i ) , r3 / Get back t h e P r e c e d e n c e o f a d e f i n i t i o n 

f i nd 
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ex =•>. 

ex 

/ 
/ 
/ 
/ 
/ 
/ 
xt 

: 4 : 

cmd r 3 . s t a t e / how d o e s i t compare w i t h t h e s t a t e 
b 11 e x e c A / i f > t h e n s o compi l e i t 
J s r P C . l G K r l ) / E l s e e x e c u t e i t 
r t s PC / and t h e n r e t u r n t o s e n d e r 
mov dp. r'2 / w h e r e s h a l I I put i t ? 
mov *0047E7» <!r 2> + / New d e f i n i t i o n in t h e d i c t i o n a r y 
add $10 , r l / e x e c u t a b l e a d d r e s s 
mov i-2, r 3 / w h e r e we a r e now 
add * 2 , r3 / w h e r e we w i l l be soon 
s u b i-3, r 1 / compute t h e r e l a t i v e b r a n c h a d r e s s 
mov r l , C r 2 ) + / and put i t in t h e d i c t i o n a r y 
mov r 2 , dp / u p d a t e t h e d i c t i o n a r y p o i n t e r 
r t s P>C / ftnd r e t u r n t o c a l l e r 
J s r P C , c r i f / NO-NQs come h e r e s o make some s p a c e 
j s r P C , I e n s / l e n g t h o f the b a d d i e 
mov v0, r 2 / put i t in t h e r i g h t P l a c e -
mov b w o r d , r 1 / w h e r e t h e c h a r a c t e r i s a t man 
j s r p c , t y p e l / s a y t h e word 
mov $ 7 7 . r 0 / s e t a ? 
j s r PC. s o u t / q u e s t i o n t h e word 
j s r PC. c r I f / s e t f o r n e x t b u f f e r f u l l ? 
r t s P C / Go back to cat 1 e r 

T h e f o I Iow i ng rou t i ne t y p e s 
f rom an a d d r e s s , both 
a l t e r n a t i v e e n t r y p o i n t 
r e g i s t e r s R l and R2 

out a s t r i n g o f N c h a r a c t e r s 
p a r a m e t e r s p a s s e d on t h e s t a c k , t h e 

T y p e l a l l o w s p a r a m e t e r p a s s i n g in 

ypes . b y t e 0 
. b y t e 4 
( t y p e ) 
x e x e c 

ty |pe! J s r P C . P O P 
mov r0 . r 1 
j s r P C . P O P 
mov r0 . r 2 

t y p e l ! movb C r l ) + » r 0 
J s r P C , s o u t 
s o b r 2 » t y p e l 
r t s PC 

/ 
/ 
/ 
/ 
/ 
xt 

t i 

/ Get t h e a d r e s s s 
/ move i t t o r l 
/ Get t h e c o u n t 
/ s e t f o r t h e t y p e o u t 
/ A l t e r n a t i v e E n t r y P o i n t 
/ s a y t h e c h a r a c t e r 
/ c o u n t down and loop 

The T i t l e r o u t i n e s i m p l y l e t s him know t h a t we a r e h e r e 

t I 

t I 

b y t e 0 
5 

name s 

<t i t I > 
x t y p e 
J s r P C . c r I f 
mov $name, r1 
mov $ 2 0 , r 2 
J s r P C , t y p e l 
J s r P C , c r I f 
r t s PC 
<**PDP11 S i x t h * * ) 

/ Make some s p a c e on t h e s c r e e n 
/ Get t h e a d d r e s s o f our banner head I i n e s 
/ 
/ 
/ More s c r e e n s p a c e Mr de Mi I l e 
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/* 

/ 

>t: 

; -> E n d s C o m p i l e mode by i n s e r t i n g an r t s , PC i n t o t h e 
/+ D e f i n t i o n and d r o p p i n g t h e m a c h i n e s t a t e 
/ * 
/* ' 
/ 
xslem i s . b y t e 1 

. b y t e 1 
<; ) 
xt i t I 

sejm.i : s u b $1 , s t a t e 
mov $43, pf x 
bge s e m i 1 
J s r P C , r e s t 
r t s PC 

se}f»t i 1 : niov dp, r2 

I v 

/ 
/ * 
/ * 
/ * 
/ * 
/ * 
/ + 
/4 

/ Dnwn one means end o f c o w o i l e ( p e r h a p s ) 
/ 
/ I f i t s not a l r e a d y z e r o a l l i s wel l 
/ Some one has b l u n d e r e d 
/ L e a v e now 
/ S e t U P t h e index 

/ 
/ 
/ 
/ 
/ 
x d o n s 

mov $ 0 0 0 2 0 7 , <:r2)+ / r t s P C 
mov r2» dp 
r t s PC / And home James 

The c o n s a t n t r o u t i n e compi l e s a c o n s t a n t f rom t h e s t a c k i n t o 
t h e d i c t i o n a r y . I t P l a c e s a h e a d e r and code to put a v a l u e on t h e 
O P s t a c k i n t o a d e f i n i t i o n f o l l o w e d by an r t s 

. b y t e 0 

. b y t e 10 
<cons> 
xsem i 

cc jnss J s r p c , c o l o 2 / Put in t h e h e a d e r 
mov dp, r 2 / g e t me index back 
mov $ 0 1 2 7 4 5 , ( r 2 ) + / Put t h e move in 
J s r P C , a s m b l / put t h e number in 
J s r P C , semi 1 / and t h e r t s 
r t s PC 

I n t e g e r w o r k s I ike c o n s t a n t but o n l y p u t s t h e v a l u e i n , 
not t h e h e a d e r and t a i l 

n t e : . b y t e 0 
. b y t e 7 
< i n t e ) 
x c o n s 

t e : mov dp, r 2 / Get p o i n t e r 
mov $ 0 1 2 7 4 5 , <: r 2 ) + / Put t h e i n s t r u c t i o n in 
J s r P C , a s m b l / and t h e v a l u e 
r t s PC / and f i n i s h U P 

*: *: * + * * * + * 4- +• * + * * *• 4- *• W- * * * * * * *• * * * * * * * * * * * + * * + * * *: * + * * * *• +• * 
it: 

V A R I A B L E I s r e l a t i v e l y c o m p l i c a t e d , i t i s e x e c u t e d a t + 
COHIP i l e t i m e and p u t s code i n t o t h e d i c t i o n a r y w h i c h when * 
s u b s e q u e n t l y e x e c u t e d w i l l put t h e a d d r e s s o f a v a r i a b l e * 
s p a c e ont t h e s t a c k , t h e v a r i a b l e s p a c e i s embedded i n t o t h e * 
d e f i n i t i o n and code i s i n s e r t e d t o s k i p a r o u n d i t * 
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/ * * : » , : * : * : 4 : i f : * : * : * ; * * : * ^^^ 

/ 

x v a r : 
1 

v a n : 

. b y t e 1 

. b y t e 10 
<var i ) 
x i n t e 
m o v dp. r'2 / Where t o P U t i t 
mov $ 0 1 0 7 4 5 . C r 2 ) + / mov P C . - (. r 5 ) 
mov $ 0 6 2 7 1 5 , <: r 2) + / add $£ , <: r 5 ) 
mov $b, (. r2> + 
m o v $ 0 0 5 7 2 7 , C r 2 ) + / t s t C P C ) + 

mov $0, t; r 2 ) + / i n i t i a l i s e v a r 
mov r2» dp / c 1 e a n U P 
r t s P >: 

/ 
/ * 

/ + 

/ I * 

/* 

/ * 
/* 
/ ! 
x i mm 

>,: * : >,: * : if: >,:*>,: >,:. |: >,: * : >,: * : *: :+: >t: >f: * >H + * * * =+= * * * * * * >»: + *• * * * * * * * H: +: * : * + * * * * * : * + * + *• * 

IMMEDIATE i n c r e m e n t s t h e p r e c e d n c e o f a d e f i n i t i o n + 
I t i s i t s e l f immedia te a n d . t h e r e f o r e , e n s u r e s + 
t h a t i t i s e x e c u t e d a t COWP i l e t i m e + 

* 
>,:*:>,: >.: + >,:>.: >f: * >t: =+: * + * * + * * # >t: >t: * : * * + * * * ».: * + * : * * * * * * : * +: * : + * * * : * # * +• *• *= + * * + 

. b y t e 1 

. b y t e 11 
< i dime) 
x v a r 
mov d I a s t , r 2 
add $1, Cr2 ) 

r t s PC / bump t h e d I a s t p r e c e d e n c e 

W r i t e a c h a r a c t e r f rom t h e s t a c k t o t h e STANDARD o u t p u t C h a n n e l 

1 miiie • 

/ 
/ 
/ 
x t o • . b y t e 0 

. b y t e 2 
( t o > 
x i mm 
J s r P C , P O P 

J s r P C , s o u t 
r t s PC 

/ s e t t h e c h a r a c t e r f rom s t a c k 
/ Say i t t o him 

The D i s s e c t R o u t i n e C h o p s U P a number i n t o s e v e r a l i n d i v i d u a 
/ 
/ 
/ 
/ 
xd i s s : 

c i s s 

t e r s and a 

. byt e 0 

. byt e 7 
(d i s s ) 
x t o 
J s r P C , P O P 

c I r r l 
c I r r3 
mov r0» r 3 
c I r r2 / 
d i V rdx . r 2 
C f f l P $11 , r 3 

/ Get t h e c h a r a c t e r c o u n t 
/ s a v e some s p a c e 
/ and more 
/ 

iome s p a c e 
/ Use h a r d w a r e d i v i d e t o s e t v a l u e o f d i g i t 
/ G r e a t e r t h a n d e c i m a l 9 ? 
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d i s 
d i s 

51 

T h e 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
KPV 

P I T 

PIT 1 

The PDP 11 I m p l e m e n t a t i o n o f t h e S I X T H V i r t u a l K e r n a l 

b i t d i s s l 
add $ 6 0 . r 3 . 
br d i s s 2 
add $ £ 7 . r 3 

1-3, r 0 
PC, PUSh 
$ 1 , r l 

/ O t h e r w i s e d e a l w i t h i t 

mov 
j s r 
add 
mov 
bne 
mov 
j s r 
r t s 

d i s s 3 
r l , r 0 
pcT P u s h 
PC / ft I 

/ 
/ 
/ 
/ 
/ 

/ 
/ 

Add in t h e c o r r e c t A S C I I o f f s e t 
Now h a v e t h a t c h a r a c t e r a t t h e r i g h t P l a c e 
So put i t on t h e s t a c k 
And i n c r e m e n t t h e c h a r a c t e r c o u n t 

Move t h e c o u n t t o 
An push i t s v a l u e 

v i r t u a l a c c u m u l a t o r 
on t h e s t a c k 

I wrapped U P 

n: 

T h e 
I t 
ciead s i m p l e 

i e e d s t o be 

/ 
/ 
/ 
/ 
/ 
/ 
x rb 

pr i n t rout i ne 
F o l l o w i n g D I S S E C T t h e s t a c k w i l l c o n t a i n t h e a s c i i e q u i v a l e n t 
of a number and a c h a r a c t e r c o u n t . A l l we t h e n . h a v e t o do i s 
loop round COUNT t i m e s and do a TO in e a c h loop 

T h a t ' s s t r u c t u r e d p r o s r a m m i n s f o r you 

. b y t e 0 

. b y t e 1 
<. > 
xd i SS 
j s r P C , d i s s 

P C P O P 
r 0 , r 3 
P C , P O P 
P C , s o u t 
V 
PC 

j s r 
mov 
j s r 
j s r 
s o b 
r t s 

Di s s e c t 
P O P t h e 

h i s numbers f o r 
ch=»racter c o u n t 

him 
t o r e g i s t e r 0 

/ Y e s s o 

S t a r t t h e p r i n t i n g loop and s e t f i r s t c u a r 
Send i t down t h e l i n e 
A r e we done Y e t ? 

l e t ' s go home and Put our f e e t U P 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
xag>mb! 

a s f ib : 
a s f i b l 

Asmb r o u t i n e P l a c e s a numb« 
g e t s u s e d by a I I t h e number 

t h e v a l u e 
g e n e r a t e d 

on 
t o 

t h e 
u s e 

• r i n t o t he d i c t i ona r y 
h a n d l i n g s t u f f and i s r e a 

s t a c k i s put in a t dp. Code 
t h i s ! 

I y 
t h e n 

. b y t e 0 

. b y t e 4 
<asmb> 
x P r n 
mov dp. r 2 
mov ( r 5 ) + , C r2> + 
mov r 2 , dp 
r t s PC / 

/ W h e r e ' s t h a t I i I 
/ Move S t a c k t o DP 
/ G e n e r a t e new d i e t 

o l ' D i c k y P o i n t e r Boy! 
. . . What Prog ramm i ng ! 
i o n a r y p o i n t e r 

At a b y t e ? 
P e r f o r m s t h e i n d i r e c t r e f e r e n c e f u n c t i o n w h i c h i s f u n d a m e n t a l 
t o H - ' S I X T H * o p e r a t i o n . An a d d r e s s i s removed f rom t h e s t a c k and 
r e p l a c e w i t h i t s c o n t e n t s . T h i s a d d r e s s can be r e a l or i m a g i n a r y 

. b y t e 0 

. b y t e 2 
<@b > 
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rp: 
xasmb 
mov r l » - C s p ) / 
ftiov ( r5 )» r l / 
c l r ( r 5 ) / 
movb < r l ) » Cr5) / 
mov ( S P ) + I r l / 
r t s PC / 

Get t h e B y t e A d d r e s s f rom o f a t h e S t a c k 
S a v i n g e v e r y t h i n g a s we Go 
Make a I i t t l e s p a c e in her 
G e t t h a t B y t e 
S t a c k I t 

/ 
/ 
/ 
/ 
/ 
x 

ru 

T h e ©W r o u t i n i s a l m o s t 
e x c e p t t h a t a - fu l l word 
b i t v a l u e w h i c h i t p o i n t s t o 

i d e n t i c a l t o what h a s J u s t happend 
a d d r e s s i s r e p l a c e d w i t h t h e s i x t e e n 

b y t e 0 
b y t e 2 

<@w 
x rb 
mov 
mov 
mov 
mov 
r t s 

> 

r l , - ( s p ) / 
( i - 5 ) , r l / 
( r l ) , ( i -5) / 
( S P ) + , r l / 
PC / D e s e r t 

Where be t h a t a d d r e s s me h e a r t y s 
WaI I y WaI I y WaI I y WaI I y . . . 
Send in t h e M a r i n e s W a s h i n g t o n i t s a r e a l a d d r e s s 

t h i s m a n ' s a rmy 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
XWb 

Wis 

F o l l o w i n g f rom t h e I n d i r e c t r e f e r e n c e 
s o o l s t o r e b y t e and word f u n c t i o n s 

we n e e d , of c o u r s e , t h e 

. b y t e 0 

. b y t e 2 
<!b > 
x rw 
mov r l , - ( s p ) 
mov ( r5 ) + , r 1 
movb C r 5 ) + , ( r l ) 
i nc r5 / 

mov ( S P ) + , r 1 
r t s PC / And 

Get e l 
A c u t e 

/ Put h e r 
nobody w i l l 

a d d r e s s G r i n g o 
i n s t r u c t i o n moves f rom t h e s t a c k t o t h e addx 

back t o g e t h e r a g a i n 
be any t h e w i s e r 

/ 
/ 
/ 
/ 
/ 
xww 

WW 

I t i s now 
c o m m a n d . . . 

e c e s s a r y 
can you 

t o h a v e t h e f u l I s i x t e e n 
s t a n d t h e e x c i t e m e n t ? 

b i t mod i f y 

. b y t e 0 

. b y t e 2 
<! w > 
X W b 

mov 
mov 
mov 
mov 
r t s 

r l . - ( s p ) / 
C r 5 ) + i r l / 
( r 5 ) + , ( r l ) / 
( s p ) + , r 1 / 

Do You Come h e r e o f t e n ? 

PC / I c o u l d g e t f e d U P o f a l l t h e s e 

The ADD r o u t i n e d o e s e x a c t l y t h a t 
on t t h e s t a c k w i t h t h e i r sum. 

I t r e p l a c e s t h e t o p two numbers 
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/ 
x a d d : 

ad clem.' 

. b y t e 

. b y t e 
<+ 
KWW 
J s r 
mov 
J s r 
add 
J s i 
f t s 

0 
1 

> 

P C i POP 
r0i r l 
P C i P O P 

r l . r0 
P C i Push 
PC / and 

/ 
/ 
/ 
/ 
/ 

s i v e 

Remove t h e f i r s t number from t h e s t a c k 
s a v e i t f o r l a t e r 
s e t t h e n e x t v a l u e o f f t h e s t a c k 
addem U P ! 
P l a c e t h e r e s u l t back 

i t a l l away 

<vl> 

/ 
/ 
/ 
/ 
/ 
XSlLlbi 

subems 

he S u b t r a c t r o u t i n e 
<v2> ) on t h e 

. b y t e 0 

. b y t e 1 
<- > 
xadd 
J s r P C i P O P 

mov r0» r1 
J s r PC» P O P 

s u b r l . r 0 
J s r P C . P u s h 
r t s PC 

i s s i m i l a r <vl> <v2> -
o p e r a t i o n a l s t a c k 

w i l l l e a v e t h e v a i u e 

/ O b t a i n t h e f i r s t v a l u e 
/ S a v e i t f o r l a t e r a t t e n t i o n 
/ s e t t h e n e x t most i m p o r t a n t v a l u e 
/ S u b t r a c t t h e two 
/ Put t h e r e s u l t back w h e r e he w a n t s i t 
/ R e t u r n t o s e n d e r 

/ 
/ 
/ 
/ 
/ 
/ 
xnib I 

The 
f or 

M u l t i p l i c a t i o n r o u t i n e f o l l o w s t h e same f o r m a t a s t h a t 
t h e o t h e r r o u t i n e s and p e r f o r m s a h a r d w a r e m u l t i p l i c a t i o n 

r e s u l t r e m a i n i n g on t h e o p e r a t i o n a l s t a c k 

mu em: 

. b y t e 0 

. b y t e 1 
<» > 
x s u b 
J s r 
mov 

/ Header 

J s r 
mov 
mu I 
mov 
J s r 
r t s 

P C . P O P 

t-0, i-2 
P C , POP 
r 0 . r l 
r 2 , r l 
r l . r 0 
PC. P u s h 
PC 

/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 

Get t h e 
S a v e i t 
Get t he-
S a v e i t 

mu11 i P I i c a t o r 
f o r t h e m u l t i p l y 
mu11 i P I i c a n d 
r e a d y f o r t h e m u l t i p l y 

Do t h e m u l t i p l y 16 b i t s x I B b i t s => 
Get l e a s t s i g n i f i c a n t 32 b i t s 
and P u s h them o n t o t h e s t a c k 
R e t u r n t o S e n d e r . A d d r e s s U n k n o w n . . . 

32 b i t s 

/ 
/ 
/ 
/ 
/ ; 
xd i v : 

T h e d i v i s i o n r o u t i 
D i v i de I o s i c i t Pi 
o p e r a t i o n a l s t a c k 

. b y t e 0 
j . b y t e 1 

</ > 
! xmu I 

d i v e m : J s r P C . P O P 
mov r0 . r 2 

ne a l s o makes u s e o f t h e PDP/11 h a r d w a r e m u l t i p l y 
a c e s t h e i n t e g e r r e s u l t o f t h e d i v i s i o n o n t o t h e 
a l o n g w i t h t h e r e m a i n d e r b e w a r e ! 

/ Ge t t h e D i v i s o r 
/ S a v e i t f o r l a t e r 
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/ 
/ 
/ 
/ 
/ 
/ 
x c o m : 

J s r P C POP 
mov r0» r 1 
c I r r0 / Make 
d i v r 2 i r 0 
J s r P C push 
r t s PC 

/ Get t h e D i v i d e n d 
/ s a v e i t f o r l a t e r use 

a I i t t l e s p a c e in h e r f o r me w i l l you 
/ Do t he d i v i s i on 
/ P l a c e t h e r e s u l t o n t o t h e 
/ No s u c h N u m b e r . . . . And No 

o p e r a t i o n a I 
s u c h Zone. . 

s t a c k 

comm: 

Odd t h e d e f i n i t i o n s of comments t o t h e d i c t i o n a r y s t r u c t urn 
s o t h a t TH IS v e r s i o n w i l l be f u l l y commented from t h e word 

. b y t e 2 

. b y t e 1 
<< > 
Hd i v 
mov $51 

GO 

/ 
/ 
/ 
/ 
KS 

J s r 
mov 
i nc 
r t s 

de I i m 
P C i word 
$ 4 0 , d e l i m 
eword 
PC 

S e t UP t h e d e l i m i t e r t o c 
Then we can do a WORD 
Put a s p a c e back i n t o t h e 
Bump word end p o i n t e r 

l o s e b r a c k e t s 

d e I i mi t e r 
round I a s t ) 

SWAP 
^Vl> 

1 a p : 

swap 

i i n t e r c h a n g e s 
<V2> SWAP => 

. b y t e 0 

. b y t e 4 
(swap) 
xcom 
J s r PC, POP 

r 0 , r 1 
P C POP 
r l , - < r5> 
r 0 , - C r 5 ) 
PC 

t h e t o p two 
<V2> <V1> 

s t a c k e l e m e n t s s o t h a t t h e d a t a 

/ Remove t h e f i r s t e l e m e n t f rom t h e s t a c k 
/ S h i p t o a n o t h e r r e g i s t e r f o r swap 
/ Ge t t h e s e c o n d e l e m e n t f o r t h e swap 
/ R e s t a c k f i r s t e l e m e n t w i t h a n e a t i n s t r u c t i o n 
/ R e s t a c k t h e swapped d a t a 
/ And r e t u r n c o n t r o l t o t h e c a l l i n g r o u t i n e s 

:*: *:*! *: *: * : *:*: i n * : * * : * +: *: * : * * : *:*: Hi*:*:*: * + + 
DANGER SHARKS L I V E H E R E I N 

mov 
j s r 
mov 
mov 
r t s 

/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
XPHys: 

mac em: 

*: 
* : 
>»: 

>»: 

H: 

: 
>» 

THE UNIX s y s t e m c a l I PHYS 
Memory i n t o t h e I / O p a s e s 

i s u s e d t o map a segment o f S I X T H 

* 

* 

* 

* 
*:*:*:*:*;*:*:*:*:*: ft:*:**:***^ 

T h i s i s VERY NAUGHTY and w i l l be r e p l a c e d 
/ d e v / k m e m a t some t i m e i n t h e f u t u r e 

by an ed i t on 

In t h e mean 
h a r d w a r e by 

t i m e u s e MAP t o e n a b l e t h e d e v i c e s 
means o f t h e v a r i a b l e HW i n t h e D i e 

and a d d r e s s 
t i o n a r y 

. b y t e 0 

. b y t e 3 
<map > 
xswap 
s y s P h y s ? 1 ; 0 , 0 7 0 0 0 0 
s y s P h y s , 1 , 4 0 , 0 7 0 0 0 0 / C a l I 

/ C a l I 
UNIX t o 

UNIX Mapper 
do t h e map 
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The PDP 11 I m p l e m e n t a t i o n o f t h e S I X T H V i r t u a l K e r n a i 

r t s PC / R e t u r n t o INTERPRET i f not CRASHED 
/ 
/ .UNIX w i l l r e t u r n c o n t r o l o f t h e m a c h i n e t o t h e o p e r a t i n g s y s t e n i i 
/ 
/ . 
Kimi x ; 

a s s u m i n g i t h a s n ' t a l r e a d y c r a s h e d by now 

un i x = 
/ 

* * * ******** * * * * * * * * * ** * * * ** * * ** * * * * * * *:* * * * * * *' * * * * * * * * * * * * * * +: 
* E D I T by EM 

* 
* * * * * * 4 : * * * * 4: * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

/ 
/ 
/ 
/ 
/ 
/ 
x£d i t 

e J i t 

. b y t e 2 

. b y t e A 
<un i x> 
XPhys 
s y s e x i t / BLAST t h e c u r r e n t p r o c e s s 

r:****** 
* 
* 
* 

. b y t e 0 

. b y t e U 
<ed i t> 
xun i x 
J s r PC7 word 
mov eword» r 2 
movb * 0 , ( r2 ) 
mov bwordi r 2 
mov r2» . +8 
s y s e x e c e 
emort 
0 

r t s PC 
</bi n/em0> 

/ E x t r a c t t h e f i l e name f rom i n p u t s t r a e e a m 
/ Get t h e p o i n t e r to t h e end o f t h e f i l e n a m e 
/ and t e r m i n a t e i t w i t h a n u l l f o r u n i x 
/ s t a r t a d d r e s s o f t h e f i l e n a m e 
/ * * * * * * * * * ' * S E L F MODIFYING C O D E * * * * * * * * * * * * * * * * * * 
/ C a I I un i x t o do an e x e c 
/ w i t h e t h e e d i t o r a t emor t 
/ Where t h e f i l e n a m e WILL go 
/ R e t u r n t o i n t e r p r e t when f i n i s h e d 
/ The name of t h e e d i t o r e|mort 

/ 
/ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
/ * INTERPRET LOOP * * 

* 
'* 
* 
* 
* 
* 
* 
* 
* 
* 

The I n t e r p r e t L O O P i s S I X T H s main programme i t r e a d s words 
f rom an input s t r e a m and a t t e m p t s t o e x e c u t e them by s i m p l e 
i n d i r e c t Jump t o s u b r o u t i n e r e l a t i v e c a l l s . I f t h e m a c h i n e 
s t a t e i s g r e a t e r t h a n t h e p r e c e d e n c e t h e n t h e word w i l l be 
c o m p i l e d i n t o a d i c t i o n a r y d e f i n i t i o n w h i c h i s presumed t o 
be under c o n s t r u c t i o n . 

A f t e r e a c h l i n e h a s been i n t e r p r e t e d t h e r e l o a d f l a g w i l I 
Checked t o d e t e r m i n e i f s u b s e q u e n t i n p u t s h o u l d be t a k e n 
f rom t h e t e r m i a n I o r t h e c u r r e n t l y open f i l e . 

be=+ 
* 
* 
* 

*************************************************************** / 
s | t a r t : 

n t e 3 : 

n t e l : 
n t e 2 : . 

J s r P C . r e s t / Do a r e s t a r t f i r s t t o s e t U P 
t s t re 1 0 / T e s t t h e r e l o a d f l a g 
beq i n t e l / A r e we r e l o a d i n g o r no t ? 
J s r PC» s e t I / Y e s s o s e t a 1 i n e f rom t h e d i s k b u f f e r 
br i n t e 2 / And s o away to i n t e r p r e t i t 
J s r P C i b u f f / No r e l o a d s o a s k t h e dude f o r t e r m i n a l 
j s r PC» word / 
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The PDP 11 I m p l e m e n t a t i o n o f t h e S I X T H V i r t u a l K e r n a l 

j s r P C , f î nd / 
j s r p c , e x e c / 
CHIP $ 1 , l a s t / 
bep i n t e 3 / 
br inte '2 / 
. = . + 1 0 0 0 0 / 
. = b o d s e + 2 0 0 0 0 / 
. = . + 7 7 7 7 / 

F IND 
EXECUTE 

I s i t t h e end o f an i n p u t l i n e ? 
Y e s s o s o back f o r more i n p u t 
No s o c o n t i n u e w i t h I n t e r p r e t LOOP 
P o i n t e r t o t h e d i c t i o n a r y s p a c e 
S p a c e f o r d i c t i o n a r y t o b u i l d 
P o i n t e r t o h a r d w a r e f o r PHYS s y s t e m c a l l 
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r e p a r e d 
(. "I" 
<: . P 

i: 
s 
e q u a t e s 
we 
wb 
I a s t 
P f K 
d! 
dP 
rdx 
n f I 

dist Is 
s t a 5 
f re I 

buf 16, 
de I 

i 

Pup 1 1 / 2 3 + S I X T H SVSTEM D i c t i o n a r y ) 
by D . J . Dwyer 2 6 / 1 1 / 8 2 ) 

) 

L i n k t o t h e K e r n a l ) 
The Word End P o i n t e r 

o n s t a n t e q u a t e s < 
c o n s t a n t we C 

+ c o n s t a n t wb < 
+ c o n s t a n t I a s t C 
2 + c o n s t a n t P f x C 

+ c o n s t a n t dI C 
+ c o n s t a n t dP C 
+ c o n s t a n t rdx C 
: + c o n s t a n t n f l a g C 

ag 2 + c o n s t a n t o p s t k < 
o p s i k 2 + c o n s t a n t mstk C 

2 + c o n s t a n t s t a t e C 
e 2 + c o n s t a n t f r e l o C 
o 2 + c o n s t a n t c h a n n e l (. 

haftnel 2 + c o n s t a n t buf t o p 
O P 2 + c o n s t a n t d e l i m 

i'« 2 + c o n s t a n t h a r d w a r e 
e s i m p l e T ime S a v e r s ) 

! w ; 

) 

The Word B e g i n i n s P o i n t e r ) 
The EOL f l a g ) 
The prompt c h a r a c t e r ) 
L a s t d e f n in t h e d i c t i o n a r y 
The D i c t i o n a r y P o i n t e r ) 
The c u r r e n t b a s e ) 
The number F l a g ) 
The p o s i t i o n o f O P s t a c k ) 
The M a c h i n e S t a c k ) 
The M a c h i n e S t a t e ) 
The r e I o a d f I a g ) 
I / O c h a n n e l ) 

t o p o f b u f f e r ) 
C t h e d e l i m i t e r f o r word ) 

Som 

Now t h e b a s e c o n v e r s i o n 
o-fi rad i x d o e s 
o : t S rdx ! ; 
di?c A rdx ! 5 
h«px 10 rdx ! 

c r i f . ; C 
dijp P O P p u s h 
T h e s t a n d a r d 
d - O P P O P ? (. 
o v e r swap duP 

t h e t'r i ck 
r o u t i nes» 
) 

a s i m p l e change > 

Throw a c r i f p a i r and p r i n t > 
push » 
FORTH I i ke s t a c k 
K e p t f o r 

P O P s t k 
swap 

+ dP 

o c t 
( 

r o t swap P O P s t k 
hfcre dp @ » 

dup @ 1 + swap 
dto! dp © ! dp @ 2 
wtum word number i 
H i 40 * 5 C S h i f t 
wipum2 wnum 16 + wnum + 

(. a I > 

man i PU I a t i on f o I 
h i s t o r i c a l r e a s o n s ) 
swap u n s t push ? C a , b 
u n s t push 5 

ows ) 

(. a . 
-> b i a . b ) 

b» c — > C i a> b ) 

«: In* 
! ; 

l e f t 
d P ! 

cement an a d d r e s s ) 

( e x t r a c t a number f rom b u f f e r ) 

( Format f o r a s s e m b l e r ) 

p s h s 
P J I 5 

bm 

b| iS 
mfesk 

H i ? r e L i e s t h e A s s e m b l e r , The d e f i n i t i o n s a r e a l l ) 
IMMEDIATE and work by i n s t a l l i n g a p p r o p r i a t e code ) 

i t o t h e d i c t i o n a r y ) 
mov immedia te 010000 wnum2 » 
s t i b immedia te 160000 wnum2 ; 

immedia te 010046 dp! , C P u s h t h e m a c h i n e s t a c k ) 
immedia te 012600 dp ! » <! Pu I I t h e m a c h i n e s t a c k ) 
immedia te 005100 wnum + dp ! ; 
immedia te 050000 wnum2 ; 
P O P com 0 mov 0 1 P O P com 0 b i s 1 0 com 0 p u s h 5 

i swap h e r e 2 + - 2 / 377 mask + dp! 5 (. c a l c u l a t e b r a n c h addx ) 
i t i mmed i a t e 003000 b2 ; 
e i mmed i a t e 003400 b2 5 

»e immedia te 002000 b2 5 
t i mmed i a t e 002400 b2 ? 

?a immed ia te 001400 b2 ? 
-a i mmed i a t e 000400 b2 ; 
\at i s a l l t h e a s s e m b l e r 
n t immed ia te i n t e g e r ; 

c f i l I 4767 dp! 5 
w f f ind word f i n d 10 + ; 

immedia te 4767 dp! 
immedia te wf i rid > 
immed i a t e c a l I $$ 

<i= h e r e 2 + - d o ! 5 
<< io P O P s t k P O P s t k P O P <stk 

I r e a I I y need 

w f i n d h e r e 2 + - dp! 

c a l l 3>int h e r e ' 2 + - dp! w f i n d i n t e g e r ; 



< d D P O P s t k P O P s t k P O P s t k ? 
" i S O P u n s t u n s t u n s t » 
d o immedia te 0 1 2 7 4 5 dp ! h e r e 0 dp! => <do <= h e r e ? 
< I DOP u n s t push mov 0 3 u n s t p u s h s u b 0 3 1 + P O P s t k P O P s t k mov 3 0 
I O D P immediate => < I O O P <= * b s t h e r e swap ! => A I O O P < = ? 

a b a r t ' N I O O P PU I s ; 
n e x t P U I S u n s t p s h s u n s t p s h s u n s t push s t k P U I s s t k P U I S s t k 6 -

P O P p s h s » 
s t o p P U I S u n s t p u s h u n s t push u n s t p s h s s t k P O P s t k P O P s t k ! 
q u i t P U I S ? 
i u n s t p s h s u n s t Push s t k P U I S s t k ? 

s k immedia te wnum h e r e + ? 
= P O P mov 0 1 P O P s u b 1 0 s k 10 b e a 0 s k & b r a 1 P O P ; 
> P O P mov 0 1 P O P s u b 1 0 s k 10 b ? t 0 s k G b r a 1 P O P " 
< P O P mov 0 1 P O P s u b 1 0 s k 10 pgt 0 S K 6 b r a 1 P O P 5 
= 0 5 k i P mov 0 3 h e r e 6 + $ b e q 000167 dp! 0 d p ! » 
> 0 3 k i P mov 0 3 h e r e 6 + * b 9 t 000167 dp! 0 d p ! ; 
i f immedia te > 0 s k i P h e r e 2 - ? 

th=>n immedia te h e r e 2 — o v e r - swap ! ? 
e l s e immedia te 000167 d p ! 0 C I P ! * t h e n h e r e 2 - ; 
=< o v e r o v e r < i f d r o p d r o p e l s e = t h e n 5 
>= o v e r o v e r > i f d r o p d r o p e l s e = t h e n 5 
b y t e dup @b swap 1 + swap ! ? 
a r r a y immedia te 2 * dup dup 

012745 dp! dp! 
; 012745 dp! h e r e 4 + dp! 

h e r e 2 + + * b r a dp 6 + dp ! ; 
b a s e rdK dup @ dup d e c » swap ! » 
9tJ v a r i a b l e ! 
s t 2 v a r i a b l e » <: bodse t o s e t us s o i n s ) 
b y t e dup @b swap 1 + swap ? 
w i d t h v a r i a b I e ; 
d e l im word wb @ dup s t ! g t ' s l @b 3 
f i I I 0 w i d t h ! dP e 12 + s t 2 ! de l im 

100 1 do g t @ @b g t A l o v e r o v e r = i f d r o p d r o p w i d t h @ g t <& w e 
0 s t 2 @ ! b a b o r t t h e n w i d t h ' v l St2 @ ! b St2 A l loop ? 

s t r i n g immedia te f i l l 1 + 2 / * a r r a y ? 
l o c word f i n d i 
s p a c e 4 0 t o 5 
I i s t swap do i @b . s p a c e I O O P • 

s a y t y p e ; 
d e f n dup @b . s p a c e 1 + dup @b . 1 + s p a c e ; 
name 3 0 do dup i + @b t o loop 1 
beg i n i mmed i a t e h e r e 5 
end immedia te 000167 dp! h e r e 2 + - dp ! ? 
io |ca te immed ia te loc ? 

v a r i a b I e 5 . k 
ke ep l o c . k i > 

wHat c r I f dI S 
1000 1 do dup dup . s p a c e d e f n name swap 

. k @ = i f d r o p a b o r t 
t h e n 4 + © 

c r l f dup 0 = i f s t r i n g y iThere P r e V- s a y 
rdx @ dec i . rdx ! s t r i n g % D e f i n i t i o n s % s a y 
drop a b o r t 

t h e n loop d r o p ; 
f c j r s e t loc dup 0 = i f c r l f d r o p s t r i n g y.*Not Found* : % s a y 

e l s e dup . k @ =< i f c r l f d r o p 
s t r i ns > D e f i n i t i on K e p t \ % s a y 

e l s e dup dp ! 6 + e d l ! t h e n t h e n ? 
C swap ? 
•i swap ; 
1 o v e r o v e r 2 * < i f s t r i n g % Get E r r o r % c r l f s a y r e s t a r t 

e l s e 2 * swap d r o p Gw t h e n ; 
o v e r o v e r 2 * < i f s t r i n g % Put E r r o r '/. c r l f s a y r e s t a r t 

e l s e 2 * ! swap d r o p + !w t h e n ! 
r e s - d a r t 



Ul 

ft 

X 
II! 
r -

4 

t 
r 

: 
• i 
v. 
»!> 

H'-

•i; 
r* 

* * * * * * « * * •K * * * * * * * • r 

* * * * « * * •ft •* * * * * * * * « * « * * * + * * * « • 

* * * * * * * « « * * •ft 

* * « • * * * * * * * * * * * * * -•* « * •ft 

* * * « * + •ft 

* * * * * * * * •H * * * * * * * * * * * * * * * * * * * * « * * * * * * * * * •ft 
n « * * Ul + • t o + * * * * r - * * Z3 « * to * «_> * * * * « 

* •a. •* * UJ U l •K * • f 

* or * * X * * C< * * * « J * r - * * * * « 
* J - * * * * •ft 

»-> • * Li» * • « 
* + * 2" * >-< * * _l * * * -1 4c * c i * O 0 * + * « •ft 

* I I I « •ft * * « •ft 
O or * _J * * * c « « 

* Ul * ft. * O * 0 * tr> * 0 * * U - * •ft Z * C J IX * x— « * * •/» •* V n l_J Ul * * * + on * s * \ * O « V « * f 

* <r * or * Ul •ft • r l * Ul « * * * <t * «/> * z: * UJ * z. * * * t/> * .̂ * I X * <i * J_ •fi c* * * + n * O I D * Ul * * « T~ * * * en 5" * 0 * n.5 * * * K> 

* U.I * <I 4 * * <_» * s * f t OJ 
i_ •K *L 111 * * n V b£ •K _l 

* <r « tVT * X * 2 Z * r— * * * ir> 

* * l-l X * « t-i n * r-i * »•-• t-H _J •ft 

* * _l % 1 * CJ _l _J * 2* * _l _l « _J •»t 
U J 00 «/i V . 111 * 00 00 * #-l * «v? cvi * d •ft I V t - * * Or V or Z " * C I * s s * 11 * s N * O * crt 1 
UJ « 111 « <f »-i « . * 0 * Ul I I I * I I I Ul I I I * « r> a. ai 
X * S. —1 X _J «_> LJ * £ 2. O 2. S. Ul t n _i Z3 

« «x CVI LJ rwi UJ •ft * c i # * 0. •ft - J <J1 

* * Z " % X Of * a. • * a * z: * n <t 

* or * c-l 00 » v> a. * rj * r-5 r> 001 0 1 * H * * Ul * V • fi r • * * V V * V * ^ > r> V r>' 

* C_1 * _l u_ _1 _l » * «/> * _J _l * t n * —I 1 * O « l_> _l 

+ «T * 0 u. O <7 X * * <v< OP * »- * <v C?l * or * o_ <i 
•* Ul •ft * UJ * * UJ * * m * J_ « LJ LJ •ft V O I_J * VI CJ CJ * * (J) _l 

•* I X <l LJ nr <* a. I _ I •n I X «3i «t * 1/1 •u cc _l 

>- * l_> U 1 zr 0 * O U.I Ul * O * I U Ul * * 0 «T _J 

* Z * * cT X 0 c_> l_> UJ * or * <t X X Ul * or * <J X X Ul * or * <s. O L> 

* •<2 * u . (-> CJ a * H s: 0 u . « (_> 2. 0 u_ O u . m LJ 

* * 4 •K * «3. * * u « 
u . * •ft 2. •ft * * * * * * * * * O •K 

•u u. * U J * U ) * •** u 

* •K i. UJ * f-4 * * • H •ft •ft »_» •K 

* u * <r y : * X * * X * <T * CP it3 

* pr <t * * (- * * SI * <t e-r 
* * 00 z * * •K •ft * _J _i 

* •* •* * X 00 * •ft * * « * * * * * * •ft CO <>.•> 

fir 
•i 1 
m 

11 • 

»• ! 

C J ( J o o f i - i o u o u u o u u u <_i u> •_) u o u o <-J U O U O U O O U O I J U O O U O C J L > 
c , '^ ,or-'00ooooc•ooooo'~ ,ooooc>^. , 000 0000000000 or^T 1 

0000 o 00000 000000 otj 0000 00000000 000 000 0000 

r l V C I ^ ^ ' O M V I M J r l \ l » ' W l / 1 * N O J ^ O r l \ I K 1 ' > J I ' l ' O r - I M O O T - N ro • * m -O N lj) O L ' 
T - r - . r - T - « - r - * - r - r - f\j rvi fvi r i rvl r>! r 1 r j r-j r\i f * K I r<-; t o r»> m t̂ i - 1 



F I oc 
o 

V 
or 

U I 
i n 
> 

u i 

o 

1 
r--c > 

o o 
nr. 
r> x 

x 
in 

2 
* 

i-

I > 

or if 
rd 

:J 
2 -

« * * * * * * •K * * * * * * * * * * * * * * * * * * 
« * * * * * * * * * * * * * * * * * « * * * * • * * * •K 
* •n « * 

• * « * * * 
oc * * * * * * CJ * * * • * * • 
CJ * * * * * 
«« * * * * -

* * * >• * « * 
• • * « oc * * • 

uc « * * r— * * 
CD * •* z * 
Z ) * * « UJ * * * CO * -* * * * •K 

* * CJ UJ * * * * + 
X * •K « r - * * • 
1— •n « * * •n * * * i i i 
K> * « * > * * * * * • * * * O * * « X * * UI * * * * * 
Of * « * Z * * * * * «r * * * « * CJ * * 

l_l l_l LI * * * o c z Z Z « in * * CO * « 
Z 1- UI U.' »- HI i n or •K UJ « UI * * 
i l l U' or • • Of. m • o * « * z * * * 
• « r—< * 

_ i » _ l * <r * r- * * * * 
% (/I z • O z Z3 * * r> * * * 

2 . • * o * * CJ * 
2 . r-J * r-J r - * DC •* DC * •H 

M r-J % % % « U' * * * * « 
% * or * UI « * CJ * • o 

C " t!» C» c ^ i or * * U' * * * 11 
u UJ 1 UJ UJ UJ i 1U UJ r - i / i O * * CJ * CJ X 

111 Ui r u r n u i z * * t- 1 * O * * <t * o r 
to « « « CO « » r-< * z m •K C> r - * V 

» * z> r • K-> LJ m _ s <t * O t\. r > * * • * c> * o 
OJ to IX) CO a i o i mi c o cu <rj o r - •K r - * Q_ l / l r - * i n c j * C« r»j 

_J m 3 => B3 _ l z * * 5_ <V> * <i * j£ UJ o * • * V \s 
IO c o co co co co CO o * 10 m —> ^ * X * <r 27 o * a . * C5 c ? -.t 

or r o «y f \ l cv o * z * r > V !>' * r - * z « t o * o * 11' i n V 
« _ i % » % _ l _J •* l- l * V ) U J * * e.? Z » * •* Of or CJ 

<r w «T <T CJ * n * CO O <I * O * >< •It s : * r.i t < M * * * CO « >- « o * 
« • CJ CJ or. ur * CJ _J CJ * —> * or LL CJ * CJ cx r— u . CJ * a IX Q. 

tl_ 11 u u. IL II a u z * * o s: _ l z * or O —~r 77 z * * CJ O 
M »-l l-l O 1-1 •H c_> 1—1 CJ > HI * or * <r —i <f CJ u i * o * •a. IU - ) CJ u i * * <s a cr 
rX "J (_j '1 <I <r o i-i £ O £ LL cu a « <* * 2 : Li l i  u * _ i 

tic u_ * * >. * u> * -
cr * * * U.I «T o >~ * r v * * L> * * 

r - :̂ CJ * •K r - * U-l a . •* 
rr o O « <r * CO tn * z * on en 5f * o cn m 
~3C z * * <t <i U 1 * <x <T <T * a * i 
_ l * UJ —1 _ i •¥ * _J _J k£ * * _J _ i 
• • * •K * * •* GO * * •K * « v C.1 * •» * CVI 

CJ CJ CJ C.J I.J CJ CJ CJ CJ O CJ l_> f_> CJ o o u o CJ CI CJ CJ r j CJ CJ o t > CJ O CJ CJ CJ CJ O c > CJ 
C ? o o o o o o o o c o c O o o O o o o tr O r-i o o r .i o o O O o o c o o o O c 
O o o o o o o o o c o o o o o o o o o o o o o D O O O o O o r j O o o o o o r.i 

IM ho <r i n >o r - o» CJ r - r o ir> •*> oo o CJ t — CM r»; <r i n •« a> o CJ ̂ _ rvi f% r m •<> ».»' I_I 
-* t n m i n i n i n i n i n -a O so •O ^ r ^ r 



C Thj7s -!iuETrout ine"~simply" P i c k s . UP a word from the i n P U 
C 1 i n e • 
C I t r e t u r n s t h e f i r s t 6 chars i n IARR end the inde;; 
C t o ILINE i n I . 

SUBROUTINE WORD<I»IARR) 
COMMON LIST,SYMB*IFNAM<10) » I L I N E < 8 0 ) ? IRADs-LOC 

1 ,PASS1 i>MAP.FINISH 
LOGICAL LISTJSYMBJPASSlfMAP*FINISH 
DIMENSION I A R R ( 3 ) 

C f i r s t c l e a r t h e word from l a s t time* 
DO 9 JL=1»3 
I A R R ( J L ) = 0 

9 CONTINUE 
C SO now we sJet t he r e a l S t u f f going ok 
r K = I 
1 , DO 1 I= K » 1 3 0 

CALL GETCCNCH,ItILINE) 
K TYPE " CHARACTER IS "»NCH 

I F <NCH.NE.32.AND,NCH.NE.9)GOTO 10 
CONTINUE 

! 

C THERE A I N T NO WORD LEFT SO FLAG IT 
X TYPE "WORD ERROR 0 

! i = - i 
RETURN 

p l e t ' s get t h a t word o l d sun 
10 K = I 

J=0 
L 0 0 P = I + 6 

> . DO 2 N=I,LQQP 
CALL G E T C ( N C H , N J I L I N E ) 
IF(NCH»EQ.32)G0T0 30 
CALL BITE < NCH » J,IARR) 

j J = J + 1 
2 CONTINUE 
u From here we have t o f l i p t o the next word 
:\o I = N 
0 Return our c u r r e n t l i n e p o i n t e r 

DO 3 N=I»130 
CALL GETC(NCH,N?ILINE) 
IF(NCH.EQ.32)G0T0 30 

31 CONTINUE 
30 I = N 
X WRITE(10, 1000)IARR(1 ) 

000 FORMAT <1H »"CURRENT WORD IS *»S6) 
X. TYPE "THE COUNTER I IS M 

RETURN 
END 



t bub r o u t i n e t o s t o r e 3 Date i n m e m m o r < 
» s i m i l a r t o SIXTH b i t e r o u t i n e used by 

where!-
CALL BITE ( inteder»integer»integer a r r a y ) 

!s t i n t e g e r i s c h a r a c t e r t o s t o r e 
2nd c h a r a c t e r i s where t o put i t 

i n t e g e r a r r a y i s where i t w i l l be put 

0 
E I T E : 

.TITLE FBITE 
> ENT BITE 5 
»TXTM 1 p 
• NREL 
» EXTD •CPYL, » FRET 

JSR G.CPYL 

WHAT ITS CALLED 
RDOS ROOOLS 

MASK1 
SAV3J 

LDA 0, 
MOVZL 
LDA i f 
ADDZ 0 
LDA 0 
STA 3, 
MOVZR 
LDA 2 » 
LDA 3, 
MOVZR 
SUB 3, 
MOVZR* 
MOVS 0 
ANDZ 3 
ADDZ 0 
MOVZR 
STA 2 i 
MOVZR* 
MOVS 0 
LDA 3, 
JSR e. 
177400 
0 
• END 

-165,3 
0,0 
(3-166,3 
1 

,0-167,3 
SAV3 
1,3 
0,3 
MASK1 
* 1,1,SNC 
•7 

1,1fSNC 
,0 

1,3 
0,3 
1 , 1,SNC? 

,0 
SAV3 
FRET 

i ADDRESS OF THE ARRAY 
5 BYTE POINTER 
i NO OF PLACES TO MOVE 

i CHAR TO STORE 

f WORD POINTER 
i GET IT 
f 
i BYTE? 
, EVEN 
> AGAIN - BYTE? 
i SWAP BYTE AT ZERO 
i REMOVE APPROPRAITE BITS 
? ADD IN NEW BITE 
5 WORD POINTER 
.» STORE IT 
COSMETIC? 
?SWAP BACK 
• READY 
7 G 0 t t » * » f r t v » 4 * * « » t t * + r « t + 4 t 4 t » f 



OVERLAY OBAN 
SUBROUTINE BANNER 
COMMON LISTPSYMBF .IFNAMC10) F ILINE< 80) » I RAH r LOC F PASS! F MAF' 
LOGICAL LISTtSYMBrPASSlrMAP 
TYPE 
TYPE 
TYPE 
TYPE 
TYPE 
TYPE 
TYPE 
TYPE 
TYPE 

ft********************************** 
* Durham U n i v e r s i t y 2 9 0 1 system * 

Cross assembler '* 
" >fr 

"* 
• * 

Version 1,00 
I n s t a l l e d 1 4 A p r i l 1 9 8 1 

******************************* 

1 0 3 

1 0 L 

io: 

io;j 

201* 
20<> 

1 0 4 

1.0! 

1 0 4 

IEXT=" 
CALL CDNCATCIFNAM?IEXT) 
WRITE<10»100)IFNAM(1) 
FORMAT <1H F"Assembly of 
I F < . N O T . L I ST)RETURN 
WRITE(4F101) 
FORMAT(1H F" 
URITE(4»102) 
FORMAT(1H »"* 
W R I T E ( 4 t 1 0 3 ) 
FORMAT(1H f ' * 
U R I T E < 4r104) 
U R I T E ( 4 F 2 0 5 ) 
U R I T E ( 4 F 2 0 6 ) 
WRITE<4»207) 
FORMAT(1H »"# 
FORMATdH »•* 
FORMAT(1H F ° * 
FORMAT(1H 
WRITE(4 F1 0 5 ) I F N A M ( 1 ) 
FORMAT(1H / / / / / " L I S T I N G 
CALL F G T I M ( I H F I M F I S ) 
W R I T E M F 1 0 6 ) I H » I M F I S 
FORMAT (1H / / / " L i s t i n g 
RETURN 
END 

f i l e "?S20> 

) 

L I S T I N G from Durham U n i v e r s i t y * " ) 

2901 system Cross Assembler *") 

Version 1 . 0 0 1 4 / 4 / 8 1 
*' ) 
* 1 ) 
* ° ) 
) 

FILE B F S 2 0 ) 

performed a t " r I 2 r F 1 2 1 2 ) 

'". A s i m r 
C detenu we are d e a l i n g w i t h 

o cS ̂  

0"ERLAY 0 1 TYPE 
l e s u b r o u t i n e which i s usee 
i n e t h e type of i n s t r u c t i o n 

! , Z S l 1 « » . I L I M E < 8 0 , . »ft> • LOC , PASS! . MAP 
LOGICAL LISTfSYMBrPASSlrMAP 
IC0M--0 

Scan f o r t h e f i r s t non-blank c h a r a c t e r i n the l i n e 
DO 1 0 0 1=0F130 
CALL G E T C ( N F I J I L I N E ) 
IF(N.EO.32.OR.N.EO.9)GOTO 100 
GOTO 9 9 9 
CONTINUE 
IC0M=0 
RETURN 
IC 0 M :" 2 
_IE(N.IJEQ.46)IC0M = 1 . 
IF(N.EQ.59)IC0M=0 
RETURN 



C f o r a PASS2 e x e c u t i v e 
2 I t 3 l s o causes Comments 3nd .Duser commancis t o be 
C w r i t t e n i n t o t h e l i s t f i l e r i f one i s a v a i l a b l e 

SUBROUTINE IFINEKICOM) 
COMMON LIST FSYMBFIFNAM<10> FILINE(80> FIRAD?LQCF PASS1 »MAP 

1 iFINISH 
LOGICAL LISTFSYMBFPASS1FMAPtFINISH 

2 Simply f i n d t h e f i r s t non-blank c h a r a c t e r 
< TYPE 0 INTO ROUTINE IFIND" 

DO 1 I * 0 v l 3 0 
CALL G E T C ( N C H A R » I F I L I N E > 
IF(NCHAR.EQ.32.0R»NCHAR.EQ,9)G0T0 1 
GOTO 10 

1 CONTINUE 
1-0 IF(NCHAR.EQ.46.0R.NCHAR,EQ.59)G0T0 20 
21f we Set here i t ' s 3 r e a l source l i n e 
• ICOM=2 
K TYPE "LEAVING ROUTINE IFIND" 
J RETURN 
2.- To get here i t ' s a .pseudo or 3 comment so i f we are LISTi.ng 
C l e t s get r i d of i t 
20 I F ( .NOT.LISDGOTO 30 

WRITE<4»1001)ILINE(1> 
1001 FORMAT(1H FSIOO) 
2 F i n a l l y s e t UP OP type and go 
30 IC0M=0 

IF<NCHAR.EQ.46)IC0M=1 
IJ TYPE 0 LEAVING IFIND SECT 2" 

RETURN 
END " 

C Does 3 s i m l p e Job »»•. Gets a l i n e 
C and echoes i t t o »»*»»•• 
' SUBROUTINE G E T L I N 
I- COMMON L I S T F S Y M B F I F N A M < 1 0 ) F I L I N E ( 8 0 ) FIRADFLDCFPASS 1FMAP 

LOGICAL LISTFSYMBFPASSIFMAP 
y' TYPE "READ FROM SOURCE F I L E ° 

R E A I K O F 1 0 0 F E N D = 1 0 0 0 F E R R = 2 0 0 0 ) ( I L I N E ( I ) F I = 1 F 8 0 ) 
X TYPE "READ DONE" 
:i00 F 0 R M A T ( 8 0 A 2 ) 
C Echo i t t o t h e l i s t i n g f i l e 
I ; Ok l e t s go 
999 RETURN 
1.000 TYPE ° E n d - o f - f i l e encountered w i t h no END s t a t e m e n t " 

TYPE " One cannot be assumed ERROR *2 " 
CALL RESET 
STOP 

2 0 0 0 TYPE "I/O ERROR ON INPUT F I L E SUGGEST YOU ° 
TYPE "CLEAR/A/D/V AND RESTART " 
CALL RESET 
STOP 
END _ 

*» 



rFINISH,MODE 
DIMENSION I A R R C 1 ) 
LOGICAL L I S T , S Y M B , P A S S 1 , M A P , F I N I S H 
TYPE • INTO OVERLAY TSTS-
I F I E L D ^ O 
I H I = 0 
ILO«0 
CALL I C L R ( I H I , 1 5 ) 
CALL I S E T < I H I i l 4 ) 

CALL I C L R ( I H I i l 3 ) 
1 0 I F ( I F I E L D . E Q . - l ) G O T O 9 9 9 

I F ( I F I E L D . E Q . l l . O R . I . E Q . - l > G O T 0 9999 
CALL SEARCH < JFLD >I ARR,I CODE) 

X. , WRITE( 1 0 , 6 3 9 ) I A R R < 1 > 
X 6 3 9 FORMAT(1H » "LOOKING A T 0 , S 6 ) 

I F < I C O D E , E Q . - l ) G O T O 999 
I&W=JFLD+2 
G O T O ( 3 0 0 0 > 1 0 0 , 2 0 0 , 3 0 0 , 4 0 0 , 3 0 0 ? 600,700 » 999 ? 999,999,999 » 8 0 0 ) I S W 
GOTO 9 9 9 

ltyO K L ~ I S H F T < I C 0 D E , 1 3 ) 
I H I = I O R ( I H I , K L ) 
I F I E L D = I F I E L D + 1 
CALL WORD<I,IARR) 
GOTO 1 0 

!Q0 K L - I S H F T ( I C O D E » 1 2 ) 
I H I - I O R ( I H I , K L > 
I F I E L D = I F I E L D + 1 
CALL W O R I K I , I A R R ) 
GOTO 1 0 

3Q0 K L = I S H F T < I C O D E , 9 ) 
I H I = I O R ( I H I , K L ) 
I F I E L D = I F I E L D + 1 
CALL W O R D ( I , I A R R ) 
GOTO 1 0 

4Q0 . K L - I S H F T ( I C O D E , 5 ) 
I H I = I O R < I H I » K L > 
I F I E L D = I F I E L D + 1 

, CALL W O R D ( I , I A R R ) 
GOTO 1 0 
K L = I S H F T ( I C O D E , 4 ) . 
I H I = 1 0 R ( I H I , K L ) 

i I F I E L D - I F I E L D + l 
| CALL U O R D < I P I A R R ) 
I GOTO 1 0 

6 0 0 K L = I S H F T ( I C O D E , 1 2 ) 
I L 0 = I 0 R < I L O , K L ) 
I F I E L D - I F I E L D + l 
CALL W O R D ( I ? I A R R ) 
GOTO 1 0 

7<j0 CALL I C L R ( I H I , 1 ) 
CALL I C L R ( I H I f O ) 
CALL ICLRtILO?15) 
TYPE " I found the Jump-
CALL LABSCAN <I,NCODE > 
KL = ISHFT(NCODE , 1 ) 
IL0==IQR<IL0»KL> 
I F I E L D " I F I E L D + 1 
CALL. WORD ( I , I ARR) 
GOTO 1 0 

9qo I L O = : I O R ( I L O , I C O D E ) 
I F I E L D = I F I E L D + 1 
CALL W O R D ( I , I A R R ) 
GOTO 1 0 

30)00 I S W * I F I E L D + 1 
GOTO ( 1 0 0 , 2 0 0 , 3 0 0 , 4 0 0 , 5 0 0 , . 6 0 0 , 7 0 0 , 8 0 0 ) I S W 
GOTO 999 

°^99 CALL HF.vU(2fL0C? 

iCjO 



GOTO(100,200»300 t400 »500 »600 ? 7 0 0 « 800)ISW 
GOTO 9 9 9 

9 9 9 9 CALL HEXW(2fL0C) 
CALL H E X W ( 2 » I H I ) 
CALL HEXW<2»IL0) 
WRITE<2J31) 

•31 FORMAT(1H ) 
IF <•NOT*LIST)GQTQ 9 0 0 1 
CALL HEXU(4rL0C) 
CALL HEXW(4,IHI) 
CALL H E X W M T I L Q ) 
WRITE(4 J 3 2 ) I L INE(1 ) 

•$2 FORMAT (1H , " 1 »S80) 
4001 RETURN 
999 WRITE<10,33) 

wRITE(10,34)ILINEU> 
33 FORMAT ( 1H > 8 Test and Branch i l l e g a l : - - " ) 
3 4 FORMAT ( 1 H ,S100> 

I H I = 0 
I ILO^O 
| GOTO 9999 

END 

l 
i 



<_• i n e H J t u 1 I ' I * b r u n t - - 1 , .t o n u y K t : a u n t ' r c J L i i u ;-< r u a I C J I I I I I I U 

C Second v e r s i o n does not uory about m i s s i n g or un d e f i n e d 
C i n s t r u c t i o n f i e l d s 

SUBROUTINE ALU(I»IARR) 
COMMON LIST,SYMB?IFNAM(10) f IL I.NE < 80 ) , IRAD » LOG t PASS1 

1 7 FINISH? MODE 
DIMENSION IARR<1) 
LOGICAL L I ST,SYMB,PASS 1,MAP ? f; INISH 

IFIELD=0 
I H l * 0 
IL0---0 
CALL ICLR(IHI?15) 
CALL ICLR<IHI,14) 
CALL ICLR(IHI,13) 
IF < IFIELD. EQ.-'l") GOTO 999 

C Go get 'em f l o y d 
10 IF(IFIELD.EQ.11.OR,I,EQ,~1>GQT0 9999 

CALL SEARCH(JFLD,IARR?ICODE) 
X TYPE "ASSEMBLING FIELD ", JFLD,IFIELD 

IF(ICODE,EG,-1>G0T0 999 
ISW~JFLD+2 
GOTO(3000y100,200,300,400,500,600,700,800>900, 

1 1000,1000,2000)ISU 
GOTO 999 

100 KL=ISHFT<ICODE,13) 
IHI = I O R ( I H I , K L ) 
IFIELD-IFIELD+1 
CALL WORD<I,IARR) 
GOTO 10 

200 KL -1SHFT(ICODE,12) 
IHI=IQR<IHI,KL) 
IFIELD=IFIELD+1 
CALL WORD(I,IARR) 
GOTO 10 

300 KL-ISHFT(IC0DE,9> 
I H I = I 0 R < I H I f K L ) 

IFIELD-IFIELD+1 
CALL WOREK I,IARR) 
GOTO 10 

400 KL-ISHFT(ICODE,5) 
IH I - I 0 R < I H I , K L ) 
IFIELD-IFIELD+1 
CALL WORD(I,IARR) 
GOTO 10 

500 KL-ISHFT(ICODE,4) 
I H I - I O R ( I H I , K L ) 
IFIELD-IFIELD+1 
CALL WORD(1,1ARR ) 
GOTO 10 

600 KL-ISHFT(IC0DE,2) 
I H I - I O R ( I H I , K L ) 
IFIELD-IFIELD+1 
CALL WORD(I,IARR) 
GOTO 10 

700 KL=ISHFT<ICODE»-l) 
IHI=IOR(IHI,KL) 
KL~IAND(ICODE,1) 
KL-ISHFT(KL,15) 
ILO~IOR(ILO,KL) 
IFIELD-IFIELD+1 
CALL WORD(I,IARR) 
GOTO 10 

800 KL-ISHFT(ICODE,12) 

ILO=IQR<ILQiKL) 
r A i i rs tr T 1 1 A I / T H A I . T o n . 'r s 



K L - I S H F T ( I V A L ? 5 > 
I L O = I O R ( I L O f K L ) 
CALL G E T V A L ( I V A L J I R E L S I > 
KL-ISHFT(IVALsl) 
I L O = :CDFi( IL.O .KL.) 
IFIELD-IFIELD+3 
CALL WORD(I»IARR) 
GOTO 1 0 
KL = ISHFT< IC-0DE»9) 
ILO=IOR<ILQ»KL> 
IFIELD=IFIELD+1 
CALL U O R D ( I J I A R R ) 
GOTO 10 
ILO=>0 
IHI=--0 
U R I T E ( 1 0 F 3 0 ) 
WRITE(4»30> 
FORMATdH ? " F i e l d ERROR i n ALU i n s t r u c t i o n ' > 
GOTO 9 9 9 ? 
ILO=IOR<ILO»ICODE) 
IFIELD=IFIELD+1 
CALL W Q R I K I F I A R R ) 
GOTO 1 0 
ISW=IFIELD+1 
GOTO ( 1 0 0 ? 2 0 0 t300 t400» 5 0 0 t600 >700 r800 ? 9 0 0 t1000 

f 1 0 0 0 > 2 0 0 0 ) I S W 
GOTO 9 9 9 
CALL HEXU<2»LQC) 
CALL HEXW<2tIHI) 
CALL HEXW(2»IL0) 
URITE<2»31 ) 
FORMAT (1H ) 
I F ( » N O T . L I S T ) G O T O 9 0 0 1 
CALL HEXU(4»L0C) 
CALL HEXW<4rIHI> 
J:ALL HEXW(4FILO> 
U R I T E ( 4 » 3 2 ) I L I N E ( 1 ) 
FORMAT (" B

P S 8 0 ) 
RETURN 
WRITE(10F33) 
WRITEC10»34)ILINE( 1 ) 
FORMAT(1H r* F I E L D ERROR HAS OCCURED IN L I N E • 
FORMAT <1H PSIOO) 
GOTO 9 9 9 9 
END 



SUBROUTINE: L I T U » I A R R ) 
COMMON L I S T , S Y M B , I F N A M < 1 0 ) , I L I N E ( B O ) > I RAD,LOC»PASS 1,MAP 

1 tFINISH,MODE 
DIMENSION IARRCl) 
LOGICAL L I ST,SYMB,PASS 1 , MAP , F I N I S H 
TYPE " I N L I T F I E L D PROG B 

I F I E L D - 0 
I H I - 0 
ILO = 0 
CALL I S E T < I H I i l 5 ) 
CALL I C L R < I H I , 1 4 > 
CALL I C L R ( I H I , 1 3 > 

1 0 I F ( I F I E L D , EC).--1) GOTO 9 9 9 
I F < I F I E L D . G T . 7 . 0 R . I . E Q . - 1 ) G 0 T G 9 9 9 9 
CALL S E A R C H ( J F L D » I A R R , I C O D E ) 
I F ( I C 0 D E , E Q . - 1 ) G 0 T 0 9 9 9 
IS W - J F L D + 2 
I F ( I S W . G T . 9 ) G 0 T 0 9 9 9 
GOTO(3000 ? 1 0 0 , 2 0 0 , 3 0 0 ? 4 0 0 ? 5 0 0 , 6 0 0 ? 7 0 0 , 8 0 0 ) I S W 
GOTO 9 9 9 

1 0 0 K L - I S H F T ( I C O D E , 1 3 ) 
I H I - I O R ( K L , I H I ) 
I F I E L D - I F I E L D + 1 
CALL WORD(I»IARR) 
GOTO 1 0 

2 0 0 K L = I S H F T ( I C 0 D E , 1 2 ) 
I H I - I Q R ( I H I , K L ) 
I F I E L D = I F I E L D + 1 
CALL WORD(I»IARR) 
GOTO 1 0 

.300 K L - I S H F T ( I C O D E , 9 ) 
I H I - I O R ( I H I , K L ) 
I F I E L D - I F I E L D + 1 
CALL WORD(I,IARR) 
GOTO 1 0 

4 0 0 K L - I S H F T < I C O D E , 5 ) 
I H I - I O R ( I H I , K L ) 
I F I E L D - I F I E L D + 1 
CALL W O R D ( I , I A R R ) 
GOTO 1 0 

5 0 0 K L = I S H F T ( I C O D E , 4 ) 
I H I - 1 0 R ( I H I , K L ) 
I F I E L D - I F I E L D + 1 
CALL. WORD ( I , I ARR) 
GOTO 1 0 

6 0 0 KI..-ISHFT( I C 0 D E , 2 ) 
I H I - I O R ( I H I , K L ) 
I F I E L D - I F I E L D + 1 
CALL W O R I K I , I A R R ) 
GOTO 1 0 

7 0 0 K L - I S H F T ( I C O D E , - 1 ) 
X TYPE " I AMM ASSEMBLING A",ICODE 

I H I - I O R ( I H I i K L ) 
K L = I A N D ( I C O D E , 1 ) 
K L - I S H F T ( K L , 1 5 ) 
IL.Q-.T.QR( I L Q » K L ) 
I F I E L D - I F I E L D + 1 
CALL W O R D ( I , I A R R ) 
GOTO 1 0 

9 0 0 K L - 1 S H F T ( I CODE ? 1 2 ) 
X TYPE " I ' M ASSEMBLING AN"rICODE 

I L 0 = I O R ( I L O , K L ) 
CALL GETVALCL V A L J I R E L , 1 ) 

X TYPE "GOT A REGISTER VALUE"rIVAL 
I, • i - T a u C T / THAI . <"-" 



I L O = I Q R < I L O J K L ) 
CALL GETVALCIVALrIRELTI) 

X TYPE 'GOTO A DATUM" pIVAL 
KL==ISHFT( IVAL»-5) 
KL=ISHFT(KL >9) 
ILO=IOR<ILO»KL) 
K'L-I AND ( IV A L p 31 ) i , 
ILD = IOR(ILO»KL> . 
CALL WORD(IiIARR) 
GOTO 10 

3000 ISW-JFIELD+1 
GOTO < 100 > 200 ? 300 » 4 0 0 s 5 0 0 v 6 0 0 v 7 0 0 0 0 0 > ISW 
BOTO 999 

9999 CALL HEXU(2»L0C> 
CALL HEXU(2?'IHI) 
CALL HEXW(2?IL0) 
WRITEC2»31-) 

31 FORMAT(1H ) 
IF(,NOT.LIST)GOTO 9 0 0 1 
CALL HEXW(4rL0C) 
CALL HEXW(4fIHI) 
CALL HEXW<4>ILO) 
URITE(4»32)ILINE<1) 

32 FORMAT(0 ° ? S 8 0 ) 
9001 RETURN 
999 WRITE(10»33) 

WRITE(10?34)ILINE ( 1 ) 
33 FORMAT(1H , " L i t e r a l F i e l d E r r o r occurs i n " ) 
34 FORMAT(1H fS100) 

I H I = 0 
ILO-0 
GOTO 9999 
im 



SUBROUTINE HEXW<ICHAN»NO) 
COMMON L I S T F S Y M B F I F N A M < 1 0 ) , 1 L I N E ( 8 0 ) t I R A D rLOC r PASS1iMAP 

1 tFINISH?MODE 
:' DIMENSION I S T K ( 5 0 ) ? IW 0 ( 8 ) ? 10 U T ( 16) 

LOGICAL LIST»SYMB»PABSl»r1AF»FINISH 
X TYPE 0 R A D I X = ° »IRAD ? "CHANNEL-"" ? I CHAN 
X TYPE. "NUMBER"" »NQ» " - " PINUMB 

I R = I R A D 
INUMB-NO 
DO 1 1 = 1 , 1 6 
I O U T ( I ) - 0 
CONTINUE 
NASC==4 
I F < I R A D . E Q , 2 ) N A S C - 1 6 
I F < I R A D . E Q . 8 ) N A S C = 6 
I F ( IRAD.EQ. 10)NASC==5 
I F ( I R A D » E O . 1 6 ) N A S C = 4 
CALL B A S E ( N A S C F I R » I N U M B * I S T K » I O U T ) 
DO 2 1 = 0 » 1 5 
J = I + 1 
N C H = I O U T ( J ) 
CALL B I T E ( N C H J I , I W O ) 
CONTINUE 
I F ( N A S C . E G , 5 ) G Q T 0 2 0 0 
I F < N A S C . E Q * 4 ) G 0 T 0 1 0 0 
I F ( N A S C . E G . 6 ) G 0 T Q 3 0 0 
IFCNASC.EQ.16)GOT0 4 0 0 
GOTO 1 0 0 

:,00 
:.01 

U R I T E ( I C H A N F 1 0 1 > I W O < 1 ) 
FORMAT(1H >S4»* 0 t I ) 
RETURN 

: i o o 
:!01 

WRITE<ICHANi>201)IW0<l) 
FORMAT(1H >S5F° "»Z> 
RETURN 

!!00 
;ioi 

W R I T E ( I C H A N F 3 0 1 ) I W 0 ( 1 ) 
FORMAT(1H ,S6," "»Z) 
RETURN 

-tOO 
' 0 1 

W R I T E ( I C H A N J 4 0 1 ) I W O < 1 ) 
FORMAT ( 1 H ,S16»" S Z ) 
RETURN 



SUBROUTINE SEARCH (IF I E L D J I AKK ? ICulJfc.) 
DIMENSION IARfi<3)FJARR(3> 
REWIND (3 
REWIND .1 

10 READ(8 «100 F END-999)IF I ELD ? JARR(1),ICODE 
100 F0RMAT<I2F1X»S6FI2> 

DO 1 K=0»5 
CALL GETC<ICHFKFIARR) 
CALL GETC(JCH F K F JARR) 
I F <ICH.NE.JCH.AND . J. C H . N E . 0 .AND,JCH,NE,0)GOTO 10 

1 CONTINUE 
C Found i t so back we do 

RETURN 
C Not i n the i n s t r u c t i o n f i o l e so we look i n duser 
999 READ<1,101,END-1000)IFIELD ,JARR(1 ) rICODE 
101 FORMAT*I2F1XFS6F14) 
X WRITE<10t102) IFIELDFJARR<1),ICODE 
X I 0 2 FORMAT(1H F I 2 ? S 6 ? I 2 ) 

DO 2 K = 0F5 
CALL G E T C ( I C H F K F I A R R ) 
CALL GETC<JCHFKFJARR) 

X TYPE "COMMPARING I CM',ICH, 'JCH•,JCH 
CF(ICH.NE.JCH.AND.ICH.NE.O)GOTO 9 9 9 

2 CONTINUE 
RETURN 

1000 W RIT E ( 10 y 10 01 ) IA R R < 1 ) 
WRITE(4F1001)IARR<1) 

1001 F 0 R M A T ( 1H ? " U n k n o w n I n s t r u c t i o n P 3 r t o r t y p e r r S 6 ) 

IC0DE=-1 
IFIELD=-1 
RETURN 
END 

SUBROUTINE CLEANUP 
COMMON L I S T y SYMB » I F N A M ( 1 0 ) • I L I N E \ B O ) , I RAD? LOG,PA 3 S1?MAP 

1 FFINISHFMODE 
LOGICAL L I S T FSYMBFPASS1FMAPFFINISH 
TYPE '2901 Cross Assembly complete" 
TYPE "Output i n .RB f i l e v e r i f i e d " 
CALL RESET 
I E X T ^ ' S C 
CALL C O N C A T ( I F N A M F I EXT) 
CALL DELETE (.IFNAMF I E R ) 
IF( • NOT.SYMB >GOTO 10 
I E X T ~ ' S T " 
CALL CONCAT ( IFNAMF IEXT ;• 
CALL D E L E T E ( I F N A M F I E R ) 

0 I F ( S Y M B ) T Y P E "Symbol Table KEPT warning" 
RETURN 



SUBROUTINE LAtfbUAN iI rNCODE) 
COMMON L I S T » SYMB* I FN AM (10) ?ILINE < 80.) JIRAD ? LQC» MAP 

1 »FINISH*MODE 
DIMENSION IARR(3> * I I N<3) 
LOGICAL LIST»SYMB»MAP»FINISH 
REWIND 3 
DO 5 JK=1»3 
I I N U K ) = 0 

5 CONTINUE 
NCQUNT=I 
CALL . WORD(NCOUNT»IARR) 
IF<NC0UNT.EQ.-1)G0T0 1 0 0 

10 READ<3»50»END=999 ) I IN<1) iNTMP 
50 FORHAT(SA»15) 

DO 2 IKL=0»5 
CALL GETC(NCH1»IKL?IIN) 
CALL GETC(NCH2rIKL»IARR) 

:< TYPE "COMPARING" > NCH1? NCH2 
IF(NCH1 .NE.NCH2.AND.NCH2.NE.0)GOTO 1 0 

2 CONTINUE 
NCODE~NTMP 
I=NCOUNT 

X TYPE , I = * f I 
100 CALL GETVAL(IVAL rIREL >I) 

IF(IREL.EQ.O)NCODE=IVAL 
IF(IREL.EQ.1)NCODE=NCODE+IVAL 
IF(IREL.EQ.2)NCQDE=NC0DE-IVAL 

X TYPE "NCQDE"?NCODE ?"NTMP °,NTMPf • I V A L " * I V A L T " I R E L " , I R E L 
X TYPE " I " 9 I?"SUBROUTINE LABSCAN" 

RETURN 
999 WRITE(10f31) 

U R I T E ( 1 0 i 3 2 ) I L I N E ( l ) 
IF<.N0T.LIST)GQT0 9001 
URITE<4»31) 
W R I T E ( 4 r 3 2 ) I L I N E ( l ) 

9001 RETURN 
31 FORMAT(1H »"Un d e f i n e d l a b e l e r r o r ; - 0 ) 
32 FORMAT(1H ,5100) 

END 
I TYPE•» PSEUD.iLABELS *»FASM.JCONCAT.JTEST.ISETUP.»TST.,ALU.vWQRD. »' 
GETLIN. »HEXU. rGETVAL, rGETC. f I FIND . v C I... GET. »BITE. iMAIN. * BANNER. »LIT 
BASE.fSEARCH.»CLEANUP.»LABSCAN.»FRED . " 
End of L i s t i n g 



1000 CONSTANT EQUATES EQUATES 16 + CONSTANT MSTCK ISTCK A + CONSTANT DOSTK 30STK 4 + CONSTANT PREFIX -REFIX 2 + CONSTANT ST 3T 2 + CONSTANT WB ^ <JS 2 + CONSTANT WE <JE 2 + CONSTANT DL 1 2 + CONSTANT LAST LAST 2 + CONSTANT RDX RDX 2 + CONSTANT NFLAG UFLAG 2 + CONSTANT DP DP 2 + CONSTANT STATE STATE 2 + CONSTANT OPSTK (pPSTK 6 + CONSTANT CTIME 
CONSTANT 0 L CONSTANT 1 ? CONSTANT 2 CONSTANT 3 

OCT 8 RDX !W ; HEX 10 RDX !W ; DEC A RDX !W : DUP POP PUSH PUSH ; DROP POP ; OVER SWAP DUP POP STK SWAP UNST PUSH ; ROT SWAP POP STK SWAP UNST PUSH 5 HERE DP 3>W ; 1- 1 - ; 1+ 1 + : 
1 1W " 3> 5)W \ 

' A l DUP S) 1+ SWAP ! 5 DP! DP 3 ! DP 5) 2 +• DP ! J WNUM WORD NUMBER 5 L9 7 LEFT 2 LEFT ; 

MOVE IMMEDIATE 2000 WNUM + WNUM L9 + DP! 5 SUB IMMEDIATE 9080 WNUM + WNUM L9 + DP! 5 SUBW IMMEDIATE 9040 WNUM + WNUM L9 + DP! ; AND IMMEDIATE COBO WNUM + WNUM L9 + DP! ; PSHS IMMEDIATE 2F00 DP! : PULS IMMEDIATE 201F DP! : MASK POP MOVE 0 1 POP AND 1 0 PUSH ; B2 6000 + DP! HERE DUP 0 DP! ROT POP MOVE 0 1 POP SUBW.l 0 PUSH SWAP BRA IMMEDIATE 0000 B2 ; BEQ IMMEDIATE 0700 B2 ; BNE IMMEDIATE 0600 B2 5 BLE IMMEDIATE OFOO B2 ; BGT IMMEDIATE OEOO B2 5 BGE IMMEDIATE OCOO B2 ; BPL IMMEDIATE OAOO B2 : LT IMMEDIATE ODOO B2 ; TE IMMEDIATE 4E73 DP! 
f 

SYRES IMMEDIATE 4E70 DP! ENINT IMMEDIATE 027C DP! F8FF DP! 5 DISINT IMMEDIATE 007C DP! 0700 DP! 

FRAME IMMEDIATE 48E7 DP! FFFE DP! 
UNFRAME IMMEDIATE 4CDF DP! 7FFF DP 

$INT IMMEDIATE INTEGER ; CALL 4EB8 DP! ; $ IMMEDIATE 4EB8 DP! WORD FIND 8 + DP! ; $$ IMMEDIATE WORD FIND 8 + : 
=> IMMEDIATE CALL ** CALL *INT DP! WORD FIND 8 + 5 <= IMMEDIATE INTEGER => DP! *INT DP! : <D0 POP STK POP STK POP STK : ""•LOOP UNST UNST UNST : DO IMMEDIATE 2D3C DP! 0 DP! HERE 0 DP! => <D0 <= HERE ; <LOOP UNST PUSH MOVE 0 5 UNST PUSH SUB 0 5 1 + POP STK POP STK MOVE 5 0 : LOOP IMMEDIATE => <LOOP <= * BGT HERE SWAP ! => LOOP <= ; ABORT "LOOP PULS : 
NEXT PULS UNST PSHS UNST PSHS UNST PUSH STK PULS STK PULS STK 8 - POP PSHS STOP PULS UNST PUSH UNST PUSH UNST PSHS STK POP STK POP STK 5 QUIT PULS : I UNST PSHS UNST PUSH STK PULS STK s SK IMMEDIATE WNUM HERE + : 
= POP MOVE 0 1 POP SUB 1 0 SK C BEQ 0 SK 8 BRA 1 POP « > POP MOVE 0 1 POP SUB 1 0 SK C BGT 0 SK 8 BRA 1 POP : < POP MOVE 0 1 POP SUB 1 0 SK C BLT 0 SK 8 BRA 1 POP ! CRLF * " BASE RDX h DUP DEC , RDX ! : 
=0SKIP MOVE 0 1 HERE 8 + * BEQ 4EF8 DP! 0 DP! s >OSKIP MOVE 0 1 HERE 8 + $ BGT 4EF8 DP! 0 DP! ; 



I F IMMEDIATE >OSKIP HERE 2 - -
THEN IMMEDIATE HERE SWAP ! : 
ELSE IMMEDIATE 4EF8 DP! 0 DP! * THEN HERE 2 - j 
=< OVER OVER < I F DROP DROP ELSE = THEN J 
>= OVER OVER > I F DROP DROP ELSE = THEN } 
<> OVER OVER < I F SWAP THEN : 
BYTE DUP S)B SWAP 1 + SWAP s 
< IMMEDIATE WB 3 DUP 100 1 DO BYTE 2 9 = I F DROP I + WE ! 

THEN LOOP DROP. DROP ; 
ARRAY IMMEDIATE 2 * DUP DUP 2D3C DP! 0 DP! DP! 

2D3C DP! 0 DP! HERE 6 + DP! HERE 4 + + 

ABORT 

( PUTS SIZE,ADDX ON STACK ) $ BRA DP 3 + DP 
CT1ME 6 + CONSTANT GT 

GT 4 + CONSTANT ST 
s WIDTH VARIARl h ; 
: ULL1M WORD WB o> DUP GT ! GT A l 3B s 
: F I L L 0 WIDTH ! DP 3 1 0 + ST ! DELIM 100 1 DO GT 3 3B GT A l 
OVER OVER = I F DROP DROP WIDTH 3 GT 3 WE ! 0 ST 3 !B ABORT 
THEN WIDTH A l 6T 3 !B ST " 1 LOOP ; ( F I L L S AFTER THE RTS ) 

: STRING IMMEDIATE F I L L 1 + 2 / $ ARRAY ; 
: LOG WORD FIND j ( LOCATES A WORD IN THE DICTIONARY ) 
: SPACE 20 TO ; ( TYPE 1 SPACES ) 
SPACES i DO SPACE LOOP L I S T DO I 3B . SPACE LO&F ; 
SAY TYPE • 
STR1 STRING '/.THERE ARE 7. ; 
STR2 STRING 7. DEFINITIONS'*/. ; 
DEFN DUP 3B . SPACE 1 + DUP 3B 
NAME 3 0 DO DUP I + 3B TO LOOP 
STR3 STRING 7.N0T FOUND 7. t 
STR4 STRING /.DEFINITION KEPT7. 
BEGIN IMMEDIATE HERE : 
END IMMEDIATE 4EF8 DP! DP! : 

( MEMORY DUMP ) 

1 + SPACE 

3 ( 68K P I AS ) 
£FF40 
P I A 
P I A 1 
P I A 2 
P I A 3 
P I A 4 
PIA 5 
PI A 6 
PIA 7 

CONSTANT 
CONSTANT 
CONSTANT 
CONSTANT 
CONSTANT 
CONSTANT 
CONSTANT 
CONSTANT 
CONSTANT 

PI A 
DRA2 
DRA1 
DRB2 
DRB1 
CRA2 
CRA1 
CRB2 
CRB1 

( BASE 
( PIA2 
( P I A 1 
< PIA2 
( PIA1 
< PIA2 
( PIA1 
( PIA2 
( PIA1 

ADDRESS ) 
A SIDE DATA REG ) 
A SIDE DATA REG ) 
B SIDE DATA REG ) 
B SIDE DATA REG > 
A SIDE CONTROL REG ) 
A SIDE CONTROL REG ) 
B SIDE CONTROL REG ) 
B SIDE CONTROL REG ) 

( PTM REGISTERS 
3FF61 CONSTANT PTM 
PTM CONSTANT WR3 
PTM CONSTANT WR1 
PTM 2 + CONSTANT WR2 
PTM 4 + CONSTANT T # l 
PTM 6 + CONSTANT WT#1 
PTM 8 + CONSTANT T#2 
PTM A + CONSTANT WT#2 
PTM C + CONSTANT T#3 
PTM E + CONSTANT WT#3 

( HIGHWAY CONTROLLER TABLES ) 
( PRIMARY TABLE ) 

800 CONSTANT PT 
PT CONSTANT CTUSW 
CTUSW 2 + CONSTANT CTUCW 
CTUCW 2 + CONSTANT PTPT 

+ CONSTANT PTBS 
+ CONSTANT PTSS 
+ CONSTANT PTST 
+ CONSTANT STSP 
+ CONSTANT REC 

CONSTANT RC 
CONSTANT NRC 
CONSTANT OTA 

CONSTANT OT 
CONSTANT ITA 
CONSTANT I T 

2 
2 
2 
4 

PTPT 
PTBS 
PTSS 
PTST 
STSP 
REC 2 + 
=C 2 + 
NRC 2 + 
DTA 2 + 
DT A + 
ITA 2 + 

( PRIMARY TABLE POINTER > 
< CONTROLLER TERMINAL UNIT STATUS WORD ) 
( CONTROLLER TERMINAL UNIT CONTROL WORD ) 
( POINTER TO POLLING TABLE ) 
( POINTER TO BUFFER STORE ) 
( POINTER TO STATUS STORE ) 
( POINTER TO STATUS STORE ) 
( SELF TEST SCRATCHPAD ) 
( RECEIVE ERROR COUNTER ) 
( REPEAT COUNTER ) 
( NULL REPEAT CONUNTER ) 
< OUT TIME AVAILABLE ) 

( OUT TIME ) 
( I N TIME AVAILABLE ) 
( I N TIME ) 

( STATUS TABLE ) 
300 CONSTANT ST 
( SIZE STORE )' 

nnMr«TAhiT MOP 



( BUFFER STORE ) 
ECO CONSTANT BS 
< POLLING TABLES ) 
900 CONSTANT PTA 
DOG CONSTANT PTB 

( POLLING TABLE A ) 
( POLLING TABLE B") 

( CHANNEL CONTROL WORD ) 
10000 CONSTANT CCW 
< CONTROL WORDS ) 
CONSTANT GO 
CONSTANT CSTOP 

J* CONSTANT OFF I NT 
CONSTANT ONINT 

V CONSTANT RESET 

( START TERMINAL UNIT > 
( STOP TERMINAL UNIT ) 
( SWITCH OFF INTERRUPTS ) 
< SWITCH ON AND CLEAR INTERRUPTS ) 
< RESET AND HALT TERMINAL UNIT ) 

LOCATE IMMEDIATE LOC ; 
INTER PULS 2670 POP FSHS ; ( JMP TO INTERPRET LOOP ) 
MACSBUG PULS 2013A POP PSHS ; ( JMPS STRAIGHT TO MACS CLI ) 
SERROR CRLF STRING "/.ERROR"/ SAY CRLF INTER ; ( TRAP ERROR ) 
SABORT CRLF STRING "/.ABORT"/. SAY 
CRLF INTER ; ( ABORT BUTTON HANDLER ) 
( REAL TIME CLOCK ) 

( 

INV SWAP 

10020 CONSTANT CLOCK 
INV -1 SWAP - ; 
. . INV F MASK . ; 
4INV INV F MASK ; 
CCLEAR 2 * CLOCK'+ 0 
,CREAD 2 * CLOCK + S> ; 
JSTOPCLOCK 0 INV CLOCK E 
iGOCLOCK 0 INV CLOCK ! 1 
'CSTORE 2 * CLOCK + SWAP 
'STOD 1 0 DO WORD NUMBER 

5 0 DO WORD NUMBER 
^4INV INV F MASK : 
_CREAD 10 1 DO DUP CREAD DUP 4INV F MASh 

THEN DROP LOOP SWAP DROP : 
GTOD 9 1 DO I CREAD 4INV LOOP C B DO I 
TIME GTOD . . 3A TO 

. . 3A TO 

. . 3A TO 

. . 3A TO 

. . 3A TO 

ADDRESS 0 OF REAL TIME CLOCK ) 
( DAT FROM CLOCK IS COMPLIMENTED ) 
( AND ONLY LOWER THREE BITS IS VALID ) 

CLOCK LOCATION ) 
A CLOCK LOCATION ) 

i ( CLEARS A 
( READS FROM 

2 % + ' • 
INV CLOCK E 2 * + ! ; 
INV SWAP ! ; ( STORES DATA AT CLOCK LOCN ) 
C I - CSTORE LOOP 
9 I - CSTORE LOOP : ( SET A NEW TIME ) 

F < IF SWAP DROP ABORT 
CREAD 4INV LOOP ; 

( VDM DRIVERS ) 
: UNIT 00 CRB2 !B FF DRB2 !B 04 CRB2 
I 00 CRA2 !B FO DRA2 !B 7 CRA2 !B 

!B ( A L L OUTPUTS ) 
; ( 4 I/P 4 0/P ) 

!B 34 CRB2 !B 3 1 DO LOOP 
( CLEAR THE VDM3 MODULE ) 

( PULSE CRB2-2 ) 1!TO DRB2 !B 3C CRB2 
!CL 02 !T0 ; 
DEL 0 DO LOOP ; 
1CLA 1CL 15 DEL 'CL 15 DEL • 
!TYPE SWAP 1- 0 DO DUP I + &B !T0 LOOP DROP ; ( TYPE TO VDM3 ) 
!. DISSECT 1 DO !T0 LOOP ; ( LCD PRINT ROUTINE ) 
!SAY !TYPE ; ( SECOND STRING SAY COMMAND FOR VDM3 ) 
!TIME GTOD 5 1 DO !. !. 3A !T0 LOOP !. ; 

( HIGHWAY CONTROLLER DRIVERS ) 
( STATUS TABLE FIELDS ) 
•fNAK 2 * ST + 3 4000 MASK 4000 / : ( STACKS NAK BIT FOR A TERMINAL ) 
#NR 2 * ST + 3 8000 MASK 8000 / ; ( STACKS NR BIT FOR A TERMINAL ) 
#IMM 2 * ST + S> FF MASK ; ( STACKS INFORMATION MONITOR ) 
#EM 2 * ST + 5) 3F00 MASK 100 / ; ( STACKS ERROR MONITOR ) 

( GET ALL STATUS ON A PARTICULAR TERMINAL ) 
• tfGTSTATS DUP *IMM SWAP DUP #EM SWAP DUP #NR SWAP 4»NAK : 

( ORDER OFF STACK -> NAK,NR,EM,IMM ) 



CONTROLLER STATUS ) 
«STOP CTUSW 3 1 MASK : ( STACKS START/STOP BIT ) 
••ACTIVE CTUSW 3 2 MASK 2 / ; < STACKS ACTIVE/PASSIVE BIT ) 
ttOGP CTUSW 3 4 MASK 4 / ; < STACKS OVERRIDE GO PASSIVE BIT ) 
ttCONT CTUSW 3 8 MASK 8 / ; ( STACKS CONTENTION BIT ) 
#FAIL CTUSW 3 FFOO MASK lOO / 5 ( STACKS STORE FAIL BITS ) 
ttCABLE CTUCW 3 6 MASK 2 / ; ( STACKS SELECTED CABLE > 
GET CONTROLLER STATISTICS ) 
ttGCSTATS RC 3 NRC 3 ttCABLE #ACTIVE ttSTOP REC 3 ; 

SOME USEFUL STRINGS ) 
¥NAK STRING 7.NAK 7. ; 
¥NR STRING 7.NR 7. ; 
¥ERR STRING 7.ERRORS 7. 5 
¥TERM STRING 7.TERMINAL 7. ; 
¥TIM STRING 7.SYSTEM TIME 7. ; 
¥HEAD STRING 7.***MICROLINK***7. ; 
¥CONT STRING 7.CONT. STATUS 7. ; 
¥RC STRING 7.REPEATS 7. 5 
¥NRC STRING 7.NULL RPTS 7. ; 
¥CABLE STRING 7.CABLE NO. 7. ; 
¥ACT STRING 7.ACT/PASS 7. : 
¥REC STRING 7.REC. ERRS. 7. ; 
¥STARTING STRING 7.START CONTROLLER"/ ; 
¥STOPPING STRING 7.STOP C0NTR0LLER7. ; 
¥NEWTIME STRING 7.SET NEW TIME 7. ; 
¥NEWSYNCH STRING 7.NEW SYNCH TIME 7. : 
¥SELECT STRING 7.CABLE NO.? 7. ; 
¥PASSIVE STRING 7.GO PASSIVE 7. ; 
¥OK STRING 7.0K 7. ; 
¥NEWONE STRING 7.ADD TERMINAL NO.7. ; 
¥TERMINAL? STRING 7.TERMINAL N0.77. ; 
¥RESTERM STRING 7.RESET TERMINAL ?7. ; 
¥RESETTING STRING 7.RESET CONTROLLER7. ; 

TERMINAL STATISTICS DISPLAY LOOP ) 
TDIS !CLA ¥TERM !SAY DUP !. 800 DEL OD !TO 
GTSTATS ¥NAK !SAY !. 1000 DEL !CL 12 DEL 
NR !SAY !. 1000 DEL !CL 12 DEL 
ERR !SAY !. ; 

CONTROLLER STATISTICS DISPLAY LOOP ) 
CD IS ttGCSTATS ¥CONT !SAY 800 DEL OD !T0 
REC !SAY !, 1000 DEL !CL 12 DEL 
ROP 
}CT !SAY !. 1000 DEL !CL 12 DEL 
3ABLE !SAY !. 1000 DEL !CL 12 DEL 
\|RC !SAY !. 1000 DEL !CL 12 DEL 
*C !SAY !. 1000 DEL : 
HUTDOWN SYRES 0 F CSTORE DISINT ; ( ROUTINE TO STOP THE I NTS ) 
:LEARTAB DUP FF + SWAP DO 0 I !B LOOP ; ( CLEAR CONT. TABLE ) 
.ETPER ( SETUP PERIPHERALS AND CLEAR TABLES ) 
) CSTORE ( NOT TEST. JUST IN CASE!! ) 
CSTORE ( CLOCK INT EVERY 5 SECS ) 

:READ DROP ( I N CASE IT NEEDS CLEARING ) 
JIT 

IR2 !B 1 WR3 !B 1 WR2 !B 42 WR1 !B OF Tttl !B 80 WTttl !B 
( SET UP PTM TO GIVE 1/100THS ) 

RESET CCW ! ( NOW FOR THE CONTROLLER ) 
PT CLEARTAB 
PTA CLEARTAB 
PTB CLEARTAB 
HSS CLEARTAB 
BS CLEARTAB 
ST CLEARTAB ( CLEAR A BIT OF ALL THE TABLES ) 
PTA 2 / PTPT ! ( GIVE IT SOMETHING TO.CHEW ON.) 
1 CTUSW ! ; ( SET STOPPED TO AVOID CONFUSION ) 

STOP BEGIN #STOF 1 = IF QUIT THEN END ; 
CPOL PTPT 3 1 LEFT DUP PTA = IF PTB ELSE .PTA THEN DUP 

( GET SECONDARY TABLE > 
2 / 
CSTOP CCW ! WSTOP ( FLAG STOP AND WAIT ) 
PTPT ! ( STORE SECONDARY ) 
GO CCW ! ( RESTART CONTROLLER ) 
FF 0 DO OVER OVER I 2 * + 3 ( READ FROM NEW TABLE ) 
7FFF MASK SWAP I 2 * + ! < PUT IN OLD TABLE ) 
LOOP • 
DROP 2 / 



CSTOP CCW ! WSTOP 
PTPT ! 
GO CCW ! ! 

( FLAG STOP & WAIT ) 
( PUT BACK MODIFIED NEW TABLE ) 
( RESTART CONTROLLER > 

INTERRUPT HANDLER FOR CLOCK ) 
WILL UPDATE OUT-TIME IF OTA IS CLEAR ) 

$T 4 + CONSTANT TOT 
IRQ3 FRAME RDX 3 HEX F CREAD DROP OTA 3 8000 MASK 0 = IF 

0 TOT 1 GTOD < SET UP FOR START ) 
A * + 5 LEFT TOT ! 
A * + TOT 3 + 5 LEFT TOT ! 
A * + TOT 3 + OT 2 + ! < MONTH, DAY & HOURS ) 
0 TOT ! 
A * + 6 LEFT TOT ! A * + TOT 3 + 4 LEFT + OT ! 

( MINUTES SECONDS TENTHS ) 
CTIME 2 + 3 CTIME 4 + .3 CTIME 3 ( GET SYNCH TIME ) 

10OO * 7BD + OT 4 + ! < 1/10THS AND YEAR ) 
OT 6 + ! 
OT 8 + 1 < MULTIPLES OF TENTHS ) 
8000 OTA ! 
THEN 
RDX ! 

UNFRAME RTE ; 
fTHIS IS THE POINT WHEN WE CHANGE FROM EPROM TO RAM !! ) 
•-K VARIABLE ; _ , 
KEEP WORD FIND .K ! ? ( WRITE PROTECTS DICTIONARY SPACE ) 
WHAT CRLF DL 3 1000 1 DO DUP DUP . SPACE DEFN NAME SWAP 
.K 3 = IF DROP ABORT THEN 4 + 3 CRLF DUP 0 = IF STR1 SAY 
RDX 3 DEC I . RDX ! STR2 SAY 
DROP ABORT THEN LOOP DROP ; 

FORGET WORD FIND DUP 0 = IF 
CRLF DROP STR3 SAY ELSE DUP .K 3 =< IF 

I CRLF DROP STR4 SAY ELSE DUP DP ! 6 + 3 DL ! 
THEN THEN ; ( FORGETS ALL DEFNS UP TO THE SELECTED ONE ) 

INTERRUPT STUFF ) 
INSTALL 4 * 60 + LOC 8 + SWAP !L ; 
) : ST2 ARRAY ; 
ALINE VARIABLE ; 
WP VARIABLE : 
RP VARIABLE ; 
INTERRUPT HANDLER FOR KEYPAD USING CIRCULAR BUFFER ST2 ) 
IRQ4 FRAME DRA2 3B DUP 9 > IF 37 + ELSE 30 + 

THEN WP 3 1+ RP 3 = IF DROP UNFRAME RTE 
THEN DUP 46 = IF DROP OD ALINE ^1 ( USE F AS CR ) 
THEN WP 3 DUP IF < IF WP ^1 

ELSE RP 3 0 > IF 0 WP ! 
ELSE UNFRAME RTE 
THEN 

THEN ST2 SWAP DROP + !B 
UNFRAME RTE ; 

2901 INTERRUPT HANDLER ) 
CONTENTIONS VARIABLE ; 
FAILURE VARIABLE ; 
IRD2 FRAME #CONT 1 = IF CONTENTIONS ~1 ( A CONTENTION HAS OCCURRED ) 

THEN #FAIL 0 > IF FF FAILURE ! 
THEN 

UNFRAME RTE : 

( CIRCULAR BUFFER READ ROUTINE FOR INTERRUPT DRIVEN KEYPAD ) 
: PREAD RP 3 DUP WP 3 = IF DROP FF QUIT 

ELSE ST2 SWAP DROP + 3B 
THEN RP 3 IF = IF 0 RP ! 

ELSE RP ~1 
THEN 

( WILL WAIT UNTIL A CHARACTER HAS BEEN ENTERED ON KEYPAD ) 
: /READ BEGIN PREAD DUP FF < IF QUIT ELSE DROP THEN END ; 
8 : ST3 ARRAY ; < SINGLE LINE COMMAND BUFFER ) 
: BUFF2 0 LAST ! ST3 WE ! DROP ( SECOND BUFF ROUTINE FOR KEYPAD ) 

30 0 DO /READ DUP !TO DUP ST3 SWAP DROP I + !B 



< DISPLAY COMMANDS ) 
; DB !CLA ¥TIM !SAY !TIME ; ( DISPLAY SYSTEM TIME ) 
; DC !CLA CDIS ; ( DISPLAY CONTROLLER STATS ) 
? DD !CLA ¥TERMlNAL? !SAY BUFF2 WORD NUMBER TDIS ; 
( CHANGE OPERATION OF CONTROLLER COMMANDS ) 
t CI GO CCW ! !CLA ¥STARTING !SAY ¥OK !SAY 5 < START CONTROLLER ) 
{ C2 CSTOP CCW ! !CLA ¥STOPPING !SAY ¥OK !SAY ; < STOP CONTROLLER ) 
i C3 RESET CCW ! !CLA ¥RESETTING !SAY ¥OK !SAY ( RESET CONTROLLER ) 

1 CTUSW ! ; 
CA CTUCW 3 FFFE MASK 1 + CTUCW ! ( GO PASSIVE ) 

'CLA ¥PASSIVE 'SAY ¥OK 'SAY • 
CC ICLA ¥SELECT !SAY BUFF2 WORD NUMBER 1 LEFT ( SELECT CABLE ) 

CTUCW 3 FFF9 MASK + CTUCW ! ¥OK !SAY 5 
CHANGE SYSTEM OPERATION COMMANDS ) 

:BD !CLA ¥NEWSYNCH !SAY CTIME !L 0 CTIME 4 + ! ( RESET SYNCH TIME ) 
¥OK !SAY ; 
ISTOD 1 0 DO BUFF2 WORD NUMBER C I - CSTORE LOOP 

5 0 DO BUFF2 WORD NUMBER 9 I - CSTORE LOOP ; ( FOR KEYPAD ) 
BB PTPT 3 1 LEFT DUP PTA = IF PTB ELSE PTA THEN 

OVER 3 OVER ! FE 1 DO OVER I 2 * + 3 DUP 
0 = IF DROP !CLA- ¥NEWONE '.SAY BUFF2 WORD NUMBER 

8000 + OVER I 2 * + ! DUP 0 SWAP I 2 * + 2 + ! STOP 
ELSE OVER I 2 * + ! THEN LOOP DROP DROP 

CPOL 
¥0K !SAY ; ( ADD A SINGLE TERMINAL TO CURRENT PT ) 

BC PTPT 3 1 LEFT PTA = IF PTB ELSE PTA THEN 
FE 0 DO !CLA ¥TERMINAL? !SAY BUFF2 WORD NUMBER DUP 
0 = IF I 0 = IF 8000 + OVER I 2 * + ! NEXT 

ELSE OVER I 2 * + ! STOP 
THEN 

THEN 8000 + OVER I 2 * + ! LOOP 
DROP CPOL 
¥0K !SAY ; (SET UP A COMPLETE NEW POLLING TABLE ) 

BA PTPT 3 1 LEFT DUP PTA = IF PTB ELSE PTA THEN 
!CLA ¥RESTERM !SAY BUFF2 WORD NUMBER POP PSHS 
FF 0 DO OVER I 2 * + 3 PULS PUSH PSHS 

OVER OVER = IF SWAP 8000 + SWAP THEN DROP 
OVER I 2 * + ! LOOP 

DROP DROP PULS 
CPOL 

¥0K !SAY ; < RESET A SINGLE TERMINAL ) 

BE !CLA ¥NEWTIME !SAY STOPCLOCK ISTOD 15 DEL GOCLOCK DB : 
( SET UP A NEW TIME OF DAY ) 

SET UP THE VECTOR SPACE FOR SIXTH ) 
STORE VARIABLE ; 
SETUP DISINT 0 STORE ! LOCATE SERROR *INT 8 + 

100 1 DO DUP STORE 3 4 + DUP STORE ! 
!L LOOP DROP LOCATE SABORT . 

*INT 8 + 7C !L ( LOADS UP VECTOR AREA ) 
60| DUP 5 4 * + LOCATE IRQ5 $INT 8 + SWAP !L 

DUP 4 4 * + LOCATE IRQ4 $INT 8 + SWAP !L 
DUP 3 4 * + LOCATE IRQ3 $INT 8 + SWAP !L 

2 4 * + LOCATE IRQ2 $INT 8 + SWAP !L 
S ETPER 

EN INT 
SE TUP 
RE 5TART 
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Stareplot Routines - FORTRAN 
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