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An Assessment of Aerial Surveyed String Digital Ground Models

ABSTRACT -

The Thesis reports research carried out in the Surveyor's Department of

Durham Coﬂnty?Cohncil, into the use of groun& models in highway Hesign. The

research isolates the various sources of error that contribute to the

ultimate error in earthworks quantities,obtained from an aerial surveyed

string digital ground model,and assesses their relative importance.

The research covers the following topics :

Isolation -of the various sources of error contr1but1ng to error in

-calculated quantlties e. g

(a) error in preparation of model.

(b) 'érfqr inherent -in the‘type of model spécifiéd.

' (c) error in technlque used to 1nterpolate from the model.

Deta11ed 1nvestigat10n of each source of etror to compare magnitude and
type (;.e. random. or systematic).
Specification of a procedure for testing a model to assess its accuracy

both for design quantitiés and ultimately for contractors acceptance.

. The use of the aerial surveyed string ground model is justified as being

an invaluabie aid to the practising highway engineer and a practical method .

of

proving the ascﬁ:acy of a model is provided. To support the research two

test areas have been prec1se1y levelled and the results are discussed,

together with mod1ficat10ns to data collection and data retr1eva1 technlques.
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CHAPTER 1 INTRODUCTION

The increase In mobility which has gone hand in hand with the
developments of science and technology has necessitated improved
transpottation systems. Road networks are important for the
effective'eXploitation'of natural resources_both within a region and
. between regions. The hasic unit in the netuork viz. a road, is built
-to serve as a line:of communication betweén two or more places.

fhe.design of a road poses many and Varied-problems. Factors
to be considered include traffic studies, route demand, geographical,
geological, physical obstructions (e. g factories, historical
monuments etc.) de31gn_standards and_construction costs. The civil.
engineer'is therefore.faced with a substantial.amount'of information
on whichito base the_rinal'design_and for that.design_td'be the
optimum, .the information'needs to be hothraccurate and useable.’

Determining earthworks quantities is aimajor-problem in road
construction. Estimates of earthmorks_volumes are required at
various stages of a scheme design, often for several alternatives and
they mustzbelproduced with reasonable speed and atcuracy. When an
aiiénmentiis'finaliSed accuracy is often more:important'than speed but
" . the engineer is'confronted with the problem of coilecting ground data
to satisfy both these requirements. | | |

Ground models have been developed in recent years which 1ntroduce
the flegibility to enabLe assessment of'alternative schemes but the
.accuracy:of_the resulting'Volumes has often been questioned when
compared'with;the prévious methods of setting outfandzlevelling cross-
'sections.:: . “

aIt iS'impossihie to collect and store suificient data to be able
: to.determine any ground level with 100% certainty and for this reason

" a modei needs to be sought to enable earthworks estimates to be made

' AN UNIVE,
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to.the desired accuracy. The forees of nature are so complicated
that onc cannot hope. to simulate the land surface by even a complex
.mathematical function. The fiost that can be expected is that a
multitude qf'three-dimensional points can be collected in a random
or epecified manner and storeq so that intermediate points may be
interpolated, erther by a lihear relationship between two adjacent
points, or, where curvature is noticeable, by a low'oruer equation.
Usiﬁg_such a mouei the continuous leﬁd surface is represented
by a discrete set of values and inaccuracies immediately become
apparent. The ihaceuracies hay be kebt within epecified bounds by
the dens1ty of the points, .and the method which links the p01nts'
together. The prOJect has been concerned w1th these inaccuracies

and has had the follow1ng terms of reference :

S Justify the use of a ground model in calculatlng earthworks

quantities.

2. Investigate the methods of storage and tetrieval of information
‘and suggest auditions or amendments to the present techniques
uherever necessary.

3. .Investigete'teeting procedures for acceptance of contracted
‘ground models by eerial'eurvey and suggest an appropriate test
on uhich to base the .acceptance. |
The:uerk has been concerned with String Digital Ground Models

produced. by aerial survey. This bias is towards ‘'string model

_technlques because they are ba51ca11y considered to provide greater

-engineering potential but the model test1ng and assessment procedures

‘can be applled to other forms of model

The results of the project show that the. aer1a1 surveyed S.D.G.M.

(string digital ground model) is a very sound concept and it's use in
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calculating earthworks-quantities is justified. The modecls can have
an important role in both the preliminary anﬁ final stages of highway
ldesign; The most éignificant error is shown to be in the initial
.preparation of the model and is systematic. The investigation of the
storagé and retrieval of information has revealed some inadequacies
in thé present practice but the modifications whiqh will be outlined
for the $.D.G.M. should provide be;ter.use of the cdllected information.
Arising from the analysis of the errors a testing procedure is described
ﬁhiqﬂ is-simple to apply and ﬁses the relevant statistics of-mean and
variéﬁbé; The iﬁprovéd'spétification and tespingHéroce&ures should
prqvide.befter groupd'mddglé from which realistic information wili'be

supplied to the practising engineer.’



CHAPTER 2 - BACKGROUND

2.1 Introduction

Traditional pracfise in calculating proposed earthworks
qﬁanfities,was'tb measure in the field, the levels across cross-
sections pErbendicular tolthe alignment of the ﬁesigned_road,
and calculate the areas of the cross-sections by trapeziums.

Ihe ;rbss-sections.were regularly spaced élong the length of a
scﬁemé and were connected to give a volume.

Witﬂ the development of land survey, aerial survey and
.cqmputer techniques toggthér.ﬁith the increased stringency of
poéitioniﬂg_the roadway, it was found necessary to have
spfficient data_;g:enable consideration of,alternati?e-designs.
A groupd-model was therefore requifed indébeﬁdept of cross=-
secéions from whiéh_the levels of the cross-sections could be
removed. |

.The concept of the Digital Gréﬁnd Model (D.G.M;) relies on
measdring'the levels of co-ordinated points .thereby defining the
.grbun& topography. Working from this system of'three-dimensiona}
points other co-ordinéted pointé'are able to be levelled by
iﬂtefpolation eithef'linearly or according to a mathematical
function of higher deéreé.

Variéus ground mdde}s hafe been designed. The measure&
points may be regularly spaced or irregularly spaced and they
méy also be connected to oﬁé another or unconnected. The méin
types of D.G.M, are,.the triangular D.G;M.,isqhare grid D.G.M.
the'stfing:D.G.M.,'and ghe semis de points D;G.ﬁ. These aré

'Shbwn_in FIG. 1.
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FIC. 1 ~ TYPES OF D.G.M.

Measured Points

Regularly Spaced. Irregularly Spaced
Unconnected. Connected Unconnected
(Square Grid) §tring/Triéngu1ar) (Semis De-Points)

Semis de Points D.G.M.

This system, developed in France and in practical use since

1968 ié based upon fitting a surface to thg measured points using

a second degreelfUnCtion. The points are measured completely-at
random.énd any required level is iﬁterpolated from those measured
pointé closest to iF{ The theory.éf the system is descrised by
Baussart(2) AndﬂDéligny k3). .

| The systeﬁﬁpays-no régard for the terféiﬁ'féaturéé'and'the

density of the meéSuréd:points which is predetermined is irregular

_andxiﬁdepéndehf'df'the general nature of the grcund.

Square Grid D.G.M.

'The Square'C;id Model has had wide use-in tﬁé United Kingdom
thtéugh its promotion by the Bfl.P.S.* suitg of computer prog%ams.
The method has had wiaé documen£ation (1,4) - The ground is
represented by a series of levels tgken at the no;es of a square

grid superimposed on the terrain. The width of the square is a

" variable between different blocks of the model. - Although the

supefiméoSition of th§ grid pays no attention to localised
featﬁrés it is a regular sample of the groun&. When the model is
préparéd.by'aeriél'Sufvey each point is individually located and
thé-accuracy'dépends more on the flying height at which the

photograph was taken thén on the operator of the sterographic

* B.I.P.S. - British Integrated Program Suite..



2.4

- 6 -

equipment** which produces the model. Even though maximum

accuracy is obtained for each point the individual measurement

of the point is time consuming of the photogrammetist and the
accufaéy.may'ndt be reflected in the use to which the data is
put. |

Data ;etrievéi is by means of dquble linear interpolation

for each point level required. The four node points surrounding

' the required level are assumed to be points on a hyperbolic

paraboloiq. Each-cross-section rgquired consists of regularly
spaced interpolated points. The use of the hyperbolic
pérabqloid (which is effectively_doﬁble intefédlafibn) disregards
the features of the grouﬁd and tends to:smooth all predominant
local "bumps". "This effecf can be.reduced by h#ﬁing a;smali gri&
width but the cost of this could become prohiBitive. Manual

editing of points and cross-sections is always necessary to

‘guarantee reliable information.

Triaﬁgylar D.G.ﬁ.

The Triéﬁgula? D.G.M. is an improvement oh the data coileétion
tésk’for the Square Grid Model. Réndqmly posiéioned ;fiangles
havelleveiSftaken at fheir nodes, the-levels:hsﬁally being
ﬁeasqred by grouﬁd survey as opposéd t§ aerial survey. The
prianglés éré conside;ed to représent plaﬁeé and the-land:surface

is built up of many .such planes. Ideally cross-sections should

.Bé éXtraéfed from the triangles.but when devélopéd the prbceSsing

overhead .was considered excessive and the transformation of the
model into a sqﬁare grid was adopted*. The square grid model
thus created has a much smaller grid width, than would normally

be given. The method is useful for producing a perspective view

%% A description of the photogrammetrig method appears'in Reference 5.

* A computer program is now in existence which does use the data direct.
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of the ground but considerable editing.of the resulting square

grid model is necessary to show missing details.

2.5 String D.G.M.

Essentially the string digifalfground model consists of a
se;ies of strings of co-ordinates. The ground is represented
by strings which define £he ground features. There are two |
types_of string; breaklines which aré three-dimensional and
depicf all angular features, and contours waich are two-
dimeﬁsional and together witﬁ a masterllgvel define general

'_.ground curvature. Both forms of string ;re éomplﬁhentary to
one another. The contoufs are spécified at a regular level
difference but Qhere they become sparse additioqal break-lines
are ‘used to provide better coverage.

The accuracy of the two.types of string are different. The
3-D strings are as accurate as the individual level points but
the contour strings are produced in a continuous fashion and
are slightly less accurate. The frequency of points defining a
contour is usially determined by a timing device set at a fixed
interval to gJé?antée sufficient points. This means that when

'the photogfammetist is leading the floating mark¥* over undulating
gfoﬂ#d'he ié:moving_slower'and more points are given thap over
even land.” The fféqpenéy of points on:the 3-D étrings must be
suffi;ient to'adeQu;teiy define ﬁhe,featufe_ﬁithin a required
';oferance. . |
ﬁaf#nfefriefal is influence& by'the purpose f;r which the
;d#t; is-réqdired and iﬁ-brésént practiee, this is the cross-
;ection for.subéequent ea;thwdrk evaluagiqp. _Leyels on the
cros#-section areiqﬁly defiﬁed where the cfoss-section cuts the

* A summary of the photogrammetric method is given in Reference 5.



- 8 --‘ 
featute; (i.g;_stringg) stored in the modei**.and there is no
double intérpolation as there is inlthe sqyare'gfid model.
A-basic éééumption is that a feature is adequately

represented by the se?ies of straight lines joiﬁing all the

':péints on a string and the method of storage also assumes a
plane:between.adjacent'string lines.- The reliability of the
sffings depend on the number of points uséd to define them and

- this is a key to both the usefulnégs and accﬁra;y of the model.

The string model conéept may:be'used to advantage in
defiﬁing a ground model by either ‘land survéy'mefhods or aerial
-sufvey{- when "the model is prodUCéd by land survey it.ﬁiil only
cénsist-of 3-D_str§ngs and this éan'be-véry usef#l in urban
.situatidnsl fAﬁofher_of the advantages of the aerial éurvey
technique is that it pfqvides é éegulaf'samble'of the gfound by
_its use'of'cqntoﬁrs and 3-D strings. In areas of éhanging slope
fhe'éontoh?s.ﬁecome more deﬁse'and wherg cd?fafure is noticeable
(cyéssing a railway_embénkment etc.) the 3-D strings describe it.
Thc_direét plotting of.the contouts and 3;D sirith'in the
projeétive plane provides an immediate check on both the
accepthbility of the model and sho&s up any "blunders" made with
the provision of the data.
2.6 .édnclusions
1-Thefe are -three f;ctofs to be considered in deciding the

pétenyial_of a ground'hodei 2= |
17 .{Croﬁnd definitidﬁ techniqué.
2. Ac@ﬁracy of ground measurement.

3. Méthod-of data retrieval.

** This is the method as used at the start of the project. However
modifications to the method indicated by the prdjécf are now included.

A fuiler-descriptién_df the improvements are given in Chapter 5.
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A further factor, which is now assuming. less importance but
which greatly influenced earlf models is the avaiiability of
large-and fast computers. Early models weré a comproﬁise
between ideal'ﬁédél requirements as defined and satisfied by
the abbve phree factors ana;an efficient means of data storage
and méthematicél prdcesgingi

Perhabs the most difficplt problem has been that §f taking:
- into gcc§unt the inflqeh&e of terrain break-lines sﬁch as channels,
éxisfing roads, and other angular featurés.in the landscape.
Those systems_using-linear interbolation'bésed on terréinz
eléﬁeﬁts as breék%lines o;leoﬁtouts have overcome this problem.
Methods using spot heights in the form of a regular grid or
" random points immédiately introduce interpqlatiqn difficulties
~over undulating or angular terrain. This rcquires the manual
ediéing in of'featufes to overcome model definitién inadeqyacies,
and this' in tufn neans a“disprbpbrtibnaté inCrease.in the Eime
‘and cost of pfoceSéing.f

' The oVerwhelﬁing result of the cﬁnsiderétion of the factors
iﬁvbl&ed show that String Ground Models have fhé most potential

of the methods at present available.
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CHAPTER 3. THEORY

3.1 Introduction

3.2

Earthworks quantities are coﬁputéd from-a kno&ledge of the
levels dcross cross-sections. These are combined to produce a
cross-sectiona1 area. The cro;é-éections aré regularly ;paced
along the leﬁgth of ‘the design road and the areas.are mﬁlpiplied
by the length between them to givé a-volume.. From this it can be

seen that the earthworks errors are constituted from the area of

" the ‘cross-section and the spacing between the cross-sections. The

‘following sections investigate these sources of error and develop

thé:baSis for a useful test on the acceptability of provided data.
The volumetric programs work ff6m a file of desigh line co-
ordinates consistiﬁg.bf chaindge, easting, nér;hing, whole circle
beariﬁg of taqgent, and sometimes, radius cf:curv&turé. Channel
liﬁes, verges and other relevgn;llipgg a;é 2ll designed Qith
respéct to this line, being offsét pefpéndicuiérly ffom it. - The
design line is also used for extracting cross-sections from the
ground model. whén the areas of the individhal.cross-séctions
ha?g been fouﬁd they are multiplied by the chainage interval of

the design line to produce the volume. -

Longitudinal Spacing

Although ‘the design line is often the centre line of the road
the chainage is not necessarily the true factor to use in
calcdlating the volume. The inaccuracy involved cannot be ignored

on bends and when calculating volumes for irregular features such

" as interchanges.’

For exémple FIG. 3.2(i) shows a typical section of ‘a road. .

The'shéded-arga represents the natural grbund shape. The accepted
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method of calculating the amount of carthworks required is Lo

calculate the differences in arecas of the end cross=-sections and

multiply their mean by the distance between them.

peeT o= m—el
-

-
- » K
’ﬂ’ ' / ”
- L.c £

A2

FIG. 3.2(i)

= outer channel

. = inner channel

- centre line

A2

S—

-
— cme o
S -~
T =
N.
\ .,_——-sD

oo -

FIG. 3.2(ii)

FIG. 3.2(iii)
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_Effectively FIG 3.2(i) is transformed into FIG 3.2(ii) and

the amount of earthworks is (A + Az) T. The loss of accuracy
—

involved in assumiﬁg a linear deformation of cross~sections may
only ‘be rediced by taking smaller values of T (this will be
ihveefigated in 5.2) i.e. teking smaller chainage intervals.

The use of "T" as the multiplying factor. is basically the
wrong value to:use in computing the volume for anything other
than a straight road. For example'in_FIG. 3.2(iii) where the
p'roject'ive piane tmly is shown, if f:he design.liﬁe is the ¢
(centre-llne) the value of T taken would be t. Where the design’
line is the outer chamnel the value of T taken would be t2 and for

"theidesign line being the inner channel the value taken would be

tl.' The effect is further emphésised when the two offéef lines

are net parallel to the desigﬁ line.

The traditional_approach_has been ;atisfactory in the manual
e#aluétioh_of eerthworks‘for motorway design but as the emphasis
changes to aptqmatic small scheme coﬁsideration then a more refined
;echniQue is necessary; |

If the end area.method is to be used the correct value of T
may be found by celculating the area enclosed by A, B, C, D in
fIC;'3.2(iii)'aﬁd to diQide this eree by the means of the two
1engtﬁs_A3.and ch (Wl and WZ).T The following equations show

how the trie base area ABCD may be computed.



FIG. 3.2(iv)

' .Considering FIG. 3.2 (iv)

Let. € :x = x(t) 5 y=y(t)

_ Let'..'a vary 'linearly'between the points tl and t2.
.o = At (t-t) (4 - A,)

(t2 - tl)

| the cutve C2 is offset perpendicularly from Cl. :

.C, ¢+ X = x - acos® ;Y=y+asine

2

bit cotan e o=y /xY

N, o b

‘. C. X = x-ay' ; Y = .y+ ax' where b = (x

2

+

y'z

)

thus the area between the two curves C1 and C2 including segments '

‘t

A and B is 2 Y dx - y dX
t=+¢t
1
ty
i.e. area = ((y+a N (x'-ay' - E:l' v
. o . b b . b
t = tl

(1)

%

ay'b!) - yx') dt
bZ




The area (1) includes

Let x
0

X]

x(ti)_;-xo
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the segments

X(tl) 3y, =
X(tz) 3 X = X(t,) 3 ¥, =

A and

y(tl)
y(tz)

.. area of A = % (Yo + yo)(xo -_Xo)

L
2

where at t, 3

' : '
Y, Al_(Zyo + A

by

~N

o

1

Py

b

A b= b

1 1

(A

xo')

‘')

1 .

2 i

B (see FIG. 3.2(iv))
? Yo = Y(tl)
H Yl = Y(tz)

area of B = % (Y1 + yl)(x1 - xl)
(2)

(3)

and at t, ; a=A .and b=5>»

2 2 2

The true base area between cross-sections at t, and t, along the

W - @ - (3

curve C1 is

base area =

(1)

- () - (3)

(4)

" The solution of equation (4) may be accomplished using

numerical integration techniques. However if the areas are

reorientated by translation and rotation and the curve C1

approximated by a circular arc equation (4) may be solved

analytically as follows :-

r

Let C, & x

1

‘Rsin @ ;..y = Rcos '/

where R is the radius -and is constant and @ is the angle consumed

from_p01nt-(x°,'yo) :

R = b = (x'2 4

YIZ) 1/2
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with these assumptions a = A + ¢ (AZ - Al)

and equation(l)may be written, as

.¢1
(a (R + a)(l+cos 2¢) +a' (R+ a) sin 2¢) dap
: 2 . 2
g =0
(5)
and equatioﬁs (2) and (3) may be written as
‘A = 0 B =. .8in 2¢1 (R +-A_2. )AZ : ’ (6)

2 2
equation (5) may be conveniently reduced by integrating by parts
Ehé-first_set_of brackets. This enables the second set of
'brackets to be caricelled and on subtracting (6) the base area

reduces to ¢

) ’ 2 .
base area =.§ (%_ (A1 + A2) + .(A2 + Al)- - Al A, )
' : S 3 6

(7)

-Where.the'cross?seétibns straddle the design line the base area
willzdompfiSe that area to the.}eft bL of the design line and
that to the'right D see FIG. 3.2(v).

( Lt'is useful here to introducé the ﬁormél sign conventions :
c;ntre of curvature to the left ;ve :

centre of curvature to the right +ve

offset to the left -ve

offéét to the right +ve
~area to the left =~ve

area to the right +ve )
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In FIG. 3.2(v) the following hold

:-_PL =, ¢_ (|_: % (A +4)) + (a) + 4)) Al Ay)
- 6 . 6
(8)
- - e | 2 .
Pp= # G B s ) d (r+ ANT < A A
' . .6 ' 6
(%)
;-_.tqtal base=a?eé = DL'+ DR' )
the meén-width:oflqross-sectiOn in this situation is
.;':!;.(A - A% + A 5' A %) S
7 1 1 2 . 2" ) (10)

and from equations (8), (9) and (10) the length factor to be used

in calculating earthworks quantities by the end-area method is :

2 ¢ .(12{__ -_1_.( (A1+A2 +'A1*+A2*) +Al* Ak - A A,
- 6 : o A +A - A*-AX

1 2 1 2

NOTE :'_thg ébsglﬁte value of the length factor ought always to

be taken. -




T -
k\\ -1)_R

FIG. 3.2(v)

Example - In FIG. 3.2(v) Let :-

Al. = =1 Al* = 42 ; ,AZ = -1 3 AZ* = 423 @ = % ;
length factor ‘= (5 = 1 ((-1+-1+2+2) + 4-1
| ' 2 . 6 S 1§ -1 -2 -2

= 2.25

(thehlength'factor under the.traditionai methd is'ﬁq = 2,5)
. In the practical situat@on the_¢ and R;are unkn&wn but
,:ftheyigte simply related to the design line parameters which
: are-é;ored on the_coméuter. - o
':'The-de;igh i?gé para@eters gre.(ci, X yi;'eii’- r, ):
Ci =.chaiﬁage,:xi' = easting, ' ;_ﬁorghing,-_ eai = whole
circig;be;fing of tanéeht iiné, Ii-;-instan?aneous rgdiué_of

_ curvature (not in all computer packages).
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the required parameters § and R are related in the following

manner.
Rewr = Figr ™t ofRi Ly % L4
. 2 - . .
' 2sin L-;l‘s
S 2 2. 1/2
where Li.-q- 1 (g pp=x))" + Oy - y))

Although the equations for the length factor may appear

complek"it should be noted that.at the time of earthworks

- evaluations all the ﬁecessary values for the formula are

eﬁéily accessible.-

Cross-sectional Area

Consideration of the cross-sectional arég-reveals that.the-

errors involved are a combination of two factors :-

" (1) error in the actual value assigned to the model points

.(2) sparsity of the model points (quality of model)

(a,, c,)-
i’ 1

- (2, cn) actual representation.

i , .
| ~true model representation.
|
4

-model representation
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The two factors méy be isolated_[rﬁm one another. Having
them'separaté, and knowing the connection between Ehem gives a
‘guide to both improving the model and evolving a testing
hfopedhre-by which an aerial surveyed ground model may be
accepted or rejected.

.Kcross the cross-section the level of the land may be
represented as a one-valued function of the distance x along
tﬁe cross-section; 3 = f (x).

arid the area of the cross~section is "

The model seeks to represent this surface by -a function of
the model points éi ; 2 =g(x)

and the area of the cross-section is

a :
AM = n g(x) dx

3

The error in area is therefore the true area minus the
model area i.e.’

a
n

. _ a
. s I n
E_ =" ' f(x) dx -

© g(x) dx.
4 !

if g(x) is a finite polynomial of degree m in x then

g(x) = AX where X = (1, x;-gz, .....xm)t

and A-is a (m + 1) row vector of constant .coefficients.
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if in Fhé interval (ai, ai + 1) tﬂe polynomial is found

from the values ik’ % -k $10 e Cir & +F 10, K,
(k + ky = m) then the following hold
N
. - 2 m, t
c = AX. whetre X, = (1, a,, a, ceses a.
=k, i-k, 7 S IR aJ)
. S |
[} .
' :
' 1
¢ i
¢ '
| 1
%tk = AX
LoEe ii_-k,
Let H = (xi-k, xi-k+1, ...-.xi_, ssvee xi+ k')
and C = (Ci - k’ Ci .- k+ 1’-...--91, -IOT-.l Ci‘ +k')

‘énd therefore C = AH_and hence A = CH-¥

. However cj Zj+ ej w'here.zj is the true value and ej is the

error involved.

o A E = ey e f ikt %4k,
& B = (& 2 : z )t
B i-k>"i-k+1 """ %+ k,
then A = (@+E) K'Y = anl + mt
Hence g(x) = AX = (aH +'EH71) X
' = & lx + mx
folléwing from this the error in area is
E = % [%n _1‘ %n -1
e f(x)dx - " gH  Xdx - - EH Xdx
| 4 - S

W S— > < B___ o
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'A:iﬁ the effect which the model has on the overall error and
is.indcpéndent.of the "data preparation error"
i.e..the error in preparing the values assigned to the data.:
pbints.
B is the associated data preparation error.
if é(x) is allowed £o be a polyﬁomial of degrég 1

i.e. linear; then X, = (1, ai)

T 1. L .
andH = | °. . | fgr g in the interval (ai, a, . 1)
' i i+1
X -1 . -a, 1
thus H ~ = -1 i+l
' a, - a X
i i+l a, -1
. i
; = .' =I g \
.. in the interval (ai, a; o 1)
ZH-IX-=$<.(Z-Z' ) + a, 8 -a, , .8
i~ %+ 3% +1 "%+ %
| (a; = a; ) 3 "% 41
a,
and i+l o
_ . 84 " Xdx reduces to_(ai +1 ai) (zi + Zi +1)
2
a,
i
) an . '-n -1
. -1 ' .
and g de = _;_ Z _(ai 41 ai)(zi +8 1)
| i=1
4
for all the cross-section.
. an | ' - . mn-1
. : 1 ,
_ .similarly | EH = Xdx. = % Z (a +1° ai)(ei te,
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Thus the error in area of cross-section is

-8, ' n-1 :
alf CEEES USRI USRI

i=1
+1 "l ca e L +ey)
ji ?5 i i+1 i+l i
T is=1

It is imposéible to collect sufficient-Aata to know the
exact form of.f(x) for a particular cross-section. - |

1f the assumption that a field sﬁrvey is.ﬁrecise enough
to ﬁllow_fdr linear‘interpolation is.uéed then the following
'resﬁlfs hold.

£(x) =_(:'< - xj)(zJ. w1 zj) +ozgx < x é'xj .

(x-j +1° xj.)
where (xi, Zi) are the field sur@ey points on the cross-section,

and  a

n m=1 _
. al;f- f(x) dx = %_}E' (xj +1° xj)(Zj +1 1 Zj)_

j=1

a & X = a

where xl';=- p - . )

the error term thus reduces to _ .
Dmel _ - : n=-} . — '
= : - - - f(a,
R ta,, (G )+ £a))
j=1 : i=1 '
n-1
-12 (a - a.)e +e )
Tyiay ¥ 24

W
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" NOTE : a, may.be found to lie between x, and x, for
—_— i o Ty +1

some value of j, and hence

f :‘_=' - - . ' .
._(éi) | (ai xj)(zj +1 Zj) + 2. x, < 8 < xJ. +1

J -]

RCTIEEE

Effectively what_equatioﬁ (1) says is that the error in:.
area for eaqh cFoss-section is equal to the area under the land
survey minus the area under the true model minus a linear

combination of the model preparation error. '

Construction of Testing Procedure

. The model prep;ration error having bqen identified may be
used to advgntage in_deciding’whether to accept the éata which
makes up thé'hodeig_ Presen£ day specificé;ioﬁs (reference 6)
on the accufaéy of tppological surveys are that 85% of the
contdufed ﬁoints-should 1ie'w;thin t %'the ddntou; interval.
Heﬁce for  1/2500 scale plans the'spécifiqé;ibn is that 85% of

the e, (errors) are less than 1 metre.

The distribution of the érrors have been found to be as

shown in FIG. 3.4(i). This is of course diagrammatic.

\éﬂ;".Qﬂstdndard normal
N distribution. |

FIG. 3.4(i)
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_;n each case in FIG. 3;4(i) A, B and C are all such that
85% of the velues do indeed lie within t 5.the contour interval,
but the cross-sectional area would be systematically 0.75 square
metres per metre high or low respectively for C and A.

- For this readson, the specificetion as at present is neither
useful nor meaningful. There is no adequate way of testing if
the model fulfrlls the criteria and eVen when it is fulfilled
accuracy need not necessarily be maintained.

An 1mportant property of the model preparatlon error is
found to be that within each sample (1 e. Cross- sect1on)
individual errors vary only slightly from one another, i.e.
the veriance'for each section is small, althouéh the mean can be
markedly different from zero. This rndiCates the presence of a

systematic error and the model preparation error may be represented

e.. = n, + @,, where n, = systematic error.
ij i ij i
' p.. = random error.
1]
®ij = model preparation error of the

j'th reading on the.i'th cross-
.sectlon. | | -

'.The random error may be assumed to be'normally dlstr1buted
w1th mean 0 and variance 62 and therefore e.j will alsorbe
normelly d1str1buted w1th mean n, and variance 6 |

For ‘each sample the three relevant parameters of the mean,f
fsample variance, and number of observatlons, may be used to
."determlne a pract1ca1 testing procedure. Two procedures whlch
were cons1dered were the construct1on of confldence 1nterva1s

for the mean and the calculatlon of the mean-. squared error.
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Both these procedires suffer from the disadvantage which is also
in the present specification, of not necessarily preventing the
acceptance of a bias. The ideal situation to have is that the
mean of the errors is-zero and the variance has some value 62

. $ - & i . 2 2 .. . . y 2 2
which'is not too large i.e. 6° < w but certainly not 6° 7 w
In this situation one can have o9 confidence that any

sample removed from the model will have a mean correct to within

¥ Nt w ‘wliere N ot is the (1 - X ) point of the standard normal
' 200

2

.disiribution.

- The test is therefore concérﬁed with the taking of a sample
of éizé il the sample mean X and sample variance 82 (both
és;imates of the:"pépulétion" mean and variance) sﬁould be
wiéhin certain defined limits.

ie. 1x1 < b 82 < w2
where b and ﬁz are the critical bias and variance allowed.

Following the "spirit" of the specification as at present

laid down the critical values may be set. The present specification

.is.that :-
80%-of-a11 points shall be correct to within t half the contour
iﬁtérval.
At 1§5OOISCale mapping the contour interval 'is 0.5 metres; thus
half that inteérval is 0.25 and it would seem reasonable to have a
critical bias of half this value. i.e. b = 0.125.

It would also seem appropriaté to have §O% confidencé in

e U
the calculation of the mean.to lie w1thin - half the contour

interval.

nThefgfore wx w < 0.25 and for X = 0.8 NDL = 1.624.

o
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If w2 is taken to be 0.125 then the minimum value of n
necessary to ensure the above criterium is 6.
The test would thus appear to be : on a sample of size

greater than 6 reject the data if one or both of the following

hold :
1. 1%x1 > 0.125.

2. s£ > o.125.

The above criteria prevents constant systematic bias of an

a
o
i

intpléraﬁle'degree, varying systematic bias, and large variance
of fesults; If the sample data does not satisfy the consgraints
then a deeper investigatioﬁfof the errors is required..

In having a test criterié it is neceséary to know how
powerful the test is. Theré are two types of error associated
with the test. These are :- 4
1. acceptlng the data on the ba51s of the éample when in

fact the data is incorrect.

2. tejecting the data on the basis of the sample when in

fact fhe data is acceptable.

The.client for the ground.ﬁodel is concerined that the
probability'of Type 1 error iﬁ minimised whereas the contraqfor
is more concerned that Type 2 error be minimum. The probability
of Type 1 error is governed b& the choice ol nel and that for
TyPe.Z effectively by tﬁe sizé of sample (n).

The probability of Type 2 error may be expressed as :
‘p;('l‘_ype 2) = pr(l x 1> b or Sz>w2/ )1< b and Qzé w2)
this is equivaleht to @ : , .

-b - b -u or (n=-1 2 2(a = 1) Ju, 62)
pr(Type 2) = pr(6</_u> (7)5 D w (,?__)/,
/- J’ -

i.e. pr (Z*>-X Y2 or Y)W/u, 2 )
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. where i:h’e substitutions are obvious

the variables X and Y are independently.distributed with
respectlvely standard normal distribution and X (n - 1) degrees
of freedom.

The probability therefore reduces to
pr(Type 2) = pr (Zx) X > 2/u,6) + pr (Y> Wu, 6)

- pr (z* > X >a7/u,6) x pr (Y>W/u, 6)
because of the independence property.

This probability may be evaluated for constant b and v'vz,
.and'varying ny; for di.fferent cembinations of mean and variance,
where the reean u and variance 62 are both less-than the related
critical values. The following tablee indicate the results of

2

such.computations for the crif‘ical values of B = 0.125 w* = 0.125.



n=9

TABLE 3.4(i)
!

n =16

TABLE 3.4(ii) -

u

0.972

0.0 0.10 0.125 0.150 | 0.20
0.04 9 | oN3e | oxgss | odsor | o0.646 | 0.870
0.09 0. 0.4 0.5 0.6 0.682 * | 0.819
0.1225 | 093 | 0NlL7 0.769 | 0.853
0.125 02697 | o022 | oMNg5 | 0. 0.770 | 0.853
0.16 0.751 | 0.764 | 0.798 | 0.821 0.845 | 0.893

1 0.25 0.921 | 0.925 | 0.933 | 0.935 0.944 | 0.957
2\ ]

6 0.0 0.05 0.10 0.125 0.150 | 0.20
0.04 12 | Odge7 | 0N309 | 02800 0.691 | 0.933
0.09 Q19 82 | 037 f\;>559 0.681 | 0.863

10.12250  ON16 | ON54 | 0633 | O0.NG 0.780 | 0.888
0.125 538 574 | ONG68 | ON27 0.787 | 0.891
0.16 0.761 | -0.778 | 0.823 | 0.850 0.880 | 0.931 |
0.25 0.960 { 0.963 | 0.968 0.976 | 0.984




TABLE 3.4(iii)

n = oo (infinity)

TABLE 3.4(iv)

0.0 0.10 | o0.125. |0.150. } 0.20
0.04 0402 | 0,630 | 0ON66 | O. 0.734 | 0.970
0.69' oXG3L | o5 | oNp3 | o. ag\\; 0.695 0.905
0.1225{ 080 | O 2} | o4l | 0. | 0.797 | 0.920
0.125 | * 0:5Q4 057 | o. 0.805 | 0.922
0.16 | 0.793 | 0.809 - 0.854 0.583 | 0.911 0.959
0.25 | 0.984 | 0.985 | 0.988 . oi99 | | 0.992 | 0.995
-5;\‘5\\# 0.0 0.05 | o.io ]o.25 Jo.50 |o.20
0.04 | 0.0 0.0 0.0 | 0.0 1.0 1.0
- 0.09 0.0 0.0 0.0 0.0 -|1l.0 1.0
0.1225] 0.0 0.0 0.0 0.0 1.0 1.0
0.125 | 0.0 0.0 | 0.0 |o0.0 1.0 1.0
1 0.16 1.0 10 | Lo |0 |Lo 1.0
0.25 | 1.0 1.0 1.0 [ro |10 1.0
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. In Tables 3.4(i), (ii), and (iii) the shadea areas show
.tbe eXteﬁt of the region considered to be acceptable. The
dogble shaded areas sbbw the exttemes above which the probability'
~ of rejection'rises eharply. Table 3.4(iv) shows the ideal
' situatioblwbere the complete moeel is taken as the sample;.

Obviously the larger the semple considered the more
confidence one can have- that the data will not be rejected when
it bas-a mean and variance acceptable. Again,-one is not teo
~concerned that when the true mean.and veriance is reaching the
bounds of acCeptebility.its rejectien.rate increases. The |
'sblutioh'teithefproblem-of how large a'sample ought to be taken
will probably be as feuows :- :

When the true mean and true variance are half;the aliowable
.-cobstraiﬁts (for 1:500 scale mapping hypothesised as.0.125) the
;probablllty of reJectlon of the data should be 0.2.

Investlgation of the Tables 3 4(i),- (11) and (iii) shows the
answer to be that n lies somewhere between 16 and-25.

Hence for a sample of size n, (1y1ng bétween 16 and 25) the
: estimates of the mean and variance w111 prov1de a test for which -
" the probability pf Type 1 error(probablllty of accepting the data
ﬁben it.is felse’ is 0.2 ane that of rejecting the data when it is

most acceptable (Type 2 error).is also 0.2.



CHAPTER 4. .. DESIGN OF TESTS

4.1 Introduction

4.2

Taking precise measurements in the field and coméafing them
ﬁq those obtained by aerial survey is the obvious method of
tgsting a gfound mpdel. It is a.time consuming process to test
a square grid D.G.M.-by setting out.accurately the-grid and
lévelling the mesh points manually. When the string D.G.M. is
considered the-task becomes virtually impossible_in setting out
the points along a contour, or even along a feature. To set out
Fhé coﬁtours or-ﬁQD stringé_oﬁly tests the model preparation error,
aﬁd is'not,'és is shoﬁn in 3.3; the whole solution to the problem.
The solutionliieg in the combined effect of model preparation
error, error iﬁhérent.ih the specification of the model and error
in the interpdlation procedures which togethép produce the error
in cross-section or in any-point'extractéd from the model. To
test the model it is consistéﬂt to take"lévels which represent

the land surface efficiently and accurately.

Desérig;ion of Test'Areas
- Twﬁ test areas were considered; at Bowburn, Co. Durham,

énd Horsley, Northumberland. Both areas had been flown to
provide aerial models,-the fir;t for 1:2500 scale mépping, and
theiéecond for 15500 scale mapbing. ‘The area at Bowburn was
uséd as a very SaSic piiot study to.provide-a general idea of
what was reqﬁifed.

The 1:500 scaie Horsley érea had been flown to;givé a
square grid model. The_samg:overlap photographs, over part of
this model, were'ﬁsed by tﬁe aerial survey contractors to provide

a string model,.and they created the model with the knowledge

" that extensive tests were to be carried out.
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Bowburn Test Atea (1:2506 scale mappihg)

Location - The area selected for the test lies immediately

‘to the north of Quarrington Village and covers land to the’

west and east of the minor road leading from Quarrington

Village to Bowburn Village, in the County of Durham.

Description - The test area was divided into three

" separate areas of differing character.

(a) To the east of the minor rpad, the test area comprises
steeply sloping pérmanent pasture, leading up to the
ordnance survey’"trigonéﬁettié"-point at Beacon Hili'
(a foﬁrth order Ordnance Sur&ey'Block). |

(b) To the west of the rbad,'the terrain is rough and -
shelves‘éteeply aﬁay to the flbor‘of a disused quarry.
The vegeﬁhtioﬂ alogg the radialj5ections'along which
mghsurémengs.were taken, reﬁuiréd some clearing in
_order'to obtain uniﬁfgrrupted_lines of sight.

(c) The road channel i;self'- a "hard" feature constituting

a three dimensional string.

Horsley Test Area (1:500:sca1é mapping)

Location - The area selected for the test lies two kilometres

"to the west of the village of Horsley. to the south of the
~ A.69 trunk road, and immédiately to the'eaét of Whittle
_ Dene in thé Cbunty.of Northumberland. It cémpriseé part

‘of the agricultural land known as Whittle Farm under the

ownership of W. A. Dinqing.
Description = (i) Size. The boundary of the test area is
defined by a sﬁuare of 300 metres

side.
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(ii) Features :

i(a) Artificial. The area includes a section of the
existing A.69 Trunk Road, with asséciated fence;
and hedges; the access track to ﬁhittle Farm, the
access track to agricultural land from the farm, the
farm outbuildings and the cottage known as Whittle
Lodge.

(b) Natural. The general nature of the test area is
uniférm throughout andlcontaiﬁs no special features.
The area to the west of the access track to Whittle
Farm siopes uniformly down from couth to north at a
gradient.of approximately 1 in 28. To the east of
the access track the area is similar to that to the
west, but is less steép, haviﬁg an average gradient’
of 1 in 300. |

Both areas, tefefenced Block A and Biock B respectively,

are under permanent pasture,;but at thé time of aerial

. phofography the eastern atea, Block P, was under plougﬁ

(5/4/1969)._ Both areas are "open" with regpect to_ali
pafts being air visible, and both exhibit good texture
for the photogfammetric plotting pfocess.

Taking of Measurements

The simplest method of taking meésurements in the field

" and also extracting equivalent levels from the ground model

was found to be in setting out cross-sections and leyelling
along them. The cross-sections were immediately in a form by

whigh the equivalent cross-sections could be removed from the

model.



4.3.1 "' Bowburn Test Area

Initial thoughts were'that.radial sections set out
from one pgint would providé the best results in the
easiest manner. In fact this was not the best-method for
two reasoms. Fifst, all fhe radials tended to cut the

' same strings-in the model,; although ébviously in
different places and this.méde the results too localised.
Sécondly the analysis of the results although not complex,
became confusing. However'the Bowburn Area measurements

did use this technique. .

' FIG. 4.3.1(1) shows diagrammétically the layout of the

cross-sections.,

. BEACON HILL
0.S. TRIG. POINT
(4TH ORDER)

]

N

FIG. 4.3.1(i)

ROAD

A suppiémentary control point (Peg.A) was established by
-begring and distance,-and checked by triangulation, frop an
ordnance survéy-fourth order block knbwﬁ as Béacon Hill. An
ordnance survey third order block was used as referencé

object (R.0.)
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Sections were observed down lines of fixed bearing through

- Peg A. Sections S1, S2, S3 and S4, led from Peg A into the

‘disused quarry, and were displaced from one another by an .

angle of 10°.__Sections S5 and S6 were continuatioﬁs of S1 and

S.4. For analysis purboses the sections were referenced as

follows :-
sl, S5 - _Chain-o
52 - Chain 10
S3 - Chain 20
sS4, Sé - Chain 30 -

.Horsiey Test Area

The two blocks.A and B were located in eastings, northings
and height, relative to existing co-ordinated and leéélled control
ip the_fofm qf'concfeté éermanent ground markers (P.G.M. )
establiéhed in conjunction with the original 1/500 scale aerial
survey of the complete route.

The términal points of the base iine, upon which Blocks
A and B were established, were defined by P.G.M.'s M5 and M9,
At-a distance of approximately 385 metres apart and running
approximately'west to east acfoss the test area; From this
base line other lines were set out'perpendiculérly in the two
blocks - Bloék A ‘and ﬁlock B.  The lines were set out using

steel tape, pegs, and the tacheometer. A right angle was

‘turned at M5 from M5 - M9 and the Peg A placed approximately

180 metres from M5 (See FIG. 4.3.2(i). Two rows of pegs were

then positioned along M5 - M9 and along A - E. Fbr both

‘Block A and Block B'the_lines between the pegs were 10 metres

distant from one another. The supplementary control pegs



‘‘‘‘‘‘‘‘

: ~ HOPRSLEY. TEST AREA
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A, D and E-were accurately coordinated with the aid of a
Kern DK = RV tacheometer and Tellurometer MA 100*

In Block 'A" p01nts were levelled along each
-'perpendicular line on average every 10 metres but for
"Block B this distance was reddced-to 5 netres. Wherever

a change in curvature was apparent a point was also
levelled. From pegs along M5 - D the maximum distance from
Ithe beg to ‘the levelled point was 100 metres. The remaining
points were taken off £rom pegs aiong AE:and the common
u01nts d1stance checked agalnst the terlurometered dlstance-
:Thus each 11ne was over 200 metres in 1ength and each could.
"be-considered as a rdad'cross-section.

‘4.4 Precision of Measurements

%he comparison between the'aeriai survey and field suruey
will Only giue a meaningful asseSsment of'the accuracy'bf the
aer1a1 survey 1f the field survey measurements are "precise".
Euen 1n the test1ng procedures At is 1mp0551b1e to d1scover the
exact cross-section profile. The field survey assumes that every
significant change in curvature and grade is'documented uell
.enough to allow the linear interpolation of level ot.points
intermediate'to'thdse measured. Errors'made_in obtaining data
.fron the-fieldlinclude :

“l. non-selectlon of 51gn1f1cant curvature changes.
Z;I:Isuff1c1ent p01nts to enable ‘linear 1nterpolat10n are. not

;1nc1uded. | |
.3. tcross sectlons are 1naccurate1y coordlnated into the

‘coordinate system of the model (nat1ona1 grid).

. % A specification of these instruments apbear_in 4.4,
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4. herizontal offset distances along each crcss-section are
 ‘not measuredlprecisely.
_Measurements were taken usiné the-foilowrng instruments.
.1.' Tellurometer MA100. This instrument accurstely measures
the distance between two points using radio'uaves. The
inStrument-emits radio waves which are reflected back from
the reference point to the:source'to give a reading. ' The
specifications are : -
' -:(a) Accuracy -~ standard deviation of a s1ng1e measurement
1. 5 mm '+ 2 parts per m:llion.
(b) Resolut1on - 0.1 mm.
-(c) Radiatlon Source - Ga111um Arsen1de D1ode{'.'”
2. - 'Kern DK-RV - A self reduclng tacheometetr which is used in
| .conjunctipn'with a.special, extenued'precisicn'vertical
_.staffrillts.specrfications are : .
i'(a)_Accuracy f_3 tQ'5_cms/106hmetres.
(b) Maximum distance possible 150 metres.
“(¢) Horizdntal'circle (angles) 10" with micrometer.
{d) Vertical circle'klevels based on a tangent scale) 0.0001
by estimation, 0.601 direct. | N
US1ng these 1nstruments the author personally helped an
U'experienced 1and surveyor (Mr. R. ‘B. Beels (A R.I.C.S.) level the test
areas._ Non-selection of 31gn1f1cant curvature changes was av01ded
because of the author s 1nvolvement, and th1s also removed the
.possibility of.inSufficient points'to eriable linear_xnterpolatron
to be carrred out. The use of the tellurometer ensured accurate
coordlnation of the cross-sectlon 1nto the’ model.- The remaining

error,'- precrse measurement of. hor1zonta1 d1=tances, was over- -
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come by never levelling a point more than 100 metres from the
tacheometer.

Analysis of Data

The land survey provided the “true" cross-sections and the
model provided the "assumed" cross-sections. By interpolating

the "true" levels to the model points to provide the "true"

hvaiues for the model a third cross-section was produced. These

three representations of each cross-section were the basis for
the analysis :

1. true répresentation.

2, true model representation.

3. =_actuai model’ representation.

The comparison between (2) the true model representation and
(3) the actual mbdel representation gave the mbdel preparation
error. That_comparison between the_trﬁe tepresénfatibn (1) and
(2) the frﬁe'model éave the quaiity of model error. The
difference Betweén (l) and_(3) producea the overall error or

combined error.

(2) - (3) '= Data Preparation Error.
(1) - (2)'-=- Quality of Model Error. -
(1):--(3) ‘= Overall Error.

The comparisons were investigated by two -methods :-

-(a) the indiyidual point levels on each cross-section.

(b) the areas contained in each cross-section.
The reduction of the data into the amenable 'form of means
and variances was achieved by the writing of various computer

progfams;
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CHAPTER 5. GENERAL RESULTS AND SUGGESTED AMENDMENTS

5.1 Introduction

In this section a general review and asseésment of the

results obtained from the analysis is given. Reference is
. made to the tables in Chapter 8.

‘It has been shown in Chapter 3 that the efrors involved
in calculating earthworks quantifies may be isolated into
those coqcerned with iongitudinal spacing and those with

'cross-gectioﬁal area. Considergtion of cross-sectional area
‘allows the errors t§ be broken down'furfher;into the following
fgctdfé = |

(a) ﬁlunders.

(b) éuality of model errofs;

Kc) data preparation_érfor.

(d) overgll error'(d =a+b+ c)'

_ Chapter 3.3 shows how this is theoretically true and Chépter -
4_givés'én indication of'BOW to achieve relative measurements,
aithough_they do not consider the affect of blunders. Blunders
afe arbitrarf and impos&ible to énalys;. However for the string
gréuﬁd”model their removal may be accomplished by two methods :

 1. "conéideration.of adjacent levels on 3-D strings.
2. "plotting'of tﬁe model. |

Assumiﬁg thé blundérs are‘removed the overali error ia
calculating éarthworks quantities is"a'combingtion of the model
prepafatioﬁ error ‘and the quali?y of model error. Using a
ground moael ;he continuous land surface is répresented by_a

“discrete setlof Qalues and inaccuraciés immediately bécoﬁe :

apparent. Thesée etrrors are termed quality of model errors.
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In actually assigning the values to the discrete set of points
there is also error involved be it operator error, tilt of the

aerial survey photographs, or random error. This is termed

data preparation error.

Longitudinal spacing

'_ 'Iﬁ the end area method of calculatioﬁ df volume§ the areas
of the croés-sections removed perpendicularly to the design line
ére multiplieAlby fhe intervél on the design iiﬁe to give a
volume. This interval may_affeét the accuracy of calculations
in two ways. First.the longer the intérvél ££en the léss the
ﬁumﬁer of'cross-sections and the less the'Valﬁé of the information.
Sécohdly the interval 13 usually takeﬁ from the desigh line and
the widths bf'the.cross-sections may vary and make this value
iﬁébfféct{'.-

5.2.1 Size of Interval

The geﬁeral-prac;ice hgé been to take an interval
of 20 metres along the désign line. String bigital
Ground Models are the.first continuous éfound'model
and being continuous the accuracy of earthworks
.calclulat'ions may be improired- By taking cross~sections
at a Shallérlinterval‘than'that which has been considered
notmal practise.

.Theéretically by taking cross-éectiohs at a very
smalifiﬁéerval very éood definitioq-of the groﬁﬁd
' surfaéé is obtained and may-be'takén to such an extreme
tﬁat_thg'finite slices'prddﬁce'g near perfect solution.
Greater intervals introduce errdrs because of the

approxiﬁation to the surface and the errors may be
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equally positive or neg;tive and Eheregore often self-
cancellipg although within local areas they may have
.an.uﬁdesirable effecf on cut and fill quantities.

In practise the spacing must.be kept to practical
limits. It may Ee true that the étring model is
cdﬁtinuqus but as has been expiained in Chapter 2,

-if is constructed from a discrete set of points; It
is.meaningless to take out cross-sections at a smaller
interval than the spacing of the digitised points.
Another factor to be considered'{s-that it is QastefuL
of reséﬁtcéé to coﬁmit inessentiai information to the
atténtioﬁ of the design enginééf gn& tﬂe_smaller the
.interQQi ﬁhe greater the ﬁumbéf of:&ross-sections. For
these reasons considefation must be given to a practical
limit td,the size of interval.'

Using'tﬁe speciéily digitised mbdel_a hypothetical
roédlwgs désignea which had as its design l;ne.a
straight line 200 metreﬁ'in length. The vertical profile
was flat gﬁd COmpletély bélow the ground surface, there
was no super=elevation épplied an& the side slqées were
ver;icai. Thé cross-section width did n;t vary from
100 metres. The whole purpose was merely to extract
eérfhwofks quantitiés_at'differing.§ha1n;ge intervals
and note the effect on the definition of the surfacé,

“Table 8.17 and 8.18 shows the results obtained
" by tﬁe test which reﬁovgd cross-sections at 1, 5, 10,
and 20 metre spaci£gs and compared fhe'amounts of cut.

It is faiply obvious from the results that a substantial
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increase in accuracy is-accoﬁpiished.by reducing the
cross-section spacing-from 20 metfes to 10 metres.
The increased accuracy is dﬁe to the cross-
séctions_defining the curvature in the longitudinal
dirécfion.of both fhe road and grouﬁd and even if the.
groun& w§re fiat the roaé éurvature-would produce
-éffors. in.the case of fhe-teét example the road was
on level grade and only.the gr6Und model was tested
~ and this means £hat in the practical situation.the
-error will only be é'proportion of the'actugl error. '
1t is diffiduit to express the differegces as a
'peréenfége error because_earthworks-vhry in shape and
depth, and it is more ;ealisﬁic to ébnsider the .
compounded effect ovér a length of rdad} A quick
calculatiorn on the bééis"bf Table 8.18'revéa1s'that t-

. An average road of total width 40 metres and of
length 100 métres-WOUid resulf in a volumetric error
of 40 k_0.636 x 100 cubic ﬁetres by taking 20 metre
cro;s-séétions as oppésed to 40 x 0.006 x.100 gﬁbic_
metres.By taking 10 metres cross-sections i.e. l44

__cﬁbic metres'against:2h cubic mefres;

" 'The Vchdice of -interval error" is directly
compétible Qifh the "quality of mode}".error* and it
i;.ééneréi'p;éctise'to:také 20 uetre inteérvals. As a’
result gf the teéts-ény criticisms of ground models

must be{?iewed in this context. .

r

* Theiéualiﬁy of modelgerrof will be-discussed more fully in Latér sections.
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Cross-sections are,removed perpendicilarly to

the design line (usually the centre-line) of a proposed

-road and the product of the areas of two adjacent cross-

sections and the chainage interval gives the volume.
The chainage interval is calculated from the design

line and this has been called the "length factor".

'e;g._volumg = length.x breadth x height.

the breadth and height are combired in the calculation

' by using the cross-sectional area: the length is the

chainage interval.
This is the traditional practise and for general

mdtorwéy design is accéptablg, complicated junction

: desién'being done manually. Howéver:desighs are

becominé more coﬁplex and computerised designs of

- considerably more detail are required.

The inaccuracy involved in the above mgthod
probaglf cannot be ignored on bends-aﬁd When calculating
volumes fdr-irregular featufes such as interehanges.
It-'is di-fficulf to make a general analysis of the |
effect of differing offsets especially when the design
line iéithe centre line. The need to use the true
leﬁgfh factor (qs oppqsed)to-the "traditionalﬁ léngth
fécto;) ﬁay only be proved or disbroved in the design
office in practicaL circumstances.

Research carried out on a smdll number of urban

designs would reveal the necessity. or otherwise of

using fhe true length factor in the-design.
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 5.3. Blunders
Blundersléccur at the data preparation'stége and are both
afbitrary and impossible to analyse.. The more serious biunders
may be shown u§ by'¢onsidering adjacent levels on three
'diménsiopai strings and by plotting the model. -
'Threg-dimensional strings are.inc1u6ed in the model when
changes in;gradient (railway embankments etc;) are notiqeaf;e
and Qhen the slope of the ground is so small that the contours
provide insufficient definition. A railway'embankment or
.similAr feature will be described by-strings which run along
the feature rather tﬁan across it. Thus_é difference in level of
more than.say, 2.5 metres on a 1 : 500 scale model shodld caﬁse'
concérn and will probably indicate that a blunder has occurred.
~ ' One of the major advantages of the aerial surveyed string’
_D;G.M. is that it provides a regular sample of the ground by its
. use of contéﬁrs and 3-D strings. In areas.of chapging slope the
contéurs becomé more dense and Where curvature is noticeable
. (crossing a raiiway-embankment_etc.) the 3-D strings describe it.
. The direct plotting of the contours and 3-D strings in the
projédtivelpléne provides an immediate cﬁeck on both the
accéétabiliéy of the model and shoﬁs-up any "blunder" madé W th
tﬁe brovision of the dgta. Examples of checks which may be made
by reference to the blbt are :-
1., aﬁsence of-contours or pa;tial absenée.
2. - absenée of 3-Dstrings or partial absence.
3. 'inaccuréfe overlapping éf crbged contours.
4. ~double digitising-of sections of contours.
5. crossing of contours.

6. . unintelligible 3-D strings.
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' These examples are not unusual and are faily easy to
_fecognise when a plot is availabie. However without the plot
(produced by computer) the task is impossible. If_these
blunders remain in the model then inaccufate resulté are_bound
' té occur.

5.3.1 .'Absence of Contours or Partial Absence

FIG 5.3(i)

* Fig. 5.3(i) shows that contour level 95.0 is missing and
- contour level 95.5 is incomplete.

5.3.2 Absence of 3-D Strings or Partial Absence

"""*Contoufrs

FIG. 5.3(iia) - © FIG. 5.3 (iib)
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In FIG. 5.3(iia) B is a complete 3-D string; A is
a string which is missipg altogether; and C is a 3-D
string which is only partially complete. The fact
that A is a 3-D string known to be missing.is explained

more fully in Chapter 5.4.5. It is necessary for

" detailed design for all 3-D stfings to be included

especially where vee-shapes occur in the contours.
A further need is for a 3-D string to be included
across the innermost closed contour of a set of nested

contours. Again this is explained in Chapter 5.4.5.

_ FIG. 5.3(iib) demonstrates that 3-D string D is missing.

By infilling this string.adequate detail for the crest

of a hill or the bottom of a hollow is ensured.

“Inaccurate Overlapping of Closed Contours

95.5

FIG. 5.3 (iii)

Slight éverlapping of fhe ends of a closed contours
such.és contour lgvél 95.5 in FIG. 5.3(iii) and also"
contour level 96.0, is unavoidable but accepting
éontour level 96.5 as defining the'ground accurately
would severely prejudice the accuracy of amy cross-

section cutting these contours.
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Double Digitising of Sections of Contours

Reference to FIG. 5.3(iv) shows that points 6 and
7 are obviously pbints which have been mistakenly
.picked possibly by an accidental jerking of the
5stereoscopiclequipment. 1f tﬁese points are removed
the sequence of ﬁoints 1,-2, 3, 4, 5, 8 will provide

the correct shape of the contour.

. FIG. 5.3(iv)

Crossiqgﬁof Contours

96.5 FIG. 5.3(v)

96.0

This again is a fairly'obvioﬁs blunder since

points A and B would appear to simultaneously have the

‘levels 96.0 and 96.5. This is topographically

impossible unless the model .is describing a cliff
overhang in which case three dimensional strings ought

to have been used.
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Unintelligible 3-D Strings

3-D String

FIG. 5.3 (via)

aer ------.-.-.:3"D S trings ’

ol

FIG. 5.3(vib)

It ié much clearer if the three-dimensional string
‘which deécribes the léveié arouqd three houses and a
f;Ctofy (say) in FIG. 5.3(via) ié defined by five
separéte 3-D strings ag in FIG. 5.3(vib). This
improves the stored model vispally and leaves less
room for blunders such as shown in FIG. 5.3(vic) since

the digitising is doneisystematically..



5.4

3-D String

" FIG. 5.3(vic)

Although the types of blunders as detailed in

5.3.1 to 5.3.6 are illustrated diagrammatically they

were all found in the general investigation of plots

of actual ground models in the practical situation.

Cross-Sectional Area

Consideration of the overail error éomposed of the data

préparation error and the quality of model error revealed some

inadequacies both in the storage of the model and the retrieval

of the data for a particular cross-section. Although the two

. components could be isolated from one another modifications

arising from’the preliminary results had the effect of changing

both errors $imultaneously. For that reason the two types of

error are considered together and their joint affect on the

overall error discussed.

5.4.1

- There is no need to compare differences in area to

-‘comprehend the errors. involved- point errors are

. The advantage of using point errors is that from

them a mean and a variance (standard error) may be

. calculated. The variance of the errors of the

inferpblated points gives a quick guide to any blunders
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eince where blunders occur a sharp increase in
variance is virtually inevitable. When the area
'errors'elone are considered-fqr each cross-section
there is only one area and no variance can be
calculated. Apart from all this the area of the .
-.eross-section is calculated ﬁsing the point levels
so thet the point levels are the primary source of
earthworks volumes. |

The meah interpolation efrer valuee, as shown
ip tables 8, 9, 10 (Chapter 8) compare very
favourably with the normalised error in area. The .
area errors are normalised so that the dimension is
square metres per-metre length of cross- sectlon. A
cursory glance at the tables reveals the dlfferences
to be about one tenth of the normalised area error
. except in_a'small nuﬁber of occasions.
The eifferences as tabulated in tables 8.8, 8.9,
: 8.10 may themselves be analysed. Assuming a normal
distribution for the differences'confidence intervals
£6r the mean differences may be constructed from the

"students 't' - distribution" (both the mean and the

variance need to be calculated)._ Table 8,15 shows the

'90% confidence intervals on the mean differences and
‘from these tables it is quite reasonable to take the

interpolation error as being directly compatible with

the area error.
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5.4.2 ° Sccondary Interpolation is a need which is not difficult
to accomplish. :

‘This is a very important modification to the
existing ‘computer programs which the research has
revealed. The component of the area error which.was

' termed quality of model error is itself compésed of
two types of error :
1. the actual choice of discrete poinfs making up the
model.
2.Ierror due to.interpolation procedures.

The number of model points stored may be very
large and the overall definition of the land surface
good,.thereby making the "quality" of model good.
However, the computer programs which extract
individﬁal-érossrseétions would find it neither easy
nor economic to utilise every piece of data. For
this reason errors in deciding which data points to
consider (i.e. intefpolation procedﬁres) must be taken
into account.

fhé simplest way of using the data in the model is
by using Iine;r intefpolatioﬁ across the strings.
Aloﬁglthe string linear interpolation is already
assu@éd by the specification of how the data is to be
.collééted*. To date cross-sgctiqn pfograms have’pnly

detected where actual strings cut the cross-section

e'.gO FIGI 5.4.2.(]’-)

* The specification lays down that sufficient points are collected

' along strings to ensure linear interpolation between adjacent points.




*jContours
.".
o

o - detected points.

. /Lross Section.

FIG.. 5.4.2(i)

This technique does not make maximum use of the
~ stored data to detect local transverse curvature and
in certain circumstances manual editing was indicated

. by the prograﬁ é;g. FIG. 5.4.2.(ii).

..-Cross Section

- o - detected. point
.ewContours

FIG. 5.4.2.(ii)

These disadvantagés are not short-comings of the
model but short comings of the technique used to extract

data. A further example may be useful in illuminating

* this problem more clearly.

A-)
) Contours
B=-)

-...C

l 'C - part of a
h cross-section.
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points 1 - 11 are the data points stored in the model
defining string B : points 12 - 20 are those data

points stored in the model for string A.
FIG. 5.4.2.(iii)

In FIG. 5.4.2.(iii) specifying that only at those
poiﬁts where the cross-section cuts the model are
levels taken, infers in effect that points 4, 5, 6, 7
and 8 are all closer to the cross- sectlon than points
14 15, 16, 17 and 18. -Obviously this is not true.
Another 51tuat10n where the present techn1ques
pro&e inadequate is where the cros;-section lies |
parallel or near-parallel to the contours with no 3-D

stfings_cutting the area.

94, 0=
93.5

| cross-section.
FIG. 5.4.2(iv)
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For example in FIG. 5.4.2.(iv) although there are
no cuts which are such Fhat two adjacent levels are the
dame and although cuts A, B, C_ana'probably D are
sufficiently clcse together to give adeqﬁate definition
to fhe cross-section, point E is toé far distant‘from
D to allow satisfactory interpolation of an intermediate
point.

The "primary” process of searching through the
model and finding all detail strings actually cutting
the cross-sections may be supplemented by a "secondaéy"
précess, whére deemed necessary from aﬁ.inspection of
primary output, to find the level of.ihtermgdiate '
points. The secondary process defines'points.as required
to be included where :-

1. two_adjaceht cuts have the same level - find the level
of a point which is halfway between the two points

_éf equal level.

2. two adjacent cuts are sufficiently far distént-from
one another to exceed a specified tqlerapce - find
the level of a point halfway between the two cuts.
If_the;distance between the adjacent cuts and the
included point still exceeds the tolerance repeat the
process until the tolerance is not exceeded.

If both (1) aﬁd (2) occur simultaneously the
précess.as defined in (2) is carried out.

The levels of the secondary points are found by
| creating dummy cross-sections through the point and

perpendiculér to the original cross-section. The model
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is then searched again with these transverse secﬁioﬁs
and froﬁ the cuts which they make with the strings
either side of the point the level is determined .by

interpolation See FIG. 5.4.2.(v)

m——ry s -1 B (0 ST sections.
feyrd b

* o
PR Lt PN

wsesee --".___._,'...-
o

-
_’:‘"f ————
" ' . i s ' Cross Section’
. " . .:-
T, : i/

'Intérpolated'Lgveis

FIG. 5.4.2(v)

This procedure detects transverse curvature (transverse
to Fhe di;éétion of the cross-section) and ensures
ﬁaximum use is made:of thé stofed model d;ta.

Thé frequency éf which these secon&ary points are
‘inserted depends on the curvature contained in the
model Sufface and taken to its extreme 1imit_the more
points then the greater ‘the reliability of the sectioﬂ.
Hdﬁever fof road design éénsiderations at 1/500 scale
20 metres is' a realisticlfigﬁre. Thué-where inspection
"of the §fimgry output data in@icates adjacent points

' ;E tﬁe §ame-1e§e1 then an intermediate point is
iﬁserted by secondary means. Furthermore if the
.distance between any ﬁoints on the ctosé-éection exceeds
20 metres- and -also ‘if no points are detgcted sufficiént
poiﬁts mﬁst be introduced to satisfy tﬁe'Zb métre_-

"criteria.
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The figure of 20 metres is empirical and is the
" same as that quoted in the specification for .maximum
distancé beﬁween adjacent strings for models stored
at 1/500 scale. Obviously the Valué could be relaxed
for larger sca1e§. 

5.4.3 Further Implications of Secondary Interpolation

(a) Secondary interpolétion should be restricted to .
maximum spacing between contours.
'Logically if one is going to include a secondary
pbint ﬁhen.thé spacing between primary cuts exceeds
20 metres (say) then it is wrong fo interpolate that
value ffom Secdndary cuts if the distance 5etween'them

itself exceeds 20 metres.

no detail
detepted
o'.. \

Cross-section

- interpolated
point

_;Contour

transverse sections

FIG. 5.4.3.(1)
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This restricts secondary interpolation to being
a local procedure and 1f no left and/or rlght offsets
are found w1th1n the tolerance spec1f1ed for the
" inclusion of secondary points then no point is
inttoduced, which means the transvetse curvature is
insignificant.and primary interpo}ation tahes
. orecedence e.g. FIG. 5.4.3.(1).

(b) Data preparation_error is similar for secondary
dnterpolation as it is for primary interpolation.

The same basic assumptions are made for secondary
interpolation as for primary; S0 thfs.appeared to be
-true. Reference to tables 8.1, 8.5, 8.12 show this
reasoning to be correct.

The'hfstogtamsffn Table 8.1 may lead one to
believe there are more errors under secondary
_interpolation. However it must be borne in mind that
secondary_interpolation includes more points and there
were more'"out-liers" (errors outside the limits shown
in the graphs) under primary 1nterpolat1on than when
amendments (i.e. secondary interpolation) were 1nc1uded
This was espec1ally true for tables 8.la, b and ¢ and
:.was:paftially'due to the absence of the improvements
h1ch w111 be deta11ed in 5.4. 5.

. It was thought 1mpract1cal to dev1se a parametrlc
. test to verlfy the fact that secondary interpolation
d1d not rad1cally affect the data preparatlon error.’
Instead ‘a populatlon of means and variances with the
binomial distribution was used. Table 8.16(a) shows

the result of this non-parametric test.
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One argument which may be used against the form
of seéon&ary interpolation emplo&ed is that interpolation-.
from points perpendicular to the original cross-section

does not provide the best results. FIG. 5.4.3. (ii)

shows the basis for this argument.

Interpolated “Cross-section.

Pointree ...

.\
transverse section '2 : . '
. Lo+ seecontours or 3-D string.

FIG. 5.4:3.(ii)"

It could be suggested that interpolating between
poinfs C and D would be better, because they are closer
toéether, than'interpoiating.between points A and B.
However the aboveé results'sth that although this may
indged be better it.is ﬁnnece;sary. To Search the model
in such a Qay-as to find'fhg-poin£s C and D, (which may
not be coiliﬁear with the required point) would involve
considefably_more.computer précessing fhan ﬁhe method
brqposed and would not enhance the éccuracy past the
basic accuraéy of the model. One must also remember -
the ultimate objéctivg i.e. calculation of earthworks
quénﬁities and the accuracies involved consist of those
aéroés the cross-section and also those between cross-
sections. Reference to ihe results of Chapter 5.2

show that the data preparation error compares favourably
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with the errors involved between cross-sections, i.e.

lbngitudinal spacing.

" The Use of 3-D Strings

._The'specificatiqn (*) for the digitising of strings
is as follows :- |
"There are two dimensional and three dimensional strings.
TheIZ;D strings will represent contours and 3-D strings
will repreéehé any other features e.g. the tops and
bottéms to railway embankments, river embankments and
ditches; The centre line and channels of exjsting roads.

Where contours are sparse (greater than 30 metres

.apaft at 1/500 scale) a 3-D-string can be placed to

cover the area and so represent the surface.
Where -contours are very close together, the

abpropriate string may be ended and restarted as a

new string elsewhere.

Contours will be digitised.up to highway boundaries
or similar features but the highway will be represented
by 3-D Stfings only".

This specification is sufficiently vague for the
operatér of the stereoscopic equipment to use his
subjective judgement, and although this is important
some refinements are necessary to make the collection of
Qata.more systematic. .The refinements suggested which
are easy to iﬁcorporate improve the quality of the model
and therefore thé overall error of'the model and may be

highlighted by the use of the model plot.
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- The stricter specifications were touched on in
5.3.2 and were that-tﬁree dimensional strings for all
features other than contours should be included and
in particular :

1. _ wﬁere regular vge-shapés occur in the contours.

2, ‘across the innermqét close& contour of any set
of nested contours.

3. where spacing between contours become excessive -

(i.e. over flat ground) in a more systematic

manner. |

5.3.6 also éxpLained the importance of having
intelligible 3-D strings ensuring a more systematic
approach and therefore (one wouid hope) a more
accurate approaéh.

3-D strings need always be included where regular
vee shapes occur in the contours;

_Détailed investigation of the individual errors

making up each'mean showed apparent blunders at points

" where the cross-section cut a contour as that contour

was crossing a 3-D feature. The effect was adequately

removed by infilling the vee-shapes. It is imperative

that ﬁhenever there is an appreciable sharp change in

gradlent a 3-D string is included to define the feature.
A strlklng advantage of the contoured str1ng model is

that a plot generally reveals (where the direction of

contour changes abruptly) where 3-D strings are required.

The results for Block A of the Heddon Test Area

were closely examined and it was found that appreciable
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differences were occurriﬁg at the ditches running cast-
west across the area at both the north end and the
.south end of fhe site. In these places (see plan
5.4.4(i)) regular vee-shapes were apparent in the
contours. Using a table digitiser more 3-D strings
were added into tﬁe model by joining the vertices
of the vee-shapes to one-aﬁofher and attaching the -
“level of the contours to the vertices. The "revised"
model.was then used to extract the same cross-secfions
as before. |

One anomaly was immediatéiy apparent in that the
inclusion of more 3-D strings should not of its own
improve the data preparatidn error bdt'this indeed
.happehed. The explaﬁatigﬂ of this is that the end-
points of a crosshsecfion need necessarily to be
interpolated from the adjécent cuts either sidé; and
where more detail is included this interpolation is
' iﬁproved. |
| Refereﬁce to tables 8.5(d), 8.6(d), 8.7(d) and
 comparison of these with tables 8.5(b), 8.6(b) and
8.7(b)ishow tbe improvements to the model by the
inclusion of 3-D strings along regulaf vee-shapes.
This improvement together with that of secondary
interpolation radically improved the overall error both
for mean and variance (compare table 8.7(b) before
secondary interpolation with table 8.7(d) after-

secondary interpolation.
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It will be noted that the quality of model error

without secondary interpolation for the "oasic model
is identical to that for the "revised" model and there
is no oBVious improvements to thé.model results. The
overall errors contradict this. .Again the reyised
model does oot seem to improve thc variances of the
data preparation errors with secondary interpolation.
These discrepancies are allowable because of the
particular positioning of the added 3-D strings with
réspect co the cross-sections. It does seem; however
‘that a definite inoication'is'given of the advantages
to oe'gained'by makiog this specification.
The effect on the ovefall error is rather surprising
after the constituent-errors-hove been considered. One
should remember that although tﬁeoreticaily the data
preparatlon error may be isolated, in practise.it depends
somewhat on the model itself. e.g. the cut of a contour |
is descrlbed by the intersection of the cross-section
w1th the line drawn between two consecutive model points.
Thus the data preparation error cam in fact be
correlated with the quality of model error in producing
thc overall'crror. A siﬁple model would be :-
Data Preparation‘Ertor | X
Quality of Model Error Y
Oyecall Error . A
Z ; X + Y

v(z) = V() + V() + 2 COV. (X, Y)
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if the coVariance term ls.negatiye then V(z) is
_smaller;than the sum of the varlances ot X and Y.
._Thls ettect occurring Will produce the result
dlscussed.- . |
0f course the combinatlon of the data-preparation
error with the quality of mooel error. to produee.the
overall error in not 11near, ‘even though thelr
expectatlons are i.e. E (overall) E (Data Prep.)
+ E (Quallty of Model) |
There are many 'interaction terms, such as length
of interpolation to be con51dered 1n proQuc1ng an
_analfsis'of the onerall_variance. The analysis of the
yariance and covariance terms for the factors involved
is.both eonplei and unneeessary at this stage of
deVelopment.
.5;4.4(b). . 3;ﬂ-strings need_always be included across the
| lnnermost closed contour of any set of-nested_contours.
_ In phy31cal terms a.set of nested contours
descrlbe hills or hollows (valleys) and because they
_are lines of equal height the crest of- the hill or
- the’ bottom of a hollow w111 never be adequately shown
lw1thout the use of 3-D str1ngs. A spot helght w1ll
not remove’ th1s d1ff1culty since the model relles
;wholly on the intersectlon of strlngs for the extractlon
.of" results. If no model deta1l is stored then the
program can never detect‘lt and even mathematical

1nterpolat10n techniques will not 81d the problem. -
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. If one 3-D string is placed across the contour

"passing through the peak or the lowest point then no

'fﬁrthe; problems ensue. If on cross-section extractipn-
the 3-D string is not intersected then the secondary
interpolation proceés will determine tﬁo adjacent
points'of equal level and infill a necessary point
intefpolated from the 3-D string and contour, e.g..

FIG. 5.4:4.(ii)

" FIG. 5.4.4. (ii)

__(Cross-section

5.4.4.(c)

two adjacent levels equal .detected.
Point A infilled by secondary interpolation.

One can decide from. this that only one 3-D string
is required since the detail will be picked up by
either primary or secondary interpolation.

where spacing between contours become excessive

"Ki.e. over fiat ground) 3-D strings.shduld replace them

;nd be placed in a systematic manner.

| It reqﬁired only a cursory glance:at table 8.5(b),
8.5(;), 8.6(b), 8.7(b) and 8.7(c) to realise that the
scale of e;fors for Block B of thelﬂeddop Test Area a?e
markedly different to those for Block A. The

coﬁfidence intervals.drawq.on graphs 8.12(b), 8.12(c),
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8.13(b), 8.13(c), 8.14(b) and 8.14(c) display this to .

'-a greater extent.

'lt onght-to_be stressed that the Heddon Test
Area'was'speClally digitised with a knowledge.of thef
.purpose of the tests. Thelarea of_the tests had'
-previously been.partlally covered by a square grid
'model; .In snpplying a square grid model the ¢ontracdtor
-provides the model in card_form and'also a contonred
plan in map_form.' lnvestigatlon of_the-map for the -
"sqnare grld_and the plot for the string ground model
revealed'some-interesting'differences.- -

The test area could be spllt 1nto two halves, -
Block A and Block B’ the f1rst be1ng slop1ng ground, and
.the second be1ng flat. Over the slopirig ground the
contours of the two.plans followedia similar pattern
'even:thongh they were slightlyhdisplaced. Over the
second flat area, however, the contours wete. w1dely
' d1fferent. ‘In- the tests the slop1ng ground (Block A)

" had very l1ttle data preparat1on error (see Table

-8 5(d)) whereas th1s error was. substantlal in both
-'_s1ze and varlance-for the flatter Block B (Table 8.5(c))
'nllhe:ahove facts:seen;to lmply the'dlfficulty of the
.photogrammetistnin.defining contonrsﬁover flat regions.

Even when contours are 1ncluded over flat areas
. the spec1f1cat1ons lay down the need to 1nflll 3-D
.strlngs_when coritours become too sparse.. The quality
: of_model error as .tabulated in table 8.6(c) does not

" reflect the anticipated improvement to the model by
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having this speéificétion.
Obviously with faults botﬂ in the data preparation

errdr and in the éuality_of model error one cannot
texpect to obtain a satisfactory overall error and table
.8.7(c) is a remiﬁder_of this.” The result is that a -
regular sampling'of the ground f;ils to be achieved
and depending on the operator tends to be systématically
too_high or too low.

It is accepted thaf fhé operator of the steréoscopic
equipment can define 3-ﬁ strings more accu?ately than.
2-D strings. This iE-Because the.3éD strings are
- défiﬁéd by a "discre£e proéésé" - the operator picks up
tﬁe grid éoordinates énd sets the floating mark over
Fhe'pbint.. The éqnﬁours are digitised by kéeping the
level of the floating mark cbnstaﬁt.and moving ;cfoss
_thefphotographs keeping the mark as close to the surface
_és-pqésible. The grid coordinates aré picked up at a
certain time interv;i, and obviéqsly longitudinal and
' lgferal inéqcuracies may play a part in the final error
_.forlthg contours wﬁereas they do not for the 3-D strings.
This difference between the methods will be
-exaggéfated ovér flat ground where the_smhll diffefence
in level provides little contrast to the operator. .
Having examined the medioérity of the ;eéults and éheir.
causes a differentlspeqificatién needs to be used.

‘An impréved specification might well be to ask"
for 3;ﬁ strings only across an area which drops below

| a specified minimum slope. This would require the
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stbpping of cbntours when their spacing between them
' become excessive and obviate the need for infilling
_(uéually).meaningless 3-Dwétrings. The defiﬁition

given would be by 3-D strings -which ei;her followed

.the general pattern of contours or more preférabl&
near parallel straights across the area. The |
straights need not be perfectly parallel provided
.the B-b;coordinates were collected accﬁrately. It is
not n?ceésa?y for them to be in the form of a_gquare
grid or even Strings crossed roughly perpendicularly. .
ftom the eapiier results (secondary interpolation),
if oﬁ éro;s-sectiqn extfaction the.3-D strings were
ho; cut dn‘primary inferpolation they certainly would
ﬁndér_;ecohdary interpolation. -

Diagrams FIG. (5.4;4.(c)) demonstrate the suggested

specification.

. Uﬁ§v3-D string in filled
re

**°°<*:Contours

Present specification.
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FIG. 5.4.4.(c) -
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5;5 Summarz
- The préSgnt chapter has investigated the methods of storage
.of, and retrieval of information from the string ground model.
Errors have beén shown to be noticeably_réduced by the inclusion
of spmg'éasy to apply teéhniques both to.the éollection methods
_-and the retfieval of cross-sections.

Taking cross-sections at a 10 metre intervals for detailed
500 §cale Aesign is much better than 20 metre intervals. For
complicated interchanges and where there is a predominant

‘curvature in the horizontal alignment, a "length factor" different
_;q'tﬁéichainage interval may be preferable. . o

One of the great advantages of an aerial string ground
moﬂél is its vispal effect. This helps in-substantially reduciﬁg
the grave hazards of gross errors and blunders.

Consideration of the cross-sectional area enabled some
inadequacies qf the present techniques to be highlighted. Using
the same stored information bette? results can be gained by
using secondary interpolation. In certain areas there éiso
appears a ngéd to give a clearer indication as to how'the model

- should be sto.re_d. -

Overali the model is shown to be a reliable and accurate

representation of Fhe land surfac;-and the'modifications suggested

help make the.uée of ground models totally jusgified.
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CHAPTER 6. VERIFICATION OF SUBMITTED CONTRACTS

6.1 Introduction

In the initial stages of aerial survey development the
variogs authorities preﬁared their own contract specification
" for the prévision of a sufvey. The speqification was a "method"
.-séecificatioh aﬁd was primarily concerned with the complefe air
~survey, the prbduction of a ground moael being'secondary. It
was a-"méthod" sbecification in the sense that the procedures
for setting up the stereomodel and the taking off of measurements.
;énd the drawingléf plans were laid dowm. .N;'testing éroceduré
-applicasle to the data was defined. |
: lIn.an attempt'to ensure a consistehcy of specification
-thrOughout the country thg Department of the Environment (D.0.E.)
: g prepafed Tééhnical Memorandum H9/70 which_recoﬁméndS'a standard
practice. Again this memorandum is érimarily a "method"
specification for the complete aerial surfey and digital gréund
modeis are-Oniy one part of it and even then square gtid quels.
lonly';re-refe:réd to.
At thé present time the majority of_specifications for
Aerial Surveys either quote Technical Memo . H.9/70 or -are based
on it. Dﬁfham Couﬁty Council have modifiéd the memo for ‘their
6wn use-éna.héve drawn up a specifiéationffor tﬁe creation of
fw_String'Digiéal_Grouﬁd Models which is also widely used by othe%
- auﬁﬁdfitiég. This first attempt to extena Technical Memo. H9/70
is o;ce again completely of.the'"method"_type and since there is
no rec6énised-tésting proéedure there can be no guarantee of

'gopd resulté.
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'-‘Thefresults of Chapter 5 have provided clearer guide line

- for the Spgcification of a greatly improved model that may be

achieved with little extra effort. The complete model then

;ailows for the testing procedure described in 3.4 to be

implémented thus ensuring the terms of reference of a contract

'are.properly fulfilled.

The foilowing sections will make a critical appraisal of
presenﬁ spécificatibns'suggesting amendments and including a
general proposed testing procedure by which the client may accept

or reject the conpracted ground model. It ought to be stressed

.“that at this sfage only a broad framework for a testing pfocedure
. can be proposed because investigations need to be much more

_extensive before specific parameters are included in a contract

"-dpcﬁment. ‘Nevepthelésé, the framework should provide a basis for

6.2

further study and discussion, enabling a definite specification
to be_p:odﬁcéd,'

To avoid the need for duplication relevant sections of a

typical specification are referred to by use of the reference in
that specification., ‘The relevant sections are reproduced in
" Appendix 1. Whére-amendments are suggested the revised

_specification is given in upper case letters followed by a

cross-referénéeaso that .the reasons for the change may be understood.

Revised Sgecifications'

c.f. 3.6 Contours

.Contours, where required, shall be shown at vertical intervals
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(a) 0.5 metres at 1/500 mapping scale.
“(b) 1.0 metres at 1/1000 and 1/1250 scales or at 2 metre
intervals when a.digital ground model is spécified.
 ‘(¢) 2.0 metres at 1/2500 scale.
Where:sfeep slopes-aré encountered and. it is not practigable
| bn thelplan to represent each coﬁtour full& throughout its
.1ength,'the Coﬁtractor may with the Engineer's ;ppfoval terminate _. |
ceffainiintéfmeAiate contoﬁrs. In flat areas where the
horizoﬁtalldiétance between contdursngxceeds 30 mgtres,'the
Coﬁtractor.shall, DISCONTINUE CONTOﬁRS AND SATURATE THE AREA
: WITH-3-D STRINGQ OF SPOT LEVELS AT A MAXIMUM SPACING OF 20
METRES, paylng partlcular attention to local high and low points
in the atea.
Cross-Refgrgnce 5.4.5(c)

" c.f. 3.10 Accuracy of Contours

| WiTHIN ANY AREA OF THE SURVEY ALL CONTOURS, WHEN CHECKED_BY
PRECISE LEVELLING FROM THE AGREED ORDNANCE DATUM SHALL BE
- ACCEPTABLE ib THE AGREED TESTING PROCEDURES AS SET OUT IN
APPENDIX 6. -
Ctoss-Reference 3.3 and 6.3.
c.f. 5. 4 2, Strings

The topography is described by  the use of both 3-D and 2-D

§trings_(break-11nes and contours).

. C. f 3.4, 2 1 3-D Str1n§_ﬁgf1n1tion

© A str1ng shall be placed along EVERY sharp feature or change
of ground slope. ONE 3-D STRING SHALL ALSO BE PLACED ACROSS THE
BROW OF EVERY HILL AND DIP OF EVERY HOLLOW, THE HIGHEST AND LOWEST

POINT_RESPECTIVELY BEING DEFINED. 3-D STRINGS SHALL ALSO REPLACE
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THE USE QF CONTOURS WHERE CONTOURS ARE SEPARATED IN EXCESS OF
.30 MUTRES.. ACROSS SUCH FLAT AREAS 3-D STRINGS SHALL BE
INCLUDED WITH A MAXIMUM SEPARATION OF 20 METRES.

PARTICULAR ATTENTION SHOULD BE PAID TO THE NOTES DETAILED

IN APPENDIX 6.
Cross-Refereﬁce 5.4.5. -and 6.3.
c.f. 5.4.2,2; 3-D Strings - Accuraey of Measured Points.

" POINTS SHALL UE RECORDED ALONG 3-D STRLMGS.AT A FREQUENCY
AND ACCURACY SUFFICIENT TO CONFORM TO THE TESTING PROCEDURES AS
SET ouT IN APPENDIX 6.

Cross-Reference 6.3.

c £. 5 4 2 5 Den31ty of 2-D Strlqg_

i} (a) Flat Areas'- where contours are sparse - greater than 30
‘metres apart.-THE CONTOURS SHALL BE DISCONTINUED AND ?HE
| AREA\SATUUATED-WITH 3-D STRLNGS SO THAT THE DISTANCE BETWEEN
ADJACEMT.3-D3$TRLNGS_DOES NOT EXCEED 20 METRES.
CrosséReferenee 5.4.5.(c)"

6.3 Suggested Testing Procedure -(Specification)

(EQIE - This section will comprise APPENDIX 6 as referred to in
6.2). | .

The dlgltlsed ground model shall sat1sfy the following
cr1ter1a and be subJect to tests by an 1ndependent ‘contractor or
;the Engineer. . |

-The tests shall be suff1c1ent cause for Clauses 21, 22 and
35 of the condltlons qf Contract to be 1mplemepted.
i.' The plot of the Model'will be visually inspected for :

(i). absence or partial absence'ef 2-D strings (contours)

(ii).abSence or partial absnece of 3-D strings (features)
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' (iii)-inadcura;é overlapping of closed ;ontoufs.
(iv)_'double digitising of sections of contours.
L (wv) _cpossiné of contours._' |
(vi) . unintelligible 3-D strings.

.;:Egzgg : (a) 3;D sérings are required at every change of curvature
énd especially across contours where regular.vee-
shapes océur-in them. fﬁey'are-also necessary
across the brow of a hill and the bottom of a hollow

' i.él agroés the innermoét closed contour of a set of
“hésyedjcontours;
| '(B) 3-ﬁ's£rings should be given in such a fashion as to
make- them meéningful. This improves.the visual aspect
1 of the model and reduces-the probability of blunder.
;_ (c) the pipfting_of the string'mbdel_is'an_efficiént means
of reducihg“"blﬁnders" in thé'ﬁodel. Discussion of
" these details are found in M.0.S.S. R. & D. Note
1 : 1/74 (%). | |
2. Model tests have shown that the systematic error in the
'_aerial éﬁrvéy tends to be:the most significant. In the
photogrammetrié evaluation the systematic errors for eéch
photograph.o; s;ereobai;'maf be differént and is not stable.
Furfhermére'along a "straight ;trip"'of pﬁotographs there
- may agaln be a systematlc error. . Fdr'thése-reasons a smail'
sample of informatlon through each’ stereomodel need s to be
collected by precise measurement.

(1) con31der 3, 200 metre stra1ght cross-sections in each

: stereomodel,

(ii) level each cross-section with a precise land instrument.

% M.0.5.5. R. & D. Note 1:1/74 is effectively Chapter 5.3.
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(iii) remove the deel representation of the cross-sections
from the stored data.
-(iv) “evaluate the Data Preparation Differences and the
- Overall difference (i.e. errors)
(). -compute'means, variances and ;izes of sample for
each cross- sectlon, and for all comblned

(vi) apply the following criteria to the data.-

(a) 1x1 < b
_'(b) Sz. <; vﬁ
where x = l_ 25 Xi is the differencé in level
: 'i= of a point by land survey .

against model, n is -the size

of sample.

b and-wz are critical values seé for the particﬁlar
: séale'mapping-ﬁnderfaken, and for 1/500 scale mapping
ate both 0.135.

(vii),should_the above criteria hola'the data should be
deemed satisfactory. Otherwise the discrepancy should
be inVestigated.-

NOTES - (a) Jpétification and discussion of this criteria is
"é§q;aiﬁéd in M;O{S;S. R. & D. Note 2:1/74 (¥¥)
(b) The field survey should be done using a precise
leveiling inétrument and measurement made so as
to accurateiy define eﬁery pﬁint on the cross-
| sectlon by 11near 1nterpolat10n and at least one

(#**) M.0.S. S. R. & D. Note 2: 1/74 is effectlvely Chapter 3. 4
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poinf per 10 metre length of cross-section should
be taken off.
6.4 Examples

- "The use of the testing procedure as-Set out in 6.3 may

YN

be demonstrated by reference to the test data collected.

. 6.4.1' Bowburn East-West

The Bowburn East-West model was a 1:2500 scale
mappi;é model, having a two metre contour interval.
Equivalent to the critical values of b and wz being
both 0.125 for 1:500 mapping the values fof 1:2500

-scglé-mapping are :=- '

| b=0.5 : w2 = 2.0

The values érg derivg& from | |

1:500 ffg? w & 0.25 (half the contour interval)
‘r;- :

n

5 .
= (0.125) . Nee = 0.25
e X 76.125)%
i ._

_ Eé, is constant for‘different scales.

-+ for ;2500 N w' < 0L.0 (half the contour interval)

for further explanation See 3.3.
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Table 8.5(a) shows that for the Data Preparation
Error thé largest absolute value of the mean (under
secondary interpolation) is 0.486 and for the variance
is 0.157466. Both of these lie within the critical
limits especially the variance and so the Bowburn Area
may be deemed satisfactory.

The criteria also hold for the overall error with
(secondary interpolation) except for the first cross-
section. (See Table 8.7(a)). The way in which
secondary interpolation has improved the results is
noficeable (e.g. Table 8.11(a)) and the inclusion of
the other modifications (for example more 3-D strings
because of the rapidly changing nature of the ground)
would no doubt improve the model even further.

Horsley Heddon

The values in Table 8.5(b) show that for Block A,
after the secondary process, the data is more than
acceptable (largest absolute values are mean: 0.044,
variance : 0.002888, both substantially less than 0.125).

The overall error for Block A (Table 8.7(b)) is
also acceptable. In fact, if one works backwards from

the criteria that Nm'w = 0.125 and substitutes the

/n

largest absolute overall error variance (0.00346) for
the stated number of observations (26), then the
calculated value of Ny is 10.82 which implies that 100st

is less than 1.0 x 10=10' Thus in this instance
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the probability that the data isiunacceptable is less
than 1.0 x 107°2, |

For Block B the criteria do not hoid for the mean.
One would expect the variance to be large (which it is
in comparison to Block A) when it is noted that when
flown the area was under plough but when land levelled

was under pasture. However this cannot account for

the bias in mean. The explanation for this apparent

anomaly is probably two fold.

First the definition of the model over flat areas

is difficult for the photogrammetist in that there is

. no contrast in light shade and, in.leading the floating

mark.aroond'a contour he has some problems in
distinguishing a level difference. Secondly, different

operators have different,techniques for dealing with

--ploughed or furrowed ground; some pick up the tops'of

the furrows, and others the bottoms. Taken together,

the bias being'large and the variance being large in

-~

comparison to Block A the results are understandable.

A discussion of how these problems may be overcome is

detailed in 5.4.5(c), where it is proposed that 3-D

: strlngs ought completely to replace contours and should

be given in a systematic manner. Table 8.6(c) adds

welght to the argument that 1nsuff1c1ent detail has

'been given over flat areas, in that after secondary

1nterpolation the quallty of model error is good with
respect to b1as but poor (in comparison with Block A

(Table 8.6(b)) with respect to variance.




6.4:3 Summary

. | ‘The most significanf'result of the above examples
is the slackness of the criéefia. For both 1:2500
scale mapping and 1:500 the worst variance Qas less
than one eighth of the critiéal value. . The effect is
to make the mean error more significant. Although
the_Heddon Horsléy area was specially &igitised the

- Bowburn East-West was not and the tests were done in
a poof area, of qugfry and bracken. - Even though the
épirit,of the present specificafién was followed the
test criteria was made slightly tighter.' The over-

"whglﬁihg'facf to emerge, therefore, is tﬁat dqder the
preseng conditioﬁs of'céﬁfract it i; virtually
.impéssiblé fbr.thé.aefiglvsurvey'cantraétbr not to
provide an acéeptable ground model, 5nd'the-criticél
vaiués need to be reassessed; ip the light of fiurther

research,

.6.5- Praétical Applicatioh of the TéstingrPiocedure

It ﬁas'beenlﬂproposed that thiee or more cross-sections be
'taken in. each ;te?eomodeléand precisely levelled. The levels
givéﬁ by the-geriai_Sufvey are based oﬁ_the levels of permanen;
grouhd markers (P;G.M.) distributeﬂ throughout thewleﬁgth of the
whole model. . The P.G.M's are set up either by the contractor.or
thé client and ate tied into the Ordnance §ﬁrvey. They serve -
two purpqses; Firsi.td prpvide7érouﬁd cqﬁtrol for the aerial
survey #nd segéndly for gVentual settiﬁg out-of thé designed
road and bé;aUSé.of the dual purpose they need not necessarily

" be sited_ideally-for-the aerial survey.
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.-The smaliest errors may. be expected to occur atound the
_P.G.M's,'and it would seem logical to set out and level cross-
" sections close to them. In each stereomodel it is 1mprobab1e
that there will be at least one P.G.M. For such stereomodels,
esupplementary control should be given from the closest P.G.M.
. The test cross-sections should then be levelled.
| Over.different pafts of.the-model and especially over
- differing types of terrain, it is important to realise that
inaccuracies may . vary considerably. This ia especially true,
ifor e;ample,_in-ﬁoqded valleys, where the aerial survey
- eonttactors.readi1y;accept the difficulties iavolved in felldwing
_ contoure. The'enly.real éolution.in this instance is for a
fielq'barty to do a supplementary terrestial strvey. However
_ from engineeriag considerations the ground shape is only realistic
fot-earthwaks'calculatibns-once.the site has teen cleared of
trees and scrub, and importance-should fiot be placed on high-
-accutacy in such- 'areas. .It may indeed .be advantageous in such
‘situations to double the critical values.

‘ideaily the:cross-eections should be taken right across the
hodel-and pefpendieularJto‘the anticipated design line (typical
'.model width_at 1:500 scale is 200 metrea). At least twenty |
éoints at teaimette intervals ehould be 1e§e11ed and eupplemented
by the add1t10n of levels at points of angular change so that
there w111 usually be between twenty five and thlrty points per
cross-section.:

Folloﬁiaé the“theory of‘3.4 the.number of points levelled
thea enables a aatiafactory analysis to be carried out. If each

of the cross-sections agree to the criteria laid down then the
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' modul May be dcgmcd satisfactory. Otherwise by taking all the
. crosé-sections éogether more confidence may be placed in the
fgsults and if_the criteria are still not satisfied then a clésér
examiqation of the source and cause of error is required.

The analysis of the level information may be accomplished
u§ihg coﬁputef prqgrams specifically written, which consider
_ both the land survey and aerial survey representations of the
cross-sections as a series of offsets and levels. These
:;epresentations'are compatible with those used in program
““HREACé" in the B.I}P.Sf suite of programs (See Ref.&)
Fig. 6.5.1'ShOWS a flowcﬁart of the proceésing and analysis of
the data for the testing procedure. .The relevant computer

programs are indicated in parenthesis.
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CHAPTER 7. CONCLUSIONS
Introductioﬁ

The terms of reference and the purposc of the project were
set out in Chapter 1 as :-
1. Justify the use of a ground model in calculating earth-

works quantities.

2. InveStigate the methods of storage and retrieval: of

information and suggest additions or amendments to the

preégnt techniques wherever necessary.

" 3. Investigate testing procedures for acceptance of

contracted ground models by aerial survey and suggest
an appropriate test on which to base the acceptance.

The conclusions mdy be conveniently categorised into these

sections. The project, however, cannot assume that every

question has been answered and further topics of research have

been revealed in the study.

Justification of the use of ground models

The aerial surveyed string digital ground model has been
shown to. be.a very sound concépt and its use in calculating
earthworks quantities is justified. The models can have an

important role in both the preliminary and final stages of

_highway design. Their use in preliminary design is often

decided on economics rather than a combination of economics

and potential for thorough scheme evaluation.

Model tests have shown that the systemati; error in the

" aerial survey tends to be most significant, which is certainly

the case at 1:2500 scale mapping, but if the levels of the

_ vertical alignment tie points are taken from the same survey
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then the vertical offsets are relative and the earthworks volumes
are realistic. When designing the final scheme utilising a

1:500 scale survey and model, the tie points will be hand levelled

but because of the greater accuracy of the aerial survey the

earthworks volumes extracted from the models at different scales

will compare favourably.

The visual impact of the plotted string grourd model also

- helps the design engineer to fully appreciate the terrain surface.

Investigation of Methods of Storage and Retrieval

In making any criticism of a new technique it is necessary

" to understand the implications of those presently available. The
'accuracy of using the end area method of oalcniatfng'earthworks
| qnantities.is debendent on the spacing of the end cross-sections,

-and the.flength“factor", to much the same extent.as the errors

implicit-in the modeljdata;

_ Although the spacing of cross-sections and the "length factor"

have not been fully investigated, preliminary analysis and. results

(3 2 and. 5 2) have shown them to be more. than comparable with the

_ errors :therent in the stnng ground model concept.

Some 1nadequac1es 1n the present pract1se of storing “and
retriev1ng 1nformatlon from the str1ng model have been stud1ed
in Chapter 5. Perhaps the most important 1nadequacy in storing
the 1nformation has been the use of three-d1mens1ona1 'strings
both for angular features and for describing flat ground

The 1ncorporat10n of a secondary 1nterpolat10n procedure has
dramat1ca11y improved the retrieval techniques. Empirical values
have been 1ntroduced for th1s secondary process and these may

demand further 1nvest1gat10n. The m1n1mum d1stance between offsets
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has been suggested as 20 metres, This seems reasonable for a
13500 model but may produce too many cross-section points in
certain circumstances. The lateral interrogation for the secondary
process is also suggested as 20 metres. This ensures the
secondary process is local but perhaps this also may need to
be reconsidered.

Investiggtion of Testing Procedures

There are three important requirements to be borne in mind
when developing a testing procedure. First it is useless unless

it may be practically applied; secondly both the contractor and

"~ client must be satisfied that it is fair; and thirdly it must be

theoretically sound. The testing procedure described in 3.4 and
explained and documented further in Chapter 6 would seem to serve
these requirements.

The plotting of the model is invaluable in the rectification
of blunders and also for its visual impact on the design engineer.

The taking of test cross-sections in the field is practical
to the engineer and gives a good indication of the inherent
inaccuracy of each individual model.

Using the sample mean and sample variance as criteria in the
testing procedure should be readily acceptable. However the
values used .in the criteria have been shown to err on the side of
slackness. This is inevitable in preliminary acceptance of a
testing procedure, but Based on further research might well be
tightened up. This would be to the mutual advantage of contractor

and client since the quality of the model would be known.
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7.5 Suggested'Further Research

The research_has:highlighted a number.of topiés which ‘could.
‘be usefully investigated fprther. |
1. .Tﬁé problems éf cfossfsegtion sﬁa@ing and "length factor"
havé béén dealt with supetficially because they were not
dire;tiy abblicable to aerial survéy. Contributory factors
such as road curvatufe (both laterally and lbngitudinally)
and .the cumulative effects of the ground-érror in cutting and
embankment on the overall earthworks value, need to be considered.
2.; The:néed fbr.mbfé:defiﬁition of three-dimensiénal stfings
-fbr apgﬁlér:feaﬁufés.and_'Avér flat areas: is unqueétionable.
However,-tb achieve én economic an&-viable model, fhe extent
tb.which-they need to be included, especially over: flat
ground, needs further'inyestig;tién; |
) "F#r tﬁié;purpése it has been agregé, folLowing-;.
discussion of the'pfoject'with an'aeriai survey COmb;ny, that
Block B of "the Horsley'Test_Areé:be #aturatéd ﬁith'thfee-
dimenéiohél stfings so that further comparisons may be made.
3, -Vériéus empi;ical values have beep'postulafed for the
I"se;Andéfy proééSS'fb démonstrate its usefulness. jALthough
. they Séem:;énsible fd;therfinveétighfioﬁhshould reveal whether
'tﬁey need to Be'changéd.
4. Résources_havefdiétated'that tests were confined to small
areas. Obviously a more co@prehensive rapge'of'types of
' ﬁerraiﬂ'ﬁgeds to.bé investigated. These will be considered as
éontf;cés afe aw;tded and not és-an exercise in itself.
5.- Foliowing_the reséa;ch detailed in.(4) above, the criteria

uséd'in-the testing procedure'willlbe reconsidered. This
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would gntéi} the-cémpilation éf new proﬁability of rejection
'tgblgs.é;pléined iq'3.4 (for example,lif at 1/560 ;cale the
critical valués are cpanged.from 0.125 to 0.1 then new
probability of réjection taﬁles would indicate the size of
_ sample required.)- | |
'  7.6 'Sﬁﬁmari
o 'Thé inveStigations have confirmed the model concept is sound
and tﬁe ameﬁdménts to the procedures, highlightéd by the rgseéréh,
'_have improved thé quality of the model and results. The
éhihinafioh"&f theffese;fcﬁ has been the testing pfocedures,
To the aﬁthor(s'knowleége this is the first_praétical method of
tésting grouﬁd'ﬁodels to be produced, whiéh ﬁas a theoretical
Baéis, énd:ié available to assess the models giving confidence

" to both.the céntracfo? and the client.
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CHAPTER 8. * HISTOGRAMS, TABLES AND GRAPHS

The foliowing diagrams'and tables present the resu1£s found in
thé_threé test;areas considered. Each section is prefaced by an
explanation.

; .Positive errors indicate that the true value is higher than thg
-vglue-given by the moaél. -

Thére is no Table 8.4,

In those tables where a revised model Block A is-enumerated the
reviéed model éénsisfed of the basic model plué some 3-D strings which
_ weie:addgd in across the ﬁécks of vee-shapes.- Fof further explénation

: 'see 5;4.4;(a),

' fgbles.B.l, 8;2, 8;3 show histograms of the errors-for the three
;ést areas considered. Each table has the errors with primary
iﬁterpdla;ion only.shown by a continuoqs line.. The results after the
secondary interpolation process are shown by a dotted line. Where

errors lie outside the range shown the number of such "outliers" are °

given.
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8.5 Data Preparation Error

The fbllqwing tables show the data .preparation errors for ‘the
test areas. -They consider the means and variances of each cross-
section in a set of data before and after the secondary

interpolation process.

8.5(a) Bowburn East-West_-

Before : ' After
Chainage{No. of ' No. of _
data . Mean Variance - date Mean Variance
{points. | - - - ' : points.
(o)suss | 14 | -0.50 | 0.054838 15 | -0.481 | 0.056466
S4 + 56 11 -0.317" | 0.10297 16 = | -0.246 | 0.083876
s1 - 10. | -0.466 |-0.067233 | 10 .| -0.486 | 0.0563

sz | .1, | -0.456 | 0.032017 9 | -0.376 | 0.045214
83 ¢ 6. | -0.600 | 0.04716 - |- 8 -0.201 | 0.135485
¢4 | 5 | -0.312 | 0.1613 7 - | -0.203 | 0.157466

'S;S(b)j  Hoxsley Heddon Block A. -

_ ~ Before : '___ . After

_ _ No. of — . No. of i
Chainage| data | ~Mean Variance data Mean Variance

points. | : " }points.
o | 25 [o0.02 0.001242 | 26 | 0.024 -| 0.0019

16 | 23 [o.48 | 0.002696 | 23 | o0.044 | 0.001096
20 | 2 [ow0o7r | o051 | 22 0.013 | 0.001676
0 | 19 |o.010 .-| 0.0008 20 | o0.014 | 0.000705
w | 17 o2 |o.wss | 18 |o0.00 [ 0.002888
so | 16 o019 | o.ota98 | 18 | -0.002 | 0.002165
60 | 14 [o.oos | o.ose2 [ 18 [o.005 | o0.0053
70 | 12 |o.w03 | o.o19282 | 15 [ o0.005 | o0.001564
go | 11 | 0.000 0.00349 . 13 -0.010 | 0.002158
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."...8.5(¢)  Horsley Heddon Block B.

PP —

s Bgfo;é . : _ " After
Chainage No: of . TN of
' data Mean .| Variance - |[data Mean Variance
“jpoints - ) points
0 -1t .| -0.103 |.0.00366 | 16 |-0.092 | 0.003646
.10 12 -0.059 | 0.0027 - 15 -0.056 | 0.002443
20 12 | -0.126 | 0,015573 [ 14 |-0.123 | 0.0l64
3 |1 -0.128 | 0.0097  |. 13 |-0.125 | 0.00945
40 | 1 | -0.129 | o0.016731 | 20 [-0:139 | o.0l6221
so | 8 | -0.105 | 0002724 | 11 [-0.100 | 0.0095
60 9 | -0.165 | 0.019975 14 |-0.190 | 0.014977
70. | 11 | -0.149 | 0.00839 16 |-0.167 | 0.006933

- 8.5(d) - Horsiey Heddon Block A Revised Model N

“Chéinage - " ' Before - - After
S No. of |- o | No. of |
-data Mean -Variance | data | Mean Variance
points = . : points’
0. 25 | 0.024 0.001237 | 26 6.024 0.00126
10 23 10.048 0.002695 | 23 | 0.045 | 0.001418 iﬁ
0 | n | 0.007 | 0.001438 2% | o.010 | o0.000478 |
30 | 19 | o.ol0 | 0.000794 | 22 0.008 | 0.001024
40 17 .| o.001 | 0.0031 120 0.003 | 0.002505
so | 16 .| -0.003 | 0.002406 1'-;@ " | -0.007 | 0.001884
60 | 1 | 0.005 | o0.001862 1 18 ,"o.oosl 0.001565
70 | 12 | 0.0z | o.o01791 | 15 | 0.006 | 0.00145
so | 1 | ooor | o0.00% 13 '-o.ods_ 0.003242 | =

M UNIVE
%“““Ascmmz AsiTy

= 4JUL9T4

SECTION
LiBRARY
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8.6 "Quality of Model Error

The quality of model errors are shownlfor the various test
areas.l The means and variances are considercd fbf.eéch Cross=
section of each set of data both before and after the secondary
interpﬁiation process.

8.6(a) ‘Bowburn East West

Chainage Before - After
No. of : No. of
data Mean Variance data Mean Variance
points points
sL+ss| 19 | 0.027 | o.03388 [ 19 | o0.021 | 0.035528
st +8s6| 19 | -0.185 | 0.196546 19 | -0.050 | 0.066715
s1 11 0.067 10.04516 1l 0,069 | 0.0448
s2 11 | -0.120 | o.l0705 11 | -0.070 | 0.08340
S3 9 -0.153 | 0.1565 9 -0.084 | 0.076444
s 9 -0.364 | 0:287137 9. | -0.099 | 0.084525

8.6(b) Horsley Heddon Block A

Before After
Chainage No. of i No. of
data - Mean Variance data Mean Variance
points points
o | 27 0.017 0.002958 | 27 0.004 | 0.000492
10 25 0.002 0.000183 . 25 0.002 | 0.000183
20 - 28 0.015 0.0033 28 0.003 | 0.001963
30 28 0.010 | 0.001667 28 0.002 | 0.000844
40 26 . 0.0l4 0.001528 26 0.006 | 0.000756
50 26 0.012 0.001096 26 0.006 | 0.000464
60 26 0.007 0.000364 26 0.002 0.000248
70 28 0.004 0.000518 - | 28 0.001 0.000296
sgo | 26 0.021 | 0.003244 26 . | 0.006 | 0.001048
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8.6(c)  Horsley Heddon Block B

'.-Chéinége . Before . ' ' After
C No. of - ' ' : No. of ,
data. Mean Variance data Mean Variance
points 3 : points
o - | 48 | 0.060 | 0.006558 48 | 0.026 | 0.004406
10 | so- | -0.014 | o0.004476 5 |-0.016 | 0.004235
20 | 50 -0.013 | 0.006098 | 50  [-0.021 | 0.00505L
300 | 49 0.003° | 0.00655 49 0.002 | 0.006519
40 49. | o0.003 | 0.009875 ~ | 49 | 0.008 | 0.009487
"s0 | 28 | 0.045 | 0.008559 28 0.028 | 0.008122
60 51 - | 0.094 | o.013214 | 51 0.027 | 0.003462
70. | 55 | -o.014 | 0.020733 55 | -0.017 | 0:009054

8.6(d). . Horsley Heddon Block A Revised Model

I Before . After
| Chainage . .
B No. of | . - | No. of
data Mean ~ Variance data ‘Mean Variance
points : ' ' points
0. 27 0.017 | 0.002958 | 27 0.005 | 0.0005808
10 25 | 0.002 | 0.000183 25 | 0.002 | 0.000183
20 28 | 0.015 0.0033 28 | 0.00L | 0.000296
30 | 28 | o.010° | o.001667 28 | 0.003 | 0.000315
40 - 26 0.0l4 | 0.001528 26 ~ | 0.004 | 0.00072
so | 26 | o.o12 | o0.000096 | .26 | 0.005 | 0.000384
60 | 26 0.007 | 0.000364 | 26 0.002 | 0.000272
720 | 28 |0.0046 | o0.000518 | 28 | 0.00l | ©0.0003
8o | 26 0.021 | 0.003244 26 | 0.008 | 0.00128
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8.7' Overall Error

- For each cross-section of each test area the overall error.
statistics of mean and variance are enumerated both before and

after secondary interpo;ation.

.~ 8.7(a) Bowburn East-West

:Chainage ‘ Before_ : o After-
' No. of - No. of |-
data | Mean Variance ~data Mean Variance
points : : ' points : '
. |s4ss |19 | -0.509 | 0.045844 19 -0.508 | 0.046811
S4 +'S6 | 19 | -0.452 | 0.250317 19 | -0.3 | 0.1818%
sl 11 -0.450 | 0.06421 . | 1L -0.466 | 0.05781
.82 - |11 ~0.592 | 0.12691 11 -0.490 | 0.11951
83 | 9 | -0.540 | 0.16595 9  =0.291] 0.215489
. s4 9 | -0.554. | 0.427663 9 -0.269 | 0.277011

L 8.7(5) Horsley Heddon Block A~

| PR Before ' . After
| Chainage: - . - _
No. of . ' No. of -
| data | Mean - Variance data Mean Variance
points | ' points
0 1 27 .0.036 | 0.002369 27 | 0.027 | 0.001623
10 |25 |o.50 | o0.002325 | 25 0.046 | 0.000862 .
20, .| 28 .| o.022 0.004152 28 0.019 | 0.002274
% | 28 |o.019 .|o.0025155 | 28 | o0.017 | 0.001444
"4} 26 | 0.060 | 0.023164 26 0.008 | 0.00346
50 | 26 0.058 0.021368 | -26 | 0.0l0 | 0.00292
- 60 | 26.; |.0.0i0 ‘| 0.001808 26 0.010 | 0.001736
- 70 28 0.065 | 0.020356 28 ‘0.004 | 0.000981
80 |26 | o.004 |[o0.,003852 |.26 [-0.007 | 0.00222
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8.7(c) Horsley Heddon Block B

Chainage . Before After
No. of 1 . No. of
data “Mean Variance data Mean Variance
points ’ points
0 48 -0.014 | o0.015268 48 . -0.052 | 0.007419
10 50 -0.075 | 0.006578 50 -0.080 | 0.006143
20 50 -0.136 | 0.01019 50 -o.126 0.012122

. 30 49 -0.151 | 0.009758 49 -0.146 | 0.010196
40 49 -0.142 0.015381 49 -0.153 | 0.01325"
50 28 | -0.054. | 0.008659 28 -0.063 | 0.015022

{-60 | su. | -0.103 | 0.021518 51 -0.178 | 0.013452
70 55 | -0.163 | o.o1s3e8 |- 55 | -0.173 [ o.013561
8.7(d)  Horsley Heddon Block A Revised Model

Chainage] . _ Before . After

- No. of . No. of .
data - Mean Variance data Mean ° Variance
points ' : points _

0 27 0.036 | 0.002365 27 | 0.027 | 0.00135
10 25 0.050. |'0.002325 " 25 0.047 | 0.001267
20 28 | 0.022 | 0.004155 28 . | o.012 | 0.001593
30 28-_" -0.015 0.0033 28 0.011 | 0.001263

40 26 0.020 | 0.005004 26 0.006 | 0.00312
50 26 | 0.0l4 | 0.003375 26 0.002 | 0.002056

. 60 zéf- 0.010 0.001804 26 0.008 | 0.001836

70 28 | 0.009 | 0.001478 28 0.004 | 0.000926
o | 26 | 0.005 | o0.00388 26 | -0.001| 0.002772
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8.8 Areas versus Interpolated Values - Data Preparation Error.

A comparison is made between the area of a cross-section

and the interpolated values.

that the units are square metres per metre.

The area error is normalised so

In this table data

preparation errors are considered; in all cases secondary

interpolation only is considered.

8.8(a)

8.8(b)

Bowburn East-=West

No. of Interpolation Normalised
Chainage| data P Area Difference
Error
points Error
Sl + 85 15 =0.481 =0.533 0.052
S4 4+ S6 16 =0.246 =0.234 =0.012
S]. 10 -0-486 =0o57]- 0o085
S2 9 =0.376 =0.470 0.094
s3 8 “0-201 =0.254 0!053
S&4 7 =0.203 -0.238 0.035
Horsley Heddon Block A
No. of . Normalised
Chainage| data Interpolation Area Difference
. Error
points Error
0 26 0.024 0.021 0.003
10 23 0.044 0.041 0.003
20 22 " 0.013 0.012 0.001
30 20 0.0l4 0.013 0.001
40 18 0.000 =0.002 0.002
50 18 =0.002 0.001 =0.003
70 15 0.005 0.000 0.005
80 13 =0.010 =0.011 +0.001

4.

. S
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8.8(c) - Horsley Heddon Block B

[No. of

Interpolation Normal ised )
Chainage |data E Area Difference
N rror :
points _ Error.
0 16 -0.092 - | -0.075 -0.017
10 .| 15 | -0.05 | -0.063 40.007
20 14 -0.123 ~0.095 -0.028
30 13 | .=0.125 -0.149 0.024
s | 20 | -0.139 -0.165 0.026
50 .| 11 [ -0.101 | -0.093 -0.008
60 14 | -0.190 -0.223 0.033
70 | 16 | -0.167z | -0.150 | -o0.017
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8.9 Kfeas versus Interpolated Values - Quality of Mbdel Error
| The chmparis§n between the t&o methods of data collection is
'coﬂtinued for fhe QQélity of model error. Once-égain secondary
_iﬁtgrpolaticn only is considered.

_ 8.9(a) _ Bowburn East-West.

No. of Normélised'

Chain#ée da?a Intg:ggiation Atea Difference
-} points Exrror
st+s5 | 19 | o.021 0.006 0.015
sa+56 | 19 | -0.050 © -0.043 -| -0.007
51 | uw | 0.069 | o.0u 0.023
52 o ';o.d7phi | -0.068 -0.002
s3. | w | -0.084 | -0.077 -0.007
s6 9 | ;0.099 | -o.101 0.002
:.-_ 8i9<$) -_.Horsley Heddon Block A
| Chaiﬁaée .iggggof. In&;;igiation -izzgaélsed Differen;e
. points : Error
o. | 27| o.004 0.003 | - 0.00
w0 | 25 ~ 0.002 0.000 | o.00L"
20 | 28 | o.003 © 0.003 ~ 0.000
30 | 28 | o002 ©0.002 | 0.000
o | 26 0.006 " 0.004 " 0.002
- 50 ,f_ 26 | 0.006 | 0.005 - | o0.001
0 | 26 0.002 . 0.002 | 06.000
70 | 28| o.001 - 0.001 0.000
80 26 | 0.006 'i_ - 0.007 - | -0.00L
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- 8.9(c) Horsiey Heddon Block B

No. of Interpolation Normalised
Chainage |data P Area | pifference
.- . Error
points Error
0 48 | 0.026 0.024 0.00°
C10 50 |.-0.016 © -0.018 o.dqz
20 so | -0.021 -0.023 0.002
00 | e 0.002 0.004 -0.002
- 40 49 | 0.008 0.010 -0.002
.50 28 . | 0.028 0.028 0.000
60 51 0.027 0.026 0.00L
70 55 -0.017 - =0.026 0.009
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8.10 Areas Versus Interpolation Values - Overall Error

This table is similar to table 8.8 and 8.9 but differs in

that the overalf errors are considered.

'_' 8.10(a) Bowburn East-West

_ .No. of Interpolation Nbrmélised_d .
Chainage | data P area’ Difference
. error
C points error.
SL + S5. 19 -0.508 " =0.527 0.019
'S4 + S6 19 - -0.300 -0.276 | -0.024
S1. 11 =0.466 -0.525 .| 0.059
52 11 -0.490 -0.538 | 0.048
S3_ 10 -0-291 -0. 331 0004
- S‘& ! . 9 -00269 -0.339 0007
8.10(b) Horsley Heddon Block A
- y.No. of Interpolation Normalised .
Chainage |data area Difference
error ..
Co- points error .
.0 27 . 0.027 0.025 0.002
10 25 0.046 0.042 0.004
20 28 0.019 0.015 0.004
30 " 28 0.017 - 0.015 - 0.002
40 26 0.008 0.002 - 0.006
50 26 - 0.010 0.006 0.004
60 - | 26 0.010 - 0.011 -0.001
70 28 | 0.0046 . o0.002 0.002
80 26 -0.007  { =-0.004 | -0.003
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"~ 8.10(c) - Horsley Heddon Block B

. No. of Inter olation- Normalised
Chainage . [data g po’a ‘Area Difference
. -Errors
points -{Error .
=} 48 " -0.052 -0.052 0.000
10.- 50 - =0.080 -0.081 0.001
20 50 -0.120 -0.118 | -0.002
30 49 ~0.146 ~0.145 | -0.001
40 49 -0.153 -0.154 | -0.001
50 28 | -0.063 -0.064 | -0.001
60 51 | -0.178 -0.198 0.020
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8.11 Cumulative Effect of Efrors

" The relatiqnship between the three t?pes of error, data
prepara;ion; quaiify.of'model, and overall errof, is demonstrated .
) cpnsideratioﬁ-of the means. The effect of secondaf&
.inféfpolation is also shown. |

- 8.11(a) Bowburn East-West

Data Préparation Qﬁality of Model
Error - Error - Overall Error

Chainage
' Before | After .Before . | After Before After

.| sl +s5 | -0.500 [ -0.481" | 0.027 | 0.021 | -0.509 | -0.508

s4 + 56 | -0.317 | -0.246 | -0.185 | -0.050 | -0.452 | -0.300

st | -0.464. | -0.486 | 0.067 | 0.069 | -0.450 | -0.466
s2 - | -0.456 | -0.376 .| -0.120 | -0.070. | -0.592 | -0.4%0
3 | -o.401 | -0.200 | -0.153 | -0.084 | -0.540 | -0.291
's4 | -0.312 | -0.203 | -0.364 | -0.099 | -0.554 | -0.269
‘MEAN - | -0.408 | -0.332 | -0.121 |.-0.035 | -0.516 | -0.387

'ES}ii(b) Horsley Heddon Block A

“Chéinaég ?ftaEzzsgarati°n Q“aligzrgi Model [ Gy erall Error
10 0.048 | o.0s4 | 0.002 | o0.002 | 0.050 | 0.046
20 | o0.007 | o0.013 " 0.015 | 0.003 | 0.022 - -0.019
30 ] o.wot0 | 0.4 | 0010 |o0.002 |o0.09 | 0.007
‘40 - | 0.022 | 0.000 | 0.014 | o0.006 0.060 | 0.008
150 0.0i9 | -0.002 0.012. '|.0.006 | 0.058 ' 0.010
- 60 ‘0.004 | 0.005 | 0.007 | 0.002 | 0.010 | o.010.
70 0.037 | 0.005 | 0.004 | o0.00L |-0.065 0.004
80 | 0.000 | -0.010 | 0.021 0.006 | 0.004 | -0.007
vEmv- | o.019 | o.o10 | o.o11 0.004 | 0.036 | 0.015
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8.11(c) Horsley Heddon Block B

' ' ‘Before After _Before After - Before After
o ]-0.103 | -0.09 [0.060 | 0.026 | -0.014 | -0.05
10 |-0.05 | -0.05 |-0.014 | 0.016"] -0.075 | -0.080
20 -0.126 -0.123 |--0.013 -0.021 | -0.136 | -0.120
3. |-0.128 | -0.125 }0.003 | 0.002 | .-0.151 -0;146-_
40 -0.129. -0.139 | 0.013 .| 0.008 | -0.142 | -0.153
50 | -0.105 _qo;loi 0.045 0.028 | -0.054 | -0.063
60 -0.165 f -0.190 -|.0.094 0.027° | -0.103 | -0.178
70 |-0.149 | ip;lef -0.014 | -0.017 | -0.163 -0.173

MEAN | -0.121 | -0.124 0.022 | 0l005 | -0.105 | -0.121

Table 8.12, 8.13, 8.14.

The follow1ng graphs show the 90%.conf1dence 1ntervsls on
.the mean error be it data preparatlon, quallty of model or overall
The 1ntervals are based on the Students 't' distribution which -
';s the dlstrlbution_of_the,estimate for the mean of a normal
distributioo.wirh unknown varianceL

Forieach cross-section the interval for the error after -
-the secondary 1nrerpolat1on processils shown 1mmed1ate1y above
the interval for ‘the error before the secondary 1nterpolatlon

‘process, apd is a dotted line.
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8.15 Difference between Interpolated Values and Areas.

The following tables show the 90% confidence interval for

the mean difference between point interpolation errors and

normalised area errors.

only is considered.

In all cases secondary interpolation

8.15(a) Data Preparation Error.
Test Area M?an Variance S?mple Confidence Limits
Difference Size Lower Upper
Bowburn East-West 0.051 .001467 6 0.019 0.083
Heddon Block B. 0.002(5) | .00007 8 -0.014 0.018
8.15(b) Quality of Model Error
Test A Mean Variance Sample | Confidence Limits
est Area Difference Size Lower Upper
Bowburn East-West 0.004 0.00075 6 =0.006 0.014
Heddon Block A. 0.000(4) | 0.000002 9 =0.000(2)] 0.000(6)
Heddon Block B. 0.002 0.000012 8 =0.001 0.004
8.15(c) Overall Error
Mean - Sample | Confidence Limits
Test Area Difference Variance Size Lower Upper
Bowburn East-West 0.035 0.001463 6 0.004 0.066
Heddon Block A. 0.002 0.000026 | 9 -0.008 0.012
Heddon Block B. 0.003 0.000050 8 =0.002 0.008
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8.16 Non Parametric Tésts

In some situations there is difficulty in distinguishing

the factors affecting different methods and parametric analyses are

‘little help in deciding which is the better. The argument as to

.whether primary interpolation only should be used as opposed to

| ﬁéing supplemented by secondary interpolation is such a situation.

A non parametric test was therefore devised using the binomial

. distribution, with the means and variance.

1= Absolute value greater under primary interpolation than secondary.

2= Otherwise:

8.16(a) Data Preparation Error.

Test Area .{ Type Mean Variance
( 1 5 3
Bowburn East-West (
o ( 0 1 3
| (1 5 2
. Horsley Block A ( :
( 0 4 2
S ( 1 5 6
Horsley Block B. ( ]
: ' ( 0 3 2
For mean pr (1) = 15/23 = 0.652
pr (0) = 8/23 = 0.348

S secondary interpolation improves the data preparation error for

mean

16/23

For variance Pt (1) .

~ Pr (0) 7/23

0.696.

ol 304.

.. secondary interpolation improves the data preparation error for

‘mean. I -




- 125 <
NOTE : These resﬁlts demonstrate that the data preparation error
-is not only. representative of the error iﬁ actually'digitising_
a_pbint But'also of the error in'assuming linearity between
: digitised points.

8.16(b) Quality of Model Error.

Test Area = -Type Mean Variance
Bowburn East-West. 1 5 6
0 1 0
Horsley Block A. 1 9 - 9
0 0 0
* Horsley Block B. 1 | 5 8
' 0 3 0 i

0.826. ) . ,4%

uFor_Mean pr (1) = 19/23 =

pr (0) = 4/23 = 0.174.
 Eor vériance Pr (1) = 23/23 = 1.0
| . Pr (0) = 0/23 = 0.0

: Secbﬁda;y Interpolation radically improves the quélity of model

error. -
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8.16(c) Overall Error

Test Area Type | Mean | Variance
_'Bowburn East-West. ' 1 5 4
0 1 2
Horsley Block A. 1 8 9
0 1 0
Horsley Block B. 1 2 5
| 0 6 3
For Mean Pr (1) .= °'15/23 = .0.652
Pr (0) = 8/23 = 0.348.
For Variance Pr (1) =- 18/23 = 0.783.
Pr(0) = 5/23 .= 0.217.

Ci.e. Sécondary Interpolation improves the overall error.
Note : Block B was over flat ground and difficulties in defining
strings are épparent. These are discussed in 5.4.5(c). If

the results for Block B are ignored the nbn-parametric test

'shows :- |
For Mean Pr (1) = 13/15 = 0.867.
Pr(0) = 2/15 = 0.133.'
.For Variance Pr (1) = 1315 = 0.867.
) Pr (0) = 2/15 = 0.133.

i.e. Secondary Iﬁterpolation rédically improves the overall error.
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8.17 Longitudinal Spaciﬁg

The table shows the earthworks volumes calculated for a
: hypothefical straight length of 200m of road combletely in
_'gutting.- The volumes were taken out at differing chainage
_intervals of 20 metfes; 10 metres, S-ﬁetres ;nd 1 metre
._ipte;vals; The test was taken in the.Horsley Area which was a
specially digitised model (See Chapter 4). The results are

discussed in 5.2.1.

\ dhaihége:l' Interval
. ‘20 m lo.ﬁ Sm- lm
0-10 . | g333 | -se38 | 8636 | 8633
10-30 - -  18766 | 18715 18735 | .18742 :
30 - 50 | 20022 - 19995 | 20003 | 20007 N \
50 - 70, . 20893 20908 | 20911 ‘| 20913 |
.70 - 90 21530 | 21633 | 21631 21632

7 90.- 110 | 22160 22152 22151 22152
110 - 130 | 22553 | 22526 | 22533 - | 22535
130 - 150 | 22714 | 22011 | 22173 | 22817
150 - 170 | 22860 | 22851 | 22891 | 22848

‘170 - 190 | 22137 22229 | 22251 22267

190-- 200 | 10979 | 10986 | 10990 | 10990
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§.18 Longitudinal Spacing(Cotinued)

The table below is derived from 8.17. It is assumed that a
1 metre chainage is sufficiently sméll to give near perfect
results and errors are related to this. The errors are
E normaliéed:to give a volumetric error per unit area- dimension.
_Thus whe;e Xij is a valué in table 8.17 and Yij is a value in
Table 8.18 then
Vg = (Kyy o= XM
-C =-1ength X 5;eadth of cross-section.

i.e. fof chéiﬁage 50 - 70 (i =4) interval 10 m (j = 2)

then C' =20 x 100 = 2000 -
Y4y = "0-003.
Chainage . Inferval
20 m 10 m 5m
0-10 | -0.3. 0.005 | 0.003
10 - 30 I | o.o12 | -0.004 | -0.003
30 - -50 0.007 -0.006 | -0.002
50 =70 -b.d;i" -0.003 | -0.001
_7§ - 90 S -0.001 | 0.000(5)| -0.000(5)
.90 - 110 : 0.004 | 0.000 -0.000(5)
110 - 130 . N o.ooé -0.005 | -0.001 -
130 - 150 . -0.052 |-0.023 | -0.022
'._150l: i70- .. | o.006 0.002° | 0.022
170 - 1% N -0.065 |-0.019 | -0.008
| 190 - 200 - -0.011 |-0:004 0.000
B 1 -
MEAN 1 -0.036 |-0.006 ~0.001
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" APPENDIX

The relevant sections from a typical topographical_survey contract

specification are reproduced. The specification is a modified version

of Tech'Memo¢H9/70 (Ref. 6) with'an'edditional section for string

digitaIVground models. For the full specification-See Ref. 7

3.6

Contours
Contours, where required, shall be shown at vertical intervals
of :-

(a) 0.5 metres at 1/500 scale.

{b) 1.0 metre at 1/1000 and_1/1256 scales or at 2 metre intervals

when a digital ground'model is specified.

'(c) 2.0 metres at. 1/2500 scale. R

Where steep slopes are encountered and it is not pract1cab1e

on the p;an”to represent:eaoh contour‘fully'throughout its length,

"the. Contractor may with the Engineer's approval terminateé certain

intermediate contours. -In flat areas where the horizontal distance

~ between contours exceeds 30 metres, the Contractor shall supply

3.10

supplementary spot levels-at_a ninimum density of 10 per hectare,

'paying particular attention to local high and low points in the

area.

Accuracy of ' Contours -

Within any square of 100 metres s1de in the -survey area all

' ontours, when checked by precise 1eve111ng from the agreed Ordnance

Datum shall be correct.to within the tolerance:given in.Column A.

| and 85%~of:aLL contours shall be correct to within the tolerance

given in Columm B.
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Scale A B
(100%) (85%)
1/500 0.4 m 0.2 m
1/1000 0.8 m 0.4 m
.1/1250 l.0m 0.5m
1/2500 2.0m l1.0m

,Any'contour; which can be brought within the forégoing
vertical tolerance by moving its plotted position by an amount not
greatef than 1 mm at mapping scale, in any direction, shall be
'copsidered.as correctly plotfed. Levels-supplementing contours
‘in'flét areas-shéll be correct to withinfhélf the tolerance given
in column B when checked by precige ievelliﬁg from the agreed
Ordnance Détum.
5.4.2 Strings
- ' The topogréphy is described by the usé-of both 3D
_and éD strings (break lines and contours). .
5.4.2.1. 3D String Definition - A string shall be placed along
 every sharp feature or éhdnge'bf ground slope.
Points shall be recorded along the feature to define
;he string such that the maximum vertical and
hori;ontal distances between the straight line joining
adjacent points oﬁ the string and the actual ground
feature shall not exceed the tolerances shown in the
' Fabie below.  The vertical tolerances is expressed in _
ﬁétres-but the horizontal tolerance is millimetres at
mapping scale and the values in Column A of the table
shall apply to carriageways and hardstandings and the

values in Column B to all other detail.
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séale Vertical Borizontal Tolerance
Tolarance A B
_1/500 0.20m - 0.50 mm 1.0 mm

5.4.2.2. 3D Strings - Accuraéyléf Measured Points - Le;els
sha;l be correct to within the following tdlerahce_ .
of the ground'level s
1/500 scale -.0.1 .
The plan pésitiOn.of the levels shall be such
- fhat it shall not contain-a'ca-ordin;té error ‘of more
tﬁan 0.5 mm}af mappiﬁg scalg when measured from the
ﬁearegt grid 1ine, pérmanenplg;opnd maerr or ground-
control point for_thé-é&ges of carriégew;ys and - \
_ha?dstandipgs.and 1.0 mm at mapping scale for all
other fgaturés_such é; éartﬁﬁorks etc.

' :.5;4,2;3._'2D String_Defihition;and Accurécy.' The number of
points récbrded_tb définé the string (contour) is
governed.b§;tﬁe method_bf.digitising dé;ailéd in’
Claﬁse_§.4.2.4. The string interval shall be as
follows 2 S

1/500 scale: - Q;Sm,_-
‘léﬁd.the accuracy'éf.;he sttings shall be as detailed

in Clause 3.10 above.

5.4.2:4. Méthod of Digitising. The method used to dictate
the number of points recorded on 2D strings shall be a
_séecified time inte;val.- This interval is such as to

ensure sufficient points are recorded to adequately
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define the contours and will allow optimising of the
recorded points by-lattér processing .if desired.

The time interval for 1/500 scale shall be 0.7

éecénds'per point'(of as agreed with the Engineer).

Density of 2D Strings

(a) Flat Areas - Where contours. are sparse - greater
than 30 metées apart - 3D ‘strings are utilised to
cover the intermediate area so that the distance
between adjacent strings does not exceed.the
above value. |

(b) éteep Areas - Whereistéep_SIOpes are éncountered
and it 'is not practicable on the plan to represent
each contour fully throughout its length, the
Contractor may with the Engiﬁeer}s approval
terminate the contours through the problem'area.
In ‘this instance the slope shall be bounded by a
3D string and any'intermédiate changes of slope
or berms within this area shall.also be depicted
by.3D strings. Such treatment shall be appliéd

to quarries etc.
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