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EYECUTIVE SUMMARY

If we have 2 good map, we can use it for many nurvoses., We get an overview
of a2 landscape by just looking at it. We can use the contour lines %o get

an impression of the topography of a region (the reiief), We can obtain a
iifferent view of the relief by deriving sets of vertical cross sections with
height proflles, We can determine with some effort which connection tetween
two points has the smallest maximum slope. We may calculate which perts of

a terrain remain invisible Pram one or several lcok-out points., Congidering
each vpolnt of = ridge 23 the apex of an angle, cne side points vertically
dowmwards into the earth. The points where the other side touches grcund

can be derived. They line out a part of a “errain which will be in shadow
or quasi-shadow for a giver "source,” If a map contains reliable sub-water
bottom contours, we may use it to find out at which part of 2 long stretch

cf beach certain predetermined conditions of beach slcpe are maintained, We
may derive sikylines or horizons as seen not only from points at the surface
but also from a pilot in an aircraft flying in some height over the terrain
of the map. All these and many more procedures, which may have significance
for a large host of civilian and milisary problems, are possible; the quality
of the result depending on the resolution and the aceuracy of the map, - If
we o not have a map but can send an asirplane ocut to invesgtigate a certain
terrain, the opposite task is given: we can transform what the pilot sees
intc a map; or we can get some answers to questions posed above directly from
the vilot in some form other than a map.

In most cases, such derivations require much time, often very much time, if
they ere done by hand. In order %0 speed them up, machine processing is
envisioned, and it is believed that as a base for it a digital presentation
¢f the terrain will be necessary,

A similar digital presentaticn may, then, te advantagecus also fcr scme
Purvoses applying relationships betwean three variables of any xind, e.Z.,
latoratory results, envirommental measuring results - all kinds of functions
which carnnot be expressed in a2 closed z2nalytical form.

The Tasic questiosn to te sclved for the provisicn of such a digitel presen-
tation of three-dimensionel surfaces is given "y the necessiiy to select a
s7stem which requires a minimm emount of computer storage, mechine time
Zor tiae acquisition of the digital presentaticn, and minirzum cemputer tize
for any procedures to which that presentation may then be applied -~ as
indicated by the listing of possibilities above and including the 2c¢tual
generation of a map or some other form of display.

Apparently, a regular grid in Cartesian coordinates is 4the simplest appreach.

If we have the x, y, and z values of all points, we have the surface ccoplesely

assessed, The problem is that we never shall have all points 50 that we rave
¢ decide how nany we want tc get., Trying %o implement “his, siokly find
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out that with every cossible selection, we shall heve too many points in
some cases and too few in others, and both cases will genrerally hapren
within “he same study area, Consequently, we toth use more computer than
would actually be necessary and do not obtain the ontimum accuracy and
resolution. Why is this so? BRecause most of the relations between three
variables which cannot well be expressed by a clcsed analytical crm, are
oF an irregular nature. It follows that an irreguler system is better it
than the Cartesian with its extreme regularity. While +*his is clear, i<
is by no means certain that such an irregular system will not Pose insur-
mcuntable difficulties of other kinds.

The content of the present document is dedicated %c a demcnmstraticn <hat
there are large difficulties, hut that they can be overccme - with *he
result that the "Triangulated Irregular Yetwork” and 4he higher-level data
structures which are derived in connection with it, provide means <o
digitize three-dimensional surfaces in a2 significantly more economic form,
called the "Geographic Data Structure.”

Te convey a simplified concept about a possibility to approach such a task,
we may envisiorn putting a horizontal “riangle unéer 2 hilly or mountainous
area of the eerth's surface, and loccate “he highest point (e.g., hilltcp)
atove it, We then get a triangular pyramid as the first rough approxima-
tion of the terrain. To refine it to a second approximetion, we ask for
the highest {cor lowest) point above (below) each c? the three sides of +that
pyvramid and in this way construct three additional “4riangular pyramids

on the original one. For a2 third approximation, “he same procedure is
applied to the 3 x 3 = 9 sides of the additional pyramids and so on. - The
other apprcach leading to the higher-level data structures mentioned above,
starts Irom the natural features of 4he %errain, such as peaks, passes, and
pits, ridges ané channels, breasks in the slcpes, etc. and uses them fcr
“errain presentaticn in a digital manner,

In section 5.3.2., it is stated that the siructure developed Ty the 2uthers
is especially well suited to be applied to systems which involve more <han
three dinernsions, It is predicted that the gain in econcmy y using +hi
structure is even increasing with the number of dimensions invelved,

The present dccument has been written with the educated layman in mind whe
2as some knowledge about computers and about digital car<hcgrarhy, bus i<s
essentlal contents should be understandable also if that particular exger-
tise is lacking, In its chapter S, applicaticns of the systems %o <he
general purposes of digital modeling cf three- or zucre dimensional surfaces
are discussed, The authors do not consider in detail applicaticms <o
Froblems in public life, civilian or militery, which coulé be attackeé by
this method. That is largely left to the imagination of the reader, In
chagter 6, however, one special provlem of particular interest to the

e




spensoring agency of the U.S, government is briefly indicated: a Coastal
Mcdeling System,

A study of the collection of abstracts of the individual chepters which
is following this Zxecutive Summary gives information to decide on a more
careful investigation of the whole document.

derk is still in progress. I% has been demonstrated, acwever, that. the
large potential of the new method is indeed existing as predicted, and no
serious obstacles have been found. This new method, because of its
potential to significantly shorten all “ypes of computer requirements,
Opens up new avenues in the fabrication and application of maps, indeed
Ovens up a new fleld - "carthographic technology,” with practical applica-
Sions even now hardly predictable, I+ may alsc find revolutionary ways

in the treatment of other three- or mors dimensional variaticns in physics, Isc-
Physics, chemistry, bdioclogy, and other fields.,

For the expert who wants to read more on the new system, Appendix I pro-
vides a list of other reports. Appeandix II lists the Programs and sub-
routines which have been developed so far for this system., Appendices IIZ
and IV give some more technical details.




ABSTRACTS FOR THE CHAPTERS 1 TO 6

CHAPTER L: GENERAL FEATURES OF THE SYSTEM

In order to lead the reader to a description of the new system, we
start out with a comparison of it with the familiar type of the rec-
tangular, regular grid. In this way, spectfic traits of the new system
are easily recognized, After a gemeral comparison using the New York
Bight as the study odject in section 1.1, that comparison is quantified

by applying a method originally developed for another study crea in 1
British Columbia (section 1.2). Precision, of course, plays an
esgenttial role in each quantification; thus the precision of the sour:es
for the data used is discussed in section 1.3. Here, information <3 ;
provided on the accuracy requirements of gecgraphic maps used as

sources for terrain digitizing; and the faet that digital terrain models
often are needlessly redundant is pointed out quantitatively,

CHAPTER 2: SAMPLING CONSTRAINTS AND METHODS OF PREPARATION 1
OF TRIANGULATED IRREGULAR NETWORKS j

As potnted out in the preface, the "mamcn approach” for terrain descr<p- 1
tion provides the possibility to delineate the most important Ffactures
quickly and with little effort; the effort will <increase if more Zetail
(higher resolution) is wanted. Basically, the same applies to the
Iriangulated Irregular Vetwork method. This s to be discussed later
tn this document but will become clear only if we first negotiate thne
fact that the degree of scphistication of the techmiques applied in
sampling and triangulation will affect the accuracy of the Trianculated ¥
Irpegular Network. That fact te discussed in this chapter 2. Thts i
trvolves a discussion onm data sources which have been used in the comtex:
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of this and similar methods. At the end, the importance of 7 ‘Lter-z:ng
surface detatls with regard to the uliimate use of the model is
r?hznai

CHAPTER 3: MANUAL VERSUS AUTOMATED TECHNIQUES FOR THE
CREATION OF TRIANGULATED IRREGULAR NETUORKS
INTUITION AND PATTERN RECOGNITION

In this cnapter 3, the basic deserivticn oFf cthe Triangulated Irregular
Jetwork <is concluded by a discussion of the varicus methods to comstruct
the TIN fram other sources. Maowal, kyoma and some still naive auto-
mated techniques and their essen*wl capabilities are descrited.

CHAPTER 4: HIGHER LEVEL DATA STRUCTURES AND TOPOLOGICAL
CONSIDERATIONS

A "second” data structure is developed so-to-speak "on top” of the
Triangulated Irregular Vetwork, This is dome because the TIN alcne
does not provide easy access to a data base - a protlem if the data
base 13 large. - The second structure, basically a ridge-and-channel
structure, represents *he surjace in 1ts gereral feqtures, and serves
as a kind of directory into the swrface. It is discussed in +this
chapter ¢ together with methods for the extraction of the surface
features (ridges, channels; peaks, pits, passes; slopes, areaks, Flats),

CHAPTER S5: APPLICATIONS OF THE TRIANGULATED IRREGULAR
NETWORKS

In this chapter §, cpplication of the total Gecgraphic Data Structure
(GDS) and/or of its parts, the Triangulated Irreguiar Network (TIN) ond
the Higher Level lata Structures are dtscussed Jrder "application” <is
urndersteod an appra"'wn Jor gemerzl purposes of digital modeling
(ineluding extraction, caleulation tasks, dzspgay, ete,) of threea
dimensional surfaces. - The authors do not deal with amy detatled des-
eription of problems in public life, citvilian or military, which cen
best be approached by digital methods of this %ind; only some hints are
given in thts regard.

CHAPTER k: FUTURE RESEARCH

In this document, tasks which are now being implemented are mentiomed
several times., Work in the near future will, of ccurse, concentrate on
these., The next step ts intended to bring the GDS cloger to actual tasks
in the coastal emvirorment i suitable bases for such tasks can be fowd,
It 13 assumed that as c result of further discussioms « in pariticular
gcme based on the comient of chapter § - Further development towards
svecific zrplications will e required.
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PREFACE

Abstract

Zxpression of relationshivs Detween 3 (or more) var<adles in form of
numbers of other mathematical expressions s a moderm requirement ‘or
adequate ferms of transmission, storage, display and caleulaticn of various
types of information, e.g., on terrain, A man describing a landscape is
using an aporoach which is dijfferent from that used ty a macnine itrans-
mitting a map of that landscape. A new system of digital representation
of three~dimensicnal surfaces 1s being deseribed which attempts o combine
the advantages of those two approaches, It lcoks complicazed ct [irst
glance but 1t i3 more economical than the systems row in use. In additicon

- to providing a better method to digitize gecgrapnical topography, it can,
in princtple, be applied to any relation Zetween three variables.

Simple (or complicated) mathematical relations between three {or =ore)
variables are dast stored in analytical form by writing dowm in an equaticn
vhat the function f in the relation z = £ (x,y) exactly is. From <hat
apalytic storage graphical displays can de derived (manually or by ccmpuier)
in several diffarent forms; e.g. 45 & truly ‘three-dimensional relief made of
plaster, cardboard, etc,, as a ¢cntour map, as a series of cross-section
profiles, as a hologrem, as a series of 'pictures.” Also, from the analy-
tical form, calculations can be made to provide answers to specific questicns,
e.8, what are the maxime and minima of one variable (e.g. height in terms of
cther variables e.g. location); the steepest slopes; the largest areas

X, ¥ with no variation in z larger than a given {hreshold; the whcle surface
area or the volume under a certain z value within a2 given x and y range, and
SQ on.

I relaticns between three (or more) variables cannot be represented with
desired accuracy bty any analytical exgressicn, the storage, distlay and cal-
culation problems become more severe, This is sometimes the case wizh
results of laboraiory experiments, and is mostily so with dzta frem cbserva-
tions and measurements in the field, To give just one example for the latter
case: the variation in time ¢f a3 temperature trofile in the simcsphere:

T = 2(n,t).

The best known case i3, of course, that of the geographis surface, *he
tcpegrarhy or crography of “he Zarthn, Withcut forgetting about the wider
aspects indicated in the preceding varagrapn, we shall concentrate in <his
document on these aspects of digital cartography. YNaively, we nay envisicrn
two possible approaches to this problem, If e man stands on a mountain and
is asked %o describe the tcpography of what he sees through a “elephone, he
1 probably will start saying that he sees - for example - three large zcun-
tains in such and _such directicns and so and so distances, which have zhe

height a, b, and ¢, If that information is sufficient for the listener at

i
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4 the other end of the telephone line, our man has 3cnme nis lob. 15 iz i
pot, he ';ll continue by saying, Jor sxample, <hat Tetween him and ;cuntein A 3
there is a nill and he will say where iz is and nhew nizh and, i thaz is i
vented, which form it has, And so it goes on, until <he listener hnas all ]
the infermation he needs. Let's cell this, for the xcment, the "human

approach,"”

The other apprcach we call the "grid epproach.” It will probably te used by
somebody who has & contour map in front of niz and has been given g task o
devise a machine which would transai the information or a carefully
defined part of the infermation contained in <he zap via a telegraph line €0
another machine which rersreduces <he map at ant locaticn. o=t
predadly, this zan would lcok at the map end = perding on the detail
shown and the resolution deemed necessary, define da 1c distances

kn - Xp4 nd Yo = Ya+ls and then have the z- values of esch of these grid

R
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—

v 3

points telegrathed to the other zachine, Cnce the mesi-wid:ih of <his zrii

has been determined and the resoluticn for the z- values *eso’ved, there is
only one set of infcormation, indeperient of what the =2n using the distzans

machine actually wants.

Obviously, both apprcaches have their adwvantages and 2
the purpose cf t;-s dececument to give a general deserip
"

5
wvhich triecs 4o %eep the advantages o’ toth the "mizan” 2
to aveid their diszdvantages, As might be excecsed; *hi
task, and th= ces;r:pticn of the work perlormed %o achiev
but naive, It is, however, worthwhile because it furns i
new system the actual orerations of acquiring the iata, of perforazin
culeticns with them, and of displaying the inforzmasicon in varicus °
ere significantly less demanding in computer tize and stcrage stace
that 1s what counts.,

In the following raragrach, the new systenm is summarily described,
text of the decuxent the ezerts ¢n the system, discusses applicazi
penders future research in 2 language which sheuwld be eazsily undercs
to the geograther with scze experience in digital =zzping., Four ap
finally, list previcus rezorts and enlaerge cn various aspects.
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1. GENERAL FEATURES OF THE SYSTEM

1.1: A Comparison of the TIN and Regular
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1.2: Quantificetion of the Comparison secssessses 18
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Abstract for Chapter 1

In order to leal the reader to a descriptiom of the new system, we start
out with a comparison of it with the faniliar type of the rectangular,
requler grid, In this way, specific traits of the new system are easily
recognized. After z general comparison using the New York Bight as the
study object in section 1.1, that comparisom is quantified Ly applytrg

a method originally developed for another study area in British Columbia
(section 1.2), Precisiom, of course, plcys an essential role in each
quantification; thus, the precision of the sources for the data used is
discussed in sectiom 1.3, Jere, information is provided on the accuracy
requirements of geographic maps used as sources Jor terrain digitizing;
and the faot that digital *tervcin models often are needlessly redundart is
pointed out quantitatively.,

12
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1. GeNEeRAL FEATURES OF THE SYSTEM

1.1: A Comparison of the TIN and Regular Grid via an Zxammle

In order %o visually test the "Zeature” representation and recognition
cepabilities of the GDS, we have taken as an example the topography of the
sea floor near New York City (the'New York 3ight" ares). We have repre-
sented this area by & regular square grid of 22 by 23 points (506 points,
Figure 1), and by a TIN of only 31 points ( a2 16.3 : 7 ratic; Rigare 2). I%
288 deen found (see section 1.2) that for some gecmorphological measure-
ments 14 points of a regular grid are needed instead of cne point in the
Triangulated Irregular Network (TIN) to achieve the same accuracy (Mark,
1975). However, for an accurate representation of terrain features, the
ratioc has to be higher: The principal "feature” of this surface, the
Hudsen sulmarine canyon, is clearly represented more adequately in the
display dased on the TIN. In a regular grid, a much higher density of
points than the 22 x 23, would be needed to "capture" the canyon's

smoothly cwxwing form., A comparison of the contour map of the triangulated
irregular network (TIN) (figure L) and the contours of the regular grid
(figure 3) shows that the regular sampling regime of the zrid creates pits,
closed contours, along the floor of the cenyon. These do not exist on the
original map from which the data ware taken., Also the regular grid misses
some of the shoreline features such as Sandy Hook and Zreezy Point.
Furthermore, a regular grid requires that the densi<y be increased through-
out the data area to the level required at the smallest feature of interest,
In the GDS (Geographical Data Structure), the sampling density is adapted
to the local complexity of the surface., In the TIN system, esach recorded
point requires more storage space and pre-processing time, because the

TIN has o store the x and y coordinates of the point as well as the
numbers {labels) of its neighbors, whereas the regular grid only stores

the z coordinate, Thus, the storage requirements of the TIN in this

example are about 5/8 rather than 1/1€ those of the gzrid. Still, “he TIN
is clearly superior while requiring less storage.

Within the Geographic Data Structure, the semple points are organized into
triacgular facets which ccver the study region. This constitutes the TIN,
the Triaangulated Irregular Network., The surface-specific poirts, peaks,
pits, passes, and points alcng significant breaks of slope form the core

of the data points. Additional points are chosen so that the planar facet*s
of the resulting triangles closely match the terrain that is digitized (see
section 3.1). The triangles are not explicitly stored, rather the liaks
between points on edges are stored. Storage by triangle requires for each

GDS: Geographic Data Structure (see last paragraph of the >reface).
TIN: Triangulated Irregular Network
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triangle 3 pointers <o adjacent ¢riangles and 3 pointers tc the component
nodes, which is a <otal of € pointers per *riangle. For a triangulated
surface composed of N points, of which 3 are cn the boundary of the
region, there are 2N - (3 + 2) <riangles, from Euler's relaticn., There-
fore, storage by triargle requires aprroximately 12N pointers for a data
set with ¥ points., In a TIN, the data structure stores for each point the
labels of all points which are linked with the pcint by an edge of a
triangle, clockwise from the north. This organization defines the relative
locations of the sample points and the “riangular facets. Specifically,
the set of points which are linked to a given point are termed its "zeigh-
Yors" (Peucker and Chrisman, 1975). Since the average number of neighbors
per point in a TIN camnot exceed 6 (Peucker, 1373), the expected number of
vointers in a TIN of N points is at most 6N, Thus the representation
method we have chosen, »y links %o neighbors, is twice as space-efficient

as storage by triangles,

Within the familiar format of the regular, rectangular grid, the neighbor-
hood relationship is expressed implicitly in the structure of the grid
itself., A point at position (I,5) in the grid has orthogonal neighbers

at (I-1,7), (I,0-1), (I,0+#1), and (I+1,J), and diagonal neighbcrs at
(1-1,5-1), (T-1,J+1), (I+1,J-1) and (I+1,J+1). This is a topolcgical
relation that captures the connections between the elements of the digital”
terrain model (D™). - Since the relative position of the points in the
sample are not determined by a given spacling as in the rectangular grid,
the ™riangulated Irregular Network (TIN) does not suffer from a directional
dias (see section 5.0).

=+2: Suantification of <he Ccmparison

As Boelm (1967, p Llh) so correctly pointed ou+, "-ne ceanzct iiscuss “he
relative afficiencies ¢cf tabular representation methods without reference
tc the prodblem being solved”. The cnly letailed study which sas quantita-
+ively ccmpared <he performance of a TIN with cther representation zethods
(specifically, regular grids) used as she "problem” +he estimaticn of s
selected set 5f Zeomorphcmetric messures, This work is reported in detail
in Mark (1975), and will de cutlined briefiy here, The research iavolved
the estimati:zn of <opographic local relie? (Y], which is the difference in
elevation between the highest and lowest points in a verrain sample;
average land slicpe {g), the mean “angeat 2f surface gradient (the vectecr
of steepest ascent): and the "hypscmetric integral” (I), a Zeasure of <khe
relative land-mass volume enclosed ty the land surZace (related %o average
elevation), Six 7 by 7 xm study areas from differing terrain <ypes in
southern British Columbia were selected and digitized from topeographic
maps (1:50,0C0 scale; 100 foot comtour interval) using both 500 a g—ids
(15 by 15; 225 points) and TIN's (81 %o 142 points: meanslli), The mumber
of points iz the TTI's was adapted accerding %o <erraln variadbilisy or
"roughness”. Zach of the paranmeters lenticned asbove vas estimated fcr
each ares from each data base, and alsc zanually frcm the maps usizg
"standard” analysis procedures, Table 1 (Appendix ITI) sumarizes the

ST s Jigzites Terralin Mccea
T30 s Trianglaned Irreg- 15

aedl hetwcrk

Pr———




results, Slope (g), and to scme extent the hypscmetric integral (I),
represent “average surface properties”, and the point ratios for these
(14:1 and 8,L:1, respectively) may represent the overall aversge surface
precision, local relief (Z), however, depends on points mere or less
coineciding witl the true extreme points of the terrain, and as such
represents the problem of recognizing valleys, ridges, and other specilic
features, The 287:1 point ratic for this parsmeter agrees roughly with
the visual impressicn of surface feature recognition in the New York
3ight example, since a 287:1 ratio would involve grids roughly L times
as dense (16 times 2s many points) as those used, It was our visual
impression that such a depmsity increase would be needed to properly

portray the Hudsor sutmarine canyon. :i

1.3: Precision of the R ar Grid (especi r DMA DTM's

The source from vhich height data are obtained is critical, since no
D can have a higher level of precision than its source. Since most
DIM's are currently compiled from topographic contour maps, it is in
order to consider driefly <he precision of such sources.

The accuracy standard for U,S, topographic maps requires that plotted 3
points (including comteurs) must appear within 1/50" (0.5 mm) of their irue
positions, If this represents a 90% confidence limit (and such a limit is
explicitly stated for vertical accuracy of these maps), the root-meen-
square (rms) horizontal error of a 1:250,000 map may be up %o about 76 m
(250 £¢), Taking an average ground slope of 10% (see Wood and Smell,
1959), this horizontal shift could result in a height rms error of

T.6m (25 £4). This is the vertical accuracy standard for a point which
appears to be actually on a contour, regardless of the contour interval,

When estimating arbitrarily-located points rom a contour msp, inter-
polation error mst also be ccnsidered, Here, “he U.S. standard calls for
9C% of points to be within 1/2 the contour interval (i) of their true
heights (after the abcve horizon<tal shi®«), Taking a 10C £+ (30.5 =)
ccntour interval (a rather conservative figure for the map series in
question), the rms comtribution of interpolaticn errer would be (.30 &,

or 9.1 = (30 2t). The total map precision is “hus the roct-mean-

sguare of these two values, or 11.9 m (36 ££). No O™ derived from %he

U.S. 1:250,C00 series could corvectly clain an aversge teight precisicn g
less than *his value (except for those derived from the very few maps wish P
a contour interval less than 100 #+),

The height precision of a regular grid DM depends upon the relation tetween
the grid specing and the charscteristic wavelengths of “he terrain (see
2¢, 1972), This procedure breaks down the terrain into a series of

OTM: Digital Terrain Mcdel, see near end of secticr 1.1, above

cMA 1 Jeflense Mapping agency, wasaingien, ZC, C3a
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Fourier components, and relates these to the gzrid spacing (d). It is an
over-gimplification, dut nevertheless a useful approximation, to propose
a linear relation Yetween 3 and the error introduced by the Zrid spacing
(see the sampiing theorem, below; see also Mark, 1975). A study which
interpolated regular grids from digitized comtours (Cotischalk and
Neubauer, 197.) [as does the Defence Mapping Agency (DMA)] claimed that

a 50 m grid introduced a rms height error of 3.5 2 (presumably assuming
the contour heights to be "accurate"). This, coupled with the linearity
assumption above, assumes that grid rms error is approximately 7% of the
grid spacing (for an interpolation algorithm similar to the DMA's
1:250,000 DT™ saries), and to get the total DTM precision, this must be
combined with the contour height accuracy (see above), If we equate
total g»id precision to total map precisicn, we f£ind that the grid spacing
zust de 4,29 times “he contour interval. Any grid spacing less than this
would clearly imply redundancy, since it would appear of being capable
of giving a precision higher than that of the source map (which is impossible).
The DMA grids have a grid spacing of 63.5 m; this would be sufficiently

dense to capture all the thecretical precision of a map with a contour
interval of 50 £t or about 17 m (rare in the 1:250,000 series) have tal’

the required spacizg (hence L4 times as many points) for a 100 £t interval,
and adout one quarter the spacing (16 times as many coints) as for the

more typical 200 £t interval., It may therefore be concluded that most of

the DMA grids are highly redundant in terms of apparent average height
precision, Mark (1975) found that one surface-specific point in a TIN

could "represent" about 1lb grid points for estimating measures such as
average slope (see adove); after removing grid redundancy, our TIN's should
be able to represent 1:250,000 map sheets with abcut 20,000 points, ~cmpared
vith some 4 1/2 millicn points in the DMA grids,

With TIN DTM's, precision depends upen how closely =<he triangles aprrcximate
the surface (see Mark, 1975, p. 184; alsc Mark and Peucker, 1975). This in
turn deperds upcn the height accuracy of the points (see above), the

spacing of the points (i.e., the "size" of the triangles), the selectior

0?2 the points (i.e., the sampliag cf the surface), and the way in which they
are connected (the triangulation). Of these, the last two seem to be 4:ze
aore important, More work is needed to quantify these relationships,

vhich appear to vary with the triangulation procedure used (see below),

DMA: Defense Mapping Agency (Washingtom, D.C. USA)
DTM: Digital Terrain Model

TIN: Triangulated Irregular Netwerk
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Absiract for Chapter 2

As pointed out in the Preface, the "maman approacn” for terrain des-
eription provides the possibility to delineate the most important features
qutckly and with little effort; the effort will then increcse if more
detatl (Aigher resolution] s wanted., 3asically, *the same applies to the
Triangulated Irregular Network method. This is to be discussed later in
this document dut will become clear only i we first negotiate the fact
that the degree of sophistication of the techniques aprlied im sampling
and triangulation will affect the accuracy of the Triangular Irrvegular
Netwerk, That [act i3 discussed in this chapter 2. Thie involves a 3
discusston on data sources which have been used in the conmtext of this crd }
similar methods, At the end the importance of filtering ewrface details :
with regard to the ultimate use of the model is explained,




2.: SAMPLING CONSTRAINTS AND METHODS OF PREPARATION OF TIN’S

Digital ‘errain models based on triangulated iFreghlar networks (TTN's)

are not restricted to any particular socurce, scale, or methed for establish-
ing <he triangulated net., As will be outlined later, the local sampling
density for data pcints 1s dependent upon the desired resolution for the
digital terrain model and the local surface roughness, The sophistication
of the sampling and <riangulating techniques in reccgnizing the important
features on the surface, however, has a direct effect upon the efficiency

of a triangulated irregular network in accurately representing the surface,
We shall attempt to review the issues involved in “he capture and structuriag
of data for Digital Terrain Models in general and discuss the verious data
sources and techniques used by the authors of this report and the methods
used by other researchers in the context of similar systems,

2.1: Proverties of Representationel Methods

There are several properties which any technique for the representaticn of
surfaces should have. These become critical when evaluating the performance
of methods which purport to have advaniages with respect to data compression
and manipulative ease,

First, the method must, to within a specified accuracy, preserve any snalytic
measures of surface dehavior required by the purpose for which the model is
created. Typical analytic measures might be average slope, average height,
and various other surface messures such as those used in the quantitative
example above (section 1.2). Also in this category are the conventionel
measures of surface roughness,

Second, the techrnigque should carture all of the relevant features of the
surface, That is, no relevant behavior of the surface should be lost due
either to smoothing them away or to sampling errors. (This is equivalent
to the "surface feature recogniticn” problem alluded to in section 1.1,
above),

Third, and perhaps of mest relevance for data compressicn schemes, is the
requirement that the representation technique be able <c diZferentiste
Vetween the noise and the information in its data source, That is, %k
technique should be immune to input acise but at the same time be able to
eliminate internal redundancy in the representation.

The first two criteria are not equivalent., For illustrative purposes,
let ustexamine these problems in more detail,

2,2: The Sampling Theorem
According to Shannen's sampling theorem (Shanncn and Weaver, 1949) in erder




£0 detect the Fourier component with wavelength Lambda of a phencmencn
distriduted along scme dimension, a sample spacing less than or equal %o
one half Lambda is necessary., This theorem places an ebsolute lower
bound on the number of observmations necessary to represent a surface whose
details are not already known, Once the modeler hes decided on the upper
bound on the size of phencmena which he is willing to let escape, he has
also determined the maximm allowable size of his sample spacing, This is
a genera] result which cannot he avoided,

By making asssumptions as to the continuity of the surface and the continuity
of scme of its derivatives, the surface may be smoothed between the sample
points by any of a large selaction of fitting techniques, While these
smoothing procedures may, by the theoretical validity of the assumptions
benind them, refine the overall precisicn of scme of the analytic measures

of the surface, they will znonretheless be unable %o detect features of size
less than twice the characteristic sampling distance of the original jata --
they do not add any new information to the model, Thus, these methods are
not reelly very suitable for compressing “he representation of ardiirary

data surfaces. 3y way of reiteration, let us repeat that the sampling
theorem dictates the density necessary for regulsar sampling, and that polygon
interpclation routines cannot add any information about the surface. This j
is not to say that the fiiting of sampled data points to “theoretical mcdels ;
of surface behavior will not bde able to predict rfeatures bdetween data
points; rather, in the adsence of such a theory, curve fitting alone will
not yield additional information.

The sempling theorem implies that any efficient model of a surface zust i)
start frcm s sampling dense enough %o detect the shortest wavelengih

Phencmena needed by the purposes of the model; any data ccmpression zust

start from this dasis.

2.3: Surface Storage by Polymomial Paich Systems

One approach to data compression in the con*text of a polyncmial pa<ch

system is that of Jancaitis (1975) and his associates, Their Weightin
functicn Intervolation Techrique (WIT) ard i%s contouring rrogrem CONSAC
have been used for data compressicn, smoothing, and display of data
digitized dy the UNAMACE Scanner of %he J,S. Army. They use a least squares
procedure to fi%t a2 polyncmial aprroximation of predetermined Zegree %o 2

set of neighdors which are centered c¢n a set of predetermined sample peints
regularly distributed over the model, They then interpolate these jatches
using & polyncmiel weighting scheme, 3ecause of the problems in doing least
squares fits to higher order polynomials, the original patch approximaticas ]
which are f£it are “planars” (that is, their equations have “erms ir XY as

vell as X and ¥, but ncne of higher order|. To produce comtimuisy ir Betk
elevation apd its Zirst derivatives, the weighting polynomial is of third ;
degree, The plane is covered dy the product c¢f “he first degree approxizaticns
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and the third degree weighting functions, This resuits in a Zourth
degree polynomial patch 28 the final approximation.

This technique has more <han a null response <o Dhenomena of waveleag:h
less than twice tRe patch size, dut 1t still does not adequately
represent tlem, The cause of this di2ficulty lies in the fact that <he
least squares procedure is only fitting a2 planer <o the local surface.
Any vhencmencn deviating from this form in the regionm of approximaticn
is regarded by the least squares process as an error or a2s noise, *the

48 of which skhould bde minimized. This will be covered ip more
detail In a peper ncw Yeing prepared dy Powler, The authors of that
System (Janca tis, 1975) 2ave responded to +this problem oy designing
en editer’ a progrmm vhich superimposes menually detected and defined
features on the output of the polyncmial patch model,

Ore must therefore take one 57 three courses: one can surrender to the
aforementicned prodblem glodally and thus have tc checose = grid or

vatch size which will capture the shortest wavelengths desired. lter-
natively, ome cowld %ry %o f£it righer order *unctions %o patches (e.g.
the Jancaitls technique of 2itiing cubic polynemials, or localized
Fourier transforms). Perhaps the most viable technique, though, would
Ve the use of 2 data compression “echrnique vhich adaptively and locally
increases the sample density in regions of high frequency. The triangu-
lated irregular network is one such approach.

2.,4; Whaet are Relevant Fastures?

The definitions of “relevant Zeature of +le surface" and of "adequate
creservation of the surface's’measurements" depend cn the ultimate use
cf the model arnd must be determined under cconsideration of +that use,

There are lesscns %o te leermed Preom the werli 5P sonventicnal cartography.
For instance, aeroneutical charts are typically made at relatively small
scele because aircraft zavigation purposes have little need for detailed
tcrography. T‘ej do irelude, however, snhancements cf the <opogracky in
the detailed atfention taid to the locaticn ¢ promirent tcowers, cable
Tans, and radio beacons. At the other extreme are “he site plans drawn
2or civil engireering purnoses in which svery Zetail of “he site may te
located to within a few centimeters, Yautical charts for coastal regicas
nay contain very detailed dathymetric detail but conly crude representa-
tions of the landforms inland., The coastline itself, though, is enhanced
through the inclusicn of the land-based aids to ravigation and extrs
detall at particularly 4istinguishable Lfeatures such as cliffs, towvers,
rocks, and wrecks, Tke manual cartographer, knowing the scale and the
rurposes for which his map is intended, thus enhances those detalls
important for that use and deletes non-per+tinent detail, Likewise, the
designer of an au*cma‘ed terrain model shou‘d consider the rur--oses c?
the model and should consider the use of filters which will <reat iasigni-
ficart detail as noise,
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3. MANUAL VS, AUTCMATED TECHMIQUES FOR THE CREATION
OF TIN®S: INTUITION AND PATTERN RECOGNITION

Mamla_l Methcds 'oaocoao-oncooococco"oocoocuoo-..;age 26

W

._l
.

A s

w

2% A Naive Apprcach to Camplete Autcmaticn of
Triangulation seeseecesescrsascorsesrsassssssnncsscaae 20

3°3= Smi.A“cmated Teckn*‘ques 2t 0000 s et Elsteeetss st 29
3.4:1 Second Generstion Autcmated Triangulation

Tecmi@es @868 00 0T 000 I0ELNCCEINNETTNEONONNOCEGIOILESETEDS 29

ABstract to Chcoter 3

In this Chgpter, the bastc deserivticon of the Triangulated Irregular
Network method is concluced by a discussicm on the various methods
to obtain the TIN from other sources., Mamual, ~ybtrid ond scme still
naive automated tecimiques and their essential capabilities are
descriled,
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3.: MANUAL VS, AUTCMATED TECHNIQUES FOR THE CREATION
OF TIN"S: INTUITION AND PATTERN RECOGNITION

3,1 Manual Methods

Manmual selection of the points and links which constitute the .
triangular network is one of the most obviocus and accessible detheds
0f creating 2 TIN. Besides the surface specific points and lines,
cther points and edges must be chosen so that the resulting triangular
facets in the network fit planar or nearly planar regicms. Once the
surface has been covered with these triangles, the TIN is converted
to machine readadles form, This metied relies upon the intelligence
and Image processing abilities of the manual digitizer to decide what
constitutes a feature of interest and what constitutes an adequate
representation of the form of the surface for analytic purposes,
Because of the extremely high performance of human operators in image
Processiag tasks, our manuel digitizations remain the standard by
which to evaluate other more automated metheds,

Manual sampling and triangulation techrniques are currently used in a
production orisnted terrain modeling system: W.E. Gates and

Associates (1974}, in the ADAPT system, use a manual method iz whica
the triangulation of the topographic surface is compared with the
original surface as well as the surfaces of other data items for the
seme area, It is recursively tuned until each triangle represents a
sufficiently planar region in eech dimension of a multivariate data
space, This data dase is “hen used as the dasis for a model of
hydrologic systems, Because of the feedback between “he xncdel ané the
user, areas which have been found £o be inadequately digitized to bYegin
with may be refined o a nere detailed +riangular net without affecting
the digitlization of the remainder of the model. Thus, this process
{nsures that phenomena of aigh spatial frequency will be captured while
minimizing redundancy in areas of low frequency.

+ should be noted that existing contour maps esnéd their mechine read-
able equivalents are secondary data sources, As such, the digitizaticn
of terrain medels from these sources will necessarily tropagate the
errors in these sources (described above, secticn 1.3). To minimize
4his prodlem, it would be preferatble to use primary data sources in
constructing a system., Since most ¢f the recent topographic data is
in the form of aerial stereo imagery and 1s ccmriled by humen cperators,
manual sampling and triangulation 1s conceptually feasidle by ocutfitting
a stereo plotter with a real time stereo display ¢f the triangulated
net superimposed upon the sterec model.

TIN ¢ Triangulaved Irregalar .etwwerk
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2.2 A Naive Apprsach o Comple<t2 Autometion of Triangulation

At the opposite 2xtreme from the use of %“he human image processor is the
sreation of the triangulatad surface Srom 3 set of arbifrarily sampiad
toints on the surface. In fact, <he oints may not 2e really sampled in
a2 truly random fashion, but as Zar as the triangulation algorithm is cen-
cerned, they appear to Ye. Methods of this type have only the ccordinates
of the points from which to work. This paratigm For triangulation is
conceptually simple and has been used ia various forms by us and by other
researchers,

3ecause the only information needed Zor 2ach data poiant is its coordinates,
the input data can come Trom a very wide variety of sources with relatively
little data preparation. This rather blind approach is the only avallable
zethod when data sources such as well logs, bathymetri: soundings, or

truly random samples contain only the coordinates of the poiats. Ia otker
cases, it is simply convenient to ignore at this state any additional
information cne may nave.

The concept of this approach is that scme triangulation procedure is %o
digest the collection of unconnected sample points and Yy one of several
algorithms connectthem into a "zood" triangulation. In this approach,
the triangulation produces no further compactiion of the data. All idaca
points are used. Furthermore, there is rno reference to the differing
information content of the data points, nor is <here any consideration of
the fact “hat some subsets of the points are representations of features
on the surface, and therefore have an implied connectiviity, In that
sense this approach is naive.

We must define what we mean by 2 "gcod" iriangalation. Ultimately, the
evaluation of a2 triangulation as "good" must be that it best represents

the surface using some {ixed amount of resources, or that it adequately
represents the surface with 2 minimal amount of storage. 3oth of these
criteria rely on a comparison of the model with the original surface,
3ecause <ials aporoachk o triangulation does not have the means o make this
comparison, since the only data ava’’eable are the sampl2 points, some other,
internal definition of a "zood" triangulation is necessary %o evaluate
these algoritims. 3y the same reasoning, 1% is improbable <hat <his ae:h
will produce a2 "good" triangulation in the wider sense of fidelity <¢ zhe
surface, especialiy when ccmpared tc the nore scphisticated techniques.

The minimum weight triangulation chooses the triangles so that the ¢ctal
length of the edges in the graph is minimized., In <his calculation, only
the projections of the points on the x-y plane are considered, so <he
resulting triangles do 2ot necessarily correspond 4o the surface. Thi
approach has veen provosed by some authors “o produce an “optimal’ <ri-
angulation (Shamos and Hoey, 1375). This optimality appears <o refer caly
o the alnimization of 2dze langth, Jor none of tinese authors ras
1 any reason why this triangulation is 300d for the representation ¢

. e



Alzhough some algoritams zave purvorted to effiziently seolve =khe zininum

weigh= %riangulation proolsem, it zas been demonstrated that nore of :h

orovosed algor'thms actually produce zizimum zotal edge length (Mark and
thers, 1376). 3ecause tae caly alZoritam xnown to work is the total

2numeration of *he triangulations and because shere is no good argument

for the "optimalisy" of the minimum weight tri.ng;;at*on, we have abandoned
he zinimum weight oriterion 2s a wviable alternative,

Cne of the methods which was ‘thought by some 2uthors %o ve a nininum weight
triangulation is xnown as the "Thiessen", "Voronei", or zroximal pelyzon
method (Peucker, 1373). As iz the minimum weight method, the "Thiessen”
technique considers only the x-y coordinates of the sample points. This
method constructs the graph of Thiessen {or Voronei or :*oximal) Solygcns
so that all points within a polygon centered on a data point are clcser

0 that point than to any other data point. These polygons uniquely tile
the plane and are of special importance in +the field of spatial analysis.
The dual of the graph of proximal polygons is proven to be a3 triangulation,
except for "degenerate”" cases which can be removed by arbitrary infini<e-
simal perturbations. 3Because of the regularity of the proximal polygons,
the corresponding triangulation is also very regular.

S .

In addition to producing rezgular triangles, the Thiessen method is ccmpu-
tationally attractive. The "Proximal Polygon" criterion is a completely
local test., It is geometrically equivalent to tests as to whether a2 given
roint is within 2 specified cirecle and to the test of whether or not th
sum of the opposite angles of a convex quadrilateral is greater or less
than 180 degrees. Such computational simplicity means that the Thiessen
Triangulation can be done extremely efficiently. We (Brassel and *owle‘,
in prep.) have developed a program whose running :time increases with N <
“he three halves power, where N is the number of data points., Shamos
(1975) has recently demonst*ated an algorl “tm wu‘cn can criangulate in
order of ¥ log(X) -ime and which can join pre-triangulated regions in <ime
proportlonal to the number of points on the common boundary. Also, the
Messerschmidt-281lkow-31lohm corporation in West-Jermany has a production
digital terrain model system based upon a Thiesser triangulation ¢l ardi-
~rary data points {Bauhuber =< 21, 1975).

There have been other digital verrain systems and -~ontouring programs which
apprly neive triangulations (ARCON, 13€8; 3runker, 1372). The triangulation
algorishms used in these systems, however, 3o 2ot seem <0 De as well zen-

ceived or as well behaved as the Thiessen methoc.

The Thiesssen triangulation seems to be the best of those algorithms «which

ise only the coordinates of the data points., When there is additiornal |
information available, either in the form of a linguuistic descristion of

“he surface, e.z. that a certain line of points define a "stream” or

"shoreline,” or in the form of redundant informaticn which is not %o be

included into the triangulation, then other techniques, among them semi-

actomatic ones, zay better serve the purcese,

N
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2,2; Semi-Automated Tecnhnigues

Semi-azutomated methods of =<riangulaticon are those I winizn ta2re L5 3cxe
manual feedbaclk iafo the “riangulation process, I most cases this means
<he manual identification of features and pseudo-features on the surface.

Jur currently preferred technique for triangulation is just such a semi-
automated method. In the manual digitization prase <he Jaatures cIf interes:
are tagged as they are digitized, The peoints are then passed to a Thiessen
triangulation routize and are triangulaved witihout regard for <he features.
The resulting <riangulation is then edited <o restore the desired features.
The reason for splitzing *the faaturﬂ “estorat n frem the <riangulation 4is
that the triangulation without 2onstraints is so well Sehaved, Methods

for including the features in <he triangulation are Seing investigated.

This family of techniques can use mnechanized sources of data acquisizion,
varticularly along the lines of nhotogrametrlc instrumen<aticn., Iather
than track along contour lines, ue operator of a stereo 2lotter zan
create a linguistic description of the surface. Fe can track a_ong riige
lines, channel lines, oreaks of slope and can then fill in iatermediary
soints.

which should be preserved under a triangulation operation is the digiti:ation
af relatively lowe-information content pseudo- festures which should aiso

be preserved. An extreme variaticn on this technique is the digi<i i

of contours and subsequent triangulation (Xepvel, 1975). Because ¢

lines have the proverty trat they bisect the plazne **to inside and outside
regions, the resulting wriangulation routine can be exiremely fast. TUn-
for<unately, because contour lines are ot a very 2¥ficisant mezizod cf

surfacs representa%tion, %“he resulting triangulation is similarly Inelfizien:,
This technique appears %o ve rore suitad %o intercolation when one already
nas contours.

~
-

I,b: Second Zerneration Automated Triangulation Techniques

Zybrid technigues of =riangulation ottain absclus
with *he manual “echnigues, That is, they produce gcod fidelisy reproduce
<icns of the surface and are *hereiire superior %o <ie znaive tecznigues of
au-omated *riangulation. They 2o, nowever eed <ne presence cf 2 Suma~n
operator. This need fcr manual laber nay =ven°"ally ~andicap the nydrii
ctecaniques on large-scale production applicaticns, aad scme sort of aute-
zated triangulation should be used in those cases. I we use the naive
~aniques, then we will probably have <o sacrifi:e scme of the 2ata :om-
pression effiziency of TIN's by including redundant Zata points into tkhe
trianzulation %o better iefine features of interest., There is therefore
3 need for the ievalopment of automated triangulation methods whixh recognize
and rreserve the surface-specific lines, The Tfirst step, the reccgnizica,
is iescriked in the following :hapter.

e performance lomparadise

G




4, HIGHER-LEVEL DATA STRUCTURES AND TOPOLOGICAL

CONS [DERATIONS
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L1: The Ridge and Channel SLruCTUT® seesscsscssccecostd® 30

$,2: IZxtracting <he 2idges and Channels rom a
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Abstraet to Chapter ¢

4 Mgecond” Jata structure is develoved sc-to-speak "om tor” of the
Trigngulated Irregular Jetwork, This i3 done beccuse the TIN clome
does rnot provide easy access to ¢ data base - a problem i the Etase

i3 large.

The second structure, basiezlly a ridgce-and-channel siructure,
in 1ts gemeral “eatures, and serves zs z

represents the surface in t¢

kind of directory into the surface. It is discussed in this Chcprer ¢

together with methods for the exiractiom of the
(ridges, chcmnels; pecks, pits, passes; sleves,

4,3 reysukh's Method for Characterizing Surface

Geemet:“fnuot.ooc-oooooc'ooooo1-.0--00,-10.00000.-0..
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4,: HIGHER-LEVEL DATA STRUCTURES AND TOPOLOGICAL
CONSIDERATIONS

Although the simple TIN data structure clescribed atove seems to be

efficisnt in terms of storage capacity andé other considerations, it does
not drovide easy access to the data aase. wh ¢h can be rery large."-t is
for shis reason that we are developing the "second" data structure ¢
<0 represent <ihe general siructure of tihe surface and to serve as a iire
tory into the surface (see 2falcz, 1374 The Jirst step in %he zcreation
of this second data structure is to find :h ridges, cnhannels and Treaks
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of slope; i.e., tae "surface-specific” lines.

4.1: The Ridge and Channel Structure

Peaks, pits and passes form the major portion of the set of surface

specific points. Peaks are points that are relative maxizz, i.e., higher
than all surrounding neighbors. Pits, likewise, are relative minima,
3etween any two adjoining peaks we 2an draw a lirne on the surface %hat
connects the two pesks, following the path at the highest altitude. This

is a ridge. Similarly, channels zonnect adjoining pits along paths of
lowest alsitude. Passes are points at the junction of ridge and channel
lines. These ridges and channels connect the peaks and pits into a network.
Warntz (1966) has described these netwoerks, finding that each pass has
exactly two ridges (and two channels) emanating from iz. In his interpre-
“atien, *the ridges bound watersheds, and the channels bound hills. However,
for the purposes of topographic generalization, one canpot Je e*mi“e <he
cath of these lines {rom the digital *errain model alore. Warnti's sur-
face specific lines can cross areas of little cr 2o relisf, OCn <he ol
rand, we can determize +the lines of <opographic significance which will
characterize the surface. These may not Jully connectT inTe 3 zetwerk Zut
Zive instead a graph structures that forms *he "backbore” of the surface

N

3
D
31

Tmis Zraph of maxima and minima crharacterizes the wvariation of the surlace
in 2 hizghly zeneralized manner, The r°su‘u1“: information serves as 2
sgelzzon of vital Toiats for use in automat sriangulation or semi-auzormat
me~hods, as described in section 3.2, and is useful in epplicaticns such as
in hill-shading (Brassel, 1374), contouring, and as a general direa=ory

into <he surface
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4,2: Ix=racting <he Ridzes and Channels from a Fegular rid

To create 8 TIN Irom a gridded ITM, it is vizal <o retain tke 2oints alcnz
this Zraph among the points and lines exztracted =¢ form <he sriangilar
facets., 3Secause ¢f +the prevalence ¢ the regular gridded DTM, we rave
desiined a nethod O extract these surface-specific Jeatures sutomatically
from the grids. The <ecanique marks all “hose points iz <he grid which

are possible ridge (channel) points. Then using pattern recognition
“echniques, the marked points are linked <ogevher %o form the ridge and
channel graph, and the peaks, pi<s and tasses are recognized as <he zonnec-
tion points in the graph,

Peucker and Douglas (1975) outlined automatic methods extracting ridge and
channel information. One of their <wo approaches nas izs origia in <he
work of Jreysukh (15€6), see for <his section 4.3, below. Ia their otaer
method, they process the grid using the cbserwvation <hat the 2oints on a
ridze (channel) are never reached as the lowest (n¢gnes') neighbor of
points in the DTM. Since “his method is "local,” i.e., only <he three
neigzhbors to the right of and velow (south of) 2ach point are examined,
this process is relatively chear. We have extended this technigu

search the grid and axtract the :otal network.

To explain this method, we shkall concentrate, in the following, on <he .
extraction of the ridges. 3asically, the same methods are applied for the
channels but then the calculation proceeds upwards instead of downwards,

and vice versa. Initially avery point and its <hree neighbors to <he right
and telow are examined. The point among them at the steepest slore downward
is marked. When scanning is completed, 2ll points <hat are not narked are
ridge candidates. Then a separate procedure is invoked <o connec<t <hese
peints into ridges and discover <he connections among them.

Although ridges are lines at maximum neight from peak to pass and thern *
arouhe peak, the technique we use starts a% passes and climbs <o a Deax.
(8tarting a* a peak and “raversing the unmarked points at maxizum heigh<
causes the line %o circle the peak)., All unmerked points are examined in
order =o find one whizh is lower tran a'y unmarked poiznts among its eizht
neighbors and not already assigned <o a ridge., This is marked as a pass.
From -his point we search 4o lind i%s highest unmarked reighvor, scntinuins
until we find a point nigher than all its unmarked neizhbors, 2 teax, or
a point already in a ridge. 1In the l tter case, *the ridge veing constructed
is connected to the existing ridge, d the two ridges are merged if <he ‘
new ridge connects at the start of <he existing ridge. i

DTM: Digzital Terrain Model
TIN: Irianguiar Irregular Network
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scovered. 3nherw riiges :ccrnecctin
2 3 1ong riige are rempgved since tne marking srocess l2aves a :lzud oF
Doints abcut the actual ridges., As indicated abcve, -ne rhannels are Tound
in 2 simdilar xzanner. Thern the dasses Jound i 2ach subenetwork are <ested
and joined if <hey are <the same or 2 neightoring point., Ia zhis fashion

the majority of <he lines are interconnected.

Tigure 5 shows a 2ontour map /map v routinze TEIXCNT) of the Cance Ri-ver
7alley, a mountainous region in 3ritish Tolumbia. The surface was acdeled
37 o TIN. For =estinz of <he ridge inding alzcrizhm 2 € by 36 regular
Zrid was manually 2:izitized Trom <he source contour nap. -ne same map Jrom
wiich =he TIN was dizizized, The ridge Zrapn derived from this grid is
shown in fizure 6; zhe passes are symbclized By cirzles and “he peaks dy
x'3., Figure 7 shows the channel zrapn for <he aresa; zere x's dencte dis.
Tigure & shows “he ridge and :hannel network, with peaks as x's, pits as
circles, and passes as paired triangles.

4,3: Sreysukh's Method for haracterizing Surface Zeometry

Another method for characterizing surface gecmetry at a point is %o =xamine
the configuration of the terrain around that point; Ireysukh (1%€¢) descrived
a method for achieving this. 3riefly, the heights of <he land surface at
its intersections with a vrertical cylinder centered at <he point are grapned
against the angle from an (arbitrary) origin. This forms the "characteristic"
curve of the landform. Figure S shows the contours associated with several
landforms and the characteristic curves derived Irom them. The configuration
of the characteristic, partizularly the number of extrema and ctheir positions
relatire <0 ~he neight of the central voin:t, differs with varying surface
geometry, and can be used %o describe the Zeomorphometzry of the land 2enzered
at the point in queswion., There are theoretizally an infinite number of
distinet characteristics, but Shose with more than < axtrema are 2¢remel;
anlixsly Lo occur, provided <he radius of <he :zylinder is net *co larsge.
This still leaves three possible curves with one raxizum, 5 with *wec, and
2 wi<h “hree naxima. ~f all of %hese, Zreysukh considered
simpler ones and zone of the & more ccmplex ones, This las
such commonly-occuring forms as channel (ravire, course) §
ridge (cape. divide) Juncsions. Iz the cnly work we xnow of whizz nas
aprlied Jreysuki's ideas <o surface feature reccgniticn Seucker and Icuslas,
373Y), sonsideraticn was restricted %o Ireysuxi's orisinal six curves pLus
taree others (representing flat, and concave and convex dreaxs ¢f slipe).
In spite of %ne fact tha% they 40 710t nave <cpologizally-2distines charactar.
istic curvres, these landforms are important surface features.
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Figure 6:

The ridges extracted froa contour aap (figure 5
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Tigure 7

The channeis sxiracted foca scnteur aap (figure 5)
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lreysukh (L;é', T 1-¢) reccgnized an imporwant Irooiem in the applization

of nis method <o z2rrain represented By points wWhizz are not surface-specifiz
(fo“ =tamn__. poinzs of regular grids), If <he ":ylinder” sverlaps a ridge
or channel wizhcut teing centered con its ax-s a misleading -haracteristi:
may resuls which Sreysukh called "distorted. This effa2ct is prctaply ore
oI %the reasons Why Zeucker and Jouglas's grid-vased aporoack was largely

"not :atzs‘y:r*" {1373,

A subroutine (RYSKE) nhas been written %o :lassify a point into zhe
appropriate one of “he 15 Greysukh-tyoe scdes, <ae 2 additions of Peucker
and Couglas, or > other classes for more zomplex Doints. When IRYSKH was
apopliad <o regular grids, sroblems similar <o Peucker and Douglas's arose,
In a "properly-triangulataed” TIN based on ;ur‘aca-apeczz:: Doints, however,
distortion should not occur, and the cnaracteristi:zs should faithiully
reflect ur:ace geometry. (Indeed we have found IRYSKH to be useful in
testing Srianguiations, since distorted characteristics due to incorrect
triangulation can usually be readily detected oy visual comparison wizh
the zontours).

Briefly, then, if surface features are adequately represented in a DTN,
Sreysukih's method will ve useful for identifying them for further processing.
IS the toin“s d0 not correctly represent ~he features (and this wiil
generally be the case for surface-random points, including regular zrids),
Jreysukn's method will be of little use in surface feature recognition.

R V¢

TIN : Iriangulated Irreguiar Yetwork
o™ Dlglta; Terrain Model

H
s




5. APPLICATIONS OF THE TRIANGULATED
IRREGULAR NETWORK

5.1t Coordinate Indeperdence and Generalized ,
ﬁacking 0'.0"...‘0..0..‘.l.'..‘.'..l...'..';age

‘*\
-3

5.2: Data Display ROULINES tvvetescsescsccscososasnose ol

5.3: Classes of ApplicatiChS seeesesesccssvtescacnnne 3

Abstract ic Chaprer 3

In thts zrapter 5, application o the tctal Geographic Data Structure
(GDS) and/or of its parts, the Triarngulated Irregular Vetwork (TIV)

and the Figher Level Data Structures cre discussed. Urder "zpplicaticm!
ts wndersteod an application “or gemeral purpcses of digital modeling
ineluding extraction, caleculation tasks, display, ete.) of three-
dimensional suricces,

The authors do not deal with ony detatiled deseription cf problems < !
tuslic life, civilian or military, whicn can best be aprrcached by f

tgital methods of thls kind; only scme nints are given in this regard.
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5. APPLICATIONS OF THE TRIANGULATED IRREGULAR NETWORK

Because the relative aumber of elements {(points and regiocns) is low,

and the topclogical connections among them are easily accessitle, many
of the routine tasks of a digital terrain model can be terformed
efficiently on a TIN. t present several component modules for a surface
modeling system have been develoved., Contouring and rapid creetion of
profiles are completed, and several others descrited below are now being
implemented, Fundamental to many c? these applications is the process

of tracking, following a path deserided by a set of parsmeters on the
coordinate axes,

5.1: Coordinate Independence and Generalized Tracking

The class of tracking processes is one of the most common operations
performed on digital terrain models apnd in other computer grephic systems
for representing 3 dimensicnal surfaces., Scanning along the rows, columns,
or either set of diagonals in a regular grid shows up a2s a subproblem of
the production of dlock diagrsms (SYMVU, ASPEX, VIZWBLOK), terrain shading,
and video display. Because of the coordinete dependence of the regular
grid, these four directions are usually the only ones for which most systems
can produce scans cheaply. The ccordinate independence of the TIN allows
one to produce scans in any arbitrary direction., It is that coordinsate
independence which allows general three-dimensicnal computer graphics
systems with data structures dased upon planar facet polyhedra (of which
the TIN is a special case) to routirely perform rapid scan comversion

for the video display of the odject dbeing modeled, Using methods borrowed
from such systems, & scan line converter (Appendix IV) tas been implemented
to comstruct parallel relief lines for block diagrams, srofiling and
conversion of TIN's to regular zridded format,

In o coordinate-dependent system, the production of contours is a dise
tinetly different process frocm the producticn of scans. In a ccordinate-
independent system, contouring and scanning are just special instances of
a more general tracking process,

The problem of the geperal *racking trocess can te stated as Zolliows. Given
a metric space (e.2. the model space) and scme parameterized fipetion,
produce the set of interseciicns of the model with the fumc+tion for a set

of discrete values of the parameter, For instance, if the function is

{«k X3 =0, k = the integers, then the generalized scanning process will
produce a set of scans varallel to the x axis a%t spacing S, Similarly,

if the function is Z - k ¥ S = 0 then the result will be the set cof eleva-
tion contours of the model, As 1s usual with special cases, optimized
programs have deen written within the TIN system %o produce rectilinear

Tik0 :Trianguiated Irregular Netwerk
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scans and contour maps, 3ecsuse of the coordinate independence, it is
possible to perform transforazations inte ccordinate systems in which a
special scanning prodlem Teccmes esquivalent to one of these optimized
special cases, An example is the production of 360 degree horizen
profiles by transforming into a sphericel coordinate system centered

on the odserver, Other prodlems, however, such as the simulaticn ¢f an
aircraft dorne scarning device preducing a set of parabolic profiles
along the track of the aircraft are not 30 amenabls %o *hat process and
require the rroducticn of a specialized tracking system, We have written
such a generalized “racking progrsm for *he TIN,

3.2: Data Disvlay Routines

A contouring program, TRIXONT, has bdeen developed using the *racking

metheds facilitated By the TIN's structure., This routine was utilized

to produce the diagrams shown in Figures L and S. Its capabilities

include rotation of the map coordinates, independent scaling along the

X and y azxes, darXening of the index contours, and labeling of specific

nap features, Currently, the possibility of smcothing the contours by

using higher order interpolation methods on the surface is under investi-

gation (see section 5.3 (e]), as is the potential of labeling the

contours, Resesrch on the structure of surfaces which we have done, has

led to an automatic method of determining the nesting of contours fr

the ridge and channel network, This information can speed the construc-

tion of contour maps dy eliminating doth 4the need to search for star<ting

Points along ccontours and the need to check each element as %o whether or

not i1t das deen crossed alreedy. In its present state, TRIKONT produces

maps rapidly dy taking advantage cf the explicit tovology of the TIN

to minimize the amount of searching perZormed, 3ecause she surface

represented by the TIN hes much less elements than a reguiar grid of <he ,
same preclisicn, TRIXONT also is much faster in compariscn to & grid based *
centowring pregram, The three—dimensicnal block diagrams of TIN's in '
this report were produced Yty usi grofiles extracted by “he scan lin

converter (see Appendix IV) and then plotted by the program ASPEX

(Laberatory Zor Computer Grarphics, Zarvard Umiversisy, 2976). A three-
dimensional representation program which uses the triangular facets to ;
depict the surface is now ia the implementation stage (see section 5.3 :

@):.

5.,3: Classes of Apvlicaticns

Beyond the present use in data display, the GDS has comsiderable applica-
bilisy to various prodlems involving analysis cf three~dimensioral data,
The problems, as we see them, f2ll into several 2lasses:

a) Rerresentasion of Several Surfaces on “ke Ssme Semple Points, The

-
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relative storage efflciency of the TTY jacreases if several z-velues are
stored at each point. When two sets ¢f z-values are used Iin a regular
grid systam, the required storage doudbles, In the TS, <he storge-
space increase is only 10 per cent for the first additicnal set of values
and the relative amcunt of increase declines a2z more values are sdded at
each sample point. Thus, the data structure is advantageocus for hendling
stratigraphic data, as obtained from well-logs, and oceanographic date
gathered at different depths, such as water “emperature, salinity reeadings
or measures of turdidity. Much work on such subsurface data has, to
date, intervolated from irvegular points tc regular grids; the GDS can
handle such data directly.

bZ Generalization and Analvsis of Topvogranhy. Surface data in the form

of a TIN can de processed in a simple manner to extract the ridge and
channel network (see section 4.l) much more easily than data from regular
grids because the surface definition is unambiguous. The resulting
information is useful in apalytic kill-shading (Brassel, 15TL) and vater-
shed analysis for basin hydrology. Current research is directed toward
utilizing the surface network in generalizaticn of surface data, as in
change of scale for cartographic applications.

cz Mathematical Manipulations of the Surface., Civil engineering appli-
cations involving volumetric calculation, such as cut and f£ill, benefit
from the reduction of the mumbder of data elements processed when using
the GDS., In determining the profile along a roadbed, or finding cross-
sections elcng a given track, both the relatively small mumbder of date
items In the GDS and the lack of directional bias in the TIX promote
efficient processing.

Three-dimensiopal PRepresentaticn, Radiation Input and ¥isibdilitv, The
techniques developed in semputer graphics (Newmen and Sproull, 18732
depicting cdlects constructed of planar facets are applicable alsc 4o
surfaces represented by TIN's, In particular, the prodlem cf drawing tkhe
surface as seen from a given viewlng point 1s susceptible to soliutiorn by
such techniques. In all methods for producing a three-dimensicnel drewing
with hidden lines removed, the crucial step is handling the cbjects in a
certain order, these elsments closest to the viewer first, 3Secause the
triangular facets 2f “he TIN are contiguous and rpon-overlapping, a simple
sorting of *‘he nodes 1n the dataset suffices to produce the proper order
for processing., The decision as £o whether a given edge is visihle is
then straightforward, invelving cnly a %est cf that edge against the upper
edge of the regicn already hidden, termed the horizon. The process finds
the outlines of both the visible and invisible regions. Lineal festures,
such as rcads and railways, and areal features, such as land-use types,
can be easily constructed, by intersecting the plan layout of <he visible
regicns with the layouts of the features, The sections of the lineal ané

GDS : Geographic Data Structure, consisting of the Triangulated Irregular

Network plus the Higher Level Structures

TIn s ITrianguliated Irregilar network




areal features within can te drawn wich no fur<her ftesting.

By <ransforming the coordinates of the elements of =he GDS %*o the
aprropriate tolar coordinates, “he same “echnigue can be utilized <o find
the regions of the surface visidle from a given point., 3esides the
possibility of fast production of radar maps, this procedure finds use in
the areas of tle proper locaticn of fire lcokout tcwers and the situation
of facilitlies which are eyesores, such as powerline towers. The applice-
ticn nmedule to produce representations of “he surface is zow being
inxplemented, and its extension to visibility is socon to be done. This
method also yilelds “skyline" information, for determining radletion input,
which bears directly on prodlems of glacial melt and besin kydrology.
Young (1973] descrides a set of routines <o produce these data fronm a
regular 2rid, We telieve the method described above can obtain these data
more efficiently from the TIN,

ez Modeling of Dymamic Behavior on Surfaces., The Triangular Irregular

Netwcrk, or as it is scmetimes called, the Irregular Triangle Grid
(Dahlquist and Bjoerck, 1974, p. 322), has been successfully used in th
21018 of continuum mechanics, Finite element methods for the sclution of -
differential equations are often formulated using triangulated networks

of irregularly spaced points very similar to the TIN, In some applica-
tions it may de advantagecus for us to incervorate the higher crder inter-
polation techrnigues used in finite element methods. In the modeling of
systems with 2 dymamic component, such as coastal regions, the compati-
bility of the TIN with the 2inite alament 2crmuiation ¢f the dynamic
Provlem sllows this very powerful and ef?icient <echnigue to be employed, H
Among the aress Iin which these formulaticns would be very edvantageous

in cceenogravhy and modeling of coastal regions, are prediction of %ides,
changes in salinity, turbidity or algal concentration, and representaiion
o the behavior cf semtinuous variates cun “he surface,

TIL: Triangilaced Irregilar letwerk
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6. FUTURE RESEARCH

~

Abstract to Chapter §

In thts document, *tasks which cre now lbeing implemented, are
mentioned several times. Work in the near Futwre will, of
course, concentrate on these. IThe next step ts intended to
Iring the GDS closer to zctual tasks in the coastal environ-
ment if suitable bases for such tasks can be found. It is
assumed that as a result of further discussicng - in
particular some based on the comtemt of chapter § - further
development towards specific applications will be required.
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6. FUTLRE RESEARCH x

2 our future research, cur Iirst priority will be %o complete thcse
aspects of the work outlined above which are not yet fully refined. p
This will include methods for automatically extracting TIN's from =ore
"conventional" data sets such as regular grids. The new thrust of our
work will be fto combine this three-dimensicnal structure with a planar
volygon overlay system in order to produce 2 comprehensive Coastal Medeling
System for nodeling and monitoring various characteristics of near-shore
areas., Jur approach is to assume <hat a geographic information system
for polygonal data exists and can be acquired relatively easily. 3y
taking this tack we can concentrate on constructing those components of
the integrated system which involve the TIN, and the TIN's relationship
with polygonal systems. Cthers have in the past and will in the future
concern themselves with the polygon data bases, for example the Urban
Jeometric Heurisitic, UGH, (Schumecher, 1972), the Natural Resource
Inventory System, NRIS (Raytheon Company, 1973), 20LYVRT (Chrisman and
Little, 1974), and regional land used systems from the Australian organi-
zation CSIRO (Cook, 1375). Common to all of the polygon based analyses
is a torologically oriented method of data storage which stores tz
boundaries of the regions. We have chosen to use the PCLIVRT structure
as a workizg model of the <data structure for polygons since it can be
converted to many of *the others. The interface between the TIN and pelygen
structures consists of several mecdulas to create polygons from the TIN
(contouring), aggregate triangular facets to form polygons {clustering of
faces of similar slope azimuth), and produce the intersection of a polygon
network with the TIN. This list is by no means exhaustive, for there are
as zmany interfaces as there are subsystems in each model. The modules
descrived in section 5.3 form a zore of routines for develovment of the
Teographic Data Structure to a full-blown coastal modeling system., We feel
<hat the development of an integrated geographic informa*tion system based
cn the concepts of the TIM and a *opologically siructured polygonal system
will offer many practical and theoretical advantages uravailaple Trom
oresent systems.

-
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APPENDIX II: Computer Programs and Subprograms,

¥ote: All programs are writtsn in PL 1, except where indicated.

PATA STRUCTURE PRIMITIVES

ALYFLG - Allocates and inisializes the facility for flagging d**ec*ed
edges in the <riangulated netwvork,

RSNFLG - Reset the neighbor flag vector.

SETNFLG - Set a given edge flag “o a given value,

TSTNFLG -~ Test an edge flag.

COORDS =~ Returns the x, ¥y, and z coordinates of a zcde in the network.

CONEXT - Finds the next clockwise neighbor of a given node relative to
a specified direction.

NEXT ~ Finds the next clockwise neighbor of a given node relative to
another neighbor of that node.

LAST - Returns the next counterclockwise neighbor of a given ncde relative
to another neighbor of that node.

SETUP -« Initializes the data dase facilities,

LSETUP - Initializes the data base facilities and produces a structured
listing of the netwerk,

DATA BAST MAINTENANCE RCUTINES

BERUTE - the brute force tatch editor.

TRIFIX = Completes the border of a triangulated net and creates a
data base flle containing that network,

GRAPH - Converts the data base to a format readabie by FORTRAN prcgranms.
TRINGB - Produces a TIN from a set of triangles, FCRTRAN,

SLEEZ - Reads a triangulated net from a card 2ile and initializes an
interncal representation of that net,
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TRIANGULATION PROGRAMS

TRIAP - Produces a “riapgulation of irregularly sampled points by
successively adding points to the triangulaticn.

THIZSSN - Produces a “risangulation using the Thiessen criterion.

DISPLAY AMD AVALYSTS PPOGRAMS

TRIXONT ~ Produces contour maps.

ISCPLCT - Produces isoline maps of arbitrary functions of the coordinstes
of the rodes,

ROMAP - Produces ulcck diagrums dirsctly from the +riangulated net,
TRIPLT -~ Plots the “riangulated net,

SURFER - Displays the TIN three-dimensionally 2s triangulsr facets,
removing hidden lines,

SHADE - Depicts the relief on the TIN using shading in the Swiss zanner,
The input consists of the TIN, the normsals, and fthe seccnd daza
structure,

SCANNER - Finds the Iintersections of a set of parallel lines wi<h the TIN.
These Intersecticns ¢an be passed te GRIDCR.

GRIDDR - Takes as input a list of irregularly spaced values along & line
and linearly interpolates regularly staced values, used wizh
the SCAYNER.

AMS -~ Caleculates the root mean square errcr tetween <Wo sridded idata

sets, usizg cheir toint by poirt differerce,
SANDR - 3et of FCRTRAN routines which ratidly caleculate %he intersectizrs =2
<

@
les,

TRINORM -~ Calculates the normels %¢ all the triangies ia the TIJ. CJutput
vectors can be either normalized or unnormalized,

e from the acrmal

)

U

2]
O
4]

E « Calculates the zaxizmum slcpe for every “riang
vectors,

ZIANG - Jalculates the iinsedral angle “etween adjacent iriangles acrcss
the ares, using the normals as input.
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VEXER -~ Determines at an edge whether slcpes are iivergent, convergent,
or neither,

GREY - Produces & list of slopes %o neighdoring points for each point
in the TIN.

RIDGE - Uses the methcds descrived in section L.1to extract <he ridges
and channels from regularly gridded topographic data,

TRIDGE - Uses the methods described in section 4.1 %o extract the
ridges and channels for the TIN., Output is the set of edges
for each of the ridges and chanrels,

CLSTPT - Finds the node closest to a given point.

RNCRTH - Zroduces a computationally cheap surrcgate for the compass
bearing angle detween two points,

AREA2 apd AREA3 - Return the area of a triangle in space and the ares
orojected or the x, y-plane,

PSLICE - Finds the intersection of a line segment with an infinite line,
12 such an intersection exists,

RTLFT = Determines whether a point lies in the left or right halfplanes
defined by a given directed line segment.

ELRANG - Sets the parsmeters (the Fuler angles) for rotaticms in three
dimensiors.

TRROT - Perform the Euler rotation om a point.
GUIXST - A much modified variation on the Quicksort algoritim.

TIMER ~ Returns the processor time left in the current job step.
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APPENDIX III

COMPARISON OF TRIANGULATED IRREGULAR NETWORK'S AND
REGULAR GRIDS FOR ESTIMATING GEOMORPHOMETRIC PARAMETERS




APPENDIX III: Comparison of TIN's and Grids for Zstimating Gecmor-
phometric Parameters

impirizal compariscn after Mark (1975), for signilicance of lettlers see sact.l.2

-

Parameter
root-mean~squUAre erTors: = g -
15 x 15 grids Lok 0.053 0.015
TIN's 3.3 0.019 0.007
ratio - 12.9:1 2.8:1 2.1:1

Charactaristics of regulsr grids theoretically required*® to produce the
the same precision as tle TIN's

4 (metres) 39 179 234
size 181x181  40x40 31x31
pumber of points 32,761 1,600 961

Ratios to TIN’s (114 points):

number of points 287:1 1k 8.b4:1
digitization time 55:1 2.7:1 1.6:1
Sstorage space 29:1 1,4:1 0.9:1

® agsuming a linear relation between grid spacing and grid precision.
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APPEDIX I7: Trianguiated Scan Line Coherence

The power of the TIN data scheme I3 evident in analysis of the structure
of terrain, especially where the proximity or connectedness of features
is important. The triangular structure is also efficient for simple
tasks, TFor display, as for video, it 13 important %o be able to produce
a set of parallel scans through the model as effliciently as possible,
These scans, each of which 1s a set of intersections with the edges of
the triapgular facets, also can de interpolated +to produce a regular

grid of peints, Creating these scan lines is called scan ccnversion,

The efficiency of a scan converter is directly related %o how efficiently
one can trace the path of a line through the TIN,

Por a large class of prodlems, one wants to Ye able o determine which

triangles a given line intersects. The line may consist of a group of

connected segments, such as a roadway, or a straight line, as in scan

lines, The case for scan lines is simpler, since the line can be imagined i
as infinite, so that simple evaluation of the equation of the line 4
determines intersection. Once i1t has been determined that the scan

intersects 2 side of 2 triangle then it 1s obvious that it must intersect

one of the other two sides or the point shared by both sides. Using

this observation a scheme has been devised to follow the path of a line

through the triangulated surface, This process, SEARCHNET, is des-

crided more fully in the year one report (Peucker et al., 1973;

Cochrane, 1974), This method is fast, checking less than twice as many

links as the number of links found to intersect,

The SEARCHNET tracking process has itself been implemented by members cf )
the project for a scan converter; however, by using the property of scan 4
line coherence the process can be speeded up. Scan line coherence is tke :
property that "adjacent scan lines appear very similar" (Newman and
Soroull, 1973). In our context this means that if the distance between
scan lires is less than the average length of the links then it can te
expected that several links intersected by a scan line will also inter-
sect the next. Upon finding that a given link is intersected bty a

scan line it is possible to rredict how many Zurther scans will inter-
cept that link, Watkins (1970) implemented a hidden-lire algerith

for video display using a scheme wheredy each intersection ¢f a line wi<h
an edge 1s stored as an x, y, z value, together with the increment in

X, ¥, z by which it 1s expected to change by the next line, and the
muber of scans that the link will further intersect. The scheme for ;
scanning the triangular irregular g=id is quite similar, i

The links which intercept the first scan must bde found by the SEARCENZT
rrocedure, For each intersec+tion a record is stored as folliows:

€1




wr~ - “he X, v, 2 cocrdinates of the iztersecticn;

SELX, DELY, DELZ - <he increments iz x, 7, 2 which will te
added to IY¥Z <5 calculate the intersecticon
for %he 2o0llowing scan line:

YUMSC - <he number ¢f fur<her scans which the link will cross;,

TAIL - =he node a%t the far end of <he link.

These are stored in a singly linked list. On succeeding lines, the list
of intersections is exsmined and NUMSC 2or each Zink i3 tested, I2 it is
greatar than or equal %o 1 then DELX, DELY, JELZ are added <o tie XIZ
values and these new values replace {YZ, YUMSC is <hen de:remented Yy

1, The values for X¥Z are then placed in the 1ist of intersections Jor
that scan,

I? YUMSC is less than 1 then TAIL for that entry is added tc a2 list <f
f3iled links and the entry remcved from the intersection list, Trollowing
the discovery of & failed link other links fcr which NUMSC is less thaz 1
are added %o the fail list until & link which crosses the scan is found
or the scan exits Prom the model area., Then 4“hese ncdes are used y the
SEARCHNET procedure to find links emanating from them which cross zhe
scan, SEARCHNET will start at the last link which crossed the zresent
line and find links cressing until it either encounters the edge of the
area or a link alresdy found. These intersections are added to <he scar
1ist and o the list of future intersectioms., IZ the edge of the model
was not encountered then processing continues on the link list. The
method thus repairs the intersection list on the go as gzaps aprear when

a scan line passes teyond & link, The method ccombines a fast searching
technique with a bcokkeeping technique that eliminates rediscovering
information which can easily be Tredicted,

The speed of the algorithm is uraffected by the direction of <he scans
relative to the coordinate axes of the TIN, since there is nc implied
directionality. A link once crossed need never be searched for again.
In a TIN of N points there are 3(¥-1)-3 edges, where 3 is “he nmumber =¢
toirts on the bdoundary of the mcdel, Let E be 3(N-1l)-=B. Letting 2 de
+he cost of discovering a crossing adge, then the cost for all <he linxs
is R x E, Let L be the average length of the links in the TIN, The
expected length of the lipnks projected gerpendicular tc the scan lires
is: PIxL/L, If the distance between scans is M then the expected
number of times 3 1ink will de crossed is PIXL/(WXM) = T, We can new
write the total cost for the scan ccnversion, lettiang CO stand for
star<up cost and I te the cost per Ipntersection:

Z 4+ IXExT

Cost = 20 + T + IxE(PIxL)/{wxM)




v

For a particular TIN where the length of the links in <he direction
perpendicular to scanning is D, M can Ye expressed as 2z fuction of the
aumber of scans X:

M=D/X
So cost can be rewritten:
Cost = CO + RXE + IYaZy(PI¢L)xX/ (kD)

Thus cost per scan line decreases linearly with the number of scans,
Some test resulss follow:

Time to Produce X Scans in Seconds

X
36 T b1 281 561
Points
31 o 11 145 .25 LS
85 19 26 «35 52 .83
279 .53 6L .82 1.00 1.43
(Fcr refarences gucted in tals apperdix see +he gerera’ 13ist c relsrencec

q%
on page 47 - 50)
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