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INTRODUCTION

Digital terrain modeling (DTM) is concerned with the digital storage,

analysis, and display of surface configuration data (x,y,z) for topogra-

phic mapping . The field of DTh is relatively new and growing. Many

methods of DTM have been studied and applied to real problems, but two

are of concern here: the uniform rectangular grid (URG) and the triangu-

lated irregular network (TIN) methods. This technical note presents pre-

liminary evaluation methodology that will be used to compare the TIN and

URG methods in the specific context of Marine Corps ground combat opera-

tions,

In applications, the URG is by far the most widely used method. Other

names used for this method are regular grid , regular rectangular grid ,
elevation map , or simply grid. The concept is quite simple: store eleva-

tion data at uniformly spaced intervals in a rectangular coordinate system,

and use interpolation at all other points.

The TIN methodology is a triangle-based system of DTM. The TIN method

has been developed over the past several years by a group at Simon Fraser

University (SFU) at Burnaby, British Columbia, under the leadership of

Professor Thomas K. Peucker. The Geography Programs office of the Office

of Naval Research has sponsored much of the research.

The TIN concept is more difficult to describe succinctly than the

URG concept. Basically, a portion of the earth’s surface is approximated

by a collection of connected triangles in (x,y,z) space whose vertices

are chosen to minimize the total number of points required. Usually the

points will be chosen in an irregular manner, and many will be points of

high information content (such as mountaintops, streazubeds, ridgelines).

Such points are called surface—specific points, and the TIN is considered

a surface-specific method.

It is not difficult to convince oneself that a given accuracy can be

achieved with fewer points using the unconstrained point selection of TIN
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than with the constrained points of the URO method . The number of eleva-

tion points to be stored is only one of many things to be considered , how-

ever.

The many steps involved in computer storage and processing and the

pre-processing time and cost required to get the data into the computer in

the appropriate format to begin with are complicating factors that must be

considered in the evaluation methodology. Thus a major part of the evalu.-

tion problem concerns measuring computer resources required for the two

methods of DTh.

A second major aspect of evaluation methodology has to do with appli-

cations. The question is , “Given tha t the methods have somehow been com-
puterized , how well do they perform?” This question has been discussed in
general for many years by workers in cartography, topographic mapping,

geology , geodesy, and other fields concerned with representing and de-

scribing the earth ’s surface. This is no apparent general agreement con-

cerning evaluation--a specific context seems to be required , and usually

this .s not available or is too narrowly defined .

The present study differs from most others requiring comparative

evaluation of different IY~M methods in that a specific application area,

Marine Corps ground combat operations , has been selected for the evalua-

tion . In many respects this narrowing makes the datermination of perfor-

mance measures easier for the evaluation than it is for the general problem .
at least when measures are considered one at a time . It does not neces-

sarily make the selection of a composite measure any easier , however . This

report considers measures individually and does not address the need for ,

or construction of, composite measures.

2 
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DISCUSSION

The Evaluation Concept

The firs t and most important step in the comparative evaluation of

the TIN and URG methods will be a comparison of computer resource require-

ments and performance measures for a suitably selected set of test prob-

lems on represen tative terra in in the context of Mar ine Corps ground

operations. This document focuses largely on definitions of computer

resources , perfo rmance measures , and test problems; selection of a base-

line for making comparison; and methods for achieving comparability . The

terrain test area will be a region near Twenty-Nine Palms, California ,

that fortunately provides the required variety of terrain types needed

for evaluation .

The baseline represen ting the “true” terrain against which both the

TIN and URG methods will be compared will itself be a uniform rectangu lar

grid with spacing that is closer than is actually needed in the test prob-

lems. The surface—specific points for the TIN will be selected from these

closely-spaced grid points. The URG that is to be evaluated ‘will consist

of a subset of points from the baseline grid , and interpolation will be

required at all other points. For example , a URG to be tested may have

a grid size twice that of the baseline so that it contains every other

point in both the x .ind y directions. The remaining points can be thought

of ~~~~ “held back” for t’valuation purposes. Further explana tion of this

baseline concept , which is central to the entire evaluation , is given in

.~ separate section .

Test Problem Areas

Test problems from Mar ine Cor ps ground combat opera tions that have

been selected for th. .vatuation are in the areas of air defense, fire

support . accessibility , and helicopter operations. In air defense, the

main relevant considerations , for ei ther selection of a radar site location

3
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or eq timatton of detectability of low-flying aircraft for a given site , are

radar masking and clutter . Radar masking and clutter are two-dimensional

(area) problems .

Fire support problems involve both observation and weapon trajectory

considerations . For observation , a DTM should be able to predict whether

an observer at A can ~ee a target at B and relay the target information

to weapon firing point C. Trajectories prediction is also required to see

whether a weapon of a given type (ballistic) can reach the target or whether

the terrain masks the target. E~ich of these fire support problems is one-

dimensional; the DThs must estimate a profile along the line of bearing from

one point to another.

Certain accessibility or mobility questions are of this sort: “Can a

vehicle of a given type (truck or tank) get from point A to point B?” i.e.,

“Is point B accessible from point A?” This is another one-dimensional

problem for the DTh, a “trial” path (in x , y coordinates) will be specified

and the profile along this path calculated from the DThs. The accessibility

question will be answered f rom analysts of the profile.

A f inal class of problem considered has its origin in the need for

finding safety corridors for helicopters during vu lnerable periods of

flight. This problem, with its required algorithms and appropriate mea-

sures , is less well understood than the others and thus requires more de-

v e lopmen t .  It surely involves line of site (LOS) considerations , and it

may also require a one-dimensiona l trial path , as did the accessibility

problem.

Measures for Evaluation

Measures to be used for evaluation are of two kinds : measures of

computer re so,,r r ~~ requirements and measures of performance. For a given

computer system installation . a computer resource measure may be considered

already known: the numerous processing time and storage considerations are

weighted and aggregated by the system ’s pricing algorithm , and the measure

is dollars . Our problem is not so simp le , however. Our computer resource

measures will permit estimation of resources for a variety of systems ,

4
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large and small , with different central processor/mass storage configura-

tions . We want measures that are as system-independent as possible and

that are not necessarily measured in dollars. The principal components

i~Lentified are storage requirements for the elevation points , auxiliary

data , al gorithms needed for processing , storage accesses , and the number

of basic computer operations.

Performance measures are necessarily problem-dependent . Problems

tend to be either two-dimen,tona l (area) or one-dimensiona l (usually

profile). Area problems tend to have binary qualities-—e.g. , for a given

radar site location and antenna height , any given point is either masked

or it Is not . Thus one can calculate , for each DTh evaluated , a map show-

ing masked points. This map can be compared with a corresponding map

generated for the true (baseline) terrain. Two kinds of differences in

the maps will be found : areas that are truly* masked will be occasiona lly

shown as unmasked by the DTM. and parts of the areas that are truly un-

masked will be shown as masked . Usitig terminology from statistics , thest.’

differences can be considered type I and t’~pe II errors , respectively .

V 
Alternativel y, from detection theory , the differences correspond to missed

detections and to false alarms when the “target” is considered to be a

point that is truly masked . Two performance measures can be ininediately

defined for these situations : measure I is the areal measure of the type I

area and measure 2 is the area l measure of the type II area . The suin~ of

these areas , which is simply the area of the region where the DTh method

was in error , is a third measure .

Profile or LOS problems may also be considered binary . In intervisi-

h i l i t v  contexts , such as “Can an observer at A see a target at B?” the

answer is a simp le “yes” or “no. ” The answer delivered by either of the

DTMs can be correct or incorrect according to the baseline . Binary area

problems also involve type I and type II errors: tru ly * vis ible  targets

According to the baseline.
t
Type I and type II errors will vary in relative importance from problem
to problem . Weighted sums , rather than the simple sum , of the measures



can be considered masked and tru ly masked targets  can he considered visi-

ble. Due to the arbitrariness of A and B (observer and target locations)

the appropriate measures will be defined by averaging over many A , B com-

binations with a suitable probability distribution of likely observer

positions and likely target positions , given the general terrain area .

The measures can be interpreted as probabilities that the DTh estimate

is in error .

A measure for the accessibility problem can be constructed along the

same lines. If a d e f i n i t e  specified cr i ter ion determines for a given

elevation p r o f i l e  whether point B can be reached from point A , then the

DTM binary answer can be correct or incorrect according to the baseline .

Errors  of types I and II are again possible:  accessible points can be
ca l led inaccessible , and conversely .  (A possible cr i te r ion  for making

the access ib le / inaccess ib le  determinat ion involves maximum slope along
the profile: if all slopes are less than a speci f ied  vehicle—dependen t
constant  the point is considered access ib le , ot herwise it is n o t . )  I t
w i l l  again be necessary to specify many points A and B and probabi l i ty

d i s t r ibu t ions  over them based on the problem . Fire support measures are
simi lar . Our ca lcula t ions  w i l l  involve f i r i n g  points A , target points B .
the t e r r a in  between A and B , and a ba l l i s t i c  t r a j ec to ry  that is weapon-

dependent .  For DIM evaluation , it i s s u f f i c ien t to assume a simp li f ied

t r a t e ct o r v , such as a parabola.  What one wants to know in a given tacti-

cal context is the answer to a binary question , “Can point B he impacted

from point A w i t h  weapon type C :” Accordingl y ,  a measu re is constructed

based on the p robab i l i ty  of the DIM method g iv ing  an erroneou s answer.
Probabil i ty dis tr ibut ion s over representa t ive  f i r i n g  points and target

poi n t s  in the test area t e r ra in  are again  needed .

A summary table can be mad e of the computer resource requirements

and performance measures in the defined ground comba t problem areas.  Ta-

ble I shows a samp le format for such a t ab le  for one specif ied ter ra in

area .  The “RM ” d esignators indicate  computer resource measures ,  and the

“PM” designators indicate performance measures.

6
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Table I

MEASURE TABLE FOR14AT

Computer Resource Measures
________ _________ ____________ Performance

Basic Measures
Problem Area/Tactical Storage Storage Computer

(bytes) AccessesVariable RM I RM2 Operations 
~~

I. Air defense

• Masking map

• Clutter map

2. Accessibility
(capability of moving
from A to B with
vehic le C)

3. Fire support map

• Intervisibility

• Weapon trajectory

4. Helo safety corridor

Terrain Rep r esentat ion

A basic consideration in the evaluation is , “What criteria should be

used for fitting a DIM to the test-area terrain?” For a TIN , ideally one

would like to know first the accuracy requirements of the ground combat

problem ; these would be found by analyzing the tactical situation and

determining what is required of a DIM for that situation . Knowing the

accuracy requirements , one would then introduce them into the specific

point-selection and triangulation algorithms that fit the TIN .

In the evaluation , we must approximate this idealized approach be-

cause accuracy requirements are difficult to determine and the “controls”

available to fit a TIN are uncertain.

Other concerns about the TIN fitting also bear on evaluation philos-

ophy . Available fitting methods are partly heuristic , and even the auto-

mated parts do not have parameters that permit precise control of fitting

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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errors. Moreover, the accomplishment of a single TIN fitting is expected

to be a significant task ,* and there will be little time for trial and

error methods to improve an unsatisfactory fit.

Therefore, we have designed the evaluation so that it is not criti-

cally dependent on how well the TIN fitting is accomplished . Having

approximated the ideal fitting approach as well as possible , we will ac-

cept the resultant TIN as a black box ; we will simply use it in test prob-

lems and accept whatever fidelity it may have to the real surface. The

fidelity will show up in the outputs (such as radar masking maps) when

they are compared with corresponding outputs from the baseline.

For the URG , the surface-fitting situation is different . In one

sense , the URG method is considerably more f1exibl~ t~t~in the TIN method
• because several d i f f e ren t  method s for def ining a IVJPC from the dense grid

baseline may be considered . One may , for example , choose every other

baseline point or every third point to define a new URC . An entire family

of IJRCs can be defined from the single baseline URG ; the members each

having a different grid spacing. We can also interpolate between grid

sizes , so that the URC family can be considered a continuum. This con-

tinuum is needed in our evaluation approach to achieve comparability of

DIM methods.

Comparabili ty of DIM Method s

Several avai lable measures characterize the important aspects of the

problem , but they are essen t ia lly independen t of each other and therefore

irreducible in number . When corresponding measures agree for one aspect

of the problem , they usually disagree everywhere else. A reductfer in

dimension is needed .

Assuming that there are only two measures , one for computer resources

and one for performance , the problem becomes: “How can one of these mea-

sures be eliminated?” The answer is: vary the URC spacing continuously

*However, discussions with the TiN development team indicate that it may
be possible (and desirable) to fit more than on~ TIN.

8
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until the values of one measure agree exactly. The remaining measure
should directly reflect the performance of the DTM methods for the given
test problem, since everything else has been made comparable.

Limitations of Evaluation Approach

Our evaluation approach has several limitations. First, the number

of terrain types and the number of test problems will be small. For each

given terrain/test problem, only a few military problems (tactical vari-
ables) can be considered, and their measures will be limited in number.
These limitations are inherent in any problem for which no “global” theory
is available. One can only choose representative problems as test cases .

A limitation of a different type has to do with military needs in the
particular ground combat context. It is likely that a highly precise ter-

rain representation is not required in some problems. Sometimes a “carica-

ture ,” somewhat analogous to a tourist map, is adequate. In those instances ,
our evaluation methodology may be biased against one DTM method because the
methodology has no explicit parameters relating to problem accuracy require-

ments. It is fairly clear that TIN , whose basis is irregular points, should
* be better to represent a caricature of the terrain. The evaluation approach

may therefore be somewhat biased against TIN.

The baseline concept involves two assumptions: (1) the dense grid

data are error free, and (2) some points are withheld from the methods so
that evaluation can be made on these points. The “point-withholding” as-

sumption does not appear to be limiting. The “error-free” assumption is
not thought to be critical because we are concerned with a relative prob-

• lent (TIN vs URG) and not an absolute problem. Sample calculations show

that errors in the elevations of the baseline grid will tend to influence

TIN and URG equally; their consequences will, therefore, tend to cancel out
when comparisons are made. That is, the performance measures would be only

slightly changed if the true elevation values were available.*

*This assertion can be tested later in the project by sensitivity analysis.
• The baseline terrain elevations can be altered slightly (randomly or syste-

statically) by pseudo-errors with magnitudes similar to those of the errors
in the baseline . Measures can then be calculated for the perturbed base—
line and compared to the baseline.

9
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TEST PROBLEMS FOR EVALUATION

The TIN and URG methods wi l l  be evaluated by examining their resource

requirements and performance in representative ground combat operation

problems of the Marine Corps. Several problem areas have been defined

and analyzed to determine whether they need topographic information and

what they require of a digital terrain mapping system . For now , the prob-
lem areas are being considered individually; such mat ters  as weighting the
problems by their relative importance wi l l  be taken up later .

The criteria for selection of test problems may be stated informally :

• The test problem s should be important to the Marine Corps
in ground combat operations .

• The tact ical  variables (such as LOS) required by the test
problems shou ld col lec t ively  exhaust the tact ical  variables
required for a l l  DIM problems . We can say that although the
test problems are onl y representative , the tactical variables
and the algorithms they require should be fa i r ly  complete.

‘ 

• Test problems should evoke questions that hav e quanti tat ive
answers that are realist ic to consider . A samp le test prob-
lem we would not include is one in which a map-reader must
look at the surrounding terrain and determine his location
from a DIM-generated map . A complex pattern recognition
process would be required for this task and would lead us
far afield from this study .

• There should be j ust enough test problems to touch on a l l
representative areas. Too few test problems would result
in an inde te rmina te  evaluation , and too many would result
in confusion.

• A variety of terrain types should be called for by the prob-
lem.

Problem areas that wi ll be considered are air defense , fire support,

accessibility by ground vehicles , and helicopter safety corridor areas.

All of these except helicopter safety corridors are discussed in the fol-

lowing sections

10
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Air Defense

In past tn—depth studies at SRI , the dua l problems of a i r  defense

and a i r c ra f t  survivabi l i ty  considered LOS the pr incipal  t a c t i ca l  va r iab l e .
Some of these studies have been reviewed for app licability. LOS en tered

these problem s in the form of “the d ist r ibu t ion  of de fense/ of fense  inter-
v i s i b i l i t y  segments” found by ana ly sts  of a i r c r a f t  character is t ics  and

tactics and interaction with the defense weapons. As the nature of the

LOS became understood, the defensive system charac te r i s t ic s  were intro-

duced and survivabi l i ty  and a t t r i t i on  computed . Results were fed back

into the probl em to suggest a new radar site or changes in defensive s i t ing

doctr ine .

Air defense problems will arise in most signi f ican t areas of Marine

Corps operations . The scope of  the present stud y precludes duplicat ion

of methods used in earlier studies ; something much simpler must be done

in the present study.  Since the major  con siderat ions in ~~lect ion of a

radar site are masking and clutter , we have decided to base ~ur evaluation

on measurements that can be made from radar masking and c lu t t e r  maps . The

simplest maps of this kind represent the , x ,y ’~ space surrounding the an-

tenna location as either masked or not masked , clutter returns or no clutter

returns.

The performance of tT RC and TIN in air  defense test probl ems , then ,

w i l l  be based on measurements made f r i ~m maps w i t h  b inary  indicat ions  ~ f

masking/no  masking,  c l ut t er / t ~o c l u t t e r .  Parameters of these problems are
( I )  site  location ~x ,v). and ~2) antenna hei ght  ( s ) .  They w i l l  he deter-
mined in the t er ra in  test areas by separate analy s is  and/or consultation
with  the Mar ine  Corps , and th ’v w i l l  he kept f ixed for the performance

ova luat tons .

Fire Support Coveraie

Several terrain-related map proble%w4 arise in fire support questions ,

planning, and a n a ly s t s .  E ssen t ia l ly  they involve LOS t for observation)

and t rajectory ( for weapon fi r i ng)  considerations . Due to the extrem e

var ie ty  of f i r e  support problems , only representative situat ions  and

11
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tactical variables can be examined . There are two fundamental kind s of

map problems involved : fire support coverage problems and observer—to-

target LOS problems.

• For a hypothesized weapon and location in the terrain test
area , a map showing points that are covered from the weapon
location ~an be calculated and displayed . In most situa-
tions only certain potential target areas will be of inter-
est, so the performance will be tested for only a subset of
the terrain.

• In a typical problem we may have three positions involved :
an observer is at A , a target is at B , and a weapon that may
be able to hit the target is at C. One subproblmn is , “Can
the observer at A see the target at B?” Another subproblan
is , “Can the weapon whose ballistic trajectory possibilities
are known fire from C to hit A?” These subproblems can be
examined somewhat independently. Both require terrain repre-
sentations; the better the DIM fits the surface, the better
it should answer these questions .

For the observer-to-target LOS problem , a pair of positions are re-

quired . They should be where observers migh t be located. In general,

we can ’t expect to find unique pairs of points for observer and target;

therefore, a number of pairs should be selected .

For this evaluation it is sufficient to deal separately with obser-

ver points A and target points B instead of (A,B) pairs. Specifically,

we will determine (through analysis and consultation with Marine Corps

personnel) likely areas for observers and for targets in the terrain test

area. Over each of these areas , a probability distribution that represents

a weighting of the likelihood of the points being chosen in particu lar

situations will be assumed . Weapon considerations will , to some extent ,

influence the selection of these areas. It may be necessary to differen-

tiate between types of weapons (by high or flat trajectory weapons, i.e.,

guns or howitzers). Figure 1 shows how the observer and target areas

migh t be specified in the test terrain . A uni form probability distribu-

• tion might be assumed over the areas shown to complete the test problem

specification.

12
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OBSERVER
• ‘ AR E AS

TARGET
AREAS

FIGURE 1 OBSERVER AND TARGET AREAS

Accessibili ty

A common class of Marine Corps problem can be stated generically in

terms of a starting point A , a destination point B, and a path joining

A and B. For examp le , point A might be the present location of a portable

radar and point B a potential radar site; the path joining them wou ld then

be a road over which the radar could be moved to the desired location .

Conventional military mapping analysis uses contour maps for drawing a

profile along the path to determine accessibility.

In this study, we will develop an algorithm that will automatically

draw the desired profile given A , B, and a path of suitable form. Param-

eters that can be found from the path (such as the steepest downslope) can

also be calculated . The approximate path will consist of a series of con-

nected straight line segments. Figures 2 and 3 illustrate elements of the

accessibility problem and a display of the profile.

With linear interpolation , the profile for the TIN method will con-

sist of a series of connected straight line segments (Figure 3). The form

of the profile display for URG will vary with the interpolation method .

One common method arbitrarily divides each rectangle of the grid by

arbitrarily choosing one of the diagnals and then fits a linear surface

13
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triangle over each of the triangles formed . This linear interpolation

method will also give profiles like Figure 3. One simple alternative

method employs bilinear interpolation of the form z — + a ~ x + b X y

+ c X x X y. The profile from this form will consist of curved segments.

14



DEFINING A BASELINE

Determining an adequate baseline is often difficult for studies in-
volving cartographic surfaces . Aerial photography is sometimes used when
suitable photographs are available. For some studies, the discrete ele-

vations over a uniform grid are simply decreed to be the baseline . In

other studies , a baseline is dispensed with entirely--two different OTMs
are evaluated by first forcing one of the two measures or criteria to

equality , then comparing the second measure.

The baseline proposed for this stud y is derived from the latter two
• methods. We f i rs t  assume that the elevations over a particular* dense

• uniform rectangular grid represent the “true” surface at the grid points.

Because the baseline grid has a small spacing , the surface-specific points
V of the TIN can be constrained to be grid points of the baseline . The TIN

selected from the grid points should be very close to the one that would

have been selected from a continuous analogue, such as a contour map .
• This would not necessarily be tru e for a large grid spacing. Note that

this restriction biases the evaluation slightly in favor of the URG method ;

the amount of the bias will be estimated and compared with the differences

in performance later in the study.

*It should be noted that although the baseline itself is a uniform rect-
angular grid , we do not refer to it as a URG in this document to avoid

• confusion with the URG method of DIM that is being evaluated .

15

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
__~~ V~•~ 

- - 
V •~~~~~~~

•
~~~~~~~~~_ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_ _ _ _ _ _ _ _ _ _ _ _  
_ _ _  - -

MAKING THE TIN AND UI~ METHODS COMPARABLE

• In contrast with the TIN method , which wi l l  use a single representa-

tion for the entire evaluation , several URGs w i l l  be ana lysed . Each URG

candidate w i l l  be defined as a subset of the baseline grid points by a

regular relationship, such as every other point in x and y separately , or
every third point . Thu s each URG must have specified spacing that w i l l

be a multip le of the baseline spacing.

The other important feature in the evaluation is not , s t r i c t ly  speak-

ing , a feature of the baseline. In approximating the earth ’s surface in

the terrain test area , we wi l l  only a l low the URG to have points that are
a subset of the baseline points. (This is in contrast to the TIN , which
has access to all  the baseline points.) The URG is then forced to inter-

V polate over the remaining points , just as the TIN interpolates.  (Linear

interpolation will  be emp loyed for both DTMs.) The outputs that the URG

generates will depend on the points it had access to and the interpolation

method . The same is true for the TIN , which had access to al l  of the

points.

One might question whether this method introduces a bias toward one

of the DIMs. We feel tha t it does not . TIN can only employ a continuous

map for its point selection , but since the baseline grid is dense, each

surface-specif ic point selected from the continuou s map wi l l  have a grid

point in the baseline not far away . Thus , the TIN approximation w i l l  be

very close. The essential point to note is that the TIN can choose as

many points as it like s to t r iangulate  and fit the surface , but it must

incur the penalties in computer resources. The situation is similar for
the URG : finer grids shou ld give better outputs but use more com puter

resources.

The evaluation concept can be clarified by describing a hypothetical

si tuation in which there are two contenders--one advocating TIN , thte other
advocating URG--and an unbiased evaluator . The evaluator has determined

16
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the terrain test area , the ground combat problems to be considered , and

the kinds of tactical variables and the maps or other disp lays that are

needed in these problems. Moreover , the measures of computer resources

and performance are both defined by the evaluator . Al l  this information

is given to both the TIN contender and the URG contender so that they can

design their best products to be submitted for testing and evaluation .*

They are both given the baseline grid as well. Other relevant considera-

tions , such as relat ive weighting of the d i f fe ren t  ground combat problems

or tact ical  variables , may be ignored for this exposition .

Is this information sufficient for the contenders? Shouldn ’t they

know how goad the f i t  to the surface must be? The answer is: not accord-
ing to the evaluat ion method given here. Performance measures are com-

puted by comparing the contender ’s respective outputs with the baseline ’s

outputs ;  none of th is  depends on how wel l  the approximate surface has to

f it the actual sur fac e . Improved f i t s  w i l l  always resul t  in improved
measures , but the improvement may not have practical s igni f icance .

The TIN contender is guided in his  search for sur face-spec i f ic  points

by knowledge of the evaluation ; he know s that the more points he chooses

the more penalties there will be for computer resources. In princi ple ,

the selection of poin ts cou ld be made in to an optimization prob lem and be

purel y mechanical . A family of TIN solution s could be found : for each

hypothet ical  amount of computer resources , one would choose points that
optimize the performance measures.  But which member of the hypothetical
fami ly  of TIN approximations , a l l  of them optimized , should be select ed?

The answer , in general , depends on how computer resources measures and

performance measures are to be traded o f f .  To make al l  th i s  precise would

be d i f f i c u l t  and wou ld involve weight ing  type I and type II errors and the

re la t ive  importance of the d i f f e r e n t  tac t ica l  probl ems. Given f u l l  and

precise statement of the problem , optimization could , in pr inciple , be

carried out. A reasonable and realistic rationale for the TIN approximation

*Actually , the URC contender has nothing to do--there is no choice left to
him . The contender viewpoint wou ld be more symmetrical  if URG were re-
placed by some other more complex DIM method .
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is that it should only satisfy the accuracy requirements of the ground

comba t problems to the extent that these requirements can be determined .

The logical possibilities that may be encountered in making the corn-
parisons are shown in Figure 4. Recall that our performance and computer
resource measures have been defined so that small values are preferable
to large ones. Consider the test problem and terrain as given . For the
single TIN approximation , a pair of numerical values , one for each mea-
sure , determines a single point (x) in the diagram . Similarly, any one

URG determines a single point. By varying the grid spacing and inter-
polating between them , an entire curve is determined .

CURVE 2- TIN SUPERIOR
CURVES 3.4: URG SUPERIOR

~~~~ ~~~~

“
“

“~~~ 2 
TIN

MEASUR E . __‘
~~~~~~~~~~ X 

PERFORMANCE MEASURE

FIGURE 4 AGGREGATED MEASURE PLOT

Figure 4 shows the possible types of curves that may occur. Notice
that all URG curves start at the “y” (computer resource measure) axis be-

cause performance measures (errors of type I and II) have zero value for

the baseline URG . For each of the URG curves , the grid spacing increases

from left to right. An increased spacing should degrade (increase) the

performance measure and simultaneously reduce the computer resource re-

quirements. The URG curves therefore have the shape indicated . There

are five ways that a curve may be traced out in the aggregated performance

measure plot . In cases 2, 3, 4, and 5 , TIN and URG are comparable for one

18

_____ • 
~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~ V • • • -- • ~_  __________ ~~~~~~ 



- ____ - V ~~~~~~~~~~~~~ V 
~~~~~~~~~~~~~~~~~~ 

V~~~~~~~ V ~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~V

measure. In case 1, the methods are not comparable : URG performance is
always superior to TIN, but it also always requires more resources. Case

- I is considered unlikely since a sufficiently sparse grid should perform

- more poorly than any reasonable TIN. In case 5, URG always out-performs

TIN and always uses fever computer resources. The URC method is clearly

superior here, but this case is also considered unlikely. We therefore
expect to be able to make the TIN and URG methods comparable by varying

the URG grid size. A curve resembling curve 2, 3, or 4 should be den y-

r
I V~ able for each problem.

I
I

I
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FU RTHER DISCUSSION OF MEA SURE S

This document is concerned with objective means of evaluating the

TIN and URG methods. Quantitative measures of two types are required for

this purpose: computer resource requirements and performance measures .

We regard the two DTMs as “black boxes” with unknown internal structure.

By some means or other the parameters of the DIMs have been selected so

that the computed elevations are approximately the same as those of the

actual earth ’s surface in the terrain test area . Each method is capable

of giving an output , usually a map or a section , in each test problem,

and measures will be determined by (1) recording and/or computing suitable

quantities to reflect the computer resources required for the test prob-

lem , and (2) calculating measures based on the differences between the

generated output and the corresponding output for the baseline . Put

simply , the computer resource measure tells what it takes to generate

the output , and the performance measure tells how closely the output

matches the baseline ’s output according to the needs of the problem. For

a given DIM method we would expect these two measures to be related :

better outputs should always be achievable (up to a point) with more com-

puter resources. There is no necessary relation between the two measures

for two different DIM methods. Therefore , the measures of the two basic

evaluation components can be considered separately.

Computer Resource Measures

Measures of computer resources are , in many respects , more straight-

forward than those of pe rformance. If a commercial computer system con-

figuration were specified as the system on which the TIN and URG methods

were to be compared , the resource measure problem would be simple; all

storage and processing costs would be aggregated by the system ’s pricing

algorithm , and the resources required would be measured in dollars.

20
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In our evaluation problem, the situation is not that simple. First ,

no computer system has been specified for the evaluation , and DTM imple-

mentation and processing depend on the computer system parameters. It is

possible , for example, that one DIM method would outperform the other if

a large core memory were available but not otherwise.

Other variables are problem size and the size of the data base are

determined by the spectrum of DIM problems to be solved . One DIM method

may outperform the other on small problems but not on large ones .

The problem size aspect may be appreciated by analogy with well—known

operations research computational problems . Linear programs may serve as
an example. Typically ,  they have a computer running time proportional to

the cube of the number of rows in the constraint matrix--a very strong

dependence of running time on problem size.

Data base size is another variable that may also result in differing

comparisons. Spec i f i ca l ly ,  TIN’s access to elevation is expected to bec3me

proportionally more dif f icult than URGs as the dat a base size increases .

It is thus possible that , for a given problem in which TIN and URG per-
formed equally well (according to the performance measures), TIN would

require fewer computer resources than URG for a small data base but more

computer resources for a large data base.

The computer language emp loyed can also affect the evaluation results.

Using the same language for both method s eliminates this e f f ec t .  Another

important programming-related variable is the efficiency of the code.

Eliminating this source of variability is difficult in the real world of

finite resources. Efficiency considerations come up in several ways and

can be subtle. As in any other problem area , one searches for common

elements in all problems so that common algorithms can be developed as

subroutines for the sake of programmer efficiency . However , for particu-

lar problems , it may be worthwhile to develop special-purpose algorithms

and codes even though the problems can also be handled by the general-

purpose subroutines . A case in point might be the determination of a

• radar masking map by the TIN method . An intervisibility (LOS) algorithm

will certainly be developed that has two points as inputs. This algorithm

21
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may be used repeatedly to generate a radar map point by point , but it may
be far  better to generate this map triangle by triangle , using some spe-
cial property of a TIN in this application . This and similar possibilities

must be considered individually when programming for the evaluation .

In summary , we have identified the following variables that influence
computer resource measures :

• Computer and computer system parameters

• Dat a base size

• Data base storage medium and its cost

• Computer language for the software

• Eff ic iency of the cod e and use of general-purpose subroutines

• Use of general-purpose vs. special-purpose algorithms and sub-
routines .

Our approach in evaluation is to def ine  measures that are as nearl y
independent of the computer system as possible. From these basic measures ,

V 
actual  resource requirements in a variety of computer system/storage!

language situations can be estimated . Appropriate  measures now appear

to be:

• Bytes of storage for elevation data and any required auxiliary
da ta

• Number of access to mass storage

• Numbe r of “basic” computer operations .

Each of these wi l l  be recorded/determined problem by problem.

The sensi t ivi ty of measures to problem size and data base size w i l l

be investigated by examining the results from the sample test problems .

The test problems will be of varying sizes, so that this dimension of the

problem can be probed directly . Data base size will be parametrically

varied , perhaps by using dummy data in a large area whose elevations are

not needed in the problem.

Performance Measures

The general concept of using performance measures to evaluate the

TIN and URG methods has been given earlier : each DTM is regarded as a

22
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black-box that requires certain resources and produces certain outputs in V

the form of maps or sections. Each output (one output for a defined test

problem) will be compared with the corresponding output from the baseline

• representing the true surface in the test area. Performance measures will

be defined in terms of the differences between the DTM-generated approxi-
mation and the baseline (“true”) map or section.

In general studies of topographic mapping, the goodness of fit of the
approximating surface is usually judged by RMS elevation error and/or how

• well the approximating surface preserves such slopes , roughness , and similar
geomorphic parameters. Workers in the topographic mapping community dis-
agree on appropriate measures for evaluating different models. Much of the

disagreement arises because the uses to which the map will be put are not
known.

Our study assumes applications in the field of Marine Corps ground

combat operations only. Because of this specialization, it has been pos-
sible to define performance measures in a unified , rather straightforward 

F

• manner.

• . A single unifying concept is employed in the definition of most of

the performance measures. In effect, we define military ground combat

problems that have binary (yes/no) answers. The baseline display needed

to determine an answer defines the right answer, and the corresponding

display from the approximating DIM can be judged right or wrong by com-
paring it with the baseline. There are two kinds of errors--”no” when

V 

the answer should be “yes” and “yes” when the answer should be “no --and,

borrowing terms from hypothesis testing, one can speak of the probability

of errors of type I and type II. These probabilities will be the perfor-

V 
mance measures with which to evaluate the URG and TIN methods.

Measures for Area Problems

Several of the test problems require calculation and display of an

area. For radar masking, the display for a defined target is a “binary

map”--4ach ~isplaysd point is shown as either masked or unmasked. The V

display will consist of a discrete number of points that are a subset of
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the baseline. Since the baseli ne grid has a small spacing, we can think •~ -

of th. display as a continuous map of the form sketched in Figure S below .

Th. disp layed area is circular with the radar at the center. The radius

of the circle is the maximum detection range of the ground radar. Since

the threat to the ground forces defense is presumed to be low-flying air-

craft , it its necessary to specify the altitude or altitude profile of the

target . The simplest such target is adequate for this study ; we assume

that the aircraft can maintain a given altitude above the ground through-

out its flight while within range of the radar . Thus , a single (x,y)

point on the display is shown as masked if an aircraft at altitude a(x,y)

+ z is visible to the radar , where z(x,y) is the e levation at (x,y) and

a is the fixed penetrator altitude above the terrain ,
p

FIGURE 5 DISPLAY OF AREAS MASKED
TO THE RADAR

Next , we take either of the DTMs being evaluated (TIN for th is illus-

tration), and generate a radar masking map like the one in Figure 5. In

Figure 6 we superimpose the two disp lays so that they may be compared .

For convenience , the masked area in Figure 6 is shown as a single area .

In general , there will be four areas on the disp lay : (0) an area where

neither the baseline nor TIN indicates masking ; (I) an area where TIN

shows no masking but the baselin , shows masking; (2) an area where TIN

shows masking but th. baseline shows no masking ; and (3) an area where
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FIGURE 6 COMPARISON OF MASKED
AREAS

both methods show masking. The methods agree in areas 0 and 3 and dis-

agree in areas 1 and 2.  The disagreements, by definition , are errors of
types I and II, respectively, for the TIN method.

Denote by k~ the measures of the four areas i — 0,1,2,3 and let At
be the total area . Then if an (x ,y) position is chosen at random from
the display , th, probability that the masking indication from TIN will be
correct is (A

0 
+ A

3)/At, and the probability that it is incorrect is

(A1 +A 2/At). The probabilities of type I error and type II error are
A L/At 

and A2/At.
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STEPS TO IMPLEMENT THE D~2’IONSTRATION AND C(IIPARISON PLAN

Several steps ar e required to imp lement the TIN-URC comparisons ou t-
lined above. These steps are detailed below .

Step I Obtain TIN source code and documentation from Simon Fraser

University (SFU). Confer with SFU analysts to fill in gaps

in documentation and assist in transfer of code.

Stop II Translate TIN source code to SAIL language for use at SRI
Internationa l on KL-l0 computer system .

Step III Prepare TIN evaluation software

1. Develop/adapt algorithms for calculating/processing
tactical variables and measures.

2.  Code and debu g the tactical variable and measure
algorithms from Step UI-I.

Step IV Prepare URC evaluation software

1. Put baseline grid (Twenty-Nine Palms area) on the
KL-lO computer system .

2. Develop or mod ify algorithms for performance and re-
source measure calculat ions .

3. Code and debug URG algorithms from Step iV- 2 .

Step V Select terrain test areas for sample problems .

Step VI Prepare a “TIN” for the selected test areas using SF17—

developed method and software (the software is inc luded

in Stops I and II).

Step VII Run the evaluation software for TIN and URG for tacti ’al

variable/test area combinations .

Step VIII Ana lyze the results of STEP VII and make plots of the form

in Figure 4 to make TIN and 11KG comparable.

Step IX Write a short report summarizing the results.

Step X Demonstrate the comparisons at SRI In ternat ional .
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