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Although the systems approach to design is usually thought of 
as having applications mainly in the field of hardware systems 
design, systems methodology and philosophy are also applicable 
to the design of computer software systems. The NGI (numeric 
ground image) systems design study is an example of the sys
tems approach to the design of a computer software system. 
The NGI system furnishes the highway engineer with a method 
for approximating the terrain surface with a numerical surface. 
Traditional highway design practice has required the use of 
cross sections to represent the terrain. The use of the numer
ical surface approach instead of the cross-sectional method 
eliminates some terrain representation problems associated 
with the traditional cross-sectional method. For example, if 
the horizontal alignment of a roadway is shifted, a new and 
separate set of cross sections corresponding to the new align
ment must be obtained. This new set of cross sections is 
necessary · because Lhe old sel w~s directly referenced to the 
old alignment. This is not true of the numerical surface ap
proach because it is not directly referenced to any specific 
alignment. 

The NGI system is designed to interface with FORTRAN 
"driver" programs. In general, whenever the interfacing 
program requires an elevation for a specific horizontal posi -
tion, it passes the X- and Y-coordinates of that position to the 
NG syste through the appropriate.. inter.(ace. he_NGL.sys
tem computes the Z(elevation) corresponding to the X and Y 
and passes it back to the original program through the same 
interface. The nature of the interfacing program can vary 
from, say, earthwork analysis to contour plotting. At this stage 
of development the NGI system is not a general purpose engi
neering tool to be used by the unwary. However, once the 
operating characteristics of the NGI system are determined 
and surface technology is extended into engineering design, it 
holds the promise of becoming a highly effective highway design 
technique. The technique has been successfully applied to 
compute graphic applications such as perspective drawings 
and contour maps of the terrain and to alternate route evalua -
tion calculation. 

•DURING THE PAST DECADE a great deal of research effort has been directed 
toward the development and implementation of computer-aided highway design sys
tems. Two of the most ambitious efforts are the Bureau of Public Roads TIES (total 
integrated engineering system) project and the M.I. T. ICES (integrated civil engineering 
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system) project. In addition, several of the state highway departments and various 
private consultants have developed and are presently writing their own systems. The 
primary objective of these efforts is generally the same: the more effective use of the 
information storage capacity and processing speed of the modern, digital computer sys
tems as an engineering design tool. 

One of the results of these efforts has been the recognition of some of the problems 
involved with applying optimization techniques to present highway engineering design 
technology. For example, if we could approximate both the terrain and the design road
way with corresponding degrees of accuracy, then operations research techniques could 
be used to optimize the design of the facility (in terms of cost, safety, aesthetics, and 
the like) with respect to its environment. This is particularly true in the design of 
complex interchanges using iterative optimization techniques. 

Using the current state of the art, it is possible to describe the design roadway in 
terms of a mathematical model to any degree of accuracy required. Unfortunately, 
the terrain cannot be represented with a mathematical model that is based on cross
sectional terrain data to a corresponding degree of accuracy. Thus, in order to apply 
efficient optimization techniques, some alternative method must be developed to ap
proximate the terrain. 

In the fall of 1966 personnel from the Texas Highway Department, Division of Auto
mation, expressed an interest in developing such an alternative technique for approxi
mating the terrain. A study to develop such a technique entitled, ''Numerical Ground 
Image," was subsequently conducted by the Texas Transportation Institute during fiscal 
year 1968. This study was sponsored by the Texas Highway Department in cooperation 
with the U. S. Department of Transportation, Federal Highway Administration, Bureau 
of Public Roads. An addendum to the study, the application of the NGI study to an actual 
design situation, was conducted as an in-house research effort of the Bureau of Public 
Roads, Engineering System Division. 

The purpose of the NG! study was to develop and evaluate a technique for approxi
mating the terrain with a mathematical surface. From the onset of the project it was 
assumed that the technique must be general enough to be used at all levels of computer
assisted design and be suitable for use with iterative optimization techniques that might 
be employed in the future. In addition, the technique should be able to accommodate 
large design projects as well as small ones. 

The level of effort involved during the conduct of the study was 1 professional man
year and 1 ½ technician man-years expended over a time span of 12 calendar months. 
Except for the review and approval cycle for the final report, the study was completed 
within these constraints. The activities completed during the conduct of the study were 
as follows: 

1. Review of existing literature to determine the current state of the art; 
2. Collection of test data for debugging and evaluation purposes; 
3. Analysis of alternate numeric surface techniques to determine the optimum 

system; 
4. Design and development of the necessary computer programs to effect the use of 

this system; and 
5. Evaluation of this system to determine its applicability to computer-aided design 

systems. 

The following sections of this presentation describe briefly what the study hoped to 
accomplish, how the study was conducted, some results, and some conclusions about 
the NG! system itself. These sections are as follows: 

1. Cross-section approach versus numeric-surface approach, 
2. Development of the proposed NG! system, 
3. Application of the NG! system to highway design, and 
4. Conclusions and recommendations. 
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THE CROSS-SECTION APPROACH VERSUS 
THE NUMERIC-SURFACE APPROACH 

When highway design technology was orginally programmed for digital computers, 
the existing hand-calculation methods were simply translated into machine calculations 
with very little change in concept. Such was the case with terrain approximation tech
niques, i.e., the cross-sectional method was simply carried forward with the rest of the 
design methodology. The following paragraphs discuss some of the problems associated 
with using cross sections in a computer-aided design system and how these problems 
can be overcome by using a numeric surface as an alternate approximation technique. 

The Cross-Section Approach 

Traditional and current highway design practice has required that the terrain be 
represented by cross sections taken with respect to a previously established horizontal 
alignment. The usual sequence for the collection of cross-sectional data is shown in 
Figure 1. Although other feasible schemes for representing the terrain (such as the 
M.I. T. digital terrain model) have been developed and used with some degree of success, 
none has gained the universal acceptance that the cross-sectional method still enjoys. 
This widespread use of cross sections continues in spite of some very serious limitations. 

These limitations are inherent to the cross-sectional' method itself and are more 
or less independent of how the sections are measured or how they are subseqqently 
used. fu brief, these limitations are as follows: 

1. The horizontal alignment must be established before the cross -sectional data can 
be measured. This is true no matter what method is used to obtain the cross-sectional 
data. 

2. A unique set of cross sections is required for each and every horizontal align
ment. Thus for every horizontal alignment shift, a new and separate set of cross sec
tions must be obtained either by mathematically shifting the originaL set to the new 

alignment or by measuring new sections. 

TERRAIN SURFACE 

CONTOUR MAP 

DIGITAL TERRAIN DATA 

CROSS -SECTION 

Figure 1. Cross-section terrain approximation. 

3. Gaps in the terrain coverage caused by 
conventional cross-sectional spacing practice 
create a situation where significant terrain 
features may be poorly represented or omitted 
entirely from the terrain data. 

4. The cross-sectional method does not 
easily lend itself to freeway interchange design. 
The existence of horfaonfal aHgnments tlfat are 
parallel and the resulting overlapping of their 
respective cross sections create a confusing 
situation during both the design and the layout 
of the facility. 

However, cross sections do have some strong 
points; otherwise, they would never have gained 
the universal acceptance that they have. Three 
very obvious advantages are as follows: 

1. The technulugy uf cruss seclions is well 
known and highly developed, and for this reason 
the design engineer would feel "comfortable" 
working with cross sections. 

2. Cross sections lend themselves to the de
sign of rural highways where the design geometry 
is straightforward, the occurrence of roadway 
intersections is minimal, and only the vertical 
alignment need be optimized. 

3. The errors in terrain approximation tend 
to be accidental rather than systematic; thus, 



errors in earthwork quantities, for example, 
tend to cancel themselves over the long run. 

The Numeric-Surface Approach 

All of the 4 limitations of the cross
sectional method mentioned could be elim
inated if the terrain could be represented 
by a surface as shown in Figure 2. In ad
dition, some of the advantages of such a 
numeric surface are as follows: 

1. The surface could be referenced in
dependently of the horizontal alignment, and 
terrain data could be collected before the 
horizontal alignment is firmly established. 

2. Furthermore, there would be no need 
to obtain new terrain data every time the 
horizontal alignment is revised because the 
terrain data are independent of the alignment. 

3. There would be no gaps in terrain 
coverage due to spacing conventions be
cause the surface would yield a continuous 
coverage as opposed to the intermittent ter
rain coverage associated with cross sections. 

While the numeric-surface approach 
would eliminate the major limitations of 
cross sections, a new set of problems would 
materialize. Some of the more obvious 
problems are as follows : 
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TERRAIN SURFACE 

CONTOUR MAP 

DIGITAL TERRAIN DATA 

SURFACE APPROXIMATION 

Figure 2. Numeric-surface terrain approximation. 

1. The technology of numeric-surface techniques applied to highway design is scant 
when compared to cross-sectional technology. 

2. Numeric-surface techniques will require a large (as compared to cross-sectional 
methodology) number of calculations. In fact, efficient use of these techniques would 
almost require a digital computer to perform the necessary arithmetic. 

3. There is no mathematical function that is suitable for use as a general case ap
proximation to the terrain surface. For example, a linear approximation is often suit
able for approximating "man-made" features but not suitable for sand dunes. 

DEVELOPMENT OF THE NGI SYSTEM 

The development of the NGI system could be considered as a 2-phase process. The 
first phase is the analysis phase that involves 4 basic activities: development of the 
system specification, generation of alternative systems, evaluation of these alternatives, 
and description of the optimum system. The purpose of this phase is to select the op
timum system, vis-a-vis the system requirements, from the large number of possible 
systems. 

The second phase or design phase involves 3 activities: the decomposition of the 
optional system into independent (but interrelated) program modules or functional ele
ments, design of the overall program architecture to link these modules together, and 
programming and debugging of the appropriate software to effect the system's use. 

Analysis Phase 

System Specification-The development of the system specification is an iterative 
process that results in the definition of the system input, output, environment, and per
formance criteria. The process is iterative because it proceeds in a trial-and-error 
sequence (from initial formulation of the specification to evaluation of the specification 
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in light of the system requirements) until the system specification and system require
ments mesh. The system specification for the NGI system is as follows: 

1. Input-(a) The terrain surface is represented by a representative sample of X-Y
Z coordinates; and (b) the horizontal position of the point where an elevation is required 
is defined by its X-Y coordinates. 

2. Output-(a) The elevation of the required point is given by its Z-coordinate; and 
(b) a code indicating whether or not a blunder in the computational procedure has been 
detected, e.g., an attempt to extrapolate an elevation from outside the range of the data. 

3. Environment-All calculations and data manipulations must be accomplished by a 
digital computer without operator intervention. 

4. Performance criteria-(a) That alternative which produces the most accurate re
sults is the optimum alternative; and (b) in case of a tie between alternatives, then the 
one with the highest throughput rate is optimal. 

Generation of Alternative Systems-In separating the optimum system from the very 
large number of possible systems, the chances for selecting the optimum system are 
increased in proportion to the number of alternatives evaluated. This is because the 
alternatives any individual investigator might select for possible evaluation are usually 
discipline-oriented and because the first alternative receives the greatest attention. 
Therefore, some systematic method must be used to generate a large number of alterna
tives that are not the result of personal bias for subsequent evaluation. The method 
employed to select the optimum alternative for the NGI system is briefly described as 
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Figure 3. Data point grouping for interpolation. 
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follows: 

1. Decompose the system 
into functional classes that de
scribe the functional attributes 
of the proposed system. In this 
case they are surface type, sur
face fitting method, and data 
aggregation scheme. 

2. Within each class define 
class members as follows: sur
face type-triangles, polyno
mials, Fourier, and Spline; sur
face fitting method-least 
squares, weighted least squares, 
and exact; and data aggregation 
scheme-by sector, by cluster 
(Fig. 3). 

3. From the set of alterna
tives formed by all combinations 
of classes and class members 
select the most feasible alter
natives, in light of project con
straints, for technical evalua -
tion. For the NGI system these 
were as follows: Type I -
triangle surface, exact fit, by 
sector; Type II-polynomial 
surface, least squares fit, by 
sector; Type III-Fourier series 
surface, least squares fit, by 
sector; Type IV-parabolic sur
face, least squares fit, by clus
ter; and Type V-cubic surface, 
least squares fit, by cluster. 
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Figure 4. Results of accuracy tests. 

Evaluation of the Alternatives-The object of this activity is to determine which of 
the alternative systems, i.e., Type I, II, ill, IV, or V, is the optimum system. The sys
tem that exhibits the greatest accuracy for various data densities is considered to be 
the optimum system. Any ties between equally accurate systems are broken in favor 
of the system having the greatest throughput rate. 

Test runs using Types I, II, ill, IV, and V were processed using Airy-2LT, Airy-2RT, 
and Dallas Grid terrain data samples with data densities varying between 1. 0 and 10. 0 
points per 10,000 sq ft. The terrain data used for evaluation consisted of fictitious 
terrain data calculated from mathematical surfaces and actual terrain data measured 
from the actual terrain situations by photogrammetric methods. The relief pattern for 
the Airy samples conform to the relief pattern displayed by an Airy functioIL The 
Dallas Grid sample conforms to the relief pattern of an actual terrain situation. Re
gardless of the terrain, each sample represents the terrain over a rectangular area 
500 ft long and 250 ft wide. All samples drawn from the fictitious terrain surfaces are 
made up of data points that are randomly distributed in horizontal position regardless 
of the relief pattern. The actual terrain samples are selected from the Dallas Grid ter
rain master sample, which is a 2,601-data-point sample measured in a 10- by 50-ft 
grid superposed over an actual terrain area. During the test both accuracy and through
put data were collected for evaluation purposes. 

The accuracy test results are shown in Figure 4. The data points are plotted both 
by terrain sample and by system type such that they become points along accuracy ver
sus data density curves. The accuracy test performed during each test run consists 
of (a) selecting 5 samples of 30 different points within the terrain test area, (b) com
paring the actual elevation at each point with the elevation obtained by the NGI system 
and computing the error, and (c) calculating the accuracy of the sample. Accuracy 
here is defined as the percentage of errors that fall within the interval ±0. 5 ft. 

The throughput rate results are shown in Figure 5 for both the Type IV and the Type 
V systems as points along throughput rate versus sector data curves. The data are 
based on the time required (as measured by the internal clock of the computer) to cal
culate the 150 test elevation required by the accuracy tests. 

On the basis of accuracy, either the Type IV or V system can be identified as the 
optimum alternative by inspection of Figure 4, thus eliminating Types I, II, and III from 
further consideration. Because the Type IV and Type V systems have similar accuracy 
characteristics, the throughput rate curves shown in Figure 5 must be used to break 
the tie between them. On the basis of throughput rate, the cubic option is eliminated. 
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Figure 5. Results of throughput tests. 

Therefore, the Type IV system using a parabolic surface becomes the optimum system 
by virtue of being the last remaining alternative. 

Descritpion of the Optimum System 

The description of the attributes of the optimum system is complete if the properties 
of the system are described and its operating characteristics are determined. The 
physical properties of a software system are not pertinent to this design process so the 
discussion is limited to the functional characteristics of the system. The discussion 
of the operating properties is also limited to a discussion of the functional properties. 
The functional properties are as follows: 

1. Coordinate system-The NGI system uses a local coordinate system for each 
sector of data points. The origin (0 , 0, O) ofthesystem is located at the1owe1·1eft (south
west) corner of the sector. Each sector coordinate system is then related to the co
ordinate system of the project by appropriate translation, rotation, and scale constants. 

2. Data grouping scheme-The terrain data for the entire project is subdivided into 
sectors of not more than 1,000 points. These sectors may be overlapping, nonparallel, 
or askew to the coordinate axis. The only requirements are that they completely en
close all of the data points and they must be rectangular in shape. 

3. Extent oi the surface iit-A set ordering technique is used lo seied the duslei· 
of 9 data points closest to the desired horizontal position. (The cluster size of 9 is 
based on exper imental results not included in this presentation; it represents 1½ times 
the minimum data required for a least squares iit.) 

4. Type of surface-The NGI system uses a parabolic surface to approximate the 
terrain surface. 'T'his surface is fit to the roving cluster of 9 data points. 

5. Type of fit-The surface is fit to the cluster of terrain data points by a conven
tional least squares surface fitting technique. 

The exact operational properties of the system cannot be determined until the final 
NGI system is implemented and observed while operating in a design environment. How
ever, two of these properties can be discussed in general terms, which gives an idea of 
what to expect so far as actual operation of the NGI system is concerned. 

1. Throughput rate-The expected throughput rates of the optimum system for vari
ous sector sizes can be determined from Figure 5. This is probably a conservative value 
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because the final NGI system will exhibit generally larger throughput rates than the 
text systems because of a more efficient object code. For example, for a sector of 
500 points a throughput rate of 350 elevations per minute can be expected. 

2. Data density-The data density required to achieve a given accuracy (sensitivity) 
is a function of the relief of the terrain surface and the characteristics of the terrain 
sample data points. However, in general, as the data density for a given area is in
creased, the accuracy achieved by the system is increased. In fact, as the data density 
increases, the sensitivity versus data density curve approaches 100 percent sensitivity 
as a limit. The shape of this curve and its position in relation to the axis is a function 
of terrain relief and sample characteristics. 

Design of the NGI System 

The objective of this design effort is to develop an engineering tool to be used for 
terrain approximation while operating in a computer-aided design environment As a 
result, development of the NGI system is more strongly influenced by generality of 
engineering applicability than by mathematical convenience. The scope of this develop
ment is limited to design of a feasible system and not necessarily an optional one. 

The success or failure of the NGI system as a useful tool will depend on a number 
of factors. The one overriding consideration is the maintenance of engineering in
tegrity, i.e., an engineer controlled, not a so-called automatically controlled, data pro
cessing system. Another primary consideration is the ease with which the NGI system 
can be interfaced with other systems. Several other considerations of less importance 
are the ease of program debugging, modification, and maintenance, and the minimizing 
of the system throughput rate. 

The NGI system has 3 subsystems. Each subsystem, although an integral part of 
the total system, functions more or less independently of the others. The only com
munication link between these 3 subsystems is the NGI master data file, which resides 
on a system direct access input-output device (disk pack). The NGI system archi
tecture is defined by the flow chart shown in Figure 6. 

NGI Data Subsystem-The function of the NGI data subsystem is to establish the NGI 
system master data file on the appropriate disk pack. A "driver" program that is in
terfaced with the NGI data package reads, edits, and arranges the sector parameters 
and terrain data in the proper sequence, then passes these data to the NGI data subsys
tem through the correct interface. The NGI data subsystem checks the data for cor
rectness and writes the NGI master data file located on the proper direct access input-

' 
DATA EDIT 
PROGRAM 

t 
NGI-DATA 
SUBSYSTEM 

I 

I 
\ 

Figure 6. System architecture. 
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output device. Once this data file has been properly formed, the NGI data subsystem 
has completed its function. A flow chart of this process is shown in Figure 7. 

NGI Master Data File-The function of the NGI master data file is to store all of the 
pertinent terrain and control data required by the NGI system. These data can then be 
accessed by the NGI test and NGI elevation subsystems whenever desired. The intent 
is to "roller towel" data into the core, sector by sector, from the NGI master data file 
as required by the other subsystems. 

NGI Elevation Subsystem-This subsystem provides an interface between the NGI 
system and application programs so that the NGI elevation package can return an ele
vation corresponding to any valid horizontal position desired by the applicationprogram. 
The flow chart shown in Figure 8 illustrates the logic and function of this subsystem. 

Inasmuch as a procedure for predict,i_ng the accuracy of__the elevationf? cajculated by 
the NG! system when it is operating in a design situation h·as yet to be developed, the 
accuracy tests used to evaluate the competing alternatives are no longer pertinent. 
However, a procedure for detecting blunders, e.g., extrapolating instead of interpolating 
an elevation, can be designed so as to predict whether or not the NGI system will yield 
elevations free from blunders. This will prevent aborting a future processing because 
of an excessive number of blunders while the NGI elevation package is interfaced with 
an application program. 

APPLICATION OF THE NGI SYSTEM TO HIGHWAY DESIGN 

The highway design process can be thought of as having 3 levels of detail: macro, 
meso, and micro. As the design progresses from the macro stage through the micro 
stage, the level of detail and hence the required accuracy increases. This relates to 
highway engineering in the following manner. The process of selecting the proper 
corridor for a highway location is an example of design at the macro level. The meso 
level of design is illustrated by the route selection process where several routes within 
a corridor are evaluated and the optimum route is determined. Micro level of design 
involves the calculation of plan quantities for the construction process. At this stage 
of development numeric-surface techniques do not yield results that are satisfactory 
for the micro level of design. The following gives 2 examples of how the NGI system 
can be applied to the macro or meso level of design. 
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In the past when the highway engineer determined the horizontal and vertical align
ment for the highway location he had the benefit of on-site experience. The present
day locator does not enjoy this advantage; he is often "desk bound" and must rely on 
remote-sensing techniques to gather terrain data for inputs to his computer-aided de-

Figure 9. Contour map of Dino test area. 
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sign processes. Unfortunately, these data 
are all too often available only in numeric 
form (usually centerline profile and cross 
sections). This form is usually adequate 
for earthwork calculation, but not for 
alignment location purposes where some 
"feel" for the terrain must be communi
cated to the location engineer. This is 
particularly true at the meso level of 
design. 

Contour maps (Fig. 9) are often used 
to give the locator some insight as to the 

Figure 10. Perspective view over southwest corner of 
Dino test area. 

shape of the terrain surface. The technique of centerline project from topographic maps 
is well known and has proved very successful for both corridor and route selection. 
While this technique has proved successful for alignment purposes in regard to cut
and-fill, hydraulic, and alignment considerations, it has proved not as powerful for 
communicating the aesthetic ramifications of a particular design. This consideration 
has become extremely important so far as modern freeway design is concerned, es
pecially in regard to public acceptance of such a facility. 

Perspective views (Fig. 10) of the terrain serve to give the locator added insight 
into the shape of the relief of a given area. This is especially true when a broad over
view of the terrain is required for the corridor and route selection process. Using a 
perspective viewing technique, it is possible to "place" the locator on the proposed 
location so he can actually visualize what the driver will see when the highway is con
structed. In addition, the locator can be placed so that he can evaluate the location from 
a remote point of view. 

A perspective view of the terrain or a contour map can be obtained from numeric 
data by using a digital computer and a digital plotter. A summary of the technique 
used to produce the drawing.s in thi s report is as follows : 

1. Obtain representative terrain data in X-Y -Z format. 
2. Superpose (mathematically) a regular grid (mesh) over the area to be drawn. 
3. Interpolate the elevations of the mesh points (grid intersections) using the NG! 

system. 
4. For perspective drawings, determine the visibility of the mesh points, ie., elim

inate the hidden lines and calculate their X-Y perspective coordinates with respect to 
-- -- - -- the-viewing-plane,-and-plot-the-resulting-perspective mesh-using. a .digitaLplotter. _ _ 

5. For contour maps, determine where the desired contour lines cross the super
posed grid lines, determine the order in which the points should be connected, and plot 
the resulting contours using the digital plotter. 

Earthwork Quantities 

In addition earthwork quantities with accuracies suitable for meso level of design 
{i.e., the t:v alu.ation of altei"'native J.-outeo} n1ay be calcill.a.ted by the fvllv;;dng tcc~iq_l!.~: 

1. Project the highway centerline along the desired route and determine its orienta
tion with respect to the coordinate system. 

2. Determine the spacing and length of each cross section and calculate its trace in 
the horizontal plane. 

3. Calculate the currel:lpunding elevaliu111:1 fu.1' cueh Cl'OSB section. 
4. Determine the earthwork quantities in a standard fashion with existing earthwork 

programs using the cross section obtained earlier as terrain data. 

The accuracy of the results may not be suitable for the exact amount of earthwork for 
any one alternative route because of systematic errors. However, the relative dif
ferences in volume may be quite accurate because of the cancellation effect of the ac
cidental errors. 
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CONCLUSIONS AND RECOMMENDATIONS 

These general conclusions should be considered as preliminary, not final, inasmuch 
as the final conclusions about the value of the NGI system as an engineering tool can 
be made only after its operating characteristics have been observed in an actual _operat
ing environment. These conclusions in light of this situation are as follows: 

Accuracy of Results-The accuracy obtained by the NGI system is limited by 3 fac
tors: round-off noise, the errors caused by assuming that the earth is parabolic in 
shape, and errors created by unrepresentative terrain data. The errors caused by 
round-off noise are insignificantly small, i.e., less than 0. 01 ft. The errors introduced 
by the last 2 factors can be reduced by increasing the data density, because in general, 
as the density increases, the accuracy increases. How much they can be reduced by 
increasing the data density depends on the amount of terrain relief over the area in 
question. In practice, however, the resulting accuracy will be limited by data acquisi
tion and processing constraints. 

However, in the case of discontinuities in the terrain surface the assumption that an 
increase in data density will yield an increase in accuracy may not be valid. Unfor
tunately, the terrain data used to evaluate the system did not contain any discontinuities 
so any prediction of how the NGI system behaves in the neighborhood of a discontinuity 
is speculative. However, several contrived situations can be shown to exist where the 
system will not achieve the expected results. This problem might be overcome if a 
method for describing a discontinuity in terms of the usual X-Y-Z input to the system 
could be developed. 

Distribution of the Data-The NGI system makes the most effective use of uniformly 
distributed terrain data, allowing for slight increase in data density in the more dif
ficult terrain situations, i.e., rough spots. The experience resulting from this study 
indicates that the "strength of figure" of the data points (the uniformity of their dis
tribution) counts for as much as the "intelligence" (placement of the terrain data points 
in regard to the relief pattern of the terrain) of the sample. For example, if the data 
submitted to the NGI system were originally measured in cross-sectional format, i.e., 
along lines perpendicular to the centerline at even stationing, the system fails to obtain 
the accuracy expected with this data density. This decrease in accuracy occurs be
cause the "strength of figure" of the terrain data is inadequate to support a fitted surface. 

Applicability-The results obtained from the NGI system are consistent with those 
obtained from cross sections when used with present computer-aided design practice. 
However, the value of the NGI system does not lie in its ability to directly substitute 
for cross sections in such design phases as earthwork calculations and slope staking. 
The value of this new technology lies instead in its ability to represent the earth's sur
face as a numeric surface. By treating both the design roadway and the terrain as 
surfaces, computer-aided design technology can be drawn into new areas of application. 
For example, once the roadway surface has been designed, it can then be combined 
with the terrain surface such that perspective drawings of the design can be generated 
and displayed for easy reference during the design process. Alternate designs can be 
developed without remeasuring or shifting the terrain data for each alternate design, 
thus making iterative optimization techniques a possible part of the design practice. 

Recommendations for Future Study 

The experience that resulted from this study indicates that there are several as
pects of the terrain approximation problem that could be profitably investigated. The 
first three of these aspects are within the scope of this study but were excluded from 
the analysis because of time and resource constraints on the study. The last four are 
areas that lie outside of the bounds of the study. 
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Types of Numeric Surfaces-The polynomial surface is probably not the most general 
approximation to the terrain surface. If a more general surface (such as an improved 
Fourier or Spline surface) could be found, the NGI system would be able to make more 
efficient use of the measured terrain data. This would result in reduced data require
ments for a given level of accuracy or increased accuracy from the same density of data. 

Clustering Technique-The clustering technique used by the NGI system assumes 
that the most accurate results are obtained from a cluster formed from the points 
closest to the unknown point. This study did not investigate the generality of this as
sumption. If an algorithm that yields a cluster more representative of the terrain sur
rounding the unknown point is discovered, then the NGI system could make more efficient 
use of the measured terrain. For example, if discontinuities could be recognized, then 
the clustering process could take them into account. 

Surface Fitting Technique-The least squares surface fitting technique is used by the 
NGI system because it is the optimum fitting procedure according to the conclusions 
resulting from this study. However, the weighted least squares fitting technique gave 
equally accurate results for the terrain samples available to this study. Other weight 
functions and other more extensive terrain samples might indicate that weighted least 
squares are in fact the most desirable. A minimax surface algorithm might also be 
developed for use by the system. 

Terrain Roughness-If some method for quantitizing the terrain roughness were avail
able, then the data density required over a given area for a specified level of accuracy 
could be predetermined. This information could also be used to estimate what an in
crease in data density would obtain in terms of increased accuracy for a particular set 
of terrain data. Other supplemental terrain data that might result in a more effective 
system might also be explored. 

Throughput Rate Optimization-Once the NGI system has been made operational in an 
engineering environment, then pertinent throughput data can be collected. After these 
data are collected, the trade-offs between the roll-in of data from direct access storage, 
the amount of data resident in core, and surface fitting speed may be accomplished in 
order to optimize the throughput rate of the total system. 

Analog Terrain Models-The possibility of using an analog model for approximating 
the terrain for use in a computer-aided design environment might also be investigated. 

REFERENCES 

1. Craig, W., and Burns, J. Digital Ground Models in Highway Location and Geometric 
Design-A Review of Types of Models and Studies of Accuracy of the Square Grid 

- ---Type; ---British-Road-Research- I:;aboratory; I:;ondon, mimeographed, 1966. -- ---
2. Geissler, E. H. A Three-Dimensional Approach to Highway Alignment Design. High

way Research Record 232, 1968, pp. 16-28. 
3. Godin, P., Deligny, J. L., Antoniotti, J. A., and Bernede, J. F. Visual Quality Studies 

in Highway Design. Highway Research Record 232, 1968, pp. 46-57. 
4. Hamming, R. W. Numerical Methods for Scientists and Engineers. McGraw-Hill 

Book Co., New York, 1967. 
5. l\T11n,.o-r;f"l'=ll ~h,-rf"lf'Oo ,,.,of"lhniq1ul.c "-lnr1 rnntnn,,. M!:al) Plotting. Intf?rn::ttion~l R11RinP.FH~ 

Machines Corp., White Plains, N. Y., 1964. 
6. James, W. R FORTRAN IV Program Using Double Fourier Series for Surface Fit

ting of !rregu.larly Spaced Data. fa Computer Contribution 5 (Merriam; D, F ,; P.ci.) ; 
State Geological Survey, Univ. ofKansas, Lawrence, 1966. 

7. James, W. R. The Fourier Series Model in Map Analysis. Northwestern Univ., 
Evanston, Ill., April 1966. 

8. Krumbin, W. C. A Comparison of Polynomial and Fourier Models in Map Analysis. 
Northwestern Univ., Evanston, Ill., June 1966. 

9. Kubart, B., et al. The Perspective Representation of Functions of Two Variables. 
Jour. of the Association for Computing Machinery, April 1968, pp. 193-204. 



29 

10. Maxwell, D. A., and Turpin, R. D. NGI Systems Design. Texas Transportation In
stitute, College Station, Research Rept. 120-1, 1968. 

11. Miller, C. L. Digital Terrain Model Approach to Highway Earthwork Analysis. 
Photogrammetry Laboratory, M.I. T., Cambridge, Mass., 1957. 

12. Miller, C. L. The Digital Terrain Model-Theory and Applications. Photogram
metry Laboratory, M.I. T., Cambridge, Mass., 1958. 

13. Thieloult, A., and Deligny, J. L. Traces Electronic En Geometric Imposee; Suite 
3-Interpolation Du Terrain. Special Service Des Autoroutes, Ministre de 
L'Equipment, Paris, 1966. 




