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One aspect of the highway route location problem, vertical profile selec-
tion and evaluation, has been chosen to show how digital computer hard-
ware and software advances now under development can be used to
improve the decision-making capabilities of the engineer.

The large number of variables involved complicates the total highway
location and design problem. It is difficult to identify all pertinent vari-
ables for any particular problem; it is even more difficult to identify
their interrelationships. However, these complications are somewhat
fewer for the vertical profile phase of the location portion of this prob-
lem. In the usual problem, just three cost variables will primarily be
a function of the choice of vertical profile. These are the earthwork
portion of the initial capital investment and the user fuel and time por-
tions of the continuing costs. The relationship between these variables
is suchthat an increase in earthwork costs usually results in a decrease
in user fuel and time costs. One possible criterion for profile selection
is to select that profile for which the increase in earthwork cost just
equals the decrease in user costs.

A system of computer programs has beenformulated and tested which
has as its basic input a digital model of the terrain, the horizontal align-
ment of the road, the typical roadway cross-section, the predicted traffic
volumes, and a description of thetypes of vehicles that will use the road.
A vertical profile suitable for project planning and preliminary engineer-
ing is automatically selected and evaluated.

The profile selection process is based on a method where a weighted
average of the elevations of a range of terrain points, both in front of
and behind a given point, is used to determine a trial elevation of the
profile at that given point. This trial elevation is then adjusted to ac-
count for any control points within the range. The program marches for-
ward from one endof the alignment continuously selecting profile eleva-
tions. At each point, the selected elevation is checked against grade,
rate of change of grade, and control point restrictions. If these restric-
tions are not met, the program "backs up" and sequentially adjusts pre-
viously selected elevations until all restrictions are met and possible
phase errors eliminated. A pointelevation is acceptedas final only when
it is indexed out of the range of points then under consideration. Earth-
work volume and user cost computations are performed as the profile
elevation for each station is accepted as final.

The vertical alignment generated by the system can be controlled by
adjusting either the ""look ahead' and "look behind' distances or the shape
of the weighting function. In this way, the profile can be varied until the
difference in volumes cost just equals the difference in user costs.
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The automatic selection and evaluation of vertical alignments repre-
sents one phase of a problem at a particular level in the hierarchy of the
complete highway location and design problem. Testinghas indicated that
not only is a system of this nature feasible and valuable, but also that
computer models at the higher levels of analysis area requirement if an
engineer is to perform his work ina professional and responsible manner,

oONE aspect of the highway route location problem, that of vertical profile selection
and evaluation, has been chosen to show how mathematical techniques, when used in
conjunction with electronic digital computers, can be used to improve the decision-
making capabilities of an engineer. A system of computer programs has been formu-
lated and tested which has as its basic input a digital model of the terrain, the horizon-
tal alignment of the road, the typical roadway cross-section, the predicted traffic vol-
umes, and a description of the types of vehicles that will use the road. With this infor-
mation, along with certain cost and economic analysis measures, a vertical profile
suitable for project planning and preliminary engineering is automatically selected and
evaluated.

This paper presents a general discussion of the research which has been performed
and of the resulting system of computer programs. Major emphasis is placed on a def-
inition of the profile selection problem, a description of some of the problems which
have been encountered in previous attempts to machine-select grade lines, a descrip-
tion of the basic system methodology, a summary of the various computer hardware
configurations which might be used to implement the existing system of computer rou-
tines, and a brief description of the field tests which have been performed. The paper
does not describe the detailed logic of each of the computer routines, nor does it give
precise using and operating instructions. It is also not now possible to give a complete
discussion of how the system might be used in the solution of a highway location and
design problem. Obviously, any research concerned with "computer aided engineering
design' has many deep and complicated effects on the way in which engineering will be
performed in the future., The full implications of this work cannot be fully known until
extensive field utilization of the system has been achieved. The possible uses of these
programs will, therefore, be described only in sufficient enough detail to give an idea
of the sort of analyses which might be performed.

STATEMENT OF THE PROBLEM

The Highway Engineering Process

In developing a definition of the profile selection problem, it is useful to examine
briefly the total highway engineering process in order to place the problem into a real
world context and to develop a motivation for its actual solution.

The process of highway engineering is essentially one of decision-making, involving
operations upon information and culminating in a selected course of action, These
operations include identifying goals and decision criteria, searching for a set of alter-
natives, predicting the physical consequences of each alternative, evaluating these
consequences according to a value scheme, and deciding by means of some decision-
making scheme to either accept an existing alternative or to continue the search process
(Fig. 1).
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Figure 1. Schematic representation of the engineering process,
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Figure 2, The cost and benefits of improved engineering.

Further examination of the highway location and design problem shows that it is
hierarchical in structure. Typical of the higher levels of analysis are decisions such
as choice of mode and geographical areas to serve. At somewhat lower levels, there
are the questions of optimum network configuration involving the selection of bands of
interest between individual nodes of the network. Still lower decision levels are con-
cerned with the planning of specific projects and with the preliminary location of links
within these bands of interest. The lower levels of this hierarchy are represented by
preliminary engineering design and by the preparation of design plans and specifications.
A characteristic of each level in this hierarchy is that it can be broken down into the
five engineering phases. Each level is concerned with goals, search, prediction of
consequences, evaluation, and decision.

An efficient and economical transport system is achievable only by good engineering
at each level in this hierarchy. Highway engineers must employ engineering methods
which produce designs which are consistent between the various levels and whose re-
sults at any one level can be directly and usefully presented to other levels in the design
sequence. Suboptimization is meaningless unless there is feedback, involving both re-
view and re-evaluation, at each level of the design process.

There are, at each stage in the hierarchy, an extremely large number of alternative
courses of action open to an engineer, There is virtually no way to investigate them
all, nor do they all necessarily need to be investigated. Figure 2 shows an idealized



91

form of the relationship between engineering, construction, and user costs. Although
the plot is hypothetical, it indicates what is felt, and hoped, to exist in the engineering
world, As more alternative designs are investigated, higher engineering costs are
incurred, but the payoff for these higher engineering costs is a lower ''total cost' solu-
tion. One of the difficulties with current engineering methods is the impossibility of
predicting with any certainty the quality of an alternative which is produced by additional
search activity. This quality, or "cost,'" is a function of the particular problem under
investigation, the amount of search activity already completed, the skill of the engineer,
and the methods by which these additional alternatives are being generated. The devel-
opment of new means for rapidly and selectively generating, evaluating, and improving
alternative alignments, particularly at the higher analysis levels, would increase the
productivity of an engineer and would increase his ability to examine systematically
more of the literally millions of possibilities which do exist (11).

The highway design phases have received the majority of recent research efforts.
Systems of digital computer programs now exist which permit the detailed analysis of
earthwork quantities and which facilitate computation of right-of-way, interchange, and
superelevation geometrics. On-line plotters are beginning to be used for the automatic
preparation of plans. Vehicle operating costs and travel times can be examined by
means of either tables or charts or by simulation programs. However, the analysis
levels concerned with project location and planning and also with overall system design
have received somewhat less attention. Simple cost per mile figures are often used to
evaluate construction cost. Vehicle operating and travel time costs are still only rarely
considered. Very few alternatives are typically investigated because of the limitations
imposed by hand methods. Since the costs of a project are almost completely deter-
mined at these higher analysis levels, it is these levels that should receive future re-
search interest and to which attention is turned in this paper.

The Profile Selection Problem

A highway can be described as a curve in three dimensivnal space. To describe
this curve fully, it is necessary to specify, either explicitly or implicitly, three co-
ordinates for every point on this curve. In usual highway engineering practice, this
is done by identifying a series of horizontal lines and curves defining a vertical curved
surface on which a set of vertical lines and curves can then be defined. These two
sets of lines and curves are known as the horizontal and vertical alignments, respec-
tively.

The selection of a spatial location for this three dimensional curve, along with the
decision as to the volume level of traffic to serve, determines the costs associated
with transportation along this highway. These costs can be separated into capital, or
first, costs and into operating, or continuing, costs. Capital costs include the initial
expenditures for land, structures, earthwork, pavement, drainage, and interchanges;
continuing costs consist of the expenses to the highway user and the expenses required
to operate the facility. In order to use a road, a user incurs time, fuel, tire, oil, as
well as vehicle maintenance and depreciation costs. Continuing costs associated with
the highway itself include maintenance, snow removal, police patrol, and administra-
tion.

The relationships of these cost variables to the horizontal and vertical locations and
to traffic volume, while not being completely defined, are understood well enough to
permit some general statements to be made. The decision as to the level of traffic to
serve specifies pavement width and number of lanes. Right-of-way-and pavement costs
are primarily a function of horizontal location only. In addition, such cost variables
as structures, drainage, and road maintenance, although affected by vertical align-
ment, are largely determined by the horizontal location. This leaves earthwork, ve-
hicle fuel, and user time costs as the cost variables that have a large dependence upon
vertical alignment. These same three cost variables generally constitute the largest
percentage of the total ""cost'" of a highway project. A summary of these cost relation-
ships is given in Table 1.

Vehicle fuel and user time costs can be combined into a single term called "user
cost." The implication of the preceding paragraph is that if traffic volumes are as-
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TABLE 1
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Pigure 3a

user time

sumed fixed and once a single horizontal
alignment is selected, the various vertical
alignments which might be designed over
this alignment may be ranked by consider-
ing only these two major variables, earth-
work cost and user cost. The vertical
alignment for which the sum of earthwork
and user costs is minimum might be con-
sidered to be the "optimum'" profile. At
least the grade line is balanced in the sense
that increased money spent on earthwork
will not produce a corresponding savings
in user cost.

This decision criterion can be demon-
strated in a slightly different fashion., A
theoretical plot of annual earthwork cost
vs annual user cost for a range of various
vertical alignment possibilities is shown
in Figure 3. Points with high user costs
and low earthwork costs corrcspond to
highway profiles that follow the ground
quite closely, while points having low user
costs and high earthwork costs correspond
to relatively smooth or flat grade lines
that tend to deviate rather markedly from
the existing ground profile. This plot in-
dicates that for any one horizontal align-
ment, there is a point for which the de-
crease in user cost exactly equals the in-
crease in earthwork cost. In theory, the
vertical alignment selected by the engineer
should correspond to this point, or atleast
be very close to it.

The highway profile must generally meet
certainengineering restrictions. Thesere-
strictions are commonly associated with
grades, rate of change of grade, and control
points. Grade restrictions determine the
maximum positive and negative grades that
canexistona road. The purpose of these re-
strictions is, ordinarily, toaccount for the
relationships shown in Figure 3; thatis, to
prevent grades which result in excessively
high operating costs caused by vehicle slow
downs or hazardous operating conditions.
Rate of change of grade restrictions provide
adequate passing and stopping sight distances.
Bridge elevations, railroad crossings, and
major river crossings aretypical examples
of points where vertical control might be
imposed. Control points then represent
locations along the profile where the road-
way should be at a specified elevation.

The vertical alignment sought is that which
results in the best balance of earthwork
and user costs, yvet meets the restrictions
imposed by grade, sight distance, and
control points.
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The highway location and design problem has been described as being hierarchical
in structure, and the earthwork and user costs have been shown to be critically related
to the vertical profile. These two ideas can now be examined together to see what the
role of a profile selection capability might be. Profile selection becomes important at
that level where the actual link locations are being considered. At higher levels of
analysis, decisions are more concerned with questions such as modal split and system
planning. The vertical profile is ordinarily unimportant here. At the project planning
or project location levels, link locations are considered in more detail, Within the
band of interest of an individual link, there typically will be a large number of possible
horizontal alignments, each having a large number of feasible vertical alignments.
With present methods, an engineer either uses a simple cost per mile estimate which
ignores the vertical profile altogether or he is forced to use basically the same method
as at the final design level. A horizontal alignment is specified by hand and input to a
computer program. The machine then calculates the horizontal geometry and plots the
ground profile. After a vertical profile is chosen by hand, additional machine passes
are required to complete the evaluation. Thus, almost the same amount of engineering
effort is required to investigate an alternative alignment at the project planning and
location phases as at the preliminary or final design phases.

The method with which an engineer selects a vertical profile is quite complicated
and, at present, not completely understood. For this reason, it may be best to continue
to hand-select the final vertical profile. However, at the higher levels of analysis where
accuracy requirements are not so tight, this essentially two-pass selection-evaluation
procedure seems inefficient. It would be desirable to have a method of analysis which
would permit the engineer, by merely specifying the horizontal alignment, to obtain a
rapid and reasonably accurate evaluation of this alternative.

Previous Work on the Profile Selection Problem

The desire to select automatically a highway profile is not new. It has existed, in
fact, since the introduction of electronic digital computers to the highway engineering
field. A number of the past efforts in this area were examined to gain an idea of the
various approaches that had been taken towards this problem and to learn and under-
stand the major problems that had been encountered.

Most of the early work was directed toward the area commonly referred to as re-
connaissance or preliminary engineering. The majority of the approaches examined,
in essence, made a least squares fit of a series of consecutive and continuous polynomial
curves (first, second, or third degree and combinations thereof) to a set of terrain
profile points subject to grade and control point restrictions.' This does not imply that
these approaches are all similar in detail or even in basic method. They differ as to
the objective function employed (if, indeed, one is used at all), the manner in which
control points are handled, the method by which grade restrictions are satisfied, and
the computer configurations required. Other studies have been performed in the area
of automatic profile selection, the most notable of which is probably the application of
the calculus of variations. However, these studies have not yet had completely accept-
able results, nor have they proven to be economically feasible for use by public highway
departments.

1Basically, these procedures start from an origin point which has specified initial ele-
vation and slope conditions. A least squares fit, taking account of control points, of
a curve is made to the terrain points for a specified range of fit. This range of fit
can extend either in front of and behind the origin point, or just in front of the

yin point. The resulting curve is used to compute the highway grade at the station

of the next terrain profile point ahead. If the slope does not exceed the designated
limits, the curve is accepted and the elevation of the highway at this next station is
computed, If the slope restrictions are not satisfied, the appropriate limiting slope
is used and the curve corrected before the highway elevation is computed. The highway
elevation and slope at the new station are then taken as the new initial conditions and
the curve fitting process repeated at the new point. The computations systematically
step ahead, yielding a continuous highway grade line.
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Figure 4. Summary of major problem areas in the automatic selection of highway profiles.

The following is a summary of the four major problems that have been encountered
in the curve fitting type of profile selection techniques:

1. The grade restriction problem. Relatively good results can be obtained in gently
rolling terrain. However, as the roughness of the terrain increases and grade restric-
tions are imposed, the resulting highway profile is skewed or biased to the right. This
bias occurs for several reasons. The hills and valleys are often "'seen' too late by the
range of fit ahead to permit the highway to alter its course in time. This problem is
compounded when grade restrictions set in, because the highway can only rise or fall
at a specified maximum slope. If the terrain condition is seen too late and the grade
restrictions are such that the terrain is falling or rising at a slope which the highway
profile cannot match, the selected highway profile is bound to be skewed to the right
(Fig. 4A).

2. The symmetric range preblem. A second type of bias or skew is introduced when
only terrain points ahead are taken into account in determining the highway grades and pro-
files. However, this will tend to skew the resulting profileto the left instead of tothe right.
This can be easily seen in the case of the ""rectangular mountain'" (Fig. 4B). By the
time the roadway reaches the mountain, it will have already reached the highest eleva-
tion, since the only terrain points under consideration at this time will be those having
elevations equal to the highest elevation. Similarly, the roadway elevation will have
already returned to original ground level by the time the end of the mountain is reached,

3. The inertia problem. Whenever previous roadway elevations and grades are
taken into account in determining the elevation and grade of other stations, there is a
tendency for the selected profile to be skewed to the right (Figure 4C).

4, The resonant frequency problem. A "resonant frequency' type of problem can
occur under special conditions, When the predominant wave length of the terrain pro-
file is approximately equal in length to the total range of terrain points under considera-
tion, an oscillation develops in the selected profile (Figure 4D).

METHODOLOGY OF AN AUTOMATIC PROFILE
SELECTION-EVALUATION SYSTEM

The System

The logic of an integrated profile selection-evaluation system is shown in Figure 5.
The system calculates the horizontal geometry of an alignment, generates and plots the
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Figure 5. Logic of an integrated profile selection-evaluation system,

centerline ground profile, selects a tentative highway profile by means of a mathemati-
cal smoothing technique and plots it over the ground profile, calculates the earthwork
volumes associated with this profile, simulates the operation of vehicles over this
alignment to determine operating and time costs, summarizes the results in the form
of total and annual costs, and finally asks the engineer whether he would like to try to
improve the selected profile in order to obtain a better balance of earthwork and user
costs, Calculations are based on the theory of the digital terrain model (DTM) and
employ the routines and programs presently existing in the DTM location system.

The profile selection process is based on a method whereby a weighted average of
the elevations of a range of terrain points, both in front of and behind a given point, is
used to determine a trial elevation of the profile at that given point. This trial eleva-
tion is then adjusted to account for all control points within the range. The program
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Figure 6. Digital terrain model showing baseline and terrain cross-section lines,

marches forward from one end of the alignment continuously selecting profile eleva-
tions. At each point, the selected elevation is checked against grade and control point
restrictions. If these restrictions are not met, the program "backs up'" and sequen-
tially adjusts previously selected elevations until all restrictions are met and possible
phase errors eliminated. A point elevation is accepted as final only when it is indexed
out of the range of points then under consideration (see Fig. 10). Earthwork volume
and user cost computations are performed as the profile elevation for each station is
accepted as final,

Thefollowing sections describe eachof the major computational blocks of Figure 5 and
indicate how each is related to the overall goal of profile selection and evaluation.

Digital Terrain Model

Fundamental to an understanding of the complete profile selection-evaluation system
is an understanding of how the terrain model is formed. The DTM is simply a sampling
of the continuous surface of the ground by a number of selected terrain points with
known X, Y, and Z coordinates in an arbitrary coordinate system. Terrain data are
defined relative to a baseline (X-axis) and are taken along lines normal to this baseline
called cross-section or scan lines (Y-axis) (Fig. 6). The reason for relating terrain
data to a fixed baseline rather than to a centerline is that, for a new trial horizontal
alignment, it is relatively easy to re-establish the relationship of the new centerline to
the baseline. This enables the model to be used repeatedly for the fast evaluation of
many different trial lines during planning and location studies without the necessity of
retaking data.

Before the terrain data are taken, a band of interest is selected by the engineer.
The width of this band varies with the amount of latitude that the location affords., This
band of interest is then digitized for use by the computer,

The first step in the digitization process is the definition of a bascline within the
band of interest. This serves as the X-axis of the data coordinate system and can be
composed of either straight line segments or straight line segments connected by curves,
depending upon the shape of the band of interest. Next, the surface of the ground is
represented by a series of points (Fig. 7). Sample points are taken left to right across
each cross-section and are referenced by giving the baseline station number (X-coordi-
nate) of the cross-section line, their offset distance from the baseline (Y-coordinate),
and their elevation (Z-coordinate), Points to the left of the baseline are recorded with
a negative sign, while points to the right are considered to have a positive offset.
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The spacing of the scan lines and the sample density of terrain points along a scan line
depend upon the accuracy required, the maps available, and the nature of the terrain,

Terrain data for the DTM can be taken directly from field notes, from topographic
maps either by hand or by the use of special instrumentation, or directly from the
stereo model using automatic take-off equipment. Terrain data are taken only once
and can be used repeatedly for the evaluation of many lines.
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Location Alignment Program

The location alignment program calculates the geometry of the highway centerline
alignment and determines its relationship with the baseline to which the terrain data
are referenced. Once this relation has been established at each cross-section, an ap-
proximated terrain model for use in the actual profile selection-evaluation program
can be interpolated from the real terrain model (Fig. 8),

Both the baseline and centerline are defined by the state plane coordinates of each
P.I. and one curve defining parameter given at each P.I. The location alignment
program computes the geometry of the defined baselines and of corresponding center-
line alignments. This geometry information is then usedin computing the offset dis-
tances from the baseline to the centerline, The approximated terrain model is generated
by interpolating terrain data on each cross-section to find the ground elevation along
the centerline of the roadway and along four parallel alignments whose offset distances
from the centerline have been specified by the engineer.

A more detailed description of the operations of the various program phases is given
in the program manual of the DTM location system (19),

Profile Selection

The selection of a trial highway profile is done by a heuristic which may be thought
of as attempting to model or simulate the actions of an engineer by determining a
weighted elevation of terrain points within a range of interest and then adjusting this
elevation to account for the control points. The mechanics of the profile selection and
grade adjustment procedure are indicated in Figure 9 and will be described as a series
of iterative steps. The range of terrain points and associated terminology are shown
in Figure 10. The range has been indexed so that point 0 is the middle point; it is re-
ferred to as the origin point.

1., The search point is initially set equal to the origin point and a trial profile ele-
vation for the search point station is determined by calculating a weighted elevation of
all terrain points within the current range of interest and then adjusting this elevation
to account for each of the, control points within the current range.

2. Both the grade and the rate of change of grade of the highway between the search
point station and the station of the immediately preceding point are calculated. If both
are acceptable and the current search point is point 0, go to step 3. If both are accept-
able and the search point is somewhere between point -n and point -1, go to step 4. If
either is unacceptable and the search point is any point except point -n, go to step 5.
Finally, if either does not satisfy the appropriate restriction and the search point is
point -n, go to step 6.

3. Since all grades and all rates of change of grade are acceptable, the profile ele-
vation of point -n is accepted as final and the total range of terrain points is indexed
so that point -n passes out of the range of terrain points under consideration and point
1 becomes the new point 0. Calculations are returned to step 1.

4, All grades and rates of change of grade on the selected profile from the current
search point station to the origin point station are checked. If all are acceptable, go
to step 3. If any grade or rate of change of grade does not satisfy the restrictions and
the search point is not point -n, go to step 5. If some grade or rate of change of grade
is determined to be unacceptable and the current search point is point -n, go to step 6.

5. If a particular trial grade or rate of change of grade does not satisfy the given
restrictions, this is an indication that a terrain configuration in front of the search
point was "seen'' too late to permit the use of an acceptable design standard. To cor-
rect this, the search point is moved back one point (from point 0 to point -1 or from
point -j to point -(j + 1) and step 1 repeated. In effect, this throws out the previously
accepted profile elevation for this station and a new adjusted elevation is determined.

6. The search point has reached the back of the range and additional "backing up"
is not possible. Therefore, any grade or any rate of change of grade between the
search point station and the origin point station that exceeds the design restrictions
must be set equal to the appropriate maximum positive or negative value. When all
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Figure 9. Macro flow diagram profile selection.

unacceptable conditions have been corrected, the range of terrain points is indexed so
that point 1 becomes point 0. The search point is again set equal to point 0 and a new
iteration is begun with step 1.

A profile selection procedure of the above nature must specify starting and stopping
conditions., The manner in which these are handled is indicated in Figure 11,

Case 1: The information for the range of terrain points ahead of the initial origin
point is read in and stored in memory before any profile selection calculations are
made. The lengths of the range ahead and the range behind are specified by the
engineer.



100

1\
_Selected Profile Tentatively Accepted Profile
e & /
- Under Consideration
o / /
2 ¥
m e A N A i ,
X Terrain Points
X ! X ‘///’/(S, Z given)
! i : X X
x x 4 1 1 §F & ¥
X A A A
o it e b S -
N A
X o—-l——ﬁ—o-—o'._.'..._.'_‘__g
~ne =2 = O | 2F n
Typical Present Origin Point
X Control
X X X Point
L RBH | RAH |
I - i i |
Station
Figure 10, Range indexing procedure,
Origin Terminus
Station Station
= - d
r v —
GASE ) o—RAH 4 |
CASE 2 |——o RAH y |
CASE 3 | s RBH RAH |
CASE 4 | } RBH P l
CASE 5 | f— RBH %

o —Origin Point
RAH — Length of Range Ahead
RBH — Length of Range Behind

Figure 11.

Starting and stopping procedures.
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Case 2: As the origin point moves away from the initial or origin station, the range
of terrain points behind the origin point is slowly built up until it reaches its full length.

Case 3: This is the normal operating procedure and is the case assumed in the de-
scription of the profile selection procedure.

Case 4: As the front of the range ahead reaches the terminus point, additional ter-
rain information is not available to be read into storage. The origin point is indexed
ahead in the normal manner, except the front of the range ahead stays fixed at the
terminus point.

Case 5: When the origin point reaches the terminus point, the algorithm has reached
an end. The elevations and stations for the selected profile between the back of the
range behind and the origin point are output.

The initial selection of a tentative profile elevation is done by calculating a weighted
elevation of the terrain points within the present range of interest. This initial eleva-
tion is then adjusted to satisfy the control point elevation constraints. A weight for each
of the terrain point elevations is determined by the equation:

W = N x@ (1-x)* (e, A>-1;0=x=1)
Bla+1,x+1)

where

Tla+1) (A +1)

Bla+1,x+1) = Tlesh2)

, and

I(n) denotes the generalized form of the gamma function

T'(n) = Ofw x-1 =X gy (n>0)

The variable x varies from 0 to 1. The back of the range behind the origin point is
denoted as 0 and the front of the range ahead is denoted as 1. Stations between these
two points have a fractional x value. The weighted elevations for the terrain points are
added and their sum divided by the sum of the terrain point weights to determine a trial
profile elevation.

The equation used to determine the terrain point weights is identical in form to the
probability density function of the beta distribution. The effects of the parameters on
the shape of the terrain point weighting function curve are shown in Figure 12. The
special case o, A = 0 yields the rectangular distribution, while if one parameter is 0 and
the other 1, the triangular distribution is obtained. The curve is U-shaped if both
parameters are negative, J-shaped if only one is negative, and unimodal with the mode
at x = o/(@+X) if both are positive. For the latter case, the curve is symmetrical if
o = A, skewed to the left if o < A, and skewed to the right if @ > X. One of the major
reasons for selecting this form of the terrain point weighting function was the large
flexibility available in the shape of the curve. The effects of different shapes could be
determined and the skew of the curve could be controlled so that the search point ele-
vation always receives the largest weight.

The beta function cannot be integrated formally from 0 to x unless « and A are both
integral multiples of 4. The profile selection computational procedure assumes that
the values input to the program meet this restriction. All adjustments of o, A within
the program are made so that each will continue to be a multiple of .

Control point elevations are introduced by adjusting the weighted terrain point eleva-
tion once for each control point within the current range of interest. The equation used
for this adjustment is:

ADJUSTED ELEVATION = (WEIGHTED TERRATN POINT ELEVATION) x TACTOR
(CONTROT, POINT ELEVATION) x (1.0 -~ FACTOR)



102

|
4 |
|
|
3 i
f(x) |
2F [
|
|
I |
|
1
0] 0.5 1.0 o} 05 1.0
X X
3
3 <3|
f(X) 2F 2’2 *
I f=
1
0 0.5 1.0
be X
Figure 12 with various selections of parameters
a, b mean "Intro tion to Probability nd R
1, Copyright 1960, McGraw-Hill Book Company,

where FACTOR equals the absolute value of the difference between the control point and
the search point stations divided by the difference between the search point station and
the front of the range of interest, A control point is thus given linearly increasing im-
portance as it nears the search point. As a control point enters the range of interest,
its weight will be 0; as the search point gets progressively closer to a control point, the
control point weight increases to 1.0; and when the stations of the control and search
point are equal, the weighted terrain elevation will be ignored completely since the
FACTOR value in this case will be 0. If more than one control point is within the range
of interest, they are accounted for in inverse order as their distance from the search
point station increases. Thus, the farthest control point is accounted for first and the
closest is accounted for last in adjusting the weighted terrain point elevation.

This approach to the automatic selection of highway profiles eliminates three of the
four major problems that have been encountered in previous work. The immediate
history of the roadway is ignored in computing new profile elevations, thereby eliminat-
ing inertia effects and its associated right-hand skcew. Gradce and rate of change of grade
restrictions are not satisfied by simply setting excesses to the appropriate maximum
positive or negative value. When a restricted area is encountered, the selection algo-
rithm backs up until all grades and rates of change of grade have been adjusted to ac-
ceptable levels. Restricted values are used only if this backing up continues until the
back of the range of terrain points presently under consideration is reached. This back
up procedure will tend to eliminate the right-hand bias resulting from seeing a terrain
configuration too late, Terrain points ahead and behind the search point are used in
determining the profile elevations. Problems created by using an unsymmetrical in-
fluence zone are, therefore, eliminated. Problems associated with resonant frequency
can still occur., However, if the length of the range of terrain points being considered
is greater than the wave length of all objectionable oscillations in the profile, resonant
frequency should not be a problem. Oscillations may still occur, but since their wave
lengths will be greater than or equal to the length of the influence zone, these oscilla-
tions have been implicitly approved of by the engineer.
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Figure 13. Example of an automatically genersted highway profile.

System criteria are satisfied by this selection procedure. If the selected profile is
to be iteratively improved upon, it is necessary to have a way in which the smoothness
or quality of the profile can be controlled. It is possible in this procedure to adjust
both the lengths of the ranges ahead and behind the origin point and the parameters
o and X,

Examples of profiles generated by this routine are shown in Figures 13 and 14,

Roadway Design and Earthwork Volumes

As the selected profile elevation for each station is indexed out of the range of ter-
rain points under consideration, roadway design and earthwork volume computations
are made for this cross-section. Using the approximated terrain model generated in
the location alignment program and the profile grade chosen by the profile selection
procedure, the roadway template is constructed from the defined template links and
parameters, the slopes are selected according to specified design criteria, and the
slope intercept and earthwork volume calculations made. Output consists of the total
accumulated cut and fill volumes for the entire job with the slope stake and volume in-
formation for any particular station available at the option of the engineer.

The template is composed of a series of links, each defined by dy and dz distances,
and a series of low and high cut and fill slopes (Fig. 15). The five-point approximate
terrain model from the location alignment program is used as the terrain description
in the template construction and earthwork computations. This model contains five
offsets and elevations for each cross-section. Normally, two of these are to the right
of the centerline, two are to the left, and one is the centerline. An additional two
points, which actually make this a seven-point terrain model, are defined internally by
the routine. These are 500 ft outside each of the two exterior offset points and are at
the same elevation as the corresponding exterior offset point, This approximate terrain
model, rather than the actual DTM, is used for two reasons: first, it results in a large
increase in running speed with only a slight reduction in accuracy over the more exact
terrain model. This is important since this is only one routine of a much larger pro-
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gram system. In addition, it is felt that
this lower accuracy is acceptable during
preliminary location work. Second, by
internally defining the two extreme points,
the engineer can select arbitrary offsets
from the profile grade line without having
to worry about whether or not the template
slopes will intercept within the defined
terrain.

Vehicle Fleet Operating and Time Costs

An engineer, in performing an analysis
of a particular highway alternative, is in-
terested in the operating and time costs
incurred by the vehicle fleet for several
reasons, In order to compare this alter-
native with others, the costs to the road
user must be measured and compared with
those of other alternatives, In the selec-
tion of a vertical alignment an engineer
almost always, either implicitly or explic-
itly, makes an effort to balance construc-
tion and user costs, Lastly, if a highway
is to serve as an efficient transport link,
it must permit the individual vehicles using
the facility to operate efficiently, i.e.,
vehicles, especially trucks, must be able
to perform satisfactorily. While the out-
put necessary for the profile selection-
evaluation feedback loop is only the total
annual user costs, it is also desirable to
be able to obtain, at the option of the engi-
neer, information concerning the operation
and performance of various types of vehi-
cles.

A considerable amount of work has been
done in the field of vehicle performance
prediction. These efforts fall into essen-
tially three categories: (a) the tabulation
of experimental data into tables and graphs,
(b) the statistical analysis of data to con-
struct regression equations, and (c) the
development of systems of performance
equations which can be solved by either
hand or computer to give vehicle perform-
ance and operation.

In the usual table, cost per mile figures
for fuel, oil, tires, maintenance, and de-
preciation are given as functions of profile
grade, pavement condition, and vehicle
class. These are generally empirical
studies and give cost information only.
Since these figures will not necessarily
apply to vehicles manufactured outside
the country in which the study was made
and since an actual speed profile is not
obtainable, this method of user cost pre-
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diction is not considered to be completely satisfactory for a profile selection-evaluation
system.,

Because of the complexity of vehicle performance, statistical studies have neces-
sarily been limited to rather special cases. For example, the cost per mile is given
as a function of velocity for various vehicle classifications or fuel consumption for the
acceleration of gasoline or diesel trucks is given as a function of magnitude and length
of grade. To date these studies have not been general enough in nature to permit them
to be used for the prediction of vehicle fleet performance over a specific alignment,

Simulation techniques have typically been of two types: those employing a digital
computer to solve the system equations, and those employing a graphical or hand method
of solution. Of necessity, the hand solutions have been significantly more limited in
flexibility than the computer-oriented approaches.

The basis of any simulation is a determination and calculation of all forces acting
on the vehicle (Fig. 16). The forces resisting the movement of the vehicle are air
resistance, rolling resistance, and grade resistance. Rolling resistances are those
forces inherent in the vehicle itself that tend to retard its motion. The grade resistance

Force Available to Accelerate Vehicle = Tractive Effort —
Rolling Resistance — Air Resistance — Grade Resistance

Tractive Effort Delivered from Engine

Rolling Resistance

Roadway
Air

Resistance Normal Force

Vehicle

Weight Grade Resistance

Figure 16. Simplified free body diagram of vehicle and roadway.
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TABLE 2

FEATURES OF VEHICLE OPERATING
COST ROUTINE

Cars and trucks Yes
Torque converter No

Shifting deceleration Yes
Gear shift oscillations Yes

Engine power curve Torque vs rpm
Fuel prediction Gen'l fuel map
Speed changes and stops No

Chassis friction % Efficiency

Turn around Yes
Independent variable Velocity
Effect of temperature No
Horizontal curvature No

Vertical alignment Tangents only
Station equation No

Summary information Yes

Output comments Yes

Data control cards No

Program language FORTRAN II

is equal to that component of the vehicle's
weight which is acting in a direction paral-
lel to the surface of the road. The force
available to overcome these resistance
forces and to move the vehicle forward is
called the tractive effort force, which is
equal to the force supplied by the engine
minus certain internal friction losses.

The difference between this motivating
force and the total resisting force is the
force available to accelerate the vehicle.
All simulation techniques are similar in
that they are concerned with the manipula-
tion of these forces. The logic of the tech-
nique, whether computer oriented or not,
drives any vehicle over any selected align-
ment, The vehicle is accelerated, decel-
erated, stopped, upshifted, downshifted,
and, in general, operated in the same
manner as if it were being driven by a
normal driver. In this manner, the effect
of such highway characteristics as vertical
profile, superelevation, pavement type,
and speed limits on vehicle road speed,
engine rpm, vehicle tractive effort, and
percent of full engine load can be deter-
mined. Since these vehicle performance

characteristics are in turn directly related to the user costs, it is possible to study the
sensitivity of these costs to changes in the highway design.

In comparing existing methods of vehicle performance prediction to the criteria of
the profile selection-evaluation system, no satisfactory solution is found to be currently

available.

The computer simulation techniques are the best; yet, even these are not

completely satisfactory in their existing form. The vehicle simulation and operating
cost system developed at M.I.T. is in effect too flexible and consequently too expensive
to use. It was decided that a simulation method which combined some of the flexibility
of the existing M.I.T. method with the logical advantages of some of the other vehicle
simulation techniques presently available would produce an efficient predictor of user
fuel and time costs suitable for all classes of vehicles in not only the United States, but

also foreign countries.

Such user cost items as tires, oil, depreciation, and vehicle

maintenance are not sufficiently well understood to merit their inclusion into a simula-

tion routine on anything more than a cost per mile as a function of pavement type basis.
The basic features of the proposed vehicle simulation routine are given in Table 2,

The independent variable is velocity. Vehicle velocity is changed in 1-mph units during

acceleration or deceleration.

The model equations are recalculated only when the ve-

locity changes or when the resisting forces change due to a change in profile grade.
Input data required for this routine, in addition to the fuel map, are essentially of

three types:

1. Vehicle data include such things as vehicle weight, frontal area, tire size, num-
ber of cylinders, engine bore and stroke, gear shift speeds and ratios, and full-throttle

torque curve;

2, Control data include the speeds at which the vehicle is to travel and the maximum
acceleration and deceleration rates to be used by the vehicle; and
3. Highway profile data are required in the form of a series of straight line seg-

ments.

Output data consist of two types.

The first is the cost information required for the

feedback loop—the total annual user fuel and time costs for each of the vehicle types
selected, The second type of output is optional and is under control of the engineer.
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For any vehicle operating on a particular vertical profile, it would include such things
as current vehicle speed, distance traveled en route, elapsed time, rate of fuel con-
sumption, and total fuel consumed to date. Areas where the vehicle was not capable of
maintaining the desired road speed would be so indicated.

The proposed vehicle fleet operating and time cost routine has not yet been pro-
grammed. The versions of the profile selection-evaluation system currently in use em-
ploy a table look-up procedure based on data published in the AASHO Red Book (1).
Direct operating costs (fuel, tires, oil, maintenance and repairs, and depreciation)are
obtained directly from the Red Book while time costs are calculated separately. Input
data include the type or class of alignment, speed, user time cost, number of persons
per car, truck factor, percentage trucks, present traffic volume, and projected traffic
volume. Although no vehicle performance information can be obtained with this ap-
proach and although the basic cost data that are incorporated in the routine prevent it
from being meaningful to areas outside the continental United States, this procedure is
still thought to be acceptable for the purpose of testing the basic system and its opera-
tion.

Graphical Display of the Ground and Selected Highway Profiles

The manner in which information is displayed is critically important for any profile
selection scheme. As a mass of numbers, a highway or ground profile is difficult to
comprehend or to picture, but as a graphical plot it is clear and concise. Routines
are incorporated in the system to simultaneously plot the ground aud selected highway
profiles. Depending on the machine configuration being used, these displays are in the
form of either continuous line plots (Figures 13 and 14) or character plots and are
generated via either on-line digital plotters (either a California Computer Products
incremental Digital Plotter, Model 565, or a Gerber Scientific Instrument Company line
plotter, Model VP 600) or printers,

Engineer- Computer Communication and Feedback Loop

The lower portion of Figure 5 indicates an engineer-computer feedback loop. This
loop, by incorporating the concepts of a problem-oriented computer language, permits
an engineer to use ordinary English and engineering terminology to change any of the
initial input data and then to investigate the effects of these changes on the selected
profile. He can modify such items as the roadway width, the grade restrictions, the
sight distance or rate of change of grade restraints, the elevation of a particular con-
trol point, the predicted traffic volumes, or the expected percentage of trucks to defer-
mine how much a particular design standard or restriction is costing in terms of both
construction and user costs.

The "smoothness'" of the vertical alignment generated by the system can be controlled
via this same engineer-computer feedback loop through the adjustment of the program
parameters which control the length of the range of influence ahead and behind the origin
point. In this way, the profile can be varied until the most economic balance of initial
and continuing costs is determined. This iterative improvement of the highway profile
is not presently being automatically done by the program because of the lack of specific
knowledge concerning the exact relationship of user to construction costs. Past work
in this area has been largely of a theoretical nature. Experimental data from a number
of real projects will be necessary before this ""learning type of behavior' can be con-
fidently accomplished without engineer intervention.

COMPUTER HARDWARE CONFIGURATIONS

The engineering problems under discussion are basically ones in information acquisi-
tion, processing, storage, and display. The selected computer hardware should per-
form these information handling operations in as efficient a manner as is possible. In
addition, the chosen computer configuration must result in an overall profile selection-
evaluation system which is competitive with existing methods of profile selection and
evaluation. In order for a method such as the one being proposed either to replace or
augment present hand techniques, it must be approximately equal in cost. If not, it
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must provide enough additional information in a short enough time period to merit the
additional expense, Thus, the proper choice of computer hardware is an extremely
important part of the development work of this system.

Existing Equipment Requirements

Three separate versions of the system have been developed. These have been for a
small-scale computer (either a 20,000 or a 60,000 digit memory IBM 1620 data process-
ing system), a medium size computer (a 32,000 word memory IBM 7040 data processing
system with 6 magnetic tape drives and on-line card reader, card punch, and printer);
and a large-scale computer (a time-shared IBM 7094). The 1620 and 7040 versions
have been used primarily for program development and field testing, while the time-
shared 7094 version has been used for experiments in man-machine interaction and in
the development of large and more sophisticated highway oriented programming sys-
tems. In the time-shared version, the engineer-user has essentially complete on-line
control of a large-scale computer (currently an IBM 7094 under control of the M.I,T.
compatible time-sharing system). The response time between input query and output
result is such that entirely new and different approaches to engineering utilization of
computers are possible,

Input-Output and Information Display Developments

A number of capabilities have recently been introduced which permit the performance
of operations upon information in a more efficient manner than previously possible.
One of these is the use of small-scale ""satellite" computers to communicate with and
to act as remote input/output consoles to a large computer. As a prototype develop-
ment, the M.I,.T. Department of Civil Engineering's IBM 1620 computer is now con-
nected via a dataphone to an IBM 7094 computer. In this mode of operation, the 1620
can be used as a rather complete remote console in the compatible time-sharing sys-
tem. The terrain vertical profile and the selected highway vertical profile data can be
transmitted directly from the 7094 into the 1620 core or disc memory. A plotting pro-
gram stored in the 1620 could then plot both the ground and highway profiles on a plotter
attached on-line to the 1620. Because of the length and size of plots required, this
means of plotting would most likely be preferred to either a scope attached directly to
the 7094 or the teletype remote console produced character plots.

SYSTEM TESTING

Profile Selection

An important phase in the development of any new engineering technique is the testing
to which this technique is subjected before it is actually placed into full production use.
In addition to the tests being performed by the M.I.T. Department of Civil Engineering
in cooperation with the projects sponsor, the Massachusetts Department of Public Works,
a series of field experiments are being conducted by the Maine State Highway Commission.
Both of these series are of a continuing nature and have been under active study by one
or the other of these state highway departments. They differ principally in that the
M.I.T.-Massachusetts series is being conducted primarily at M.I.T. while the Maine
tests are being performed and evaluated by actual state highway department personnel.
In both test series, the conclusion has been that the profiles generated by the program
are generally satisfactory for the purpose of preliminary engineering location and they
are at least equal to the first or second trial profiles chosen by engineers. Although it
is not possible to describe all of the details and all of the results of the various tests
which have been performed, the general conclusions can be summarized.

The three bias problems which existed in some of the earlier attempts at automatic
profile selection appear to have been eliminated. Testing in both smooth and rough
terrain has produced a profile that is "in phase' with the terrain; that is, the peaks and
valleys of the profile occur at the same points as those for the terrain. Operation in
grade restricted areas has been examined and the results indicate that the backing up
procedure generally results in grades below the maximum allowable grade and that the
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problems associated with seeing a major terrain configuration too late have been elimi-
nated or considerably reduced. If the engineer selects a look ahead and look behind
range that is too short for the existing terrain, resonant frequency can still become a
major problem. However, it is felt that this is more the result of poor input data than
of the profile selection technique itself.

One of the criteria specified for the selection technique was an ability to change the
quality of smoothness of the selected profile. If improvements are to be iteratively
made in the profile selected for any one alignment, it must be possible to alter the pro-
file in some manner. This is currently done either by changing the length of the look
ahead and look behind ranges or by adjusting the @, A parameters in the terrain point
elevation weighting function. Testing has shown that as the length of the range is in-
creased, the selected profile becomes significantly smoother. The majority of thetest-
ing has been conducted with both & and A = 3. However, in tests where these parameters
were decreased toward 0, the profile tended to become somewhat flatter. Although for
a, » = 0 (equivalent to a rectangular weighting function), the profile had many small dips
and rises superimposed on the selected profile. A value of 3 for « and A seems to give
the best results.

A number of variations of the basic control point handling technique have been inves-
tigated. No single method has yet been found to be completely satisfactory for all cases.
When the elevation of a control point is near the elevation of the desired profile, the
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transition is both smooth and satisfactory. However, when the control point elevation
is considerably different from the normal desired profile elevation, the selection tech-
nique does not account for the control point in a completely satisfactory manner. The
conclusion of these tests is that the method of handling control points needs additional
investigation,

The final and in the long run the only test of this technique is whether it produces a
profile acceptable to the engineer. Present testing indicates that this goal can be
reached.

Earthwork and User Cost Relationship

An extremely critical part of the selection-evaluation scheme is the curve (Fig. 3)
showing the theoretical relationship of earthwork to user cost. Whether the proposed
feedback loop is to be automatically included in the computer complex or is to be hand
controlled by the engineer, real data must be collected to confirm the theorized shape
of this cost relationship, If it turns out that these cost variables are not related or if
their relationship is different than presently thought, it is doubtful that a profile selec-
tion-evaluation technique which attempts to balance earthwork and user costs will be
either feasible or valuable.

A preliminary series of experiments that examined two separate test conditions has
been performed to determine the relationship between these two cost variables. The
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first is the case of the so-called rectangular mountain. It is easy in this relatively
simple example to define a series of progressively smoother vertical alignments andto
evaluate both earthworkanduser costs by standard hand methods. The results (Fig. 17)
indicate that, at least for this very simple case, the theoretical relationship holds.

The second test series was performed on a seven-mile portion of highway near
Franklin, Mass. The actual alignment chosen was one of those considered in the loca-
tion of Interstate 495 and passed through two rather large hills., Eight separate vertical
alignments were investigated; the "roughest'" of which followed the terrain quite closely,
while the smoothest was a constant 0.2 percent grade from beginning to end. Geometry,
roadway design, and earthwork volume computations were made with the DTM location
system, while user operating and time costs were estimated with the M.I.T. vehicle
simulation and operating cost system, The traffic volumes predicted by the Massa-
chusetts Department of Public Works were used as a means of obtaining equivalent
annual user costs. The resulting plot of earthwork cost vs total user cost is shown in
Figure 18. Although the hypothesized relationship appears to hold, at no point is the
decrease in user costs large enough to merit the corresponding increase in construction
cost., This is an indication that because of the low traffic volumes being used in this
particular example, the chosen profiles represent points only at one extreme of the
hypothetical curve.

These tests have been of a preliminary nature and their results do not constitute
enough evidence to say that this relationship is either valid or not valid. A much more
rxtensive test series is needed to definitely confirm this cost variable relationship.

CONCLUSIONS
Basic System Approach

In mathematical and operations research terminology, this approach to the solution
of the profile selection problem would be classed as a heuristic and opposed to a math-
ematically rigorous optimization procedure. It is a strategy, a simplification, or a
rule which attempts to produce a solution which is "good enough most of the time;" it
is not necessarily producing an "optimal' solution, The procedure is trying to select
a profile which would be classed as acceptable, satisfactory, or intelligent if the same
profile had been chosen by a human engineer the first or second time he had examined
a problem. In brief, it is simply a device "which drastically limits search for solutions
in large problem spaces' (6).

An example of a more mathematically rigorous approach to this problem is the
dynamic programming solution, which could produce a solution whichwould guaranteean
optimum balance of earthwork and user costs. Although this approach has not yet been
fully formulated by the authors, two general comments can still be made. First, the
solution appears to break down to an exhaustive search of the decision space. This type
of search with its corresponding high number of required evaluations of the objective
function would probably require a class of computer which is not yet available to the
typical state highway department. Second, the selection of a highway vertical profile
is not a neat, tidy, and clean problem which directly lends itself to an optimum solution.
Any profile selection technique can at best make suggestions to the location engineer,

Possible System Applications

An important question that should be investigated in the early stages of development
of any system dealing with "computer-aided engineering design' is, ""What is the de-
mand by the engineering community for a system of this nature?' This is extremely
difficult to determine; however, it is felt that a profile selection and evaluation system
as described has a wide variety of uses.

To the student, it could serve as a valuable educational tool for studying the engi-
neering of location. Certain real life subtleties, which are extremely difficult to teach
in the classroom, would become immediately obvious after a few minutes of investiga-
tion into an actual problem,

To the researcher, such a system represents a powerful tool for studying and
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analyzing the engineering process. Certain insights may be gained into intricate cost
variable relationships.

To the highway engineer of a developing or emerging nation, it could represent a
means of greatly increasing engineering capabilities. In these areas, the flexibility of
locating a transport system link is generally much greater than in the United States,
and hence the decision-making problems associated with location are compounded,

To a highway engineer in the United States, a profile selection and evaluation system
could have a number of direct applications. It could help to provide a uniformity of
vertical design standards. Unbiased vertical design would allow different horizontal
alignments to be more directly and fairly compared since the same set of restrictions
and the same design procedure had been used on each. It could provide a means of
speeding up the processing of horizontal alignments. One of the current restrictions
on the number of horizontal alignments which can feasibly be investigated by an engi-
neering team is caused by the number of computer passes required for even a pre-
liminary evaluation. There is presently a human selection of the horizontal alignment
which is followed by one or more machine passes to produce a centerline ground profile
plot. After human review and human selection of a vertical alignment, additional com-
puter passes are required to obtain earthwork computations, slope limit plots, and, if
desired, vehicle performance and user cost data. The automatic selection of a vertical
profile would allow the entire computer sequence of operations to occur without inter-
ruption. If the profile selection-evaluation system is iteratively solved for each of a
number of horizontal alignments, with each iteration on a particular alignment using a
different combination of the smoothing parameters and projected traffic volumes, it
becomes possible to generate a complete set of transportation production curves, These
curves could then be used to provide the necessary construction and user cost input
data for a regional transportation network analysis.

Long-Range Research Objectives

The ultimate objective of this work is an integrated system of computer programs,
computer and computer related hardware, and engineering procedures which can be
used to solve highway location and design problems. The automatic selection and evalu-
ation of vertical alignments represents one phase of this larger problem, at one partic-
ular level in the design hierarchy. Although much computer-oriented work has already
been directed towards the final design aspects of this overall system, investigations
are only beginning in such areas as regional network analysis, horizontal alignment
selection, drainage, interchange design, and guidance or management of the total engi-
neering process. Many more areas exist where mathematical selection, evaluation,
and analysis models need to be built, The formulation, design, construction, and im-
plementation of the individual models required to fill in these "gap' areas and of the
ultimate man-machine system represents a fertile area for future research,
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