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ABSTRACT

In order to locate a path between two known locations
on a ground surface, a large number of alternative paths
should be evaluated considering physical, economical, and
environmental factors. Optimization techniques can be
used to search for a path that minimizes the total costs
while satisfying the design and environmental constraints.
These techniques can result in considerable time savings
in forest road design. Initially, these optimization
techniques have been applied to highway design and
recently, they have been applied to forest road design.
This paper describes the evolution of the optimal route
location systems used in both highway and forest road
design based on ten criteria. The paper concludes by
describing some of the unsolved problems in forest road
design.

Keywords: Optimizing road alignment, minimizing road
cost, earthwork allocation, forest road de-
sign.

INTRODUCTION

Route selection analysis is a time-consuming process
that requires a multicriteria evaluation of alternative
alignments. This will include safe operation, construction
cost, transport cost, recreational use, acute environmental
impacts commonly associated with road failure, and chronic
environmental impacts such as sediment production from
poorly designed roads. To solve such a problem at
reasonable computational cost, computer-aided analysis
of route selection has been applied to road design since
the 1950’s.
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The early applications [18, 8, 21, 10, 16, 15] were not
capable of making computer-aided design judgments such
as automatically generating alternative grade lines, locat-
ing a best-fitting vertical alignment for minimizing earth-
work, verifying curvature limitations and gradient changes,
and minimizing the total cost of construction, maintenance,
and transportation. They relied on the experience of the
road locator in the route selection process. These sys-
tems did not allow the road manager to look at tradeoffs
between various locations and construction practices at
the road segment level. These initial applications consid-
ered only construction costs and have been followed by
improved applications which employed modern optimiza-
tion techniques to consider transport costs and environ-
mental costs in addition to construction costs.

Forest roads differ from the more familiar highways or
rural roads. They typically incur lower traffic levels than
other roads, but the vehicles are large with heavy loads.
In addition, forest roads can have both commercial log-
ging and recreational traffic, which requires additional
safety measures. In the process of route selection and
subsequent design, forest road managers simultaneously
consider multiple constraints including construction cost,
maintenance cost, hauling cost, and driver safety. They
also consider environmental impacts caused by road con-
struction and use. In order to meet these multiple con-
straints, a number of computer-aided design systems have
been developed and used by forest road managers.

This paper presents an evolution of computer-aided
design systems that were first developed for highways,
but have now evolved to meet the requirements for forest
roads. To compare the functionality of these systems, the
following criteria were used:

Does it provide reasonable solution time?

Does it require reasonable time for data input?
Does it provide an optimal vertical alignment?
Does it provide an optimal earthwork allocation?
Does it consider construction cost?

Does it consider maintenance cost?

Does it consider transportation cost?

Does it consider environmental requirements?
Does it consider driver safety?
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The paper will conclude with a discussion of future
work in the area of computer-aided forest road design.

HIGHWAY DESIGN SYSYTEMS

System I: Parker [17] used a two-stage approach to deter-
mine the horizontal and vertical alignment that minimized
construction costs while satisfying the vertical curvature
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requirements, gradient changes, and other design con-
straints. The method subdivides the land into square grids.
The ground elevation at a grid centroid was calculated as
the mean elevation. The arithmetic differences between
the elevations of the selected smooth surface and the
original ground were computed for each grid. If the differ-
ence is positive there is cut and if the difference is nega-
tive there is fill (Figure 1). Then, the feasible horizontal
alignments were generated by connecting the grid
centroids with respect to the grade constraints. The abso-
lute values of the outputs from the surface-smoothing
stage were the inputs to the second stage that minimizes
the total earthwork costs using linear programming. The
second stage used the multiple-path selection program
([6], [19]) to generate a user-specified number of alterna-
tive alignments and determine the optimal path with the

Z

minimum construction cost. The location of the optimal
path was determined based on the criteria of the minimum
sum of the deviations of the smoothed surface from the
ground elevations. Results using this system indicated
that it was certainly a quicker way to search for alternative
route locations than the manual approaches being em-
ployed. However, this model only considers construction
costs and has limited application in forest engineering.

System I1: Trypia [20] developed a model to minimize the
total construction cost subject to specified design con-
straints such as maintaining the road grade within accept-
able limits. Once a fixed horizontal alignment was deter-
mined, the alternative road grades were generated using
surface grids similar to System | (Figure 2). In this model,
the designer determines the density of grids to best re-
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Figure 1. Profile view of a highway section.
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Figure 2. Schematic diagram of a terrain on a surface grid.
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flect the variability of the ground. The number of grids
increased where the ground characteristic showed high
variation, which significantly increases the solution time.
The model used mixed integer programming to determine
road elevations for each section conforming to the de-
sired road grades. At any specified ground point (i), the
road elevation (r,) was equal to h,+ x, — x,, where h, was
the ground elevation and x, and x, were the cut and fill
heights, respectively. The cut and fill heights were limited
by the upper (u;) and lower limits (1.). Abinary variable (5)
was used to assign any section as either cut or fill section.
The road gradient constraint was limited by a user-de-
fined maximum acceptable road gradient. Then, the objec-
tive function of minimizing the total cost (Z) was formu-
lated as follows:

MinZ = ; C,X, F CX

i2"'i2

subject to; x, <u.6, x,, <1(1-8),x,,x,>0,6€ (0,1)andc,

i27 i2—
and c,, are the unit cost of fill and cut, respectively.

As in all mixed integer programming problems solved
using branch-and-bound techniques, the solution time
increases in a non-polynomial rate (factorial or exponen-
tial) with respect to problem size. The cost functions for
excavation and embankment activities were formulated
based on the terrain conditions and type of the machinery
used. The effectiveness of this model was dependent on a
good initial vertical alignment.

System I11: Alinear programming model was developed
by Mayer and Stark [14] to minimize the cost of the
earthmoving activities (Figure 3) using the cut and fill for
each section computed from field-generated cross-sec-
tional data. The objective function’s goal was to minimize
earthwork. There were 4 sets of constraints: (1) The total
volume of material moved from a cut section to all fill
sections and the waste area has to be equal to the avail-
able amount of cut at that cut section, (2) the total amount
of fill moved to a fill section from all cut sections and the
borrow area has to be equal to the amount of fill required
at that fill section, (3) the total volume moved from all cut
sections to the waste area has to be equal to or less than
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the capacity of that waste area, and (4) the total amount of
material moved from the borrow area to all fill sections has
to be equal to the capacity of that borrow area. The unit
costs for excavation, haul, and embankment were com-
puted based on estimated soil characteristics of each sec-
tion. This model was one of the first to include shrinkage
and swell factors, which is necessary to properly deter-
mine haul and fill quantities.

In this model, it is assumed that the unit-hauling cost is
linearly proportional to the hauling distance and the unit
costs do not vary with the amount of material moved. This
model showed that a linear programming model of earth-
work allocation could be used to overcome the limitation
of the mass diagram. The mass diagram has been used to
determine the minimum amount of haul, direction of the
haul, and distribution of earthwork. It is a continuous curve
illustrating the cumulative volume of the earth from an
initial station to any succeeding station. The usefulness
of the mass diagram decreases where soil characteristics
vary along the roadway and additional quantities of mate-
rial are required to be borrowed or wasted. The terrain and
soil data must be obtained from previously conducted
fieldwork external to the model.

System IV: Previous studies have shown that the purchase
and excavation of borrow material are the largest cost
components for highway construction costs [1]. Easa [7]
developed a model to minimize the cost of earthwork by
including the borrow costs. This model allows for different
soil types with differing unit excavation costs as well as
the distance from the borrow area to construction point to
be included in the model. The unit cost function for the
purchase and excavation for borrow material was
formulated as a three-component stepwise function using
amixed integer linear programming model. The objective
function and the constraints are similar to those developed
by Mayer and Stark [14]. This model is capable of
minimizing earthwork costs where the unit purchase costs
and excavation for a borrow area depend on the earthwork
quantity needed. The terrain and soil data must be obtained
from previously conducted fieldwork external to the model.
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Figure 3. Distribution of cut and fill material considering borrow and waste areas.
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System V: Goh et al. [9] was one of the first to include
transport costs into computer-aided road design. They
developed a dynamic programming algorithm with a state-
parameterization model to solve the three-dimensional
highway location problem. The solution method divided
the road into intervals (stages) and then minimized the
sum of the road construction, vehicle operation, pavement,
and land costs over all the intervals. The method calculates
the optimal vertical profile between two given end points
of known locations, after the horizontal alignment was
predetermined and fixed. The dynamic programming
(\ersion-a) and state parameterization (\Version-b) models
were applied to a numerical example to compare their
performances:

a) In this model, the highway section was subdivided
into stages that used rectangular grids to calculate the
cross sections along the central axis. A given number
of vertical grid lines were used to subdivide the grid
into uniformly spaced rectangular elements. The
highway profile was then approximated by a series of
linear segments connecting points from the start point
to end point of the road. Dynamic programming
produced a solution to the non-linear problem by
minimizing the sum of the construction costs, while
subject to maximum allowable gradient control,
curvature requirements, and control points with fixed
levels.

b) This model was revised to express the construction
costs as a continuous function y(x) formulated as a
calculus of variation problem. In the calculus of
variation approach, the model finds the minimum path
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of a function in a space where the endpoints are fixed
[12]. The vertical coordinates of the ground profile are
a function of x and y coordinates, f (x, y), while road
elevation is represented by z in Figure 4. The road
profile is approximated as a series of cubic spline
functions to transform the functional optimization
problem into a constrained mathematical programming
problem. Since a certain degree of smoothness is
necessary for satisfying the gradient constraints, the
parameterization of y(x) is followed by its first and
second derivatives constraints that limit the changes
from one grade or horizontal alignment to another.

FOREST ROAD DESIGN SYSTEMS

System VI: To improve the efficiency of the forest road
designer, Douglas and Henderson [5] developed a com-
puter model for forest road location problems using dy-
namic programming. The model divided the area of inter-
est into grid cells which were rated with respect to speci-
fied criteria including topography, stand data, land own-
ership, and aesthetics. The rankings of the grid cells be-
came a proxy for construction, usage, and environmental
costs. The model allowed the designer to control the grid
spacing to reflect the desired accuracy of the results. The
model was capable of integrating with geographic infor-
mation systems (GIS). The model required significantly
less computational time when compared to traditional road
location methods. There were some limitations in the
model; for example, diagonal moves between the grid cells
were not allowed.
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Figure 4. Representation of ground and road profile in the state parametrization model.



System VII: Ichihara et al. [11] developed a model to
locate the vertical alignment of a forest road with minimum
construction costs, after a horizontal alignment was
determined. A Genetic Algorithm (GA) was employed to
select the set of grade control points where grade changes
occurred. The GA is a modern heuristic technique that can
provide good solutions for problems that exceed the
computational limits of traditional mathematical
techniques. The analogy of the genetic algorithm is based
on the mechanics of natural selection where a population
adapts and improves its fitness in a specific environment.
By combining solutions, especially good solutions with a
random mutation factor, a population of mathematical
solutions will improve over time [2]. The model used a
dynamic programming method [13] to design the optimum
longitudinal grade. Intersection points were adjusted to
generate the road grade with minimum construction cost.
The model was applied to a road section that had been
designed using traditional methods. Comparison of the
profiles designed by both methods indicated a high degree
of correspondence. Using the Genetic Algorithm
significantly reduced the calculation time. However,
computation time might increase as the number of survey
points and intersection points increase. Data including
survey points, intersection points, and earthwork data
along the roadway were needed from previously
conducted field work external to the model.

System VI111: Akay [1] developed a three-dimensional (3-
D) forest road alignment model to optimally locate the
road alignment by minimizing the total construction, trans-
port, and maintenance costs, while considering environ-
mental requirements and driver safety. The model relied
on a high-resolution digital elevation model (DEM) gener-
ated using LIDAR (Light Detection and Ranging) tech-
nology. A feasible trial route was determined by locating
intersection points on a 3-D graphic interface, consider-
ing geometric specifications and environmental require-
ments. A Simulated Annealing algorithm was used to search
the best vertical alignment with minimum total cost of con-
struction, maintenance and transportation costs, consid-
ering technically feasible grades. Simulated Annealing is
one of the modern heuristic techniques that relies on an
analogy of metallurgy in which a solid material is heated
and cooled back slowly to produce the desired character-
istics [2]. As the problem is solved with Simulated Anneal-
ing, the algorithm will allow the acceptance of an inferior
solution, with a decreasing probability, to avoid being
trapped in a local optimum. For each change in the vertical
alignment, the model calculates cross sections and earth-
work, which is then minimized using the linear program-
ming procedure developed by Mayer and Stark [14]. In
order to use this procedure, a linear programming code,
based on the simplex algorithm [4], was incorporated into
the model. Sediment production was simulated using rela-
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tionships from the GIS-based sedimentation model,
SEDMODL [3] to estimate the average annual volume of
sediment delivered to a stream from the road.

Horizontal alignment is determined based on the de-
signer’s judgment, while considering geometric specifica-
tions and environmental requirements. The designer can
develop a number of horizontal alignment alternatives to
connect the same beginning and ending points. Then, the
vertical alignment with minimum total cost is determined
for each alterative using the optimization procedure. The
model relies upon high quality LIDAR data that could be
expensive to obtain.

DISCUSSION

This paper describes the development of computer-aided
road design systems used for both highways and forest
roads. Each system was evaluated based on specified road
design criteria (Table 1). Initial computer-aided methods
focused solely on earthwork as a proxy for construction
costs. The early problems were solved using linear pro-
gramming with several modeling limitations (System ).
Modeling refinement was provided by System Il using
mixed-integer programming, but ground surfaces with high
variation significantly increased the solution time.
System 111 improved the earthwork model by considering
multiple shrinkage and swell factors. System IV incorpo-
rated stepwise functions into the model to better describe
and solve earthwork problems using linear programming.
Neither System 11 or IV were intended to determine verti-
cal or horizontal alignment.

Systems V-a and V-b were among the first to integrate
road use and maintenance costs into the model. These
models allow for nonlinear construction costs to be incor-
porated into the dynamic programming algorithms. The
discrete-state model (System V-a) had to consider the
number of stages carefully before solving the problem
optimally while the continuous description model (Sys-
tem V-b) used calculus of variation techniques to solve
the problem. These two models determined the optimal
vertical alignment, once horizontal alignment was prede-
termined and fixed.

System VI was a computerized model that searched for
the optimum overall route across a grid surface to solve a
forest road problem. The model first assigned values to
grids based on the multiple values considered in forest
engineering and then located the vertical alignment with
minimum total costs. The model could be integrated into a
GIS, which provides access to the commonly collected
data.
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Table 1. Capabilities of the systems based on the specified criteria.
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System VII integrated two optimization techniques; a
heuristic technique (Genetic Algorithm) to solve the grade
location problem and dynamic programming to solve the
earthwork problem. Although these techniques could not
guarantee an optimal solution, they investigated a signifi-
cant portion of the solution space and usually produced
good/near optimal solutions to be evaluated by the road
designers.

System VIII was one of the first attempts to include
overall cost components, environmental impacts, and
driver safety in a computer-aided forest road design pack-
age. This system was built upon the work of Ichihara et al.
[11]. The vertical alignment was located using a heuristic
technique (Simulated Annealing) while earthwork alloca-
tion was determined using linear programming. In this
system, horizontal alignment was not optimized, but lo-
cated by a designer considering wide range of constraints.
The main goal of the system was to assist a forest road
designer to quickly evaluate alternative alignments in a
systematic manner.

CONCLUSION

There has been substantial progress in computer-aided
road design systems during the last 20 years, but addi-
tional work is still needed. The systems can be improved

by including optimization of the horizontal and vertical
alignments simultaneously. Akay [1] describes the com-
putational burden of optimization of the horizontal and
vertical control automatically. The recent development of
modern heuristics techniques such as Tabu Search,
Threshold Accepting, Simulated Annealing, the Genetic
Algorithm, and their hybridization with traditional solu-
tion techniques into metaheuristic algorithms may offer
opportunities for future research. It may also be possible
to include a two-neighborhood search routine that would
allow for changes to the horizontal and vertical alignments
to be evaluated against a suite of proposed environmen-
tal impacts.

As additional remote sensing platforms become avail-
able to the commercial sector, there should be significant
improvements in the cost, accuracy and precision in these
data sources. This data may overwhelm many of the solu-
tion algorithms; therefore, future research will be needed
to align algorithms to use the minimum data necessary.
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