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ABSTRACT

We developed a forest road design model that simulta-
neously optimizes horizontal and vertical alignments of
forest roads using a high resolution Digital Elevation
Model (DEM). Once an initial horizontal alignment is es-
tablished by locating a series of intersection points, the
model generates alternative horizontal and vertical align-
ments and cross sections along the road prism. The model
also estimates earthwork volume and construction and
maintenance costs for given road alignments and their
spatial locations. The model then optimizes road align-
ments based on construction and maintenance costs us-
ing Tabu Search, one of the modern heuristic techniques.

The model was applied to a part of Capitol Forest in
Washington State, USA, where a high resolution DEM
derived from LiDAR (Light Detection and Ranging) data
was available. First, the program generated an initial hori-
zontal alignment with the length of 827m and five horizon-
tal curves based on manually selected intersection points.
Then, the vertical alignment was optimized based on the
initial horizontal alignment, which resulted in a total cost
of $50,814, considering construction and maintenance
costs. The optimized forest road alignment, whose hori-
zontal and vertical alignments were simultaneously
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optimized during the search process, reduced the total
cost and the road length by 36% and 19% compared to the
initial horizontal alignment, respectively.

Keywords: Forest road alignment, Forest road design,
Heuristic optimization technique, High reso-
lution DEM, Tabu Search, Washington State.

INTRODUCTION

In forest road design, it is a difficult task for a forest
engineer to find a good alignment from a large number of
alternatives considering social, economic and environ-
mental impacts. Since the number of alternatives con-
necting two end points is unlimited, a manual design may
reach neither an optimal design nor a near-optimal design.
Forest road design programs have been developed in or-
der to reduce workloads for forest engineers in drawing a
forest road plane, a forest road profile, a large number of
cross sections, and in calculating earthwork volumes. To
reach the best alignment alternative subject to all the con-
straints, horizontal and vertical alignments should be con-
sidered to be optimized simultaneously. However, most
programs optimize either horizontal alignments [17, 27] or
vertical alignments [16, 18].

Simultaneous optimization of horizontal and vertical
alignments has not been well investigated due to the com-
plexity of the problem. Nicholson et al. [22] presented a
dynamic programming model to optimize a 3-dimensional
alignment in two stages. At the first stage, the model
searches a relatively coarse grid of points for a prelimi-
nary alignment (or corridor). Then, a discrete variational
calculus is adopted to refine the alignment so that the
resulting alignment can deviate from the grid points. The
resulting solution is rough due to the storage requirement
for searching the initial grid.

Chew et al. [9] developed a program to optimize a 3-
dimensional alignment simultaneously using cubic spline
functions. The model transformed the constraints into
one-dimensional constraints by the method of constraint
transcription used in optimal control theory. Then, the
model becomes a constrained nonlinear program struc-
ture with the coefficient vectors of spline functions as its
decision variables. As the objective function including
integrals is not easy to compute, a numerical integration,
the quasi Newton descent algorithm, is used for computa-
tion during search. Although this model optimizes the 3-
dimensional alignment smoothly, the models simplified
road costs and did not make a detailed earthwork volume
estimate for each of alternative road locations.

For forest roads in mountainous terrain, the earthwork



138 « International Journal of Forest Engineering

volume allocation is an important cost. In order to make a
detailed earthwork volume estimate, this paper introduces
an application of a high resolution DEM generated from
LiDAR data, which is a remote sensing technology that is
increasingly used to map forested terrains. LiDAR has
the ability to measure elevations more accurately than
pre-existing mapping techniques and to create good qual-
ity terrain maps due to its small diameter laser beam foot-
print, even under the forest canopy. Therefore, the model
generates the ground profile and cross sections precisely
due to a high resolution DEM from LIiDAR. Then, it calcu-
lates earthwork volumes and road costs accurately.

Recently, there have been several studies to optimize
forest road design using high resolution DEMs derived
from LiDAR. Chung et al. [10] developed an optimization
model that helps to design cable logging layouts and road
network using a heuristic network algorithm. The model
evaluates the logging feasibility and alternative road lo-
cations using a high resolution DEM. The model, how-
ever, simplifies road costs and does not make a detailed
earthwork volume estimate for each alternative road loca-
tion. Coulter et al. [11] applied a high resolution DEM
from LiDAR to the calculation of earthwork for proposed
linear road segments. Akay [2] developed a 3-D forest
road alignment optimization model, TRACER, which uses
a high-resolution DEM. Based on a user-defined horizon-
tal alignment, TRACER is able to optimize vertical align-
ment of a forest road section, while calculating construc-
tion, maintenance, and transportation costs. It ensures
road feasibility considering terrain conditions, geometric
specifications, and driver safety. The model integrates
two optimization techniques: linear programming to mini-
mize earthwork allocation costs and simulated annealing
[12] to optimize vertical alignment, considering total road
costs.

Road alignment optimization is a problem having a con-
strained, non-linear, and non-differentiable structure that
cannot be efficiently solved by classic optimization tech-
niques such as gradient-based search methods. Heuristic
combinatorial optimization techniques such as simulated
annealing [12], genetic algorithms [24], and Tabu Search
[15] have successfully solved such problems if the deci-
sion variables are discrete, and the problem is viewed as a
combinatorial optimization problem. These heuristic tech-
niques have been applied to guide the search for the best
vertical alignment that minimizes the sum of construction
and maintenance costs [2, 4]. Heuristic techniques, prop-
erly designed and calibrated, do not guarantee optimal
solutions, but have been demonstrated to find good solu-
tions within a reasonable time.

In this study, the Tabu Search algorithm is developed to
optimize horizontal and vertical alignments of forest roads

simultaneously. Tabu Search was selected as an optimiza-
tion algorithm because earlier computational experiences
[4] showed that Tabu Search required less computing time
than that of a genetic algorithm, while producing a similar
level of solution quality. Furthermore, Tabu Search has
performed relatively well on many other integer program-
ming models. Within forestry, Tabu Search has been used
in developing plans with spatial habitat requirements for
elk [6] and aquatic habitat [7], in optimizing stand harvest
and road construction schedules [26], and in allocation of
stands and cutting pattern to logging crews [21]. In this
study, we first described the methods to optimize horizon-
tal and vertical alignments simultaneously. Then, we
showed and discussed the case study in which the opti-
mization algorithm was applied to a part of Capitol Forest
in Washington State.

METHODS

Once intersection points for an initial horizontal align-
ment are established, the model generates alternative hori-
zontal and vertical alignments and locates cross sections
along the road prism (Figure 1-3). Based on each of the
alternative road alignments, the program calculates earth-
work volume and estimates road construction and mainte-
nance costs. Then, road alignment is optimized to mini-
mize the construction and maintenance costs using Tabu
Search (Figure 4).

Obijective Function

The objective function that minimizes the total cost, T,
takes the following form:

Min T.=C+M, (1)

where C is the construction cost and M is the discounted
maintenance cost. The total cost of each road section is
determined using the method of Akay [2], considering
construction and maintenance activities. The road con-
struction cost is computed for the following activities:
construction staking, clearing/grubbing, earthwork allo-
cation, drainage and riprap, surfacing, water supply/wa-
tering, and seeding/mulching. The maintenance activities
consist of rock replacement, grading, culvert/ditch main-
tenance, and brush clearing. The discounted cost of fu-
ture road maintenance is estimated to compare the total
construction and discounted maintenance cost for alter-
native alignments. The USDA Forest Service Region 6
Cost Estimating Guide [29] is used to estimate the costs
(Table 1).
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Figure 1. Forest road profile of fixed horizontal alignments with five grade change points.
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Figure 2. Forest road plane showing contour intervals, horizontal alignment, and 30-m road stations (= and indicate an
existing road and an extended road, respectively).
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Table 1. Unit costs.
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Element Sub Element Unit Cost
Staking $778/km
Clearing and Grubbing $3700/ha
Earthwork allocation Excavation $1.61/m®
Hauling $1.30/m*km
Compacting $0.58/m?
Borrow $1.81/m?
Disposal $0.10/m?
Block $161/m?
Surfacing Base course rock $7.85/m®
Traction surface rock $11.77/m?
Finer traction surface rock $15.69/m?
Watering Excavation $0.078/m?
Surfacing $0.34/m?
Hauling $0.41/m*km
Seeding and Mulching Seeding $9.90/ha
Fertilizing $12/ha
Mulching $240/ha
Application $550/ha
Drainage and Riprap Culvert $25/m
Riprap $10/m?
Maintenance Surfacing Same with Surfacing costs above
Grading $0.30/m
Culvert $15/each
Ditch $0.20/m
Cleaning brush $0.25/m

Earthwork Allocation

Cross sections are required to compute an earthwork
volume (Figure 3). In this study, the following dimensions
are used to design cross sections: 4.0m road width, 0.8:1
cut slope, and 1:1 fill slope. Ground elevations on both
sides of each cross section are estimated at an interval of
1m horizontal distance from the road center using bilinear
interpolation. In addition to those elevation points along
a cross section, ground elevations are estimated at the
edges of roads, ditches, cut slopes, and fill slopes. The
area of a cross section is calculated from the geometry of
natural ground and the road template. In order to accu-
rately calculate earthwork volume for curved roadways,
an eccentricity of a cross section along a curve is also
calculated [13]. The eccentricities are calculated by tak-
ing the moments about the roadway centerline.

Earthwork volume of straight roadways can be com-
puted using the average end-area method. With this
method, the volume is computed by multiplying the dis-
tance between cross sections by the average of the end
cross-sectional area. The Pappus-based method is used
to compute earthwork volume for a road section on a hori-
zontal curve [13]. This method estimates the volume as

the average volume resulting from rotating the areas of
the two cross sections about an axis in their planes.

Vol(Pappus) = (%} 2)

€
V, = AlL(l+ Elj 3)

€
V, =A, L(1+ Ez) 4)

Vol is the earthwork volume (m®) between cross sec-
tions 1 and 2, L is the distance (m) between the cross
sections, and R is the horizontal curve radius (m). V, and
V, are volumes (m?) of rotation of cross sections 1 and 2,
respectively, A, and A, are the areas (m?) of cross sections
1and 2, respectively, and e, and e, are eccentricities (m) of
cross sections 1 and 2, respectively. The sign of the ec-
centricity is positive if it is outward from the curve centerline
and negative if it is inward.
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Aruga et al. [5] found that the Pappus-based method
provides more accurate earthwork volume than the end-
area method and that the results of the method were simi-
lar to the earthwork volumes estimated by Monte Carlo
simulation [13] when the horizontal distance between cross
sections was less than 6 m. The economic distribution of
cut and fill quantities is determined using the linear pro-
gramming method of Mayer and Stark [19].

Geometric Constraints

The maximum gradient of roads is limited to 18% in this
study considering truck performance. The gradient must
also be greater than 2% to provide adequate water drain-
age. If the absolute value of the grade change between
two consecutive road segments is more than 5%, a verti-
cal curve is placed to smooth out the abrupt grade change
(Figure 1). A minimum curve length of 20 mis used. To
determine a feasible curve length, crest and sag vertical
curves are considered separately depending on whether
the curve length is greater or less than the Stopping Sight
Distance (SSD) [20].

S, =—9t 5
‘736 r+2g|(f,ic;)(3.6)2 ©)

_Vq de

Here, S, is the SSD (m), V, is the design speed (e.g. 30
km/h), t_is the perception-reaction time (2.5 seconds), g is
the gravity (9.81 m/sec?), f_is the braking tractive coeffi-
cient (e.g. 0.5), and G is the road grade (decimal). On one-
lane, two-directional roads, the SSD is approximately twice
the SSD for a two-lane road because both drivers must
safely stop their vehicles. The length of the crest vertical
curve is calculated based on the SSD. When the SSD is
greater than curve length,

100(y/2h, +4/2h,)?
AA

L, =25, - ©

when the SSD is less than the curve length,

L - AS; @)
100(y/2hy +4/2h,)?

where L is the length of vertical curve (m), A, is the alge-
braic difference in grades (percent), h, is the height of
driver’s eye above road way surface (1.05m),and h is the
height of object above roadway surface (0.15 m). The
length of a sag curve is calculated based on the SSD as
well. When the SSD is greater than the curve length,

200(H +S, tan ) @®
AA

L, =25, -

and, when the SSD is less than the curve length,

ASs

= 200(H 1S, tan g) )

where H is the head light height (0.6 m) and (3 is the up-
ward angle of the headlight beam (1 degree).

A simple circular horizontal curve is designed to pro-
vide a transition between two straight roadway sections
(Figure 2). The minimum curve radius of 18 m is generally
used for a truck with trailer on forest roads. The SSD is
computed using the limiting speed of the vehicle around
the horizontal curve.

V. =3.64/Rg(f,+e) (10)

Here, V, . is the limiting speed (km/h), R is the curve
radius (m), f. is the coefficient of side friction (e.g. 0.1), and
e is the superelevation of the horizontal curve. It is as-
sumed that a horizontal curve is not feasible in the model
if the distance between two adjacent curves is less than
10 m and the curve length is less than the SSD. Thus, the
first assumption restricts a maximum radius and the sec-
ond restricts a minimum radius. It is also assumed that the
road grade remains constant along horizontal curves.

A minimum lateral clearance distance from the center of
the vehicle lane is required for a vehicle operator to see
the length of curve equal to the required safe SSD around
the curve. A 0.6 m height of object at the mid-ordinate
point is used if a cut slope obstructs the line of sight.

S
Ms = Rv(l—COSﬁj (11)

V'

Here, M is the mid-ordinate (m) and R is the design
curve radius minus the half of the road width (m). This
condition assumes that there is little or no vertical curva-
ture on the horizontal curve. If cut slope height is higher
than the height of object, the model lays back the cut
slope from road edge to the driver’s line of sight to pro-
vide the minimum SSD [20]. In order to layback the cut
slope, the horizontal distance from each point to the line
of sight, M, (m) is computed.

M, -R[1- cos(S,/2R,)
cos(S, /2R, - 6,)
where

(12)



69D 0-Su/R,

CcL 2 (13)

where 0 is the intersection angle (radian), D_ is the hori-
zontal distance from the beginning point of the curve to
each point of the curve (m), and CL is the curve length

(m).

Curve widening should be considered to provide ad-
equate lane width for the off-tracking of critical design
vehicles, such as log trucks, tractor trailer trains, and log-
ging equipment. The off-tracking equation proposed by
Cain and Langdon [8] was used to compute off-tracking
of a truck tractor with semi-trailer and a truck tractor with
stinger-steered trailer (pole trailer).
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search algorithms [15]. Gradient search algorithms can
guarantee an optimal solution when the solution space is
convex. However, many real-world combinatorial prob-
lems do not have a convex solution space, and others are
also discrete. Tabu Search can systematically look for
feasible solutions to both discrete and non-convex prob-
lems. The key capability of Tabu Search is that it remem-
bers the choices it makes, which is nota common in tradi-
tional gradient search algorithms. This memory is used to
force the exploration of other areas of the solution space,
thus increasing the chance of locating a good solution.
Tabu Search procedures can involve several phases. Com-
mon to all Tabu Search procedures is an initial phase known
as the “short term memory phase” and is followed by
subsequent phases which use information accumulated
during the initial search phase to guide either future inten-

oT = [R—W/Rz - Lez)x(l—exp[—0.015%+0.216n (14)

Here, OT is the total vehicle off-tracking (m) and L, is
the effective vehicle length (m). The effective vehicle
length for a tractor semi-trailer combination is:

L =yL +L +L7

where L, is the wheelbase of the tractor (e.g. 4.72 m), and
L, is the distance from the fifth wheel to the center of the
rear duals of the first trailer (e.g. 11.67 m). The offsetto the
kingpin is assumed to be zero. If a second trailer is being
pulled, then L, is the distance from the fifth wheel to the
center of the rear duals of the second trailer. For a stinger-
steered trailer, L, is the length of the stinger and L, is the
bunk-to-bunk distance minus the length of the stinger.
For the stinger-steered trailer, L,? is subtracted rather than
added. We assume the design vehicle is the truck tractor
with semi-trailer.

(15)

The USFS Preconstruction Handbook [28] recommends
a straight line taper transition that begins before the curve
and ends after the curve. Turnouts are designed to facili-
tate vehicle passage at an interval of 300 meters [1]. The
turnout should be at least 3 meters in width and 15 meters
long with a 7.5-meter transition at each end.

OPTIMIZATION PROCEDURE
Tabu Search Algorithm

Tabu Search is a solution strategy for combinatorial
optimization problems [14] and has evolved from gradient

sification or diversification of the search or both. Our
Tabu Search procedure involves a short term memory phase
followed by an intensification strategy. \We start with a
discussion of the short term memaory phase, followed by
an intensification phase, and discuss opportunities to di-
versify the search later.

We first select intersection points for an initial horizon-
tal alignment manually (Figure 4). With one grade change
point, the model searched for all alternatives by changing
the placement and heights of grade change points while
the harizontal alignment is fixed. Then, the best solution
is used to initiate the Tabu Search algorithm to optimize
horizontal and vertical alignments simultaneously with one
grade change point. After the Tabu Search algorithm finds
the best solution with one grade change point, it contin-
ues to search from the best solution as the initial solution
with two grade change points. In other words, different
numbers of grade change points were considered using
the following steps in the optimization process: 1) Tabu
Search began with a small number of grade change points
and finds the best road alignment, 2) the number of grade
change points is increased by one, 3) Tabu Search was
again applied to find the best solution with the increased
number of grade change points. The best solution found
at the previous step (Step 1) was used as the initial solu-
tion at Step 3.

For each iteration of Tabu Search, a neighborhood,
which is a set of new feasible solutions, is created by
slightly changing the previous feasible solution (Figure
5). Tabu Search operates by selecting “candidate” deci-
sion choices from a “neighborhood”. If the candidate
decision choice is tabu (i.e. it has been selected previ-
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ously), then it is rejected and the next top candidate is
selected. Rules, called aspiration criteria, can be set to
allow consideration of candidate choices that are tabu.
Aspiration criteria allow further consideration of tabu can-
didate choices if the inclusion of the choice in the current
solution will result in a solution that has an objective func-
tion value, which is better than any of the previously ob-
served objective function values.

If the choice is not tabu, the candidate choice is for-
mally brought into the solution, and the resulting solu-
tion’s objective function value is compared against the
best previously observed objective function value (stored
in memory). If the resulting solution is better than the
previous best solution, it is saved as the best solution.

The algorithm moves forward one iteration with the inclu-
sion of the candidate choice in the solution. If the result-
ing solution is not better than the previous best solution,
the algorithm moves with the candidate which will pro-
duce the maximum positive gain in the objective function
value. If a positive gain is not possible, the algorithm
moves with the candidate which will produce the least
decline in the objective function value. Thus, the search
is not constrained at the local optima.

The tabu list is developed to keep track of choices which
have been recently made. In the first iteration, the tabu
values in the tabu list are all zero. The formally accepted
solution is given an initial tabu value. After each iteration
of the model, the tabu value is decreased by one. When
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Figure 5. Flowchart of Tabu Search algorithm for vertical alignments.



the tabu value equals zero, the solution restricted by tabu
is not considered tabu, and will not be subject to the tabu
restriction. In Tabu Search, this is called short-term
memory. Short term memory essentially diversifies the
search by keeping the model from cycling back to a local
optimum that has already been identified. Some Tabu
Search applications use a dynamic tabu tenure value al-
though we do not use it in this study.

Neighborhood Definition

In our case, the model generates neighborhood solu-
tions by changing the locations of intersection points,
radii of horizontal curves, and the placement and heights
of grade change points. The locations of intersection
points are separated into North-South and East-West co-
ordinates and examined. Neighborhood solutions of North-
South coordinates of intersection points are generated at
an interval of 1-meter within 5-meter zones around the
previous North-South coordinates of intersection points.
Neighborhood solutions of East-West coordinates of in-
tersection points are generated as well. Neighborhood
solutions of radii of horizontal curves are generated at an
interval of 1-meter within 5-meter zones around previous
horizontal curve radii. Note that neighborhood solutions
of radii are limited between minimum and maximum radii.
The model examines the placement of grade change points
by selecting candidates from stations on straight
roadways. It does not select candidates from stations on
curved roadways because it is assumed that the road grade
remains constant along horizontal curves. It also gener-
ates neighborhood solutions by changing the heights of
grade change points at an interval of 1-meter within 5-
meter zones around elevations of grade change points.

We illustrate the neighborhood definition using an ex-
ample for heights of five grade change points. In the first
iteration,

height(-1,2,5,-4,4)
Tabu list=(0,0,0,0,0)

A neighborhood is:
(-5,25,-4,4), (-4,2,5,-4,4)—(5,2,5,-4,4)
(-1,55,-4,4), (-1,-4,5,-4,4),—(-1,5,5,-4,4)
(-1,2,-5,-4,4), (-1,2,-4,-4,4),—(-1,2,4,-4,4)
(-1,25,-5,4),(-1,2,5,-3,4)—(-1,2,5,5,4)
(-1,25,-4,-5), (-1,2,5,-4,-4),—(-1,2,5,-4,5)

If the change of the second grade change point from 2
to 4 is feasible with respect to the constraints and repre-
sents the best possible improvement in the objective func-
tion value or the least deterioration of the objective func-
tion value, it is given a tabu tenure value (e.g. 3).
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height(-1,4,5,-4,4)
Tabu list=(0,3,0,0,0)

After each iteration of the model, the tabu tenure value
is decreased by one.

Based on computation experience we terminate the ini-
tial short term memory phase after 1000 iterations. An
intensification strategy is then implemented which is ac-
companied by a redefinition of the neighborhood. The
neighborhood for the intensification stage is generated
by changing vertical heights of grade change points at an
interval of 0.1m within £1 m around the selected align-
ment. The placement of intersection points and grade
change points is fixed during the second search process.
This second search process stops after a specified number
of iterations (e.g. 100). This second search process re-
fines the best solution found from the first process and
provides a better solution for the final best alignment.
Some Tabu Search applications use a memory-based
method for signaling when to intensify the search and
when to terminate the search. Through computational
experience on this problem, we have chosen to explicitly
define the intensification and termination points.

APPLICATION
Study Site

The road design model developed in this study was
applied to a part of Capitol Forest in western Washington
State. Most of the study area is covered by 70-year-old
coniferous forests. The elevation range is from 150 m to
400 m with the ground slopes of 0% to 100%. This area
was mapped by a small footprint LIDAR system (Table 2)
in the spring of 1999 and the LiDAR data was converted
intoa 1.52 mx 1.52 m grid DEM. The orthophotographs of
the study area were generated based on airphotos, which
were taken four months before the LiDAR data (Figure 6).

Table 2. Flight parameters and scanning system setting.

Flying height 200m
Flying speed 90km/h
Scanning swath width 70m
Forward tilt 8 degrees
Laser pulse density 4 pulses/m?

When Reutebuch et al. [25] assessed the vertical accu-
racy of the LIDAR system using 348 sample points sur-
veyed by a Total Station, the resulting root-mean-square
error was 0.43 m. When Aruga et al. [3] evaluated the
vertical accuracy of the LiDAR on the forest road in the
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Figure 6. Study site (orthophotograph courtesy of the Washington State Department of Natural Resources, Resource

Mapping Section).

same site, the result showed that the root-mean-square
error was 0.14 m (Figure 7). The difference between the
results from Reutebuch et al. [25] and Aruga et al. [3]
might be caused by forest cover which may prevent light
pulses from reaching the ground. The root-mean-square
error of 0.14 m on forest road might be the error of the
LiDAR system itself [23].

Optimization of Horizontal and Vertical Alignments

After the study site was measured by LIiDAR and the
orthophotographs were generated in 1999, new road con-
struction was planned to extend the existing forest road in
the study site (Figure 6). The intersection points were
manually identified and the forest road design model was
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Figure 7. Difference between Total Station survey and LiDAR measurement.
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applied to generate an initial horizontal alignment, subject
to the given geometrical design constraints (Figure 2). As

Table 4. Best costs ($/m).

a result, the total length of the extended part of the road Element Sub Fixed Optimized
was 827 m, which was divided into 27 sections of 30-meter Element  horizontal horizontal
each. alignment alignment
We have examined the effects of relocating grade change ~ Staking 1.06 1.07
points with the fixed horizontal alignment [5]. Tabu Search  Clearing
found the best vertical alignment, which includes five and Grubhing 8.29 7.89
grade change points (Table 3). Its total cost was $50,814.  Earthwork
Then, the model simultaneously optimized horizontal and allocation 16.01 6.51
vertical alignments. The simultaneous optimizationalgo-  Surfacing Base course 12.60 12.18
rithm was able to find a better solution with seven grade Traction surface  5.81 561
change points. The total construction and maintenance ~ Watering Excavation 199 0.78
cost was $32,701 (Table 3). Compared with the best solu- Surfacing 3.66 354
tion of the fixed horizontal alignments, the total costand  Seeding and
the total road length were reduced by 36% and 19%, re- Mulching 071 0.67
spectively. Drainage and
Riprap Culvert 290 224
The best solution of fixed horizontal alignments with Riprap 0.04 0.04
five grade change points was $61.42/m. One quarter of ~ Maintenance 8.35 821
the construction cost was earthwork cost and another  Total 61.42 48.74

quarter was surfacing cost (Table 4). On the other hand,
the best solution of optimized horizontal alignments with

seven grade change points was $48.74/m. Simultaneous
optimization successfully reduced the total costs by
$12.68/m of which $9.50/m was due to reduction of earth-
work allocation cost. The forest road profile with fixed
horizontal alignments has some differences between

Moreover, the amount of material moved from borrow area
was reduced from 2,573.25 m? of fixed horizontal align-
ments to a negligle amount (1.75 m?®) with the optimized
horizontal and vertical alignments. As a result, the model
could balance fill and cut volumes in this section.

ground heights and road profile (Figure 2). The biggest
difference occurred at the 100-m point from the start point.
The difference was about 4 m. The forest road profile with
optimized horizontal alignments followed the ground pro-
file (Figure 8). The program found a smoother ground
profile as changing the location of intersection points.
Thus, the program generated a better vertical alignment.

DISCUSSION
Stopping Criteria

The search process to optimize horizontal and vertical
alignments indicated that Tabu Search obtained a large

Table 3. Costs with different numbers of grade change points.

Fixed horizontal alignment Horizontal alignment optimization

Iterations 1,000 1,000 100
Number of Length Total Cost Length Total Cost Length Total
grade change (m) ®) (m) $)(m) ®)
points
1 827 71,680 730 37,761 760 39,573
2 827 61,754 712 36,472 740 37,989
3 827 62,395 716 35473 740 37,929
4 827 51,467 716 35,168 740 37,762
5 827 50,814 670 32,946 738 36,239
6 827 51,241 670 32,766 738 35,824
7 827 51,142 670 32,701 699 34,312
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Figure 8. Forest road profile of optimized horizontal alignment with seven grade change points.

improvement within a few iterations because Tabu Search
uses a modified gradient search technique (Figure 9).
However, sometimes it continued to find improvements
after several hundred iterations. For example, Tabu Search
with one grade change point found better solutions at the
400th and 600th iterations. The gains at the 400th and
600th iterations were $1,127 and $558, respectively. Ato-
tal gain during search process was $53,675, calculated
froman initial solution with one grade change point, $86,376
and an optimum solution with seven grade change points,
$32,701. Therefore, gains at the 400th and 600th iterations
were 2.1% and 1.0% of a total gain during search process,
respectively. Similarly, the gain with five grade change
points at the 400th iteration was 2.6%. The program was
conducted with a Pentium 4 2.4 GHz desktop computer.
The search process for each number of grade change points
took four to eight hours depending on the number of grade
change points and the number of feasible solutions gen-
erated during search process (Table 5). These imply that
Tabu Search optimization dramatically improves the solu-
tion quality at an earlier stage, but once it finds a good
solution it takes a large amount of time to further improve
the solution quality. Therefore, we should consider the

Table 5. Computing time with different numbers of grade
change points

Iterations 1,000 100
1 6h02m 1h34m
2 5h15m 1h06m
3 6h19m 1h09m
4 6h21m 1h20m
5 6h23m 1h25m
6 4h51m 1h44m
7 5h37m 1h33m

trade-off between computational time and solution qual-
ity.

Since Tabu Search obtained a large improvement within
100 iterations, we examined the effect of reducing the
number of the first search process iterations to 100 in-
stead of 1,000, on the results. Tabu Search found slightly
worse solutions during 100 iterations than those during
1,000 iterations (Table 3). The difference between the re-
sults during 100 iterations and 1,000 iterations with seven
grade change points was 5%. However, the result during
100 iterations was 32% better than the best solution with
fixed horizontal alignment. Although computing times for
100 iterations did not proportionally reduce the time to
one tenth of the time for 1,000 iterations, computing time
was significantly reduced (Table 5). Therefore, it might be
a better option to use the number of iterations as 100 for
less computing time even though Tabu Search found
slightly less quality of solutions.

Tabu Search Procedure

We examined effects of initial solutions for Tabu Search
algorithm on solution quality and computing time. We ran
the Tabu Search heuristic with 100 iterations, starting with
the best solution with a specified number of grade change
points on the fixed horizontal alignment (Table 3). The
result showed that Tabu Search from better initial solu-
tions found relatively better final solutions (Table 6). Tabu
Search algorithm starting from the best solution with one
grade change point on the fixed horizontal alignment,
$71,680 (Table 3) found the best solution with seven grade
change points on the optimized horizontal alignment,
$34,312 (Table 6). On the other hand, Tabu Search algo-
rithm starting from the best solution with three grade
change points on the fixed horizontal alignment, $62,395
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Figure 9. Search process with different numbers of grade change points.

found the best solution with seven grade change points
on the optimized horizontal alignment, $33,754. However,
to use this method, Tabu Search optimization must be
conducted to search for the best solution with each
number of grade change points on fixed horizontal align-
ments. Then, Tabu Search optimization must be conducted
again using the best solution with each number of grade
change points on fixed horizontal alignments as the initial
solution in order to find the final solution. Although this
method finds a good solution, it can be considered to be
time consuming. Therefore, we could not recommend this
method to find a good solution.

As an alternative to sequentially solving for additional
grade change points, we examined another method to
shorten the Tabu Search optimization time. We had con-
ducted the Tabu Search by: 1) finding the best road align-
ment, 2) increasing the number of grade change points by
one, 3) and using the best solution found at the previous
step (Step 1) as the initial solution in order to find the best

solution with the increased number of grade change points.
As an alternative, we increased the number of grade change
points by two or more at Step 2. For example, we used the
set of grade change points (1, 3, 5, 7) instead of consider-
ing all grade change points (1, 2, 3, 4, 5, 6, 7) in order to
shorten computing time (Table 7). Although this method
did not provide a better solution than Tabu Search optimi-
zation looking at all grade change points (Table 3), this
method clearly shortened computing time. This is very
important for problems larger than the example of seven
grade change points used in this study. This method
should be examined again for larger problems based on
computing time and solution quality.

Our procedure has used a Tabu Search with short term
memory followed by an intensification procedure. Diver-
sification currently relies on the user to specify the number
and location of intersection points for the horizontal align-
ment and the number of grade change points for the verti-
cal alignment. To assist the user, the number and location

Table 6. Total costs with 100 iterations of Tabu Search optimization starting from the different initial solutions found
with the different number of grade change points on the fixed horizontal alignments (Table 3).

No Length Total Length  Total Length  Total Length  Total Length Total Length Total Length Total

grade (m)  Cost (m) Cost (m) Cost (m) Cost (m) Cost (m) Cost (m) Cost
($) (%) (%) (%) (%) (%) (%)

Initial

solution 827 71,680 827 61,754 827 62,395 827 51,467 827 50,814 827 51,241 827 51,142

1 760 39,573

2 740 37,989 734 36,392

3 740 37,929 734 36,391 705 35,056

4 740 37,762 734 36,227 707 34,195 716 35,968

5 738 36,239 734 35,636 707 34,189 709 34,334 755 39,568

6 738 35,824 732 35,040 707 34,063 707 34,071 752 38,861 801 45,738

7 699 34,312 731 34,826 702 33,754 707 34,008 737 36,599 797 40,817 810 47,286
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of intersection points for the horizontal alignment and the
number of grade change points for the vertical alignment
could form additional decision variables. Future work could
examine a hybrid approach. For example, to avoid manu-
ally initializing intersection and grade change points, we
could use random search, to assign the numbers and loca-
tions of intersection and grade change points, and the
Tabu Search procedures presented here, to minimize the
total construction costs.

Table 7. Total costswhenonly 1, 3, 5, and 7 grade change
points were considered.

No. grade Length Total Cost
change points (m) %)
1 760 39,573
3 712 37,397
5 712 36,786
7 714 36,843

CONCLUSIONS

We have developed a forest road design model that
simultaneously optimizes horizontal and vertical align-
ments of forest roads. Once intersection points for an
initial horizontal alignment are established, the model gen-
erates alternative horizontal and vertical alignments for
each forest road section and locates the cross sections
along the road prism. The model also estimates earthwork
volume and computes construction and maintenance costs
for given road alignments and their spatial locations. The
model then optimizes road alignments based on construc-
tion and maintenance costs using a Tabu Search algo-
rithm. The model could generate the ground profile and
cross sections precisely due to a high resolution DEM
from LiDAR. The model could accurately calculate earth-
work volumes for curved roadways with the Pappus-based
method.

The model was applied to a part of Capital State Forest
in Washington State. Although the verification of the
solutions was limited, the case study indicated that the
program could generate feasible and good road alignments.
The accuracy of generating ground profile and calcula-
tion of earthwork volume depends on a high resolution
DEM. Low resolution DEM will result in lower accuracy
of the generated ground profile and calculation of earth-
work volume and may not yield useful estimates. Rock
excavation can be an important cost. Using LIiDAR alone,
we do not know the presence of rock from a high resolu-
tion DEM. Incorporation of soil and rock information as
well as other attributes such as other geographic attributes
such as stream, wildlife habitat, and slope stability, etc,

could make the model a practical tool for a forest road
design. Future work should include developing a method
to estimate transportation costs. Transportation cost,
even on low volume forest roads, can be an important
factor of road design and could be considered when road
alignment is optimized.
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