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ABSTRACT

There has been an increasing interest in using modgtimization techniques in forest road desige do
advancements in computer hardware, optimizatiorordalgns, and remote sensing technologies. These
techniques allow one to automate many of the timeseming tasks involved in road design process and
improve the efficiency of road design managersdentifying road alignment alternatives. This papersents

the main road design stages to indicate the pdiisibiof using optimization techniques in foresad design
and provides background information on many of dpgimization techniques used in road design and roa
network management problems. The current advancesest road design and network optimization pdoces

are presented and recommendations are suggestiedufiar studies.
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1. Introduction

Forest roads provide access for timber harvestseaéon, fire protection, and other administrativeeds
(Weintraubet al 2000a). Designing forest roads and road netwarksdomplex engineering problem involving
social, economic, and environmental consideratiGtwute location is critical in steep terrain, whegreund
slope, geology, and machine limitations (e.g., mmaxn road grade, minimum turning radius) affect rtsaut
and design. On relatively flat terrain, soil prapEs and quality of the substratum may also infogethe road
location and seasonal road strength (O'Maheingl 2000). Due to the inherent trade-offs involvedgisiens
regarding road building, maintenance, or decommmssg are very complex (Lugo and Gucinski 2000)aéRo
managers often aim for the best path with the lovietl cost, while protecting soil and water rases.
Therefore, they have to examine a sufficient numiiealternatives to ensure that road networks & c
effective with minimum environmental damage.

Planning of road location and construction is aagral part of harvest planning. Barretal (1998) compared
the economics of planned and unplanned harvestiitg in Brazil. The results indicated that with peo road
planning, the time spent on locating roads anditeygdwas reduced by 37%, and the density of fomsds was
reduced by 33%. Furthermore, Gullison and Hardri€938) have reported that poor road planning and
construction could cause excessive damage to @dsitands, reduce the value of future harvestsdamchish

the role that the residual stands may play in ragiimg non-timber species. Thus, effective planrofidorest
roads is essential from both economic and environah@erspectives.

Road management problems have become too complbg smlved using traditional road location methods,
which basically consist of aerial photograph intetation and field reconnaissance. Bailensbral (1998)
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indicated that selecting a route between two knpaimts based on a designer experience may not sedgs
provide the shortest or the most efficient roadratient. Computer-aided analysis of road locatiore ilecome
highly desirable since it could reduce the timenspen road planning and provide a designer withckyui
evaluation of alternatives, considering economit @mvironmental constraints.

Application of computer-aided road location methddses back to the late 1960's when shortest pganitams
were first combined with Digital Elevation Model®EMs) (Turner 1978). Currently, there are several
computer-aided systems (e.g., Pegger&RoadView WiAnherjack WA; RoadEng OR) that have been widely
used in forest road design. These systems auta@uate of the tasks in locating forest road alignmlemivever,
they do not have capability of generating large benof alternative routes, minimizing the total dozost, or
considering the least environmental impact. By msezfrusing advanced microcomputer technology @geed
and memory), modern optimization techniques, andiaced Geographical Information Systems (GIS),sore
road design systems using mathematical optimizagchniques can be utilized to solve complex roasigh
problems. Optimization techniques systematicalbrale for the desired or “best” solution among tbeeptable
solutions at reasonable computational cost (Beaslaly1993).

The objective of this study is to present the pesgrand opportunities of using optimization techesin
designing forest roads and road networks. In otdeachieve this objective, major road design staayes
identified and many of the commonly used optim@atiechniques and their applications in forest rdasign
and network optimization problems are presenteds éxpected that this review article will draweattions of
researchers, transportation engineers, land masiaged other practitioners to the capabilities sing
optimization techniques in designing forest roadsl aoad networks. Readers will be provided with an
assessment of the current state of road desigmaatinetwork optimization in forestry applicatioas, well as
associated efforts in road design provided by taasportation sciences. This work will add to tiberature a
synthesis of optimization techniques used acrossiglines, yet focused on applications within forksd
management.

2. Road Design Stages

In order to understand how optimization technigc&s be used in forest road design, it is necedsadentify

the major road design stages of a single forest.r@omputer-aided analysis of route selection using
optimization techniques generates a large numbeltefatives, subject to road design constraBrsne of the
route alternatives may be eliminated during thecess as they do not satisfy one or more designtreamts.
Design constraints are generally divided into twmougs; geometric specifications and environmental
requirements. The geometric specifications mayuthelmaximum road grade for logging vehicles, mimmu
curve dimensions for both vertical and horizontairves, and minimum safe stopping distance. The
environmental requirements may include minimum rgeatle for drainage, optimal stream-crossing afmle
stream protection, and maximum cut and fill slogtorfor slope stability. The average values famsoof the
design constraints used in North America are listedable 1 (AASHTO 1990; Kramer 1993; Kramer 2Q01)
Optimization techniques require design constréimis can be represented quantitatively. And, thaptexity of

the optimization techniques increases as the nupftmnstraints increases.

Table 1. The typical values for some of the roasigfeconstraints.

Constraints Value

Max. adverse road grade on rock-surfaced roads 16 %

Max. favorable road grade on rock-surfaced roads -12 %

Min. radius of a horizontal curve 18 m

Min. length of a vertical curve 15m

Min. road grade +2%

Min. safe stopping distance on gravel-surfacedsoad 35m

Optimal stream-crossing angle 90 °

Max. cut and fill slope ratios on common soil 1:1and 1.5:1
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2.1 Horizontal and Vertical Alignment of a Road

Determining the location of horizontal and verticdlgnment is a time-consuming process (Erdas 1997)
Computer-aided analysis of route location usingnoigation techniques may lead to considerable thanéngs
by providing the designers with quick evaluation afernative alignments, while satisfying the dasig
constraints (Akay 2006). In the computer-aided rdasign optimization process, an initial horizomtidjnment
consisting of a set of tangents and circular cursepecified, and then the vertical alignment stimg) of a set

of straight lines and parabolic curves along theegated horizontal alignment is established (FigoréOnce the
horizontal alignment is fixed, vertical alignmefteanatives can be generated by systematicallyiadi¢he road
elevations on intersection points using optimizatechniques. The optimum solution for locatingreyle forest
road can be also determined by simultaneously agtign both horizontal and vertical alignments, he t
expense of computer processing time. In a recamystit was found that simultaneous optimization of
horizontal and vertical alignments provided thetlbead alignment with minimum total cost, subjecspecified
road design constraintéruga et al 2004).
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Figure 1. Horizontal and vertical alignments cfaanple road section.
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2.2 Earthwork Allocation of a Road

Earthwork allocation involves three major actigtiecluding excavation and loading, hauling andoading,
and compaction (Erdas 1997). This work may amoaord significant portion of the total cost of forestd
construction. Determining the least-cost alterrafior distribution of earthwork from cut sectionsdaborrow
areas to fill sections and landfill areas is andm@nt design activity (Figure 2). Typically, aab designer
estimates the amount of material required at eathand fill section, soil characteristic along tteadway,
location and capacities of borrow and fill areaw] éhe unit costs for excavation, haul, and filll @ompaction
activities. With this information, it is also posk to formulate earthwork allocation as an optatian problem.

Cut Sections

/=

Borrow
Area

&N

Landfill
Area

Fill Sections

Ground profile
Road Grade profile  .-7=~_

Figure 2. Sample solution for an earthwork at@m problem

In several current road design systems (Lumberjfiék and RoadEng OR), the mass diagram (Oglesby and
Hicks 1982) has been used to balance the requiradtitjes of cut and fill materials. However, trepability of

the mass diagram is limited where soil characiesstary along the roadway (Akay and Sessions 2005)
Optimization techniques have been used to overdbhmémitations of the mass diagram in earthwot&cation
problems (Mayer and Stark 1981; Christian and Gald®88; Easa 1988).

2.3 Calculating Total Road Management Cost

The main cost factors involved in managing a roaswork include construction, maintenance, and
transportation costs (Akay 2006). Cost componemadyaed with optimization techniques should be espnted
with a mathematical problem formulation. The “uttist approach”, where estimated unit costs areipliall by

the quantity of design parameters (e.g, mf, m, etc.), is often used in computer-aided roasighesystems. For
low volume forest roads in mountainous terrain, starction and maintenance costs are the largedt cos
components (Pearce 1974). The road constructiowiteeg may include the construction staking, clegrand
grubbing, earthwork allocation, drainage, surfaciagd seeding and mulching. Road maintenance tesivi
generally consist of replacing the aggregate tagmes structural integrity and travel quality, jpenfing blade
maintenance activities, maintaining culverts, alegwing ditches. Removing brush from both cut ahdlbpes

is also considered to maintain visibility. Trangation costs, although a minor component of thaltobst
computation, will vary with vehicle performance,uggment costs, and gradient and curvature. It &/ da
incorporate these factors into optimization techegusing mathematical functions.

The major cost components of a single-lane foreatl rsection in mountainous terrain were investajdtg
Akay (2004). In this study, two road examples wpresented, considering different specifications tfoe
surfacing material (Kramer 2001). In Example A, daguality rock for base course and surface roakeffi
surface rock if road grade is less than 16%) faction surface were used. In Example B, good quaditk (pit
run if road grade is less than 10%) for base coargksurface rock (no surface rock if road gradess than
10%) for traction surface were used. The relatiegghtings of cost components for both road examplese
indicated in Table2.
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Table 2. The relative weightings of cost componémtsa single-lane forest road section.

Cost Relative Weightings (%)
Components Example A Example B
Construction Costs 70.1 73.7
Earthwork allocation cost 12.5 25.7
Construction staking cost 0.8 1.3
Clearing and grubbing cost 4.5 7.7
Drainage cost 2.0 3.0
Seeding and mulching cost 2.3 4.0
Surfacing cost 48.0 32.0
Maintenance Costs 22.6 14.3
Rock replacement cost 15.9 3.5
Blade maintenance cost 0.5 0.8
Culvert, ditch, and brush costs 6.2 10.0
Transportation Costs 7.3 12.0

3. Optimization Techniques and Applications in Forest Road and Network
Design

Road building, maintenance, and decommissionindplpras are combinatorial in nature, and requiregete
decision variables. As a consequence, the reguftiathematical statements of these problems mayulie
large and difficult to be solved (Chureh al 1998). In order to find the best solution for amgmbinatorial
optimization problem, one might first assume thamplete enumeration of the feasible solutions can b
generated, and their objective functions can béuated to determine the solution with the bestlteblowever,
this approach is not effective in practice wherrghare a large number of alternative solutionsthegifor a
single road or for a network of roads. Therefongtjmization techniques are useful tools in findithg near-
optimal solutions in an acceptable time frame. Toleowing section briefly describes several optiatinn
techniques, from exact algorithms (Linear Progranghito inexact algorithms (Dynamic Programming and
Heuristics) and presents forest road design systbatautilize these techniques. The exact algosstivave an
advantage of guaranteeing the optimal solutionsifemproblem being solved.

3.1 Linear Programming

Linear Programming (LP) is an optimization methdettallows one to minimize or maximize a specified
objective function while satisfying the various stmaints (Bowman and Fetter 1967). In order to LiBethe
objective function and the constraints need todvenfilated as linear equations with non-negativéabéas. A
general LP algorithm such as Simplex Method (Bowmad Fetter 1967) can be used to solve all LP prosl
The decision variables are usually representeddogirtuous numbers, whereas some road design omretw
problems require a binary (yes/no) representatidh.has the capacity of generating the exact salutio a
problem; however computer computation time cantlipnoblem size. Some of the basic problems thathean
solved by LP include production scheduling, tramsd@mn problem, and capacity allocation problems.

LP has been used in several forest road optimizatiodels (Akay 2006; Aruget al 2004 and 2005) to design
roads and minimize the costs of the earthmovintyiies. These models generated ground profilesrsection
points, and cross sections using a high resoli@iBM. The results indicated that LP overcame thétéitions of
the mass diagram by considering various soil cheratic and possible borrow and landfill locaticaleng the
roadway. In these models, an increase in the nuwibigtersection points reduced the constructiost ince
the road profile became closer to the ground moflowever, increasing the number of intersectiomts
significantly increases the computational timeadtving earthwork allocation problem.
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Mixed-integer formulations have been devised toettgy road maintenance and network management plans
where the locations of current and proposed roaelkm@own. In these algorithms, the goal is notdseas the
environment and determine where to place a roatltdassess the environment and decide what toitto w
planned or current roads (i.e., road locationsnatedefineda priori). Conservation of flow constraints between
nodes (end points of road sections) are commoiéset mixed LP formulations as well as integer dagis
variables since some choices (i.e., whether taltaitoad) are binary (yes/no). Kirby et al. (198@re among

the first to describe a mixed integer formulation forest road management, creating the IRPM md@iskson

and Lohmander (2005a) and Olsson (2005b) describad investment scenarios in Sweden where mixed
integer formulations are used to assist decisiokemgin developing tactical plans. In these catles,road
system has been definagbriori, and the task is to decide which route loggingksushould travel.

3.2 Dynamic Programming

Road design and road network problems can be sblyeting Dynamic Programming (DP) in which optimum
solution is reached in a multistage process (Bgaslal 1993). DP applies recursion to solve all possintell
problems and then combine them to obtain solutfondarger problems. In this process, size of tp&num
solution set is reduced into smaller subsets waiehmuch easier to solve. Therefore, the optimatiso to the
problem contains the optimal solution of the subs€he subset space (stages and states) shouldficestly
small so that the same solution can be appliednabeu of times to obtain the solution for the mainkpem.
Unlike LP, there is no specific DP algorithm thaincbe used to solve all DP problems. However, gt the
ability to solve non-linear problems. DP is oftesed in practice for solving problems in transpastatharvest
scheduling, and manufacturing. Teasley (2002) fodydamic programming to be an effective tool for
developing a road removal plan, yet noted seveedsaof improvement necessary for the algorithipeidorm

as well as a heuristic.

Tan (2000) developed a procedure where DP was teséeblp road managers in determining the optimum
location for a forest road section. Costing andinguof road construction, extraction, and transgtiion were
predetermined in a separate module using microcteryibased spatial database and heuristic procedhing
shortest path (Tan 1999). In this DP procedurerdael planning area was divided into zones (stagesyual
width. Zone boundaries were assumed to be parallghe existing road. Therefore, the nodes on zifipe
boundary of a zone have the same distance to tiséngxroad. The DP algorithm searches for the baste
between two boundaries for every node, while cardid minimum construction costs. The best routeveen
boundary nodes of adjacent zones was located bynizing the construction costs of a road startirithwhe
boundary nearest to the road and ending with tlhwadbary farthest from the road.

3.3 Heuristics

The heuristic techniques are repetitive searchgutae where an improved solution relative to theent one is
determined based on experience and empirical (Ulas 1999). There are numerous heuristic technitjues
can be used to provide an optimization (or pseyttovozation) approach to the design of forest roadsoad
networks. Many of these techniques come from fieldside of forestry. For example, Pérez de la Gt
(1995) describe an artificial intelligence approatch the design of highways, which takes into actoun
environmental variables and other complexities.

Richardet al (2004) described the use of the Hooke and Jeearsls method for optimizing vector-network
techniques in the design of mechanical systemsdalnand Hussein (2000) indicated the use of matethods
for smooth paths in three dimensions (3D) giveruagdions on machine velocity. And, Gippisal (2001)
presented the Quantum model, a heuristic for géingraets of low-cost alternatives for proposedhhigys,
using databases describing the environment ancbetorassumptions.

In the field of forestry, Gullison and Hardner (BY9described a rule-based simulation model desigoed
examine options for reducing the total length okf roads. Tan (1999) used a heuristic proceduselect road
development choices from a set of network links nehtbe shortest paths were first determined usiijigsPa’'a
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algorithm. Peters (1978) provided a descriptioraddirect method for determining optimal in-woodsvest
system road spacing (i.e., primary transportatem) landing options, which could be extended tooaded
areas for determining low-cost secondary transpiort@aptions.

Clark et al. (2000) also used a heuristic for asaemd development where roads are not defagdiori.
Finally, Weintraubet al (2000b) described two models: OPTIMED, which uaad_P-based heuristic to decide
amongst road building options that are statexdiori, and PLANEX, which used raster GIS databases #met o
information along with a heuristic to locate accessds for timber harvesting operations. Earlyali@yment of
this work can be found in Weintraub et al. (1994 4895).

In the following section, commonly used modern fetiartechniques (Simulated Annealing, Genetic Aitton,
Tabu Search, and Shortest Path Algorithm) are lpradscribed and their usefulness in forest roadetwork
design have been investigated. The algorithmshiese techniques are fairly easy to program andgeneral
code can be used to solve many different optimongproblem.

3.3.1 Simulated Annealing

Simulated Annealing (SA) as a solution strategycimmbinatorial optimization problems dates bacthwearly
1980’s (Beasleyt al 1993). SA relies on a metallurgical concept, whegeated raw material is cooled back
slowly-while being reheated occasionally- to progltiee best material (Kirkpatriak al 1983). The basis for SA
was first published by Metropoliet al (1953), and the approach uses a local search iohwd subset of
solutions is explored by moving from one solutioratneighboring solution. To avoid converging arddming
stuck in local optima, the procedure allows theas@mnal acceptance of an inferior solution. SA haen
applied in a wide variety of disciplines to solygtimization problems due to its simplicity.

In a study conducted by Akay (2004), SA was useduimle the search for the best vertical alignméat t
minimizes the total costs of construction, trangton, and maintenance costs for a single fosd.rAn initial
road path is generated by establishing interse@@nts on the 3D image of the terrain, considerad design
constraints. During the search process, 182 faasiblutions were evaluated out of 1200 automaticall
generated vertical alignment alternatives. For edwnge in the vertical alignment, the model miaexi the
costs of the earthmoving activities using LP. Tésuits indicated that total road cost was redubedita25% by
using optimization techniques. The most of the ca@pcomputation time was spent on calculatinghsatk
allocation using LP.

3.3.2 Genetic Algorithm

To solve optimization problems, the Genetic Aldamit (GA) approach was developed by Holland (197%) an
his colleagues at the University of Michigan. GAbiased on biological processes of inheritance, touta
natural selection, and the genetic crossover (Bgaslal 1993). First, a set of feasible solutions is raniyo
generated, where each solution corresponds to @ndsome. Second, two parent chromosomes are chosen
based on their objective function values (fitnetssyeproduce two new child chromosomes, which ifeda
cross-over operation. In an attempt to improve dbkitions over time, GA allows a random mutationewh
producing child chromosomes. This search processpisated until a stopping condition (desired numndfe
generations or improvement of the best solutiogpissfied. GA has been mostly applied to problémslving
sequencing and scheduling.

In applications outside of the forestry field, Is&tand Tawfik (1999) presented a GA approach tomige the
shape of roads in two dimensions. Jong and ScHdr{2€03) developed a GA approach for optimizinghway
alignment in 3D. Jha and Schonfled (2004) also ldgesl a GA approach for optimizing highway alignitpen
yet within GIS, and investigated the effectivenetshe algorithm in steep terrain conditions. Ircleaf these
approaches, road locations were not specifiegriori; the resulting road locations were a function of
environmental conditions and other information.
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In the field of forestry, Ichiharat al (1996) proposed a GA model integrating two optatian techniques to
optimize forest road profiles. Once a horizontalgrahent is fixed, the model identifies the optimum
combinations of intersection points. Within the rabdthe optimum longitudinal slope with minimum
construction cost was designed by using a DP mefiladzaki 1973). The model was applied to a roatice
that had been previously designed using traditiomethods. It was assumed that this original roadilprwas
optimum from an economic perspective since it wasighed by professionals. Then, the original peofilas
compared with the profile designed by GA. The rssinidicated that the volume of earth cutting by B#s less
than that of the original profile, while the voluroé earth waste by GA was larger than that of thigimal
profile. It was assumed that the difference is ttuebjective function of DP where driver comfortdasafety
were not considered. In the model, 420 feasibldilpsowere evaluated in approximately 10 minutesvhich
one profile was calculated approximately 1.43 3d® optimum combinations of intersection pointsed®ined
by GA indicated close correspondence to those rofad profile determined using traditional methogks, the
computer computation time was significantly redueden using GA.

3.3.3 Tabu Search

Tabu Search (TS) was first developed by Glover )3 a neighborhood search technique to solveetésc
optimization problems. TS produces solutions by imgkterative choices, considering certain choiasgaboo
(i.e. Tabu). In general, during the solution pragéta decision choice has been recently seledtésirejected
(Tabu). If a choise is not Tabu, or is Tabu yetdlgective function value is better than the presidest
solution, the choice is selected. If the solutismot better than the previous best solution, therdhm accepts
the candidate which gives the highest increaseebmy current the objective function value. Ifsitniot possible
to generate a candidate with increased value, lgwithm moves forward with the candidate, whicloypdes
the least decline in the objective function valli§. has been successfully applied to a number amggztion
problems.

In a road design study conducted by Arwfal (2005), GA and TS were compared to a manuallyghesi
forest road profile. Once the horizontal alignmemats fixed, optimization techniques were used toegae
alternative vertical alignments by adjusting théghts and the location of the intersection poiftse vertical
alignment was optimized considering constructiod araintenance costs. LP was used to determineveaith
allocation. Both heuristic techniques found neainopm solutions within a reasonable time. TS cowdifind a
better solution than GA, but it usually found a daolution in less time. One year later, Arwgal (2004)
proposed an improved road design model in whiclw@$ used to optimize the horizontal and verticgirshent
of a forest road. The model was applied to des@irBeter road section in Capitol Forest, Washinditate,
USA. In the model, the vertical alignment was fioptimized, and then horizontal and vertical aligmts were
optimized simultaneously. The best road alignmentfl by the simultaneous optimization of both atigmts
reduced the total cost by 29%, compared to the whsee only vertical alignment was optimized.

3.3.4 Shortest Path Algorithms

Shortest path problems are among the most fundamamtblems studied in computational geography thien
et al, 2003). In general, the shortest path is the proldé finding a series of road links connecting taades
such that the sum of the weights on those edgesnisnized. Dijkstra's algorithm is one of the meéficient
algorithms for solving the shortest path problemwvhrich all the weights are non-negative (Dijkstt859). Zhan
(1997) provides a discussion of the performancsewéral shortest path algorithms.

In the algorithm, road links are connected in th#eo of their weighted lengths, from the shortesthie longest
paths. The weights of the links can be represebtedlistances, costs, or times. The algorithm stohes
weighted value for each path. The essential featfii®ijkstra's algorithm is road link relaxation dnenet al
1990). When there is an edge from node A to nodiadshortest path from node C to node A can beneled
to a path from node C to node B by adding link Bj,at the end. If the weight of this path is lekart the
previous weight, the current best weight is repdaséh the new weight. In the algorithm, each réiakl (A, B)
can be relaxed only once, when the weight of thie pas reached its final value.
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In the field of forestry, shortest path algorithh@s/e been used to develop near-optimal transpomtattworks.
Sessions and Sessions (1991) implement a shoréstatgorithm for secondary harvest transport irego
operations. Bettingest al (1998) integrated road maintenance and obliteratfemices with a harvest scheduling
model (TS) in an effort to develop forest plans mehsediment concerns were important. Dijkstra'srittgm
was used to determine the shortest paths frommacikagement unit to a mill given the roads available

Anderson and Nelson (2004) developed a computerigign that quickly generated road networks foatstgic
road planning. In this study, Dijkstra’s shorteattpalgorithm was used to project a road link thatimized the
distance between a landing and the current roaslonkt considering specified road design constraim®srder

to present the capabilities of the model, it wapliad to a forest on Hardwicke Island, Canada. Asgwvity
analysis was conducted to provide road managens ®itra information on long-term effects of various
variables (total length of road network, percentafjlandings connected, and road gradient). Therdardwhich
the landings were connected to the road network &as tested. The results indicated that reduchey t
maximum road gradient constraint increased thé length of the road network and decreased theegpéage of
landings connected. That produced longer roadeitler grounds and fewer roads in steep and brgk@amds.
The number of landings connected and total lendthhe road network decreased as the landing spacing
increased. The network generated using closesingsdirst resulted in a longer network, steepedrgradient,
sharper curves, more landings, and shorter prowgtisie than that of using farthest landings first.

Dijkstra's algorithm was a practical tool for quiclrojecting road networks in strategic planniftpwever, it
caused a considerable variation due to landingrardevhich the landings were connected. To imprtve
landing order, Tan (1999) suggested a heuristicqatore where each possible landing was connectediby a
shortest path algorithm. In this procedure, eaeld fonk between two nodes was associated with dlséwhich
was equal to road length times the average cosinpedistance. To reduce processing time, thetshbroute of
extraction, transport, and road construction betweeery two nodes were predetermined by the praeedinis
procedure integrated spatial database and shpa#stalgorithm to assist road managers for quigelgerating
and assessing road network alternatives.

Since the processing involved with shortest pagjorhms is computationally intensive, Lanthatral (2003)
suggested using a parallel processing approachetantplementation of shortest paths through a guéar
irregular network, one form of a DEM. This curidgnequires, however, a number of personal computebe
interconnected, creating a cluster, as well asesharemory architecture. This type of computer nekvetesign
is atypical of most natural resource managemerariozgtions.

4. Results and Discussion

Computer-aided processes for optimizing the desfgsingle roads or road networks improve the efficly of

managing both budgets and natural resources. Weh design algorithms are integrated with optinnirat
techniques, guidance can be provided to naturalree managers to help them wisely use the limiésdurces
at their disposal. Forest road design systems usitfpematical optimization techniques automate nadrthe

time consuming road design tasks while implemengirdgecision support framework. For the design sihgle

road, the systems developed by Akay (2006), Areigal (2005), and others allow one to optimize the eaiti
alignment for a given horizontal alignment. Thegstams can be improved by including joint optimiaatof

the horizontal and vertical alignments (Aruaal 2004) into the optimization process.

For the design of road networks, Sessions and @es§1991), Weintraubt al (1994 and 1995), and Bettinger
et al (1998) provide a diverse set of options. In fhigest network case, current and potential roadtlons and
specifications must be pre-defined. In the forroase (optimizing the location of a single foresad) the
specifications and location are not pre-defindtke-dptimization algorithm defines them.

There are several key researchable questions nseyfeom this discussion. First, the shortest @dgjorithm is
useful in locating optimal solutions for individu@rest roads. Although shortest path algorithnesdesigned to
find paths through a pre-defined network, one cailize them to locate the optimal solution toilagée forest
road design problem, if the design problem is fdetad as a network of choices for the road. LP, 8® GA,

57



A.E.AKAY Bartin Orman Fakdiltesi Dergisi

and TS have been used to assist with the desigringfe forest roads, but the possibility for usihgm to
optimize forest road networks also presents an efréature research. Within the forest planningdgéts, these
techniques have been used for timber managemeianeptvhile shortest path algorithms have been tsed
optimize road networks.

The second researchable question relates to thgndesoptimal road networks in roadless areas. [gviniany
current "roadless areas" in North America may néeedeveloped, areas can be found where the rdaanke
is not very dense, and the in-fill of roads is ploissfor timber production purposes. Here, one magply the
SA approach by Akay (2004) to an entire proposemvork, where the initial road paths are generatedi
vertical alignment is then optimized. Single roadlimization processes could also be developeditiaauGIS
techniques without any proposal of new roads, ¢émtidy the best transportation network of a givead density
for a landscape. These methods could be used joradion with shortest path or other techniquesettuce the
proposed roads to a network that is appropriatergite timber production or recreation activitiesposed, or
so that other environmental impacts measured getascales (i.e., sediment production, wildlife iteth are
minimized.

The third researchable topic is to design a smathere effective forest transportation network reaes where
roads exist, yet new road construction will notco@sidered. A management goal may be to reducdehsity

of roads for wildlife, aquatic resource, or visuplality reasons. Bettingest al (1998) provided a method to
reduce the network given sediment concerns. Howevarore in-depth analysis of road profiles andi$aape
conditions (as used in the individual road desigobfem) may help in the assessment of road network
alternatives. Combining these processes with asfai@ad network optimization process would allove do
evaluate contemporary land management options.

Most of the recent advances in optimization mod@issingle forest roads rely highly on DEMs andestis1S
databases (soils, streams, etc.). The fourth refsalale question relates to resolution of DEM anclieacy of

the attribute data that directly affect the perfanme of the optimization process. Tan (1999) ntttascell sizes

that are too small bog down the processing assatiaith network nodes, and cell sizes that ardaoge result

in accuracy levels that may be unacceptable. Tthestrade-offs related to the input databases recgome
thought. Available attribute data in forested ameay also not represent the actual conditions wellvever, the
quality of GIS data keeps improving as GIS techgigl® advance. These advances include improved data
sources for generating high-resolution and accui2fMs using the latest technology (LIDAR), highly
developed GIS techniques to store, analyze, anglagisspatial data, and advanced features of saoqdtist
computer software languages to display and rendérdesolution 3D images on personal computers.

The fifth researchable topic is the verification tife optimal road design systems. To improve their
performances in the future, the solution obtaireanfthese optimization systems should be furthstete by
comparing them with current forest road designesystfor the same area. Finally, office and fielddralesign
can be better linked. Although, the optimizatiorsteyns do not provide a designer with a decisioh ttaet
locates the final route alignment, they can be poéa by integrating it with Global Positioning Sysis (GPS)
extensions to help the designer evaluate the nsmdfions on the ground.

5. Conclusions

Computer-aided road design systems, using optimnizaechniques, provide land managers with a datisi
support tool that quickly evaluate alternatives.ndmber of approaches have been used to optimize the
placement (vertical and horizontal) of individuatdst roads. Enabling the optimization of entiréwmoeks of
roads across a landscape, while considering bresadde issues such as sedimentation and wildlifatdta
remains an issue to be addressed. In additiorssisg the design of optimal transportation netedram the
suite of roads currently available seems to beuifiit area of research, particularly if the algbms used to
delineate single forest roads can be used to asggsh current roads should be eliminated from rikéwvork.
Optimization of entire road networks with shortpsth algorithms has received considerable atteritiaihe
forestry literature. Whether heuristics or exalgodthms can improve on the efficiency of shortgsith
algorithms remains to be seen. However, advance®mputer-aided optimal road design and road mitwo
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management have provided land managers, researcheds others the ability to make more informed
management decisions.
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