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ABSTRACT

The spatial and heuristic road locating procedure
developed in an earlier study [16} has been improved
and integrated using microcomputers. Further appli-
cations and results of testing the procedure using the
same data are presented. The improved procedure
proved to be beneficial in helping forest road plan-
ning managers evaluate alternatives and hence se-
lect the optimal location for a road network. It con-
tains a heuristic algorithm capable of locating forest
roads so as to minimise the total costs and impacts of
road construction, wood extraction, and wood trans-
port.
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INTRODUCTION

Forest roads are built to provide easy access to the
forest. In general, transport is cheaper by road than
over forest terrain but the cost of building the road
trades off against this reduction of cost. The forest
road network should be located to minimise the total
cost of wood extraction, wood transport and road
construction, and to minimise adverse environmen-
tal impacts. Locating a forest road network is usually
guided by optimising road spacing. Optimal road
spacing is calculated as the break-evenpoint between
the road construction cost and wood transport cost
(4,6, 8,10, 15,13, 18]/

The difficulty in using an optimal road spacing
method for locating forest roads is in taking into ac-
count the spatial diversity of forest stands and ter-
ram conditions. Costs of transport and road construc-
tion vary with these factors. Location of the roads is
not only governed by optimal spacing but also sub-
ject to restrictions dictated by the forest terrain. Opti-
mal road spacing is therefore only a value that pro-
vides a guide for locating roads and a cost target but
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does not suggest where the roads should actually be
placed. It is therefore necessary to develop a road lo-
cating method that is capable of accounting for spa-
tial variation of forest environments and resources.

A review of relevant literature was given in {16}]
Seven articles in a recent publication (11] are directly
related to computer supported planning of forest
roads. Geographic Information Systems [1, 3,14, 17]
and Operations Research [3,9,12 13,181 are the main
techniques used. The microcomputer procedure pre-
sented in this paper uses techniques of both Geo-
graphic Information Systems (GIS} and Operations
Research (OR) to assist optimum location of forest
roads, enabling consideration of the spatial varia-
tion of forest stands and terrain.

THE PROCEDURE FOR LOCATING
A FOREST ROAD NETWORKI

Road Location Aids

Practical procedures for locating forest roads may
include many formal steps. Examples of such steps
are shown in Figure 1. Steps 4 and 5 may be repeated
until satisfactory results are achieved. Step 4 may
begin with a simple survey such as checking certain
critical points on the road route by walking into the
forest and may subsequently involve a high level sur-
vey using a theodolite. The procedure developed dur-
ing this study was aimed at assisting road-planning
managers to determine the optimum location of a mad
network for a given forest area. The procedure pro-
vides two types of road locating aids as listed below.

(1} A costing and routing subsystem (CARS) was

1. Collect road planning data
2. Identify and evaluate road routes

3. Select the best road network
C4.
5.

Figure 1. Steps in the general procedure for locating
forest roads.

Survey the road route(s)

Improve road route(s) location3
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developed to enable a road-planning manager to
evaluate alternatives of road network location and
hence assist in determining the optimum loca-
tion of a road network. (16] presented details of
this subsystem, including spatial data represen-
tation and network formulation; minimum cost
routing for wood extraction, woed transport and
road construction. These modules have now been
integrated in one program using a microcomputer.
Only the spatial data handling process was im-
plemented on a microcomputer in [16] and all
other network modelling programs were carried
out using a mainframe computer because of the
high demand oncomputer resources. This change
improves its user interface and makes it easier
for users to generate road routes and compute
their costs and benefits. The use of this subsys-
tem for optimising the location of a road network
will be demonstrated later in this article.

(2) A network extension tools subsystem (NETS) was
developed to generate optimum location for for-
est roads serving a given forest area such that the
total costs and impacts of road construction, ex-
traction, and transport are minimised. Subsys-
tem NETS must be used after subsystem CARS.
In previous study {16]] the optimum location of a
forest road network was estimated using a heu-
ristic algorithm. A recent development to this com-
ponent was the solution of optimum road loca-
tion using dynamic programming, which will be
presented in another paper later. This paper fo-
cuses on the performance of the system using the
heuristic procedure on a microcomputer.

Both subsystems were integrated and implemented
using Visual Basic on a Pentium 100 MHz
microcomputer. Their functions are summarised in
Figure 2.

Spatial Data Representation and
Minimum Cost Routing

To demonstrate how it can assist the location of
forest roads, the essential functions of the CARS sub-
system is described briefly, including spatial data
representation, network definitionand minimum cost
routing.

In order to account for the spatial variations of for-
est environments and resources in locating forest
roads, a spatial database is necessary. To represent
spatial data, a coordinate system must be defined.

Figure 3 illustrates the uniform grid system which is
used. The grid cells are spatially referenced by x and
y coordinates. With the grid system, the coordinates
are integers, rather than continuous quantities. For
the convenience of computer output, the positive di-
rection of y-ordinates is downwards while x-abscissa
is positive to the right. For ease of referencing, grid
cells have been sequentially numbered because it is
more convenient to refer a grid cell by a single (se-
quential) number than that by coordinates (two num-
bers). The sequential number and coordinates of a
cell can be linked as shown in Figure 3. Thus, a grid
cell can be easily referenced and represented spa-
tially by a single number.

C st )
V

CARS (Costing and Routing)
1| Managing spatial data & formulating networks.
2. Determining the shortest paths.
3. Computing costs and benefits for given roads.
4. Assisting the location of a forest road network.

W
NETS (Network Extension Tools)
5. Determining the optimum location for a forest
road network.

V]
C Ena )

Figure 2. System functions of the road location
procedure.

If each of the grid cells is associated with expected
cost values, the cost data can also be represented spa-
tially. An example is shown in Figure 3, where aver-
age values for road and extraction costs are assigned
to each cell. The quantity of transport is estimated in
t/ha for every cell since it is a factor affecting the
costs of extraction and transport. Each grid cell has
dimensions of 200 x 200 metres, ie. an area of 4 hec-
tares.

The costs of extraction, transport and road
construction are spatial variables. Costs of extraction
and transport vary in direct proportion to travel
distance. Cost of road construction varies in direct
proportion to road length. The average costs shown
in Figure 3 for specific positions can be used to
compute the costs of extraction and road construction
from one point to another. To do this, the network
techniques are used.
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Figure 3. Grids and coordinate system for representing costing data spatially.

A costing network for extraction, transport or road
construction canbel formulated based on the grid sys-
tem used for representing spatial data (Figure 3)!
Nodes are defined by grid cell centres and links are
connections between adjacent nodes (cells) (Figure
3); each node having the same value as that of the
grid cell. A node may have a maximum of eight links.
For example, node 13 has eight links to its neighbour
nodes (7,8,9,12,14,17,18) and 19), while node 1 has
only three links to nodes 2, 6]/ and 7, as shown in
Figure 3.

A link between two nodes for this type of costing
network is associated with values of two kinds: (1)
the distance; (2) the cost that is equal to the distance
times the average cost per unit of distance. Figures 4
and 5 show the computed link values from each of
the nodes to its neighbouring nodes for costs of road
construction and wood extraction, respectively.

The networks shown in Figures 4 and 5 are ready

for determining the shortest routes for road construe-.

tion and wood extraction from a point to another.
Shortest path models can be used for determining the
minimum cost routes for extraction, transport and
road construction, respectively. Djikstra’s Algorithm
[2] was found to be very efficient for determining the
shortest paths from a source node to a destination
node or from a source node to all other nodes within
the given network. Figure 6 is an example of the short-
est routes output.

To minimise computations during the running| of
the road locating procedure, the shortest routes of

Figure4. Road construction costs ($)l for links be-
tween neighbour nodes.

I'extraction, transport and road construction between
every two nodes within the given network are deter-
mined beforehand using Dijkstra’s Algorithm. If the
Dijkstra’s Algorithm is applied once to a node, the
shortest paths from this source node to all other nodes
within the network can be determined. If Dijkstra’s
Algorithm is applied n times, where n is the number
of nodes in the network, to every node within the
network, the shortest paths from any node within the
network to all other nodes are determined. A detailed
description of this n-application Dijkstra’s algorithm
is given in an earlier report by the author [16]] The
outputs from the shortest path model are stored in
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Figure 5. Variable extraction costs ($/t) for links be-
tween neighbour nodes.

Figure 6. The road with minimum cost from node 1
to 25 determined by Djikstra’s shortest path
algorithm.

the tables of costs and paths from source nodes to
destination nodes.

A Heuristic Road Locating Algorithm

The essential component of the network extension
tools subsystem is the heuristic algorithm. The aim of
the heuristic procedure| was to determine the optimal
location for a forest road network. It is applied after
the costing and routing subsystem has established
the necessary spatial database and the shortest routes
for road construction, wood extraction and transport.
The heuristic method of solution, in general, relies
on experience, inductive reasoning, or intuitive and
empirical rules that have the potential to determine
an improved solution relative to the current one. The
heuristic algorithmis actually a repetitive search pro-
cedure (Figure 7) that extends the road network from
one route segment to another in a way that most im-
proves the model objective (maximization of net ben-
efit or ratio of benefit to cost) at each step. When the
road network can not be improved by the addition of
a further route segment, the model objective is satis-
fied and the best solution possible for the road net-
work location has been attained.

The road locating procedure extends the road net-
work by the most feasible route at every step of the
searching process. A route is feasible if building a
road along it reduces the total cost of road construc-
tion, wood extraction and transport. In other words,
a road route is economically feasible if the reduction
in transport cost is greater than the cost of the road
network extension. If the road network density in
terms of road length per unit area (m/ha) is low, the
appropriate extension of the road network may re-
duce the total cost. If there is at least one feasible route,
the road network will be extended.

The best feasible route can be determined by apply-
ing one of the following two criteria.

(1) Maximising net benefit. The benefit is defined as
the reduction in the amount of the extraction and
transport costs. The cost of road construction is
regarded as the cost incurred when gaining the
benefit. The best route is the one that produces the
highest net benefit. Any route under considera-
tion must be feasible (benefit is greater than cost
or the net benefit is greater than zero). This method
can be expressed as follows (Symbols refer to Fig-
ure 8)|

Maximise Tl =B-C
on the left of Figure 10 is better than that on the right.




Journal of Forest Engineering « 95

1] Iritialisationl
a)] Determine my = minl {s;+hy }, VieN] jd R, kd Ol
by Compute] Md = Zq] a;
¢) Sefl Pl ={all non-road nodes | andl
d) Sed R ={al] roadl nodes)

|2.Set p=I, n=0, E=0and| P'=P |&— ]

¥
3. Takel & nodd say E! from P*
4] Sed
P=PF-{E]

T* = {all nodes on thd shortestl path froml E'e Pl1o
— its nearest road noddl il R }
(=costl of tentative road] and
T=T'+R
5] Determinel m; = minl{s;+hy )| Vie NJ jd T /kd O
6] Computed My'=Sq] &, my B=M,"-M,| p'=B/C| #'=B-CI
If (p'>p) on (p'=p| and| #'>n)] thed p=p'| ==x'| E=B

9] Sed
T = {new read noded ot thel
shortest path| of! road|
constructionl froml nodel
H iol itd nearest road )
P=P-T,and
R=R+T
101 Determing my = minl {s+hic}|
YieN] iR, kd Ol
Compute Myl = Zqj ajmy

Figure 7. Flow chart of heuristic road locating algo-
rithm.

subject to
B-C>0
(2) Maximising the ratio of benefit to cost. The feasi-
ble route that produces the highest ratio of benefit
to cost is considered as the best. A route is feasible
if the ratio of benefit to cost is greater than one.
This method can be expressed as follows.
Maximise g = B/C

subject to

B/C>1

N = setl of! alll nodes within thel area
Ol = sell ofl entry| road| nodes
I = setl ofl non-road nodes
Rl = setl ofl road| nodes
T = setl ofl temporary road nodes
T = sed ofl tentativel road nodes (but non-read nodes)
m = netl benefitl
p = ratio ofl benefit] 1ol cost
a, = aredl ofl nodd (grid cell) i] which id constant! fod
every| nodd i
Bl = benefitl of road networkl extension] defined as thel
reduced amound ofl extraction and| transport| costsd
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Figure 8. Symbols used in describing the heuristic
algorithm as shown in Figure 7.

The experience gained from the use of these two
criteria during this study showed that there was little
difference in the result when locating a forest road
network. A longer route tends to be selected using the
net benefit criterion while the ratio criterion tends to
select a shorter one. Generally, the longer road has a
larger area of influence and hence creates greater a
benefit in comparison with the shorter road. How-
ever, ratio of benefit to cost may be higher for a shorter
route than a longer one because the longer route may
sometimes contain an expensive route segment. To
avoid the inclusion of an expensive route segment,
the ratio criterion should be used. The net benefit cri-
terion can be used to decide between two routes with
equal ratio of benefit to cost. If this still results in a tie,
the solution can be chosen arbitrarily.

The searching procedure includes the following
steps.

(1% Assume a road route from one of the non-road
nodes to its nearest road node.

20 Compute the ratio of benefit to cost for the as-
sumed road route.

(31 Repeat the above two steps until all non-road
nodes are checked.

{4) Select the road route with the highest ratio of ben-
efit to cost as the best feasible road route.

(5} Update the road network to include the best fea-
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sible road route.

(6) Repeat the above steps until no feasible road route
exists.

This searching procedure is illustrated in Figure 7
and the symbols used are defined inl Figure 8. Details
of the heuristic algorithm were described in [16]] Ap-
plying this algorithm to the data shown in Figure 3,
we obtained the solution for an optimum road net-
work as shown in Figure 9. Outputs of costs and ben-
efits from each step of the search are given in Table 1.

The cost of road construction is the sum of link
values on the new road route as shown in Figure 9,
which is $26 242.64. The benefit is the difference be-
tween wood movement costs before and after the new
road is added into the area, which is $97 249.90. They
are computed as follows. (1) before the new road is
added, there is only one road node (node 25) in the
area as shown in Figure 4. Wood could be extracted
from any node to the single road node only along the
shortest path. The total cost of wood movement be-
fore new road is $904 434.40, including an extraction
cost of $496 114.40 and a transport cost of
$408 320.00. (2) After the new road is added as shown
in Figure 9, the average extraction distance is shorter
and hence extraction cost is lower, but transport dis-
tance is extended and transport cost is increased. The
total cost of wood movement before the new road was
$807 184.50, including an extraction cost of
$395 697.40 and a transport cost of $411487.10.

OPTIMISING ROAD NETWORK LOCATION

Road Network Location Assisted by Costing
and Routing Subsystem

Although the CARS subsystem presented above
does not determine an optimal location for a forest
road network, it facilitates the computation of costs
and benefits for any given road route(s). Tradition-
ally, the road planning manager begins identifying
alternatives for road network location and then evalu-
ates each alternative so that the best alternative can

Table 1.

Figure 9. An optimum solution of road network loca-
tion.

be selected from the identified alternatives (Figure 1).
Costs and benefits can be computed through the
CARS subsystem if the road planning manager in-
puts the alternatives into the system. Take-the road
planning project from previous study [16] as an ex-
ample. Two alternatives for location of a forest road
network were produced by a road planning manager
as shown in Figure 10. These two alternatives can be
added to the existing road network and then costs
and benefits were computed, as shown in Table 2,
using the CARS subsystem. Although it was possible
in the previous version [16], it was difficult to gener-
ate road routes over the spatial database as the sec-
tion of network modules was programmed on a main-
frame computer. Now, by integrating the spatial da-
tabase and network routing modules on a microcom-
puter the user interface and road route selection proc-
ess is much easier.

Once the costs and benefits for each of the alterna-
tive road network locations are known, it is not diffi-
cult to select the one that best achieves the planning
objectives. Table 2 shows that the alternative on the
left of Figure 10 is better than that on the right. The
route on the left produces a higher net benefit

Results at each search (iteration) of the heuristic road locating procedure.

Iteration| Road| nodesl extended| Roadl length| Cost, $ Benefit Ratio Netl
Fom | Via || 7. m Road | Extraction | Transport] | 9
o - - 0.00] 0.00] 496114.40] 408320.00] - - -
1 25 24 23 400.00 8500.00| 442346.10/409571.20| 52517.13| 6.18 44017.13
2 23 | - 17 282.84 4242.64| 421808.40(410344.40| 19764.56| 4.66 15521.92
3 17 - 12 200.00 3000,00| 411984.40/410817.40| 935087 3.12 6350.87
4 12 - 7 I 200.00 3000.00] 405400.80|411066.30] 633475 211 333475
o 7 8 _’ 400.00 TS00.00[ 395697.40(411487.10| 9282.63 1.24 1782.63
Total at optimum solution | 148284 26242.64| 395697.40(411487.10] 9774994 1.24 71007.30
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Figure 10. Evaluation of two alternatives for location of a forest road network.

($57 505.20) than the one on the right ($35 948.23).
The optimal solution can be obtained by a process of
interaction between the road planning manager and
the CARS system. In the previous section, it was dem-
onstrated that the heuristic algorithm determines an
approximate optimum solution for locating forest
roads. The heuristic algorithm was further tested on
a microcomputer using data from a practical road
planning project adapted from previous study [16]/
as described in the next section.

OPTIMUM ROAD NETWORK LOCATION
USING THE HEURISTIC PROCEDURE

As mentioned earlier, the road locating procedure
was written in MS Visual Basic and applied under a
MS Windows 95 environment. In order to test the ca-
pability of the system, data from a practical forest
road planning project in North Finland were adapted.
Most data for the road network planning were esti-
mated and recorded according to compartments,
within which forest stands and environmental con-
ditions were considered to be homogeneous. Cost
data were obtained from many sources including the
forest management planning database, local forest
inventory and survey, and estimations made by road
planning experts. The study area was coded into a
network of 557 nodes (grid cells), each having an area
of 1 ha. 12 overlays of data were needed in order to

consider all the factors for computing the costs of road,
extraction, and transport. The project data were de-
tailed in [16].

The results associated with the optimal road loca-
tion determined using the heuristic road locating pro-
cedure on a microcomputer are listed in Table 3 and
the optimal road network location is plotted over the
data overlay for the allowable cut as shown in Figure
11. It should be mentioned that the allowable cut is
only one of the 12 overlays used for computing the
costs of extraction and transport. It is used to repre-
sent the area as it contains some information related
to the boundaries of compartment. Details referred to

(161

When the road locating procedure was run on an
IBM compatible Pentium| 100 MHZ microcomputer
with sufficient memory and disk storage, total com-
putation time was 34 minutes. This is 6 minutes
shorter than a similar run described in the previous
study [16]) That is to say that the microcomputer used
for testing this program is similar to (may be better
than) the mainframe computer used previously [16]
Of course, the performance of mainframe computers
is faster today than then. However, it is much more
convenient to run this program on a microcomputer
rather than on a mainframe computer. It may be pos-
sible to use this method in actual field situations when
planning forest road networks.
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Table 2. Comparison of the two alternatives for a mad
network location shown in Figure 10.

Variables unit Left Rs!htl
Total area ha 557.00 557.00
Exist road length m 3 197.06 3 197.06
New road length ,Tr,;|‘-,a| 351421 3931.37
Optimum mad density 9.18 9.93
Cost of new road b 41499.17 61469.57
Cost of extraction b 120450.27 119936.17
cost of transport i 214911.76  212188.34
Benefit of new road 3 99004.37 97417.80
Net benefil LY 57505.200 35948.23
Ratio of benefit to cost 2.39 1.58

Table 3. Quantities computed for the optimum road
location shown in Figure 11.

Varinbles! unit Value
Total arca ha 557.00
Exist mad length m 3197.06
New road length m 3631.37
Optimum| road netwerkl density mwha 9.39
cost of new road f 42866.00
Cost of extraction $ 117076.80
cost of transporf| #  214861.60
Benefit of new roadl # 10279790
Net berefit b 59931.90
Ratio of benefitl to costl 240

Remarks on Computation

Variation in three parameters within the method
will result in changes in the location solutions for the
road network or changes in the computation time.

(1) The length of road extension at each search. The
computation time is shortened if the length of
road extension is set to a limit such as a dimen-
sion of the grid cell size {ie] 150 m to cover a di-
agonal distance of a cell of 1 ha area). For this
reason, where there is a need to adjust computa-
tion time to take account of the ability of the mi-
crocomputer, it should always be done by vary-
ing the length of road extension. This will also
change the location of the road network. For the
selected study area, a length of 150 m was tested,
using both the current revised system and the one
from the previous study. It was found to be the
best length of road extension when considering
both computation time and optimum road net-
work location.

(@) Maximum road influence area to be handled. Roadl
influence area is the area around the road where

all transport from the area is made through that
road only. When the road influence area is great,
a large array of grid data must be processed to
produce the shortest paths, which requires more
computer memory and time. Since computer
memory space is always limited, the road influ-
ence area must not be too large. On the other hand,
when the road influence area is small|only| a smail
reduction in extraction cost will result from build-
ing the road. Since the reduction in extraction cost
is defined as the benefit from building the road, a
small area of influence for a potential road pro-
duces a small benefit and may make the road in-
feasible. The road influence area is directly pro-
portional to extraction distance. An extraction
distance of 900 - 1500 m proved to be the best for
obtaining an optimum road network with a rela-
tively low requirement for computing time and
memory space for the selected study area.

(3) The resolution of grid system used. The resolu-
tion can be described by the size of the grid cell.
The level of resolution in coding a network for
road location is important in terms of reducing
computation and maintaining accuracy.

The size of a cell in the grid is chosen to avoid two
extremes:

{1} Too small a cell size may produce too many cells,
and hence nodes for the costing network. Com-
putation for a network with an excessive number
of nodes may exceed the available capacity of the
computer.

(2) Too large a cell size may produce too low an ac-
curacy, which may not be acceptable to the end
user. It is particularly difficult to define a road
network when at the end of the road locating proc-
ess almost every node in the network is selected
as containing a road. The maximum size for a
grid cell should not permit road cells to take up
more than 50% of the total number of cells in the
area; otherwise, spatial representation of such a
road network will not be effective 7]

The appropriate size of the grid cells can be esti-
mated by the following expression:

J10° a7n,, <1.55000/d_|
where

1| =side length of the grid cell, m
A =total area, ha
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m_., = maximum number of grid cells that can be
handled with the computer’s capacity
d .. = maximum road network density, m/ha

Take the microcomputer system used for testing this
program as an example. Assuming that the computa-
tion time is restricted to a maximum of 1 hour, n_, is
about 1000 (estimated from a test of the current com-
puter system). Suppose we have an area of 1000 ha,

the minimum side length of a grid cell is then:

Lin = v10*x1000/1000 =100 m

If the maximum road network density is about 12.5
m/ha (this can be estimated by finding out the opti-
mal road network density), the maximum side length
of a grid cell is!

I.]=5000/12.3 = 400 m

Figure 11. Optimum road location determined by the
heuristic road location program, Map leg-
ends refer to Figure 10.

Any size for a grid cell side length between 100 m
and 400 m can produce satisfactory results.

To test and demonstrate the computation capabil-
ity of the program on the microcomputer, the resolu-
tion for coding the study area and data was changed
to a cell size of 50 m by 50 m, ie. an area of 0.25 ha. The|
study area was then represented by a network of 21%
nodes in an area of 549 ha. The total area was de-
creased to reduce the computation time without in-
fluencing the testing or the results. The final network
result is shown in Figure 12. This is similar to that in
Figure 11. The computation time was 26 hours 7 min-
utes. Based on the experience of this application, it is
suggested that a network about 1000 nodes or less be
used in order to keep the computation time below 1
hour. If the grid cell is set at 1 ha, a network of 1000
nodes will cover 1000 ha and this will meet the needs
for most harvesting planning.

CONCLUSIONS

This paper presents a microcomputer-based spa-
tial and heuristic procedure that was improved from
a previous study [16] to provide two types of road
locating aids for a forest road planning manager.
Firstly, the CARS subsystem was improved to assist
cost and benefit analysis for a given location of a for-
est road network. Using the techniques of Geographic
Information Systems (GIS) and Operations Research
(OR), the procedure enables both the spatial varia-
tions of forest stands and terrain which influence the
optimum location of a forest road network to be con-

Figure 12. Optimum road location when the forest
area was represented by a network of 21%
nodes with a resolution of 50 m by 50 m
grids.
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sidered! Integration of spatial database and network
routing modules in a microcomputer improves the
user interface and makes it easier for road planning
manager to generate and assess (compute costs and
benefits) alternatives of road network location, and
hence select the optimal location. Secondly, the NETS
subsystem contains a heuristic road locating proce-
dure capable of locating forest roads within a given
area, which minimises the total costs and impacts of
road construction, extraction, and transport. A recent
development to this subsystem was a road locating
procedure using dynamic programming, which will
be presented in another paper.
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