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ABSTRACT

Mathematical optimization techniques have long been used to
develop schedules for timber harvesting activity. These
techniques provide a rational basis for decisions concerning
what to cut and when to cut it. They seldom deal, however,
with the issue of where. This paper describes an attempt
to combine mathematical optimization techniques with the
spatial allocation capabilities of a geographic information
system in order to develop an on-the-ground harvesting plan.
Methods are described in cartographic rather than mathemat-
ical terms and examples are drawn from a case study,6involv-
ing forest land located in central Maine.

INTRODUCTION

Shown in Figure 1'is a topographic map of an area in central
Maine. The area includes approximately 22,000 acres of es-
sentially undeveloped forest, lakes, and mountainous New
England topography. In Figure 2 is a cartographic overlay
of this area generated as part of a timber harvesting plan.
The overlay identifies acreage to be harvested in the third
decade of a 10-decade harvesting schedule. It also shows
the pattern of logging roads to be constructed by that point
in time.

The harvesting plan (Tomlin 1981) from which Figure 2 is
taken is one which attempts to maximize selected economic
returns associated with harvesting over time. To do so, it
must account for changes in the value of timber over long
periods due to economic as well as biological growth, It
must also account for the costs associated with access to
the timber involved.

The first of these problems is one of temporal dimensions.
It is essentially a matter of optimal scheduling. Here,
this is done by expressing changes in the nature and value
of the forest resource in the form of an IRAM (Gould 1977)
model. Linear programming (Dantzig 1963) is then used to
derive optimal harvesting schedules. Results for the first
three decades of the proposed plan call for the harvesting
of 1284 acres of mixed-age hardwoods, 366 acres of older
hardwoods, 165 acres of mixed-age softwoods, 131 acres of
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Figure 1. Portion of the USGS topographic map of
an area in central Maine used to demonstrate a
computer-assisted technique for allocating timber
harvesting activity. Cartographic overlays of the
area are shown in Figures 2 through 6.

younger softwoods, and 635 acres of younger mixed growth in
decade one; 1556 acres of mixed-age hardwoods, 95 acres of
older hardwoods, 296 acres of mixed-age softwoods, and 635
acres of mixed-age mixed growth in decade two; and 1561
acres of mixed-age hardwoods, 90 acres of younger hardwoods,
296 acres of mixed-age softwoods, and 635 acres of younger
mixed growth in decade three.

The problem of efficiently accessing timber is one of spa-
tial as well as temporal dimensions. It is a matter of de-
termining when to cut where and how to get there. 1In the
present context, this must be done in a manner which accom-
modates the scheduling requirements outlined above while
minimizing transportation expenses. This paper describes
an approach to the problem which utilizes digital carto-
graphic modeling techniques (Tomlin in preparation).
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Figure 2. Cartographic overlay showing areas to
be harvested and logging roads to be constructed
as part of a timber harvesting plan. Lighter
tones indicate roads. Darker tones Indicate -dreas
to be harvested in one particular decade.

METHODOLOGY

The data processing capabilities used for this purpose are
those of the Map Analysis Package (Tomlin 1980), a geograph-
ic information system descending from IMGRID (Sinton 1976),
GRID (Sinton and Steinitz 1969), and SYMAP (Fisher 1963).
Like its predecessors, the Map Analysis Package is an over-
lay mapping system employing a grid cell data structure.
Most significantly, it features an ability to flexibly
transform and combine map overlays through sequences of
algebra-like operations (Tomlin and Tomlin 1981).

To spatially allocate timber harvesting activity, these op-
erations are used first to estimate the cost of providing
access to each grid cell in the study area, then to priori-
tize harvestable areas on the basis of those access costs,
and finally to locate the routes of minimum-cost access to
those areas.
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Figure 3. Cartographic overlay showing areas of
varying suitability for the construction of log-
ging roads. Lighter tones indicate areas where
characteristics such as steepness or wetness re-
sult in higher incremental transport costs.

Estimating Access Cost

To estimate the cost of providing logging road access
throughout the study area, each grid cell must first be
characterized in terms of the incremental cost of construct-
ing a segment of roadway at that particular location. Given
a point of access to the study area, these incremental costs
are then accumulated as distance from that point increases.
Finally, the cumulative transport costs which result are
distributed over the entire area ultimately served.

Incremental transport cost. One estimate of logging road
construction costs in the central Maine study area ranges
from $20,000 to $70,000 per mile depending on site condi-
tions. 1In general, costs of road construction are greater
in areas that are steep, wet, developed, not easily acquir-
able, and/or subject to legal restriction. An overlay sum-
marizing these conditions in the study area is presented in
Figure 3.
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To create the overlay shown in Figure 3, overlays respec-
tively describing topographic slopes, water bodies, roads
and trails, structures, ownerships, and regulation districts
are first transformed into new overlays by assigning cost
coefficients to geographic characteristics. In transforming
the water bodies overlay, for example, coefficients are as-
signed to indicate that open water is more costly than wet-
lands or streams which, in turn, are more costly than dry
land. The resulting overlays are then mathematically super-
imposed to characterize each cell in terms of a single value.

Cumulative transport cost. Next, one or more points of
access to the study area must be identified. For this exer-
cise, it is assumed that the study area is to be accessed
from a single point located at its upper left corner. The
cost of accessing any other point within the study area can
then be expressed in terms of proximity to this upper left
corner. Here, however, proximity is measured not in terms
of miles as the crow flies but in terms of dollars as the
logging road extends. The dollars involved are those of the
incremental transport cost ovelay presented in Figure 3.

One way to measure proximity in terms of this travel-cost
metric (Warntz 1965) involves treating distance as an ex-
pression of the motion of waves that are subject to refrac-
tion and diffraction as they pass through media of varying
density. In this case, the media involved correspond to
areas defined by incremental transport costs. The effect
can be approximated as outlined below.

STEP 1. ASSIGN A "PROXIMITY VALUE" OF 0 TO THE GRID
CELL ASSOCIATED WITH THE POINT OF ACCESS AND A VALUE
OF 99999... TO ALL OTHER CELLS.

STEP 2. IDENTIFY THE GRID CELL ASSOCIATED WITH THE
POINT OF ACCESS AS "ACTIVE."

STEP 3. COMPUTE, FOR EACH CELL ADJACENT TO THE AC-
TIVE CELL, A VALUE EQUAL TO THE SUM OF THE INCREMEN-
TAL TRANSPORT COST OF THAT NEIGHBOR (TIMES 1.4142 IF
THE NEIGHBOR IS DIAGONALLY ADJACENT) AND THE PROXIM-
ITY VALUE OF THE ACTIVE CELL. IF THE RESULTING VALUE
IS LESS THAN THE CURRENT PROXIMITY VALUE OF THE NEIGH-
BORING CELL, REPILACE THE HIGHER VALUE WITH THE LOWER.

STEP 4. ONCE EVERY CELL HAS BEEN ACTIVE, STOP.

STEP 5. OF THOSE CELLS THAT HAVE NOT YET BEEN AC-
TIVE, IDENTIFY THE ONE (OR ONE OF THOSE) WITH THE
LOWEST CURRENT PROXIMITY VALUE AS THE NEXT CELL TO
BE ACTIVE.

STEP 6. RETURN TO STEP 3.
This technique (Tomlin 1977) is comparable to those associ-
ated with the generation of minimum spanning trees in

graphs. Its effect can be seen in the overlay of cumulative
transport costs presented in Figure 4.
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Cumulative transport cost per area served. The cumula-
tive transport cost associated with each grid cell of the
overlay shown in Figure 4 indicates the lowest possible cost
of constructing a logging road from the upper left corner of
the study area to that particular cell. Note that if two or
more cells are to be harvested, however, the total cost of
providing access to those cells as a group may be consider-
ably less than the sum of their individual costs. This will
be true whenever two or more cells can be accessed using-a
common segment of roadway. In this case, the cost of con-
structing the segment involved can, in effect be shared by
all cells ultimately served.

Figure 4. Cartographic overlay showing areas of
varying travel-cost proximity to the upper left
corner of the study area. Lighter tones indi-
cate areas of higher cumulative transport costs.

By applying this reasoning to all harvestable cells within
the study area, each cell can be characterized in terms of
its access cost as part of the overall road construction

package. To do so, each cell must first be characterized
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according to the total acreage that would be served by a
segment of logging road through that cell. The incremental
transport cost associated with each cell is then divided by
this total to yield an incremental cost-to-benefit ratio.
Finally, the resulting cost-per-benefit values are accumu-
lated in the manner of the travel-cost proximity measuring
technique outlined above.

To estimate the acreage that would be served by a segment of
roadway through each cell, a technique is used which, in ef-
fect, determines the minimum-cost path from every cell of
harvestable timber to the upper left corner of the study
area and then computes the number of paths ultimately pass-
ing through each intervening cell. This can be done as out-
lined below.

STEP 1. ASSIGN A "TRAFFIC COUNT" OF O TO ALL
GRID CELLS.

STEP 2. ASSIGN A "TIMBER VOLUME" OF 1 TO ALL
HARVESTABLE CELLS AND O TO ALL OTHER CELILS.

STEP 3. DETERMINE, FOR EACH CELL, THE ADJACENT
NEIGHBOR(S) WHOSE CUMULATIVE TRANSPOST COST B
MAXIMIZES THE QUANTITY (A-B)/C WHERE A IS THE
CUMULATIVE TRANSPORT COST OF THE CELL ITSELF AND
C IS A VALUE OF EITHER 1 OR 1.4142 DEPENDING ON
WHETHER OR NOT THE NEIGHBOR INVOLVED IS DIAGON-
ALLY ADJECENT. IF THE CUMULATIVE TRANSPORT COST
OVERIAY IS VIEWED AS A THREE-DIMENSIONAL SURFACE
ON WHICH HIGHER VALUES ARE ASSOCIATED WITH HIGH-
ER ELEVATIONS, THESE WILL CORRESPOND TO "STEEP-
EST DOWNHILL" NEIGHBORS.

STEP 4., ADD THE TIMBER VOLUME OF EACH CELL TO
ITS TRAFFIC COUNT AND THEN TRANSFER THAT TIMBER
VOLUME TO THE CELL'S STEEPEST DOWNHILL NEIGH-
BOR(S), DIVIDING IT AMONG THEM IF THERE ARE MORE
THAN ONE.

STEP 5. WHEN THE TRAFFIC COUNT ASSOCIATED WITH
POINT OF ACCESS TO THE STUDY AREA IS EQUAL TO
THE TOTAL NUMBER OF HARVESTABLE CELLS, STOP.

STEP 6. RETURN TO STEP 4.

The process, in effect, drains timber over the three-~dimen-
sional surface of cumulative transport cost values. This is
done in recognition of the fact that each cell's steepes?t
downhill neighbor on that surface is also next on the'path of
minimum-cost from that cell to the upper left corner.

By dividing the incremental transport costs of Figure 3 by
the acreage values of Figure 5 and accumulating the result-
ing cost-to-benefit ratios (in the same way Figure 3 values
were accumulated earlier to create the overlay in Figure 4),
travel-cost proximity can now be measured in terms of cumu-
lative transport costs per area served. This effect can be
seen in Figure 6.
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Figure 5. Cartographic overlay showing the amount
of timber that would pass through each point if
every harvestable acre were to be accessed by its
own minimum-cost path. Darker tones indicate areas
of higher transport volume.

Prioritizing Harvestable Areas

Given the overlay of harvesting costs presented in Figure 6,
the task of prioritizing harvestable areas reduces to one of
sorting the stands of each forest type by this measure of
travel-cost proximity. As a result, the areas to be har-
vested first tend to be those which are not only nearby but
which also pave the way (literally) for the greatest amount
of harvesting opportunity in subsequent decades. This is
what accounts for the pattern of harvesting illustrated in
Figure 2.

Locating Access Routes

Once the areas to be harvested in a particuler decade are
located, access routes to those areas can be established by
following the veins of higher traffic on the overlay shown
in Figure 5. The resulting pattern of logging roads is one
which attempts to minimize hauling distances as well as the
ultimate cost of the harvesting transportation network.
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By applying this allocation technique over several decades,
a reasonable pattern of timber harvesting units and access
routes can be identified. In doing so, however, it becomes
apparent that the spatial distribution of forest types in a
given study area may well preclude strict adherence to a
harvesting schedule established through non-spatial optimi-
zation., If 99 of a prescribed 100 acres to be harvested,
for example, are located within a half-mile radius while the
100th acre of the forest type called for is five miles away,
it may be wise to reconsider. On the other hand, if access
costs can be estimated, they can often be incorporated into
the scheduling process as linear programming constraints.

Figure 6. Cartographic overlay showing areas of
varying travel-cost proximity to the upper left
corner of the study area. Lighter tones indicate
areas of higher cumulative transport costs dis-
tributed over areas served.

ii}

CONCLUSION

This paper has described a digital cartographic modeling
technique for the spatial allocation of timber harvesting
activity. The technique described, albeit simplistic,
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suggests that automated procedures can effectively allocate
over space as well as time. It also suggests that, by em-
phasizing graphics, this can be done in a way which antici-
pates the heuristic nature of harvest planning in general.
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