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ABSTRACT

Anisotropic cost spreading operations are frequently used to find optimal routes across a
landscape.  These optima routes often represent minimum cost paths for new roads, trails, or utility
lines but they can dso be used to represent the paths followed by a growing wildfire, the routes
followed by wildlife moving through an area, and so on. Recently, researchers and other GIS users
have developed sophisticated analysis procedures that make use of repeated anisotropic cost Spreading
operations. Frequently, these multiple cost soreading operations only differ from one another by
relatively minor changes to the unit cost maps that comprise the mgority of the nputs used by each
anisotropic cost spreading operation.

Anisotropic cost spreading procedures are highly computer intensive and when gpplied to large
databases, can require a considerable amount of time to produce solutions. However, if a particular cost
goreading problem is only a minor varigtion of a previoudy solved problem, it stands to reason that a
solution to the new problem can be derived rdatively easily by modifying the existing solution to the old
problem. The purpose of this study isto develop a cost spreading solution agorithm that can be gpplied
to problems that are dight modifications of previoudy solved problems, and test and evauate this new
procedure relative to standard anisotropic cost spreading procedures under avariety of circumstances.



INTRODUCTION

Anisotropic cost spreading operations are used to find minimum cost paths across a landscape.
Peths defined using this technique can be used to represent wildlife migration routes, least cost road
congtruction paths to connect two or more points of interest, wildfire spread paths, etc. (Dean, 1997,
Hemiller and Dean, 1998).

Theideaof building a spread cost surface as part of a processintended to define least-cost
pathsis not new; Warntz (1965) introduced the relevant concepts 35 years ago. However, the
computer hardware and software available in the mid 1960s precluded practical implementation of cost
spreading, o Warntz' s ideas remained largely theoretic for more than three decades. Fortunately, the
speed and capability of the current generation of computers makes it possible to develop, and in at least
some cases implement, spread cost concepts. The principles and concepts of practical anisotropic cost
spreading are described by Huriot, et al. (1989) and Smith (1989).

Some recent gpplications of anisotropic cost Soreading in natura resources management have
been highly repetitive in nature. These applications require hundreds or thousands of cost spreading
anayses to be conducted during the course of solving larger models designed to find optima locations
for wildfire mitigation activities, impacts of road developments on wildlife migration patterns, and so on
(Pool and Dean, 1996; Heimiller and Dean, 1998). Unfortunately, current cost spreading dgorithms
are highly computer intensve and time consuming, and fdl into the NP-complete class of computer
agorithms (e.g., the amount of time needed to complete a spread cost andysis increases exponentidly
asthe sze of the data sets used in the analyssincreases). Asaresult, repested cost spreading
operations involving large data sets quickly become prohibitively time consuming.

However, in certain Stuations it seems possible to efficiently solve multiple cost spreading
operations. In particular, applications such as the one reported by Heimiller and Dean (1998) require
repested condiruction of anisotropic pread cost surfaces that are only minor variations of an initia
aurface. 1t seems plausible to hypothesize that updating an existing spread cost surface to create anew
surface that differs only dightly from the origina should require only afraction of the time needed to
build the original spread cost surface from scratch.

The purpose of this study was to develop and test a cost spreading solution agorithm that can
be used to congtruct new anisotropic cost Soreading surfaces that are dight modifications of previoudy
built surfaces. The dgorithm was tested and evauated by comparing its results to those produced by
standard ani sotropic cost spreading procedures.

GLOSSARY

For the sake of dlarity, before describing the new agorithm developed in this study, certain
terms and background materia will be presented. A unit cost map isaraster spatia data layer where



each ragter cdll contains a vaue representing the cost of traversing (moving) from the center of the cell in
guestion to the center of a particular adjacent cell. Thus, acdl inan “up and left” unit cost map
containing the vaue X impliesthat it will cogt X units to move from the center of the current cell to the
center of the cell above and to the left of the current cell. Note that the values in aunit cost map can
represent any type of costs, whether they be economic, ecologica, tempord, etc. The anisotropic cost
spreading agorithm used in this Sudy requires eight unit cost maps as inputs, one representing the cost
of movement in each of the eight possible directions of movement from one cdll center to an adjacent
cdl center (Figure 1).

A source map identifies a source cell or cdls that will be used as the starting point(s) for the
anisotropic cost spreading andysis. A source map and the eight unit costs maps mentioned previoudy
represent the nine inputs required by the anisotropic cost spreading operation.

A spread cost map isthefirst of two outputs produced by the anisotropic cost spreading
operation. The spread cost map records the total cost of traversing from each cell in the map back to
the least-costly-to-reach source cell. Thus, acdl in aspread cost mgp containing the vaue X indicates
that the total cost of traveling from the cell in question back to the least- costly-to-access source cdll is X
units.

Findly, abacklink map isthe second (and last) output of the anisotropic cost spreading
agorithm. Each cdl in abacklink map contains a code va ue that identifies which of the cell’ s neighbors
ison the minimum cogt path running from the cell back to the least-costly-to-access source cell. By
repestedly tracing backward from cell to neighboring cdll through the backlink map, it is possible to find
the minimum cost route from any given cdl back to the least- costly-to-access source cell.
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Figure 1. Anisotropic cost spreading flowchart process as defined by Dean (1996).




STANDARD ANISOTROPIC COST SPREADING

A variety of dgorithms have been used to implement anisotropic cost Soreading; the only red
difference between these adgorithmsis how they ded with the direction-specific nature of anisotropic
unit costs. Some agorithms use asingle unit cost surface which gives each ragter cell a single base unit
cost. Thisbase cost isthen modified via some user- specified mathematica function to reflect cost
differences due to direction (e.g., unit cost = base cost ? azimuth) (Eastman, 1995; Arc/Info, 1992).
An dternative method for handling unit costs has been presented by Dean (1996). As described
previoudy, this method uses multiple direction-specific unit cost maps to reflect costs of movement in
various directions. Thefirg technique has the advantage of being able to consder movement in an
infinite number of directions, but has the disadvantage of forcing the same cost modification function on
al cdlsthroughout the entire map. In contrast, Dean (1996)’ s technique can only consider costsina
finite number of directions, but allows the cost modification function to vary infinitely across the map.
Dean (1996) s method was used as the starting point for this study.

Regardless of how the directionality of unit costsis handled, al anisotropic cost spreading
dgorithms build their outputs by iteratively searching for least- costly routes from cells whose spread
cost vaues are known to neighboring cells whose spread cost vaues are unknown (Dean, 1996; 1997).
In the fird iteration of the agorithm, al source cells are assigned a spread cost of zero, and source cells
in the backlink map are assgned a code vaue indicating thet they mark the ending point of any minimum
cost paths originating a non-source cells. The second and al subsequent iterations evauate dl cdls that
were ether (i) assgned spread cost vaues in any previous iteration, or (ii) adjacent to cellsthat were
assigned spread cogts value in previousiterations. For any given cell ?, this evduaion involves testing
each cdl that both neighbors ? and already has a spread cost computed in apreviousiteration. Cdll
such aneighbor ?. The cogt of traveling from the center of ? to the center of ? can be obtained from
the unit cost maps, and the total cost of reaching ? from the least- costly-to- access spread source cell
can be obtained from the growing spread cost map. Thus, the total cost of traveling from the least-
costly-to-access spread source to cell ? through cdl ? can be computed by smply adding ?’ s spread
cost to unit cost vaues extracted from the input unit cost surfaces. The anisotropic spread cost
agorithm functions by carrying out evauations of this sort for al possble ?’sfor each cdl ?, and then
recording the lowest vaue discovered for each cell ? asthe new spread cost for ? (and recording the
direction of movement from ? to ? in the backlink map for cell ?). This process stops only when an
iteration occurs where no cells are assigned new spread cost values. Note that since this process
continuoudly reevaluates spread costs computed in previous iterations, initid suboptimal solutions for
individua cedlls are corrected in later iterations. This ensures that the fina solution produced by this
agorithm istruly optimd.



A MODIFIED SPREAD COST ALGORITHM FOR USE IN SPECIAL CASES

Applications such as the one proposed by Heimiller and Dean (1998) require repested
anisotropic cost spreading operations. In the case of Heimiller and Dean (1998), spread cost problems
are 0lved iteratively. In generd, the only difference between the soread cost problem encountered in
iteration n+1 and the problem solved in iteration n isachangein the unit cogtsin one or atiny handful of
raster cdlls. Additiondly, the unit cost changes are unidirectiond: All unit cost changesinvolve replacing
lower unit cost from iteration n with higher unit codt in iteration n+ 1.

A modified spread cost dgorithm was devel oped to solve the type of spread cost problems
encountered by Heimiller and Dean (1998). The modified dgorithm is based on the knowledge that the
only ragter cells whose spread cost and backlink vaues can change from iteration n to iteration n+ 1 will
be those cells whaose backlink paths pass through the cdlls whose unit costs changed between iterations
nand nt+1. Thisisaresult of thefact that in Heimiller and Dean (1998)’ s modd, unit costs can only
increase from one iteration to the next. Congder acdl fromiteration n+1. If the minimum cost path
from this cdll to a spread source (i.e., the path recorded in the backlink map) does not pass through a
cdl whose unit cost value increased, the cell will not be impacted by the unit cost increase. Conversely,
acdl fromiteraion n+ 1 whose backlink path does pass through a cell whose unit costs have increased
will likely suffer increased spread costs due to the unit cost increase. These increased spread costs may
also0 cause the minimum cogt path from the cell back to a spread source to shift, which will dter the
cdl’s backlink characterigics. Note that it is possible that a cell whose backlink path passes through a
cdl whose unit cost have increased may suffer no increase in spread cogt if an dternative route to a
gpread source is available a the same total cost asthe origind route. Inthis case, acdl’s spread cost
vaue will not change, but its backlink characteritics will.

The modified spread cogt dgorithm is shown in Figure 2. Asshownin thisfigure, the
agorithm’s principles are Smple, however, itsimplementation as a computer program can be tedious if
the backlink map is not properly built. Fortunately, Dean’s (1996) dgorithm outputs awell structured
backlink map, so implementing the new agorithm was fairly straightforward.



Read Inputs: 1) Spread Cost Map from iteration n (SCn).
2) Backlink Map from iteration n (BLa)
3) The eight unit cost maps from iteration n (UCn)

|

Make copies of the SCn and Bla maps. Call these copies SCn+17 and Bla+1.

|

Prompt user to locate and assign new values to those cells in the eight UCn maps whose unit cost
values will change. Map these changes to the UCr maps; call the resulting modified unit costs maps
UCn+1.

!

Identify all cells in the Bln map whose minimum cost paths pass through one of the cells whose unit
cost values changed from the UCn to UCn+1 maps. Change the values of these cells to NODATA in
the SCn+1 and Bla+7 maps.

!

Implement the standard iterative anisotropic spread cost solution process using the SCn+1,
BLu+1 and UCk+{ maps. Ouly those cells containing NODATA values in the SCa+17 and
Bla+171 maps need new spread cost and backlink values.

!

When the cost spreading operation is completed, output all #+7 maps and terminate.

Figure 2. Flow chart showing the main steps to reconstruct an anisotropic spread cost map.

Algorithm implementation and evaluation

Both the standard anisotropic cost spreading operation as described by Dean (1997) and the
modified spread cost dgorithm just described were implemented using the C programming language.
Unit cost maps were derived through an ARC/INFO AML (Arc Macro Language) program by
computing, in acel-by-cdl bass, wildfire spread rates as defined by Rotherme (1972). Actud forest
fud inventory and terrain data obtained from the U.S. Forest Service, the U.S. Park Service and the
U.S. Geologica Survey were used for this purpose. These unit cost maps were of avariety of Szes:



100 cells x 100 cells, 150x150, 200x200, 250x250, 300x300, and 450x300. In addition to these unit
cost maps, spread source maps of the same dimensions were created in ARC/INFO’'s GRID module
by arbitrarily defining a Sngle source point within each source map.

Once the unit cost and source maps were built, they were used as inputs in the stlandard cost
gpreading algorithm. This produced what we termed the original spread cost and original backlink
maps. Next, asngle cdl was selected from the unit cost maps; the cost in this cdl was arbitrarily
changed to twice its origind value. Thisresulted in anew set of unit cost maps that was then used as
inputs into both the standard anisotropic spread cost system (along with the origina spread source map)
and the modified system (adlong with both the original spread source, originad backlink and original
spread cost maps). The amount of time needed by both of these agorithms to produce find results was
recorded. This process was repeated to obtain multiple examples of various unit cost change scenarios.

Table 1 reports the number of repetitions evauated, dratified by a number of criteria Rowsin
the table correspond to the Six Sizes of raster maps evaluated. The second column of the table records
the number of repetitions used in evauating the traditiona spread cost agorithm as defined by Dean
(1997). Columns three through twelve record the number of repetitions used to evaluate the modified
dgorithm. These repetitions are broken down into ten categories based on the percentage of the tota
number of raster cells available that will be effected by the unit cost change. Our goad wasto have ten
repetitions for each entry in this table, but some table entries represented extremely unusud Stuations.
For example, it was highly unusud to find a Situation where changing the unit cost in one cell caused
changes in 80% or more of the cellsin the spread cost and/or backlink maps. As aresult, some table
entries show that less than ten repetitions were available for analyss.

Table No. 1. Number of evaluations (repetitions) carried out to obtain average computer processing
time required to build from scratch and to rebuild anisotropic spread cost surfaces.

Per centage of total number of cellsrequiring re-calculation

Grid Size  From
Scratch 0-10 10-20 20-30 3040 40-50 50-60 60-70 70-80 80-90 90-100

100x100 10 10 10 4 2 10 10 1 2 10 1
150x150 10 10 10 10 1 9 10 2 0 10 10
200x200 10 10 10 10 10 10 1 10 6 0 4
250x250 10 10 10 10 10 4 10 4 10 0 2
300x300 10 10 10 10 10 0 10 0 10 10 10

450x300 10 10 10 10 10 10 10 10 10 0 1




RESULTSAND DISCUSSION

Table 2 reports the results of the execution time comparison.  Clearly, the time gains produced
by the new agorithm are most dramatic when only asmall percentage of the tota number of cdls
require recomputing, but measurable gains can sill be seen when up to 70-80% of the map requires
recomputing.

Table 3 shows the results of an analyses where every cdll in aseries of unit cost maps was
evauated. Thisevauation involved determining how many spread cost cells would be effected by
changing the unit cost of the sngle cdl being evaluated. Thus, the 97.60% vaue in the upper left entry
of Table 3 indicates that for 97.60% of the cdlsin the map, changing asingle cdl’ s unit cogts resultsin
changes to between 0 and 10% of the cdllsin a spread cost map.

Table 3 indicates that in over 99% of the cases investigated, changing the unit costsinasingle
cell resulted in 20% or less of the cdlls requiring recomputation. Table 2 indicates that in the O to 20%
range of required reca culation, the new agorithm produced over 94% reductions in the amount of time
needed to produce afind solution. Taken together, these results indicate that in the vast mgority of
cases, the new agorithm produces enormous time savings.



Table No. 2. Computer time (seconds) required to build from scratch and to rebuild a spread cost map from an existing one.

Time needed to identify cells that will be changed is included in these figures.

Percentage of total number of cells requiring re-calculation

Grid Size From Row Ave.
Scratch 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100 sec. (%)

100x100 3.8 0.0 0.1 0.75 1.0 1.2 1.5 2.0 2.5 3.3 3.8 1.6 (427
150x150 13.2 0.0 0.3 0.1 1.0 3.0 4.4 6.5 12.4 13.6 4.5 (34)
200x200 31.6 0.0 0.5 1.0 5.2 6.2 11.0 14.2 16.7 31.5 9.6 (30)
250x250 61.4 0.0 1.9 8.0 16.9 14.0 26.5 28.25 36.9 61.0 14.7 (24)
300x300 106.0 0.0 2.6 9.9 19.4 -8 39.5 84.3 102.0 106.0 45.4 (42)
450x300 186.0 0.0 16.1 10.0 36.9 78.5 87.4 115.8 119.4 186.0 72.2 (38)
Col. Ave. (35

¥ Zero values does not imply that the operation is instantaneous, but that the elapsed time was so short that the computer could not accurately register it.

8 No cases were present in this range for the grid analyzed.

T Percentage of time reported in column two.

Table No. 3. Percentage and number of cells to be re-calculated when building a spread cost map from

an existing map.

Percentage of total number of cells requiring to be re-calculated
(Number of cells)

Grid Size 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100
100x100 97.60 1.52 0.04 0.02 0.23 0.24 0.01 0.02 0.31 0.01
(10 000) (9 760) (152) @) @) (23) (24) 1) @) (31) 1)
150x150 98.06 1.01 0.66  0.003 0.04 0.05  0.003 0.00 0.07 0.07
(22 500) (22 064) (229) (150) Q) ©) 12) @) 0) (17) (16)
200x200 98.56 0.68 0.38 0.20 0.03 0002 0.107 0.01 0.00 0.01
(40 000) (39 426) 273) (152) (80) (14) @) 43) (6) ) @)
250x250 99.09 0.38 0.13 0.14  0.006 0.07  0.006 0.10 0.00 0.003
(62 500) (61 935) (239) (84) (92) @) (45) @) (94) ) @)
300x300 99.34 0.16 0.09 0.12 0.00 0.13 0.00 0.08 0.04 0.01
(90 000) (89 407) (150) @5  (111) ) (123) 0) (74) (38) 12)
450%300 99.28 0.25 0.09 0.08 0.02 0.09 0.05 0.10 0.00 0.007
(135 000) (134 031) (347) (131)  (116) (33) (122) (71) (148) (0) 1)




CONCLUSIONS

In the vast mgority of cases, the modified soread cost dgorithm developed here clearly
produced results much more quickly than did the conventiona agorithm. However, it must be noted
that the modified dgorithm isonly applicable ina small number of cases where spread cost operations
could being used. Future research will be amed at (1) expanding the range of applicability of the
modified dgorithm, and (2) testing the agorithms performance under alarger variety of Stuations.
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