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Approximative Terrain Guarding
With Given Number of Guards

Branko Kaucic¢

Faculty of Education, University of Maribor, Slovenia

Guarding a surface is a well known optimization problem
of the visibility site analysis and has many applications.
The basic problem is searching for the minimum number
of guards needed to guard (see) the entire surface. More
realistic is the guarding where the number of guards is
upward limited and the optimization problem is to search
for their locations in order to guard as much surface as
possible.

In the paper this problem is treated in detail. Several
known heuristics (greedy add, greedy add with swap
and stingy drop) are revised and a new technique called
solution improving technique is proposed. The technique
improves the results of the known algorithms and is used
in indirect solving of the problem. Tests on 44 DEMs
from USGS DEM Repository showed that our technique
yields comparative results for smaller number of guards
and better results for higher number of guards.

Keywords: optimization, terrain visibility analysis, ter-
rain guarding, polyhedral surface, vertex-guards.

1. Introduction

Guarding polyhedral surfaces is known as the
problem of covering/seeing a surface from a
finite number of viewpoints. It combines re-
search fields of computational geometry, com-
binatorial optimization and geographic infor-
mation systems. It has many applications as for
example: computation of optimum observation
points, location of TV, radio or mobile trans-
mitters, communication balloons, surveillance
systems such as radars, fire and watch towers.
For an extensive survey about that, see [4].

Many of these applications are based on the ba-
sic guarding problem called watch tower prob-
lem [2] which searches for the minimum number
of guards and their locations such that entire
surface (or area of interest) is guarded (visi-
ble from guards). Because it is NP-hard [2],

heuristics are used. In this paper we treat the
problem which is much more realistic, but still
remains NP-hard [9, 12, 4]. Specifically, in-
stead of having unlimited number of guards, we
are upward limited with their number and we
are searching for the maximum guarded surface
area. The problem has been addressed by sev-
eral heuristics which are revised here and our
new technique called solution improving tech-
nique 1is proposed. Proposed solution is based
on indirect solving of the problem and by ex-
perimental comparison is shown that for higher
number of guards our solution performs better
than the known algorithms.

The paper is organized as follows. Section 2
presents the terrain model in use, guarding sur-
face and the optimization problem. Section
3 presents known methods to solve the prob-
lem and our technique called solution improving
technique. Section 4 gives experimental results
where we show that our contribution yields im-
provements in results and Section 5 concludes
the paper.

2. Terrain Guarding

In an abstract version of the problem, we are
given a polyhedral surface, i.e. a terrain. The
terrain is described by a piecewise linear con-
tinuous injective function z = f(x, y) defined
over a connected domain in the XY plane. In
this paper, the terrain is approximated by a dig-
ital terrain model 7" with triangular faces called
a triangulated irregular network — TIN [13].
Let a TIN model describe a surface with n, ver-
tices, P; = (xi, yi, zi), i = 1, ..., n,, and triangles
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tiyj = 1,...,n,. Additionally, let A; represent
area of a surface (scalar value) for every triangle
tj. Given a viewpoint v above T, and a generic
point p on 7, the straight-line connecting p to
v is called the line-of-sight to p. By definition,
point p is visible if and only if the line-of-sight
to p does not intersect the surface except at p. In
addition, triangle 7 is guarded from viewpoint v
if all its edges are visible from v. In such a way,
a visibility function V over the terrain is defined
as a Boolean function, V,;, = 1 if a point P,
sees the triangle 7;, otherwise V,; = 0.

The guarding problem where we search for the
minimum number of guards that cover/see the
entire surface was first tackled by De Floriani
et al. [3]. Several heuristics (most of them are
mentioned in the next Section) are discussed by
Goodchild and Lee [9], Lee [12], Franklin [8],
and Eidenbenz [7]. The guarding problem is
usually addressed in a discrete version, by al-
lowing guards to be located only on the vertices
(vertex-guards), or on the edges (edge-guards)
of the terrain model. In special cases, as is
the placement of a single guard, the algorithm
running in a polynomial time is known: the
guard with the lowest elevation, from which the
entire terrain is guarded, can be determined in
O(nlogn) time on a TIN model with n vertices
[4]. From the theoretical point of view, signifi-
cant work has been done by Bose et al. [1] and
Kaudic¢ et al. [10] who treated the problem of
guarding from the worst-case optimal point of
view, and Eidenbenz [7] and Eidenbenz et al. [6]
by several inapproximability results.

2.1. Guarding with Limited
Number of Guards

Restricting financial and human resources of-
ten lead to limited number of guards that are
available. For example, mobile providers de-
cide to expand their transmitter networks by
k new transmitters. Naturally, their goal is to
maximize newly covered area by their signal.

In an abstract model of the problem we are given
a terrain model and the highest possible number
of guards k. Let the presence of guard at vertex
v; denote a Boolean function ¢, ¢; = 1 if the
guard is present, otherwise ¢; = 0. Then we
have the following optimization problem:

Problem: given the terrain model T and the vis-
ibility function V, find maximum guarded area
by k guards, that is, maximize:

ZAj min(l, Z Vijc,-) s
J i

where
Ci = {0, 1} Vi

Z Ci S k
i

The first constraint demands integer solution
while the second constraint assures that at most
k guards are used. The factor ), Vjic; gives
for a fixed triangle #; the number of guards that
guard it. Consequently, the min gives values
1 or O assuring that the area of each guarded
triangle is considered only once. Because the
number of guards is upward limited, the surface
is not necessarily entirely guarded. An exam-
ple of such guarding with 5 guards covering the
biggest area is shown in Fig. 1.

Note, that in the problem we search for the max-
imum possible area of guarded surface and not
for the maximum number of triangles of the
corresponding terrain model, which is not to
be equalized that some heuristics in the contin-
uation are based on triangles and not triangle
areas.

The problem is not new and has been mentioned
in [9, 12, 4] as NP-hard problem. Several years
back it was an important topic in Switzerland
for computing the positions of communication
balloons in geo-stationary orbit in order to get
the maximum possible communication cover-
age [5].
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Fig. 1. An example of the biggest possible area, guarded
(dark color) by 5 guards.
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3. Heuristics

Knowing that the problem is NP-hard is good
enough reason to dismiss searching for the poly-
nomial algorithm and rather search for the heuris-
tic which, for the sake of speed, sacrifices ex-
actness. In the continuation we briefly present
details of three known heuristics and our new
proposal — a solution improving technique.
The first three heuristics have been published
by Goodchild and Lee [9, 12] and are based on
the greedy method. On the contrary, the solu-
tion improving technique was initially designed
for solving the watch tower problem (see Intro-
duction), but as it will be shown, it can be used
for this problem.

Greedy add (GA) [9, 12] The algorithm starts
with an empty solution set and then adds to this
set, one at a time, the best guard (its location rep-
resented by the vertex of the terrain model). In
the triangle-driven version (GAt) the best guard
is the one that guards the highest number of not
yet guarded triangles, while in the area-driven
version (GAa) of the algorithm the best guard
is the one that guards the largest area of not yet
guarded triangles. The process continues until
the solution set contains k guards, or the entire
surface is guarded.

Greedy add with swap (GAS) [9, 12] The GA
algorithm never removes guards from the so-
lution set. Therefore, it could be improved by
including a technique that tries to improve the
solution set — at each iteration the algorithm
tries to replace guards, one at a time, with a
guard outside the solution set. If improvement
is possible, the new guard chosen to replace
a particular existing guard is the one which
gives the greatest improvement in the objective.
However, the authors assert that searching for
improvements after each newly added guard is
time consuming and its usage is not justified [9,
12].

Stingy drop (SD) [9, 12] Unlike the GA and the
GAS algorithms, the SD algorithm initially se-
lects all guards (all vertices of the terrain model)
into the solution set. At each step then drops the
guard with the least deterioration of the objec-
tive function — the guard which covers the least
areas that are visible before dropping the guard,
but are invisible after dropping the guard. The
process continues until the number of guards

remaining in the solution set reaches k. Again,
triangle (SDt) — and area (SDa) — driven ap-
proaches exist.

3.1. Indirect Solving

All mentioned heuristics stop their process when
size of the solution set reaches number of guards
k (or if the entire surface is guarded). However,
guarding with k& guards can be obtained also
by first solving the watch tower problem. Let
S represent the solution set of the watch tower
problem where whole surface is guarded. Then,
in the second step, we use similar process as in
the GA algorithm to select the ‘best’” k guards,
except that we select guards among solution set
S and not all terrain vertices.

As it is shown later in this paper, such process
can yield better results. Proposed indirect solv-
ing of the problem requires solution to the watch
tower problem which can be solved by mod-
ified versions of presented heuristics [9, 12].
On the contrary, in the continuation we propose
our new technique for obtaining solutions with
fewer guards than the presented heuristics.

Solution improving technique: The algorithms
for solving the watch tower problem can be
equipped with the process of searching and re-
moving redundant guards. Namely, earlier se-
lected guards may no longer be needed because
of the covered area of the later selected guards.

Such redundant guards are clearly not needed
and should be removed. They are removed from
the solution set S, one at a time, as the ‘worst’
guards in the solution. The ‘worst’ guard is
the guard guarding the smallest area, and de-
spite its removal from the solution, the surface
remains guarded. The process continues until
no guard can be removed (similar as in the SD
algorithm).

Removing redundant guards can be applied each
time when new guard is added into the solution
set or just at the end of the algorithm. Our
experiments showed that applying this process
to the final solution S, instead at each iteration
of the algorithm, spent less computational time
and larger number of redundant guards were
removed.
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4. Comparison of Heuristics

The heuristics and the technique presented here
were implemented in C++4 and tested on 44
actual topographic surfaces, randomly chosen
from the USGS DEM repository [44]. From
1201 x 1201 regular gridded elevations, TIN
models with 1000, 2000, ..., 9000 vertices were
constructed by using the drop heuristic method
[11]. Visibility function V (see Section 2) for all
terrain models was computed using the modi-
fied algorithm given in [12]. It was assumed
that the guard were placed 1.8m above terrain
vertices. An example of used terrain model in
its original form, Okanogan East cell, is shown
in Figure 2.

Table 1 shows representative pattern of the basic
elevation statistics of tested terrains and it illus-
trates how many guards are needed to guard
(watch tower problem) the model with 3000
vertices.

Numbers of guards were computed by the watch
tower problem versions of approximative algo-
rithms GA, GAS, SD and using our solution
improving technique. From the values of stan-
dard deviation of heights it can be seen that
comparison included all types of terrains, flat
and rough.

As mentioned in Section 3, three approaches (5
algorithms) were proposed for direct solving of
the problem. Additionally, we were interested
in whether using k guards from the solution sets
of other algorithms could be competitive (indi-
rect solving). Algorithms were tested for three
different values of number of guards: 25%, 50%
and 75% of needed guards for the watch tower
problem. Because of comprehensive results,
Table 2 shows a representative pattern of the
guarded area percentage of the entire surface of
Alexandria West terrain cell.

Fig. 2. An example of used terrain: Okanogan East.

. height #
terrain min | max | avg | st.d. | guards

alexandria-w 23| 184 74,1 | 25,4| 566
ashton-w 1513 | 3414 | 2109,4 | 319,2 | 518
bend-e 424 | 2073 | 1159,1 | 284,1 | 548
caliente-e 678 | 2865 | 1540,2 | 335,0 | 537
canton-e 201 461 | 337,4| 39,3| 628
cheyenne-w || 1458 | 2926 | 2159,8 | 195,2 | 537
dalhart-w 1321 2657 | 1667,8 | 201,8 | 570
decatur-w 143 | 231| 188,5| 11,8 | 547
dillon-w 1158 | 3292 | 2080,4 | 342,2 | 568
fargo-w 274 464 | 349,5| 42,2| 494
greeley-e 1326 | 1972 | 1519,1 | 101,0 | 462
lamar-e 1014 | 1485 1233,9| 87,0 | 490
mariposa-w 74| 3962 | 1742,8 | 918,6 | 557
ogden-w 1266 | 3014 | 2012,3 | 322,5 | 569
omaha-w 291 475| 373,8| 39,4 | 600
pecos-e 668 | 1023 | 825,1| 71,8| 433
quetico-w 360 610| 431,0| 29,3| 599
roswell-e 1018 | 1581 | 1214,4| 113,6 | 521
sonora-e 499 | 791 | 686,7| 40,9 | 581
tucson-w 378 | 1927 | 661,6| 178,0 | 464
tularosa-e 1181 | 2704 | 1538,9 | 222,6 | 563
tyler-e 50| 185 98,3 22,7| 544
utica-e 98| 1140 | 537,2| 152,5| 549
wells-w 15241 3231 | 1983,8 | 237,0 | 550
wichita-w 320| 484 | 401,6| 33,9 | 487

Table 1. Basic elevation statistics of tested terrains and
needed number of guards for the watch tower problem
on model with 3000 vertices.

Results of the algorithms are divided into di-
rect solving and indirect solving. Algorithms
in indirect solving equipped with our solution
improving technique are denoted by i in their
labels. The results of the GAS algorithm are
omitted because of the known time execution
problems, and the best results are emphasized.
Higher value indicates better result and, based
on the problem difference, 0,1% in coverage can
represent a significant financial benefit. The
emphasized results show that by higher number
of guards our approach leads to better results
(emphasized results in the line ‘solution from
GAai’). Omitted are the results of using the
solution improving technique for the SD algo-
rithm because our technique never found any
redundant guard.
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algorithm | % | 1000 2000 3000 4000 5000 6000 7000 8000 9000 |
25 [ 79.02 77.19 74.63 7561 76.53 78.35 77.95 77.88 77.79
GAa 50 | 94.08 91.85 90.05 90.38 90.75 9220 91.62 91.18 91.07
75 | 98.02 9593 9446 9490 9498 9635 95.68 9505 94.97
25 | 7753 7571 7437 7494 7574 77.14 7674 77.14 7690
GAt 50 | 9343 9136 89.90 89.75 9048 91.60 9121 90.79 90.53
75| 97.76 9595 9448 9475 95.03 9626 9570 9500 94.92
25| 7550 72.11 7206 7255 73.16 7488 74.18 7392 74.08
SDa 50 | 92.07 88.97 8829 88.59 88.74 90.05 89.72 89.23 88.95
75| 97.06 9512 93.76 9421 9435 9559 95.11 94.49 94.17
25 | 7749 7596 7354 7453 7511 77.09 76.75 7683 7621
SDt 50 | 92.66 91.27 89.10 89.68 89.90 91.25 90.91 90.38 89.94
75| 97.09 9565 94.08 94.57 9471 9595 9538 9476 94.51
solution from | 25 | 78.50 76.73 74.19 7546 7635 78.18 77.58 77.64 77.60
GAai 50 | 9402 91.82 90.03 9032 90.79 9223 91.63 91.28 91.06
75 | 98.11 96.06 94.62 9498 95.08 9640 9575 9517 95.04
solution from | 25 | 76.56 7548 74.14 74.62 7568 77.03 7674 77.03 76.76
GAti 50| 9335 91.38 89.81 89.60 9048 91.53 91.21 90.77 90.48
75| 97.83 9600 9450 9475 95.06 9625 95.70 9501 94.94

Table 2. Percentage of coverage from Alexandria West terrain models (higher values represent better results).

It can be also seen that 25% of needed guards
(141) on average cover 77.22% of surface, 50%
of needed guards (283) cover 91.48% of sur-
face and 75% of guards (424) cover 95.69% of
surface. With smaller number of guards high
percentage of surface is guarded and adding ex-
tra guards yield less additional guarded surface.
Consequently, an interesting question arises:
how many guards are needed to achieve pre-
defined percentage of coverage? To the author’s
knowledge, such problem was not posted yet.

How many times any of the algorithms and their
versions, equipped with our solution improving
technique, produced the best result is shown in
Table 3.

The best algorithms have emphasized results.
For a smaller number of guards the best algo-
rithm is the GAa, however, it can be seen that
using our solution improving technique in the
GAai yielded almost one third of the best re-

| %\algorithm | GAa GAai GAt GAu

25 263 127 3 2
50 86 296 4 8
75 1 346 8 38

Table 3. How many times heuristics
produced the best results.

sults. As expected the results by area-driven al-
gorithms are more suitable for solving the prob-
lem, but, surprisingly, not always so. The most
important result of the testing can be seen with
higher number of guards, where it is obvious
that the best results are obtained with our so-
lution improving technique (columns GAai and
GAU).

Using the indirect solving justifies also the exe-
cution times of the algorithms shown in Table 4.

Execution times of the GAS algorithm are omit-
ted because of the known reasons (more than
3400 seconds at 3000 vertices) and the last line
represents the time needed for the solution im-
proving technique. By comparing the last line
with all other lines it can be seen that our tech-
nique increases computational time by less than

|alg.\#| 1000 3000 5000 7000 9000 |
GAa| 002 023 041 084 152
GAt | 002 021 038 079 139
SDa | 002 059 224 539 979
SDt | 002 055 223 534 9.8
i ]0.0009 0.0034 0.0108 0.0172 0.0312

Table 4. Average execution times (in seconds)
and the time needed for our solution
improving technique (last line).



312

Approximative Terrain Guarding With Given Number of Guards

1.2% of total computational time which is re-
markably little. Consequently, our technique is
adequate to use when solutions are needed in
short response time.

5. Conclusion

Visibility site analysis and terrain guarding as its
special part is an important area with many ap-
plications. Typical applications are flight simu-
lation, navigation, scenic landscape assessment,
terrain exploration, military and civil surveil-
lance, and locations of receiver/transmission
facilities. Vast quantities of spatial data and in-
creasing computational power yield even more
applications.

In the paper, we treated the optimization prob-
lem of terrain guarding with upward limited
number of guards, which is finding the location
of pre-defined number of guards that guard as
much surface as possible. Three known heuris-
tics are revised and our technique called solution
improving technique is proposed. By experi-
mental comparison using actual terrain surfaces
it is shown that for a smaller number of guards
our technique yields the results comparable to
the best known algorithm and for a higher num-
ber of guards it outperforms the known algo-
rithms. In addition, an interesting question of
terrain guarding is briefly proposed.
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