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ABSTRACT

We describe two current projects with our toolkit for siting multiple observers on terrain. (Both observers and targets are
at some specified height above ground level. Observers can see targets, when not hidden by the terrain, out to a specified
radius of interest.) Siting the observers so that they are intervisible, i.e., so that the visibility graph is a connected set, is
the first project. The second project tests the effect, on the optimality of the multiple observer siting (w/o intervisiblity),

of reducing the map cell’s horizontal or vertical resolution. We lowered the resolution, sited observers optimally, then
computed those observers’ joint visibility index on the hi-res data. We observed that much less precise vertical resolution
is ok, but that reducing the horizontal resolution by even a factor of two leads to an observer siting with significantly
reduced joint visibility index, when evaluated on the hi-res data. Applications of multiple observer siting include siting
radio towers and mitigating visual nuisances.

1 INTRODUCTION visible from O that lies within some radius of interef,
of O. The observer might be situated at a certain height,

The results reported here are part of our extended proje@Pove ground level, and might also be looking for targets,
that might be calledeospatial Mathematicsto under- 7, @lso at height#{ above the local ground. Note that if
stand and process terrain data, which means elevatiofde observer and target heights are different then visibility
in this context. Previous results have included Trian- IS Not symmetric.

gulated Irregular Network (TIN)rogram that can com-
pletely and quickly tin 201 x 1201 level-1 USGS DEM,
(Franklin, 1973, 2001; Pedrini, 20009,Lossy and loss-
less compressioof gridded elevation databases, (Franklin
and Said, 1996} Interpolation from contours to an eleva-
tion grid, (Childs, 2003; Gousie and Franklin, 1998, 2003;

Gousie, 1998), anda siting toolkit forViewshed and vis- . L i X
its derivatives of every order are continuous), is false. In-

ibility index determination, (Franklin, 2002; Ray, 1994). . . ;
: . , deed among the most important terrain features are cliffs,
Current components of this effort include researching new, . - - ; .
. : . -~ Which are discontinuous. However, some assumption has
compact, terrain representations, such as a “scoopin

operator, and approximation from known points with anqo be made.

overdetermined Laplacian PDE. We are also studying oppefine thevisibility indexof © as the fraction of the points
erations on terrain, such as lossy compression while maifithin R of O that are visible fron©. Thesingle observer
taining important properties, including gradients and visi-siting problerris to site (i.e., find the location of) so as to
bility. maximize its visibility index. Thenultiple observer siting
o ] ] ) roblemis to site a set of observers so as to maximize their
For visibility, this project has moved beyond viewshed an(ﬁ)intvisibnity index, i.e., the area of the union of their indi-
visibility indexes to study their applications, such as mul-yiqual visibility indexes. We may find either the minimum
tiple observer siting, and limitations caused by finite hor-nymber of observers to cover a specified area, or else the
izontal or vertical resolution. This paper extends our earmaximum area covered by a given number of observers.
lier visibility work, including our siting toolkit, described covering all the terrain is probably impractical because of
in Franklin (2000, 2004a,b) and Franklin and Ray (1994)iso|ated single points that are lower than all their neigh-
which also survey the terrain visibility literature. Notable pors and so are hidden from distant observers.
related research includes the analysis of the effect of ter-
rain errors on the computed viewshed in Nackaerts et allhis multiple observer case is particularly interesting and
(1999) and Fisher (1992), and the relation of visibility tocomplex, and has many applications. A cell phone
topographic features studied in Lee (1992), and the piprovider wishes to install multiple towers so that at least
oneering work of Nagy (1994). Line-of-Sight Technical one tower is visible (in a radio sense) from every place
Working Group (2004) compared various LOS algorithms.a customer’s cellphone might be. Here, the identities of
Caldwell et al. (2003) computed a complete intervisibil-the observers of highest visibility index are of more inter-
ity database, the viewshed of every point idG6 x 336  est than their exact visibility indices, or than the visibility
DEM. Champion and Lavery (2002) studied line-of-sightindices of all observers. One novel future application of
on natural terrain defined by dn -spline. siting radio transmitters will occur when the moon is set-
tled. The moon has no ionosphere to reflect signals, and no
Consider a terrain elevation database (map cell), and astable satellite orbits. The choices for long-range commu-
observer,0. Define theviewshedas the specific terrain nication would seem to include either a lot of fiber optic

Since the line of sight fron® to 7 generally falls between
adjacent elevation posts, some interpolation rule is nec-
essary. Small changes in the interpolation rule can cause
large changes in the computed viewshed. That subject still
requires research since the correct choice depends on the
assumed terrain model. Assuming terrain todsg (i.e.,



cable or many relay towers. That solution is the multiple 1. Vix calculates approximate visibility indices of ev-

observer visibility problem. Mars also has no useful iono- ery point in a cell. \x takes several user parameters:
sphere, tho its satellites do have stable orbits. A related R, the radius of interesti{, the observer and target
application is to site the observers to minimize their visi- height, andZ", a sample size. M reads an elevation
bility, which is appropriate if they are visual nuisances that cell. For each point in the cell in turn,i¥ considers
we wish to hide. that point as an observer, picksrandom targets uni-

formly and independently distributed withi® of the
The terrain data structure used here is a matrix of eleva-  point, and computes what fraction are visible. That is
tions, often al201 x 1201 USGS level-1 Digital Elevation this point’s estimated visibility index7 =~ 20 to 30
Model cell. The relative advantages and disadvantages of  appears sufficient.
this data structure versus a triangulation are well known,
and still debated; the competition improves both alterna- 2.
tives. This current paper utilizes the simplicity of the ele-
vation matrix, which leads to greater speed and small size,
which allows larger data sets to be processed.

FINDMAX selects a manageable subset of the most
visible tentative observers fromi¥’s output, to be
called thetop observers This is somewhat subtle
since there may be a small region containing all points
of very high visibility, such as the center of a lake

For distances much smaller than the earth’s radius, the ter- Surrounded by mountains. Since multiple close ob-
rain elevation array can be corrected for the earth’s curva- ~ Servers are redundant, we force the tentative observers

ture, as follows. For each target at a distafitérom the to be spread out as follows.

2 . . .
obsefver, §ubtrac~§% from its elevatlon', WherEE.IS th_e . (a) Choose an appropriate value # the desired
earth2$ rad!us. (Th_e relative error of this appromma_tlon is number of top observers. Experimentally,~
(3z)") Itis sufficient to process any cell once, with an 800 suffices to cover 80% of the terrain, while a
observer in the center. The correction need not changed 95% coverage required ~ 3000.
for different observers in the cell, unless a neighboring cell (b) Partition the map cell into about/K equal-

is being adjoined. Therefore, since it can be easily cor-

: . Co . sized smaller blocks. Experimentallf, ~ 2
rected for in a preprocessing step, our visibility determina-

. ) . is good.
tion programs ignores the earth’s curvature. , _ _

(c) In each block, find theC points of highest
The radius of interestR, out to which we calculate visi- approximate visibility index (as determined by
bility, has no relation to the distance to the horizon, but is Vix). If there are more thaiC points with
determined by the technology used by the observer. E.g., equally high visibility index, then seledt at
if the observer is a radio communications transmitter, dou- random (using a multiplicative hash function of
bling R causes the required transmitter power to quadru- the point's coordinates as a secondary sort key),
ple. If the observer is a searchlight illuminating diffusely to prevent a bias towards selecting points all on
reflecting targets, then its required power is proportional to one side of the block. If a block has fewer than
R4, KC points, then return all its points.

3. VIEwsSHEDfinds the viewshed of a given observer at
height’H out to radius,R. The procedure, based on
Franklin and Ray (1994) and Ray (1994), goes as fol-
lows.

In order to simplify the problem under study enough to
make some progress, this work also ignores factors such as
vegetation that need to be handled in the real world. We as-
sume that it’s possible, and a better strategy, to incorporate

them only later. (a) Define a square of sid¥R centered on the ob-

- . . . server.
The ability to process large, hi-res terrain datasets is impor-

tant. Demonstration programs may be useless for real ap- ~ (?) Consider each point around the perimeter of the
plications if their time and space requirements limit them square to be a target in turn.
to toy datasets. Nevertheless, it is worthwhile to measure (c) Run a sight line out from the observer to each

how good are the results computed on low-res datasets. target calculating which points adjacent to the

For instance, the current state of battery technology lim- line, along its length, are visible, while remem-

its the computation and communication speeds of portable bering that both the observer and target are prob-

devices, regardless of other hardware advances. For in- ably above ground level.

stance, subject to various caveats, doubling a microproces-  (q) If the target is outside the cell, becauBeis

sor's speed doubles its power consumption. large or the observer is close to the edge, then
stop processing the sight line at the edge of the

2 OUR SITING TOOLKIT cell.

One obvious “improvement”, when the target is out-
This toolkit, whose purpose is to select a set of observers  side the cell, would be to move the target in to the
to cover a terrain cell, consists of four core C++ programs,  edge of the cell before running the sight line. How-
supplemented with zsh shell scripts, Makefiles, and as-  ever, this would cause the computed viewshed to de-
sorted auxiliary programs, all running in linux. pend slightly oriR, which looks bad.



Various nastily subtle implementation details areThe map cell is the USGS Lake Champlain W level 1
omitted. The above procedure is an approximationDEM, with an elevation range of 1576m. The radius of
but so is representing the data as an elevation gridnterest is 100 posts; the observer and target heights are
and this method probably extracts most of the infor-30m. Franklin (2004a) contains videos showing the joint
mation inherent in the data. There are combinatoviewshed growing as observers are added.

rial concepts, such as Davenport-Schintzel sequences,

i.a., which t toti t- th tical
h}ae,tr\]/(\;dls present asymptotic worst-case theoretica) - ~\\ o VERTICAL RESOLUTION

. STE takes a list of viewsheds and finds a quasi-Terrain data is available in different resolutions, both hor-

minimal set that covers the terrain cell as thoroughlyizontal and vertical. Processing higher resolution data
as possible. The method is a simple greedy algorithmshould give more accurate results, but at a computational

At each step, the new tentative observer whose viewcost. This section examines that tradeoff, on a rough
shed will increase the joint (or cumulative) viewshedand mountainous 1 arc second National Elevation Data

by the largest area is included, as follows. Set (NED) downloaded from the USGSeamless Data
Distribution System with bounds (41.2822, 42.4899),
(@) LetC be the joint viewshed, or set of points vis- (—123.8700, —122.6882), on the California-Oregon bor-

ible by at least one selected observer. Initially,der. The original size of the map wadg56 x 4349, of
C is empty. which we used the first201 rows and columns. The test
scene, rendered with Povray, is shown in Figure 4. We
rounded the floating point data to a 0.1 meter vertical res-
olution and converted it to integer. We reduced the resolu-
(c) Repeat the following until it's not possible to in- tion as needed by dividing each elevation by the reduction
creasenrea(C), either because all the tentative factor, rounding, and multiplying by the reduction factor.
observers have been included, or (more likely)In contrast to section 3 above, in these experiments, we do
because none of the unused tentative observeigot require that the observers be intervisible.
would increaserea(C).

(b) Calculate the viewshed;, of each tentative ob-
serverQ;.

. We tested the following combinations @R, H): (80,10),

1. For eachD;, calculatenrea(C U V). (100,5), (100,10), (100,30), (100,50), C2%00,)10), (500.50).

ii. Select the tentative observer that increasesye reduced the vertical resolution by the following factors:
the joint area the most, and upda@teNot 1 5 10, 25, 50, 100, 250, and 500, resulting in resolutions
all the tentative observers need be tested evranging from 0.1m to 50m. We studied the joint visibility
ery time, since a tentative observer cannotingex resulting from siting 100 observers, and how much

add more area this time than it would have yyorse was the result from using lo-res data, repeating each

deed, suppose that the best new observer
found so far in this step would add new
areaA. However we haven't checked all
the tentative new observers yet in this loop,
so we continue. For each further tentative
observer in this execution of the loop, if

it would have added less that last time,
then do not even try it this time.

1. Site observers on the hi-res data, computing their joint
visibility index, v,. Call this set of observeid,,.

2. Site observers on the lo-res data, computing their joint
visibility index, v;. Call this set of observel@;.

. Finally, transfet, back to the hi-res data and com-
pute their joint visibility index,, on the hi-res data,
to see how much smalley is thanv,,. That difference

3 MAINTAINING INTERVISIBILITY is the effect of lowering the vertical resolution.

This project sites the observers close enough that each OEi'gure 5 samples our observations, showing the joint visi-

SErver can 'see a.noth_er observer,.that IS, contains so eility index of 100 observers sited f&® =100, H =5. The
other observer in its viewshed. Since the observer an

target heights are constrained to be equal here, tis rel e Monte Carlo algorithm for estimating visibility indices.

tion is symmetric. Further, we constrain thigervisibility . X o
. o o Thelo resline plotsy; as the vertical resolution is lowered.
graphto be connected. The algorithm modification is that . .
Thetransferred redine graphsy,, also as the vertical res-

the greedy algorithm selecting observers selects only Obd ution is lowered. Two conclusions follow.

servers that are in the joint viewshed of the already selecte
observers. Intervisibility forces the observers to be closer

i resline plotswvy,, which would be constant except for

together; therefore the joint visibility index of any given
number of observers is smaller, as plotted in Figure 1 on
the following page. Figures 2 and 3 show the joint view-
sheds for 60 observers. Circles indicate the radius around
each observer. In Figure 3, a line joins each pair of inter-
visible observers.

1. The difference between the lo and transferred lines
shows how theaccuracy of the joint visibility index
computationis affected by using lo-res data. For a
10m resolution, there is no difference. Even for a very
poor 50m resolution, the difference is only a few per-
cent.
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2. The difference between the hi and transferred line® lower resolution produced a noticeably poorer joint visi-
shows how theguality of the observer sitings af-  bility index, when measured on the hi-res data. That is, if
fected by using lo-res data. Even for a very poor 50mour observations generalize, visibility index computations
resolution, the difference is only ten percent; sitingand observer sitings must be computed on map cells of the
with lo-res elevations is poorer, as we would expect. highest horizontal resolution possible.

Finally, the experiments that we report here, and many
5 REDUCING HORIZONTAL RESOLUTION other unpublished tests, are possible only because of our
very efficient (in both time and space) siting toolkit, which

Next, we tested the effect of reducing the map’s hotizony 55 easily handled map cells with up2@00 x 2000 ele-
tal resolution, using bilinear interpolation in Matlab, from yatjon posts.

1201 rows and columns to 600, 400, and 300. We tested

these combinations ofR,*): (80,10), (100,5), (100,10),

(100,30), (100,50), (300,10), (500,50). When transferring/ THE FUTURE

each observer sited on the lo-res map back to the hi-res

map, if possible, we placed it in the the lower right cornerThese experiments, and other experiments with our toolkit,

of the window of possible observers. demonstrate the value of moving beyond mere viewshed
computation to multiple observer siting. Indeed often large

Figure 6 samples our observations, showing the joint visierrors in viewshed computations do not significantly affect

bility index of 100 observers sited f@ =100, =5. (In  the siting. This illuminates a great opportunity: how far

this and the reduced vertical resolution tests, we s@bF  can this idea be pushed, to create faster, yet just as good,

MAX to return 1000 top observers, and set the block sizepplications of visibility?

so each block had 2 top observers). For this experiment,

the 100 observers jointly could see 70% of the map cellAssorted small extensions are also possible, such as com-

As the cell was gradually scaled down fra®01 x 1201  putation of the joint viewshed for observers traveling along

to 300 x 300, the computed joint visibility index changed specified routes, multiobserver siting so that each target is

little, and often rose slightly. Perhaps the lo-res data hasovered by at leagk observers, foil > 1, and trajectory

fewer small hidden dips. However, when the observerplanning of an observer to minimize or maximize the total

sited on the300 x 300 cell were tested on thi201 x 1201 viewshed.

data, a surprising phenomenon became apparent. The ob- ) S o .

servers’ joint visibility index fell from 70% to 50%. Even Another area for investigation is the connectivity of either

the 600 x 600 computation was 55% compared to 70%. the viewshed, or its complement. Indeed, it may be suf-

That is, how much a set of observers can see depené]‘§'e”t for us to d|V|o_Ie the cell into many sepa_rated small

strongly on the resolution at which that their siting is com-hidden regions, which could be identified using the fast

puted. Even a factor of 2 reduction in linear resolution isconnected component program described in Nagy et al.

serious. This shows two different things: 1).

There is also the perennial question of how much informa-

1. Computing viewsheds with lo horizontal resolutiontion content there is in the output, since the input dataset

data is inaccurate. is imprecise, and is sampled only at certain points. A most
useful, but quite difficult, problem is to determine what, if
anything, we know with certainty about the viewsheds and
observers for some cell. For example, given a set of ob-
We are now considering whether slightly perturbing the lo-servers, are there some regions in the cell that we know are
res observers’ locations when they are transferred back wefinitely visible, or definitely hidden?
the hi-res map might increase their joint visibility index.

2. Effective observer siting requires hi-res data.

Finally, the proper theoretical approach to this problem
would start with a formal model of random terrain, which
6 CONCLUSIONS is usually formed by running water. E.g., local maxima are
common but local minima almost nonexistent. Then we
We have demonstrated multiple observer siting with incould at least start to ask questions about the number of
tervisibility, and experimented on multiple observer sitingobservers theoretically needed, as a function of the param-
w/o intervisibility while reducing the vertical and horizon- eters. Until that happens, continued experiments will be
tal resolution of the map cell. needed.

We observed that even considerably reducing vertical res-
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