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Military Operations Research is a field that has been growing since the Second

World War, and in particular in the last decades. Within this vast area, Air

Defence, the protection of the air space against an airborne threat, has become

a hot topic. In order to successfully protect a given zone against an air attack, it

is essential to possess an adequate air picture of this zone, that is produced by

sensors (for example a radar). The area where there are no terrain obstacles bet-

ween sensor and target is called the sensor coverage. This paper deals with the

development of fast algorithms to point out candidate locations where one or

more sensors can be placed in order to obtain the best coverage satisfying a

given set of criteria.

Introduction

The protection of a given zone against an airborne threat
depends on an adequate air picture of this zone. This air
picture is produced by sensors (for example a radar).
Basically, a radar radiates electromagnetic energy that
propagates until meeting an obstacle that reflects part of the
energy back to the radar. Based upon the time between
emission and reception and the direction the sensor creates
an air picture.

Clearly, the location of the sensor(s) influences the air pic-
ture that is obtained. For instance, whenever the given
terrain is mountainous and the sensor is placed in a valley,
targets flying at low altitude in adjacent valleys may not be
detected, as figure 1 shows.

The coverage of the sensor can be calculated using the Line
Of Sight (LOS) principle. A sensor has LOS with a target if
the target is within the range of the sensor and there are no
terrain obstacles between the sensor and the target. Note
that this is dependent on the target height. This principle is
illustrated in Figure 1.

The Air Force Research Group of the TNO Physics and
Electronics Laboratory has developed a tool to compute the
LOS sensor coverage diagrams using a digitised terrain da-

tabase as well as sensor and threat characteristics. An
example of the output produced is shown in Figure 2,
where the grey zone corresponds to the coverage obtained
by the sensor marked by the cross.

Such sensor coverage diagrams can be used to find a “good”
sensor position by trial and error, but this is a very time
consuming method. Therefore, there is a need to develop
fast search algorithms that point out promising locations for
the placement of one or more sensors.

What is the “best” sensor coverage?

The definition of the best sensor coverage is very subjective
and dependent on the sensor and its tasks, threat and
terrain.  The most intuitive criterion is perhaps the
maximisation of the area covered by a sensor. This simple
criterion can be combined with other criteria such as:

— asset coverage: a given asset (bridge, airport, power

station, etc.) has to be covered;
- overlap: a given area has to be covered by several

S€NsSors.

Another important criterion is to minimise the gaps in the

coverage, which are temporary losses in the LOS.

medium econometrische toepassingen



figure 1. The influence of terrain geography on the sensor coverage.

Besides these criteria, other restrictions can be taken into

account, like:

— geographical constraints may prevent the sensor
from being placed in cities, industry, woods,
swamps, etc.

— the minimum or maximum distance from the sensor
to a certain point in the terrain may be restricted.

Search methods

The construction of a sensor coverage requires a LOS
evaluation (is LOS achieved yes or no?) for successive
points from the place where the sensor is placed until its
maximum range. Unfortunately the LOS evaluation cannot
be translated into a mathematical formula (due to the use of
digitised terrain). Moreover, an exact procedure to find an
optimal solution implies evaluating all points in the terrain,
and this is very time consuming.

The sensor coverage problem sketched has two main
characteristics. On one hand, it has a large number of
possible solutions (all points in the given area have to be
analysed). On the other hand, the objective function (dep-
endent on the LOS evaluation) is not mathematically
tractable and has a rather non-monotonous and
unpredictable behaviour: if at a given location a good
coverage is achieved this does not guarantee that an
adjacent location will also have a similar coverage.
Considering the mentioned characteristics, local search
methods like Simulated Annealing, Tabu Search and
Variable Neighbourhood Search appear to be quite suitable
to tackle this problem as we show next.

Shortly, in a Simulated Annealing algorithm a new solution
x is randomly drawn from Wx ), the neighbourhood of the
current solution x . If the value of the objective function
F(x) is improved, then x becomes the next current solution.
Ortherwise, one of the two following alternatives is selected
according to a probabilistic law: either x becomes the
current solution with acceptance probability p(z) or x
remains the current solution with probabilicy 1-p(n).
Typically, the acceptance probability p(7) decreases with

the number of iterations () (i.e. it decreases with time) and
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figure 2. Sensor coverage diagram.

varies according to the changes on the objective function’s
value.

Tabu Search is another search strategy that moves from the
current solution x_to the best possible solution x in Wx ) or
in a sub-neighbourhood V'(x ) € V(x ) in the case that V(x )
is too large to be explored efficiently. If the neighbourhood
structure  is  symmetric, ie. if x  belongs to the
neighbourhood W) of x whenever x € W(x), there is a
danger of cycling when we explore V(x) in the next
iterations. This cycling situation is avoided by storing a
certain number L of the last solutions encountered in a list
(x> s x ;) called sabu list. If x is in the list, the move from
x, to x is forbidden.
Contrary to the approaches mentioned, Variable
Neighbourhood Search does not follow a search trajectory
but explores increasingly distant neighbourhoods of the
current solution, and only jumps from the current solution
to a new one if an improvement has been made.

Clearly the above methods can be applied individually to
the sensor coverage problem. However, cach of these three
methods has a specific characteristic suitable for our
problem. For instance, since there does not appear to be a
relation between “good” locations, the Simulated Annealing
approach seems quite suitable for this problem. Moreover,
geographical restrictions like avoiding lakes, cities and
swamps, can easily be taken into account in a (fixed) tabu
type of list. Likewise, if locations were already evaluated,
they should become tabu. Finally, similar to the Variable
Neighbourhood Search approach, it also seems logical to
consider a local scarch with starting points at different
locations. Morcover, in the case of the sensor coverage
problem (large number of possible starting locations), this
subset of starting locations should be taken in the whole
scarch area and formed by “promising” locations.
“Promising” locations appear to be high places. However,
this reasoning should not be applied directly as Figure 3
shows. The sensor positioned at the highest place (sensor
C) has a smaller coverage than the sensor positioned at B.
However, sensors placed at the other high positions A and
D yield larger coverages than the one produced by a sensor

at B.
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figure 3. The effect of selecting high positions to place sensors.

Combining the above characteristics, we developed a tailor-
made heuristic algorithm for the optimisation of sensor
locations. This algorithm starts with defining the tabu
points. A subset of initial promising locations in the total
search space is found (high places), and the coverage at
these locations is calculated.

For ecach initial locadon, the algorithm performs a
Simulated Annealing phase to find the best locations of the
neighbourhood. Note that every new solution obtained
during this Simulated Annealing phase is added to a tabu
list, and therefore these solutions will not be revisited.
The algorithm stops when all starting locations in the initial
sct have been analysed. The stopping criterion for the
neighbourhood  scarch  (Simulated Anncaling  phasc)
consists of terminating the search if the total maximum
number of iterations has been reached or when no

improvement is achieved after a maximum given number of

iterations.
The algorithm described above can be used to find good
locations according to different criteria. Moreover,

additional restrictions are also easily embedded.

In the version implemented at TNO-FEL, the user has the
opportunity to accept or reject the solution given by the
algorithm. When a solution is rejected, the algorithm
provides the second best solution, etc. This feature is useful
whenever other (subjective) criteria also play an important
role in the planning of sensor locations.

The heuristic algorithm was tested for the maximum
coverage criterion. For this criterion the results for three
types of terrain (flat, mountainous and woody) were very
encouraging. In most cases a solution near to the optimal
(obtained via exhaustive search) was found in a very short

amount of time.

Concluding remarks

The heuristics developed appear to be very effective and

can quickly find a good “solution”. Morcover, using these
heuristics it is possible to compare in short time different
solutions and choose the most suitable to the particular
planning or analysis.

It is important to remark how an apparently difficult mili-
tary planning problem can be efficiently tackled using an
Operational Rescarch approach.

References

R.W. Eglese, “Simulated Annealing: A tool for Operational Re-
scarch”, European Journal of Operational Research, volume 46, pp. 271-
281, 1990.

F Glover and M. Laguna, “Tabu Search”, Modern Heuristic Techniques
Jfor Combinatorial Problems, edited by C.R. Reeves, pp. 70-149, 1995.

Jansen and N. Mladenovic, “Variable Neighbourhood Search:
Principles and Applications”, Tutorials and Research Reviews of the 16th
European Conference on Operational Research, Brussels, Belgium, 1998.

J. Koopmans, “Optimisation of sensor coverages (for planning

purposes)”, TNO-FEL, Report FEL-98-5283, 1998.

M. Pirlot, “General Local Search Heuristics in Combinatorial
Optimization: a tutorial”, Belgian Journal of Operations Research,

Statistics and Computer Science, Volume 32, pp. 7-67, 1992.

! This research was the subject of Jeroen Koopmans’ master thesis at
TNO-FEL. The TNO Physics and Electronics Laboratory (TNO-
FEL) is, together with TNO Prins Maurits Laboratory (TNO-PML)
and TNO Human Factors Research Institute (TNO-TM), a member
of TNO Defence Research (TNO-DO). TNO stands for the
Netherlands Organization for Applied Scientific Research.

medium econometrische toepassingen



Van VUT
naar

Pre-pensioen!

U heeft inmiddels enkele

werkervaring op het gebied van pen-

jaren

sicenen. Kort genoeg om exact te weten wat er zich alle-
maal afspeelt, lang genoeg om weer eens om u heen
te kiken naar andere carrieremogelikheden. Naar een
werkomgeving waarin uw talenten en capaciteiten nog
beter tot hun recht komen.

Bij Deloitte & Touche Pensioenconsultants kunt
u uw professionele kennis inzetten voor onze (inter)natio-
nale adviespraktijk. Wij werken nauw samen met Deloitte
& Touche Actuarial Benefits and Compensation Group
(ABC), een wereldwijde organisatie van diverse specia-
listen. Onze werkzaamheden verrichten wij voor grote

ondernemingen en internationale concerns. Enkele van

gericht op resultaat

ACCOUNTANTS -

Actuaris

BELASTINGADVISEURS -

uw werkzaamheden zijn het omzetten van
VUT-regelingen in pre-pensioenregelingen,
het maken van FASB berekeningen en het opstellen van
actuariéle rapportages. Een breed werkterrein dat u
mede helpt te ontwikkelen. Daarvoor zijn er dan ook diverse
voortgezette opleidingsmaogelijkheden.

Heeft u de nodige werkervaring en wilt u zch
zeker verder ontplooien op het gebied van pensioenen?
Neem dan voor meer informatie of het maken van een
afspraak contact op met mevr. Ria Vedder, Actuaris, tel.
010-272 1508 of 070 - 365 84 94 (privé). Of stuur
direct uw sollicitatie met cv naar Deloitte & Touche
Pensioenconsultants B.V., t.a.v. mevrouw Ria Vedder,
Postbus 4433, 3006 AK Rotterdam.

Deloitte &
Touche
A\

CONSULTANTS

Meer dan 70 vestigingen in Nederland. Internet: wuw.deloitte.nl



