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Abstract

The Table Mountain National Park is situated in the Cape Peninsula within the South
African Western Cape. The park comprises three disconnected natural areas, surrounded by
the city of Cape Town and the Atlantic Ocean. Effective fire management is of the utmost
importance within the park due to the facts that rare species of fynbos are found there and
the City of Cape Town borders the park. There are currently three permanent firebases in
the park, one in each section of the park and a fourth semi-mobile firebase which serves all
three sections. Each permanent firebase is responsible for the section in which it is located.
Since it is critical that fire-fighters respond to fires as quickly as possible, it is important
that firebases are located in such a way that access to all areas of the park can be achieved
in the shortest time possible. Three basic facility location models are used in this paper to
determine the effectiveness of the current permanent firebase locations as well as to uncover
acceptable trade-offs between minimising the number of firebases in the park and minimising
the response times of fire fighting teams to fires breaking out in the park.
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1 Introduction

Table Mountain National Park (TMNP, also referred to in this paper as the park) is
situated in the Cape Peninsula, and is surrounded on all sides be either the City of Cape
Town or by the Atlantic Ocean [4, 10]. The park comprises three disconnected natural
areas, as shown in Figure 1. The City of Cape Town and the TMNP are popular tourist
destinations. The safety of visitors to the park and that of people living and visiting areas
in close proximity to the park is therefore of the utmost importance.
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Figure 1: Map of Table Mountain National Park.

Fynbos, the dominant indigenous
vegetation of the park, consti-
tutes approximately 90% of the
park’s vegetation. It is an ever-
green scrub-land vegetation char-
acterised by reed-like Restios, fine-
leafed Ericas and leather-leafed
Proteas which is both fire-prone
and fire-adapted [4], meaning that
it requires a specific fire-regime1

in order to maintain its diversity
and ecosystem processes [10]. The
TMNP is, however, greatly in-
vaded by alien shrubs and trees
which are not only spread by fire,
but also threaten the biodiversity
of the area, increasing biomass and
hence the intensities of fires in the
park. This seriously influences the
recovery and survival of Fynbos
and other natural vegetation after
fires in the area [4].

It is therefore important that effec-
tive fire management takes place,
and that the limited resources
available for fire-fighting in the
park are managed in the best man-
ner possible. The park manage-
ment is responsible for the diffi-
cult task of balancing the need to
combine fire with other measures
of alien plant control, maintaining
features that provide safe bound-
aries, maintaining post-fire mosaic
patterns and providing available
manpower to control and contain
fires so as to reduce the risk of
damage to the urban fringe of the
park.

The TMNP Fire Management Plan [10] has two main objectives: to ensure the conser-
vation and continued survival of viable populations of all indigenous biota in the area,
and to minimise the potential and actual damage caused to property by fires [10]. Major
factors exacerbating the problem of providing fire protection include poor planning and

1A fire regime describes a suitable frequency, size, season and intensity of fires for optimal re-population
of biota.
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unplanned wildfires as this sets back alien plant control operations and is a severe risk to
the urban park fringe.

There are currently three permanent and independent firebases in the park; one firebase in
each of the three (northern, central and southern) sections of the park, while a fourth semi-
mobile firebase, situated in the northern section, is on standby for all three of the areas and
plays an integrating role between these firebases [10]. These firebases are under extreme
pressure to provide rapid response using the least amount of resources. Fire-management
teams have to keep costs to a minimum, and the most important factor influencing the
cost of fighting a fire is the time it takes for fire-fighters to respond to a fire; response
being measured as the length of time elapsed between when a fire is reported and when
the first line of fire-fighters arrive at the fire. The longer it takes for a team to reach a fire,
the more out-of-control a fire becomes which, in turn, increases the cost of maintaining
and extinguishing that fire. This is a serious concern in the northern and central sections
of the park which border on private property within the City of Cape Town and thus have
to be protected at all costs.

The locations of firebases in the park significantly affect the time it takes for fire-fighters to
respond to a fire, and an optimal placement of these firebases can therefore greatly reduce
the costs of fire management. For example, a series of devastating wildfires in the TMNP
early in March 2015, resulting from a combination of particularly strong winds and high
temperatures, led to the closure of various public roads between the three sections of the
park. Traffic congestion on the roads that remained open severely delayed the response
times of fire-fighting teams having to access the northern and southern sections of the
park from firebases in the central section and elsewhere in the peninsula, giving rise to a
realisation that each park section should be equipped with an adequate number of firebases
which are strategically located. Following these devastating wildfires, the effectiveness of
the current placement of firebases is being re-examined and alternative, potentially better
firebase locations are sought in order to limit the damage caused in and around the park
by such fires in the future and also to decrease the expected cost of fire management in
the TMNP, if possible.

Our purpose in this paper is to take first steps in this respect, by attempting an answer to
the following basic question: What is the smallest number of firebases required to cover
each section of the TMNP, given a certain coverage response radius for each firebase.
Although not full and sufficiently practical firebase location decision support for the park,
an answer to this basic question may go some way towards helping the park management
to form a reasonable idea of what size of area would have to be covered by each firebase,
given a (budget) restriction on the number of firebases that can be placed in each section
of the park.

The paper is organised as follows. Sample work from the literature on decision support
within the context of firebase location is provided in §2, after which three popular facility
location models are reviewed from the operations research literature in §3. These models
are then applied to the TMNP in §4, after which we discuss the results obtained from these
models. The paper closes in §5 with a number of ideas in respect of possible future work
in terms of improving the realism of the three simple models employed here, so that the
models can be used as the basis for practical firebase location decision support in future.



Toward decision support for firebase locations in Table Mountain National Park 105

2 Selected literature on firebase location decision support

The location of fire-fighting facilities in various geographical areas has been extensively
researched in the literature. We provide three examples of this kind of work in this section.
Lui et al. [7] used a Geographical Information System (GIS) in conjunction with an ant
colony algorithm to determine optimal locations of fire stations. The GIS was used to
determine possible locations for fire stations and possible routes that may be followed
from fire stations to accident sites. An ant colony algorithm was implemented to solve the
problem of locating fire stations with the aim of serving as much as possible of a given
jurisdiction area discretised into a grid of location cells, and to minimise the response
times to these cells. This was applied to Singapore, and the primary objective was to
cover the transportation routes of hazardous materials.

Schreuder [9] determined the smallest number of fire stations, the locations of these fire
stations and the number of first attendance pumpers required by the city of Rotterdam
so that each point in the city could be reached within a prescribed time. The city of
Rotterdam was divided into a number of districts whose borders coincided with natural
fire-breaks, such as rivers and wide roads. These districts were then classified according
to different levels of risk. A network approach was adopted to determine a set of possible
locations for fire stations and a set-covering model was implemented, using the locations
obtained from the network approach, to select the smallest number of fire stations which
could fulfil the first attendance requirements.

Chow and Regan [2] compared a static k-server p-median problem to a chance-constrained
dynamic k-server relocation problem for fighting regional wild-land fires. Their objective
was to solve the problem of locating and relocating air tanker initial attacks. They showed
that a dynamic resource location model using a rolling horizon forecast of future conditions
is able to obtain more cost-effective results than a static model.

3 Three popular facility location models

All of the work cited in §2 was based on generalisations of three basic facility location
models in the operations research literature, namely the Set Covering Location Model
(SCLM), the Maximum Coverage Location Model (MCLM) and the Uncapacitated Facility
Location Model (UFLM) [3]. These three models are reviewed briefly in this section.

3.1 The Set Covering Location Model

The objective in the well-known SCLM is to minimise the number of facilities required to
cover demand generated at a set of demand points. The demand generated at a demand
point is generally considered to be met by a facility if the demand point is close enough to
(or in the region of service or influence) of the facility. Denote the set of demand points
by I = {1, 2, . . . , |I|} and the set of facility candidate locations by J = {1, 2, . . . , |J |}.
Furthermore, denote the distance between demand point i ∈ I and candidate site j ∈ J
by dij and let D denote the coverage distance radius of a facility. Let Ni = {j | dij ≤ D}
be the set of all candidate facility locations that cover demand point i ∈ I and define the
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decision variables

xj =

{
1 if a facility is located at candidate site j
0 otherwise.

Then the objective in the SCLM is to

minimise Z =
∑
j∈J

xj (1)

subject to the constraints ∑
j∈Ni

xj ≥ 1, i ∈ I, (2)

xj ∈ {0, 1}, j ∈ J . (3)

Constraint set (2) ensures that each demand point is covered by at least one facility, while
constraint set (3) specifies the binary nature of the decision variables.

3.2 The Maximum Coverage Location Model

The SCLM may, however, require an unpractically large number of facilities to be placed
in order to ensure that every demand point is covered by a facility. In the MCLM, the
objective is instead to locate at most a predetermined number of facilities, p (say), in order
to maximise their combined coverage. Upon defining the additional auxiliary variables

yi =

{
1 if demand point i is covered by at least one facility
0 otherwise,

the objective in the MCLM is to

maximise Z ′ =
∑
i∈I

hiyi (4)

subject to the constraints ∑
j∈Ni

xj ≥ yi, i ∈ I, (5)

∑
j∈J

xj ≤ p, (6)

yi, xj ∈ {0, 1}, i ∈ I, j ∈ J . (7)

The parameter hi in (4) represents an importance rating associated with covering demand
point i ∈ I. Constraint set (5) ensures that demand point i is only considered covered if
there is at least one facility in its neighbourhood Ni, while constraint (6) ensures that at
most p facilities are placed.
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3.3 The Uncapacitated Facility Location Model

In the UFLM, each demand point i ∈ I must be assigned to exactly one, j ∈ J (say), of p
facilities, incurring a cost cij in the process which is typically proportional to the distance
dij between the points i and j. Upon defining the alternative auxiliary variables

zij =

{
1 if demand point i is assigned to a facility at site j
0 otherwise,

the objective in the UFLM is to

minimise Z ′′ =
∑
j∈J

fjxj +
∑
i∈I

∑
j∈J

cijzij (8)

subject to the constraints ∑
j∈J

zij = 1, i ∈ I, (9)

∑
j∈J

xj = p, (10)

zij ≤ xj , i ∈ I, j ∈ J (11)

zij , xj ∈ {0, 1}, i ∈ I, j ∈ J . (12)

The parameter fj in (8) represents the fixed cost associated with locating a facility at
site j ∈ J . Constraint set (9) ensures that a demand point is covered by exactly one
facility, while constraint (10) ensures that exactly p facilities are placed. Constraint set
(11) performs a linking function ensuring that a demand point i ∈ I is only assigned to a
facility at candidate site j ∈ J if, in fact, there is a facility at that site.

4 Analysis

We discretised the area of the TMNP into a grid of square cells (each approximately 650m×
650m in size), as shown in Figure 2. This resulted in 162, 161 and 371 candidate locations
for firebases in the northern, central and southern sections of the park, respectively. The
locations of the current three permanent firebases in the park are also indicated in Figure 2.
Our first step was to evaluate the effectiveness of these existing firebases within each
section of the park according to the five response radii shown in Figure 3. Measuring
this effectiveness as the ratio of the number of cells within these neighbourhoods of each
firebase to the total number of cells in the corresponding section of the park, we found the
effectiveness values in Table 1(A) during a sensitivity analysis with respect to increasing
firebase response radii. The small effectiveness percentages in Table 1(A) achieved by the
existing firebases in the northern and central sections of the park may be attributed to
the fact that these bases are situated on the park boundary (so as to provide easy access
by staff to the bases from the urban fringe), while for the southern section one firebase is
ineffective due to the sheer size of that section of the park.
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Figure 2: Discretisation of the

TMNP into 694 square cells. The loca-

tions of the current permanent firebases

in the TMNP are indicated.

The natural question arising from the effectiveness
results of Table 1(A) is what the maximum effec-
tiveness value is that can possibly be achieved ac-
cording to the response radii of Figure 3 by plac-
ing p firebases in each each section of the park.
Using the software suite Lingo 11 [6] to solve the
MCLM for p = 1 and the response radius in Fig-
ure 3(d), for example, the answer to this ques-
tion for the northern [central, resp.] section of the
park is 57/162 = 35.2% [51/161=31.7%], which is
much better than the effectiveness value of 17.3%
[21.1%, resp.] achieved by the current firebase lo-
cations. For p = 5 and the same response radius,
however, the answer to this question increases to
161/162 = 99.4% [157/161=97.5%] for the northern
[central, resp.] section of the park. According to the
MCLM, optimal locations for sets of one, three and
five firebases in the northern section of the park cor-
responding to the response radius in Figure 3(e) are,
for example, shown in Figure 4.

Another natural question is to seek the smallest
number of firebases required to achieve 100% cover-
age effectiveness in each section of the park. Solving
the SCLM for the five firebase response radii of Fig-
ure 3 revealed that the smallest numbers of firebases
required to cover each section of the park entirely is
as shown in Table 1(B). According to the SCLM,
optimal firebase locations in the northern section of
the park corresponding to the response radii in Fig-
ure 3(c)–(e) are, for example, shown in Figure 5.

(a) (b) (c) (d) (e)

Figure 3: Five neighbourhoods of a firebase (shown in black) induced by coverage radii of

different sizes (shown in grey). It is assumed that the fire-fighting staff and equipment located at

a firebase can sufficiently reach and quickly service any shaded demand cell.

Since the UFLM (8)–(12) is deemed the most realistic of the basic facility location models
described in §3, it makes sense to base preliminary decision support in terms of recom-
mended firebase locations within the park on this model. The cost cij of servicing demand
point i from firebase j in the UFLM was taken as the direct distance from i to j (measured
as the Euclidean distance between the corresponding cells, in units of cells). According
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(B): Min no of firebases re-
(A): Current firebase coverage % quired for full park coverage
with coverage radius in Figure 3 with radius in Figure 3

(a) (b) (c) (d) (e) (a) (b) (c) (d) (e)

Northern section 3.1% 6.8% 11.7% 17.3% 25.9% 24 13 8 6 5
Central section 4.3% 8.7% 14.9% 21.1% 26.7% 25 13 8 6 5
Southern section 2.4% 5.7% 9.9% 15.4% 21.8% 50 25 15 11 8

Table 1: (A) Effectiveness (coverage percentage) of existing permanent firebases in the TMNP

and (B) the number of facilities in optimal solutions to the SCLM for the various sections of the

TMNP, according to the facility coverage neighbourhoods of Figure 3.

(a) (b) (c)

Figure 4: Placement of (a) one, (b) three, and (c) five firebases in the northern section of the

TMNP according to the MCLM with firebase response radius as in Figure 3(e).

to the park management, the annual fire standby cost in the TMNP is approximately
200% of the costs incurred by actual fire-fighting activities, prescribed burning and aerial
assistance [10]. The firebase location cost fj at site j was derived from this figure. Since
the average distance between all demand points in our discretisation of the TMNP is 10.6
cell units, a fixed placement cost fj = 21 (approximately 200% of 10.6 units) was therefore
assigned to all firebase candidate sites j. Because it would be costly to relocate the current
three (permanent) bases, the UFLM was solved for p = 4 firebases in each section of the
park, but with the restriction that the current firebase locations had to be respected (i.e.
kept). The resulting recommended firebase locations in the northern and central sections
of the park are shown in Figure 6.

5 Further work

The work reported in this paper emanated from a pilot project forming part of a larger,
ongoing research project at Stellenbosch University. Future work will centre on improving
four aspects related to the level of realism in the facility location models of §3.

The approximately circular firebase response radii in Figure 3 are currently measured in
units of vertically projected distance, but should ideally rather be measured in units of
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(a) (b) (c)

Figure 5: Placement of firebases in the northern section of the TMNP according to the SCLM

with firebase response radii as (a) in Figure 3(c), (b) in Figure 3(d), and (c) in Figure 3(e).

time (e.g. a 10-minute response radius, a 20-minute response radius, and so on). Terrain
features (such as ravines or cliffs), vegetation type and access road infrastructure play a
significant role in the distance a fire-fighting team can cover within a fixed time frame. A
fixed-time coverage area of a firebase is therefore expected to be non-circular. We plan to
consult both the literature and fire-fighting experts to gain insight into how a fixed-time
coverage area can be determined for a firebase and hence be incorporated into the facility
location modelling approach.

Figure 6: Placement of firebases in

the northern and central parts of the

TMNP according to the UFLM with

p = 4.

Furthermore, in the results reported in §4, we took
hj = 1 for all i = 1, . . . , n in the MCLM objective
(4). It is, however, envisaged that the possibility
of allocating coverage importance ratings to certain
cells in the park discretisation may be of importance
to the park management. It may, for example, be
more important to be able to respond rapidly to a
fire close to the urban fringe of the park than to
a fire in the park interior. We would like to en-
gage with the park management in order to assign
a suitable importance weighting hj to each cell j in
the park, and then re-solve the MCLM. In a simi-
lar vein, the fixed costs fj and variable costs cij in
the UFLM objective (8) were measured in terms of
TMNP discretisation cell units in this paper. This
was done merely for the sake of simplicity and is
not considered a practical modelling approach. We
would also like to engage with the park management
in an attempt to elicit realistic cost values for these
coefficients, and then re-solve the UFLM.

Moreover, the performance measure of a firebase location was measured in this paper in
terms of its ability to reach the potential fire ignition points within a specified coverage
area, without taking into account the extent to which the fire may have spread before
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a fire-fighting team reaches it. In reality, however, fire-fighting teams take action based
on the potential threat of a wildfire — not on the current size or ignition point of the
fire per se [10]. This shortcoming may be rectified by solving a facility location model
in conjunction with a fire spread model. An example of such a fire spread model is the
cellular automaton model of Berjak and Hearne [1]. There are, however, also analytic fire
spread models which may be employed for this purpose. Frandsen [5], for example, showed
that the quasi-steady rate of fire spread in the x-direction along a horizontal plane, and
in the absence of wind, is given by

R =
1

ρQ

(
Fx +

∫ 0

−∞

∂Ix
∂y

∣∣∣∣
y=c

dx

)
,

where x and y are horizontal and vertical Cartesian coordinates, respectively, ρ is the
effective bulk density (the amount of fuel per unit volume of the fuel bed raised to ignition
ahead of the advancing fire), Q is the heat required to bring a unit weight of fuel to ignition,
Fx is the horizontal heat flux absorbed by a unit volume of fuel at the time of ignition
and ∂Ix/∂y is the vertical gradient of the fire intensity evaluated in a horizontal plane.
Rothermel [8] generalised this result to hold for the rate of spread of a fire advancing along
an incline. These spread rates will, of course, be influenced by the presence of wind.

Finally, the modelling approach adopted in this paper was deterministic in nature. A
stochastic modelling approach may also be followed where fire ignition points are forecast,
based on historical fire data, and firebase locations are planned according to likely fire
ignition points instead of attempting to be able to cover all demand rapidly.
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