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In this work, a model has been developed that can support and evaluate decisions on the
location of rescue service resources. The main contributions are the possibilities to model
multiple events and multiple resources, and foremost providing a method of quantifying the
interaction between events and resources. In the model, it is possible to analyse different ways
of organising the fire and rescue service, e.g. comparing the effect of small units in multiple
locations with a traditional way of organising, where most resources comes from a single fire
station. The model can also suggest advantageous locations for the resources.
INTRODUCTION
A challenge in fire and rescue services planning is to ensure that available resources are utilised
efficiently. The aim of the project described in this paper is to develop a risk based geographic
information systems model to facilitate this planning and to support e.g. decisions on location or
re-location of resources or evaluations of increase or decrease in resources. One important
criteria for the work carried out here is that the system must be flexible enough to account for
different ways of organising fire services and must not use engines as standard units to define
the resources.
Fire station location is a well studied problem within operational research and today it is
relatively uncomplicated to do simpler coverage or availability analyses to support these
decisions. However, the tools available are in general not risk based. Thereby, they can not take
into account e.g. the variations in risk over the day. Another problem is that they do not take
into account different and new ways of organising responding units or the gradual build-up of
resources on scene.
Previous research on resource management for fire and rescue services includes answering
questions like: How many units are needed in a certain area 1,2? Where should stations and units
be located 3,4,5,6? Which, and how many, units should be dispatched for a certain call 7,8,9?
These are just a few selected references, but even if more recent studies have been performed,
most of the research was carried out during 1970-1980. The technical as well as the
methodological development since then has made it possible to solve more complex and larger
models than earlier.
One of the limitations in the earlier models is that severe simplifications are made. Most often
only one type of unit is considered, e.g. an engine, or possibly more than one unit is needed but
they are all of the same type like in Batta et al 10. Even if different types of units are considered,
like in Schilling et al 11 where both engines and ladder units are modelled, the specific abilities
of the units are disregarded, and the objective is simply to maximise the coverage.

In this paper, a new model for locating fire and rescue service resources is described. The
novelty with the model is the ability to consider combinations of multiple resource types as well
as multiple event types. Furthermore, the model does not only take the first responder into
account, but also regards the gradual build-up of units.
METHOD
The two main components in the model are events and units, where the events create the
demand for the units. The main purpose with the model is to support decisions that can lead to
an efficient utilisation of the available units, which are used to satisfy the demand created by the
events.
Building fires and traffic accidents are the first types of events included in the model, because
they are among the events where response time is the most crucial factor for survival. Drowning
is also in this category, but is not included initially, as the risk of drowning is low and well
distributed. It therefore contributes less to the overall risk.
The building fires and road traffic accidents are further subdivided. Four different types of
building fires: single family buildings, other residential buildings, public buildings and
workplaces, and four different types of road traffic accidents: single car, multiple cars, heavy
traffic and hazardous goods.
Resources are handled as units in the model, where a unit consists of a certain type of vehicle
that is manned by a specified number of people and proper equipment and that can perform predetermined tasks.
The required amount of resources can be estimated from either of two starting points. The first
is to define a number of tasks to be performed, e.g. assisting with evacuation up to a height of
10 m using extension ladder. Each defined type of event in the model requires the performance
of a combination of different tasks. This leads to the demand for a required amount of resources.
The problem is that the solution rapidly becomes politically sensitive, as by defining what tasks
the resources should perform one also define the “best” resource. This is in contrast to reality,
where by traditions, similar events can result in very different amount of locally dispatched
units. To circumvent this problem, another approach is used. The model integrates the resources
up to the pre-set required level in the local alarm plan. Then the time is calculated which gives
the same integral assuming all resources arrives at the same time. This time is defined here as
the equal time for alarm plan fulfilment, se Figure 1.
A fire in a single family building requires two engines and one aerial appliance according to the
local alarm plan of the fire and rescue service where the model is tested. This equals to 12 fire
fighters. In a similar way, the local alarm plan for other residential buildings requires 12 fire
fighters, and for public buildings and workplaces 20 fire fighters are required. The road traffic
accidents lead to a turn out of 7 fire fighters for a single car, and 12 fire fighters for multiple
cars, heavy traffic and hazardous goods. In addition to this, certain types of equipment are also
specified, e.g. ladders, aerial appliances and suppression equipment. Note that it is only the first
phases of the events that are modelled. Regarding back-up resources for prolonged operations,
the initial location of resources are in general of minor importance.
Including other types of events or subdividing the events further is just a matter of adjusting the
input data to the model. To add a new event to the model, it is necessary to specify the required
number of resources as described above. Different event types should be used for all events that
require a unique set of resources. It might also be advantageous to subdivide events that have
varying frequency or time of occurrence.

Figure 1. Equal time for alarm plan fulfilment for two situations where three units respond to an
event. The response time for the first and last arriving units are identical in the two examples
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The geographical area under consideration is divided into a number of smaller zones (in the test
area used here, with the side 250 m), which makes it possible to calculate the expected number
of events per hour for each zone. The frequency of fires in buildings is determined using
national geographic data on building area and type from Statistics Sweden, in combination with
national fire service incident reports from the Swedish Rescue Services Agency. In the same
way, the frequency of road traffic accidents is determined using national geographic data on
roads from the Swedish Road Administration, in combination with national fire service incident
reports.
The division into zones also makes it possible to pre-calculate expected travel times between the
zones. Using the Swedish national road database (NVDB), it is possible to find expected travel
times from any zone to any other zone depending on the expected travelling speed on the
different roads that are used.
The objective of the mathematical model is to find optimal locations for the specified resources.
This can be done in a number of different ways. Here we have selected to minimise the time it
takes for the resources to reach the events, where the time considered is the equal time for alarm
plan fulfilment. Still, there exist a number of possible models to use, whereof three are tested
here. The first is a variant of the p-median model (PMM), where the mean time for reaching the
events is minimised:

min ∑∑ s ei Tei

(1)

e∈E i∈I

where sei is the expected number of events of type e in zone i, and Tei is the equal time for alarm
plan fulfilment for event e in zone i. The second is a p-center model (PCM) that minimises the
weighted time for the zone that has the highest corresponding value:

min max ∑ s ei Tei
i∈I

(2)

e∈E

The value Pi =

∑

e∈E

s ei Tei may be regarded as a measure of the response system’s ability to

handle events in zone i. Pi will henceforth be referred to as the preparedness in zone i.

The third model that is considered is a maximum coverage location model (MCLM), where as
much of the demand as possible is covered within a certain time:

max ∑∑ sei yei

(3)

e∈E i∈I

where yei = 1 if the equal time for alarm plan fulfilment for event e in zone i is less or equal to
the required coverage time.
The mathematical description of the constraints for the models above has been omitted to save
space. All models have been solved using the heuristic search procedure Reduced variable
neighbourhood search, which has proved to be efficient for large p-median 12 and p-centre 13
problems.
COMPUTATIONAL RESULTS
An area well over 1000 km², consisting of five municipalities with a joint fire and rescue
service, has been used to test the model. The five municipalities have, in all 11 fire stations
comprising 23 units, both full time and part time fire fighters. The area has been divided into
squares with the side 250 m, in all 19732 squares. The intention is to expand this area to cover
Sweden as a whole, and therefore only data from national sources are used in the model. There
is, however, the possibility for the user to adjust the data if there is reliable and statistically
significant data available.
Table 1. Computational results

Mean
Max
Cov

Start
1.98
80.19
70.11%

PMM
1.71
57.07
82.17%

PCM
1.99
41.42
72.37%

MCLM
1.83
69.48
88.36%

Mean
Max
Cov

Start
1.20
76.82
65.35%

PMM
1.04
61.06
80.37%

PCM
1.16
37.37
74.91%

MCLM
1.11
60.23
87.25%

Day

Night

Three different measures are used to evaluate the solutions, based on the objective functions (1),
(2) and (3). They are declared in Table 1 as Mean, Max and Cov, where Mean is (1) divided by
the number of zones, i.e. the mean preparedness for the zones. It should be as low as possible.
Max is equal to (2) and corresponds to the value for the zone that has the highest Pi. Cov is the
amount of the risk that is covered within 10 minutes when using the equal time for alarm plan
fulfilment.
In Table 1, solutions are reported for the day and the night situation. The event frequency is
generally lower during the night, and the available resources are fewer, which is why it is
beneficial to analyse these situations separately. The first solution reported is the Start solution,
which is when all resources are located as they are today. The other columns report solutions
where units have been relocated in order to minimise or maximise the objective function under
consideration. The computational time that has been used to solve a model and produce one of
the optimised solutions is slightly less than one hour for each solution. As can be seen in Table
1, the optimised solutions are in all cases but one better than the Start solutions when
considering the measures used here. The exception is the Mean value for the PCM model during
the day, which is slightly higher than for the Start solution. In the optimised solutions, no

penalty is added for using multiple locations. Therefore the models tend to spread the resources
over the area in order to shorten the response times (see Figure 2). This is one reason why the
optimised solutions give better results than the Start solutions where the units can be found on
their respective stations. Looking at the optimised solutions, PMM produces the best Mean
values, PCM the best Max value and MCLM the best coverage, just as can be expected, since
these are the values used as objective functions by the respective models.
Figure 2. Optimised unit locations

Figure 2 shows where the units are located in the different solutions during daytime. The colour
of a zone indicates the value of Pi for that zone, where a light colour corresponds to a low value
on Pi, which means that the preparedness is good. Each unit is represented by a letter and a
number where s = engine, v = water supply, h = ladder, and the number is the number of
personnel manning the unit. When comparing the solutions, it is evident that PMM and MCLM

spread the units quite evenly but with a concentration to urban areas, while PCM keeps a strong
focus to urban areas in order to keep the maximum value on the preparedness for any zone as
low as possible.
CONCLUSIONS
By using different types of mathematical models for locating fire and rescue resources, different
types of “optimal” solutions can be obtained. Two of the models tested here suggest unit
locations that look quite similar to the locations that are in use today, while the third model
wants to concentrate the units to areas where the demand is high. An ocular comparison
indicates that the decisions made by the fire service over the years are quite similar to the results
produced by a p-median model, rather than a p-centre or a maximum coverage location model.
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