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Abstract. Due to demographic variations and climate changes, the
risks of natural disasters are increasing. Therefore, with the risk of fire
and other public welfare risks, firefighters are necessary to protect peo-
ple in a community and its assets, responding to emergencies, quickly
and effectively. This way, it is necessary to have a sufficient number
of firefighters in a fire station, to give a reliable answer to any emer-
gency that could occur. However, human and economic resources are
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scarce. In this paper, a linear programming approach was developed in
order to determine the best shifts of the working week, minimizing the
number of firefighters necessary to satisfy the already registered and
emergency tasks. The results show that, with the solution obtained,
there is a slack between the solution found and the reality applied in
the fire station, which could be improved by changing their shifts and
reducing the number of firefighters for each shift.

Keywords: Schedule planning; Fire station; linear programming;
shifts.

1. Introduction

The civil protection activity has a permanent and multidisciplinary nature, and it is
up to all public administration bodies to promote the indispensable conditions for
its execution. It includes tasks such as rescuing people and other living beings in
danger, protecting cultural and environmental assets and values, and supporting the
restoration of normality in people’s lives in areas affected by serious accidents or
catastrophes [1].

Currently, we can consider that Volunteer Firefighters, as civil protection agents,
form the basis of the organization of relief to the populations in Portugal. These
humanitarian associations of firefighters, which are found throughout the country,
provide a crucial service to society, especially due to their proximity to local popula-
tions. In this way, they allow and guarantee that this type of service is provided to lo-
cal population with great effectiveness, quality, and efficiency. However, the support
that firefighters provide still has some shortcomings, as there is an increased difficulty
in distributing qualified professionals in the necessary shifts.

In this work, an initial approach is made to the shifts’ scheduling, on weekdays, in
a fire station in the North of Portugal, considering emergencies and pre-established
work agreed with entities outside the fire department.

Thus, in Section 2, a literature review is made regarding the importance of volunteer
firefighters and simultaneously shift work. In Section 3, the methodology of this work
is presented, presenting the case study of the Volunteer Firefighters of Paredes, as
well as the linear programming for the formulation of the problem. In Section 4, the
mathematical problem is presented, and in Section 5 the results obtained are shown.
Finally, in Section 6, the main conclusions are drawn, as well as the potentialities of
the problem for future work.
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2. Literature review
2.1. Volunteer firefighters

A firefighter is any individual who, “professionally or voluntarily integrated into a
fire department, has the task of fulfilling the missions of the fire department, namely
the protection of human lives and property in danger” [2]. The importance given
to quick and effective assistance is increasing, as the risks of natural disasters are
increasingly common. There is a new reality caused by demographic variations and
major climate changes, so in addition to relief, there is also a vision for prevention
and risk analysis [2].

The firefighter profession is a high-risk activity, and it is necessary to overcome sev-
eral levels and acquire a set of knowledge, not only technical, but on how to act and
be in society, in order to be able to act quickly and effectively. Over the years, the
mission of firefighters has been transformed, due to changes in the way of life of the
population and due to technological advances. Currently, this mission is based on the
relief of various situations [3], namely:

¢ natural hazards;

» technological risks, such as urban fires, transport fires; road accidents and
industrial accidents (gas leaks);

» mixed risks, such as rural and forest fires, debris fires and total or partial
safety compromise (falling trees; flooding);

» protection and assistance for assets and people, such as health care, inter-
vention in legal conflicts and assistance and prevention of human activities;

» operations and alert states verified when official trips or training and provi-
sion of resources are necessary;

* non-urgent transport, including the transport of patients considered non-
urgent.

2.2. Shift work

Shift work, as we know it today, dates to the end of the 18th century, however it
has undergone changes and modifications over the years [4]. Increasingly, the shift
schedule is used in several service providers, due to the decrease in the number of
hours of work per week legally allowed globalization and technological advances.
Shift work can be defined as “a way of organizing daily working hours in which dif-
ferent persons or teams work in succession to cover more than the usual 8 hours per
day, up to and including the whole 24 hours™ [5].
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To guarantee the continuity of the provision of services, the succession of several
work groups in their work functions is necessary. Groups can have rotating sched-
ules or fixed schedules. Currently, some companies work continuously for 24 hours,
maintaining uninterrupted production or provision of services, while others paralyze
their activity for some period [6]. It is also relevant to explain the various forms of
shift work and their differences. There is fixed shift work, in which the worker always
works the same schedule, and there is rotating shift work, and the work schedule is
changed between the various employees [4]. Under a fixed shift system, working
time can be organized into two or three shifts: the early, late, or night shifts. Under
a rotating shift system, workers might be assigned to work shifts that vary regularly
over time; these are called “rotating shifts” because they rotate around the clock (e.g.
from a shift in the morning to one in the afternoon, to one at night) [7].

The discussion around this topic is constant since it can contribute to countless conse-
quences for the worker. The worker’s adaptation to work and work shifts, especially
when there are constant changes, can be quite complex, repeatedly leaving him under
an environment of stress and frustration. It may cause fatigue and drowsiness, due to
the difficulty of adjusting to them. In addition to all these aspects, this type of work
could have a significant impact on the social life of workers ([8]; [9], [10]). All the
effects mentioned above may negatively influence employees in the performance of
their duties, reducing efficiency and productivity, and may also be more susceptible
to making mistakes [11]. The impact of shifts on firefighters is also a study object.
Shift work can be associated with both short and long-term cognitive impairment
[12], associated with sleep problems. Family support can make up for the lost re-
sources of demanding shifts, and the lack of time for the family could contribute to
conflicts and emotional exhaustion [13].

3. Methodology

The case study will be based on the Volunteer Firefighters of Paredes, in the North of
Portugal, and the methodology developed to solve the problem of scheduling work is
based on a mathematical model of linear programming. In this way, it is intended to
ensure the optimization of shifts at the fire station without jeopardizing the efficiency
of each of the shifts.

3.1. Paredes Volunteer Fire Station

The Volunteer Firefighters of Paredes were created in June 1884 and today have
the status of Institution of Public Utility. Since 2009, a protocol for the Medical
Emergency Station installation has been signed, composed of two rescue ambulances
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and two multiple transport ambulances, to serve the citizens of Paredes [3]. At the
Paredes Fire Station, firefighters can be split into two categories: professionals and
volunteers. Volunteer firefighters only perform their function after work hours and
are not remunerated, being less often at work. Professional firefighters, 16 in total,
are paid for the service provided and have a fixed schedule to work at the firchouse.
Professional firefighters operate from Monday to Friday, performing duties between
07:00h and 21:00h. Only the call centre team has different hours, given the need for
this service to be available 24 hours per day and seven days a week. Within the cat-
egory of professionals, there are four distinct teams: call centre operators; transport
of non-urgent patients; rescue ambulance team, and permanent intervention team.
The distribution of personnel by shifts will be described in the next section.

3.2. Linear Programming

There are several methods used to determine the better solution for schedule prob-
lems namely, Markov decision process and dynamic programming, large neighbor-
hood search, genetic algorithms, linear programming, simulation, heuristics and me-
taheuristics [14].

Linear programming is a tool recurrently applied in several studies, which uses a
mathematical model to describe the problem being studied. The model forces all
mathematical functions used to be linear. On the other hand, the word “program-
ming” refers to the activity planning to achieve the best possible result. Hillier and
Lieberman [15] considers that this model is very useful for the allocation of re-
sources and activities when they are scarce and limited. The author characterizes
it as a mathematical tool, in which through a linear function, it is possible to reach
the objective, be it maximize or minimize. Mathematically, a linear programming
model is based on an objective function, that is, the goal to be achieved, and on
existing restrictions on the objective function. Considering the decision variables (
non-negative, the solution of a linear programming problem boils down to finding
the optimal value (maximum or minimum, depending on the problem) of the linear
expression [16]:

F=cx;+cxy+-+cpxy, (1)
subject to restrictions expressed in inequalities:

ai1X1 + A12Xp + -+ A1pnXn > bl (2)

Am1X1 + QX + o+ QX = by (3)
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The constants , e they are determined by capabilities, needs, costs, profits, and other
requirements defined by the constraints of the problem. The problem was solved us-
ing Microsoft Excel software, using the Solver package. The solver is one of the pro-
grams called hypothetical analysis tools, since it allows finding an optimized solution
for a given problem or equation [17]. It is a non-specialized, widespread and easy to
access software program, and could work until 200 variables, which could be a good
opportunity to tackle some simple optimization problems.

4. Application of the study: problem formulation

To solve this problem an initial approach was taken to the shifts’ schedules.
The following assumptions were made:

e only professional firefighters were considered, disregarding the voluntary
work because it is already defined taking into account the restrictions of
each volunteer firefighter;

e only working week shifts was study into account for the purposes of pro-
gramming, which could lead to some incomplete shifts as they would have
to include hours intended for weekend shifts;

e any professional firefighter has the competence to develop any of the four
tasks previously defined, not considering any specialization or preference
in specific tasks.

Considering the information collected at the fire station, the day was divided into
blocks of 3 hours during the day and a block of eight hours during the night:

[7h — 10h], [[10A — 13A], [16/ — 19A], [19h — 214], and [214 — 07A].

Additionally, and according to the history of working hours defined by the fire sta-
tion, five possible shifts are foreseen (variables under study):

t;; number of professional firefighters working on shift i (i = 1,2,3.,4,5)
where t, =[7h—13h], t,=[7h— 16h], t; =[10h — 194], t,= [13h—21h], and £, = [20h — Th].

It should be noted that each day, all shifts, except , includes a one-hour break for
meals, ensuring continuity of service permanently. In this naive approach to the shift
problem, and for comparisons reasons, the authors opted for letting the same shift as
defined previously for the fire station.
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Considering the minimum number of professional firefighters required in each hourly
block, based on previously agreed services and the minimum number of firefighters
needed to respond to an emergency, the following restrictions were defined:

» the total number of firefighters must be less than or equal to 16, taking into
account the existing human resources in the firchouse;

¢ the minimum number of firefighters in the hour block [7h-10h] should be 6;
 the minimum number of firefighters in the hour block [10h-13h] should be 11;
* the minimum number of firefighters in the hour block [13h-16h] should be 9;
e the minimum number of firefighters in the hour block [16h-19h]should be 8;
* the minimum number of firefighters in the hour block [19h-21h] should be 3;
* the minimum number of firefighters in the hour block [20h-07h] should be 1.

Thus, the following linear programming problem was formulated:

Minimize F=t+tL+t+t+1s
Subjectto f+H+ 6+ +6:<16
tL+6>6

L+bh+5>11

h+t+6>9

t+1,>8

4>3

ts>1

t, eevy t5€ NO

5. Results Analysis

Using Excel’s Solver package, we used the LP Simplex resolution method, using a
precision of 0.000001 as a stopping criterion. After 8 iterations, Solver has found a
solution and all constraints and optimization conditions are satisfied. In this way,
three types of reports were generated: the response, sensitivity, and limits.
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5.1. Response report

Analysing Response Report 1, it shows information about the optimal solution, both
for the decision variables and the cell of the objective function (Table 1). In this
case, the optimal solution of the objective cell was 15, that is, only 15 firefighters are
needed in total, which implies a slack in existing human resources. Besides, shift is
not used in the final solution, because the software considered it more advantageous
to fill shifts and to complete that hour block. However, it should be noted that in
this case, weekend shifts are not being considered, nor the replacement of legally ap-
proved holidays. Usually, the firefighters assigned to the shift complete their schedule
with weekend hours.

Table 1. Solver solution

Decisions variables Solver solution
t; =[07h-13h] 0

t, = [07h-16h] 6

t; =[10h-19h] 5
t,=[13h-21h] 3
ts=[20h-07h] 1

Min F 15

5.2 Sensitivity Report

The sensitivity report provides more information about the sensitivity of the optimal
solution, indicating how the constants of the problem can vary without changing the
optimal solution. Table 2, “variable cells” gives the final value of each adjustable cell,
its reduced cost, together with the increase or decrease of the objective function coef-
ficient for which the current solution will remain optimal, keeping all the remaining
restrictions.

Table 2. Variable cells

Name Final Reduced Objective Permissible Permissible
value cost coefficient increase to decrease
0 0 1 0
6 0 1 0 1
5 0 1 1 0
3 0 1 1
1 0 1 1
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Thus, the coefficient corresponding to the variable shows that it is possible to in-
crease and always maintain a margin of slack in the variable, as no firefighters are
expected to work this shift in the optimal solution. The variables e can increase up to
+oo and decrease to 1 unit. The variable may be decreased by up to one unit and not
increased by any unit, while the can increase up to 1 unit and not decrease anything.

Table 3. Constraints

Name Final |Shadow Right side Permissible Permissible
value |price restriction increase to decrease

No. of firefighters | 15 0 16 1

[7-10h] 6 0 6 0

[10-13h] 11 1 11 1 0

[13-16h] 14 0 9 5

[16-19h] 8 0 8 0 5

[19-21h] 3 1 3 1 0

[21-07h] 1 0 1 1 1

Regarding the restrictions applied (Table 3), with special attention for the final value
and the constraint:

 the total number of firefighters has not reached its maximum value (State =
No Link), having already identified 1 firefighter off;

» the same happens in the time block restriction [13h-16h], in which the optimal
value is above the minimum required, with a margin of 5 firefighters, this way
it is possible to book additional programed work for this period, if there is need,;

* in the remaining restrictions, the maximum number of firefighters has been
reached, so the margin is always 0 (State = Link).

5.3. Limits report

Finally, the limits report is also presented (Table 4). This indicates the values that
each of the decision variables can assume, not changing the remaining values and
continuing to satisfy all restrictions. In this way, the lower limits are those previously
defined for the decision variables, thus making it possible to maintain the use of only
15 firefighters, minimizing the total number. On the other hand, the upper limits, and
taking into account that there are 16 firefighters in the fire station, the solver shows
that it is possible to add 1 firefighter to the existing shifts in the problem, that is, indi-
vidually and without changing the remaining shifts, each one could increase one unit.

226 | ICOTEM 2023



Table 4. Limits report

Name Value Inferior Objective Upper Objective
limit result limit result
0 0 15 1 16
6 6 15 7 16
5 5 15 6 16
3 3 15 4 16
1 1 15 2 16

6. Conclusions and future work

The scheduling of shifts is of extreme importance, since the professionals of an or-
ganization are one of the resources that have a higher cost, in this way, a correct plan-
ning can increase their productivity and satisfaction.

In this work, it was shown that the scheduling of shifts in a fire station is fundamental,
contributing to a better effectiveness of the service provided and a guarantee of the
correct use of human resources. Through a simple and generic approach, a brief pres-
entation of the team of professional firefighters under analysis was carried out and a
method of solving the problem and scheduling the schedules by shifts, through linear
programming, was exposed. It was concluded that it would be possible to reduce 1
firefighter, with only 15 firefighters being needed, from the current 16.

However, the solution presented cannot yet be considered as a final solution, since
the functions of each of the firefighters are not being considered, namely emergency
ambulance service, call centre, non-urgent transport service and permanent interven-
tion service and working hours on Saturday are not being considered.

In this way, a more complete approach to the characterization of firefighters, as well
as a distinct partition of time blocks, which must include Saturdays, is essential to
guarantee a complete response to the work/service developed by firefighters.
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