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KEYWORDS Abstract The application of mathematical and systematic models and approaches to health is on
Work shift Scheduling; the rise. In this study, a mixed-integer linear programming problem with cost (staff payroll) objec-
Linear programming prob- tive function is proposed to determine homogeneous personnel shift scheduling so that the con-
lem; straints of the number of personnel per shift are met. The purpose of this study is to optimize
Payroll; the scheduling of personnel with the same skills to minimize variable hospital costs. In a hospital,
Cost optimization homogeneous personnel might be skilled nurses who can work in the same departments or service

staff of the departments. First, a mathematical model is proposed for scheduling as a linear problem
and solved using Lingo software. By analyzing the results for a personnel working time period in
Pasargad Hospital in Tehran (Iran), it is found that while optimizing the utilization of the skilled
staff within departments, the variable costs (payroll) related to the department for that specified
period (month), which includes overtime, overnight and holidays, are reduced by around 10 per-

cent.
© 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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and hospitals and health centers are looking for cost-cutting
strategies. More than 50 percent of the variable cost of hospi-
tals is the payroll of the personnel. Therefore, finding scientific
approaches that can reduce this cost is a reasonable way to
reduce costs and increase profits. Over the years, one of the
most important concerns of hospital management has been
staff utilization optimization and personnel scheduling deci-
sions. The consequences of inappropriate staffing can have a
negative impact on hospital performance, patient experience,
and staff satisfaction [2]. The number of personnel required
for service sections like healthcare and police services is prede-
termined and can be categorized into sustainability-based
planning [3.4]. In general, organizations can be classified into
4 different categories when it comes to personnel scheduling.
Besides sustainability-based, the second category is demand
fluctuation-based personnel planning, which is applicable to
warehouses, distribution centers, restaurants, and postal ser-
vices. The third one is mobility-based planning and is applica-
ble to transportation companies such as airlines and bus
companies. The fourth and final class relates to companies that
are assigned different projects and they must divide these pro-
jects between personnel. This category is called project-based
planning [5].

Mathematical models of the problem of scheduling work
shifts are presented in some articles. Henderson and Bery pro-
posed three heuristic algorithms to identify subsets of all pos-
sible shift patterns [6]. Monroe developed the problem of work
shift schedules for consecutive vacation days [7]. Tibriwala
et al. presented a simple heuristic method for selecting a work
shift pattern with two consecutive days off [8]. Bailey then pro-
posed an integrated model for the scheduling problem by con-
sidering holidays and scheduling shifts. In his model, several
working shift patterns are assumed to be assigned to personnel
at a minimum cost for all shifts [9].

The personnel scheduling problem can also be categorized
into two single-section and multi-section categories. In
single-section planning, personnel of a section or department
within an organization are scheduled independently of the
needs of other departments [10]. But in the multi-section prob-
lem, it is possible to exchange personnel between departments
and units. Bard and Van [11] and Leggow et al. [12] presented
the task allocation problem for single-section job shifts. In
recent years, Wennberg et al. [13] and DeBrooker et al. [14]
have reviewed personnel scheduling problem studies. Bogild
and Jepson [15] examined the impact of several consecutive
shifts, long weekends, and two different shifts (day-evening
and day-night shifts) on heart disease biomarkers.

The problem of personnel scheduling (nurses) is the alloca-
tion of several nurses to a number of shifts to meet the hospi-
tal’s demands. The objective of this problem is to minimize
overall hospital costs and maximize preferences regarding leg-
islative laws and hospital standards. M’Hallah and Alkhabbaz
[16] conducted a real case study on a health care center in
Kuwait. They formulated a mixed-integer programming prob-
lem with the goal of minimizing the outsourcing of nurses, and
their preferences. Lim et al. [17] proposed an effective solution
approach for multi-skilled nurse scheduling with lunch break
assignment in operating. Their approach consists of two basic
optimization problems for scheduling nurses in the medical
center. The first model is a multi-objective mixed-integer prob-
lem of allocating nurses to upcoming surgical patients based
on their skill levels. The second model is a nurse lunch break

assignment model. Eladoli et al. [18] proposed a mathematical
model for scheduling nurses’ shifts based on the idea of a
multi-state network flow model. The model presented was
implemented for a real case study in a hospital in Egypt. The
results of their study showed that this mathematical model is
more equitable compared to the manually scheduled shifts
by the manager, and reduces the overall overtime cost by
approximately 36 percent. Koribal et al. [19] have developed
an idealized scheduling method for scheduling nurses’ shifts
for 4 different sections. That same year, Dahman et al. [20]
proposed a multi-section, multi-day work shifts scheduling
problem for a heterogeneous multi-skilled workforce in which
personnel moves between departments with some constraints.

Based on previous researches, one of the most important
issues and challenges hospital managers are dealing with is
optimizing staff schedules. The purpose of this study is to opti-
mally schedule homogenous (with the same skills) personnel’s
shifts, taking into account the days off and the number of staff
required per shift to comply with labor laws and minimize the
current costs of staff payroll. In this proposed mathematical
model, a comprehensive mixed-integer linear programming
problem is presented for scheduling normal hospital shifts
for homogeneous personnel. The differences between this
study and the previous researches on personnel scheduling
are: (a) Mathematical model is formulated regarding the leg-
islative rules, (b) Off days can be determined in the model,
(c) Working shifts are different and varies by time, (d) Over-
time days and shifts of each staff are specified, (f) Excess over-
time, overnight and holiday costs are considered, (g) Personnel
satisfaction is also increased by taking into account resting
times and proper working hours, overtime and attention to
the maximum capacity of each person. Finally, by solving
the proposed model and implementing the results, the current
costs can be reduced.

This model is presented in a general form approximately,
but at the same time, we considered a case study in an Iran
hospital to explain the problem and ease of understanding
and solving. However, this explanation does not mean that
the presentation is for a specific case because any researcher
can change or name the parameters of the problem (for exam-
ple, minimum and maximum working time, working time,
maximum and minimum day in each shift, number of shifts
like morning, evening and night, etc.) based on the problem
under their circumstances. Meanwhile, the researchers have
to notice their parameters and circumstances and adapt their
problems with this study. In this research, we have considered
multi-shift programming, which includes work in the morning,
evening, and overnight, so that the problem is closer to the real
world. Staffs’ effectiveness can also increase by considering the
constraints of the model we proposed, for instance, one worker
cannot work 24 h a day. On the other hand, we have assumed
that the payroll of shifts could be different. For example,
working night shifts is normally much harder than working
morning shifts. Besides, this model can also help planners
and managers to determine the appropriate number of staff
for their scheduling program. Although there are no binary
variables for hiring and firing staff, and we just schedule the
existing staff in the proposed model, but we can perform a sen-
sitivity analysis on the number of staff, and then the appropri-
ate number is obtained based on its results. Finally, we tried to
provide a personnel scheduling model for the real work envi-
ronment with existing laws that apply in many countries. Some
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of these rules are: per shift maximum overtime is specified,
overnight payroll costs are more than morning payroll costs,
etc.

2. Mathematical modeling

The problem addressed in this study is to schedule shifts for
the number of hospital personnel required. Prior to the math-
ematical modeling of the proposed problem, it is necessary to
state the assumptions used.

- The total number of personnel to get scheduled is
determined.

- All staff are homogeneous, meaning they have relatively
same skills.

- The hourly wages of any staff member (new or experi-
enced) are known.

- The total number of staff required per shifts of each day is
determined.

- There are four types of shifts per day:

e Morning (D) from 7 to 13, 6 h;

e Evening (G) from 13 to 19, 6 h;

e Morning and evening (L) from 7 to 19, 12 h;
e Overnight (N) from 19 to 7, 12 h.

- Personnel who work 12-hour shifts must rest the following
day, i.e. 12 h of work and 24 h of vacation.

- The overtime, holidays and overnight payroll costs is
determined.

- The overnight working hours is 10 pm to 7 am.

- Each staff member must work 180 h per month and can be
assigned to one shift from the above four types.

- The number of workdays in each period is 30 days and the
holidays are pre-determined from the calendar.

- Total and per shift maximum overtime is specified.

- No staff can work 24 h a day.

The symbols used in this linear programming problem are
as follows. The indices i and j represent i staff and ;"
workday.

m: Total number of staff

r: Total number of workdays

T;: Set of off days

S;: Monthly payroll of staff i, including base pay and all
other benefits

C;: Payroll of 1-hour work of staff i, yields by dividing the
base pay minimum working time of each staff (S;/ W)

W: Minimum working time of each staff

V: Maximum working time of each staff

F: Maximum day that L-type staff can work in the morning
and/or evening shifts as overtime

B: Maximum day that D/G-type staff can work in the
morning and/or evening shifts as overtime

x: Maximum day that D/G-type staff can work in the night
shifts as overtime

f: Maximum day that N-type staff can work in the morning
and/or evening shifts as overtime

E;: Minimum number of staff needed in the morning for j
day

O;: Minimum number of staff needed in the evening for j
day

P;: Minimum number of staff needed in the night for j day

o: Percentage added to base salary for working on overtime
or holiday

p: Percentage added to base salary for working on over-
night

Decision variables:

D;: Binary variable determines if staff i works on the morn-
ing shift or not

G;: Binary variable determines if staff i works on the eve-
ning shift or not

L;: Binary variable determines if staff /i works on the morn-
ing and evening shift or not

N;: Binary variable determines if staff i works on the night
shift or not

d;: Binary variable determines if staff 7 works on the morn-
ing shift of day j or not

g, Binary variable determines if staff i works on the eve-
ning shift of day j or not

l;: Binary variable determines if staff i works on the morn-
ing and evening shift of day j or not

n;: Binary variable determines if staff i works on the night
shift of day j or not

U;: Total working hours of staff i

t;: Total off-day working hours of staff i on day j

ng;: Binary variable determines if G-type staff i works on
the night shift of day j or not

gn;: Binary variable determines if N-type staff i works on
the evening shift of day j or not

gl;: Binary variable determines if L-type staff i works on the
evening shift of day j or not

gdy;: Binary variable determines if D-type staff i works on
the evening shift of day j or not

ndy: Binary variable determines if D-type staff i works on
the night shift of day j or not

dny: Binary variable determines if N-type staff i works on
the morning shift of day j or not

dl;: Binary variable determines if L-type staff i works on the
morning shift of day j or not

dg;: Binary variable determines if G-type staff i works on
the morning shift of day j or not

The proposed mathematical model with respect to the men-
tioned variables is as follows:

mm:i%(ﬁpﬂmGﬁb+MO+wQMM)

i=1

+ <9(Ci§r: t;-,-> + ﬂC{i ("di/ +ng;+ ”’f/')} (1)

J=1

S.t:
Di+Gi+ L+ N;=1;Vi (2)
dy > 26D;;Vij 3)
dy < Dy;Vij (4)
gy > 26G;; Vi, (5)
g; < Gy Vi (6)
Iy > 15L;Vij ()
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The objective function (1) is regarding minimization of the
total variable cost of payrolls, including base pay, benefits,
overtime, and overnight payments. Constraint (2) ensures that
each staff member is assigned exactly one shift. Constraint (3)
ensures that staff with morning (D) shifts must work at least
26 days in a month for this shift to complete 180 h of work,
which is the minimum working time of each staff (1#). Con-
straint (4) ensures that staff who selected for morning shifts
work at morning shifts. Constraint (5) ensures that staff with
evening (G) shifts must work at least 26 days in a month for
this shift to complete 180 h of work. Constraint (6) ensures
that staff who selected for evening shifts work at evening shifts.
Constraint (7) ensures that staff with morning and evening (L)
shifts must work at least 15 days in a month for this shift to
complete 180 h of work. Constraint (8) ensures that staff
who selected for morning and evening shifts work at this shift.
Constraint (9) ensures that staff who worked at morning and
evening shifts be off the next day to comply with the 12-
hours work 24-hours off rule. Constraint (10) ensures that staff
with night (N) shifts must work at least 15 days in a month for
this shift to complete 180 h of work. Constraint (11) ensures
that staff who selected for night shifts work at this shift. Con-
straint (12) ensures that staff who worked at night shifts be off
the next day to comply with the 12-hours work 24-hours off
rule.

Constraint (13) states that staff with evening shifts may
work up to x night(s) as overtime. Constraint (14) states that
staff with night shift may work up to f evening shift(s) as over-
time. Constraint (15) ensures that the overtime evening shift
for the night-shift staff must be the same shift before that
night, to ensure staff satisfaction. Constraint (16) states that
staff with morning shift may work up to x night(s) as over-
time. Constraint (17) states that staff with night shift may
work up to f morning shift(s) as overtime. Constraint (18)
ensures that the overtime morning shift for the night-shift staff
must be the same shift after that night, to ensure staff satisfac-
tion. Constraint (19) states that staff with morning shifts may
work up to B evening shift(s) as overtime. Constraint (20)
states that staff with evening shifts may work up to B morning
shift(s) as overtime. Constraint (21) states that staff with
morning and evening (L) shifts may work up to F days of
morning shift(s) as overtime. Constraint (22) ensures that staff
with morning and evening (L) shift just work at morning shift
as overtime in the days which are not assigned to them as L
shifts. Constraint (23) states that staff with morning and eve-
ning (L) shifts may work up to F days of evening shift(s) as
overtime. Constraint (24) ensures that staff with morning
and evening (L) shift just work at evening shift as overtime
in the days which are not assigned to them as L shifts.

Constraint (25) and (26) and (27) ensures supplying of the
required number of staff in the morning, evening, and night,
respectively. Equation (28) calculates the total working hours
of each staff during a month. Constraint (29) ensures compli-
ance with the minimum and maximum limits for working
hours for each staff. Equation (30) calculates the total working
hours of each staff during off days in a month. Binary vari-
ables are stated in equations (31) and (32), and continuous
variables are stated in (33).
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Table 1 Model Parameters.

o p X

0.4 0.35 8

Table 2 Salaries and benefits details per personnel.

Personnel No. C,(IRR) Si(IRR)

1 111.269 22.458.833
2 107.551 21.875.878
3 106.646 22.029.165
4 107.551 23.617.269
5 105.617 23.114.157
6 103.919 21.500.802
7 103.919 19.826.796
8 103.924 19.610.768
9 101.919 21.167.381
10 97.384 21.907.380
11 88.778 20.379.915
12 88.778 18.963.538
13 84.823 18.353.871
14 84.823 18.079.651
15 84.823 18.354.618
16 84.823 16.896.370

IRR: The currency of Iran

3. Results

In this section, a numerical example for the proposed shift
scheduling problem is presented. In this case study, a number
of 16 personnel of one section of Tehran Pasargad Hospital
with different salaries and benefits are analyzed for a 30 days’
period (from December 22, 2019, to January 20, 2020). Thus,
the ordered number of days 1 to 30 represent each of men-
tioned dates. In this period, there are 4 off days in the calendar
of the country of study, which are days 6, 13, 20, and 27. The
required number of staff in workdays at morning, evening, and
night shifts are 7, 4, and 3, respectively. For off days, the
required number of staff at morning, evening, and night shifts
are 5, 4, and 3, respectively.

Maximum possible overtime working hour of personnel is
considered as 100 h. Other information for the model are illus-
trated in table 1. Moreover, detailed information about sal-
aries and benefits of each 16 staff is showed in table 2.
Finally, in Fig. 1 we presented a flowchart to get information
for this case study and solve the problem.

The resulting linear programming problem for our proposed
scheduling model with this case study is solved with Lingo 18
software on a 64-bit machine with 16 GB memory in 433.88 s
and obtained an optimal solution value of 355,951,312 IRR
(2542.5 §) for the scheduled period. The schedule for each 16
staff is illustrated in Table 3. This solution reduced the total
cost of payments by 10 percent (295.8 $), compared with the
manual scheduling conducted by the section manager.

4. Sensitivity analysis and discussions

In this section we have used an artificial instance with 6 staffs
and 7 days, which there are 1 off day. For all staffs and days,
we assumed S; = 1200, C; =20, W =60, V=100, E; =3,

Get information about the number of staffs and
workdays

Get information about the monthly salary of all
staffs, the minimum and maximum working
time, and overtime and off days costs

Get information about all shifts and their
requirements

Put the data in the proposed model

Put the data in the proposed model

Solve the model

[lustrate the optimal scheduling and total cost

Fig. 1  The flowchart diagram of problem solving method.

0,=2,P=2F=B=4,x=f=3,0=0/4 and = 0/35.
The resulting artificial problem for the presented model is
solved with Lingo 18 software in 1 s and obtained an optimal
solution value of 8128 § for the hypothetical scheduled period.
To do this, we changed the values of important parameters,
includes total number of staffs, total number of workdays,
minimum working time of each staff, maximum working time
of each staff, minimum number of staff needed in the morning,
minimum number of staff needed in the evening, minimum
number of staff needed in the night, percentage added to base
salary for working on overtime or holiday, percentage added
to base salary for working on over-night and monthly payroll
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Table 3 Scheduled shifts for each 16 staff.

I 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

10

D D D D D D

2

1

Shifts

Personnel No.

A A A 2
AODA A
A A A A
A A A 4
A ADA
A A A 1
AOA A
A A A A
A A A

—
A AO0A
ALDA A 41
A A A
ALA A A1
A A A

D D D D D

D D D D D
D D D D D

A0 A

A0 A

A0 A

A0 A

L
N
N

L
N
N

-ZZZ

10
11
12
13

N D N D N D N

N D N D N

0z

14

0z

D N D N

N

D

15

16
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Table 4 Sensitivity analysis.

Parameters % changes Total Cost (2) Total Overtime*
Value % changes Value % changes
Initial 0 8128 0 18 0
m %-50 Infeasible Infeasible
%-25 6688 —17.71 138 666.66
%25 10,384 27.77 0 —100
%50 11,584 42.51 0 —100
r %-50 7872 —3.15 0 —100
%-25 7760 —4.52 0 —100
%25 9216 13.33 126 600
%50 Infeasible Infeasible
74 %-50 11,936 46.85 198 1000
%-25 9391 15.53 103 472.22
%25 7942 —2.28 18 0
%50 7721 —5.01 0 —100
18 %-50 7984 —-1.77 0 —100
%-25 7984 —1.77 0 —100
%25 8464 4.13 60 233.33
%50 8800 8.26 102 466.66
0, %-50 7984 —-1.77 0
%-25 Infeasible Infeasible
%25
%50 8464 4.13 60 233.33
12; %-50 7592 —6.59 0 —100
%-25 Infeasible Infeasible
%25
%50 9192 13.09 102 466.66
S; %-50 4064 —50 18 0
%-25 6096 -25 18 0
%25 10,160 25 18 0
%50 12,192 50 18 0
o %-50 8056 —0.88 18 0
%-25 8092 —0.44 18 0
%25 8164 0.44 18 0
%50 8200 0.88 18 0
B %-50 7736 —4.82 18 0
%-25 7932 —2.41 18 0
%25 8324 2.41 18 0
%50 8520 4.82 18 0

" Total overtime= """ (U; — W).

of staff parameters, one by one as we assumed the other
parameters to be fixed (see Table 4). As well, the following
facts are perceived based on Table 4:

The number of staff (1) has an inverse relationship with the
value of total overtimes and is highly sensitive to the changes
in the values of total costs because every staff has a minimum
working time, and as their number increases, the problem must
find the optimal solution which satisfies all the minimum work-
ing hours. Despite this condition, it can be concluded this
model also helps planners and managers to determine the
appropriate number of staff for their scheduling program.
Although there are no binary variables for hiring and firing
staff, and we just schedule the existing staff in the proposed
model, but we can perform a sensitivity analysis on the number
of staff, and then the appropriate number is obtained based on
its results.

The number of workdays (r) is extremely sensitive to the
changes in the values of total costs and overtime. In simple

terms, total working hours increases when the number of
workdays becomes greater, as a result of that total costs will
increase. In such a case, one way to reduce costs can sometimes
be to hire new staff to decrease overtime hours. On the other
hand, planners may be able to reduce costs by firing some
existing staff when the number of working days is decreased.
Additionally, if the number of workdays is much more than
the number of staffs, the problem can be infeasible because
the total working hours of the staffs cannot satisfy all the exist-
ing demands.

The minimum working time of each staff (W) highly affects
the value of total costs and overtime. For example, if the min-
imum working time of each staff is reduced, the managers will
have to pay more overtime to staff to perform their duties. E;,
O;, P;, «, and f are moderately sensitive to the changes in the
value of total costs. E;, O;, and P; are highly sensitive to the
changes in the value of total overtime. On the other hand,
S;, o, and f are insensitive or often slightly sensitive to the
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changes in the value of total overtime. But monthly payroll
highly affects total costs.

5. Conclusions

In recent years, as the variable costs of the healthcare systems
and medical centers are increasing, one of the most important
challenges for hospital managers is to optimally schedule staff
shifts so that minimum costs are provided while complying
with local union laws. There several constraints and limitations
in this regard, such as the required number of staff on each
shift, available personnel, legislative laws, hospital rules, per-
sonnel physical health, etc. Therefore, it is important to have
a thorough mathematical model which could be able to formu-
late all these constraints and considerations.

In this study, a mixed-integer linear programming model is
presented for homogeneous personnel shift scheduling. In this
mathematical model, staff salaries and benefits, staff number,
required number of personnel per shift, hospital and legislative
rules are given as the input of the model. Then this model has
been applied for a case study problem in a section of Pasargad
hospital with 16 personnel. The results indicate a reduction in
the costs by 10 percent in comparison with the manual current
schedule. Considering this result, we can conclude that if this
model is implemented on a larger problem, with the higher
number of staff, the resulting cost reduction would be signifi-
cant. Another important assumption embedded in the model
is the physical endurance and satisfaction of the personnel.
These factors can be controlled by adding hospital conditions,
and the model is flexible and dynamic in this regard.

For further researches, this problem can also be modeled by
considering heterogeneous personnel (with different skills), the
dynamic requirement of staff in shifts, other costs like dress-
ings and dining, and loyalty of personnel. Besides, the
researchers can extend the model without considering the min-
imum and maximum working time of each staff. On the other
hand, they may be able to extend this model by considering
binary variables for hiring and firing staff in each period. This
proposed model can also be modeled with other objectives like
the quality of staff work. Finally, the researchers can adopt
their problems with this study and use the rules and conditions
of work that apply in their own country and region.
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