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Abstract. This paper is concerned with an employee scheduling problem involving multiple shifts
and work centers, where employees belong to a hierarchy of categories having downward substi-
tutability. An employee at a higher category may perform the duties of an employee at a lower
category, but not vice versa. However, a higher category employee receives a higher compensation
than a lower category employee. For a given work center, the demand for each category during a
given shift is fixed for the weekdays, and may differ from that on weekends. Two objectives need to
be achieved: The first is to find a minimum-cost workforce mix of categories of employees that is
needed to satisfy specified demand requirements, and the second is to assign the selected employ-
ees to shifts and work centers taking into consideration their preferences for shifts, work centers,
and off-days. A mixed-integer programming model is initially developed for the problem, based on
which a specialized scheduling heuristic is subsequently developed for the problem. Computational
results reported reveal that the proposed heuristic determines solutions proven to lie within 92-99%
of optimality for a number of realistic test problems.
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1. An Overview and Related Literature

Hierarchical workforce scheduling problems arise in scheduling health-care personnel,
job-shop employees, maintenance crews, and so on. In such problems, the employees
are classified into different categories based on their educational background, training,
and experience. An employee classified at a higher category can perform the duties of an
employee classified at a lower category, but not vice versa. Consequently, an employee at
a higher classified category usually receives a greater compensation than an employee at
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Science Foundation under Research Grant No. [DMI-0094462]. Special thanks to Mrs. Fatima Al-awadi for her
contributions to the computational implementation of the scheduling algorithm.
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a lower classified category. The demand requirements for employees of a given category
are specified for weekdays and weekends, and the main objective is to meet these demand
requirements using the most economical workforce mix of categories of employees. In
this paper, we consider three shifts given as follows: 6:00 a.m. — 2:00 p.m., 2:00 p.m. —
10:00 p.m., and 10:00 p.m. — 6:00 a.m. Required work features include: a) an employee
may be assigned to at most one shift per day; b) each employee is entitled to two (not
necessarily consecutive) off-days every week including a minimum specified number of
off-days coinciding with weekends during the scheduling time-horizon if desired, and c)
an employee can work for at most five consecutive days.

Due to the combinatorial nature of such problems, manual approaches to generate
employee schedules are often too costly, inefficient, and time consuming. The utilization
of formal modeling approaches to tackle such problems becomes imperative, especially,
for large-scale hierarchical employee scheduling problems. Below, we discuss some lit-
erature related to the problem being considered in this paper.

One of the first formal approaches to this class of problems was proposed by Emmons
and Burns (1991). Prior to this work, the emphasis of employee scheduling problems had
been on single shift and multiple shift scheduling of a single category of employees.
For example, Burns and Carter (1985) considered a single shift scheduling problem that
generalized the research of Brownell and Lowerre (1976). Other related single category
employee scheduling problems were investigated by Lowerre (1997), Baker and Maga-
zine (1997), Burns (1978, 1981), Baker, Burns, and Carter (1979), Emmons (1985), and
Burns and Koop (1987).

A related problem to the one being addressed in this paper, was considered by
Narasimhan (1996) who examined a single shift and work center scheduling of a hier-
archical workforce and devised an algorithm that provides a computational scheme for
arriving at a minimum-cost workforce mix of categories of employees when the demand
is characterized by different levels for weekdays and weekends. This research effort ex-
tends the work of Narasimhan (1996) by including multiple shifts and work centers, and
taking into consideration employees’ desired preferences for shifts, work centers, and
off-days. Also, this paper extends the effort of the authors in (Al-Yakoob and Sherali,
2007a), which considers a multiple shift and multiple work centers employee schedul-
ing problem that is concerned with assigning employees to gas stations in a case study
related to the Kuwait National Petroleum Corporation. Two types of employees were
considered in (Al-Yakoob and Sherali, 2007a); cashiers and supervisors, who are respec-
tively required for the self-service and full-service stations. The problem considered in
this paper is similar to that studied in (Al-Yakoob and Sherali, 2007a) in the sense that
both problems consider multiple shifts and multiple work centers; however, the problem
of this paper involves a hierarchical employee structure having downward substitutabil-
ity. Hence, different models and algorithms need to be developed. For further details on
employee scheduling and related models, the reader may refer to (Alfares, 2004; Ernst et
al., 2004a; Ernst et al., 2004Db).

The remainder of this paper is organized as follows. The next section addresses the
employees’ preferences and presents some preliminary modeling notation. A mixed-
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integer programming model is formulated for the problem in Section 4. Due to the over-
whelming size of this model based on a number of test problem instances, we next devise
a specialized heuristic for the problem and illustrate this method by an example in Sec-
tion 5. Computational results are presented in Section 6. Finally, Section 7 provides a
summary along with some concluding remarks.

2. Problem Description

In this section, the preferences of employees, notation, and assumptions are presented in
order to formulate the required mixed-integer program in Section 3.

2.1. Preferences of Employees

A proper representation of employees’ expressed preferences for specific shifts, work
centers, and weekly off-days is essential in seeking a fair work assignment for each set of
employees that belong to the same category. Manual approaches to employee scheduling
problems are often biased and lead to discrepancies in satisfaction levels among employ-
ees. Therefore, it is important to set some guidelines for employees’ preferences, based
on which, efficient and fair schedules can be generated. Below, we present such guide-
lines for employees’ preferences that are similar to those employed by the authors in
(Al-Yakoob and Sherali, 2007a).

A) Preferences for off-days

Every employee establishes a one-to-one matching between the days of the week and the
list {1,2,3,4,5,6,7}. A day matched to number “1” indicates that this day is the employee’s
first off-day preference, and a day matched to number “2” indicates that this day is the
employee’s second off-day preference, and so on.

B) Preferences for shifts

Every employee is instructed to submit a permutation of the set {1,2,3} to represent the
preference with respect to daily shifts. For example, {3,1,2} indicates that Shift 3 (10:00
p-m. — 6:00 a.m.) is the first choice of preference, Shift 1 (6:00 a.m. — 2:00 p.m.) is the
second choice of preference, and Shift 2 (2:00 p.m — 10:00 p.m.) is the third choice of
preference.

C) Preferences for work centers

Each employee is instructed to list, in ascending order, m different work centers, the first
of which represents the highest preference and the mth of which represents the lowest
preference, where m is some positive integer to be determined based on sensitivity anal-
yses. For later use, we associate the number “1” with the first choice, “2” with the second
choice, and so on. Note that the first work center preference in the list is not necessarily
the nearest one to the employee’s residence; it is left to the employee to decide upon these
preference choices, so long as there is a compatible need at the selected centers.



328 S.M. Al-Yakoob, H.D. Sherali
3. Model Formulation and Related Issues

The requisite integer variables and constraints that will be used to formulate our class
scheduling problem are presented in Sections 4.1 and 4.2, respectively. In Section 4.3, we
formulate a mathematical model, and in Section 4.4, we propose a partitioning scheme to
solve this model. A concise list of notation used in our analysis is provided below.

D: duration of the time-horizon, which is assumed to be a multiple of weeks;

N: number of weeks in the time-horizon,;

I' = {1, ..., D}: set of days in the time-horizon;

I'; C T set of days that represent the ith week of the time horizon, fori =1, ..., N;

I'VDP C T and T ¥ C I': respectively, subsets of weekdays and weekends in I';

TYP=1,NT"P andTVE =T, NTWE fori=1,..,N;

A = {1,2,3}: set of working shifts, where ¢ = 1 denotes the 6:00 a.m. — 2:00 p.m
shift, £ = 2 denote the 2:00 p.m. — 10:00 p.m. shift, and ¢ = 3 denote the 10:00 p.m. —
6:00 a.m shift;

A: number of work centers, indexed by [ € IT = {1,..., A};

K: employees’ categories, indexed by k € K = {1,...K'};

Cy: per week cost to hire an employee of category k;

M]p,: number of available employees of category k;

O, = {1,...My}: set of employees of category K;

DZ‘Q? and D}C"flf’;: respectively the demands for employees of category k at work cen-
ter [ during shift ¢ on weekdays and on weekends, for given work center [ € II and a
given shift ¢ € A.

REMARK 1. Categories are ranked with category 1 workers at the top as the most highly
qualified, and category K workers at the bottom as the least qualified, such that an em-
ployee at a higher category can perform the work of an employee at a lower category,
but not vice versa. Hence, if k1,ky € K with k1 < ko, then Cy, > C},. Therefore,
this describes a hierarchy of categories having downward substitutability as expounded
by Emmons and Burns (1985).

4. Model Formulation

In this section, we formulate a mixed-integer programming model that determines a
minimum-cost workforce mix of the categories of employees needed to satisfy the speci-
fied demand requirements, and to assign the selected employees to shifts and work centers
while specifying their off-days based on their stated preferences as discussed in Section
2.1. In Section 4.1, we introduce the decision variables for the proposed model and in
Section 4.2, we formulate the problem constraints. Sections 4.3 and 4.4 then present the
model objective function and the overall model formulation, respectively.

4.1. Decision Variables

Define the following sets of binary decision variables.
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Let

1, if employee e € ¥y is assigned to work center [ € II
Thoe,dlt = during shiftt € Aondayd €T,
0, otherwise,

1, if employee e € @ is selected during the given time-horizon,
We = .
ke 0, otherwise;

and

; _ | 1, if d is an on-day for employee e € Py,
k.ed = 0, otherwise.

Also, let f; 4k be the number of employees of category i(< k) that are used on day
d € T to satisfy the demand for category £ € K employees at work center [ € II for shift
teA.

4.2. Constraints
The various problem constraints are formulated in turn below.

A) Demand requirements for weekdays and weekends

For a given work center [ € II and shift ¢ € A, the demand for employees of category
k € K is the same for weekdays. However, two shifts of the same day do not necessarily
have the same demand. The demand for the weekends is also the same. The following
constraint guarantees that there are Dl‘;‘flﬁ’ employee(s) of category k or higher allocated
for work center [ € II during shift¢ € A onday d € TP,

k
(Cr11) Y framae =D, Vke K, deTWP 1€l teA,

i=1

k
(Cr12) Y framee =D, VEe K, deT"P 1l teA,

i=1

K
(Cr2)d  frakir =D Ticdre, Vi€ K deT, 1€l teA.
k=i ecd;

Note that for a given = and foreach d € T', [ € II, and t € A, these constraints constitute
a transportation subproblem.

B) Workloads and on-/off-days
An employee e € ®;, may work at some center | € II during shiftt € Aondayd € I’
only if this day is an on-day for this employee as enforced by the following constraint.
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Moreover, this constraint also assures that any given employee may be assigned to at most
one shift per day.

(02,1) Z Zxk’e’d’l’t = Zk,e,d> Vk € K, e € (I)k7 del.
leIl teA

An employee may work for at most five shifts at the various work centers during a given
week as enforced by the following constraint. Note that this constraint also ensures that
every selected employee will have at least two off-days per week.

i+6
(02,2) szz,e,d < 5wk,e, fori =1+ 7(] — 1),
d=1

where j =1,..., N and Vk € K, e € ®y.

Note that this constraint also specifies the employees that will be selected during the
time-horizon and hence, prescribes the workforce structure. Moreover, since the proposed
model seeks to find a minimum-cost workforce mix of categories of employees, it is very
likely that most employees will not have more than two off-days per week. The maximum
number of consecutive on-days that may be assigned to an employee is five as discussed
in Section 1. This requirement is guaranteed by the following constraint.

i+5
(02_3) sz,e,d < 5wk7e, fori = 1,..., (7N — 5) and Vk € K, e € Oy
d=1

If it happens that employees prefer to have their off-days on weekends, then we can
accommodate this preference, to the extent possible, by introducing a special constraint
guaranteeing that employees will get some weekends off over the scheduling horizon.
In this case, if ny denotes the fewest number of off-days that are required to coincide
with weekends for an employee of category k, then this restriction can be formulated as
follows.

(02_4) Z (1 — Zk'.,e,d) = Ny, Vk € K, e € .
deTWE

Note that the number nj should be carefully selected to avoid infeasibilities. One
way to determine ny, is to perform a sensitivity analyses for any given scenario. We also
include the following constraint in a disaggregated form as opposed to (Cs.2) from the
viewpoint of facilitating a tighter resulting model formulation.

(C2.5)Zk,e,d < Wk, e, Vk € K, e e (I)k, del.

C) Avoiding the assignment of consecutive shifts to employees
Employees are not permitted to work during two consecutive shifts on any given day or
over two consecutive days, either at one work center or at different work centers. The
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first case is eliminated by Constraint (Cs 1) while the second case is ruled out by the
following constraint.

(C3)D Tz + Y Theariil < Wie, VEEK, e€®y, did+1€T.
lell lell

D) Comparing relative dissatisfaction levels of employees

Recall that an employee e € @, specifies preference values, denoted by C’,iﬁ) ; and C,f’e’t,
that respectively indicate the desirability to work at center [ € II and during shift ¢ € A.
Let Clifl),t = C]ie, L+ C,f,&t. In a similar fashion, the preference value of associating an
employeé e € P with an off-day d is denoted by C,ie’ 4 Accordingly, we define a total
preference index for each employee as follows.

(Ca1)Ake = Z Z Z C}E}é?l)’tl'k,e,d,l,t + Z C;i’,@,d(wk,e — Zked),

del lell teA del’
Vk € K, e € ®y.

Note that if employee e of category k is not selected, then wy, . = 0, which implies by
Constraints (C3.1) and (Ca.2) that Ay . = 0. As mentioned in Section 2.1, the computa-
tion of preferences of employees in this paper is similar to that discussed in (Al-Yakoob
and Sherali, 2007a), and hence, for a selected employee e € @y, of category k € K, we
have 13 < Aj . < 28 + 54 as explained in (Al-Yakoob and Sherali, 2007a). Let Ay
be a variable representing a central preference value for employees of category k, and let
Amin = 13, and A.x = 28 + 5 A. Then the following constraints compute the absolute
difference between the satisfaction levels of employees as defined in Constraint (Cy 1)
and the central preference value given by A,.

Akﬁe - Zk - (1 - wk7e)(Amax min), Vk € Ka ec (I)ka

- A
Zk — A/ﬁe — (1 — wk7€)(Amax — Amin)a Vk € K, e € dy.

Note that if employee e € ®; for any £ € K is selected during the specified
time horizon, then wi . = 1 = (1 — w.¢)(Amax — Amin) = 0. In this case, since
Vge = |Ape — Ay| and the minimization objective function will have a positive coeffi-
cient associated with vy, ., we will automatically get vy . = [Ag e — Zk|. On the other
hand, if employee e € @, for any k£ € K is not selected (i.e., wg,. = 0), it is more
advantageous for the objective function to have the remaining vy, . values equal to zero,
since the corresponding optimal value for Ay will satisfy A, < mcjn Age < A <

max Ay . < Apax. Hence, |Ag . — Ar| < (Amax — Amin), or that the right-hand-sides

of both Constraints (Cy.2) and (C4 3) are nonpositive if wy . = 0, which along with
Vk,e = 0 will ensure that vy, . = 0.

4.3. Objective Function

The objective function of the model aims to minimize the overall cost of the selected
workforce, the sum of preference indices as expressed by the individual employees with
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respect to work centers and shift choices, and with respect to desired off-days, and the
sum of absolute differences in preference achieved from some (to be determined) central
preference value for selected workers. The corresponding objective terms are given below
with respective weight factors a1, o, a3, and ay 1, Vk € K, that reflect the relative sig-
nificance to the scheduler of achieving the pertinent goals. (Note that differential values
of ay j, for k € K, can be used to enforce equity to a varying extent among the different
categories k € K.

I
@ > Cuanetardl 323303 Culwkeal

kEK ecdy keK ec®y del LTl teA
3
+043E E E Cheda(Whe — 2kea) + E o E Vk,e-
keK cedy del’ keK o€y,

4.4. A Minimum-Cost Workforce Model

The objective function and the constraints formulated in Section 4.2 yield the following
mixed-integer programming model (HESM) for the hierarchical workforce scheduling
problem described in the previous section.

HESM: Minimize

K

K
(1,2)
a1 Z Z Crw,e + a2 Z Z Z Ch o tTh,e,dt

kEK e€dy, k=1ec®y deT I€Il teA

tas Z Z ch,e,d(wk,e - Zk,e,d) + Z Qy L Z Vk,es

keEK ec®y del’ keK ec®y

o)
o~

subject to

k
(Cr11) Y framee =D, Vke K, deTWP 1ell teA,
=1

k
(Cri2))_ fiawie =DUh, Yhke K, deTVE 1€l t €A,

=1
K

(Cr2) > frakir =D Ticare, VieK deT,lell teA,
k=i ecd;

(C21) D> > Thedrt = 2heda, YEEK, e€ Py, deT,
IET1 teA
i+6

(C22) Y #ked <Bwge, fori=1,.,7(j —1) wherej =1,..,N
d=1

and Vk € K, e € &y,
i+5
(Cs3) sz,e,d <bwge, fori=1,.., (TN —5)andVk € K, e € Py,
d=i
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(Cs.4) Z (1—2zpedq) >ng, VkeK, ecdy,
dEFWE
(CQ.S)Zk,e,d L Whe, VEEK,e€®y, del,

(Cs) ka,e,d,z,g + Zxk,e,d+1,l,1 L Whe, VkEK, e€Pp,d:d+1€T,

lell lell
1,2
(Ca)pe =D D 3 Cl whcane + D Chealwre = 2nea),
del eIl teA del’
Vk € K, e € ®y,

(04.2)Uk,e = Ak,e - Zk' - (1 - wk,e)(Amax - Amin); vk € K, ec @,
(04.3)Uk,e 2 Zk - Ak:,e - (1 - wk,e)(Amax - Amin), vk € K7 ec (le
Thedit €{0,1}, Vhe K, ec @, del', 11l t €A,

Zhed €{0,1}, Vke K, ec€ @y, deT,

wie € {0,1}, Vke K, e € Py,

fidrkit >0 andintegerVk € K, i € {1,...,k}, de, l €Il t € A,
Vge 20, Ape =20, Vk € K, e € Py,

Amin < A < Apax.

REMARK 2. Note that exists a symmetry with respect to employees in each category
that have similar preference structures in terms of working shifts, work centers, and off-
days. This symmetry can encumber the branch-and-bound search process (see Sherali and
Smith, 2002). We could alleviate this symmetry effect by incorporating the discriminating
constraint:

Ak,e = Ak,?a V(67E) € Ek? ke K7

where Fy, = {(e1, e2): where e; < es are consecutive pairs in an ordered list of employ-
ees in @y, that have an identical preference structure}, Vk € K. This is incorporated in
our runs with Model HESM.

REMARK 3. The scheduling scenario examined by Narasimhan (1996) can be readily
handled using Model HESM by considering a single shift and a single work center, in
which case, we have A = {1} and IT = {1}. The schedules generated via the algorithm
proposed in (Narasimhan, 1996) assure that weekly off-days are assigned in a consecutive
manner. However, Model HESM might generate an employee schedule that allocates
nonconsecutive weekly off-days for employees.

PROPOSITION 1. If the integrality of the x-variables is enforced, then at a resulting ex-
treme point optimum for a fixed (feasible) x, (a) the z- and w-variables will be auto-
matically integer-valued if they are relaxed continuously in the interval [0,1] and (b) the
f-variables will be automatically integer-valued if they are relaxed continuously to be
nonnegative.
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Proof. Given a feasible solution with x binary-valued. Then, Part (a) follows since z will
be automatically binary valued by (C5 1) if relaxed to be continuous on [0,1]. The inte-
grality of the w-variables follows directly from (Cs 5) and the objective function, noting
that for each k € K, e € ®, wy . must equal one if 2 .4 = 1 for any d € I, and that
wy, = 0is preferred by the objective function and is feasible to the remaining constraints
(including attaining Ay . = v = 0) whenever z; .4 = 0, Vd € I'. For Part (b), the
integrality of the f-variables follows from the fact that constraints (C7 1.1), (C1.1.2), and
(C1.2) define a transportation subproblem once x is fixed at some binary values. This
completes the proof.

5. A Scheduling Algorithm

A direct solution of Model HESM would be inconceivable if the problem involves a
relatively large number of employees and work centers, because of the resulting over-
whelming number of binary variables and constraints. Consequently, in this section, we
devise an employee-scheduling algorithm based on Model HESM that efficiently staffs
work centers with the required employees in an iterative manner by considering a single
employee category demand requirement at each iteration.

Note that the demand for employees of Category 1 can be satisfied by employees of
this category only, due to the hierarchical structure of categories as discussed in Sec-
tions 1 and 2. Assume that all work centers have been staffed with employees of this
category. Then, the demand for Category 2 employees at the different work centers can
be satisfied by employees from Category 2 and the unselected employees of Category 1.
Likewise, the demand for Category 3 employees at the different work centers can be sat-
isfied by employees from Category 3 and the unselected employees of Categories 1 and
2. Proceeding in this fashion, the demand for Category K can be satisfied by employ-
ees of category K and the unselected employees from categories 1, ..., (K — 1). The
algorithm generates an employee schedule in this manner for the first week of the time
horizon (I';) and thus this schedule can be reused for the remaining weeks of the time
horizon (T3, ..., ') to generate a complete schedule for the entire time horizon.

For k = 1,..., K, the kth iteration of the algorithm utilizes a modified version of
Model HESM, denoted by HESM 4, to provide work centers with the required employees
of Categories 1, ..., k, based on a set of employees, denoted by ®7°V, which is generated
by the algorithm. The set ®}°" is defined by ®3°% = &4, UW UQ, where @y, is as defined
in Section 2.2, ¥ is a subset of employees in Ufi;l) @, who have not been assigned any
shift in iterations 1, ..., (k — 1), and €2 is the set of employees who have been selected in
the iterations 1, ..., (k—1), but have been assigned a total work load of less than five shifts.
Let @ = | U] be the number of employees in ¥ and 3 = || be the number of employees
inQ.Leta = |®| + a + (. Lete = 1, ..., a index the employees in the set P}V, where
e=1,.,|Pkl, e = |Pr| + 1,..,|Pr| + ,and e = |Pp| + a+ 1,...,|Pk| + . +
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respectively index the employees in the sets @, ¥, and 2. Let C* be the cost of employee
e € ®}°V at iteration k, which is defined as follows:

Cg, if e € Oy,
ct=X0, ifecq,
C;, ifee U N®; wherei € {1,...,(k—1)}.

Note that the cost of employee e € (2 at iteration & is zero, since this employee has
already been selected during some previous iterations.

The decision variables of Model HESM are also used in Model HESM,,, however,
without the explicit reference to specific categories. These variables are modified as fol-
lows. (Note also that the flow variables f in Model HESM are no longer needed in Model
HESM/, because we are considering a single demand node for category k in the trans-
portation subproblems for each d € T",] € II, and ¢ € A. Hence the x-variables them-
selves account for these flows directly.

1, if employee e € {1, ..., a} is assigned to work center | € II
Tedlt = during shift t € Aonday d € T,
0, otherwise,

w. — 1, if employee e € {1, ..., |®x| + a} is selected,
° 1 0, otherwise,

and

L 1, if d is an on-day for employee e € {1, ...,a},
¢4 71 0, otherwise.

Note that for the first iteration of the algorithm (i.e, k¥ = 1) we have Q = ¥ = {).
Now, for e € , let F1,e C T'; denote the set of fixed or known on-days associated with
employee e being determined based on the specific days during which shifts are assigned
to employee e in iterations 1, ..., (k — 1), and let I'; . be the complement of f1,e inI'y.
Let v, = |f1,e| and let Q; C Q be defined as follows: e € 1y if d € I'; .. Fore € ,
let A%'9 be the satisfaction level of employee e with respect to the assigned shifts, work
centers, and on-days as obtained from iterations 1, ..., (k — 1).

Next, we present Model HESMj, and then introduce the proposed employee schedul-
ing algorithm (ESA). (Below, since we are considering only the days in I';, but we are
assuming a cyclic schedule, Day 8 is assumed to coincide with Day 1, and Day 0 with
Day 7.)

HESM).: Minimize

oy Z C*w, + ay Z Z Z Z Cé’ll’i)xe,dl,t

ec{l,...,|Pr|+a} del e€(PRLUTUQ,) LETT tEA
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+as Z [ Z C2 g(we — ze.q) + Z C2 41 = zeq)] + qa Z Ve,

del'y EE(q)kU‘I/) e€cQy eeq)"r:ew

(CCra) Y. Tearn=DPR, vdeTVPlelteA,

e€(PLUTUQ,)
(CCr2) Y wears =D, vdeTVFlellteA,

e€(PLUTUQ,)
(CC21) Y Y weans =2ea, VdeTie€ (2pUTUQY),

eIl teA

7
(CCs.2.1) Zz@d < 5w, Ve€ (®pUVD),
d=1

(CCh22) > Zea<(5-7), Veeq,
del e

(CCo5)2e,q < we, Vee€ (PpUW),
(CC51) Y etz + Y Tear1in S we, Ve€ (2pUW),deTy,

lell lell
(CCs.2) er,d,z,:s + er,d—o—l,l,l <1, VeeQ,d:d+1€Tl,,
lell L€l

(CC33)Te413=0, VI€I, andVd €Ty .: (d+1) €Ty,
and Shift 1 has been assigned on Day (d + 1), Ve € Q,
(CC3.4)Te,401 =0, VIe€Il,andVd €Ty .: (d—1) €Ty,
and Shift 3 has been assigned on Day(d — 1), Ve € Q,

(CC)Ac= Y. SN NP aqi + Y C2y(we — zea),

dery IEM teA der,

Ve € (P, U D),

(CC112)Ac =A%+ 3 NS0 Vaeane+ Y C2u(1 - zea),
deT . I teA deTs .

Ve € Q,
(CCu21)ve = Do — A — (1 — we)(Amax — Amin), Ve € (B U W),
(CCuaa)ve 2 A = Ac — (1 — we) (Amax — Amin), Ve € (2 U W),
(CCu31)ve = A — Ay, VeeQ,
(CCu32)ve = A — A, VeeQ,

qu,l,té{O,l}, Vderla €€(¢’kUWUQd)7 ZEH, tEA,
Zed €10,1], VdeTy, e (P UTUQ),
we € [0,1], Vee (PpUW).

REMARK 4. The following comments relate to Model HESMy, for the kth iteration of
the algorithm proposed below.
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a) The right-hand-side of Constraint (CCy 5 1) incorporates the binary variable w,
because this model basically decides if an employee in the set (®; U ¥)is selected or
not. On the other hand, employees in the set €2 have been already selected during some
previous iteration, 1, .., (k — 1), and hence, the right-hand-side of Constraint (C'C5 5.2)
ensures that an employee e € ) may be assigned at most (5 — ) shifts in iteration £,
so that the total number of shifts assigned to this employee over a week is no more than
five. Also, the costs of such employees have been already factored into the total cost.

b) The satisfaction level of an employee e € () after the completion of iteration k is
obtained by adding the satisfaction levels for shifts, work centers and off-days obtained
from iterations 1, ..., (k — 1) plus the satisfaction level for shifts, work centers, and off-
days obtained from iteration k. This satisfaction level is computed by (C'Cy.1.2). It is
worth mentioning that for e € 2, Constraints (CCly 5.1) and (CCy 3.2) exclude the term
(1 — we)(Amax — Amin) because in this case, the value of w, is known to be 1.

¢) Model HESM, excludes Constraints (Cs.3) and (Ca.4) of Model HESM because
we have restricted the scheduling horizon to the first week. If the generated schedule is
cyclically used for the remaining weeks of the time-horizon, then Constraint (C5 3) is
automatically enforced. A special consideration for enforcing Constraint (C5 4) will be
discussed later in Section 5.2.

d) Symmetry-defeating constraints similar to those given in Remark 2 can be incorpo-
rated in Model HESMy, to enhance solvability by eliminating some duplicitous solutions.

e) Note that there exists a transportation substructure in Model HESM, that can be
advantageously exploited to devise a decomposition-based solution algorithm for the em-
ployee scheduling problem under consideration. This extension is the subject of a com-
panion follow-on paper (Sherali and Al-Yakoob, 2007).

5.1. Algorithm ESA

The proposed scheduling algorithm is presented next.

Algorithm ESA:

Initial Step

o Letk=1, " =&y, 1) =0, and Q = (.

e Solve HESM;.

o If HESM; is infeasible, then stop; the required staffing cannot be achieved.

e Otherwise, a solution to HESM; yields a minimum-cost staffing for Category 1

employees.

o Fix the staffing assignments prescribed by this solution to HESM1, and denote the
cost of this solution by P.

Main Step

o Setk — k+1.

e If k > K, then stop; the prescribed employee schedule is given via the successively
determined solutions to Problem HESM, for k = 1, ..., K. Otherwise, proceed as
follows.

o If Q # (), then update 2 and its related issues as follows:
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a) Remove all employees from the set {2 that are assigned a total of five shifts.
b) For an employee e € (2, update the set I'; . C I'; by excluding all on-days.
¢) If an employee e € ) is assigned shift t = 3 of some day d € T'y . and
(d+1) € 'y, then block shift t = 1 of day (d + 1), i.e., set z (4+1),,1 =
0,Vl € II. This restriction is needed to avoid assigning consecutive shifts for
employee e on two consecutive days. Similarly, if an employee e has been
assigned to Shift t = 1 of some day d € I'; . and (d — 1) € I'y ., then block
Shift t = 3 of day (d — 1), i.e., set x, (4_1),,3 = 0, VI € IL. (See constraints
(0033) and (0034))
d) For an employee e € (2, update the satisfaction level of this employee in
terms of shifts, work centers, and off-days, i.e., update the value of Agld.
e Update ¥ by removing all employees that are now assigned to at least one shift on
agivenday d € I';.
o Let @3y © ®p—1) and OFY,) ) © (1) respectively denote the se-
lected and unselected sets of employees of category (k — 1) as obtained from
the solution of Model HESMy, _ .
o Let 5?;?1),1 - @?,S"_Vl)J denote the set of selected employees of category
(k — 1) where each employee is assigned less than 5 shifts.
e Update Q «— QU 5??_\/1)71 and W — WU QY .
o Set PV =, UV U
e Solve HESM, : If HESMy, is infeasible, then stop; the heuristic has been
unable to achieve the required staffing. Else, fix the staffing assignments made
thus far, and update the total cost P and repeat the Main Step.

REMARK 5. Algorithm ESA generates a minimum-cost employee schedule for the first
week of the time-horizon, which incorporates employees’ preferences for shifts, work
centers, and off-days. To generate an employee schedule for the entire time-horizon, we
repeat the same schedule obtained via Algorithm ESA for the remaining weeks I's, ..., ' 5
in the time-horizon. Such a schedule automatically satisfies Constraint (C5_3). However,
the resulting schedule might be unsatisfactory for employees who have not been assigned
any off-days coinciding with weekends. Note that since Constraint (C_4) might not be
satisfied for the entire time-horizon, we can better accommodate this constraint via a
rolling horizon algorithm, which generates weekly schedules using Algorithm ESA and
attempts to satisfy Constraint (Cs.4) to the extent possible.

A simple example to elucidate the approach of Algorithm ESA can be gleaned from
the website: www . al-yakoob. com.

6. Computational Results

In this section, we present computational results for Model HESM and Algorithm ESA
based on a set of ten test problems. Table 1 presents statistics related to these problems,
denoted by P4, ..., Pig. These test problems represent different scheduling scenarios for a
time-horizon of N = 1 week and having three shifts per day. The demand for employees
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Table 1

Test problems

P; Number of Number of

i employee categories  work centers  {|®1], [Pz, ..., |P5[}
K Al

1 4 1 (5,7,5.6)

2 5 1 {5,7,5,6,5}

3 2 2 (14,13}

4 3 2 {14,13,13}

5 4 3 (14,13,13,12}

6 2 3 (17,14}

7 3 4 {17,14,15}

8 4 4 {17,14,15,15}

9 5 4 (17,14,15,15,15)

10 2 4 (22,19}

of a given category during any shift at a work center is either one, two, or three. The
employees’ preferences for work centers, shifts, and off-days were generated randomly.
The parameters o, g, aig, and ay i, Vk € K, were all set to a value of 1. (Note that
these parameters reflect the relative importance of achieving the pertinent objectives as
discussed in Section 4.3.) Furthermore, for the (up to) five employee categories consid-
ered, respective values of Cy, for kK = 1, ..., 5 were taken as 800, 700, 600, 500, and 450.
All runs were made on a Pentium 4, CPU 1.70 GHz computer having 1024 MB of RAM
using CPLEX-9.0, with coding in Java.

Let HESM denote the linear relaxation of Model HESM and let v(M) denote the
optimal objective function value of any model M. Also, let V(ESA) denote the objective
function value obtained via using Algorithm ESM. Table 2 presents results related to

Table 2
Results related to solving model HESM

P;  Row Column Non-zero entry CPU time

7 (seconds) v(HESM)
1 568 703 4107 0.01 14 528.40
2 710 929 5142 0.01 16 860.40
3 819 1448 6036 0.01 18 134.24
4 1212 2209 9064 0.01 26403.80
5 1620 3002 12040 0.02 31450.62
6 972 2328 9289 0.02 23137.98
7 1440 3550 13966 0.02 32420.84
8 1971 4898 18 895 0.03 40427.10
9 2502 6309 23950 0.04 47654.76

—_
(=]

1287 3940 15362 0.02 31264.07
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solving Model HESM using the CPLEX Optimization Package (version 9.0).

Let perct_opt(v(HESM),V(ESM)) = 100(1 — W). Table 3
presents statistics related to solving the employee scheduling problem using Algorithm
ESA.

REMARK 6.

a) We attempted to solve Model HESM using CPLEX with optimality gap set at
ten percent. For all test problems, we were unable to solve Model HESM due to
out-of-memory problems.

b) Using the default CPLEX optimality gap in all the iterations of Algorithm ESA,
we were able to obtain solutions for all the test problems within at least 92.30
percent of optimality (see Table 6).

¢) The largest number of work centers considered in the test problems was four,
namely for P;, 1 = 7,...,10. For test problems having significantly more work
centers, the number of variables and constraints in Models HESM is expected to
be high, in which case, solutions for such scheduling scenarios might be out-of-
reach, even via Algorithm ESA. In such cases, however, we can utilize a two-stage
approach similar to the one proposed by the authors in (Alfares, 2004; Al-Yakoob
and Sherali, 2007a) in concert with Algorithm ESA. In the first stage, mutually
exclusive subsets of employees can be matched to mutually exclusive subsets of
work centers based on employees’ expressed preferences for work centers (and
secondarily, for shift 3, in particular, which is typically an undesirable shift and,
hence, a discerning factor). Then, in the second stage, employees can be efficiently
assigned to shifts in order to satisfy demand requirements at the work centers (and
to decide upon their off-days, by applying Algorithm ESA to each subproblem
created by the matched sets of employees and work centers.

Table 3
Statistics related to solving the employee scheduling problem using Algorithm ESA

Test problem  V(ESA) Total

P; CPU Time perct_opt(v(HESM),V(ESM))
i (seconds)

1 15651 0.05 92.82
2 18139 0.06 92.30
3 18 695 22.03 97.00
4 26891 123.45 98.19
5 32123 123.45 97.90
6 23 144 0.18 99.97
7 32429 0.26 99.97
8 41033 0.33 98.52
9 48232 24.07 98.80

—_
o

31711 159.70 98.59
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7. Summary and Concluding Remarks

This paper is concerned with a hierarchical workforce employee scheduling problem in-
volving multiple shifts and work centers. In a hierarchical workforce structure, an em-
ployee in a higher category can perform the duties of an employee belonging to a lower
category, but not vice versa. However, a higher category worker is relatively more costly.
A mixed-integer programming model for the problem that generates a minimum-cost em-
ployee schedule while taking into consideration employees’ stated preferences for shifts,
work centers, and off-days has been developed. A heuristic scheduling algorithm that
sequentially utilizes a simplified version of this model and staffs work centers with avail-
able employees of a given category or higher at each iteration is proposed. This algorithm
can be utilized to solve problems that cannot be solved directly via the initial formula-
tion. In fact, we were unable to solve Model HESM for any of our ten test problems
directly via CPLEX. Algorithm ESA, however, enabled us to solve these instances hav-
ing 76 employees of up to five categories and four work centers to within at least 92.30
percent of optimality, within 2.66 CPU minutes on a Pentium 4, CPU 1.70 GHz com-
puter having 1024 MB of RAM. The results indicate that cost effective and fair employee
schedules that incorporate preferences for shifts, work centers, and off-days can be ef-
ficiently generated in a timely fashion using this procedure. Furthermore, this modeling
approach can be readily combined with the two-stage approach developed by the authors
in (Al-Yakoob and Sherali, 2007a; Al-Yakoob and Sherali, 2007b)) to handle problems
having a relatively greater number of work centers and employees.
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Tvarkarasciu sudarymas daugelio pamainu ir darbo centru
uzdaviniuose, kai darbo jéga hirarchiné

Salem M. AL-YAKOOB, Hanif D. SHERALI

Straipsnyje nagriné¢jamas tvarkarasciu sudarymas daugelio pamainy ir darbo centru uzdavi-
niuose, kai naudojama daugelio kategoriju darbo jéga. Aukstesnés kategorijos darbuotojai gali at-
likti Zemesnés kategorijos darba, bet ne atvirksciai. Todél aukstesnés kategorijos darbuotojas gauna
didesni atlyginima. Apkrovimas tas pats visoms darbo dienoms, taciau gali skirtis savaitgaliais.
Siekiama minimizuoti i§laidas atsiZvelgiant i darbuotojy pageidavimus. Siam uZdaviniui spresti
sitilomas euristinis algoritmas. Sulyginimas su tiksliu dalinai sveikaskaitinio tiesinio programavi-
mo algoritmu rodo, kad optimalus sprendinys randamas 92-98% atveju.



