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An empirical crew rostering problem drawn from the customer service section of a department store in
southern Taiwan is addressed in this paper. The service section established relevant service facilities and
functions to provide services for customers as well as distinguished guests and visitors. The crew roster-
ing task is concerned with assigning multi-functional workers to different types of job and scheduling
working shifts for each worker within a given time horizon, where the available and demand workforce
vary from one shift to another. The current crew rostering method is a seniority orientation method. In
developing the roster under current method, lines of job are generated and then bids are taken in order of
decreasing seniority. The most senior worker has the widest range of job lines from which to select so as
to best satisfy his/her preference. Successive crew members bid for the remaining lines of job. The current
method has some drawbacks. To overcome the drawbacks, this paper develops a problem-specific
approach with three stages to deal with the crew rostering problem, making it more equitable and
personalized for workers by considering the management goals concerning worker–job suitability,
worker–worker compatibility and worker–shift fondness. Due to the vagueness of job characteristics
and the personal attributes, fuzzy method is used to improve the evaluation results of suitability,
compatibility and fondness. The utility similarities of fuzzy assessments with the linguistic grade of very
good are used to measure the fitness grade for the management goals. A linear goal programming model
is proposed to fulfill the ‘‘efficient assignment/match from the right’’ policy. The proposed approach
ensures the right workers are assigned to the right jobs, the right workers are placed together in a job
and the pleasing working shifts are given to the workers. An illustrative application demonstrates the
implementation of the proposed approach.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Crew rostering has become increasingly important as business
becomes more service oriented and cost conscious in a global envi-
ronment (Ernst, Jiang, Krishnamoorthy, & Sier, 2004). The general
crew rostering problem concerns how to construct timetables for
workers, in which the working and rest days are scheduled, so
the predicted workload is met by considering the constraints
deriving from the restriction rules, the conditions of tasks and
the characteristics of the workers. In this paper, an empirical crew
rostering problem drawn from the customer service section of a
department store in southern Taiwan is addressed. The crew
rostering problem addressed in this study is more complicated. It
is concerned with assigning multi-functional workers to different
types of job and scheduling the working and rest shifts for each
worker over a planning week (i.e., from Sunday to Saturday). The
ll rights reserved.
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constructed individual schedules, or rosters, for the workers reveal
two aspects of information for each worker, which are: (1) the jobs
assigned and (2) the working and rest shifts scheduled. The result
of the working shifts scheduled for the workers is typically to con-
struct a set of shift worker assignments required to meet workforce
demand. Ernst et al. (2004) presented a review of staff scheduling
and rostering. They pointed out, because of changing work envi-
ronments and conditions, it is likely rostering algorithms will need
to be more general in the future. Since in practice each case has its
own business characteristics and problems that must be faced and
solved, a specific rostering method should be developed for a case
problem. For example, Lezaun, Perez, and de la Maza (2006)
proposed a sequence of four types of integer programming
problems to tackle a crew rostering problem in a public transport
company. Chu (2007) dealt with a personnel planning problem in
an international airport by decomposing it into duties generating
phase (a GP planner), followed by GP scheduling and rostering
phase. Topaloglu and Selim (2010) applied fuzzy set theory to a
nurse scheduling problem to deal with uncertainties in the target
values of the hospital management and nurses’ preferences.

Early studies held the assumption each worker can only
perform one type of task (e.g., see Buffa, Cosgrove, & Luce, 1976).

http://dx.doi.org/10.1016/j.cie.2012.04.013
mailto:htl@mail.ncut.edu.tw
http://dx.doi.org/10.1016/j.cie.2012.04.013
http://www.sciencedirect.com/science/journal/03608352
http://www.elsevier.com/locate/caie


Table 1
Jobs and tasks contained.

Job Station/location Service tasks included and should be
performed

s1 VIP lounge Exclusive service for very important persons
and customers

s2 Desk for general
service

Exchange paper money for subsidiary coins,
lend baby carriages, look for lost child, call
taxi from the special station, point the way
for customers to sales place and relevant
service

s3 Shop floors/sales place Accompany the manager on duty to go on a
tour of inspection of the shop floors and sales
place

s4 Lobby and counters of
leased departments

Provide reception and guidance for the
distinguished guests and visitors, and assist
in sales promotion for leased departments

s5 Desk for member-card
holder service

Handle the member-card applications,
provide consultation for the rights and
interests of the members of the store, and
deal with customer complaints
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However, recent studies often assume each worker is able to
perform multiple types of tasks, viz., worker multi-functionality.
This property of multi-functionality has important effects, such
as organizing the workforce more efficiently and expending the
labor cost more economically (Zulch, Rottinger, & Vollstedt,
2004). Corominas, Pastor, and Rodriguez (2006) argued working
time flexibility (Oke, 2000) and the multi-functionality of workers
helps mould production capacity more closely to demand. The
problem of assigning multi-functional workers to different types
of task falls into two categories. The first is each worker can
perform any type of task, which is known as completely multi-
functional. The second is each worker can perform a given subset
of types of task. In the literature, it is common to assume worker’s
qualities or efficiencies are equal for all those that can perform
given types of tasks. For example, Bergman (1994) emphasized
the importance of the multi-functional hospital staff. In that case,
each worker could perform a given subset of task types based on
individual cross-training and experience. Campbell and Diaby
(2002) conducted a study of allocating the cross-trained workers
to the tasks of multi-department. They suggested the research
direction of considering the re-assignment of workers to tasks
(i.e., task rotation) within the shifts. Later, Tharmmaphornphilas
and Norman (2004) discussed the advantages of task rotation for
reducing worker fatigue and injuries. Corominas et al. (2006)
addressed a problem of assigning different task types to com-
pletely multi-functional workers in a retail chain selling clothes.

In practice, different types of task require varying levels of
relevant skills and characteristics, such as attention, reaction, com-
munication, responsibility, and stability. The workers efficiencies
are not necessarily equal for all workers to perform each of the task
types. As Corominas et al. (2006) suggested, future research should
relax the assumption each worker can perform a given type of task
at equal efficiency. Therefore, the suitability for each worker to
perform each of the task types should be evaluated. For the tasks
requiring two or more workers to work together, the relationship
among workers, or compatibility (Nussbaum et al., 1999), should
also be considered to make an appropriate worker assignment. In
the study of Nussbaum et al. (1999), compatibility has been re-
ferred to as the ability of the project team to work together based
on working style. de Korvin, Shipley, and Kleyle (2002) stated com-
mitting members to teams as needed is critical to project success
and effectively utilizing human resources.

Regarding the evaluation of suitability between worker and task
type and relationships among workers, job placement or personnel
selection methods can be referred and quoted. Since job placement
problems often require group decision-making under multiple cri-
teria and uncertain and imprecise data, fuzzy methods have been
employed to obtain outstanding outcomes. For example, Liang
and Wang (1994) developed a fuzzy algorithm for combining both
test-oriented objective assessments and interview-oriented
subjective assessments to obtain the final ranking values for candi-
dates. The triangular fuzzy numbers (TFNs) were used to quantify
the linguistic assessments of subjective ratings and criteria weigh-
tings, and then the fuzzy suitability indices were computed. Yaa-
kob and Kawata (1999) also used fuzzy method to deal with the
worker placement problem. The relationship among workers is
considered to make an appropriate workers’ assignment. de Korvin
et al. (2002) considered the match between the skills possessed by
each worker, the skills needed for each project phase, and rather
flexible budget considerations. They developed the fuzzy construct
of compatibility to measure the fit of a worker skills set to the goal
set for each project phase.

Eiselt and Marianov (2008) showed their consideration for
problem of errors committed in assignments. They presented a
skill space to map the acquired skill levels of workers and the
required skill levels of tasks. After feasible task assignments are
determined, tasks are assigned to workers to minimize worker–
task distances. Rothstein and Goffin (2006) pointed out adopting
personality measures adequately could add value to job placement
practices. Later, Dursun and Karsak (2010) argued many personal
attributes considered for job placement, such as creativity, organiz-
ing ability and leadership, are vague and imprecise. Therefore, they
proposed a fuzzy multi-criteria decision-making method using
both linguistic and numerical scales to deal with the evaluation.

The rest of this paper is organized as follows. Section 2
describes the problem background. In Section 3, the proposed
approach is presented. Section 4 provides an illustrative applica-
tion. Section 5 discusses the results. Finally, conclusions are given
in Section 6.
2. Problem description

2.1. Service workforce and jobs

The crew rostering problem addressed in this study concerns
the multi-functional workers’ assignment and shift scheduling for
a customer service section of a department store in southern
Taiwan. The workforce team consists of eight full-time workers,
denoted by w1–w8, and four part-time workers under contract,
denoted by w9–w12. w1–w8 are the section’s own workers and
referred to as regular workers, while w9–w12 are self employed
contractors and referred to as contract workers in this study. The
service section established relevant service facilities and functions
to provide service for customers as well as distinguished guests
and visitors. According to the business characteristics, the provid-
ing services are classified to five types and referred to as jobs 1–5.
Since a job indicates the work station, jobs 1–5 are denoted by
s1–s5 for convenience. Table 1 shows the work stations/locations
and the tasks included in each job. The workforce team is com-
posed of multi-functional service workers, viz., each worker is able
to perform s1–s5. Since the worker qualities and efficiencies are
based on individual skill, knowledge, experience and cross-training
effects, w1–w12 are not necessarily equally able to perform s1–s5.

The service section carries on business 12 h per day 7 days a
week all year round. The work time of 12 h is split into morning
shift (denoted by t1, from 10 am to 4 pm) and evening shift (de-
noted by t2, from 4 pm to 10 pm). There are two 6-h shift types
each day for the workers to be scheduled and the working shifts
of the workers are scheduled week by week. The number of cus-
tomer (as well as distinguished guests and visitors) varies from
1 day to another during the week, meaning the service workforce



Table 2
Workforce needed in a planning week.

Job Shift d1 d2 d3 d4 d5 d6 d7

s1 t1 1 1 1 1 1 1 1
t2 2 1 1 2 1 2 2

s2 t1 2 1 1 1 1 1 1
t2 2 1 1 1 1 2 2

s3 t1 1 1 1 1 1 1 1
t2 1 1 1 1 1 1 1

s4 t1 1 1 1 1 1 1 1
t2 2 1 1 1 1 1 2

s5 t1 2 1 1 1 1 1 2
t2 2 1 1 1 1 1 2

Training courses arranged and
special leave received

w5 and w7 w2
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needs to vary from one shift to another, viz., flexible demand work-
force. A rule of thumb shows the sales promotion programs, anni-
versary celebration, and major festivals and holidays increase the
number of customers as well as distinguished guests and visitors.

To enhance workers’ professional skill, knowledge and multi-
functionality, the regular and contract workers are arranged to take
part in a series of training courses. According to the Labor
Standards Act of Taiwan, where a regular worker continues to work
for one and the same employer or business entity for a certain per-
iod of time he or she must be granted special leave on an annual
basis. Thus, the workforce available for assigning to job is also flex-
ible. Table 2 illustrates, for example, the workers needed for each
job as well as the training courses arranged and special leave re-
ceived for a planning week in May 2010, where the 7 days in a
week are denoted by d1–d7. The bottom row shows w5 and w2 were
arranged to take part in training courses on d3 and d5, respectively.
w7 received 1 day of special leave on d3. According to Table 2, the
number of workers needed per shift for each job and the workers
available for assignment in the planning week are known and used
in developing the rosters. For example, the number of worker nec-
essary for s1 is one in t1 on d1 (simplified as (d1, t1)), while it is two
in t2 on d1 (simplified as (d1, t2)). The latter indicates (d1, t2) is a
rush period for s1 (viz., in that period the service load of s1 is hea-
vy), therefore, two workers are necessary for performing the ser-
vice tasks. For convenience, such a rush period (d1, t2) for s1 is
simplified as (d1, t2, s1). All 12 workers are available for assignment
on d1, d2, d4, d6 and d7. Since w5 and w2 were arranged for training
courses on d3 and d5, respectively, and w7 received special leave on
d3, therefore, ten of the 12 workers (excluding w5 and w7) and ele-
ven of the 12 workers (excluding w2) are available for assignment
on d3 and d5, respectively. These data constitute the coverage con-
straints (Topaloglu & Selim, 2010) in developing rosters.

2.2. Restriction rules

In practice, how restriction rules of crew rostering are estab-
lished varies greatly depending on the labor act, job property, busi-
ness characteristic and philosophy of each firm. For the study
section, the following assignation rules and conditions, constitut-
ing the time related constraints (Topaloglu & Selim, 2010) in devel-
oping rosters, must be met:

(1) The basic working hours for a regular worker are 42 a week,
equaling to seven working shifts a week. The time a regular
worker takes part in training courses or obtains special leave
is included in basic working hours, with each day counted as
12 h or two shifts. A regular worker cannot have overtime in
excess of 12 h, or two shifts, a week.
(2) A contract worker will not have working hours in excess of
48 h, or eight shifts, a week. The training courses for contract
workers are arranged in the shift off periods after the rosters
are constructed. The time for contract workers to take part
in training courses is gratuitous.

(3) For each shift, each worker (excluding those arranged for
training courses or special leave) is a candidate to be assigned
to a suitable job.

(4) Each worker may be scheduled to work one shift or two shifts
a day. If a worker works two shifts a day, then the two job
types must differ, which is known as job rotation, to reduce
worker drabness or monotony.

(5) In a week, each worker should have at least two full rest days,
besides the days scheduled to work and those arranged for
training courses and special leave.

2.3. Current crew rostering method

On Wednesday, the director of service section collects the rele-
vant data for next planning week from marketing and human re-
source departments to confirm the demand and available
workforce. The relevant data includes the prediction about oncom-
ing number of customer (as well as distinguished guests and visi-
tors) and the workers who are arranged to take part in training
courses or received special leave. Then, the crew rostering over
the next planning week is conducted.

For convenience in worker assignment, it is common to assume
worker qualities or efficiencies are equal for all those that can per-
form a given type of task. For example, in the study of Corominas
et al. (2006), they assumed for each type of task, each worker could
perform the task at equal efficiency. The current method used by
the study section is analogous to the bidding systems (Ernst
et al., 2004) based on the assumption all 12 workers can perform
each of the five jobs at equal levels of quality and efficiency. Ernst
et al. (2004) stated in the bidding systems, lines of work are gener-
ated and then bid for by crew members. Bids are normally taken in
order of decreasing seniority, the most senior staff having the wid-
est range of work lines from which to select so as to best satisfy
their preferences. Successive crew members bid for the remaining
lines of work.

2.4. Drawbacks of current method and improvement thinking

The current method is a seniority orientation view of the bid-
ding systems and it has some drawbacks. The drawbacks along
with the resulted disadvantageous consequences and the improve-
ment thinking are elaborated here.

In addition to the discrimination against the workers with less
work experience and qualifications, the suitability of each worker
for each job, termed as worker–job suitability, the relationship be-
tween two workers, termed as worker–worker compatibility, and
the fondness of working shifts for the workers, termed as work-
er–shift fondness, have not been considered. In fact, for the crew
rostering problem under consideration, the worker–job suitability,
worker–worker compatibility and worker–shift fondness inter-
nally influence the work satisfaction and then externally affect
the service quality and efficiency. The drawbacks certainly result
in disadvantageous consequences. Eiselt and Marianov (2008) ar-
gued errors committed in assignments can have far-reaching con-
sequences, such as reduced efficiency due to absenteeism, lack of
job satisfaction, formal grievances, and generally deteriorating la-
bor relations.

Ernst et al. (2004) argued in many organizations, the people in-
volved in developing rosters need decision support tools to help
provide the right workers at the right time and at the right cost
while achieving a high level of worker job satisfaction. Topaloglu
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and Selim (2010) pointed out a high quality schedule can lead to a
more contented and thus more effective workforce. In the opinion
of the manager of the study section, the worker–job suitability,
worker–worker compatibility and worker–shift fondness certainly
influence the work satisfaction. Therefore, improving these three
items should be the management goals in developing rosters. The
thinking for improving the achievement of management goals is
elaborated as follows.

Different jobs contain different tasks requiring varying levels of
relevant skills and characteristics, such as attention, reaction, com-
munication, responsibility and stability. In fact, the service efficien-
cies and qualities differ for the 12 workers to perform each of the
five jobs. Ill effects, such as inefficiency and lack of job satisfaction,
will arise from unsuitable worker assignment (Eiselt & Marianov,
2008). Therefore, the suitability for each worker to perform each
job should be evaluated.

For the tasks requiring two or more workers to work together,
Nussbaum et al. (1999) and de Korvin et al. (2002) pointed out that
compatibility should be considered to make an appropriate worker
assignment because committing members to teams as needed is
critical to work success and effectively utilizing human resources.
Thereby, it is necessary to design an effective tool by considering
compatibility for assigning workers to work together to reduce po-
tential noncooperation or conflict.

Lezaun et al. (2006) indicated shift work is always uncomfort-
able and a nuisance. In some organizations shift work is one of
the basic causes of discontentment and complaints among work-
ers. Ernst et al. (2004) argued as the modern workplace becomes
more complex and as enterprise bargaining agreements become
more focused on the individual, rather than on a group or team,
it is likely roster solutions will also need to cater to individual
Table 3
Momentous notations.

Indices and input parameters
wi and wj: Worker i and j, i, j = 1, . . . , N
WR: A set of regular worker
WC: A set of contract worker
sk: Job k, k = 1, . . . , K
d‘: Day ‘ over a planning period, ‘ = 1, . . . , L
tf: Working shift f in a day, f = 1, . . ., F
tU

R and tL
R: The maximal and minimal numbers of working shift, respectively, for a re

tU
C : The maximal number of working shift for a contract worker to be assigned over a

Dm: Decision-maker m, m = 1, . . . , M, for assessing the worker–job suitability
kðqÞ: The importance weight of criterion rq, q = 1, . . . Q, for assessing the worker–job s
~pm

ikðqÞ: the quantified TFN rating of the suitability between wi and sk (simplified as su

UT(B): The total utility value of linguistic data BeY ik: The weighted fuzzy assessment of the suitability of (wi,sk)

USðeY ik; BÞ: The utility similarity of eY ik with B. Let yik ¼ USðeY ik;VGÞ
X: A set of feasible combinations (wi, sk) with linguistic grades passing the suitability
-i
ðvÞ: The importance weight of criterion cv, v = 1, . . . , V, set by wi for evaluating the

~qi
jðvÞ: The quantified TFN rating of the compatibility of wj under criterion cv evaluateeEi
j: The weighted fuzzy assessment of the compatibility of wj evaluated by wi

USðeEi
j;BÞ: The utility similarity of eEi

j with B. Let ei
j ¼ USðeEi

j ;VGÞ

eij: The two-way assessment of compatibility between wi and wj (simplified as comp

P: A set of feasible combinations (wi,wj) with linguistic grades passing the compatibePi
‘f : The quantified TFN rating of the fondness of (d‘, tf) evaluated by wi (simplified a

USðePi
‘f ;VGÞ: The utility similarity of ePi

‘f with VG. Let pi‘f ¼ USðePi
‘f ;VGÞ

Wi: A set of feasible combinations (wi, d‘, tf) with linguistic grades passing the fondnecW : A set of workers who are arranged to take part in training courses or receive spebDi: A set of days that wi is arranged for training courses or special leave over the pla

ĥi: Total number of days included in bDi

ĥi‘ ¼ 1: If wi takes part in training courses or receives special leave on d‘; ĥi‘ ¼ 0, oth
g‘fk: Number of workers required by sk in (d‘, tf)
U: A set of (d‘, tf, sk) indicating two workers are required, i.e., g‘fk = 2
Decision variables
hi‘fk: A binary variable. If wi is assigned to sk in (d‘, tf), then hi‘fk = 1; otherwise, hi‘fk =
preferences. Thereby, to construct a well-designed work timetable
for each worker by increasing roster personalization, the fondness
of different working shifts for each worker should be detected and
considered in developing rosters.
3. Proposed approach

To avoid the drawbacks of the current method, and more
importantly, construct more equitable and personalized work
timetables for workers to internally increase work satisfaction
and then externally improve the service quality and efficiency, an
effective approach is proposed for the study section to construct
rosters with the best compromise solution of multiple manage-
ment goals in terms of suitability, compatibility and fondness.
For convenience, the momentous notations for the general situa-
tion (i.e., N workers, K jobs, a planning period contains L days, F
shifts in each day and each worker has at least p̂ full rest days over
the planning period) are listed in Table 3. The conceptual flow
of the proposed approach is depicted in Fig. 1, which fulfills the
‘‘efficient assignment/match from the right’’ policy with three
stages.

In the first stage, fuzzy assessments along with the associated
classifications for worker–worker compatibility, worker–job suit-
ability and worker–shift fondness are conducted using the data-
base about the descriptions and specifications of jobs and that
about the characteristics and skills inventories of workers. Assess-
ment of suitability of (wi, sk) is conducted by a decision-making
group. Assessment of compatibility of (wi, wj) is conducted by wi

and wj each other on a two-way manner. In the two-way assess-
ment, the compatibility of (wi, wj) is assessed by wi on the one hand
gular worker to be assigned over a planning period
planning period

uitability
itability of (wi,sk) hereafter) under criterion rq evaluated by Dm

threshold
compatibility of the other workers

d by wi

atibility of (wi,wj) hereafter) evaluated by wi and wj each other. Let eij ¼ ei
j þ ej

i

ility threshold

s fondness of (wi, d‘, tf) hereafter)

ss threshold

cial leave over the planning period

nning period

erwise

0



Fig. 1. The conceptual flow of proposed approach.
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and by wj on the other hand. Assessment of fondness of (d‘, tf) for
wi is conducted by wi. According to the assessment and classifica-
tion results, the feasible combinations of worker–job, worker–
worker and worker–shift for constructing the effective rosters are
then sieved out. In the second stage, a specific goal programming
(GP) model is developed to construct the rosters, or individual
schedules, for workers with the best compromise solution of multi-
ple management goals subject to the restriction rules. In the third
stage, the GP model is performed for generating rosters for workers
that consist of jobs assigned and working and rest shifts scheduled
over a planning week.

Table 4 shows the fuzzy scheme with seven linguistic judgment
values used in this study, which is expanded from the fuzzy
scheme with five linguistic judgment values proposed by Yaakob
and Kawata (1999). In the fuzzy assessment and classification pro-
cedures, the ratings of suitability of (wi, sk), compatibility of (wi, wj)
and fondness of (wi, d‘, tf) are judged as linguistic variables. The
judgment values of linguistic data are then quantified with TFNs,
as shown in Table 4. The rationale for employing TFNs to capture
the vagueness of the linguistic assessments is TFN is intuitively
easy to use (Liang & Wang, 1994).

In column 3 of Table 4, the total utility value of linguistic data B,
UT(B), B = VG, G, . . . , VP, is calculated using the total utility function
proposed by Chen (1985). In the author’s study, the total utility
values of TFNs are calculated with minimizing set and maximizing
set to rank the TFNs. Since the total utility function (Chen, 1985) is
easy to use and the application results are well (e.g., Hsieh & Chen,
1999; Lin, 2009), it is employed to obtain the values of UT(B) in the
following analyses, and then UT(B) is used to derive the utility
similarity of a TFN obtained from the assessment results. The
calculation of UT(B) in this study is briefly described here.
Table 4
Linguistic variables and quantified TFNs.

Linguistic data (B) TFN Total utility value UT(B)

Very good (VG) (20,21,22) 0.935
Good (G) (18,19,20) 0.848
Medium good (MG) (13,16,18) 0.695
Fair (Fr) (9,11,13) 0.5
Medium poor (MP) (4,6,9) 0.305
Poor (P) (2,3,4) 0.152
Very poor (VP) (0,1,2) 0.065
According to the fuzzy scheme of Table 4, the minimal value is
set as xmin = 0 and the maximal value as xmax = 22. Then, the min-
imizing set is constructed as eH ¼ ðxmin; xmin; xmaxÞ ¼ ð0;0;22Þ and
maximizing set as eR ¼ ðxmin; xmax; xmaxÞ ¼ ð0;22;22Þ. Consider a
TFN, say eX ¼ ðxa; xb; xcÞ. The relationship for membership functionseH, eR and eX is depicted in Fig. 2. The left utility value and right util-
ity value of eX , denoted by UHðeXÞ and URðeXÞ, respectively, are com-
puted as follows:

UHðeXÞ ¼ xmax � xa

ðxmax � xminÞ þ ðxb � xaÞ
ð1Þ

URðeXÞ ¼ xc � xmin

ðxmax � xminÞ � ðxb � xcÞ
ð2Þ

Then, the total utility value of eX , denoted by UTðeXÞ, is calculated
as

UTðeXÞ ¼ ½URðeXÞ þ 1� UHðeXÞ�=2 ð3Þ

For the linguistic data G with a quantified TFN (18,19,20) in Ta-
ble 4, for example, the left utility value and right utility value of G
are computed by Eqs. (1) and (2) as follows:

UHðGÞ ¼
22� 18

ð22� 0Þ þ ð19� 18Þ ¼ 0:174;

URðGÞ ¼
20� 0

ð22� 0Þ � ð19� 20Þ ¼ 0:870:

Then, the total utility value of G, denoted by UT(G), is calculated
by Eq. (3) as

UTðGÞ ¼ ð0:870þ 1� 0:174Þ=2 ¼ 0:848:
Fig. 2. The membership functions of eH , eR and eX .
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3.1. Fuzzy assessment of worker–job suitability

The suitability of (wi, sk) is assessed by a decision-making group
as follows:

Step 1: Constitute a group consisting of M decision-makers, Dm,
m = 1, . . . , M, and select the appropriate Q criteria, r1–rQ, for assess-
ing the worker–job suitability.

Step 2: Each decision-maker conducts pairwise comparisons for
Q criteria with Saaty’s 1–9 scale (Saaty, 1980) to show the relative
importance of the criteria. Then, the geometric mean method sug-
gested by Dyer and Forman (1992) is employed to include the deci-
sion-makers’ judgments for determining the aggregate importance
weights of Q criteria, kðqÞ, q = 1, . . . , Q.

Step 3: To assess the suitability of (wi, sk), the decision-making
group uses the fuzzy scheme shown in Table 4 to conduct the
assessments under each criterion. Let ~pm

ikðqÞ ¼ ðpm
ikðqÞa;pm

ikðqÞb;pm
ikðqÞcÞ

be the quantified TFN of the linguistic rating assigned to the suit-
ability of (wi, sk) under criterion rq evaluated by Dm. Then, by apply-
ing the mean aggregation rule to pool the M decision-makers’
judgments, the aggregate fuzzy assessment of the suitability of
(wi, sk) under rq is

~pikðqÞ ¼
XM

m¼1

pm
ikðqÞa

 ,
M;
XM

m¼1

pm
ikðqÞb

,
M;
XM

m¼1

pm
ikðqÞc

,
M

!
ð4Þ

The weighted fuzzy assessment of the suitability of (wi, sk), eY ik,
can be obtained by incorporating ~pikðqÞ with kðqÞ as follows:

eY ik ¼ ðkð1Þ � ~pikð1ÞÞ � ðkð2Þ � ~pikð2ÞÞ � � � � � ðkðQÞ � ~pikðQÞÞ ð5Þ

Step 4: Compute the total utility value of eY ik, UTðeY ikÞ, and then
use the utility similarity function proposed by Hsieh and Chen
(1999) to calculate the utility similarity of eY ik with linguistic data
B, USðeY ik;BÞ. Using their utility similarity function, USðeY ik;BÞ can be
calculated as follows:

USðeY ik;BÞ ¼
UTðeY ikÞ � UTðBÞ

maxfUTðeY ikÞ � UTðeY ikÞ;UTðBÞ � UTðBÞg

¼ minfUTðeY ikÞ;UTðBÞg
maxfUTðeY ikÞ;UTðBÞg

ð6Þ

Step 5: For classifying eY ik to an appropriate linguistic grade,
choose the corresponding best linguistic data of eY ik with the larg-
est utility similarity to it according to the values of USðeY ik;BÞ. Since
the ideal linguistic grade is VG, the utility similarity of eY ik with VG
is selected to express the degree of suitability of (wi, sk). The degree
of suitability, denoted and set as yik ¼ USðeY ik;VGÞ, is used to mea-
sure the satisfaction grade for assigning wi to sk. The maximal value
of yik is one in theory, which reveals the ideal situation.

Step 6: Set an appropriate threshold to screen the assessment
results of suitability of (wi, sk). The worker–job combinations with
suitability linguistic grades passing the threshold are sieved out
and included in set X. These feasible worker–job combinations
are used in the jobs placement for workers.

3.2. Fuzzy assessment of worker–worker compatibility

The compatibility of (wi, wj) is assessed by wi and wj each other
on a two-way manner as follows:

Step 7: Each worker, say wi, selects V criteria, c1–cV, which he or
she pays close attention for assessing the compatibility between
him or her and the other workers. wi conducts the pairwise com-
parisons for V criteria with Saaty’s 1–9 scale (1980) to obtain the
importance weights of V criteria, -i

ðvÞ, v = 1, . . . , V.
Step 8: wi uses the fuzzy scheme shown in Table 4 to assess the

compatibility between him or her and wj, j = 1,. . . , N, j – i, under
criterion cv. Let ~qi
jðvÞ ¼ ðqi

jðvÞa;qi
jðvÞb;qi

jðvÞcÞ be the quantified TFN of
the linguistic rating for the compatibility of (wi, wj) under criterion
cv assigned by wi. Then, the weighted fuzzy assessment of the com-
patibility of (wi, wj) evaluated by wi, eEi

j, can be obtained by incorpo-
rating ~qi

jðvÞ with -i
ðvÞ as follows:
eEi
j ¼ ð-i

ð1Þ � ~qi
jð1ÞÞ � ð-i

ð2Þ � ~qi
jð2ÞÞ � � � � � ð-i

ðVÞ � ~qi
jðVÞÞ ð7Þ
Step 9: Compute the total utility value of eEi
j, UTðeEi

jÞ, and then
calculate the utility similarity of eEi

j with linguistic data B,
USðeEi

j;BÞ, as follows:
USðeEi
j;BÞ ¼

minfUTðeEi
jÞ;UTðBÞg

maxfUTðeEi
jÞ;UTðBÞg

ð8Þ

Step 10: For classifying eEi
j to an appropriate linguistic grade,

choose the corresponding best linguistic data of eEi
j with the largest

utility similarity to it according to the values of USðeEi
j;BÞ. Since the

ideal linguistic grade is VG, the utility similarity of eEi
j with VG is se-

lected to express the degree of compatibility of wj evaluated by wi.
The degree of compatibility, denoted and set as ei

j ¼ USðeEi
j;VGÞ, is

used to measure the satisfaction grade of wi for working together
with wj. The maximal value of ei

j is one in theory, revealing the
ideal situation.

Step 11: Collect the assessment results of the compatibility of
(wi, wj) evaluated respectively by wi and wj to form the two-way
assessment outcomes. Calculate the two-way degree of compati-
bility of (wi, wj) as eij ¼ ei

j þ ej
i. Thus, eij reflects the two-way satis-

faction grade for assigning wi and wj to work together. Both the
maximal values of ei

j and ej
i are one in theory, and therefore the

maximal value of eij is two.
Step 12: Set an appropriate threshold to screen the two-way

assessment results of the compatibility of (wi, wj). The worker–
worker combinations with two-way compatibility linguistic grades
passing the threshold are sieved out and included in set P. These
feasible worker–worker combinations are considered for assigning
together to the jobs requiring two workers.
3.3. Fuzzy assessment of worker–shift fondness

The fondness of (d‘, tf) for wi is assessed by wi in the following
steps:

Step 13: Set guides for expressing the fondness grades of work-
ing shifts.

Step 14: Each worker, say wi, conveys his or her fondness grades
for the working shifts, excluding the shifts which are arranged for
training courses or special leave. Then, the fuzzy scheme shown in
Table 4 is used to quantify the fondness grades of shift (d‘, tf) eval-
uated by wi as a TFN ePi

‘f . Compute the utility similarity of ePi
‘f with

linguistic data VG, USðePi
‘f ;VGÞ. Since the ideal linguistic grade is VG,

the value of USðePi
‘f ;VGÞ is selected to express the degree of fond-

ness of (d‘, tf) for wi. That is, set pi‘f ¼ USðePi
‘f ;VGÞ to express the de-

gree of fondness of (wi, d‘, tf), which measures the satisfaction
grade for allocating wi to work in (d‘, tf). The maximum value of pi‘f

is one in theory, which reveals the ideal situation.
Step 15: Set an appropriate threshold to screen the assessment

results of fondness of (wi, d‘, tf). For wi, the worker–shift combina-
tions with fondness linguistic grades passing the threshold are
sieved out and included in set Wi. These feasible worker–shift com-
binations are used to schedule wi for working in his or her pleasing
shifts.
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3.4. Goal programming model

The GP formulation to construct the rosters for the problem in a
general situation is proposed as follows:

Min aGs þ bGc þ cGp ðm0Þ

s:t:
XN

i¼1

XL

‘¼1

XF

f¼1

XK

k¼1

yik � hi‘fk þ Gs ¼
XN

i¼1

XL

‘¼1

XF

f¼1

XK

k¼1

hi‘fk ðm1ÞX
ðd‘ ;tf ;skÞ2U

X
ðwi ;wjÞ2P

eij � hi‘fk � hj‘fk þ Gc ¼
X

ðd‘ ;tf ;skÞ2U

X
ðwi ;wjÞ2P

2 � hi‘fk � hj‘fk

ðm2ÞXN

i¼1

XL

‘¼1

XF

f¼1

pi‘f �
XK

k¼1

hi‘fk

 !
þ Gp ¼

XN

i¼1

XL

‘¼1

XF

f¼1

XK

k¼1

hi‘fk ðm3Þ

XL

‘¼1

XF

f¼1

hi‘fk ¼ 0; ðwi; skÞ R X ðm4Þ

XK

k¼1

hi‘fk ¼ 0; ðwi; d‘; tf Þ R Wi ðm5Þ

Fĥi‘ þ
XF

f¼1

XK

k¼1

hi‘fk 6 F; 8i; ‘ ðm6Þ

ĥi ¼
X
d‘2D̂i

ĥi‘; wi 2 cW ðm7Þ

ĥi ¼ 0; wi R cW ðm8Þ

tL
R 6

XL

‘¼1

XF

f¼1

XK

k¼1

hi‘fk þ Fĥi 6 tU
R ; wi 2WR ðm9Þ

XL

‘¼1

XF

f¼1

XK

k¼1

hi‘fk 6 tU
C ; wi 2WC ðm10Þ

XN

i¼1

hi‘fk ¼ g‘fk; 8‘; f ; k ðm11Þ

XK

k¼1

hi‘fk 6 1; 8i; ‘; f ðm12Þ

hi‘fk þ hj‘fk 6 1; ðd‘; tf ; skÞ 2 U; ðwi;wjÞ R P ðm13ÞXF

f¼1

hi‘fk 6 1; 8i; ‘; k ðm14Þ

XL

‘¼1

1�
XK

k¼1

hi‘1k

 !
� 1�

XK

k¼1

hi‘2k

 !
� . . . � 1�

XK

k¼1

hi‘Fk

 !" #
P p̂þ ĥi;

8i

ðm15Þ
hi‘fk 2 f0;1g; 8i; ‘; f ; k ðm16Þ

The objective function (m0) is a compromise solution for mini-
mizing the deviations below the ideal values of management goals.
The values of a, b and c are set by the decision-maker to reflect the
relative importance of each objective. Constraint (m1) represents a
flexible goal in which the degree of suitability of all assignments,
viz. the satisfaction grade for assigning wi to sk, may be below
the ideal value. Constraint (m2) represents a flexible goal in which
the degree of compatibility of all assignments, viz. the satisfaction
grade for assigning wi and wj to work together, may be below the
ideal value. Constraint (m3) represents a flexible goal in which
the degree of fondness of all schedules, viz. the satisfaction grade
for scheduling wi to work in (d‘, tf), may be below the ideal value.
Constraint (m4) prohibits wi from working on sk if (wi, sk) is not in-
cluded in X. This is equivalent to fix the value of variables hi‘fk to 0
for each (wi, sk) R X. To prohibit wi from working in (d‘, tf) if
(wi, d‘, tf) is not included in Wi, Constraint (m5) set the value of
variables hi‘fk to 0 for each (wi, d‘, tf) R Wi. In Constraint (m6), if wi

is arranged for training courses or special leave on d‘ (i.e., ĥi‘ ¼ 1
and Fĥi‘ ¼ F), then the value of variables hi‘fk is driven to be zero
(i.e., wi cannot be assigned to any jobs on d‘); otherwise (i.e.,
ĥi‘ ¼ 0 and Fĥi‘ ¼ 0), the value of variables hi‘fk can be as zero or
one (i.e., wi can be day off or assigned to any suitable jobs on d‘).
In Constraints (m7) and (m8), the number of days arranged for
training courses or special leaves for wi 2 cW is calculated. For
wi R cW , such number of days is set to zero. Constraint (m9) restricts
the maximal and minimal numbers of working shifts for a regular
worker, including the shifts scheduled to work and those arranged
for training courses and special leave. In which 1 day for training
courses or special leave is accounted for as F shifts. Constraint
(m10) restricts the maximal number of working shifts for a contract
worker. Constraint (m11) stipulates the actual number of workers
assigned to a job in a shift should meet the required number. Con-
straint (m12) indicates each worker is assigned to one job at most in
any shift. Constraint (m13) prohibits wi from working together with
wj if (wi, wj) is not included in P. In Constraint (m14), the number of
shift wi works at sk on d‘ is one at most. This accomplishes the rule
of job rotation in one working day. Constraint (m15) indicates each
worker has at least p̂ full rest days over the planning period, besides
the days scheduled to work and those arranged for training courses
and special leave. Constraint (m16) indicates hi‘kf is a binary
variable.

Constraints (m2) and (m15) of the GP formulation are clearly
non-linear. In general, it is difficult to solve non-linear integer pro-
gramming problem and in many cases only feasible but not opti-
mal solutions can be obtained. In order to optimally solve the
problem and generalize the proposed method to larger size prob-
lems, the non-linear Constraints (m2) and (m15) are further refor-
mulated as linear constraints. Constraint (m2) is reformulated as
following linear constraints:

0 6 hi‘fk þ hj‘fk � 2pij‘fk 6 1; ðd‘; tf ; skÞ 2 U; ðwi;wjÞ 2 P ðm20ÞX
ðd‘ ;tf ;skÞ2U

X
ðwi ;wjÞ2P

eij � pij‘fk þ Gc ¼
X

ðd‘ ;tf ;skÞ2U

X
ðwi ;wjÞ2P

2 � pij‘fk ðm200Þ

pij‘fk 2 f0;1g; ðd‘; tf ; skÞ 2 U; ðwi;wjÞ 2 P ðm2000Þ

Constraint (m20) determines the value of pij‘fk to be either one or
zero. If wi and wj are assigned to work together at sk in (d‘, tf) (i.e.,
hi‘fk = hj‘fk = 1), the value of pij‘fk is determined as one; otherwise,
the value of pij‘fk is determined as zero.

Constraint (m15) is reformulated as following linear
constraints:

1 6
XF

f¼1

XK

k¼1

hi‘fk þ F � Hi‘ 6 F; 8i; ‘ ðm150Þ

XL

‘¼1

Hi‘ P p̂þ ĥi; 8i ðm1500Þ

Hi‘ 2 f0;1g; 8i; ‘ ðm15000Þ

Constraint (m150) determines the value of Hi‘ to be either one or

zero. If wi is day off on d‘ i:e:;
PF

f¼1

PK
k¼1hi‘fk ¼ 0

� �
, the value of Hi‘ is

determined as one; otherwise i:e:; 1 6
PF

f¼1

PK
k¼1hi‘fk 6 F

� �
, the va-

lue of Hi‘ is determined as zero.

4. Illustrative application

The data shown in Table 2 and restriction rules described in
Section 2.2 are used as an empirical example to illustrate the
implementation of the proposed approach.

Steps 1–2: Two professional staff appraised the suitability of
each of the 12 workers for each of the five jobs. These two experts
are the directors of service section and human resource depart-
ment, denoted by D1 and D2, respectively. The used criteria include
reaction capacity, communication skill, friendliness, attentiveness
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and stability, denoted by r1–r5, respectively. The pairwise compar-
isons for these criteria conducted by D1 and D2 are shown in Tables
5 and 6, respectively. Table 7 includes the judgments of D1 and D2
Table 5
Pairwise comparison matrix for criteria conducted by D1.

r1 r2 r3 r4 r5

r1 1 0.3333 2 0.25 2
r2 3 1 3 2 5
r3 0.5 0.3333 1 0.3333 4
r4 4 0.5 3 1 5
r5 0.5 0.2 0.25 0.2 1

CR = 0.07 < 0.1.

Table 6
Pairwise comparison matrix for criteria conducted by D2.

r1 r2 r3 r4 r5

r1 1 0.5 2 1 4
r2 2 1 3 3 4
r3 0.5 0.3333 1 0.3333 5
r4 1 0.3333 3 1 3
r5 0.25 0.25 0.2 0.33333 1

CR = 0.08 < 0.1.

Table 7
Aggregate pairwise comparison matrix for criteria.

r1 r2 r3 r4 r5 kðqÞ

r1 1 0.408 2 0.5 2.828 0.166
r2 2.449 1 3 2.449 4.472 0.389
r3 0.5 0.333 1 0.333 4.472 0.134
r4 2 0.408 3 1 3.873 0.253
r5 0.354 0.224 0.224 0.258 1 0.058

CR = 0.07 < 0.1.

Table 8
Assessments of suitability of (w2,s1).

r1 r2 r3 r4 r5

D1 MG Fr MP G Fr
(13,16,18) (9,11,13) (4,6,9) (18,19,20) (9,11,13)

D2 Fr MG Fr VG MP
(9,11,13) (13,16,18) (9,11,13) (20,21,22) (4,6,9)

Aggregate (11,13.5,15.5) (11,13.5,15.5) (6.5,8.5,11) (19,20,21) (6.5,8.5,11)
kðqÞ 0.166 0.389 0.134 0.253 0.058

Weighted TFN eY 21 ¼ ð12:16;14:19;16:03Þ.

Table 9
Assessment results of suitability between w2 and each of the jobs.

s1 s2 s3 s4 s5

w2 0.675a 0.513 0.432 0.865 0.096
MGb Fr Fr G VP

a Degree of suitability of (w2,s1).
b Classified linguistic grade of (w2,s1).

Table 10
Compatibility of (w1,w2) evaluated by w2.

c1 c2 eE2
1 USðeE2

1;BÞ

VG G

P (2,3,4) MG (13,16,18) (6.13,7.88,9.25) 0.389 0.429
by the geometric mean method, where the last column lists the
importance weights of the criteria.

Step 3: The assessment results of the suitability of (w2, s1), for
example, under r1–r5 are shown in Table 8. eY 21 is obtained as
(12.16,14.19,16.03).

Steps 4–5: For eY 21 ¼ ð12:16;14:19;16:03Þ, the total utility value
of eY 21 is computed as UTðeY 21Þ ¼ ð0:6723þ 1� 0:4095Þ=2 ¼ 0:631.
Then, the values of utility similarity of eY 21 with linguistic data
VG–VP are calculated by Eq. (6) as follows:

USðeY 21;VGÞ ¼ minfUTðeY 21Þ;UTðVGÞg
maxfUTðeY 21Þ;UTðVGÞg

¼ minf0:631;0:935g
maxf0:631;0:935g ¼ 0:675;
USðeY 21;GÞ ¼ 0:745; USðeY 21;MGÞ ¼ 0:908; USðeY 21; FÞ ¼ 0:792;
USðeY 21;MPÞ ¼ 0:483; USðeY 21; PÞ ¼ 0:241; USðeY 21;VPÞ ¼ 0:103;

Since the largest value of utility similarity is USðeY 21;MGÞ ¼
0:908, the linguistic grade of suitability of (w2, s1) is classified as
MG. The degree of suitability of (w2, s1) is set as y21 ¼ USðeY 21;

VGÞ ¼ 0:675. Table 9 shows, for example, the assessment results,
including degree of suitability and classified linguistic grades, of
the combinations (w2, sk), k = 1, . . . , 5.

Step 6: The threshold of suitability relation is set as linguistic
grade of Fr. The results depicted in Table 9 show w2 can be assigned
to s1, s2, s3 and s4, whereas s5 cannot. Therefore, the feasible work-
er–job combinations, (w2, s1), (w2, s2), (w2, s3) and (w2, s4), are in-
cluded in X.

Steps 7–11: The compatibility evaluation is conducted in a two-
way manner. For example, consider the compatibility between w1

and w2. On the one hand, w2 uses his concerning two criteria (c1

indicates the mutual understanding and c2 indicates the tolerance
in attitude), with importance weights -2

ð1Þ ¼ 0:625 and -2
ð2Þ ¼

0:375, to evaluate the compatibility of (w1, w2). Table 10 depicts
the assessment results. The degree of compatibility of (w1, w2)
evaluated by w2 is e2

1 ¼ USðeE2
1;VGÞ ¼ 0:389 and the associated lin-

guistic grade classified by w2 is MP. These are listed in the top cell
of the first column of Table 11. On the other hand, w1 uses his con-
cerning three criteria (c1 indicates the familiarity, c2 indicates the
unspoken consensus and c3 indicates the tolerance in attitude),
with importance weights -1

ð1Þ ¼ 0:216, -1
ð2Þ ¼ 0:681 and -1

ð3Þ ¼
0:103, to evaluate the compatibility of (w1, w2). The degree of com-
patibility of (w1, w2) evaluated by w1 is e1

2 ¼ USðeE1
2;VGÞ ¼ 0:701

and the associated linguistic grade classified by w1 is MG. These
are listed in the middle cell of the first column of Table 11. The
two-way degree of compatibility of (w1, w2) is calculated as
e12 ¼ e1

2 þ e2
1 ¼ 1:09, which is listed in the bottom cell of the first

column of Table 11.
Step 12: The threshold of worker–worker compatibility is set as

the linguistic grade of F. The results shown in Table 11 show the
two-way linguistic grades of the seven worker–worker combina-
tions, (w2, w3), (w2, w5), (w2, w6), (w2, w7), (w2, w8), (w2, w10) and
(w2, w11), pass the threshold. Under the threshold, w3, w5, w6, w7,
w8, w10 and w11 can perform a job together with w2, whereas w1,
w4, w9 and w12 cannot. Therefore, the seven combinations are in-
cluded in P.
Linguistic grade

MG Fr MP P VP

0.523 0.727 0.839 0.418 0.179 MP



Table 11
Two-way assessments of compatibility between w2 and each of the other workers.

w1 w3 w4 w5 w6 w7 w8 w9 w10 w11 w12

w2 0.389a 0.836 0.227 0.965 0.456 0.534 0.483 0.764 0.587 0.671 0.404
MP G P VG Fr Fr Fr MG Fr MG MP
0.701b 0.431 0.985 1 0.854 0.907 0.744 0.159 1 0.478 0.756
MG Fr VG VG G G MG P VG Fr MG

ei2 1.09 1.267 1.212 1.965 1.31 1.441 1.227 0.923 1.587 1.149 1.16

a Degree of compatibility of (w1,w2) and the associated linguistic grade evaluated by w2.
b Degree of compatibility of (w1,w2) and the associated linguistic grade evaluated by w1.
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Step 13: The guides for expressing fondness grades of working
shifts are set as follows:

(1) In a planning week, there are 14 shifts available for assign-
ment. For a regular worker, say wi, the basic work hours for
him or her are 42, equaling to seven shifts on duty. Suppose
the number of days arranged for training courses or special
leave for wi in a planning week is x (P 0). These x days,
counted as 2x shifts, are included in basic working hours
and should be excluded from assigning wi to any jobs. Thus,
there are 14–2x shifts available for assigning wi to the suit-
able jobs and the basic number of shifts wi should be sched-
uled to work is 7–2x. To show the fondness grades of
working shifts, wi first indicates 7–2x linguistic grades of VG
among the 14–2x shifts available for assignment. Then, each
of the seven linguistic grades of VG–VP is indicated once
among the remaining seven shifts available for assignment.

(2) To show the fondness grades of working shifts for a contract
worker, he or she indicates each of the seven linguistic grades
of VG–VP twice among the 14 shifts of a planning week.

Step 14: Table 12 shows, for example, the fondness grades of 12
working shifts conveyed by w2, besides two shifts arranged for
training courses. The basic number of shifts w2 should be sched-
uled to work is five. According to the expressing guides set in Step
13, w2 first conveys five linguistic grades of VG to express his pleas-
ing shifts. Then, each of the seven grades, VG–VP, is conveyed
among the remaining seven shifts. The fondness grade of (d4, t1),
for example, conveyed by w2 is VP. This linguistic grade is quanti-
fied as a TFN eP2

41 ¼ ð0;1;2Þ, and then the associated degree of fond-
ness is calculated as p241 ¼ USðeP2

41;VGÞ ¼ 0:069.
Step 15: The threshold of fondness grade is set as linguistic

grade of MP. The results depicted in Table 12 show 10 shifts pass
the threshold. Therefore, these 10 feasible worker–shift combina-
tions, (w2, d1, t1), (w2, d1, t2), (w2, d2, t2), (w2, d3, t1), (w2, d3, t2),
(w2, d4, t2), (w2, d6, t1), (w2, d6, t2), (w2, d7, t1) and (w2, d7, t2), are in-
cluded in W2. (w2, d2, t1) and (w2, d4, t1) are not included in W2,
which exclude w2 from working in (d2, t1) and (d4, t1).
Table 12
Fondness grades of working shifts evaluated by w2.

d1 d2 d3 d4 d5 d6 d7

t1 VG P VG VP Training course VG VG
t2 VG MG Fr VG Training course MP G

Table 13
Individual schedules for w2 and w5.

d1 d2 d3 d4 d5 d6 d7

t1 t2 t1 t2 t1 t2 t1 t2 t1 t2 t1 t2 t1 t2

w2 s2 s4 s4 ⁄ ⁄ s1 s4 s4 s1

w5 s5 ⁄ ⁄ s5 s1 s2 s5 s5 s1

⁄Training courses arranged.
To construct the individual schedules for w1–w12 by the
proposed GP model, some preliminary data are set as N = 12,
K = 5, L = 7, F = 2, tU

R ¼ 9, tL
R ¼ 7, tU

C ¼ 8, p̂ ¼ 2, WR = {w1, w2, w3,
w4, w5, w6, w7, w8} and WC = {w9, w10, w11, w12} to conform them
to the current assignation rules and conditions of the study section.
Table 2 establishes the following data:cW ¼ fw2;w5;w7g;bD2 ¼ fd5g; bD5 ¼ fd3g and bD7 ¼ fd3g;
ĥi‘ ¼ 1; if ði; ‘Þ ¼ ð2;5Þ; ð5;3Þ; ð7;3Þ; ĥi‘ ¼ 0; otherwise;

ĥ2 ¼ ĥ5 ¼ ĥ7 ¼ 1; bhi ¼ 0; i – 2;5;7;

g‘fk ¼ 2;

if ð‘; f ; kÞ ¼ ð1;2;1Þ; ð1;1;2Þ; ð1;2;2Þ; ð1;2;4Þ; ð1;1;5Þ;
ð1;2;5Þ; ð4;2;1Þ; ð6;2;1Þ; ð6;2;2Þ; ð7;2;1Þ; ð7;2;2Þ;
ð7;2;4Þ; ð7;1;5Þ; ð7;2;5Þ;

g‘fk ¼ 1; otherwise;

U ¼ fðd1; t2; s1Þ; ðd1; t1; s2Þ; ðd1; t2; s2Þ; ðd1; t2; s4Þ; ðd1; t1; s5Þ;
ðd1; t2; s5Þ; ðd4; t2; s1Þ; ðd6; t2; s1Þ; ðd6; t2; s2Þ; ðd7; t2; s1Þ;
ðd7; t2; s2Þ; ðd7; t2; s4Þ; ðd7; t1; s5Þ; ðd7; t2; s5Þg:

By using the linear GP model with a = b = c = 1 to obtain the
optimal solution, the individual schedules constructed for w2 and
w5, for example, are shown in Table 13. The individual schedules
reveal two aspects of information, which are the jobs assigned
and the working and rest shifts scheduled. For example, w2 is as-
signed to s2 in (d1, t1) and to s4 in (d1, t2), which conform to the
restriction rule of job rotation on d1. w2 takes two full rest days
on d2 and d3 and takes one rest shift in (d4, t1), while w5 takes
two full rest days on d2 and d4 and takes one rest shift in (d1, t2),
which conform to the restriction rule of at least two full rest days.
In the planning week, the number of working shifts for w2 is nine,
including seven shifts to work at s1, s2 and s4 and two shifts to take
part in training courses. Thus, besides the basic working time of se-
ven shifts, w2 has overtime of two shifts.

5. Discussion

The proposed linear GP model can construct effective rosters by
adopting the feasible worker–job, worker–worker and worker–
shift combinations as well as minimizing the deviations below
the ideal values of management goals. Consider the individual
schedules shown in Table 13. In Step 6, (w2, s1), (w2, s2), (w2, s3)
and (w2, s4) are differentiated as feasible worker–job combinations,
in which (w2, s1), (w2, s2) and (w2, s4) have a higher degree of suit-
ability (see Table 9). Therefore, w2 is assigned to work at s1, s2 and
s4 in the roster. Since (w2, w5) is included in P in Step 12 and it has
a higher two-way degree of compatibility (see column 4 of Table
11), they are assigned to work together at s1 in (d7, t2). In Step



Table 14
Computational results.

Problem size CPU time (minute:second) Number of iteration

Min. Max. Average Min. Max. Average

N = 20, K = 8 00:04 00:24 00:10 8344 48,650 21,351
N = 25, K = 10 07:02 16:48 10:51 558,982 1,864,645 1,055,067
N = 30, K = 12 09:25 18:07 12:34 746,188 2,246,365 1,176,696
N = 34, K = 14 17:49 52:24 31:09 808,279 2,587,717 1,202,726
N = 36, K = 15a >60:00 >60:00 >60:00 >2,694,296 >2,694,296 >2,694,296

a The used solver is unable to get optimal solutions for the test instances within 60 min. The solving process is interrupted when the CPU time reaches 60 min.
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15, W2 does not contain (w2, d2, t1) and (w2, d4, t1). Thereby, (d2, t1)
and (d4, t1) are naturally scheduled as rest shifts for w2. The indi-
vidual schedule for w5 shows he is assigned to work at s1, s2 and
s5. This is caused by (w5, s1), (w5, s2), (w5, s3) and (w5, s5) are in-
cluded in X and (w5, s1), (w5, s2) and (w5, s5) have a higher degree
of suitability.

Note that in Table 11, the two-way degree of compatibility of
(w2, w4) is 1.212 (see bottom cell of column 3) and that of
(w2, w11) is 1.149 (see bottom cell of column 10). The former is
higher than the latter. In Step 12, the higher one, (w2, w4), is ex-
cluded from P while the lower one, (w2, w11), is included in P un-
der the threshold of Fr. It may be seen somewhat strange, but the
reason is due to the linguistic grade of w4 evaluated by w2 is clas-
sified as P. From the viewpoint of w2, to work together with w4 is
uncomfortable or unpleasant. Thus, w2 and w4 are excluded from
the consideration of being assigned to work together. In this study,
the two-way evaluation for worker–worker compatibility is an
important scheme that can fulfill the ‘‘efficient assignment/match
from the right’’ policy.

The illustrated example is a real-life instance with N = 12 work-
ers, K = 5 jobs, L = 7 days, and F = 2 working shifts per day.
Although the section manager expresses that scaling organization
up is not considered in the foreseeable future, some larger size in-
stances are still generated to assess the computational efficiency of
the proposed approach. Ten instances are generated for each of five
different sizes at (N = 20, K = 8), (N = 25, K = 10), (N = 30, K = 12),
(N = 34, K = 14) and (N = 36, K = 15). Eveborn and Ronnqvist
(2004) argued, in the case of a great many variables and con-
straints, the optimization problem for the integer problem may
be considered as NP-complete, and cannot be solved in an econom-
ical time. In order to reduce the number of binary variables, the
variables hi‘fk for which (wi, sk) R X are omitted. By using Lingo soft-
ware on a PC with Intel (R) Core (TM) i7 CPU processor, the compu-
tational results of the generated instances are shown in Table 14.
The branch-and-bound algorithm is used to solve the instances.
Iterations represent the branch-and-bound nodes generated. The
computational results show that the linear GP model can be per-
formed to obtain optimal solutions within 53 min within problem
size at N = 34 and K = 14. When the problem size is the triple of
current size (i.e., N = 12 � 3 = 36 and K = 5 � 3 = 15), the used sol-
ver is unable to get an optimal solution within 60 min.

For applying the proposed approach in practice, there are some
matters requiring attention. First, in the GP model, the multiple
objectives are combined using the weights a, b and c. The values
of weights can be set by the decision-maker using proper methods,
such as pairwise comparison shown in Tables 5–7. Second, the
worker–shift fondness should be reassessed for each of the
planning periods. Third, since either hiring new workers or firing
existing ones can occur in the long term and the workers are ar-
ranged to take part in training courses, the worker–job suitability
and worker–worker compatibility should be periodically reas-
sessed. For example, reassess them one season or half a year later.
Fourth, the thresholds for sieving out the feasible combinations of
(wi, sk), (wi, wj) and (wi, d‘, tf) to include in the sets of X, P and Wi,
respectively, should be properly selected and flexibly adjusted, to
provide a sufficient number of feasible combinations for obtaining
the effective rosters.

Regarding the advantages or convenience of the proposed ap-
proach, Corominas et al. (2006) pointed out that in earlier studies
several authors presented a hierarchical scheme for workforce
organization problems consisting of three phases: (1) planning,
(2) scheduling and (3) allocation. Once a schedule has been as-
signed to each worker, the assignment of tasks to multi-functional
workers is done during phase (3). Compared with early studies, the
proposed approach has a convenience. That is, instead of separat-
ing phases (2) and (3), these two phases can be simultaneously
completed by the proposed GP model once phase (1) is complete
(i.e., the coverage and time related constraints as shown in
Sections 2.1 and 2.2 are determined). Compared with the current
method, the proposed approach has some advantages. First,
instead of using the seniority orientation bidding systems, the
rosters are fairly constructed for the workers. Thus, the rosters
are more equitable for workers. Second, the worker–job suitability,
worker–worker compatibility and worker–shift fondness are con-
sidered in developing rosters. Thus, the rosters are more personal-
ized for workers.

Applying the proposed approach certainly requires some com-
putational efforts, but these can be easily implemented with the
well-known powerful packages such as Excel and LINGO. In the
opinions of the section manager, implementing the proposed ap-
proach requires minor outside help. Therefore, the proposed ap-
proach constitutes a potential tool to develop effective rosters for
the study section.
6. Conclusions

This paper deals with an empirical crew rostering problem
drawn from the customer service section of a department store
in southern Taiwan. A problem-specific approach with three stages
is developed. In stage 1, the fuzzy assessments along with the asso-
ciated classifications for worker–worker compatibility, worker–job
suitability and worker–shift fondness are conducted. The feasible
combinations of worker–job, worker–worker and worker–shift
for constructing the workers’ rosters are then sieved out from the
assessment results. The utility similarities of fuzzy assessments
with the linguistic grade of very good are used to measure the fit-
ness grade for the crew rostering results. This stage contributes to
the literature by revealing the fuzzy method can be effectively used
in the suitability, compatibility and fondness evaluations. In stage
2, the linear GP model is developed to fulfill the ‘‘efficient assign-
ment/match from the right’’ policy for better satisfying the man-
agement goals. In stage 3, the linear GP model is performed to
construct individual schedules for workers, consisting of the jobs
assigned and the working and rest shifts scheduled over a planning
week. The rosters constructed are more equitable and personalized
work timetables for the workers to internally increase work satis-
faction and then externally improve service quality and efficiency.
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An illustrative application demonstrates the implementation of
the proposed approach. The experimental results show that the
linear GP model can be performed to obtain optimal solutions
within 53 min within problem size at N = 34 and K = 14. Therefore,
the proposed approach is a value-added and easily performed crew
rostering tool. It can be used to ensure the right workers are as-
signed to the right jobs, the right workers are placed together in
a job and pleasing working shifts are scheduled for the workers.
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