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Abstract. Employee Timetabling is the operation of assignémyployees to
tasks in a set of shifts during a period of timbefe is a wide set of constraints
to meet concerning shift rotation, workers demamehlification degree, etc.
and a multi-objective function to be optimized. Th®in objective is to
determine the best assignment that verifies thetcaints and maximizes the
tasks assigned simultaneously considering a wide ofeworkers’ and
organizational preferences. OPTIHPER is a softwgséem which, integrating
advanced heuristic AI/OR techniques, is able toinbdatimized solutions to
real-world problems with a wide set of very comptmastraints and a multi-
criteria objective function. A customized versiohthis system is used with
very satisfactory results by a Spanish leadingibigion company involving a
staff of over 55,000 workers distributed in morartt,000 centres.
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1 Introduction

This paper deals with the development of a softvegstem for the assignment of
employees to tasks. A customized version of thistesy is applied at a Spanish
leading distribution company of the supermarketaedy means of a technological
transference agreement. The continuous growth efdbmpany, jointly with its
compromise to make available shifts and timetahlitls one month of anticipation
makes indispensable the use of an automatic safteygstem. Such a system should
be flexible enough to consider the objectives o& tbompany, the specific
characteristics of each shop, preferences of erepkynd should also be able to
produce very good solutions in a reasonable cortipnt time. The integration of
techniques from Artificial Intelligence and Opeoats Research fields has allowed the
achievement of all these goals.

Before using the optimization software system presk in this work, task
assignment was usually performed manually by thap smanager that knows in
advance the workforce forecast to cover the tasksetform. Each worker is skilled
for different tasks and for each of them has aedifiit degree of qualification. The
shop manager has to assign tasks to each availaisleer according to its skills in
such a way the demand is satisfied and each tagkriermed by the most skilled
workers available for it.



This paper describes the general problem arisingedisas the system OPTIHPER.
Special attention is paid to the solving procedhe is illustrated through data taken
from real-world examples. First, we present thecdpson of the problem and its
relationship with other problems in the literatuBecondly we present the solving
procedure that we illustrate with an example. Tleefggmance of the system is
assessed using set data taken from real-world .c&#sally, we discuss the main
results of a customized version of this system thaturrently being used by the
company with very successful results.

2 Problem Description

An Employee timetabling problem consists of theigagsaent of employees to
working shifts satisfying all constraints. Employé&metabling problems (ETPS)
usually involve an organization with a set of tatikat need to be fulfilled by a set of
employees, with their own qualifications, consttaiand preferences. This problem
arises in many different institutions such as assignt of nurses to shifts in a
hospital, assignment of workers to cash registers ilarge store, assignment of
workers to tasks in supermarkets, production manufg, etc. In the commercial
world of today, higher degree of job satisfactiana fundamental factor for the
success of a company. This fact directly implies ttonsideration of personal
constraints in the problem model. Adding more #éky for the staff generates
personal constraints and results in problems ewdehn to solve. This problem has
attracted the attention of researchers (Meisels Kaqlansky (2004), Bellanti et al.
(2004), Meisels and Schaerf (2003)) that have magwointed out that local search
methods perform well to solve even the hardeshirsas.

The problem presented in this paper simplifiess& &dlocation problem arising in
a Spanish leading distribution company of the swmaeket sector. The company
began its activity in 1981 and since then its corgus growth had led it to a current
situation with more than 1,000 centres with a mgiae of 50 employees. The large
number of workers and centres jointly with the coompise of the company for
making the organizational objectives compatiblehwitorker preferences, make
indispensable the use of an automatic tool. Thisvepe system will translate all the
existing conditions into problem constraints to dgaplied in the same way in all
centres. The main entities that define the probdeen(1) tasks, (2) workers and (3)
timetables. A solution of the problem is an assignhthat fulfils the set of hard and
soft constraints and optimizes an objective fumctio

Working Day:
* The working day is split in time-slots. In our cassch time-slot is half an
hour.

Tasks: There are tree types of tasks:
* Main tasks (MT): They are those concerning with déissistance to customers.
The workforce (as workers required) for each maisktis known for each
time-slot.



e Associated tasks (AsT): They are related to theupetf some main tasks
(preparing goods at the beginning of the shift,)etdssociated tasks can be
only performed by workers that are doing MT asdeciato them. The
working requirement is given as the total efforeded (number of time-slots)
to complete the task.

e Auxiliary tasks (AuT): They are tasks that can leef@rmed during the shift
whenever the worker is not performing main taskecHEAUT has associated a
time window where has to be fit. The requirementvofk is given as the total
effort needed (number of time-slots) to complete thsk, and they can
require a specific number of in-parallel workeratthave to be available to
start the task, with two possible assignment diwest (i) Forward, when the
task will start at the best time-slot of the timmeow whenever the number of
in-parallel workers required is available; and @ackward: the best finish
time for task is found in the time window definedhemever the in-parallel
workers are available. A given task AuT can be atge several times along
the working day in different time windows. Examptsthis kind of task are
cleaning, replenishment, load, unload among others.

Workers:

» Each worker has assigned a sub-set of tasks tiafiesto do. In the case of
main tasks, the employee has a qualification véthae means its level of
expertise to do the task. Lower values mean a higlrel of expertise.

Timetables:

e Shifts: There are three types of shifts: Morningeiing and Night. A
pattern of shift rotation is specified for each e This pattern implies
the maximum number of consecutive shifts of theeséiype assigned in
consecutive weeks. Once assigned, the shift isditg the week.

« Each timetable is defined by the start and finishet the shift and the
rotation pattern. There are several timetableaaheshift that can overlap
in time.

e A set of timetables are available for each workepahding on his/her
contract. The final timetable assigned must belorttis set.

2.1 Constraintsand objective function

Hard constraintsare those conditions to be satisfied in a feas#ulkition. These
constraints can be grouped in three sets:

(i) Task Congtraints:

« Ability: Each task can be assigned only to thosekexs that include it
between their abilities.

e Skills: For each MT, the two most skilled workere ¢he head of the task
and have to be assigned to different shifts. Thmameing task
requirement is satisfied with the available workaccording to their
qualification for the task, so that each MT/AsT hade assigned to the
workers with the highest qualification to do it.



e Availability: Each task has to be assigned to wslkavailable during the
working day and not yet assigned to other task.

- Effort Driven Tasks: Each task AuT has to be assigto the best time-
slot in its possible time interval. Moreover, thenmber required of in-
parallel workers has to be met.

(if) Worker Constraints:

« Feasibility: the timetable assigned to each wortkas to belong to its
feasible timetables and is assigned weekly.

* Rotation: a shift rotation pattern is given for leagorker. This pattern
specifies the number of consecutive equal shiftsstbrker can do.

* Meal Breaks: have to be assigned to workers witénlimits allowed by
the company requirements, but while guaranteeisig taquirements. The
meal break has to be assigned in consecutive tote s

(iii) Planning Constraints:

*  Planning Horizon: Defines the overall time periodotan and is given by
a number of weeks. Days without demand are nonhgldn

* Time-Slots: each time-slot of the working day lastsamount of minutes
(not necessarily the same for each time-slot).

Assuming: m employees E1, ..., Em
n shifts S1, ..., Sn
ttasks T'1, ..., Tt

Variables: xiii= 1 if employee Ei is assigned to task Tk in shift §j
n

i
Constraints:  Re guirements: Z.Xijk =Rk G=temk=1.p) )
i=1

Ability Xik < Qik (i =1mij= Lo k = 1p) (2)

Availability © Xk < Aij (=1mj=1n k=1..p (3)

k=1 k=1
Table 1. General Model Formulation

A general formulation of the main hard constraistsummarized in Table 1. Soft
constraints are mainly related to workers prefegendhese preferences have to be
met as far as possible, but without affecting thealigy of the final solution. Some
examples are:

i) Timetables with start/finish times as late/early gmssible in
morning/evening shifts are preferred.

i) Weekly Shift rotation. Workers prefer alternativelprking in morning and
evening shift instead of repeating shift two congiee weeks.

iii) For each worker, task assignments with few chalgespreferred to those
with a higher number of changes of task.

iv) Balancing of bad timetables. For instance, workerssider “bad timetables”
those including work on Saturday evening and thbsé cover the central
part of a day with late finish time in the evening.



The main objective is to complete the activities, to satisfy the demand for
Main Task, Associated Tasks and Auxiliary Taskseath period of time. Hard
constraints must be satisfied in feasible soluti@oft constraints should be satisfied
as far as possible.

3 Solving Process: A Multi-start randomized algorithm

The ETP problem is a NP problem with many complemstraints to be satisfied
and optimized. The solving process developed iargntime heuristic-guided multi-
start process to search the best solution. Eachtida consists of two phases:
construction and local search.

The construction phase builds a feasible solutimhpose neighbourhood is
explored until a local optimum solution is foundeafthe application of the local
search phase. That is to say, the local searctephapplied to the feasible solution
obtained in the constructive phase to improve thal fassignment of the iteration.
The best local optimum is reported as the bestadlveolution found. Performing
multiple iterations may be interpreted as a medrsirategically sampling the search
space. The construction phase plays a critical wote respect to providing high-
quality starting solutions for the local search.e@th step of the construction phase, a
set of candidate elements (workers) that can balfigaadded to the partial solution
under construction is updated. All candidate elememe evaluated according to a
heuristic-guided greedy function in order to setbet next element to be added to the
partial solution.

The solutions generated by greedy randomized agi&in are not necessarily
optimal, even with respect to simple neighbourhodde local search phase usually
improves the solution just obtained and terminatiesn no better solution is found in
the neighbourhood. The process finishes when tlop sbndition (number of
iterations or CPU time) is reached. The best assign obtained so far is reported as
the final solution. Therefore, an any-time procisssbtained. The general scheme of
the Multi-Start Randomized procedure is shown guFe. 1.

procedure M-Start Randomized

Require:i  max
S
fori <i maxdo

x « ConstructiveRandomized();
x « LocalSearch(  x);

if A(x)< f*then

e Ax)
x* — x;
end if
end for
return x*;

Figure 1. General scheme for the M-Start Randomizrededure



3.1 Constructive Randomized Phase

The constructive randomized phase implies an itergirocess. In each iteration, the
partial assignment is updated by adding new workersmandidate list is built with the
workers able to perform a given task and still sigrged. The selection of the worker
is heuristically guided by the objective functiomndarandom devices are used to add
variability to the solutions.

3.2 Local Search Phase

The local search technique we use belongs to ttleGHimbing family. Hill
Climbing techniques are based on the idea of pmifay only moves that improve or
leave unchanged the value of the cost fundtidmo apply hill climbing techniques the
(i) search space, (ii) the neighbourhood structure, (iii) the cost function and (iv) the
selection rule for theinitial solution have to be defined.

0] The search space is composed of all possible assignments in whiatd h
constraints of the problem are always satisfied.

(i) The neighbourhood structure is based on two tyfenayve: Replace and
Exchange.

* In the Replace Move, for a given time-slot tsand each task Twith
unassigned requirements, an employeallihg a task |Tis replaced by
another employee Wot working at time-slot isA Replace therefore
represents in our search space the swapping ogathes. The feasibility
of the solution has to be guaranteed with respethé abilities of the
workers.

»  TheExchange move type is similar tdReplace, with the difference that it
can also exchange the tasks of two employees ithdtadh working.

(iii) The cost function, described in section 2.2, lod&s maximizing the
assignment of Main Tasks, Associated Tasks andlidaxiTasks. and

(iv) The initial solution is obtained by the construetiprocedure mentioned in
the previous section. Theelection rule selects the shift and the employees
with heuristic criteria guided by the objective ftion. In this way the search
goes faster toward the local optimum.

4. OPTIHPER: A Computer-aided system for the Employee
Timetabling Problem

The heuristic process described in the previousicgebas been embedded in a
computer-aided system called OPTIHPER. OPTIHPER fkexible system able to
tackle with different typology of tasks, workforead constraints as well as with the
qualification of workers, shifts, availability andvorker's preferences and
organizational objectives.

Main features of OPTIHPER are:



i) Optimized task assignment to the workers of mudiled staff with
different qualification. As result of the assignmehe best timetable is
assigned to each worker. It makes an optimizedcation of the tasks,
satisfying the existing constraints and criteria its1 allocation/execution,
making easier and more efficient their execution.

i) It allows an optimized allocation of the persontelthe load of tasks
required, saving consumption of resources and dxtign the capacities
available.

iii) It allows satisfying workers preferences with redp® timetables, shifts,
etc.

iv) It allows determining the optimal configuration thfe staff as well as the
number of workers of each type and their abilities.

OPTIHPER has two execution modes. T®tandard execution mode computes an
optimized task assignment considering all worken&lable at the working centre in
the planning horizon. Th@pti-Staff execution mode does so for a limited number of
workers specified by the user. The main goal of thiecution mode is to determine
the optimum size/qualification of the staff at eaemtre.
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4.1. Architecture of OPTIHPER

OPTIHPER is a very flexible software system thaniglemented in the standard
ANSI C and can be used in Windows or Unix architezs. It takes the required data
either from standard databases or input files. Qhednput data have been read and
validated, the solving process is iteratively aggluntil the time limit imposed by
user expires. The best assignment is reported lafioso and shown through the
output window and saved in the corresponding files.

The general architecture of the OPTIHPER systershmwvn in fig. 2. After its
execution, OPTIHPER generates reports related ¢oBst Assignment of each
problem instance: for each day and for each wottkertask to do in each time-slot
and the timetable assigned every week. Besidesaluion report, additional reports
with statistical information are generated:

» Statistical Data of the Problem as total numbetasks and total workforce
requirement (in hours) for each type of task ad a®imeal breaks (hours) to
allocate.

»  Statistical Data of the Solution: CPU-time andaten number where the best
solution has been found. OPTIHPER shows the peagenof MT, AsT and
AuUT assigned. A detailed report is also generatetliding the requirements
not satisfied with the available staff.

4.2 A real-world example

The application of OPTIHPER is illustrated usingadaimulated from real-world
instances. In this example, let's assume a centtle ¥4 workers, 68 possible
timetables, a workforce requirement of 6,990.57reaf MT and AsT to be assigned
and 5,154.52 hours of AuT to be assigned in a [t@nhorizon of four weeks (22
working days).

Ed optiper =131 Optitiper Solver Status 5]
Fuchivo OptiHPer Informes  Acerca de OptiHPer
[ T — x| [ Datos del G [ VeeDRiE
TS A Hotas Asignadas [E324.75
Fichera Centro [C:\PRUEBA\Centol E— Tareas Principales - TP: 24 % Asignacion:  [B3.08
Tereas uilieres - T&: g
Fichero Tareas: CAPAUEBANT areas] Examinar
=] Horizonte: (dias): 22
Fichera Persanal:  [CAPRUEBAParsonallbe | Ensminar | Horss Totalss TP Planficsr. [F9057 —Tercas Auiarcs
otas Tt T o oo [FSTES Horas Asignadas: [3850.08
oras Totales a Planificar:
Fichero Horariss: | "PHUEBA\HGeneiall | Examina .. sosgin [EE
Horas Descanso a Plarificar: [E28
Fichero HE speciales: [C\PRUEBAHEspecislesTt:  Examinar .. =
Estado: Solucizn Optinizada
Fichero Salida 5 alida.tat E—
Heraciones: s Asigradas: [B11.50
Fichero Log:
o [Consola.int Mejor Solusisn (et O I
Tiempo de Caleulo: [02 [minutos)
I tesr | Acepta | Conoolr -

Figure 3. Input data and solver status windows.



The main windows of OPTIHPER system is shown intfég3. Once the input files
have been specified the system computes the ojiiimassignment. Once the
optimized solution has been obtained, OPTIHPER shitie main statistical data of
the assignment problem in the Status Window (fidef).

The best solution is reported with a computatidimak of 0.12 seconds (using a
Pentium 4-2.59 GHz). The system informs also oritdration number where the best
solution was found. In this case the best soluti@as the first one generated by
OPTIHPER in 0.01 seconds. The percentage of asbigoars per type of task is:
99.06% of the MT and AsT tasks and the 98.01% éndhse of the AuT tasks. It is
important to point out that the workforce requirenseare the result of forecasts that
not always is possible to satisfy at a 100% pesgnt A partial view of the final
solution is shown in figure 4. Different colouretbtks correspond to the types of
tasks — MT, AsT, AuT and meal breaks.
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4.3 Computational Analysis

In order to show the performance of the OPTIHPEResy, a representative set of
typical real-world instances are shown. The dets#ilsach centre (number of workers
and workforce requirements for each type of task)gven in table 2. The set of
tasks to assign is composed by 33 tasks in allscaisd the planning horizon is four
weeks. The results are given as percentage of tamsigned (for each type of task)
and have been achieved after a computational tindi® seconds. Solving manually
standard scenarios requires many hours and assigarfae from being optimal, as
well as the use of assignment criteria differergaath working centre.



Data of the Working Centre Assignment
Nr.of Nr.of MT+AsT AuT MT+AsT AuT Nr.of Iteration
Workers | Tasks* workforce workforce | workforce i workforce ;| Solutions i /Time
requirement | requirement| Assigned : Assigned | Generated: of Best
(hours) (hours) (%) (%) Solution
36 33 4095.20 847.80 95.12 73.18 122 97/95”
42 33 4441.23 1038.65 90.37 84.40 108 47/5,.2”
47 33 4646.43 1175.83 94.97 90.26: 90 1/0.n”
49 33 4728.42 1442.25 97.47 88.07 91 24/3(2"
50 33 4485.30 15.87 95.45 85.58 82 40/5/9"
55 33 4892.01 1418.70 97.52 92.36 70 1/0.p”
58 33 5285.22 1717.95 97.93 95.29 78 37/5(7"
71 33 5533.97 5442.75 98.35 97.08: 61 9/1.8”
74 33 4754.38 2038.20 95.95 92.35 65 19/3|5”
110 33 688.57 4065.58 99.16 96.08; 30 1/0.4”

* 16, 8 and 9 MT, AsT and AuT tasks respectively
Table 2. Computational results of ten centres

5. Conclusions

This paper shows a successful technological treesée of Al/OR techniques to a
real and complex problem, with a high social-ecoivamimpact. We describe the
main features of OPTIHPER, a software system twes@mployee Timetabling
Problems. The solving process is based on theratieg of AlI/OR techniques able to
cope with complex constraints arising in real wgstdblems. The solving process is
a heuristic-based multi-start randomized methoti wito phases: a constructive and a
local search phase. The best solution is repodédihal assignment. OPTIHPER is a
very powerful system able to obtain an optimizesigasnent either considering all
the staff available or when the number of workerdimited below this value. The
performance of the system and its efficiency tU@#TIHPER into an essential tool
for staff allocation. A customized version of OPPER is in operation with excellent
results at a Spanish leader distribution compansesslt of a R&D agreement. The
features of OPTIHPER make it also suitable to bglieg to many other contexts,
such as companies of commercial distribution armdest allocation of crews in
transport problems, manufacturing and productiorocgsses, assignments of
personnel in hospitals, teaching institutions, etc.
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