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Abstract

This work investigates the tour scheduling problem with a multi-activity context, a
challenging problem that often arises in personnel scheduling. We propose a hybrid
heuristic, which combines tabu search and large neighborhood search techniques.
We present computational experiments on weekly time horizon problems dealing
with up to five work activities. The results show that the proposed approach is able
to find good quality solutions.
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1 Introduction

Personnel scheduling problems consist of assigning employees to activities over
a given time horizon, taking into account organizational, legal and social con-
straints. Personnel scheduling arises in different organizations. The specific
requirements of different companies result in quite diverse models and solution
methods. Recently, Van den Bergh et al. [9] present comprehensive surveys of
personnel scheduling. This work focuses on the multi-activity tour scheduling
problem, where each employee has to be assigned to a schedule that covers
a time horizon of one week. Furthermore, for every time period, it must be
specified if the employee is working on an activity, having a break, or a rest.
Under and over coverage are considered and minimized in the objective func-
tion. We propose a hybrid heuristic which combines tabu search (TS) [4] and
large neighborhood search (LNS) [8]. The first technique builds an initial
solution satisfying workload requirements, and aims at integrating a partic-
ular class of legal constraints by keeping the demand satisfied. The second
technique completely repairs all schedules making them feasible for all legal
constraints, and aims at minimizing under and over coverage. The literature
exhibits a wide range of models and solution techniques for solving personnel
scheduling problems. Despite integer and mixed-integer linear programming
models exists, they cannot be used directly to solve large scale problems.
Boyer et al. [1], Restrepo et al. [7] and Gérard et al. [3] use branch-and-price
to solve multi-activity shift and tour scheduling problems, while Quimper and
Rousseau [6] and Dahmen and Rekik [2] make use of heuristic methods.

2 Problem Definition and Formulation

This section describes the problem addressed and it introduces the notations
needed to define a mixed-integer linear programming model. The main ele-
ments and constraints of the problem are presented in the following table.

Main elements Constraints

Slots: time periods of equal length that divide the
time horizon.
Timeslot: sequence of activities performed con-
secutively without breaks.
Daily shift: one or more timeslots assigned the
same day and divided by a break. During these
slots, the employee is said to be on duty.
Schedule: sequence of working days and days-off
covering all the time horizon.

Workload: a number bja of employees is required
for slot j and activity a.
Legal: define schedules feasibility.
(L1) Duration of activity a ∈ [la, ua].
(L2) Consecutive working time ∈ [lcw, uc

w].
(L3) Daily working time ∈ [ldw, ud

w].
(L4) Duration of breaks b ∈ [lb, ub].
(L5) Amplitude of daily shift ∈ [ls, us].
(L6) Weekly working time ∈ [lww, uw

w].
(L7) Rest between two daily shifts ≥ lr .
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Let E be the set of employees, A the set of work activities, D the set of
days, Jd the set of slots covering day d, and J =

⋃
d∈D Jd the set of all slots

covering the whole time horizon. The problem can be modeled as a mixed-
integer linear program. Let xeja and xejb be the decision variables taking value
1 if employee e is assigned to activity a, respectively to break b in slot j, 0
otherwise. Furthermore, let xejā and xejs be the decision variables taking value
1 if employee e is working, respectively on duty, in slot j, 0 otherwise. Finally,
let uja and vja the decision variables representing under and over coverage of
in slot j and for activity a. The model appears as follows:

min
∑

j∈J

∑
a∈Auja +

∑
j∈J

∑
a∈Avja (1)

∑
e∈Exeja + uja − vja = bja, ∀j, a, (2)

xejā =
∑

a∈Axeja, ∀e, j, (3)

xejs = xejā + xejb, ∀e, j, (4)
∑j+z

j′=j+1
xejs ≥ z(xejs)(xe(j+z+1)s), ∀e, d, j ∈ Jd,

∀z ∈ {1, . . . , |Jd| − 1− j}, (5)

xeja + (z −
∑j+z

j′=j+1
xej′a) + xe(j+z+1)a ≥ 1, ∀e, j, a ∈ A ∪ {ā, b, s},

∀z ∈ {1, ..., la − 1}, (6)
∑j+ua

j′=j
xej′a ≤ ua, ∀e, j, a ∈ A ∪ {ā, b, s}, (7)

ldw ≤
∑

j∈Jd
xejā ≤ ud

w, ∀e, d, (8)

lww ≤
∑

j∈Jxejā ≤ uw
w, ∀e, (9)

xejs + xej′s ≤ 1, ∀e, d, ∀j ∈ Jd−1, (10)

j′ ∈ Jd, (j
′ − j) < lr ,

xeja ∈ {0, 1}, uja, vja ≥ 0 ∀e, j, a ∈ A ∪ {ā, b, s}. (11)

The objective (1) minimizes under and over coverage, (2) impose workload de-
mand, (3)-(5) define relations between the variables, (6)-(7) impose minimum
and maximum restrictions on consecutive assignments of activities. These
constraints include activities duration (L1) when a ∈ A, consecutive working
time (L2) (resp. break duration (L4), amplitude of daily shift (L5)), when we
consider ā (resp. b, s). (8) and (9) define respectively daily (L2) and weekly
(L6) working time. (10) impose the minimum rest between daily shifts (L7).
We remark that constraints (5) are quadratic, but they can be linearized by
replacing products (xejs)(xe(j+z+1)s) with new binary variables yejz, that satisfy
yejz ≤ xejs, y

e
jz ≤ xe(j+z+1)s, and yejz ≥ xejs + xe(j+z+1)s − 1.

3 A heuristic approach

This section describes the hybrid heuristic proposed. It essentially combines
tabu search (TS) and large neighborhood search (LNS). Starting from an ini-
tial solution satisfying workload requirements, TS aims at integrating a par-
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ticular class of the legal constraints by keeping the demand satisfied. Then,
LNS completely repairs all schedules making them feasible, and aims at min-
imizing the under and over coverage.

First phase: Tabu search. In the first phase, an initial greedy solu-
tion is built by assigning employees to activities in order to satisfy workload
demand, without checking violations to legal constraints. Briefly, the initial
planning is empty. Activities are treated one by one, and available employees
are assigned in slots where the considered activity is required. Then, TS aims
at integrating the particular class of constraints defined by (6) and (7), which
impose restriction on the minimum and maximum consecutive assignment of
activities. It finds the best quality solution (of the lowest violation to con-
straints (6) and (7)), satisfying workload requirements. TS [4] explores the
solution space beyond local optimality, and it uses the notions of movement,
neighbourhood and tabu list. In the following we detail the features of TS.

Neighborhood. The neighborhood of a solution is defined by the operator
Swap. Given a subset of consecutive slots J ′ = {j, j+1, . . . } and two employees
e1 and e2, the solution obtained after applying Swap (e1, J

′, a1) → (e2, J
′, a2)

is equal to the current solution except that employees e1 and e2 exchange
their activities in all the slots j in J ′. The neighborhood N(p) of a solution
p consists of all the solutions we can achieve by applying a Swap move on a
subset J ′ of slots of the most violated constraint. We remark that Swap moves
ensure that all the solutions in the neighborhood keep on satisfying workload
constraints.

Tabu list. We employ a dynamic tabu list. We fix minimum l and maxi-
mum L lengths. The tabu list length increases when the best solution known
does not improve after 10 iterations, while it decreases when the best solution
known improves. We use a FIFO policy to update the tabu list.

The basic TS is combined with intensification and diversification. The first
deeply explores N(p): when an improving Swap is found, moves in adjacent
slots are evaluated and eventually applied. The second employs a perturbation
operator when the best solution cannot be improved within 100 iterations
using the basic TS with intensification. Starting from the best solution known,
it applies Swaps in all slots with duration constraint violation. To be more
precise, for each slot we first evaluate the moves with all other employees, then
we select the move that leads the objective function to the lowest deterioration.
As a result, the new solution preserves part of the best solution feasibility and
differs where duration constraints are violated. Then, the basic tabu search
with intensification is restarted. Diversification is performed 2 times.
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Second phase: Large neighborhood search. In the second phase, we
have a solution that satisfies workload constraints and has a low violation to
constraints concerning activities duration (L1), break duration (L4), consecu-
tive working time (L2) and amplitude of daily shifts (L5). We employ a large
neighborhood search (LNS) to integrate completely all the legal constraints.
For each employee, a new schedule is built in order to be as close as possible to
the current already assigned schedule. The LNS algorithm was first introduced
by [8], and it iteratively destroys part of the solution and repairs it in the hope
of finding a better solution. Similarly to [6], destroying here means choosing
an employee and removing his schedule, while repairing means assigning a new
schedule to the selected employee for improving the global solution.

In the following, we explain how automata can model the schedule’s rules
and can build new feasible schedules. Firstly, activities are combined into
timeslots, which are in turn used to build daily shifts. Finally, daily shifts are
combined to build feasible schedules. Legal constraints are considered both
by means of automata, and by solving resource constrained shortest path
problems on the expanded graphs. We refer to [5] for a review on the notions
of automata and expanded graph.

Build feasible timeslots. Timeslots are defined by constraints concerning
activities duration (L1) and consecutive working time (L2), and they can mod-
eled by means of an automaton as show in Fig. 1a. Using this automaton,
we build the expanded graph in Fig. 1b. All paths connecting node q00 with a
terminal node describe feasible timeslots where the employee works 5 consec-
utive slots. We build timeslots for all possible starting slots and all possible
durations in [lcw, u

c
w]. The goal is to have a pool of feasible timeslots that can

be combined into daily shifts.

q0

q1 q2 q3

q4 q5

a

b

(a) Automaton accepting all timeslots
with activities a and b, with duration
respectively in [2, 3] and fixed to 2.
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(b) Expanded graph associated with
the automaton in Figure 1a.

Fig. 1. Automaton 1a and expanded graph 1b to build timeslots

Build feasible daily shifts. Daily shifts are defined by constraints concerning
daily working time (L3), break duration (L4) and amplitude (L5). As previous,
they can be modeled by means of an automaton that essentially combines
timeslots with breaks as shown in Fig. 2a and 2b. The only difference here
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is that we need to introduce two monotone resources (the total working time
rdw and the amplitude of the daily shift rs) for each path from node q00 to a
terminal node. Therefore, not all the resource constrained paths are feasible,
but only the ones such that rdw ∈ [ldw, u

d
w] and rs ∈ [ls, us]. We build daily shifts

for each day, all possible starting slots and amplitude rs ∈ [ls, us]. The goal is
to have a pool of feasible daily shifts that can be combined into schedules.

q0 q1 q2 q3

q4q5

w

b

(a) Automaton accepting all daily
shifts with one timeslot of duration in
[2, 4], or with two timeslots divided by
a break of duration in [1, 2].
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(b) Expanded graph associated with
the automaton in Figure 2a.

Fig. 2. Automaton 2a and expanded graph 2b to build daily shifts

Build feasible schedule. The constraints defining schedules concern the
weekly working time (L6) and the rest between daily shifts (L7). They are
modeled by a directed acyclic graph G that combines daily shifts and days
off over the time horizon. For every day of the week, graph G has an asso-
ciated level containing one node for the day off, and one node for each daily
shift. Nodes of consecutive levels are connected by an edge if the minimum
rest period is satisfied. We introduce one resource rww (weekly working time).
Schedules are resource constrained paths from the source to the sink.

We now define the cost of a schedule s associated to employee e as the sum
of all activities costs: ces =

∑
j∈J

∑
a∈A cjaxeja. We recall that after the TS

phase, we have a solution that fulfills the demand and partially satisfies legal
constraints. The goal of the LNS is to build, for each employee, a new feasible
schedule that minimizes under and over coverage, by keeping the schedule as
close as possible to the already assigned one. To do this, we select an employee
e and we set cja = −1 for all (j, a) such that either xeja = 1 or uja > 0,
otherwise cja = 1. These costs are then used to build feasible timeslots of
the minimum reduced cost, by associating cja to the corresponding arc of
the timeslots expanded graph (Fig. 1b) and solving a shortest path problem.
Then, the costs of the timeslots obtained are given to the corresponding arcs
of the daily shifts expanded graph (Fig. 2b), and minimum reduced cost daily
shifts are built solving a resource constrained shortest path. Finally, the costs
of the daily shifts are associated to the corresponding arcs of graph G, and the
minimum cost schedule is built solving a resource constrained shortest path.
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4 Computational results

We perform the computational experiments on random instances generated
by varying the set of activities A (2 to 5), the number of employees |E| (10
to 60) and the slot time unit (15 and 30 minutes). Workload demand is
inspired by input from quick service restaurants, where more employees are
required during lunchtime and dinner time. It is defined so that an optimal
solution without under and over coverage exists. We assume that employees
are homogeneous. Legal constraints are set as follows: (L1) la and ua are
respectively between 1h and 2h, and 3h and 4h; (L2) lcw and uc

w are 2h and 6h;
(L3) ldw and ud

w are 0h and 10h; (L4) lb and ub are 30min and 1h; (L5) ls and
us are 0h and 12h; (L6) lww and uw

w are 0h and 35h; (L7) lr is 11h. Instances are
labeled with the format E-A, where E and A represent the number of employees
and activities respectively. The tests were performed on Intel Xeon CPU E3-
1220 v5 @3.00GHz 4GB of RAM. The heuristic was implemented using C#.
The model presented in Section 2 has been solved using CPLEX 12.7.0, but
it does not manage to solve any instance within 1 hour. Table 1 reports the
name of the instances (Inst), which are solved both with slots of 30min and
15min. For each instance and for both solving phases TS and LNS, we show
the violation to legal (vL) and workload (vW ) constraints. More precisely, vL

Table 1
Results with time limit 3600 seconds.

Inst

30min 15min

Inst

30min 15min

TS LNS time(s) TS LNS time(s) TS LNS time(s) TS LNS time(s)

vL% vW% vL% vW% vL% vW% vL% vW% vL% vW% vL% vW% vL% vW% vL% vW%

10 2 0.0 0.0 0.0 4.8 33.9 0.0 0.0 0.0 3.5 251.6 40 2 1.4 0.0 0.0 4.4 224.7 1.3 0.0 0.0 4.6 1245.4

10 3 0.0 0.0 0.0 4.6 30.3 0.0 0.0 0.0 3.8 217.2 40 3 0.4 0.0 0.0 5.1 199.8 0.4 0.0 0.0 4.8 1173.6

10 4 0.0 0.0 0.0 5.6 31.3 0.0 0.0 0.0 3.7 222.7 40 4 1.4 0.0 0.0 4.8 213.9 0.6 0.0 0.0 5.1 1089.3

10 5 0.0 0.0 0.0 1.2 29.8 0.0 0.0 0.0 0.8 211.6 40 5 0.7 0.0 0.0 4.0 222.1 0.7 0.0 0.0 4.0 1133.6

20 2 0.8 0.0 0.0 4.4 81.0 0.7 0.0 0.0 4.7 575.9 50 2 1.3 0.0 0.0 4.2 307.6 1.3 0.0 0.0 4.3 1629.2

20 3 0.3 0.0 0.0 4.9 90.3 0.0 0.0 0.0 5.9 501.9 50 3 1.0 0.0 0.0 4.3 238.2 0.9 0.0 0.0 5.3 1482.7

20 4 0.5 0.0 0.0 5.1 70.3 0.0 0.0 0.0 4.2 467.3 50 4 1.6 0.0 0.0 5.6 284.3 1.2 0.0 0.0 5.5 1497.2

20 5 2.3 0.0 0.0 4.8 81.5 1.4 0.0 0.0 4.4 480.6 50 5 3.7 0.0 0.0 4.8 373.7 4.3 0.0 0.0 4.7 1532.1

30 2 1.1 0.0 0.0 4.4 137.9 1.2 0.0 0.0 3.9 885.9 60 2 1.5 0.0 0.0 3.8 350.1 1.4 0.0 0.0 4.0 2016.3

30 3 0.0 0.0 0.0 4.8 120.9 0.1 0.0 0.0 5.1 781.9 60 3 0.9 0.0 0.0 4.5 314.5 1.0 0.0 0.0 4.8 1750.3

30 4 0.3 0.0 0.0 4.6 124.8 1.0 0.0 0.0 5.2 795.7 60 4 1.4 0.0 0.0 5.6 340.4 0.5 0.0 0.0 5.7 1967.8

30 5 3.4 0.0 0.0 5.5 130.8 3.4 0.0 0.0 4.8 797.2 60 5 1.3 0.0 0.0 4.3 343.2 1.3 0.0 0.0 4.8 1777.8

represents the legal violation at the end of each solving phase compared with
the one at the beginning (100 final violation/initial violation). Furthermore,
vW represents the workload violation defined as the sum of under and over
coverage over the total demand (100

∑
j

∑
a(uja + vja)/(

∑
j

∑
a bja)). Due to
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the design of the heuristic, violation vW is always 0 for TS since it starts
with a solution satisfying workload, and it uses the Swap move. Analogously,
violation vL is always 0 for the LNS since it builds schedules which satisfy
all legal constraints. The results show that the proposed hybrid approach is
able to find, in reasonable time, a solution satisfying all legal constraints and
violating workload demand of 4.5% in average.
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