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Abstract Many companies operate assessment centers to
help them select candidates for open job positions. During
the assessment process, each candidate performs a set of
tasks, and the candidates are evaluated by some so-called
assessors. Additional constraints such as preparation and
evaluation times, actors’ participation in tasks, no-go rela-
tionships, and prescribed time windows for lunch breaks
contribute to the complexity of planning such assessment
processes. We propose a multi-pass list-scheduling heuristic
for this novel planning problem; to this end,we develop novel
procedures for devising appropriate scheduling lists and for
generating a feasible schedule. The computational results for
a set of example problems that represent or are derived from
real cases indicate that the heuristic generates optimal or near-
optimal schedules within relatively short CPU times.

Keywords Real-world application · Human resource
management · Assessment center · List scheduling ·
Multi-pass heuristic

1 Introduction

Empirical evidence indicates that human capital is a key suc-
cess factor in firm performance (cf., e.g., Huselid 1995). A
firm’s human resource managers undertake the task of devel-
oping human capital for the benefit of the firm by recruiting
new employees from a pool of candidates. Such person-
nel decisions require an evaluation of candidates’ skills,
know-how, and personalities. To perform these evaluations,
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human resource managers often use assessment centers (cf.,
e.g., Spychalski et al. 1997).

The assessment center planning problem (ACP) discussed
in this paper has been reported to us by a human resource
management (HRM) service provider that organizes assess-
ment centers for firms on a regular basis. In these assessment
centers, the candidates perform sets of tasks, during which
they are observed and evaluated by assessors, who are typ-
ically managers or psychologists. Each candidate should be
observed by approximately half of all available assessors.
Some prescribed, so-called no-go relationships prohibit spe-
cific assessors from being assigned to certain candidates.
After the assessment is completed, all assessors meet and
compile an overall evaluation for each candidate. Some tasks
are designed to involve role-playing and require one or more
actors. The requirements for candidates, assessors, and actors
can vary over the course of a task. In addition to completing
all tasks, each candidate takes a lunch break within a pre-
scribed time window. The ACP consists of determining (1)
feasible start times for all tasks and lunch breaks for each can-
didate and (2) a feasible assignment of assessors and actors
to all tasks such that the total waiting time for the assessors
is minimized; the assessors meet before the start and after
the completion of all tasks and lunch breaks, and therefore,
this objective corresponds to minimizing the duration of the
assessment.

For thisACP,weprovided amixed-integer linear program-
ming (MILP) formulation in Zimmermann and Trautmann
(2014); this MILP generates optimal or near-optimal solu-
tions for small instances, but for larger instances, the required
CPU time may become prohibitively long. In principle, the
ACP could be interpreted as an extension of the multi-mode
resource-constrained project scheduling problem (MRCPSP,
cf., e.g., Talbot 1982): each task performed by a candi-
date corresponds to a project activity, the assessment center
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participants correspond to renewable resources, and each
assignment of assessors to a task corresponds to an alter-
native execution mode. The ACP differs from the MRCPSP
with respect to the specific assessor-assignment constraints,
the time-varying resource requirements, and the time win-
dows for lunch breaks.

In this paper, we propose a novel heuristic of the list-
scheduling type (cf., e.g., Adam et al. 1997) for the ACP.
First, the activities are ordered in a list; we devise four
sets of alternative sorting criteria. Second, the activities are
scheduled sequentially; we develop an appropriate sched-
ule generation scheme (SGS) that comprises a procedure for
assigning the assessors to the activities.We integrate the sort-
ing criteria and the SGS into amulti-pass method comprising
random sampling. For each set of sorting criteria, the SGS
is applied repeatedly; thereby, the order of the activities in
the list is varied by applying random sampling. At the end,
the best schedule obtained is returned. In an experimental
performance analysis, we applied our multi-pass method to
four real-world instances and 240 test instances that we con-
structed based on real-world data. It turned out that our novel
approach requires short CPU time to generate optimal or
near-optimal schedules.

The remainder of this paper is structured as follows. In
Sect. 2, we illustrate the ACPwith an example. In Sect. 3, we
interpret theACPas an extension of theMRCPSPand discuss
the related literature. In Sect. 4, we present our multi-pass
list-scheduling procedure. In Sect. 5, we report on our com-
putational results. In Sect. 6, we present concluding remarks
and give an outlook on future research directions.

2 The planning problem

In this section, we illustrate the ACP with an example that is
based on real-world data.

The assessment takes place over one day, although no
maximum length of time is prescribed. The number of par-
ticipants and the number of tasks are shown in Table 1. To
improve comparability among the overall evaluations, each
candidate must perform the same set of tasks. In addition,
each candidate must perform each task exactly once.

In the assignment of assessors to the tasks, the following
restrictions must be considered. To ensure an objective over-
all evaluation, each candidate should be observed by at least
half of the number of assessors rounded down (i.e., 2 asses-
sors). Because of fairness considerations, each candidate
should be observed by approximately the same number of

Table 1 Illustrative example: main data

Candidates Assessors Actors Tasks

{C1, C2, C3} {A1, A2, A3, A4} {R1} {E1, E2, E3, E4}

assessors. Hence, no candidate should be observed by more
than half of the number of assessors rounded up plus one (i.e.,
3 assessors). The difference between the upper and lower lim-
its facilitates the assessor assignment without compromising
fairness. Once an assessor has observed a candidate, the num-
ber of additional times that this same assessor can observe
that same candidate is not limited. We refer to these restric-
tions as the 50% assignment rule. Additionally, a no-go rela-
tionship prohibits the assignment of assessor A4 to candidate
C2. Such relationships arise if the candidate and the assessor
know one another personally. We assume that an assignment
of the assessors to the candidates exists which is feasible with
respect to all of these constraints. We refer to assessors with
one or more no-go relationships as no-go assessors.

The data for the tasks and the lunch break are listed in
Table 2. Depending on the task type, one or two assessors
must be present. Because task E1 involves role-playing, an
actor is required. For example, the actor might represent an
unhappy customer with whom the candidate must interact.
Tasks E1 and E2 include a preparation period in which only
the candidate is required. During the actual execution of the
task, the candidate is joined by the assessors and, if required,
the actor. After execution of tasks E1, E2, and E3, the asses-
sors and actors have time to record their observations; this
time is referred to as evaluation time and can differ for
assessors and actors. Figure 1 illustrates these time-varying
participant requirements. The duration and the preparation,
execution, and evaluation times are stated in 5min time peri-
ods. The candidates have a lunch break during which they
cannot be involved in any task. The earliest and latest pos-
sible start times for the lunch break are time points 30 and
78, respectively. The assessors and actors take some short
lunch break during the evaluation times of the tasks or dur-

Table 2 Illustrative example: tasks and lunch break data

Task E1 E2 E3 E4 Lunch break

Duration 18 29 16 6 6

Preparation time 8 19 0 0 –

Execution time 8 8 12 6 –

Evaluation time 2 2 4 0 –

Required # of assessors 2 2 2 1 –

Required # of actors 1 – – – –

preparation execution evaluation

time

Candidate
Assessor
Actor

Fig. 1 Varying requirements for candidates, assessors, and actors dur-
ing a task
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Table 3 Illustrative example:
activities and lunch breaks

Candidate C1 C2 C3

Task E1 1 2 3

Task E2 4 5 6

Task E3 7 8 9

Task E4 10 11 12

Lunch break B B B

ing some idle times between the tasks, but these breaks are
not scheduled.

Because the four tasks must be performed once by each of
the three candidates, there are a total of 12 activities. Table
3 shows the indices of these activities. The lunch breaks for
the candidates are denoted by B.

3 Problem definition and related literature

In Sect. 3.1, we sketch two well-known planning problems
related to the ACP. In Sect. 3.2, we interpret the ACP as
an extended MRCPSP. We show that the variants of the
MRCPSP considered in the literature differ from the ACP.

3.1 Related planning problems

The ACP consists of two subproblems: an assignment sub-
problem and a scheduling subproblem. These two subprob-
lems are also encountered within the MRCPSP and within
the timetabling problem.

Timetabling involves allocating resources to objects that
are being placed in space time (cf. Wren 1996). For example,
in course timetabling for high schools, resources (students
and teachers) are assigned to objects (events that correspond
to individual meetings between students and teachers), and
the objects are assigned to classrooms and time slots (cf.
Carter and Laporte 1998). The objects and time slots are of
equal duration, and the scheduling of events thus corresponds
to an assignment subproblem. In an assessment center, dif-
ferent tasks have different durations; hence, the formulation
of the ACP as a timetabling problem is impractical.

The objective of the basic MRCPSP is to (1) assign an
execution mode to each activity and (2) determine a start
time for each activity with the aim of minimizing the project
duration. There are precedence relations between activities
(i.e., an activity can start only after all its predecessor activ-
ities have been completed). Renewable and non-renewable
resources are required to execute the activities. Renewable
resources are available with a constant capacity during each
time period of the planning horizon (e.g., employees with
a capacity of eight hours in each work day). The capacity
of non-renewable resources is permanently reduced when an

activity is executed (e.g., a monetary budget for the entire
project). The selected mode determines how many units of
which resource are required by an activity and the activity’s
duration. The activities must be scheduled subject to the set
of precedence relations and the scarce resource capacities.

3.2 Interpretation as extended MRCPSP

Table 4 lists all of the problem elements present in the
ACP and shows whether these elements are considered in
the basic MRCPSP (✓) or not (✗). Notably, the ACP does
not include precedence relations or non-renewable resources.
The basic MRCPSP can be extended to include time-varying
resource requirements of tasks; for example, Cavalcante et al.
(2001) and Hartmann (1999) consider time-varying resource
requirements for labor and equipment, respectively. The time
windows for lunch breaks can be considered by defining the
release dates and activity deadlines. For instance, Drezet and
Billaut (2008) consider activity timewindows in anMRCPSP
extension in which the resources are multi-skilled employ-
ees.

Specific mode-assignment constraints can be added to the
basic MRCPSP. Thus, Li and Womer (2008) and Tareghian
and Taheri (2007) associate prescribed quality values with
eachmode, and themodesmust be selected such that the qual-
ity of the project is maximized or a minimum quality level is
reached. Salewski et al. (1997) consider the MRCPSP with
mode-identity constraints. The set of activities is partitioned
into subsets, and all other activities of that subsetmust be exe-
cuted in that samemode after a mode has been selected for an
activity. None of these mode-assignment constraints corre-
sponds to the assessor-assignment constraints of the planning
problem discussed in this study. In the ACP, associating pre-
scribed quality values with alternative assessor assignments
is not feasible because all quality values depend on the overall
assessor assignments to a candidate. Similarly, the assessor-
assignment constraints prevent a meaningful partitioning of
the assessment center activities into subsets that require the
same assessors.

Table 4 Comparison: ACP and basic MRCPSP

Elements of planning problem ACP Basic MRCPSP

Objective: minimize duration ✓ ✓

Activities ✓ ✓

Renewable resources ✓ ✓

Alternative execution modes ✓ ✓

Time-varying resource requirements ✓ ✗

Time windows ✓ ✗

Mode-assignment constraints ✓ ✗
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Table 5 Notation: planning problem

A Number of assessors a = 1, . . . , A

C Number of candidates c = 1, . . . ,C

D Duration of schedule

E Set of tasks

pB Duration of lunch break

pe Duration of task e

pCe Preparation time of task e

re Number of assessors required by task e

Table 6 Additional notation: heuristic

D∗ Duration of best schedule obtained thus far

Ec Set of tasks not yet included in the list for
candidate c

L Number of positions in the list l = 1, . . . , L

cl Candidate assigned to position l in the list

el Task assigned to position l in the list

counte Number of times task e has been included in the
list thus far

l∗ Last position in first part of the list

tS Earliest resource-feasible start time of an activity

4 List-scheduling procedure

In this section, we present our multi-pass list-scheduling
procedure. A preliminary version of this heuristic can be
found in Zimmermann and Trautmann (2015). We model
each candidate and each assessor as a renewable resource
with a capacity of one, and we model the set of actors as
a renewable resource with a capacity that equals the num-
ber of actors. According to the HRM service provider, the
duration of each task’s preparation, execution, and evaluation
time is expressed in 5min time periods. Hence, we divide
the planning horizon into 5min time periods. Table 5 lists
the notation for the elements of the planning problem, and
Table 6 shows the additional notation that we use to describe
our list-scheduling procedure.

In Sect. 4.1, we give an overview of the multi-pass pro-
cedure. In Sect. 4.2, we discuss the alternative criteria for
ordering the activities in the list. In Sect. 4.3, we present the
SGS that is used to generate a single schedule based on the
order of the activities in the list. In Sect. 4.4, we describe
how the assessors are assigned to the activities during the
application of the SGS. In Sect. 4.5, we depict two sched-
ules for the illustrative example obtained by our multi-pass
list-scheduling procedure.

4.1 Multi-pass procedure with random sampling

For the MRCPSP, an efficient way to improve the perfor-
mance of a procedure that generates a single schedule is to

apply the procedure multiple times for different orders of the
activities (cf., e.g., Boctor 1993). Thereby, the order of the
activities is varied by applying different sorting criteria and
random sampling. Different sorting criteria are used because
the application of the same criteria does not provide the best
solution for each problem instance. Because there is only a
limited number of alternative sorting criteria, random sam-
pling is employed to generate further activity orders. The
benefit of such multi-pass procedures with random sampling
is that they are simple and provide good solutions with a low
computational effort.

For the ACP, we sequentially generate four different lists
by applying alternative sorting criteria and apply the SGS for
each of the four lists. Thereby, we employ the random sam-
plingmethod ofDamodaran et al. (2011): Instead of selecting
the first unscheduled activity in the list, the activity is ran-
domly chosen among the first k unscheduled activities; the
value of parameter k needs to be selected in advance.

The multi-pass procedure applied to each list is summa-
rized as a flowchart in Fig. 2. Before the first application
of the SGS, the list is generated and the value of D∗ is ini-
tialized. The sum of the durations of all tasks and the lunch
break multiplied by the number of candidates corresponds
to an upper bound for D∗, i.e., D∗ := C(

∑
e∈E pe + pB).

Then, the SGS is applied multiple times until a prescribed
time limit has been reached. After this procedure has been
repeated for all four lists, the best solution obtained over all
four lists is returned.

We employ the following local search logic in the multi-
pass procedure. Each time that a schedule has been generated,
the duration of the generated schedule D is compared with
the value of D∗. If the generated schedule has a shorter dura-
tion, then the randomized order in which the activities were
scheduled is used as the new list and the value of D∗ is set
to D.

4.2 List generation

Priority rules that have been proposed in the literature are
not appropriate for determining the order of activities in the
ACP because (a) there are no precedence constraints between
the tasks and (b) there is no difference between activities
that refer to the same task. In the following, we derive novel
criteria for ordering activities in the list.

The list includes all assessment center activities. Each
activity corresponds to a unique combination of a candi-
date and a task. Because of their time windows, we do not
include lunch breaks in the list. The list generation procedure
is depicted as a flowchart in Fig. 3.

First, the number of positions in the list, L , is calculated
by multiplying the number of tasks, |E |, by the number of
candidatesC . Next, the candidates 1, . . . ,C , are assigned |E |
times to the positions 1, . . . , L . Finally, the tasks are assigned
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Start list-scheduling

Determine order of
activities in list

Activity
list

Set D∗ to upper bound

Apply schedule gene-
ration scheme with
random sampling

Feasible schedule
with duration D

D < D∗?

Set D∗ := D
Update scheduling order
of activities in list

Randomized
activity list

Time limit
exceeded?

Stop list-scheduling

NO

YES

NO

YES

Fig. 2 Flowchart: multi-pass list-scheduling procedure for one list

to the positions 1, . . . , L , such that each task is included once
for each candidate. An activity list is obtained, to which a list
adjustment procedure can be applied. In that case, an adjusted
activity list is obtained.

The list consists of three parts to which the following cri-
teria apply (cf. Fig. 4). If these criteria are not sufficient
to distinguish between tasks, the task index is used as a
tiebreaker.

4.2.1 Sorting criteria: last part of list

To the last C positions in the list, the task of shortest dura-
tion is assigned. The activities that are in the last part of the
list may have to be scheduled at the end of the partially gen-
erated schedule. Figure 5 illustrates how an overall shorter
schedule may be obtained by considering the shortest task
last. The dark gray bars represent the time during which the

Determine order of
activities in list

Calculate number of
positions L := |E|C

Assign |E| times candidates
1, . . . , C to positions 1, . . . , L

Assign tasks to
positions 1, . . . , L

Activity
list

Apply list adjust-
ment procedure?

Adjusted
activity list

Order of activities
determined

YES

NO

Fig. 3 Flowchart: list generation procedure

participants are occupied in the partial schedule. The light
gray bars correspond to a task with long duration (top) and a
task with short duration (bottom), respectively, that have to
be scheduled at the end of the partial schedule.

The pseudocode for assigning the task with shortest
duration to the last C positions in the list is presented in
Algorithm 1. First, the task of shortest duration e∗ is deter-
mined (line 1). This task is then assigned to the positions
L − C + 1, . . . , L (line 3). Each time the task is assigned
to a position, the counter counte∗ (which is initialized with
counte = 0 for all e ∈ E) is increased by one (line 4), and the
task is removed from the set Ec∗ of the corresponding can-
didate c∗ assigned to that position (lines 5 and 6). Because
task e∗ has been considered for all candidates, it is removed
from the set of tasks E (line 7).

4.2.2 Sorting criteria: first part of list

To the positions in the first part of the list, the task with
the shortest preparation time is assigned. The number of
positions for which these criteria apply corresponds to the
number of activities that can be performed simultaneously
with respect to the number of assessors required. By schedul-
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Position 1 2 . . . L
Candidate 1 2 . . . C 1 2 . . . C 1 2 . . . C 1 2 . . . C

Criteria Shortest pre- Largest distance between same task Shortest
paration time duration

Fig. 4 Criteria for assigning tasks to positions

Candidate

Assessor

Candidate

Assessor

Fig. 5 Reduced schedule duration by considering shortest task last

Algorithm 1: Assignment of tasks to last C positions in
the list
1 e∗ ← min{e ∈ E : pe = mine∈E (pe)}
2 for l = L − C + 1 to L do
3 el ← e∗
4 counte∗ ← counte∗ + 1
5 c∗ ← cl
6 Ec∗ ← Ec∗ \ {e∗}
7 E ← E \ {e∗}

Algorithm 2: Assignment of tasks to first positions in
the list
1 e∗ ← min{e ∈ E : pCe = mine∈E (pCe )}
2 l∗ ← min(�A/re∗ �,C)

3 for l = 1 to l∗ do
4 el ← e∗
5 counte∗ ← counte∗ + 1
6 c∗ ← cl
7 Ec∗ ← Ec∗ \ {e∗}

ing the corresponding activities first, some of the assessors’
waiting time can be reduced.

The pseudocode for assigning the task with the shortest
preparation time to the positions in the first part of the list
is presented in Algorithm 2. First, the task with the shortest
preparation time e∗ is determined (line 1). Then, the number
of positions in the first part of the list l∗ is calculated (line 2).
This number corresponds to the minimum of C and the clos-
est integer lower than or equal to the number of assessors A
divided by the required number of assessors of the selected
task re∗ . The selected task is then assigned to the positions
1, . . . , l∗ (line 4). Again, the counter counte∗ is increased,
and the task is removed from the set Ec (lines 5, 6, and 7).

4.2.3 Sorting criteria: middle part of list

To the positions in the middle part of the list, the tasks are
assigned such that the distance between two positions of the
same task is maximized. As a secondary criterion, either the

Algorithm 3: Assignment of tasks to remaining posi-
tions in the list
1 for c = 1 to C do
2 order tasks in Ec based on secondary criterion

3 for l = l∗ + 1 to L − C do
4 c∗ ← cl
5 for e ∈ Ec∗ do
6 if counte = mine∈Ec∗ counte then
7 el ← e
8 counte ← counte + 1
9 Ec∗ ← Ec∗ \ {e}

10 break

minimumormaximumpreparation time is used. A list is gen-
erated with each of the two secondary criteria. By scheduling
activities referring to different tasks such that they run (par-
tially) in parallel, some candidates may begin the preparation
of one task while the assessors are occupied with the execu-
tion of another task.

The pseudocode for assigning the tasks to the positions
in the middle part of the list is presented in Algorithm 3.
First, for each candidate c, the tasks in Ec are ordered based
on the secondary criterion employed (line 2). Then, for each
position l∗ + 1, . . . , L − C , the corresponding candidate c∗
is selected (line 4). The tasks in Ec∗ are checked sequentially
whether they have been included in the list the least often thus
far (line 6). In that case, the task is assigned to the position
(line 7), counte and the set Ec∗ are updated (lines 8 and 9),
and the next position in the list is selected (line 10).

4.2.4 Sorting criteria: optional list adjustment

The list adjustment procedure adjusts the list as follows.
First, the tasks assigned to the positions l∗ + 1, . . . ,C are

switched with the task with the longest preparation time. By
scheduling the corresponding activities such that they run
(partially) in parallel with activities included in the first part
of the list, some of the candidates can already begin with the
preparation of a task while the assessors are occupied.

Second, the order of activities in the last C positions of
the middle part of the list is switched by reversing the order
in which the candidates are considered. If this part of the list
contains activities with short preparation times, then consid-
ering the candidates in reverse order can reduce some of the
assessors’ waiting time.
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Table 7 Illustrative example: four alternative lists

Position Secondary criteria

Maximum preparation time Minimum preparation time

Non-adjusted list Adjusted list Non-adjusted list Adjusted list

Candidate Task Activity Candidate Task Activity Candidate Task Activity Candidate Task Activity

1 C1 E3 7 C1 E3 7 C1 E3 7 C1 E3 7

2 C2 E3 8 C2 E3 8 C2 E3 8 C2 E3 8

3 C3 E2 6 C3 E2 6 C3 E1 3 C3 E2 6

4 C1 E1 1 C1 E1 1 C1 E2 4 C1 E2 4

5 C2 E2 5 C2 E2 5 C2 E1 2 C2 E1 2

6 C3 E1 3 C3 E1 3 C3 E2 6 C3 E1 3

7 C1 E2 4 C3 E3 9 C1 E1 1 C3 E3 9

8 C2 E1 2 C2 E1 2 C2 E2 5 C2 E2 5

9 C3 E3 9 C1 E2 4 C3 E3 9 C1 E1 1

10 C1 E4 10 C1 E4 10 C1 E4 10 C1 E4 10

11 C2 E4 11 C2 E4 11 C2 E4 11 C2 E4 11

12 C3 E4 12 C3 E4 12 C3 E4 12 C3 E4 12

The four alternative lists, for the illustrative example, are
depicted in columns 4, 7, 10, and13ofTable 7. The horizontal
lines indicate the three different parts of the list.

4.3 Schedule generation scheme

The flowchart of the SGS is depicted in Fig. 6. Based on
their order in the list, activities are selected sequentially
and scheduled as early as possible. To this end, the earliest
resource-feasible start time tS is determined. Itmay no longer
be possible to schedule the lunch break of the respective
candidate within its time window when the selected activ-
ity is scheduled at tS. In that case, the corresponding lunch
break is scheduled first, and tS is calculated anew for the
selected activity. After all of the activities in the list have
been scheduled, all remaining lunch breaks are scheduled,
and a procedure for rescheduling the lunch breaks is applied.

4.3.1 Earliest resource-feasible start time tS

The flowchart of the procedure that determines the earli-
est resource-feasible start time tS for the selected activity
is depicted in Fig. 7. The procedure is initiated by select-
ing the first time period of the planning horizon. From the
selected time period onward, the availability of the required
candidate and—in the case of a role-play task—the actors
are determined. When determining availabilities, we con-
sider only those time periods during which the respective
participants must be present.

Once the candidate (and, in the case of a role-play task, an
actor) is available, a sub-procedure for the assessor assign-
ment is initiated (see Sect. 4.4). If the assessor assignment
is successful, tS is set to the currently selected time period,
and the procedure ends. Otherwise, the next time period of
the planning horizon is selected, and the availabilities of the
participants are examined anew.

4.3.2 Lunch breaks

Before an activity is scheduled at tS, the following proce-
dure determines whether the lunch break time window is
violated. Assuming that the activity is scheduled at tS, the
candidate’s resulting availability is determined throughout
the lunch break time window. If it is impossible to schedule
the lunch breakwithin this timewindow, then the lunch break
is scheduled before the activity.

The situation described abovemight never arise, and some
lunch breaks might thus never be considered during the
scheduling of the activities in the list. Therefore, after all
activities have been scheduled, all remaining lunch breaks
are scheduled at their earliest resource-feasible start times.

Scheduling the lunch break after the completion of the
last activity might unnecessarily increase the duration of the
schedule. Beginning with the candidate with the smallest
index value, for each candidate we determine whether the
lunch break is taken after the last activity. If the schedule
duration is reduced, we switch the order of the last activity
and the lunch break. The reduction in a schedule’s duration
through such a switch is illustrated in Fig. 8. The light gray
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Apply schedule
generation scheme

Select activity based
on position in list

Determine earliest act-
ivity start time tS

Lunch break
time window
violated?

Schedule lunch break
as early as possible

Schedule selected
activity at tS

All activities in
list scheduled?

Schedule all remain-
ing lunch breaks

Reschedule lunch breaks

Stop schedule
generation scheme

YES

NO

NO

YES

Fig. 6 Flowchart: schedule generation scheme

bars correspond to the activities performed by the same can-
didate. The dark gray bar represents the time during which
the assessor is occupied with another candidate’s activity.

4.4 Assessor assignment

The flowchart of the procedure that assigns the assessors
to an activity is depicted in Fig. 9. The assessors are first
ordered randomly and then selected sequentially based on
that random order. An assessor is temporarily assigned if (1)
the assignment does not violate the lower and upper limit of
the 50% assignment rule, (2) there is no no-go relationship
with the required candidate, and (3) the assessor is available.

Determine earliest act-
ivity start time tS

Select first time period
of planning horizon

Candidate (and
actor) available?

Select next time period
of planning horizon

Assessor
assignment

Assessor assign-
ment successful?

Earliest activity start
time determined

NO

YES

NO

YES

Fig. 7 Flowchart: procedure for determining the earliest resource-
feasible activity start time tS

Candidate

Assessor

Candidate

Assessor
B

B

Fig. 8 Reduced schedule duration through lunch break switch

The procedure ends when the required number of asses-
sors has been assigned and the temporarily assignments
are fixed, or once all assessors have been examined. If the
required number of feasible assessors could not be assigned,
then any temporary assignments to the selected activity are
reversed.

Whether an assessor assignment violates the 50% assign-
ment rule depends on which assessors have observed the
required candidate thus far. The following two cases and the
corresponding feasibility criteria are considered.

(a) If the number of different assessors who observe the can-
didate equals the upper limit, then only assessors who
have already observed the candidate at least once can be
assigned.
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Start assessor
assignment

Determine random
order of assessors

Select first assessor
in that order

50% assignment
rule violated?

No-go relation-
ship violated?

Assessor available?

Temporarily assign
assessor to activity

Required num-
ber of assessors
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Fig. 9 Flowchart: procedure for assigning the required number of
assessors to an activity
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Fig. 10 Illustrative example: schedules obtained by the heuristic with-
out random sampling (top) and with random sampling (bottom)

(b) If the number of different assessors who observe the
candidate lies below the lower limit, and the lower
limit cannot be reached if an assessor who has already
observed the candidate is assigned to any of the candi-
date’s remaining activities that have not been scheduled
yet, then only assessors who have not yet observed the
candidate can be assigned.

In any other case, no additional feasibility criteria apply.Note
that the criteria in (a) or (b) might become active after the
first assessor has been assigned. Additionally, because of the
random order in which assessors are considered, the assessor
assignment may vary in each application of the SGS.

4.5 Results for the illustrative example

For the illustrative example, we obtained an optimal sched-
ule with a duration of 70 time units by applying the MILP of
Zimmermann and Trautmann (2014). Two alternative sched-
ules for the illustrative example obtained by our multi-pass
list-scheduling procedure are depicted in Fig. 10. The dura-
tion of the best schedule generated with the list based on the
maximum preparation time criterion and random assessor
assignment is 71 time units. An optimal schedule is obtained
using the random sampling method.

5 Computational study

We have implemented the multi-pass list-scheduling heuris-
tic presented in Sect. 4 in Java and applied it to four
real-world instances and 240 test instances generated based
on real-world data. Compared with the analysis presented
in Zimmermann and Trautmann (2015), these test instances
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enable a more thorough analysis of the performance of the
procedure.

We compare our novel approach with the MILP presented
in Zimmermann and Trautmann (2014). We implemented
the MILP in AMPL and used the Gurobi Optimizer 6.5 as
solver. We limited the CPU time of the solver to 3600s for
the real-world instances and to 1200s for the test instances.
According to the HRM service provider, it is important that
the heuristic generates good feasible solutions in a short
amount of time. For example, in the event that some of the
participants have to cancel their participation at short notice,
the entire assessment must be rescheduled. Hence, the HRM
service provider prescribed a CPU time limit of 10 s. In order
to evaluate the speed at which the heuristic generates good
solutions, we also applied the heuristic using CPU time lim-
its of 1, 5, and 100 s. The available CPU time was divided
equally among the multi-pass procedures for the individual
lists. All calculations were performed on a desktop PC with
an Intel Core i5 CPU with 2.7GHz and 4GB RAM.

In Sect. 5.1, we describe the test instances that we used in
our computational study. In Sect. 5.2, we discuss our com-
putational results.

5.1 Test set

The data for four real-world instances were provided by the
HRM service provider. These instances include the same set
of five tasks and one lunch break for each candidate. The
number of candidatesC , assessors A, actors R, and activities
and lunch breaks I of the instances are listed in Table 8. The
last column indicates whether any no-go relationships exist.

Additionally, we generated 240 test instances by vary-
ing five factors in a full factorial design. The factors and
their experimental levels are summarized in Table 9. The
employed experimental levels are based on the four real-
world instances and additional real-world data made avail-
able to us by the HRM service provider. Factors C and |E |
correspond to the number of candidates and tasks of each
instance. In combination, the employed levels of these two
factors determine the number of activities and lunch breaks
I for each instance. We partitioned 15 real-world tasks into
three subsets: (a) role-play tasks, (b) non-role-play tasks that
require only one assessor, and (c) non-role-play tasks that

Table 8 Real-world instances: main data

Instance C A R I No-go relationships

R1 7 10 2 42 No

R2 11 11 3 66 No

R3 9 11 3 54 Yes

R4 6 9 3 36 No

Table 9 Test instances: factors and experimental levels

Factor Corresponds to Experimental levels

C Number of candidates 4, 5, . . . , 10, 11

|E | Number of tasks 4, 5

aS Average number of
assignments per assessor

6.0, 8.5, 10.4

aN Proportion of assessors who
are no-go assessors

1/6, 1/3

n Average number of no-go
relationships per no-go
assessor

2, 3

require two assessors. The tasks for an instance were ran-
domly selected as follows: two tasks from subset (a), one task
from subset (b), and—depending on |E |—one or two tasks
from subset (c). The number of assessors A of an instance
equals the integer closest to the total number of assignments
divided by the factor aS . The total number of assignments
corresponds to the sum of assessor requirements over all
activities. The experimental levels used for aS correspond to
the observed real-world minimum, average, and maximum.
Let AN denote the set of assessors with at least one no-go
relationship (i.e., the set of no-go assessors). The number of
no-go assessors |AN | for an instance equals the integer clos-
est toaN A.We randomly include assessors in the set AN until
we reach this number. The number of no-go relationships
N for an instance equals n|AN |. The no-go relationships
are randomly assigned to pairs of candidates and assessors
belonging to set AN such that (1) each assessor in AN has at
least one no-go relationship and (2) at least �A/2� different
assessors can be assigned to each candidate. The actors are
not considered to be a critical resource, and they are paid for
each role-play task in which they actually perform. Hence,
we set the number of actors R = 3 for all instances, which
corresponds to the observed real-world maximum.

For each combination of factor levels, we generate an
instance; this leads to 8 · 2 · 3 · 2 · 2 = 192 test instances.
We also generate instances without no-go relationships (i.e.,
aN = n = 0). This step leads to 8 · 2 · 3 = 48 additional test
instances.

5.2 Computational results

The results for the four real-world instances R1, …, R4 are
reported in Table 10. The objective function value of the
best schedules obtained by the MILP is shown in row [MILP
(3600s)]. Furthermore, the row [CPU] shows the number
of seconds after which the MILP obtained the best sched-
ules, and the row [LB] lists the lower bounds obtained by
the MILP. None of the instances were solved to optimal-
ity within the prescribed CPU time limit. The rows [Heur.
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Table 10 Real-world instances: results

R1 R2 R3 R4

MILP (3600s) 90 122 101 84

CPU 3128 2987 1386 344

LB 80 110 90 80

Heur. (1 s) 86 114 98 83

Heur. (5 s) 84 113 97 82

Heur. (10 s) 84 113 95 82

Heur. (100s) 82 113 95 82

Table 11 Test instances: aggregated results

Average Average Number of

OFV GAP (%) Opt. Best

MILP (1200s) 109.4 9.3 22 76

Heur. (1 s) 105.4 6.2 21 74

Heur. (5 s) 104.8 5.6 28 121

Heur. (10 s) 104.6 5.4 31 140

Heur. (10 s, random list) 108.2 8.7 16 35

Heur. (10 s, no sampling) 106.8 7.5 16 41

Heur. (100s) 104.1 5.0 35 214

(1 s)], [Heur. (5 s)], [Heur. (10 s)], and [Heur. (100s)] show
the results for the heuristic with a CPU time limit of 1, 5, 10,
and 100 s, respectively. The best objective function values
are highlighted in boldface. In comparison with the MILP,
the heuristic obtains better solutions for all four instances
with a CPU time limit of 1 s or longer.

The aggregated results for all 240 test instances are
reported in Table 11. The column [average OFV] lists the
average objective function values, and the column [average
GAP] shows the average gaps. To calculate the gaps, we
used the lower bound LB obtained by the MILP and the for-
mula GAP = (OFV–LB)/OFV. Column 4 shows the number
of instances solved to optimality, i.e., for which the objec-
tive function value equals the lower bound obtained by the
MILP. Column 5 shows the number of times that the pro-
cedures generated the best solutions; for example, for 214
instances, [Heur. (100s)] generates solutions with an OFV
that is smaller than or equal to the OFV obtained by the other
procedures. The row [Heur. (10 s, random list)] shows the
results of our heuristic when the lists are generated randomly.
The row [Heur. (10 s, no sampling)] shows the results of our
heuristic when no random sampling is employed. Notably,
we still run the heuristic for 10 s in this case because of
the randomized assignment of the assessors to the activities.
The best results are highlighted in boldface. On average, the
heuristic obtains better solutions than the MILP regardless
of the prescribed CPU time limit. An increase in the CPU

Table 12 Test instances: list-dependent results

Average Average Number of

OFV GAP (%) Opt. Best

Max. preparation time

Non-adjusted list 105.6 6.3 23 123

Adjusted list 106.0 6.6 15 98

Min. preparation time

Non-adjusted list 105.4 6.2 25 144

Adjusted list 105.7 6.4 16 106

Table 13 Test instances: factor-dependent results

MILP (1200s) Heur. (10 s)

Average Average Average Average
OFV GAP (%) OFV GAP (%)

I

20–30 114.2 4.0 113.8 3.6

31–50 102.7 8.0 99.7 5.4

51–66 115.2 18.1 101.6 7.6

aS

6 81.9 10.3 78.5 7.1

8.5 111.9 10.9 105.7 6.0

10.4 134.4 6.6 129.5 3.1

aN

0 108.5 8.8 103.5 4.8

1/6 109.6 9.5 104.6 5.5

1/3 109.7 9.3 105.1 5.5

n

0 108.5 8.8 103.5 4.8

2 108.8 9.0 103.8 4.9

3 110.4 9.7 105.8 6.1

time limit from 1 to 5s leads to a larger improvement of the
average gap than an increase from 5 to 10s. Compared to a
random activity order, the employment of our sorting criteria
improves the average gap from 8.7 to 5.4%. Furthermore, the
average gap is improved from 7.5 to 5.4% with the applica-
tion of the random sampling method. The results obtained by
[Heur. (100s)] indicate that a CPU time limit of 100s leads to
even better solutions; however, compared against the results
for a CPU time limit of 10 s, the improvement is relatively
small.

Table 12 shows the average results obtained with each of
the four lists and a total CPU time limit of 10 s, i.e., a CPU
time limit of 2.5 s per list. The best results are highlighted in
boldface.On average, the non-adjusted list generatedwith the
minimum preparation time criterion leads to the best results.
However, neither list obtains the best results for each instance
of the test set.
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The average objective function values and gaps obtained
by [MILP (1200s)] and [Heur. (10 s)] for different factor
levels are reported in Table 13. Each instance of the test set
has between 20 and 66 activities and lunch breaks. We list
the average results for the three different ranges of I that
correspond to small-, medium-, and large-sized instances.
For the three ranges of I , the heuristic obtains lower average
gaps. Similarly, the heuristic obtains lower average gaps for
all levels of the factors aS , aN , and n. The best results are
highlighted in boldface.

6 Conclusions

In this work, we developed a multi-pass list-scheduling
heuristic for a real-world scheduling problem arising in the
context of assessment centers, which has been reported to
us by an HRM service provider. Our computational results
for a set of real-world instances and a set of instances con-
structed based on real-world data indicate that our heuristic
consistently generates good schedules with a small amount
of computational time. For the set of real-world instances,
compared to the schedules manually generated by the HRM
service provider, the heuristic obtains better schedules in a
much shorter amount of time. A simplified version of our list-
scheduling heuristic has been implemented in the planning
software used by the HRM service provider.

Some assessments include group tasks that are performed
by multiple candidates simultaneously in the presence of
several assessors. The list-scheduling heuristic presented
in this paper should be extended by exploring procedures
for forming these types of groups and scheduling activi-
ties accordingly. Furthermore, the heuristic presented in this
paper can be used to analyze the performance of alterna-
tive solution approaches to be developed in the future, e.g.,
MIP-based heuristics such as the one sketched in Rihm and
Trautmann (2016).
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