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Abstract. Workers’ absences are a common disruption to the provision of
tasks. They make it necessary to modify task assignment, which amounts to
finding suitable substitutions. Sometimes it happens that the competences of the
available workers, with given constraints, e.g. hour limits, are not sufficient to
find an admissible assignment modification. Therefore, it is desirable to develop
a so-called robust personnel competence structure. In the case of workers’
absences, a robust competence structure is a structure that allows one to find a
modification of the assignment under every possible scenario of disruption. In
other words, the following question is considered: does there exist, and if so,
what is the competence structure robust to the disruption caused by an unex-
pected personnel absence? The number of potential solution variants is related to
the number of competences that can be improved. For each variant, there could
exist many cases of worker absence (absence of one worker, two workers, etc.).
Moreover, for these, there could also exist many assignment modification
variants. This an NP-hard problem. In the context of the scale of problems
encountered in practice, searching for solutions using well-known algorithms
(based on an exhaustive search) is a time-consuming process which does not
guarantee that an admissible solution will be found. In the present study, a
sufficient conditions are proposed, the fulfilment of which guarantees the exis-
tence of a non-empty set of admissible solutions. Declarative modelling and
computer implementation in the form of constraint logic programming
(CLP) have been applied. The potential of the proposed solution is illustrated
with examples.

Keywords: Competence assessment *+ Declarative model - Robustness *
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1 Introduction

Task assignment is an important component of the complex scheduling problem. In a
general case, the Task Assignment Problem (TAP) involves assigning resources
(workers) to tasks so as to satisfy the constraints related to the personnel hour limits,
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workload, etc. [7, 8, 14]. An obvious criterion in assigning workers to tasks due to their
competences, understood as a set of knowledge, experience and skills — elements that
allow particular workers to realize particular tasks [4, 9, 11, 19]. The individual
competences of specific employees make up the competence structure of the available
personnel. This structure determines, in a natural manner, the possibility of providing a
specific group of tasks. In the literature, there exist models and algorithms which allow
one to answer typical questions connected with the assessment of the personnel’s
potential and estimation of the costs of assignment, i.e. issues in the area of analysis of
competence structures [1, 5, 6, 10, 13, 15], for example: Does the given personnel with
the given competence structure make it possible to provide tasks under the assumed
constraints?

There are also models and algorithms which allow to answer questions connected
with the possibility of strengthening the potential of the existing personnel, i.e. issues in
the area of synthesis of competence structures (the few studies in this area include [17,
18]), for example: Does there exist (an improved) competence structure of the given
personnel such that the worker assignment satisfies the constraints assumed?

In practice, every worker assignment plan is exposed to a defined set of disruptions,
such as worker absences, changes in task numbers, etc. In this present article, we focus
only on worker absences which may require modifications to the worker assignment,
i.e finding suitable substitutions for absent employees. An answer to the following
question is sought: Does the given competence structure of the available personnel
allow to modify the assignment in the case of worker absence?

Sometimes, it happens that the given competence structure is not sufficient to find
an admissible assignment modification. This type of structure is said to be non-robust
to a given disruption. Cases like that lead to the formulation of a new generation of
human resources management problems (omitted in the literature), which focus on the
possibility of searching for a data structure (a competence structure in this case) which
allows to assign resources so that specific expectations (e.g. robustness of the
assignment plan to worker absence) are met [16]. In other words, an answer to the
following question is sought: Does there exist (an improved) competence structure of
the available personnel such that an admissible assignment modification can be made in
the case of worker absence?

The number of alternative competence structures which guarantee an admissible
assignment modification is related to the number of competences that can be improved.
For each variant of an improved competence structure, there could exist many cases of
disruption. Moreover, for each such case, there could also exist many assignment
modification variants. The process of searching for a solution to this problem is
illustrated using a simplified example (see Sect. 2). It shows that in the problem under
consideration, the number of solutions increases exponentially. In the context of the
scale of problems encountered in practice, searching for solutions using well-known
algorithms (based on exhaustive search) is a time-consuming process that does not at
all guarantee that an admissible solution will be found. The purpose of the present work
is to propose the sufficient conditions the fulfilment of which will guarantee a non-
empty set of admissible solutions.

The remainder of this paper is organized as follows: Sect. 2 provides an illustrative
example of the problem of planning competence robust to unexpected personnel
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absence. Section 3 presents a declarative model of the problem considered. Section 4
shows the constraint satisfaction problem as an effective solving method. The last part
(Sect. 5) contains conclusions and indicates the main directions of future research.

2 Motivation Example

Let us consider the following simplified example of robustness assessment of a com-
petence structure and planning a competence structure that will be robust to unexpected
worker absence. The example shows that in general the space of solutions is large,
which makes the problem considered non-trivial.

Enterprise realize project, whose success is conditioned by the performing 10 tasks
0;; (Fig. 1a). Tasks are grouped in terms of the competences required for their real-
ization: Oy = {01,1},0, = {02.1,022,023},03 = {031,032}, 04 = {041,042, 043,
044}. For example this means that tasks 021,022,023 require the same competence
hereinafter referred as O,, (0;; — means j-th task requiring i-th competence). It is
assumed that each task takes 30 units of time (u.t.) and the technological order of
performing tasks is known (Fig. 1a). For example, the beginning of the task o0, is
conditioned by the completion of 041, beginning of the task 0, is conditioned by the
completion of 04, 1 043, efc.

a) Os b)
;'"" worker
1
] T, 031 | 032
1
1
: T304 | 043 | O4a
1
1
1 Ty 1041 023
1
1
1 Ty 021 022 011 | u.t.
1

0 30 60 90 120 150 180"
Legend: 0, - competency
0, ; - j-th task requiring i-th competence period of time of task realization
Ty - assigned worker

Fig. 1. Structure of considered project (a), schedule determined by assumed assignment (b)

Given are M workers Ty (k = 1...M). Each worker T is characterised by a binary
set of indicators gx = (8.1, - - -, &kis - - - 8kN):

e g;; = 1 indicates that the worker T} has the competency O;,
e g;; = 0 indicates that the worker T; has no competency O;.

For example, the notation g; = (1, 1,0,0) means that worker 77 has competences
O, and O;, and has no competences O3 and Oy4. Together, the indicators for all worker
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make up the competence structure of the worker team: G = (gx;lk =1...M;
i=1...N), where g; € {0,1}. In the example, let us consider the following com-

petence structure G:

Competences 0;
1 100

G =

A7 SIOIOM

010 1
011 1
1 01 1

Each worker T; has a limited number of hours to realize (minimum s; and maxi-
mum z;). An example of limitations are shown in Table 1.

Table 1. Minimum and maximum workers hour limits

Sk | 2k

7190|120
T, 60| 120
T5 90| 120
T,160| 90

It is known that there exists a task assignment (number of tasks of given compe-
tence group O; assigned to the k-th worker): X = (x;|k = 1.. .M;i = 1...N), where
xxi € N, which satisfies the assumed limits s; and z;. An example of a variant of the
assignment is given below:

Competences O;

A7 SIOIOM

Moreover, given is variant of project diagram with assigned employees (Fig. 1a). It
shows which task (o;;) is assigned to which employee. For example, task o4 is
assigned to worker T, tasks 042, 043, 044 are assigned to worker T3, etc.

Project schedule assumes the possibility of its completion in 180 u.t. (units of time)
(Fig. 1b).

As announced in the Introduction, an unexpected worker absence will be consid-
ered. An unexpected absence means that any worker and any number of workers could
be absent during the of assignment X. Of course, we do not know which workers will
be absent. All cases (the absence of one worker, two workers, etc.) must be considered.

In general, the number of all disruption cases is PC = 224:1 Cy, where M — the
number of workers. In the example considered, M = 4, and so PC = 15:
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(a) 4 scenarios of one worker’s absence,
(b) 6 scenarios of two workers’ absence,
(c) 4 scenarios of three workers’ absence,
(d) 1 scenario of four workers’ absence.

To assess the robustness of the competence structure to worker absence, one has to
answer the following question: does the given competence structure G allow to make
an admissible modification to worker assignment X under each absence scenario? An
admissible modification should be understood as a worker substitution for tasks which
are assigned to the absent worker. For example, the absence of one worker requires the
following modifications to assignment X:

e if the absent worker is 77, then substitute workers are needed for tasks: 01,1, 02,1,
022.

e if the absent worker is T, then substitute workers are needed for tasks: 0233, 041.

e efc.

First, let us consider case (a) and all the scenarios of one worker’s absence — see
Fig. 2. It can be seen that for two out of the four possible scenarios (the absence of T3
and Ty), no admissible modification of worker assignment X can be made.

Legend:
admissible modification
inadmissible modification

Bolded numbers indicate
tasks that require a
substitute worker

absence of worker absence of worker Ty absence of worker T,

0
1]
3
0
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of modification of assignment X'y  of modification of assignment X | of modification of assignment X

absence of worker Ty : :
1 1
1 1
1 1
U 1
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1 I
1 I
[ 1
1 1
1 1
1 1
1 1
under T, absence scenario 1 under T; absence scenario 1 under T, absence scenario
I I
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1 1
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1 1
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1 1
| I
! I
! I
1 1
1 1
1 1
1 1
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0 00 3 020 3 0 00 4 000 3 0 00 O0l|o 00O 002 3
102 0 1020 0020 0 02 1 002 0llo o2 1 000 0
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0 000 O 0101 010 2
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Fig. 2. Variants of modification of worker assignment X for all scenarios of a one worker
absence

An important observation for each scenario of cases (b) and (c) is that the total
number of working hours (300) is greater than the sum of the maximum number of
hours z; for each worker (Ekle zk). Thus, again, no admissible modifications can be
made to these cases.
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Lastly, it is obvious that case (d) is a special situation when it is not possible to
make any admissible modifications.

In conclusion, the answer is: the given competence structure G guarantees an
admissible modification of worker assignment X under two out of the 15 worker
absence scenarios. In other words, competence structure G is not robust to unexpected
worker absence. Therefore, a reverse question must be asked: Does there exists a
competence structure G such that an admissible modification can be made to worker
assignment X under every possible absence scenario? Or, put differently, which
competency gi; of which worker T; should be improved to ensure an admissible
modification of assignment X? Competency improvement is understood as changing
the value of competency in structure G from “0” to “1”. Thus, all the possible variants
of competence structures can be represented by the general formula 2MN)-CP _ |
where CP is the number of competences with value “1” in structure G (i.e. compe-
tences which cannot be improved). In our example, M = 4, N = 4, CP = 10, which
gives 24410 _ | = 63 variants.

It is obvious that in the example considered whatever the structure is, it would not
be robust in cases (b), (c¢) and (d). It is only possible to find a competence structure
robust to the scenarios of case (a).

It is necessary to use an exhaustive search to find an admissible solution. A tree of
competence structure variants is shown in Fig. 3. Some of these variants are marked as
allowing an admissible modification of X under all the scenarios of one worker’s
absence. The answer to the question above, then, is that there exists a competence
structure G such that an admissible modification of worker assignment X can be made
under every possible scenario of one worker’s absence. To prove it, let us choose
competence structure indicated by blue color on Fig. 3. Different schedules under every
possible scenario are illustrated on Fig. 4.

However, in special cases, none of the competence structure variants guarantee an
admissible modification of worker assignment X. This is especially important in real-
world-sized problems, for example: M = 10, N = 30 and CP around 200, where there
are 2(1030)=200 _ 1 — 2100 _ 1 possible competence structure variants. Because in such
cases calculations are highly time consuming, and still do not guarantee that an
admissible solution will be found, the following question seems worth considering:
does there exist a sufficient condition such that an admissible solution is guaranteed to
exist? To find an answer to this question, a competence structure with values “1” only
should be considered. Let us call this structure a full-competence structure. Thus, the
sufficient condition can be formulated as follows: IF for the full competence structure it
is possible to make a modification to worker assignment X under each absence sce-
nario, THEN at least one admissible solution exists. Thus, only this one variant of the
competence structure should be checked for admissible solutions.

In general, the problem considered can be formulated using:

e sets of tasks and workers and the parameters that define their quantitative measures,

e decision variables that determine worker assignments and their competence
structure,

e and constraints which link the sets and the decision variables.
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Fig. 3. Tree of competence structure variants (Color figure online)

Computing environments that are well adapted to solving this type of problems are

declarative programming environments [2, 3]. They reflect the structure of the con-

straints of a task in a natural way by modelling the task as a so-called constraint

satisfaction problem (CSP) [12].
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a) b)
T, T,
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Fig. 4. Schedule under T absence (a); T» absence (b); T3 absence (c); T4 absence (d)

3 Declarative Model

The following declarative model is proposed:

Sets:
O;:  competences, indexed by i = 1,..., N,
Ty:  workers, indexed by k =1,...,M.

Parameters:
s minimum number of hours of the k-th worker (s, € N),
Zx: maximum number of hours of the k-th worker (z; € N).

Decision variables:

G: competence structure, defined as G = (g |k =1...M;i=1...N), where g;;
stands for a worker’s competences to realize a given task; gx; € {0,1}, gx; =0
indicates the k-th worker has no competence O;, gi; = 1 indicates the k-th
worker has competence O;.
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GJ/:  competence structure obtained as a result of the absence of the j-th worker,
G/ = (gl lk=1...M—1);i=1..N)

X/:  task assignment for structure G/ (in the situation of the j-th worker’s absence),
defined as X/ = (x,{vi|k =1....M—1);i=1...N), where x,{{i € N means the
number of tasks o;; assigned to the k-th worker in structure G

Constraint related to competences:

(a) tasks can be assigned to the workers with appropriate competences:
x,{_i =0, where g/, =0 (1)

Constraints related to the number of working hours:

(b) The number of hours assigned to T; should be greater than or equal to the
minimum number of hours given to the k-th worker:

S x> wherek=1,...,M )
(c) The number of hours assigned to T} should be less than or equal to the maximum
number of hours given to the k-th worker:

ZN xil»ligzk, where k=1,...M (3)

i=1 "k,
Constraint related to absence:

(d) Construction of competency structures corresponding to the situation of the j-th
workers’ absence:

i _ 8k, when k<j
8ki = { 8(k+1),i when k > j )

Task assignment X/ which satisfies all the constraints (1)—(4) is known as the
admissible worker assignment in situation of the j-th workers’ absence.
In this model, the following questions can be formulated:

(a) Does the given competence structure G guarantee an admissible worker
assignment?

(b) Does there exist, and if so, what is the competence structure G that guarantees the
existence of an admissible worker assignment?

(c) For the given competence structure G, does there exist a modification to the given
worker assignment that can be made in the case of worker absence?

(d) Does there exist, and if so, what is the competence structure G which guarantees
that a modification can be made to the worker assignment in the case of worker
absence?
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We are looking for a solution where the values of all the variables satisfy all the
constraints (the first solution found, or all of them). This is the well-known constraint
satisfaction problem (CSP) [3].

4 Method

The solution to a CSP is obtained as a result of a systematic search of all the possible
assignments of values to decision variables. The search methods can be classified
according to whether the entire space of all the possible assignments is searched (an
exhaustive search) or whether we search only a part of this space (a combinatorial
search). The exponential complexity of an exhaustive search, even assuming that 90%
of potential solutions are rejected because they do not satisfy the constraints, make
them impractical to use in most everyday situations. Thus, combinatorial search
methods remain the only alternative. These approaches use various heuristics to reduce
the number of necessary searches in a substitution tree (heuristics that constitute a
generalization of the sequence of experiments carried out earlier). Both exhaustive and
combinatorial search methods use the same iterative scheme: constraint propagation
and variable distribution. In other words, the variables declared in the script of a
program, along with their domains and the constraints that link decision variables
(relations, Boolean and algebraic expressions, etc.) are processed by the same com-
bination of mechanisms of propagation and distribution [3, 12].

The values of the variables that do not satisfy the constraints are removed from their
domains during constraint propagation. In most cases, however, the final result cannot
be reached by the propagation of constraints alone. It is necessary to introduce a
distribution of variables together with searching. The distribution of variables consists
in introducing an additional constraint (this is often accomplished by assigning a value
to one of the decision variables) and checking its compatibility (consistency) by
propagating the constraints. This may result in one of the three possible outcomes:

e a solution is found (each variable has one value from its domain),

o the domains of some of the variables are narrowed down, however, no solution is
found yet. This means the distribution of another variable is necessary,

e the additional constraint is incompatible with the remaining constraints; backtrack-
ing is performed and the current value of the variable is removed from the domain.

In this iterative search process, a search tree is generated in which each node
corresponds to a certain state of a variable. These mechanisms were implemented in the
Matlab programming environment. The tool developed in this way was used in com-
putational experiments to assess the time of the determination of a competence
structure robust to workers’ absences, for a variable number of workers (5-15) and a
variable number of tasks (16-32). The results are shown in Table 2. As it can be easily
observed, for those assignments that involve fewer than 10 workers and 32 tasks, the
time needed to determine a robust competence structure does not exceed 1000 s.
Moreover, the competence structures obtained require a minimum number of changes.

Our future work will focus on the implementation of the model proposed in
commercial optimization solvers, such as IBM ILOG CPLEX Optimizer, Gurobi
Optimizer, Oz/Mozart etc.
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Table 2. Results of computational experiments*

1 2 3 4 5
Workers x Tasks 5 x 16 S5x 24 5 x 28 5 x 32 5 x 36
Number of variables 320 480 560 640 720
Competences changed 12 17 19 21 23
Robust structure determination 1.14 4.18 6.62 10.46 14.75
time [sec.]

6 7 8 9 10
Workers x Tasks 10x 16 |10 x24 |10 x28 |10 x 32 |10 x 36
Number of variables 1440 2160 2550 2880 3240
Competences changed 8 11 15 17 19
Robust structure determination 129 436 711 1046 >1000
time [sec.]

11 12 13 14 15
Workers x Tasks 15 x 16 |15 x24 |15 x 28 15 x 32 15 x 36
Number of variables 3360 5040 5880 6720 7560
Competences changed 6 5 no data no data no data
Robust structure determination | >1000 >1000 >1000 >1000 >1000
time [sec.]

*computer parameters: Intel i7-4770, 8 GB RAM

5 Concluding Remarks

The problem of improving workers’ competences to make personnel robust to dis-
ruptions caused by unexpected personnel absences is rarely discussed in the literature.
The declarative model proposed in this study and the constraint programming method
used to solve the problem lend themselves well to implementation in commercial DSS
software.

One limitation of the model proposed is the assumption that every worker can
improve their competences with regard to each task. In practice, it may be that a
specific worker is not able (or willing) to acquire the competences needed to realize
specific tasks, e.g. because the subject matter of these tasks is out of their scope of
interest. Another observation is that different workers might acquire a given compe-
tence at a different pace. Then, the problem can be formulated as an optimization
problem: which of the alternative variants of the competence structure allow the fastest
worker adjustment to guarantee robustness to worker absences? This type of problem
should be considered in future research.

Furthermore, it should be noted that the robustness of a competence structure can
be obtained by other ways than improving that structure, e.g. by increasing/decreasing
employee’s hour limits.

In our future work, we plan to focus on robustness of competence structures to
other disruptions, such as the loss of employee qualifications (competences), changes in
number of tasks, simultaneous (and/or consequent) absence of several employees.
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