@ @ @ Int j simul model 20 (2021) 4, 672-683
Original scientific paper

SIMULATION BASED RESOURCE CAPACITY PLANNING
WITH CONSTRAINTS

Ojstersek, R. & Buchmeister, B.
University of Maribor, Faculty of Mechanical Engineering, Smetanova 17, 2000 Maribor, Slovenia
E-Mail: robert.ojstersek@um.si, borut.buchmeister@um.si

Abstract

The research work represents the development of a new decision-making model intended for the
resource capacity planning depending on the production system constraints. A mathematical decision
model for medium and short-term (dynamic) workers allocation was developed. A simulation study of
the dynamic events and the response of the decision-making algorithm to achieve the optimal workers
allocation was conducted. The results show that the resource capacity planning has a high importance
as the constraints faced by workers in production systems become more severe. The results demonstrate
the high ability to terminate production capacity while ensuring smooth, efficient operation of the
production system. Presented method can be used in everyday workers allocation in different types of
production systems.
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1. INTRODUCTION

Regardless of the production systems type, especially in developed countries, we are dealing
with a shortage of suitable workforce. The shortage of adequate workforce capacity and proper
allocation of available workers are critical to ensure continuous operation of production
systems. In practice, workers planning and scheduling is carried out from two temporal
perspectives. The first and most used is cyclical medium-term planning of available workers
for a few weeks and months in advance. This type of planning does not pose an excessive
problem from the planner’s point of view if he/she has enough personnel and known production
system resources. However, in real life there are daily problems due to the absence or restriction
of individual employees. In this case, these are dynamic events that occur all the time. In smaller
production system, the planner can reallocate personnel and at the same time ensure satisfactory
(not optimal) operation of the production system, but when we talk about larger production
systems, it is impossible to solve this satisfactorily.

Researchers have been working for many years to develop successful and efficient planning
and scheduling of employees to ensure employee satisfaction and successful operation of the
production system [1, 2]. In companies, they strive for the optimization parameters to achieve
the expected due dates [3]. Efficient operation of the production system is the goal of the
company [4], which must also achieve employee satisfaction while ensuring partial flexibility
[5, 6]. Accommodating all the individual needs of employees is theoretically impossible [7],
but recently more and more employees are emerging who have individual constraints that the
company must accommodate [8]. Scheduling workers with different constraints in different
jobs while ensuring minimal losses is a major challenge [9], so in this case researchers use
scheduling of different workers on identical machines or heterogenous knowledge [10, 11].
Scheduling workers using simulation modelling approaches [12] is primarily related to the use
of a specific programming environment [13]. Given the limitations of simulation models, the
recent application of artificial intelligence methods with various numerical optimization
techniques developed by researchers, the optimized operation of production process is enabled
[14-16]. However, the objectives of scheduling appropriate for work shifts [17], tasks [18], and
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providing adequate knowledge to workers [19] are present. If we talk about medium-term cyclic
planning, which is a less challenging problem in terms of optimization, dynamic events are
more challenging from the perspective of optimal planning, as they are limited examples of
complex problems [20, 21]. Inadequate capacity planning has a negative impact not only on
pre-ordering as a whole [22, 23], especially when it comes to underutilization of automated
production systems [24].

In this research paper, we aim to present a contemporary mathematical decision-making
using the algorithm that classifies workers according to the type of competence and the
constraints of workers to the available production capacity. The main research contribution is
a decision-making model capable of medium and short term (dynamic) allocation of workers
with constraints. The developed algorithm must provide flexibility and the possibility of
application to complex decisions of managers.

2. RESOURCE CAPACITY PLANNING

Resource capacity planning (RCP) is the process of defining the amount of work that can be
done with the available resources at a company, determining the tasks that can be done by
allocating resources appropriately, and matching the work to be done with the available
resources to meet current and future needs. If the company is able to understand the current and
future available capacity and prepares detailed resource plans, it can make the most of its
resources and justify the system. Resource capacity requires a thorough understanding of
resource capabilities (workers, machinery, equipment, etc.), the requirements of each task
performed by a company, realistic schedules for tasks, and an effective short-, medium-, and
long-term resource strategy. When resource capacity planning is optimized, it has a great
positive impact on a company. Resource capacity needs to be calculated so that managers
(production unit, shift, etc.) have a better understanding of their team's capabilities and
resources.

Some general formulations of the basic RCP parameters can be made:

Determine the total number of hours worked in the period measured/used.

Determine the net hours worked using appropriate number of workers.

Determine the individual capacity for each resource by evaluating the team members for the
time period used.

Combine the individual capacity of each resource to determine the total hours for the team
capacity.

An accurate RCP model should include details about the types of work (from a technology
perspective) in the task lifecycle and the specific skills (from a worker perspective) required to
complete each [25]. This makes it possible to understand who should be assigned to different
tasks based on their skills. Appropriate allocation can help to better control tasks and track time
during the exact implementation of the task. Effective RCP uses skill matching to make the best
use of available resources. Skill matching uses a database that compiles correlations to
individual available resources with a detailed task and knowledge assessment. These insights
help company quickly understand the strengths and capabilities of individual resources so that
an efficient RCP can be ensured. Skill matching helps a company understand the capabilities
its resources currently provide, as well as which resources may need to be added and which
type of training is required to achieve greater depth of competency either by hiring full-time
staff or outsourcing resources.

In the time of Industry 4.0 and collaborative workplaces, resource specialization is
becoming an increasingly important element of successful resource management. Companies
today expect more specialized knowledge and skills that require unique capabilities from
resources. Effective RCPs must have and leverage a skills database to keep track of which team
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members have which knowledge and skills, better have those specialized skills in record, so
they can be assigned appropriately when needed. In addition, RCP models must also account
for outsourcing resources when accessing unavailable skills, knowledge, or capacity. Having a
robust RCP approach, these skills are always available to help at the company’s success.

High resource utilization depends on the ability to allocate a resource from task to task with
as little unnecessary idle time as possible. Successful RCP makes this possible and ensures
high, sustained utilization for the business by matching resources, their capabilities, and the
demands of the tasks. As companies continue to implement their RCP strategy, data from
previous RCPs creates a deeper catalogue of resource capabilities and capacities to further
improve planning and resource matching. These incremental improvements can have an
increasingly positive impact on utilization rates until a company reaches a level of utilization
that makes it profitable while preventing employee burnout. Fig. 1 presents the proposed RCP
organization diagram for workers allocation in a manufacturing system.
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Figure 1: Proposed RCP diagram.
2.1 System description

In the research problem under consideration, we want to optimally schedule three types of
workers according to their knowledge and the limitations we may have. The main condition is
the uninterrupted operation of the production system, which must always operate smoothly.
The present case concerns the mass production of product packaging. The research problem is
based on the development of a decision model for determining the optimal number of workers
according to the needs and available resources. Table | shows the input parameters of the
production unit, the number of automated lines, their name (designation), the minimum number
of workers of a specific type (mechanics, operators, and technicians) and the number of shifts
in which the production lines operate.

Presented decision-making algorithm addresses three Production Units (PUs). All PUs
operate in 3 shifts, 5 days per week, on 22 automatic lines. Total number of production workers
is 217. Each PU presents unique entity with different demands and structure of employees. For
those reasons it is difficult to determine the optimal shift conditions for each employee. Goal
of the research work is to determine the maximal number of employees that can change shift
mode, without significant impact on productivity (taking into account 100 % lines productivity).

Additional decision-making constraints under the consideration:

1. Metaheuristic decision-making method for creating a model for determining maximal
number of employees that production can afford to change shift model with different
workers’ limitations.

2. Model is suitable for three production types of workers’ shift allocation: operators,
mechanics and technicians.
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3. Shift organization model does not include manual packaging lines, manipulators, and shift
managers.

4. Decision-making model is created in MatLab environment, input parameters and numerical
results are transferred from Excel to MatLab and vice versa.

Table I: Production unit requirements.

. . Minimum number of workers .
Line no. | Line name a — No. of shifts
Mechanics | Operators | Technicians |
1 A 13 1 1 0.5 25 3
2 A 23 15 1 0.5 3 3
3 A22 15 1 0.5 3 3
4 Al7 1 1 0.5 2.5 3
5 B 87 1.5 1 0.5 3 3
6 B 88 1 1 0.5 2.5 3
7 B 07 1 1 0.5 25 3
8 B 78 1 1 0.5 25 3

Table 11 shows the input parameters of PU1, showing the current values of available
mechanics, operators and technicians in individual shifts. It should be emphasized that the
number of available workers is constantly changing, as the fluctuation in production is large, as
well as workers are constantly being educated and changing positions. All these changes must

be addressed by the decision-making model.

Table 1I: Number of workers in the next default schedule.

Number of mechanics | Number of operators | Number of technicians | Y

Shift A 8 13 6 27
Shift B 10 11 5 26
Shift C 10 11 5 26
> 28 35 16 79

2.2 Definitions of constraints

Mathematical decision-making model is made according to the next constraints:

1.
2.

3.
4.

ol

N -

Each packaging line is operated by an operator, a mechanic, and a technician.

Minimum standard of workers per line is 1 mechanic, 1 operator, 0.5 technician. Some lines
due to complexity require additional personnel.

Employee can move between shifts, inside its own production unit.

Employee can move between packaging lines in his/her unit (except in unit 2 where there
are 2 types of packaging lines, the condition is also knowledge of mechanics regarding the
packaging line characteristics).

. If needed, technician can replace operator. Other replacements are not allowed.
. European low requirements, regarding working conditions, must be respected.

Mathematical decision-making model uses the following variables under the consideration:

. Number of employees per unit and type (operator, technician, mechanic).
. Number of packaging lines.
. Result of simulation is a number or employees per type and per production unit allowed to

change their shift.

Each production unit (PU) is evaluated independent (PU1, PU2 and PU3).

If PUs are considered completely separately, take PU1 as an example, let:
Xk j- indicates the number of type j workers on the k™ production line in PU1.

This means:
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Xk,1 means the number of mechanics on the k™ production line in PU1.

Xk2 means the number of operators on the k' production line in PU1.

Xk,3 means the number of technicians on the k™ production line in PU1.

Subject to:

Each production line requires a minimum of 0.5 technician, one mechanic and one operator
to operate. The additional person can be either a mechanic or an operator or a technician as
presented by Eq. (1):

Zg=1xk,1 =8, Zg=1xk,2 = 8 and 22:19%3 =4 1)
and by Eq. (2) for each production line:
233:1)(1_]' = 2.5,2?=1X2’j = 3.0,25;1363’]' = 3.0,23;1 X4, = 2.5,2?=1X5_]‘ = 3.0,
?zlx&j > 2-5;2?:1957,]' > 2.5 and Z?zlx&j >25 2

Table 111 presents factory full capacity operation mode in corelation to minimum number
of specific worker’s type.

Table I11: Factory full capacity per shift.

Shift A Shift B Shift C
Yoo 10, o1 xs < | Zhar X1 S8 Lo X2 S | TharXka S 11, XRoi %y, <
9and Y5_;1x3<6 9and Y5_;1x3<5 8and Y5_;x;3 <5

Regarding the Egs. (1) and (2) and factory full capacity per shift presented in Table I1l, the
objective function can be defined by Eqg. (3) as:

f = min %, ©

With the objective function, presented by Eq. (3), we can determinate the minimum number
of workers required for each shift. That is, the remaining workers can choose the shift, if needed,
or allocation by decision-making algorithm can be made. In general, we can say that everyone
can choose his/her work shift, if the following conditions are met:

— take PU1 as an example, let:

Xk1,A represents the number of mechanics who choose the shift A on the k™ production line,

Xk.1,8 represents the number of mechanics who choose the shift B on the k'™ production line,

Xk.1.c represents the number of mechanics who choose the shift C on the k™ production line,

Xk.2. represents the number of operators who choose the shift A on the k' production line,

Xk.2,8 represents the number of operators who choose the shift B on the k' production line,

Xk.2.c represents the number of operators who choose the shift C on the k™ production line,

Xk.3,A represents the number of technicians who choose the shift A on the k'™ production line,

X35 represents the number of technicians who choose the shift B on the k™ production line,

Xk3.c represents the number of technicians who choose the shift C on the k™ production line.

Table I1V: Workers schedule rotation per week.

Mechanics no. Operators no. | Techniciansno. | Week
Shift A M3 03 T3
Shift B M1 01 Tl First
Shift C M2 02 T2
Shift A M2 02 T2
Shift B M3 03 T3 Second
Shift C M1 01 Tl
Shift A M1 01 Tl
Shift B M2 02 T2 Third
Shift C M3 03 T3
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After initial workers schedule is made, we can propose long term schedule rotation plan for
three weeks as presented in Table V. Table IV presents general three weeks rotation plan in
which real-time, daily workers allocation, must be allowed (taking into account, illness, free
days, holiday, etc.).

3. MATHEMATICAL FORMULATION OF THE MINIMUM NUMBER
OF WORKERS REQUIRED PER SHIFT

To develop a decision-making model for determining the optimal number of workers on
production lines, a mathematical model has been created in which:

Xkij: indicates the number of type j workers on the k™ production line in PUi per shift.

For example:

Xki.1: indicates the number of mechanics on the k™ production line in PUi per shift.

Xki2: indicates the number of operators on the k™ production line in PUi per shift.

Xki3: indicates the number of technicians on the k" production line in PUi per shift.

Ini: indicates the number of lines in PUI.

Inix: indicates the number of workers required on line k in PUi per shift.

Egs. (4) and (5) present mathematical formulation for workers’ per shift allocation:

xi,1 = lni
Xi2 = lni (4)
xi,3 > 0.5 lni
In;
PRE Yt g ()

Mathematical formulation for real-world problem, where certain shift can be defined as:
NM;: indicates the number of mechanics in PUi of this certain shift.

NO;: indicates the number of operators in PUi of this certain shift.

NT;: indicates the number of technicians in PUi of this certain shift.

NMC;: indicates the number of mechanics who want to change their shift in PUi of this shift.
NOC;: indicates the number of operators who want to change their shift in PUi of this shift.
NTC;: indicates the number of technicians who want to change their shift in PUi of this shift.

If the following conditions, presented by Eq. (6), are met:
NMl' — NMCl > lTll'
NOi — NOCl = lni
NT; — NTC; > 0.5 In; (6)
(NM; — NMC;) + (NO; — NOC;) + (NT; — NTC;) = Yo% In;
then the main objective function, for the production of this shift, of PUi, will not be affected

(PU will obtain 100 % productivity rate). If the above conditions are not met, the production
will be affected, depending on how many workers of specific type are missing.

4. ADVANCED DECISION-MAKING MATHEMATICAL MODEL

In corelation to mathematical model presented in section three, an advanced decision-making
mathematical model considering three shifts and different PU’s is made, where:

NWRL; . represents the number of workers required on line k in PUi per shift.

NW; ; - represents the number of type j workers in shift s of PUi in the current schedule.

NWC; ;s q: represents the number of type j workers who want to change their shift from s
to d in PUi in the next schedule (next week).
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NWO, ; s represents the number of type j workers who want to change their shift s for some
other reason (for example, free time, holidays, sickness etc.) in PUi in the next schedule.
NWB; ;s represents the number of type j workers who want to return their shift s after
leaving for some other reason (for example, free time, holidays, sickness etc.) in PUi in the next
schedule (next week).
Note that for j:
J = 1: indicates the number of mechanics,
J = 2: indicates the number of operators,
J = 3: indicates the number of technicians.
For s/d/o:
s/d/o = 1: indicates the shift A,
s/d/o = 2: indicates the shift B,
s/d/o = 3: indicates the shift C.

Therefore, the number of workers of each type in each shift is determined by Eqgs. (7) to (9):
Wi,l,s = NWi,l,s - (23:1 NWCi,l,s,d + NWOi,l,s) + (23=1 NWCi,l,o,s + NWBi,l,s) (7)
Wi,Z,s = NWi,Z,S - (23:1 NWCi,Z,s,d + NWOi,Z,s) + (23=1 NWCi,Z,o,s + NWBi,Z,S) (8)
Wi,3,s = NWi,3,s - (23:1 NWCi,3,s,d + NWOi,3,s) + (23=1 NWCi,3,o,s + NWBi,3,S) (9)

Still obtaining PU’s 100 % productivity rate, by meting the following conditions, presented
by Eqg. (10):

Wi,l,S > lni
Wi,Z,S > lni
Wi,3,S > 0.5 lni (10)

3 In;
Yi—aWijs 2 X2 Iny

5. DESIGN OF EXPERIMENTS

According to the mathematical model presented in section 4, Fig. 2 presents a block diagram
of the decision-making algorithm. In the introductory phase, the input data of the PU’s are
obtained, to which constraints are assigned according to the target optimization function of
ensuring the 100 % operation mode of the produced lines and the appropriate number of workers
scheduled. If the condition of providing the stated constraints and a sufficient number of input
parameters and related capacities is met, the number of employees is recalculated according to
the specific type of employee (mechanics, operator and technician). In the next step, the current
state of the production system (current daily state of available workers) is checked again. This
is followed by the implementation of the workers' allocation plan. If the workers allocation
between PUs is made, this decision must be made by the PUs’ shift managers.

The sequential operation of the algorithm is presented by Algorithm 1; the algorithm
operates in a step loop in which it checks whether the available number of workers of a specific
type is greater than or equal to the minimum PU’s needs for workers, if this number is larger,
algorithm schedules workers in the individual algorithm iteration, the algorithm subtracts the
values from the available capacities and allocates them to the required production lines within
the individual PU. When the algorithm detects a deviation from the available number of workers
and minimum needs, the operation of the algorithm is stopped. If workers allocation is no longer
possible (lack of resources/workers), the next steps are performed by a specific shift manager.
In a case of workers’ shortage, the algorithm shows the current (existing) PU’s state and
suggests possible partial solutions.
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Figure 2: Algorithm block diagram structure (left) and its steps (right).

Table V shows the workers shifting between shifts according to the specific type of worker.
Shift changes outside the initial scheduling plans may be made due to current absences or
individual wishes, limitations and needs of employees. Dynamic (in this case) daily allocation
of workers is extremely demanding for shift managers, as they must have different production
capacities in mind. For this purpose, the algorithm itself, accordingly, proposes a solution or
observations of irregularities that may occur in a specific dynamic event.

Table V: Workers shifting between shifts.

NM; need to change shift NO; need to change shift NT; need to change shift
From\To | A B C|>X | From\To | A B C | > |From\To| A B |C| X
A 2 2 A 0 A 2 | 2
B 1|1 B 1 1 B 0
C 1 1 C 1 1 C 1 1
SUM 2 1 4 SUM 1 1 0 2 SUM 1 0 2 |3

According to the dynamic changes shown in Table V, the algorithm shows the current PU’s
state (Table VI) and with the help of the decision-making model checks the adequacy of the
number of workers according to the basic conditions of undistracted operation of the PU’s.

Table VI: New workers schedule, with changes made.

NM; | NO; | NT;

2

Shift A 9 14 6

29

Shift B 9 14 3

26

ShiftC | 10 7 7

24

Y 28 | 35 | 16

79
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The basic PUs’ constraint for workers allocation is that the 100 % operation of production
units must be performed. There are only two options, 100 % operation, without interruptions,
this option is considered by the algorithm as binary value 1, or the lack of workers of specific
type, which the algorithm considers as binary value 0. Table VII shows binary values of
adequacy of providing minimum number of workers according to required specific type
correlated with individual shift. If the number of available workers of a specific type is less than
the minimum required, the algorithm stops the workers’ allocation operation and reports the
inability of the production line to operate in a specific shift (Table VII red fields with a binary
value of 0). However, if the scheduling and allocation plan of the workers was satisfied, given
the 100 % operation mode of the production lines, for an individual type of workers in a single
shift, the binary value 1 is stated (Table VI, blue fields with a binary value of 1). The unwanted
binary state 0 can lead to different daily dynamic changes inside PU’s due to lack of workers.
The main task of the algorithm in this case is to predict the limit value, how many dynamic
changes (workers individual daily allocations) can happen that the system will run smoothly
(Table VII, green fields with a binary value 1). Final determination of limit values proposed by
the algorithm is adopted by the shift manager. The decision algorithm shows the current state
of PU’s and available capacities of workers.

Table VII: Algorithm allocation results: minimum number of workers check.

NM;|NO; |NT;| Y |Minimum number of workers
Shift A 0 1 0 1 0
shiftB| 1 1 1 3 1
sShiftC| 1 0 1 2 0
Y 2 2 2 6 1

6. RESULTS AND DISCUSSION

As a result of the decision-making model for determining the optimal number of workers with
constraints, the allocation plan of workers (in Table V111 for the mechanics) for the three-week
rotation cycle is presented. In the column “Worker no.” are named workers of a specific type
and a shift allocation in which they work. In the ”’State” column, the algorithm shows the current
state of workers in the PU taking into account the dynamic changes. The stated values represent
the minimum number of required workers of a specific type, and the boldly marked values are
positive or negative values of available workers of a specific type in an individual shift. The
specified value is calculated by the algorithm, and the final shift decision is made by the shift
manager. When the shift manager makes a change, he / she enters changes into the system and
the algorithm recalculates the workers allocation plan including the new state and any new
dynamic changes. Table VI presents only the part with mechanics for PU1, otherwise the shift
manager operates with the entire allocation plan of workers (mechanics, operators and
technicians) related to the individual shift and PU.

As described, Table VI1II shows the workers' allocation plan for the three-week rotation
cycle, which is used daily and inspected by the shift manager within the individual PUs.
However, since companies often need a long-term plan (training plan, educational plan and new
employments) not only in a specific PU, the algorithm constantly recalculates and displays the
results for the entire production system, in this case for three PUs. Based on the results shown
in Table IX, the company's long-term planning and scheduling capacities can consequently
eliminate shortcomings. Based on the presented results, the company can plan the movements
of workers between the PUs and thus perform more efficiently with the available capacity. With
the help of an appropriate education plan, they can successfully lead a strategy of promotions,
training, and eligible new jobs.
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Table VIII: Long term scheduling results.

Week 1 Week 2 Week 3
Worker no. | Shift State Worker no. | Shift State Worker no. | Shift State
MO01 A | NM; in shift A MO1 B | NM;inshift A MO01 C | NM;in shift A
MO02 A 10 MO02 B 11 M02 C 9
MO03 A 0 MO03 B 1 MO03 C -1
MO04 A | NM; inshift B MO04 B | NM;inshift B MO04 C | NM; inshift B
MO05 A 9 MO05 B 10 MO05 C 10
MO06 A -1 MO06 B 0 MO06 C 0
MOQ7 A | NM;inshift C MO7 B | NM;inshift C MOQ7 C | NM;inshiftC
M08 A 10 M08 B 8 M08 C 10
M09 A 0 M09 B -2 M09 C 0

Table IVVIII: Production system state.

Production unit Shift NM; reguired | NM; courent state | 3
Shift A 10 10 0

PU1 Shift B 10 8 -2

Shift C 10 11 1

Shift A 10 9 -1

PU2 Shift B 10 10 0

Shift C 10 8 -2

/. CONCLUSION

The initial research question regarding the importance of efficient RCP of workers with
different constraints for certain tasks and at the same time ensuring continuous (undisrupted)
operation of the production lines is presented in the research work, with the new decision-
making algorithm that is able to perform RCP. The results show that the presented decision-
making model is able to schedule different types of workers (mechanics, operators, technicians)
with different constraints (shift rotation, free day, etc.) on specific production line while
ensuring the smooth operation of the production system. The advantage of the presented
mathematical model is the advanced RCP of workers, which includes various constraints and
assumptions, while the program is able to perform long- and short-term workers’ allocation,
ensuring so-called ability of a dynamic RCP. In the current phase of the research, the algorithm
focuses on workers allocation under the condition that the production system is 100 % utilized.
There are several types of production systems in practice, where such a mode of operation is
purely theoretical and cannot be implemented. To this end, in addition to the mathematical
model, the presented research work provides an algorithm and the corresponding pseudocode
intended for the general scheduling of workers under various constraints, regardless of the
production system type. The presented numerically simulated experiments show how we can
optimize the changes made due to unannounced workers changes in real-time (daily, shift
changes) while ensuring the smooth operation of the line. The proposed decision-making
algorithm suggests a solution to the decision-makers (production unit or shift managers) in a
case of impossibility of optimal allocation. The presented results prove the time and cost-
efficient allocation of workers ensuring undisturbed operation of the production system, while
allowing the company to adapt to the demand and resources of workers in the production
ensuring efficient additional training, education, and new employments.

Further research will be based on the extension of the decision-making model, which is
intended for a wider range of production systems and various optimization parameters.
However, even if the optimal workers’ allocation schedule is not possible, the algorithm will
propose and decide the current suboptimal schedule. This is especially important when dealing
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with the acquisition and processing a large amount of data (numerical, graphical), then the
physical decision-makers have difficulty in selecting /judging/making the optimal solution.
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