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Abstract

This article introduces a novel approach to enhance the efficiency of work schedule management in automotive repair shops during
the planning phase, leveraging computer simulation techniques. The primary focus of this study is the optimization of the scheduling
process, specifically the sequencing of car repairs, aimed at minimizing the average repair time. The proposed simulation model
harnesses the power of the FlexSim simulation environment, incorporating an embedded optimization module. The article outlines
the fundamental stages involved in constructing the simulation model, encompassing essential input data and information.

Furthermore, the article presents empirical results demonstrating the significant impact of various simulation scenarios on resource

utilization, production costs, and process duration.
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1 Introduction

In today's world, managing work schedules in a car
repair shop is one of the key elements of business suc-
cess. Therefore, more and more companies are start-
ing to use advanced tools such as computer simulations
and optimization models to optimize their processes
and increase work efficiency (Beaverstock et al., 2017).
Decisions regarding the work schedule in a vehicle repair
shop are crucial for the quality of services provided and
the operational efficiency of the company (Ingaldi, 2022).
Due to dynamic changes in the market, increasing cus-
tomer requirements, and growing competition, the use
of advanced tools is becoming more and more import-
ant (Ingaldi and Klimecka-Tatar, 2022). In this context,
computer simulations and optimization models are tools
that allow for increased efficiency in managing work
schedules and optimizing processes in repair shops
(Gopalakrishnan et al., 2013).

This literature review presents several examples of
scientific publications that deal with the topic of manag-
ing work schedules in car repair shops using computer
simulations and optimization models. The authors stud-
ied, among other things, operational processes in vehicle

repair shops (Gupta and Williams, 2004), dynamic sched-
uling of work (Castane et al., 2019), optimization of
the scheduling process (Revina and Trifonova, 2021),
and optimal scheduling of maintenance work in a ser-
vice center (Kardos et al., 2021). All studies indicate
the high value and effectiveness of using computer simu-
lations and optimization models in managing work sched-
ules in repair shops. The authors emphasize the need to
take into account many factors in the models, such as
the variability of repair time and resource availability,
as well as integration with the optimization system to
achieve the best results (Frantzén et al., 2011; Revina and
Trifonova, 2021). In the described articles, the authors
focus on minimizing the average repair time by proper
scheduling, which is an important goal for car repair shops
(Guptaand Williams, 2004; Knop and Ulewicz, 2022). The
proposed method based on computer simulation and opti-
mization models allows for the precise determination of
the repair sequence and effective use of resources, which
translates into cost and time savings (Krynke, 2021b).

A literature review suggests that managing the work
schedule in a vehicle repair shop is a significant problem
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that affects the efficiency and profitability of the enterprise.
Traditional approaches to scheduling work in repair shops
often result in suboptimal use of resources, prolonged
repair times, and dissatisfied customers. In today's world,
where customers are increasingly demanding and com-
petition is growing, inefficient management of the work
schedule can lead to financial losses and loss of customers
(Krynke et al., 2021).

One approach proposed in the literature is to use com-
puter simulation and optimization models to improve
the process of scheduling work in a vehicle repair shop.
This approach allows for the creation of a virtual envi-
ronment that reflects the actual process of repairing a car,
making it possible to experiment with different scenarios
and choose the one that minimizes repair time while using
resources in the most efficient way (Castane et al., 2019;
Schmid et al., 2022).

Therefore, an article describing a new decision-sup-
port method for managing the work schedule in a car
repair shop at the planning stage, based on computer
simulation, is very important for the development of this
field. The developed simulation model uses the FlexSim
simulation environment with a built-in optimization
module, which allows for testing different scenarios
and choosing the best one (Beaverstock et al.,, 2017).
Presenting the results that show the impact of selected
simulation scenarios on resource utilization, production
costs, and process duration confirms the effectiveness and
usefulness of this method (Daron, 2022).

Fig. 1
using VOSviewer software (Centre for Science and

shows a graphical keyword map created

Technology Studies), presenting the relationship between
optimization and FlexSim simulation in the Scopus database.
The analysis of the keyword map created using
VOSviewer software (van Eck and Waltman, 2017), rep-
resenting the relationship between optimization and
FlexSim simulation based on data from the Scopus data-
base, demonstrates that these two concepts are strongly
related in scientific literature. The keyword map con-
sists of 52 nodes, representing different keywords, and
1303 edges, representing the relationships between them.
Nodes related to optimization are located in the central
part of the map, along with other concepts such as "sim-
ulation", "manufacture", "decision making" and "heuristic
method". These nodes are connected to other nodes related
to data analysis, such as "efficiency" or "scheduling"
Nodes related to FlexSim simulation are distrib-
uted around the central area related to optimization,
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Fig. 1 Co-occurrence map of keywords associated with FlexSim and
optimization (Centre for Science and Technology Studies)

indicating a strong relationship between these two con-
cepts. These nodes include concepts such as "discrete
event simulation", "business process simulation" or "pro-
cess modeling".

The keyword map indicates that optimization and
FlexSim simulation are used together in scientific research,
particularly in fields related to process management, logis-
tics, and production engineering. This analysis can help
researchers and practitioners identify concepts related to
optimization and FlexSim simulation and their applica-
tions in various fields of science and industry.

2 Process analysis
In order to improve performance and customer satisfac-
tion, the company decided to identify key performance
indicators directly related to the issues faced by the com-
pany. After conducting an analysis, the project team iden-
tified four performance indicators:
1. Overall productivity = labor hours sold / available
hours,
2. Labor utilization = actual hours worked / available
hours,
3. Customer satisfaction, as measured by surveys given
all departing customers,
4. Overtime = hours required to service all customers —
regularly scheduled working hours.

Services can be conveniently classified in two ways.
From the customer's perspective, a service can either
be a regular preventive maintenance (ensuring proper



vehicle operation) or an on-demand repair (restoring the
vehicle to proper technical condition). From the service
provider's perspective, repairs can be minor repairs (short
duration) or major repairs (long duration). Typically, minor
repairs are inspections, and major repairs are the replace-
ment or renovation of one or several vehicle systems men-
tioned earlier (Ingaldi, 2014; Siwiec et al., 2022).

To identify the direct causes of the problem, fishbone
diagrams were used. Fishbone diagrams are a tool used
to analyze problems and identify their causes. On the dia-
gram depicting a fish, the main problem is at the end of
the "bones", while each of the branches represents possible
causes of the problem. This approach allows for an insight
into the entire situation and easier understanding of
the factors that affect the problem (Dziuba et al., 2021,
Knop and Mielczarek, 2018).

The main causes that turned out to be low productiv-
ity and low customer satisfaction are indicated in the dia-
grams presented below in Figs. 2 and 3.

Fishbone diagram analysis helped to identify two main
causes of the problem: low productivity and low cus-
tomer satisfaction. Further analysis of these causes led to
the identification of several factors that can be controlled
and changed to improve the situation.

The first factor identified was ineffective and undis-
ciplined planning. Proper planning of work, time, and
tasks is crucial for increasing productivity and efficiency.

People Process Equipment
Training Personnel training
Wear of tools
Kgogg:ggﬁsof Sequence of operations and equipments

Labor efficiency P o Equipment

Skills Improper utilization downtime

of resources
Low
Productivity

Space constraints

Availability of parts Poor layout

Improper scheduling

Materials Environment

Fig. 2 Low Productivity Fishbone Chart

People Process
Knowledge of operations Waiting time
Rework
Personnel training Knowledge

Low Customer
Satisfaction

Availability of parts Space constraints

Materials Environment

Fig. 3 Low customer satisfaction Fishbone Chart
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Attention should be paid to the planning tools used,
the goals set, and the methods used to evaluate the results.
The second factor that needs to be controlled is
the training of operators. Operators are a crucial link
in the production process, so their proper education, train-
ing, and preparation are necessary to achieve high-quality
products. Proper training helps to avoid errors, increase
productivity, and improve working conditions.

The last factor worth considering is sporadic and inef-
fective equipment maintenance. Devices and machines
used on a daily basis require regular inspections, cleaning,
and maintenance. Improper use, lack of repair or mainte-
nance leads to faster wear and tear, breakdowns, and ulti-
mately to loss of value. Proper equipment management
allows for preventing failures, increasing work efficiency,
and reducing repair costs (Krynke, 2021a).

In summary, identifying the direct causes of the prob-
lem using fishbone diagrams allowed for a more accurate
understanding of the situation and identified several fac-
tors that can be controlled and changed to improve the sit-
uation. It is worth remembering that using appropriate
tools and approaches to problem analysis is crucial for
achieving success in business.

3 The simulation model and analyses

This article focuses on presenting a model that aims to
establish a repair schedule in an automotive workshop.
The goal of the model is to plan the process of individual
repair tasks and make decisions about the order of ser-
vicing cars, so that the total cost of the process is as low
as possible while the task is completed in a short time.
To solve this problem, the 3D FlexSim simulation envi-
ronment and itsbuilt-in OptQuest optimization mod-
ule was used (FlexSim, 2017; Laguna, 2011). As part of
the research analysis, the following problem was consid-
ered. The car workshop needs to establish a repair sched-
ule for 20 cars. The company's resources include 5 service
stations and 5 mechanics. It was assumed that the servic-
ing process can take place at 5 service stations. The types
of individual faults and their approximate repair times are
listed in Table 1.

In addition, the Table 1 also lists the possible number of
mechanics needed for removing individual faults. It was
assumed that in the case of some faults, the repair time
depends on the number of mechanics.

The key stage of any optimization task is to cre-
ate an appropriate simulation model that accurately
reflects the process as it occurs in reality. In the case of
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Table 1 Types of individual malfunctions and their approximate

repair time

Type of . Repair time Number of
. Failure name .

failure [h] mechanics

1. Oil change 0.5+1 12

2. Air filter replacement 0.5+1 12

3. Brake system repair 2+4 12

4. Exhaust system repair 2+4 1+2

5. Battery replacement 0.5+1 1

6. Cooling system repair 2+4 12

7. Wheel replacement 0.5+1 1

3. Suspensmn' system 4:8 12

repair

9. Gearbox repair 06+10 12

10. Engine repair 10+20 1+2

1. Air condltlom'ng 94 12
system repair

12. Fuel system repair 2+4 1

13, Electrical §ystem 224 143

repair

14. Light replacement 0.5+1 1

15. ABS system repair 2+4 1

6. Brake disc 12 12
replacement

17. Brake pad replacement 12 1+1

18. Steering system repair 2+4 12

19, Serpentine belt 0541 |
replacement

20. Gearbox oil change 2+4 1

the FlexSim simulation environment, appropriate ele-
ments should usually be selected from the object library
located on the left side of the program's main window
(FlexSim, 2017). These elements are responsible for sim-
ulating machines, raw materials, or products that are pro-
duced in reality. The process flow logic is created by add-
ing appropriate connections that allow elements to move
within the simulation, such as repaired cars in this specific
case. An example simulation model for the problem being
solved is presented in Fig. 4.

In this model, standard program library objects were
used and programmed according to the task conditions.
It can be intuitively assumed that the function of individ-
ual service stations should be performed by Processors
here. The processing time for each station is set accord-
ing to its efficiency. The Uniform statistical distribution
function was used here. Using this distribution, contin-
uous variables are generated, which take values from
the minimum to the maximum with equal probability
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Fig. 4 Simulation model for the discussed problem built
in the FlexSim environment, (FlexSim Software Products, Inc.)

(FlexSim, 2017). Source objects are usually generators
of multiple flow elements. In this model, the source oper-
ates in Arrival Sequence mode, where 20 sample cars are
generated for repair. In this particular case, the flow ele-
ment symbolizes the next car for repair. Mechanics were
simulated by 5 Operators, and each mechanic is managed
by a Dispatcher.

The objective function is defined by variable costs
dependent on the mechanics' working time and fixed
costs related to maintaining workstations (Krynke and
Klimecka-Tatar, 2022). In the considered case, the cost of
working or standing at one station was set at a constant level
of 5 monetary units/hour. The cost of 1 working hour for all
mechanics is the same and amounts to 40 monetary units/
hour. To calculate these costs in FlexSim, one needs to add
the Financial Analysis chart to the Dashboard and specify
the cost for all Processors and Operators. This parameter
must be defined by adding it from the Tool/box library as
a Performance Measure variable. This objective function
must be assigned as Financial Analysis-Total for the pre-
viously defined Financial Analysis chart (see Fig. 5).
An additional parameter investigated in this analysis is

~ =5 a X
7\ PerformanceMeasures v X
Performance Measures 2 F::l [ @ i =&

Name |value |Display Units | Description

AvgStaytimeSum

TotalCost | 0]/~
Reference | [Tools/Statistics/Finandal Analysis | /
Value iﬁnandal Analysis - Total ‘ v &§

Fig. 5 Definition of the objective function - the output variable for
the average service time and costs



the average repair time. In order for the optimizer to deter-
mine the optimal repair sequence for each type of flow
element generated by the source, it needs one input param-
eter-the repair sequence order established in the global
table and assigned to the source. This is a variable that
will be used in the optimization process to determine the
optimal order of servicing individual cars.

This sequence determines the order in which individ-
ual types of flow elements generated by the source will be
repaired. The optimizer can use this sequence as one of
many variables in the optimization process to find the best
repair schedule for a given objective function.

For example, if the objective function is to minimize
the downtime of cars during repairs, the optimizer may
look for a repair sequence that minimizes the total down-
time for all cars. Another example could be maximizing
the number of cars repaired during a workday-in this case,
the optimizer may search for a repair sequence that allows
for the repair of as many cars as possible during the avail-
able work time.

In any case, in order for the optimizer to determine
the optimal repair sequence, it needs the repair sequence
order established in the global table and assigned to the
source as an input parameter. Additional parameters
are variables assigning individual mechanics to repairs,
which need to be defined by adding them from the Toolbox
library. Then, in the Value column, the input variable
type should be set to Integer (Fig. 6). The length of the
sequence should be set according to the logic of the task-
for determining the repair sequence order, it is a range
from 1 to 20, while in the case of choosing the number of
mechanics to service one car, it is usually either 1 or the
range 1+2, according to Table 1.

The optimizer settings are shown in Fig. 7.

The objective function in this task is minimized, as
the company is interested in reducing costs. Additionally, the
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Fig. 6 Definition of variables includes the sequence of repair order and
the number of mechanics assigned to a particular repair
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Fig. 7 The settings of the FlexSim Optimizer

average repair time is also minimized. The optimizer will
adjust the values of the defined parameters until the opti-
mal value is reached, at which point the average repair
time and costs will be minimized.

4 Analysis of results

As a result of the optimizer's work, the best combina-
tion of the order of car repairs and assignment of mecha-
nics for minimizing costs and average repair time was
obtained. The results are presented in Table 2, which is
divided into three parts showing the combinations of
the type of malfunction, the number of mechanics, and
the order of repairs. The first part shows the results with-
out optimization, the second part shows the minimiza-
tion of the average service time, and the third part shows
the minimization of costs.

The order of repairs was determined based on the opti-
mization algorithm, which took into account the repair
time of individual malfunctions, the number of available
mechanics, and the cost of repair. As a result of optimi-
zation, the best combinations of the order of repairs and
assignment of mechanics were obtained, which allowed
for the minimization of costs and average service time.

In the first part of Table 2, which shows the results
without optimization, the order of repairs was based
on standard values, resulting in higher costs and longer
service time.

In the second part of Table 2, which shows the minimi-
zation of average service time, the repair time of individ-
ual malfunctions was adjusted so that the average service
time was minimized. In some cases, it was necessary to
increase the number of mechanics. As a result of optimiza-
tion, the average service time was reduced, while the cost
of repair was similar to the case without optimization.
In the third part of Table 2, which shows the minimization
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Table 2 Results of optimization of the order of car servicing and allocation of mechanics for minimizing costs and average repair time

Without optimization Min. average service time Min. total cost

Repair order Type of failure Ezz;lt;:i;)sf Type of failure Eig;};?igj Type of failure Ir\lnléglt;?issf

1 1 1 1 2 20 2

2 2 1 20 2 19 2

3 3 1 6 2 18 2

4 4 1 2 1 17 1

5 5 1 19 1 14 1

6 6 1 5 2 7 1

7 7 1 16 1 10 1

8 8 1 14 2 13 2

9 9 1 17 2 6 2

10 10 1 15 2 8 2

11. 11 1 4 2 15 2

12 12 1 3 1 16 1

13 13 1 13 2 4 2

14 14 1 18 1 5 1

15. 15 1 11 1 12 1

16. 16 1 7 2 2 1

17. 17 1 8 1 9 1

18. 18 1 9 2 11 2

19 19 1 12 1 3 1

20 20 1 1 1 1 1
of costs, the repair time of individual malfunctions was
adjusted so that the cost of repair was minimized. In some a) AvgStaytimeiSum
cases, it was necessary to reduce the number of mechanics. 8.5 5
As aresult of optimization, the cost of repair was reduced, B = . ° — L
but the service time was slightly longer than in the case of zz ‘ ¢ . +
minimizing the average service time. asl .

The production time depends on many factors, 6.0/
including the materials used, tools, machines, operator 23] B ‘? - .
skills, etc. In the calculations presented, the process time jz i
was described by a Uniform distribution function, which e e L
randomly selects any numbers from a specified range b) ——
according to Table 1. The strategy of uniform distribution 17000
covers numbers with decimal places (FlexSim, 2017). 16000 *
Therefore, for the obtained optimal solution, 10 repetitions 15000 [+ o, . =
(replications) were performed, and confidence intervals for s = -
service costs and average execution time were obtained. — ) I ’ : .
The graphical interpretation in the form of charts for three izzz . ) . =
optimization cases is presented in Fig. 8. {5006 . '
The presented results were determined as a 95% con- 9000 =

fidence interval for the phenomenon under investigation. EJ25%-sn=;vit;;:to?r2::a-t:-::2 e L e
In practice, this means that with 95% probability, it can be Fig. 8 Confidence intervals for: a) average service time [h], b) service

said that the unknown population parameter (in this case, costs [monetary units]



the cost and production time) will fall within the deter-
mined numerical range.

Fig. 9 shows the utilization of service stations and
mechanics in three different scenarios: a) without optimi-
zation, (b) minimizing the average service time, (c) min-
imizing service costs. The figures show the total utiliza-
tion of all workstations at the top and the utilization of all
mechanics at the bottom.

In Fig. (a), the case without optimization is presented,
where workstations are used at 80% and mechanics
at 86%. This means that despite having free resources,
employees are not fully utilized, which leads to inefficien-
cies in the workshop's operations.

[l Processing Idle Waiting for operator

82.01%
| | | |
0% 20% 40% 60% 80%
I Travel empty || Utilize Idle
86.49% ‘ 1 ‘
| |
0% 20% 40% 60% 80%

@
[l Processing Idle

41.23% M
|

Waiting for operator

==

0% 20% 40% 60% 80%
W Travel empty [ Utilize Idle
73.50% | ]
| |
0% 20% 40% 60% 80%
(b)

B Processing Idle Waiting for operator

56.67% — ’ ’

0% 20% 40% 60% 80%
I Travel empty [ Utilize Idle
98.85% | ! ' ; 1
|
0% 20% 40% 60% 80%

©
Fig. 9 Utilization of service stations (at the top) and mechanics
(at the bottom): a) without optimization, b) minimization of average
service time, ¢) minimization of service costs]
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In Fig. (b), a random minimization of the average service
time is shown, where workstations are utilized at 41% and
mechanics at 73%. In this case, workshop resources are used
more efficiently, as some repairs are carried out by several
mechanics simultaneously, leading to faster task completion.

In Fig. (c), the minimization of service costs is shown,
where workstations are utilized at 57% and mechan-
ics at almost 99%. In this case, the use of resources is
the most efficient because costs are minimized, and
mechanics are fully utilized, leading to more efficient
workshop operations.

The differences in the utilization of resources between
the individual cases result from the fact that in case (a), each
fault was repaired by one mechanic, while in cases (b) and
(), several mechanics worked on the repair of one car simul-
taneously, which led to better use of time and resources.

Fig. 10 shows a repair schedule for individual cars,
using a Gantt chart, which is a graphical tool for display-
ing time schedules. The optimization based on cost mini-
mization was applied in this schedule.

The horizontal axis represents time, expressed in hours.
The vertical axis shows individual cars whose repairs have
been planned. For each car, the assigned tasks, i.e., repairs
of individual faults, are marked on the chart.

The Gantt chart also shows five workstations labeled
as Processor 1 to 5, where car repairs are carried out.
For each workstation, the chart shows the time when it is
used to perform repairs.

By using this schedule, the workshop manager can con-
trol and monitor the progress of work and the time required
for individual repairs, which allows for minimizing costs
and optimizing the workshop's work.

I Procesor 1 Il Procesor 2 I Procesor 3 [l Procesor 4 [l Procesor 5
———T1—

LINNLE L B L B L B LA R LA B B

Type of failure

24 9.94) B

L o o L e o o e L o o o o
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Time [h]

Fig. 10 Repair schedule for individual cars presented on a Gantt chart

optimized for cost minimization objective
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5 Conclusion

The decision support method for managing the work
schedule in a car repair shop presented in the article is
based on the use of a simulation model that allows test-
ing various scenarios and selecting the optimal sched-
ule. It is worth noting that this method can be applied not
only in the automotive industry but also in other indus-
tries where planning and managing human and mate-
rial resources are important. The analysis of the prob-
lem in the repair shop presented in the article identifies
three main factors influencing low productivity and cus-
tomer satisfaction: inefficient and undisciplined planning,
improper operator training, and sporadic and inefficient
equipment maintenance. By identifying these factors,
the article can serve as inspiration for other companies
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