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ABSTRACT

A common issue facing many simulation educators is that students usually spend excessige time
struggle withthe programmingnd statistigarts of the simulation courses)d simply very little time to
learnrunning systems analysisf the students are coming from industry, and not the campus, then the
problem becomes even word&/e observed this problem around 2005 and started to develop a new
simulation software, a factory conceptual design toolset, partigdaimaddress ihproblem. Anew set

of educational courses has since then been developed around the software for teaching production systems
analysis, with both the campus students and managers/engineers from industry in mind. In this paper, we
briefly introducethe software and share our experiences and some representative, successful studies
conducted by the students in the past years.

1 INTRODUCTION

The time spent to build Biscrete Event Simulation (DBE$nodel can be relgl long, even for experts
(Tako 2011). A possible pitfall of teaching simulation is that too much attention is put on learning how to
build simulation models rather than on the understanding of system behavior and what simulation can be
used for.The idea here is rather to focus onywdnd when it is important to use simulation in the first
bast course. However, when usingpre advanced simulation software, the step for a novice to build a
simulation model even over a smaller production line may seem impossible. Furthermore, students seem
to get stuck in details that may not be important for the purpose of the Bhetg.is however a traddf
between what the students learn in modeling and the redumedthey spend on building detailed
models, but on the other hand they may be ghin a broader understanding of DES if they avoid
programming detailsindustry also has many questions related to future production lines or complete
plants, of which a detailed simulatiomdel would be unnecessary and take too long time to build.
Originated by the concept that DES could be “frontloaded” to support the early stages of production
systems design, a research project funiedV/INNOVA, Sweden, and supported by major Swedish
automotive manufacturers, a new simulation software was developed in 2005. The main purpose of the
software toolset is reflected clearly by its name, FActory Conceptual design Tools using Simulation
Analyzer, or simplyFACTS Analyzer (Ng et al. 2007). In fact, one of the project objectives was to
promote manufacturing executives to play the role of simulation users, particularly in the conceptual
phase, by using the nesoftware (Jagstam and Klingsté#02). The first version of FACTS Analyzer
was completed in 2008 and tested for the rapid modeling of a truck assemblyNglaBvénsson, and
Urenda2008). Later, through additional funding from VINNOVA, an extended version, called FACTS
Analyzer 2.0 was delivered in 2DINg et al. 201). The key features that FACTS Analyzer 2.0 added
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were more complex product variant and setups handling as well as additional modeling objects, like
Selections, forrapidly comparing different scenarios by switching the connections to different sub-
models. Started already in the first version, simulation-based optimizZ8B@), particularly multi-
objective optimization(MOO), has been an integral component of FACTS Analyzer to facilitate
managers/engineers to run their own optimization runs in order to seek the optimal combinations of
model variables so that more confident decisions can be made by analyzing th@ftanstosdutions,

as demonstrated in Ng et al. (201R&hrsson and Ng (2011) and Pehrsson et al. (2013) with real-world
applications.

Despite the development of FACTS was originally targeted mainly to industrial users like
manufacturing executives/engineers, it was very soon discovered that it could be used readily to be an
effective toolset for teaching production systems analysis in universities and industry. As will be
introduced in the next section, there are several unique features that when combined together can offer the
students the opportugito put their focus on learning production systems analysis, instead of simulation
programming and statistics, especially if wadlsigned course materials and weHdnned laboratory
moments are also developed around this software. There are much experiences and successful studies
accumulated in 7-8ears, regarding the applications of FACTS in education, both in undergraduate, post-
graduate coursefinal year projectsand industrial-based educations. The aim of this paper igdtete
briefly introduce why specially designed software like FACTS is crucial to education regarding the use of
simulation for production systems analysis and share its benefits by providing some successful
experiences/examples.

2  FACTS ANALYZER: AN EDUCATIONAL PERSPECTIVE
Following is a list of features that renders FACTS Analyzer to be unigque simulation education software:

¢ Rapid modeling and analysis of common objects found in production systems.

o The use of the concept of Effective Processing Times (Jacobs et 9l1@@Se the modelingf
uncertain input data, which was identified to be the common obstacle in building simulation
models for conceptual design phases.

e Rapid modeling and analysis of different production control concepts, including different material
flow cortrol mechanisms like Push, Takt, Kanband Constant Workn-Process,CONWIP
(Hopp and Spearman 2001).

e Multi-objective optimization with builin performance measures regarding productivity e.g.
throughput, cycle time and WIP, readily to be set as optimization objectives.

e Automatic bottleneck detection using various bottleneck detection tecbnique

Above all, FACTS Analyzer wadesigned with the principle oépid modeling(Urenda, Ng, and
Svenssor2008) byletting the uses to build simulation models without the need of gmpgramming
skills. Compared to an advanced simulation softwiareyhich plogramming isnecessary even for the
simplest logic and object contfoFACTS Andyzer offers novelmodeling concepts to solve many
common production logic and product flsgenarioghat otherwise require programming. Background
and more information about FACTS Analyzer can be found in Urenda, Ng, and Svensson (2008) and N
et al. (2011

3  SIMULATION EDUCATION COURSES

In this section, we describe several new courses developed around FACTS Analyzer since 2008. There
are different focuses in these courses,drablembased learning (PBL), i.e. having simulation projects
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based on reakorld problems, is what they have in comm®dhe focus in this chapter is on the haods
contents of each course and mainly the simulation project tasks and what kind of pithioieenare
possible to solve using FACTS Analyzer.

3.1 Different Courses — Offerent Focuses

There are currently three courses teachi within production at the University of Skdvde. Two of
those are at a basic level and one of theat Bn advanced level. The two basic courses both teach the
basics of DES using the software FACTS Analyzer, but the focus otherwise are different, since the
students attending the courses belong to two different groups, namely (1) ordinary University students
(Course U1) and (2) Industry students (Course 11). The third course (Course U2) is focused on the
ordinary undergraduate students, pays more emphasis on programming, @dver the scope this

paper because it uses ordinary simulation software.

3.1.1 Learning Objectives, Activities and Tasks

The learning objectives of the two courses using FACTS Analyzer have similar learning objectives
including: “explaining the purpose of using discreteent simulation and its fundamental concepts and
meaning” and to “demonstrate abilitp model and simulate, and evaluate logistics systems using
simulation”. The differences are foundainly on the theoretical depth of simulation and system flows,
where Course Ul has objectives of a greater theoretical delpthd to the objectives presented above
because it is a larger coursairthermore, other differences are that Course U1 also requires “knowledge
of production engineering” and “knowledge of current research”, and Course |1 reduiocgedge

about different types of process flows” and “tmduct basic optimization of logistics systéms

When it comes to educational design there are different learning activities in these courses. Both
courss havethe following learning activities: pneecorded lectures, campus lectures, simulation
exercisesand project assignment. Whilst Course U1 has more simulation exercises and lectures, Course
I1 has one additionahssignment(project specification)related to data collection and conceptual
modeling which is the starting point of their simuatiprojects

There are four assessment tasks ¢vatuate the students’ performance on the learning objectives in
Course U1: (1) basic simulation exercises, (2) advanced simulation exercises, (3) individual examination
(online quiz) and (4) simulation gject. There arealsofour assessment tasks that evaluate the students’
performance on the learning objectives in Coursd 1l simulation exercises, (Droject specification
(3) individual examination (online quiz) and @Hinulation project.

Skoogh, Johanssoand Williams (2012) describe how constructive alignment can be applied in
simulation education and strongly believe that it can help strengthening the simulation education world-
wide. This opinion is also shared by the authors of this p&parently the learning objectives, learning
activities and assessment tasks of all three simulation courses are revised and improved according to
“constructive alignment” and tH8OLO taxonomy (Biggs and Collis 1982).

3.1.2 Overview of the Practical Hands-on Contents of he Courses

Based on typical steps in a simulation study (Banks et al. 2010), the moubgliog listed by Tako
(2011) and the learning objectives of the course, the different courses practical contentsr{haadse
divided into the following categories and topics under each category

1. Understanding of system objectives and behgdiND):
a. System behavior (SB). How dwuffer allocation, variability, product sequence, batching
and production strategies effect the system?
b. Problem Structuring (PSWhat is the problem? What atee objectives of the study?
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2. Modeling and data collection (MOD).

a.

b.

C.

d.

Conceptual ModelindCM): What should be included in the model and what l@fel
detail should be used?

Data collection (DC): What data are required atve this problem? How to collect the
data? How t@nalyze andise the data?

Model building (MB): How to build and code the simulation model? How to present the
output data? How to verify the simulation model?

Validation of the simulation modeVA). How to validate the simulation model?

3. Experimentation and analysis (EAN).

a.

b.

C.

Experimentation (EX)What experiments are required to answer the objectives of the
study? Bottleneck analysis, Design Of Experiments (DOE), etc.

Optimization (OF. What simulatiorbased optimization (SB) is needed to answer the
objectives of the study?

Analysis @N). How can the results of the experiments and optimizations be analyzed?
What conclusions can be drawn based on the analysis?

4. Documentation (DOC):

a.

b.

Model documentation (MD). Documentation within the simulation model to describe the
functionality and model assumptions.

Report documentation (RD). Project report documentation describing objectives,
literature review, system description, data collection, project progress, simulation model,
verification, validation, steady state analysis, replication analysis, experimental study,
and conclusions.

Based on these areas the coumsestical (handsn) attention or focus in different areas can be
summarized and further dividento different topics in Figuré.
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Figure 1. Different focus areas and topics of the courses.

As shown inFigure 1, the different courses have different focusegarding the level of hands-on
training based on the student groups, i.e. ordinary university students and industry students. FACTS
Analyzer makes it possible to have greater focus on other parts of a simulation project than just the part of
model building (MB), since it allows the users to quickly learn howuild simulation models, without

the need to learn programming. The university students in Course U1l need to focus on the understanding
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of system behawr (UND) and put greater focus of that when compared to the industry students in Course
I1. The focs of Course I1 is however different because it is more important totteagidustry students

how to modeknd optimize their own systems. gy already undersdd much of the system behavior,

they are able grasp the theories faster. Course 11, on the luthgralso benefits from using FACTS
Analyzer, since the industry students can learn how to build simulation no@efsatter of 23 daysso
thatafter one weekheyare able to carry out industristalestudies using simulatiebased optimizatio.

Course U1 maksthe students ready to solve problems for industry by equipping them to conduct a thesis
projectusing FACTS Analyzer.

3.2 Practical Hands-on Contents d Course Ul

Course Uilhas 200 evenly distributed hours over teeeks andise thesoftware FACTS AnalyzefThe
coursehas exercises and a project assignment in order to learn the practice offD&ESxercises have

been created to teach the students the software, DES, andsslysteawior. This has been accomplished

by having different tasks (questiottsanswered) connected to the exercises of which require the students
to think and apply their previously learned skillsie project assignment is a complete simulation project
over a fictional production system, based on a real-world production system producing tables. The
students have the same project, isgdifferent input data such as different customer demand. Examples
of simulation models based on the project assignment are shown in Figure 2.
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Figure 2. Examples of simulationodels from the course.

The goal for the students is to build a model over the faioléuction system and decide the buffer

capacities and the number of parallel machines needed in each production stage. The problem here is that

there are six different product variants, two sizes and three colors, gdngnate sequence-dependent
setuptimes. Therefore, they also have to thabloutthe sequencing and batchjrag well as whether all
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products should be produced in all machines or Rotthermore, the customer demand also makes it
difficult for them to produce and deliver the right product variants at the right time, fdr@ngto
consider apush versusa pull strateg. To learn report writing to document tha@rious steps in the
simulationproject in a structured wayg also emphasized in the course.

3.3 Practical Hands-on Contents d Course 11

Coursell, 107 hours over seven weeks, is for teacBifg to theindustrial studentsThis course begins
the first weekwith one kcture (odine or on campus) and after thecture they have an assignment to
find a problem to solve at their owroropany. This first task also includesriting a problem
specification, including background and objectives, and data collection. When the students coime back
the second weekhey have foudaytraining on FACTS AnalyzefThe fifth dayin the second week, they
start with the project assignmeanid continue in patime modeduring the following five weeksA great
strength is letting them soltkeir own problems because it is easier for the students to relate to and make
necessary assunipns, simplificationsas well as validatian

39 simulation project reports handed in between 2013 and 2015 were analyzed regarding the type of
problem solved. The persons attending this course were mainly production engineers, but trelsmwere
technicians and managexgending the cours@his is also reflected in the categories selected to compare
the studies as well as thabjectives of the studies. The simulation studies have been categorized
according to Figure 3 with more details about their mabtypes and main results listed in Table 1, in
which “A” stands for assembly, “M” stands for machining “O” stands for other, “L” stands for low level
of detail (very detailed), “M” stands for medium level of detail, “H” stands for high level of detdil , “
stands for the number of production lines, “S” stands for the number of production stages (with one or
more parallel resources), “SS” stands for the number of serial production stages, “F” stands for future
focus, and “P” stands for present focus.

Application area Results achieved
Buffer capacities

11.5% Bottlenecks

Machining
Assembly Buffer capacities 53.8% 46.2% Production volume

34.6% 53.8% Other

Investments Knowledge

Number pallets Investment suggestion

Figure 3. Application area amdsults achieved

Most of the simulation studies had one main objectivéhroughput(TH). Only three simulation
studies considered cost or return on investment. Most studies also had average work in progress (WIP),
average lead time (LT) or number of changes, i.e. number of investrasrgscondary objectives. The
main result of each study is presentedablel, and they can be classified as (1) contributed knowledge
and(2) direct investment suggestiongskigure 3.Contributed knowledge can typically be exemplified
by traditional bottleneck analyzes in which the user gets information of what or which resources that are
the bottlenecks but do not get information of what is needed to be changed in gelea toetter result.
Using the same scenario, a direct investment suggestion gives the aaswean of whaareneeded to be
changed on the bottleneck resources, i.e. availability increased by 3% and processing time decreased by
5%, in order to get a better resulthe most common types of results of the category contributed
knowledge are how buffer capacities, bottlenecks and production voldfeesthe system. The most
common types of results of the category investments suggestions are buffer capacities required,
investments required (several interconnected investments to achieve a bettearesualmber of pallets
required.
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Tablel: Simulation projects carried out in Course 11.

Type of problem Types of experiments and optimizations Results
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A | M 8S P X Bottleneck analysis
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A [ M 20SS P [ x X | X Impact of variability
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AL 22S P X | Impact of disturbances
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O | L 1S Pl x X Number of operators
M | M 5S P X | x Impact of decreased processing time
M | M 22S P Impact of operator waiting times
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M | L 12S P X | x| x| x Investments required

3532



Frantzén and Ng

4 REPRESENTATIVE EXAMPLE MODELS AND RESULTS

In this chapter some representative models developed by the students are shown with some brief
descriptions. The main purpose here is to demonstrate the scale of complexity that the students and level
of results analysis they could can handle, not the details of each model.

With complex traffic control, Automated Guided Vehicle (AGV) models are usually very demanding
to build in whatger simulation software. Thereforene of the most impressive models developed by 2
studentsvasa complex AGV system connected to an assembly line of 24 production asagieswn in
Figure 4.

Figure 4. Simulation model over an Automated Guided Vehicle system

Another best studyaccomplishedvas a simulation model foa machining line of 12 production
stagesserved by a single gantry robdtigure 5). This simulation model shows how it is possible to
simplify complex behavior without losing important functionality. Most parts of the model were possible
to beabstractedy using mainly one object to represent one resource or cell (medium detail level), but
one of the cells waseeded to be modelled in details. This production cell can be seen at the right side of
Figure5, in which the gantryobot handles the movement of all of the parts within the production cell. A
special builin exit logic that keeps track on previous movements for each product in order to simulate re-
entrant loops, e.g. for re-manufacturing or when several loops are required through some tifrike sta
The robot cell usethis exit logic in combination with MAXWIRDbjects (restrict the number of parts
allowed) to represent the gantry robot that sette sequential woskations.

In this study,MOO experimentsnere alsoconducted to generate the Pareptimal solutions with
the objectives to minimize the investment and simultaneously maximizing the TH. Through studying the
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solutiors using Parallel Coordinate Plot (PCP) and Clustering (Figure 6), it was discdbated is
possible to increaséé TH by 13.7% with a return on investments of only 2.4 monthaebgeasing the
processing time of one machine and increasing the availability of one buffer and two machines.

Furthermore, the study also showed that it would be possible, but not required at the moment, to increase
the TH by 18% and still have as low return on investment as 5.3 months.
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Figure 5. Simulation model for a machining line served of a gantry robot.

Figure 6. Analyzing the Pareto-optimal solutions using PCP &rsieting.

Anothersimulation study was about the madglof the detailed tasks of operataith an aim to the
relationship between the utilization of wetétions and theumber of operator@-igure7).

3534



Frantzén and Ng

Figure 7. Simulation model for studying system behavior with different number of operators.

A big simulation model was buifor a machining line witi23 production stages. There are several
sub-modeldqcalled templates in FACTS Analyzdr) the simulation model as shown in FigureT8e
objective was to optimize the buffers between the production stages.

Mtz

Figure 8. Simulation model of a machining line using swdulels (templates)

Other representative, successful results of these simulation projects are summarized below:

¢ Simulationbased optimization experiments ofudure assembly line of 9 serial production
stageshowed that it was possibledecrease the number of pallets by 61% and total number
of buffers by 44% and still reach the targetet!

e Simulation experiments of @resentassembly line ©20 serial production stagehiowed that
it crucial to reach balanced production stages, especially when the number of operators are
increased and there is little room for buffering to reduce the effects of variability. The
conclusion was that it is imp@nt to reduce or eliminate variabilifpr both the manual
assembly time and the availability.
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e Simulation experiments of an presemchiningline of 8 production stages showdht it is
possible to increase the TH by 10% by either adding a new parallel machine of the bottleneck
stage or increase to theffer before the bottleneck stage. However, the conclusion was that a
buffer wouldbe economically beneficial because investing in a new machine would be ten
times the investment cost.

¢ Simulation experirants of arexistingassemblyline of 7 production stages showed that it is
possible to increase the TH by 8% obgly having better balance between the assembly
stages.

e Simulation experiments @h existingmachining line of22 production stages showed that it
is possible to increase the TH by 4% prioritizing the failures of the bottleneck machines
and thereby decrease the operator waiting times.

¢ Simulationexperiments of present assembline of 14 serialproduction stageshowed that
one slow operator has a substantial effect on the results. Going from ten medium operators
down to nine medium operators and one slow operator results in a productivity drop of almost
9 %. It doesn’'t matter iéll of the medium operators argochanged againgaster operatay
the result still remainsAs long as there is one slow operator it will affect the total
productivity. A balanced workforce seems to be advantageous in order to utilize the
personnel in an effective wagonsequently, an operator should probdigtrained at a few
assembly stations first in order to master them before taking on several assembly stations.

e Simulation experiments of gresentmachiningline of 5 production stageshowed that it is
possible to increase the Ty 11% if the availability is increased and the processing time is
decreasedaf the bottleneck station. However, SB®perimentshowed that it was possible
to decrease the lead time through the system as well, auitd require severamore
investmen.

e SBO experiment®f an present machining line &f production stageshowed that it is
possible to increase the TH by 7.5% if most machines raaelvalability of at least 93%
and that the average mean time to repair of the machines are decreadé&¥by 5

5  CONCLUSIONS

In order to find out the impact of this counseindustry,a questionnaire was sent to the production
managers/engineesgho completed the coursdetween 2013 and 201%he answes received have
reflected thaimost ofthe participantdelieve that there is now a greater understanding for DES in the
companies. There is also a consensus that more people in the companies have started to use DES and
someof them evemointed out that theway of handling daily work haseen changed regarding the use

of DES when new product variants and production flaveto be tested. Furthermore, some participants,
mainly productiontechnicians, use DES independently without any help from the simulation experts
(available usually in large automotive companigéfle most successful experience, however, is that there
areproduction engineers who have continued to make use of thesgamation moded they developed

in the course for the purpose of continuous improvemantsinning SBO in a weekly basithrough
keeping the input data of the simulation models updated,in a weekly basidhese successfulastes

have strengthead our belief that good simulation educations that have the purpose of teaching systems
analysis angbroblem solving in industrijave to be facilitated by a software tookbett can support rapid
modeling and advanced experiments in a handy way, like SBO.
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