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Abstract 

Volvo Group’s cab plant in Umeå produces cab bodies and consists of three operating areas; 

the Stamping and parts production, the Body in White and the Paint shop. Today the plant 

produces around XXX cabs/week, but the goal is to reach the invested capacity of XXX 

cabs/week. In order to increase the production capacity, the efficiency of both the manual and 

the automated processes need to be improved. Unlike the manual processes in where the 

capacity can be increased by enlarged workforce, the automated processes need to be 

optimized. 

 

Today the cabs are produced in the same order as the orders are received. The cab plant wants 

to investigate if the capacity of the automated segment in the Body in White unit can be 

increased by changing the order in the production sequence. This culminates in the following 

problem definition: 

 

Is there untapped potential of the Body in White that can be achieved by an optimization of 

the production sequence? If so, how can Volvo Group’s cab plant in Umeå utilize this 

knowledge in the production planning process? 

 

The objective of the project was achieved by combining discrete event simulation with a 

heuristic optimization approach. The results shows that long batches in the production 

sequence limit the throughput of the system. By spreading the unfavorable subsequences of 

batches evenly over the production sequence, the total throughput of the Body in White can 

be increased by 52 cabs/week. 

  



 

 

Sammanfattning 

Optimering av produktionssekvensen: 
En simuleringsbaserad studie vid Volvokoncernens hyttfabrik i Umeå 
 

Volvokoncernens hyttfabrik i Umeå producerar förarhytter och är uppdelad i tre 

driftsområden; pressning och detaljtillverkning, hyttsammansättning och ytbehandling. Idag 

producerar fabriken ca XXX hytter/vecka, men möjlighet finns att nå upp till den investerade 

kapaciteten på XXX hytter/vecka. För att kunna öka produktionskapaciteten behöver både de 

manuella och de automatiserade processerna effektiviseras. Till skillnad från de manuella 

processerna, där kapaciteten kan ökas genom att öka antalet operatörer, behöver de 

automatiserade processerna optimeras. 

 

Idag produceras hytterna i samma ordning som beställningarna kommer in. Hyttfabriken vill 

undersöka om det finns en möjlighet att öka kapaciteten för den automatiserade processen i 

Body in White genom att optimera produktionssekvensen. Detta leder fram till följande 

problemformulering: 

 

Finns det outnyttjad potential i Body in White som kan uppnås genom att optimera 

produktionssekvensen? Hur kan Volvokoncernens hyttfabrik i Umeå utnyttja denna kunskap 

vid planering av produktionen? 

 

Målet med projektet har uppnåtts genom att kombinera diskret händelsesimulering med 

optimering genom heuristiker. Resultatet visar att stora batcher av samma variant i 

produktionen begränsar genomströmningen i processen. Genom att bland annat sprida ut de 

ogynnsamma delsekvenserna jämnt över produktionssekvensen kan den totala 

genomströmningen i Body in White ökas med 52 hytter/vecka.  
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Definitions 

 

Availability Percentage of the total production time one station is able to produce 

 

BIW Body in White - production area in which the cab body is assembled 

 

CKD  Completely Knocked Down - body kits for the cabs to be assembled elsewhere 

 

Cycle time Time between two consecutive parts exit a station 

 

DO  “Driftområde” - operating areas in the plant 

 

DUGA  General manufacturing monitoring software 

 

FM/FH  The old/new cab design at the plant 

 

FH-FM  Denotation of sequence when FM cab follows FH cab 

 

MTTR Mean Time To Repair – average time to repair a robot in case of a failure 

 

XXX  Number which has been censored due to company secrecy 
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1. Introduction 

1.1 Volvo Group Trucks 

Volvo Group Trucks is a part of the Volvo Group and was founded in 1927. Today Volvo 

Group Trucks is one of the world´s largest manufacturers of trucks and has nine assembly 

plants around the world. Volvo Group Trucks consists of three divisions; Group Trucks 

Technology (GTT), Group Trucks Operations (GTO) and Group Trucks Purchasing (GTP). 

Volvo GTT is the organization responsible for the global technology and product 

development linked to truck operations. Volvo Trucks GTO encompasses all production of 

the Group’s engines, transmissions and trucks as well as spare parts supplies and logistics. 

The third division, Volvo Trucks GTP, is the global group function which covers the purchase 

of automatic products and parts including aftermarket, for all truck brands in the Volvo 

Group. 

 

The Volvo Truck brand focuses on the core values quality, safety and environmental 

sustainability all through the organization and the ambition to hold a leading position in all 

areas is pushing the development forward. 

1.2 Background of the problem 

1.2.1 Volvo Group Trucks in Umeå 

The Volvo Group’s plant in Umeå produces cabs for the Volvo heavy duty trucks and consists 

of three main production units; DO2, DO3 and DO4. The first unit, DO2 (the Stamping and 

part production), is where all parts of the cab body are produced and consists of the full 

maturing process from sheet metal to complete components. In DO3, also called Body in 

White (BIW), the components from DO2 are matched and assembled to form the complete 

cab body. The DO3 production unit is designed within the Fishbone Factory Concept as a 

centered Mainline with several component subflows from both sides. The last production unit 

of the Umeå plant is DO4, the Paint shop, in which the cab bodies get surface treatment and 

final color coating. The process in DO4 is the last procedure before the cabs are transported to 

the plants in Tuve or Gent to be chassis assembled and finally delivered to the customers. 

 

Volvo Group Trucks gives every customer the opportunity to customize their truck to fit all 

possible requirements. Considering all different properties of a cab there is an endless amount 

of cab variants the plant must be able to produce. By the time an order is received the cabs 

must be produced and delivered within a contracted time frame of ten days. The cab variants 

depend on properties such as color, height, length, engine type, gear device, design etc. The 

most significant variant difference from a production perspective is between the old and the 

new cab design; FM and FH. 

 

In DO2 the parts are produced based on prognosis, but both DO3 and DO4 have pull systems 

and produce only when an order is received. The production sequence in DO3, Body in 

White, is determined on a daily basis from a priority order where the first priorities are the 

date of delivery and the customer´s requested delivery sequence. Changes from this order can 

be made due to eventual lack of material or occasional production in other locations. The 
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production order determined in DO3 is preserved also in DO4, except for minor internal 

reorderings due to resource savings from batching rare colors etc.  

 

The processes in both DO3 and DO4 perform advantageously for production sequences with 

an even distribution of the variants FH and FM. DO4 also has some specific requirements of 

the sequence regarding colors of the cabs. Today neither of these sequence related requests 

are satisfied in the production planning process. 

 

Currently there exists no automatic scheduling program at the cab plant, resulting in the 

production planning process must be performed manually every day. For each cab being 

rescheduled the modification is made by hand, which implies that a big amount of changes are 

resource intensive.  

 

In addition to the daily production of ordered cabs the plant in Umeå also produces body kits 

called CKD. The CKD parts are planned in batches of 12-72 units depending on the market 

and normally one batch per customer is produced every week. 

1.2.2 Body in White 

The Body in White unit is where the components of the cabs are assembled to form a cab 

body. The main part of the unit is the Mainline with its attached sidelines in a fishbone 

structure (see Figure 1). After finishing their way through the Mainline, the cab bodies pass 

through three side departments where the doors, the front lid and the luggage lid are attached. 

The last section of the Body in White unit is the Finishline. This is a straight flow consisting 

of four segments in which the cab bodies are finished and carefully quality assured. The 

Finishline and the three side departments for doors and lids are manual processes in 

comparison to the Mainline with its subflows that is almost completely automated. 

1.2.2.1 The Mainline 

The Mainline consists of five succeeding areas: ML1, ML2, ML3, ML4 and ML5, which in 

turn are divided into several distinctive safety cells called V-areas. If one robot in a V-area 

fails the entire cell is shut down before an operator can undertake the maintenance work. The 

Mainline is built up as a straight flow where all cabs pass through all stations and there are no 

parallel processes within the stations. 
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Figure 1. Flow chart of the automated segment in the Body in White area. The triangles represents buffers, the rectangles are 

different production areas and the highlighted flow is the Mainline. 

In the first area, ML1, the engine tunnel is assembled to the left and right floor half to create 

the cab foundation. The assembled foundation is then placed on a skid that will take the cab 

all through the BIW unit. In ML2 the front of the cab is attached to the foundation before it 

enters the first of two internal buffers in Mainline. In ML3 the two sides and the roof member 

are assembled to the cab foundation. In the same assembly station the rearwall for FH cabs, 

the inner roof for FH cabs and the complete roof for FM cabs are attached to create a cabin 

shaped body. After ML3 the cabs passes through the second internal buffer in Mainline. In 

ML4 the rearwall of FM cabs and the roof outer for FH cabs are assembled to the body. In the 

last area of the Mainline, ML5, the final welding and drilling are executed before the body is 

transported to the Finishline for further adjustments and quality controls. 

1.2.2.2 The subassemblies 

The Floor subflow often shows a relatively high percentage of shortage into Mainline. The 

shortage from floor halves is today around 2.8% and is mainly due to long cycle times and 

inefficient loading stations. The loading stations of the Floor subflow are designed as turning 

tables of which one side is intended for FM variants and one side for FH variants. This 

implies that when two cabs within the same variant come in sequence the operator must wait 

for the surrounding robots to fulfill their operations and the table to turn back before being 

able to start loading the components for the next cab. When the FM cabs and FH cabs come 

alternately the components for the next cab can be loaded simultaneously as the robots work 

on the first cab. 
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The Rearwall subflow also shows a relatively high percentage of lack of subassemblies into 

the Mainline with numbers around 2.32% for FM and 4.59% for FH. In the Rearwall section 

there are two flows of small parts that are assembled into complete rearwalls, which later are 

placed in separate buffers depending on the cab variant being a FM cab or FH cab. 

1.2.3 Current production and capacity 

The Volvo Group’s Truck plant in Umeå has a production capacity of XXX cabs per week, 

but historical data indicate a slightly lower result. The plant’s goal is a stable production of 

XXX cabs per week, which is the invested capacity. In order to increase the capacity of the 

plant both the manual and the automated segments of the production need to be more efficient 

than they are today. According to Volvo the manual processes can be improved by increasing 

the working force, but the automated robot lines need to be optimized with respect to 

throughput over time. 

 

Instead of working with production leveling and apply a general tact time over the Mainline, 

the official productivity goal is that no cycle time should exceed 120 seconds, which 

corresponds to the invested capacity of the line. The cycle times vary both between the 

stations and within stations between different cab variants. Today the cycle times in Mainline 

are spread over a wide range from 30 seconds in the fast stations up to around 140 seconds for 

some variants in the slower stations. The different cycle times often force the robots into a 

standby mode consisting of either waiting for a part from a predecessor or waiting for a 

successor to be ready to receive the part. 

1.3 Purpose 

There are many different approaches to optimize a production process. One proven method 

within the Lean production science is Yamazumi. The approach of the method is to level the 

cycle times of the associated stations by moving operations (e.g. drilling or welding) from 

time-consuming stations to stations with a distinctive time span up to the target cycle time. 

 

Since it is difficult to rearrange operations in an automated robot line, the Lean production 

method Heijunka is seen as a possible alternative to avoid peaks and valleys in the production 

schedule and thereby achieve a smoother production. The theory behind Heijunka is to spread 

the jobs with high workload throughout the production schedule to increase the average 

utilization. This can be done by scheduling one product with high cycle time followed by a 

product with low cycle time to “catch up” for the delay. Another solution is to determine a 

pooled cycle time based on the combined work content of the different products. (Hüttmeir et 

al. 2009, 502) 

 

Due to different cycle times both between stations and variants in the production, it might be 

possible to decrease the time of standby mode (i.e. blocked, starved etc.) by optimizing the 

production sequence and thereby balance the product flow at a more even level. A production 

sequence optimization might also contribute to a more efficient production line by minimizing 

the tool changing time and take specific properties of the robots in consideration.  
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1.4 Objectives 

The main objective is to conclude if there is untapped potential of the Body in White unit and 

help the Volvo Group’s cab plant in Umeå to understand and utilize this knowledge. To 

achieve the objective a simulation model will be created to visualize the flow and enable an 

optimization of the production sequence. 

 

Questions to be answered are: 

 Is it possible to increase the throughput in BIW by reordering the production 

sequence? If so, can any guidelines be distinguished? 

 Is there a potential of increased throughput if the time frame of which the production 

sequence is optimized is enlarged? 

1.5 Delimitations 

In the simulation model the Mainline in BIW is modeled with each station along the 

production line as a separate object. The subassemblies Floor and Rearwall have the highest 

percentage of shortage into Mainline and are therefore modeled in greater detail with each 

station as a separate object in the model. The remaining subassemblies have relatively stable 

performances with low percentages of shortage and are therefore modeled as single sources 

into Mainline. 

 

Due to the complexity of modeling the CKD production with its uncertain forecasts and 

variations in batch sizes, the CKD production is not considered in the model. 

 

The cycle times in the model represent the performance in an optimal state where the station 

is not affected by the adjacent stations e.g. blocked, starved etc. 

 

The number of skids for each variant (FM/FH) is restricted, but since the technicians at the 

cab plant have confirmed the possibility to easily increase the amount this constraint is not 

considered in the model. 

 

For the optimization of the production sequence the cabs are separated into six groups: 

FML1E, FML2H1, FML2H2/H3, FHH1, FHH2 and FHH3. These variant names are used at 

the cab plant today to describe different cab types. The variant names starting with “FM” (i.e. 

FML1E, FML2H1 and FML2H2/H3) have the old cab design and the ones starting with “FH” 

(i.e. FHH1, FHH2 and FHH3) have the new cab design. The analyses of historical production 

data showed no visible differences within these six variants, which implies that this 

delimitation does not affect the final result of the optimization. In stations where the data is 

not properly separated between the six variants, the data is merged into groups in which the 

variants have similar properties such as design, height or length.  
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2. Method 

To achieve the purpose of the thesis a model combining product flow simulation and 

optimization was created. At first the production process of the Body in White unit was 

visualized by a discrete event simulation in the software Siemens Plant Simulation. The 

simulation model takes a production sequence as input and gives the average throughput for 

the sequence as output. When the model was verified against calculated performances an 

iterative heuristic method was used to investigate the non-manageable solution space and find 

a good solution to the problem. A stability analysis was performed to ensure that the 

heuristics yield stable solutions rather than occasional deviations. 

2.1 Method of work 

Below is a summary of the general method for how the practical work has been structured. 

 

Data analysis 

For each station: 

 Identify any tool changes 

 Determine cycle times for each variant and cut at first and third quartile 

 Determine MTTR and availability 

 

Modeling 

 Create simulation model of the Mainline with subassemblies 

 Import cycle times from Excel 

 

Verification 

 Compare throughput to expected throughput given the input parameters 

 Determine warm up period 

 Perform a replication analysis 

 

Optimization 

 Create heuristic sequences in Python 

 Import order sequences from Excel to Plant Simulation 

 Run experiments in Plant Simulation 

 Perform a stability analysis of the heuristics 

 Perform a post hoc of the results 

 Analyze the results and create improved heuristics by combining good solutions 

 Repeat the previous experiment process 

 

Before the practical process some background research about discrete event simulation, 

general advantages and disadvantages of simulation, the modeling process and the simulation 

program Plant Simulation were done. 

2.2 Discrete event simulation 

Simulation is used when performing an experiment on a real system is impossible or 

impractical due to high costs, sensibility of the system or an impractical time frame. 

Simulation leads to shorter planning cycles and can be used during planning, implementation 

and operation of equipment. 
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Discrete event simulation is an activity-based simulation type in which the operations of a 

system are modeled as a discrete sequence of events. The simulation tool “jumps” in time 

from one event to the next and has an event calendar where every event is specified. An event 

is defined as a specific change in the system’s state at a specific point in time. Similar to how 

a continuous curve visualizes the result of a continuous event simulation, the result of a 

discrete event simulation is presented as a step function. Since the production process in BIW 

consists of separate stations, discrete event simulation is considered to be the appropriate 

simulation method. 

 

The simulation program used in this project is Siemens Plant Simulation. It is a discrete event 

simulation tool that is used to create digital models of logistic systems, such as production. 

The program simulates production systems with its processes and includes extensive analyze 

tools to enable evaluation of different manufacturing scenarios. (Siemens, 2016) 

2.3 Advantages and disadvantages with simulation  

There are several benefits of using simulation. As mentioned above complex systems can be 

simulated in a reasonable time frame and multiple replications of each simulation can be run 

to test systems with much random variations. By using the animation tool the simulation 

model can also be used to demonstrate the material flow of the system. The animation tool 

presents several operations and interactions simultaneously, which helps when analyzing and 

establishing the model credibility. (Chung 2004, 18-19) 

 

When using simulation modeling there are some disadvantages to keep in mind. One well-

known expression is “garbage in, garbage out”, which refers to the result of a simulation not 

being better than the given input. If the model does not have accurate input data, the user 

cannot expect to obtain accurate output data. Collecting the data is often considered to be the 

most difficult part of the simulation process. Considering the fact that many practitioners 

prefer to develop the model instead of focusing on the data collection, this can eventuate in 

many inaccurate simulation results. Another common mistake in simulation modeling is doing 

too many and too big simplifications of critical elements. (Chung 2004, 19-20) 

 

A simulation does not directly solve any problems, but it provides analysts with potential 

solutions. When using simulation for solving complex problems one cannot expect to be 

provided by a simple solution. Instead problematic areas and bottlenecks can be visualized to 

underpin the work towards a good solution. (Chung 2004, 19-20) 
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2.4 The modeling process 

The simulation model was created in accordance with guidelines from Steffen Bangsow, a 

well-known author of several books about simulation in the software Siemens Plant 

Simulation. 

 

The recommended steps are: 

1. Formulation of problems 

2. Test of the simulation-worthiness 

3. Formulation of targets 

4. Data collection and data analysis 

5. Modeling 

6. Execute simulation runs 

7. Result analysis and result interpretation 

8. Documentation 

 

(Bangsow 2010, 2-6) 

 

The first step in the modeling process was to examine the information and data needed to 

model the production. This knowledge was gained by reading the user-guide for Plant 

Simulation to get a better understanding of the software and by exploring the production 

statistics available in the monitoring program DUGA. To get an overview of the production 

process the available layouts of the BIW unit were used. Deeper knowledge was provided by 

several observations of the production line and by interviews with the technicians responsible 

for the different areas.  

 

When a sufficiently good knowledge of the area was provided the practical modeling started. 

The simulation model was gradually created with constant debugging of the scripts and test 

runs of the system. In the test runs the built-in animation tool was used to ensure that the flow 

behaved as expected. In this phase the main focus was to determine if simulation events 

occurred in the correct order and if the right components were assembled to each other. When 

the logic was approved the throughput was tested against a known analytical solution. 

2.5 The Simulation model 

2.5.1 Definitions in the model 

Cycle time is generally defined as the average amount of time between complete parts exiting 

a station. At the cab plant cycle times are measured as “part in to part in” and registered in 

seconds per unit. The cycle time of a station starts when a part enters the station and ends 

when the following part has entered the same station. The cycle time is a measurement of the 

total time a station is active, which means that waiting time and stops due to technical failures 

are not included. The approach to measure cycle time as “part in to part in” implies that also 

the tool changing time between two cab variants is included in the cycle time. 

 

Availability of a station is defined as the percentage of the total production time the station is 

able to produce. This value is not an estimate of the actual effectiveness, but a measure of 

how often the station breaks down. 

 



9 

 

MTTR is the average time it takes to repair a robot or a machine that has failed. At the cab 

plant Mean Time To Repair is measured as the time between the failure of a station and the 

point in time when the station is back in process again. 

2.5.2 The Mainline 

The main frame in the simulation model consists of the Mainline with its subflows (see Figure 

2). The big boxes represent the subflows and can be entered to present the structure of the 

area. Only two of the subflows are detailed modeled, the Floor and the Rearwall areas, and 

they are presented in figure 3 and 4 below. For each source there is a corresponding table that 

determines the sequence of which the units will be produced. The sequence is the same for 

each source, but the component to be produced depends on the location in the flow. The 

throughput time for the model is measured from the point in time when the first unit enters the 

first station in Mainline 1 until the last unit has exited the last station in Mainline 5. Since the 

subassemblies are not directly included in the time measurement, the influences of them are 

plainly given by lack into Mainline. 

 

 

 
Figure 2. The main frame of the Plant Simulation model. Tables, methods and variables are hidden. 

2.5.3 The Floor area 

The product flow in the Floor area starts at the sources and exits through the red arrows, 

which are connected to the buffers in Mainline (see Figure 3). The Floor area includes some 

special cases of which the logical flow has to be handled with extra consideration. The cases 

with most influence of the production flow are described below.  
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Figure 3. Plant Simulation model of the Floor area. Tables, methods and variables are hidden. 

The loading stations V1K10 and V1K14 in the Floor area consist of turning tables with one 

side assigned for FM and one for FH. When the correct side (FH/FM) is facing the operator a 

variant specific fixture at the table is manually loaded before the table turns and the loaded 

fixture continues to the following station. The part is attached to the fixture until the 

operations at the station V1K22 are completely performed, after which the part is carried 

away to the next station and the fixture returns to the turning table. The loading stations 

cannot emit a new part until the fixture is back at its starting position. If the next variant is not 

within the same design (FM/FH) as the one processed at a specific moment, the operator can 

start loading the next part before the fixture is back at the turning table. If the sequence 

contains two cabs of the same variant in a row, the operator has to wait until the fixture is 

back before start loading the next part. This arrangement leads to an optimal sequence of 

producing FM and FH alternately. The corresponding stations in the V2-area, V2K10 and 

V2K14, have the same functionality.  

 

 
Figure 4. Illustration of the production flow between the stations V3K16, V3K18 and V3K22 in the Floor area. 
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The robot in the station V3K18 has two main tasks; both moving units from V3K16 to V3K22 

and from V3K22 to the buffers into Mainline (see Figure 4). The robot prioritizes moving 

units from V3K16 as long as the unloading racks, close by V3K22, are not occupied. 

 

The Floor area is thoroughly modeled with the above described features taken care of and 

every station, except for a small subflow, handled separately. The subflow is located in the 

V4-area and consists of a few stations only producing parts for FH cabs. The stations in the 

subflow have cycle times below 55 seconds, which indicates that none of them is a bottleneck 

and when FM cabs are produced the flow can easily “catch up” possible losses. According to 

the technicians at the plant the risk of this subflow falling short into V4K26 is minimal and 

consequently the section is excluded in order to simplify the model. The stations that thus are 

excluded in the model are V4K10, V4K14 and V4K18. 

2.5.4 The Rearwall area 

Like the Floor area, the Rearwall area (see Figure 5) also contains some special cases in the 

logical flow. In the assembly station of the Rearwall area there are two different transporters, 

one for FM and one for FH, which moves components to the welding robots. The transporter 

is locked at the welding station until a sufficient number of welding points have been welded, 

whereupon a gripper lifts the rearwall and the transporter can return to its starting position 

where the next part can be loaded. Since the transporters are placed successively, some 

sequences of cab variants lead to the transporters being locked in a non-optimal position. 

When the welding station is operating on a FH, the transporter for FM is parked under the 

gripper and is locked until the FH transporter has moved back to its starting position. This 

occurrence leads to an additional waiting time in the assembly station for each subsequence 

FH-FM. In a converse way, the subsequence FM-FH leads to the transporter being available 

for loading immediately after the transporter for FM has left the starting position 
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Figure 5. Plant Simulation model of the Rearwall area. Tables, methods and variables are hidden. 

In the Rearwall area there are two stations that are working in parallel on the same unit, 

V1K52 and V1K56, which leads to overlapping cycle times. In DUGA the cycle times for 

V1K56 generally exceed the cycle times for V1K52, which implies that V1K56 is the 

bottleneck of these two stations. In the simulation model the station V1K52 has a processing 

time that represents the transport time from V1K52 to the welding station V1K56. When the 

gripper at V1K56 has lifted the unit from the transporter the station pauses its operations 

meanwhile the transporter goes back to V1K52 to prepare for the next unit. When the 

transporter is back at the original position, the station V1K56 continues with its processes. 

This waiting time in V1K56 occurs for all units but the length depends on the following 

variant. The time has been manually measured and the combination FH-FM leads to a waiting 

time of 10 seconds meanwhile the corresponding time for all other cases is only 5 seconds. 

This waiting time will be added to the processing time in the station V1K56. 

2.5.5 How the model works 

There are some common features in the areas for Floor and Rearwall and the principles of the 

modeling process for these are the same. The loading stations in the Floor and Rearwall areas 

emit units in intervals which are depending on the previous variant. The times of the intervals 

represent the loading times for each variant and were yielded from a template provided by the 

technicians. The model also considers the fact that an operator cannot load two stations at the 

same time. If one station is being loaded the other one is blocked until the operator is 

available and in place at the next station.  

 

The behaviors of the buffers in the simulation model were analyzed during several test runs. 

The observations showed that the buffers after the thoroughly modeled Floor area often were 

relatively empty; meanwhile buffers for the other subassemblies were filled during a majority 

of the simulation time. Since the fill level of the buffers in BIW normally varies during 

production, these behaviors had to be avoided in the experiments. 
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To control the fill levels in the simulation model some constraints were defined for the 

buffers. In all subassemblies except for the Floor area, the entries to the buffers were closed 

when the fill ratio had reached 50%. Additionally to that constraint the internal buffers in the 

Floor section and the buffers into Mainline had to reach a fill ratio of 50% before any units 

could exit the buffers. The constraints only control the buffers until the condition is fulfilled 

once, whereupon the constraints are no longer active. 

 

Since the objective of the case was to optimize the sequence solely over the automated 

segment of BIW, the model was designed to exclude impact from surrounding factors. To 

ensure that only the performance of Mainline with its subassemblies was simulated, all units 

could exit the model with no account of blocking from succeeding production areas. 

 

The BIW does not start the days without any work-in-progress. Therefore a “warm up” time 

had to be defined to make the model simulate the production flow according to the real world 

situation. To find a suitable warm-up time for the model a Steady state analysis was 

performed. The result of the analysis was shown in a plot that visualized how long it takes for 

the model to generate a steady throughput. The steady state analysis showed a stabilized 

throughput after 32 simulated hours (see Graph 1 below). 

 

 
Graph 1. Graph of the steady state analysis. The vertical line represents the transition to steady state. 

Since the simulation is based on a sequence instead of a simulation time, the warm up was 

recalculated to an amount of cabs instead of a time. After 32 hours in the Steady state analysis 

around 600 cabs had exited the model, which thus corresponds to the warm up time given in 

number of cabs. With a safety margin of 20% (Simul8, 2016), the final warm up period was 

set to 750 cabs.  

 

The warm up period consists of the same sequence of 750 cabs for all test sequences to ensure 

that all comparisons have the same basis and give an unbiased result. Due to the warm up 

time the statistics in the model are reset when the first cab of the test sequence enters 

Mainline. 
 

A simplified approach of the replication analysis was made to verify that the results were 

stable enough for an analysis of the sequences. In a replication analysis some specified 
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parameters are changed for each replication type and the aim is to verify if the observed event 

is a local phenomenon or if it presents a more global pattern. (Gómez, Juristo and Vegas 

2010, 3) The simplified approach used in this case involved various experiments with 

different amount of changes. The replication analysis presented a stable average throughput 

after 15 replications and with a safety margin the number of replications was set to 20 for 

each simulation experiment. 

2.5.6 Verification of the simulation model 

When the simulation model was completed with flow chart and relevant input data such as 

cycle times, availability and MTTR, a simplified version of the model was verified against a 

known analytical solution. The performance analysis was done to test the logic of the model 

and was basically a comparison between the result of simulation runs and the expected output 

considering the given input parameters. Testing complex systems by running a simplified 

version gives the analyst possibility to verify systems with occurrence of “rare events” and 

other randomness. (Kleijnen 1993, 148) 

 

To locate possible logical errors the system was broken down into smaller subsystems, which 

were analyzed one by one. Each subsystem was tested against different production sequences 

to ensure that the model handle occurrences such as tool changes and manual loadings 

correctly. The test runs also visualized unexpected waiting times surrounding the simulation 

events. During the performance analysis all technical availabilities in the model were set to 

100%. By analyzing the system without any technical failures some randomness was 

eliminated and the expected throughput could be calculated from the capacity of the 

bottleneck in the subsystem. 

 

The bottleneck of each non-defaulting subsystem was found by identifying the station with 

the highest average cycle time for a given production sequence. For instance, when testing the 

manual loading stations in the Floor section a sequence with every other FM cabs and FH 

cabs had to be run in the simulation model. Since the logic to be tested in the case was the 

variant change at the turning table, the specific variants within the FM cabs and FH cabs did 

not matter in the case. To simplify the test run the production sequence only contained two 

randomly chosen variants where FML1E represented all FM cabs and FHH1 represented all 

FH cabs. To find the highest average cycle time the “worst case” cycle time for each variant 

in every station were used. The highest “worst case” average cycle time limits the system and 

the expected throughput per hour could be obtained by calculate 3600 divided by the “worst 

case” average cycle time. 

 

When all subsystems were tested and the full system performed in accordance to the expected 

outcome the logic was considered to be approved. 

2.6 Combinatorial optimization and the heuristic approach 

The process of optimizing a production sequence is called sequencing and is included in the 

category of combinatorial optimization. The sequencing problem is generally described as the 

selection and arrangement of discrete objects (i.e. jobs), but can for each case be further 

defined depending on different properties of the production system. Examples of such 

properties are parallel or no parallel stations, limited or unlimited internal storage, idle time 

allowed or not allowed, different due dates for jobs and different kinds of setup times. The 

objective function of a sequencing problem is usually to minimize the total completion time 
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for all jobs, i.e. the total throughput time. Sequencing problems with m ≥ 3 (where m is the 

number of stations) are categorized as NP-hard, and are thereby hard (or impossible) to solve 

exactly. (Modrák and Pandian 2010, 273) 

 

The intuitive method to solve a sequencing problem is to compare all feasible solutions and 

choose the best. (Foulds 1983, 928) The solution space to the sequencing problem at Volvo 

consists of all permutations of a given production sequence. The method to examine all 

possible permutations has the complexity O(n!), where n is the amount of cabs in the 

sequence. The complexity O(n!) yields a non-manageable execution time for large n, which is 

why the approach cannot be used for this case where n is at least 300 (one day of production).  

 

Another method for solving the problem is Local search. A local search algorithm starts with 

an initial feasible solution and iteratively moves towards better solutions by searching in the 

neighborhood. For a combinatorial problem with a discrete solution space the neighborhood 

of a solution is defined as all solutions that are yield by a single permutation (changing 

positions of two units in the sequence) (Lundgren 2010, 438). Since it is hard to distinguish 

the improving factor behind a permutation, it is not possible to determine an improving 

direction for the search algorithm. Without a strategy for iteratively generate better solutions 

the concept of the algorithm falls and this method is not suitable for this problem. 

 

The heuristic approach is a method to yield a good solution, but which cannot be guaranteed 

to be optimal. Heuristics are often used where finding an optimal solution is impractical or 

impossible. The method is experimental and uses logic, philosophy and psychology to 

discover a sufficient solution. (Foulds 1983, 928-929) Examples of heuristics are composed 

guidelines, common sense or educated guess.  

 

Common strategies in the heuristics procedure are the construction strategy, the improvement 

strategy, the component analysis strategy and the learning strategy. The construction strategy 

is to create the solution one component at the time to eventually obtain a complete solution. 

The improvement strategy is to continuously improve a feasible solution until a given stop 

criterion is reached. The component analysis strategy is primarily suitable for large problems 

since the approach is to break down the problem to smaller and more manageable portions. 

The last strategy, the learning strategy, is to let the human interact with the computer to 

iteratively generate solutions that may obtain a better result. What approach to be used 

depends on the type of problem. For some problems a combination of two or many strategies 

is the most appropriate approach. (Foulds 1983, 929-930) 

 

The heuristic method chosen for this case is a combination of the component analysis strategy 

and the learning strategy. First the simulation model is analyzed in smaller sections to 

distinguish areas in which the production sequence is crucial for the throughput. The critical 

areas in BIW are the stations with time affecting tool changes and robot specific properties 

such as turning tables at the loading stations. To obtain the heuristics for the problem the 

critical areas were analyzed separately to find the sequence that would be most favorable in 

the specific area. These heuristics were then tested throughout the full system to see the total 

throughput. When all heuristics were tested and analyzed some of the good sequences were 

combined to investigate potentially better solutions. 
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In the design of the heuristics historical proportions of cab variants were used. The 

proportions were obtained by calculating ratios from the production of week 8 and week 14 

2016. The proportions of the cab variants are: 

 

FHH1              10 % 

FHH2              42 % 

FHH3              18 % 

FML1E          13 % 

FML2H1         10 % 

FML2H2_H3     7 % 

 

All heuristics were designed with some degree of freedom to enable a proper verification. In 

most heuristics the hypothesis was designed as patterns of FH cabs and FM cabs and the 

randomness was obtained by choosing the variant of cab within FM (FML1E, FML2H1 and 

FML2H2_H3) and FH (FHH1, FHH2 and FHH3) randomly. For each heuristic 10 random 

sequences were obtained. 

 

To enable analyzes of the results all tested heuristics were compared to sequences with the 

same variant proportions. Since historical production sequences varies considering 

proportions of variants it is more appropriate to compare the heuristics to a random 

production sequence. Heuristics performing better than a random sequence were considered to 

be good and vice versa with the sequences performing worse than a random sequence. 

 

A throughput test for each variant was performed to determine the variant with the lowest 

throughput when running the simulation for one single variant. The purpose was to find the 

variant that potentially delimitate the total throughput and the result was used as a basis for 

the compound of the heuristic Spread worst variant. 

 

 

 
Figure 6. Results of the single variant test 
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The heuristic-based sequences tested in the model are: 

 

1. 1 FH - 1 FM 

The first heuristic is based on the hypothesis that the loading stations in the Floor section are 

the bottleneck of the system. Since the operations at the turning tables are optimal when FH 

and FM come alternately a sequence with every second FM/FH should reasonably be optimal. 

Since there is a difference in demand with around 30 % FM cabs and 70 % FH cabs it is not 

possible to make the entire sequence alternating between the two. When no more FM cabs are 

available for every second sequence, the remaining FH cabs are attached as a batch in the end 

of the sequence. 

 

2. 2 FH - 1 FM 

Unlike the first one, the second heuristic takes the different demands to account. To avoid a 

long batch of FH cabs, the alternating sequence is designed as cycles of 2 FH cabs followed 

by 1 FM cab. With this sequencing the unfavorable subsequences of 2 FH cabs in a row are 

evenly spread over the sequence and the system may “catch up” for the time losses. 

 

3. 4 FH - 2 FM 

The sequences within this heuristic are designed as cycles of 4 FH cabs and 2 FM cabs. The 

hypothesis behind the heuristic is to spread both the subsequences of equal variants (i.e. FH-

FH and FM-FM), which are crucial in the Floor section and the subsequences with variant 

changes (i.e. FM-FH and FH-FM), which are crucial in stations with tool changes. 

 

4. Variant batches 

The batching heuristic is designed based on the hypothesis that tool changes in the system are 

the bottlenecks. To avoid these tool changes all 6 variants (FHH1, FHH2, FHH3, FML1E, 

FML2H1 and FML2H2_H3) are batched together. The order of the variant batches in each 

sequence is chosen randomly. 

 

5. FH - FM 

This sequence follows the same hypothesis that the tool changes are crucial in the system. The 

sequences in this heuristic start with a batch of all FH cabs followed by a batch of all FM 

cabs. The order of cabs within each batch is chosen randomly. 

 

6. Random sequence 

Sequences within Random sequence are designed without any further restrictions than the 

given variant proportions. The Random sequence is not a considered as a heuristic, but rather 

a default performance sequence (representing today´s production) to compare the other 

heuristics to.  

 

7. Spread worst variant (SWV) 

As seen in Figure 6, FML1E performs significantly worse than the other variants when run as 

a single batch. To test the hypothesis that crucial subsequences in the production sequence 

should be evenly spread, the heuristic Spread worst variant was designed. In this heuristic the 

FML1E cabs are evenly distributed (1:8) over an otherwise random sequence. 

 

The result from an experiment with the first heuristics (compared to the Random sequence) 

was the basis for the following combined heuristics. Apart from the last one, the following 

heuristics are combinations of the heuristic Spread worst variant and heuristics that 

performed well compared to the Random sequence. 
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8. 1 FH - 1 FM with SWV 

The first compound heuristic is a combination of SWV and 1 FH - 1 FM. Since FML1E 

represents 43% of the FM cabs, every second FM cab in the alternating sequence will be a 

FML1E as long as the variant is available.  

 

9. 2 FH - 1 FM with SWV 

This heuristic follows the same rule as the previous one. As long as there are FML1E 

available, every second FM cab will be a FML1E. 

 

10. 4 FH - 2 FM with SWV 

In this heuristic the SWV concept differs from the previous heuristics. In these sequences the 

restriction is that no subsequence FM-FM should consist of 2 FML1E. 

 

11. 12 FH/FM - 8 FH 

The last heuristic is not a combination of two previous heuristics, but a further test of the 

hypothesis that crucial subsequences should be evenly distributed over the sequence. A 

plausible explanation for the heuristic 1 FM - 1 FM not giving the highest throughput is the 

long batch of FH cabs in the end of the sequences. In the heuristic 12 FH/FM - 8 FH the batch 

is divided into smaller batches of 8 FH cabs, which in turn are evenly distributed over the 

sequence. 

 

In addition to the combined heuristics some complementing tests for Spread worst variant 

were done.  

 

12-16. Spread variants 

For each of these 5 tests one of the other variants (FML2H1, FML2H2_H3, FHH1, FHH2 and 

FHH3) are evenly spread over the sequence. These tests are referred to as Spread variant 

(SV). 

 

The heuristics were tested for both daily and weekly planning. In the daily planning a 

sequence of 300 cabs was reordered according to the pattern in the heuristics, whereupon the 

obtained sequence was repeated 4 times to determine a total production sequence of 1200 

cabs (representing 4 days of production). In the weekly planning the entire sequence of 1200 

cabs was reordered to obtain the production sequence within the heuristic.  

 

Throughout the report all heuristic names are written in italic text. 

 

2.6.1 Games-Howell test 

To test if the results of the heuristics differed significantly from each other a Games-Howell 

test was performed. The Games-Howell test is a type of poc hoc test and is used to find 

patterns and/or relationships between groups of samples. The test is a pairwise comparison 

test where unequal variances between the samples are assumed. Samples that are placed in 

different groups differ significantly from each other meanwhile samples placed in the same 

group show no significant difference. (De Muth 2014, 261) In this case all heuristics were 

tested against each other. The samples contained the average throughputs for the 10 random 

sequences within the heuristic.  
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2.6.2 Stability analysis of the heuristics 

A stability analysis was performed on all heuristics to examine the robustness of the solutions 

under small perturbations. The purpose of the test was to ensure that each heuristic is not a 

deviation in the solution space, but a stable solution. For all heuristics the pattern was 

disrupted 3 times by 30 random permutations. Within each randomly disrupted sequence, 10 

random sequences were obtained to eliminate the stochastic error. The throughput result of 

the disrupted patterns was compared to the original heuristic to determine the stability. 
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3. Data 

To create the model in Plant simulation, several layouts of the Mainline and the subflows 

were used. The layouts include all robots within each station of an area and the robots are 

displayed differently depending on the robot type. In addition to the robots, the layouts also 

show buffers, moving tables, manual loading stations and gates. The V-areas in each section 

are highlighted to display the stations that will be disrupted if an operator opens the gate. 

3.1 DUGA – General Manufacturing Monitoring 

Volvo Group Trucks is using the manufacturing tool DUGA to analyze and monitor the 

production. DUGA collects all kinds of statistical data for the production line, which makes it 

easier to analyze the production. In DUGA one can find historical data for each station 

including cycle times, variant description, calendar changes etc. The information from DUGA 

can easily be exported into an Excel file for analysis. To enable analyzes the data had to be 

carefully selected by excluding the “dirty data” such as calendar changes and cycle times 

where the robots were not active. 

3.2 Cycle times and tool changes 

For each station historical data from January 2016 were used to analyze and obtain cycle 

times and tool changing times (where existing). Due to changes in the method for 

measurement of cycle times in the Rearwall area, data from February 2016 were used for 

those stations. The time frame of one month for the data collection was confirmed with the 

technicians Volvo to represent accurate production data. 

 

To identify time losses due to tool changes information of “current variant description”, 

“previous variant description” and “next variant description” were used. Different sequences 

were tested to find possible tool changes and the cycles on which these tool changes are 

registered. Cycle times for FH and FM are analyzed separately by graphs sorted from largest 

to smallest cycle time observation (see Graph 2 and 3). 
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Graph 2. Graph of cycle times in one station for FH cabs when another FH cab is the previous variant. 

 

 
Graph 3. Graph of cycle times in the same station as in Figure 6 for FH cabs when a FM cab is the previous variant. 

 

Graph 2 and 3 above show that the cycle time for FH cabs in the station is around 25 seconds 

higher when a FM cab is the previous variant compared to when another FH cab is the 

previous variant. This implies that there is a tool change in the station when shifting from a 

FM cab to a FH cab and vice versa (shown in a similar way). The tool changing time in this 

station is added on the cycle for the following variant. 

 

After the cycle time analysis in DUGA the tool changes were verified by observations in the 

production line. Tool changing times below 5 seconds were not taken into account in the 

model. These variations were assumed to be covered by the natural variation of cycle times 

within the variants.  
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If the graph of clean cycle times (without tool changes) for a variant (FH/FM) shows different 

time levels, the pattern might be explained by differences in cycle times between the variants 

within each design (see Graph 4). In these cases different cycle times are defined for each 

variant in the model. 

 

 

 
Graph 4. Graph of cycle times where each variant within the design FM has different cycle times. 

 

For each station the cycle times are cut at the first and the third quartile to remove “dirty 

data”, such as extreme cycle times with rare occurrence. Since the purpose of the model is to 

investigate potential of the production flow, the cycle times represent the stations producing 

without external interruptions. 

 

Some stations in Mainline 5 are running different programs depending on attributes of the cab 

according to the buyers’ requests of fittings. These attributes are not easily traceable 

throughout the rest of the stations in Mainline and since the cycle times are evenly distributed, 

the cycle times are chosen randomly within each variant.  

 

Some optimizations of the station V3K16 in the Floor area were done during February which 

led to the cycle times being cut by 10 seconds. Since this station is known as one of the 

bottlenecks in the Floor section, it was important to use updated data for this station in order 

to give a relevant analysis. Due to this optimization, data of the cycle times for the station 

V3K16 were yield from March 2016. 

 

The buffers within DO3 have the property First In First Out, which means that all parts have 

to pass through all places before exiting. This property leads to the sequence of parts 

remaining intact after passing the buffers. The buffers in the model all have a dwell time 

which represents the time it takes for one part to enter and being transported through the 

buffer when the buffer is empty. Since the buffers are rarely empty, these dwell times were 

estimated by measuring the time it takes to transport one part one place in the buffer and then 

multiply that time with the capacity of the buffer.  

 

There are two stations in Mainline with tool changes that exceed 5 seconds. The station 

V1K14 within Mainline 1 has a tool change of 30 seconds. The robot in V1K14 is a handler 

and has to change the gripper between the variant groups FH, FML2 and FML1E. The tool 
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changing time is assumed to be equal independent on the variants between which the tool 

change is made. In the station V7K16 there is a handler with spot weld that has a tool 

changing time of 20 seconds when changing from the variant FM to FH. The additional time 

of the tool change occurs when one of the robots has to change the gripper. For all other 

sequences the potential tool change is accomplished simultaneously as the other robots 

perform their operations. 

3.3 Availability and MTTR 

Just like the cycle times, both availability and MTTR for each station are obtained from 

historical data from January 2016. For the stations in Mainline and in the subassemblies Floor 

and Rearwall, which all are modeled in detail, DUGA shows a direct measure of both 

availability and MTTR over the period. In the other subassemblies, where the entire flows are 

modeled as single processes, the stations within a subassembly are viewed as independent 

from each other and the parameters are calculated manually. Since failure at one station in a 

subassembly leads to a stop in the entire flow, the combined availability of a subassembly is 

calculated as the product of the availabilities for the appurtenant stations. The corresponding 

combined MTTR is calculated by a weight factor against the measured MTTR for each station 

within the subassembly. 
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4. Results  

Below are the results of the experiments in Plant simulation, the Games-Howell test and the 

stability analysis of the heuristics. 

4.1 Simulation experiments  

The results of the simulation experiments are presented in a table and two box plots; one for 

daily and one for weekly production planning. Except for the heuristic 1 FH - 1 FM where 

daily planning yields a higher throughput, the results show no major difference between the 

daily and the weekly planning (see Table 1). Since there was no gain in weekly planning, the 

combined heuristics and Spread variants were only tested for daily planning. 

 

The best heuristics are 2 FH - 1 FM, 2 FH - 1 FM with SWV, 12 FH/FM - 8 FH and SV FHH2 

with an average throughput of approximately 24 cabs/h. The worst heuristics are Variant 

batches and FH - FM with an average throughput of approximately 22 cabs/h. The Random 

sequence that represents the current production sequence has an average throughput of 23.3 

cabs/h. 

 

 
  Daily scheduling Weekly scheduling  

 Heuristic Min Average Max Min Average  

Max 

Average 

difference 

1 1 FH – 1 FM 23,28 23,86 24,35 23,12 23,61 24,20 0,25 

2 2 FH – 1 FM 23,37 23,99 24,47 23,37 23,98 24,40 0,01 

3 4 FH – 2 FM 23,76 23,23 24,75 22,76 23,24 23,76 -0,01 

4 Variant 

batches 

21,50 21,88 22,29 21,43 21,83 22,21 0,05 

5 FH – FM 21,61 21,96 22,37 21,56 21,95 22,31 0,01 

6 Random  

Sequence 

22,77 23,25 23,78 22,85 23,32 23,71 -0,07 

7 SWV 23,11 23,66 24,25 23,11 23,59 24,02 0,07 

8 1 FH – 1 FM  

with SWV 

23,27 23,86 24,34 23,12 23,62 24,20 0,24 

9 2 FH – 1 FM  

with SWV 

23,37 24,00 24,47 23,37 23,98 24,40 0,02 

10 4 FH – 2 FM  

with SWV 

22,81 23,27 23,79 22,79 23,28 23,79 -0,01 

11 12 FH/FM – 8 

FH 

23,31 23,95 24,42 23,30 23,95 24,41 0 

12 SV FML2H1 23,01 23,55 24,09 - - - - 

13 SV 

FML2H2_H3 

22,96 23,48 23,99 - - - - 

14 SV FHH1 22,83 23,33 23,83 - - - - 

15 SV FHH2 23,33 23,96 24,42 - - - - 

16 SV FHH3 22,87 23,37 23,86 - - - - 

Table 1. The results of the daily and the weekly planning. The result is presented in cabs/h. 
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Figure 8. The results of the experiment for daily planning. The blue boxes (nr 1-5 and 7) represent the original heuristics, the 

yellow boxes (nr 8-11) are additional heuristics and the purple boxes (nr 12-16) represent the Spread variant tests. The pink 

box (nr 6) is the Random sequence, which represents the current production.  

 

 
Figure 7. The results of the experiment for weekly planning. The color (and number) coding is the same as in figure 9. 

 

To visualize the variations within each heuristic, the results of the experiments were shown in 

a scatter plot (see Figure 9). The heuristics with gathered results have small variations within 

the heuristic, while the line shaped results indicate wider spread. The results follow the rule 

the longer the line, the wider the spread. The results show that the heuristics Variant batches, 

Random sequence and all spread variant heuristics have a wide spread, meanwhile the other 

heuristics show barely any spread at all.  
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Figure 9. Scatter plot of the result spread within each heuristic. 

4.2 Games-Howell test 

A Games-Howell test was performed to determine if the previously shown differences in 

average throughput between the heuristics were significant. The test identified the differences 

that could be determined with a 95% significance level. Where the results were not possible to 

separate, the heuristics were placed in the same GH-group. The groups are ranked from A to 

H, where A includes the heuristics with the highest throughputs and H includes the heuristics 

with the lowest throughputs. 

 

Heuristic name Heuristic 

number 

GH-group 

2 FH - 1 FM with SWV  9 A 

2 FH - 1 FM  2 A 

SV FHH2  15      B 

12 FH/FM - 8 FH 11      B 

1 FH - 1 FM 1          C 

1 FH - 1 FM with SWV 8          C 

SWV 7              D 

SV FML2H1 12              D 

SV FML2H2_H3 13              D   E 

SV FHH3  16                     E   F 

SV FHH1  14                           F 

4 FH - 2 FM with SWV 10                           F 

Random sequence 6                           F 

4 FH-2 FM 3                           F 

FH - FM 5                              G 

Variant batches  4                                  H 
Table 2. The result of the Games-Howell test with a confidence interval of 95%. Significant differences in throughput can be 

found between all separate GH-groups. Within each group no significant difference can be found. 
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4.3 Stability analysis of the heuristics 

To ensure that the heuristics are not deviations, a stability analysis was performed. The results 

presents how stable the heuristics are against small perturbations of the pattern (see Figure 

10). Stable heuristics can be distinguished by a small spread between the original heuristic 

and the 3 disrupted sequences. The most stable heuristics from the stability analysis are 2 FH 

- 1 FM and 2 FH - 1 FM with SWV. The most unstable solutions are the heuristics Variant 

batches and FH - FM.  

 

 
Figure 10. Illustration of the stability analysis for the heuristics. The blue dots represent the original sequence while the 

orange dots represent the disrupted sequences. 
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5. Analysis 

As presented in chapter 4.1 there are no major differences in the result between daily and 

weekly planning of the production sequence. Except for 4 FH - 2 FM and 4 FH - 2 FM with 

SWV, all heuristics yield a slightly better throughput for the daily planning. The difference 

between the sequences is that daily planning consists of four repeats of shorter periodic 

sequences, meanwhile the weekly planning is one long sequence. Since there is no apparent 

gain from doing weekly production planning and due to other benefits of daily planning, we 

decided to proceed with daily planning when analyzing the heuristics results.  

 

The two heuristics with the most distinctive result are the two batched sequences Variant 

batches and FH - FM. These two heuristics show significantly lower throughput than both the 

other heuristics and the Random sequence. Since the loading stations in the Floor area are the 

only ones performing significantly worse for batched sequences, the result implies that these 

loading stations are the critical areas of the system. Due to this the most problematic 

subsequences are the ones where two or more cabs of the same variant come in sequence. 

 

The highest average throughput is given by the three heuristics 2 FH - 1 FM, 2 FH - 1 FM 

with SWV and 12 FH/FM - 8 FH. A common factor for these sequences is that the 

problematic subsequences for the Floor area are evenly spread over the sequences. Compared 

to the heuristic 1 FH - 1 FM the sequences with the main structure 2 FH - 1 FM have shorter 

batches of FH in the end, which might explain the slightly higher throughput for the 

sequences. The heuristic 12 FH/FM - 8 FH is built under the same hypothesis that long 

batches are unfavorable, and as we divined this heuristic also showed an increased throughput 

compared to the original heuristic 1 FH - 1 FM. Based on these results, we can further 

confirm our hypothesis that big batches have major impact on the final outcome.  

 

The result of the Spread variant test present the highest throughput when spreading the cab 

variant FHH2 within the sequence. In this case the throughput had an average of 23.96 cabs/h 

and belongs to the same GH-group as 12 FH/FM - 8 FH. The ratio of FHH2 is 42% of the 

cabs, which generated a pattern of every second FHH2 in the sequence. Since the gaps 

between the FHH2 cabs are randomly filled, the distribution of smaller batches (when other 

FH cabs are chosen) and alternating subsequences (when an FM cab fills the gap) varies 

between the sequences. As concluded by the results of 12 FH/FM - 8 FH it is preferable to 

spread the problematic batches over the sequence, which probably is the main reason for 

spreading the variant FHH2 yields a good result. 

  

Notably is that the heuristic 4 FH - 2 FM gives a significantly lower throughput than the three 

best heuristics 2 FH - 1 FM, 2FH - 1 FM with SWV and 12 FH/FM - 8 FH. Since 4 FH - 2 

FM heads towards a more batched structure, the explanation of the decreased throughput 

might follow the previous arguments that batched sequences yield a lower throughput. Due to 

the fact that 2 FH - 1 FM yields one of the highest throughputs and 4 FH - 2 FM exhibits a 

significantly lower result, we can conclude that when going from an alternate structure 

towards more batched structure it reaches the peak at the combined heuristic 2 FH - 1 FM. 

 

The result of the heuristics with the pattern 4 FH - 2 FM shows no significant differences 

from the Random sequence. With the benefit of avoiding the resource cost for planning, the 

heuristic 4 FH - 2 FM is therefore not considered to be a good solution. 
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As stated in chapter 1.2.3 the invested capacity of the production in the BIW corresponds to a 

throughput of 30 cabs/h and a cycle time of 120 s. The current production represented by the 

Random sequence yields a considerable lower throughput with an average of 23.25 cabs/h and 

the corresponding cycle time of 155 s. The heuristic that performed best in the experiment, 2 

FH - 1 FM, exhibited an average throughput of 23.99 cabs/h, thus an increase of 0.74 cabs/h 

compared to the Random sequence. The increase in throughput corresponds to 52 cabs/week 

and an average cycle time in Mainline of 150 s. Notable is that the lowest recorded throughput 

for the heuristic 2 FH - 1 FM was higher than the average throughput for the Random 

sequence, which further confirms the benefit of the heuristic. All production calculations are 

done for a working week of 70 hours. 

 

An interesting result is the one for the heuristic SWV, which gives a significantly higher 

throughput compared to the Random sequence. In the experiment the throughput for spreading 

FML1E had an average of 23.66 cabs/h, which yields an improvement of 0.41 cabs/h 

compared to the Random sequence. The result implies that just by spreading the variant 

FML1E evenly over the sequence the total throughput can be increased by 29 cabs/week. 

Since the amount of relocations is limited within this heuristic, the pattern might be possible 

to fit into the current planning structure. Time and other resources in the planning process are 

expensive, but the heuristic SWV indicates that despite the currently limited resources it is 

possible to increase the production capacity by reordering the production sequence. 

 

In Figure 10 it is shown that the best heuristics are stable against small disruptions. Even 

though the tested pattern is randomly disrupted by several permutations the solutions still 

show good results. This implies that the good heuristics in the case are solid solutions with 

high probability of being (or being close to) a local optimum. In the heuristics with lower 

results the disruptions affect the throughput significantly more. For the batched sequences the 

throughput is increased by around 0.5 cabs/h for each of the random perturbations. This result 

implies that the batched sequences are the worst possible solutions to the optimization 

problem. 

 

By using the chosen heuristic approach to solve the problem we cannot guarantee to have 

found the optimal solution to the case. Instead the best heuristic 2 FH - 1 FM must be seen as 

a local optimum in the discrete solution space. 

 

According to the simulation model, the most distinctive bottlenecks of the system are the 

loading stations in the Floor area. Notable is that the crucial loading times were provided from 

a template which are negotiated by the trade union. These loading time represents the 

theoretical time rather than the actual loading time. Generally the operators are able to load in 

shorter time, which could imply that these stations are not always the bottlenecks in the real 

production system. Due to increased risk of work-related injuries these times cannot be 

optimized and from a theoretical perspective the loading stations will continue to be seen as 

bottlenecks.  

 

The time frame of which the data was collected was one month for all the input data. For the 

cycle times this was an appropriate time frame since the times showed stable levels for all 

stations, but for the availability and MTTR rare occurrences could have affected the statistical 

accuracy. However, the technicians have retrospectively confirmed that there were no major 

failures during the chosen month. 
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One thing to keep in mind when analyzing the results is that the case is a suboptimization of 

the automated segment of the BIW unit and thus does not take to account how DO2, DO4 and 

other production areas in BIW would be affected by the tested production sequences. For 

instance, we know that the manual processes in Finishline are negatively affected by batched 

sequences and that the paint process in DO4 also works inefficiently for big batches. Since the 

best results in the experiments are given by sequences with alternating patters these two 

wishes are already fulfilled in our recommendations, but any further requests of the 

surrounding production areas are not considered. 

 

Another important aspect is that since all subassemblies except for the Floor and Rearwall 

areas are modeled as single sources, no consideration of how these will be affected by a new 

production sequence is taken. Depending on the design of the production sequence other 

subassemblies might increase the shortage into Mainline and become the new problematic 

subassemblies.  
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6. Conclusion 

The results indicate that it is possible to increase the throughput in the BIW unit with at least 

52 cabs/week by reordering the production sequence. Since the best found heuristic is not 

assured to be an optimal solution, the gain could possibly be even higher. 

 

The most distinctive result is that batched sequences perform worse than alternating 

sequences. This fact indicates that today the loading stations in the Floor section are 

bottlenecks of the system. A consistent trend for the best heuristics is that the problematic 

batches are split into smaller subsequences and spread over the sequence. The results present 

that by scheduling the cabs in cycles of the pattern FH-FH-FM an increase in throughput of 

up to 0.7 cabs/h can be yield. 

 

The result showed no gain in weekly scheduling compared to daily scheduling. This implies 

that there is no potential of increased throughput by enlarging the time frame of the 

production scheduling. 

 

Recommended guidelines for production planning: 

 

 Avoid large batches in the production sequence 

 Alternate FH and FM when possible 

 Strive to spread the variant FML1E over the sequence 
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7. Future work 

By expanding the model with all other subassemblies a better view of the production would 

be given. This in turn would lead to deeper knowledge of how the system is affected by new 

production sequences. To be able to use the model for future analyzes the cycle times need to 

be updated due to a restructuring project of the time measuring in Mainline, which started 

during spring 2016.  

 

The CKD production is not included in the simulation model, but could be an interesting point 

of view when using the model for other types of analyzes. 

 

Since the project is solely a suboptimization of the BIW, analyzes of surrounding production 

areas need to be performed before any greater decisions about the production planning can be 

done. Combining restrictions from the Paint shop, Finishline and Small parts when optimizing 

the result would be usable to avoid moving the problem from one production area to another. 

 

The optimization is based on the current cab designs. In the event of a new cab design being 

introduced, it might be appropriate to reexamine the problem definition. 
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