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Abstract

Design/redesign of manufacturing systems is a complex, risky and expensive task.

Ford Motor Company’s Valencia Engine Plant faces this challenge as they plan to

upgrade their machining and assembly lines to introduce the new EcoBoost engines.

The research project described in this paper aims to support the transition process

particularly at the camshaft machining line by using simulation modelling techniques. A

series of experiments were carried out using the simulation model developed, and

based on the results of these experiments recommendations were proposed to support

the decision as to where to invest on the line. The outcomes from the research project

indicated that that investment is required in terms of increasing the capacity of two

bottleneck operations through retooling and improving the conveyor routing logic in one

key area.
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1. Introduction

After a difficult period in the automotive sector in which sales fell by 40% in some

markets, car manufacturers are beginning to thrive once more. Significant challenges

however remain as recent fluctuations in the oil price and increased awareness of

climate change have greatly influenced the purchasing behaviour of the customers.

Part of the Ford Motor Company’s responses to this changing environment is the

introduction of its new EcoBoost family of engines and the transition to EcoBoost

requires that a new model of camshaft enters production. The Ecoboost camshafts

differ from existing models in some technical details. Specifically, they require

additional grinding operations and cannot be processed on machines that have not

been retooled to accommodate the design.

This paper studies the camshaft production line at Ford’s Valencia Engine Plant

(referred to Ford Valencia hereafter) as it prepares to introduce the full Ecoboost

production. This is crucial as Ford Valencia intends to upgrade and reequip its current

camshaft production line rather than building a new line to manufacture the Ecoboost

camshafts. The research project described in this paper aims to assess how the

transition to the new engine model will affect production. Ford have a long history of

using simulation to support its decision making process [1] and, like other major US

automobile companies [2], make extensive use of simulation in the installation of new

or modified production designs.

In this paper, a simulation model has been built and extensively used to evaluate the

proposed changes at the Ford Valencia’s camshaft production line. Simulation allows

manufacturing engineers to experiment with different scenarios (brought about by the

transition to all EcoBoost production) to be done on the computer before changes

actually implemented on the line.
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2. Problem Description

Ford Valencia, currently producing a total of five other engine models, has been a

designated manufacturing plant for the EcoBoost engine family. When planning the

changes to the line, the emphasis is on reusing existing resources by upgrading and

improving the current line. The plant management team has committed to invest on the

line to ensure a smooth transition to the new production environment. Incorporating the

new Ecoboost camshaft, which demands specialised finishing operations to meet high

technical specifications, has the potential of complicating the already complicated line.

Simulation is therefore an ideal tool to analyse whether it is possible to move to full

EcoBoost production while maintaining or increasing the throughput levels.

The camshaft production line at Ford Valencia is a manufacturing system of some

complexity. It comprises 17 different operations, totalling 46 individual machine

stations. Divided into three main loops (see Figure 1), all machines are connected

through a handling/conveyor system on which components are carried by a finite

number of platens. A number of smaller loops are also in place and are used to keep

parts near their required operations, particularly for sensitive bottleneck operations.

In the first loop the rough camshaft is prepared for further and more complex

operations. Once prepared, the camshaft is processed through operations in the

second loop machining each element of the camshaft, giving the ultimate precision of

surface finish in the third loop.

<Insert Figure 1 here>

Figure 1: A sketch of the camshaft production line at Ford Valencia

A further feature of the system lies in the use of counters to control the number of

platens held on the conveyor system throughout the line. Given that each loop is
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closed, with a finite amount of platens circulating within, such a restriction allows for

controlling the amount of work in progress (WIP) present on the line at any time. This is

further complicated by the use of a number of sub-areas, each with their own target

platen count, to govern the distribution of platens throughout the line (see Table 1). A

platen is only permitted to leave one area when an empty platen intends to enter from

the opposite direction. This practice essentially maintains a number of mobile buffers

throughout the line and facilitates a fluid flow of pieces. Such a system works in

conjunction with stationary buffers placed strategically before bottleneck operations.

<Insert Table 1 here>

In reality, manual intervention exists in the line’s operational practices and a degree of

flexibility is required in order to maintain throughput levels. Occasions in which

operators are required to interact with the line include the following.

The distribution of platens throughout the line is perceived not perfect and problems

may ensue if there are too few platens assigned to a given area. Under certain

conditions, this can cause the system to become blocked as pieces are not transferred

from area to area. Conversely, under different conditions an excess of platens in an

area may also cause blockages on the line. Careful planning of platen numbers and

control logic is required to avoid such a scenario. If this is inadequate then manual

intervention is employed to correct the line.

Technical constraints in some operations create a localised imbalance on the line.

There are two varieties of camshaft, intake and exhaust, and it is desirable to achieve a

production 1:1 ratio, because an engine will always need a pair of intake and exhaust

camshafts. Some operations, due to technical reasons, disrupt this balance by having

considerably greater capacity to process exhausts than intakes. This can often create

imbalances particularly in loop one that impact on production. Manually adding intakes
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or exhausts to the line, outside of the set demand schedule, is one common solution to

this issue.

A specialised grinding process, noted as OP43, operates only in the processing of

Ecoboost camshafts but it has given rise to a new issue in which it can starve other

operations of empty platens or vice versa. This can severely affect the throughput or

even block the whole line. The current solution to this issue, where Ecoboost

camshafts are produced in small test batches, is to manually release platens for the

operation only when required.

The project attempts to address the above problems within the wider framework of

examining the transition of Ford Valencia to an all-Ecoboost environment. These issues

feature in a number of experimentation scenarios that examine the impact of various

constraints on the line and how these will affect the Ecoboost production. It is this type

of investment decision, which according to Chai et al [3], is often driven by a number of

internal factors such as the facility, flexibility, quality, delivery and know-how.

Ultimately, the question is posed as to whether investment in the line is required to

make this transition and, if so, where it should be directed.

3. Related Work

Ford Valencia’s camshaft production line is a complex manufacturing environment that

is, understandably, not much covered in detail in the body of literature. Nonetheless,

there remains a great deal of literature concerning key aspects of the camshaft

production line. These include, the conveyor system, constant WIP (CONWIP),

distribution of platens, output of the line and the use of simulation in manufacturing.

With regards to the amount of WIP on the line and the balance of different components,

the Rate Conservation Law (RCL) [4] states that any system under stationary input and

steady state conditions should have an output rate that is equal to its input rate. The
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RCL is relatively generic and therefore also works for subsystems and subgroups of

parts assuming that they meet these conditions. In particular, this can be used to

extend the Little's law [5] to many circumstances including those occurring in the

manufacturing environments. Based on Whitt's [6] and Little and Graves' [7] work, it is

clear that Little’s law applies not only to any flexible line –given that they hold a limited

number of platens– but also to the different products moving through the line. This

allows for an estimation of the amount of WIP in the system at any given time.

As compiled by Shamsur [8], the Theory of Constraints (TOC) has become "an overall

theory for running an organisation" [9]. While originated as a management theory, TOC

has since been applied to manufacturing environments in the form of a series of

principles based on the drum-buffer-rope methodology (DBR) [10]. The underlying

principle, in relation to this project, is that time or resources invested in improving non-

bottleneck operations is not transferred to throughput levels. Golmohammadi and

Ghazanfari [11] note that “most of the literature research has applied TOC concepts

and rules for very simple process flow” and set out to apply TOC principles, with the aid

of simulation, to production planning in an automobile environment. In addition to that,

Umble et al [12] also described practical applications of TOC to a real world production

situation.

Part of the complexity in the camshaft production line studied at Ford Valencia is

related to the fact that the line is a closed loop network using complex Material

Handling Systems (MHSs) that connect the workstations. MHSs are usually made of

platens moving along the conveyors and the routing logic used to control these

conveyors can significantly impact the output rates. There is a vast body of literature

that examines the rule by which such systems are governed. For example, Sanchez-

Salmeron et al [13] examined some of the issues surrounding the use of carrier and

conveyor logic while Bozer and Hsieh [14] developed a methodology to estimate
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waiting times and WIP in closed-loop conveyors. They further developed this research

by including the risk of blockages and recirculation in their analytical model [15].

Gershwin and Werner [16] presented an analytical method to evaluate production rate

and distribution of work-in progress in a closed-loop network with finite buffers and

unreliable machines. Starvation and blockage of machines in closed-loop networks

have been studied in the transitory and steady states by Resano and Luis [17].

However, multiple-loop MHSs do not seem to receive the same attention as their

single-loop counterparts in the literature.

The constant work-in-process (CONWIP) technique [18] has been implemented by Ip

et al [19] in both single-loop and multiple-loop systems, although their research did not

specifically mention MHS. Raman et al [20] proposed an analytical approach to

determine the quantity of material handling equipment (MHE) required for effective

handling of products among facilities. However, this does not dwell on how the loops

interact with each other in multiple-loop MHS. Jain [21] provides a useful analytical

method for estimating adequate buffer sizes. Once again, however, this does not

account for the system as a whole as the interactions between conveyor loops are

omitted.

One of the advantages of computer simulation application is the possibility to analyse

various what-if scenarios before committing to the physical modification to the system

[22] and consequently simulation techniques to aid investment decision making have

been topical research in manufacturing for some time. Omar et al [23], for instance,

applied simulation to evaluate two design options of a high-speed machining transfer

line in order to maximise the productivity of the line. Simulation has also been used by

Wang et al [24] to compare the performance of an assembly line operated with fixed

workers on static workstations and with moving workers along the assembly line. In a

slightly different context, Chatha and Weston [25] enhanced the decision support



8

framework by combining simulation with systems thinking and demonstrated the

concept to support management decision in designing manufacturing enterprises.

Whilst various analytical methods exist in the body of knowledge, the problem related

to productivity optimisation of a closed-loop network involving many unreliable

machines and finite buffers remains practically challenging. It is therefore the aim of the

work described in this paper to make use of simulation modelling to study and assess

the performance of the camshaft production line at Ford Valencia.

4. Methodology

The basic simulation model used in this study was built by Papare [26] using a

combination of Witness
®

(a discrete-event simulation package) and the Ford's

proprietary secondary user interface. The model was first built according to the CAD

layout of the factory. This is a very crucial requirement that such a model should

resemble reality, i.e. the actual line layout. Ford’s proprietary user interface has been

programmed in such as way that the model can be generated automatically, allowing

non simulation experts (i.e. manufacturing engineers) to quickly build the model with

minimal knowledge of Witness
®
. Figure 2 shows a screenshot1 of the simulation model

showing Area 100 in Figure 1.

<Insert Figure 2 here>

Figure 2: Screenshot of the simulation model

Significant modifications and updates have been made to this model to ensure that it

represented the current state of the camshaft line at Ford Valencia. These changes

primarily involved machine allocation logic and the implementation of a new platen

management system that maintained a number of mobile buffers throughout the line.

1
Due to the size the model, only part of the whole model can be presented here
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Additional work focused on the development of relevant machine breakdown

distributions. Breakdown data was obtained from Ford's global machine monitoring

system (known as POSmon) for the period of the study. This raw data which was then

further processed and a breakdown distribution, which specified the Mean Time

Between Failures (MTBF) and the Mean Time To Repair (MTTR), was developed for

each machine on the line.

The purpose of this, and other modifications, is obviously to assemble an accurate

digital representation of the actual camshaft line. Only such a validated model could be

used as the basis for experimentation. Traditionally, statistical validation of this basic

model would come through a comparison with the actual line. To this end, output

figures for the line were obtained for approximately 3 months (the same months were

used when collecting breakdown data). Based on this data, throughput was calculated

for each shift and a distribution of the actual line’s output was obtained. The application

of Mann-Whitney and Levene tests [27, 28] allowed for a statistical comparison

between the actual line’s throughput and the model’s throughput.

Development of a validated model allows for experimentation to determine the areas

for investment on the camshaft production line. A number of potential scenarios were

proposed in agreement with Ford Valencia’s management team, and subjected to a

simple hypothesis testing. In one particular case, i.e. determining the optimum platen

numbers, sensitivity testing was employed to evaluate the impact that changing a

single variable (distribution of platens) had on a number of different areas.

5. Experimentation

A series of experiments were conducted using the updated simulation model. The first

experiment outlines the process used to validate the model. This is then followed by an

experiment detailing the addition of minor improvements to the operation of the line.
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Further experiments study the impact of changing platen distributions and batch sizes

to the line’s performance, especially the utilisation of machines in some key operations.

The subsequent experiments focus on investigation of the Ecoboost transition by

mixing the production of existing camshafts with Ecoboost camshaft, or by producing

entirely Ecoboost camshafts.

All the experiments carried out were run for at least 30 days with a warm-up period of

two days. These were selected on the basis of previous simulation model and the

results can be said to represent normal (i.e. steady-state) conditions. Data was

collected each shift with two shifts per day of 7.5 hrs each. The key performance

measure in each experiment is the throughput. This is expressed as jobs per hour

(JPH), i.e. the number of completed camshaft pairs leaving the line every hour.

5.1 Experiment 0 – Model Validation

Objective

The purpose of this experiment was to validate the simulation model by demonstrating

that it produces an output distribution statistically similar to that of the Valencia

camshaft line. This would provide confidence that the developed model is accurate and

can be used as the basis for further experiments.

Method

This experiment concerns with a comparison of simulation model with the actual line

using a 3 month historical data, a sufficient period for which relevant output and

breakdown data is readily available. Breakdown data was converted into distributions

and entered into the model, while output figures were used to calculate the JPH of the

line for over 70 shifts.
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The model itself, logically configured to resemble Ford Valencia’s capacity during the

period of the project, was run for a simulated time of over 100 shifts in addition to a

warm-up period of 4 shifts. The latter was determined using an in-house statistical tool.

Batch sizes and inputs into the model were derived from the output figures for the

period; most notably these involved three non-Ecoboost engine models. The number of

platens available to the system was held at historical levels.

Results

With the data collected, it was possible to compare the throughput of the simulated

model with that of the actual line. In this case, both the average rate of throughput and

its spread were calculated and compared. The latter applied the principles of Mann-

Whitney and Levene tests to statistically contrast the systems. From Figure 3, it can be

seen that the output distributions from both systems are broadly similar. It was also

apparent that the output of the simulation model was not statistically distinct from that

of the actual line. This lends validity to the model and permitted its use in further

experimentation.

<Insert Figure 3 here>

Figure 3: Comparison between the actual and simulated output distributions

5.2 Experiment 1 – Improved Model

Objective

The validated model, as described above, represents the Valencia line as it was in the

period when the breakdown data was collected. Since then, a number of improvements

have been made to the line. These recent changes are not always used and there is no

satisfactory data available as to their impact, but it is necessary to model their

introduction and potential impact on throughput. This experiment will therefore
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establish the impact of these changes and provide a base model for use in later

experimentation.

Method

This experiment is concerned with three distinct changes to the production line:

1) The introduction of a bypass mechanism that allows empty platens to proceed

directly from the elevated area to OP30. This shortens the time empty platens

spend travelling through the line.

2) The use of conveyor control logic near OP43 that prevents unneeded empty

platens from moving towards OP50. This, again, is intended to increase the rate

of empty platens serving OP30.

3) An additional loop that keeps parts in the area of OP77 if they have not been

processed by that operation but need to be. Given that OP77 is used

exclusively by Ecoboost camshafts, which are not yet running in this model, the

logic of this improvement was verified through testing but its impact was not

evaluated.

Each individual improvement was made to the validated basic model and their impact

gauged in terms of throughput and the time empty platens take to return to OP30 from

OP100. The input profile (in terms of batches and engine models) remained the same

as in the previous experiment. Similarly, platen numbers remained unchanged at the

default level.

Results

As shown in Table 2, these improvements to the model increase the JPH. Individually

the addition of both the bypass and the platen logic (as noted, the loop at OP77 is only
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used in an Ecoboost environment) are beneficial but when used together, they lead to

a throughput increase of 7.14% from the basic model validated in Experiment 0 (see

Figure 3). This is reflected in the finding that the addition of the elevator bypass

reduces the time needed for an empty platen to return to OP30 (from OP100) by 68%.

These improvements are integrated into the subsequent experiments detailed below.

<Insert Table 2 here>

5.3 Experiment 2 – Platen Numbers and Distribution

Objective

As noted before, the distribution of platens on the line forms an additional constraint on

the system. Based on the current production environment, incorporating the

improvements introduced in Experiment 1 above, this experiment examines the degree

to which the output of the system is influenced by platen constraints.

Method

For the purposes of maintaining a desired platen distribution, the camshaft line can be

divided into six areas. Each of these has a set number of platens allocated to it and,

within a degree of flexibility, an area will not allow a platen to exit or enter if it has

exceeded its minimum or maximum platen limits respectively.

Changing these numbers can impact on the line’s output but there is obviously an

extremely wide variety of possible platen configurations. A sensitivity analysis was

conducted to discover in which areas an increase in platen numbers was most

beneficial. Based on these observations, and some further testing, the system was run

with the platen configuration listed in Table 3.

<Insert Table 3 here>

Results
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The change in throughput noted from this platen configuration was an increase of 2.3%

on the result achieved in Experiment 1. It can be concluded from this both that platen

numbers do have an impact on throughput levels and that the default platen

configuration used in Ford Valencia is a constraining factor. An increase in platen

numbers in some areas does, based on the simulation analysis, lead to an increase in

the output rate. There is a balance to be struck, however, as the sensitivity analysis in

Table 4 indicates, and an increase of platens in one area may be complemented by an

increase in another. Similarly, the impact of platen numbers is not identical across the

line but varies from area to area. An optimum distribution will therefore

increase/decrease platen numbers in more than one area. The results shown in Table

4 will build on the validated model from Experiment 0.

<Insert Table 4 here>

5.4 Experiment 3 – Batch Sizes

Objective

This experiment looks to quantify the impact of changing batch sizes on throughput.

This is of particular importance given the allocation of machines at OP20 and concerns

that this could be a limiting factor on production. By using smaller batch sizes, it is

hoped to increase the equipment utilisation at this operation and thus increase

throughput.

Method

The key variable in this experiment is the size of the batches employed. Three

separate runs were staged with the batch size being set to 250, 150, and 50

respectively. Platen numbers were as default and the input profile remained as current

(i.e., non-Ecoboost engine models). The results were then compared to those of

Experiment 1.
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Results

Table 5 below compares the change in JPH to the results obtained in Experiment 1. In

the latter, the batch sizes varied according to the historical data instead of being rigidly

uniform. As can be seen, changing the batch sizes cannot be said to produce any

major changes in the throughput of the line.

<Insert Table 5 here>

Nor is there any significant difference between the batch sizes. The smaller option

(batch size of 50) does produce a marginally higher JPH than that of 250 but not

noticeably so. While it may be worthwhile to employ a smaller batch size in future, this

should not lead, on the basis of this simulation, to any major productivity gains. To a

large extent, the flexibility of the line to manufacture different camshaft derivatives is

supported by the automatic machine changeover allowing smaller batch sizes to be

introduced without compromising the performance of the line. In fact, during the

transition between certain derivatives, the line is also capable of processing both

derivatives in parallel, especially on critical operations, which means increasing the

capacity of the machines.

5.5 Experiment 4a – Product Mix

Objective

Currently, batches on the camshaft line are comprised entirely of one engine model,

e.g. an intake and an exhaust (at a 1:1 ratio) for a 2.0L VVT engine. One possible

strategy for introducing the Ecoboost engines into the line is to decouple these inputs

into the line. This may increase capacity through more efficient utilisation of critical

machines. The experiment to test this is outlined below.

Method



16

This experiment concern with running the line with four different derivatives arranged in

the combinations 3-2 and 1-4 (as opposed to the traditional 3-4 and 1-2 arrangement).

It is notable that derivatives 1 and 2, an intake and exhaust respectively, are Ecoboost

components. The model was configured to produce this pattern and some minor

changes, as suggested by Ford Valencia, were made to the routing logic at OP20 and

OP50. Batch sizes were set to 250 and platen numbers remained unchanged.

Results

The performance witnessed during this experiment was not too impressive. Average

hourly throughput actually dropped significantly by 29.48% when compared to that

achieved in Experiment 1. On examination, it was found that the major constraint was

the distribution of platens between OP30 and OP43. The latter operation is used only

by Ecoboost derivatives but if starved by platens then it may bring production to a halt.

Conversely, oversupplying OP43 risks reducing the output of OP30 and thus

contributes to a lower JPH. This is a problem that is addressed in the next experiment.

5.6 Experiment 4b – Improved Product Mix

Objective

It was felt that the above experiment was constrained by an additional and unforeseen

factor, i.e. the problems of balancing platen numbers between OP30 and OP40.

Addressing the issues raised above will allow for a more accurate appraisal as to

whether changing the product mix of the line will produce a higher JPH.

Method

The base setup of the model remains the same as that of Experiment 4a with two

changes. Additional routing logic was applied to OP30 in an attempt to balance the

needs of this operation with that of OP43. In addition, the number of platens in use was
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increased across the areas, from 100 to 600, to that of Experiment 2. Each of these

improvements was applied separately and then finally in combination.

Results

Table 6 compares the throughput rate to previous experiments. Most obviously the

combined changes to platen numbers and routing logic lead a considerable increase

on that achieved by Experiment 4a. That the JPH is comparable to that of Experiment 1

suggests that mixing the inputs into the line is a valid method of transitioning towards

an all-Ecoboost environment with no loss of output.

<Insert Table 6 here>

5.7 Experiment 5 – Ecoboost Current Production Line

Objective

This experiment examines the possibility of switching over to Ecoboost production

without making any investment in changing the line’s logic or capacity.

Method

The model required few changes for this experiment. The basic setup remained

essentially that of Experiment 1 with platen numbers unchanged from the default. The

only difference in this scenario is the inputs; only the Ecoboost camshafts were

admitted to the model. This allowed for a study of major constraints and bottlenecks

that may impact on the new production schedule. A second experiment was then run

that incorporated the improvements made to the platen routing logic in Experiment 5.

Results

The major finding of this experiment is that populating the line with Ecoboost

derivatives led to a 38.89% decrease in JPH compared to Experiment 1 (see Table 7).
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This is obviously a very significant drop in productivity. Crucially, the addition of logic to

balance the platen demands of OP30 and OP43 does not lead to any notable increase

in throughput. It can be concluded then that the cause of the low performance of the

previous experiment was due to other factors. This indicates that the real problem lies

in the allocation of machines and their ability to process components. What limits the

output in this case is not the platen numbers but instead the machine capacity.

<Insert Table 7 here>

5.8 Experiment 6 – Ecoboost Upgraded Production Line

Objective

Given the machine constraints identified above in Experiment 5, alterations to the logic

of bottleneck operations are necessary if Ecoboost camshafts are to be produced at

current throughput levels. What follows is an evaluation of one future scenario

identified by Ford Valencia in which the capacity of two bottleneck operations (OP20

and OP50) has been increased.

Method

Ford plans for the camshaft production line to be dedicated to Ecoboost products. This

includes significant changes to the machine allocation logic at OP20 and OP50 – two

key areas of the line. The model used for this experiment reflects these changes with a

new machine configuration used for these two operations. There were three major

scenarios examined in this experiment:

1. Changing the machine allocation logic in OP20 and OP50 but leaving the model

otherwise unchanged.

2. Changing the machine allocation logic in OP20 and OP50 and improving the

routing platen logic.
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3. Improving the routing platen logic but only changing the machine allocation logic

in OP20. This would allow for an analysis as to whether OP20 or OP50 was the

critical bottleneck.

Results

Compared to previous throughput levels achieved (see Table 8), this line configuration

produces some interesting results. Without improving the platen routing logic, the JPH

is inferior to Experiment 1 but is still markedly superior to that of the previous

experiment. This suggests that investment in improving the logic of OP20 and OP50 is

of some benefits gained in full Ecoboost production. The addition of routing logic leads

to a further improved performance over the previous scenario by 9.51%. Output is still

slightly lower than that of the current line but not significantly so.

Finally, it can be seen that investing solely in retooling OP20 is of little use as

throughput remains around levels noted in Experiment 5. This strongly indicates that

OP50 is the bottleneck operation; a deduction borne out by observations made during

the experiment where this operation was working at effectively 100% capacity.

<Insert Table 8 here>

6. Discussion

Using the simulation model of the camshaft production line at Ford Valencia allowed for

an investigation into where future investment could have the greatest impact in this

production system. Section 5 details the various experiments that were carried out into

both potential improvements to the current production line and possible approaches

towards introducing full Ecoboost production. The results of these experiments, under

those headings, are further elaborated on below.
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6.1 Improvements to Current Line

The first major group of experiments revolve around potential improvements to the

existing production line. They can be applied to a future all-Ecoboost environment but

are primarily concerned with the system as it is. In particular, some additions to the line

–such as the elevator bypass and additional platen routing logic– are already present,

but not fully utilised. Both improvements are intended to channel empty platens back to

where they are needed and thus reduce the amount of time a platen is not contributing

to the flow of material through the system. The time that empty platens spend

circulating through the line was decreased by over 30%. The introduction of these

features leads to a significant 7.14% increase in throughput. If a comparison with a

future Ecoboost scenario is to be meaningful then it is this system that results must be

compared against.

Other system variables examined include the number of platens on the line and their

distribution across various sub-areas. Altering this configuration produced a throughput

increase of over 2% but there remains scope for further refinement in this area. What is

worth noting is that this provides an additional constraint on the throughput of the

system. Changing the distribution of platen numbers alters the flow of parts on the line

by permitting additional parts to circulate in critical areas. An increase in platens in one

particular area (such as area 200) can be of considerably more benefit than increasing

the number in another. Conversely, too many platens in one area can cause blockages

in the line. An optimum distribution of platens may require increasing numbers across

several areas.

Changing batch sizes is a slightly different way of tackling a similar problem. The

allocation of machines in some areas can be restrictive when dealing with a

combination of two or more engine models. The cause of this is technical constraints

that limit the number of machines available to process intakes for different engines.
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Smaller batches would therefore distribute this load over more machines. Indeed, it

was found that there was a productivity gain of 0.94% from decreasing the batch size.

Unlike the platen numbers, this would not be an issue in an all-Ecoboost environment

but can be of use when designing the transition to this. Machine allocation at critical

operations must be carefully managed when the Ecoboost engine is introduced to the

line in significant numbers.

6.2 Ecoboost Transition

On establishing a benchmark figure and studying the impact of various factors on the

line, it is possible to examine the transition of the Valencia camshaft line to full

Ecoboost production. This was done so in a number of experiments which propose

three distinct scenarios –a transition period in which the inputs into the line are

purposefully mixed; the running of the Ecoboost engine on an unchanged current line;

and the introduction of the Ecoboost engine with revised machine allocation at

bottleneck operations. These experiments and their results are analysed below.

6.2.1 Changing Product Mix

A key constraint on introducing Ecoboost derivatives into full scale production is the

capacity of the operations currently employed on the line. Only a selection of machines

is capable, without technical retooling, of processing the new camshaft models; this in

turn may reduce the capacity of Ecoboost production. This is studied in more detail

below but one proposed solution to this problem during the transition phase, when

production of other engine models must also be maintained, is in changing the product

mix on the line. Currently camshafts are produced as per engine type but this new

strategy would deliberately manufacture an intake from one engine alongside and

exhaust of another. The expectation is that this would increase line capacity by

increasing the number of machines in use at any moment.
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As can be seen from the experiments, the initial results did not bear this expectation

out. Most notably, line throughput dropped by 29.48%. Closer examination, however,

suggested that the major cause of this decline was not directly related to the mix of

products but rather related to the introduction of the Ecoboost parts into the line. It

became apparent that there was a potentially serious problem with the allocation of

platens between two operations. If the correct balance is not struck between these

areas, then one could potentially starve the latter with a resultant drop in throughput.

This is a problem that has been encountered, on a smaller scale, in the actual line

during Ecoboost test runs. Potential solutions to this constraint were identified in

changing the routing logic that governed the flow of platens between these machines

and increasing the number of available platens in the area. When the experiment was

repeated with these alterations in place a significantly higher throughput was observed.

Compared to the output achieved from the initial experiment, the addition of these

improvements produced an output rate that was almost identical (difference of 0.15%)

to that obtained from the current production line. This indicates that changing the

product mix going into the line is a viable strategy for introducing Ecoboost components

during the transition phase. There is key disclaimer, however, in that this must be

accompanied by the investment needed to implement the improvements identified in

the platen routing and numbers. The latter will be a constant issue when looking to

produce Ecoboost camshafts and is also applicable to the other experiments that

involve this.

6.2.2 Ecoboost: No Investment

The ideal scenario for Ford Valencia is the transition to an all-Ecoboost environment

without requiring significant investment or alterations to the existing production line.

Experiment 6 tested whether this was feasible by loading only Ecoboost derivatives

and without making any changes to the logic or machine allocation on the line. The
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results were not impressive with a 38.89% drop in throughput when compared to

current production. Further experimentation and investigation proved that this fall was

not due to a lack of potential improvements in platen use (whether numbers or routing

logic) but stemmed from capacity constraints at bottleneck operations. Changes to

platen logic or numbers had a negligible impact on output rate. Any attempt to

simultaneously run two Ecoboost derivatives (intake and exhaust) on an unchanged

line will encounter this limit on throughput. Increasing the output rate requires either

mixing the product mix on the line (thus avoiding a scenario in which both Ecoboost

intakes and exhausts are being processed at the same time) or retooling a number of

machines in these key operations to increase the capacity to produce Ecoboost

components.

6.2.3 Ecoboost: Investment in Key Operations

On establishing that further investment was required to maintain throughput while

moving to full Ecoboost production, it is necessary to examine the impact of investing in

key operations. One possible scenario is that in which identified bottleneck operations

have been substantially retooled to increase their throughput capacity. These changes

allow for the dedication of additional machines to the production of the Ecoboost

engine. As such, this scenario represents the final stage of the transition process.

As it can be seen from the results, investment in these operations does have an

obvious impact on throughput. Output rate rose by upwards of 20% on the result

achieved without retooling as capacity in these key areas is increased. Investment in

these bottleneck operations can therefore be seen as a prerequisite for transitioning to

full Ecoboost production while maintaining output rates. When further improvements

are made to the platen distribution and routing logic, the throughput of this all-Ecoboost

line increases to within 1% of the level witnessed with the improved current line. To put

this in perspective, it is still slightly higher than the production rate of the current line
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(which does not fully utilise the improvements introduced in the model) and it can be

expected that further experimentation with platen numbers can yield further

improvement. This strongly suggests that with the right investment in the right areas it

is possible to move to an all-Ecoboost environment while maintaining throughput

levels.

A further question is just where the impact of investment is mostly keenly felt.

Increasing the capacity of bottleneck operations is, as noted above, is essential but

retooling machines on this scale is a costly enterprise. A further experiment therefore

examines the throughput levels that can be obtained from retooling one operation or

the other and notes which operation would provide the greater return on investment.

This identifies the major bottleneck operation and that an increase in capacity here is

essential for moving to Ecoboost production.

7. Conclusion

The camshaft line at Ford Valencia is a complex manufacturing environment in which

throughput is limited both by machine capacity and constraints introduced by the finite

number of platens on the line. Addressing these areas can potentially lead to increases

in the output rate when meeting both the current demand profile and when making the

transition to full Ecoboost production. Reducing the average batch size can benefit

production through increased machine utilisation in key operations. Similarly by

increasing the number of platens on the line or redistributing the existing ones may

reduce the impact of this constraint by easing the flow of parts throughout the line.

Other ways of managing the use of platens are already in place on the line, in

particular, the use of an elevator bypass and an additional conveyor loop can

dramatically reduce platen travelling time. Further investigation into these features is
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recommended. Their impact is beneficial both for the current and the planned Ecoboost

production operation environments.

With respect to this transition to the Ecoboost, three distinct scenarios have been

examined. All three were found to face the same issue with balancing platens between

operations. This is a problem caused by the introduction of Ecoboost camshafts, which

require a unique grinding operation, into the line on any scale. The simulation model

was modified with additional conveyor logic and platens in order to overcome this

constraint. This is an area that must be addressed when the new engine model is

introduced in the actual line.

When using the above logic, however, it is possible, based on the simulation model, to

make a smooth transition to the new production environment while maintaining

throughput. It has been identified that investment in retooling key operations

(particularly OP50) is of critical importance when running the line with only Ecoboost

parts. Full Ecoboost production therefore requires that there be investment in

increasing the capacity of these bottleneck operations. With these improvements in

place, the simulation model was found to come close to matching current throughput

levels. It is expected that further work in these areas, particularly platen distribution and

routing logic, could further increase the output rate.

One observation made throughout the experimentation process was that none of the

above changes led to an imbalance in the ratio of engine intakes/exhausts being

produced from the line. Local imbalances were observed at certain points but in each

experiment the final output was split almost evenly between intake and exhaust. Initial

concerns expressed regarding an unbalanced line can be attributed to observations in

one local area and/or actions taken to correct any perceived imbalance.
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From the above, it is apparent that it is possible to move to full Ecoboost production

while maintaining current throughput levels. This is, however, dependent on investment

in two key areas: the routing logic used for handling Ecoboost platens and the retooling

of two bottleneck operations to increase their capacity. Further increases in throughput

can also be secured through work with changing the distribution of platens throughout

the line. Investment in these areas will aid in securing Ford Valencia’s smooth

transition to the production of the new Ecoboost engines.

This project has produced a validated simulation model of the camshaft production line.

Nonetheless, as Ecoboost components require a unique machining process which

could cause conflict with other operations, further investigation is required to develop

new conveyor control to manage the interaction of these operations.

From the research point of view, the problem related to productivity optimisation of a

closed-loop network involving unreliable machines and finite buffers is known as the

non-deterministic polynomial-time (NP) hard, which is difficult to solve analytically.

Therefore, despite the various methods exist in the literature, this study has

demonstrated that simulation remains a favourable technique used in industry.

Furthermore, simulation combined with optimisation can be used to obtain near-optimal

solutions for practical problems in large and complex model in a relatively short time.

The work of Vitanov et al [29] is an example of such technique.

8. Acknowledgement

The authors are grateful for the support given by the Ford’s Valencia Engine Plant, in

particular Mr Eduardo Guillamon and Mr Eduardo Sanchis. The authors also thank the

referees for their constructive comments to improve this paper.



27

9. REFERENCES

[1] Ladbrook, J. and Januszczak, A., (2001), Ford’s Power Train Operations:

Changing the Simulation Environment, In The Proceedings of the 2001 Winter

Simulation Conference, Eds: Peters, B.A. et al, pp. 863-869

[2] Ulgen, O.M. and Uperdram, S., (1997), Productivity Simulation in the Automotive

Environment, In Simulators International XIV: Proceedings of the 1997 Simulation

Multiconference, Eds: Ades, M. and Fray, R., pp. 199-204

[3] Chai, K.H., Yap, C.M. and Pellerin, M. (2009), Manufacturing capability network:

a case study on production allocation decision in the pharmaceutical industry,

Proc. IMechE Part B: Journal of Engineering Manufacture, Vol 223, pp 885-903

[4] Miyazawa, M., (1983), The Derivation of Invariance Relations in Complex

Queueing Systems with Stationary Inputs, Advances in Applied Probability, Vol.

15, pp. 874-885

[5] Little, J.D.C, (1961), A Proof of the Queuing Formula L = λ W, Operations 

Research, Vol 9 (3), pp. 383-387

[6] Whitt, W., (1991), A Review of L = λ W and Extensions, Queuing Systems, Vol. 9 

(3), pp. 235-268

[7] Little, J.D.C. and Graves, T.J., (2008), Little’s Law, In Building Intuition, Springer

US

[8] Shamsur, R., (1998), Theory of Constraints: A Review of the Philosophy and its

Applications, International Journal of Operations and Production Management,

Vol 18 (4), 336–355.

[9] Goldratt, E.M., (1987), Essays on the Theory of Constraints, North River Press



28

[10] Goldratt, E.M., and Cox, J., (1984), The Goal: A Process of Ongoing

Improvement, North River Press

[11] Golmohammadi, D. and Ghazanfari, M., (2009), Material Planning Under Theory

of Constraints, In Production and Operations Management Society 20th Annual

Conference, May 2009, Orlando, USA

[12] Umble, M., Umble, E. and Murakami, S., (2006), Implementing Theory of

Constraints in a Traditional Japanese Manufacturing Environment: The Case of

Hitachi Tool Engineering, International Journal of Production Research, Vol. 44

(10), pp. 1863–1880

[13] Sanchez-Salmeron, A.J., Lopez-Tarazon, R., Guzman-Diana., R and Ricolfe-

Viala, C. (2010), An Inter-Machine Material Handling System for Micro-

Manufacturing Based on Using a Standard Carrier, International Journal of

Advanced Manufacturing Technology, Vol 47 (9), pp. 937-943

[14] Bozer, Y.A. and Hsieh, Y.J., (2004), Expected Waiting Times at Loading Stations

in Discrete-Space Closed-Loop Conveyors, European Journal of Operational

Research, Vol. 155, pp. 516-532

[15] Hsieh, Y.J. and Bozer, Y.A. (2005), Analytical Modelling of Closed-Loop

Conveyors with Load Recirculation, Computational Science and Its Applications –

ICCSA 2005, pp. 437-447

[16] Gershwin, S.B. and Werner, L.M. (2007), An Approximate analytical method for

evaluating the performance of closed-loop flow systems with unreliable machines

and finite buffers, International Journal of Production Research, Vol. 45, No. 14,

pp. 3085-3111



29

[17] Resano, L.R. and Luis, C.J.P., (2009), Dynamic Analysis of an Automobile

Assembly Line Considering Starving and Blocking, Robotics and Computer

Integrated Manufacturing, Vol 25(2), pp. 271-279

[18] Hopp, W. and Spearman, M., (2000), Factory Physics, McGraw-Hill

[19] Ip, W.H., Huang, M., Yun, K.L., Dingwei, W. and Xingwei, W., (2007), CONWIP

Based Control of a Lamp Assembly Production Line, Journal of Intelligent

Manufacturing, pp. 261-271

[20] Raman, D., Nagalingam, S.V., Gurd, B.W., Lin, G.C.I., (2009), Quantity of

Material Handling Equipment - A Queueing Theory Based Approach, Robotics

and Computer Integrated Manufacturing, Vol 25(2), pp. 348-357

[21] Jain, S. (2010), WIP Inventory Optimization and Tracking in Discrete Product

Manufacturing System, SAE 2010 World Congress & Exhibition, April 2010,

Detroit, MI, USA, http://dx.doi.org/10.4271/2010-01-0399

[22] Chryssolouris, G., Mavrikios, D., Papakostas, N., Mourtzis, D., Michalos, G. and

Georgoulias, K. (2009), Digital manufacturing: history, perspectives, and outlook.

Proc. IMechE, Part B: Journal of Engineering Manufacture, Vol 223, pp 451-462

[23] Omar, M., Hussain, K. and Wright, S. (1999), Simulation Study of an Agile High-

Speed Machining System for Automotive Cylinder Heads, Proc. IMechE Part B:

Journal of Engineering Manufacture, Vol 213, pp 491-499

[24] Wang, Q, Owen, G.W. and Mileham, A.R. (2005), Comparison between Fixed-

and Walking-worker Assembly Line, Proc. IMechE Part B: Journal of Engineering

Manufacture, Vol 219, pp 845-848



30

[25] Chatha, K.A. and Weston, R.H. (2006), Combined Discrete-event Simulation and

Systems Thinking-based Framework for Management Decision-support, Proc.

IMechE Part B: Journal of Engineering Manufacture, Vol 220, pp 1969-1981

[26] Papare, K., (2009), Simulation Study of the Current Camshaft Production Line in

Valencia Engine Plant, MSc Thesis, University of Southampton

[27] Loh, W., (1987), Some Modifications of Levene’s Test of Variance Homogeneity,

Journal of Statistical Computation and Simulation, Vol. 28 (3), pp. 213-226

[28] Talwar, P.P. and Gentle, J.E., (1977), A Robust Test for the Homogeneity of

Scales, Journal of Statistical Computation and Simulation, Vol 6 (4), pp. 363-369

[29] Vitanov, I.V., Vitanov, V.I. and Harrison, D.K. (2009), Buffer capacity allocation

using ant colony optimisation algorithm, Proceedings of the 2009 Winter

Simulation Conference (WSC), 13-16 Dec. 2009, pp 3158-3168


