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Abstract

High-mix low-volume (HMLV) production systems are crucial for enabling mass customization
to meet diverse and rapidly changing customer demands. These systems require optimization
across various time scales to handle fluctuations in job mix and ensure robustness against
unforeseen changes, such as rush orders. Traditional scheduling techniques and commercial
tools often fall short in addressing the complexities of HMLV manufacturing, including
material changes, setup times, and job flexibility.

This report identifies a gap in systematically reasoning about HMLV manufacturing and
proposes new methodologies to analyze and optimize these systems. We address two
primary research questions: (1) How to specify HMLV production systems? and (2) How to
effectively allocate jobs to available equipment considering constraints and uncertainties?

Our findings highlight the importance of characterizing HMLV production systems using a
framework that incorporates flexibility across different time scales and operational levels. We
introduce a performance engineering methodology that leverages simulation models to
analyze loosely connected production systems and propose future enhancements, including
domain model generation and optimization for job allocation. This approach aims to improve
the efficiency and adaptability of HMLV production systems, ensuring they can meet the
demands of mass customization.
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1

Introduction

High-mix low-volume (HMLV) production systems are an important enabler for mass-
customization of products for different types of customers. Customer demands are changing
more rapidly over time and can differ quite significantly from each other. This poses
challenges in the production process, that needs to be optimized on various time scales
considering the varying job mix. For example, at a yearly time scale to deal with seasonality,
and at a monthly or daily time scale to deal with fluctuations in customer orders. Planning
and scheduling decisions need to be made continuously, and these should make the
production system robust to unforeseen changes (e.g., rush orders). The production system
also needs to have a high degree of flexibility to deal with the large variety of intermediate-
and end-products; i.e., resources like machines and operators that have various capabilities
and can deal with various materials.

It is challenging to use available commercial tooling and traditional scheduling techniques to
capture and reason about the complicated nature of HMLV manufacturing [1] [2]. Typical
challenging elements include accounting for the changes in materials being handled, the
setup times associated with changing between materials being processed, dealing with rush
jobs that must be squeezed in existing schedules, and accurately capturing the flexibility that
jobs can be processed using different machines or in different possible orders.

We observe that there is a gap to reason on HMLV manufacturing in a systematic way.
Analyzing and optimizing performance of HMLV production systems requires new
methodologies that explicitly consider the flexibility on different time scales and can predict
the impact of planning and scheduling decisions. In this report, we address this research gap,
by providing an answer to the following research questions:

) Research question 1: How to specify high-mix low-volume production systems?
) Research question 2: How to effectively allocate jobs to available equipment considering
job and equipment constraints and uncertainties?

In the remainder of the report, we introduce the background on the domain of HMLV
production systems in Chapter 2. Here, we also make the comparison between HMLV and low-
mix high-volume (LMHV) and describe the application domains of HMLV. Chapter 3 describes
the characteristics of HMLV production systems, and what metrics are currently available to
analyze their performance. We also describe the different types of decisions that need to be
made in planning and scheduling, and how to analyze HMLV production systems. Chapter 4
describes the first version of our performance engineering methodology for HMLV production
systems, building upon earlier work we conducted around modeling and analysis of
production lines. Chapter 5 concludes the report, reflecting on the research questions.
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2 High-mix low-volume
production systems

In this chapter, we present a background on HMLV production systems. We describe the HMLV
domain in Section 2.1 and in Section 2.2 why HMLV is gaining importance. In Section 2.3 we
describe how it contrasts to traditional low-mix high-volume production that focuses on
producing large amounts of the same product at a low cost. Section 2.4 describes some
application domains where high-mix low-volume is playing an important role.

2.1 High-mix low-volume

In modern manufacturing, where customization and flexibility have become increasingly
important, High-Mix Low-Volume (HMLV) systems have emerged as a strategic approach to
meet diverse customer demands efficiently. HMLV systems specialize in producing a wide
variety of products (high-mix) in smaller quantities (low-volume), in contrast to traditional
mass production systems that prioritize large quantities of identical products. HMLV
production environments focus on producing one-of-a-kind products or small batches of the
same product [3].

HMLYV systems can be considered considering the Product-Process Matrix, as defined by Hayes
and Wheelwright [4]. The matrix illustrates how certain types of production processes are
better suited for specific product-volume mixes. They show the continuum from highly
customized products produced in low volumes to standardized products produced in high
volume. If the volume and level of flexibility are not in line, then either there is more flexibility
than needed or less flexibility than needed, leading to a higher cost.

Table 2.1: Product Process Matrix by [4]. It shows how higher product volumes often go together with more
streamlined flow process structures. It also shows that off-diagonal configurations are (typically) not
economically feasible.

Product structure | Low Volume Low Volume High Volume Very High Volume
Unique Multiple Standardized Commodity
Process structure products products products products
Jumbled Flow Job shop More process flexibility than
Disconnected Line Flow Batch required, so higher cost

Connected Line Flow

Less process flexibility than Assembly line

Continuous Flow required, so higher cost Continuous

2.2 Mass customization as trend driving HMLV

High-mix low-volume closely links to the trend of mass customization, where the individual
needs of the customer are put first. Make-to-order (MTO) manufacturing [5] is closely related
to mass customization. With MTO, products are produced on demand, under a service license
agreement (SLA) that describes the due date for the order as well as the design and
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specifications of the products to be manufactured. One step closer to the customer is
engineer-to-order (ETO) [6], that also includes the design process. In ETO, a customer has
specific needs or a required concept, and from there a design is created together with the
manufacturing company. This can be in a tight collaboration, or by shifting design tools to the
customer, exposing the capabilities of the manufacturing process. For example, when
designing a custom photo album or a front plate for electronic equipment. Both for MTO, and
ETO, typically the product is produced in a low volume. This contrasts with make-to-stock,
where items are mass-produced to match inventory with forecasted demand.

2.3 Comparing HMLV and LMHV

The decision of whether to go for HMLV or low-mix high-volume (LMHV) production might be
influenced by the expected market approach in the application domain. For example, the
production of cheap products is typically done using LMHV production, whereas the
personalization is typically performed using HMLV production.

HMLV production has several strengths compared to LMHV production [7]:

} It allows for increased customizability of processes to meet specific customer demands,
enhancing customer satisfaction and enabling tailored solutions.

) The agile nature of HMLV production ensures that manufacturers can swiftly adapt to
changes and disruptions in supply chains, maintaining continuity and responsiveness.

) HMLV facilitates the decentralization of production processes, promoting supply chain
independence and enabling adaptation to country-specific requirements.

) HMLV production also optimizes space efficiency within production sites, as it requires less
room for large-scale production runs.

) HMLV supports late-stage customization, allowing for a diverse range of products to be
customized closer to the point of delivery, thereby reducing inventory costs and increasing
market responsiveness.

There are also various weaknesses compared to LMHV production:

) The costs per product are typically higher than in LMHV, as there are more frequent
changeovers and there is a reduced economy of scale.

) The processing times for products are typically longer than in LMHV, caused by the
repeated switching between the different jobs.

) Maintaining a consistent quality across a diverse product range is more difficult than
producing the same product in large quantities.

) Managing the supply chain, including inventory management and procurement, is much
more challenging, as there is a wide variety of parts and materials.

2.4 Application domains

HMLV manufacturing is found in various domains. Some examples where HMLV
manufacturing can be found a lot include:

) Printing domain: with customized packaging, labels, and promotional materials with
varying designs, sizes, and finishes to meet specific client requirements. Examples of
products are calendars, business cards, notebooks, booklets, labels, stickers, printed shirts,
mugs, and backpacks. The products can be fully unique, or produced in small batches, for
example a small batch of merchandise items.
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Personalized healthcare: including personalized medications and medical devices that are
tailored to the patient. Examples of medical devices include orthoses, protheses or ear
plugs. Each product is typically unique, made for a specific patient.

Pharmaceutical industry: using small-scale production lines that manufacture and
package small batches of medicine or medical products. For example, the sterile coating
of rubber products used in healthcare, assembly of syringes, packing products in blisters,
and adding tamper evidence solutions like tear-off edges to medical packaging.

Metal fabrication shops: producing customized make-to-order metal products, using
flexible welding, cutting, forming, and machining equipment.

Tool shops: producing tools, dies, and molds. For example, custom-made molds can be
produced for plastic injection molding, where each mold is designed to produce unique
parts with specific shapes and features. Tool shops may also produce bespoke cutting
tools, such as custom drill bits or milling cutters, designed to perform specific tasks or work
with materials in niche industrial applications.

Additive manufacturing: also known as 3D printing, to fabricate physical 3D objects based
on virtual 3D models. Typically, limited quantities are produced, for example spare parts,
products that cannot be produced by traditional CNC machines, or personalized products.
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3

3.1

Characterizing HMLV
production systems

In this chapter, we describe the typical characteristics of HMLV production systems. These
characteristics form an important ingredient to answer the first research question on how to
describe HMLV systems. Section 3.1 describes the characteristics of HMLV production systems.
The well-known framework of the 4M’s of manufacturing can be used as starting point to
structure the characterization of HMLV production systems, explained in Section 3.2. Section
3.3 describes the different types of flexibility that are key to produce a high variety of product
in small quantities. Section 3.4 explains the types of decisions that need to be made when
operating an HMLV production system. Section 3.5 explains how performance analysis can be
performed, considering the aspect of distinguishing element of flexibility in HMLV production
systems, and finally Section 3.6 explains how to give insight in the analysis results.

HMLV production system characteristics

HMLV production systems have specific characteristics to deal with unpredictable demand
and unpredictable changes in the product mix. Typically, HMLV production systems have
multi-functional machines and multi-skilled workers that are working on multiple jobs at the
same time and shifting their production methods frequently. Setup times and cycle times of
any operation may vary per job and may depend on the job sequence. These variations affect
performance, i.e., the produced output of the production system per time unit. To optimize
performance, jobs are often batched on the machines [8], and sometimes also share the
same material (e.g., the same metal or paper sheet), referred to as ganging [9]. These
strategies help to optimize performance of a set of jobs, for example of a whole shift. Note
that for individual products the cycle time might degrade, due to the buffering during the
production process. Another important factor when optimizing performance is the order in
which jobs are sequenced.

Consequently, we identify the following characteristics making HMLV production systems

complex:

) Multiple jobs will be processed at the same time, competing for shared resources like
operators and equipment, and each job might have their own routing through the
production system.

) The different operations inside a job may have precedence relations. Different jobs may
contain different operations and precedence relations between its operations. The
operations are not necessarily sequential, meaning that multiple operations of the same
job could run in parallel.

) Setup times and cycle times of any operation may vary per job. Setup times for operations
may also depend on the job sequence.

}  Due to low-volume orders, production is based on shorter runs, with setup times playing a
key role.
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3.2

3.3

Characterizing using the 4M’s

At a high level, a HMLV production system can be characterized using the 4 M’s of
manufacturing, just like any other manufacturing system. For each “M” characteristic, there
are specific performance aspects to consider. Later additions introduced 4 additional M’s
(Measurement, Mother Nature, Money, and Management System), but these are less
important from a manufacturing process perspective.

Table 3.1: The 4 M’s of manufacturing?

“M” characteristic | Description Performance aspects
1. Manpower Labor of people involved in delivering Efficiency of the operators
products and services for production
2. Machine Equipment, facilities, tools employed Usage and maintenance scheduling, avoiding
for production unnecessary downtime
3. Method Process, shipping, schedule, procedure | Products flow efficiently through the
production line, finished products quickly exit
the line
4. Material Raw materials, consumables, Raw materials are available, and parts and

components used to satisfy production | materials are close to the workstation, while
not overcrowding the operator.

Depending on the specific question(s), a HMLV production system model will describe each of
the four M’s (manpower, machine, method, material) in less or more detail. Typical aspects
that are modelled for each “M” characteristic for HMLV production systems are shown in Table
3.2.

Table 3.2: “M” characteristic modelling aspects

“M” characteristic ' Modelling aspects

Manpower Operators: skills, working schedules (shifts, working days, working times ...)

Machine Resource types, resource instances, capacity

Method Jobs, operations, operation dependencies, duration of operations, required resource
(type(s)), sequence-dependent setup times

Material Raw materials, intermediate products, consumables

Characterizing flexibility

A key characteristic of high-mix low-volume systems is having flexibility to deal with changes
in demand and product mix over time. An often-used definition of manufacturing flexibility is
given by Upton [10]: “the ability of a manufacturing system to change or react to changing
circumstances with little penalty in time, effort, cost or performance”. Note that there will
always be a penalty, as having flexibility to produce a variety of products costs in terms of an
increased delivery time, increased stock, or reduced production capacity. Flexibility types,
called dimensions, like process or machine flexibility, can be defined in terms of four attributes
[11]:

1. Range: the extension of the differences under a given dimension. The range increases if a

wider set of options or alternatives are possible.

1 https://leancommunity.org/4m-method-meaning/
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N

Resolution: how close are alternatives within the range of a given dimension.

3. Mobility: how easy it is to switch between alternatives under a given dimension. Mobility is
high if the transition penalties between different alternatives are low. For example,
whether it is easy to switch from performing one operation to another one.

4. Uniformity: how the system performance varies while moving within the range. A high

uniformity means that the performance (e.g., incurred cost or required resources) is similar

for different alternatives.

Figure 3.1 shows an illustration of the four flexibility attributes: range, resolution, mobility,
and uniformity.

m Low attribute value High attribute value

Range [ 1 [ 1
Resolution [x x x x x] [XXXXXXXXXXX]
10 10 25 40
Mobility [ x@x] [ x@x]
25 80
Uniformity [x X x] [x X x]
+/- ++ - + +

Figure 3.1: Illustration of the four flexibility attributes. An “x” is an alternative. Arrows with a number indicate
a switch between two alternatives with an associated transition penalty. Performance of an alternative is
scaled from - to ++, where -- represents low performance and ++ represents high performance.

Manufacturing flexibility encompasses a broad set of flexibility dimensions, that can be linked
to the 4 M’s introduced in the previous section. For example, labor flexibility links to manpower,
whether operators are trained to handle a wide range of tasks, and whether the company can
easily deploy additional staff and vary working hours.

The flexibility dimensions can be considered at different time scales and at different
operational levels, as shown in Figure 3.2. There are long-term effects, for example having
expansion flexibility to grow the company, or short-term effects, for example which machine
is used to produce a product item. The different forms of flexibility can also be considered at
different operational levels in the production environment. From a high company-level to the
low product-level. The figure captures the flexibility dimensions that are most often
considered in the context of manufacturing flexibility [12].
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3.4

Company-level =—— Factory-leve| m—  \Workstation-level ) Product-level
Short-term Routing flexibility Material handling flexibility Material flexibility

Modification Machine Operation
flexibility flexibility flexibility
Delivery .
flexibility Volume flexibility
Mix flexibility Process flexibility
Mid-term
[ New product flexibility ] [ Product flexibility ] [ Labor flexibility }

Production
flexibility

E
Long-term Expansion
flexibility

Figure 3.2: Flexibility elements on the short-, mid-, and long-term along the time axis, and at the company-,
factory-, workstation-, or product-level on the operational level axis. Adapted from [12].

Characterizing the levels of decision making

Decision making in manufacturing systems can be considered at different time scales.
Planning is often divided into three levels: strategic, tactical, and operational (see e.g., Chapter
14 in [13]). Strategic planning is long-term, focusing on developing strategies that form the
basis for tactical planning as well as operational planning. Typical questions involve deciding
on the products to offer, addressing market demands and determining the required factory
equipment as well as potentially outsourcing operations to other companies. Tactical planning
is mid-term, anticipating expected demand in a season or year, as well as what is required to
meet this demand. Operational planning is short-term and is about scheduling the equipment
and operators to ensure that incoming jobs are delivered on time.

On each level, there are various decisions that need to be made, based on the available
information. An overview with typical questions is shown in Figure 3.3.
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3.5

3.5.1
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Strategic level

Long-term
multi-year

Tactical level
Mid-term
yearly, monthly

Operational-level
Short-term
weekly, daily

-
Given a business strategy, what
production system to build?

What manufacturing
equipment to buy?

*  Where to place the
equipment?
What routes to allow between
the equipment?
What operations to outsource?

~
Given an expected customer

demand, which resources are
required in the upcoming period?

Which machines to (not) use?

How many/which operators to

hire with what skills?

How many shifts are needed?
¢ How much raw

materials/consumables etc. to

purchase?

\

Given a set of customer orders
and available resources, how to
allocate the corresponding job
operations to the resources?

+  Which machines/ operators/
materials to use per product/
part?

* In which order to perform
operations?

*  How to reallocate resources in
case of changing priorities and
due dates of orders?

* How to reallocate resources in
case of accepting a rush order?

External factors

*  Market demand
* Societal trends
Availability of skilled operators

External factors

Expected customer demand
Variations in the job mix
Availability of skilled operators
Operation cost of machines
Delays in material procurement

. s e s

External factors

*  Customer orders

* Incoming daily rush orders
Significant interruptions in
resource availability

Figure 3.3 Decision support on the three levels of production planning.

Characterizing performance

Execution

Performance of production systems in general is often characterized by overall equipment
effectiveness (OEE), discussed in Section 3.5.1. In Section 3.5.2, we consider the link between
OEE and flexibility, as flexibility negatively impacts OEE.

Overall Equipment Effectiveness

To measure the performance of HMLV systems, it is important to have Key Performance

Indicators (KPI) that quantify the performance. OEE is a well-known KPI, often used for

manufacturing systems in general. It relates the actual system performance to the

(theoretical) maximum performance, considering the aspects of availability, performance,

and quality:

) Availability: actual production time as percentage of the scheduled production time.

) Performance: actual produced output per time unit as percentage of the expected
output per time unit.

) Quality: non-defective output as percentage of the total output.

The OEE of a system is computed as the product of the availability rate AR, the performance
efficiency PE, and the quality rate QR: OEE = AR X PE X QR [14]. These ratios are computed
as follows:

} AR = =25 \where OT represents the system’s planned operation time, DT the

system’s delay time, and ST the system’s setup time.
) PE= PAOXTCT, where OT represents the system’s planned operation time, PA the produced
number of produced products, and CT the ideal cycle time per product.
) QR= PAP_ADA, where PA represents the produced number of products and DA the number

of defectives products produced.
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3.5.2

An OEE of 100% means that only good parts are produced (100% quality), at maximum speed
(100% performance), and without interruption (100% availability). If the OEE is not 100%,
then there are losses in one or multiple of the aspects. Table 3.3 lists the loss categories
associated to the OEE aspects, with typical examples of losses.

Table 3.3: OEE aspects and related losses.

(0] Loss categories Examples
Equipment failure, breakdown, unplanned maintenance, lack of
Availability Unplanned stops d p. P
materials
Planned stops Setup and adjustments, cleaning, planned maintenance
Performance Small stops Idling and minor stops, periodic cleaning
Operator inexperience, worn-out equipment, startup and shutdown at
Slow cycles )
lower production speed
Quality Production rejects Process defects, incorrect settings
Startup rejects Reduced yield, scrapping parts

OEE measurement methods focus on a single machine or production line instead of the whole
production system. They also do not differentiate between production effectiveness per
product in case the system produces multiple types of products. This makes it difficult to use
OEE to quantify and reason on productivity of a production system involving multiple
resources and multiple product types being produced.

Considering flexibility in OEE

As HMLV systems’ characteristics are different from traditional mass production systems’,

dedicated methods are needed to reason about these systems. Static metrics like OEE that

are used to analyze mass production systems are typically not suited to deal with the

variability, important role of setup times, and short jobs found in HMLV systems. OEE does not

consider flexibility of the production system. Dealing with a high product mix in low volumes

often even has a negative effect on OEE:

) Lower availability: as more set-ups are needed to produce different types of products.

) Lower performance: as runs are short, and the run-in, run-out behavior plays an
important role.

) Lower quality: as the increased impact of start-up defects leads to more frequent quality
issues.

A well-known principle is that “what you measure is what you get”, as for example is
articulated by historian H. Thomas Johnson: “Perhaps what you measure is what you get. More
likely, what you measure is all you’ll get. What you don’t (or can’t) measure is lost”. Therefore,
it is important to have the right characterization of HMLV systems, that also considers the
positive aspects of flexibility.

Van De Ginste [15] has introduced OEE-Flex as a KPI that is based on the aspects of flexibility.
OEE-Flex considers the effectiveness of equipment, linked to the aspects of mobility and
uniformity, and the capability to adapt, linked to the range aspect. The paper however does
not give a detailed description of how to compute OEE-Flex. Figure 3.4 shows the relationship
between the losses considered by OEE and OEE-Flex.
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To the best of our knowledge, there is no other related work on metrics with a dedicated focus
on HMLV systems.

Causes for losses
OEE OEE;,

Tooling adjustment

Availability

Cleaning

Planned maintenance

Setup

Breakdowns

Unplanned maintenance Ramp—up/down

Lack of materials

Startup

Performance Shutdown

Operator Inexperience

Material shortage/jams

Periodic quick cleaning

Inflexible equipment

Different product complexity

Quality Range

Incorrect settings

Handling errors

Scrap parts

Product-specific workstation

[ |
1 ]
[ |
L |
[
. |
[ 1
L I
I 1
| J
! |
[ J
[ 1
( J
| 1
| J
[ 1
L I
: Worn-out equipment I
[
| |
I
| !
]
| |
1
| |
[ 1
| |
I 1
| |
[ 1
L |
1
| !
1
| !

Custom products

Figure 3.4: Relationship between the aspects covered by OEE and the flexibility aspects covered by OEE-Flex.
Figure adapted from [15].

3.5.3 Metrics covering multiple machines

As discussed in the previous section, OEE is originally intended to analyze a single machine
running long batches of the same product. Over time, various extensions have been proposed
to focus on a factory scope, covering multiple machines or even an entire production facility,
instead of considering only a single machine. OFE and OTE are extensions proposed by
academia but seem to be not broadly adopted in industry. OPE and OAE are terms that are
claimed to be used more in industry but are not well-defined. Concluding, there does not seem
to be consensus on how to analyze productivity using commonly accepted metrics in contrast
to OEE which is broadly used and has a well-defined meaning.

Overall Factory Effectiveness (OFE) [16] OFE is used as term about integrating decisions and actions across
subsystems, ensuring that aspects like planned downtime and
setup time are synchronized. There is no consensus about the
actual metrics in literature for OFE [17].

Overall Throughput Effectiveness (OTE) Evaluate throughput effectiveness at a factory level, composed of
[18] series, parallel, assembly, and expansion subsystems. OTE is
defined as a generalization of OEE, focusing on the factory instead
of a single machine.
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Overall Production Effectiveness (OPE) Both terms are used to identify and measure losses with the overall

Overall Asset Effectiveness (OAE) production process. The terms are not used a lot in literature, but
one report indicates that they are used extensively in industry [17].
The specific elements or losses measured differ from between
industries.

3.6 Performance observability

After characterizing the performance of a HMLV production system, it is important to make
the performance insightful. Insights can be given for each of the four “M” characteristics,
described in Section 3.2. Table 3.4 shows typical analysis aspects for each of the four “M”
characteristics.

Table 3.4: “M” characteristic analysis aspects

“M” characteristic Typical analysis aspects / metrics?

Manpower Operators: not working, idle, working
Machine Resource state (e.g., off, on, idle, waiting, working), workload
Method Job schedule: start/finish time job, due date, early/lateness
Material Product location and state over time

Gantt charts are often used as visualization, for example focusing on the jobs being processed
over time, or the use of the resources:

e Gantt chart with jobs with time on the X-axis and jobs on the Y-axis, where blocks in
the Gantt chart are showing waiting time, or operations waiting or being executed.
Such a view is useful to analyze the total execution time of the job, and where and
how waiting time or execution time is being spent.

e Gantt chart with resources with time on the X-axis and resources (e.g., equipment
and operators) on the Y-axis, where blocks are operations, and could be colored based
on other properties like the corresponding job. Such a view is useful to analyze which
resources are the bottleneck, and the utilization of the resources in general.
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A

4.1

Performance engineering
for efficient decision
making

In Chapter 3, we explained how HMLV systems and their performance can be characterized.
In this chapter, we describe the first version of our performance engineering methodology for
modeling and analysis of HMLV production systems. Our focus is to make the right scheduling
decisions to effectively allocate jobs onto available equipment, considering job and equipment
constraints and uncertainties.

In Section 4.1, we present the previous work on modeling and analysis of tightly coupled
production lines. Section 4.2 presents our vision on how we want to extend the methodology
towards modeling and analysis of loosely coupled production lines. One of the key ingredients
is a simulation model, that can deal with the stochastic timing behavior and can simulate
different allocations of jobs onto available equipment. The structure of this model is described
in Section 4.3. An example model then given in Section 4.4 with the performance analysis
results described in Section 4.5.

Previous work on modeling and analysis of
production lines

The work presented in this chapter extends upon earlier work that focused on describing and
analyzing performance of individual tightly coupled production lines [19] [20], not yet
considering the flexibility in allocating jobs to different production lines, and only considering
fixed execution times when executing operations. Figure 4.1 gives an overview of the
approach, where design assistance is provided to analyze and optimize the planning of a
production line. The human operator captures the materials being handled, available
equipment, and the jobs that need to be processed in the domain model. The operator also
specifies the allocation which equipment is used for each job. From this domain model, a
constraint graph is generated. Such a graph captures the relative timing constraints between
start and/or end points of operations that need to be performed. This graph can be analyzed
to compute a scheduled, visualized as Gantt chart, showing the timing behavior of the
production line. Based on the Gantt chart, the human operator can identify bottlenecks and
determine how the planning could be improved. Then, a next design loop can be started by
adapting the model with the improvements and running the analysis again. The design
assistance will then help to determine whether the modification indeed leads to an
improvement in the production plan.
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4.2

planning optimization

Human operator =
‘ model

Domain model

tightly coupled systems start start

operation A operation C
Material end end
operation A operation C
generate analyze
Resource ‘ start start -

operation B operation D

Allocation ~end end
operation B operation D

Constraint graph of a production line

Figure 4.1: Performance analysis of individual production lines using the methodology described in [19].

The domain model used to model production lines links closely to the four M’s introduced in
Section 3.2, but is structured in a slightly different way:

Table 4.1: Mapping of the elements in [19].

Domain modeling element [19] | “M” characteristic

Material model Material, Method (available operations)

Job model Method

Equipment model Machine, Method (operations, sequence-dependent setup times), Manpower
Allocation model Does not directly relate to a characteristic, as it is a mapping of elements.

As can be observed from the table, this domain model makes an explicit distinction between
equipment and jobs, whereas in the 4 M’s, they are both part of the Method characteristic.
The reason for this is that the model is used to analyze different allocations and sequencings
of work to be done. Here, the allocation refers to which operations are executed by what
equipment or operators and sequencing refers to the order in which operations are executed
by the equipment or operators. Machine and Manpower are combined in this domain model,
as for both the only aspect of importance is which jobs the machines and operators can exe-
cute, discarding distinguishing aspects like skills or work schedules that apply only to opera-
tors.

Extension to loosely coupled production
lines

In this report we extend upon the previous work, by focusing not only on tightly coupled pro-
duction lines, but rather on manufacturing systems with multiple of such tightly coupled pro-
duction lines. These tightly coupled production lines are loosely coupled. This loose coupling
might be realized by buffers containing intermediate products, and by transportation by hu-
man operators or forklifts moving products from one production line to another.
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4.3

planning optimization

Human operator @

model

Domain model
loosely coupled systems m
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11

\VI simulate
s 4

POOSL simulation model

Figure 4.2: Vision of the extended performance engineering methodology to model and analyze loosely
coupled production lines.

Figure 4.2 shows the vision for the extended methodology. To describe loosely connected
production lines, the domain model should be extended. For example, to describe buffers,
operators, and timing variability. This extension has not yet been developed. In the current
version, we have manually created a simulation model that could later be generated from a
domain model. A supervisor in the simulation model can execute scenarios where jobs have
been allocated to the equipment. We envision an optimizer as part of the supervisor that
generates efficient allocations and can dynamically adapt the allocation when changes are
needed. For example, when rush orders arrive, or there is a machine breakdown. This optimizer
is not yet present in the current version of the solution. With simulation, a schedule can be
computed that can be visualized as Gantt chart. Next to the Gantt chart, we would like to add
a dashboard showing computed metrics. For example, showing the utilization of the
resources, and the lead times of jobs.

We have built a proof-of-concept simulator using Eclipse POOSL [21]2 The focus of the current
methodology is to reason on decision-making at the operational level (see Section 3.4), how
to allocate jobs and operations onto the available equipment. We have put emphasis on how
multiple production lines can be connected and operated by a supervisor. The constraint
graphs used for individual production lines are not yet integrated in the simulator. These could
be integrated by invoking the constraint graph analysis from the simulation.

In Section 4.3, we explain the structure and the simulation model. In Section 4.4, we show an
example in Eclipse POOSL. Section 4.5 explains the performance analysis that can be done
using Eclipse POOSL and Eclipse TRACE4CPS [22]°.

Simulation model structure

Before explaining the simulation model structure, we first explain the structure of the
underlying production system. We assume a structure which matches the equipment
hierarchy of the IEC 62264-1:2013 standard [23], as shown in Figure 4.3. To explain the
concepts, we use an imaginary company that prints customized items like photo albums,
posters, business cards, and mugs on demand. The company, “Enterprise” in Figure 4.3, has a
few sites in different countries. On a site, there are typically different areas. In our example,

2 https://www.poosl.org/
3 https://eclipse.dev/trace4cps/
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there is one area where mugs are printed, whereas in another area all paper products are
printed.

Enterprise

Production line Production unit Process cell Storage zone
Q
Work cell Unit Storage unit
| ) | J \ J | J
I I / |
Lower-level equipment Lower-level equipment Lower-level equipment Lower-level equipment
used in repetitive or used in continuous used in batch used in inventory
discrete operations operations operations operations

Figure 4.3: Equipment hierarchy according to the IEC 62264 standard.

An “Area” in Figure 4.3 consists of multiple production lines connected via buffers and
transport. An example production line could be a printer with subsequent finishing equipment
to cut, staple, or fold paper. These production lines match the “Production line” in Figure 4.3.
As example, consider the production system structure shown in Figure 4.4. The gray
rectangles in Figure 4.4 represent the production lines, the triangles represent the buffers, and
the arcs represent the transport. Transport between buffers can be performed by a human
operator or using automated transport like an automated guided vehicle or transport belt. A
production line consists of equipment modules, like a printer or finisher equipment, referred
to as “Work cells” in Figure 4.3, and their connections. The blue rectangles in Figure 4.4 inside
the production lines represent the equipment modules. We assume the production lines to be
tightly coupled, i.e. they have no or very restricted internal buffering between its modules [19].
Multiple production lines are loosely coupled via buffers and transport. If multiple production
lines need to be tightly coupled, then we assume that they are combined into an aggregated
production line possible including shared internal buffer(s). There can also be connections
between two buffers, representing transportation of material between them.

) TNO Public 20/30



) TNO Public ) TNO 2025 R10304

e VW ot

l:l production line
- v - equipment module

—— materialtransport

Figure 4.4: Production system structure.

The simulation model has a hierarchical structure with three levels, a sketch of which is shown
in Figure 4.5. On the highest level, there is a supervisor. The supervisor assigns jobs to
production lines, which form the middle level. The production line coordinates the jobs’
operations to its equipment modules, which form the bottom level.

n
N e g

"

Input buffer Output buffer

Equipment
module

‘

Figure 4.5: Simulation model structure.

’

Production line

Figure 4.6 illustrates the alignment between the supervisor and the underlying production
lines and between the production lines and its equipment modules. The supervisor creates so-
called allocated jobs. An allocated job corresponds to work to be performed by one production
line. It is represented by a directed acyclic graph (DAG) of allocated operations, i.e., an
operation and the corresponding equipment module to which it is assigned. The optimizer
might require information on the equipment state if there are large sequence-dependent
setup times possibly affecting the resulting performance.
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Figure 4.6: Communication between the supervisor and a production line and between the production line
and its equipment modules.

The illustration in Figure 4.6 shows an allocated job, which is assigned to the single production
line shown. The allocated job is a DAG, which consists of five operations and their allocation
to the equipment modules. Note that multiple operations can be allocated to the same
equipment module.

The interaction between the supervisor, the production lines, and the equipment modules is
explained below and will be explained further using the example in Section 4.4.

)

Supervisor: The supervisor is responsible for the overall execution of the allocated jobs. To
start a job, it sends a gueue message to the corresponding production line. The production
line will acknowledge this with a gueued message back to the supervisor, after which the
supervisor can queue other allocated jobs. It can however also wait until it has received a
startedor a finished message from the production line before queueing the next allocated
job. This depends on the dependencies between different allocated jobs.

Production line: The production line is responsible for the communication with its
equipment modules. It takes the first allocated job from its queue and sends a started
message to the supervisor. It then determines the initial operations of the allocated job’s
DAG. In the example in Figure 4.6, there are two initial operations, i.e., operations 1 and 3.
For these operations, the production line sends a gueue message to the corresponding
equipment module, which will acknowledge it with a gueued message. The production line
will also receive started and finished messages for each operation. After receiving a
finished message, it will determine the next operations that can be queued. For instance,
after operation 1 has finished, operation 2 can start. If all operations are reported as
finished, the production line will send a finished message to the supervisor.

Equipment module: The equipment module is responsible for the actual execution of
operations. When it is idle, it takes the first operation from its queue and then determines
the earliest time at which it can start. This depends on the preceding operations in the DAG.
At this earliest point in time, it sends a started message to its production line, it determines
the operation’s duration and it executes the operation by waiting this duration. After this,
it sends a finished message to its production line.

The aspect of timing variation is added to the model by expressing the timing of operations
using probability distributions. The exact timing of an operation will be determined during
simulation, by sampling from the specified distribution.

) TNO Public

22/30



) TNO Public ) TNO 2025 R10304

4.4

Eclipse POOSL simulation example

POOSL (Parallel Object-Oriented Specification Language) [21] (see also https://poosl.esi.nl) is
an object-oriented modelling language, which is tightly integrated with the Rotalumis
simulating engine in the Eclipse POOSL tool. Eclipse POOSL offers the means to describe and
simulate systems. With POOSL, a system can be described in terms of communicating
processes that interact via messages over a network. The messages are sent and received via
ports of these processes. Processes can create and modify objects, that can be shared via
messages.

This section explains an example of a POOSL simulation of a HMLV production system
consisting of two production lines and a transport resource. The structure of the system is
shown in Figure 4.7.

) One production line is a printer line with three modules: an input module, a printer module
and an output module. The printer line takes empty sheets as input, prints them, and
creates stacks of book blocks, i.e. the printed sheets that will form a book’s content, as
output.

) The second production line is a book maker line, which also consists of three equipment
modules: an input module, a book maker module and an output module. The book maker
line takes a book block and creates a book, e.g. by folding, stitching and trimming. The
produced books are put on the output module.

}  The third main element is a transport line, which is responsible for transporting (stacks of)
book blocks from the printer line’s output to the book maker line’s input. The transport line
consists of only one equipment module, a transport module.

: . . booklet
" v v IanIt maker DUtpLIt ’
transport

. : line -
printer line booklet maker line

Figure 4.7: Structure of our example HMLV production system.

The overall structure of the corresponding POOSL simulation model is shown in Figure 4.8. It
shows POOSL’s so-called process classes and the communication channels between them.
The communication channels are attached to the process classes’ ports. When a message is
sent on a channel via a port, it can be received by all connected process classes, which may
be several.?

40ne can guarantee reception by the correct process class by including recipient information in messages.
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Figure 4.8: POOSL simulation model structure.
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Figure 4.8 shows the hierarchical structure explained in Section 4.3. The supervisor is
connected to the production lines via two communication channels: the supervisor’s ports
supin and supout is connected to the production lines’ supout and supin ports. A production
line is connected via two channels; via an ogperations channel and a rmaterial channel. The
latter was not explained in Section 4.4; it allows communication of the materials to be used
for input and output operations.

Note that all process classes are connected to a TraceWriter process class via their tracing
port. These ports and this process class are used for the performance analysis explained in
Section 4.5. This channel is shown in light grey in Figure 4.8.

A picture of the interaction between the process classes of the POOSL simulation is shown in
Figure 4.9. It shows the messages being exchanged between the process classes over time.
Figure 4.9 specifically shows the interaction between the book maker production line and the
book maker output module and between the book maker output module and the trace writer.

) TNO Public 25/30



) TNO Public ) TNO 2025 R10304

. . . N
_ _ , , _ _ , , T qorpsmaapausnay | 7
_ _ , , _ _ , , _ , ,
_ “ W W ?_E:Ewuo_umumuu,_iuw:m_hc W W _ ” ”
| |
" ; gz Q)fouspuadap 7 7 | [ | | | | |
_ _ , , _ _ , , _ , ,
e , , _ _ , , _ , ,
=ouzpuadagapinoid:
_ _ , , _ _ , , _ , ,
, , _ _ , , _ , ,
=buapuadagisanbal
_ _ , , _ _ , , _ , ,
: , , _ _ , , _ , ,
" TVLT wiepy
| e e , , | | , , | , ,
, , _ _ , , _ , ,
| espmEnapned 7] , , | | , , | , ,
| , , | | , , | , , i
_ (ze)piwiemisanbal _ 7 7 _ _ 7 7 _ 7 7
_ _ , , _ _ , , _ , , et
_ _ 7 7 (uonesadopaiedo|y)papels 7 7 _ 7 7
_ _ , , _ _ , , _ , ,
_ _/ 7 7 (z'£1 'vonesadopaieao|y)ananb 7 7 _ 7 7
_ [ [ [ [ [ [ [ _ , ,
[ T , Taziaplo0a=a> nosarze =toneiado L E=qol | 721 2 Juana T 1 | f f
_ _ , , _ _ , , _ , ,
[ | [ [ (82 ‘E)phusAIapinosd | [ [ | | |
_ _ , , _ _ , , _ , ,
K t 4 4 ' t 4 4
i _ , , {Epnuagsanbal _ , , _ , ,
_ _ , , _ _ , , _ , ,
| | | I I I I I | 7 7
_ _ ﬁ ﬁ _ (uoneisdopaleo|y)paysiuly ﬁ ﬁ _ 7 7
|
K ; , , _ _ , , _ , ,
_/,.S_UE&STE:R 12 L 1z aMouspuadap ﬂ f | | f f | f f
|
| | |
_ (£Z "Loprouspuadagapinold xi W _ _ W W _ W W 030z°ZL
1
“nQJazEpeog “opNdazIRpIoog idupaziapoog Jeznapooq

EENTTERET
<<s5a301d> >

m,:uu_\‘tcuu:mi

<<553204d> >

H:Bjo._ﬁccu
<<s53001d> >

m_:ucjtﬁs._n y:m::wé_ﬁ
<<553004d>> <<559204d>>

Japodsueny Jauud Josiaadns
<<553004d> > <<559204d>> <<552201d>>

<<558001d> > <<558000d > > <<552200d > > <<s5304d> >

26/30

Figure 4.9: Interaction between process classes of a POOSL simulation
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4.5

Performance analysis

The POOSL simulation model can be executed to generate a Gantt chart that illustrates the
behavior of the HMLV production system. These Gantt charts are created using Eclipse
TRACEACPS [22] (see also https://eclipse.dev/trace4cps/).

The Gantt chart in Figure 4.10 is a resource view (see Section 4.3) showing the result of
producing two booklets: one job represents a three-page booklet and another a four-page
booklet. After printing the sheets of one booklet, the transporter module transports the sheets
from the printer production line to the book maker production line. The rectangles in the Gantt
chart represent the execution of operations, the arrows the communication between
supervisor, production lines and equipment modules.

Saitof tce I 1 End i bace
| |
.. |
BookletizerModule D
Booklitizerinput I
|

Printer
Printerinput
FrinterModule
PrinterOutput
TransportModule
Transporter

0o z 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 3B 40 42 44 46 48 S0 52 54 56 SB 6D 62 64 66 68 O T2 74 76
Time (seconds)

Figure 4.10: Gantt chart produced by the production system simulation.

In this example, the transport time is the dominant factor: both the printer and the book
maker are idling most of the time. The transport bottleneck can partially be mitigated by
combining both booklets in a single job. A combined job would involve only one transport
operation. Moreover, the delay between printing the first and second set of sheets and the
delay between making the first and second booklet would be much smaller.
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5 Conclusion

As customers are asking for tailored products, there is a growing need to move from mass
production towards customization. Realizing this customization means that high-mix low-
volume production systems are gaining importance. As these HMLV production systems need
to deliver a wide range of products, they have much more flexibility. As the customer orders
are typically also much smaller, there are many new planning and scheduling decisions that
need to be made on different time scales.

Characterizing HMLV production systems and subsequently modeling and analyzing them is
key to ensure that production facilities dealing with HMLV can operate efficiently, and quickly
adapt to continuously changing circumstances. Reflecting on the two research questions, we
come to the following conclusions.

) Research Question 1: How to specify high-mix low-volume production systems?

Like any production system, a starting point for describing HMLV production systems is the
4M’s model considering the characteristics of manpower, machine, method, and material. The
differentiating factor of HMLV is however the flexibility, which can be linked to any of these
elements. In Chapter 3 we have introduced a framework to define the concept of flexibility,
and how this can be linked to flexibility on different time scales and to the different operational
levels.

) Research Question 2: How to effectively allocate jobs to available equipment considering
job and equipment constraints and uncertainties?

In this report, we have described our performance engineering methodology that can be used
to effectively allocate jobs to available equipment. In our methodology, we can consider the
detailed timing behavior of production lines, as well as the timing behavior resulting from
multiple production lines that are loosely connected, for example via buffers. The current
solution presents a simulation model to describe and analyze loosely connected production
systems. In future research, we would like to extend this work by generating the simulation
models from a domain model. This domain model will be an extension of the current domain
model available to describe tightly coupled production systems. We also want to attach an
optimizer that can compute schedules that ensure the effective allocation of jobs onto
available equipment. This optimizer will use the material, job, and equipment parts of the
specification, and compute an optimal allocation instead of an allocation that is manually
specified. Reflecting on the second research question, we conclude that we have a vision and
a partial solution, but not yet all parts to answer the question.

Next to further developing our performance engineering methodology, we want to validate
what benefits it brings to have this detailed timing behavior of production lines captured, and
compare our approach against other well-known approaches using commercial tooling like
Anylogic [24]° or FlexSim [25]°.

5 https://www.anylogic.com
¢ https://www.flexsim.com
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