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Abstract

To address growing challenges in automotive assembly with ever shorter innovation cycles, increasing
variant diversity and uncertain market development, innovative concepts for assembly systems are needed.
As a response, the concept of matrix-structured assembly system was introduced. Matrix-structured
assembly systems break up with the rigid line structure of assembly stations and replace the cycle time-
bound and product-specific station assignment of line assembly. A major challenge in the design of matrix-
structured assembly systems is the assembly control. While certain approaches, mostly decentral and agent-
based, are already capable to assign orders to assembly stations based on the availability of production
resources, order release as part of the assembly control has been largely neglected. This is because routing
and sequence flexibility lead to temporal uncertainty in the prediction of station-specific capacity utilization.
Accordingly, the authors' previous work includes a conceptual methodology for capacity-oriented order
release in matrix-structured assembly systems. After implementing the previously introduced methodology,
the actual benefit needs to be determined. For this purpose, the present paper suggests and applies a testing
strategy based on the fundamentals of successful testing in software development domain. The testing aims
to demonstrate the basic functionality of the implemented methodology as well as to compare it with other
order release procedures that have been used for simulations in the context of matrix-structured assembly
systems so far. It can be shown that the methodology for capacity-oriented order release in matrix-structured
assembly systems achieves better adherence to delivery dates and lead times by anticipating bottlenecks
compared to ConWIP control with a random order release. The knowledge gained from the testing strategy
contributes to the improvement of order release in matrix-structured assembly systems.
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1. Introduction

Conventional assembly lines in automotive final assembly have been in place for 100 years. In recent
decades, customized products, short innovation cycles and new vehicle concepts, resulting in high line
balancing efforts and declining utilization of assembly stations, have challenged assembly lines [1-3]. Future
assembly systems need to address these trends by being more flexible as well as adaptable, allowing
economical production of smaller quantities and shorter ramp-up times [4]. As a potential solution, matrix
structured assembly systems (MSAS) gained more and more attention in research [5]. MSAS break up with
the rigid line structure of assembly stations [1,2,6]. Assembly stations are arranged in matrix form, allowing
a cycle-time-independent and an order-specific flow of assembly objects [7]. By this, MSAS are supposed
to reduce manufacturing costs in multi-variant production as well as to increase flexibility and efficiency in
assembly [2]. An essential prerequisite for the operation of MSAS is an advanced assembly control that takes

DOI: https://doi.org/10.15488/13508 .
ISSN: 2701-6277 @pubhsh—lng. 894



into account the increased degrees of freedom of assembly processes. The assembly control is responsible
for the reactive and situational assignment of assembly operations and orders to multifunctional assembly
stations [1,7-9]. In preliminary work on assembly control, order release as a sub-task of assembly control
has been neglected so far. Corresponding simulation show randomly, alternating, or time-based order release,
ignoring capacity constraints. Consequently, the authors developed and published a methodology for
capacity-oriented, agent-based order release in MSAS [5].

The previously conceptual methodology for order release in MSAS has been recently implemented.
Therefore, a qualified testing strategy is needed to scientifically validate the functionality and the actual
benefit of the methodology for capacity-oriented, agent-based order release in MSAS. This includes a
comparison to random order release. Accordingly, this paper presents a summary of essential properties for
order release in MSAS as well as the aforementioned methodology. Afterwards, the evaluation environment
used for testing and simulation is described. Based on that, a testing strategy specifying the development,
planning and specification of test processes in the field of software development is applied. Subsequently,
the testing strategy with its defined test cases are executed and results evaluated. Finally, the testing strategy
is critically reviewed and an outlook for future research is given.

2. Order release in matrix-structured assembly systems

2.1 Properties to order release

The authors' previous work [5] specifies six requirements for order release in matrix-structured assembly
systems. The first property is to perform a capacity analysis on operation and system level. In some cases,
assembly stations can perform different kind of operations, so a capacity analysis at the operation and overall
system level is necessary. The second property deals with the consideration of all possible sequences of
operations and related capacity demands of an order when released and processed in MSAS. For this, orders
that have not yet been released and orders that have already been released must be evaluated. The latter also
includes a monitoring of the current processing progress. To meet the flexibility of MSAS, the third
property asks for an event-oriented release logic. Order release should take place after defined events such
as the completion of an operation. This reduces the frequency of calculations while latest information from
MSAS is processed. The fourth property deals with the ability to set individual production targets. Possible
production targets include minimizing lead times, reducing waiting times or compensating for fluctuations
in the capacity situation of the individual assembly stations. The fifth property ensures the recognition of
order-specific characteristics such as due dates or margins. These characteristics might be included in the
release decision through weightings, allowing similar products of different relevance being released in the
correct order. For this reason, orders should not be bundled as batches or lots. The last and sixth property
for order release in MSAS refers to practicability. Order release should be scalable and feasible in reasonable
computation time.[5] Scalability describes the ability of a system or process to easily handle extension as
the number of elements and objects increases [10]. Reasonable computation time should always be
significantly shorter than the shortest operation time so that order release can include the current capacity
situation in its evaluation at any time [5].

2.2 Methodology for capacity-oriented, agent-based order release

To address these properties, a methodology for capacity-oriented, agent-based order release in MSAS has
been developed. While a detailed description can be found in the authors' previous work [5], Figure 1 and
the following explanations provide a summary of the developed methodology.
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Figure 1: Methodology for order release in MSAS adapted from [5]

As shown in Section A, the methodology is embedded in a separate order release agent and can be part of
an existing agent-based assembly control system as proposed by BURGGRAF et al. [7] or MAYER et al [9].
In this methodology, the order release agent is referred to as Capacity Based Dispatcher (CBD). Section B
shows that the CBD is triggered by a defined event, such as an order release or the completion of an
operation. The CBD subsequently receives information from the agent-based assembly control system and
order-specific details from the order pool, as presented in Section C.

Section D describes the functionality and procedure of the CBD. After the received information has been
processed, next, to evaluate the capacity situation of the assembly system and takes release decisions, the
CBD creates capacity profiles for each order already released and for each possible release candidate. A
capacity profile describes the time-specific demand for assembly operations of an order. These are
represented as a matrix, where each column represents a time step and each row represents the demand for
an assembly operation as a binary variable. The number of columns covers the entire time horizon until the
completion of an order. The sequence of assembly operations is based on the assembly precedence graph. A
widely branched precedence graph offers more possibilities for different assembly sequences resulting in a
higher number of capacity profiles per order. Thus, one capacity profile is generated for every valid sequence
of assembly operations for each order. Capacity profiles also present the current state of the job. Accordingly,
orders with completed assembly operations have fewer capacity profiles than unprocessed orders while also
having fever number of filled columns representing as the time horizon until completion is shorter. In order
to keep calculations between matrices possible, the size of every capacity profile is stretched to the longest
possible sequence in the system and filled with zeroes in time steps that exceed the actual demand for
assembly operations. Each capacity profile thus reflects a possible load of the assembly system by an order.
Since all assembly sequences and thus all capacity profiles can occur in reactive assembly control, all
capacity profiles are still considered. In order to map the current capacity load of the assembly system, all
combinations of the capacity profiles of the orders currently being processed are added up. This results in an
operation- and time-specific prediction of the system load. All these combinations are then extended by
capacity profiles of unprocessed orders. Those matched capacity profiles must be compared with the
available processing capacity of the assembly system. The available processing capacity is also described in
a matrix. For this purpose, each assembly station receives a matrix in which the columns also show the time
horizon and the entries in the rows show the ability to process a specific assembly operation. The overall
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available processing capacity can be determined by summing up the matrices of each workstation. Now, for
each time unit, the overall available processing capacity can be compared column by column with the
previously combined capacity profiles. If the demand for a certain operation exceeds the available processing
capacity, the combined capacity profiles is rejected. Nevertheless, a different combined capacity profile of
the same order may be accepted. The non-rejected profiles or rather their unprocessed orders are then
evaluated in terms of best capacity fit. For this purpose, these orders are initially distinguished exclusively
by the assembly operations they contain. Identical assembly operations of an order are interpreted as identical
products and these orders are correspondingly equated at first. The capacity fit is the sum the free capacity
of the system for all operations, calculated by subtracting the combined capacity profile from the available
processing capacity over all time steps. The product which utilizes the system the most is then selected for
further evaluation on order specific level.

In Section E, a score-based decision considering due dates or expected profit are considered to select a
specific job for release is made. When no order was selected due to the overload constraint, then no order is
dispatched and the agent goes into standby. Information about the order release decision is also passed back
to the matrix-structured assembly system and order pool, which are shown in Section F.[5]

2.3 Evaluation Environment

To evaluate the implementation of the methodology in the CBD, an evaluation environment is required. In
general, an evaluation environment is defined as a technology platform that serves the purpose of validation
methodologies, models and theories developed in innovation projects. By integrating those into a common
environment, the acceptance of new approaches can be increased. An evaluation environment allows
multiple stakeholders to gain a common understanding of the program and the evaluation process [11,12].
In the present context, an evaluation environment must include an agent-based assembly control for MSAS,
have an order pool, simulate the processes in MSAS and also record all results while making them available
for output. Such an evaluation environment was developed accordingly. The used logic for assembly control
is based on the preliminary work of the authors and includes the agents mentioned in Figure 1 [7]. The
evaluation environment enables simulation of an MSAS, allowing users to enter their own assembly system
configurations, products and production scenarios quickly and easily. The graphical user interface of the
evaluation environment is shown in Figure 2.
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Figure 2: Dashboard of Evaluation Environment [13]
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Section A shows a status display of the simulated assembly. The status display visualizes active, waiting
and completed orders as well as the current time stamp since a simulation has been started. Buttons to control
the simulation and set parameters for assembly control can be found in in Section B. This includes options
such as start, reset or also an option to enter order-specific due dates. Furthermore, different order release
agent types such as the Capacity Based Dispatcher (CBD), which includes the Methodology for capacity-
oriented, agent-based order release in MSAS, can be selected. Alternatively, order release agent types for
push- or pull-based order releases are possible. In this work, a Random Pull Dispatcher (RPD) is relevant in
addition to the CBD. It releases orders randomly using a ConWIP control. Section C gives options to set
order release parameters. These options differ between the order release agent types. The CBD allows to
limit the number of capacity profiles considered for order release. This reduces the number of calculations
this type of order release agent is performing when triggered. Section D shows a visualization of the entered
layout with its assembly stations and orders. Different icons can be selected to visualize orders. Section E
offers access to the Report and Monitoring as well as the Data Table of the evaluation environment. Report
and Monitoring gives a detailed analysis of the system and tracking of individual orders can be done. Here,
all information on orders and assembly stations such as station histories, operation histories or lead times
can be seen and exported. Moreover, utilization rates of the assembly stations and the number of active
orders is mapped. The Data Table includes information regarding products, assembly stations and their
arrangement.

3. Testing strategy

3.1 Conception

Literature mostly evaluates the effectiveness of order release procedures simulation-based analysing key
performance indicators (KPIs). Typical KPIs are lead times, adherence to delivery dates or capacity
utilization [14—16]. The implementation of those in the evaluation environment build the fundament to test
the implemented CBD. Before running any tests, a testing strategy to systemically validate the degree of
fulfilment of mentioned properties is defined. A testing strategy answers the questions, which test cases
should be used, which goals are pursued and which expectation the software application should fulfill [17].
To conceptually design the testing strategy, existing approaches in software development in accordance with
WITTE, GRIMME and the standard published of the Institute Of Electrical and Electronics Engineers are
combined. The characteristics of test organization, infrastructure and execution specified in the standard are
made applicable in WITTE by a theoretical basis to the practical approach [17,18]. GRIMME gives additions
to test procedures and environments [19]. This results in five phases and 11 steps, shown in Figure 3.

Test management

Specification

Execution

1. Target setting
2. Create test plan
3. Estimation of the effort

4. Determine the test
environment

5. Determine level of detail
and evaluation criteria

7. Execute Test and monitor
test execution

8. Document test execution

Evaluate results
Comparison Results
with expectations

. Evaluate reproducibility

6. Evaluate automation

Figure 3: Testing strategy based on [17-19]

The eleven steps of the testing strategy are assigned to the phases of planning, specification, execution and
reporting. The individual phases are not to be processed strictly one after the other and partly overlap in time.
A continuous test management supports the phases. The planning includes the target definition, creation of
the test plan and the estimation of the effort. Test effort and benefit should be plannable and predictable.
The relationship between effort and benefit should be constantly optimized from the point of view of
economic efficiency. In the specification, the test environment is described. When defining the test
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environment, the hardware, middleware and software used are specified, as well as properties of the
organization, test data used, simulation, operational components and various configurations. These
properties should be mapped under conditions close to production. A realistic environment, detailed
documentation and the use of appropriate test tools improve test results. Next, the level of detail as well as
the evaluation criteria are determined and test automation is evaluated. This is followed by the test
execution including monitoring. The test is documented in the reporting. Finally, the evaluation takes
place. In the evaluation, the results are analysed and compared with expectations. When comparing
results to expectations, two questions will be answered. First, whether the objectives were achieved and
second, what deviations occurred and how they can be explained. The reproducibility of the results for
evaluating the suitability of the testing strategy is also examined. It allows conclusions about quality of the
test strategy. The results should not be collected randomly or under unknown boundary conditions. The aim
is to identify deviations in the results, explain their significance and make a final assessment.[17-19]

3.2 Specification for capacity-based order release in MSAS

The target of the test is to validate the functionality of the methodology for capacity-oriented, agent-based
order release in MSAS. It shall be shown whether the methodology fulfils the underlying six requirements
for order release in MSAS. Furthermore, the added value of the methodology compared to a random order
release in MSAS shall be shown. The test plan includes the definition of six different test cases to validate
each of the requirements for the methodology. The six test cases are executed sequentially. During the
execution, data is collected on the production characteristics and, depending on the test case, the lead time,
the waiting and transport time or the utilization of the assembly stations are considered and compared. Data
is processed and presented in diagrams. To do justice to effort in comparison to benefit, the black-box testing
method is used in this testing strategy. Black-box testing is a simple and widely used method. It tests the
essential functionality of the application without going into the implementation level details [19]. The goal
is to determine if the user's original requirements are met and to identify faulty functionality.

For the design of the test environment in a matrix-structured system, the number of assembly stations is
described in advance. These determine the assembly layout. It should also be specified how many orders
will be fed into the system and how many product types will be produced. Variations in these characteristics
should be considered during testing. The level of detail and the evaluation criteria are set up in form of
six test cases. The evaluation is based on KPIs. Depending on the test case process times or the capacity
utilization of the assembly stations is analysed. The execution of the individual test cases is performed in
the evaluation environment. This is done automatically. However, data analysis and evaluation are
performed manually. A complete implementation for test automation in this use case would significantly
exceed the effort compared to the benefit. Consequently, automation is not required here. The test cases are
implemented in the evaluation environment to perform multiple simulations. The evaluation environment is
also used for Monitoring and provides the required productivity metrics for data evaluation. The test
documentation is ensured by a structured data export of KIPs generated during simulation via the agents
representing orders and assembly stations. Simulation aborts or misbehaviour are manually logged. The data
export is used to evaluate the results. The results are compared with the expectations defined in advance
and the deviations are examined. It is expected that the developed order release methodology can meet the
properties for order release in MSAS which have been stated before. By using the agent-based, capacity-
oriented approach different sequences of assembly operations should be anticipated, bottlenecks should be
avoided and different weighting factors for order release should be considered. The reproducibility is
verified by the applicability in the evaluation environment. Nevertheless, the tests are performed three times
to support the significance of the data generated during simulation.
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4. Application and results

4.1 Test cases

For each property, one specific is defined. The first test case examines capacity analysis at the operation
and system levels. For this purpose, the various process times of the average lead time, processing time,
transport time and waiting time of all orders are examined as a first step. The obtained data is compared with
the different types of order release agents as CBD and RPD during simulation execution. For RPD, there are
consistently 16 orders in system according to the number of assembly stations to model a ConWIP control.
Second, this test case examines the workloads of the assembly stations and the overall workload for
overloads. The second test case examines the extent to which the order release methodology considers
different paths an order takes through the assembly system by evaluating the corresponding sequences of
assembly operations. Therefore, the number of sequences and capacity profiles calculated and considered by
the CBD are analysed. To validate the requirement of the event-based release logic, test environment is
adapted to create a bottleneck at an assembly station for the third test case. In addition, there is a disorder
in the system. Here, the responsiveness of the agent is evaluated. The fourth test case is to validate the
adjustability of individual manufacturing goals. As an individual manufacturing goal, for example, the focus
can be set on a certain operation to prioritize the processing of this operation. To validate this feature,
weighting shall be shifted to a specific operation and an analysis of the utilization of the assembly stations
shall be performed. Individual properties are also considered in the order release methodology. The
properties can be the weighting of a delivery date, a margin, or a product. The fifth test case is used to test
the property that an urgent delivery date of an order leads to an earlier order release due to the higher
weighting. Margins or product weightings are neglected here at first. Release times and delivery dates of the
orders are compared for evaluation. The practicability of the order release methodology in MSAS is
evaluated using an acceptance test for the sixth test case. The acceptance test verifies the scalability of the
CBD. Therefore, one parameter of each test case is incrementally increased during the execution, presenting
larger problem instances. Secondly, the sixth test case evaluates the added value of the CBD. Similar to the
first test case, KPIs are accessed after certain simulation runs using CBD and RPD. The added value is
highlighted by comparing the process times.

To run the test cases, a notional use case is chosen. The individual precedence graphs of each product are
presented in Figure 4.

Product 1 7 Product 2 7
Directed edge
20, 20,
(precedence)
o m @ @ e , m X: assembly operation
(node) o
t: processing time
n: number of

available stations

Figure 4: Assembly precedence graphs of Product 1 and Product 2

The use case contains two fictional product types. For assembly, six different operations are performed.
Based on possible sequences for assembly, eight sequences can be derived for Product 1 and 15 possible
sequences for Product 2. The layout contains 16 assembly stations (see Figure 5).

Each station has specific capabilities, resulting in multiple assembly operations that can be conducted. The
numbers shown in each assembly station represent the possible operations. The total simulation time is
determined by the processing time of a set 50 orders of each product type. The number of capacity profiles
to be considered was limited to a number of 100. This is to circumvent the known NP-hardness of the CBD
that is caused by the consideration of all assembly sequences an order can take leading to an exponential
growth of the number of capacity profiles and corresponding calculations. The limitation ensures a stable
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test environment. If promising results are obtained despite this limitation, functionality and added value can
still be demonstrated.
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Figure 5: Assembly station layout and possible operations

4.2 Results

Functionality of the Capacity Based Dispatcher can be fully validated in almost all aspects. The first test
case has shown that, as expected, no bottlenecks occur in the assembly system when performing a capacity
analysis at operation and system level. The stations are utilized according to available capacity. In the second
test case, it was found that the order release methodology considers different assembly sequences according
and includes 100 capacity profiles in the evaluation. In addition, the CBD responds in real time to different
situations in the system. For example, in the third test case, a corrected disruption in the assembly system
and the resulting increase in available capacity leads to an additional order release. The fourth test case was
also able to meet almost all expectations. Depending on how utilized the assembly system already is, certain
assembly stations can be utilized to a greater extent by weighting individual operations. In addition, the fifth
test case confirms the realization of early release of orders with more urgent delivery dates. Only in terms
of scalability the expectations could not be met to the full extent in the sixth test case. Increasing certain
parameters leads to memory leaks and deadlocks in simulation. As a possible improvement of this deficit in
application of CBD, use of higher computing power could be mentioned. Moreover, reproducibility of the
results is fully achieved for all test cases. There are no significant deviations in the generated data of the
individual test runs. By meeting these requirements, the use of the CBD already provides added value in this
assembly system. In addition, better process times can be achieved by using the CBD instead of the RPD
(see Figure 6).

~8%

400 *
CBD RPD
300 I O
.g 200
2 1 ~13% 0%
£ 100 j r‘
0 E -

@ Lead time @ Processing time @ Transport time © Waiting time

Figure 6: Process time distribution

Using CBD, an average decrease of 13% in transport times and 30% in waiting times can be achieved. This
results in an 8% lower value for the total lead time. Since the CBD allows orders to be released only if they
can be processed by the system in terms of capacity, shorter waiting times result. In addition, weighting is
carried out according to transport routes. All simulation runs were performed three times with an Intel®
Core™ i7-2620M CPU@?2.70 GHz and 4 GB of RAM. No interruptions, deadlocks or errors were detected.
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5. Discussion

The individual test cases were executed without any interruptions. In almost all cases, the results reflect the
expectations defined in advance. Nevertheless, it should be critically considered that only one notional use
case is used for execution so far. It should be investigated if other use cases e.g., with different arrangements
of assembly stations or a higher variety of products lead to a significant different behaviour. Furthermore,
the number of capacity profiles considered by the CBD was limited. Although results are promising, the
correlation between obtained benefits and the considered capacity profiles can be further investigated. This,
however, requires an improvement of the algorithms used for capacity profile generation and evaluation. A
renewed execution with higher computing power should also be considered to examine if better results can
be archived.

To sum up, the goal of this work was achieved. After developing and applying a testing strategy can validate
the methodology for capacity-oriented, agent-based order release in MSAS, results deliver evidence for
functionality and added value.

6. Summary and Outlook

Assembly control and its subtask order release is a major challenge in matrix-structured assembly systems.
To address this, the authors presented a methodology for order release in a previous work. The suggested
methodology performs a capacity analysis at operation and system level specifically. By this, different
sequences resulting from sequence and routing flexibility can be considered in capacity analysis. The
methodology suggests an event-oriented release logic. In addition, individual production targets as well as
individual orders can be set. After implementing the former conceptual approach in an order release agent,
this paper aimed to validate its functionality and added value. Thus, this paper introduced a testing strategy
based on the fundamentals of successful testing in the field of software development. The testing strategy
includes 11 steps that were applied to six test cases. It can be shown that all properties to successfully run a
capacity-orientated order release for matrix-structured assembly systems can be widely fulfilled. Especially
in comparison to random order release, also used by many researchers in the context of MSAS, the capacity-
orientated order release improves lead times.

Further research should repeat the testing with larger problem instances and high-performance computing
power. In addition, the implemented methodology is currently limited by the efficiency of its algorithms
when calculating all possible sequences and matched capacity profiles to evaluate the capacity constraints,
resulting in NP-hardness. Thus, the considered sequences and capacity profiles were limited for this work.
Consequently, new solutions need to be found to ease this limitation.
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