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ABSTRACT

Testing methods are relevant to obtain information about product properties. This information must be transferred from
testing departments and test benches to the design engineer. In testing departments, a lot of knowledge is generated,
mainly about failures. This knowledge and experience is not used sufficiently during the development process. To support
this recirculation of testing knowledge, an approach with matrix-based methods will be presented. Therefore, a Multiple Do-
main Matrix (MDM) was developed to store knowledge. The use of single matrices inside the MDM, and how to acquire the
information for these matrices, will be discussed. The relevant measurement signals for interpreting failures detected by test
benches are represented in particular detail. These can be used for automatically generated measurement signal diagrams.
Computations of new dependencies inside the MDM support the use and distribution of testing knowledge. This use could
also be supported by graphs to visualize the knowledge.

These product characteristics are in accordance with
Weber (Weber, 2005), defined and directly influenced
by the design engineer, whilst product properties de-
scribe the behaviour of products. Examples of char-
acteristics include the gear’s number of teeth and its
module. The gear’s transmission ratio, its load capacity
or durability are all product properties. The product
functions are the “intended purpose of the product”
(Ehrlenspiel and Meerkamm, 2013) and thus are prod-
describe technical systems. The definition of product uct properties‘ The function of a gear is, for example,
characteristics is a necessary part of the design process.  to convert torque and rotational speed and the trans-

1. Introduction

“The design process is primarily an informa-
tion-processing operation” (Hubka, 1976). The aim of
the design process is to transfer information in the
form of requirements into product characteristics to
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mission ratio is the product property. Due to the
properties’ importance, the information about
them and their influence by characteristics are
relevant for the design engineer. However, design
engineers do not always know which effects the
defined characteristics will have on the prod-

uct properties. This is the “paradox of product
development” (Ehrlenspiel and Meerkamm, 2013).
Therefore, the design engineer needs short and
effective control loops and feedback information
about the effects of his definitions and about the
properties, cf. (Ehrlenspiel and Meerkamm, 2013).

1.1 Problem statement

In single cases, such as the transmission ratio
of the gear, the information about this proper-
ty can be calculated analytically and thus very
simply. In other cases, such as the durability of
gears, other methods to determine information
about the product properties are necessary. There
are several different methods that can be used,
including simulation or testing (Lindemann,
2009). Methods for the determination of product
properties are necessary to check the properties
in terms of the fulfilment of the previously de-
fined requirements. Hence, Rodenacker (Rode-
nacker, 1970) emphasises the relevance of exper-
iments: “Experimentation is very important for
engineering, as all new information concerning a
product must be determined by an experiment if
it cannot be confirmed in literature.” Information
and knowledge about product properties from
functional and durability testing as well as the use
of products are generated in testing departments
and must be led back to design engineers to check
the properties in terms of the fulfilment of the
previously defined requirements. This process is
called “recirculation of testing knowledge”; testing
knowledge is defined in (Karthaus et al., 2013).
In accordance with (EN ISO 9000, 2005) a failure
or non-conformity amounts to a “non-fulfilment
of a requirement” and thus a failure is a product
property. The test bench automation technology
detects a failure when a limited value is exceeded,
for example. Information about failures is testing
knowledge. Ascertained failures and damages
must be used for product improvement; therefore,
knowledge and information about these failures
must be recirculated to the design engineer in
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order to be able to make decisions and changes.
Testing knowledge should be also used within
the following development projects to mitigate
the negative consequences resulting from the
paradox of product development, see (Ehrlenspiel
and Meerkamm, 2013). “Experience of finished
projects is often not documented in industri-

al practice” (Lindemann, 2009). This thesis is
confirmed in a study carried out by (Schenk et al.,
2012) which explains that about 18% of failures
which are detected in case of durability testing in
one automotive company are not clearly docu-
mented. That means that the documentation was
incomplete or not transparent. Non-documented
failures and unused testing knowledge can lead to
failure repetition. However, the later the failure is
discovered, the higher the change costs are, see
“the rule of ten” for example in (Reinhart et al.,
1996).

1.2 Goals

For an effective use of testing knowledge and
a subsequent improvement in product develop-
ment, the recirculation of testing knowledge has
to be supported. Hence, a purposeful analysis and
documentation of product failures is needed. De-
velopment engineers often use expertise in failure
analysis, technical understanding and experience
knowledge from testing engineers insufficiently.
The aim of research is to enhance the availabili-
ty of testing knowledge. Therefore, analysis, the
learned lessons (that imply the failure causes
and the measures needed to rectify failures) and
documentation of failures have to be supported
methodically. The aim of this contribution is to
present a methodical approach to improve the
problem described. Then, more transparent fail-
ure documentation becomes a possibility. In addi-
tion, the degree of automation of documentation
can be increased. Then, failures can be eliminated
more quickly, their repetition can be prevented
and a more efficient product development process
can be achieved. Following Lindemann (Linde-
mann, 2009), one method to describe the depend-
ency between failures and failure causes is the
influencing matrix, but no example is presented.
This contribution presents an approach to support
the recirculation of testing knowledge using ma-
trix-based methods.
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2. State of the art

Generally, the definition of “knowl-
edge” by North (North, 2011) is used
for the purposes of this paper. There-
fore, external knowledge can be saved
as information. Knowledge will be
generated from this, for example, if
the information is linked with human
experience or is interpreted within a
certain context. In accordance, for in-
stance, with Katzenbach (Katzenbach,
2012) and Probst (Probst et al., 2010),
the recirculation of testing knowledge
can be organised into four relevant
phases of knowledge management:
knowledge acquisition, knowledge dis-
tribution, knowledge storage and the
use of knowledge. Knowledge concern-
ing failures results from failure analysis
(Karthaus et al., 2013). For example,
information from the test bench (like
boundary values, measured data, etc.)
is interpreted in the context of the test-
ing situation and the setpoint settings
and are linked with the experience of
testing engineers. This link between
information from the test bench and
the experience of the testing engineer
has to be documented, see therefore
chapter 3. Based on their experience
and on the measurement data, a testing
engineer decides whether a failure is
critical and whether the test rig has
to be stopped or not (Karthaus et al.,

Domain A Domain B

2013). Automotive powertrain testing
must examine the functionality and
the durability of powertrains. There-
fore, several methods such as simula-
tion, rig and road testing are available,
dependent on the degree of maturity of
the powertrain (Klos et al., 2011). Dur-
ing the development of powertrains,
testing is an important phase. Naun-
heimer states (Naunheimer et al., 2007)
that tests will be performed in 25%

of the total development time. Thus,
tests (and durability tests in particu-
lar) provide potential for development
time reduction. The documentation of
the events from a powertrain test rig,
such as failures or engine maintenance,
for example, is documented manually
in central database systems (Akkaya,
2012). Problems inherent in this manu-
al documentation are the higher work-
load for test rig drivers, non-standard-
ised database entries and descriptions

of failures, failure causes and measures.

An automatic, classified report of
dependencies between failures, failure
causes and measures of non-stand-
ardised database entries is impossible
(Akkaya, 2012). Therefore, categories
and types of failure are proposed

by Akkaya (Akkaya, 2012). Another
problem is posed by the individual and
currently different types of presenta-
tion of failures in diagrams. In certain
cases, no failure diagram was available,
see (Gruber, 2013), but it is desirable
for transparent documentation. The
complexity of failure analysis increases
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FIGURE 1. Classification of matrix-based methods, see

(Lindemann et al., 2010).

d) Multiple-domain matrix

detects

as the number of measurement signals
increases; in modern hybrid vehicles,
more than 2000 measurement signals
are recorded on a durability test rig
(Schenk et al, 2013). The relevance of
each signal for each failure has to be
known so that testing engineers can
process these signals in the failure
analysis. Therefore, testing engineers
spend a lot of their time conducting
failure analysis and the documentation
of failures; see (Gruber, 2013). Modern
testing methods use intelligent auto-
mation systems with online simulation
and adaptive set points to control

the test rig (Schenk et al., 2013). This
further increases the complexity of the
test equipment. The product complex-
ity of modern hybrid vehicles increases
due to new powertrain elements, like
batteries or electric motors and also
due to new incorporated functions,
such as boost or regenerative braking,
for example (Hofmann, 2010). Thus, the
complexity of products, of measure-
ment data, of testing equipment and
the organisation complexity of an OEM
all have an influence. All of these in-
fluences have to be handled by testing
engineers to achieve efficient recircula-
tion of testing knowledge.

For supporting and modelling
information flows, various methods of
complexity management are offered,
such as the Design Structure Matrix
(DSM), see (Ehrlenspiel and Meer-
kamm, 2013). Many methods of com-
plexity management are matrix-based
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FIGURE 2. MDM for supporting the recirculation of testing knowledge
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approaches for representing dependencies between different
or identical domains with the elements in between the indi-
vidual domains, see (Lindemann et al., 2010). For example,
one domain might be “failure” and its elements would then
be “failure one”, “failure two”, etc. Several methods such as
systems engineering, system dynamics, operations research,
data mining and matrix-based methods for handling com-
plexity are discussed in Maurer (Maurer, 2007). Maurer
emphasises that “for the interaction with complex systems,
many different visualisation techniques and computational
approaches have been applied; however, matrix-based meth-
ods have been commonly used in product development”
(Maurer, 2007). For matrix-based methods, four kinds of
matrices are relevant for product development (see Figure 1).
The “intra-domain matrix” presents dependencies between
identical domains. For example, the DSM shows different
dependency types (e.g relations may be the contact or the
flux of force between components) between physical compo-
nents and the dependencies of these components.

The “Inter-domain matrix” shows dependencies between
different domains. It is also called a “Domain Mapping
Matrix” (DMM). There is also the “combined intra-domain
and inter-domain matrix” which is used in a similar way,
for example in the “house of quality”. It includes more than
two domains and different dependencies between these
domains. The Multiple Domain Matrix (MDM) differs from
the combined application of intra-domain and inter-domain
matrices in the computation of some subsets by informa-
tion stored in other subsets within the considered matrices
(Lindemann et al., 2010). In accordance with Lindemann,
(Lindemann et al., 2010) “matrix-based approaches possess
major importance in many applications of product design
for information acquisition, representation and analysis”.
Hence these approaches can be used for the four knowledge
management phases that are described at the start of this
chapter. The approach to support the recirculation of testing
knowledge based on DMM and MDM will be presented in
the following chapter.
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FIGURE 3. DMM for “Failure requirement for
interpretation measurement signal”
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J. Matrix-based approach for
recirculation of testing knowledge

Mapping of dependencies between domains and ele-
ments, the graphical interpretation of data and the com-
puter-aided mathematical analysis of the information
between the matrices are evaluation criteria for choosing
matrix-based methods for supporting the recirculation of
testing knowledge. Due to the huge amount of information
generated every day in modern testing centres, the comput-
er-aided processing of the information and knowledge is
the most important requirement. Thereby, efficient support
in the recirculation of testing knowledge, for example with
specially developed software tools, is necessary. The knowl-
edge database for saving testing knowledge is shown in
Figure 2. Testing knowledge and experience about failures,
failure causes, measures to correct them and the context (the
driving/testing situation) will be represented in this Multiple
Domain Matrix (MDM). The letters (U, V, W, X, Y, Z) are
mathematical symbols for the single matrix, and are later
used for analytical computations of matrices.

Failures in this situation are failures (e.g transmission
slipping) of the test object or the test bench, but with no
damage caused. The test bench automation technology de-
tects a failure when a limited value is exceeded, for example;
see (Karthaus et al., 2013). It also knows on which route the
failure occurs. Therefore, the automation can document the
information in the matrix between “failures occurring on
routes” automatically. Nevertheless, the automation sys-
tems of the test bench do not know the causes of the failure
in question. In case of failures compromising safety, the
test is interrupted and the test bench stands still until the
testing engineer performs the failure analysis. After that,
the testing engineer will know the failure causes and will
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Engine torque [Nm]

----- Engine torque
———= Vehicle velocity
Actual gear

Target gear and actual gear [ - |

Target gear

Rotational speed OF engine [rpm]
Acceleration paddle position [%]

Time  [s]

FIGURE 4. Automatically generated measurement signal diagram
for “Failure 2” from Figure 3
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decide upon the measures which must be performed to
rectify the failure. The testing engineer must document
the determined failure causes and measures manually in
the DMM, which is seen on the left of the table in Figure
5 and the MDM respectively. Before testing engineers
can identify failure causes and measures, in most cases
they must analyse the measured signals. The context
of a failure must be described by the driving situation
and graphically represented by measurement signal
diagrams. The question arises as to which signals are rel-
evant to represent the context. In practice, test engineers
rate the relevance of signals based on their personal
experience in interpreting failures. Knowledge on this
subject can be represented in the DMM “Failure require-
ment for interpreting measurement signal”, see Figure 3.
The first digit of the number in the failure measurement
matrix shows the area (I1-3) the signal belongs to, which
can be plotted in separate diagrams; the second digit is
the number of the ordinate of the measurement signal
diagram, see Figure 4. Zero means the signal is irrele-
vant. The relevant measurement signals can be subdivid-
ed into three different areas:
1. The driving situation, with signals like those seen in

Figure 3, for example, for the unknown failure, as well

as the failure signal which exceeded the limit value.

2. Signals for plausibility of the test bench shut-
down, namely signals which are logically (i.e.
AND or OR) linked to a limit value.

3. The failure situation including all signals which are
only relevant for this specific failure, e.g. the coupling
control pressure during replacement of a faulty gear.

If the same failure occurs again after information ac-
quisition, the measurement signal diagram (see for exam-
ple the driving situation for Failure 2 in Figure 4) can be
generated automatically based on the DMM from Figure
3, see (Gruber, 2013). So the knowledge represented in
the matrix “Failure requirement for interpretation meas-
urement signal” can be used automatically by the test
bench automation to generate the diagram. The time for
a manual generation of the diagram by the test engineer
is not required. The testing engineer could start with

Has (W)

Failure 2

Unknown Failure
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the analysis directly without generating a measurement
diagram himself. As already discussed above, the end

of analysis is usually the ascertainment of failure causes
and components that are responsible for the failures. The
testing engineer gains experience concerning failures,
failure causes, functions and components during the
failure analysis. The acquisition of this knowledge shall
be saved in the matrices in Figure 5. The dependencies
between failures and failure causes are shown in the left
matrix from Figure 5, which is the DMM “Failure has
failure cause” from Figure 2. While the dependencies
between failures and functions are shown in the right
matrix from Figure 5, which is the DMM “Failure leads to
non-fulfilled function”.

Maurer (Maurer and Kesper, 2011) presents an identi-
cal matrix, like the right matrix from Figure 5, for use in
a new method called “eFMEA” (enhanced Failure Mode
and Effects Analysis). Nevertheless, this matrix proposed
by Maurer was not used for recirculation of testing
knowledge. Entries of the matrices from Figure 5 repre-
sent the frequency of the failures: zero means there is
no dependency. The knowledge of these matrices can be
used for a subsequent FMEA for example, in accordance
with (Maurer and Kesper, 2011).

This information and the frequency can also be used
for the next failure analysis, for example, when the test
engineer knows possible failure causes, they can check
these failure causes first and may therefore possibly
arrive at a probable failure cause more quickly. If failure
3 (from figure 5 left) occurs again, the failure cause 2 has
the highest probability of occurrence. In the same way,
like the matrices from Figure 5, it is also the structure of
the matrices which correlate failures and measures as
well as failures and design engineers, see Figure 2. Test
bench automation cannot document information for
Figure 5 automatically, because it is available only after
failure analysis. Hence, the experience of the testing
engineer has to be documented manually by the testing
engineer themselves. Therefore, test engineers have to
document the dependencies between failure and fail-
ure cause for example by adapting the matrix entry. In
addition, a knowledge integration tool is currently being

Leads to
non-fulfilled (X)

Function 1
Function 2
Function 3

---- ISR 1 .

Failure 2

---- ----

Unknown Failure

FIGURE 5. “Failure has failure cause”(left) and “Failure lead to non-fulfilled function”(right) matrix
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developed to handle the data and information load

of a modern powertrain testing field. This tool allows
entries from the MDM from Figure 2 to be inserted and
adapted. A change or adaptation of domains and ele-
ments from the MDM corresponds with a change of the
knowledge base, because the MDM can be only changed
by the knowledge engineer.

The complexity of product and measurement signals
can be represented in the matrices displayed. Organ-
isation complexity with the organisation structure is
represented in the matrix (Y) from Figure 2. This matrix
represents the dependencies between the product func-
tions and the design engineers, which are responsible
for developing and realising these functions. One way
to use the knowledge of the MDM is to calculate new
dependencies from existing subsets by matrix multipli-
cation in order to gain new insight from the calculated
information. For example, the multiplication of matrix
(X) with the transposed matrix (Y)T results in the new
matrix (Z), see equation (1).

Z=X-YT (1)

The matrix (Z) represents the dependencies between
failures and design engineers which are responsible for
the non-fulfilled functions. These dependencies can
be used for knowledge distribution. Engineers have
to know reasons about failures. This means that these
engineers have to be informed about the failure detect-
ed. After the experiences of the testing engineer are
saved in the matrices described above, matrix (Z) will be
calculated automatically. An automatically purposeful
knowledge distribution by a failure message based on
the information in matrix (Z) is possible. This can offer
support for inexperienced testing engineers and an ap-
proach to control the organisation complexity. This idea
is in accordance with Lindemann et al. (Lindemann et
al., 2010). Another domain comprises the components
of the system. These components are physical parts of
the powertrain which, for example, recognise measure-
ment data with a sensor and thereby detect the exceed-
ed value, amongst other things. The DMM “measure-
ment signal recognised by component” (see Figure 2)
can be filled with information before starting a test. By

calculating the dependencies between measurement
signals and failures, it is possible to see which compo-
nents have detected failures. For example, another way
to use the testing knowledge is to calculate the matrix V
(see equation (2)) whose “components are responsible for
failure causes”.

V=UT-W (2

For some users of the testing knowledge, knowledge
representation by matrices does not satisfy the require-
ments for intuitive comprehension. “Thus, force-di-
rected graphs are also appropriate for users without a
technical background and can help enhance teamwork
on complex systems. Finally, graphs and matrices can
easily be transformed into each other and therefore
represent in combination an advanced possibility for the
representation of complex systems” (Lindemann et al.,
2010). Graphs can provide useful support for methods
such as fault tree or failure to failure cause networks in
terms of the use and representation of testing knowl-
edge in development departments, see (Lindemann,
2009). Therefore, force-directed graphs for every failure
from matrix (W) can be generated automatically, see
Figure 6. In accordance with Lindemann (Lindemann
et al., 2010), using this kind of representation, depend-
encies of one element or in this case of one failure can
be understood more easily. The frequency of a failure
creates different edge lengths and positions of the
elements in a force-directed graph. The weights of the
edges cannot be measured from the length of the edges,
because the positioning of elements and edge lengths
results from all elements and edges, see (Lindemann et
al., 2010).

In the case of the reduced graph from Figure 6, the
length of each connection between the elements (failure
and failure causes) correlates to the frequency of the
dependency between failure and failure cause. A more
important failure cause (higher frequency of dependency)
has a shorter connection, see figure 6. Indirect depend-
encies over more than one element are not represented
in this graph. A database-based tool for the interpre-
tation of testing results can automatically create this
graph, see (Schwarz, 2013).

Failure cause 3 Failure 1

Failure cause 2

FIGURE 6. Reduced failure and failure cause network for failure 1 from matrix (W) from figure 5.
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4. Discussion

The approach presented here is a theoretical
one. There is no evaluation of these approaches,
but the methods are currently in use. Until now,
there have been no results, however. Tool support
is beneficial for the acceptance of new methods
in the automotive industry. Therefore, software
systems must be developed and integrated into the
processes of companies. The workload to maintain
these matrices is probably lower than the workload
for contemporary documentation. Thus, testing
engineers can concentrate more on failure analy-
sis. Based on the knowledge representation in the
presented MDM, testing engineers are provided
with more support during their failure analysis
than previously. The processing of information and
data with the developed software systems must be
evaluated in practice. The MDM shown makes no
claim to completeness: there are certainly more
interest dependencies for other active personnel in
the product development process. Hence, for the
four phases of recirculation of testing knowledge
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shown in the chapter “State of the art”, solutions
are proposed to approach the problem of an ineffi-
cient use of testing knowledge particular failures.

. Conclusion and outlook

The problem of an insufficient use of testing
knowledge in individual cases was described in
the introduction. Matrix-based methods are an
approach for supporting the recirculation of testing
knowledge, especially for automotive powertrain
testing. The goal is to support the recirculation
and to use the testing knowledge more effectively
and more efficiently by automating these methods
as far as possible. The knowledge of the domains
and their dependencies are saved in MDM, as well
the driving situation in the form of measurement
signal diagrams. Saved knowledge can be used for
knowledge distribution and interpretation of test
results in testing and design departments. The four
phases of knowledge management are supported by
matrix-based methods used to im-prove the recir-
culation of testing knowledge. The evaluation of the
methods will follow.
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