Available online at www.sciencedirect.com

ScienceDirect

Procedia CIRP 91 (2020) 220229

www.elsevier.com/locate/procedia

30th CIRP Design 2020 (CIRP Design 2020)

Dealing with development risk and complexity in planning situations within
product engineering processes

Jonas Heimicke, Christin Scheib, Albert Albers*

Karlsruhe Institute of Technology, Kaiserstrasse 10, Karlsruhe, 76131, Germany
* Corresponding author. Tel.: +49-721-608-47251; fax: +49-721-608-46051. E-mail address: albert.albers@kit.edu

Abstract

Every product development process is unique and individual. Nevertheless, patterns of recurring and similar elements exist in different processes
which experience specific characteristics depending on the type of project. In addition to the different objectives that form the basis of a product
development process, projects differ primarily in their share of new development and their degree of complexity. In order to deal appropriately
with the resulting uncertainty, implementing agile approaches in processes of mechatronic system development is becoming more popular with
the aim of making the development project more flexible. However, it must be borne in mind that not every development process requires an
agile approach. Although plan-driven approaches have a poor ability to react to changes, they provide clear structure that leads to a common
understanding of the process and a clear definition of objectives. Since a development project does not only contain problems that are well-suited
for an agile or a sequential approach it is important to adapt the process to the underlying situation and requirements. In sufficiently plannable
situations a purely agile approach would entail the loss of structure. On the other hand, a purely sequential approach for highly uncertain problems
means that the process has to be adapted frequently in order to react appropriately to changes and newly acquired knowledge. The approach of
ASD — Agile Systems design helps developers to implement suitable development procedures at different process levels depending on the degree
of planning stability. In this context, this contribution presents a methodology that examines the influence of new development and complexity
on different elements and supports developers in process planning by combining flexible and structuring elements to avoid multiple replanning.
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1. Introduction

Product development projects are carried out within a pro-
ject-specific context consisting of different objectives and con-
straints. As a result, there is no product development process
that is valid for several projects. [1] Nevertheless, patterns of
recurring and similar elements, such as phases and activities,
exist in different processes across different industries [2]. In ad-
dition to different objectives, projects primarily differ in their
share of new development of the product to be developed and
the degree of complexity. As the proportion of new develop-
ments increases there is higher technical risk and uncertainty
since the required knowledge to ensure that the product can ful-
fil its function must first be generated or organized in form of
experts. [3] Developers have always had to deal with uncer-
tainty [4]. It is defined as the difference between the amount of
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information required to perform a task and the amount of infor-
mation already available. [5] In order to respond appropriately
to the uncertainty resulting from the share of new development
and the degree of complexity, the implementation of agile ap-
proaches as Scrum or Design Thinking in processes of mecha-
tronic system development is becoming increasingly popular
with the aim of making the process more flexible and ensuring
the ability to react to unforeseen events. [2,6] Agile approaches
are well suited if, due to changed boundary conditions or new
findings, adjustments or a replanning of the project plan fre-
quently have to be made. [2,7] However, despite their success
in software development they quickly reach their limits in
mechatronic system development due to the physical shape of
the product. [6] As the product development process can be
seen as a problem solving process traditional plan-driven ap-
proaches seek to optimize this process [8,9]. They are used in
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physical product development for decades and offer a clear
structure leading to a common understanding of the process and
a clear definition of objectives [10]. For this reason, objectives,
requirements, framework conditions, etc. must be defined be-
forehand [11]. These characteristics mean that plan-driven ap-
proaches are well suited for environments that are stable and
subject to low change, but they lack the ability to adapt. [12]

However, a development process consists of several prob-
lems requiring different approaches (agile or plan-driven) due
to their degree of complexity and share of new development of
the product to be developed. Furthermore, these factors are re-
lated to the product and process complexity [13]. Therefore, it
is important to adapt the process to the needs and requirements
of the underlying situation. [2] Developers currently lack an ap-
proach that supports them in planning engineering generations
[14] depending on the share of new development of subsystems
and the degree of complexity of the underlying problem. In this
paper a method is presented which uses the new development
share and the degree of complexity as input factors in order to
analyze their influence on the different elements of the project
plan. This creates awareness of the plannability of the process
so that planning is only carried out as far in advance as the state
of knowledge permits. Hereby the robustness of the project plan
is increased on overall process level and the number and extent
of necessary changes in process and product are reduced.

2. Literature Background
2.1. Dealing with uncertainty and complexity

Product development can be abstractly described by the sys-
tem triple of product engineering. It includes the system of ob-
jectives, the system of objects and the operation system. [15]
The Advanced System Triple Approach [16] complete the de-
velopment process by including analysis and synthesis activi-
ties. The operation system continuously transfers the system of
objectives into the system of objects. In the course of the pro-
cess, the system of objectives is continuously expanded and
concretized by the operation system taking up objects of the
system of objects and deriving new objectives through analysis
and synthesis activities. Due to the iteration of analysis and
synthesis activities uncertainty can be mitigated. [16]

In the understanding of product development as a socio-
technical system, complexity depends on the system-specific
context [17] GERALDIET AL. [18] describe complexity using the
five factors socio-politics, pace, dynamic, uncertainty and
structural complexity. Furthermore, the term VUCA - Volatil-
ity, Uncertainty, Complexity, Ambiguity is becoming increas-
ingly popular to describe system circumstances against the
background of complexity [17,19]. As various degrees of com-
plexity require different procedures, SNOWDEN AND BOONE in-
troduced the Cynefin framework. With its help the operative
context of a system can be determined and appropriate proce-
dures from a management point of view can be derived. Simple
and complicated contexts are characterized by stability and a
clear cause and effect relationship. Based on facts right answers
can be determined although a complicated context often re-
quires expert knowledge. Complex and chaotic contexts on the
other hand include problems that are great subject to change.

Therefore, this kind of context is characterized by unpredicta-
bility and instability. There is no apparent cause and effect re-
lationship. [7] Since BREITSCHUH ET AL. assume that several
domains of the Cynefin framework exist in parallel in product
development projects, the framework is extended by combin-
ing the operational context with complexity as a system prop-
erty, in order to detect the transition from one context to an-
other. [20] Therefore, the factors defined by GERALDI ET AL.
[18] and VUCA are summarized into four complexity factors:
Pace, Availability of Knowledge and Transparency, Structural
Complexity and Lack of Definition and Agreement, which are
defined as impact factors in domain transition [20]. As preserv-
ing complex states of social systems requires energy
BREITSCHUH ET AL. include entropy as a further measure. [20]
Entropy is to be understood as a measure of the lack of
knowledge in order to conclude from the macroscopic state of
a system the microscopic state of all its elements [21]. The
combination of complexity as a system property, the operative
context and entropy results in the definition of the Entropy
Compass (see Fig. 1). It serves as a means to describe and ana-
lyze the present project situation including the influencing fac-
tors on the probability of domain transitions. In addition, it rep-
resents a classification scheme for procedures to cope with the
degree of entropy, which is defined by the complexity dimen-
sions and reflects the planning stability of the respective devel-
opment situation. [2,20]

Deﬁhition and Agreeme )

Fig. 1. The Entropy Compass according to BREITSCHUH ET AL. [20]

The operative context has great impact on the planning sta-
bility of a project. While plan-driven approaches such as VDI
2221 [22] are well suited for complicated contexts, agile ap-
proaches have proven themselves in complex contexts. For an
appropriate handling of context transitions it is necessary to
recognize the nature of the problem. This requires the consid-
eration of the operative context and the system properties. [2]

2.2. Agile vs. plan-driven approaches

In development projects, a basic distinction is made between
agile and plan-driven procedures. Depending on the type of
problem, the two approaches are suitable for different pur-
poses. Plan-driven models such as VDI 2206 [23], Stage-Gate
[10] or Waterfall [24] are characterized by a high degree of de-
tailing. Requirements for the product and its features have to be
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specified in advance. [11] The overall goal is to standardize the
development process in order to maximize its functionality and
reduce changes of requirements [25]. The transparent structure
on which the plan-driven approaches are based leads to a com-
mon understanding of the process and a clear definition of ob-
jectives [10]. From the traditional point of view of project man-
agement, a project is determined by three factors: cost, time and
scope, more known as The Project Management Triangle. With
plan-driven approaches, the scope and product requirements
are usually defined at the beginning of the project. Costs and
time adapt flexibly in each case. [26] However, not all product
requirements can be completely identified in at the beginning
of a project. Changes lead to time-consuming and costly revi-
sions. [27] The later the changes occur in the process, the more
effort is involved, since all partial solutions downstream of the
change must also be adapted [28]. Moreover, the customer is
not a constant part of the development process but only when
required [12]. The discovery of changing needs may therefore
be delayed [29]. Nevertheless, plan-driven approaches are suit-
able for larger projects that take place in a stable context and
which are characterized by minor changes, as well as products
whose design is extensive and the increments to be developed
take more time. The management of such projects is based on
a series of documented plans and is focused towards the cus-
tomer on adhering to the contractual conditions. [12]

When in 2001 the Agile Manifesto was published by a group
of practitioners from the IT industry the application of agile ap-
proaches to project management has become more and more
important. [30] Agile development itself can be traced back to
methods such as Scrum and Extreme Programming. The indi-
vidual methods contain different approaches, each of which has
its own advantages and can be combined with each other. The
primary goal of agile approaches is the rapid creation of added
value and a short response time to changes. [12] Products are
developed incrementally in iterations by self-organizing teams
to meet the requirements of a dynamic environment. In contrast
to traditional approaches, the customer is strongly integrated
into the development process in order to consider his needs and
feedback in the further development. [31] In contrast to plan-

driven approaches duration and costs of each sprint are defined
in advance but the scope can be adjusted. [26] Its results are
continuously evaluated, validated and adapted to reduce the
risk of developing a product that does not meet the customers’
requirements. [26] In order to save development time, no time-
consuming documentation is required. However, this property
is to the disadvantage of agile methods. Since no detailed prod-
uct documentation is provided, it is difficult for new developers
to familiarize themselves. [32] Due to the increasing share of
electrics, electronics and information technology mechatronic
products become highly complex [33]. The growing uncer-
tainty and dynamics various industries are facing emphasize
the importance of agile methods in mechatronic system devel-
opment as well as an optimal level of organizational agility
[6,34]. In doing so, a number of challenges have to be mastered
that arise with the use of agile methods in the development of
physical products. [6] To counteract this, hybrid approaches
combine agile and plan-driven methods to exploit the strengths
of both. The goal is to find an optimal balance between flexi-
bility and process stability. The boundary conditions of the re-
spective process must be considered in order to derive the main
characteristics of plan-driven or agile approaches accordingly.
[27] An example of this is provided by the approach of ASD —
Agile Systems Design [2]. Assuming that within product de-
velopment processes problems with different complexity levels
co-exist [2], the approach of ASD — Agile Systems Design
“supports the developer during the innovation process as a ho-
listic, structuring approach for the agile development of mech-
atronic systems, the associated product strategy, validation sys-
tems and production systems, consisting of principles, methods
and processes of PGE — Product Generation Engineering.” [35]
It is based on nine principles that support development teams
in developing mechatronic systems. The principles serve the
company- and context-specific design and application of suita-
ble development practices. These provide guidelines for align-
ing action with them. The model of ASD — Agile Systems De-
sign is used to select suitable development procedures on dif-
ferent process levels depending on the planning stability of the
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Fig. 2. Model of process design with ASD — Agile Systems Design. [2]
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given development context (see Fig. 2). At the respective pro-
cess level, a distinction can be made between sequential and
iterative procedures. For this purpose, the planning stability of
the development context is determined using the Entropy Com-
pass. The development procedure for solving the problem is se-
lected flexibly. Thus, developers can implement a situation-
and demand-oriented degree of agile elements into the devel-
opment process. If the development context is subject to a high
degree of planning stability, a sequential approach is used. If
the planning stability is rather low tasks are handled iteratively.
[2,36]

2.3. The Model of PGE - Product Generation Engineering

PGE — Product Generation Engineering is the operationali-
zation of the sixth principle of the ASD “Each Product is De-
veloped on the Basis of References” [2]. The model comprises
the development of technical products which are characterized
by the adaptation of subsystems as well as by the new develop-
ment of subsystems. The development of a product generation
is always based on a reference system, which includes refer-
ence elements. Reference elements can be both predecessor and
competitor products whose structure and subsystems have been
adopted or used as a starting point for variations. [37] This un-
derstanding allows the reuse of already existing subsystems by
distinguishing three types of variations: carryover variation
(CV), embodiment variation (EV) or principle variation (PV).
While CV refers to the adoption of existing solutions, EV (ad-
aptation of the design while retaining the solution principle)
and PV (realization of a function while using a new solution
principle) are combined as the share of new development. [38]
Depending on the type of variation, different patterns can be
identified in projects. [39] The model facilitates planning, clas-
sification and description and thus the management of a prod-
uct development task. The development of a product generation
Gi is structured by engineering generations E;;. They describe
the status of the intended customer, user and supplier benefits
of the product generation G;. Like product generations, engi-
neering generations are based on at least one reference element,
such as the previous development generation E;j.;, and can be
described by the same types of variations of technical subsys-
tems. The development process of engineering generations is
structured by the phases: Define E;;, Realize E;j;, Validate E,.
In the beginning, the system of objectives for the engineering
generation E;;is defined. The system of objectives is then trans-
ferred into the system of objects. Finally the engineering gen-
eration E;; is validated whereby the technical implementation
is evaluated against the defined objectives. The number and
timing of engineering generations depends on the characteris-
tics of the product generation G; like the share of new develop-
ments and the origin of reference elements. [40]

Fig. 3 shows the visualization of the development risk using
the first generation of the dual mass flywheel as an example.
The framework allows to assess the risk associated with the de-
velopment of a product. The share of new development and the
level in the system structure are one of the influencing factors
for the development risk. The higher the share of new devel-
oped subsystems is the greater is the respective development
risk mostly due to technical reasons. [41]
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Fig. 3. Visualization of development risk according to ALBERS ET AL. [41]
3. Aim of Research

The increasing dynamics with which companies in mecha-
tronics system development are confronted is leading to an in-
creasing integration of agile approaches into the product devel-
opment process. In contrast to traditional approaches, there is
an awareness of uncertainty and changing information bases. A
more detailed view on the development process of product gen-
erations is possible by structuring it into engineering genera-
tions. Development teams currently lack a method that supports
them in planning engineering generations depending on the de-
velopment risk of the respecting subsystem and the degree of
complexity of the development situation. Therefore, a method
is presented in this contribution based on the ASD — Agile Sys-
tems Design as it assumes that development teams face prob-
lems with a varying degree of complexity in a project. Since
the selection of an agile or plan-driven approach is dependent
on the degree of planning stability, the method should include
mechanisms which allow developers to estimate the opera-
tional context. Furthermore, the number of required engineer-
ing generations of a product generation or the respective sub-
systems is correlated with the share of new development. In
addition, the necessary depth of technical detail of the engineer-
ing generations being developed influences the planning of it-
erations with regard to their length and the activities and com-
petences required in each case. [42] In addition to the assess-
ment of planning stability, the technical risk must therefore also
be estimated. In order to support development teams in plan-
ning engineering generations in a project-specific, situation-
and demand-oriented way, the following questions have to be
answered:

1. Which elements are part of a development process and

which are relevant for its planning?

2. What influence do the risk portfolio of PGE — Product
Generation Engineering and the entropy compass have
on the classification of elements and thus on the planna-
bility of processes?

3. How can these correlations be used to plan product de-
velopment processes in accordance with their share of
new development and planning stability?

The questions are answered based on a literature research as
well as experiences in product development. Based on the re-
sults of the first two questions, a methodology is developed to
support development teams in process design of engineering
generations based on the technical risk and the degree of com-
plexity. Recommendations for action with regard to project
planning are derived from the third question.
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4. Results

4.1. Recurring, similar elements in product development
processes

Recurring, similar elements, such as phases or generic ac-
tivities, are continuously subject to analysis and synthesis ac-
tivities during the product development process. In order to
identify those elements literature in the context of The Ad-
vanced System Triple [16] is analyzed. The elements from lit-
erature were distinguished into those that specify the project,
such as objectives, requirements and framework conditions,
and those that are relevant to the design of the project plan. The
literature analyses led to 27 elements shown in Table 1. Ele-
ments which are marked bold are relevant for the planning of
the development process.

Table 1. Recurring elements in product development processes

Element Source Element Source
Objective [16] Customer [35]
Function [35] Phase 2]
Test [43] Deliverable [10]
Team [1] Document/Information  [1]
Costs [1] Infrastructure [1]
Reference system ele- [44] State of knowledge [16]
ment
Attribute [35] Boundary condition [35]
Requirement [44] Stakeholder [35]
Shape/Implementation [45] Milestone [10]
Decision [10] Activity 2]
Product Profile [35] Vision -
Method [46] Completed project [41]
documentation
Tool [47] Solution space [16]

Engineering generation  [14]

The elements do not refer exclusively to the overall project,
but equally to different subsystems and engineering genera-
tions. By designing the development process, activities are
modelled in a chronological sequence in the project plan. It pro-
vides time and content orientation in the development project.
As the development process of mechatronic systems is usually
modelled as a Stage-Gate process, the project plan includes
phases, activities, milestones and its deliverables as traditional
Stage-Gate elements as well as teams, costs and infrastructure
which are assigned to activities. The vision reflects the final
product. Usually, the actual course of the project deviates from
the project plan due to unforeseen events [47]. The resulting
delta between the project plan and the actual course of the pro-
ject can be used retrospectively to evaluate planning stability.
The Entropy Compass, on the other hand, allows only the esti-
mation of planning stability in the beginning of a project [2]. In
the course of the project, the project plan and its actual course
must be adapted to each other. The resulting effort depends on
the time and progress of the project. The earlier the adaptation
is carried out the less effort is necessary as a result of new plan-
ning or rescheduling. If, on the other hand, the actual project
progress is not explicitly checked until a later point in time, the

adjustment effort increases. Besides planning stability uncer-
tainty is considered as an important factor for the selection of a
suitable approach. The higher the new development share of
the project, the higher is the necessity to generate situation-spe-
cific knowledge and to define the technical system in order to
validate the solution continuously. Consequently, the uncer-
tainty of the development project also increases. The occur-
rence of uncertainty in process planning is summarized under
the term planning uncertainty. As a project is determined by
the factors cost, time and scope, concrete values must be as-
signed to them during project initiation. With regard to the
identified elements, deliverables reflect the scope or the pro-
gress of the project, which must be available at a certain point
in time. The factors are defined at the beginning of each project,
by assigning a target value to them. The target value takes into
account the project-specific context. The same applies to the
other elements that are relevant to the project plan. Since there
is an interaction between the factors, this must be taken into
account. For example, if the duration of activities in a phase is
reduced, the scope decreases which means that the deliverables
cannot be achieved and/or costs increase. Due to the interrela-
tions the possibilities to define the factors increase. The defini-
tion of deliverables is of particular importance as elements such
as activities, infrastructure and test can be derived from it. The
more knowledge and experience are available within the devel-
opment team the more reliable is the definition of target values.
The higher the reliability with which factors can be defined, the
lower the planning uncertainty. For example, a high share of
new development leads to a low availability of situation-spe-
cific knowledge. This must be generated by activities of vali-
dation during the project. Due to that it is not possible to assign
reliable target values to the factors during the project initiation.
In the course of the project their actual value is measured. The
greater the deviation from target value and actual value, the
lower the planning stability. The aim of process planning is to
create planning stability by selecting a suitable development
approach. A high degree of planning uncertainty therefore re-
quires a robust approach to ensure planning stability.

To assess the degree of complexity and thereby planning sta-
bility the Entropy Compass Tool is used. It allows project par-
ticipants to estimate different characteristics of relevant project
factors which results in an overall degree of complexity and
thereby in the planning stability of the development situation.
[36] As the degree of complexity and thus the planning stability
influences the identified elements with regard to their planna-
bility the Entropy Compass is divided into an upper and a lower
half. While high planning stability generally results in good
plannability of elements, the opposite occurs if the system to be
developed is associated with low planning stability. Plannabil-
ity is a characteristic of the specific system triple and a measure
of robustness to what extent a planned project progress applies.
The values of the elements change depending on whether the
total entropy of the present development situation is classified
in the upper or lower half. The following three values can oc-
cur: well plannable, poorly plannable or no influence. The up-
per half is characterized by a high degree of complexity and
thus reduced planning stability. The opposite is true for the
lower half. An excerpt of the results of the impact analysis for
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the factor complexity are shown in Fig. 4. It is limited to the
elements that are relevant for process planning.

Elements Degree of complexity of development context
chactic / complex obvious/ complicated

Phase no mfluence no influence

Costs

Vision

Milestone no mfluence no influence

Deliverables no influence no influence

Team

Infrastructure

Fig. 4. Extract of the impact analysis for the degree of complexity

The elements phase, milestone and deliverable are not influ-
enced by the degree of complexity since they are part of the
project level phase in ASD and refer to the overall system. In
this contribution the planning on this level is considered to be
similar to a Stage-Gate as mechatronic system development
products are developed using this type of process which means
that these elements are fixed.

To estimate the technical risk of subsystems which is linked
to the planning uncertainty the framework of ALBERS ET AL.
[41] is simplified by dividing it into 6 clusters (see Fig. 5). The
subsystems are classified into one of the clusters depending on
their new development share and the system level. The ten-
dency of the development risk is expressed by the color scheme
and is largely identical within a cluster.

| Connector: Supersystem |
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System in
develop.

Subsystem
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Subsystem
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System layer

Reference products
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DevelopmentRisk:

oy Share of new development high
S| ;

Fig. 5. Simplified framework for assessing the development risk

The subsystems specify the elements of planning depending
on the development risk. For this reason, four values were de-
fined in advance, which the variables can assume: patterns
known, patterns partially known, patterns not known and no
influence. Here, patterns in the process are meant. If, for exam-
ple, a subsystem from the previous generation is integrated into
the new generation via carryover variation, patterns of product
development activities are known due to the high level of con-
formity of the system of objects. The elements which are part
of the product development process do not occur independently
of each other but have a mutual influence. For the impact anal-
ysis, this means that an element assumes the value patterns
known if dependent elements have already been defined. If, for
example, the element test has the value patterns known, then
the objectives and requirements for the system to be tested, as
well as its functions, are already known. Elements get the value

patterns partially known if the dependent elements are partially
defined, but the probability of changes due to new information
is high. Accordingly, the value patterns not known is assigned
to elements which cannot be defined at the beginning of the
project because the definition of dependent elements is miss-
ing. It is only possible to discover the patterns of these elements
in the course of the development process. If the elements are
independent of the classification in clusters, they get the value
no influence. An extract of the impact analysis is given in Fig.
6.

Value
Elements Cluster of ris portfolio
1 2 3 4 E [

Aceviies [ pataskaenn | pateemekmown |pitarns parialy known paterss partaly coorvo RSN RS
Dhase 0 influenca no influence 0 inflsence n0 influence no influance no influence
Coas ipatterns partially known pateres pastislly known pattms partislly known patteres partially known
Vision
Miksmne o influence

o infloence
Test ipatterns partially known pateres pastilly known|

oo influence no influence 10 influence

patern partislly known
no influence no inflence no ne influence no inflence ne nfluence
Team paterns partislly known pattems partislly known paterns partially known
Infrasrucrors {pattarns partially known paterns partiaily knows|

Fig. 6. Extract of the impact analysis for the development risk

In the next step, the identified elements, the tools for as-
sessing the degree of complexity and the development risk as
well as the impact analysis are combined into one method. In
order to design the project plan, the elements phases, activities,
milestones, deliverables, infrastructure, costs, team, test and
vision are needed. For reasons of simplicity, the remaining ele-
ments are not explicitly taken into account. The method con-
sists of three steps:

1. Assessment of the degree of complexity of the context and
assessment of the development risk of the subsystems to be
developed: The Entropy Compass Tool and the simplified
risk framework are used in order to assess the degree of
complexity and the development risk as input factors for
the design of the project plan

2. Classification of elements of planning: Based on the result-
ing degree of complexity and the development risk the im-
pact analysis is used to get information about the planna-
bility (poorly plannable, well plannable, no influence) and
the degree of definition (patterns known, patterns partially
known, patterns not known, no influence) of the elements
of planning.

3. Process design on phase level of subsystems: On the basis
of the classification of the elements, the process of engi-
neering generations can be designed according to situation
and needs. The method is summarized in Fig. 7.
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4.2. Exemplary Application of the Method

As the development risk of the system to be developed and
the degree of complexity are both factors influencing the design
of a project plan it is the first step to estimate them by using the
Entropy Compass Tool and the simplified risk framework. Sub-
sequently the impact analysis provides information about the
plannability and the degree of definitions of the elements. The
different value combinations resulting from development risk
and degree of complexity require different handling in the plan-
ning of engineering generations. For this purpose, it is neces-
sary to consider different process levels. The project as a whole
is represented by the project level. Under the assumption that
the planning resembles a Stage-Gate process on this level,
milestones and the associated deliverables between the phases
represent cross-departmental synchronization points [40].
Since the product generation consists of a number of subsys-
tems [37], each of which has its own product development pro-
cess the question of a suitable development procedure for the
engineering generations of the individual subsystems at phase
level arises. In principle, three different types of procedures can
be applied: agile, sequential and hybrid. In order to demonstrate
the application of the method, the development of a vehicle
generation is studied. The focus is on the chassis and the power-
train as subsystems of the overall vehicle. As a first step the
development risk and the operational context have to be as-
sessed using the using the simplified risk framework and the
Entropy Compass Tool. While the subsystem chassis is adapted
as carryover variation from the predecessor generation the
powertrain should be electrified in comparison to its predeces-
sor which makes it a principle variation. By offering an electric
vehicle in the product portfolio, the company is possibly striv-
ing to serve a new market segment. The high share of new de-
velopment of the powertrain and the changing customer needs
lead to the fact that the operative context can be described as
complex. Furthermore, the powertrain can be assigned to clus-
ter 6 due to its system level and its share of new development.
Due to the operative context planning stability is low while the
high share of new development leads to high planning uncer-
tainty. Based on the resulting development risk and the degree
of complexity the results of the impact analysis give infor-
mation about the plannability and the degree of definitions of
the elements of planning. Due to the described development
context the majority of elements is characterized by the values

1. Assessmentof Hhe degree of
complexily of the operalional context

2 Classiicaion of lemants of planning

poorly plannable and patterns not known. Based on the result-
ing classification of the elements the process of engineering
generations can be designed on the phase level of subsystems.
To take into account the high probability of changes due to the
acquisition of new information in the course of the process, an
incremental, iterative planning of the engineering generations
Ef }f’wertmi" is recommended. The activities should be planned
as far in advance as the current state of knowledge permits
since the probability of deviations from project plan and the
actual course of the project is high. This can be attributed to the
fact that case-specific knowledge is not sufficiently available
in the beginning and must first be generated by validation ac-
tivities. It is also recommended to plan the element fest only as
detailed as the information available allows. For example, it is
possible to plan capacities at the start of planning, but to define
test cases and test environment only when sufficient infor-
mation and knowledge are available. By avoiding long-term
detailed planning under high uncertainty, the adjustment effort
is kept low. Furthermore, it is suggested to develop the engi-
neering generations of the powertrain in several versions, the
maturity level of which increases continuously. At the review
points the version of the respective engineering generation
must be fully validated. Due to the iterative process, knowledge
gained from this can be integrated into a further version
Efeyertrain of EPowertrait The basic activity manage projects
is carried out in parallel with all other activities in a regularly
recurring mode to support the product development process, to
adapt the project plan if necessary and to reduce uncertainty.
When looking at the development of the chassis, case-specific
knowledge and experience in the development team is high, re-
sulting in a lower degree of complexity and thus in a compli-
cated context accompanied by high planning stability. In order
to assess the development risk, it must be classified in the sim-
plified risk portfolio. As the chassis is on the first system level
and the share of new development is low, it is assigned to clus-
ter 2. This results in low planning uncertainty. Furthermore, the
patterns of the elements of planning are known and the ele-
ments are well plannable. At this point an iterative process de-
sign is not necessary. The high degree of knowledge and expe-
rience available in the team allow a more detailed planning
which covers a larger time period. With regard to the engineer-
ing generation Ei‘f}‘a“is , whose system of objective is derived
from the overall vehicle, this means that the probability of new
findings leading to technical changes or changes in the project

3 Situation- and demand-orismied process design

Degpres of compexity of dvsiopmrt contaxt

iterative

Project Initiation
- Vision

sequential

Definition phase. Concept phase

1. Assessment of development
risk of the subsysiems 10 be
developed

Fig. 7. Method for supporting the process design of engineering generations
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plan is lower. An agile approach is not necessary at this point,
as this would result in the loss of structure. Rather, a plan-
driven, sequential approach should be chosen to stabilize the
process. A hybrid approach that combines the advantages of
agile and plan-driven methods is suitable for subsystems with
a medium development risk. Depending on the degree of com-
plexity of the context, the need for agile elements in the devel-
opment process increases. Elements, whose patterns are known
can be planned more detailed and in a longer term. Otherwise
they should only be planned on the basis of the actual
knowledge available and should be checked at regular inter-
vals. Detailed planning of activities over a longer period of time
should be avoided if their patterns are not known. If necessary,
the existing results can be concretized in a further iteration cy-
cle. The process of the engineering generations of the individ-
ual subsystems Ef ; has to be completed at the milestone of the
project level in order to integrate them into the overall vehicle,
and to validate it. Findings from the validation of engineering
generations Ef and the overall system need to be transferred to
the development of further engineering generations. The result-
ing process design based on the share of new developments and
the degree of complexity is shown in Fig. 8.

Phase level of subsystems

Basicactivities  Phase L

R —— @ s

Review Meeting

oo

Fig. 8. Process design based on development risk and degree of complexity
4.3. Evaluation of results

In order to verify the results and assumptions of this contri-
bution, they were formulated as statements and stored in a cat-
alogue of questions. This was answered by representatives of
different industries, who have experience in product develop-
ment and project management. The survey was created with
LimeSurvey and answered by n=23 participants from the auto-
motive, drive technology, agricultural engineering and aero-
space industries. Of the 23 participants, 21 have an engineering
background. The participants could more or less strongly agree
or disagree with the statements. At the beginning, the elements
relevant for designing the project plan had to be evaluated with
regard to their significance in the project plan (see Fig. 9). The
two subsequent statements referred to the new development
share and the degree of complexity in order to assess their in-
fluence on the choice of a suitable development procedure. Fi-
nally, statements were made on the results of this work in order
to get a first impression of the perception of these findings in
practice. The results are displayed in Fig. 10. For the evalua-
tion, the mean value of the individual statements was calcu-
lated. The participants agree that all elements identified in this
work that are used to draw up the project plan are relevant for
its planning. The highest level of agreement is given to the clas-
sic Stage-Gate elements deliverables, milestones and phases.

In addition, there was the possibility to name further elements
as part of the project plan. Here it was noted to explicitly dis-
tinguish fest in validation and verification, since small changes,
which are made in the course of the project, are partially only
verified. In addition, risk management and the dependencies
between the individual sub-projects and deliverables, as well as
responsibilities, were mentioned as further components.

When developing new products, the following
components are defined in the project plan:

Activities
Phase
Costs
Infrastructure
Vision
Milestones
Deliverables
Team
Test
1.00 2.00 3.00 4,00 5.00

Completely disagree Completely agree

Fig. 9. Evaluation of the relevance of planning elements

The participants agree that the degree of complexity and the
share of new development have a significant influence on the
plannability of elements and on the detailed planning of the
project plan. As far as the structure of the method is concerned,
it can be concluded that it uses the right input factors in order
to support developers in choosing an appropriate development
approach. The positive correlation between the long-term char-
acter of the detailed planning and the probability of deviations
from the actual course of the project and the project plan is ap-
proved. Similar support is given to the statement on the adjust-
ment effort. Accordingly, the connection between adjustment
effort and planning horizon can be confirmed in practice. What
is striking about the evaluation is that the last two statements
are a logical conclusion from the previous ones. Nevertheless,
their agreement is lower. The reasons for this assessment can-
not be determined on the basis of the survey described.

The lower the new developm ent share of a development
project, the more detailed the compaonents of the project 409
plan can be plamed. :

The plannability of components depends on the
complexity of the development project and its 404

ervironment

The more long-term the detail ed planning of the project -
is. the higher the probability of changes. 4,17

If the actual progress of the project and the project plan
are not checked at reguiar intervals, the effort required 413
to adjust the project plan increases over time. :

If a detailed project plan is drawn up despite a hish
degree of uncertainty, thereis a higher risk that the 3.78
actual course of the project will deviate from the plan :

With a high degree of planning uncertainty. proje
plannedin shorter ¢

Completely disagree Completely agre

Fig. 10. Evaluation of assumptions and results

The causes for the decision of the participants would have
to be examined further with the help of appropriate methods.
With regard to the consistently positive evaluation, it can be
concluded that the method takes up essential variables for the
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choice of a suitable development approach and draws correct
conclusions from them. Nevertheless, the evaluation reveals
trends, but is not representative due to a small sample size.

5. Discussion

In this contribution, a method was presented that supports
teams in planning engineering generations according to situa-
tion and need. Besides varying degrees of complexity, the share
of new developments of the product to be developed is consid-
ered as it influences planning uncertainty and the number of
engineering generations. Recurring elements of development
processes were identified from the literature to analyze the in-
fluence of new development share and degree of complexity by
means of an impact analysis. The results of the subsequent
evaluation can be regarded as positive as they confirm the rel-
evance of such a method in practice. Nevertheless, the survey
format could only show trends regarding the assumptions and
conclusions of the method. Due to the relatively small sample
size of n=23 and the limited number of sectors in which the
respondents work, as well as a similar job description, this is
not representative of the population as a whole. In particular,
the reason for the lower approval of whether projects with un-
certainties are planned in shorter cycles would be of interest for
deriving recommendations for action. One possible reason for
this could be the working environment of the participants, as
the majority of those surveyed are active in the automotive in-
dustry, whose processes are generally similar to a Stage-Gate
process. This could also explain the increased approval of the
relevance of classic Stage-Gate elements for the planning of
development processes. In order to be able to make more pre-
cise statements about this, the next step would be to conduct
expert interviews. So far, no statements can be made about the
application of the method in practice. Here the method would
have to be validated as the subject of further research work in
a real development context in order to be able to draw conclu-
sions about its structure and the support provided.

6. Conclusion & Outlook

The development of a new product generation consists of a
number of subsystems, which differ in their share of new de-
velopment and the degree of complexity. Accordingly, there is
no procedure that applies equally to all subsystems. Based on
the state of the art in research, this work was able to demon-
strate not only the degree of complexity but also the importance
of the share of new developments in the choice of a suitable
development procedure. Based on the fact that patterns of re-
curring, similar elements occur in product development pro-
cesses, these, including existing relationships between them,
were identified at the beginning. The developed method com-
bines the technical risk, based on the share of new development
as well as the degree of complexity, which is composed of the
operational context in which the project takes place and the sys-
tem properties. Based on the qualitative assessment of these
factors, developers can estimate the technical risk and planning
stability of the development situation, which influence the def-
inition and plannability of the elements of a product develop-
ment process. Subsequently, the influence of the share of new

development and the degree of complexity on the elements was
analyzed. The resulting characteristics support development
teams in designing processes of engineering generations ac-
cording to the respective situation and requirements.
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