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Abstract. Smart product-service systems (Smart PSS), as an emerging
transdisciplinary paradigm, leverages smart, connected products (SCPs) and their
generated services as a solution bundle to meet individual customer needs across
different engineering fields. Owing to the advanced information and communication
technologies, Smart PSS development differs from the existing product and/or
service design mainly in three aspects: 1) closed-loop design/redesign iteration; 2)
value co-creation in the context; and 3) design with context-awareness. These
unique characteristics bring up new engineering design challenges, and to the
authors' best knowledge, none of the existing design theories can address them well.
Aiming to fill this gap, a novel design entroy theory is proposed by adapting the
information theory with engineering design. In this context, Smart PSS can be
regarded as the information container. Hence, the closed-loop design/redesign
iteration can be treated as the dynamic change of information and entropy in a
balanced system. Meanwhile, the value co-creation process is considered as the
exchange of accumulated information via the container. Lastly, the design context-
awareness represents the process of eliminating entropy. As a novel prescriptive
design theory, it follows Shannon’s information theory to determine the best
solutions by considering the three characteristics integrally. It is envisioned this
appraoch can largely facilitate today's industrial companies’ digital servitization
towards Industry 4.0 with better performance and user satisfaction.
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design entropy

1. Introduction

In the context of industry 4.0, the current digital technologies, including Internet-of-
Things (IoT), cloud/edge computing, and Big Data analytics have enabled the industrial
digital transformation towards digital servitization [1]. This IT-driven value proposition
paradigm is named smart product-service systems (Smart PSS) [2][3], where smart,
connected products (SCPs) and their generated advanced services are delivered by the
service provider/manufacturer as a solution bundle to be adopted in many disciplines.
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Unlike other types of PSS paradigms, Smart PSS considers both the online smartness of
cyberspac, and offline smartness of the physical space with sustainability concerns [4].

Nevertheless, as an emerging paradigm, none of the existing design methodologies
emphasizes its multidisciplinary essence, as a sociotechnical system. Meanwhile,
scarcely any work provides a fundamental approach to realize Smart PSS design by
considering its transdisciplinary design characteristics (i.e., value co-creation, closed-
loop design, context-awareness). Aiming to fill in the gap, this research work, as the first
attempt, proposes a novel design methodology for the Smart PSS development, which
combines the two disciplines of engineering design and information theory. The rest of
this paper is organized as follows: Section 2 presents the unique design characteristics of
Smart PSS and their existing works. Section 3 provides a comprehensive review of
information design and entropy in information theory. Section 3 defines design entropy
theory, discusses the concept of design entropy and conversion ability, explains its
design process, and introduces some formulas for the quantitative measurement of design
entropy. Section 4 illustrates the concepts with examples. The conclusion and future
work are summarized in Section 5 at last.

2. Smart PSS design characteristics

Based on the transdisciplinary nature of Smart PSS, three unique design characteristics
of Smart PSS are outlined below.

Value co-creation is carried out by stakeholders who are mainly classified into three
species, i.e., users, service providers, and manufacturers/vendors [5]. User participation
is the most crucial part of the innovation process (e.g. user experience-driven innovation),
which ensuring the real-time interaction between designers and users is fundamental to
the development of Smart PSS.

Closed-loop design is conducted among SCPs and e-services, which can generate,
collect, process and exchange relevant information through the system lifecycle,
especially during the usage stage. Based on the useful information of the Smart PSS, the
closed-loop design emphasizes the integration of innovative design and iterative design
processes into the development thereby assisting the designers and engineers efficiently
completing not only the creation from scratch but also the real-time
upgrade/modifications.

Context-awareness is based on those intelligent systems [4]. With advanced sensors
and inductive technologies provided by the intelligent systems, context-awareness can
enable Smart PSS to deeply understand their customers, including their behavior,
motivation and requirements. Therefore, Smart PSS involves a novel methodology which
can distinguish certain contexts accurately and update solutions adaptively.

Nowadays, none of the existing methodologies which always adopted in PSS
development can meet all the three characteristics. One can find that it still lacks a
transdisciplinary design approach for Smart PSS. Aiming to fill this gap, a novel
transdisciplinary methodology by combining two disciplines of engineering design and
information theory will be proposed to solve the challenges of Smart PSS's unique
characteristics in this paper.



3. Fundamentals of design entropy theory
3.1 Information design

Information as an existence independent of material and energy [6] has a
transformation relationship with data and knowledge. The researches on the information
of product/service can be summarized as: (1) how to mine information as a value from
user-generated data and transfer it to users [7][8], and (2) how to manage the information
generated by designers during product/service development [9][10]. The researches on
the information of PSS can be basically classified into two categories, including (1) the
concept of information modules can be proposed and used as a core module [11][12]to
replace the product and service modules [13], and (2) an information system can be
established to record and update the input and output information of each module under
different contexts for completing and selecting the solutions more accurately [14].

3.2 Entropy

Shannon (1948) [15] systematically discussed the fundamental issues of
information communication by using mathematical tools (e.g., probability theory and
statistics) to propose the quantitative expression of information, the calculation of
transmission rate, the calculation of channel capacity, and the coding theorems of
information transmission. Menhorn et al. (2011) [16] presented design entropy as a
measurement for the complexity of a given circuit by resorting to Shannon’s information
theory, which is mainly used in the digital circuits field rather than the design field. Based
on the entropy in information theory, Wu et al. (2016) [17] defined design entropy as a
description of the disorder found in design objects and proposed a design entropy model,
which is a measurement of the degree of information chaos in a user interface. Since
most design problems of Smart PSS need to extract and summarize information in the
context, which cannot be solved effeciently by the existing design entropy methods.

It should be noted that, Axiomatic Design also adopts the information theory [18]
to determine the probability distribution of the system range and the common range to
compute the system information content. Nevertheless, it only considers the mapping
process of the pre-defined product domains for solution evalution. Both the in-context
product-service information and the conversion capabilities are ignored.

4. DESIGN ENTROPY THEORY
4.1 Introduction of Design entropy theory

Due to the intelligentization, digitization and servitization characteristics of Smart PSS,
it should take information stored and transmitted in the system as the research objective,
instead of physical substance. As depicted in Figure 1, when the Smart PSS reaches the
end of lifecycle, the physical substance will be disposed, and only its parts and materials
can be reused and recycled. However, information which largely differs from the
physical substances can be transmitted to the new Smart PSS completely.

From an informational perspective, design entropy theory regards Smart PSS as the
carriers of information, and the design process as the conversion from the information to
physical products or services. It is favorable to the establishment of a Smart PSS
ecosystem by considering a series of interconnected systems, not a merely single system.



The information in smart PSS can be input by designers, engineers, and other
stakeholders directly. Meanwhile, it also can be extracted from the environment data
collected by SCP sensors, the behavior data generated by customers in using period, and
the online data of social networks.
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Figure 1. Physical and Informatic evolution in Smart PSS lifecycle.

4.2 Design entropy

Before proposing the definition of design entropy, the scope of information in Smart PSS
needs to be explained. Information in Smart PSS is defined as the descriptive information
which describes the status of the stakeholders, SCPs, services, and environment, and
introduces the solutions. Meanwhile, design plan of Smart PSS differs from the
traditional nomenclature, which is a description (blueprint or CAD model) of the Smart
PSS. It mainly consists of three parts, including the SCP design plan (usually displayed
as a CAD model), service design plan (usually displayed as a service blueprint), and
conversion plan that will be mentioned in Section 3.5.

Design entropy could be a measure of information design in Smart PSS for
describing its certainty degree. The absolute value of design entropy is positively
correlated with the uncertainty of systems. If system certainty is higher, it will cause
design entropy to be lower, the accuracy of its context awareness to be higher, quality of
real-time iterative design based on the current context to be better, and user participation
and satisfaction degree to be higher. Therefore, Design entropy theory needs to
dynamically reduce the design entropy for maintaining the highest certainty of the system
and ensuring the most exceptional adaptability for each context during usage stage.

To calculating design entropy, we define a new measure called Conversion ability,
which is denoted by C. Conversion ability represents the ability to convert the
information, which is denoted by x; into the information, which is denoted by x'. If the
conversion ability of Smart PSS is higher, its conversion effect from x to x’ to be better
and design entropy of this system to be lower.

Let the design entropy of a system be represented by D; the value of D is evaluated:

D = —logC (1)



,where 0 < C < 1, and all D > 0. Thus if the conversion ability of a system is the
highest, the value of Cis 1, then D = 0. On the contrary, the value of Cis 0, then D =
+oo0. In order to compare the value of design entropy in different contexts and systems,
the same logarithmic base 2 is used in each equation of design entropy. Furthermore, the
total design entropy of a system is given by

Dtotal = Dinnovative + Diterative (2)

, where Dippnopative 18 innovative design entropy of the system, and Djterqtive 1S
iterative design entropy. The former one means the design entropy in the innovative
design stage of creating a new Smart PSS. Moreover, the latter one means the design
entropy in the iterative design stage, when redesigning, modifying, or enhancing the
solutions according to the new information collected from sensors during use.

4.3 Innovative design entropy and innovative conversion ability

The innovative design entropy of a system is defined as Dy, popative, according to
the innovative conversion of the system, Cipnovative:

Dinnovative = _lOgCinnovative 3)

This quantity measures how uncertain we are of the system in its innovative design
stage when we know Cipnovative - Cinnovative refers to the conversion ability in the design
plan so that this design can effectively convert information in usage stages. Cipnovative
is further denoted as:

Cinnovative = A1 XY + A, XY, + -+ A4, X1, (€))]

, where Y, is a parameter that represents the ability that, design plan can convert
information in a specific way when the design is used in the future. Since 0 < C < 1, we
let 0 <Y, < 1. Different research objects have different parameters. The matching
degree with user requirements, adaptability measure, and the number of sensors are
utilized according to the unique characteristics of Smart PSS proposed. After the
normalization processing, these three parameters are used as Y, Y,, Y. Furthermore,
coefficient A, is the weighting factor introduced because the importance of Y, is
different in each case. A, is given by the stakeholders for expressing the importance of
Y, to the system. Thus 0 < Cippovative < 1 and 0 < Y, < 1, where

A +A,++A4,=1 5)
4.4 Iterative design entropy and iterative conversion ability

Figure 2 illustrates the process of information conversion in the usage stage of
Smart PSS. After collecting new information, Smart PSS builds and updates the usage
context according to this novel one. In a specific usage scenario, Smart PSS should firstly
determine whether the information is noise, which refers to the useless information for
design in the current context, and delete it if the information is noise. If it is not noise,
this information x should convert into the information x'. After this processing step, the
information should be stored or deleted.
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Figure 2. Process of information conversion in usage stage.

Iterative design entropy consists of the sum of the design entropy of all non-noisy
and unconverted information x, which is collected by the system during the use phase as:

Diterative = Lxex D(x) (6)

, where X is the set of all non-noisy and unconverted information collected by the
system, and information x belongs to the set X. The information x; converted into m
pieces of information x'(i.e., x;' to x,,;"), through m items of channels. The design
entropy of information x; is

D(x;) = = Zimem W(x;) m logC(x)m @)

, where W (x;) ., is the weighting factor of channel m, representing the correlation
of information x; and x,,". W (x;) ,,,, which is modified in a diverse context, is given by
the stakeholders. M is the set of all channels between information x; and information
after conversion, and channel m belongs to the set M. C(x;),, refers to the conversion
ability to convert information x; into x,," through channel m, representing the single-
channel conversion capability for a single piece of information in the system.

Cxdm = A(xi)ml X Y(xi)m1 + A(xi)mz X Y(xi)mz +t A(xi)mn X Y(xi)mn ®)

, where Y (x;) ,, 1s a parameter that represents the ability that, information x; can
convert into information x,," in a specific way efficiently and accurately. Different
information conversion types have different parameters. The user satisfaction degree,
time and cost of completing information conversion are utilized according to the unique
characteristics of Smart PSS proposed. After the normalization processing, these three
parameters are used as ¥ (%) m, ¥ (X;)m,» ¥ (X;) 5. Coefficient A(x)y, ,, which is given
by the stakeholders, refers to the weighting factor of the importance of Y (x;)m,,-

4.5 Design process of Design entropy theory

Figure 3 shows the design process by using design entropy theory. In the innovative
design phase, a design plan needs to be proposed, and the innovative design entropy of
the plan need to be calculated. The entropy should be reduced as possible, and the plan
with the lowest design entropy should be selected. In the conversion plan, it is necessary



to predict and list information x, which will be collected in future stages, and design its
conversion plan and converted information x’. After manufacturing, Smart PSS will be
used by customers. Collecting new information continuously during the usage stage
makes iterative design entropy increase. Therefore, Smart PSS needs to convert the
information in real-time to reduce the design entropy.
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Figure 3. Design process of design entropy theory.

5. Case Study

Empirical case studies have proved as effective model verification methods [7][23].
Hereby, this section provides a case study of smart travel assistant product-service
system to verify the effectiveness of the proposed design entropy theory. Smart assistants
(e.g. service robot, navigation APP) have been increasingly introduced in recent years.
Elderly users always live in the local retirement homes, so that they need it to address
their traveling requirements, such as: sending the health status of elderly to their relatives
in real-time, and assisting elderly in choosing and visiting the tourism destination.

Step 1: Select the design plan with the lowest innovative design entropy. Figure 4
shows the prototypes of the smart travel assistant design plans, and their innovative
design entropy. After calculating and comparing, plan 1 with the lowest innovative
design entropy should be selected for subsequent development.

Step 2: Predict and list the information to be collected in different usage contexts.
As shown in Figure 4, the information of the smart travel assistant is summarized from
three primary contexts of the elderly users' usage.

Step 3: Planning the information x,," after conversion.

Figure 4 shows the preliminary conversion plan of the smart travel assistant. At this
stage, the developers should analyze information x; holistically and give the
corresponding information x,," after conversion. The developers need to conceive of the
conversion plan by combining the design plan and the requirements of stakeholders.

Step 4: Mark weighting factor W (x;) ,, and output information conversion plan.
Figure 6 shows the information conversion plan of the smart travel assistant. The
conversion plan should be completed before SCPs manufacture and service development.
The conversion plan will be continuously adapted and iterated during usage.
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Figure 6. Design process of the smart travel assistant with design entropy theory




Step 5: Execute or iterate the conversion plan during customers usage phase. The
value of iterative design entropy needs to be monitored in real-time during the usage
stage to enable that the value is as expected: 1) If the newly collected information was
predicted in a conversion plan before, the conversion channel of this information can be
activated directly, and the system should provide services, adjust parameters, or replace
modules according to the corresponding information x,,". The conversion ability can be
calculated and recorded by obtaining the user satisfaction degree, time, and cost of
completing information conversion (Figure 6). 2) If the newly collected information has
not been predicted before, the design entropy of this information will tend to infinity.
The system should modify the conversion plan, including converting the information x’
to an existing information x;’, or converting it to a new information x¢’.

6. Conclusion and future works

Smart PSS, as an emerging IT-driven transdisciplinary paradigm coined in 2014, has
attracted ever-increasing attention among academics recently. Nevertheless, there still
lacks a fundamental design methodology for Smart PSS development. To bridge this gap,
this paper presents a novel design entropy approach that focuses on developing Smart
PSS by combining the two disciplines of engineering design and information theory. It
depicts the fundamental mechanism of the design literation process in the Smart PSS.
Moreover, it also provides insightful potentials for complex sociotechnical systems to
quickly satisfy customer requirements in a context-aware manner. As an explorative
theorectical study, future work can also be done in the following aspects:

1) Automatically monitoring the value of the design entropy. Automatic supervision
will help designers only modify the plan when the design entropy does not meet the
standards, instead of keeping observing the value of design entropy, which could
contribute to higher productivity through transdisciplinary engineering.

2) Building a general platform for conversion plan: A general platform for
conversion plan can be built to collect conversion plans from different Smart PSS, which
need intensive collaboration across different disciplines.

It is envisioned this appraoch can largely facilitate today's industrial companies’
digital servitization towards Industry 4.0 with better performance and user satisfaction.
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