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Adaptable design is an approach to design adaptable products whose modules/configurations and param-
eter values can be changed during an operation stage to satisfy different customer requirements. An open
architecture product is an adaptable product with open interfaces to allow the third-party vendors to
develop new add-on modules and connect these add-on modules through the open interfaces. In this work,
an open architecture adaptable product is modelled by a platform, alternative add-on modules, and open
interfaces to connect the add-on modules with the platform. Both the specific add-on modules that need to
be designed at the product development stage and the unknown add-on modules that could be added in the
future are considered. In this research, a novel robust design approach is introduced to identify the opti-
mal design of an open architecture adaptable product whose functional performance measures are the least
sensitive to variations of the product and operating parameters due to uncertainties. First, characteristics of
open architecture adaptable products are discussed. Methods for modelling of platform, add-on modules,
and open interfaces are then introduced. A multi-level optimisation method is subsequently explained to
identify the optimal design configuration and parameters considering product performance measures and
their variations.
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1. Introduction

Increasing competition in the global marketplace demands products be adaptable to the changes
of functional requirements, operation environments, and technology advancement. Adaptable
product is the one that can be changed/adapted, such as reconfigured and upgraded, during a
product operation stage to satisfy different requirements of customers (Gu, Hashemina, and Nee
2004). Compared with the traditional products whose functional performance and working con-
ditions specified in the design stage cannot be changed after the products are manufactured, an
adaptable product can be easily modified in the product operation stage to satisfy the changed
requirements.

Adaptable design is the design approach for developing adaptable products (Gu, Hashemina,
and Nee 2004). Since introduction of the adaptable design concept, many adaptable design meth-
ods have been developed in the past decade (Gu, Xue, and Nee 2009). Li, Xue, and Gu (2008)
introduced new adaptability evaluation measures considering the extendibility of functions,
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upgradeability of modules, and customisability of components for identification of the optimal
adaptable design based on evaluation to different design candidates. By comparing the actual
structure of the product with its ideal structure that can be easily changed, Fletcher, Brennan,
and Gu (2009) developed a method to evaluate adaptability of an adaptable product. Cheng et al.
(2011) developed a structure-based approach to evaluate design by measuring essential adaptabil-
ity and behavioural adaptability. Xue et al. (2012) extended the adaptable design method through
modelling of the changeable requirements and product descriptions as numerical functions of the
product life-cycle time parameter. The four key issues in research of adaptable design, including
function modelling, design modelling, design evaluation and design process, requirements and
methods in the key issues of adaptable design as well as applications of the adaptable design
methods were summarised in a literature review by Gu, Xue, and Nee (2009).

Product architecture also provides influence on an adaptable product. In general, both closed
architecture and open architecture can be used in adaptable design (Koren et al. 2013; Peng
et al. 2013). For an adaptable product with closed architecture, although interfaces among var-
ious changeable modules of the product are designed and these modules are connected through
these interfaces to achieve different functions, these functional requirements are specified by the
original equipment manufacturer (OEM). These modules are produced by the OEM and/or its
suppliers according to specifications defined by the OEM. Most of the traditional reconfigurable
products belong to this category. An open architecture product (OAP) can be considered as the
product with a platform such that add-on modules developed by different vendors can be con-
nected with the platform through interfaces of the platform (Koren et al. 2013). For an adaptable
product with open architecture, specifications of the interfaces are open to the public to allow
the third-party vendors to develop new modules with new functions as they like. A personal
computer is a typical OAP that allows different devices developed by the third-party vendors to
be connected with the motherboard through open USB interfaces. For the OAP, since different
manufacturers/customers can participate the design of add-on modules, product variety can be
easily achieved. Product sustainability, adaptability, upgradeability, and extendibility can also be
achieved by designing an OAP (Koren et al. 2013).

Despite the progress in research on adaptable design, the influence of uncertainties on per-
formances of an OAP has never been investigated. Robustness is considered as the product’s
capability to resist the influence of uncertainties on product performances. Product robustness is
usually measured by the sensitivity of functional performance to parameter variations caused by
uncertainties. Many robust design methods have been developed in the past decades. In this
research area, Taguchi (1978, 1993) developed a robust design method by using the signal-
to-noise ratio (SNR) to measure the product robustness. Parkinson, Sorensen, and Pourhassan
(1993) developed the robust design methods based on the analysis of the relations among product
performance measures, product/operating parameters, and variations of these parameters. Du and
Chen (2000) developed a robust design method to maintain the robustness of design feasibility
by considering the influence of uncertainties on design constraints. Fonseca, Friswell, and Lees
(2007) and Kumar et al. (2008) developed the randomised robust design methods by employing
the Monte-Carlo method to simulate the influence of uncertainties on product functional per-
formance. Samadiani et al. (2009) improved the robustness of a system considering different
operation conditions. Zhang et al. (2010) and Hu, Azarm, and Almansoori (2013) developed the
robust design methods considering multiple design objective functions.

For the design of an adaptable product, robustness needs to be considered to improve the
product quality (Zhang, Xue, and Gu 2012). Since modules/configurations and parameters of
an adaptable product are changeable during the product operation stage, the existing robust
design methods cannot be used directly for developing a robust adaptable product. Therefore,
a robust adaptable design method is required to create an adaptable product whose functional
performances are insensitive to uncertainties in parameters. In the research by Zhang et al.
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(2014), a robust adaptable design method considering changes of both configurations and param-
eter values was introduced. However, this robust adaptable design method cannot be used directly
to design an OAP. The research presented in this paper aims at introducing a robust adapt-
able design approach for developing OAPs such that an OAP is adaptable to various changes
in requirements during the product operation stage, meanwhile the functional performance
measures are the least sensitive to parameter variations.

2. Open architecture products

In this research, an OAP is considered as the one with a platform and open interfaces
through which different add-on modules from different sources can be connected to satisfy the
requirements of customers. Characteristics of OAPs include the following:

(1) An OAP is composed of a platform, add-on modules, and open interfaces to connect the
platform and the add-on modules.

(2) Specifications and constraints of the open interface parameters are open to the public.
(3) The platform and add-on modules are connected by open interfaces through relationships

defined by input and output parameters.
(4) Add-on modules can be specific ones that need to be designed during the product develop-

ment stage and unknown ones that could be designed and added in the future.
(5) Add-on modules can be provided by both the OEM and the third-party vendors.

OAPs provide variety and flexibilities to customers. At the product purchasing stage, cus-
tomers can select the required add-on modules from all available ones based on their needs.
At the product operation stage, customers can change, upgrade, and extend functions by using
different add-on modules.

Research on design of OAPs is based on the results achieved on design of mass produced
products, mass customised products, reconfigurable products, and upgradeable products (Gu,
Hashemina, and Nee 2004). Comparison between OAP with other types of products is provided
in Table 1. For the mass produced products, functions are determined by the manufacturer and
cannot be changed. For the mass customised products, different options are available for cus-
tomers to select at the product purchasing stage. The mass customised products, however, usually
cannot be changed in the product operation stage. Both reconfigurable products and upgradeable
products enable customers to change product configurations during the product operation stage
to satisfy different needs of customers. A reconfigurable product is usually used to replace mul-
tiple products with a single one. New components/modules are not added to the reconfigurable
product during the product operation stage. For an upgradable product, new components/modules
are usually used to replace the old ones for improving functions of the product.

Table 1. Comparison among different types of products.

Type of product

Achievement of different needs
New components and/or

modules added at
operation stage

Different options at
product purchasing stage

Different options at
product operation stage

Mass produced product No No No
Mass customised product Yes No No
Reconfigurable product No Yes No
Upgradeable product No Yes Yes
OAP Yes Yes Yes
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2.1. Platform and add-on modules in an OAP

In this research, an OAP as shown in Figure 1 is composed of a platform, different add-on
modules, and interfaces to connect different add-on modules with the platform.

Generally, the platform (M P) is designed and manufactured by the OEM. The platform of an
OAP can have several open interfaces to connect different add-on modules. In robust design of
the open architecture adaptable product, both the specific add-on modules designed at the product
development stage and the unknown add-on modules which could be added later on during the
product operation stage should be considered.

The specific add-on modules, M S
imi

(i = 1, 2, . . . , l), are the ones whose configurations and
parameters need to be determined at the product design stage. For each interface of the plat-
form in an OAP, usually several add-on modules need to be designed to achieve different
functions. Since all the design details of the specific add-on modules are determined at the
design stage, performance measures and their variations of an OAP with specific add-on mod-
ules can be calculated for evaluation of the product robustness. The unknown add-on modules,
M U

i (i = 1, 2, . . ., l), are those that could be added later on in the product operation stage. Since
configurations and parameters of these unknown add-on modules cannot be decided at the design
stage, performance measures of the OAP with unknown add-on modules are not described by
specific values and large variations of these performance measures are also expected. In this
research, an unknown add-on module is defined by constraints on interface parameters such as
the available value sets for discrete interface parameters and the upper/lower boundaries for
continuous interface parameters.

2.2. Open interfaces in an OAP

The open interfaces in an OAP are used to connect the various add-on modules to the platform.
Compared with a closed architecture product where interfaces are used to connect predefined
modules, the open interfaces in an OAP allow new add-on modules developed by the third-party
vendors to be connected with the platform to achieve additional functions.

In this research, interactions between platform and add-on modules in an OAP are defined
by input and output parameters of the open interfaces. Since both the specific add-on modules
and the unknown add-on modules are considered in this work, the input/output parameters
of interfaces for interactions between the platform and the add-on modules should be defined
differently:

Figure 1. Platform and add-on modules of an OAP.
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• Input/output parameters of interfaces for specific add-on modules
Since design configurations and parameters of the add-on modules are determined at the prod-
uct development stage, the values of the input/output interface parameters can be calculated
from the parameters of the platform and add-on modules.

• Input/output parameters of interfaces for unknown add-on modules
Since design configurations and parameters of the add-on modules are not determined at the
product development stage, the values of the input/output interface parameters have to be
defined by constraints. In this research, constraints for discrete and continuous parameters are
considered.

2.3. Robustness of an OAP

An adaptable design approach can be used for the design of OAPs. Generally, an OAP can be
evaluated by different measures such as performance, product adaptability, cost, and so on. In
this research, robustness is selected as the evaluation measure to identify the optimal design of
OAP considering uncertainties in product/operating parameters.

Adaptable products can be evaluated by their capabilities of change in the operation stage
such as adaptabilities (or flexibilities) (de Neufville and Scholtes 2011; Inkermann, Stechert,
and Vietor 2013). Adaptability is used to evaluate the capability of a product to be changed in
the operation stage to satisfy different requirements (Gu, Hashemina, and Nee 2004; Olewnik
and Lewis 2006). For an OAP, both the specific add-on modules with specific functions and
the unknown add-on modules without specified functions are considered. Product adaptability
measure can be achieved through connections of different add-on modules, including the specific
add-on modules and the unknown add-on modules, with the platform of an OAP. In the research
area of adaptable design, different methods have been developed for the evaluation of product
adaptability (Suh, de Weck, and Chang 2007; Gu, Xue, and Nee 2009; Inkermann, Stechert, and
Vietor 2013). Despite the progress, robustness, which can significantly influence the quality of
an OAP, has never been considered in the past.

Robustness is a measure to evaluate a design considering both the product performances and
the variations of these performances. Generally, product robustness can be improved through
minimising the sensitivity of product performance to parameter variations caused by uncer-
tainties (Taguchi 1993). For an OAP, robustness is influenced by (1) add-on modules including
specific and unknown add-on modules, (2) configurations of platform and add-on modules, and
(3) parameter values associated with configurations. Since robustness of OAP has not been con-
sidered in adaptable design, the achieved OAPs based on the existing adaptable design methods
are vulnerable to the variations of parameters due to uncertainties.

In this research, robustness is selected as the evaluation measure by assuming the adaptabilities
and costs of all feasible design candidates are comparable.

3. An adaptable design approach for developing robust OAPs

An OAP is one type of adaptable products. In this research, an adaptable design approach is intro-
duced to identify the robust OAP whose functional performance measures are the least sensitive
to the variation of parameters due to uncertainties.

3.1. Modelling of an OAP

An OAP is composed of a platform, add-on modules, and open interfaces. During the operation
stage, different add-on modules are connected to the platform through the open interfaces to form
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different operation configuration states for achieving different functions. At the design stage,
different design configuration candidates are provided such that the best one can be selected
considering product robustness. Both the operation configuration states and the design config-
uration candidates are further modelled by parameters. The platform and add-on modules are
connected through open interfaces.

3.1.1. Modelling of product operation configuration states

An OAP usually has several open interfaces. For each interface, different add-on modules can be
connected with the platform. For the OAP shown in Figure 1, the platform (M P) has l interfaces.
For the i-th (i = 1, . . . , l) interface, mi specific add-on modules M S

i1, . . . , M S
imi

and the unknown
add-on module M U

i are considered.
During the product operation stage, each interface of the platform can be used to connect with

different add-on modules. In this work, each combination of the add-on modules and the platform
for achieving a certain function is called an operation configuration state. When n operation
configuration states of an OAP are considered, collection of these operation configuration states,
S, is defined by

S = {S1, . . . , Sn}. (1)

Each operation configuration state is associated with a probability representing the percentage
of time this operation configuration state is used considering all operation configuration states.
Collection of the probabilities for the n operation configuration states, P, is defined by

P = {P1, . . . , Pn}. (2)

The i-th operation configuration state, Si (i = 1, . . . , n), is modelled by its platform and add-
on modules:

Si = {M1, . . . , Ml, M P}, (3)

where M j represents the add-on module connected through the j-th open interface of the platform
M P (j = 1, . . . , l).

3.1.2. Modelling of product design configuration candidates

For the design of an OAP, different feasible design configuration candidates can be created from
the same design requirements. In this work, the different alternative configurations for selection
in the design stage are called design configuration candidates. The platform and each of the
specific add-on modules can be modelled by an AND–OR tree (Gu, Xue, and Nee 2009). In
an AND–OR tree, when all the sub-nodes need to be selected to support a super-node, all these
sub-nodes are associated with an AND relation. As shown in Figure 2(a), for example, a personal
computer is composed of a motherboard, an internal data drive, a monitor, a mouse, etc. When the
super-node is supported by one of its sub-nodes in the process of design configuration candidate
selection, all these sub-nodes are associated with an OR relation. For example, either the DVD
drive or the Blu-ray drive needs to be selected for the internal data drive. For each AND–OR
tree, a configuration candidate with only AND relations can be created based on the following
rules:

• The root node should be selected first.
• When the sub-nodes of a selected node are associated with an AND relation, all these sub-

nodes should be selected.
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Figure 2. Modelling of design configuration candidates. (a) Modelling of feasible design configuration candidates. (b)
A design configuration candidate generated from the AND–OR tree.

• When the sub-nodes of a selected node are associated with an OR relation, only one of these
sub-nodes should be selected.

Figure 2(a) shows an AND–OR tree and Figure 2(b) shows a created feasible design configura-
tion candidate with only AND relations. A complete design configuration candidate is modelled
by a design configuration candidate for the platform and the design configuration candidates for
all the add-on modules.

3.1.3. Modelling of parameters

A product operation configuration state or a product design configuration candidate is fur-
ther modelled by parameters. In this work, the parameters of an OAP are classified into two
categories: design parameters and non-design parameters (Zhang, Xue, and Gu 2012):

• Design parameters are those whose values need to be determined at the design stage. In this
work, the design parameters are further classified into un-adaptable design parameters and
adaptable design parameters.

◦ Un-adaptable design parameters are the parameters whose values are not changed in the
product operation stage. For example, the width of an office chair is an un-adaptable
design parameter. In this work, the values of un-adaptable design parameters are achieved
through optimisation.

◦ Adaptable design parameters are the parameters whose values need to be adapted at the
product operation stage when requirements are changed. For example, the height of an
office chair is an adaptable design parameter which can be adjusted for different persons.
In this work, the values of adaptable design parameters are calculated from requirements,
working conditions and other product parameters based on design rules.

• Non-design parameters are those whose values are provided as given conditions in design. For
example, the mechanical properties of materials selected for the office chair are non-design
parameter.

Design parameters (i.e. un-adaptable design parameters and adaptable design parameters) used
in this research are different from the design parameters used in the axiomatic design. In the
axiomatic design, functional requirements belong to functional domain and design parameters
belong to physical domain. Functional requirements can be satisfied by the selection of physical
design parameters (Suh 1999). Product performance is used to measure the degree that a func-
tional requirement is satisfied by design parameters. In the axiomatic design, the physical design
parameters can be used to represent all physical entities including modules, configurations, and
parameters created in design (Suh 2001). The design parameters in our work are used to model
parameters of product modules and configurations.
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For an OAP, the values of the input/output parameters of the open interfaces are calculated
from the un-adaptable design parameters, adaptable design parameters, and non-design param-
eters of the platform and add-on modules. In addition, constraints can also be applied to these
parameters.

For an OAP, since both the specific add-on modules and the unknown add-on modules need to
be considered, the values of the adaptable design parameters are changed in two different ways
in the product operation stage.

• Change of adaptable design parameter values with specific add-on modules
When all the add-on modules are specific add-on modules, the relation among product func-
tional performance F, un-adaptable design parameters XD, adaptable design parameters XA,
and non-design parameters XN can be described by F = f (XD,XA,XN). In this case, the adapt-
able design parameters are calculated from the target functional performance, un-adaptable
design parameters, and non-design parameters. In other words, the values of XA are calcu-
lated from F, XD, and XN. In this work, the unique values of adaptable design parameters
are obtained based on the experience of design engineer to avoid the problem of multiple
solutions.

• Change of adaptable design parameter values with unknown add-on modules
When some add-on modules are unknown add-on modules, since these unknown add-on mod-
ules are only defined by the constraints of interface parameters, the relation among product
functional performance F, un-adaptable design parameters XD, adaptable design parameters
XA, non-design parameters XN, input parameters of unknown add-on modules IU, and output
parameters of unknown add-on modules OU can be described by F = f (XD,XA,XN,IU,OU).
In this case, the adaptable design parameters are calculated from the target functional per-
formance, un-adaptable design parameters, non-design parameters, and input/output interface
parameters of the unknown add-on modules. In other words, the values of XA are calculated
from F, XD, XN, IU, and OU. Since the input/output interface parameters are usually defined
by discrete and continuous parameters, all these possible input/output interface parameter val-
ues have to be considered. In addition, the experience of design engineer is used in this work
to obtain the unique values of adaptable design parameters to avoid the problem of multiple
solutions.

3.1.4. Modelling of interfaces for the interactions between platform and add-on modules

For an OAP, the add-on modules are connected with the platform through the open interfaces. In
this work, the interactions between the platform and the add-on modules are defined by the input
and output parameters of the open interfaces. Figure 3 shows interactions between a platform and
add-on modules through interfaces. The values of the input parameters of an interface for an add-
on module are determined by the values of the corresponding output parameters of the interface
for the platform, while the values of the input parameters of an interface for the platform are
determined by the values of the corresponding output parameters of the interface for the add-on
module.

When a specific add-on module is connected with the platform, such as the M S
i for the i-th

interface shown in Figure 3, the values of the input and output parameters of the interfaces for
the platform and the specific add-on module are calculated from the parameters of the platform
and the add-on module.

When an unknown module is considered, such as the M U
j for the j-th interface shown in

Figure 3, constraints are then used to define the input and output parameters of the interface
for the unknown add-on module. In this work, the input and output parameters of the interface
for the unknown add-on module are defined by continuous and discrete parameters.
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Figure 3. Interactions between platform and add-on modules.

When the interface input/output parameters are continuous parameters, they are defined by

IU
j ∈ [LI

j , U I
j ] and OU

j ∈ [LO
j , UO

j ], (4)

where IU
j and OU

j are the input and output parameters of the unknown add-on module, and
[LI

j , U I
j ] and [LO

j , UO
j ] are the lower/upper boundaries of the IU

j and OU
j , respectively.

When the interface input/output parameters are discrete parameters, they are defined by

IU
j ∈ {AI

j , BI
j , . . .} and ∈ OU

j ∈ {AO
j , BO

j , . . .}, (5)

where {AI
j , BI

j , . . .} and {AO
j , BO

j , . . .} are the feasible values of IU
j and OU

j , respectively.

3.2. Evaluation of robustness for an OAP

3.2.1. Robustness with specific add-on modules

In the product operation stage, an OAP is changed to different operation configuration states
to achieve different required functions. In this work, suppose that Fs,1, . . . , Fs,ns are functional
performance measures of the s-th operation configuration state, and XD, XA, and XN are the
un-adaptable design parameters, adaptable design parameters, and non-design parameters, the
functional performance Fs,k, can be calculated by

Fs,k = Φs,k(XD, XA, XN), k = 1, . . . , ns, s = 1, . . . , n, (6)

where Φs,k() represents the relation among the parameters XD, XA, XN, and Fs,k, ns is the number
of functional performance measures for the s-th operation configuration state, and n is the total
number of operation configuration states.

In this work, robustness is used to evaluate the quality of design considering both the perfor-
mance measures and the variations of these performance measures due to uncertainties. Many
measures, such as the SNR and the variance of functional performance, can be used to evaluate
the robustness of a product design (Taguchi 1993). Since both functional performance and vari-
ation of the performance are considered in the SNR, the SNR has been selected in this research
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as the robustness evaluation measure. Robustness of the s-th operation configuration state for the
i-th design configuration candidate considering the parameters XD can be calculated by

R(i)
s (XD) =

ns∑
k=1

[
ωs,k10 log10

(
μ2

s,k

σ 2
s,k

)]
, (7)

where μs,k and σs,k2 represent the expected value and the variance of Fs,k which can be calculated
using Equation (6), respectively, ωs,k represents the weight for the performance measure Fs,k, and
ns is the number of functional performance measures for the s-th operation configuration state.

The overall robustness of the i-th design configuration candidate considering all the n
operation configuration states with the un-adaptable design parameters XD can be calculated by

R(i)(XD) =
n∑

s=1

[Ps · R(i)
s (XD)], (8)

where Ps represents the probability of use for the s-th operation configuration state.
From Equation (8), the optimal parameters of XD to achieve the best overall robustness for the

i-th design configuration candidate can be obtained through optimisation:

R(i) = max :
w.r.t.XD

R(i)(XD). (9)

3.2.2. Robustness with unknown add-on modules

For an unknown add-on module, since values of the interface input/output parameters can be
varied as continuous values and discrete values, the product performance measures are also influ-
enced by the changes of these interface input/output parameters. In this work, suppose that IU

and OU represent the input and output parameters of the unknown add-on modules, respectively,
and the functional performance Fs,k can be calculated by

Fs,k = �s,k(XD, XA, XN, IU, OU), k = 1, . . . , ns, s = 1, . . . , n, (10)

where �s,k() represents the relation among the parameters XD, XA, XN, IU, OU, and Fs,k, ns is
the number of functional performance measures for the s-th operation configuration state, and n
is the total number of operation configuration states.

Robustness of the s-th operation configuration state for the i-th design configuration candidate
considering the parameters XD, IU, and OU can be calculated by

R(i)
s (XD, IU, OU) =

ns∑
k=1

[
ωs,k10 log10

(
μ2

s,k

σ 2
s,k

)]
, (11)

where μs,k and σs,k2 represent the expected value and the variance of Fs,k which can be calculated
using Equation (10), ωs,k represents the weight for the performance measure Fs,k, and ns is the
number of functional performance measures for the s-th operation configuration state.

Since the values of the interface input/output parameters for the unknown add-on modules are
varied as continuous and discrete parameters, the influence of the different values of interface
input/output parameters for the unknown add-on modules on product performance measures has
to be considered. In this research, a statistical method and a worst-case method are developed
considering possible changes of interface parameter values for the unknown add-on modules.

• The statistical method for calculation of robustness
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Changes of input/output interface parameters can be continuous and discrete. If IU and OU

are continuous parameters, P(IU) and P(OU) are the probability density functions of IU and
OU for the s-th operation configuration state, and IU

L , IU
U, OU

L , and OU
U are the lower/upper

boundaries of the IU and OU, the robustness of the s-th operation configuration state for the
i-th design configuration candidate considering the un-adaptable design parameters XD is
calculated by

R(i)
s (XD) =

∫ IU
U

IU
L

∫ U
U

OU
L

P(IU)P(OU)R(i)
s (XD, OU, IU)dOUdIU. (12)

If IU and OU are discrete for the s-th operation configuration state, the robustness of the
s-th operation configuration state for the i-th design configuration candidate considering the
un-adaptable design parameters XD is calculated by

R(i)
s (XD) =

∑∑
P(IU)P(OU)R(i)

s (XD, IU, OU). (13)

• The worst-case method for calculation of robustness
In this method, the worst-case robustness considering changes of input/output interface
parameters is calculated. The robustness of the s-th operation configuration state for the
i-th design configuration candidate considering the un-adaptable design parameters XD is
calculated by

R(i)
s (XD) = min :

w.r.t.IU,OU
R(i)

s (XD, IU, OU). (14)

The best robustness for the i-th design configuration candidate, R(i), considering un-adaptable
design parameters XD can be calculated using Equation (9) in which the R(i)

s is calculated from
Equation (12), (13), or (14).

3.3. A multi-level optimisation model to identify the optimal design of OAP

A multi-level optimisation model is developed in this work to identify the best design config-
uration candidate and its un-adaptable design parameter values considering robustness. In this
optimisation model, first the optimal un-adaptable design parameter values for the i-th design
configuration candidate are achieved through parameter optimisation.

Find : the un-adaptable design parameters XD

Maximise : R(i) =
n∑

s=1

[Ps · R(i)
s (XD)]

Subject to : XD
L � XD � XD

U

(15)

where XD
L and XD

U represent the lower boundaries and upper boundaries of XD, respectively. The
robustness R(i)

s (XD) in Equation (15) is obtained from Equation (8), (12), (13), or (14).
Among all the p feasible product design configuration candidates, the optimal design

configuration is obtained through configuration optimisation.

Find : the i-th design configuration candidate

Maximise : R = R(i)

Subject to : 1 � i � p

(16)

where i represents the i-th design configuration candidate and p is the number of all feasible
design configuration candidates.
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To consider the influence of interface parameters of unknown add-on modules on the
robustness, the statistical method and the worst-case method are employed. A third-level opti-
misation, modelled by Equation (14), is needed to calculate the worst-case influence of interface
parameters of unknown add-on modules on the robustness of OAP.

In this research, parameter optimisation is conducted through numerical search (Arora 1989),
while configuration optimisation is conducted by genetic programming (Koza 1992). Genetic
programming is an evolutionary method to solve an optimisation problem when solutions to the
optimisation problem can be modelled by tree data structures. In genetic programming, individ-
uals (also called chromosomes) are used to describe the multiple solutions in the population of a
generation. Reproduction, crossover, and mutation are the three operations used to evolve indi-
viduals from a generation to the next one with a better average evaluation measure (Hong et al.
2008). In this research, robustness is used as the evaluation measure.

4. Adaptable design of an open architecture linear labelling machine with robust
performance

In this research, the newly developed design method has been applied to the design of a linear
labelling machine with an open architecture.

4.1. Design requirements

A linear labelling machine is the equipment for applying self-adhesive labels on the containers
such as bottles and boxes (Xiao 2009). Generally, a linear labelling machine is composed of a
working table with power systems, a linear conveyor, an applicator, a pressing unit, and other
auxiliary modules. At the operation stage, containers that need to be labelled are transported at
a specific speed on the linear conveyor, the applicator is used to dispense self-adhesive labels
from the supporting web at the required speed on containers, and the pressing unit is then used
to apply forces to stick the labels with the containers (Huang 2007). The labelling machines
are usually classified into two categories: vertical labelling machines and horizontal labelling
machines. For both the vertical and horizontal labelling machines, as shown in Figure 4, the
driving roller in the applicator module is rotated to pull the Web from the storage roller at a
certain speed, and the labels at the edge of the plate are stripped off from the Web and moved on
the tops of the containers. The driving roller in the pressing unit is rotated at a certain speed to
apply the forces on the labels to stick the labels with the containers smoothly. Both the driving
roller of the applicator and the driving roller of the pressing unit are powered through the power
systems inside the working table. The power transmission system for the driving roller of the
applicator in a labelling machine is shown in Figure 5. The power transmission system for the
driving roller of the pressing unit works in a similar way.

For the linear labelling machine, the applicator and the pressing unit can be either vertical
or horizontal to carry out different labelling tasks, the width of the web with attached labels
can vary within a certain range, shapes of the container can be different, and the applicator and
the pressing unit can have different functions (e.g. the pressing unit can also be used to count
the number of containers that have been labelled). To satisfy these different labelling require-
ments, the applicator and the pressing unit need to be changed in the product operation stage.
The current linear labelling machines are designed using closed product architecture with fixed
applicators and fixed pressing units. When requirements of customers are changed, the currently
designed labelling machines are hard to be changed to satisfy the changed requirements. In this
research, design of a linear labelling machine with an open architecture is conducted such that
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Figure 4. Schematic diagrams of linear labelling machines. (a) Diagram of vertical labelling machine (top view). (b)
Diagram of horizontal labelling machine (front view).

Figure 5. Power transmissions for the driving rollers of applicators in labelling machines. (a) Power transmission for
the driving roller of applicator in a vertical labelling machine (right side view). (b) Power transmission for the driving
roller of applicator in a horizontal labelling machine (right side view).

the applicator and the pressing unit can be changed in the operation stage to satisfy different
requirements.

In addition, since the labels should be applied on the containers at the expected positions
without wrinkles and bubbles, the variations of both labelling speed and pressing speed from
the target values should be minimised, that is, both the labelling speed and the pressing speed
should be the least insensitive to the parameter variations caused by uncertainties. In order to
satisfy the requirements of customers considering both the product adaptation and the product
robustness, the newly developed robust design approach is used in this work for the design of
the open architecture adaptable linear labelling machine.

4.2. Modelling of the open architecture linear labelling machine

The platform and add-on modules of the open architecture labelling machine developed in this
work are shown in Figure 6. The platform (M P) has two open interfaces to connect with the appli-
cator and the pressing unit. For the first interface, two specific add-on modules (i.e. the specific
vertical applicator M S

11 and the specific horizontal applicator M S
12) and one unknown applicator

(M U
1 ) are considered. For the second interface, two specific add-on modules (i.e. the specific ver-

tical pressing unit M S
21 and the specific horizontal pressing unit M S

22) and one unknown pressing
unit (M U

2 ) are considered. In the product operation stage, the two open interfaces are used to
connect with different add-on modules. The operation configuration states and their probabilities
in terms of percentages of time usage are summarised in Table 2.

The feasible design configurations of the platform and the specific add-on modules are shown
in Figures 7 and 8, respectively. The design parameters associated with the design configurations
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Figure 6. The platform and add-on modules.

Table 2. Different operation configuration states.

No.
Modules in an operation

configuration state
Probability

(time percentage)

1 S1 = {M S
11, M S

21, M P} P1 = 20
2 S2 = {M S

12, M S
22, M P} P2 = 20

3 S3 = {M S
11, M U

2 , M P} P3 = 10
4 S4 = {M S

12, M U
2 , M P} P4 = 10

5 S5 = {M U
1 , M S

21, M P} P5 = 10
6 S6 = {M U

1 , M S
22, M P} P6 = 10

7 S7 = {M U
1 , M U

2 , M P} P7 = 20

are summarised in Table 3. The non-design parameters associated with the different configu-
rations are summarised in Table 4. The variations of parameters caused by uncertainties are
summarised in Table 5.

The interactions between the platform and the unknown add-on modules are described in
Figure 9. For the open architecture labelling machine, the input and output parameters of
unknown add-on modules, M U

1 and M U
2 , are summarised in Table 6. The input parameters,

NU
1 and NU

2 , are subjected to the following relations:

NU
1 = NP

1 = Na · Ra · Ia, (17)

NU
2 = NP

2 = Np · Rp · Ip. (18)

4.3. Evaluation of robustness

In this work, for operation configuration states 1, 3, and 5, the labelling machine is used as a
vertical one and the target values of speeds for the applicator and pressing unit, V T

a and V T
p , were

set to 20,000 mm/min. For operation configuration states 2, 4, and 6, the labelling machine is
used as a horizontal one and the target values of speeds for the applicator and pressing unit, V T

a
and V T

p , were set to 10,000 mm/min. For the operation configuration state 7, the unknown appli-
cator and unknown pressing unit are connected with the platform. In this work, only horizontal
labelling machine is considered under operation configuration state 7, and the target values of
functional performance, V T

a and V T
p , were set to 10,000 mm/min.
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Figure 7. Modelling of different design configurations of the platform.

Figure 8. Modelling of design configurations of add-on modules.

Table 3. Design parameters.

Type of parameters Name Symbol Boundary Unit

Un-adaptable design parameters Belt transmission ratio for the
applicator

Ia [0.1, 10] –

Belt transmission ratio for the
pressing unit

Ip [0.1, 10] –

Adaptable design parameters Rotation speed of the motor
for the applicator

Na [0, 1500] rpm

Rotation speed of the motor
for the pressing unit

Np [0, 1500] rpm

(1) When the open interfaces are connected with specific add-on modules, the labelling speed
V a and the pressing speed V p can be calculated by

Va = π · Na · Ra · Ia · I1 · D1, (19)

Vp = π · Np · Rp · Ip · I2 · D2, (20)
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Table 4. Non-design parameters.

Name Symbol Value Unit

Transmission ratio of a gearbox for
the specific applicator

Ra TBD –

Transmission ratio of a gearbox for
the specific pressing unit

Rp TBD –

Transmission ratio of a bevel gear
pair for the specific applicator

I11 TBD –

Transmission ratio of a bevel gear
pair for the specific pressing unit

I21 TBD –

Transmission ratio of a spur gear pair
for the specific applicator

I12 1 –

Transmission ratio of a spur gear pair
for the specific pressing unit

I22 1 –

Diameter of the driving roller for the
specific applicator

D1 60 mm

Diameter of the driving roller for the
specific pressing unit

D2 60 mm

Note: TBD: To be determined depending on the selected configuration.

Table 5. Parameter variations caused by uncertainties.

Name Symbol Standard deviation Unit

Variation of rotation speed of motor for the applicator �Na 0.5 rpm
Variation of rotation speed of motor for the pressing unit �Np 0.3 rpm
Variation of gearbox ratio for the applicator �Ra 2 × 10−6 –
Variation of gearbox ratio for the pressing unit �Rp 2 × 10−6 –
Variation of transmission ratio of flat belt for the applicator �Ia(1) 0.03 –
Variation of transmission ratio of V-belt for the applicator �Ia(2) 0.02 –
Variation of transmission ratio of synchronous belt for the applicator �Ia(3) 3 × 10−6 –
Variation of transmission ratio of flat belt for the pressing unit �Ip(1) 0.02 –
Variation of transmission ratio of V-belt for the pressing unit �Ip(2) 0.01 –
Variation of transmission ratio of synchronous belt for the pressing unit �Ip(3) 2 × 10−3 –
Variation of transmission ratio of a bevel gear pair for the applicator �I11 2 × 10−6 –
Variation of transmission ratio of a bevel gear pair for the pressing unit �I21 2 × 10−6 –
Variation of transmission ratio of a spur gear pair for the applicator �I12 2 × 10−6 –
Variation of transmission ratio of a spur gear pair for the pressing unit �I22 2 × 10−6 –
Variation of diameter of the driving roller for the applicator �D1 8 × 10−3 mm
Variation of diameter of the driving roller for the pressing unit �D2 8 × 10−3 mm

where I1 is selected either as I11 or I12 and I2 is selected either as I21 or I22.
(2) When the open interfaces are connected with unknown add-on modules, the labelling speed

V a and the pressing speed V p can be calculated by

Va = π · Na · Ra · Ia · IU
1 · DU

1 , (21)

Vp = π · Np · Rp · Ip · IU
2 · DU

2 . (22)

By considering the importance factors of the labelling speed V a and the pressing speed V p,
the weighting factors of the robustness measures for the labelling speed V a and the pressing
speed V p at each operation configuration state were selected as 0.5 and 0.5, respectively. The
overall robustness of the i-th design configuration candidate for the s-th operation configuration
state considering the un-adaptable design parameters, Ia and Ip, and the interface parameters,
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Figure 9. Interactions between platform and add-on modules under operation configuration 7.

Table 6. Input and output parameters of add-on modules M U
1 and M U

2 .

Add-on module Input/output parameter Symbol Scope Unit

M U
1 Rotation speed of the pulley NU

1 [0, 1500] rpm

Diameter of the driving roller DU
1 [30, 150] mm

Gear ratio of the gear pair IU
1 [2, 1, 2/3, 0.5, 0.4] –

M U
2 Rotation speed of the pulley NU

2 [0, 1500] rpm

Diameter of the driving roller DU
2 [30, 150] mm

Gear ratio of the gear pair IU
2 [2, 1, 2/3, 0.5, 0.4] –

IU
1 , DU

1 , IU
2 and DU

2 , can be calculated by

R(i)
s (Ia, Ip, IU

1 , DU
1 , IU

2 , DU
2 ) = 0.5 × 10 log10

(
μ2

a

σ 2
a

)
+ 0.5 × 10 log10

(
μ2

p

σ 2
p

)

= 5 log10

(
μ2

a

σ 2
a

)
+ 5 log10

(
μ2

p

σ 2
p

)
, (23)

where μa and μp are the nominal values of V a and V p, respectively. In this work, μa = V T
a , μp =

V T
p , and σ a and σ p are the standard deviations of V a and V p, respectively.
In this case study, the overall robustness of the i-th design configuration candidate, R(i), can be

calculated using Equation (9).

4.4. A multi-level optimisation model to identify the optimal design considering robustness

In order to improve the robustness of the OAP, the overall performance of labelling machine
under seven different operation configuration states should be insensitive to the parameter vari-
ations caused by uncertainties. The optimal product design configuration and its associated
product/operating parameter values need to be identified to achieve the best overall robustness.
Optimisation was employed to identify the best product design configuration candidate and its
un-adaptable design parameter values.
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In this case study, the configuration optimisation was formulated as

Find : the i-th design configuration candidate

Maximise : R = R(i)

Subject to : 1 � i � 18, 225

(24)

where i represents the i-th design configuration candidate and 18,225 is the number of all feasible
design configuration candidates.

Parameter optimisation to obtain the un-adaptable design parameters was formulated a:

Find : the un-adaptable design parameter values Ia, and Ip

Maximise : R(i) =
n∑

s=1

[Ps · R(i)
s (Ia, Ip)]

Subject to : 0.1 � Ia � 10; 0.1 � Ip � 10

(25)

In this work, both the statistical method and the worst-case method were used to calculate the
robustness by considering the changes of input/output interface parameters of unknown add-on
modules.

4.4.1. The statistical method

In the statistical method, the probabilities of changes of interface parameters are required. In
this work, it was assumed that the values of interface parameters DU

1 and DU
2 follow even dis-

tribution between 30 and 150 mm for the s-th operation configuration state, that is, P(DU
1 ) =

P(DU
2 ) = 1/120. It was also assumed that the values of interface parameter IU

1 and IU
2 are dis-

crete ones defined by [2, 1, 2/3, 0.5, 0.4] and follow probabilities of P(2) = P(0.4) = 15%,
P(1) = P(0.5) = 20%, and P(2/3) = 30% for the s-th operation configuration state. The robust-
ness R(i)

s (Ia, Ip) can be calculated using Equations (12) and (13). For the design configuration
candidate optimisation, the population size and the maximal generation were selected as 12 and
80, respectively. The predefined threshold crossover probability and mutation probability were
selected as 0.65 and 0.7, respectively. The stopping criterion of the genetic programming was
predefined as the maximum change of the average overall robustness of the last five generations
be less than 1 × 10−6.

In this case study, 26 generations of individuals were generated to achieve the optimal product
configuration and its parameter values. The average overall robustness measures of these 26 gen-
erations are shown in Figure 10. The un-adaptable design parameter optimisation is also shown
in Figure 10. The optimal configuration, the optimal parameter values for this configuration, and
the overall robustness measure were obtained as shown in Table 7. In this work, the ratio of the
belt transmission for the applicator, Ia, was optimised as 2.5 (i.e. the numbers of teeth of the two
pulleys for belt transmission mechanism were selected as 25 and 10, and the diameters of the
two pulleys were selected as 100 and 40 mm). The ratio of the belt transmission for the pressing
unit, Ip, was optimised as 4 (i.e. the numbers of teeth of the two pulleys for the belt transmission
mechanism were selected as 40 and 10, and the diameters of the two pulleys were selected as
160 and 40 mm).
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Figure 10. Optimisation results by using the statistical method. (a) Configuration optimisation based on generic
programming. (b) Un-adaptable design parameter optimisation.

Table 7. The optimal design results based on the statistical method.

Item The optimal configuration, parameters, and robustness

Configuration Gearbox for the applicator: type F; belt transmission for the
applicator: synchronous belt; gearbox for the pressing
unit: type e; belt transmission for the pressing unit:
synchronous belt; bevel gear pair in the applicator: type
IV; bevel gear pair in the pressing unit: type 1

Parameters Belt transmission ratio for the applicator, Ia = 2.5 (–)
Belt transmission ratio for the pressing unit, Ip = 4.0 (–)

Robustness The overall robustness, R = 58.0 (–)

4.4.2. The worst-case method

In the worst-case method, optimisation models for different operation configuration states can
be established separately according to Table 2. In this case study, 47 generations of individu-
als were generated to achieve the optimal product configuration and its parameter values. The
average overall robustness measures of these 47 generations are shown in Figure 11. The un-
adaptable design parameter optimisation is also shown in Figure 11. The optimal configurations,
the optimal parameter values associated with the configurations, and the overall robustness mea-
sures were obtained as shown in Table 8. In this work, the ratio of the belt transmission for the
applicator, Ia, was optimised as 2 (i.e. the numbers of teeth of the pulleys for belt transmission
were selected as 20 and 10, and the diameters of the pulleys for belt transmission were selected
as 120 and 60 mm). The ratio of the belt transmission for the applicator, Ip, was optimised as 3.6
(i.e. the numbers of teeth of the pulleys for belt transmission were selected as 36 and 10, and the
diameters of the pulleys for belt transmission were selected as 180 mm and 50 mm).

Compared with the design results using the worst-case method and the statistical method,
we can see that the overall robustness with the worst-case method can maximise the minimal
robustness considering all possible values of the input/output interface parameters. The average
overall robustness obtained using the worst-case method, however, is lower than the overall
robustness achieved through the statistical method.

4.5. Comparative study

In the traditional design of a reconfigurable or an adaptable product with closed architecture, only
platform and specific add-on modules are considered. Since the different possible values of the
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Figure 11. Optimisation results by using the worst-case method. (a) Configuration optimisation based on generic
programming. (b) Un-adaptable design parameter optimisation.

Table 8. The optimal design for the open architecture labelling machine with
the worst-case method.

Item The optimal configuration, parameters, and robustness

Configuration Gearbox for the applicator: type C; belt transmission for
the applicator: synchronous belt; gearbox for the pressing
unit: type g; belt transmission for the pressing unit:
synchronous belt; bevel gear pair in the applicator: type
II; bevel gear pair in the pressing unit: type 3

Parameter Belt transmission ratio for the applicator, Ia = 2.0 (–)
Belt transmission ratio for the pressing unit, Ip = 3.6 (–)

Robustness The overall robustness, R = 56.0 (–)

Table 9. The optimal design results obtained using the traditional design
method.

Item The optimal configuration, parameters, and robustness

Configuration Gearbox for the applicator: type H; belt transmission for
the applicator: synchronous belt; gearbox for the pressing
unit: type g; belt transmission for the pressing unit:
synchronous belt; bevel gear pair in the applicator: type
IV; bevel gear pair in the pressing unit: type 3

Parameter Belt transmission ratio for the applicator, Ia = 6.0 (–)
Belt transmission ratio for the pressing unit, Ip = 5.4 (–)

Robustness R = 63.3 (–)

input/output interface parameters for unknown add-on modules are not considered at the product
design stage, when new add-on modules are designed and added in the product operation stage,
the original design created using the traditional design method is no longer optimal considering
both the add-on modules created at the product design stage and the add-on modules created later
on at the product operation stage.

Among all product operation configuration states shown in Table 2, only the operation con-
figuration states 1 and 2 are not composed of any unknown add-on modules. In other words, the
traditional design can be used to identify the optimal design with the best robustness considering
the operation configuration states 1 and 2. The optimal design is shown in Table 9.

In this work, suppose that a new horizontal applicator add-on module and a new horizontal
pressing unit add-on module need to be added and the labelling machine will be operated with
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Table 10. Input and output interface parameters of new add-on modules M 13 and
M 23.

Add-on module Input/output parameter Symbol Value Unit

M 13 Rotation speed of the pulley N13 26.5 rpm
Diameter of the driving roller D13 120 mm
Gear ratio of the spur gear pair I13 1 –

M 23 Rotation speed of the pulley N23 26.5 rpm
Diameter of the driving roller D23 120 mm
Gear ratio of the spur gear pair I23 1 –

Table 11. Results in the comparative study.

Design method

Robustness of product for
operation configuration

states 1 and 2

Robustness of product for
operation configuration

states 1, 2 and N

The traditional design RT = 63.3 (σT = 10.2 mm/min) RT = 58.2 (σT = 16.4 mm/min)
The statistical method RS = 59.0 (σ S = 16.8 mm/min) RS = 59.4 (σ S = 14.3 mm/min)
The worst-case method RW = 58.1 (σW = 18.6 mm/min) RW = 58.6 (σW = 15.6 mm/min)

a new operation configuration state, the robustness of the design considering all three operation
configuration states is no longer optimal. In this case study, this new operation configuration state
is called operation configuration state N. Interface parameters of the two new add-on modules
are shown in Table 10. In this table, the values of D13, D23, I13, and I23 were selected based
on design experience, and values of N13 and N23 were calculated from the parameters of the
platform and add-on modules.

When the two new add-on modules were added, the overall robustness considering all three
operation configuration states was lowered. In this work, the same probability values (i.e.
33.33%) were assigned to the three operation configuration states 1, 2, and N for the ease of
explanation. The overall robustness is changed from 63.3 to 58.2 as shown in Table 11. To better
demonstrate the physical meaning of robustness, the average values of the standard deviations of
the labelling speed V a and the pressing speed V p for the different designs were also calculated
and summarised in Table 11.

The newly developed statistical method and worst-case method were also employed in this
comparative study. First, the statistical method and worst-case method were used to obtain the
optimal designs as shown in Tables 7 and 8. Then the overall robustness measures considering
only operation configuration states 1 and 2 were calculated as shown in Table 11. From this
table, we can see that the robustness measures, 59.0 and 58.1, using the statistical method and
the worst-case method are lower than the robustness obtained using the tradition method. When
the new operation configuration state N with the two new add-on modules is considered, the
robustness measures, 59.4 and 58.6, using the statistical method and the worst-case method are
higher than the robustness obtained using the tradition design method.

5. Conclusions

Adaptable design is a new design paradigm that aims to create adaptable products. Among vari-
ous adaptable products, the OAPs allow new add-on modules with new functions to be designed
by third-party vendors and added to the existing products. In this research, an adaptable design
method is introduced to design the OAP with robust performance. An OAP is modelled by a
platform, add-on modules and interfaces to connect the platform with different add-on modules.
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In this work, in addition to the specific add-on modules that need to be designed at the prod-
uct development stage, the unknown add-on modules that could be added in the future are also
considered. The optimal design with the best robustness is achieved through optimisation.

Characteristics of this research are summarised as follows:

(1) Open architecture is a good architecture to design adaptable products. The method to use a
platform, add-on modules and open interfaces is effective to model OAPs.

(2) Robustness is a good measure to evaluate the quality of an OAP considering both functional
performance measures and their variations.

(3) By considering both specific add-on modules that need to be designed at the product devel-
opment stage and unknown add-on modules that could be added in the future, the overall
robustness of OAP can be improved. In addition, the statistical method and the worst-case
method are effective to identify the optimal design.

(4) The multi-level optimisation method is effective to identify the optimal design configuration
and its parameter values of an open architecture adaptable product.

Despite the progress, a number of issues need to be further addressed to improve the currently
developed method. In this research, only aleatory uncertainties in parameters (i.e. parameter
variations caused by uncertainties) are considered. New design methods considering other types
of uncertainties such as epistemic uncertainties modelled by fuzzy membership functions need to
be developed. In addition, only embodiment design stage is considered in the newly developed
method. Since product robustness can also be influenced by selection of design concepts, an
integrated approach to design OAPs considering both conceptual design and embodiment design
stages needs to be developed.
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