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A method of product family design
based on the theory of polychromatic
sets

XIAN ZHOU?, QING ZHAO?, M1AO CHU?

Abstract. In order to deal with the complicated process and multiple solutions of reconfigura-
tion confronting the product users in the mass customization, polychromatic sets are put forward to
conduct the product configuration. Based on the relationship between customer needs and product
series, on the relationship between function needs and modules, and on the relationship between
capability needs and modules, the multilayer polychromatic set contour-comprising matrices are
established on the function sets of the product. The unified colour reasoning algorithm is proposed
in each layer and the solving process of product configuration is established based on the analysis
of product configuration characteristics, and the result of product configuration is expected to be
improved by combining constraint matrix with the above mentioned algorithm. More importantly,
an applied case of identification system is provided to verity the reliability and rationality of the
polychromatic set solving algorithm in the product configuration of product family design.

Key words. Product family, polychromatic sets, product configuration, unified colour,
constraint matrix.

1. Introduction

The purpose of mass customization is the quick response and satisfying cus-
tomer’s personalized requirements. Meanwhile, the product design is aimed at prod-
uct family; it has changed from a single-oriented product to series-oriented one in
circumstances of mass customization [1]. Since the product family can save both
your time and cost, in order to meet customers’ needs for different product func-
tions and features by reusing common structure and technology in the similarity
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product, a standardized and well-considered product platform in the product family
is indeed required.

Recently, the main research of product family is focused on the platform design
and the product configuration. Yang Gang et al. configurate template on product
family by parameter, which can realize mass customization [2]. Xu Zhijia proposed
a theory based on Stackelberg, and co figurate product family by restrict of low
carbon [3]. Gao Xingin in order to meet the needs of configuration diversification
and configuration, the model scalability polychromatic sets are used to conduct the
product configuration. But this method lacks the description in mathematics and
arithmetic flow; it will cause difficulty to the engineers’ understanding and their
programming [4].

Polychromatic sets are a new method for building model of producing process; it
can simulate different targets with the same math model, such as the concept design
[6,7] the product assembly[8,9] and so on. Polychromatic sets can be used to describe
the relationship among different features of complex machines and can be convenient
for programming and being well applied to the complex systems [10, 11]. In a word,
the method of Polychromatic sets is used to design for the mass customization and
to improve the efficiency of the decision-making; it can help to make the process
of choosing projects standardized and formulaic in the mass customization, and it
is easy to be programmed and calculated since the author has already built the
mapping between the model of product family and customer’s requirements.

2. The concept of Polychromatic sets

The element a;of sets A = (ay, ..., a;, ..., an) only represents a name in traditional
sets, which doesn’t include any attributes. The 5th reference puts forward a concept,
named as the polychromatic sets, which can remedy the defects mentioned above.
Both the elements and the sets themselves can be wiped in different colours, in order
to represent the property of research objects and that of their elements. As for
the polychromatic setsA = (aq, ..., a;, ..., @, ), the colour sets F'(a;)=(f1, ..., fiy s fr)
represent the individual colour of element a;,in which , firepresents the colour of the
element k.F(A)=(Fy,...,F;, ..., Fi) represents the unified colours of polychromatic
sets, in which F}, represents the kth unified colour of polychromatic sets.

In polychromatic sets, the author uses the bool matrixA x F'(a) to describe the
relationship among all elements of sets and their property. That is

foo fyo Sy
ci1 RGP crr Clg a1
”Cij”A,F(a) = [A X F(a)] = Ci1 R R Q; (1)
Cpl  *** Cpj *** Cng Qp

In which, if f; € F(a;), ¢;;=1, or ¢;;=0.The ith row of bool matrix represents
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the individual colour of element a;.The relationship between an element and a unified
colour can be described by the bool matrix Ax F'(A).That is ||¢;; ||A)F(A):[A x F(A)],
Jif Fj € F(a;), ¢ij=1, or ¢;;=0.

The relationship between the individual colour and unified colour can be de-
scribed by the bool matrix ||Cij||F(a)7F(A):[f(a,) x F(A)], if the existence of unified
colour F} is effected by the individual colour f;,c;;=1, orc;;=0.

The polychromatic sets hierarchical structure is one particular style of polychro-
matic sets. It does not only combine the top-down decomposition of the traditional
hierarchical structure (which can show the direct decomposition relationship among
neighbouring nodes) but also describes the indirect relationship of nodes with the
edge between the level and his adjacent level [12,13] .The author describe this hier-
archical structure asG*=(A*, C*),in which, the node sets A* represent the objects
and their properties, and they can decompose until the project can be realized with
project units, and the edge sets C* represent the different constraint relationship
of nodes. In fact, the sets of edges can make up the autocorrelation matrix C*
of node sets, that is C*=[C;;] A* , A*= [A*x A*], i > j. In practice, the au-
thor can build the constraint matrix to describe the restriction relationship between
the levels and nodes. In the model of polychromatic sets hierarchical structure,
the author merged the function and method into one node in the same level, if
the method can realize this function in one level ,and describe them as the order
sets < F(A(k,ix, jrk-1)), A(k, ik, jg—1) >, in which, A(k, i, jr—1) represents the iyth
node in the levelk; its father node is the node of theji_;th in level £ — 1,and the
colour of node A(k,iy,ji—1) represent its the parameter and property , which is
described as F(A(k, i, jx—1)).The hierarchical structure is shown as Figure 1.

F(4(0,0,0)), 4(0.,0,0) Level 0

] FALLOY, A(1L0) \ [ F(A(1,1,0)), 401,0)| - |F(A(l,nl,0)),A(1,nl,O)‘ Level 1
] — Level 2
|/«'(A(2,1,1)),A(2,1,1)| |1v(A(2, 12,1)),A(2,[2,1)| II"(A(2,7,1'I)),A(2,7,il)HF(A(2, n,.m)), A2, n,,n) |

|F(A(n,1,l))| |F(A(n,2,7))| AAAAAA ‘F(A(n,i”, D) | F(A(n,n,, 7)1 Level n

Fig. 1. The order Polychromatic sets in hierarchical structure

The recurrence formula of design object can be expressed as follows, according
to the Figure 1.that is

< F(A(0,0,0)), A(0,0,0) U < F(A(1,i1,0)), A(i,i1,0) > Vk € [L,n],  (2)

11—

mn(k)
< F(A(K, ik, jr—1)), Ak, ig, je—1) >= U < F(A(k+ 1,dg41,1)),  (3)

igr1=mo(k)+1
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ng = 2 n(k,ig—1)no =1 (4)
ir—1

mo(k) = Z n(k + 1,1) (5)

ma(k) = mo(k) +n(k + 1, i) (6)

In the above formula, A(0,0,0)is the root node; F(A(0,0,0))is its colour. <
F(A(0,0,0)),A(0,0,0) > is their order sets. The n(k + 1,4;) is the number of child
nodes of the level k and node 75, . The n.is the number of all the nodes of the levelk.

3. Building the model of product family based on
polychromatic sets hierarchical structure

3.1. The theory of mass customization model based on the
polychromatic sets

The purpose of mass customization has received a quick response and met the
customers’ personnel needs, and improved the flexibility and efficiency of production.
Normally, the mass customization includes three factors: the production efficiency
must be up to the standard of mass production; the design and production process
must be flexible, and in other words, the design and production process should
be based on the modular and standardization; the target of production must meet
customers’ personal requirements. In the circumstances of mass customization, the
objects of the product design are aimed at the product family; it has changed from
a single-oriented product to series-oriented one. The model of product family is the
key technology of mass customization. So the model of product family is a complex
macrocosm, and it consists of the function model and the parts of product. So this
paper uses the hierarchical structure to describe the product family, which can be
shown as Figure 2.

According to the theory of polychromatic sets hierarchical structure, the basic
elements of product—parts are regarded as the elements of polychromatic sets A,
named a;,and F'(A(0,0,0)) is regarded as the unified colour of Polychromatic sets,
named the product or product system;F (A(k, iy, jr—1)) is regarded as the individ-
ual colour, namely the function parts of product family. The property of elements,
which are in the neighbour level, namely F(A(k, ik, jr—1))andF(A(k 4+ 1,9k41, Jk))s
is described and computed by bool matrix||c7;j||F(a)7F(A):[F(a) x F(A)], which de-
scribes the relationship between the individual colour sets and the unified colour sets.
While A(k, ik, jr—1) A, the relationship betweenF (A(k, ik, jr—1))andA(k, ik, jk—1),
which describes the property of elements and itself separately, can be described
and calculated by matrix[A x F(A)].F(A(k, ik, jk—1))and F(A(k, pk, qx—1)), namely
the property of different elements in the same level ,their relationship can be de-
scribed and calculated by autocorrelation matrix [F'(A) x F(A)].A(k, ik, jx—1) and
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A(k, pk, qx—1),namely the project unit in same level , and their relationship can be
described and calculated by the autocorrelation matrix [F'(a) x F(a)].

Meanwhile, the different constraint relationship among the nodes of hierarchical
structure can make up the autocorrelation matrix of node sets, C*=[C;;] A*,A*=
[A*xA*], i > j.In practice, the author can build the constraint matrix in order to
restrict the different levels and nodes, according to their constraint relationship.

Product system

o T

‘ Function module 1 | | Function module 2 | | +++++* ‘ Function module n

Part 1 Pan2/ T Pam \ Pan4‘ \ ~~~~~~ Partn

direct relationship Indirect relationship

Fig. 2. The graph of product family hierarchical structure

3.2. The rebuilt method of mass customization

The aim of mass customization is to configure different function modules rapidly
with customers’ different requirements. According to the above theory, the step of
modelling is as follows:

Stepl builds the hierarchical structure. Build the relationship among customers’
requirements, product modules and parts. The structure of hierarchical is shown as
Figure 2

Step 2 builds the reasoning matrix and constraint matrix. Build the customer
requirement matrix, module property matrix and parts matrix separately accord-
ing to the Figure 2, and analyze the potential constraint relationship between the
customers’ requirements and the parts, and build the constraint matrix.

Step 3 searches the projects. We can get the parts sets by calculation, according
to customers’ requirement. The flow chart is shown as Figure 3.

4. Application verification

The identification system is widely applied. Its module of function and parts are
easy to be customized. And the author cites the example of the identification system;
we explain the steps and methods of the applied polychromatic sets hierarchical
structure.

The identification system can be divided into three function modules: identifying
module, data storage module and data processing module. Among the modules, the
identifying module has four mode, such as the fingerprint identification, iris recog-
nition and identity identification, face recognition; the data storage mode include
the SD card, WIFI, RAM, wired network; The data processing mode include IC
and CPU. Shown as the Figure 4, it describes the process of decomposition from
customer’s requirements to the property of product module to parts, and uses the
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Fig. 3. The flow chart of rebuilding for Mass customization

edge to explain the constraint relationship of nodes.

Level 0 F(A(0,0,0)) Identification system
Level 1 F(A(11,0)) F(A(1,2,0)) F(A(13,0))
Indentify mode module Data storage module Data processing module
Level 2 A(1,1,0)) A4(1,2,0) A(13,0)
Plan unit(part] «-++ 6) Plan unit(part7-+-+ 10) Plan unit(part] 1=+ 15)

Fig. 4. Formal structure model of Identification system

In level 0, the customer’s requirements can be described as F'(A(0,0,0)) =
FPEYF)FYFOFYFYFY. In the level 1, the property of function module of product
family can be described as F(A(1,1,0)) = FLFyFiF}, F(A(1,2,0)) = FAF} F}FY,
andF(A(1,3,0)) =Fy Fily; in level 2 ;the parts of product family can be described as
A(l, 1, O) = a1a2a3a4a5a6,A(1, 2, O):a7a8a9a10and A(l, 3, 0) :a11a12a13a14a15.The

meaning of the function unit in each level is shown as Table 1.

Table 1. The meaning of function unit in each level
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Function Meaning Function unit Meaning
unit
Fp Response time 15fps Identify mode | F{ Fingerprint identifi-
module cation,
F2O Response time 15fps F21 Iris recognition
Fg Data storage 1000 per- F51 Face recognition;
sons
F) Data storage 1000 per- F} Identity  identifica-
sons tion
F) Identify distance 10” Data  storage | Fi SD card
module
Fg Data storage 10” F61 Wired network
P9 outdoors F} WIFI
FQ office Fy RAM
Data process- F91 CPU
ing module
F IC

Reasoning matrix: it describes the process of decomposition from customers’
requirements (level zero) to the function module of product family (level 1), and the
author can build reasoning matrix with [F(a) x F(A)] or [A x F(A)], i.e

= [F(A(1,1,0))x < F(A(0,0,0)), A(0,0,0) >]
= [F(A(1,

[((

2,0))x < F(A(0,0,0)), A(0,0,0) >]
3,0))x < F(A(0,0,0)), A(0,0,0) >]
= [A(1,1,0)x < F(A(1,1,0)) >
=[A(1,2,0)x < F(A(1,2,0)) >]
= [A(1,3,0)x < F(A(1,3,0)) >]

Constraint matrix: There is a constraint relationship between the project unit
A(1,2,0)and project unit A(1,3,0), so the author can build the constraint matrix
according to [F'(a) x F(a)], i.e.51=[A(1,2,0) x A(1,3,0)].

In order to describe it conveniently, the seven matrixes above mentioned can be
drawn in one map, shown as Figure 5.

If the customer’s requirements for a project include the following factors(the
response time is less than 15fps, the data storage is more the 1000 persons, and the
distance of getting data is more 10”), the customer’s requirements can be described
by contour.
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Fig. 5. Reasoning matrix and constraint matrix

0 0 0 0 0 0 0 0
Fl F2 FS F4 F5 F6 F7 F8

According to the reasoning matrix T, ThandT3.We can get 4 plans; it can be
described as follows:

FO\F | BB F | P

Planl

Plan2

Plan3

Plan4

5. Conclusion

The paper promotes a formal method of the mass customization based on the
polychromatic sets hierarchical structure. The method describes the mapping mod-
ules among the customers’ requirements, the product family modules and parts, and
also illustrates the constraint relationship directly and indirectly. By searching the
reasoning matrix, the author of the paper can get feasible resolutions for the mass
customization, and in the circumstances of constraint matrix, the most reasonable
plan can be obtained from the resolutions mentioned above. Meanwhile, the bool
matrix built based on this system method is simpler and easier to achieve the formal
representation and programming.
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