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Abstract: The system fault behavior model was investigated by the author firder8yault behavior model describes the occurrence
and development process of malfunction in product, and analyzestisniission process of unit malfunction in system and effects of
various factors on system. In order to realize simulation of system fabé\or, it is necessary to perform formalized process of system
fault behavior model, so as to acquire the mathematic description redyiredmputer simulation. So the formalized description of
fault behavior model (FBM) based on polychromatic sets theory wasdnted. With consideration of the characteristics of model
hierarchy and information variety of current fault behavior model,ttfethod of polychromatic sets and polychromatic graph was
adopted to describe the information such as objects, behaviors, restactibrelevant correlation in model. Formalized description
of fault behavior model and convenient model for computer exgiwasand operation were realized, which laid down a further solid
foundation for simulation of system fault behavior.
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1 Introduction The system fault behavior modeld] established on
the basis of the second branch mentioned above is an

System reliability research is gradually making the transi €ntity containing structure, behavior and environmental
of focusing on "fault time” to focusing on "fault process”. information, and is a complicated entity that features
The researches on reliability models of micro failure Special function and is formed as per successive layers
mechanism 1,3] and macro fault behavior4[7] have  structure based on properties (behavior and environment,
become hot topics. The system fault behavigrrhodel i.e. restriction conditions) of all constituent elements
describes the occurrence and development process d¢@bjects). The model contains numerous aspects of
system fault in term of the behavior, and also presents théformation, such as object, behavior and restriction, etc
effect of basic unit failure on the whole System_ Itis a It features hierarchy and information variety. If traditad
new orientation for system reliability research. There areSet theory is adopted to replace its formalized description
currently two branches in research of this orientation, ondt is only possible to describe object, behavior and
branch is fault behavior mode”ng based on time restriction in model individually, rather than reflect
competition mechanisn®[10], of which the basic idea is correlation between them, especially it is impossible to
to determine the failure mechanism causing first systenflisplay correlation between behavior condition and object
fault through time competition on the basis of bottom of different layers, this makes it difficult to perform
|ayer failure physica| model, therefore establish theaccurate mathematic descrlptlon In computer simulation.
relationship  between  failure  mechanism  of The polychromatic sets proposed5[16] by Russian
components/parts and system fault behavior. The otheprofessor Pavlov V. V. is based on the traditional set
branch is fault behavior modeling based on faulttheory, and clearly describes the property of set itself and
propagation 11, 14], which is focused on the propagate its constituent elements and their correlation by addlng

process between circuit levellequipment level and thecolor of entire set and elements in set. It features two
entire system level. characteristics: 1. Adopts mathematical model of the
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same formation for description, and feature high degree ofvhen the system is running, and the transfer of the system
generality; 2. It is a hierarchical system, which organizesstatus over time.

and processes information in set layer and logic layer, and  The framework of FMB is shown in Fi@.1

solves the specific quantity and size issue of bottom layer

at quantity layer, so as to process huge amount of

information and simulate large-size complicated product.

The characteristics of polychromatic sets are applicable System

for the feature of FBM, such as hierarchy and information “";‘;T“““" environment
. .. . . 1zn usage mode

variety. At present, this idea is used in aspects such as (material, =

modeling and analysis of processing system, product structure)

assembling sequence simulation, product manufacturing ~  —F——

process, conceptual design of machinery product, and Fault Behavior Model

version management of collaborative design, &%Z0]. = Basic unit fault behavior model
Therefore, adopting polychromatic sets theory, this * Restriction relationship model

paper has described various characteristics of different ¢ Fault behavior relationship model

layers in system fault behavior model, and correlation and |

connection between characteristics of layers, and has I 1 I 1

researched the formalized description method of system

fault behavior model based on polychromatic sets. The FMEA | | Fra || Fault

rest of this paper is organized as follows: Section 2 dioginose

investigates system fault behavior model, Section 3
introduces the overview of polychromatic sets theory,

Section 4 discusses the description of FBM model based Fig. 2.1: The framework of FBM
on polychromatic sets theory in detail. At last, it is a case
study.

FBM includes three parts:

2 System Fault Behavior Model e Basic unit fault behaviour model
e Restriction relationship model

) e Fault behaviour relationship model
The system fault behavior refers to the status changes that

a system deviates from its preset functions and are the Basic unit fault behavior model is for every unit
activities and status changes of the componentscomposed of the system. Restriction relationship model
interaction on each other and the dynamic process that thapplies to the factors in external influence factors sets.
fault spread continuously when the system fault happensfFault behavior relationship model is for all kinds of
It shows the changes of the system status over time, and igsigger relationships between fault behaviors. Restitti
not only the reflection of effects of both external and relationship model produces restriction condition on dasi
internal factors on the fault behavior of the units of the unit fault behavior model, all basic unit fault behavior
system but also the reflection of the interrelationshipmodels joint into Basic unit fault behavior model is for
among the fault behaviors of the basic units, i.e., theevery unit composed of the system. Restriction
occurrence of a fault behavior caused by another faulielationship model applies to the factors in external
behavior. The fault behavior model describes theinfluence factors sets. Fault behavior relationship malel i
evolution and changes of the system behavior when anyor all kinds of trigger relationships between fault
internal unit of a system breaks down or the externalbehaviors. Restriction relationship model produces
interference exists, i.e., describes the course ofestriction condition on basic unit fault behavior model,
occurrence, development and spread of a fault in theall basic unit fault behavior models joint into a whole then
system, so as to analyze and obtain the effects of variouthrough fault behavior relationship model. Thus the
faults on the system. The system fault behavior modelsystem whole fault behavior model could be built. On the
(FBM) is defined as two-tupled p] basis of comprehensive consideration of internal/externa
FBM = (OBJS, B) factors affecting system malfunction, the system fault
thereof, OBJS is the set of system objects, includingbehavior model is established as a three-layer structure
various levels of units comprising the product; B is the containing system structure layer, behavior layer and
fault behavior set, different fault behaviors belongs torestriction layer, as shown in Fig.2
different objects, so the fault behaviors are co-affected b The entire model describes system fault behavior
both external and internal factors. The object set reflectprocess and fault information propagation, the structural
the intrinsic attributes of the system, while the fault layer reflects the static structure between all constituent
behavior set reflects the behavioral change of the systemynits of system; behavior layer reflects the dynamic fault
embodying the conditions of external stimulus sustainedoehavior process of system and its constituent units; the
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attribute relationship Mlapping relatonship

Structure layer Behavior layer Restriction layer

Fig. 2.2: Three-layer structure of system fault behavior model

restriction layer reflects the restriction upon system andunified color of Polychromatic Sets) amd(a;) (referred
its constituent units during operation. The entire modelto as individual color of elemera), its composition is:
adequately expresses the hierarchic relationship and

correlation of system, and reflects the dynamic behavior F(A) = (R(A),RA), ....,Fr(A) )
process featuring triggering.

F(a) = (F(a),R(a), ....Fm(a&)) (3)

3 Polychromatic Sets Theory F(A) and F(a;) are referred to as colored, and are

contained in a unified color set,
Polychromatic sets is a information processing tool, of
which the core idea is to simulate different objects by FOF(A)F(a) i=1,2 ...,n (4)
using standard mathematical model, the method is to ) -
improve traditional set theory by tools such as symbolic ~ F(A) andF(a;) are respectively referred to as unified
logic, matrix theory and fuzzy mathematics, so that it cancolor of Polychromatic Sets and individual color of
describe properties of set itself and its constituentelementa. When expressing simulation object, they
elements and correlation between properties of set itselféspectively correspond tg" property of objectA and
and its constituent elements. Polychromatic sets iselements;.
actually a mathematical model describing Correlation between composition of unified color of
constitutionality relationship and coherence in systemPolychromatic Sets and composition of individual color
hierarchy' it respective|y abstracts system and itsOf elements, relationship between unified color and its
constituent elements, the Constitutiona"ty re|ati0pshi constituent elements and the Composition of all entities in
and coherence in system hierarchy as polychromatic SewhiCh unified color exists can be respectively expressed
and its constituent elements, relationship between entir@s:[F (a) x F (A)], [Ax F (A)] and[Ax A(F)]. In which,
set property and constituent elements property anoo\(F) is the set of all entities of unified color. See details
relationship between its constituent elements propetty. 1as per literature 19,21]. In summary of the above
actually is an abstraction of hierarchy relationship of mentioned, Polychromatic Sets can be expressed as:
objects in realistic world. Relevant concepts of
polychromatic sets theory is described as follo@4% 23].

PS= (A F(a),F(A), [AxF(@)],[AxF (A)],[AxA(F)])

©)

3.1 Polychromatic Sets
3.2 Polychromatic Graph

Traditional set represents all elements, which are

expressed as: . )
Common graph can be expressedzas (A,C), in which

A= (ay, ...,a, ...,an) (1) Alis the set of node£ is the set of connected node edges,
but this kind of traditional graph theory tool cannot
In Equationl, only names of elements are different, it describe composition of node and edge in plot while
is impossible to represent different properties of elesient describe different properties of node and edge in plot. In
Polychromatic Sets expresses properties of researcpholychromatic graph, any node and edge can be painted
objects and constituent elements by assigning differentvith different colors simultaneously, this is the diffecen
colors to set itself and its constituent elements. Color sebetween polychromatic graph and achromatic graph. As
corresponding to overall sétand its constituent elements color features property of corresponding objects, difiere
a € A are respectively marked d5(A) (referred to as  colors can describe different properties, therefore,ithe
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color corresponds to propertf and the jt" color Fla = F(),~@),...,Fm(a) represents
corresponds to propergy, etc. individual behavior set of object in model;

Under normal conditions, polychromatic graph (PG) F(A) = (FL(A),R(A),...,Fy(A)) represents overall
consists of(F(G),PSy,PS:). In which, F(G) describes  behavior set of object in model;
overall property of polychromatic graph, whil@Say C = (ag /0 <i<n 0 <] <n) represents
describes node and its property, dP&: describes edge connection relatlonshlp between objeats;, represents
and its property. In which,PSy and P& can be  connection relationship between objeatsandaJ ;

respectively expressed as: F(c) = (F(c),R(c),...,K(c)) represents
connection relationship between objects in model, here
PSy = (AF(a),F(A), [AxF(a),[AxF (A)],[AxA(F)]) (6) k=2;

Products can be disassembled in different layers to get
its components. Therefore, it can be deemed that there are
certain known components, which are basic structural

PS = (C,F(c),F(C), [CxF(c),[CxF(C),[CxC(F)]) (7)  elements of product, and feature definite description. In
product design, component can be gear, shaft and bearing,

In which, Fa is color of node andkc is color of edge etc, or parts consisting components. Selection of

In case edge of polychromatic graph PG is colorless,component is related to knowledge and state of the art of
then F(G) = F(A); in case node is colorless, then design field and designer, here component (object) is
F(G) = F(C); in case both node and edge are colorlessexpressed bg;, their set is expressed By Set of various
thenF (G) = O, at the moment, polychromatic graph PG attributes of component (objecg; can correspond to
can be expressed by common gra&phk- (A,C). concept of individual coloring in polychromatic Sets, and

is expressed ad-(a), which includes behavior and

relevant restriction conditions of component (objeat)
4 FBM Modd Description Based on Therefore, component (object) stcan be expressed as:
Polychromatic Sets Theory .

S= {<a,F(g)>1]i=12 ...,n} 9)

As analyzed from the point of view of system, FBM
model is a complicated entity formed on the basis all its  Regarding the FBM model structure shown in Fig.
constituent elements and attributes as per successiv ], restriction node and behavior node of middle and top
layers structure, expression of its layering is shown inlayers of three adjacent layers from top to bottom are
Fig.4.1 merged with corresponding object node of bottom layer

Its formalized description must describe correlation ininto one node, and is expressed in form of ordered pair.
hierarchy accurately and completely, advantage ofNodeiy of layerk regarding nodgy_; of layerk—1 as
Polychromatic Sets theory just meets these requirementsfather node after merging is expressed as

< dp(K,ik, jk-1),F (dp(k,ik, jk-1)) > by using ordered
pair. In which, dp(k;ik, jx—1) represents bottom layer
4.1 Formalized description of FBM model object node, F (dp(k,ik, jk-1)) represents top layer
restriction node and behavior node corresponding to
Regarding the hierarchic relationship of FBM model, object node. Thus, FBM model structure can be expressed
polychromatic graph node is used to represent object irgs the formation in Figd.2
model, that is product component, i.e. structural layer;  As shown in Fig4.2, mathematic description of FBM
different colors applied on node represents differentmodel recursive form is as follows:
attributes of object, including behavior and restrictidn o < dp(0,0,0),F (dp(0,0,0)) >
object, i.e. behavior layer and restriction layer; edge m . .
adopting polychromatic graph represents connection {dp(1,i1,0),F (dp(1,i1,0)))
relationship between objects in model, different colors vy (1 < k<), Vi (1< ix < )
applied on edge represent connection type, including <dp(k ik, ik 1),F(dp(k ik, ik 1))

inference relationship and triggering relationship. (k+ i
k

Therefore, in accordance with demand, structural _ (dp(K+L,iks 1, i), F (Ap(K+L,iks1,ik)))
description of FBM model can be expressed as: ik:l
N
PG = (A7 F (a) ’ F (A)7 F (a) x F (A)7 ng = 1’ ng = Zl n(k’ ik—l) (10)
i =1

AxF(A),F(A) xF(A),CF(0),CxF() (8 In which, n(k+ 1,ix) represents number of son nodes
In which, A = (ag,ay,...,an) represents object set in of nodeii of layerk ; nx represents number of all nodes of
model, layerk.
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Fig. 4.1: Three-layer structure of system fault behavior model

Layer

{dpl0.00) Fldpl0.0.0}}
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{epleet 1) Flap 1)) {dplni., )\ Fldp(ni,,_)) {doln,n,, ) Plaplnn,,_Jh| n
Fig. 4.2: The formalized description of FBM structure
If VI (1<I<n)andVi (1<i <n) meet following F(a) x F(A) represents the relationship between
conditions: F(dp(k,ik, Jk-1)) and F(dp(k+1,ik1,ik)), i.e.

correlation between element attributes of adjacent layers
dp(l,iy, ji—1),F(dp(Lii, ji—1)) €S (11)  (behavior of objects of adjacent layer), as shown in
Then the node is leaf node (terminal node), which is Fauation12.

the terminal condition for disassembling of branches of
different depths in model.

4.2 Correlation Between Different Elementsin Gk 2.)cp

FBM Model

Correlation between different elements in FBM model
includes several types as follows. In which,

A= dp(kaik7jk71)- = [F(dp(k+1a|k+lvlk)) XF(dp(kaikajkfl))] (12)
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take-up lever

R o FA o A |
C11 T Cyj T Cip F (dp(k+ 11, Ik)) needle bar i
. . . . . . mechanism
= Gi -+ Gj o Gip F(dp(k+1.i,ik))

Cn(k+Ljl *** CntkiLioj ~ Cnkatjop | F(Ap(k+1n(k+1,ik),ik))

bending needle
Thread

hooking
mechanism

A x F(A) represents the relationship between st arankshatt
F (dp(k,ik, jk_1)) and dpk+ 1,ix.1,ix), i.e. correlation ik
between top layer elements attributes and bottom layer

constituent elements (behavior of top layer object andrig 5 1: The diagram of take-up mechanism and thread hooking
bottom layer object), as shown in Equatib® mechanism of sewing machine

(Cii)n (k1K) p
as to embody possible malfunction behavior that may
— [dp(K+ Lk, i F (dp(K, i, jk_ 13 occur during operation. Computer 5|mglat|on d|agr<_31m of
dp( k1) X F AP (Ko Ji-a)) (13) take-up mechanism and thread hooking mechanism of
sewing machine is shown in Fi§.1
Lock type sewing machine consists of multiple

RA) . BB . FR((A) ) ; i
Cy - e Cip dp(k+1,1,ik) mechanisms such as take-up mechanism, thread hooking
. : : . : . mechanism and feeding mechanism, which jointly
— e oo o ap dp(k+L,1,i) complete sewing function. In which take-up mechanism

and thread hooking mechanism are the core parts forming
lock-stitch. The take-up mechanism controls surface
thread, thread hooking mechanism controls bottom thread
F(A) x F(A) represents the relationship between SO that bottom thread and surface thread interlace
F (dp(K,ik, jk_1)) andF (dp(K,ik, jk_1)), i.e. correlation ~ mutually to form lock-stitch. The take-up mechanism
between different object behavior of the same layer. consists of take-up lever and needle bar, during operation,
C x F (C) represents the relationship between edgel case operation environment of needle bar is not
and restriction types represented by edge, as shown iddequately lubricated, tilt thread hole trace will be

Equation??, in which| represents number of elements in caused. Similarly, in case of inadequate lubrication,
C. bottom thread movement trace of tilt crankshaft bending

needle will have error, therefore causing occurrence of
behavior of dropped stitch. In case number of dropped

Cn(k+Lj0l *** CnkiLini *** CntkeLjp | dP(K+Ln(k+1,ik),ik)

Fi(c) ... F(o) ... K(c) stitches reaches certain level, it is impossible to form
Ci1 -+ Cj - Cik] C lock-stitch required. Its fault behavior model hierarchy i
Co : shown in Fig 5.2
. I P, _ (14) Nodes in Fig5.2are expressed as follows by using the
(Cidcp( = | G1 Gj Gik| G form in Fig.4.2g P Y
oo : dp(0,0,0) is chain type sewing machine;
1~ Cj--Ckl @ F (dp(0,0,0)) is to form chain-stitch or chain-stitch

) failing to meet requirementsdp(1,1,0) is take-up
All components in the above model can be expressednechanism; F (dp(1,1,0)) is tighten/release surface
by adopting matrix, through filling-out of all information thread or thread cast-offip(1,2,0) is thread hooking
matrixes, all models are transformed into matrix mechanism;F (dp(1,2,0)) is interlace or cast-off of
expression, and more important, it is only necessary tosyrface thread or bottom threadp(1,3,0)) is feeding
expand relevant matrix rather than modify model for mechanismF (dp(1,3,0)) is relative movement of stitch
complicated structure. thread and sewing material;.; dp(2,1,1) is take-up
lever; F(dp(2,1,1)) is control of surface thread;
dp(2,2,1) is needle bar mechanisn® (dp(2,2,1)) is
5 Example Analysis form mormal thread bole trace or wrong thread hole trace;
dp(2,3,2) is tilt crankshaft bending needle mechanism;
Taking GK0058-1 model high-speed lock type sewing F (dp(2,3,2)) is to form normal bottom thread
machine R4] as an example, perform simple analysis of movement trace or wrong bottom thread movement trace;
its take-up mechanism and thread hooking mechanism, sdp(2,4,2) is bending needle: (dp(2,4,2)) is control of
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Form Form Chain-Stitch Failing
Chain-stitch Lo meet requirements
- ? the zeor layer
Structure : - chain type
node layer | i sewing maching
3
I I
- - - o
- p e Interlace of surface | |relative movement of
B : tighten/release Thmﬂq_ = thread or bottom stitch thread and
node layer surface thread cm’l'_"_fi___ thread sewing material
T e S T T the |* layer
Take-up Thread hooking feeding
mechanism | mechanism mechanism

¢ lubricating

|

e - . S e
niode layer ; z : P ! arm wWron I DO 2
L(_mlmJ of form normal lﬂwagr]l:;:li;é hottom rhr::g':i ‘: bottom thread control of
surface thread || thread hole trace (a0 movement trace mavement trace | [Bottom thread
T ‘\ /" v the 2™ lnyer
take-up needle bar tilt crankshaft
lever mechanism hending needle | bending needle |
mechanism
Fig. 5.2: FBM of Sewing machine (part)
N % fayer
{db(0.0.0} F(ap(0.0.0}) 0
{abll.L0). Flap(11,0))} (12,0} F(ap(12,0)} {ap(L3.0)Flapl3o)y| I
(2,11} dp(221), a#l232) V|| fdpl2.42) :
Flap(211)) Fldp(221) Flad232)) Fldp(2.4.2) : 2

Fig. 5.3: FBM of Sewing machine (part)

bottom thread; On the basis of above mentioned symbols, dp(1,3,0)=0,0,1]

it is easy to give mathematic description shown in Fig.  Thus, system fault behavior model of product can be

53 expressed and analyzed conveniently, accurately and
In accordance with definition of polychromatic Sets, completely in computer.

Boolean Vector expression of each carrier can be acquired,

for example, for the first layer:

F(a) = {F(dp(Li,(0)) |i=1,2,3} 6 Conclusion

A= {dp(Li,(0)) i =1,2,3) . |
100 System faqlt behavior is to_descrlbe occurrence and
AxF(a)= 010 representation of malfunction in terms of behavior, so as
- 001 to bet_ter reflect the dynamic process of system fault
behavior occurrence and development. System fault
dp(1,1,0)=[1,0,0] behavior model describes product from three different
dp(1,2,0) =[0,1,0] layers including structural layer, behavior layer and
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