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Abstract—A green design for assembly model is presented
integrate design evaluation and assembly and disddy sequence
planning by evaluating the three activities in artegrated model. For
an assembled product, an assembly sequence planmiggl is
required for assembling the product at the stattt@product life cycle.
A disassembly sequence planning model is neededisassembling
the product at the end. In a green product lifdegyitis important to
plan how a product can be disassembled, reuse@cypcled, before
the product is actually assembled and producederGe product
requirement, there may be several design altemathges to design
the same product. In the different design cases,agsembly and
disassembly sequences for producing the producbeatifferent. In
this research, a new model is presented to comtiyrevaluate the
design and plan the assembly and disassembly sesgifirst, the
components are represented by using graph basedlsnddext, a
particle swarm optimization (PSO) method with a nemcoding
scheme is developed. In the new PSO encoding scleperticle is
represented by a position matrix defining an as$es#rjuence and a
disassembly sequence. The assembly and disasseetplgnces can
be simultaneously planned with an objective of miging the total of
assembly costs and disassembly costs. The tesdtsrebow that the
presented method is feasible and efficient for isghthe integrated
design evaluation and assembly and disassemblyesegplanning
problem. An example product is implemented andsiitated in this
paper.

Keywords—green designassembly and disassembly sequenc
planning, green design for assembly, particle swa@ptimization.

Tproduct are designed and manufactured first. Swuiesely,
the components are located and fixed with the aslsem
operations to construct the final product. The psg of
assembly sequence planning is to determine a psguprence
with which the components can be fixed with theeaddy
operations. In assembly sequence planning, theabpatd
connecting relationships of the components areyaadl
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to The components and the assembly operations argadan

an ordered sequence under the operational cortstraimd
precedence constraints to achieve the assemblybjesitives.

In a complete product life cycle of an assembleadpct,
both an assembly sequence and a disassembly seqasnc
required. An assembly sequence is required to amisthe
product at the start of the product life cycle.tBmother hand, a
disassembly sequence is required to disconnecotinponents
of the product at the end of the product life cy&lelisassembly
sequence can be defined as an ordered sequenzapbents
and disassembly operations with which the prodwat be
decomposed into separated components. The purpbse o
disassembly sequence planning is to arrange ther ool
disassembly operations based on the disassembétraints
and cost objectives.

In a green product life cycle, it is necessary l@Enphow a
product can be disassembled before the producttisally
assembled and produced. In a green product lifie cgtthough
the disassembly operations occur at the end,ifh®rtant to
plan in advance at the start. In most cases, aclwst in the
assembly operations can cause a high cost in gassimbly
operations. Therefore, to avoid a high cost in stieably
sequences, the key is to consider the assemblgiaagsembly
sequences in a concurrent way.
€ In the beginning of the product life cycle, the sbs of the
components and product are designed in the dessiga.sGiven
the product requirements, there can be differensigde
alternative cases that can be used to fulfill thedpct

O produce an assembled product, the components of thguirements. Different shapes of the components loa

modeled, manufactured, and assembled, to attaiapbeified
functional purpose and product requirements.

If the components are designed differently in thesigin
alternative cases, the assembly and disassemhlgisegs can
be different. In typical design considerations, fboactional
purpose is considered as the main concern. As Wt réise
considerations in design may contradict the comatams in
production. For example, a good design with goodtions can
cause some difficulties in the corresponding as$erahd
disassembly sequences. In this way, a design cé#beulv
considering production may result in a high cost tie
subsequent assembly and disassembly sequences.

In the traditional concept of product life cycle magement,
the activities of design, manufacturing, assemband
disassembly are performed in a sequential way dfée@back is
that the considerations in design may not alwaysctord with
the considerations in assembly and disassemblherypical
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design for assembly models, the assembly and eéisdg Section IV presents the PSO method. Implementadich
sequences have not been planned and evaluatembircarrent test results are presented in Section V. The ceiwis are
way. Furthermore, the effects of the design altitreaases on discussed in Section VI.
the assembly and disassembly sequences have not bee
evaluated with an integrated model. Thereforegdfuires an 1.
integrated design evaluation and assembly and sfisddy
sequence planning model to achieve a green prditictcle.
With the above concept, a green design for assemantdly
disassembly model is developed in this researclshasn in
Fig. 1. In this research, an integrated designuai@n and
assembly and disassembly sequence planning model
presented. The flow of the model is shown in FigG&en a

LITERATURE REVIEW

In the related research, it can be summarizedabsgmbly
sequence planning can be performed with three stade
assembly representation and modeling, (2) assesdgyence
generation, and (3) assembly sequence evaluatioth an
optimization. Lin and Chang [1] presented an as$emb
precedence diagram (APD) which is a directed graph
representing the precedence of the components had t

product requirement, there may be several desigmnative
cases for designing the components of the prodfuatdesign
case is selected, the shapes of the componentbendifferent
from the other cases. The spatial and connectlatigaships of
the components are thus different. The spatial @mhection
relationships can change the operational conssraamd
operational costs in the assembly and disasserelglyesices.
Therefore, if a different design case is selecthd,assembly
and disassembly sequences can be different.

As shown in Fig. 2, for different design cases, aesembly
and disassembly constraints are different. In auiditfor
different design cases, the assembly and disasgerobls are
different. With the constraints and costs, the mbde and
disassembly sequences can be arranged in ordezsefdte,

given a design case, the corresponding ~assembly anaI.[S] presented an assembly sequence optimizatidghade

disassembly sequences can be generated and edaluatkis
way, the design cases and the corresponding asgeandl
disassembly sequences can be evaluated and plamrec:
integrated model.

In this paper, first, the designed components epeesented
by using graph based models. The graph based megeésent
the spatial and connecting relationships of thepmmants. The
graph based models are transformed into assembdly
disassembly precedence constraints. In additior, ¢bst
models of the assembly and disassembly operatiansbe
developed. A particle swarm optimization (PSO) apph is
presented by encoding a particle using a positiamirndefined
by the assembly and disassembly sequences. There80d
simultaneously performs evaluation of
disassembly sequences with an objective of minirgite total
cost. By using the total cost as the fitness famtthe design

associated assembly operations. In Abdudtadd. [2], a review
of assembly sequence planning methods was preséatieshd

Huang [3] presented a systematic approach for eaatiom

assembly sequence generation. Chen and Lin [4]epted
optimizing assembly planning through a three-siatggrated
approach. Su [5] introduced a geometric constraimlysis

method to generate assembly precedence and toaevalu
feasible assembly sequences. Datgal. [6] presented an

assembly tree hierarchy to analyze geometric
non-geometric information for assembly sequencerptay. In

the recent research, Tsengal. [7] presented a multi-plant
assembly sequence planning model using a GA metbod

integrate assembly sequence planning and plargresent. Jin

for complex mechanical product by employing a dedagraph
and an assembly matrix to represent the assemialjore In
Tsenget al. [9], the genetic algorithm (GA) was applied toveol
the integrated assembly and disassembly sequeceipd
problem.

With a given set of components, sequencing the ocompts
4Ray become a combinatorial problem. In the previessarch,
the PSO algorithm has been shown to be effectidesffitient
to find solutions for different optimization prolts. The PSO
algorithm has been successfully applied to manyimoous and
discrete optimizations [10]-[11]. Bankkal. [12] reviewed and
summarized the related PSO research

optimization problems.
In review of the previous research, the designuatain and

cases and the assembly and disassembly sequentesecagssembly and disassembly sequences have not beleated or

evaluated and optimized.

The presented models and algorithms have
implemented and tested. The main contributionitiethe new
concept of integrated design evaluation and asserabd

disassembly sequence planning model and the new P

solution method. The test results show that thesgmed
method is feasible and efficient for solving theegrated design
evaluation and assembly and disassembly plannioigigm. In
this paper, the test result of an example produtitistrated and
demonstrated.

This paper is organized as follows. Section Il prés a
literature review. Section Ill describes the mdelintegrated

planned in an integrated way. Therefore, in thseagch, the

be@EO method with a new encoding scheme is develéped

concurrently performing design evaluation and asdgrand
giaassembly sequence planning.

Ill.  REPRESENTATIONMODELS

In this paper, the input design information is deél by using
graph based models. An assembly precedence grdgih)(And

a disassembly precedence graph (DPG) are modeled to

represent the connecting and precedence relatjpblitween
the components. The graph based models are travesicio an

in the areas of
assembly angbmbinatorial problems, multiple objectives, andstaained

design evaluation and assembly and disassemblyesequ assembly precedence matrix (APM) and a disassembly
planning. precedence matrix (DPM) to represent the precedence
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constraints. The PSO method is developed by engodin The APM and DPM for product A are listed as follows
particle with a position matrix defined by the aabyy and

disassembly sequences. The PSO method simultageousl o s o e e
performs assembly and disassembly sequencing with a 1jf100010100010011
objective of minimizing the total cost. The besside case can g g g g g : g g e g o g o
be determined by finding the position with the Istvi®tal cost. 4000000000000000
. 50 00010011011011
A. Assembly Precedence Graph (APG) and Disassembly 6/1000100000100°11
7700001 0000010011
Precedence Graph (DPG) M= e 000010011
In this research, the APG and DPG are used asekigrd 9|1111111111011111}%
. . . . 1000 0 0 01 000 00O0O0O0T1T1
input for a given product. Given the geometric digifon of the 110 00010011010011
components, the spatial and connecting relatiosshgn be 121 0001010001001 1
analyzed to generate the information in the graasetd models e e oo oo,
of APG and DPG. The APG is modeled for representiregy 150 0001000001001 1]
precedence relationships of the components andmagse
operations. The DPG is modeled for representing the 012345678 910111213141
. H 001 0000000100100 F¢{
p_recedence relat|(_)nsh|ps of the components and the 110 0000000010000 0
disassembly operations. 20010000000100100 (
301 0000000100100
. . 4/0 0 00O 0OOOODOO0OOOOOTO O
APG is a directed grapt = (C, A), (1) 50 1000000010010 0(
DPG is a directed grap® = (C, S, 2) 6/010000000100100
DPM*7111101100101100z
“8/111101100101100F¢
whereC = {cy, ..., ¢} = the set of components, 9/0 0000000000000 0
¢; = (component node) = a component,= 1, ...,n, 9g111101111101111
. 11 111 01 1 00100100
A ={a, ..., an} = the set of assembly operation arcs between 1210 0 0 000000100000
component nodes, 13111 101100101100
S={s, ..., 54 = the set of disassembly operation arcs between Mr11101100100100]
component nodes.
As shown in Fig. 3, product A is a notebook compuii¢h 16 C.Design Case Table
main components. The APG and DPG of product Adsvshin Design alternative cases are represented in a fabimt.
Fig. 4. Given a product requirement, the design of a sebofponents

B. Assembly Precedence Matrix (APM) and Disassembly can _be represented as a design case. With the padect
Precedence Matrix (DPM) requirement, some of the components may be chafwed
) ) ) designing the same product. As shown in Fig. &pihe of the

An APG iis transformed into an assembly preceder@@ components are changed in design, the assembliraimts and

(APM). A DPG is transformed into a disassembly pdEmce  the assembly costs will be changed. In this way ARG, APM,
matrix (DPM). The numerical values in the two mz#s are ppG and DPM are different. Therefore, in differefeisign
used in the PSO solution method. The APM and DPMetD 5565, the assembly sequences can be affectee byrtstraints

are shown as follows and costs. As a result, if a different design daselected, the
Cir G2 " Cjmy corresponding assembly and disassembly sequenedsamée
Co| P P o P, 3) generated and evaluated.. Using a systematic einguailt.h the
Col Py Py o PSO method, the design and assembly and disassembly
APM =7 sequences can be concurrently evaluated.
T A design case table (DCT) is developed for us@ééndesign
Genl P Pro = P representation. The general format of a DCT is shi:vilrable I.
In the table, given an original design and its gesilternative
Gz G2 Ci=n casesl = 1, ...,m, avalue of; = 1 indicates that the component
Gaf Py Po o Pl 4) G is change_d in desigh. A yalue _ofti,» =0 _indicate_s th_at the
cLlp. p component; is not changed in desigh Theilnforma.tmn in the
DPM = "2 T2 TZ DCT is used to analyze and generate the informaiitire APG,
C APM, DPG, and DPM.
Ganl P Pz P If a different design case is selected, a differset of
components are used in modeling of APG, APM, DP@& a
wherec; andg; are components, DPM. If different APG, APM, DPG, and DPM are builhe

pij is an index wherg; = 1 represents that component assembly and disassembly sequences will be affethedefore,
must be assembled or disassembled before compgnent given a design case, the corresponding assembly and
disassembly sequences can be generated and edaluate
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As a result, the design evaluation and assembly angpresents an assembly sequence. The second reveiwh2,

disassembly sequence planning can be integrated.

IV. SOLUTION USING THE PARTICLE SWARM OPTIMIZATION
(PSO)METHOD

represents a disassembly sequence. The third roeveiv= 3,
represents the design case index of each compolmethe
heuristic decoding rule, the values in the firstvr@ = 1)
represent the ranked order values of theomponents in the

A PSO method is presented for concurrently perfogmi @SSembly sequence. The values in the second irow 2)

design evaluation and assembly and disassemblyesegqu

planning. The PSO algorithm is an evolutionary catapon
method introduced by Kennedy and Eberhard (19997119n
the PSO method, each particle moves around
multi-dimensional space with a position and a vigyocThe
velocity and position are constantly updated by pheicle’s
own experience and the experience of the wholeraw@iven a
problem, a particle can be encoded to represesitiicn. Each
solution, called a particle, flies in the searchcgptowards the
optimal position.

In the original PSO method, a particle is defined its
position and velocity. The position of particle i in the
D-dimension search space can be representédfas, X, ..,
X, ---,» Xip]. The velocity of the particlé in the D-dimension
search space can be represented=s;q, vis, ..., Vig, ---, Vip]-
Each particle has its own best posit®r[pi1, pPi2, ---» Pids ---»
pip] representing the particle’s personal best objedpbest) at
time t. The global best particle is denotedpgsand the best
position of the entire swarnglfest) is denoted aBy=[pg1, Pgzs

represent the ranked order values of theomponents in the
disassembly sequence.

in the X Xpo o Xy Xim
PM,, = Xon Xop vt Xy Xom ! ™
X1 Xgp 0 Xy X3

Xij represents the position matrix of partipJevherep=1, ...,

E, andi =1, 2, 3, where a value of 1 represents an assembly
sequence, arid= 2 represents a disassembly sequencd,aid
represents the design case index,jart ...,n, wheren is the
number of components.

After the PSO enumeration, the final particle représ an
assembly sequence and a disassembly sequenceo3itierp
matrix of a particle can be decoded into an assgs#rjuence
and a disassembly sequence. A heuristic rule foodiag is
presented as follows. In the first row, the positi@alues in

[X11, ..., X3, ..., Xn] @re sorted in an ascending order. The ranked

<..s Pgar -+, Pgo] @t timet. To search for the optimal solution, order valuerepresents the ordered position in the decoded

each particle adjusts its velocity according to theocity
updating equation and position updating equation.

Vet = w R+, 0 i = %q )+ ¢, [ﬁpgd - Xid) (5)
whered =1, ...,D,i =1, ...,E (number of particles),

vy :the new velocity of in the current iteratiot

vae @ the velocity ofi in the previous iteratiort ¢ 1),

¢; andc,: constants called acceleration coefficients,

w;, : the inertia weight,

sequence. For examplexif is ranked in the 5th position in the
sorted ascending order, then the compo@gistassigned to the
5th position in the assembly sequence. In the skcow, for
example, ifxy is ranked in the 6th position in the sorted
ascending order, then the compon€nis assigned to the 6th
position in the disassembly sequence. The valuekeirthird
row are used to determine selection of the desige< of the
components.

B. Fitness Function

The cost functions include two major items. Theeaddy
operational costs are mainly related to assemhdyesgcing,

r; andry: two independent random numbers with a unifornwhereas the disassembly related costs are primatiyed to

distribution [0, 1],

pis : the best position of each individual partigle
Pga - the best position of the entire swarm.

X" = xa g, (©)
where x3" is the new position in the current iterattor)(i‘;Id is

in the previous iteratiort ¢ 1).

A. Encoding and Decoding Scheme
This research applies the PSO method to the problem

developing a new encoding and decoding schemehén t4)

developed encoding scheme, a particle is repreddnyea
position matrix (PM). The position of a partige= 1, ...,E, is
represented by a position mat®M,p. The elements in the
position matrix is denoted a§,i =1, 2, 3, and = 1, ...,n,
wheren is the number of components. The first row, wherd,

disassembly sequencing.
1) Assembly operation costAQC) and disassembly
operation cost IOC): the basic operational cost for
performing an assembly or disassembly operation.
Assembly tool change cosATC) and disassembly tool
change costOTC): if two tools are different, then an
assembly or disassembly tool change cost is retjuire
Assembly setup change co&8(C) and disassembly setup
change cost ISC): if two consecutive setups are

2)

3)

different, then an assembly setup change cost or a

disassembly setup change cost is required.

Design related cosbDRC): Proper design related cost for
designing and changing the components in the design
alternative cases.

The total cost functionTC) can be formulated as follows
(unit: dollars).
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TC = AOC+DOC+ATC+DTC+ASC+ DSC+DRC (8)

In the PSO evaluation, the objective is to minintize
fitness function as follows. The fithess functiadue of a
particle is represented Bgness.

Min Fitness=TC 9)

C. Integrated Design Evaluation and Assembly and
Disassembly Sequence Planning

The flowchart of the method is shown in Fig. 5.
Step 1. Setup parameters.

1) Set iteratiort = 0.

2) Taumoer: the iteration (generation) number.

3) Psz: the number of particles.

Step 2. Initialize a population of particles 1, ..., E, with
random positions and velocities.

illustrated as shown in Fig. 4. The correspondi@vAand
DPM of product A are listed in section 3. The nuicervalues
of the PSO parameters are tested with experimesitgy a
Taguchi’'s orthogonal array to find the best comtioma of
parameters ofyymper = 300,Pg= 40, w; = (1.2, 0.8), andcf,
) = (2.0, 1.6).

Fig. 6 shows that the computation converges af@$ 1
generations with a cost of 387.625 (unit: dollaes)d a
computer time of 2.922 (unit: seconds). As showitale I,
the position matrix of the solution particledscoded into an
assembly sequence, a disassembly sequence, asél¢ation
of a design case. The design case decision isndiegst by the
values in the third row of the position matrix.

The values in the first and the second rows ofpghsition
matrix are used to generate the assembly and divabs
sequences. The ranked order represents the ordegegnce.
As shown in Table Il, The assembly sequence
C4Ci14C13CrpCs-Cr-C11-C15-C3-Cs5-Cyp-Cp-Co-C1-C1-Co. In

1) A particlei is defined by a multi-dimensional position the second row, the disassembly sequence can lbeletbas

matrix as shown in equation (7).
2) The position of particléis defined byx;.
3) The velocity of particlé is defined byv;;.

Step 3. Evaluate the fitness function.
1) t=t+1.
2) Fitness=TC.

Step 4. Update the velocity of each particle
=W wi%ld +C1R1[ﬁp|d ‘Xid)*'czmz [ﬁpgd _Xid)'
Vii"is the new velocity in the current iteratign

v2is the velocity in the previous iterationX),

new
Vid

Step 5. Move the position of each particle
new _ old new
Xg = Xg tVig

where X7 is the new position in the iteration
old

Xig

is the position in the iteration { 1).

Step 6. Check the feasibility of the solution ahe humber of
iterationt.
1) The precedence is checkedARM andDPM.
2) The design alternative case is checke®By.
3) If (t > Thumber), then go to Step 7, else go to Step 2.

Step 7. Decode the best particle position and prégrthe
solution.

V.IMPLEMENTATION AND TESTRESULTS

Co-Cy-Cy2Co-Cs-Cp-C3-Ce-Ci5-C11-Cr-CrsCi5-Ca-Ci0Ca. - As
observed from the presented method and the tesseits, it
shows that the developed model and algorithm pteskasible
and efficient solution method.

VL.

In this research, an integrated design evaluatidreasembly
and disassembly sequence planning model is prekdote
achieve the purpose of green design for assembijel design
stage of a product life cycle, the components cambdeled
differently to design the same product to fulfiietrequirements.
If different design cases are selected, the asserahd
disassembly sequences can be different. By plantiieg
activities of design, assembly, and disassembniitegrated
way, the total costs can be reduced to achievgréen purpose.
A PSO method is developed for concurrently evahgathe
design and optimizing the assembly and disasseseigjyences.
Given a design case, the information of constraintscosts can
be modeled as assembly precedence graph, disagsembl
precedence graph, assembly precedence matrix, and
disassembly precedence matrix. The related asseimudy
disassembly costs are formulated as the fitnesstium The
information of design alternative cases is modekethe design
case table. A new encoding scheme of the PSO mdthod
developed for integrated design decision and adyeantd
disassembly sequencing. The test results showthieaPSO
method converges in a fast way to reach a minimizest
objective. It can be generally concluded that teeetbped
model and the PSO method are feasible and effitoesblving
the integrated design evaluation and assembly es@dsembly

CONCLUSIONS

The presented models were implemented and tested dBquence planning problem. Future research caorizemed

developing software on a personal computer withGa@Hz
CPU and 1 GB memory. Product A as illustrated o Biwas
modeled and tested. Product A is a notebook compuitie 16
main components. There are 4 proposed design afitegrcases.
In one of the design cases, the APG and DPG ofyztotl are

with a detailed analysis of the relationships amalegign
specifications, assembly operations, and disassembl
operations. In addition, the PSO method can be dreat to
reduce computational time for practical and lag@blems.
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Fig. 6 The test result of the PSO evaluation fadpict A

TABLE |
THE FORMAT OF DESIGN CASE TABLE(DCT)
Designd;
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t; = 1 indicates that; is changed in desig,
t;j = 0 indicates that; is not changed in desigh

TABLE Il
THE SOLUTION OF THE INTEGRATED DESIGN EVALUATION ANDASSEMBLY AND
DISASSEMBLY SEQUENCE PLANNING FOR PRODUCA

Assembly Component Disassembly Component
APG DPG sequence Sequence
. Order G Order G
Fig. 4 The APG and DPG of example product A
1 Cy 1 Co
2 Cis 2 C;
3 C13 3 C12
4 Cic 4 Co
: o ° o
6 Cy 6 C
Tnitial 7 Cu 7 Cs
Population 8 Cis 8 Cs
Evaluate 9 C3 g C15
Fitness 10 C5 10 C11
11 C 11 Cy
\}gﬂg:‘e\ 12 Co 12 Cua
13 Cs 13 Cs
Positons of 14 Ciz 14 Ce
Particles 15 Cl 15 ClO
Check 16 Co 16 Ca
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Fig. 5 The flowchart of the PSO method

1088



