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1 Introduction

Most structural products, from a simple chair frame to an aut

Decomposition-Based Assembly
Synthesis Based on Structural
Considerations

This paper presents a method for decomposition of structural products in order to provide
the product designer with choices for feasible assemblies. The synthesis of assemblies is
done by decomposing a complex structure obtained via structural topology optimization
into an assembly of multiple structural members with simpler geometries. The aim is at
providing a systematic approach to explore a large number of decompositions prior to the
detailed component design phase. Initially, the structure, which is represented as a bitmap
image, is transformed to a graph with equivalent topology through application of image
processing algorithms. Then, the obtained graph is decomposed by a genetic algorithm
into subgraphs using stiffness-based criteria. Results for an example structure are given to
clarify and discuss the metho@DOI: 10.1115/1.1519276

timization is decomposed into an assembly consisting of multiple

igps in the process developed:

mobile body, are manufactured through assembly of various co
ponents which have simpler geometries than the end product. Asq.,
sembly synthesis is the decision of which components to assemble
together to achieve the end product and is done by decomposition
of the end product design prior to the detailed component design
phase. From a structural point of view, it is not desirable to intro- 2,
duce joints into the structure since they will decrease the strength
of the product. However, most designs are impossible to manu-
facture as one single component. Therefore, assembly synthesis is

gructural members with simpler geometries. There are two main

A two-dimensional bitmap image of a structure obtained via
structural topology optimization is transformed to a product
topology graph through application of image processing al-
gorithms.

The product topology graph is decomposed into subgraphs
by using a genetic algorithm which results in a decomposi-
tion of the product with chosen mating features.

an inevitable step in most design cases. Finally, results for an example structure are presented to demon-
Figure 1 shows an example of the decomposition of an autdlfate the method and to discuss the results.

motive body front consisting of the external panéf®od and
outer fendersand the internal structurémner fenders and radia-
tor support that connect to the rest of the internal body frame. |

g Related Work

industry, such decompositions are typically done prior to the de-Design for assemblyDFA) is a class of design methodologies
tailed design of individual components, taking into account funder improving product design based on assembly considerations to
tionality, manufacturability or geometry issues. However, the proealize easy and low-cost assemfly. Based on the results from

cess is nonsystematic and can result in the decompositions ttiet seminal work on assembly modeling and sequence generation
might overlook one or more of the following criteria that caus€2—5] a number of researchers attempted the integration of assem-

problems in the detailed design phases:

 Structural strength: The joints introduced to the structur
due to decomposition decrease the strength of the initial
sign. This effect has to be kept to a minimum.

bly planning and DFA[6-8]. Although proven effective, these

approaches require detailed component geometry as input, hence
‘Zjimiting their application to early phases of the design process.

€-To overcome this limitation, Mantripragada et [@,10] devel-

oped a method to predict the propagation of dimensional varia-

* Manufacturability and assembleability: The decomposition {1« hased on Datum Flow Chain, a logical relationship among

should result in components and joint features/methods whigh,
are physically and economically feasible.

component dimensions. Although this approach does not re-
quire detailed component geometry, the product decomposition

By observing these criteria during the assembly synthesis, prdBust be specified a priori by a designer.

lems in subsequent design phases can be substantially reduced.
The method presented in this paper aims at achieving a systematic
decomposition process applicable during conceptual desinn

stages, with major emphasis on structural characteristics and 1 =

nor emphasis on assembleability. Other criteria will be included =

future work. The presented approach intends to provide the ¢

signer with feedback about possible decompositions prior to tl
detailed design phase. By applying the presented method prior
the detailed design phase, changes in detailed design due to st
tural and other issues are minimized which may be costly ai

/ bod
[j;:;j"/frgmye

. inner |
7\:1/ fenders |
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time consuming. T~ radiator
In our method, a structure obtained via structural topology o) -/ support |
. A CRERT T A
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vised March 2001. Associate Editor: J. Cagan. Fig. 1 Example of decomposition of an automobile body front
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Graph decompositiofil1] has been applied to mechanical de-

sign, such as model-based decomposition of design profjE2hs

and manufacturing feature recognitift3]. Among the most rel-

evant is the application to automatic assembly sequence genera-

tion, where a disassembly sequeriassumed to be the reverse of

an assembly sequencis generated by sequential binary decom-

positions(i.e,, cutg of a graph of connections of an assembled

product[2-5]. Feasibility of each binary decomposition is deter-

mined by checking the precedence relationship of two subassem- (@)

blies subject to partition using human ingd@&-3] or geometric

reasoning5]. 1 2
Recently, Wang et al[14,15 developed a system which de-

composes an unfolded sheet metal product based on the decom-

position of a spanning tree of the face-adjacency graph of the

product. Although their focus is similar to the presented research,

the system does not consider the structural issues of the product. 3

Also, the approach does not address the issue of dimensional er-

rors in cutting, bending and joining.

3 Assembly Synthesis Method 4 5

The proposed assembly synthesis methbg-1g consists of (b)
two major procedures. First, the topology graph of a structure,
which is obtained via structural topology optimization, is con-
structed by application of image processing algorithms on the
two-dimensional bitmap image of the structure. The next step is
the decomposition of the topology graph using a genetic algo-
rithm. It should be noted that the foc(elso an original contribu-
tion) of the current work is thextraction and decompositioof
the structural topology, rather than the generation of the optimal
structural topology that have been addressed previously by a num-
ber of researchers.

3.1 Structural Topology Optimization. Structural topol-
ogy design methods, such as the homogenization design methtal 3 Transformation of a structural topology optimization
[19] and the genetic algorithm basg20], enable top-down syn- output to a product topology graph. (&) output image, (b) ex-
thesis of an optimal structure topology that fits within a specifiefction of product topology, and  (c) resulting product topology
design domain from the specification of loading and boundafj2Ph- The I-beam like image was adopted from  [20].
conditions. As illustrated in Fig. 2, these methods take as input the
design domains and the loading and boundary conditions, and
then produce through finite element analyses a discretized imageigure 4 illustrates a sequence of these image transformations
(bitmap or grayscaleof an optimal material distribution in the applied to an example I-beam like imafg0] using the prelimi-
design domain which, for example, maximizes stiffness at thgary implementation of the transformation algorithms. A brief de-
loading point subject to weight constraints. In most cases, eagdription of each step is given in the following. Although the
pixel in the output image corresponds to a finite element. Thfsscription assumes a bitmap image as an input, it can be easily
methods also allow the design domain to be multiply-connecte@neralized to a gray scale image with a prior application of an
(i.e. to have holes appropriate thresholding method.

3.2 Construction of Product Topology Graphs. Figure 3~ 321 Dilation. It fattens the image by filling small, isolated
outlines the flow of the transformation process. First, topology @fples and expanding the image boundéfig. 4(b)). It scans the
the output image is extracted by identifying the distinct segmenigage and turns a pixel on if a majority of the neighboring pixels
in the output imageFig. 3(b)). Next, the resulting segments areare also on. Definition of majority and neighbor determines the
labeled, and their connectivities are checked to produce a prodeffects of fattening. Since dilation is to eliminate small voids or

topology graph(Fig. 3(c)). The extraction of product topology is nonsmooth edges prior to skeletonization, it is unnecessary for
accomplished by the successive application of standard digital iginooth images such as the structure in Fig. 2.

age processing algorithms such as dilation, skeletonization, and o ) o
the Hough transforni21], as well as nonstandard algorithms such 3.2.2 Skeletonization. It has an opposite effect to dilation. It

as primary line extraction and topological segmentation. thins the image by expanding small, isolated holes and shrinking
the image boundar{Fig. 4(c)). It scans the image and turn off a

pixel if a majority of the neighboring pixels are also off. Defini-
' tion of majority and neighbor determines the effects of thinning.
V7 Applying dilation before skeletonization prevents the resulting
skeleton from being affected by noises in the original image.

AESIgm Ao v 3.2.3 Hough Transform. Although obvious to human eyes,

bitmap does not contain information on distinguishable “lines” in
the image necessary for the subsequent decomposition process.
For this, Hough transfornj21] a standard technique for feature
extraction of digital images, is applied after skeletonization. It

Fig. 2 Structural topology design method: The right figure
shows a structure with maximum stiffness occupying 40% of

the design domain. The result is obtained by using Topology detects lines in a bitmap image by mapping the image inxtge
Optimization Web site at the Technical University of Denmark space to a parameter spatiee 6-p spacg using the normal rep-
(http: //www.topopt.dtu.dk /). resentation of a line ix-y space:
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the lines not selected in step 2. However, it does not generally add
a significant computational overhead since the number of unre-
moved pixels rapidly decreases after a few iterations. After the

above steps, all intersections among the extracted primary lines
are also calculated, and the segments of the intersecting primary
lines are labeled separately.

{ 3.2.5 Topological Segmentationlt associates each pixel in
the original image to each segment of the primary lines identified

(@ above. For each pixel in the original image, it calculates the dis-
tances to all segments of primal lines, and associates the pixel
with the primal line segment with the minimum distance. If a
pixel is approximately equidistance to multiple segments, it cor-
responds to an intersection of the primary lines. Figufeshows
the original image shaded with three distinct segments corre-
sponding to the three primal lines in Figelt

Occasionally, however, the topological segmentation yields a
segmented image with stand-alofdisconnected pixels at the
intersection of multiple segments. In such cases, the following
postprocessing is necessary to re-assign these pixels to another
primal line so they can be connected.

1. Select a segment in an image obtained by the topological
segmentation. If all segments have been checked, return.

2. Count the number of disconnected sub-segments. If the
number is one, go to 1. Otherwise let the largest sub-
segment be the primal segment.

3. For each pixel not belonging to the primal segment, re-
assign the pixel to the primal line to which the majority of

(@
(b)
(c)

(f) the surrounding pixels belong.
4. Goto 1.
Fig. 4 An example of product topology extraction: (a) original . .
image, (b) dilation, (c) skeletonization, (d) initial Hough trans- After the completion of the extraction of product topology, a
form (shown in 6-p space), (e) primary line extraction, and ()  Product topology graph can be easily constructed by labeling each
topological segmentation. segment of the primary lines and each intersection among the
primary lines, with a node and an edge in a graph data structure,
respectively.
X cosf+y sinf=p (1) 3.3 Decomposition of Product Topology Graphs. We are

. . . ) interested in obtaining the decomposition of a given structure to
Since a pixel §;,y;) x-y space corresponds to a sinusoidal curvgye desired number of components that minimally reduces the
X; cos6+y; cosf=p in the 6-p space, collinear pixels in the-y  gyyctural strength due to the introduction of joints. This is
space have the intersecting sinusoidal lines inépespace. Con- 5chieved by decomposing the product topology graph and the cor-

versely, an intersection point{ , p,) in the 6-p space corresponds responding product geometry as illustrated in Fig. 5. The follow-
to a line in thex-y space. Therefore, all lines passing througlhg assumptions are made at this stage:

arbitrary pairs of pixels in the image are found by checking the
intersection points in thé-p space. The discretization of thep + Joining method at every joint is spot weld; hence joints are
space to compute the sinusoidal lines determines the accuracy of strong for shear and compressive loading, but weak in tensile
the detected lines. loading.

The Hough transform is repeatedly applied in the primary line * The only joint feature considered is the weld angle which is
extraction algorithm described below. Figur@@shows thed-p chosen from discrete set of possible values.
space from the initial application to the skeletonized image. A = Number of components desired is specified by designer.
generalized form of the Hough transform uses a spline represens The structure can be decomposed only at the location corre-
tation of a curve to detect arbitrary curves in the im4gé], sponding to the edges of the topology graph.

which will be incorporated in the future implementation. Even for a small number of possible joint locations and weld

3.2.4 Primary Line Extraction. This algorithm abstracts the aljgles, the number of potential dgcompositions to be considered
topology of the skeletonized image by selecting primary lines iill be very large due to the combinatorial nature of the underly-
the x-y space based on the number of pixels they pass throughg graph decomposition problem. In this paper, therefore, the

Basic procedure is as follows. problems is treated as an optimization problem and solved using a
i genetic algorithm(GA). Posing the problem as an optimization
1. Do the Hough transform of the image. _ allows the efficient exploration of multiple high-performance de-

2. Select an intersection point in titep space with the maxi- compositions based on given criteria, depending on the weight
mum number of intersecting lines. If the maximum numbegcior of each criterion. The following sections formulate the

is below a prespecified value, return. _ mathematical model of the optimization problem and describe the
3. Remove pixels in the image corresponding to the intersegtathod used to solve it which is GA.

ing lines in 2 and goto 1.

Figure 4e) shows the extracted three primary lines shown in a 3.4 Mathematical Model

different gray scale. The prespecified value in the step 2 to cut off3.4.1 Definition of the Design VariablesThe optimal de-

the iteration determines the “level of abstraction” of the extractedomposition can be posed as a graph partitioning proljtith
topology. The repeated application of the Hough transform iEhe members of the structure are mapped to nodes and the inter-
needed since the pixels removed in step 3 may also have beerseations are mapped to multiple edges since they can be joining
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the joints are major factors affecting structural strength therefore a
set,F, of mating features must also be defined to be able to evalu-
ate different decompositions. As based on previously stated as-
sumptions,F is the set of possible mating angles at the welded
joints, i.e., the only mating feature considered is the weld angle.

The optimal partitioning ofG can be represented mathemati-
cally by a vectorx=(x;) wherex; is a binary variable represent-
ing the presence of edgs in the decomposition defined by the
partitioning P. From the above, it is obvious that1, ... |E]|
since there ar¢E| edges in the topology graph. Finally the prob-
lem is defined as:

Given G, the topology graph of the structure, set of mating
features andk, number of substructures, find vector partition
representing the optimal decomposition, and vegtdhe mating
feature for each joint subject t&(x,y), which is an objective
function to be minimized evaluating the decomposition quality.

3.4.2 Definition of the Constraints.The constraint on the
vectorx, which represents the presence of edges, is as follows:

COMPONENTS$GRAPH X))=K 2
where

* GRAPH(X) returns a graph after the edges witk=0 in vec-
tor x, have been removed from the original topology graph.

« COMPONENTS(@) returns the number of disconnected sub-
graphs in graplit.

This constraint translates into the fact that the problem asks for a
decomposition consisting & different structural members. The
constraint on vectoy is as follows:

yieF (3

whereF is the set of mating angles at which spot welds can be
applied at the joints. One element of $etepresents the case for
no weld at the corresponding joint. The last constraint is imposed
on the combination of the vectoxsandy in the following way:

CONNECTEO COMBINED_GRAPHX,y))=TRUE (4)

where

« CONNECTED@G) returns TURE if the grapls is connected
and returns FALSE otherwise.
 COMBINED_GRAPH(X,y) returns a graph that consists of

) . the nodes of the original graph and the edges in vectairsd
Fig. 5 Decomposition of a product topology graph and the

corresponding product geometry  (a) before decomposition and Y.

(b) after decomposition This constraint ensures that the combination of the decomposition
given by vectorx and the mating angles given by vectoicon-
stitutes a structure which has the same connectivity as the original

more than two members. Therefore, the whole structure can @&connected structure.
represented as a graf@= (V,E) with node seV and edge se. 3.4.3 Definition of the Objective FunctionObjective func-

The problem of optimal decomposition becomes one of findingp, i evaluate each decomposition according to the followin
partition, P, of the node se¥ such that the objective function, criteria: P g 9

c(P), is maximized.
Note that the number of nonempty subsdis,of V, which * Reduction of structural strength due to the introduction of
constitute the optimal partition, is not defined. Mating features at joints
» Assembleability of the decomposed structure

To evaluate the decomposition according to the structural strength

1 1 criteria, the normal stress at the joints and the area on which the
.n.n """" ,II normal stress acts are calculated using the Finite Element analysis
1.2 3 4 .. 1 of the original bitmap imagéeforeimage processin¢Fig. 3a)).

The evaluation is based on the difference between the angle, at
which the normal stress is minimur®®®, and the chosen weld-

ing angle given by vectoy because deviation from the ideal angle
nn ,,,,,,,, El means higher normal stress. The stress at the chosen angle multi-
[El1 BH2  cooorenereineennns 2E]- plied by the weld area provides a measure of force acting on the
weld which is also used in evaluating the decrease in strength. A
Fig. 7 Second half of chromosome with mating angle weld with larger area introduces a higher amount of decrease in
information strength than a weld with smaller area. Since the shape of the
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original image does not change during decomposition process, the [ l

joint strength is estimated with the FEM result of the original [ l ﬂ
image, without re-analyzing each potential decomposition. This ﬂ D
approximation is adopted to ensure the real-time feedback to the 1 2 3 4

designer, essential for tools during the conceptual design stage.

To evaluate the decomposition according to the assembleability ® : spot weld
criteria, the similarity of weld angles and the number of welds in ) ) ) o
the decomposition are taken into account. It should be noted that Fig. 8 Possible mating angles at the joints

a structure decomposed into the same number of components can

have different numbers of welds. For a given number of compo-

nents, obviously, a lower number of welds and similar weld angles

result in higher assembleability. These criteria result in the follow-

ing objective function: fitness values and store the chromosome withntir@imum
N N fithess value. Also create an empty subpopulaon

&5 . &5 2. Select two chromosomes and c; in P with probability
f(x,y)=w, ; (6= 072+ w, Z:l (ai(6)A(6)) proportional to §ax—f;) and (fmaxlfi), respectively, where
f; andf; are the fitness value of chromosomjeandc;, and
Nweids Nwelds fmax is the maximum fitness iR at the current generation.
+ws Zl -2+1 (6;— 0;)*+W4Nyeias (5) 3. Crossover; andc; to generate two new chromosome’s
R andc; .

The variables in the objective function are defined as follows: 4, Mutatec; and Ci’ with a certain low probability.

x=(x) xisa t;)lnary variable representing the presence of edges gy qyate the fitness values df and ¢/ and add them irQ.
& In subsex . . If Q contains less than m new chromosomes, go to 2.

y=(Y;) Vi is discrete variable representing the choice of weld 6. Ré%lace m chromosomes in P with the one@i’agd empty

angle at jointi .
w, we?ght ofJith criteria in the objective function Q. Update the best chromosome and increment the genera-

Nyeiss  total number of welds in the decomposed structure tion counter. If the generation counter has reached a pre-
: weld angle with respect to vertical direction at joint specified number, terminate the process and return the best
¢ angle of minimum normal stress at joint chromosome. Otherwise go to 2.

oi(6;) normal stress at jointat angleé,

Ai(6;) weld area at joint (function of ;)

The constraints and objective function combine to give the fo
lowing optimization problem:

It is assumed that the fitness is toféimizedin the above steps.
Known empirical advantages of steady-state (28] are that
SSGA prevents premature convergence of population and reaches

minimize f(x,y) (as given in Eq(5)) an optimal solution with fewer number of fitness evaluations.
subject to 3.5.2 Chromosome representation of the problefach so-
COMPONENT$GRAPH X)) =Kk, lution is encoded in a chromosome of the following nature. The
chromosome is of length|E|. First|E| genes carry binary infor-
CONNECTELO COMBINED_GRAPHx,y))=TRUE mation about which edges of the topology graph are kept and
which are removed to produce a decomposition. Ifitheelement
xe[0,1, i=1,...|E| of the chromosome is 0, it means that this edge has been cut in

yieF, i=1 IE| this particular decomposition represente_:d by this chro_mosome.
e HR The second half of the chromosome carries the information about
whereF is the set of mating angles. which discrete choice of possible mating angles is chosen for a
given joint. The (E|+ith) element carries the choice of mating
o ) angle for theith joint (edge in the graph

3.5 Optimization Method and Implementation For this project, the possible mating angles have been chosen as
45, 0, 45, 90 degrees from the vertical and map to gene values of
ll’ 2, 3, 4, respectively, as illustrated in Fig. 8. A gene value of
gero means no weld at that intersection. The possible weld angles
re limited to 45 degree increment since the method is meant to be
ed during the conceptual design stage, when obtaining the “op-
al” mating angle has less significance then simplicity, due to
e uncertainly in the detailed component geometry.
Note that the information carried by the first two half of the
chromosome maps to vectorand the second half maps to vector
y in the mathematical model. It should also be noted that not every
romosome configuration will give a “real” cut. Leaving out of
me edges will still keep the whole structure connected, there-

mise between random and informed search methods, where v(fi‘?f-e' every decomposition hgs to be checked whether it res.ults in
ables are mapped to chromosomes and new generations ¢ I%raph with at least two disconnected components. Obviously,

created by crossovecombining portions of two chromosomes ' es"’“ casehly-dlsconnected comgonetrrl]ts. d i N
and mutation(randomly changing the values in each gene in gtl Ince Chromosomes representing the decompositions carry two

chromosomg until a termination condition is satisfied. In this fferenzjktlr?ds oil?formatlont(i |shb|na{)y andyietF) _thedc_rl_ohss-
project, the termination condition is satisfied when a given nunt€r and theé mutation operators have been customizead. 1he Cross-

ber of generations have evolved. A steady-state genetic algoritfMfF" op;elrat?tr_trea;ts thetflrts; and second halt‘\’ss OI the _chrohm%s?hme
[26] has been used and the following is the basic steps of stea??para ely. it Implements the cross-over in two steps in which the
state GA: irst halves of chromosomes are crossed with first halves, and
' second halves are crossed with second halves which is practically

1. Randomly create a populati#hof n chromosomesan en- a multi-point cross-over operator. Figure 9 illustrates the cross-

coded representation of design variaplesd evaluate their over of two chromosomes in the way described. The mutation

3.5.1 Genetic algorithm. Graph partitioning problem is NP-
completeg[ 23] even with simple linear criteria, which is to say tha
no polynomial-time algorithm is likely to exist. As a consequenc
all known algorithms that solve graph partitioning problems e
actly have run-times exponential to the size of the graph. In thitS
case the cost function is nonlinear and since we cannot aff
exponential computation, heuristic algorithms are found to B
suitable. More specifically, a genetic algorithm has been used
solve the problem approximatelye., the algorithm may not give
an optimal solution all the time.

The decomposition problem has been solved by using a steaag
state genetic algorithm. Genetic algorithfad,25 are a compro- S
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Binary informationT% (DiSCrEt%i?fE:')maﬁDn o if CONNECTED(COMBINED_GRAPHX,Y))
range: 0 to
it =TRUE
itness=
ITI o [ 1 l ﬁ 3 l 2 I 0 ﬂ ........ II] f(X,y)+W5(COMPONENT$GRAPI-(X))—k)2
1 23 4 [ e El2 Lo 2] .
otherwise
ooag HBOBEEE [E 3.5.4 Software ImplementationThe implementation has
-------- ] "y " been done using the4c+ programming language. For graph rep-
T 298w BRI pmumsion resentation and related algorithms, the LEDA library developed at
First cross-over Sec‘l’;‘:a;g’nss"’"‘” the Max-Planck Institute of Computer Science has been used. For
Iocation GA implementation the GALib developed at the MIT CAD Lab
) was used. For the finite element analysis of the structure
Fig. 9 Cross-over of two chromosomes. ABAQUS was used.

operator is different from traditional mutation operators in that ﬁ Examples
increases the probability of mutation for the second half of the This section describes the topology extraction and decomposi-
chromosome. tion of two example structures. The first example is a cantilevered
. . . . structure in Fig. 2 subject a single load, and the second is a
3.5.3 Fitness Evaluation of Chromosomesince genetic al- yiqqe jike structure subject to multiple point loads. In both ex-
gorithms do not handle constraints directly, the constraints in ﬂé?nples steelYoung’s modulus 200 GPa; Poisson’s ratio )0is8
mathematical problem formulation have to be translated into pefiseq a5 material. The input images are obtained by using the To-
alty terms. Therefore, the fitness function will consist of two maifs|0gy optimization Web site at the Technical University of Den-

terms which are the objective function valtix,y) of the decom- i (htp:/aww.topopt.dtu.dkland converting gray-scale infor-
position and the penalty term which imposes the constraints of thession 1o binary information.

mathematical model.
4.1 Cantilever Structure. The cantilever structure shown
fitness= f(x,y) + penalty terms (6) in Fig. 2 is decomposed to 3 and 4 components. The rectangular
design domain of size 45 mm by 22 mm is fixed at the left edge

where objective functioi(x,y) is given as in Eq(5). The mating and subject to downward load=10 kN at the middle point of

angle from the vertical directiord, , is calculated using the value the right edge. o . )
in the (E|+i)th gene in the following way: ' As shown in Fig. 1(f), all distinct “members” in thg input
image are successfully segmented as a result of the image trans-

formation. Note since the original image in Fig.(&Dis already

smooth, dilation has little effect as evident from Fig.(0 The

. dilation algorithm has been applied using & 3 window and the

where gene |€|+i) € F%{_o'l'z.gjg’f} where 0 means no weld. Hough transform has been applied using 64 discretization levels
Ideal angle at théth joint, 6%, and stress tensors for eachyg; poth dimensions of thé-p space.

weld are obtained through an initial finite element analysis and Figure 11a) and (b) show the extracted product topology with

stored in lookup tables. Normal stress at joinat angle 6;, the label for each member and the resulting product topology

oi(6;), is calculated using the stress tensor and the mating angleph, respectively. On the topology graph, the intersections,

corresponding to the weld; is the weld area calculated using th&yhich are candidates for joints are also labeled.

mating angle,; . Weld dimensions are calculated initially andmethod, namely GA, to the obtained product topology graph. This

stored in lookup tables. _ stage is preceded by a finite element analysis of the original bit-
Number of welds.Nyeqs, iS the sum of edges for which the map image before image processing, where each pixel was treated

corresponding gene in the first half is zero and the gene in thg a finite element. Figure 12 shows the resulting von Mises stress

second half is non-zero. Note that a zero in the first half meagg, where gray scale table on the left ranges from 188igkt)

that the intersection has been cut and a non-zero value in §8e12 3 k Padark). The results of the finite element analysis are

second half means that there is a weld. stored in a look-up table to be used during chromosome evalua-

The constraint on vectors andy are imposed simply by the tion. The following GA parameters were used:
chromosome representation of the problem, i.e., genes in the first

half of the chromosome are binary values imposing the constraint
xj {0, and genes in the second half of the chromosome can
only have values from 0 to 4 imposing the conditigre F, where

F is the set of possible mating angles. The constraint on the num- (a

) (b) (c)
ber of componentéEg. (2)) is imposed as a penalty in the fitness
term:
(e) )

0;=(geng|E|+i)—2)x45° @)

penalty=wyCOMPONENTS$GRAPHx)) — k)? (8) (d)

(f
The constraint to ensure the connectivity of the joined structure = - %—/7‘—/—-

whole (Eq. (4)) is implemented by returning a fitness of infinity ,:“‘ :_ . Lf
(very large number in the software implementajiéor decompo- : ,//

sitions lacking connectivity, i.e., returning FALSE when passed to ;

tljg CONNI_ECTED function._ Structural!y _disconnecte(_j decomp_@-lg_ 10 Result of topology extraction  (a) original image, (b)
sitions, which are not feasible, are eliminated by this constraigfation, (c) skeletonization, (d) initial Hough transform  (shown

implementation. The resulting fitness functido be minimized in ¢-p space), (e) primary line extraction, and  (f) topological
is as follows: segmentation
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Fig. 11 Construction of the product topology graph: (a) ex-
tracted product topology and  (b) the resulting product topol-

ogy graph

Fig. 12 von Mises stress plot of the original bitmap image. The
gray scale table on the left ranges from 183 MPa  (light) to 12.3

Table 2 Joint angles in the 3-component decomposition

Edge no. | Joint angle g
11 45° 37.263°
12 45° 22.880°
14 45° 44.525°

decomposition and have been selected as the welding points. It is
noteworthy that only some of the edges in the graph, which have
been cut, have been selected as welding locations as a result of the
objective to minimize number of welds. However, the connectiv-
ity of the initial structure is still preserved.

The results obtained satisfy the defined criteria for a good de-
composition. Desired number of components of decomposed
structure has been achieved, i.e., the decomposition has three
components. For three components, a decomposition with three
welds has been found where three is the minimum number of
welds needed to preserve connectivity. The objective to have simi-
lar weld angles has also been achieved. Table 2 shows a summary
of the obtained and ideal joint angles. All welds are chosen to be
at angle thre¢45 deg. These results intuitively make sense since

GPa (dark). Maximum stress in the structure is approximately

500 MPa. 45 deg is the maximum shear angle for cantilever beam subject to

pure bending, indicated by the closenessgt§ shown in the
third column of Table 2. A close examination of the optimization
results indicates all joints are in fact are under compression and
shear. Figure 14 shows the typical optimization history. Major
improvements in the fitness value are achieved during the first 150
generations.

The solution that the optimization algorithm found when four
components were specified was represented by the chromosome
shown in Table 3. Figure 15 illustrates the decomposition of the
Since the fitness evaluations do not involve finite element analgroduct topology graph into four components that this chromo-
ses, the computation takes, for example, less than one minute eseme maps to and the corresponding product decomposition. In
with a 200 MHz Pentium laptop computer with a 32 MB RAM. this case, the resulting decomposition is symmetric, adding one

The solution for the case when three components were specifietht at edge 13 to the 3-component decomposition in Fig. 13.
is represented by the chromosome shown in Table 1. Figure TI@ble 4 shows a summary of the obtained and ideal joint angles.
illustrates the decomposition of the product topology graph thagain, all welds are under compression and shear. The minimum
this chromosome maps to and the corresponding product decammber of welds needed to preserve connectivity has been
position. It is observed that the resulting decompositiomds achieved which is four. The objective to have similar weld angles
symmetric, while the original structure is symmetric. Since nbas also been achieved, i.e., all welds are at angle three which
symmetricity is imposed in the problem formulation, the algomaps to 45 deg from the vertical direction.
rithm simply chose the decomposition as low fithess value as pos-

sible, which happened to be asymmetsee Fig. 15 for compari- 4.2 Bridge-ike Structure. As a second example, the

son for this 3-component decomposition. In fact, a seemingIggig%ggﬁt:trgﬁ;uic?gr?wurup dFelgi. %\6 dlosmdaeiﬁooTZiozséeg zlt?ndrfnal;]dzesz
“natural” symmetric decomposition consisting of three member P : 9 9 y

1,3 8 12 0,7 and{4. 5 gives higher objective function value ™M is simply supported at the lower left corner and fixed at the
Ei.e., isaa{worsg}deco{mpo}sﬁi))fnr th?s particJuIar run. The dashedlower right corner, and subject to three downward loads of 3 kN at

. : -~ the location shown in Fig. 16. Figure 17 show the topology ex-
lines in the graph represent the edges that have been cut du”ngtp;gtion process of this structure. The window size for the dilation

« Population size- 200

Number of generatiors1000

* Replacement percentag80%

» Crossover probability 0.9

« Mutation probability= 0.1 (double for second half of chromo-
some since it carries non-binary information

Table 1 Resulting chromosome for 3-component 20000
decomposition.

Edge no 6111212256 78] o io[i]12[13]14 @ 15000 ----------emmmm ooy
1st half of chromosome | 1|1]|1]1]0[1]o]o[1[1]0|o|o]1]o @ 10000 N\ - -]
2nd half of chromosome | 4{1]14]1]0/4]0j0(0]4[{0]3]|3[3](3 S

T 5000 | m— e

(a) (b) o 0w 9 WV 9o 1L 9 W

; 589858 S
©, (6) @ ?q\‘ generation
12
i14 i 3 3 Fig. 14 Optimization history of 3 component decomposition of

13 the cantilever

T

Table 3 Resulting chromosome  for  4-component
@ decomposition
Edge no 0]1]12]3]4[5]|6]718]9{10[11]12]13|14
Fig. 13 Resulting decomposition of  (a) the product topology 1st half of chromosome [1]0[1]1]0/1]070f11]1/{0]0J0]0}O
graph, and (b) the structure decomposed into 3 components 2nd half of chromosome {3{0]3)3]0]3]0{0]34]0]3[313[3
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Fig. 18 Construction of the product topology graph: (a) ex-
tracted product topology and  (b) the resulting product topol-

ogy graph
Fig. 15 Resulting decomposition of  (a) the product topology ) JE——
graph, and (b) the structure decomposed into 4 components e wun SEEEsil o tans
= x@ H i %&i
gEite i S
algorithm is 3 by 3 and th&-p space for Hough transform is 1:4 T% Hh ﬁ
discretized to 128 by 128. In Fig. (&, the middle two segments B L —

in the structure became slightly wider than the left one after the

binarization of the grayscale image in Fig. (dbtained as a GIF £y 19 yon Mises stress plot of the original bitmap image. The

image at http://www.topopt.dtu.di/due to a numerical error.  gray scale table on the left ranges from 71 MPa  (light) to 11.6
The segmentation of the image results in the product topologya (dark). Maximum stress in the structure is approximately

graph shown in Fig. 18. While the input structure is symmetriG00 MPa.

the product topology graph in Fig. @8 is asymmetric. This is

because member 3 was not segmented adjacent to member 1" ‘i

Fig. 17e) due to the noise in the original binary imageig. . Qe Q. 3-—-
17(a)). Figure 19 shows the von Mises stress plot of the finit&—w__ ¥~ 2 ® 2d> "“
element analyses of this bitmap image.

The parameters for GA are the same as the first example, exc* 17 2
that the population size is increased to 400. The result of 4

4-component decomposition is given in Fig. 20. The decompo:®
tion is asymmetric. Table 5 shows some deviation from the ideal

joint angle and the obtained joint angles in edge 13 and 17.7AJ- 20 Resulting decomposition of  (a) the product topology
graph, and (b) the structure decomposed into 4 components

. . . Table 5 Joint angles in the 4-component decompaosition
Table 4 Joint angles in the 4-component decomposition 9 P P

. jdeal
Edge no. | Joint angle ged Edge no. | Joint ?ngle g -
s 0 8 [0} -6.459
11 45 37.263 = =
g S 9 45 31.502
12 45 22.880 2 X
g S 12 [} -7.293
13 45 15.289 S g
1 45° 44.505° 13 90 -9.683
17 0° -33.357°
44 mm

close examination of the optimization results indicate this was due

22 mm Design domain to the effect of the second term in the objective funciig. (5)),
> which tries to minimize the force acting on the prospective joints.
A Py Figure 21 and Table 6 show the result of the same structure
10 Y 12 12 L 4 10 . v

3kN  3kN 3kN

Fig. 16 Structural topology design of a bridge-like structure
for maximum stiffness occupying 30% of the design domain

(c)

(&) (k)
(c) p
::fﬁlﬁ

\,(
=

ay:

(e)

decomposed to 6 components. Although the joint locations are not
completely symmetri¢Fig. 21(a)), the corresponding components
are symmetriqFig. 21(b)). Similar to the case of 4-component
decomposition, deviations from ideal angles are exhibited at joints
in Table 6, which are subject to relatively a large force.

5 Discussion and Future Work

The presented method seems capable of quickly evaluating can-
didate decompositions according to the defined criteria. The re-
sults in the examples satisfy the defined criteria for a good decom-
position. Desired number of components of decomposed structure

7
VA
Fig. 17 Result of topology extraction (a) original image, (b)
dilation, (c) skeletonization, (d) initial Hough transform  (shown

in 6-p space), (e) primary line extraction, and
segmentation

(f) topological

Fig. 21 Resulting decomposition of
graph, and (b) the structure decomposed into 6 components

(a) the product topology
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