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Fig. 18. A joint library for an automotive space frame (Malen, 2002).
Along with the initial configuration graph transformed from the product
geometry in Figure 17, it is an input for the GA (see Fig. 7). Adapted with
permission. [A color version of this figure can be viewed online at www.
journals.cambridge.org]

Because the number of potential joint locations is much
larger than the number of KCs in the model, achieving per-
fect adjustability for all KCs is not very difficult. There-
fore, the following two criteria are considered as the
objectives to minimize, in addition to the maximization of
dimensional adjustability for all KCs:

e total number of parts: because a smaller number of
parts would reduce handling and assembly efforts;

e sum of the bend angles in all parts: because a straight
member with no bends would be the easiest to manu-
facture with extrusion.

For this particular example, a steady-state GA was used
to find solutions, with replacement rate of 0.4 and popula-
tion size of 1000 over 150 generations. The probability of
crossover was 0.8 and that of mutation was 0.2. The GA
took 309 s on a 2.0-GHz Pentium 4M PC running Win-
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dows. (Refer to Fig. 19 for the GA’s behavior.) Considering
the huge complexity of enumerative search of assembly
design (O(|T|""™)) multiplied by the subassembly partition-
ing (O(3M1)) for each assembly design, the GA combined
with greedy subassembly partitioning shows its efficiency.

The resulting assembly that achieves perfect adjustabil-
ity for all four KCs is presented in Figure 20, where joints
between subassemblies are magnified. The effects of the
additional two criteria on the resulting assembly can be
seen by the several long, straight, or nearly straight mem-
bers, among the shorter members whose joints contribute to
the overall adjustability. The accompanying subassembly
partitioning is shown in Figure 21, which shows following
assembly sequence:

1. Assemble subassembly A with B via joint j7, which
provides adjustability required for KC3.

2. Assemble subassembly C and A-B via joint j4 and j8,
which provide the adjustability for KC2.

3. Assemble subassembly D and A-B-C via joint j2, j3
and j6, which provide the adjustability for KC4.

4. Assemble subassembly E and A-B-C-D via joint jl
and j5, which provide the adjustability for KCI1.

The computer software used in this example is written in
C  withintense use of data types and algorithms of LEDA
developed at Max-Planck-Institut fiir Informatik, Saar-
briicken, Germany. The GA routine is implemented with
GALIib developed at MIT CADLAB. The C source codes
written by Edward Rothberg are used for solving the mini-
mum cut problem, which implement Goldberg and Tarjan’s
maximum flow algorithm (Goldberg & Tarjan, 1988).

7. SUMMARY AND FUTURE WORKS

This paper presents an optimization-based method of assem-
bly synthesis for in-process dimensional adjustability, where
the GA generates candidate assemblies based on a joint
library specific for an application domain. Each candidate
assembly is evaluated by solving a subassembly partition-
ing problem for optimal in-process adjustability, posed as
an equivalent minimum cut problem on weighted graphs. A
case study on a simplified 3-D automotive space frame with
four KCs and the accompanying joint library is presented.
For real products, the number of KCs depends on the com-
plexity of products and process capabilities. It varies from
hundreds for a commercial airplane to only a few for a
simple consumer product (see Thornton, 2004; Whitney,
2004, for examples). Those hundreds of KCs are often hier-
archical (Thornton, 2004), and for a certain (sub)assembly,
the top level KCs are typically in the order of tens or less.
When the presented method is applied to those top level
KCs for a given (sub)assembly, it decomposes the assem-
bly into its subassemblies until KCs are removed. Then,
KCs can be identified for a subassembly partitioned by the
method and the method can be reapplied as necessary.
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Fig. 19. Average and minimum fitness values over 150 generations. [A color version of this figure can be viewed online at www.

journals.cambridge.org]

As a future work, the authors plan to extend the approach
in Lee and Saitou (2003) to a 3-D model with a joint library,
with additional criteria (such as the ones considered in the
above example) to prune the enumeration tree of the
AND/OR graph of assembly synthesis. For this, major devel-
opment would be necessary to generalize the concept of
nonforced fit introduced in Lee and Saitou (2003) into 3-D
assemblies and joints. Currently under development is a
unified representation of motion constraints imposed by

joints and fixtures tailored for the assembly synthesis pro-
cess, which will be presented at a future opportunity.
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