Proceedings of the Optimization in Industry Conference, March 23-27, 1997, Palm Coast, FloridaOptimization as a Driver for Design Space ExplorationSimon SzykmanManufacturing Systems Integration DivisionNational Institute of Standards and TechnologyBuilding 304, Room 12Gaithersburg, MD 20899szykman@cme.nist.govABSTRACTThis paper describes an approach toward the use of optimization which is a departure from the tradi-tional role optimization plays in the design process. Traditionally, optimization is used to improve pointsolutions in the latter phases of design. In this work, optimization is used as an aid for design space ex-ploration, through the integration of optimization and iterative design. Two applications of the concept ofoptimization-driven design are given: CAD tools for HVAC layout and an assembly design framework.1 INTRODUCTIONThe use of optimization in design is becoming increasingly prevalent in industry today. This is dueto a variety of factors, including a marketplace that imposes greater competitive pressures to producehigher-quality products at lower costs while reducing product development times, as well as more pow-erful computer hardware and new optimization techniques, both of which allow the application of optimi-zation to problems where it was not previously possible. While optimization is more widespread inpractice, the way in which optimization is used for design has remained largely unchanged. The devel-opment of new approaches toward the use of optimization as an integral part of the design process hasbeen, for the most part, an unexplored research area. This paper presents a shift in paradigm to a newview of the role of optimization in design. This discussion is descriptive, rather than prescriptive; deter-mining how to achieve this goal is the subject of ongoing and future research.Design is often viewed as search through a state space, or design space. Rather than searchingthrough a space that contains all possible solutions to a given problem, it is convenient to make a problemmore tractable by searching through a series of smaller design spaces. One of the ways in which this isaccomplished is by breaking a design process into a series of stages, where a designer may make deci-sions1 at one stage before moving on to subsequent stages. Making a decision may simplify the searchproblem by limiting search to a subset of the overall state space. For example, if a designer selects steelas the material for a component, designs where the material is aluminum are not reachable (unless the de-

1 The term decision is used in a very general sense here; decisions might include selecting a particular design concept or con-figuration, assigning values to variables, applying or refining constraints, selecting materials, and so on.

cision is changed), so the size of the remaining space to be explored has been reduced. Subsequent deci-sions may then be made to further limit the size of the space.In general, design is not a uni-directional process in which a series of decisions is made, each furthernarrowing the design space until a path to a final design is reached. Rather, design is a complex activity,typically an iterative process where a designer may move back and forth between design stages. Alterna-tive concepts may be explored and decisions made previously may be modified, which in some casesmay render decisions made after that earlier decision invalid. This can lead to patching of solutions aswell as partial or even complete redesign. Furthermore, design stages may not be revisited in the sameorder as in a previous design. For larger-scale problems, the concepts described in the above paragraphsstill hold true, although the situation is more complicated when there is a design team a group of designteams instead of a single designer, and where multiple design stages (and related decision-making) areoccurring concurrently.Traditionally, optimization is used to improve a point solution in a design space, at a given designstage, in the latter phases of the design process. That is, for a given decision (e.g., material selection) ora set of related decisions (e.g., selecting topology and/or diameters for structural members in a truss),optimization techniques are generally used to find an optimal or near-optimal solution. The use of opti-mization as an aid for design space exploration, through the integration of optimization and iterative de-sign, represents a departure from the usual role of optimization2.Two different applications that embody a methodology of optimization-driven design have been de-veloped. The first is a set of CAD tools for HVAC (heating, ventilation and air conditioning) layout de-sign and the second is a framework for assembly design. These are described in Sections 2 and 3, re-spectively. Section 4 discusses conclusions and areas for future research.2CAD TOOLS FOR HVAC LAYOUT DESIGNA joint university-industry collaboration initiated between Untied Technologies Carrier and CarnegieMellon University has led to the development of a set of CAD tools for HVAC layout (Cagan et al.,1996). Initially, design generation approaches were created for each of the two subproblems whichcomprise HVAC layout: component placement and tube routing.For the routing problem, two alternative methods were devised: one which generates �traditional�tube routes and one which produces �non-traditional� tube routes. The traditional routes are similar tothose created by Carrier�s designers and are subject to certain constraints on allowable bend angles andtube shapes. Non-traditional routes are less constrained and therefore more difficult to optimize, but canlead to solutions that have shorter route lengths and fewer bends. Although these advantages often leadto lower routing costs, traditional routes may at times be more desirable because they can be easier tomanufacture and/or assemble. The component placement and non-traditional tube routing approaches are

2 Note that while it is not uncommon for an optimization technique to use an iterative algorithm, this is distinctly differentfrom the concept of using optimization to drive the iterative design process.

driven by optimization algorithms, while the traditional routing is not. The two optimization algorithmshave also been combined into a single integrated concurrent layout-and-routing algorithm (Szykman etal., 1996).Many factors enter into the evaluation of a candidate solution in HVAC design. Afew of the oneswhich are directly linked to component placement include packing density, assembly issues, accessibil-ity/maintenance issues, weight distribution, etc.; those related to tube routing include manufacturabilitydue to limitations of bending tooling, assembly issues, tube vibrations during shipping and due to thecompressor during operation, refrigerant flow changes and pressure drops across bends, material costsdue to tube route lengths, and so on.Because of the complexity of HVAC layout, a fully-automated layout tool is impossible to realize.Not only is it infeasible to create a system that can quantify tradeoffs and optimize so many complex ob-jectives, but it is not even possible to articulate all the objectives in a way that lends itself to evaluation bya computer. Thus, the human designer must remain an integral part of the design process. The optimi-zation placement and routing tools include evaluation of only a subset of the design objectives, primarilythose that are common across many HVAC design tasks, such as packing density, fitting componentsinto a specified container, length of tube routes and number of tube bends.Designers at Carrier are already using CAD tools to aid in the HVAC layout process, though the lay-out and routing are done for the most part manually (using a CAD system). The HVAC layout designprocess is highly iterative, and designers may generate new concepts or modify candidate solutions manytimes to reach final solutions. By integrating the new automation tools into existing CAD tools, the ex-ploration of the design space can be aided by giving the designer the ability to partially automate search.Figure 1 shows an interactive design process that encompasses manual component placement and tuberouting, as well as the new automation tools. In a typical layout design process, the design may undergoa number of iterations. As seen in the figure, the designer has several options about how to interact withthe design at any given time.ManualAutomatedIterationComponent Placement(partial or complete)

Tube Routing

(partial or complete)

Traditional

Automated

Non-traditional

Integrated placement

and routing

Figure 1. Driving design iterations using optimization-based CAD tools.

Initially, a designer may generate one or more candidate designs that optimize the simple objectivesdescribed above, either with the integrated placement and routing tool or by sequentially using the auto-mated placement and tube routing approaches. The designer then has a number of alternatives for how toproceed in subsequent iterations using any of the alternative paths in Figure 1. The designer may feelthat it would be better to move the compressor slightly because of weight distribution considerations andcan do so manually. This might, in turn, cause a tube to penetrate another component, which would beremedied by generating a new optimized route for that tube using the non-traditional routing tool. Adif-ferent group of tubes may be too intermingled and would cause assembly difficulties. This problemcould be remedied by generating new routes for those tubes using the automated traditional routing tool,which produces longer but simpler routes than the non-traditional router, or alternatively, the designercould improve the routing manually.This scenario illustrates a few of the possible modes of interaction with the HVAC design tools thathave been developed. With this approach, the designer is in control of the iterative design process andmakes decisions about problematic areas, how to improve the design, and uses knowledge which couldnot be readily captured to evaluate candidate solutions. However, the design iterations are driven by op-timization, which allows the designer to use the CAD tools for performing tasks that a human is not asgood at doing, such as rapidly generating multiple candidate solutions, optimization of routing paths forminimum length, optimization of packing density, or fitting all required components into a containerwhen spatial constraints and limitations make it difficult for the designer to do manually.3A FRAMEWORK FOR ASSEMBLY DESIGNThe Conceptual Assembly Modeling Framework (CAMF) is an assembly design tool which begandevelopment at the University of Southern California and continued at the National Institute of Standardsand Technology. One of the new components of CAMF is a design refinement tool for assembly design(Kim and Szykman, 1996). Because of the complexity of assembly designs, not all aspects of the designprocess lend themselves to automation. For reasons similar to those described in the previous section,the assembly refinement tool is not intended to be a complete automation tool; rather it is used interac-tively by the user as a design aid during the assembly design process. The tool is driven by an optimiza-tion algorithm so that design space exploration is driven toward optimal or near-optimal solutions.An example scenario taken from (Kim and Szykman, 1996) illustrates the use of the refinement toolfor assembly design. In this interactive session a designer is given the task of designing a television re-mote control assembly. The designer generates an initial candidate solution and calls the assembly re-finement tool. The optimization-driven refinement results in wood being selected as the battery material.This is a result of an oversight on the part of the designer, who did not correctly map (i.e., constrain) thebattery material in the design to the corresponding entry in the material library. The choice of wood wasdriven by the optimization performed by the tool; without the refinement, the deficiency which was iden-tified early on may otherwise have been overlooked.

The designer makes changes to the battery material and also decides at this point to constrain the key-pad material to rubber for human factors reasons. After this iteration another call to the assembly refine-ment tool is made. The material changes made by the designer rendered some of the previous assemblyliaison choices invalid. The refinement tool is able to find valid liaisons for the new materials, which inturn results in some of the existing mating feature types and shapes becoming invalid. Again, the toolfinds valid feature types and shapes. Not only do the design decisions described above (material, liaisontype, feature type and shape selection) result in feasible solutions, but they are optimal or near-optimalones due to the optimization.In the case of the remote control assembly design, the number of design variables and allowable val-ues leads to a combinatorial explosion in the set of possible solutions. Once design decisions are madeby the designer, manually searching the large resulting design space for the best solutions would not be apractical undertaking. As with the HVAC layout example in the previous section, the designer is in con-trol of the design iterations. Within a design iteration, however, optimization is used to drive search to-ward better solutions.4CONCLUSIONSThis paper motivates the integration of optimization into the design process and describes two appli-cations of the concept of optimization-driven design: CAD tools for HVAC layout and an assembly de-sign framework. Typically, the complexity of design problems such as these makes full automation im-possible. The aim of this approach is therefore to create design tools that are able to aid a designer ingenerating alternatives and directing search towards good or optimal designs. The distinctions betweenthis approach and traditional applications of optimization are: • a focus on interactive tools where the designer remains an integral part of the design process, • the possibility of multiple modes of operation that combine manual changes, design refinement, par-tial automation and optimization, • the use of optimization to drive the iterative design process rather than to optimize a point solution, • the use of optimization not just at latter design stages, but also to enable design space exploration atearlier design stages.The development of a theory that describes not only how to approach the use of optimization in thedesign process, but how to more tightly couple the two, is an open research area and one that requiresfurther attention. One of the primary issues is attempting to describe how to exploit the structure of aproblem to improve the use of optimization for design. As an example, in design of complex systems adesign is often broken up into a set of subsystems, which may further be divided into smaller systems,and so on. This leads to a design space which has a hierarchical structure. Schmidt and Cagan (1995)describe a recursive optimization approach that optimizes machine designs across multiple levels of ab-straction in a hierarchical decomposition.

Exploiting a hierarchical structure is only one example of how knowledge can improve the use of op-timization in design practice. Work such as this provides a basis for further exploring the relationshipbetween optimization and the structure of a design problem. Additional research is necessary to provideinsight into how knowledge about a problem�s structure can be used to develop better optimization ap-proaches. For reasons of practicality, it is desirable that such approaches be applicable to a spectrum ofoptimization techniques rather than being limited to a single optimization algorithm.The work described in this paper demonstrates that optimization can be integrated into the designprocess in a way which traditionally has not been done. Long term objectives are to demonstrate (1) thatthis kind of integration can also be done by explicitly making use of knowledge about the structure of adesign problem or design process, and (2) that incorporating this knowledge into an optimization pro-duces designs that are superior to those produced by applying similar, if not identical, optimization tech-niques without integration. Other issues that must ultimately be addressed are how to deal with couplingbetween design stages (through constraints or information flow), concurrent design activities, and multi-ple designers or groups of designers.ReferencesCagan, J., R. Clark, P. Dastidar, S. Szykman and P. Weisser (1996), �HVAC CAD Layout Tools: ACase Study of University/Industry Collaboration,� Proceedings of the ASME 1996 Design Engi-neering Technical Conferences and Computers in Engineering Conference (8th International Confer-ence on Design Theory and Methodology), Paper No. 96-DETC/DTM-1505.Kim, G. J. and S. Szykman (1996), �Combining Interactive Exploration and Optimization for AssemblyDesign,� Proceedings of the 1996 ASME Design Engineering Technical Conferences and Computersin Engineering Conference, Paper no. 96-DETC/DAC-1482, Irvine, CA, August.Schmidt and Cagan (1996), �Configuration Design: An Integrated Approach Using Grammars,� Pro-ceedings of the 1996 ASME Design Engineering Technical Conferences and Computers in Engi-neering Conference, Paper no. 96-DETC/DTM-1511, Irvine, CA, August.Szykman, S., J. Cagan and P. Weisser (1996), �An Integrated Approach to Optimal Layout and Rout-ing,� Submitted to: ASME Journal of Mechanical Design.