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An Integrated Approach to Optimal

Three Dimensional Layout and Routing ntegrated Layout and Routing

Both the component layout and routing algorithteseloped
S. Szykman, J. Cagart and P. Weisser previously perform optimization using simulated annealing, a
' stochastic optimization technique that was introducedibypa
trick et al. (1983). At the start of an optimization ussigu
latedannealing, the algorithm begins at an initdgsign state.
Introduction The algorithm then takes a step to a n#sgignstate by ran
. . o . domly perturbing the current desigising a moveselected from

This paper describes the combinationpadviously-developed an available move set. The objective function value of the new
component placemerindrouting algorithms into amtegrated state is compared to that of the previous state. If the new state is
computationalapproach to produdayout optimization. Previ petter than the previous one, itascepted; if it isworse, it is
ous workintroducedsimulatedannealing-basedlgorithms for  accepted or rejecteglith some probability. The probability of
optimal component packing (SzykmandCagan, 1995), con accepting an inferior staige., a step in alirection away from
strained layout (Szykmaand Cagan, 1997)androuting (Szyk  an optimum) is a function of a parameter called temperature. The
man and Cagan, 1996).These problemsexhibit ill-behaved control of thetemperature parameter #se algorithm runs is
(multi-modal and discontinuous) objective functiorspaces, done using amnnealing scheduleTheindividual placement and
which were optimized with a simulatec@nnealing-based algo routing algorithms utilize the annealirsghedule developed by
rithm (Kirkpatrick et al., 1983). Huang et al. (1986), as does the integrated algorithm.

The utility of these algorithms haseendemonstrated on a  An important benefit of the simulated annealisgproaches
variety of problems, including the layout of electronic switchingg component placemeandrouting is that they both use the
systems (Szykman, 1995),cardless powedrill (Szykman and same optimization algorithnand differ only in “the objective
Cagan, 1997andcomponents for avearablecomputer (Camp  function termsandthe move setsised tomodify a design in
bell et al., 1995), as well as routing ofchemical production stance duringhe optimization. Tacreatethe integratedproduct
plant (Szykman and Cagan, 1996). Treadspectrum oforod  |ayout algorithm, all the objectiveteed to becombinedinto a
uct layout tasks in engineerimgcludes otheapplicationssuch single objective functiomndthe move sets foplacement and

as layout of HVAC equipment, automobile engioempart routing must be merged into a single set. The result is an inte
ments, mechanicakind electromechanicahssembliesand aero  grated algorithm which modifies the placemantirouting for a

space applications. _ current designand which evaluates a desigbased onboth
Cagan et al. (1996) showed how the algorittwese used to placement and routing objectives.
optimize the component placemeartdrouting of a heapump The individual objective functions are combinedinto one

product for an industrial partner. That work illustrated Hbwese function that consists dhree design objectives all as sev
designtools yield improvements over thetandardapproach of eral penalty terms thapenalize infeasible designSpatial con
manual placemerdandrouting by improvingdesign objectives straintsbetweencomponentsandthe containeare specified and
andsignificantly reducingthe designtime. The application of included inthe objective function as one such penalty term.
the layoutandrouting optimization tools in that problem wasQther penaltiesare formedfor intersectionsbetween objects
donesequentially, just as manual layoad routing are tradi  (components, the containeand routes). The overall objective
tionally done. S _ o o function consists of aveightedsum of the objective function,
In practice,routing is highly influential indetermining the \yhere eacherm is normalized tofall between zer@andone be
cost of the heat pump (as well as othesducts in general). We fore being multiplied by its weight. The firsiesign objective is
hypothesize that taking routing objectives intonsideration a measure ofhe inverse of volumetric packing density (which,

during the component placement phas#l significantly im  when minimized, maximizes packing density). The objective is
prove the qualityandcost of the overall layout. Thieesearch given by:

was initiated with the goal of combining the lay@undrouting

optimization algorithms into a singlentegrated approach to Vi
productlayout, wherebythe tasks of component placement and fi = @
routing are performed concurrently rather than sequentially. SV

The integrated approach to product layoudescribed and ap i=1

plied to the design of a heapump to comparethe integrated

method to the sequential layout-then-route approach. The resulttereVpp is the volume of the bounding box of tbesign (a

demonstratehe power of the concurrent approach iterms of box that completely encloses the design)is the number of

simplicity, elegance,and cost of the routesand component componentsandVi is the volume of theéth component. The

placement over the more restrictive sequential approach. Theater two design objectivearethe total routing lengthand the

sults alsodemonstratéhe adaptability of the simulatemhneal —number of bends required for the routing.

ing approach tgroductlayout in terms of thesase of integrat The move set for the placement algoritieonsists ofthree

ing the individual algorithms into a single method. different moves that are used to perturb a given placermans:

late, which changeshe location of a componenitate, which

. ] ] o _ _ changes a componenttgientation,and swap which switches
Manufacturing Systems Integration Division, National Institute ofhe locations of two components. The move set for the routing

'\S/ltgndz%rg%ndTechnology, Building 304, Room 12Gaithersburg, ga|gorithm consists of foudifferent moves:add which selects a

2 : - - : : . route atrandomandinserts a nevbend at a randorocation in
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Table 1. Comparison of integrated layout and routing approaches (averages)

| Inverse-density Total route length Number of bends
I Sequential layout and routing 2.53 1214.7 15.0

I Concurrent layout and routing 2.70 681.1 12.7

) Percent difference 6.72 % -43.9 % -15.3 %

along the vector created by one of the route segmentmd®it valves to the overall unit. A number of constraiate used to
at the bend, respectively. Thas®ves set@recombinedinto define the problem. (See Appendix for details.)
a single set for the integrated algorithm. Eachalgorithm was run ten timeandthe final values for
In simple simulated annealing algorithms, the probabilityach of the design objectiveqinverse-densitywhich when
of selecting a given move remains fixed as the algorithm rumsinimized maximizes packing density, route lengtid num
Moves that are useful (and therefore are accepted often) earlppeén of bends) were averaged (Table 1).thes results illustrate,
the optimization may be lesdfective atlatter stages; the re there is a marked difference in performance betvwiertwo al
versemay be true for othemoves. Usingfixed move prob  gorithms. For thenverse-density objectivalone, thesequen
abilities can adversely impact both quality of results as well &l algorithm performs slightly better cawverageThis is not
algorithm run time. This probleftpecomes more substantialsurprising;becausehe routing objectivesre ignored during
as the size of the move set increaseycasirs when combin the component layout phase, we expect the layout to be highly

ing move sets for the integrated algorithm. optimized. However, this difference in inverse-densitgnsall
To addresghis issue, thdntegratedalgorithm utilizes a and clearly comes at the expense of the heat pump routing.
technique for dynamically allocatingove selection probabili Examining the remainder of the table, the contbesiveen

ties based orpastperformance ashe algorithm runs, as de the two algorithms isconsiderablymore substantial for the
scribed in (Hustin and Sangiovanni-Vincentelli, 1987). With routing objectives. The greatedifference is inthe totalroute
this technique, gquality factoris assigned to each move in thdength, wherethe concurrentalgorithm results in araverage
move set by calculating average change inbjective func  reduction oflength over thesequentialalgorithm of nearly
tion attributed tothat moveover a number ofterations. A 44%. The average reduction in number of bends is smaller, but
high qualityfactor indicategshat a move is likely tchave a still a significant 15%. Aslescribedoreviously, the substan
large effect orthe objective function, while a low valuedi tial decrease in routing costs with tbencurrentalgorithm oc
cates that a move is less likely affectthe objective function cursbecausdhe layoutand routing are both beingmaodified
significantly. The move selection probabiliti@se then peri  simultaneously, taking intaccountthe routing objectives
odically updated sathat the probability of selecting a givenwhen componentare being moved Becausethese objectives
move is proportional to the most recent quality factor. are ignored inthe sequentiablgorithm, componenplacement
makes the subsequent routing problem more difficult.
. Figures 1(a) and (b) show example results ofsthguential

Example: Heat Pump approachwith cramped placementsand complex routings.

In this section, both theequential layout-then-route andNote, however, thagven whergiven the poor relativglace
the proposed integrated layout-and-routialgjorithmsare ap ment of the accumulator and valves in Figure 1(b), the routing
plied to an industrial desigproblem: thedesign of aheat algorithm was stillable to find a near-optimal(minimum
pump. The problem consists of laying out the me@mpo length) routing by closely following the curve of thempres
nents of the heat pump: tlkempressoandits base, the ac sor. Figure 1(c) shows a typicabncurrentsolution with sim
cumulator, the reversing valve, the inpartdoutput valves to pler routes giving aleaneroverall layout with mucHower
the coil {.e., heat exchanger), and the infrtdoutput service routing costs.

Input/output
vaves ==

Accumulator

(a) sequential (b) sequential (c) concurrent

Figure 1. Layout androuting for the sequential (a) & (b) andconcurrent (c) algorithms

* Note that the appearance of intersections is due to a lack of hidden line removal in the figures; the designs showh iaterfieence
between multiple objects or objects and routes.



Conclusions

The simulated annealing algorithdescribed inthis paper
provides an integrated framework to concurremdly out and
route products, ademonstratedhrough the heat pumexam
ple. Theconcurrent approach superior to thesequential ap
proach forproblemswhere both layoutand routing signifi
cantly impact the cost of a design. Although this work
cludes only problem-independeutbjectivesanduses asimpli
fied geometric representation, tia@proach readily lendgself
to extensions to the basic algorithork in progress ad
dresses other problem-specific objectives, such as thermal obj
(Campbell et al., 1996) and dtemative geometric representatio
intersection analyses (e.g., Kolli et a996).
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Appendix

This appendix provides detaileegardingthe optimization
problempresented, foresearchers interested using it as a
benchmark problem for comparison of optimizatiotech
niques.

Components: The compressor (thiarger cylinder in the
figures) is modeled as a cylinder 265 mm diameterand 320
mm height with a 255 mnsquare by 10 mnthick block for
the base. The accumulator (the smatignder in the figures)
is a 105 mm diameter by 215 mm heightinder. Therevers
ing valve (the long block with fourylinders protruding from
it) consists of a 200 mm X 35 mm X 35 mm block with a 15

m diameter by 50 mm longylinder centered orthe top and
three 24 mndiameter cylinders otthe bottom; theendcylin
ders are 65 mniong while themiddle one is 78 mmlong.

valves (twaservicevalvesandtwo coil ports,appearing

n

eC%ﬁmall blocks at thend ofseveral ofthe routes in the fig

) have dimensions of 10 mm X 20 mm X 10 mm.

Tube Routes: Six tube routesre also definedwith end
points as follows(1) from thetop of the compressor to the
top tube of theeversing valve, (2) from thside ofthe com
pressor to the top of the accumulat@®) from thetop of the
accumulator to théottom tube 2 of theeversing valve, (4)
from the bottom tube 1 of theeversing valve to thaide of
coil port 1, (5) from the bottom tube 3 of theversing valve
to the side of service valve 1 (6) from the side of coil port 2 to
the side of service valve 2.

Constraints: To provide apoint of referencethe reversing
valve isfixed atthe origin. None of the componentze per
mitted to rotate outside of the plane; the orientation of the
compressor, accumulatandreversing valveare fixed to pre
servetheir vertical orientationsand, inorder tofix the direc
tion from which tubesenterthe valves, rotations of the coil
e@nd servicevalves are forbidden.Several additionalocation

constraints thatre characteristic of hegoump layoutprob
lems are also applied to the components:

« the coil ports and service valves may not rotatd are re
quired to be to the right of the compressor, dbeumula
tor and the reversing valve;
the servicevalvesarerequired to be orthe sameside of
the heat pump container;

« the colil portsare constrained tbavethe same horizontal

coordinateswith one valve being 100 mnabove the

other;

the compressor isonstrained to be directly aiop of the

compressor bas&enteredabout the same point in the

horizontal plane;

the bottoms of theompressor basand the accumulator

rest on the same horizontal plane, representing the base of

the heat pump container;

» the bottoms of theeversing valvecoil portsand service
valves are constrained to be aboveltbéom of the com
pressor baseé.e., above the base of the container.
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