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Abstract
We presentdesignprinciplesfor creatingeffective assemblyin- S
structionsanda systemthatis basedon theseprinciples. The prin- I -
ciplesaredravn from cognitive psychologyresearchwhichinvesti-
gatedapersons conceptuamodelsof assemblyandeffective meth-
odsto visually communicateassemblyinformation. Our systemis
inspiredby earlierwork in roboticson assemblylanningandin vi- 1 2

sualizationon automatecpresentatiomesign. Although othersys-
temshave consideregresentatiomndplanningindependentlywe
believe it is necessaryo addresghe two problemssimultaneously
in orderto createeffective assemblyinstructions.We describethe
algorithmictechnigquesisedto produceassemblynstructionggiven
objectgeometry orientation,and optional groupingand ordering
constraintson the objects parts. Our resultsdemonstratahat it
is possibleto produceaestheticallypleasingandeasyto follow in-
structionsfor mary everydayobjects.

Keywords: Visualization Assemblyinstructions

1 Introduction

Marny everyday products,suchas furniture, appliancesandtoys,
requireassemblyat home. Includedwith eachproductis a setof
instructionsshaving how to putit togethefMijksenaarandWest-
endorpl999]. For modularproductlines, suchascustomizablef-
ce furniture,mary differentversionsof theinstructionsareneces-
sary As thenumberof customizablg@roductsanddemandor task-
speci c instructionancreasetechnologywill beneededo produce
instructionamorecosteffectively. Alreadythereis ahighincidence
of poorly designedandout of dateinstructions.

Theproblemis thatit is dif cult andexpensie to designassem-
bly instructionsthat are easyto understandindfollow. Sincethe
instructiondesignprocesshasnot beensystematizedskilled hu-
mandesignerareneededo producegoodinstructions As aresult
theprocesf producinginstructionss time-consumingndlabor
intensive. Computersupportis currentlylimited to replacinglow-
level toolssuchaspenandpaper Most high-level designdecisions
arestill madeby humandesigners.

We have developeda systemthat provideshigherlevel toolsfor
designingassemblyinstructions.Figurel depictsinstructionspro-
ducedwith oursystem A broadeigoalof ourwork is to understand
howv humansproduceandusevisualinstructionsandto codify de-
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Figurel: Assemblyinstructionsfor a TV stand.Our systemplansthe setof assembly
operationgo shav in eachdiagramandthenrendersactiondiagramswhich explicitly
depictthe operationsequiredto attacheachpart.

sighknowledgein computemprogramssothatit is easieito produce
cleardravings of 3D assembliefTversky etal. Submitted)].
Thetwo primarytasksin designingassemblynstructionsare:

Planning: Most objectscan be assembledn a variety of
ways. Thechallengds to choosea sequencef assemblyop-
erationghatwill be easyfor usersto understanéndfollow.

Presentation: Thereare mary waysto depictassemblyop-
erations.The challengeis to corvey the assemblyoperations
clearlyin aseriesof diagrams.

Thesetaskshave beenindependentlystudiedin the areasof
roboticsandvisualization.Assemblyplanningis a classicproblem
in robotics[Wolter 1989; de Mello and Sandersor1991; Wilson
1992;Romng etal. 1995]. Giventhe geometryof eachpartin the
assemblyanassemblylannercomputesll geometricallyfeasible
sequencesf assemblyoperationsTheseplansareusedby robotic
machingoolsfor automateananufcturingandarenot meanto be
seenunderstoodor carriedout by humansMostroboticassembly
planswould seermunnaturato peopleassemblingverydayobjects.

In contrastautomategbresentationdesignsystem$ave beende-
velopedin the domainof visualization[Feiner 1985; Mackinlay
1986], with the goal of producingdiagramsthat are easyfor hu-
mansto understandThesesystemsassumehatthe informationto
beportrayeds givenasinputandautomaticallydesignaneffective
diagramto corvey thatinformation. Although someof theseau-
tomatedpresentatiorsystemshave beendevelopedto illustrate 3D



objectsandactions[Seligmannand Feiner1991;Rist et al. 1994;
Butz 1997;Strothottel 998], their primaryfocushasbeenon shav-
ing thelocationsor physicalpropertiesf parts.

Our approachs inspiredby a combinationof ideasfrom these
previous systems.However, we believe that decisionsinvolvedin
planningandpresentatiomrestronglyintertwined. Thereforeboth
issueganustbe consideredimultaneously

Thecontributionsof our work include:

Cognitive design principles for effective assemb ly instructions:
We performedcognitive psychologyexperimentsto identify how
peopleconceve of the assemblyprocessandto characterizehe
propertiesof well-designednstructions. Basedon the resultsof
theseexperimentandprior cognitive psychologyresearchveiden-
tify designprinciplesfor effective assemblyinstructions. These
principlesconnectpeoples conceptuamodelof the assemblytask
to thevisualrepresentatioof thattask.

A system instantiating these design principles:  Ourassembly
instructiondesignsystemconsistsof two parts: a plannerand a
presenterThe plannersearcheshe spaceof feasibleassemblyse-
guencego nd onethatbestmatcheshe cognitive designprinci-
ples. To do this the plannermustalso considermary aspectsof
presentationThe presentethenrendersa diagramfor eachstepof
theassemblysequencgeneratetby the planner Thepresentealso
usegthedesignprinciplesto determinewvhereto placeparts,guide-
lines andarraws. In particular the presenteican generateaction
diagramswhich usethe conventionsof explodedviews to clearly
depictthe partsandoperatiorrequiredin eachassemblystep.

2 Design Principles for Assemb ly Instructions

Beforewe candevelop automatedoolsfor designingassemblyin-
structions,we mustunderstandhow peoplethink aboutand com-
municatethe procesof assemblingin object. Cognitive psycholo-
gistshave developedavariety of techniqueso investigatehow peo-
ple mentallyrepresentdeasandconcepts.We recentlyperformed
humansubjectexperimentdbasedn thesetechniquego determine
the mentalrepresentationanderlyingassemblyHeiserand Tver
sky 2002]. We brie y describeour experimentaketup.

In the rst experimentwe asled participantsto assemblea TV
stand,given only a photograptof the completedstandasa guide.
After they assembledhe TV stand,we asled themto createa set
of instructionsthatwould shav anothempersorhow to assemblét.
Examplesof the diagramshey drew areshavn in gure 2. In the
secondexperimentwe asled a new group of participantsto rank
theeffectivenesf a subsedf theinstructiongproducedn the rst
experiment.Finally, thethird experimenttestedwhetherthe highly
ranked instructionsweremoreeffective. Yet anothergroupof par
ticipantsusedinstructionsranked in the secondexperimentto as-
semblethe TV standwhile experimentersecordedaskcompletion
time anderror rates. We foundthatin generalthe highly ratedin-
structionswereeasierto understandndfollow. Participantsspent
lesstime assemblinghe TV standandmadefewer errors.

Basedntheseexperimentsaswell asearliercognitive research,
we identify a setof designprinciplesfor creatingassemblynstruc-
tionsthatareeasyto understanéndfollow.

Hierarchy and grouping of parts: Peoplethink of assembliegss
a hierarchyof parts. At the baselevel partsare segmentedby per
ceptualsaliencendexed by contourdiscontinuity;thatis, partsthat
aredisjoint aremorelikely to be noticed. Typically, the disjoint
partsarealsodistinguisheddy differentfunctions(e.g. the legs of
a chairor the drawversof a desk)[Tversky andHemenvay 1984].
Whenpossible peoplepreferthatpartswithin agroupareaddedo
theassemblyatthesametime or in sequenceneafteranotherThe
partgroupsareusuallyconsideredshierarchicaktructureswhich
parallelthe subassemblgtructureof the object.

i

Structural Diagram Action Diagram

Figure2: Hand-dravn assemblydiagramsfor the TV stand. The actiondiagramis
preferabldo thestructuraldiagrambecausét depictsthe operationgequiredto attach
eachpart. In this casetheactiondiagramshavshow theshelfis fastenedby thescravs.

Hierarchy of operations:  Peoplethink of the attachmenbpera-
tionsrequiredto build anassemblyasa hierarchyof actionson the
parts[Zackset al. 2001]. At the higherlevels peopleconsiderthe
operationsequiredto combineseparatsubassemblie©urexperi-
mentsshavedthataspeoplework dowvn thesubassembliierarchy
they eventually considerthe operationgequiredto join signi cant
individual parts. At the lowestlevel of the hierarchypeoplecon-
siderattachingsmallerpartsandfastenergo the more signi cant
parts. The signi cance of a part dependson a numberof factors
includingfunction,size,symmetry etc.

While the hierarchyof operationamay containmary levels for
complicatedobjectswith numeroussubassemblieg.g. a car en-
gine), a two-level hierarchy(signi cant partsand lessimportant
parts+ fasteners)s commonfor mary build-at-homeobjects,in-
cluding mostfurniture. In this paperwe focuson designtools for
thesetwo levels.

Step-by-step instructions:  Our experimentscon rmed the re-
sultsof Novick etal. [2000] shaving thatpeoplepreferinstructions
thatpresenthe assemblyoperationsacrossa sequencef diagrams
ratherthana singlediagramshawing all the operations Moreover,
if theassemblycontainssigni cant partsaswell aslessimportant
parts,peoplegenerallypreferthateachdiagramshav how to attach
only onesigni cant partatatime. However, eachdiagramwill usu-
ally shav multiple non-signi cantpartattachmentsin gure 1 the
non-signi cantpartsincludethefastenerandthewheels.

While it is essentiathat the assemblydiagramsare clear and
easyto read,eachdiagramshouldalsopresenasmuchinformation
aspossible.If instructionsaresplit acrossoo mary diagramshey
becomdediousto use.Similarly, someassembliesequirethesame
sequencef operationgto be repeatednary times. For example,
whenassemblinga bookcaseeachshelfis attachedn exactly the
sameway. Depictingsuchrepetitive operationsn detailcanmake
theinstructionsunnecessariljong andtiresome A betterapproach
is to skip repetitive operationsafter they have beenpresentedn
detailafew times.

Structural diagrams and action diagrams: Basedon analysis
of thehand-dravn instructionswe collectedin the rst experiment,
we de ne two typesof assemblydiagramsstructuraldiagramsand
actiondiagramg(see gure 2). Structuraldiagramspresentall the
partsof theassemblyin their nal assemblegositions;usersmust
compardwo consecutie diagramdo infer which partsareto beat-
tached.Action diagramsspatially separatehe partsto be attached
from the partsthatarealreadyattachedand useguidelinesto indi-
catewherethe new partsattachto the earlierparts.

We found that action diagramsare superiorto structuraldia-
gramsfor the TV standassemblytask. We believe thatthis is be-
causeactiondiagramscontainall the informationin the structural
diagramsand also explicitly depictthe attachmenbperationsre-
quiredin eachstep. However, toys suchasLEGO oftenusestruc-
turaldiagramgatherthanactiondiagrams Shaving theattachment
operationsnay be lessimportantbecausenostLEGO partsfasten
in thesameway.

Orientation:  Most objectshave a set of natural orientationsor
preferredviews [Palmeretal. 1981;Blanzetal. 1999]. Theseorien-



tationsmaximizethe numberof importantfeatureghatarevisible.
They minimize accidentablignmentsandfacilitateobjectrecogni-
tion. In assemblyinstructions thesenaturalorientationamay con-
form to otherobjectvessuchasgravitationalstability. Large,bulky
partslik e the frame of a bookcasenay be orientedto lie horizon-
tally on the groundplanein the initial frame-huilding stagesand
laterbereorientedo standuprightwhenthe shehesareattached.

Visibility: ~ Perhapgshe strongestdesignprinciple is that all the
new partsaddedn eachstepof theassemblynustbevisible. Users
mustbe ableto seethe partsin orderto attachthem. However, one
exceptionto this rule is that maintainingvisibility for all partsin
a symmetricgroupis lessimportant. If the useris aware of the
symmetryit is usuallyenoughthatat leastonepartin the groupis
visible, sincethe otherswill attachin a similarway.

While the new partshave to bevisible, the partsattachedn ear
lier stepsshouldalsobe visible to provide context for the new at-
tachmentslf only the new partsarevisible, it maybe unclearhow
thenew partsaresupposedo attachto theearlierparts.Notethatin
this caset is notnecessarjor eachof theearlierpartsto bevisible.
Rathera portionof theentiresetof earlierpartsshouldbevisible.

3 System Overview

Ourassemblynstructiondesignsystemis dividedinto two compo-
nents;a planneranda presenterTheinput consistof:

Geometry: Thegeometryof eachpartof theobjectin its nal
assemblegbosition.

Orientations: Defaultcameraviewpointandassemblyorien-
tation. A preferredorientationfor eachsigni cant part may
alsobespeci ed.

Groupings: Labelingof partsthatshouldbegroupedogether
basedon functional, semantic,or geometricproperties. The
groupinglabelsusedby the systemincludefastenes, signi -
cantparts symmetryandsimilar-action

Ordering Constraints: Constraint®ntheorderof assembly
operationsn theform attach partp; before partp;.

The minimum input information consistsof the part geometry
and a default cameraviewpoint and object orientation. All other
informationis optional,andthe systemcanproduceusefulinstruc-
tionswithoutit. The additionalgroupinginformationandordering
constraint$elpthesystento make evenbetterdesignchoices.The
inputmaybegenerate@utomaticallyby othersoftwareor provided
by the users. Regardlessof how the input is originally generated,
userscanwork with the system addinginformationsuchasorder
ing constraintor partgroupingsto producethe nal setof instruc-
tions.

From this input the plannercomputesthe set of operationsto
shav in eachassemblydiagram.Thepresenterendersachassem-
bly stepasa diagram,andoutputsthe sequencef diagramsasthe

nal setof assemblynstructions.Theplannerandpresentearede-
scribedin sectionst and5. Beforewe presenthesecomponentin
detail, we summarizesereral of the basic,low-level computations
usedthroughoutbur system.

3.1 Low-level Computations

Oursystenfrequentlyneedgo know if partsarein contactwhether
partsblock eachother andthevisibility relationshipbetweerparts.
We brie y describehow to computethis information.

Contacts:  Given ary set of parts P, we provide a function
Contaas(P) thatreturnsthe setof partsin contactwith atleastone
partin P. To determinewhich partsarein contactwe computethe
shortestistancebetweenreachpair of parts[Lin andCanry 1991;
Quinlan1994]. If this shortestdistancels 0.0 we markthe pair as
beingin contact.We alsostorethefacesof eachpartthatarewithin
the contactdistanceof oneanother
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Figure3: (left) A threepartassembly(middle) The LTB conefor p; andp, encodes
that p, is blocked from moving in the upperhemispheréoy p; andvice versa. Sim-
ilarly the LTB conefor p; and p3 encodeghe ps is blocked from moving in the left
hemisphereby p;. (right) The blocking graphis a partition of the sphereof trans-
lationalmotiondirections,with a directedgraphstoringthe blocking relationshipgor
eachpartitionedregion. A graphedgeof theform p; ! p; meanghatpartp; is blocked
by p;j for all directionsin the correspondingegion of the sphere Theblockinggraph
combinesall the informationfrom the LTB conesinto onestructure. Figureadapted
from Romng etal. [1995]

Blocking:  For ary two parts p; and p; we provide a function
RemeeDirg(pj; pj), thatreturnsthe setof directionsin which p;
canberemovedfrom p; without interferenceyia a singletransla-
tional motion. In all otherdirectionsp; is blocked by p;.

To computetheseblocking relationshipsbetweenall the parts
in the assemblywe follow the approachof Romne et al. [1995].
We rst computealocaltranslationablocking (LTB) conefor each
pair of partsp; and p; thatarein contact. The LTB coneis the
setof directionsin which p; blocks p; from translationalmotion
andcanbe computeddirectly from the geometryof the parts. The
coneencodedocal blocking relationshipsbecauset is only com-
putedfor partsin contact. As shavn in gure 3 we combineall
the LTB conesinto a blocking graphstructurethatencodesll the
blockingrelationshipsn the assemblyAlthoughwe consideronly
singlesteplocal translationamotionsin our blockinganalysis ex-
tensionto globaltranslationgWilson 1992], multi-steptranslations
androtationalmotions[Guibasetal. 1995]is possible.

While Romne et al. storethe blocking graphas an analytical
partitioning of the translationalmotion sphere for simplicity we
discretizethe sphereand storeblocking relationshipsfor eachdi-
rectionindependently For mary assemblieonly the 6 principal
motiondirectionsareof interestandwe only needto computeand
storeblocking relationshipsfor thesedirections. Following Wil-
son's[1992] terminology we referto the directedgraphassociated
with eachdiscretedirectionasa directionalblocking graph

Using the blocking graph structure we can look up
RemaeeDirg(pj; pj) for ary pair of parts in the assembly
Similarly we cancomputethe setof removabledirectionsbetween
two setsof partsP andQ as:

RemeeDirs(P,Q) = RemaeeDirs(pj; q;) 1)
8pi2P0;2Q

Visibility: ~ Given two setsof parts P and Q our visibility test
Vis(P, Q) computeghe percentagef P thatis visible with respect
to Q. We useatwo-passenderingapproachn whichwe rst ren-
derthepartsin P usingasinglecolor (greenin our case).We count
thegreenpixelsto determineArea P) theprojectedareaof P. Next,
without clearingthe frameluffer we renderthe partsin Q usinga
differentcolor (red)andagaincountthenumberof greenpixelsthat
remainvisibleto determineArea P, Q), thevisible projectedareaof
P with respecto Q. Thenthevisibility percentagef P with respect

to Q is givenby:
Area(P,Q)

Vis(RQ) = Areq(P)

)

4  Planner

As showvn in gure 4, our assemblyplannercomputesa set of
assemblyoperationsto shav in eachdiagram. The plannercan
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Figure4: Block diagramof the plannerandtheplanit generatefor the TV stand.The
input requiredto generatehis plan consistsof 1) geometryof eachpartin assembled
con®guration?) default cameraandobjectorientations3) partsgroupedby symmetry
fe fg;f4 wheebg;f4 pegs;f 4 top screwsg; f 4 battom screwsy, 4) signi®cantparts
fa;b;c;e fg, and5) fastenesf 4 pegs 8 screwsy.

chooseo attacha partto the assemblyor to reorientthe assembly
Attachmentis the primary operation andthe plannersearchesver
thespaceof all partsto nd thebestsetof partattachmentto depict
in eachdiagram. In somesituationsthe plannermay alsoreorient
the assembly Suchreorientationsareeitherperformedto improve
thevisibility of subsequermartsor basedn orientationconstraints
thatspecifya naturalorientationfor the object.

Our notationis asfollows. Whendesigningassemblystepi, the
input to the searchis U;, the setof unattachegarts. Thesearethe
partsthathave notyetbeenaddedo theassemblyThesearctthen
considerseachsubsetR U to nd the bestsubsetQ; = Ryeq to
add to the assembly Oncea partis addedto the assemblyit is
placedin thesetof attachegartsA;. After choosinghebestsubset
Qi,wesetUiz1= Ui Q andAj+1= A+ Q;. Weiteratethesearch
until U is emptyandA containsall the parts.

As we saw in section2, peopleusually considerthe processof
assemblyas a hierarchyof attachmenbperationgattachingsub-
assembliesattachingsigni cant partsandattachingastenerso the
signi cant parts). Our planningsearchactsat the signi cant parts
level andthereforeonly considersion-fastenepartsasit is choos-
ing which setof partsto attachnext. Initially, Ug is the setof all
non-fastenersn theassembly

After the search, if Q; contains multiple signicant parts
the sequencedetermination stage subdvides Q; into subsets
Pi;Pj+ 1,0 Qj, suchthat eachone containsat mostone signif-
icant part. This stagealso decideswhetherto omit repetitve as-
semblyoperationsafter they have beenpresentedn detail a few
times. After the sequenceleterminatiorstagewe reinsertthe fas-
tenersconnectingeachP; to the earlierpartsbackinto P;.

The planneroutputsa sequencef assemblysteps,onestepper
diagram.Eachassemblystepspeci esa setof partsP to attach,a
cameraviewpoint V andan objectorientationM. Notethatsince
the part setscan containmultiple parts eachdiagrammay shav
multiple attachmenbperations. Part setsmay also be empty In
suchcaseghe stepwill containa camerareorientation,an object
reorientationpr both.

4.1 Search

Asshavnin gure 4 weevaluatesereralconstraintgor eachsubset
R U;. Mostof theseconstraint@arehardconstraintthatcheckthe

feasibility of attachingthe partsin R to the earlierpartsA;. If the

currentsubsetR violatesary of the hard constraintst is immedi-

atelyrejectedby thesystem.Thevisibility constrainis theonly soft

constraint,or objective function, in the system. The searchthere-
fore looks for a subsetof U; that passeghe feasibility constraints
andmaximizesthevisibility score.

Interference:  We canaddthe partsin R to the assemblyonly if
all of themareremaovablefrom theassemblhanddo notcompletely
block ary otherunattachegbart. We candeterminef the partsin R
interferewith oneanotheror theotherunattachegbartsU; by check-
ing thateachunattachegbartu; 2 U; andits associatefiastenerare
removablefrom A; R, the union of the previously attachedparts
andthe currentsubset. Note that U; includ%sR whenthis testis
performed To testif ujds removablefrom A~ R, we simply check
thatRemaoeDirs(uj; Ai ~ R) is notempty We perfagmthatsamere-
movability testoneachfastenem Fasenes(uj; A~ R) connecting
uj tothepartsin A; * R.

Attac hment:  Partsshouldonly be addedto the assemblywhen
they canbe fastenedo it. For example,in gure 1 supposehat
the supportboardwasaddedto the assemblyin the rst step. The
next stepshouldnot attachthetop shelf. Eventhoughthetop shelf
is supportedby the supportboard,the top shelf doesnot directly
fastenonto the supportboard. In generalif a part attachesonto
the assemblyby fastenerdt shouldbe addedto the assemblyonly
after one or more of the partsit fastensonto is alreadyattached.
More preciselyfor eachrj 2 Rwe checkthatFageness(rj; A;), the
setof fastenergonnecting j to ary othernon-fastenepartalready
attachedn theassemblyis notempty Thisconstrainis notapplied
tothe rst diagramsinceA is emptyat thatpoint.

If the fastenershave not beenlabeled,or if a partrj is not
attachedto the assemblyby separatefastenerqfor example the
wheelsof the TV stand),we simply checkthatthe partis in con-
tactwith somepartalreadyin theassemblyThis is a wealer form
of themainattachmentonstraint.n our previousexample thetop
shelfof the TV standwould passthiswealerform of theconstraint.

Ordering:  To checkthat orderingconstraintf the form attach
p« before p aresatis ed we make surethatif p is in the current
subseR then py is in the setof previously attachedparts,A;.

Grouping:  Partsthatarelabeledasbelongingto the samegroup
shouldbe addedto the assemblyat the sametime. Our system
checkghis constrainfor partslabeledassymmetricto oneanother
For eachpartrj 2 R we rst look up Symn(rj) the setof parts
labeledby the userasbeingsymmetrido rj. We thencheckthatR
includesall partsin Symn{r)
Visibility: ~ For peopleto easilyunderstancaindfollow anassem-
bly diagramiit is importantfor all the partsbeingattachedR, to be
visible. In addition,someportion of the partsattachedpreviously,
A, shouldbevisible to provide contet for thenew attachmentski-
nally, the partsbeingattachedn the currentstepshouldnot signi -
cantlyoccludepartsthatwill beaddedn futurestepslJ;. Therefore
our visibility constraintevaluatesthreekinds of visibility: current
partsvisibility, previous partsvisibility andfuture partsvisibility.
Thecurrentpartsvisibility scorecomputesalowerboundonthe
visibility of thepartsin thecurrentsubseR with respecto theother
partsin Ras:

Score(R) = mzig(Vis(rj;R ri) 3)
fj
The previous partsvisibility testcomputeshe visibility of the pre-

viously attachedpartsA; with respecto the currentsubseR:

Score(Aj) = Vis(Ai;R) (4)



Figure5: Assemblyinstructionsfor LEGO car  The planner®nds an assemblyse-
quencethatmaintainsgoodvisibility for all the partsaddedn eachstep. Eachstepis
presented@sa structuraldiagram.Noticethattwo consecutie stepsmustbe compared
to discoverwhich partswereaddedn eachstep.

The future partsvisibility test checksthat currentpartswill not
completelyoccludeary of thefuturepartsU; R. Thistestis sim-
ilar to the currentpartstest:

Score(Ui R) = Y Enulin R(Vls(u,,R)) (5)
Thetotal visibility scorefor Ris thesumof thesethreescores Ex-
amplesof thesescoresareshavn in gure 6. Empirically we have
foundthatvisibility scoresator abose 10%for previouspartvisibil-
ity, 50%for minimumcurrentpartvisibility and25%for minimum
future partvisibility producegoodresults.

Maintainingthe visibility of every partin a symmetricgroupis
lessimportantthanensuringthatsomeportionof all the symmetric
partsarevisible. In step3 of gure 5 for example,it is lessimpor-
tantthatthe wheelon theright side of the car arevisible because
the two symmetricwheelson the left side arevisible. Therefore
we modify the currentandfuture partsvisibility scoreso groupall
symmetricpartstogetherand treatthem as one large part, rather
thancheckingvisibility for eachsymmetricpartindividually.

Optimizing the search: Thesearchstratgyy outlinedabove eval-
uatesall subset®f U;. Thereforethe sizeof the searctspacds 2V
whereN is the numberof partsin U;. For largeassembliethe size
of thesearctspacecanbecomeprohibitive.

Yet mostsubsetof R U; fail one or more of the hard con-
straints. For example,if a partuj 2 U; is notin contactwith ary
partin A; thenary subse® thatcontainsu; will fail theattachment

Score(A)) = 037
Score(R) = 0.72
Score(Uj-R) = 0.82
Score(Aj) = 0.21
Score(R) = 0.42
Score(Ui-R) = 0.83
Score(Aj) = 0.11
Score(R) = 0.53
Score(Ui-R) = 0.42

Figure6: Visibility scoredor threesubset®k while generatingstep2 of the LEGO car
instructions The®rst subsethasrelatively goodvisibility for thepreviouspartsA, the
currentpartsR andthefuturepartsU; R. In the secondsubsetthe seatreplaceshe
red partatthe very backof the car The currentpartsscore,Scoe(R) is substantially
lower thanfor the ®rst subset. The partindicatedby the greenarraw is occludedby
the seatandit setsthe minimum visibility for the currentpartsto 0.42. In the third
subsetheseatreplaceshe partindicatedby the greenarrov andthe partsymmetricto
it, ontheleft sideof thecar In this casethe partindicatedby the greenarrav will be
addedn afuturestepandthereforet setsthefuturepartsvisibility scoreScoe(U; R)
to 0.42. Eventuallythe search®ndsthatthe ®rst subsebf thesethreemaximizesthe
visibility scoreandchoosest asthesecondstepin theassemblynstructions.

constraint. The sameholdstrue if u; fails the interferencecon-
straintor the orderingconstraint.Thereforewe canconseratively

cull partsfrom U; that cannotpossmlybe addedto the assembly
Startingwith U; we form a new setU? containingonly the parts
uj 2 Uj thatindividually passthe|nterferenceattachmenandor-

deringconstraints.Testingtheseconstraintdor singlepartsis fast
becauseachonesimply requiresa few look-ups. We thensearch
for the bestsubsebf UlratherthanU;.

Sincewe arelnterestedn the largestsubsetof U 0that passall
the constraintswe canfurther acceleratehe searckby processing
the subsetdn breadth- rstorderand using a heuristicto exit the
searchearly We rst con5|derU°|tseIf then eachsubsetof U0
with one part removed, eachsubsel\Nlth two partsremoved and
soon. We exit the searchas soonaswe examinean entire level
of this subsetreeand nd atleastonesubsetwith visibility score
greaterthan an empirically determinedhreshold. In practicewe
have foundthatthis earlyexit signi cantly reduceghe searchime,
andgeneratethe sameresultsasperformingthefull search.

As we form subsetof U, Oin breadth- rstorderwe enforcethe
groupingconstraintoy treatlngall partsin a symmetricgroupasa
singlepart. SupposeU containsa symmetricgroup of partsS=
fs1;;::0. Insteadof remaving eachs; individually from U°t0
form the subsetsve remove the entiresetS at once. Note thatfor
theearlyexit testthis subseUo S, is treatedasbeingoneelement
smallerin 5|zethanU Thatls U Sis at the samelevel of the
subsetreeasU uj whereu, is notpartofasymmetricgroup.

4.2 Sequence Determination

While the searchencodegnary of the cognitive designprinciples
for producingeffective assemblyinstructions,it doesnot encode
themall. We checktwo of the principlesoutsidethe mainsearcho
improve therunningtime of thealgorithm.In particular thesearch
doesnot checkthatsubset®R U; containat mostonesigni cant
partandit doesnot checkfor repetitive steps.Insteadwe allow the



Figure7: Instructionsfor building a bookcaseBecauseahe backof thebookcases functionally partof the framewe speci®edan orderingconstrainforcing the backto beattached
beforethesheles.Sequencingsigni cant parts: After thebackof thebookcasés attachedn step4, theplannersearctselectghesetof four shelesasthebestsubsebf unattached
partsQ; to shaw in the next diagram. However, the shelesarelabeledas signi®cantparts,so the sequencingtagesplits Q into four separatesteps. Eachshelfyields the same
visibility score,sothey aresequenceth back-to-frontorderbasedon distancefrom the camera.Omitting repetitive steps: Eachshelfis attachedn exactly the sameway. While
we shaw all four shelf attachmentere,if the shelf attachmenbperationsare marked as similar-actionsthe systemwill omit the lasttwo shelf attachmentssteps8 and9, and
jumpdirectly to step10 afterstep?7. Reorientation: Althoughthe searchdecideshatthe shelhesshouldbe attachedafter step4, the sheheswould not be visible in the horizontal
orientation.Thereforethe reorientatiorstage®ndsa new orientationfor the bookshelfthatensureshe shehesarevisible.

searchto nd asubset); containingmorethanonesigni cant part
or repetitive stepsanddealwith themin thesequenceetermination
stage py furthersubdviding Q; into smallersubsetasnecessary

4.2.1 Handling Signicant Parts

Aswesaw in section2, peoplepreferthatthesigni cant partsin the
assemblyareaddedoneby onein asequencef separateliagrams.
We maintainthis designprincipleby splitting Q; if it containamore
thanonesigni cant part. To split Q; we rst computethe visibility
score,as describedabove, for eachpartqj 2 Q;. The signi cant
partsareaddedin orderfrom leastvisible to mostvisible. Tiesin
the visibility scoreare resoled by addingthe part furthestawvay
from the viewer rst. This distanceis computedfrom the center
of g;j to the currentcameraviewpoint. The cameraviewpoint is
usually the default, but may have beenchangedy the reorienta-
tion stageof the planner An exampleof resolvingsucha tie is
presentedn gure 7. If q; is symmetricto otherpartsin Q; all
of thesesymmetricpartsaresequencedsingthevisibility/distance
ordering,beforeary otherpartsin Q;. This ensureshatsymmetric
groupsof partsareaddedn sequenceneafteranother Finally all
of the non-signi cantpartsin Q; areaddedto the assembly This
sequencingtageproducesa sequence®;; Pj+ 1, ::: of subsetof Q;.

4.2.2 Omitting Repetitive Operations

Since repetitve operationscan make instructionsunnecessarily
long andtedious,we also omit repetitve part attachmentbpera-
tionsin thesequenceéeterminatiorstage Omitting repetitve steps
requiresheuserto labelgroupsof partsthatrequiresimilar attach-
mentoperationsas similar-action groups. Given a setof partsP;
we wish to attachwe considereachpy 2 P; andcheckhow mary

partsin thesimilar-actiongroupfor pyx have alreadybeenattached.
If somesimilar-actionpartshave alreadybeendepictedin full de-

tail we skip depictingthe attachmenbf py, by remaving it from P;.

Userscandecidehow mary similar-actionattachmentso shav in

full detail beforethey are skipped. By default only the rst two

suchattachmentsreshavn in detail.

4.3 Reinserting Fasteners

Oncewe have choserthe non-fastenepartsP; for eachassembly
stepwe reinsertthe fastenersonnectingP; to the earlierpartsin
theassembly. If F is thesetof all fastenes thenwe can nd the
setof fastenersonnectingary setof partsP to ary otherpartin the
assemblas:

Fagenes(P) = Cortads(P)\ F (6)

Similarly we candeterminethe fastenersonnectingP; to earlier
partsA as:

\
Fadenes(Pj;Aj) = Fagenes(P;) Fadenes(A)) (7)

We addthesefastenerso Pj beforepassingt to the next stage.

4.4 Reorientation

For someobjectsthe default cameraand object orientationscan
be usedfor the entire set of assemblydiagrams. In mary cases
however, the default orientationamay not be appropriateor every
assemblydiagram. Therearetwo primary reasongo reorientthe
objector thecamerato putthe objectin amorenaturalorientation



for the currentassemblyoperationandto improve the visibility of
parts.Thereorientatiorstagehandlesothcaseslf theobjectis re-
orientedwe maintainthe reorientatiorfor all subsequerdiagrams
in thesequence.

If the current assemblystep containsa signi cant part for
which an orientationpreferencenasbeenspeci ed we rst apply
the preference. We then considerwhetherreorientingthe cam-
era could improve the visibility of the partsin the currentstep.
To determineif cagerareorientationis necessarywe compute
maxy2p, (Vis(p: A~ Qi ), the maximumvisibility percent-
agefor eachpartin the currentsubsetP; with respectto all the
otherpartsin theassemblyIf this upperboundon partvisibility is
low (we have foundthatathresholdof 35%workswell), we search
for anew cameraorientationthatwill increasevisibility.

The cameraeorientatiorsearchcomputeghe minimumvisibil-
ity of all partsin P; from a smallsetof alternatve viewpointsand
choosesheviewpointproducingthelargestminimumvisibility. As
Blanz et al. [1999] have empirically shawvn, peoplehave a strong
preferencdor viewing mostobjectsfrom above andat obliquean-
glesratherthanfront or sideviews. We selectthe alternatve view-
pointsfor our camerareorientatiorsearchbasedon these ndings.
Sincetheobjectorientationis knowvn, we have aframeof reference
andwe cansetthe camerato look down at the objectfrom either
theleft or right side.

5 Presenter

Thepresenterenderdhe sequencef assemblystepsoutputby the
plannerasa seriesof eitherstructuraldiagramsor actiondiagrams.
We describeechniquedor renderingoothtypesof diagrams.

5.1 Structural Diagrams

Eachstructuraldiagrampresentsall partsattachedn the current
step j alongwith all the partsseenin earlier stepsin their nal
assemblegbositions.The partsarerenderedisingthe currentcam-
eraviewpoint V; and objectorientationM . Figure5 shavs an
exampleof suchstructuraldiagramsas generatedy our system.
While suchstructuradiagramsaretypically providedwith toyslike
LEGO, for mary assembliethey canbedif cult to follow because
theusemmustcomparebeforeandafterdiagramgo gure outwhich
partswereaddedn eachstep.

5.2 Action Diagrams

Action diagramsare generallyeasierto follow thanstructuraldia-
gramsbecausehey spatiallyseparatéhe partsbeingaddedn each
stepfrom theearlierparts.They alsousediagrammatielementso
shav how andwherethe new partsattachto the earlierparts.

To generatean action diagramfor assemblystep j, we rst
choosehedirectionin which we wantto separate@achof the parts
in Pj from the earlierparts. We thenseta separatiordistancefor
eachpartand nally placethe guidelinesbetweenthe parts. We
considereachof thesestepsin detail.

5.2.1 Choosing the Separation Direction

Sincethegoalof anactiondiagramis to spatiallyseparat¢heparts
beingattachedn the currentstepfrom the earlierparts,the sepa-
ration directionfor eachnew part shouldbe chosento maximally
separatehenaw partfrom theearlierparts.Moreover, thedirection
choserfor partp; 2 P; mustbeinterference-fregvith respecto the
partsattachecearlier Aj. Thatis, the separatiordirectionmustbe
oneof thedirectionsin RemaeeDirs(p;; Aj). We choosehesepara-
tion directionfor p; astheinterference-fredirectionthatallows p;
to escapeheboundingbox of earlierpartsA; asfastaspossible.

| p3 | [ pg_|
P2 |
| b3 | | Psa_| o T o
P2
p1 — = p1 — —

Structural Diagram Simple Action Diagram

Figure8: Oneapproachto generatingactiondiagramss to translatethe partsbeing
attachedn thecurrentsteppy; ps; ps away from the earlierpartsp; by a®xeddistance
alongtheseparatiomlirection(up in thiscase) But becausall thenew partsaremoved
a®xeddistancethis approachmay not separatehe new partsfrom oneanother

. o) In this example,suppose
Ps . i we areaddingpart ps to the
, assemblyconsistingof Aj =
(e ) (n ] fp1;p2g. Of the four prin-
cipal directionsin 2D, the
only free directionsfor ps areup andto theleft. To choosebe-
tweenthemwe rst look upContad( p3; Aj) andcomputeabound-
ing box for thesecontactparts,asshowvn in green.We alsolook up
the facesof ps thatarein contactwith partsin A; and compute
the centerof the boundingbox for thesecontactfacesasshavn in
red. We thencomputethe distancefrom the contactfaces'center
to the contactparts' boundingbox in eachof the feasibleremoval
directions. The directionyielding the shortestdistanceis chosen
asthe separatiordirection. In this casethe separatiordirectionfor
p3 is up, sincethis directionallows p3 to exit the boundingbox of
the earlierpartsp; and p, fastest.If thereis atie in the shortest
distancewe pick the directionthatis pointing towardsthe camera
viewpoint.

5.2.2 Setting the Separation Distance

A simpletechniquéor settingthe separatiomistancefor theaction
diagramis to translatesachpartin thecurrentstepp; 2 P by a x ed
distancen the separatiortirection. However, asshavn in gure 8,
this simple approachdoesnot always producethe desiredresults.
While the new partsareseparatedrom the earlierpartsthey may
not be separatedrom another Notice that the partssit one atop
anotherin the separatiordirection. To properly setthe separation
distancefor thesepartswe must rst determinethis stackingrela-
tionshipbetweerthem.

Building Stacks We de ne a stak asa sequencef partswith
threeproperties: 1) all the parts(exceptthe rst) sharethe same
separatiordirection, 2) the partssharea stabbingline in the sepa-
rationdirectionand3) eachpartis in contactwith the next partin
thesequenceThe rst partin the sequencés calledthe basepart.
It providesan anchorfor the stackandmay have a differentsepa-
rationdirectionthanthe otherpartsin the stack.Creatinganaction
diagramrequiresbuilding atreeof suchstacks.

To build a tree of stacksfrom ary setof partsP we begin by
groupingthe partsin P by separatiordirection. Let G be onesuch
group. We look up the directionalblocking graphfor the partsin
G alongthe separatiordirection. Sincethe separatiordirectionis
interference-fredor all partsin G, this directionalblocking graph
cannotcontaincycles.However, thegraphmaybe disjoint.

We iteratively build a treeof stacksfrom this blocking graphin
a greedymanner Startingfrom a partg; at the root of the block-
ing graphwe form a stabbingline throughthe centerof g; and nd
the maximal sequencef partsin P thatinclude g; and meetthe
other stackconditions(sameseparatiordirection, sequentiacon-
tact). We considerboth directionsof the stabbingline aswe are
building thesestacksequencesThe furthestpart on the stabbing
line in the negative separatiordirectionis chosenasthe basepart
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Figure9: Sideview of two wheelsof the TV stand.(left) Guidelines(in green)genef
atedfrom the centerof the wheelboundingbox (in red) do not passthroughthe stem
of the wheelandlook awkward. (right) Guidelinesgeneratedrom the centerof the
contactfaces'boundingbox correctlypasshroughthe stemof thewheel.

for the stackandmay have a differentseparatiordirectionthanthe
otherpartsof the sequenceEachpartaddedto this stacksequence
is removed from G. We thenupdatethe blocking graphfor G and
iteratethe stack-lilding procedureuntil G is empty

Expanding Stacks Usingthesestackstructuresve canproperly
separatall thepartsin eachstack.Givenastackexpansiordistance
d we startat the baseof eachstackandtranslateeachsubsequent
partin thestacksequencéy distancal from thepreviouspartalong
the separatiordirection. In this way the total translationadistance
accumulatesaswe move down the stacksequencelf a non-base
part p; in the currentstackis alsoa basepartfor anotherstack,we
translateall partsthe otherstackby the samedistancewe translate
pi. Thustranslationgpropagateecursvely throughthe stacktree.

To createactiondiagramswe build stacksfor the currentsetof
partsP;j. We alsocombinethe setof previously attachedpartsA|
andincludethe groupasa singlepartwith no separatiordirections
in the stackbuilding process. This groupedset of previous parts
provides a good basepart for all of the stacksbuilt in this stage.
Note thatthis stackbuilding processcanalsobe usedto generate
explodedviews of the entire object. In this case,we build stacks
from all of the partsin theassemblyatherthanjustthepartsin P;.

Most previous systemdfor generatingexplodedviews have re-
quiredusersto manuallyspecifythe stackingrelationshipsandex-
plosiondirectionsfor eachpair of parts[Rist et al. 1994; Driskill
andCohenl1995]. A notableexceptionis RaabandRiigers [1996]
technigquewhich usesnon-linear3D zoomingto produceexploded
views. However, theirtechniqueeliesontheability to non-linearly
distortthe spacearoundeachpart.

5.2.3 Placing Guidelines

Thestackstructuresllow the presenteto separatehe new partsin
eachassemblystepfrom the earlierparts. However, onedravback
to separatinghesepartsis thatit canbedif cult to gure outwhere
thenew partsaresupposedo attachto the earlierparts. The align-
mentbetweerthe new partsandprevious partsmaybe ambiguous.
Guidelinesrunningbetweerthe partsof the stackcanremove this
alignmentambiguity But, given a stackof partsthe challengein
generatingguidelinesis choosingwhereto positionthe guideline
endpoints.As shavn in gure 9, simply connectingthe centerof
eachpartmay not producegoodresultsfor someasymmetrigarts.

Our approachto generatinga guidelineemanatingrom part p;
is to look up the setof contactfacesbetweenp; andthe next part
in the stacksequenceWe computethe centerof the boundingbox
for thesecontactfacesandshootaray in the positive andnegative
separatiordirections. We then setthe guideline start point (end
point) to the intersectionpoint of the negative (positive) ray with
the contactfaces'boundingbox. This approachproperly handles
mary asymmetricpartswithout forcing usersto manuallyspecify
theguidelineendpoints.

If eitherendpoinibf theguidelinecontainsafastenewedrav the
guidelineasadottedline. If thepartattheendpointof aguidelineis
asigni cant partwe draw theguidelineasanarrow in the negative
separatiordirectionto indicatehow the signi cant partshouldbe
broughtin andattachedo theassembly

Model Execution Time Subsets
Name #Parts || Precomp.| Planner Vis. Scored/®tal
Bookcase 9 20m2s 47.70s  47.04s 13/885
Case27 25 24s 52.36s  45.88s 525/*
LEGO car 61 7m23s | 545.79s 477.06s 99/*
TV stand 9 33m14s 25.19s  24.99s 12/882
80/20Table 13 1m27s 32.96s 27.59s 16/6840

Tablel: Performancef the plannemrunningon a 500 Mhz SGI 320 Visual Worksta-
tion. The secondcolumnindicatesthe numberof non-fastenempartsin eachmodel.

Thesubsetgolumnreportsthenumberof partsubsetsor which theplannercomputed
visibility scoresaswell asthetotal numberof subset@anexhaustve searchwould have

considered.Sincethe total numberof subsetss exponentialin the numberof parts
in the modelwe use*' s to indicatethat the numberis extremelylarge. The search
optimizationssigni®cantlyreducethe numberof subsetscored.

5.3 Rendering Style

We renderthe nal assemblydiagramsusing the corventionsof

technicalillustration[Goochetal. 1998]. We useGouraudshading
andwe renderthe edgesof the partsin contrastingcolors (black
linesfor thelighter partsandwhite linesfor the darlker parts).Out-

lining the edgedn this mannerhelpsto differentiatethe partsfrom

oneanotherespeciallyif they arerenderedn the samecolor.

6 Results

Severalexamplesof assemblyinstructionsgeneratedvith our sys-
temhave alreadybeenpresented gures 1, 5, 7). Two moreexam-
plesareshavnin gures 10and11.

TheTV standshavnin gure lisbasedntheTV standweused
in our human-subjeotxperiments.The actiondiagramsshav how
eachpartis to beattachedo theearlierparts.Dottedguidelinesin-
dicatewherethe fastenergonnectpartsandred arrovs shav how
signi cant partscanbe moved into positionfor attachment.Be-
causeheleft andright sidesaresymmetric the planneraddsthem
to theassemblyin consecutie steps.Theinput requiredto genef
atetheseinstructionsis describedn gure 4. All four wheelsare
addedto the assemblyat the sametime in step5 becausehey are
symmetricbut arenot speci edto besigni cant parts.

To generatanstructionsfor the LEGO car shavn in gure 5,
theinput consistedf the partgeometrydefault cameraandobject
orientations,and part symmetries. The planneris ableto nd a
sequencef stepsthat builds the modelin naturallayersfrom the
bottomup while maintaininggoodvisibility for all the partsadded
in eachstep.Symmetricpartsareaddedogetherin the samestep.

Like the LEGO car instructions,the instructionsshowvn in g-
ure 10 weregeneratedrom minimal input: partgeometry default
orientationsand symmetries. Note that this object, which we re-
fer to ascase27 wasdevelopedasa testfor our systemanddoes
not representry real-world object. In gure 12 we shaw an ex-
plodedview of this object,whichis generatedisingthesamestack-
building machinerywe developedto produceactiondiagrams.

The input requiredto generatehe bookcasénstructionsshavn
in gure 7 includesan orderingconstraintforcing the frameto be
attachedeforethe sheles. Sincethe backof the bookcasés part
of theframe,it is attachedn step4. The systenthenautomatically
reorientsthe camerao ensurethatthe sheleswill bevisible. The
shehesaresymmetricto oneanotherandaddedn sequenceWith
additionalinput specifyingthatthe shelhesareattachedvia similar
actionsthe systenmwould automaticallyomit steps8 and9.

The table shavn in gure 11 is built using a standardizedet
of industrial partsdevelopedby 80/20Inc. [2003]. The partsare
modularandcanbe usedto designmary differenttypesof assem-
blies;this tableis just oneexample.In additionto the partgeome-
try anddefault orientationsyve speci ed a preferredorientationfor
shaving thetraysrestingon thetable. This forcesthereorientation
shavn in step 13 of the instructions. We also labeledall the L-
shapedoraclets asrequiringsimilar attachmenbperations.Thus,



Figure10: Assemblyinstructiongor case27 The placemenbf theguideliness automaticallychoserto shav how the partsattachto oneanother Theguidelinesconnecthecenters
of theboundingboxesof contactfacesratherthanconnectinghe centersof parts.In step3 the guidelinesproperlyshav how therectangulapartsslideinto the mainhull.

1 2 3
6 7 8
11 12 13

4 5
9 10
14 15

Figurell: Assemblyinstructionsfor atablebuilt from the 80/20standardizegarts. The ®rst six stepsdetail how two of the L-shapeddracletsareusedto attachpartsof the frame.
Theplannerthenomitsthesedetailsin subsequergteps Becaus¢hefasteneraremuchsmallerthanthe otherparts they canbedif®cult to seein theoriginal diagrams We manually

addedheinsetsfor the ®rst 3 stepsto make thefastenergasierto see.

only the rst two bracletattachmentg¢stepsl through6) areshavn

in full detail. In step7 andbeyondtheinstructionsno longershav

the nutsandboltsrequiredto securethe bracletsto the frame. We

manuallyaddedthe insetsfor the rst 3 stepsto make the fasten-
erseasierto see. Seligmannand Feiner[1991] have proposedan
automatedipproacHtor designingsuchinsets,andwe arecurrently
exploring the possibility of addingthis techniqueto our system.

The performancef our systemis presentedn tablel. Therun-
ningtime of thesystemis dominatedy thelow level geometricand
visibility computations.We have not focusedon optimizing these
partsof the systemand believe that more sophisticatedow-level
algorithmscouldincreasehe speedf thatcode.The nal column
of the tablereportsthe numberof subsetdor which we compute
thevisibility scoreaswell asthetotalnumberof subset@&nexhaus-
tive searchwould have to score. As the table shaws, our search
optimizationssigni cantly reducethe numberof subsetscored.

7 Discussion

While our systemcangenerateassemblyinstructionsfor a variety
of objects,it alsomakesseveral basicassumptionshatwe hopeto
relaxin futurework.

Two-level hierarchy: Thesystemoperate®nthetwo bottomlev-
elsof the hierarchyof operationgjoining signi cant partsandat-
tachingfasteners) Extendingthe systemto handlesubassemblies
would allow for larger, morecomplicatedassemblies.

Single-step translations along principal axes: We only con-

sider single-steptranslationalmotions along the principal axes
when computingthe blocking relationshipsbetweenparts. Using

Guibaset al!'s [1995] approachto handle multi-step translations
androtationsin all motion directionswould increasethe typesof

assembliesur systemcouldhandle.



Figure12: Explodedview of case27Our stack-tuilding procedureanbeusedon the
entireassemblyatherthanindividual stepsto producesuchexplodedviews. Thealgo-
rithm properlyhandlesbuilding stacksfor differentseparatiomirections.As shavnin
®gurel0,thefour rodsatthetop of theassemblyslideinto the paddlesandrectangular
partsbelown. After expandingthe stacks,the rodsno longeralign with the partsthey
slideinto. Thereforethe systemdoesnot generateguidelinesshaving how the rods
attachto theassembly

Local interference:  Blocking relationshipsarecomputedor lo-
cal pairs of partsthat are in contactwith one another How-
ever it is possiblethat partswhich are not in contactblock one
another Thereforeglobal interferencedetectionwould impose
stronger more robust feasibility constraintson the assemblyse-
quenceWilson [1992] hasproposedechniquesor computingthis
typeof globalinterference.

Input of semantic/functional knowledge: Our systemis de-
signedto use semanticand functional knowledge aboutthe parts
whenit is provided. In practicewe have suppliedthis information
manually However it maybe possibleto infer someof theseprop-
ertiesfrom the partgeometrybasedon modelsof perception.For
example,it may be possibleto automaticallygroup partsthat are
percevedasroughly symmetric.

Althoughtheseassumptionslo limit thetypesof assembliesur
systemcan handle,we believe that the overall framevork of the
systemis sound.Relaxingary of theseassumptionsvould require
localizedchangedo moduleswithin the framework ratherchanges
to theframework itself.

8 Conclusions
We have describeda setof designprinciplesfor designingeffective

assemblyinstructionsthat are easyto understancéndfollow. The
principlesare basedon cognitive psychologyresearchexamining

how peoplementallyrepresenandcommunicatehe procesf as-
semblinganobject. We have alsodemonstratedn automatedys-
tem that instantiateghesedesignprinciplesand can substantially
reducethe effort requiredto producegoodassemblyinstructions.

Our key insightis thatplanninga sequencef assemblyopera-
tionsthatis easyto understandnd presentingthoseoperationsn
aclearandconcisemannerarestronglyinterrelatedproblems.Our
systemis basednthisideaandconsider$othproblemsn parallel
asit is designingtheinstructions.
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