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Abstract

We presentdesignprinciples for creatingeffective assemblyin-
structionsanda systemthat is basedon theseprinciples.Theprin-
ciplesaredrawn from cognitivepsychologyresearchwhichinvesti-
gatedaperson'sconceptualmodelsof assemblyandeffectivemeth-
odsto visually communicateassemblyinformation. Our systemis
inspiredby earlierwork in roboticsonassemblyplanningandin vi-
sualizationon automatedpresentationdesign.Althoughothersys-
temshave consideredpresentationandplanningindependently, we
believe it is necessaryto addressthetwo problemssimultaneously
in orderto createeffective assemblyinstructions.We describethe
algorithmictechniquesusedto produceassemblyinstructionsgiven
object geometry, orientation,and optionalgroupingandordering
constraintson the object's parts. Our resultsdemonstratethat it
is possibleto produceaestheticallypleasingandeasyto follow in-
structionsfor many everydayobjects.

Keywords: Visualization,AssemblyInstructions

1 Intr oduction

Many everydayproducts,suchas furniture, appliances,and toys,
requireassemblyat home. Includedwith eachproductis a setof
instructionsshowing how to put it together[MijksenaarandWest-
endorp1999].For modularproductlines,suchascustomizableof-
�ce furniture,many differentversionsof theinstructionsareneces-
sary. As thenumberof customizableproductsanddemandfor task-
speci�c instructionsincrease,technologywill beneededto produce
instructionsmorecosteffectively. Alreadythereis ahigh incidence
of poorly designedandoutof dateinstructions.

Theproblemis thatit is dif�cult andexpensive to designassem-
bly instructionsthat areeasyto understandandfollow. Sincethe
instructiondesignprocesshasnot beensystematized,skilled hu-
mandesignersareneededto producegoodinstructions.As aresult
theprocessof producinginstructionsis time-consumingandlabor-
intensive. Computersupportis currentlylimited to replacinglow-
level toolssuchaspenandpaper. Mosthigh-level designdecisions
arestill madeby humandesigners.

We have developeda systemthatprovideshigher-level toolsfor
designingassemblyinstructions.Figure1 depictsinstructionspro-
ducedwith oursystem.A broadergoalof ourwork is to understand
how humansproduceandusevisual instructionsandto codify de-
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Figure1: Assemblyinstructionsfor aTV stand.Oursystemplansthesetof assembly
operationsto show in eachdiagramandthenrendersactiondiagramswhich explicitly
depicttheoperationsrequiredto attacheachpart.

signknowledgein computerprogramssothatit is easierto produce
cleardrawingsof 3D assemblies[Tversky et al. Submitted].

Thetwo primarytasksin designingassemblyinstructionsare:

� Planning: Most objectscan be assembledin a variety of
ways.Thechallengeis to choosea sequenceof assemblyop-
erationsthatwill beeasyfor usersto understandandfollow.

� Presentation: Therearemany waysto depictassemblyop-
erations.Thechallengeis to convey theassemblyoperations
clearlyin a seriesof diagrams.

Thesetaskshave beenindependentlystudied in the areasof
roboticsandvisualization.Assemblyplanningis a classicproblem
in robotics[Wolter 1989; de Mello andSanderson1991; Wilson
1992;Romney et al. 1995]. Giventhegeometryof eachpart in the
assembly, anassemblyplannercomputesall geometricallyfeasible
sequencesof assemblyoperations.Theseplansareusedby robotic
machinetoolsfor automatedmanufacturingandarenotmeantto be
seen,understood,or carriedoutby humans.Most roboticassembly
planswouldseemunnaturalto peopleassemblingeverydayobjects.

In contrast,automatedpresentationdesignsystemshavebeende-
velopedin the domainof visualization[Feiner 1985; Mackinlay
1986], with the goal of producingdiagramsthat areeasyfor hu-
mansto understand.Thesesystemsassumethattheinformationto
beportrayedis givenasinputandautomaticallydesignaneffective
diagramto convey that information. Although someof theseau-
tomatedpresentationsystemshave beendevelopedto illustrate3D



objectsandactions[SeligmannandFeiner1991;Rist et al. 1994;
Butz1997;Strothotte1998],theirprimaryfocushasbeenonshow-
ing thelocationsor physicalpropertiesof parts.

Our approachis inspiredby a combinationof ideasfrom these
previous systems.However, we believe that decisionsinvolved in
planningandpresentationarestronglyintertwined.Thereforeboth
issuesmustbeconsideredsimultaneously.

Thecontributionsof our work include:

Cognitive design principles for effective assemb ly instructions:
We performedcognitive psychologyexperimentsto identify how
peopleconceive of the assemblyprocessand to characterizethe
propertiesof well-designedinstructions. Basedon the resultsof
theseexperimentsandprior cognitivepsychologyresearchweiden-
tify designprinciples for effective assemblyinstructions. These
principlesconnectpeople's conceptualmodelof theassemblytask
to thevisualrepresentationof thattask.

A system instantiating these design principles: Our assembly
instructiondesignsystemconsistsof two parts: a plannerand a
presenter. Theplannersearchesthespaceof feasibleassemblyse-
quencesto �nd onethat bestmatchesthe cognitive designprinci-
ples. To do this the plannermust also considermany aspectsof
presentation.Thepresenterthenrendersa diagramfor eachstepof
theassemblysequencegeneratedby theplanner. Thepresenteralso
usesthedesignprinciplesto determinewhereto placeparts,guide-
lines andarrows. In particular, the presentercangenerateaction
diagramswhich usethe conventionsof explodedviews to clearly
depictthepartsandoperationrequiredin eachassemblystep.

2 Design Principles for Assemb ly Instructions

Beforewe candevelopautomatedtoolsfor designingassemblyin-
structions,we mustunderstandhow peoplethink aboutandcom-
municatetheprocessof assemblinganobject.Cognitive psycholo-
gistshavedevelopedavarietyof techniquesto investigatehow peo-
ple mentallyrepresentideasandconcepts.We recentlyperformed
humansubjectexperimentsbasedon thesetechniquesto determine
thementalrepresentationsunderlyingassembly[HeiserandTver-
sky 2002].Webrie�y describeour experimentalsetup.

In the �rst experimentwe asked participantsto assemblea TV
stand,given only a photographof thecompletedstandasa guide.
After they assembledtheTV stand,we asked themto createa set
of instructionsthatwould show anotherpersonhow to assembleit.
Examplesof thediagramsthey drew areshown in �gure 2. In the
secondexperimentwe asked a new group of participantsto rank
theeffectivenessof asubsetof theinstructionsproducedin the�rst
experiment.Finally, thethird experimenttestedwhetherthehighly
ranked instructionsweremoreeffective. Yet anothergroupof par-
ticipantsusedinstructionsranked in the secondexperimentto as-
sembletheTV standwhile experimentersrecordedtaskcompletion
time anderror rates.We foundthat in generalthehighly ratedin-
structionswereeasierto understandandfollow. Participantsspent
lesstimeassemblingtheTV standandmadefewer errors.

Basedontheseexperiments,aswell asearliercognitiveresearch,
we identify asetof designprinciplesfor creatingassemblyinstruc-
tionsthatareeasyto understandandfollow.

Hierar chy and grouping of par ts: Peoplethink of assembliesas
a hierarchyof parts.At thebaselevel partsaresegmentedby per-
ceptualsalienceindexedby contourdiscontinuity;thatis, partsthat
aredisjoint aremore likely to be noticed. Typically, the disjoint
partsarealsodistinguishedby differentfunctions(e.g. the legsof
a chair or the drawersof a desk)[Tversky andHemenway 1984].
Whenpossible,peoplepreferthatpartswithin a groupareaddedto
theassemblyat thesametimeor in sequenceoneafteranother. The
partgroupsareusuallyconsideredashierarchicalstructures,which
parallelthesubassemblystructureof theobject.

Structural Diagram
 Action Diagram


Figure2: Hand-drawn assemblydiagramsfor the TV stand. The actiondiagramis
preferableto thestructuraldiagrambecauseit depictstheoperationsrequiredto attach
eachpart. In thiscasetheactiondiagramshowshow theshelfis fastenedby thescrews.

Hierar chy of operations: Peoplethink of theattachmentopera-
tionsrequiredto build anassemblyasa hierarchyof actionson the
parts[Zackset al. 2001]. At thehigherlevels peopleconsiderthe
operationsrequiredto combineseparatesubassemblies.Ourexperi-
mentsshowedthataspeoplework down thesubassemblyhierarchy,
they eventuallyconsidertheoperationsrequiredto join signi�cant
individual parts. At the lowest level of the hierarchypeoplecon-
siderattachingsmallerpartsandfastenersto the moresigni�cant
parts. The signi�cance of a part dependson a numberof factors
includingfunction,size,symmetry, etc.

While the hierarchyof operationsmay containmany levels for
complicatedobjectswith numeroussubassemblies(e.g. a car en-
gine), a two-level hierarchy(signi�cant partsand less important
parts+ fasteners)is commonfor many build-at-homeobjects,in-
cludingmostfurniture. In this paperwe focuson designtools for
thesetwo levels.

Step-by-step instructions: Our experimentscon�rmed the re-
sultsof Novick etal. [2000]showing thatpeoplepreferinstructions
thatpresenttheassemblyoperationsacrossasequenceof diagrams
ratherthana singlediagramshowing all theoperations.Moreover,
if theassemblycontainssigni�cant partsaswell aslessimportant
parts,peoplegenerallypreferthateachdiagramshow how to attach
only onesigni�cant partatatime. However, eachdiagramwill usu-
ally show multiple non-signi�cantpartattachments.In �gure 1 the
non-signi�cantpartsincludethefastenersandthewheels.

While it is essentialthat the assemblydiagramsare clear and
easyto read,eachdiagramshouldalsopresentasmuchinformation
aspossible.If instructionsaresplit acrosstoo many diagramsthey
becometediousto use.Similarly, someassembliesrequirethesame
sequenceof operationsto be repeatedmany times. For example,
whenassemblinga bookcase,eachshelf is attachedin exactly the
sameway. Depictingsuchrepetitive operationsin detailcanmake
theinstructionsunnecessarilylongandtiresome.A betterapproach
is to skip repetitive operationsafter they have beenpresentedin
detaila few times.

Structural diagrams and action diagrams: Basedon analysis
of thehand-drawn instructionswe collectedin the�rst experiment,
wede�ne two typesof assemblydiagrams:structuraldiagramsand
actiondiagrams(see�gure 2). Structuraldiagramspresentall the
partsof theassemblyin their �nal assembledpositions;usersmust
comparetwo consecutive diagramsto infer whichpartsareto beat-
tached.Action diagramsspatiallyseparatethepartsto beattached
from thepartsthatarealreadyattachedanduseguidelinesto indi-
catewherethenew partsattachto theearlierparts.

We found that action diagramsare superiorto structuraldia-
gramsfor the TV standassemblytask. We believe that this is be-
causeactiondiagramscontainall the informationin the structural
diagramsand also explicitly depict the attachmentoperationsre-
quiredin eachstep.However, toys suchasLEGO oftenusestruc-
turaldiagramsratherthanactiondiagrams.Showing theattachment
operationsmaybelessimportantbecausemostLEGO partsfasten
in thesameway.

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



tationsmaximizethenumberof importantfeaturesthatarevisible.
They minimizeaccidentalalignmentsandfacilitateobjectrecogni-
tion. In assemblyinstructions,thesenaturalorientationsmaycon-
form to otherobjectivessuchasgravitationalstability. Large,bulky
partslike the frameof a bookcasemaybe orientedto lie horizon-
tally on the groundplanein the initial frame-building stagesand
laterbereorientedto standuprightwhentheshelvesareattached.
Visibility: Perhapsthe strongestdesignprinciple is that all the
new partsaddedin eachstepof theassemblymustbevisible. Users
mustbeableto seethepartsin orderto attachthem.However, one
exceptionto this rule is that maintainingvisibility for all partsin
a symmetricgroup is lessimportant. If the useris aware of the
symmetryit is usuallyenoughthatat leastonepart in thegroupis
visible,sincetheotherswill attachin a similarway.

While thenew partshave to bevisible, thepartsattachedin ear-
lier stepsshouldalsobe visible to provide context for the new at-
tachments.If only thenew partsarevisible, it maybeunclearhow
thenew partsaresupposedto attachto theearlierparts.Notethatin
thiscaseit is notnecessaryfor eachof theearlierpartsto bevisible.
Rathera portionof theentiresetof earlierpartsshouldbevisible.

3 System Overview

Ourassemblyinstructiondesignsystemis dividedinto two compo-
nents;a planneranda presenter. Theinputconsistsof:

� Geometry: Thegeometryof eachpartof theobjectin its �nal
assembledposition.

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

� Groupings: Labelingof partsthatshouldbegroupedtogether
basedon functional,semantic,or geometricproperties.The
groupinglabelsusedby thesystemincludefasteners, signi�-
cantparts, symmetry, andsimilar-action.

� Ordering Constraints: Constraintsontheorderof assembly
operationsin theform attach part pi before part p j .

The minimum input informationconsistsof the part geometry
anda default cameraviewpoint andobjectorientation. All other
informationis optional,andthesystemcanproduceusefulinstruc-
tionswithout it. Theadditionalgroupinginformationandordering
constraintshelpthesystemto makeevenbetterdesignchoices.The
inputmaybegeneratedautomaticallyby othersoftwareor provided
by the users.Regardlessof how the input is originally generated,
userscanwork with thesystem,addinginformationsuchasorder-
ing constraintsor partgroupingsto producethe�nal setof instruc-
tions.

From this input the plannercomputesthe set of operationsto
show in eachassemblydiagram.Thepresenterrenderseachassem-
bly stepasa diagram,andoutputsthesequenceof diagramsasthe
�nal setof assemblyinstructions.Theplannerandpresenterarede-
scribedin sections4 and5. Beforewepresentthesecomponentsin
detail,we summarizeseveral of thebasic,low-level computations
usedthroughoutour system.

3.1 Low-level Computations

Oursystemfrequentlyneedsto know if partsarein contact,whether
partsblockeachother, andthevisibility relationshipbetweenparts.
Webrie�y describehow to computethis information.
Contacts: Given any set of parts P, we provide a function
Contacts(P) thatreturnsthesetof partsin contactwith at leastone
part in P. To determinewhich partsarein contactwe computethe
shortestdistancebetweeneachpair of parts[Lin andCanny 1991;
Quinlan1994]. If this shortestdistanceis 0.0 we mark thepair as
beingin contact.Wealsostorethefacesof eachpartthatarewithin
thecontactdistanceof oneanother.
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Figure3: (left) A threepartassembly. (middle)TheLTB conefor p1 andp2 encodes
that p2 is blocked from moving in the upperhemisphereby p1 andvice versa.Sim-
ilarly the LTB conefor p1 and p3 encodesthe p3 is blocked from moving in the left
hemisphereby p1. (right) The blocking graphis a partition of the sphereof trans-
lationalmotiondirections,with a directedgraphstoringtheblockingrelationshipsfor
eachpartitionedregion. A graphedgeof theform pi ! pj meansthatpartpi is blocked
by pj for all directionsin thecorrespondingregion of thesphere.Theblockinggraph
combinesall the informationfrom the LTB conesinto onestructure.Figureadapted
from Romney etal. [1995]

Bloc king: For any two parts pi and p j we provide a function
RemoveDirs(pi ; p j ), that returnsthe setof directionsin which pi
canberemoved from p j without interference,via a singletransla-
tionalmotion. In all otherdirectionspi is blockedby p j .

To computetheseblocking relationshipsbetweenall the parts
in the assemblywe follow the approachof Romney et al. [1995].
We�rst computea local translationalblocking(LTB) conefor each
pair of parts pi and p j that are in contact. The LTB coneis the
setof directionsin which pi blocks p j from translationalmotion
andcanbecomputeddirectly from thegeometryof theparts.The
coneencodeslocal blocking relationshipsbecauseit is only com-
putedfor partsin contact. As shown in �gure 3 we combineall
theLTB conesinto a blockinggraphstructurethatencodesall the
blockingrelationshipsin theassembly. Althoughwe consideronly
singlesteplocal translationalmotionsin our blockinganalysis,ex-
tensionto globaltranslations[Wilson1992],multi-steptranslations
androtationalmotions[Guibaset al. 1995]is possible.

While Romney et al. storethe blocking graphasan analytical
partitioning of the translationalmotion sphere,for simplicity we
discretizethe sphereandstoreblocking relationshipsfor eachdi-
rection independently. For many assembliesonly the 6 principal
motiondirectionsareof interestandwe only needto computeand
storeblocking relationshipsfor thesedirections. Following Wil-
son's [1992] terminology, we referto thedirectedgraphassociated
with eachdiscretedirectionasa directionalblockinggraph.

Using the blocking graph structure we can look up
RemoveDirs(pi ; p j ) for any pair of parts in the assembly.
Similarly we cancomputethesetof removabledirectionsbetween
two setsof partsP andQ as:

RemoveDirs(P;Q) =
\

8pi 2P;qj2Q

RemoveDirs(pi ;q j ) (1)

Visibility: Given two setsof parts P and Q our visibility test
Vis(P;Q) computesthepercentageof P that is visible with respect
to Q. We usea two-passrenderingapproachin which we �rst ren-
derthepartsin P usingasinglecolor (greenin ourcase).Wecount
thegreenpixelsto determineArea(P) theprojectedareaof P. Next,
without clearingthe framebuffer we renderthe partsin Q usinga
differentcolor(red)andagaincountthenumberof greenpixelsthat
remainvisibleto determineArea(P;Q), thevisibleprojectedareaof
P with respectto Q. Thenthevisibility percentageof P with respect
to Q is givenby:

Vis(P;Q) =
Area(P;Q)
Area(P)

(2)

4 Planner

As shown in �gure 4, our assemblyplannercomputesa set of
assemblyoperationsto show in eachdiagram. The plannercan



e: left 

side

a: top shelf

top screws

c: bottom shelf

b: support board

bottom screws

pegs

d: wheels

f: right 

side

Search R = subset of Ui

Score for R

Evaluate

Ordering

Grouping

Attachment

Visibility

Interference

Planner

All parts

Ui = Unattached parts

Qi = best RUi+1 = Ui - Qi

Sequence Determination

Reorientation

 Pj, Pj+1, ..




 (Pj, Vj, Mj), (Pj+1, Vj+1, Mj+1) ... 

sequence of assembly steps for Qi

Sequence of all assembly steps

Reinsert Fasteners



U0 = { all parts }





U1 = { a, c, d, e, f }

       



U2 = { a, c, d }



U3 = { c, d }



U4 = { d }




Unattached  parts


Q0 = { b }





Q1 = { e, f }





Q2 = { a }	



Q3 = { c }	 



Q4 = { d }      	 

		 






Best  subsets



P0 = { b }



P1 = { e, pegs }



P2 = { f, pegs }



P3 = { a, screws }



P4 = { c, screws }



P5 = { d }




Assembly  steps


















Figure4: Block diagramof theplannerandtheplanit generatesfor theTV stand.The
input requiredto generatethis planconsistsof 1) geometryof eachpart in assembled
con®guration,2) default cameraandobjectorientations,3) partsgroupedby symmetry
f e; f g; f 4 wheelsg; f 4 pegsg;f 4 top screwsg;f 4 bottom screwsg, 4) signi®cantparts
f a;b;c;e; f g, and5) fasteners f 4 pegs; 8 screwsg.

chooseto attacha part to theassemblyor to reorienttheassembly.
Attachmentis theprimaryoperation,andtheplannersearchesover
thespaceof all partsto �nd thebestsetof partattachmentsto depict
in eachdiagram.In somesituationstheplannermayalsoreorient
theassembly. Suchreorientationsareeitherperformedto improve
thevisibility of subsequentpartsor basedonorientationconstraints
thatspecifya naturalorientationfor theobject.

Our notationis asfollows. Whendesigningassemblystepi, the
input to thesearchis Ui , thesetof unattachedparts.Thesearethe
partsthathave notyetbeenaddedto theassembly. Thesearchthen
considerseachsubsetR � Ui to �nd the bestsubsetQi = Rbest to
add to the assembly. Oncea part is addedto the assemblyit is
placedin thesetof attachedpartsAi . After choosingthebestsubset
Qi , wesetUi+ 1 = Ui � Qi andAi+ 1 = Ai + Qi . Weiteratethesearch
until U is emptyandA containsall theparts.

As we saw in section2, peopleusuallyconsidertheprocessof
assemblyasa hierarchyof attachmentoperations(attachingsub-
assemblies,attachingsigni�cant partsandattachingfastenersto the
signi�cant parts). Our planningsearchactsat thesigni�cant parts
level andthereforeonly considersnon-fastenerpartsasit is choos-
ing which setof partsto attachnext. Initially, U0 is the setof all
non-fastenersin theassembly.

After the search, if Qi contains multiple signi�cant parts
the sequencedetermination stage subdivides Qi into subsets
Pj ;Pj+ 1; ::: � Qi , suchthat eachonecontainsat mostonesignif-
icant part. This stagealsodecideswhetherto omit repetitive as-
semblyoperationsafter they have beenpresentedin detail a few
times. After thesequencedeterminationstagewe reinsertthe fas-
tenersconnectingeachPj to theearlierpartsbackinto Pj .

Theplanneroutputsa sequenceof assemblysteps,onestepper
diagram.Eachassemblystepspeci�esa setof partsP to attach,a
cameraviewpoint V andan objectorientationM. Note that since
the part setscan containmultiple partseachdiagrammay show
multiple attachmentoperations.Part setsmay alsobe empty. In
suchcasesthe stepwill containa camerareorientation,an object
reorientation,or both.

4.1 Search

As shown in �gure 4 weevaluateseveralconstraintsfor eachsubset
R� Ui . Mostof theseconstraintsarehardconstraintsthatcheckthe
feasibility of attachingthepartsin R to theearlierpartsAi . If the
currentsubsetR violatesany of the hardconstraintsit is immedi-
atelyrejectedby thesystem.Thevisibility constraintis theonlysoft
constraint,or objective function, in the system.Thesearchthere-
fore looks for a subsetof Ui that passesthe feasibility constraints
andmaximizesthevisibility score.
Interf erence: We canaddthe partsin R to the assemblyonly if
all of themareremovablefrom theassemblyanddonotcompletely
blockany otherunattachedpart.Wecandetermineif thepartsin R
interferewith oneanotheror theotherunattachedpartsUi by check-
ing thateachunattachedpartu j 2 Ui andits associatedfastenersare
removablefrom Ai

S
R, the union of the previously attachedparts

and the currentsubset. Note thatUi includesR whenthis test is
performed.To testif u j is removablefrom Ai

S
R, wesimplycheck

thatRemoveDirs(u j ;Ai
S

R) is notempty. Weperformthatsamere-
movability testoneachfastenerin Fasteners(u j ;Ai

S
R) connecting

u j to thepartsin Ai
S

R.
Attac hment: Partsshouldonly be addedto the assemblywhen
they canbe fastenedto it. For example,in �gure 1 supposethat
thesupportboardwasaddedto theassemblyin the �rst step.The
next stepshouldnotattachthetop shelf.Eventhoughthetop shelf
is supportedby the supportboard,the top shelf doesnot directly
fastenonto the supportboard. In generalif a part attachesonto
theassemblyby fastenersit shouldbeaddedto theassemblyonly
after oneor more of the partsit fastensonto is alreadyattached.
Moreprecisely, for eachr j 2 RwecheckthatFasteners(r j ;Ai), the
setof fastenersconnectingr j to any othernon-fastenerpartalready
attachedin theassembly, is notempty. Thisconstraintis notapplied
to the�rst diagramsinceA is emptyat thatpoint.

If the fastenershave not been labeled,or if a part r j is not
attachedto the assemblyby separatefasteners(for example the
wheelsof the TV stand),we simply checkthat the part is in con-
tactwith somepartalreadyin theassembly. This is a weaker form
of themainattachmentconstraint.In ourpreviousexample,thetop
shelfof theTV standwouldpassthisweaker form of theconstraint.
Ordering: To checkthatorderingconstraintsof the form attach
pk before pl aresatis�ed we make surethat if pl is in thecurrent
subsetR thenpk is in thesetof previously attachedparts,Ai .
Grouping: Partsthatarelabeledasbelongingto thesamegroup
shouldbe addedto the assemblyat the sametime. Our system
checksthisconstraintfor partslabeledassymmetricto oneanother.
For eachpart r j 2 R we �rst look up Symm(r j ) the set of parts
labeledby theuserasbeingsymmetricto r j . We thencheckthatR
includesall partsin Symm(r j )
Visibility: For peopleto easilyunderstandandfollow an assem-
bly diagram,it is importantfor all thepartsbeingattached,R, to be
visible. In addition,someportionof thepartsattachedpreviously,
Ai , shouldbevisibleto providecontext for thenew attachments.Fi-
nally, thepartsbeingattachedin thecurrentstepshouldnotsigni�-
cantlyoccludepartsthatwill beaddedin futuresteps,Ui . Therefore
our visibility constraintevaluatesthreekinds of visibility: current
partsvisibility, previouspartsvisibility andfuturepartsvisibility.

Thecurrentpartsvisibility scorecomputesa lowerboundon the
visibility of thepartsin thecurrentsubsetRwith respectto theother
partsin R as:

Score(R) = min
r j 2R

(Vis(r j ;R� r j )) (3)

Thepreviouspartsvisibility testcomputesthevisibility of thepre-
viouslyattachedpartsAi with respectto thecurrentsubsetR:

Score(Ai ) = Vis(Ai ;R) (4)
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Figure5: Assemblyinstructionsfor LEGO car. The planner®nds an assemblyse-
quencethatmaintainsgoodvisibility for all thepartsaddedin eachstep.Eachstepis
presentedasastructuraldiagram.Noticethattwo consecutivestepsmustbecompared
to discoverwhich partswereaddedin eachstep.

The future partsvisibility test checksthat currentpartswill not
completelyoccludeany of thefuturepartsUi � R. This testis sim-
ilar to thecurrentpartstest:

Score(Ui � R) = min
uj 2Ui � R

(Vis(u j ;R)) (5)

Thetotal visibility scorefor R is thesumof thesethreescores.Ex-
amplesof thesescoresareshown in �gure 6. Empirically we have
foundthatvisibility scoresator above10%for previouspartvisibil-
ity, 50%for minimumcurrentpartvisibility and25%for minimum
futurepartvisibility producegoodresults.

Maintainingthevisibility of every part in a symmetricgroupis
lessimportantthanensuringthatsomeportionof all thesymmetric
partsarevisible. In step3 of �gure 5 for example,it is lessimpor-
tant that the wheelon the right sideof the car arevisible because
the two symmetricwheelson the left sidearevisible. Therefore
we modify thecurrentandfuturepartsvisibility scoresto groupall
symmetricpartstogetherand treat them as one large part, rather
thancheckingvisibility for eachsymmetricpartindividually.
Optimizing the search: Thesearchstrategy outlinedabove eval-
uatesall subsetsof Ui . Thereforethesizeof thesearchspaceis 2N

whereN is thenumberof partsin Ui . For largeassembliesthesize
of thesearchspacecanbecomeprohibitive.

Yet most subsetsof R � Ui fail one or more of the hard con-
straints. For example,if a part u j 2 Ui is not in contactwith any
partin Ai thenany subsetP thatcontainsu j will fail theattachment

Score(Ai)      

Score(R)       

Score(Ui-R)

Score(Ai)      

Score(R)       

Score(Ui-R) �
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=  0.72

=  0.82

=  0.21

=  0.42

=  0.83

=  0.11

=  0.53
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Figure6: Visibility scoresfor threesubsetsRwhile generatingstep2 of theLEGOcar
instructions.The®rst subsethasrelatively goodvisibility for thepreviouspartsAi , the
currentpartsR andthefuturepartsUi � R. In thesecondsubset,theseatreplacesthe
redpartat thevery backof thecar. Thecurrentpartsscore,Score(R) is substantially
lower thanfor the ®rst subset.The part indicatedby the greenarrow is occludedby
the seatandit setsthe minimum visibility for the currentpartsto 0.42. In the third
subsettheseatreplacesthepartindicatedby thegreenarrow andthepartsymmetricto
it, on theleft sideof thecar. In this casethepart indicatedby thegreenarrow will be
addedin afuturestepandthereforeit setsthefuturepartsvisibility scoreScore(Ui � R)
to 0.42. Eventuallythe search®ndsthat the®rst subsetof thesethreemaximizesthe
visibility scoreandchoosesit asthesecondstepin theassemblyinstructions.

constraint. The sameholds true if u j fails the interferencecon-
straintor theorderingconstraint.Therefore,we canconservatively
cull partsfrom Ui that cannotpossiblybe addedto the assembly.
Startingwith Ui we form a new setU0

i containingonly the parts
u j 2 Ui that individually passthe interference,attachmentandor-
deringconstraints.Testingtheseconstraintsfor singlepartsis fast
becauseeachonesimply requiresa few look-ups. We thensearch
for thebestsubsetof U0

i ratherthanUi .
Sincewe areinterestedin the largestsubsetsof U0

i thatpassall
theconstraints,we canfurtheracceleratethesearchby processing
the subsetsin breadth-�rst orderandusinga heuristicto exit the
searchearly. We �rst considerU0

i itself, then eachsubsetof U0
i

with one part removed, eachsubsetwith two partsremoved and
so on. We exit the searchassoonaswe examinean entire level
of this subsettreeand�nd at leastonesubsetwith visibility score
greaterthanan empirically determinedthreshold. In practicewe
have foundthatthisearlyexit signi�cantly reducesthesearchtime,
andgeneratesthesameresultsasperformingthefull search.

As we form subsetsof U0
i in breadth-�rstorderwe enforcethe

groupingconstraintby treatingall partsin a symmetricgroupasa
singlepart. SupposeU0

i containsa symmetricgroupof partsS=
f s1;s2; :::g. Insteadof removing eachsj individually from U0

i to
form thesubsetswe remove theentiresetSat once.Note that for
theearlyexit testthissubsetU0

i � S, is treatedasbeingoneelement
smallerin sizethanU0

i . That is, U0
i � S is at thesamelevel of the

subsettreeasU0
i � u j whereu j is notpartof asymmetricgroup.

4.2 Sequence Determination

While the searchencodesmany of the cognitive designprinciples
for producingeffective assemblyinstructions,it doesnot encode
themall. Wechecktwo of theprinciplesoutsidethemainsearchto
improve therunningtimeof thealgorithm.In particular, thesearch
doesnot checkthatsubsetsR � Ui containat mostonesigni�cant
partandit doesnotcheckfor repetitive steps.Insteadwe allow the
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Figure7: Instructionsfor building a bookcase.Becausethebackof thebookcaseis functionallypartof theframewe speci®edanorderingconstraintforcing thebackto beattached
beforetheshelves.Sequencingsigni�cant parts: After thebackof thebookcaseis attachedin step4, theplannersearchselectsthesetof four shelvesasthebestsubsetof unattached
partsQi to show in the next diagram. However, the shelvesarelabeledassigni®cantparts,so the sequencingstagesplits Qi into four separatesteps.Eachshelf yields the same
visibility score,sothey aresequencedin back-to-frontorderbasedon distancefrom thecamera.Omitting repetitive steps:Eachshelf is attachedin exactly thesameway. While
we show all four shelf attachmentshere,if the shelf attachmentoperationsaremarked assimilar-actionsthe systemwill omit the last two shelf attachments,steps8 and9, and
jump directly to step10 afterstep7. Reorientation: Althoughthesearchdecidesthat theshelvesshouldbeattachedafterstep4, theshelveswould not bevisible in thehorizontal
orientation.Thereforethereorientationstage®ndsanew orientationfor thebookshelfthatensurestheshelvesarevisible.

searchto �nd a subsetQi containingmorethanonesigni�cant part
or repetitivestepsanddealwith themin thesequencedetermination
stage,by furthersubdividing Qi into smallersubsetsasnecessary.

4.2.1 Handling Signi�cant Parts

As wesaw in section2,peoplepreferthatthesigni�cant partsin the
assemblyareaddedoneby onein asequenceof separatediagrams.
Wemaintainthisdesignprincipleby splittingQi if it containsmore
thanonesigni�cant part. To split Qi we �rst computethevisibility
score,asdescribedabove, for eachpart q j 2 Qi . The signi�cant
partsareaddedin orderfrom leastvisible to mostvisible. Ties in
the visibility scoreare resolved by addingthe part furthestaway
from the viewer �rst. This distanceis computedfrom the center
of q j to the currentcameraviewpoint. The cameraviewpoint is
usually the default, but may have beenchangedby the reorienta-
tion stageof the planner. An exampleof resolvingsucha tie is
presentedin �gure 7. If q j is symmetricto other partsin Qi all
of thesesymmetricpartsaresequencedusingthevisibility/distance
ordering,beforeany otherpartsin Qi . This ensuresthatsymmetric
groupsof partsareaddedin sequenceoneafteranother. Finally all
of the non-signi�cantpartsin Qi areaddedto the assembly. This
sequencingstageproducesa sequencePj ;Pj+ 1; ::: of subsetsof Qi .

4.2.2 Omitting Repetitive Operations

Since repetitive operationscan make instructionsunnecessarily
long and tedious,we also omit repetitive part attachmentopera-
tionsin thesequencedeterminationstage.Omittingrepetitivesteps
requirestheuserto labelgroupsof partsthatrequiresimilarattach-
mentoperationsassimilar-action groups. Given a setof partsPj
we wish to attachwe considereachpk 2 Pj andcheckhow many

partsin thesimilar-actiongroupfor pk have alreadybeenattached.
If somesimilar-actionpartshave alreadybeendepictedin full de-
tail we skipdepictingtheattachmentof pk by removing it from Pj .
Userscandecidehow many similar-actionattachmentsto show in
full detail beforethey areskipped. By default only the �rst two
suchattachmentsareshown in detail.

4.3 Reinser ting Fastener s

Oncewe have chosenthenon-fastenerpartsPj for eachassembly
stepwe reinsertthe fastenersconnectingPj to the earlierpartsin
theassemblyAi . If F is thesetof all fasteners thenwe can�nd the
setof fastenersconnectingany setof partsP to any otherpartin the
assemblyas:

Fasteners(P) = Contacts(P)
\

F (6)

Similarly we candeterminethe fastenersconnectingPj to earlier
partsAi as:

Fasteners(Pj ;Ai) = Fasteners(Pj )
\

Fasteners(Ai) (7)

Weaddthesefastenersto Pj beforepassingit to thenext stage.

4.4 Reorientation

For someobjectsthe default cameraand object orientationscan
be usedfor the entire set of assemblydiagrams. In many cases
however, thedefault orientationsmaynot beappropriatefor every
assemblydiagram. Therearetwo primary reasonsto reorientthe
objector thecamera:to put theobjectin a morenaturalorientation



for thecurrentassemblyoperationandto improve thevisibility of
parts.Thereorientationstagehandlesbothcases.If theobjectis re-
orientedwe maintainthereorientationfor all subsequentdiagrams
in thesequence.

If the current assemblystep contains a signi�cant part for
which an orientationpreferencehasbeenspeci�ed we �rst apply
the preference. We then considerwhetherreorientingthe cam-
era could improve the visibility of the parts in the currentstep.
To determineif camerareorientationis necessarywe compute
maxpk2Pj (Vis(pk;Ai

S
Qi � pk)) , the maximumvisibility percent-

agefor eachpart in the currentsubsetPj with respectto all the
otherpartsin theassembly. If this upperboundon partvisibility is
low (wehave foundthata thresholdof 35%workswell), wesearch
for a new cameraorientationthatwill increasevisibility.

Thecamerareorientationsearchcomputestheminimumvisibil-
ity of all partsin Pj from a smallsetof alternative viewpointsand
choosestheviewpointproducingthelargestminimumvisibility. As
Blanz et al. [1999] have empirically shown, peoplehave a strong
preferencefor viewing mostobjectsfrom above andat obliquean-
glesratherthanfront or sideviews. We selectthealternative view-
pointsfor our camerareorientationsearchbasedon these�ndings.
Sincetheobjectorientationis known, wehavea frameof reference
andwe cansetthe camerato look down at the object from either
theleft or right side.

5 Presenter
Thepresenterrendersthesequenceof assemblystepsoutputby the
plannerasa seriesof eitherstructuraldiagramsor actiondiagrams.
Wedescribetechniquesfor renderingbothtypesof diagrams.

5.1 Structural Diagrams

Eachstructuraldiagrampresentsall partsattachedin the current
step j along with all the partsseenin earlier stepsin their �nal
assembledpositions.Thepartsarerenderedusingthecurrentcam-
era viewpoint V j and object orientationM j . Figure 5 shows an
exampleof suchstructuraldiagramsasgeneratedby our system.
While suchstructuraldiagramsaretypically providedwith toyslike
LEGO,for many assembliesthey canbedif�cult to follow because
theusermustcomparebeforeandafterdiagramsto �gure outwhich
partswereaddedin eachstep.

5.2 Action Diagrams

Action diagramsaregenerallyeasierto follow thanstructuraldia-
gramsbecausethey spatiallyseparatethepartsbeingaddedin each
stepfrom theearlierparts.They alsousediagrammaticelementsto
show how andwherethenew partsattachto theearlierparts.

To generatean action diagramfor assemblystep j, we �rst
choosethedirectionin whichwe wantto separateeachof theparts
in Pj from the earlierparts. We thenseta separationdistancefor
eachpart and �nally placethe guidelinesbetweenthe parts. We
considereachof thesestepsin detail.

5.2.1 Choosing the Separation Direction

Sincethegoalof anactiondiagramis to spatiallyseparatetheparts
beingattachedin the currentstepfrom the earlierparts,the sepa-
ration directionfor eachnew part shouldbe chosento maximally
separatethenew partfrom theearlierparts.Moreover, thedirection
chosenfor partpi 2 Pj mustbeinterference-freewith respectto the
partsattachedearlier, A j . That is, theseparationdirectionmustbe
oneof thedirectionsin RemoveDirs(pi ;A j ). Wechoosethesepara-
tion directionfor pi astheinterference-freedirectionthatallows pi
to escapetheboundingboxof earlierpartsA j asfastaspossible.

p1

p2

p4p3

p1

p2

p4p3

Structural Diagram Simple Action Diagram

Figure8: Oneapproachto generatingactiondiagramsis to translatethe partsbeing
attachedin thecurrentstepp2; p3; p4 awayfrom theearlierpartsp1 by a®xeddistance
alongtheseparationdirection(up in thiscase).But becauseall thenew partsaremoved
a®xeddistance,this approachmaynot separatethenew partsfrom oneanother.
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p2


p1


p3
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In this example,suppose
we areaddingpart p3 to the
assemblyconsistingof A j =
f p1; p2g. Of the four prin-
cipal directions in 2D, the

only free directionsfor p3 areup andto the lef t. To choosebe-
tweenthemwe�rst lookupContacts(p3;A j ) andcomputeabound-
ing box for thesecontactparts,asshown in green.We alsolook up
the facesof p3 that are in contactwith partsin A j and compute
thecenterof theboundingbox for thesecontactfaces,asshown in
red. We thencomputethe distancefrom the contactfaces'center
to thecontactparts' boundingbox in eachof the feasibleremoval
directions. The direction yielding the shortestdistanceis chosen
astheseparationdirection. In this casetheseparationdirectionfor
p3 is up, sincethis directionallows p3 to exit theboundingbox of
the earlierpartsp1 and p2 fastest.If thereis a tie in the shortest
distancewe pick thedirectionthat is pointing towardsthecamera
viewpoint.

5.2.2 Setting the Separation Distance

A simpletechniquefor settingtheseparationdistancefor theaction
diagramis to translateeachpartin thecurrentsteppi 2 Pj bya�x ed
distancein theseparationdirection.However, asshown in �gure 8,
this simpleapproachdoesnot alwaysproducethe desiredresults.
While thenew partsareseparatedfrom the earlierpartsthey may
not be separatedfrom another. Notice that the partssit oneatop
anotherin theseparationdirection. To properlysetthe separation
distancefor thesepartswe must�rst determinethis stackingrela-
tionshipbetweenthem.

Building Stacks We de�ne a stack asa sequenceof partswith
threeproperties:1) all the parts(except the �rst) sharethe same
separationdirection,2) thepartssharea stabbingline in thesepa-
rationdirectionand3) eachpart is in contactwith thenext part in
thesequence.The�rst part in thesequenceis calledthebasepart.
It providesananchorfor thestackandmayhave a differentsepa-
rationdirectionthantheotherpartsin thestack.Creatinganaction
diagramrequiresbuilding a treeof suchstacks.

To build a treeof stacksfrom any setof partsP we begin by
groupingthepartsin P by separationdirection.Let G beonesuch
group. We look up the directionalblocking graphfor the partsin
G alongtheseparationdirection. Sincetheseparationdirectionis
interference-freefor all partsin G, this directionalblockinggraph
cannotcontaincycles.However, thegraphmaybedisjoint.

We iteratively build a treeof stacksfrom this blockinggraphin
a greedymanner. Startingfrom a part gi at the root of the block-
ing graphwe form a stabbingline throughthecenterof gi and�nd
the maximal sequenceof partsin P that include gi andmeetthe
otherstackconditions(sameseparationdirection,sequentialcon-
tact). We considerboth directionsof the stabbingline aswe are
building thesestacksequences.The furthestpart on the stabbing
line in thenegative separationdirectionis chosenasthe basepart
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Figure9: Sideview of two wheelsof theTV stand.(left) Guidelines(in green)gener-
atedfrom thecenterof thewheelboundingbox (in red)do not passthroughthestem
of the wheelandlook awkward. (right) Guidelinesgeneratedfrom the centerof the
contactfaces'boundingbox correctlypassthroughthestemof thewheel.

for thestackandmayhave a differentseparationdirectionthanthe
otherpartsof thesequence.Eachpartaddedto this stacksequence
is removed from G. We thenupdatetheblockinggraphfor G and
iteratethestack-building procedureuntil G is empty.

Expanding Stacks Usingthesestackstructureswe canproperly
separateall thepartsin eachstack.Givenastackexpansiondistance
d we startat the baseof eachstackandtranslateeachsubsequent
partin thestacksequencebydistanced fromthepreviouspartalong
theseparationdirection. In this way thetotal translationaldistance
accumulatesaswe move down the stacksequence.If a non-base
part pi in thecurrentstackis alsoa basepart for anotherstack,we
translateall partstheotherstackby thesamedistancewe translate
pi . Thustranslationspropagaterecursively throughthestacktree.

To createactiondiagramswe build stacksfor thecurrentsetof
partsPj . We alsocombinethe setof previously attachedpartsA j
andincludethegroupasa singlepartwith no separationdirections
in the stackbuilding process.This groupedsetof previous parts
providesa goodbasepart for all of the stacksbuilt in this stage.
Note that this stackbuilding processcanalsobe usedto generate
explodedviews of the entireobject. In this case,we build stacks
from all of thepartsin theassemblyratherthanjust thepartsin Pj .

Most previous systemsfor generatingexplodedviews have re-
quiredusersto manuallyspecifythestackingrelationshipsandex-
plosiondirectionsfor eachpair of parts[Rist et al. 1994;Driskill
andCohen1995].A notableexceptionis RaabandRüger's [1996]
techniquewhich usesnon-linear3D zoomingto produceexploded
views. However, their techniquereliesontheability to non-linearly
distortthespacearoundeachpart.

5.2.3 Placing Guidelines

Thestackstructuresallow thepresenterto separatethenew partsin
eachassemblystepfrom theearlierparts.However, onedrawback
to separatingthesepartsis thatit canbedif�cult to �gure outwhere
thenew partsaresupposedto attachto theearlierparts.Thealign-
mentbetweenthenew partsandpreviouspartsmaybeambiguous.
Guidelinesrunningbetweenthepartsof thestackcanremove this
alignmentambiguity. But, given a stackof partsthe challengein
generatingguidelinesis choosingwhereto position the guideline
endpoints.As shown in �gure 9, simply connectingthe centerof
eachpartmaynotproducegoodresultsfor someasymmetricparts.

Our approachto generatinga guidelineemanatingfrom part pi
is to look up the setof contactfacesbetweenpi andthenext part
in thestacksequence.We computethecenterof theboundingbox
for thesecontactfacesandshoota ray in thepositive andnegative
separationdirections. We then set the guidelinestart point (end
point) to the intersectionpoint of the negative (positive) ray with
the contactfaces'boundingbox. This approachproperlyhandles
many asymmetricpartswithout forcing usersto manuallyspecify
theguidelineendpoints.

If eitherendpointof theguidelinecontainsafastenerwedraw the
guidelineasadottedline. If thepartattheendpointof aguidelineis
a signi�cant partwe draw theguidelineasanarrow in thenegative
separationdirectionto indicatehow the signi�cant part shouldbe
broughtin andattachedto theassembly.

Model ExecutionTime Subsets
Name # Parts Precomp. Planner Vis. Scored/Total
Bookcase 9 20m2s 47.70s 47.04s 13/885
Case27 25 24s 52.36s 45.88s 525/*
LEGO car 61 7m 23s 545.79s 477.06s 99/*
TV stand 9 33m14s 25.19s 24.99s 12/882
80/20Table 13 1m 27s 32.96s 27.59s 16/6840

Table1: Performanceof theplannerrunningon a 500Mhz SGI 320VisualWorksta-
tion. The secondcolumnindicatesthe numberof non-fastenerpartsin eachmodel.
Thesubsetscolumnreportsthenumberof partsubsetsfor whichtheplannercomputed
visibility scoresaswell asthetotalnumberof subsetsanexhaustivesearchwouldhave
considered.Sincethe total numberof subsetsis exponentialin the numberof parts
in the modelwe use*' s to indicatethat the numberis extremely large. The search
optimizationssigni®cantlyreducethenumberof subsetsscored.

5.3 Rendering Style

We renderthe �nal assemblydiagramsusing the conventionsof
technicalillustration[Goochet al. 1998].WeuseGouraudshading
andwe renderthe edgesof the partsin contrastingcolors (black
linesfor thelighter partsandwhite linesfor thedarker parts).Out-
lining theedgesin this mannerhelpsto differentiatethepartsfrom
oneanother, especiallyif they arerenderedin thesamecolor.

6 Results
Severalexamplesof assemblyinstructionsgeneratedwith our sys-
temhave alreadybeenpresented(�gures 1, 5, 7). Two moreexam-
plesareshown in �gures 10 and11.

TheTV standshown in �gure 1 is basedontheTV standweused
in our human-subjectexperiments.Theactiondiagramsshow how
eachpartis to beattachedto theearlierparts.Dottedguidelinesin-
dicatewherethe fastenersconnectpartsandredarrows show how
signi�cant partscan be moved into position for attachment.Be-
causetheleft andright sidesaresymmetric,theplanneraddsthem
to theassemblyin consecutive steps.The input requiredto gener-
atetheseinstructionsis describedin �gure 4. All four wheelsare
addedto theassemblyat thesametime in step5 becausethey are
symmetricbut arenot speci�edto besigni�cant parts.

To generateinstructionsfor the LEGO car shown in �gure 5,
theinput consistedof thepartgeometry, default cameraandobject
orientations,and part symmetries. The planneris able to �nd a
sequenceof stepsthat builds the model in naturallayersfrom the
bottomup while maintaininggoodvisibility for all thepartsadded
in eachstep.Symmetricpartsareaddedtogetherin thesamestep.

Like the LEGO car instructions,the instructionsshown in �g-
ure10 weregeneratedfrom minimal input: partgeometry, default
orientationsandsymmetries.Note that this object,which we re-
fer to ascase27, wasdevelopedasa test for our systemanddoes
not representany real-world object. In �gure 12 we show an ex-
plodedview of thisobject,whichis generatedusingthesamestack-
building machinerywe developedto produceactiondiagrams.

The input requiredto generatethebookcaseinstructionsshown
in �gure 7 includesanorderingconstraintforcing the frameto be
attachedbeforetheshelves.Sincethebackof thebookcaseis part
of theframe,it is attachedin step4. Thesystemthenautomatically
reorientsthecamerato ensurethat theshelveswill bevisible. The
shelvesaresymmetricto oneanotherandaddedin sequence.With
additionalinput specifyingthattheshelvesareattachedvia similar
actionsthesystemwould automaticallyomit steps8 and9.

The table shown in �gure 11 is built using a standardizedset
of industrialpartsdevelopedby 80/20 Inc. [2003]. The partsare
modularandcanbeusedto designmany differenttypesof assem-
blies; this tableis just oneexample.In additionto thepartgeome-
try anddefault orientations,wespeci�edapreferredorientationfor
showing thetraysrestingon thetable.This forcesthereorientation
shown in step13 of the instructions. We also labeledall the L-
shapedbracketsasrequiringsimilar attachmentoperations.Thus,



Figure10: Assemblyinstructionsfor case27.Theplacementof theguidelinesis automaticallychosento show how thepartsattachto oneanother. Theguidelinesconnectthecenters
of theboundingboxesof contactfacesratherthanconnectingthecentersof parts.In step3 theguidelinesproperlyshow how therectangularpartsslideinto themainhull.

6 87 9 10

11 1312 14 15

1 32 4 5

Figure11: Assemblyinstructionsfor a tablebuilt from the80/20standardizedparts.The®rst six stepsdetailhow two of theL-shapedbracketsareusedto attachpartsof theframe.
Theplannerthenomitsthesedetailsin subsequentsteps.Becausethefastenersaremuchsmallerthantheotherparts,they canbedif®cult to seein theoriginaldiagrams.Wemanually
addedtheinsetsfor the®rst 3 stepsto make thefastenerseasierto see.

only the�rst two bracketattachments(steps1 through6) areshown
in full detail. In step7 andbeyondtheinstructionsno longershow
thenutsandboltsrequiredto securethebracketsto theframe.We
manuallyaddedthe insetsfor the �rst 3 stepsto make the fasten-
erseasierto see. SeligmannandFeiner[1991] have proposedan
automatedapproachfor designingsuchinsets,andwearecurrently
exploring thepossibilityof addingthis techniqueto oursystem.

Theperformanceof our systemis presentedin table1. Therun-
ningtimeof thesystemis dominatedby thelow level geometricand
visibility computations.We have not focusedon optimizing these
partsof the systemandbelieve that moresophisticatedlow-level
algorithmscouldincreasethespeedof thatcode.The�nal column
of the tablereportsthe numberof subsetsfor which we compute
thevisibility scoreaswell asthetotalnumberof subsetsanexhaus-
tive searchwould have to score. As the table shows, our search
optimizationssigni�cantly reducethenumberof subsetsscored.

7 Discussion

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

Two-level hierar chy: Thesystemoperatesonthetwo bottomlev-
elsof thehierarchyof operations(joining signi�cant partsandat-
tachingfasteners).Extendingthe systemto handlesubassemblies
wouldallow for larger, morecomplicatedassemblies.

Single-step translations along principal axes: We only con-
sider single-steptranslationalmotions along the principal axes
whencomputingthe blocking relationshipsbetweenparts. Using
Guibaset al.'s [1995] approachto handlemulti-step translations
androtationsin all motion directionswould increasethe typesof
assembliesoursystemcouldhandle.



Figure12: Explodedview of case27.Ourstack-building procedurecanbeusedon the
entireassemblyratherthanindividualstepsto producesuchexplodedviews. Thealgo-
rithm properlyhandlesbuilding stacksfor differentseparationdirections.As shown in
®gure10,thefour rodsat thetopof theassemblyslideinto thepaddlesandrectangular
partsbelow. After expandingthe stacks,the rodsno longeralign with the partsthey
slide into. Thereforethe systemdoesnot generateguidelinesshowing how the rods
attachto theassembly.

Local interf erence: Blocking relationshipsarecomputedfor lo-
cal pairs of parts that 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-
quence.Wilson [1992]hasproposedtechniquesfor computingthis
typeof globalinterference.
Input of semantic/functional kno wledg e: Our systemis de-
signedto usesemanticand functional knowledgeaboutthe parts
whenit is provided. In practicewe have suppliedthis information
manually. However it maybepossibleto infer someof theseprop-
ertiesfrom the partgeometrybasedon modelsof perception.For
example,it may be possibleto automaticallygrouppartsthat are
perceivedasroughlysymmetric.

Althoughtheseassumptionsdo limit thetypesof assembliesour
systemcan handle,we believe that the overall framework of the
systemis sound.Relaxingany of theseassumptionswould require
localizedchangesto moduleswithin theframework ratherchanges
to theframework itself.

8 Conc lusions

Wehavedescribedasetof designprinciplesfor designingeffective
assemblyinstructionsthatareeasyto understandandfollow. The
principlesarebasedon cognitive psychologyresearchexamining

how peoplementallyrepresentandcommunicatetheprocessof as-
semblinganobject.We have alsodemonstratedanautomatedsys-
tem that instantiatesthesedesignprinciplesandcansubstantially
reducetheeffort requiredto producegoodassemblyinstructions.

Our key insight is thatplanninga sequenceof assemblyopera-
tions that is easyto understandandpresentingthoseoperationsin
a clearandconcisemannerarestronglyinterrelatedproblems.Our
systemis basedonthis ideaandconsidersbothproblemsin parallel
asit is designingtheinstructions.
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