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Figure 1: Uniquely Shaped Spaces generates shelving geometries that respond to the contours of everyday objects. For a partic-
ipant’s collection of bones: (a) she photographed each object; (b) generated and curated multiple layout options; (c) selected
one for fabrication; (d) exported joinery-ready parts to assemble. Walls curve around bone silhouettes to capture their con-
tours while balancing spacing between neighboring objects; this guarantees geometric fabricability, not structural engineer-
ing. Preferring a tighter visual fit, she masked her bone images slightly smaller to produce narrower voids; one bone fit less
comfortably, leading her to swap two positions after assembly (see Sec. 5.1.3 for details).

Abstract

Most shelving relies on rectangular compartments that ignore the
contours of the objects they hold. We present Uniquely Shaped
Spaces, an object-driven algorithmic tool for custom shelving gen-
= — ) o ) ) eration. The workflow arranges users’ object silhouettes with sim-
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with five participants as they designed shelves in guided work-
shops and then lived with the fabricated pieces. Our findings show
how participants navigated object geometry, algorithmic search,
and fabrication limits by curating, tweaking, and appropriating al-
gorithmic proposals, and how the resulting shelves supported re-
flection and storytelling. These results point toward object-driven
fabrication systems that foreground objects as generative constraints
and explicitly support negotiation within constraint-driven work-
flows.
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1 Introduction

The practice of displaying meaningful objects through custom-built
environments has deep cultural roots across civilizations. For mil-
lennia, Chinese traditions elevated object presentation through spe-
cialized display furniture, with Ming Dynasty collectors develop-
ing sophisticated practices where architectural framing became as
important as the artifacts themselves [14]. Western traditions sim-
ilarly celebrate object display through cabinets of curiosity (Wun-
derkammer) [40], while religious reliquaries position natural spec-
imens, artistic works, and sacred items to create complex networks
of meaning [20].

These historical practices continue to inspire contemporary ap-
proaches to object arrangement [10, 17, 18, 65]. In 2023, ceramic
artist Tung Chiang created Treasure (Fig. 2) in homage to the Chi-
nese tradition of building custom display shelves for unique arti-
facts. Collaborating with woodworker Eddie Aya, Chiang designed
a piece in which each ceramic object determined the void that con-
tains it, reversing the conventional logic of shelving as neutral sup-
port. “In this case I started with the shelf. I designed it with uniquely-
shaped spaces and created ten pieces to fit perfectly into those spaces”
[13].

Treasure offers more than aesthetic inspiration—it models a way
of designing where existing artifacts dictate structure. Each form
actively shapes the void around it, revealing a reciprocal relation-
ship between object and container. We take this approach as the
starting point for an object-driven stance in computational design:
existing artifacts, rather than abstract primitives or designer-au-
thored templates, define the constraints that a generative system
must satisfy. Whereas many layout and fabrication tools for shelv-
ing begin from pre-parameterized casework, component grammars,
or sketch-based outlines that are later populated with content [25,
27], we are interested in what happens when the objects them-
selves set the terms of the design problem. This object-driven stance
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Figure 2: Treasure by Tung Chiang and Eddie Aya. Pho-
tographed by Derek Yarra.

raises a system-design question: how can an object-driven gen-
erative shelving system take the geometry of users’ own ob-
jects as a primary input while still producing manufacturable
designs that reflect the idiosyncrasies of those artifacts?

Motivated by this perspective and question, we developed Unique-
ly Shaped Spaces, a computational design tool that generates shelv-
ing around the silhouettes of users’ own objects. We study it as
a human-computer interaction (HCI) system: people specify a set
of objects, watch stochastic layout search unfold, curate among
algorithmically generated options, and commission fabrication. Our
system uses a three-stage algorithmic workflow that takes the spe-
cific geometries of users’ objects as primary inputs (Sec. 3). First,
we employ simulated annealing [30] to optimize object layouts
based on a multi-parameter objective function that evaluates spa-
tial efficiency, object distribution, and structural validity (Sec. 4.2).
Second, we use a cellular automata approach inspired by terrain-
based pathfinding [67] to grow shelving structures around the op-
timized object arrangement (Sec. 4.3), producing organic yet manu-
facturable forms that create custom-fitted voids for each object.
Third, we generate vector files with parametric joinery—including
finger, mortise and tenon, and cross-lap joints—allowing direct fab-
rication via laser cutting (Sec. 4.4). Together, these stages instanti-
ate a fabrication-oriented, object-driven pipeline in which object
geometry constrains and shapes manufacturable shelving forms.

To understand the opportunities and challenges of object-driven
design in use, we conducted a five-participant, twelve week study
in which participants designed shelves in guided workshops and
lived with their fabricated shelving for two weeks (Sec. 5.1). This
study was motivated by a second, practice-centered question: how
do people work with such an object-driven, mixed-initiative
system in practice, as object geometry, algorithmic search,
and fabrication constraints jointly shape outcomes? Draw-
ing on this qualitative study, we find that as users work with the
system, they often interpret its shelving designs as emerging from
the objects themselves, a dynamic we describe as object agency, re-
flecting how people attribute agentic influence to the objects they
are displaying.
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Uniquely Shaped Spaces

For HCI and computational fabrication, we make the following
contributions:

¥ A publicly accessible algorithmic design tool ! for gener-
ating custom shelving driven by object arrangements, using
a three-stage approach that builds on simulated annealing
and cellular automata approaches;

¥ Empirical !ndings from a !ve-participant study that de-
scribe how people appropriate, negotiate, and adapt an object-
drivenfabrication tool in practice;

¥ Design considerations for object-drivergenerative fabri-
cation systems that redistribute authorship between objects,
algorithms, and users, and support user negotiation within
constraint-driven design spaces.

2 Related Work

Uniquely ShapedSpacesiraws on prior work in subtractive fab-
rication, "at-pack furniture design, mixed-initiative systems, and

algorithmic aesthetics. Across these areas, we build on established

constraint-aware work"ows while extending them toward object-
drivenlayout generation. We review each strand below.

2.1 Subtractive Fabrication

Across HCI and computational fabrication, subtractive pipelines
converge on a representation-!rst norm: the design representa-
tion encodes the same constraints the fabrication process will later
enforce. This stance appears in (1) mechanisms tuned to cutter
behavior so assemblies tolerate kerf and machine variation [52,
54], (2) work"ows that accelerate nesting and round-trip edits be-
tween sheets and assemblies [1, 53], (3) alternative laser and CNC
pipelines that trade geometric generality for speed or reduced am-
biguity by making machining intent explicit on material [8, 23, 45,
46], and (4) textile work"ows that optimize patchwork and gar-
ment patterns for cut-based fabrication by embedding scrap avail-
ability, material behavior, and assembly constraints directly into
the design representation [31, 35, 36, 38, 44]. Taken together, these
norms keep constraints legible and manipulable so small edits do
not compromise fabricability.

Our work draws direct inspiration from subtractive fabrication
research to inform Uniquely ShapedSpaceswhile also exploring
how centering existing objects—items with personal meaning or
history—reshapes the possibilities for computational design. Car
pentry Compilerencodes joinery semantics and compiles to tool-
specilc operations, enforcing fabrication constraints at design time
[68]. Plan-!rst editors FlatFitFaband CutCAD enforce thickness
and joint semantics in the representation, keeping local geomet-
ric changes fabrication-valid [24, 43]. Kerfmetercloses the loop
by making per-machine kerf an empirical input to geometry [29].
UniquelyShape&pacesxtends these representation-!rst accounts
by shifting the source of geometric constraint from designer-au-
thored components to the objects being displayed: user-provided
silhouettes become the basis for layout, subdivision, and joinery,
while kerf- and thickness-aware export maintains manufacturability.
In doing so, the tool advances subtractive work"ows toward object-
driven layout generation, where heterogeneous, existing objects
determine the geometry that fabrication constraints govern.

Lhttps://deannagelosi.github.io/shelving/
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2.2 Home Furniture Design Tools

Across "at-pack furniture, a recurring pattern pairs non-expert au-
thoring with fabrication-aware constraints across three domains to
turn ideas into algorithmically-generated, cut-ready parts: (1) open
design ecosystems make it easy to share ready-to-build "at-pack
furniture plans for distributed making, using tab-and-slot joinery
rules [19] and patterns that adapt to available sheet stock [50],
(2) commercial pipelines reduce entry barriers by templating case-
work and producing kerf-aware, cut-ready exports [25, 27], and
(3) research on material optimization reduces waste in "at-stock
furniture by reshaping and nesting parts on sheets [32]. These ap-
proaches demonstrate how constraint-aware representations can
guide non-experts toward buildable designs. In our work, we fo-
cus on the elements users manipulate and the interactive steps they
take to arrange them, ensuring that generated designs stay feasible
to build in-home shops and makerspaces.

Select furniture design and fabrication systems inform our ap-
proach. Kyub shows how plate-based kits with constraint checks
sca#told non-expert authoring without compromising buildability
[7]. Lau et al. systematize decomposition of 3D furniture into fabri-
cable panels with explicit connection strategies [34]. Schwartzburg
and Pauly formalize planar-piece constraints (thickness, orthogo-
nality, assemblability) that keep edits valid across the design-to-
fabrication pipeline [55]. Complementing feasibility, Yu et al. cast
interior layout as multi-objective optimization, emphasizing func-
tional !t in domestic settings [69]. While these systems begin from
designer-authored furniture geometry or predetermined shelving
forms, UniquelyShape®pacereverses the direction of dependency:
it treats object silhouettes as hard constraints at authoring time
and, through user-steerable search, derives shelving geometry from
the spatial relationships among the objects themselves. Rather than
fully automating layout, the system surfaces multiple generative
proposals that users choose between. Algorithms generate the in-
ternal subdivision, and whenever the layout changes, the system
automatically regenerates walls and joinery to keep edits fabrica-
ble. Exports encode woodworking joinery semantics, explicit kerf,
and stock sheet sizes for home shop fabrication, extending “at-
pack work"ows to object-drivershelving-specilc design.

2.3 Mixed-Initiative Computational Design
Systems

UniquelyShaped@pacess designed as a mixed-initiative tool that
frames shelving design as a negotiation between fabrication require-
ments and desires for personal object curation. Mixed-initiative
systems stage negotiated control: rather than relying solely on di-
rect manipulation or full automation, such systems choreograph
turn-taking through generation, evaluation, and execution. We fol-
low classic treatments that delne mixed initiative as shared con-
trol with explicit transfers of initiative between user and system
[26]. HCI researchers have created systems that keep human steer-
ing “in-the-loop” during making via bounded, real-time control of
fabrication processes through live, constraint-aware milling [66],
sensor-bounded freehand carving [72], haptic redirection [59], ro-
bot-assisted craft production [60], and in-situ material-aware as-
sembly work"ows that respond to irregular scrap geometries [28].
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Figure 3: User Worklow. (a) Take photos of each object at the same scale.(b) Create a mask of each object on the quarter inch
grid, making adjustments to the pre-generated mask by clicking individual cells. (c) Generate shelving layouts with objects
and select the design to fabricate. (d) Export the selected design asa DXF "le with generated joinery, "nger joints on corners
and mortise and tenon joints at perpendicular intersections. (e) Cut eachboard with alaser cutter. (f) Assemble shelving and

place objects within each void.

Within designresearchmixed-initiative tools have beenread
through lensesof craft and materialspeculationMaterial specula
tion reframesartifacts as co-respondentsather than passivetar-
gets[64], while post-anthropocentridabricationtools suchasBe
ingtheMachindramedigital fabricationasadialoguethat Ospeaks
back @akingnonhumanactorsconsequentiain makingprocesses
[15,16. Craftqualitiessuchascare skill, andappropriateness!er
criteria for evaluatingcomputationaltools [6]. We draw on these
perspectivesn treating UniquelyShapedpacesassupportingsit-
uatedjudgment,where peoplerespondto andre"ne algorithmic
proposalsn relationto the objectsthey careabout.

UniquelyShapedpacesxtendsthis landscapedy locating ne-
gotiation upstreamof fabricationandtreating objectgeometryas
aprimary designinput. SystemsuchasMedley{11] andForte[12]
couple generativeexploration with fabrication-awarestructures
by olering alibrary of parameterize@mbeddablewhosegeome
triesencoddlistinct mechanicatesponsesandstagingaback-and-
forth betweengenerativelayouts and user steeringfor laser-cut
structures.Our systemfollows this line by tying layout genera
tion to user judgment: eachround of algorithmic layout search
producescandidateghat usersassessand selectfrom, and those
choicesdirectly determinewhich designadvancedo fabrication.
We preservefeasibility via constraint-awarerecomputation,akin
to Larssoretal Osuman-in-the-loopbuildswith non-standardized

brancheq33. In our work#ow, initiative is stagedacrossphases:
usersspecifythe setof objects(and masks)and later the fabrica
tion parametersthe systemarrangessilhouettesand grows walls
into fabrication-validshelving;usersthen curateby regenerating,
bookmarking,and selectinga candidatefor fabrication.In sum,
UniquelyShape&pacesamesmixedinitiative asnegotiatecamong
users,algorithms,and objects:objectsset constraints,algorithms
deriveshelvinggeometry,and peopledecidewhat to fabricate.

2.4 Algorithmic Aesthetics

We designedUniquelyShapedspaces part asan exploration of
algorithmicaestheticsor shelvingdesigninsteadof directly mod
eling a "nal pieceof furniture, we encodeproceduresvhosebe
havior becomewisible in families of relatedshelvesAlgorithmic
aestheticdn interfaceand mediaart treatsrules and programsas
amedium,surfacinghow parameterizedystemscangeneratese
ries of outcomesfor human judgment. Interfacescan makelarge
parameteispacegasietto exploreby groupingsimilar designsand
showinghow changesn parameters!ect theresultingshapeg$42,
58. Foundationalaccountssituate thesepracticeswithin longer
traditions of formalizing aestheticchoice[9, 21,47, andinterac
tive artworks show how motion and responsemakethoserules
legiblein use[37,41].
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Figure 4: Object Input. (a) Userssetthe grid dimensions for
the input screento keep scale consistent acrossimages. (b)
They import photos into the tool, which places each object
on a 2D grid for masking. (c) A coarseautomatic slider pro-
vides an initial mask, and (d) users Ine-tune individual grid
squaresfor precision. The selection grid is at a quarter-inch

scale. (e) Savedshapesappear in a sidebar list for later lay-
out generation.

Ourapproactto algorithmicaestheticemergedrom silhouette-
boundedgenerationand curatedselection.Ratherthan exploring
an unconstrainednanifold of shelvesusersboundthe generative
spaceby choosingand maskingobjectsthe systemthen proposes
manufacturablelayouts whose silhouettesand wall patternsre-

lect the behaviorof simulatedannealingand cellular automata.

The aim is not full automation,but to surfacea small set of dis-

tinctive candidatedesigngo recognizeandevaluateasshelvedor

their own objects Deterministicwall growth realizeseachchosen
compositionunder explicit thickness joinery, and kerf semantics
with fabrication-readyexport.In this way, our pipelinecontributes
an object-de"nedgenerativespacein which every candidateis

both visually legible and immediatelyfabricable extendingalgo

rithmic aesthetictoward fabrication-constrainedartifact-driven

form generation.

3 System Walkthrough

In this section,we describehow a userinteractswith Uniquely
ShapedSpace$rom "rst photographingobjectsto exporting cut
"les for fabrication (Fig.3). We ground the walkthrough in a us-
agescenariocreatingcustomshelvingfor a collectionof personal
objects.
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Figure 5: Layout Generation Animation. A sequenceof stills
from one simulated annealing run shows how the shelf
layout evolves over eight seconds (gray object silhouettes).
Early layouts with collision penalties (red) converge to a
high-scoring, feasible layout (green). The !nal panel satis-
les the toolOsconstraints, making the design ready for ex-
port.

3.1 Object Input

Theuserbeginsthe designprocesshy gatheringobjectsthey wish
to displayin their customshelvingunit. Thesemay include per-
sonalmementosgollectedartifacts,or everydayitemsof interest.
They photographeachobjectagainsta white backgroundjnclud-
ing aruler in frame to ensurescaleproportionality betweenob-
jects. Beforeimporting images,they manually set the grid size
basedon the maximum height and width of the objects(Fig.4a).
This keepsall objectsscaledconsistentlyand ensuregthat the re-
sulting shelvingdimensionscorrespondao the physicalcollection.
The userthen imports eachphotographinto the webinterfaceby
clicking the OUploadmageGutton (Fig. 4b), which displaysthe
imagewithin the maskingview.

Thetool providesboth automaticand manualoptionsfor creat
ing objectmasks . Usingthe auto-maskingslider (Fig.4c), the user
adjustsathresholduntil the objectOsutline is approximatelycap
tured. For greaterprecision,they canclick individual grid cellsto
re"ne the mask(Fig.4d), creatingan accuratediscretizedepresen
tation of their objecton the quarter-inchgrid. After savingeach
maskedobjectwith aname,it appeardn a collectionlist of saved
shapes(Fig. 4e). By working with thesesimpli“ed digital shad
ows rather than full 3D models,we aimedto keep objectinput
lightweight while preservingthe essentialcharacteristicsmeeded
for customvoid generation.We discussthe limitations of this ap-
proachin Section6.3.

3.2 Shelving Generation

The user next selectswhich objectsto include in their shelving
design.Eachimported object appearsin a selectabldist where
itemscanbetoggledon or o# by clicking their namesThis selee
tion capabilityallowsusersto experimentwith di#erentsubsetof
their collection,exploring how variouscombinationsmight work
togetherin auni'ed shelvingstructureandre"ning the setof ob-
jectsthey planto display.

Oncesatis"edwith their objectselectionthe userinitiates lay-
out generation After clicking the OGeneratdgiitton, the tool be-
ginsalayoutsearcththat the usercanobservehroughananimated



CHI O26April 139172026 BarcelonaSpain

a

[}
o

[:

t

-

Ef

Lt
= L

b

) & @ @ @ @ @ @ @

Figure 6: Shelving Export. (a) The savedlayouts for selection
and export. (b) Generated boards with joinery dependent on
board intersection type. (c) User-de!lned export parameters,
including board depth and material thickness. (d) Userscan
preview shelving design with boards numbered for assem
bly. (e) The DXF !lle export for fabrication.

visualization (Fig. 5). Objectsmove acrossthe screen,swapping
positionsandrearrangingthemselvessthe systemexploreddiler -
entcandidatearrangementsTheanimationprovidestransparency
into what might otherwisefeellike a black-boxprocessUserssee
thelayoutgraduallytransition from clearlyinvalid con"gurationsN
whereobjectsoverlapor spana largeareaNtowardmore compact
arrangements.

Whenthe searchconvergen anacceptableon“guration, the
animationstopsandthe tool presentsthe resultinglayout and au-
tomatically growsshelvingstructuresbetweenandaroundthe ob-

jects.Userscan generatemultiple layouts by clicking OGenerateO

againandsaveanythatfeelpromising.Savedayoutsappeaiin the
Resultstackon the right, whereuserscanpreview,delete andres
electalternativesolutionsasthey compareoptions.Userscansave
many promisinglayoutsat once,switching betweenthemto com
pare compositionsand negotiatewhich arrangementbestsuited
their objects.

3.3 Shelving Export and Fabrication

All user-savedayouts are availablein the OSolutions@anelfor
export(Fig.6a),andeachselectedayout generatesa setof boards
for fabrication (Fig.6b). Theseboardsautomaticallyinclude joint
patternsthat dependon boardintersectiontype.

Beforeexporting their design,userscanspecifyfabricationpa
rameterghat alect the physicalconstructionof their shelvingunit
(Fig.6c).Theprimary adjustmentis materialthicknesswhich must
accountfor both structural requirementsand the capabilitiesof
the fabricationequipmentUsersselectathicknessappropriatefor
their chosenmaterial,and the tool usesthis valuewhen calculat
ing joint dimensionsUserscanalsoadjustthe depthof eachboard,
determininghow far the shelvingwill extendfrom the wall or sur-
faceon which it is mountedbasedon the maximumdepth of all
objects Additional fabricationvalues suchaslaserkerf, the num-
berof pinsandslotsperboard,andmaterialsheetdimensionscan
be"ne-tuned to accommodataepeci'c machinesor materialsizes.

Gelosiet al.

Figure 7: Fabrication and Assembly. (a) Shelveswere cut on a
laser cutter and (b) plywood shelveswere securedwith wood
glue and clamped while drying in smaller subsections be-
fore gluing the entire shelving together. (c) Final !nishes
included sanding cut edgesand !nishing with an oil-based
sealant before (d) the Inal shelving was installed.

With fabrication parametersset,the usercanpreviewtheir as
sembledshelvingby selectingdShowesign@Fig.6d). This visuak
izationshowshow the "nal shelvingunit will look whenconstruct
ed,with eachboardshownin its positionandnumberedo support
assemblyWhensatis"ed,the userexportsaDXF"le that contains
everygeneratedboardwith the appropriatejoinery (Fig.6e).

Thesé'les canbesentto alasercutterto etchandcuteachboard
(Fig.7a).Boardscanthenbegluedtogetherandclampedwhile dry-
ing (Fig.7b). Through fabricationtrials, we found it worked best
to assemblé¢he shelvingin stagegsatherthan all piecessimultane
ously.After beingfully assembledhe plywood shelvesaresanded
to removeburnt edgedeft from the lasercutter (Fig.7c) andsealed
with anoil-based'nish (Fig.7d).

4 Implementation

UniquelyShapedpacess implementedas a browser-basedava
Script application backedby a pipeline for layout optimization,
wall generation,and fabrication export. This sectionoutlinesthe
computationallogic of our object-drivershelving system,show-
ing how 2D object silhouettesserveas primary input to gener
atemanufacturabledesigngfor small-to-mediumwall-mountedor
tabletopshelvedor lightweight collections(e.g.ceramicsmemen
tos).Wefocuson the conceptuabrchitectureanddesignreasoning
that balancegenerative#exibility with fabricationconstraints;full
pseudocodeparametersettings,and algorithmic detailsappearin
the Appendix.

4.1 ShapeRepresentation

Eachobjectis modeledasa 2D shapewithin a quarter-inchgrid

using a multi-resolution approach:high-resolutiondata aids lay-
out generation,while lower-resolutiondata supportsfabrication.
Speci“cally,eachshapestoresa quarter-inch silhouette mask,a
one-inchroundedoccupancymap,and a one-inchbu'er derived
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Figure 8: Simulated Annealing. The progression from HIGH (left) to LOW (right) layout scoresillustrates how the algorithm
iteratively reduces constraint violations. In layouts (a) and (b), the annotated areas show issues such as overlapping shapes,
excessivevoid space,and unsupported shapes.The Inal layout (c)is avalid solution with no overlaps, complete bottom support,

and minimal aesthetic penalties.

from theoriginal mask During pre-processinghetool trims empty
rows and columnsfrom the silhouetteand padsthe result sothat
the quarter-inchgrid alignscleanlywith the one-inchlattice used
for layout. The one-inch occupancymap is createdby aggregat
ing each4! 4 block of quarter-inchcellsand marking it occupied
if any underlying cellis llledNa conservativerule that preserves
irregular contourswhile reducinghow many layout possibilities
the algorithm hasto consider.The one-inchbu"er is producedby
expandingthe silhouetteoutward by oneinch onthe top andsides,
ensuringsu#cient clearancefor wall thickness joinery, and kerf
during fabrication.Layout optimizationandwall generationoper
ateon a one-inchgrid using bu“ered shapesso every boardseg
ment spansat leastone inch and the resulting shelvingremains
fabricable.

4.2 Layout Optimization

UniquelyShape&pacearrangeobjectsonthe one-inchoccupancy
grid using simulatedannealing(SA)[3( to producemultiple ac
ceptablemanufacturabléayoutswith distinctspatialqualitiesthat
userscanbrowseand curate,leveragingSAOstochasticsearchto
yield diversehigh-quality solutionsacrossndependentuns. Our
implementationfollows standardSApracticebutadoptshreemech
anismsshownto supportbroaderexplorationin prior work: atem-
perature-dependenhovementange[4§, stagnation-triggereate-
heating[22], and a multi-start scheme[7(. Theseadditionshelp
the searchavoid prematureconvergenceandsurfacevaried,fabri-
cation-validarrangements.

4.2.1 Objectivd~unction.To evaluateecachcandidatdayout! ,we
useaweightedobjective" (! ) that combinedve terms#,$,%, &,
and' re$ectingmanufacturability,packinge#ciency, and coarse
aestheticbalance(Fig. 8). The overlapterm # penalizesintersec
tionsbetweershapesensuringthe!nal con!guration isfabricable.

Thevoidterm$ penalizedargeunusedregions.encouragingnore

etfcient packing and reducing unsupportedspans.The ground

ing term % penalizeshottom-row objectsthat do not make con+

tactwith the shelvingbaseservingasasimpleload-pathheuristic.
The areaterm & re$ectsthe overall footprint of the shelving,fa-

voring compactarrangementsand the ratio term ' discourages
extremeaspectratios that yield visually awkward or structurally

fragile forms.

The optimizerevaluateghesetermsandranksphysicallyvalid
layoutsaccordingto their combinedscore Weightsettingsfor each
componentweredeterminedempirically through iterative testing.
Asthe searchproceedsyusersmay saveany valid con!guration en
counteredenablingcomparisoramongmultiple workablealterna
tives.

4.2.2 Movemen®perationsand TerminationCriteria. To explore
the layout spacegachiteration perturbsthe current con!guration
by shifting a randomly selectedbjectalongone of eight cardinal
or diagonaldirectionson the one-inchgrid, or by swappingthe
positionsof two objects Movemagnitudesscalewith temperature,
meaningthat earlyin the searchthe optimizer makesbroad,multi-
cell adjustmentswhile later iterations focuson !'ne relnements.
This stochastimeighborhoodstructurehelpsthe searchescapale
terministic patternsandsurfacediversearrangementsAn anneat
ing run endswhenthetemperaturecoolsbelowaminimumthresh
old, whenthe iteration budgetis reachedor when the userstops
the processRatherthan terminatingautomaticallywhen progress
stalls,the optimizerreheatsafter prolongednon-improvemental-
lowing it to escapdocal minima and continue exploring distinct
layouts.Thebestvalid con!guration encounterediuringarun pro-
ceedsto shelvinggeneration,and usersmay generateadditional
candidatesf desired.
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Figure 9: Cellular Automata. Selectedsnapshotsfrom onerun (intermediate stepsomitted; left to right). (a) The tool populates
inactive cells at the perimeter (red border) and bottoms of each shape (colored lines); active cells start at the ends of each
bottom shelf (colored circles). (b) After three steps,two active cells meet and merge. (c) Three active cells meet inactive cells
and die. (d) The processcontinues until all cells are inactive ('ve stepsfor this layout).
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Figure 10: Terrain Scoring. (a) Cells with a score of 0 (e.g.,
bottom-right) represent unconnected areas. (b) The process
continues until all such zero-valued cells are resolved, en-
suring full connectivity acrossthe terrain.

4.3 Shelving Generation

Onceavalidlayoutis chosenacellularautomaton(CA)[67 gener
atesinterior walls that divide the shelvingunit into object-specilc
compartmentsThis subdivisionmustre"ect objectirregularities,
maintain manufacturableorthogonalgeometry,and satisfy fabri-
cationandassemblyconstraints Classicabpatialsubdivisiontech-
niquesNsuchasVoronoi partitions [62 andmedialaxescomputed
with straight-skeletonmethods[2]Nprioritize geometricregular
ity, producingpartitions at arbitrary anglesand often missingthe
deepconcavitiesandprotrusionsof realobjectsIn contrast,agrid-
basedyrowth modelguaranteeperpendiculaiintersectionswhile
allowing walls to Ocontour@ objectsilhouettes o#ering both di-
rectional control and surfacesensitivity.

4.3.1 TerrainScoringandCellularGrowth. Tomakecellulargrowth
responsiveto objectgeometry,the system!rst assignsa terrain

scoreto everygrid squarein the selectedayout through anitera-
tive neighbor-countingprocessin the Irst round (Fig.10a),each
emptygrid squarecountshow many of its eight neighbors(includ-
ing diagonals)makecontactwith the shapeleavingany remain
ing grid squareswith a scoreof 0. If there are any squareswith a

scoreof 0, all squaregarticipatein anotherround;in subsequent
passesgachgrid squarecounts how many neighborshave non-
zeroterrain values(Fig. 1(b). We repeatthis propagationuntil all
grid squareshavenon-zeroscoresyresultingin a connectivity gra-
dientaroundobijects.

Fromthisterrain, the systemthenderivespathvaluesalonggrid
edgeshetweenadjacentsquaresThesepath valuesare what the
CA useduring wall growth to decidewhereto movenext. Edges
thatlie betweensquaredelongingto di#erentshapesreassigned
theminimum possiblevalue forming Ovalleysthatencouragavalls
to grow betweenobjectsratherthanthroughthem.Edgesetween
squaresssociateavith the sameshapednsteadtakeonthe average
of their two terrain scores producing higher Omountains®here
objectssit and moderateslopesthrough openspace.

After assigningterrain and path values,the systeminitializes
the CA that will form the walls of the shelvesInactive cellsare
placedalongthe perimeterandat the bottomsof the objectsto de-
Ine the boundarygeometry(Flg 9a). Active cells,eachassigned
aunique Ostrain @re positionedat the endpointsof thesebottom
supportsandbeginexpandingacrossheterrain onestepatatime.
At eachiteration, every strain selectsits next move by compar
ing the path valuesof its neighboringedgesadvancingtoward lo-
cally minimal costandmergingwhen strainsmeet(Fig.9b and9c).
Strainsterminatewhenreachinganinactivecell or when entering
bu#erregionsaroundobjects;onceall cellshavebecomenactive,
growth is completeandthe systemdisplaysthe resulting casede-
sighasthe post-animationoutput (Fig.od).

4.3.2 Recursiv®pportunity Scoring.While terrain and path val-
uesguide growth locally, someregions of a layout contain nar-
row passagesr shallow concavitieswhere a purely greedystep
would trap a strain in a deadend. To addressthis, we incorpo-
rateaboundedspatiallook-aheadhat estimateghe quality of sewv
eralfuture stepsbeforecommitting to the next move.Ratherthan
choosingthe singlebestadjacentedge eachactivecell evaluatesa
short sequencef possiblemovesNupto ! stepswith | =4 in our
implementationNcomputingan opportunity scorethat re"ectsthe
cumulativecostof advancingalongthat micro-path.
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Figure 11: Parametric Joinery. (a) We detect board intersec-
tions and categorize them ascorners, perpendicular, or cross.
(b) A joinery type is applied to each intersection: box, mor -
tise and tenon, and cross-lap, respectively. (c) These joinery
types are usedto generate exported boards.

Eachactivecell assignsan opportunity score! (*,#,$) to step
ping from cell (", #) in direction$. This scoreaccumulateshe im-
mediatepath costfor taking the current stepwith the bestpro-
jectedcostovertheremaininglook-aheadexploringforward moves
(left, up, andright) from the resulting positions.Invalid movesin-
cur alarge penalty,and deterministictie-breakingensuresepeat
ablegrowth. Becaus¢he opportunity scoresarerecomputedat ev-
ery iteration from the current grid state,the look-aheadremains
local and lightweight: eachcell considersonly its own potential
trajectoriesand doesnot attemptto predict other strains®ehav
ior. Instead,it detectswhen a seeminglyattractive adjacentstep
would quickly leadinto a deadend with no valid continuation
andredirectsthe strain toward an alternatepath,improving over
all connectivity and reducingincompleteor invalid compartment
formations.

4.4 Parametric Joinery

After the CA algorithm completesshelvinggrowth, the tool con
vertstheresultingwall layoutinto individual boardswith paramet
ric joinery for fabrication.As in prior computationalfabrication
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systemsthat prioritize manufacturablegeometryover load bear
ing simulation[7,43,69, this iteration of UniquelyShapedspaces
focuseson geometricfabricabilityNobjectsdo not overlap,walls
form aconnectechetwork that partitions the shelvingregion,and
boardintersectionsmapto joinery typesthat canbe cut from pla-
nar stock.Thepipelineguaranteeshesegeometricconstraintsbut
doesnot estimatesti!ness or mechanicakafetyunderload.

Thetool "rst analyzeghe CA outputto identify horizontaland
vertical wall segmentsgrouping contiguouscell lines (constant#
for horizontal,constant” for vertical),and mergingadjacentseg
mentson the sameaxisinto continuousboards.Eachboardis as
signeda unique identi"er, orientation, and coordinateframe an-
choredatits smallercoordinatevalue,ensuringdeterministicjoint
detectionand simplifying downstreamfabricationlogic. We iden-
tify threetypesof intersectionson boardsNcornerperpendicular,
and crossing(Fig. 11a)Nwhich are mappedto joinery strategies:
box joints at corners,mortise and tenon joints where one board
meetsthe faceof another,and cross-lapgoints where boardscross
(Fig.11b). Theserelationshipsarerecordedo track both joint type
and position and parameterizegachfeature using user-speci'ed
materialthicknessand shelvingdepth.

Lastly, the pipeline converts parameterizecboardsand joints
into DXF"les (Fig.11c) suitablefor lasercuttersandrelatedequip-
ment[5]. The DXFexportincludesthreelayers:(1) sheetoutlines
de"ning materialboundaries(2)cut pathscontainingall boardand
joint geometrywith kerf compensatiorapplied;and(3)labelsthat
number eachboardto supportassemblyA board-packingalgo
rithm arrangesparts acrossone or more sheetsto maximizema
terial e#ciency within user-de"nedsheetdimensions.

5 Evaluation

We evaluatedUniquely ShapedSpacesising two complementary
approachesFirst, we conducteda twelve week,in-situ userstudy
with "ve participantsto examinehow objectgeometry,algorith-
mic searchandfabricationconstraintsjointly shapedshelvingde-
sighsandhow peopleworkedwith andrespondedo the tool from
initial objectselectionthrough living with the fabricatedshelves.
Becausé&JniquelyShape@®paceis mixed-initiative,we focusedon
userexperienceandthe algorithmOgole,adoptingasmall-N,inter-
pretivist study designcenteredon rich accountsof useratherthan
summativemeasure®f performanceor e#ciency.

Seconddrawing on the objectmaskscreatedin the study, we
ran an algorithmic stresstest to systematicallyprobe how cor+
sistently the pipeline producedgeometricallyfabricableshelves
acrossabroaderangeof objectcombinationsTogethertheseanal
ysesshowthat object-drivemesigninvited rich engagemenipngo
ing curation, and negotiatedcontrol betweenusers,their objects,
andthe algorithm,andthat the pipelinereliably generatedyeomet
rically valid shelvingacrosshousandsof randomizedtrials while
still exposingrare corner-casdailuresthat revealthe systemQan-
its.

5.1 User Study

We conducteda twelve week, in-situ study with "ve participants
recruited from the "rst authorOgrofessionalnetwork, following
establishegbracticedn qualitativefabricationresearctwheredepth
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Figure 12: User Study. (a) Maria used her collection of bonesthat she found while hiking. (b) Sophia brought a collection of
items that held special meaning around the words ObirdhouseGind Ohome (c) Quinn focused on functionality of housing both
sentimental objects alongside everyday items. (d) Drew brought objects of importance to the design workshop, noting many
were collected during travel or gifted from friends and loved ones. (e) Kai explored an experimental sculpture for engaging
with ceramic shards inspired by works from artist David Altmejd [4, 39]. Photos show shelves after two weeks of use, during
which all participants except Drew changed at least one object position from the original generated layout.

of engagemenin small-Nstudiesyieldsricherinsightthanbroader
sampling[49,56. Participantsrangedin agefrom 24b5&earsand
representeda mix of artistic and technicalexpertiserelevantto

working and designingwith physical objects.Drew (they/them)
wasamediastudiesprofessorandartist; Kai (he/him)wasaceram
icist and MFA student;Maria (she/her)wasa mechanicabngineer
with CAD experienceSophia(she/her)was a ceramicartist and
teacher;and Quinn (they/them)was an information sciencePhD
student.All namesare pseudonymsParticipantsreceived$200in

compensatiorfor their time and elort and kept the shelvesthey
designedAll studyproceduresverereviewedandapprovedy our

universityO#nstitutional ReviewBoardwith informed consent.

5.1.1 StudyDesigrandDataCollection.After recruitment,partic-
ipants met for an initial planning sessionto discussthe objects
they intendedto useand to understandthe toolOdasiccapabilk
ties.Then,participantsattendedatwo hour designworkshop(two
workshopswith two participants,one workshopwith one partic-
ipant), during which they createdshapemasks,exploredlayout
variations, and selecteda "nal layout for fabrication. After our
teamfabricatedtheir shelvingunits, participantslived with them
for at leasttwo weeksand completeda semi-structurednterview
at their installation site and photographedheir shelvinginstalla-
tions (Fig.12). Our researchteamhandledfabricationbecausehe

studywasdesignedo focuson how peopleengagedvith the gen
erativework#ow andlived with the resultingshelvesrather than
on their ability to fabricateor "nd time and resourcesto do so.
This structure allowed us to observeboth real-time engagement
with the generativesystemandlonger-terminteractionswith the
resulting artifacts.

We collectedmultimodal dataacrossthe study: screenrecord
ingsof all tool interactions,video of objecthandlingduring work-
shopsaudiorecordingsof participants®erbalrettectionswritten
notescompletedafter designsessionsandsemi-structurecexit in-
terviews conductedin eachparticipantOsiome, studio, or o$ce.
Fabricationand deploymentwere staggeredaseachshelvingunit
required2b3daysfor cutting, assemblyand”nishing; participants
begantheir two week in-situ period as soon as their individual
unit wascompletedTogethertheserolling deploymentsspanned
twelve weeksin total while allowing us to maintain detailedcap
ture of eachparticipantOprocessAnalysisfollowed an opencod-
ing approachinformed by Straussand CorbinOgroundedtheory
methodology[57], usingiterative comparisoracrossvorkshopbe
haviorsvia screerrecordingsandworkshopvideos artifact traces,
andinterview accounts.

5.1.2 ObjectSelectiormndInteractionsParticipantsarrivedatthe
workshopswith distinct collectionsof physical objectsthat mat
tered to them. Somebrought long-accumulatectollectionsfrom
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Figure 13: Object Interactions and Navigating Algorithmic
Intent. (a) Drew positioned objects in spaceto imagine the
generated shelving design. (b) Sophia held an object up to
the interface while selecting shapes.(c) Kai compared two
shelving designs in parallelNone with seven objects (left)
and one with eight (right)Nand recorded dimensions to de-
cide how to stack his acrylic units. (d) Maria trimmed the
masking on her shapesto reduce the overall size of the gen-
erated shelving.

everydaylife andtravel, suchas small gifts, souvenirs,and keep
sakes;others focusedon more functional items they wanted to

housealongsideafew sentimentapiecesOneparticipantexplored
amorespeculativeassemblageisingceramicfragmentsandsculp
tural componentsas material for an experimentaldisplay. Taken
together,theseobject setsmixed personalartifacts, practical ob-
jects,and curatedcollections,emphasizinghow the tool needed
to respondto the contoursand meaningsof speci'c things rather

thanabstractdimensionsandhow thesechoiceswould later shape
participants@nteractionswith the generativework"ow.

During the workshop,severabparticipantsarrangedheir physi
calobjectsonthetableto imaginethe spatialfeelof eachcon!gura-
tion. DrewandSophiafor instanceheldobjectsn spaceelativeto
othersto anticipatehow compartmentamight frame them before
committingto ageneratedayout (Fig.13a-b).Theseo#-screertac-
ticsre"ect known patternsin fabricationpractice wheredesigners
integrate materialjudgmentand embodiedcueswhen evaluating
computationaloutputs [28, 60, 77, suggestingthat object-driven
systemsmay needto accommodatéoth on-screenand material
modesof exploration.Echoingthis material framing, Kai later re-
"ected in his post-studyinterview that certain objectsOwantedO
particular positionswithin the shelving,interpreting the systemOs
designproposalsasthe outcomeof competinggeometridn“uences
rather than deliberatealgorithmic choicesThis anthropomorphic
languagehighlights how participantsat times experiencedheir
objectsasactiveagentsin the generativeprocess.

5.1.3 NavigatingAlgorithmiclntent. Participantsapproachedur
mixed-initiative tool through varying approache®f rapid genera
tion to deliberateanalysis.Drew and Quinn generatedayoutsin
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rapid successiomo sweepacrossnany possiblecon!gurations be-
fore committingto a'!nal design.Theytreatedeachrun asaprobe
into adi#erentregionof the designspacesuggestinghat they let
the objectsleadthe designcreation.In contrast, Sophiaand Kai
advancedmore slowly, evaluatingeachcon!guration in detail be-
fore decidingwhether to requestnew variations. They both had
visions of what they wanted their shelvingto look like, but not
all of that designintent could be expressedo the system.Sophia
wantedtall andnarrow shelvingfor her birdhousebut the objects
sheusedfor shelving generationtendedtoward short and wide
designsTo addresshis, sheremovedone of her objectsfrom lay-
out generationand found a resulting designto fabricate.Kai ex
plainedthat the systemOneedeuy interpretation(and setout to
stacktwo shelvingunits "at on a surfaceto createa clearacrylic
sculpturehousingceramicobjectsakin to David AltmejdOartwork
Flux [18. He imported two setsof objectsinto separateébrowser
tabs,moving betweenthe two to comparethe generateddesigns®
outer dimensionsfor stacking(Fig.13). Sophiaand KaiOinterac
tion patternsindicatethat userscan alsotake the leadin mixed-
initiative systemsjdentifying opportunitiesto pushbackagainst
object-driverdesignto assertagencyover the resulting shelving
design.They alsohighlight the needfor strongermechanismgo
bookmarkpromisingcandidatesndto expresgonger-termdesign
intentionswithin the tool itself.

Mariaalsoadopteda user-ledstance approachinghe toolOsin-
derlyingmechanisnwith curiosity andadesireto fully understand
it. This diagnosticapproachwas sparkedwhen shewantedto un-
packwhy her thin and delicatebonesoften producedlargerthan
expectedvoids;sheexplainedin her Inal interview: OlfUniquely
Shape®paces]id thejobfor sureputtherewasthequestionOHmm,
whyOd/ou do that?OTo explainwhat was happeningOundethe
hood Gve showedMaria a diagnosticmode,not intendedas part
of the designwork"ow, that displayedthe bu#ersaround object
masksand madethe step-by-stepcellular automatawall genera
tion visible (Fig.13d). With this information, shedecidedo reduce
the size of her object masksin order to reducethe size of their
resulting voids. This mostly achievedher intendede#ect,though
onevoid wasslightly smallerthan sheanticipated which resulted
in her swappingtwo bonepositionsupon receivingthe shelving.
This pattern showsthat, for someusers,object-drivergeneration
becomes way to reasonaboutthe systemOgternal rules, point-
ing to the value of exposingintermediaterepresentationdor de-
buggingandbetter aligning systembehaviorwith users@xpecta
tions.

Takentogetherthesecontrastingapproachesesonatewith prior
work on mixed-initiativeinterfacesandinteractivefabricationtools,
which emphasizefiumansteeringand situatedjudgmentin guid-
ing algorithmic processe$12,16,26,66,72. While participants
welcomeda degreeof algorithmic surprisefrom UniquelyShaped
Spaceghey alsowantedthe systemto recognizeand respectcer
tain intentions,pointing to opportunitiesfor future versionsof the
tool to surfacesuchparametersasadjustablevithout undermining
its generativecharacterTheseapproacheso navigatinggenerativ-
ity alsoshowthat participantstreatedalgorithmicaestheticdessas
aninvitation to seekglitchy or arbitrarily strangevoidsandmore
asaway to browsefamiliesof plausibleshelveghat might !t their
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Figure 14:Fabricated Shelvesin Everyday Use.(a) When they
no longer had alint roller to 't avoid in their design, Quinn
placed a PokZmon plushie to !l the void. (b) Sophia moved

her shelving around her home into three di"erent rooms,
but landed on putting it on her mantle alongside other art
pieces. (c) At the time of our interview, Drew shared that
the shelving had already sparked conversations with others
who encountered it in their o#ce. (d) Inside his studio, Kai
shared his processashe continued working with the ideato
make a multi-layer sculpture using the acrylic shelving.

objectsandintentionsNhighlighting both the promiseandthe lim-
its of object-driveresignfor generativefabrication.

5.1.4 Fabricate@®helvem EverydayJse.Throughthe workshops,
all participantssuccessfullygeneratedshelving layouts that pro-
ducedgeometricallyfabricableDXFexports,andeachshelvingunit
wasassembleavithout post-processinglhe!nal unitsrangedfrom
12b30nchesand were fabricatedin plywood or clearacrylic, de-
pendingon the preferenceof the participants.Becausewe fabri-
catedand assemble@achunit sequentially participantsreceived
themon arolling basis.Participantsthen installedtheir shelving
in avariety of contextsNincludinghomeo"ces, studiospacesand
sharedliving areas(Fig. 14). The physical shelvesmatchedtheir
generatedyeometryand accommodatedhe objectsselecteddur-
ing the workshopslater photosin this sectionre#ectparticipantsO
own rearrangementsiuring deploymentrather than issueswith
It.

Onceinstalled,we observedhe shelvesbecomingactive sites
of ongoing curation and reinterpretation. Participantsdescribed
rotating objectsthrough the compartmentsastheir needsandin-
terestsshifted,addingnewitemsovertime, or relocatingthe shel\
ing within their hometo seehow it alteredthe surroundingspace.
Quinn, for instance replacedobjectsseveraltimes: OEverythings
speciato me.But noneof it is speciakenoughor expensivenough
that havingthat kind of shelvingvouldhavefelt aproposSol amex
citedfor it in the sens¢hat my belongingsvill continueto circulate
aroundthe houseand IOllhaveto Ind stu" that Its neatlyin each
shelf((Fig.14a). Sophiaexperimentedboth with wherethe shelw
ing lived andwith how herobjectsweredistributedacrossts voids,
movingpiecedrom onecompartmento anotherbeforesettlingon
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amantelinstallation (Fig. 140). OWhasurprisednewasthe desire
to wantto movethe piecesround[physically].| constantlywanted
to rearrangat.Oln DrewOsasethe shelvingpromptedcolleagues
to askaboutthe displayedartifacts: Olike that the objectsfisplay
allowsa conversatioto takeplacearoundthem.And | loveto think
abouthowobjectsreatesocialexperienceg®ig. 14c). Kai usedhis
acrylic shelvingasa sparkfor amulti-layer sculpture, demonstrat
ing how object-driverforms can extendcreativeinquiry beyond
fabrication(Fig.14d).

Acrosstheseexamplesthe full useof eachshelvingunit was
under-speciledat designtime: the algorithmically derived voids
actedlessaspermanenthomesfor particular objectsand more as
invitations for kinds of things that might later be rotated,added,
or replaced.Participants@ccountssuggestedhat the geometry
of thesevoids mattered:lessrectangularmoreidiosyncraticcom
partmentsoften had a more active Ovoice® shapingwhat they
choseto placewhere.For designersof object-driversystemsthis
raisesquestionsabouthow to planfor unknown futuresNwhether
by constraininguseto relatively stableobjectsets(asin museum
displays)or by explicitly treating shelvingasevolving over time
and consideringhow void geometry,recon!gurability, or adjusta-
bility might supportongoingreinterpretation.In this sensepbject-
drivencomputationaldesigncreatesnot only functional artifacts
butalsoframeworksfor continuedcreativeengagementwherethe
constraintsof algorithmically derivedvoidssca$oldratherthan !x
future arrangements.

5.2 Algorithmic StressTest

Tocomplementhein-situ studyandasseshow reliably the pipeline
performs beyondthe ve workshop sessionswe conductedan
algorithmic stresstestusingall of the shapemaskscreatedby par-
ticipants. After the study concludedwe compileda datasetof 56
objectsilhouettesandran 10,000andomizedtrials, eachdrawing
betweendand13shapeperrun, arangebasednour smallestand
largestnumberof selectedbjectsby userstudy participants.For
eachtrial, the systemattemptedafull passhroughthethree-stage
pipelineNlayoutoptimization,wall growth, andjoinery generationN
and we recordedwhether it produceda valid shelvinglayout. In
this test, we delne Osuccessfuilayoutsthat are geometrically
fabricableunder our pipeline,not structural load bearingguaran
tees.

Usingthis de!nition, the pipelinecompletedsuccessfullyn 9,913
of 10,00arials (99.13%peneratinglayoutswith non-overlapping
objects,connectedwall structures,and joinery-compatibleinter-
sections.The remaining 0.79%of trials failed when the cellular-
automatawall growth becamerappedin rare interior con!gura-
tionsthat preventedthe formation of acontinuousshelvingbound
ary. Theseedgecasedlid not occurin participantsessiondut ex-
posedspecilcgeometriccornercaseshatwereturnto in Sectiorb
asopportunitiesfor improvedrouting andrecoverystrategiesThe
stresstest therefore supportsthe claim that the tool reliably pro-
ducesvalid geometryacrossa wide rangeof realistic objectcom
binations,while alsoclarifying the limits of this guarantee.
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6 Discussion

We examinehow objectgeometryconstrainsthe shelvingforms
the systemcan generate,and how peoplework with an object-
driven mixed-initiative systemasthey movefrom digital layouts
towardfabricatedpiecesOur studyof UniquelyShape&paceshows
that taking objectgeometryasaprimary input canstill yield man-
ufacturableshelvingdesignswith rich variation andthat this con
Iguration makesredistributedauthorshipsalient,openingup new
forms of negotiationandimprovisationasparticipantswork with
the systemOkyout proposals.Taken together, theseresults po-
sition object-drivergenerativefabrication asa way to makenon-
humanconstraintslegibleand negotiablein mixed-initiative tools

ando"er concretepatternsfor future systemghat orchestrateshared

authorshipacrossobjects algorithms,and users.

6.1 Objects asGenerative Agents That
Redistribute Design Authorship

Most computationaldesigntools assumethat form emergesdrom
designeiintent throughdirectmanipulation parametricconstraints,
or sketch-baseéhput. UniquelyShape®pacemverts this pattern
by treating objectgeometryasthe primary driver of the design
spaceThisorientationtoward objectinfuenceresonatesvith HCI
scholarshipon materialagencyand mixed-initiative design.Prior
work demonstratesiow materialsshapedesigntrajectories,high-
lighting reciprocalrelationshipsbetweerhumanintention andnon-
humanin#uence[51,61]. Otherscholarsarguethat formsemerge

throughnegotiationamonghumanactors computationaprocesses,

andmaterialforces[63,71]. UniquelyShape&pacesurfaceshese
dynamicscomputationally:objectscalecurvature,and adjacency
visibly limit and redirect the generativesearchprocess.Partici
pantsrespondedby readingtheselimitations not as algorithmic
errorsbut asexpression®f objectagency.

Participants®ensemakindhereforecenteredon how their ob-
jectsengagedwvith the generativesystem Evenwhenthey exper
imentedto infer systembehavioerorinstance,when Maria ad
justedobjectsizesto seehow void dimensionschangedNshelid so
by manipulatingmaterialrepresentationsather than by working
from anabstractmodelof the algorithm.Thisdynamichighlightsa
concreteopportunity for future computationaldesignsystemsto
treat objectsand other non-humanactorsas!rst-class generative
agentsrather than backgroundconditionsto be satis!ed. Instead
of treating objectgeometryasa static input, we contendthat fu-
ture systemscouldrendertheseconstraintsvisible andnegotiable,
explicitly exposinghow non-humanagentssteer computational
trajectoriesand, in doing so, structurally redistribute authorship
amonguser,algorithm,andmaterialform. This stancenot only ex-
tendsbut operationalize®ngoingHCI e"orts to designtoolsthat
acknowledgenon-humanactorsasparticipantsin multi-initiative
work#ows[3,11,33. Takentogether,thesesystemsandour !nd -
ings articulatea designagendaor computationalfabrication:sur-
facenon-humanagentsasanexplicit, adjustableconstraint;design
interfacesto foregroundhow materialsand other non-humanac
tors as co-creatorsin generativebehavior;and evaluatetools by
how e"ectively they orchestratesharedauthorshipacrossobjects,
algorithms,andusers.
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6.2 Negotiation and Improvisation Within
Generative Constraints

Generativedesigntools typically o"er variation within a de!ned
searchspacerather than producing a single predeterminedout-
come.Uniquely ShapedSpacesollowed this pattern: eachpartic-
ipant generatedayoutsthat fell within the systemQatended!eld
of possibilitiesbut did not alwaysmatchthe specilc con!guration
they hadin mind. If participantsapproachedhe systemexpecting
an exactarrangementthe result wasoften not fully alignedwith
their vision. Ratherthan abandoningtheseoutputs, participants
treatedthem as starting points for negotiation.Kai, for instance,
openedmultiple browserwindows in parallel to comparealter-
native layouts when the systemcould not producehis preferred
stackedarrangementSophiawho arrived with a cleartargetge-
ometry, found that non-deterministiclayoutsrarely convergedon
it and adjustedboth her objectchoicesand expectationsThis im-
provisation extendedinto fabrication: Maria trimmed the input
shapesof her bonesto shrink their resulting shelving voids and
adjustedwhich piecesshe included so they would !'t, adapting
aroundthe systemQspnstraintsacrossdigital and materialstages.

This pattern echoesroaderobservationdgn computationalde-
sign and making: generativesystemsare most e"ective when de-
signersseekinspiration or alternatives,not deterministicconver
gence Prior work in improvisationalcraft and hybrid fabrication
showshow designersvork with computationaloutputsassugges
tive structuresthat invite interpretation rather than preciseblue-
prints [16,28,36,72. Smallirregularities or unexpectedarrange
mentshecomeopportunitiesfor situatedjudgmentratherthanbar
riersto completion.In this light, the frictions participantsencoun
teredwith UniquelyShapedspacesvere lesssignsof failure and
more promptsfor creativeadjustmentmirroring material-centric
practiceswhere designerscontinually reconciletool suggestions,
materialbehavior,andevolvingintent.

Extendingthis perspectivesuggestslesignopportunitiesfor fu-
ture constraint-drivengenerativesystems.The object-drivercon
straintsin UniquelyShape®pacedsderivedfrom silhouettespu'er
regions,andwall growth behaviorNde!nedthe spaceof viablelay-
outs while leaving room for userinterpretation and adjustment.
Making theseconstraintsmore legible and steerablecould better
supportnegotiationasal!rst-classinteractionpattern.Mechanisms
suchaslocalizedregenerationpartial constraintfreezing adjustable
clearancespr lightweight direct manipulationof regionswould al-
low usersto relne outcomeswhere it mattersmostwithout col-
lapsingexploratoryvariation. Designingfor this style of improvi-
sationalnegotiation positionsgenerativetools not asenginesfor
perfectconvergencebut aspartnersthat proposeusersrespond,
andboth arereshapedhrough ongoinginteraction.

6.3 Limitations and Future Work

While UniquelyShape&pacedemonstratefiow object-drivergen-
erativity can provoke engagementnd re#ection,its current for-

mulation has severalboundariesthat matter for future systems.
Our pipelineguaranteegieometricfabricability but doesnot model

loadbearingperformanceThegeneratedhelvesaaremanufacturable,
not engineeredor sti"ness,which maylimit adoptionfor largeror
safety-criticalinstallations.Ourrepresentationathoicesntroduce
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related constraints:2D silhouettesomit depth and surfacedetail,
theglobalbuler cannotexpreser-objecttolerancesandcellular-
automatawall growth canstill becomerappedin rareinterior con-
"gurations (0.79%of 10,000stresstest runs), with no user-facing
recoverybeyondregeneratingalayout. Empirically,our studycap
turesasingledesign-and-builgpasswith "ve participantsandtwo

weeksof in-homeuse;we do not yet know how generativelypro-
ducedshelvingbehavesinderlongerterm materialwear,changing
collections,or dilerent fabricationcontexts.

Thesdimitations point to concreteopportunitiesfor future object-

drivengenerativeshelvingtools. On the systemside,future work
couldcombinethe layoutandwall generationpipelineswith light-
weightstructuralcheckqe.g. maximumdistancebetweersupports,
simple supportpath heuristics,or rules calibratedfrom empirical
load tests)for constructinglarge,load bearingshelving;incorpo-
rate richer shapeacquisition(2.5Dor 3D capture,per objectclear
ances)o allow shaperotation during layout generation;and add
morerobustrouting with automateddetectionandrecoverywhen
growth becomegrapped.While our wall generationstrategycan
yield facetedor jaggedinterior partitions,we intentionally did not
smoothor simplify theseshapesdn this iteration, treating expres
sivecontouringasadesignfeatureratherthan optimizing for min-
imal part count; for larger,load bearinginstallations,future work
could pair thesegenerativestrategieswith additional structural
heuristicsor smoothingpasses.

Onthe interaction side,our "ndings highlight how usersnegc
tiate constraintsduring designandcontinueto reinterpretthemaf-
ter fabrication;future systemsanbuild on theseinsightsby expos
ing constraintlevelcontrolsandsupportingincrementakecon"gu-
ration andadd-onfabricationovertime. Togetherthesedirections
treatthe limitations of our prototype not as#awsto be hiddenbut
asdesignchallengesfor more expressivereliable,and negotiable
object-drivergenerativefabricationsystems.

7 Conclusion

We presentedJniquelyShape&pacesnobject-drivemlgorithmic
designtool for shelvinglayout and fabrication. The tool couples
simulatedannealingfor layout optimization, cellularautomatafor
shelvinggenerationandautomatedoinery andboardcreationto
producemanufacturableshelvingdesignsthat centerspatialrela
tionshipsbetweenartifacts,enablingarrangementsarely seenin
conventionalshelving.Our evaluativeuser study showsthat tak-
ing objectgeometryasa primary constraintcanstill yield a wide
range of feasibleforms while keeping shelving designsfabrica-
ble.Participantstreatedtheir objectsasgenerativeagentsandthe
systemQgroposalsaspromptsfor negotiationandimprovisation,
using the resulting shelving as ongoing sites of curation, re#tec
tion, and storytelling. These"ndings point toward object-driven
constraint-awaregenerativesystemshat surfacenon-humancon-
straints as "rst-class, support tactical #exibility within bounded
searchspacesanddeliberatelyredistributedesignauthorshipacross
objectsalgorithms,andusers.
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A Layout Optimization (Simulated Annealing)

This appendixprovidesimplementationdetailsfor the simulated
annealing(SA) procedure.Our formulation follows the standard
SAalgorithm of Kirkpatrick et al. [3( andincorporatesthree es
tablishedextensionsusedin prior work: temperature-dependent
movementranges[4§, stagnation-triggeredreheating[22, and
multi-start initialization [7(. We include here only the parame
ter settings,movement-rangéunction, andpseudocod@ecessary
for reproducingour system.The full SA pseudocodeppearsin
Algorithms 1EB.

Gelosiet al.

Temperature-Dependent Movement Range

During optimization,eachshapemay movebetweenl and5 grid
cellsper step,dependingon temperature We de"ne a movement
rangefunction:

)= % a(! max!
0! "min
with ! min = 1, ! max = 5. Algorithm 2 queries! (") eachitera-
tion, allowing coarseexplorationearlyin the run and"ne-grained
adjustmentas" cools.

"min) +! mins

Cooling and Reheating

We usea geometriccooling schedule' +1 = #"1 with adaptive
updatesto #. When a new bestsolution is found,#; is increased
slightly (boundecdaboveby 0.99 to permitextendedselectivesearch.
To avoidprolongedstagnation the algorithm reheatswhen no im-
provementhasoccurredfor $eneatiterations:

min(%', "o),
after which # resetsto its basevalue.Thesemechanismselp the
searchescapeshallowlocalminimawhile still convergingreliably.

Multi-Start Structure

Beforere"nement, the systemperformsé&starts short, fast anneat
ing runs from randomizednitial layouts.Eachrun usesadistinct
temperaturescalingfactor and a slightly acceleratedooling rate
(0.7%4#). The bestresultis then re"ned with a slower,near-conver
gent schedule.This multi-start strategyyields diverse candidate
layoutsandimprovesthe likelihood of identifying a compactfab-
rication-valid arrangemenfor usercuration.

Objective Function Components

Forcompletenessye list the exactformulationsof the "ve terms
usedin Equation(1),alongwith their weights' - :

(= (numOverIapl)[#! , "¢ =30
#6
* = (sizevoid)?", ' g =40
1=1
+ = (numBottomSpacd) [F#, '+ =30
, =totalArea#' (, (=01
%
$aspectRatio’Q $ .
= —— , ) =20
targetRatio

Parameter Settings

Forreferencewe usethe following defaultparameteraluesin our
implementation:

¥ minimum temperature’ min = 0.1

¥ maximumtemperature! o = 10000

¥ iteration budget:itermax = 1000

¥ reheatingthreshold:$eneat= 100

¥ movementrangebounds! min = 1,! max=5
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Thesesettingsfollow standardSA practiceand correspondo the
valuesusedin Algorithms 1E2.

Algorithm  1: MI"#$S#%&#46'( R)*$") (S+"#$+ A",
N%"$'-)
Input :Shapeset! ; starttemperature' o; coolingrate #;
maximumiterationsitermax, minimum
temperaturé' min;
numberof starts$starts; re-heatcounter¥%eneat
Output :Bestoveralllayout found &

0to $starts” 1do
& ! RandomLayout )

for !

1

2

3 "1 Mg 1" "?ns

4 #ms I 0.75#

5 & ! Anneall&," , #ms itelmax " min, %ehea?
6 end

.

&bestt arg miny, Scord&)

8 &! Anneal&est 0.1"g, 0.99 itermax " min» %ehea)

9 while AValid(&) do

10 | &! Anneal&" o/ $starts 0.99 itermax " min, %ehead
11 end

12 return &

B Shelving Generation (Cellular Automata)

Thisappendixprovidesthe full computationakpeci!cationfor the
shelving generationstageinspired by cellular automata[67], in-
cluding path scoring,recursiveopportunity scoring,andthe cellu-
lar automatarulesusedduring growth. The coregrowth loop and
updaterulesaregivenaspseudocod@ Algorithms 466, with rule
categoriesummarizedn Tablel.

B.1 Path Scoring Function

Path scoring assignsa costto eachedgethat an active cell may
traverseEachedgg = ()1,)2) receivesavaluebasedntheterrain
of its adjacentgrid squares.

Let" ()) denotetheterrain valueassignedo square) during the
iterative neighbor-propagatiorprocessThe path scoringfunction
is

&1, if )1 and)2belongto di"erent shapes

*01)2) =
§$T(%)+$ %) otherwise

1)

Edgedetweendi"erent shapeghereforeform low-costvalleys,

while edgeswithin a region inherit averagederrain values,pro-

ducingridgesunderobjectsilhouettesandmoderateslopesn open

areas.
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Algorithm 2: A")%"
Input :Initial layout &, starttemperaturée' g, coolingrate
#,
maxiterationsitermay, minimum temperature

" min,
re-heatcounter%nheat
Output : Bestlayout found &

1 & ! & "1 "o + # , 1 0
2 for -1 Oto itermax" 1do

s | )

4 | &1 CreateNeighbof&.,. )

5 | 10! Scord&)" Scord®)

6 | if10<0$% rand() < ("'&% then
7 &! &

8 if Scord&) < Scord& ) then

0 | &1 & , ! 0, +! min(++001 099
10 end

11 else

2| |+

13 end

14 T+

15 if , > %pnheatthen

16 | "1 min(1","g); +! # ,! 0
17 end

18 if " <"minthen

19 | break

20 end

21 end

22 return &
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Algorithm 3: CI'#$"N"%&/()!

(&™"H$" *'+$ #*H,

)-$%)")

© o N o g b~ 0w N P

e PR
® N o o0 R o N BB

Input :Currentlayout! containingshapeset"”;
movementange#

Output : Perturbedayout! !

11" 1 (deepcopy)
$" randint(Q,["| #1); % "[4

moveType" randint(1,9)

if moveTypeé 8then

('&!")" directionVecto(moveTypg %ot
9" YR+ & W " U+

else

repeat

| (" randInt(O,["| # 1)

until (! $
(9% ) &

"10.&"10.)
end

if %" %&<0) % < Othen
| Recenter(!")

end

MakeLayouf! ')

CalculateScorg ')

return !!

Algorithm  4: G!).C",,/

: Main CA Growth Loop

® N o oo A W N e

Input  :shapeset! ; layoutsize(",# ); pathsP;recursion
depth$; terrain cap%
Output :!nal cellulargrid G
CreateTerrain ()// construct terrain heights
CalcPathValues(P)// compute path scores
MakelnitialCells (G,!)// seed perimeter & shape bottoms
while AliveCount (G) >0do

GrowOnd&s, P, &,%

UpdateAlive (G)
end
return G

Algorithm 5: G!).0*0"

: AdvanceOneActive Cell

© 0 N4 O O » W NP

=
P o

12
13
14
15
16
17
18
19
20
21

22
23
24

Input  :grid G; pathsP; activecell &; terrain cap%
Output :& updated(deactivatedr extended)

if |Alive (, ()| > 1then

\ &" MergeStrains(', () // Mergerules (M1bM2)
elseif |Dead’, ()| > Othen

| &alive" false// Crowding rule (M3)

end

if A&alivethen

| return

end

" " {left,up,right} // possible moves
foreach) (" do

) .valid" IsValidOption (&,), %) // elimination rules
(E1DE3)
if ) .valid then
| ).score" OppScoré&.,))
end
end
" ) valid}
if * =*then
\ &.alive" false// no valid move
end
else
)! " ChooseDirection (&," ) // selection rules
(S1DS5)
Addcell)! .',) ! . & (1))
end
return

Table 1: Rule Categories for Algorithm 5

Category

Description of rules

Merge

Elimination

Selection

merge,onesurvives.

M2. PassingNactiveellsthat crossmerge onesur-

vives.

M3. CrowdedNactive meets dead cell + active

dies.

E1.No backtracking.

E2.No growing through shapes.

E3.0ut of boundsdisallowed.

S1.If only oneoption exists,takeit.
S2.Prefermovestoward di"erent strains.
S3.Preferlower-costpaths.
S4.0nties,keepdirection.
S5.Deterministictie-breakfor repeatability.

M1. StandardNmultiple active cells at ((,"')
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Algorithm 6: O!!S"#$% RecursiveLook-Ahead

NP

© © ~N o ua

11
12
1
14

w

15
1
17

o

18
1

©

Input  :parent! at ("o,#o); option$ = (dir,", #); recursion
depth%
Output :opportunity score&(lower = better)

if AlnBounds(", #) then

| return 1
end
» Py groldir], %= (
0, otherwise
Q! ({left,up,right}
foreach) " Qdo
).val! Py« [).dir]
).valid! IsvalidPath (!,))
if # " Guiur :A .alive$' strain! ! .strainthen
| ).vall 1
end
end
if CellTrapped(Q) then
| return %
end
if %= Othen
| return ' o+ ming yaig). val
end N #
return ' o + mMing yajig ). val + OppScorg!, ), %& 1)
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