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Ahbstract

Thiz paper dsscribes an interactive skatching svstem for 3D dezign/modeling that diverts from the comventional
menu-and-button interfaces of CAD tools. The syztem, dubbed SMARTPAPER, offers a unified sketching erviron-
men? that supports divect sketching az well az gestured sketching with mors emiphaziz on ths formesr 1o encourags
nanral sketching stvles. SMARTPAPER also provides a unjfisd 2L} and 31 drawing domain by allowing the uzer
to skeich divectly om a 3D model in addition to the usual 2L sketching from seratch A nanral sketching ex-
perisnce iz gffered by supporting casual sketching consisting of wigel, dizcontirmuous, overlapping strokes. The
system 1= empowered by an array of seamlessly integrated 2D and 3D featwres suck as 2D sketch cleaning. 3D
recomstruction from 2D sketeh, 3D transformations, sketching on 3D, and comventional 30 C5G operations liks
cutting and joining. The kev to the success of SMARTPAPER iz gfficient and robust 3D reconstruction from a singls
freshand 2D sketch with minimal hirnts. We have emploved and improved Lipzon = optimization method, originglly
designed for offling reconstruction qf enginesring drawings, in our intsvactive svstem by leveraging additional

cluss obtained by interaction during sketching

Categories and Subject Descriptors (according to ACM CCS): 133 [Computer Graphics]: Interaction Techmiques,

Pen-bazad Interachon

1. Introduction

Dezsizners m almost all profeszions use a paper and pencil to
make sketches during the earhr stages of design Howerver,
desieming by sketches on computer has been qmte dithecult
bacanze of hardware usabilify 1z3ues. Also, the lack of 3D
seometric Information m sketches and the impracision asso-
ciated with them makes them very difficult to mterpret al-
sorithmically. In particular, 3D meodel reconstruction from a
zinele projectrye sketch 1= 2 mathematically mscluble prob-

lem.

Conziderable research effort has been devoted to pro-
mote design by cketches. Work has been dome to
support sketchimz schemazties [GD96] and actual 3D
models 1n architecture demipn. Lipson and Shmtalm
[L500, SL97, L502, 5196, L596] generate 3D models from
2D sketches, but their systems are non-interactrie m nature.
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SKETCH [ZHH96] represants a fully zesture-based sketch-
me system, which however, can be uninturtre to use if the
gestures are not carefully desizned and are large 1n number.
Teddy [IMT99] emplovs fewer and more mbumtre gestures
but 1t focuses on design of free-form olbjects. We attempt
to mummize thase shorfcommes by providing an mteractrve
sketchmg svstem, SMARTPAPER. that 1= capable of recon-
struching and operating on arbitrary ngid solid gecmetrical
shapes and 15 mtwmitrre to use. SMARTPAPER draws mmsm-
ration from all the seminal work 1n sketch recoznition men-
ticned above fo achieve these goals. The system 13 mple-
mented on a Tzblet PC for a more natural sketching expen-

ence (Figure 1(a)).

We make four sigmficant contmbutions through SMART-
PAPER. Fust, SMARTPAPER presents a umfied skeftching
emvircmment that supports both direct and gestured sketch-
mg, with emphasis on the former. Secondly, SAMARTPAPER
zrves more freedom to the user by supporting casual sketch-
mg styles, where several overlapping discontinuous strokes
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Figure 1: SMARTPAPER at a glance: {a) SMARTPAPER on a Tablet PC, (b) a scems created using SMARTPAPER

could be sketchad. Thirdly, 1t allows a uszer to sketch di-
rectly on a 3D model m addition to making a2 normal 2D
sketch. Fourthly, SMARTPAPER provides a feedback sve-
tem that allows a uzer to examine the interpretation made and
provide hinfs accordingly to 1mprove its performance, lead-
mg to greater user satisfaction. In addibion to sketch recos-
mhon, SAMARTPAPER offers a compendium of Computa-
ticnal Schd Geometry (CSG) operations, synerzistically re-
sultmsg m a practical proof-of-concept systam. Also, it em-
plovs non-photorealiztic randerings technmiques to zrve the re-
constructed objects a sketchy lock. As wnll become evident
m zechon 3, from a user mterface perspectre, the system
combines saamlesshr vanious 2D and 3D operations such 2D
sketchims, sketching on 3D, 3D transformations, cuttne and

Jeinmes.

2. Previouz Work

Mozt skefching systams focus on a particular class of entities
according to therr target applicahon areas. Landay and M-
ers [LAI95] study the application of sketch recosmition m
2D uzer mmterface design. Elscrronic Paper Napkin [GD96]
focuzses on schematic diagrams m conceptual design, also
m towo dimensions. Teddy [IMT99] ams at design of 3D
free-form objects using sketches. Many sketching svstems
[ZHH%6, GD%6, L300, SL.97, LS02, SL9%6, L5%6] focus on
3D nzd objects. SMARTPAPER genarates 3D models of
arbitrary nzd solid objects.

Since sketch recopmtion and mterpretation 1z a mathe-
matically mscluble problem, most sketching syvstems offer
users some constramed drawmg emvironment fo ease recon-
struction. In the system designed by Telba et af [TDAO]]
the usar iteratively sketches objects on paper, scans them
mto the system and ahigns them on a provnded "perspec-
trve gnd". Igarazhi er al [IH01] mteractively generate zus-
zastions as the user sketches. Although this may resultm a
greater recogmtion accuracy as 1t 13 based on selection m-
stead of direct recogmition affer the skefch 15 complete, the
frequent suzgesthions popping up on the screen while the user
1z sketching can be distractine. Also, these are rule-haszed
systems and may not scale well to more general ohjects. Cres-
tured mterfaces hike SKETCH [ZHHZ6] idenhfy gestures

from the mput strokes and mterpret them accordng to a fixed
zat of rules. The performance of these systems and their eazs
of uze criically depend upon thewr abihty to design Inbmtre
and fewer gestures and accuratehr and farthfully recognize
them respectrvaly. Some svstems [IMT29, LBE20] allow di-
rect sketching which does offer more fleubility to the user
without having to leamn many gestures. SMARETPAPER sup-
ports both direct and gestured skatching and reconstructs 3D
objects from sketchy mputs.

Lipson et al [LS96] present an mnovatree approach to
sketch reconstruction of 3D nzid objects bazad on ophnuza-
tion. The mput 1= a scanned sketch. The sketch 1= processed
and comverted mto a 2D graph. This approach then aftampts
to "mflate" the graph by giving surtable Z-coordinates to
each vertex of the sketch aszuming that the drawing sur-
face represents the x-v plane. Theza coordmatez are deter-
mined by optimizztion bazed on gsometne properties such
as parallelizm and perpendiculanty of edzes and faces es-
fimated from the 2D sketch. Sometimes special properties,
such zz skewed symmetry, can be leverazed to make the
optimization process faster [PAC03]. Later, Lipson ef al
[L502] take a learming-basad stahstical approach n which
correlations between 3D cobjects and therr projections are
sat up and are used to 1denhify 3D objects from armtrary
2D projections. Thiz approach requires considerable prior
learnmmg and works satisfactonly for mechanical engmeering
drawmgzs that are more precize 1in nature. SMARTPAPER
employs an array of modifications to Lipson’s approach m
[L596] to delrver an interactrie sketching systemn.

The rest of the paper 15 orgamized as follows: Section 3
summarizes a tvpical user expenence with SAARTPAPEE.
Section 4 provides an overview of the system design, and
Sections > and & provide details about sketch processing,
representation and reconstruction. Sechion 7 descnibes the
feedback system, CS(G operations and provides a discussion
on the NPE techmiques used m SMARTPAPER. Saction §
grves the mmplementation details and pronndes a general dis-
cussion. Fimally, Section 9 identifies avermes for future work.
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fe) Chajeet anetuwing by deawinge a line berween the  fd) Cbieer entting by speciiving o cuniing
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fe) Incrememial constrivckion af @ 30 abject by skefching directly an an existing 30 abject.

(f Corstriciion of @ slightly more compler ohject--a lamp; hoxes skow the steps invelved v
markine the 30 components of the lamp: the lamp base, shaft ond g shade, showe Selow hem
The Loy bose (5 constructed by drawlng a pyramibd aod then cutring It by exivizton. The shaf is
consiructed by drawing If by extruzion. The lamp shade (s construcied by drawlng a penagonasd
pyramid and then cutibeg I by extrasion.  The assemdling siep ls noi showi

Fipure I: Reprezentative features of SMARTEAPER Shadsd fiewres are 30 objects whils others me user sketches, unless
otherwise specifled.
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