Integrating Open-Domain Sketch Understandingwith Qualitative Two-
DimensionalRigid-Body Mechanics

Jon W. Wetzel and Kenneth D. Forbus

Qualitative Reasoning Group, Northwestern University
2145 Sheridan Road, Evanston, IL 60208384 USA
{jw, forbus}@northwestern.edu

Abstract

Sketching is a powerful modality for thinking through, and
communicating about, mechanical designgQualitative
mechanics reasoning has been applied to sketched input
before but not without succumbing to limitationsdofmain
based recognition or requiring complex annotation and
additional explicit knowledge from the useFhis paper
presents solutions tothree problems in integrating
qualitative mechanics reasoning with a sketch understanding
platfornt identifying objects and foreg discovering regions

of interaction between them, and understanding the effects
of these interactions. We show how the spatial knowledge
available in aconceptually labeledketch is sufficient to
solve the first two problems and enablthe use of
qualtative mechanics to solv@e third. Examples from an
implemented system are used for illustratidmis system is

the first step in a plan to create a sketch understanding
system capable ofproviding corrective feedback for
sketchedengineering design

Introduction

Sketching is a valuable way to work through ideasl
communicatethem to others. This is especially true in
conceptual design, when the feasibility of basic ideas is
under considerationQualitative reasoning seems a natural
fit for such tasks, since precise details are typically
unavailable during this stage of design. However, existing
sketch understanding systems do wmotrently provide
much support for these taskSome existing systems rely
on animation for feedbackin (Alvarado & Davis 2007),

ink recognition is used to set up input for a mechanics
simulator, much the way that Quickg€ohenet al 1997)
was used to set up scenarios for a military simulator.
Unfortunately, it is not clear how useful such animated
output is for desi gn t as ks: | f a st
work, all of the knowledge about why something failed is
hidden within the procedures of the -tifiie-shelf physics
engine. In contrast, galitative causal modelsan be used

to provide explanations, both to desigs and especially to
engineering students learning to design.
approach of Stahoviclet al (1998) provides qualitative
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tedious for experienced designers and not feasible for
novice designers.

This paper describes how we are using a combination of
qualitative = mechang and opemmlomain  sketch
understanding to enable software to reason about forces,
mechanical constraint, and motion from hairdwn
sketches.We begin with our motivating context, coaching
entering engineering students in how to use sketches to
communicag. We then summarize CogSketch, the sketch
understanding system we are using as a platform, and the
qualitative mechanics theories we are building upon. We
describe how we are embedding qualitative mechanics
reasoning into sketebased representationdVe identify
and present solutions fdhree problems in carrying out
this integrationidentifying objects and forces, discovering
regionsof interaction between therandunderstandinghe
effects of these interactionsWe describe some examples
of our sy st eeasdrng, and close with related and
future work.

Helping Students Learn to Communicate

Communication is an mportant skill for engineering
students. At Northwestern®land 2° year engineering
students take Engineering Design and Communicgtio
which teachesboth skills in an integrated manner.
Students working in teams of three or four tackle problems
for real clients Examples include patients at the
Rehabilitation Institute in Chicagevho need new tools to
help them achieve everyday Hkas like chopping
vegetables or trimming their nails, despite physical
handicaps. Students build prototypes of their designs to
explore particular issues, with regular feedback from
potential users. Conversations with instructors revealed
that nB SighiBant Préoferh $héy had R Relbid students
learn to use theisketchesto communicate ideas, both
within the team and talients We are creating a sketch
based system t@ddresshis problem.

The idea of thdDesign Buddyas we are calling it, is to
Aficrash test dummyo for
their designs. They wlilsketch their ideas, explaithe

reasoning about sketches of mechanical systems that seemgats, what they are made of, their intended behaviors, and

to be more useful in such tasks. Howev8ketchlt
required the human user to identify surfaces of interest and
describe the range of their interaction manually. This is

the intended functional roles of the pariBhe system will
reason through theogsible behaviors itself, based on its
understanding of qualitative mechanics, materials, and
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everyday actions. It will compare its predictions of
behaviors with the student
the student questions about discrepancies. Thesg m
include the student not mentioning some critical aspect of
the behavior in their explanation, or predicting a behavior
that the system does not think is possible. This is a very
challenging task, for three reasons: (1) The qualitative
mechanics reasamy must be very general and robust. The
design projects change constantly, and a wide range of
problems arise. (2) The interface must be both sufficiently
natural to not be a distraction, and must incidentally help
the student learn to explain thingsterms that practicing
engineers would use. (3) The coaching software must have
enough strategies to provide students with effective help in
learning how to think about their particular design and the
design process itself. This paper focuses on a pkaticu
aspect othe problem (1), namely, doing robust qualitative
mechanics reasoning in a sketwfised environment.

Background

We briefly review the relevant aspects GbgSketch
our sketch understanding system, and prior work on
gualitative mechanics.

CogSketch

The platform we are using i€ogSketch a publicly
available sketch understanding system built on the
nuSketch architectur@~orbuset al. 2004) CogSketch is

an opendomain system. Most sketch understanding
systems equate understanding ink wdthssifying it as a
symbol drawn from a fixed vocabulary of items. By
contrast, nuSketch systems treat recognition as a catalyst
not a necessity. Pieces of ink (callgtiphs can be
labeled by the userwith concepts drawn from a large
underlying knoweédge base CogSketch automatically
computes a number of visual relationships between glyphs,
such as topological relationshigsising RCC8 (Cohn,
1996) and positional relationships (e.g., above, left, etc.).
CogSketch can also analyze the ink withinghyph,
identifying straightline segments within the ink, corners,
and so forth.

Annotation glyphsare used to provide additional
information about other glyphsExamples of annotation
glyphs include applied forces, axes of rotation, and centers
of mass Arrows are automatically recognized when
drawing annotation glyphs, so that, for example, the
orientation and position of application of force can be
automatically computed.

! We use the contents of OpenCyc, containing over 58,000
concepts, plus our own grou
reasoning and analogy.

Qualitative Mechanics

Q)ﬁr mddé‘l Bf‘adﬁlﬂaﬁvg me%h%rncg % I!)ageﬁ Sn’worlgd?)ﬁje as

by Nielsen (1989) and Kim (1993) Ni el sends
represents direction and orientation in terms of qualitative
vectors (-vectory. For a 2d space, there are 8
translational evectors (right, up, left, down and one for
each quadrant in between) and twwotational gvectors
(clockwise and counteslockwise). All forces/torques and
movements are expressed in these directions.

Objects are represented as sets of surfaces. Each surface
has a parent object, a direction outward from the object
(surface normal)and a direction towards the center of
rotation of the object. Representations for translational and
rotational freedom and constraint are used to state iffwhen
an object can move or rotateForces and motion are
transmitted from object to object througheir surface
contacts, with the net force and net motion determining the
final motion of the object in a given state.

Ni el sends rsepgportedenwisionraenti ob a s
variety of mechanical systepiacluding clocks(Forbuset
al 1991) Ki kéddssewecamore representations to
Ni e | simclnding notions of bounded stuff and flow
fields. Thisenabl ed Ki més sy sdanem
rigid bodies. The end result was a system which could
understand lift pumps, laminar flow over surfacesd a
automobile engines.However, neither of these systems
dealt with handdr awn i nput s. Ki mds
predicate calculus input repr.
could accept as input scanned images of parts, and
automatically simplify the configation sgace it computed
to handle noise. For example, it was able to change
resolution to see a gear train as having only one degree of
freedom, despite noise in the scanned input. However,
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'scanned photographs are far more accurate than- hand

drawn sketchs, making handrawn sketches an even
harder problem. Adapting these qualitative mechanics
ideas to work with handrawn sketches is the challenge
this paper addresses.

In this paper, we restrict ourselves to a subset of
qualitative mechanics, namely idgbody mechanics
involving 2D polygonal bodies. This is an important first
step because it allows fax wide variety otest casewhile
requiring only a subset of the qualitatim@chanics.

Interpreting Rigid -Body Sketches

In this section w begin withan overview ofhethree main
problems we encountd when integrating qualitative
mechanics with a sketch understanding system. We
explain our solutions to these problems through our
system. This includes an overview of tls&etching
processanexplaration ofhow the sketch is translated into

a qualitative representation, ahdw inference is used to
answer questions about the sketched system

p6s extensions for qualitatiyv



Issues with Integrating Sketched Input

The three main problems we encounter when interpreting
rigid-body skéches are: identifying objects and forces,
discovering regions of interaction between them, and
understanding the effects of these interactioi$ie first
problem has often been approached before using
recognition. Howevelin a completely open domainv@n
limited to two-dimensional polygons) this is not an option.

Rather, we must make do with other clues that a human

would understand from looking at a sketch. This includes

the knowledge that arrows are not objects themselves but

rather information thtadescribes or affects the objects in
the sketch.

Identifying how objects in a sketch interact has been
approached by annotatish for instance, specifying
objects be drawn with terminals connecting them. Irda 2
rigid-body system
first this appears trivialput as demonstrated iBrror!
Reference source not found.work must be done to
disambiguate the exact nature of the interaction in a
surface contact. As Nielsen (1988) showed, the
decomposition of a surface intqualitatively distinct

regions depends upon mechanical constraints beyond jus

the surface shape.
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Figure 1: Slightly different positions of contactallow
very different motions.

The problem of understanding the effects of these
interactions ismore easily solved if the representation
generded by the first two stepprovides the appropriate
gualitative decomposition of surfacedNext we explain
how we help users generate sketchesv weconstruct the
decompositions of surfacesnd how qualitative mechanics
is applied tothese representatis to answer questions
about the sketched mechanism.

The Sketch

The user drawshe forces and objectsf thar mechanism
as CogSketch glyphsTheylabelthe glyphs with concept
from its knowledge baseOur system looks for fouabels
of glyphs in paiitular:
1 RigidPhysicalObject
Because we are working in a rigbdy domain this
category identifies all objects of interest.

t h efacdidorgactsniAn a |
three strokearfow glyph is &orceArrow .

glyph that is not an arrow is assumed to Ix@tarigin

tglyph distinction

9 FixedPhysicalObject

This category represents objects that are completely
constrained from moving or rotating (e.g. the surface
of the earth, walls).

q ForceArrow

Force arrows are used to indicate external forces
acting on the system. This includes global forces such
as gravity.

1 RotOrigin

An annotation glyph, marking the point around which
its parent object is free to rotate. An oljedgth a
RotOrigin is prevented from translating in all
directions.
From a user interface perspective timght seem likea
lot of required labeling.However our system makes some

simplifying assumptions. First, we take advantage of

dc Qrﬁﬁcpgnitiarr andasgsume anywo or
Any annotation
for
its parent glyph. Finally, all remaining glyphs assumed
by default to beRrigidPhysicalObject Thus the only
specific labeling required of the user is the annotation
and labeling fixed objects as

CSOé;JS

FixedPhysicalObject
After they are done drawing their sketch, the user can
performany of the followingqueries:
1 Will object x move?
1 Will object x rotate?
1 What forces are on object x?
1 Is the sketched system stable? (Will any object
move?)
Performing a query begins the translation process.
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Figure 2: Blocks in a raw sketch (top left) are
decomposed into idealized edges (bottom right),
simplifvina surface contact detection.

Translation to QM Representation

When prompted with a query, the systeneghs
interpreting the sketch. It is here we solve the first two of
the three problems addressed in this paper: identification of
objects, forces and their properties, and discovering
regions of interaction.



Identifying Objects Forces, and their Properties. The
the sketch, and determine their specific properties.

they directly affect. For each object this includes
identifying the surfaces of that object, and determining
whether the object is fixed, fixealis, or free to move. If
the object is fixeehxis then its center of rotation must be
located

First we check the labeling for each glyph in the sketch

to see if they are a ridiobject and/or a fixed rigid physical
object. This give usthe fixed property Then,each glyph
representing a rigid object is decomposedo irdges
(Figure 2), and each edge becomesified asone or more
surface in our predtate representation.Every surface
also has aormalvector pointing outward from the object
andaguector

will be a line segment. Thus we can infer thath edge
will have only one normal but may haweultiple vectors
towards the axis of rotation.Since the edge is a line
segment there will bep to five surfaces per edgeThe
cases of one, two, and three edges are demonsirated
Error! Reference source not found.
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Figure 3: Straight edges of objectxan be divided
into up to five qualitative surfaces, each with a
different gq-vector in the direction of the axis of

rotation.

If the axis of rotation is not given in the sketch, we

assume a uniform density and choose the center of area of(<== (sufficientlyConstrained ?0
the shape as the axis of rotation. While multiple axes of
rotation may exist over the course af mecla ni s md s

operation our system currently only analyzes one instant
of time.
moment indicated by the sketch and ignore the others
Havingfinished with objects, we move on to forces. The
force represented byaeh force arrow in the sketch is
reified as either a force aa torque If the force is global
then a force iseified with a qvectommatching the direction
of the arrow. If the forcarrow is on a specific surface
then whether it creates a force or taqdepends on the
originDir ~ of that surface. If the arrow the inverse of its
surface normal thea force is applied, otherwise torque
is applied in the appropriate direction. In Error!
Reference source not foundapplying a leftward force

arrow to the tp-right surface would create a counter
first step is to know what objects and forces are depicted in clockwise torque. Applying the same force arrow to the

For surface just below that would create a leftward force.
forces, these properties include direction and the objects

If the force arrow is an anration glyph, a force or

torqueis added for each object that glyph annctatk it is
not an annotation glyph, the force is added for all objects in
the sketch. This allows for global forces such as gravity to

Thus, we choose the axis active at the current

be input easily.

Discovering Regions of Interaction This problementails
finding all surface contact relationslsip This is done by
first identifying all rigid objects which mabe in contact.
This step is straightforwarsince CogSketch automatically
computestopologicalrelations for eah pair of glyphs in
the sketch. For each pair ofintersecting or connected
objects, theiredgesare checked pairwise for contact. If

t o wa radis of tothtien Tbheb | etwat efigeare nearly parallel, in close proximity to each
system is limited to processing polygons, so every edge other, and overlap by a significant amount (that is, not
merely in a line one after another), they are considered in

contact If the edgesantain multiple surfaces, the overlap
is calculated and surface contacbigy reified for the two
surfaces which contain share the midpoint of the overlap

Once all of the surfaces, surface contacts, and forces

have been identifiedthe system is rely to make the
inferences required to

Answering User Queries

After the qualitative representation is complebe system
begins finding the answertoh e user 6 s
at the problem of understanding the effects of the
interacting regions. The user query igassed to our

backchainer, whose rules are an implementation of QM

theory. These rules are written as Horn clauses in which

the first statement is the consequent and the conjunction of

the remaining statements iset antecedent.Some of the
rules are listed here:

Constraining translation for fixed objects:
(<== (transConstraint ?0bj ?dir)
(isa? obj FixedPhysicalObject))

Determining motion constraiirt a particular hatplane

bj ?dir)
(transConstraint ?0bj ?dirl)

(transConstraint ?0bj ?dir2)

(transConstraint ?obj ?dir3)

(op enHalfPlane ?dir ?dirl)

(openHalfPlane ?dir ?dir2)

(openHalfPlane ?dir ?dir3)

(different 2dirl ?dir2 ?dir3))

An open halfplaneisdefire d i n Ni edstheesetd s
of qvectors within 90 degrees of a given direction,
excluding those at exactly 90 degrees.
Left, the open halplane would contain directions Quadl
and Quad4 but not Up or DownThe above rule defines
i sfuifci ent !l vy constrainedo i
constrained in al/l

So for direction

n

answer

query.
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Tranferring constraint through surface contacts:

(<== (transConstraint ?0bj 1 2dir)
(hasSurface ?0bj 17sl)
(hasSurface ?0bj 2 ?s2)

( surfaceContact ?s1 ?s2)
(surfaceNormal ?s1 ?sn)

(sufficientlyConstrained ?ob j 2?sn)
(openHalfPlane ?sn ?dir))
Object 1 cannot move in directiodir if object 2 is

constrained in all directions in thatir 6 s -plead. f
Otherwise object 2 can move one of those directions,
allowing object 1 to move idir .

Freedom is the absence of constraints:
(<== (transFreedom ?obj ?dir)

(isa  ?0bj RigidOb)

(isa ?dir 2DQVector)

(evaluate ?x

(CardinalityFn
(TheClo sedRetrievalSetOf
(transConstraint ?obj ?dir))))
(equals ?x 0))

?dir

Force + Freedom causes motion:
( <== (transMotion ?obj ?dir)
(force ?0bj ?dir)
(transFreedom ?0bj ?dir))
The force predicate here is the net force ondject. In

the current version this must be specified by the user when

the direction of the net force is ambiguous.

Transfer of translatioacross surfaces
( <== (transMotion ?0bj2 ?d2)

(hasSurface ?0bjl ?s1)))

(hasSurface ?0bj2 ?s2)))

( surfaceContact ?s1 ?s2)))

(surfaceNormal ?s2 ?sn)))

(inverseVector ?sn ?invsn))

(openHalfPlane ?invsn ?d1))

(transMotion ?0bjl ?d1))

( openHalfPlane ?invsn ?d2))

(transFreedom ?0bj2 ?d2)))
This rule $ipulates conditions in which obje2twill move
because of contact wiinother moving object, object 1.
The openHalfPlane  relation means that the two directions
are within 90 degrees of each other. This allows an object
to transfer motion through multiple directions if necessary.

Forceappliedto a surfaceria surface contact:
(<== (forceApplied ?s ?sn ?0bj1)
(force ?0bj1 2dir)
(hasSurface ?0bj1 ?s1)
(surfaceContact ?s1 ?s)
(surfaceNormal ?s1 ?sn)
(openHalfPlane ?sn ?dir))

Force appliedo a surfaceausing force on géct:
( <== (force ?0bj ?d ir )
(hasSurface ?0bj ?s)
(forceApplied ?s ?d ir ?c))
Forces are also translated through other objects. In
general, gery force applied through a surface contact gets
applied to the next obft as a translational forcelibth of
the followingconditionshold:
1) Theobject is free to translate
2) The inward normal of the contacturface points
towards the object's axis of rotation

In the version presented here, it is up to the user to resolve
ambiguities in the forces. Theowk in progress includes
rules that try to find the resultant vector of a set of forces,
and resolve ambiguities by asking the user which forces
are larger orby using the magnitudeieid of the force
annotatiorin CogSketch

Torque propagation is not yemplemented in the
current version of the system but it will follow the same
principles. These and other qualitative mechanics
principles areall defined as rules By backchaining
through these rules, the system deduces what forces are
acting on objectand whether they will move.

m is
Figure 4: Two free blocks stacked on a fixed ramp. *
The arrow on the right represents a global jes of
downward force affecting all three objects. The
result is the small triangular block moves down and
right (quad 4) and the square block moves down.

The example shown iRigure4 is based on an equivalent
one inNi el s e n @ke sketohr ckntains a ramp with
two blocks stacked ree upon another and one arrow
pointing downward, drawn off to the left. The arrow is not
an annotation glyph, and the ramp is labeled as a
FixedPhysicalObject . When the user asks for the motion
of all the objects in tls sketch, the system begins to louil

its QM repesentation. First, each of the three ‘aorow
glyphs is decomposed into their respective edges, which
become their surfacesSince he force arrowis not



