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ABSTRACT 

Diagrams are used in many educational settings to convey physical and spatial information.  Sketching is used, in 

turn, to test studentsô understanding of course concepts. The availability of Tablet PCs offer an exciting opportunity 

to create intelligent tutoring systems which automatically provide students with feedback on sketched work, and to 

create systems which can capture knowledge via interaction with people. However, for such systems to provide use-

ful and relevant feedback, the software must be able to interpret diagrams that students have drawn.  Interpreting 

diagrams correctly requires an understanding of some basic depiction conventions common in diagrammatic repre-

sentation.  Here we describe how to combine general semantic information about objects in sketched diagrams with 

geometric information from the sketch to aid in the interpretation of regions and edges. This system is implemented 

as an extension to the CogSketch sketch understanding system.     

 

Categories and Subject Descriptors (according to ACM CCS): I.2.10 [Artificial Intelligence]: Vision and Scene 

Understanding).   

 

1. Introduction  

Diagrams are used throughout education to clarify physical 

and spatial concepts which are not easily conveyed through 

text alone.  This is especially common in the sciences and 

engineering.  For example, consider the figure below 

which shows a diagram taken from an online middle school 

science resource describing the layers of the Earth: 

 

Figure 1. A diagram from an online 6th grade earth 

science curriculum teaching students about the different 

layers of the Earthôs interior. 

Much like diagrams can be used to convey information, 

sketching is often used to test student comprehension of 

spatial and physical concepts.  For example, a baseline 

worksheet for incoming students in a geosciences class at 

Northwestern University included the following question: 

ñDraw a picture of the Earthôs interior. The circle 

represents the Earthôs surface and the dot is the very cen-

ter of the Earthò (an outline was provided, inside which 

the students sketched an answer).   The availability of Tab-

let PCs creates an opportunity for creating electronic ver-

sions of assignments like these.  Electronic worksheets 

could incorporate intelligent tutoring systems, providing 

students with real-time feedback on their work.   

One challenge for automatically providing feedback is 

the huge variability in student answers to open-ended 

sketching questions.  For example, consider Figure 2, 

which shows three different student answers to the geos-

ciences worksheet question. 

  
 

Figure 2.  Three examples of student responses to the 

question ñDraw a picture of the Earthôs interior...ò taken 

from an introductory Geoscience course. 

As you can see, the student sketches vary greatly in the 

amount of detail provided and in the depiction conventions 

used.  Being able to correctly interpret all three sketches is 

a huge challenge for symbol-recognition oriented sketch 

understanding systems.  Such systems try to match user 

drawn ink to a fixed catalogue of known symbols.  For 

some domains, such as electronics and UML diagrams 
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[AD04] [AOD02], this is a reasonable approach.  But for 

many domains in science, engineering, and mathematics 

education, symbol-based aproaches are inapproriate.  

Certain spatial aspects of the objects depicted in Figures 1 

& 2 matter, they are not simply abstract symbols.  Our 

nuSketch architecture [FFU01] is designed to handle 

domains such as these.  It is based on two insights: (1) In 

most human-to-human sketching, recognition is a catalyst, 

not a requirement.  People use language to explain their 

sketches; we provide interface tools for providing 

functionally similar ways to conceptually label glyphs in a 

sketch.  (2) Many of the conceptually relevant relationships 

in sketches are qualitative.  For example, a student who 

drew the regions of the Earthôs interior not quite to scale 

has still produced an acceptable answer, whereas leaving 

out a layer or putting them in the wrong order indicates a 

misconception that should be corrected.  Our approach is to 

model human visual and geometric processing of the ink in 

a sketch, combined with formal representations of 

conceptual knowledge drawn from a large-scale knowledge 

base, to provide open-domain sketch understanding 

abilities.   This is very important for building software 

coaches for open-ended, creative classes, such as 

engineering design, where the set of possible objects is 

extremely broad.  It is also crucial for creating systems for 

knowledge capture, where people build knowledge bases 

by interacting in natural ways with intelligent software.  

Even with conceptual labelling, many interpretation 

problems remain.  One of them is automatically parsing the 

sketch into different edges and regions that represent the 

labelled entities.  For example, in Figure 2, when a student 

draws a circle around the middle dot and labels it ñcoreò 

people viewing the sketch can infer that the entire area 

inclosed by the circle is meant to represent the core of the 

Earth, not just the edge itself.  On the other hand, if the 

student is drawing a solar system (see Figure 3), an orbit 

should be interpreted as only the ink drawn by the user, not 

all the space enclosed by the ink.  Such depiction 

conventions are relatively fine-grained, relying on the 

properties of the object as much as the global context.  

While orbits do not include the area inside them, a similar 

circle indicating a planet does, for instance.   

 

Figure 3. Sketch of the solar system.  Both the orbit and 

the planet are drawn with similar shaped glyphs, yet they 

need to be interpreted differently. 

For sketch-enabled intelligent tutoring systems to give 

useful feedback, they must be able to correctly segment 

sketches to understand student intent.  Another task moti-

vating this work is the use of sketches in multimodal know-

ledge capture.  For example, diagrams in educational mate-

rials are accompanied by explanatory text.  We are creating 

a system that learns from sketched diagrams plus accom-

panying simplified English text.  Being able to correctly 

interpret how entities in the diagram are depicted is essen-

tial for integrating knowledge across modalities. 

Our approach is to use very general conceptual 

information to infer what sort of geometric properties 

should be involved in the depiction of an object, and use 

visual processing on the ink to find (or construct) the 

appropriate spatial entities.  In this paper we are 

specifically addressing the segmentation of entities in 

sketched diagrams into regions and edges.  The key 

distinction is that regions have area while edges do not.  

We call this task spatial extent identification. 

The rest of this paper describes our method for modeling 

this flexible interpretation of depiction conventions within 

the CogSketch system.  First we briefly review some 

CogSketch basics.  Next, we define the particular class of 

problem we are tackling, including an illustrative example.  

Then we describe how we use a combination of semantic 

information and geometric information to determine the 

correct interpretation for the objects in a sketch.  After 

discussing related work, we close with some ideas for 

future work.   

2. CogSketch  

CogSketch is an open-domain sketch understanding system 

built on the nuSketch architecture [FFU01].  In CogSketch, 

each object drawn is represented by a glyph.  A glyph con-

tains both the actual ink drawn by the user and a concep-

tual label.  The conceptual label is supplied by the user and 

is tied to a concept in the underlying knowledge base.  

Currently we are using a subset of the ResearchCyc 

(http://research.cyc.com/) knowledge base (including 

30,000 concepts).  Users can also supply a name with 

which to refer to the glyph.  Names can be any natural 

language string.  For example, Figure 4 shows a screenshot 

of a diagram drawn in CogSketch.  In this diagram, the 

cylinder in the sketch is labeled as a WaterTank  using 

the concept from ResearchCyc and is named ñtankò.  This 

allows the user to refer to the tank simply as ñtankò.  

Likewise, if there were multiple tanks, they could each be 

given different identifying names.  In CogSketch, users 

segment their own ink into glyphs by clicking a button at 

the beginning and end of drawing each glyph.  

Conceptual labeling allows CogSketch to truly be do-

main-independent and allows us to operate in domains 

without clear drawing conventions.  All sketch understand-

ing work must strike a balance between constraints on the 

user and the depth of interpretation that is possible.  While 

segmenting of ink into glyphs and conceptually labeling 

them does require more work by the user, in return they 

gain freedom from recognition errors and the ability to be 

supported by more in-depth reasoning.  Aside from manual 

segmentation, we place no other restrictions on how users 

draw each glyph.  For example, they can use as many 

strokes as they like, connected or not, and can take as long 

as they like.  This contrasts with a common practice in 

multimodal interfaces of using constraints such as time-

http://research.cyc.com/
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Inputs: A sketch S and a query term Q 

(1) Identify the glyph G corresponding to Q in S. 

(2) Extract semantic knowledge about the query term from the KB 

(3) Decide whether Q should be represented via an edge or a 

region, using the decision tree in Figure 8.  

(4) Construct the appropriate edge or region by analyzing G and 

topologically related glyphs. 

outs and pen-up events to automatically infer segmenta-

tion.  For our users, who are often thinking hard about what 

they are drawing, time-outs and pen-up constraints are poor 

segmentation signals and quite annoying to them.   

CogSketch computes a variety of spatial relationships 

automatically, including the RCC-8 qualitative topology 

relationships [Coh96] and connected and contained groups 

of glyphs (see [FFU03] for details).  The digital ink itself is 

also available in subsequent processing, re-sampled into 

constant-spaced intervals from the original time-stamped 

pen events.   

 

3. The Conceptual Segmentation Task 

We define the task of conceptual segmentation to be the 

assignment of conceptual interpretations to regions and 

edges within the sketch.  As noted above, conceptual labe-

ling of ink is necessary, but not sufficient, to solving this 

problem.  Consider the sketch in Figure 4 below showing a 

tank partially filled with water.  We will use this example 

throughout this paper.  This sketch consists of two glyphs: 

one closed polygon representing the tank, and one line 

representing the water.  Figure 5 shows these two glyphs.   

 

Figure 4: A CogSketch screen shot depicting a tank par-

tially filled with water. 

 

 

 

 Figure 5: The glyphs of the sketch in Figure 4.

   

If we simply use the conceptual labels, the system would 

think that the object water in the sketch was only the edge 

created by the water glyph when in fact it is the area inside 

the tank underneath the water glyph.  We could require that 

water be drawn using a closed polygon, but that would 

unnaturally constrain users, and does not scale well.  

We are interested in using the fact that we know we are 

drawing water and what we know about how things are 

typically drawn ï depiction conventions ï to automatically 

derive the correct segmentation of the sketch.  We test 

CogSketchôs segmentations by asking it to highlight the 

region or edge in a sketch representing a specific entity.  If 

the correct area is highlighted, we conclude that the system 

has correctly interpreted that portion of the sketch. 

4. Spatial extent identification  

Spatial extent identification is done through queries in 

CogSketch.  A spatial extent query takes as input a term 

describing a conceptual entity referred to in the sketch, and 

produces as output a spatial entity representing the spatial 

extent of that conceptual entity.  When queried from the 

interface, the spatial extent is highlighted.  Regions are 

displayed as filled polygons while edges are simply hig-

hlighted lines. A step-by-step summary of the algorithm is 

given in Figure 6 and described further what follows. 

Figure 6. Summary of the spatial extent algorithm 

The first step in spatial extent identification is to deter-

mine which glyph in the sketch corresponds to the term of 

the query.  For example, if a user typed ñwaterò into the 

diagram interaction box in Figure 4, the system would 

examine the glyphs in the sketch to find the one named 

water.  In Figure 4, there is one glyph named water which 

is shown in Figure 7. 

 

Figure 7. The glyph in the sketch in Figure 4 that is 

named water.  Note that the water is drawn as one line that 

spans the tank depicted in the sketch. 

4.1 Using semantic information for depiction reason-

ing 

Once the appropriate glyph is identified, we access the 

conceptual label(s) provided by the user.  In our example, 

the glyph being considered is labeled with the concept 

Water from the ResearchCyc KB.  Knowing what the 

glyph represents helps us figure out how to interpret the 

diagram correctly.  For example, ResearchCyc has 335 

facts about water.  This includes information about its role 

in the ResearchCyc ontology and, especially important for 

our purposes, some linguistic knowledge about the term.   


