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Abstract

Intelligent tutoring systems and learning environments can
provide important benefits for education, but few have been
developed for heavily spatial domain€@ne bottleneck has been
the lack ofrich models of visual and conceptual processimg
sketch understandingso that what students draw can be
interpreted in a humalike way. This paper describeSketch
Worksheetsa form of sketctbased educational sefare that

schematics. In Figure 1, for example, the shape of the
sketch constituentsahich arecalledglyphg aregoverned

by the shape of the entities being describ&pendomain
sketch uderstanding systems(Forbus et al 2008) use
specialized interfaces to avoid the need for recognition,
large knowledge bases to provide a model farh
conceptual structures, amdodels of visual perception to
encode sketches in humbke ways. We beliee that such

mimics aspects of pencil and paper worksheets commonly found systems can help bring the benefits of intelligent tutoring

in classrooms, bytrovideson-the-spot feedback and support for
richer oftline assessments.
worksheets is described, including an authoring enviromthet
allows nondevelopers to create theand acoach that uses
analogy to compare student and instructor sketabes mean®
provide feedback. A pilot experiment where sketch worksheets
were used successfully in a college geoscience class ia(edl

is summarized to show the potential of the idea.

Introduction

Almost no intelligent tutoringsystems exist for spatial
topics. For example, athe 2009 Internatinal Al &
Education conferencenly one paper out of 60 involved
spati al reasoning. Thi s
and intelligent learning environments are unavailable for
highly spatial disciplines, which includes many aspects of
scienceengineering and mathematics A key bottleneck

is sketch understanding®eople bring rich conceptual
structures anda powerful visual apparatus to creating
sketches. Language plays an important role in hdtman

me|a

systems and learning environments to highly spatial

The basic architecture of sketch gomains.
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Paperbased worksheets are a staple in many classrooms.
For example, in a geology class, students might be asked to
highlight a fault on a photograph, or draw the layers of the
Earth. Sketching is a valuable way of learning spatial
relationships. Conseqgently, we are developingketch

human sketching, both because most people are not artistavorksheetsas an electronic analogue to pencil and paper

and because most spatial cepts do not have easily
recognized visual symbols, unlike alphabets and

Copyright © 2010, Association for the Advancement of Artificial
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worksheets, with the goal of making them as widely usable

as pencil and paper worksheets are toda§th pencil and
paper sketching, feedback is delayed, and assedsis

time-consuming and difficult. Witlsketch worksheetsve
can provide rapid feedback to students, and hopefully



make assessment simpler and more efficient, thereby (1) Perceptual processing produces qualitative spatial

improving learning. representations  Qualitative representations quantize
Figure 1 shows asketch worksheet for aphysical continuous properties, making meaningful units that can be
geology class where the ink illustrates h e i n st r manipuatedsymbolaly. Constructing representations of

solution The task for the students is to identify the main segments, regions, volumes and relationships between and
fault in the photograph (black diagonal line in the middle), within them is, we argue, one of the key functions of
noting the marker beds (outlined in purple), hanging wall perception.

and foot wall (large regions ibrown), and indicating (2) Sructureemapping processes are used in visual

which way themarker beds are moving and what their reasoning Ge nt n e-mdpging bebry (Gentnar,r e
displacemerst are (the green arrows and blaclshHaped 1983) defines analogy and similarity in terms of
annotations, respectively).When a student tackles this comparison of structured representations. Qualitative

wor ksheet, they see the phoepegentaignsd pravidetvisualcand spatiak structure twhich c t o

sketch. They draw their own sketch, creating glyphs and is used in analogical operations of matching, retrieval, and
labeling them with concepts from a set provided by the generalization. These analogical operations are used to
instructor. When the student asks for feedback, the identify similarities andlifferences, and form components
studentds sketch is compar eid models ofhlagescales tognitivet poocedsing. s IFat ¢ h,
the differences are used to provide gesfions, based on  example, analogical matching argkneralization have
instructorauthored information stored with the worksheet. been used to modgkeometric analogy problengsovett et

After several iterations of improving their sketches, al 2009)and Ravefs Progressive Matricetest(Forbus et

students turn them imnd they aréurther analyzed offine al, 2008) The StructureMapping Engine (SME)

for assessment purposes. (Falkenhaineret al, 1989)is built into CogSketch, and is
We first review CogSketch, theopenrdomain sketch used in coachindor comparing the instructor and student
understanding systeme use. Next we describe thbasic sketches.

architecture of worksheets, and illustrate via an example. A user draws a glyph in CogSketch by pressing a button
Then we describe a pilot experiment where worksheets when they start and stop drawing. Manual segmentation is
were used in ghysical geology course, which provides not as elegant as automatic techniques but it is far more
evidence that th model can be useful in reabrld reliable. For example, timeouts or pep constraints
classrooms. We close with related and future work. commonly used in sketch recagjpn systems are quite
problematic for students who are trying to draw complex
shapes while thinking hard about the domain. The entity
Background: CogSketch that the glyph depicts is explicitly represented internally,
. . and can be categorized through conceptual labeling.
e o o o e e an 9 £ T ar three kinds of gty ghphepresen
member of a Iimitgd nu?nber,of predef?ned sSmbolé (e.g phy5|cal or conceptual objects. Example§ In Figure 1
military symbols (Pittman et al, 1996) eIectronics/UML- ’ mclud_e the fqult ar_1d the marker bedﬁelatlon glyphs :
diagrams (Alvarado et al 20(’)3) Th,is limits them to descr!b_e relationships between entities. For examp_le, in
expressing a small fixed set of concepts. Recognition describing the carbon _cycle, ans are gsed to depict
’ : transfers between different reservoirs of carbon.

based interfaces can be of great practical va:lye Annotation glyphsprovide additional information about
handwriting recognition Is the most successful gxa}mple other glyphs. For example, the arrows in Figure 1 indicate
bu: our gro E;bls ifun;dharpepntallgl gq'ﬁireﬂt'mAn ke)‘/(l?srg?ri]ﬁt the direction of movement, and theshaped annotations
our appro s ha uma#o-human sketching, indicate diplacement. The meaning of relation glyphs and

recognition is a catalyst, not a requiremérbrbus et al annotation alvohs. like entity alvohs. are specified b
2008). When people sketch with each other, we typically menuswhichgaﬁ pépulated wit¥1 go)llﬂe:eﬁts from ?he KB. y

also talk, using language to label the intended meaning of The result of sketching is a structured relational

pieces of ink, or of the spaces defined the ink. . : . ;
CogSketch uses menus to enable users to select therepresentatlon that combines visual, spatiad, @anceptual

concept(s) that their inttepictsirom an OpenCyederived entities and concepts, formally represented using concepts

. . ! from the KB. This allows a combination of visual, logical,
knowledge basekB) with over 58,000 concepticluding 5,4 anai0gical reasoning to be performed with them. The
our own additions to support visual, spatial, qualitative,

q logical . Whil ith fect visual and spatial aspects of this representation are
Suficiently broad coveragéor all that we do, Opencyc ~ Gulomalicallycomput ed based on the
y 9 » Opentyc interpreted through the lens of their conceptual labeling.
contents havef proven tol kbe Iad useful - engineering A CogSketch sketch consists of one or more

approximation for conceptual knowledge. - :
CogSketch is designed to model the perceptual and subsketches The metalayerprovides a view where all of

; . . ; . the subsketches are themselves glyphs, so that thdyecan
spatial understanding thaegple bring to sketching. It is related and annotated like otr?e);p glyphBor sketch
based on two key hypotheses:

wor ksheet s, one subsketch <con
and the studentds work i s done

! http://www.cyc.com/opencyc



The Sketch Worksheet Workflow and skill with the ontology. Importantly, students never
see this level, unless the author exposes it.

Figure 2illustrates the sketch workshegorkflow. We use Coaching advice is provided bying dialogs in the

the fault identification worksheet from Figure 1 as a authoring environment to select particular facts in the
running example. solution sketch, marking them as importarinh general,

when a fact is missing, what will be said to the student can

be specified (e.g., Ails this 1
wall?0 when qualitative spatial relationships involving the
hanging wall are not satisfied).If the fact concerns a
numerical quantity, allowable error bounds and advice
when a value is high or low must be providgdgure 3
from a different workshegt Glyphs can also be marked
for quantitative comparison, where a tolerance and advice
Student uses if incorrect are specified
worksheet fault isndt quite right. o).

' ﬁ In addition to instructeauthored advice, two kinds of

advice areautomatically generated. If an important entity
CogSketch

Expert authors worksheet

Worksheets are authored via a spepialpose interface
built into CogSketch. Creating a worksheet involfes
steps: (1) Creating the problem statement, (2) dratieg
solution sketch, (3) selecting the subset of concepts that the
student will see, and (4) providing coaching advice. We

(e.

Expert authors
worksheet

ok

CogSketch Teacher grades
worksheet

W, L

Figure 2: The sketch worksheetworkflow .

is missing, i.e., an entity mentioned in an important fact or
whose ink is to be quantitatively compared, the Coach will
complain about it. Whether or not extra entities in the
student 8s s k eah aldo beacongrolleal linlthe we d
authoring environment.

For security, worksheets can be password protected, so
that the student cannot see the solution sketch nor can they
modify it via the authoring environment.

Wnrkspaoel Workspace Concepts Solution |Grading I Secllr'rtv]

discuss each in turn.

Facts Important for Tutoring:

{(visualQuantityQuantitativeMeasurement

The problem statement is a piece of text that will be
displayed at the bottom of the worksheet, indicatirgatv
the student is supposed to do. For example, in the fau
identification worksheet, students are given eight steps t
follow, involving drawing and labeling glyphs, e.g.
fiOutline each half of the two prominent marker beds that
allow you to identifyte f aul t and | abé€g

The solution sketch ithe sketch against which student
sketches are compareih order to generate advice while
interacting with the student, and for evaluating assessme
rubrics when scoring worksheets. if Bnageis part of the
worksheet, it must be provided. (Worksheets do nof
requireimagesi for example, a worksheet asking students
drawthe layers of the Earth does not, becailnse would
reveal too much of the answer The author draws
whatever glyphs are eded and conceptually labels them

appropriately. At this stage they have access to the full se

{QuantityDenotedByAnnotation Object-63 MassTransferPerTimeIndicator
(TheSet Object-33))

(PetagramsPerYear 68))

(photosynthesis-CarbonTransfer Object-3 Object-15)

(wisualQuantityQuantitativeMeasurement

{QuantityDenctedByAnnotation Object-63 MassTransferPerTimeIndicator
(TheSet Object-25))

(PetagramsPer¥ear 38))

rWhat tutoring advice should be associated with this fact? ]
The quantity assigned to the photosynthesis process isn't quite rlght)l

Quantities mentioned in the fact:

(PetagramsPerYear 60) Minimum Alowed {optional):
Maximum Allowed {optional):

Figure 3: Providing coaching advice in the authoring
environment

of concepts in th&B.

Oncethe solution sketch is finished, authors then select Students use worksheet

the concepts that students will have available to use. All

concepts mentited in the solution sketch are available When a student opens a worksheet, they see the problem
automatically, but for pedagogical purposes, typically Statement plus_ any starting materials associated with the
somedistractersare added as well. The names for these Worksheet. This can be either a blank screen, a photograph
concepts that the student sees can be edited, as well as th@r diagram that they are supposedannotate, or even an
explanatory text available when the studisrbrowsing the ~ initial sketch that they are supposed to modify. As they
concepts. This is important because the default concepttackle the worksheet, they can get advice by pressing the
names and comments are ontologigndly, not student feedback button. They can then improve their sketch, by

friendly. Currently worksheet authohmve access to the
full range of concepts in the KB, and finding what they
need for aparticular worksheetequires some familiarity

adding, removing, and/or redrawing glyphs, repeating the
cycle until they are satisfied.



To generate advice, the Coach uses SME to compare theall

studentdés sketch with the
input two descriptions, thbaseandtarget and produces

one or moremappings consisting of correspondences
betwveen entities and statements ihe base and target

Each mapping also includesndidate inferencesvhich

students. The first assignment involved four
waykishedtsi dhree sothese wdre fault Sdérificatiank e s
worksheets, using different photographs, sieeening this

skill that requires practice on the part of students. A fourth
worksheet, involving thechronologicalreconstruction of
geological processes from diagram of rock layers and

are facts that can be projected from one description to the geological structuresvas also used. Students were given

other for pattern completiomnd a numerical similarity
scoreindicating thestructurd quality of the match Here
the solution sketch is the
the target, with the mapping telling the Coach exactly how
elements of the solution sketch and student sketch
correspond. Constraints specified in the authoring
environment on quantity values and quantitative ink
comparisons are projected via tbendidate inferences of
the mapping. Missing important facts are detected by
candidate inferences involving important facts. The Coach
uses these results along with thigings entered via the
authoring environment to generate textual feedbatken
what glyph being referred to might be ambiguous,
graphical highlighting is used.

Teacher grades worksheet

For convenience, we have added a simgleading
interface. The ahoring environment provides the ability
for instructors to assign points foncluding important
entities (or not including extra entities), important facts
being true, quantitative sketch outlines being correct, and
numerical values being within toleramc Given a filled

out worksheet, the grading system produces an HTML
page wi t hsdgkdich and & detdilechbreédkdown of
their performance, based on the instrucopplied rubrics.
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Figure 4: Carbon Cycle worksheet, instructor solution

Classoom Pilot Experiment

In Fall 2009 a pilot studyas conducted in @hysical
geology course taught b§rad Sagemarat Northwestern
University. ~ The first worksheet assignment was an
optional laboratory exercise, which went so well that a
second assignmemtasdeveloped, which was required for

a tutorial in usingCogSketch. 10 students out of 28 signed
up for this extrecredit laboratory assignment. Our goals

fobtlEisserperimentwere madests Can stuelents éctiallysukee t ¢

sketch worksheets? The answer is yes: Students were able
to complete the worksheet exercisédudentperformance
also seemed to bémproving over the course of the
exercises. The data log collected automatically by
CogSketch includes t he
information, which gives us a window onto student
performance.There was a signifant negative correlation
between the time to complete a worksheet and how many
worksheets they had done so fg58) =-.46, p<.01), i.e.,
studentstook less time on later worksheets. Moreover,
there was a strong negative correlation between the number
of remaining feedback iterend the number of completed
worksheets r(58) = -.73, p<.01), meaning that students
have fewer remaining feedback items on later worksheets.
The second assignment, which was required for all
students, involved a carbaycle waksheet. Students
were given a diagram and told to sketch on it the reservoirs
for carbon, arrows indicating transfers between reservoirs,
the amount of carbon stored in each reservaird the
amount of carbon transferred per year via the transfers
between reservoirs Figure4i | | ustr ates
solution.) The students were able to complete the carbon
cycle worksheet, and performed reasonably well on it.

Challenges raised bythe pilot study

Besides providing evidence that the worksheets were
generally weHreceived and potentially effective for
instruction, putting the worksheets to use in a-vealld
classroom was also useful for highlighting several
problems with the current systenThere were some
usability problems, the worst being ttstidents tended to
just put numerical values on the labels of annotations in the
carbon cycle worksheet, instead of filling out the numerical
values in the annotation dialog. We believe that clearer
instructions and feedback would help with this particula
class of problem. Another problem is that while the
mappings involving the reservoirs were always correct, the
annotations were sometimes mapped incorrectly, due to
poor representation design. This meant that the grading
system could not be used to @miatically score this
assignment. We have changed the representation
conventions for annotations to fix this problem.

A more subtle issue is illustrated in Figuse Compare
the marker beds (black horizontal regions) here to Figure 1.
I n t he dskekch, theyare drawd all the way to the
edge of the photograph. Recall that when quantitative
shape requirements are used, an error threshold is used to
describe howmuch he student déds i nk

Coachi

t he

can



i nstr uct or methodtacitly sssumes thdt avery  thus further limits students to sketching diagrams in a
boundary is equally meaningful. Figure 5, even though specific order due to ebhoard computational constraints.)

the student has not drawn the marker beds all the way toBy contrast, nothing in theketch worksheet architecture

the ends of the photograph, they have drawn them far presented here is domaspecifc. Worksheets have been
enough to reassure a human instructor that they have thebuilt for biology exercises, for example.

firight ide a o , because in fact theOuwrrapgrbtabmuodaleasi of§f t he
marker beds are quantitatively accurate. Finding robust in common with the idea of informal perceptual user
ways to correctly detect such reasonable variations, andinterfaces(Landay et al, 2002) We differ in trying to

natural ways for instructors to express such constraints, is provide visual and comptual understanding of what is

an interesting challenge. drawn(cf. Forbus & Usher, 2002)

Discussion and Future Work

This paper describes sketch worksheets, a sisigéch
based educational software system that relies on-open
domain sketch understanding. Sketch worksheesis
simple interface mechanics that avoids the training
required by todayods recogni t |
learners to focus more on the subjewatter. They provide
onthe-spot feedback and support iterative refinement of
student answers. They gather internal timing data for
assessment purposes, a source of information that
otherwise would require video data or esreone human
attention. Theauthoring environment enables people who
are not CogSketch developers to create worksheets, if they
are willing to learn about the underlying knowledge base
and the representation conventions it uses. Finally, the
worksheet model iglesigned to be simpland general
purpose: if the appropriate KB concepts (or close stand
ins) can be found, a worksheet can be creatéédnerality
is due to the use of robust visual processing (especially
qualitative  spatial representations) and analogical
Related Work reasoning, so thathe system can interpret sketches
Some sketch recognition systems combine ink recognition Visually and compare them in humBke ways. .
with speech recognition to increase the accuracy of both ~ The initial classroom pilot study provided encouraging
(e.g., Adler & Davis, 2004 Pittmanet al, 1995 While results.  Given the lack of a control group and a balanced
this approach can be useful for domain experts, it has intervention, we do not yet have evidence of improved
several problemsdor educational use. First, training the |eaming outcomes. While not befgee, the initial
speech system requires considerable overhead, typically€Xperience was sufficiently positive that students wanted
including additional training every time new vocabulary is ~ More such exercises. Students were able to complete the
introduced.  This is not a good fit for education €Xxercises and did reasonably well onthem.
applications, when new vocabulary is being added There are a number of directions we are takinfyiore
constantly.  Second, in many circumstances such asWork. We discuss each in turn.
computer labs and classrooms, talking is frowned upon.
Third, it does not provide the links to conceptual More sophisticated coaching

knowledge and visual processing that our approach ag Figure5 shows, finding ways to express the subtleties
provides and that are necessary for many edooat needed for interpreting sketches can be challenging. We
applications. . . think that in this particular case, annotations on the shape
Sketch recognition technologies are strongest when jiself to indicate portions that must be quantitatively
deployed in domakspecific systems. ~For example, corect could solve the problem, but this is an empirical
Ne wt on (ee ettak 2007} designed to provide help  question. More generally, moving in the direction of

for students constructing free body diagrams and yioring, equippingthe systemwith models of the domain
equilibrium equations, ah Ki r & Ren(DefSilva et al, of the worksheeis a promising direction.
2007) is designed to help students learn to apply

Kirchhoff 6s current and % W S nalyzing
simple circuits. Both systems require highly stereotyped q\AoFe%lQ;%rom’n Stldtes WV'W icte WSrksﬁeet% _

drawings involving a relatively small number of parts. We are still in the early stages of formative evaluation, so
(Newonédés Pen runs in a pen wirowirg oy poel 6faglaperating instroors dseémportank d

Figure 5: While not literally satisfying the
instructords rubrics, t
correct.




Finding schools that have large enough classes where weFalkenhainer, B., Forbus, Kand Gentner, D.1989. The
can find balanced sections to pide a control group is StructureMapping Engine: Algorithm andExamples
something we are working onlVe also plan on expanding  Artificial Intelligence 41, 1989, pp B3.

the pool of worksheet users tigh school and middle  Forbus, K. and Usher, J. 2008ketching forkKnowledge
school, and broadening the range of topics to include Capture: AProgressReport.In Proceedingsf IUI'02, San

physical sciences and biology. Francisco, California.
Forbus, K., Usher, J., Lovett, A., Lockwood, Kand
Worksheets as assessment tools Wetzel, J 2008. CogSketch: Opedomain Sketch

There is a|ready some evidence from a |aboratory Understanding forCognitive Science Research and for
experiment thatvorksheetscould be useful in automated ~ Education. In Proceedings of the Fifth Eurographics
assessments. Jee al. (Jee et al, 2009ound that when ~ Workshop on SketcBased Interfaces and Modeling
experts versus novices drew geological processes, orAnnecy, France.

marked up images with geological featuresgréhwere Gentner D. 1983. Structuremapping: A Theoretical
distinct and easily recognizable differences between the Framework for AnalogyCognitive Science7 (1983), 155
two groups. In process diagrams, experts tended to include170.

more arrows, which in such diagrams indicate the Hammond, TL. 2007.A PerceptuallybasedLanguage to
processes that are occurring and relate different aspects ofsimplify Sketch Recognition User Interfaces Development.
the cycle to one anber, and tend to begin their diagram piT PhD Thesis

with such information.For geological features, the experts  jee B., Gentner, D., Forbus, K., Sageman, B. and Uttal, D
tend to draw more geologically relevant features, often in 5509 Drawing on Experience: Use ofSketching to

an idealized manner. This cannot be attributed 10 g5 ate Knowledge ofSpatial Scientific Concepts In
differences in drawing skill, since control phgtaphs Proceedings of the 31st Annual Conference of the

(%gu" ;rullffﬁ I%Sr‘t"lgnr;f‘) \;\I{]eeres;_rr]‘r?lesng_?t%lfnhz?kra;;iftsthbe dttnvivo Cognitive Science Societpmsterdam, The Netherlands.
group P Y, P Landay J. A., Hong.JKlemmer S., Lin J.and Newman,

sketching from memory, for copying, and tracing. - This M. 2002. Informal PUls: No Recognition Required In

suggests that comparisons of student sketches in a very . ; .
simple copying ask could be diagnostic of their mental Froceedings of AAAI Spring Symposium on  Siet

models of the domain. Understanding.
Lee W., De Silva R., Peterson E. J., Calfee Rdhd

. . Stahovich, T. F.2007. Ne wt o n 6isA Herebased

Lower entry barriers to Worksheet authoring Tutoring System for Satics In Proceedings of the
In the long run, we want domain experts and teachers to begyrographics Workshop on SketBased Interfaces and
able to author worksheets without Al experts at their Modeling.

elbows. One key barrier ignderstanding the ontology. | gvett A. Tamai. E. Forbus. K. & Usher. J. 2009

We plan to providea natural language layer for concepts Solving Geometric Analogy Problems through TStage

and facts, so thatvorksheet authorgan select concepts - - P X
e ! ] - Analogical Mapping.Cognitive Scienc83(7) 11921231.
and work with facts without knowing predicate calculus Pittman J., Smith I, Cohen P., Oviatt @nd Yang, T.

nor having an intimate knowledge of the OpenCyc 1996. Quickset: a Multimodal Interface for Military

ontology. ) : .
9y Smulations. In Proceethgs of the Sixth Conference on
ComputerGenerated Forces and Behavioral
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