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Abstract. Plan inference techniques have been used extensively to understand natural language dialogue. But as noted by Clark[5], language and communication are
more than just utterances. This paper presents the problems that we have had to
address and the solutions that we have devised in designing a system to recognize
intentions from information graphics. Our work is part of a larger project to develop an interactive natural language system that provides an alternative means for
individuals with sight-impairments to access the content of information graphics.

1 Introduction
The amount of information available electronically has increased dramatically
over the past decade. Unfortunately, many knowledge sources are provided in a single
format and thus are not accessible to everyone. For example, individuals with impaired
eyesight have limited access to graphical displays, thus preventing them from fully utilizing available information resources. Although research has investigated alternative modes
of presentation of graphical information for people who have visual impairments, their
focus is on rendering graphical elements in an alternative medium and they have serious
limitations. For example, it would be extremely difficult for a user to compare two related
lines on a line graph via a soundscape[13]. The underlying hypothesis of our work is that
alternative access to what the graphic looks like is not enough — the user should be provided with the message and knowledge that one would gain from viewing the graphic in
order to enable effective and efficient use of this information resource.
Our overall goal is to develop an interactive natural language system that infers the
intended message underlying an information graphic (a non-pictorial graphic such as a
bar chart or a line graph),3 provides an initial summary that includes the intended message along with notable features of the graphic, and then responds to follow-up questions
from the user. Recognizing the intended message of an information graphic also has other
applications. For example, as multimodal communication becomes more prevalent, we
envision users engaging in interactive communication via text and graphics; an artificial
agent will need to be able to recognize the intentions that the user wants to convey via his
information graphics in order to respond appropriately.
?

3

The work of the second author was supported by the National Science Foundation under Grant
No. 0132821.
Information graphics are distinguished from depictions of concrete entities and scientific visualizations of spatial data[4].

Plan recognition, a subarea of user modeling, plays a central role in our work since
identifying the intended message of the graphic designer is critical. Although one might
suggest relying on captions to provide the message of a graphic, Corio found in a large
corpus study[6] that captions are often missing or very general. Once the intentions underlying the graphic have been inferred, they can be used 1) to construct a summary that
includes the message intended by the person who constructed the graphic (when the system is serving as an alternative communication system for an individual with sight impairments), or 2) to respond appropriately to the user (when the system is an artificial agent
engaged in a multimodal interaction with a user). In addition, the system should determine
whether the intended message is warranted by the displayed data. Mittal[14] identified a
number of strategies that are frequently employed to construct deceptive graphics, such
as truncating the vertical axis of a bar chart (starting the axis at a value larger than 0),
thereby magnifying differences in the heights of the bars when their actual values are proportionally quite close. A summary should call attention to such discrepancies, whereas
an artificial agent should note the user’s intention to be deceptive and react accordingly.
This paper focuses on the novel application of a theory of plan-based intention recognition, and presents our solutions to issues that we have had to address in extending plan
inference, which has previously been applied to utterances that are part of a dialogue, to
recognize the intended message underlying an information graphic.

2 Recognizing Intention from Information Graphics
Language research has posited that a speaker or writer executes a speech act whose
intended meaning he expects the listener to be able to deduce, and that the listener identifies the intended meaning by reasoning about the observed signals and the mutual beliefs
of author and interpreter[7, 5]. But as noted by Clark[5], language is more than just words.
It is any “signal” (or lack of signal when one is expected), where a signal is a deliberate
action that is intended to convey a message. Although some information graphics are only
intended to display data values,4 the overwhelming majority of the graphics that we have
examined (taken from newspaper, magazine, and web articles) appear to have some underlying goal, such as getting the reader to believe that a particular mutual fund has fared
much better than the S&P-500 and thus that the reader should purchase the mutual fund.
Applying Clark’s view of language to information graphics, it is reasonable to presume that the author of an information graphic similarly expects the viewer to deduce from
the graphic the message that he intended to convey by reasoning about the graphic itself
and the salience of entities in the graphic. Beginning with the seminal work of Allen[15]
who developed a system for deducing the intended meaning of an indirect speech act, researchers have applied plan inference techniques to a variety of problems associated with
understanding utterances, particularly utterances that are part of a dialogue. But extending plan inference techniques to the recognition of intentions from information graphics
is not a straightforward task and requires that a number of issues be addressed.
In the case of information graphics, the designer has one or more high-level goals
which cause him to construct a graphic that he believes will lead the viewer to perform
certain perceptual and cognitive tasks[9] which, along with other knowledge, will cause
4

[19] used pattern recognition techniques to summarize interesting features of automatically generated graphs of time-series data from a gas turbine engine.

the viewer to recognize the message that the designer intends the graphic to convey. By
perceptual tasks we mean tasks that can be performed by simply viewing the graphic, such
as finding the top of a bar in a bar chart; by cognitive tasks we mean tasks that are done
via mental computations, such as computing the difference between two numbers. Section 2.1 and Section 2.2 discuss the kinds of knowledge that must be explicitly available
for plan inference from information graphics. In particular, they present our approach that
encodes knowledge about perceptual and cognitive tasks in plan operators and encodes
knowledge about the effort required for different perceptual tasks in rules associated with
primitive subgoals. These sections also describe how the operators and rules are used in
plan inference.
The graphic designer has many alternative ways of designing a graphic, and the design choices facilitate some perceptual tasks more than others. Following the AutoBrief
work[9] on generating graphics that fulfill communicative goals, we hypothesize that the
designer chooses a design that best facilitates the tasks that are most important to conveying his intended message, subject to the constraints imposed by competing tasks.
Section 2.2 presents our approach to capturing knowledge about the effort required for
different perceptual tasks, as well as our approach to identifying tasks that the graphic
designer intended to be salient for the viewer, and how all of this information is used as a
starting point for plan inference. Section 2.3 presents our approach to guiding the search
through the space of candidate plans.
2.1 Plan Operators for Information Graphics
In their work on multimedia generation, the AutoBrief group proposed that speech
act theory can be extended to the generation of graphical presentations[9]. During the first
phase of graphics generation in AutoBrief, media-independent communicative goals are
mapped to perceptual and cognitive tasks that the graphics should support. For example,
if the goal is for the viewer to believe that Company A had the highest profits of a set
of companies, then it would be desirable to design a graphic that facilitates the tasks of
comparing the profits of all the companies, locating the maximum profit, and identifying
the company associated with the maximum. In the second phase of graphics generation, a
specification of the tasks that the graphic should support, along with a description of the
data, is input to an automatic graphic designer that uses constraint satisfaction, along with
knowledge about the effectiveness of different design techniques for supporting different
kinds of tasks, to design the graphic.
AutoBrief used algorithms to map communicative goals to partially ordered sequences
of tasks and to reason about how to realize the graphic. For plan recognition we need
to explicitly encode, in such a way that the plan inference system has access to it, detailed knowledge about how communicative goals decompose into perceptual and cognitive tasks and how different perceptual tasks by the viewer can be enabled by particular
realizations of the graphic. Then we can reason backwards from the observed graphic to
hypothesize what goals might have motivated its design. Our operators decompose knowledge goals (such as getting the viewer to believe that a mutual fund has risen substantially
in value over the past decade) into tasks that the viewer must be able to perform using the
information graphic. Such tasks may be further decomposed into a sequence of simpler

Find-value(<viewer>, <g>, <e>, <ds>, <att>, <v>)
Given graphical element <e> in graphic <g>, <viewer> can find the value
<v> in dataset <ds> of attribute <att> for <e>
Data-req: Dependent-variable(<att>, <ds>)
Body:
1. Perceive-dependent-value(<viewer>, <g>, <att>, <e>, <v>)
Goal:
Gloss:

Fig. 1. Operator for achieving a goal perceptually

tasks, which eventually decompose into perceptual or cognitive primitives.5 Associated
with each perceptual primitive are rules that consider the various ways that the perceptual task could be enabled and estimate the viewer effort that would be required for each
choice6 (see Section 2.2).
Our plan operators for achieving goals via information graphics consist of:
– Goal: the goal that the operator achieves
– Data-req: requirements which the data must satisfy in order for the operator to be
applicable in a graphic planning paradigm
– Display-const: features that constrain how the information graphic is eventually constructed if this operator is part of the final plan
– Body: lower-level subgoals that must be accomplished in order to achieve the overall
goal of the operator
Plan inference reasons backwards from an XML representation of an observed graphic
that is provided by a computer vision module. The display constraints are used to eliminate operators from consideration (i.e., if the graphic does not capture the operator’s constraints on the display, then the operator could not have been part of a plan that produced
the graphic). The data requirements are used to instantiate parameters in the operator (i.e.,
the data must have had certain characteristics for the operator to have been included in the
graphic designer’s plan, and these often limit how the operator’s arguments can be instantiated). Goals can often be accomplished in several different ways. Figures 1 and 2 present
two operators that can be used to achieve the goal of enabling the viewer to find the value
of an attribute for a graphical element <e> (for example, the y-value of a point on a line
graph or the y-value for the top of a bar on a vertical bar chart). The body of the operator in Figure 1 consists of a primitive perceptual task Perceive-dependent-value, in which
the viewer simply perceives the value. Since Perceive-dependent-value is a primitive task,
there is no operator that decomposes it further; if Perceive-dependent-value is a task in the
final plan for the graphic, then the graphic would need to be realized so that the attribute
value could be directly perceived, such as by annotating the element in the graphic with
its value as is done for the bars in Figure 4. As mentioned earlier, this knowledge about
how a graphic might be realized to enable a primitive perceptual task is captured in the
rules discussed in Section 2.2 that compute the effort required to perform the task given
5
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We are treating subgoals as primitives when they are simple tasks that cannot be decomposed
further with our operators. This is not to be confused with a psychological primitive.
Of course, a planner would need to ensure that all of the tasks comprising the plan could be
achieved in a single graphic. In addition, it would need to decide to what degree each task would
be enabled if it was not possible to design a graphic that would enable them all to the fullest
extent.

Find-value(<viewer>, <g>, <e>, <ds>, <att>, <v>)
Given graphical element <e> in graphic <g>, <viewer> can find the value
<v> in dataset <ds> of attribute <att> for <e>
Data-req:
Natural-quantitative-ordering(<att>)
Display-const: Ordered-values-on-axis(<g>, <axis>, <att>)
Body:
1. Perceive-info-to-interpolate(<viewer>, <g>, <axis>, <e>, <l1 >,
<l2 >, <f>)
2. Interpolate(<viewer>, <l1 >, <l2 >, <f>, <v>)
Goal:
Gloss:

Fig. 2. Operator that employs both perceptual and cognitive subgoals

different realizations. On the other hand, the operator in Figure 2 specifies how the same
goal can be achieved, admittedly with more effort, using a combination of perceptual and
cognitive tasks. The first subgoal, Perceive-info-to-interpolate, is a primitive perceptual
task in which the viewer perceives the labels <l1 > and <l2 > immediately below and
above the location on <axis> corresponding to graphical element <e> of graph <g>
and the fraction <f> of the distance that this location lies between <l1 > and <l2 >. The
second subgoal, Interpolate, is a primitive cognitive task in which the viewer computes
(via interpolation) the value <v> of attribute <att> for graphical element <e> based
on <l1 >, <l2 > and <f>. The operator in Figure 2 places constraints on the graphical
display if this operator is used to construct the plan, namely that the values of the desired
attribute be displayed on <axis> in ascending or descending order. The reason for this
is that if the surrounding values produced by achieving the first subgoal are not from an
ordered set of labels on the axis, then interpolation to get the value of <v> is not possible.

2.2 Starting Point for Plan Inference
In plan recognition, we must reason about the graphical choices that resulted in the
graphic. We contend that the designer made these choices in order to make “important”
tasks as easy or as salient as possible. The graphic designer can make a task easy for the
viewer to perform by the choice of graphic type (for example, bar chart versus pie chart)
and the organization and presentation of data. The graphic designer might also intend a
task to be particularly salient, or of notable significance, to the viewer. We must have
mechanisms for identifying the easiest and most salient tasks so that we can use these
tasks as a starting point for the plan inference process.
Estimating Viewer Effort In order to estimate which primitive tasks are easy/hard (presumably the important ones are among the easiest tasks), our system uses rules that estimate the viewer effort involved in performing different primitive tasks. Our estimates
of viewer effort are based on research by cognitive psychologists such as Lohse[12] who
developed a cognitive model of information graphic perception that was intended to simulate human performance on graphic comprehension tasks. Figure 3 presents a rule for
estimating the effort involved in finding the top <e> of a bar in a bar chart given the bar’s
<label>. Each rule consists of a set of condition-computation pairs, ordered so that the
computations producing the lowest estimates of effort appear first. The conditions specify
characteristics of the graphic which are necessary for the associated computation to be

Rule1: Estimate effort for task Perceive-element(<viewer>, <g>, <e>, <label>)
Graphic-type: bar-chart
Gloss: Compute effort for finding the top <e> of a bar whose label is <label> in graphic <g>
B1-1: IF labels on the independent axis appear in sorted order,
THEN cost=scan + 150 + 300 + 230
B1-2: If labels on the independent axis do not appear in sorted order,
THEN cost=scan + ((150 + 300)× number-of-preceding-items) + 150 + 300 + 230
Fig. 3. A rule for estimating effort for a primitive perceptual task

applicable. In Figure 3 the first condition-computation pair, labelled B1-1, is applicable if
the labels appear in sorted order; in such cases, the effort is estimated as the cost of scanning along the x-axis until reaching the label (measured in terms of the degrees of visual
arc scanned[10]), 150 units for discriminating the label (based on work by Lohse[12]),
300 units for recognizing a 6-letter word[8], and 230 units for making the saccade up to
the top of the bar[17]. The second condition-computation pair, labelled B1-2, is applicable if the labels do not appear in sorted order; in this case, the costs for discrimination and
recognition are charged against each label up to and including the one being sought. Often
several conditions within a single rule will be satisfied; this might occur for example if the
top of a bar in a vertical bar chart both falls on a tick mark and has its value annotated at
the top of the bar; the easiest way to get the value represented by the top of the bar would
be to read the annotated value although it could also be obtained by scanning across to
the tick mark on the dependent axis. The computation associated with the first satisfied
condition in a rule is used, thereby estimating the least effort required to perform the task.
The vision component gives the plan inference module an XML schema representing
the information graphic. The effort estimates for the primitive perceptual tasks are then
generated, and the least costly ones are selected. Operators containing these primitive
tasks as subgoals are then used to begin the plan inference process. As bottom-up chaining
suggests higher-level operators for consideration, the effort expended by the viewer to
achieve the operator’s goal is estimated on the basis of the effort expended to achieve the
subgoals in the operator’s body. This can cause a downward expansion of the operator
into primitive tasks whose effort is computed.
Identifying Salient Tasks A plan inference system should exploit all available evidence
in recognizing intention. For information graphics, this entails not only reasoning about
the set of perceptual tasks that are best enabled by the graphic, but also identifying any
tasks that the graphic designer intended to be salient for the viewer. We have identified
three sources of salience: captions, a model of mutual beliefs about entities of interest to
members of the viewing audience, and highlighted entities in the information graphic.
Noun phrases in captions are potentially salient to the intended message of the graphic.
For example, consider the graphic in Figure 4 and suppose that it had the caption “United
States Tops China in Gold Production”. The presence of the nouns United States and
China in the caption suggests that they are relevant to the designer’s intended message.
Consequently, UNITED-STATES and CHINA would be used to instantiate <label> in
two instances of the perceptual task Perceive-element(U, G, <e>, <label>), where U
and G are constants designating the particular viewer and graphic. This produces the

Gold Production

Metric Tons

428
355

187
128
21
South Africa

United States

Russia

China

Spain

Fig. 4. A sample information graphic

Believe(<viewer>, Comparison(<g>, <atty >, <ds>, <v1 >, <v2 >,
<attx >, < rel >))
Gloss:
Viewer to believe from graphic <g> that the value of attribute <atty > for the
element <e1 >of dataset <ds> whose <attx > value is <v1 > is <rel> (greaterthan, less-than, equal-to) the value of attribute <atty > for the element <e2 >
whose <attx > value is <v2 >
Data-req: Natural-quantitative-ordering(<atty >)
Independent-variable(<attx >, <ds>)
Related(<atty >, <ds>, <attx >, <v1 >, <v2 >, <rel>)
Body:
1. Perceive-element(<viewer>, <g>, <e1 >, <v1 >)
2. Perceive-element(<viewer>, <g>, <e2 >, <v2 >)
3. Determine-relationship(<viewer>, <g>, <atty >, <e1 >, <e2 >, <rel>)
Goal:

Fig. 5. Operator for determining the relationship between two graphical elements

salient primitive perceptual tasks Perceive-element(U, G, <e>, UNITED-STATES) and
Perceive-element(U, G, <e>, CHINA) which are instantiations of subgoals in the operator shown in Figure 5. The results of perceiving these elements would be used to instantiate the arguments <e1 > and <e2 > in the operator in Figure 5 with TOP-BAR-2
and TOP-BAR-4 from the graphic in Figure 4, and the data requirements in the operator,
along with an analysis of the graphic, would lead to the instantiation of other arguments,
thereby suggesting that part of the graphic designer’s intentions might be to get the viewer
to believe that gold production in the United States exceeds that in China. Further chaining would lead to positing higher-level goals, and other aspects of the graphic would also
suggest additional inferred plans.
A model of the intended recipient of the information graphic also plays a role in the
plan recognition process. In designing the information graphic, the graphic designer takes
into account mutual beliefs about entities that will be particularly salient to his audience.
For example, if an information graphic appears in a document targeted at residents of
Pittsburgh, then both the designer and the viewer will mutually believe that entities such
as Pittsburgh, its football and baseball teams, etc. will be particularly salient to the viewer.
The viewer model captures these beliefs, and our approach is to treat them in a manner
similar to how we handle noun phrases in captions. Verb phrases in captions also provide

evidence, but they suggest particular operators of interest rather than instantiations of
operators, and thus we associate verbs with particular operators in the plan library.
One might wonder why we do not deal almost exclusively with captions to infer the
intentions of the information graphic. Corio[6] performed a large corpus study of information graphics and noted that captions often do not give any indication of what the
information graphic conveys. Our examination of a collection of graphics supports his
findings. Thus we must be able to infer the message underlying a graphic when captions
are missing or of little use.
Graphic designers also use techniques to highlight particular aspects of the graphic,
thus making them more salient to the viewer. Such techniques include the use of color
or shading for individual elements of a graphic, annotations such as an asterisk, an arrow pointing to a particular location on the graphic, or a pie chart with a single piece
“exploded.” Mittal[14] discusses a variety of such design techniques in the context of
distorting the message inferred from the graphic. Our working hypothesis is that if the
graphic designer goes to the effort of employing such attention-getting devices, then the
highlighted items are almost certainly part of the intended message. Thus we treat highlighted entities in the information graphic as suggesting instantiations of primitive perceptual tasks that produce particularly salient tasks. Suppose for example that there was
no caption on the information graphic depicted in Figure 4, but that the bars for United
States and for China were highlighted by shading them darker than the other bars. This
suggests that these bars are particularly relevant to the intended message of the information graphic. Consequently, we use the attributes of the bars to instantiate primitive
perceptual tasks and produce tasks that are hypothesized to be salient.
2.3 Guiding the Search
A plan inference system must select, from among many plausible goals, the best
hypothesis about the agent’s intentions. Moreover, in any reasonably sized system, it will
be necessary to guide the search through the space of possible plans and goals so that only
a small proportion of the plan space is examined. This has generally been done either via
Bayesian approaches that estimate the probability of different hypotheses[1] or heuristics
that suggest which hypotheses should be considered first[2, 3, 11, 15]. Since we do not
have available the probabilities necessary to construct a Bayesian system, we have chosen
to use heuristics to guide the search. The question arises as to what features should be
taken into account in heuristics that are used for plan inference from information graphics.
The evidence available for evaluating possible hypotheses includes:
– the effort expended by the viewer in carrying out the perceptual and cognitive tasks required for the message to be recognized. As higher-level goals are inferred, the effort
required by the viewer to achieve those goals is computed from the effort estimates
for its constituent subgoals. Since the graphic designer is assumed to be felicitous
and trying to effectively convey his intended message, he is expected to construct a
graphic that enables the requisite tasks so that they can be performed easily. Thus
the greater the amount of effort required, the less likely it is that a candidate plan
represents the designer’s intentions.
– the extent to which elements of the information graphic (especially salient elements)
and the perceptual tasks of least effort play a role in the inferred plan. If the graphic
designer went to the effort of including particular graphical elements in the graphical

display and made particular perceptual tasks easiest or salient, then it is reasonable to
believe that he made these design choices in order to facilitate the viewer recognizing
his intended message. Thus the percentage of such elements and tasks that play a role
in a candidate plan should influence how favorably we view it as a hypothesis about
the designer’s intentions.
– the extent to which parameters in an inferred plan are instantiated and the basis for
the particular instantiations, as discussed below.
Arguments in operators may be instantiated for a variety of reasons. Perhaps the
graphic permits only one instantiation (for example, if Recognize-maximum is an operator that is produced during chaining and the XML representation of the graphic indicates
that there is a single graphical element whose value is greater than the others in the graph).
Or the instantiation may be due to highlighting in the graphic, features extracted from the
caption, or the model of mutual beliefs about entities of interest. Or the parameters may
be instantiated with the values that produce the lowest effort estimations.
The basis for instantiating an argument in a primitive perceptual task, and therefore
in a hypothesized plan, impacts confidence about whether the plan really represents the
designer’s intentions. In the case of plan inference from information graphics, if only one
instantiation is possible or if an instantiation is suggested by highlighting or a caption or
entities that are particularly salient to the targeted audience, that partial plan should be
evaluated more favorably since the designer of the graphic has provided explicit reasons
for the viewer to use these instantiations in recognizing his intentions.
Moreover, the proximity compatibility principle[18] dictates that the ratings of partial
plans be increased further if the plans contain operators with arguments instantiated from
multiple elements of the graphic that are similarly highlighted. The proximity compatibility principle is based on perceptual proximity (how perceptually similar two elements of
a display are) and processing proximity (how closely linked the two elements are in terms
of completing a task). According to the proximity compatibility principle, if two elements
of a graphic are to be used in the same task, then the elements should be realized so that
they have close perceptual proximity. [18] showed that violating this principle increased
the cost of performing tasks that used multiple elements of a graphic. For example, the
points in a line graph have a higher perceptual proximity than the bars in a bar chart.
(This example applies the Gestalt law of good continuation[16].) The higher perceptual
proximity of the points on a line graph means that it is easier to perform integrated tasks,
such as recognizing a trend, in such a graph than with the bars in a bar chart. Along the
same lines, if multiple items are similarly highlighted, as in our example where the bars
for the United States and China were shaded the same but darker than the other bars, then
the proximity compatibility principle suggests that they were intended to be part of an
integrated reasoning task and thus part of the same intention.

3 Summary
Clark[5] has argued that communication includes more than natural language utterances, and that alternative modes of communication, such as hand signals, facial gestures,
and drawings, bear many commonalities with natural language communication. This paper has presented a novel use of plan inference — namely, to infer the intended message
underlying an information graphic — and it has presented our solutions to issues that we

have had to address in extending plan inference from natural language utterances to information graphics. Our work is part of a larger project to develop an interactive natural
language system that provides an alternative means for individuals with sight-impairments
to access the content of information graphics.
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