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Abstract

In this paper we address the problem of constructing a computational device that is able to describe in
natural language its own conceptualization of visual input. This addresses the basic issues of event percep-
tion from raw data, as well as what connnection a language with a limited vocabulary has to this event
construction. We outline a model of how the perceptual primitives in a system act to both constrain the
possible conceptualizations and naturally limit the language used to describe events.

Tople: Visual Perception, Natural Language, Lexical Semantics

1. Introduction

In order for an artificially intelligent system to interact with humans, it is desirable that it be able
to communicate with them. Characterizing this interaction will, in part, require considering the impact
of language and perception on the communication process. This paper will address the use of language in
describing visually perceived events. The focus will be on a theoretical but practical description of the inter-
face between a limited vocabulary linguistic system which supports both tense and aspect and a perceptual
representation for visual events. Two major issues discussed are visuo-linguistic temporal granularity and
the effect of the interaction between “hard-wired” and learned focus of attention on event conceptualization.
The paper begins with a discussion of vision-language research and the problems associated with integrating
vision and language. In section 3, we present our linguistic and visual concept structures. Section 4 follows
with a description of the visuo-linguistic interface illustrated by 4 examples, Section 6 concludes the paper
with a summary and directions for future research.
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2. Language-Vision Research

There has been little research concerning the interface of visual and linguistic processes. One reason
for this is that they each currently appear to involve very different and difficult processes. Considerable
energy has been focused on low-level or early vision. Marr's 17| primal sketch includes several low-level
primitives from which scenes can be constructed. Many others have developed formalisms that relate low-
level visual information to the analysis of polyhedral scenes in the blocks world !. Their work points out
the difficulty in analyzing even the most simple scenes. There has also been some research concerning high-
level vision. [10] implement a global blackboard memory in a scene interpretation system, generating scene
descriptions by sharing the blackboard at several abstract levels of visual interpretation. [5] uses geometric
models to identify aircraft objects in aerial images of an airport scene. 2

There has been some interest in the use of language to describe events and spatial relationships. [4]
develops an event calculus which uses some low-level visual primitives to guide the interpretation of events
in a robot assembly environment. (3| describes the use of spatial prepositions for generating descriptions to
scenes from the viewpoint of a scene observer. [11] analyzes locative prepositions and points out that the
use of such locatives establishes “ideal” relationships which must be made to fit to each particular instance
of its usage. She has also pointed out that there is an implied “geometric conceptualizaton” when locatives
are interpreted. [16] develops a cognitive grammar which helps to formalize the use of spatial and perceptual
relationships through the use of referents and trajectors as keys which relate a linguistic grammar to the
conceptualization of the objects which are spatially related. [23| explore verb-driven event processing in the
observation of traffic scenes for the generation of natural language descriptions. [29] has contributed to the
research with explorations of the relationship between language and spatial relations. [24] has implemented a
system using visual predicates for early language development. While research has been accomplished toward
understanding verbal scene description, there has not been enough work on describing the visuo-linguistic
interface in terms of how vision and language influence and constrain each other to determine visual and
linguistic conceptualizations.

The perceptual activities and structures associated with visual perception are not well-defined. From
an apparently small set of “hard-wired” visual percepts, people seem to eventually build a relatively large set
of complex visual concepts. While language helps people communicate, it is often required to also efficiently
convey a large amount of perceptual information. A complete analysis of the verbal description of visual
concepts would require considering the verbal communication process from perceptually low-levels through
the generation of linguistic responses. This paper will concentrate however, on outlining how linguistic
concepts of tense and aspect can be generated from mostly intermediate-level visual percepts.

3. Conceptualizating the Event

To further discuss the model of a visuo-linguistic interface, it is important to define what concepts
and conceptualizations are. A concept is an association of object, state, and event (object and state changes)
representations which have perceptual, linguistic, physical, and cognitive foundations. Conceplualization
is the process of associating those representations under a common conceptual theme as concepts. There
is no default structure for concepts since they are representations of distributed knowledge sources and
may be associated with several other concepts. Conceptual association is constrained by the memory and
processing capability of the conceptualizing agent. In this paper, we are concerned with the visuo-linguistic
conceptualization of events: the process of associating sequential visual object, state, and event changes with

! Space does not permit us to review the low-level vision research but Cf. [2], [8], [13].
2 An excellent collection of papers concerning computer vision systems may be found in [10].
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language and vice versa. To address this concern, the description of linguistic and visual concepts must be
presented. The following sections will outline linguistic and visual concepts and discuss their properties.

3.1 Lexical Semantics for Verbs

In this section we outline the framework that defines our domain for linguistic and lexical conceptu-
alization. We will adopt an interval-based semantics, the Eztended Aspect Calculus ([25]), which provides a
semantics for lexical items and constrains what word meanings are possible for lexicalization in a language.
The thesis of this approach is to decompose the events denoted by verbs into the subintervals that compose
them (cf. [7]).

Our model is a first-order logic that employs special symbols acting as operators over the standard
logical vocabulary. These are taken from three distinct semantic flelds. They are: causal, spatial, and
aspectual. The predicates associated with the causal field are: Causer(C,), Causee(C3), and Instrument(I).
The spatial field has two predicate types: Locative and Theme. Finally, the aspectual fleld has three
predicates, representing three temporal intervals: ¢,, beginning, {3, middle, and ¢3, end. From the interaction
of these predicates all thematic types can be derived.?

Let us illustrate the workings of the calculus with a few examples. For each lexical item, we specify
information relating to the argument structure and mappings that exist to each semantic field; we term this
information the Thematic Mapping Indez (TMI).

Part of the semantic information specified lexically will include some classification into one of the
following event-types (cf. [1], (7], [15], [26], [30]).

event — lypes
slales non = slales
dynamic slalic processes evenls

prolracted momenlaneous

For example, the distinction between state, activity (or process), and accomplishment can be cap-
tured in the following way. A state can be thought of as reference to an unbounded interval, which we will
simply call {5; that is, the state spans this interval.* An activity or process can be thought of as referring
to a designated initial point and the ensuing process; in other words, the situation spans the two intervals
t; and ;. Finally, an event can be viewed as referring to both an activity and a designated terminating
interval; that is, the event spans all three intervals, ¢,, l2, and {;.

We assume that part of the lexical information specified for a predicate in the dictionary is a
classification into some event-type as well as the number and type of arguments it takes [18]. [31]. For
example, consider the verb run in sentence (1), and give in sentence (2).

(1) John ran yesterday.
(2) John gave the book to Mary.

3 The presentation of the theory is simplified here, as we do not have the space for a complete discussion. See [25] for

discussion.
' Thisisa simplication of our model, but for our purposes the difference is moot. A state is actually interpreted as a

primitive homogeneous event-sequence, with downward closure. Cf. 28],
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We associate with the verb run an aspect structure P (for process) and an argument structure of simply
run(z). For give we associate the aspect structure A (for accomplishment), and the argument structure
give(z,y, z). The Thematic Mapping Index for each is given below in (3) and (4).

(3)

C,
L
run = l
Th
t, Iy
(4)
C, C;
¥
z Yy z
give=| | | |
I
L ta s

The sentence in (1) represents a process with no logical culmination, and the one argument is linked to
the named thematic (or case) role, Theme [14], [27]. The entire process is associated with both the initial
interval ¢; and the middle interval ¢{;. The argument z is linked to C, as well, indicating that it is an Actor
as well as a moving object (i.e. Theme). This represents one TMI for an activity verb.

The structure in (2) specifies that the meaning of give carries with it the supposition that there is
a logical culmination to the process of giving. This is captured by reference to the final subinterval, t3. The
linking between z and the L associated with ¢; is interpreted as the thematic role Source, while the other
linked arguments, y and :z are Theme (the book) and Goal, respectively. Furthermore, z is specified as a
Causer and the object which is marked Theme is also an affected object (i.e. Patient). This will be one of
the TMIs for an accomplishment.

Finally let us consider how this lexical information is actually used when we form sentences in the
language. In particular, let us examine the distinction between the simple past forms of a sentence (5) and
the progressive forms in (6).

(5) a. The plane landed.
b. The plane descended.
(6) a. The plane is landing.

b. The plane is descending.

Notice that (6b) entails (5b) but it is not true that (6a) entails (5a). That is, although we can say that the
plane has descended if we say that it is currently descending, it is not the case that the plane has completed
its landing if we say that it is landing. If we classify descend as an activity and land as an accomplishment,
however, we are able to capture this distinction in entailments.

Let us say that the progressive acts as an operator over an event sequence, and picks out the middle
interval [; as the one being referred to.

This means that the subevent being referred to by use of the progressive is inside the event ¢,, and
does not entail the completion of a landing, since there is no culminating event associated with the progressive.
Given this analysis for the progressive, we now can explain why process verbs allow the inference if z is V-ing,
then z has V-ed.
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3.2 Visual Event Concepts

Visual event concepts (or visual events) are associations of percepts which are “hard-wired” low-level
visual primitives (motion, location, intensity, size, color, etc.) and spatio-temporal relations defined by those
primitives (e.g. under, near, between, etc.). A majority of percepts represent object states and relations,
while only a few percepts represent events (e.g. motion). Our definitions for motion are found in Figure 1.

[motion
(object (motion-right motion-left motion-forward
motion-backward motion-up motion-down 0)))]

(motion-right
(object (location 0) (location (x (increase 1))))]

[motion-down
(object (location 0) (location (y (decrease 1))))]

[Figure 1]

We assume a viewer-oriented coordinate system with the origin at the center of the field of view. The
z-axis is the line of sight of the observer (+z) through the origin. The x-axis corresponds to the observers’
right (+x) and left while the y-axis is up (+y) and down. The numbers are visual sampling indices which
suggest the expected sequence of location states which determine motion. We present these definitions to
illustrate that though motion and location can be decomposed into more primitive elements (coordinates),
we will define location and motion (change of location) as our most primitive state and event, respectively.
Our theory is concerned with percepts which are sufficient for verbal descriptions using tense and aspect,
therefore percepts which are determined by low-level location and motion are considered intermediate-level
visual percepts.

Since events are more salient than states, percepts which denote events have greater control of an
observer's visual focus of attention than percepts which simply denote states. Visual events which include
such percept changes can influence (support, interrupt, suspend, or terminate) the observer’s attention.
Furthermore, short-term memory constraints force the observer to attend to perceptual changes during an
observation. We define object, state, and event changes as simple events so that a visual event may be
defined as a sequence of one or more simple events. This sequence may be a sub-sequence (sub-event) of
any number of other distinct visual events. For the remainder of this paper, visual events will be referred
to simply as events and simple events which bound visual events will be termed initial and final events (a
simple event is the initial and final event of itself).

Events are largely developed through observation which is the concurrent processing of identifying
objects and their behavior, predicting and matching event-schemata, and evoking linguistic, cognitive, and
physical descriptive procedures. These procedures are evoked at some level of abstraction which is appropri-
ate for the description, which by default is the highest level. Description complexity may vary from simple
perceptual recognition to combinations of linguistic, cognitive, and physical procedures. Generally, events
are percept changes defined in terms of object combinations and the polyadicity (number of object argu-
ments) of the percepts. We have identified percepts which require one, two, or three objects similar to those
in [19]. Each visual sampling interval (scene) is represented by the simple event which is the set of monadic,
dyadic, and triadic percepts using each object, object pair, and object triple as arguments, respectively.
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The purpose of observation is to describe known event-schemata and to define new event-schemata.
Generally, new schemata are constructed from a visual activity history by: retaining the history as it was
observed; defining sub-events from changing “hard-wired” percepts; defining sub-events from any changing
percepts or simple events; or by matching predicted simple events from known event-schemata. New event-
schemata are named through interaction with a critic or by concatenating the names of previously defined
events and recognized percepts. The probability of event recognition is measured by the degree to which
event-schemata are matched.

4. A Visuo-linguistic Interface Model

At each scene, matched percepts, simple events, sub-events, and event-schemata will determine the
generation of verbal descriptions where objects assume thematic roles. The description process is guided, in
part, by recognizing whether the objects, the initial event, and the final event can be identified, partially
identified, or unidentified. This will in turn determine whether the event is a definite, probable, or possible
past, present, or future process, achievement, or accomplishment. The past is considered when all events
have occurred prior to the present scene; the present when all simple events occur within the present scene;
and the future is used when all events will occur after the present. The following is our algorithm for the
visuo-linguistic interface:

1. OBSERVE scene,.

When an observation begins, the observer creates a visual history in intermediate-term blackboard
memory. At each scene the observer confirms the recognition of objects and the spatio-temporal relations
between objects.

2. PREDICT event-schemata.

Predictions of long-term memory event-schemata are goal-based when selected by the observer
through non-visual (e.g. verbal) input, object-based when selected by visibly identifying objects which
are event-schemata agents, and event-based when selected by identifying spatio-temporal relation sequences
of visibly unidentified objects and plausibly inferring event-schemata agents.

3. DETERMINE changed percepts.

The observer's attention is driven by percept changes during each scene. The degree of attention
is roughly proportional to the number of changed percepts: the larger the number of changes, the greater
the need for attention. Goal-based prediction will evoke expectation-driven attention while object-based and
event-based predictions will evoke data-driven attention. Putting these together, we can define the total
attention to be the cooperative and/or competitive interaction between the data-driven and expectation-
driven mechanisms.

4. MATCH observed sub-events with predicted event-schemata.
Sub-events are identified by focusing attention on default “hard-wired” and/or learned percepts.
Identified sub-events are matched with sub-events of predicted event-schemata.
5. CLASSIFY predicted event-schemata using matched sub-events.

Matched sub-events are compared with the structure of predicted event-schemata by verifying object
agents, and determining the state (past, present, or future) of predicted event-schemata and their matched
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sub-events. Predicted event-schemata are subsequently classified as processes, achievements, or accomplish-
ments .

6. PRIORITIZE classifled predicted event-schemata.

Predicted event-schemata are ordered based on the percept salience of the sub-events by which they
were classified. For example, a nearby object quickly moving toward the observer may be more salient than
a distant object moving slowly away from the observer.

7. DESCRIBE successfully predicted event-schemata.

Verbal descriptions are generated based on the salience, state, and classification of the predicted
event-schemata. This will include tense, aspectual, and causal references. The fine-grained temporal granu-
larity of visual perceptions will be mapped into medium-grained perceptual changes which are mapped into
coarse-grained linguistic descriptions.

8. COMMENT and generate QUERIES about unsuccessful predictions.

Verbal comments are generated for predicted event-schemata whose descriptions suggest improbable
occurrence and minimal salience. The observer will direct questions to an interactive critic in an attempt to
relate successful predictions to unsuccessful predictions ([6], [21]).

9. REFINE, UPDATE, and CREATE event-schemata.

Through dialogue the observer will attempt to assign credit to percepts and sub-events in an effort
to create new event-schemata and revise known event-schemata.

10. REPEAT UNTIL sceney.

The process continues until the observation is terminated by a minimal amount of salience in the
scene for an extended period of time, or through the volition of the observer.

It should be pointed out that event-schemata predictions are made in order to reduce the search
problem of a large number of event-schemata with a very large number of percepts. Goal-based predictions are
specific and require the less of the observer's attention resources than object-based predictions while event-
based predictions are general and require more of the observer's attention than object-based predictions.
This attention disparity exists at the beginning of the observation, but it is expected that by the end of the
observation a small number of event-schemata will have actually been described.

5. Examples

To illustrate our theory of the integration of language and perception, consider that an observer and
a critic witness air show events at an airport. There are two objects at the show: a plane and a runway.
The observer is a novice and can identify planes and runways and the critic is an aviation expert. Assume
that for every scene in the observation the observer perceives the location and motion of both objects. From
these “hard-wired” percepts the observer determines other percepts: on, over, above, velocity, and altitude.
Let us say that the observer focuses on percept changes between each scene and represents them in a visual
activity history. If an observation yields the following history of percept changes:
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(visual-history
(runway (location 0))
(plane (location 0) (motion 3)
(velocity (zero 0) (increase 4) (constant 15) (decrease 19)
(constant 27))
(altitude (constant 0) (increase 10) (constant 16) (decrease 20)
(constant 26))
(runway (on 0) (over above 10) (above 13) (over above 20)

(on 26))))

and the observer can verbally describe percepts, it could describe the activity in any scene in terms of the
percepts:

(scene-0

(runway (location 0))

(plane (location 0)
(velocity (zero 0))
(altitude (constant 0))
(runway (on 0))))

ING(sit z)

ON(Th, L)

Theme — plane/|—motion]
L — runway

"\ plane is sitting on a runway."

Scene 0 suggests that a motionless plane is the direct agent of sitting on a runway location. This would be
the case until scene 4:

(scene-4

(runway (location 0))

(plane (location 0) (motien 3)
(velocity (increase 4))
(altitude (constant 0))

(runway (en 0))))

ING(move z)

ON(Th,L)

Theme — plane/[+motion|
L — runway

®*The plane is moving faster on the runway.®

Scene 4 shows that the plane had been on the runway since scene 0, moved since scene 3, and
increased velocity in scene 4. The observer can also generate sub-events based on any particular changing
percept. For instance, the observer can define a simple sub-event by focusing on the change in velocity of the

plane at scene 15 and include all percept changes which occurred between the last two successive velocity
changes in scenes 4 through 15 and call it a “foo™:
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(sub-event-foo

(runway (location 0))

(plane (location 0) (motiom 3)
(velocity (increase 4) (constant 15))
(altitude (increase 10))
(runway (over above 10) (above 13))))

ING(foo z)
Theme — plane/|+motion]
L — above runway/[+location]

“The plane is increasing altitude above the runway at constant speed.®
or
®“The plane has fooced."

The observer could continue to generate descriptions of this visual activity in such terms, but for
long and complex events there could be a very large number of percepts and sub-events making verbal
descriptions too detailed, awkward, lengthy, or ridiculous. For these reasons, it is sometimes desirable that
sub-events have more concise and meaningful descriptions. Sub-events could be identified by an interactive
critic who can recognize and label them linguistically. Consider that the following dialogue takes place after
witnessing the visual activity:

Critic: "The plane takes-cff when it accelerates on the runway
and then ascends.”
Observer: "What is ascending?".
Critic: "The plane ascends when it increases altitude.®

This verbal exchange causes the observer to focus attention on “increasing altitude” at scene 10. The observer
now constructs an “ascend” sub-event schema:

(ascend

(runway (location 0))

(plane (location 0) (motionm 3)
(velocity (zero 0) (increase 4))
(altitude (constant 0) (increase 10))
(runway (on 0) (over above 10))))

From the observation and the dialogue, the role of the runway in the plane’s ascending is not clear. Further-
more, the critic has not given any definite indication as to when an ascend begins and ends. If the dialogue
continues:

Observer: *"VWhen does an ascend begin?"
Critic: "The plane begins to ascend when it increases
altitude."
Observer: *"When does it end?"
Critic: "YWhen the plane stops increasing altitude.”
Observer: "Does a plane need a runway to ascend?"
Critic: "No."
Observer: "Does it need velocity to ascend?”
Critic: "Yes."
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and scene indices are normalized, the observer may generate a more refined schema for “ascend”:

(ascend

(plane (location 0) (motion 1)
(velocity (increase 2) (constant 4))
(altitude (increase 3) (constant 5))))

Careful guidance by the critic could result in other refined event-schema definitions such as take-off, descend,
and landing. The observer could now describe the same visual activity at a higher level of abstraction (?
indicates unobserved percept):

(scene-4

(runway (location 0))

(plane (location 0) (motion 3)
(velocity (increase 4))
(altitude (constant 0))
(runway (en 0))))

(take-off

(runway (location 0))

(plane (location 0) (motien 3)
(velocity (increase 4)) (altitude (1acrease ?)))
(runway (on 0) (over above 7))))

“The plane is taking-off."®

(scene-23

(runway (location 0))

(plane (location 0) (motion 3)
(velocity (decrease 19))
(altitude (decrease 20))
(runway (over above 20))))

(descend

(plane (location 0) (motion 3)
(velocity (decrease 19) (constant 7))
(altitude (decrease 20) (constant ?))))

(land

(runway (location 0))

(plane (location 0) (motion 3)
(velocity (decrease 19)) (altitude (decrease 20)))
(runway (over above 20) (on ?))))

“The plane is descending and has almost landed."®
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In these cases, the observer is guided to define sub-events by focusing attention on suggested percepts rather
than focus attention on “hard-wired” or motion-related percepts though all percepts remain building blocks
for sub-events. Partial event-schemata matches were found to be helpful in generating descriptions with the
use of words such as “almost™ and “partially” though the events never completely occurred. The observer
may now describe new visual activity in terms of events that it can recognize.

Without the benefit of instruction, it would take our observer several observations outside the
proximity of an airport to notice that planes often ascend without runways and sometimes ascend due to

3 While the plane’s velocity is not essential for visually recognizing ascent or

increased wind velocity.
descent, such percepts can be included in event-schemata to help the observer make causal inferences in
verbal descriptions.

Our examples show that our visual event definitions are hierarchical (since sub-events are constructed
from events) and concurrent. We are quick to point out that without the benefit of language, event boundaries
may be determined by percept salience alone, however, language can help to determine and label visual events
on non-salient or non-visual bases. Thus the default temporal granularity and focus of attention during event

processing can be altered by using language.

6. Summary and Future Work

Our theory relates the thematic roles of objects in events to lexical and perceptual semantics. It
presents a plausible mapping from visual percepts to linguistic descriptions and the inverse transformation
from linguistic descriptions to visual event-schemata. We have suggested the role that language may play
in describing perceptions and provide an algorithm which describes this mapping process. We introduce
goal-based, object-based, and event-based prediction and show how such predictions are integrated to focus
attention on input which may be linguistic as well as perceptual.

The authors would like to point out several significant directions that our research in perceptual-
linguistic interfacing and related issues can be explored. First, though we are directly concerned with
vision and language in this paper, such work should lead towards investigations in perceptual modality
and descriptive integration. For example, the next step in defining formalisms could be to select another
perceptual modality (e.g taction) and another descriptive mechanism (e.g. motor-control) and develop
formalisms which describe how an intelligent, observing entity may physically move as a result of how it
is physically touched. Along with the theory outlined in this paper a more complete characterization of
perceptual description may result.

Another interesting avenue to explore would be how modal and descriptive integration can be con-
trolled. One idea is that the lexicon, percepts, and event-schemata can be nodal processors in a massively
parallel fine-grained computational network similar to [12] and more sophisticated memory and inference
and search reduction mechanisms such as [28| may be employed. We are exploring such implementation
details and find that a "Society of Mind" (20| architecture may be most promising.

5 This is the same problem as learning the necessary conditions for an event or concept. The more general notion of
the concept will arise with the right training instances. See [21], [22].
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