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Active Vision for Sociable Robots

Cynthia Breazeal, Aaron Edsinger, Paul Fitzpatrick, and Brian Scassellati

Abstract—in 1991, Ballard described the implications of having a human assigns to it. Having this control means that in social

a visual system that could actively position the camera coordinates sjtuations, the robot can get quite far with a simple vision system
in response to physical stimuli. In humanoid robotic systems, or that is tuned to a particular distance.

in any animate vision system that interacts with people, social
dynamics provide additional levels of constraint and provide
additional opportunities for processing economy. In this paper, II. SociAL CONSTRAINTS

we describe an integrated visual-motor system that has been im- b dh . inafully. it is |
plemented on a humanoid robot to negotiate the robot's physical ~ FOF robots and humans to interact meaningfully, it is impor-

constraints, the perceptual needs of the robot's behavioral and tant that they understand each other enough to be able to shape
motivational systems, and the social implications of motor acts. ~ each other’s behavior. This has several implications. One of the
Index Terms—Active vision, robots, social interaction with hu- MOSt basic is that robot and human should have at least some
mans. overlapping perceptual abilities. Otherwise, they can have little
idea of what the other is sensing and responding to. Vision is
one important sensory modality for human interaction, and the
one we focus on in this paper. We endow our robots with visual
NIMATE visionintroduces requirements for real-time properception that is human-like in its physical implementation.
cessing, removes simplifying assumptions of static cameraSimilarity of perception requires more than similarity of sen-
systems, and presents opportunities for simplifying computaticsars. Not all sensed stimuli are equally behaviorally relevant. It
This simplification arises through situating perception in a bé& important that both human and robot find the same types of
havioral context, by providing for opportunities to learn flexibletimuli salient in similar conditions. Our robots have a set of per-
behaviors, and by allowing the exploitation of dynamic regularéeptual biases based on the human preattentive visual system.
ties of the environment [1]. These benefits have been of criticBhese biases can be modulated by the motivational state of the
interest to a variety of humanoid robotics projects [2]-[5], anabot, making later perceptual stages more behaviorally rele-
to the robotics and artificial intelligience (Al) communities as aant. This approximates the top—down influence of motivation
whole. On a practical level, the vast majority of these systems amethe bottom—up pre-attentive process found in human vision.
still limited by the complexities of perception and thus focus on a Visual perception requires high bandwidth and is computa-
single aspectofanimate vision orconcentrate onthe integratiortiohally demanding. In the early stages of human vision, the
two well-known systems. On a theoretical level, existing systerastire visual field is processed in parallel. Later computational
often do notbenefitfromthe advantagesthatBallard proposed beeps are applied much more selectively, so that behaviorally
cause of their limited scope. relevant parts of the visual field can be processed in greater de-
In humanoid robotics, these problems are particularly euail. This mechanism of visual attention is just as important for
dent. Animate vision systems that provide only a limited set obbots as it is for humans, from the same considerations of re-
behaviors (such as supporting only smooth pursuit tracking) @wurce allocation. The existence of visual attention is also key
that provide behaviors on extremely limited perceptual inputs satisfying the expectations of humans concerning what can
(such as systems that track only very bright light sources) faihd cannot be perceived visually. We have implemented a con-
to provide a natural interaction between human and robot. \iéxt-dependent attention system that goes some way toward this.
propose that in order to allow realistic human—machine inter- Human eye movements have a high communicative value. For
actions, an animate vision system must address a setaidl example, gaze direction is a good indicator of the locus of visual
constraintsin addition to the other issues that classical activattention. Knowing a person’s locus of attention reveals what
vision has addressed. that person currently considers behaviorally relevant, which is
It is useful to view social constraints not as limitations, buh turn a powerful clue to their intent. The dynamic aspects of
opportunities. They induce a natural “vocabulary” to make theye movement, such as staring versus glancing, also convey in-
robot’s behavior and state readable by a human. This in tformation. Eye movements are particularly potent during social
can provide a framework for the robot to negotiate a change ifréieractions, such as conversational turntaking, where making
human’s behavior. For example, Section XI-A discusses a prmnd breaking eye contact plays an important role in regulating
cedure the robot can use to control the “interpersonal” distantte exchange. We model the eye movements of our robots after
humans, so that they may have similar communicative value.
Manuscript received December 19, 2001, revised April 25, 2001. This work Our hope is that by following the example of the human vi-
was funded by DARPA under Contract DABT 63-99-1-0012 and by NTT.  sual system, the robot’s behavior will be easily understood be-
The authors are with the Artificial Intelligence Laboratory, Massachusetggzse it is analogous to the behavior of a human in similar cir-
Institute of Technology (MIT), Cambridge, MA (e-mail: cynthia@ai.mit.edu; .
edsinger@ai.mit.edu; paulfiz@ai.mit.edu; scaz@ai.mit.edu). cumstances (see Fig. 1). For example, when an anthropomor-
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Fig. 2. Kismet has a large set of expressive features—eyelids, eyebrows, ears,
jaw, lips, neck, and eye orientation. The schematic on the right shows the degrees
of freedom relevant to visual perception (omitting the eyelids). The eyes can
turn independently along the horizontal (pan) but turn together along the vertical
(tilt). The neck can turn the whole head horizontally and vertically and can also
crane forward. Two cameras with narrow “foveal” fields of view rotate with the
eyes. Two central cameras with wide fields of view rotate with the neck. These
cameras are unaffected by the orientation of the eyes.

Fig. 1. Kismet, which is a robot capable of conveying intentionality through

facial expressions and behavior. Here, the robot’s physical state expresses

attention to and interest in the human beside it. Another person—for exampided device (CCD) cameras. The positions of the neck and eyes
:)he‘?n%hgtb‘?grt%ﬂﬂﬁ;r‘]’i‘;“i't‘; expect (o have Lo attract the fobot's attention befdgs important both for expressive postures and for directing the
cameras toward behaviorally relevant stimuli.

The cameras in Kismet's eyes have high acuity but a narrow
an observer can effortlessly conclude that the robot has becoa®i of view. Between the eyes, there are two unobtrusive cen-
interested in that object. These traits lead not only to behavigsl cameras fixed with respect to the head, each with a wider
that is easy to understand but also allows the robot’s behaviofitgd of view but correspondingly lower acuity. The reason for
fit into the social norms that the person expects. this mixture of cameras is that typical visual tasks require both

There are other advantages to modeling our implementatigigh acuity and a wide field of view. High acuity is needed
after the human visual system. There is a wealth of data and pfi-recognition tasks and for controlling precise visually guided
posed models for how the humanvisual system s organized. Thistor movements. A wide field of view is needed for search
data provides not only a modular decomposition but also meghsks, for tracking multiple objects, compensating for involun-
anisms for evaluating the performance of the complete systery egomotion, etc. A common trade-off found in biological
Another advantage is robustness. A systemthatintegrates actgyistems is to sample part of the visual field at a high enough
perception, attention, and other cognitive capabilities canbe meggolution to support the first set of tasks and to sample the rest
flexible and reliable than a system that focuses on only one gffthe field at an adequate level to support the second set. This
these aspects. Adding additional perceptual capabilities and gdseen in animals with foveate vision, such as humans, where
ditional constraints between behavioral and perceptual moduigg density of photoreceptors is highest at the center and falls
can increase the relevance of behaviors while limiting the comff dramatically toward the periphery. This can be implemented
putational requirements [6]. For example, in isolation, two diby using specially designed imaging hardware [7], space-variant
ficult problems for a visual tracking system are knowing what itnage sampling [8], or by using multiple cameras with different
track and knowing whento switchto anewtarget. These problefiisids of view, as we have done.
can be simplified by combining the tracker with a visual attention The designs of our robots are constantly evolving. New de-
system that canidentify objects that are behaviorally relevant agi@es of freedom are added, old degrees of freedom are reor-
worthtracking. Inaddition, the tracking system benefits the attejanized, sensors are replaced or rearranged, and new sensory
tionsystem by maintaining the objectofinterestinthe center of theodalities are introduced. The descriptions given here should
visual field. This simplifies the computation necessary to implge treated as a fleeting snapshot of the current state of the robots.
ment behavioral habituation. These two modules workin conc@tir hardware and software control architectures have been de-
to compensate for the deficiencies of the other and to limit the r§igned to meet the challenge of real-time processing of visual

quired computation in each. signals (approaching 30 Hz) with minimal latencies. Kismet's
vision system is implemented on a network of nine 400 MHz
[ll. PHYSICAL FORM commercial PCs running the QNX real-time operating system.

Currently, the most sophisticated of our robots in terms of Vt|<_ismet’s motivational system runs on a collection of four Mo-
Y. b torola 68 332 processors. Machines running Windows NT and

sual-motor behavior is Kismet. This robot is an active vision. . .
. . ) ; ux are also networked for speech generation and recogni-

head augmented with expressive facial features (see Fig. 2). . : ) )
tion, respectively. Even more so than Kismet's physical form,

Kismet is designed to receive and send human-like social ¢ . . : :
iesig . . Y68 control network is rapidly evolving as new behaviors and
to a caregiver, who can regulate its environment and shape IS

experiences as a parent would for a child. Kismet has 3 degreszegsory modalities come online.
of freedom (DOF) to control gaze direction, 3 DOF to control

its neck, and 15 DOF in other expressive components of the face
(such as ears and eyelids). To perceive its caregiver Kismet usegisual behavior can be conceptualized on four different levels

a microphone, worn by the caregiver, and four color charge cdias shown in Fig. 3). These levels correspond testhgal leve)

IV. LEVELS OFVISUAL BEHAVIOR
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« Motor Skill Level:The motor skill level is responsible for
e figuring out how to move the motors to accomplish that
forebet task. Fundamentally, this level deals with the issues of
blending of and sequencing between coordinated ensem-
bles of motor primitives (each ensemble is a distinct motor
skill). The skills level must also deal with coordinating
multimodal motor skills (e.g., those motor skills that
combine speech, facial expression, and body posture).
Fixed action patterns such as a searching behavior is an

Human perceiving and
responding to robot

Behavior System

fesdback
from motor
acts

N v T TToom example where the robot alternately performs ballistic

sytem on R S b eye—neck orientation movements with gaze fixation to
affective we H Tt
e the most salient target. The ballistic movements are

important for scanning the scene, and the fixation periods

o 3 Levels of behavioral ation. The orimitive level | ated are important for locking on the desired type of stimulus.
ig. 3. Levels of behavioral organization. The primitive level is populate S : s -

with tightly coupled sensorimotor loops. The skill level contains modules * Motor P”mmvesl L,eveI'The motor prlmltlvgs Ievell Im

that coordinate primitives to achieve tasks. Behavior level modules deal with ~ plements the building blocks of motor action. This level

%J]estion; |ofI relelvance, persis(;en_ce, a:_nd opport_L:jnisrrtl_ in thefaLbitrattir(])n of éa?ks. must deal with motor resource allocation and tightly cou-
e social level comprises design—time considerations of how the robot's . e

behaviors will be interpreted and responded to in a social environment. pled sensorimotor |O(?pS. .FOI‘ example, gaze stabilization

must take sensory stimuli and produce motor commands

in a very tight feedback loop. Kismet actually has four dis-
thebehavior leveltheskills leve] and thq)rlmltlves level This tinct motor systems at the primitives level:

decomposition is motivated by distinct temporal, perceptual,
and interaction constraints that exist at each level. The temporal
constraints pertain to how fast the motor acts must be updated
and executed. These can range from real-time vision rates (30
Hz) to the relatively slow time scale of social interaction (po- ) ) )
tentially transitioning over minutes). The perceptual constraints ~ B€cause this paper focuses on visual behavior, we only
pertain to what level of sensory feedback is required to coordi- discuss the oculomotor system here.

nate behavior at that layer. This perceptual feedback can origWWe describe these levels in detail as they pertain to Kismet's
inate from the low-level visual processes such as the curragual behavior. We begin at the lowest level (motor primitives
target from the attention system, to relatively high-level multertaining to vision) and progress to the highest level where we
modal percepts generated by the behavioral releasers. The irfiégcuss the social constraints of animate vision.

action constraints pertain to the arbitration of units that compose

each layer. This can range from low-level oculomotor primitives

(such as saccades and smooth pursuit) to using visual behavior V. VISUAL MOTOR PRIMITIVES

to regulate human-robot turntaking. Kismet's visual-motor control is modeled after the human oc-
Each level serves a particular purpose for generating thgyr—motor system. The human system is so good at providing
overall observed behavior. As such, each level must addresg &ap|e percept of the world that we have no intuitive apprecia-
specific set of issues. The levels of abstraction help simplify thgn of the physical constraints under which it operates. Humans
overall control of visual behavior by restricting each level tggye foveate vision. The fovea (the center of the retina) has a
address those core issues that are best managed at that level, Byh higher density of photoreceptors than the periphery. This
doing so, the coordination of visual behavior at each level (i.@heans thatto see an object clearly, humans must move their eyes
arbitration), between the levels (i.e., top-down and bottom—Uugy,ch, that the image of the object falls on the fovea. Human eye
and through the world is maintained in a principled way. movement is not smooth. It is composed of many quick jumps,
 Social LevelThe social level explicitly deals with issuescalled saccades, which rapidly reorient the eye to project a dif-
pertaining to having a human in the interaction loop. Thierent part of the visual scene onto the fovea. After a saccade,
requires careful consideration of how the human interpretsere is typically a period of fixation, during which the eyes are
and responds to the robot’s behavior in a social contexelatively stable. They are by no means stationary, and continue
Using visual behavior (making eye contact and breakirtig engage in corrective microsaccades and other small move-
eye contact) to help regulate the transition of speaker tunments. If the eyes fixate on a moving object, they can follow
during vocal turntaking is an example. it with a continuous tracking movement called smooth pursuit.

» Behavior Level:The behavior level deals with issuesThis type of eye movement cannot be evoked voluntarily, but
related to producing relevant, appropriately persisteranly occurs in the presence of a moving object. Periods of fix-
and opportunistic behavior. This involves arbitratingtion typically end after some hundreds of milliseconds, after
between the many possible goal-achieving behaviors thveltich a new saccade will occur [9].
the robot could perform to establish the current task. The eyes normally move in lock-step, making equal, conjunc-
Actively seeking out a desired stimulus and then visuallfve movements. For a close object, the eyes need to turn toward
engaging it is an example. each other somewhat to correctly image the object on the foveae

a) theaffective vocal system
b) thefacial expression system
¢) theoculomotor system

d) thebody posturing system
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Fig. 4. Humans exhibit four characteristic types of eye motion. Saccadic
movements are high-speed ballistic motions that center a target in the field . . L .
of view. Smooth pursuit movements are used to track a moving object Fif- 5. Overview of the attention system. The robot’s attention is determined
low velocities. The vestibulo—ocular and optokinetic reflexes act to maintaly @ combination of low-level perceptual stimuli. The relative weightings of
the angle of gaze as the head and body move through the world. VergeHi stimuli are modulated by high-level behavior and motivational influences.

movements serve to maintain an object in the center of the field of view of bofrsufficiently salient stimulus in any modality can preempt attention, similar to
eyes as the object moves in depth. the human response to sudden motion. All else being equal, larger objects are
considered more salient than smaller ones. The design is intended to keep the
robot responsive to unexpected events, while avoiding making it a slave to every
. . im of its environment. With this model, people intuitively provide the right
of the two eyes. These d|SJunct|ve movements are called VéllEés to direct the robot’s attention (shake object, move closer, wave hand, etc.).

gence and rely on depth perception (see Fig. 4). Since the epgglayed images were captured during a behavioral trial session.
are located on the head, they need to compensate for any head

movements that occur during fixation. The vestibulo—ocular re rmalized by the luminande(a weighted average of the three
flex uses inertial feedback from the vestibular system to ke y 9 9

e
the orientation of the eyes stable as the eyes move. This ilsrPBUt color channels)

very fast response but is prone to the accumulation of error over 255 1 g
time. The optokinetic response is a slower compensation mech- =37 IR0 b, = 3
anism that uses a measure of the visual slip of the image across

the retina to correct for drift. These two mechanisms work td-hese normalized color channels are then used to produce four

@)

gether to give humans stable gaze as the head moves. opponent-color channels
Our implementation of an ocular—motor system is an approx-

imation of the human system. The motor primitives are orga- P =r, - + bn )

nized around the needs of higher levels, such as maintaining and 2

breaking mutual regard, performing visual search, etc. Since our qJ =g, — o+ by ©)

motor primitives are tightly bound to visual attention, we will ] 2

first discuss their sensory component. b =b, — % 4)
ylzm_bn_HTn_gnH' %)

2
VI. PREATTENTIVE VISUAL PERCEPTION

H inf d adul v find . grefouropponent-colorchannels are clamped to 8-bit values by
uman infants and adu'ts naturally find certain percepiu resholding. While some research seems to indicate that each

;eatulr.tla(s w;}terestmg. Featllj,lr(ef such as color, moj"on'lﬁgorchannelshould be considered individually [10], we choose
ace-like shapes are very likely to attract our attention [ maintain all of the color information in a single feature map

We have implemented a variety of perceptual feature detectpls;,jir, the processing requirements (as does Wolfe [12] for
that are particularly relevant to interacting with people a ore theoretical reasons)

objects. These include low-level feature detectors attuned to
quickly moving objects, highly saturated color, and coloré

representative of skin tones. Examples of features we have
used are shown in Fig. 5. Looming objects are also detectedn Parallel with the color saliency computations, a second pro-

pre-attentively, to facilitate a fast reflexive withdrawal. cessor receives input images from the frame grabber and com-
putes temporal differences to detect motion. Motion detection

is performed on the wide field of view (FoV) camera, which is

often at rest since it does not move with the eyes. The incoming
One of the most basic and widely recognized visual featuresnsage is converted to grayscale and placed into a ring of frame

color. Our models of color saliency are drawn from the compléuffers. A raw motion map is computed by passing the abso-

mentary work on visual search and attention fromettl.[11]. lute difference between consecutive images through a threshold

The incoming video stream contains three 8-bit color channéismction7

(r, g, andb) which are transformed into four color-opponency

channels{, ¢, ¥, andy’). Each input color channel is first Miaw = T(||I; — Ii—1]))- (6)

Motion Feature Map

A. Color Saliency Feature Map
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Fig. 6.  Skin tone filter responds to 4.7% of possiffe G, B) values. Each skingain skin gain skingain  color gain color gain color gaz.

grid in the figure to the left shows the response of the filter to all values of
red and green for a fixed value of blue. The image to the right shows the filter
in operation. Typical indoor objects that may also be consistent with skin tone
include wooden doors, cream walls, etc. Fig. 7. Schematic of behaviors relevant to attention. The activation of a
particular behavior depends on both perceptual factors and motivation factors.
The perceptual factors come from postattentive processing of the target

This raw motion map is then smoothed with a uniforra B  stimulus into behaviorally relevant percepts. The drives within the motivation

- ; ; A ; _ stem have an indirect influence on attention by influencing the behavioral
field. The result is a binary two-dimensional (2-D) map Whe%ntext. The behaviors at Level 1 of the behavior system directly manipulate

regions corresponding to motion have a high intensity valule gains of the attention system to benefit their goals. Through behavior
The motion saliency feature map is computed at 25—30 Hz byraitration, only one of these behaviors is active at any time. These behaviors
single 400 MHz processor node. Fig. 5 gives an example of tHE further elaborated in deeper levels of the behavior system.

motion feature map when the robot looks at a toy block that is

being shaken. the robot’s current goal is to interact with people, the attention
system is biased toward objects that have colors consistent
C. Skin Tone Feature Map with skin tone. The attention system also has mechanisms for

Colors consistent with skin are also filtered for. Thisis a comh—":lbltu":ltmg o stimuli, thus providing the robot with a primitive

. . . . attention span. The state of the attention system is usually re-
putationally inexpensive means to rule out regions that are

) . . . {Ected in the robot's gaze direction, unless there are behavioral
likely to contain faces or hands. Most pixels on faces will pass

these tests over a wide range of lighting conditions and speasons for this not to be the case. The attention system runs

color. Pixels that pass these tests are weighted according t‘ri‘)ﬂathe time, even Whgn not control_llng gaze. This is bec?‘use
: i . . it must always determine the most interesting perceptual input
function learned from instances of skin tone from images taken

by Kismet's cameras (see Fig. 6). In this implementation, a pixcgr the robot to respond towards.

is not skin-toned if A. Task-Based Influences on Attention
e r < 1.1 - g (red component fails to dominate green suffi- . .
Z:ie<ntly)' 9 P 9 For a goal achieving creature, the behavioral state should also

: . . bias what the creature attends to next. For instance, when per-
* r < 0.9 -b (red component is excessively dominated by : . .
blue); orming visual search, humans seem to be able to preferentially
' select the output of one broadly tuned channel per feature (e.qg.,

» > 2.0-ma b) (red component completely dominate . o .
r> max(g, b) ( . P P y 5red"forcolorand “shallow” for orientation if searching for red
both blue and green); . .

-horizontal lines).

- < 20 (the red component is too low to give good esti- : .
r<20( P gveg In our system these top—down, behavior-driven factors

mates of ratios); . . odulate the output of the individual feature maps before
* > 250 (the red component is too saturated to glveagoqrﬁe dt q the bottom— tribution. Thi

estimate of ratios). y are summed to produce the bottom—up contribution. This

process selectively enhances or suppresses the contribution of

certain features but does not alter the underlying raw saliency
of a stimulus. To implement this, the bottom—up results of each

We have implemented Wolfe’s model of human visual searébature map are passed through a filter (effectively a gain). The
and attention [12]. Our implementation is similar to othevalue of each gain is determined by the active behavior. For
models based in part on Wolfe’s work [11] but additionally opinstance, as shown in Fig. 7, the skin-tone gain is enhanced
erates in conjunction with motivational and behavioral modelahen theseek people behavior is active and is suppressed
with moving cameras, and addresses the issue of habituatiwhen theavoid people behavior is active. Similarly, the
The attention process acts in two parts. The low-level featurelor gain is enhanced when theek toys behavior is active
detectors discussed in the previous section are combirsti suppressed when theroid toys behavior is active.
through a weighted average to produce a single attention mé¢henever theengage people Or engage toys behaviors
This combination allows the robot to select regions that aege active, the face and color gains are restored to their default
visually salient and to direct its computational and behaviorahlues, respectively.
resources toward those regions. The attention system alsdhese modulated feature maps are then summed to compute
integrates influences from the robot’s internal motivational artle overall attention activation map, thus biasing attention in a
behavioral systems to bias the selection process. For exampleafy that facilitates achieving the goal of the active behavior.

VII. VISUAL ATTENTION
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To allow such commitment, the attention system is aug-
mented with a tracker. The tracker follows a target in the visual
field, using simple correlation between successive frames.
Usually, changes in the tracker target will be reflected in
movements of the robot’s eyes, unless this is behaviorally
inappropriate. If the tracker loses the target, it has a very good
chance of being able to reacquire it from the attention system.

Fig. 8. Effect of gain adjustment on looking preference. Circles correspok® EXperiments with Directing Attention
to fixation points sampled at 1 s intervals. On the left, the gain of the skin-tone .
filter is higher. The robot spends more time looking at the face in the scene (86%1he overall attention system runs at 20 Hz on several

face, 14% block). This bias occurs despite the fact that the face is dwarfed490-MHz processors. In Section VII-A, we presented Kismet's
the block in the visual scene. On the right, the gain of the color saliency filterli

higher. The robot now spends more time looking at the brightly colored bIocéOkIng preferenc_e re;ults W_Ith respect to dlrectl_ng its attentlo_n
(28% face, 72% block). to task-relevant stimuli. In this section, we examine how easy it
is for people to direct the Kismet's attention to a specific target
) ) i i ... stimulus and to determine when they have been successful in
For example, if the robot is searching for social stimuli, it bedoing S0
comes sensitive to skin tone and less sensitive to color. BehaVThree naive subjects were invited to interact with Kismet. The
|t9rally, t?‘le roE_ottmaydent(_:ourrter_ t(;ys |ré|tsftsearch but V\,"”fco ubjects ranged in age from 25 to 28 years old. All used com-
;r_1ue8ur;]| as r']n' onel N |;nu usis r(])un (O_ en apirhsor ?tfac uters frequently but were not computer scientists by training.
r']g' S olwskt. eresuftso two suc expergnen_ts. Ie € '9” efl,,interactionsWerevideo recorded. The robot’s attention gains
s ?WS a oho mtﬂ preberte.nce ti.a pertson TSp(':te a ess?r "%ere set to their default values so that there would be no strong
sallency wnen e robot 1S seexing out PEOpPIE. ONVErSel, Wiilterence for one saliency feature over another. The subjects
the robot s actively searching for a toy, it demonstrates a looki re asked to direct the robot's attention to each of the target

p;eference ,to fthe c_olct)r:ful _blocll<f_de|§p|te the dominant presengey,, i There were seven target stimuli used in the study. Three
Of a person's face In the visual held. were saturated color stimuli, three were skin-toned stimuli, and

the last was a pure motion stimulus. Each target stimulus was
B. Habituation Effects used more than once per subject. These are listed below.

To build a believable creature, the attention system must also * A highly saturated colorful block.
implement habituation effects. Infants respond strongly to novel * A bright yellow stuffed dinosaur with multicolor spines.
stimuli, but soon habituate and respond less as familiarity in- * A bright green cylinder.
creases. This acts both to keep the infant from being contin- * A bright pink cup (which is actually detected by the
ually fascinated with any single object and to force the care- Skin-tone feature map).
taker to continually engage the infant with slightly new and in- * The person’s face.
teresting interactions. For a robot, a habituation mechanism re-* The person’s hand.
moves the effects of highly salient background objects that are * A black and white plush cow (which is only salient when
not currently involved in directinteractions as well as placingre- ~ moving).

quirements on the caretaker to maintain interaction with slightly The video was later analyzed to determine which cues the
novel stimulation. subjects used to attract the robot’s attention, which cues they

To implement habituation effects, fabituation filteris ap- uUsed to determine when they had been successful, and the length

plied to the activation map over the location currently being a@f time required to do so. They were also interviewed at the end
tended to. The habituation filter effectively decays the activatidif the session about which cues they used, which cues they read,
level of the location currently being attended to, making oth@hd about how long they thought it took to direct the robot’s

locations of lesser activation bias attention to a stronger degrafiéntion. The results are summarized in Table I.
To attract the robot’s attention, the most frequently used cues

include bringing the target close and in front of the robot’s face,
shaking the object of interest, or moving it slowly across the
In the presence of objects of similar salience, it is useful tenterline of the robot’s face. Each cue increases the saliency
be able to commit attention to one of the objects for a periad a stimulus by making it appear larger in the visual field, or
of time. This gives time for postattentive processing to be cavy supplementing the color or skin-tone cue with motion. Note
ried out on the object and for downstream processes to orgartizat there was an inherent competition between the saliency of
themselves around the object. As soon as a decision is made thattarget and the subject’'s own face as both could be visible
the object is not behaviorally relevant (for example, it may ladkom the wide FoV camera. If the subject did not try to direct
eyes, which are searched for postattentively), attention canthe robot’s attention to the target, the robot tended to look at the
withdrawn from it and visual search may continue. Committingubject’s face.
to an object is also useful for behaviors that need to be atomi-The subjects also effortlessly determined when they had suc-
cally applied to a target (for example, a calling behavior whepessfully redirected the robot’s gaze. Interestingly, it is not suf-
the robot needs to stay looking at the person it is calling).  ficient for the robot to orient to the target. People look for a

C. Consistency of Attention
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TABLE |
SUMMARY FROM ATTENTION MANIPULATION INTERACTIONS
stimulus stimulus presentations | average commonly commonly
category time (s) used cues read cues
yellow dinosaur 8 85 motion across eye behavior,
center line especially
color & multi-colored 8 6.5 . ) tracking
movement block shaking motion
tacial expression,
green cylinder 8 6.0 bringing target especially raised
close to robot eyebrows
motion b/w cow 8 5.0 body posture,
only especially
pink cup 8 65 forward lean
skin-toned or withdraw
& hand 8 5.0
movement
face 8 35
Total 56 5.8

changein visual behavior, from ballistic orientation movements. - _ o
. . Fig. 9. Eyes are searched for within a restricted part of the robot'’s field of

to smooth pUI’SUI.t movements, before conpludlng that_they . The eye detector actually looks for the region between the eyes. It has
successfully redirected the robot’s attention. All subjects redequate performance over a limited range of distances and face orientations.
ported that eye movement was the most relevant cue to de-

termine if they had successfully directed the robot’s attention. « Extract a subimage of the oval and run a ratio template
They all reported that it was easy to direct the robot’s attention  [13], [14] over it for candidate eye locations.

to the desired target. They estimated the mean time to direct thee For each candidate eye location, run a pixel-based multi-

robot’s attention at 5 to 10 s. This turns out to be the case; the layer perceptron on the region. The perceptron is previ-

mean time over all trials and all targets is 5.8 s. ously trained to recognize shading patterns characteristic
of the eyes and bridge of the nose.
VIIl. POST-ATTENTIVE PROCESSING By doing so, the set of possible eye locations in the image is

Once the attention system has selected regions of the vidi® uced from the previous Ieve_l based_ on a feature filter. This
field that are potentially behaviorally relevant, more intensiva oS the eye detector to run in real-time on a 400-MHz PC.
computation can be applied to these regions than could be 4§ Methodology assumes
plied across the whole field. Searching for eyes is one such task1) that the lighting conditions allow the eyes to be distin-
Locating eyes is important to us for engaging in eye contact, and ~ 9uished as dark regions surrounded by highlights of the
as a reference point for interpreting facial movements and ex-  teémples and the bridge of the nose;
pressions. We currently search for eyes after the robot directs its?) thathuman eyes are largely surrounded by regions of skin
gaze to a locus of attention so that a relatively high-resolution  color;
image of the area being searched is available from the foveal3) thatthe head is only moderately rotated;
cameras (see Fig. 9). Once the target of interest has been s¢t) that the eyes are reasonably horizontal;
lected, we also estimate its proximity to the robot using a stereo®) that people are within interaction distance from the robot
match between the two central-wide cameras. Proximity is im- (3 to 10 ft).
portant for interaction as things closer to the robot should be
of greater interest. It is also useful for interaction at a distance, IX. EYE MOVEMENTS

such as a person standing too far for face-to-face interaction bukismet's eyes periodically saccade to new targets chosen by
is close enough to be beckoned closer. Clearly, the relevant Bg-attention system, tracking them smoothly if they move and
havior (beckoning or playing) is dependent on the proximity @he robot wishes to engage them. Vergence eye movements are
the human to the robot. more challenging to implement in a social setting, since errors
Eye-detection in a real-time, robotic domain is computatioin disjunctive eye movements can give the eyes a disturbing ap-
ally expensive and prone to error due to the large variancegBarance of moving independently. Errors in conjunctive move-
head posture, lighting conditions, and feature scales. We devgents have a much smaller impact on an observer since the eyes
oped an approach based on successive feature extraction, cglgkrly move in lockstep. A crude approximation of the optoki-
bined with some inherent domain constraints, to achieve a robggtic reflex is rolled into our implementation of smooth pursuit.
and fast eye-detection system for Kismet. First, a set of featytl analog of the vestibular—ocular reflex has been developed
filters are applied successively to the image in increasing featyj§ing a three-axis inertial sensor but has yet to be implemented
granularity. This serves to reduce the computational overheg§l Kismet (it currently runs on other humanoid robots in our
while maintaining a robust system. The successive filter Staggg)_ Kismet uses an efferent copy mechanism to Compensa’[e

include the following. the eyes for movements of the head. An overview of the oculo-
» Detect skin colored patches in the image (abort if this doesotor control system is shown in Fig. 10.
not pass above threshold). The attention system operates on the view from the central

» Scan the image for ovals and characterize its skin tone famera (see Fig. 2). A transformation is needed to convert pixel
a potential face. coordinates in images from this camera into position setpoints
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Comp__| 8 Eye-Head-Neck Control - ; ! : : . i .
8.8.9 ye ok Cotre Fig. 11. Without distance information, knowing the position of a target in the
Motor

Desmen Motors wide camera only identifies a ray along which the object must lie, and does not
uniquely identify its location. If the cameras are close to each other relative to the
Fig. 10. Organization of Kismet's eye/neck motor control. Many cross levélosest distance at which the object is expected to be, at the foveal cameras can

influences have been omitted. The modules in gray are not active in the resRgotated to bring the object within their narrow field of view without needing
presented in this paper. an accurate estimate of its distance. If the cameras are far apart, or the field of
view is very narrow, the minimum distance the object can be at becomes large.

for the eye motors. This transformation in general requires th

. : : : dy posture, facial display, and gaze control). Requests for
distance to the target to be known since objects in many If?fes{a pmodalities can orirg);in);te fror?] the top—dgwn (g 9., from
cations will project to the same point in a single image (sc—i P

Fig. 11). Distance estimates are often noisy, which is problerrﬁ—e emotion system or behavior system), as well as from the

hal X . m-— he vocal mr ing lip and jaw movemen
atic if the goal is to center the target exactly in the eyes. qutto up (the vocal system requesting lip and jaw movements

LS s . li hing). H h kills level h
practice, it is usually enough to get the target within the f|el(?r P Sync mg) ence, the motor skills eve mustaddress the
ISsue of servicing the motor requests of different systems across

of view of the foveal cameras in the eyes. Clearly, the narrowgr. ..
y y e different motor resources.

the field of view of these cameras is, the more accurately t € urthermore. it often requires a sequence of coordinated
distance to the object needs to be known. Other crucial factors ' d q

. . otor movements to satisfy a goal. Each motor movement is
are the distance between the wide and foveal cameras, and% fyag

e. .. N S

. ) . . . rimitiv r mbination of primitiv from one of th
closest distance at which the robot will need to interact with o@-p tive (or a co bh atio IO primit ?‘S) OI one of the
jects. These constraints determined the physical distribution N motor systems (the vocal system, the oculomotor system,
Jects. , . ) ?.). Each of these coordinated series of motor primitives is
Kismet's cameras and choice of lenses. The central location 0

. . . called askill, and each skill is implemented as a finite state
the wide camera places it as close as possible to the foveal cam-_, . .
. machine (FSM). Each motor skill encodes knowledge of how
eras. It also has the advantage that moving the head to center
. 2 ~~tQ move from one motor state to the next, where each sequence
a target as seen in the central camera will in fact truly orien . .
) ’ IS designed to bring the robot closer to the current goal. The
the head toward that target—for cameras in other locations, ac- . . .
. : . motor skills level must arbitrate among the many different
curacy of orientation would be limited by the accuracy of thE

megsurement Qf distance. oal. This decision process is straight forward since there is an
Higher level influences modulate eye and neck moveme B M tailored for each task of the behavior system

n a ”“”.‘ber of ways. As already discussed, modifications toMany skills can be thought of adiaed action patterfFAP),
weights in the attention system translate to changes of the locus lized b v ethologists. Each FAP . f
of attention about which eye movements are organized T%seconceptualze _yearyet ologists. Eac . co_n5|§tso two
regime used to control the eyes and neck is available as a. Se%%rpponents: thactioncomponent and theaxis (or orienting)

gims . Y ) . component. For Kismet, FAPs often correspond to communica-
primitives to higher level modules. Regimes include low-co

. . : . Mive gestures where the action component corresponds to the fa-
mitment search, high-commitment engagement, avoidance, suss : .

. . . S clal gesture, and the taxis component (to whom the gesture is
tained gaze, and deliberate gaze breaking. The primitive per- a) i lled b Peool intuitivel
cepts generated by this level include a characterization of t gecte ) is controlle Dy gaze. Feople seem to |_ntumvey un-
most salient regions of the image in terms of the feature mads rstand that whe_n Kismet makes eye contact with them_, th_ey

o g ré the locus of Kismet's attention and the robot’s behavior is
an extended characterization of the tracked region in terms of the

. . . . or%anized about them. This places the person in a state of action
results of postattentive processing (eye detection, and distance .. i . )
readiness where they are poised to respond to Kismet's gestures.

estimation), and signals related to undesired conditions, such a simple example of a motor skill is Kismet's “calling” FAP.

a looming object, or an object moving at speeds the tracker ﬂr\ﬂﬁ‘nen the currenttask is to bring a person into a good interaction

difficult to keep up with. distance, the motor skill system activates td 1ing FSM.

The taxis component of the FAP issuessdd gaze request to

the oculomotor system. This serves to maintain the robot’s gaze
Given the current task (as dictated by the behavior systerah the person to be hailed. In the first state of the gestural com-

the motor skills level is responsible for figuring out how tgonent, Kismet leans its body toward the person (a request to

move the actuators to carry out the stated goal. Often this the body posture motor system). This strengthens the person’s

quires coordination between multiple motor modalities (speegterception that the robot has taken a particular interest in them.

SMs, selecting the one to become active based on the active

X. VISUAL MOTOR SKILLS
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The ears also begin to waggle exuberantly (creating a significant Person Person draws
. . . y backs off closer
amount of motion and noise) which further attracts the person’s — >
attention to the robot (a request to the face motor system). Inad- <> ¢ O
dition, Kismet vocalizes excitedly which is perceived as an initi- - _ eyond
- ) . 00 close - oo far sensor
ation of engagement. At the completion of this gesture, the FSM withdrawal Comfortab/e calling range
transitions to the second state. In this state, the robot “sits back” response  \Unteraction distance \Jbshavior
and waits for a bit with an expecting expression (ears slightly
perked, eyes slightly widened, and brows raised). If the person Comfortable interaction

has not already approached the robot, it is likely to occur during e

this “anticipation” phase. If the person does not approach within Q ® @O M ».
the allotted time period, the FSM transitions to the third state in '
which the face relaxes, the robot maintains a neutral posture, Too fasf T°° fast -
X . . . . L Too close — lrrltatlon response
and gaze fixation is released. At this point, the robot is likely hreat response
to shift gaze. As long as this FSM is active (determined by the
behavior system), the hailing cycle repeats. It can be interrupted o , _
by the activation of another FSM (Suchggle Regulating interaction. People too dlsta_nt to be seen cle_arly are called
atany StaFe transition y er; if they come too close, the robot signals discomfort and withdraws. The
the “greeting” FSM when the person has approached). withdrawal moves the robot back somewhat physically but is more effective in

We now move up another layer of abstraction, to the behavfgnaling to the human to back off. Toys or people that move too rapidly cause
level in the hierarchy that was shown in Fig. 3. imitation.

fixation with smooth pursuit and orientation of the head
toward the target conveys a much greater level of engagement,
suggesting that the robot’s behavior is very strongly organized

The behavior level is responsible for establishing the cugbout the locus of attention.
rent task for the robot through arbitrating among Kismet's goal- Eye movements are the most obvious and direct motor actions
achieving behaviors. By doing so, the observed behavior shotlit support visual perception, but they are by no means the only
be relevant, appropriately persistent, and opportunistic. Bahes. Postural shifts and fixed action patterns involving the en-
the current environmental conditions (as characterized by higiie robot also have an important role. Kismet has a number of
level perceptual releasers, as well as motivational factors (engeordinated motor actions designed to deal with various limita-
tion processes and homeostatic regulation) contribute to this dens of Kismet's visual perception (see Fig. 12). For example,
cision process. if a person is visible, but is too distant for their face to be imaged

Interaction of the behavior level with the social level occurdt adequate resolution, Kismet engages in a calling behavior to
through the world as determined by the nature of the interag!mmon the person closer. People who come too close to the
tion between Kismet and the human. As the human respondgqbot also cause difficulties for the cameras with narrow fields
Kismet, the robot’s perceptual conditions change. This can adf-view, since only a small part of a face may be visible. In this
vate a different behavior, whose goal is physically carried out [j§rcumstance, a withdrawal response is invoked, where Kismet

the underlying motor systems. The human observes the robétrgws back physically from the person. This behavior, by itself,
ensuing response and shapes their reply accordingly. aids the cameras somewhat by increasing the distance between

Interaction of the behavior level with the motor skills leveKismet and the human, but the behavior can have a secondary

also occurs through the world. For instance, if Kismet is lookingnd greater effect through social amplification—for a human
for a bright toy, then theeek toy behavior is active. This task close to Kismet, a withdrawal response is a strong social cue
is passed to the underlying motor skills which carry out tH® back away, since it is analogous to the human response to in-
search. The act of scanning the environment brings new pg¥asions of “personal space.”
ceptions to Kismet's field of view. If a toy is found, then the Similar kinds of behavior can be used to support the visual
seek toy behavior is successful and released. At this point, tierception of objects. If an object is too close, Kismet can lean
perceptual conditions for engaging the toy are relevant and taay from it; if it is too far away, Kismet can crane its neck to-
engage toy behaviors become active. A new set of motor skillg/ard it. Again, in a social context, such actions have power be-
become active to track and smoothly pursue the toy. yond their immediate physical consequences. A human, reading
intent into the robot’s actions, may amplify those actions. For
example, neck-craning toward a toy may be interpreted as in-
terestin that toy, resulting in the human bringing the toy closer to
Eye movements have communicative value. As discussi robot. Another limitation of the visual system is how quickly
previously, they indicate the robot’s locus of attention. Thiecan track moving objects. If objects or people move at exces-
robot’s degree of engagement can also be conveyed, to comsive speeds, Kismet has difficulty tracking them continuously.
nicate how strongly the robot’'s behavior is organized aroui® bias people away from excessively boisterous behavior in
what it is currently looking at. If the robot’s eyes flick aboutheir own movements or in the movement of objects they ma-
from place to place without resting, that indicates a low level ofipulate, Kismet shows irritation when its tracker is at the limits
engagement, appropriate to a visual search behavior. Prolongeéits ability. These limits are either physical (the maximum rate

Xl. VISUAL BEHAVIOR

A. Social Level
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at which the eyes and neck move) or computational (the maxithdrew without exhibiting any signs of annoyance. The sub-
imum displacement per frame from the cameras over whicljexct immediately queried, “Am | too close to you? | can back
target is searched for). up” and moved back to put a bit more space between himself
Such regulatory mechanisms play roles in more complex sand the robot. In another instance, a different subject intention-
cial interactions, such as conversational turntaking. Here caily put his face very close to the robot’s face to explore the
trol of gaze direction is important for regulating conversatioresponse. The robot withdrew while displaying full annoyance
rate [15]. In general, people are likely to glance aside when thieyboth face and voice. The subject immediately pushed back-
begin their turn and make eye contact when they are prepareeavird, rolling the chair across the floor to put about an additional
relinquish their turn and await a response. Blinks occur most frg@ft between himself and the robot, and promptly apologized to
qguently at the end of an utterance. These and other cues altbe robot.
Kismet to influence the flow of conversation to the advantage Overall, across different subjects, the robot successfully es-
of its auditory processing. The visual-motor system can altablished a personal space. This benefits the robot’s visual pro-
be driven by the requirements of a nominally unrelated sensagssing by keeping people at a distance where the visual system
modality, just as behaviors that seem completely orthogonaldan detect eyes more robustly. This behavioral response was
vision (such as ear-wiggling during the call behavior to attractelded to the robot’s repertoire because previous interactions
person’s attention) are nevertheless recruited for the purposewith naive subjects illustrated the robot was not granted any per-
regulation. These mechanisms also help protect the robot. @bnal space. This can be attributed to “baby movements” where
jects that suddenly appear close to the robot trigger a loomipgople tend to get extremely close to infants, for instance.
reflex, causing the robot to quickly withdraw and appear star-2) Luring People to a Good Interaction Distanc®eople
tled. If the event is repeated, the response quickly habituatesem responsive to Kismet's calling behavior. When a person
and the robot simply appears annoyed, since its best strategyifoclose enough for the robot to perceive his/her presense, but
ending these repetitions is to clearly signal that they are undee far away for face-to-face exchange, the robot issues this so-
sirable. Similarly, rapidly moving objects close to the robot argal display to bring the person closer. The most distinguishing
threatening and trigger an escape response. These mechanieatsres of the display are craning the neck forward in the di-
are all designed to elicit natural and intuitive responses froraction of the person, wiggling the ears with large amplitude,
humans, without any special training, but even without thes@d vocalizing with an excited affect. The function of the dis-
carefully crafted mechanisms, it is often clear to a human whefay is to lure people into an interaction distance that benefits
Kismet's perception is failing, and what corrective action woulthe vision system. This behavior is not often witnessed as most
help, because the robot’s perception is reflected in behavior is@bjects simply pull up a chair in front of the robot and remain
familiar way. Inferences made based on our human preconcepated at a typical face-to-face interaction distance.

tions are actually likely to work. The youngest subject took the liberty of exploring different
_ _ o interaction ranges, however. Over the course of about 15 min he
B. Evidence of Social Amplification would alternately approach the robot to a normal face-to-face

To evaluate the social implications of Kismet's behavior, welistance, move very close to the robot (invading its personal
invited a few people to interact with the robot in a free-form exépace), and backing away from the robot. Upon the first ap-
change. There were four subjects in the study: two males (dpearance of the calling response, the experimenter queried the
adult and one child) and two females (both adults). They rang&dbject about the robot’s behavior. The subject interpreted the
in age from 12 to 28 years. None of the subjects were affilisplay as the robot wanting to play, and he approached the
ated with the Massachusetts Institute of Technology (MIT). Alpbot. Atthe end of the subject’s investigation, the experimenter
had substantial experience with computers. None of the subjederied him about the further interaction distances. The sub-
had any prior experience with Kismet. The child had prior eject responded that when he was further from Kismet, the robot
perience with a variety of interactive toys. Each subject intefould lean forward. He also noted that the robot had a harder
acted with the robot for 20 to 30 min. All exchanges were videgne looking at his face when he was farther back. In general, he
recorded for further analysis. interpreted the leaning behavior as the robot’s attempt to initiate

We ana|yzed the video for evidence of social amp"ﬁca’[ioﬁi_n exchange with him. We have noticed from earlier interactions
Namely, did people read Kismet's cues and did they respofiith other people unfamiliar with the robot) that a few people
to them in a manner that benefited the robot's perceptual pftave notimmediately understood this display as a “calling” be-
cessing or its behavior? We found several classes of interacti¥ior. The display is flamboyant enough, however, to arouse
where the robot displayed social cues and successfully regulafe@ir interest to approach the robot.
the exchange.

1) Establishing a Personal Spacé&he strongest evidence
of social amplification was apparent in cases where people came
within very close proximity of Kismet. In numerous instances There are a number of ways the currentimplementation could
the subjects would bring their face very close to the robot’s fadee improved and expanded upon. Some of these recommenda-
The robot would withdraw, shrinking backward, perhaps with afons involve supplementing the existing framework, others in-
annoyed expression on its face. In some cases the robot woudtl/e integrating this system into a larger framework.
also issue a vocalization with an expression of disgust. In oneKismet'’s visual perceptual world only consists of what is in
instance, the subject accidentally came too close and the robietv of the cameras. Ultimately, the robot should be able to con-

XII. L IMITATIONS AND EXTENSIONS
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struct an egocentered saliency map of interaction space. In thi®] S. Vijayakumaret al, “Overt visual attention for a humanoid robot,” in
representation, the robot could keep track of where interesting,_ Proc. Int. Conf. Intell. Robot. Autonom. Sysfiaui, HI, 2001. '
hi | ted if th t tlvin vi H 3] K. Kawamuraet al,, “Toward a unified framework for human—humanoid
.t Ings are Oca.e 'ev_em ey are no_curre_n yin V_'eW' uman interaction,” in Proc. First IEEE-RAS Int. Conf. Humanoid Rohots
infants engage in social referencing with their caregiveratavery  Cambridge, MA, 2000.
young age. If some event occurs that the infant is unsure about?] G. Metta, “BabyRoBot: A study in sensori-motor development,” Ph.D.
he infant will look to the caregiver’s face for an affective as- dissertation, Univ. Genoa, LIRA-Lab, DIST, Genoa, Italy, 1995.
the infan g : g_ Ve [5] H. Kozima, “Attention-sharing and behavior-sharing in human-robot
sessment. The infant will use this assessment to organize its be- communication,” irProc. IEEE Int. Workshop Robot Human Commun.
havior. For instance, if the caregiver looks frightened, the infant __ Takamatsu, Japan, 1998, pp. 9-14. . . .
b dist d d t be further. If the careqi e[_e D. H. Ballard, “Behavioral constraints on animate visiolmiage Vision
may become distressed and not probe further. giv Comput, vol. 7, no. 1, pp. 3-9, 1989.
looks pleased and encouraging, the infant is likely to continue[7] J. van der Spiegest al,, “A foveated retina-like sensor using ccd tech-
exploring. With respect to Kismet, it will encounter many situ- ~ 10logy.” in Analog VLSI Implementation Neural Sysl. Mead and M.
. hat it t licitl dt luate. H Ismail, Eds. New York: Kluwer, 1989, pp. 189-212.
a“O”S_ that it was not explici y programmed to evaluate. HOW- [g] A, Bernardino and J. Santos-Victor, “Binocular visual rracking: Integra-
ever, if the robot can engage in social referencing, it can look to  tion of perception and controlfEEE Trans. Robot. Automatol. 15,
the human for the affective assessment and use it to bias learning Pp- 1937-1958, Dec. 1999. o _
d . b behavior. Ch h [9] M. G. Goldberg, “The control of gaze,” iRrinciples of Neural Science
an tO Organlze Su Sequent € aylor. ance.S are, the event E. R. Kandekt al, Eds. New York: McGraw-Hill, 2000.
question and the human'’s face will not be in view at the samgLo] H. C. Nothdurft, “The role of features in preattentive vision: Compar-
time. Hence, a representation of where interesting things are in 'fé’;fﬁ;’?;”i%;’;" motion, and color cued/ision Res.vol. 33, pp.
egocentered-mteractlon space Is an iImportant resource. [11] L. Itti et al, “A model of saliency-based visual attention for rapid
The attention system could be extended by adding new fea- = scene analysisfEEE Trans. Pattern Anal. Machine Intellzol. 20, pp.
ture maps. A depth map from stereo would be very useful—cur- _ 1254-1259, Nov. 1998. : .
v di . | d ivelv. Another i [12] J. M. Wolfe, “Guided search 2.0: A revised model of visual search,”
ren'ty istance is on y'compute postattentlve y. Another inter=""" 5qchonomic Bull. Rewol. 1, no. 2, pp. 202—238, 1994.
esting feature map to incorporate into the system would be eddes] B. Scassellati, “Finding eyes and faces with a foveated vision system,”
orientation. Wolfe [12] and Triesman [16] among others argue,_ _ in Proc. 15th Nat. Conf. Artif. Intell Madison, W1, 1998, pp. 969-976.
in f fed - . b f inh [14] P. Sinha, “Object recognition via image invariants: A case studygs-
In 1avor or eage orlgntatlon as a bottom-up _ eature map In MU=~ tigative Ophthalmology Visual Sgicol. 35, pp. 17351740, May 1994.
mans. Currently, Kismet has no shape metrics to help it distinjis] J. Cassell, “The control of gaze,” inSpoken Dialog Sys-
guish objects from each other (such as its toy block from its toy,  tems Cambridge, MA: MIT Press, 2000. .
di Adding feat t tthis | . tant ext 16] A. Triesman, “Features and objects in virtual processiiggi: Amer.
]nosaur). ding features to support this is an important exter = o 225 pp. 1148125, 1986.
sion to the existing implementation.
There are no auditory bottom—up contributions. A sound lo-

calization feature map would be a nice multimodal extension.
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