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ABSTRACT

We review key challenges of developng spoken dialog systems
that can engape in mteractions with one or mulfiple participants in
relatively unconsiramed enviromments. We outline a set of core
competencies for epen-world dialog, and describe three prototype
systems. The systems are built on a common underlying
conversational framework which mteprates an array of predichive
model: and component techmologies, including speech
recognition, head and pose tracking, probabilishc models for
scene analysis, multiparty enpagement and fumn taking, and
inferences zbout user goals and activities. We discuss the current

models and showcase their fimection by means of a zample
recorded mteraction, and we review results from an observational

study of cpen-world, multiparty dialog in the wild.

Categories and Subject Descriptors

H.1.2 [Models and Principles]: Userachine System — Human
Information Proceszing; H32 [Information Interfaces and
Presentation] User Interfaces — Natural Language; 1 4.8 [Scene
Analysis]: Tracking, Senzor Fusion

(zeneral Terms
Algorithms; Human Factors

Keywords
Spoken dialog; open-world models; multimodal; multiparty
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1. INTRODUCTION

Most spoken dialog systems research to date can be charactenzed
as the study and support of interachions between a smgle human
and a computing system within a constrained, predefined
commumcation context. Efforts m thiz realm have led to
significant progress culminating in wide-scale deployments that
now make telephony-baszed spoken dizlog systems commonplace
m the hves of milhons of people. Nevertheless, numerous and
maportant challenges remam with enabling computational systems
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to engage i flwd conversatons Im open, unconstramned
environments, where multiple people wath different and varying
mtenfions enter and leave, and communicate and coordinate with
each other and with mteractive systems. We focus mn this paper on
these challenges.

We begin by reviewng zeveral aspects of open-world mterachion
that represent key departures from assumptions typically made in
traditional spoken dialog svstems and we highlisht a set of related
rezearch challenpe: and opportunities mm Section 2. Then, m
Sections 3 and 4, we present details of a framework for dialeg
systems that addresses several of these challenpes. The framework
mtegrates several core technologies, meluding speech recognition,
machime +vizsion, probabilisic meodels for sceme analysis,
multiparty engagement, tum-taking, and behavioral models for
conirolling an avatar, to support flmd dialog m open, dynamic
environments.

We have explored three different applicabons on thiz platform.
allowing us fo mvestigate differences and smmlarities m o
world dialog across different domams. We discoss theze different
conversational apents in Section 3. We showeaze by means of a
recorded interaction how the different component models work
together to support mixed-inihative engagement and dialog wath
muliiple parties. We alzo review results from an imitial mn situ
cbzervational study of multiparty interaction performed with one
of these systems. Fmally, in Section 6 we conclude and outline
current and future planned research m this realm.

2. DIALOG IN THE OPEN WORLD

Inferachon I open, unconstrammed environments can be
charactenized az makmp two key departurezs from assumptions
typically made mn tradifional spoken dialog systems. The first
difference 13 the dynamic, muliipariy nature of the mteraction, ie,
the world typically contains not just one, but multiple agents who
may be relevant to the computational system. Furthermore,
mterachions mn the open world are often dynamic and
azynchronous, fe relevant agents may enter and leave the

observable m:nrld at any time, may mteract with the system and
with others, and their goals, plans, and needs mav change over

time._

A second departure from fraditional spoken dialog svstems 13 that
the mteractions are sifugted, ie. the sumounding physical
environment provides nich, streammp context that 15 relevant for
conducting and organizing the interactions. Situated interactions

among pecple often hinge on shared information about phyzical
details and relﬂuu-m.hlps. mcluding  structures, geometne



relationships  and  pathways, objects;, topologies, and
communication affordances. Like the multi-participant azpect, the
often mphcit, yet powerful physicality of =ituated mterachon,
provides oppertunities for making onpomg mmferencez m open-
world dialog systems, and challenges system designers to
mnovate across a spectrum of complexity and sophistication.

Specifically, we note that the dynamc, multiparty, and sitoated
aspects of open-world mterachion frame new challenges in areas
like engagement, tum-takng, lanpuage understanding, and dialog
management. Az an example, simple approaches for regulating
engagement, such as push-to-talk buttons, are sufficient m closed-
world contexts where there 1z an assumed single user. However,
theze solutions are not appropnate for systems that must operate
In open environments, such az robots, mteractive billboardz, and
embodied converzational agents. New models that can leverage
the physical details of the scene (g g, spatiotemporal trajectornies,
geometric relationships in formations of people, and objects being
camed or pomted at) as well az addiional communmication
affordances (eg, the dynamics of gaze among multiple people
and svstem) are reqmre::l for enabling computational systems to
regulate engagement in an open-world, multi-participant setting.

Once engaged, a natural language mteractive system must be able
to coordinate with the other participants on the prezentation and

recognition of communicative signals, in a process kmown as fum-
talang [11, 15]. Computational models for tumn taking have been
propoesed and evaluated 1 prior work [16, 21, 22]. However, most

models developed to date operate in a sme;le user setiing. Open-
world dialog requires the development of situated multiparty turn-

talang models that would allow a system to contuously frack
who 15 zpeaking to whom and who has the conversational floor, in
order to seamlessly coordinate its outputs wath others.

At the higher levels, such systems must be able to comrectly
decode the meaning of the received commumicative sigmals.

Interesting challenges arise here m terms of integrating
continuously streaming context mic the language understandmmg
and intentions recogmition process. These challenpes extend
beyond the utterance, to the dizcourse and dialog level. With the
exception of a few mmcipient efforts [13, 23], most current models
for dizscourse understanding and dialog management [4, 3, 6, 14,
17] make an implicit zingle-user azsumption and do not reprezent
nor leverage the situated nature of the interactions.

Beyvond adding new dimensions to existing dialeg problems, the
open-world setting also raizses mnew fiundamentsl research
challenges. Interacting successfully n open environments requires
that mformation from multiple senzors 1= fused to detect, 1dentify,
track and characterize the relevant agents and entities in the scene,
az well as the evolving relationships between them. Models for
mifemng and tracking the activities, goals, and long-term plans of
theze agentz can provide addibonal context for reasoning and

providing assistance within and beyond the confines of a given
interaction. Furthermore, goals and plans may lay outside the
scope of the current models used by system to understand human
mtentions. A system may need to recognize the prospect that it
does not understand something about a situation that people might
easily mmferpret in human-human converszfion. Such awareness
and readiness for addreszing the likelihood that a system’s models
are incomplete 15 important in grounding with people in a natural
manner. More generally, the ability to make mferences about the
madequacy of current models and fo activate measures to extend

them, are important aspects of open-world intellipence.

Developmng end-to-end, open-world mterachive systems hmges
therefore on the successful mtegration of a mumber of different
technologies. Some of the sub-problems, such as tracking, activity
recognition, and the identification of the sources and targetz of
speech have already recerved smigmificant amounts of attention m
different research communities, and specialized seclution: have
been developed. Open-world dialog tests the boundaries of these
solufions and poses new challenges m combining exizting and
new technologies mn support of seamless inferaction. It alse
highhghtz new opportuntties; for mstance, within an mteractive
setting. there are opportunities for engaging people to azsist with
learning 30 as fo increase the robusines: of components and
models over time.

Our long-term research goal 13 to construct computational models
that provide the core slallz needed for handling open-world dialog
with the etiquette, flodity, and social awareness expected m
human-human interactions. In crder to provide an ecologically
valid basis for investigating these challenpes, we have brought
together a number of technelogies into a reusable framework for
open-world nterachion, and we have used thiz framework to
construct systems that provide a real-world experimental test bed
for research. In the sequel, we describe thiz platform and rexiew
the compenent techmologies and an mmitial set of models that
provide core competencies for open-world dialog.

3. SYSTEM ARCHITECTURE
Figure 1 provides a high-level overview of the eurrent underlyving
hardware and software architecture. Although the three svstems

we have developed to date take the form of stahc multimodal
knosks, the methods extend to other form factors, such as for

mstance mobile robots. The sensory apparatus currently used m
theze systems includes the followmg components:

» 3 wide-angle AXIS 212 camera with a 140" field of view and
a rezolution of 640=x430 pixels; the camera also supports pan-

tilt-zoom in software, and we are currently explonng a foveal
vizion solution using a combination of two of these cameras;

* 3 4-element linear microphone array that captures the andio
signal, performs acoustic eche cancellation, and provides
zound-source localization mmformation m 107 mecrements;

* a 197 touch-screen that displays a tallang avatar, at times
complemented by a graphical user mnterface; the touch screen
can be used as an addifional input channel;

» an PRFID badge reader that cam provide identification
mformation for employees at our organization.

Data gathered by the sensors is preprocessed and forwarded to a
scene-analysis module that fuses the meoming streams and
constructs i real-time a coherent picture of the dynamics in the
surroundimg environment (illusirated m Figure 1). The analyzis
mcludes detecting and tracking the location of multiple agents in
the scene, reasoning about their attention, activihies, goals and
relationships (e.g., which pecple are 1n a group), and fracking the
conversational context at different levels (e g, who 1= cumrently
engaged, or waiting to engage in a conversation, who has the
conversational floor, who 13 cumrently spesking to whom, etc.).

The models are discuszed 1n more detail m the next section.

The converzational scene amalvsiz results are forwarded to the
comtrel level, which 1z structured m a two-laver reactive-
dehberative architecture. The reactive laver implements and
coordinates low-level reactive behaviers (e.g. for engagement and
tumn talkang, for coordinating spoken and gestural outputs, eic )
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Figure 1. Hardware and software components within the overall architecture, and an illusiration of scene analy=is results

The deliberative layer makes conversation control decisions, and
plans the zystem’s responses.

4. CORE COMPETENCIES

4.1 Situational Awareness

Ceonducting mnteraction in the open world requires a mimimal set of
situational awareness capabilities. Higher-level mferachon
processes and inferences are, to a large extent, predicated on the
ability to detect, frack, 1denhfy, and charactenize relevant apents
and entitiez in the szcene. Below, we describe the set of phyzical
awareness components currently mplemented in our framework.

Face detection and tracking. A detector and tracker for multiple

faces [23] are used to track the locabon xg(t) of each apent a.
The detector runs at every frame and 1z used to inihalize a mean-

shift tracker. The frame-to-frame face correspondence problem i3
resclved by a proximity based alzonthm The algonthms mun on a
scaled-up image (1280x%60 pixels), allowing us to detect frontal
faces up to a distance of about 20 feet Apart from the face
locations xg(f) and sizes wi(t), the fracker also outputs a
confidence zcore feog(t), which 1z used to prune falze detections
and to mfer focus of attention (descnbed later.)

Pose tracking. While an agent i1z enpaped mn a conversation with
the system a face-pose tracking algornithm [24] mns on a cropped
region of mterest encompassing the agent’s face. Dunng group
mteractions, multiple instances of thiz algonthm rn m parallel on
different regions of mfterest. The pose tracker provides 5D head
crientation information for each engaped apent @ (t), which 1z in
turn used to nfer the focus of attention (zee below.)

Focus of attention. At every frame, a probabilistic model 1z used
to infer whether the attentinn u-faau:h agent in the scene 1z onented
towards the syztem or {fﬂaﬂ (£)|fea(t), g(t)). Ths
mference 1z u:urrenth base-:l on a maximum entropy model trained
uzing a hand- labeled dataset. The features used are the confidence
zcore from the face tracker fep () (this 15 close to 1 when the face
15 fromtal), and the 3D head onentation penerated by the pose
tracker wg(t), when available (recall that the poze tracker runs
cnly for engaged apents) We are currently exploring models that
leverage additional high-level interaction features to jointly track
the attention of multiple agents dunng multiparty mteractions.

Agent characterization. Apart from detechng and tracking
relevant agents in the scene, we have also mmplemented a simple
model that performs a basic visual analyzis of the clothing of each
detected agent. The color vanance m a rectangular patch below

the face 15 currently used to infer whether the agent 15 dressed
casually or fu:ma]l‘l. (e.g., if & person 15 wearing a swit, this often
leads to high vanance in thiz image patch), and to re-identify
people that leave the vizible scene for a short pencd of time. The
clothing information 1z further used fo infer the apent’s likely
affiliahion; at our organization, casually dressed agents are more
likely to be employees and formally drezzed ones are likely to be
vizTtors. We are currently explormg more robust models for agent
characterization, with a focus on person and gender identification.

Group inferences. Bevend characterizing single agents, we have
alzo lmplementad models for inferring group relatmns]:ups among
agents m the scene. The probability of two agents bemng in a group
together p{groupia,;.a-)) is cm:ﬂputed by 2 maximum entropy
model that was trammed on a small hand-labeled dataset. The
model currently uses az features the mize, location and proxmuity
of the faces, but can also leverage observations collected through
mteraction. For instance, the system mipht ask a clanfication
question like, “Are the two of you together?™ Positive or negative
responses to thiz question are also uzed as evidence.

4.2 Situated, Multiparty Engagement

As a prerequisite for open-world mteraction, a dialog system mmust
be able to coordinate 1tz actions with other parficipantz i the
zcene o mitiate, maintam, and terminate emgagement [13, 19].
Observational siudiez have revealed that humansz negohate
engagement via a mixed-imbative, coordinated process in which
non-verbal cuez and signals, such az spatial trajectory and
proximity, gaze and mutnal attention head and hand gestures, and
verbal greetings all play essemtial rolez [1, 7, 121]. Succeszfully

modelng thiz precess requires that the mstem (1) senses and
reasons about the engagement actions, state and intentions of

multiple agents in the scene, () makes high-level engagement
contrel decisions (ie whom to engapge with and when), and (3)
renders theze decizions via low-level coordinated behaviors and
cutputs. The engagement model that we mmplemented subsumes

theze three co 5. A full descnption of this model 1=
avallable in [2, 3]. Here, we provide a brief overview.

The model 15 centered on a reified notion of inferaction, defined
as a basic umt of sustamed mteractive problem-selving. Each
mteraction mvolves two or more participants, and thiz mumber
may vary in tme; new parficipants may join and current
participants may leave an emizting mteraction at any point. The
zystem 1z actively engaged in at most one interaction at a time, but
it can simultanecusly track additional, suspended mterachons.



