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Can a room be intelligent? This month’s “Trends and Controversies” presents the thoughts
and work of four people who not only believe the answer is yes, but are working towards mak-
ing this happen.

Michael Coen’s leadoff essay, “The future of human-computer interaction or how | learned
to stop worrying and love my intelligent room,” discusses insights gleaned from work at the The fuw_re of human-comp uter
Intelligent Room project at the MIT Al Lab. An intelligent room should base its actions on an Interaction, or how I learned to
integration of sensing modalities, such as vision and speech, performing tasks (such as speaktop Worrying and love my
tracking) that would be more difficult to perform using any of the modalities in isolation. Inter-intelligent room
estmgl.y., the lion’s sha're of the effort. did not involve work on the technologies of the |nd|\(|duaMichae| H. Coen, MIT Artificial Intelli-
modalities, but rather in understanding how to structure the task so that a range of sensing-
modality subsystems can interoperate and be integrated into a seamless whole. Coen also pgg_nce I__a_b . . .
poses general principles for future builders of intelligent rooms coming out of his own ex- Predicting the future is notoriously diffi-
perience, such as “Do not scavenge’—individual components must be designed with an eye &/lt. Suppose 100 years ago someone sug
how they will ultimately be used as part of the overall whole, rather than being inherited as a gested that every bedroom in the US would
by-product of someone else’s goals. soon have a bell that anyone in the world

In contrast to the two intelligent rooms built in the MIT Al Lab’s quarters in an otherwise  could ring anytime, day or night. Would
(comparatively) mundane office building in Cambridge, Massachusetts, Michael Mozer's essayou have believed it? Nevertheless, the tele
discusses his experiences making an entire house in Colorado behave intelligently. Whereas phone caught on and has become a techng
much of Coen’s efforts center on dealing with the integration of various sensing modalities, ogy conspicuous only by its absence.
Mozer’s focus is instead on adaptability, building an intelligence into the various sensors (such Now, | find myself in a similar position
as thermometers) and effectors (such as a heating system) so that it can adapt to the preferences.” "’ )
of the house residents. How the intelligence can infer the preferences of its residents is one of
the important questions that Mozer discusses, such as by learning from any time an inhabitan{? the future as part of the MIT Al Lab’s
manually adjusts the settings of lights or thermostats. As Mozer points out, although we may Intelligent Room project, | have gained an
believe that our habits are far from predictable, for the vast majority of the time that we do not inkling of what is to come in the next 50. |
even notice, we are very predictable—for example, if we are happy with the environment in thdnave taken to heart the advice of Alan Kay,
house at one point in time, we are usually happy with it five minutes later. “the best way to predict the future is to

Mozer's adaptive house began as an existing home, renovated to serve as a testbed for intellpvent it.” Of course, this is not a solo per-
gent-room research. But what if you are building a brand new residence from scratch? Moreo"%rmance, and the cast of fellow prognosti-
what if you are not constrained by the more typical budgetary limitations of the average Ameri- cators (researchers and inventors) who
can home buyer? Richard Hasha’s essay discusses his experiences as chief systems architect for . - .

. , o ) ; .~ waork on similarly futuristic environments
the Gates Estate, Bill Gates’ well-publicized 66,000-square-foot new home in Medina, Washing- . .
ton. Hasha'’s focus is on the development of an underlying architecture that is able to scale up IEUCh as the mtglhgent room has grown .
the demands of building intelligence into a home of this magnitude. To do this, Hasha identifiesmarkedly It is interesting to note that this
some of the “plumbing-related work” that must be performed as part of any large-scale effort toCast is equally divided among industrial
build an intelligent home, and describes a distributed-object framework that supports it. and academic research labs. There are, |

It is not only offices and homes that can be intelligent. James Flanagan'’s final essay considhink, two reasons for this:
ers some of the functionalities that we would want intelligent rooms with large numbers of
people—such as lecture halls and conference venues—to possess. For example, we would like intelligent rooms are an incredibly ex-
an intelligent lecture hall to recognize automatically who in the audience is asking a question, citing testbed in which to do research
point a video camera at that person, and position and use a microphone array to filter out (read the rest of this essay to find out
sounds coming from elsewhere in the room. Flanagan breaks up the problem into two pieces— h d
identifying the spatial location of the sound source, and then extracting the desired sound sig- why), _an
nal emanating from that source out of the collection of sounds being received by the micro- ° the're is a lot of mongy to be made. In-
phones. He points out how recent advances, such as in both microphone and digital-signal-  telligent rooms promise to have the
processing technologies, are enabling the creation of such intelligent rooms, and the technical Ubiquity of, well, rooms and the
advances that have made this possible. upgradability of PCs—you do the math.

Twenty years ago, John McCarthy asked whether we could ascribe mental qualities to a ther-
mostat (J. McCarthy, “Ascribing Mental Qualities to Machin@hjilosophical Perspectives in The starting—and | think quite uncon-
Artificial Intelligence M. Ringle, ed., Harvester Press, Brighton, Sussex, UK, 1979). Perhaps  troversial—premise for my research is that

someday we will be able to ask them ourselves. computers are not particularly useful. Of
—Haym Hirsh course, scientists and engineers adore
them, as do a growing cadre of Web surf-

aving spent the past four years immersed
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Intelligent Rooms

FigureA shavs two sample sceniars
with the Intelligent Room therun tody,
reflecting both our integsts and those of
our fundes.
At play: (Our inteests...)
Me: | walk inside ny office.
Room:Turns on lights and ga,“Good
evening Michael,you hae thiee mes
sages waiting.”
Me: | sit dovn on the cou.
Room:Displays messges on one [or
jected displg Shavs a video on the
other
Me: | lie down on the coue and ly still
for a while.
Room:“Mic hael,are you still avake?”
Me: “No, wake me up &8 am’
Room:Tums of video,dims the lights,
closes the dipes And puts Mozaron
softly in the bakground

At work: (Our fundes’...)

Me: | walk inside ny office and sg,
“Computer activate the command post.
Room:Shaws inteactive world map on
one displg andWeb browser on the
other Closes thelmds and dapes. Sgs,
“The command post is acdted”

Me: Mark region on ma with a laser
pointer “Zoom in hee”

Room:Zooms in on the n@a

Me: Point & countly using laser pointer
“Wha is this county?”

Figure A. Intelligent room scenarios: (1) our interests and
(2) our funders’ interests.

Room:“You ae pointing &lraq” and dis
plays CIAWorld Fact Book inbrmation
about Iraq inWeb browser

Me: “I need inbrmation; does laq hae
ballistic missiles?”

Room:Displays Irag’s curent missile cpa-
bilities in theWeb browser

ers,e-mailes, and online socialite&\nd
cettainly, computaion is a fundamental
component of our societytednical,
financial,and industial infrastuctures;
madines ae outstanding da-processing
slaves. But in tems of mising our quality
of life, computes have a \ety far mad to
travel bebre becoming as essential as the
light bulb, indoor plumbingor pillow.

The eason is olhous. Computey ae
generlly used ér things thaare computa
tional,such as eading e-mailand br most
of us,the majoity of our lives ae spent
doing noncomput#nal thingssud as
taking bahs and eting dinner Most people
spend their time in thesal world, not in the
much-ballyhooed ealm of gberspaceand
as a desgption of the curent utility of
computaion, | propose thedllowing ob
sewation: the \alue of a computede
creases with the squaof your distance
from its monitorTha being saidcomputa
tion will not become sociofgically essen
tial until computes ae connected to the
human-leel events @ing on in theeal
world around them—until theare in-
grained in and corersant with our adi-

naly stae of afairs. Borowing once mog
from Kay, “the computerevolution hasrt
happened gt

In the Intelligent Room poject,we ae
interested in azéing spaces in hich compu
tation is seamlesglused to enhancedinary,
everyday actvities.We want to incoporate
computes into the eal world by embedling
them in egular enironmentssud as homes
and ofices,and allav people to intexct with
them the \ay they do with other peopl@he
user interces of these systems aot
merus,mice and leyboads hut instead gs
ture, speeb, affect,context, and meement.
Their plications ae not vword processcs
and speadsheetsut smat homes and per
sonal assistants. Instead of making compu
interfaces ér peopleit is of more fundamen
tal value to mak people integices ér com
putes. The needdr doing this is not nve it
has simp) become mar ugent:

The ged credors of tetnics [i.e, technok
ogy], among vhich you ae one of the most
successfulhave put mankind into a pexttly
new situdion, to which it has as gt not aall
adapted itself—Albert Einstein,in a tibute
to Thomas Edisor21 Oct. 1929.

It is time for tedhnolagy to stat adapting
to us.This might sound ite but only be-
cause it is so atously true

Sounds great, but how?

We have luilt two intelligent boms in
our lgboratory, where our gproac has
been to ve the boms camexs br gyes
and micophonesdr eas to male accessi
ble the eal-world phenomena occring
within them A multitude of computer
vision and spedteundestanding systems
then help intgeret human-leel phenom
ena,sud as vha people a& sying and
where they are standingBy embeding
user interfices this ay, the fact tha pec
ple, for example tend to point awhat they
are speakinglaout is no longr meaning
less fom a computi#onal vievpoint,and
we can (and hee) huilt systems thiamale
use of this inbrmation.

Coupled with their n@iral interaces is
the xpectdion tha these systemseanot
only highly interactve—they talk badk
when spokn to—hut more impotantly,
that they are useful dung ordinaly activi-
ties.They endle tasks histacally outside
the nomal ange of human-computer inter
action ly connecting computstto phe
nomena (sutas someone sneezing or
walking into a oom) tha have traditionally
been outside the puiew of contempaary
user interhcesThus,in the futue, you can
imagine tha eldety peoples homes wuld
call an amhblance if thg sav aryone fll
down. Similaty, you can also ingine
kitchen céinets thaautomaically lock
when young tildren gproac them.

The most impdant factor in making
intelligent moms possile in recent yass
has been the wel viability of real-time
computer vision and spaeandestanding
Al, and computer science neogeneally,
have expeiienced something of &nais
sance in the past decadeth mary re-
seach aeas lbbssoming almost entty
due to the sudken and ungected gail-

teability of inexpensve kut powverful proces
sors. It is nav entirely possilte to have
literally a do2n computerision systems
as components of a gar pioject,the sug
gestion of vihich would suely have raised
more than adw skeptical e/ebrows in the
not-too-distant past.

Computer vision and speeandestand
ing ale among the peminent membsiof a
class of eseach problems knaevn as being
Al-hard; namey, they are as dificult to
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solve as apthing else v dont yet knav
how to do.When we stated working on our
lab’s first Intelligent Roomyve expected the
vision and naural-langu@e subsystems
would require the @erwhelming majoity of
our intellectual dbrt. Wha was not initialy
obvious was the amount obfethought thia
would be equird to intgrate the bom’s
myriad subsystems andfn them poduce
a coheent whole Building a computional
system—one thidad liteally dozns of
hamdware and softare components—tha
allowed its subsystems to not giiteroper
ate hut leverage of one anothenentually
emeped as our mject’s cief reseach
problem2 In this,we have not been alone;
finding some &y of mangjing similar sys
tems and maing dga among their compo
nents vas the éremost dificulty raised &
the Intelligent Ervironments Symposiuf.

In some egards,our solution to this
mana@ement cisis has been a bitalstic:
we cieded a ne/ programming exiron-
ment,called Metaglue, to meet thedom’s
fairly unique computional needsin
which (& last count) theaom’s 80 soft
ware components ardistibuted among a
dozen workstaions3 We also drmulated
some @neal principles br creding intelli-
gent moms,which we nav adhee to with
religious fevor.* These intude

e Scenaio-based deelopmentWe ini-
tially spent a gea deal of time design
ing ovely complex sensoy systemsdr
the mom,without much thought egard-
ing howv we would eventualy use
them—not a god idea. In the end
when we stated thinking up oom
demosthat is, scenaios to shav off our
work, what we wanted to do our sensor
didn’t suppot, and vha our sensa
suppoted we didnt want to do. In par
ticular, the sensing needs our desir
demos equired were actualy simpler
albeit diferent,from wha the complz
computesvision systems w had ce-
ated povided Much time could hee
been seed had ve thought ahead

* Do not scaeng. Ther is an enanous
temptaion when designing an intelli
gent oom to ty and incoporate all your
friends’thesis vork into it. Hov can you
resist ading the lgest stée-of-the-ar
system thadoes [ypur favorite idea]?
However, there is a @od dance sys
tems not intended tomk together will

refuse to do so smooshand almost

surely will be undle to tale adantaye
of ead others caabilities. You nmust
consider hav components will intgrate
into the overall system vaen designing
the individual components.

e Systems shouldverage of eat other
Because nothing is pedt,paticulady
in Al, throw everything you can &a
problem. In the Intellignt Room todg
computesvision systems comumicae
with speeb-recanition systemsA
strange mix,you might think but we
have found thaas yu gproat some
thing, sudh as a prjected mp, you ae
more likely to talk dout it. Thus,by
visually locaing a peson in the oom,
we can cue the spdececanition sys
tem with information ebout what the
user is lilely to sa. In this way, we get
higher spedt-recaynition accuagy.
This piinciple genealizes,and maw
subsystems in the intelbgt oom
intercomnunicae with one anotheof
similar reasons.

Big Brother, post-1984?

Itis quite easy to &ice almost all wrk in
the intelligent ewironments bacto the
very influential Digtal Desk poject a
Xerox PARC in the lae 80s and elr 90s,
which was among therkt user intedices
to directly obseve people maniputang
real objects. Using a video caragt
watched peopleeaading eal pgper docu
ments on the suate of aeal desk—high
light something with gur finger, and the
system poceeds to scan in the delineé
text. Suiprisingly, however, the \ery first
intelligent ewironment vas poposed in
the lae 18th centwyr by well-known British
philosopher and wuld-be pison warden,
Jerenmy Bentham. Bentham designed the
Pantopticonan Orwellian stucture in
which a hve of moms (or cells) could be
kept under the constant stiny of an un
seen Obseer® Denizens of the Bnopti
con,which Bentham prposed could be
either inmé&es,the insangor students,
would never be pecisey sue when thg
were being obseed by the cental Ob
sewrer, namey the warden,doctor or grad
uae adisor. Order would be maintained
exactly because obsezd infractions might
be hashly punished esome unknen later
dae.

As pointed out § Benthamand subse
quenty eleborated upon lp Michel Fou-
cault,the obsered conér enomous paver

on the Obsefer, and this might seem the
most seibus objection to widespad intp-
duction of intelligent ewironments’. The
potential br abuse is fightening and should
cettainly give ary technolagy enthusiast or
futurist pauseHowever, this need not be a
fatal objectionand | think it is pemdure to
address apresent. Gien tha we haze no
clear idea et types of nes sensing tee
nologies will be deeloped and ddoyed in
the futue, worrying eout secuity now is
therefore somavhat pointlessWhatever
privag/-guaianteeing teleniques a& devel-
oped br todg/’s tetinolagy will almost
surely be irelevant for tomorow’s. More
importantly, fear of misuse is n@ason not
to push 6r something thizhas the potential
to so gedly revolutionize our lves.

In the endlit will come as no gea sur
prise if the widesprad acggtance of intelli
gent moms,homescars,and so érth comes
as nuch from dever maketing as fom
clever secuty. If someone ®re to pppose
filling your home with miawphones thia
anyone in the wrld could listen to aytime,
day or night,you might \ery likely shuaier
in horor. Yet,your home isifled with
microphones—eely telgphone has on@®ut
perhas you object;'Phones cart’be dused
like tha! Other people can hear me wnl
when | let them!’Aha! It sounds as if
you've allead/ been socialied to accpt
telephones; it is quite ditult to naw view
them as agalistic thed. | think it is quite
reasonhle to epect thasomedg your dil-
dren will be similaty comfortable inside
their intelligent homes.
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Anintelligent environment must
be adaptive

Michael C. Moer, University of Coloado
Wha will the home of the fut look
like? One popular vision is thiaousehold

devices—apliancesentetainment cen
ters, phonesthemostds, lights—will be
endaved with micoprocessas thd allow
the deices to commnicae with one
another and with the honseinhaitants.
The dishvasher can ask theater heder
whether the \ater tempesture is adequa;
inhabitants can telghone home anckr
motel instruct theVCR to recod a &
vorite shav; theTV could select nes ste
ries of special intest to the inhaitant; the
steeo might laver its \wolume when the
phone ings; and thelothes dyer might
make an announcemener an intecom
system wen it has completed ityde.

The cost of the hdware infrastucture is
not pohibitive if the deices ae mass-
produced and if commmicaion is con
ducted oer paver lines or wieless ban
nels. Een if the cost is too high togawait
a few years and the pee will drop precipr
tously. Adopting a unibrm comnunicaion
protocol is also not an obstadn piinciple.
The eal rason vy this vision of home
automaion seems unliédy is tha it re-
quires a signitant pogramming effort,
and worse the poogramming nust be tai
lored to a paicular home andamily and
must be updid as thedmily’s lifestyle
changes.Takling the pogramming task is
far beyond the cpabilities and inteest of
typical home inhhitants. Rople ae intim-
idated by the thore of pogramming simple
devices sub asVCRs and setb&aher
mostds, never mind a mch broader aray
of devices with fr geaer functionality

Perhas if you were Bill Gates,you
might hire a full-time team of enigeess to
customiz your system anddep it up to
dae. Some commeially available systems
adopt this sategy on a smaller scaléol-
lowing installdion, a tedinician comes to
the homeconsults with the inHatants,
and sets up the initial pgramming As the
inhabitants’needs bhang over time the
technician can modify the pgramming
either emotey or on site

The adaptive house

In contiast to &isting automged homes
that can be ppgrammed to pedrm various
functions,our reseach focuses on delop
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and a member of the ManalAcadeny of Sciences and the NenalAcad

ing a home thizessentiail programs itself
by obseving the lifestyle and desés of the
inhabitants and leaning to anticipge their
needsi—3This houses intelligence lies in
its ebility to adagpt its opeation to accom
modae the inhaitants; thuswe call the
project the adative house

Traditional automied homeseaquire a
user interce sud as a touesceen tha
displays the system s'mand conuls,or a
speeb-recaynition front end However,
even a vell-designed intetice impedes the
acceptance of an autorted homeln con
trast,the adative house should be unolstr
sive and equite no special intactions.
Inhabitants opeate the adptive house as
they would an odinary home—using light
switches themostds, and on/off and \ol-
ume contols like those to Wich they are
accustomedUnlike an odinaly home
however, these adjustmentseamonitoed
and seve as taining signals—indidéons
to the house as to Wwat should behee.

The adative house irdrs gopropriate

rules of opesation of devices fiom the tain-

emy of Engneeing. Contact him tthe CAIR Rutgers Uni., PO. Box
1390,Piscaaway, NJ 08855-1390; jlf@caiputgers.edu; wwwcaip.

ing signals and ém sens@ thd provide
information ebout the ewironmental st
As the house becomes betteairied it be-
gins to anticipte the inhaitants’needs and
sets deices accatingly, gradualy freeing
inhabitants fom mamal contol of the eRi-
ronment. Br example it could automa-
cally maintain the@om tempegture to a
level gppropriate gven the paicular occu
pantsactvities,manner of dessand time
of year; it could boose one fem of light
ing while dinner is being gpared and
another ér a lae-night snak; it could tun
on the teleision nevs duing dinneror play
classical nusic when water is dewn for a
bah, based on past selections of the iha
tants. Ideall, the houses opeation is tians
paent to the inhkitants,other than thesfct
that they do not hae to worry about mang-
ing the \arious deices in the home

We might viev the home as a type of
intelligent aent tha infers the inhaitants’
desies fom their actions and betiar.
Intelligent softvare agents dound tha
atempt to stisfy the inbrmation needs of
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Coming Next
Issue

Idea Futures

by Robin Hanson

Robert Wood Johnson Founda-
tion Health Policy Scholar,
UC Berkeley

uses of theWeb. We extend the idea of in
telligent ayents to condit needs of people
in naural living ervironments. Intellignt
agents seldom pesfm perkctly because of
their limited aility to infer uses’ intentions.
However, we can minimie this poblem in
naural ervironments though the use of
smat sensas and someaneal domain
knowledge, sud as an angsis of typical
tasks peidrmed in an evironment.

Residential comfort systems

To discuss the agéive home in conate
temms, let us bcus our discussion on the
contol of basic esidential condrt sys
tems:air heding, lighting, ventilaion, and
water heding. The eason dr this focus is
twofold:

e These deices ae piime consumey of
enepy resouces,and thus pEsent an
oppotunity for enegy consevation.

e Although some deces in the home ar
contolled with relaive easgsuc as the
steeo orTV, the opeation of residential
comfort systems can be quite comyle

Consider the conot problem for air
heding. (In Coloado,we worry more
about heéing in the winter than cooling in
the summej The themosta could be set
to 70 around the ock. However, this is
inefficient because the house do¢sieed
to be heted while its inhaditants ae &
work, nor does the setpoint¥ato be as
high & night.We could use a dital ther
mosta with multiple setbak peiiods to
specify when to laver the setpoint. He-
ever, different wles ae required for week
days and veelends. Fuhemore, the set
badk themosta only lets us specify

first-order wles of occupanc(expected
departure and etun times based oneek
day versus veelend). For eficiengy, the
themostd should eally knov more subtle
patems of occupanc(expected etum
time based on geof week,depaiture time
that day, weaher conditionsand ecent
schedule for example).

It must also consider the timequired to
hed the housgwhich degpends on outdoor
weaher conditions. If the house hasiltiv
ple fumaces oraned conl, room-occy
pany patems nust be consided Fuither
more, altemative means of héimg should
be considexd sud as openinglimds to
allow for passie solar gins,electic space
heders to heaindividual moms,or fans to
mix the air Fnally, utilities sometimes
chage for enegy based on time of use
making it moe eficient to wverheathe
house dung the dg than to hetit to the
appropriate setpoint immedtaly before the
retum of the inh&itants.Thus,regulaing
the air tempeature in the house to simta-
neousy maintain comért and enegy effi-
cieng is not a tivial challenge.

ACHE

We have constucted a pototype system
in an actualesidenceThe esidence &s
completey renovated in 1992at which
time the infastucture neededdr the adp-
tive-house prject was incoporated into
the huilding, including nealy five miles of
low-voltage conductordr collecting sensor
data and a peer-line comnunicdion sys
tem for contolling lighting, fans,and elee
tric outlets.

We call the system thauns the home
ACHE, an aconym for Adaptive Contpl of
Home ErironmentsAt presentACHE can
control 22 banks of lights (eachaving 16
intensity levels),six ceiling fins,two elec
tric space hdars,a water heder, and a @s
furnace ACHE has oughly 75 sensa,
which indude the éllowing for eatr room
in the homeintensity setting of the lights,
staus of fans,staus of digtal themosta
(which is both setpACHE and can be
adjusted B the inhditant),ambient illumi
nation, room tempeature, sound lgel, sta
tus of one or m@ motion detectar(on or
off), and the stais of doos and windws
(open or tsed). In adition, the system
receves global inbrmation sut as the
water heger tempeature and outbw, out-
door tempeature and insuléon, enegy
use of ede device, gas and elecigity

coststime of dg, and dg of week. kgure
1 shavs a foor plan of theesidenceas
well as the pproximate locdion of
selected senssiand actuars.

Objectives.ACHE has tw objectves:
anticipdion of inhaitants’needs and
enegy consevation. For the frst, lighting,
air tempeature, and \entilation should be
maintained to the inltants’comfort; hot
water should beailable on demand/f
inhabitants manally adjust an eviron-
mental setpointhey are indicding tha
their needs ha not been disfied. For
enepgy consevation, lights should be set to
the mininum intensity equired and hot
water should be épt & the minimum tem
perature needed to iafy the demandAl-
so,only rooms thaare likely to be occu
pied in the near futershould be heed;
when sgeral options gist to heaa room,
the one minimizingxected engy con
sumption should be selected

Achieving either of these objeuts in
isolation is fairly straightforward. If ACHE
were concened ony with gopeasing the
inhabitants the air tempeature could be
maintained ta combrtable 70 at all
times. IFACHE were concened ony with
enepgy consevation, all devices could be
tumed of. In what sott of framevork can
the needs of the inbéants be balanced
against enagy consevation?We have
adopted amptimal contol framevork, in
which failing to saisfy ead objectve has
an associgd costA discombrt cost is
incurred ifACHE does not anticipa
inhabitant peferencesAn enegy cost is
incurred based on the use afgand elec
tricity. ACHE’s goal is to minimiz the
combined costs of discomt and eneagy.

This framevork requires thadiscombrt
and enggy costs bexgressed in a common
currengy, which we have chosen to be del
lars. Enegy costs cangadily be damlacter
ized in dollas, but some cedivity is in-
volved in measuing discombrt costs in
dollars. Reldive discomért is indicaed
when the inhbitant mamally adjusts a
device (sut as tuning on a light); a mis
ery-to-dollais cowversion factor nust be
used to tanslde this elaive discomért to
a dollar amount. One tenique ve hare
used to specify thisattor elies on an eco
nomic anasis in which we detemine the
dollar cost in lost prductivity that occus
whenACHE ignoes the inhbitants’de-
sires.Another tetinique adjusts the coer-
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sion factor wer a seeral-month peiod
based on he much inhaitants ae willing
to pay for gas and elediity.

Prediction and control. To minimize com
bined discomdrt and enegy costsACHE
must be &le to pedict inhaditant lifestyle
patems and peferencesand to model the
physics of the evironmentWe illustrate
with a simplifed scenao: It's 6:00 pm and
the home is unoccupiedCHE nust
decide vhether to un the funace On the
one handif the fumace is tuned on br the
next half hour ACHE predicts thathe in
door air tempeature will rise to a lgel
tolerable by the inhditants,but an enagy
cost will be incured On the other hand
the funace is left dfand the inhkitants
retum home aound 6:30a discomért cost
will be incured The decision laout the
furnace st depends on thexpected en
emy cost on the one hand and thxgected
discombrt cost on the other hand ifieh
depends on the pbability that the inhdi-
tants will retum).

ACHE thus equires pedictos thd esti
mae future staes of the evironment sule
as the pobability of home occupanc(based
on 30 arnables,including recent occuparyc
patems) and indoor air tempature (based
on outdoor air tempeture and a thenal
model of the house and fiace)as well as
inhabitant peferences sutas the temper
ture required to leg the inhditant from
“punishing” ACHE. The pedictos rely
largely on neual networks, which ae stais-
tical patem-recagnition devices inspied by
the workings of the bain. Neual networks
can lean from expelience—fiom dda cot
lected ly the house

We hare conducted simlation studies of
the airheding systent,using actual occu
pangy daa and outdoor tempature pio-
files,evaluaing various contol policies.
ACHE mohustly outperbrms thee altena-
tive policiesshaving a laver total (dis
comfort plus enggy) cost acoss aange of
values or the elaive cost of inhkitant
discombrt and the dgree of nondetenin-
ism in occupang patems.

We have also implemented and tested ¢
lighting contoller in the housé To gve
the flavor of its opeation, we desdbe a
sample scenar of its behaior. The frst
time thd the inh&itant entes a bom
(we'll refer to this as aial), ACHE de
cides to lege the light of, based on the
initialization assumption thahe inhditant

i\

has no peference with e-
gad to light settings. If the
inhabitant overrides this de
cision by tuming on the
light, ACHE immedigely
leams tha leaving the light
off will incur a higher cost
(the discombrt cost) than
turning on the light to some
intensity (the enggy cost).
On the ngt trial, ACHE de
cides to tun on the lightput
has no eason to beliee tha
one intensity setting will be
preferred orer anotherConsequeny| the
lowest intensity setting is selectédn ary
trial in which the inhaitant adjusts the
light intensity upvard, the decision lcosen
by ACHE will incur a discontrt cost,and
on the bllowing trial, a higher intensity
will be selected

Training thus equires just thee or bur
trials,and eplores the space of decisions
to find the lavest accptable intensity
ACHE also #empts to consge enegy by
occasionall testing the inhiaitant,select
ing an intensity setting Veer than the set
ting believed to be optimal. If the inké
tant does not complaithe cost of the
decision is updad to eflect this fict,and
eventualy the lover setting will be ealu-
ated as optimalks descibed in this sce
naiio, ACHE relies on einforcement-leanr-
ing tedniquest ACHE indudes a neuwl
network tha predicts when a oom is &out
to become occupiedo tha the lighting
can be set jpor to room enty. The scenao
presented sidegts a dificult issuelight-
ing preferences dpend on the conké
(time of da, curent actvities,and ambient
light level, for example),thus equiing
ACHE to lean about desied lighting p&
tems in a contet-dependent manner

Discussion

Our reseach program hinges on a caful
evaludion phaseln the long tem, the pi-
mary empiical question & must ansver is
whether thez ae suficiently robust staisti-
cal regulaities in the inhhitants’behaior
that ACHE can bendffrom them. Onifst
considesation, most people cotade tha
their daily schedules a not‘regular”; they
sometimes come home&:pm,sometimes
at 6 pm,sometimes not until 8 pm. ko
ever, even subtlehigherorder stéistical
patems in behgior—sud as thedct tha if
you're not home &3 am,you're unlikely to

Figure 1. Floor plan of home equipped with the Adaptive Control of Home
Environments (ACHE) system.

be home 84 am—ae useful ttACHE.
These ag pdatems tha people ag not likely
to consider \en thg discuss the iegulaii-
ties of their daif lives.These ptiems ae
unquestionbly presentand our gpeli-
ments to dee sugest thathey can be
exploited to seve as thedunddion of an
intelligent,adaptive ervironment.

Acknowledgments

We ae gateful to Mac Andeison and Robér
Dodier, who helped deelop the softwre infra-
structure for the adptive houseThis reseach
has been suppiad by the SensgrHomeAuto-
mation Reseath Pioject (SHARP) of Senspr
Inc., as vell as a CRCW @ant-in-aid fom the
University of Coloado,McDonnell-Rew award
97-18,and NSF wards IRI1-9058450 and IBN-
9873492.

References

1. M.C. Mozer, L. Vidmar, and R.H. Dodier
“The Neuothemosta: Adaptive Contol of
Residential Heigng System$,in Advances
in Neul Information Processing Systems
9, M.C. Mozer, M.I. Jordan,andT. Petsde,
eds. MIT Press Cambidge, Mass., 1997,
pp. 953-959.

M.C. Mozer and D Miller, “Parsing the
Stream ofTime: TheValue of Eent-Based
Sggmentdion in a Complg, Real-World
Contwol Problem; in Adaptive Processing
of Tempoal Sequences and BaStuc
tures C.L. Giles and M. Gar eds. Splinger
Verag, Berlin, 1998,pp. 370-388.

M.C. Mozer, “T he Neual Network House:
An Ervironment theAdapts to Its Inhai-
tants; Proc. AAAI Sping Symp. Intellignt
EnvironmentsM. Coen ed AAAI Press,
Menlo Rark, Calif., 1998,pp. 110-114.

R.S Sutton and\.G. Bairto, Reinbrcement
Leaming: An Introduction MIT Press,
1998.

MARCH/APRIL 1999

13




Needed: A common distributed-
object platform

Richard Hasha|nteractive Home Systems
Last year a collegue and | decidedav
needed to pull our heads out ofeayarge
home-automigon project we'd been hried
in and @ see Wha the est of the intellignt
ervironments wrld had been up tave
attended théAAl Intellig ent Evironments
Symposium &Stanbrd in the spng of
1998. By the end of the cance | under
stood théa gea deal of enagy is going
into huilding suppoting infrastucture just
to get to a point Wetre the inteesting vork
can actuail begin. | saw all these eally
smat people spending lots of eggron the
same kinds of plumbingetaed work just so
they could bein focusing on their @as of
interest Wha a big vaste of gay mater!
For the pastife and a halfgass, I've
been implementing the contrsystem ér a
very large, very comple private homeThe
system is based fundamenyatin a distib-
uted-object model. B&ovhen ve were
trying to figure out just hw to stucture the
project,l spent a lot of time nailing dm
the coe constaints and issues:

» Itwas deaty a distibuted ppblem—
lots of hadware and points of user4n
teraction spead all @er the place

* You could not askdr a better xample
where an object-aented designga
proac would be benéial. This was
clealy a modeling dbrt.

* The avners would want to contimally
incomorate inteesting ne functionat
ity, as it becamevailable.

* This was @ing to be a laje system
consisting of thousands of object in
stances sdtered acoss lots of comput
ers with tens of thousands of intéject
relaionships.

* We could notihd a eal-world example
of sut a system hang ever been suc
cessfuly built.

* People vere going to literlly live with
this system dain and d& out,so it
could not be a &gile Tinkertoy.

* New fedures should hze as little nga-
tive impact on@sting functionality as
possilbe.

e The systens coe aspects auld be
very had to chang once the houseas
occupied

This all pointed teard the needdr a

geneal, well-thought-out softare pla-
form tha would stand the test of time as
more and moe functionality vas piled on
it. These &cts dove us to spend a high pe
centaye of our dgelopment esouces on
the constuction of sub a plaform.

Given our &pelience | very much be
lieve thd if such a plaform were available
to reseachers and deelopes working on
intelligent-ewvironment pojects,it would
grealy amplify their eforts. This essg
argues br sut a softvare plaform and
further discusses some of the issues-con
mon to comple distibuted goplicaions
sud as those aimed entelligent-ewiron-
ment behwaior.

The problem domain

Here, | assume thiamost intelligent-
ervironment R&D vork will eventually
lead to somedrm of distibuted implemen
tation as the arious components of this
work move from the pogrammers work-
bend into a complete system. Lots of co
putess ae dedicéed to \ery specifc tasks.
In addition, the suppding software object
model tends to npaproblem-domain enti
ties,both plysical and bstact,very pre-
cisely to their eal-world counteparts—if
they dont, termminal confusion quikly oc
curs. Sowe end up with a comptesystem
of interconnected bt indegpendent actie
objects—a netaerk of objectsjf you will.
This object netwrk can become quite
compl«. In fact,you would like to let it
become as narally complex as equired
by the specit project.Without an @pro-
priate object-netwrk platform (which we
call an object-netark OS),the light de
gree of néural object-model compléty is
impossilbe, thus hampeng overall pro-
gress in intellignt-ewironment R&D

A prototypical object-network OS
What kind of functionality vould be
useful within the intellignt-evironment
R&D problem spaceWha key functional

aspects should ouypothetical object-
network OS povide? Some of the aas of
functionality poven to be integsting
within our pioject ae supparfor large
numbes of object instanceterobject
referencing interobject commnicaion,
monitoling and dbugging facilities,and
configuration mangement.

Support for lar ge numbers of objects.To
allow detailed and accae poblem-domain

modeling you want to suppdra distibuted
set of object instancesimbeing into the
hundeds oras in our cas¢he thousands.
Both the suppding development tools and
the object-netark OS itself should mvide
a \ery simple means of aihg nev classes
(abstractions) to the mhblem-domain model
as vell as allaving for multiple implemen
tations of theselsstiactions. Fuhemore,
any number of untime instances of these
implementéions should belde to be instan
tiated and allaved to cogist within the un-
time object varking set.

Within our pioject,we maintained aeg-
istry of both the bstraction deivation hier
archy and in another dimension bthis
classifcation treg zero or moe implemen
tation desciptions.These implement&n
desciptions desdbe not ony the actual
kind of object tass used to makup a cor
respondinguntime instanceut also the
class of object used to actuationigure
instances of thesemtime objects. Basi
n cally, the pogrammer thinks of this imple
mentdion desciption as a softare pat
desciption. Once egistered ary number
of new runtime instances of an implemen
tation can be comjured and instanttad
within the untime model.

Also, object instances should bel@to
live on their @n in an object-netark OS
They should notequire some otherpli-
caion-domain component to host theas,
with mary of the commagially available
distributed-object pldorms.

Inter object referencing To supporthe
naurally comple interobject connection
requiementan object-netark OS nust
provide a means of taloging and locéing
active objects. Bgond this,it must also
provide a vay to express and maintain
interobject eference semantics in some
other vay than though had (real) object
references. Consider a simpledwbject
cross-eference situaon: which object
must come alie first?We olviously have a
cach-22 situdéion.

In a system with hundds or thousands
of interobject eferencesnot all of the mod
eled objects will be uptéhe same time—
things #il, they're contained in dierent
madines thastat up d different times,
and so onAnd thee ae other eal-world
needs thelead us tward an emironment
that suppots and pomotes the idea thid's
naural for objects to come anadgn ary
order d ary time. This is deally an inheent
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aspect of an aeté object-pogramming
model.

For example ther’s a ¢ass of behaor
we on this poject hae temedlocal sur
vivability. Objects and objectusters
should do the best thean to povide the
highest dgree of intended functionality
even if some objects amissing fom the
complete untime modelTher ae also
vely practical rasonsdr wanting to star
and stop object instances araitlry in an
opetional ewvironment.To allow for these
situgions,an object-netwrk OS needs to
suppot an object diectory sewice and soft
object eferences.

Object diectoly sevice You assume tha
all active objects within the conteof an
object-netverk OS ae named uniqugl
For our poject,we also bund it useful to
have every active object instance agra
desciption of the kind of bstraction it
implementsWe might also \ant to allav
for the @tachment of arbitary classifca
tion dtributes to object instancabus
allowing orthogonal viewvs of the actie
object working set.To this endan object-
network OS needs to supga@n actve
(instantided) object diectory tha allows
ary object within the system to loeaand
dynamicall bind to other objects (#east
by name) within thesame system.

Soft objecteferencesThe object-netark
OS nust suppdrformation and mainte
nance of bstract eferences fom one
object to another withouegard to the
actual @ailability of the referenced

This direct object-method irocéion is the
obvious way two objects commnicae. In
our xperience ther ae & least tvo other
forms of useful intesbject commnicaion
that an object-netark OS should suppbr
These a pakaged in the 6rm of events
and popeties.

Distributed @ents.Geneally, events ae
thewhat, when where, andwhy of some
thing worth noting within the conte of a
problem domainWhat specifes the gact
type of eent th& occured Whereis the
unique identiication of the object thzgen
erated the gent. In our implement@n, we
found tha hierarchical dassifcation of
event types s \ery useful.

The basic eent model thewe found
workable was a boadcast-and-subsbe
model.An event-dient object inbrms our
object-netvark OS of its des# to eceve
event notifcations by listening br speciic
types of @ents An event’s pioducer simpt
broadcasts thevent out onto the object-
network, and all inteested objects wille-
ceive a coresponding noti€ation. This
broadcast-and-subsbe event model sup
ports a \ety simple loosel coupled mary-
to-mary class of inteobject commnica
tion. Futhemore, by hierarchically
classifying @ent typesyve atieve the
notion of dstract e/ent monitomng.

Network propetties. The other boad dass
of useful inteobject commnicaion sup

ports the one-to-manrelaionship.Within
our hypothetical object-netark OS we'll

call this thesuppot-network propeties
This dass of comranicaion suppor pro-
vides pulish-and-subsdie facilities for
the popety client and the gpety sewer.
The popety-sewer object pulishes a
named popety to the world. Propety-
client objects then subsbe to a popety
by providing the name of the ppety-
sewer object and the name of the fished
propety. When the alue of a popety is
changed (typicaly by the pultisher of the
propety), the naev propety value is distib-
uted to all inteested popety-client ob-
jects. In this modethe pultishing object is
unavare of ary and all éient intelests,
because our object-naetvk OS has the job
of actualy distibuting the actiity. (The
interobject eferencing implied i net
work-propety suppot is assumed to be
built using soft objectaeferencing so thia
the atributes of the softaferences will be
extended to the netwvk propeties.)

The combin#on of one-to-one (dact-
method ivocéion), mary-to-mary (dis-
tributed @ents),and one-to-man(network
propety distibution) comnunicéion facil-
ities ae all very useful vhen luilding com
plex distributed gplicaions sut as those
within the intelligent-ewironment poblem
space Notice tha, in eah casebinding
between objects is symboliturther sup
porting arbit@rily complex object-inter
connection topolgies.

Monitoring and debugging
facilities
To illustrate the needdr integral mont
toring and dbugging facilities,let

object.This feaure is key in allow-
ing objects to comeyo, and ebind
in ary order and gary time. This
facility should also mvide refer-
enced objectaailability notifica-
tions to ag referencing objects.

Interobject communication

With an object diectoy sewvice
and soft objectaference &cilities
within an object-netark OS we
can constict whatever logical
object-netvark topolagy we
require.

Direct-method ivocaion. We
assume thavia the soft eference
facilities,we can akieve real
object-method imocdion for those
referenced objects thare actve.

out... I'm burned out...
s’

Sltting in his futuristic talking
house, Manny thought: me too.

I'm burféd oul... I'm burned

me use our @ject as anxample
At last countpur deployed eperi-
ment had justwer 6,000 actie
object instancesyith an aerage of
five extemal object eferences per
instance—hout 30,000 interon:
nects—all of vihich are spead
across @er 120 computer In eal
ity, mapping objects to computer
is not all thaimportant—in fact,
this confguration is vieved as just
a big netverk of 6,000 embedid
computdional entitiesThe ques
tion is not if a poblem will occur
but when it will occur Unless our
object-netvork OS suppds a set
of monitoiing and poblem-isola
tion facilities,we would be hope
lessy lost and confusedn our
implementéon, mary medanisms
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suppot this kind of actrity. The two most
important hae pioved to be Igging and
genenl object-stte access.

Logging. | cant ague stongly enough
for our object-netark OS to suppdra
ubiquitous low-impact l@ging facility.
It's equaly important tha object imple
mentdions ae fully instumented with Ig
output and thiasud instumentdion never
be emoved Once a system is hiag a
problem, it’s too lde to think &out adling
logging to the codeWe hare had man
complicded and hai-to-reproduce pob-
lems—uwhat I'll call nth-order feedbak
classes of mhlems sub as oscill&on.
Without the &ility to snoop aound and
watch log actiity, problems would be
neaty impossilhe to digynose

Using our poject’s implementton as
an example let me desdbe wha | think
are the ley aspects of a suibée logging
facility. Frst,it is very useful to tassify
log-recod output hiearchically. Typicat
ly, there would be tasses and sulasses
for maintenanceeror, waming, and tace
kinds of output. Fom the pogrammers
perspectve, the logging primitives should
be iight thee as parof their pogramming
model anduntime erironmentWe keep
a stoe-and-brward log facility object on
eat madine whose job is to @y
quickly buffer local gy actvity into a
disk-based FIFO queuthen brward tha
queues content asyrigonousy to
another &cility (typically a cental stoe
tha can be monitad on thelfy). In adli-
tion, we can tun on and dfdifferent lev-
els of log output &the object-instance
level. Typically, our systemuns objects
with all trace output tured of, but if
we’re tracking dovn a poblem we can
read in while an object is instantied and
modify its output g filter. This goproac
has poven essential in our systelvith-
out sut logging facilities,a systemeen
an oder of ma@nitude smaller wuld be
impossille to opeate.

General object-stae accessThe aility to
probe the gneal stde of an object in
stance Waile it's instantied is also gry
useful. If we think dout the gnerl naure
of the objects within our object-netwk
OS, we see a high deee of common be
havior. For example ary object can puish
and subsdbe to popeties,listen for
events,or reference and besferenced ly

other objects. In our implemetitan, this
list of common taits is @en longer. It
would be ety nice to be ble to ask ap
object in the system to dump its memt
stae. As with logging, this kind of &cility
is a necessity—er example to monitor the
system andenify that all of the eferenced
objects ag up.This is a ley ingredient in
building a self-dignosing system.

Configuration management

Some dg, the components thanale up
the plysical infrastiucture of a &cility
(wires,building, room,city, and so 6rth)
destined to beha& as an intellignt ewi-
ronment might be completeself-identify-
ing and therefore, suppot self-confgura-
tion. But this utopian situen does not
exist todgy. So,the question ifhow do we
deal with the conduration-mangement
needs of anxensvely componentied
software ervironment suk as the one
we're discussing?

From our &pelience you need to star
with a single core, configuration tool tha
can d/namicall extend its behaor
through implement#on-avare confgura-
tion componentsiVe call thesénstance
confgurators. The coe confguration
tool estdlishes a hiearchical usesinter-
face emironment and mvides a common
implementéion component imavork
from which more gplication-specifc in-
stance confjurators can be déved The
class-inheitance stucture for the in
stance confjurators paallels the core-
sponding untime object-implementi@n
classification hiemrchy in almost gery
caseThis leads to arga deal of euse
and werall enforcement of model-spe
cific semantics within aeneal confgu-
ration framevork.

Conclusions

We hare demonstted the needor an
object-netvark OS tha suppots modular
constuction,configuration, and deloy-
ment of ngéurally comple software object
models aimedtahe intelligent-ewiron-
ment R&D poblem spaceThis,in my
view, would endle reseachers to ocus
more on irvestigating intelligent ewiron-
ments and less onsdoping the infa-
structure to suppdrthose ivestigations.

Through the dployment of gpropri-
ately complex and accuately modeled sys
tems,the goal of intelligent ewironments
will be realized

Autodirective sound capture:
towards smarter conference rooms

James L. Flangan, CAIP CenterRutgers
University

Effective telecongrencing is inceas
ingly sought or colleboration among
groups vho ae geographically separted
Whether br actvities as dispate as cor
porate stetegizing, product designor dis
tance edud#on, a key objective is ice
commnunicaion tha approades the core-
nience and rtaralness ofdce-to-&ce con
versdion—as though all pécipants vere
in the same meetingom.This desides
tum implies*hands-fee” sound pikup,
where tallers ma speak asome distance
from the micophone systenwithout the
encumbance of hand-heldody-worn, or
tetheed equipment. Impliedoo, is sound
cepture of suficiently high quality—in
which deleteious efects of nultipath dis
tortion (room leverbegtion) and interéring
acoustic noise v been mitigted

Enabling technology

We want,then,performance compable
to tha of a micophone positionedase to
ead talker's mouth—egen when the talkr
might be in motion (as in lecting or &-
plicating projected gaphics). Seeral ad
vances coalesce to suppoev cgpabilities
for achieving this objectie.

Recent gars hae seen deelopment and
large-scale mamfactue of electet trans
duces. This device is a condenser migr
phonein which the poymer membane
exposed to the soundawe has one suate
metalizd and the dieledtrhas beenigen
a pemanent electrstaic polaization (a
bound taige thd provides the bias poten
tial for the condenser elemeonstuc-
tion is exquisitely simple and inepensve,
and perbrmance pproades thaof the
classic airdielectic condenser miaphone
(flat amplitude esponsewer a wide fe-
queny rangg, linear phasgarge dynamic
amplitude good sensitiity of the oder of
—40 dBv/Riscalor about a millvolt of out
put for a stong cowersdional-level signal
at 1 meter). In adition, no high-potential
extemal bias isequired and the @nsducer
has elatively low souce impedancdn
marufactue, a field-effect transistor pe-
amplifier is typicall integrated onto the
condenser b&plate, with the whole unit,
in volume costing less than a dollar

Concomitanty, sampled-d&a theoy,
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digital-signal ppcessingand micoelec
tronic circuitry have emeged explosively,
so tha sophisticéed single-bip computes
can be economicallemplo/ed in gea
numbes. These adancestogether with
new acoustic undstanding in bamacteiz-
ing the beheior of microphone arays in
endosures (where geometies and acoustic
propeties ae knavn, or prescibed) pemit
new approades br sound pikup in lage
conference goups—aproades thago
substantiall beyond the shad micio-
phone on the tde or the tethexd mile
passed aund fom hand to hand

Two steps ae involved in abieving im-
provementspdial location of the desid
sound sowge (usualf speeh), and tansdue
tion of a @od-quality eplica of the desed
sound Both st@s should be autortie.

Sound-souce locdion. One g@proad to
locaing the position of a sound saerin an
endosue (typically a taller) is based on
acoustic measaments. Similar to electr
magnetic tebniques (Loan or GPSamong
othes) differences in time oflight to re-
ceivers of knavn position povide the ele
vant daa. One implemented system uses
two quads of miaphonesplaced pefer-
ably on adjacent dinogonal walls? Ead
quad povides six distinct pag of sensa
for which differences in signal éwal time
can be estintad (Tha is, ead set of bur
microphonesrf), taken two & a time with
out regard to oder ), orn!/p! (n—p)! =6.)
Ead time diference dehes a fyperboloid-
like surfice on \hich a mdiging souce
would pioduce the aival difference Inter
section of the suaices defe a unique
(overdetemined) point in 3D space

The cuocial measwement is thieof time
difference of aiival (TDQA). Cross corela
tion of the signalsdr eat sensor pair helps
to reveal the time-dfierence inbrmation.
Computdional adrantages acaue fom
using st Puiier transbrms to accomplish
the corelaion in the fequeng domain,
namey by computing the nonalized coss-
power spectum for eat pair inverse tans
forming, and juddng the time shift thigpro-
duces a maxinm in the carelaion
function34Also for computéional
efficiengy, the souce positions x,y,zcoordi-
naes ae estiméed ty a nondiected gadi
ent descent (using kntedge of entosure
geomety and sensor positions) to miniraiz
the squae eror between the set of 12 mea
suredTDOASs and those computedrfary

candid&e x,y,zposition.
In a peréct ewiron-
ment (or fee spacethe

Meters

Stage

emror can @proac zero,
but in a noisyreverber
ant entosure the

ol - Microphone
~4r - Source position estimate
Actual source position

. —4 ‘ ‘
TDOAs ae contami —4 -2 0 2 Meters4 6 8 10
naed This impacts the (a3)5
practical doice of spac '37
ing for sensas in the 25l
guad The spacing needs '2 o .
to be fr enough to use o °f - M S
fully measue a time z 1'? % % v af
difference but not so &r 05 [ )
that the signal beadh '0’
recever is dominged by 0 5’ - Microphone
i H . 0.5+ « Source position estimate
;:_haotlc r;l,l.ﬂltpaél‘l. reflec _1 | Actual source position
10Ns and Iintegnng 4 -2 0 2 4 6 8 10
noise In mary confer- (b) Meters

ence ooms,a pactically

useful spacing is on the Figure 2. Accuracy of position estimates for acoustic (peech) sources in an indus-

order of 20 cm. Fgure 2
shaws typical souwce-
location accuacies meased ty this ted-
nigue in an indusial conference audito
rium.As the meas@ments shw,
accuacies on the dier of one-thid meter
are obtained in this puctical emironment.

Because most comince &cilities in
clude video equipmensource locdion by
visual means is also an opti@md a ariety
of techniques hee beeneseathed on this
approad 56 A combindion of acoustic and
visual methods is also an attetive and a
current topic of eseach.

Sound catur e. Having detemined the le
cation of the desid souce, the net st is
to cepture a god-quality &csimile One of
the simplest meansif mitigating reverber
ation and noise is defasum beandrming,
where a cigirshaged beam of sensiity
points @the souce A simple arangement
is the 1D line amay in which dela is sup
plied to eah recever so as to cohersignals
amiving from a pescibed diection? For
that direction (angle to the lineputputs of
the multiple recevers adl voltagewise,
while for other diectionsthe uncorelaed
components atlpaverwise providing an
array gain ideally bounded ¥ the umber
of recevvers. This works well if the ewiron
ment is easonbly benign. But it has selec
tivity only in two spdial dimensionsand its
signal-to-noiseatio (SNR) dgrades mono
tonically as everbeetion increases. (fiis is
because the beaormer collects all soaes
along the ba of the beam—irading

trial conference room: (a) top view, (b) side view.

those imges of the sowe tha it “sees’on
ary reflecting walls intesecting the beam.)
What we need is syl selectvity in range
as well, giving full 3D selectiity. The ted-
nique of méched-flter processing pplied
to arays povides this.

The mached flter requires corolution
of eat recever signal ly a causal gproxi-
maion to the time everse of the impulse
response of the ppagation pah from the
desied souce to tharecever. Because the
multipath chamcteistics ae induded the
mached-flter array can tun reverbeant
enepy into useful signalin effect making
array performance (ideajl) immune to
reverbestion and poviding spdial selee
tivity in three dimensions'he computa
tional costs a high,but digtal-signal po-
cessing contines to enjy a revolution of
econony. In paticular, if the impulse
response fim the desid souce (focal)
location to thenth sensor of the aay is
h(t),then the amy outputO(t) for souce
signals(t) is gven ky the corolution

N
Ot) = S(t) Oyt (1) Chye (-1)
n=1

N
=)0 $lh, )
n=1

where ¢(h, hy) is the autocaelaion of
the impulse @sponseOn the other hana
soutce d ary locaion other than theotus
produces a ph impulse esponsd,,,(t)
and an awmy output
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Figure 3. Computed signal-to-noise ratio for a 4-kHz
bandwidth speech source matched-filter process by 100
sensors randomly distributed on one wall of a reverber-
ant room of dimensions 20 x 16 x 5 m. The acoustic
absorption coefficient is o = 0.1, and the array is
focused at coordinates 14, 9.5, 1.35 m.

Figure 4. Multiple competing sources in the simulated
room of Figure 3: Talker 1 man, Talker 2 woman, and
Noise 1 and Noise 2 are Gaussian sources.

N
O1) = ()0 (o),
n=1

whetre the coss coreldion of the impulse
responsed (h,,hny) (or rather the decae-
lation of these impulseesponses as the
source maes avay from the bcal posi
tion) detemines the spél acuity in thee
dimensions.

The Fourier transbrm for h(t) is Hp(jw),
wherw s angular fequeng, and eah
mached sensor conlutes an outputilf
tered by OH,{jw)2for an on-bcus sowe
For severe multipath this esponse is typi
cally quite \ariable with frequeng. But,
where one sensor rydnave a spectl def-
cieng (zero), another mg contibute fully.
If the geomety of the aray is chosen pu-
dentl, andNis somavhat large, O(jw) can
easily be endeed sensily flat over the fe-
queng range of inteest.

In expeiiments,we found endomy dis-
tributed sensarlocded on othogonal
walls to be paiculaly advantayeous®?
Figure 3 illustiates computaon of the
behaior of a 100-sensor &y, positioned
on one vall of a modegtely large room (20
x 16x 5 m) haing little sound Bsoiption
(a =0.1). For this fgure, we measiad the
signal-to-everbeant-noise atio for a 4-

kHz bandavidth speeh souce in this oom.
When the soue is locéed d the cal
position (14.09.5,1.35 m),the impove-
ment in R gproaces 15 & (which is
adequeely reflective of the ideal aay gain
of 10log,N). To keep signal delg tolerable
through the ay processingdr this sinu-
lated entosure, all impulse esponses va
been tuncded to 105 ms. (Wo beneits
accue to the gtent tha the impulse
responses can beaitrcded Low-level
“precusor” signals ag diminished in the
array output,and the ifter computaion is
more economicat?)

The 3D sptal selectvity of the mached-
filter array is remakably valuable in catur-
ing a desied signal not onlin the pesence
of reverbegtion, but also under aekrse con
ditions of noise intedrence and competing
signalsTwo 2D random arays in the oom
previously mentioned \&re gplied to e
trieving a designizd spedc signal in the
presence of a sigitaneous takr and tvo
random noise sotes.as kgure 4 shaovs.
Talker 1 was a man antalker 2 was a vo-
man,and eah speeh souce was 4 kHz in
bandvidth. All source levels were of compa
rable acoustic peer, except Noise 1 vas —5
dB down from the other tlee When e-
ceved ty a single miaophone on the all,
this simultaneous signal complés a totaly
unintelligible jumde. When the mizhed-
filter aray is focused on a desid souce
(Talker 1 in this instanceif,can etract an
intelligible signal. kgure 5 shas these
compaisons along with the @inal souce
signal br Talker 1.The impovement in
SNR aforded ly the aray over the single
microphone is meased as 17 dB

Preliminary system

As an initial eploration of autom#c
souce locaion, coupled with sheed audio
and video cpture, we hare implemented the
expeiimental system ofigure 6.All com-
putdion is accomplished on a@&Rtium PC
with one DSP boal and adiressale buck-
et-bigade delg lines on edt recever ae
complish the delasum beandrming (for a
21-element hanonically nested line aay
of first-oder gadient elecets).The coodi-
naes of the identiéd souce ae povided to
both the sleed video camerand the beam-
steeed micophone amy. Owing to limita
tions of aithmetic speed in thexisting
equipmentlocation estim#es ae made ol
at the ete of 2sec™. Approximately twice
this speed is desiile for tradking fast-ma-

ing talkers. Texas Instuments is sponsing
the design and consttion of a full digital
high-speed system.

Research issues

Numeous eseach questions andopli-
céaions hae not been toueed on in this
brief discussionA small sampling inkcides

e detemination, storage, and tuncdion
of coeficients br mached fltering,
both from measwements in theaom
(with pseudo-andom maximam-length
sequences) anddim on-the-fy compu
tation (using bom geomety and
acoustical bamcteistics);

e techniques ér zoom contol of the bcal
volume and contil of frequeng response
under pom (a eseatch project adlressing
these points is pseny in progress under
sponsoship of Intel Cop.);

< signal dassifcation to detemine the
naure of souces (spedt music,
noise);

« stability of filter coeficients to temper
ature, obstates,room,and audience
changs;

e automaic locaion of multiple moving
talkers;

e sound pojection in the eceving room
to duplicde (virtual) souce position;
and

e sound einforcement within lage halls.

Going to large scaleConvention halls and
large auditora pose special pblems br
sound cature, reinforcementand pojec
tion. Economical DSP andvecost,high-
quality electet miciophones bode &l for
massie use of miawphone anays. Pes
ently under stugl is one special heware
processor designed to cooltand opegte
up to 512 mioophone bannelst! Figure 7
illustrates a pesenty implemented 400-
element anay built for an edrer Bell Labs
application. Sophisticeed tadking of mul-
tiple talkers with mached-flter processing
represents a seble tednical dhallenge
for arays of this sie.

Software conkrence manaer. As we ad
vance in cpabilities for networked colld-
oration and lage-group telecordrencing
oppotunities incease ér software ayents
and multimodal user integces. Combined
with the tetinologies of speet recayni-
tion, speeb synthesisand taller identif-
cation, autodiective audio and video sys
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tems can allgate the lnrdens on corefr-
ence modegtors.

Consider the sceriar Conferees covene
for a meeting with a li&xgoup situged coss-
country. As ead arives,he or she Igs in,
speaks an ideniifation phiase and is imged
by the fice inder Attendees also dizoe
their cedentialselevant to the cordrences
topic by speaking angers to bref questions
from the syntheticaice athe enollment
staion. As the conérence unblds,the slaed
microphone awry and the video cameetradk
the actve paticipants.The softvare manger
(using keyword spottinggisting anaysis,
talker identifcation, and the position da fed
to the autodictive audio and video system)
follows who's talking for hawv long, and on
what topic. If the“manager” obseves thaa
paticipant of maginal credentials is talking
too frequenty on topics dfthe point;it
ceases to point the maphone awmy and
camea d tha position!
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