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ABSTRACT

Voice enabled dialog systems are well suited fecan applia-
tions. Driving isan eyesbusy and handsusy task and the only
wideband communication channel leftspeech. Such systems are
in the midstof a transformation from a cool gadget to an integral
part of the modern automobile. In this paperhighlight the na-

jor requirements for an ipar dialog system including usability
during conditions of cognitiveohd, efficiency though multimodal

yeyiwang,

alexacl}@microsoft.com

ing the driving process.

Voice command systenfsst appeared ifuxury cars asan add-

tion to the integrated handiee telephone system. They allowed
users to call names in the address bafothe Bluetooth enabled
phone, paired with the system. Later their functionality was e
tended to cover the control of most of the 1aiving relatedcar
featuressuch asclimate control, radio. Such systems had large
number of voice commands (up to 400 in some mddtis driv-

user interface, dealing with locations, handling the noise in the cargr had tomemorize.Such systems have more recerstigrted to
with better sound capture and robust speech recognition. We thefinove to massnarketcars. Currently theare in transition frona

presentCommute UX, our prototypenulti-modal dialog system
for in-car infotainment syem

Categories and Subject Descriptors
H.5.1. [Multimedia Information Systems]: Audio input/output

H.5.2. User Interfaces]: Natural language, Voice I/O, Interaction
styles, Prototyping.

General Terms
Algorithms, Design, Human Factors

Keywords

Speechnterfaces, ircar infotainment, multimodal Ul

1. INTRODUCTION

Driving is an eyesbusy and handbsusy activity with substantial
cognitive load.According to a 2001 national travel survey in the
United States, 77% of adults commute to work alone using pe
sonal vehicles with an average commute time5ob thinutesone
way [1]. The number of extremear commuters who travel more
than 90 minutes to work, one way, &imated at 3.4 million, and
is the fastest growing commuter grouprivers use this time to
listen to musicpr news,andto make phone calls. In general they
want to be informed and entertainiedorder to better utilize the
commute timeWith widespreaduse of mobilephones, portable
and navigation devicesthere is atemptation to operate them
while driving. This is a serious safetgsueassubstantial number
of the car accidents in the United Stedesresult ofa distraction.
Voice enabled dialog sjems are one of the most attractive-fe
tures of the ircar infotainment system, as the speech is the only
wideband communication channebt significantly engaged du
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expensive adon feature to amtegral part of the modern aut
mobile.

One of the first speech enabl@ufotainment systems in mass
production cars was Blue&Me deployed initially on selected
FIAT models[2]. The system is based on Microsoft Autotpla
form and besides handling the Bluetooth phone allows music
selection and radio contrdlext followed SYNC[3] asanoption

on most Ford, Lincoln, Mercuryand Flex models. SYNC is also
based on Microsoft Auto platfornbut provides richer set ofde
tures. Besides initiating and answering phone calls the system
reads received x¢ messages and allowsers taeply with one of

20 preset messages. SYNC handles all major portable megia pla
ers, such as iPod, Zurendeven MP3 files stored in USB mem

ry stick. More recentsoftware versions provide car health mfo
mation, retrievedromt h e v eCAN netwerlbasd can make

an emergency phone call in case of accident or air bagydeplo
ment.

In parallel were designed and deployed specialized or professional
speech enabled dialog systems foecaém information. We should
mention hereProject 3 from the University of New Hampshire
[13] designed for police cars. In this group is Ford Waksvel|

a version for professional drikewith features related to manage
and control a car fleet.

Deploying SYNC in many car models sparked interest and is a
serious selling factor. The sken dialog system is one level
above a simple voice commands and works well when the driver
speaks the correct commands and queriée. ffustration some
users had trying to use the system was mostly related to improper
operatioicommandsstuck in the wrong branch of the menu, not
rememberinghe exact name of the song title or arfidte overall
impression is that whil¢he system istechnically well designed
there is room for improvement in its usability and handlesge-
cially in making the system robust tbe most nospredictble
errorsi those caused by ttdriver.

In this paper we describe our observations and expergained
while building Commute UX a prototype of a speech enable
in-car infotainment systen©ur interest was mostly concentrated
on the spken dialog aspects of the systemorking with the other
parts of such system was inevitalfiection2 describes the ex



all architecture of these systems andection3 we provide our create the proper grammar for the egierecognizer. This enables
design tenetsSections4 and 5 are dedicated to the core teobnol  voice dialing by name. During driving the Bluetooth interface is
gies and the features of our system, in 6 we provide informationused for detecting incoming or placing outgoing callslrecei-

about our evaluation methodology. We conclude and provide ing and sending text messages. Today in rare cases the mobile

ideasfor future work inSection?. phone is used for retrieving dat@r Internet if the phone has

data plan, buis believed that a data connection will be more
2. IN-CAR INFOTAINMENT SYSTEMS commonand the mobile phone will become the data portal for the
2.1 Architecture in-car computer.

Typical architecture of an epoard dialog system is shown in
Figure 1. The input/output devicdsr communication with the
driverare:

Portable media players usually are connected through the USB
port.

. . . Bluetooth & wireless interface is used by some other devices of
i Microphone or microphone array, installed the dashboard,  jnterest. Bluetooth GPS sensors can be purchased and used in the
in the rearview mirror, or in the headliner. navigation system as far as they support some of the standard

{1 Display, typically mounted on the dashboard, integrated with Protocols, such aSMEA.

the entertainment unitMore frequently the display is a touch
screen, which gives ability to select items directly from the
screen

2.3 Expected features and functionality
Implementatios of in-car infotainment systems vary from noan
facturer to manufacturer, and even from model to model from the
1 Buttons, usuallywo groups: same manufacturer. Still there is askfleatures and functionality
which practically alioice enabledéh-car systems have today.

2.3.1 Handling tre phone

The historically first function of the toar system is handling the

1 The car audio system (amplifier, loudspeakers). driveros Bluetooth enabl ed- mobi |
guirement in some states to use a hands free device to talk on the
mobile phone and, of course, that it is more coremt and less
distracting for the driver to use the mobile phone. Theainsy-

o placed around the display in the entertainment unit

o a cluster of buttons placed on the steering wheel

Mmrophone(s

tem retrieves the address book from gi®ne; builds the proper
BT Driver’s grammars for the speech recognition engine on the fly, which
[0 Touch screen codee phone allows voice dialing by name or by number. Theoiming cao-
and buttons versations are announced usually with the caller ID (by name or
L Board - sl number) and it is up to the driver to accept the call.
Trgp—— computer titenfacs - Once the conversation started thlaybackaudio system of the
g car plus the microphone is converted into a big, high qualig-s
[: > i Bt kerphone.
audio f— interface Q::V”;f;'o” Most of the systems deal in one or another way with the test me
]]'_ system sages Usually the system can detect the incoming message and

read it to the driver when accepted. The functionality to reply

Figure 1. Block diagram of in-car infotainment system. typically limited to small set of preset messages.

2.3.2 Mediaplayers and radio

Practically all incar infotainment systems haadluetooth inte- The incar system retrieves the metadata fromttheks on the
face for pai r imoleploneant manyhsysteths i soenecled portable media player and builds the necessary gra
have dJSB interface for connecting to the portable mediggila mars for the speech recognizer. They typically include recognition

The 't est syst ems connect to t E‘?eeggfeaab'rlté tlg?ér?um anq %enre Son@g\yﬁtems sulppor(t) PJ(% ,
which allowsaccess tinformation about the internal status of the

car, including thespeed engine temperaturend airbag deplg- Voice controlled radio is usually limited to selecting one the pre
ment status set stations, but there are systems which allow tuning by saying
the frequency or the station name (if the radio can read thee met

The central computer of the initial SYN§/stems consisted of
200 MHz ARM9 processor and 64 Mbytes of memory, butere
modek use more powerful CPU and ‘eamore memory. Latest  Handling the CD or cassette player is limited to trivial voice

data).

systems already run x86 CPUs and have up toy2eSbf meno- commands and buttons on the steering wheel.

ry. iyati

Y ) 2.3.3 Navigation system

2.2 Pluggable devices Even for cars with integrated navigation system in most of the
The incar infotainment system workitlu external devices, oo cases it is separated from thecar infotainment system. This

nectedvia various interfaces. Historically the first device is the means sepat@ microphone (if the navigation system uses speech
Bluetooth enabled phone. After pairing with the device the on recognition) and listening to the directions from the tiny kud
board computer can retrieve the address book from the phone angeaker the navigation system has. Operation of the entertainment



system and the phone is completely detached from the navigatiorsystem. With eyes on the road and hands on the wheel the driver
system. WHe this modular structure makes it more convenient can hear and speak, the last two serse not heavily engaged in
for the car manufacturer it increases the complexity of operation operating of the car.
for the driver and reduces the safety. . .

_ 3.2 Minimizing the cognitive load
2.3.4 Information Unlike most of the voice dialog systems fordar scenarios we
Currently it is #most entirely in the drivers hands. As Internet candét have 100% of the userods at:
browsing on the mobilghone is extremely distracting andnda  is busy witha primary task, driving. The gtion of his or her
gerous to get information about traffic, weather, stocks, oy-an  attentionthe driver can safely devote the dialog system varies
thing elsgthe driver can listen to the news on the raafialial a based on the driving conditions. Reducing the distraction and the
phone number. Such telephorservices speech recognition  cognitive load can be achieved by minimizing the number of
enabled and providng specific for the driversinformation, were keyword, making the system simple to usgcessfully handthg
prototypedby the research communiseveral years ago. The human errors.
system in[12] provides information about the current traffggs .
prices and station locations, weather, and stock quetesd step 3.3 Single layer menu
forward is the recently deployed by Tellme, a Microsoft subsid One of the most common problems with the existing systems is
ary, telephone service for the next version of Ford SYNC models. deeply branched menu systetsers frequently forget in which
The system is senmitegrated with the htar infotainment; the menu branch they are and whiatethe valid commands for this
driver can dial the service by voice and continue the dialog with branch. Inaddition going through all of these steps is quite gnno
the remote service, which provides traffic, directions, and other ing for expert usersThe more usable menu structure is a single
informati on. It doesnodt r e d uilayer meha sag anyhingamytinieoBach spbeeh qukry starte with &  m
phone as the on board computer can send and eeseive data ~ command word and parameteffie speech recognizer can aeli
(mostly position information from the integrated GPS sensor) bly recoguize theminimized number oEommand words andb+
trough the voice channel. cus on the following parameters. If some or all of them are-mis
ing follows a clarification dialog. This improves the experience of

2.3.5 Business information first time users as well.

Business drivers have their specific information needs. They want

not only to informed and entertained, but thecam infotainment 3.4 Multimodal user interface

sygem should have specific to their needs features. They areSpeech queries amvery good way to search large number of
mostly related to handling the calendar and the meetings scheduléitems, such as songs, albums, artists, not only in the car. Finding
Integration of these features with thedar computer has a lot of  one of the morehan ten thousand songs in the portable media
advantages: one style voice dialog system, easy enteringshe d  player using buttons or touch screen only can be quite painful. On
nation point to the navigation from the meeting place (retrieved the other hand arsiple spoken query can bring the list of four or
from the calendar), reminders, default dialing the administrative five most relevant songs. However selecting one of them with
assistant or the meeting room if you are late, automatic enteringspeech only interface means listening to the full names of the song

the corrected schedule, etc. Usually in these carsbaidk Inte- titles and saying fAoneod, Atwoo,
net access is presented, the problems are with integration-of se Glancingat the screen and pointing to the right song is less di
eral software systems. tractive and way more efficient. In short, multimodal userrinte

faces are a necessity for designing user friendly hecoarputer

2.3.6 Safety information interface in the car.

Currently most of the safety related information exchange is out

of the scope of the inar infotainment system. Inside the car itis 3,5 Multithreaded dialog system

going through shielded part of the CAN netwaricar manufa- In a telephone based wei dialog system user enters the dialog
turers open for the infotainment system just a limited set &t me \ith the machine withone specific goal (obtaining the flight
sages. Some cars send emergency message to the ONSIAR syschedule, booking a room in the hotéThe system obtains the
tem inthe case ofa car accident or air bag deployment. Thisdun  data (dates, itinerary) and provides the necessary information. In
tionality in the latest SYNC models is replaced by placing an the car many things hagp in parallei in the middle of selecting
emergency call trough the dri ‘é&g’tﬁe%av@eﬁi&'s;}st@m RaY Rdhtto send message ghout a
proaching turn omn incoming phone call can arrive. The user

2.3.7 Common usability requirements . . . >
The | ¢ but all of th hould be desianed i does not have one single task to achieve. This leads to additional
e incar systems can vary, but all of them should be designed in irements dua@ the jnterruptions ance

; - design regu ndlin r
a way to put the driverdinerasaf &i%(g trﬁa 'diélo?gtcontexé Eﬂ)m Lﬁgébl"ﬂt)l/ s(t’agdp int a{rerkge jan

tion with the on board system should be designed in the lesast di sues for announcing the interruption, how deep is the human

tractive way. fiomext stacko, and how | ong after
3. Design tenets to the previous context. 84t probably the driver will be willing

Based on SYNQ: s e intandews, usability videos, and dissu to continue the song selection after a 30 seconds phone call, but

sions for the ircar infotainment system requirements estd-
lishedthe following design teets.

3.1 Speech enabled

In most of the cases speech is the least distracting and safest w.
for communication between the driver and thean infotainment

the song selection context shoyldobablybe deleted from the
stack after a ten minute telephone conversation.

3.6 Situation aware
‘Wumerous user stueb showed that a telephone conversation,
evenusing ahandsfree system, is more distraggjthan a conve



sation with the passenger in the car. The reason for this is that thears is packed with electroniesid a cable form is going there

passenger is aware of the current driviitgagion, will not talk
during lane banging or hard breakingind will not expectan
immediate responsduring acomplex traffic situation. Making
the incar dialog system situation aware frasafety perspective

is practically the same. The dialog system should detect the dri
ing situation(lane change, hard braking, heavy traffic, even more
than usual nervous driving) using the information from the CAN
network and properly modify its behavior.

3.7 Personalization

Personalization is using prior information about the user, such as
point of iner est names (Juliebs
songs/albums/artists, most frequently called people (the first four
most frequently called numbease actually 80% of th&tal mo-

bile phone calls). It is a powerful way to increase the recognition
results (by addingveights in the grammar), to increase the uUsabi
ity and user satisfactiofL2]. In the carthis is much easieto
achieve due tthe limited number of users. Recdgimg the user
shoul dnét ;thie caabeploniylhe phane or by the
car key. Many car models already recognize the driver by the ke
and adjust the rearview mirro

3.8 Integration in-car and in-cloud

In general the speech recoggii and the dialog system should be
where the data is. This allows building and swapping thevgra
mars for increased recognition results. This means that the
song/title recognition shouldappenin-car, while the dialog sy

tem about the weather or traffibauld be in the cloud. From
driverdéds standpoint, however,
he is talking with, which requires seamless integration of the two
parts.

4. Commute UX core technologies

To successfully design and implemendtcar infotainmensystem
with voice enabled dialogve have developedeveral core tér
nologies.

4.1 Sound capture system

While almost every car has sound playback systéhe car radio
plus the loudspeakers, the sound capture is a relatively reew el
ment.

4.1.1 Dual purpose

The sound capture systemorks together with the car audiossy
tem in two main modes: communication and speech recognition.
In communication mode the car is just a big speakerphone. From
the Bluetooth enabled mobile phone thecam system is just a
headsetln speech recognition mode it is controlled by they-dri

e r 0 s-toali button on the steering wheel and the output goes
to the speech recognizer.

4.1.2 Microphone(s) and their position

anyway. This solution doesnot
captures the voices of the driver and the passenderfable 1
shows the average SNR for a mix of driving conditions for single
microphone, placed in these three positions. As expected the
headliner is best, followed by the rearview mirror and dashboard,
each around 5 dBC apart.

Table 1. Average SNR for microphone positions
Average SNR, dBC

Microphone position

Dashboard 4,16
Rearview mirror 10.11
Headliner 15.41

In some high end cars we can see microphone arrays with two or
four microphones, all of the existing models are in the rearview
mirrors. The microphone array allows localization of the direction
the sound comes from amperforming spatial filtering, i.e. g4
pressing fhg sqynds cpryingsfrom unwanted directidhs. mi-
crophone array acts as highly directional microphone, forming a
listening beam towards the sound source we want to capture. The
listening beam can be electroally steered for capturing the
driver and passengers.

4.1.3 Sound processing

The overall diagram of the sound processing chain is shown in
Figuie 2 Ve yisg 2 g, element, microphione aniay placef indhe
rearview mirror.”In communication mode each of the microgho
channels is processed by separate acoustic echo can¢eH€rs

to remove the unwanted sounds from the loudspeakers. Then the
two channels are processed by the beamfo(BE)y [11] and the
spatial filter(SF)i a nonlinear processor for additional removal

of noise[9]. Following the SF is a noisippressor (NS)10] that

has beenoptimized for incar use and autortia gain control

Loudspeakers

D] From TTS,
BT codec, or

D] multimedia

— AGC ¥
To the BT
codec

BF NS

AEC

DDOD

To the speech
recognizer

Microphone
Array

Figure 2. Sound processing chain diagram.

(AGC) block. Then the processed sound is sent to the mobile
phone by the Bluetooth codddote that even in communication

From mechanical and electrical design standpoint the best positiofode the sound processing stack should not only improve the

of the micophone(s) is in the dashboard, integrated with the rest
of the electronics. However in the car is noisy and the microphone
should be placed as ¢l ose as
closest place for microphone placement in this case is the meadli
er , right in front of t he
optimal for the driveros

perceptual sound quality for humansi lt should be speechae

ognition fri,endlﬁl' this is the communication channel with the in
cu padt of ik @alod sYstefn.h e rioveros

capture well the voice of the passenger or people on the back seatha the sound capture system should provide the substantial noise

Integration of the microphones in the rearview mirsoone of the
most common solutions toddyt he r ear vi ew mi

suppression of 30 dB in the worst case. Such aggressive suppre
sian gends tg introduce @igtajtigns and artifacts in high SNR co

mout h

in

S )

dr i Queralighe SNRenghe car varies g0 ¢Bgos+BOdB. Forhave h o we v
voi c accegtable goungd gualitywe reedaijanss 20418 SNRHThis eeang, i | |



ditions, i.e. the wide range of SNRs poses additional challenges
Our current system achieves this goal and not only substantially
improves the perceptual sound quality, but reduces aloyd%

the word error rate of the speech recognizer.

4.2 Speech recognizer

Training the speech recognizer with-domain speeclcorpus
contaminated with automotive noise is essential for achieving
good speech recognition results. In our case we use noise robus
front end as described [t4] which explains why the signal for
the speech recognizer is taken before the stationary noise suppre
Ssor.

4.3 Location handling

The car is a moving object and in many cases the dnieeds to
enteraddresss, e.gfor driving directions, to get the closesisy
station,or to get the traffic information. Understanding anch-co
veying an address is a common task even when the car is
equipped with a GPS system. In our studies we found that the

short term human memory has difficulties to remember a spokenb y

DAL

e
o i
‘ g Work To Home /\7 Home

| J" Commuting J‘ Fresh Air
‘ g Playlist g Podcast
Vo?;c:em:ils Contacts | Shuffle Play M::;:ga Settings ‘

Figure 3. Commute UX GUI screenshot.

The Beatl eso), which renders

long addess and using intersections is more convenient for the meaningless. Not to mention the fact that in some cases it is just

driver for both conveying and remembering the addf&2k In
addition we take measures to handle caseswisenbers sound
similar (thirty and thirteen, for example) by checking parallel
paths with the address database,[8ke

4.4 Voice search and information retrieval
The speech recognizer output contains a spoken language quer

wrongi people mistake the song title with the artist or album.

In our system we experiemted with several approaches and built
a system which is robust to mismatches to the meteatadasip-
ports multiplefields. More details can be found in our papég$
and[5].

.2 SMS reply by voice

distorted by the speech recognition and human errors. The nex MS reply by voice systems are limited to replyfiogrgent me-
task is to find the most relevant match (or rank the top four sages, t hat canot e iSMS reply ks t

matches) based on this query and some prior information. This is ; . .
the @mmon task for the iear infotainment system, regardless of tem in Ford SYNC can detect and read incoming text messages. It

the searched data: address book, song/album metadata Othe?uccessfully handles language and abbreviaspasific for these

While each of these tasks has its own specifics, the underlying se{E essagesThe system provides a set of 20-prepared messages

of technologies is quite similar and commonly denoted as voice tragggoiﬁggogncégr tt;glere dpJ%ﬁthﬁvilﬁ deggteggv%zya?;otrgf-te dto
seach. It is a spoken language understanding technology for 9 P 9 9 peop p

processing usero6s queries in rﬁig’d klye nWhleg.{hgt.Lﬁaeqye .Caapndm gf_%lrn?aﬂ)ia}pgeperpq
most relevant match S reply system with Yicher Yunctionality and” Adistracting

' speech input. The classic dictation technologies with wphidit
correct the speech recognition errors are too distractive, so we

decided toimprove the reply with prprepared messages. The

he

5. Commute UX features

In our prototyping we focused ame spoken dialog aspects of
different applicationsThis minimalistic design allowed gathering
data with seemingly functional prototype, which we exercised for
the desired scenarios oniere we discuss just three of the prot
type features: the music player, replaying to SMS by voice, and
owner 6 s ma nvwiad Thessgséem erhploys the design
tenets from previousection A GUI screen shot is shown ingFi

ure 3.

5.1 Music player

The existing speech enableddar infotainment systems require a
structured spoken | anguage (!
n a me >hére theasong name should be exactly as it is in the
metadata. A modern portable music player can conta?01@00
songs. For humans is not possible to remember the exact name ¢
all songs. Many songs are widely known with different than the
i of fi ene and dhat sewond name is usually placed in the
metadata in parenthesis. Our user studies showed that in mor
than 60% we have neexact spoken query. Humans realize that
the sound title is not correct and subconsciously adds more info
mation’i the artistor album, for example (not always correct as
well). More than one quarter of the spoken queries containinfo
mation from multiple fields

1. Systk®emssdédge from I ris. E
6Call baokdé or O6Skipbo

2. Us e Reply.Bad traffic in 20 minutes.

3. System [6e2a0r coinnju:t efis bad
number on the lisb.

4. UseYed 0

5. Sy st @anit. Massage seit.

u’.-'/,_l’l - = D€ H5L0M <song

;—1;; S Iy ‘2 there's traffic

3. bad traffic
14 give me about 20 minut

=== ]=T=

Figure 4. A sample SMS reply dialog and screenshot.

main idea is to &ve large number of SMS replies and to select the
most relevant based on the speech ifgiit It may not be the
(R

B PGP} POy Gy i1 sEme IO MARRONEB, QU 4 ¢ 1 o



system contains more than 2000 potential replies and in most ol
the cases finds satisfactory reply in the top four ranked search
results. A sample dialog is presented in Figure

53 O0wner 6s manual searcl
The frustration when you have to fisdo met hi ng i n
manual is quite commorespecially with rented cardsually this
happens inurgent situations, such as flat tire, need to install a
child seat, etc. The index at the end of the manual is ustealy
sparse and only contains a béul of entries As we already me
tioned voice search technology is strong in searching in large
amountofdataConsi dering every page
a separate documeand properly indexing it an TF/IDF based of the driving, log accidents and crashes. One of the most useful
technology allows finding the prep page in the car manual with parameter we found to be the deviation of the distance between

Figure 7. Driving simulator.

si mple voice query, such @&s fihel center Isheof the cac dnatimegoad lame. f | at tire?o0.

screenshot with the system response on this query is shown on

Figure 5. While this is activity which is not performed during

driving and the output i_s jugt showing the proper pages Qnd Iist7_ Conclusion and future work

{onal expenses the micropnons and the touch screen are aeady 1 deSiGNed prototype of the-gar nfotainment system was
art of thF()e incar infotainmgnt System Y tested initially as a standalone application and later deployed in

P y ) the driving simulator. While the initial results allowed us substa

tially to improve the usability and make it less distractiventiaén

work in this direction is still ahead. We want to find the finé ba

ance between the speech/touch/GUI in the multimodal HMI for

the car which is both useful and safe.

Another big arafor work and improementis the situation aware
in-car infotainmentsystem. It starts with proper recognition of
various driving situations based on the data from CAN, GPS, all
other sensors. Then comes clarifying the proper system design
under any of these conditions,
behavior.

We just scriched the surface of the seamless integration of the in
car and ircloud components of the-irar infotainments. This is a
big area which is going to develop with propagation of theewid
Next Page band 3G and 4G telephones.
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