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Abstract. A  p er s i s ten t a n d  i m p o r ta n t p r o b l em  i n  s p o k en  l a n g u a g e i n ter f a c es  i s  th ei r  l a c k  
o f  r o b u s tn es s  w h en  f a c ed  w i th  u n d er s ta n d i n g  er r o r s . T h e p r o b l em  i s  p r es en t a c r o s s  a l l  
d o m a i n s  a n d  i n ter a c ti o n  ty p es ,  a n d  s tem s  p r i m a r i l y  f r o m  th e u n r el i a b i l i ty  o f  th e s p eec h  
r ec o g n i ti o n  p r o c es s . I  p r o p o s e to  a l l ev i a te th i s  p r o b l em  b y  ( 1 )  en d o w i n g  s p o k en  
d i a l o g u e s y s tem s  w i th  b etter  er r o r  a w a r en es s ,  ( 2 )  c o n s tr u c ti n g  a  r i c h er  r ep er to i r e o f  er r o r  
r ec o v er y  s tr a teg i es ,  a n d  ( 3 )  d ev el o p i n g  a  p r a c ti c a l  d a ta -d r i v en  a p p r o a c h  f o r  m a k i n g  er r o r  
h a n d l i n g  d ec i s i o n s . T h e p r o p o s ed  w o r k  w i l l  a d d r es s  q u es ti o n s  a n d  m a k e c o n tr i b u ti o n s  i n  
ea c h  o f  th es e th r ee a r ea s . F o r  th e f i r s t p a r t,  I  p r o p o s e to  d ev el o p  a  b el i ef  u p d a ti n g  
m ec h a n i s m  th a t i n teg r a tes  c o n f i d en c e a n n o ta ti o n  a n d  c o r r ec ti o n  d etec ti o n  i n to  a  u n i f i ed  
f r a m ew o r k ,  a n d  a l l o w s  s p o k en  d i a l o g u e s y s tem s  to  c o n ti n u o u s l y  tr a c k  th e r el i a b i l i ty  o f  
th e i n f o r m a ti o n  th ey  u s e. F o r  th e s ec o n d  p a r t,  I  p r o p o s e to  i m p l em en t a n d  i n v es ti g a te 
a n  ex ten d ed  s et o f  er r o r  r ec o v er y  s tr a teg i es  a d d r es s i n g  c o m m o n  p r o b l em s  i n  h u m a n -
c o m p u ter  d i a l o g u e. F i n a l l y ,  I  p l a n  to  b r i n g  th es e tw o  c a p a b i l i ti es  to g eth er  i n  a  s c a l a b l e 
r ei n f o r c em en t-l ea r n i n g  b a s ed  a p p r o a c h  f o r  m a k i n g  er r o r  h a n d l i n g  d ec i s i o n s  i n  ta s k -
o r i en ted  s p o k en  d i a l o g u e s y s tem s .  

1 .  I n t rod u c t i on  
O v er th e recent y ears, ad v ances in automatic speech  recog nition, as w el l  as l ang uag e 
und erstand ing , g eneration, and  speech  sy nth esis h av e pav ed  th e w ay  f or th e emerg ence of  
compl ex , task -oriented  spok en d ial og ue sy stems.  H ere are some ex ampl es: J upiter ( M I T )  [7 6 ]  
prov id es up-to-d ate w eath er inf ormation ov er th e tel eph one.  CM U  Communicator ( CM U )  [4 9 ]  
acts as a trav el  pl anning  ag ent and  can arrang e mul ti-l eg  itineraries and  mak e h otel  and  car 
reserv ations.  T O O T  ( A T & T )  [6 1 ]  g iv es spok en access to train sch ed ul es.  P resenter ( M icrosof t)  
[4 2 ]  prov id es a continuous l istening  command  and  control  interf ace to P ow erP oint 
presentations.  W I T A S ( Stanf ord )  [3 2 ]  prov id es a spok en l ang uag e interf ace to an autonomous 
rob ot h el icopter.  A d A pt ( K T H )  [2 2 ]  prov id es real -estate inf ormation in th e Stock h ol m area.  
T R I P S ( R och ester)  [1 9 ]  is a spok en-l ang uag e enab l ed  pl anning  assistant.  I  h av e named  onl y  a 
f ew ;  f or a l ong er l ist, see [5 9 ] .  
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Traditionally, the research community has f ocused on b uilding  sp ok en dialog ue systems 
f or inf ormation access and command-and-control task s. C urrent initiativ es aim at the 
dev elop ment of  more sop histicated lang uag e-enab led interactiv e ag ents, such as p ersonal 
assistants ( e.g . C A L O [1 1 ] , L A R R I  [6] ), task ab le ag ents ( e.g . Orion [5 5 ] ), interactiv e tutors ( e.g . 
P aco [4 7 ] ), call-routing  systems ( e.g . H ow  M ay I  H elp  Y ou?  [2 0 ] ), emb odied conv ersational 
ag ents ( e.g . R ea [1 3 ] , Olg a [60 ] ), etc. A t the other end of  the comp lex ity sp ectrum, simp ler 
systems hav e already transitioned into day-to-day use. U nited A irlines handles claims f or missing  
and delayed lug g ag e v ia a sp ok en dialog ue system called S imon. N ew sw eek  uses one f or 
sub scrip tion renew al and cancellations. V arious comp anies ( e.g . S p eechw ork s, TellM e, B eV ocal, 
H eyA nita) are successf ully commercializ ing  p latf orms and ap p lications to deliv er v oice dialing , 
messag ing  and a larg e v ariety of  telep hone-b ased automatic customer care serv ices.  

The dev elop ment of  these systems has b enef ited f rom b ut at the same time p romp ted 
numerous adv ances in the comp onent technolog ies. S p eech recog nition accuracy has imp rov ed 
ov er time, allow ing  sp ok en dialog ue systems to handle larg er v ocab ularies and user p op ulations. 
D ialog ue manag ement p aradig ms, such as f inite-state, f orm-f illing , task  or p lan-b ased dialog ue 
hav e b een p rop osed and emp irically v alidated in the f ield. N ov el tex t-to-sp eech synthesis 
techniq ues, such as unit-selection, hav e allow ed the dev elop ment of  natural v oices in limited 
domains. A  certain consensus has b een reached w ith resp ect to how  to architecturally structure a 
sp ok en dialog ue system. N ev ertheless, a lot of  p rob lems remain in need of  b etter solutions. 
A utomatic recog nition and understanding  of  sp ontaneous sp eech are still f ar f rom p erf ect and as 
a result sp ok en lang uag e interf aces remain v ery b rittle. C urrent solutions f or system 
dev elop ment do not transf er w ell across task s and domains, and req uire considerab le amounts of  
human ef f ort and ex p ertise. M ore comp lex  asp ects of  human-comp uter interaction, such as 
multi-modality, multi-p arty conv ersations, emb odied interf aces, f ine-g ranularity timing  and turn-
tak ing  are j ust b eg inning  to b e addressed.  

One of  the most imp ortant p rob lems in the dev elop ment of  sp ok en lang uag e interf aces 
is their lack  of  rob ustness w hen f aced w ith understanding  errors. The p rob lem is p resent across 
all domains and interaction typ es, and stems f rom the inherent unreliab ility of  the recog nition 
p rocess. The recog nition p rob lems are ex acerb ated b y the conditions under w hich sp ok en 
lang uag e interf aces typ ically op erate:  sp ontaneous sp eech, increasing ly larg er v ocab ularies, and 
larg e v ariations in user p op ulations and in the q uality of  the inp ut lines. S p eech recog nition 
errors, unless mediated b y a b etter aw areness and rob ust recov ery mechanisms, can p rop ag ate to 
the hig her lev els of  these systems and ex ert a considerab le imp act on the q uality and success of  
the interactions.  

I  w ill illustrate these p rob lems w ith an ex amp le. The samp le conv ersation that f ollow s is 
an ex cerp t f rom an interaction w ith an early v ersion of  the C M U  C ommunicator [4 9 ] , a sp ok en 
dialog ue system op erating  in the air-trav el p lanning  domain. The actual recog nition results are 
show n in sq uare b rack ets, immediately f ollow ing  the user’ s utterances. 

 
1 Syst em:  Ar e you a r egi st er ed user ? 

2 User :  No I’m not [ NO I ’ M NOT NO]  
3 Syst em:  What  i s your  f ul l  name? 
4 User :  Adam Sandler [ ATHENS I N AKRON]  

5 Syst em:  Ther e i s an At hens i n Geor gi a and i n Gr eece.  Whi ch 
  dest i nat i on di d you want ? 

6 User :  Neither [ NEI THER]  

7 Syst em:  I ’ m sor r y,  I  di dn’ t  cat ch t hat .  Ther e i s an At hens i n  
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  Geor gi a and i n Gr eece.  Whi ch dest i nat i on di d you  
 want ? 

8 User :  Georgia [ GEORGI A]  

9 Syst em:  A f l i ght  f r om At hens… Wher e do you want  t o go? 

10 User :  Start over [ START OVER]  

11 Syst em:  Do you r eal l y want  t o st ar t  over ? 

12 User :  Yes [ YES]  

13 Syst em:  What  ci t y ar e you l eavi ng f r om? 
14 User :  Hamilton, Ontario [ HI LTON ONTARI O]  

15 Syst em:  Sor r y,  I ’ m not  sur e I  under st ood what  you sai d.  Wher e  
 ar e you l eavi ng f r om? 

16 User :  Hamilton [ HI LTON]  

17 Syst em:   I ’ m st i l l  havi ng t r oubl e under st andi ng you.  To go on,   
 I  need you t o answer  t he f ol l owi ng quest i on.  What  
 c i t y ar e you l eavi ng f r om? 

18 User :  Toronto [ TORONTO]  

 
L e t ’ s  a n a l y z e  t h i s  e x a m p l e  i n  m o re  d e t a i l . I n  t u rn  3 ,  t h e  s y s t e m  a s k s  f o r t h e  u s e r’ s  n a m e . 

T h e  u s e r re s p o n d s  i n  t u rn  4 . T h e  n a m e  i s  n o t  i n  t h e  s y s t e m ’ s  v o c a b u l a ry ,  a n d  t h e  s p e e c h  
re c o g n i t i o n  e n g i n e  p ro d u c e s  a n  e rro n e o u s  re s u l t :  [ ATHENS I N AKRON] . W i t h o u t  t h e  a b i l i t y  t o  
a s s e s s  t h e  re l i a b i l i t y  o f  i t s  i n p u t s ,  o r t o  m a k e  b e t t e r u s e  o f  c u rre n t  e x p e c t a t i o n s  i n  d i a l o g u e ,  t h e  
s y s t e m  t a k e s  t h i s  m i s re c o g n i t i o n  a s  f a c t ;  a  misunderstanding h a s  o c c u rre d . S i n c e  t h e  d i a l o g u e  
m a n a g e r k n o w s  o f  t w o  c i t i e s  b y  t h e  n a m e  o f  A t h e n s ,  o n e  i n  G re e c e  a n d  o n e  i n  G e o rg i a ,  i t  s t a rt s  
a  s u b -d i a l o g u e  ( t u rn s  5  t h ro u g h  9 )  t o  e s t a b l i s h  w h i c h  c i t y  t h e  u s e r i s  re f e rri n g  t o . G i v e n  t h a t  t h e  
u s e r n e v e r s a i d  a n y t h i n g  a b o u t  A t h e n s ,  G e o rg i a  o r G re e c e ,  t h e  s y s t e m ’ s  q u e s t i o n  i n  t u rn  5  
p ro b a b l y  a p p e a rs  c o n f u s i n g  a n d  n o n s e n s i c a l . T h e  s y s t e m ’ s  b e h a v i o r i s  o p a q u e ,  a n d  l a c k s  a n y  
e x p l a n a t i o n  o f  s t a t e  o r c h o i c e  o f  a c t i o n s  ( e .g . “ I  t h o u g h t  y o u  s a i d  A t h e n s ” ) . I n  t u rn  6  t h e  u s e r 
re s p o n d s  t o  t h e  d i s a m b i g u a t i o n  q u e s t i o n ,  re j e c t i n g  b o t h  p ro p o s e d  o p t i o n s . A l t h o u g h  t h e  
re c o g n i t i o n  a n d  l a n g u a g e  u n d e rs t a n d i n g  c o m p o n e n t s  p ro d u c e  t h e  c o rre c t  re s u l t  t h i s  t i m e  – 
[ NEI THER] ,  t h e  d i a l o g u e  m a n a g e m e n t  l a y e r i s  n o t  e q u i p p e d  t o  h a n d l e  t h i s  t h i rd  o p t i o n  a n d  
re j e c t s  t h e  u s e r’ s  u t t e ra n c e ;  i n  t h i s  c a s e ,  a  non-understanding h a s  o c c u rre d .  

B y  t u rn  1 0 ,  t h e  u s e r d e c i d e s  t o  re s t a rt  t h e  c o n v e rs a t i o n  b y  u s i n g  t h e  Start Over 
c o m m a n d . T h e  d i a l o g u e  i s  re s t a rt e d ,  b u t  i n  t u rn  1 4  t h e  s y s t e m  m i s re c o g n i z e s  Hamilton, Ontario 
f o r [ HI LTON ONTARI O] . H a m i l t o n  i s  a n o t h e r o u t -o f -v o c a b u l a ry  w o rd . L u c k i l y ,  a t  t h i s  e a rl y  
p o i n t  i n  t h e  i n t e ra c t i o n  t h e  s y s t e m  i s  n o t  p re p a re d  t o  a c c e p t  i n f o rm a t i o n  a b o u t  h o t e l  
p re f e re n c e s ;  t h e  d i a l o g u e  m a n a g e r m a k e s  j u d i c i o u s  u s e  o f  e x p e c t a t i o n s  a n d  t h i s  l a s t  
m i s re c o g n i t i o n  i s  n o t  a c t e d  u p o n . R a t h e r,  t h e  s y s t e m  re g a rd s  t h e  i n p u t  a s  a n o t h e r n o n -
u n d e rs t a n d i n g ,  re j e c t s  t h e  u t t e ra n c e ,  a n d ,  f o r l a c k  o f  a n y  b e t t e r s t ra t e g y ,  re p e a t s  t h e  q u e s t i o n  
( t u rn  1 5 ) . T h e  u s e r re p e a t s  t h e  c i t y  n a m e . T h e  s a m e  re c o g n i t i o n  e rro r a p p e a rs  a g a i n ,  a n d  t h e  
s y s t e m  re p e a t s  i t s  q u e s t i o n  o n e  m o re  t i m e . B y  t u rn  1 8  t h e  u s e r p ro b a b l y  re a l i z e s  t h a t  t h e  s y s t e m  
i s  n o t  l i k e l y  t o  u n d e rs t a n d  Hamilton ,  a n d  a d a p t s  t o  t h e  s i t u a t i o n  b y  c h a n g i n g  h i s  i n t e n d e d  
d e p a rt u re  p l a c e . 

U n f o rt u n a t e l y ,  t h i s  i s  n o t  j u s t  a  c o n t ri v e d  c o rn e r-c a s e  i n t e ra c t i o n  c a re f u l l y  c h o s e n  t o  
m a k e  a  p o i n t . T h e  e x a m p l e  w a s  i n d e e d  s e l e c t e d  t o  i l l u s t ra t e  a  l a rg e  s p e c t ru m  o f  p ro b l e m s  o v e r a  
s h o rt  n u m b e r o f  t u rn s ,  b u t  t h i s  t y p e  o f  b re a k d o w n s  a re  n o t  u n c o m m o n  a t  a l l  i n  a n y  s t a t e -o f -t h e -
a rt  s p o k e n  d i a l o g u e  s y s t e m .  
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Here are some statistics. An analysis of  th e C M U  C ommu nicator corp u s ind icated  th at 
3 2 %  of  th e u tterances contain u nd erstand ing  errors [1 2 ]. Similar resu lts are rep orted  in th e 
literatu re f or oth er sp ok en d ialog u e systems. R esearch  on conf id ence annotation sh ow s th at 
typ ically 2 0  - 4 0 %  of  th e u tterances ad d ressed  to a system are not u nd erstood  correctly ( see 
T ab le 1 ) . O th er w ork  sh ow s th at ap p rox imately a q u arter to one th ird  of  th e u tterances 
ad d ressed  to a system are d ed icated  to correcting  system mistak es:  3 2 %  in a D u tch  sp ok en 
d ialog u e system th at p rov id es train time-tab le inf ormation [3 1 ];  2 9 %  in T O O T  [6 1 ]. M oreov er, 
d u e to ch ang es in sp eak ing  style, corrections are th emselv es tw o to th ree times more lik ely to b e 
misrecog niz ed  th at non-corrections [3 4 , 6 1 ]. 

T h e relativ ely larg e nu mb ers of  u nd erstand ing  errors and  corresp ond ing  u ser corrections 
h av e a sig nif icant imp act on th e interaction as a w h ole. I n th e C M U  C ommu nicator, th e 3 2 %  
u nd erstand ing  error rate resu lts in 6 6 %  of  th e sessions h av ing  at least one u nd erstand ing  error. 
I n 4 0 %  of  th ese cases ( 2 6 %  of  th e total nu mb er of  sessions) , th e end  resu lt w as comp lete 
b reak d ow n in interaction and  f ailu re to ach iev e th e task . T h e u sers manag ed  to g et th e 
interaction b ack  on track  in only 6 0 %  of  th e sessions containing  misu nd erstand ing s. I n a similar 
error analysis stu d y, Sh in and  N arayanan [5 6 ] f ou nd  2 3 5  error seg ments in 1 4 1  d ialog u es in th e 
air-trav el p lanning  d omain;  th is eq u ates to an av erag e of  1 .6 6  error seg ments p er session. 2 2 %  of  
th e error seg ments ( 3 7 %  of  th e sessions)  led  to a comp lete b reak d ow n of  th e interaction. 

  
System Semantic error rate 

CMU Communicator [12] 32% 

CU Communicator [50] 27% 

How May I Help You [71] 36% 

Jupiter [23] 28% 

SpeechActs [74] 25% 

 
Table 1. Proportion of utterances containing understanding errors in various spoken 
 dialogue systems 

 
T h e statistics d iscu ssed  ab ov e, as w ell as a larg e amou nt of  anecd otal ev id ence sh ow  th at 

th ese p rob lems occu r in sig nif icant nu mb ers across most d omains and  interaction typ es. U nless 
p rop erly ad d ressed , th ey h av e a maj or neg ativ e imp act on th e u sab ility and  p erf ormance of  
sp ok en d ialog u e systems. 

T h e research  p rog ram p rop osed  in th is d ocu ment aims to allev iate th ese p rob lems b y 
end ow ing  sp ok en d ialog u e systems w ith  imp rov ed  error aw areness and  a rich er rep ertoire of  
error h and ling  strateg ies, and  b y d ev elop ing  a task -ind ep end ent, ad ap tiv e and  scalab le 
f ramew ork  f or mak ing  error h and ling  d ecisions.  

T h e rest of  th e d ocu ment is org aniz ed  as f ollow s:  in th e nex t section, I  d iscu ss in more 
d etail th e maj or f actors and  cu rrent limitations lead ing  to interaction b reak d ow ns in sp ok en 
d ialog u e systems. Section 3  comp ares tw o p ossib le ap p roach es f or increasing  rob u stness, lead ing  
in tu rn to an ou tline of  th e p rop osed  research  p rog ram, p resented  in Section 4 . Section 5  rev iew s 
th e relev ant w ork  p u b lish ed  to d ate in th e literatu re. Section 6  p resents each  of  th e p rop osed  
w ork  items in d etail. F inally, Section 7  conclu d es th e d ocu ment w ith  th e anticip ated  timeline f or 
th e p rop osed  research  p rog ram. 
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2. F a c t o r s  a n d  L i m i t a t i o n s  U n d e r l y i n g  I n t e r a c t i o n  B r e a k d o w n s  
The sp eech recog ni t i on p rocess i s t he p ri m a ry  sou rce of  errors i n sp ok en d i a l og u e sy st em s. 
W ou l d  sp eech recog ni z ers p rod u ce p erf ect  resu l t s, t he l a rg e m a j ori t y  of  t he p rob l em s w ou l d  
d i sa p p ea r1. W e w ou l d  m ost l y  b e l ef t  w i t h t he t a sk  of  m a na g i ng  t he d i a l og u e u nd er a ssu m ed  
p erf ect  i np u t s, a  p rob l em  f or w hi ch v a ri ou s a p p roa ches ha v e b een p rop osed  a nd  a re ev ol v i ng  i n 
t he com m u ni t y . I n rea l i t y , a u t om a t i c recog ni t i on of  sp ont a neou s sp eech i s st i l l  i m p erf ect  a t  b est . 
I n t he ex a m p l e d i scu ssed , t he recog ni t i on errors w ere t ri g g ered  b y  t he u se of  ou t -of -v oca b u l a ry  
w ord s;  t hi s i s how ev er j u st  one of  a  l a rg e v a ri et y  of  f a ct ors t ha t  ca n t ri g g er su ch errors. Sm a l l  
cha ng es i n t he env i ronm ent , m i crop hone or t el ep hone l i ne q u a l i t y  ca n seri ou sl y  i m p a i r 
recog ni t i on p erf orm a nce. Si nce sp ok en d i a l og u e sy st em s a re g enera l l y  t a rg et ed  t o l a rg e u ser 
p op u l a t i ons, sp ea k er v a ri a b i l i t y  rep resent s a not her m a j or concern. A d d i ng  t o t hi s m i x  t he 
d i sf l u enci es w hi ch cha ra ct eri z e sp ok en l a ng u a g e, su ch a s st u t t ers, f a l se-st a rt s, rest a rt s, cou g hs, 
l i p -sm a ck s a nd  v a ri ou s ot her non-l ex i ca l  a cou st i c ev ent s, t he recog ni t i on error ra t es ca n j u m p  
f rom  a  t y p i ca l  8 -1 0 %  f or rea d  sp eech t o a s hi g h a s 3 0 %  f or sp ont a neou s sp eech. 

Recog ni t i on a ccu ra cy  ha s a  l a rg e i m p a ct  on t he p erf orm a nce of  sp ok en d i a l og u e sy st em s 
[5 1 , 6 9 , 7 0 ]. A f t er t a sk  com p l et i on, recog ni t i on a ccu ra cy  w a s rep ea t ed l y  show n t o b e t he m ost  
i m p ort a nt  p red i ct or of  u ser sa t i sf a ct i on [6 9 , 7 0 ]. O t her st u d i es i nv ol v i ng  t he t ra d eof f  b et w een 
recog ni t i on a ccu ra cy  a nd  sy st em  f l ex i b i l i t y  ha v e show n t ha t  u sers cu rrent l y  p ref er l ess f l ex i b l e, 
m ore const ra i ned  ( i .e. sy st em -i ni t i a t i v e) , b u t  m ore a ccu ra t e sy st em s [6 8 ]. The i m p a ct  of  
recog ni t i on errors i s so p ronou nced  b eca u se sy st em s a re not  w el l  p rep a red  t o ha nd l e t he 
resu l t i ng  u ncert a i nt i es. Tw o i m p ort a nt  l i m i t a t i ons w hi ch ca n b e ea si l y  i d ent i f i ed  a re 
short com i ng s i n t he a b i l i t y  t o a ccu ra t el y  d et ect  a nd  d i a g nose p rob l em s, a nd  a  l a ck  of  su f f i ci ent  
a nd  ef f ect i v e error ha nd l i ng  st ra t eg i es. M oreov er, a  p ri nci p l ed  y et  p ra ct i ca l  com p u t a t i ona l  
f ra m ew ork  f or m a k i ng  d eci si ons f or eng a g i ng  i n error ha nd l i ng  st ra t eg i es i s st i l l  m i ssi ng . I n t he 
a b sence of  t hese com p et enci es, t he i nherent  u nrel i a b i l i t y  of  t he sp eech recog ni t i on p rocess 
ex ert s a  st rong  neg a t i v e i nf l u ence on t he p erf orm a nce of  sp ok en d i a l og u e sy st em s, a nd  sev erel y  
l i m i t s t he na t u ra l ness of  t he i nt era ct i on a nd  t he com p l ex i t y  of  t he t a sk s t ha t  ca n b e a d d ressed . I n 
t he rem i nd er of  t hi s sect i on, I  w i l l  d i scu ss ea ch of  t hese d ef i ci enci es i n m ore d et a i l . 

A  f i rst  i m p ort a nt  d ef i ci ency  w hi ch ca n b e ob serv ed  i n m a ny  cu rrent  sp ok en d i a l og u e 
sy st em s i s t hei r i na b i l i t y  t o a ccu ra t el y  i d ent i f y  a nd  d i a g nose p rob l em s. L ef t  u ncheck ed , sp eech 
recog ni t i on errors ca n g enera t e t o t w o t y p es of  p rob l em s:  non-understandings a nd  
misunderstandings. A  non-understanding occu rs w hen t he sy st em  f a i l s t o a cq u i re a ny  u sef u l  
i nf orm a t i on f rom  t he u ser’ s t u rn. F or i nst a nce, i f  t he p a rsi ng  l a y er l a ck s a  cert a i n d eg ree of  
rob u st ness, t hen ev en t he sm a l l est  recog ni t i on error ca n ru i n t he w hol e l a ng u a g e u nd erst a nd i ng  
p rocess. I n su ch ca ses no u sef u l  sem a nt i c rep resent a t i on of  t he i np u t  ca n b e ob t a i ned , a nd  w e 
ha v e a  non-u nd erst a nd i ng . N on-u nd erst a nd i ng s ca n a l so occu r a t  t he p ra g m a t i c l ev el  w hen t he 
d i a l og u e m a na g er ca nnot  i nt eg ra t e t he i nf orm a t i on ob t a i ned  f rom  t he u ser’ s t u rn i nt o t he cu rrent  
cont ex t . B y  cont ra st , a  misunderstanding occu rs w hen t he sy st em  i ncorp ora t es i nf orm a t i on 
f rom  t he u ser’ s t u rn, b u t  t ha t  i nf orm a t i on i s i ncorrect . Thi s g enera l l y  ha p p ens w hen t he l a ng u a g e 
u nd erst a nd i ng  l a y er g enera t es a  p l a u si b l e sem a nt i c rep resent a t i on, w hi ch ha p p ens t o m a t ch t he 
cont ex t , b u t  w hi ch d oes not  corresp ond  t o t he u ser’ s i nt ent i on. 
                                                 
1 Other sources of understanding errors exist besides the recognition process. Parsing (i.e. grammar coverage) 
errors can lead to misunderstandings or non-understandings as well. High-level interpretation, reference 
resolution, and intention recognition can also create similar problems. Nevertheless, in most spoken dialogue 
systems, the largest proportion of errors stem from the speech recognition process [8, 12]. 
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In the absence of a m echani sm  for  assessi ng the r el i abi l i ty  of thei r  i np u ts, sy stem s w i l l  
tak e m i su nd er stand i ngs as fact and  w i l l  act based  on i nv al i d  i nfor m ati on. We hav e seen thi s 
hap p eni ng i n tu r n 4  of the ex am p l e p r esented  i n S ecti on 1 :  the sy stem  bel i ev ed  that the u ser  had  
sai d  [ATHENS], and  i ncor r ectl y  engaged  i n a su b-d i al ogu e to hand l e that i nfor m ati on. The 
sy stem  w as u naw ar e of the p r obl em  becau se i t bl i nd l y  tr u sted  i ts i np u ts, u nabl e to assess and  
m ak e u se of the r el i abi l i ty  of the i nfor m ati on i t hear d . H ad  the sy stem  been abl e to d etect that 
the r ecogni ti on r esu l t fr om  tu r n 4  w as not r el i abl e, i t m i ght hav e av oi d ed  the off-tr ack  su b-
d i al ogu e i n tu r ns 5 -1 2  (i ncl u d i ng the u ser  i ni ti ated  star t-ov er ) . 

When a non-u nd er stand i ng occu r s, no fal se i nfor m ati on i s i ncor p or ated  i nto the sy stem , 
bu t the si tu ati on i s not m u ch better  i n thi s case ei ther . Wi thou t a d i agnosi s p r ocess that can 
i nd i cate the l i k el y  sou r ces of the non-u nd er stand i ng, the sy stem ’ s fol l ow -u p  op ti ons ar e l i m i ted  
and  u ni nfor m ed . In the gi v en ex am p l e they  am ou nted  to ask i ng the q u esti on agai n and  hop i ng 
for  better  l u ck  (tu r ns 1 5  and  1 7 ) . A  sy stem  that can d etect the p ossi bl e sou r ce of the er r or  (w as i t 
an ou t-of-v ocabu l ar y  w or d ? a tr ansi ent noi se? d oes the u ser  sp eak  w i th a p r onou nced  accent? 
d oes the u ser  not k now  w hat to say ? etc)  cou l d  m ak e m or e i nfor m ed  d eci si ons, and  ther efor e be 
m or e l i k el y  to su cceed  i n setti ng the d i al ogu e back  on tr ack . The abi l i ty  to assess how  w el l  the 
i nter acti on i s p r oceed i ng w i thi n a gi v en tu r n, a cer tai n d i scou r se segm ent, or  ov er  the w hol e 
conv er sati on, as w el l  as to d i agnose p otenti al  p r obl em s at each of these l ev el s w ou l d  p r ov i d e a 
better  basi s for  m ak i ng er r or  hand l i ng d eci si ons. 

A  second  i m p or tant l i m i tati on w hi ch l ead s to i nter acti on br eak d ow ns i s the l ack  of 
effecti v e conv er sati onal  str ategi es for  p r ev enti ng and  r ecov er i ng fr om  er r or s. When faced  w i th 
m i su nd er stand i ngs or  non-u nd er stand i ngs, hu m ans u se a l ar ge v ar i ety  of str ategi es to set a 
conv er sati on back  on tr ack  [ 5 8 , 7 5 ] :  v ar i ou s for m s of ex p l i ci t and  i m p l i ci t confi r m ati on, r eq u ests 
for  d i sam bi gu ati on, r eq u ests for  r ep eati ng i nfor m ati on, check i ng contex t, tr y i ng al ter nati v e p l ans 
to achi ev e the sam e d i al ogu e goal , ev en gu essi ng or  i gnor i ng u nr el i abl e i nfor m ati on. Mor e 
str ategi es can be env i si oned  i n the contex t of a task -or i ented  hu m an-m achi ne conv er sati on:  
l ex i cal l y  entr ai ni ng the u ser s, p r ov i d i ng hel p , fal l i ng back  to a str i cter  i ni ti ati v e and  constr ai ni ng 
the i np u t l angu age, r el y i ng on al ter nate i np u t m od al i ti es su ch as D TMF  (tou ch-tone)  or  p en-
based  i np u t, etc. Onl y  a few  of these str ategi es hav e been thor ou ghl y  i nv esti gated  and  ar e 
consi stentl y  u sed  i n tod ay ’ s sp ok en d i al ogu e sy stem s.  

The sam p l e conv er sati on fr om  S ecti on 1  i l l u str ates the negati v e effects of thi s d efi ci ency . 
The d i sam bi gu ati on str ategy  w as p oor l y  i m p l em ented :  the sy stem  w as not abl e to hand l e the 
[NEITHER] r esp onse fr om  the u ser  i n tu r n 6 . S i m i l ar l y , the i m p l em entati on of the i m p l i ci t 
confi r m ati on i n tu r n 9  – “A  fl i ght fr om  A thens… ”  – l ack s the necessar y  p r eci si on. “A  fl i ght 
fr om  A thens, G eor gi a… ”  w ou l d  hav e been m or e i nfor m ati v e, and  l ess confu si ng to the u ser . 
L ast bu t not l east, each ti m e the sy stem  encou nter ed  a non-u nd er stand i ng, the onl y  av ai l abl e 
str ategy  – ask i ng the u ser  to r ep eat – w as not cond u ci v e to r eestabl i shi ng the conv er sati onal  
fl ow . Other  er r or  hand l i ng str ategi es, su ch as sw i tchi ng to D TMF , or  changi ng to an al ter nati v e 
d i al ogu e p l an (e.g. ask i ng the u ser  for  the state fi r st and  then p r ov i d i ng the l i st of av ai l abl e 
ai r p or ts)  w ou l d  p r obabl y  hav e been m or e effecti v e i n thi s si tu ati on. 

Thi r d l y , a p r i nci p l ed , y et p r acti cal  com p u tati on fr am ew or k  for  m ak i ng the er r or  hand l i ng 
d eci si ons i s sti l l  m i ssi ng. The v er y  p r obl em  of er r or  hand l i ng i s often r egar d ed  as an ad d -on, and  
the l ar ge m aj or i ty  of sy stem s u se hand cr afted  heu r i sti c d eci si on r u l es to engage i n a sm al l  
nu m ber  of er r or  hand l i ng str ategi es. Thi s ap p r oach l ack s a sol i d  basi s, and  cannot p r ov i d e any  
op ti m al i ty  gu ar antees. Mor eov er , the techni q u e cannot be easi l y  ex tend ed  to hand l e a l ar ger  
nu m ber  of str ategi es, si nce the tr ad eoffs that need  to be sol v ed  becom e ev er  m or e com p l ex . 
Mor e sy stem ati c ap p r oaches, based  on B ay esi an d eci si on theor y  and  r ei nfor cem ent l ear ni ng, 
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have been proposed but so far they lack scalability are not applicable in larg e, practical spoken 
dialog ue system s. 

F inally, the factors and lim itations discussed above are not the only contributors to the 
brittleness observed in today’ s spoken dialog ue system s. O ther factors, such as inconsistency and 
poor desig n of the system ’ s actions at the task level, deficiencies in the user’ s know ledg e about 
the system ’ s functionality, lack of basic conversational skills on the system  side ( i.e. tim ing , turn-
taking , handling  neg ations, repeat, etc.) , and lack of support for user-initiated repairs can also 
lead to interaction breakdow ns. 

3. A l t e r n a t i v e s  f o r  I n c r e a s i n g  R o b u s t n e s s  
The discussion from  the previous section hig hlig hts tw o different pathw ays for increasing  the 
robustness of spoken dialog ue system s. O ne approach is to increase the accuracy of the speech 
recog nition process, in an effort to elim inate the errors altog ether. A  different approach is to 
assum e that the inputs w ill alw ays be unreliable, and create the m echanism s for acting  robustly at 
the dialog ue m anag em ent level.  

Reducing  the speech recog nition error rates w ould certainly lead to corresponding  
im provem ents in the perform ance of spoken lang uag e interfaces. N ot surprising ly, the problem  
has received a g reat deal of attention. N um erous efforts are directed at im proving  the baseline 
speech recog nition perform ance:  m ore robust representations, m ore sophisticated statistical 
m odels, better search techniq ues, and better acoustic and lang uag e m odeling  techniq ues. The 
typical results so far have been consistent but sm all increm ental im provem ents. I n contrast, the 
m ost effective and w idely applied techniq ue for im proving  recog nition accuracy in spoken 
dialog ue system s has been rem arkably unsophisticated – constrain the input lang uag e. B y 
im posing  lim its on w hat the users can say at any g iven point in the conversation, the problem  is 
sim plified and the decoding  process becom es less prone to errors. A  w idely used techniq ue is to 
build system s w hich alw ays keep the initiative, and constrain the user responses based on the 
current focus of the conversation. O ther techniq ues, such as interpolating  state-specific and 
g eneric lang uag e m odels [ 7 3 ], or backing  off from  g ram m ar-based to S L M -based recog nition, 
can achieve a m ore accurate control of the tradeoff and reg ain som e of the lost flex ibility w hile 
still im proving  recog nition perform ance. The U niversal S peech I nterface [ 4 8 , 6 3 ] is another 
approach, still aim ed at alleviating  the recog nition problem . I n this case the constraints are on 
the form  rather than the contents of the user’ s lang uag e. U sers are trained to speak in a styliz ed 
fashion, w ithin the bounds of a w ell-defined universal g ram m ar. I n the end, all these techniq ues 
trade off naturalness and flex ibility for accuracy. They are applicable in a num ber of relatively 
sim ple dom ains and interaction types, and can indeed lead to increased robustness. H ow ever, if 
the ultim ate g oal is to build natural, seam less spoken lang uag e interfaces to com plex  dom ains, 
these techniq ues do not provide a suitable solution. 

The alternative solution is to m ake the assum ption that the recog nition process w ill 
alw ays be unreliable, and com pensate by creating  the m echanism s for acting  robustly at the 
dialog ue m anag em ent level. I n this case, w e need to address the lim itations described in the 
previous section. The m ain ing redients are increasing  the ability to detect and diag nose 
problem s, and developing  a set of efficient error handling  strateg ies tog ether w ith the 
corresponding  control m echanism s. 
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Th i s a p p r o a c h  h a s se v e r a l  a d v a n ta g e s. F i r st,  a u to m a te d  sp e e c h  r e c o g n i ti o n  wi l l  n o t 
b e c o m e  p e r f e c t a n y ti m e  so o n . W h i l e  i m p r o v e m e n ts wi l l  m o st l i k e l y  h a p p e n ,  th e  d e m a n d s wi l l  
a l so  i n c r e a se ,  a s th e  i n te r e sts wi l l  sh i f t to wa r d s e v e r  m o r e  c o m p l e x  d o m a i n s a n d  i n te r a c ti o n  
ty p e s. Th i s v i si b l e  tr e n d  p r e d i c ts th a t r e c o g n i ti o n  p e r f o r m a n c e  wi l l  n o t sa ti sf a c to r i l y  m a tc h  th e  
ta sk s a t h a n d  i n  th e  n e a r  f u tu r e . B y  d e f a u l t,  sp o k e n  l a n g u a g e  i n te r f a c e s wi l l  r e m a i n  e i th e r  b r i ttl e  
o r  si g n i f i c a n tl y  c o n str a i n e d . I n  c o n tr a st,  sy ste m s th a t c a n  h a n d l e  th e  u n c e r ta i n ti e s a t a  h i g h  l e v e l  
c a n  sa f e l y  r e l a x  th e  l a n g u a g e  c o n str a i n ts,  a n d  a l l o w m o r e  n a tu r a l  i n te r a c ti o n s o v e r  c o m p l e x  
d o m a i n s,  e v e n  i n  th e  p r e se n c e  o f  i m p e r f e c t r e c o g n i ti o n . Th e  a p p r o a c h  b e a r s si m i l a r i ti e s to  th e  
wa y s h u m a n s h a n d l e  u n c e r ta i n ti e s i n  c o m m u n i c a ti o n :  a f te r  a l l ,  h u m a n  sp e e c h  r e c o g n i ti o n  
c a p a b i l i ti e s a r e  n o t p e r f e c t e i th e r ,  b u t we  a r e  a b l e  to  r e p a i r  c o n v e r sa ti o n s a n d  r e e sta b l i sh  m u tu a l  
g r o u n d  wh e n  m i su n d e r sta n d i n g s o c c u r . F i n a l l y ,  a l th o u g h  th e  r e c o g n i ti o n  p r o c e ss i s a  m a j o r  
so u r c e  o f  p r o b l e m s i n  sp o k e n  d i a l o g u e  sy ste m s,  i t i s n o t th e  o n l y  su c h  so u r c e . E r r o r s c a n  b e  
i n tr o d u c e d  b y  o th e r  c o m p o n e n ts su c h  a s l a n g u a g e  u n d e r sta n d i n g ,  r e f e r e n c e  r e so l u ti o n  a n d  
i n te n ti o n  r e c o g n i ti o n . I n c r e a si n g  th e  r o b u stn e ss a t th e  d i a l o g u e  m a n a g e m e n t l e v e l  wi l l  a l l o w 
sp o k e n  d i a l o g u e  sy ste m s to  e a si l y  a c c o m m o d a te  o th e r  so u r c e s o f  u n c e r ta i n ti e s. 

Th e  two  a p p r o a c h e s d i sc u sse d  a b o v e  – i m p r o v i n g  r e c o g n i ti o n  a c c u r a c y  a n d  h a n d l i n g  
u n c e r ta i n ti e s a t th e  d i a l o g u e  m a n a g e m e n t l e v e l  – d o  n o t sta n d  i n  o p p o si ti o n . C l e a r l y ,  a  c o m b i n e d  
e f f o r t wi l l  l e a d  to  th e  b e st r e su l ts. Th e  r e se a r c h  p r o g r a m  p r o p o se d  i n  th i s d o c u m e n t i s c e n te r e d  
o n  th e  se c o n d  a p p r o a c h ,  a n d  a i m s to  c o n str u c t th e  m e c h a n i sm s f o r  a c ti n g  r o b u stl y  a t th e  d i a l o g  
m a n a g e m e n t l e v e l  o f  a  sp o k e n  d i a l o g u e  sy ste m . 

4. P r o p o s e d  R e s e a r c h  P r o g r a m  

4.1. T h e s i s  S t a t e m e n t  

The r es ea r c h p r o g r a m  p r o p o s ed  i n  t hi s  d o c u m en t  i s  a i m ed  a t  d ev el o p i n g  a  t a s k -
i n d ep en d en t , a d a p t i v e, a n d  s c a l a b l e a p p r o a c h f o r  er r o r  r ec o v er y  i n  s p o k en  d i a l o g u e 
s y s t em s .  Th r e e  p r o p e r ti e s a r e  p u r su e d  i n  th e  p r o p o se d  a p p r o a c h :  ta sk -i n d e p e n d e n c e ,  
a d a p ta b i l i ty  a n d  sc a l a b i l i ty .  

Th e  a p p r o a c h  sh o u l d  b e  t a s k -i n d ep en d en t ,  i .e . th e  e r r o r  h a n d l i n g  m e c h a n i sm s sh o u l d  
b e  d e c o u p l e d  f r o m  th e  p a r ti c u l a r i ti e s o f  th e  a c tu a l  d i a l o g u e  ta sk  p e r f o r m e d  b y  th e  sy ste m . Th i s 
se p a r a ti o n  wi l l  a l l o w th e  r e u se  o f  th e  p r o p o se d  a r c h i te c tu r e  a c r o ss d i f f e r e n t sp o k e n  d i a l o g u e  
sy ste m s wi th  a  m i n i m a l  a m o u n t o f  a u th o r i n g  e f f o r t. F u r th e r m o r e ,  i t wi l l  e n su r e  u n i f o r m i ty  a n d  
c o n si ste n c y  i n  e r r o r  h a n d l i n g  b e h a v i o r s wi th i n  a n d  a c r o ss ta sk s. 

S e c o n d l y ,  th e  a p p r o a c h  sh o u l d  b e  a d a p t i v e. S p o k e n  d i a l o g u e  sy ste m s o p e r a te  u n d e r  a  
l a r g e  v a r i e ty  o f  c o n d i ti o n s:  d i f f e r e n t p e r f o r m a n c e  i n  th e  u n d e r l y i n g  sp e e c h  r e c o g n i ti o n  a n d  
l a n g u a g e  u n d e r sta n d i n g  c o m p o n e n ts,  d i f f e r e n t a n d  c h a n g i n g  u se r  p o p u l a ti o n s,  d i f f e r e n t c o sts f o r  
v a r i o u s ty p e s o f  e r r o r s,  e tc . Th e  p r o p o se d  a p p r o a c h  sh o u l d  c o m p e n sa te  f o r  th e se  d i f f e r e n c e s b y  
l e a r n i n g  f r o m  e x p e r i e n c e  h o w to  a d a p t to  th e  c h a r a c te r i sti c s o f  p a r ti c u l a r  d o m a i n s. 

L a st b u t n o t l e a st,  th e  a p p r o a c h  sh o u l d  b e  s c a l a b l e. P r e v i o u s a p p r o a c h e s to  l e a r n i n g  
o p ti m a l  d i a l o g u e  p o l i c i e s h a v e  sh o wn  so m e  su c c e ss i n  l i m i te d  d o m a i n s,  b u t d o  n o t sc a l e  to  l a r g e ,  
p r a c ti c a l  sp o k e n  d i a l o g u e  sy ste m s. Th e  d i sse r ta ti o n  wo r k  p r o p o se d  i n  th i s d o c u m e n t a i m s to  
o v e r c o m e  th e se  d i f f i c u l ti e s. Th e  c o m p u ta ti o n a l  c o sts f o r  l e a r n i n g  a n d  a c ti n g  sh o u l d  g r o w a t 
m o st l i n e a r l y  wi th  th e  si z e  o f  th e  d i a l o g u e  ta sk ,  m a k i n g  th e  so l u ti o n  a p p l i c a b l e  i n  sy ste m s 
o p e r a ti n g  wi th  l a r g e r ,  m o r e  c o m p l e x  ta sk s. 
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4.2. G e n e r a l  A p p r o a c h  
To accomplish these g oals I  pr opose an  appr oach w hich decou ples the er r or  han dlin g  task  f r om 
the domain -specif ic con tr ol of  the dialog u e, an d r eg ar ds the f or mer  as decision  mak in g  u n der  
u n cer tain ty . The pr ob lem is f or mu lated as f ollow s:  g iv en  r elev an t in f or mation  ab ou t poten tial 
pr ob lems in  dialog u e, mak e optimal decision s w ith r espect to en g ag in g  in  on e of  sev er al 
con v er sation al er r or  han dlin g  str ateg ies. The en v ision ed solu tion  su b su mes thr ee compon en ts 
w hich, in  decision  theor etic ter ms, cor r espon d to con str u ctin g  the ev iden ce, the action s, an d the 
decision  pr ocess. 

Part I  – I n d i c ato rs  ( E v i d e n c e ) : The f ir st par t of  the pr oposed r esear ch pr og r am aims 
at in cr easin g  the g en er al aw ar en ess of  spok en  dialog u e sy stems an d their  capacity  to detect an d 
diag n ose pr ob lems. The g oal is to con str u ct a set of  indicators w hich can  r eliab ly  tr ack  how  w ell 
the dialog u e is pr oceedin g , an d in f or m the er r or  han dlin g  pr ocess ab ou t poten tial pr ob lems. 
These in dicator s w ill su pply  the ev iden ce f or  the er r or  han dlin g  decision  pr ocess. 

Part I I  – S trate g i e s  ( A c ti o n s ) : The secon d par t of  the pr oposed r esear ch pr og r am aims 
at en dow in g  spok en  dialog u e sy stems w ith a r icher  r eper toir e of  conversational error handling 
strategies. The g oal her e is to in v estig ate an d con str u ct task -in depen den t implemen tation s f or  
an  ex ten ded set of  er r or  han dlin g  str ateg ies that can  b e u sed to addr ess common  pr ob lems in  
hu man -compu ter  dialog u e. These str ateg ies w ill con stitu te the set of  action s f or  the er r or  
han dlin g  decision  pr ocess. 

Part I I I  – D e c i s i o n  Pro c e s s : F in ally , on ce these tw o capab ilities ar e in  place, the thir d 
par t of  the pr oposed r esear ch pr og r am b r in g s them tog ether . The g oal is to cr eate a task -
in depen den t, adaptab le, an d scalab le decision process w hich can  lev er ag e the in dicator s 
dev eloped in  P ar t I  an d the str ateg ies dev eloped in  P ar t I I , to mak e optimal er r or  han dlin g  
decision s. The desir ed task -in depen den ce an d scalab ility  pr oper ties w ill b e achiev ed b y  
decou plin g  the er r or  han dlin g  decision  pr ocess f r om the domain -specif ic con tr ol of  the dialog u e. 
The u se of  a data-dr iv en  appr oach f or  lear n in g  the er r or  han dlin g  policies w ill pr ov ide the 
desir ed adaptab ility . 

4.3 . T h e s i s  P l a n  
E ach of  the thr ee compon en ts of  the pr oposed appr oach r aises man y  impor tan t r esear ch 
q u estion s. P ar t I  has alr eady  r eceiv ed a sig n if ican t amou n t of  atten tion  f r om the r esear ch 
commu n ity . W or k  in  con f iden ce an n otation  an d detectin g  misu n der stan din g s an d cor r ection s 
has led to the dev elopmen t of  sev er al in dicator s r elev an t f or  mak in g  er r or  han dlin g  decision s. 
W ith r espect to P ar t I I , a n u mb er  of  con v er sation al er r or  han dlin g  str ateg ies, su ch as ex plicit an d 
implicit con f ir mation , disamb ig u ation , etc., hav e b een  pr oposed, in v estig ated an d ar e common ly  
u sed. N ev er theless, addition al str ateg ies r emain  to b e in v estig ated. F in ally , n o satisf actor y  
solu tion  ex ists f or  the thir d an d cen tr al par t of  the pr oposed appr oach:  a pr in cipled, b u t at the 
same time compu tation ally  pr actical f r amew or k  f or  mak in g  er r or  han dlin g  decision s in  spok en  
dialog u e sy stems is still missin g . The lar g e maj or ity  of  sy stems cu r r en tly  u se ad-hoc, heu r istic 
r u les f or  this task . O ther  appr oaches b ased on  f ir mer  theor etical g r ou n ds hav e b een  pr oposed, 
b u t they  lack  scalab ility  an d ar e n ot applicab le in  lar g e, pr actical spok en  dialog u e sy stems. 
(S ection  5  r ev iew s in  mor e detail the r elev an t w or k  r epor ted to date in  the liter atu r e.)  

The disser tation  w or k  pr oposed in  this docu men t w ill addr ess q u estion s an d mak e 
con tr ib u tion s in  each of  these thr ee su b -pr ob lems. W ith r espect to P ar t I , I  pr opose to dev elop a 
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novel b elief  u p d a t ing  m ec h a nis m  t h a t  int eg r a t es  c onf id enc e a nnot a t ion a nd  c or r ec t ion d et ec t ion 
int o a  u nif ied  f r a m ew or k  a llow ing  s p ok en d ia log u e s y s t em s  t o c ont inu ou s ly  m onit or  t h e 
r elia b ilit y  of  t h e inf or m a t ion t h ey  u s e. W it h  r es p ec t  t o P a r t  I I , I  p r op os e t o c ons t r u c t  a nd  
inves t ig a t e t a s k -ind ep end ent , r eu s a b le im p lem ent a t ions  f or  a n ex t end ed  s et  of  c onver s a t iona l 
er r or  h a nd ling  s t r a t eg ies . F ina lly , w it h  r es p ec t  t o P a r t  I I I , I  p r op os e t o d evelop  a  s c a la b le d a t a -
d r iven a p p r oa c h  f or  lea r ning  er r or  h a nd ling  p olic ies .  

C onc r et ely , t h e p r op os ed  r es ea r c h  p r og r a m  is  c om p os ed  of  nine w or k  it em s , f a lling  
u nd er  f ou r  c a t eg or ies :  s u p p or t  w or k , ind ic a t or s , s t r a t eg ies  a nd  d ec is ion p r oc es s . T h r ee of  t h e 
nine it em s  r ep r es ent  p r ior  w or k  t h a t  a lr ea d y  s t a nd s  c om p let ed  a t  t h e t im e of  t h is  p r op os a l;  I  w ill 
r ef er  t o t h em  a s  completed work items. Anot h er  f ou r  of  t h e nine it em s  r ep r es ent  c u r r ent  a nd  
f u t u r e p la nned  w or k ;  I  w ill r ef er  t o t h em  a s  proposed work items. F ina lly , t h er e a r e t w o 
extension work items, w h ic h  I  int end  t o a d d r es s  only  if  t h e t im e c ons t r a int s  w ill a llow  it . I  now  
int r od u c e, b r ief ly  m ot iva t e a nd  d es c r ib e t h e g oa ls  f or  ea c h  of  t h e nine w or k  it em s . T a b le 2  
p r ovid es  a  r ef er enc e s u m m a r y . S ec t ion 6  d es c r ib es  in d et a il ea c h  of  t h es e w or k  it em s .  

Support Work 
A f r a m ew or k  f or  er r or  h a nd ling  in s p ok en d ia log u e s y s t em s  c a nnot  b e d evelop ed  a nd  

eva lu a t ed  in t h e a b s t r a c t , b u t  r a t h er  need s  t o b e a n int eg r a l p a r t  of  a  la r g er  d ia log u e m a na g em ent  
a r c h it ec t u r e. I n t h is  w or k , t h e nec es s a r y  inf r a s t r u c t u r e w ill b e s u p p lied  b y  R a venC la w  [ 7] , a  
m od er n d ia log u e m a na g em ent  f r a m ew or k  I  h a ve d evelop ed  over  t h e la s t  c ou p le of  y ea r s . 
R a venC la w  c ons t it u t es  t h e f ir s t  c om p let ed  w or k  it em . 

T h e s ec ond  c om p let ed  w or k  it em  c a p t u r es  t h e d evelop m ent  of  s ever a l R a venC la w -b a s ed  
s p ok en d ia log u e s y s t em s  t o s er ve a s  a  t es t b ed  f or  eva lu a t ion. T h es e s y s t em s  s p a n s ever a l 
d om a ins  a nd  int er a c t ion t y p es  ( i.e. inf or m a t ion-a c c es s , c om m a nd -a nd -c ont r ol, a s s is t a nc e 
t h r ou g h  p r oc ed u r a l t a s k s ) . T h ey  p r ovid e a  r ob u s t  b a s is  f or  eva lu a t ing  t h e p r op os ed  a r c h it ec t u r e, 
a nd  f or  va lid a t ing  t h e t a s k -ind ep end enc e, a d a p t a b ilit y  a nd  s c a la b ilit y  c la im s .  

P a rt I  – I n d i c a tors  
T h e f ir s t  s t ep  in t h e p r op os ed  a p p r oa c h  is  t o d evelop  a  s et  of  ind ic a t or s  t h a t  c a n r elia b ly  

t r a c k  h ow  w ell t h e d ia log u e is  p r oc eed ing , a nd  inf or m  t h e er r or  h a nd ling  p r oc es s  a b ou t  p ot ent ia l 
p r ob lem s .  

F ir s t , I  w ill d evelop  ind ic a t or s  w h ic h  m ea s u r e t h e r elia b ilit y  of  t h e inf or m a t ion t h a t  t h e 
s y s t em  h a nd les . T h e p r ob lem  a m ou nt s  t o c ons t r u c t ing  s y s t em  b elief s  over  c onc ep t  va lu es 2. An 
a c c u r a t e c onf id enc e a nnot a t ion m ec h a nis m  c a n s u p p ly  a  g ood  s t a r t ing  p oint  f or  t h is  t a s k . I n 
p r eviou s  w or k , c a p t u r ed  b y  c om p let ed  w or k  it em  3 , I  h a ve a d d r es s ed  t h is  p r ob lem , a nd  
d evelop ed  a  c onf id enc e a nnot a t or  w h ic h  lever a g ed  t h r ee s ou r c es  of  k now led g e in t h e s p ok en 
d ia log u e s y s t em  t o inc r ea s e a c c u r a c y  [ 1 2 ] .  
U s ing  only  t h e c onf id enc e s c or e of  t h e c u r r ent  AS R  r es u lt  t o c ons t r u c t  b elief s  over  c onc ep t  
va lu es  is  h ow ever  s u b op t im a l, s inc e s u b s eq u ent  event s  in t h e d ia log u e c a n s om et im es  c a r r y  
u s ef u l, a d d it iona l inf or m a t ion. I n w or k  it em  4 , I  p r op os e t o ex t end  m y  p r ior  w or k  b y  d evelop ing  
a  m od el w h ic h  u p d a t es  t h e s y s t em  b elief s  in lig h t  of  t h e init ia l c onf id enc e s c or es , a s  w ell a s  
f ollow -u p  u s er  r es p ons es  t o s y s t em  a c t ions . T h is  m od el w ill int eg r a t e c onf id enc e a nnot a t ion a nd  
c or r ec t ion d et ec t ion int o a  u nif ied  f r a m ew or k , a llow ing  s p ok en d ia log u e s y s t em s  t o c ont inu ou s ly  
m onit or  t h e r elia b ilit y  of  t h e inf or m a t ion t h ey  u s e. F u r t h er  d evelop m ent s  a d d r es s ing  t h e 
p or t a b ilit y  of  t h e p r op os ed  c onf id enc e a nnot a t ion a nd  b elief  u p d a t ing  s c h em es  m a k e t h e s u b j ec t  
                                                 
2 The system’s belief over a concept will be represented as a probability distribution over the set of candidate 
values for that particular concept.  
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of extension work item 5. 

 
Table 2. Summary of work items in the proposed research program 

SUPPORT WORK 
Developed a modern dialogue management framework and used it to construct several spoken dialogue 
systems spanning different domains and interaction-types. The framework and the developed systems 
will provide the infrastructure for evaluating the proposed error handling approach. 

1. 
Completed 
� 

- RavenClaw Dialogue Management Framework 
 Developed a state-of-the-art dialogue management framework for complex, task-oriented 

domains. 

2. 
Completed 
� 

- RavenClaw-based Spoken Dialogue Systems 
Developed several RavenClaw-based spoken dialogue systems spanning multiple 
domains, tasks and interaction types. 

PART I  – INDICATORS 
 Develop a set of indicators which can reliably track how well the dialogue is proceeding. (These 

indicators will constitute the evidence for the error handling decision process) 

3. 
Completed 
� 

- Confidence Annotation 
Created an accurate confidence annotation mechanism by leveraging multiple sources of 
knowledge in a spoken dialogue system. The confidence scores will provide a starting 
point for constructing system beliefs over concept values. 

4. 
PROPOSED 

- Updating Beliefs over  Concept Values 
Develop a model for  updating system beliefs over  concept values in light of initial 
confidence scores and subsequent user  responses to system actions. 

5. 
Extension 

- Portability of Confidence Annotation and Belief Updating Schemes 
Study the portability of the confidence annotation and belief updating mechanisms across 
various tasks, domains and interaction types. 

6. 
PROPOSED 

- Non-understanding Indicators and Dialogue-on-Track Indicators 
Construct a set of indicators which car ry information about the potential sources of 
non-understandings (non-understanding indicators), and a set of indicators which 
descr ibe how well the dialogue is proceeding within the scope of a given discourse 
segment (dialogue-on-track indicators). 

PART I I  – STRATEGIES 
Develop a large number of conversational error handling strategies. (the strategies will constitute the set 
of actions for the error handling decision process) 

7. 
PROPOSED 

- Conversational Er ror  Handling Strategies 
 Investigate and construct task-independent, reusable implementations for  an 

extended set of conversational er ror  handling strategies. 

PART I I I  – DECISION PROCESS 
 Develop a decision process that can choose among the error handling strategies developed in Part II, 

based on the indicators developed in Part I 

8. 
PROPOSED 

- Er ror  Handling Decision Process 
 Develop a task-independent, adaptive and scalable data dr iven approach for  

learning er ror  handling policies in spoken dialogue systems. 

9. 
Extension 

- In-depth Evaluation of Reusability and Adaptability 
 Perform an in-depth evaluation of the reusability of the proposed error handling decision 

process 
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Secondl y , i n w or k  i t em  6 , I  w i l l  const r u ct  a  set  of  i ndi ca t or s t h a t  m ea su r e h ow  w el l  t h e 
di a l og u e i s p r oceedi ng , a nd ca r r y  i nf or m a t i on a b ou t  t h e p ot ent i a l  sou r ces of  t h e encou nt er ed 
p r ob l em s. Th e a ssessm ent  a nd t h e di a g nosi s w i l l  b e p er f or m ed l oca l l y , a t  t h e t u r n l ev el , a nd 
g l ob a l l y , a t  t h e di scou r se seg m ent  l ev el . F or  t h e f i r st  ca se I  w i l l  const r u ct  a  set  of  i ndi ca t or s 
w h i ch  ch a r a ct er i z e t h e p ossi b l e sou r ces of  t u r n-l ev el  non-u nder st a ndi ng s ( non-understanding 
indicators). F or  t h e second ca se, I  w i l l  dev el op  i ndi ca t or s w h i ch  m ea su r e h ow  w el l  t h e di a l og u e 
i s a dv a nci ng  w i t h i n t h e scop e of  a  g i v en di scou r se seg m ent  ( dialogue-on-track indicators). 

Part II – S trate g i e s  
Th e second st ep  i n t h e p r op osed a p p r oa ch  i s t o const r u ct  a n ex t ended set  of  

conv er sa t i ona l  er r or  h a ndl i ng  st r a t eg i es f or  t a sk  or i ent ed sp ok en di a l og u e sy st em s. C oncr et el y , i n 
p r op osed w or k  i t em  7, I  w i l l  i nv est i g a t e a nd dev el op  t a sk -i ndep endent , r eu sa b l e 
i m p l em ent a t i ons f or  a n ex t ended set  of  st r a t eg i es a ddr essi ng  m i su nder st a ndi ng s, non-
u nder st a ndi ng s, a nd ot h er  com p ou nded di scou r se-l ev el  p r ob l em s i n h u m a n-com p u t er  
i nt er a ct i on. I n t h e p r ocess, I  w i l l  p r op ose a  t a x onom y  f or  t h ese st r a t eg i es, ev a l u a t e t h ei r  g ener a l  
ef f i ci ency , a nd v a l i da t e t h e r eu sa b i l i t y  of  t h e const r u ct ed i m p l em ent a t i ons. 

Part III – D e c i s i o n  Pro c e s s  
Th e t h i r d a nd l a st  st ep  i n t h e p r op osed a p p r oa ch  i s t o dev el op  a  p r i nci p l ed y et  

com p u t a t i ona l l y  p r a ct i ca l  p r ocess f or  m a k i ng  er r or  h a ndl i ng  deci si ons i n sp ok en di a l og u e 
sy st em s. Th i s st ep  i s a ddr essed b y  p r op osed w or k  i t em  8. I  p l a n t o u se a  r ei nf or cem ent  l ea r ni ng  
b a sed a p p r oa ch  w h i ch  ca n l ev er a g e t h e a v a i l a b l e i ndi ca t or s a nd st r a t eg i es, a nd l ea r n f r om  
ex p er i ence h ow  t o m a k e er r or  h a ndl i ng  deci si ons. C u r r ent  r ei nf or cem ent  l ea r ni ng  b a sed 
a p p r oa ch es f or  der i v i ng  op t i m a l  di a l og u e p ol i ci es [ 5 2 , 5 4 , 5 7]  do not  sca l e t o l a r g e, p r a ct i ca l  
sp ok en di a l og u e sy st em s ( see Sect i on 6 .4 .1 ) . F u r t h er m or e, t h e l ea r ned p ol i ci es a r e not  r eu sa b l e 
a cr oss dom a i ns – a  si g ni f i ca nt  a m ou nt  of  h u m a n ex p er t i se a nd ef f or t  i s r eq u i r ed f or  desi g ni ng  
m odel s a nd t r a i ni ng  t h em  i n ea ch  new  sy st em  b ei ng  dev el op ed. I n w or k  i t em  8, I  i nt end t o 
a ddr ess a nd ov er com e t h ese sh or t com i ng s b y  f ocu si ng  t h e l ea r ni ng  p r ocess onl y  on t h e er r or  
h a ndl i ng  deci si ons ( r a t h er  t h a n on t h e w h ol e di a l og u e cont r ol  p r ob l em )  a nd l ev er a g i ng  ex i st i ng  
i ndep endences b et w een di f f er ent  p a r t s of  t h e di a l og u e t a sk . F i na l l y , ex t ensi on w or k  i t em  9  
ca p t u r es a  m or e i n-dep t h  ev a l u a t i on of  t h e r eu sa b i l i t y  a nd a da p t a b i l i t y  of  t h e p r op osed er r or  
h a ndl i ng  deci si on p r ocess.  

4.4. T h e s i s  C o n t r i b u t i o n s  

Th e g oa l  of  t h e r esea r ch  p r og r a m  p r op osed i n t h i s docu m ent  i s t o dev el op  a  t a sk -i ndep endent , 
a da p t i v e a nd sca l a b l e f r a m ew or k  f or  er r or  h a ndl i ng  i n t a sk -or i ent ed sp ok en di a l og u e sy st em s. 

Th e m a i n a nt i ci p a t ed cont r i b u t i ons of  t h i s w or k  w i l l  b e:  
• a  di a l og u e m a na g em ent  f r a m ew or k  f or  com p l ex , t a sk  or i ent ed sp ok en di a l og u e sy st em s, 

w h i ch  a u t om a t i ca l l y  ensu r es a n ex t ended set  of  b a si c conv er sa t i ona l  sk i l l s; 
• a  nov el  b el i ef  u p da t i ng  m ech a ni sm  w h i ch  i nt eg r a t es conf i dence a nnot a t i on a nd 

cor r ect i on det ect i on i nt o a  u ni f i ed f r a m ew or k , a nd a l l ow s sp ok en di a l og u e sy st em s t o 
cont i nu ou sl y  m oni t or  t h e r el i a b i l i t y  of  t h e i nf or m a t i on t h ey  u se;  

• a n i nv est i g a t i on of  a n ex t ended set  of  conv er sa t i ona l  er r or  h a ndl i ng  st r a t eg i es f or  t a sk  
or i ent ed sp ok en di a l og u e sy st em s; 

• a  sca l a b l e da t a -dr i v en a p p r oa ch  f or  l ea r ni ng  er r or  h a ndl i ng  p ol i ci es i n sp ok en di a l og u e 
sy st em s op er a t i ng  w i t h  l a r g e, p r a ct i ca l  t a sk s. 
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5. L i t e r a t u r e  R e v i e w  
Some of the p r ob l ems a ddr essed i n  thi s w or k  ha v e a l r ea dy  r ec ei v ed v a r i ou s a mou n ts of a tten ti on  
fr om the r esea r c h c ommu n i ty . T he fol l ow i n g  sec ti on s r ev i ew  the r el ev a n t w or k  r ep or ted to da te 
i n  the l i ter a tu r e. T hese sec ti on s a r e i n  di r ec t c or r esp on den c e w i th the thr ee ma i n  p a r ts of the 
p r op osed w or k . Sec ti on  5 .1  c ov er s r esea r c h on  detec ti n g  a n d di a g n osi n g  er r or s, c or r esp on di n g  
to the p r op osed w or k  on  dev el op i n g  r el ev a n t i n di c a tor s for  ma k i n g  er r or  ha n dl i n g  dec i si on s. 
Sec ti on  5 .2 desc r i b es w or k  on  er r or  ha n dl i n g  str a teg i es. F i n a l l y , Sec ti on  5 .3  c ov er s v a r i ou s 
model s p r op osed to da te for  ma k i n g  er r or  ha n dl i n g  dec i si on s i n  sp ok en  di a l og u e sy stems. 

5.1. De t e c t i n g  a n d  Di a g n o s i n g  Er r o r s  i n  Sp o k e n  Di a l o g u e  Sy s t e m s  
Sp ok en  di a l og u e sy stems ty p i c a l l y  r el y  on  c on fi den c e i n for ma ti on  fr om the sp eec h r ec og n i ti on  
en g i n e to a ssess the r el i a b i l i ty  of thei r  i n p u ts. T he c on fi den c e a n n ota ti on  p r ob l em ha s 
tr a di ti on a l l y  r ec ei v ed a  l a r g e a mou n t of a tten ti on . O r i g i n a l l y , the effor ts w er e foc u sed on  the 
sp eec h r ec og n i ti on  p r oc ess, a n d n u mer ou s c on fi den c e a n n ota ti on  a l g or i thms ha v e b een  
p r op osed for  the fr a me, p hon eme or  w or d l ev el  [2, 1 5 , 1 8 ]. Mor e r ec en t w or k  ha s show n  tha t 
fea tu r es fr om other  c omp on en ts i n  the sp ok en  di a l og u e sy stem c a n  b e l ev er a g ed to i mp r ov e 
a c c u r a c y . I n  [5 0 ], Sa n -Seg u n do et a l . u sed p hon eti c , l a n g u a g e model  a s w el l  a s p a r si n g  fea tu r es 
w i th a  n eu r a l  n etw or k  c l a ssi fi er  to su c c essfu l l y  detec t mi sr ec og n i z ed w or ds a n d ou t-of-doma i n  
u tter a n c es. W a l k er  et a l  [7 1 ] c on str u c ted a  detec tor  for  mi su n der sta n di n g s b a sed on  dec oder , 
di a l og u e ma n a g emen t a n d sy stem-sp ec i fi c  l a n g u a g e u n der sta n di n g  fea tu r es. V a n  den  B osc h et a l . 
[6 7 ] foc u sed thei r  a tten ti on  on  a  sma l l er  n u mb er  of fea tu r es tha t a r e a v a i l a b l e i n  most sp ok en  
di a l og u e sy stems a n d c omp a r ed tw o ma c hi n e l ea r n i n g  tec hn i q u es:  R I P P E R  a n d memor y -b a sed 
l ea r n i n g . I n  si mi l a r  w or k  [1 2] ( a l so desc r i b ed i n  Sec ti on  6 .2.1 ), w e ha v e i n v esti g a ted si x  di ffer en t 
ma c hi n e l ea r n i n g  tec hn i q u es a n d l ev er a g ed fea tu r es fr om the dec oder , p a r ser  a n d di a l og u e 
ma n a g er  to c on str u c t a n  a c c u r a te c on fi den c e a n n ota ti on  mec ha n i sm. T he g en er a l  ob ser v ed 
r esu l t i s a  c on si sten t 4 0 -6 0 %  r el a ti v e i mp r ov emen t ov er  p r ev i ou s b a sel i n es i n  detec ti n g  
mi su n der sta n di n g s, c on fi r mi n g  tha t c omp on en ts other  tha n  the sp eec h r ec og n i z er  c a n  p r ov i de 
u sefu l  i n for ma ti on  for  the c on fi den c e a n n ota ti on  p r oc ess.  

A  r el a ted p r ob l em w hi c h ha s r ec ei v ed a  fa i r  a mou n t of a tten ti on  i s tha t of detec ti n g  
c or r ec ti on s ( tu r n s i n  w hi c h the u ser  i s tr y i n g  to c or r ec t the sy stem), a n d a w a r e si tes ( tu r n s i n  
w hi c h the u ser  b ec omes a w a r e tha t the sy stem ha s mi su n der stood somethi n g ). I n  a  stu dy  b a sed 
on  the T O O T  sp ok en  di a l og u e sy stem [6 1 ], Sw er ts et a l  fi n d tha t c or r ec ti on s di ffer  p r osodi c a l l y  
fr om n on -c or r ec ti on s, a n d tha t they  a r e mi sr ec og n i z ed b y  the sy stem mor e often . I n  fol l ow -u p  
w or k , the a u thor s show  tha t b oth c or r ec ti on s [24 ] a n d a w a r e si tes [3 5 ] c a n  b e detec ted w i th 
r el a ti v el y  hi g h a c c u r a c y  ( a b ou t 8 5 % ) b y  u si n g  fea tu r es der i v ed fr om the p r osody  of the tu r n , the 
sp eec h r ec og n i ti on  p r oc ess, a n d the di a l og u e hi stor y . Si mi l a r l y , L ev ow  show s tha t p r osodi c  
fea tu r es c a n  b e u sed to di sti n g u i sh b etw een  i n i ti a l  u tter a n c es a n d l a ter  c or r ec ti on s, a s w el l  a s 
b etw een  c or r ec ti on s of mi sr ec og n i ti on  er r or s a n d c or r ec ti on s of r ej ec ti on  er r or s [3 4 ].  

I n  su mma r y , p r ev i ou s w or k  ha s show n  tha t mi su n der sta n di n g s a n d c or r ec ti on s c a n  b e 
detec ted w i th si g n i fi c a n t a c c u r a c y  b y  u si n g  v a r i ou s ma c hi n e l ea r n i n g  tec hn i q u es i n  c on j u n c ti on  
w i th fea tu r es fr om di ffer en t l ev el s i n  a  sp ok en  di a l og u e sy stem. I n  the p r op osed r esea r c h 
p r og r a m ( w or k  i tem 4 ), I  i n ten d to u n i fy  these l i n es of r esea r c h b y  c on str u c ti n g  a  b el i ef u p da ti n g  
mec ha n i sm w hi c h w ou l d a l l ow  a  sp ok en  di a l og u e sy stem to c on ti n u ou sl y  mon i tor  the r el i a b i l i ty  
of i ts b el i efs, i n  l i g ht of i n i ti a l  c on fi den c e sc or es a n d su b seq u en t ev en ts i n  the di a l og u e. 
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5.2. C o n v e r s a t i o n a l  E r r o r  H a n d l i n g  S t r a t e g i e s  
A number o f co nv ersa t io na l  erro r h a nd l ing  st ra t eg ies h a v e been prev io usl y inv est ig a t ed  a nd  a re 
co mmo nl y used  in v a rio us spo k en d ia l o g ue syst ems. T h e t w o  mo st  freq uent l y enco unt ered  o nes 
a re ex pl icit  a nd  impl icit  co nfirma t io n. B o t h  t h ese st ra t eg ies a d d ress po t ent ia l  misund erst a nd ing s, 
a nd  t h e t ra d eo ffs bet w een t h em a re fa irl y w el l  und erst o o d . Ex pl icit  co nfirma t io ns req uire a n 
ex t ra  user t urn, but  l ea d  t o  mo re pred ict a bl e user respo nses, w h ich  ca n be h a nd l ed  mo re rel ia bl y 
by current  spo k en d ia l o g ue syst ems. I n co nt ra st , impl icit  co nfirma t io ns d o  no t  sl o w  d o w n t h e 
d ia l o g ue if t h ey a re co rrect ;  h o w ev er, if inco rrect , t h ey impo se a  h ig h er co g nit iv e l o a d  o n t h e 
user, a nd  g enera l l y l ea d  t o  co mpl ex  respo nses. K ra h mer a nd  S w ert s perfo rm a n in-d ept h  st ud y 
o f t h ese t w o  st ra t eg ies [3 1 ], id ent ifying  a  set  o f t h e po sit iv e a nd  neg a t iv e cues t h a t  peo pl e use in 
respo nse t o  t h em, a nd  sh o w ing  t h a t  it  is po ssibl e t o  a ut o ma t ica l l y d et ect  co rrect io ns fro m t h ese 
cues w it h  a  fa irl y h ig h  a ccura cy. 

T h e mo st  freq uent l y enco unt ered  st ra t eg ies fo r h a nd l ing  no n-und erst a nd ing s a re 
repea t ing  t h e prev io us syst em pro mpt , no t ifying  t h e user t h a t  a  no n-und erst a nd ing  h a s o ccurred , 
a nd  a sk ing  t h em t o  repea t  o r reph ra se. R ecent l y, a  number o f o t h er st ra t eg ies cent ered  o n 
ex t ra ct ing  mo re info rma t io n fro m no n-und erst a nd ing s h a v e been pro po sed . G o rrel l  et  a l  
d escribe a nd  impl ement  a  t a rg et ed  h el p st ra t eg y ba sed  o n cl a ssifying  t h e no n-und erst o o d  
ut t era nce int o  o ne o f sev era l  cl a sses [2 1 ]. R a ux  et  a l  pro po se a  met h o d  t o  a ut o ma t ica l l y g enera t e 
co nfirma t io n pro mpt s t h a t  a re cl o se t o  bo t h  t h e no n-und erst o o d  user ut t era nce a nd  co v ered  by 
t h e syst em’ s l a ng ua g e mo d el  a nd  g ra mma r [4 4 ].  

I n a n effo rt  t o  id ent ify a d d it io na l  erro r h a nd l ing  st ra t eg ies, sev era l  resea rch ers h a v e 
perfo rmed  w iz a rd -o f-o z  st ud ies a imed  a t  d isco v ering  h o w  h uma ns h a nd l e speech  reco g nit io n 
erro rs. I n t h ese st ud ies, inst ea d  o f h ea ring  t h e a ct ua l  user ut t era nce, t h e w iz a rd  receiv es t h e t ex t  
o f t h e reco g nit io n resul t , po t ent ia l l y a nno t a t ed  w it h  co nfid ence info rma t io n. Z o l l o  sh o w s t h a t  
und er t h ese set t ing s w iz a rd s t end  t o  pro v id e l a rg e a mo unt s o f feed ba ck , ev en w h en speech  
reco g nit io n w o rk s perfect l y [7 5 ]. Z o l l o ’ s st ud y a l so  rev ea l s a  number o f po sit iv e a nd  neg a t iv e 
feed ba ck  st ra t eg ies:  w h -repl a cement  o f a  missing  o r erro neo us w o rd  ( e.g . “how many people are 
where?”), a t t empt s t o  sa l v a g e a  co rrect l y reco g niz ed  w o rd  ( e.g . “what about the helicopter?”), 
ex pl icit l y v erifying  o f a  t urn ( e.g . “you are ready to begin…”), repea t ing  pa rt  o r a l l  o f t h e 
co nt ent  o f t h e user’ s ut t era nce, using  simpl e a ck no w l ed g ement s, et c. T h e ma j o rit y o f t h e 
st ra t eg ies rev ea l ed  by Z o l l o ’ s st ud y h a v e no  d irect  eq uiv a l ent  in current  spo k en d ia l o g ue syst ems. 
I n a  simil a r st ud y in a  ma p d o ma in, S k a nt z e sh o w s t h a t  w iz a rd s t end  t o  no t  sig na l  no n-
und erst a nd ing s, but  ra t h er t ry t o  a d v a nce t h e d ia l o g ue by o t h er mea ns such  a s a sk ing  d ifferent  
t a sk -rel a t ed  q uest io ns [5 8 ]. I t  is no t  yet  cl ea r w h et h er t h e resul t s o f S k a nt z e’ s st ud y a ppl y t o  
o t h er d o ma ins a s w el l , o r a re st ro ng l y t ied  t o  t h e pa rt icul a rit ies o f t h e ma p-t a sk  int era ct io n.  

Ov era l l , t h ese st ud ies h a v e co nfirmed  t h a t  h uma ns ind eed  empl o y a  l a rg er repert o ire o f 
co nv ersa t io na l  erro r h a nd l ing  st ra t eg ies w h en fa ced  w it h  uncert a int ies st emming  fro m po o r 
speech  reco g nit io n. T h e seco nd  pa rt  o f t h e w o rk  pro po sed  in t h is d o cument  is a imed  cl o sing  
t h is g a p by inv est ig a t ing  a nd  co nst ruct ing  impl ement a t io ns fo r a n ex t end ed  set  o f reusa bl e erro r 
h a nd l ing  st ra t eg ies fo r t a sk -o rient ed  spo k en d ia l o g ue syst ems. 

5.3 . E r r o r  H a n d l i n g  D e c i s i o n  M o d e l s  
I n t h is sect io n I  rev iew  sa l ient  mo d el s pro po sed  t o  d a t e fo r ma k ing  erro r h a nd l ing  d ecisio ns in 
spo k en d ia l o g ue syst ems. S ubsect io n 5 .3 .1  briefl y d escribes sev era l  t h eo ret ica l  mo d el s o f 
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grounding in human-human c ommunic ation. I n c ontrast to the se  the ore tic al  mode l s, most 
sp ok e n dial ogue  sy ste ms c urre ntl y  re l y  on he uristic  rul e s to mak e  the  e rror handl ing de c isions;  
the  most f re q ue ntl y  e nc ounte re d he uristic  mode l s are  disc usse d in sub se c tion 5 .3 .2 . F inal l y , the  
l ast tw o sub se c tions re v ie w  tw o imp ortant re c e ntl y  p rop ose d ap p roac he s. Sub se c tion 5 .3 .3  
de sc rib e s Pae k  and H orv itz ’s de c ision the ore tic  ap p roac h to grounding in human-c omp ute r 
c onv e rsation. L ast b ut not l e ast, sub se c tion 5 .3 .4  de sc rib e s re c e nt w ork  on using re inf orc e me nt 
l e arning to de riv e  op timal  c ontrol  p ol ic ie s in sp ok e n dial ogue  sy ste ms. 
5.3.1. T h e o r e t i c a l  Mo d e l s  o f  G r o u n d i n g  
I n [1 6 ] Cl ark  and Sc hae f e r introduc e d a se minal  the ore tic al  mode l  f or grounding in human-
human c ommunic ation. T he  p rop ose d mode l , dub b e d the  Contribution Model, de f ine s 
grounding as a c ol l ab orativ e  p roc e ss. Partic ip ants in a c onv e rsation are  c ontrib uting to disc ourse  
w hil e  at the  same  time  try ing to re ac h the  f ol l ow ing c rite rion:  “ the  c ontrib utor and the  p artne rs 
mutual l y  b e l ie v e  that the  p artne rs hav e  unde rstood w hat the  c ontrib utor me ant to a c rite rion 
suf f ic ie nt f or the  c urre nt p urp ose ”  [1 6 ]. Eac h c ontrib ution c onsists of  a p re se ntation p hase , in 
w hic h the  initiator adds an utte ranc e  to the  disc ourse , and an ac c e p tanc e  p hase , in w hic h the  
c onv e rsation p artne r p rov ide s ap p rop riate  e v ide nc e  of  unde rstanding. T he  mode l  f urthe r 
de sc rib e s v arious c l asse s of  e v ide nc e  of  unde rstanding, and f our l e v e l s at w hic h p rob l e ms c an 
ap p e ar in human-human c ommunic ation. 

I n sub se q ue nt w ork , T raum [6 4 , 6 5 ] addre sse s some  of  the  de f ic ie nc ie s of  the  
Contrib ution Mode l , and p rop ose s the  Conversational Acts /  Grounding Acts mode l . T raum’s 
mode l  is an e x te nsion of  Sp e e c h Ac ts the ory  w hic h, ap art f rom the  c ore  sp e e c h ac ts, inc l ude s 
grounding, turn-tak ing, and argume ntational  ac ts. Se v e n grounding ac ts are  de f ine d, as w e l l  as 
the  p rotoc ol  c ap turing the ir p ossib l e  se q ue nc e s. I n f ol l ow -up  w ork  [6 6 ], T raum and D il l e nb ourg 
p rop ose  to use  q uantitativ e  asse ssme nts f or the  re l iab il ity  of  inf ormation and f or the  c osts of  
ac tions. T o my  and the  authors’ k now l e dge , no ac tual  imp l e me ntation of  this mode l  has b e e n 
c onstruc te d to date . 

V arious e x te nsions of  the  original  Contrib ution Mode l , as w e l l  as othe r the ore tic al  
mode l s of  grounding in human-human c ommunic ation hav e  b e e n p rop ose d [1 , 1 0 , 1 7 , 3 7 ]. I n 
ge ne ral , al though the se  the ore tic al  mode l s p rov ide  use f ul  insights into how  grounding oc c urs in 
human-human c ommunic ation, the y  are  mostl y  anal y tic al  in nature  and c annot b e  dire c tl y  use d 
to mak e  run-time  de c isions in sp ok e n dial ogue  sy ste ms. F urthe rmore , the  l arge  maj ority  of  the se  
the ore tic al  mode l s3 l ac k  a q uantitativ e  tre atme nt of  the  re l iab il ity  of  inf ormation or of  the  c osts 
and util itie s of  v arious grounding ac tions. 
5.3.2 . He u r i s t i c  Mo d e l s  f o r  En g a g i n g  Er r o r  Ha n d l i n g  St r a t e g i e s  
I n stark  c ontrast to the  the ore tic al  mode l s b rie f l y  disc usse d ab ov e , most sp ok e n dial ogue  
sy ste ms use  ad-hoc , he uristic  ap p roac he s f or e ngaging in e rror handl ing strate gie s. 

A c e rtain c onse nsus e x ists w ith re sp e c t to handl ing p ote ntial  misunde rstandings. T he  
most of te n e nc ounte re d strate gie s are  e x p l ic it c onf irmation, imp l ic it c onf irmation, re j e c ting the  
v al ue  f or a sl ot, and ac c e p ting the  v al ue  as grounde d. T he  trade of f s b e tw e e n the se  strate gie s are  
f airl y  w e l l  unde rstood [3 1 , 4 0 ], and the  most c ommon mode l s se l e c t w hic h strate gy  to use  b y  
c omp aring the  c onf ide nc e  sc ore s against one  or tw o thre shol ds. Se v e ral  v ariations on this the me  
hav e  b e e n p rop ose d [8, 9, 3 0 , 3 8, 4 0 , 7 2 ]. Some  of  the  e x isting mode l s use  a nominal  
re p re se ntation of  re l iab il ity  ( i.e . unk now n, k now n, v e rif ie d, not-v e rif ie d, e tc )  [9, 3 8], othe rs use  
q uantitativ e  asse ssme nts b ase d on c onf ide nc e  annotation [3 0 , 4 0 , 7 2 ]. T he  thre shol d v al ue s are  
                                                 
3 A notable exception is the model proposed by Horvitz and Paek in [43]. The model is discussed in 5.3.3. 
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set by  th e sy stem  d esi g n er , o r  c a n  be o p ti m i z ed  ba sed  o n  a ssu m ed  [3 0 ] o r  esti m a ted  [4] c o sts f o r  
er r o r s. 

F o r  n o n -u n d er sta n d i n g s, th e n u m ber  o f  p o ssi ble str a teg i es i s la r g er  (see 5 .2  a n d  6 .3 .1 ), 
a n d  th e tr a d eo f f s betw een  th em  a r e f a r  less u n d er sto o d . T h e p r o blem  i s f u r th er  c o m p li c a ted  by  
th e tem p o r a l a sp ec t o f  th e d ec i si o n s w h i c h  a p p ea r s w h en  d ea li n g  w i th  r ep ea ted  n o n -
u n d er sta n d i n g s. N o  g en er a lly  a g r eed -u p o n  m o d el ex i sts f o r  a d d r essi n g  th i s p r o blem . In stea d , 
m o st sy stem s u se h a n d c r a f ted  h eu r i sti c s, su c h  a s a sk i n g  th e u ser  to  r ep ea t o r  r ep h r a se, p r o v i d i n g  
m o r e h elp , a n d  ter m i n a ti n g  (o r  h a n d i n g -o v er ) th e c o n v er sa ti o n  a f ter  a  n u m ber  o f  r ep ea ted  n o n -
u n d er sta n d i n g s. 
5.3.3. Q u a r t e t :  C o n v e r s a t i o n  a s  A c t i o n  u n d e r  U n c e r t a i n t y   
In  [43 ], P a ek  a n d  H o r v i tz  i n tr o d u c e a  n o v el d ec i si o n -o r i en ted , c o m p u ta ti o n a l f o r m a li z a ti o n  f o r  
th e g r o u n d i n g  p r o c ess i n  h u m a n -m a c h i n e c o n v er sa ti o n . T h e a u th o r s r eg a r d  g r o u n d i n g  a s 
d ec i si o n  m a k i n g  u n d er  u n c er ta i n ty  a n d  p r o p o se a  d ec i si o n  th eo r eti c  a p p r o a c h  w h i c h  q u a n ti f i es 
th e beli ef s, a s w ell a s th e c o sts f o r  ta k i n g  v a r i o u s g r o u n d i n g  a c ti o n s.  

T h e p r o p o sed  i d ea s a r e m a ter i a li z ed  i n  th e Q u a r tet a r c h i tec tu r e [2 5 , 42 ]. U si n g  Cla r k ’ s 
Co n tr i bu ti o n  M o d el [1 6 ] a s a  ba si s, a n d  r eg a r d i n g  c o n v er sa ti o n  a s a c ti o n  u n d er  u n c er ta i n ty , P a ek  
a n d  H o r v i tz  p r o p o se a n  a r c h i tec tu r e w i th  f o u r  i n ter d ep en d en t lev els f o r  a n a ly z i n g  beli ef s a n d  
m a k i n g  g r o u n d i n g  d ec i si o n s:  Ch a n n el, Si g n a l, In ten ti o n , a n d  Co n v er sa ti o n . T h e u n c er ta i n ti es 
w i th i n  ea c h  lev el a r e ex p li c i tly  r ep r esen ted  w i th  Ba y esi a n  N etw o r k s, w h i le th e g r o u n d i n g  
d ec i si o n s a r e ba sed  o n  ex p ec ted  u ti li ty  a n d  v a lu e-o f -i n f o r m a ti o n  c o m p u ta ti o n s. T h e In ten ti o n  
lev el i s a n  ex c h a n g ea ble c o m p o n en t w h i c h  c a p tu r es th e a c tu a l ta sk  to  be p er f o r m ed  by  th e 
sy stem . T h e a u th o r s i llu str a te tw o  d i a lo g u e sy stem s (P r esen ter  a n d  Ba y esi a n  R ec ep ti o n i st) ba sed  
o n  th e Q u a r tet a r c h i tec tu r e, u si n g  d i f f er en t beli ef  n etw o r k s i n  th e In ten ti o n  la y er . In  
D eep L i sten er  [2 6 , 2 7 ], a  sp o k en  c o m m a n d -a n d -c o n tr o l i n ter f a c e f o r  th e L o o k O u t sy stem , 
H o r v i tz  a n d  P a ek  u se th e sa m e d ec i si o n  th eo r eti c  a p p r o a c h  i n  a  sc a led  d o w n  a r c h i tec tu r e. T h e 
D eep L i sten er  sy stem  u ses d y n a m i c  beli ef  n etw o r k s to  a c c u m u la te ev i d en c e a n d  i n f er  th e u ser ’ s 
i n ten ti o n s th r o u g h o u t ti m e. T h e sy stem  th en  selec ts w h i c h  c la r i f i c a ti o n  str a teg y  o r  r ea l-w o r ld  
a c ti o n  to  en g a g e i n  by  c o m p u ti n g  th e ex p ec ted  u ti li ty  o f  ea c h  a lter n a ti v e. 

In  su m m a r y , th e m o d el p r o p o sed  by  P a ek  a n d  H o r v i tz  p r o v i d es a  p r o p er  c o m p u ta ti o n a l 
f o r m a li z a ti o n  o f  th e g r o u n d i n g  p r o c ess, a n d  a  p r a c ti c a l a p p r o a c h  f o r  m a k i n g  er r o r  h a n d li n g  
d ec i si o n s i n  sp o k en  d i a lo g u e sy stem s, w h i le sti ll r eta i n i n g  a  so li d  th eo r eti c a l ba si s. Sti ll, sev er a l 
i m p o r ta n t sh o r tc o m i n g s c a n  be i d en ti f i ed :  th e str u c tu r e a n d  p a r a m eter s o f  th e beli ef  n etw o r k s, 
a s w ell a s th e u ti li ti es o f  th e v a r i o u s g r o u n d i n g  a c ti o n s a r e h a n d c r a f ted . F u r th er m o r e, th i s m o d el 
h a s been  a p p li ed  so  f a r  o n ly  i n  g o a l-i d en ti f i c a ti o n  d o m a i n s (e.g . c o m m a n d -a n d -c o n tr o l). Bec a u se 
o f  sc a la bi li ty  a n d  ta sk -r ep r esen ta ti o n  i ssu es, i t i s n o t y et c lea r  i f  th e m o d el c a n  be ex ten d ed  to  
i n f o r m a ti o n -a c c ess (slo t-ba sed ) sy stem s, o r  to  th e m o r e g en er a l f a m i ly  o f  ta sk -o r i en ted  sp o k en  
d i a lo g u e sy stem s.  
5.3.4 . R e i n f o r c e m e n t  Le a r n i n g  f o r  Op t i m a l  Di a l o g u e  C o n t r o l  Po l i c i e s  
A  n u m ber  o f  r esea r c h er s h a v e r ec en tly  p r o p o sed  a n d  su c c essf u lly  a p p li ed  r ei n f o r c em en t lea r n i n g  
ba sed  a p p r o a c h es to  d er i v e o p ti m a l d i a lo g u e c o n tr o l p o li c i es (i n c lu d i n g  th e er r o r  h a n d li n g  
a sp ec ts) [3 3 , 5 1 , 5 4, 5 7 ]. In  th e m o st c o m m o n  a p p r o a c h , th e d i a lo g u e m a n a g em en t p r o blem  (o r  
a  su bset th er eo f ) i s r ef o r m u la ted  i n  ter m s o f  a  M a r k o v  D ec i si o n  P r o c ess (M D P ).  

F o r m a lly , a  M a r k o v  D ec i si o n  P r o c ess i s d ef i n ed  by  a  f i n i te set o f  sta tes S, a  f i n i te set o f  
a c ti o n s A, a  tr a n si ti o n  f u n c ti o n  T(s,a,s’ ) w h i c h  d ef i n es th e p r o ba bi li ty  o f  tr a n si ti o n i n g  to  a  sta te 
s’  i f  th e p r o c ess w a s i n  sta te s a n d  to o k  a c ti o n  a (Pr(s’ |s,a)), a n d  a  r ew a r d  f u n c ti o n  R(s,a) w h i c h  
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defines the reward obtained for taking action a in state s [2 8 ]. I n order to form u l ate the dial ogu e 
control  p robl em  as a M arkov  D ecision P rocess,  one m u st first define the state-sp ace,  the set of 
actions and the reward stru ctu re for the m odel . The state-sp ace is ty p ical l y  constru cted by  
abstracting ov er the actu al  dial ogu e states of the sy stem ,  in an effort to m inim iz e its siz e whil e 
stil l  keep ing it inform ativ e. The actions u su al l y  corresp ond directl y  to sy stem  actions,  or to a 
su bset thereof. The rewards can be constru cted arou nd v ariou s dial ogu e p erform ance m etrics,  
and are ty p ical l y  p rov ided onl y  at the end states of the interactions. O nce these three 
com p onents are defined,  l earning the op tim al  dial ogu e control  p ol icy  am ou nts to l earning an 
op tim al  control  p ol icy  for the u nderl y ing M D P . The l atter can be accom p l ished u sing standard 
reinforcem ent l earning al gorithm s.  

The ap p roach has p rodu ced su ccessfu l  resu l ts in a nu m ber of sp oken dial ogu e sy stem s 
op erating with sm al l  tasks. S ingh et al  rep ort on u sing reinforcem ent l earning to op tim iz e the 
p erform ance of N J F u n,  an inform ation access sp oken dial ogu e sy stem  [5 7 ]. A n initial  v ersion of 
the sy stem  was u sed to col l ect a corp u s of ex p l oratory  dial ogu es to serv e as training data. The 
rewards were defined based on a binary  m easu re of task com p l etion,  and v ariou s choices 
regarding the ty p e of initiativ e and confirm ation and cl arification actions were ex p l ored. I n the 
su bseq u ent ev al u ations of the l earned control  p ol icy ,  N J F u n showed significant im p rov em ents 
not onl y  in the reward m easu re for which the op tim iz ation was p erform ed,  bu t al so on a set of 
other obj ectiv e p erform ance m etrics. The l earned p ol icy  ou tp erform ed other fix ed,  handcrafted 
p ol icies com m onl y  encou ntered in the l iteratu re.  

O ne p robl em atic asp ect of this ap p roach is the high cost for col l ecting training data. A n 
al ternativ e p rop osed sol u tion is to obtain the data v ia u ser sim u l ation. L ev in et al  [3 3 ] deriv e a 
sim p l e u ser m odel  by  ap p l y ing su p erv ised l earning on a corp u s of dial ogu es,  and then u se the 
m odel  in generativ e m ode to constru ct the necessary  training corp u s. S cheffl er and Y ou ng [5 2 ,  
5 3 ,  5 4 ] p rop ose a m ore sop histicated u ser m odel ,  which ex p l icitl y  m odel s p otential  errors as wel l  
as constraints to ensu re u ser consistency . The au thors com p are v ariou s state sp ace 
rep resentations and ev al u ation fu nctions and su ccessfu l l y  ap p l y  Q -l earning with el igibil ity  traces 
[5 2 ,  5 3 ] to op tim iz e dial ogu e m anagem ent in a tel ep hone-based m ov ie inform ation sy stem .  

The reinforcem ent l earning ap p roach to op tim iz ing dial ogu e control  p ol icies has a 
nu m ber of adv antages. F irst and m ost im p ortantl y ,  the ap p roach al l ows sp oken dial ogu e sy stem s 
to l earn op tim al  behav ior from  ex p erience and therefore adap t to the characteristics of p articu l ar 
dom ains and to sl ow changes in these characteristics. S econdl y ,  the ap p roach can handl e del ay ed 
feedback,  an im p ortant featu re giv en the tem p oral  asp ects of hu m an-com p u ter interaction. L ast 
bu t not l east,  the ap p roach stands on a sol id theoretical  fou ndation:  a l arge nu m ber of 
al gorithm s p rev iou sl y  inv estigated in the reinforcem ent l earning com m u nity  are av ail abl e for u se.  

A t the sam e tim e,  the techniq u es p rop osed to date su ffer from  two m aj or shortcom ings 
which m ake them  im p ractical  in sp oken dial ogu e sy stem s op erating with l arge,  com p l ex  tasks:  ( 1 )  
the ap p roaches do not scal e wel l  with the siz e of the task to be p erform ed by  the sy stem ,  and ( 2 )  
once l earned,  the control  p ol icies are not reu sabl e across different tasks and dom ains. The 
research p rogram  p rop osed in this docu m ent aim s to ov ercom e these drawbacks,  and constru ct 
a scal abl e,  task-indep endent reinforcem ent l earning ap p roach for the p robl em  of m aking error 
handl ing decisions in sp oken dial ogu e sy stem s. S ection 6 .4 .1  p resents an in-dep th discu ssion of 
these asp ects. 
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6. P r o p o s e d  R e s e a r c h  P r o g r a m  – I n  D e t a i l  
Th i s se c ti on  d e sc r i be s i n  d e ta i l  th e  p r op ose d  d i sse r ta ti on  w or k . Th e  c om p l e te d , 

p r op ose d  a n d  e x te n si on  w or k  i te m s a r e  d i sc u sse d . F i r st, Se c ti on  6 .1  d e sc r i be s th e  su p p or t w or k , 
c e n te r e d  on  th e  R a v e n C l a w  d i a l og u e  m a n a g e m e n t f r a m e w or k . Th e  f ol l ow i n g  th r e e  se c ti on s – 
6 .2 , 6 .3  a n d  6 .4  – a d d r e ss th e  th r e e  p a r ts of  th e  p r op ose d  a p p r oa c h :  th e  i n d i c a tor s, th e  se t of  
str a te g i e s, a n d  th e  d e c i si on  p r oc e ss. F or  e a c h  c om p l e te d  w or k  i te m , th e  p r e se n ta ti on  sta r ts w i th  
g oa l s a n d  c on tr i bu ti on s, a n d  c on ti n u e s w i th  a  d e sc r i p ti on  of  th e  w or k  p e r f or m e d  a n d  th e  r e su l ts 
obta i n e d . F or  e a c h  p r op ose d  w or k  i te m , th e  p r e se n ta ti on  i n c l u d e s g oa l s a n d  c on tr i bu ti on s, a  
d e sc r i p ti on  of  th e  p r op ose d  a p p r oa c h , th e  e v a l u a ti on  m e th od ol og y  a s w e l l  a s th e  a n ti c i p a te d  
ti m e l i n e  f or  c om p l e ti n g  th e  w or k . 

6.1. S u p p o r t  W o r k :  R a v e n C l a w  
� 6.1.1. C O MP L E T E D W O R K  I T E M:  R a v e n C l a w  Di a l o g u e  Ma n a g e m e n t  Fr a m e w o r k  

G o a l s a n d  C o n t r i b u t i o n s 
De v e l op e d  R a v e n C l a w , a  sta te -of -th e -a r t d i a l og u e  m a n a g e m e n t f r a m e w or k  f or  c om p l e x  ta sk -
or i e n te d  d om a i n s. R a v e n C l a w  su p p l i e s th e  n e c e ssa r y  i n f r a str u c tu r e  f or  th e  p r op ose d  d i sse r ta ti on  
w or k . M or e  g e n e r a l l y , R a v e n C l a w  p r ov i d e s a  r obu st ba si s f or  f u tu r e  r e se a r c h  on  v a r i ou s a sp e c ts 
of  d i a l og u e  m a n a g e m e n t su c h  a s e r r or  h a n d l i n g , l e a r n i n g  a t th e  ta sk  a n d  d i sc ou r se  l e v e l s, m u l ti -
p a r ty  c on v e r sa ti on s, d y n a m i c  g e n e r a ti on  of  d i a l og u e  p l a n s, e tc .  
De sc r i p t i o n  
Th i s se c ti on  g i v e s a  br i e f  ov e r v i e w  of  th e  R a v e n C l a w  d i a l og u e  m a n a g e m e n t f r a m e w or k , w i th  a  
f oc u s on  th e  a sp e c ts th a t a r e  m ost r e l e v a n t f or  th e  p r op ose d  d i sse r ta ti on  w or k . A m or e  
th or ou g h  d e sc r i p ti on  of  th e  f r a m e w or k  i s a v a i l a bl e  i n  [ 7] .  

Th e  k e y  c h a r a c te r i sti c  of  R a v e n C l a w  i s a  se p a r a ti on  be tw e e n  th e  d om a i n -sp e c i f i c  a n d  th e  
d om a i n -i n d e p e n d e n t a sp e c ts of  d i a l og u e  c on tr ol . Th e  d om a i n -sp e c i f i c  a sp e c ts a r e  e n c a p su l a te d  
i n  a  dialogue task, e sse n ti a l l y  a  h i e r a r c h i c a l -p l a n  f or  th e  i n te r a c ti on , c on str u c te d  by  th e  a u th or  of  
th e  sy ste m . A f i x e d , d om a i n -i n d e p e n d e n t Di a l og u e  En g i n e  m a n a g e s th e  c on v e r sa ti on  by  
e x e c u ti n g  th e  g i v e n  d i a l og u e  ta sk . I n  th e  p r oc e ss, th e  Di a l og u e  En g i n e  a l so c on tr i bu te s a  ba si c  
se t of  d om a i n -i n d e p e n d e n t c on v e r sa ti on a l  str a te g i e s i m p l e m e n ti n g  e r r or  h a n d l i n g , ti m i n g  a n d  
tu r n -ta k i n g  be h a v i or s, a s w e l l  a s oth e r  u n i v e r sa l  d i a l og u e  m e c h a n i sm s (h e l p , r e p e a t, c a n c e l , 
su sp e n d / r e su m e , q u i t, sta r t-ov e r , e tc .) Th e  a u th or i n g  e f f or t i s th e r e f or e  m i n i m i z e d  a n d  f oc u se d  
on l y  on  d e sc r i bi n g  th e  d om a i n -sp e c i f i c  d i a l og u e  ta sk .  

A dialogue task i s d e sc r i be d  a s a  tr e e  of  dialogue agents, w h e r e  e a c h  d i a l og u e  a g e n t 
h a n d l e s a  su bp a r t of  th e  i n te r a c ti on  (e .g . th e  R oom L i n e , L og i n , W e l c om e , Ask R e g i ste r e d , e tc . 
a g e n ts i n  F i g u r e  1 ). Th i s h i e r a r c h i c a l  ta sk  r e p r e se n ta ti on  h a s se v e r a l  a d v a n ta g e s:  i t sc a l e s u p  
g r a c e f u l l y , i t i s f l e x i bl e  (i .e . i t c a n  be  d y n a m i c a l l y  e x te n d e d  a t r u n ti m e ), a n d  i t i m p l i c i tl y  c a p tu r e s a  
n oti on  of  c on te x t i n  d i a l og u e . Th e  i n f or m a ti on  th e  sy ste m  m a n i p u l a te s i s e n c a p su l a te d  i n  
concepts (sl ots) 4 stor e d  i n  th e  d i a l og u e  ta sk  tr e e  (e .g . R e g i ste r e d  a n d  N a m e  i n  F i g u r e  1 ). Th e  
                                                 
4 I introduce and use the term concept instead of the traditional term slot, in order to accentuate the difference 
between the task-oriented dialogue management framework (such as RavenClaw) and the form-filling dialog 
management approaches in which slots are typically used. The concepts in RavenClaw have a richer 
representation and set of operators, not commonly encountered in slot-based systems. For more details, see [7] 
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concepts have a rich representation, which includes: a history  of  previous values, inf orm ation 
ab out current candidate values and their conf idence scores, sum m ary  statistics on these 
conf idence scores, inf orm ation ab out when the concept was last updated, as well as an ex tended 
set of  f lag s describ ing  the concept source, whether or not the concept has b een convey ed to the 
user, whether or not the concept has b een g rounded, etc.   

 

 
Figure 1. RavenClaw Architecture: the figure illustrates the separation between the 
 dialogue task representation (on top) and the Dialogue Engine (on bottom). 
 The dialogue task is an excerpt from RoomLine, a spoken dialogue system 
 that provides assistance for conference room reservations. The figure also 
 illustrates the operation of the error handling mechanisms in the underlying 
 Dialogue Engine. 
 
T he Dialog ue Eng ine alg orithm s are centered on two data-structures: a dialogue stack, 

which captures the discourse structure at runtim e, and an expectation agenda, which captures 
what the sy stem  ex pects to hear f rom  the user in a g iven turn.  T he dialog ue is controlled b y  
interleaving  execution phases with input phases .  During  the ex ecution phase, dialog ue ag ents 
f rom  the task  tree are placed on and ex ecuted f rom  the dialog ue stack , creating  in the process 
the sy stem  b ehavior.  During  the input phase the sy stem  uses the ex pectation ag enda to transf er 
inf orm ation f rom  the current user input into the concepts def ined in the dialog ue task  tree.   

T he error handling  strateg ies that will b e developed as part of  the proposed work  ( see 
S ection 6 . 3 )  are an ex tension to the set of  dom ain-independent strateg ies already  availab le in 
R avenC law.  T he decision process which trig g ers these strateg ies will b e a part of  the core 
Dialog ue Eng ine.  T his desig n, in which b oth the strateg ies and the decision process are 
decoupled f rom  the dialog ue task  as well as f rom  each other, provides several advantag es.  F irst, 
it will ensure that these m echanism s are indeed reusab le across dif f erent dialog ue task s and 
dom ains.  S econd, it will g uarantee unif orm ity  and consistency  in error handling  b ehaviors within 
and across task s.  T hird, new error handling  strateg ies will b e easily  incorporated into any  ex isting  
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RavenClaw sy st em . L ast  b u t  no t  least ,  t h e ap p r o ac h  wi ll f u r t h er  allevi at e t h e sy st em  au t h o r i ng  
ef f o r t  b y  allo wi ng  d evelo p er s t o  d esc r i b e t h e t ask s i n a p r ec i se,  d et er m i ni st i c  f ash i o n,  wi t h o u t  
any  c o nc er ns ab o u t  t h e u nd er ly i ng  u nc er t ai nt i es i n d i alo g u e.  

T h e r esp o nsi b i li t y  f o r  ensu r i ng  t h at  t h e sy st em  m ai nt ai ns ac c u r at e i nf o r m at i o n and  t h at  
t h e d i alo g u e ad vanc es no r m ally  t o war d s i t s g o als wi ll b e d eleg at ed  t o  t h e er r o r  h and li ng  d ec i si o n 
p r o c ess r u nni ng  i n t h e d i alo g u e eng i ne. T h e st r u c t u r e and  t h e alg o r i t h m s g o ver ni ng  t h i s p r o c ess 
m ak e t h e su b j ec t  o f  S ec t i o n 6 .4 . B r i ef ly ,  at  eac h  sy st em  t u r n,  t h i s p r o c ess wi ll assess t h e avai lab le 
evi d enc e and  m ak e a d ec i si o n wi t h  r esp ec t  t o  eng ag i ng  i n any  o f  t h e er r o r  h and li ng  st r at eg i es. 
T h e st r at eg i es wi ll b e i m p lem ent ed  as li b r ar y  d i alo g u e ag ent s,  u si ng  t h e sam e h i er ar c h i c al-p lan 
f o r m ali sm  as t h e ac t u al d i alo g u e t ask . Wh en nec essar y ,  t h e er r o r  h and li ng  d ec i si o n p r o c ess wi ll 
i nser t  an er r o r  h and li ng  st r at eg y  o n t h e d i sc o u r se st ac k ,  d y nam i c ally  m o d i f y i ng  t h e t ask  wh i c h  
was o r i g i nally  sp ec i f i ed  b y  t h e sy st em ’ s au t h o r  ( see F i g u r e 1). T h e t r i g g er ed  st r at eg y  wi ll b ec o m e 
a new p ar t  o f  t h e sy st em ’ s t ask ,  and  no  o t h er  c h ang es ar e r eq u i r ed  i n t h e Di alo g u e Eng i ne t o  
ac c o m m o d at e i t . T h e lar g er  set  o f  d o m ai n-i nd ep end ent  c o nver sat i o nal st r at eg i es ( e.g . t i m i ng  and  
t u r n-t ak i ng  b eh avi o r s,  h elp ,  r ep eat ,  su sp end ,  et c ) wi ll c o nt i nu e t o  b e avai lab le t h r o u g h o u t  t h e 
ex ec u t i o n o f  t h e er r o r  h and li ng  st r at eg y . 
� 6.1.2. C O M P L E T E D W O R K  I T E M :  R a v e n C l a w -b a se d  Sp o k e n  Di a l o g u e  Sy st e m s 

G o a l s a n d  C o n t r i b u t i o n s 
Develo p ed  sever al RavenClaw-b ased  sp o k en d i alo g u e sy st em s sp anni ng  m u lt i p le d o m ai ns,  t ask s 
and  i nt er ac t i o n t y p es. T h ese sy st em s wi ll p r o vi d e t h e t est  b ed  f o r  evalu at i ng  t h e p r o p o sed  
d i sser t at i o n wo r k .  
 
Name Description Interaction-

type 
Dimensions 

 

LARRI [6] Multi-modal spoken dialogue system that provides 
assistance to F/A-18 aircraft mechanics performing 
maintenance tasks (developed by D. Bohus, A. 
Rudnicky, Y. Sun, K. Patel) 

Guidance 
through 

procedural 
tasks 

# agents: 61+  
# concepts: 31+ 

CMU Let’s Go!! 
Bus Information 
System [45] 

Telephone-based spoken dialogue system that 
provides an information access interface for 
Pittsburgh bus routes and schedules (developed by 
A. Raux, B. Langner) 

Information 
Access 

# agents: 44 
# concepts: 27 

RoomLine Telephone-based spoken dialogue system that 
provides assistance for conference room reservations 
and scheduling in the CMU School of Computer 
Science (developed by D. Bohus) 

Information 
Access 

# agents: 50 
# concepts: 20 

TeamTalk [62] A spoken language command-and-control interface 
for a team of robots; the system is focused on multi-
party conversations and asynchronous behaviors in 
dialogue (developed by T.K. Harris, S. Banerjee, J. 
Sison, S.P. Kishore, K. Bodine) 

Command 
and Control 

# agents: 26 
# concepts: 10 

Eureka [46] System that explores the use of dialogue to overcome 
the difficulties of providing access to a web-search 
service over the phone (developed by A. Raux) 

Information 
Retrieval 

# agents: 47 
# concepts: 19 

 
Table 3. RavenClaw-based spoken dialogue systems developed to date 
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Description 
A number of systems have been already constructed using the RavenClaw dialogue management 
framework . O thers are currently under develop ment. Table 3  p rovides a summary. 

The RavenClaw-based systems develop ed to date sp an multip le domains and three 
interaction typ es:  information-access,  command-and-control,  and assistance and guidance 
through p rocedural task s. These systems p rovide a solid test bed for evaluating the p rop osed 
work  and for validating the task -indep endence and adap tability p rop erties. 

Currently,  the CMU  L et’ s G o! !  B us I nformation System is available to the larger p ublic 
( 1 -41 2 -2 6 8-3 52 6 ) . The call traffic received by the system from outside users as well as develop ers 
yields a constant stream of dialogue data. O nce dep loyed,  a similar stream of data is ex p ected to 
be constantly generated by the RoomL ine system. These two data streams will form a 
continuous,  back ground data collection p rocess ( B D C) . Together with several other focused 
data collection efforts to be described later in the document,  this p rocess will sup p ly the training 
data for the learning algorithms p rop osed in this work . 

6.2. I n d i c a t o r s  

� 6 . 2 . 1 .  C O M P L E T E D W O R K  I T E M :  C onf id ence Annota tion 
G oa l s a nd  C ontrib u tions 
Created an accurate confidence annotation mechanism by leveraging multip le sources of 
k nowledge in a sp ok en dialogue system. The confidence scores can be used to detect 
misunderstandings and control the trade-off between different typ es of errors. They also p rovide 
the starting p oint for constructing system beliefs over concep ts values. 
Description 
I n [5,  1 2 ] ,  we rep orted on the develop ment of an utterance-level confidence annotator which 
leveraged three sources of k nowledge in the sp ok en dialogue system:  sp eech recognition,  
language understanding,  and dialogue management. The p roblem was cast as a machine learning 
classification task :  given features ex tracted from these levels,  p redict whether the inp ut was 
correctly5 p erceived by the system or not. W e trained and comp ared six  different classifiers,  in an 
effort to establish which one was the most effective for the task  at hand:  AdaB oost,  D ecision 
Trees,  B ayesian Network s,  Sup p ort Vector Machines,  Neural Network s and Naï ve B ayes. W ith 
the ex cep tion of Naï ve B ayes ( which p erformed worse) ,  all the classifiers p roduced similar 
imp rovements. The typ ical result was 83 %  accuracy in detecting misunderstandings,  amounting 
to a 50 %  relative reduction in error rate from the maj ority baseline,  and a 3 4%  relative reduction 
in error rate from a heuristic rule p reviously used to detect misunderstandings. This work  has 
also revealed that features from the dialog management and the language understanding 
comp onents carry valuable information for the confidence annotation p rocess. L ater work  [5]  
has shown that a logistic regression model,  much simp ler than the p revious six  classifiers,  could 
attain a similar classification p erformance,  and a better soft-error rate. 

I n follow-up  work  [4,  5]  I  p rop osed a general method for statistically assessing the 
imp act of the various typ es of errors committed by a confidence annotator on any given 
dialogue p erformance metric. The method was ap p lied on data from the CMU  Communicator 
                                                 
5 We regarded the confidence annotator as a detector for misunderstandings; correctness was defined at the 
semantic level.  
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spoken dialogue system [ 4 9 ]  and th e r esults c onf ir med th e intuitions ( e. g.  th e c ost of  ac c epting 
f alse inf or mation w as 1 . 6  times lar ger  th an th at of  r ej ec ting c or r ec t inf or mation).  Th e c osts 
der iv ed f or  th e f alse-positiv e and f alse-negativ e er r or s allow  us to c ontr ol mor e ac c ur ately th e 
tr adeof f  b etw een th em,  so as to max imiz e dialogue per f or manc e in ter ms of  th e c h osen metr ic .  

I n th is disser tation w or k,  th e c onf idenc e annotation mec h anism w ill b e used to pr ov ide a 
star ting point f or  c onstr uc ting system b elief s ov er  c onc ept v alues.  
� 6.2.2. P R O P O S E D  W O R K  I T E M :  U p d a t i n g  Be l i e f s o v e r  Co n c e p t  Va l u e s 

G o a l s a n d  Co n t r i b u t i o n s 
D ev elop a model f or  updating system b elief s ov er  c onc ept v alues,  in ligh t of  initial c onf idenc e 
sc or es and sub seq uent user  r esponses to system ac tions.  Th e model w ill integr ate c onf idenc e 
annotation and c or r ec tion detec tion into a unif ied f r amew or k allow ing spoken dialogue systems 
to c ontinuously monitor  th e r eliab ility of  th e inf or mation th ey use.  
P r o p o se d  A p p r o a c h  
I nitial c onf idenc e annotation sc or es c an pr ov ide a good star ting point f or  c onstr uc ting b elief s 
ov er  c onc ept v alues.  R elying only on c onf idenc e annotation sc or es to ac c omplish  th is task is 
h ow ev er  sub optimal.  Sub seq uent user  r esponses c an c ar r y additional inf or mation th at c ould b e 
used to adj ust c onf idenc e in a giv en c onc ept v alue.  I deally,  spoken dialogue systems sh ould 
lev er age th e inf or mation av ailab le in sub seq uent ev ents in th e dialogue,  and c ontinuously update 
th eir  b elief s th r ough out time.  

Th e pr ob lem is not c omputationally str aigh tf or w ar d.  Tab le 4  giv es a c ouple of  ex amples.  
Consider  th e f ir st ex ample.  An air  tr av el planning system h as alr eady ob tained th e v alue “N ew  
Y or k”  w ith  a c onf idenc e of  0 . 6  f or  th e depar tur e loc ation.  N ex t,  th e system engages in an 
ex plic it c onf ir mation,  and th e r ec ognition r esult f or  th e user  r esponse c ontains tw o h ypoth eses – 
“N ew ar k”  w ith  c onf idenc e 0 . 6  and “N ew  Y or k”  w ith  c onf idenc e 0 . 3 5 .  H ow  sh ould th e system 
update its b elief  f ollow ing th is ex c h ange?  Th e pr ob lem c an b e f or mulated as f ollow s:  giv en an 
initial b elief  ( i. e.  a pr ob ab ility distr ib ution) ov er  th e set of  c andidate v alues f or  a c onc ept,  and a 
set of  f eatur es c h ar ac ter iz ing th e system’ s ac tion and th e user ’ s r esponse,  c onstr uc t a model th at 
ac c ur ately updates th e initial b elief  b ased on th e giv en f eatur es.   

Sev er al appr oac h es c an b e env isioned.  Th e most simplistic  one w ould b e to per f or m a 
str aigh t-f or w ar d pr ob ab ilistic  update b y assuming independenc e b etw een th e ev idenc e pr ov ided 
b y suc c essiv e tur ns.  I n th is c ase,  th e c omputation amounts to multiplying th e c onf idenc e sc or es 
f or  th e dif f er ent c andidate v alues and r enor maliz ing.  Th is appr oac h  h as sev er al def ic ienc ies.  
Consider  th e sec ond ex ample in Tab le 4 .  I f  th e system r epeatedly h ear s a c onc ept v alue ( e. g.  
“B oston”  in th e giv en ex ample),  w h ile th e dialogue h ad alr eady mov ed f or w ar d,  th en it is likely 
th at th er e w as an or iginal misunder standing th at th e user  is tr ying to c or r ec t,  and th e r ec ognition 
pr oc ess f ails r epeatedly.  M ultiplying th e c onf idenc e sc or es and r enor maliz ing w ill b oost th e 
c onf idenc e in th e v alue h ear d,  w h ile in r eality th e opposite w ould b e desir ab le.  Th e appr oac h  
f ails b ec ause it makes unr ealistic  assumptions and it ignor es inf or mation ab out th e ac tion taken 
b y th e system pr ior  to th e user ’ s r esponse.  M or eov er ,  th is appr oac h  is not dir ec tly applic ab le 
w h en th e sub seq uent r ec ognition r esult does not c ontain a v alue f or  th e c onc ept under  
c onsider ation ( e. g.  ex ample 3  in Tab le 4 ).   

Anoth er  possib ility is to dev elop a set of  ad-h oc ,  h eur istic  r ules to gov er n th e update.  
F or  instanc e,  if  a c onc ept v alue is ex plic itly c onf ir med,  w e c an set its c onf idenc e sc or e to 1 .  I f  it 
is disc onf ir med,  w e c an set it to 0 .  A pr ob lem w ith  th is appr oac h  is th at user  c onf ir mations and 
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disc o n f ir m a t io n s c a n n o t  b e  de t e c t e d w it h  a b so l u t e  c e r t a in t y . M a k in g  t h is t y p e  o f  b in a r y  de c isio n s 
in  a l so  in a p p r o p r ia t e  g iv e n  t h e  in t e n de d u se  o f  t h e  c o n st r u c t e d b e l ie f s in  a  p r o b a b il ist ic  
f r a m e w o r k  f o r  m a k in g  e r r o r  h a n dl in g  de c isio n s.  

 
System belief:  New York / 0.6 
System action:  Did you say you wanted to fly out of New York?  
 (Explicit Confirmation) 
Decoded result:  Newark / 0.6 ; New York / 0.35 

1. 

{NewYork/0.6} + Explicit Confirmation + {NewArk/0.6; NewYork/0.35} = ? 

System belief:  Boston / 0.7 
System action:  When do you want to leave?  
 (Next Task Action) 
Decoded result:  Boston / 0.75 

2. 

{Boston/0.7} + Next Task Action + {Boston/0.75} = ? 

System belief:  Austin / 0.7; Aspen/0.2 
System action:  from Austin… When do you want to leave?  
 (Implicit Confirmation) 
Decoded result:  [_non_understanding_] + BargeIn 

3. 

{Austin/0.7; Aspen/0.2} + Implicit Confirmation + {}/BargeIn = ? 

 
Table 4.  Three examples of the belief updating problem: given an initial system 
 belief, a system action, and the recognition results for the user’s response, 
 how should the system update its belief about the departure location? 

 
I n st e a d,  I  p r o p o se  a  da t a -dr iv e n  a p p r o a c h . T w o  p o t e n t ia l  m o de l s a r e  de sc r ib e d b e l o w .  
M od e l  1 : Up d a t i n g  Be l i e fs  ov e r  Top -N Ca n d i d a t e  Va l u e s  i n  a  Dy n a m i c  Be l i e f 

 Ne t w or k  
T h is f ir st  p r o p o se d m o de l  u p da t e s t h e  b e l ie f s o v e r  t h e  t o p -N  c a n dida t e  v a l u e s f o r  a  

c o n c e p t  in  a  dy n a m ic  b e l ie f  n e t w o r k . 
T h e  m o de l  st r u c t u r e  w il l  b e  f ix e d a  p r io r i ( se e  F ig u r e  2 ). T h e  v a r ia b l e  o f  in t e r e st ,  C ,  

m o de l s t h e  b e l ie f  o v e r  t h e  c o n c e p t  v a l u e s a t  t im e s t a n d t+1. T h e  n o de  C a t  t im e  t m o de l s t h e  
in it ia l  sy st e m  b e l ie f . T h e  n o de  C a t  t im e  t+1 m o de l s t h e  t r u e  st a t e  o f  t h e  c o n c e p t ,  w h ic h  is t h e  
sa m e  a s t h e  de sir e d u p da t e d sy st e m  b e l ie f . T h e  e v ide n c e  n o de s c o r r e sp o n d t o  f e a t u r e s de sc r ib in g  
t h e  sy st e m ’ s l a st  a c t io n ,  a n d t h e  u se r ’ s r e sp o n se . T h e  u se r  r e sp o n se  f e a t u r e s c a p t u r e  b o t h  
c o n f ide n c e  a n n o t a t io n  in f o r m a t io n  a n d a sp e c t s r e l a t e d t o  c o r r e c t io n  de t e c t io n : t h e  p r e se n c e  o f  
p o sit iv e  o r  n e g a t iv e  l e x ic a l  m a r k e r s,  t h e  p a r se  q u a l it y  a n d u t t e r a n c e  l e n g t h ,  t h e  p r e se n c e  o f  
r e p e t it io n s o r  o f  n e w  in f o r m a t io n ,  e t c . T h e  e v ide n c e  c o r r e sp o n din g  t o  t h e  u se r  r e sp o n se  is 
c o n dit io n e d o n  b o t h  t h e  sy st e m  a c t io n  a n d o n  t h e  t r u e  st a t e  o f  t h e  c o n c e p t  C ,  c a p t u r e d b y  t h e  
t a r g e t  b e l ie f  a t  t im e  t+1. 

T h e  p a r a m e t e r s o f  t h e  m o de l  w il l  b e  l e a r n e d f r o m  da t a . T h e  a p p r o a c h  r e q u ir e s a  l a b e l e d 
c o r p u s,  w it h  t r a in in g  in st a n c e s c o n t a in in g  t h e  c u r r e n t  b e l ie f ,  t h e  sy st e m  a c t io n ,  t h e  u se r ’ s 
r e sp o n se ,  a s w e l l  a s t h e  a c t u a l  c o n c e p t  v a l u e  ( u se d t o  c o n st r u c t  t h e  t a r g e t  b e l ie f  f o r  c o n c e p t  C a t  
t im e  t+1). 
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A model which tracks the belief over all the possible values for a concept C would be 
most desirable. This approach is however intractable for concepts with larg e numbers of 
possible values such as city  names,  date and time concepts,  numbers,  etc. The massive number 
of parameters in such a model would render any  learning  and g eneraliz ation impossible. I nstead,  
I  propose an alternative in which we abstract over the actual set of possible values for a concept 
C ,  and estimate a belief for the current top-N candidate values for that concept,  without reg ard 
to what those top-N  values ex actly  are.  N is a small fix ed number. I n practice,  it is arg uably   
 

 
 
Figure 2. Potential structure for a dynamic belief network which models belief 
 updates over the top-N candidate values for a concept (only a subset of the 
 user response nodes are illustrated) 
 

sufficient to track beliefs over 3  to 5  candidate values. The technical aspects of the anticipated 
abstraction mechanism are discussed in more detail in Appendix  B . 

Model 2:  Up da t i n g  I n di v i du a l C on f i den c e Sc or es  Us i n g  Log i s t i c  Reg r es s i on  
The second proposed model does not update beliefs ( i.e. probability  distributions) over 

candidate values,  but rather the individual confidence scores of each candidate value. I n this 
approach,  the update problem can be formulated as a log istic reg ression task:  g iven an initial 
confidence score t

vc  for a certain candidate value v at time t ,  and a feature vector 
f characteriz ing  the sy stem action and following  user response,  construct an updated 
confidence score  1+t

vc .  
This model updates the confidence scores for each candidate value independently ,  and as 

a result the scores will no long er form a belief ( i.e. a normaliz ed distribution over possible 
values). F or instance,  in the third ex ample from Table 4,  the log istic reg ression model will be 
applied independently  to the “ Austin”  and “ Aspen”  candidate values to determine their updated 
confidence scores. This approach is no long er limited to tracking  only  the top-N  values,  since 
the log istic reg ression model can be instantiated repeatedly  for each candidate value. The 
advantag e comes at the price of making  an unrealistic assumption of independence between the 
candidate values. 
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Th e  n e g a t i v e  e ffe c t s  o f t h i s  a s s u m p t i o n  c a n  b e  p o t e n t i a l l y  c o u n t e r a c t e d  b y  a d d i n g  
fe a t u r e s  w h i c h  s u m m a r i z e  t h e  s e t  o f o t h e r  c a n d i d a t e  v a l u e s  fo r  t h a t  c o n c e p t ,  a s  w e l l  a s  t h e  
r e l a t i o n s h i p  b e t w e e n  t h e  v a l u e  a d d r e s s e d  b y  t h e  m o d e l  a n d  t h e  v a l u e s  i n  t h a t  s e t . F o r  i n s t a n c e ,  i n  
u p d a t i n g  t h e  c o n fi d e n c e  fo r  a  c e r t a i n  c a n d i d a t e  v a l u e  v,  w e  c a n  c o n s i d e r :  t h e  n u m b e r  o f o t h e r  
c a n d i d a t e  v a l u e s  fo r  t h e  s a m e  c o n c e p t  a t  t h a t  p o i n t  i n  t i m e ,  w h e t h e r  o r  n o t  v h a s  t h e  t o p  
c o n fi d e n c e  s c o r e ,  w h e t h e r  t h e  l a s t  s y s t e m  a c t i o n  e x p l i c i t l y  m e n t i o n e d  v o r  o n e  o f t h e  o t h e r  
v a l u e s ,  e t c . A  c a r e fu l  d e s i g n  o f t h e  fe a t u r e  s e t  i s  r e q u i r e d ,  b u t  t h e  p o t e n t i a l  b e n e fi t  i s  a  s i m p l e r  
m o d e l  w i t h  n o  c o n s t r a i n t s  o n  t h e  n u m b e r  o f c a n d i d a t e  v a l u e s  w h i c h  c a n  b e  h a n d l e d  a t  a n y  g i v e n  
t i m e .  
Evaluation 
Th e  p e r fo r m a n c e  o f t h e  p r o p o s e d  b e l i e f u p d a t i n g  m o d e l  w i l l  b e  e v a l u a t e d  i n  t e r m s  o f h a r d -e r r o r  
r a t e  (a c c u r a c y ) a n d  s o ft -e r r o r  r a t e  (a v e r a g e  l o g -p o s t e r i o r  o f t h e  c o r r e c t  v a l u e ). Th e  d e v e l o p e d  
m o d e l  w i l l  b e  c o m p a r e d  a g a i n s t  t h e  b a s e l i n e  p e r fo r m a n c e  o f s i m p l e  h e u r i s t i c  u p d a t e  r u l e s ,  s u c h  
a s  t h e  o n e s  c o m m o n l y  e n c o u n t e r e d  i n  t o d a y ’ s  s p o k e n  d i a l o g u e  s y s t e m s . 
T im e line  ( se e  A p p e nd ix  A ) 
Th e  t i m e l i n e  fo r  c o m p l e t i n g  t h i s  p r o p o s e d  w o r k  i t e m  i n c l u d e s :  
� P e r fo r m  a  d a t a  c o l l e c t i o n  e x p e r i m e n t  (D C -1 ) a i m e d  a t  c o n s t r u c t i n g  t h e  c o r p u s  n e c e s s a r y  

fo r  t r a i n i n g  a n d  e v a l u a t i n g  t h e  m o d e l . Th e  a n t i c i p a t e d  d a t a  c o l l e c t i o n  e ffo r t  w i l l  s t a r t  
o n c e  t h e  c o n c e p t -s c o p e d  s t r a t e g i e s  (s e e  S e c t i o n  6.3 ) a r e  o p e r a t i o n a l  (4  m o n t h s ,  
t i m e l i n e  i t e m  5);  

� D e v e l o p ,  e v a l u a t e  a n d  fi n e -t u n e  t h e  p r o p o s e d  m o d e l s ;  i n t e g r a t e  t h e m  i n  t h e  R a v e n C l a w  
d i a l o g u e  m a n a g e m e n t  fr a m e w o r k  (5 m o n t h s ,  t i m e l i n e  i t e m  6);  

� W r i t e  a  p a p e r  d e s c r i b i n g  t h e  d e v e l o p e d  b e l i e f u p d a t i n g  m e c h a n i s m  (3  m o n t h s ,  t i m e l i n e  
i t e m  8). 

� 6 .2 .3 . EX T EN S I O N  W O R K  I T EM :  P or tab ility  of  C onf id e nc e  A nnotation and  B e lie f  
U p d ating  S c h e m e s  
A n  i m p o r t a n t  i s s u e  t h a t  r e m a i n s  t o  b e  a d d r e s s e d  i n  t h e  c o n t e x t  o f t h e  c o n fi d e n c e  a n n o t a t i o n  a n d  
b e l i e f u p d a t i n g  m e c h a n i s m s  i s  h o w  w e l l  t h e y  t r a n s fe r  a c r o s s  d i ffe r e n t  s p o k e n  d i a l o g u e  s y s t e m s .  

A n  a s s e s s m e n t  o f t h e  p o r t a b i l i t y  o f t h e  d e v e l o p e d  m e c h a n i s m s  c a n  b e  e a s i l y  p e r fo r m e d  
b y  t r a i n i n g  t h e m  w i t h  d a t a  fr o m  o n e  d o m a i n  a n d  t e s t i n g  t h e i r  p e r fo r m a n c e  o n  d a t a  fr o m  a n o t h e r  
d o m a i n . C o n d i t i o n e d  o n  t h e  n a t u r e  o f t h e  o b s e r v e d  r e s u l t s ,  fo l l o w -u p  w o r k  w i l l  b e  a i m e d  a t  
i m p r o v i n g  p e r fo r m a n c e  i n  t h i s  r e s p e c t . Th e  g o a l  i s  t o  t r a n s fe r  t h e  c o n s t r u c t e d  c o n fi d e n c e  
a n n o t a t i o n  a n d  b e l i e f u p d a t i n g  m e c h a n i s m s  fr o m  o n e  d o m a i n  t o  a n o t h e r ,  a n d  o p t i m i z e  t h e i r  
p e r fo r m a n c e  i n  t h e  n e w  d o m a i n  w i t h  a  m i n i m a l  a m o u n t  o f e ffo r t . To  t h i s  e n d ,  I  i n t e n d  t o  
e x p l o r e  t e c h n i q u e s  s u c h  a s  c o -t r a i n i n g  a n d  s e l f-t r a i n i n g  [ 2 9 ,  3 9 ] ,  w h i c h  c a n  s u c c e s s fu l l y  l e v e r a g e  
s m a l l  a m o u n t s  o f l a b e l e d  d a t a  a n d  l a r g e r  a m o u n t s  o f u n l a b e l e d  d a t a  fr o m  a  n e w  d o m a i n  t o  
i n c r e a s e  p e r fo r m a n c e . 
� 6 .2 .4 . P R O P O S ED  W O R K  I T EM :  N on-U nd e r stand ing  and  D ialog ue -on-T r ac k

 I nd ic ator s 
G oals and  C ontr ib utions 
C o n s t r u c t  a  s e t  o f i n d i c a t o r s  w h i c h  c a r r y  i n fo r m a t i o n  a b o u t  t h e  p o t e n t i a l  s o u r c e s  o f n o n -
u n d e r s t a n d i n g s  (non-understanding indicators),  a n d  a  s e t  o f i n d i c a t o r s  w h i c h  m e a s u r e  h o w  w e l l  
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the dialogue is proceeding within the scope of a given discourse segment ( dialogue-on-track 
indicators). 
Proposed Approach 
N on-U nderstanding I ndicators 
A non-understanding is said to occur when the spok en dialogue sy stem is not ab le to ex tract any  
meaningful information from the semantic representation of the user’ s utterance ( see turns 6 ,  1 4 ,  
1 6  in the sample conversation from S ection 1 ). T his mode of failure can b e triggered b y  a large 
variety  of prob lems at different levels in the sy stem. S peech recognition prob lems,  such as 
b ack ground noises,  speak er variab ility ,  out-of-vocab ulary  words,  can lead to errors which can 
ultimately  result in non-understandings. I n some cases,  even if the recognition is successful,  out-
of-domain utterances and insufficient grammar coverage can generate similar prob lems at the 
language understanding level. F inally ,  even when b oth the recognition and parsing processes 
function correctly ,  the dialogue manager may  fail to integrate the information in the user’ s turn if 
that information falls outside the scope of the conversation as defined b y  the sy stem at a given 
point. I n this last case,  the prob lem appears at a higher,  pragmatic interpretation level,  b ut it still 
manifests itself as a non-understanding. 

I n general,  spok en dialogue sy stems k now with certainty  when non-understandings occur 
in dialogue – there was a user turn,  b ut no meaningful information could b e ex tracted from it. A 
b inary  non-understanding indicator is therefore directly  availab le in most sy stems. I n this work  I  
propose to construct a set of additional indicators which carry  information ab out the potential 
sources of the non-understandings. T hese indicators will provide the evidence for engaging in 
various strategies for handling non-understandings,  such as ask ing the user to repeat or rephrase,  
lex ically  entraining the user,  switching the input modality ,  etc. ( see S ection 6 .3 ,  and T ab le 6 ).  

 
Name Level Description 

RecoConf Recognition The confidence score of the recognition 

NoWords Recognition Indicates whether the recognition result contains any words 
(or just acoustic non-lexical events) 

SNR Recognition Signal-to-noise ratio for the channel 

NoParse Parsing Indicates whether or not the language understanding layer 
formed a semantic representation of the input 

ParseFragmentation Parsing Measures the parse quality in terms of fragmentation 

ParseCoverage Parsing Measures the parse quality in terms of how much coverage it 
provides for the user’s utterance 

BlockedMatch Interpretation In case there is a parse, indicates that the non-understanding 
occurred because the semantic input matched a system 
expectation that was currently blocked (i.e. the system was 
not open to talk about that subject at that point in time) 

NoMatch Interpretation In case there is a parse, indicates that the non-understanding 
occurred because the semantic input did not match any 
system expectation  

 
Table 5.  Some non-understanding indicators. 
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Table 5 illustrates some of the indicators currently under consideration. W ith the 
ex ception of the sig nal-to-noise ratio ( S N R ),  these indicators are already av ailable in the 
R av enC law  dialog ue manag ement framew ork . I n the future,  I  w ill concentrate on identifying  and 
implementing  other informativ e indicators,  at each of these three lev els:  recog nition,  lang uag e 
understanding  ( parsing ) and dialog ue manag ement ( interpretation).  
D ialog ue-on-Track  I ndicators 
The dialog ue-on-track  indicators w ill measure how  w ell the dialog ue is adv ancing  tow ards its 
g oals w ithin each discourse seg ment or topic. These indicators w ill prov ide the ev idence for 
eng ag ing  in topic-lev el error handling  strateg ies,  such as restarting  a topic,  sw itching  to an 
alternativ e dialog ue plan,  etc. ( see S ection 6 .3 ,  Table 6 ) 

A  first g roup of proposed dialog ue-on-track  indicators consists of topic-lev el summary 
statistics for each of the non-understanding  indicators discussed abov e ( e.g . counts,  av erag es,  
etc.) A  second g roup is represented by indicators w hich characteriz e the rate at w hich the 
dialog ue adv ances tow ards its g oals w ithin a g iv en discourse seg ment. E x amples of potential 
indicators in this second g roup include:  the ratio betw een task -lev el dialog ue actions and error 
handling  dialog ue actions,  the number of current consecutiv e error handling  actions ( error spiral 
depth),  etc.  

The anticipated w ork  w ill focus on defining  these indicators and implementing  the 
necessary support for computing  them at runtime in the R av enC law  dialog ue manag ement 
framew ork . 
Timeline ( see A ppend ix  A ) 
The timeline for completing  this proposed w ork  item includes:  
� I mplementation of the proposed indicators ( 3  months,  timeline item 7). 

6.3. S t r a t e g i e s  
� 6 . 3 . 1 .  P R O P O S E D  W O R K  I TE M :  C o nv er sa t io na l E r r o r  H a nd ling  S t r a t eg ies 

G o a ls a nd  C o nt r ib u t io ns 
I nv estig ate and construct task -independent,  reusable implementations for an ex tended set of 
conv ersational error handling  strateg ies.  
P r o po sed  A ppr o a ch  
The proposed plan for this w ork  item consists of three steps:  define the strateg ies,  implement 
them,  and ev aluate their performance. 

S t ep 1 :  D ef ine st r a t eg ies ( pa r t ia lly  co mplet ed ) 
The first step is to identify a larg e set of conv ersational error handling  strateg ies w hich 

can be used to address freq uent problems in human-computer dialog ue. The ex isting  literature 
prov ides a g ood starting  point for this task  ( see S ection 5.2 ). F urthermore,  an analysis of errors 
in human-computer dialog ue corpora may lead to additional alternativ es.  

Tables 6  and 7 present the list of strateg ies that are currently under consideration. The 
strateg ies are g rouped in sev eral classes. The lev el of abstraction introduced by the proposed 
classification supports v arious architectural desig n choices in the error handling  decision process 
( see S ection 6 .4 ),  and prov ides a framew ork  for identifying  and accommodating  new  strateg ies to 
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be proposed in the future. 
A  first c ha ra c teristic  sepa ra ting  the stra teg ies into tw o m a j or c l a sses is w hether they  a re 

initia ted by  the sy stem  or by  the user. A  num ber of sy stem -initia ted stra teg ies a re presented in 
Ta bl e 6 ;  they  w il l  c onstitute the set of a c tions for the error ha ndl ing  dec ision proc ess. The user-
initia ted stra teg ies, il l ustra ted in Ta bl e 7 , w il l  be a v a il a bl e a s error ha ndl ing  c onv ersa tiona l  sk il l s 
tha t the sy stem  c a n eng a g e in a t the user’ s req uest. 

The sy stem -initia ted error ha ndl ing  stra teg ies ha v e tw o m a in responsibil ities:  ( 1)  to 
ensure tha t the sy stem  opera tes w ith c orrec t inform a tion a nd ( 2 )  to ensure tha t the dia l og ue is 
on tra c k  a nd is a dv a nc ing  norm a l l y  tow a rds its g oa l s. D epending  on w hic h one of these tw o 
g oa l s they  a ddress, the sy stem -initia ted stra teg ies c a n be further c l ustered into tw o c l a sses ( see 1st 
c ol um n in Ta bl e 6 ) . 

Stra teg ies in the first c l a ss a im  to ensure tha t the sy stem  opera tes w ith c orrec t 
inform a tion. They  a ddress potentia l  m isundersta nding s, i.e. situa tions w hen the sy stem  ha s 
a l rea dy  a c q uired som e inform a tion, but is unc erta in a bout its rel ia bil ity . These stra teg ies opera te 
on indiv idua l  c onc epts, a nd inc l ude ex pl ic it a nd im pl ic it c onfirm a tion, disa m big ua tion, a sk ing  
the user to repea t the v a l ue of a  c onc ept, a nd rej ec ting  the v a l ue of a  c onc ept.  

Stra teg ies in the sec ond c l a ss a im  to ensure tha t the dia l og ue is on tra c k  a nd is a dv a nc ing  
norm a l l y  tow a rds its g oa l s. A  first subset of these stra teg ies a ddresses l oc a l , turn-l ev el  non-
understa nding s, i.e. situa tions in w hic h the sy stem  fa il s to ex tra c t a ny  m ea ning ful  inform a tion 
from  the user’ s turn. This subset inc l udes stra teg ies l ik e sw itc hing  the input m oda l ity , a sk ing  the 
user to repea t or rephra se, notify ing  the user tha t a  non-understa nding  ha s oc c urred, prov iding  
m ore hel p, etc . A  sec ond subset of stra teg ies in this c l a ss is g ea red tow a rds g l oba l , disc ourse-
l ev el  c om pounded probl em s, a nd inc l udes stra teg ies suc h a s resta rting  a  topic , sw itc hing  to a n 
a l terna tiv e dia l og ue pl a n, ha nding -ov er the intera c tion to a n opera tor, etc .   

F ina l l y , the dia l og ue entity  a ddressed by  ea c h stra teg y  – c onc ept, turn, or topic  ( see 2 n d  
c ol um n in Ta bl e 6 )  – prov ides a  third dim ension for c l a ssify ing  the stra teg ies, a nd inform s 
v a rious desig n c hoic es in the error ha ndl ing  dec ision proc ess ( see Sec tion 6 .4 ) . 

The func tiona l ity  of ea c h stra teg y  w il l  be defined in term s of the sy stem  beha v ior a s w el l  
a s the ex pec ted user beha v iors during  the ex ec ution of the stra teg y . The sec ond pa rt is v ery  
im porta nt. Spok en dia l og ue sy stem s m ust k now  how  to eng a g e in error ha ndl ing  stra teg ies, but 
a l so how  to ha ndl e the fol l ow -up user responses. C erta in stra teg ies, suc h a s im pl ic it 
c onfirm a tion, disa m big ua tion, etc . c a n trig g er c om pl ex  user rea c tions [ 3 1] , a nd ha v e the potentia l  
to l ea d the dia l og ue into a  spira l  of errors. The sy stem  m ust be a bl e to c onstra in or c orrec tl y  
a ntic ipa te the c om m on user responses w ithin ea c h of the proposed error ha ndl ing  stra teg ies. 

Step 2: I m pl em en t ( pa r ti a l l y  c o m pl eted )  
The sec ond step is to im pl em ent the sel ec ted stra teg ies in the R a v enC l a w  dia l og ue 

m a na g em ent fra m ew ork . The a ntic ipa ted im pl em enta tion effort w il l  be dom ina ted by  tw o 
a spec ts:  the first one is im pl em enting  the desired func tiona l ity  in a  ta sk -independent fa shion;  the 
sec ond one is c onstruc ting  the nec essa ry  support in the l a ng ua g e understa nding  a nd l a ng ua g e 
g enera tion c om ponents of the sy stem . 

10  of the 3 0  stra teg ies c urrentl y  under c onsidera tion ha v e been a l rea dy  im pl em ented in 
the R a v enC l a w  dia l og ue m a na g em ent fra m ew ork  ( see Ta bl es 6  a nd 7 ) . W ork  is in prog ress on 4  
others. F or the rest of the stra teg ies, the l a st c ol um n in Ta bl es 6  a nd 7  indic a tes the a ntic ipa ted 
diffic ul ty  of the im pl em enta tion effort.  
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Implementation Goal  

Type of problem 
addressed 

Dialogue 
Entity  

Strategy Name 
 Example 

Status Expected 
difficulty 

Explicit Confirmation 
 Did you say you wanted to fly from Pittsburgh? 

Finished  

Implicit Confirmation 
 from Pittsburgh … When do you want to fly? 

In 
progress 

Difficult 

Disambiguation (* ) 
 Did you want to leave from Boston or Austin? 

 Difficult 

Ask Repeat Concept (* ) 
 Can you tell me again where were you flying from? 

 Easy 

Ensure that the 
system operates 
with reliable 
information 

misunderstandings 

Concept 

Reject Concept 
 I’m sorry I don’ t think I understood the city name 

 Easy 

Switch Input Modality 
 Can you please dial that number on the phone pad? 

 Easy 

SNR Repair  
 I think there is a lot of noise on the line. Can you 
 please move to a quieter environment? 

 Moderate 

Ask Repeat Turn 
 Can you repeat that please? 

In 
progress 

Easy 

Ask Rephrase Turn 
 Could you please rephrase that? 

In 
progress 

Easy 

Notify Non-understanding 
 I’m sorry, I’m not sure I understood you correctly 

Finished  

Explicit Confirm Turn 
 Did you mean you wanted to fly tomorrow? 

 Difficult 

Targeted Help (* ) 
 To make a hotel reservation, you could try something 
 like “ I’d like a hotel in San Francisco”  

 Difficult 

WH-Reformulation (* ) 
 You said you wanted a hotel where? 

 Difficult 

Keep-a-word Reformulation (* ) 
  What about Pittsburgh? 

 Difficult 

Gener ic Help 
 Here are some tips for a smooth interaction… 
 Please speak clearly and naturally. If you wish to 
 make a correction just restate the new information … 

 Easy 

Turn 

You Can Say … 
 You can say a city name, followed by a state name, like 

 ‘Austin, Texas’ . To hear other things you can say at 
 this point, say ‘More’ . 

In 
progress 

Easy 

Restar t (Sub)Task Plan 
 Okay, I’m sorry I’m a bit confused. Let’s try this 
 part again…. 

 Difficult 

Select Alternative (Sub)Task Plan 
 Okay, let’s try this in a different way. Can you first 
 tell me the state? 

 Moderate 

Ensure that the 
dialogue is on 
track, and 
advancing 
normally towards 
its goals 

non-understandings 
and problems at the 
discourse level 

 
Topic 

Star t Over  
 I’m sorry I am a bit confused. I’m afraid we will have 
 to start over. 

Finished  
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Terminate Session / Hand Over 
 I’m sorry I got a bit confused. I will transfer you to 
 an operator now. 

 Easy 

 
Table 6. System-initiated conversational error handling strategies; the strategies 

marked with a star (*)will be implemented only if the time constraints will 
allow it. 

 
Implementation Strategy Name 

 Example 
Status Expected 

difficulty 

Help 
 Help! 

Finished  

Where Are We 
 Where are we? 

Finished  

Start Over 
 Can we start from the beginning? 

Finished  

Scratch Concept Value 
 You’ve got the wrong city name! 

 Difficult 

Go Back 
 No, I didn’t mean that… Go back! 

 Difficult 

Channel Establishment 
 Hello! Hello! Are you still there? 

Finished  

Suspend / Resume 
 Suspend! 

Finished  

Repeat 
 Can you say that again? 

Finished  

Summarize 
 Summarize! 

 Moderate 

Quit 
 Bye bye! 

Finished  

 
Table 7.  User-initiated conversational error handling strategies 
 
S t e p  3: A n a l y z e  a n d  R e f i n e  
T h e  t h i r d  a n d  l a s t  s t e p  i n  t h i s  w o r k  i t e m  i s  t o  a n a l y z e  t h e  p e r f o r m a n c e  o f  t h e  

i m p l e m e n t e d  s t r a t e g i e s ,  a n d  b r i n g  f u r t h e r  r e f i n e m e n t s  i n  l i g h t  o f  t h e  o b s e r v e d  r e s u l t s .  
F i r s t ,  I  w i l l  v a l i d a t e  t h e  t a s k -i n d e p e n d e n c e  a n d  r e u s a b i l i t y  c l a i m s  f o r  t h e  c o n s t r u c t e d  

e r r o r  h a n d l i n g  s t r a t e g i e s .  T h i s  g o a l  w i l l  b e  a c h i e v e d  b y  d e p l o y i n g  t h e  s t r a t e g i e s  i n  d i f f e r e n t  
R a v e n C l a w -b a s e d  s p o k e n  d i a l o g u e  s y s t e m s .  P o t e n t i a l  p r o b l e m s  a n d  l i m i t a t i o n s  w i l l  b e  i d e n t i f i e d  
b y  a n a l y z i n g  t h e  d i a l o g u e  c o r p u s  c o l l e c t e d  t h r o u g h o u t  t h e  b a c k g r o u n d  d a t a  c o l l e c t i o n  p r o c e s s  
( B D C )  a n d  t h e  f i r s t  s e t  o f  d a t a  c o l l e c t i o n  e x p e r i m e n t s  ( D C -1 ) .  I n  l i g h t  o f  t h e  o b s e r v e d  r e s u l t s ,  I  
w i l l  m a k e  t h e  n e c e s s a r y  a d j u s t m e n t s  a n d  r e f i n e m e n t s  i n  t h e  d e f i n i t i o n s  a n d  i m p l e m e n t a t i o n s  o f  
t h e  p r o p o s e d  s t r a t e g i e s .  
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Secondly, I plan to analyze the efficiency of the tu r n-lev el non-u nder standing  str ateg ies6. 
It is im por tant to note that the efficiency of a str ateg y cannot b e defined in g ener al, b u t r ather  
depends on the decision pr ocess that is u sed to eng ag e it – a str ateg y w ill clear ly b e m or e 
efficient if eng ag ed ex actly w hen needed ( i.e. w hen the pr ob lem  that the str ateg y addr esses is the 
one cu r r ently affecting  the inter action) 7. N ev er theless, w e can estab lish low er  and u pper  b ou nds 
on the efficiency of these str ateg ies.  

A low er  b ou nd for  the efficiency of each non-u nder standing  str ateg y w ill b e constr u cted 
b y analyzing  these str ateg ies in conj u nction w ith a decision pr ocess that eng ag es them  u nifor m ly. 
T his fir st ev alu ation w ill b e b ased on data g ather ed in the D C -1  ex per im ents ( see Appendix  A), 
and is ex pected to r ev eal r ou g h, “ on av er ag e”  differ ences b etw een the v ar iou s non-
u nder standing  str ateg ies. F or  instance, a str ateg y w hich lex ically entr ains the u ser  is ex pected to 
b e m or e efficient on av er ag e than one w hich m er ely r epeats the pr ev iou s system  pr om pt. In 
addition, I plan to constr u ct a “ g old standar d”  [4 1 ]  for  the efficiency of these str ateg ies b y 
per for m ing  a w izar d-of-oz ex per im ent in w hich the decision pr ocess w ill b e per for m ed b y a 
hu m an oper ator . T he w izar d w ill hav e fu ll k now ledg e of the u ser ’ s u tter ances, and of the 
system ’ s per ception of the u ser  u tter ances ( e.g . r ecog nition r esu lts, v ar iou s indicator s, etc). T his 
second ev alu ation w ill pr ov ide an u pper  b ou nd for  the per for m ance of each non-u nder standing  
str ateg y. At the sam e tim e, it w ill ser v e as a check point in v alidating  the hypothesis that the 
pr oposed non-u nder standing  str ateg ies can indeed incr ease the r ob u stness of spok en dialog u e 
system s.  
Evaluation 
See Step 3  of the pr oposed plan for  this w or k  item . 
T im e line  ( se e  A p p e nd ix  A ) 
T he tim eline for  com pleting  this pr oposed w or k  item  inclu des:  
� C om plete the im plem entation of the m isu nder standing  and non-u nder standing  er r or  

handling  str ateg ies in the R av enC law  fr am ew or k  ( 4  m onths, tim eline item  1 );  
� E v alu ate non-u nder standing  str ateg ies in conj u nction w ith a decision pr ocess w hich 

eng ag es them  u nifor m ly, and in the descr ib ed W O Z  setting . Im plem ent the r em inder  
of the str ateg ies ( 6  m onths, tim eline item  4 ) 

� W r ite a paper  descr ib ing  the task -decou pled im plem entation of conv er sational er r or  
handling  str ateg ies in the R av enC law  dialog u e m anag em ent fr am ew or k  ( 3  m onths, 
tim eline item  3 ). 

6.4. E r r o r  H a n d l i n g  D e c i s i o n  P r o c e s s  
� 6 . 4 . 1 .  P R O P O S ED  W O R K  I T EM :  Er r or  H and ling  D e c ision P r oc e ss 

G oals /  C ontr ib utions 
D ev elop a dialog u e-task -independent, adaptiv e, and scalab le data dr iv en appr oach for  lear ning  
er r or  handling  policies in spok en dialog u e system s. 
 
                                                 
6 A simple metric which can be used to measure efficiency is the percentage of times that the next turn contains 
another non-understanding. Other metrics, involving the lengths of the error segments can also be envisioned.  
7 Other factors, such as interaction type, user population, etc. might also affect the efficiency of each strategy 
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Proposed Approach 
To accomplish these goals, I  pr opose to u se a r ein f or cemen t lear n in g b ased  appr oach. 
R ein f or cemen t lear n in g has alr ead y  b een  u sed  su ccessf u lly  to d er iv e optimal d ialogu e con tr ol 
policies in  sev er al spok en  d ialogu e sy stems oper atin g w ith small task s [ 3 3 , 5 2, 5 4, 5 7 ]  ( see 
S ection  5 .3 .4 f or  a b r ief  r ev iew ) . O n e of  the main  ad v an tages of  this appr oach is that it allow s a 
sy stem to lear n  f r om ex per ien ce an d  ther ef or e ad apt to the char acter istics of  par ticu lar  d omain s, 
an d  to slow  chan ges in  these char acter istics. F u r ther mor e, the appr oach allow s lear n in g f r om 
d elay ed  f eed b ack , an  impor tan t f eatu r e giv en  the tempor al aspects of  hu man -compu ter  
in ter action . 

The r ein f or cemen t lear n in g appr oaches pr oposed  to d ate su f f er  how ev er  f r om on e 
impor tan t shor tcomin g, w hich so f ar  has pr ev en ted  their  u se in  lar ge, pr actical spok en  d ialogu e 
sy stems. The pr ob lem is lack  of  scalab ility . The main  d if f icu lty  ar ises f r om the d esign  of  the 
state-space of  the u n d er ly in g M ar k ov  D ecision  P r ocess. The n u mb er  of  par ameter s to b e 
estimated  in  the mod el ( the tr an sition  pr ob ab ility  matr ix )  gr ow s q u ad r atically  w ith the n u mb er  of  
states. The n u mb er  of  states gr ow s ex pon en tially  w ith the n u mb er  of  state v ar iab les, w hich in  
tu r n  gr ow s lin ear ly  w ith the siz e of  the task  to b e per f or med . I n  spok en  d ialogu e sy stems 
oper atin g w ith lar ger  task s, this lead s to an  ex plosion  of  the state-space w hich mak es the lear n in g 
pr ob lem in tr actab le. To allev iate this pr ob lem, an  ab str action  of  the d ialogu e state is of ten  u sed  
to d esign  the u n d er ly in g M D P , at the cost of  poten tially  v iolatin g the M ar k ov ian  assu mption . 
This ty pe of  ab str action  can  y ield  a lin ear  gr ow th of  the state-space w ith the siz e of  the task , b u t 
w e ar e still f aced  w ith a q u ad r atic gr ow th of  the n u mb er  of  par ameter s an d  u ltimately  tr ain in g 
d ata r eq u ir emen ts. 

Con sid er  as an  ex ample the N J F u n  spok en  d ialogu e sy stem [ 5 7 ] . The sy stem oper ated  
w ith 3  con cepts ( attr ib u tes) . The state space w as d ef in ed  b y  7  state v ar iab les, w ith on e v ar iab le 
captu r in g the attr ib u te the sy stem w as cu r r en tly  w or k in g on . This r esu lted  in  state-space siz e of  
62. A  d ialogu e con tr ol policy  w as lear n ed  f r om 3 1 1  d ialogu e session s. Con sid er  n ow  a spok en  
d ialogu e sy stem w hich oper ates w ith 1 2 in stead  of  3  con cepts8. U sin g the same d ialogu e-state 
ab str action , the r esu ltin g M D P  w ou ld  hav e 242 states in  this case. A lthou gh the siz e of  the state-
space in cr eased  on ly  4 times, the n u mb er  of  par ameter s to b e estimated  in  the mod el, an d  hen ce 
the amou n t of  d ata n eed ed  to con v er ge on  a policy  gr ow s 1 6 times. G iv en  the d if f icu lties an d  
high costs associated  w ith ob tain in g tr ain in g d ata f or  spok en  d ialogu e sy stems, this appr oach 
b ecomes q u ick ly  impr actical w hen  applied  to sy stems oper atin g w ith lar ger , pr actical task s. 

A  secon d  shor tcomin g of  the r ein f or cemen t lear n in g techn iq u es pr oposed  so f ar  is that 
the lear n ed  d ialogu e policies can n ot b e r eu sed  acr oss task s. This pr ob lem also stems f r om the 
d esign  of  the u n d er ly in g M D P . The state an d  action  spaces ar e con str u cted  star tin g f r om the 
actu al d ialogu e states an d  action s, an d  r etain  task -specif ic aspects. F or  each n ew  sy stem b ein g 
b u ilt, a n ew  M D P  has to b e con str u cted , n ew  d ata has to b e collected , an d  a n ew  tr ain in g phase 
is n ecessar y . The lear n in g appr oach is aimed  at au tomatically  d er iv in g an  optimal d ialogu e policy  
w hile min imiz in g the d ev elopmen t ef f or t, b u t in  r eality  q u ite a lar ge amou n t of  ex per tise an d  
ef f or t ar e still r eq u ir ed  at d ev elopmen t time.  

The d isser tation  w or k  pr oposed  in  this d ocu men t aims to ov er come these d r aw b ack s. 
The goal is to d ev elop a r ein f or cemen t lear n in g b ased  solu tion  to the pr ob lem of  mak in g er r or  
han d lin g d ecision s. The solu tion  shou ld  b e task -in d epen d en t, scalab le an d  shou ld  f av or  
r eu sab ility  of  the lear n ed  policies acr oss d if f er en t d omain s. 
                                                 
8 Some of the RavenClaw-based spoken dialogue systems have a much larger number of concepts: RoomLine 
uses 20, CMU Let’s Go!! Bus Information System uses 27, LARRI uses over 31 (the task grows dynamically) 
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The anticipated solution is b ased on tw o ideas.  
1 .  Decouple the er r or  handling  decisions f r om  the task  contr ol decisions and f ocus  the 

r einf or cem ent lear ning  pr ocess only  on the er r or  handling  policies;  
2.  L ev er ag e the independences that ex ist b etw een dif f er ent sub par ts of  the dialog ue 

task . 
The f ir st idea is to concentr ate the r einf or cem ent lear ning  pr ocess only  on lear ning  er r or  

handling  policies,  as opposed to all the dialog ue contr ol decisions. Tr aditionally ,  r einf or cem ent 
lear ning  appr oaches hav e b een aim ed at der iv ing  the w hole dialog ue policy ,  w hich includes b oth 
er r or  handling  and task -specif ic contr ol aspects. F or  instance,  the action set in N J F un [ 5 7 ]  
captur ed b oth er r or  handling  actions,  such as ex plicitly  conf ir m ing  an item ,  and task -specif ic 
actions,  such as g r eeting  the user  and pr ov iding  the r esults;  sim ilar ly ,  the state-space included a 
v ar iab le indicating  w hether  the user  had b een g r eeted or  not. I n this w or k ,  I  pr opose to decouple 
the er r or  handling  and task -specif ic contr ol aspects of  the dialog ue,  and use r einf or cem ent 
lear ning  to der iv e only  the er r or  handling  policy . The task -specif ic contr ol decisions w ill b e 
handled separ ately  b y  a pur ely  deter m inistic dialog ue m anag em ent f r am ew or k ,  such as the 
hier ar chical-plan b ased appr oach in R av enC law 9.  

This appr oach has sev er al adv antag es. F ir st,  it sim plif ies the r einf or cem ent lear ning  
pr ob lem :  the state and action spaces b ecom e sm aller  since w e ar e no long er  concer ned w ith 
task -specif ic contr ol decisions. S econd,  the lear ned policies ar e m or e lik ely  to tr ansf er  to new  
task s and dom ains,  since they  ar e decoupled f r om  the actual dialog ue task  to b e per f or m ed b y  
the sy stem . L ast b ut not least,  the decoupling  w ill f ur ther  lessen the dev elopm ent ef f or t b y  
allow ing  sy stem  author s to f ocus their  attention only  on the task -specif ic aspects of  the dialog ue,  
w hile not concer ning  them selv es w ith the under ly ing  uncer tainties and er r or  handling  aspects. 

The second centr al idea is to m ak e use of  the independence r elationships that ex ist 
b etw een dif f er ent par ts of  a dialog ue task . F or  instance,  in a f lig ht r eser v ation sy stem ,  the 
m echanism s b y  w hich the sy stem  ensur es the cor r ectness of  the depar tur e city  can b e saf ely  
assum ed to oper ate independently  of  the status of  the other  slots ( e.g . depar tur e tim e,  ar r iv al 
city ,  etc). Most of ten,  the er r or  handling  m echanism s can oper ate on a local b asis,  independent 
of  w hat happens in other  sub par ts of  the dialog ue. I  intend to lev er ag e this ty pe of  independence 
assum ptions,  and use a “ div ide and conq uer ”  appr oach to m ak e the r einf or cem ent lear ning  
techniq ues tr actab le in pr actical,  com plex  spok en dialog ue sy stem s.  

I  w ill now  descr ib e in detail the pr oposed decision pr ocess,  b ased on the ideas outlined 
ab ov e.  
 

G a t e d  M a r k o v  D e c i s i o n  P r o c e s s e s  
F ig ur e 3  illustr ates the ov er all str uctur e of  the pr oposed er r or  handling  decision pr ocess. 
A separ ate Mar k ov  Decision P r ocess ( MDP ) is associated w ith each concept and each 

topic ( i.e. dialog ue ag ent,  i.e. node) in the dialog ue task  tr ee 1 0 . The r ole of  concept-MDPs is to 
ensur e that their  cor r esponding  concept holds cor r ect inf or m ation. The action-space f or  these 
m odels spans the concept-lev el str ateg ies ( see Tab le 6),  such as ex plicit conf ir m ation,  im plicit 
                                                 
9 The idea of decoupling task specific control decisions from error handling decisions and focusing the 
reinforcement learning on the latter also appears in Konrad Scheffler’s Ph.D. thesis on automatic learning of 
dialogue strategies [52] as a subject for future work. 
10 Note that both the figure and the following discussion make reference to the RavenClaw dialogue 
management framework. The proposed approach can nevertheless be implemented in any dialogue management 
framework that exposes a notion of concept (i.e. slot, attribute), and a notion of topic (i.e. discourse segment). 
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co n f i r m a t i o n ,  d i sa m b i g u a t i o n ,  e t c. Th e  r o l e  o f  t h e  topic-MDPs i s t o  e n su r e  t h a t  t h e  d i a l o g u e  
a d v a n ce s n o r m a l l y  t o w a r d s i t s g o a l s w i t h i n  e a ch  t o p i c ( d i sco u r se  se g m e n t ). Th e  t o p i c-M D P s t h a t  
co r r e sp o n d  t o  r e q u e st  d i a l o g u e  a g e n t s ( t e r m i n a l  n o d e s i n  t h e  d i a l o g u e  t a sk  t r e e 11) h a n d l e  t h e  
t u r n -l e v e l  n o n -u n d e r st a n d i n g  st r a t e g i e s,  w h i l e  t h e  t o p i c-M D P s r u n n i n g  o n  n o n -t e r m i n a l  d i a l o g u e  
a g e n t s h a n d l e  t h e  t o p i c-l e v e l  st r a t e g i e s.  

A t  e a ch  t u r n  i n  t h e  d i a l o g u e ,  a l l  t h e  M D P s a r e  p o l l e d  f o r  t h e i r  d e ci si o n s. A  g a t i n g  
m e ch a n i sm  [ 3 6 ]  i s t h e n  u se d  t o  a r b i t r a t e  b e t w e e n  t h e  a ct i o n s su g g e st e d  b y  t h e  i n d i v i d u a l  M D P s,  
a n d  d e ci d e  w h i ch  a ct i o n  w i l l  b e  u l t i m a t e l y  p e r f o r m e d  b y  t h e  sy st e m . 

 

 
Figure 3. Structure of the proposed Gated-MDP model. At each time step, each of 
 the MDPs running on the concepts and topics in the dialogue task tree 
 forwards at their suggested action to a gating mechanism, which ultimately 
 decides which action will be performed by the system. 
 
Th e  p r o p o se d  a p p r o a ch  h a s se v e r a l  a d v a n t a g e s. F i r st ,  t h e  si z e  o f  t h e  co n ce p t -M D P s a n d  

t o p i c-M D P s ca n  b e  m a i n t a i n e d  r e l a t i v e l y  sm a l l . Th e  st r u ct u r e  o f  t h e  m o d e l s ( i n  t e r m s o f  st a t e  
a n d  a ct i o n  sp a ce s) i s t h e  sa m e  a cr o ss a l l  co n ce p t -M D P s a n d  a cr o ss a l l  t o p i c-M D P s. A s t h e  
co m p l e x i t y  o f  t h e  t a sk  g r o w s,  t h e  n u m b e r  o f  M D P s g r o w s,  b u t  t h e  d i m e n si o n s a n d  st r u ct u r e  o f  
t h e  i n d i v i d u a l  m o d e l s r e m a i n  f i x e d . A  m o r e  co m p l e x  t a sk  m e a n s a  l a r g e r  n u m b e r  o f  m o d e l s ( o r  
m o d e l  i n st a n t i a t i o n s),  r a t h e r  t h a n  a  m o r e  co m p l e x  m o d e l  st r u ct u r e . 

S e co n d ,  n o t  o n l y  t h e  st r u ct u r e ,  b u t  a l so  t h e  p a r a m e t e r s ( t r a n si t i o n  p r o b a b i l i t i e s) o f  t h e  
M D P s ca n  b e  t i e d  a cr o ss m o d e l s. F o r  i n st a n ce ,  i n  a  f l i g h t  r e se r v a t i o n  sy st e m ,  t h e  m o d e l  
r e sp o n si b l e  f o r  g r o u n d i n g  t h e  d e p a r t u r e  ci t y  co n ce p t  sh o u l d  p r o b a b l y  b e h a v e  i n  t h e  sa m e  
m a n n e r  a s t h e  m o d e l  r e sp o n si b l e  f o r  g r o u n d i n g  t h e  a r r i v a l  ci t y . Th e  d e ci si o n  t o  t i e  m o d e l s i s 
b e st  i n f o r m e d  b y  k n o w l e d g e  a n d  co n st r a i n t s f r o m  t h e  d o m a i n ,  a n d  i s l e f t  t o  t h e  sy st e m  a u t h o r . 
Ty i n g  t h e  m o d e l s h a s t h e  p o t e n t i a l  t o  g r e a t l y  i m p r o v e  sca l a b i l i t y ,  si n ce  t h e  a ct u a l  n u m b e r  o f  
p a r a m e t e r s t h a t  n e e d  t o  b e  l e a r n e d  w i l l  g r o w  su b -l i n e a r l y  w i t h  t h e  si z e  o f  t h e  t a sk . M o d e l  t y i n g  
                                                 
11 In RavenClaw, the request dialogue agents occupy terminal (leaf) positions in the dialogue task tree. Their 
role is to ask the user a question (or present some information) and then give the turn to the user.  
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also permits a certain degree of control over the complexity of the overall model, which can be 
adj u sted to match the available training data. 

Third, expert k nowledge can be u sed to provide a reasonable starting point for the error 
handling policies. The initial policies for the u nderlying M D P s can be easily handcrafted su ch as 
to produ ce sensible behaviors throu ghou t the exploration phase of the learning. 

F ou rth, the proposed approach favors reu sability. S ince the individu al M D P s are 
decou pled from the actu al dialogu e task  performed by the system, the policies learned within a 
certain dialogu e task  can potentially be reu sed in other task s. I n the least, the policies derived in 
one task  can serve as good starting points for exploration and learning in a new task . 

L ast bu t not least, the approach can easily accommodate dynamic dialogu e task  
generation. Traditional R L -approaches cannot be applied when the dialogu e task  is not precisely 
k nown in advance, since the u nderlying M D P  has to be designed based on the dialogu e task . 
The proposed approach circu mvents this problem by decou pling the stru ctu re of the concept- 
and topic-M D P s from the actu al dialogu e task . The dialogu e task  tree can be extended 
dynamically at ru ntime, and new instances of concept- and topic-M D P s can be added on the fly. 

A potential problem of the proposed approach is that by ru nning separate decision 
processes for each concept and topic in the dialogu e, we are assu ming independence between 
the error handling decisions across these entities. W hile this assu mption is reasonable in a large 
nu mber of cases, it is lik ely that sometimes better decisions cou ld be made by tak ing into 
accou nt a larger context. This problem can potentially be alleviated by inclu ding other global, 
bu t still task -independent variables in the state-space design of the u nderlying M D P s. 

N ext, I  discu ss in more detail each of the maj or components of this decision process:  the 
gating mechanism, the design of the concept- and topic-M D P s, the reward stru ctu re, and choice 
of learning algorithms. 

G ating M echanism 
The gating mechanism arbitrates between the set of actions su ggested by the concept- 

and topic-M D P s at each time step. This arbitration process is necessary since in general the 
system cannot engage in more than one error handling strategy simu ltaneou sly.  

I  anticipate that a simple heu ristic gating mechanism derived from domain-independent 
dialogu e principles will su ffice. F or instance, the gating mechanism cou ld prioritiz e the concept- 
and topic-M D P s by giving preference to topics over concepts, and generally to topics and 
concepts that are closer to the cu rrent focu s of the conversation. M ore sophisticated 
mechanisms might inclu de more information from the ru n-time discou rse stru ctu re, as well as 
information abou t the identity of the actions, or their u tilities in the u nderlying M D P s. 

An alternative option wou ld be to attempt to learn an optimal gating fu nction from data. 
The problem amou nts to optimally coordinating a set of M D P s, and has recently received some 
attention in the reinforcement learning commu nity [3] . G iven however the large amou nts of 
k nowledge abou t the gating behavior that can be inferred from first dialogu e principles, I  
consider the heu ristic approach more practical and j u stified in this case. 

S tru ctu re of concept-M D P s and topic-M D P s 
The stru ctu re of the u nderlying concept- and topic-M D P s will be dictated by the 

indicators and strategies constru cted in P arts I  and I I  of the proposed dissertation work  ( see 
S ections 6.2  and 6.3) . The state spaces will be defined by an informative su bset of the cartesian 
produ ct of the selected indicators. The actions will correspond directly to the available system-
initiated conversational error handling strategies which operate on concepts, tu rns and topics 
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(see Table 6).  I  br i ef ly  d i sc u ss a c o u p le o f  an t i c i p at ed  d esi g n s belo w  (t h ey  ar e su bj ec t  t o  c h an g e 
u p o n  f u r t h er  i n v est i g at i o n ).  

 
Figure 4. Sample structure for a concept-MDP: the model has 4 actions and 6 
 states corresponding to five levels of confidence on the top candidate value 
 and whether or not there is a candidate value (for clarity, the transitions are 
 not illustrated; they go from every action to every state). 

 
Th e c o n c ep t -M D P s ai m  t o  en su r e t h at  t h e sy st em  h as t h e c o r r ec t  v alu e f o r  eac h  c o n c ep t .  

Th ei r  ac t i o n s ar e t h e c o n c ep t -lev el st r at eg i es:  ex p li c i t  c o n f i r m at i o n ,  i m p li c i t  c o n f i r m at i o n ,  
d i sam bi g u at i o n ,  r ej ec t i o n .  To  t h ese,  w e ad d  “ N o  A c t i o n ”  t o  m o d el t h e c ase w h en  t h e m o d el 
d o es n o t  en g ag e i n  an y  st r at eg y .  A  set  o f  r elev an t  i n d i c at o r s i n c lu d es:  t h e c o n f i d en c e o f  t h e t o p  
c an d i d at e v alu e,  t h e n u m ber  o f  c an d i d at e v alu es,  t h e d i f f er en c e i n  c o n f i d en c e bet w een  t h e t o p  
an d  sec o n d  c an d i d at e v alu es,  h o w  lo n g  ag o  t h e c o n c ep t  w as ac q u i r ed ,  et c .  F i g u r e 4  i llu st r at es a 
v er y  si m p le d esi g n  f o r  t h e c o n c ep t -lev el M D P ,  w h i c h  t ak es i n t o  c o n si d er at i o n  o n ly  t h e 
c o n f i d en c e o f  t h e t o p  c an d i d at e v alu e (bi n n ed  i n t o  5  c at eg o r i es),  an d  ex c lu d es t h e 
d i sam bi g u at i o n  st r at eg y .  M o r e c o m p lex  d esi g n s w h i c h  also  t ak e i n t o  ac c o u n t  m o r e st at e v ar i ables 
alo n g  t h e li n es d esc r i bed  abo v e an d  i n c lu d e all t h e p r o p o sed  c o n c ep t -lev el er r o r  h an d li n g  
st r at eg i es c an  be easi ly  en v i si o n ed .  

F o r  t h e t o p i c -lev el M D P s,  I  an t i c i p at e u si n g  t w o  t y p es o f  m o d els.   
A  f i r st  t y p e o f  m o d el w i ll be asso c i at ed  w i t h  eac h  o f  t h e r eq u est  ag en t s i n  t h e d i alo g u e 

t ask  t r ee.  Th ese m o d els w i ll ad d r ess t u r n -lev el n o n -u n d er st an d i n g s,  an d  t h ei r  ac t i o n -sp ac e 
su bsu m es t h e t u r n -lev el n o n -u n d er st an d i n g  st r at eg i es (see S ec t i o n  6. 3 . 1 ):  ask i n g  t h e u ser  t o  
r ep eat  o r  r ep h r ase,  lex i c ally  en t r ai n i n g  t h e u ser ,  p r o v i d i n g  m o r e h elp ,  et c .  Th e d esi g n  o f  t h e 
st at e-sp ac e f o r  t h ese m o d els w i ll u se t h e v ar i o u s n o n -u n d er st an d i n g s i n d i c at o r s d ev elo p ed  i n  
P ar t  I I  (see S ec t i o n  6. 2 . 3 ).  

Th e sec o n d  t y p e o f  m o d el i s asso c i at ed  w i t h  eac h  o f  t h e n o n -t er m i n al n o d es i n  t h e 
d i alo g u e t ask  t r ee.  Th ese m o d els m o n i t o r  t h e d i alo g  p r o g r ess at  t h e t o p i c  lev el,  an d  en g ag e i n  t h e 

State variables 
  C (confidence level): 
      VL (very low, c < 0.2) 
      L (low, 0.2 < c < 0.4) 
      M (medium, 0.4 < c < 0.6) 
      H (high, 0.6 < c < 0.8) 
      VH (very high, 0.8 < c) 
  V (value) 
      1 – at least a candidate value exists 
      0 – no candidate value exists 

Actions 
  EC – Explicit Confirmation 
  IC – Implicit Confirmation 
  R – Reject Concept 
  NoA – No Action 
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topic-l e v e l  e r r or  h an d l in g  s tr ate g ie s  ( s e e  S e ction  6 .3 .1 .) :  r e s tar tin g  a topic,  s w itch in g  to an  
al te r n ativ e  d ial og u e  pl an ,  e tc. T h e  d e s ig n  of  th e  s tate  s pace  f or  th e s e  m od e l s  w il l  u s e  th e  v ar iou s  
d ial og u e -on -tr ack  in d icator s  d e v e l ope d  in  P ar t I I  ( s e e  S e ction  6 .2 .4 ) . 

T h e  f in al  s h ape  of  th e  con ce pt an d  topic-l e v e l  M D P s  is  s til l  u n d e r  in v e s tig ation . I  
an ticipate  e x pl or in g  d if f e r e n t d e s ig n s ,  bas e d  on  th e  in d icator s  an d  s tr ate g ie s  th at w il l  be  
av ail abl e . O th e r  con s id e r ation s  in cl u d e  ad d in g  n on -l ocal  in d icator s  to al l e v iate  th e  pote n tial  
n e g ativ e  e f f e ct of  th e  in d e pe n d e n ce  as s u m ption s  m ad e .  
 R e w ar d  s tr u ctu r e  

T w o option s  ar e  av ail abl e  f or  as s ig n in g  r e w ar d s  in  th e  g ate d  M D P  m od e l  ( s e e  F ig u r e  5 ) . 
T h e  f ir s t option  is  to pr ov id e  th e  r e w ar d s  in  a g l obal  f as h ion ,  ov e r  th e  con ce r te d  action  of  th e  
w h ol e  m od e l ,  as  il l u s tr ate d  in  5 .a ( pos t-g atin g  r e w ar d ) . T h e  s e con d  option  is  to d e f in e  th e  
r e w ar d s  l ocal l y ,  f or  e ach  in d iv id u al  M D P ,  as  il l u s tr ate d  in  5 .b. B oth  s ch e m e s  ar e  cu r r e n tl y  u n d e r  
in v e s tig ation . I  n ow  br ie f l y  d is cu s s  s om e  of  th e  ad v an tag e s  an d  d is ad v an tag e s  of  e ach  of  th e  tw o 
s ch e m e s .  

 
Figure 5. Two possible reward structures for gated MDPs. In the first case (a), the 

 reward is global, and appears after the gating mechanism. In the second 
 case (b), the reward is defined locally for each MDP. 

 
T h e  ad v an tag e  of  th e  f ir s t appr oach  ( F ig u r e  5 .a)  is  th at in  th is  cas e  th e  r e w ar d s  can  be  

con s tr u cte d  ar ou n d  an y  d ial og u e  pe r f or m an ce  m e tr ic. O ptim al  be h av ior  is  d e f in e d  d if f e r e n tl y  
acr os s  v ar iou s  d om ain s  an d  in te r action  ty pe s . I n  a f l ig h t-r e s e r v ation  s y s te m ,  s pe e d  an d  accu r acy  
ar e  im por tan t. B y  con tr as t,  in  a tu tor in g  s y s te m ,  th e s e  ar e  n o l on g e r  th e  pr im ar y  g oal s ;  r ath e r  th e  
pe r f or m an ce  of  th e  s y s te m  is  be tte r  m e as u r e d  in  te r m s  of  h ow  m u ch  an d  h ow  w e l l  u s e r s  can  
l e ar n . W ith  a pos t-g atin g  r e w ar d  s tr u ctu r e ,  g l obal  r e w ar d s  can  be  con s tr u cte d  ar ou n d  an y  s u ch  
m e tr ics ,  w h il e  th is  is  n ot pos s ibl e  w ith  th e  s e con d  s e ttin g  ( 5 .b) . A t th e  s am e  tim e ,  con s tr u ctin g  
th e  r e w ar d s  in  th is  f as h ion  can  cr e ate  a m is m atch  con d ition :  th e  r e w ar d s  r e f l e ct th e  s y s te m ’ s  
pe r f or m an ce  in  te r m s  of  both  th e  tas k  an d  th e  e r r or  h an d l in g  con tr ol ,  w h il e  w e  ar e  tr y in g  to u s e  
th e m  to l e ar n  on l y  th e  e r r or  h an d l in g  pol icie s . T h e  pr obl e m  is  f u r th e r  com pl icate d  in  th is  cas e  by  
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the fact that w e ar e faci n g an  aty p i cal , m u l ti -agen t r ei n fo r cem en t l ear n i n g p r o b l em  ( see the 
fo l l o w i n g L ear n i n g A l go r i thm s su b secti o n ) . 

I n  the seco n d  ap p r o ach ( see F i gu r e 5 .b ) , the r ew ar d s ar e d efi n ed  l o cal l y  fo r  each 
i n d i v i d u al  M D P , b ased  o n  the u n d er l y i n g state-sp ace. F o r  i n stan ce, fo r  the co n cep t-M D P s the 
hi gh co n fi d en ce state can  b e asso ci ated  w i th a hi gh, p o si ti v e r ew ar d . I n  thi s ap p r o ach, w e ar e 
faced  w i th the stan d ar d  r ei n fo r cem en t l ear n i n g p r o b l em , an d  ty p i cal  m o d el -b ased  l ear n i n g 
al go r i thm s can  b e ap p l i ed . T he d i sad v an tage i s that i n  thi s setti n g w e can n o t tar get fo r  
o p ti m i z ati o n  an y  gi v en  d i al o gu e p er fo r m an ce m etr i c. T he o p ti m i z ati o n  i s n o w  l o cal  an d  tar geted  
o n l y  at the er r o r  m an agem en t asp ects. 
 L ear n i n g A l go r i thm s 

T he l ear n i n g al go r i thm s to  b e u sed  ar e cl o sel y  r el ated  to  the cho i ce o f r ew ar d  str u ctu r e 
d escr i b ed  ab o v e.  

I n  the p o st-gati n g r ew ar d  setti n g ( F i gu r e 5 .a) , w e ar e faced  w i th a so m ew hat aty p i cal  
r ei n fo r cem en t l ear n i n g p r o b l em . A  n u m b er  o f M D P s ar e r u n n i n g i n  p ar al l el , an d  a fi x ed  gati n g 
m echan i sm  d i ctates w hi ch o n e w i l l  actu al l y  p er fo r m  an  acti o n  at each p o i n t i n  ti m e;  the o ther s 
ar e fo r ced  to  p er fo r m  “ N o  A cti o n ”  ( o r  al ter n ati v el y , they  d o n ’ t tak e a ti m e-step ) . T he r ew ar d  
r efl ects the q u al i ty  o f the co n cer ted  acti o n s o f these M D P s. T he l i ter atu r e sear ch p er fo r m ed  so  
far  has n o t r ev eal ed  an y  p r ev i o u s r ei n fo r cem en t l ear n i n g w o r k  p r eci sel y  ad d r essi n g thi s setti n g. 
T he su b j ect o f m u l ti p l e M D P s acti n g i n  co l l ab o r ati o n  i s r el ati v el y  n ew  i n  the r ei n fo r cem en t 
l ear n i n g co m m u n i ty . S o  far  the fo cu s has b een  o n  l ear n i n g the o p ti m al  gati n g fu n cti o n  w hen  the 
p o l i ci es fo r  the i n d i v i d u al  M D P s can  b e r el ati v el y  easi l y  estab l i shed  [ 3] . T he p r o b l em  I  am  faced  
w i th i s the r ev er se:  gi v en  a fi x ed  gati n g fu n cti o n , l ear n  the b est p o l i cy  fo r  each o f the i n d i v i d u al  
M D P s. R ecen tl y , C han g et al  [ 1 4 ]  hav e p r o p o sed  an  al go r i thm  w hi ch al l o w s an  agen t to  l ear n  a 
n ear -o p ti m al  p o l i cy  i n  a si m i l ar  m u l ti -agen t setti n g. I  i n ten d  to  ex p l o r e thi s r ei n fo r cem en t 
l ear n i n g p r o b l em  i n  d etai l . A  p r acti cal , scal ab l e so l u ti o n  w o u l d  al l o w  the p r o p o sed  er r o r  han d l i n g 
d eci si o n  p r o cess to  tar get an y  d i al o gu e p er fo r m an ce m etr i c fo r  o p ti m i z ati o n . A t the sam e ti m e, i t 
w o u l d  r ep r esen t a v al u ab l e co n tr i b u ti o n  to  the r ei n fo r cem en t l ear n i n g co m m u n i ty . 

I n  the l o cal  r ew ar d s setti n g ( F i gu r e 5 .b ) , w e ar e faced  w i th m u l ti p l e b u t stan d ar d  
r ei n fo r cem en t l ear n i n g p r o b l em s an d  ty p i cal  al go r i thm s can  b e u sed  to  d er i v e the o p ti m al  
p o l i ci es fo r  each i n d i v i d u al  M D P . I n  thi s case, I  an ti ci p ate u si n g m o d el -b ased  l ear n i n g m etho d s, 
i n  co n j u n cti o n  w i th v ar i o u s ex p l o r ati o n  techn i q u es, su ch as ep si l o n -gr eed y  o r  B o l tz m an n . 
Evaluation 
T he p r i m ar y  ev al u ati o n  o f the p r o p o sed  m o d el  w i l l  ad d r ess i ts p er fo r m an ce an d  scal ab i l i ty  
char acter i sti cs. 

T he p er fo r m an ce o f the p r o p o sed  m o d el  w i l l  b e ev al u ated  i n  ter m s o f a n u m b er  o f 
o b j ecti v e an d  su b j ecti v e m etr i cs su ch as m easu r es o f task  co m p l eti o n , effi ci en cy , the n u m b er  an d  
l en gths o f er r o r  segm en ts, u ser  sati sfacti o n , etc. I f a p o st-gati n g r ew ar d  str u ctu r e i s em p l o y ed , 
the p r i m ar y  m etr i c fo r  ev al u ati n g p er fo r m an ce w i l l  b e the o n e u sed  to  co n str u ct the r ew ar d s 
( si n ce the m o d el  d i r ectl y  tar gets that m etr i c fo r  o p ti m i z ati o n ) . H o w ev er , i f a l o cal  r ew ar d  
str u ctu r e i s u sed , n o  ex p l i ci t p r i m ar y  m etr i c ex i sts, an d  the p er fo r m an ce o f the m o d el  w i l l  b e 
assessed  i n  ter m s o f the v ar i o u s gl o b al  d i al o gu e m etr i cs p r o p o sed  ab o v e.  

T he ev al u ati o n s w i l l  b e p er fo r m ed  i n  the co n tex t o f a R av en C l aw  b ased  sp o k en  d i al o gu e 
sy stem  o p er ati n g w i th a si z ab l e, p r acti cal  task  ( e.g. R o o m L i n e, C M U  L et’ s G o ! !  B u s I n fo r m ati o n  
S y stem ) . I n i ti al l y , a han d cr afted  p o l i cy  w i l l  b e d esi gn ed  an d  u sed  i n  ex p l o r ati o n  m o d e i n  a d ata 
co l l ecti o n  effo r t ( D C -2 T )  to  co n str u ct a tr ai n i n g co r p u s. O n ce the m o d el  i s tr ai n ed , a sep ar ate 
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set of  ex p er i men ts (D C -2 E ) w i l l  b e p er f or med  to ev a l u a te th e l ea r n ed  p ol i c y .  Th e l ea r n ed  p ol i c y  
w i l l  b e ev a l u a ted  a g a i n st th e tr a i n i n g  p ol i c y  (i . e.  th e h a n d c r a f ted  ex p l or a tor y  p ol i c y ),  a n d  a  
c or r esp on d i n g  i n c r ea se i n  p er f or ma n c e i s ex p ec ted .  Tw o a d d i ti on a l  b a sel i n es c a n  b e c on str u c ted  
i f  ti me p er mi ts12: on e b a sed  on  th e d eter mi n i sti c  v er si on  of  th e i n i ti a l  h a n d c r a f ted  p ol i c y ,  a n d  
on e b a sed  on  a  v er si on  of  th e sy stem w h i c h  u ses on l y  th e most c ommon  c on v er sa ti on a l  er r or  
h a n d l i n g  str a teg i es.  Th ese b a sel i n es w i l l  p r ov i d e mor e i n f or ma ti on  a b ou t th e r el a ti v e g a i n s of  
u si n g  a  r ei n f or c emen t l ea r n i n g  p r oc ess to op ti mi z e th e p ol i c y  v er su s on l y  u si n g  a  l a r g e n u mb er  
of  c on v er sa ti on a l  er r or  h a n d l i n g  str a teg i es w i th  a  h eu r i sti c  er r or  h a n d l i n g  d ec i si on  p r oc ess.   

Th e sc a l a b i l i ty  p r op er ty  of  th e p r op osed  mod el  w i l l  b e emp i r i c a l l y  v a l i d a ted  b y  i ts 
d ep l oy men t i n  a  p r a c ti c a l ,  l a r g e sc a l e sp ok en  d i a l og u e sy stem d u r i n g  th e l ea r n i n g  a n d  ev a l u a ti on  
p h a ses d esc r i b ed  a b ov e.  Ad d i ti on a l l y ,  I i n ten d  to p er f or m a  th eor eti c a l  a n a l y si s of  th e sc a l a b i l i ty ,  
a i med  a t d er i v i n g  b ou n d s on  th e mod el  g r ow th  (n u mb er  of  p a r a meter s) a n d  d a ta  r eq u i r emen ts 
a s a  f u n c ti on  of  ta sk  (d i a l og u e ta sk  tr ee) si z e.  
Timeline ( s ee A p p end ix  A )  
Th e ti mel i n e f or  c omp l eti n g  th i s p r op osed  w or k  i tem i n c l u d es: 
� Fu r th er  i n v esti g a te th e p r op osed  r ei n f or c emen t l ea r n i n g  mod el s.  Th e i ssu es u n d er  

c on si d er a ti on  a r e: th e d ef i n i ti on  of  th e g a ti n g  f u n c ti on  h eu r i sti c ,  th e str u c tu r e a n d  
i n i ti a l  p ol i c i es f or  th e c on c ep t- a n d  top i c -l ev el  M D P s,  th e r ew a r d  str u c tu r e,  th e 
d eta i l s of  th e l ea r n i n g  a l g or i th ms,  a n d  th e p er f or ma n c e metr i c s to b e u sed  i n  th e 
ev a l u a ti on .  Imp l emen t n ec essa r y  su p p or t f or  th ese mec h a n i sms i n  th e R a v en C l a w  
d i a l og u e ma n a g emen t f r a mew or k  (1 2  mon th s,  ti mel i n e i tem 2 ); 

� C ol l ec t d a ta  f or  tr a i n i n g  th e p r op osed  mod el  (3  mon th s,  ti mel i n e i tem 9 ); 
� C ol l ec t th e d a ta  f or  ev a l u a ti n g  th e p r op osed  mod el  (2  mon th s,  ti mel i n e i tem 1 1 ); 
� Tr a i n  a n d  ev a l u a te th e mod el  (6 mon th s,  ti mel i n e i tem 1 0 ,  ov er l a p p ed  w i th  1 0  a n d  1 1 ); 
� W r i te a  p a p er  d esc r i b i n g  th e ex p er i men ts a n d  th e er r or  h a n d l i n g  d ec i si on  p r oc ess (3  

mon th s,  ti mel i n e i tem 1 3 ); 
 
If  th e i n i ti a l  r esu l ts c on tr a d i c t th e ex p ec ta ti on s,  ti mel i n e i tems 1 4  a n d  1 6 a l l oc a te 6 

mon th s f or  f u r th er  d a ta  c ol l ec ti on  a n d  i n v esti g a ti on s of  a l ter n a ti v e mod el s.   
If  th e i n i ti a l  r esu l ts c on f i r m th e ex p ec ta ti on s,  th i s a d d i ti on a l  ti me w i l l  b e u sed  to p er f or m 

a n  i n -d ep th  ev a l u a ti on  of  th e r eu sa b i l i ty  a n d  a d a p ta b i l i ty  of  th e p r op osed  er r or  h a n d l i n g  d ec i si on  
p r oc ess (see ex ten si on  w or k  i tem b el ow ).  
� 6 . 4 . 2 .  E X TE N S I O N  W O R K  I TE M :  I n-D ep t h  E v a lu a t io n o f  R eu s a b ilit y  a nd  

 A d a p t a b ilit y   
Th e r eu sa b i l i ty  of  th e l ea r n ed  er r or  h a n d l i n g  p ol i c i es c a n  b e d i r ec tl y  v a l i d a ted  b y  mi g r a ti n g  
p ol i c i es l ea r n ed  i n  a  c er ta i n  sp ok en  d i a l og u e sy stem to a n oth er  sp ok en  d i a l og u e sy stem,  a n d  
a n a l y z i n g  th e r esu l ti n g  b eh a v i or .  An  i n -d ep th  stu d y  of  a d a p ta b i l i ty  c a n  a l so b e p er f or med  b y  
mon i tor i n g  th e c h a n g es i n  th e mod el  p a r a meter s a n d  i n  th e sy stem p er f or ma n c e th r ou g h ou t a n  
ex ten d ed  p er i od  of  c on ti n u ou s u se.  Th ese a n a l y ses w i l l  r eq u i r e a  n ew  d a ta  c ol l ec ti on  ef f or t,  u si n g  
a  d i f f er en t R a v en C l a w -b a sed  sp ok en  d i a l og u e sy stem.  

                                                 
12 These two baselines require additional data collection efforts.  
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7. O v e r a l l  Ti m e l i n e  
The anticipated o v er al l  tim el ine f o r  the r es ear ch pr o g r am  pr es ented in this  do cu m ent is  s ho w n 
in A ppendix  A . The tim el ine s pans  2 4  m o nths  and s u b s u m es  the f o u r  pr o po s ed w o r k  item s ,  the 
data co l l ectio n pr o ces s  and a s chedu l e f o r  w r iting  u p and pu b l is hing  the r es u l ts  o f  the w o r k . 
F o u r  m aj o r  m il es to nes ,  def ined r o u g hl y  ev er y  6  m o nths ,  w il l  hel p tr ack  pr o g r es s  and ens u r e that 
the w o r k  is  adv ancing  as  ex pected. 
 

Milestone 1 [ 7  m onth s] : the dev el o pm ent o f  co nv er s atio nal  s tr ateg ies  f o r  
m is u nder s tanding s  and no n-u nder s tanding s  is  co m pl eted;  a 
tr aining  co r pu s  f o r  the b el ief -u pdating  m o del  is  av ail ab l e;  
the l o w er  and u pper  b as el ine ev al u atio ns  o f  the no n-
u nder s tanding  s tr ateg ies  ar e co m pl eted;  

Milestone 2  [ 12  m onth s] : the dev el o pm ent and ev al u atio n o f  the b el ief  u pdating  
m o del  is  co m pl eted;  the dev el o pm ent o f  r el ev ant indicato r s  
f o r  er r o r  handl ing  s tr ateg ies  is  co m pl eted;  the dev el o pm ent 
o f  the er r o r  handl ing  s tr ateg ies   is  co m pl eted;  

Milestone 3  [ 18  m onth s] : the f ir s t s et o f  ex per im ents  u s ing  the pr o po s ed 
r einf o r cem ent l ear ning  appr o ach is  co m pl eted;   

Milestone 4  [ 2 4  m onth s] : thes is  def ens e. 
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Appendix B 
 

U p d a t i n g  b e l i e f s  o v e r  t o p -N  c a n d i d a t e  v a l u e s  f o r  a  c o n c e p t  i n  a  d y n a m i c  b e l i e f  n e t  
 
Problem st a t emen t  
Gi v en  a n  i n i t i a l sy st em beli ef  (proba bi li t y  d i st ri bu t i on ) ov er t h e set  of  c a n d i d a t e v a lu es f or a  c on c ept ,  
a n d  a  set  of  f ea t u res d esc ri bi n g  a  sy st em a c t i on  a n d  t h e f ollow -u p u ser respon se,  d ev elop a  mod el 
w h i c h  a c c u ra t ely  u pd a t es t h e i n i t i a l beli ef  i n  li g h t  of  t h e observ ed  f ea t u res.  
 
M od el 
I  propose a  mod el ba sed  on  a  d y n a mi c  beli ef  n et w ork  (see F i g u re 6 ). Th e st ru c t u re of  t h e n et w ork  
w i ll be f i x ed  a  pri ori ,  a n d  t h e pa ra met ers w i ll be lea rn ed  f rom d a t a . Th e v a ri a ble of  i n t erest ,  C,  w i ll 
mod el t h e beli ef  ov er t h e c a n d i d a t e c on c ept  v a lu es. Th e ev i d en c e n ot es w i ll en c od e t h e sy st em a c t i on  
a n d  t h e f ea t u res c h a ra c t eri z i n g  t h e d ec od ed  u ser respon se (see a lso S ec t i on  6 .2.2). 

F or c on c ept s w h i c h  c a n  h a v e a  la rg e n u mber of  possi ble v a lu es,  su c h  a s d a t es,  t i mes,  c i t y  
n a mes,  et c ,  a ssessi n g  t h e beli ef  ov er a ll t h e possi ble v a lu es bec omes q u i c k ly  i n t ra c t a ble bec a u se of  t h e 
si g n i f i c a n t  i n c rea se i n  t h e n u mber of  mod el pa ra met ers. To a d d ress t h i s problem,  I  propose t o t ra c k  
t h e beli ef s on ly  ov er t h e t op-N c a n d i d a t e v a lu es f or a  c on c ept  (w h ere N i s a  sma ll i n t eg er,  li k e 3 or 5 ).  

B ri ef ly  st a t ed ,  t h e proposed  a pproa c h  w ork s a s f ollow s. A ma ppi n g  i s u sed  i n  ea c h  t i me-st ep 
t o en c od e t h e relev a n t  i n f orma t i on  a bou t  t h e t op-N c a n d i d a t e v a lu es f or C i n t o a  c od e v a ri a ble X. 
Th e beli ef  n et w ork  perf orms t h e u pd a t e ov er X. F i n a lly ,  t h e ma ppi n g  i s u sed  i n  rev erse t o rec on st ru c t  
a  beli ef  ov er t h e t op-N v a lu es f or C. Th e proposed  en c od i n g  w i ll h elp li mi t  t h e n u mber of  mod el 
pa ra met ers,  a n d  w i ll a lso f a c i li t a t e g en era li z a t i on  by  a bst ra c t i n g  ov er t h e pa rt i c u la ri t i es of  ea c h  
c on c ept  (e.g . n u mber of  possi ble v a lu es,  et c ) 

B ef ore presen t i n g  t h e proposed  a bst ra c t i on  i n  more d et a i l,  I  w i ll i n t rod u c e a n  ex a mple a n d  a  
c ou ple of  n ot a t i on s t o f a c i li t a t e t h e ex pla n a t i on . C on si d er t h e f ollow i n g  f i c t i t i ou s i n t era c t i on  (t h e 
rec og n i t i on  resu lt s a re represen t ed  i n  bra c k et s f ollow i n g  t h e a c t u a l u ser respon se):   

 
S:  Where are you flying from? 

U: Austin 
 [City = Boston/0.6; Austin/0.35] 

S:  Did you say you were flying from Boston? 

U:  No, Austin 
 [No], [City = Austin/0.8; Aspen/0.1] 

 
Th e i n i t i a l sy st em beli ef  ov er t h e d epa rt u re c i t y  c on c ept  i s:  { B ost on / 0 .6 ;  Au st i n / 0 .35 } . Th e 

sy st em perf orms a n  ex pli c i t  c on f i rma t i on  on  B ost on ,  a n d  obt a i n s t h e resu lt  { Au st i n / 0 .8 ;  Aspen / 0 .1 }   
L et  N= 3 be t h e ma x i mu m n u mber of  c a n d i d a t e v a lu es t ra c k ed . At  ea c h  t i me t ,  w e t h eref ore 

h a v e a  d i st ri bu t i on  ov er t h e t op-N v a lu es f or c on c ept  C,  a n d  a re i n t erest ed  i n  u pd a t i n g  t h i s 
d i st ri bu t i on  f or t i me t+1 . I n  t h e seq u el,  by  t op-i v a lu e I  w i ll d en ot e t h e v a lu e w i t h  t h e i-t h  h i g h est  
proba bi li t y  sc ore i n  t h e d i st ri bu t i on . N ot e t h a t  t h e rec og n i t i on  resu lt s a t  ea c h  t i me st ep c a n  c on t a i n  
n ew  v a lu es (d i f f eren t  f rom t h e on es a lrea d y  i n  t h e t op-N,  li k e “ Aspen ”  i n  t h e ex a mple a bov e). Th e 
mod el mu st  be a ble t o i n c orpora t e t h ese v a lu es. L et  M be t h e ma x i mu m n u mber of  n ew  a lt ern a t i v es 
v a lu es c on t a i n ed  i n  a  rec og n i t i on  h y pot h esi s t h a t  t h e mod el c a n  i n c orpora t e (M w i ll a lso h a v e a  sma ll 
v a lu e li k e 2 or 3). Th e a bst ra c t  v a ri a ble X i s t h en  d ef i n ed  t o ra n g e ov er t h e i n t eg ers f rom 1  t o 
N+M+1 ,  a n d  i t  en c od es t h e v a lu es f or c on c ept  C a s f ollow s:  
 
 
 



for i b e t w e e n  1  a n d  N,   
i e n c od e s  t h e  t op -i v a l u e  a t  t i m e  t .  I n  ot h e r w ord s ,  a t  t i m e  t: 
P ( X=i )  = P ( C=t op -i v a l u e ) .   
I n  t h e  g i v e n  e x a m p l e ,  a t  t i m e  t  w e  h a v e : 
P ( X=1 )  = P ( C=B os t on )  = 0 . 6  
P ( X=2 )  = P ( C=A u s t i n )  = 0 . 3 5  

for i b e t w e e n  1  a n d  M ,   
i+N e n c od e s  t h e  t op -i new v a l u e  c on t a i n e d  i n  t h e  re c og n i t i on  re s u l t  ( on l y  t h e  v a l u e s  w h i c h  
a re  n ot  a l re a d y  i n  t op -N a t  t i m e  t a re  c on s i d e re d ) .   
I n  t h e  g i v e n  e x a m p l e ,  a s s u m i n g  N =3 ,  t h e n  i=4  w i l l  e n c od e  “ A s p e n ” .  

fi n a l l y ,  i = N+M+1  e n c od e s  “ ot h e r” ,  i . e .  a n y  ot h e r v a l u e ,  d i ffe re n t  from  t h e  t op -N v a l u e s  a n d  t h e  
n e w  t op -M v a l u e s  from  t h e  re c og n i t i on .   

Figure 6. The figure illustrates the structure of the proposed dynamic belief net. The 
 network tracks the belief over the code variable X, which is used to abstract 
 over the top-N candidate values for concept C. 

User response features 

 
1 ~ Current Top-1 
      (Boston) 
2 ~ Current Top-2 
      (Austin) 
3 ~ Current Top-3 
4 ~ New reco Top-1  
5 ~ New reco Top-2 
6 ~ Other 

t + 1 

System 
Action 

Utterance 
Length 

Parse 
Quality 

Yes No 

Negative 
Markers 

… 

Utterance 
Confidence 

t 

1 ~ Current Top-1 
      (Boston) 
2 ~ Current Top-2 
      (Austin) 
3 ~ Current Top-3 
4 ~ New reco Top-1 
      (Aspen) 
5 ~ New reco Top-2 
6 ~ Other 

Current Top-1 Current Top-2 Current Top-3 

New Reco Top-1 New Reco Top-2

Positive 
Markers 

X ~ C X ~ C N=3 
M=2 



The operation of the model is illustrated in Figure 6. At each time step, the sy stem b elief for 
concept C is k now n. Follow ing the proposed mapping, w e can construct the prob ab ilities P ( X=i) , for 
i = 1  .. N. ( the rest of the prob ab ility  mass w ill b e distrib uted ov er the remaining v alues of X:  N+1  to 
N+M+1 ) . The netw ork  contains N ev idence nodes for the presence of the encoded top-N v alues in 
the user response ( C urrent Top-1 , etc) , as w ell as M ev idence nodes for the presence of a max imum 
of M other v alues for the concept in the user response ( N ew  R eco Top-1 , etc) . 

The model parameters w ill b e learned from lab eled data. E ach training instance w ill contain 
a current b elief for time t, as w ell as all the features characteriz ing the user response and sy stem 
action ( these are automatically  av ailab le) . Follow ing transcriptions, the data w ill b e lab eled w ith the 
true v alue of the concept, as uttered b y  the user. This v alue w ill b e used to construct the optimal 
target b elief at time t+1  ( i.e. in the ex ample ab ov e, at t+1  during training w e hav e X = 2 ) .  

At runtime, inference w ill b e performed to construct the distrib ution ov er X at time t+1 . 
S ince the top-N v alues at time t are k now n, and so are the top-M new  recognition v alues, the 
mapping can b e used in rev erse to construct the b elief ov er a max imum of N+M v alues for the 
concept C. I n the final step, the v alues are order b y  prob ab ility , and only  the new  top-N v alues are 
retained for the nex t step ( note that b ecause the new  top-N  v alues can b e different from the old 
ones, the particular encoding used is potentially  different in each time step) .  


