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Aécording to the present invention there is provided a speech recognition
met hod as set out in claim11. 55 My i nvention provides a powerful
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| exi cab access procedure for detecting words; FIG 6 is a di agramthat
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30 described below, FIG 7 is a flow char o the | gnoe
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from agothRard ReMIaS, lobefbleingich b e, 2 3ney sfperetsd atideam L RoRinemt 0 40
equi prent  OfnekEMAIRY $ePd® sPdtoNatd® snals kre tibn fplicedsediyed cqmbineifootof teehnizioesi imthe
anal ysi s s{dusn pdrlion 12@bsnlyad détect pisonttieGegments with some degree of fikelihood, but also to provide
some valuable durational information with the arrays of segments. The algorithm for processing in apparatus
12 accesses a stored model 13 which is a so-called continuousliy-variable-duration hidden Markov model, as
s0 described in my article "Continuously Variable Duration Hidden Markov Models for Automatic Speech
Recognition", Computer Speech and Language, Vol 1, pp. 29-44, Academic Press Inc., (London) Limited
(1986). In addition, there is provided in portion 12 a searching and sorting technique which will be more fully
described hereinafter and advantageously exploits complementary phonetic information. Next, with the
candidate phonetic segments and durations, the system portion 14 accesses the lexicon 15 (an extensive
55 memory electronically stored in a computer), preferably by pairs of phonetic segments, to obtain arrays of
candidate words.
Then, an alignment procedure is carried out in system portion 16 in response to the acoustic features
from the LPC analysis in block 11 to compute the likelihood signals for the indicated candidate words.
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anal ysis). The fundanmental organi zation and conposition of the equi pnment
for the apparatus of block 11 is disclosed in sone detail by F. Itakura in
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[ ERR ]5 corresponding to a given speech signal. This is accompl ed preferal yhamic programming
5 algorithm that accounts for durational densities.
Let ay(j) be the likelihood of the state sequence ending in state j which maximizes the joint likelihood of
state and observation sequences up to and including time t. This quantity can be calculated recursively
from



30 The *state transition probabilities, [err], of the hidden Markov chain
account f.or the phonotactic structure of speech (i.e.- the code itself). The
acoustjit correlates of the synbolBP @ees 383Bt i ne-i ndexed observations [err]
[err]. The spectral information is contained in the set of observation
densities, [ERR] and the tenporal information resides in the set of
durational densities, [ERR] The d-di nensi onal, observati on densities shoul d
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psychol i metieubr iewical geqeempredodive upaddn oydevestion adysatageaushcprpvidepiagestief! far lerladisac ept
of | exF c&PMRiveestay phenefigiaformyplionds are stored in a dictionary where they are

r epr esent ed'ePadieiids fe5m oh éhej techpjavenisas Bepjs asafolpws. Suppase iHipt F‘érpﬁ%"eﬂﬁ tragsqsatoni ¢

f eat ur es ospiting e PRgalutioq &f agpaiensdlsd isthe §RlPePeeRFdi ng speech, words are
retrieved fromthe dictionary on the basis of partial phonetic infornation.

The \E‘p' n& T &P Ut nBppi ¥y is thus inherently ‘many-to-one resulting in
nds, 5 [ 6 ; u ; o]
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di fferent phonetic sequences. The first formof anbiguity nakes the
recogni tiqof q, s, Quip  (5)
45
for 1 Sts N - pand fixed p. Each such q is taken as the argument of a hashing function,

50 flQ = -[iqm]modP =a ()
i-0

whose value, a, is an address in the lexicon. The prime number, P, is chosen to be greater than the number
55 of entries in the lexicon which is arranged so that the a'™ entry has an orthographic representation
containing g as a subsequence. The lexicon is also constructed so that the a' entry has a link to another
word containing q. The last word in the chain has a null fink. In general, each lexical item contains more
than one p + 1 tuple and thus must have a separate link for each one. The links can all be generated
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word. The particular |exical access procedure used in our invention
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i nk. hbmagemegraphy each | exical itemcontains nore than one p + 1 tuple and
t hus nust have a separate |link for each one. The links can all be generated
5 1sEP 0285353 Bl autonatically %Jg exi cal orthographic
representations and need not be gongfr ted"manual ly. Further details of
the mat hematics and conputer inplenentation of such a technique in general
can be i Wighdhe sybseReenprRyBRCIiRg thy PhanetigliRsiiriohe Art of Conputer Progranmi ng,
Addi son-Wesl ey, Vol. 1, pp. 230- 231, and Vol. 3, pp.|506-542, particularly
t hos®@ portions relating to seqar=orh|.qyg1 and, squgr ng". 5 The | exi cal
access procedure descri bed above has the effect of giving coarse estinmates
of the, Iocatrons of words, e.g., their beginnings and ends, in the speech

stream uppos: oF lﬂ%ﬁﬁe ngﬁ%a{ 9 v Qarl*e'stkﬂJ ah iR ) BRARGIS o84S thah?,OF der
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|nformé|,%dron such a way that an optimal interpretation of the signal can

be obtained. In particular, we wish to calculate the likelihood, [err] ,
that 10 the word v appears in thg.tinme igierval [err]. Once corrputed for
all words found by the access procé‘dure tRi's i nformation can useful ly be
represented by a graph called a word lattice. Let us first caonsider a

t heor etand di.14. amnrcrvmallapme@aewfvtru theheangireiotsiob e sBig jeesliien timeg ot he-decB8sed
word, Vs has orthography [ERR] in which the subsequence nmatching the
phonetrc transcription [ERR] is Suppose, further, that we know that, at the
very3earl|iest, v began at tine [err] and e}ded no later than [err]. 25

Then [errl must have o cu ed soge ﬁre ||] that interval with st [err]
endi ng atL&0kfe: Tm)rre% v)nd 0Pio8Ur9em

err] > [err] for 1 e a [err]
m A reasonable definition of [err], then; is the maxi num val ue of the

joint likelihood of 30 and [err], ..., [err] over all choices satisfying

t he\c’énﬁﬁeFea'} QiR s of Elhﬁ‘oséﬁlégt&eﬁrsrﬁﬁgd lich@Mndrielyes [err], ..., [err]. That is,
T= {;o,?r ....;ml 10 < ?o < ?1 <eeo e ?ms Tm} (8

45 As defined in (7) L{v}ro,rm) can be computed from

a

m 1 -
so  logl L(v | t,tm)] = max Y |logagi-15 + X logbg (O) + logdgi(ti—Ti1) | -(9)

i=1 =T,

55 Although (9) is correct, it is practically useless since the cardinality of T is, in general, very large. There is,
however, an efficient way to compute L{y|ro.7m).Let +(§)) be the maximum joint log-likelihood of O,g « « »
0, and §1, §2.....4;. Then v, (§)) can be calculated recursively for 7o < £ S 7,y and 1 £ i S m from



35 [ERR] where T is the set of all possible state transition tinmes, nanely
[ERR] 45 .As defined in (7) [err] can be conputed from[ERR] 55 Although (9)
is correct, it is practically usetreesssseBithe cardinality of T is, in
genéral, very large. There is, however, an efficient way to conpute [err].
Let [err] be the maxi mum j oi nt | og-1likelihood of [err] . . . O and
[err]...., [err]. Then [err] can be cal cul ated recursively for [err] <t
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| attice. The horizontal direction in the lattice represents tine and
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array as gHfray [err], as indicated in th diagram Al |l processing
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obser vat ireyiser @tid ¢ INeaé desiynated thil @rrdyras tirdyl by, 26 itiieated3b the flow Bbgraks 45- 54 conput e
t he maxi muniipgrodesdiigl throyghdlock Beesels inidl memarp yalnesaBlpaks 86 and 3| incaamenystdte anah tienay
st at e sedrsines @lockl BeR soBBUDBe st @ flagipmbaliiliies ¢fobterviliore| y state from which the
| ast obser vBip¢ks A0-hcrmpetn dheapaxishumdilihqod of e firel| tiohssoiglians ondinatinglis the indiel state-
sequen®e. BPleRkR 4304 spraPuactd e ipthe fiwt t gtzsat/ew%Seereeﬁoe ff°EI!CP"Y state
Al l of t8¥M¥8®ed paraneters for the first array in
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final cal rsgﬂnﬁﬁ Wi ity s o ol e b
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sequenceshdfnokdte harfsh’rfph&w of the input is reconstructed from the desired state sequences of each cycle.
45 As mentioned above, the task of interpreting the resulting phonetic transcription is like reading a text in
which the words are run together and there are random insertions, deletions and substitutions.
One particular form of the technique used here is illustrated in FIGS. 5 and 6.
For the special case of p = 1, the hash function, equation (6), can be replaced with the HEAD table as
shown in FIG. 6. For the significance and implementation of the HEAD table, see Knuth, Vol. 3 (cited
so above). f g = Q1 = ij then the entry row j and column j of the HEAD table, 7, is the address of the
lexical entry containing q. This table is also easily constructed automatically. The HEAD table method can
be generalized to p = 2 or even more, but eventually it becomes inefficient.
It is not necessary o use the definition of equation 7 nor the recursion of equation 10 because of the
existence of the following utterly srmple and highly effective heuristic. Let us simply define L{v}ro, ) to be
55 the joint likefihood of 0,0...0,m and g, where the state transition times are determined by the state durations
computed from equation 2. Thus we can easily compute log[L{v|rorm)] from equation (8) without the
maximization over T using, instead, the previously computed segmentation of the phonetic transcription.
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The transition probabilities of the underlying Markov chain are estimted
on the assunption that all digits are equally likely. G ven that
assunption, it is a sinple natteepo®ssasnBit he nunber of tinmes each
transition will occur fromwhich event counts the transition probabilities
are easily obtained. 45 FIG 9 shows the kinds of phonetic el enents
whi ch speech recognition workers have cone to accept as being the nost

| i kely representation of the irredapPBN®IX Anents of the hidden process
occurring in the vocal trade, or, at |least, the nobst.convenient
representations of those el'ements. It will be i edi atel y apparent to many
workefs in the art qpf varft#¢d nodifications that can be nmade upon the
above-descri bed techni ques depending on the |evel of generallty and

capability versus e_ley aLE%ity required in a systemaccording
to ny pr esent invetrﬁi‘if)n %h “SL VQQECP:O 285 353 Bl APPENDI X A 5

[err], state j [err] = feature vector at tine t 10[err] = joint
| 0§l i keI i hood of [egr&] . . joirtneg likélihobé iof 0y Qg e rQahdgyd = * Ak pair of
pointers to previous state and tine 15[err] = [err] 20
& = maxi mum duration of a state eru (fﬁwllkellhood of [err]
given [err] 25 By =  pair of ppigery tapre W%&afﬁﬂé Sod of duration t
givenis[err] [err] = probability of transition from[err] to [err] 30
[err]= probability oft[err] at t=0 p = joint log likelihood of
[err] ... [err] ar8jtf=errE=1bjetwe] 35 [err] = [err] state in
estimated state sequence [®err] = duration of [err] v = candi dat e
word 45 = rth entry in the I exicon W is the
best #&andi date vvorch maximum duration of £6ta}e = [err] the nth candidate
wohg” 55 Cl ai ns 1. met hog%f uéhe [ o%guE hi@en of speech, of the type
i ncl udi ng the steps’iol st % f’(ajng epr e Menti ng a nodel of the | anguage
to be recogni zed, said nodel being of the 9 APPENDI X A 5 [err] =
state | [err] = 4. fLeat %fh%béﬂoﬁﬂuﬂahbﬁttgn&sﬁt{,err] = joint |og
|'i kel Phood of [err]" . [err]and [err]... [err]

a; = probability of transition from q; to0 g;

80 »; =  probability of g; at t=0

p=" joint log likelihood of 0,0, - - - O, and 01929
35
§ = % state in estimated state sequence
_ a,- = duration of q;
0
Ve candidate word
th in the lexicon
pu W,= 1 eatryin
W = is the best candidate word
50 Ca= the ot? candidate word
s5 Claims

1. A method for the recognition of speech, of the type including the steps of
storing signals representing a model of the language to be recognized, said model being of the
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= pair of pointers to previous state and tinme 15 [err] = —tert

yrrl —
}=
[err] 20 & = maxi num duration of a state [err] = i kal |
of [err] given [err] 25~ °  gpoz2es3s3err] = log U ﬁwy !Il
duration t given [err] [err]= probability of transiti

[err] 30 [err] = probability of [err] at t=0 p =
joint log likelihood of [err]... [err] and [err] ...[err] 35 [err] =
[err] state in estimated state SePPENDIXeAr] = duration of [err] 40 V
= candidate word [err] = [err] entry in the lexicon 45 [err] =
is the best candi date word 50 [err] = the [err]

candfdate word 55 ¢jl=ai s state A nethod for the recognition of speech, of the
type including the steps of storing signals representing a nodel of the

| anguage to be recQgni ze sai l.. beikng of the 9 EP 0 285 353 Bl
state-transiti onal8-! ype, q‘%ﬁg% "Ss%aﬂ?gﬁbteugﬁg uniquely identified with a
phanetic unit, each state having associated with it a portion of a
tranfition matrix yhih demeldgmelinbod bf O @hes -mnﬂqi£ow iqe and with what
probability, each ate having associated with it an observational density
function assigning to each set of 5 speech feat.ure signals that may be
observed in fluentPBgpeectpair QﬁMWﬁoWGY“’B%F‘I’?b‘ BEER%ed in association
with,fhat state, each state having associated with it a durational density
function assigning to each duration it may have a |ikelihood of occurrence
in fluent speech; Sfwingrsilgpaks representing | exical candidates, said

| exi cal candi dat es bei ng 8ssenbl ages of phonetic units of the | anguage in
association with the partial phonetic information of the type found in

di ct eonaries; sequgnli al | yhyAME BhtdtbnSefce srase ve ti me frame portions of an
utterance occurring durin . &S di ccessive tine frames into
signal s representi gg ’Fespgéﬁ'?‘\?‘éh%ogt@c’gn‘ ggz}%gﬁti c feature signals
representative of the portions; and 15 accessing the stored nodel
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sequences to produce a sel ection signal representing recognition of the
utterance. CHARACTERIZED probability of&rageitiea 19 %18 ncl udes 20
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&,— =  duration of qj
“e.... 40 .
v= candidate word
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W = is the best candidate word
50 Cp= the o'P candidate word
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1. A method for the recognition of speech, of the type including the steps of '
storing signals representing a model of the language to be recognized, said model being of the
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of *acoustic feature signals; maxim zing i ndependently of the stored texicat

candi dates the likelihoods of each phonetic unit and each p

jointlywith the |ikelihood of EmeessssmBsaid one or more of n ﬂ""yﬂﬂ"m"
respective sets 25 of acoustic feature signals; accessing
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storing information linking a plurality of words containing like sequences of phonetic units, whereby

for each sequence of phonetic units as many words as contain them are directly accessible.

4. The method for the recognition of speech of the type claimed in claim 1, said method being further

characterized in that
said assigning and maximizing are performed recursively for all assignments and transitions over
all of said time frames up to and including the present time frame; and
50 the results of said maximizing are retraced by stepping through the phonetic determinations in a
strict order to produce a proposed phonetic sequence for accessing the lexical candidates.

5. A method for the recognition of speech of the type claimed in claim 1, said method being further
characterized in that
55 ’ the aligning step evaluates said multiple proposed lexical candidates to include only those suitable
for subsequent unambiguous ranging by processing by techniques that relate to sentence structure and
meaning.
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4. Verfahren zur Erkennung von Sprache nach Anspruch 1,
dadurch gekennzeichnet, daB die Zuordnung und Maximierung rekursiv flr alle Zuordnungen und
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55 2. Une méthode pour la reconnaissance de ia parole du type revendiqué & fa revendication 1,
ladite méthode étant encore caractérisée en ce que I'étape de mémorisation de modéle comprend
la mémorisation d'un moddle ergodique dans lequel n'importe quel état peut se produire aprés
n'importe quel autre état.
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