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recognition prOCE%§I%% procé%sor, which derives from the stream of input

speech data a more compact, perceptually significant set of

data referred to as a- front-end feature set or vector. For

15 example, speeéh is typidélly input wvia a microphone,

sampled, digitised, segmented into frames_of length 10-20ms

(e.g. sampled at 8 kHz) and, for each frame, a set of

coefficients is calculated. In speech recognition, the

speaker is normally assumed to be speaking one of a set of

20 words or phrases. A stored representation of the word or

phrase, known as a template or model, comprises a reference

feature matrix of that word as previously derived from, in

the case of speaker independent recognition, multiple

speakers. The input feature vector is matched with the

25 model and a measure of similarity between the two is
produced. -

Speech recognition (whether human or machine) is
susceptible to error ‘and may result in the misrecognition
of words. If a word or phrase is incorrectly recognised,

30 the speech recogniser may then offer another attempt at
recognition, which may or may not be correct.

Various ways have been suggested for processing speech
to select the best alternative matches between input speech

and stored speech templates or models. In isolated word

35 recognition systems, the production of alternative matches

is fairly straightforward: each word is a separate ' path’
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then offer ano
tokens, through a transition network designed to represent

20 the expected input speech. In general terms "network"
includes directed acyclic graphs (DAGs) and trees. A DAG
is a network with no cycles and a tree is a network in
which the only meeting of paths occurs conceptually right
at the end of the network. A token contains information

25 relating to the partial path travelled as well as an
accumulated score indicative of the degree of similarity
between tﬁe input speech and the portion of the network
processed thus far.

As described by Young et al, at each input of a frame

30 of speech to a transition network, any tokens that are
present at the input of a node are passed into the node and
the current frame of speech matched within the word models
associated with those nodes. At the output of each node,
a token is issued with updated partial path information and

35 score (the token having "travelled" through the model
associated with the node). If more than one token is
presented to a node, only the best scoring token is
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digit sequences might have a million nodes. If each node
took 50 bytes of storage, the network would occupy 50Mb.
15 While the computational requirements of such a network <can
be contained by only mai;taining a small portion of it
active at any one time, the amount of memory needed to
store the topology of the network remaing-unaffected. An
alternative would be to build the network dynamically as
20 required, but this would in itself impose a significant

computational burden.
In accordance with the invention there is provided a

speech recogniser comprising
a network for modelling expected input speech, the
25 network having a plurality of vocabulary nodes for
processing input speech, each vocabulafy node being
associated with at least one word representation model
operable to produce a first parameter indicating the degree

of similarity between the input speech and speech deemed to

30 be recognised;
comparing means for comparing the first parameters

from distinct word representation models and, in response
to this comparison, . for determiniﬁg the parameter to be
propagated. through the network;

35 and means for determining, at an output of the
network, the parameter having the highest degree of
similarity and the input speech deemed to be recognised;
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recognition that can be implemented by use of a tree
20 grammai. However the size of the second parameter and the
speed with which it can be checked are likely to be the
limiting factors in practice.
The term "word" herein denotes a basic recognition
unit, which may be a word but equally well may be a
25 diphone, phoneme, allophone etc. The word representation
models may be Hidden Markov Models (HMMs), templates, or
any other 3uitable word representation model. T h e
processing which occurs within a model is irrelevant as far
as this invention is concerned. Recognition is the process
30 of matching an unknown utterance with a predefined
transition network, the network having been designed to be
compatible with what a user is likely to say.
Propagating only those first parameters which have
valid associated. second parameters will not guarantee
35 optimal recognition accuracy as would be the case for an
unpruned tree network. The invention applies a number of
bottle-necks to restrict the numbexr of paths active at any
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scoring tbken March 1994 entltled "Speech Processing”, clalmlng priority
from European Appllcatlons No. 93302538.9 and 93304993. 4
incorporated herein by this reference. ) This allows the
recognition system to process multiple paths at the same
time and so allows more than one recognition result to be

20 obtained for each frame of input speech. The best scoring
path having a wvalid accumulated signature may be processed
by the first model of a node, the next best by the second
and so on until either parallel models or incoming paths
run out.

25 The accumulated signature may be used to identify the
complete path, resulting in extra efficiency of operation
as the tokens need not be traversed to determine the path
identity. In this case the accumulated signature must be
large enough uniquely to identify all paths.

30 For efficient operation of the system according to the -
invention, the signal processing of path signatures is
preferably carried out in a single operation, thereby

increasing processing speed.
Other aspects and preferred embodiments of the

35 invention are as disclosed and claimed herein, with
advantages that will be apparent hereafter.
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- Figure 6 is .a schematic representation of one
embodiment of a recognition network applicable with the
processor of the sequence parser of Figure 4;

20 Figure 7 is a schematic representation of a second
embodiment of a recognition network applicable with the
processor of the sequence parser of Figure 4;

Figure 8 is a graph showing the relative performance
of a speech recognition system according to the invention

25 compéred with a prior art system.

Refefring to Figure 1, a telecommunications system
including speech recognition generally comprises a
microphone 1, typically forming part of a telephone
handset, a telecommunications network (typically a public

30 switched telecommunications network (PSTN)) 2, a
recognition processor 3, connected to receive a voice
signal from the network 2, and a utilising apparatus 4
connected to the recognition processor 3 and arranged to
receive therefrom:a voice recognition signal, indicating

35 recognition or otherwise of a particular word or phrase,
and to take action in response thereto. For example, the

Sheet Has Been Reﬁaced

DB T STEET 1S B

REPLACED




_ In operatipn; a speaker speaks into the microphone 1
be contained by only marntaining a small portion of it ] active at any
one time, the 3DURR of2BARE y SRERFIY t5ggnal dsor &rams midf@dogfFrom « kbe

network remai ngi erddheséedr #Ato thal tgedabixe pouktd beneo Pubbénikeéon
net wor k namcally as_2 re?uireg but this wuld in itself inpose.a
Signi ficaft  PrOGRRECE alt oriroBey b, Spesch’siGnal, 4% aRALYSRE FThe>
invention therseigmalprovndédaaing spiecti fisvngioser ocomothsimyg.se of a a
network for mydgldi £3§p@SL&Sgg”BﬁfgrﬁQe%‘g’ge&éleage% aY!r?&V‘QﬂénsQf%EQE 8

plurality of ™ vocabulary no rocessing 1nput speech, each
vocabul ary néde Beih§sing RpRanaivsl @t vhdich ehBenof@ k@S dappropriate

representati ORJEMH in tKPEAOLE &P PEOIYRLLAchI HBT tRAr 3pBERK. | Ndi cating
t he degrzg of simlarity between the |n€ut speech and speech deened to

30 be récognised; TYPiCallY,confihifi EPTRIFMELIOR RFPIPFFYTt hd fREeES - to
par anet er s aclguipdidd it dones thimprise i pde ¢l Agsichst agish ch Nt 6 espense
to this conpar'%on forhgegerg I ng_the RatameLe to_be sit rgpaggted
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of the performed by the recognition processor in a second mode of
operation in which the recognition processor 3 is not

20 connected to the utilising apparatus 4, but receives a

speech signal from the_microphone 1 to form the recognition

data for that word or phrase. However, other methods of

acquiring the speech recognition data are also possible.

Typically, the recognition processor 3 is ignorant of

25 the route taken by the signal from the microphone 1 to and
through the network 2; any one of a large variety _of types

and gqualities of receiver handset may be used. Likewise,

within the network 2, any one of a large variety of
transmission paths may be taken, including radio links,
30 analog and digital paths and so on. Accordingly, the-

speech signal Y reaching the recognition processor 3

corresponds to the speech signal S received at the

microphone 1, convolved with the transfer characteristics

of the microphone‘l, link to network 2, channel through the

35 network 2, and link to the recognition processor 3, which

may be lumped and designated by a single transfer

characteristic H.
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t he, network: and. in {Q on ns,_are
end o%al |p(faetc|hng°f thtFﬁe % eRBh0 par arre igxgésésocﬁg g Wi hga
'time out’; a sequencer 35 which is arranged to receive the

classification results form the classifier 34 and to
determine the predetermined utterance to which the sequence
of classifier output indicates the greatest similarity; and
an output port 38 at_which a recognition signal is supplied
indicating the speech utterance which has been recognised.

Frame Generatar 32

The frame generator 32 is arranged to receive speech
samples at a rate of, for example, 8,000 samples per
second, and to form frames comprising 256 contiguous
samples, at a frame rate of 1 frame -every 1léms.
Preferably, each frame is windowed (i.e. the samples
towards the edge of the frame are multiplied by
predetermined weighting constants) using, for example, a
Hamming window to reduce spurious artifacts, generated by
the frames edges. In a preferred embodiment, the frames
are overlapping (for example by 50%) so as to ameliorate

the effects of the windowing.

Feature Extracfor 33

The feature extractor 33 receives frames
frame generator 32 and generates, in each case, a set or
vector of features. The features may, for example,

comprise cepstral coefficients (for example, LPC cepstral

from the
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or similar device.

20 Classifier 34 -

Referring to Figure 3, in this embodiment, the
classifier 34 comprises a classifying processor 341 and a
state memory 342.

The state memory 342 comprises a state field 3421,

25 3422, ...., for each of the plurality of speech states.
For example, each allophone to be recognised' by the
recognition processor comprises 3 states, and accordingly
3 state fields are‘provided in the state memory 342 for
each allophone.

30 The classification processor 34 is arranged to read
each state field within the memory 342 in turn, and
calculate for each, using the -current input feature
coefficient set, the probability that the input feature set
or vector Eorresponds to the corresponding state.

35 Accordingly, the output of the <classification
processor is a plurality of state probabilities P, one for
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particular be the same digital signal processing device as

as this inventthe featwiecrexxtadtero@s.tion is the process 30 of natching
an unknown utterance wth a predefined transition network, the

net wor k havi ng been designed to be conpatible with what a user is

likely to say.Sequencer Blopagating only those first parameters which have
valid associ ated segard RARGTLE" Sridhid 410 cn@uaLaphefcd? 9PUIIRI this
recogni tion accuracy as woul’'d be the case for an unpruned tree network.

The invent? on SPRPALECRLNEABRFLISES 2 STREE |SRTANGS MPLHWN 3R Ch@FTHRG
of paths acti vyrétée€8¥r 351, and a sequencer output buffer 354
time, making It comparable,t0a8aVeLlYaSe¥ets! ¥ -BhuBeliti Remory 353 which
stores, for each frame processed, the state probabilities
output by the classifier processor 341. The state sequence
15 memory 352 comprises a plurality of state sequence fields
3521, 3522, ...., each corresponding to a word or phase
sequence-to be recognised consisting of a string of
allophones.
Each state sequence in the state sequence memory 352
20 comprises, as illustrated in Figure 5, a number of states
P,, P,, ... Py (where N is a multiple of 3) and, for each
state, two probabilities; a repeat probability (P,;) and a
transition probability to the following state (F,). The
states of the séquence are a plurality of groups of three
25 states each relating to a single allophone. The observed
sequernce of states associated with a series of frames may
therefore comprise several repetitions of each state P, in

each state sequence model 3521 ete; for example:

Frame
30 Number 1 2 3 4 5 6 7 8 9 ... Z Z2+1

State Pl P1 Pl P2 P2 P2 P2 P2 P2... Pn Pn

.

The parsing processor 351 is arranged to read, at each
frame, the state probabilities output by the classifier
and the previous stored state probabilities

processor 341,
and to calculate the

35 in the state probability memory 353,
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processor 351 uses the well known Viterbi algorlthm The
network, and "in situations where there 1s plenty of processi ng
power avail ablR2rS}h@ PFRERRIPH I} Pavet cf-r‘%fgéxam’lereéﬁl PchbRFQPraFesRET
network is achisawgdl a§ ateest Intel® agcygely (fnrlqmc&a'&%cskwao 88% theOn
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, t
system | W acustiTRE 4, REBOR, BRER R R, BoPRY: bk ER R kELy Be"a”
requirenents arﬁSH rﬁﬁ\ea:saadmmmmgple, the sameTRSP devicecys D employed

recognition gsil t | Or endi ng the network to
process nulti pI e a% Cc?{le‘?lﬁ%t v%%%%%@ ﬁ%’ %era } this is achieved
by at | east or?ec‘?ﬁﬂim%c%l%%hrﬁﬁﬁééecﬁequﬁ!‘%tmkrwwng to

nore than one adejdd,alpressdei gkedtuekdsprdeh 3eqdRnee ¥ be reddgPRided)
co- pendi n lication filed on 31st 15 March 1994 entltl d

nt er nat i.o
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obt ai ned for eHbenf taee ©fd iohuthepeetéranddeibedetectednga labelatsigmald ng
a valid accunulatiglh;Si QA4 enBBdA® PLPGESSEY state sequence is output
20 from the parsing processor 351 to the output port 38, to
indicate that the co;responding name, word or phrase has
been recognised.
The parsing processor 351 comprises a network which is
specifically configured to recognise certain phrases or
25 words for example a string of digits.
- Figure 6 represents an embodiment of a network of the
parsing processor 351 configured to recognise strings of
three digits. The grey nodes 3510 are null nodes in the
network; the white nodes are active nodes which may be
30 divided into vocabulary nodes 3511 with associated word
representation models, indicated by 1loops 3515, for
matching incoming speech, noise nodes 3517 which represent
arbitrary noise and decision nodes™ 3512. A decision node
3512 as defined herein refers to a node in the network
35 which has more than one incoming path from previous

vocabulary nodes.
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O her aspects and p%efe;rﬁngpQPQJqpnts of the 35 invention are as

el n,

di scl osed and cl ai Ad W th advant ages that will be apparent
her eaf t er13 So =
where:
- S,,= the accumulated signature after passing through
the node~™
§,,= the accumulated signature input to the node
20 S.= initial accumulated signature from start node

M = the number of different vocabulary models (e.g. 10
for digits 0 to 9)
m = the signature of the current vocabulary node
According to this signature accumulation function, for
25 a sequence of up to nine words, an accumulated signature
presented at the output node of a network configured to
recognise "up to nine words, may therefore range <£from
000000000 to 999999999. Thus a maximum of 32 bits is
needed for the accumulated signature.
30 The additional cost in validating the signatures is
very low. Using a binary search on a list of roughly
100, 000 signatures for sequences of seven digits, incurred
only a 2% increase in overall processing requirements.
At the start of parsing, a single empty token is
35 passed into a network entry node 3513. Since this is a
null node, the token is passed to the next node, a noise
node 3517. The input frame is matched in the noise model
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word model 3515 and produces an updated token. At the end

6 BRI O Mld, BN REadERar LBGAoLULED) o UnKRY £F the
exanple only, Wwth referencé to the acconpanyi ng aw ngs I'n I ch:
Fi gure 1 shows fdcisdmadeecabipnanedd| 3642’ on ofThe 4Gecisiopningdss ofstthe

according;ot 0 nlegodiVER | Mdsoéllat@d with! 8l Se@MINIVEALIONS HIMIUAULTESA
Figure 2 is a block diagram showi ng schematically the functional
el ements of a PePBGH Piéh PRE¥cBEOPTaRE8RAPAGPY Such a 4 FRtfkRiRed’ °9%e

invention; 10 if a tidk@# ediiry sordd ok thexs asn gt wbés nPs sphesenteal | y
S bl ock i agr am shE g TR calT9Y {nEhe” nEPPER: LPE of LgUquéhed®
par ser form ngcpastrafined to resodruikercthe ofokrgfivdldwibg numbers qnlky:5
shows SChﬁgatiE%h[y1&B? 99@269&19f-@ofééﬂ££ve this, the signatures of the
tokens enterihg a'constréfhed node, eg the first decision
node 3512', are examined. If the signature of a token is
1 or 2, the highest scoring such token ié-propagated onto
the next nodes. Otherwise, the token is discarded and the
20 path is not propagated any further. The next constrained
node is the decision-hode 3512/ after the second set of
vocabulary nodes 3516b. This null node is constrained to

propagate only a token having a signature 11, 12 or 21.

The decision node 3512’’’ after the third set of vocabulary
25 nodes 3516c is constrained to propagate only a token having
the signature 111, 112, 121 or 211. Such an arrangement

significantly reduces the necessary processing and allows
for a saving in the memory capacity of the apparatus. In
practice, a 32 bit signature has proved to be suitable for

30 sequences of up to 9 digits. A 64 bit signature appears '
suitable for a 12 character alphanumeric string.

It should be clear that the signatures of the tokens
are not updated after processing by the null nodes 3510 or
the noise nodes 3517 since these nodes do not have assigned

35 signatures.

The tokens are propagated along paths which pass

through the remaining active nodes to produce, at an output
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signature Or the ToXKen ac tiie output node Jo21l4 15 examined
W thin a store Hordeterpioné vhe Frgoognbtion resulEsguFeguffe | I a slsodenatbi C

P esentation o sox ACHNLAIEN o BboR ERGP00LERR: A DS K a°PRLSAR. °

with the processor uence pars
7 ts a schemat iednhasgieentief itdhe dnvenddeond All oérrbbguarem-vgfnades 3511

recognitigp neEMﬂW* QQ@'B@Q@‘%fMéf‘AH& 1nc1uﬂ&%@ﬁ%§0E19§tt@%dﬁiﬁ&ﬂmﬁode
parser of Flgure ; gure 8 is a graph show ng the relative

per f or mance 351 aa’é?)eééﬁhré’é‘é’éﬁllﬁ S B HERDr BPRE CRAhERVeREEBN
25 conpared wi(ihed psadh @btadpyshefh node 3511 B afHd Nngetoni @i thisd

eleconnunlcatlons ncl ydi n eech co nltlon ener
conpri ses é%éhmnaSIEG °¥yﬁé§ﬁq%}a§%N?ﬁ %ngﬁrﬁ Sﬁq%} &' wlen
t el ephone hamés&haradxml ddmmtiimiada woards n@mdnt(&t;&mmatd@e]a 35109 i @nd0
swi tched 4 gtel ggapmin, %%t in%'&% is”%'s‘é% ‘iate(a“’%@r? 2% ond C&&I‘c{it o
3 ed to re nac1 romt K5 ngl Wor éﬁ

processor connect
and a ut|I|S|n§°aﬁﬁammﬂﬁih1 Tthﬁﬂﬂkﬂ%ﬁhtDO@h% B8ddgmire eenstaednast n

and arranged tgpe sdﬁ&*ﬁéﬁhéfeﬁﬁfEQQE%l%@BC%ﬁEHXEEEéféﬁbé'gaabagure 6.
ndicating 35 ol ecog Ly O oRens' "Sroaaced By tne CUElst et PESS or
vocabulary nodes 3511 are presented to the first decision

20 node 3512', the valid set of signatures for this node being
1 and 2. All tokens having a valid signature are
propagated on to the second set of vocabulary nodes 3516b.

Thus the token from the digit ! vocabulary node 3511’ and

the token from the digit 2 vocabulary node 3511’ are

25 propagated onto the second set of vocabulary nodes 3516b.
Each vocabulary node 3511 of the second set of vocabulary
nodes 3516b is associated with two identical word
representation models indicated by the loops 3515; hence

the node 3511 representing the digit 1 is associated with

30 two identical word models 3515 representing the digit 1,
the node 3511’’ 1is associated with two models 3515
representing the digit 2 and so on. The two tokens
propagated from the first decision node 3512’ can therefore

be processed by e;Eh vocabulary node 3511 of the second set

35 3516b. Thus eight (4x2) tokens may be presented to the
second decision node 3512'', which has a wvalid signature

list of 12, 11 and 21. The accumulated signatures of the
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okens ma therﬁﬁlre be esented to the third decision
and to take actlon In re e ereto. or exanpl e, the
REPLACENMENT SHEREe 3512"' which has a valid signaturg_list ofu111451h§

. apparatus 4 mayibe ghd enpigly opﬁf@g edeb@pki¥¥kens HEYIRGA tﬁ@éeef'fréfi&ng

banklng transact.i ons. In many cases, the utilising apparatus
will genetfte Signakprasimay b9 &ﬁﬁﬁ&‘é‘:?% 3t R RRERUE { REf %n$§%%§§|%h?he

5 bnetv\ﬁrk ﬁ tge&d@ﬂspeakealﬁowyﬁgcatd:y ftovem Bgue Pedlidf paths tBE the
subscri ber handset oper.at.i an, speaker, a intq.the

orophone 1 SPPaERFus, $0.P8, 1ASBE L afe PEEN ol Al Pk avE of
m crophone 1 ithieo spdexh nidewed t& be rehegnisedgmptmy1determined The

scores of each of the tokens are compared and the highest
15 scoring token indicates the most likely input speech. _
In a preferred embodiment of the inqgntion, the tokens
which have a valid signature are sorted to retain the n top
scoring paths as described in our co—Eending European
Application No. 93303538. 9. A list ordered by score is
20 maintained which may also have the added constraint that
signatures be unique ;o that only one token for each valid
signature is retained. If a second token with the same
signature is presented, the better of the two is retained.
For example, presuming that the following three tokens are
25 presented to the output node 3514 during processing:

ORE SIGNATURE

a 10 112
B 9 112
c 7 121

30 Path A, the highest scoring path,' is the best match.
However, although path B has the second best score, it
would Dbe rejected as an alternative parse since its
signature, and hence the speech deemed to be recognised, is
the same as path A. Path C would therefore be retained as

35 the second best parse.
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the number of identical word representation models

0 3.__wh h
ndi Gating | dBREERERI b b oBPReARLer ety varanidr fodn apR.dIeF ope

I ndi cating
phrase is genedatte(rna.mbd rbarn$met teédttof valldmacm:ruhlarte@ sippeatyrss 4, but

which thegotakgﬁo$gmqulﬁge% ixedGhiBLin the event of recognition of the

speech ypi cal ly, e recognltlon processor 3 needs to
acquire data concer A Ageess §B§§§ﬁl§éapn§Y5ﬁﬁmcﬁC?Gr@bBGfSO the imuentierch

signal, and ti{hs tdakla AW iaait@N coY stheg of mfﬂﬂ%‘itb)éetd%nces,
in a second node of operation in which

recogni tion process
recogni tion prSEEE‘ng°§ PsSABRrabe TRPFERTed TR tsr?él"}ﬁ’fcf?ssl‘ﬁg‘%\ﬁ&&rlaﬁq}'sed4,

but receives afrom mcmoeog@eﬁmtheom fau.aphrm@.dns Ooffortmé hek who
t,hods J
a

ce n o
oautrinotThe BBRERR"HRCBERY { FBHRAAE oLBEE o Ean o tits pacl HkdE P T

Typi cal l'y, theareengalthuubprocasaornatuxangnmaanErof IBhe sbelﬁdum@m&&kgn
by the signal fom tfe wF@#H&Pé‘OE]‘én&tBQ Yk weréh }&QQatc'é‘a '3?&%@6:&31 '

one of a large variety-o and qualities receiver 5t nay
be used. LikelpBeet, coms{tﬁthnsh@fn‘émepkszquanyesn@foseéremaﬂgslﬁr WELe of
transm ssion pAdSc 8y PErl@kénin ivHild Expe Fidlidt.| | BiStening to the data

20 confirmed that for most talkers there was a high degree of
co-articulation between the digits and showed that 25% of
the utterances included the word "double'. 1In addition to
the digits "one" to "nine", three versions of 0 were
present, namely "zero", "nought" and “"oh".

25 As a benchmark against which to test the signature
based tecﬁnique, a tree network with over 300,000 nodes was
built to impose the required grammar constraints. In an
unpruned form, this network will give optimal top-n
accuracy figures. However a tree network may be pruned to

30 a certain degree without significantly affecting the
accuracy of the recognition results, as can be seen from
the right hand end of line 90 of Figure 8. A tree is
pruned by considering the probability of a prospective path
being valid. If the probability of the prospective path is

35 low, the path is pruned. For instance, if a network is
configured to recognise the words CAT and DOG, and the
recognition process thus far has determined that the input
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At W v R L hadiinnd wafthw Sw W AW M N fmeh At e e e

30 anal og and di gi tER% FRHPUTRPSES 9f. COmMRRLHSAMYEFE 2if¥stem agreEding

signal Y reachiteg the pees@mt! | NverticEsSoa Eixedcprua:spgnctsmterskidlel Spaech

Shanal S recel hlelln WP se1odidldBU0BR e ar 10UV BLYER Wl Dyl ol EBR L Ene
chann hr'ough

characterlstlcs m Ccr ophone netmork
the 35 néfwor knee anfl |t|h;ek agcuhacy ewggchvxmmpau@ss@mrye vitg cRhown nhy

be | unped and $egigaat 60 Wch SERGLE deANstehracy A RLET Isiid Hcanty
REPLACENMENT SHEE%lu Ref erri ng tor%$6ure 2; the ré%ogm??%m Y
processor 3  3e9g@@®G-ses an input 31 for receiving speech in digital form

The memory requirements of such a network are
significant. If one holds just the topology of the network

15 resident in memory, "even a minimalist implementation will
occupy around 8Mb (at an é@erage of roughly 3512 bytes per
node), excluding storage for the models themselves or for
the scratch spaces needed to run them. B

A 7 level network, similar to that shown in Figure 7

20 but with seven sets of vocabulary nodes 3511, was tested
with each of the levels allowing any of the words "one" to
"nine", "zero", "nought", "oh" and "double", with optional
noise between each of the levels. The number of layers for
the processing of alternative paths was varied.

25 Lists of valid signatures were generated from the list
©of allowed serial numbers, generating 152279 signatures for
the complete and partial sequences. Using a 32-bit word to
store each signature resulted in the signature lists
occupying 0. 6Mb. '

30 When processing the signatures in the network, the
signatures were augmented and checked on entry to the word
representation model (rather than at decision points 3512)
as this prevented the processing of paths that would
otherwise .have béen discarded at the following decision

35 point._

Figure 8 shows a plot of recognition accuracy versus
computational load for the differing number of layers of
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(either from as%i,isé:ietmél network or from an anal og to digital )
converter), a fraf® }Fofdeas fnom fthe pasulbsi ffat hehes suneriiaah

of idi gi tal Sanﬁhearbggqf @n%ueﬁg&aicarteot_nfercadmf tecfhrgfq@][itd g.umll 9 19 0 ;
a feature, extractor . generating froma_frame of sa a

corr esponh‘?ng agthFelm %ret\?eté‘l“ﬁg:nga %feas‘gﬂ‘*’@‘r‘mﬁcFBE@FVi ﬁéfalqﬁré%iﬁccfe%@? on
of feature theectechnandeoper al nngeas iagch thvet h namilerr alafl y lafyersdeloflO

states, to gen Nni_ti I [ So. 0] 38, (o]
determ ni ng th%ig%lgné(?gg%eletrg#%%eipt%?egresb%ylrgd;tlec |%gﬁ¥%%j:y _glljéngofgf bsrﬁ'edegc%
or after a perthkel gapshetreen khewacauyracy of thigeteghniguesaadetdat 35

whi Ch_ i S arr aﬂ%@n‘%othﬁceﬂu\i‘l t’@f‘ee net§bagsi f i'l‘iﬁ,t i@&hdﬁﬁé‘x‘xéﬂfﬁi%igﬁ is
classifier 34 and To 15 determ ne the predeterm ned utterance to_which the

sequence 13 Yiat| Ragtipdr RAfiin YRiFRatds 3 hErgre &SSO nVPutdt pevar
an out put poritmédc,at akechim rleagniddmiesgigigl i Hhep! nedwork ioFdi &dle Ng
the speech utterance. which has been recognised. g4 ane %‘enerator 32
20 The flrré‘fﬁanﬁe?l%rgf’gr < pall aX%F&ng"e‘a EE™PEES \)'élfskbe&?ﬁ other  to
survive.  The result is that partial paths that would
complete in the tree network are being killed in the
20 network of the invention before they get a chance to
complete.

In situations where there is plenty of processing
power available, the reduction in storage requirements is
achieved at a cost in accuracy (from 92% down to 89%). On

25 the other hand, when the processing power available is
limited then a system according to the invention may offer
both reduced memory requirements and increased accuracy.

In the above described embodiments, speech recognition
apparatus suitable to be coupled to a telecommunications

30 exchange has been described. ‘However, in another

embodiment, the invention may be embodied in simple
apparatus connected to a conventional subscriber station

(mobile or fiked) connected to the telephone network; in

this case, analog-to-digital conversion means may be

35 provided for digitising the incoming analog telephone

signal.
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eech rego n:.t:.on rele a to th resent invention are
sanples at a r te of , ?cﬁ exanpl e § 850 7 per second, and

to forn1franesm€6ﬁpfuéﬂﬂgSEGGQGGnPPgGBGsaPPll°§&#§Le§nt%ﬁPaQ}OQﬁ%uﬁ?tﬁ%ﬁe

of 1 frarre Rﬁ?ﬂ.!ca%@@h fuedPr&ierzastﬁw Ma®88h 1§98MendiStled NG@MYEch
|. es 2 t oward the e of th? frape are nultiplied
gr .B?m

br bt oRRFREBLEEOY né iRFThy TEPMexAnpPRean, patdnt
Hamn ng vm ndomappliedud:ensnurl aﬂsoasulf artwhi gienisy dearkiby i ncodprardtteadrdsy
edges. In a p r iment, the frames are overl apping (for
exanpl e by 509 ﬁ%% %ggfgggﬁgr orate 30 the effects of the wi ndowi ng.
Feat ure Extractor 33 The feature extractor 33 receives franes
fromthe frame generator 32 and generates, in each case, a set or
vector of features. The features may, for exanple, 35 conprise
cepstral coefficients (for exanple; LPC cepstral -
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- YV et At e hide L AWM AT ALY et MV MY VERERE WSS wmeeEr TGS w s hwan 4 o Se

- 9- coef #$8i AT LAL eI IIBHUIRY BaPaFr AT oBKRPLNES s2hs decision
described in " Qodébe Eﬂﬁé!dabhﬁlat@f tSaeaeblﬁaemgr&:s@re&mmt the rdaaig&ﬁa&e@n
using a Reference Systenb l.et & Ga % ro

p2026), or diffRFeMti §RC aF&&éS&P"sd‘Sﬁe é‘a"&é‘gf Ff‘cFéﬁPSla 8§nﬁr|5| g,"alr St
each coef ficimmtymulahed sigdatfieeencesndximeecm t hekeovef fecedmedandyt he

correspondiNy aec:£OGHT! ALER! V3l uBa1y the Esggsganglxg thk avclaRalddnd

he use © ant aneous and I onal
| nformat i on i n SpEpkerrKReofghhatorokeBobhpre Ris&MiesSey; lnlctne f%s afgprlid

Trans. on ACOU%&&?muf‘Q@S&“si‘Bﬂa@b%@' aEEBEeééé&Qvuth tiak d6cheiok PL%EE

Equally, a m xture of several "types of feature coefficient nmay be
used. Finally, the feature extractor 33 outputs a frane
2, A speech recognition system according to Claim 1

further including comparing means for comparing the score

15 and signature of each token, to determine the path through
the network with the best match to the input speech signal
and those with the next best alternative matches.

3. A speech recognition system according to Claim 2
characterised in that the scores of the tokens are compared
20 at each decision node of the network, only the n top
scoring tokens having valid signatures being propagated to

the next nodes(s), where n is greater than one.

4. A spéech recognition system according to any one of
Claims 1, 2 or 3 characterised in that the vocabulary nodes
25 are associated with Hidden Markov Models and/or dynamic

time warping.

5. A speech recognition system according to any preceding
Claim characterised in that at least one of the vocabulary

nodes of +the netwerk are associated with more than one

30 identical word representation model.
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7. A speech recognition system accordlntho any preceding
nunber, increnented for each succe55|ve frane. frane generator

32 and feat ur e A GArIELeFised in that the conmesradnsPeeghodegmad ¢
a single sui tbaublxsecogms@d)g;raraubﬂtméanlbﬁltgf@élmoemsswxﬁasf’& devtae

(such as Vbt oIa SP_ 5600 the Texas I nstrunents TM5S C 320)
or simlar dev% ens [%§ﬁ¥§haégﬁ-netw° Referring to Figure 3,
in this enbodlnent the classifier 34 conprises a classifying

processor 1841 gnd az ee% aE%f%%%%E%f%Agystem accord%ggfébagﬁ ngfnéfa§ég

conprises a state f|e
speech states. ! to 5F6Par6§5ﬁﬁFéed eacﬁhaELFB%H%h%naFBreﬁear?e%%@ﬂ?§€ﬁ tBy

t he r ecogaete&aumreoqmprtt@@npatﬁesu%nsttateeszaesaedmaeear @I.-Iongine inpuB
267 11O ChebeR vhaf RHRL OB AR drintiben, b AR
fiield within thetoaoory 342 in turn, and”
15 9. A 'speech recognition system comprising
a network for modelling expected input speech, the
network having a plurality of vocabulary nodes 3511 for
processing input speech, each vocabulary node Dbeing
associated with at least one word representation model
20 operable to produce a first parameter indicating the degree
of similarity between the input speech and speech deemed to

be recognised; _

- comparing means for comparing the first parameters

from distinct word representation models and, in-response

25 to this comparison, for determining the parameter to be
propagated through Ehe network;

and means for determining, at an output of the-

network, the parameter having the highest degree of

similarity and the input speech deemed to be recognised;

30 characterised in that means are provided for
allocating a signature to at least one of the vocabulary
nodes 3511;
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arameters, .the first parameters be1 ropagated through
cal cul ate foP eac using. the -cﬁrrent p Red coef fi c?ent

set, the prob&&e |RSEYPRK PHéY|MEﬁPf§Qﬁlﬁ§§%€fatEd 5?°95§t§P ohts

to the correspordiol tHcie iBh set ofAceallill ndgond paeametepst of the
classification processor is a plurality of state probabilities P, one
for - 10 - each state in

the stale miopryA 3dBeechndrecogmitibe systdn kalccensd nchatot el ahput®
feature vect O&lh(é?: %SQ%red§ec%nd gglrpaﬂlgge%t ¥9idati ém mean-g""aaréldfifes.éébﬂ.é‘g

processor rogr amre gi tal signal
processi ng (Dgvagégﬂgge ﬁ@p ﬁ@cond parameter after the input speech is

processed by a word representation model of a vocabulary

node.

15 117 A speech recognition system according to claim 9 or 10
wherein the speech deemed to be recognised is determined
from the second parameter associated with the first
parameter available at the output indicating the highest

degree of similarity.

20 12. A speech recognition system according to Claim 9, 10

or 11 wherein at least one of the vocabulary nodes 3511 is
associated with more than one identical word representation

model.

13. A speech recognition system according to Claim 12

25 wherein the comparing means propagates a maximum of n first
parameters having the highest degrees of similarity, n

being an integer greater than 1.

14. A speech recognition system as claimed in any
preceding claim ‘adapted to recognise connected digit

30 strings.
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_ telecommunications network. _ _ _
particul ar be the sanme digital signal processing device as the feature-

extractor 33. Sequencer 35 Referring to Figure 4, the
sequencer 35 17n @hi ;ethodentafli neetoguipi ngescanseatedsequpute rspemch
352, a parsing,ompriBi@gessor 351, and a sequencer output buffer 354.

Al so provided S state probability nmenory 353 which stores, for each
frame processed, th@eseaesipdobabingtyamk for omedellbpat Hexreaked f igput

processory@41l. s?Eélegﬂahe ﬁ@ﬂﬁ@ﬁﬁ%é@n@wm&&@mlm&b&m dlddles ,of
I €1 ds

stat e sequence each corre ng to. a word
or phase S eR e Be AR Y ShOR T B8 oAt STTIRESA | HILP (afy Epast’ ot
al | ophones. word regrademtat ko eqodele ¢apibbestefi eproduenag nemiiysis?

20 COMPr S€5. o 25 LLLUS! £ Ahed el o) QUIE dhob JUTPEL: 01 SLALGS e tweehl BT
two probabilitimsyt aspepeht apdobhbi Bpeyc'(lPFeem}e)i &od be recognigesi;ti on

probabilijtsy to the fQhLoM ARG St € £6Be® ' bdramdbErs from distinct word
represeéntation models and, in response to this comparison,
determining which parameters are to be propagated through

the network;
and determining, at an output of the network, the

20 parameter having the highest degree of similarity and the
input speech deemed to be recognised;
characterised by allocating a signature to at least
one of the vocabulary nodes;
- and by associating with the first parameters second
25 parameters representing the accumulated signatures of a
path through the network, the £first parameters being
propagated through 'the network only when the associated
second parameter is one of those in a set of valid second-

parameters.

30 18. A method according to Claim-17 wherein the second
parameters are validated after processing by a word
representation model associated with each vocabulary node.

g
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{at ¢ th second parameter assoclated with ta flggt p?rameter

states o e se are. a ural i S ee ates eac

relating to a §V%Qﬁ€'%§|eloﬁﬁongL %%ségV@dP %g§eqﬁéﬁ8855f ¢ares ©

associ ated W tbiaidariey ofi ddiaretsestaythe iihpuefospeeohpr deemedvertal be

repetitions of rS@St}Eits%tde Plerr] in each state sequence nodel 3521 etc;
: ra

for exanpl e: me 30 Nunber 1 2 3 4 5 6 7 8 9 ...
Z Z+1 State PL P1 P1L P2 P2 P2 P2 P2 P2... Pn Pn

The parsifg progessgr maﬁiaoasa%b%a%@ 0 h89dorak183al 17 td ezr@ewhetﬁan,
state probabilities output by the classifier processor 341, and t

previ ous stor e‘tﬂh§f*at“l§’r|@r oBBBR| iqR&esEEESt| Pansdesen oipr syAdikatle néFmrt;Fe
353, and to capgtpaty e first parameters and the associated second

parameters available at the output are compared and the
first parameters which have the highest degree of
15 similarity and different associated second parameters are

retained.

22. A-speech recognition system substantially as described
herein with reference to Figures 3 to 8 of the accompanying

drawings.

20 23. A method of recognising input speech substantially as
described herein with reference to Figures 3 to 8 of the

accompanying drawings.
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one of which has an associated signature. In use, partial

nost "ke'y p%}&&%nﬁ.&%ﬁs aehsdal fo Q‘g’;%&nn‘eh”f‘at &QQLEQon noddPMp3se 2hhi s |
wth each of the s

at e sequences store state sequence nenory

352. interpediarat tom ke ming Rnduend ?ﬁoﬁhﬂ—ﬂ-‘ﬁﬁ@ﬁ%#ﬁévpat!}:

gdel met h|0d mh hlakgﬁémemveh?eiaggnﬁﬂd dgvodidd set of valid
nveniently, the rocessi ng. perfor arsin pLocessor
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@& to be recognised) 15 a probability

a word, phLasé//'

ot her speech 9

score-i s out by the parser j yr 351 at each frane of input
speech. For @@Ie the staf’e slequences mag-conprise the sina
t el ephone direct offsq en t‘he end of the utterance is

| abel signa
20 fromthe pars

OUENGETILISING Pyt
a _h " 1
that the %I’ r espondi ng

D |
QLEPARATUS

The parsi DY oceg specifically
confi gur ed |t ZlLECC por Z5 wWords tor exanple a string
of digits. Fi gure 6 represents an&nbodi nent of a network of the

par si ng processoﬁ 351 confi gur€ev ecogni se strings of three digits.
The grey nodes 3510 are null nodes in the networ k; the white nodes are
active nodes which may be 30 divided into vocabul ary nodes 3511 with
associ ated word representation nodels, indicated by |oops 3515,
for mat chi ng i ncom ng speech, noi se nodes 3517 which represent
arbitrary noi se and deci si on nodes 3512. A deci si on node
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3512 as defined herein refers to aF.n|<Qé$n the network 35 which has nore

than one incomng path. from previous vocabul ary nodes.
- 12 - Each vocabul ary node 3511 is assigned a signature, for
exanple tIg421r0des 3511'3421@presenting the digit 1 are assigned a
signature '1', . representing the digit 2 are assigned
a signature '2'l and sogpn. Eqach 5 decision node 3512 has an
associ ated set| off vatFd si gnat ur es. As tokens pass through
the nodel tthe cumul ajed signature associated wth each
token is 3422 éﬁ:
(a8]
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b
b
b
342 d]
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nodified to reflect the extended path through the network. A signature
accunul ation function coul d take nan*:ﬁ , 10 subject to the constraint
that it nust provide unique acc nﬂ@iﬂgd signatures for those paths

whi ch are consi dered different in terns of the recogni sed output. An
exanpl e signature accunul ation function is given bel ow

S[err] =S[err] X M+ m 15 Sferr] = 0 82 e: S[err] = the
accurul ated signature after p i e node Slerr]

= the accunul ated signature ihp e Mo [err] = initial
accunul ated signature from st ar@n@p@ O @ @M :’?%%Pnunber of different
Tor—gi gt 0

vocabul ary nodels (e.g. 10 T 09 m = t he
signature of the current vocabt;@fr_glrlﬁi(mqom | Acgsydi ng to this
signature accunul ation functip ce¢ of up to nine words, an

accunul ated signature pr eségtg@@ucghs-rgng)ut node of a network
configured to recogni se kL I therefore ran%e from

531 ' [3 4

STATE |
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PROB. PROCESSOR BUFFER |
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(34)
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351 7
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000000000 to 999999999. Thus a maxi mum b 32)bits is needed for the
accunul ated signature. 30 —The addi t'~o4d ost in validating the
signatures is very | ow. Using a+bi narg deaf cifNo —PFealpL-|of roughly
100, 000 signatures for sequencest@of sé¥en @ ; i'é@CITAT‘_"_"E_Jﬁ“ ~lonly a 2%
increase in overall processing reéquirephe Athe—dtart  of
parsing, a single enpty token i 5 od Qe netwqr k entry node 3513.
Since this is a nul | node, ﬁ@ @

node 3517. The inpu ams > AT

next node, a
he\ndi se nodel

EEiPE,iCENENT SHEET % - 13 - (not
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(@]
the output. This token is then pasbbH|t® | hg next active nodes i.e.
the first set of vocabulary nodes 33\aseach __ havi ng an associ at ed
wor d nodel indicated by the | oop 3515. ocabul ary node 3511 of
the first set of vocabul ar:Q nodes r;gc SEEsiag frame of speech
in its associated wort rmdel d predBces|airiffdat ed t oken. At
the end of each tine 2 o S are presented to the
first decision node 3512 dep ) network are
associated wth a set of Q“ﬂ g1 .\’» mnll only be
propagated by such a 'con ai neo aq‘?’ a toker”havi ng one of these
signatures is presented. “ ance, say /.the network of
Figure 6 is constpai ned to recogr he four fofl owi ng nunbers

CAV

only: 15 111, 112, 121,9211. To achi
t okens entering a constrgi ned node,
are examned. |f the signature of a
scoring such token is propagated ontg e next nodes. Oherw se, the
token is discarded and the 20 path I\ opegated any further. The
next constrai ned node ks the ge0| odeu3 Q; 1fter t he second set
of N

, the signatures of the
rst decision node 3512',
1 or 2, the highest
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Le(@‘ >
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3516b

3511
3512!

3516a
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vocabul ary nodes 3516b. This null Ed(gﬁ constrained to pr opagat e
only a token having a signature 11, 12 or 21. The deci si on node
3512' "' after the third set of vocabulary 25 nodes 3516¢ is constrai ned
to propagate only a token having the signature 111, 112, 121 or 211.
Such an arrangenent significantly reduces the necessary processing and
al | ows for a saving in the nenory capacity of the apparatus. In
practice, a 32 bit signature has proved to be suitable for 30 sequences of
up to 9 digitsge A 64 bit signature appears suitable for a 12
character al pRani®@rj c string. It should be clear that the

si gnatures of G he tokens are not-98d 6@ after processing by the null
nodes 3510 or t nojse podes } he$® nodes do not have

assi gned 35 tdre ropagat ed al ong pat hs

whi ch pass ining active nodes to produce, at an output
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‘ recognition and in particular to a method and apparatus for
- 14 - node “3514, a token indicati ngflt he score and accur‘riul at ed

si gnatureS foRPRtakPge 19XaMMagt t KEPSAFAPERen FRr ou§RARE TS SRSk
The tokens argegeghifieus! y updat efrewdnd tihwemtdon isof epegartizular
determ ned by an end pojnte t he part

i nformati on ofPERESEECUI 55"8365’:9’" Aé’Ftgglﬁghf‘goﬁggl’;%téhtégke%ogPeFkgéogwta"fCJrﬁ
nﬁgs\s35$4 i's Qﬁgtﬁigﬁegifon wherdet elffeni naskhe fecogmamphesesnigbt Pgure 7
cnbodi ment of PREINHUENEIEnOTARI S8 Tnacasirse dadegsor; PrRdiRodce,
3512 aft@0 and inclkadisgcammibnsin depdesitoresogaition prpresfingdh iamydbl e
of processing EQESht hﬂ"teﬂnet#?igﬁll id | afqi €ACH ARGRDULR Ya N@de 301k oof
t he s_econd a_na third se 5165’, 3516c¢c” of vocabul ary nodes |fs,
associ at ed wi £gont-end processor, which derives from the stream of input
speech data a more compact, perceptually significant set of
data referred to as a-front—end feature set or vector. Eor
15 example, speeéh is typiéélly input v{a a microphone,
sampled, digitised, segmented into frames of length 10-20ms
(e.g. sampled at 8 kHz) and, for each frame, a set 6f
coefficients is calculated. In speech recognition, the
speaker is normally assumed to be speaking one of a set of
20 words or phrases. A stored representation of the word or
phrase, known as a template or model, comprises a reference
feature matrix of that word as previously derived from, in
the case of speaker independent' recognition, multiple
speakers. The input feature vector is matched with the
25 model and a measure of similarity betweén the two is
produced.

Speech recognition (whether -human or .machine) is
susceptible to error ‘and may resﬁlt in thefmis;gbognitioﬁ
of words. If a word or phrase is incorrectly recdgnised,

30 - the speech recogniser may then offer another attempt at
recognition, which may or may not be correct.

Various ways have been suggested for proqessing speech
to select the best alternative matches between input speech
and stored speech templates or models. In isolated word

35 recognition systems, the production of alfernative matches
is fairly straightforward: each word is a separate ! path’
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nore t harP onéqmﬁ%IOWFﬂerébﬁéséh%ét 91y et %%sl% arg féteé‘:a[@?’nvcﬁ se

gode IS assgqﬁaactce(gsvmth nore than one identical noi se nodel ). The
eci sion nodes 3512 are constral ned t.he sanme_napner escrd

with reference tolf gitest °°nneertheéifo’iﬁ°‘?‘iﬂ<’g:r1‘s°rbr O%P(l%gamﬁy taﬁlg fir n{) set
3516a of - ismcalad am:ﬂod%dﬂfyﬂt&b& psgseaned basetde Dir stcatewictiash 20

de 3512', th |
N1 tokens Gy cen v A Ay, ot ST ELMByg posh¥E ©

second siét oftovocabahhiyenadds Bb%tpaths afrhu@et hélth@H-enPPF-é?#lt%% dh@t 1
vocabul ary ngx% Rkl ar%.ng:hus nd h@dérpklﬁ'ﬂe fEde (- 0i DL & rda¥eGabuadichazode

3511'' are 2 propagat ed onto t e second set of vocabul ary nodes _3516b.

‘Each vocabul &ne sddec3gyl ditainakiec P dihofi REREIRTFLPY avaifshle 2d516p

is associatege Wil pbyat b@eﬂﬁécz@étwdﬂfd One EGRLEISH &ld Q:mempd@lb&em
i ndi cated by the Ioops 3515;. hence t he, node 35 1, repﬁ,gggntl ng d| glt

1 is associ atodfd BHARCIRI 1and§ et St Jvﬁ)rddlsrf’difeﬁ% 3515 555@“
digit 1,15 af ls@mplede€ondzbtual M&deasfon’:labeniect\ethptBWUh Rastelgsut:;@:ts

representi ng he di,gi ang Th ns ro ated
fromthe fir<sYSESmse O ngsde 519 oun G ﬁ]e el-fi or & WiskNS ana B ORRIALEL
Tﬁornton, Cambridge Un:.vers:.ty Engineering Department 1989,

which relates to passing packets of information, known as
tokens, through a transition network designed to represent
20 the expected input speech. In general terms " network"
includes directed acyclic graphs (DAGs) and trees. A DAG
is a network with no cycles and a tree is a network in
which the only meeting of paths occurs conceptually right
at the end of the network. A token contains information
25 relating to the partial path travelled as well as an
accumulated score indicative of the degree of similarity
between tfxe input speech and the portion of the network
processed thus far.
As described by Young et al, at each input of a frame
30 of speech to a transition network, any tokens that are
present at the input of a node are passed into the node and
the current frame of speech matched within the word models
associated with those nodes. At the output of each node,
a token is issued with uﬁdated partial path information and
35 score (the token having "travelled" through the model
associated with the node). If more than one token is
presented to a node, only the best scoring token is
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be processed HF&Ach QRiba‘Eﬁll%’FV%‘Eféi I 175K 1 DRSS At W tohse I?é'ﬂsbby
Thus ei ght (4ﬁé?a)nst %@r&wammesﬁﬁaduﬁdrﬁaheon cosaadnte dledi tdiion trode

3512'', which avalid s ure The
accumul at ed Lﬁ%sp’fﬁ’ ’t‘%ﬁ% $est matdl & cif njp‘?{l bdech. 15 -

tokens fromthe seaond sselos35itile abecohetkeclt*amdaet’dventbleénsneratlma\ﬁh-'lg a -
valld signatyre, are Ananaqaler SRR tBbEfaselin tne 3d8E OF ¥acalulary

nodes for proce55|n voca node 3511 of the third set
3516¢c ofl0 5 Whidabuihiry hedeelrEiuelpchsratabk forvaFde tPdennistAuSkor d &

representati g JEME SprdblamatdcBad MeMeOf rd MYi 1 drX@hsk size grows
large. For example a tree network, representing 250,000 7-
digit sequences might have a million nodes. If each node
took 50 bytes of storage, the network would occupy S50Mb.
15 While the comEutational requirements of such a network <an
be contained by only mai;taining a small portion of it
active at any one time, the amount of memory needed to
store ‘the topology of the network remain;-unaffected. An
alternative would be to build the network dynamically as
20 required, but this would in itself impose a significant
computational burden. '
In accordance with the invention there is provided a
speech recogniser comprising - |
a network for modelling expected input speech, the
25 network having a plurality of vocabulary nodes for
processing input speech, each vocabulaﬁy node being
associated with at least one word representation model
operable to produce a first parameter indicating the degree
of similarity between the input speech and speech deemed to
30 be recognised; )
comparing means for comparing the first parameters
from distinct word representation models and, in response
to this comparison, for determining the parameter to be
propagated.througﬁ the network;
35 and means for determining, at an output of the
network, the parameter having the highest degree of
similarity and the input speech deemed to be recognised;
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tokens may theyaimile del ry;@mnedes o1 he datlr dhdetigdi drhe netwode; 3512" "
whi ch has a valid si nature |§t QLJ]_J'&atJ.&r}Z neans 1;}_.8 %@ov%lﬂad FHWs
0 e

four tokens havi ST gnat ures may resented at the
out put node B&M.Gm‘tmiga that netewskcosd admamated opsshReipded vdltl Fat hs

of -t he tgggggetang depti; fd qlbd@ad fhus, f gghal tgéeatéfege@fond

t he speech deerre e recogni se e determ ned The scores
each of ltthe mﬂ@m@t&r@,cmréﬁr%dwﬁ@mﬁ%s?e%g EEBPPH&tﬁéké:ﬁ”‘i%hcat es

the nost |ikelps |,{g}_q;o§]peggby when the Ig%sa,cgranear rsscendoghiranetel tilse
i nvention, the tokens whi ch have_ a ture are sorted to retain

a
the n top  O%c&h FFP& B & SR @5 b |dn S&fro%g PEERISTS Elr opean
Application No. $33®3238ystem rApliastsosadiuled treescertavdsk 26 tha veaiyned

whi ch ma I -h t dded
that onty onduEde e Batieyal ik o8 s ah; sramplel Y ME6hs PepBulLE 00

t oken wiltsh t dessaribed alsivmatifle x@w@sm ethe tpvel oot 8EE. ot heh@eMagyi s
retained. ﬁg‘ r%\%m{%' eoggr BSHﬁbngné%ri hey f01 hQWidG, t iige Heokemdedr € 25

presented to R out put n 514 duri1ng processing:
2Mbytes, a considerable saving.

In Principle this technique could be applied to any
recognition that can be implemented by use of a tree
20 grammaf. However the size of the secohd parameter and the
speed with which it can be checked are likely to be the
limiting factors in practice.
The term "word" herein denotes a basic recognition
unit, which may be a word but equally well may be a
25 diphone, phoneme, allophone etc. The word representation
models may be Hidden Markov Models (HMMs), templates, or
‘any other suitable word representation'model. T h e
processing which occurs within a model is irrelevant as far
as this invention is concerned. Recognition is the process
30 of matching an unknown utterance with a predefined
transition network, the network having been designed to be
compatible with what a user is likely to say.
Propagating only those first parameters which have
valid associated. second parameters will not guarantee
35 optimal recognition accuracy as would be the case for an
unpruned tree network. The invention applies a number of
bottle-necks to restrict the number of paths active at any



accuracy (from 92% down to 89%). On the other hand, when

SCORE SI
;I. 5 G\IgﬁgR%rocefSJ.ngA\agwir a%%lllg % )]&152 thmltﬁcligr@Setn s%or V%Seg‘ath
is the bestaggosding tdkﬁh%e#nVahFh@EghaﬁapﬁfBrhésﬂﬂher%%%®ﬁ@ pespry

score, it gggemggtsr%hgpgggreggedagccgggggnat|ve parse since its
si gnat ur e, ané Hence t he speech deened to be recognlsed IS, t he sane as
5

path A. Path C woidP8 tBEFEFECT b@freFQFneHeéggg 1fRe §%EBﬁ85be§?npaP§e
10 ameliorated by extending the network to process multiple

alternative paths. Preferably, this is achieved by at
least one of the vocabulary nodes of the network having
more than one identical asségiated word model as described
in our co-pending International application filed on 31st

15 March 1994 entitled "Speech Processing", claiming priority
from European"Application§ No. 93302538.9 and 93304993. 4
incorporated herein by this reference. - This allows the
recognition system to process multiple paths at the same
time and so allows more than one recognition result to be

20 obtained for each frame of input speech. The best scoring
path having a valid accumulated signature may be processed
by the first model of a node, the next best by the second
and so on until either parallel models or incoming paths
run out.

25 The accumulated signature may be used to identify the
complete path, resulting in extra efficiency of operation -
as the tokens need not be traversed to'determine fhe path
identity. 'In this case the accumulated signature must be
large enough uniquel& to identify all paths.

30 For efficient operation of the system according to the -
invention, the signal processing of path signatures is
preferably carried out in a single operation, thereby

increasing processing speed.
Other aspects and preferred embodiments of the

35 inventién' are as disclosed and claimed herein, with

advantages that will be apparent hereafter.



recognition system according to the invention in a
It wll bea ematedt t. the network shown in Figures 2 and 3 is
extrenely si ﬂ%l e %Vlronm%'%Cognl tion of a three-digit
string, the recag.rgx.smabla is a hlicgik dilbgirag §ho®ing, st¢hematopaldtyl \tde

speech recogn sgl tlo%al ol Hles 1 Qayeec@%llaél pEBEEYd QAR Iy

and/ or the uences to be recogni se | 'onger I hese cases,
the nunber aof emhmintmafm ofpdthe imserdd@m ati on nodel s associ at ed

with ea3Q rel evantp; W ajy Qogﬁo@ﬁyd99§r5ﬁ*1nd1c§€i§§”h@ﬁ@m@t1hﬁ&l@ st
of valid accunul ated signatures, hut 10 chgosen to be a fltxe nunb
A speech recSdfi {GIoEW ORI e ot orias§ ithd eth & OF A B8Rt PEFE © v?lags,“”tee ied

using data consi striRehr@f 44 blddH td:E@tﬂtlﬁﬁ\CEIiown.ng seAtdmd ¢ Dea Bl g e raveat e
speaker. The ze uences vere col | ect ed ver . 1000 %p%ak%ré ttr Qm al |
regi ons of tR&ETUETNTE 15’ pRon&F VT &fd, Dgﬁﬁﬁ’ést OTREPI; ( BRET wfe &HEh

asked to rea@émbodimenterdfalFigudeer2;in a "natural” manner. The seri al
nunber515 Figure 5 shows schematically the content of a field
within a store forming part of Figure 5;

- Figure 6 is .a schematic representation of one
embodiment of a recognition network applicable with the
processor of the sequence parser of Figure 4;

20 Figure 7 is a schematic representation of a second
embodiment of a recognition network applicable with the
processor of the sequence parser of Figure 4;

Figure 8 is a graph showing the relative performance
of a speech recognition system according to the invention

25 compared with a prior art system.

Refe;:ring to Figure 1, a telecommunications system
including =~ speech recognition generally comprises a
microphone 1, typically forming part of a telephone
handset, a telecommunications network (typically a public

30 switched telecommunications network (PSTN)) 2, a
recognition processor 3, connected to receive a voice
signal from the network 2, and a utilising apparatus 4
connected to the recognition processor 3 and arranged to
receive therefrom:a voice recognition signal, indicating

35 recognition or otherwise of a particular word or phrase,
and to take action in response thereto. For example, the
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were of variens b&bgbh&b@ﬁthQHQEQenerated randon1y A subset,
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showed (hat 254 gknone. LE:HLker RGeS bBELULo NeowOE ' doUBbeh <. b

addition to one hree versions of wer e
present 10nanBrgcegeps" 3 " nﬁhgﬁ?—" td’fﬁj SBﬁeChZEWnal s aréuSrRfarkidgdi nst

whi ch to tesgjfhe si gmtwae-.mg boasegk £ £CEUE O3te, Srt I @& Nk V\bfh qver
300, 000 nodes was uilt to inpose the re uired gr anmar gu nts.

In an unB?ﬁEbﬂulFErHPrdt 95s P AE 9679 at@@/é" %p'ﬂc?rﬁ?ml 5B%n

gccur acy fi %tlhes uthows\verg aalﬁpsea??é wa, Kk wielyc et e i neach Mes SQppaopceatal n
egree wt ni fj cant af.fectin t he cur of t he

recogni tion ?cééh? ,9 g£8aﬁ"8§t58£nr??8 gltlof’hgf tﬁ% : %%§ énd of line 90
of Figut® 8. A'Typacakly, phanedebygnuhsoderpn@cc$soproBabnbedy ofoa

prospecti ve ;F@zgv& Fe | .9@% ngoxebkﬂingf ta@eogéembé#wsefwﬁbehpeesosgl Eye

path is 35 h™I's prune I nstance,-1f a network
configured t'@“?ecsdgﬁﬁ@e tSﬂeglvm#:ds aosy &hdspodatandaegpisition may be

performed by the recognition processor in "a second mode of
operation in which the recognition processor 3 is not
20 connected to the utilising apparatus 4, but receives a
speech signal from the_microphoné 1 to form the recognition
data for that word or phrase. However, other methods of
acquiring the speech recognition data are also possible.
Typically, the recognition processor 3 is ignorant of
25 . the route taken by the signal from the microphone 1 to and
through the network 2; any one of a large variety 'of types
and qualities of receiver handset may be used. Likewise,
within the network 2, any one of a large variety of
transmission paths may be taken, including rédio links,
30 analog and digital pai:hs and so on. Accordingly, the-
speech signal Y reaching the recognition processor 3
corresponds to the speech signal S received at the
microphone 1, convolved with the transfer characteristics
of the microphone‘l, link to network 2, channel through the
35 network 2, and link to the recognition processor 3, which
may be lumped and designated by a single transfer

characteristic H.



] succession of digital samples i1nto a succession of frames
recognition pdsﬂceGSntbgﬁoﬁar Rampdelsgr maedfédxaird heekBpactor 33 for
17 eech, has_a h hg degree of simlarit vmtrhlhe art of
the network r%% E%H‘?‘ﬁgfrm&a A W 1P RF esréapré’sre%%ﬁ%%ﬁ 1ng e%ltbur? t he
remai ni ng par\temﬁoi he teles sriefiatd 3¢ toctheipgdtiné successibdheofiofeh X can
be pruned. e Lo Ousﬁﬁe%fp]ferr%@l'ﬁ'gg%? 8ach élthhea ﬁPLI?E P o g |1

at sone pOI nt he accur acy rec gnItIO
results.10  states,Fdo tmw%sre%cqﬁnmm%mm t IR SVE Rk e’ r il ng

to the presentol U HAMi fy fiREE Y WE Rpdheshahkthe@Dy detecting the
end of speech or after a period of silence, known as a

'time out’; a sequencer 35 which is arranged to receive the
classification results form the classifier 34 and to

15 determine the predetermined utterance to which the sequence

of classifier output indicates the greatest similarity; and

an output port 38 at_which a recognition signal is supplied

indicating the speech utterance which has been recognised.

Erame Cenerxatoxr 32

20 The frame generator 32 is arranged to receive speech
samples at a rate of, for example, 8,000 samples per
second, and to form frames comprising 256 contiguous
samples, at a frame rate of 1 frame every 1l6ms.
Preferably, each frame is windowed (i.e. the samples

25 towards the edge of the frame are multiplied by
predetermined weighting constants) using, for example, a
Hamming window to reduce spurious artifacts, generated by
the frames edges. In a preferred embodiment, the frames
are overlapping (for ekample'by 50%) so as to ameliorate

30 the effects of the windowing.

v » 3

The feature \extractor 33 receives frames from the

frame generator 32 and generates, in each case, a set or

_ vector of features. The features may, for example,
35 comprise cepstral coefficients (for example, LPC cepstral
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programme igital signal processo P? device (such as

the Motorola DSP 56000, or the Texas Instruments TMS C 320)

or similar device.

20 Classifier 34

Referring to Figure 3, in this embodiment, the
classifier 34 comprises a classifying processor 341 and a
state memory 342.

The state memory 342 comprises a state field 3421,

25 3422, ...., for each of the plurality of speech states.
For exanple, each allophone to be recognised' by the
recognition processor comprises 3 states, and accordingly
3 state fields are-provided in the state memory 342 for
each allophone.

30 ‘The classification processor 34 is arranged to read
each state field within the memory 342 in turn, and
calculate for each, dsing the -current input feature
coefficient set, the probability that the input feature set
or vector Eorresponds to the corresponding state.

35 Accordingly, the output of the <classification
procéssor is a plurality of state probabilities P, one for
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embodiment comprises a state sequence memory 352, a parsing
processor 351, and a sequencer output buffer 354.

"Also provided is a state probability memory 353 which
stores, for each frame processed, the state probabilities
output by the classifier processor 341. The state sequence
memory 352 comprises a plurality of state sequence fields
3521, 3522, ...., each corresponding to a word or phase
sequence—-to be recognised consisting of a string of
allophones.

Each state sequence in the state sequence memory 352
comprises, as illustrated in Figure 5, a number of states
P,, Py, Py {where N is-a multiple of 3) and, for each
state, two probabilities; a repeat probability (P;;) and a
transition probability to the following state (P;,). The
states of the sequence are a plurality of groups of three
states each relating to a sihgle allophone. The observed
sequence of states associated with a series of frames may
therefore comprise several repetitions of each state P, in

each state sequence model 3521 etc; for example:

Frame
Number 1 2 3 4 5 6 7 8 9 ... Z Z2+1

State P1L Pl P1 P2 P2 P2 P2 P2 P2 ... Pn Pn

N

The parsing processor 351 is arranged to read, at each
frame, the state probabilities output by the classifier
processor 341, and the previous stored state probabilities
in the state probability memory 353, and to calculate the

he followng decision 35 point. Fi gure 8 shows a
d%FPFHHuﬁﬁg%#acy ver sus conputational load for the

18
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uencegc%ay comprise the names in a telephone directory.

When the end of the utterance is detected, a label signal
a indicating the most probable state sequence is output
20 from the parsing processor 351 to the output port 38, to
indicate that the co;responding name, word or phrase has

been recognised.

The parsing processor 351 comprises a network which is

specifically configured to recognise certain phrases or

25 words for example a string of digits.

Figure 6 represents an embodiment of a network of the

30

35

parsing processor 351 configured to recognise strings of
three digits. The grey nodes 3510 are null nodes.in the
network; the white nodes are active nodes which may be
divided into vocabulary nodes 3511 with associated word
representation models, indicated by loops 3515, for
matching incoming speech, noise nodes 3517 which represent
arbitrary noise and decision nodes 3512. A decision node
3512 as defined herein refers to a node in the network
which has more than one incoming path from previous

vocabulary nodes.
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t el ephone Sigsgl,.= S;, x M + m
15 S, = 0
where: _
- Sou= the accumqlatéd signature after passing through
the node™
S;,= the accumulated signature input to the node
20 S = initial accumulated signature from start node

0
M = the number of different vocabulary models (e.g. 10

for digits 0 to 9)
m = the signature of the current vocabulary node
According to this signature accumulation function, for
25 a sequence of up to nine words, an accumulated signature
presented at the output node of a network configured to
recognise "up to nine words, may therefore range from
000000000 to 999999999. Thus a maximum of 32 bits is
needed for the accumulated signature.
30 The additional cost in validating the signatures is
very low. Using a binary search on a list of roughly
100, 000 signatures for sequences of seven digits, incurred
only a 2% increase in overall processing requirements.
At the start of parsing, a single empty token is
35 passed into a network entry node 3513. Since this is a
null node, the token is passed to the next node, a noise
node 3517. The input frame is matched in the noise model
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if a token having one of these signatures is presented.

For instance, say the network of Figure 6 1is

constrained to recognise the four following numbers only:

15 111, 112, 121, 211. -To achieve this, the signatures of the

tokens enteriﬁg a'constréfhed node, eg gpe first decision

node 3512!', are examined. If the signature of a token is

1 or 2, the highest scoring such token ié-propagated onto

the next nodes. Otherwise, the token is discarded and the

20 path is not propagated any further. The next constrained

node is the decision-hode 3512'' after the second set of

vocabulary nodes 3516b. This null node is constrained to

propagate only a token having a signaturxe 11, 12 or 21.

The decision node 3512'¢’ after the third set of vocabulary
25 nodes 3516c is constrained .to propagate only a token having
the signature 111, 112, 121 or 211. Such an arrangement

significantly reduces the necessary processing and allows
for a saving in the memory capacity of the apparatus. 1In
practice, a 32 bit signature has proved to be suitable for

30 sequences of up to 9 digits. A 64 bit signature appears
suitable for a 12 character alphanumeric string.

It should be clear that the signatures of the tokens
are not updated after processing by the null nodes 3510 or
the noise nodes 35317 since these nodes do not have assigned

35 signatures.

The tokens are propagated aloné paths which pass

through the remaining active nodes to produce, at an output
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Igast one of é$§%d1ment of the invention. All of the active nodes 3511,

10 3517 and 3512 after and including a first decision node
3512’ are each capable of processing more than one token
(i.e. each vocabulary node 3511 of the second and third
sets 3516b, 3516c of vocabulary nodes is associated with
more than one identical word representation model 3515 and

15 each noise node is associated with more than one identical
noise model). The decision nodes 3512 are constrained in
'tﬁe same. manner as described with reference to Figure 6.
The four tokens produced by the first set 3516a of
vocabulary nodes 3511 are presented to the first decision

20 node 3512/, the valid set of signatures for this node being
1 and 2. All tokens having a valid signature are
propagated on to the second set of vocabulary nodes 3516b.
Thus the token from the digit 1 vocabulary node 3511’ and
the token from the digit 2 vocabulary node 3511'’ are

25 propagated onto the second set of vocabulary nodes 3516b.
Each vocabulary node 3511 of the second set of vocabulary
nodes 3516b is associated with two identical worxd
representation models indicated by the loops 3515; hence
the node 3511 representing the digit 1 is associated with

30 two identical word models 3515 representing the digit 1,
the node 3511''’ is associated with two models 3515
representing the digit 2 and so on. The two tokens
propagated from the first decision node 3512’ can therefore
be processed by eé&n vocabulary node 3511 of the second set

35 3516D. Thus eight (4x2) tokens may be presented to the
second decision node 3512/', which has a valid signature
list of 12, 11 and 21. The accumulated signatures of the
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15 scoring token indicates the most likely input speech. _
In a preferred embodiment of the invention, the tokens
which have a valid signature are sorted to retain the n top
scoring paths as described in our co—ﬁending European
Application No. 93303538.9. A list ordered by score is
20 maintained which may also have the added constraint that
signatures be unique so that only one token for each valid
signature is retained. If a second token with the same
signature is presented, the better of the two is retained.
For example, presuming that the following three tokens are
25 presented to the output node 3514 during processing:

SCORE ~ SIGNATURE

A 10 112
B 9 112
c 7 121

30 Path A, the highest scoring path, is the best match.
However, although path B has the” second best score, it
would be rejected as an alternative parse since its
signature, and hence the speech deemed to be recognised, is
the same as path A. Path C would therefore be retained as

35 the second best parse.
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was tested using data consisting of 479 7-digit sequences,
each from a separate speaker. The sequences were collected
fram over 1000 speakers from all regions of the UK who
phoned in and, amongst other items, were each asked to read
a serial number in a "natural" manner. The serial numbers
were of various lengths and were generated randomly. A
subset, Ebnsisting of those sequences of seven digits were
selected for use in this experiment. Listening to the data
confirmed that for most talkers there was a high degree of
co-articulation between the digits and showed that 25% of
the utterances included the word "double". In addition to
the digits "one" to "nine", three versions of 0 were
present, namely "zero", "nought" and "oh".

As a benchmark against which to test the signature
based tecﬁnique, a tree network with over 300, 000 nodes was
built to fmpose the required grammar constraints. In an
unpruned form, this network will give optimal top-n
accuracy figures. However a tree network may be pruned to
a certain degree without significantly affecting the
accuracy of the recognition results, as can be seen from
the .right hand end of line 90 of Figure 8. A tree is
pruned by considering the probability of a prospective path
being valid. If the probability of the prospective path is
low, the path is pruned. For instance, if a network is
configured to recognise the words CAT and DOG, and the
recognition process thus far has determined that the input
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to degraded.

"The memory requirements "of such a network are
significant. If one holds just the topology of the network

15 resident in memory, “~even a minimalist implementation will
occupy around 8Mb (at an e§erage of roughly 3512 bytes per
node), excluding storage for the models themselves or for
the scratch spaces needed to run then.

A 7 level network, similar to that shown in Figure 7

20 but with seven sets of vocabulary nodes 3511, was tested
with each of the levels allowing any of the words "one" to
"nine", "zero", ﬁnought“, "oh" and "double", with optional
noise between each of the levels. The number of layers for
the processing of alternative paths was varied.

25 Lists of valid signatures were generated from the list
of allowed serial numbers, generating 152279 signatures for
the complete and partial sequences. Using a 32-bit word to
store each signature resulted in the signature 1lists
occupying 0. 6Mb. )

30 When processing the signatures in the network, the
signatures were augmented and checked on entry to the word
representation model (rather than at decision points 3512)
as this prevented the processing of paths that would
otherwise .have beéen discarded at the following decision

35 point.
Figure 8 shows a plot of recognition accuracy versus

computational load for the differing numbexr of layers of
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15 that partial paths, which in a tree network would never
meet, are in fact converging in the network of the
invention and are havihg to compete with each other to
survive.” The result is that partial paths that would
complete in the tree network are being killed in the

20 network of the invention before they get a chance to
complete.

In situations where there is plenty of processing
power available, the reduction in storage requirements is
achieved at a cost in accuracy (from 92% down to 89%). On

25 the other hand, when the processing power available is
limited then a system according to the invention may offer
both reduced memory requirements and increased accuracy.

In the above described embodiments, speech recognition
apparatus suitable to be coupled to a telecommunications

30 exchange has been described. However, in another
embodiment, the invention may be embodied in simple
apparatus connected to a conventional subscriber station
(mobile or fixed) connected to the telephone network; in
this case, analag-to-digital conversion means may be

35 provided for digitising the incoming analog telephone

signal.
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10 Recognition", ©claimimg priority from European patent
application No. 93302541. 3, which is herein incorporated by

this reference.
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syst em accor di A INGTELE rﬁr9 that token is oqe or those in the set of valid
accumulated signatures assoc1ated with that decision node.

2, A speech recognition system according to Claim 1
further including comparing means for comparing the score

15 and signature of each token, to determine the path through
the network with the best match to the input speech signal
ané th_ose with the next best alternative matches.

3. A speech recognition system according to Claim 2
characterised in that the scores of the tokens are compared

20 at each decision node of the network, only the n tbp
scoring tokens having valid signatures being propagated to
the next .ncdes(s), where n is greater than one.

4. A spéech recognition system according to any one of
Claims 1, 2 or 3 characterised in that the vocabulary nodes
25 are associated with Hidden Markov Models and/or dynamic

time warping.

5. A speech recognition system according to any preceding
Claim characterised in that at least one of the vocabulary

nodes of the netwcrk are associated with more than one

30 identical word representation model.
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8. A speech recognition system according to any of Claims
1 to 6 characterised in that the signatures are compared to
determine both the path with the best match to the input
speech signal and that with the second best alternative

match.

9. A 'speech recognition system comprising

a network for modelling expected input speech, the
network having a plurality of vocabulary nodes 3511 for
processing input speech, each vocabulary node being
associated with at least one word representation model
operable to produce a first parameter indicating the degree
of similarity between the input speech and speech deemed to

be recognised; .
comparing means for comparing the first parameters

from distinct word representation models and, in response
to this comparison, for determining the parameter to be

propagated through the network;

and means for determining, at an output of the-

network, the parameter having the highest degree of

similarity and the input speech deemed to be recognised;
characterised in that means are provided for

allocating a signature to at least one of the vocabulary

nodes 3511;

A-
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wherein the second parameter validation means are operable
to validate the second parameter after the input speech is
processed by a word representation model of a vocabulary

node.

15 117 A speech recognition system accérding to claim 9 or 10
wherein Ehe speech deemed to be recognised is determined
from the second parameter associated with the first
parameter available at the output indicating the highest

degree of similarity.

20 12. A speech recognition system according to Claim 9, 10
or 11 wherein at least one of the vocabulary nodes 3511 is
associated with more than one identical word representation

model.

13. A speech recognition system according to Claim 12
25 wherein the comparing means propagates a maximum of n first
parameters having the highest degrees of similarity, n

being an integer greater than 1.

14. A speech recognition system as claimed in any
preceding claim ‘adapted to recognise connected digit

30 strings.



~16. A speech recognition system as claimed in any
paraneter _i ndicating the degree of sim |l arlti/ybetween t he I nput speech

and the speecRT§EEMEd% o bELPEfogni CRBFaEEYVe ORIt he Gt 2

paraneters freledichimumdicatdichs netwodfd.esentati on nodel s and, in response
to this conpari son, determ ni ng which paraneters are to be propagat ed-

t hr ough t he network;- and determ ni-ng, at an output of the
network, the 2@. paramettdvodhavwhg rtdmodnighioss dempreectéd si fhbaki t gperdht he

i nput speech dganed.tg,be recognised; characterised by allocating
a signature to a?gl"gaslg one of the vocabul ary nodes; and by

associ ating with tHerprASingar ancteweecnl IDAgidridet @rpactincksénPilg

the accunul at egestdNat Hé e ok havxﬂ%{]ha Ehwaqmtyhafnebw/ab&latrlirenbaégy
par anet ers bei hr ou t he

Pesoci ated | ea0BCHRTHLAT cPoPe. BAORGT. BAGES Ah5oh CLLh of byl 437 5 cLBRd-

paranmeters. wd8d presiemedtiosh anededi ngagabld abth Prodbeirgn 4 héiseeond
parameter indicating the degree of similarity between the
input speech and the speedh deemed to be recognised;

15 comparing the first parameters from distinct word
representation models and, in response to this comparison,
determining which parameters are to be propagated through
the network;

and determining, at an output of the network, the

20 parameter having the highest degree of similarity and the

input speech deemed to be recognised;

characterised by allocating a signature to at least
one of the vocabulary nodes;
- and by associating with the first parameters second

25 parameters representing the accumulated signatufes of a
path through the network, the first parameters being
propagated through Ehe network only when the associated
second parameter is one of those_in a set of valid second-

parameters.

30 18. A method according to Claim-17 wherein the second
par’ameters_ are validated after processing by a word
representation model associated with each vocabulary node.



network, n being an integer greater than 1.
paranmeters are validated after processing by a word representation
nodel associated with each vocabularg node, )
REPLACEMENT SHEsT & method according to_chaim 17, 1879r AGgthRiRiR cHRei ng

to Claim17 orsé&Merphﬁaaeﬁaxi mamsom.at@ﬁ IWitfhi rsd pmﬁ:altet &f Srahetye 19
ma Cco n

the hi ghest de r.e 5|n1lar|t fr
poi nt  of thet ag"‘l;%e? wc?rfk tﬁ’ebe?‘f‘n"gp%ﬁ'n é‘é‘gr gﬁgat +g$ﬁﬁﬁ &egreg
A et hod accorsdimig a0ty ai xmd:n?g:atiéis ortH® whaepetn $heech dJdeemed to be

recognised.

10 21. A method according to any of claims 17 to 20 wherein,
when more than one first parameter is available at the
ouEput, the first parameters and the associated second
parameters available at the output are compared and the
first parameters which have the highest degree of

15 similarity and different associated second parameters are

retained.

22. A-speech recognition system substantially as described
herein with reference to Figures 3 to 8 of the accompanying

drawings.

20 23. A method of recognising input speech substantially as
described herein with reference to Figures 3 to 8 of the

accompanying drawings.



second paranmeter associated wth M&,S par amet er “avai |l abl e at
t he out put Havi ng the hi ghest degree imlarity indicates the input
speech deened to be CONNES R BEONd according to any

of claims 17 to 20 wherein, when nore than one first paraneter is

avai l abl e at the output, the first paraneters and the associated
second Parspeechs meabgabbiont TYRLUt FOr aFecesnpaiad as@nnested
first par a”@%‘é%%h ﬁ’QéCQ i‘é‘i‘&nf{?%f hj it ardedbags 3f351151) Slafe hakkky and
di fferent associate seco paraneters are retaine A speech

recogni t Pon 898t ek §Db§f‘aﬁ?ﬁalalnyaﬁ§°ﬂé§§?ﬁb§ﬂgnatuﬁ%r ei hRWHER/ BPéFéﬁ&e to
Figures 3 tor8cefniheocacouBayak8 exandmdd NPYS. decision nodes (3512)

intermediate the beginning and end of the recognition path,
each decision node having . an associated set of valid
accumulated signatures. A token received by a decision
10 node is only propagated if the accumulated signature of
that token is one of those in the set of valid accumulated

signatures associated with that decision node.

FIG. 2 -
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draw ngs. vocabulary nodes having an associated signature, wherein in
use partial recognition paths are examined at decision
nodes intermediate the begihning and end of the recognition.
path, each decision node having an associated set of valid
accumulated signatures, wherein a token received by a
decision .node is only propagated if the accumulated
signature of that token reflecting the path of said token
through the network is one of those in the set of valid
accumulated signatures associated with that decision node.

2. A- speech recognition system according to Claim 1

. further including comparing means for comparing the score
and signature of each token, to determine the path through
the network with the best match to the input speech signal
and those with the next best alternative matches.

3. A speech recognition system according to Claim 2
characterised in that the scores of the tokens are compared
at each decision node of the network, only the n top
scoring tokens having valid signatures being propagated to
the next nodes(s), where n is greater than one.

4. A speech recognition system according to any one of
Claims 1, 2 or 3 characterised in that the vocabulary nodes
are associated with Hidden Markov Models and/or dynamic
time warping.

5. A speech recognition system according to any preceding
Claim characterised in that at least one of the vocabulary
nodes of the network are associated with more than one
identical word representation model.



