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SPEE, RECOGNI TI ON The speech recogniser to be_described finds _application
in situations where a recognition process is to be undertaken for the
pur pose of ascertaining which 5 one of a vocabulary of words (or, nore

general |y, uyvbok@mees) an input voice signal nost clearly recesBdgomsiand
information is available as to the a priori probabilities associated with

the words of the vocabulary. One exanpl e oftsuch a situation is the
automati c tel ephone directory enquiry system described in our co-pending

I nternational patent application No§#9(5%g§8§ﬁggégct hat system 10
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originate from [ternational patent application No. W095/02524. In that system,

10 (i) the user speaks the name of a town;

{ii} a speeéh recogniser, by reference to stored town data identifies several
towns as having the closest matches to the spoken town name, and produces a
"score” or probability indicating the closeness of the match;

(iii} a list is compiled of all road names occurring in the identified towns;

113 (iv) the user speaks the name of a road;

(v} the speech recogniser identifies several road names, of the ones in the
list, having the closest matches to the spoken road name, again with scores;

{vi) the road scores are sach weighted accordingly to the score obtained
for the town the road is located in, and the most likely "road” result considered to

20 be the one with the best weighted score.

The & priori probabilities do not necessarily have to originate from a
preceding speech recognition process; for example another directory enquiry
system, also described in the above-noted patent application, uses signals
identifying the origin of a call to access statistical information as to the most likely

25 towns to be wanted by an enquirer from that area to weight the results of a town
name recognition process.

This process has the advantage of reliability - the retention of, for
example, the second choice towns does not resuit in the selection of a road in that
town unless that road scores markedly better in the road name recognition step

30 than the first choice town. A disadvantage of this process however is that
because the recogniser, when performing the road-name recognition step,
produces only a limited number of candidate road names, it is possible that this

short-list of road names may contain only the names of roads located in the more
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precedi ng speech recognition process; for exanple anot herTilisr S9tmr ¥a$ RALN 1Y
system also described in the above-noted patent applicdfion, REBESCE 9nal s
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_ have previously been recognised. A language score indicative of the probability of

a certain word occurring after another certain word is combined with the score
obtained for a sequence containing those words.

According to the present invention there is provided a method of speech

10 recognition comprising:

- repetitively comparing portions of an unknown utterance with
reference models to generate, for each of a plurality of allowable sequences of
reference utterances defined by stored data defining such sequences, accumulated
measures of similarity including contributions from previously generated measures

15 obtained from comparison of one or more earlier portions of the utterance with a
reference model or models corresponding to an earlier utterance or utterances in
the respective allowable sequence, excluding from further repetitive comparison
any sequence for which the accumulated measure is, to a degree defined by a
predetermined pruning criterion, less indicative of similarity than the measures for

20 other such sequences, and weighting the accumuiated measures in accordance
with weighting factors for each of the allowed sequences wherein the weighting is
performed by weighting each computation of a measure or accumulated measure
for a partial sequence by combined values of the weighting factors for each of the
allowable sequences which commence with that partial sequence, less any such

25 weighting factors applied to a measure generated in respect of an utterance or
shorter sequence with which that partial sequence commences.

Preferably any sequence for which the weighted accumulated measure is,
to a degree defined by a pruning criterion, less indicative of similarity than the
measures for other such sequences is excluded from further repetitive comparison.

30 This pruning may be carried out in dependence on the number of measures

generated and not exciuded from further repetitive comparison, such as to tend to

maintain that number constant.
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angt her certain word is conbined with the score obtained for a sequence
contai ni ng t veoesamr2ds. According to the present invention tPEI/CBI&NOSI1
provi ded a net hod of speech recognition conprising: - repetitively
conparing portions of an unknown utterance @ith reference nodels to
generate, for each of a plurality of allowable sequences of reference
nodel s defined by sto ed data defin '9 such se uences accunul at ed rreasures
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utterance with reference models to generate, for each of a plurality of allowable
sequences of reference utterances defined by stored data defining such sequences,
accumulated measures of similarity including contributions from previously
generated measures obtained from comparison of one or more earlier portions of

10 the utterance with a reference model or models corresponding to an earlier
utterance or utterances in the respective allowabie sequence;

- and means operable to weight the accumulated measures in accordance
with weighting factors for each of the allowed sequences wherein the weighting
means is operable to weight a measure or accumulated measure for a partial

1% sequence by combined values of the weighting factors for each of the allowable
sequences which commence with that partial sequence, less any such weighting
factors applied to a measure generated in respect of an utterance or shorter
sequence with which that partial sequence commences.

in yet another aspect the present invention provides a method of speech

20 recognition by reference to stored data defining reference models corresponding to
sounds and stored data defining allowable sequences of such models, each
sequence corresponding to an utterance to be recognised, the method comprising
comparing portions of an unknown utterance with the reference models to update
measures indicative of the similarity between an earlier portion of the utterance

25 and a partial aliowable sequence to produce updated measures indicative of the
similarity between a fonger portion of the utterance and longer partial allowable
sequences; identifying those partial sequences for which the measures represent
less than a defined degree of similarity; and suppressing the further generation of
measures pertaining to any sequence or partial sequence which begins with one of

30 the identified partial sequences, characterised in that the identification is performed
by comparing the measures with a threshold value and that the threshold value is
repeatedly adjusted in dependence on the number of measures generated and not

suppressed, such as to tend to maintain that number constant.
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that partial sequence, nodified by any such conbi ned val "ﬂ'\?@éi
factors applied to a neasure generated in respect of an Ltter &EbA
shorter sequence with which that partial sequence comrences. Preferably any
segyuence forwolvsaisrs he wei ghted accunul ated neasure is, to rcHepsépsaiefi ned
by a pruning criterion, less indicative of simlarity than the neasures for
ot her such sequences is excluded fromfurthger repetitive conparison. This
pruning may be carried out in dependence on the nunber of neasures
generated and not excluded fromfurther repetitive conparison, such as to
3 tend to maintain tKBtYeh ARGHer aspegt ok the jnvertion, there, 43 providad anmethodesh i on -

there is provi dadighinges hwehfity)ithéton taPehahstde ©PNdIspsddhd recoghitioh FERWIRANS
for storing data relating to reference nodels representing utterances and
data defi ning Jepegenfing a plurality of allowable sequences of reference utterances, said

method comprising:

wei ghting factors for each of the al | owabl e sequences whigh—conmeEnce Wit
B éé%i%“

b - combining, for each node, the values of the weighting factor{s) for each
of the allowable sequence{s)] which commence with a partial sequence
incorporating the node less any weighting factors applied to an utterance or shorter
sequence with which that partial sequence commences.

The weighting factors may be generated in the log domain, the log of the

10 given weighting factors being assigned to the final nodes of the network
corresponding to the allowable sequences; each preceding node is then assigned a
log probability value which is the maximum of those values assigned to the node or
nodes which follow it; and the value assigned to the node which precedes it is
subtracted from the value for each node.

15 The nodes may be associated with moadels representing reference
utterances and parameteré of the associated models may be modified to reflect the
weighting factor assigned to each node.

The invention is particularly applicable to a recognition network that has a
tree structure, at least one node other than the first having more than one branch.

20 Some embodimenfs of the invention will now be described, by way of
example, with reference to the accompanying drawings, in which:

Figure 1 is a block diagram of an apparatus according to one embodiment
of the present invention;
Figure 2 shows an illustrative network of Hidden Markov models;

25 Figure 3 shows the contents of the token store of Figure 1;

Figure 4 illustrates the application of weightings by the apparatus of Figure

Figure 5 shows the contents of the node store of Figure 1;
Figure 6 is a flowchart illustrating operation of Figure 1;
30 Figure 7 illustrates the contents of the vocabulary store of Figure 1; and
Figure 8 illustrates an alternative weighting procedure to that of Figure 4.
There are basically two approaches to speech. recognition, paraliel
processing, in which each utterance {e.g. a word) is successively compared with
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sequences of reference nodels; - conparing neans to repetitively conpare
portions of an unknown utterance with reference nodels to_generate, for
each of a plurality of allowabl e sequences of reference nodels defined by
stored data defining such sequences, accunul ated neasures of simlarity

i ncl udi ng congpigkypghPnNs from previously generated neasures optacnesioossom
conpari son of one or nore earlier portions of the utterance with a
reference nodel or nodels in the respective gllowabl e sequence; - and neans
operable to weight the accunul ated nmeasures in accordance with

predeterm ned wei ghting factors for each of the allowed sequences wherein
the wei ghting negfesence tspwleen er modelsitgridentifyons or anase ofcbeafest: Waliarcensesy e
for a partial S%Wpl’%efsﬁi&hﬂmcﬂ a8l paPSofOdn (eran&l @NY. '%Jﬂ@ﬁie?is%&n%ar&ﬁm
of the all owabl e sequences whi ch commence with that partial uence,

nodi fi ed by any Wi refewnse tumplates o6 nedelsEmgrels nQe'Pd%ﬂlé?%gﬂf?ﬂF?M tp identify
nmeasure gener at Gflat Parf; RO ARGkt gt i8 et SRR TS a RimifP ProcBds. Sequence wi th which

that partial sequence comences. In yet another aspect of the |nvent|on
there is 5 An embodiment, using a tree structure, will now be described.

The speech recogniser of Figure 1 has an input 1 for speech signals, which
are converted into digital form by a digital-to-analogue converter 2. The digitised
signals are then supplied to a feature extractor 3 which calculates for each of
successive frames of, for example, 10ms duratien 8 number of parameters or

10 "features”. Any of the features conventionally used may be chosen, for example
' Mel frequency cepstral coefficients or Linear Prediction Coefficients.

The number of possible feature value combinations per frame is quite
large, and to reduce the subsequent processing to manageable proportions it is
usual to apply vector quantisation, viz. to match the set of features to one of a

15 limited number m of standard feature combinations {vy, va...v); this is performed
by a vector quantiser 4 to produce a single number or "observation” O {for the j'th
frame). This is then applied to a classifier 5 which in general terms, matches the
observation sequence [O;] against a set of models stored in a model store 6. Each
model corresponds to a different sub-word, for example a phoneme. The ciassifier

20 comprises a central processor 51, controlled by a stored program in a program
store 52, a node store 53 and a token store 54. The classifier performs a
classification process employing Hidden Markov models, the principies of which
will now be described.

Conceptually, a Hidden Markov model is a "black box" which has a

25 number n of possible states and at regular intervals can progress from one state to
another, or alternatively remain in the same state, in accordance with a probability
parameter; the probability of transition from state i to state j is a; whilst the
probability of remaining in state i is a;. It follows that:

ﬁ: ay =1
=l

30 Because of the temporal ordering of speech sounds, a left-right model is

generally used for which a; is non zero only for 0<j- i <1. In any particular state,

an output is produced, which may be one of a finite number m of possible outputs,



provi ded a nmet hod of assigning a weighting factor to each node of a speech
recognition network representing a plurality of_all owabl e sequences of

ref erence nodel s each al |l owabl e sequence havi ng a predeterm ned wei ghti ng

factor, said nethod conprising: - conmbining, for each node, the val ues of

t e predet er ypegnwes ghting factor(s) for each of the all onabptweBasmessace(s)
whi ch commence with a partial sequence incorporating the node nodified by
any weighting factors applied to an utterange or shorter sequence with

whi ch that partial segquence commences. 4 The wei ghting factors may be

generated in the | og domain, the |og of the predeterm ned weighting factors
bei ng assi gned t$Yt e VeiNed iNRREQEIPFE With # Seandiset of perhabilitiesg In ghe peesent

al | owabl e sequensgtext 83 Gdentifies 8 Jantoul? ARt bf shéWRR fastbied EThedproBBbily ORREH Inf Y
val ue which is the maxi num of those val ues assigned to the node or nodes
whi ch state j of producing output vy is by. Thus

A third parameter is the probability of starting in any particular state; the
probability of starting in state i Is =;.

Thus the model consists of a set of parameters

10 A=1[a) li=1..nj=1..n)
B=[by (=1..nk=1..n)
n=m) {i=1..n)
and a set of rules which can be applied to the parameters to produce an output
sequence. In fact, the model does not exist, nor is the output sequence ever
15 produced. Rather, the speech recognition problem is formulated as the question
“given a sequence of v's each representing an observed set of speech features,
what is the probability P that the model M defined by A, B, n could produce this
sequence {the "observation sequence”}?".
if this question is asked for a number of different models each
20 representing a different phoneme {for example) then the phoneme represented by
the model having the highest probability is considered to have been recognised.
Supposing that the observation sequence is 04, O; ... Oy over time t=1 to
t=T. The probability ar (i) of reaching state j with this observation is given by the
recursion formulae. |
25 o, () = n;b;(0) e (1)

e+t 0) = z": a, (f)a., b_i {OIOI) e {2)

in]
The probability of the observation sequence O being produced by the

model M is

PrO\M) = 3 ar() e (3)

=1



followit; and the value assigned to the node which precedes it is
subtracted fromthe value for each_node. The nodes may be associated with
nmodel's representing reference-utterances and paraneters of the associ ated
model s may be nodified to reflect the weighting factor assigned to each
node. The i nyayéengy2i S particularly applicable to a recogni tPCIGEISOHOSIL K
that has a tree structure, at |east one node other than the first having
more than one branch. Sone enbodi ments of tke invention will now be

descri bed, by way of exanple, with reference to the acconpanyi ng draw ngs,
in which: Figure 1 is_a bl ock 'diagram of an apparatus according to one
enbodi nent of the preg@ﬁt'slW?ePFPP%?\"WF'PngPee@s%Yﬁm sAauenge, £ r eansidering taflor k
of Hi dden Markoposamle!state FFequemes iA fH?X&u:E he F&U&@mesalﬂf)uﬁthﬁ éd?llfxﬁﬁatﬁuor|1.e|$0‘c

Figure 1; Figure 4 illustrates the application of weighti nﬂlg
appar atus of Fi §&yal tq.inyokg the Vyeﬂ%mr'tm apd GeBRYtS the PE‘PFB‘b \déssﬂ"@@ with

that state sequence which has the highest probability of producing the observation

8§ sequence: in this case equations 1 to 3 are replaced by

6,0 = =; b;(01) e (4)
Ot () = X520 [0,(023]8;(Or1) cere {B)
Pr'(OIM) = ;175 . 6:0) )
OR, in the log domain
10 log ¢,(G) = log (x;) log (8,(0:)) eerel7)
logé,., () = 2. [log(d,() + loglaz )] + log(b;(0,+1)) ....18)
logPr™ (OlM) =%, , [log(é, ()] )

The model store 6 contains values of A, B and = for each phoneme in the
relevant language (theée together being referred to as the model M). The training
15 process for generating the parameters of the models is conventional and will not
be described further. Reference may be made to "Hidden Markov Models for
Automatic Speech Recognition: Theory and Application” S.J. Cox, British Telecom
Technology Journal Vol. 6, No. 2, April 1988. The recognition of a phoneme in a
particular observation sequence O is performed by computing P,"(OlMi) for each
20 model M, ... Mg (where Q is the number of models): the phoneme whose model
produces the highest P,’ is considered to be the one recognised.
Of course, for practical purposes we need to recognise words. This
process may be visualised in the form of a network or tree-structure having a
number of nodes. This structure exists only in the sense that each node
25 corresponds to a respective area of the memory, as will be seen later.
Figure 2 shows a simple network for distinguishing between "yes” and
"no", whose phonemic representations are denoted here as {y}{eh}{s} and
{n}{ow}.
Node 10 in Figure 2 corresponds to a noise model (generally a 1-state
30 modell, as does the final node 16, these representing the "silence” beforehand and



Figure 1; Figure 6 is a flowhart illustrating operation of Figure 1;
Figure 7 illustrates the contents of the vocabulary store of Figure 1; and
Figure 8 illustrates an alternative weighting procedure to that of Figure
4. There are basically tw approaches to speech recognition, parallel

processi ng, iwoekh®ie each utterance (e.g. a word) is successpCRtBcas3par ed
wth WO 96/ 27872

PCT/ GB96/ 00531 5 reference tenplates or nodgls to identify one or nore of
the nost simlar ones, and tree processing in which a part of an utterance
(e.g. a phonene) .is conpared with reference tenpl ates or nodel spi_l" nodel s"
here i s used gerfterward: y?h? Semaiping  afes (pxpens the . lastcorreapgnds to; a jphoperag, as

subject to a sinadiedted! Péredx@mple, the node 1 VEorRiEPEYlis B the phted [9) & §Rs".
structure, will now be described. The sJaeech recogni ser of Figure 1 has an
input 1 for speech si ghgxpe§§tl% @d)pde receives a token containing the following information,

as shown in Figure 3:
5 - accumulated score from previous nodes;
- identity {address in node store) of previous node;
- identity {address in token store} of the token received by the previous
node which gave rige to this token;
- the token also contains an activefinactive fiag whose use will be described
10 later.

All such tokens are stored in the token store 54 for future reference.

The first node is supplied with empty tokens at frame rate. A token
arriving at any node contains a score indicatibg the likelihood ({actuaily the
logarithm of the probability) that the speech input so far corresponds to the modeis

15 associated with the nodes on the path up to that node; thus a token arriving at
node 13 contains a score indicating the likelihood that the speech so far
corresponds to the utterance {y}{eh}. The task associated with the node is to
compare a new speech input frame with its model. This is done by performing the
calculation of equations 7 to 9 on the new frames to obtain the probability Pr’

20 which is then added to the incoming score to obtain an updated score; a8 new
token is then output containing this score and is passed to the next node. Usually
the score is accumulated over a number of frames equal to the number of states in
its model (typically 3) before outputting a token. Thereafter, a token is produced
every frame. If the node receives a further token while it is still processing the

25 first, then it compares the score of the further token with the latest score of the
first {i.e. the log Pr' up-to-date plus the incoming token score) and ignores the new
token or abandons the current process in favour of the new token according to
whether further token score is the lower or the higher of the two.

In the example given, paths do not converge except at the last node. If

30 converging paths are permitted then the possibility of simultaneous arrival of the
two tokens is usually dealt with by ignoring the one having the lower score,

though propagation of multiple paths is possible.
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conbi nations per frane is quite large, and igo reduce the subsequent
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As thus far described, the recogniser is, in general terms, conventional.

The further features of the recogniser now to be described have the object of

"propagating” a priori probabilities up into the recognition tree. Consider the tree

18 of Figure 4 for distinguishing among the words “cat”, “cab”, “cob”, “dog” and

“den”. Suppose that as a result of some previous process the a prior/ probability

of these occurring is represented by weighting values 0.5, 0.2, 0.3, 0.1, 0.1. This

means that the scores input at the nodes 23, 24, 26, 29, 31 need to be weighted

by these values before further decisions are taken. However weightings are

20 applied to each node within the tree, as follows. The probability of the word being

“cat” or “cab” or “cob” is thus represented by weightings 0.5 + 0.2 + 0.3 = 1.0

whereas the corresponding value for “dog” or “den” is 0.1 + 0.1 + 0.05 = 0.2,

Consequently the scores input to the node 21 are weighted by a factor of 1.0 and

those input to the node 27 are weighted by a factor of 0.2. The values associated

25 with “cat” or “cab” on the one hand and “cob” on the other hand are 0.7 and 0.3

respectively, so the inputs to nodes 22 and 25 need to be appropriately weighted.

However a factor of 1.0 has already been applied to this branch by the node 21,

so that the weightings at nodes 22 and 25 are
-
0.7
weighting at node 22 = — = 0.7 This Sheet Has Been R

o T
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probability of remaining in state i is aferr]. It follows that: N [err] 30
Because of the temporal ordering of speech sounds, a.left-right nodel is

general ly used for which a[err] is non zero only for (Qerr] j- i [wr]l. In
any particular state, an output is produced, which nay be one of a finite
nunber m of {esoRpbere out puts, WO 96/ 27872 PCT/GB96/00531

PCT/ GB96/ 00531 6 say v[err], v[err]...v[err], in accordance with a second
set of probabilities. In the present contexp v[err] identifies a particular
s[et oi‘ jspeg[ch features. The probability when in state j of produci ng out put
vierr] is b[err Thus [err third paraneter is the probability of
starting in anyLﬁH?f'YéhP%ﬂessq:’d‘E'E"z‘{H’é'ﬁ"Bbabl lity of starting in state i is
[erlr]. Thus t he nodel yg&]SIStS ::)If}; sepsof %%ameters 10 A= [aferr]] (i
= ... nh j =1...n ting df[node k =1 n err] = err
TR 10207 " ) [err] =TI ]].

weighting at node 24 = 02 __ 2/7
1.0x 0.7
5
Whilst at nodes 28 and 30 the weighting is
0.1
— =05
02

Of course, the tree of Figure 4 is merely a conceptual representation of the

process. In reality, each node is represented by an entry in the node store (as
10 shown in Figure 5) containing the following information:

- the addresses (in the model store) of the model to be used;

- the address of the next node(s) in the network;

- a flag indicating whether the node is active or not;

- a log value indicating the weighting associated with that node;
15 - temporary storage for the results of calculations.

The contents of the first two items are determined when the vocabulary of
the recogniser is set up. This process is performed by reference to 2 vocabulary
store 7 (Fig. 1) which contains a list of words to be recognised and, for each, a
string of addresses identifying the sequence of phoneme models corresponding to

20 the sound of that word (see also Figure 7). The generation of the node store
contents is conventional (save for that of the log weighting values which is
described below); it includes insertion into the vocabulary store of the node
address sequence corresponding to each word.

The CPU 51 performs the following process under control of the program

25 stored in the program store 52; as shown in the flowchart of Figure 6:

Firstly, create an empty token as input to the first node(s) - i.e. create an
entry in the token store having a zero li.e. log {1)) score and a zero issuing node
address (this being taken to mean that the token is to be processed by the first
node) and the date of the preceding frame. These first node(s) are then considered

30 to be "active”.



and a set of rules which can be applied to the paranmeters to produce an
out-put sequence. In fact, the nodel does not exist, nor is_the output
sequénce ever 15 produced. Rather, the speech recognition problemis
formul ated as the question "given a sequence of v's each representing an
observed set yadogagpch features, what is the probability P trewcdsmosspdel M
defined by A, B, x could produce this sequence (the "observation
sequence")?". |If this question is asked forq@ nunber of different nodels
each 20 representing a different phonenme (for exanple) then the phonene
represented by the nodel having the highest probability is considered to
have been recogni sed. Theingaah figme patiod. perferm the fllowing stapsence is Jerr],
derr] ... OT over tigg dachh abvdnodgd: The probability [err] (i) of reaching
state j with this observation is given by the recursion fornulae. [err] The
probability of the observih@nsiMMagerase Bagcopmencadiandnocakery, ta bedealiywith byi s

[err]. WO 96/ ¢{SBhdde was generated during the last frame, update the HMM process using the
PCT/ GB96/ 0053!_:} 7

current frame observation O. If the process has reached n frames (where n is the

number of states in the particular HMM associated with the node), add to the
computed likelihood value the log a priori probability value stored in the node store
and create a new entry in the token store with the result (note that the current
process may nevertheless continue for the next frame);

10 - if no process has commenced, and a token to be deailt with by the
node was generated during the last frame, {i.e. the active fiag has just been set)
commence a new HMM process using the current frame observation 0. In the
case of a single-state HMM, create a new entry in the token store with the resuit;
{note that the current process may nevertheless continue for the next frame);

18 - if a process has commenced and a token to be dealt with by the
node was generated, compare the incoming and internal scores and according to
the result continue the process as above, either unchanged or with the incoming
score as input to the first state.

- .For each token generated

20 - obtain the issuing node address from the token score;

- obtain the 'next node' address{es) from the node store entry for the
issuing node;

- flag each such next node as active for the next frame.

- (f a new entry in the token store has been created:

25 - if the associated score exceeds a stored "maximum score for all
tokens™ figure, update this figure;

- if the associated score is less than the stored "maximum score all
tokens"” figure by more than a predetermined margin (e.g. 50}, erase the token
store entry (the "pruning” step). If this results in any node having no input tokens

30 and no output then deactivate it (i.e. erase the node store entry).

- At the final node:
The decision as to when i'ecognition has completed and traceback of the

recognition paths can take place is based on a system of rules and thresholds



This is the probability of the observation sequence 0, considering all
possi bl e state sequences; in practice, to reduce the anmount of conputation,
it is usual to invoke the Viterbi algorithmand conpute the probability
associated with that state sequence which has the highest probability of
produci ng t hewoleggmyati on 5 sequence: in this case equati onspdI/CBI6DOSIE €
replaced by [err] OR in the log domain [err] The nodel store 6 contains
values of A, B and [err] for each phonene ifgothe rel evant | anguage (these
together being referred to as the nodel M. The trai ni ng 15 process for

generating the paranet 2‘?"3 of the nodels is, conve and will not be
descri bed f urt heiainpkyvhichtngcifig mensures pce checkedy I?HVVI\fB?JB?'s"?"Grbac"

Aut omat i ¢ Speec theestgcaksﬂ afpearT.tyearﬂse amdu n%laa |tb @aémiaa ‘how- ManyCR¥meShive Sden
Tel ecom Technol os% Jour ng, .. The recognl tion of a

phonene in a parPPRiiPdpe BBQ'éF\F&tWH s{éﬁﬁ?@??@éh?f ?"sp%'é? nFhaBatRrk haKe atoiss
[err] for each Z{dde apdied eerenfrzheuurathgr]ea{emh%erltarehmd RHEB path score

nodel s): the produces the hi ghest errl i s consi dered

to be the one é%g%?'\gga" a'E?nRE’o‘E?F%SBdgf‘B‘?“ FiPREeoaaEing (¢ yee esspatislanait yntil

recogni se Wor ds.thd lhécoghitiof atord TRy &) Gompletedbathad redbohitsly fgebdantl that) @le itk Or
tree-structure havi a nunber of nodeg Thi s, st r%{ct ure exists srrL%DI n_the
sense that each "I‘?Bffé!%% regsgpakle sgieyat pt ngise at She enditygically 4P frafpe Pv2 as

Wi || be seen | atsgtonds). This is the simplest description of an end of speech detection algorithm.
In practice the algorithm may be extended by additicnal checks on the SNR of the
10 signal to date and the variance of the noise energy. Also there are a number of
timeouts to ensure that the end of speech detection will trigger eventually, in the
event that the above checks continually fail.

Then, for the highest-scoring token, or for each of the N, highest scoring
tokens, where N, is the desired number of ocutput choices:

15 - {a} retrieve from the token the previous node address and thence the
associated model identifier;

- (b} retrieve the previous token store entry;

- {c} repeat (a) and (b} until all the models have been identified.

The recognised words, along with their associated scores, are now

20 available.

The above description is of the recognition process: before such a process
can commence it is necessary that the log a priori probabilities be entered in the
node store. Assume that a preceding recognition process has created a prion
probability values in the format shown in Figure 7, where each of a number of

25 town names (for example) has a probability assigned to it. The CPU 52 performs
the following set up process for deriving the node a priori probability values.

First it is necessary to translate the words into node sequences, by
reference to the vocabulary store 7, so that, for each possible path through the
recognition tree, the total of the log & priori values for each node en route is

30 known. It is then necessary to compute the individua! values for each node, as
was done in the illustration of Figure 4, as follows:

{a) assign the given probability values to the final nodes corresponding to
the respective words;



Figure 2 shows a sinple network for distinguishing between "yes"” and "no"
whose phonenic representations are denoted here as {y}{eh}{s) nd__{_n_}_{_mNL
Node TI0 in Figure 2 corresponds to a noise nodel (generally a 1-state 30
nodel ), as does the final node 16, these representing the "silence”

bef or ehand a@ogn784® 96/ 27872 PCT/GB96/00331

PCT/ (B96/ 00531 8 afterward. The remai ni ng nodes except the | ast corresponds
to a phonene as indicated. For exanple, thegode 11 corresponds to the
phaneme [y] of "yes". In operation, a node recei ves a token containing the
follow ng information, as shown in Fi gure accunul at ed score

from previ ous nodes; (b} proceeding from yio 'é&?:ll"‘é%iasl ﬁ’f"WBdB Figyse &) 83sigN &9y ¢

node; - | dabdd hmrseasﬂrtﬁsmubrwmenkm&t arne)of Qf\osbf'ﬁsfgﬁk@lﬂo 96 Abdedwhicht he
previ ous node which ﬁave rise to this to oken al so cont ai ns

an active/ i nact fe/low it fihe firgrnodg dstaken in ﬁ@“’&és@rnak{é&“fﬁs'g%‘tde‘fa'“WI Ysuch
tokens are stored in {cherdcekding SoRi BRIt right, diviisltiRe BrobabilRPGBlue for each node

5 by the value assigned to the node which precedes it;

{d} take logs of all the values.
in practice, a computationally less onerous technique is to work with log
values throughout, and take the maximum rather than the sum. Thus, (as shown
in Fig 8):
10 (a) assign the given log probability values to the final nodes corfesponding
to the respective words;
(b} assign to each node a log probability value which is the maximum of
those assigned to the node or nodes which follow it {assign zero to the first node);
{c} subtract from the value for each node the value assigned to the node
15 which precedes it.
The calculations on unbranched links (shown in square brackefs) do not of
course need to be performed.
In the above description, the primary criterion is that tokens are erased if
they carry a score which falls below a threshold vaiue, viz. a proportion of the
20 ‘'best path’ score at any time. In fact since log probabilities are used, the
comparison is between the lag score and the best log score minus a fixed margin
value which is set to give the best average performance.
However, the optimum pruning level to use will in practice depend upon
the actual spoken utterance. In a modification, therefore, the pruning is adjusted
25 as a function of the current computational ioad on the recogniser. For example, it
may be adjusted in dependence on the number of active nodes. Thus,
1. If only a few nodes are active, the pruning threshold is relaxed - more
nodes remain active, leading to potentialiy higher accuracy.
2. If many nodes are active, the pruning threshold is tightened, leading to a
30 reduction in the amount of computation.
One possible implementation of this is to adjust the threshold so as to
keep the number of active nodes substantially constant. Thus, each time frame,
the number of active nodes n, is compared with a desired target n, {e.g. 1300).



The first node is supplied with enpty tokens at frane rate. A token
arriving at any node contains a score indicating the |ikelihood (actually
the | ogarithmof the probability) that the speech input so far corresponds
to the nodels 15 associated with the nodes on the path up to that node;

thus a token gplok¥4g#s at node 13 contains a score indicati ngPCTiIGBS6REI | hood
that the speech so far corresponds to the utterance {y}{eh". The task
associated with the node is to conpare a neygspeech input frame with its
nodel. This is done by perform ng the calculation of equations 7 to 9 on
the new franes to obtain the probability Plerr] 20 which is then addeij to
the incom ng scothe theeshpidmaroia valnecMy isjallowsddo vary,om s stanting vajust NMe et

containing this mr&tmaﬁo&%ﬁﬁw&&c&?ﬁm%a aGilvg Vdfuealy (6.82150106¢ al S
a

accurnul ated over a nunber of franes equal to the nunber of states inits
model (typi cal | ysten vajue Mude.gu2huThe following skeps takeRipeegach time,framgan | s
produced every frame. If the node receives a further token while it is
still processing the 25 first, then it conpares the score of the further
token with th® QA est Etorddnd Mre>iMnsthepiMe M hMs| o9 Prierr] up-to-date

plus the incom ngt okefnSeq, @hd Mid<i ML ksn Mhe mewmM,oken or abandons the
current process In favour of the new token according to whether further

token score is the lower or the higher of the two. In the exanple given,

paths do not converge gneesrterdd mah howasbr B asplied, fo @xafiple ahg degsipRinightetse
permtted then the possibility of si rrultaceous arrival of the two toﬁens S
usual |y dealt wi ‘Pqﬁeﬂ?"itﬂﬁﬁf"ﬁ“ﬁé PfRctivR Snadel Fiates af despstially LIBEBMISerR YR very
propagati on ofp nidigel vdcabiaridsFtHeshuaties bbhdtive words.

This dynamic threshold adjustment may also be used in systems which do
not apply & priori weightings.
The recogniser described above is one which is restricted to having only a
finite number M of possible observations generated in a particular state. If desired,
15 however, the probability by may be replaced by a continuous probability density
b;{0) which has a value for any observation O. As is known, a general continuous
probability density can successfully be approximated by a weighted sum (or
mixture) of a discrete number of continuous functions of more constrained form -
usually a Gaussian distribution. Thus the probability density function is:
20

X
b} (O)=chx N [0’ pj_! ’ij ] eae (10)
x=]

where X is the number of components (or “modes”) in the mixture, cjx is the
weight of mode x in state j and N[O, U, is the probability of drawing the vector
O from a muiltivariate normal distribution with mean vector j;, and covariance
25 matrix U,
For a Gaussian distribution:
N = ——_Qx)”"’lluj,l"’ew[- -g(O-M,-Jr ) U'(O-p, )] - (1)
where d is the size of the vectors. This, if U is a diagonal matrix with terms o;,

reduces to
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At the final node 16, it is possible_to reject _all but the_highest scoring
‘one of converging paths, but for many applications it is preferable to
retain two or nore. Provision is also made for termnating the propagation
of tokens carwopoggrggores which are so | ow that they are deemred/GBoc#sye no
chance of resulting in a 5 good score at the final node; this "pruning"
process Wi ll be described further bel ow Thggpath through the network can
be. identified to recover the phonenes of the utterances deened to be
recogni sed by tracing the successful token sequence back fromthe out put
token(s) using the 'previPus t oken', A to identify the tokens in the
token store. 10 N = __J.I_shaqbﬁb pi@ ; ntioneghat the HM nodel s
put together into t he2n J'EdustTucque 1cagy be rlegarded as a single, large
model . As thus far described, thé recogniSer<is, in general terns,
conventional . Theshbtery; heé thecslemems odf0.t he recogni ser now to be descri bed
have the object of "prf a?ati n% agprori Frobabi lities up into the
recognition tree. Cons eqogRitiop cyogess gt eaualigns A 1 & it unchargeds nky the
among the words défiHition of I8’ diffefeAR” Traififpprodésies §i such SeRENRRs [deatity2odels
result of sone previous process the a priori probability of these occurring

i s represent e b?’WP@ﬁtqnﬁd”WéP&égerﬁf"Sg' bedesciped. 0 1 0.1. This

The parallel processing method is simpler than the tree processing method

described so far. A typical such process, involving pruning, involves maintaining a
running list of the top le.g.) six 'best' candidates as models are examined. For
example:

10 {a) compare the unknown word with the first six models and generate a
list of these models, recording a similarity score for each;

{b) compare the unknown word with a further model. If the score
obtained is higher - i.e. more indicative of similarity - than any in the list, substitute
the new model-and score for the lowest-scoring entry in the list;

15 {c) repeat step (b} until all models have been processed. This process
results in a list of the six highest-scoring models. f a priori probabilities are to be
applied prior to selection of the best candidate, each of the six scores is multiplied
by the relevant weighting factor, and the candidate having the best weighted score
is selected.

20 in the proposed method, the weighting is applied during the recognition
process itself; viz.

{a} compare the unknown word with the first six models, generating a
similarity score for each. Multiply the score by the weighting factor for the
respective model. Generate a list of these models, recording the weighted score

25 for each;

(b} compare the unknown word with a further model. Multiply the score
by the weighting factor for that model. if the weighted score obtained is higher
than any in the list, substitute the new model and weighted score for the entry in
the list having the lowest weighted score;

30 (c} repeat step (b) until ali models have been processed.



means that the scores input—at—the-nodes 23 24, 26, 29,

wei ghted by these val ues bef fv ecisions. are taldls [9o\wEY dtAS BEEN
wei ghtings are 20 applied. ﬁgﬂm ﬂl, | n the tree, jas foRERMEEDThe
1.
05
c

probability of the word bel or "cob" is thus represente
by melghtlngswasﬁwnmﬂ 2 +0.3 = mhereas the correspondi MRENGBMOOSLI
"dog" or "den" is 0.1 + 0.1 + O. = 0.2. Consequently the scores input to
the node 21 are weighted by a fa tor of 1.01&nd those input to the node 27
are weighted by a factor of 0.2. The values associated 25 wth "cat" or
"cab" on the one hand and "cob" on the ot EAQ@?nd are 0.7 and 0.3
respectively, so the inputs to nodes 22 af need to be appropriately
wei ght ed. Howevelr. a f &cethodfof Spébchaenoghmeadymbng applied to this branch

o oa00e, 21 5, Nt LD b B R ORGPl L
PCT/ GB96/ 00531 X0 gSneriateaa hnpamre ebsisdlardy; and 24 we have wei ghting at node
23= [err] 55/ 7 - repetitively comparing further portions of the unknown utterance
with reference models to generate, for each of a plurality of allowable sequences
of reference utterances defined by stored data defining such sequences,
accumulated measures of similarity including contributions from previously
generated measures obtained from comparison of one or more earlier portions of
10 the utterance with a reference model or models corresponding to an earlier
utterance or utterances in the respective allowable sequence; and
- weighting the accumulated measures in accordance with weighting
factors for each of the allowed sequences wherein the weighting is performed by
weighting each computation of a measure or accumulated measure for a partial
15 sequence by combined values of the weighting factors for each of the allowable
sequences which commence with ‘that partial sequence, less any such weighting
factors applied to a measure generated in respect of an utterance or shorter
sequence with which that partial sequence commences.

20 2. A method according to claim 1 further comprising excluding from further
repetitive comparison any sequence for which the weighted accumulated measure
is, to a degree defined by a pruning criterion, less indicative of similarity than the

measures for other such sequences.

25 3. A method according to claim 2 wherein the pruning criterion is repeatedly
adjusted in dependence on the number of measures generated and not excluded
from further repetitive comparison, such as to tend to maintain that number

constant.

30 4. Speech recognition apparatus comprising:
- storage means for storing data relating to reference models representing

utterances and data defining allowable sequences of reference utterances;
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0.2 weighting at node 24 = %H——%H—&-Vﬁﬂ—st“at nodes 28 and 30 the

wei-ghting is 0.1 O course, 4_is nerely N nr=1m

representation of the process m mnmgm‘m node |s rgﬁr%§ él’AﬁyB%rN
entry in the node store (as 10 ‘shomn u NaFl gure 5) cont ai fing tW‘é"ﬁ@EDow ng
I nformati on: wo9oe27872t he addresses (in the nodel store) of t RCI/GRPSIOD De

used; - the address of the next node(s) in the network; - a flag
i ndi cat | ng whether the node is active or not7 - a |l og value indicating
t he wei ghting associated with that node; 15 - tenporary storage for

the results of cal cul atlons_ The ¢ qents of the first t

det ermi ned when the vo 8'5‘5?% "Eﬁa"f he ﬁ?&gﬁ‘fﬁ' é:PmPgr eP°%D"s ‘I‘ﬁl an p'f'"g‘egg’g S

perfornmed by relttemance with o.fetelmbmbdely tsigenarate, (fér eachlgf avlplmimtszmitambwabla
list of words to _be recqaqanised and

tont L fyi g 1 he SRSETRRC ARttt iarancR afel by badbl oo dErpROTUER RESumnaeny o
that word (see atamulatgdr medjures hef cutmitariay i mnludi\gt keentribdtiorst dram cpmfmnklg i S
convent i onal %save for, that o SCri

oo el & Bfereddl shoBlusf othpiied A, SardRrisa oY Bt B8 bt (dhne? ot d1cC

sequence cor r esplendittecprice with ha wefetlence model or models corresponding to an earlier
utterance or utterances in the respective allowable sequence;
- and means operable to weight the accumulated measures in accordance
with weighting factors for each of the allowed sequences wherein the weighting
10 means is operable to weight a measure or accumulated measure for a partial
sequence by combined values of the weighting factors for each of the allowable
sequences which commence with that partial sequence, less any such weighting
factors applied to a measure generated in respect of an utterance or shorter
sequence with which that partial sequence commences.
15
5. Apparatus according to claim 4 further comprising means to exclude from
further repetitive comparison. any sequence for which the weighted accumulated
measure is, to a degree defined by a predetermined pruning criterion, less
indicative of similarity than the measures for other such sequences.
20
6. Apparatus according to claim 5 wherein the pruning criterion is repeatedly
adjusted in dependence on the number of measures generated and not excluded
from further repetitive comparison, such as to tend to maintain that number
constant. '
25
7. A method of speech recognition by reference to stored data defining
reference models corresponding to sounds and stored data defining allowable
sequences of such models, each sequence corresponding to an utterance to be
recognised, the method comprising comparing portions of an unknown utterance
30 with the reference models to update measures indicative of the similarity between
an earlier portion of the utterance and a partial allowable sequence to produce
updated measures indicative of the similarity between a longer portion of the

utterance and fonger partial allowable sequences; identifying those partial
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The CPU 51 perforns the foll owi ng process under control of the program-25—-
stored in the programstore 52; ﬂmmmm“w m lowchart of THIBBHREETAIAS BEEN
Firstly, create an enpty token a rst node(s) - i REPLATEMRAte

an entry in the token store havin§ a®zéero™i Se.*log (1)) scere—ant—a—zero
i sSui ng node svisbemsy2(thi s being taken to nean that the tokegcrapyaooss
prrocessed by the first node) and the date of the preceding franme. These
first node(s) are then considered 30 to be "i&tive". WO 96/ 27872

PCT/ GB96/ 00531 11 Then, each frame period, performthe follow ng steps: -

ror oach acti ve BflRneas ton uith W' RUAERS oA, AOMIETAEH £1hangy |BERA, P

be dealt with by € node was generate
HWM pr ocess usi nginilactys apd rauppries$ing ithe Mmr\g:heranoro of Infeastres [pectainirg toaanv

nasoci ated vt PAURREE of detul ool nitn BhGh ik oheCorBia idebifle P
priori probabil i sgqueatase cheracredsedint that thedidestifisatiorn isdparfarmbd by coenpaeing itiye i n
the token st org eEghrL$ %vi&lf ﬁéjltftregﬁ% evatldgatamg Wﬁatc ‘Yhe qpntes%lg C\?asl&e r};ax'epeatedlv

nevert hel ess con I nue next
adjusted in dependence on the number of measures generated and not suppressed,

such as to tend to maintain that number constant.

8. A method of assigning a weighting factor to each node of a speech

10 recognition network representing a plurality of allowable sequences of reference
utterances, said method comprising:

- combining, for each node, the values of the weighting factor(s) for each

of the allowable sequencels) which commence with a partial sequence

incorporating the node less any weighting factors applied to an utterance or shorter

15 sequence with which that partial sequence commences.

8. A method according to claim 8 comprising:
- assigning the log of the given weighting factors to the final nodes of the
network corresponding to the allowable sequences;
20 - assigning to each preceding node a log probability value which is the
maximum of those values assigned to the node or nodes which follow it; and
- subtracting from the value for each node the value assigned to the node
which precedes it.

25 10, A method according to claim 8 or 9 wherein the nodes are associated with
models representing reference utterances and parameters of the associated models

are moadified to reflect the weighting factor assigned to each node.

11. A method according to claim 8, 9 or 10 wherein the recognition network
30 has a tree-structure, at least one node other than the first having more than one
branch.
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10 - if no process h atokento be dealt with by
t he node was generated during m |,_e_, the afT VoL ras—hes—

j ust been set) comence a new H tproceems ts5| g the curre1{mbr§“'55' HAS BEEN
observation 0. In the case of a single-state HW create g newF;'fﬁ?th\QEﬁ)n t he
t oken store ygdgntdig result; (note that the current process PCEGBIGIOSIT
nevert hel ess conti nue for the next frame),; 15 - if a process has
commenced and a token to be dealt with by tH node was generated, conpare
the incom ng and internal scores and according to the result continue the
rocess as above, eitRer | n a o]

!to he first stat eqz- A%l #Wgtggﬁg?%&e# g’h%'?'g ‘é' g@gehng %Q%&k %CB%B%'RBt he
i ssui ng node ad dveighting fastorsiformerk by, thecmethod according diorrlaimes, %éﬁtOfﬂché'Used
addressees) fromthe node store entry for the issuing node; - flag each
such next node as active for the next frane. If a newentry in the token
store has been diSeat c8peeth fecognltlorl appératus hincluding c datec delating ctoeac detiwork
stored " MeXi MYl dratidlf walghud HSEHRS 1drvBl oG nd FHGR drMaimid, @hBior 1. I

t he associ ated score |s e store maxi num score al |t okens"
figure by mor e than a predeterm ned margin (e.g. 50), erase the t oken store

entry (the "prunjng” g ﬁ{& od bt ldaki nthgsi% Pﬁtu{(dbI tétidr snﬂﬁlﬁtéﬂﬂgﬂvpgs NerdiRbYtbre

t okens 30 and no out put t en deac erase the node store
entry). described with reference to the accompanying drawmgs

=3

10 15. A method of speech recognition substantially as hereinbefore described

with reference to the accompanying drawings.

16. A speech recognition apparatus substantially as hereinbefore described
with reference to the accompanying drawings.
156
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- At the final node: The decision as to when recognition has conpl eted
and_traceback of the recognition paths_ecan:take place is based on a system
of rules and threshol ds WD 96/ 27872

PCT/ GB96/ 00531 12 agai nst which specific nmeasures are checked. Thus, for
every frame, wosgemgpack the best token appearing at the finapcriCsiobs

exam ne how nmany franes have been spent in the final noise node. (Assunes
that all paths in the network have a noi se node as the end). If the
duration is greater than sone threshold ag§ the path score 5 is better than
anot her threshold then stop recognising (i.e. we essentially wait until the
recognition score for a conplete path is reasonably good and that the path
contai ns a reasonabl e anount of noise at the end, typically 20 frames i.e.
0.32 seconds). This is the sinplest descriptiﬁ? of an end of speech
detection algorithm In practice the algorithm nmy be extended by

addi tional checks on the SNR of the 10 signal ate and the variance of
t he noi se energy. Al so there are a nunber of t ts to ensure that the
end of speech detection will trigger eventuall th the event that the
above checks continually fail. Then, for the hggaD t-scoring token, or for

each of the N err] highest scoring
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t okens, where N err] is the desired nunber of output choices: 15 -
(a)_retrieve fromthe token the previous node_address and thence the -
associ ated nodel identifier; - (b) retrieve the previous token store entry;
- (¢) repeat (a) and (b) until all the nodels have been identified. The
recogni sed wowg@serz8¥20ng wWith their associ ated scores, are nopepiEnosnossiabl e.
Thé above description is of the recognition process: before such a process
can comrence it is necessary that the log a priori probabilities be entered
in the node store. Assunme that a precedi @5 recognition process has created
a priori probability values in the format shown in Figure 7, where each of
a nunber of 25 town nanes (for exanple) has a probability assigned to it.
The CPU 52 perforns the foll ow ng set up process for deriving-the node a
priori probability values. First it is necessary to translate the words
into node sequences, by reference to the vocabulary store 7, so that, for
each possible path through the recognitio |£E the total of the log a
priori values for each node en route is 3 'owl. It is then necessary to
conput e the individual values for each node, as was done in the
illustration of Figure 4, as foll (a) assi-d@ the givep-¥obability
values to the final nodes coryesponding tg't respectfgv rds;

-/

{eh}

10 16

{n} | {ow}

Fig.3. Fig.5.
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(b)- proceeding fromright to left (as_drawn in Figure 4), assign for each
‘node a probability value which is the sumof those assigned to the nodes
which followit (the first node is taken in Figure 4 to have an assigned
val ue of 1); Weseagpceeding fromleft to right, divide the FeICHIOISIY

val ue for each node 5 by the val ue assigned to the node which precedes it;
(d) take logs of all the values. In practice, a conputationally |ess
onerous technique is to work with | og vald#s throughout, and take the

maxi mum rat her than the sum Thus, (as shown in Fig 8): 10 (a)
assign the given log probability values to the final nodes_e@8responding to
the respective vvopmg@) assign to each node a log_prettaRility val ue which
is the maxi num of " t e"assigned to the nodg or nodeky HFollowit

(assign zero to the first node); {c) subtfr : e for each node

the val ue assigned to the node 15 which ; ges it. The cal culations on
unbranched |inks (shown inzsluar@ bracketd) gt of cowe@4need to be

per f or med. ' 22 ’7 2
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3
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In the above description, the primary criterion is that tokens are erased
If they carry a score which falls below a threshold value, viz._a
proportion of the 20 'best path' score at any tine. |In fact since |og
probabilities are used, the conparison is between the |og score and the
best | og scorwgvenmyza fi xed margin value which is set to gi veTicuetussi
average performance. However, the optinmum pruning level to use will in
practice depend upon the act ual spoken utterance. In a nodification,
therefore, the pruning |s adjusted 25 as4 function of the current
conput ati onal | oad on the recogniser. For exanple, it may be adjusted in
dependence on the nunber of active nodes. Thus. 1. If only a few nodes
are active, the pruning_threshold i$ retresg eMPTY € fodes remain active,
| eading to potentlallx hENfey accurgcy. 2.7oKkeN f nmany nodes are active, the
t

pruning threshold is otgeTed, Iealmm\qrgmm NoBEYction in the anmount of
conput ati on. One possi bl g Yﬁ%l ENMENT Sebueiiens s-30 adj ust the threshold
so as to keep the nunber” of\@cti ve pedes tant|aIIy constant. Thus, each

time frane, the nyn i s conpared V\nthadesired
target nferr] (e.Q"
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The threshold margin value Merr] is allowed to vary froma starting val ue
of Merr] (e.g. 100) between a floor value Merr] (e.g. 75)_and a ceiling ..
value Merr](e.g. 150), by a step value Merr] (e.g. 2). The follow ng
steps take place each tine frane. 5 (1i If n[err] > n[err] and Merr] >
Merr] then NvesdirsraM (2) If n[err] < n[err] and Merr] <pdurengsipossben M
=M+ Merr]. Oher criteria my however be applied, for exanple the

deci sion m ght be based on the nunmber of active nodel states or (especially
in recognisers with very 10 | arge vocabulgisi es) the nunber of active words.
This dynam c threshold adjustnment nmay al so be used in systens which do not
apply a piori weightings. The recogni ser described above is one which is
restricted to having only a finite nunber M of possible observations
generated in a particular state. If desired, 15 however, the probability
b[err] may be replaced by a continuous probability density b[err] (O which
has a value for any observation 0. As is known, a general continuous
probability density can successfully be approxi mated by a wei ghted sum (or
m xture) of a discrete nunber of continuous functions of nore constrai ned
form- usually a Gaussian distribution. Thus the probability density
function is: 20 [err] where X is the nunber of conponents (or "nodes")
in the mxture, c[err] is the weight ofpma in state j and

NfO [err],Uerr]] is the probability of*d iMg the vector O froma

mul tivariate normal distribution with nean vector [err] and covari ance

log(.5)-log(.5)=0

log(.5)-log(.5)=0 @

\ Iog(.2)-loi(.5)=log(2is)
@ log(.3)-log(.5)=log(%/5) @
K / llog(.3)-l0g(.3)=0]
i0g.3 \@
log(.5)-0

log(.1)-0=log(.1) log(.1)-log(.1)=0  [log(.1)-log(.1)=0]

log.1 \ @
@ log(.1}-log(.1)=0

“ / @

{log(.1)-~log(.1)=0]




25 ‘matrix Uferr]i For a Gaussian distribution: [err] where dR&?Lﬁﬁé-@ﬂfgqﬁﬁET

of ‘the vectors.. This, if Uis a diagonal matrix with terns [grr]], reduces
to WO 96/ 27872 . ' 0.7 SEP 1998
PCT/ GB96/ 00531 15 [err] where v; are the e enents of -0. The re ognltlon
process of eguat ons 1 -, S unchanged only the def|n|t| DTS

O T eront. TPRPLNG BERHIEE COWB odeh o BRI s ot

known alnd vv;ﬁbad@:t lotda&reﬂmmh:@exmhr@ed:owﬁm gﬁmsl Iadlremrdyc&mmg Imethoﬂ
is sinpler [E6 ssin r i cal suc
o7 ocess, 1 mvoPdERGCL AR Ny Ao IEE et?lunn.en%fftﬁgé[)%%s T op

(e.g.) six 'best becapgldmdss as nndels are exan1ned For exanpl e:

(3 comare 12 g o o o e it
apparatus in which the a priori probabilities relate to the
given context of one or more patterns that have previously
been recognised. A language score indicative of the
probability of a certain word occurring after another
certain word is combined with the score obtained for a
sequence containing those words.

According to the present invention there is provided a
method of speech recognition comprising:

- repetitively comparing portions of an unknown
utterance with reference models to generate, for each of a
plurality of allowable sequences of reference models
defined by stored data defining such sequences accumulated
measures of similarity including contributions from
previously generated measures obtained from comparison of
one or more earlier portions of the utterance with a

- reference model or models - in the respective allowable-
sequence and weighting the accumulated measures in
accordance with predetermined weighting factors for each of
the allowed'sequences wherein the weighting is performed by
weighting each computatidn of a measure or accumulated
measure for a partial sequence by combined values of the
weighting factors for each of the allowable sequences which
commence with that partial sequence, modified by any such
combined values of weighting factors applied to a measure
generated in respect of an utterance or shorter sequence
with which that partial sequence'commences.

Preferably any sequence for which the weighted
accumulated measure is, to a degree defined by a pruning
criterion, less indicative of similarity than the measures
for other such sequences is excluded from further
repetitive comparison. This pruning may be carried out in
dependence on the number of measures generated and not
excluded from further repetitive comparison, such as to



(b) conpare t he unknomn word with a further nodel. If the sché? I

higher - i.e. nmore indicative of simlarity - than any in theg
'substitute the new nodel and score for the | owest-scoring engr gE?’T 3
list; 15 (c) repeat step (b) untily all nodels have bge process

This process results in a list of the six hlghest scori ng nogels—t+f—=a
priori probabtendi 9 Mmedntaime thas nuaber sens§asdi-ection of |t he best

candi date, each ofpt Q%o%&féxs%.@b%%t' SfMehil Rhivedthvnt ka1l QL@RroiRIGHd 1 Ng
factor, and the candi date aVIn%mﬁaﬁ@teSt wei ghted score is sélected. 20

In the propoSBESRBt KEFOIHE 1A% us &BHPFéélﬁﬂklng t he recognition
process itself; vizsgtoxhgeomeans ifoe wrloronsy Gare weubth&@'&kf&bf@ﬁénce

nodel s, genera a simlarity score for each. Ltip t.he s
odel s, SenoRaRLE0 BeBHIOLaLY, TRLe o canh AU Llol e Sagie e
recor di ng t hsegreegheed ofcaedeenceomodeadls;; (b) conpare t he unknown word

wth a further nodel Bg&&hglxbtggnggo p%%l%q%e Eﬁ%&e %%%% &H@'dEhat

nodel . |If the melghfeg scor her an a
substitute tas nohnevbeMtisdansiegmWisd g@ée@en@e meded st rtyv g@merx@tla,stfor

having the | &@ﬁtofehgg %Qaﬁ%%&eof3gllowable EehukfRed! oft eR eyt il al
nodel s have een_proce
models deflned by stored data defining such sequences,

accumulated measures of similarity including contributions
from previously generated measures obtained from comparison
of one or more earlier portions of the utterance with a
reference model or models in the respective allowable
sequence;

- and means operable to weight the accumulated
measures in accordance with predetermined weighting factors
for each of the allowed sequences wherein the weighting
means is operable to weight a measure or accumulated
measure for a partial sequence by combined values of the
weighting factors for each of the allowable segquences which
commence with that partial sequence, modified by any such
combined values of weighting factors applied to a measure
generated in respect of an utterance or shorter sequence
with which that partial sequence commences.

In yet another aspect of the invention there is
provided a method of assigning a weighting factor to each
node of a speech recognition network representing a
plurality of allowable sequences of reference models each
allowable sequence having a predetermined weighting factor,
said method comprising:

- combining, for each node, the values of the
predetermined weighting factor(s) for each of the allowable
sequence (s) which commence with a partial sequence
incorporating the node modified by any weighting factors
applied to an utterance or shorter sequence with which that
partial sequence commences.
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CLAINB 1. A nethod of speech recognition conprising: - conpatihg+& AﬁsS%EET

portion of an unknown utterance with reference nodels to gen rét a neasure
of simlarity, - repetitively conparing further portions of fh¢ NEEEP 998

utterance with reference nodels to generatge, for each of a plufality of
al | owabl e sequences of reference nodel s denired by stored data qertTmimyg

such sequences, atBgnmivedcddimghfactorss may; eaﬂwqaﬁtﬂ%&rhg} M99 but i ons

car 1] or eéhfﬁaﬁﬁigﬁPeFﬁ‘?ﬂd@ﬁﬁm ét@d““é??“ Wﬁ?ﬁ‘e‘iﬁ@" o ere in the.
epect 2 ofFbiare Lol m%ﬁ;mﬁ@f&mm%ﬁmmw
sequences mher |n.th i ght . fo M) cQnput ati on
commence by gl Bt %%Zf%%e gg@?f,i% i acii shh SRR

precedes it is subtracted from the value for each node.

The nodes may be associated with models representing
reference ‘utterances and parameters of the associated
models may be modified to reflect the weighting factor
assigned to each node. ,

The invention is particularly applicable to a
recognition network that has a tree structure, at least one
node other than the first having more than one branch.

Some embodiments of the invention will now be
described, by way of example, with reference to the
accompanying drawings, in which:

Figure 1 is a block diagram of an apparatus according
to one embodiment of the present invention;

Figure 2 shows an illustrative network of Hidden
Markov models;

Figure 3 shows the contents of the token store of
Figure 1; |

Figure 4 illustrates the application of weightings by
the apparatus of Figure 1;

Figure 5 shows the contents of the node store of
Figure 1;

Figure 6 is a flowchart illustrating operation of
Figure 1;

Figure 7 illustrates the contents of the vocabulary
étore of Figure 1; and

Figure 8 illustrates an alternative weighting
procedure to that of Figure 4.

There are basically two approaches to speech
recognition, parallel processing, in which each utterance
(e.g. a word) is successively compared with



yaldes of the weighting factors applied to a neasure generat

; |
of a shorterummmm:ﬂlmlmm']i ch that partial sequence comepREELADTMENA SHEET

met hod accor urther conprising excluding from furttier
repetitive cofipafi son “any séquence for whigeh the wei ghted acgujful Z%ﬁ%j .
nmeasure is, to a degree defined by a pruning criterion, |ess i1d#ﬁ t _e“@ﬁ
simlarity than the neasures for other such sequences. 3. A\ RFethod

according to claim 2 wherein the pruni rgLAIM3 erion i's repeatpdly adjusted

i n dependence on the nunber of neasures generated and not excCruded—from
further repetitive congarison, such as to tend to maintain that nunber
constant. 14, ASpebbpdr efogrrerbnragpanitiioncenppirdisAgd:- storage neans

for storing data LebahbRgihg hCHEEENeh BRUGhSuhRABGRCHtEAgaHHLCLARRES and
data defining all owable seqglences of reference nodels; - conparing neans to

repetitivel yrebapaneepbrepdfster generate a measure of similarity;
- repetitively comparing further portions of the

unknown utterance with reference models to generate, for
each of a plurality of allowable sequences of reference
models defined by stored data defining such sequences,
accumulated measures of similarity including contributions
from previously generated measures obtained from comparison
of one or more earlier portions of the utterance with a
reference model or models in the respective allowable
sequence; and

weighting the accumulated measures in accordance with
predetermined weighting factors for each of the allowed
sequences wherein the weighting is performed by weighting
each computation of a measure or accumulated measure for a
partial sequence by combined values of the weighting
factors for each of the allowable sequences which commence
with that partial sequence, modified by any such combined
values of the weighting factors applied to a measure
generated in respect of a shorter sequence with which that
partial sequence commences.

2. A method according to claim 1 further comprising
excluding from further repetitive comparison any sequence
for which the weighted accumulated measure is, to a degree
defined by a pruning criterion, less indicative of
similarity than the measures for other such sequences.

3. A method according to claim 2 wherein the pruning
criterion is repeatedly adjusted in dependence on the
number of measures generated and not excluded from further
repetitive comparison, such as to tend to maintain that
number constant.




an unknown ut mnth ref erence nDdeIs to generate, for ecﬁﬁ?bﬁﬁﬁﬁﬁ {1 SPQRT
plurality of FE a@ﬂm@ H t&ﬂ es of reference nodels defined Jy JSTOred data
defini ng such | at ed nmeasure of simlarity inglgdi 9 SEP %98 -
contributions fron1preV|oust gener at ed npasures obtai ned froj égar?soﬂ 4
of one or nore earlier portions of the utterance with a refer¢néte—+edel—eor
nodel s in the respective allowabl e sequence; - and means opergbl e to weight
the accunul ated mspeeicks dercgrdtridaneppartbupr edempeisingd wei ghtTng Tactors
for each of the all S erei g | | e
to weight a neasuregﬁggﬁg%uﬁﬁﬁggﬁg neggﬁgéhg dggg g% Qng?@gﬁb%%gg%@H@%
conbi ned val mededf tepresiegittingg tntaer@nseSoanéadhtef deifd ndngowdBloarable
sequences “héggu%ﬁgg%n%ﬁ'Wé%Qr%Qﬁ% agggugl sequence, nodified by any such
conbi ned val ue the wei ghting factors plied_to a neasure enerated |n
respect of shorter §9mméﬁéggmmﬂ¢nﬁhF@hrﬁﬁﬁglﬁaW?ﬂﬁlC§@@ﬁéﬁt@°@

Appar at us acgfr ghRace GltdidBathclelivier réQEEéh&lenﬁ\oﬁééﬁs tho0 gRrelrade frf%l’r”‘

further repetit ve co ri sQn any seg&encg whi ch t he wei ght ed
accunul at ed B8S ality of allowa le sequences of reference

models deflned by stored data defining such sequences,

accumulated measure of similarity including contributions
from previously generated measures obtained from comparison
of one or more earlier portione of the utterance with a
reference model or models in the respective allowable
sequence; |

- and means operable to weight the accumulated
measures in accordance with predetermined weighting factors
for each of the allowed sequences wherein the weighting
means is operable to weight a measure or accumulated
measure for a partial sequence by combined values of the
weighting factors for each of the allowable sequences which
commence with that partial sequence, modified by any such
combined values of the weighting factors applied to a
measure generated in respect of shorter sequence with which
that partial sequence commences. '

5. Apparatus according to claim 4 further comprising
means to exclude from further repetitive comparison any
sequence for which the weighted accumulated measure is, to
a degree defined by a predetermined pruning criterion, less
indicative of similarity than the measures for other such
sequences. '

6. Apparatus according to claim 5 wherein the pruning
criterion is repeatedly adjusted in dependence on the
number of measures generated and not excluded from further
repetitive comparison, such as to tend to maintain that

number constant.



a degree defined term ned pruning criterion, less i gﬁé&AC@dﬁﬁ$rq I71'3‘1‘
simlarity than “mmgigﬂmw ot her such sequences. 6. pqr at us

according to cla pruning criterion is repeatedly agijusit®dosy |
i n dependence on the nunber of neasures gg8erated and not excljuged from
further repetitive conparison, such as to tend to maintain that numDer
const ant. 7. A nethod of assigning a weighting factor toleach node of
a speech rechnl t iAomaté'tQ)d)rdé ressrianEmg @y weighihixg tf}aCtﬁOIalﬁQ)\ml’E node

sequences of Hﬁ¥gﬂ Each ] |
pr edet er m ne8 WEI g I ng sg)llgdrre od CO%I’I Si ng an r%l’?)llrr?ilnlgtfy foo
each node, thé @&’I%’%@ cﬁeqqﬁé’lctﬁsedgt éﬁﬁ%%l“’@ﬁei]ﬁg esash @rl(lgwaflq;.,e each of

the al | owabl g %@fﬁlﬁ@'é@)%ﬁ@mﬂ@& lved PfitAlf ZABIENGRId
I ncor porating t e node nodi'f by any wei ghting factors applled to an

utterance or M&k FQﬂQﬁkﬁﬁﬂvath whi ch t hat

- combining, for each node, the values of the

predetermined weighting factor(s) for each of the allowable
- sequence (s) which commence with a partial sequence

incorporating the node modified by any weighting factors

applied to an utterance or shorter sequence with which that

partial sequence commences.

8. A method according to claim 7 comprising:

- assigning the log of the predetermined weighting
factors to the final nodes of the network corresponding to
the allowable sequences; '

- assigning to each preceding node a log probability
value which is the maximum of those values assigned to the
node or nodes which follow it; and

subtracting from the value for each node the value
agsigned to the node which precedes it.

9. A method according to claim 7 or 8 wherein the nodes
are associated with models representing reference
utterances and parameters of the associated models are
modified to reflect the weighting factor assigned to each

node.

10. A method according to c¢laim 7, 8 or 9 wherein the
recognition network has a tree-structure, at least one node
other than the first having more than one branch.

11. A method of speech recognition in which a network
incorporating weighting factors formed by the method
according to claim 7, 8, 9 or 10 is used.



partlal sequenc ’ A method according to clai nfF—eefpr+si-ng.

- assigning the? "mmm"m "HN““ erm ned weighting factors t REMG’EMENT SHE
nodes of the networR cbrr®spbnding to the allowable sequenceg; |- aSSIgnrng
to each preceding node a | og probability value which is the hg IEEE]%

t hose val ues assigned to the node or nodés which followit; pn £ gk |ﬁg

fromthe value for each node the val ue assigned to the node
it. 9. A method according to.claim7 or 8 wherein the nodes are

associ ated ¥t h SeRReR repeguthirngappatatnecincledinges sherpaforerers—of
the associ aé@&rfﬁgea&érfemiﬁgeéota ﬁéHrka iH@ofﬁéEﬁ%iﬁ@ J:éféﬁhﬁésn gned

to each node. 10. nmet hod accord g m7, or wherei n" t he
recognltlcnﬁ?@ﬁ?%ﬁkf?%@e%.?Ye%h§tWﬁ Pﬂ@eOf ?lﬁé@s?'o%e %dﬁ@ Bher than the
first having nore than one branch. 11. A nethod of speech recognition in

whi ch a network jncor atin ighting f ors formed by the ne
acLording tﬁgcld# ﬁéﬁ ?* $s§b§32nésga;gﬁ£1ng FQLEEEs P stantiaffy
as herelnbefore described with reference to the

accompanying drawings.

14. A method of speech recognition substantially as
hereinbefore described with reference to the accompanying

drawings.




19 12. Speé'gh recognltlon apparatus including a s?gr‘/e for sé%rl n data ;
relating to a network incorporating weighting_factors forned® e
of .claim7, 8, 9 or 10. 13. A nethod of assigning weighting fgspa
substantlally as hereinbefore described with reference to the g4k
drawi ngs. 14. A nethod of speech recognition substantially as Igs
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