10

15

20

25

30

WO 97/42626 PCT/GB97/01134

AUTOMATIC SPEECH RECOGNITION

This inventions relates 1o automatic speech recognition, and more
particularly it relates to automatic speech recognition using context related
elements such as triphones.

Automated speech recognition has many potential applications, such as
dictation syste}ns and for the speech control of a variety of mechanisms such as
video recorders, Automatic speech recognition could ailso be used for the remote
control of household equipment, e.qg. by telephone. There are many telephone
services which can be implemented by automatic speech recognition coupled with
synthetic speech, e.g. a wide variety of services using an automated index. In
many applications a failure 1o recognise the speech is regarded as an acceptable
result. For example, a speaker may make a mistake and, if there is a fault, it may
not be that of the automatic system. A system is often designed so that fauity or
inappropriate utterances are not recognised, e.g. the system may ask for a repeat.

Speech recognition is usually carried out by matching parameterised
samples of a speech sighal with a network which defines a plurality of paths
wherein each path represents a possible utterance. Parameterised speech is well
understood in the art of speech recognition and persons skilled in the art will be
aware of several techniques for parameterisation. The paths are formed of
successions of model speech elements, e.g. model phonemes. The term “model”
indicates that the element is represented in a form which is suitable for direct
comparison with a parameterised sample, Each comparison generates an
elementary metric or metrics which indicate the similarity between the model
element and the parameterised sample. The elementary metrics are accumulated
over the paths and partials paths and this establishes which paths or partial paths
most closely resemble the received signal. To begin with, there are many potential
paths and the recognition is equivalent to selecting which aiternative constitutes
the best match for the received signal.

Complicated or elaborate embodiments of automatic speech recognition
need to provide a large number of alternatives for the matching process, i.e. they
must use many paths. A path can be regarded as a series of partial paths.

Because many utterances start the same and then diverge many paths start with



10

15

20

25

30

WO 97/42626 PCT/GB97/01134"

the same partial path and then they diverge again and .again so that a partial path
may be common to many complete paths. Thus it is convenient to store the paths
as a network which defines all the paths and partial paths included therein. The
recognition process is eguivalent to finding the best path through the network.

This invention uses a dynamic network. This means that only an initial
network is defined when the recognition begins and p'artial paths .are added to the
network from time to time, e.g. at the ends of the various partial paths, and each
extensions usually takes the form or a complete unit, e.g. a complete word or a
syliable. These units are formed of symbolic elements e.g. {phonemes) which are
not suitable for matching against parameterised sampies. Before the symbolic
elements can be used for recognition they must be converted to model elements,
i.e. to a form which can be matched against the parameterised samples.

tn simpie automatic speech recognition, there is a one-one correspondence
between the symbolic and the model elements. This makes conversion easier but
it tends to degrade.the matching because in practice the pronunciation of an
element such as a phoneme depends on its context. Using model elements that
represent a symbolic phoneme in the context of its neighbouring symboiic
phonefnes’ produces a marked improvement in recognition accuracy. In other words
a symbolic e!emént (phongme) has a variety of different pronunciatibns and a
plurality of different model elements (phonemes) is needed to represent this
variety, i.e. one maodel element {phoneme) is needed for each of the
pronunciations. This invention uses context dependent model elements and, more
particularly, model elements which depend on the symbolic elements which follow.
In the preferred embodiment, this invention uses triphones, that ié each model
phoneme relates to only one symbolic phoneme but fhe preceding and following
symbolic phonemes are taken into account. .

‘The invention will now be described by way of example with reference to
the accompanying drawings in which:- | .

Figure 1 illustrates a store for converting symbolic phonemés to model
phonemes using triphone.s:

Figure 2 shows the end of a partial path;

Figure 3 shows a tree, in symbolic phonemes, for addition to a network;

Figure 4a shows the tree of Figure 3 converted to model'phonemes;




PCT/GB97/01134

WO0:97/42626

10

15

20

25

30

Figure 4b shows an alternative to Figure 4a wherein the place markers are
removed from the tree;

Figure 5 illustrates equipment for carrying out the method;

Figure 6 is a flow sheet for the method, and

Figure 7 iliustrates the invention in the context of a telecommunications
system.

Figure 1 illustrates the content of a triphone store which also appears as
item 56 of Figure 5. Realistically, many more entries are included but only a few
can be shown. In particular, items representing non-speech features such as
“breath sound” and “channel noise” are usually included. The items shown in
Figure 1 are all triphones, i.e. each item comprises the phoneme itself together
with its left neighbour {predecessor} and right neighbour {successor.)

Figure 1 has a column headed “"CENTRE” which identifies the symbolic
phoneme to be converted. The columns headed “LEFT” and “RIGHT” identify the
predecessor and the subsequent phonemes. The “models” are indicated by lower
case in brackets because it is impractical to display the substantial amount of data
needed to define a model {in any case the models are conventional and well known
in the art.) The modeis are numbered and this emphasises that there are a plurality
of model phonemes to each symbolic phoneme. The use of triphones requires that
the symbolic phoneme be identified in the column headed "CENTRE” and the
symbolic phonemes to the left and right be identified in the columns so headed.
This identifies the appropriate triphone to convert the central element in its
context.

Consider the conversion of the words "LEAPT" and “MET”. Although
conventional spelling suggests otherwise “EA” in “LEAPT” is not only a single
phoneme but it is the same phoneme as “E” in “met”. However the contexts are
different and it is clear that the addresses 113 and 114 of Figure 1 make the
necessary conversion based on a triphone. In neither word can the symbolic
phoneme “T” be converted because there is no right phoneme to define the
appropriate triphone. This invention uses a dynamic network and each partial
path of the network is extended by one unit {e.g. a word) at a time. The unit is in
symbolic phonemes and it is necessary to convert to model phonemes before

comparison with sampies is possible. When the conversions are made each partial
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path, {and there are many) has a final symbolic phoneme which is not (yet) part of
the triphane. Because the contexts of the last phohemeé are not defined they
cannot be converted. This is a major problem for the use of context related
elements in dynamic networks. When the context is a iriphone the terminology
“cross-word triphénes" is often used because the left and right elements of the
triphone are located in different words. The problem is then known as “the
prablem of cross-word triphones”. -

According to this invention, which is more fully defined in the claims, a
“place marker” is employed to overcome the problem. A place marker is similar to
a model phoneme in that is can be placed in a path but it contains none of the
information needed for comparison. Thus it can be regarded as a dummy model.
More importantly the place marker identifies a symbolic phoneme, e.g. one which
was not converted when it was placed in the network (the reason for the non-
conversion being that the context was not adequately determined at the time of

the insertion.)

A place marker identifies places for future path extensions and it can also
be used to identify the end of a partial path.

Since the symbolic element identified by a place marker is not suitable for
comparison with a parameterised sample, a place m_arkef will need to be updated
after it has been incorporated into a path and this updating will take place at one
or more subsequent extensions of the path {and hence the network of which the
path is part.} It almost always occurs that the path will branch from the place
marker at the time of the extension. This means that there will usually be plurality
of extensions branching from the place marker. it is to be expected that a plurality
of extensions would constitute a plurality of different contexts for the place marker
and, therefore, a plurality of different model elements will be required because the

model elements are context reiated. Two methods of updating, i.e. replacement
and continuation, will now be described.

REPLACEMENT METHOD
in the replacement method, the place marker is taken out of its path and
replaced by a context related mode! element which the place marker defined as a

symbolic element. As mentioned above, this replacement requires a plurality of
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different model elements in order to cope with the plurality of different contexts.
Once the place marker has been removed its location is lost and no further
extensions can be made from that location. It is, therefore, appropriate to make all

of the different extensions on the same occasion.

CONTINUATION METHOD

In the continuation method, the place marker remains in the network as
long as its path remains. The place marker is “blank” in respect of information
needed for comparison with parameterised samples and, therefore, the place
marker plays no part in the comparison and it does not affect the selection of the
path. The updated extensions continue from the place marker and, as necessary,
several different extensions may continue from the same place marker. Each
extension conveniently begins with the element identified in the place marker and,
since the context of this element is now fully specified, the element can be
converted to the appropriate context related model form. Clearly, the place marker
will not be at the end of the path after the path has been extended. Nevertheless
the place marker remain? in the path and it can be located and used for further

extensions in which extra branches are created.

If desired, a place marker may contain additional information, e.g. an identification
of the word or unit terminated by the place marker. {When the extension method
is used the place marker remains in the path and any additional information

contained therein will also remain in the path. This information can, therefore, be
accessed if it is required.)

The invention includes the following methods:

{a) Extending paths and networks using place markers,

(b} - Recognition of speech using dynamic networks which include place
markers,

{c) Control of equipment by speech recognised by (b},

{d) Methods {a) to (c} inciuding the use of telecommunications.
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The invention also includes apparatus for carrying out methods (a) to (d)
as indicated abave.

The use of place markers in accordance with the invention will now be
described with reference to Figures 1 to 5. |

Figure 2 relates to the extension of one partial path of a network and, {for
illustration) it will be assumed that the partial path ends with the word “cat”.
Eventually all of the paths will be extended and the process is iterative because
each of the extensions is carried out in substantiaily the same way. Since all of
the iterations are substantially the same only one will be described, i.e. the one
which extends this part'ial path.

The extension under consideration is achieved by adding a plurality of
words to the end of the partial path shown in Figure 2 and the "C” {10) indicates
the remainder of the network. Since “cn was converted during a previous iteration
it plays no part in this {or any other future) iteration. The “A” {11 of Figure 2) of
“cat” was also converted and it is shown as the mo'del phoneme {a1), address 111
of Figure 1. Nevertheless, it is needed to help define the triphone which follows.

The "T” of cat (12 of Figure 2) has not (v:.t) got a successor so it cannot
be converted to a model based on a triphone. It was, however, necessary to place
the “T” into the net at a previous iteration and therefore a place marker was used.
The place marker 12 also marks the end of a partial path and .it cannot be matched
with parameterised samples. _

The equipment {which is shoWn in Figure 5 and described in greater detail
below}, includes a extender 50 which includes a lexicon 57 and the triphone store
56 which is illustrated in greater detail in Figure 1. ({The lexicon 57 and the
triphone store 56 are both storage areas for signals representing the various items.
These signals are in a form suitable for 'agtomatic processing.) The lexicon 57
contains all the words which are acknowledged by the equipment; it may atso
contain other units such as syllables or any items which are of significance to a
particular application. The extender 50 can extend any partial path included in the
network by outputting units, e.g. words, for the exte__nsi_on.

To illustrate the present iteration it will be assumed that the extender
outputs the following list of four words.
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Four words are enough for illustration but a “real” list might be much
longer. In the words “sieeps” and “leapt”, the brackets indicate that “ee” and
“ea” are single symbolic phonemes even though there are two letters.

In order to prepare for conversion into model phonemes followed by
addition to the network these words are put into the form of a tree. The tree is to
be added at the location of the place marker 12 of Figure 2 and the time has now
come for the symbolic phoneme contained in the place marker 12 to be converted
to a model phoneme. Therefore the place marker 12 and its preceding phoneme
11 are incorporated into the tree. Specifically, the preceding phoneme 11 and the
place marker 12 constitute the start of the tree.

The tree is formed from the four words, the place marker 12 and the
preceding phoneme 11. The tree is shown in Figure 3.

All of the items shown in Figure 3 except “ends” 21, 22, 23 and 24 and
the initial letter “A” {11) are in defined triphones which are contained in the store
56 {see also Figure 1.) Therefore the conversions are defined. The initial “A” does
not need to be converted because it is already converted into a model phoneme. [t
is needed in the tree because it defines the conversion of item 12 which was
obtained from the place marker 12 of Figure 2. The ends 21, 22, 23 and 24
cannot be converted into triphones because the following elements are not yet
determined. The non-conversion would be a major obstacle because the tree of
Figure 3 cannot be merged into the network without complete conversion.
According to this invention the ends 21, 22, 23 and 24 are converted into place
markers and the network can accommodate place markers.

Figure 4 shows the result of the conversion and the merging with the
previous network. item 11 is the previous “last converted” element. Item (12a) is
the old place marker which is retained unchanged. The symbolic phoneme
contained in the place marker 12a is now converted into two different model

phonemes because the example illustrates two different contexts. Thus, in one
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branch, the symbaolic phoneme of the place marker 12a becomes mode! phoneme
12b from address 128 of the phoneme store 56. This give the model phoneme
(t3) for T preceded by A and followed by S. In a different branch of the network
the symbolic phoneme from the place marker 12a becomes {t1) which is item 12¢
from address 126 of the phoneme store 56. This version is selected because, in
this branch of the network, T is preceded by A and followed by L. The old
network has now branched so that there are now four new place markers 21, 22,
23 and 24. These wilt serve as starting points for extension in future iterations
when the symbolic phonemes contained in them will be replaced by model!
phonemes as described above.

As can be seen from Figure 4a the place markers remain in the network
after conversion. These place markers contain no information for comparison with
samples and, therefore, they do not affect the choice of the path. Nevertheless,
the ptace markers occur at places where the network branches and they can be
used to define the network. As mentioned above the place markers contain a
symbolic phoneme for conversion and they may contain extra information, e.g. the
preceding phoneme to define a triphone. As is illustrated by the place markers 21
to 24, place markers correspond to units inserted into the network and, if desired,
a place marker may identify the unit from which it was derived.

in an alternative embodiment (illustrated in Figure 4b) the.place markers
are removed when -the phonemes contained in them are converted to models.
Clearly, when the place markers are removed there is no information associated
with place mafkers but, as can be seen from Figure 4b, the structure of the
network is still defined.

In another ailternative, not illustrated, the integrity of the units s
preserved. The tree shown in Figure 3 is not formed because each unit is
separately converted to model phonemes and place markers. The converted units
are then added to the network as single entities. _

The equipment used to extend the network is illustrated in Figure 5. It
comprises an extender 50 for extrapolating an existing path. The extender 50
includes a lexicon 57 for storing signals which represent the symbolic phonemes of
units such as words and syllables. It also includes a triphone store 56 for storing

the signals used by a converter 55 which converts symbolic phonemes to model
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phonemes. The is operatively connected to a network store 51 so that it can add
extensions to the network stored therein. The extender can also obtain the ends
of partial paths, e.g. symbolic phonemes contained in place markers from the
network store 51 to constitute input for the extensions.

The equipment also includes a receiver 54 for acquiring a speech signal for
sampling and parameterisation. The signal is preferably in the form of a digital
waveform; if an analogue signal is provided an analogue-to-digital converter (not
shown) is included. A sampler 53 carries out the parameterisation, and there are
usually 50 to 100 samples per second. (Telephony digital speech usually has
8000 samples per second.) The comparator 52 matches the samples with the
network held in the store 51 until the best path has been identified and this is
output to the interface 58 which is adapted to control attached equipment (not
shown in Figure 5} or to provide confirmation of the identification, e.g. as an audio
or visual signal, optionally by a telecommunications system.

A flow sheet of the method, illustrating an iteration for extending a path,
is illustrated in Figure 6.

There are three features of the flow sheet, i.e. the reception and sampling,
the comparison and the extension of the network.

The reception is indicated in box 60 of the flow sheet and the sampling in

box 61.

Network extension is indicated in boxes 62-64 and it comprises the

following major steps.

BOX 62
The existing network {in the store 51} is scanned and one of the place

markers is selected. The place marker determines the point at which the next

extension will be added. Usually it also identifies the end of a partial path.

BOX 63

The extender 50 selects units, in signals representing symbolic phonemes,
from the lexicon 57.
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BOX 64

The units selected in box 63 are assembled in the form of a tree of

symbolic phonemes. The placer marker selected in box 62 is included as the
beginning of the tree.

BOX 65

The tree assembled in box 64 is converted into model phonemes and the
end phonemes are converted into place markers which will be selected in future
executions of box 62. The symbolic phoneme in the place marker selected in box
62 is also converted into a model phoneme. These conversions are carried out
using the phoneme store 56 {the contents of which are illustrated in Figure 1).
After conversion the tree is added to the network which is contained in the store
51.

It is important to recognisé that the conversion to model phonemes occurs
in box 65 whereas the identification of the phonemes and their contexts is
achieved in the previous boxes 63 and 64. When these bokes are executed the
end phonemes do not have a context so t.hey cannot be converted. The place
markers are compatible with the network even though they are not model
phonemes and their use enables the step specified in box 65 to take place because

the updating of the place marker by a model element occurs during a later

. iteration.

BOX 66

The samples produced in box 61 are compared with the network stored in
netwaork store 51 to select a best path.

BOX 67
The best path is output at box 67.

The iteration illustrated in Figure 6 is repeated for as long as signal is
received to keep the process going. In order to help detect the end it is
appropriate to include model phonemes which represent channe! noise and breath

sound. At the start, e.g. before speech is received, the network is initialised using
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a standard, predetermined configuration, The “silent” elements are particularly
suitable for initialisation. _

Figure 7 illustrates the use of the invention as automatic voice control
either directly or via a telecommunications system, e.g. for directory enquiries or
other similar service such as railway timetables or airline services.

A speech recogniser 70 according to the invention is connected to an
interface 71 which is adapted to control an index 72 by means of instructions
received as speech and identified by the recogniser 70. The recogniser 70 and the
interface 71 are connected to a telecommunications system 73 which includes a
distant telephone 74 available to a user 75. To interrogate the index 72, the user
75, [by conventional telecommunications technology), accesses the recogniser 70.
Spoken requests are transmitted to the recogniser by the system 73. These are
identified by the recogniser 70 and passed to the index 72 via the interface 71.
Resuits are returned to the user 75 via the interface 71 and the system 73.

In some applications it is desirable to provide the possibility of checking
that instructions have been correctly understood, e.g. by means of a feedback
loop. This is conveniently achieved by incorporating a synthetic speech facility in
the recogniser 70. This enables the recogniser to identify its interpretations to the
user, if necessary via a telecommunications system. It is also possible to display
the interpretations on a screen. This checking is inherent in applications such as
automatic dictation, especially when the resuiting text is displayed on a screen.

In most of these applications there is a possibility that the speech will not

be recognised at all. This is regarded as an acceptable resuit, particutarty when

this circumstance is notified to the user.
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1. A method of recognising a speech signa'l, which method comprises:
{a) receiving (60) said signal and dividing it into a succession df samples (61);
{b) preparing (63) a plurality of paths each of which comprises a succession

of model linguistic elements, said models being in a form suitable for comparison
with the samples;

{c) comparing {66) the samples with the paths to assess the closeness of
match between individual paths and the received signal;

{d) selecting (67) a path which constitutes a best match for the received
signal; ' |

wherein at least some of the model elements are context related in that
the model takes into account following elements; ‘

characterised in th.at' place markers {12) which define linguistic elements in
a form not suitable for said comparison, are inserted into the paths and thereafter

the linguistic elements defined in said place markers are converted to model
elements {12b, 12¢). ' '

2. A method according to claim 1, wherein each context related model
element is based on a triphone consisting of a centre element, a left element and a

right element; the model relating to the centre element in the context of the right
and left elements.

3. A method according to either of claim 1 or claim 2, wherein extensions are
added at locations identified by place markers {12) already in the paths and at least
one of the extensions comprises a string of one or more model elements and a new
place marker (21, 22, 23, 24), wherein one of the elements {12b, 12c} of the
string is a conversion of the model element (12a) defined by the place marker in

the path and the new place marker (21, 22, 23,24} identifies a iocation for future
extensions.
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4, A method according to any one of the preceding claims, wherein in the

paths are organised in the form of a network,

5. A method according to any one of the preceding claims, wherein each

sample is in the form of parameters representing the linguistic nature of the

sample.

6. A method according to any one of the preceding claims, wherein the input

speech is received from a telecommunications system {74).

7. A method according to any one of the preceding claims, which includes

the generation of responses to identify the result of the recognition.

8. A method according to claim 7, wherein the said identifications comprise

an indication that the input was not identified.

9. A method according to any one of the preceding claims, which includes:
(a) the transmission of the result of the recognition to a computerised index
(72},

{b} the retrieval of information from the index (72}, and,

(c) the output of the retrieved information.

10. A method according to any one of claim 7, claim 8 or claim 9, which

includes  transmitting the responses and/or the retrieved information via a

telecommunications system {74}.

11. A method of extending 2 path comprising model elements suitable for
comparison with a speech signal, which method comprises inserting a place marker
in the path during one extension and replacing a symbolic element defined in the

place marker with a model element during a later extension.
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12. A method according to claim 11, wherein each extension is added at a
location indicated by a place marker {12a) |

13. Apparatus for recognising a speech signal which apparatus comprises:-
{a) a receiver (54) for acquiring the speech signal for conversion,
{b) - & parametiser {53) connected to the receiver {54) for converting the

acquired signal into a succession of samples in the form of parameters relating to
the linguistic nature of the samples,

{c) a path store {61) for containing a plurality of paths said paths comprising

model linguistic elements in a form suitable for comparison with parameterised
samples,

(d) an extender (50) for producing extensions to paths contained in the path
store said extensions being in the form of symbolic elements not suitable for

comparison for with parametised samples,

{e) a converter {55) for converting extensions produced by said extender {50}
into context related model elements, said converter (55) also being operationally

linked to the path store {51) to add said conversions to the network contained in
the path store {51).

(f) a comparator {52) operationally linked to the parametiser (53) and the path
store (51) for comparing the samples with the paths to select the best match,
characterised in that the converter {55) is adapted to convert elgments not having
an adequately defined context into place markers and to add said place markers to
the network contained in the path store {51), and that said converter {85) is also
adapted to locate symbolic elements contained in place mérkers in said path store
(51), to convert them into context related model elements and to add said context

related model elements to the path store (51) at the location indicated by the piace

marker.
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14. Apparatus according to ciaim 13, wherein the converter includes a lexicon
store (67} having a plurality of storage locations each of which contains signals

defining a linguistic unit recognisable by the apparatus.

15. Apparatus according to either claims 13 or claim 14, wherein the
converter contains a triphone store {56} having an access section based on
triphones and an output section containing signals defining a model element

equivalent to the central element of the triphone.

186. Apparatus according to any one of claims 13, 14 or 15, which is

connected to a telecommunications system {73).



