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Abstract

Many techniques in speech processing require inference based on observations that are of-
ten noisy, incomplete or scarce. In such situations, it is necessary to draw on statistical
techniques that themselves must be robust to the nature of the observations. The Bayesian
method is a school of thought within statistics that provides such a robust framework for
handling “difficult” data. In particular, it provides means to handle situations where data
are scarce or even missing.

Three broad situations are outlined in which the Bayesian technique is helpful to solve
the associated problems. The analysis covers eight publications that appeared between 1996
and 2011.

Dialogue act recognition is the inference of dialogue acts or moves from words spoken
in a conversation. A technique is presented based on counting words. It is formulated
to be robust to scarce words, and extended such that only discriminative words need be
considered.

A method of incorporating formant measurements into a hidden Markov model for au-
tomatic speech recognition is then outlined. In this case, the Bayesian method leads to a
re-interpretation of the formant confidence as the variance of a probability density function
describing the location of a formant.

Finally, the Gaussian model of speech in noise is examined leading to improved methods
for voice activity detection and for noise robustness.
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Chapter 1

Introduction

In this thesis, the use of Bayesian inference is investigated in three distinct applications in
the field of speech technology, namely dialogue act recognition, formant analysis and noise
robustness. The unifying theme common to each of these investigations is the characteri-
sation of uncertainty, which not only allows more robust inference where only limited data
are available, but also provides a unifying framework allowing techniques to fit together in
a hierarchical manner. This chapter provides a brief review of the Bayesian methods used

in the remainder of the thesis.

1.1 Background

In around 1993, I joined Andrew Webb’s pattern processing applications group at what was
DRA (the Defence Research Agency) in Malvern (it was formerly the Royal Signals and
Radar Establishment, and subsequently the Defence Evaluation and Research Agency and
QinetiQ). I worked on some basic pattern recognition techniques, and on a radar problem.

To address a (self-) perceived deficiency in statistics, I attended a one week course given
by Anthony O’Hagan. O’Hagan taught Bayesian statistics of course, but he was also a pro-
ponent of a particular camp within the field known as subjective prior elicitation. This
technique is quite pragmatic; rather than require purely data-driven methods, it draws on
what might be described as anecdotal or heuristic evidence too. For instance, if you want to
know the accuracy of a drill, the first thing you do is ask the drill operator how accurate he
thinks it is.

Of course, O’'Hagan covered other methods too, for instance weak priors and numerical
integration methods. However, the subjective aspect fixed in my mind because it was at
odds with, for instance, Andrew Webb, who was a maximum likelihood proponent, and
David MacKay, whose evidence framework was gaining attention at the time.

The collection of papers presented here began after that course, and represent my
putting into practice techniques that were taught there, and were also used within the
pattern processing groups in Malvern. The three sections are rather disparate in application

(except that they are all speech processing), but the underlying approach is the same.
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1.2 The Bayesian method

1.2.1 Historical note

The term Bayesian takes its name from a paper attributed to the Reverend Thomas Bayes
(Bayes, 1763), although Bayes’s famous theorem does not appear at all. Rather, what Bayes
did was discuss the concept of inverse probability. The theory was invented independently
by the marquis de Laplace (1812), and is built around the following rather simple relation-
ship: if there are two events, a and b, that are not independent, the joint probability of the
two events can be written

P(a,b) =P(a|b)P(b) (1.1
or
P(a,b)=P(b|a)P(a). (1.2)

Equating the two, we have:
Likelihood Prior

—
P(bla)P(a)

P(la|b) = 5 1.3
(alb) =T (1.3)
Posterior ~—~—

Evidence

where the terms are often referred to as indicated. That is, if we want to use knowledge
of b to infer something about a, we can use knowledge of a to infer something about b in
combination with priors (see below). There are a great many texts on Bayesian methods;
for the purposes of this thesis I have mainly used O’Hagan (1994), but perhaps the most
ubiquitous is that of Bernardo and Smith (2000).

A note on terminology

In discussing Bayesian statistics, it is natural to refer to the theorem attributed to Thomas
Bayes. I believe there are three possible ways to do this:

Bayes’s theorem The theorem belongs to Bayes; cf. Newton’s first law.

Bayes’ theorem As above, but following a precedent used for, e.g., Greek names, which
tend to end in s, where the final s is omitted.

Bayes theorem A named theorem; the Bayes Theorem. cf. the Poincaré conjecture.

I have used these interchangeably.

1.2.2 Bayesian vs. classical

Bayesian statistics is often contrasted with the frequentist (or classical) approach, where
probability is defined as being the result of a large number of successive tests. In fact,
Bayes’s theorem has meaning in classical statistics too: It is the basis of a hypothesis test.
As long as a and b are events, all is well. If a is a parameter, 6, however, and b is data,
d, difficulty occurs in the classical situation: Whilst the value p (d | 8) can have meaning

(we have several examples of d), the value p (0 | d) does not have meaning because we
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cannot sample 0 directly. Thus Bayes’s theorem does not apply to parameters in the classical
approach; rather, enough examples of d are required.

Implicit in the Bayesian approach, however, is a definition of probability as being a
degree of belief; just a number where 0 represents certainty that a proposition is false and
1 represents certainty that a proposition is true. In the Bayesian approach, there is nothing
to prevent p (0 | d) being expanded via Bayes’s theorem. This leads to two fundamental
features of the Bayesian method for parameters:

1. Inference proceeds from the posterior p (6 | d) rather than the likelihood p (d | 0).

2. A prior, p (0), can (in fact, must) be specified representing a degree of belief over
different values of the parameter.

The key is that, whilst classical approaches distinguish parameters and data (or events), the
Bayesian approach treats them equally. Bayes’s theorem can applied to either.

One advantage of the Bayesian approach follows directly: Classical approaches are re-
liant upon p (d | 6) being well defined by being based on enough samples. The Bayesian
approach is able to augment this measurement using a prior, so when enough samples are
not present a robust result can still follow.

1.2.3 A basic problem

The Bayesian method in the context of this thesis is well illustrated in the context of a
problem where training and test data are related by an unknown parameter.

Model

(o)
QOO0

Observation Data

Figure 1.1: An inference diagram for a simple parametric model.

Say we have an observation, x, and we need inference based on x. Typically this means
we are interested in p (x), the probability density of x. With reference to figure 1.1, x was
generated by a model with parameter 0. If 0 is known, we can simply write down p (x) as
the conditional density

px)=p(x|0), (1.4

and this is what the model generates. If 0 is unknown, however, it becomes a nuisance
variable and it is necessary to marginalise:

p(x)zjdepme)@. (1.5)

Prior

As indicated in the equation, the marginalisation requires a prior on 6. In this case, the

prior is posterior to known training data d = {d;, ds,...,dp}. The situation is actually
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better written

P(X|d1,d2,~-,dD)ZJdep(ﬂe)P(e|d1,d2,---,dD) (1.6)

p(xld):JdBp(xle)p(Gld). (1.7)

In order to evaluate the final term, we invoke Bayes’s theorem:

(d|6)p(6)

p(xld):Jde(xle)p @ (1.8)

Equation 1.8 is sometimes called the Bayesian predictive distribution.
Three important concepts (at least for speech processing) follow from the predictive
distribution:

1. Point estimation If p (0| d) can be assumed to be close to a delta function at 0, then
equation 1.7 ceases to be an integral. Rather, it is just the likelihood given the point estimate
of the parameter:

p(xld)zp(xlé), (1.9

where we do not yet specify how the point estimate is obtained.

2. MAP estimation In the above case, a point estimate is required. The maximum a-
posteriori (MAP) estimate is that which maximises the fractional part of equation 1.8:

P(d|0)p(6)

1.10
’ () (1.10)

Notice that the denominator can be ignored.

3. ML estimation In the case that p (d | 6) can be assumed to be a delta function (i.e., at
least compared to the prior), then we can write

A

0 = argmaxp (d | 0), (1.11)
)

which is the maximum likelihood (ML) estimate of 0.

So, the concept of ML training, which is a classical technique, drops out of a rigorous
Bayesian perspective given a couple of assumptions. As a “bonus”, there is also MAP training
that can be thought of as a Bayesian influenced ML approach. This also ties down the
concept of enough samples from above. Enough is enough such that the delta functions are
good approximations, and in the MAP approach, that concept of enough can come from the
prior too.

1.2.4 The merit of priors

To illustrate the effect of the prior, consider the task of finding whether or not a coin is
biassed after having seen the result of only one flip. Denote the probability of a head by p.
In the general case of H heads and T tails, the likelihood is

p(H,Tlp)=p"(1-p)". (1.12)
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This function has a maximum at .

H+T
We are interested in the value of p (p | H, T). Suppose the flip yielded a head, so H = 1 and
T=0.

p= (1.13)

1. ML estimation In the classical ML framework, all that can be done is state that an
estimate, P, of p is the maximum of p (H, T | p). So we have the value

pvr =1 (1.14)

directly from equation 1.13, implying complete bias towards heads.

3 3
25 25
2 2
1.5 1.5
1 1
0.5 0.5
0 0

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
12 3
10 /\ 25
: A :
6 / \ 1.5
4 | 1
2 / \ 0.5
0 0

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Figure 1.2: Beta distributions; in each case the abscissa is p and the ordinate is p (p). Top
left: Flat prior p (p) o« 1. Top Right: Posterior p (p | H, T) for a flat prior and single flip
yielding heads. Bottom left: Prior with « = 3 = 100. Bottom right: Prior with « = 7 and

B =5.

2. Flat prior Now assume that we can proceed in a Bayesian sense, so

plplH,T) = p(H,Tlp)p(p). (1.15)

p(H,T)
Setting p (p) o< 1 (figure 1.2, top left), the maximum of p (p | H, T) is still at 1, but it is now a
function (figure 1.2, top right); there is finite probability that p can take any value between
0 and 1 (or more correctly, 0 < p < 1; p cannot be zero). This is important; it implies that
the bias is probably not 1 at all. It is clear from the figure that there is a probability of 0.25
that p < 0.5.

3. Informative unbiassed prior In fact, p (p) o 1 does not represent prior knowledge at

all; there is strong prior knowledge that the coin is unbiassed. This can be represented by a
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beta distribution
p(p) o p* 1 (1—p)F 1, (1.16)

where o« = 3 and « > 1. Figure 1.2, bottom left, shows such a distribution with o = 3 =
100. Again following equation 1.15, we find that p can take any value between 0 and 1, but
the function has a clear peak at

H+a—-1 o

= . 1.1
H+T+20x—2 2x-—1 (1.17)

PmaP =

For large «, this is very close to pyap = 0.5, so the single flip does not change the prior very
much.

4. Informative biassed prior Say there is some prior knowledge that a coin is biassed;
it appears to be generating more heads than tails. This potentially alters the prior in two
ways:

1. The maximum of the prior should be shifted away from 0.5 towards, say, 0.6. So

o« # .

2. The prior should be widened, representing uncertainty, so « and  should be much
smaller, closer to 1.

Say « = 7 and 3 = 5 (which gives a peak at 0.6, illustrated in figure 1.2, bottom right). The
posterior distribution now has a peak at
H+7-1 7

There are two points here:
1. The initial “estimate” for a single flip is quite close to the prior.

2. Because the prior is wider, it would only take a few more flips (around 10) for the
data to have a significant effect.

This “biassed” prior, then has an effect somewhere between the “flat” and “unbiassed” priors.
More generally, it follows that an informative prior allows stronger conclusions to be drawn
with fewer data, but only if the prior is correct. Conversely, an incorrect prior will require
more data to reach the same strength of conclusion.

1.3 Applications of Bayesian methods

1.3.1 Bulk mail

Probably the most ubiquitous application of the Bayesian method in use today is the Bayesian
“Spam Filter” of Sahami et al. (1998). In that work, a rule based system for classifying bulk
email is replaced with a probabilistic one. In fact, the system is a combination of a naive
Bayes classifier, attributed to Good (1965), and a vector space model. So, it is not Bayesian
in the sense of attaching priors to parameters, but the rigorous framework is present. It is
worth stressing that the term “naive” in this context refers to the features used by the classi-

fier being assumed independent. The authors felt the need to justify the naive assumption,
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but in practice it appears to be perfectly reasonable in the sense that the resulting system
works.

1.3.2 Neural networks

An earlier (and more thorough) example of the Bayesian method is its application to neural
networks by MacKay (1991, 2003), popularised by Bishop (1995). MacKay’s multi-layer
perceptron (MLP) was useful because it could produce error-bars on the outputs owing to
its actually producing PDFs. However, his main contribution was perhaps more subtle: At
the time, it was popular to use a technique known as weight decay to penalise large weights
in the MLP. MacKay showed that weights could be penalised by means of a (Gaussian) prior.
This led to a very similar training mechanism, but with the added security of knowing what
the assumptions were. In this sense, he was showing that an ad-hoc technique could be
made rigorous by means of the Bayesian framework.

1.3.3 ASR

Automatic speech recognition (ASR) is perhaps the most persuasive illustration of the power
of both statistical rigour and the Bayesian approach. The first ASR systems were template
based (Holmes and Holmes, 2001). That is, a set of templates of individual words were
stored. A new word was compared with each template using a dynamic programming pro-
cedure, yielding a score representing a distance between the new word and each template.
The new word was classified as being the same as the template corresponding to the lowest
score.

The question then arose: How can this be generalised to the case where a whole sentence
is spoken? In particular, how can the fact that some sentences are more common than others
be accommodated. Whilst one can imagine various ad-hoc solutions, the key insight is that
it can be trivially represented as a hypothesis test: We have a set, G, of grammatical entries
(words), and some observation sequence, a. The task is choose the grammatical sequence,
g, selected from G, with highest likelihood:

g =argmaxp(g|a)= argmaxw. (1.19)
9 g p(a)

So, Bayes’s theorem naturally leads to the concept of an acoustic model p (a | g) and a
language model p (g). It is described by Bahl et al. (1983) amongst others. Further, the
template and dynamic programming can be seen as the evaluation given a point estimate
of section 1.2.3 and replaced by hidden Markov models (HMMs) and the Viterbi algorithm
(Viterbi, 1967; Forney, 1973). The HMMs in turn are trained using the ML estimation of
section 1.2.3 (Baum et al., 1970). The language model is normally N-gram based; Chen and
Goodman (1996) give an older but thorough review.

Given the rigorous formulation, it is then possible to bring in other techniques that would
otherwise be rather difficult to introduce. For instance, the concept of maximum likelihood
linear regression (MLLR) (Leggetter and Woodland, 1994) is now ubiquitous in ASR, but
would have been impossible without the statistical formulation.

Thus far, the above is statistically rigorous but not Bayesian. However, it has enabled

Bayesian approaches, especially in adaptation. The first was the MAP approach of Gauvain
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and Lee (1992, 1994), which takes a necessarily Bayesian interpretation of the acoustic
model parameters, allowing use of small amounts of extra data to tune the HMM parameters
towards a particular situation. Later, the linear transform used for MLLR adaptation was
also interpreted in a Bayesian sense, allowing the transform to be trained on even smaller
amounts of data. The current state of the art is probably the structural MAP approach of
Siohan et al. (2002).

It is worth emphasising that HMMs are known not to be particularly good models of
speech. Rather, their success stems from the fact that they can be trained easily. Further,
that being more rigorous about their training leads to improved performance suggests that,
at least in this case, the suitability of the model is secondary to treating the model properly.

1.3.4 Summary

The above implies a set of principles governing the Bayesian method. Certainly the model
should be explicit, relating model parameters to data via a generative mechanism. However,
it is not important that the model is accurate; rather the analysis should reflect the assump-
tions. Unknown variables should be removed by marginalisation; MAP and ML are ap-
proximations to this. Where inference follows the opposite direction to generation, Bayes’s
theorem should be used to “invert” probability. Finally, note that priors are necessary both
for marginalisation and inverse probability.

1.4 Motivation for the thesis

Taking the applications described above together, it is possible to discern a generalisation as
follows:

1. A simple problem can be solved using an ad-hoc but intuitive formulation. The ad-hoc
formulation does not easily support more complicated cases.

2. Reformulating with statistical rigour allows more complicated cases to be supported.
Other techniques that are themselves statistically rigorous fit into the framework eas-
ily.

3. Taking a Bayesian approach to parameters allows further benefits in terms of data
sparsity.

This leads to two hypotheses! for the thesis:

1. Where an existing technique is somehow ad-hoc or not rigorous, we hypothesise that
making it rigorous will lead to benefit in terms of allowing extensions that would not
be possible otherwise.

2. Where an existing technique is rigorous, but not Bayesian, we hypothesise that making
it Bayesian will lead to benefit in terms of robustness to small sample sizes.

Each of the papers in the following chapters, whilst targeting its own end, goes some way
to investigating these hypotheses. That is, each paper is written from a stance that the
hypotheses are true. Whilst the hypotheses are extremely general, they do provide a means
to bind the papers in the thesis, and to draw conclusions.

1Of course, these hypotheses are being stated after the work has been done. Nevertheless, I believe they are
representative of an approach taken at the outset of each piece of work in the thesis.
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Chapter 2

Dialogue

2.1 Introduction

Around 1995, I began to work closely with the speech research unit (SRU) in Malvern. In
fact, the pattern processing groups and SRU were very closely related, the former having
grown out of the latter. The project was called spoken language understanding and dia-
logue, which had the (rather unappealing) acronym SLUD.

SLUD was about investigating techniques that might be useful in data-driven processing
of events at a higher semantic level than phones or words. It grew from the observation that
automatic speech recognition (ASR) tended to be data-driven and worked well. By con-
trast, language processing tended to be rather hand crafted and worked less well. Further,
attempts at hand crafting ASR tended not to help. It was better to design algorithms that
could learn from data.

At the time, the SRU had had success in topic spotting, and in a technique that involved
using dynamic programming (DP) to find long sequences that were discriminative of topic
(Nowell and Moore, 1993, 1995). The original plan was to use these techniques to dis-
tinguish dialogue moves (more often called dialogue acts). The moves were those in the
dialogue games of Kowtko et al. (1993), using the HCRC (Human Communication Research
Centre) Map Task Corpus (Anderson et al., 1991). Initial results had been published by Bird
et al. (1995).

Our initial approach was to take a step back from the DP sequences, and find a baseline
using some very simple feature. The language modelling concepts of unigrams and bigrams
were good candidates. At the time, It was possible to submit incomplete papers to ICASSP
(the International Conference on Speech and Signal Processing); we submitted one with
blank tables of results headed 1-gram, 2-gram, DP features etc. It was rejected; this turned
out to be a good thing, because we did not progress beyond unigrams.

2.2 Relevance

In the theme of this analysis, the dialogue move recognition problem is a classic statisti-
cal small sample size problem. There are observations (words) from which inference is
required, but no data is available. Given the lack of training data, techniques based on
parameter estimation simply do not work; parameters must be marginalised.

There are two key points from a Bayesian point of view:
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Choice of model Being explicit about the generative model leads to the correct inference
solution. It is possible to change the model slightly (from multinomial to Poisson), in
which case the statistical approach changes.

Choice of prior In this case, the prior is simple but necessary. It is an objective prior (data-
driven).

2.3 Overlap

There is some overlap between the papers in this section. In particular:

1. The core work presented in Garner et al. (1996) formed the basis of the project, and
was later extended into the journal submission (Garner, 1997), so many of the results
are repeated.

2. Many of the dialogue related results from Garner and Hemsworth (1997) are repeated
in Garner (1997).

However, Garner and Hemsworth (1997) contains an analysis of the LOB (Lancaster Oslo
Bergen) corpus, and results using absolute discounting that do not appear elsewhere. Gar-
ner (1997) includes new results based on a log-linear prior, and new results for vocabulary
pruning based on equal move probability.

It might be argued that Garner et al. (1996) is redundant given Garner (1997). I include
it because

1. It represents a chronological and appropriate approach to the research, testing mate-
rial at a conference before submitting to an archival journal and evolving the idea.

2. It is shorter and hence easier to read.

3. It has other authors, reflecting the fact that, whilst it is mainly my own work, it was
not done in isolation.

With regard to the final point, and with the benefit of experience, I believe it was a mistake
not to include the other authors on the final journal submission.

2.4 Paper walk-through

1996: A theory of word frequencies and its application to dialogue move recog-
nition

Philip N. Garner, Sue R. Browning, Roger K. Moore, and Martin J. Russell. A theory
of word frequencies and its application to dialogue move recognition. In Proceed-
ings of the International Conference on Spoken Language Processing, pages 1880-1883,
October 1996.

As the title suggests, we thought this represented a new theory of word counting; the
application to dialogue moves was secondary at the time. The prose proceeds extremely
quickly, almost skipping the background and motivation.
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The paper begins with a very quick overview of the application area; that is, an inter-
pretation of the HCRC map-task corpus as a classification task. The map-task corpus is
annotated with dialogue moves; we wanted to infer the dialogue move given the words.
The section 2.2 on methodology simply states that the maximum likelihood classification
task is dictated by Bayes’s theorem, and that the model is based on sequentially sampling a
categorical random variable. Results are presented immediately (at the top of page 2!) and
the discussion points out that something is wrong. In particular, too many utterances are
classified as ‘Ready’, and this is counter-intuitive.

Section 3 proceeds to add some rigour to what is thus far somewhat intuitive. In partic-
ular there are three insights in section 3:

1. In calculating probabilities in the intuitive way, one is actually assuming a particular
model — a multinomial.

2. If that is the assumption, there is a right way to express that assumption mathemati-
cally. Whilst it is still intuitive, it is not obvious.

3. The unknown vocabulary, V, can be removed by making the same approximation that
relates the Poisson and binomial distributions, yielding a multiple-Poisson.

4. Using this slightly different assumption, there is a right way to approach the mathe-
matics.

Section 4 presents a rather more detailed description of Zipf’s law as a means of incor-
porating prior knowledge in the formulation. Zipf’s law states that a rank ordering of word
frequencies is roughly reciprocal square root in shape. A figure is presented showing that
Zipf’s law broadly holds over a several unrelated databases.

It is shown that Zipf’s law can be reinterpreted to represent a prior for the multiple Pois-
son distribution, but it cannot quite be represented by the (conjugate) gamma distribution.

In section 5, two evaluations are presented. The first is a repeat of the evaluation of
section 2 showing that the problems associated with the intuitive solution are addressed
by the Poisson distribution, i.e., there is no counter-intuitive favour for the class ‘Ready’.
The second experiment equalises the amount of data per class (dialogue act), then plots
performance against amount of training data. This shows that both the reformulation and
the prior have quite significant benefit.

1997a: A keyword selection strategy for dialogue move recognition and multi-
class topic identification

Philip N. Garner and Aidan Hemsworth. A keyword selection strategy for dialogue
move recognition and multi-class topic identification. In Proceedings of the IEEE Inter-
national Conference on Acoustics, Speech and Signal Processing, April 1997.

The paper opens by discussing topic identification, which is by definition a two-class
problem (the classes are ‘Wanted’ and ‘Unwanted’). The introduction also states that the
two class problem can be solved by maximising a measure known as ‘Usefulness’, which is
a likelihood ratio. This likelihood ratio is also a means to choose which keywords to use
(hence the name). It is then stated that in the general M-class case, the decision rule backs

off to Bayes’s theorem, but there is no general definition of usefulness to determine the
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choice of keywords. The remainder of the paper is about how to define usefulness for the
M-class problem.

Section 2 introduces some information-theoretic measures that intuitively appear capa-
ble of functioning as usefulness:

1. Mutual information can represent the information provided about a dialogue move

event by a word event.
2. Change in entropy is the increase in entropy of the ensemble given a word event.
3. Salience is a weighted mutual information used by Gorin.

Section 3 then derives a new measure being the expected change in class posterior probabil-
ity when a word is observed. This is intuitively reasonable, but also specifically maximises
the decision rule. It is shown that this strategy when applied to a multinomial based mea-
sure yields the same usefulness measure that would be used intuitively. In the case of the
Poisson distribution the form is tractable, but contains digamma functions.

Section 5 presents experiments. The basic technique was to gradually increase the size
of the vocabulary using the given usefulness metrics, and evaluate classification accuracy vs.
vocabulary. Two databases were used; the HCRC map task corpus, with classes being dia-
logue moves, and the LOB corpus with classes being report topics. For the multinomial tests,
two options were available to handle out of vocabulary words (OOVs); a default count of
0.5, or absolute discounting (from the language modelling literature). For the Poisson case,
OOVs were taken care of via the gamma prior. Results favoured the Poisson distribution,
showing that the generalisation of usefulness extended to that case. Subsequent discussion
focusses on the comparatively poor performance of mutual information, and the fact that
change in entropy can work well.

1997b: On topic identification and dialogue move recognition

Philip N. Garner. On topic identification and dialogue move recognition. Computer
Speech and Language, 11:275-306, 1997.

This paper in Computer Speech and Language is effectively a consolidation of the above
two papers; however, all sections are expanded.

The first few sections follow Garner et al. (1996), but adding context and discussion.
This places the work with respect to other literature, and puts the theory on a sound foot-
ing. The two class usefulness is explained from first principles, showing it to be a loss
minimisation strategy.

In section 3, the generative model associated with the multinomial is explained. An
experiment is presented for the naive (or intuitive) case, and the unknown word problem
is discussed in section 3.3. The section concludes by showing that the Bayesian (or max-
imum a-posteriori, MAP) solution to the multinomial (which is a dice-throwing model) is
dependent upon the vocabulary.

Section 4 introduces the multiple Poisson in detail, explaining the derivation from the
multinomial; section 5 then discusses Zipf’s law and how to use it to represent a prior. Two
possible prior forms are discussed; the first is a gamma distribution that is conjugate to the
Poisson likelihood. The second is an ad-hoc log-linear prior that fits the data better, but is
not conjugate. Word sequence probabilities are given for each of the two possible priors.
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Section 6 presents essentially the same evaluation that was first presented by Garner
et al. (1996), except that this time the log-linear prior is included. The log-linear prior is
shown not to have any benefit over the conjugate prior.

The final technical section, 7, presents a summary and extension of the work presented
in Garner and Hemsworth (1997). The multi-class discriminability measure is derived in
detail for both the multinomial and Poisson distributions. Figure 6 is a summary of the
original results; the multinomial and Poisson on the same graph emphasising the difference.
Figure 7 is new; it shows the same information, but for equal move probability. Figure 8,
however, is taken directly from the conference paper.

The conclusions state that the Poisson based measures of both probability and discrim-
inability provide a better foundation than ad-hoc or multinomial ones. Further, numerical

results from other authors are placed into context.

2.5 Analysis

2.5.1 Method

When I began working on SLUD, the other project members had thought about the dialogue
problem and about the features, but less so about the discrimination method. In particular,
they wanted to view the problem as an expanded topic spotting problem. This was itself
problematic because topic spotting is fundamentally a two class problem; dialogue move
recognition is multi-class. Further, the two class nature of topic spotting leads naturally to
likelihood ratio approaches, and this was the basis of the measure known as usefulness that
was favoured at the time. Usefulness was useful because it was both a discrimination metric
and an indicator of the utility! of a given feature. However, it was not clear how to apply
usefulness in a multi-class problem.

In coming from a pattern recognition group, I was in a position to first sort out the
discrimination method. This amounted to going back to first principles to derive usefulness,
showing that it was just an application of maximum likelihood, and writing down the multi-
class solution. It is section 2.2 (Methodology?) of Garner et al. (1996). Whilst it seems
trivial now, at the time it was well received because it gave a sound basis to an area that
had previously not been well understood.

2.5.2 The small sample problem

In doing dialogue move (or topic) discrimination using word frequencies, it is natural to
try to attach a probability to each word in the sentence. The probability of the sentence
is then the product of the probabilities of the component words. These component word
probabilities come from training data. The naive approach is to count the number of times
a given word appeared in data of a given move (call it n), then divide by the total number
of words in that move (call it N), to give

n

Pw|n,N)= N’ 2.1)

!1 think utility is probably a better word than usefulness, but it has a distinct meaning in information theory
2Which should really be just method; methodology is study of methods
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where I am using P (w | n, N) here to loosely represent probability of word w. The notation
in the papers is more rigorous.
The difficulty arises when one tries to do this for several moves. It is illustrated by the

three “reply” moves:

R-Y is reply affirmative; it is a reply to a question and has the meaning yes. In practice, it is
composed of words such as yeah, yep, OK and all right.

R-N is the opposite; it is a negative reply to a question. It tends to be composed of words

like no, nope and different.

R-W is a more general reply to a question of the form what/where/how etc. It has a very
general vocabulary; much like normal speech.

Given a common word such as yes, it is straightforward to apply a probability to this for
moves R-Y and R-W. It is likely, however, that yes was never observed in the move R-N
(n = 0). This gives it a probability of zero, hence the whole sentence has probability zero.
Clearly something is wrong; no word can have a probability of zero; small certainly, but
not zero. The reason is data-sparsity; there simply isn’t enough training data to cover all
words in all moves. Of course, the problem is well known in language modelling, although
it typically occurs with higher order n-grams rather than unigrams.

As in the method case, the initial work had identified that there was a problem with small
sample sizes, but had applied only a temporary fix. The fix was to assume that unobserved
samples had actually occurred 0.5 times. This turned out to have come from a conversation
with someone with a statistics background who had understood the topic spotting appli-
cation, understood the counting problem, and given a quick solution based on a working
knowledge of statistical regularisation techniques. It was never meant to be an authoritative

ANSWET.

2.5.3 Dirichlet solution

In looking at the sentences in a Bayesian manner, it is natural to look for a generative model
for the words. A good initial model is a dice-throwing model, which is represented by a
multinomial distribution. At any given time, each word has a given probability of being
selected. The probabilities of all words sum to unity.

It turns out that if one assumes a multinomial and derives the ML solution, one ends up
with the same n/N solution that the naive approach gives. This is important though; it indi-
cates that in dividing n by N, one is implicitly assuming a multinomial model. However, the
Bayesian approach also points to what is missing: With no contribution from the likelihood
term, the inference comes from the prior.

The common conjugate prior for a multinomial is a Dirichlet distribution. It turns out to
be straight-forward to represent a flat prior using a Dirichlet distribution, in which case the

maximum a-posteriori (MAP) estimate becomes

n+1
Pw|n,N) = —, 2.2
(wn,N) = = 2.2)
where V is the vocabulary size. Notice that when n = 0, the probability is not non-zero.
However, there is now a new parameter, V. This is explained in section 3.1 of Garner et al.

(1996).
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2.5.4 Vocabulary size

The revelation that the vocabulary size was important prompted a rather long and fruitless
search for a means to find it.

The language modellers’ approach is to fix V to some convenient number, then place
all out of vocabulary (OOV) words into an unknown word class. This works for automatic
speech recognition (ASR) because the vocabulary is assumed closed. In dialogue move
recognition, however, the vocabulary is open. Rather, we need the vocabulary from which
the words are being drawn; this is the total number of words known to all the speakers.

It turned out that various work had been done by statisticians in counting species. That
problem can be stated as follows: A biologist is collecting data at the edge of an inaccessible
forest. In one day, he has seen (say) 20 birds, 3 small mammals and one large mammal.
How many species are there in the forest? In our case, the species are words and the number
of species is the vocabulary; otherwise it is exactly the same problem. These techniques had
been applied by Efron and Thisted (1976) specifically for finding the vocabulary of William
Shakespeare.

Although the species counting techniques were interesting, one conclusion was that the
resulting vocabularies simply depended on initial assumptions. It was not an exact science.

We also tried (unsuccessfully) to put a prior on V. The same problems arise, however:
Which prior distribution, and with which parameters? Thankfully, a more elegant solution
came to light.

2.5.5 The Poisson solution

I had come across the way a Poisson distribution could be derived from a binomial. Although
the reason to do this was originally to simplify computation, it was clear that another key
points was that a binomial distribution has two parameters whereas a Poisson has only one.
It struck me that the same thing could be applied to the multinomial.

The result, as detailed in Garner et al. (1996) section 3.2, is the multiple Poisson distri-
bution. Its (crucial) advantage is that it can model known words whilst basically ignoring
OOVs. Whilst the multiple Poisson was known as a distribution, it was certainly new in
language processing. The Poisson distribution is usually used as an approximation to the
binomial. In this case, however, it represented a change in the underlying assumption of the
generative model.

2.5.6 Zipf prior

Whilst the multiple Poisson neatly got around the unknown vocabulary problem, the ques-
tion of the prior still remained. Indeed, the Poisson has a variable that can cover the whole
positive real axis rather than just O to 1, so a flat prior is difficult to assign. The solution was
to make use of Zipf’s law. Although it tends to be used in language processing, Zipf’s law is
really just a power law that occurs in other fields too: It says that classes chosen at random
are likely to be unlikely.

In fact, Zipf’s law is about words arranged in rank order, but figure 1 in Garner et al.
(1996) shows how to re-arrange the plot to get a probability density function (PDF) of word
frequency corresponding to the Poisson parameter. We measured the slope empirically by

using data from the internet, and fitting a conjugate gamma distribution by eye (figure 2 of
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the same paper). Although the data-sets were quite small with hindsight (< 1 m words),
data from quite different sources were found to correspond quite well.

Overall, the combination of the multiple Poisson and Zipf based prior worked well. Aside
from leading to an improved overall move classification, perhaps more importantly, it also
distributed the classifications more evenly across the available moves, evident in tables 1
and 2 of Garner et al. (1996).

2.5.7 Language modelling and vocabulary pruning
After publishing the first paper, it became clear that two issues were outstanding:

1. What we were actually doing was language modelling, albeit with a very simple
model. It was necessary to evaluate standard language model techniques such as
discounting.

2. We had been using the whole vocabulary of the task to perform classification. It had
always been clear, however, that only discriminative words were necessary. What was
less clear was how to find the discriminative words. In the two class multinomial case,
the usefulness measure also indicated discriminative words, so it had never been as
issue. The difficulty was in how to do it over multiple classes.

Both of these problems were approached by Garner and Hemsworth (1997), perhaps em-
phasising the latter.

Given the opportunity to supervise a new colleague, Aidan Hemsworth, I described this
problem to him, and he took up the challenge (amongst other things). For the language
modelling, we looked at discounting and simply implemented a standard technique. In ad-
dition, Aidan was interested in information theoretic measures for vocabulary selection, and
came up with two possible ones: Mutual information and change in entropy. He was able
to show that they could be used to select reasonable keywords. In assigning the informa-
tion measure to each word, it seemed reasonable to average or take an expectation over
the different classes. In any case, Aidan was able to build up a reasonable approach to the
problem. We also compared with a related measure known as salience introduced by Gorin
(1995).

For my part, I felt that it ought to be possible to choose words in a probabilistic sense
rather than an information theoretic sense. For instance, the usefulness measure used in the
two-class case, even though it looked like an information theoretic measure, was actually
derived probabilistically.

Driven by the fact that usefulness suggested that the useful words were the ones that
contributed most to the score, I tried an approach based on differentiating the probability
measure. One key to this was to minimise the reciprocal of probability rather than maximise
the probability itself. This is useful because Bayes’s theorem has a product in the numerator
and a sum in the denominator; the reciprocal separates into simpler terms.

Applying this method to the multinomial form of the problem resulted in virtually the
same usefulness measure that was used in topic spotting (Garner and Hemsworth, 1997,
section 3). This meant we had a generic method of finding the utility of a given word in-
dependently of the number of classes or underlying distributional assumptions. We applied
the method to the Poisson based measure and, whilst the functional form was not trivial to
compute, it was reasonably simple.
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The performance of the new usefulness and information theoretic measures is illustrated
in figures 1 and 3 of Garner and Hemsworth (1997). In summary, the combination of
the Poisson based measure and multi-class usefulness perform far better than any other

combination.

2.5.8 Improved prior distributions

The work thus far was consolidated into a journal article (Garner, 1997) that also included
a section on priors.

Previously, I had approximated the plot from Zipf’s law using a gamma distribution. This
bothered me because it really wasn’t right. Fundamentally, a gamma distribution rises poly-
nomially and falls exponentially; by contrast, the Zipf plot falls polynomially. The gamma
distribution can be made to fall polynomially, but only with a gradient greater than -1. This
is illustrated in figure 3 of Garner (1997). Also illustrated is a better fitting line based on an
ad-hoc but pragmatic distribution: A log-linear fit.

The log-linear prior was not conjugate; that is, it did not have a convenient functional
form. This led to difficulties in doing the marginalisation. It is well known that Bayesians
expend much effort, often with a copy of “Gradshteyn” (Gradshteyn and Ryzhik, 2000),
searching for solutions to integrals. This was certainly the case here. However, the integral
did turn out to have a solution in terms of confluent hypergeometric functions, and these
can be evaluated using published algorithms.

The log-linear prior gave no significant improvement over the gamma prior; rather, on
the whole it was worse. Certainly when taking into account the computational complexity
it brought no extra value.

2.5.9 Summary

The three papers Garner et al. (1996), Garner and Hemsworth (1997) and Garner (1997)
describe work in dialogue move recognition. The contributions are as follows:

A multiple Poisson based model for word frequencies that is independent of the vocabu-
lary.

A generalised measure of utility for words that is independent of the underlying distribu-
tion and of the number of classes.

A Zipf-based prior that represents Zipf’s law in terms of PDF of frequency, plus interpreta-
tions as gamma and log-linear distributions.

2.6 With hindsight

2.6.1 Multinomial

In some sense, I don’t think I dealt fairly with the multinomial distribution. For instance,
the Zipf based prior, suitably normalised for a probability, could have been applied to the
multinomial to give a word probability similar to

n+0.1
Pw[n,N,V) = m, 2.3)
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where the 0.1 is the gradient of the Zipf plot, or perhaps

n+1/v

P(w|n,N,V) :W,

2.4)

with V chosen to be the vocabulary of the training set.

Certainly the multiple Poisson was neater, but I was also perhaps too keen to work on
my own invention rather than apply the insights to the simpler model.

2.6.2 Priors

Given a distribution, it is possible to work out a weak (Jeffries) prior. The weak prior is
usually quite simple, often improper. Typically for a positive quantity x such as a variance,

the weak prior is the reciprocal of the quantity, x .

This is polynomial, not so different
from the x % that comes from setting « = 0.1 in the gamma prior.
It is possible that Zipf’s law is actually just a weak prior. Proving this would be an
achievement in itself as it would tie together two natural but unrelated occurrences.
Another possibility would have been to use an inverse-gamma distribution. The inverse-
gamma naturally rises exponentially and falls polynomially. It is, however, not conjugate; it

would probably lead to a fairly complicated marginal distribution.

2.6.3 Language modelling

I did try the multiple Poisson in a language modelling problem. At the time, I could not get
it to work better than a standard smoothed unigram model. However, I now know that ASR
performance is dependent upon assumption of an open or closed vocabulary in the language
modelling. It is possible that I simply made a mistake.

2.7 Impact

Google scholar is aware of 16 citations of the journal article; slightly fewer for each of the
two conference papers.

I am aware of the following works that have been directly influenced by one or more of
the three papers:

e The work was continued to an extent by Simon Smith and Martin Russell at the Uni-
versity of Birmingham, and is reported in the Ph.D. thesis of Smith (2003).

e The papers were used as the basis for several patents filed by Canon Inc. (Garner
et al., 2000a,b,c).

e It was acknowledged by Allen Gorin in the context of his “How may I help you?” work
at AT&T (Gorin et al., 1997).

e Probably the most high profile citation is by Bellegarda (2000) in Proceedings of the
IEEE.
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Chapter 3

Formant analysis

3.1 Introduction

At the time I was working on the dialogue move recognition, another colleague, Wendy
Holmes, was working on a segmental HMM. The segmental HMM was an attempt to get
around the fact that a speaker independent HMM could generate (when sampled) consecu-
tive frames from different people; clearly not physically realistic. The segmental HMM first
defined a segment to be the time spent in a given state, so it was a semi-Markov model.
Then for each segment it generated a sample from a speaker independent distribution; this
sample was used as the mean of a (narrower) speaker dependent distribution. The effect
was that within any segment, the samples were more representative of a single speaker
rather than many speakers.

That the segmental HMM was a better model of speech led to the notion of using it for
speech synthesis. It was (and is) in principle possible to build a codec comprising a speech
recogniser followed by a speech synthesiser. This in turn required a feature extraction tech-
nique that could be inverted; at the time, MFCC (mel-frequency cepstral coefficient) based
front-ends were not designed to do that.

In looking for a suitable feature extracter, Wendy had come across a formant analyser
written by her father, John Holmes. Formants are an attractive feature for speech synthesis.
They can be re-synthesised using a formant synthesiser. They also represent tangible and

intuitively meaningful features, at least for speech scientists.

3.2 Relevance

In the context of this analysis, this chapter is an example of subjective prior elicitation.
That is, the prior is a mathematical representation of the opinion of an informed user. This
is related to the case of the drill operator of O’Hagan (1994): To find the accuracy of a
machine, you can get a good initial estimate by asking the human operator. The difference
is that, in this case, the human is interpreting the output of the machine in a probabilistic

sense.
It is subjective; a different operator would interpret the output differently.

Modelling and marginalisation are also important: An explicit model dictates a correct

approach, replacing an ad-hoc (albeit intuitively reasonable) one.

29



3.3 Overlap

Whilst the two papers are quite distinct in prose, the underlying technique is the same.
However, there is very little technical overlap; they can be viewed as a single paper that de-
scribes the formant extracter followed by a mathematical exploration of how to incorporate

the formant information into ASR.

3.4 Paper walk-through

1997c: Using formant frequencies in speech recognition

John N. Holmes, Wendy J. Holmes, and Philip N. Garner. Using formant frequencies
in speech recognition. In Proceedings of EUROSPEECH, volume 4, pages 2083-2086,
September 1997.

This paper is an overview of the formant analyser in which the three authors each de-
scribe their respective work. My own contribution is in the second half (from section 3).
The introduction proceeds by introducing formants, and stating that formants cannot work
alone to distinguish certain speech sounds. However, for some other sounds (with a peaky
structure), formants can clearly be of use. It goes on to say that formant tracking has pit-
falls, in particular where formants are either not well defined, or not well distinguished. In
such cases, however, continuity constrains ought to help.

Section 2 argues that human experts can usually label formants quite accurately up to
a certain point. The limits are illustrated in figures 1, 2 and 3; in particular, the last figure
shows that there is ambiguity when fewer formants are visible. In this latter case, the human
expert can easily make several hypotheses.

The section continues (in 2.2) by describing an ad-hoc algorithm that labels formants in
a similar manner as might be used by a human expert. The labelling is based on log power
spectral frames of 64 point discrete Fourier transforms (DFTs), and the sequence proceeds
as follows:

e Each frame is compared with around 150 hand labelled templates, the “few” closest

ones are retained.

e These few are further compared using a dynamic programming (DP) approach. The
template with the best DP score is retained.

e The frequency warping from the DP is applied to the frame at a 125 Hz quantisation.
e A finer quantisation is obtained by comparing with templates of formant shapes.

In 2.3, a further DP process is explained. Instead of running in the frequency dimension,
this one runs in the time dimension and is concerned with formant continuity.

Section 3 introduces the concept of confidence estimates. During periods of silence,
background noise, or no obvious spectral peaks, there is no confidence in the formant es-
timates. By contrast, for peaky spectra there is high confidence. This uncertainty can be
represented as the variance of a notional Gaussian distribution of underlying frequency
about the estimated value. It is explained that in the formant estimator, low confidence val-

ues are used to favour (ad-hoc) prior values for formants rather than measured ones. In the
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recogniser, however, the variance associated with confidence is added to that of the model.
This in turn is an improvement over a previous ad-hoc method.

In section 4, experiments are presented. The key point of the experiments is to use 8
cepstra, but replace the upper 3 cepstra with the 3 formant estimates; the lower 5 cepstra
represent general spectral shape. Table 1 shows a logical progression of experiments where
the performance of 5 cepstra is improved by adding 3 more cepstra, but can be improved
much more (3 times more than for cepstra) by adding 3 formants instead. The confidence
framework must be used, otherwise the results deteriorate by the addition of formants.
Alternating hypotheses also help a little.

The discussion and conclusions essentially state that the formants behave as hoped, with

the variation in error rate for various conditions being expected.

1998: On the robust incorporation of formant features into hidden Markov
models for automatic speech recognition

Philip N. Garner and Wendy J. Holmes. On the robust incorporation of formant fea-
tures into hidden Markov models for automatic speech recognition. In Proceedings of
the IEEE International Conference on Acoustics, Speech and Signal Processing, volume 1,
pages 1-4, 1998.

By contrast to the first paper, the second one was written largely by me, and is largely
mathematical. It opens with an introduction of formants, and a short description of the
potential shortfalls described in Holmes et al. (1997). It then makes a short case for the
confidence measure having the potential to overcome these shortfalls. Section 2 goes on
to state that the confidence measures are actually standard deviations, and these can be
squared and used as variances of normal distributions centred on the formant estimates.
High confidence represents small variance, low confidence is large variance.

Section 3 comprises the majority of the paper, describing the mathematical formulation
in some detail. In 3.1 it is argued that the formant extracter viewed as a generative model
emits both formant estimates and confidence estimates. This can equivalently be considered
as a noisy channel model, where a formant is corrupted by zero mean Gaussian noise. The
solution is shown to be a convolution of the model distribution with that implied by the
confidence estimate. This leads to the confidence variance adding to the model variance.

Section 3.2 considers the re-estimation case. Given observations with confidences, how
does one train an HMM set. The derivation follows that of Liporace (1982), first showing
that the re-estimation of the transition probabilities is unchanged from the standard case.
The expression for the model means is shown to depend upon the re-estimate of the vari-
ances; it is stated that the current value rather than the re-estimate can be used. In the
case of the model variances, however, there is no obvious solution, and an approximation is
necessary.

Two approximations are considered. Method 1 (section 3.2.1) makes the assumption
that the confidence is time independent for a given state. Although this yields a solution, it
is not necessarily positive definite. As the degenerate case is where the confidence is low, it
is suggested that accumulation only happen for high confidence values. Method 2 (section
3.2.2) is simply a mathematical trick that allows the variance to be isolated, but also involves

the same value being replaced by its current value elsewhere in the expression.
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Section 4 briefly points out the corollary that method 1 ceases to be an approximation
for the case of constant confidence. This is identical to having additive stationary Gaussian
noise.

Experiments are presented in section 5 in the same manner as for Holmes et al. (1997):
Five cepstra that describe general spectral shape are augmented by other cepstra, or by for-
mants with various confidence handling. As reported in the previous paper, the confidence
measure is necessary to allow formants to work at all, and when used they are beneficial.
When the confidence is used in training too, a further benefit is observed, especially when
second choice formants are included. Both variance re-estimation approximations work
equally well.

3.5 Analysis

3.5.1 The Holmes formant analyser

The “usual” approach to formant extraction is to use, for instance, linear prediction, then
project the pole positions onto the unit circle by solving a polynomial. This kind of approach
has two drawbacks, however:

1. Formants are often not easily distinguished; in the extreme case, two formants can
merge into a single peak. Linear prediction cannot distinguish them in this case.

2. Formants can often disappear; the often cited case is for nasals, where one formant

simply ceases to exist.

These and similar cases are illustrated on page 2 of Holmes et al. (1997).

John Holmes had been interested in formants for many years, and was no doubt frus-
trated with automatic formant extraction techniques. I recall him telling me that, even in
the cases above, he was able to look at a spectrogram and write down perfectly accurate
formant positions. His answer to this frustration was to design a formant analyser that he
could train in a very hands-on manner. It is described by Holmes and Holmes (1996), and
subsequently by Holmes et al. (1997).

The Holmes analyser contained many (of the order of a hundred) templates in the form
of hand annotated spectra. The templates were then warped in the same manner as dynamic
time warping, but along the frequency axis, in order to match spectra under test. Templates
with small warping scores, i.e., those that were not far away for the spectra under test, were
then used to label the formant positions. Using this paradigm, John was able to simply add
more templates when mistakes were made. Over time, a good reference template set had
presumably been accumulated.

One side effect of the warping was that any formant estimate could also have associated
with it a confidence value. The confidence was largely heuristic, but could be represented as
a four bit number — an integer from O to 15. One extreme of confidence represented high
confidence, being clearly defined formants; the other extreme was low (or zero) confidence,
being ill-defined or even missing formants.

3.5.2 The confidence problem

In trying to use the formant analyser in the context of ASR, we came across the difficulty of

how to incorporate the confidence measures. They were clearly important; they indicated
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that some numbers should not be relied upon. How to use them was far from clear, however.
The first attempt was to weight (in a multiplicative sense) the probability densities of the
formant features by a numerical confidence value; high confidence was 1, low was 0. This
had the effect of significantly reducing the likelihood of low confidence formants but, whilst
it worked to an extent, was flawed in the sense that it was ad-hoc.

The solution was not immediately apparent, and I do not recall how I came upon it, but
the answer appeared to be to interpret the confidence as a variance. In fact, the reciprocal
of variance known as precision was probably a better analogy, but we went with variance
because it was more familiar. The interpretation is as follows: The formant estimates are
means or modes of normal distributions. The confidence values are variances. In cases of
high confidence, the variances are very small (high precision), and the normal distributions
approach delta functions. For low confidence, the variances become high (low precision).
The high variance indicates that the formant can lie in quite a wide range. In the extreme
case, the variance is infinite!, yielding a flat distribution; this is indicative of a formant
simply not existing.

The interpretation is fundamentally Bayesian; it reinterprets the formant analyser as
a degree of belief indicator. The actual underlying formant positions are unknown state
variables; the formant tracker reports a degree of belief about these variables.

One key component of this interpretation was to attach variances to the confidence
values. Both John and Wendy understood the concept, and were able to do this. The paper
was a nice collaboration between the disciplines of speech signal processing and statistics.
Although I did not have a deep understanding of the formant analyser, I was able to enhance
it by providing a more rigorous statistical approach.

3.5.3 Convolving normal distributions

Given the interpretation of the formant analyser and confidence values, it still remained to
formulate how to use resulting distributions in an HMM based ASR system. In fact, the
formulation developed in parallel with the interpretation. It is described in detail by Garner
and Holmes (1998), and reduces to a fairly simple convolution.

If the model (HMM state) has mean m,, and variance v,,, and the observation (for-
mant) is a mean m, and a variance v, representing an unobserved x, the combination is a
convolution of the two distributions:

Model distribution Observation distribution

ro dx o ex <_(x—mm)2> ! ex (—(X_m°)2>
0 2TV P 2V 2TV, P 2v,

1 (Mm _mo)2>
— = exp (- \MmT M) 3y
27(Vin, + Vo ) exp ( 2(vin + Vo) (3-1)

Combined distribution with variances added

That is, the variance from the confidence adds to the variance in the HMM state distribution.
It is appealingly simple.

Further, the interpretation is clear: For high confidence, the formant variance is small,
yielding the usual HMM calculation. For low confidence, however, the added variance is
high, tending to flatten out (hence equate) all state distributions associated with that obser-

In fact, I don’t recall if the low confidence case was mapped quite to infinity.
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vation. In turn, competing models receive the same probability density contribution from
low confidence formants, but different contribution from high confidence ones.

Results were presented by Holmes et al. (1997) showing not only that the method
worked, but that it allowed formant features to out-perform otherwise comparable cepstral
features.

3.5.4 Training

Although we had proved that the variance method worked for ASR, it was in recognition
only. The models had been trained using an ad-hoc method; I do not recall exactly how, but
most likely by simply ignoring the confidence values. It was natural to try to incorporate the
variance method in training. The formulation turned out to be simple enough, but no closed
form solution existed for the mean and variance reestimation. In searching for a solution, I
was able to postulate two approximations. Wendy (who was the one familiar with the code
base) tried both approximations. The results are detailed by Garner and Holmes (1998).
We found that incorporating the variance into training was beneficial, but not so much so
as for recognition. This made sense; the training process was able to integrate errors over
many frames rendering errors in any given frame insignificant.

One aside is that whilst formulating the training, I found a (minor) mistake in the work
of Liporace (1982), which is seen as a kind of tutorial for reestimation by some people.

3.5.5 Summary

The two papers describe work in formant analysis. Overall there are perhaps three contri-
butions:

A formant model that models formant estimates along with variances in those estimates.

A recognition paradigm where the formant variances are added to the (HMM) model vari-

ances to incorporate uncertainty.

A training paradigm where approximations are presented to incorporate the same uncer-

tainty into model training.

3.6 With hindsight

It is a source of regret that this work was not consolidated into a journal article; it could
have expanded and deepened the original papers as follows:

1. The formant method was only evaluated on two corpora of digits. Whilst this is a
sensible start point, digits only have limited phonetic coverage. In turn, formants

model some phones better than others.

2. The mapping between formant analyser internal features, confidence values and vari-
ance values could have been analysed more thoroughly. In particular, it may have been
possible to derive variance values directly from the dynamic programming process in

the spectral matching.

3. The influence of delta features could have been investigated. In particular, formants
have much better defined dynamic properties than cepstra.
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3.7 Impact

Formant tracking has never been a mainstream technique, but the attraction of such features
still draws in researchers. When they publish, they do tend to cite this work; actually the
first paper more than the second. Owing to this, these papers are cited more than any others
with which I have been involved. Google scholar reports 47 and 34 citations for the two
papers respectively.

In particular, I am aware of the following works that have been directly influenced by
the two papers:

e Wendy Holmes went on to use the formant tracker in her work on segmental HMMs
(Holmes, 2004).

e Nick Wilkinson and Martin Russell considered the problem of phone recognition in
TIMIT (Wilkinson and Russell, 2002). In fact, they report poor results that could be
improved by using the confidence as a weighting factor against MFCC features.

e Martin Russell and Philip Jackson at the University of Birmingham also used the for-
mant tracker for segmental HMMs (Russell and Jackson, 2005).

e Ljubomir Josifovsky was aware of the work and cited it in his Ph.D. thesis (Josifovsky,
2002).

e Katrin Weber at Idiap cited it in the context of her HMM2 work (Weber et al., 2003).

e Perhaps most significantly, the papers are cited in the context of uncertainty decoding
(Stouten et al., 2006). In uncertainty decoding, a variance is associated with noisy
observations, usually in the context of the vector Taylor series (VTS) noise robustness
technique. Given the variance, it is natural to use the same technique, although it was
most likely rediscovered as the formulation is fairly well known.

The use in uncertainty decoding suggests that the training formulation may be useful
for training in noise. In Garner and Holmes (1998), I noted that for constant noise
variance one of the formulations ceases to be an approximation. This means that if
noise can be assumed to lead to a constant variance in the cepstral domain then the
formula can be used.
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Chapter 4

Noise robustness

4.1 Introduction

After a brief period working for Canon in the UK, I moved close to the head office in Tokyo.
At that time, the speech group was being “moved” from the research part of Canon into the
development part. There was some pressure to commercialise recognisers that had been
developed as research engines. In testing the recognisers, we came across the two major
difficulties that befall all commercial ASR groups:

1. The recognisers had to be multilingual to work in all countries in which potential

products were sold.

2. The products were aimed at potentially noisy environments and the recognisers were
not very robust to noise.

The solution to the first problem was rather simple: Build acoustic models for all target
markets. There was no research involved, just work.

The second problem was more involved; it turns out to be more like three interconnected
problems:

VAD (voice activity detection) is to distinguish voice from simply background noise. It
determines when someone is speaking, hence when a recogniser should be active.

Noise estimation is the estimation of the background noise that has to be distinguished
from speech in VAD, or removed from the speech in noise removal.

Noise removal is the reduction of noise in corrupted speech to yield uncorrupted (or clean)
speech.

Whilst at Canon, I tackled the first two of these moderately successfully. The third one I
began at Canon, but was not able to get good results until well after moving to Idiap in
2007.

4.2 Relevance

In the context of this analysis, the noise robustness problem is a small sample size problem.
In general, the task is to estimate a variance (of speech) given only one datum (observation

frame).
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In the first paper, A Bayesian framework is defined, but only a ML solution can be ob-
tained. In the later papers, the Bayesian method is extended to marginalisation over the
noise, and MAP estimation.

By contrast with the previous chapter, the approach to priors is either non-informative
or objective. Priors can be calculated from data.

In some sense, the approach is inverted: Instead of assuming a model and following the
right statistical method, the desire for a correct statistical method influences the design of
the model (using signal to noise ratio rather than energy). This is similar to the dialogue
approach in chapter 2, where the model was changed from multinomial to Poisson to enable
a better solution.

4.3 Overlap

The first paper in this section (Garner et al., 2004b) is totally distinct, sharing only the
Gaussian model, which is not a contribution. The second two have significant overlap,
the second (Garner, 2011) being an archival journal of the first (Garner, 2009a). There
are significant differences however: Garner (2009a) contains results using MFCCs and an
analysis of a gamma based prior; Garner (2011) contains results using PLPs (perceptual
linear prediction coefficients) on more databases (although it summarises the earlier MFCC
based ones) and contains further discussion about the articulation index.

4.4 Paper walk-through

2004: A differential spectral voice activity detector

Philip N. Garner, Toshiaki Fukada, and Yasuhiro Komori. A differential spectral voice
activity detector. In Proceedings of the IEEE International Conference on Acoustics,
Speech and Signal Processing, Montreal, May 2004.

The paper is about voice activity detection (VAD), and opens with a discussion of the
reasons for VAD. In mobile telephony it is to save bandwidth and in ASR it is to save com-
putation. The spectral VAD of Sohn and Sung (1998) is then introduced as an appealing
model-based VAD that has stood up well to various other standard ones. It is stated that
there are two problems with the Sohn VAD: One is that it does not distinguish spectral
shape; the other is that it assumes adjacent DFT bins are uncorrelated.

Section 2 goes on to describe the background theory. A decision theoretic framework in-
volves a hypothesis, H, corresponding to speech or non-speech; this enables a cost function
to be formulated, and the expected cost to be minimised. The resulting function is similar
to that of Sohn and Sung (1998). In 2.2, the Gaussian model is summarised, including the
VAD decision rule. A parameter « is introduced to handle correlation between adjacent DFT
bins.

In section 3, the differential spectral modification is derived. This is based on a simple
high-pass filter (HPF) running along each frame in the frequency dimension. It is argued
that this will correct for the two problems described in the introduction. The derivation is
shown to be a probabilistic change of variable; the required integral is stated to be too com-

plicated, and an approximation is calculated by working with consecutive pairs of bins. The
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derivation then proceeds as two special cases depending on whether the gradient is positive
or negative, the resulting density being a double-sided exponential. The VAD likelihood
ratio follows trivially.

The evaluation (section 4) is performed on a proprietary database of 3360 one word
utterances each embedded in 5 second recordings. 6 noise conditions are presented, 3 of
which are much noisier than the other 3. The evaluation is a pragmatic metric based on
whether the identified region overlaps with the actual speech region in the signal. The VAD
is implemented in both power spectral and mel spectral domains, and they are compared.
The noise estimator is a modified version of that of Sohn and Sung (1998). Results indicate
that in relatively clean conditions there is no gain over the usual Gaussian VAD. In noisier
conditions, however, the differential formulation is beneficial. There is no evidence to prefer

the mel spectral domain over power spectral domain.

2009a: SNR features for automatic speech recognition

Philip N. Garner. SNR features for automatic speech recognition. In Proceedings of
the IEEE workshop on Automatic Speech Recognition and Understanding, Merano, Italy,
December 2009.

The paper is quite long for a conference paper at 6 pages. It begins with a discussion of
noise reduction in the context of ASR. Cepstral mean normalisation (CMN) is discussed for
convolutional noise, and it is stated that it also works well in additive noise, especially with
variance normalisation (CVN, or CMVN together). The Gaussian model and spectral sub-
traction (SS) are discussed for additive noise. Noise tracking and histogram normalisation
are also discussed.

Section 2 presents a simplistic analysis of CMN in the context of additive noise. It is
shown that the feature presented to the decoder in this context is actually log(1 + SNR). It
is then suggested that since this is the case, it makes sense to calculate signal to noise ratio
(SNR) at the outset, rather than rely on CMN to do it.

Section 3 then presents are more rigorous analysis. The Gaussian noise model is intro-
duced, and it is shown that SS results as a maximum likelihood (ML) solution for the speech
variance. This suggests that it is the variance that is required (or is sufficient) for the de-
coder. Motivated by this, the SNR is defined to be the ratio of variances of speech and noise
and a similar derivation is done for SNR. In sections 3C and 3D, an alternative derivation
of basically the same expression is shown to result from marginalising over the noise, an
operation not possible for SS.

Section 3E shows that it is also possible to associate a prior distribution with the SNR,
and a maximum a posteriori (MAP) solution is derived using a gamma density as the prior.
Although it requires solution of a cubic, an analytical solution is possible; a means to set
the hyperparameters is also detailed. The gamma prior is shown to discourage higher SNR
values.

Experiments are presented in section 4 on the Aurora-2 database!. Aurora-2 is a noisy
version of the TIDIGITS data; it was used to evaluate contenders for the ETSI advanced DSR?
front-end (ETSI, 2002). The database and MFCC based front-end are described, together
with four techniques under test:

'http://aurora.hsnr.de/
2ETSI: European Telecommunications Standards Institute. DSR: Distributed Speech Recognition
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1. MFCC baseline

2. Spectral subtraction

3. log(1 4 SNR) with an ML solution for SNR
4. log(1 + SNR) with a MAP solution for SNR

Results are shown with CMN and with CMVN. Subsequent discussion (section 5) points out
that SNR based features can outperform all other approaches. Use of a prior can further
improve results, but it is doubtful whether the associated complexity is worthwhile. It is
hypothesised that the benefit is coming from the relative placement of noise compensation
and filter-bank.

Before the conclusion, the noise tracker is discussed in section 5B. It is stated empirically
that a correction factor for the noise tracker is cancelled by the flooring of the noise, and
this leads to a solution without hyper-parameters. It is stated that no proof is evident.

In conclusion, SNR features appear to work well in noisy conditions when combined
with CMVN.

2011: Cepstral normalisation and the signal to noise ratio spectrum in auto-
matic speech recognition

Philip N. Garner. Cepstral normalisation and the signal to noise ratio spectrum in au-
tomatic speech recognition. Speech Communication, 53(8):991-1001, October 2011.

This paper is an archival journal version of Garner (2009a). Section 1 opens by in-
troducing both additive and convolutional noise reduction. It states that, from practical
experience, it is very difficult to beat CMVN for noise robustness, even though there is no
good reason for it to be useful for additive noise. The Gaussian model is briefly introduced
along with the goals of the paper.

Section 2 proceeds to essentially repeat the background of Garner (2009a), except that
a second, speaker dependent, convolutional noise is distinguished from the usual channel
noise. This serves to show that, whilst SNR features can remove channel noise directly,
there is a convolutional noise that must still be left to CMN; hence SNR features are not a
substitute for CMN. Section 3 goes on to largely repeat the formal derivation of SNR features
from Garner (2009a).

In section 4, the paper diverges from the conference version into a discussion of the
context of the SNR features. First, it is explained that the SNR is exactly the a-priori SNR
that is ubiquitous in speech enhancement. The approach of Lathoud et al. (2005) is then
discussed as a closely related, but more complicated model. Perhaps the most important
discussion is the comparison with the articulation index (AI); it is pointed out that the two
have the same form up to the linear transform. This in turn suggests a convergence between
psycho-acoustics and known best practice in ASR.

The noise tracker is discussed at some length. It is shown that a minimum tracker, a
noise estimator and the Al are all related via a constant modification of the SNR. Therefore,
a heuristic optimisation of this parameter cannot be attributed to just one of these enti-
ties. Finally, it is stated that the interpretation of CVN in the context of SNR is trivial: It

normalises for dynamic range.
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In section 5, experiments are presented. Results from the conference paper using MFCC
features on Aurora-2 are summarised. It is stated that previous experiments on Aurora-2
are unreliable because of the artificial and constrained nature of that database. Further,
PLP features are quite common nowadays and merit investigation. Experiments are then
presented based upon two clear hypotheses: to test beyond the limits of Aurora-2, and to
test PLPs. The background of PLPs is discussed, and the feature extraction mechanism is
presented.

First, results are presented for PLPs on Aurora-3, which is still digit based, but in real
noise. Expected results a-priori from Aurora-2 are stated, and it is shown that performance
on Aurora-3 fits broadly with the expectations, except for an improvement in otherwise
matched conditions. Results on Aurora-4 are then presented, which by contrast is large
vocabulary, but with artificially added noise. Again, a-priori expectations from Aurora-2 are
borne out quite well. Overall, PLP features appear to benefit more from the SNR-cepstrum
than do MFCC features. Finally, it is briefly stated that good results could not be obtained
on meeting data with rich text evaluation. This is attributed to meeting data not being so
noisy and train-test conditions being matched. This is again in line with predictions from
Aurora-2.

In section 6, a few issues arising from the experiments are discussed. It is stated that

results are not state of the art, but are intended only for comparison; the databases are
standard and other results are in the literature.

The difference between taking SNR before and after the filter-bank is discussed. It is
hypothesised that the SNR-spectrum lends itself to coloured noise, and the noises in the test
sets are suitably coloured.

Finally, the PLP power law is discussed. It was found experimentally that not using a
compression in PLP, usually cube root, is beneficial in noise. It is hypothesised that com-
pression is not a noise robust technique, and in this scenario the noise is more important
than perceptual issues.

In conclusion, SNR-spectral features have some advantages over spectral features, and
lend themselves to a Bayesian analysis. They perform well in combination with CMVN in
noisy conditions. The SNR-cepstrum can be seen as a form of Al, and uses features known
in enhancement too.

4.5 Analysis

4.5.1 The Gaussian model of speech in noise

The core statistical model is worth emphasising as it is the basis for the whole of this noise
robustness section. Assume that the input to a DFT is white Gaussian noise. As any linear
combination of Gaussian variates is also Gaussian, each output of the DFT is Gaussian. Now
relax the model a little to say that the DFT bins are still Gaussian, but their variances can
differ (which would not be the case for input white noise). The model is now capable of
representing coloured noise.

Assume that a DFT operation produces a vector, x, with complex components, r1, 2, . . ., LF,

where the real and imaginary parts of each y¢ are i.i.d. normally distributed with zero mean
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and variance v¢. That is,

p s | vp) = ——exp 4.1)
f f e . .

Lt

In the case where two coloured noise signals are distinguished, a background noise, n, and a
signal of interest, s, typically speech, denote the noise variance as v and the speech variance
as 0. In general, the background noise can be observed in isolation and modelled as

1 2
pnglve) = p— exp (—'nf'> . (4.2)

The speech, however, cannot normally be observed in isolation. It is always added to noise.
When both speech and additive noise are present the variances add, meaning that the total
signal, t; = ¢ + n¢, can be modelled as

_ 1 jt?
p(telof,ve) = ot v P <—0f | (4.3)

4.5.2 The Sohn-Sung VAD

The investigation of Garner et al. (2004b) began as an attempt to improve VAD. At the time,
we used a VAD that simply thresholded energy, and was hence sensitive to noise levels.
Increased noise meant increasing the threshold. In looking for a promising replacement we
came across a VAD design by Sohn and Sung (1998). The Sohn VAD had two appealing
properties:

1. It was noise adaptive; it contained a noise tracker that continually estimated back-
ground noise.

2. It was based on an explicit statistical model.

The Sohn VAD’s core likelihood ratio, equation 8 in Garner et al. (2004b), is just the ratio
of equations 4.3 and 4.2, accumulated across each frame:

Vi of ItI%
L = | | L _
) fo1 OF vy exp (Gf +ve ve )’ “4)

where all terms are per frame.

4.5.3 VAD Implementation

The Sohn VAD was actually introduced in two relatively short papers: Sohn and Sung (1998)
introduced the basic concept, including an innovative noise tracker. Later, Sohn et al. (1999)
added an HMM based hangover scheme, and a decision-directed speech power estimator.
The implementation began as a superset of the all these techniques. None were so difficult
to implement, and the published results suggested that all together would work well.

However, in implementing the Sohn VAD, several issues arose. These issues are not
detailed in Garner et al. (2004b), but they serve to connect that paper with those of Sohn
and colleagues.

The first is to do with the VAD metric requiring estimates of the variances o and v. In the
case of the noise, the estimate can come from periods of speech inactivity. For the speech
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variance, however, the estimate favoured by Sohn et al. (1999) was the decision directed
(DD) estimator of Ephraim and Malah (1984). The DD estimator is ubiquitous in speech
enhancement; it is actually defined in terms of SNR, but in spirit it is of the form:

65 = 0511+ (1= 0) (el —vie) 45)

where t is the time frame and p ~ 0.98, i.e., it is an infinite impulse response (IIR) filtered
spectral subtraction. We found that for VAD, no filter was necessary; just the SS of Sohn and
Sung (1998) SS worked well, although it was necessary to floor it as with the usual ASR
noise robustness calculation.

The VAD of Sohn et al. (1999) also made use of an HMM-based state machine. The
machine had two states corresponding to speech and non-speech. However, only forward
likelihoods (“alphas”) were calculated. The reverse pass that would normally calculate
“gammas” was omitted. This had the effect of behaving like another IIR filter; there was
a definite lag in the VAD. Of course, this had the effect that the authors required: It held
the VAD on for a little while after the speech appeared to have stopped. However, it also
caused a delay in the VAD firing in the first place. We found that a more conventional
state machine of the type in figure 4.1 worked better. The basic function is that unless the

Silence Confirmed

Silence Triggered Speech Triggered

Speech Confirmed

Figure 4.1: VAD state machine

VAD metric remains valid for a minimum time, the machine will revert to the previous state
rather than advance to a confirmed state.

So, after much experimentation, the implementation was much closer to the original
one of Sohn and Sung (1998) than that of Sohn et al. (1999).

Another difficulty was with the noise tracker. Sohn and Sung (1998) derive a noise
estimator as

A

1 L(t); .
Vi _ 07, + 1 4 Vi1, (4.6)

T 1+L(Y) +L(Y)

i
which is another IIR filter. Recall that L (t) can approach zero for pure noise, and can be
very high for high SNR. So, in high SNR conditions the noise estimate remains static, but for
noise there is a time constant that approaches zero. The solution to this was to introduce a
floor of p+:

. 1-— +L(t); ..

— 1 )
1+ L(b); 1+Lm.W*“ 4.7)

1
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so, when L (t); is small, the time constant is defined by p . Equation 4.7 appears in Garner
et al. (2004b), but the above explanation does not.

4.5.4 Differential VAD

The material in the previous section is not in the paper; we did not consider it novel enough
to try to publish. However, a differential VAD modification was worth publishing, the back-
ground of which is described below.

In testing the VAD on a variety of noise conditions, we found that it was rather sensitive
to gain. That is, it was necessary to set a somewhat arbitrary threshold, and this threshold
depended on the type and level of background noise. My colleague, Toshiaki Fukada, had
suggested high-pass filtering the power spectrum as a solution to this. In turn, I had come
across a paper by Nadeu et al. (2001) where the authors had described filtering along the
frequency axis of each frame. In fact, filtering is an additive process rather than multiplica-
tive, so it would not correct for gain as such, but it did seem to present advantages.

The initial difficulty with the filter was that it appeared to be a heuristic on top of what
was otherwise a rather nice probabilistic model. However, that difficulty could be turned
into an advantage by realising that the filter was actually a probabilistic change of variable.
The filter is initially the difference between two power bins; equation 10 in Garner et al.
(2004b). The joint probability is then equation 13 in the paper, and the change of variable
is equation 16.

A further difficulty then arises: To apply the change of variable to the whole frame, the
functional form becomes combinatorially intractable. This is at least in part because equa-
tion 16 in the paper has two alternate forms depending upon the sign of the filtered value.
The solution was to consider only distinct pairs of power spectra; reducing the number of
observations from, say, 128 to 64 (or 32 mel bins to 16).

4.5.5 Evaluation metric

It is worth mentioning the evaluation metric. VAD is often measured in terms of ROC
(receiver operating characteristic) curves, or RMS (root mean square) deviation of speech-
silence boundaries. We used something we termed “gross error”, which was more pragmatic.

The general idea was that VAD for ASR can often be made to work by adding a suitably
wide collar around the region indicated to be speech. This is especially true for short com-
mand and control utterances of the sort that we were interested in. It follows that as long
as the VAD indicates part of the required speech region, it is doing well. Figure 1 in Garner
et al. (2004b) is my formalisation of a set of conditions introduced by my colleague Toshiaki
Fukada. They define acceptable and unacceptable performance conditions in terms of the
start and end of speech detection. Whilst it was never proven or reported numerically, we
found that gross error had a good correlation with word error rate.

4.5.6 From VAD to noise robustness

The work on VAD was by no means independent of noise robustness, but used a rather unso-
phisticated noise robustness model. In tackling noise robustness in earnest, we were looking
for a pragmatic solution. By this, I mean that there are two rather extreme approaches to
noise robustness:
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1. A simple approach, using techniques such as spectral subtraction or Wiener filtering.

Whilst many authors had reported success, our experience at Canon was that the
performance was variable at best. We had an in-house test-set recorded in a few rea-
sonable noise conditions. Techniques tended to work well for some noise conditions,
but less well for others. SS and Wiener filters are characterised by ML solutions that
need ad-hoc regularisation before they work at all.

2. A complicated approach, typified by the vector Taylor series (VTS) approach of Moreno
et al. (1996).

If results in the literature are to be believed, this approach works very well indeed.
However, VTS techniques are characterised by requiring a large Gaussian mixture act-
ing as a prior on the speech signal. At Canon, we were trying to make the recognisers
smaller; such a large mixture was prohibitive.

Somewhere between these two approaches was the likes of the ETSI advanced DSR front-
end (ETSI, 2002). The ETSI system worked well, but was over-complicated, lacked theoret-
ical rigour and was encumbered by patents.

It seemed to me that there ought to be a simple solution to the noise robustness problem,
at least for stationary white or coloured noise. This solution should involve one or both of
the following:

1. There should be a prior on the speech variance. This ought to give a solution in
the spirit of SS or Wiener filtering, but with the ad-hoc regularisation replaced by
justifiable hyperparameters.

2. It should be possible to marginalise over the noise.

This also followed from something I knew was wrong with the VAD work: Although it was
model based and used inverse probability, it did not marginalise over nuisance parameters,
and did not use priors. Worse, it involved point estimates (of likelihood ratios) based on
point estimates (of the speech variance) based on a single datum.

4.5.7 Initial noise robustness work

There is a significant time period between the publication of Garner et al. (2004b) and
Garner (2009a). During that time (amongst other things), I failed to advance the noise
robustness work significantly. It is instructive to briefly describe something that does not
work!

Consider the parameters of 4.3; ignoring the f subscript for simplicity, there are two
unknowns:

1. A noise variance, v.
2. A speech variance, o.

Certainly the noise variance is a nuisance variable and should be marginalised. The speech
variance is then either a parameter to estimate, or to marginalise if a Wiener-like solution is
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required. However, marginalisation leads to the following difficulty:

p(qu:L dvp(t]o,v)p (v|A,B) 4.8)

[ 1 >\ BA B
Lo ) () o

where p (v | A, B) is an inverse-gamma distribution that results from estimating the PDF

of v as in equations 16 and 17 of Garner (2009a); A and B represent the noise sample
statistics. The integral above evaluates to an incomplete gamma function, which in turn
is very difficult to do anything else with. It is the common Bayesian intractable integral
problem. The same sort of issue arises when placing an (inverse-) gamma prior on o.

The closest I came to a solution was to assume an estimate of v was possible (because
there are usually several noise frames), then form a MAP estimate of . That work is
written up as Garner (2009b); it was never published because the results do not show
any improvement over SS.

4.5.8 Cepstral normalisation

In trying to find priors for the speech variance, one of the most frustrating things was that I
could never beat cepstral variance normalisation (CVN) in terms of accuracy in noise. There
was no good reason for CVN to work, except that it “made the observation fit the model”.
Worse, the combination of whatever prior I used and CVN was worse than just CVN.

In researching the area, I came across a paper by Lathoud et al. (2005) in which good
results were reported using a measure based on SNR. The paper is actually more about
a mixture model for speech and noise; no insight is presented about the SNR. However,
it reminded me of something I had noticed much earlier; it is described in section 2A of
Garner (2009a):

x? x3

— t+t ...
207 307 (4.10)
=log(a) + log (1 + a) .

log(x + a) = log(a) + E —

i.e., taking the logarithm of speech plus additive noise as in an ASR front-end, then removing
the constant via CMN yields something based on SNR.

I tried a quick experiment using SNR instead of spectral power and the results were
extremely encouraging.

Further, something else was clear to me: Substituting ¢ = o/v into equation 4.9, it

becomes:
(™ 1 [t BA ., B
p(tIE)—L dvmexp (v(l—i—&)) F(A)V exp (v) 4.11)
CBA 1 (A, [t +B(1+¢)
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i.e., all the terms in v collect together. The noise marginalisation gives a tractable form!
This became the central concept of the work in Garner (2009a). In fact, that paper really
has two contributions:
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1. The first idea is that, in ASR, the variable that the engine is interested in is the vari-
ance, o, rather than the undistorted observation, s, that is sought after in speech
enhancement. Given that it is o that is required usually, it is o/v in the SNR case.

2. Given & = o/v, it is possible to do a proper Bayesian analysis to infer the right variable.
The analysis follows fairly trivially from the insight.

Aside from the marginalisation, the other aspect of the Bayesian approach is the prior.
In Garner (2009a), I used a gamma distribution. In fact, this distribution came from earlier
experiments reported in Garner (2009b). That it yielded a solution in the form of a cubic
was not a problem because the same thing had occurred in Garner (2009b), and I had the
code to solve it. The main reason to choose a gamma distribution was that the parameters
(p at least) can be set using some knowledge of the overall SNR. At the time, I intended to
try different priors; it is still a possible research direction.

4.5.9 Features and databases

In turning the conference paper (Garner, 2009a) into a journal paper (Garner, 2011), the
thing that most worried me was the database. I had done many experiments using Aurora-2,
which is convenient, but has two major problems:

1. It is only digits; the grammar is simple and the phonetic coverage is small.
2. It is artificial data; noise is added in the computer.

Further, Idiap had funding to work on meeting data. This led to two unsuccessful and time
consuming experiments:

1. I tried using the SNR features to train a meeting recogniser and test on rich text (the
NIST RTO7 data®). The result was worse than with normal features. In fact, this was
predicted by the Aurora-2 results: meetings and rich text are not so noisy, and are
matched conditions; SNR features do not perform well on the Aurora-2 equivalent.

2. I trained a recogniser on LDC (Linguistic Data Consortium) Wall Street Journal data
(si-84) and tested on RT07. This was a mismatched system, but too mismatched. Error
rates were in the 80s; far too large to infer anything useful.

Somewhat reluctantly, I turned to the other Aurora databases. Aurora-3 is still digits,
but with real noise; Aurora-4 is continuous speech, albeit with artificially added noise and
only 5000 word vocabulary. Here, however, results were encouraging.

In addition, I looked at PLP features. Although I had never used them before, they were
popular at Idiap. SNR turned out to benefit PLPs more than MFCCs.

This was enough to write the journal paper. As such, the contribution of the journal
version is mainly experimental; it demonstrates under what conditions SNR features work.
Whilst it briefly discusses what does not work (the meeting room data), it is written from a
positive point of view. In the context of this “critical analysis”, however, it is appropriate to
talk about the negative results, hence the discussion above.

However, the journal version was also an opportunity to discuss other things. The main
item was the relationship with the articulation index (AI).

3NIST: National Institute of Standards and Technology. RT: Rich transcription
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4.5.10 Summary
The contributions over the three papers are:

A decision theoretic framework for VAD in which the otherwise arbitrary threshold is in-

dicated by priors and costs.
A differential VAD where the likelihood from the spectrum is that of a high-pass filter.

An SNR based feature that is indicated by the use of cepstral normalisation.

4.6 With hindsight

The work in these three papers was done over a number of years. It represents my gradually
learning how to better deal with the same underlying model. It follows that I would not do
it the same way if I began again.

4.6.1 VAD

Of course, the VAD would benefit from the marginalisation discussed later. In fact, the VAD
gain that prompted the work in the first place was probably due to the exponential form of
the likelihood ratio. This in turn is because it is not a marginal estimate; the marginalisation
tends to replace exponential forms with polynomial forms. In this sense, marginalising out
the noise in the VAD likelihood ratio is likely to have a significant effect.

The noise tracker could also be improved significantly: There is a circular dependency
in the VAD where the VAD depends on the noise estimate, which in turn depends on VAD.
The minimum tracking that was used later would remove the dependency.

4.6.2 SNR features

One conclusion from Garner (2009a) is that introduction of a prior does not help so much.
In fact, the form of the prior was probably wrong. If the prior were parameterised as 1 + §
instead of &, it is likely that it would be almost conjugate.

However, this is ongoing research, and these options all remain open.

4.6.3 Capacity of a Gaussian channel

My SNR feature and the articulation index (AI) have the same form as the capacity of a
Gaussian channel, a standard result in information theory. This merits a short analysis:

The formulation below is essentially a worked solution of excercise 11.2 of MacKay
(2003), but note that the notation for variances is almost the opposite of MacKay’s. The
capacity, C, of a channel is defined to be the maximum mutual information between the
input, x, and output, y (being instantiations of the random variables X and Y respectively):

[ (x,y)
= : = 1 pi .
C=I(X;Y) Udedyp(x,y) 8 v W) (4.13)
_” pylx)
—quxdyp(ylx)p(x)log ) (4.14)
| axp (x)dep (y 1) logp (y | x) —dep (y) logp (y) 4.15)
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In the case of a Gaussian channel, it can be shown that the information throughput is max-
imised when the source is also Gaussian. In this case,

1 _(H—X)z>
plylx)= Vo P ( v (4.16)
and
92
Pl = oy P (‘z(HV)) 17

The entropy terms are standard results and the mutual information is then

C ——dep(x) log v2mev + log v/ 2me(0 + v) (4.18)
1 1
=5 log (o +v) — 3 log (v) (4.19)
1 o
=3 log (1 + ;) (4.20)

Notice that the final integral above is rendered trivial by the fact that entropy does not
depend on the mean of a (Gaussian) distribution.

It follows that the SNR feature and the Al are actually measuring mutual information.
Two things are evident:

1. Although the noisy channel is evident, there is no coding going on. In this sense, the
capacity of the channel is not compromised beyond the additive noise, and the mutual
information is the maximum possible — the channel capacity.

2. Notice that the above derivation relies on entropy being independent of the mean.
The SNR feature also arises from the same operation — mean subtraction — that can
be seen as converting it to mutual information.

So, the channel capacity and Al appear to be consistent.

4.7 Impact

VAD is an old subject; all labs have a different way of approaching it. The paper on VAD
has just 3 citations according to Google scholar, perhaps owing to this kind of saturation. It
was, however, patented by Canon Inc. (Garner et al., 2004a), and may even be used in their
products.

As the later work is recent, it is difficult to measure impact; Google Scholar does not
report any citations. Certainly the work is ongoing, however, and is the basis of at least one
grant application.

It is perhaps worth noting that the final paper was well received at review, one reviewer
going as far as writing:

The author has presented a novel way of looking at some standard front-end
processing that I believe is quite insightful. It is rare to read a paper that casts
a new perspective on something that is supposed to be understood. I am happy
to recommend the paper for publication as I am sure many readers will find it
thought provoking.
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Chapter 5

Conclusions

5.1 Hypotheses

The papers in the previous chapters each contained their own conclusions. The chapters
themselves also each contain concluding material. It remains to conclude the thesis as a
whole in the sense of its binding topic of Bayesian approaches to uncertainty.

In the introduction, two hypotheses were stated:

1. Where an existing technique is somehow ad-hoc or not rigorous, we hypothesise that
making it rigorous will lead to benefit in terms of allowing extensions that would not
be possible otherwise.

2. Where an existing technique is rigorous, but not Bayesian, we hypothesise that making
it Bayesian will lead to benefit in terms of robustness to small sample sizes.

Many of the papers addressed the first hypothesis. In the case of dialogue, it was shown
that a rigorous formulation could generalise usefulness, leading to the multi-class scenario
that was not possible with the basic two-class formulation. Further, the multi-class and
model based formulation led to a rigorous metric to choose keywords that significantly
outperformed other formulations.

In the case of formant analysis, the rigorous formulation not only allowed a coherent
solution, but also led directly to being able to train the system. The training would not have
been possible otherwise.

Finally, in the case of VAD, the statistical rigour existed already. However, casting a new
idea (the high-pass filter) in the same rigorous manner allowed it to be integrated properly
where it may not have been otherwise.

So, in at least three cases, the first hypothesis is demonstrated. Certainly there is no
counter-example; no rigorous formulation led to inferior performance.

With regard to the second hypothesis, again there is evidence in its favour. Perhaps most
persuasively, the dialogue scenario presented a requirement for inference based on few or
even zero observations (words observed in one dialogue move might be absent in another).
In this case the Bayesian formulation with explicit use of a prior led to a rigorous solution.
In turn, the keyword selection strategy was also robust to small sample sizes, tending to
reject singletons.

In the formant case, the Bayesian solution also led to a rigorous and stable result when
formants were perhaps not even present. In this situation, the prior information was clear

and required a subjective Bayesian view.
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In the case of SNR features, a prior was shown to be beneficial, although perhaps not to
the same extent as the other two cases.

So, the second hypothesis is also demonstrated. Again, there is certainly no counter-
example.

5.2 Corollaries

Aside from the hypotheses, the results also lead to some corollaries. The first is that the
pursuit of a rigorous solution can influence the underlying choice of model. This happened
in each case: The word model was changed from multinomial to Poisson, the interpretation
of the formant confidence was changed to be a variance, and the SNR feature was found to
better suit the assumed model.

Although this change of model is quite tangible, there is also an intangible side to it.
The pursuit of a good model leads to an understanding of the underlying mechanisms of
the technology. In the SNR case in particular, it led to a relationship with the articulation
index. Whilst I am hesitant to read too much into this, these observations are nevertheless
interesting and merit further thought and even work.

Another corollary is that the form of the rigour is less important than the actual rigour.
For instance, in the dialogue case, the fact that the formulation was Bayesian was important,
but the form of the prior was not. The simple approximate prior was as good as the better
fitting but more involved prior. The same was true of the SNR features: changing from
uninformative to gamma did not improve results a great deal.

In fact, none of the results in this thesis represent game-changing improvements. Other
authors have published better results on similar data suggesting that more involved models
are necessary. Nevertheless, none of this is in conflict. The same rigorous method applied

to more involved models ought to lead to similar benefits.
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ABSTRACT

Dialogue move recognition is taken as being representative
of a class of spoken language applications where inference
about high level semantic meaning is required from lower
level acoustic, phonetic or word based features. Topic identi-
fication is another such application. In the particular case of
inference from words, the multinomial distribution is shown
to be inadequate for modelling word frequencies, and the
multivariate Poisson is a more reasonable choice. Zipf’s law
is used to model a prior distribution. This more rigorous
mathematical formulation is shown to improve dialogue move
classification both subjectively and quantitatively.

1. INTRODUCTION

It has been suggested [5] that a dialogue, that is, the inter-
action between two or more people in a conversation, can be
represented as a series of moves (as a game of chess consists
of alternate moves). These moves follow a natural sequence,
with alternatives and counter moves. The dialogue moves
dictate portions of speech that can be classified into the dif-
ferent move types, and may in turn dictate sensible bounds
between which processing can be carried out.

The dialogue moves also form a natural part of the progres-
sion from raw acoustic data to natural language processing.
Inference can proceed in either direction: down towards the
acoustic recogniser or up towards the natural language pro-
cessor. This paper is concerned with the latter, and in par-
ticular with the question of whether it may be possible to
construct a data driven natural language processor. Dia-
logue move recognition can be viewed as a metric against
which the contribution of dialogue moves to natural language
processing can be judged. '

2. AN INITIAL EXPERIMENT

2.1. Data

The HCRC map task corpus [1] has been annotated at the
dialogue move level, and this database was used as an exper-
imental vehicle. Only utterances which could be identified as

belonging to one move category were used, and all non-word
annotation was stripped out. Punctuation was removed, and
upper case letters were converted to lower case.

The 128 dialogues were then split into training and testing
sets of 64 dialogues each such that no map appeared in both
sets. This was to prevent discrimination occuring on par-
ticular map features, hence forcing the use of other words
more indicative of semantic meaning. The training and test-
ing sets contained 11799 utterances and 10265 utterances
respectively. -

2.2. Methodology

The methodology was essentially that used in word based
topic identification, outlined as follows:

The moves were assumed to be samples from a random vari-
able M € {mi1,m2,...,mum}; in this case, the number of
possible moves, M, was 12. Given an utterance z, and train-
ing data D, the problem is to maximise the likelihood of the
move m;. Using Bayes's theorem,

P(z|M = m;, D)P(M = m;| D)
P(z|D) :

P(M =mi|z,D) =

The denominator, P(x|D), is independent of the move and
can be ignored.

Assuming P(m;) to be an abbreviation for P(M = m;),
P(m;|D) is the prior (prior to the utterance but posterior
to the data), and was calculated as the number of moves of
type m; in D divided by the total number of moves in D.

P(z|m;, D) is the likelihood. Here, it was assumed that
x was generated by sequentially sampling from a random
variable W € {w1,w2,...,wv}, where V is the vocabulary
of the task, and samples from W are independent. Hence, if
z is K words in length,
P(z|m;, D) = PW=w,W=uw,,...,W = wk|m;, D),
= P(wm;, D)
X P(wz|mi, D) x - - -
X P(wk|mi, D).
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P(wi|m;, D) was calculated as the number of words of type
wy in move m; in D divided by the total number of words
in move m; in D. Where the count for a word in « was zero,
that word was assumed to have occured 0.5 times.

2.3. Results

Table 1 shows a confusion matrix for the classification prob-
lem so far described. The overall accuracy is 47.22%, and
assuming the test set accuracy is binomially distributed [2],
the 95% confidence limits for 10265 independent testing sam-
ples are around =+1%.

Note that a disproportionate number of utterances have been
classified as ‘Ready’. This is counter intuitive; one would
expect utterances about which the system was unsure to be
classified as ‘Acknowledge’, since that is the most frequent
class. Further, ‘Acknowledge’, ‘Ready’ and ‘Reply-Y’ are
all basically affirmative utterances (“yes”), and one would
expect them to be indistinguishable at this level. -

3. PROBABILITY DISTRIBUTIONS
3.1. The Multinomial

‘When probabilities are calculated as a relative frequency as
described, one is implicitly assuming a multinomial (dice
throwing) distribution. That is, if the number of words of
type w; in a move is n;, and N = 22;1 n;, then P(w;|D) =
n;/N. In fact, this is the maximum likelihood estimator of
the true probability; it becomes more accurate as N — co.
In this case, though, some of the n; are actually zero and the
maximum likelihood estimator breaks down completely.

More light can be shed on the situation by considering a
Bayesian formulation of the word probability problem [4].
Using a multinomial distribution with a flat Dirichlet prior,
the probability of a single word w; being drawn from W is

n;+1

P(wi|D) = 5+

The formula now depends on V, the vocabulary of the task.
This can be thought of intuitively too: Given a biassed die,
but no data upon which to base an approximation, most
people would agree that a good starting point would be to
assume a probability of throwing any particular number to
be 1/6. This is implicitly based on the prior knowledge that
a die has 6 sides.

This explains the reason for assuming n; = 0.5 for unseen
words: the probability for n; = 0is half that forn; = 1. Vis
large, though, and whilst it is unknown it suggests that the
maximum likelihood estimate is consistently an overestimate
of the true posterior probability. The largest overestimates
of this word probability will occur in the class for which IV
is smallest; the least frequent class is ‘Ready’.
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3.2. The Multivariate Poisson

If the underlying probability of drawing word w; from W is
w, then the multinomial distribution is

P(njw) = = wit . LwyY

1! e nvl
where n = {nj, n2,...,nv} and w = {w;,wz,...,wv}. Con-
sider what would happen if this model were used to generate
an infinite amount of data: It can be proved that if the w;
are constrained to be small enough such that Nw; — A; as
N = o0,

niyn2 V-1
AMIAZZLATYS

~Ay=AgeremAy oy
Tmo! 7¢ ?
ni-n2. ... W-1.

P(njA) =

where A = {A1, A2,. .., ,\"v..l}. This is the multivariate Pois-
son distribution.

Note that one of the w terms has disappeared. More cor-
rectly, any of the w terms can be made to disappear by sim-
ply grouping them into one term; the useful approach is to
group all unknown words into a single w, and have that dis-
appear. The result is a distribution which is independent of
vocabulary; indeed it can be tailored to any arbitrarily sized
vocabulary. -

The intuitive approach to the above derivation is to consider
several throws of a die. w; relates to each individual throw,
whereas ); is concerned with the rate of occurence of the
feature of interest.

The probability of an utterance of K words in length using
a multivariate Poisson distribution and a gamma prior can
be shown 4] to be

w
N+ﬁ)n,~+c
P(z|D) = H ((N-i(-ﬂ+K)”‘+“+:*

I(ni +a+z;)

Py I(ni +a) !
where n; and V are the same as in the multinomial, z; is
the number of words of type w; in =, W is the number of
‘keywords’ and a and [ are the parameters of the gamma
prior. Note that this calculation refers to the probability of
the whole utterance, not the product of the probabilities of
the individual words.

4. PRIOR INFORMATION

4.1. Zipf’s Law

Whilst it is convenient to attach a flat prior to a distribu-
tion and simply let the data decide what to do, it must be
acknowledged that prior information exists in the form of
Zipf’s law[7]. Zipf’s law itself is an empirical law relating
relative frequencies. If a graph is plotted of frequency as or-
dinate, and the words rank ordered on the abscissa, that is,
the most frequent word on the left and the least frequent on
the right, the points will form a smooth curve with approx-
imately reciprocal square root form; the actual analytical



form is discussed by McNeil{6]. Further, this law will hold
no matter which database is used.

Such a graph is not very useful in that form, but integrating
up the vertical axis produces a graph which, suitably nor-
malised, can be interpreted as ‘Probability of Frequency’,
which in turn is the prior on the A terms in the Poisson dis-
tribution. This is illustrated in figure 1, where the graph on
the left is a traditional Zipf plot, and the one on the right is
modified as described.

W~ Most frequent word

—
Number of words occuring once

Frequency
Frequency Frequency

s ——-
Frequency

Words in rank order

Figure 1: The Zipf plot, and how to modify it to relate to
probability.

The graph on the right of figure 1 can be estimated with a
histogram from a large dataset, and this is depicted in figure
2. The scatter plots refer to the King James version of the
Bible, the entire radio 4 weather forecast spotting database
(3], and the entire HCRC Map Task corpus. Two things are
apparent from this plot:

1. All the plots are straight lines with the same gradient.
If they are indeed the same, then Zipf’s law holds, and
one dataset can be used as a prior for another.

2. The fact that they are straight lines on a double loga-
rithmic scale implies that the real curve is of the form
y = Az™, where A is some normalising term and m is
the gradient of the line.

Note that the map Task plot is only shown for reference.
This is supposed to be prior information, and looking at any
of the Map Task data is cheating, never mind looking at all
of it.

The gamma distribution has a z™ term, so it ought to be
possible to fit a gamma distribution to this database. The
lines on Figure 2 illustrate this. The line labelled ‘Gamma 1’
is a gamma distribution with parameters a = 0.1 and 8 = 1;
‘Gamma 2’ is the same with 8 = 10. Shrinking o any more
has the effect of moving the whole line downwards.

There is clearly nothing to be gained from setting 3 to be
anything other than 0. It only acts as a prior on the number
of observations, which is of the order of several thousand.
Even a value of 10 introduces more curvature than can be
justified. Setting o to some small value may clearly be of
benefit though.
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Figure 2: Modified Zipf plot for various data sources, with
approximate gamma distribution fits.

5. EVALUATION

Table 2 shows a confusion matrix for the classification exper-
iment using the Poisson based estimate with a gamma prior
with o set to 0.1. The classification rate is better than the
maximum likelihood case; but more importantly, the misclas-
sifications are much better distributed. No one class seems
to mop up the ambiguous observations in a disproportionate
manner. In fact, nothing is classified as ‘Ready’, but that is
understandable since that category is indistinguishable from
‘Acknowledge’.
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Figure 3: Classification rate as a function of amount of
training data.

To evaluate the performance of the Poisson technique more
fully, a test data set was constructed by randomly sampling
100 observations of each category from the test data pre-
viously described. With the classifier suitably modified for
equal class membership priors, experiments were performed
on training set sizes ranging from 10 to 64 dialogues. The
results are shown in figure 3, confidence limits for 1200 test
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samples are around +3%. This plot is very gratifying, show-
ing that the Poisson based estimate performs better than the
maximum likelihood multinomial, and that incorporation of
a Zipf’s law based prior further improves performance, espe-
cially for small amounts of training data.

CONCLUSIONS

It has been shown that the multivariate Poisson distribution
is a justifiable and more suitable distribution to model word
frequencies for dialogue move recognition. Incorporation of
Zipf’s law as a prior follows naturally and further improves
performance.

6.

Dialogue moves can be inferred from their constituent words
to an accuracy of around 50% using a very simple unigram
model, irplying that better performance should be possible
using a more involved N-gram Markov model.
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AGE AGN CCK CFY EIN ICT QW QYN RDY R-N R-W R-Y Total
Acknowledge 1795 17 32 2 17 66 4 18 119 61 5 323 2459
Align 390 125 19 11 6 33 14 28 114 3 9 8 760
Check 29 38 273 38 46 251 40 40 209 21 37 15 1037
Clarify 7 11 54 35 15 135 7 5 111 8 31 4 423
Explain 23 23 52 15 172 43 11 9 277 82 7 2 786
Instruct 10 30 122 159 35 639 41 20 425 ~ 11 49 2 1543
Query-W 5 8 19 4 5 29 186 11 47 1 0 0 315
Query-YN 3 28 47 10 28 36 29 401 144 12 13 3 754
Ready 82 0 4 0 1 11 0 0 9 0 0 0 107
Reply-N 3 1 4 1 1 3 0 1 4 301 3 0 322
Reply-W 11 13 45 20 28 82 10 10 108 21 51 4 403
Reply-Y 329 14 25 4 21 32 3 14 35 11 8 860 1356
Total 2687 308 696 299 375 1360 345 557 1602 532 283 1221 10265
Table 1: Confusion matrix for the initial experiment, Accuracy = 47.22%

AGE AGN CCK CFY EIN ICT QW QYN RDY RN R-W R-Y Total
Acknowledge 1851 25 39 2 37 86 4 23 1 58 9 324 2459
Align 397 171 28 9 24 59 14 38 0 3 9 8 760
Check 41 42 326 28 109 359 28 33 0 11 23 17 1037
Clarify 12 13 69 28 37 212 4 9 0 4 30 5 423
Explain 42 37 101 12 379 86 9 23 0 35 58 4 786
Instruct 21 36 164 74 88 1052 27 34 0 6 39 2 1543
Query-W 9 15 34 3 9 39 187 17 0 0 2 0 315
Query-YN 12 32 70 3 74 81 25 438 0 3 13 3 754
Ready 87 1 4 0 2 12 0 0 0 0 1 0 107
Reply-N 6 1 8 1 10 3 0 1 0 289 3 0 322
Reply-W 22 18 36 16 83 130 6 14 0 9 44 5 403
Reply-Y 343 15 32 2 40 38 3 14 0 3 9 857 1356
Total 2843 406 931 178 892 2157 307 664 1 421 240 1225 10265

Table 2: Confusion matrix for the Poisson based classification, Accuracy = 54.77%
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ABSTRACT

The concept of usefulness for keyword selection in topic
identification problems is reformulated and extended to the
multi-class domain. The derivation is shown to be a gener-
alisation of that for the two class problem. The technique
is applied to both multinomial and Poisson based estimates
of word probability, and shown to outperform or compare
favourably to various information theoretic techniques clas-
sifying dialogue moves in the map task corpus, and reports
in the LOB corpus.

1. INTRODUCTION

Over the past few years, a general class of problem has
arisen where inference is required about high level semantic
meaning from some lower level feature set. The main man-
ifestation of this problem is in topic identification, where a
system is required to detect when a ‘Wanted’ topic is be-
ing discussed in a stream of largely ‘Unwanted’ material.
The source data can be text, the word level output of a
speech recogniser [1], or acoustic or phonetic level data, for
instance [2].

Topic identification is traditionally a two class problem,
but can easily be extended to multi-class by partitioning the
‘Wanted’ class into sub-classes, for example [3]. The same
methods have been used to do dialogue move recognition
by other authors, eg. [4] and [5]; here the problem is spec-
ified in terms of spoken language understanding, but the
methodology is exactly the same as in topic identification.

In all of these problems, one approach is to identify a
set of ‘keywords’ or ‘key features’ W = {wi,ws,...,ww},
which are sufficient to distinguish the chosen classes. This
reduced dictionary is then used to build language models
each indicative of a particular class; the number of key fea-
tures (dictionary size) is a trade off between complexity and
performance. In the two class case, the decision rule is to
assign the observation, @ = wi, w2, ..., wk, to the Wanted
class, Cw, iff

H P(wkICw)
P(’wk|CU)

where the wy are the independent constituent features of
the observation, and A is some threshold. In this paper, the
features are words.

The metric dictating the choice of features follows di-
rectly from the decision rule: choose features which max-
imise the probability ratio inside the product (weighted by

0-8186-7919-0/97 $10.00 © 1997 IEEE

the frequency of occurrence of those features). For this rea-
son, this weighted ratio has been termed ‘Usefulness’ [6].

The decision rule in the multi-class case is more com-
plex. If the set of M classes is M = {mi1,ma,...,mum},
then the decision rule is to maximise

P(m|m,)P(m.)
X TTP@

It is clear that a simple inequality cannot be formed result-
ing in a simple ratio.

2. INFORMATION THEORETIC MEASURES

It is reasonable to assume that keywords should be chosen
which maximise some measure of information. Less clear,
though, is which measure; three possible measures can be
identified as follows.

Quoting Gallager [9], if m is a sample from M and w is
a sample from W, the information provided about the event
m = m; by the occurence of the event w = wy, s

P(mi|w)
P (m,)
This is the mutual information between the two events. To

extend the measure to apply over all classes, consider the
expectation over classes:

I{(m;; wi) = log

I(M;wi) = Zlog P(m’lw)k)P(m.').

Mutual information expressed in this way is very similar to
the expression for the change in entropy (with one changed
term):

M
- E P(m;)log P(m;)

i=1

Ig(Mwe) =

M
+ Z P(mi|wi) log P(mi|wk).

i=1

This has the intuitively appealing quality of representing
the increase in entropy of the ensemble M when word w;,
is observed.
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Salience has been used by Gorin [8] to rank words in
order of importance to classify actions in a dialogue man-
agement system. Salience is defined as

M
S(M;wy) = ZP(milwk)I(mi;wk).

i=1

Writing the three measures I(M;we), Ie(M;w:) and
S(M; wy,), which shall be referred to as mutual information,
entropy and salience respectively, as

M M
Z P(m;)log P(m;|wi) - Z P(m;)log P(m;)

i=1 i=1
M
Z P(mg|wy) log P(mijwy) ~

i=1

M
Z (m:) log P(m;)

M
Z P(m;|wi) log P(m;|wk) — Z P(m;|wy) log P(m;),
i=1 i=1
it is clear that they are intimately related, the only differ-
ence being whether the raw information term (the logarithm
term) is weighted by P(m;) or P(m;|wy).

Gorin [8] uses some standard smoothed relative frequen-
cies to estimate the probabilities above. In this paper, we
use the maximum likelihood estimate

P (mt) - Na
where n; is the number of occurrences of class m; in the
training data, and N is the total number of occurrences.
The posterior measure P(mi|wk) is evaluated via Bayes’s
theorem:

P(wg|mi)P(m)

P(mijwg) = Zﬁl P(wi|m:)P(m;)

3. USEFULNESS

The decision rule itself can also indicate a measure of ‘use-
fulness’ for each possible word: The multi-class decision rule
is to maximise
P(xim;)P(m;) _  P(z|mi)P(m;)

P(x) S, Plalm;)P(m;)

P(m;|z) =

Denoting the reciprocal of this expression by P;, the prob-
lem is the same as minimising
P(x|m1)P(m1)  P(z|msz)P(ms)
P(x|mi)P(mi)  P(x|m:)P(m;)
P(ximm)P(mar)
P(z|mi)P(mi)

P =

which consists of easily differentiable parts. It is reasonable
to assume that discriminative keywords will be those which
lead to a high rate of change of this probability. Consider
the expected rate of change of P; when a new feature or
word is considered: By definition,

((%k) Z Ozk  Pwims),

where there are z;, words of type wi in @. The new feature
is unknown, and this is accounted for by integrating over all
possible features. The features or words which have maxi-
mum effect upon the decision rule are those which minimise
this expectation (largest negative value). It is clear that the
most useful words are those which minimise

?&P(wklw)

This can be evaluated with all the zx = 0, embodying the
assumption that the usefulness of the occurance of a word is
independent of the number of times it has occurred already.

Thus far, the theory only addresses choosing keywords
to discriminate one class from the others. A natural exten-
sion is to integrate over all classes:

£(2) -3 (3 P

This is actually slightly non-intuitive in that a change in
probability of one class will be accompanied by an oppo-
site change in that of other classes. One might feel happier
adding squared rates of change to capture both large posi-
tive and negative gradients, but in practice this makes little
difference.

If it is assumed that the underlying model for the word
generation is a multinomial (dice throwing) distribution,
the probability of a sequence of words & conditioned on the
class, in a maximum likelihood sense, is

K
P(zm;) = H%—

where there are n;; words of type wx and D; words in total
in class m; of the training set. If U(wy) is defined to be the
usefulness of word wg, then this results in a usefulness for
word wi of

M
I TR T 7Y
U(we) ‘ZD NZ ilgnlku
o oy
J#Ei

where there are n; examples of class m; in the training
data. In practice, the two n; terms cancel, and the NV is un-
necessary. In the special case of two classes, this expression
can be written

P(wi|mi)
P(wi|ma2)
P(wx|mo2)
P(wg|mi)

U(wr) = —P(ma)P(wk|mi)log

—P(m)P(wi|m2) log

Each of these terms is exactly the same as that given by [6],
though from a much more general view, and corresponds
to combining features indicative of the wanted class with
features indicative of the unwanted class. For this reason,
we feel justified in retaining the name usefulness. Curiously
though, the term corresponding to class 1 is weighted by the
probability of class 2 and vice-versa.
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Figure 2: Map task corpus, absolute discounting

If it is assumed that the underlying model of word gen-
eration is Poisson, then from [5), the probability of the sen-
tence is

P N T [C(nie + o + o)
(:E'mz)—kI=Il F(nik+a)

(D; + B)rs+e
(D; + B+ K)riktotzi ’

where there are W distinct words in the vocabulary, and o
and S are priors. By the same method as above, this results
in a usefulness for word wy of

M M
U(we) = Z P(zk|m:) E n; [log(D: + B)
= pet
—log(D; + B) + ¥(njk + @) — Y(nix + )],
where P(zi|m:) is the the probability of a sentence consist-
ing of the single word wy, and ¢ is the digamma function.

4. EXPERIMENTS

Two corpora were used: The HCRC Map Task Corpus (7],
which is annotated at the dialogue move level, and the LOB

Usefulness ——
Mutual Information ---x---
Mutual Information reversed
Entropy -
Sallence ---@--
Random ---o-- g

" L 1 " 1

400 1000 1200 1400

600 800
Dictionary size

Figure 3: Map task corpus, poisson based

corpus, which is divided into reports and essays classified
into different topics. Each corpus was stripped of punctua-
tion and annotation, and translated entirely to lower case.
The map task corpus was split into training and testing
sets of 64 dialogues each such that no map occured in both
sets; this was to bias the discrimination against particular
map features. There were 11799 moves in the training set
and 10265 in the testing set. The LOB corpus was split by
alternating reports into the training and testing sets; the
training and testing sets both consisted of 250 reports.

Classification experiments were performed using lan-
guage models built from both Poisson based and multino-
mial based probability measures, and classification rate was
plotted against dictionary size for various keyword selection
methods. Each probability measure was also tested against
three randomly ordered dictionaries, the results of which
were averaged to provide a baseline.

For the multinomial, out of vocabulary (OOV) words
were handled in two different ways. The first, after Nowell
[2], involved simply scoring OOV words as if they had oc-
cured 0.5 times. The second was to use absolute discounting
(for example [10]) to provide a smoothed estimate of word
probabilities; this was only optimised for the largest dictio-
nary size. In the Poisson based case, the hyperparameters o
and 3 were set to 0.1 and 0 respectively after [5]. The exper-
imental results are shown in figures 1-5 (Note the different
ordinate scales), except those for the basic multinomial on
the LOB corpus, which scored consistently below 14%, and
were omitted after space considerations.

5. DISCUSSION

The Poisson based probability measure was developed specif-
ically for this type of problem, indeed specifically to alevi-
ate the OOV problems of the multinomial. It is gratifying,
therefore, that the Poisson measure performs a good 5%
better than the multinomial on the map task, and even
better on the LOB corpus. In turn, the multi-class useful-
ness measure was developed specifically to complement the
Poisson based probability, and performs consistently better
than any other dictionary pruning method for the Poisson.

The comparitive results are still informative though. In
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the case of the multinomial, the new usefulness measure
bears a striking similarity to the information based mea-
sures, no doubt connected with the original derivation of
information theory. This resemblance is reflected in the
experimental performance: the entropy measure performs
better than usefulness for large numbers of keywords.

The behaviour of mutual information is erratic. In par-
ticular, the words ‘yes’ and ‘no’ corresponding to positive
and negative replies in the map task appear as the most use-
ful when ranked by usefulness, but least useful when ranked
by mutual information, which produces a word list that is
intuitively ‘upside down’. The graphs show the effect of
simply reversing this list, though with a dubious improve-
ment. In fact, there is no theoretical reason to invert the
list. The problems with mutual information are presumably
what prompted the invention of salience. Salience, however,
still appears from these experiments to perform erratically;
sometimes even worse than random. These experiments
suggest that entropy would be a better information theo-
retic measure.

6. CONCLUSIONS

The best results in this study have been obtained with
the combination of Poisson based probability estimates for
words, and the new multi-class usefulness measure. In this
case, performance has been shown to improve when the dic-
tionary size is reduced.

It is not clear that there is any theoretically justifiable
reason to choose any particular information theoretic mea-
sure over another, although experimentally, entropy has
been shown to choose good keywords consistently. It is
better to derive a measure specifically to maximise discrim-
inability, and in the case of the multinomial, this derivation
yields an expression very similar to information theoretic
ones.
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Abstract

Dialogue move recognition is cited as being representative of a class
of problem which may be of concern in data driven natural language
processing. The dialogue move recognition problem is formulated as a
keyword-based topic identification problem, and is shown to be
sensitive to the issue of unknown vocabulary. A model based on the
multiple Poisson distribution is shown to alleviate the unknown
vocabulary issue, subject to the assumption that the occurrence of
keywords represents a small fraction of the data. A keyword selection
strategy is derived to ensure this assumption is valid. It is shown that
a modified version of Zipf’s law provides a suitable prior probability
distribution for keywords, and that its inclusion increases
classification performance. © Crown Copyright 1997

1. Introduction

A Spoken Language Understanding (SLU) system can be thought of as consisting of
several different parts; signal processing, a speech recognizer, a language model and
finally a natural language or dialogue management module. Generally speaking, current
approaches to natural language processing (NLP) tend to be very hand crafted, requiring
large amounts of prior knowledge about the structure of language. In stark contrast
to this, current speech recognition technology is almost completely data driven. The
hypothesis is that SLU technology could be improved by extending the use of data
driven methods beyond the speech recognizer into the NLP and dialogue modules.
Several authors have made some progress in this area for specific applications: In
the ATIS domain (Cohen, 1995), Schwartz, Miller, Stallard & Makhoul (1996) have
developed a model they call a Hidden Understanding Model with the appealing
symmetry of modelling higher order semantic features in a similar manner to the way
the acoustic features are modelled. Pieraccini and Levin (1995) have developed a system
called CHRONUS (Conceptual Hidden Representation Of Natural Unconstrained
Speech), which also uses Markovian models to describe semantic meaning. The work
of Gorin (1995) is also highly relevant. Several laboratories are also working on data
driven dialogue modules for the VERBMOBIL project: Reithinger and Maier (1995)

0885-2308/97/040275 + 32 $25.00/0/1a970032 © Crown Copyright 1997
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describe a statistical dialogue model for predicting dialogue events, and Schmitz and
Quantz (1996) show that knowledge of dialogue acts is necessary in a translation
system.

This work is concerned with methods that may be useful in a data driven SLU
scenario, without necessarily defining the scenario. Dialogue act recognition provides
a convenient test-bed for such methods. The particular database we use is the HCRC
map task corpus (Andersen et al., 1991), which has been annotated at the dialogue
move level. Dialogue moves are discussed by Kowtko, Isard & Doherty (1993). The
basis of dialogue moves is that when two people engage in a conversation they play a
series of games, with constituent moves, in order to impart some piece of information.
In the particular case of the map task corpus, 12 distinct moves have been identified;
many more are identified in the VERBMOBIL project (Jekat et al., 1995).

Dialogue move recognition involves classification of an input utterance, be it acoustic
or text (in this paper only text is considered), into one of M categories, and in this
sense the problem is identical to that of topic identification. In its simplest form, topic
identification is a two class problem, where the classes are referred to as “wanted” and
“unwanted”. The input can be the word level output of a speech recognizer (Carey &
Parris, 1995), or acoustic features (Nowell & Moore, 1995). Recently, with the advent
of the Switchboard corpus, the problem has been extended to the multi class domain
(e.g. McDonough, Ng, Jeanrenaud, Gish & Rohlicek, 1994).

The purpose of this paper is to formalize the theory used for topic identification in
the case of a closed set of M classes such that it can be applied to dialogue move
recognition in a robust manner. The utility of the theory is demonstrated by applying
it to the problem of dialogue move recognition on the map task corpus.

2. Probabilistic formulation of topic identification
2.1. Relationship with language modelling

Given an observation, x, typically representing a sequence of words of a particular
category, the problem is to infer the category from which it was sampled, also given
some labelled training data, D. Formally, the category is a sample m from the set .# =
{m,, m, ..., my}, and the solution is to assign x to the value of m resulting from

max P(m=m;,|x, D).

This expression can be “inverted” via Bayes’ theorem to yield

P(x|m=m,;, D)P(m=m;|D)

Pm=m,|x, D)=
( | ) Zj‘ilP(X|m=m[,D)P(m=m,-|D)

)

oc P(x|m=m;, D)P(m=m;|D).

Notice that P(x|m=m;, D) is a class dependent language model (LM); this can be made
more clear by considering the speech recognition problem. In a speech recognizer, one
is presented with an acoustic representation, a, of a sequence of words to be recognized
(an utterance). A probability, P(w|a, D), must be attached to a hypothesized sequence,
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MaTtrix 1. Loss matrix in topic identification

Unwanted Wanted
Treat as unwanted Ly (OK) Ly (False reject)
Treat as wanted Ly (False accept) Ly (OK)

w, of words which could have generated a originally. This probability can again be
expanded using Bayes’ rule:

P(w|a, D)oc P(a|w, D)P(w|D),

the final term being the (class independent) LM. Substituting x for w, and conditioning
the LM term on some class highlights the similarity. Topic identification, then, can be
thought of as discriminative language modelling.

2.2. The two class case

The two class case is worthy of particular mention as it is traditionally formulated
from a decision theoretic point of view: Bayesian decision theory requires utility to be
attached to combinations of classifications and actions, that is, define a loss matrix L
with elements L; being some notional loss associated with performing action j when x
belongs to class i (see Matrix I). If j= W denotes “treat as wanted”, (for instance, have
an operator listen to a report), and j= U denotes “treat as unwanted” (for instance,
ignore the report) then Ly is the loss associated with treating x as unwanted when it
is actually wanted. For the time being, if .# is redefined as .# = {W, U}; the expected
loss when assigning x to class W is then

P(XIW,D)POWID) ,  P(x|U, D)P(UID)
Px|D) T px|D)

:LWW

and similarly for L, For readability, P(m= W) has been abbreviated to P(W), and
similarly for P(U).

To minimize expected loss when there are only two classes, it follows that a decision
rule is to classify x as W if and only if

P(x| W, D)P(W|D) P(x| U, D)P(U|D)
L ="pxpy T hxD)
PX|W.D)P(WID) |, P(x|U, D)P(UID)

<L .
" P(x|D) o P(x|D) ’

or more simply:

(Lyw— Lyy)P(x| U, D)P(U|D)<(Lyy— Lyw)P(x| W, D)P(W|D).
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It is generally assumed that the loss due to an incorrect classification is greater than
that due to a correct classification, that is L;>L;, in which case the above expression
reduces to:

P(x| W, D)>P(U|D) . (Lyw—Lyy)
P(x|U,D) P(W|D) (Lyy—Lww)

(@)

In a real application, the L terms would be set by someone with some knowledge of
the application, and the probabilities on the right hand side (the priors) would be
inferred from the data. For evaluation purposes, however, the L terms are not known
and the data is often weighted in favour of the wanted category, so the true prior is
unknown; the whole right hand side is generally replaced by a single parameter, 4,
which is varied over its range to produce a receiver operating characteristic (ROC)
curve.

2.3. The multi-class case

The theory in the previous section assumes two classes, and hence can result in a single
discrimination metric. Dialogue move recognition is a multi-class problem, and can be
thought of as multi-class topic identification. It is tempting to try to use the likelihood
ratio as a metric for discrimination of the classes, but alas, for more than two classes,
an inequality cannot be formed with a single class on either side.

In the case where one of the classes corresponds to “none of the above”, i.e. a babble
topic, topic identification can be formulated as M — 1 two class problems. These can
be solved with likelihood ratios and combined into a single ROC curve. Dialogue move
recognition however, clearly, corresponds to a “closed set” topic identification problem.
Furthermore, in topic identification, one is generally interested in whether the subject
is topic or non-topic, and it is correct, and useful, to attach utility at this point. If a
car driver wishes to listen to traffic information, it is perfectly reasonable to attach a
large loss to missing a report. In dialogue move recognition, however, the dialogue
move is not the highest level question in the chain; that might be “Put me through to
someone to complain to”, in which case a large loss can be attached to being put
through to the wrong telephone extension.

The move recognition can be thought of as being much deeper in the chain, and
there is no way a utility can be justified in this problem other than to assign zero loss
to a correct classification and equal loss to all possible misclassifications. This is the
same as maximizing the likelihood of the move (class). The correct output of the move
recognizer is simply a probability for each move, which can be interpreted by the next
stage.

Without attaching utility to the various classifications, the correct strategy is to
choose the class which maximizes the probability of the class, P(m=m;|x, D), i.e. to
go back to Equation (1).

3. Calculation of probabilities
3.1. Standard maximum likelihood multinomial approach

Equation (1) requires the calculation of two probabilities: the likelihood of the particular
class occurring, P(m=m;|D), and the likelihood that the observation was generated by
the model for that class, P(x|m=m, D).
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The easiest term to calculate is the prior, P(m=m;|D). Note that it is a prior in the
sense that it is prior to seeing the observation, x; it is still posterior to the data, D. It
simply says “What’s the probability that a particular class occurs”. Making the
simplification that each class is independent of all previous classes, the intuitive thing
to do is to divide the number of times class m; occurred in the data by the total number
of observations in the data.

The probability, P(x|m=m; D) is more involved. For the purpose of this paper,
assume that the constituent features of x are words, generated by repeatedly sampling
a variable we %, where ¥ ={w,, w,, ..., wy}. This model is a unigram language
model.

The general approach in the literature is to express the likelihood term as the joint
probability of the constituent features of x.

Px|m=m, D)=Pw=w, w=w,, ..., w=wg|m=m; D), 3)

where P(w=w,) in this context is taken to mean the probability that w takes the value
of the kth word in x. Given the independence assumption between words, Equation
(3) can be expressed as

P(x|m, D)=P(w, w, ..., wglm=m; D)
:P(Wllmia D)P(W2|mis D) T P(M}Klmi: D)a

the notation abbreviated slightly.

Taking “given the move type and the data” to mean “consider only the data that is
of that move type”, it is now possible to work out these probabilities. The intuitive
method is simply to use the same method as the prior: P(w,|m,, D) can be estimated
by taking the number of times that word w; occurred in the data of move type m,, and
dividing by the total number of words in all moves of that type.

3.2. An experiment

The HCRC map task corpus (Andersen et al., 1991) has been annotated at the dialogue
move level; there are 12 move types in all. The corpus was split into a training and
testing set such that no map featured in both sets; in this way, the discrimination could
be attributed to the semantic qualities of the text, not the map features.

The training data were used to calculate probabilities as described in the previous
section, and these were used to classify the utterances (observations) of the testing data.
A confusion matrix is shown in Matrix II.

The horizontal axis represents classification bins, the vertical is the actual class of
the utterances. All axes are totalled, so as an example, there were 2459 “Acknowledge”
moves in the testing data, 1795 of which were correctly classified. In total 2687 moves
were classified as “Acknowledge”.

The classification accuracy is just over 47%; Kowtko et al. (1993) state that 70-80%
of the moves can be correctly identified by a human (though using context too). The
model accuracy is believable given that the model has independence assumptions in
the move sequence and in the word sequence.
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Assuming the test set accuracy is binomially distributed (Bedworth, 1992), the 95%
confidence limits for 10 265 independent testing samples are around =+ 1%.

The matrix as a whole is reasonably distributed, with large values on the leading
diagonal, and smaller values off it. There is a tendency, however, for a lot of utterances
to be classified as “Ready”. The “Ready” move is generally played at the start of the
conversation, and consists of words like “right” and “okay”. Given that “Acknowledge”
also consists of exactly the same words, but is far more frequent, one would expect all
the “Ready” moves to actually be classified as “Acknowledge”. It is hypothesized in
the next section that this is a symptom of the unknown word or out of vocabulary
(OOV) problem.

3.3. The unknown word problem

When a new utterance is to be classified, a probability must be attached to each word
in that utterance. For instance, if the utterance Go to the left is to be classified, the
probability of each of the words must be evaluated for each of the classes. In a move
such as “Instruct”, which is both frequent and has a “rich” language model, most of
the words go, to, the, and left are likely to have occurred in the training data, and will
be given finite probabilities. In a move such as “Clarify”, however, the language model
is still rich but the move itself does not occur very often; in such a case, one or more
of the words in the utterance to be classified may not have occurred in the training
data.

Following the intuitive method, the probability of an unknown word is zero, so the
probability of the utterance is zero; the utterance clearly happened, so the model is
wrong. In fact, intuition can be updated: it is clear that unknown words will occur,
and that their probability ought to be non-zero and will probably be less than that of
the least frequent word in that category. The least frequent word that did occur will
have occurred once, and a common strategy (e.g. Nowell and Moore, 1995) is to count
unknown words as having occurred 0-5 times (some justification for this is hinted at
in section 3.4); this is how the confusion matrix in Matrix I was generated.

This ad hoc approach to unknown words explains the bias towards “Ready”: “Ready”
is the least frequent move, so the probability attached to an unknown word would be
0-5 divided by some small number being the number of words in that move type in the
data. Compare this with a move like “Instruct”, where the unknown word probability
is 0-5 divided by a much larger number, due to the rich and frequent nature of that
move type. Now imagine that a completely new word occurs in the utterance to be
classified: a new map feature, or a nuance of a new talker. The new word will be given
a much larger probability by the least frequent class.

3.4. Dice throwing

The OOV phenomenon is one of the main problems in language modelling, and there
is a large amount of literature on the subject. In general, the solution is to apply a
statistical smoothing function to the word probabilities, although this can involve a
lengthy cross-validation procedure to determine parameters; a recent reference is Ney,
Essen and Kneser (1995). The following sections show that for the task of discrimination,
a mathematically more attractive approach is available.

When one calculates a probability by dividing the number of occurrences of interest
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by the total number of occurrences, one is implicitly assuming a dice throwing model.
Statistically, the problem is the same as that of coin tossing or drawing coloured balls
from an urn and replacing them. If the number of occurrences of interest is represented
by n and the total number of occurrences by A, then n/N is the maximum likelihood
(ML) estimate of the true probability. ML estimates traditionally get more accurate as
n and N get large, and fall over completely as n tends to zero.

With small databases, especially cases where n is ever close to zero, it becomes
necessary to incorporate prior knowledge in some way. This is traditionally done in
classical statistics by assuming some distribution and smoothing the observations to
that distribution. In Bayesian statistics, the prior knowledge can be incorporated
explicitly, although quantifying prior knowledge is often a problem in itself.

It is instructive to consider the Bayesian formulation of the dice throwing model.
Formally, such a model is a multinomial distribution. Appendix A details a Bayesian
analysis of this formulation using a flat prior (that is, all combinations of bias are
initially estimated to have equal probability), and proves that the result can be applied
by replacing the n/N estimate with

n+1
N+W’

where W is the total number of possible outcomes (2 for a coin, 6 for a die).

Whilst there is little justification for using a flat prior, this result is useful in that it
highlights a fundamental problem: in language modelling, W is the total vocabulary of
the task in question. It can be thought of as the total vocabulary of all the speakers
who took part in the task. ¥ cannot possibly be known; a study by Efron and Thisted
(1976), on estimating Shakespeare’s vocabulary simply proved that it depends strongly
on initial assumptions. The problem has also been tackled by Fisher, Corbet and
Williams (1943), Goodman (1949), Good and Toulmin (1956) and McNeil (1973). W
however, is clearly large, and suggests that all probabilities calculated by the simple
maximum likelihood model will be grossly overestimated.

Note that in the Bayesian “estimate”, the probability when n=0 is half that when
n=1, which justifies in part the n=0-5 estimate in the maximum likelihood case.

3.5. The multinominal distribution and topic identification

In fact, the multinominal distribution has other problems when applied to topic
identification. Without breaking the sentence down into constituent features, the two
class discrimination metric is to classify x as wanted if and only if

P(x|W)
log (P(x| U)>>/1.

Where / represents the product of the prior ratio and the loss function ratio of
Equation (2). The logarithm is generally used for practical convenience. If the words
in x are considered to be independent, P(x) can be broken down into the product of
the word likelihoods, and the classfication rule becomes
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K

P(wi| W)
Z n; log (P(W,l(]))>) (4)

i=1

where w; represents the ith word in x, and x is K words in length. This equation is
often referred to as “accumulated usefulness”.

For the purpose of topic identification, it is clear that only discriminative words need
be considered, and these words are termed keywords. The keywords are immediately
apparent, being those that result in extreme values of the likelihood ratio. In conventional
topic identification, the assumption is made that it is only necessary to compute
probabilities for these discriminative words, simply ignoring the others. In fact, it is
the probability of the whole utterance that is required.

A more subtle, but very important failure of the multinomial distribution in keyword
identification is best demonstrated by example. Consider the problem of spotting
weather reports in radio broadcasts. Words that maximize the likelihood ratio are likely
to be rain, snow, north and south, whilst words that minimize it might be minister,
stockmarket and Ambridge. Which class does the cat sat on the mat belong in? The
purely keyword-based accumulated usefulness equation falls down here, having no
evidence whatsoever to make a decision upon. The proper language modelling solution
uses default probabilities for unknown words, but these probabilities will be higher for
the least frequent class, hence favouring weather forecast given a properly representative
database.

What should be acknowledged here is the absence of keywords. The multinomial
model correctly applied does this by noticing the presence of other words that are not
keywords, but it cannot do this correctly as it does not know the vocabulary. What is
needed is a model that explicitly acknowledges zero occurrences of something, whilst
ignoring words that it has no knowledge of.

4. Removing the unknown vocabulary problem

4.1. The multiple Poisson distribution

The Poisson distribution was originally derived as an approximation to the binomial
distribution. The following brief derivation shows how the multiple Poisson distribution
can be derived from the multinomial distribution.

If p;is defined to be the underlying probability of the event w =w;, then the multinomial
distribution is

N! 7 71 1
o, g PUpY P
2. nW.

P(nlp)=n »
l.

where p is the vector (p,, p», ..., pw), and n is the vector (n,, n,, ..., ny). The sum of
the components of p is constrained to be unity.
Making the substitution 1,=Np;, and replacing p, with the sum to unity constraint,
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N A\ 2\ A\
P(nM):nl!nz!“-nW! (N) (N) < N )

N P
N N N

rearranging yields

nyany

Mo Jiw C1WN—D) -
P(n|k)=nl'z w1 NN=1D)(N=2)--- (ny+1)
1.

n2! C Ry 1! NN*}'IW

tlotH Ay "
1— .

it can be shown that as n— oo

(1 _x> _)eix’
n

so the limiting case turns out to be

Ampmh . phwe o )
P(nl)\,): VA2 w—1 e*‘lf*zf'”*’"W—l,
nl!nz! R T/

where n does not contain ny, and A is the obvious thing. Note that 1, and nj, have
disappeared. This is just the product of W —1 independent Poisson distributions—the
multiple Poisson distribution. The approximation is valid if N is large and n,, is also
large compared to the sum of the other n.

In fact, the key point here is that pj, does not exist in the Poisson distribution. In
the multinomial case there is a certain amount of redundancy in that a d dimensional
multinomial actually has the constraint that all the d probabilities add to one; it is
actually a d—1 dimensional distribution. The redundancy in the p terms is mirrored in
the n terms, in that if the sum of the n (V) is known, one of the n is consequently
redundant. The Poisson distribution ties down N to a fixed (infinite) value, so ny is
redundant. In turn, this is mirrored in the A terms.

The fact that one term disappears is useful, for example: in a keyword based system,
all of the non-keywords can be grouped together and referred to as a single word, the
unknown word. If it is this unknown word that is dropped in the above derivation,
the result is an expression that is independent of unknown words. Given that all
unknown words are grouped together, regardless of how many there are, the result is
also vocabulary independent. Re-interpreting the approximations in the derivation, the
multiple Poisson distribution is valid for a large training database where the number
of occurrences of keywords is small.
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Figure 1. The Zipf plot and how to modify it to relate to probability.

The multiple Poisson is clearly the better method to use if the approximations in its
derivation are valid. This distribution has two clear advantages prior to running an
experiment:

(1) The absence of a word has a finite probability, that is, if any or all of the test
observation word frequencies are zero then P(x|D) is finite. This means the
absence of keywords can be penalized.

(2) There is a default probability for unknown words, that is, if any or all of the
training word frequencies are zero then P(x|D) is still non-zero.

5. Prior information
5.1. Zipf's law

The parameters of the Poisson distribution are unknown, but information about them
is available via the training data. Classically, the training data would be used to estimate
the values of these parameters in a maximum likelihood sense. In more recent years
the Bayesian approach has found favour, resulting in either integrating out the unknown
parameters or calculating a Maximum a posteriori (MAP) estimate. Practically, the
two approaches tend to produce similar results in the absence of prior information; in
this case though, prior information exists in the form of Zipf’s law (Zipf, 1935).

Zipf’s law itself is an empirical law relating frequencies of words. If a graph is plotted
of frequency as ordinate, and the words rank ordered on the abscissa, that is, the most
frequent word on the left and the least frequent on the right, the points will form a
smooth curve with approximately reciprocal square root form; the actual analytical
form is discussed by McNeil (1973). Further, this law will hold no matter which
database is used.

Such a graph is not very useful in that form, but integrating up the vertical axis
produces a graph which, suitably normalized, can be interpreted as “Probability of
Frequency”, which in turn is the prior on the 1 terms in the Poisson distribution. This
is illustrated in Fig. 1, where the graph on the left is a traditional Zipf plot, and the
one on the right is modified as described.

The graph on the right of Fig. 1 can be estimated with a histogram from a large
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Figure 2. Modified Zipf plot for various data sources; Map task (+), King
James Bible ( x ), Wall Street Journal (*).

dataset, and this is depicted in Fig. 2. The plots refer to the 35 million word ARPA
Wall Street Journal corpus, the King James version of the Bible (less than 1 million
words), and the entire HCRC map task corpus (less than 200 000 words). Three things
are apparent from this plot:

(1) All the plots are straight lines with (approximately) the same gradient on log—log
axes. If the gradients are indeed the same, then Zipf’s law holds, and one dataset
can be used as a prior for another.

(2) The smaller data sets have higher tails (the right hand end in this case). This is
a well known effect, and suggests that the large dataset is a better approximation
to the true distribution.

(3) The fact that they are straight lines on a double logarithmic scale implies that
the real curve is of the form y=Ax", where A is some normalizing term and m
is the gradient of the line.

Note that the map task plot is only shown for reference. The information in the
plots is supposed to be prior information, and looking at any of the map task data is
cheating, never mind looking at all of it.
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Figure 3. Various fits to the Wall Street Journal data; Wall Street Journal (+),
Gamma 1 (---), Gamma 2 (- - -), Line Fit (- -).

5.2. Parameterization of prior information

To be useful as a prior distribution, some convenient parameterized form must be made
to fit the Zipf plot. The gamma distribution, defined as

P(ia f) =% e,

has an x” term, so it ought to be possible to fit a gamma distribution to this database.
Fig. 3 illustrates this. The line labelled “Gamma 1” is a gamma distribution with
parameters «=0.1 and f=0; “Gamma 2” is the same with f=10. Shrinking o any
more has the effect of moving the whole line downwards.

There is clearly nothing to be gained from setting f to be anything other than 0;
even a value of 10 introduces more curvature than can be justified. Setting « to some
small value may clearly be of benefit though.

A gamma distribution has the advantage of mathematical convenience, being a
conjugate prior for a Poisson distribution. Rather than insisting on conjugacy and
going out of the way to make a gamma distribution fit the prior information, it ought
to be possible to find a distribution that fits the prior information, but is not necessarily
conjugate. In Fig. 3, it is clear that the line labelled “Line fit” fits the data much better
than the gamma distributions. This is simply the line y=Ax""7, where 4 was chosen
to make the line go through the data rather than above or below it.
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The gamma distribution is not proper (does not integrate to 1) if the o term falls
below —1, so the line fit is out of the range of the gamma distribution. It is possible,
however, to alter y oc x~'7 such that it is proper by moving the whole graph to the
left by an amount § such that it actually crosses the y axis. This is equivalent to
modelling the prior as

P(x)oc(x+9)77,

where y is the (negative) gradient of the line on double logarithmic axes and ¢ is some
small number. The value of é can be obtained by evaluating the normalizing constant

y—1

P(x)= 57

(x+0)7,

and fitting to the histogram. In fact,  controls the general “height” of the line on the
graph.

Appendix B shows that assuming a Poisson model, where the parameters follow a
gamma distribution, yields the probability of a sequence of words to be

i lGatnta) (D
P(XlD)_D F(”l,‘+0{) (D+ﬁ+K)'Vi+"i+“’ (5)

where x = {Xx,, X,, . . ., X}, X; 1s the number of times word w, occurred in the observation,
n; is the number of times word w; occurred in the data, D, and D is the total number
of words in D. In practice, all of these terms are conditioned on the class too. Note
that the definition of x has been slightly overloaded here to refer to a vector of word
counts.

Matrix III shows a confusion matrix for the data with the prior set from line “Gamma
1” in Fig. 3 (x=0-1, f=0). Note that only one move is now categorized as “Ready”,
as was the problem with the ML multinomial. There is no category that scoops up all
the unclear observations either. As a result, the overall accuracy is higher than that for
the ML multinomial.

Appendix C proves that the equivalent of Equation (5) for a “log-linear” prior is

- (x;+n) U(y, y—x;—n;, (D + K)0) Dl
! UGy, y=n, DO)  (D+K)

P(x|D)= (6)

i=1

where U(a, b, z) is Kummer’s confluent hypergeometric function sometimes known as
Y(a; b; z).

Matrix IV shows a confusion matrix for the “log-linear” prior. The classification
accuracy is a little less than for a gamma prior, but within the 95% confidence limits.
There is a slight bias towards classifying moves as “Ready”, and this is detrimental
(more wrongly than correctly classified). On the whole, though, no clear conclusions
can be drawn about the relative benefits of the two priors.

In the case of the multinomial, it was clear how to assign a “flat” prior to the
distribution by simply setting all the hyperparameters to 1. In this case, however, a flat
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prior is less clear cut. By inspection, the gamma distribution can be made flat by setting
a=1 and f=0. This prior essentially says that all the 4, have an equal probability of
lying anywhere from zero to infinity. This is plainly riduculous; even if all the 1; were
1, then each observation on average would be expected to contain the entire vocabulary
of the task.

Matrix V shows a confusion matrix for classification using a “flat” gamma prior and
probabilities calculated using Equation (5). Considering the prior, the results are
remarkably good.

A flat prior is a mathematical convenience, though. A prior should either be non-
informative or represent real prior information. The next section shows that the addition
of Zipf’s law can be even more beneficial when training data is scarce.

6. Evaluation

In order to evaluate the different methods of assigning probabilities to observations of
sequences of words, classification experiments were performed on various amounts of
training data. Of the original 64 dialogues in the training set, 10 were used as a “burn
in” set to ensure that at least some data from each move type was present. Classifications
were then performed, adding another dialogue to the training data each time.

The hypothesis was that the approaches using prior information should perform
better than those without for small amounts of training data. In addition, the use of a
log—linear prior should improve on the conjugate gamma prior.

Figure 4 shows the classification performance for the various methods for the range
of training data sizes used. The behaviour is broadly as predicted: all of the Poisson
based measures outperform the standard multinomial, and the inclusion of prior
information increases performance for small amounts of training data.

The log-linear prior does not perform as well as expected, though. In fact, the gamma
prior is consistently better. The reason for this is most likely to be that the log-linear
fit is only a somewhat ad hoc attempt to fit the Zipf plot. Whilst it fits the visible part
of the plot, there is no reason to believe that it fits the unseen part to the extreme left.
In fact, the log-linear curve bends downwards to cross the axis in this region, and the
unseen plot is unlikely to do this. In turn, it is this region which is most important
from the point of view of reverting to prior information because it contains the unknown
words. The gamma distribution has two advantages here: it does not actually cross the
axis, and for larger amounts of data it does not dictate a particular functional form,
i.e., the functional form with a gamma prior is the same as for a flat prior.

The evaluation as shown is somewhat biased in that certain moves (notably “Acknow-
ledge”) are very easy to classify, and are very prevalent. A more objective evaluation
should use a test set with equal probability of occurrence of any particular move. This
is reflected in Fig. 5: A test set was constructed by randomly sampling 100 observations
of each type of move from the original test set, and this knowledge was reflected by
ignoring P(m;|D). The effect of this is to increase “performance resolution”. The overall
performance is lower reflecting the lower frequency of easy to classify moves, but the
curves are now separated, emphasizing the importance of prior information. The 95%
confidence limits on the classification rate for this smaller test set are around + 3%.

In the latter figure, the curves for the two informative priors are coincident for a
while, but separate when there is a large amount of data, although they still lie within
each other’s 95% confidence limits. It can be concluded at this stage that there is
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Figure 4. Classification performance vs. amount of training data for the four
different probability measures. ML multinomial (+), Poisson, flat prior ( x),
Poisson, gamma prior (*), Poisson, log-linear prior ([7]).

nothing to be gained from using the log-linear prior, especially since the functional
form is unnecessarily complicated.

7. Pruning the vocabulary—keyword identification
7.1. Discussion

In the preceding sections, no attempt has been made to choose those words that are
discriminative. The vocabulary size has been defined as the complete vocabulary of the
training data. In fact, it is clear that some words will have a much greater discriminative
effect than others, and even that some words will have no discriminative effect at all.
Further, the multiple Poisson approximation to the multinomial becomes more valid
as the combined rate of occurrence of vocabulary words decreases. Pruning the
vocabulary should therefore increase the performance of the model. One can imagine
some optimal vocabulary that is small enough to allow the Poisson approximation to
be valid, yet large enough to retain discriminability.

In the traditional topic identification scenario, the discriminative words are chosen
as those that maximize the ratio (4), and are referred to as keywords. This ratio is
referred to as usefulness because it identifies those words that are useful. In the multi-
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Figure 5. Classification performance vs. amount of training data for the four
different probability measures using a test set with equal move distribution;
ML multinomial (+), Poisson, flat prior ( x ), Poisson, gamma prior (¥*),
Poisson, log-linear prior ([J).

class case, however, the single ratio does not apply and it is less clear how to attach a
discriminability measure to words.

7.2 A multi-class discriminability measure

The decision rule itself can be used to indicate the measure of discriminability for each
word in the vocabulary: the overall decision rule is to maximize

Ponx, ) =" m;(];?l)lj;;mfl D)

P(x|m;, D)P(m;|D)
YM, P(x|my, D)P(m;| D)

over all moves in .#. This is the same as minimizing the reciprocal, in which case the

summation appears in the numerator and the expression breaks down into a sum of
ratios:
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_ P(x|m,, D)P(m,|D) P(x|m,, D)P(m,|D)
o P(x|m;, D)P(m;|D) ~ P(x|m;, D)P(m;|D)

17

P(x|my, D)P(m,|D)
P(x|m;, D)P(m;|D) ’

_l’_..._l’_

which consists of easily differentiable parts.

When choosing a feature set, it is desirable to choose features that have maximum
effect upon the decision rule. Consider an observation, x, consisting of a single word
wy. The difference in 2; after obsering x is likely to be proportional to

0P,
0xy

x=0

where x; is the number of times words w; occured in X. It is natural to use the expectation
of this expression over all words in the vocabulary:

0P\ < 0P,
E[—|= E 'P(wi|m;, D
(axk) £ axk (“}klmts ):
and since the problem is multi-class, an expectation can also be taken over classes.

0P\ ~n [0,
E<axk> = Z E(an>P(m,- D).

i=

Interchanging the order of summation, the contribution of a particular word wy to this
expression is

o,
waEQXmm%Dwmml
-1k

It follows that, since Z; is to be minimized for a correct classification, words should
be chosen which minimize U(w,).

Consider first the case where the words are assumed to be distributed multinomially.
The probability of a sequence of words x conditioned on the class, in a maximum
likelihood sense, is

K

n;
Pxlm)=| |5
k=1"""

where, with a change of notation to allow conditioning on the class, there are n; words
of type w, and D, words in total in class m; of the training set. Differentiating as
prescribed and setting x, =0 results in
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U(w )—i i N ’AD
M 4D, N n ,ij
j#

i

where there are n; examples of class m; in the training data. In practice, the two n; terms
cancel, and the N is unnecessary.
In the special case of two classes, this expression can be written

Ulwy) = — P(m,) P(wi|m,) log ﬁEWk:ZB

= Pom)POw|ms) 10g% .

Each of these terms is exactly the same as that given by Parris and Carey (1994),
though from a much more general view, and corresponds to combining features
indicative of the wanted class with features indicative of the unwanted class. For this
reason, the name usefulness is retained. Curiously though, the term corresponding to
class 1 is weighted by the probability of class 2 and vice-versa.

In the case of the Poisson based estimate for word probability, consider one of the
terms of £, comparing move j with move i

v F( /(+OC+Xk) (D +ﬁ) o
" roro @t

2\3

k=1

ﬁ |:F(nik+0(+xk) (D;+ Byt j|

2=

F(ny+a)  (Di+B+Kys s

rearranging yields

ﬁ F(n,-k-i-oc—i-xk) F(Vl,'k-i-fl) (Dj+‘8)nm+a(Dl_+ﬁ+K)r1,k+x+xk n
LU T(ny+o4xi) I'(nye+ o) (Dit B (D4 f+ K)'w % | n .

Differentiating with respect to a single x; yields the same expression multipled by
log(D;+ f+ K) —log(D;+ p+ K) + Y+ e+ x1) = Y(mye + o0+ x) »

where i is the digamma function. Setting all the x,=0 as before, and K=0, the
expression for the usefulness of word w; becomes

UGw) =) POwlm) " n;[log(D;+ ) —log(D; + )

j=1
J#i

FY(ny+ o) — Y (ny+ )],
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Figure 6. The effect on the classification rate of pruning the vocabulary; ML
multinomial (+), Poisson, gamma prior ( x ).

where P(w,|m;) is the probability of an observation consisting of the single word w,.
The usefulness in the Poisson case is essentially the same form as that for the
multinomial (the two logarithm terms can be written as the logarithm of a ratio), with
the addition of the digamma functions. Digamma functions simply relate gamma
functions to their first derivatives. Practically, the expression is more complicated to
compute as the P(w,|m;) term is a product over all keywords, but mathematically the

result is reassuringly simple.

7.3. Evaluation

The 64 dialogues of the same training set as before were used to generate ordered lists
of words for the ML multinomial and Poisson with gamma prior probability measures.
Classification experiments were then performed using all 64 training dialogues and the
same test situations as before, but with various vocabulary sizes. The results for the
full test set are shown in Fig. 6.

Figure 7 shows the same results, but for the equally distributed test set used before.
The features of the Poisson based curve are enhanced in the latter figure.

There is a definite peak in the Poisson curve at 300 keywords which corresponds to
an optimal vocabulary size. To the right of this point, the performance of the multinomial
continues to increase as the unknown vocabulary becomes less of a problem. The
performance of the Poisson based system deteriorates though. One reason for this is
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Figure 7. The effect on the classification rate of pruning the vocabulary for
equal move probability; ML multinomial (+), Poisson, gamma prior ( x ).

clearly the failing nature of the approximation in the derivation of the multiple Poisson
distribution.

The other reason is that the system is including words which only occurred once in
the training set and are not discriminative. If a word only appears once, it will be
treated as positively discriminative for the move in which it appears. With fewer than
300 keywords both systems deteriorate, and with fewer than 100 words there is simply
not enough information to retain performance.

Results were reported by Garner and Hemsworth (1997), comparing several other
methods of pruning the vocabulary. These results are summarized in Fig. §, which
shows the effect of pruning the vocabulary for a Poisson based model, using various
pruning strategies. The key labels refer to measures as follows: usefulness is discussed
in this paper, and the line is identical to that in Fig. 6. Mutual information,

1AM wy) = Z log % P(m) ,

is the information provided by word w, about the set of moves .#. Mutual information
reversed can be thought of as — I(.#;w;), and was used because it was not clear whether
to maximize large positive or negative values. Entropy is defined as
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based model; Usefulness (4 ), Mutual information ( x ), Mutual information
reversed (¥), Entropy ([J), Salience (), Random (QO).

M M
I M5 w) == P(m;)log P(m)+ > P(mi|wy) log P(m|w)
i=1 i=1

and represents the increase in entropy of the ensemble .# when word w; is observed.
Salience is defined as

N P(mwy)

; = : il S R4

S(%ﬂ W/() _Z P(mt| W/c) log P(m,) 5
and is used by Gorin (1995) in his language acquisition work. The line labelled

“Random” is simply a random pruning of the vocabulary. It is clear that usefulness
outperforms all other methods considered in this experiment.

8. Conclusions

This paper has outlined a consistent and rigorous approach to keyword-based topic
identification, resulting in a robust enough theory to give good results when applied to
dialogue move recognition. This leads to the practical result that dialogue moves can
be inferred using a unigram language model to an accuracy of around 50%. The
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approach, however, is more important than the actual result. Dialogue move recognition
can clearly be much improved using dialogue context and acoustic intonation: Reithinger,
Engel, Kipp and Klesen (1996) report an accuracy of around 40% predicting 18
intentional dialogue acts from a VERBMOBIL corpus using purely dialogue context,
and Taylor, Shimodaira, Isard and Kowtko (1996) report approximately 55% on the
map task corpus using purely intonation. In a more genuine experiment on a similar
corpus again using intonation (Taylor, King, Isard, Wright and Kowtko, 1997), a move
accuracy of around 39% is reported, which goes up to around 44% when dialogue
history is considered.

In short, it is suggested that the multiple Poisson distribution is a better distribution
with which to model words than a multinomial, since it alleviates the unknown
vocabulary problem. This advantage far outweighs the approximate nature of the
distribution. When the approximation is taken into account and only discriminative
words are chosen, the multiple Poisson distribution performs even better.

Zipf’s law provides a convenient subjective linguistic prior to incorporate into the
posterior probability in a Bayesian sense. Its inclusion further improves performance.

This paper only goes as far as suggesting that there is some optimal vocabulary to
use for a particular task; it does not suggest how to find that vocabulary, other than
the obvious use of a validation set.

An assumption taken throughout is that the word and dialogue move boundaries
are known, which is not the case in the context of, for instance, automatic speech
recognition (ASR). Any extension to ASR would need to acknowledge the uncertain
nature of the transcription, and one possible approach would be the use of lattices.
The probability of a single utterance could then be evaluated as the sum of the
probabilities of the words in each path through a lattice, weighted by the probability
of the path. This, however, remains a subject for future research. The problem of
detection of move boundaries has been addressed by Cettolo and Corazza (1997).

In addition to thanking the anonymous referees for their time and comments, I should like to
extend my gratitude to the following colleagues for their help at various stages of this work.
From DERA: Sue Browning, Martin Russell, Roger Moore, Mark Bedworth, Anthony Brown,
Wendy Holmes and Richard Glendinning, from Forum Technology: Jorg Ueberla, and from
University of Edinburgh: Steve Isard, Jacqueline Kowtko and Cathy Sotillo.

We acknowledge HCRC for the use of the dialogue game annotations for the map task corpus.
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Appendix A: probability “estimates” from the multinomial

The following proof is by no means new, but is included in an abbreviated form for
reference. For a more complete discussion of the techniques involved, see any text on
Bayesian statistics.

A predictive distribution, P(x|m;, D), is sought, where X is a sequence of words. To
simplify the notation, assume that all of the calculations in this section are conditioned
on m=m; i.e. P(x|D)=P(x|m=m,; D). Assume that x was generated by repeatedly
sampling a variable w from the set # = {w,, w,, ..., wy}. If there are K words in x,

PX|D)=P(w=w, w=w,, ..., w=w;|D).
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If there are n;, words of type k in D, and N words altogether, and the unconditional
probability P(w=w;) of each word is p,, the core problem is to find

1 1

P(x|D) = P(x|n, N) = J My fdpP(XIP, n, N)P(p|n, N),

where p={pi, p», ..., pw}, and the notation is meant to mean “integrate w.r.t. each

2

Pr -

With reference to, for instance O’Hagan (1994), applying Bayes’ theorem to the final
term and assuming p follows a Dirichlet distribution, if there are x; words of type w;
in x, then

n+oy—1  nytoa,—1, ., nptop—1
pll 1 p22 2 p w w

1 1
= . .. X1 . oo X w
I)(XlD)_Jv W fdp p|1P2 pV‘V j‘j‘ dp p}it]+ocl—lp1212+xz—1 . prll;ﬁ—ocw—l
0 0

B+ +x, mt o+ X, .., Byt oyt Xy)
B B(n 4o, ny+0o,, ..., nytay)
where B(a, b, ...) is the multivariate beta function.
It is actually more informative to look at this equation for a specific sequence: the
terms for any word that does not appear in x simply cancel, leaving terms for the
words that do occur, so the probability of the sequence {w;, w,, w,, w,} is

il

m+1 nm+2 m+1 n,+2
N+W N+W+1 N+W+2 N+ W4+3°

A flat prior has been assumed by setting o; =, =0o,=1. Notice that the expression
is equivalent to adding each word of the observation, x, to the data, D, before evaluating
the next word. This effect is sometimes known as Laplace’s rule.

Appendix B: word probabilities from the multiple Poisson

Given an observation x containing x; words of type wy, the probability P(x|D) is
required. This depends upon the parameters of the Poisson distribution and is given
by

P(x|D)=J' - fdkP(xM, D)P(A|D). (B.1)

This integral is actually a lot easier than it looks because the multiple Poisson
distribution is simply the product of V' independent Poisson distributions.

An important consideration here is that of “window size”. In the case of the
multinomial, the probability of generating n sets of / words is the same as the probability
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of generating a single set of nx/ words. For the multiple Poisson, the concept of
window size is more important, and the two cases are different. One approach would
be to choose a window size natural to the application such as length of observation.
Observations are generally of different length, though, so the approach taken here is
to normalize the window to be one word long, and to treat an observation length / as
[ separate observations.

Consider the univariate version of P(A|D): the univariate Poisson distribution is
defined to be

e "
P(n|2)= .
n!
If a sequence of D trials results in observations n={n,, n,, ..., np}, then

A

Ame=* Jme=t  Jipe*

P(nl4)= n! n np!

}vn1+n2+--~+npe—D/‘.

”ll!n2! et nD!

— /qnefD).

The 1, can be either 1 or 0 corresponding to a word either appearing or not appearing,
whereas the n refers to the number of occurrences in the D trials. Using Bayes’ theorem
to obtain the posterior,

| di.P(n| )P(7)

Assuming that P(1) is a gamma distribution, and that the normalizing terms cancel,

ine—Di;"x—le—/ﬁ

P(OL|D)=—
| diare=Prjr=te
0

Jnta=l,=(D+ P2

_T[/
j di ;{n+a—lef(D+ﬂ)/1
0

=(D+ﬁ)n+m}n+rx—le—(D+/i)/l
I'n+ao) = '

Assuming that all the 4, are drawn from the same gamma distribution, the multivariate
case is simply the product of these over all words, that is
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( +ﬁ)"+“ n+ac 1 —D+ 7,
P(L|D)= H Tt DB

The likelihood term of (B.1) is simply the raw multivariate Poisson distribution,

P(x|1. D)= P(x|}) = H(Hm )

where x; is the number of words of type w; in position k in x, x being K words in
length.
Equation (B.1) can be rearranged and evaluated as V" independent integrals thus:

Aive (D+ﬁ)nﬂ Jrta—1p—(D+p)
P(x|D)= f JdkH(H ol )i T ta) Al

(D+ﬁ)”+1 = )“?'/(ei}v ni+oa—1,—(D+p))
L [F(n—i—oc) /ll_l X! A

k=1

0

v ni+o K
:ﬂ M 1 d)v_/l,jcﬁrnﬁrotflef(D+K+[f)/”.l
F(n+) | i

i=
0

Since x; is always either 1 or 0, and the integral is now just another gamma integral,
the final form is

rlratnren  @+py
P(XID)_H|: F(I’ll+O() (D+ﬁ+K)\,+n,+o<:|

In practice, this equation simplies in that if V> K, x; will mostly be zero and the
gamma functions cancel. Further, [[,(-)"**=(-)"*", so the product is only over K
terms.

This distribution is related to the negative binomial distribution. Consider for the
moment the terms inside the product, which can be written

(xi+n+a—1) »
M 7 (= p)i TN
o L)
where p=(D+f—1)"". The x; disappeared in the derivation since it was always 0 or
1. This expression is of the form
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r+x—1\
P(XIr,p)=< N )p’q"

which is the negative binomial distribution that Fisher used to count butterflies (Fisher,
Corbet & Williams, 1943) and that Efron & Thisted (1976) used to model Shakespeare’s
output. The derivation differs from Fisher in its use of a prior distribution, and since
the o terms are not necessarily integer, the normalizing term cannot be written using
factorials.

Appendix C: Poisson distribution with “log-linear” prior

Following the notation and argument in Appendix B, P(L|D) is required. This is the
product of all the univariate cases, where a single univariate case is given by

N_—DJ —y
P(Mn):m/le (2+9) ’

[ daiNe (i +5)
0

assuming the normalizing constants cancel.

The integral in the denominator can be solved by noticing the similarity with the
integral definition of the confluent hypergeometric function (Gradshteyn & Ryzhik,
1980):

F(a) U((,Z, b; Z) = J‘eﬂ[xl(l + [)bfa—ldt.
0
Making the change of variable 1= /0, the integral in the denominator becomes

I= Jdt 3(81)"e (5 +61) 77
0

0

=Nt Jdt e P(1+10)77

0

=" TN+ 1)UN + 1, N+2—7, Do).

Changing notation to allow for the multivariate case, an proceeding as in Appendix
B,
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y ’ K 4 lf!k8721
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8 EI 5" I+ UG, + 1, n+2—7, DJ)
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a

Again, x; can only ever be 0 or 1. The whole expression can be simplified using the
Kummer transformation

U, b, z)=z"""Ul4+a—b,2—b, 2).

In addition, some of the § terms cancel, and the arguments to the gamma functions
are always integer so factorials can be used, yielding

P(xID)=]l[(x,~+nl~)! Uy, y—x;—n, (D+K)5] D"
izl }’l,-! U(V: Y =N Dé) (D+K)1+Xi+ni_7 .

The relationship with the gamma prior expression is now evident; this expression is
like that for a flat prior, but with y as a notional “initial count” for n,, and the addition
of the ratio of confluent hypergeometric functions.
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ABSTRACT

Formant frequencies have rarely been usedaesustic
featuresfor speech recognition, ispite of theirphonetic

these situations can cauak higher-frequency formants to
be wronglylabelled, with disastrousffects onthe recog-
nition. In such cases alternative labellings must be
produced, andny uncertainties thatannot be resolved in

significance. For some speech sounds one or more of the other ways must be resolved within the recguotion

formantsmay be sobadly definedthat it is not useful to
attempt arequency measurement. Also, it is often difficult
to decide which formantabels to attach to particular
spectral peaks.
formant analysis which includes techniques awercome
both of theabove difficulties. Usinghe same data and
HMM model structure,results arecompared between a
recognizer using conventional cepstrum featumad one
using threeformant frequencies, combinedith fewer

algorithm. The decisions are thdslayeduntil the words
have beenrecognized [1]. Howevermany labelling
uncertainties of single frames can be safely resaivectly

This paper describes a new method of by applying formant continuity constraints [2], whiahe a

general property of speech.First applying continuity
constraints is actuallybetter for the standard HMM
formalism, which does not exploit continuity of features.

This paper presents a new method of formant analysis which

cepstrum features to represent general spectral trends. Forhas provision for dealingiith ambiguous labelling and with

the same total number of features, resudtow that
including formant features caffer increasedccuracy over
using cepstrum features only.

1. INTRODUCTION

It has beerknown for many yearghat formant frequencies
are important in determining thghonetic content of speech

The method has been used to
low-order cepstrum featurder speech

indistinct formants.
supplement
recognition.

2. NEW METHOD FOR FORMANT ANALYSIS

2.1 Human interpretation of formants

When supplied with a wide-band spectrogram of a speech
signal, an expert in experimental phonetics can usually

sounds. Several authors have therefore investigated formant estimate fairly well where the formant trajectories are for all
frequencies as speech recognition features, using various parts of the signal for which such an interpretation would be

methods for basic analysis, such as linear preditihti2],
analysis by synthesis with Fourier spectra [3], and peak
picking on cepstrally smoothed spectra [4]. However, using
formants for recognition can sometimes cause problems, and
they have not yebeen widely adopted. It is obvious, for
example, thatformant frequencies cannot discriminate
between speech sounds for whitte main differences are
unrelated to formants. Thuakey are unable to distinguish
between speech and silence or betweewels and weak
fricatives. Wheneveany formantsarepoorly defined in the
signal (e.g. in fricatives), measurements will be unreliable,
and it is therefore essential that their estimated frequencies
should be given little weight in the recognition process.

To be useful as featurdsr automatic speech recognition,
formant frequencies must be supplemented by signal level

useful. For thosearts of the signal where thfermant
peaks of a particular spectral cross-sectawa not well
defined, an expert canormally still make a reasonable
interpretation by using phonetic knowledge about the
normal properties of speech sounds and by interpolation
between neighbouring sounds for whidhe formant
structure is clearer. It is generally more difficult to estimate
formant frequencies automatically, givéne sameshort-
term spectral analysis that is the basisspéctrographic
display. Howeverthe task iseasy ifthe spectralcross-
section of the signal has a small numbeclefrly defined
peaks. Providedhat each of the thredowest-frequency
peaks is in thdrequency range typical of one tife three
lowest formantsonly one sensible formant interpretation of
the spectral shape is possible.

and general spectral shape information, such as provided by Fig. 1 shows a spectral cross-section whiek clear peaks,

low-order cepstrum featurefr example. However, when-
ever the speech spectrum has a peaky structurphtirestic
detail is better described fgrmant frequencies than by the
more usual higher-order cepstrum features, which have no
simple relationship with formant frequencies.

It is impossible to determinéom the spectrum ofome
speech sounds whether a particular peak should be
associated with one formant or witlpair, and sometimes a
formant may be soweak as a consequence of weak
excitation that it causes no peak in the spectrum. Either of

with the positions of theformants marked. On these
occasions a singlespectral cross section iall that is
required to make a reliable estimate. Sometirhegjever,
two formantsmay be saclose in frequencyhat they give
rise toonly asingle spectral peak. There can also often be
occasions where ®tal of three spectral peaks are visible,
but the frequencies and intensities might be sihelt the
middle peak could plausibly be F2 kgelf and the third
peak be F3, or the middle peak could be F2 and F3 together,
with the third peak being F4. In this caseen a human
expert would be incapable of making raliable choice,
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Fig. 3. Ambiguous formant labelling

given only asingle spectral cross-section. However, the
expert would beable to postulate a small number of
plausible alternatives, where in most caa#isbut one of
these alternativesould subsequently be rejected by using
continuity constraints. Thus unambiguous formant traject-
ories would be obtained for substantial proportion of any
utterance. Fig. 2 shows a spectral cross-se@tiowhich

F1 and F2 arebviously bothassociated with théowest-
frequencypeak, whereas the spectr@mown in Fig. 3 is an
example where there is uncertainty about twrect
formant labelling, and both ofthe marked formant
allocations would be plausible.

An important novelty of the formant estimation method
described in this paper is that it exploits this hurahitity

to apply formantlabels to spectral cross-sectiongying
alternative formant allocations to peaks where appropriate.

2.2 Preliminary formant estimates

The formant analysis usésg powerspectra derivedrom
64-point FFTs of a signal sampled at 8 kHz. To enthat
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Fig. 4. Frequency warping of pattern (trace 1) into warpe
pattern (trace 2) to align with input (trace 3)

stored with the pattern, to give preliminary formant frequen-
cy estimates. These estimates are quantized at the 125 Hz
spacing ofthe FFT, andmore finely quantized formant
frequencies are derived loyatching typical formant shapes

to the spectrum in the region of the chosen FFT points.

2.3 Selection of smooth formant tracks

Any alternative formant labellings given hie few best-
fitting patterns are used as input to an additional DP
process, which finds the best smooth trajectories through the
available formanfrequencycandidates. A seconghss of

the DPsmoothing process ithen made, in whiclthe best
formant labelling given bythe first pass is used as an
additional input to the DIeost function. This second pass
will give analternativesmoothpath throughthe available
formant candidates the score for such gath is notmuch
worse than the score of the best path.

The formant analysis method usually gives a unfgumant
interpretation of speech signals, and never gives more than
two different interpretations. Whenever it is apparfenn

the cross-sections represent the formants as well as possible,a spectrogram whetbe formants shoulde, it isextremely

the FFTs are takefnom regions immediatelgfter points of
excitation of thevocaltract, selected on the basis ofoaal
power maximum. There is a store of about 1ffical

rarefor the algorithm to fail taggive the correct values, and
they are nearly always provided bthe first choice. For
each output formant frequency astimate oftonfidence in

spectral cross-sections, each of which is associated with one the measurement is derived based on spectral level and

or more sets of plausible labellings of the lowest three
formants, provided by a human expeEach input spectral
cross-section igirst compared withall the stored patterns,
to select a few which hawbe most similar general spectral
shape. These few patterns are then comparedhétmput
using a dynamic programmingDP) technique in the
frequency domain to finthe frequency scale warping of the
stored patterns whiclgives the bestmatch tothe input.
Fig. 4illustrates atypical warping operation. The Ddst
function includes components dependent on spectral level,
spectral slope and extentfefquency warping.The pattern
with the best DPscore andany close competitors are
selectedfor further consideration. Thiequency warping
of each such pattern is applied to feemant frequencies

spectral curvature, so that less reliafdemant frequencies
can be given less weight in recognition decisions.

2.4 Analysis example

Fig. 5 shows a typical spectrogram with superimposed
formant tracks. Duringhe [] and the [t] burst F1 has been
omitted because there was oonfidence inits accuracy.
The two alternative interpretations of F2 and &® both
reasonable, but the firghoice obviously provides correct
continuity intothe nearby phones. Neither F2 nor éuld

be usefully estimated duriripe [d] closure,and F2 in the

[n] wasonly given any confidence famne frame. The first
choice is clearly correct durinthe first part of the [g
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Fig. 5. Spectrogram of the words "ocean today", with superimposed formant tracks.
Tracks are not plotted when there is no confidence in their accuracy.

diphthong, but thesecond choicevas initially a plausible
interpretation, until the later part of tidiphthong had been
analysed to reveal the first-choice F2 moving close to F3.

3. USING CONFIDENCE ESTIMATES AND
AMBIGUITY IN RECOGNITION

Alternative formantsets arisingfrom labelling ambiguity
have so far beemccommodated in recognitiojust by
choosingthe formant set which givesthe highest HMM
emission probability for each frame and model state.

During silence or background noissmd whenever there is
no obviousspectral peak near to the estimatiedmant
frequency, there will be noconfidence inthe formant
frequencyestimate, which should not then be usedlhin

the recognition. Inthis case, the appropriat®rmant
information to use irthe recognizer should be specified by
prior information aboulits likely position. Duringpeaky
vowel spectra oithe other hand, the measured frequencies
will be given high confidence, althougthere may be
occasional labelling ambiguity. There is a continuum of
possibilities between thesevo extremesthat can most
suitably be accommodated by regardihg uncertainty of
formant position aghe variance of a notional Gaussian
distribution of the true frequency about the estimated value.

The probabilistic interpretation leads naturally to the
incorporation of prior knowledge about formant positions
when theconfidence is low. This prior knowledge is used
by shifting the mean of thisrmant distributionaway from

the measured value, towardeme suitable prior value for
that formant. A heuristic procedure has been devised for
using the estimatecbnfidence computed fromhe spectrum

to derive a formant measurement standard deviation and
bias towards a prior distribution, both expressed in Hz.
Although this process isad hog it has beerfound to give
plausible values and experimentation lsh®wn that the
precise values are not critical to recognition performance.

Assumingthat variances are associated with formant
measurements, the HMM emission probabiligiculation

needs to be modified to allofer a continuum of possible
variance values for each formant. It can be shtdvat in

the case of Gaussian mod#tss modification corresponds

to a convolution ofhe formant and model distributions, so
that the variancesimply add. The use of variance thus
provides a sound theoretical framework to represent
confidence associatedith formant estimates, which is an
improvement over arearlier version[5] of the formant-
based recognizer, wherellye confidence was simply used
as a weight to multiply log probabilities.

4. EXPERIMENTS

The aim was to compare recognitimsults usingormant
features for describing fine spectral detail with those
obtained using a more conventional mel-cepstrum
representation. In order to directly assis usefulness of
the formants, the same total number of features was used for
both representations, andxactly the same low-order
cepstrum features were uskd describing general spectral
shape. Thus thenly difference was in the use fidfrmants
versus higher cepstral coefficierfts representing detailed
spectrum shape. The experiments were perforfoedhe
simple task of connected-digit recognition. White details

of the front-end processing artie modelling task have not
been optimized to maximize performancthe system
provides a good basis for comparative experiments.

4.1 Experimental set-up

The test data werbur lists of 50 digit triplesspoken by
each of 10 male speakers. The training data fene 225
different male speakers, each reading 19 four-digit strings
takenfrom a vocabulary of 1@trings. The output of the
FFT was used both to estimate formant frequencies with
associated confidence measures and to conthetenel-
cepstrum. Experiments were then carried outaimpare a
representation using the first eight cepstrum coefficients and
an overall energyfeature, with a feature set iwhich
cepstrum coefficients 6, 7 and 8 were replacethbythree
formant features. To provide lzasisfor comparison, an
experiment was also carried out using a representation



Experimental condition % Correct | % Subs. % Del. % Ins. % Error
5 cepstrum features + energy 95.5 35 1.0 0.3 4.8
8 cepstrum features + energy 96.0 3.0 1.0 0.3 4.3

5 cepstrum features + energy + 3 formant 94. 4.8 1.2 11.6 17.6
Include confidence measure with formants 96.9 2.3 0.8 0.3 34
Also include second choice formants 97.1 2.2 0.7 0.3 3.2

Table 1. Connected-digit recognition performafmefront-endrepresentations usingnly cepstrum features compared with a

representation with the higher-order cepstral coefficients repla

which simply omitted cepstrum coefficients 6, 7 and 8, so
using a total of only six features.

In all cases, three-stateontext-independenmonophone
models andour single-state non-speech models wesed,

all with single-Gaussian pdfs and diagonebvariance
matrices. The model structure was a simple left-to-right one
which included self-loogransitions. Model means were
initialized from a very small quantity of hand-annotated
training data (twelve digits from each of tepeakers), with

all model variances initialized tthe same arbitrary value.
All model parameters were trained witén iterations of
Baum-Welch re-estimation. Duririgaining, an appropriate
lower limit was imposed onall the model variance
parameters, to prevent them training to unrealistically low
values which could prevent generalisation to the test data.

4.2 Treatment of formant features

As a pre-processing stage for bathining and recognition,
each observed formant value was moved towards its prior by
an amount determined bthe observation’'sconfidence
measure. The result of this stage was Higlh-confidence
formant values were unchangdilit, as theconfidence
decreased, thiwrmant wasmovedfurther towardsts prior.
When there was no confidence, the prior value was used.

The main benefit of theonfidence measurand multiple
formant hypotheses was expected to behim reognition
stage, as the trainingrocess is much more constrained.
Therefore, in training, thesecond choice formant values
have not yebeen used and no further use has so far been
made of theconfidencemeasure. Both wereptionally
included in the recognition phase, as described in Section 3.

4.3 Results and discussion

The resultgyiven in Table 1 showhat, providedthe degree

of reliability in theformant estimation is taken in&xcount,
recognition performance idetter when usingformant
features than when using only mel-cepstrum features. When
compared withthe results using just six cepstrum features,
the benefitrom addingthe threeformant features is three
times greater than that obtained by adding the three
additional cepstrum features.

When alternative formant sets were also included, there was
a further small improvement in performanc®nly asmall
improvement was expected becatise first-choice values
given bythis algorithmare usually thecorrect ones. When
they are correct, allowingthe second choice could only
increase recognition errors. It is therefore clearly desirable
to find someway of using an estimate of the relative
probabilities of correctness of the first asetond choice in

the recognition, and this will be included in future research.

ced by formant features.

The recognitiomresults demonstrate the importanceusing
formant measuremendccuracy inorder to obtaingood
recognition performance. Whehe formant features were
not given speciareatment, there were significant problems
with insertion errors. These errors were caused by
mismatches between ttfermant frequencies ithe non-
speech models with those measurfed the non-speech
regions of thetest data. A simplevord-insertion penalty
did not reduce these errors, lihey disappeared when the
formant confidence measure was incorporated.

5. CONCLUSIONS

These simple experiments have already demonsttiaatdh
recognition system using formant features can provide better
performancethan one using mel-cepstrum features alone,
for the same total number of features. Wewv need to
confirm that similar benefits are obtained on raore
challenging task with a larger database. The next stage of
algorithm development is to incorporate balie variance
representing confidence in formant measurement and the
multiple formant hypotheses in an extendgaum-Welch
re-estimation process. It is also possible to incorporate the
shift of uncertain formant measurements towattsir
priors within the probabilistidformalism itself, in place of

the heuristic approach used here.

Other issues to investigate include the use of time derivative
features, whichought to be more valuable famoothly-
changing formantdhan for high order cepstrunfeatures,
particularly because formant transitioase known to be
important cues for place of articulation of consonants.
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ABSTRACT

A formant analyser is interpreted probabilistically via a
noisy channel model. This leads to a robust method of in-
corporating formant features into hidden Markov models for
automatic speech recognition. Recognition equations fol-
low trivially, and Baum-Welch style re-estimation equations
are derived. Experimental results are presented which pro-
vide empirical proof of convergence, and demonstrate the
effectiveness of the technique in achieving recognition per-
formance advantages by including formant features rather
than only using cepstrum features.

1. INTRODUCTION

Formant frequencies are known to be important in deter-
mining the phonetic content of speech sounds. Formants,
however, are not generally used as features for automatic
speech recognition as they may be ambiguous or badly de-
fined and do not provide the necessary information for mak-
ing certain distinctions (such as identifying silence). A new
method of formant analysis has recently been presented [1]
which includes techniques to overcome the difficulties nor-
mally associated with extracting and using formant infor-
mation. Firstly, in cases of ambiguity, alternative sets of
formant frequencies are offered to the recognition process.
Secondly, a novel feature of the new formant analyser is
that each formant frequency estimate is assigned a measure
of confidence. The confidence measure is important be-
cause it allows for cases where formants are poorly defined
in the signal (e.g. fricatives) so that any single estimate
of frequency is likely to be unreliable. In such cases, it
is essential that the estimated frequencies are given little
weight in the recognition process, and that the recognition
decision is based on signal level and general spectral shape
information.

Whilst it is clear that the confidence measures have im-
plications when the formants are used as features in speech
recognition, it is not obvious how to include such measures
in, for instance, an HMM based system. In this paper,
we present a method for interpreting confidence estimates
which can then be rigorously incorporated into a probabilis-
tic model.

2. INTERPRETATION OF THE CONFIDENCE
MEASURE

The formant analyser produces a confidence value for each
formant for each time frame. This value represents and

estimate of the confidence in the accuracy of the formant
frequency measurement, and is derived automatically based
on spectral level and curvature. The confidence values are
represented as standard deviations which, when squared,
can be thought of as variances of normal distributions cen-
tred upon the formant estimates. Interpreted in this way,
the formant analyser emits the parameters of a normal dis-
tribution representing its belief about the position of each
formant. When the confidence is high, the variance is low,
representing strong belief in the estimate, and weak belief
outside it. At the other extreme, a low confidence repre-
sents a high variance representing almost equal belief in all
possible frequencies. This belief oriented interpretation is
necessarily Bayesian.

3. MATHEMATICAL FORMULATION

3.1. Recognition

In conventional hidden Markov modelling, a state is as-
sumed to emit an observation, y,, according to some out-
put distribution. In this paper, we will assume that the
output probability distribution for state j is a single mul-
tivariate normal with mean g, and covariance matrix ;.
The required probability at time ¢ is

Pr (yt ‘ ’J’st725t) = N(yﬁﬂstvza)'

With the formant analyser, the observation comprises
both a formant vector, f,, and a confidence vector, ¢;. The
actual feature vector, being the real values of the formant
frequencies, is unknown. The confidence measure of the for-
mant analyser is assumed here to take the form of variance.

Given that we observe a distribution, the required ex-
pression for the output probability of the state is now

Pr (.ftact|”’5t725t)7

where C, is the (diagonal) matrix of formant variances.
The most informative way to proceed is to expand this ex-
pression thus

Pr (.ft: C: | I“l’st)zst) =
Pr (ft | Ctap’suzst) Pr (Ci ‘[Ls“zst) )
and then to make the assumption that the confidence mea-

sure produced by the formant analyser is a reliable estimate,
hence Pr (Ct |p5t , Est) =Pr(C}) = 1, since the confidence



measure is clearly independent of the output distribution
parameters.

It can now be argued that the model proposed so far
is mathematically the same as a noisy channel model, and
that it in practice it is easier to think of it in these terms.
The state output distribution emits a value, y,, which then
passes through a noisy channel with zero mean and covari-
ance Cy; f, is then the noisy observation. The expression
of interest is clearly

Pr (ft|Ct:/J/sta23t)7

which is the same as before, but without the prior on C:.

To evaluate this expression, we must acknowledge that
the measured vector, f,, depends upon the unknown output
vector y,, and this vector must be integrated out:

Pr (.ft|Ct7lJ’st’23t) =

/§R dy, Pr (ft|yt7Ct7Ns”2st)Pr (yt|ctaﬂst:251)7

where R" denotes the n-dimensional Euclidean space of pos-
sible observations. Observing some obvious independencies
and substituting normal distributions,

Pr (ft | Ct:llfs“zs:) =
/ dy, N (s, Ct)N(yt;IJ’st725t)'

This form is very intuitive, it just states that the output
probability should be evaluated for all possible values of
the feature vector, weighted by the formant analyser’s belief
of each value. Given that N (f;;y,,Ct) = N(y,; fi, Ct),
the integral is the convolution of two normal distributions.
It can be shown that the variances simply add, the result
being

Pr (.ft|Ct7lJ'st725t) :N(ft;ﬂz3“25t + Ct)

So, to incorporate the formant variances in recognition,
we simply add the appropriate confidence variance to that
of the output distribution. This result is intuitively pleas-
ing: For high confidence (low variance), the usual expres-
sion applies, and for low confidence the output distribution
widens to equally favour all output values.

3.2. Re-estimation

The re-estimation problem is to find a set of parameters
A which maximises the likelihood Pr (O | A) of an observa-
tion sequence O = 01,02,... ,07. X consists of an S x §
transition probability matrix A, and means and covariance
matrices p, and 3;, where ¢ = 1,... ,S. Substituting the
pair {f,, C:} for o, the probability of the observation is

T
Pr(O|A) = as [[as,_isN (£15 s, s, + C).
s t=1

Following Liporace’s interpretation of Baum’s method
[2], we define an auxiliary function Q(\, \):

QM) = ZPr(O,s|)\)logPr (O,s|X),

which has the property that
QM) > QA ) = Pr(O|X) >Pr(0O|XN).

Expanding the X portion of Q and rearranging the final
term to isolate the parameters to be re-estimated,

QAN =
ZPr (0,s8]|A) x |:10g650

T
_ n 1 =
+ Z{logashlst -3 log(27) — 3 log |25, + C4|
t=1

(fo—7.,) (B +C) (£, —ﬁst)}].

N =

It is clear that the re-estimation equations for the tran-
sition probabilities will be unchanged from the standard
ones. The means and covariances, however, are likely to be
different. First the means: Given that

I (y—a) Aly ) = ~Aly ~ )~ A'y )

for any general matrix A, and the covariance term is sym-
metric,

QN N)
om;
=3 Pr(0,s|N) Y. (T+C)T (Fi- ),

{t:s¢=j5}

Interchanging the order of summation and equating to zero,

ST Pr0sIN(E+C) (f,-H;) =0,

t=1 {s:s¢=5}

Following Liporace, we would be able to pre-multiply by
the inverse of the matrix term. Here, however, C; is frame
dependent and must remain. Rearranging yields the re-
estimation formula for the mean:

-1

m=(X X ProsinE+o)

t=1 {s:8¢=7}

x> N Pr(0,s|N)(Z+C)7 f

t=1 {s:s¢=j}

We assume that the current value of the covariance ma-
trix can be used, instead of the re-estimate. We also note
that, in the fully multivariate case, this expression requires
a matrix inversion for each frame.

Now consider the covariance re-estimation. Liporace
differentiates with respect to the inverse, but here it is more



convenient to use the matrix itself:

IQNA) _
oz,

1 B _
_523:Pr(0,8|)\) > {8—§jlog|zj+ct|

{t:st=j}
0

o3, (fo—m) (S +c) " (f, —ﬁj)}.

Taking each term separately,
0 = = -1
03, g |2; ¢ = (3 t)

Strictly, when differentiating with respect to a symmetric
matrix, the off diagonal elements of the result should be
doubled [4]. In this case, however, this result is to be com-
bined with another where the same effect happens, and it
is both consistent and more readable to ‘ignore’ this effect.
Liporace’s derivation omits this caveat, though his results
are valid for the same reason. It can be shown with refer-
ence to [3] that

9 .
0A
So, denoting f; —m; by x, interchanging the order of sum-

mation as before and equating to zero yields

"A+B) 'e=-[(A+B) ''zz' [(A+B) "]

> Y PrOsIN[E +0

t=1 {s:s¢=5}

—E+C) e (T + ct)*l] =0. (1)

At this stage, it is clear that X; cannot be isolated, and
it is necessary to make an approximation. Two alternative
approximations are proposed, as described below.

8.2.1. Method 1

Equation 1 can also be written,

XT: 3 Pr(O,s|)\)[

t=1 {s:s4=5}

(Ej + Ct)_l (EJ +C: — iU:L‘I) (EJ + Ct)_l] = 0.

We now assume that C; is independent of time for a given
state, that is, it can be assumed constant for the duration
of the state. This approximation is not unreasonable be-
cause the confidence with which the formant frequencies
are estimated will generally be similar for all the feature
vectors corresponding to any one model state. The two in-
verse terms can now be brought outside the summation,
and the expression can then be pre- and post-multiplied by
the inverse of those terms leaving a single instantiation of
3

Z Z Pr(0,s|X) (Z;+Ci —za') = 0.

t=1 {s:s;=j}

Rearranging,

Z Z Pr(0,s|A) [zz' — C¢]

= t=1 {s:s4=j
5 {s:s¢=j}

> ) Pr(0,s]N)

i =
t=1 {s:st=j}

This approximation appears to have a problem: Where C}
is large, the term in square brackets will not be positive
definite, which is one of the conditions cited by Liporace
for the re-estimation to be valid. A remedy is to simply
ignore the contribution of frames for which this term is not
positive definite, that is, the sum of the eigenvalues is not
positive. The effect of this is that the system is not trained
on low confidence frames, which is entirely reasonable. For
states where one or more frame elements are always low
confidence, we suggest that this will be true in recognition
too, and hence the C; term will dominate there also. In the
particular case where the covariance is assumed diagonal,
the individual elements of the term in square brackets can
be handled individually.

3.2.2. Method 2

Starting again from equation 1, notice that the first term
in the squares brackets can be written

_ . . —1
@j+c) ' =5 (1+ct2j 1) . (2)

Hence, by substituting equation 2 into equation 1, and pre-
and post-multiplying both sides by X;, a term in X; can be
isolated. This means that the equation can be rearranged
thus:
T, =
-1

XT: 3 Pr(0,s|N) (I+ct§;1)71§j (3)

t=1 {s:s4=3}

x> > Pr(0,s|)

t=1 {s:s;=5}

Ej (EJ =+ Ct)_lmw'(fj —+ Ct)_lij.

If it is assumed that X; terms on the right hand side can
be replaced by their previous values, then equation 3 con-
stitutes a re-estimation equation for 33;.

4. COROLLARY

The problem as described is applicable to any feature set
which is subject to additive, time varying Gaussian noise. A
particular special case is that where the uncertainty (noise)
can be assumed constant with time. Practically, this means
that C' is no longer dependent upon ¢, and certain matrix
terms in the re-estimation equations become independent
of the summation and cancel. In particular, the first re-
estimate of the covariance above ceases to be an approxi-
mation, and the re-estimate of the mean reverts to the same
as that for the conventional noiseless case.



5. EXPERIMENTS

5.1. Method

The new method for incorporating formant confidence mea-
sures in both training and recognition was tested using the
same speaker-independent connected-digit recognition task
with three-state phone models as was used in earlier studies
[1]. As with the previous experiments, the baseline feature
set comprised the first eight mel-cepstrum coefficients and
an overall energy feature. The performance of this feature
set was compared with one in which coefficients 6, 7 and 8
were replaced by three formant features for describing fine
spectral detail. In the case of the formant features, the con-
fidence measures were incorporated first in recognition and
then also in training, testing both of the approximations
suggested in the previous section for the re-estimation of
the model variances. For both training algorithms, it was
verified experimentally from the training-set probabilities
that the re-estimation process converged after a few iter-
ations. For all model sets, a total of ten iterations were
performed before testing the models in recognition.

Alternative formant sets arising from labelling ambigu-
ity were optionally accommodated in training and recog-
nition, simply by choosing the formant set which gave the
highest HMM emission probability for each frame and model
state. Results using the confidences and alternative formant
sets were compared with those obtained when no special
treatment was given to the formant features.

5.2. Results and Discussion

From the results shown in Table 1 it can be seen that the for-
mant features gave very poor performance unless the degree
of confidence in their measurement accuracy was taken into
account. When the formant features were not given special
treatment, there were serious problems with insertion er-
rors. These errors were caused by mismatches between the
formant frequencies in the non-speech models with those
measured for the non-speech regions of the test data. These
errors disappeared when the confidence measure was incor-
porated in recognition.

A small additional benefit was obtained by also incorpo-
rating the confidence measure in training, with very similar
results being obtained for the two suggested approaches to
training the model variances. In all cases, further small
improvements in recognition performance were obtained by
including alternative formant sets. The lowest error-rate of

2.5% that was achieved with the formants demonstrates a
substantial improvement over the figure of 4.0% that was
obtained when using only mel-cepstrum features, for the
same total number of features.

These digit-recognition experiments have provided a good
basis for initial comparisons, and experiments are now in
progress to evaluate performance on the more demanding
task of phone recognition using the TIMIT database.

6. CONCLUSIONS

We have shown that formant frequency estimates with con-
fidence levels can be interpreted probabilistically, and that
this interpretation leads to theoretically justifiable variants
of the standard HMM recognition and re-estimation equa-
tions. Further, the theoretical results have been evaluated
experimentally and shown to work in practice. Consider-
able recognition performance advantages have been demon-
strated from incorporating formant features in this way, in
comparison with using only cepstrum features.

It is planned to incorporate the formant representation
into a segmental modelling paradigm to model formant tra-
jectories, and then to progress towards developing an ap-
propriate underlying model of time evolving speech charac-
teristics.
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Model Set %Subs. | %Del. | %Ins. | %Err.
8 cepstrum features+energy 2.8 1.0 0.2 4.0
5 cepstrum features+energy+3 formants 5.2 1.0 10.2 16.4
Add formant confidence measure (recognition only) 2.1 0.7 0.2 3.0
Also include second choice formants in recognition 2.1 0.4 0.4 2.9
Add confidence measure in training (method 1) 2.0 0.6 0.2 2.8
Also include second choice formants (training and recognition) 1.9 0.6 0.1 2.6
Add confidence measure in training (method 2) 2.0 0.6 0.2 2.8
Also include second choice formants (training and recognition) 1.8 0.6 0.1 2.5

Table 1: Connected-digit recognition performance for different feature sets.
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ABSTRACT 2. From a purely statistical point of view, the model assumes
that adjacent spectral bins are uncorrelated. This is not true,
The Voice Activity Detection (VAD) problem is placed into a de- especially for speech, and even more especially for observa-
cision theoretic framework, and the Gaussian VAD model of Sohn tions from the Over|apped triangu|ar me|_spaced filterbank
et al. is then shown to fit well with the framework. It is argued that typical of current ASR systems.

the Gaussian model can be made more robust to correlation and ) ) ) )

expected spectral shapes of speech and noise by using a differen-  In this paper, we evaluate the basic Gaussian VAD algorithm
tial spectral representation. Such a model is formulated theoreti-described above in an ASR context. We then argue that a differ-
cally. The differential spectral VAD is then shown by experiment €ntial spectral representation can minimize the effects of the two

to be consistently superior to the basic Gaussian VAD in a speechProblems described above. We derive a differential spectral ver-
recognition setting, especially for noisy environments. sion of the Gaussian VAD, and show that it leads to improved per-

formance.

1. INTRODUCTION
2. BACKGROUND THEORY
Voice Activity Detection (VAD) is important in various applica- . .
tions involving speech. Perhaps the most common application is2-1- Decision theoretic framework

in telecommunications, where the main reason for the VAD is to Define a boolean variable or hypothesis which can take val-
save bandwidth by not transmitting non-speech portions of the in- o< 0 and 1% = 0 indicates non-speech arid = 1 indicates
put signal. Marzinzik and Kollmeier [1] present a useful recent the presence of speech. A VAD produces an estimate (or choice),

review of the subject. . . : L
. . . H, given some observation. For this derivation, assume that the
We are interested in (VAD) for the purpose of Automatic Speech g

Recognition (ASR) in general, and noise robust ASR in particular. Obs?r::tfbnofetﬁ]:;gso%pls)gi;%Tgt:ju:zision theoretic formulation:
VAD is important in ASR because it distinguishes the non-speech ] ) A '
portions at the beginning and end of an utterance from the utter- D€fine a loss or cost functiod (7'[’ 7'[>- that attaches a cost to
ance itself. In doing this, the VAD ensures that the decoder, which each combination of{ and7{. Typically, the cost should be low
is computationally intensive, only runs when necessary. This point for 3 correct classification, and high for an incorrect one. The ex-

is particularly important in embedded applications, where process-pected costs of the two possible classifications are then
ing power is limited. The main difference between a VAD used in

telecommunications and one used in ASR is that the latter typi- _
cally uses a state machine in order to avoid false detections and to E(C(#,0)]5) = ; COLOP (s, @
remain active during speech pauses.
A VAD working in the spectral domain, and with an appeal- E(C(H,1)|s) = Z CH, )P (H]|s). @)
ing statistical basis, has been introduced by Sethal. [2, 3]. H
This spectral VAD has been shown to be superior to three standard A
VADs (QCELP, EVRC and G.729B) in a telecommunications en- We can now choc_Jse the clgssmc_atldn, that has the smaller ex-
vironment. That result is reinforced in a comparison by Stader- Pected cost; thatis: Choose = 1 if
mannet al. [4], who find the spectral VAD to be superior to base-
lines based on frame energy and spectral entropy. The work has S CH,)P(MH|s) <> CH,0P(H]|s). (3)
also been extended by Clebal. [5], who show that smoothing H H
can alleviate problems with errors in the end of speech region.
The spectral VAD of Sohet al. is based on a simple Gaussian
assumption. This basic Gaussian model has two distinct problems:

Expanding the summations and rearranging,

4

1. The model has no knowledge of the spectral shape of either
the speech or the noise. It is well known, however, that Given that we will assume a model for the generatios,at
speech has distinct spectral peaks (formants). Conversely,is useful to apply Bayes's theorem to the conditional probabilities
many types of noise have a smooth spectral shape. in equation 4. Notice that the evidence (denominator of Bayes’s



theorem) term cancels, giving wherex is an optimised constant analogous to the language model
p(s|H=1) P(H=1) _ C(0,1)—C0,0) match factor in ASR. Sohet al. do this implicitly by taking the

. , (5) unweighted geometric mear & 1), although in this framework
p(s|H=0) PH=0)" C(,0)-C(1,1) that is an extreme solution and represents absolute correlation be-
Likelihood ratio, L. (s) ~Prior ratio Cost ratio tween binsk = 1/ represents complete independence.

where we refer to the terms as indicated.
The prior ratio and cost ratio can be set to unity given the fol-
lowing broad assumptions:

e The likelihood of an observationbeing speech is as likely
as it being non-speech.

¢ The cost of an accurate classification is zero, and the costs 91 5
of the two inaccurate classifications are identical. Sk = Sk+1 — Sk 1<k<S, (10)
Of course, the above assumptions may not be true for a given sce- ] )
nario, in which case the terms can be set accordingly. The com-applied in the frequency dimension of each power spectral frame
bination of cost ratio and prior ratio into a single threshold term Will tackle the problems highlighted in section 1 as follows:
yields the likelihood ratio test used by So#éral.. The advantage

of the decision theoretic approach is that it gives some insight into 1. Th_e HPF Wi!l map the smooth spectru_m as_sociat_ed with
what the threshold should be. noise, especially the flat spectrum of white noise or impulse

noise, to a flatter spectrum centered around zero. This is
much closer to the spectrum of silence.

3. DIFFERENTIAL SPECTRAL VAD

We suggest that the single zero high-pass filter (HPF),

2.2. Gaussian model
2. The subtraction will reduce or eliminate the correlation be-

Broadly following Sohret al. [3], but with a minor change of no- tween adjacent speciral bins.

tation to allow subscripts to refer to vector elements, assume that

poth the speech and noise can be .mOd?Ied by Gaussian O|iStIribuI'n fact, the decorrelation effect has been demonstrated in the con
tions (mor_e accgr_ately, the r_eal and_m_wa_glnary components of e‘f’whtext of robust ASR by Nadeet al. [7], who show that such a filter
spectral bin are i.i.d. Gaussian). This is identical to the assumption . o\ <adin place of the cosine transform normally used in ASR.
made in the Ephraim Malah formulation for speech enhancement In the VAD context, however, we require a probability distri-
6]. We define two probability distributions: . . o . R, .

[6] P y bution associated with the filter. This is derived as follows:

S s2 First, notice that the single zero filter of equation 10 corre-
p(s|H=0)=]] =exp ; (6) sponds to a probabilistic change of variable witkl k& < S and

i a an integral oves%. This integral turns out to be highly non-trivial.

(6| H=1) ﬁ 1 ( s? ) @ Instead, we decimate the above substitution as follows, allowing
5 1) — exp [ — ; ' . L
p o+ PA\™N )’ tghrglglroblem to be solved &2 identical and much simpler inte

wheres is the S dimensional complex spectrum observatiep, 2f 2 2
is the magnitude of th&®® eIementF())fs, Afis the variance of the kT 82k T 52kl Lsks<S/2 (1)

k*™™ dimension of the speech signal apg is the variance of the  In this case, the length of the resulting feature vectst/isinstead
k*® dimension of the noise signal. All of the above is for a single of S — 1. For the rest of the derivation in this section, as the
frame, although thg subscript is omitted for clarity. Equation 7 integrals are identical, we simply consider the case whetel.

follows from that fact that the sum of two Gaussian random vari- Second, given that the distribution of the complex spectrum is
ates is Gaussian with variance equal to the sum of the individual Gayssian, it can be shown by change of variable that the distribu-
variances. _ _ _ ) tion of spectral power is the exponential distribution,
Substituting equations 6 and 7 into equation 5 gives a VAD
likelihood ratio of 1 2
P S
S _m N s P 1) = e (<) a2
L(s):H)\ exp(A —) 8)
poy Mk T Mk B HE PR

wherew is a variance parameter to be substituted later. It follows

Notice that equation 8 is defined in terms of spectral power mea- ¢ the joint distribution of two exponentially distributed observa-
sures, eventhough the assumptions so far are based on complexyns is

spectrum.

. 1 53 53
2.3. Correction for correlation p(s7, 83 |vi,va) = exp (——1 - —2) . (13)
V12 U1 V2

When taking a product of probabilities known to be correlated, it is
normal to make a simple correction for the correlation in the form The PDF of the filtered signal arises from changing one of the
of a weighted geometric mean, variables taz = s2 — s} and integrating out the other variable. To
s perform the integral, notice that in the case where 0, s3 > z
X dsi > 0. Also, whenz < 0, s7 > —z ands3 > 0. This
5) = 51,) *S 9 andsi =~ ) = < 0,81 2 2 2
p(s) kljlp( €)= © suggests the use of two different integrals:



In the case where > 0,

pGlune = [T dstp(h)p e+
0

(= s 1 s2 2442
= 87 exp|——— ——
0 V1U2 U1 V2

1

V1U2

Similarly, in the case where < 0,

p(Z|U17U2):/ dsip (s2) p (53 — 2)
0

e (@)
= exp| — |-
V1U2 U1

Substituting back fog, and combining the two results,

V1U2
v1 + U2

p(sh—s|vi,v2) =

2 2
55— 8§ L
exp (—g) if s3> 7,

2 2
81 — 83 .
exp | — if s2 < 2.
U1

Note that both expressions are identical whgnr= s3.

v1 + v2

V1 + U2

The likelihood ratio follows easily from equation 16 by sub-
stituting forv, andv». Assuming for simplicity thas3 > s, the
likelihood ratio is the ratio of the following two equations:

p(s%—s%”—[:l):

(15)

(16)

1 2 S%)
exp | — , (A7
p1+ A+ pe 4+ e p( pe + A2 )

and,

2 2 1 ( S%—Sf)
s, —81 | H=0)= exp | — ,
p(s3— st | ) o P

which evaluates to

Qa1+ p2
14+ AL+ p2 + A2
o (82 o),
o+ Ao 2
Q1+ p2
14+ AL+ p2 + A2

(s% —s? A2 )
X exp . .
12 po + A2

L(s% —5%) =

The full likelihood ratio is the product of this expression applied

to each pair of spectral bins,

5/2

L(s)= H L (Sgk - Sgk—l) .

(19)

(20)
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Fig. 1. Classification of VAD start and end times. The dark portion
represents speech, the box represents the VAD result.

4. EVALUATION

4.1. Testing data

The VADs were evaluated using an in-house database, some as-
pects of which were designed specifically for VAD evaluation.
The database consists of 14 speakers (7 male and 7 female) each
speaking 40 utterances in each of 6 different environments. This
is 3360 utterances in total. The utterances are isolated Japanese
city names, but are each 5 seconds in length. Typically, the first 2
seconds are background noise, the utterance itself is one second or
less, and the final 2 seconds are background noise. The data have
been manually marked up with the speech start and end times. The
data were recorded on a portable (PDA-like) device using an ear-
mounted microphone, the actual microphone being close to the
speaker’s cheek.

Five of the six environments were chosen to be representative
of those where the portable device might be used:

1. The laboratory sound-proof room.

A large open-plan office with carpets and fans.

A reverberant but open and quiet company lobby.

A cafeteria at lunch-time with constant babble noise.
A busy suburban street with occasional traffic.

A quieter, more open, outdoor area on a windy day.

o g ks~ wN

The average signal to noise ratio for each environment is shown in
table 1.

4.2. Evaluation metric

The main evaluation metric consisted of a classification of each
utterance into one of the states indicated in figure 1. These are
based on a combination of the speech start and end times, and can
be thought of as a variation of the classes used by Reista[8].
The four classifications drawn with dashed lines represent the VAD
working well, or in such a way that can be corrected using wide
margins. The bottom result in the right-most column represents a
correct non-detection of an empty utterance, one of which exists
(accidentally) in our database. The seven other classifications are
certainly errors, being either insertions, deletions or the offset time
not being detected in the recording.

The right-most column of figure 1 provides a useful metric
for optimizing x: too small a value leads to large likelihoods and



Table 1. Error rate (%) for four VAD configurations. Also shown
is the SNR for each environment, and the optimized valuefof
each VAD configuration.

the cafeteria. The power spectral domain, however, is more suited
to the outdoor wind noise.

Broadly, the differential VAD produces fewer errors than the
equivalent non-differential formulation. This confirms the utility

Power Mel : ; .
. . of the differential spectral approach. We have also confirmed that

SNR(dB) Gauss Diff. Gauss Diff this improved VAD performance leads directly to improved speech
1 (cle_an) 285 0.4 0.4 0.2 0.2 recognition performance on the same database.
2 (office) 24.7 18 18 13 1.0 Finally, one obvious difference between the Gaussian and dif-
3 (lobby) 24.1 0.7 0.5 0.4 0.2 ferential VADs is that the former uses a probability for each spec-
4 (cafe) 16.6 98 96 46 38 tral bin, whereas the latter uses a probability for each pair of bins.
5 (street) 15.8 63 41 36 34 In order to confirm that the advantage of the differential VAD is not
6 (outside) 21.4 265'3 - 3.2 - (;3'9 - 05'5 simply through using half the parameters, we constructed a com-
K . . . .

parable Gaussian VAD by averaging adjacent bins. This approach
only contributed detrimentally to the performance.

5. CONCLUSION

missing end times. Too large a value, however, leads to deletions.

For ASR, we favour insertions over deletions as insertions can beWe have placed a spectral VAD into a rigorous decision theoretic
handled using garbage modeling. Missing end times, however, are s mework, and evaluated it in an ASR environment. In order to

particularly bad as they cause the recogniser to *hang” and ulti- ontimize it to an ASR feature space, and make it robust to noises
mately give an errorful recognition. with smooth spectra, we have re-formulated it as a differential

spectral VAD, again in a rigorous statistical manner. We have

shown the differential spectral formulation to be superior to the

basic Gaussian for an ASR application.

4.3. VAD construction

The VAD is inserted into the spectral part of the normal signal pro-

cessing chain used in ASR. In this case, the signal is sampled at

11.025 KHz and pre-emphasized. Overlapping frames of 256 sam-

ples are then taken every 10 ms to form a 128 bin power spectrum L N .

(the bin atr is discarded). The power spectrum is transformed into [1] M. Marzinzik and B. Kolimeier, “Speech pause detection for

32 mel spaced bins using half overlapping triangular filters. noise spectrum estimation by tracking power envelope dy-
The noise variance from the previous frame,_,, is used namics,’l EEE Transactions on Speech and Audio Processing,

in the likelihood calculation, and is then updated using a slightly vol. 10, no. 2, pp. 109-118, February 2002.

modified version of the estimator described by Sebal. [2], J. Sohn and W. Sung, “A voice activity detector employing soft

decision based noise spectrum adaptationPrioceedings of
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Abstract—When combined with cepstral normalisation tech-
niques, the features normally used in Automatic Speech Recog-
nition are based on Signal to Noise Ratio (SNR). We show
that calculating SNR from the outset, rather than relying on
cepstral normalisation to produce it, gives features with a number
of practical and mathematical advantages over power-spectral
based ones. In a detailed analysis, we derive Maximum Likelihood
and Maximum a-Posteriori estimates for SNR based features,
and show that they can outperform more conventional ones,
especially when subsequently combined with cepstral variance
normalisation. We further show anecdotal evidence that SNR
based features lend themselves well to noise estimates based on
low-energy envelope tracking.

I. INTRODUCTION

An important problem encountered in speech signal pro-
cessing is that of how to normalise a signal for the effects
of noise. In speech enhancement the task is to remove noise
from a signal to reproduce the uncorrupted signal such that it
is perceived by a listener to be less noisy. In Automatic Speech
Recognition (ASR), the task is to reduce the effect of noise
on recognition accuracy. In this paper, we will concentrate on
the latter (ASR) problem.

Two categories of noise are generally considered: Additive
noise is that which represents a distinct signal other than the
one of interest. Convolutional noise is that which alters the
spectral shape, and can be associated with either the signal of
interest, or both the signal and the additive noise.

Cepstral Mean Normalisation (CMN) is a well established
technique that compensates for convolutional noise. It is based
on the persuasive observation that a linear channel distortion
becomes a constant offset in the cepstral domain. CMN also
affords some robustness to additive noise. Cepstral Variance
Normalisation (CVN) has been observed to provide further
noise robustness [1], and the combination of CMN and CVN
is now quite ubiquitous in ASR.

Orthogonal to the cepstral normalisation approach, many
common practical solutions for additive noise compensation
are based on the assumption of a simple additive Gaussian
model for both speech and noise in the spectral domain. In
ASR, the spectral subtraction approach of Boll [2] is well
established, and often used as a means to derive a Wiener
filter. In speech enhancement, much work is based on the
technique of Ephraim and Malah [3]. Both these techniques
have influenced the design of the ETSI standard ASR front-
end [4].

Techniques that rely on noise subtraction are dependent
upon some means of measuring the background noise in a

signal. Often, it is sufficient to simply average the first few
frames of an utterance, however this is not robust to changing
noise levels. Ris and Dupont [5] present a survey of methods
to measure noise, favouring the low-energy envelope tracking
approach of Martin [6]. Lathoud et al. [7] present a statistical
spectral model that yields both noise and speech estimates.

Cepstral and spectral techniques are often combined. This
is a natural approach as, theoretically, the two approaches
are designed to tackle different types of noise. For instance,
histogram normalisation, a logical progression of CMN/CVN
to higher order moments, has been successfully combined with
spectral compensation techniques by Segura et al. [8]. Lathoud
et al [7], who describe their technique as “Unsupervised” spec-
tral subtraction (USS), also report good results in combination
with cepstral normalisation.

In this paper, we analyse the relationship between spec-
tral and cepstral normalisation. We first present a simplistic
analysis, then a more detailed Bayesian analysis, showing that
knowledge of the presence of cepstral compensation should
influence the chosen approach to spectral compensation. The-
oretical results are evaluated leading to a conclusion that
SNR based features represent a theoretically rigorous but
computationally simple approach to ASR, and could easily
be incorporated into more advanced techniques.

II. SIMPLISTIC APPROACH TO NOISE

A. Cepstral Mean Normalisation

In a simplistic, but informative, view of an ASR front-end,
an acoustic signal is Fourier transformed to give a vector of
spectral coefficients (sq, s, ...,sp)". After a linear transform
implementing a non-linear frequency warp, the cepstrum is
calculated. The cepstrum involves a logarithm followed by
another linear transform. In the presence of only convolu-
tional noise, (c1,¢a,...,cr)', which is multiplicative in the
frequency domain, the logarithm becomes

log(cysy) = log(cy) +log(sy), (1

where log(cy) is constant over time, but log(ss) varies. Hence,
subtraction of the cepstral mean results in removal of the
constant convolutional noise term. When the filter-bank is
considered, the above holds if the c; are assumed constant
within a given filter-bank bin.

In the presence of only additive noise, the noise is assumed
to remain additive after the Fourier transform. In this sense,



the logarithm operation becomes
log(sf + ny) = log(nys) + log (1 + Zf> , )
f

where (n1,ns,...,np)T is the noise spectrum. The right hand
side of (2) is evident from the Taylor series of log(z + y),
and emphasises that CMN would remove the constant term

log(ny).
B. Properties of SNR features

It appears from the above analysis that, if we use CMN, the
features that are presented to the ASR decoder are actually (a
linear transform of) the logarithm of one plus the signal to
noise ratio (SNR). This will happen even if the additive noise
is simply the minimal background noise usually associated
with clean recordings. It follows that we could try to calculate
the SNR from the outset rather than calculate a spectral power
measure and rely on CMN to produce the SNR. A-priori, such
an approach has at least two appealing properties:

1) The flooring of the logarithm happens naturally. SNR
values cannot fall below zero, so the argument of the
logarithm is naturally floored at unity.

2) SNR is inherently independent of gain associated with
microphones and pre-amplifiers.

We will show that SNR is also mathematically appealing.

The approach is analogous to that of Lathoud et al. [7]. The
only difference is that Lathoud et al. explicitly floor the SNR
using (in our present notation)

max (1, Sf) . 3)
ng

III. A MORE RIGOROUS ANALYSIS

In contrast to the previous section, which was left deliber-
ately simplistic, we now present a more rigorous derivation of
a SNR based feature. We begin by defining a Gaussian model
of speech in noise, and proceed by showing that power spectral
subtraction can be seen as a particular maximum-likelihood
(ML) solution. We then derive ML and MAP estimators for
the SNR.

A. Gaussian model

Let us assume that a DFT operation produces a vector, r,
with complex components, r1,22,...,tr, Where the real and
imaginary parts of each ry are i.i.d. normally distributed with
zero mean and variance vy. That is,

Fes | og) = —exp (L
rrlvp) = oy P - )

vf
In the case where we distinguish two coloured noise signals,
a background noise, n, and a signal of interest, s, typically
speech, denote the noise variance as v and the speech variance
as ¢. In general, the background noise can be observed in
isolation and modelled as

1 2
fng|vy) = ﬂTfeXp (—Z') - )

The speech, however, cannot normally be observed in iso-
lation. It is always added to noise. When both speech and
additive noise are present the variances add, meaning that the
total signal, t; = 57 + ny, can be modelled as

I S gl
Fl Tspvp) = (s +vp) P <_ sptvp ) ©

The above model is the basis of the Wiener filter and of the
widely used Ephraim-Malah speech enhancement technique
[3]. The goal is usually formulated as requiring an estimate of
53 this proceeds via estimation of ¢;.

We assume that an estimate, £, of v is available via solution
of (5) during, for instance, non-speech segments of the signal.

Consider using (6) as a basis for estimation of the speech
variance, ¢. We drop the f subscript for simplicity. Bayes’
theorem gives

FeltD)oc f(t]s,2)f(s). (7

If we assume a flat prior f (¢) o< 1, substituting (6) into (7),
differentiating with respect to ¢ and equating to zero gives the
well known maximum likelihood estimate,

¢ = max <|t\2 —f/,O). @)

This is known to provide a “reasonable” estimate of the
speech variance, but always requires regularisation. In ASR,
the ML estimate is known as power spectral subtraction. It is
regularised by means of an over-subtraction factor, «, and a
flooring factor, 3:

¢ = max (|t|2 — o, 5;9) . )
B. ML SNR estimate

The purpose of the above derivation is to show that a
commonly used speech feature can be seen in a Bayesian
sense as an estimate of the variance . We now follow the
same procedure, but aim from the outset to estimate SNR.
Define

S
§f=i

; 10)
vy

where & is exactly the a-priori SNR of McAulay and Malpass
[9], popularised by Ephraim and Malah [3]. The f subscript
indicates that the SNR is frequency dependent. Substituting
Sf = gfl/f into (6),

1 ]
——exp| ——— | . A1)
mvp(1+&y) ( vi(l+&y)

The subscript is dropped again hereafter for simplicity.
This time, the posterior is in terms of &,

FEIL0) o f(E]€,0) f ().

Assuming a flat prior, substituting (11) into (12), differentiat-
ing and equating to zero,

2
f—max<|{ —1,0).
1%

[l &rvp) =

12)

13)



It is shown in section IV that this result requires no further
normalisation to work well. Further, notice that

2
log(1 —l—f) = log (max [1, |tﬁ|‘|) ,

which is the same form as (3). However, no ad-hoc spectral
model is necessary.

We note that in the Decision Directed estimator of [3], the
ML estimate of £ of (13) is regularised using an estimate based
on the previous spectral magnitude estimate. This is further
explored by Cohen [10], and is used in a modified form in
[4], [11]. Whilst these approaches are beyond the scope of the
present study, our approach does not preclude using them.

(14)

C. Marginalisation over noise variance

Thus far we have assumed that an estimate, ©, of the
noise variance is available. The form of (11), however, with
multiplicative instead of additive terms in the denominators,
allows marginalisation over the noise variance.

If we have N frames (spectral vectors) of noise, {n}y =
{n1,nq,...,ny}, that are observed in isolation, we can write

[T, f (nig | vp) £ (vp)
JyZ v T f (nag 1) £ (v))

where the products are over the likelihood terms, not the
priors. Again, hereafter we drop subscripts for simplicity. The
likelihood terms are exactly the form of equation (5), and
we arbitrarily choose a non-informative prior f (v) oc v~ 1.

Equation (15) then reduces to the inverse gamma distribution

flr [ {n}n) = , (15)

B4 A1 B
= - - - I 1
fw|{n}tn) I‘(A)V exp( 1/) (16)
where
N
A= N, B=> |nis. (17)
i=1
The MAP solution, 7, of v would be
B
N 1
VEaTIT (13)

however, we can use the distribution to marginalise over v.
Equation (12) becomes

f(c*|t>o<f<§>/0°oduf(t\5,u>f<u|{n}N>. (19)

Substituting (11) and (16) into (19), the forms are conjugate
and the integral is just the normalising term from the inverse
gamma distribution.

FE]) o f(E)x

BA T(A+1) (|t|2 +e+nB)

T(A) €+1 €+1
(20)

D. Marginal ML estimate

If we assume a flat prior, f (§) x 1, as before, differentiating
(20) and equating to zero gives

. Al
= — -1
£ max< 5 ,O)

Curiously, equation (21) is basically the same as equation (13).

2

E. MAP estimate

Instead of using a flat (improper) prior for the speech
variance, it is possible to use a proper prior representing real
information. The prior distribution should allow (encourage,
even) the SNR to be zero, but should discourage large values;
greater than a few tens of decibels. Here we use the gamma

distribution
_ 1 a—1 7§
= 60‘F(a)§ exp < ﬁ) .

f&la,B)
Substituting this into (20), differentiating and equating to zero
yields a cubic in &

(22)

as&® 4 a28® + a1 + ag =0, (23)
with
az = —1,
as=—B+(a—1)8—|t|*/B -2,
a =B+ BAW*/B+(a—1)BIt /B (24)

+2(a—1)8—|t*/B -1,
ao = (a— 1)+ (a—1)B|{*/B,

The cubic is readily solved using the cubic equation [12], and
always has at least one real root. The root can, however, be
negative, so the resulting € should be floored at zero.

To set the hyper-parameters, we find that simply constrain-
ing the expectation of the gamma distribution to be the average
ML SNR of the current frame works satisfactorily,

E (&) = aBy
1 11 &
»3f:aE(§f):a FZ
F=1

and, empirically, o = 0.01.

For illustration, figure 1 shows a histogram of SNR (actually
[t|* /0) at 1000 Hz for the clean part of the aurora 2 training
data. Also shown is a gamma distribution with o = 0.01 and
B set such that the expectation is 48dB, the approximate SNR
of the clean aurora 2 data. The plot is in the log domain.
Notice that the gamma distribution is basically flat (caused by
« being close to 0), but falls rapidly for high values, i.e., it is
largely uninformative but discourages high SNR.

We choose a gamma prior in this study for simplicity. Other
authors (a recent example is [13]) have made persuasive cases
for the speech prior being closer to a generalised gamma
distribution. In ASR, the speech prior is often represented by
a large Gaussian mixture [14].

(25)

f 2
) e
vy
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Fig. 1. Histogram of clean data at 1000 Hz and gamma distribution with o =
0.01 and a8 = 48dB. The gamma distribution is largely flat (uninformative),
but imposes an upper limit. log(SNR) would normally be floored at 0.

IV. EXPERIMENTS

To allow comparison with [7] we present experimental
results on aurora 2. The aurora 2 task [15] is a well known
evaluation for noise compensation techniques. It is a simple
digit recognition task with real noise artificially added in 5dB
increments such that performance without noise compensation
ranges from almost perfect to almost random. Both clean
(uncorrupted) and multi-condition (additive noise corrupted)
training sets are provided, along with three test sets:

A Data corrupted with the same noise used in the
(multi-condition) training.

B As test set A, but using different noise.

C A subset of the noises above, but additionally with
a convolutional filter.

Aurora 2 does not distinguish evaluation and test data, so
results may be biased towards this dataset and should be
considered optimistic.

We used a simple “MFCC” front-end with a 256 point
DFT every 10ms. The noise reduction techniques were applied
in the power-spectral domain (129 bins), after which a filter
bank of 23 mel-spaced triangular bins was applied. The
usual logarithm and truncated DCT then produced 13 cepstral
coefficients (including CO) plus first and second order delta
coefficients. Where CMN and CVN were applied, the means
and variances were calculated separately for the whole of each
utterance.

The noise values were obtained using the low-energy enve-
lope tracking method described in [5], but with a simplified
correction factor from [16]: The 20 lowest energy samples in
a sliding 100 frame (1 second) window were averaged, and
multiplied by a correction factor, C. See section V-B for a
discussion of this factor.

Complete results are shown in Figure 2. Each graph rep-
resents a full aurora evaluation with both multi-condition and
clean training. The SNR of clean testing data was measured
to be around 48dB, and is off the axis, but the result is shown
as the first number in parentheses in the legend. The second

number in the legend is the usual aurora figure of merit: the
average of the scores from 0dB to 20dB.

Each graph in the left column represents use of CMN,
whereas the right column represents use of CVN (implying
CMN also). The four rows are, respectively, the value passed
to the filter-bank being

1) The usual non-SNR (power spectral) features.
2) As 1, but with spectral subtraction.

¢ = max (|‘c|2 —av, ﬁz?) , 27

with « = 1 and § = 0.1, found with a coarse grid
search.
3) One plus the maximum likelihood estimate of SNR from
the marginal distribution
2
1t

f+1:mm<A§—1ﬁ>+L (28)

(AR
= max 5 L]

4) One plus the MAP estimate of the SNR with a gamma
prior,

(29)

E+1, (30)

where é is the solution of the cubic in (23) and (24).

We stress that these results are not state of the art for this
database; the purpose is to compare techniques.

V. DISCUSSION
A. Performance

The most significant result of these experiments is that the
CVN results for the SNR features agree with, even exceed,
those in [7]. This is despite the fact that no involved spectral
model is used to distinguish the speech and noise. It seems
that simply being able to track the background noise level with
the low-energy envelope is enough.

The use of the simple gamma prior has a small benefit, but
at the cost of an extra parameter and finding the solution to a
cubic equation. Whilst this is not computationally onerous, it is
doubtful whether it is worthwhile given the good performance
of the much simpler ML solution. However, the spirit of the
approach is important; it shows a principled way to incorporate
prior information.

Spectral subtraction gives an improvement over the baseline,
but does not respond to CVN. This is at odds with the results in
[8], but in agreement with our own anecdotal evidence. This is
a curious result since there is not a large theoretical difference
between SNR features and spectral subtraction. The practical
difference between the two is that SNR features normalise
before the filter-bank, whereas CMN works after it. If we
denote the filter-bank weights for a single bin by wi, we, ...,
the SNR features presented to the decoder are of the form

log (1 +wi& +w2ba+--+), (31)
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whereas the spectral subtraction features are closer to the form

10g 1+ w181 —|—w252—|—--- .
winy + waong + - - -

(32)

Given that log(a + b) =~ logmax(a,b), we hypothesise that
a large noise component anywhere in the band spanned by
the given bin could dominate the latter expression. This in
turn offers some explanation for the improved performance of
SNR features. It remains a subject for further investigation.

B. Noise tracker correction factor

The low-energy envelope tracker normally requires correc-
tion as its estimate is biased too small. In [16], Lathoud et al.
suggest that a multiplicative correction factor

1

- (1.5y)2’
works well, where + is the fraction of samples assumed to be
noise. In our case, v = 0.2 so C = 11.1. In fact, we found
that, whilst this correction factor was necessary for the spectral
subtraction approach, a value of C' = 1 was better for SNR
features (the results in Figure 2 are for these values).

It is tempting to conclude that SNR features do not need
a correction factor. However, it is more likely that the noise
tracker with C' = 1 was producing noise estimates about 11
times too small, so the SNR estimates were 11 times too large.
Writing the situation as

(33)

log(1 4 11€) = log(11) + log (111 + f) , 34)

it is clear that this corresponds to using a smaller floor in the
logarithm. This floor is also very close to the one empirically
found to work well as the parameter [ in spectral subtraction.

The low-energy envelope is a noise floor rather than a noise
estimate; it is intuitively reasonable that this floor is also the
level below which speech and noise cannot be distinguished.
We hypothesise that the optimal value of C' in low-energy
envelope tracking is the same as the optimal floor for SNR.
Thus, when using SNR based features, these values cancel out
giving a parameter-free feature. Proof that C' = 1 is optimal
for SNR features, however, will require a careful mathematical
and experimental analysis.

VI. CONCLUSIONS

SNR features for ASR have several practical and mathemat-
ical advantages over the more usual spectral power features.
The naive SNR estimate is actually the optimal estimate under
a fairly rigorous Bayesian analysis, and the framework leaves
room for further incorporation of prior information, as is
common recently in ASR. SNR features perform well in noisy
conditions, and outperform other features when combined with
CVN. Prior information incorporated via a gamma prior dis-
tribution improves results still further, although the difference
may not merit the extra complexity. In practice a different
prior form, or one trained on real data ought to work better.

We have some evidence that the optimal correction factor
used in low-energy envelope tracking cancels exactly the

flooring used in the logarithm for SNR features, making SNR
features almost parameter-free when noise is estimated in this
manner.
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Abstract

Cepstral normalisation in automatic speech recognition is investigated in the context of robustness to additive noise. In this paper, it is
argued that such normalisation leads naturally to a speech feature based on signal to noise ratio rather than absolute energy (or power).
Explicit calculation of this SNR-cepstrum by means of a noise estimate is shown to have theoretical and practical advantages over the
usual (energy based) cepstrum. The relationship between the SNR-cepstrum and the articulation index, known in psycho-acoustics, is
discussed. Experiments are presented suggesting that the combination of the SNR-cepstrum with the well known perceptual linear pre-

diction method can be beneficial in noisy environments.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

An important problem encountered in speech signal
processing is that of how to normalise a signal for the
effects of noise. In speech enhancement the task is to
remove noise from a signal to reproduce the uncorrupted
signal such that it is perceived by a listener to be less noisy.
In automatic speech recognition (ASR), the task is to
reduce the effect of noise on recognition accuracy. This
paper concentrates on the latter (ASR) problem.

Two categories of noise are generally considered: Addi-
tive noise is that which represents a distinct signal other
than the one of interest. Convolutional noise is that which
alters the spectral shape, and can be associated with either
the signal of interest, or both the signal and the additive
noise.

The present work stems from the practical experience
that it is very difficult to improve upon cepstral normalisa-
tion techniques for noise robustness. Cepstral mean nor-

* Tel.: +41 27 721 7768.
E-mail address: pgarner@idiap.ch

0167-6393/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.specom.2011.05.007

malisation (CMN) (Furui, 1981) is a well established
technique that compensates, in a theoretically sound way,
for convolutional noise. It is based on the persuasive obser-
vation that a linear channel distortion becomes a constant
offset in the cepstral domain. More heuristically, CMN also
affords some robustness to additive noise. Cepstral vari-
ance normalisation (CVN) (Viikki and Laurila, 1997;
Viikki and Laurila, 1998) generally results in very good
noise robustness, but the reason for this is not well
understood.

Many common practical solutions for additive noise
compensation are based on the assumption of a simple
additive Gaussian model for both speech and noise in the
spectral domain. In ASR, the spectral subtraction
approach of Boll (1979) is well established. In speech
enhancement, much work is based on the technique of
Ephraim et al. (1984). Both these techniques have influ-
enced the design of the ETSI (2002) standard ASR front-
end. However, at least in a batch mode of operation, and
certainly combined with multi-condition training, CMN
combined with CVN can exceed the performance of all
these techniques.



992 P.N. Garner | Speech Communication 53 (2011) 991-1001

In this paper, building on previous work, the theoretical
effect of CMN and CVN in additive noise is studied. It is
shown that the use of CMN implies that the features pre-
sented to an ASR decoder are in fact measures of (log) sig-
nal to noise ratio (SNR) rather than (log) energy. Based on
this observation, a SNR feature is derived formally, the
derivation providing both theoretical and practical advan-
tages over the equivalent for energy based features.

The SNR-cepstrum is then placed in context amongst
other techniques, emphasising that there is a great deal of
commonality between noise robustness in ASR, speech
enhancement and indeed the workings of the inner ear.

The paper is split roughly into two parts. Sections 1-4
are largely theoretical, expanding previous work to give a
thorough basis for the SNR-cepstrum. Sections 5-7 pro-
ceed to evaluate the SNR-cepstrum in the context of the
linear predictive features that are common in modern
ASR systems.

2. Background

In a simplistic, but informative, view of an ASR front-
end, an acoustic signal is Fourier transformed to give a vec-
tor of spectral coefficients (s1,5»,...,57)'. After a linear
transform (filter-bank) implementing a non-linear fre-
quency warp, the cepstrum is calculated. The cepstrum
involves a logarithm followed by another linear transform
(DCT).

2.1. Convolutional noise

Although only one is normally considered, note that two
types of convolutional noise can be distinguished:

1. A source noise, g = (21,85, . ..,gF) ", associated only with
the speech signal. This can be thought of as being repre-
sentative of a speaker.

2. A channel noise, h = (hy, ha, . .., hy) ", associated with the
microphone and transmission channel.

In the presence of convolutional noise, which is multipli-
cative in the frequency domain, the logarithm for each fre-
quency bin, f'€ {1,2,...,F}, becomes

log(hyg,sy) = log(hy) + log(g,) + log(sy), (1)

where log(s,) varies, and log(/,) is constant over time.
log(gy) is taken to represent the component of the speech
that is constant over time, being some characteristic of
the speaker.

It follows from Eq. (1) that, if log(s,) can be assumed to
have zero mean, the noise terms can be removed by sub-
tracting the long term average of the log-spectrum. This
is achieved by cepstral mean normalisation (Furui, 1981,
although the technique has been attributed to Atal even
earlier) or by the RASTA processing of Hermansky and
Morgan (1994). Note also that, when the filter-bank is con-

sidered, the above holds if the /i, and g, are assumed con-
stant within a given filter-bank bin.

2.2. Additive noise

When additive noise is also present, typically it is
assumed to remain additive after the Fourier transform.
In this sense, the logarithm operation becomes

log(hrgpsy + heny) = log(hy) + log(g sy + ny). (2)

where (11,75, ...,np)" is the noise spectrum. From Eq. (2),
it appears that CMN and the like cannot work in signifi-
cant additive noise unless the additive noise is removed
first. To this end, there is a large body of work focusing
on additive noise removal. In ASR, the spectral subtraction
approach of Boll (1979) was further developed by, for in-
stance, Van Compernolle (1989), and is well established.
It is often used as a means to derive a Wiener filter. In
speech enhancement, much work is based on the technique
of Ephraim et al. (1984).

The state of the art in additive noise robustness is prob-
ably in the body of work based on the additive model of
Acero and Stern (1990,), and the vector Taylor series
approach of Moreno et al. (1996,). Such techniques are
characterised by a large Gaussian mixture prior on the
speech signal, a recent exemplar being Li et al. (2007). It
is not the goal of the present paper to approach the perfor-
mance of such techniques. Rather, a building block is pre-
sented that could be used in combination with these
techniques.

2.3. SNR features

The logarithm of a sum can be written

3

log(x + a) = log(a) 5—% REE

a

= log(a) + log (1 +%). G)

Although the relationship is clear without the series expan-
sion, the latter emphasises that the term log(a) is the com-
ponent that is independent of x. This in turn suggests that
Eq. (2) might better be written

log (hygssy + hyny) = log(hsny) + log (1 + g:;l>, (4)

f
emphasising that CMN would actually remove the con-
stant term log(hmy), or its mean if either i, or n, were
non-deterministic.

It appears from the above analysis that, if CMN is used,
the features that are presented to the ASR decoder are
actually (a linear transform of) the logarithm of one plus
the signal to noise ratio (SNR). This will happen even if
the additive noise is simply the minimal background noise
usually associated with clean recordings. It follows that one
could try to calculate the SNR from the outset rather than
calculate a spectral power measure and rely on CMN to
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produce the SNR. A-priori, such an approach has at least
three appealing properties:

1. The flooring of the logarithm happens naturally. The
SNR (expressed as a power ratio) cannot fall below
zero, so the argument of the logarithm is naturally
floored at unity, and the logarithm is hence positive.

2. SNR is inherently independent of A, the convolutional
noise associated with microphones and the gain associ-
ated with pre-amplifiers.

3. If applied before the filter bank, the assumption that /,
remains constant over the range of the filter bin is no
longer required.

It turns out that SNR is also mathematically appealing.

Notice that, whilst the channel noise, /4, is cancelled by
taking the SNR, the source noise, g, is still present. How-
ever, for high SNR it will be removed by CMN. It follows
that the SNR is not a replacement for CMN in its speaker
normalisation sense. It also suggests that direct comparison
of SNR based features with CMN would not be fair.

3. The SNR spectrum

In contrast to the previous section, which was left delib-
erately simplistic, a more rigorous derivation of a SNR
based feature is now presented. After defining a Gaussian
model of speech in noise, the derivation proceeds by show-
ing that power spectral subtraction can be seen as a partic-
ular maximum-likelihood (ML) solution. Two ML
estimators for the SNR are then derived.

3.1. Gaussian model

Assume that a DFT operation produces a vector, ¥, with
complex components, xi,¥,,...,%¥r, where the real and
imaginary parts of each x, are Gaussian, independent
and identically distributed (i.i.d.) with zero mean and var-
iance v That is,

prloy) = n%f exp <— M) ~ (5)

vy

In the case where two coloured noise signals are distin-
guished, a background noise, 1, and a signal of interest,
s, typically speech, denote the noise variance as v and the
speech variance as ¢. In general, the background noise
can be observed in isolation and modelled as

plylyy) = lf exp ( “f>. (©)

Vy

The speech, however, cannot normally be observed in iso-
lation. It is always added to noise. When both speech and
additive noise are present the variances add, meaning that
the total signal, t; = s, + n,, can be modelled as

1 It/ [?
t CryVr) = ex — - . 7
pllervr) n(c +vy) P ( Sty @)

Although neither the Gaussian nor i.i.d. assumptions are
likely to be true in practice, the above model is the basis
of the Wiener filter and of the widely used Ephraim et al.
(1984) speech enhancement technique. The goal is usually
formulated as requiring an estimate of s,. However, it is
first necessary to find an estimate of g

3.2. Variance as an ASR feature

The well known maximum likelihood estimate of ¢ is
instructive in determining the right approach for the defini-
tion and estimation of SNR. It proceeds as follows, where
the f subscript is dropped for simplicity: Assume that an
estimate, v, of v is available via solution of (6) during, for
instance, non-speech segments of the signal. The estimate
of the speech variance, ¢, then follows from Bayes’
theorem,

p(clt, ¥) o< p(tle, )p(c[y). (8)

Assuming p(¢|v) = p(¢)p(V) and a flat prior p(g) o 1, substi-
tuting (7) into (8), differentiating with respect to ¢ and
equating to zero gives the ML estimate,

¢ = max (|t|2 - o,o). 9)

Notice that, in ASR at least, this is simply power spectral
subtraction. More generally, it is known to provide a “rea-
sonable” estimate of the speech variance, but always re-
quires regularisation. In ASR, it is regularised by means
of an over-subtraction factor, ¢, and a flooring factor, f3:

& = max (|t|2 - w,m), (10)
as in (Van Compernolle, 1989).

The above derivation shows that a commonly used
speech feature can be seen in a Bayesian sense as an esti-
mate of the variance ¢. This interpretation is reinforced
when convolutional noise is considered. Making the substi-
tut]ion y, = \/hsx, in Eq. (5), the Jacobian determinant is
h; , SO

1 Iy, [
p(l)f|hf7 Uf) = W eXp <_h/Lv/ )

i.e., the convolutional term multiplies the variance, exactly
as in the simplistic model of Section 2.

The above implies that estimation for the purposes of
ASR can focus on the variance, ¢, rather than the (uncor-
rupted) observation, s, as in enhancement.

(11)

3.3. ML SNR estimate

Motivated by the term of interest being the variance,
define the SNR as
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éf=i—’;_, (12)

The f subscript indicates that the SNR is frequency depen-
dent. Substituting ¢,= &y, into (7),

1 It
te|érv) =—————exp | ——————— | 13
p( f| f f) ‘IIVf(l + éf) p ( Vf(l + é/) ( )
The subscript is dropped again hereafter for simplicity.
This time, the posterior is in terms of &,
p(E[t,¥) o< p(t|E, V)p(E]V). (14)

Assuming a flat prior, substituting (13) into (14), differenti-
ating and equating to zero,

2
& = max ('2 —1,0). (15)

3.4. Marginalisation over noise variance

Thus far it has been assumed that an estimate, v, of the
noise variance is available. In a Bayesian sense, however,
the noise is a nuisance variable, the correct approach being
to marginalise over it. In the case of variance estimation,
such marginalisation is not easily tractable. By contrast,
the form of (13), with multiplicative instead of additive
terms in the denominators, presents no major difficulty
for marginalisation.

If there are N frames (spectral vectors) of noise,
{n}y = {m,my,...,ny}, that are observed in isolation,
one can write

, _ HLP(“:‘J‘Wf)P(W‘) 16
PO =TT oo 1) 16)

where the products are over the likelihood terms, not the
priors. Again, hereafter subscripts are dropped for simplic-
ity. The likelihood terms are exactly the form of Eq. (6), and
a non-informative prior, p(v) o« v_', is arbitrarily chosen.
Eq. (16) then reduces to the inverse gamma distribution

P01, = v oo () )
where
A=N, B:XN:|11[J-|2. (18)

The MAP solution, v, of v would be
B
A+1’
however, the distribution can be used to marginalise over v.

Assuming the prior on SNR is independent of the noise
estimate, Eq. (14) becomes

p(Elt) o< () / " dvp(tE, VOl {n}y). (20)

{}:

(19)

Substituting (13) and (17) into (20), the forms are conjugate
and the integral is just the normalising term from the
inverse gamma distribution.

y 2 . —(4+1)
B' I(A+1) <t| +(g+1)3>

(21)

If a flat prior, p(&) x 1, is assumed as before, differentiating
(21) and equating to zero gives a marginal ML estimate:

2
& = max <A|;| — 1,0) (22)

Curiously, Eq. (22) is basically the same as Eq. (15). It was
shown by Garner (2009) that this result requires no further
regularisation to work well.

Hereafter, the SNR vector, &, is referred to as the SNR-
spectrum. This leads to the resulting cepstrum being called
the SNR-cepstrum.

4. Context

Whilst the above derivation is novel to the knowledge of
the author, the SNR-spectrum is by no means a new con-
cept. Rather, it draws together several loosely related
topics.

4.1. Enhancement

& is exactly the a-priori SNR of McAulay et al. (1980),
popularised by Ephraim et al. (1984). In enhancement, this
measure is used as an intermediate result in the reconstruc-
tion of an enhanced spectrum. The Wiener filter can be
defined in terms of the SNR:

_ ¢
E+ 10

In the decision directed estimator of Ephraim et al. (1984),
the ML estimate of & of (15) is regularised using an esti-
mate based on the previous spectral magnitude estimate.
This is further explored by Cohen (2005), and is used in
a modified form in ETSI (2002), Plapous et al. (2004).
Whilst these approaches are beyond the scope of the
present study, the proposed approach does not preclude
using them.

w (23)

4.2. Automatic speech recognition

Lathoud et al. (2005) present an ad-hoc model allowing
a signal to be described in terms of noise and speech spec-
tra. Those authors perform what they refer to as “Unsuper-
vised” spectral subtraction. In fact, they explicitly floor the
SNR using (in the present notation)

max (1 , Z—f> . (24)

r
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Notice that

log(1 + &) = log (max ll, |th1 ), (25)

v

which is the same form as (24). However, no ad-hoc spec-
tral model is necessary. It was shown by Garner (2009) that
this formulation can actually exceed the performance re-
ported by Lathoud et al. (2005).

The terminology raises an interesting issue: in the con-
text of CMN, there is little difference between using the
SNR-spectrum, and spectral subtraction. This is explored
below in Section 6.2.

4.3. Relationship with articulation index

Allen (1994) describes earlier work by Fletcher analysing
the probable workings of the inner ear. In particular, Allen
states that Fletcher’s experiments suggest that the cochlea
is sensitive to SNR:

The signal to noise ratio of each cochlear inner hair cell
signal is important to the formation of the feature chan-
nels since [the channel error] is known to depend directly
on these SNRs rather than on spectral energy.

Later, Allen (2005) defines the articulation index (AI) as

Al; = min <;loglo(l + c*snry), 1>. (26)
The Al is lower bounded at 0 by the logarithm, and upper
bounded at 1 by a heuristic 30 dB dynamic range of speech.

Notice that the Al has the same form, except for linear
transformation, as the speech feature described above that
arises from CMN. This in turn is known to work well in
ASR. These two derivations are totally independent. It fol-
lows that, under CMN, the feature being presented to an
ASR decoder is the Al, just as in the human ear.

In fact, the AI has been used directly as an ASR feature
by Lobdell et al. (2008). The approach of those authors was
to use the Al specifically to mimic the function of the ear.
In this sense, the present approach is complementary, dri-
ven more mathematically than perceptually.

4.4. Noise tracker

In order to obtain a noise estimate, Garner (2009) used
the low-energy envelope tracker advocated by Lathoud
et al. (20006), based on Ris and Dupont (2001) and Martin
(2001). The low-energy envelope tracker normally requires
correction as its estimate is biased too small. Lathoud et al.
(2006) suggest that a multiplicative correction factor

o 1 -

(1.5p)%
works well, where y is the fraction of samples assumed to be
noise. However, Garner (2009) found that a value of C =1
was better for the SNR-cepstrum, rather than the C =~ 11

that would be implied from Eq. (27). This in turn implied
that the feature being presented to the decoder was closer to

log(1 + 11¢) = log(11) + log <lll+f). (28)

The right hand side of Eq. (28) implies that this corre-
sponds to using a smaller floor in the logarithm. Further,
it is close to the one empirically found to work well as
the parameter f in spectral subtraction. However, the left
hand side of Eq. (28) suggests a relationship with the Al:
Allen (2005) states that the value ¢ from Eq. (26) should
be around 2. The square is certainly the same order of mag-
nitude as the 11 that occurs empirically in the results of
Garner (2009). C is based on noise minima and ¢ is based
on speech maxima; whatever the actual value of these con-
stants, the present approach is unable to distinguish them.
However, that they appear to cancel each other out sug-
gests they have the same origin.

4.5. Cepstral variance normalisation

Whilst cepstral variance normalisation (CVN) is known
to provide noise robustness (Viikki and Laurila, 1997,
1998), the justification for this is normally attributed to a
heuristic and brute force shift of the observation PDF
towards that of the model. This heuristic is used to good
advantage in histogram normalisation (Segura et al.,
2002; de la Torre et al., 2005). In the context of the
SNR-spectrum, however, the concept of CVN is far more
tangible: It is normalising SNR dynamic range.

As an aside, it follows that it may be possible to normal-
ise for SNR at some other point in the processing chain.
This has been investigated by the author without success.
An obvious tentative conclusion is that the removal of
the source noise, g, via CMN is important beforehand.

4.6. Summary

The SNR-spectrum arises as a natural consequence of
doing CMN on ASR features. CVN then takes on a phys-
ical interpretation as normalisation of the SNR dynamic
range in dB. If defined more formally as the ratio of speech
and noise variances, the intuitive estimator of SNR is also
the marginal ML estimator under Gaussian noise.

The SNR-cepstrum appears to be exactly (differing only
by linear transform) the Al of Fletcher as defined by Allen,
suggesting a close relationship with the sensory mecha-
nisms in the cochlea. Calculating the SNR-cepstrum as
suggested both by the cochlea and practical computation
leads to better noise robustness at low SNR.

5. Experiments
5.1. Previous results

Garner (2009) presented results showing that SNR
based MFCC (mel frequency cepstral coefficients) features
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were more noise robust than the usual energy based fea-
tures on the aurora 2 database. The aurora 2 task (Hirsch
and Pearce, 2000) is a well known evaluation for noise
compensation techniques. It is a simple English digit recog-
nition task with real noise artificially added in 5 dB incre-
ments such that performance without noise compensation
ranges from almost perfect to almost random. Both clean
(uncorrupted) and multi-condition (additive noise cor-
rupted) training sets are provided, along with three test
sets:

A Data corrupted with the same noise used in the (multi-
condition) training.

B As test set A, but using different noise.

C A subset of the noises above, but additionally with a
convolutional filter.

Aurora 2 does not distinguish evaluation and test data,
so results may be biased towards this data-set and should
be considered optimistic. It should also be stressed that
the results in this paper are not state of the art for this data-
base; the purpose is to compare techniques.

Aurora 2 is very useful for optimisation and evaluation
of front-ends; this is because it runs quickly and has a thor-
ough test set. However, several criticisms can be levelled at
aurora 2:

1. It is real noise, but added artificially. This assumes that
the additive noise assumption is exact, and ignores
effects associated with the fact that speakers will modify
their voices to compensate for noise presence.

2. It is digits, hence with a limited grammar and incom-
plete phonetic coverage.

There is also a somewhat intangible feeling in the com-
munity that aurora 2 results are often not reflected in real
world systems.

The results of Garner (2009) are summarised in Fig. 1.
Each graph represents a full aurora 2 evaluation for either
multi-condition or clean training. As the results for the dif-
ferent test sets (A, B and C) are virtually indistinguishable
when CMN is used, each curve is the average of the three
sets. The SNR of clean testing data was measured to be
around 48 dB, and is off the axis, but the result is shown
as the first number in parentheses in the legend. The second
number in the legend is the usual aurora 2 figure of merit:
the average of the scores from 0 dB to 20 dB. Both num-
bers are averaged over the three test sets.

The first curve in Fig. 1 shows an MFCC baseline using
CMN in clean (mismatched) training conditions. The fol-
lowing two curves show the benefits of using CVN too
(CMVN: cepstral mean and variance normalisation), and
of multi-condition (matched) training. The next curve
shows that spectral subtraction cannot improve on CVN,
whilst the penultimate curve shows that the SNR-cepstrum
can further improve on CVN in mismatched conditions.
The final curve shows that the SNR-cepstrum does not

afford any further improvement in matched conditions.
In fact, all techniques perform very similarly under multi-
condition training.

Notice that, whilst the aurora 2 figure of merit is higher
for the SNR based features, it is mainly gained from
improvements below about 15 dB SNR. In cleaner condi-
tions, the usual energy based features perform better. It
seems reasonable to attribute this difference to the noise
tracker. Certainly the noise tracker is imperfect, and it is
the only major difference between the two techniques at
high SNR.

5.2. Hypotheses

In the present investigation, two hypotheses are under
test:

1. State of the art systems often use linear prediction fea-
tures as alternatives to the MFCCs used in previous
work. Do such features also benefit from the use of
SNR based features?

2. The previous experiments were limited to the scope of
aurora 2. Do the benefits of SNR based features tran-
scend the restrictions of this database?

5.3. Perceptual linear prediction

Linear prediction (LP) is a common speech analysis
method that represents speech using an all pole model
(Makhoul, 1975). In the context of ASR, it is used to
smooth a spectrum based on the fact that the signal origi-
nates from a vocal tract.

LP is normally used in ASR in the form of the percep-
tual linear prediction (PLP) of Hermansky (1990). PLP
modifies the auto-correlation calculation in the first stage
of the LP calculation as follows:

1. The power spectrum is binned into critical bands sepa-
rated according to the bark scale.

2. The bands are weighted according to an equal loudness
criterion.

3. The bands are compressed by a cube root representing
the power law of human hearing.

PLP has become quite widely used in state of the art
ASR systems, e.g., the AMIDA system of Hain et al.
(2009). In this sense, it merits investigation in the SNR-
spectrum framework.

Whilst LP has a rigorous mathematical underpinning,
PLP is more a set of heuristics. That is, the spectral warp-
ing is not derived as such, it is introduced in an ad-hoc, but
intuitively reasonable manner. Using the same intuition,
PLP cepstra can be calculated based on SNR rather than
energy. If PLP is seen as simply a smoothing operation,
it is reasonable to assume that the same smoothing can
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Fig. 1. A summary of previous aurora 2 results for MFCC features. See the text for a description.

be applied to the SNR spectrum rather than the power
(energy) spectrum.

5.4. Method

Features in the spirit of PLP were extracted using the
Tracter toolkit (Garner and Dines, 2010). That is, pre-
emphasis was used in lieu of an equal loudness weighting,
then a 256 point DFT was performed every 10ms. The
power spectrum of 129 bins was applied to a filter bank
of 32 mel-spaced triangular bins (rather than bark spaced
trapezoidal bins). The filter bank was cube root com-
pressed (initially), then the usual DCT and LP recursions
yielded 13 cepstral coefficients (including CO0) plus first
and second order delta coefficients. Cepstral means and
variances were calculated separately for the whole of each
utterance; all new results in this paper use both CMN
and CVN.

The SNR based PLP features were extracted as above,
except using one plus the ML estimate of the SNR as
described in Section 3.4. The LP calculation was as above,
except that no cube root compression was employed. This
was found to improve performance significantly, and is dis-
cussed later in Section 6.3.

Following Garner (2009), the noise values were obtained
using the low-energy envelope tracking method described
by Ris and Dupont (2001), but with a simplified correction
factor of Lathoud et al. (2006): The 20 lowest energy sam-
ples in a sliding 100 frame (1 second) window were aver-
aged, but not multiplied by any correction factor.

5.5. Aurora 2 results

Results are shown in Fig. 2. The energy based PLP
features perform similarly to the energy based MFCC

features. However, the improvement for SNR based
features is considerably more than that for MFCCs in
the mismatched (clean training) case. This is encouraging;
it strongly suggests not only that the SNR spectrum is
applicable to PLP features, but that it is more suited to
PLP features than to MFCCs.

5.6. Aurora 3 and 4 results

Aurora 3 and 4 go some way to combat the criticisms
that are often levelled at aurora 2.

Aurora 3 is a digit subset of SpeechDat-Car; that is, a
similar task to aurora 2 but uttered in real noise. The noise
is various driving conditions of a car. Several languages are
available; the present experiments are performed on the
German (Netsch, 2001) and Danish (Lindberg, 2001)
versions. As with aurora 2, a standardised train and test
harness is provided using HTK. However, as the noise
conditions are real, only three conditions are defined:

wm is well-matched; a mixture of all conditions and
microphones for both training and testing.

mm is mid-mismatch; training with quiet and low noise
data on a hands free microphone, testing on high
noise data from the same microphone.

hm is high-mismatch; training in all conditions on a close
talking microphone, testing in low and high noise on
a hands free microphone.

No SNR information is immediately available for the
Danish database. However, Netsch (2001) gives SNR dis-
tributions for the various microphones and conditions.
The close talking microphone averages around 20 dB,
and the hands free microphones averages around 5-
10 dB; however all conditions spread 10 dB either side of
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Fig. 2. PLP results on aurora 2 database.

the average. Given these broad measurements, and com-
paring with aurora 2 results, a-priori it may be expected
that SNR features may not afford any improvement on
the wm and mm conditions. However, an improvement is
expected for the hm condition; although perhaps not as
much as in aurora 2 as the mismatch is not as large.

Results are shown in Fig. 3. Contrary to expectations,
there is a small improvement across the board, except for
the Danish matched conditions. As expected, however,
the improvement is most significant for the highest
mismatch.

Aurora 4 is a noisy version of the well known wall street
journal (WSJ) based SI-84 task. Aurora 4 goes back to
using real noise artificially added to otherwise undistorted
speech, but is large vocabulary (5000 words), hence cover-
ing the phone set thoroughly. As in aurora 2, both clean
and multi-condition training sets are defined. However,
rather than define tests at particular SNRs, 14 individual
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Accuracy (%)
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Fig. 3. PLP results on aurora 3 database. The G and D prefixes refer to
German and Danish respectively.

enumerated tests are specified; these are summarised in
Table 1.

Although a test harness was made available by Parihar
et al. (2004), other authors have written their own (e.g.,
Au Yeung and Siu, 2004). In the present experiments, a
scheme in the spirit of that of Parihar et al. (2004), but
using HTK, was used.

To better reflect a typical WSJ system, the 16 kHz data
were used with a 400 point DFT and 40 bank mel filter.
Other parameters were as in the 8 kHz experiments.
Results are shown in Fig. 4 (Sennheiser microphone) and
Fig. 5 (second microphone). A priori, from the aurora 2
result, one would not expect the multi-condition results
to vary much between SNR and energy based PLPs. The
added noise is in the range 5-15dB, however, which is
within the range in which SNR features have been shown
to afford an improvement. In this sense, the clean training
results should be better for SNR based PLPs.

In practice, the a-priori expectations are borne out quite
well.

5.7. Rich text

The SNR-cepstrum was briefly evaluated in the context
of meeting room recognition. The baseline was the
AMIDA RTO06 system of Hain et al. (2006). Only the first
pass was evaluated, and only the IHM (individual headset
microphone). At an early stage, it was clear that the results
from the SNR-cepstrum were no better than those from the
baseline, and further experiments were abandoned.

In fact, this result is broadly what would be expected
a-priori given the aurora 2 results. The training and test
condition are matched, and the SNR is quite high; perhaps
better than the notional 15 dB threshold.
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Table 1
Test set composition for aurora 4.

Microphone Clean Noise added between 5 dB and 15 dB
Car Babble Restaurant Street Airport Train
Sennheiser 1 2 3 4 5 6 7
Second 8 9 10 11 12 13 14
1 PLP Energy, clean OPLP Energy, multi IPLP SNR, clean BPLP SNR, multi
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Fig. 4. PLP results on aurora 4 database — Sennheiser microphone.
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Fig. 5. PLP results on aurora 4 database — second microphone.

5.8. Experimental conclusions
The hypotheses are hence proven:

1. PLP features appear to benefit from SNR spectra in the
same way as MFCC have been shown to do. At least on
aurora 2, the results are better than for MFCCs.

2. Predictions made on the basis of aurora 2 results carry
over to real noisy data, and to a large vocabulary
system.

6. Discussion
6.1. State of the art

The experiments show that SNR-spectrum based
features can be beneficial in noisy environments when
there is a mismatch between the training and testing
conditions. Garner (2009) also showed that such fea-

tures out-perform various types of spectral subtraction.
No other comparison is made with other noise robust-
ness techniques. Rather, the use of standard databases
means the results can be readily compared with those
in the literature. No claim is made that the SNR-
spectrum gives state of the art results. For instance,
Li et al. (2007) report considerably better results on
aurora 2.

6.2. Analysis

That the SNR-spectrum performs well is a curious result
since there is not a large theoretical difference between
SNR spectrum features and energy spectrum features when
CMN is used. The difference is that the SNR spectrum fea-
tures normalise before the filter-bank, whereas CMN
works after it.

If the filter-bank weights for a single bin are denoted by
wi,Ws,. .., the SNR features presented to the decoder are
of the form



1000 P.N. Garner /| Speech Communication 53 (2011) 991-1001

log (1 +wi& +wady + ), (29)
whereas the energy based features are closer to the form

wi(s1 +n1) +wa(sy +n2) + - )
w1n1+w2n2+--- '

log (1 + (30)

In broadband noise, Vfis, < ny, both expressions clearly
reduce to the same value (log 1). However, if the noise is
isolated to a particular bin, f, then only one term in the first
expression will approach zero. In the second, the whole
expression will reduce. It follows that the noises in the
experimental conditions are suitably coloured for this effect
to be significant.

These results are complementary to those of Lobdell
et al. (2008), who also find advantages associated with Al
features, albeit working after the filter-bank, and without
cepstral normalisation.

6.3. PLP power law

One corollary of the aurora 2 experiments is that the
cube root compression of Stevens (1957) normally used in
PLP is not beneficial in the presence of noise. Whilst it is
not the object of this study to investigate optimal PLP
parameters, one hypothesis is as follows:

The compression affects the relative contribution of
large and small spectral values in the LP calculation.
Higher powers favour the higher values. The smaller power
of 0.33 in PLP will enhance the contribution of smaller
spectral values. The smaller values are likely to be noise.
It follows that compression is in general not a noise robust
operation. This issue is related to the SNR spectrum in that
the SNR calculation can reduce noise peaks.

It can be tentatively concluded that additive noise is a
more dominant concern than optimal compression in the
present experimental conditions.

7. Conclusions

SNR-spectrum features for ASR have several practical
and mathematical advantages over the more usual spectral
power features. The naive SNR estimate is actually the
optimal estimate under a fairly rigorous Bayesian analysis,
and the framework leaves room for further incorporation
of prior information, as is common recently in ASR.
SNR features combined with CMN and CVN perform well
in noisy conditions, especially when the SNR is below
15 dB.

The SNR-spectrum combined with the usual cepstral
processing can be seen as an independent derivation of
the articulation index. This also leads to insights into
how to handle the noise tracker. Certainly the empirically
optimal configuration is one with no hyper-parameters.
The SNR-spectrum is also closely related to features
known to be beneficial in speech enhancement.

Experiments on artificial and restricted data give results
that appear to generalise to real and less restricted data.

Whilst no effort has been made to approach state of the
art noise robustness figures, the SNR-spectrum appears
complementary to techniques producing such results.

Acknowledgements

This work was supported by the Swiss National Science
Foundation under the National Center of Competence in
Research (NCCR) on Interactive Multi-modal Information
Management (IM2). This paper only reflects the authors’
views and funding agencies are not liable for any use that
may be made of the information contained herein.

The author is extremely grateful to the four anonymous
reviewers for their time and comments during the review
process, especially regarding the presentation of results.

References

Acero, A., 1990. Acoustical and environmental robustness in automatic
speech recognition. Ph.D. Thesis, Department of Electrical and
Computer Engineering, Carnegie Mellon University, Pittsburgh,
Pennsylvania 15213.

Acero, A., Stern, R.M., 1990. Environmental robustness in automatic
speech recognition. In: Proc. IEEE Internat. Conf. on Acoustics,
Speech and Signal Processing, vol. 2, pp. 849-852.

Allen, J.B., 1994. How do humans process and recognize speech? IEEE
Trans. Speech Audio Process. 2 (4), 567-577.

Allen, J.B., 2005. Consonant recognition and the articulation index. J.
Acoust. Soc. Amer. 117 (4), 2212-2223.

Au Yeung, S.-K., Siu, M.-H., 2004. Improved performance of Aurora 4
using HTK and unsupervised MLLR adaptation. In: Proc. Internat.
Conf. on Spoken Language Processing, Jeju, Korea.

Boll, S.F., 1979. Suppression of acoustic noise in speech using spectral
subtraction. IEEE Trans. Acoust. Speech Signal Process. ASSP-27,
113-120.

Cohen, I., 2005. Relaxed statistical model for speech enhancement and a
priori SNR estimation. IEEE Trans. Speech Audio Process. 13 (5),
870-881.

de la Torre, A., Peinado, A.M., Segura, J.C., Pérez-Cérdoba, J.L.,
Benitez, C., Rubio, A.J., 2005. Histogram equalization of speech
representation for robust speech recognition. IEEE Trans. Speech
Audio Process. 13 (3), 355-366.

Ephraim, Y., Malah, D., 1984. Speech enhancement using a minimum
mean-square error short-time spectral amplitude estimator. IEEE
Trans. Acoust. Speech Signal Process. ASSP-32 (6), 1109-1121.

ETSI, Speech Processing, Transmission and Quality Aspects (STQ);
Distributed speech recognition; Advanced front-end feature extraction
algorithm; Compression algorithms, ETSI Standard 202 050, ETSI,
vl.1.1, 2002.

Furui, S., 1981. Cepstral analysis technique for automatic speaker
verification. IEEE Trans. Acoust. Speech Signal Process. 29, 254-272.

Garner, P.N., 2009. SNR Features for automatic speech recognition, In:
Proc. IEEE Workshop on Automatic Speech Recognition and
Understanding, Merano, Italy.

Garner, P.N., Dines, J., 2010. Tracter: a lightweight dataflow framework.
In: Proc. Interspeech, Makuhari, Japan.

Hain,T., Burget, L., Dines, J., Garau, G., Karafiat, M., Lincoln, M.,
Vepa, J., Wan, V., 2006. The AMI meeting transcription system:
progress and performance. In: Proc. NIST RT06 Spring Workshop.

Hain, T., Burget, L., Dines, J., Garner, P.N., El Hannani, A., Huijbregts,
M., Karafiat, M., Lincoln, M., Wan, V., 2010. The AMIDA 2009
meeting transcription system. In: Proc. Interspeech, Makuhari, Japan.

Hermansky, H., 1990. Perceptual linear predictive (PLP) analysis of
speech. J. Acoust. Soc. Amer. 87 (4), 1738-1752.



P.N. Garner | Speech Communication 53 (2011) 991-1001 1001

Hermansky, H., Morgan, N., 1994. RASTA processing of speech. IEEE
Trans. Speech Audio Process. 2 (4), 578-589.

Hirsch, H.-G., Pearce, D., 2000. The Aurora experimental framework for
the performance evaluation of speech recognition systems under noisy
conditions. In: ISCA ITRW ASR2000 “Automatic Speech Recogni-
tion: Challenges for the Next Millenium”, Paris, France.

Lathoud, G., Magimai-Doss, M., Mesot, B., Bourlard, H., 2005.
Unsupervised spectral substraction for Noise-Robust ASR. In: Proc.
IEEE Workshop on Automatic Speech Recognition and Understand-
ing, San Juan, Puerto Rico, 2005.

Lathoud, G., Magimai-Doss, M., Bourlard, H., 2006. Channel normal-
ization for unsupervised spectral subtraction, IDIAP-RR 06-09, Idiap
Research Institute, URL <http://publications.idiap.ch>.

Li, J., Deng, L., Yu, D., Gong, Y., Acero, A., 2007. High-performance
HMM adaptation with joint compensation of additive and convolutive
distortions via vector Taylor series. Proc. IEEE Workshop Autom.
Speech Recognit. Understanding. IEEE, Kyoto, Japan.

Lindberg, B., 2001. Danish SpeechDat-Car Digits Database for ETSI STQ
Aurora Advanced DSR, Technical Report, CPK, Aalborg University,
URL <http://aurora.hsnr.de/download/sdc_danish_report.pdf>.

Lobdell, B.E., Hasegawa-Johnson, M.A., Allen, J.B., 2008. Human speech
perception and feature extraction. In: Proc. Interspeech, Brisbane,
Australia.

Makhoul, J., 1975. Linear prediction: a tutorial review. Proc. IEEE 63 (4),
561-580.

Martin, R., 2001. Noise power spectral density estimation based on
optimal smoothing and minimum statistics. IEEE Trans. Speech
Audio Process. 9 (5), 504-512.

McAulay, R.J., Malpass, M.L., 1980. Speech enhancement using a soft
decision noise suppression filter. IEEE Trans. Acoust. Speech Signal
Process. 28 (2), 137-145.

Moreno, P.J., 1996. Speech recognition in noisy environments. Ph.D.
Thesis, Department of Electrical and Computer Engineering, Carnegie
Mellon University, Pittsburgh, Pennsylvania 15213.

Moreno, P.J., Raj, B., Stern, R.M., 1996. A vector Taylor series approach
for environment-independent speech recognition. In: Proc. IEEE
Internat. Conf. on Acoustics, Speech and Signal Processing, Vol. 2,
Atlanta, US, pp. 733-736.

Netsch, L., 2001. Description and Baseline Results for the Subset of the
Speechdat-Car German Database used for ETSI STQ Aurora WI008
Advanced DSR Frontend Evaluation, STQ Aurora DSR Working
Group input document AU/273/00, Texas Instruments, URL <http://
aurora.hsnr.de/download/sdc_german_report.pdf>.

Parihar, N., Picone, J., Pearce, D., Hirsch, H.G., 2004. Performance
Analysis of the Aurora Large Vocabulary Baseline System. In: Proc.
12th European Signal Processing Conf., Vienna, Austria.

C. Plapous, C. Marro, L. Mauuary, P. Scalart, A Two-Step Noise
Reduction Technique, in: Proc. IEEE Internat. Conf. on Acoustics,
Speech and Signal Processing, Vol. I, Montreal, Canada, 289-292,
2004.

Ris, C., Dupont, S., 2001. Assessing local noise level estimation methods:
application to noise robust ASR. Speech Commun. 34 (1-2), 141-158.

Segura, J.C., Benitez, M.C., de la Torre, A., Rubio, A.J., 2002. Feature
extraction combining spectral noise reduction and cepstral histogram
equalisation for robust ASR. In: Proc. Internat. Conf. on Spoken
Language Processing, pp. 225-228.

Stevens, S.S., 1957. On the psychophysical law. Psychol. Rev. 64 (3), 153~
181.

Van Compernolle, D., 1989. Noise adaptation in a hidden Markov model
speech recognition system. Comput. Speech Lang. 3 (2), 151-167.
Vikki, O., Laurila, K., 1997. Noise Robust HMM-Based Speech Recog-
nition using Segmental Cepstral Feature Vector Normalization, in:
Robust Speech Recognition for Unknown Communication Channels,

ISCA, Pont-a-Mousson, France, 107-110.

Viikki, O., Laurila, K., 1998. Cepstral domain segmental feature vector
normalization for noise robust speech recognition. Speech Commun.
25, 133-147.



	Introduction
	Background
	The Bayesian method
	Historical note
	Bayesian vs. classical
	A basic problem
	The merit of priors

	Applications of Bayesian methods
	Bulk mail
	Neural networks
	ASR
	Summary

	Motivation for the thesis

	Dialogue
	Introduction
	Relevance
	Overlap
	Paper walk-through
	Analysis
	Method
	The small sample problem
	Dirichlet solution
	Vocabulary size
	The Poisson solution
	Zipf prior
	Language modelling and vocabulary pruning
	Improved prior distributions
	Summary

	With hindsight
	Multinomial
	Priors
	Language modelling

	Impact

	Formant analysis
	Introduction
	Relevance
	Overlap
	Paper walk-through
	Analysis
	The Holmes formant analyser
	The confidence problem
	Convolving normal distributions
	Training
	Summary

	With hindsight
	Impact

	Noise robustness
	Introduction
	Relevance
	Overlap
	Paper walk-through
	Analysis
	The Gaussian model of speech in noise
	The Sohn-Sung VAD
	VAD Implementation
	Differential VAD
	Evaluation metric
	From VAD to noise robustness
	Initial noise robustness work
	Cepstral normalisation
	Features and databases
	Summary

	With hindsight
	VAD
	SNR features
	Capacity of a Gaussian channel

	Impact

	Conclusions
	Hypotheses
	Corollaries

	Full list of publications
	Letters from co-authors
	Papers

