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INTRODUCTION,

These last few years, much work has been devoted to speech reco-'
‘gnition.'Among the different problems that have been investigated,-only
isolated word recognition has proven reliable and efficient enough for
commercial applications. Continuous speech recognition or at least
connected word rgcognitibn would certainly be a'considerable improvemént"

that may lead to new applications of voice man-machine communication.

Solutions to these two problems rely on dynamic time warping (DTW),
techniques introduced by Sakoe (1) and extended in (2, 3, 45 in order to

cope with connected word recognition.
\ )
.

Recently, Ackland, Weste and Burr (5) and Banitre, Frison and
Quinton (6) proposed independently similar parallel algorithms for im-
plementing efficiently DIW techniques. Ackland et al. (5) designed a net-
work of processors for implementing classical DTW algorithms and built a
prototype VLSI chip. Bandtre et al. proposed a similar structure for im-
plementing a wotd-spotting algorithm based on Bahl and Jelinek statistical
decoder (7). Performance estimation of these special purpose devices shows
that it can improve by a factor of about 200 the time performance of

conventional implementations.

The purpose of this paper is the description of a parallel algorithm
for connected word recognition. This algorithm makes intensive use of -
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pipelining and multiprocessing, it may be qualified of "systolic" (8). Its

main properties can be summarized as follows :

(1) it solves the connected word recognition problem as stated by

Sakoe (2) and Myers and Rabiner (4),
(ii) it is suitable for VLSI implementation,
(iii) it is a natural pefipheral of the network presented by Ackland

et al. (5), or with slight modification of the one of Banitre et al. (6).

In the following, we give an overview, of the main characteristics

of the DIW algorithm for connected word recognition. A systolic implemen-

tation of this algorithm is then presented;‘and the main properties of -the

network presented in (5) and (6) are recalled. Then it is explained how

this network can be connected to the machine presented in this paper. '



CONNECTED DTW ALGORITHM,

Let T be a test string consisting of M frames. We denote by T(m)
the vector of features of frame m and by T(i:j) (ic<j) the substring of T

containing frames T(i), ..., T(j).

Reference patterns are denoted RV’ ve[l,V], N, = IRVI denotes the

number of frames of Rv.

The connected word DTW algorithm aims in finding a”sequence
RS = Rq(l)'Rq(Z) . Rq(L) consisting in zhe concatenation of L reference
patterns such that DIW distance between R” and T be minimal. Let us denote by
D(R®,T) this distance and % ||R®|| the number of words of RS. The problem
we have to solve consists in evaluating the value D* defined as :

D* = min D(R®,T) (1)

RS

Let D*L be the minimal distance between a super-reference of L

words and T, we then have :
D* = min[D*_ ] : (2)
L
L
If the DIW algorithm uses asymetric slope constraints (2), D*L can

be evaluated as :

D*_ = min D(R ...R ,T)
Logeq 977 a®
L
= min [min © D(R (1)° T(b(i) : e(i)))] 3)
q(1)...qL)y B i=1 9
where B = {(b(i), e(i))}i=l L is a sequence of indexes such that b(l) = 1,
e(L) = M and ¥1i : lgigL, b(i+l) = e(i)+1.
By reversing min's we get
D*L = min ! ; min[D(R , T(b(i) : e(i))]] (4)
(b(i),e(i)):.L=1 L i=1 v v
Let us set B(b,e) = min D(Rv, T(b : e)) | (5)
v
and  D*(e) = min[D(R®, T(1 : e)] (6)
s
R
and D*L(e) = min [D(RS, T(l : e)] 7

|1R®]|=L

<
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(4) may also be formulated as

D*_(e) = min [D* (b-1) + 5(b,e)] (8)
L L-1
1<bge
and thus
D*(e) = min[ min [D* _(b-1) + D(b,e)]] (9)
. -1

L 1gbge
Reversing min's again produces .
Dx(e) = min [min D*_ (b-1) + ﬁ(b,e)] v (10)

L
1<bge L

One can observe that :
D¥(e) = min D¥ (e) (11)

1<lge

since any reference pattern needs to be matched against at least one

-frame of T.

Finally (10) becomes :

D*(e) = min [ min D*L(b-l) + 5(b,e)] _ ) (12)
lgbge 1gLgb-1 ’
or
D%(e) = min [D*(b~1) + D(b,e)] (13)
1<bge '
D*(e) can be computed in exactly e steps with the following iterative
scheme :
Uo (e) = 400
¥e > 0 .
U (e) = min[U, _,(e), D*(k-1) + D(k,e)] “ (14)

with D*¥(0) = 0. It is then clear that D*(e) = Ue(e) ¥e > 0. Although not
detailed here, the last word of word string achieving D*(e) may be obtained
during the iteration and would suffice to retrieve the entire word string

by a backward linking mechanism.

In a first appr&ximation, it may be noticed that the terms-Uk(e) with
k fixed and ee[0,M] may be computed simultaneously - assuming of course that
every term whose processing is completed be immediately available for
further calculation. For example, as soon as Ul(l) is evaluated it may be
used for computation of terms Uz(e), ec[2,M]. Figure 1 illustrates depen-

dencies between terms Uk(e), ec[0,3].
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Figure 1 : Dependency graph for the calculation
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However, if one thipks of designing a highly parallel aigorithm
(suitable for VLSI implementation), the above scheme canﬂot be used
directly. It would necessitate that‘every U, (i) be connected to all
(j), je[0,M] and on a hardware point. of view this is purely un-

1+1
realistic. The next section presents a,more reasonable scheme.

A SYSTOLIC IMPLEMENTATION OF THE ALGORITHM.

An essent1al feature of systollc 'machines’" is that they are all
built from 1den;1cal processors (8) that are connected in a regular
fashion. \

For our problem, a possible approach consists in organizing the
parallel computation in such a way that long distance connection between

processors be replaced by a succession of direct close connections - For

‘example, instead of connecting Ul(l) to U2(3) directly, we connect it to

,.Ué(Z) and U2(2) to U2(3) - and information flow from Ul(l) to U2(3) will

follow this path (succession of elementary paths). According to this
observation, the computation flow is exhibited on figure 2. It turns out
that this computation may be performed on a linear array\(D*-array) of

processors conveniently comnnected.

Every cell of this array is structured as displayed in figure 3.
It contains an adder and a comparator. The cell computes 1] (e) using values

k-l(e)’ (K 1) and D(k e).

Computation of Uk(e) is achieved in two cycles (referred to as A
and, B). During cycle A, the cell inputs ﬁ(k,e) (Uk—l(e) and Uk_l(k-l) are
assumed to be available). The cell compuﬁes U (e) which is sent to its
left neighbour. During cycle B, the cell reads U (e) and U 1(k'-l)
to be used in the next A cycle. Figure 4 shows the overall organization
of our network composed of MAcells . Figure 5describes steps of computation
for Uo(i), Ul(i), Uz(i) and U3(i), ie[0,3]. Cell i computes Uk(k+j-1);
ke[O,M] and cpnsequently values Uk(k) are delivered by cell 1 after k

executions of cycles A and B.

A

The next section describes how this network (called D*—array) may
be connected to a device computing the values D(k e) in order to solve

the entire connected word recognition problem.
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Figure 4 : Organization of the D*-array.
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A SYSTOLIC MACHINE FOR CONNECTED WORD DTW.

The whole machine is composed of three parts : the DIW network,

the D-array and the D¥*-array (figure 6). ) o

The DIW network.

For clarity sake, it will be assumed that the computation of DTW

distance is based on the simplest asymetric equation :

D(i,j) = min{D(i-1,j-1) + d(4,3), D(i-1,j) + d(4,3)}
D(1,1)

(15)
a(1,1) .

]

where d(i,j) represents the distance between frame i of reference pattern
and frame j of test pattern. Although this assumption is very unrealistic,
it is demonstrated in (5) how more sophisticated slope constraints can be

achieved using the same architecture.

The DIW network is composed of MxN* cells numbered <m,n>, ng[1l,N*],

mefl,M] where N* is the maximum reference pattern length.

The DTW network is vertically fed with a test pattern and horizontally

(from left) with reference pattern.

Assume T(k) T(k+1) ... T(k+M) are vertical input and Rv(l), RV(2), ceny
.RV(N*) are horizontal inputs. Let us set D(k,j,v) = D(RV,T(k:j)). Values
D(k,j,v) are produced by processors <N*, j>, Computations are made on a

diagonal basis, so that, if we assume that the computation starts at time t,

. T(k+j) enters cell <1,j> at time t+j-1
. Rv(i) enters cell <i,1> at time t+i-1

. D(k,j,v) is produced by cell <N*,j> at time t+N +j-2 (see figure 7).

The comparison between V reference patterns and successive substrings

T(k:k+j) of test pattern T are achieved by the following algorithm :

Step 1 : T(1:M) is input vertically. Reference patterns R ., R are

v
pipelined horizontally. Processors <N¥,j> output every value N(1,j,v) for

1’ RZ’

1gvgV g

Step k : T(k:M) is input vertically and reference patterns R R, are

L
pipelined. Processors <N%*,j> output D(k,k+j,v) for lgvgV.

Call S the time when <N*,1> outputs the first result D(1,1,v). It is

clear that <N*,1> will produce the sequence {n(1,1,v)|v=1, ..., V} then
{p(2,2,v) |[v=1, ...,V} and so on ... More generally, processor <N¥,j> pro-
duces{n(1,3,v) [v=1, ..., V} then {N(2,j+1,v)|lgvsV} ... {D(k,j+kv)| LlsvsV},

starting at .time S+j-1,
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Figure 6 : Overall structure of the connected

word DTW machine.
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The B—arraz.

This array computes the values D(i,j) consumed by the D*-array.
ﬁ—array is simply made out of M cells that read the values D(i,3i,v)
output by processors <N* j> of the DIW-network and compute the value :

D(i,3) = min D(i,3,v)

v

It can be seen that cell 1 of the ﬁ—array produces N(1,1) at time
S+V-1, then D(2,2) at S+2V-1 ... D(k,k) at time S+kV-1. More generally,
cell j produces ﬁ(k,k+j) at time S+j+kV-2,

Synchronization of the D*-array.

As we assumed that the basic cycles of every type of processor of
the machine have the same duration, it is necessary to slightly modify
the functioning of the D*-array. 1et us consider the functioning of cell j
of the D¥*-array, which has to compute Uk(j+k), ke[0,M]. Cell j may start
to compute Uk(j+k) as soon as D(k,j+k) is available, that is at time

S+j+kV-2. At this time, U (j+k) has been computed by cell j+1 and also

k-1
Uk_l(k—l) is available. Cell j thus may enter cycle A and cycle B and has
to wait until ﬁ(k+1,j+k+1) is available at time S+j+(k+1)V-2. Consequently,
cell j enters V-2 idle cycles. This means that V must be greater than 2

which is a reasonable assumption.

DISCUSSION.

As it has been described, the network comprises MxN* DTW-cells,
M ﬁand D* cells. It is well known that DIW computation need only to be made
for (4i,j) cells such that |i-j |€r. This remark reduces notébly the size of
the machine. On the other hand, it is also possible to use the same structure

for word-spotting of phonetic transcription of words' against the phonetic

- labelling of speech (Banidtre et al. (6)). The advantage of such an approach

is that it reduces considerably the size of the network. However, it remains
to be proven that, despite the uncertainty of phonetic labelling, reco-
gnition rate remains high enough in order to meet the requirements of CWR

application.
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