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ABSTRACT

This paper proposes a new frame-synchronous algorithm
for spotting similar intervals by comparing arbitrary intervals
in a reference pattern sequence with arbitrary intervals in
an input pattern sequence. The algorithm is called Reference
Interval-free Continuous DP (RIFCDP) and the experimental
results show that RIFCDP is successful in detecting the sim-
ilar intervals between a reference pattern and an input. We
have applied this algorithm to speech retrieval from a speech
database and showed the possibility of real-time speech/text
retrieval. The proposed algorithm can offer a wide range of
applications such as digesting of continuous speech by check-
ing the duplication of input data (same word utterance), and
location identification of a mobile robot.

1. INTRODUCTION

This paper proposes a new frame-synchronous algorithm
for spotting similar intervals by comparing arbitrary inter-
vals in a reference pattern sequence with arbitrary intervals
in an input pattern sequence. The algorithm is called Ref-
erence Interval-free Continuous DP (RIFCDP) because it is
an extension of Continuous DP (CDP)[1] and because arbi-
trary intervals in a reference pattern can be regarded as sep-
arate reference patterns. This algorithm enables us to use
a chain of pattern data (a chain of speech waves) as a ref-
erence pattern. In addition, reference patterns, such as key-
word patterns, need not be segmented as a chain of time-series
data(continuous speech) of arbitrary length is used as a ref-
erence pattern.

A method based on DP matching for extracting similar
segments in doubly uttered speech has been proposed{2]. In
this method, however, spotting-type detection and plural de-
tections of the same segments are difficult.

We have previously proposed a partial-sentence spotting
algorithm to determine simultaneously with sentence spot-
ting a phrase unit as a interval of the sentence[3]-[5]. In this
algorithm. the adjustment degree between input speech and
a previously specified interval in a reference pattern made
up of a chain of phrases is determined simultaneously with
calculations performed over the entire reference pattern. In
the method proposed in this paper, we extend the partial-
sentence spotting algorithm to accommodate arbitrary inter-
vals instead of specific intervals.

At each frame in the reference pattern, the algorithm
stores as history cumulative distances as far back as desired
to a previous frame in the reference pattern, and the starting
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input frame as well. Then, by assuming each frame of the
reference pattern to be the final one, and using this distance
history, the adjustment degree between an arbitrary reference-
pattern interval and input speech can be determined. In
this way, an interval in a reference pattern that has been
recognized as having a high adjustment degree with input
speech can be detected as the same interval synchronously
with frames. The experimental results show that RIFCDP is
successful in detecting the same intervals between a reference
pattern sequence and an input sequence.

We have applied this new algorithm to speech retrieval
from a speech database acting as a reference pattern. We
present some experimental results to show the possibility of
real-time speech retrieval. In addition, the method is not
limited to speech and can be applied to motion images such
as location identification of a mobile robot[8]. Moreover, the
method can be used to check the duplication of input data
{same word utterance) and can be applied to "digesting” of
continuous speech data[7]. In these ways, the proposed algo-
rithm can offer a wide range of applications.

2.REFERENCE INTERVAL-FREE CON-
TINUOUS DP(RIFCDP) ALGORITHM

2.1. The RIFCDP Concept

RIFCDP is an algorithm for spotting similar intervals be-
tween reference pattern R and input pattern sequence I syn-
chronously with input frames. The input pattern sequence is
therefore assumed to continue infinitely. Here, similar (or the
same) interval (Rc,Ic) would lie between the two coordinate
points (711,t1) and (r2,%2), where 7 corresponds to a frame
number in the reference pattern R and t corresponds to an
input frame number.

The RIFCDP algorithm, an extension of the partial- sen-
tence spotting algorithm, can calculate and output an adjust-
ment degree between arbitrary intervals in a reference pat-
tern sequence and arbitrary intervals in an input sequence in
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Fig.1 Conceptual Diagram of RIFCDP




a spotting-like manner. The concept behind this algorithm
is shown in Fig.1. For each frame 7, in the reference pat-
tern, the cumulative distance at each time point in the path
up to that frame as the final one is saved as history. As a
result, the interval distance from frame 7, back any number
of previous frames can be calculated by subtracting saved cu-
mulative distances. Then, by normalizing such an interval by
a cumulative weight coefficient, the adjustment degree of two
intervals can be compared.

Returning for a moment to normal spotting, and denot-
ing the present time as t in Fig.1, the adjustment degree of
the entire reference pattern is determined as DX /LY, where
Dr is the cumulative distance up to final frame 7T in the ref-
erence pattern and Lt is the cumulative weight coefficient.
Given that t, is the start time here, then corresponding in-
tervals are specified as (1,7) and (tp,t). In the same way, the
adjustment degree from frame 1 up to any frame 73 can be
calculated knowing that the distance at the start time is zero,
and corresponding intervals (1, 73 ) and (¢1,t) can be obtained.

In Fig.1, D} denotes the cumulative distance when pass-
ing frame y on a path where frame z at present time t is
assumed to be the final frame. Likewise, if we let LY and
57 denote cumulative weight history and start time history,
respectively, the adjustment degree from frame 7, to frame 7;
is expressed as (D]3—D717")/(L72—~L717') and correspond-
ing intervals at that time are determined to be (7;,73) and
(S$7%.t), where S,, is ts. in the figure. The above methodol-
ogy enables the adjustment degree of an arbitrary intervalin a
reference pattern and corresponding intervals to be found. In
addition, the adjustment degree of a certain arbitrary interval
can be compared with that of another arbitrary interval, such
as the one from frame 7, to frame T indicated by the other
double-sided arrow in the figure.

In this calculation process, it is sufficient to provide cumu-
lative distance history and cumulative weight history to each
frame in the reference pattern for CDP calculations. Thus, as
is done in CDP, the adjustment degree can be calculated for
arbitrary intervals in an infinite input sequence synchronously
with frames, and similar intervals can be spotted and ex-
tracted. Moreover, by limiting the number of frames to be
saved as history based on the minimum and maximum detec-
tion intervals that depend on the length to be detected, the
efficiency of the calculation process can be raised.

2.2. The RIFCDP Formalization

We show the formalization of the RIFCDP algorithm both for
calculating the degree of adjustment of a certain arbitrary in-
terval and for detecting similar intervals using the cumulative-
distance history of each frame in the reference pattern.

2.2.1. Calculating Degree of Adjustment

We define the local distance as d(t, ) at time t and at frame
7. This time, we use local constraints and asymmetric slope
weights, as shown in Fig.1 (bottom left figure). D(¢t, 72, 71)
and S{t, 72, 71) denote the cumulative distance history and
the start time history respectively, when passing frame m on
a path where frame 7> at present time ¢ is assumed to be the
final frame. D(¢, 72, 1) is equal to D]}, as mentioned above.
D(t, 2,0) is always defined as 0, as shown in Eq. (1). Initial
conditions are shown in Eq. (2).

D(-1,72,0) = D(0,7,,0) =0 . = D(¢,72,0)) (1)

D(-1,72,71) = D(0,72,1) = CONST
S(-1,m2,n)=-1 (1< < <T) 2)

CONST in Eq. (2) is set to a large value to prevent the
adjustment degree from becoming high when a distance is
normalize by the longest frames(T). We should define the
shortest detection length by using 7.

Then we use recurrence equations for calculating D and §
frame-synchronously. The variable a(=1,2,3) is one of three
start grids in local constraints (Fig.1) in Eq. (4)(5).

When 7 =1, D(t,1,1)
S(t,1,1)

=3-d(t,1
=t ( ) (3)
When 7 > 2
P(t,7,1)= D(t—2, 7~ 1,7—1)+2-d(t—-1,7) + d(t,7)
P(t,7,2)= D(t-1,7r—1,7—1)+3-d(t,7)

P(t,7,3)= D(t—-1,7—2,7—2)+3-d(t,7— 1)+ (4)
3-d(t,T)
Where r = 2
P(t,2,3) = D(t1,1)+3-d(t,2) (5)

The best path is selected by the following equation.
o = argm;ml'rzx‘3 P(t, 7o) (6)

Next, the histories of cumulative distances and start times
are copied from the selected start grid to the frame 7 by Eq.(7)
~ (9) and then the cumulative distance up to 7 is renewed by

P(t,7,a") in Eq. (10).

When a* =1,
D(t,7,k) = D{(t— 2,7 — 1, k)
S(t,r.k)=58(t—-2,7—1,k)

When a*® =2,
{ Dit,r, k)= D{t — 1, — 1,k)

1<k<r—-1 (7)

S(t,rk) = S(t—1,7 —1,k) 1sk<r-1 (8)

When a* = 3,

D(t,r,k)=D(t-1,7—2k) 1<k<r~2
S(t,r,k)y=8t—-1,r—2,k) (if 7>3)
D{t,7,7—1) = P(t,7,a")— 3-d(t, 1) (9)

D(t,r,7) = P(t,7,0")

S(t,r,7) =t (10)

We can define the longest detection length as Npy.- and
reduce the number of histories to Nms. at each node and
reduce the culculation, memory and copying burden.

2.2.2. Detecting Similar Intervals

In this section, a few methods for detecting similar in-
tervals are described by using degrees of adjustment for cer-
tain arbitrary intervals, as mentioned in the previous section.
Since similar intervals to be detected should not be too short,
let similar intervals to be longer than Ny, (the shortest de-
tection length).

First, the most similar intervals are determined. Degree
of adjustment for the section from 7 — n to 7 (n > Npmin) at
time t is defined as A(¢,7,n) in Eq.(11).

Alty7on) = D{t,r,7)—D({t, 7,7 —n—1)

(1)~

n



The most similar interval at frame 7 is determined by the
following equation.
n" = arg min

Smin S0 €7 -1

A(t,T,n) (12)
Then, the most similar intervals and their degrees of ad-
justment at time t are determined.

{(r=n",7) (S(t,7,n"),t) (13}
Alt, 7, n") (14)

We describe a few methods for detecting similar intervals
between two patterns. We omit the detailed algorithm here.

1. The most similar interval for reference pattern and
input pattern is detected by checking all the frames
(Nmin — T) and at each time (1 — tenq) (We need
a certain threshold D,z to determine whether the
best interval is a similar interval or not).

2. Similar intervals are detected frame-synchronously
when the transition of the degree of adjustment in
Eq.(14), shows a local minimum,.

3. Intervals whose degree of adjustment shows less than
the threshold Dm.- at time ¢ and intervals whose de-
gree of adjustment showed less than the threshold
Drm.. before t are merged and regarded as similar
intervals. This method is also frame-synchronous.

3. EVALUATION EXPERIMENTS
3.1. Evaluation Data

Experiments were performed to evaluate the performance of
the RIFCDP algorithm in detecting the same intervals. The
object data in these experiments were 30 sentences of conver-
sational data taken from the speech database of the Acoustical
Society of Japan, which is spoken by one person. The sam-
pling frequency was 16 kHz, the frame interval was 8 msec,
the speech was analyzed with a 20-channel filter bank, and
feature quantities used a graduated spectrum field[6].

3.2. Experimental Conditions

It is generally appropriate to use longer units than a phoneme,
such as words and phrases, for detecting similar intervals.
To determine the length of time that should be extracted,
we (1) extracted same intervals of three molas or more, (2)
labeled the speech data, and (3) examined the length of time
for various numbers of molas. The results of this investigation
are shown in Fig.2.

This method assumes a length of one word or longer. A
time length of 300 msec is therefore considered to be appro-
priate as the minimum detection interval from the figure.

Although this method is able to accommodate an infinitely
chained input sequence, here we used two arbitrary files taken
from a set of 30 speech data files for evaluating the same inter-
val detection performance. We evaluated for all combinations
of the above {33C2= 435).

3.3. Results and Discussion

If the detected intervals correspond to labeled intervals as the
same intervals for both the reference pattern side and the
input side, then the detected intervals (time} within the the
same intervals are regarded as correct. "Detection Quality”
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as shown in Eq. (1) can be used as an index of the False
Alarm(FA) percentage, and "Detection Ratio” as shown in
Eq. (2) can be used as a temporal index of the detection rate.
Fig.3 uses these indexes with Detection Quality indicated by
the horizontal axis and Detection Ratio by the vertical axis.

same intervals Ndetected intervals
(18)

Detectz lity = -
etection Quality detected intervals

same intervals "detected intervals

(16)

Detection Ratio =

same intervals

In Fig.3, detection performance is examined for five min-
imum detection intervals: 80, 240, 400, 560 and 720 ms. The
results show that the RIFCDP algorithm can detect about
60% of same intervals for a minimum detection interval of
240 or 400 msec, where Detection ratio was about 20%. De-
tection performance at these minimum detection intervals are
the highest. This can be attributed to the fact that same in-
tervals are considered to consist of three or more molas and
that 240 or 400 ms agrees with the minimum length to be
detected. If the length of the minimum detection interval is
made too small, the problem described below will arise, and
because pause intervals will become objects of best matching,
detection performance drops and FAs increase. Fig.3, on the
other hand, show that if the minimum detection interval is
made long, the detection performance does not rise much. It
is because short similar intervals cannot be detected even if
long similar intervals can be detected effectively.

Another results shows that the longer the same intervals
(the greater the number of molas) are, the higher the detection
performance becomes, similar to word spotting.

As pauses are the same at the signal level, one of major
problems in the algorithm is that long pauses will unfortu-
nately be detected as same intervals with a high adjustment
degree. While one way of looking at this problem would be to
treat such pauses as correct detections, the authors, consider-
ing that items which must be extracted are similar intervals
in terms of speech, treat pauses as False Alarm(FA) errors.
Here, in the process of matching up pauses, we consider that
such errors can be reduced by using power to assign a penalty
to local distance.

In the Fig.4, C; is constant that effects on a penalty to
local distance(if C; is larger, the penalty becomes larger). In
this way, with the minimum detection interval set at 400 ms,
a rise in detection performance could be seen as shown in the
figure{(when C; is varied). :
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4. REAL-TIME SPEECH/TEXT RET-
RIEVAL and OTHER APPLICATIONS

We have applied this new algorithm to speech/text retrieval
from a database. Since this algorithm is frame-synchronous,
by regarding a database as a reference pattern, retrieval is
completed at the time when an utterance/input finishes In a
retrieval system, the user should input the retrieval request
in natural language, and the target intervals that the user
wants to extract should be output as soon as the user has
uttered/input enough to identify the target interval.

We assume the words and phrases a user utters/inputs for
the request appear and converge in the target interval. Then
retrieval of the target interval is thought to be possible by
identifying the interval used to detect the same words and
phrases in the database. The RIFCDP algorithm is able to
realize these functions in real-time processing. We tested the
possibility of speech /text retrieval from a database. A roughly
ten-minute speech database mentioned in the previous chap-
ter was used as the reference pattern. The input was another
utterance of the keywords sequence. The interval Z where
the RIFCDP output converges is output at time ¢; when the
appearance of the output is enough to identify the target.

Assuming a reference pattern of 12.0 sec. and a work-
station of about 100 MIPS, the computation time required
by RIFCDP is faster than real time. And real-time process-
ing for a roughly two-miniute reference pattern is currently
possible by using a parallel machine by using 10 CPUs.

The method is not limited to speech and can be applied
to motion images such as location identification for a mobile
robot[8]. By preparing motion image data representing known
positions of a robot as a reference pattern, the interval in this
data which match the time-series data input is searched for,
and the present position of the robot can be detected.

Moreover, when an input pattern is added to the reference
pattern synchronously with the input, or when the reference
pattern is updated, the proposed method can be used to check
for input patterns that duplicate intervals already in the refer-
ence pattern. The method can also be applied to "digesting”
at the signal level[7]. In these ways, the proposed method is
applicable to a wide range of applications at the signal level.

5. CONCLUSION

This paper has proposed the Reference Interval-free Contin-
uous DP (RIFCDP) algorithm for spotting similar intervals

Fig.4 Change in detection performance
due to penalties given to pause intervals
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between arbitrary
intervals in a refer-
ence pattern and ar-
bitrary intervals in
input speech, syn-
chronously with in-
put. This method
is an extemsion of
continuous DP, and
it makes it possible
for arbitrary inter-
vals in a reference
pattern to be treated as separate reference patterns. Experi-
ments verified that this method can detect similar intervals.

We have applied this algorithm to speech retrieval from
a speech database and showed the possibility of real-time
speech/text retrieval. The proposed algorithm can offer a
wide range of applications such as digesting of comtinuous
speech and location identification of a mobile robot, etc.

The experiments described here used single speaker. A
future evaluation should include object dialog from several
speakers and different groups of several speakers.
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