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Abstract—This paper describes spoken term detection (STD)
with false detection control. Our STD method uses phoneme
transition network (PTN) derived by multiple automatic speech
recognizers (ASRs) as an index. An PTN is almost the same to a
sub-word based confusion network (CN), which is derived from
an output of an ASR. The PTN-based index we proposed is made
of the outputs of multiple ASRs, which is known to be robust
to certain recognition errors and the out-of-vocabulary problem.
Our PTN was very effective at detecting query terms. However,
the PTN generates a lot of false detections especially for short
query terms. Therefore, we applied two false detection control
parameters to the Dynamic Time Warping-based term detection
engine. In addition, we changed the search parameters depending
on length of a query term. Finally, the STD performance was
better (0.785 of F-measure) than without any parameters (0.717).

I. INTRODUCTION

STD is difficult with respect to searching for terms in a
vocabulary-free framework because search terms are unknown
before using the automatic speech recognizer (ASR). Many
studies [1], [2] that address STD tasks have been proposed,
but most of them focused on the out-of-vocabulary (OOV) and
speech recognition error problems.

The main ideas in our work are to use multiple ASRs and
a dynamic time warping (DTW) framework with false control
parameters at term searching.

We have already proposed the STD framework for spon-
taneous spoken lectures using a phoneme transition network
(PTN)-formed index derived from multiple ASRs’ 1-best hy-
pothesis [3], [4].

PTN-based indexing originates from the concept of confu-
sion network (CN) beging generated from an ASR. CN-based
indexing for STD is a powerful indexing method because
CN has abundant information when compared with that of
the 1-best output from the same ASR. In addition, it is
known that many candidates are obtained by one or more
speech recognizers that have different language models (LMs)
and acoustic models (AMs). The use of the multiple ASRs
and their outputs improves the speech recognition effectively.
For example, Fiscus [5] proposed the ROVER method which
adopts a word voting scheme. Utsuro et al. [6] developed a
technique for combining multiple ASRs’ outputs by using a
support vector machine (SVM) to improve speech recognition
performance. Therefore, multiple ASRs may improve STD
relative to that of a single ASR’s output.
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Fig. 1. Overview of our STD framework.

The PTN-formed index is made by merging the phoneme
sequences of ASRs’ outputs to a single CN. We showed that
this prevents false detections of terms in our previous works
[3], [4]. Although our proposed indexing is robust for the false
detections, however, it raises the number of false detections
because it has more complicated structure of the CN made by
an ASR. Therefore, in this paper, we propose introducing a
majority voting parameter and a measure of ambiguity, which
are easily derived from the PTN, into the term search engine.
We call these two parameters “false detecton control param-
eters.” In addition to this, we investigate the effectiveness of
changing the DTW cost paremeters depending on length of a
query term in the DTW-based search engine.

To prevent false detections, we installed the voting and
ambiguity parameters of PTN in our term detection engine
on the basis of DTW. Furthermore, we refined the detection
engine, where the DTW cost used to calculate the distance is
dynamically changed depending on the number of phonemes
consisting of a query term. Our technique was evaluated on
the NTCIR-9 test set, and the improved term detection engine
decreased some false detections and achieved relative 9.5%
improvement in F-measure.

II. STD FRAMEWORK

A. Outline

Figure 1 represents an outline of the STD framework in this
paper.
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Fig. 2. Making PTN-based index by performing alignment using on DP and
converting to PTN.

In the indexing phase, speech data is performed by speech
recognition and the recognition outputs (word or sub-word
sequences) are converted into the PTN index for STD. In
the search phase, the word-formed query is converted into the
phoneme sequence, then the phoneme-formed query is input
to the term detection engine. In the case of treating English
queries, we have to consider the variety of pronunciations of
the queries. There are some reports fighting the pronuncia-
tion problem[7]. In this paper, however, we handle Japanese
STD. Most of Japanese words can be completely translated
to phoneme sequence (pronunciation). Therefore, we do not
consider the pronunciation problem in this paper.

The term detection engine searches the input query term
from the index in phoneme level using the DTW framework.

B. PTN-based indexing

Figure 2 shows an example of the development of a PTN-
formed index for the speech “cosine” (Japanese pronunciation
is /k o s a i N/) by aligning N phoneme sequences from
the 1-best hypothesis of the ASR. We used 10 types of speech
recognizers to create the PTN-formed index. The speech was
recognized by the 10 recognizers to yield 10 hypotheses,
which were then converted into phoneme sequences (Fig. 2).
Next, we obtained “aligned sequences” using the dynamic
programming (DP) scheme described previously [5]. Finally,
PTN was obtained by converting the aligned sequences. The
term “@” in Fig. 2 indicates a null transition. Arcs between
the nodes in PTN have a few phonemes and null transitions
with an occurrence probability. However, in this study, we did
not consider any phoneme occurrence probabilities.

C. Term detection engine with false detection control

The term detection engine uses the DTW-based word spot-
ting method. Figure 3 represents an example of the DTW
framework between the search term “k o s a i N” (cosine)
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Fig. 3. Example of term search on network based index.

and for the PTN-formed index. The PTN has multiple arcs
between adjoining two nodes. These arcs are compared to one
of phoneme labels of a query term.

We used edit distance as cost on the DTW paths, and
the costs for substitution, insertion and deletion errors were
commonly set to 1.0 when the number of phonemes consisting
of a query term was N or larger than N . On the other hand,
each cost was commonly set to 1.5 when the number of
phonemes was less than N to avoid false term detections in
query terms, having less number of phonemes. This cost (=1.5)
was optimized using a development query set.

The total cost D(i, j) at the grid point (i, j) (i = {0, ..., I},
j = {0, ..., J}, where I and J are the number of the set of
arcs in the index and query term, respectively) on the DTW
lattice was calculated by the following equations:

D(i, j) = min

⎧⎪⎪⎨
⎪⎪⎩

D(i, j − 1) + Del
D(i − 1, j) + Null(i)
D(i − 1, j − 1)+
Match(i, j) + V ot(i, j) + Acw(i)

(1)

Match(i, j) =

⎧⎨
⎩

0.0 : Query(j) ∈ PTN(i)
1.0 : Query(j) �∈ PTN(i), J ≥ N
1.5 : Query(j) �∈ PTN(i), J < N

(2)

Del =
{

1.0 : J ≥ N
1.5 : J < N

(3)

Null(i) =

⎧⎪⎪⎨
⎪⎪⎩

α
V oting(@) : NULL ∈ PTN(i), J ≥ N

β
V oting(@) : NULL ∈ PTN(i), J < N

1.0 : NULL �∈ PTN(i), J ≥ N
1.5 : NULL �∈ PTN(i), J < N

(4)

where PTN(i) is the set of phoneme labels of the arcs at the i-
th node in the PTN, and Query(j) indicates the j-th phoneme
label in the query term. We allowed a null transition between
two nodes in the PTN-formed index with the cost defined
in Eq.(4). When the query term matches to null (@) in the



PTN, a transition cost was dynamically set as shown in Eq.(4).
V oting(@) means the number of ASRs outputting NULL at
the same arc. We call it “null voting.” α and β are hyper
parameters, which were optimized using the development set.
The appropriate null cost achieves increasing term detection
and decreasing false detections.

“V ot(i, j)” and “Acw(i)” in Eq.(1) are related to the false
detection control parameters and calculated as follows:

V ot(i, j) =

⎧⎨
⎩

γ
V oting(p) :
∃p ∈ PTN(i), p = Query(j)

0.0 : Query(j) �∈ PTN(i)
(5)

Acw(i) = δ · ArcWidth(i) (6)

We provided two types of parameters to control false
detection as follows:

• “V oting(p)” is the number of ASRs outputting the same
phoneme p at the same arc. More value of V oting(p)
makes reliability of phoneme p better.

• “ArcWidth(i)” is the number of arcs (phoneme labels)
at PTN(i). Less value of ArcWidth(i) makes also
reliability of phonemes at PTN(i) better.

γ and δ are also hyper parameters and they were set to 0.5 and
0.01, respectively, optimized by the development query set.

In advance searches for the query term, the term detection
engine initializes D(i, 0) = 0, and then, it calculates D(i, j)
using Eq.(1) (i = {0, ..., I}, j = {1, ..., J}). Furthermore,
D(i, J) are normalized by the length of the DTW path.

After completing the calculation, the engine outputs the
detection candidates, which have a normalized cost D(i, J)
below a threshold θ. By changing the θ the recall and precision
rates for STD can be controlled.

III. STD EXPERIMENT

A. Speech Recognition

As shown in Figure 1, the speech data was recognized by
the 10 ASRs. Julius ver. 4.1.3 [8], which is an open source
decoder for LVCSR, was used in all the systems.

We prepared two types of acoustic models (AMs) and five
types of language models (LMs) for constructing PTN. The
AMs are triphone based (Tri.) and syllable based HMMs
(Syl.), where both of which were trained on the spoken lectures
in the Corpus of Spontaneous Japanese (CSJ) [9].

All LMs are word- and character- based trigrams as follows:

WBC : word based trigram in which words are represented
by a mix of Chinese characters, Japanese Hiragana
and Katakana.

WBH : word based trigram in which all words are rep-
resented only by Japanese Hiragana. The words
composed of Chinese characters and Katakana are
converted into Hiragana sequences.

CB : character based trigram in which all characters are
represented by Hiragana.

BM : character sequence based trigram in which the unit
of language modeling is two of Hiragana characters.

Non : LM is not used. Speech recognition without any LM
is equivalent to phoneme (or syllable) recognition.

Each model is trained from the many transcriptions in the CSJ
under the open for the speech data of STD.

Finally, 10 combinations, which comprise two AMs and five
LMs, are formed.

B. STD test collection

We used the two test collections: one is the CORE-OOV
query set of the Japanese test collection for STD (JCT-
STD)[10] for developing (tuning) the parameters mentioned
in Section II-C, the other is the formal-run CORE query set
of the SpokenDoc STD sub-task at the ninth NTCIR Workshop
(NTCIR-9) [11] for testing our method.

The CSJ was used as spoken documents set in both the
test collections. It includes 2,702 speeches including actual
academic presentations and simulated public speech. Both the
query sets of the development and test set in this paper were
for only 177 speeches (44 hours), specially called “CORE”,
from the whole CSJ data set. They were not included in the
training data set of the AMs and LMs.

The parameters (α, β, γ, and δ) were tuned using the devel-
opment set. The development set has total 50 types of terms,
233 times uttered in the CORE lecture 177 speeches.

The test set, from the NTCIR-9 SpokenDoc STD sub-task,
had 50 query terms which had the 31 OOV terms that were
not included in the recognition dictionary for the WBC LM.
The total occurrences of the all terms in the CORE query set
was 366.

C. Evaluation metric

The evaluation metrics used at the STD task are the recall,
precision, F-measure, and mean average precision (MAP)
values[11]. These measurements are frequently used to eval-
uate retrieval performance on information retrieval. An F-
measure value with the optimal balance of recall and precision
rates is just denoted by “F-measure.” The STD performances
for the query set can be displayed by recall-precision curves
which were drawn by changing the threshold θ value on the
DTW-based word spotting.

D. Experimental result

Figure 4 shows the recall-precision curves that are the STD
performances of the baseline system and the our STD systems.
TABLE I also represents the F-measure and MAP values for
the false detection control parameters and the baseline on the
same query set.

The baseline (#1) system used the same DTW-based word
spotting for the phoneme sequences from the transcription by
only the ASR with the CB-based LM and the triphone-based
AM. In other words, the baseline system used only the single
ASR. The system #2, #3, and #4 show the results when the
DTW costs were always set to 1.0. In other wards, the costs do
not depend on the length (the number of phonemes) of a query
term. #2 (EDf ) did not use any the control parameters with
the fixed null transition cost of 0.1. #3 used the false detection



TABLE I
F-MEASURE AND MAP VALUES OF EACH STD SYSTEM.

ID Parameter F-measure MAP

#1 Baseline 0.537 0.642
#2 EDf 0.717 0.742
#3 + V ot(i, j) + Acw(i) 0.715 0.825
#4 + Null(i) 0.725 0.825
#5 EDd+V ot(i, j)+Acw(i)+Null(i) 0.785 0.825

control parameters and #4 used the null voting in addition to
#3. #5 system (EDd) is similar to #4, however, the difference
is to dynamically change the DTW costs depending on the
length of a query term. In this experiment, N was set to 10
because it was cleared that the STD performances of the query
terms that consist of less than 10 of phonemes were worse than
the terms consisting of 10 or more than 10 phonemes in the
development set.

By comparing #1 (single ASR) with #2 (multiple ASRs),
first, using multiple ASRs’ output makes the F-measure and
MAP values drastically improved. #2 maintains the high-level
precision rate in the middle range of racall rate. However, #2
is the less precision rate in the lower recall rate (under 35%)
because the false detections occured. Therefore, introducing
the control parameters (V ot(i, j) and Acw(i)) to #2 improved
the precision rate under 65% of the recall rate. This raised
the MAP value to 0.825 (#3) from 0.742. In addition to this,
the null voting (#4) slightly improved the F-measure to 0.725
from 0.715 (#3).

The DTW costs used in #1 ∼ #4 was fixed for the all query
terms. The result of #5 shows that the dynamically changing
of the DTW costs depending on the length of a query term
improved the precision rate in the higher recall rate (over
60%). Therefore, the best F-measure (0.785) was obtained
among the STD systems. In this experiment, we tried two
sorts of the DTW costs: 1.0 (J ≥ N ) or 1.5 (J < N ). Using
the fine-graded DTW costs may make the STD performance
better. This is an issue in the future.

Finally, the experimental results claimed that the following
three techniques in the STD study were very effective: using
multiple ASRs, introducing the false detection control param-
eters, and changing the DTW costs depending on the length
of a query term.

IV. CONCLUSION

This paper described the STD technique and its effective-
ness on the test set at the NTCIR-9. First, we introduced the
PTN-based indexing, essentially a phoneme-based CN, derived
from multiple ASRs’ outputs. The one of aims in this study
was to use multiple outputs of ASRs for constructing the PTN-
formed index for STD, which is different from the sub-word
based approaches proposed earlier.

The experimental results showed that the PTN-based in-
dexing functioned well in improving the STD performance
under the DTW framework compared with the simple index.
However, using the 10 ASRs generated a lot of false de-
tections. Therefore, we installed the false detection control
parameters, relating to the majority voting and the width of
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Fig. 4. Recall-precision curves of the baseline and our STD.

arc in the PTN, to the DTW framework. As the result, we
succeeded at reducing false detections below 65% of the recall
rate. In addition to this, by introducing the null voting and
changing the DTW costs depending on the length of query
term improved the STD performance.

In future work, we intend to develop a fast search algorithm
under the DTW framework. The process speed of our engine
is too slow to put into practical use.
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