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Abstract—To ensure a satisfactory QoE (Quality of
Experience) and facilitate system design in speech recognition
services, it is essential to establish a method that can be used to
efficiently investigate recognition performance in different noise
environments. Previously, we proposed a performance
estimation method using the PESQ (Perceptual Evaluation of
Speech Quality) as a spectral distortion measure. However, there
is the problem that the relationship between the recognition
performance and the distortion value differs depending on the
noise reduction algorithm used. To solve this problem, we
propose a novel performance estimation method that uses an
estimator defined as a function of the distortion value and the
SNR (Signal to Noise Ratio) of noise-reduced speech. The
estimator is applicable to different noise reduction algorithms
without any modification. We confirmed the effectiveness of the
proposed method by experiments using the AURORA-2J
connected digit recognition task and four different noise
reduction algorithms.
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I. INTRODUCTION

In recent years, speech recognition technology has been
considerably improved by applying a statistical framework.
However, current speech recognition systems still have the
serious problem that their recognition performance is degraded
in the presence of ambient noise. The degree of the
performance degradation depends on the nature of ambient
noise and the type of noise reduction used as a preprocessing
stage in speech recognition. To ensure a satisfactory QoE
(Quality of Experience) and facilitate system design in speech
recognition services, it is essential to establish a method that
can be used to efficiently investigate recognition performance
in different noise environments.

One typical approach is to collect noisy speech data in a
target noise environment and then perform a recognition
experiment. However, this requires a skilled engineer and is
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Fig. 1 Estimation of the recognition performance from the distortion value

labor and time-consuming. An alternative approach is to
estimate recognition performance from a distortion value,
which represents a spectral distortion between noisy (or
noise-reduced) speech and its original clean version as shown
in Fig. 1 [1-3].

Previously, we proposed a performance estimation method
using the PESQ (Perceptual Evaluation of Speech Quality) [4]
as a distortion measure [3]. In this method, an estimator, which
is a function of the distortion value, is obtained by
approximating the relationship between the recognition
performance and the distortion value. Although this method
gives accurate estimates of the recognition performance, there
is the problem that the relationship between the recognition
performance and the distortion value differs depending on the
noise reduction algorithm used. This means that each
individual noise reduction algorithm requires the special
estimator.

To solve this problem, we propose a novel performance
estimation method using the PESQ and the output SNR (Signal
to Noise Ratio) that is the SNR of noise-reduced speech. In the
proposed method, an estimator, which is a function of the
distortion value and the output SNR, is introduced. The
estimator is applicable to different noise reduction algorithms
without any modification. We evaluate the effectiveness of the



proposed method by experiments using the AURORA-2J
connected digit recognition task and four different noise
reduction algorithms.

II. PROPOSED METHOD

The conventional method estimates the recognition
performance by using the estimator expressed in the following
form [3].

a

= 1+ e—b(x—c) ’ (1)

y
where y and x represent the estimated word accuracy and the
PESQ score, respectively. The PESQ score has a range of 0.5
to 4.5. Note that the PESQ score of 4.5 means no spectral
distortion. The constants a, b, and ¢ correspond to the word
accuracy for clean speech, the slope of the performance
degradation, and the robustness against the spectral distortion,
respectively. These constants are determined by approximating
the relationship between the word accuracy and the PESQ
score obtained in various noise environments.

Fig. 2 shows the relationship between the word accuracy
and the PESQ score. In this figure, each point represents the
PESQ score and the word accuracy obtained by one of five
noise reduction algorithms in one of 28 noise conditions. The
details of the experimental conditions are given in Section III.
From Fig. 2, we can confirm that the relationship between the
word accuracy and the PESQ score differs depending on the
noise reduction algorithm used. This means that each
individual noise reduction algorithm requires the special
estimator.

To solve this problem, we focus on the output SNR that is
equivalent to the SNR of noise-reduced speech. In this paper,
the output SNR is approximately calculated by

lx(@I?
Output SNR = 10log,( ——, (2

In()[?
where x(7) and n(i) are the speech segments and noise
segments, respectively. Fig. 3 represents the relationship
between the word accuracy, the PESQ score, and the output
SNR. This figure is the same as Fig. 2 except that the type of
marker represents not the algorithm but the range of the output
SNR. From Fig. 3, we can see that the word accuracy tends to
be higher as the output SNR becomes large, when comparing
with two points with the same PESQ score. This implies that
the word accuracy can be estimated by using both the PESQ
score and the output SNR.

Based on this finding, we propose the estimator expressed in
the following form.

a
y= 1+ e—bi1x1=byxz+c’ (3)

where y, x;, and x, indicate the estimated word accuracy, the
PESQ score, and the output SNR, respectively. The constants a,
b;, by, and ¢ are determined by approximating the relationship
between the word accuracy, the PESQ score, and the
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Fig. 2 Relationship between the word accuracy and the PESQ score
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output SNR obtained using different noise reduction

algorithms in various noise environments.
III. VERIFICATION OF PROPOSED METHOD

A. Experimental conditions

We use four noise reduction algorithms, in addition to the
reference case of no such algorithm.

(B) Baseline (noise reduction is NOT implemented)

(S) Spectral subtraction with smoothing of time direction [5]
(T) Temporal domain SVD-based speech enhancement [6]
(G) GMM-based speech estimation [6]

(K) KLT-based comb-filtering [7]

In these algorithms, the speech component in the noisy speech
frames is extracted by using the noise component estimated
from the non-speech frames. The algorithm (S) is one of the
most popular algorithms. The algorithm (G), and algorithms
(T) and (K) are based on the Wiener filter and the subspace
method, respectively. The characteristics of a speech distortion
and residual noise in noise-reduced speech vary depending on
the noise-reduction algorithm used.

Recognition experiments were performed on the
AURORA-2J connected digit recognition task [8]. The training
and test sets for the AURORA-2]J task are shown in Table 1.



TABLEI. EXPERIMENTAL CONDITIONS

Word Accuracy(%)
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Training and )

Test sets Speech Noise ‘ Channel SNR(dB) l
Clean training 8,440 utterances of None Clean

110 people
Subway, Babble, Car,
Test set A Exhibition G712
4,004 utterances of Clean, 20, 15,
Test et B 104 people Restaurant, Street, 10,5,0,-5
Airport, Station

In this paper, the clean training set is used for training HMMs
(Hidden Markov Models) and the test sets A and B for
evaluation. The test sets A and B are based on the same 4,004
clean speech signals. For each set these signals are divided into
four groups of 1,001 speech signals, corresponding to four
different types of noise. Then, for each group, the appropriate
noise signal is artificially added to the speech signals at

different seven values of SNR. As a result, each test set has 28

noise conditions.

The speech signal sampled at 8 kHz is windowed by a 25ms
Hamming window every 10ms. The feature vector has 39
components consisting of 12 MFCCs (Mel-Frequency Cepstral
Coefficients) together with log power, and their first and
second derivatives. The digit models and the silence model are
the HMMs with 16 states and 3 states, respectively. The
number of Gaussians per state is 20 for the digit models and 36
for the silence model. The HMM of the short pause is the 1
state tied with the 2nd state of the silence model. The set of
HMMs is trained for each individual noise reduction algorithm,
where all the training data are processed by the algorithm
before training.

The conditions for determination of the estimator's constants
are described below.

(C1) The estimators of the conventional method and the
proposed method are optimized for the test set A with all
the noise reduction algorithms. They are evaluated using
the test set A (Noise-closed test).

(C2) The estimators are the same as those in the condition (C1),
but they are evaluated using the test set B (Noise-open
test).

The determined estimators of the conventional method and the

proposed method were

102.7779
Y = 1 T ¢-2807325x+5.618707 (4)
and
y = 100.8289 )
1 + ¢-0.088535x,-1.738907%x,+4.737119 ’
respectively.
B. Results

Fig. 4 shows the relationship between the word accuracy
and the overall distortion calculated by b;x;+bx; in the
proposed method. We can see the consistent relationship
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Fig. 4 Relationship between the word accuracy and the overall distortion

calculated by bx;+byx; in the proposed method

between the word accuracy and the overall distortion for all the
noise reduction algorithms used.

We then estimated the recognition performance by using the
estimators expressed by Eqgs. (4) and (5). Figs. 5 and 6 show
the relationship between the true word accuracy and the
estimated word accuracy in the conditions (C1) and (C2),
respectively. It can be seen that the proposed method gives
more accurate estimates than the conventional method. The
coefficient of determination, R’, and the RMSE (Root Mean
Square Error), which are given by

Y (True %Acc — Estimated %Acc)?

R? = timated %: ]
Y. (True %Acc — True %Acc)? (6)

and

RMSE = Y.(True %Acc — Estimated %Acc)? -

N

are shown in Table II. It can be confirmed that the RMSE of
the proposed method decreased almost by half'to 7.0 from 13.2
in the condition (C1) and to 7.37 from 14.0 in the condition
(C2). The difference in noise type has little effect on the
estimation performance. These results confirmed that the
proposed method give accurate estimates of the recognition
performance without preparing the special estimator for each
individual noise reduction algorithm.

IV. CONCLUSIONS

Previously, we proposed a performance estimation method
using a spectral distortion measure. However, there is the
problem that the relationship between the recognition
performance and the distortion value differs depending on the
noise reduction algorithm used. To solve this problem, we
proposed a novel performance estimation method that uses an
estimator defined as a function of the distortion value and the
SNR (Signal to Noise Ratio) of noise-reduced speech. The
experimental results confirmed that the proposed method give
accurate estimates of the recognition performance without
preparing the special estimator for each individual noise
reduction algorithm.
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Fig. 5 Relationship between the true word accuracy and the estimated word

accuracy in the condition (C1)

(1]

(2]

(3]

(4]

(3]

REFERENCES

H. Sun, L. Shue, J. Chen, “Investigations into the relationship between
measurable speech quality and speech recognition rate for telephony
speech,” Proc. IEEE International Conference on Acoustics, Speech,
and Signal Processing, ICASSP2004, Vol. 1, pp. 865-868, May 2004.

M. Kondo, K. Takeda, F. Itakura, “Predicting the degradation of
speech recognition performance from sub-band dynamic ranges,” IPSJ
Journal, Vol. 43, No. 7, pp. 2242-2248, July 2002.

T. Yamada, M. Kumakura, N. Kitawaki, “Performance estimation of
speech recognition system under noise conditions using objective
quality measures and artificial voice,” IEEE Transactions on Audio,
Speech and Language Processing, Vol. 14, No. 6, pp. 2006-2013, Nov.
2006.

ITU-T Rec. P.862, “Perceptual evaluation of speech quality (PESQ):
An objective method for end-to-end speech quality assessment of
narrowband telephone networks and speech codecs,” Feb. 2001.

N. Kitaoka, S. Nakagawa, “Evaluation of spectral subtraction with
smoothing of time direction on the AURORA 2 task,” Proc.
International Conference on Spoken Language Processing, ICSLP2002,
pp. 465-468, 2002.

100 =
e
A%OEO%)
A

80 by O X hal
g A @ o (B)
- o
3 60 S o a(q)
<
° L a(K)
o o
= L0 o (8)
T 40
s x %8 x| s (1)
'g oo °
uV} OO o

=}
20 X x & < o
°Y e
8 o
0
0 20 40 60 80 100

Word Accuracy(%)

(a) Proposed method
100
X
8%0%2?
ob A &
80
—_ ° <
X <)
= XA A [=2] o (B)
e ¢ o
3 60 = a(G)
g o
° 4 (K)
S x Ot
= X x| ga ° (S)
g 1
s o x (T)
£ ° oo
j4 o
&8 xxEa ) o .
20 5f
X
byg qu o
ol oo
0 20 40 60 80 100

Word Accuracy(%)

(b) Conventional method

Fig. 6 Relationship between the true word accuracy and the estimated word

accuracy in the condition (C2)

(6]

(7]

(8]

TABLEIL. R?AND RMSE

(C1) (c2)
R | RMSE R | RMSE
Conventional Method| 0.86 13.2 0.85 14.0
Proposed Method 0.96 7.0 0.96 7.37

M. Fujimoto, Y. Ariki, “Combination of temporal domain SVD based
speech enhancement and GMM based speech estimation for ASR in
noise — evaluation on the AURORA2 task —” Proc. European
Conference on  Speech  Communication and Technology,
EUROSPEECH2003, pp. 1781-1784, 2003.

S.-J. Park, M. Ikeda, K. Takeda, F. Itakura, “Improvement of the ASR
robustness using combinations of spectral subtraction and KLT based
adaptive comb-filtering,” IPSJ SIGNotes, SLP-44-3, pp. 13—18, 2002.

S. Nakamura, K. Takeda, K. Yamamoto, T. Yamada, S. Kuroiwa, N.
Kitaoka, T. Nishiura, A. Sasou, M. Mizumachi, C. Miyajima, M.
Fujimoto, T. Endo, “AURORA-2J: An evaluation framework for
Japanese noisy speech recognition,” IEICE Transactions on
Information and Systems, Vol. E88-D, No. 3, pp. 535-544, Mar. 2005.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


