(First Draft) Hieroglpyhs:

Building Speech Applications Using Sphinx and Related Resources

Editor: Arthur Chan Authors: Arthur Chan, Evandro Gouvea, Rita Singh, Ravi Mosur, Roni Rosenfield, Yitao Sun and David Huggins-Daines

Copyright © by Arthur Chan, Evandro Gouvea, Rita Singh, Ravi Mosur, Roni Rosenfield, Yitao Sun and

David Huggins-Daines

Contents

Title Page i

Table of Contents ii

List of Figures xii

List of Tables xiii

I Before You Start 1

1 License and use of Sphinx, SphinxTrain and CMU LM Toolkit 2 1.1 Licence Agreement of Sphinx and SphinxTrain . . . . . . . . . . . 3 1.2 Licence Agreement of CMU LM Toolkit . . . . . . . . . . . . . . 4 1.3 About this document . . . . . . . . . . . . . . . . . . . . . . . . . 4 1.4 How to contribute? . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Introduction to Sphinx, SphinxTrain and CMU LM Toolkit 6 2.1 What is new? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 2.1.1 Sphinx 3.5 Release Notes . . . . . . . . . . . . . . . . . . . 6 2.1.2 Sphinx 3.4 Release Notes . . . . . . . . . . . . . . . . . . . 7 2.2 What is Speech Recognition? . . . . . . . . . . . . . . . . . . . . 8 2.3 A history of Sphinx . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.3.1 The Sphinx Systems . . . . . . . . . . . . . . . . . . . . . 13

ii

2.3.2 SphinxTrain . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.3.3 CMU LM Toolkit . . . . . . . . . . . . . . . . . . . . . . . 18 2.4 Why do I want to use Sphinx? . . . . . . . . . . . . . . . . . . . . 18 2.5 Which Sphinx should I use? . . . . . . . . . . . . . . . . . . . . . 20 2.6 Other Open Souce activities in Carnegie Mellon . . . . . . . . . . 21 2.6.1 Festival . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 2.6.2 CMU Communicator Toolkit . . . . . . . . . . . . . . . . . 22 2.6.3 CMUdict, CMUlex . . . . . . . . . . . . . . . . . . . . . . 22 2.6.4 Speech Databases . . . . . . . . . . . . . . . . . . . . . . . 23 2.6.5 OpenVXML and OpenSALT browser . . . . . . . . . . . . 23 2.6.6 Miscellaneous . . . . . . . . . . . . . . . . . . . . . . . . . 23 2.6.7 References and Further reading . . . . . . . . . . . . . . . 23

II Tutorial 24

3 Introduction to Speech Recognition 25 3.1 Search for Similarity . . . . . . . . . . . . . . . . . . . . . . . . . 26 3.1.1 Similarity between Two things . . . . . . . . . . . . . . . . 26 3.1.2 Similarity between Two Numbers . . . . . . . . . . . . . . 26 3.1.3 Similarity between Two Vectors . . . . . . . . . . . . . . . 26 3.1.4 Similarity between Two Time Sequences . . . . . . . . . . 26 3.2 Speech as a Time Sequences and DTW . . . . . . . . . . . . . . . 26 3.3 A glance at what’s going with speech coding . . . . . . . . . . . . 26 3.4 Dynamic Time Warping . . . . . . . . . . . . . . . . . . . . . . . 26 3.5 Dynamic Time Warping with Gaussian Distributions as Template 26 3.6 Viterbi algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 3.6.1 Hidden Markov Model as a generalization of constraints in DTW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 3.6.2 Viterbi algorithm as a generalization of DTW . . . . . . . 26 3.7 Hidden Markov Model . . . . . . . . . . . . . . . . . . . . . . . . 26 3.7.1 Three problems of HMM-based speech recognition . . . . . 26 3.7.2 The most likely path : The problem of searching . . . . . . 26

This page was generated with the help of DOC++ http://docpp.sourceforge.net September 27, 2004 iii

3.7.3 The total likelihood problem: Forward algorithm and Backward algorithm . . . . . . . . . . . . . . . . . . . . . . . . 26 3.7.4 The parameter estimation problem : Baum-Welch algorithm 26 3.8 Different types of Gaussian distributions in speech recognition . . 26 3.9 Different views of the problem of searching in speech recognition . 26 3.10 Sphinx as a tool kit for Speech Recognition . . . . . . . . . . . . . 26

4 Recipe of Building a Simple Application using Sphinx 27 4.1 Step 0: Installation of Software Toolkit . . . . . . . . . . . . . . . 28 4.1.1 Sphinx 3.X . . . . . . . . . . . . . . . . . . . . . . . . . 29 4.1.2 SphinxTrain . . . . . . . . . . . . . . . . . . . . . . . . . 29 4.1.3 CMU LM Toolkit . . . . . . . . . . . . . . . . . . . . . 29 4.1.4 FAQ of the installation process . . . . . . . . . . . . . . . 30 4.2 Step 1: Design your speech recognition system . . . . . . . . . . 30 4.3 Step 2: Collect data . . . . . . . . . . . . . . . . . . . . . . . . . 32 4.4 Step 3: transcription of data . . . . . . . . . . . . . . . . . . . . . 32 4.5 Step 4: Conversion of raw data . . . . . . . . . . . . . . . . . . . 32 4.6 Step 5: Training of acoustic model . . . . . . . . . . . . . . . . . 32 4.7 Step 6: Build a simple language model . . . . . . . . . . . . . . . 32 4.8 Step 7: Evaluation of results . . . . . . . . . . . . . . . . . . . . . 32 4.9 Step 8: Simple Improvement . . . . . . . . . . . . . . . . . . . . . 32 4.10 After the first training...... . . . . . . . . . . . . . . . . . . . . . . 32 4.10.1 Step 9: (For developers), expand your code. How to do development using Sphinx? . . . . . . . . . . . . . . . . . 32 4.10.2 Step 10: (For hackers), Change the code of Sphinx . . . . 32 4.10.3 Step 11: (For researchers), How to make your life easier?

Writing a set of scripts. . . . . . . . . . . . . . . . . . . . 32 4.10.4 Step 12: (For researchers), How to do research using Sphinx? 32

III CMU Speech Recognition Toolkit 33

5 Different Software Toolkits 34

This page was generated with the help of DOC++ http://docpp.sourceforge.net September 27, 2004 iv

5.1 Sphinx(es) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 5.1.1 Different versions of Sphinx . . . . . . . . . . . . . . . . . 34 5.1.2 Different versions of the recognizer in a particular Sphinx . 34 5.1.3 Compilation of Sphinx in Linux/Cygwin/Visual C++ 6.0/Visual C++ .NET and in different platforms . . . . . . . . . 34 5.1.4 Application Interface . . . . . . . . . . . . . . . . . . . . . 34 5.2 SphinxTrain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 5.2.1 Collection of tools . . . . . . . . . . . . . . . . . . . . . . . 35 5.2.2 Training scripts in perl . . . . . . . . . . . . . . . . . . . . 35 5.2.3 Compilation . . . . . . . . . . . . . . . . . . . . . . . . . . 35 5.3 CMU LM Toolkit . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

6 Acoustic Model Training 36 6.1 Context Independency: Considering coariculation . . . . . . . . . 37 6.1.1 CI vs CD . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 6.2 Different types of HMM . . . . . . . . . . . . . . . . . . . . . . . 37 6.2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 6.2.2 Fully continuous HMM . . . . . . . . . . . . . . . . . . . . 37 6.2.3 Semi-continuous HMM . . . . . . . . . . . . . . . . . . . . 37 6.2.4 Sub Vector Quantized HMM or Sub-space Distribution HMM 37 6.3 Acoustic Model Training Strategy . . . . . . . . . . . . . . . . . . 37 6.3.1 Different ways of AM training . . . . . . . . . . . . . . . . 37 6.4 How to improve acoustic modeling? . . . . . . . . . . . . . . . . . 37 6.4.1 What are you trying to improve? . . . . . . . . . . . . . . 37 6.4.2 Rescoring . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 6.4.3 Tuning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

7 Language Model Training 38 7.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 7.2 Training . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 7.3 Flow Chart of Training . . . . . . . . . . . . . . . . . . . . . . . . 38

This page was generated with the help of DOC++ http://docpp.sourceforge.net September 27, 2004 v

8 Search structure and Speed-up of the speech recognizer 39 8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 8.2 Sphinx 3X’s recognizer general architecture . . . . . . . . . . . . . 39 8.3 Importance of tuning . . . . . . . . . . . . . . . . . . . . . . . . . 41 8.4 Sphinx 3.X’s decode anytopo (aka s3slow) . . . . . . . . . . . . . 41 8.4.1 GMM Computation . . . . . . . . . . . . . . . . . . . . . . 41 8.4.2 Search structure . . . . . . . . . . . . . . . . . . . . . . . . 42 8.4.3 Treatment of language model . . . . . . . . . . . . . . . . 42 8.4.4 Triphone representation . . . . . . . . . . . . . . . . . . . 42 8.4.5 Viteri Pruning . . . . . . . . . . . . . . . . . . . . . . . . . 43 8.4.6 Search Tuning . . . . . . . . . . . . . . . . . . . . . . . . . 43 8.4.7 2-nd pass Search . . . . . . . . . . . . . . . . . . . . . . . 44 8.4.8 Debugging . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 8.5 Sphinx 3.X’s decode . . . . . . . . . . . . . . . . . . . . . . . . . 45 8.6 Architecture of Search in decode . . . . . . . . . . . . . . . . . . . 45 8.6.1 Initialization . . . . . . . . . . . . . . . . . . . . . . . . . . 45 8.6.2 Lexicon representation . . . . . . . . . . . . . . . . . . . . 46 8.6.3 Language model . . . . . . . . . . . . . . . . . . . . . . . . 48 8.6.4 Pruning . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 8.6.5 Phoneme look-ahead . . . . . . . . . . . . . . . . . . . . . 54 8.7 Architecture of GMM Computation in decode . . . . . . . . . . . 54 8.7.1 Frame-level optimization . . . . . . . . . . . . . . . . . . . 54 8.7.2 GMM-level optimization . . . . . . . . . . . . . . . . . . . 55 8.7.3 Gaussian-level optimization : VQ-based Gaussian Selection and SVQ-based Gaussian Selection . . . . . . . . . . . 55 8.7.4 Gaussian/Component-level optimization : Sub-vector quantization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 8.7.5 Interaction between different level of optimization . . . . . 56 8.7.6 Related tools, gs select, gs view, gausubvq . . . . . . . . . 57 8.8 Interaction between GMM computation and search routines in Sphinx 3.X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 8.9 Overall search structure of decode . . . . . . . . . . . . . . . . . . 57 8.10 Multi-pass systems using Sphinx 3.X . . . . . . . . . . . . . . . . 58

This page was generated with the help of DOC++ http://docpp.sourceforge.net September 27, 2004 vi

8.10.1 Word Lattice . . . . . . . . . . . . . . . . . . . . . . . . . 58 8.10.2 astar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 8.10.3 dag . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 8.11 Other recognizers inside S3.X packages . . . . . . . . . . . . . . . 61 8.11.1 align . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 8.11.2 allphone . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

9 Speaker Adaptation using Sphinx 62 9.1 Speaker Adaptation . . . . . . . . . . . . . . . . . . . . . . . . . . 62 9.2 Different Principles of Speaker Adaptation . . . . . . . . . . . . . 62 9.2.1 In terms of the mode of collecting adaptation data . . . . 63 9.2.2 In terms of technique of parameter estimation . . . . . . . 63 9.3 Speaker Clustering . . . . . . . . . . . . . . . . . . . . . . . . . . 64 9.4 MLLR with SphinxTrain . . . . . . . . . . . . . . . . . . . . . . . 65 9.4.1 Using bw for adaptation . . . . . . . . . . . . . . . . . . . 65 9.4.2 mllr solve . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 9.4.3 Using mllr transform to do offline mean transformation . . 66 9.4.4 On-line adaptation using Sphinx 3.0 and Sphinx 3.5 . . . . 66 9.4.5 Creating multiple regression classes . . . . . . . . . . . . . 66 9.5 MAP with SphinxTrain . . . . . . . . . . . . . . . . . . . . . . . . 67 9.5.1 mix interp . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 9.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

10 Research using Sphinx 68 10.1 Using Sphinx to research . . . . . . . . . . . . . . . . . . . . . . . 68 10.2 What kind of research can be done using Sphinx? . . . . . . . . . 68 10.3 How to conduct research in speech recognition? . . . . . . . . . . 68 10.4 Example: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

11 Development using Sphinx 69 11.1 Sphinx’s recognizer Application Programming Interface (API) . . 69 11.2 Issues in live-mode recognition . . . . . . . . . . . . . . . . . . . . 69 11.2.1 Issues in speech segmentation . . . . . . . . . . . . . . . . 70

This page was generated with the help of DOC++ http://docpp.sourceforge.net September 27, 2004 vii

11.2.2 Issues in speed and accuracy performance . . . . . . . . . 70 11.2.3 Issues in delay in response . . . . . . . . . . . . . . . . . . 71 11.3 Using the live mode recognizer . . . . . . . . . . . . . . . . . . . . 72 11.3.1 Programs . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 11.4 Common problems in setting up the live-mode speech recognizer . 73 11.5 livedecodeAPI.c doc generated by doc++ . . . . . . . . . . . . . . 74

A Command Line Information 86 A.1 Sphinx Decoders . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 A.1.1 Relationship between decode/livedecode/livepretend . . . . 86 A.1.2 decode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 A.1.3 livedecode . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 A.1.4 livepretend . . . . . . . . . . . . . . . . . . . . . . . . . . 101 A.1.5 gausubvq . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 A.1.6 align . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 A.1.7 allphone . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 A.1.8 dag . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 A.1.9 astar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 A.2 SphinxTrain: Executables . . . . . . . . . . . . . . . . . . . . . . 113 A.2.1 agg seg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 A.2.2 bldtree . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 A.2.3 bw . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 A.2.4 cp parm . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 A.2.5 delint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 A.2.6 dict2tri . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 A.2.7 inc comp . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137 A.2.8 init gau . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 A.2.9 init mixw . . . . . . . . . . . . . . . . . . . . . . . . . . . 143 A.2.10 kmeans init . . . . . . . . . . . . . . . . . . . . . . . . . . 146 A.2.11 make quests . . . . . . . . . . . . . . . . . . . . . . . . . . 151 A.2.12 mixw interp . . . . . . . . . . . . . . . . . . . . . . . . . . 154 A.2.13 mk flat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156 A.2.14 mk mdef gen . . . . . . . . . . . . . . . . . . . . . . . . . 158

This page was generated with the help of DOC++ http://docpp.sourceforge.net September 27, 2004 viii

A.2.15 mk mllr class . . . . . . . . . . . . . . . . . . . . . . . . . 161 A.2.16 mk model def . . . . . . . . . . . . . . . . . . . . . . . . . 163 A.2.17 mk s2cb . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 A.2.18 mk s2hmm . . . . . . . . . . . . . . . . . . . . . . . . . . 167 A.2.19 mk s2phone . . . . . . . . . . . . . . . . . . . . . . . . . . 170 A.2.20 mk s2phonemap . . . . . . . . . . . . . . . . . . . . . . . . 172 A.2.21 mk s2sendump . . . . . . . . . . . . . . . . . . . . . . . . 174 A.2.22 mk s3gau . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 A.2.23 mk s3mix . . . . . . . . . . . . . . . . . . . . . . . . . . . 179 A.2.24 mk s3tmat . . . . . . . . . . . . . . . . . . . . . . . . . . . 181 A.2.25 mk ts2cb . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183 A.2.26 mllr solve . . . . . . . . . . . . . . . . . . . . . . . . . . . 185 A.2.27 mllr transform . . . . . . . . . . . . . . . . . . . . . . . . . 188 A.2.28 norm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190 A.2.29 param cnt . . . . . . . . . . . . . . . . . . . . . . . . . . . 193 A.2.30 printp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196 A.2.31 prunetree . . . . . . . . . . . . . . . . . . . . . . . . . . . 199 A.2.32 tiestate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201 A.2.33 wave2feat . . . . . . . . . . . . . . . . . . . . . . . . . . . 206 A.3 SphinxTrain: Perl Training Scripts . . . . . . . . . . . . . . . . . 210 A.3.1 00.verify/verify all.pl . . . . . . . . . . . . . . . . . . . . . 210 A.3.2 01.vector quantize/slave.VQ.pl . . . . . . . . . . . . . . . . 210 A.3.3 02.ci schmm/slave convg.pl . . . . . . . . . . . . . . . . . 210 A.3.4 03.makeuntiedmdef/make untied mdef.pl . . . . . . . . . . 210 A.3.5 04.cd schmm untied/slave convg.pl . . . . . . . . . . . . . 210 A.3.6 05.buildtrees/slave.treebuilder.pl . . . . . . . . . . . . . . . 210 A.3.7 06.prunetree/prunetree.pl . . . . . . . . . . . . . . . . . . 210 A.3.8 07.cd-schmm/slave convg.pl . . . . . . . . . . . . . . . . . 210 A.3.9 08.deleted-interpolation/deleted interpolation.pl . . . . . . 210 A.3.10 Summary of Configuration Parameter in script level . . . . 210 A.3.11 Notes on parallelization . . . . . . . . . . . . . . . . . . . 210 A.4 CMU LM Toolkit . . . . . . . . . . . . . . . . . . . . . . . . . . . 211 A.4.1 binlm2arpa . . . . . . . . . . . . . . . . . . . . . . . . . . 211

This page was generated with the help of DOC++ http://docpp.sourceforge.net September 27, 2004 ix

A.4.2 evallm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212 A.4.3 idngram2lm . . . . . . . . . . . . . . . . . . . . . . . . . . 213 A.4.4 idngram2stats . . . . . . . . . . . . . . . . . . . . . . . . . 214 A.4.5 interpolate . . . . . . . . . . . . . . . . . . . . . . . . . . . 215 A.4.6 mergeidngram . . . . . . . . . . . . . . . . . . . . . . . . . 216 A.4.7 ngram2mgram . . . . . . . . . . . . . . . . . . . . . . . . . 217 A.4.8 text2idngram . . . . . . . . . . . . . . . . . . . . . . . . . 218 A.4.9 text2wfreq . . . . . . . . . . . . . . . . . . . . . . . . . . . 219 A.4.10 text2wngram . . . . . . . . . . . . . . . . . . . . . . . . . 220 A.4.11 wfreq2vocab . . . . . . . . . . . . . . . . . . . . . . . . . . 221 A.4.12 wngram2idngram . . . . . . . . . . . . . . . . . . . . . . . 222

B Frequently Asked Questions 223 B.1 FAQ sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223 B.1.1 Data-preparation for training acoustic models. . . . 223 B.1.2 Selecting modeling parameters. . . . . . . . . . . . . . 225 B.1.3 Feature computation . . . . . . . . . . . . . . . . . . . 226 B.1.4 Modeling filled pauses and non-speech events. . . . 228 B.1.5 Training speed. . . . . . . . . . . . . . . . . . . . . . . . 230 B.1.6 Questions specific to log files. . . . . . . . . . . . . . . 231 B.1.7 Vector-quantization for discrete and semi-continuous models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234 B.1.8 Flat-initialization . . . . . . . . . . . . . . . . . . . . . . 237 B.1.9 Updating existing models . . . . . . . . . . . . . . . . 238 B.1.10 Utterance, word and phone segmentations . . . . . . 239 B.1.11 Force-alignment(Viterbi alignment) . . . . . . . . . . 240 B.1.12 Baum-Welch iterations and associated likelihoods . 243 B.1.13 Dictionaries, pronunciations and phone-sets . . . . . 246 B.1.14 Decision tree building and parameter sharing . . . . 248 B.1.15 Post-training disasters . . . . . . . . . . . . . . . . . . 249 B.1.16 Why is my recognition accuracy poor? . . . . . . . . 251 B.1.17 Interpreting SPHINX-II file formats. . . . . . . . . . 253 B.1.18 Interpreting SPHINX-III file formats. . . . . . . . . 256

This page was generated with the help of DOC++ http://docpp.sourceforge.net September 27, 2004 x

B.1.19 Hypothesis combination . . . . . . . . . . . . . . . . . 258 B.1.20 Language model . . . . . . . . . . . . . . . . . . . . . . 260 B.1.21 Training context-dependent models with untied states261 B.1.22 Acoustic likelihoods and scores . . . . . . . . . . . . 262 B.1.23 Decoding problems . . . . . . . . . . . . . . . . . . . . 264 B.1.24 (Added at 20040910 by Arthur Chan) Why Sphinx III’s performance is poorer than recognizer X? . . . 265

This page was generated with the help of DOC++ http://docpp.sourceforge.net September 27, 2004 xi