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Why LVCSR Difficult ?

• The software complexity of a search algorithm is 
considerable

• The effort required to build an efficient decoder is quite 
large
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Two Major Constituents of LVCSR

• Front-end Processing is a spectral analysis that 
derives feature vectors to capture salient spectral 
characteristics of speech input
– Digital speech signal processing

• Linguistic Decoding combines word-level matching and 
sentence-level search to perform an inverse operation to 
decode the message from the speech waveform
– Acoustic modeling
– Language modeling
– Search
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One-Pass Tree-Copy Search

• For example, when trigram language modeling are used

– The pronunciation lexicon is structured as a tree
– Due to the constraints of n-gram language modeling, a word’s 

occurrence is dependent on the previous n-1 words
– Search through all possible tree copies from the start time to the 

end time of the utterance to find a best sequence of word 
hypotheses

肺炎

飛蛾

疫情

一群 影響

影響

生活

生命

很大

很大

頗大

V trees V2 trees V2 trees V2 trees V2 trees

P(‧| sil 飛蛾)

P(‧| sil 肺炎)
P(‧|肺炎 疫情)

P(‧|飛蛾 一群) P(‧|一群 影響)

P(‧|疫情 影響) P(‧|影響 生命)

P(‧|影響 生活) P(‧|生活 很大)

P(‧|生命 頗大)

P(‧|生命很大)

造成

Language Model Look-ahead
Acoustic Look-ahead

can be applied

Node( history, arc, state)

P(‧| sil sil)

P(‧| 很大造成)
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Lexical/Phonetic Tree

• Each arc stands for a phonetic unit
• Each leaf node is shard by words having the same 

pronunciation
• The application of language modeling is delayed until 

leaf nodes are reached

they
( )theysayP

( )theytellP
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Lexical/Phonetic Tree (cont.)

• Reasons for using the lexical/phonetic tree
– States according to phones that are common to different words 

are shared by different hypotheses
• A compact representation of the acoustic-phonetic search 

space

– The uncertainty about the word identity is much higher at its 
beginning than its beginning

• More computations required at the beginning of a word than 
toward its end
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Linear Lexicon vs. Tree Lexicon

• In the general n-gram case (n ≧1), the total number of 
prefix tree copies is equal to |V|n−1, where |V| is the lexicon 
size and n the LM order

• When using a (flat) linear lexicon and in the general n -
gram case (n ≧2), the total number of copies of the linear 
lexicon would now be |V|n−2

• |V| linear lexicons for trigram modeling • |V|2  tree-copies for trigram modeling
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One-Pass Tree-Copy Search (cont.)

• Word (history)-conditioned Search
– A virtual/imaginary tree copy explored for linguistic context of 

active search hypotheses 
– Search hypotheses recombined at tree root nodes according to 

language modeling (or the history)

For n-gram language modeling:
• Retain distinct n-1-gram word histories 

疫情

一群 影響

影響

生活

生命

V2 trees V2 trees V2 trees

P(‧|一群 影響)

P(‧|疫情 影響) P(‧|影響 生命)

P(‧|影響 生活)
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One-Pass Tree-Copy Search (cont.)

• Integration of acoustic and linguistic knowledge
• A network (dynamically) built to describe sentences in terms of 

words 
– Language models for network transition probabilities

• A network (statically) built to describe words in terms of phone
– The pronunciation dictionary (organized as a phonetic tree)
– Transition penalties are applied

• A network (statically) built to describe a phone unit in terms of 
sequences of HMM states

– Spectral vectors derived from the speech signal are 
consumed 
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One-Pass Tree-Copy Search (cont.)

• Three basic operations performed
– Acoustic-level recombinations within tree arcs

• Viterbi search

– Tree arc extensions

– Language-model-level recombination
• Word end hypotheses sharing the same history were 

recombined
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One-Pass Tree-Copy Search (cont.)
• Acoustic-level recombinations

un

History
1τ 2τ

( ) 2, τ=twBuv

生活

疫情 影響
生活

一群 影響

un-1

un-2

w=“生活”

v=“影響”

b=“一群” a=“疫情 ”
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One-Pass Tree-Copy Search (cont.)

• Different path hypotheses at each time frame are 
differentiated based on
– The N-1 word history (for the N-gram LM)
– The phone unit (or the tree arc)
– The HMM state
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One-Pass Tree-Copy Search (cont.)

• Organization of active search hypotheses (states)
– Hierarchical organization

Active Trees
(LM Histories)

Active Arcs

Active HMM States

No. of Trees (NT)

No. of Arcs (NA)

No. of States (NS)

Node( history, arc, state)

active HMM states 
(or path hypotheses)
at frame t

How to directly and efficiently
access the HMM states ? 

“A Data-driven Approach”
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One-Pass Tree-Copy Search (cont.)
• Organization of active search hypotheses (states)

– Flat organization

aj s1

aj s2

aj s1

aj s2

ak s2 ak s3

ak s2

aj s3

Active HMM States 
at frame t

New HMM States 
at frame t+1

C++ STL (Standard Template Libraries)
is suitable for such an access
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One-Pass Tree-Copy Search (cont.)

• Viterbi search
– Belong to a class of breadth-first search 

• Time-synchronous
• Hypotheses terminate at the same point in time

– Therefore, hypotheses can be compared

– The search hypotheses will grow exponentially

– Pruning away unlikely (incorrect) paths is needed
• Viterbi beam search
• Hypotheses with likelihood falling within a fixed radius (or 

beam) of the most likely hypothesis are retained
• The beam size determined empirically or adaptively 
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One-Pass Tree-Copy Search (cont.)
• Pruning Techniques

1. Standard Beam Pruning (Acoustic-level Pruning)
• Retain only hypotheses with a score close to the best hypothesis

2. Language Model Pruning  (word-level Pruning)
• Applied to word-end or tree start-up hypotheses

3. Histogram Pruning
• Limit the number of surviving state hypotheses to a maximum 

number (Need some kind of sorting!) 
• Not Recommended!
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One-Pass Tree-Copy Search (cont.)

• Pruning Techniques (cont.)
– Stricter pruning applied at word ends

• The threshold is tightly compared to the acoustic-level one

• Reasons
– A single path hypothesis is propagated into multiple word 

ends (同音詞問題)

– A large number of arcs (models) of the new generated 
tree copies are about to be activated

Pose severe 
requirements on 
the system memory
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One-Pass Tree-Copy Search (cont.)
• Pruning techniques in my system

Acoustic-Level Pruning
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One-Pass Tree-Copy Search (cont.)
• Pruning techniques in my system

Word-Level Pruning
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One-Pass Tree-Copy Search (cont.)
• Language Model Look-ahead

– Language model probabilities incorporated as early in the search
as possible

• Language model probability incorporated for computing of 

• Unigram Look-ahead

• Bigram Look-ahead

• Anticipate the language model 
probabilities with the state hypothesis
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One-Pass Tree-Copy Search (cont.)

• Language Model Look-ahead
void SpeechClass::Calculate_Word_Tree_Unigram()
{

if(Root==(struct Tree *) NULL) return;
Do_Calculate_Word_Tree_Unigram(Root);

}

void SpeechClass::Do_Calculate_Word_Tree_Unigram(struct Tree *ptrNow)
{
if(ptrNow==(struct Tree *) NULL) return;
Do_Calculate_Word_Tree_Unigram(ptrNow->Brother);
Do_Calculate_Word_Tree_Unigram(ptrNow->Child);
if(ptrNow->Father!=(struct Tree *) NULL)
if(ptrNow->Unigram > ptrNow->Father->Unigram) 

ptrNow->Father->Unigram=ptrNow->Unigram;
}

Recursive function for
calculating unigram LM
look-ahead 
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One-Pass Tree-Copy Search (cont.)

• Trie Structure

struct DEF_LEXICON_TREE
{      

short Model_ID;
short WD_NO;
int *WD_ID;
int Leaf;
double Unigram;
struct Tree *Child;
struct Tree *Brother;
struct Tree *Father;

};

A

D C B

EFGH

IJK

Tree

A

BC

GH

D

K J

EF

I

Trie
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One-Pass Tree-Copy Search (cont.)

• Linear Lexicon with Bigram Language Modeling
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One-Pass Tree-Copy Search (cont.)

• Acoustic Look-ahead
– The similar idea from A* search

– The use of acoustic heuristics to speed up the search process
• Help to make the right decision when pruning

– How to design the procedure in order to estimate the 
heuristics ?
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One-Pass Tree-Copy Search (cont.)

• Acoustic Look-ahead
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Word Graph

• If bigram LM used in the tree-copy search
– The beginning time of a word hypothesis      ending at time

– The acoustic score of a word hypothesis 
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Word Graph (cont.)
• Bookkeeping at the word level

– When word hypotheses were recombined into one hypothesis 
to start up the next tree 

• Not only the word hypothesis with the best predecessor 
word were recorded

• But for the hypotheses that have the same LM history, only 
the best one was kept

SIL(生活)
SIL (-)

肺炎(-)

肺炎(SIL)

飛蛾(SIL)

疫情(肺炎)

疫情(飛蛾)

一群(飛蛾)

疫情(肺炎)

隱藏(疫情)

隱藏(一群)

影響(疫情)

影響(疫情)
生命(影響)

生活(影響)

生命(影響)

影響(一群)

一群(肺炎)

生活(隱藏)

SIL(生命)
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Word Graph (cont.)

• Each edge stands for a word hypothesis
• The node at the right side of an edge denotes the word end

– There is a maximum of incoming word edges for a node (?)
– There is no maximum of the num. of outgoing edges for a node (?)

• A word graph built with word-pair approximation  

隱藏

飛蛾

一群 影響

生命

肺炎

疫情 影響

影響

生命

生活 SILSIL

肺炎
疫情

一群

P(影響|飛蛾疫情)

隱藏

疫情

P(影響|肺炎疫情)

疫情

生活

SIL
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One-Pass Tree-Copy Search (cont.)
• Time-Conditioned Search

– Acoustic-level recombinations within tree arcs
• Viterbi search 

– Tree arc extensions

– Language-model-level recombination
• Word end hypotheses sharing the same history were recombined
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One-Pass Tree-Copy Search (cont.)

• Time-Conditioned Search
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One-Pass Tree-Copy Search

• Trigram language modeling used here

肺炎

飛蛾

疫情

一群 影響
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生活
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頗大
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can be applied

Node( history, arc, state)

P(‧| sil sil)

P(‧| 很大造成)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


