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(57) ABSTRACT

A method compresses one or more ordered arrays of integer
values. The integer values can represent a vocabulary of a
language mode, in the form of an N-gram, of an automated
speech recognition system. For each ordered array to be
compressed, and an inverse array I[.] is defined. One or more
spilt inverse arrays are also defined for each ordered array.
The minimum and optimum number of bits required to store
the array A[.] in terms of the split arrays and split inverse
arrays are determined. Then, the original array is stored in
such a way that the total amount of memory used is
minimized.
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.| Given an array A[], set A°[-] = A[], set j

. For A’[] find k using Equation (8). Set k;

b

.| If k; = width(A’[]) store A[] and stop.

Separate A’[-] into Iij ] and Afcj []-

. |Store A{jj [].

 [Set A7) =T [],setj = j + 1 and return to 2.
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Given an array A[], set A°[] = A["], set j = 0.

yuded 'S'N

For A’[] find k using Equation (8). Set ki = k.

If k; = width(A?[]) store A?[] and stop.

Separate A’[] into I ,zj ] and Aij ).

L00T ‘0€ ‘uer

Store Ai? [].

S JO ¢ 199§

AN A e Bl e e

Set A7T![] =T/ [, setj = j + 1 and return to 2.
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501 “7

502 7

503 7

Threshold before (Mb) after (Mb)
No pruning 37.8 20.0
1 x 107° 32.5 17.3
5 x 107° 26.7 14.3
1 x 1078 22.4 12.0
5 x 1078 9.39 4.88
1 x 107 5.67 2.75
5 x 1077 1.78 0.76
1 x 107°° 1.07 0.42
Fig. 5
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1
COMPRESSION OF LANGUAGE MODEL
STRUCTURES AND WORD IDENTIFIERS
FOR AUTOMATED SPEECH RECOGNITION
SYSTEMS

FIELD OF THE INVENTION

The present invention relates generally to speech recog-
nition systems, and more particularly to compressing lan-
guage models and word identifiers used by such systems.

BACKGROUND OF THE INVENTION

In computer systems, compression of data structures
reduces memory requirements and processing time. For
example, a continuous speech recognition system requires a
large language model (LM). For large vocabulary systems,
the LM is usually an N-gram language model. By far, the
LM is the biggest data structure stored in a memory of a
large vocabulary automated speech recognition (ASR) sys-
tem.

However, in many small sized speech recognition sys-
tems, such as desktop computers and hand-held portable
devices, memory limits the size of the LM that can be used.
Therefore, reducing the memory requirements for the LM,
without significantly affecting the performance, would be a
great benefit to the systems.

As shown in FIG. 1, the LM can be stored as a back-off
N-gram 100, see Katz, “Estimation of Probabilities from
Sparse Data for the Language Model Component of a
Speech Recognizer,” [EEE Transactions on Acoustic,
Speech, and Signal Processing, Vol. 35, No. 3, pp. 400-401,
1987. The N-gram 100 includes unigrams 101, bigrams 102,
and trigrams 103. The back-off word trigram LM 100 shows
a search for the trigram “the old man.”

In the N-gram, probabilities are stored as a tree structure.
The tree structure originates from a hypothetical root node,
not shown, which branches out into the unigram nodes 101
at a first level of the tree, each of which branches out to the
bigram nodes 102 at a second level, and so forth.

Each node in the tree has an associated word identifier (id)
111. The word id represents the N-gram for that word, with
a context represented by the sequence of words from the root
of the tree up to, but not including, the node itself. For
vocabularies with fewer than 65,536 words, the ids generally
use a two byte representation as shown at the bottom.

In addition, each node has an associated probability

(prob) 112 and boundaries (bounds) 114, and each non- _

terminal node has an associated back-off weight (weight)
113. All these values are floating-point numbers that can be
compressed into two bytes, as shown at the bottom. There-
fore, each unigram entry requires six bytes of storage, each
bigram entry requires eight bytes, and each trigram entry
requires four bytes.

The information for all nodes at a particular level in the
tree is stored in sequential arrays as shown in FIG. 1. Each
array in the ith level of the tree represents sequential entries
of child nodes of the parent nodes in the (i-1)th level of the
tree. The largest index of each entry is the boundary value
for the entry that is stored in the parent node of that entry.

Because entries are stored consecutively, the boundary
value of a parent node in the (i-1)th level, together with the
boundary value of the sequentially previous parent node at
the same level specifies the exact location of the children of
that node at the ith level.

40

55

60

2

To locate a specific child node, a binary search of the ids
of the word is performed between two specified boundary
values. The binary search for the example in FIG. 1 is for the
phrase “the old man.”

Lossy compression of the language model has been
described by Whittaker et al., “Language Model Compres-
sion Techniques,” Proceedings of FUROSPEECH, 2001,
and and Whittaker et al., “Language Model Quantization
Analysis,” Proceedings of EUROSPEECH, 2001. They
described the lossy compression of the language model
(LM) through pruning and quantization of probabilities and
backofl’ weights.

It is desired to further compress the language model using
lossless compression so that large vocabulary ASR is
enabled for small-memory devices, without an increase in
me word error rate.

SUMMARY OF THE INVENTION

The invention provides for the compression of ordered
integer arrays, specifically word identifiers and other storage
structures of a language model of a large vocabulary con-
tinuous speech recognition system. The method according to
the invention converts ordered lists of monotonically

5 increasing integer values, such as are commonly found in the

language models, into a variable-bit width tree structure so
that the most memory efficient configuration is obtained for
each original list.

By applying the method according to the invention, it is
possible to obtain an 86% reduction in the size of the
language model with no increase in the word error rate.

More specifically, a method compresses one or more
ordered arrays of integer values. The integer values can
represent a vocabulary of a language mode, in the form of

an N-gram, of an automated speech recognition system. For

each ordered array to be compressed, and an inverse array
I[.] is defined. One or more spilt inverse arrays are also
defined for each ordered array.

The minimum and optimum number of bits required to
store the array A[.] in terms of the split arrays and split
inverse arrays are determined. Then, the original array is
stored in such a way that the total amount of memory used
is minimized.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a prior art language model
to be compressed according to the invention;

FIG. 2 is a block diagram of an ordered array, and
corresponding split and split inverted arrays according to the
invention;

FIG. 3 is a block diagram of steps of a method for
compressing an ordered integer array according to the
invention;

FIG. 4 is a block diagram of a language model com-
pressed according to the invention; and

FIG. § is a table comparing storage requirements of
uncompressed and compressed language models.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

The invention provides for lossless compression of

5 ordered arrays, i.e., lists of monotonically increasing integer

values. More specifically, a method according to the inven-
tion compresses a language model (LM) as used with a large
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vocabulary speech recognition system. The LM is repre-
sented as a tree with multiple layers.

In the LM, there are two main structures in which large,
ordered arrays of monotonically increasing numbers are
stored: arrays of word identifiers (ids), and arrays of bound-
aries (bounds) that store the locations of word ids in other
layers.

The number of bits required to represent each entry in
such an array is dictated by the largest value to be repre-
sented in the array, rounded up to an integer number of
bytes. Therefore, sixteen bits (two bytes) are required to
store each word id for a vocabulary of 65,536 words. Even
if the largest word id occurring in a given context has a value
of 15, i.e., a four bit number, sixteen bits must still be used
to represent all the numbers in that context.

Common compression strategies for long lists of numbers
use variable-bit length coding (VLC) of the original num-
bers, see Williams et al., “Compressing Integers for Fast File
Access,” The Computer Journal, Vol. 42, no. 3, pp.
193-201, 1999. The objective is typically to encode fre-
quently occurring numbers by using the least number of bits.
However, because each number in the array is represented
using a different number of bits, it is necessary to search the
arrays of compressed numbers in a strict linear fashion to
locate a number. This is undesirable for retrieving the LM
probabilities where fast and frequent access is required.

Instead, the method for compressing according to the
invention converts each ordered array of integers into a tree
structure, where each array entry has an identical number of
bits. This enables binary searching, while at the same time
preserving fast, random access of the compressed array
entries.

Inverse Arrays

For any ordered array of positive integers A[.], an inverse
array I[.] is defined by Equation (1) as:

Ifj]=inverse(A[.])=first(j+k, A[.]): k=arg min,(j+IE4

[, =0, o

where a function first(j, A[.]) returns the location of a first

instance of j in the array A[.], and a function min,(j+IEA[.])

returns a smallest value of 1 such that j+l is an entry in A[.].

1[j] shows the location of the first instance of the smallest

number that is greater than or equal to j, and is present in
Al

In words, in the inverted array, the indices of the ordered
array become the values in inverted elements, and values of
the ordered array become the indices of the inverted array.

It is clear that the inverse array I[.] is also an ordered
array. The ordered array A[.] is therefore defined completely

by the inverse array I[.], together with a function length(A -

[.]), which returns the number of entries in A[.] according to
Equation (2):
A[j]=last(j-k, 1[.]): k=arg min,G-IE1[.])
V0=;=length(4), )]
where last(j, I[.]) returns the location of the last instance of
j in the inverse array I[.].

Therefore, a set {I[.], length A[.]} is equivalent to the
array A[.], because the latter is derivable from the former.

Additionally, the results of all operations that can be
performed on the array A[.] can be obtained from equivalent
operations on the inverse array.

The array A[j] can be obtained directly from I[.] using
Equation (2). The function last(j, A[j]) can simply be
obtained as I[j]. The presence of a value j in the array A[.]
can be tested by JEA[.], if I [j]=I[j+]].

4

Frequently, the size of the set {I[.], length A[.]} is less
than the size of the array A[.]. Therefore, memory require-
ments can be reduced if the set {I[.], length A[.]} is stored,
instead of the original ordered array, then performing the
appropriate operations on the stored array.

Split Inverted Arrays

Akth split inverse of the array A[.],i.e., I,[.]=splitinverse,
(A[.]), is defined by Equation (3) as:

I [.]=inverse(4/.]>>k), 3)

where A[.]>>k refers to the array obtained by right-
shifting each entry of the array A[.] by k bits. The kth split
of A[.], i.e,, Ai[], is defined by Equation (4) as:

Ayl ]=A[]&Mask[k], 4)

where Mask

k-1
Mask[k] = Z 2k,

=)

and A,[.] represents the array obtained by masking all but
the last k bits of each of the entries of the array A[.]. Note
that I[.]=I[.]. An array A4[.] is defined as a null array having
the same length as the array A[.].

FIG. 2 shows examples 200 of splits and split inverse
arrays derived from an ordered array. Clearly, any split
inverse of an ordered array is also ordered. However, the
split arrays need not be ordered.

For k>0, the combination of I[.] and A,[.] define A[.]
completely. Thus, A[.] can equivalently be stored by storing
I,[.] and A,[.]. All operations that are performed on A[.] can
be performed using the inverse array I,[.] and the split array
A,[.]. For example, to find the value of an entry in the
original array A[.] given a location j, apply Equation (5)

Afj]=last(, L[.])<<kl4[i], (3)
and to find the location of an entry with a value j in A[.]
apply Equation (6)
last(j, A[.])4 [i>>k]+last(j&Mask[k], A, /T,[i>>k]:
Teli>>k+1]]), (6)
where A,[1:]] refers to the sub-array of A[.] that begins at the
ith entry and ends at the (j-1) entry. The check for jJEA[.]
can be performed as:

JEAL], if L [j>>k]=1, [j>>k+1], and

J&Mask[R]JEA[g>>k+1]]: L [j>>k+1]].

Again, the memory required to store I;[.] and A,[.] can be
less than that needed for either A[.] or {I[.], length(A[.]}.

Optimal Size of Stored Array

The arrays are stored in a bit-compacted form, and the
number of bits to store an entry-in the array does not need
to be a multiple of eight. All entries of the array are stored
in the same number of bits.

A function Size(A[.]) returns the total number of bits
required to store A[.] in a simple bit-compacted
entry. Size(A[.])=length(A[.])xwidth(A[.]), where width(A
[.])=ceil(log,(max(A[.]))) is the number of bits required to
store the largest value in A[.]. Because A[.] can equivalently
be stored by storing I,[.] and A,[.], the minimum memory
required to store A[.] in terms of its split arrays and split
inverses, when all arrays are stored in simple bit-compacted
form is given by Equation (7) as:

Amazon / Zentian Limited
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MinSize(A[-]) = nku‘n{Size(Ik [-]) + Size(Ac[-1+ Ci ) 7

where C, is the overhead required to store the pointers to
the split arrays, their length, and the information needed to
indicate that the array is stored in terms of'its kth split arrays.

However, the split inverse array I,[.] is also an ordered
array and can be further compressed by storing it in terms of
its split inverse and split arrays, and so forth.

A function OptSize(.) determines the optimal storage
required to store an array in terms of its split arrays. The
optimal size to store the array A[.] is defined by Equation (8)

—_

6

Language Model Structure Compression

Compression of the boundary information proceeds using
the 4-byte bounds array as input to the compression method
300. Because the bounds array at each level comprises the
monotonically increasing integer values, it can be com-
pressed in its entirety, unlike the arrays of word ids which
are compressed separately for each N-gram context.

Context-Location Boundary Array

Because the word ids are compressed by context and the
bounds are compressed globally, there is a mismatch
between a word id’s location and its corresponding prob-
abilities, back-off weights and boundary information. An
extra three-byte boundary array is introduced at the unigram
level to correct this mismatch so that now there are two

as: 15 boundary arrays (bnds 1 and bnds 2). This three-byte array
is likewise compressed using the method according to the

invention.
OpiSize(A[ 1) = min(OpiSize(h [ ]) + Size(Ac[-]+ C). ® The extra bounds array provides the original location of
the first word id for a unigram context, as if it were in the
20 original, uncompressed array. This offset is then added to the
and K is the optimal value of k in Equation 8. known locatiog of a ‘pa'rticu]ar word id in a context to give
Method for Recursive Compression of Arrays the exact locatlon‘ 91, for example, the prf)bablhty for that
FIG. 3 shows six steps of a method 300 for recursively word. id. The add}tlonal threfz-byte array 1s unnecessary at
compressing an ordered array A[.] according to the inven- __ the blgr am level _for the 190at10ns of trigram entries bec.ause
tion, in terms of the notation as described above. 25 word ids and their a;somated probablhtlgs are sto'red within
The output of the method 300 is a set of split arrays the same entry specified by the bounds 111f0_rmat10n. How-
D 1 2 J=1 Ji ever, the extra array would be used at the bigram level for

A IL A TL AL - - A, 7], and the array A”[ ],

where J is the value of j at which the method 300 completes. a ﬁggram I}IVII I .

geleoiil]ljg ; Nllllﬂi?r g'ive(lllg LZCS ti(;:jl tion (9) as: 3 To (:icetteonnti:lz 11111?:1?2011 of the invention, the compression
() operation is defined by Equation (9) as: method 300 was applied to a Katz back-off LM with a 64k

word vocabulary obtained from approximately 100 million

LASTG, APV LD<<K AL (1] i j<d ® wordg of broadcgst news transc.riptions and newspaper texts.

READ(, AJ['])={ g All singleton bigrams and trigrams were discarded. The
Al if j=J 35 baseline LM was pruned at different thresholds using

entropy based pruning, see Stolcke, “Entropy-based Pruning

o . . . of Backoff Language Models,” Proceedings of 1998 DARPA

The LAST(.) operation in Equation (9) is described Broadcast News Transcription and Understanding Work-

below. The ith entry of the array A[.] is now obtained as shop, 1998.

A[I]ZREAD(I’ A.[']).' . 40 FIG. § shows the effect of compression of word ids and
Decoding a Location given a Number LM structure using the integer compression method 300, for
The LAST(.) operation is defined by Equation (10) as: different entropy thresholds 601. Column 602 shows the

storage requirements before compression, and column 603

) the storage requirements after compression.

LASTG, A'[]) = (9 45 Other results, with well known training data and recog-

) 1 nition systems, show that an unpruned, uncompressed base-

READ(>> X, A1 D+ line LMyrequired 71.9 Mb of mf:)mory with a wro)rd error rate

last(j &Mask[k], A{ [READ( >> k, A7 [-]) of 24.3%. The LM compressed according to the invention

READ( >> k+ 1, A 1)) it i< “ requires only lOMb, with no substant.ial ingrease in the word

] error rate. Therefore, as desired, the invention can compress

last(i, A1) ifj=J. LMs to enable small-memory automatic speech recognition
applications.

The location of an entry with a value i in the array in A[.] Although the invention ha§ been fiegcnbed by way of

is now obtained as last(i, A°[.]). . example.s of preferred embpdlments, it is to bt? understood

Compressing the Language Model 27 that various other~ gdaptatlons and 11}0d1ﬁc.at10ns can be

For the purnose of the present invention. the language made within the spirit and scope of the invention. Therefore,

purp p ) guag o : :

. h it is the object of the appended claims to cover all such

model 100 has already been pruned and floating point - . . . s .

parameters have been quentized to the desired levels as variations and mo.d]ﬁcapons as come within the true spirit

described by Whittaker et al., see above. 60 and scope of the invention.
Then, the lossless compression method 300 is applied to We claim:

the ordered arrays to generate a compressed language model 1. A computer implemented method stored on a computer

400 as shown in FIG. 4. readable medium with executable instructions of perform
Word Identifier Compression compression of a language model of a continuous speech
The word ids for each context are compressed on a 65 recognition system, wherein the language model is an

context-by-context basis with the optimal compression for
each array found by using Equation 8.

N-gram including a plurality of arrays A[.], each array A[.]
including ordered positive integer values stored in a
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memory, the integers representing a vocabulary of the lan-
guage mode, the compressing for each array A[.] compris-
ing:

defining an inverse array I[.] of the ordered array A[.] as

8
form as Size(A[.] )=length(A[.] )xwidth(A[.] )where
width(A[.] )=ceil(log,(max(A[.] ))js the number of bits
required to store a largestinteger value in the array A[.] ;

defining a function MinSize for determining a minimum

I[j]=inverse(A[.])=first(j+k, A[.]): k=arg min,G+IE4 3 number of bits required to store the array A[.] in terms

L)), 120, of the split arrays and split inverse arrays by MinSize

where a function first(j, A[.] )returns a location of a first (AL] ymin,{Size(I[.] )+Size(Al.] )+G}, where C, is
instance of an jth entry in the array A[.],and a function overhead required to store pointers to the split arrays,
min,(j+IEA[.] Jreturns a smallest value | such that j+l is an |4 length of the split arrays, and an indication that the
entry in the array A[.] ; array A[.] is stored in terms of the split arrays and the

defining a kth split inverse I,[.] =plitinverse,(A[.] )of the split inverse arrays;

array A[.] as L,[.] =inverse(A[.] >>k)where A[.] >>kis defining a function OptSize(.) for determining a size of

an array obtained by right-shifting each entry of the the array A[.] in terms of the split arrays and the split
array A[.] by k bits; 15 inverse arrays as OptSize(A[.] ymin,(OptSize(I,[.] )+

defining a kth split of the array A[.] as A,[.]=A[.] &Mask
[k], where

Size(A,[.] )+G}, wherein R is an optimal value of k;

determining an optimal size for the array A’[.] using the
function OptSize;

storing the array A’[.] if k=width(A’[.] ),and otherwise

el 20 ;
Mask(k] = sz “Al] separating the array A’[.] into the split inverse arrays 1,7
= and the split arrays Akj’ , and storing the split arrays Akjj ,
and setting the array A7*'[.] equal to the array Ik]_f, and
represents an array obtained by masking all but the last k bits repeating, beginning at the determining step, for j=j+1 to
of each of entry of the array A[.] ; 25 generate the arrays A °[]1, Ay '[], AL, . . .,

defining a null array A,[.] having the same length as the
array Al.],

defining a function Size(A[.] )for returning a total number
of bits required to store the array A[.] in a compressed

A, 77[] ,and the array A”[.] ,where ] is the value of
j upon completion.
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