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ABSTRACT

The Russian language is characterized by very flexible word
order, which limits the ability of the standard n-grams to cap-
ture important regularities in the data. Moreover, Russian
is highly inflectional language with rich morphology, which
leads to high out-of-vocabulary word rates. Recently factored
language model (FLM) was proposed with the aim of address-
ing the problems of morphologically rich languages. In this
paper, we describe our implementation of the FLM for the
Russian language automatic speech recognition (ASR). We
investigated the effect of different factors, and propose a strat-
egy to find the best factor set and back-off path. Evaluation
experiments showed that FLM can decrease the perplexity as
much as 20%. This allows to achieve 4.0% word error rate
(WER) relative reduction, which further increases to 6.9%
when FLM is interpolated with the conventional 3-gram LM.
Index Terms: language modeling, Russian language, fac-
tored language models, inflectional languages.

1. INTRODUCTION

Russian belongs to the Slavic branch of the Indo-European
group of languages, which are characterized by complex
mechanism of word-formation. Several kinds of morphemes
are used to produce such grammatical categories as gender,
number, case, person, tense, etc. Zaliznjak’s grammatical dic-
tionary of Russian [1] contains about 150 thousand words and
considering all possible word inflections an ASR vocabulary
can grow up to more than 2 million words. Thus, even for sys-
tems with very large vocabulary, this leads to large number of
out-of-vocabulary (OOV) words.

Another important characteristic of the Russian language
is its flexible word order, which is not restricted by hard gram-
matical structure as in the English, German or Arabic lan-
guages. Word relations within a sentence are marked by in-
flections and grammatical categories such as gender, number,
person, case, etc. [2]. These two problems greatly reduce
the predictive power of the conventional statistical language
models (LMs) [3].

To reduce vocabulary size and OOV rate, it was proposed
to split words into grammatical morphemes and implement
speech recognition on morphemic level adding final back-to-

words step. In [4], this approach led to a significant reduc-
tion of the pronunciation lexicon, however, results of ASR
experiments haven’t been reported. Another study [5] found
that the real-time factor can be improved using morpheme-
based LM, but the recognition performance did not change.
This approach was also applied to the Slovenian language,
which is also the Slavic language [6]. In this case, the OOV
rate was improved from 8.2% to 1.2% and WER decreased
from 42.3% to 42.0% for a system with 60K lexicon, but the
real-time factor (RTF) of the system has increased. Returning
from morphemes back to words is not a trivial task, and is not
always implemented.

In Russian large vocabulary continuous speech recogni-
tion (LVCSR) systems conventional n-grams are usually used
[7, 8, 9]. An improved bi-gram was proposed in [10] whereas
the counts of some of the existing n-grams are increased after
syntactic analysis of the training data. Long-distance syntac-
tical dependencies between words are identified and added as
new bi-grams. This allowed to reduce the word error rate of
a speech recognition system with a dictionary of 208K words
from 58.4% to 56.1%.

Recently, for Arabic, which is also highly inflectional lan-
guage, it was proposed to incorporate word features, called
factors, into the language model [11]. This factored language
model (FLM) implements a back-off procedure by excluding
factors one by one or even several factors at a time without
taking into account factor’s distance from the predicted word.
This improves the robustness of the probability estimates for
rarely observed word n-grams. Using this model, relative
WER reduction of 3.4% was achieved for Arabic LVCSR sys-
tem with 70K vocabulary size [12]. For the Turkish language,
it was reported that the FLM reduced the WER by 1.7% rela-
tive for a 200K LVCSR system [13].

This paper describes our implementation of the FLM for
Russian LVCSR system of 100K words. We investigated the
influence of different factors on the language model perfor-
mance and propose the strategy for optimal factor set selec-
tion. The FLM is implemented using the n-best re-scoring
method. The best performance, in terms of WER, was
achieved using interpolation of the conventional 3-gram LM
with the FLM built by the proposed strategy.
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2. FACTORED LANGUAGE MODELS

Standard n-gram language models compute the probability of
a word sequence 𝑊 = {𝑤1, 𝑤2...𝑤𝑡} as a product of the con-
ditional probabilities of individual words given their histories.
However, since computing word probability given the entire
history is difficult, it can be approximated by the probability
of word given the last few words. Thus, conditional prob-
ability of a word given one previous word is called bigram,
conditional probability of word given two previous words is
called trigram and so on. The probability of word sequence
using trigram probabilities is expressed as:

𝑝(𝑊 ) ≈
𝑡∏

𝑖=𝑛

𝑝(𝑤𝑖 ∣ 𝑤𝑖−1, 𝑤𝑖−2) (1)

The predictive power of the language model can be evalu-
ated without doing speech recognition experiment using per-
plexity measure. Improvement in perplexity doesn’t guaran-
tee better speech recognition performance, however some cor-
relation between improvement in perplexity and recognition
performance usually exists. Perplexity is defined as:

𝑃𝑃 (𝑊 ) =

(
𝑡∏

𝑖=1

1

𝑃 (𝑤𝑖∣𝑤1...𝑤𝑖−1)

) 1
𝑡

(2)

In the factored language model (FLM), first introduced
in [14], it is proposed to include word features, called fac-
tors, in the standard n-gram language model. Factors of a
given word can be any grammatical information about the
word, such as its lemma, stem, root, ending, part-of-speech,
etc. In the FLM, word sequence 𝑊 = {𝑤1, 𝑤2...𝑤𝑡} is
represented by a sequence of 𝐾 factors for each word 𝑤𝑖,
𝑓1:𝐾
𝑖 = {𝑓1

𝑖 , 𝑓
2
𝑖 ...𝑓

𝐾
𝑖 }. A probabilistic language model

is estimated over the factor vectors. Using a n-gram-
like formula, the general model takes the following form
𝑃 (𝑓1:𝐾

𝑡 ∣𝑓1:𝐾
𝑡−1 , 𝑓

1:𝐾
𝑡−2 ...𝑓

1:𝐾
𝑡−𝑛+1). This can be simplified to

𝑃 (𝑓𝑡∣𝑓1, 𝑓2...𝑓𝑚), where 𝑓𝑡 = 𝑤𝑡 and {𝑓𝑖} is any combi-
nation of factors, where 𝑖 = 1...𝑚, 𝑚 ≤ 𝐾 ∗ (𝑛 − 1). If an
n-gram of word or factor is not sufficiently observed, gener-
alized back-off procedure is used.

In the conventional LM, zero probabilities for unseen n-
gram are prevented by backing off to lower order n-gram, e.g.
proceeding from a trigram to a bigram to a unigram. This is
visualized on Fig.1(a) as back-off path. In case of FLM, dur-
ing the backing off any factor can be dropped at each step in
any order resulting in back-off tree shown on Fig.1(b). Flexi-
ble generalized parallel back-off procedure is the main advan-
tage of the FLM.

In order to obtain a good FLM performance, we need to
tune its parameters: the combination of conditioning factors
(factor set) and the back-off tree. In [15], two ways were
proposed to optimize these parameters:

Fig. 1. N-gram and FLM back-off trees. (a) Standard n-gram
back-off path has strict order of dropping words, (b) In the
FLM case, any factor may be dropped at each step resulting
in many possible paths.

∙ Manual: Choose the factor set and fix the back-off tree
based on linguistic knowledge, for example, always
drop syntactic before morphological factors [13].

∙ Automatic: Use genetic algorithm (GA) based FLM
optimization method presented in [11].

In [11], it was demonstrated that the factor set and back-
off tree optimized using GA-FLM can perform better in terms
of perplexity than hand-selected ones. In addition, relative
WER reductions presented in [11] and [12], obtained using
GA, were higher than those presented in [13], obtained using
manually set back-off path.

3. FACTOR SET SELECTION

The genetic algorithm for FLM optimization seeks the opti-
mal factor set and appropriate back-off tree based on minimiz-
ing the model perplexity over some test set. However, with
many factor types and longer word history the task quickly
becomes computationally intractable. Given initial factor set
of 𝑘 factors there are 2𝑘 possible subsets. Furthermore, for
a set of 𝑚 conditioning factors, there are up to 𝑚! possible
back-off paths. In practice, because of these reasons, a few
factor types and time context of 2 (corresponding to trigram)
are usually used [12, 13, 16].

To be able to use longer time context and optimal factor
set without scalability problems, we propose, first, to identify
those factors, which provide most useful information for the
language model and, then, to extend the time history as much
as possible. In order to refer to the time context more explic-
itly we will use 𝑤1 or 𝑤2 and 𝑓𝑘1 or 𝑓𝑘2 to denote 𝑤𝑡−1 or
𝑤𝑡−2 and 𝑓𝑘

𝑡−1 or 𝑓𝑘
𝑡−2.

Our strategy to identify most optimal factor set includes
the following steps:

Step 1 Define the set of possible word feature types to be
used as factor types, e.g. POS category, stem, root,
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inflection, etc.

Step 2 Build several small FLMs using the word1 and
one of the other factor types for time context 1
and 2. In other words, train the following FLMs
𝑝𝑘(𝑤𝑡∣𝑤1, 𝑓𝑘1, 𝑤2, 𝑓𝑘2) for 𝑘 = 1...𝐾. In this case,
back-off path can be set manually similar to the con-
ventional 3-gram back-off path, which has two possi-
ble variations shown on Figure 2:

∙ Back-off path 1: First drop the words in time
distance order: 𝑤2, 𝑤1, then drop factors in the
same order: 𝑓𝑘2, 𝑓𝑘1.

∙ Back-off path 2: First drop the most distant
word and factor 𝑓𝑘2, 𝑤2, then less distant ones
𝑓𝑘1, 𝑤1.

Fig. 2. Manually selected direct back-off paths: (a) - back-off
path 1, (b) - back-off path 2.

Step 3 Select the best several factor types for further experi-
ments based on their resulting model perplexities.

Step 4 For all possible 3-combinations of the selected factor
types plus the word itself find the best factor set and
back-off tree using the GA for the time context of 2.
For instance, if factors 𝑓𝑥, 𝑓𝑦, 𝑓𝑧 were selected, then
following factor sets will be used:

∙ (𝑤1, 𝑓𝑥1, 𝑓𝑦1, 𝑤2, 𝑓𝑥2, 𝑓𝑦2),

∙ (𝑤1, 𝑓𝑥1, 𝑓𝑧1, 𝑤2, 𝑓𝑥2, 𝑓𝑧2),

∙ (𝑓𝑥1, 𝑓𝑦1, 𝑓𝑧1, 𝑓𝑥2, 𝑓𝑦2, 𝑓𝑧2),

∙ (𝑤1, 𝑓𝑦1, 𝑓𝑧1, 𝑤2, 𝑓𝑦2, 𝑓𝑧2).

1Actually, the word itself is a factor, but on this step we are interested in
the influence of additional factor types on the FLM performance.

Step 5 From the obtained factor sets, identify factors, which
were most often dropped by the GA algorithm, taking
into account the time context and exclude them from
further experiments. For example, if in the previous
step following factor sets were selected as optimal:

∙ (𝑤1, 𝑓𝑥1, 𝑤2, 𝑓𝑥2),

∙ (𝑤1, 𝑓𝑥1, 𝑤2, 𝑓𝑥2),

∙ (𝑓𝑥1, 𝑓𝑧1, 𝑓𝑥2, 𝑓𝑦2, 𝑓𝑧2),

∙ (𝑤1, 𝑓𝑦1, 𝑓𝑧1, 𝑓𝑧2),

then factors 𝑓𝑦1 and 𝑓𝑦2 should be excluded as the
most often dropped.

Step 6 Finally, using the remaining factors extend the time
context and run the GA again. If most often used fac-
tors were 𝑤1, 𝑓𝑥1, 𝑓𝑧1, 𝑓𝑥2, 𝑓𝑧2, then factors 𝑓𝑥3, 𝑓𝑧3
may be added for time context extension.

This procedure produces many FLMs and we keep those
with the lowest perplexity for further evaluation on speech
test data.

4. TEXT DATA PROCESSING

Our LM training text corpus contains 11M words with vocab-
ulary size of about ∼100K words. This corpus was assembled
from recent news articles published by freely available Inter-
net sites of several on-line Russian newspapers for the years
2006-2011. We split our corpus into 10M words train set and
a test set consisting of 1M words.

Word features were obtained using the TreeTagger tool
[17]. It was successfully used for tagging text data in many
languages including Russian. The TreeTagger is a probabilis-
tic tool which uses decision trees for annotating words with
morphological tag and lemma information, where lemma is
the canonical baseform of the word. The morphological tag
contains detailed grammatical information about the word,
such as POS category, gender, number, case, etc. This tagset
is described and evaluated in [18]. The overall accuracy of
the TreeTagger on the full tagset is 93,5%, while accuracy of
tagging unknown words is 62.44%.

In addition to the word, lemma and morphological tag fac-
tor types, we use two extra types: part-of-speech category and
gender-number-person factor, because it contains important
grammatical information for the word relations in a sentence.
The list of all factor types, we experimented with, is shown in
Table 1.

The LM training corpus is preprocessed so that every
word is replaced with a vector of all factor types. For in-
stance, word ’брэнды’ (brands) is replaced with the vec-
tor {W-брэнды:P-N:T-Ncmpnn:L-брэнд:G-MP}, where N
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Table 1. Factor types for Russian language used in the exper-
iments.

Factor type Description Size
W word 99 958
L lemma 23 742
T morphological tag 819
G gender, number and person 30
P part-of-speech category 10

means noun POS category; Ncmpnn means noun POS cat-
egory, common syntactic type, masculine gender, plural num-
ber, nominative case, not animate; MP means masculine gen-
der, plural number.

5. EXPERIMENTS

5.1. Speech database and feature extraction

In our experiments, we used the SPIIRAS [19] and Global-
Phone [8] Russian speech databases. Speech data are col-
lected in clean acoustic conditions. In total, there are 28671
utterances pronounced by 165 speakers (86 male and 79 fe-
male) with duration of about 38 hours. Speech test data con-
sist of 10% of GlobalPhone corpus with duration of 1 hour 40
minutes. Test set recordings were pronounced by 5 male and
5 female speakers, and aren’t used for acoustic model (AM)
training.

We used the HTK toolkit to train AM [20]. The speech
signal was coded with energy and 12 MFCCs and their first
and second order derivatives, resulting in 39-dimension fea-
ture vector. Acoustic phoneme models were represented by
three state HMMs with left-to-right topology except the si-
lence model, which also has transition from third to the first
state. The AM consists of 5342 tied states with 16 component
mixture GMMs as output models. Our speech decoder (Julius
ver. 4.2 [21]) produces 500-best hypothesis list, which we use
for re-scoring by the selected FLMs.

As a baseline LM, we use conventional 3-gram trained
using Kneser-Ney discount by the SRI-LM toolkit [22]. Its
perplexity is 537 and OOV rate is 1.7%. The word error rate
of the baseline speech recognition system is 35.4%.

FLMs were built and evaluated using extension of SRI-
LM toolkit described in [23].

5.2. Experimental results

According to the Step 2 of the strategy described in Sect.3 and
using each of the factor types from Table 1, we built several
FLMs. The performance of these FLMs presented in Table 2
shows that the back-off path has big influence on the perplex-
ity. Since the factor G showed the worst perplexity in both
cases, we choose to continue with L, T and P factor types
only.

Table 2. Perplexities of FLMs built at Step 2 with different
back-off paths. The baseline perplexity is 537.

Factor types Back-off path 1 Back-off path 2
WL 611 525
WT 685 488
WG 988 714
WP 652 549

Then, according to the Step 4, we compose all possible
3- and 4-combination of these factor types and W, which are
shown in the first column of Table 3. Using GA, we find the
optimal factor set and back-off trees for all the combinations
with time context 2. For example, combination 𝑊𝐿𝑃 results
in initial factor set 𝑊1𝐿1𝑃1𝑊2𝐿2𝑃2. Their corresponding
FLM perplexities are shown in the last column of Table 3.
As it can be seen, the usage of factor types 𝑊𝐿𝑇 allowed
to achieve the best perplexity, which is a significant 19.9%
reduction relative to the baseline. Note that only in this case
the GA did not reduce the initial factor set.

Table 3. Perplexities of FLMs built using all possible 3- and
4-combinations of factors with time context 2. The baseline
perplexity is 537.

Factor Best factors after GA Perplexity
types (# nodes of the back-off tree)
WLT W1,L1,T1,W2,L2,T2 (55) 430
WLP W1,L2 (4) 560
WTP W1,P1,W2,P2,T2 (21) 756
LTP L1,T1,L2,T2 (11) 447
WLTP W1,L1,T1,P1,L2,T2,P2 (50) 487

There are eight different factors in this experiment (four
factor types × time context 2) and from the second column
of Table 3 we can see that the most often dropped factors
are 𝑃1,𝑊2, 𝑃2. So, we exclude them from further experi-
ments as proposed in Step 5. Using the remaining five factors
𝑊1, 𝐿1, 𝑇1, 𝐿2, 𝑇2 as initial factor set we applied again a
GA optimization. Finally, we extended this factor set to time
context 3 (corresponding to 4-gram), as described in Step 6.
Since factor types 𝐿 and 𝑇 were most often selected by GA in
both time contexts, we added 𝐿3 and 𝑇3 factors to the initial
factor set and optimized it using GA. The perplexities of the
resulting two FLMs were close to the perplexity of the FLMs
using factor types 𝑊𝐿𝑇 and 𝐿𝑇𝑃 from Table 3. Thus, for
the speech recognition experiments we chose these four mod-
els. Word error rates (WERs) for those FLMs named M1, M2,
M3, M4 are shown in Table 4. The lowest WER, resulting in
3.9% relative reduction, was achieved using the model M2
with extended time context.

In Table 5, performances of FLMs linearly interpolated
with the baseline 3-gram models are presented. The inter-
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Table 4. Performance of FLMs built using most effective fac-
tors. The baseline WER is 35.4%.

FLM Factors ppl WER,
(# back-off tree nodes) %

M1 W1,L1,T1,L2,T2 (20) 440 34.4
M2 W1,L1,T1,L2,T2,T3 (43) 460 34.0
M3 W1,L1,T1,W2,L2,T2 (55) 430 34.5
M4 L1,T1,L2,T2 (11) 447 35.6

polation coefficient is manually tuned for each model. The
biggest relative WER reduction of 6.9% is obtained by the
interpolation with model M1, which is built with quite small
factor set and, as it is shown on Figure 3, not highly branched
back-off tree. Obtained WER reductions indicate improve-
ments in LM probability estimates due to the use of correctly
preselected factor set.

Table 5. Performance of FLMs interpolated with the baseline
3-gram model.

Model Interpolation ppl WER,
coefficient %

3-gram (baseline) 1.0 537 35.4
M1 + 3-gram 0.45 445 33.0
M2 + 3-gram 0.43 463 33.4
M3 + 3-gram 0.51 437 33.3
M4 + 3-gram 0.42 453 33.6

Fig. 3. Back-off tree of the model M1.

In case of interpolation with 3-gram, comparing with
other FLM models, WER of the model M4 was noticeably
decreased from 35.6% (M4) to 33.6% (M4 + 3-gram). In this
model, in contrast with other models, word factor type 𝑊
hasn’t been included in the factor set. Obviously, the com-
bination of statistical information of words and their gram-
matical features allows to implement more accurate LVCSR

system.
In all previous experiments, GA was implemented using

population size of 8 and 16 generations. Relaxing the GA
parameters to population size 40 and number of generations
30 increased the computation time several times, but without
any improvement in the performance.

6. CONCLUSIONS

This paper presents a strategy to select optimal factor set
to built effective FLM. We compare performance of 3-gram
language model with Kneser-Ney smoothing against factored
language models and interpolation of both models. Obtained
WER relative improvement of 6.9% is quite high, in compar-
ison to improvements achieved for both the Arabic language
using FLMs and Russian language using advanced language
modeling techniques [12, 13, 10].

Factored language models seems to be able to capture ad-
ditional information and improve LM probability estimates.
Proposed strategy allows to remove not useful features at the
beginning of the experiments and use longer context of more
effective factors. It is important to mention, that different fac-
tor sets cannot be compared by perplexity only, because of the
factor size difference. Final decision on choosing the factor
set and back-off path should be made based on speech recog-
nition results.
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