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Abstract. Stochastic Inversion Transduction Grammars are a very pow-
erful formalism in Machine Translation that allow to parse a string pair
with efficient Dynamic Programming algorithms. The usual parsing al-
gorithms that have been previously defined cannot explore the complete
search space. In this work, we propose important modifications that con-
sider the whole search space. We formally prove the correctness of the
new algorithm. Experimental work shows important improvements in the
probabilistic estimation of the models when using the new algorithm.

1 Introduction

Stochastic Inversion Transduction Grammars (SITGs) were introduced in [1]
for describing structurally correlated pairs of languages. SITGs can be used
to simultaneously analyze two strings from different languages and to correlate
them. SITGs have been used in the last few years for Machine Translation (MT),
especially for pairs of languages that are sufficiently non-monotonic. Several
works have explored its use for MT [2,3,4,5].

An efficient Dynamic Programming parsing algorithm for SITGs was pre-
sented in [2]. This algorithm is similar to the CKY algorithm for Probabilistic
Context Free Grammars. The parsing algorithm does not allow the association
of two items that have the empty string in one of their sides. This limitation
restricts the search space,and thus, it prevents exploring some valid parse trees.
Expressiveness capacity of SITGs by using Wu’s parsing algorithm has been
recently studied in [6,7].

In this paper, we propose a new version of the Inside parsing algorithm for
SITGs that allows to consider all valid parse trees. Then, we also present the
formal proof of the correctness, and a set of experiments to demonstrate the
usefulness of the new valid parse trees.

2 Inside Probability with SITG

A SITG in Chomsky Normal Form [2] can be defined as a set of lexical rules
that are noted as A → a/ε, A → ε/b, A → a/b; direct syntactic rules that
are noted as A → [BC]; and inverse syntactic rules that are noted as A →
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〈BC〉, where A, B, C are non-terminal symbols, a, b are terminal symbols, ε is
the empty string, and each rule has a probability value p attached. The sum of
the probabilities of the rules with the same non-terminal in the left side must
be equal to 1. When a direct syntactic rule is used in parsing, both strings are
parsed with the syntactic rule A → BC. When an inverse rule is used in parsing,
one string is parsed with the syntactic rule A → BC, and the other string is
parsed with the syntactic rule A → CB.

The inside probability of a substring pair (xi+1 . . . xi+j , yk+1 . . . yk+l) from
the non-terminal symbol A is defined as follows:

Ei,i+j,k,k+l[A] = p(A ∗⇒ xi+1 · · ·xi+j/yk+1 · · · yk+l) , (1)

where j and l represent the size of the subproblems. In this way, the probability
of the string pair (x1 . . . x|x|, y1 . . . y|y|) is E0,|x|,0,|y|[S].

Let G be a SITG, and let (x1 . . . x|x|, y1 . . . y|y|) be a string pair. In general, we
can efficiently calculate the probability of this pair by means of a simple modi-
fication of the well-known CKY-based inside algorithm [8,2]. This algorithm is
essentially a Dynamic Programming method, which is based on the construction
of a triangular (n+1)×(n+1) probabilistic parse matrix E . Following a notation
very close to [2], each element of E is a probabilistic nonterminal vector, where
their components are computed for all A ∈ N as:

1. Initialization

Ei,i+1,k,k+1[A] = p(A → xi+1/yk+1) 0 ≤ i < |x| 0 ≤ k < |y| (2)
Ei,i+1,k,k[A] = p(A → xi+1/ε) 0 ≤ i < |x| 0 ≤ k ≤ |y| (3)
Ei,i,k,k+1[A] = p(A → ε/yk+1) 0 ≤ i < |x| 0 ≤ k ≤ |y| (4)

2. Recursion

For all A ∈ N and i, j, k, l such that

⎧
⎨

⎩

0 ≤ i ≤ |x|, 0 ≤ j ≤ |x| − i
0 ≤ k ≤ |y|, 0 ≤ l ≤ |y| − k
j + l ≥ 2,

(5)

Ei,i+j,k,k+l[A] = E []
i,i+j,k,k+l[A] + E〈〉

i,i+j,k,k+l[A]

where

E []
i,i+j,k,k+l[A] =

∑

B,C∈N

1≤I≤j, 1≤K≤l

((j−I)+(l−K))×(I+K) �=0

p(A → [BC]) Ei,i+I,k,k+K [B] Ei+I,i+j,k+K,k+l[C] (6)

E〈〉
i,i+j,k,k+l[A] =

∑

B,C∈N

1≤I≤j, 1≤K≤l

((j−I)K)×(I+(l−K)) �=0

p(A → 〈BC〉) Ei,i+I,k+K,k+l[B] Ei+I,i+j,k,k+K [C] (7)



308 G. Gascó, J.-A. Sánchez, and J.-M. Benedí

The main differences of this algorithm with regard to the Wu’s original algo-
rithm are:

– The restriction j + l ≥ 2 in (5) substitutes the restriction j + l > 2 in Wu’s
algorithm, and

– The restrictions ((j − I) + (l−K))× (I + K) 	= 0 in (6) and ((j − I)+ K)×
(I + (l − K)) 	= 0 in (7) substitute the restriction I(j − I) + K(l − K) 	= 0
in Wu’s algorithm.

These modifications allow us to consider some parse trees that the original al-
gorithm ignore. Thus, for example, consider a SITG composed by the follow-
ing rules (the probabilities of the rules have been omited): (S → [SS], S →
〈SS〉, S → ε/b, S → a/ε, S → a/b). If the string pair is (a, b), this SITG could
parse this string pair with the parse trees that can be seen in Fig. 1.

Fig. 1. Parse trees for input pair (a, b) that are taken into account in the search process
with the modifications

However, the original algorithm would use just parse tree (a) of Fig. 1. The
original algorithm is not able to obtain parse trees (b-e) due to the restriction
j + l > 2. This restriction does not allow the algorithm to consider subproblems
in which each substring has length 1 which have not been previously considered
in the initialization step.

In fact, this situation appears for other string pairs (see Fig. 2) in which a
string in one side is associated with the empty string in the other side through
rules that are not lexical rules. For example, in Fig. 2b, substring aa could be
associated with ε. However, this parse tree cannot be considered with the original
algorithm due to the search restrictions that it applied.

Although the modifications to the algorithm allow it to explore more parse
trees, the time complexity is the same as in the original algorithm: O(N3|x|3|y|3)
where N is the number of non-terminal symbols, |x| is the length of the source
language string, and |y| is the length of the target language string.

In order to prove the correctness of the modified algorithm we show that
the inside probability of a bilingual string computed using it is the correct and
complete probability of the string.
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Fig. 2. Parse tree (a) can be obtained with Wu’s algorithm for aa#b, but parse tree
(b) was not considered

Theorem 1. If the inside algorithm is applied to the string pair (x1 . . . x|x|, y1 . . .
y|y|) with a SITG G, then the probabilistic parse matrix E collects correctly the
probability of this string pair.

Proof
Let G be a SITG, p(A +⇒ xi+1 . . . xi+j/yk+1 . . . yk+l) is the inside probability

of the substring pair (xi+1 . . . xi+j , yk+1 . . . yk+l).
If the size of subproblems is equal to 1, we can consider the following cases:

– If j = 1 and l = 0 then, by (3), we have:

p(A +⇒ xi+1/ε) = p(A → xi+1/ε) = Ei,i+1,k,k[A]

with 0 ≤ i < |x|, 0 ≤ k < |y|.
– If j = 0 and l = 1 then, by (4), we have:

p(A +⇒ ε/yk+1) = p(A → ε/yk+1) = Ei,i,k,k+1[A]

with 0 ≤ i < |x|, 0 ≤ k < |y|.
– If j = 1 and l = 1 then, the probability of the substring pair (xi+1, yi+1) is

computed with the following possibilities, as illustrated in Fig. 1:

p(A +⇒ xi+1/yk+1) = p(A → xi+1/yk+1)

+
∑

B,C

p(A → [BC])p(B +⇒ xi+1/ε)p(C +⇒ ε/yk+1)

+
∑

B,C

p(A → [BC])p(B +⇒ ε/yk+1)p(C +⇒ xi+1/ε)

+
∑

B,C

p(A → 〈BC〉)p(B +⇒ xi+1/ε)p(C +⇒ ε/yk+1)

+
∑

B,C

p(A → 〈BC〉)p(B +⇒ ε/yk+1)p(C +⇒ xi+1/ε)
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with 0 ≤ i < |x|, 0 ≤ k < |y|. Considering the expressions (2), (3) and (4),
we have:

p(A +⇒ xi+1/yk+1) = Ei,i+1,k,k+1[A]

+
∑

B,C

p(A → [BC])Ei,i+1,k,k [B]Ei,i,k,k+1[C]

+
∑

B,C

p(A → [BC])Ei,i,k,k+1 [B]Ei,i+1,k,k[C]

+
∑

B,C

p(A → 〈BC〉)Ei,i+1,k,k [B]Ei,i,k,k+1[C]

+
∑

B,C

p(A → 〈BC〉)Ei,i,k,k+1 [B]Ei,i+1,k,k[C]

It is important to note that in Wu’s version [2], only the first term is possible,
since the rest of the terms are prohibited because it imposes the restriction
j + l > 2.
Furthermore, in our case, the last 4 terms correspond to the general term of
the algorithm for j = 1, l = 0 and j = 0, l = 1 both for the direct rules and
the inverse rules.

– Finally, the possibility j = 0 and l = 0 is excluded given that there are no
rules like p(A → ε/ε) in the model.

For subproblems of size greater than 1, and in a similar way than in [2], the
probability of p(A +⇒ xi+1 . . . xi+j/yk+1 . . . yk+l) can be solved considering rules
(both direct and inverse) and a cutoff points as follows:

p(A +⇒ xi+1 . . . xi+j/yk+1 . . . yk+l) =
∑

B,C

p(A → [BC])

∑

1≤I≤j

1≤K≤l

p(B +⇒ xi+1 . . . xi+I/yk+1 . . . yk+K)p(C +⇒ xi+I+1 . . . xi+j/yk+K+1 . . . yk+l)

+
∑

B,C

p(A → 〈BC〉)
∑

1≤I≤j

1≤K≤l

p(B +⇒xi+1 . . . xi+I+1/yk+K+1 . . . yk+l)p(C +⇒xi+I+1 . . . xi+j/yk+1 . . . yk+K)

With 0 ≤ i ≤ |x|, 0 ≤ j ≤ |x| − i, 0 ≤ k ≤ |y|, 0 ≤ l ≤ |y| − k. Considering the
definition (1) and the general term of the algorithm, the previous expression can
be rewritten as:
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p(A +⇒ xi+1 . . . xi+j/yk+1 . . . yk+l) =
∑

B,C

p(A → [BC])
∑

1≤I≤j

1≤K≤l

Ei,i+I,k,k+K [B]Ei+I,i+j,k+K,k+l [C]

+
∑

B,C

p(A → 〈BC〉)
∑

1≤I≤j

1≤K≤l

Ei,i+I,k+K,k+l[B]Ei+I,i+j,k,k+K [C]

= Ei,i+j,k,k+l[A]

Corollary 1. The probability of the pair string (x1 . . . x|x|, y1 . . . y|y|) can be
computed by means of the probabilistic parse matrix E in the following terms:

p(S +⇒ x1 . . . x|x|/y1 . . . y|y|) = E0,|x|,0,|y|[S]

3 Experiments

In this section we present several experiments in order to show the performance
of the modified SITG parsing algorithm and compare it to the original algorithm.
To stress the differences between both algorithms we used the Viterbi parsing
algorithm instead of the Inside algorithm. However, similar assumptions can be
done for the inside algorithm. Viterbi parsing algorithm computes the most likely
parse tree for a given string pair and its probability. The modified version of the
Viterbi parsing algorithm [7] can be obtained using maximizations instead of
sums in the expressions that have been explained in the previous section.

Experiments were carried out over two different bilingual corpora, the Chinese-
English BTEC part of the IWSLT2009 and the French-English Hansard Corpus.
The former is a small corpus and we used it to test the differences of both Viterbi
parsing algorithms with two languages with a very distinct syntax structure. The
later is a larger corpus and is used to test the impact of the modified algorithm for
languages with a similar syntactic structure and for large corpora. We explored
also the impact of the use of bracketing information in both algorithms. For that
purpose we used a parsing strategy similar to the one used in [3], for the corpus
partially or fully bracketed. It must be noted that the bracketing information re-
stricts the search to only those parse trees that are consistent with the bracketing.
In order to obtain the bracketing information for the corpora, we used several lan-
guage versions (Chinese, French and English) of the Berkeley Parser [9].

3.1 IWSLT 2009 Corpus

The BTEC part of the IWSLT 2009 corpus [10] is a set of parallel travel sentences
in Chinese and English. For the experiments of this work we used the training and
the test partitions. Table 1 shows the statistics of this corpus.
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As previously mentioned, the original algorithm does not explore all the possi-
ble parse trees for a given sentence. In some cases, the algorithm misses the parse
tree with the highest probability. As proved in Section 2, the modified algorithm
explores the whole search space and, thus, it finds always the most probable tree.
In this experiment, we computed the percentage of sentences, for which the parse
tree obtained with the modified algorithm have a higher probability than the one
obtained with the original algorithm1. In other words, the number of times the
original algorithm could not explore the best tree. For this purpose, we used a
SITG obtained following the method explained in [3]. In addition, for some sen-
tences the original algorithm could not find any parse tree while the modified
could.

Table 1. Statistics for IWSLT 2009 Chinese-English BTEC corpus

Corpus Set Statistic Chinese English
Sentences 42,655

Training Words 330,163 380,431
Vocabulary Size 8,773 8,387

Sentences 511
Test Words 3,352 3,821

Vocabulary Size 888 813

Table 2 shows the results of the experiment for the non-bracketed corpus (Ch-
En), the corpus with only the Chinese side bracketed ([Ch]-En), the corpus with
only the English side bracketed (Ch-[En]) and the corpus bracketed in both sides
([Ch]-[En]).

Table 2. Percentage of sentences in IWSLT Corpus for which the original algorithm
does not find the parse tree with the highest probability and percentage of sentences not
parsed by the original algorithm

Experiment % of sentences with a % of sentences not parsed
different parse tree with the original algorithm

Ch - En 36.25% 0.24%
[Ch] - En 37.21% 1.4%
Ch - [En] 36.97% 1.02%
[Ch] - [En] 40.93% 3.92%

It must be noted that there was a high percentage of sentences for which the
original algorithm could not find the tree with the highest probability. This per-
centage was even higher when we used bracketing information. The percentage of
sentences that could not be parsed with the original algorithm using bracketing
in both sides was almost 4%.
1 Note that the contrary is not possible.
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Fig. 3. Log-likelihood of the SITG for several iterations of the Viterbi reestimation
using both algorithms on the IWSLT test set

For all the iterations, the reestimation with the modified algorithm results in a more
adjusted grammar.

The second experiment tried to determine the importance of the differences be-
tween the use of the original or the modified algorithm in the process of SITG rees-
timation. We performed several iterations of the Viterbi reestimation with each
algorithm and we then computed the log-likelihood for the SITG resulting in each
iteration over the test set; that is, the logarithm of the product of the probabil-
ities of the SITG parse trees for all the sentences of the test. It is worth noting
that for the computation of the log-likelihood we only used those sentences that
could be parsed by both algorithms. Figure 3 shows the log-likelihood for each of
the iterations and each of the algorithms.

3.2 Hansard Corpus

The Hansard corpus [11] is a set of parallel texts in English and Canadian French,
extracted from official records of the Canadian Parliament. Due to the high com-
putational cost of the SITG parsing algorithms and in order to get a faster process,
we only used the sentences of length lower than 40 words in each of the languages.
The statistics of the resulting corpus are shown in Table 3.
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Table 3. Statistics for Hansard French-English corpus (less than 40 words)

Corpus Set Statistic French English
Sentences 997,823

Training Words 16,547,387 14,266,620
Vocabulary Size 68,431 49,892

Table 4. Percentage of sentences of the Hansard corpus for which the original algorithm
does not find the parse tree with the highest probability

Experiment % of sentences with a
different parse tree

Fr - En 27.73%
[Fr] - En 28.06%
Fr - [En] 28.51%
[Fr] - [En] 30.56%

The experiment performed with this corpus is equivalent to the first one ex-
plained in the previous subsection. We computed the percentage of times the
original algorithm could not find the tree with the highest probability using or
not bracketing information. Table 4 shows the results of the experiment.

Compared to the experiment with the IWSLT Corpus, the percentage of sen-
tences with a different parse tree is lower. This behavior may be due to two factors:
the similarity in the syntactic structure of both languages and/or the size of the
corpus that allows for a better reestimation of the SITG. However, it is still high,
almost one third of the sentences of the corpus. The behavior of the algorithms, in
respect with the bracketing information is the same as in the IWSLT corpus: the
more restricted the search space is, the more differences have the resulting parse
trees.

4 Conclusions

SITGs have proven to be a powerful tool in Syntax Machine Translation. However,
the parsing algorithms that have been previously proposed do not explore all the
possible parse trees. This work propose a modified parsing algorithm that is able
to explore the whole search space. We prooved the completeness of the new search.
The experiments carried out over two different corpora show that there is a high
percentage of sentences for wich the original algorithm cannot find the tree with
the highest probability and, in some cases, it cannot find any parse tree at all.
In addition, the use of the modified algorithm for reestimation results in better
SITGs. As future work, we plan to study the impact of these modifications on the
use of SITGs for Machine Translation and the inside-outside SITG reestimation
algorithm.
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