
Two example Hiero rules for Chinese-to-English translation are

X → 〈 mao , a cat 〉

X → 〈X0 de X1 , X1 of X0 〉

In the above rules, the alinement between nonterminals is implicitly encoded by the sub-
scripts on the nonterminals. In Hiero, there is one single nonterminal X , while a syntax-
based grammar (Galley et al., 2006) may contain more nonterminals like noun phrase (NP)
and verb phrase (VP).2 The first rule shows that we can translate the Chinese word mao to
English words a cat.3 The second rule shows that the two phrases (represented by X0 and
X1) around de in Chinese will get reordered around of in the English. Such reordering is
very typical between Chinese and English.

As mentioned, a rule in Hiero may contain both terminal (e.g., the word of) and non-
terminal (e.g., X0). In a given rule, the number of nonterminals in the Chinese is the same
as that in the English (this is what the word synchronous implies). The arity of a rule is
defined as the number of nonterminals in the rule. For example, the arities for the above
two rules are zero and two, respectively, while the arity for the third and forth rule in Figure
1.2(d) is one.

1.1.2 Training Language Models on Monolingual Data
The translation model tells us what kinds of English translations we should generate

given a Chinese input. Intuitively, we have a prior belief about what should be a good
English sentence (e.g., whether it is fluent). Therefore, to certain extent, we should be able
to judge the goodness of a translation output, even without looking at the foreign-language
input. For example, we have a prior belief that “a cat on the mat” should be more likely
than “a cats on the mat” since the bad bigram “a cats” is much less likely than the natural
one “a cat.” This intuition is incorporated into the SMT system through using a language
model, which assigns a probability to an English spring. We usually use a so-called n-gram
model, under which the probability of a sentence is the product of the probabilities of the n-
grams occurring in the sentence. The n-gram probabilities are trained on the monolingual
English data by using a maximum likelihood estimation (i.e., the probability of an n-gram
is its relative frequency in the training corpora), often with some smoothing.

1.1.3 Discriminatively Training of Relative Weights Among Models
With the translation and language models, how much should we trust each when we

use them to generate translation outputs for test data? Intuitively, we can assign a weight

2To be precise, Hiero also contains a nonterminal S, which is the goal symbol.
3More precisely, mao is the PingYin of the Chinese word猫. PingYin is the most commonly used roman-

ization system for Chinese, and we use it for the convenience of non-Chinese speakers.
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