
(see Section 2.5.1 on page 29 for more details). If this δθ(x) function is used together with a
loss function L(δθ(xi), ỹi) that is negated BLEU score, our minimum imputed-risk objective
of (4.4) is equivalent to MERT (Och, 2003) on the (weighted) imputed training data.8

However, this would not yield a differentiable objective function. Infinitesimal changes
to θ could result in discrete changes to the winning output string δθ(x), and hence to the
loss L(δθ(x), ỹi). Och (2003) developed a specialized line search to solve the optimization
problem. This is not scalable when the model has a large number of parameters.

Randomized Decoding

Instead of using the arg max of (4.6), we assume during training that δθ(x) is itself a
random quantity: the system randomly outputs a translation, choosing y with probability
pθ(y | x). As a result, we will modify our objective function to take yet another expectation
over an unknown quantity, replacing L(δθ(x), ỹi) in (4.4) with

∑

y

pθ(y | x) L(y, ỹi) (4.7)

Now, our final minimum imputed-risk objective of (4.4) becomes,

θ∗ = argmin
θ

1

N

N∑

i=1

∑

x,y

pφ(x | ỹi)pθ(y | x)L(y, ỹi) (4.8)

If the loss function L(y, ỹi) is a negated BLEU, this is equivalent to performing minimum-
risk training (see Section 2.6.5 on page 34)9 on the (weighted) imputed data.10

The objective function of (4.8) is now differentiable (since each coefficient pθ(y | x)
is a differentiable function of θ), and thus we are able to optimize θ by a gradient-based
method. The gradients can be computed by using a second-order expectation semiring (see
Section 3.4 on page 49 for details).

4.2.4 Approximating pφ(x | ỹi)

As mentioned at the end of Section 4.2.1, it is computationally infeasible to forward-
translate each of the xij ∈ Xi (imputed by the reverse model pφ). We suggest three ap-
proximations that are more computationally feasible. Each can be regarded as a different
approximation of pφ(x | ỹi) in equation (4.4).

8One can manipulate the loss function to support other methods (such as Perceptron (Collins, 2002) and
MIRA (Crammer et al., 2006)) that use deterministic decoding.

9One should not confuse this with the minimum risk training of (4.1).
10Again, one may manipulate the loss function to support other probabilistic methods (such as CRF (Laf-

ferty et al., 2001)) that use randomized decoding.
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