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Abstract

Generating natural language under complex constraints is a principal formulation
towards controllable text generation. We present a framework to allow the specifi-
cation of combinatorial constraints for sentence generation. We propose TSMH, an
efficient method to generate high likelihood sentences with respect to a pre-trained
language model while satisfying the constraints. Our approach is highly flexible,
requires no task-specific training, and leverages efficient constraint satisfaction
solving techniques. To better handle the combinatorial constraints, a tree search
algorithm is embedded into the proposal process of the Markov chain Monte Carlo
(MCMC) to explore candidates that satisfy more constraints. Compared to existing
MCMC approaches, our sampling approach has a better mixing performance. Ex-
periments show that TSMH achieves consistent and significant improvement on
multiple language generation tasks.

1 Introduction

Supervised techniques still dominate in natural language generation tasks. Despite its success,
supervised approaches need to be trained with massive datasets of input-output pairs, which is
non-trivial to acquire. In addition, it is hard to guarantee that the output sentences satisfy constraints.
Recent approaches first pre-train a language model on a general-purpose dataset, then fine-tune the
neural net on a task-specific dataset [1} 2]. These approaches partially mitigate data hunger in training
large neural networks. Nevertheless, they still require carefully crafted datasets for fine-tuning.

We present a combinatorial constraint satisfaction approach for language generation. In particular,
we sample sentences that attain high likelihoods from a language model and satisfy task-specific con-
straints. Sampling sentences that attain high likelihoods in the language model ensures the sentence
quality. Constraints guarantee that the sentences fit the specific language task. The constraints can be
hard ones such as the grammar rules, or soft ones such as attaining positive sentiment scores.

Our method harnesses constraint satisfaction, rather than learning, to guide language generation.
In fact, there is no task-specific training in our approach. Our approach is highly flexible since
constraints can be switched quickly to be adapted to a different task, even faster than fine-tuning. It
also allows us to leverage the latest developments of automated reasoning for language generation.
Although the field of language generation is dominated by learning, reasoning should play an equally
important role. Human beings can write beautiful words from reasoning over what is needed in the
specific writing task, without learning from previous examples.

To better handle the combinatorial constraints, a tree search is embedded into the proposal process
of the Markov chain Monte Carlo (MCMC) for constrained language generation, which suggests
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Figure 1: (a) Language generation via supervised method and constraint satisfaction. (b) Our TSMH
traverses the probabilistic space of high-quality sentences more effectively than the baseline CGMH.
“R, I, D” means replace, insert and delete operations.
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candidate proposals that satisfy more constraints. Our approach is motivated by Sample-Search [3|
4}, 5], which integrates backtrack search into importance sampling. Making multiple word-level
changes within one proposal step of MCMC allows the direct transition between legitimate sentences,
while previous approaches must go through infeasible intermediate states. Such moves are typically
rejected by MCMC and therefore result in a slow mixing rate (See Figure Ekb)).

In literature, constrained language generation has been attacked in a supervised way in [6} [7, 8 9L [10]].
There are also various works which model language rules as decomposed tree structures [L1] or
sentiment tags [12]. Markov Logic network [13} [14] is also used to formulate grammar rules. The
Euclidean distance in semantic space is considered as soft constraints in [15} 16} [17]].

To summarize, our contributions are: 1) We define the problem of constraint satisfaction driven
natural language generation, and propose a sampling-based approach to tackle the problem with
combinatorial constraints. 2) We propose a Tree Search enhanced Metropolis-Hastings (TSMH)
framework, which mixes faster than standard MCMC in the presence of combinatorial constraints. 3)
Experiment results on generating interrogative, imperative sentences with keywords, and sentences
with given sentiments demonstrate that our TSMH is able to generate sentences that satisfy more
hard and soft constraints as well as retain good fluency.

2 Language Generation via Combinatorial Constraint Satisfaction

We provide a general framework for the constrained natural language generation. In this framework,
sentences are generated by sampling from a probability distribution that is proportional to the score
of a pre-trained language model times the constraint score. Formally, let 7r(x) be the probability that
sentence x is sampled, it should be propositional to:

m(x) o< Ppy(z) - Constraint(z). (1)

Here, Pr(x) is the score of a language model [2 [18]], which measures the quality of sentence .
Higher Py \(x) means the sentence x is better in quality. Constraint(x) is a task-specific penalty
term, which are composed of hard and soft constraint terms:

Constraint(z) = Phard () + Psost (). 2)

Both the hard constraint score ®p,,,q(2) and the soft constraint score ®gof; () are float values ranging
from O to 1. The closer to 1, the more satisfied the constraints are.

Unlike supervised methods which require training with massive data, our framework can solve
language generation tasks with no task-specific training. Py (z) comes from a general language
model, only trained on general-purpose language tasks. There is no fine-tuning of Pp(x) on the
specific task. ®parq(x) is based on crafted hard constraints. @y () comes from either user-defined
functions, or pre-trained neural networks, which again is not fine-tuned on the specific task. The



overall formulation is composed of the language model and the task-specific constraints. It allows us
to sample sentences which are close to natural language while satisfying constraints.

2.1 Constraint Formulation

Hard Constraints. The hard constraint score of sentence x is computed as: Ppqq(x) =
pM=2i¢i(@) where B € [0,1]. ¢;(x) is an indicator variable which takes 1 if the sentence
satisfies the ¢-th constraint, and M is the total number of hard constraints. We use propositional logic
to define ¢;(x). Given a sentence x with length m, let w}” € {1, 0} be an indicator variable that the
1-th word in the sentence is in category V.

For example, given a keyword K, we can enforce its existence in the sentence by: c(z) = w{*) v
wg™! -V w k. Here [K] is a set containing the keyword K.

Furthermore, we enforce the sentence type to be imperative by: c¢(x) = w;"**®! v (w P! Aws7FR2T)

where the first word in the sentence should be either a verb: w{"***) or an adverb followed by a verb:
w1 A w YERB] The [VERB] and [ADV] represent the set of verbs and adverbs accordingly.

After defining every hard constraint, to efficiently evaluate if the sentence preserve all the constraints,
we use template to represent a set of sentences where each word is either given or specified by a word
category. We use the number of hard constraints a sentence satisfies at the template level to reduce
the search tree size. For example, a template [ [K],[AUX],[OTH],[OTH] ] represent a series of
sentences that the first word is the keyword K, the second word is an auxiliary verb and the last two
words are the other words.

Soft Constraints. A soft constraint assigns a float value between 0 and 1 to indicate the constraint
satisfaction degree. Soft constraint ®y.r () can be derived quite flexibly, either from a user-defined
function or a pre-trained neural network. For example, to ensure two sentences are semantically
similar, the soft constraint can be the cosine similarity of their sentence vectors. Furthermore, to
ensure the sentences generated with specific sentiment, the soft constraint can be the score of a
sentiment analysis neural network, representing whether the sentence has the requested sentiment.

2.2 Tree Search Enhanced MCMC

Once the probability distribution 7 () is defined, we use Markov chain Monte Carlo (MCMC) to
sample sentences. Starting from one sentence x, MCMC moves to the next sentence x* by first
generating a sample 2* from the proposal distribution Q) (z*|x) and then accept «* with the acceptance

rate: A(xz*|x) = min {1, %} Previous work [[19] proposes to use MCMC for constrained

sentence generation, namely CGMH algorithm. Their proposal distribution only suggests sentences
with one-word modification. Under the combinatorial constraints settings, the CGMH will run into
the low acceptance rate problem, which is caused by the locality of the proposal distribution. Our
Tree Search enhanced Metropolis-Hastings (TSMH) still follows the classical MCMC procedure.
The only difference is a new proposal distribution Q)(x*|x) generated from a tree search process. The
tree search defines a probability distribution over templates of sentence moves. Each template defines
a subset of possible moves. The sentences within the same template satisfy the same hard constraints.
The proposal probability distribution induced by the tree search algorithm biases towards templates
that have high Constraint(z) scores. The detailed steps are illustrated below:

1) Given a sentence, our algorithm will randomly select several word positions for editing. 2) For all
the selected word positions, we use Tree Search to efficiently enumerates all possible edit operations:
to insert, delete, or replace the selected positions and what are the word category in the case of insert
and replace. Every leaf branch of the search tree will be our sentence template. 3) We extract all the
sentence templates and count the number of constraints satisfied for each template. We randomly
sample several template with respect to a probability distribution that favors templates satisfying
more constraints. 4) we fill in the sampled template with words suggested by a language model.
According to the language model score times the soft constraint score P () - @0t (F), we select
one filled sentence & as proposal.

In summary, our approach alleviates the rejection problem of CGMH by enumerating all possibilities
in the space of multiple word change at the template level. This process enables us to handle
combinatorial constraints and the Tree search allows us to prune branches of low quality sentences.



Tasks \ Methods #sample step Valid% m(xz) Pgpr-2(x) Accept%

Interrosative CGMH 300 1 1833 2.6E-04 1.78E-18 5.45
& TSMH(Ours) 100 3 9267 14E-03  5.51E-18 24.50
Imoerative CGMH 300 1 9132 0.0004  9.86E-16 5.49
P TSMH(Ours) 100 3 9775  0.0060  6.60E-15 15.66
Sentiment CGMH 300 1 9633 49E-19  4.57E-22 6.72
TSMH(Ours) 100 3 9667 7.9E-04  1.82E-18 11.09

Table 1: Our TSMH outperforms CGMH by generating sentences satisfying more constraints, are of
good quality and are likely to be natural language. Column Valid% shows the percentage of generated
sentences that satisfy all constraints, which TSMH clearly leads baselines. In addition, TSMH has
better acceptance rates (Accept%). The language generated by TSMH is also of good quality and
tend to attain higher stationary probability 7(x).

3 Experiments

We evaluate our method on three tasks: interrogative, imperative, and fixed sentiment sentences
generation, and summarize the results in Table[I] In each task, we construct the specified type of
sentences by sampling starting from keywords and enforcing task-specific constraints. We select
the sentence with the highest () value among the sentences generated by each algorithm as the
output. In general, our method TSMH outperforms baselines and generates sentences that satisfy
more constraints, are of good quality and are likely to be close to the natural language. For the metrics
in Table Valid% denotes the percentage of generated sentences that satisfy all constraints. m(x)
is the the stationary probability value. Pgpr—_2(x) is the pre-trained GPT-2 language model score,
which measures the quality of the sentences. Accept% means the acceptance rate of MCMC.

Interrogative Sentence Generation. We enforce that sentences with a high probability to be
sampled must satisfy grammar constraints of being interrogative and contain a few given keywords.
According to the results, in the experiment with keywords, 92.67% of the output sentences of our
TSMH algorithm satisfy all the constraints, while merely 18.33% satisfy constraints for the baseline.
This demonstrates that our TSMH generates sentences with more constraints satisfied. In addition,
our method has a higher () (stationary probability value) and acceptance rate, suggesting that the
tree search embedded help MCMC to mix faster.

Imperative Sentence Generation. We enforce grammar constraints of being an imperative sentence:
the starting word should be either a verb w{"**®! or an adverb followed by a verb w{*""? A wl"=5!
We also enforce keyword constraints in this task. As shown in Table[I] our method has a higher valid
percentage of 97.75% compared to 91.32% of the baseline, showing that the sentences generated by
our method can satisfy more constraints. Our method has a higher 7(z) (stationary probability value)

and acceptance rate, suggesting our approach has a better mixing behavior.

Sentence Generation with Given Sentiment. In this task, we require the sentences to contain the
specified keywords and have positive sentiments [20]. We enforce the sentences to attain high scores
from a sentiment analysis neural network. We also enforce keyword constraints as hard constraints.
We need to emphasize that, our method uses a model pre-trained on a separate dataset for sentiment
analysis, which is kept intact in our experiment. No additional fine-tuning to the sentiment analysis
model was performed. Our method has a higher sentiment score, suggesting that our method generates
sentences with more positive sentiments (better aligned with the target of this experiment). Our model
also leads in terms of language model scores, suggesting the language quality is better.

4 Conclusions

We propose a framework for constrained language generation via sampling and combinatorial
constraint satisfaction. Our strategy is to sample sentences from the constrained space with probability
proportional to the language model scores. To handle the combinatorial constraints, a tree search is
embedded into the proposal process of MCMC. Experiments demonstrate that our approach generates
sentences that satisfy more constraints are likely to be close in quality to the natural language.
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