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Abstract

Quantum machine learning has attracted increasing attention and successful appli-
cations in processing natural images. Compared with image processing or computer
vision, the natural language processing (NLP) area, would have more fundamental
connections with quantum theory and models. In this paper, we will briefly intro-
duce recent developments on the quantum-inspired language models. Particularly,
we will describe two recent language models using quantum many-body wave
function and tensor network, respectively, as the theoretical formalism.

1 Introduction

Recently, the profound idea and sound formulation of quantum theory have been applied in machine
learning and formed an interdisciplinary field, known as quantum machine learning [3}[13]. Quantum
machine learning has achieved promising developments in processing and classifying natural images
[L5} 10} [16]]. Here, we argue that compared with images, the textual languages, could have more
fundamental connections with the quantum physics, and have more challenging problems.

First, in terms of the uncertainty modeling, compared with pixels (as the basic units in an image),
the words (as the basic units of language) can have multiple semantic meanings simultaneously,
before we measure them (e.g., putting it in a context), so that the word state (even a sentence state)
can be represented by a superposition state in quantum mechanics [4]. Second, in terms of the
cognitive aspect, the image processing and recognition are more towards the perception level, but
the language processing and understanding are more towards the cognitive level. Recently, research
studies have discovered the natural correspondence between the cognitive science and quantum theory
[S]]. Therefore, it is essential to study the machine learning and artificial intelligence problems from a
quantum cognition points of view.

Despite of the rationality of modeling languages using quantum mechanics, it is challenging to
develop effective and practical quantum-inspired language models. Compared with the continuous
value of a pixel representation, the discrete nature of a word representation has long been the obstacle
of NLP problems. The recent developed distributed representations (e.g., word embeddings) have
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alleviated this problem to some extent, but the relatively high dimensionality of word vectors still
can make it more difficult to represent the a textual sentence than an image, using quantum tools,
e.g., tensor network. On the other hand, the semantic dependencies between words, which need more
hidden information, are difficult to learn directly from spatial features (e.g., distance in images).

In natural language processing and information retrieval areas, researchers are devoted to build
principled and effective quantum-inspired models [1]. A milestone is the work named as a quantum
language model (QLM), proposed by Sordoni, Nie and Bengio [14], which aims to model the term
dependency in a principled manner. To avoid the disadvantages of tradition language models (LMs),
they attempted to use density matrix to encode the probability measurement for both single words
and compound words [19]. QLM is for the first time effectively apply the quantum probability
measurement theory in modeling the language , and performed effectively in the ad-hoc information
retrieval task. After QLM, neural network are utilized to to further improve the practicality of the
quantum language models [18]. Such a Neural Network based Quantum-like Language Model
(NNQLM), developed a more effective approach to the density matrix, built QLM in an end to end
neural network, and achieved promissing empirical results on the question answering (QA) tasks.

However, the achievements of QLM and NNQLM were innovative but still limited. The models did
not explore and apply the fundamental theoretical connections between quantum theory and neural
network [19], in the language modeling process. Therefore, we would like to describe two recent
language models using quantum many-body wave function [19] and tensor network [17], respectively.

2 A Language Modeling Approach based on Quantum Many-body System

Inspired by the fundamental connections between quantum theory and natural language processing, a
new approach called Quantum Many-body Wave Function inspired Language Modeling (QMWEF-
LM)[19] is proposed. It regards different words as diverse particles in a many-body system, and
a word containing multiple meanings equals to a particle lying in a superposition [4]. Thus it is
reasonable to directly use the wave function to represent the words in order to express the complex
interactions between words with different meanings.

For a word with multiple meanings, QMWF-LM sets each meaning as a basic vector |¢p, ), and the
word x; could use quantum many-body wave function to express as:
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where «; j,, could be regarded as the probability of word z; with a meaning of |¢y,, ). For a sentence
S = [x1,®a,...,2N], using tensor product to multiply each word, it would represent a semantic
space which contains every kind of combination of meanings and can be represented as
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To calculate the expression of the whole corpus, QMWF-LM multiplies all the sentences using tensor
product, turning the expression into |t)s), and the coefficient tensor turns into 7Ty, . 5, - Thus, the
projection from the whole corpus to a specific sentence is expressed using inner product as ()% | 1g).
Though all the combined meanings could be expressed, the drawback of the approach is that there are
a lot of useless combinations, and the result is that the dimensionality of the projection is too high
to compute. So it is necessary to execute a low-rank approximation to cut off the extra space and
make the Eq[2] computable. Therefore, the approach uses Canonical Polyadic Decomposition (CP

decomposition [[7]) method, inputting &; = (i py,- - -, Qi by )T, now the equation is as follows:
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where e, ; , is an element of e, ; = (e,.1, ..., €4 M)T, which is a unit vector with M dimensions
decomposed from global tensor 7. In addition, during the process of mathematical derivation, it is
surprising to realize that the format of the final projection from local representation of a sentence to the



Table 1: Projection using CNN architecture
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global representation of corpus could be perfectly matched with the architecture of a Convolutional
Neural Network (CNN) with product pooling [6]. Table[I]shows the correspondence between CNN
and QMWEF-LM. Therefore, QMWF-LM could not only utilize the architecture of CNN to compute
the complex projection, but also provide a deeper understanding from a new perspective.

To examine the effectiveness of the approach, QMWF-LM is successfully leveraged into text matching
field, especially the Question Answering (QA) tasks. Moreover, the experimental performance proves
the correctness of QMWEF-LM, which also shows that it is feasible to use quantum many-body system
to simulate natural language system.

It is a breakthrough to make analogy between quantum many-body system with language semantic
space. QMWEF-LM proved the feasibility of using quantum many-body wave function to derive a new
word representation. Also, the approach can be used to explain the design of CNN, which improves
the interpretability of neural network. Nevertheless, though it is accessible to encode the sentence
features with the help of CNN and testify its effectiveness in QA tasks successfully, QMWF-LM
cannot be regarded as a language model since a language model needs to work out the joint probability
which the approach has not involved. Therefore, QMWF-LM is just a language modeling approach
promoting a new representation of words and sentences using quantum many-body wave function.

3 Generalized Language Model using Tensor Network

Since QMWEF-LM [19] has proved the usefulness of leveraging quantum wave function to construct
the words and sentences in describing interactions among context, a more generalized language
model called Tensor Space Language Model(TSLM)[17] is introduced, using Eq[T]to represent words
and sentences and introduce the method of tensor network.

A goal of language modeling is to learn the joint probability function of sequences of words in a
language[2]. Based on the word and sentence representation using quantum wave function, it is easy
to find out the mathematical expression of joint probability and the model uses c to represent the
assembly of all sentences, while s; represents a specific sentence. As the expressions derived in the
previous section, the probability of s; appearing in mixed representation c is:
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c can be regarded as the total sampling distribution, and the tensor inner product represents probability
that a sentence s appears in a language. Furthermore, the conditional probability distribution is:

p (we | wi™") = softmax ((T), Au-1))) 5)

where w! ™! represents (wy, wa, . .., w;_1). Since T is a high dimension tensor, low-rank approxi-
mation on it using tensor-train decomposition [12] is needed, shown in Figure 1(a). Besides, A is a
essentially rank-one so it could be directly decomposed into production of a list of rank-one tensor
a; ®as ® -+ ® ay,. Figure 1(b) shows the whole process of using tensor network to recursively
calculate the conditional probability of TSLM, and the expressions are as follows:
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Figure 1: Recursive calculation process of TSLM. (a) represents decomposition of T, (b) represents
the process of calculating the conditional probability using 7 and A, (c) is a general RNN architecture.

Compared with Figure 1(c), it is obvious that the deduction process is essentially the same with RNN
architecture. Therefore, TSLM could be used to explain the architecture of RNN and help people
understand RNN from a new perspective. The results of experiments also prove that the model makes
improvement on original RNN model, thus showing its efficiency as a language model with a better
theoretical foundation. Also, the success of TSLM brings tensor network into consideration. As a
strong tool, it is meaningful and potential to use tensor network to improve language models in the
future.

4 Conclusions and Future Work

Based on quantum many-body system, a language modeling approach based on quantum many-body
wave function (QMWEF-LM) was proposed at first. It shows that it is feasible to use quantum theory to
represent the interactions among words with multiple meanings. What’s more, a generalized language
model (TSLM) was introduced inspired by QMWEF-LM, adopting the same method to express the
word using quantum wave function, deriving a recursive representation of the conditional probability
distribution. It is promising to combine quantum theory with natural language processing tasks.

First, the efficiency of the existing models still needs to be improved. Though these models make
great improvement and innovation on theory, and have solid derivation proof of every formula, it is
not applicable in most of the applications due to its exponentially large dimension. And it is accesss
accessible to use tensor network could be used as low-tensor approximation, which could alleviate
the problem of exponentially parameters. Thus it is necessary to use tensor network to design new
models based on previous theory of quantum language model.

Second, since the above models still utilize the architecture of neural network, the principle of
designing networks these models remains unclear. To improve the interpretability of language model
inspired by quantum theory, entanglement entropy is considered as a property of model in order
to give more criteria and theoretical basis when designing the architecture of models, since the
entanglement entropy in quantum many-body systems can interpret the inductive bias of networks
and then guide the design of network structure and parameters for certain tasks[9} 8]. However, the
dimensionality of the many-body system increases exponentially, making it difficult to calculate the
entanglement entropy. We still needs to find out an effective method, which might be using tensor
network since it always performs outstandingly in solving the dimensionality problem.

Overall, it is important to develop novel language representation and learning models, based on tensor
network algorithms and implementation. Recently, due to the limitations of the quantum language
model, some works are devoted to model natural language by tensor network [11]]. However, currently
these models cannot be tested on real natural language tasks, and the theoretical advantages of tensor
networks, such as interpretability, have not been fully studied. Therefore, as the next step of quantum
language modeling, tensor network language models need to be proposed.
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