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ABSTRACT OF THE DISSERTATION

Scalable Text Analysis with Efficient Distributed Word Representation

by

Zijun Xue

Doctor of Philosophy in Computer Science

University of California, Los Angeles, 2020

Professor Junghoo Cho, Chair

The demand for Natural Language Processing has been thriving rapidly due to the various

emerging Internet services such as social networks, e-commerce, intelligent assistant, etc. The

large volume of natural language data and the new market requirements have brought significant

challenges and opportunities for academia and industry. The challenges include (1) efficiently pro-

cessing a massive volume of data and devising a highly scalable architecture, (2) extending the

horizon of the current natural language processing to tackle problems that cannot be handled

well. This thesis demonstrates several advanced techniques to tackle the challenges by boosting

scalability and efficiency or extending the horizon of existing core NLP techniques on different

granularities. This thesis introduces (i) a neural-based lexical simplification algorithm that utilizes

contextualized word embedding to capture the meaning more accurately, (ii) a sample-efficient al-

gorithm that solves extreme large-output classification for contrastive representation learning. (iii)

a scalable and efficient algorithm for the probabilistic topic model LDA.

First, we propose amplified negative sampling and rigorous mathematical analysis of the fa-

mous negative sampling method for the word level distributed representations. Specifically, we

distinguish the impact of various loss functions for the contrastive representation learning process.

Our theoretical analysis provides a better understanding of a few empirical observations that are

well known among practitioners when negative sampling is employed. We also propose the ampli-

fied negative sampling based on our analysis. It’s a simple yet efficient method that can effectively

improve the negative sampling efficiency and boost the downstream tasks’ performance.
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Second, we propose the neural simplicity ranking (NSR) model that utilizes the contextualized

word representations in an unconventional way for lexical simplification for the sentence level

tasks. This model creatively uses the contextualized word embeddings beyond its original masked

language model (MLM) task to identify the relatedness among candidate words and the original

words. By redesigning the feature set for the simplicity measure and the ranking scheme, the NSR

model achieves new state-of-the-art performance.

Finally, we propose sd-LDA for the paragraph-level tasks, a scalable disk-based LDA model

with sparse-prior sampling. The sd-LDA brings a highly optimized disk-based design that reduces

the memory consumption by two orders of magnitude, making it possible to do large topic analysis

on mobile devices. A sparse prior sampling technique is introduced in this work to accelerate

the processing time. The sd-LDA algorithm can effectively reduce the memory consumption and

processing time at the same time without loss of performance.
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CHAPTER 1

Introduction

1.1 Motivations

With the rapid development of the Internet and the adoption of intelligent devices, natural

language processing has been a flourishing area. Massive text data brings new challenges and de-

mands for novel and efficient algorithms. Neural networks and Bayesian networks have played

crucial roles in accommodating these challenges. Distributed word representation started a new

era for neural-based natural language processing. Prominent works, such as word2vec (MCC13a),

seq2seq, transformer, BERT (DCL18a) and GPT, have revolutionized the natural language pro-

cessing area by achieving new state-of-the-art results in tasks such as translation(WSC16), POS

tagging (ABV18), constituent parsing (KK18), or even surpassing human beings in tasks such as

question answering (RJL18). Meanwhile, Bayesian networks are still playing an essential role in

topic analysis in domains such as marketing, sociology, political science, and the digital humani-

ties; (BNJ03a)

Although these exciting breakthroughs bring plenty of opportunities, severe challenges coming

together with these new technologies. The challenges include:

• New text processing tasks With the development of natural language processing tasks, NLP

tasks’ horizon has been significantly expanded. Traditional NLP tasks include POS tagging,

parsing, translation, etc. More complex demands have attracted attention from industry and

academia in recent decades, such as lexical simplification, text style transfer, and grammati-

cal correction.

One of the prominent examples is the lexical simplification problem. It has many applica-

tions but cannot be solved using a conventional model or simply solved by any existing
1



neural-based framework. The broad spectrum of applications includes second language ed-

ucation, dyslexia treatment, or pedagogical education (YPD10). Moreover, the lexical sim-

plification cannot be simply solved using any sequence-to-sequence model or applying a

language model directly. The task of lexical simplification brings a new dimension of text

transformation: simplicity of the text.

Currently, existing models utilize static word embeddings and predefined lexical features to

solve this problem. (PS17b; MX18). However, the validity of existing features and the usage

of word embeddings should be revisited. Moreover, a proper ranking algorithm will also

substantially improve the performance of the lexical simplification problem.

• Theoretical foundations of negative sampling in representation learning algorithm The

negative sampling technique in representation learning has been widely adopted in various

areas such as entity representation (GL16a), word representation (MCC13a) and knowledge

representation. The distributed representation has become an indispensable foundation for

the neural network in those domains. The foundation of negative sampling can be traced

back to noise-contrastive estimation(NCE) (GH10), and later this technique was ported into

the NLP domain by (MT12). The above work provides the intuition of negative sampling.

However, how do different components affect the learning result of negative sampling? There

are a few works that discussed the properties of negative sampling. For example, (MC18)

studied the statistical property of the conditional NCE, and (AKK19) attempts to analyze

the performance error bound between the representation learning and the downstream tasks

for a specific setting.

Moreover, the training cost of negative sampling is quite expensive as well. Empirical evi-

dence shows larger sample size can lead to better downstream task performances (MCC13a).

A rigorous analysis can better explain such a phenomenon and propose a better optimization

based on the theory.

• Scalable text analysis for ultra-large corpus Statistical topic models were initially de-

veloped for analyzing textual datasets, but they are now being used for a wide range of

applications, from mining text articles, analyzing image contents to extracting meaningful

2



patterns from genome sequences. “Topics” in topic models originally meant the topical cate-

gories that a particular text or word belongs to. In general, topics are latent causes or hidden

variables behind any observed data, which can be utilized to identify implicit correlations

among observed data (BNJ03b). The rise of ultra-large datasets in the Internet era, including

online customer product-purchase history, social-network user-interaction trace, and large-

scale historical news-article archive, fueled the increasing demand and development of var-

ious statistical topic models. Unfortunately, the ever-growing data size makes scalability a

major bottleneck to even wider adoption of topic models.

We take a new approach to improving LDA’s scalability by focusing on the algorithm’s

memory footprint. By utilizing the sparsity of data distribution and locality of data ac-

cess (YMM09), we can effectively design a highly efficient algorithm with compact storage

consumption without sacrifice too much performance. Thus, we can attain a more scalable

and efficient topic model.

1.2 Contributions

The contributions of this thesis are summarized as follows:

• We explore a novel lexical simplification task on the sentence level task that unconven-

tionally utilizes the neural-based NLP techniques. We (1) carefully analyze, streamline, and

improve existing features for lexical simplification and (2) propose a new neural pair-wise

candidate-word ranking model by adopting the models known to enhance performance in

other application domains to the lexical simplification task. We also utilize the contextual-

ized word embeddings as a feature to evaluate the relatedness among words. We demonstrate

the effectiveness of our method on the SemEval 2012 task and our method achieves the new

state-of-the-art result.

• On the word-level, we conduct a rigorous analysis of the core technique in representation

learning: negative sampling. Our analysis can easily explain the reason for a lot of empirical

phenomena such as the degenerated model without any negative samples. Our analysis also

3



distinguishes the effect of the different loss functions. Our study also proposes an efficient

sampling method: amplified negative sampling, which can effectively reduce the sampling

overhead and improve the convergence speed.

• On the paragraph level, we propose a highly scalable and efficient topic modeling algo-

rithm: sdLDA. We present the first disk-based LDA algorithm that utilizes the plentiful disk

space during the LDA inferencing process to significantly reduce the algorithm’s memory

footprint. We propose various optimizations for the LDA inferencing algorithm so that our

disk-based algorithm exhibits the same or even better running-time performance compared

to in-memory algorithms. We conduct extensive experiments demonstrating the effectiveness

of our proposed techniques. Again, our proposed approach is compatible with existing LDA

optimization techniques and can be utilized in addition to these existing techniques. More-

over, it can be adopted as a single-node LDA implementation under a distributed setting to

improve its scaling property further.

1.3 Thesis Outline

In this dissertation, we present three works on the natural language process with different gran-

ularity. We present three representative works in this thesis. Firstly, we presente how to utilize a

deep neural network technique to solve an unconventional natural language processing problem,

lexical simplification. In Chapter 2, we demonstrate neural simplicity ranking(NSR) model that

adopts a pairwise neural ranking function. It utilizes different features to differentiate the sim-

plicity and relatedness among candidate words and target words. By adopting a highway network

and contextualized word embeddings, we demonstrate the state-of-the-art performance in SemEval

2012 dataset.

Secondly, we make a rigorous analysis of the core technique: negative sampling in represen-

tation learning in Chapter 3. We prove the convergence point of negative sampling in the train-

ing phase for different loss functions and get an analytical formula to represent the relationship

between negative sampling and convergence points under different loss functions. Based on the

theoretical result, we also propose the amplified negative sampling(ANS), which can effectively
4



reduce the training time without losing accuracy.

Lastly, we present an efficient, scalable topic modeling algorithm in Chapter 4. It is a disk-based

latent Dirichlet allocation model with a sparse prior sampling technique. We first conduct a thor-

ough analysis of the memory access pattern in LDA model. Then we present the disk-based LDA

and the sparse sampling technique. We demonstrate the sdLDA reduces the memory consumption

by 100x less than the conventional LDA without losing accuracy and efficiency. We conclude the

dissertation and discuss the future directions in Chapter 5.
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CHAPTER 2

NSR: A Neural Simplicity Ranking Model for Lexical

Substitution Ranking

Lexical Simplification (LS) aims to replace complex words or phrases in a sentence with sim-

pler alternatives and has abundant applications. The simplicity of a word is a core concept in lexical

simplification ranking. In this work, we claim that a word’s frequency is the key signal for its sim-

plicity; when a word’s frequency is measured after appropriate morphological transformations, its

frequency alone works as a very strong indicator of its simplicity, unnecessiating other features

commonly used in the literature, such as word length and syllable count. We evaluate the existing

system’s feature set based on this perspective and propose new frequency-based features for lexical

simplification. We also propose a new neural pairwise-ranking method that enhances the existing

state-of-the-art ranking model. We evaluate the effectiveness of our methods on the SemEval 2012

lexical simplification task and achieve a new state-of-the-art result of 67.54 (P@1 measure) and

0.72 (Pearson correlation).

2.1 Introduction

Text Simplification is a long-standing topic in natural language processing that aims to simplify

the text by reducing the reading and grammatical complexity while keeping sentences’ meaning

unmodified (DT98). Lexical simplification restricts the scope to the lexical replacement, which

aims to replace difficult words with simpler or more frequently used ones. It has a broad spec-

trum of applications such as second language education, dyslexia treatment, or pedagogical educa-

tion (YPD10). Normally, lexical simplification has four steps: complex word identification (CWI),

substitution generation (SG), substitution selection (SS), substitution ranking (SR). In this paper,
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we mainly focus on the substitution-ranking phase.

In recent years, lexical substitution ranking utilizes the feature-based learning model to rank

candidate substitution words. Through trial and error, researchers have identified several impor-

tant features that are effective in the substitution ranking, including word frequency, length, and

language model probability to predict the ranking score of given words. (HMK14; GS15; PS16;

PS17a; MX18; QLZ19) In this paper, we (1) carefully analyze, streamline, and improve existing

features for lexical simplification and (2) propose a new neural pair-wise candidate-word ranking

model by adopting the models known to improve performance in other application domains to the

lexical simplification task.

Simplicity and relatedness are two core concepts in substitution ranking. Biran (BBE11) in-

troduced a simplicity metric and pioneered a path of utilizing multiple features to determine the

simplicity. Among all features, word frequency is known to be the most effective feature for pre-

dicting the simplicity of a word (SJM12a; PS17a; MX18), but many other features, including word

length and syllable counts, are also believed to be effective features and are widely used by existing

systems. In this paper, we argue that the word frequency is the feature for simplicity prediction,

as long as we apply appropriate transformations to the candidate word before frequency counting.

In particular, we introduce two new frequency-based features, (1) morphologically-adjusted word

frequency and (2) phrase bottleneck frequency, and show that once these two features are added,

other existing features like word length do not provide any additional signal for the word simplicity

prediction — in fact, adding them deteriorates the prediction accuracy!

Relatedness is another key concept for lexical simplification, which captures the relevance of a

candidate word to the particular context in which the original word appeared. In existing systems,

relatedness is commonly measured using standard language models (HMK14) and word embed-

ding cosine similarity scores (GS15). In this paper, given the enormous success of the context-

sensitive word embedding in many NLP tasks, we evaluate the use of BERT as a potential feature

for measuring relatedness. In particular, we propose weighted BERT as a minimal adjustment to

the standard BERT embedding that customizes it to the task of lexical simplification with minimal

computational and training overhead.
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We also propose a new neural candidate-word ranking model by (1) incorporating the high-

way network to the standard feed-forward network used by the current state-of-the-art system

(MX18; PS17b) and (2) using a ranking metric and a training loss function more appropriate for

the task at hand. Combined together, our proposed methods achieve a new state-of-the-art result of

67.54 (Precision@1) and 0.72 (Pearson correlation) when evaluated on the SemEval 2012 lexical

simplification task.

In summary, we make the following contributions in this paper:

• We carefully analyze the commonly used features for lexical simplification and propose

new frequency features that provide a much more reliable signal of simplicity for lexical

simplification ranking. We also identify and eliminate several features that are of little help

through extensive experiments.

• We introduce BERT-based features for relatedness measures and design several models to

test out the most effective way to utilize the BERT embedding similarities.

• We improve the pairwise neural ranking model by (1) replacing the rank difference measure

with the binary (+1/-1) measure together with a Hinge loss function and (2) replacing the

feed-forward neural network with the highway network.

• We perform extensive experiments with SemEval 2012 lexical simplification task and show

that our methods achieve the new state-of-the-art results.

The rest of the paper is organized as below. In section 2, the fundamental concepts in lexi-

cal simplification tasks are briefly reviewed. Then, the existing problem of features in the lexical

simplification system is analyzed in section 3. In section 4, a new neural-based simplicity ranking

model will be introduced with a simplicity-related feature set. Section 5 shows the experimental

result of the new lexical simplification system’s performance and the ablation study result of the

discussed features. Related works are reviewed in section 6. Section 7 concludes this paper and

talks about potential further directions.
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2.2 Fundamentals

As we briefly stated in the introduction, lexical simplification has four steps: complex word

identification, substitution generation, substitution selection, and substitution ranking. Among the

four, this paper focuses on substitution ranking. In this section, we briefly introduce the key con-

cepts for substitution ranking.

2.2.1 Simplicity and Relatedness

In ranking candidate words for substitution, two key aspects of the candidate word should be

considered: (1) Is the word simpler than the original word? (2) Is the word closely related to the

given context?

Simplicity Simplicity indicates how easily a word can be recognized by a language speaker.

Since the primary goal of lexical simplification is to rewrite the original text with simpler words,

simplicity is the key concept that should be considered in ranking candidate words.

Relatedness The relatedness of a candidate word in a sentence is a direct measure of the level

of the preservation of the exact meaning of the original word. This is a vital metric since we will

not admit a simplification is valid if the original meaning is distorted. The relatedness might be

restricted both semantically or syntactically.

Note that in replacing an original word, we want a simpler and related word. Thus, these two

concepts are frequently utilized by the research community for the substitution ranking task (PS17a;

QLZ19).

2.2.2 Commonly-Used Word Features

Substitution ranking evaluates the simplicity and the relatedness of a candidate word based on a

set of word features. Through extensive experiments, researchers have suggested that the following

features are useful in measuring the simplicity and relatedness of a word.

Frequency Frequency has been suggested as the most effective feature for measuring the sim-

plicity of a word, based on the intuition that the more frequently a word is used, the more familiar
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it is to readers (PS17a). In the next section, we explain how we can further improve the effective-

ness of frequency as the simplicity feature by considering all morphological variations of a word

in counting its frequency.

Word Length and Syllable Count A Word’s length (in terms of the number of alphabets) and

its syllable count have been suggested as a feature for measuring simplicity and are used in many

existing systems (PS17a). The usefulness of this feature is questionable, however, because the

length of a word does not necessarily reflect the cognitive difficulty. This has been partly confirmed

by (MX18) who showed that 21% of the word length’s information is misleading, meaning that a

shorter word can be more complex. In our experiment section, we investigate whether word length

is indeed a useful feature for simplicity.

Simple Wikipedia Frequency This feature was introduced in the (PN15), which computes

the relative frequency of a particular word in simple Wikipedia compared with normal Wikipedia

based on the intuition that if a word is more frequently used in the simple Wikipedia than in the

general Wikipedia, the word is likely to be a simpler word.

Word Complexity Lexicon The complexity lexicon was introduced in (MX18). This is a man-

ually annotated dictionary which includes 15,000 words with the complexity score by the ESL

readers. Every word in this lexicon has a complexity score and this score has been proven effective

for lexical simplicity ranking in various experiments (MX18).

Language Model The language model can compute the probability of, say, the 5-token se-

quence t1t2wt4t5, given the surrounding context t1t2t4t5 and the candidate word w. Intuitively, this

probability measures the appropriateness of a word for the given context and can be a useful feature

for measuring the relatedness of the word; a low probability suggests some semantic or grammat-

ical violation and low relatedness. (PS16) used the language model for substitution ranking by

training it on the SubIMDB dataset.

Word2vec Similarity Word2vec produces a vector embedding of every word so that the em-

bedded vector distance between two words captures their semantic and syntactic distance. Given

this, they can be useful in measuring the relatedness of the original word and the candidate word

and is used by many existing systems (GS15).
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Other Features There are also other features that have been frequently used such as PPDB (PN15).

However, not all of these features are significant in the lexical ranking process. We test the effec-

tiveness of the above-mentioned features in section 5.

2.3 Our New Features

In this section, we introduce the new features that we propose for lexical simplification.

2.3.1 Morphologically-Adjusted Word Frequency

A common intuition behind the frequency feature is that the more frequently a word is used,

the more familiar it is to readers (PS17a). However, we believe a more accurate description should

be: “The more frequently a word is used, the more familiar itself and its morphological variations

are to readers”.

For example, consider “foolishness” and ”folly.” The word foolishness has a similar frequency

as the word folly in the Google 5gram corpus, but most English speakers agree that foolishness is

a simpler word than folly (MX18). Part of the reason why “foolishness” is considered cognitively

simpler is because its morphological variation “foolish” is a significantly more frequent word than

“folly.” Because of English speakers’ frequent exposure to foolish, its morphological variation

foolishness is viewed as an easier word than its frequency count may indicate.

The morphological variation is a prevalent phenomenon in the vocabulary. Generating a derived

word from a root word by adding a specific prefix or suffix is common. For example, “beautiful” is

derived from “beauty” and “unnecessary” can be derived from “necessary”. Unfortunately, current

systems do handle this issue carefully, counting every word’s frequency independently, ignoring

the fact that some words are morphological variations of others.

As a systematic treatment of the morphological variations of a word, we “aggregate” the fre-

quency counts of the words that are morphological variations of each other.

More precisely, assume a stemming function S(w) that will return the stem of the word w. Let

Fw be the standard raw frequency of word w (without considering its morphological variations).
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Let FS(w) be the frequency of the words that share the same stem S(w) as w. Then we define the

morphologically-adjusted frequency count of w as a linear combination of these two frequencies.

Faw = (1−β )∗Fw +β ×FS(w) (2.1)

Three different strategies for computing the FS(w) have been explored.

Sum For the summation strategy, the aggregated frequency of a morphological word family is

defined as the summation of all the words’ frequency.

FS(w) = ∑
w′:S(w′)=S(w)

Fw′ (2.2)

Max For the max strategy, the aggregated frequency is defined as the largest frequency among

the words which share the same stem.

FS(w) = max
w′:S(w′)=S(w)

Fw′ (2.3)

Average For the average strategy, the aggregated frequency is the average frequency of all the

words’ that share the same stem.

FS(w) =
∑w′:S(w′)=S(w)Fw′

|{w′|S(w′) = S(w)}|
(2.4)

Later in our experiment section, we find that the average strategy performs the best out of the

above three strategies.

2.3.2 Phrase Bottleneck Frequency

Another common problem of the raw frequency feature is dealing with multi-word substitution

candidates. Existing systems use the same n-gram frequency both for single-word and multi-word

candidates. However, this frequency value decreases exponentially with the length of a candidate

phrase, giving a significant disadvantage to multi-word candidates.
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For example, consider the phrase “take away.” Since both “take” and “away” are very frequent

words, the phrase “take away” is also considered cognitively simple. However, the n-gram fre-

quency of “take away” is significantly smaller than either “take” or “away”, and thus, does not

reflect the true cognitive simplicity of the phrase.

In addressing this issue, we conjecture that the cognitive simplicity of a multi-word phrase

should be measure by its “bottleneck” frequency: the frequency of the least frequent token in a

phrase. This metric is by no means perfect but it is a more reasonable metric compared to the

n-gram frequency used by existing systems.

More precisely, we define the phrase bottleneck frequency, Fphr, for a phrase phr =w1,w2, ...,wL

(where wi’s are the words within the phrase) as

Fphr = min
wi∈phr

Fwi (2.5)

2.3.3 Weighted BERT

As we mentioned in the earlier section, word2vec is a widely-used feature to measure the relat-

edness of a candidate word. But we conjecture that its effectiveness is limited because word2vec

embedding is context independent. Given a word w, the same embedding is always produced, re-

gardless of the context in which w appears. This can be problematic since a word may take a

completely different meaning depending on its context.

Recently, a number of context-senstive embedding methods have been proposed, such as ELMO (PNI18)

and BERT (DCL18b). For example, BERT produces a context-sensitive word embedding by train-

ing on the masked language modeling (MLM) objective. It utilizes a cloze task which is aim-

ing at recovering a word given its context on its left and right. That is, given the input sentence

S = {t1, t2, ..., tK}, BERT generates embedding ei for each token ti, so that the probability that the

token ti appears in the context {t1, ..., tk−1, tk+1, ..., tK} is the highest.

Given its success for a wide range of NLP tasks and its context-sensitive nature, we examine

whether BERT embedding will be useful for substitution ranking task. As BERT is a stacked

structure with 12 layers (DCL18b), the last four layers of the transformer hidden vector are utilized
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as the contextualized embeddings in our study.

Cosine Similarity Perhaps, the most direct way to create a relatedness feature based on BERT

embedding is to compute the cosine similarity between the BERT embeddings of the candidate

word and the original word. That is, let Ec and Eo be the BERT embedding of the candidate and the

original words, respectively. Then we use the cosine similarity between Ec and Eo as a relatedness

feature of the candidate word:

FBERT = cos(Ec,Eo) (2.6)

Weighted BERT Embedding

Surprisingly, when we tested this simple cosine similarity in our experiments, we found that

BERT embedding does not improve the overall performance of the system compared to the word2vec

embedding. Through the careful investigation of this result, we concluded that the unexpected low

performance of BERT is because it predicts the word too accurately. Since BERT tries to predict

the exact word that appeared in the context, it often prefers a more complex word over a simpler

word as long as the word is more appropriate in the given context. While this is great for the gen-

eral task of word prediction, it is a violation of our goal of lexical simplification. To be effective

for our task, therefore, we need to preserve the “semantic relatedness dimensions” in the BERT

embedding, while discarding it “contextual complexity dimensions.”

To implement the idea of “discarding dimensions” irrelevant to lexical simplification, we intro-

duce a weight vector W . That is, let W be a vector whose dimension is the same as the dimension of

the BERT embedding. Then, before we compute the cosine similarity, we perform a element-wise

multiplication between W and Ec, W �Ec, and W and Eo, W �Eo, as follows:

FBERT = cos(W �Ec,W �Eo) (2.7)

Note that the weight vector W controls the contribution of a particular dimension of the BERT

embedding to the final cosine similarity value. When W ’s value is zero for a particular dimension,

the dimension is “ignored” in similarity computation. The hope is that we can find an appropriate
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weight vector W , whose values are high for the dimensions relevant to lexical simplification and

low for irrelevant dimensions. In the next section, we describe the neural simplicity ranking model

that is used to compute the pair-wise ranking value between two candidate words from the candi-

date words’ feature values. During the training of this network, the weight vector W is trained as

well to maximize its prediction accuracy.

2.4 Neural Simplicity Ranking Model

The feature values described in earlier sections need to be combined to produce the final rank-

ing value for each candidate word.

Pair-wise neural ranking model In this paper, we adopt the state-of-the-art neural-based pair-

wise ranking architecture with the Gaussian Binning (PS17b; MX18) as our backbone model. The

model structure is depicted in Figure 2.1.

Figure 2.1: The Neural-based Pairwise Word Ranking Model

The neural pair-wise ranking model will generate a pairwise score for two candidate words

to predict the relative rank of the pair of substitution candidates. The input of this model are two

feature vectors that are generated by a feature extraction function from two substitution candidate
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words, and the output will be a single number which predicts the rank difference of two candidate

words.

The ranking network consists of 6 layers: one input layer, four intermediate layers, and one out-

put layer. The input layer takes v1 and v2 as the input. Each intermediate layer has 8 neurons. The

output layer is a single neuron. Each intermediate layer’s activation function is the tanh function

and there is a dropout layer before each intermediate layer.

In our work, we extend this state-of-the-art backbone model by making the following exten-

sions.

Highway Network vs. FNN Instead of a simple feed-forward neural network (FNN) used in

Figure 2.1, we adopt a highway network (SGS15) as part of the ranking model. This is because a

highway network, a generalization of a ResNet, is known to produce better results than FNN, partly

because its training suffers less from the vanishing-gradient problem than FNN, among many other

reasons (SGS15).

Absolute ranking difference vs Order difference In the existing pairwise ranking model, the

problem is modeled as a regression problem, which predicts the difference of the ranking positions

of the two given candidates.

However, predicting this difference has one critical problem: the pair-wise ranking value that

we try to predict using the pair-wise ranking model depends not only on the two candidate words

themselves but also on what other words are included in the candidate list. For example, consider

a ranked list of three candidate words, c1, c2, and c3. The ranking difference between c1 and c3 is

1 for the current list. If c2 is removed from the list, however, the ranking difference becomes 1.

That is, the pair-wise ranking difference value that we need to predict cannot be computed just by

looking at the two candidate pairs. We have to consider all candidate words in the list to compute

the difference which is clearly impossible given our pair-wise ranking model.

To avoid this problem, we simplify the prediction task as a pair-wise order prediction (repre-

sented as +1/-1 labels for the order of two candidates). Since the +1/-1 label is stable regardless of

other candidate words, it is much more appropriate for our pair-wise ranking model.

Hinge Loss vs MSE Loss Given the above simplification, we also conjecture that a hinge loss
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is a better loss function for the training of the neural network, compared to the MSE loss function

used in the previous model (MX18). As long as the sign of our prediction is correct, our network

is doing a good job, regardless of how large or small the predicted value is. Hinge loss adjusts

a network only if the predicted sign is incorrect, while MSE loss adjusts the network if there is

any deviation from the true label, even if the sign is correct. This conjecture is evaluated in our

experiment section as well by comparing the overall model performance between MSE and hinge

losses.

2.5 Experiment

In the experiment section, we will use experiments to demonstrate (1) the effectiveness of

our model in comparison with other existing models to prove the effectiveness of our ideas. We

demonstrate our method gains the state-of-the-art result in the lexical simplification ranking result;

(2) the ablation study of the isolated features to prove their effectiveness.

Method P@1 Pearson avg. P@1 avg. Pearson
Biran et al.((year?))† 51.3 0.505 — —
Jauhar, Specia((year?)) † 60.2 0.575 — —
Kajiwara et al(? ) † 60.4 0.649 — —
Horn et al.((year?)) † 63.9 0.673 — —
Glavas, Stajner((year?)) † 63.2 0.644 — —
Boundry Ranker((year?)) † 65.3 0.677 — —
Neural Ranking((year?)) 65.02 0.687 63.14 0.665
NRR((year?)) 65.67 0.708 65.08 0.703
Full NSR(ours) 67.54 0.720 67.07 0.719

Table 2.1: Substitution ranking performance comparison with existing models. “†” indicates the
results are obtained from (MX18). Hyphens denote not available. Top results are boldfaced

2.5.1 Experiment Settings

Task & Dataset The SemEval 12 Substitution Ranking task (SJM12b) is conducted in this

section. In this task, a set of candidate words will be given to replace a complex target word. Given

the golden candidate ranking, the algorithm targets for generating the best ranking result.

This SemEval 12 dataset consists of 2000 sentences for a total of 200 words. Each word has
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10 sentences to demonstrate the various meanings of a word. For each sentence, a target word is

labeled to be replaced. A golden ranking of all the candidates is given. The task is to rank the given

candidates’ list and try to recover the original golden ranking. The dataset is split into a training

set that contains 300 sentences and a testing dataset which contains 1700 sentences.

Neural Simplicity Ranking Model Settings Based on our analysis, the golden settings of our

final model uses the pair-wise neural ranking model (PS17b) with Gaussian Binning (MX18). It

adopts six features: (1) frequency with morphological variations on average strategy, (2) adjusted

phrase frequency, (3) simple Wikipedia frequency ratio, (4) n-gram language model probability,

(5) BERT embedding, and (6) word complexity lexicon.

Evaluation metrics For each setting, the experiment is executed 100 times. The best result and

the average performance among the 100 executions are recorded.

Precision@1 This metric is the top word precision of the ranking result. It indicates how many

times we get the top candidate word ranked correctly. Since in the real-world system, we usually

replace the target word with the top result. This metric can be treated as a real-world system

accuracy.

Pearson correlation This metric is evaluating the golden candidate words’ ranking’s numerical

correlation with the predicted candidate words’ ranking. This metric indicates the overall ranking

performance. The range of this metric is between -1 and 1. The closer to 1 this number is, the better

the ranking result is.

Hyper Parameters In the experiment, the neural-based pair-wise ranking model with the

Gaussian binning strategy is adopted as mentioned in (PS17b; MX18). The learning rate is set

as 0.0025. The dropout rate is set as 0.2. The training iteration is set as 100 epochs. In this paper,

we utilize the pretrained ‘bert-base-uncased’ model which has 12-layer, 768-hidden, 12-heads, and

110M parameters.

2.5.2 All-in-one Model Comparison

We compare our results with existing systems. We mainly compare our method with two other

models that utilize the neural-based substitution ranking model. The neural-based lexical simplifi-
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cation model was introduced in (PS17b) and it is used as the baseline system in our experiment.

The Neural Readability Ranking(NRR) model was introduced by (MX18), which is the state-of-

the-art system in substitution ranking. This NRR model will be another system for comparison in

our experiment. Notable previous systems are also listed as references.

In this experiment, our model performs best among all substitution ranking methods and achieves

the new state-of-the-art result in the substitution ranking(Semeval 12) task. Our method achieves a

2.8% improvement on the best result in 100 runs and a 3% improvement on average performance

in 100 runs.

2.5.3 Ablation Studies

In this section, we demonstrate the effectiveness of our feature improvement and model struc-

ture modification. The experiment removes one key modification each time and shows the top-1

item precision and Pearson correlation score. The all-in-one model’s performance is also displayed

for comparison.

The ablation study can be categorized into two sets: the feature test and the model structure test.

For the feature test, the morphological frequency, phrase frequency, and the Bert embedding are

tested with normal FNN architecture and MSE loss. For the model structure test, the highway net-

work and hinge loss are removed individually on the NSR model. As shown in Table 2, removing

any new features/components reduces the overall performance.

NSR w/o features avg. P@1 avg. Pearson
Freq˙avg 66.17 0.714
Phrase-freq 66.34 0.716
Bert Embedding 66.30 0.719
highway & hinge 66.39 0.719
hinge loss 66.49 0.716
highway net 66.82 0.719
NSR model 67.07 0.719

Table 2.2: Substitution ranking performance comparison by eliminating features/components from
the NSR Model
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2.5.4 Miscellaneous Test

We make the feature selection by testing out the existing commonly used features with NSR

with FNN and MSE loss.

Feature Removal Test In this test, the features in the NSR model are removed individually. As

showed in Table 3, the word lexicon feature shows the biggest decrease in the performance if it is

removed. The average P@1 performance is decreased from 66.39 to 65.26 and the average Pearson

correlation is decreased from 0.719 to 0.710. Similarly, if we remove the frequency feature, the

average precision will reduce from 66.39 to 65.27. Surprisingly, the simple wiki feature doesn’t

affect the performance significantly when we remove it from the current feature set.

NSR w/o features avg. P@1 avg. Pearson
Word lexicon 65.26 0.710
Freq 65.37 0.703
Simple wiki 66.40 0.715
NSR + FNN + MSE 66.39 0.719
NSR model 67.07 0.719

Table 2.3: Substitution ranking performance comparison by eliminating features from the NSR
Model

Feature Insertion/Replacement Test This experiment is conducted by adding/replacing each

feature individually to the NSR model. The experiment results in Table 4 show a clear decrease in

performance for features: syllable, length. The average precision has decreased to 65.99 and 65.65

respectively.

We test the below features: PPDB (PN15), word2vec, word length, word syllables, origi-

nal word frequencies, morphological max frequency strategy, and morphological summation fre-

quency strategy. For all these features, the model’s performance decreased. The performance de-

creased especially with the installation of the syllable number and word length feature, which

demonstrated their irrelevance to the simplicity. In terms of word frequency strategies, when we

replaced the average strategy with a summation strategy or maximum strategy, the average preci-

sion dropped to 65.83 and 66.02 respectively.

Loss function/Label Test In this experiment, we test the performance of hinge loss and +1/-1

label performances. The experiment replaces the original label with the +1/-1 label and changes the
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NSR w/ feature avg. P@1 avg. Pearson
Word2vec 66.38 0.718
PPDB 66.29 0.718
Syllable 65.99 0.717
Word length 65.65 0.716
Freq˙max 66.02 0.716
Freq˙sum 65.83 0.713
NSR + FNN + MSE 66.39 0.719
NSR model 67.07 0.719

Table 2.4: Substitution ranking performance comparison by adding/replacing features to the NSR
model

loss function from MSE loss to hinge loss. The ablation study changes one component each time.

The test result in Table 5 indicates the performance of different loss function/label combinations.

Method avg. P@1 avg. Pearson
Hinge & +1/-1 label 67.07 0.719
MSE & +1/-1 label 66.84 0.718
Hinge & normal label 66.67 0.718
MSE & normal label 66.49 0.716

Table 2.5: Substitution ranking performance comparison of the loss function/label combinations

2.6 Related work

For the related work, we emphasize three core concepts for lexical simplification: word sim-

plicity computation, relatedness computation, and computation model. For each work listed below,

we summarize each work based on these aspects. (BBE11) proposed the simplicity-based substi-

tution ranking method, introduced word length and frequency jointly to decide the simplicity of a

word. The Lexical simplification task was initially introduced in the Semeval 2012 conference as a

standard task. (SJM12b) summarize the initial attempt by all the participants. The most important

discovery is the importance of word frequency as the single most important feature for the lexical

simplification. (HMK14) introduces the SVM-rank model which utilizes a supervised learning

method in substitution ranking. The word embedding method is introduced in (GS15) to generate

the candidate without relying on the rule-based candidate generation, which gives us an alternative
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to generating correlated candidates. (PS16) introduces the contextualized embeddings to further

utilize the relatedness to improve the system performance. (PS17b) is the first work that intro-

duces the neural pairwise ranking framework into the lexical simplification pipeline and refreshes

the state-of-the-art result at that time. It is the first work to introduce the neural network method

into this area. (MX18) introduces first complexity lexicon of words and the Gaussian binning

technique based on the framework of (PS17b). It achieves the new state-of-the-art result in the

substitution ranking result. (QLZ19) utilizes BERT in the candidate generation of the lexical sim-

plification process and successfully achieves the best result of the candidate generation compared

with the previous wordNet-based method.

2.7 Conclusion

In this paper, we introduced a new model for lexical simplification ranking that successfully

boosted the ranking performance and achieves the new state-of-the-art result. The importance of

frequency for the word simplicity is discussed so that the new frequency-based features are de-

signed. New neural model architecture and loss function further improved the simplification rank-

ing performance. The effectiveness of our new model is validated on the SemEval 12 lexical sim-

plification task and the ablation study demonstrates the contributions of each component.
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CHAPTER 3

Amplified Negative Sampling: Improving Contrastive

Representation Learning via Sample-Efficient Large-Classifier

Training

In this paper, we propose a new training method, called amplified negative sampling (ANS),

to improve the quality and the training efficiency of constrastive representation learning when the

learning is performed via a large output-class classifier. ANS is a simple yet effective change to

the well-known Negative sampling technique mikolov2013distributed that leads to (1) a lower

training cost and (2) a representation that is likely to be more effective for general tasks other

than the particular classification task used for training. In developing ANS, we first conduct a

careful analysis of the negative sampling technique and explain why and how our ANS method

is helpful. We then conduct experiments on real-world datasets to demonstrate that our proposed

method works as predicted by our theoretical analysis and leads to sampling cost savings with a

performance boost compared to the standard technique. Our theoretical analysis will also provide

a better understanding of a few empirical observations that are well known among practitioners

when negative sampling is employed.

In this paper, we derive a rigorous analysis for negative sampling (MCC13b) and propose a new

sample-efficient negative sampling method for training a multi-class classifier C : X → Y for rep-

resentation learning(X : input features, Y : output class labels) when the output-class size is large,

say, |Y |= 50,000. Typically, when a classifier is modeled as a neural network, the final layer is

implemented as a softmax layer with one output neuron per each output class label y ∈Y , making

it prohibitively expensive to train even for a reasonably large output-class size.

As multi-class classification has a long history, many solutions has been proposed to tackle the
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large output problem, such as importance sampling (BS03; BS08), one-class classification (PZC08;

YBL17) and softmax approximation (LLK18; MA16). However, these methods either target on

improving the multi-label classification performance or approximating the softmax function with

fewer computations which are different for contrastive representation learning. Moreover, these

methods either suffer from the low efficiency or unstable performance problem for large output

class (LLK18; MT12).

For contrastive representation learning, the goal is to learn a distributed representation by solv-

ing a multi-label classification problem (MT12; MK13). Negative sampling (MCC13b) can avoid

computing the softmax function and its normalizing constant in the classification task because of

the Noise-contrastive Estimation (NCE) principle (GH10). Due to its simplicity and efficiency,

negative sampling is one of the most popular techniques used in practice (MSC13; WMW17;

GL16a; BK16). In particular, it is widely utilized in many embedding frameworks, such as word

embedding (MSC13), graph embedding (GL16a; WMW17), and product-user embedding (BK16).

The key idea behind negative sampling is as follows: Given a training data point (xi,yi), the

standard training algorithm updates the weights of the output neurons for all y’s ∈ Y , not just for

the training label yi, making the training cost proportional to the output-class size |Y |. Negative

sampling avoids this high cost by adjusting the weights for (1) the given training label, y = yi

(“the positive sample”) and (2) just a few y’s that are randomly sampled from Y −{yi} (“negative

samples”). Clearly, taking a few negative samples reduces the training cost by several orders of

magnitudes when the output class size is large.1

In general, it is reported that using a larger negative sample size leads to better downstream

performance. For example, when Mikolov used negative sampling to embed words into high-

dimensional vectors in (MSC13), he reported between 2-15% increase in downstream task per-

formance when he used the 15 negative samples (k = 15) compared to 5 negative samples (k = 5).

Unfortunately, the training cost of k = 15 is three times as large as that of k = 5, making its use

significantly less appealing in practice. For instance, since training on a larger corpus generally

improves the downstream performance as well, it may be the case that using a smaller k on a larger

1It worth noting that since the softmax function has been circumvented, if cross-entropy loss is adopted, the loss
function will be binary cross-entropy loss instead softmax cross-entropy loss, for more detail please see (GH10).
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corpus may be just as good as or even better than using a larger k on a smaller corpus. This is

the primary topic of this paper. Is it possible to get the best of both worlds? Can we achieve a

higher-quality model trained on a larger k without paying its training cost?

Moreover, How does different loss function affect the negative sampling performance for the

classification in contrastive representation learning? What’s the exact convergence point of the

classification model?

To obtain an answer to this question, we first conduct a rigorous mathematical analysis of the

impact of the negative-sampling technique on the accuracy of the learned model. The result of

this analysis will show exactly how negative sampling affects the accuracy of the learned model

and provide theoretical explanations for a few empirical observations that have been well known

among practitioners. It will also shed light on how it can be further improved for higher train-

ing efficiency. Based on this insight, we find a surprisingly simple yet effective modification to

the negative sampling technique, named amplified negative sampling. Compared to the standard

negative-sampling technique, our proposed technique can be used to either (1) improve the predic-

tion accuracy of the trained model for the same training cost or (2) lower the training cost for the

same prediction accuracy. We demonstrate the effectiveness of our proposed technique through

extensive experiments on real-world data sets.

In summary, we make the following contributions in this paper:

• We provide a rigorous mathematical analysis of the impact of negative sampling on the

classification model under the different loss functions, such as L1, L2, and cross-entropy loss.

We derive the exact analytical form of the global optimal points when the classifier is trained

with negative sampling under the three popular loss functions. The result of our analysis

illuminates the implication of negative sampling with different loss functions clearly. For

example, we prove that the optimal model trained with the L2 loss function is the same as

that with the cross entropy loss function. We also show that the optimal model trained with

the L1 loss function is a sparse binary model. As far as we know, this is the first work that

conducts a rigorous theoretical analysis for negative sampling in the multi-class classification

for contrastive representation learning.
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• We propose amplified negative sampling, a simple yet effective modification to the widely-

used negative-sampling technique that can improve its accuracy and lower its training cost

based on our rigorous mathematical analysis.

• We compare the effectiveness of our proposed technique with standard negative sampling by

conducting an extensive set of experiments on real-world data sets. Our results show that the

effectiveness of our technique is in line with our theoretical prediction and can often be ten

times as sample efficient as the standard technique.

The rest of this paper is organized as follows. In Section 2, we formally describe the multi-

class classification problem and review the standard negative sampling technique. In Section 3,

we analyze the mathematical property of negative sampling and discuss its practical implications.

Then in Section 4, we propose amplified negative sampling. In Section 5,we present the results of

our experiments. We review related work in Section 6 and wrap up the paper in Section 7.

3.1 Framework

In this section, we briefly go over the general problem formulation of multi-class classifier

learning and negative sampling to introduce key notation used in this paper.

3.1.1 Preliminaries

We are given a dataset D = {(x1,y1),(x2,y2),...,(xn,yn)}, where xi ∈ X is an input feature and

yi ∈ Y is an output class label. We assume a discrete space of feature values xi and output labels

yi, such that xi and yi take an integer value between 1 ≤ xi ≤ m and 1 ≤ yi ≤ m. The multi-class

classifier learning problem is to find a classifier C : X→Y that returns the correct label yi given the

input feature xi: yi =C(xi). Due to noise in the dataset and the uncertainty in predicting the correct

label, this problem is often formulated as finding a conditional probability distribution P(y|x) from

the dataset D, which is interpreted as the probability that the correct output label is y given the

input feature x.

Note that this formulation encompasses not just the multi-class classifier learning problem, but
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also most of the “data embedding” problems, such as word embedding (MCC13b; MSC13), graph

embedding (GL16b), and item embedding (BK16). For example, the well-known skip-gram model

for word2vec (MSC13) falls under this formulation by defining a context word as an input feature

xi and any target word that appears near the context word as an output label yi.

Learning the conditional probability function f (x,y) = P(y|x) from the dataset D is done by

assuming a parameterized hypothesis space fθ (x,y) = Pθ (y|x), where the hypothesis space fθ :

(x,y)→ [0,1] is a space of differentiable functions parameterized by θ ∈ Rd . Among all possible

parameters θ ∈ Rd , an optimal parameter θ ∗ is chosen to minimize the loss function L( fθ ,D),

where L( fθ ,D) captures the “loss of fθ ” or the difference between fθ and D. Multiple definitions

of the loss function L( fθ ,D) are used in practice, including L1, L2, and cross entropy:

L1 : ∑
(xi,yi)∈D

∑
y∈Y
|1(y = yi)− fθ (xi,y)| (3.1)

L2 : ∑
(xi,yi)∈D

∑
y∈Y

(1(y = yi)− fθ (xi,y))2 (3.2)

LCE :− ∑
(xi,yi)∈D

∑
y∈Y

[1(y = yi) log fθ (xi,y)

+(1−1(y = yi)) log(1− fθ (xi,y))] (3.3)

Here, 1(y = yi) is an indicator function that takes the value 1 if y = yi and 0 otherwise. In order

to make our discussion concrete, we primarily assume L2 as our loss function in the rest of this

paper and simply state the result of our analysis for the other loss functions.

The gradient-descent method is often utilized to identify the parameter θ ∗ that minimizes the

loss function L( fθ ,D). Given the definition of the L2 loss function, its gradient is:

∇θ L2( fθ ,D) =

−2 ∑
(xi,yi)∈D

[
∑
y∈Y

(1(y = yi)− fθ (xi,y))∇θ fθ (xi,y)

]
(3.4)

Note that the inner summation of the above equation makes its computation prohibitively expen-

sive: For each training data (xi,yi) ∈ D, we take the inner sum over every output label y ∈ Y , not
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just the training label yi.2 This makes the computational cost proportional to the output class size

|Y |. We refer to the training method that computes the full gradient of Equation 3.4 as full-gradient

training.

3.1.2 Negative Sampling

Negative sampling is a technique that tries to reduce the high computational cost of full-gradient

training. The idea of negative sampling was originally proposed in 2010 as Noisy Contrastive Esti-

mation (NCE) (GH10), which was generalized for natural language processing by Mihn in (MT12).

It was used as part of the word2vec computation (MCC13b), which led to a wide adoption for gen-

eral vector-embedding problems (GL16a; BK16; GL16b).

The basic idea of negative sampling can be summarized as follows: Given a training data

(xi,yi), we refer to yi as the “positive sample” and all other label y∈Y−{yi} as “negative samples.”

Full-gradient training sums up the gradients from (1) the positive sample yi and (2) all negative

samples y(6= yi). Negative sampling, instead, sums up the gradients from (1) the positive sample yi

and (2) just a few randomly-selected negative samples y ∈ Y −{yi}.

More precisely, we use NEG-k(i) to represent the k randomly-chosen negative samples for the

ith training data (xi,yi). That is, NEG-k(i) is a size-k random subset of Y −{yi}. Negative sampling

then approximates the L2 loss function L2( fθ ,D) as follows:

L2( fθ ,D)

= ∑
(xi,yi)∈D

[
∑
y∈Y

(1(y = yi)− fθ (xi,y))2

]
(3.5)

(3.6)

2In certain cases, this sum over every y ∈Y is implicitly added to the hypothesis space fθ (x,y). For example, when
implemented as a neural network, the final layer is typically implemented as a softmax layer with one neuron per
output label, which has the same effect as summing over ever y ∈ Y .
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= ∑
(xi,yi)∈D

(1(y = yi)− fθ (xi,y))2

∣∣∣∣∣
y=yi

+ ∑
y∈Y−{yi}

(1(y = yi)− fθ (xi,y))2

]
(3.7)

≈ ∑
(xi,yi)∈D

[
(1− fθ (xi,yi))

2 + ∑
y∈NEG-k(i)

fθ (xi,y)2

]
(3.8)

From Equation 3.5 to 3.7, the sum over y ∈ Y is expanded into the sum of y = yi and y ∈ Y −{yi}.

From Equation 3.7 to 3.8, the sum over all negative samples y ∈ Y −{yi} is approximated by

the sum over NEG-k(i). Clearly, this approximation can decrease the cost of computing the loss

function significantly when |Y | is large, which is the key reason for its efficiency. But what is

the accuracy of this approximation? Will we still be able to get the same accurate model despite

this approximation? If not, what is its exact impact? In the next section, we investigate this issue

analytically.

3.2 Analysis of Negative Sampling

In this section, we provide the results from our mathematical analysis on the accuracy of the

model trained with negative sampling. In stating our results, we use #(x) to represent the number

of times that the input feature value x appears in the training data D and #(x,y) to represents the

number of times that the feature-and-label-value pair (x,y) appears in D. More formally,

#(a) = |{(x,y) ∈ D | x = a}|

#(a,b) = |{(x,y) ∈ D | x = a and y = b}|

When we select the k negative samples for the ith training data (xi,yi), NEG-k(i), we assume that a

negative sample y∈Y−{yi} is sampled with replacement with probability py. Two popular choices

of the sampling probability py are (1) the uniform distribution py = c for some constant c and (2)

according to the frequency of y in D. Our results are stated with the generic symbol py without

making any explicit assumption on the sampling distribution. With this notation, we now state the
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key result of our analysis.

Theorem 1 (Optimal Model of Negative Sampling). When the hypothesis space fθ has sufficient

capacity,3 the optimal model fθ∗ trained with k negative samples is the following with high proba-

bility:

• For L1 loss: fθ ∗(x,y) = 1

(
#(x,y)
#(x) >

k·py
k·py+1

)
• For L2 loss: fθ ∗(x,y) =

#(x,y)
k·py[#(x)−#(x,y)]+#(x,y)

• For cross-entropy loss:

fθ ∗(x,y) =
#(x,y)

k·py[#(x)−#(x,y)]+#(x,y)

That is, for example, let θ ∗t be the parameter that minimizes the L1 loss function after t training

epochs. Then for any ε > 0,

lim
t→∞

P
(∣∣∣∣ fθ ∗t (x,y)−1

(
#(x,y)
#(x)

>
k · py

k · py +1

)∣∣∣∣< ε

)
= 1,

where 1(a > b) is an indicator function whose value is 1 if a > b and 0 otherwise.4 Similar state-

ments can be made for L2 and cross entropy loss functions.

3.2.1 Proof for L2 Loss

We assume a discrete domain of input data D, where each data point (x,y) ∈ D is an integer

value pair of 1 ≤ x ≤ m and 1 ≤ y ≤ l. Within the discrete domain, the most general parame-

terization of the function fθ (x,y) is to assign an independent parameter per every pair of values

(x,y) within 1 ≤ x ≤ m and 1 ≤ y ≤ l. We use the symbol θab to represent these parameters, i.e.,

fθ (a,b) = θab for 1≤ a≤ m and 1≤ b≤ l, where θab can take any value in [0,1].

3By having sufficient capacity, we mean that the hypothesis space has an independently adjustable parameter per
every discrete (x,y) value pair following the assumption of (GL14).

4More precisely, 1(a > b) may take any value between 0 to 1 when a = b.
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Given the notation, the L2 loss function of negative sampling is:

L2( fθ ,D) = ∑
(x,y)∈D

[
(1− fθ (x,y))2 + ∑

y′∈NEG-k(x,y)
fθ (x,y′)2

]
(3.9)

= ∑
(x,y)∈D

[
(1−θxy)

2 + ∑
y′∈NEG-k(x,y)

θ
2
xy′

]
(3.10)

Here, we use the notation NEG-k(x,y) to represent the k negative samples taken for the ith

data point (x,y) ∈ D to avoid adding subscript i to every x and y’s. Note that Equation 3.10 is a

quadratic function of θxy’s and takes the minimum value when ∂L2
∂θxy

= 0 or at the boundary values

θxy = 0 or 1.

To find the minimum, we take the partial derivative of L2 for a particular parameter θab. The

partial derivative of Equation 3.10 can be simplified based on two facts:

• The partial derivative ∂

∂θab
of the first term (1−θxy)

2 is zero except when x = a and y = b.

Thus, only the constant value −2(1−θab) remains and is summed as many times as (a,b)

appears in D. That is, the sum of the first term is:

∂

∂θab
∑

(x,y)∈D
(1−θxy)

2 = #(a,b)(−2)(1−θab), (3.11)

where #(a,b) represents the number of times (a,b) appears in D.

• The partial derivative of the second term ∑y′∈NEG-k(x,y)θ 2
xy′ is also zero except when x = a

and y′ = b. This can happen only when x = a, y 6= b because a negative sample for (x,y)

cannot contain y. Thus,

∂

∂θab
∑

(x,y)∈D

[
∑

y′∈NEG-k(x,y)
θ

2
xy′

]
= ∑

(a,c)∈D
c6=b

[
∑

b∈NEG-k(a,c)
2θab

]
(3.12)

The outer sum is over all data points whose input feature value is x = a except when the

output label is y = b. Thus, the outer sum is equivalent to multiplying by [#(a)− #(a,b)]
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since the summand is the constant 2θab. That is,

∑
(a,c)∈D

c6=b

[
∑

b∈NEG-k(a,c)
2θab

]
= [#(a)−#(a,b)] ∑

b∈NEG-k(a,c)
c6=b

2θab (3.13)

The remaining sum is over all instances of b within NEG-k(a,c) with c 6= b. Since the proba-

bility that the value b is chosen as a negative sample is pb, the expected number of times that

b appears in NEG-k(a,c) is kpb when we take k random negative samples. From the weak

law of large numbers, we know that the actual number of occurrence converges in high prob-

ability to its expectation as we take more samples. That is, the remaining sum converges in

high probability to (k pb)(2θab) as we take more new samples for NEG-k(a,c) as the training

epoch t passes:

∑
b∈NEG-k(a,c)

c6=b

2θab
P−→ k pb 2θab as t→ ∞ (3.14)

Or more precisely, for any ε ,

lim
t→∞

P


∣∣∣∣∣∣∣∣
 ∑

b∈NEG-k(a,c)
c6=b

2θab

− k pb 2θab

∣∣∣∣∣∣∣∣< ε

= 1. (3.15)

Overall, we have shown that the partial derivative of the second term becomes

∂

∂θab
∑

(x,y)∈D

[
∑

y′∈NEG-k(x,y)
θ

2
xy′

]
P−→ [#(a)−#(a,b)]k pb 2θab (3.16)

By combining Equations 3.11 and 3.16, we now have:

∂L2

∂θab

P−→ #(a,b)(−2)(1−θab)+ [#(a)−#(a,b)]k pb 2θab (3.17)

as t→ ∞. At the minimum of L2, ∂L2
∂θab

= 0 for every θab, so we have:

∂L2

∂θab

P−→ #(a,b)(−2)(1−θab)+ [#(a)−#(a,b)]k pb 2θab = 0 (3.18)
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Solving the equation for θab, we get

θab
P−→ #(a,b)

k pb[#(a)−#(a,b)]+#(a,b) . (3.19)

Note that the right-hand side of Equation 3.19 is always between [0,1], so we do not need to worry

about the case when the minimum happens at a boundary value. By definition fθ (a,b) = θab and

the optimal θ ∗t at training epoch t converges to the value derived above as t→ ∞. That is, we have

shown that

fθ∗t (a,b) = θ ∗t,ab
P−→ #(a,b)

k pb[#(a)−#(a,b)]+#(a,b) . (3.20)

or equivalently, for any ε ,

lim
t→∞

P
(∣∣∣∣ fθ∗t (x,y)−

#(x,y)
k · py[#(x)−#(x,y)]+#(x,y)

∣∣∣∣< ε

)
= 1. (3.21)

3.2.2 Proof for L1 Loss

The proof for the L1 loss function can be done similarly. Using the argument similar to L2, we

can show that

∂L1
∂θab

P−→−#(a,b)+ [#(a)−#(a,b)]k pb as t→ ∞ (3.22)

Note that the right-hand side of Equation 3.22 is a constant independent of θab. If this partial

derivative is negative, i.e., ∂L1
∂θab

= −#(a,b)+ [#(a)− #(a,b)]k pb < 0, the minimum occurs at the

right boundary value θab = 1. Otherwise, the minimum occurs at the left boundary value θab = 0.

That is, the optimal parameter θ ∗t,ab becomes

θ
∗
t,ab

P−→


1 if −#(a,b)+ [#(a)−#(a,b)]k pb < 0

0 otherwise
(3.23)

33



as t→ ∞. The inequality condition in the above equation can be rearranged to

θ
∗
t,ab

P−→


1 if #(a,b)

#(a) > k·pb
k·pb+1

0 otherwise
(3.24)

which completes our proof.

3.2.3 Proof for Cross Entropy Loss

Again, using a similar argument, we can show that the partial derivative for the cross-entropy

loss becomes:
∂LCE
∂θab

P−→ #(a,b)
θab
− k pb[#(a)−#(a,b)]

1−θab
as t→ ∞ (3.25)

Solving ∂LCE
∂θab

P−→ #(a,b)
θab
− k pb[#(a)−#(a,b)]

1−θab
= 0 for θab to get the optimal parameter, we get:

θ ∗t,ab
P−→ #(a,b)

k pb[#(a)−#(a,b)]+#(a,b)
(3.26)

Note that the above theorem derives the analytic form of the globally optimal model when

trained with k negative samples. However, it does not necessarily guarantee that this globally op-

timal model is always achievable in practice. For example, a particular training method may be

trapped in a local minimum during training and may not reach the global optimum. It is also

possible that the hypothesis space used for a particular application is more constrained than the

sufficient-capacity assumption and does not contain the globally-optimal model within its param-

eter space. In those cases, we may consider the above result as providing an upper bound to any

achievable model. Interestingly, our later experiments show that the globally optimal model is of-

ten achieved for popular models used in practice. For example, when we trained the skip-gram

model (MCC13b), we were able to achieve the globally optimal model (i.e., the distance of the

trained model to the optimal model is close to 0) even though its hypothesis space is significantly

more constrained than the sufficient-capacity assumption.

The concrete meaning of Theorem 1 may be difficult to see due to its generality. Thus we use

use a few corollaries to explain the implications of the our theorem more concretely. First, we show
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the analytic form of the optimal model when trained with the full-gradient method.

Corollary 1.1 (Full-Gradient Model). When the hypothesis space fθ has sufficient capacity, the

respective optimal models trained with the full-gradient method are the following:

• For L1 loss: fθ ∗(x,y) = 1

(
#(x,y)
#(x) > 1

2

)
• For L2 loss: fθ ∗(x,y) =

#(x,y)
#(x)

• For cross-entropy loss: fθ ∗(x,y) =
#(x,y)
#(x)

The above corollary formally proves a few interesting facts: First, despite their difference, the

optimal model from both L2 and cross-entropy loss functions are exactly the same maximum-

likelihood estimator (MLE). Second, the optimal model trained under the L1 loss function is a

sparse binary model whose fθ∗(x,y) values takes the value of either 0 or 1. Note that these two

observations are general properties of a gradient-based method, not just of the full-gradient method.

That is, in Theorem 1, we also see that L1 loss function leads to a binary model and L2 and cross-

entropy loss functions result in the same optimal model.

Proof: For the L2 loss, when the negative sample sets contain all negative samples except

the positive one, the sum ∑b∈NEG-k(a,c) 2θab becomes 2θab because every output label (except the

positive one) appears once and only once in NEG-k(a,c). Note that b is not an index that ranges

over all output labels, but a particular output label value corresponding to the parameter θab for

which the partial derivative is taken. The rest of the proof can be completed following the same

steps of Theorem 1. Proofs for other loss functions are similar.

Our second corollary formally proves the “model collapse” phenomenon frequently observed

in practice.

Corollary 1.2 (Model Collapse with No Negative Sample). When k = 0, i.e. NEG-k(i) = ∅, the

optimal model collapses to 1 under all three loss functions. That is,

fθ∗(x,y) = 1 for all (x,y) ∈ D (3.27)

This result explains the “model collapse” phenomenon reported in (GL14). In the study, the

authors report that if trained with zero negative sample, the model converges to a constant function
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1, so it is essential to have a negative sample. The above corollary shows that this phenomenon is an

intrinsic property of negative sampling. Overall, Corollaries 1.1 and 1.2 show that as we increase

the negative sample size k, the optimal model fθ∗(x,y) gets closer to the maximum-likelihood

estimator P̃(y|x) = #(x,y)
#(x) ,5 a trend that makes intuitive sense.

3.3 Amplified Negative Sampling

Our analysis shows that the optimal model trained with the full-gradient method is equivalent

to the maximum likelihood estimator fθ∗(x,y) =
#(x,y)
#(x) while the model from negative sampling is

not. Assuming that the dataset D is a representative sample from the true underlying distribution

P(y|x) (that is, P(y|x) ≈ #(x,y)
#(x) ) we can expect that full-gradient training are likely to result in a

better model than negative sampling for a classification task.

Indeed, this is the general trend reported in the literature – not just for classification tasks but

also for embedding tasks where negative sampling is frequently used. For example, when Mikolov

used negative sampling to embed words into high-dimensional vectors in (MSC13), he reported

noticeable accuracy increase in the word-analogy-task performance when he used k = 15 compared

to k = 5.6 Unfortunately, the training cost of using k negative samples is proportional to k, making

the use of a higher k value unappealing in practice; since training on a larger corpus generally

increases the embedding quality as well, one may prefer using a smaller k on a larger corpus than

using a larger k on a smaller corpus, assuming that it is bound by the same computational cost. This

is where our study of amplified negative sampling started. Can we obtain the high quality model

of higher k for the low computational cost of lower k? Can we get the best of the both worlds? We

now explain how this can be achieved using amplified negative sampling.

Amplifying Factor. The key idea behind our amplified negative sampling comes from Theo-

rem 1. From its analytic form, we observe that the optimal model fθ∗(x,y) depends only on the

negative-sample size k, not on how the samples are obtained. Given this, can we use one negative

5Or its sparsified version 1( #(x,y)
#(x) > 1

2 ) in case of L1.

6For embedding tasks, the ultimate goal is to obtain vector representations of words that lead to high accuracy for
downstream tasks. For this reason, obtaining the MLE model may not necessarily be “better.” However, in a relatively
small range of k, it is generally observed that higher k leads to better downstream task performance as well.
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sample multiple times during training, pretending that it is the result from multiple random sam-

pling? More formally, what will happen if we change the loss function L( fθ ,D) of Equation 3.8

(standard negative sampling) to the following?

L2( fθ ,D)= ∑
(xi,yi)∈D

[
(1− fθ (xi,yi))

2 +β ∑
y∈NEG-k(i)

fθ (xi,y)2

]
(3.28)

Note that Equation 3.28 is different from Equation 3.8 just by a constant factor β of the second

term. We refer to β as a amplifying factor, since its intended role is to artificially “amplify” the

effect of the negative samples NEG-k(i) by making its size look larger than they really are. Surpris-

ingly, the following corollary shows that adding a amplifying factor produces this exact outcome.

Corollary 1.3 (Amplified Negative Sampling). When the hypothesis space fθ has sufficient capac-

ity, the respective optimal models trained with k negative samples with amplifying factor β under

the three loss functions are the following with high probability:

• For L1 loss: fθ ∗(x,y) = 1

(
#(x,y)
#(x) >

β ·k·py
β ·k·py+1

)
• For L2 loss: fθ ∗(x,y) =

#(x,y)
β ·k·py[#(x)−#(x,y)]+#(x,y)

• For cross-entropy loss:

fθ ∗(x,y) =
#(x,y)

β ·k·py[#(x)−#(x,y)]+#(x,y)

Note that the factor k in Theorem 1 is replaced with βk in Corollary 1.3. That is, the amplifying

factor β makes the optimal model trained with NEG-k effectively identical to the one from NEG-

βk! Simply by multiplying a constant β to the loss function, we get the optimal model from a

much larger sample size.

Proof: The L2 loss function for boosted negative sampling is

L2( fθ ,D) = ∑
(x,y)∈D

[
(1− fθ (x,y))2 +β ∑

y′∈NEG-k(x,y)
fθ (x,y′)2

]
(3.29)

Since the only difference from Equation 3.9 (standard negative sampling) is the coefficient β

of the second summation, we can show that

∂L2( fθ ,D)
∂θab

P−→ #(a,b)(−2)(1−θab)+ [#(a)−#(a,b)]β k pb 2θab (3.30)
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(compare it against Equation 3.17) as t→ ∞. By setting ∂L2
∂θab

= 0, we can show that

θ ∗t,ab
P−→ #(a,b)

β k pb[#(a)−#(a,b)]+#(a,b) as t→ ∞. (3.31)

The proof for other loss functions can be done similarly.

Optimal Amplifying Factor and Model Quality. The similarity of the learning rate and the

amplifying factor raises another interesting question. How big a amplifying factor can we safely

use? It is well known that a higher learning rate generally leads to a faster convergence rate initially,

but it makes the training process less stable at a later stage. Will using a large amplifying factor

lead to similar behavior? Or will it always be better to use a larger amplifying factor? Our analysis

indicates that the optimal value of β might be β = 1
kpy

since this value leads to the MLE model.

The results from our experiments do not provide a single answer to this question. In the ex-

periments conducted with our own code, where we measure the model accuracy in terms of the

difference of the trained model from MLE, we observe that using a large amplifying factor al-

ways produces a model closer to MLE. It also does not introduce much instability to the training

process all the way from 1 through β = 1
kpy

. For downstream tasks, the amplify factor almost al-

ways brings improvement compared with non-amplified cases(see Experiments). An empirical safe

upper bound is β = 1
kpy

.

In our experiments, we also explored a few other directions, including (1) decaying the am-

plifying factor over epochs similarly to decaying the learning rate, (2) dynamically setting the

amplifying factor based on the “loss value” of the negative sample similarly to the idea of im-

portance sampling and (3) early stopping, where we stop using the amplifying factor after a few

epochs. We find that these changes do not introduce a meaningful difference to the results.

3.4 Experiments

The primary goal of this section is to experimentally investigate the following two issues: (1)

Does the result of our analysis hold in practice? We want to examine how well our theoretical

results match with experiments. We also want to experimentally explore a few questions raised in
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this paper, including the choice of the optimal amplifying factor and the difference between the

learning rate and the amplifying factor. (2) Does amplified negative sampling help other down-

stream tasks as well? The performance of other downstream tasks may not necessarily depend on

how accurately the trained model captures the conditional probability P(y|x), so we want to ex-

perimentally check whether amplified negative sampling has positive effects on other downstream

tasks or not.

In the subsection (Model Accuracy and Training Efficiency) 3.4.1, we explore the first issue by

measuring the difference between the maximum likelihood estimator (MLE) P̃(y|x) = #(x,y)
#(x) and

the models trained with (a) full-gradient training (b) negative sampling and (c) amplified negative

sampling. The results of our experiments show that the conclusions of our analysis hold in prac-

tice to a surprising degree of accuracy. They also show that the learning rate and the amplifying

factor have vastly different effects on the trained model. In the subsection (Experiments on Other

Downstream Tasks) 3.4.2, we investigate the second issue by running experiments on three dif-

ferent downstream tasks: word-analogy tasks (MCC13b), rare-word-similarity tasks (BGJ17), and

graph-node-classification tasks (GL16a). Here, we observe that amplified negative sampling leads

to improved performance on these downstream tasks as well.

In summary, our experimental results strongly indicate that there really is not much downside

to using amplified negative sampling; as long as we use a reasonably small amplifying factor, say

β = 3, amplified negative sampling leads to lower training time and higher model accuracy.
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3.4.1 Model Accuracy and Training Efficiency

Experimental Settings. In this subsection, we experimentally compare four training algo-

rithms, full-gradient training (FullGrad), 5 negative samples (Neg5), 5 negative samples with the

amplifying factor 3 (Neg5-Amplify3), and 15 negative samples (Neg15), under three different loss

functions, L1, L2, and cross entropy. For the choice of the hypothesis space fθ (x,y) and the training

set, we use a setting similar to (MCC13b). That is, as our hypothesis space we use the skip-gram

model of (MCC13b) with a 100-dimensional hidden layer. As our dataset, we use a subset of Text8

corpus from (MCC13b) by extracting the first 75,000 words and applying the same min count filter

of 5 in (MCC13b).7 We use the stochastic-gradient descent (SGD) with the batch size of 500 as the

training algorithm. All our experiments use the window size 3 and the learning rate 0.025 unless

noted otherwise. All other parameter settings are the same as in (MCC13b). All results reported are

the average of three independent runs with identical settings. All codes were implemented using

PyTorch v1.0.1.

Model Accuracy and Convergence Rate. In Figure 3.1, we compare the model accuracy

and convergence rate when the model is trained with the four algorithms (FullGrad, Neg5, Neg5-

Amplify3, Neg15) under the L2 loss function.8 In the graph, the horizontal axis corresponds to

the stochastic-gradient-descent training batch steps (with roughly 70 steps corresponding to one

training epoch) and the vertical axis corresponds to the average absolute difference between the

trained model fθ∗(x,y) and MLE P̃(y|x) = #(x,y)
#(x) , i.e., ∑(x,y)∈D

1
|D|

∣∣∣ fθ∗(x,y)− #(x,y)
#(x)

∣∣∣.
From the graph, a few things are clear: (1) Full-gradient training converges to MLE. Even at

epoch 1 (step 70), the mean absolute difference of FullGrad is close to zero, indicating that it

converged to MLE. (2) The amplifying factor β effectively “increases” the negative sample size

by the factor β in terms of model accuracy. The mean absolute difference of Neg5-Amplify3 and

Neg15 are the same at every training step — they overlap so closely and it is difficult to tell them

7Using a subset of Text8 here is due to the high training cost of FullGrad and our desire to keep the training time
at a manageable level. In our next experiments on other downstream tasks, we run report our results from experiments
on much larger datasets.

8While we performed experiments under all three loss functions, we report the results only from L2 here due to
space limit. The conclusions from other loss functions are essentially the same.
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apart in the graph — indicating that they both converge to the same model at the same rate. This

result is what our theoretical analysis predicts: (k = 15,β = 1) leads to the same optimal model

as (k = 5,β = 3). (3) A model trained on larger k approximates MLE better. The mean absolute

difference of Neg15 is significantly smaller than that of Neg5.

Training Time and Computational Cost. In Figure 3.2, we compare the training time of the

four algorithms. The horizontal axis corresponds to training epochs and the vertical axis corre-

sponds to training time, which roughly captures the computational cost of each algorithm. The

vertical axis is logarithmic; since the training time of FullGrad is two orders of magnitude larger

than others, its result is not visible in the same graph otherwise. From the graph, we again observe

what is predicted by our analysis. The training time of Neg5-Amplify3 is practically the same

as that of Neg5. That is, Neg5-Amplify3 works almost like Neg5 in terms of its training time and

computational cost, but it works almost like Neg15 in terms of its model accuracy and convergence

rate! Amplified negative sampling indeed gives the best of both worlds.

Learning Rate vs Amplifying Factor. In Figure 3.3, we compare the effect of using different

learning rates and amplifying factors. The graph is from training the model using Neg15 under

L1 loss. The curve labeled as S LR is obtained by multiplying the default learning rate of 0.025

by a factor between 10 and 1,000. The curve labeled as S Amplify is obtained by including the

amplifying factor β between 10 and 1,000. The vertical axis is again in the logarithmic scale

due to the high difference between the two curves and represents the model accuracy (the mean

absolute difference from MLE) at the given learning rate/amplifying factor. From the graph, we see

that changing the learning rate and changing the amplifying factor lead to vastly different results.

As we increase the learning rate, the trained model diverges further away from MLE. When we

increase the amplifying factor, however, the trained model stays close to MLE all the way through

β = 100. Only after β > 100, the model starts to diverge and becomes unstable. This result is

consistent with our analysis; according to Corollary 1.3, amplifying converges to MLE at β ≈ 140

under the current setting,9 so its divergence beyond β > 140 is expected.

9Amplified negative sampling converges to MLE when βkpy = 1. Given k = 15 and the uniform probability py ≈
1/2000 for this experiment, βkpy = 1 at β ≈ 140.
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3.4.2 Experiments on Other Downstream Tasks

We investigate the effect of amplifying factor on downstream tasks: (1) word-analogy tasks (b)

rare-word-similarity tasks and (c) graph-node-classification tasks. The word-analogy task includes

14 sub-tasks. Due to the space limit, we only display one sub-task for results on the word-analogy

task of amplified Neg5, Neg10, and non-amplified Neg100 at training epoch 15.

Word2vec: Word analogy settings This test is conducted with the Skip-gram model trained

on the Text8 corpus (MSC13) using the code downloaded from (wor19) with our amplifying factor

code. We use the default parameter settings of the downloaded code.

In Table 3.1 we show the accuracy of the word-analogy task with various amplifying factors on

Neg5 and Neg10 comparing with Neg100 for the second word-analogy semantic tasks of (MSC13).

From the results, the trend is clear: the performance of Neg5-Amplify reaches an accuracy that

closes to Neg100 and Neg10-Amplify can achieve even higher accuracy than Neg100. A clear fact

is the amplified cases’ performance is always better than non-amplified cases.
Table 3.1: Word-analogy task top-1 accuracy with different amplifying factors.

Neg10:β 1 2 4 8 10 20 30 Neg100

Acc 73.24 78.04 78.35 79.83 79.62 84.32 77.68 81.92

Neg5:β 1 2 4 10 12 16 20 Neg100

Acc 71.91 74.87 78.35 78.60 78.65 78.75 81.77 81.92

3.4.3 Running time experiment

Fasttext: Rare word similarity. For the word-similarity task, we use the code for Fasttext

(BGJ17) downloaded from (fas19) using its default settings after the addition of amplifying code.

The model is trained on the rare word dataset (RW) (LSM13). The effectiveness of a trained model

is measured by the Spearman’s rank-correlation coefficient (Spe04) between the human judgment

in the dataset and the output from the trained model.

Word2vec: Word analogy settings This test is conducted with the Skip-gram model trained on

the Text8 corpus (MSC13) using the code downloaded from (wor19) with our amplifying factor

code. We use the default parameter settings of the downloaded code.
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Node2vec: Node classification. For the node classification task, we use the node2vec model

(GL16a) with the code downloaded from (nod19). The dataset used is BlogCatalog (ZL09). The

nodes are embedded into a 50-dimensional space and we use 20-80 train-test split. The default

parameter setting of the downloaded code is used after the addition of amplifying code.
Table 3.2: Training time (seconds).

Model Neg5 Neg5-Amplify3 Neg15

Fasttext 736 731 1404

Word2vec 17.35 17.37 36.93

Node2vec 3.28 3.28 4.00

In Table 3.2, we show the training times of Word2vec, Fasttext, and Node2vec. In all three

cases, the training time of Neg5-Amplify is close to Neg5 and is significantly smaller than that

of Neg15. In the cases of Fasttext and Word2vec, the difference is by a factor 2. In the case of

Node2vec, the difference is much smaller due to the dominance of other training overhead when

the absolute training time is small. From our other experiments whose results we could not include

here due to space limit, we observe the same general trend: The downstream-task performance of

Neg5-Amplify3 is close to Neg15 while its training cost is close to Neg5.

3.4.4 Language Model perplexity test

In this section, the Amplified Negative Sampling method is tested on the Language Model on

Penn Tree Bank(PTB) dataset (MSM93) to demonstrate its performance. We use one of the com-

monly tested RNN Language model(ZSV14) with the medium regularized settings as in (BR17).

The PTB dataset contains 929K training, 73k validating and 82k testing words. We keep the origi-

nal settings of the RNN model and set the hidden dimension as 650.

The perplexity result is reported in Figure 3.4 and 3.5 for Neg5 and Neg15 experiment. For each

negative sample setting, the amplifying factor is set to 1, 3, and 10 respectively. As the amplifying

factor got enlarged, the perplexity got decreased. Every experiment converges in around 20 epochs.

As shown in figure 3.4, the amplifying factor can effectively decrease the perplexity compared

with other models when only a few numbers of samples are allowed. Here the result is drawn
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from (BR17) to demonstrate the Neg5 result with amplifying factor 10 can compete with (BR17)’s

10 sample result.

Further experiments are made on the effect of the amplifying factor. As shown in Figure 3.6,

when the amplifying factor is increased from 1, the perplexity has a clear decrease until 10 and

the perplexity starts to increase when the amplifying factor keeps enlarging. The best model per-

formance will be obtained when the amplifying factor is configured around 10. An explanation

based on formula (10) is the convergence condition is t(epoch) tends to infinity. However, in the

experiment, the training process will be stopped as the performance doesn’t change anymore or the

model got trapped in the saddle point. In this case, the model won’t converge to the optimum value

and a large amplifying factor will also change the convergence point to a non-optimum point.
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3.5 Related Work

Softmax Function Approximation This line of work includes a variety of techniques to ap-

proximate the softmax function. One line of works is the importance sampling technique that

estimates the normalizing constant of softmax such as (BS03; BS08; BR17; RCY19). Another

important technique is the hierarchical softmax method that utilizes tree structure to reduce the

computational complexity to approximate the softmax function (MB05; MH09; STP17). These

methods are stick to compute the softmax function efficiently with either a few samples or a
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tree computational structure to reduce the computation complexity. The alternatives of softmax

function are explored such as spherical softmax (VDB15), Sparsemax (MA16). For this class of

method, the computational efficiency for extremely large output classes is still an issue.

Large-class Classification One-class classification(OCC) problem has been investigated in

recommender system research (PZC08; YBL17). The OCC problem has a large output class and

negative examples are extracted from it. However, the optimization goal for these types of problems

is minimizing the classification error instead of learning a distributed representation.

Theoretical Analysis for Contrastive Learning In the NCE (GH10), the author proves the

Noise-contrastive estimation is a consistent, asymptotic estimator for given probability density

function which utilizes supervised learning to learn the distribution parameter. (MC18) discusses

the conditional NCE’s statistical property for learning the distribution parameter. These works

didn’t consider the representation learning and the quality of the learned representations. (AKK19)

attempts to discuss the generalization error of distributed representations for a binary classification

task. However, this task cannot cover the various kinds of downstream tasks.

3.6 Conclusion

In this paper, we proposed amplified negative sampling, a new sample-efficient method for

training multi-class classifiers with a large output-class size. Our proposed method was based on

our rigorous mathematical analysis. Our extensive set of experiments demonstrated that amplified

negative sampling gives us the best of both worlds: It leads to the higher-accuracy model of a larger

sample size without paying its high computational cost. Given its simplicity, strong theoretical

foundation, and experimental effectiveness, we believe our proposed method will be an important

extension to the widely-popular technique that results in meaningful improvements in practice.
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CHAPTER 4

sdLDA: Scalable Disk-based LDA with Sparse Prior Sampling

Latent Dirichlet Allocation (LDA) is one of the most popular probabilistic topic models used

for diverse classes of applications. While highly effective, one important limitation of LDA is the

high memory footprint of its inferencing algorithm, making it difficult to scale to a large dataset. In

this paper, we propose sdLDA, a highly-scalable disk-based LDA that (1) leverages the abundant

space available in the disk to reduce its main-memory footprint and (2) preserves the sparsity of the

extracted topics during sampling to improve both memory efficiency and sampling complexity of

the inferencing algorithm. Our extensive experiments show that sdLDA scales to datasets that are

two orders of magnitude larger than what existing main-memory-based algorithms can handle and

keeps comparable performance compared to existing main-memory-based LDAs in terms of run-

ning time. Finally, sdLDA is agnostic to data distribution, hence can be straightforwardly adopted

as a single-node LDA algorithm for a distributed LDA systems, thus making LDA scale to even

further under a distributed architecture.

4.1 Introduction

Statistical topic models were initially developed for analyzing textual datasets, but they are now

being used for a wide range of applications, from mining text articles and analyzing image contents,

to extract meaningful patterns from genome sequences. ”Topics” in topic models originally meant

the topical categories that a particular text or word belongs to, but in general, topics are latent

causes or hidden variables behind any observed data, which can be utilized to identify implicit

correlations among observed data. The rise of ultra-large datasets in the Internet era, including

online customer product-purchase history, social-network user-interaction trace, and large-scale
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historical news-article archive, fueled the increasing demand and development of various statistical

topic models. Unfortunately, the ever-growing size of data makes scalability a major bottleneck to

an even wider adoption of topic models.

Latent Dirichlet Allocation (LDA) is a highly popular topic model used for a variety of tasks,

such as document topic extraction, social network analysis, and collaborative recommendation

because of its high-quality output (CBH13; BTS14; YSC13). It also plays a vital role in developing

advanced statistical topic models because the algorithmic and performance improvements to LDA

can often be migrated to other topic models as well. In this paper, we take LDA to illustrate our

approach to improving the scalability of topic models.

A large body of work exists to tackle the scalability issue of LDA. At a high level, existing

work can be categorized into two main classes:

1. Improving the LDA inferencing algorithm: For this type of work, researchers are attempting

to reduce the running time of the LDA inferencing algorithm by examining and optimizing

the mathematical properties of the algorithm (YMM09; HBB10; LAR14).

2. Developing a parallel and distributed LDA: For this type of work, researchers focus on

identifying ways to run the LDA inferencing algorithm on a large cluster of machines in

parallel (YGH15; YHY15; NSW07; SWA09; SN10; YZS17).

One important observation has been made by us for all previous work: Existing LDA algorithms

rely on main-memory-resident data structures whose size grows linearly to the input data, so there

exists a clear upper limit to the size of dataset that LDA can handle. While the parallel and dis-

tributed approaches are helpful in this regard because LDA can be run on multiple machines, each

node in a parallel cluster is still bound by its main-memory size in its scalability, so its applicability

is limited only to those with sizable hardware infrastructure when the input data becomes reason-

ably large. Because of this scalability problem of LDA, Mikolov et al. describe LDA as “computa-

tionally very expensive for large datasets” in their 2013 papers on word2vec (MCC13a; MYZ13),

and do not conduct any comparison study to LDA (MYZ13).

In this paper, we take a new approach to improving the scalability of LDA by focusing on
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the algorithm’s memory footprint and develop a solution, called sdLDA, that is compatible with

existing approaches. The basic insight behind our approach can be summarized as two key ideas:

1. Disk-based algorithm: Through careful analysis of the LDA inferencing algorithm, we push

the data used by the algorithm into the disk as much as possible, leaving only the data crit-

ical for performance in main memory. An average machine has disk space two orders of

magnitude larger than main memory (1TB vs 16GB), so this can potentially enable LDA to

handle a dataset several orders larger than what is possible today. As we show in our experi-

ments, pushing data into the disk has a negligible impact on running time (less than 20%) if

implemented carefully.

2. Compact data representation: We ensure that the sparsity of LDA data (YMM09) is pre-

served throughout the LDA inferencing algorithm by a technique called sparse prior sam-

pling so that in-memory data can be compactly represented and the complexity of the in-

ferencing algorithm is reduced. Our experiments show that this leads to another order of

magnitude decrease in the size of in-memory data and about 2x decrease in running time.

Through a careful combination of optimizations described above, sdLDA achieves more than

two orders of magnitude improvement in scalability, while its running time is about half that of

a popular LDA implementation. Since the ideas behind sdLDA are agnostic to data distribution

and parallel execution, it is straightforward to adopt sdLDA as a single-node LDA algorithm of a

distributed LDA system such as (YGH15; YHY15; NSW07; SWA09; SN10), thus making LDA

scale to even larger datasets under a distributed setting.

In summary, we make the following contributions in this paper: (1) We propose the first disk-

based LDA algorithm that utilizes the plentiful disk space during the LDA inferencing process so

that we can significantly reduce the algorithm’s memory footprint. (2) We propose various opti-

mizations for the LDA inferencing algorithm so that our disk-based algorithm exhibit the same or

even better running-time performance compared to in-memory algorithms. (3) We conduct exten-

sive experiments demonstrating the effectiveness of our proposed techniques. Again, our proposed

approach is compatible with existing LDA optimization techniques and can be utilized in addition
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to these existing techniques and can be adopted as a single-node LDA implementation under a

distributed setting to further improve its scaling property.

The rest of the paper is organized as follows. In Section 2, we briefly introduce the background

of LDA and Gibbs sampling. In Sections 3 and 4, we describe our sdLDA algorithm. In Section

5, we present our experimental results. In Section 6, we discuss the related work and conclude the

paper in Section 7.

4.2 related works

The original Latent Dirichlet Analysis (LDA) model was introduced by Blei et. al in (BNJ03b)

and it used varational inference method. Subsequently, Gibbs sampling was introduced for esti-

mating the latent variables in (GS04; SC11) and quickly adopted due to its clear form and simple

implementation. In order to improve the scalability of Gibbs sampling method for LDA, multi-

ple optimization methods have been explored by research community(YMM09; YHY15; LAR14;

TNW07; TKW08; HBB10; MHB12; FBD13; WTK12; HBB10; ZCL13; SN12; LSJ09; YXQ09).

Such attempts can be placed into roughly two categories:

4.2.1 Distributed Computation

Distributed and parallel computation is one major direction which has been explored by re-

searchers, which tries to deploy LDA on multiple nodes in a cluster. Several attempts (NSW07;

SWA09; SN10; XHD15; WBS09; ZBA12; AAG12; WZS15; YHY15; YZS17) have been done to

investigate the parallel version of the LDA model. In (NSW07), the author proposed a synchronous

parallel version of LDA, which uses a central master node to coordinate several workers to obtain

a higher speed at the same accuracy of the standard LDA. In (SWA09), the author proposed an

asynchronous algorithm to learn the potential topics statistically as accurate as those learned by

the standard LDA. In (SN10), the author proposed YahooLDA, a parallel and distributed LDA

computing framework which utilizes the multi-core computing resources. Afterwards, several dis-

tributed systems have been built such as Petuum(XHD15), Peacock(WZS15) and Angel(YZS17).

49



There are also some efforts to utilize GPU to improve the efficiency of LDA computation such

as magnitude.There are also (LCC17). Although sometimes these systems takes several sampling

optimization, the distributed and parallel processing play the central role for this type of system.

Our sdLDA is agnostic to the deployment of the input dataset and sampling computation, so

it can be used almost as a “drop-in replacement” of the standard LDA algorithms used by these

approaches to further improve their scalability.

4.2.2 Sampling Optimization

The optimization the sampling method of LDA(PNI08; YMM09; LAR14; CLZ16; YGH15;

YZS17) is another main research thread. For this category of works, the major techniques are

sparse-aware method and Metropolis-Hasting based algorithms. In (PNI08), the author proposed

an optimization on conventional Gibbs sampling method, which has been shown to be more effi-

cient in the experiment. In (YMM09), the first sparse-aware algorithm was proposed. SparseLDA

used a novel decomposition method to split the sampling formula into three part. Based on the spar-

sity of each part, it successfully optimized both the running time and memory consumption. This

algorithm not only uses substantially less memory but also gains higher processing speed than the

standard LDA. In (LAR14), the author pointed out that as the corpus size grows, the topic sparsity

of each word decreases, which is what we also observe in our own experiments. However, based

on the observation that the topic sparsity of each document is still preserved, the authors proposed

aliasLDA with a different decomposition scheme. It utilizes the topic sparsity in documents and

introduced a Metropolis-Hasting-Walker sampler to get samples efficiently from the stable topic

distribution of each word. This work take the heritage of the sparse-aware algorithm in (YMM09)

and further proposed the Metropolis-Hasting based algorithm. In (YHY15), the author introduced

the Fenwick tree, a data structure which has a balanced performance in sampling and updating

the underline distribution. By combining the Fenwick tree with the LDA algorithm, the authored

achieved performance gain. In (YGH15), the author proposed several optimizations, including a

new Metropolis sampling method, a new decomposition scheme, and a new storage structure based

on the words distribution and a new parallel implementation. In (CLZ16), the author analyzed pre-
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Figure 4.1: Latent Dirichlet Allocation

vious efforts in optimizing the LDA computation and proposed an memory-efficient method to

reduce the cache missing so that it improve the efficiency by one order of magnitude.

4.2.3 Our Observation

Existing research efforts mainly focused on improving the computation efficiency of LDA com-

putation while the memory consumption is largely ignored. However, based on our experiment, the

huge memory consumption of existing models has been a major bottleneck to further extent the

scalability of existing LDA computation methods.

In general, the approach taken by our work is compatible with the existing body of work,

because we mainly focus the memory footprint of an LDA algorithm. By carefully analyzing the

data access locality of the LDA sampling method and the property of its data structures, we identify

optimal ways to push data into the disk, so that we can maximize the amount of data that can be

handled by a single machine.

4.3 Background

In this section, we provide a brief overview of the Latent Dirichlet allocation (LDA) model

and its Gibbs-sampling-based inferencing algorithm as a basis for our future discussion.
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4.3.1 Latent Dirichlet Allocation

When we are trying to write a document, we have several potential topics to talk about in our

mind. For each topic, we will elaborate it by picking some words to describe the details of the topic.

LDA formalizes this intuitive generative process by representing documents as random mixtures

over topics and each topic as a multinomial distribution over words (BNJ03b).

In LDA, a corpus c = {d1,d2, · · · ,dN} consists of N documents, which are generated from a

vocabulary of V words and K topics. Figure 4.1 describes the LDA’s document generative process

using the plate notation. That is, for every document di (1 ≤ i ≤ N), a K-dimensional topic prob-

ability vector θz|di = p(z|di) (with ∑
K
z=1 p(z|di) = 1) is drawn from a Dirichlet distribution with

parameter α . Given this topic vector, at each word position j of di, a single topic zi j is randomly

drawn among the K topics through a multinomial process with the probabilities θz|di . Separately,

every topic z (1≤ z≤ K) is associated with a topic-to-word probability distribution φw|z = p(w|z)

(with ∑
V
w=1 p(w|z) = 1), which is drawn from a Dirichlet distribution with parameter β . Given

φw|z = p(w|z) and the topic zi j, the word at the jthe location of di, wi j, is drawn through a multi-

nomial process with probabilities φwi j|zi j = p(wi j = w|zi j = k). The key symbols used throughout

this paper are summarized in Table 4.1 for ease of reference.
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Notation Description

θz|d Per-document topic distribu-

tion

φw|z Per-topic word distribution

α , β Parameters of the Dirichlet

priors on multinomial distri-

butions

wi j The jth word in ith document

zi j The topic of wi j

N Number of documents in the

corpus

V Number of words in the vo-

cabulary

K Number of topics

Table 4.1: Notations description

The goal of an LDA inferencing algorithm is to identify the optimal parameter values of the

LDA model, θk|di , φw|z and zi j’s, that maximize the probability of our corpus c under the LDA

model.

4.3.2 Gibbs Sampling in LDA

Gibbs sampling is one of the most prevalent and successful inferencing algorithms to infer the

parameters of the LDA model. Gibbs sampling is a Markov Chain Monte Carlo (MCMC) method

that iterates over all word positions wi j repeatedly to resample its topic assignment zi j based on the

zi j values at other word positions.

More precisely, during the initialization stage of Gibbs sampling described in Algorithm 1,

every topic zi j (z[i, j] in the algorithm) of wi j (w[i, j] in the algorithm) is initially set to a random

value chosen uniformly between [1,K]. The Initialize() function takes the entire corpus w as its
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Data: Corpus word sequence w
Result: Initial topic assignment z, Topic assignment statistics WZ and DZ
// initialize topic assignment statistics
for 1≤ w≤V and 1≤ z≤ K do

WZ[w,z] = 0;
end
for 1≤ i≤ N and 1≤ z≤ K do

DZ[i,z] = 0;
end
// assign z[i, j] to a random value for i=1 to N do

for j=1 to |di| do
z[i, j]∼ uniform(1,K);
WZ[w[i, j],z[i, j]]++;
DZ[i,z[i, j]]++;

end
end

Algorithm 1: Initialize()

input, where w[i, j] represents to the jth word of the ith document, wi j. Given this input, it (1)

assigns the topic z[i, j] to a random value between [1,K] and (2) collect statistics on this initial

topic assignment. In particular, the array WZ[w,z] (1 ≤ w ≤ V and 1 ≤ z ≤ K) counts the number

of times that the word w is assigned to the topic z. The array DZ[i,z] (1 ≤ i ≤ N and 1 ≤ z ≤ K)

counts the number of times words in document d are assigned to the topic z.

After all z[i, j]’s are initialized to a random value, Gibbs sampling repeatedly iterates over

all z[i, j] values to resample them to values between [1,K]. This new assignment is performed

according to the following probabilities

p(z[i, j] = k) ∝ (DZ[i,k]+α)
WZ[w[i, j],k]+β

∑
V
w=1(WZ[w,k]+β )

(4.1)

Roughly, above resample probability for zi j considers two factors in assigning a topic zi jk to

the word wi j: (1) DZ[i,k], the frequency of the topic k assignment within the document i and (2)

WZ[w[i, j],k], the frequency of the topic k assignment for the word wi j.

The Resample() function in Algorithm 2 describes this Gibbs resampling process, where the

function gibbs-sample() returns an random integer value between [1,k] according to the probability

described in Equation 4.1. Note that the statements before and after the call to gibbs-sample()
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ensure that the topic assignment statistics WZ and DZ are updated according to the old and new

values of z[i, j].

Data: Corpus word sequence w, current topic assignment z, topic assignment statistics
WZ and DZ

Result: New topic assignment z, new topic assignment statistics WZ and DZ
for i=1 to N do

for j=1 to |di| do
WZ[w[i, j],z[i, j]]- -;
DZ[i,z[i, j]]- -;
z[i, j]∼ (DZ[i,k]+α) WZ[w[i, j],k]+β

∑
V
w=1(WZ[w,k]+β )

;

WZ[w[i, j],z[i, j]]++;
DZ[i,z[i, j]]++;

end
end

Algorithm 2: Resample()

To obtain a final assignment of z[i, j] values under the Gibb sampling method, existing algo-

rithms call Resample() function either a fixed number of times (typically in the order of hundreds)

or until the z[i, j] values converge (i.e., the majority of z[i, j] values do not change between itera-

tions). The property of MCMC method guarantees that the Gibbs sampling eventually converges

to a stable distribution which is a local optimal value.

As we can see from the above algorithms, all key data, w[i, j], z[i, j], WZ[w,z] and DZ[i,z], are

accessed repeated during the Gibbs sampling process. For this reason, existing implementations of

Gibbs LDA keep all these data in memory for efficient retrieval of their values. This in-memory

implementation leads to a high memory footprint and is one of the main bottlenecks in scaling

LDA to a large dataset. In the next section, we explore whether and how we can push most of these

data to disk during the Gibbs sampling process without a meaningful hit on the performance of the

sampling process.

4.4 sdLDA: Scalable Disk-Based LDA

The key intuition behind the scalability of our sdLDA algorithm is two-fold: (1) we push out

data into the disk as much as we can as long as pushing the data out does not lead to a noticeable
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performance hit and (2) if it is essential to keep certain data in memory, we design an alternative

sampling process so that we can preserve and exploit the desirable characteristics of the data to

minimize their memory footprint and sampling complexity. In this section, we elaborate more

details of our sdLDA algorithm.

4.4.1 Size Estimation of Key Data Structures

Structure Size

w[i, j] O(N)

z[i, j] O(N)

DZ[i,z] O(NK)

WZ[w,z] O(V K)

Table 4.2: The property of each data structure in LDA sampling

As we saw from the earlier algorithms, Gibbs LDA requires access to four key data structures,

w[i, j], z[i, j], DZ[i,z] and WZ[w,z] during sampling. How do they grow as the input data grows?

In Table 4.2, we show how the sizes of these four “arrays” depend on the key parameters of the

input dataset, the number of documents N, the size of vocabulary V and the number of topics K.

The correctness of these size formulae is relatively straightforward to check. For example, w[i, j],

z[i, j] and DZ[i,z], grows linearly to N, the number of documents in the corpus, since w[i, j], z[i, j]

and DZ[i,z] are all indexed by the document number i, and thus has as many “rows” in the array.

Dataset document N dictionary V words/doc words w[i, j] DZ[i,z] WZ[w,z]
NIPS 1,500 12,419 1,267 1,900,000 750,000 6,209,500

KOS blog 3,430 6,906 136 467,714 1,715,000 3,453,000
Enron 39,861 28,192 161 6,400,000 19,930,500 14,050,100

NYtimes 300,000 102,660 333 100,000,000 150,000,000 51,330,000
PubMed 8,200,000 141,043 89 730,000,000 4,100,000,000 70,521,500

Table 4.3: Size of Different Data Structures for real-world datasets. K = 500 topics is assumed for
DZ[i,z] and WZ[w,z]

In Table 4.3, we show the relative sizes of the four arrays on several real-world datasets (BL13).

The first three column represent the dataset name, the number of documents N, and the number
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of unique words V in the dataset. The fourth column represents the average number of words per

document. The fifth column shows the total word count in each corpus, which is equivalent to the

sizes of w[i, j] and z[i, j]. The sixth column represents the size of the document-topic array DZ[i,z],

where we assume K = 500 as the number of topics. The sixth column represents the size of the

word-topic array WZ[w,z].

From the table, it is clear that as the corpus size grows, the sizes of three tables w[i, j], z[i, j]

and D[i,z] grows roughly “linearly.” Therefore, it will be critical to push these three arrays out to

the disk to handle a large-scale input data. We also see that the fourth array WZ[w,z] is generally

much smaller than the other three arrays, especially when the corpus size is large, but its size is still

significant. For example, when the vocabulary size V is 1,000,000 and when the number of topics

K = 1,000 (reasonable assumptions for Web-scale data), WZ[w,z] array has one billion entries.

4.4.2 Disk LDA: Pushing Data To Disk

One distinctive characteristic of a magnetic disk is that there exist at least two orders of mag-

nitude difference in the access time between a sequential and a random access to data. Therefore,

in exploring the possibility of pushing (part of) LDA data to the disk, it is critical to investigate

how the LDA data are accessed. Is the access sequential or random? Does the access exhibit any

locality?

Structure
Access

Pattern
Locality Sparsity

w[i, j] sequential local No

z[i, j] sequential local No

DZ[i,z] random local Yes

WZ[w,z] random global Yes

Table 4.4: The property of each data structure in LDA sampling

Fortunately, in Algorithm 2, we see that data in both w[i, j] and z[i, j] are accessed sequentially,

in the increasing order of i and j. This makes them ideal candidates to push out to the disk; if we
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store them in the increasing order of i and j, we can ensure that the entries in the two arrays are

accessed sequentially, avoiding a significant performance penalty from a random IO.

Unfortunately, the access to the third array DZ[i,z] is not sequential, since the array is accessed

through [i,z[i, j]], not [i, j], breaking the sequentiality for the second index for the array. However,

these “random accesses” are still limited within the same document, exhibiting intra-document

locality; that is, all accesses to DZ[i,z[i,z]] share the same outer-loop index i within the inner-loop

of j. This intra-document locality suggests that if the Resample() algorithm “caches” the entire

“ith row” of DZ[i,−] values to the main memory in one batch IO before it enters the inner loop,

it can avoid the random IO penalty, because the rows of DZ[i,−] are accessed sequentially in the

increasing order of i. Once cached, an access to any DZ[i,−] becomes an in-memory operation,

meaning that there is a negligible performance penalty for a random access.

The access pattern to the fourth WZ[w,z] array exhibits neither sequentiality nor intra-document

locality; the array WZ is accessed through w[i, j] and z[i, j] values, which can be any random word

and topic. Therefore, pushing this array to the disk results in a significant performance penalty;

every access to this array is likely to incur a random disk IO. In the next subsection, we discuss

how we can further reduce the size of this array by exploiting the fact that in most LDA settings,

this array is sparse.

In Table 4.4, we summarize what we discussed in this section. The first three arrays, w[i, j],

z[i, j], and DZ[i,z] exhibits either sequentiality or intra-document locality, so they are suitable for

pushing out to the disk. The last column of the table, data sparsity, is the topic of our next discus-

sion.

4.4.3 Preserving Sparsity of WZ[w,z]

Since the entries in the fourth WZ[w,z] array is accessed randomly during Gibbs sampling, so

we are unable to push them out to the disk unless we incur a significant performance overhead.

Fortunately, it is well known that the final values in the WZ[w,z] array are mostly zero and the

array is sparse (YMM09).

Intuitively, the sparsity of the WZ[w,z] array (and the DZ[i,z] array as well) is not hard to
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imagine; most English words are related to just a few topics, not hundreds. Since the entries in

WZ[w,z] represent the number of times that a word w is assigned to the topic z, each row of the

matrix will have only a few nonzero values corresponding to the topics that the word is related to,

once LDA inference algorithm is over.

In principle, we can exploit this sparsity of WZ[w,z] to significantly reduce the memory foot-

print of WZ[w,z]; we use a data structure optimized for sparse data so that we do not have to

explicitly store zero-valued entries. Unfortunately, using a sparse representation for the WZ[w,z]

array is not applicable for the existing Gibbs LDA algorithms, because the WZ[w,z] array is in fact

dense after it is initialized.

More precisely, according to Algorithm 1, every z[i, j] is assigned to a integer value between

[1,K] with equal probabilities. This uniform sampling of the initial topic assignment implies that,

by the time Initialize() is over, each word w is assigned to each topic z roughly the same number

of times, leading to nonzero values for most entries in WZ[w,z]. Of course, as the Gibbs sampling

continues and the z[i, j] values are resampled, WZ[w,z] will gradually transform to a sparse array,

but the initial high density makes this array unsuitable for sparse representation. As a solution to

this high-density initialization problem, we now propose prior learning with subset sampling.

4.4.3.1 Prior Learning with Subset Sampling

If we want to reduce the memory footprint of WZ[w,z] by exploiting its eventual sparsity, it

is critical to redesign the initial sampling procedure, so that the array remains sparse from the

beginning, not just at the end. That is, when we assign the initial topic zi j at each word position

wi j, the assigned topic should be sampled primarily from a small subset of K, not uniformly at

random. How can we achieve this when we have no information on the topic of wi j? Where can we

obtain the “prior topic distribution” of each word before we start our Gibbs sampling initialization?

To obtain an approximate “prior topic distribution” of each word, we take a two-step approach:

(1) In the first subset sampling stage, we run the complete Gibbs sampling procedure on a small

subset of the input dataset so that we can learn the prior topic distribution of words from in the

subset. (2) Once we obtain an approximate prior word-topic distribution from the small sample, we
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use this approximate distribution for the initialization stage of the main Gibbs LDA, so that each

word comes primarily from a few prior topics, not uniformly at random.

Algorithm 3 describes our modified Initialize() function, referred to as Initialize-with-Prior-

Learning(), that incorporates this idea. Before the algorithm tries to initialize z[i, j] values on the

full input dataset D, it first takes a small sample D′ from D. On this small sample, it runs the Gibbs

LDA algorithm to obtain the word-topic assignment count WZ′[i,z] within the subset, which will

be used as an approximate initial word-topic distribution in the next stage.

Once we obtain WZ′, we start initializing z[i, j] at each word location of the full input dataset

D. Note that in this new algorithm, the topic assignment z[i, j] probability changes depending on

whether the word w[i, j] is in WZ′ (meaning that the word appeared in the subset D′) or not. If it is,

we use the approximate word-topic count WZ′[i,z] as the “topic prior” of the word w[i, j] and use

a sampling probability proportional to this count. If w[i, j] is not in WZ′ (meaning that the word

did not appear in the subset D′), we have no information on the topic distribution of w[i, j], so we

adjust the topic sampling probability only based on “document-topic” distribution of the current

document which we have obtained from the topic assignment of known words. This separate topic

sampling procedure ensures that the initial topic assignment of each word is biased towards a small

number of topics and exploit our “prior knowledge” to the best extent possible.

Later in the experiment section, we will investigate the impact of our prior learning with sub-

set sampling in the memory footprint of the algorithm, the sampling convergence time and the

accuracy of the final results.

4.4.4 Minimizing Sampling Complexity

Our scalable disk-based LDA with prior learning (sdLDA) enables running the highly suc-

cessful Gibbs LDA algorithm on a large-scale dataset. In particular, because of its tiny memory

footprint, it is now possible to run the LDA algorithm with many topics – with K in the order of

thousand – to obtain a detailed topic analysis of the input dataset. When we ran our sdLDA with

this setting, we encounter another performance bottleneck: linear increase of sampling complexity

on topic count K.
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Data: Corpus Set D = w[i, j]
Result: topic assignment z[i, j], DZ[i,z], WZ[i,z]
// obtain word-topic prior from a small sample;
Let D′ be a small random sample of D;
Run Gibbs LDA on D′;
Let WZ′[w,z] be the word-topic count from D′;

// initialize topic assignment stats;
for 1≤ w≤V and 1≤ z≤ K do

WZ[w,z] = 0;
end
for 1≤ i≤ N and 1≤ z≤ K do

DZ[i,z] = 0;
end

// initialize z[i, j] using topic-word prior WZ′[w,z];
for i=1 to N do

for j=1 to |di| do
if (w[i, j] ∈WZ′[w,z]) then

z[i, j]∼ WZ′[w[i, j],k]+β

∑
V
w=1(WZ′[w,k]+β )

;

WZ[w[i, j],z[i, j]]++;
DZ[i,z[i, j]]++;

end
end
for j=1 to |di| do

if (w[i, j] /∈WZ′[w,z]) then
z[i, j]∼ (DZ[i,k]+α);
WZ[w[i, j],z[i, j]]++;
DZ[i,z[i, j]]++;

end
end

end
Algorithm 3: Initialize-With-Prior-Learning()

To understand why, we repeat the equation for the topic sampling probability z[i, j] here:

p(z[i, j] = k) ∝ (DZ[i,k]+α)
WZ[w[i, j],k]+β

∑
V
w=1(WZ[w,k]+β )

(4.2)

Since we need to assign z[i, j] to k according to the above probability, we need to compute the

values for the above equation for every topic. This implies as we increase the K values, the topic

sampling times gets proportionally longer.

61



In (YMM09), Yao et al. proposed a way to break this linear dependence of the topic sampling

complexity on K by decomposing the topic sampling probability formula multiple parts and com-

puting each part of the formula separately. In our sdLDA implementation, we adopt this general

approach proposed in (YMM09) and use a decomposition that is suitable for our sdLDA algorithm.

4.5 sdLDA: Implementation

(a) Memory-based LDA (b) sdLDA

Figure 4.2: Comparison of Memory-LDA and sdLDA. The figure above displayed the difference
of the storage structure for LDA. All the storage structures are optimized based on their property.
Traditionally, all the computation structures are located in main memory. In the sdLDA, the original
document and topic assignment array are stored in the Disk using the disk-based array. The state
information for topics assigned in each document is stored in the disk by using the disk-based
matrix. The topic stat information for each word is using a sparse matrix as the storage structure to
minimize the memory footprint.

4.5.0.1 Sparse sampling

The following equation shows how we decompose Equation 4.2 for the sdLDA algorithm:

p(zi j = k|z−i j) ∝ WZ[w[i, j],k]
DZ[i,k]+α

∑
V
w=1(WZ[w,k]+β )

+β
DZ[i,k]+α

∑
V
w=1(WZ[w,k]+β )

(4.3)

Note that the first term has the factor WZ[w[i, j]k]. Given the sparsity of WZ[w,k], this term will

be zero for most k, implying that we have to calculate this term only for a few topics. The second
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term has a nonzero value for most topics, but fortunately, since the term has the factor β — whose

value is typically much smaller than WZ[w,k] — the majority of the probability mass lies in the

first term. (YMM09).

To compute the sampling probability of topic k, we also we need to calculate the sum of the

right-hand side of Equation 4.3 over all topics, which is given below:

q = ∑
k

WZ[w[i, j],k]× DZ[i,k]+α

∑
V
w=1(WZ[w,k]+β )

(4.4)

s = ∑
k

β × DZ[i,k]+α

∑
V
w=1(WZ[w,k]+β )

(4.5)

Note that once we compute the above two sums s and q, we need to update the s and q values only

twice per each word w[i, j], not k times; every resampling of z[i, j] changes the frequency counts

of just two topics (the old and new topics of z[i, j]). Therefore the computational complexity of

updating the two sums are O(1), not O(K).

Given these observations, we can naturally split the topic sampling into 2 buckets. Based on

Equations 4.4 and 4.5, we draw a random number U ∼ uniform(0,q+ s). If the random number

U is smaller than threshold q, we only need to check all the non-zero entries in the first term of

Equation 4.3. If U is larger than q, we need to check all k entries of the second term of Equation 4.3,

which involves O(k) operations.

Given our discussion in the previous section, we push three data structures, w[i, j], s[i, j] and

DZ[i,z], to the disk, while keeping WZ[w,z] in main memory as we show in Figure 4.2. We now

describe our implementation of these four data structures and our caching strategy for the disk-

resident data in more detail.

Variable-length disk-array Since the row lengths of the two arrays, w[i, j] and z[i, j], vary de-

pending on a document, a variable-length disk-array class is used to store them in the disk. Their

storage structure consists of two parts. The first part is the array Dlength. This array is an index for

each document and also records the length of each document. The second part is the words and

topics of each document. Documents are stored consecutively right after another in a single file, as
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we show in Figure 4.3.

Figure 4.3: data structure of the disk array

Fixed-length disk-array For the document-topic matrix DZ[i,z], a fixed-length disk-array class is

used to store the data in disk. Essentially, this class is a disk version of a 2D array, where the width

of each row is a constant K.

Sparse memory array In order to utilize the sparsity of the word-topic array WZ[w,z], we use the

representation described in (YMM09). For each 32-bit integer, the lower 10 bits are used to store

the topic of each word and the rest 22 bits are used to store the occurrence of this word. Differently

from (YMM09), however, we do not store the entries of each row sorted by their occurrence. Our

extensive experiments show that the overhead of keeping the entries sorted actually degrades the

overall sampling performance. As the initial number of entries for each row of this array, we use

the smaller value between the frequency count of w and the topic count K.

Caching strategy Caching strategy is crucial for the efficiency of the sdLDA. Without a proper

caching strategy, we will incur a significant slow down in the sampling speed. Our caching strategy

is described below.

For the three disk-resident arrays, the caching strategy is to load all entries related to the current

document in one disk IO before the sampling algorithm enters the inner-loop of Algorithm 2.

Similarly, once we finish computing the new values for z[i, j] and DZ[i,z] in the inner loop, we

store the new values together to the disk in one disk IO. This caching strategy is implemented in

two core functions, load and flush. The load operation will load one document into the memory.

The flush operation will flush the document into the disk. The loaded document will be kept in
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memory and not be flushed back until another document is visited or the algorithm ended.

We also ensure that the sequentiality of these data is preserved in the disk throughout the sam-

pling operation so that we can avoid unnecessary random IOs during data access. As we will see in

the experiment section later, this caching and storage strategy results in performance comparable

to existing memory-based implementations.

Figure 4.4: Memory consumption experiment for (a) NYTimes dataset with different input file
number and (b) NYTimes dataset with a 9M news articles. (c) NYTimes 100K with a different
topic number In (a), the sdLDA and DiskLDA show 2 order of magnitude consumption reduction in
terms of memory when input file number increase. In (b), the dotted line is estimated memory con-
sumption since GibbsLDA++ and SparseLDA have run out of memory. In (c), the sdLDA shows
an almost constant memory size consumption in comparison with DiskLDA and GibbsLDA++.

4.6 Experiment

In this section, we conduct three types of experiments to demonstrate the overall performance

of our sdLDA algorithm. We compare sdLDA against other existing state-of-the-art LDA imple-

mentations, SparseLDA (YMM09) and GibbsLDA++ (PN07) on five different public datasets

shown in Table 4.3. In order to evaluate the impact of the prior learning with subset sampling

(Section 4.4.3.1) and sparse sampling (Section 4.5.0.1) methods on the memory footprint and run-

ning time, we run two versions of sdLDA: one with both prior learning and sparse sampling applied

(referred to as sdLDA) and one without either prior learning or sparse sampling applied (referred

to as DiskLDA).
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All experiments are conducted on a server with 8 cores, 32 Gigabyte memory and a 1 Terabyte

magnetic hard disk drive running on Ubuntu 14.04. From the results of these experiments, we will

see that sdLDA leads to significant improvements both in memory footprint (up to two orders of

magnitude reduction in terms of memory consumption) compared to other LDA algorithms.

We first present the memory consumption comparison in Section 4.6.1, then the running time

in Section 4.6.2 and finally the convergence rate in Section 4.6.3.

4.6.1 Memory consumption

We first examine how the memory footprints of the various LDA algorithms change as we

change (1) the size of the input dataset N and (2) the number of topics K. In both experiments, the

sdLDA and the DiskLDA outperform all other algorithms. When the topic number grows sdLDA

shows a huge advantage over all other algorithms.

Impact of the input size To evaluate the impact of input size, we use PubMed and an aug-

mented NYTimes dataset with topic value K = 2001. The PubMed dataset contains 4 million doc-

uments and NYTimes dataset contains 9 million documents. The size of these datasets are 4.4Gb

and 18Gb respectively.

Figure4.4 (a) depict the input size experiments result on the PubMed dataset. The vertical

axis of the figures is logarithmic to include the four graphs that exhibit two orders of magnitude

difference. From the first graph, it is clear that the two memory-based LDA algorithms (Gibb-

sLDA++ and SparseLDA) use significantly more memory than sdLDA. For example, at N = 8

million, LightLDA, AliasLDA, WarpLDA, GibbsLDA++, SparseLDA, DiskLDA, and sdLDA use

19.237GB, 21.842GB, 17.099GB, 8.698GB, 8.899GB, 104MB, and 109MB of main memory, re-

spectively, indicating that sdLDA leads to two orders of magnitude improvement in memory foot-

print.

In Figure 4.4(b) show the experiment result with the NYTimes dataset. When the input doc-

ument size is 1.8 million, the GibbsLDA++ and the SparseLDA consume 7092MB and 7211MB

1For larger topic values K, we could not run GibbsLDA++ and LightLDA because they caused out-of-memory
error
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of memory, the AliasLDA and WarpLDA consumes 11870MB and 13884MB of memory, while

DiskLDA and sdLDA consume 144MB and 124MB memory respectively and LightLDA run out

of memory in this situation. When 9M documents are all processed, GibbsLDA++ and SparseLDA

and other methods are run out of memory, while DiskLDA and sdLDA consume 240MB and

233MB respectively, which further demonstrates the effectiveness of sdLDA in reducing the mem-

ory footprint of LDA algorithm.

Figure 4.5: Running time with different iterations for NYTimes datasets (a) NYTimes dataset with
10K documents and (b) NYTimes with 100K documents. All four algorithms show very similar
running time. In (c), the running time with different topic numbers are depicted. As the topic
number grows, the running time of GibbsLDA++ grows linearly. The sdLDA model demonstrates
moderate performance over a large topic number K.

Impact of the topic number To measure the impact of topic number, we use the NYTimes

100K documents dataset which is a tailored NYTimes dataset to demonstrate how the memory

footprint got affected by the different number of topics.

Figure 4.4(c) depicts the result of how the topic number affect the memory footprint of different

algorithms. Clearly, the memory growth rate of sdLDA is significantly lower than that of the other

six algorithms in the figure, indicating that sdLDA is very effective in preserving the sparsity of

WZ[w,z] array when the topic number K is large. As we increase the topic number, the memory-

size reduction from the prior learning with subset sampling becomes more significant; At K = 800,

for example, LightLDA, AliasLDA, WarpLDA, GibbsLDA++, SparseLDA, DiskLDA and sdLDA
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use 13.4GB, 4.1GB, 1.33GB, 2GB, 770MB , 1GB, and 70MB memory respectively.2

4.6.2 Running time

In this section, we compare the running time of various LDA algorithms. The experiment is

conducted on two subsets of the NYTimes dataset that have 10K and 100K documents, respec-

tively. When the topic number is small, all algorithms will present similar running time. However,

when the topic number increases, the sdLDA have demonstrate similar growth rate as LightLDA.

Impact of the number of iterations We use NYTimes 10K and NYTimes 100K dataset to

evaluate the relationship between running time and training iterations. The topic number is set to

100. We run the evaluation on the LightLDA, AliasLDA , WarpLDA, GibbsLDA++, SparseLDA,

DiskLDA, and sdLDA.

In Figure 4.5(a)(b) we show the wall-clock time of the seven LDA algorithms at the end of

each training iteration. In order to make fair comparison, we allow every program run one single

thread. From the graph, we see GibbsLDA++, SparseLDA, DiskLDA and sdLDA algorithms finish

each iteration roughly at the same time. The Alias LDA use a little bit less time than the above four

algorithms. The LightLDA and especially WarpLDA show advantages in running time. However,

note the running time of the first iteration of sdLDA is consistently higher than others. This is

due to the prior learning with subset sampling stage (Section 4.4.3.1); we include the time for

the prior-learning stage in the first iteration of sdLDA, which makes its first iteration time longer

than others. This “penalty” of sdLDA is quickly amortized over multiple iterations because it is a

one-time penalty at the beginning.

Impact of the number of topics The second experiment measures the running time of four

algorithms at different topic numbers. In this experiment, we use the NYTimes 10K dataset. We

set the topic number K to 200, 400, 600, and 800, and measure the running time at 5th iteration.

The result is shown in Figure 4.5(c). In every case, sdLDA shows the best running time because of

our sparse sampling method. The improvement from sparse sampling becomes more significant as

2For this setting, DiskLDA uses more memory than memory-based SparseLDA because when N is small and K
is large, WZ[w,z] becomes the largest array among the four. In this case, SparseLDA uses memory more efficiently
because of it uses a sparse representation of WZ[w,z].
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topic number increases. When K = 800, for example, sdLDA is 2.5x as fast as SparseLDA, 2x as

fast as AliasLDA and 5x as fast as GibbsLDA++.

The reason for the improvement of the efficiency comes from the sparsity of word in each topic

and the prior learning process. The sparsity guarantees the fast sampling for each word and the

prior learning expedite the converge so that the sparse status can be reached faster.

4.6.3 Convergence rate

Our proposed “prior learning with subset sampling” method (Section 4.4.3.1) preserves the

sparsity of the WZ[w,z] array by learning the topic probability distribution of most words using

a small sample. This method has another side benefit. Because the initial topic assignments to

z[i, j]s are likely to be closer to the final assignments, the overall sampling process will converge

to the final results more quickly than others. At the same time, since we do not initialize z[i, j]’s

completely randomly, there is a possibility that the quality of the final topic assignments may not

be as good as when we initialize them randomly.

To investigate the effect of our “prior learning” on these two issues, in Figure 4.6, we show

the perplexity values of inferred LDA model at each iteration of our two algorithms, one with our

prior learning applied (DiskLDA) and one without (sdLDA).3 A lower perplexity value indicates

that the inferred model is superior.

From the figure, it is clear that (1) our prior learning improves the overall convergence rate of

the sampling process; the initial perplexity value with sdLDA is significantly smaller than DiskLDA

and (2) prior learning has a negligible impact in the final quality of the inferred model. In both

graphs, the final perplexity value converges to roughly 1000.

3GibbsLDA, SparseLDA and DiskLDA are essentially the same in terms of their sampling process. LightLDA,
AliasLDA and WarpLDA didn’t design special process to accelerate the convergence. so we only show the result of
DiskLDA here.
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Figure 4.6: the perplexity of GibbLDA++, sparseLDA, DiskLDA, and sdLDA during 100 iterations
on NIPS dataset. The perplexity of first three initially starts at 2500 and eventually converges to
around 1000. For sdLDA, perplexity starts at around 1500 and converges to 1000.

4.6.4 The effect of subset sampling

Our subset sampling method can effectively reduce the initialization overhead by select a small

portion subset of training example to generate an approximate distribution. Utilizing the approx-

imated distribution can assign the topic label in a non-uniform way so that avoiding the dense

topic-word matrix generated by the randomized topic initialization.

In order to investigate the best sampling rate, we conduct the experiment of using different

sampling rate and test the perplexity of the result LDA model. We run the experiment on NIPS

dataset for 100 iterations. In figure 4.7, we show the result of the perplexity of using different ratio

of sampling rate from 10% to 100%. As depicted in Figure 4.7, all curve converge to the same

point which empirically demonstrate our subset sampling method can keep the almost the same

accuracy.

4.7 Conclusions

In this work, we developed sdLDA, a comprehensive solution to reduce the memory footprint

of the popular LDA sampling algorithms and to minimize their computational complexity. The first

key idea is to introduce a disk-based algorithm that maximally reduces its memory consumption
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Figure 4.7: the perplexity of sdLDA with different sampling rate during 100 iterations on NIPS
dataset. The perplexity of models using different sampling rates all converge to similar perplexity
value.

with little to no sacrifice in the data access time. The second idea is to exploit the sparsity of data for

in-memory data representation and sampling so that we can further reduce LDA’s memory footprint

and sampling complexity. Through a careful implementation of these ideas, sdLDA achieves up

to two orders of magnitude reduction in terms of memory consumption and up to a factor two

reduction in terms of computational time to the vanilla Gibbs sampling algorithm.
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CHAPTER 5

Conclusion

This dissertation presents three representative works on natural language processing for more

scalable efficient algorithms. They tackled word-level word representation learning optimization,

sentence-level lexical simplification, and paragraph-level scalable topic models. We conclude this

dissertation and suggest some promising future directions in this section.

In Chapter 2, we introduced a new neural-based lexical simplification model: neural simplicity

ranking(NSR). This work discussed two important factors of lexical simplification: Simplicity and

Relatedness. The feature set is carefully tested for these two metrics. We eliminated the word

length feature that has been commonly used by previous works while we find it can not provide a

clean signal for simplicity. We also introduced the contextualized word embedding based on the

BERT model to evaluate the candidate words’ relatedness and target words. To capture the feature

from different granularity, we adopted a highway network to replace the previous fully-connected

neural network. The binary output adoption for the pairwise ranking scheme improves the model

accuracy significantly. We also conduct ablation studies to confirm the effectiveness of new feature

sets.

In Chapter 3, We present amplified negative sampling(ANS) and A rigorous mathematical anal-

ysis for negative sampling. Our derivation, respectively, derives the convergence point of L1, L2,

and log loss for negative sampling. L2 loss and log loss share the same convergence point while L1

loss converges to a different convergence point. Moreover, we need at least one negative example

to guarantee the negative sampling algorithm to take effect. Our theory shows why the model will

degenerate if we don’t use any negative examples.

In Chapter 4, In this work, we developed sdLDA, a comprehensive solution to reduce the mem-

ory footprint of the popular LDA sampling algorithms and to minimize their computational com-
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plexity. The first key idea is introducing a disk-based algorithm that maximally reduces memory

consumption with little to no sacrifice in the data access time. The second idea is to exploit the

sparsity of data for in-memory data representation and sampling to further reduce LDA’s mem-

ory footprint and sampling complexity. Through careful implementation of these ideas, sdLDA

achieves up to two orders of magnitude reduction in terms of memory consumption and up to a

factor two reduction in terms of computational time to the vanilla Gibbs sampling algorithm.

Altogether, we are excited about all the natural language processing frameworks and algo-

rithms’ progress and glad to contribute to this. We think there is still a long way to go and would

like to point out future research avenues in our minds.

More powerful knowledge graph construction and integration In this dissertation, we intro-

duced lexical simplification by focusing on simplicity and relatedness. Meanwhile, a large number

of knowledge graphs have been built, such as WordNet (Mil98), BabelNet (NP12). Incorporating

the knowledge graph information can effectively improve word sense disambiguation capability

that is crucial for natural language processing tasks.

One potential direction is constructing a semantic knowledge graph. The knowledge graph

such as WordNet, BabelNet model each word or concept as a node, and each word’s meaning is

attached. However, the distribution of each meaning on each word is still unknown. Moreover, no

effective algorithm can quickly calibrate a specific meaning for a word given its context with the

knowledge graph. There are existing works (ALL18) which can distinguish different meaning for a

polysemy. However, how to effectively calibrate the polysemy’s sense with the knowledge graph’s

entry is another important question.

Theoretical analysis for representation learning The distributed representation has brought

plenty of breakthrough in natural language processing. The theoretical foundation and mathemati-

cal property of the representation learning are still an active open area. Several works discussed the

representation learning’s mathematical property, for example (GL14) discussed the matrix decom-

position equivalence with the word2vec model. The relationship between representation learning

and downstream tasks’ performance is another potential direction for the exploration. Early at-

tempts have made, such as (AKK19).
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I hope this dissertation could inspire research in natural language processing. Furthermore, I

hope the deep learning method, embedding approaches, theoretical analysis and powerful frame-

work could contribute to academic research and industrial innovations.
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