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Abstract. Since the seminal work of Mikolov et al. (2013), word vectors of
log-bilinear svms have found their way into many nLp applications as an un-
supervised measure of word relatedness. Due to the rapid pace of research
and the publish-or-perish mantra of academic publishing, word vector ex-
periments contain undisclosed parameters, which make them difficult to
reproduce. In our work, we introduce the experiments and their parame-
ters, compare the published experimental results with our own, and sug-
gest default parameter settings and ways to make previous and future ex-
periments easier to reproduce. We show that the lack of variable control
can cause up to 24% difference in accuracy on the word analogy tasks.

Keywords: Machine learning, word vectors, word2vec, fastText, word
analogy, reproducibility

1 Introduction

After a long reign of topic modeling, [9] log-bilinear svms have emerged as a
faster! method for learning word representations, [18] which can also infer repre-
sentations of unseen words using a subword model [2]. Word vectors produced
by log-bilinear svms have found their way into many NLp applications, such as
word similarity, word analogy, and language modeling [2] as well as depen-
dency parsing [8, Section 5], word sense disambiguation [6], text classification
[14], semantic text similarity [5], and information retrieval [22, Section 4].

Although the usefulness of word vectors is rarely disputed, their theoretical
foundations were only later addressed by Levy and Goldberg (2014) [16]. In their
later work, Levy at al. (2015) [17] have shown that several pre-processing steps
and fixed parameters can have a significant impact on experimental results. In
this work, we describe six new undisclosed parameters that make word vector
experiments difficult to reproduce. We compare the published experimental
results with our own and suggest improvements to reproducibility.

! The time complexity of streaming approximations of the sparse svb method used
in topic modeling scales quadratically with the word vector size, [31, Section 2.3]
whereas log-bilinear svms are linear in both the word vector size and the corpus size.
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Table 1. The accuracies (%) of word vectors on the word analogy tasks for various
languages using only the n most frequent words as the word analogy candidates for
different values of n. Three languages most affected by the variations of n are highlighted.

Cs De Es Fi Fr Hi Ir Pl Pr Zu

Graveetal. [10],n=2-10° 699 729 654 70.3 73.6 32.1 69.8 67.9 66.7 78.4
Ourresults, n =2-10° 70.7 734 65.6 71.2 73.7 32.2 73.0 68.5 67.0 78.5
Our results, n =3-10° 68.9 73.3 65.6 68.9 73.2 26.4 72.0 66.3 65.7 78.5
Ourresults,n =1-10° 65.4 70.4 634 60.9 719 16.0 68.3 61.1 61.3 78.3

2 Word Analogy Tasks

In their seminal work, Mikolov et al. (2013) [18, Section 4] introduced the English
word analogy task, which measures the ability of word vectors to answer the
question “Which word b’ is to a” as a is to b?”. In the following years, the English
word analogy task has been translated to many languages, including Czech [28],
German [15], Spanish [4], Finnish [30], Italian [1], Portuguese [12], Turkish
[27,11] and simplified Chinese [7] as well as French, Hindi, and Polish [2].

Rogers et al. (2017) [26] discuss the many problems with the word analogy
task, including the selection of word pairs, the significant impact of includ-
ing/excluding the words 4, b, and a4’ in the candidates for 0’, and the underlying
assumption that word relations are unique or even symmetric. In this section,
we discuss two undisclosed parameters of the word analogy task.

2.1 Using only the most frequent words

To make the evaluation less susceptible to rare words, Mikolov et al. (2013) [18]
only considered the n most frequent words as the candidates for b’. However, the
value of n changes between experiments and is usually undocumented: Mikolov
et al. (2013) [18] used n = 1 - 10°, the reference implementation® defaults to
n = 3-10°, and Grave et al. (2018) [10] used n = 2 - 10°. Mikolov et al. (2013)
[20], Bojanowski et al. (2017) [2], and Mikolov et al. (2018) [19] did not disclose
the value n they used, which makes their results difficult to reproduce.

To show how significant the value of  is, we reproduce? the results of Grave
etal. (2018) [10, Table 4] with n € {2-10%,3-10°,1-10°}. Table 1 shows that up to
16% of word analogy accuracy can depend on the value of n. The most affected
languages are Hindi, French, and Polish, indicating small/noisy training data.

To make results reproducible, we suggest that all papers should report the
value of n they used in their evaluation on the word analogy tasks. If unreported,
the value should be assumed to be 3 - 10°, which is the default in the reference
implementation and in a popular implementation from the Gensim libralry4 [25].

2 https:/ /github.com /tmikolov /word2vec (file compute-accuracy.c)

E https:/ /github.com /mir-mu/reproducible-ml (file word-analogy.ipynb)

4 https:/ /github.com/rare-technologies/gensim (file gensim/models/keyedvectors.py,
method evaluate_word_analogies, also discussed in issue #2999)



The Art of Reproducible Machine Learning 57

Table 2. The accuracies (%) of word vectors on the word analogy tasks for various
languages and case transformations (upper-casing and lower-casing) with either the u.s.
English locale or the corresponding locales for the word analogy task languages. Three
languages most affected by the variations are highlighted.

Cs D Es Fi Fr Hi Ir Po. Pr Tr Zu
Grave et al. [10] 69.9 729 654 70.3 73.6 32.1 69.8 679 66.7 78.4
Our res., no case tran. 69.9 749 63.9 53.3 76.7 322 719 714 675 58.2 78.5
Ourres., u.c,uvs.En. 707 734 65.6 71.2 73.7 322 73.0 68.5 67.0 57.0 78.5
Our res., u.c., corres. 70.7 73.4 65.6 71.2 73.7 322 73.0 68.5 67.0 61.0 78.5
Ourres, l.c.,us.En. 707 734 65.6 71.2 73.7 322 73.0 68,5 67.0 56.9 785
Ourres., l.c., corres. 70.7 734 65.6 71.2 73.7 322 73.0 68.5 67.0 61.0 78.5

2.2 Caseless matching

To make the evaluation less susceptible to case, the words a,b,a’, and b’ are all
lower-cased in the experiments of Bojanowski et al. (2017) [2]. This is never men-
tioned in the published papers, only in the code of the reference implementa-
tion.”® Another problem is that in Unicode, lower-casing is locale-sensitive:

1. Lower-casing maps I to 1in Turkish and Azari, and to i in other locales.
A popular implementation in Gensim’ [25] uses upper-casing instead of lower-
casing. However, Unicode case is neither bijective nor transitive:

2. Upper-casing maps 3 to SS, and lower-casing maps SS to ss (not £3).
This introduces several uncontrolled variables to the evaluation, most impor-
tantly the locale and the case transformation used for caseless matching.

To show how significant the locale and the case transformation are, we
reproduce® the results of Grave et al. (2018) [10, Table 4] with various case
transformations, using either the u.s. English locale (en_US.UTF-8), or the
corresponding locales of the word analogy tasks. Table 2 shows that up to 18% of
word analogy accuracy can depend on the case transformations and the locale.
The most affected languages are Finnish, Turkish, and French.

To make results reproducible, we suggest that all papers should report the
case transformations and locales they used in their evaluation on the word anal-
ogy tasks. If unreported, the locale of the word analogy task should be assumed.
For case transformation, we suggest using the locale-independent Unicode case-
folding algorithm [29, Section 3.13] instead of lower- or upper-casing:

3. Case-folding maps I toiin all locales, although implementations such as icu
can map’ I to 1 for Turkish and Azari. Case-folding maps 3, SS, and ss to ss.

5 https:/ /github.com /facebookresearch/fastText (file get-wikimedia.sh)

6 https:/ / github.com /facebookresearch /fastText/blob/master/python/doc/examples/
compute_accuracy.py (function process_question)

7 https:/ / github.com /rare-technologies/gensim (file gensim/models/keyedvectors.py,
method evaluate_word_analogies, also discussed in issue #2999)

8 https:/ /github.com /mir-mu/reproducible-ml (file word-analogy.ipynb)

? https:/ /github.com/unicode-org/icu (file icu4c/source/common /unistr_case.cpp,
method UnicodeString::foldCase)
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3 Multi-Word Expressions

In their work, Mikolov et al. (2013) [20, Section 4] introduced a phrasing algo-
rithm for merging commonly co-occuring words into multi-word expressions.
The algorithm forms phrases using unigram and bigram counts, using the fol-
lowing scoring formula, which is proportional to the non-normalized pointwise
mutual information (npwmi) [3]:

count(wiwj)

(1)

score(w;, W) = count(w;) - count(w;)
Mikolov et al. (2013) merged candidate bigrams w;w; with score(w;, w;) above a
threshold § into phrases. Mikolov et al. (2018) [19, Section 2.3] further improved
the algorithm by randomly merging only 50% of the candidate bigrams, and
reached sora performance on the English word analogy task.

In this section, we discuss three undisclosed parameters of the phrasing
algorithm and the differences between the reference implementation'® and a
popular implementation in Gensim!! [25].

3.1 Thresholding the bigram scores

Neither Mikolov et al. (2013) nor Mikolov et al. (2018) disclosed the threshold
0 they used for merging candidate bigrams into phrases, which makes their
results difficult to reproduce. The reference implementation uses J,¢ference = 100
and a different formula:

count(w;w;) - corpusSize

(2)

score (w;, w;) =
reference \ ?Wis count(w;) - count(wj)

The implementation in Gensim uses gensim = 10 and also a different formula:

count(wiwj) - dictionarySize

(3)

score im (Wi, W;) =
Gensim (Wi, W;) count(w;) - count(w;)

Apparently, score # SCOr€ eference F SCOr€Gensim- Due to the Heaps’ law [13],

dictionarySize = ‘/corpusSize, so we might assume scOrecensim = /SCOT€ef .
Since dGensim = VOreferences W€ might then conclude scoregengim > dGensim <
JSCOT€ cference > VOreference- HHOWever, the assumption does not actually hold:

count(wiwj) -y corpusSize \Jcount(wiw]-) - corpusSize

(4)

SCOT€Gensim ~

count(w;) -count(wj) count(w;) - count(w]-)

To make results reproducible, we suggest that all papers should report the
scoring formula and the value of § they used for phrasing. If unreported, the
SCOT€ oference SCOTING formula and the 6 eference = 100 value should be assumed.

10 https:/ / github.com/tmikolov /word2vec (file word2phrase.c)
1 https:/ / github.com /rare-technologies/gensim (file gensim /models/phrases.py, class
Phrases and function bigram_scorer)
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3.2 Incremental threshold decay

Mikolov et al. (2013) [20, Section 4] and Mikolov et al. (2018) [19, Section 2.2]
apply the phrasing algorithm iteratively to form longer multi-word expressions.
Mikolov et al. (2013) use 2—4 iterations, whereas Mikolov et al. (2018) use 5-6
iterations. Mikolov et al. (2013) also reports using a decaying threshold to make
it easier for longer phrases to form. However, neither Mikolov et al. (2013) nor
Mikolov et al. (2018) disclosed the threshold decay function they used, which
makes their results difficult to reproduce.

To make results reproducible, we suggest that all papers should report the
exact number of iterations and the threshold decay function they used.

3.3 Maximum dictionary size

To make the phrasing algorithm less susceptible to rare words, Mikolov et
al. (2013) [20] and Mikolov et al. (2018) [19] have only considered the n most
frequent words for the candidate bigrams. This is mentioned only in the code of
the reference implementation. Additionally, the reference implementation uses
n = 5-108, whereas a popular implementation in Gensim uses n = 4 - 10”.

To make results reproducible, we suggest that all papers should report the
value of n they used for phrasing. If unreported, the value should be assumed
tobe n =5 - 108, which is the default in the reference implementation.

4 Positional Weighting

The ceow model of Mikolov et al. (2013) [18] is trained to predict a masked word
in a context window P from the average v of the context word vectors d,,:

1
ve== Y d, (5)
Pl =

In many sentences, the position of the context words is important for predicting

the masked word. Consider the following two sentences, which produce aniden-

tical context vector v, although the masked words are significantly different:
1. Unlike dogs, cats are (mask). 2. Unlike cats, dogs are (mask).

If the context window P is large, distant context words will also be unimportant

for predicting the masked word.

To better model these scenarios, Mikolov et al. (2018) [19, Section 2.2]
adopted the positional weighting of Mnih and Kavukcuoglu (2013) [21, Sec-
tion 3], and reached sota performance on the English word analogy task. Po-
sitional weighting makes the average v into a weighted average w, where
the weight of a context word at a position p is the positional vector u,, and the
weighting is carried out using the pointwise (Hadamard) vector product ©:

1
we== ) d,ou, (6)
Pl &,

In this section, we discuss an undisclosed parameter of positional weighting.
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4.1 Positional weight initialization
In the ceow model of Mikolov et al. (2013) [18], the word vectors d,, are initialized

to a random sample of the continuous uniform distribution U(+2D), where
D is the dimensionality of the word vectors. Word vector initialization is an
important parameter that affects the gradient size and therefore the effective
learning rate. However, it is never mentioned in the published papers, only
in the code of the reference implementation.!? In the subword ceow model of
Bojanowski et al. (2017) [2], the initialization changes to dp ~ U(i%) in the
code of the reference implementation.'> Mikolov et al. (2018) [19] do not describe
the initialization of the word vectors d,, or the positional vectors u,,. Since no
reference implementation exists either, their results are difficult to reproduce.

To show how significant initialization is, we describe several initialization
options for the word vectors d,, and the positional vectors u,,. We then use the
initializations to reproduce!* the results of Mikolov et al. (2018) [19, Table 2] us-
ing the subword ceow model of Bojanowski et al. (2017) [2] and the 2017 English
Wikipedia!® training corpus (4% of the Common Crawl dataset used by Mikolov
et al., 2018) without phrasing. We report English word analogy scores using the
n =2-10° most frequent words, and the case-folding case transformation.

Same as vanilla word vectors The simplest option is to use the initialization of the

word vectors dp also for the positional vectors u,,: dp ~u, ~ U+ % ). In practice,
this causes v >» w, decreasing the learning rate (see Figure 1).

Identity positional vectors To ensure v ~ W, the simplest option is to initialize

the word vectors dp tol(+ %) and the positional vectors u,tol Intuitively, the
training starts with no positional weighting and positional vectors are learnt
later. In practice, d, < u,, causing the gradient updates of d,, to explode for
dimensionality D > 600. This leads to instability, causing d, = u,, = NaN.

Same as word vectors To ensure vc ~ wc and d, ~ we require a square
distribution U0'5(i%) such that for iid. d,,u, : d, ~ u, ~ Uuo: 5(+D),
d, ou, d(+l) Although an empirical approximate of U°%5(0,1) using the

B- dlstrlbutlon is known [24] (see Figure 2), this does not help with 1193 (+ & 5
so we need a different approach: If we assume that the context window P is

pl
we get

sufﬁciently large then vC Ny, “;Zl) by the crt, where u = E[U(+ [1) )] = 0and

= Var[U(+ D)] = 6D2 For vo ~ w¢, we need a distribution X such that
dp ~u, ~ X,E[X?] = p,Var[X?] = 0. E[X?] = p = 0 leads to E[X] = 0 and
Var[X?2] = Var[X]?, leading to Var[X] = ¢. We tested two such X: the uniform

i3 . 0.5 1 .
U <i JB) (see Figure 3) and the square-normal N (0, N ) [23] (see Figure 4).
12 https:/ / github.com/tmikolov /word2vec (file word2vec.c, function InitNet)

3 https:/ / github.com/facebookresearch/fastText (file src/fasttext.cc)

4 https:// github.com/mir-mu/reproducible-ml (file positional-weighting.ipynb)

15 https:/ /github.com/rare-technologies/ gensim-data (release wiki-english-20171001)
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Fig. 1. Probability density functions of values in word vectors d, (left), positional vectors
u, (middle), and their Hadamard products d, © u, (right) with the same as vanilla word
vectors initialization to U (0, 1). Since v is the average dp, and w is the average dp ou,,
we conclude that v > w(, decreasing the learning rate of positional weighting.
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Fig. 2. Probability density functions of values in word vectors d,, (left), positional vectors
u, (middle), and their Hadamard products d, © u,, (right) with the unused initialization
to an empirical approximation of (/%°(0,1). We need U/%°(+1) instead of U*°(0,1).
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Fig. 3. Probability density functions of values in word vectors d,, (left), positional vectors
u, (middle), and their Hadamard products d, © u, (right) with the same as vanilla word
vectors (uniform) initialization to U/(+1).
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u, (middle), and their Hadamard products d, © u, (right) with the same as vanilla word

vectors (square-normal) initialization to a finite-sum approximation of N°? (0,1).
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Table 3. English word analogy task accuracies and training times of word vectors without
positional weighting and with different initializations for positional weighting. The
identity positional vectors initialization is unstable for dimensionality D > 600.

Accuracy Training time

No positional weighting 65.52%  2h 06m 33s
No positional weighting (three epochs) 70.94%  4h41m 17s
Positional weighting, same as vanilla word vectors 50.96%  5h 01m 16s
Positional weighting, identity positional vectors* 75.02%  4h 59m 27s

Positional weighting, same as word vectors (uniform)  74.31%  4h 57m 25s
Positional weighting, same as word vectors (sq.-normal) 74.95%  5h 01m 11s

Table 3 shows that up to 24% of word analogy accuracy can depend on the
initialization. The simplest same as vanilla word vectors initialization decreases
the effective learning rate of positional weighing, leading to a 15% decrease in
word analogy accuracy compared to no positional weighting. The second most
obvious identity positional vectors initialization leads to a 9% increase in word
analogy accuracy, but it is numerically unstable for word vector dimensionality
D > 600. The least obvious same as word vectors initializations also achieve a
9% increase in word analogy accuracy, but they are stable for any word vector
dimensionality D. Although positional weighting is three times slower, training
with no positional weighting for three epochs only leads to a 5% increase in word
analogy accuracy, which shows the practical usefulness of positional weighting.

To make results reproducible, we suggest that all papers should report the
initialization of weights in their neural networks.

5 Conclusion

With the rapid pace of research in machine learning, the publish-or-perish
mantra of academic publishing, and the ever-increasing complexity of language
models, maintaining a controlled experimental environment is more difficult
than ever. However, identifying and disclosing all confounding variables is
important, since it allows us to reproduce and meaningfully compare results.

Our study shows that even simple log-bilinear svms contain parameters that
are frequently neglected in experiments, although their impact on the results
is significant. We believe that more complex machine learning models such
as Transformers contain dozens of baked-in parameters and implicit weight
initializations that might well be the tipping point towards the singularity.

We hope that our study will make it easier to reproduce both previous and
future word vector experiments, and will serve as an inspiration for upholding
the principles of reproducibility in future research of machine learning.

Acknowledgments. First author’s work was funded by the South Moravian
Centre for International Mobility as a part of the Brno Ph.D. Talent project.
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