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1. Abstract

Linguists made historical reconstructions extensively based on existing patterns and common
trends of phonological changes without the aid of sound data, yet previously little was done to
extend such patterns into the future as a result of mostly human work in the field of historical
linguistics. We created a system of translating IPA representation to vectors that captures
characteristics of phonemes such as their articulatory location, and experimented with several
machine learning models to capture existing trends from Old, Middle to Modern Chinese
(Mandarin). Then we attempted to predict future Mandarin pronunciations based on existing
phonological data and ancient reconstructions. The models were successful at capturing trends of
Ancient to Modern Chinese shifts, as a great majority of the validation results were exactly
correct. The predictions from the models vary in consistency of outputs and phonological
inventory, but they are largely logical and may offer insight into future shifts. Therefore it is
possible to predict phonological changes with machine learning, yet the accuracy of the
predictions still needs validation in the future. If the predictions are proven to be effective in the
future, the solutions may provide a method of capturing phonological changes and validating
previous ancient reconstructions.

2. Introduction

While the future of languages may seem completely random, we can make conjectures about the
phonological aspects of future languages. Linguists make reconstructions of ancient languages
based on comparative methods and common patterns they notice in language shifts, despite the
fact that there were no voice recordings. Given the same principle, it might be also possible to
predict future phonological changes, given common patterns of shifts in the language and also
comparison between several periods.

The main goal of this research is to attempt to predict the future phonological changes of
Mandarin. However, an underlying objective is to validate the existing methods that linguists use
to reconstruct ancient pronunciations. While incorrect predictions do not discredit the work done
by historical linguists, correct predictions may prove the effectiveness of such a system and
strengthen our understanding of ancient languages. This may also increase the role of computer
technology in the studies of historical linguistics, which has traditionally been done by human
linguists.

3. Background

Chinese was chosen for this task for its highly regular syllabic structure and consistency of one
syllable per character ratio. On the other hand, despite its advantages, the downsides of ancient
Chinese are that the written records are in logographic characters, and there is no assistance in
orthography. Linguists have resolved these difficulties through poems and written phonological
records such as gieyun and guangyun.



There are currently several systems of Ancient Chinese reconstruction. From the earliest
complete reconstruction by Bernhard Karlgren to more modern reconstructions of Zhengzhang
Shangfang and William H. Baxter, Ancient Chinese was extensively studied in the last century,
and so is the field of historical linguistics (Karlgren 1).

On the other hand, little has been done on the subject of future linguistic shifts, perhaps as a
result of the highly speculative nature of this topic. Yet the underlying basis has already been
experimented with. We based the study on a system of transformation from phonetic
representations in International Phonetic Alphabet (IPA) to vector representations and also from
vectors back to phonetic representations. Prior to this research, there were already endeavors to
tackle other problems in a similar manner. In particular, the Python module Panphon has shown
an increased accuracy in NLP tasks when natural language information is recognized with
phonetic vector representations, as opposed to character-based models (Mortensen et al. 3483).

However, this approach does not fit the nature of this problem, for it does not make distinctions
between certain phonemes in that even with all the features, the module may still output multiple
different phonemes, making mass transformation from vector to IPA difficult; and it also fails to
identify certain combinations of phonemes, as they were not present in the training data for the
module. In a study that attempts to predict shifts and expansions of pronunciations, a system with
only a limited dataset may impede us from obtaining accurate results.

Apart from the necessity of establishing a one-to-one correspondence of each vector to each
phoneme, the approach taken in the study also attempts to incorporate positional characteristics
of phonemes, as positional patterns are often important in historical linguistics, While in
PanPhon, positional features are not present in the vectors. Therefore, we chose not to use this
approach in the research.

4. Dataset

The research is almost entirely based on the reconstruction made by Baxter and Sagart, as made
public along with the book Old Chinese: A New Reconstruction. The dataset contains around
5000 entries of Chinese characters, For each character, the dataset provides a pinyin
pronunciation for modern/new Chinese (NC), an ASCII friendly notation for Middle Chinese
(MC), and also an IPA representation for Old Chinese reconstruction (OC). The dataset also
provides information such as the definition of characters, but that information is not necessarily
pertinent to the study.

Although tones are mentioned in the dataset, they will not be considered in this study. One
reason is that OC was a toneless language and there is no method to establish a correspondence
in OC (Sagart 11). Also, very little is known about the true value of tones in MC, which makes it
difficult to create an accurate numerical representation of tones in MC (Wang and Sun 84).



The IPA system is the basis of this study, for it is recognized as the standard of phonological
analysis, and also because of its ability to represent sounds beyond those within a set of
languages. Thus, the pronunciations for Modern Chinese and Middle Chinese were first
translated into IPA.

We used the python module Epitran to obtain the IPA pronunciations from pinyin. Middle
Chinese IPA representations, on the other hand, require some translation work. However, this
system, as described by Baxter and Sagart, is only intended to represent information given by
sources, rather than serving as actual reconstructions (Baxter and Sagart 12). Therefore, the
effectiveness of the translation from the notation to IPA is still uncertain. According to an earlier
reconstruction of MC made by Baxter with a similar notation, there are 8 vowels in Middle
Chinese inventory, four of which are represented with a different notation than IPA: + -> /#/, ea
-> /e/, ae -> /&/, 0->/a/ (Baxter 61). The initial and final consonants are replaced with IPA
symbols indicated on the chart below based on the descriptions given in the books Old Chinese:
A New Reconstruction, A Handbook of Old Chinese Phonology and the Oxford Handbook of
Middle Chinese Linguistics.

Middle Chinese initial consonant notation to IPA (Baxter and Sagart 15-16; Wang and Sun 85)

Labials p(h)->/p(*)/ b->/b/ m->/m/
Dentals t(h)->/t(")/ d->/d/ n->/n/
Lateral 1->/1/
Retroflex stop | tr(h)->/t(")/ dr->/d/ nr->/n/
Dental sibilants | ts(h)->/ts(*)/ dz->/dz/ s->/s/ z->/z/
Retroflex tsr(h)->/ts(M)/ dzr->/dz/ sr->/s/ zr->/7/
sibilants
Palatals tsy(h)->/te(™)/ dzy->/dz/ ny->/n/ sy->/e/ zy->/z/ y->/j/
Velars k(h)->/k(™)/ g->/g/ ng->/n/
Laryngeals 2->/7/ X->/x/ h->/h/

Middle Chinese coda consonant notation to IPA (Baxter and Sagart 61)
Zero->/2/ w->/w/ >/
ng->/n/ wng->/1/ m->/m/ n->/n/
k->/k?/ wk->/k?/ p->/p/ >/t




Syllables that end in k, t, and p are known as rusheng, or entering tone. Although they are
usually notated with diacritics such as /k/, we translated them as /k?/ for easier input. We also did
not make distinctions between consonants and their respective combinations with the glide w,
because those variants are not substantial in all periods of Chinese for it to increase another layer
of complexity.

Having obtained the IPA pronunciations of three periods of pronunciations, we attempted to find
obvious trends across all three periods. A few visualizations turned out to provide an interesting
perspective.
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Figure 1 shows the distribution of manner of articulation across initial consonants of three
periods. Initials with plosives show a steady decrease over time, and affricates, approximants,
and null initials show a steady increase over time. There are some trends in nasals, approximants,
fricatives, and lateral approximants, but they are not as steady. Trills ceased to exist in Middle
Chinese.

per

2500 = Od
. Middle
Bl Modern
2000
5 1500
g

1000

500

Bilabial  Coronal Dorsal Laryngeal Double no_init
loc

Figure 2

Figure 2 shows the distribution of articulation locations of the initial consonants. This may not be
the best representation of the data as these categories are too broad to give specific details about



the articulatory locations. Despite this, we can still notice that Bilabial initial consonants have
maintained a stable presence. There are not as many trends with Coronal, Dorsal, Laryngeal and
doubly articulated consonants, but there is a rise of syllables without an initial consonant.
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Figure 3

As there is a much greater restriction of available phonemes in coda final consonants of a
syllable, Figure 3 shows the distribution of individual coda consonants. the velar nasal /1/ is very
stable in its presence. The palatal /j/ final also has few variations. The alveolar nasal /n/ has a
steady increase over time. In Mandarin, syllables that end in a stop, indicated by /t/ /k/ /p/ /?/, and
also nasal /m/, no longer exist, but they are largely conserved in many other dialects such as
Cantonese. The missing stops explains the spike increase of syllables with no coda consonants.
The trill /r/ doesn't exist since old chinese and the approximant /w/, which may also be notated as
a non syllabic /u/, does not exhibit a clear pattern.

Because vowels are harder to visualize as a whole without venturing into higher dimensions, we
broke down the characteristics of the vowels. We focused exclusively on monophthongs as
trends in diphthongs are difficult to visualize and more difficult to observe. Figure 4 shows the
frontness of monophthongs, while Figure 5 shows the height of monophthongs.
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Vector transformation

Chinese has a highly regular syllabic structure. According to reconstructions of many linguists,
the maximal structure of an old chinese syllable contains initial consonant, medial (or glide),
vowel and a coda, with optionally added affixes, also called pre-initial or post-coda (Sagart 14).
The combination of the vowel and the coda is also referred to as the rime, and when combined
with the medial, they make up the final of a syllable. Middle Chinese retained the basic structure
of the four principle parts but lost the affixes, and such features were then passed on to modern
Chinese. Regardless of the dialect, a modern Chinese syllable also contains these four parts
(Duanmu 2). Such consistency in phonological features allowed for more potential approaches to
the problem while simplifying the process of transformation. While there are still heated debates
about whether Chinese is an isolating language (Packard 355), it is evident that each character
only corresponds to one syllable, as opposed to other languages, where insertion and deletion of
a syllable from a word frequently happen. Thus a vector must be able to represent all possible
sounds for all characters available in a dataset, along with potential future sounds, all within a
certain length.

We produced an expert system to vectorize [PA representations for several reasons: The dataset
is not sufficient for a computer developed vectorization algorithm, the vector must also extend
into representations not seen in the datasets, and the models must be able to detect specific
patterns in shifts of articulatory locations, vowel placements, aspirations, etc., and that may not
be as effective with a system such as one hot encoding or other machine learning based
vectorization algorithm.

The resulting vector was one of dimension 86, and is composed of the six principal parts of a
Chinese syllable—the pre-initial, initial, medial, vowel, coda, and post-coda. Consonant vectors
are each of dimension 16, example shown below:

/m/->[1,1,0,1,0,0,0,0,0,0,0,0,0,0,0, 1]



The first two features of the vector indicate the articulatory location, as organized by the IPA
standards, of the phoneme, ranging from 1 to 12 (1-bilabial, 2-labial dental, 3-dental, 4-alveolar,
5-post alveolar, 6-retroflex, 7-palatal, 8-velar, 9-uvular, 10-Pharyngeal, 11-Glottal, 12-null).
Values below 1 or above 11 are considered to be null /2/. The first two features of pulmonic
consonants are always the same, while affricates and voiced labial velar approximants /w/
receive different markers in the first two features to indicate different articulatory locations. In
this manner, the vector shows shifts in articulation.

The remaining features of the vector are organized as categorical data. The next 8 features marks
the manner of articulation (nasal, trill, tap or flap, fricative, lateral fricative, approximant, lateral
approximant,affricate), and the remaining 5 features indicates other characteristics of the
consonants: aspiration, pharyngealization (only present in Old Chinese), glide, stop, and voice.

As an example, the phoneme [ts"] is represented by (4, 4, 0, 0, 0,0,0,0,0,0, 1, 1, 0, 0, 0, 0). The
initial 4’s indicate that the consonant is alveolar, 1 at the 11th place indicates that the consonant
is an affricate, and 1 at the 12th place indicates that the consonant is aspirated.

Vowels are represented by 3 components. The first component describes the backness and ranges
from 0 to 20. The second component describes the height of the vowel and ranges from 0 to 30,
as shown on Figure 6 (International Phonetics
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Although the vowels /e/ and /o/ are not defined for Where meoh appear in pairs, the one

to the right represents a rounded vowel.

roundness in IPA, they are pronounced in various
Chinese dialects as unrounded, such as /2/ in Mandarin
and /e/ in Cantonese (Lee and Zee 110). For such reasons Figure 6

the roundness value for these vowels are designated to their respective preferred pronunciation in
Sinitic languages.

The maximal vowels present in one chinese syllable are restricted to dipthongs. In certain
notations, semivowels are notated as /i/ or /u/ and certain characters are written with a triphthong
notation. For the consistency of vector representation, these semivowels are replaced with the
respective approximants /j/ and /w/ representation. These transformed representations are then



classified as the medial or the final, e.g. /tsuo/ => /tswa/ or /ai/ -> /aj/. Triphthongs are thus
effectively reduced to monophthongs.

Syllabic consonants have thus far only occurred in Mandarin Chinese, and there has not yet been
a perfect way to represent them through a vector. The current solution is to replace a syllabic
consonant with a vowel sound most similar to that of the syllable. There are many ways of
notating syllabic consonants, the most common way the three syllabic consonants in Mandarin
chinese are /z/ (and optionally /z/) //, and the syllabic parts are replaced by /#/ and /o/
respectively, e.g. /z/ -> /zi/ and /sz/ -> /st/.

The six segments are then concatenated into one complete vector, as shown below:

#i - Old Chinese pronunciation /c.q*ar-s/

Input syllable: /c.q"ar-s/

Initial final separation (c.q", a, 1-s)

Phoneme tokenization (c, g%, w, a, 1, S)

Vector transformation ([7, 7, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]

9,9,1,0,0,0,0,0,0,0,0,0,1,0,0,0]

1,8,0,0,0,0,0,0,1,0,0,0,0,1,0, 1]

0,0,0,0,0,0]

4,4,0,0,1,0,0,0,0,0,0,0,0,0,0, 1]
[4,4,0,0,0,0,1,0,0,0,0,0,0,0,0,0])

Vector Concatenation [7,7,1,0,0,0,0,0,0,0,0,0,0,0,0,0,9,9...0,0,0,0,0, 0]

1

The dataset provided makes distinctions of tightly attached pre-initials, such as /m/, and their
loosely attached pre-initial counterparts, /ma/ (Baxter and Sagart 53). However, there were no
such distinctions in previous reconstructions made by Baxter (Baxter 175-177), and affixes no
longer exist since Middle Chinese. Thus, the vector makes no distinctions between the tightness
of pre-initials to prevent overcomplication of features. For the same reason, when two pre-initials
are attached to an Old Chinese, only the first pre-initial is marked in the vector, and the
pre-initial/post-coda segment is only used to distinguish between variations of Old Chinese
pronunciations.

The vectors are transformed back into IPA representations in a similar fashion. The complete
vector representation is split into 6 parts in a similar format as the transformation from IPA to
vector. To address regression outputs that are usually not integers, the consonant vectors are
placed in a process of fuzzy phoneme matching: If either one of the first two features is under 1
or over 12, the phoneme is deemed null. Then a difference is found between the two articulations
values. When a threshold is exceeded, the pool of available phonemes is restricted to the five
sounds that have existed in Chinese: /tf/, /te/, /e/, /dz/, /w/. On the other hand, if the threshold is



not exceeded, features that indicate manner of articulation are converted to one hot encoding,
which is then used to limit the pool of available phonemes to only contain those that fit their
manner of articulation. From the pool, one final consonant is chosen from calculating the
euclidean distance between the available IPA symbols and the input vector. Modifiers such as
aspiration marks are added on to the final consonant in a one hot encoding format. Vowel vectors
are transformed through comparing the distance between all vowels and picking the closest IPA
representation. Separate phonemes are then concatenated together, from which one complete IPA
representation is obtained.

For example, when a consonant vector [1.1037 1.3289 1.0432 -0.0160 -0.0007 0.0023 -0.0703
0.0018 -0.0016 -0.0173 0.0090 0.8444 -0.0021 -0.0011 -0.0010 -0.0404] is inputted into the
transformer, the transformer first verifies the first 2 indices were not close to 0 or over 11.5 if so,
the output would be null. However, in this case, the two features were not 0 nor 11.5. Thus the
algorithm evaluates the next 9 features and converts those features into categorical format. With
this vector, the first feature was the greatest among the 11, which means that the phoneme is
most likely to be a plosive and the available phonemes are restricted to only the plosives /p/ /b/
Hidr i/ 4/ el 13 /k/ 1g/ 19/ 16/ /?/. Among these consonants, distance is calculated between the
input phoneme and the available phonemes. The closest by distance is /p/, whose vector
representationis [1,1,1,0,0,0,0,0,0,0,0,0, 0,0, 0, 0]. The last 5 features correspond to
aspiration, pharyngealization, glide, stop, and voice. The feature of aspiration is greater than 0.5,
thus the phoneme includes the modifier /'/, and the algorithm outputs /p?/.

With this system, the complete dataset now includes the characters and their respective
pronunciations across all three periods, and also the vector representations for the three
pronunciations.

5. Methodology/Models

Because of the speculative nature of this topic, there is no definitive method of training or
validating the system. Therefore, we took several approaches to analyze the phonological
changes across three periods.

Errors between two vectors are calculated through a custom mean squared error function. The
vectors are first transformed into a closest IPA representation and then transformed back to the
vector of the closest IPA representation to prevent non-zero errors on identical IPA
pronunciations, because the models often output inexact vectors, when transformed, render to be
correct. Both vectors are normalized, from which a mean squared error is derived.



Statistical model - OC + MC -> NC/ MC + NC -> FC

One way of validating such a system is to
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Figure 7 create an input vector of dimension 172
and left NC vectors as the output vector of dimension 86. We trained the models with the OC
and MC vectors and tested them against the NC vectors, and then obtained future pronunciations
with concatenated MC and NC vectors, as demonstrated on Figure 7.

We first experimented with several statistical machine learning models—decision tree, random
forest, and extra trees regressor offered by Scikit learn. With the assistance of the Grid search
algorithm, we determined that across all three algorithms, there is not one definitive optimal
hyperparameter for each model. Based on the frequency of lowest loss scores, the max depth of
the decision tree regressor is set to 100, n_estimator and max_depth of both random forest and
extra trees regressor are set to 200.

Neural network - OC + MC -> NC/ MC + NC -> FC

We then experimented with a multilayer perceptron model (MLP) and also a simple Long
short-term memory (LSTM) model. The LSTM model was set up with 2 LSTM layers of 200
neurons and an output dense layer with 86 outputs. The MLP model was set up with 2 hidden
layers, each with 300 perceptrons and an output dense layer with 86 perceptrons.

We normalized the vectors down to a scale of 0 to 1 for every component to fit the nature of the
models. With that dataset, we reshaped the dataset to 2 steps of 86 components per character, and
trained using OC and MC vectors as inputs with NC vectors as the next step. When predicting
future pronunciations, we reshaped MC and NC vectors into 2 steps and fed the dataset into the
model. We used the same technique of concatenating normalized OC and MC vectors as the
training sets for MLP and feeding normalized MC and NC vectors to predict future
pronunciations.

Statistical model MC -> NC/ NC -> FC

We also attempted to feed only MC vectors into the statistical training algorithm, with the same
parameters as the previous statistical models. We used only the NC vectors as the input to get



predictions, and the model returns future Chinese predictions based on the patterns of
phonological changes from only MC to NC, as demonstrated on figure 8.
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Polynomial model - OC + MC + NC -> FC

The last approach we attempted was a polynomial model. It is an experimental approach and is
not as sophisticated as the other approaches. However, it may still be interesting to examine the
results of the solution nonetheless.

This polynomial model aims to address the concern that the predictions may just be replicates of
the previous phonological changes, rather than actual predictions. Therefore, this approach takes
in vectors from all three periods and analyzes the vectors on a character basis and not the dataset
as a whole. The model finds a curve of the least degree that captures the shifts from Old to
modern chinese along a time axis OC corresponds to the time axis as 1, MC — 2, and NC — 3, and
this is done through increasing the degree of coefficients until the mean squared error of
predictions for all three time periods all reach 0. Because there is not a definitive period for each
stage of development, training sets and also future predictions are not definitive on the time axis,
but rather simple integers that indicate the sequence of pronunciations. We attempted to find
predictions with several time values greater than 3.

6. Results and Discussion

Statistical model - OC + MC -> NC/ MC + NC -> FC

Across all three models, the extra trees regressor performed the best with a mean squared error of
around 0.010. On the other hand, the decision trees regressor and random forest regressor had an
average mean squared error of around 0.011. These three models were successful at validating
almost all of the testing sets. A few samples of erroneous modern Chinese validations are shown
below,



Char oC MC NC Tree Forest ExtraTrees
£ /pFar/ pa /pwo/ /phdzen/ /phwo/ /ptwa/

% /gSak/ hok /xx/ /xx/ /¢¥/ /xx/

it /nru?/ nrjuw /njou/ /njou/ /nujov/ /nujov/

i3 /m-qhoj?/ ngj+j /i/ /ei/ /tel/ /i/

e /sre-s/ srea /sa/ /sa/ /sa/ /sa/

Most of the errors seemed to have come from initial consonants, whereas the vowels were quite
accurate.

We then fed Middle Chinese and Modern Chinese pronunciation vectors into the models so that
the models would predict a supposedly future pronunciation based on the previous shifts that it
had observed. A small sample of predictions is shown below, all of which were from the testing
dataset whose modern Chinese pronunciations predicted by the model have been validated to be
correct.

Char OoC MC NC Tree Forest ExtraTrees
L2 /roj/ ljwe /lej/ /Mi/ /Mi/ /y/

i /tshu/ tshjuw /tehjou/ /tshwej/ /tshdziwy/ /tshy/

1 /pron-s/ pjen /pjen/ /pujen/ /paen/ /pean/

(e /k¥san?/ kwan /kuan/ /eyan/ /tsoan/ /teezn/

AT /c.car/ gjtj Jtehi/ /tst/ /tshi/ /tst/

Based on the testing samples, It is worth noting that despite having a greater error, decision trees
regressor outputs results that were the most logical and probable, because the manner in which
the algorithm is trained makes decision tree most probable that it adheres to the standard
mandarin phonology. Although the outputs are more logical and easier to pronounce for
Mandarin speakers, this type of algorithm is culpable of restricting the possibilities of expansion
of pronunciations in the future.
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When compared with the trends in the dataset, all three models largely continued the trends in
the existing dataset, and that shows, in theory, the effectiveness of the models. Trends in
plosives, lateral approximants are quite consistent. Some trends were shown in nasal consonants
and approximants, Syllables with no initials showed consistent trends with random forest
regressor and extra trees regressor, whereas with decision tree, it experienced an interesting leap
in numbers. The number of fricatives, however, experienced a decline across all three models
despite increasing patterns, and affricates also experienced a decline in decision tree but the
pattern continued in random forest and extra trees regressor. The remaining graphs for all models
are included in appendix A.

Neural network - OC + MC -> NC/ MC + NC -> FC

Compared to the previous approach, the Neural network approach was somewhat less consistent
with both the mean squared error and also the phonetic output. The models were trained with the
Early Stopping method so that they don’t overfit. The LSTM model trained for an average of 30
epochs. The following graph shows one instance of a training with 27 epochs.
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Figure 12
The model achieved a mean squared loss of around 0.010 with the testing dataset. The training
and validating curve appeared to be reasonable and gives much confidence to the performance of




the models. However, the model showed a sign of overfitting at the end of the training. On the
other hand, the MLP models were trained for an average of 25 epochs with an early stopping
method. The graph shows an instance of training with 28 epochs.
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While the MLP model appeared to be much more consistent than LSTM on the training loss
graph, the mean squared loss was significantly greater than any of the previous models at 0.016,
but the error alone should not discredit the outputs of the MLP model, because future
pronunciations should not simply replicate the shifts that already happened. Variations of modern
Chinese predictions can still demonstrate other potential phonological changes in the future.
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It is also interesting to note that based on the testing sample, the vowel errors produced by the
neural networks are less significant than the testing data in that many erroneous phonemes differ
by only a small feature, but they are greater in frequency. The chart below demonstrates a few
samples of incorrect modern Chinese validations, which are far more frequent than the statistical
models.



Char oC MC NC LSTM MLP
%" /ca.kSe-s/ kej Jei/ fei/ fci/

U] /prok/ pik /fu/ /fu/ /fuo/
i3 /tren?/ trjen /tsan/ /tsen/ /tsjen/
Jit: /ma-kMut/ khjut /tehy/ /tehw/ /tshav/
& /kbrat/ khjet /teje/ /tel/ /tehjie/

A sample of future Chinese predictions is listed below. The NC pronunciations of the characters
in the sample have either been predicted correctly or almost predicted.

Char oC MC NC LSTM MLP
i /bet-s/ bjiej /pi/ /pPhej/ /ts1a/
= /rSan/ lang /lan/ /tan/ /Nap/
e /m-r‘am?/ dam /tan/ /tan/ /tan/
A /tin/ ten /tjen/ /tsjan/ /tsjen/
H /yraj/ ngje i/ 1/ e/

Statistical model- MC -> NC/ NC -> FC

The outputs with only one set of input vectors are very similar to that with two vectors. The
models performed with almost equal accuracy, with the mean squared losses for all three models
being at approximately 0.010. A sample of erroneous predictions are shown below.

Char MC NC Tree Forest ExtraTrees
# trip /tst/ /tei/ /tsi/ /ts¥/

%) hok /xx/ /xx/ /gouy/ /xx/

i nrjuw /njou/ /njou/ /nujou/ /nujou/

Wi dang /tan/ /than/ /than/ /than/

e srea /sa/ /tsaj/ /[e/ /sa/




Compared to the previous statistical approach, where we only fed Middle Chinese vectors into
the training, there is a slight increase in consonantal prediction errors. On the other hand, the
vowel error rates are similar to the previous approach, as exemplified in the graphs below.
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It also seems to be that models trained on MC vectors predict medials less consistently than

models trained on both OC and MC vectors, as affricates show up in as medial consonants,
which does not conform to Chinese phonology. Overall, these results were almost as consistent
as the other approaches.

A sample of future chinese predictions is listed below

Char MC NC Tree Forest ExtraTrees
# ljwe /lej/ M/ /Ni/ /Mi/

4t tshjuw /tehjou/ /tshwej/ /tshwej/ /su/

i pjen /pjen/ /pujen/ /pan/ /paen/

(=4 kwan /kuan/ /teyan/ /tewan/ /ceaen/

i gjtj /teh/ /tsh/ /tsh/ /tsh/

Polynomial model = OC + MC + NC -> FC

There is a much greater uncertainty to the predictions made by the polynomial models. We could
not evaluate the accuracy of this method because all curves are fitted specifically to each
character. Some phonemes that were no longer used in modern Chinese show up in predictions as
a result of the curve trying to fit a recurrent trend. Also, unlike the previous models, each

component of the vector are fitted individually, which makes each phonemes unrelated to each

other, which means that the phonemes and their features lack context in the syllable, and most

importantly, the model predicts affixes based on the curves, even though that feature had long
disappeared since Old Chinese. Therefore, aftixes will not be considered into the predicted
pronunciation when we compare the results from all the data.

A sample of predictions by the polynomial models is shown below. The 3 sets of predictions
corresponds to the time values (3.2, 3.5, 4) inputted to obtain the results

Char OC1 MC 2 NC3 Poly 3.2 Poly 3.5 Poly 4
i /ma.ra?/ li Ni/ N/ /n-r9?/ /ra?/
i /bet-s/ bjiej Ipi/ /prik-x/ /peip-1/ /pai/
A /tfin/ ten /tjen/ /tien/ /toaen/ /tfan/
Wi /lan-s/ dang /tag/ /tag-y/ /lfan-s/ /lfay/




H /yraj/ ngje N/ N/ /iwy/ /e1/

Despite the unconventional phonology, the outputs can still give valuable information as they
offer an insight into the general direction of the shifts, and also this method would, in theory,
prevent a reduplication of phonological changes from MC to NC. Aside from affixes,
pharyngealizations would also not be considered when we review the outputs for the same reason
as affixes.

7. Conclusion

All the models predicted modern pronunciations quite accurately. However, because there is no
definitive correct result for a prediction, and future phonological changes can occur in almost all
directions, we cannot settle on one model that had the lowest loss scores, but rather, we must
consider all the possibilities that the models give as if all of the predictions are equally as likely
to happen. Even if one pronunciation is chosen, the results would only indicate one such shift
that may occur in Mandarin, as Mandarin may eventually split into separate dialects.

If some of the predicted pronunciations are observed in the future, and they may come in the
form of different dialects, predicting future phonological changes with machine learning can be
proven effective and be used in other applications or other languages. Not only that, the greater
goal of this research is to validate the accuracy of current reconstructions of Old Chinese and
Middle Chinese, and also various methodologies that we utilize to obtain those reconstructions.

However, this research is nowhere complete, and it only serves as the first step in this field for
other research ideas in the future. There are still many improvements in the experimental setup to
be made. The scaling of components such as the vowel components is not consistent, leading to
uncertainties regarding normalization of data during training. The threshold that distinguishes a
doubly articulated consonant is also not optimized, as the number was derived from the smallest
difference of a doubly articulated consonant. We did not have a good method to represent
syllabic consonants. There is room for improvements with the neural models, as we did not place
too much emphasis on them despite the fact that they have much more potential. The polynomial
model still needs a great amount of optimizing for it to predict results as well as the other models
do, while preventing duplication.

Perhaps the greatest challenge to fully realize this research question is that there are too many

historical factors that can influence language change. Contact with another group is inevitable in
the real world and with that comes unexpected shifts in phonology and syntax in a language, and
currently there is no best way to predict such events in the future. With current solutions, we can



model language shifts with existing phenomena (Kandler and Steele). However, this approach
may still fall short if we have no knowledge of unexpected events in the future. Furthermore, the
models predicted the results based on a character basis, whereas the pronunciations may also be
influenced by other characters that make up morphemes. Therefore, we may never predict future
translations perfectly.

We may consider how this research can extend into other languages. The main drawback of the
current solution is that it restricts the syllabic structure. Unlike Sinitic languages, most other
languages in the world are not restricted to one syllable per morpheme, but multiple syllables per
multiple morphemes. The current system focuses primarily on investigating the shifts of single
phonemes, and ignores all other phonological processes such as insertion and deletion of
syllables, or shifts in tones. Another potential solution to extend such a method into other
languages is to analyze individual syllables, as syllables tend to have a more consistent structure
than words in synthetic languages. Despite these underlying problems, the models performed
decently, and they output logical results for both validation and prediction, which prove that this
approach can certainly be applied to further research and experiments.
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10. Appendix A graphs
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11. Appendix B Raw predictions of the 100 most used characters (Zhong)
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