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Abstract. Code-switching in South African languages is common but
data for language modelling remains extremely scarce. We present tech-
niques that allow recurrent neural networks (LSTMs) to be better applied
as generative models to the task of producing artificial code-switched
text that can be used to augment the small training sets. We propose the
application of prompting to favour the generation of sentences with intra-
sentential language switches, and introduce an extensive LSTM hyper-
parameter search that specifically optimises the utility of the artificially
generated code-switched text. We use these strategies to generate artifi-
cial code-switched text for four under-resourced South African languages
and evaluate the utility of this additional data for language modelling.
We find that the optimised models are able to generate text that leads
to consistent perplexity and word error rate improvements for all four
language pairs, especially at language switches. This is an improvement
on previous work using the same speech data in which text generated
without such optimisation did not provide improved performance. We
conclude that prompting and targeted hyperparameter optimisation are
an effective means of improving language model data augmentation for
code-switched speech recognition.

Keywords: Code-switching - Language model data augmentation -
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1 Introduction

Code-switching is the use of more than one language within and between sen-
tences, a phenomenon that is pervasive in multilingual countries such as South
Africa. Language switches are known to occur on the intra-word (prefix/suffix),
word (insertional), and phrase (alternational) level [22]. One can further dis-
tinguish between intra-sentential, and inter-sentential switching [7]. Accurate
modelling of code-switching is challenging due to its spontaneous nature and
the severe lack of data.
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Various strategies for the augmentation of code-switched data have been
explored and can be categorised as neurally generative and syntactically con-
strained. Generative adversarial networks (GANs), part-of-speech (POS) tags
[5], and hybrid BERT-GAN architectures [9] have been used to generate code-
switched sentences from a monolingual Mandarin corpus either by learning which
words or phrases should be translated into English or by masking tokens one-
by-one in the input sequence. The synthesized datasets were pooled with the
code-switched training sets and used to train RNN and n-gram language mod-
els. Although it was found that the n-gram perplexity worsened, when used in
ASR experiments the performance was slightly improved. The RNN language
model was evaluated solely using perplexity and improved over a baseline result.

In [16], a code-switched corpus is synthesized by aligning and embedding
words and phrases from parallel monolingual English and Mandarin text accord-
ing to the matrix language frame (MLF) theory [17]. A code-switch proba-
bility is assigned to each pair of aligned phrases and used to generate code-
switched sequences for LSTM pre-training. This pre-training improved perplex-
ity, lead to faster convergence, and improved ASR performance in lattice rescor-
ing. Aligned parallel English-Mandarin text was also used in [13] to generate
code-switched sentences that were subsequently fused with data generated by a
pointer-generator neural network. A RNN composed of two LSTMs that sepa-
rately model monolingual segments was shown to reduce perplexity in [10], where
the current language is used as a signal to select the LSTM which models the
next word. In [20] speech synthesized using novel algorithms and code-switched
text generated using equivalence constraint theory (ECT) were incorporated into
the training data, thereby improving English-Hindi ASR performance. With a
similar aim, [24] improved perplexities and word error rates for Dutch-Frisian
code-switching through the augmentation of acoustic and text data. Large arti-
ficial code-switched corpora were generated using an LSTM trained on a small
amount of in-domain code-switched text. Text was also manually translated from
Dutch to Frisian utilising an open-source web-service. Finally, ASR transcrip-
tions were incorporated into the training data. In [23] code-switched bigrams
synthesised using word embeddings were shown to improve both perplexity and
speech recognition performance at language switches. In further work, an LSTM
was used to augment English-isiZulu data, thereby decreasing perplexity [3].

Here, we build on the work described in [2,3,24]. We also train LSTMs on
severely under-resourced code-switched data and then use these to generate arti-
ficial text with which to augment the training set. However, we extend these
approaches by introducing the targeted optimisation of the text generation to
produce sequences with useful code switches. To do this, we apply an extensive
hyperparameter search that optimises text generation quality. Such targeted
hyperparameter optimisation for code-switches has not been reported on before.

The remainder of this paper is organised as follows. Section 2 describes the
datasets utilised for experimentation. Section 3 details the experimental setup
and Sect. 4 presents the results. Finally, Sect.5 concludes.
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2 Dataset

This work uses a manually transcribed corpus of code-switched speech compiled
from South Africa soap opera episodes [21]. The speech in this corpus includes
four South African Bantu languages (isiZulu, isiXhosa, Sesotho and Setswana)
as well as English. Table 1 shows the subdivision of the corpus into four bilingual
sub-corpora: English-isiZulu (EZ), English-isiXhosa (EX), English-Sesotho (ES),
and English-Setswana (ET).

Table 1. The soap opera corpus, showing the total number of word tokens, word
types, and code switches in the four bilingual sub-corpora. CSgp indicates the number
of switches from English to a Bantu language, while CSgg indicates switches from
Bantu to English. The final column indicates the duration of the audio data.

Pair | Partition| English Bantu Total
Tok| Typ| Tok| Typ| Tok| Typ|CSgr|CSgEe Dur
Train 280333608 |24350|6788|52383|10396 | 2236| 2743| 4.81h
EZ |Dev 832| 414 734| 452| 1566, 866, 175/ 198|8.00 min
Test 2457| 870| 3199 1435| 5656| 2305| 688 776|30.4min
Train 20324 2630|12215|5086|32539| 7716| 776 1003, 2.68h
EX |Dev 1153 | 484| 1147| 762 2300| 1246 91| 113|13.7min
Test 1149| 498 1502| 889 2651| 1387| 328| 363 14.3min
Train 15395|225519825|2086 35197, 4339| 1565| 1719| 2.36h
ES |Dev 843 | 437 2227| 614| 3067, 1050, 156| 166|12.8 min
Test 1794 659| 2265| 535| 4054| 1193 403| 396|15.5min
Train 16180|236119570|1448 /35725, 3808| 1885| 1951| 2.33h
ET |Dev 1170 514| 2539| 539| 3707| 1052 224| 251|13.8min
Test 1970 729| 2979| 526 4939| 1254| 505| 526 17.8min

All four Bantu languages are agglutinative. Furthermore, isiZulu and isiXhosa
have a conjunctive orthography, leading to larger vocabularies (Table1) than
Sesotho and Setswana, which have a more disjunctive orthography.

Table 2. Out-of-domain monolingual corpora.

Language | English | isiZulu | isiXhosa | Sesotho | Setswana
Tokens 471M | 3.25M 0.99M | 0.23M 2.84M

We also use the five out-of-domain monolingual corpora outlined in Table 2.
This data was gathered from transcriptions of conversations, newspaper reports
and web text [2]. The table shows that, while substantial out-of-domain text
resources are available for English, much less is available than the four under-
resourced Bantu languages.
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3 Experimental Strategy

Our generative LSTM [11,12] consists of 3 layers: an embedding layer, an LSTM
layer and a dense layer. Gated recurrent units (GRUs) [6] and dropout [14]
were found to be ineffective in preliminary experiments. Adam [15] was used
for gradient descent and cross entropy as the optimisation criterion. All LSTMs
were implemented using Tensorflow [1], all n-gram language models are trigrams
with Witten-Bell discounting trained using the SRILM toolkit [19].

Speech recognition experiments were performed using KALDI [18] according
to the procedure in [4]. The training procedure is broken into two sections: mul-
tilingual pre-training, and language adaptation. The multilingual pre-training
trains a CNN-TDNN-F acoustic model on the pooled data from all four sub-
corpora as detailed in Table 1. The adaptation phase fine-tunes the pre-trained
CNN-TDNN-F by training for two epochs on the relevant bilingual sub-corpus.

3.1 Metrics

In addition to perplexity (PP), to pinpoint the difficulties encountered at lan-
guage switches, we also consider the code-switched perplexity (CPP) as first
defined in [23]. CPP is the perplexity when calculated only across the language
switches, while monolingual perplexity (MPP) is the perplexity calculated within
monolingual stretches of text.

Similarly, in speech recognition experiments we make use of the code-switched
bigram (CSBG) error, which is the speech recognition error computed only for
words immediately following a language switch [3]. By observing this figure, the
impact of our interventions specifically on code-switching can be assessed.

3.2 Text Synthesis and N-Gram Augmentation

To generate text, the start sequence token <s> is presented to the generative
model as input. The model then returns a categorical probability distribution
over the possible next words as well as the hidden and cell state vectors. Using
random sampling, a next word is chosen from the categorical distribution. This
word token and the hidden and cell state vectors are then presented to the model
as a new input. This continues until the end sequence token < /s> is synthesized,
or the sequence length reaches a predetermined maximum limit.

o exp(zi/T)
Pi 5 exp(e/7) W

Random sampling allows more diverse samples to be obtained from the inner-
representation of the LSTM. The unnormalized likelihoods (z;) output by the
dense layer can be focused or spread by multiplication with a heuristic temper-
ature value 7, as shown in Eq. 1, where p; is the resultant probability.
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Prompting. Neural networks trained to accomplish downstream natural lan-
guage processing (NLP) tasks are typically either pre-trained and adapted to
a task-domain or ‘prompted’ by syntactic characters [8]. We apply prompt-
ing to our LSTM model in an attempt to generate code-switched sequences
more effectively and reliably. During training, we mark all sequences containing
code-switches with the special start sequence token <s.s>, while monolingual
sequences begin with token <s,,on0>. In combination with this technique, the
discarding of monolingual sequences (ablation) is also considered. This results
in four text generation strategies, listed in Table 3.

Table 3. The four considered text generation strategies.

Strategy Discard monolingual Use special sta.rt
sequences (ablation) token (prompting)

Allreat

CSrext X

Allprompt

CSprompt X

Evaluating the Quality of Artificially-Generated Text. To determine
whether the synthesized data is useful, it is used to train an n-gram language
model, which is linearly interpolated with a baseline n-gram language model
(LMp) trained only on the training set (Tablel). The interpolation weight A
is optimised to minimise the development set perplexity. During preliminary
experiments it became apparent that the optimal perplexity of this interpolated
model was generally not observed for text generated by LSTMs that had been
trained until convergence on the development set, which was observed to be
reached after only a few training epochs (Ng < 10). Instead, text generated using
LSTMs for which training was allowed to continue after convergence provided
greater perplexity improvements. Therefore, the number of training epochs was
also considered to be a hyperparameter that was explicitly optimised.

3.3 Hyperparameter Tuning

Fig. 1 shows how optimization is split into three phases.
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Fig. 1. Block diagram of the hyperparameter and text generation tuning strategy used
to optimise the generative LSTMs.

Table 4. Hyperparameters considered for optimisation.

Symbol | Description Considered range
Ngp | Batch size {8, 16, 32,64, 128,256}
drnyn | NN dimension {16, 32, 64,128, 256,512, 768}
dr Embedding dimension | {2, 4, 8,16, 32, 64,128, 256}
Nk | Training epochs {5,10,15,...,60}
T Temperature {0.75,1.0,1.25,1.5}

Phase One: N, drNnN, dg and Ng. In Phase One, 20 separate LSTMs are
initialised, each with a different random seed. These models are trained on the
training sets in Table1 and then used to generate 20 respective sets of artifi-
cial text, each 8000 sequences in length and without ablation (Allr.,:, Table 3).
Each of these sets of text is used to train an n-gram language model that is
subsequently interpolated with the baseline n-gram (LMp) after which the per-
plexities described in Sect. 3.2 are calculated and stored. The hyperparameters in
Table 4 are tuned one at a time, repeating the above procedure for each consid-
ered value while holding the other parameters constant. Optimal hyperparameter
values were chosen based on the mean over the 20 experiments. Since the hyper-
parameters Np, dgny and dg influence the rate of convergence, the models are
first evaluated for Ny = {20, 40,60} epochs. Subsequently, Ng is optimized over
the range in Table4. Due to the computational complexity of this process, only
one pass for each hyperparameter was performed.
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Phase Two: 7. Phase Two of the optimization process utilised the best per-
forming hyperparameters from Phase One to train 20 new LSTM models for
each of the four text generation strategies in Table 3. For each strategy, 300,000
sequences are synthesized and this synthesis is repeated for the temperatures 7
listed in Table4. The set of 20 models associated with the text generation strat-
egy with the best average performance was then used to generate 20 final datasets
consisting of 1 million sequences each. The 20 sets of 1million sequences are
used to train 20 n-gram language models, which are each interpolated with the
baseline n-gram (LM p). The interpolated n-gram with the lowest code-switched
perplexity (CPP) on the development set is then selected to be used in the third
and final phase of augmentation experiments.

Table 5. Phase Three language models. LM g: Baseline, LM g s: Baseline interpolated
with language model trained on synthesized text, LM g4 a: Baseline interpolated with
language models trained on monolingual text, LM pys4a: Baseline interpolated with
both synthesized and monolingual language models.

Label Train | Synth | English | Bantu
LMpg

LMp+s X X

LMpBi+m X

LMB4s+m | X X

Phase Three: Interpolation. In Phase Three, we consider the four augmented
n-gram language model configurations listed in Table5. The baseline (LMp) is
trained only on the training set (Tablel). LMp g indicates an interpolation
between the n-gram trained on the training set (LMp) and the best performing
n-gram trained on the synthesized dataset of 1 million sequences from Phase
Two. LMpy s indicates an interpolation between LMp and two n-gram lan-
guage models each trained on the respective out-of-domain monolingual cor-
porus shown in Table2. LM g g+ as indicates an interpolation between LM g, an
n-gram language model trained on the synthesized dataset, as well as the two
n-gram language models trained on the out-of-domain monolingual corpora. The
resulting four interpolated n-gram language models in Table5 are used in ASR
experiments.

4 Experimental Results

We note at the outset that, in our previous work on the same speech datasets,
synthesizing text using an LSTM without the hyperparameter optimisation we
proposed here afforded only insubstantial (<1%) improvements in perplexity
over the baseline, and no improvements in speech recognition accuracy [2].
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4.1 Hyperparameter Tuning

Table 6 shows the hyperparameter optimization process in Phase One (Sect. 3.3)
for the English-isiZulu sub-corpus. Similar behaviour was observed for the other
three language pairs. Each row reports the successive optimisation of the first
four hyperparameters in Table4. We see that interpolation with a language
model trained on the synthesized dataset after optimising the first four hyperpa-
rameters leads to a 1.4% relative reduction in perplexity over the baseline LMp.
We expect only small perplexity improvements in Phase One due to the small
amount of text generated. More substantial improvements are achieved in Phase
2 of the optimisation procedure. We also note from the table that code-switched
perplexities (CPP) are much higher than overall perplexities (PP). This indicates
the high degree of uncertainty the n-gram has as language switches. Reducing
this uncertainty is the primary objective of our data augmentation.

Table 6. Development set perplexity (PP) and optimal average interpolation weight
(M) between the baseline LMp and an n-gram trained on the synthesized text for the
English-isiZulu sub-corpus. Each row indicates the optimization a successive hyperpa-
rameter (Par) and its best performing value (Value).

Par | Value| A | Loss7Train | LOSSpew PP CPP
LMp - - - - 626 3226
Npg 32 10.94 2.46 4.32 622 £ 2.2|3257 + 28.9
drny | 512 [0.94 1.5 6.16 |622 + 1.6 3270 £+ 27.8
de 64 | 09 1.25 5.87 |616 + 3.7 /3235 + 48.1
NEg 35 | 0.9 1.42 5.51 | 617 £ 2.5 /3244 4+ 36.4

We illustrate the effectiveness of the hyperparameter tuning strategy and
the need to choose effective parameters in Fig.2. The figure shows the aver-
age relative improvement over the four language pairs afforded by the language
model incorporating the synthesized data relative to the baseline language model
(LM p) when optimising each hyperparameter. It is clear from the figure that
each hyperparameter has an associated optimum.
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Fig. 2. Relative improvement in development set perplexity achieved during the suc-
cessive optimisation of the three hyperparameters: neural network dimension drnn,
embedding dimension dg, and batch size Ng. Average improvements are calculated
over the four language pairs and the three epochs (Ng = {20,40,60}) at which the
8000 sequences in Phase One of hyperparameter tuning are synthesised.

In Phase Two of our optimization process (Sect.3.3) the temperature (7) is
optimised for each of the text generation strategies in Table 3. Table 7 presents
these optimal temperatures for the English-isiZulu sub-corpus. We see that, of
the values considered, 7 = 1.5 was optimal for all text generation strategies.
We also observe that including all generated text (Allpe,:) reduces perplexity
and code-switched perplexity by 6.71% and 9.92% respectively relative to the
baseline. When only sequences with language switches are retained (CSpeqt),
both perplexity and code-switched perplexity show greater relative improve-
ments of 8.79% and 17.4%. Prompting increased the proportion of synthesised
sequences that contain code-switches from 32.0% (Allreg:) to 87.6% (Allprompt)
and affords further perplexity improvements. Finally, combining both ablation
and prompting (CSprompt) produced the best result of the four strategies and
reduces perplexity and code-switched perplexity by 9.58% and 20.1% relative to
the baseline. When this optimised LSTM is used to generate a larger dataset
(1,000,000 sequences), further gains are achieved.

Table 8 presents the perplexity and code-switched perplexity of the interpo-
lated language model for four temperatures when using the CSppompt strategy
(Row 5 in Table7). When artificial text is generated without modifying the
LSTM distribution, the perplexity of the resulting interpolated language model
is 6.23% better than the baseline. For the optimized temperature, this improve-
ment increases to 9.58% for the overall perplexity and a more substantial 18.3%
for the code-switched perplexity.

We note that higher temperatures produce lower perplexities and therefore
more surprising predictions are more helpful for language modelling. Further-
more, the mixture weight A\ shifts towards the synthesized language model the
more the synthesized data is optimized. Finally, the standard deviation of the
perplexities is two orders of magnitude smaller than the corresponding means
for both PP and CPP, indicating a high degree of consistency.
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Table 7. Mean + stdev English-isiZulu development set perplexity (PP) and code-
switched perplexity (CPP) over 20 runs for the four text generation strategies in
Table 3. Temperature 7 and average optimal interpolation weight A are indicated.

Strategy | 7 | A PP CPP

Baseline | — | - 626 3226

Allregt 1.5/0.76 | 584 + 2.5 | 2906 & 56.3
CSrext 1.5/0.73 571 + 3.1 | 2666 £+ 67.0
Allprompe | 1.510.73 | 568 4+ 4.1 2628 £ 77.1
CSpPrompt | 1.5]0.73 | 566 £ 2.5 2579 + 61.8
1 Mil 1.510.73 559 + 3.6 | 2513 £+ 57.5

Table 8. Mean + stdev English-isiZulu development set perplexity (PP) and code-
switched perplexity (CPP) over 20 runs when interpolating LM g with an n-gram lan-
guage model trained on the data generated using CSprompt text synthesis for different
temperatures 7. The associated average optimal interpolation weight is indicated by A.

T A PP CpPP

- - 626 3226
0.7510.82| 587 £ 3.5| 3045 £ 61.9
1.0 |0.75| 570 £ 2.3 | 2798 £ 48.7
1.25]0.72 | 565 £+ 3.8 | 2636 £ 60.9
1.5 [0.73| 566 £ 2.5 |2579 £ 61.8

4.2 Speech Recognition

Table9 shows the perplexities and word error rates achieved by each of the
four augmented language model configurations outlined in Table5 for all four
language pairs.

We see again that the code-switched perplexity (CPP) is much larger than
the overall perplexity (PP) for all language pairs. Furthermore, the larger vocab-
ularies (Table 1) of isiZulu and isiXhosa are reflected in the higher perplexities,
when compared with Sesotho and Setswana. Finally, we see that the speech
recognition error rate at language switches (CSBG) is much higher than the
overall word error rate.

Table 9 shows that the language models incorporating the synthesized data
(LMp+s) reduce code-switched perplexities by between 6.8% and 19.9% relative
to the baseline (LMp). Furthermore, Table 9 shows that, for all four language
pairs, the language models that incorporate synthesized data (either LMpy g or
LMpis+am) achieved improvements over the baseline in terms of overall word
error rate (1.76% to 2.83% absolute) and also code-switched bigram error (0.86%
to 1.37% absolute). From this we conclude that the synthesized text is able to
reliably reduce the confusion around code-switched points. Additionally, we note
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Table 9. Test set perplexity (PP), code-switched perplexity (CPP), monolingual per-
plexity (MPP), word error rate (WER), monolingual English and Bantu word error
rates (WERgnG, WERBan) and code-switched bigram (CSBG) error for the four
language model configurations in Table 5.

Pair | Model PP CPP | MPP | WER | WERENG | WERBAN | CSBG
LMp 842.4 | 3637 | 534.8 | 41.40 36.56 45.12 62.66
E7 LMg4s 758.5 | 2912 | 500.8 | 42.15 36.67 46.36 61.52
LMB4+m 624.9 | 3550 | 367.4 | 38.39 31.35 43.81 62.67
LMpys+m | 597.3| 2954 | 365.8 | 38.57 31.29 44.18 61.69
LMgB 1018.0 | 5171 | 624.9 | 42.53 36.71 46.98 68.29
EX LMB4s 979.8 | 4818 | 611.3 | 41.83 36.08 46.23 | 66.92
LMpB4m 790.0 | 5055 | 456.2 40.56| 30.87 47.98 67.64
LMpysim | 793.6 | 4883 | 463.5 | 40.77 31.0 48.24 68.06
LMg 285.9 | 1166 | 209.0 | 49.56 40.2 56.95 66.88
ES LMg4s 269.7 | 1016 | 202.5 | 49.49 39.44 57.44 66.53
LMB4+m 223.1| 1080 |158.9 |47.14| 33.98 57.53 66.69
LMpys+m | 223.91979.4 | 163.0 | 47.23 34.71 57.12 65.91
LMgB 224.5 | 1025 | 154.3 | 40.80 31.01 47.23 54.90
ET LMpg+s 202.3 | 864.8 | 142.8 | 40.24 29.96 47.0 54.04
LMB4m 179.8 | 963.3 | 120.6 | 38.36 | 26.23 46.34 54.47
LMpBys+nm | 171.7|815.5  118.4 | 38.56 26.84 46.28 54.91

that the reduction in code-switched error rate achieved by our language models
incorporating the synthesized data (LMpyg) is not achieved by incorporating
only the monolingual data (LM g /). This emphasises the importance of obtain-
ing more code-switched data, which we achieved here through synthesis.

Language models incorporating only the out-of-domain monolingual data
(LM p4ar) substantially lower the overall and the monolingual perplexities (by
between 19.9% and 31.3%) relative to the baseline. These language models
also improve the speech recognition performance, outperforming the baseline
by between 1.97% and 3.01% absolute in terms of word error rate. The strong
correspondence between decreases in monolingual and overall perplexities and
word error rate is due to the fact that, despite code switches, most speech remains
monolingual. As expected, however, the additional monolingual data has little
effect on the code-switched perplexity.

We also note that, for all four language pairs, the language models that
incorporate only monolingual data (LMpyas) result in the best overall word
error rate, marginally outperforming the language models that also incorporate
synthesized data (LMp1syar) by between 0.09% and 0.21% absolute. However,
the columns WERgnye and WERpan of Table9 show that this is due mostly
to an improvement in the English word error rate (absolute improvements of
between 4.78% and 6.22%). Importantly, this is often at the expense of the
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Bantu word error rate. Additionally the inclusion of only the monolingual data
only marginally affects the recognition error at code-switches (between 0.01%
worse and 0.65% better). In terms of code-switched bigram error, the language
models which incorporated only the synthesized data outperformed the baseline
language models and also the language models which incorporated only the
monolingual data for all four language pairs.

5 Conclusion

We have presented a strategy that optimises an LSTM specifically for the pur-
pose of generating code-switched utterances that can be used for language model
augmentation. We find that, while our previous LSTMs that are not optimised
in this way did not afford improvements, the optimised models are able to gen-
erate text the leads to consistent and substantial perplexity and word error
rate improvements in all four considered language pairs, especially at language
switches. We also see that, although out-of-domain but monolingual data does
produce slightly better average speech recognition performance, this improve-
ment is primarily seen for English and is at the expense of the performance in the
four under-resourced languages as well as at language switches. We conclude that
the hyperparameter tuning, ablation and prompting are effective techniques for
improving the speech recognition accuracy at language switches severely under-
resourced code-switched datasets.
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