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Abstract

Fine-tuning large language models (LLMs)
for code generation is challenging due to
computational costs and the underrepresenta-
tion of some programming languages (PLs)
in pre-training. We propose PLEX, a lottery-
ticket based parameter-efficient fine-tuning
(PEFT) method that adapts LLMs to either well-
supported and underrepresented PLs. During
lottery ticket selection, PLEX employs a dual
strategy: for well-represented PLs, it leverages
the LLM’s full parametric knowledge by select-
ing from full layers, while for underrepresented
PLs, it narrows the selection scope to dense lay-
ers, prioritizing the most influential parameters.
Additionally, PLEX-E, a low-rank extension of
PLEX, further reduces computational costs by
limiting the scope of fine-tuning. On MultiPL-
E benchmarks, PLEX achieves state-of-the-
art performance among PEFT methods, while
PLEX-E maintains competitive results with re-
duced computational overhead. Both variants
demonstrate effective adaptation across diverse
programming languages, particularly for those
underrepresented in pre-training.

1 Introduction

Code generation is a critical task in software devel-
opment, and large language models (LLMs) have
shown great promise in this domain (Chen et al.,
2021; Allal et al., 2023).

In industrial settings, serving code LLMs often
requires optimized generation for a target PL. More-
over, the target language can be proprietary, such
as those used in chip design, which are typically
absent from pretraining corpora.

Fine-tuning LLMs for specific PLs faces a com-
putational bottleneck: While scaling laws sug-
gest that larger models yield better performance,
fully adapting the model for each target PL is
prohibitively resource-intensive. This underscores
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Figure 1: PLEX adaptively finetunes code LLMs by se-
lectively updating parameters. For well-supported PLs,
it uses a full parameter space, while for underrepre-
sented or private PLs, it focuses on dense layers.

the importance of parameter-efficient fine-tuning
(PEFT; Hu et al. 2022; Ansell et al. 2022), which
addresses this issue by adapting only a subset of
parameters, making fine-tuning more feasible and
efficient.

An additional challenge arises when the tar-
get PL is underrepresented. We specifically use
the term ‘underrepresented’, distinct from ‘low-
resourced’, as low-resourced is defined with re-
spect to an amount of public training resources per
language. Meanwhile, underrepresentation is de-
fined with respect to a specific PL-model pair. For
instance, one language that is abundantly observed
in pretraining one model, can be underrepresented
in another.

Needs for adapting to an underrepresented PL
are common in industrial setting, when support-
ing a rare PL or a private or proprietary language
unavailable during pre-training. However, in our
preliminary experiments, we observe that no ex-
isting PEFT method is one-size-fits-all for both
well-supported and underrepresented PLs.

To address these issues, we propose PLEX, a
novel PEFT method designed to efficiently adapt
LLMs to both well-supported major PLs and un-
derrepresented or private PLs. Our method em-
ploys an adaptive parameter selection using lottery-
ticket (Ansell et al., 2022; Frankle and Carbin,
2019; Chen et al., 2020), adjusting the parame-
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ter groups based on whether the target PL is sup-
ported by the LLM. For well-supported PLs, PLEX
leverages the full parameter space for ticket selec-
tion, maximizing the use of the model’s pretrained
knowledge. For underrepresented or private PLs,
PLEX narrows the focus to dense layers, ensuring
that the most influential parameters are prioritized
during fine-tuning (Meng et al., 2022).

To further improve computational efficiency, we
introduce PLEX-E, an extension of PLEX that re-
places full fine-tuning with low-rank LoRA tun-
ing (Hu et al., 2022) for parameter selection. This
reduces the computational burden while minimiz-
ing performance drops, making it feasible to apply
to larger models.

Our experimental results on the MultiPL-E Hu-
manEval and MBPP benchmarks (Cassano et al.,
2023) demonstrate the effectiveness of PLEX.
The method performs well not only on well-
supported languages like Java, PHP, C++, and Swift
for StarCoder-7B (Li et al., 2023) and Java for
SantaCoder-1.1B (Allal et al., 2023), but also on
underrepresented languages like PHP and C++ for
SantaCoder-1.1B. These results validate the adapt-
ability of PLEX across a diverse range of program-
ming languages, including those underrepresented
during pre-training. Additionally, in the StarCoder-
7B experiments, PLEX-E, the computationally effi-
cient version of PLEX, generally outperforms ex-
isting PEFT baselines while remaining competitive
with PLEX. The code and dataset are publicly avail-
able.!

2 Related Work
2.1 Multilingual LLMs

LLMs trained on large programming-related cor-
pora, such as GitHub or The Stack, inherently sup-
port code generation across diverse PLs. However,
their performance often declines when focusing
on a specific PL, due to the curse of multilingual-
ity (Conneau et al., 2020).

This degradation is more pronounced for an un-
derrepresented PL. An immediate solution is rebal-
ancing the pretraining corpus by adding substantial
data for the target PL. However, this incurs pre-
training costs.

A widely deployed solution is finetuning a pre-
trained multilingual model specifically on the target
PL (Chen et al., 2021; Nijkamp et al., 2023; Guo
et al., 2024).

"https://github.com/thnkinbtfly/PLEX

Our distinction We question a widely adopted
approach of training an LLLM with a large number
of PLs, or fine-tuning the whole LLM. Our distinc-
tion is employing parameter-efficient fine-tuning
(PEFT) to adapt to a target PL. This is different
from works utilizing PEFT to code LLMs (Zhuo
et al., 2024) for a different purpose of adapting to
other tasks, not PLs.

2.2 PEFT: Parameter-Efficient Fine-Tuning

To adapt pretrained LMs to specific PLs for code
generation, PEFT methods, which aim to add a
handful number of parameters for fine-tuning, were
a popular solution. A common PEFT employed for
code LMs was LoRA (Zhuo et al., 2024), which
fine-tuned a low-rank subspace of each weight ma-
trix. However, LoORA often missed important in-
formation outside of low-rank space (Chen et al.,
2023).

A promising alternative was LT-SFT (Ansell
et al., 2022), which aimed to find lottery tick-
ets (Frankle and Carbin, 2019; Chen et al., 2020),
which is a subnetwork whose performance is simi-
lar or better when fine-tuned. However, it required
full fine-tuning, which was not practical for ever-
enlarging LMs. Moreover, we noticed sometimes
it underperforms LoRA significantly.

QOur Distinction We find that both LoRA and
LT-SFT are suboptimal for PL adaptation, and pro-
pose PLEX, a best practice for parameter-efficient
adaptation to both under- and well-represented
PL as a target PL. We observe when LT-SFT un-
derperforms despite a higher cost, to aim at re-
ducing such cases. Moreover, we devise PLEX-E,
a computation-efficient version of PLEX, that is
more suitable for large LMs.

3 Proposed Method

3.1 Both LoRA and LT-SFT are Suboptimal
In PL Adaptation

Our first finding is that both LoRA and LT-SFT
are suboptimal when adapting pretrained LMs to
diverse PLs.

While LoRA is a popular PEFT method (Zhuo
et al., 2024), it may miss important information out-
side of low-rank space (Yu et al., 2017). A promis-
ing alternative would be the lottery-ticket-based
PEFT method, LT-SFT (Ansell et al., 2022).

Although we observe it usually outperforms
LoRA, we observe sometimes it significantly un-
derperforms LoRA (Table 1). To investigate why,
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we analyze the updated parameter distribution over
layers, and find that the updated parameters in
dense layers are too small (Figure 3 blue in sub-
subsection 4.3.2). This can be a problem, since
most knowledge is believed to reside in dense lay-
ers (Meng et al., 2022).

3.2 Proposed: PLEX

To address this, we propose PLEX, which moves
beyond the limitations of the low-rank assump-
tion (Hu et al., 2022), known to overlook critical
information (Yu et al., 2017). Instead, we focus
on finding lottery tickets within the network and
ensure the selected parameters reside in dense lay-
ers, where most knowledge is concentrated (Meng
et al., 2022), overcoming the shortcomings of exist-
ing methods. Last but not least, for large language
models, we make our version to be computation-
efficient, avoiding the expensive full fine-tuning of
LT-SFT.

One promising alternative of LoRA, LT-
SFT (Ansell et al., 2022), the lottery-ticket-based
PEFT method, first finds lottery-ticket— a subnet-
work whose fine-tuned performance is comparable
to fine-tuning the full model. Formally, given a neu-
ral function with pretrained weight # € R", finding
a ticket corresponds to finding a mask m € {0, 1},
by choosing the parameter with the largest move-
ment (Sanh et al., 2020) after fully fine-tuning the
model (Ansell et al., 2022). Then it restricts the
training updates to be A6 m, converting the given
parameters as follows:

frr(0) =0+ A00m (1)
where © is element-wise multiplication. € = HTVHO

is naturally referred to as the density, tuned as a
hyper-parameter, but expected to be « 1 for spar-
sity, where | - ||o counts the number of non-zero
values.

However, LT-SFT underperforms in underrep-
resented PLs, likely due to the low proportion of
parameters in dense layers (Figure 3 blue in sub-
subsection 4.3.2). Therefore, PLEX focuses the up-
dates to dense layers only, for efficient adaptation
to PLs. Formally, we update the given parameter as
follows:

fPLEX(Q) =0+ANOOME (1 — ]l(l S UR)mD)
(2)

where 1(/ € UR) is an indicator function condi-
tioning whether given PL [ is underrepresented” or
not, and mp € {0,1}" is 1 where the index does

not correspond to any dense layer. Here, density is
defined as d — mQU-1(EUR)mp)]o

N
3.3 PLEX-E: Computation-Efficient Variant
for Large LMs

The proposed PLEX could overcome the downside
of LT-SFT, but it would not be practical to apply
to large LMs, since it requires fully fine-tuning the
dense layers.

Inspired by LoRA, given a dense layer weight
W e R%*?, instead of directly optimizing the
weight, we reduce the computational cost by apply-
ing low-rank updates as follows:

where W,, € R**", Wy € R"* are the optimiza-
tion target. The computational cost is controlled by
reducing r.

4 Experiments

In this section, our goal is answering to the follow-
ing research questions:

* RQI1: How do existing PEFT methods (LoRA,
LT-SFT) exhibit complementary strengths and
weaknesses across different PLs?

* RQ2: Can we design a PEFT method that com-
bines the advantages of both LoRA and LT-
SFT while mitigating their limitations?

* RQ3: How can we maintain the benefits of
our approach while achieving computational
efficiency for LLMs?

4.1 Experimental Setup

Model Selection We evaluate the effectiveness of
PLEX on code generation with pretrained LMs. We
strategically select SantaCoder-1.1B (Allal et al.,
2023)* for our main experiments due to its focused
pretraining on only three PLs (Python, Java, and
JavaScript). This focused pretraining provides a
controlled setting for simulating underrepresented
scenarios with PLs absent from pretraining data
(see Figure 2). To investigate the scalability and

%] € UR can be empirically decided based on zero-shot
performance (Section 4).

3https://huggingface.co/datasets/bigcode/the-stack

*https://huggingface.co/bigcode/gpt_bigcode-santacoder
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Method A param. Java PHP C++ Swift
size () | H M H M H M H M
No tune 0GB | 150 28.1 15 31 62 157 07 3.0
Full FT 42GB | 179 264 113 175 104 220 7.1 139
LoRA  154-205MB | 16.7 28.6 111 160 94 203 21 73
SoRA 158-199MB | 17.8 240 10.0 19.1 114 21.1 74 17.1
"LT-SFT 130-194MB | 182 29.7 34 70 82 183 48 124

PLEX 130-194MB | 18.2 29.7 10.1 17.1 123 213 45 12.1

Table 1: SantaCoder-1.1B Pass@1 scores for various PEFT methods on the HumanEval (%) and MBPP (M)
benchmarks in MultiPL-E. A param. denotes the size of trainable parameters. Java is included in the pretraining
corpus, while PHP, C++ and Swift (gray highlighted) are not. Best scores are in bold; second-best are underlined.

Method Computational Java PHP C++ Swift
Efficiency | H M H M H M H M
No tune 244 377 221 351 233 420 151 30.1
LoRA rx (M+N)|285 387 292 417 260 387 200 327
SoRA rx (M+N)|305 395 283 445 226 383 215 330
P-Tuning [ 1273 362 00 00 06 00 181 282
PLEX-E rx (M + N) |[29.1 397 284 442 256 402 209 34.2
"PLEX MxN [290 404 294 453 267 40.6 223 339

Table 2: StarCoder-7B Pass@1 scores of various PEFT methods across diverse PLs on the HumanEval (%)
and MBPP (M) benchmarks in MultiPL-E. PLEX-E is a computationally efficient version of PLEX. LT-SFT is
omitted as it is equivalent to PLEX since all Java, PHP, C++, and Swift are well-supported PLs for StarCoder-7B.

Best scores are in bold; second-best are underlined.

no. examples
14000
12000
10000
Java

8000
(~88.4GB) 6000
4000

oIII

2000
PHP C++

Python
(~62.0GB)

Java

(a) Pretraining Corpus. (b) Finetuning set (MegaCode-

Training).

Figure 2: SantaCoder 1.1B was pre-trained on the Java,
Python, and JavaScript subset of the Stack-v1.1.3> Ac-
cordingly, Java is a well-supported programming lan-
guage, whereas PHP and C++ are underrepresented.

computational efficiency of PLEX, particularly
PLEX and PLEX-E, we extend our evaluation to
StarCoder-7B (Li et al., 2023).

Evaluation Metrics Consistent with existing
works (Chen et al., 2021; Li et al., 2022), we use

Pass@Fk := Eproblems[1 — ((7’3;)] (Chenetal., 2021)
k

Shttps://huggingface.co/bigcode/starcoderbase-7b

as the main metric to evaluate the code generation
abilities of pretrained LMs. Note that, for an un-
biased evaluation, Pass@Fk calculates the average
probability of selecting at least one of ¢ correct
code snippets from every combination of k sam-
ples chosen from n given samples.

Datasets and Languages for Evaluation We
evaluate PLEX on MultiPL-E (Cassano et al.,
2022), which expands the Python-only benchmarks
HumanEval (%) and MBPP (M) to support diverse
PLs.

For adaptation to specific PL, we utilize Mega-
CodeTraining corpus,® filtered to contain the spe-
cific PL of our target. As PEFT performance is gen-
erally bounded by full finetuning performance, we
first verify that full finetuning shows clear improve-
ments over the pretrained model for each candidate
PL. This ensures our evaluation meaningfully as-
sesses PEFT effectiveness rather than dataset limi-
tations. Based on these criteria, we use Java, C++,
PHP, and Swift.

Baselines We compare PLEX with the following
approaches: 1) LoRA (Hu et al., 2022): a popu-

®huggingface.co/datasets/rombodawg/MegaCodeTraining
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lar parameter-efficient fine-tuning method, which
assumes a low-rank update of parameters. We
focus on the Q,K,V attention matrices.” 2) LT-
SFT (Ansell et al., 2022): an alternative parameter-
efficient fine-tuning method, which is supported by
the lottery-ticket hypothesis. 3) SoRA (Ding et al.,
2023): an efficient variant of LoRA which reduces
the rank adaptively. 4) P-Tuning (Liu et al., 2021):
prepending trainable prefix vectors to inputs.

Implementation Details For RQI1-2, we use
e=3%,3 batch size of 8, learning rate of 2e-5, and
train for 3 epochs. For LoRA, we use batch size of
8, learning rate of 5e-5, train for 3 epochs. Specifi-
cally, to use the comparable number of PEFT pa-
rameters, for LORA, we set r=a=768 for Swift, and
r=a=1024 for other PLs. For SoRA, the training
setting is similar to LoRA, while we set learning
rate as 1.5e-4, r=a=128 for SORA on C++ and
PHP, r=a=192 for SoRA on Java, and r=a=96 for
SoRA on Swift.” For RQ3, the hyperparameters
are mostly similar. We use e=1%, and r=a=420 for
LoRA. For SoRA, we use r=a=96 for SORA on
C++, PHP, Swift, and r=a=160 for SORA on Java.
We use r=a=1024 for PLEX. We use /=256 for P-
tuning. We generate 200 samples per problem, with
temperature 0.2, and max length of 650. We regard
a PL as underrepresented if the average Pass@1
performance without any tuning is under 15%.

4.2 Results

4.2.1 RQ1: Both LoRA and LT-SFT are
Suboptimal for PL. Adaptation

The rows for LoRA (or SoRA) and LT-SFT in Ta-
ble 1 highlight their suboptimal performance in
adapting pretrained LMs to diverse PLs. For in-
stance, when adapting to Java, LoORA’s Pass@1 is
1.5%p lower than LT-SFT on Humaneval (). Con-
versely, for out-of-domain PLs like C++ or PHP,
LT-SFT’s Pass@1 is up to 9%p lower than LoRA
on MBPP (M).!0 In Section 4.3.2, we analyze why
LT-SFT struggles in these scenarios.

4.2.2 RQ2: PLEX, the Best Practice

Overall, PLEX outperforms all the baselines includ-
ing LoRA or LT-SFT. For instance, even in C++

" Adding attention output matrix or feed forward networks
as the target underperformed this base setting.

8We selected among 1%, 3%, 10%, based on Java Pass@1
performance.

They scale learning rate about 3x than LoRA, and use all
the dense layers as their target.

%We consider Swift on SantaCoder as an outlier, which
tends to underperform with any PEFT methods.
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Figure 3: SantaCoder-1.1B Pass@1 scores on a failure
case (C++) of LT-SFT. We report the averaged score of
HumanEval and MBPP (red), along with the ratio of
dense layer parameters in the updated parameters (blue).

or PHP adaptation, where LT-SFT fails, Pass@1
increases by up to 10.1%p in MBPP (M) com-
pared with LT-SFT. PLEX even outperforms the
recently proposed LoRA variant (SoORA). The score
of PLEX is up to 5.7% higher in Java MBPP (M)
compared to SORA. In overall, PLEX usually out-
performs SoRA in the benchmark (wins 5/8 times),
outperforms LT-SFT (wins 6/8 times), and LoRA
(wins 7/8 times).

4.2.3 RQ3: The Computation-Efficient
Version, PLEX-E

Table 2 shows that PLEX-E outperforms other
computation-efficient PEFT methods, such as
SoRA (wins 5/8 times), LoRA (wins 6/8 times),
and P-Tuning (wins 8/8 times). Note we do not
compare with LT-SFT, which is computationally
inefficient.!!

4.3 Analyses
4.3.1 Efficiency Analysis of PEFTs

We analyze the relative computational cost of com-
parisons (Table 2 2nd column). PLEX-E requires
min(r x (M + N),3¢MN), which reduces to
rx (M + N)if e < r32 the similar com-
putational cost to LoRA, when given the target
dense layer W e RM*N | the rank of LoRA
r < min(M, N), the density ¢ « 1. Note that
P-Tuning depends on different dimension [, the
length of trainable prompt, but we omit empirical
comparison due to its suboptimal performance.

""Refer to Appendix A for the application of PLEX-E in
SantaCoder-1.1B.
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Figure 4: Heatmap of affected parameters of layers in LT-SFT, LoRA-variant (SoRA), and PLEX. We investigate a
SantaCoder-1.1B case study on C++, where LoRA outperforms LT-SFT. The analysis covers the embedding layer
(emb), attention layer (attn), layernorm layer (layernorm), and multilayer perceptron (mip).

4.3.2 Visualization of Our Distinction

In this section, we visually analyze why PLEX
is superior to LT-SFT or LoRA. Specifically, we
investigate the case when LT-SFT underperforms,
such as in C++ where it falls short of LoRA (see
Table 1).

First, LT-SFT updates too few parameters in the
dense layers, where most of the knowledge resides
(Meng et al., 2022). To delve deeper, we exam-
ine the heatmap of affected parameters across lay-
ers—embedding, attention (attn), layernorm, and
MLP— on the 22nd layer for comparison.

Figure 4 illustrates that LT-SFT (Figure 4a) up-
dates fewer parameters in the attention and MLP
layers (where dense layers are concentrated) and
instead updates other layers, like the embedding
layer. In contrast, PLEX (Figure 4c) prioritizes
updates in dense layers, effectively targeting the

knowledge stored in the language model (Meng
et al., 2022).

Second, LoRA-variants densely affect the pa-
rameters, but they require low-rank assumption to
do it in a parameter-efficient way, which is known
to overlook critical information (Yu et al., 2017).
In contrast, PLEX is free of low-rank assumption,
by achieving parameter-efficiency with the lottery-
ticket hypothesis.

5 Conclusion

We studied an adaptive PEFT method using lot-
tery tickets. We propose PLEX, which effec-
tively adapts PEFT to any PL, whether well- or
under-represented. We also introduce PLEX-E, a
computation-efficient version of PLEX, which re-
duces the full fine-tuning cost during ticket selec-
tion, making our method applicable to large LMs.
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A PLEX-E on SantaCoder-1.1B

Table 3 shows that PLEX-E shows comparable
Pass@1 scores to LoORA and SoRA when applied
to SantaCoder-1.1B. Note that PLEX-E still signif-
icantly improves in adapting to underrepresented
PLs (PHP and C++) over the existing lottery-ticket
based PEFT approach LT-SFT, though PLEX is
computationally more efficient.
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A param. Java PHP C++

Method size) | H M H M H m MO

Full FT 42GB | 179 264 113 17.5 104 22.0 17.6
"LoRA 205MB | 16.7 286 11.1 160 94 203 17.0

SoRA 162-199MB | 17.8 240 10.0 19.1 114 21.1 17.2

LT-SFT 194MB | 182 29.7 34 70 82 183 14.1
"PLEX-E ~ 194MB | 17.1 292 95 156 89 214 169

PLEX 194MB | 182 29.7 10.1 17.1 123 213 18.1

Table 3: SantaCoder-1.1B Pass@1 scores of various PEFT methods across diverse PLs on the HumanEval ()
and MBPP (M) benchmarks in MultiPL-E. A param. signifies the size of trainable parameters. PLEX-E is a
computationally efficient version of PLEX. Java is included in the pretraining corpus, while PHP and C++ (gray
highlighted) are not. Best scores are in bold; second-best are underlined.
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