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Abstract

We propose a novel parameter-efficient training (PET) method for large language
models that adapts models to downstream tasks by optimizing a small subset of
the existing model parameters. Unlike prior methods, this subset is not fixed
in location but rather which parameters are modified evolves over the course of
training. This dynamic parameter selection can yield good performance with many
fewer parameters than extant methods. Our method enables a seamless scaling
of the subset size across an arbitrary proportion of the total model size, while
popular PET approaches like prompt tuning and LoRA cover only a small part of
this spectrum. We match or outperform prompt tuning and LoRA in most cases
on a variety of NLP tasks (MT, QA, GSM8K, SuperGLUE) for a given parameter
budget across different model families and sizes.

1 Introduction

Large language models (LLMs) such as GPT-4 [28] and PaLM [1, 6] have demonstrated remarkable
performance on various natural language processing (NLP) tasks. A common paradigm for adapting
LLMs to specific NLP tasks is fine-tuning the pre-trained model on a downstream task dataset.
Effective regularization is paramount since fine-tuning is often prone to overfitting due to the large
model size and the small number of examples in the fine-tuning dataset. Furthermore, storing a full
model version for each task becomes prohibitive as the number of tasks grows. Parameter-efficient
training (PET) [9] is a family of approaches that regularizes fine-tuning by allowing only a small
number of parameters to change, thus reducing the storage overhead for each task drastically. Popular
techniques such as prompt tuning [24] and LoRA [18] fall into this category.

A recent line of work in PET keeps the internal structure of the seed model intact by identifying
a small subset of parameters that is optimized in fine-tuning while freezing all others. Ding et al.
[9] refer to this as specification-based delta tuning. Typically, these approaches specify the free
parameter set once either before or after model adaptation. The subset is chosen based on either
heuristics [3], Fisher information [47, 42], or the fine-tuning training signal [27, 13, 2, 30].

In this work, we propose a novel algorithm called dynamic subset tuning (DST) that efficiently
re-selects the set of free parameters in each training step without a substantial slowdown in training.
Our method is more flexible than prompt tuning and LoRA as it allows us to precisely specify
the fine-tuning parameter budget as a fraction of the model size. Our method often matches or
outperforms prompt tuning and LoRA with comparable parameter budget on various NLP tasks, and
covers a much wider range of subset sizes. In particular, it enables the use of PET with many fewer
free parameters (down to 0.00001% of the network) than most prior work, allowing DST to make use
of even very small training sets.
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2 Dynamic subset tuning

Let Θ(t) ∈ Rn be the parameter vector at time step t, where n is the number of parameters in the
model. Θ(0) ∈ Rn refers to the parameters of the pre-trained seed model. In DST, the fine-tuned
parameter vector differs from the seed model in exactly εn components (ε ∈ (0, 1)). This constraint
can be enforced at different granularity levels, which we describe using a partition S of [1, n] into k
“silos”. S = {Si}ki=1 where each Si ⊆ [1, n], and

⋃k
i=1 Si = [1, n], for any i 6= j, Si

⋂
Sj = ∅, and∑k

i=1 |Si| = n (i.e. a mutually exclusive and jointly exhaustive division of the model parameters). In
this paper, we use per-module-and-layer siloing: Each module in each layer is a separate silo that
has a constant fraction of free parameters, but the set of free parameters can still be spread out within
the silo (e.g. within a weight matrix). Appendix A compares this siloing strategy with alternative
approaches. We denote the set of valid parameter vectors asHε,S :

Hε,S := {Θ ∈ Rn|∀S ∈ S : ε|S| =
∑
i∈S

I(Θ
(0)
i 6= Θi)}. (1)

where Θi is the ith component of the parameter vector Θ and I(·) is the indicator function
(1 if the condition is true, 0 otherwise). The ε-constraint is enforced in each silo separately:

∀t ∈ N : Θ(t) ∈ Hε,S . (2)
The silo-level ε-constraints in Eq. 2 imply that, at each time step t, the number of parameters across
the full model that differ from Θ(0) is exactly εn sinceHε,S ⊂ Hε,{[1,n]}. We denote the updates com-
puted using the optimizer’s update rule with u(t) ∈ Rn such that a full update step to Θ̂(t+1) ∈ Rn
can be described as:

Θ̂(t+1) = Θ(t) + u(t). (3)
Vanilla fine-tuning would use Θ̂(t+1) directly in the next training iteration (Θ(t+1) Full-FT

= Θ̂(t+1)). In
DST, however, we aim to find a Θ(t+1) that is close to the fully updated Θ̂(t+1) but satisfies Eq. 2:

Θ(t+1) = arg min
Θ∈Hε,S

n∑
i=1

d(Θi, Θ̂
(t+1)
i ,Θ

(0)
i ), (4)

where d(·, ·, ·) is a distance function. An example is the component-wise inverse-relative distance
function that biases towards both large differences and seed parameter magnitudes:

d(Θi, Θ̂
(t+1)
i ,Θ

(0)
i ) = |Θ(0)

i (Θi − Θ̂
(t+1)
i )| (5)

Appendix A compares different variants of this distance function. Eq. 4 can be solved for each silo
S ∈ S separately by using values from Θ̂(t+1) in the top-ε|S| positions of the distance vector between
Θ(0) and Θ̂(t+1), and resetting the remaining values to Θ(0). More formally, let ∆ be the distance
vector and qS ∈ R+ be the threshold that separates the top-ε|S| distances from the rest:

∀i ∈ [1, n] : ∆i = d(Θ
(0)
i , Θ̂

(t+1)
i ,Θ

(0)
i ) and ε|S| =

∑
i∈S

I(∆i > qS). (6)

We construct the final parameter vector Θ(t+1)
∣∣
S

for silo S as follows:

∀i ∈ S : Θ
(t+1)
i =

{
Θ̂

(t+1)
i , if ∆i > qS

Θ
(0)
i , otherwise

. (7)

Alg. 1 shows a full update step in DST. 1

3 Experimental setup

All our training runs start off from publicly available pre-trained checkpoints. For the foundation
model PaLM 2 [1] we use the three sizes available via the Google Cloud API: Gecko, Otter, and
Bison. For T5 we use the T5 1.1 checkpoints2 available in T5X [36]: Small (77M parameters), Base

1In practice, we use an iterative approximation to the quantile() function in line 5 which makes the
computational overhead negligible. See Appendix C for more details.

2https://github.com/google-research/text-to-text-transfer-transformer/blob/main/
released_checkpoints.md
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Algorithm 1 DST update function for computing the model parameters Θ(t+1) for the next training itera-
tion. Note that compute_full_updates() may have additional dependencies such as the optimizer state in
momentum-based optimizers that we left out for the sake of simplicity.

Require: Θ(0): Seed params; Θ(t): Params at time step t; ε: Fraction of free params; S: Siloing partition
1: u← compute_full_updates(Θ(t)) {Apply optimizer’s update rule}
2: Θ̂← Θ(t) + u
3: ∆← d(Θ(0), Θ̂,Θ(0)) {Component-wise}
4: for S ∈ S do
5: q ← quantile(∆

∣∣
S
, 1− ε)

6: Θ(t+1)
∣∣
S
← where(∆

∣∣
S
> q, Θ̂

∣∣
S
,Θ(0)

∣∣
S

)
7: end for
8: return Θ(t+1)

(250M parameters), Large (800M parameters), XL (3B parameters), and XXL (11B parameters).
AdaFactor [40] state variables like momentum are computed using the fully updated parameters Θ̂(t),
not the post-processed ones Θ(t). The dropout rates and learning rates are tuned on the respective
validation sets – see Appendix F for details. We test our method on the following benchmarks:
Machine Translation (WMT22 German-English), Trivia-QA (closed-book, open-domain question
answering), GSM8K (math problems), SuperGLUE (eight language understanding tasks). Appendix
G lists more details about the datasets and our evaluation protocols.

4 Results

4.1 Comparison with prompt tuning and LoRA

We compare DST with two popular PET baselines: Prompt tuning [24] is an extension of prompt
engineering. It replaces hard-coded textual prompts with soft prompt-embeddings that are trained on
the downstream task. LoRA [18] adds linear bottleneck structures to the network that are parallel to
the attention weight matrices. All parameters besides the ones in the added bottlenecks are frozen
during fine-tuning.

Fig. 1 compares both PET methods with DST as a function of the number of free parameters. We
show the performance of the PET methods relative to the respective fully fine-tuned model.3 We
vary the prompt length in prompt tuning between 1 and 100. LoRA ranks range between 1 and 50.
Like Hu et al. [18] we noticed that higher LoRA ranks often do not yield further gains, possibly
due to regularization being less effective. Similarly, prompt tuning peaks at a prompt length of 10
(≈ 10−5 free parameter fraction). Compared to LoRA and prompt-tuning, DST curves (red) show
good performance across a broader range of the allocated parameter budget. This shows that there is
more flexibility in controlling the parameter budget. On very small training sets (Fig. 1e), DST with
the Otter model results in a smooth performance curve, while other systems are either erratic (prompt
tuning) or stay close to the chance level.

4.2 T5 experiments

Fig. 2 shows the trade-off between the quality and the subset size for different T5 model sizes. For
ε ≥ 10−4 (i.e. 0.01% free parameters) the performance of all our T5 models except Small stays
within 3% of the full fine-tuning baseline. Smaller models are more affected by an even lower ε than
larger models. This suggests that the system performance mainly depends on the absolute size of the
subset: Small is more than 100x smaller than XXL, and so are the absolute sizes of their subsets for
the same ε.

4.3 Multi-subset serving latency

In addition to regularization, a common use case for PET is model sharing. For example, in DST, a
single base model can be adapted to the task at hand by swapping out the subset at inference time.
Fig. 3 shows that the latency increase of applying DST parameter subsets on-the-fly is close or below

3Appendix D lists the absolute scores of all systems.
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Figure 1: Validation set performance of the Gecko and Otter models as a function of the fraction of
free parameters relative to full fine-tuning.
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Figure 2: Average scores of T5 models on Super-
GLUE compared to full fine-tuning as a function
of ε.
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Figure 3: Latency increase of applying subset
weights on-the-fly before decoding as a function
of ε. We use the MT test sentence “Wie geht es
dir heute?”.

1% for ε ≤ 10−6 for a basic JAX-based implementation on a 2x2 TPU v5e, potentially making
network-based client-server scenarios viable in a scenario where the subset is sent by the client.
Our multi-subset inference implementation is not suitable for efficiently serving subsets larger than
ε = 10−4, but better support for sparse matrix operations4 may improve the efficiency in the future.

4https://jax.readthedocs.io/en/latest/jax.experimental.sparse.html
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Note that there is no latency increase for single-subset serving as the subset can be embedded in the
model at startup time.

5 Related work

Besides LoRA and prompt tuning, DST is closely related to delta tuning [9] approaches such as
diff pruning [27, 13]. Diff pruning uses a continuous relaxation of the subset constraint which is
determinized once after training. Other delta tuning methods choose the subnetwork mask prior
to fine-tuning based on the Fisher information [47, 42]. In contrast, DST re-selects the subset in
every step. DST is more flexible than heuristic-based delta tuning approaches like BitFit [3] since
the subset is learnt. Our absolute distance function in Table 1 is inspired by Ansell et al. [2]. We
extend prior work on delta tuning by (a) proposing an algorithm that allows for discrete subset churn
at each training step, (b) introducing the concept of siloing, and (c) comparing distance normalizing
strategies. We show on a number of benchmarks that DST covers a wider range of subset sizes than
our baselines.

DST uses the insight that a small subnetwork is sufficient for adapting a model to a downstream
task. This is connected to the lottery ticket hypothesis [11] that states that subnetworks can reach
test accuracy comparable to the original network. Similarly, Zhang et al. [50] suggested that the
activations in vanilla Transformers tend to be sparse.

Delta tuning approaches such as DST are related to model pruning. Similar to movement pruning
[38], our distance functions in Table 1 rely on changes in weights. Our inverse-relative distance
function is motivated by magnitude pruning [15]. Although intuitively similar, DST’s goal is PET
and not model shrinking.

Adapters [34, 17, 31, 16] are small bottleneck layers inserted into the pre-trained model that are
learnt in fine-tuning while the rest of the model is frozen. Unlike adapters, DST leaves the network
structure untouched.

Su et al. [41] and Xu and Zhang [46] use random masks to reduce the number of free parameters in
fine-tuning. We compare DST with random masking in Sec. A. Koohpayegani et al. [22] reduce the
number of parameters in LoRA by factoring the low rank matrices using random basis matrices. By
contrast, DST does not require a low rank factorization.

We demonstrated that DST has a regularization effect that yields gains over full fine-tuning when
training data is scarse. This confirms prior work [44, 26, 29] showing that PET can outperform full
fine-tuning. Regularizing training by limiting updates to a subset of the model parameters has also
been explored by Lee et al. [23] and Zhang et al. [49]. Similar ideas inspired techniques like block
coordinate descent or stacking [12] that aim to improve the efficiency and scalability of training
large models. In these methods, unlike DST, parameters are not reset to their seed value when they
drop out of the subset, resulting in a final model that differs more from the seed and has a larger
effective subset size. Elastic weight consolidation [20, EWC] and DST both aim to regularize by
keeping parameters close to their seed values, but EWC allows all parameters to change. DST is less
expensive than EWC since it does not require computing statistics such as the Fisher information
over the pre-training dataset.

6 Conclusion

In this work, we proposed a novel method for PET, Dynamic Subset Tuning (DST). DST is more
flexible than extant PET methods, as it simultaneously optimizes both the subset of parameters to
update and their corresponding values, and dynamically re-selects that subset every training step.
We showed that because the size of the updated subset can be arbitrarily set, smaller subsets can be
trained than with other methods, yielding a smaller PET model size. We showed that DST matches or
outperforms LoRA and prompt tuning on a suite of NLP tasks and across various model types and
sizes.

Our appendix includes analysis that sheds light on the function and application of DST, investigating
the impact of churn, siloing, subset generalization, and computational costs. The limitations of our
work are listed in Appendix H.
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Absolute Relative Inverse-relative
dabs(θ1, θ2, θ

(0)) = |θ1 − θ2| drel(θ1, θ2, θ
(0)) =

∣∣ θ1−θ2
θ(0)

∣∣ dinv-rel(θ1, θ2, θ
(0)) = |θ(0)(θ1 − θ2)|

Table 1: Parameter-wise distance functions used in this work to measure the difference between two
models (θ1 and θ2) relative to the seed model (θ(0)).

ε = 10−6 ε = 10−4

No siloing
Random 71.45% 73.92%
Absolute – dabs(·) 71.20% 73.25%
Relative – drel(·) 72.45% 74.04%
Inverse-relative – dinv-rel(·) 73.47% 74.06%
Per-module siloing
Relative – drel(·) 72.11% 74.08%
Inverse-relative – dinv-rel(·) 73.30% 73.78%
Per-module-and-layer siloing
Relative – drel(·) 72.68% 74.18%
Inverse-relative – dinv-rel(·) 73.83% 74.00%

Table 2: MT development set performance of the Gecko model in terms of BLEURT for different
siloing and scoring strategies.

A Distance functions and siloing

We used the inverse-relative distance function and per-module-and-layer siloing in the main
paper. We experimented with the following alternative siloing strategies:

• No siloing: The subset can be distributed freely across the full model.
• Per-module siloing: Each module in the network (attention, feed-forward, embeddings,

etc.) receives the same fraction of free parameters, but the set can spread out across layers.

Furthermore, we explored different variants of the inverse-relative distance function (Table 1).

Table 2 compares DST performance using the various distance functions and siloing strategies. We
confirm the findings of Su et al. [41] and Xu and Zhang [46] that even random parameter selection5

works well for sufficiently large subsets (ε = 10−4). However, with ε = 10−6 (i.e. only 0.0001%
of model parameters are free), the relative drel(·) distance and inverse-relative dinv-rel(·) distance
functions substantially outperform the random baseline. Per-module-and-layer siloing yields further
gains. The BLEURT score differences between the methods are smaller for larger subsets (ε = 10−4).

Training stability Chen et al. [5] demonstrated that training with existing PET methods like LoRA
and prompt tuning is often unstable. The top panel in Fig. 4 shows that the variance between training
runs in DST depends on both distance function and siloing. Siloing and distance normalization
(Relative and Inverse-relative) increase the average BLEURT and also reduce the variance compared
to the absolute distance function (purple bar). The distribution of the free parameters across the
network modules is most stable with the Relative distance function (green bar in the bottom panel in
Fig. 4).

B Siloing alternatives

Siloing leads to the subset of free parameters being more evenly distributed across the full model,
and thereby reduces the variability between training runs. We investigated two alternatives to siloing
that aim to make d(·) more comparable across different modules:

• Size normalization: Divide d(·) by the number of parameters in the module/layer.
• Mean normalization: Divide d(·) by the mean of the absolute seed values in the module/layer.

Table 3 shows that siloing works more reliably than both strategies, especially with small ε.
5The random baseline randomly selects the free parameters once at the start of fine-tuning.
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Figure 4: BLEURT scores and the fraction of free parameters per network module on the MT
development set (Gecko model, ε = 10−6). Mean and standard deviation (error bars) across four
training runs are shown.

Method Per module Per module and layer
ε = 10−6 ε = 10−4 ε = 10−6 ε = 10−4

Size normalization 72.66% 73.84% 73.19% 73.79%
Mean normalization 71.23% 73.25% 70.80% 73.76%
Siloing 73.30% 73.78% 73.83% 74.00%

Table 3: MT performance (BLEURT) of the Gecko model for alternatives to siloing.

C Efficient quantile computation

The DST update step (Alg. 1) involves computing the qS threshold as the (1− ε)-th quantile over the
difference vector ∆

∣∣
S

. The standard implementation in JAX (jax.numpy.quantile()) is based on
sorting the complete ∆ vector which can be slow for large models. In fact, jax.numpy.quantile()
does not support tensor sizes beyond 232, and is therefore not suitable for our larger models.

Fortunately, we noted that qS does not change abruptly between training steps but rather fluctuates
smoothly over time. Therefore, we use an iterative approach that refines the threshold from the
previous training step (q′) for a fixed number m of iterations. The algorithm maintains a lower and
an upper bound that are initialized with [ q

′

r , rq
′], i.e. we assume that qS does not increase/decrease

by more than a factor of r between training steps. Let c(·) be a function that counts the fraction of
components in ∆ greater than q:

c(∆, q) =
1

|∆|

|∆|∑
i=1

I(∆i > q). (8)

The algorithm refines the lower and upper bounds for m steps by iteratively setting one of the bounds
to the midpoint qmi of the interval, depending on whether c(∆, qmi) is less or greater than ε. Alg.
2 lists the full procedure. We found that the iterative method is able to track qS very closely with
m = 3 and r = 2. After an initial ramp up period of around 20 training steps, the relative error
between the approximated ε̃ (realized by q̃) and the exact value of ε usually stays below 1%.
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Algorithm 2 Iterative refinement algorithm for approximating the threshold qS for a single silo S ∈ S.

Require: q′: The qS threshold from the previous training step.
Require: ∆: Difference vector for S of the current training step (see line 3 in Algorithm 1).
Require: ε: Fraction of free parameters.
Require: m: Number of refinement iterations.
Require: r: Maximum fluctuation factor.
1: qlo ← q′

r

2: qmi ← q′

3: qhi ← rq′

4: for k ← 1 to m do
5: if c(∆, qmi) > ε then
6: qlo ← qmi
7: else
8: qhi ← qmi
9: end if

10: qmi ← qhi−qlo
2

11: end for

12: return

{
qlo, if |c(∆, qlo)− ε| < |c(∆, qhi)− ε|
qhi, otherwise
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Figure 5: Training steps per second on TPU v4 chips with a batch size of 32. We use a 2x2x4
topology for the Gecko model and 4x4x4 for Otter and Bison.

Training speed Fig. 5 shows that a trivial implementation of DST using jnp.quantile() is much
slower than full fine-tuning. However, using our novel approximate iterative algorithm to compute
thresholds (Algorithm 2), we are able to match the full fine-tuning training speed. Algorithm 2 is
crucial for making dynamic subset tuning with churn possible in practice even for large models
(Bison).

D Absolute performance metrics

Fig. 1 plots the performance curves of DST, LoRA, and prompt tuning relative to the respective
fully fine-tuned baseline. Fig. 6 shows the same curves in absolute terms, marking the full fine-
tuning baselines with blue (light: Gecko, dark: Otter) horizontal lines. The dark data series (Otter)
outperform their lightly colored counter-parts (Gecko) because the Gecko model is 8x smaller than
the Otter model.

The average scores on SuperGLUE for the fully fine-tuned T5 baselines are listed in Table 4.

Table 5 shows that the BLEURT scores of our systems are comparable to the winners of the WMT22
evaluation campaign even though we used a very simple training pipeline (single fine-tuning stage on
only 31.5K examples).

Table 6 shows the absolute BLEU and BLEURT scores on the WMT22 German-English test set for
all PET techniques used in this work.
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Figure 6: Validation set performance of the Gecko and Otter models as a function of the fraction of
free parameters relative to full fine-tuning.

T5 model Avg. score
T5-Small 86.3%
T5-Base 88.5%
T5-Large 89.9%
T5-XL 91.6%
T5-XXL 92.3%

Table 4: Average scores on SuperGLUE
of the fully fine-tuned T5 baselines.

BLEU BLEURT
JDExploreA. [48] 49.3% 74.37%
Online-B 49.7% 74.00%
Lan-Bridge [14] 50.1% 73.84%
Online-A 50.2% 73.08%
DST (Bison model, ε = 10−6) 49.0% 74.13%

Table 5: Comparison with official German-English
WMT22 evaluation systems [21].

E Subset overlap analyses

Churn A core difference between DST and other delta tuning methods is that it re-selects the
parameter subset in each training step, i.e. it allows subset churn. In an ablation study we disabled
churn by selecting the subset only once in the first training step. However, as shown in Table 7, churn
helps the model to converge to a better subset, particularly when the subset is small (ε = 10−6).

To illustrate how the subset changes in the course of training we compute the subset overlap between
two DST checkpoints as follows:

SubsetOverlap =
|SubsetA ∩ SubsetB|

|SubsetA|
. (9)
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Base 0-shot Full fine-tuning Prompt-tuning LoRA This work (DST)
(length=10) (rank=1) ε = 10−7 ε = 10−6 ε = 10−4

BLEU
Gecko 47.0% 47.0% 43.8% 47.7% 46.8% 47.7% 47.2%
Otter 46.5% 47.3% 49.9% 46.9% 49.3% 49.5% 49.1%
Bison 47.9% 48.8% 48.4% 48.8% 49.5% 49.0% 48.4%
Avg. 47.1% 47.7% 47.4% 47.8% 48.5% 48.7% 48.2%

BLEURT
Gecko 71.39% 73.41% 73.01% 73.35% 72.23% 73.08% 73.18%
Otter 69.96% 73.56% 73.92% 73.53% 73.48% 73.73% 74.15%
Bison 72.70% 74.11% 74.18% 74.17% 73.90% 74.13% 74.21%
Avg. 71.35% 73.69% 73.70% 73.68% 73.20% 73.65% 73.84%

Table 6: BLEU and BLEURT scores of PET techniques on the WMT22 German-English test set.

ε Siloing No churn With churn
None 71.38% 73.47%

10−6 Module 71.45% 73.30%
Module+layer 72.55% 73.83%
None 74.05% 74.06%

10−4 Module 73.50% 73.78%
Module+layer 73.69% 74.00%

Table 7: MT performance (BLEURT) of the Gecko model with and without subset churn.
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Figure 7: Subset overlaps between different training steps of the same training run for the Gecko
model on MT.

Fig. 7 shows that the subset tends to converge slower without siloing and with a small ε. The overlap
between the earliest and the latest checkpoint (bottom right corner in each diagram) is below 60%
which indicates the importance of churn.
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Figure 9: MT performance (BLEURT) as a function of the learning rate and the number of free
parameters (ε).

Subset generalization A practical question is how well the learnt subset masks generalize to new
tasks. The off-diagonal values in Fig. 8a indicate that there is very little subset overlap between
different distance functions. The overlap stays below 50% even between training runs of the same
configuration (diagonal in Fig. 8a) except for the Relative distance function. Subset overlaps between
different tasks are relatively low, even when using the same distance function (Fig. 8b). This suggests
that LLMs are highly redundant: they contain many different parameter subsets, each sufficient to
adapt the model to a certain task. Combining DST with approaches like MAML [10] could potentially
improve the generalization and make it possible to re-use subset masks across tasks.

F Training hyper-parameters

We train our models in the JAX [4] framework PAXML6 on TPU v4 chips with AdaFactor [40]. We
use a batch size of 32 for the PaLM 2 models and a batch size of 128 for T5. Dropout rates and
learning rates are tuned for each experiment on the development sets. We used dropout for LoRA and
full fine-tuning, but not for DST. We do not use dropout on GSM8K. For full fine-tuning, learning
rates range between 0.1 and 1.0 in T5 and between 0.0001 and 0.000001 in PaLM 2.

Fig. 9 visualizes the inverse relationship between the optimal learning rate and ε in DST: the smaller
the subset (i.e. the lower ε), the larger the optimal learning rate. Intuitively, a low ε resets a larger
fraction of the parameters to the seed model, and thus reduces the total magnitude of the update step.
A higher learning rate compensates for this effect. To reduce hallucinations in the PaLM 2 models
we append the string “\n[eod]” to all training examples and truncate predictions after these tokens.

6https://github.com/google/paxml
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Dataset Size
WMT German-English 31.5K
Trivia-QA 87.6K
GSM8K 7.5K
SuperGLUE BoolQ 9.4K

CB 250
COPA 400
MultiRC 5.1K
ReCoRD 101K
RTE 2.5K
WiC 6K
WSC 554

Table 8: Number of examples in the training corpora.

G Datasets and evaluation protocols

We test our method on the following benchmarks: Machine Translation (WMT22 German-English),
Trivia-QA (closed-book, open-domain question answering), GSM8K (math problems), SuperGLUE
(eight language understanding tasks). Appendix G lists more details about the datasets and our
evaluation protocols.

• Machine translation (MT). LLMs such as PaLM have been successfully applied to MT
[43]. Our main evaluation task is German-English translation using the official data from the
WMT22 [21] evaluation campaign. We use newstest2022 as the test set to avoid overlap
with PaLM training data, a 500 sentence sample from newstest2021 as the development
set, and all previous WMT News test sets as the fine-tuning set. We report BLEURT7 [39]
scores against reference A and BLEU scores computed with SacreBLEU [32] against all
available references.

• Trivia-QA (closed-book, open-domain) [37] is a version of the question answering task
Trivia-QA [19] without direct access to the context of the question. We follow the seqio
[35] setup8 and report the number of exact matches.

• GSM8K [7] is a small dataset of high-quality grade school math word problems often used
to assess LLMs.

• SuperGLUE [45] is a benchmark consisting of eight different language understanding
tasks. Training set sizes range from 250 to 101K examples which we mix proportionally,
following the super_glue_v102_proportional9 recipe in T5 [33]. Like prior work we
report average scores across all tasks, averaging scores of tasks with multiple scores first.

Table 8 lists the training data set sizes. We decode with beam search (beam size of 4) for MT, and
with greedy search for the other benchmarks.

H Limitations

DST in its current form improves storage and regularization efficiency, but it does not improve the
training efficiency or memory footprint. How to reduce the memory requirements in LLM adaptation
is still an active area of research [8, 25, 51].

DST is a new approach for PET. Similar to existing PET methods such as prompt tuning and LoRA,
our approach may be potentially used in a setting which can propagate or amplify existing biases
from the dataset.

We tested DST with PaLM 2 and T5 models of different sizes, but we did not use other LLMs due to
license restrictions and computational costs. Furthermore, we leave it to future work to explore the
combination of multiple PET techniques.

7BLEURT-20 checkpoint
8https://github.com/google/seqio#triviaqa-closed-book-open-domain-version
9https://github.com/google-research/text-to-text-transfer-transformer/blob/main/

t5/data/mixtures.py
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