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Language models are statistical models that operate over real numbers, taking in a sequence of con-
tinuous vectors as input and producing a new continuous vector as output. However, users of language
models need to interface with human-readable text. This is made possible by two processes: at the input
level, tokenizers encode text as a sequence of discrete symbols which correspond to learned embedding
representations, and at the output level, inference-time algorithms convert real-valued predictions back
into generated text. In this dissertation, I present three key contributions towards better algorithms that

govern this process of encoding and decoding text.

First, to bridge the divergent approaches of human annotation and synthetic generation for data cre-
ation, I introduce a novel approach that combines the creativity of language model outputs with the relia-
bility of human annotation in order to create data that is both diverse and high-quality. When applied to the
task of natural language inference (NLI), we find that models trained on our dataset achieves significantly

stronger generalization to out-of-domain test sets compared to existing NLI datasets.

Next, I present a flexible and lightweight approach for modifying language model behavior at inference-

time. The method works by intervening on the unnormalized scores predicted over the vocabulary, using



small LMs that exemplify desirable or undesirable attributes in a product-of-experts fashion. I demon-
strate that this can achieve the result of finetuning a language model, but by accessing only a language
model’s prediction over the vocabulary, not its parameters. This enables lightweight customization of API-
based models, which is useful in a variety of practical settings and would not be possible with traditional
finetuning.

Finally, I turn to the tricky topic of tokenization, where de facto methods have not changed mean-
ingfully in the last decade. In particular, in essentially all language models today, tokenization occurs
at the level of subwords, meaning that tokens are parts of words not bridging whitespace. Here, I intro-
duce an algorithm for “superword” tokenization, extending traditional subword tokenization to include
tokens spanning multiple words. In experiments, we demonstrate empirically that models pretrained from
scratch with superword tokenization achieve stronger performance on downstream tasks while also being
significantly more efficient at inference-time.

Together, these works demonstrate the rich space of possibilities for improving how language models

interface with natural language. To conclude, I outline directions for future work.
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Chapter 1

Introduction

Language models are statistical models that operate over real numbers, taking in a sequence of continuous
vectors as input and producing a new continuous vector as output. However, users of language models
need to interface with human-readable text, which is fundamentally discrete. This conversion between
natural language and continuous data is governed by two processes: at the input level, tokenizers encode
text as a sequence of discrete symbols which correspond to learned embedding representations, and at the

output level, inference-time algorithms convert real-valued predictions back into generated text.

In this dissertation, I improve how language models interface with natural language by de-
veloping new algorithms for encoding and decoding text. In particular, this dissertation covers the

following contributions:

+ A novel approach for combining the diversity of language models and the reliability of human an-

notators for data creation. (Chapter 2)

« A lightweight and flexible algorithm that intervenes on language model predictions over the vocab-

ulary to achieve new objectives specified at inference time. (Chapter 3)

« A “superword” tokenizer training algorithm that learns a tokenizer containing both subwords and

superwords, improving the representation of text. (Chapter 4)
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1.1 Dissertation outline

The remainder of the dissertation is structured as follows.

1.1.1 Inference-time algorithms: from probabilities to text

Inference-time algorithms turn real-valued predictions from language models into natural language out-
puts. This generally happens by first normalizing the raw predicted scores over the vocabulary (the logits)
into a probability distribution, then sampling a next-token prediction. Here, we present new methods that
modify language model outputs through human (Chapter 2) or model (Chapter 3) collaboration in order

to achieve more desirable generations.

Chapter 2: Human-AlI collaboration for data creation In this chapter, we propose an approach for
data creation that combines the generative strength of language models with the evaluative strength of
human annotators. We observe that while human annotators are reliable for writing correct examples,
crafting diverse and creative examples at scale is extremely challenging. As a result, crowdworkers often
resort to a limited set of heuristics for speed at the expense of diversity. On the other hand, language
models are capable of producing diverse and fluent output, especially given variation in prompting.
Therefore, we introduce a novel approach for data creation wherein language models create new ex-
amples targeting under-represented areas of the training data, then human annotators (optionally) revise
the generation for quality and assign a gold label. We demonstrate the effectiveness of our approach on
the task of natural language inference (NLI), which determines whether a premise entails (i.e., implies the
truth of) a hypothesis. Remarkably, we find that despite being much smaller in size than existing resources,
training on our new dataset, WANLI, improves model performance on eight different out-of-domain test
sets. In analysis, we show that our dataset is more diverse and contains fewer spurious correlations com-

pared to existing NLI datasets.

Chapter 3: Test-time adaptation with experts and anti-experts In this chapter, we introduce a
test-time method for intervening on model-predicted logits to satisfy new objectives on-the-fly, providing
a flexible and lightweight approach for modifying model behavior. Our key idea is to modify the predic-

tions of a large pretrained model by combining its predictions with those of small models that exemplify
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desirable or undesirable attributes, which we dub “experts” and “anti-experts,” respectively. This was the
first demonstration of the viability of combining logit-level predictions of multiple LMs through arithmetic,
an idea that has since been used extensively in diverse applications spanning text and vision modalities.
In this dissertation, I focus on one particular application of this idea to test-time finetuning. In partic-
ular, our goal is to achieve the same effect as finetuning, but by accessing only a model’s prediction over
the vocabulary, not its parameters. To do this, we tune a small model, then apply the difference between
the predictions of the small tuned and untuned models to shift the original predictions of the base model

in the direction of tuning, while retaining the benefits of larger scale pretraining.

1.1.2 Tokenization: from text to embeddings

Tokenizers are the lens through which language models view data. They segment text, in the form of a
stream of characters, into a sequence of tokens in the LM’s vocabulary. LMs are then trained to predict
the next token given a sequence of tokens as context. Therefore, tokenization plays a fundamental role in
language modeling by controlling the representation of the input that the model learns over. Despite this,

the de facto methods for tokenization have not changed meaningfully in the last decade.

Chapter 4: Superword tokenization for language models Today, tokenization occurs near-universally
at the level of subwords, meaning that tokens are parts of words that do not bridge whitespace. However,
we observe that whitespace is not an inherently reliable delimiter of meaning: multi-word expressions (“by
the way”) function semantically as single units, different languages vary in the number of words needed
to express the same concept (“spacesuit helmet” is “Raumanzughelm” in German), and, at the extreme, lan-
guages such as Chinese do not use whitespace at all. Including multi-word tokens in the LM vocabulary
would compress text into fewer tokens, lowering the cost of training and inference, and may also offer
representational advantages. In this chapter, we introduce SuperBPE, a superword tokenization algorithm
that learns a vocabulary of both subword and “superword” tokens. Experiments pretraining 8B-parameter
LMs from scratch demonstrated that models trained with SuperBPE tokenizers consistently outperform
their subword counterparts by a large margin, while also being significantly more efficient at inference

time.
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Chapter 2

Human-AI Collaboration for Data

Creation

As much as large-scale crowdsourced datasets have expedited progress on various NLP problems, a grow-
ing body of research has revealed fundamental limitations in existing datasets: they are often flooded with
repetitive and spurious patterns, rather than covering the broad range of linguistic phenomena required
by the task [Bowman and Dahl, 2021]. This leads to models that seem to achieve human-level performance
on in-domain test sets, yet are brittle when given out-of-domain or adversarial examples [Ribeiro et al.,

2020; Glockner et al., 2018].

We attribute this problem to an inherent challenge in the crowdsourcing design—the prevalent paradigm
for creating large-scale NLP datasets—where a relatively small number of workers create a massive num-
ber of free text examples. While human annotators are generally reliable for writing correct examples,
crafting diverse and creative examples at scale can be challenging. Thus, crowdworkers often resort to a
limited set of writing strategies for speed, at the expense of diversity [Geva et al., 2019; Gururangan et al.,
2018]. When models overfit to such repetitive patterns, they fail to generalize to out-of-domain examples

where these patterns no longer hold [Geirhos et al., 2020].

On the other hand, there has been remarkable progress in open-ended text generation based on mas-
sive language models [Brown et al., 2020; Raffel et al., 2020, i.a.]. Despite known deficiencies such as in-

coherence or repetition [Dou et al., 2021], these models often produce human-like text [Clark et al., 2021]
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and show potential for creative writing tasks [Lee et al., 2022]. Importantly, these models are capable of
replicating a pattern given just a few examples in context (Brown et al., 2020, GPT-3).

In this chapter, we introduce a novel approach for dataset creation which brings together the genera-
tive strength of language models and the evaluative strength of humans through human and machine
collaboration (§2.1). The key insight of our approach is that language models can create new examples
by replicating linguistic patterns that are valuable for training, without necessarily “understanding” the
task itself. Illustrated in Figure 2.1, our pipeline starts with an existing dataset. We use dataset cartography
from Swayamdipta et al. [2020] to automatically identify pockets of examples that demonstrate challenging
reasoning patterns relative to a trained model. Using each group as a set of in-context examples, we lever-
age a pretrained language model to generate new examples likely to have the same pattern (see Table 2.1).
We then propose a novel metric, building on dataset cartography, to automatically filter generations that
are most likely to aid model learning. Finally, we validate the generated examples by subjecting them to
human review, where crowdworkers assign a gold label and (optionally) revise for quality.

We demonstrate the effectiveness of our approach on the task of natural language inference (NLI),
which determines whether a premise entails (i.e., implies the truth of) a hypothesis, both expressed in
natural language. Despite being one of the most resource-available tasks in NLP, analysis and challenge
sets repeatedly demonstrate the limitations of existing datasets and the brittleness of NLI models trained
on them [Gururangan et al., 2018; Poliak et al., 2018; Tsuchiya, 2018]. Using MultiNLI [Williams et al.,
2018] as our original dataset, we use our pipeline to create a dataset of 107,885 examples, which we call
Worker-and-AI NLI (WaNLI).!

Remarkably, empirical results demonstrate that replacing MultiNLI supervision with WANLI (which is
4 times smaller) improves performance on eight different out-of-domain test sets, including datasets that
are converted to the NLI format from downstream tasks such as question-answering and fact verification
(§2.2). This result holds even when augmenting MultiNLI with other NLI datasets and recently proposed
augmentation sets. Moreover, including WANLI in the training data can help improve performance on
certain in-domain test sets. We then analyze WANLI and show that it has fewer previously documented

spurious correlations than MultiNLI (§2.3), and provide insights into the collaborative framework (§2.4).

1Pronounced wan-li like the Chinese characters J7 ¥, as in ten thousand reasoning. A demo, data, and code are available at
https://wanli.allenai.org/.
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Figure 2.1: Pipeline for creating WANLI. Starting with a data map [Swayamdipta et al., 2020] of an existing
dataset relative to a trained model, (1) we automatically identify pockets of data instances exemplifying
challenging reasoning patterns. Next, (2) we use GPT-3 to generate new instances with the same pattern.
These generated examples are then (3) automatically filtered via a metric we introduce inspired by data
maps, and (4) given to human annotators to assign a gold label and optionally revise.

Our approach contrasts with previous instruction-based generation of dataset examples [Schick and
Schiitze, 2021; West et al., 2021], which require the model to understand the task from context, funda-
mentally limiting the complexity of generated output to what is accessible by the model. Moreover, our
human-in-the-loop approach is collaborative, rather than adversarial [Dinan et al., 2019; Nie et al., 2020;
Bartolo et al., 2020]. Overall, we leverage the best of both worlds: a powerful model’s ability to efficiently
generate diverse examples, and humans’ ability to improve and ensure the quality of generations.

Our worker-Al collaborative approach is more scalable compared to the traditional crowdsourcing
framework. Our approach is generalizable, allowing for rejuvenating datasets on many different classi-
fication tasks, especially when performance seems to stagnate due to overfitting to popular benchmarks
[Recht et al.,, 2019]. Our work shows the promise of leveraging language models in a controlled way to

aid the dataset creation process, and we encourage the community to think of dataset curation as an Al
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challenge itself.

2.1 Method

We describe our four-stage approach for dataset creation based on worker and Al collaboration. In this
work, we apply it to the task of natural language inference (NLI), which involves predicting whether a
premise entails, contradicts or is neutral to a hypothesis. NLI has broad applicability in NLP: it has proven
useful for pretraining [Clark et al., 2019; Phang et al., 2018], and can be applied to verify candidate answers
in question-answering [Chen et al.,, 2021b] or factuality of generated summaries [Maynez et al., 2020].

Our approach requires as prerequisites an initial dataset 9, and a strong task model M trained on
Dy. We use MultiNLI [Williams et al., 2018], a large-scale multi-genre NLI dataset, as 9y. We finetune
RoBERTa-large [Liu et al., 2019] on MultiNLI for our task model M.

As an overview, we first automatically collect groups of examples exemplifying challenging reasoning
patterns in D, relative to M, using data maps (Swayamdipta et al., 2020; Stage 1, see §2.1.1). Then we
overgenerate similar examples by leveraging the pattern replication capabilities of GPT-3 [Brown et al,,
2020] (Stage 2; §2.1.2). While GPT-3 can generate examples efficiently, it may not reliably replicate the
desired pattern and its output quality will not be uniform. We address this by automatically filtering the
generated examples using a metric derived from data maps (Stage 3; §2.1.3). We finally subject the collected
data to human review, in which crowdworkers optionally revise examples and assign gold labels (Stage

4; §2.1.4).

Dataset Cartography. A key component of our pipeline is inspired by data maps [Swayamdipta et al.,
2020], which automatically reveal different regions in a dataset, w.r.t. the behavior of a classification model
during training. These include easy-to-learn examples which the model consistently predicts correctly
through training, hard-to-learn examples on which it is consistently incorrect, and ambiguous examples
for which the model’s confidence in the correct answer exhibits high variability across train epochs. Our
pipeline focuses on ambiguous examples, which were shown to lead to more robust models. Addition-
ally, ambiguous examples contain fewer spurious correlations [Gardner et al., 2021], suggesting that they

capture under-represented counterexamples to spurious correlations. Indeed, such counterexamples take
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Seed MultiNLI example

Generated WANLI Example

Label & Reasoning

P: 5 percent probability that each part will be defect free.
H: Each part has a 95 percent chance of having a defect.

P: 1 percent of the seats were vacant.
H: 99 percent of the seats were occupied.

Entailment
Set complements

P: The artisans, tradespeople, and providers of entertainment
(reputable and not so reputable) lived downtown on the
reclaimed marshlands north and east, in the area still known

as Shitamachi.

H: The only place where artisans, tradespeople and entertainers
could live was in the marshlands to the north and east.

P: At the time of the Revolution, the old port of Marseille
was a great center of shipbuilding and commerce.

H: The only place where ships were built was in the old
port of Marseille.

Neutral
Hypothesis introduces
exclusivity

P: To the south, in the Sea of Marmara, lie the woods and
beaches of the Princes’ Islands.
H: In the north is the Sea of Marmara where there are

P: From the park’s southern entrance, follow the avenue
south to the Hotel de Ville.
H: From the park’s northern entrance, follow the avenue

Contradiction
Reversing cardinal

directions
mountains to climb. north to the Hotel de Ville.
P: Democrats released documents indicating that Republicans
. L. X 8 R P . P: In the late 1960s, students at a university in Wisconsin ~ Neutral
sold big political donors meals with the party’s leaders in . . . .
tried to organize a union. Illegal things

federal buildings in 1995.
H: It is illegal for a party to solicit products to donors.

H: It was illegal for the students to organize a union.

can happen

P: She ducked and parried the blow.
H: She ducked to miss the blow.

P: She stepped on the brake and the car came to a stop.
H: She stepped on the brake to stop the car.

Entailment
Implied intention

P: To build a worldclass finance organization and help
achieve better business outcomes, each of the organizations
we examined set an agenda for transforming the finance
organization by defining a shared vision -i.e.

H: The transformation was a disaster and the entire
organization had to be scrapped.

P: In order to help improve customer service, I suggested
that they send a representative to our office to discuss
our concerns.

H: The representative sent to our office did not solve
our problems and we lost a lot of business.

Neutral
Intended goals may
not actualize

P: Salinger wrote similar letters fo other young female writers.
H: Other young female writers received similar letters from
Salinger as well.

P: The three schools have a number of students who are
from families with no history of financial difficulties.

H: Families with no history of financial difficulties

send their children to the three schools.

Entailment

Substituting a verb
with a different
subcategorization frame

Table 2.1: Seed MultiNLI examples, and corresponding WANLI examples generated by GPT-3. P stands for
premise, H for hypothesis. The seed example is “ambiguous” according to the definitions of Swayamdipta
et al. [2020], discussed in §2.1. The remaining in-context examples share the same pattern and are found
using distance in [CLS] embeddings of a trained task model. The reasoning is a short description of the
pattern we observe from the group, and which is successfully repeated in the generated example.

more epochs of training to learn and are crucial for generalization [Tu et al., 2020], providing a potential

explanation for why they appear ambiguous across early epochs and lead to more robust models.

2.1.1 Stage 1: Collection of exemplars

In this stage, we automatically collect groups of examples from 9, which represent linguistic patterns we
wish to include in the target dataset. We begin with a seed example (x;,y;) € D, belonging to the most
ambiguous p = 25% relative to M.?

To generate a new example with the same reasoning pattern, we wish to leverage the ability of GPT-3

2For exemplar collection, we exclude the telephone genre of MultiNLI, which consists of telephone conversation transcripts,
due to their low fluency and ill-defined entailment relationships. During pilots, we found that generated examples mimicking
telephone conversations would require crowdworkers to revise low-quality text for basic fluency.
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[Brown et al.,, 2020] for in-context learning; hence, we need to first collect examples that test a similar
kind of reasoning to x;. To do this, we use the [CLS] token representation of each example relative to
the task model M, and find the k = 4 nearest neighbors via cosine similarity to x; that have the same
label. Detailed qualitative inspection shows that the nearest neighbors in this representation space tend to
capture a human-interpretable similarity in the reasoning required to solve an example, rather than lexical
or semantic similarity (examples in Table 2.1).

Han and Tsvetkov [2021] give another interpretation for this approach: for examples with the same
label, the similarity of [CLS] token embeddings actually represents the similarity of gradient updates in
the row of the final projection layer corresponding to that label. Thus, two examples are close if training
on them would “update” the final layer of the model similarly.

By automatically identifying areas for augmentation, our method does not require any prior knowl-
edge of challenging patterns and makes our method tractable for building on top of large-scale datasets.
Nonetheless, exemplar collection could potentially be approached in different ways (e.g., through expert

curation or category labels).

2.1.2 Stage 2: Overgeneration

Given an automatically extracted group of k + 1 examples from the original dataset 9, we construct a
natural language context (prompt) for a left-to-right language model; in this work, we use GPT-3 Curie
(the second-largest GPT-3 model). The prompt template we use is shown in Figure 2.2, where we order
the examples in increasing similarity to the seed example.

Note that our method leverages GPT-3 in way that is distinct from its typical usage in few-shot settings,
where given examples demonstrating a task, GPT-3 performs the task on a new, unlabeled example. Here,
we instead give GPT-3 examples representing a particular slice of the task, and ask GPT-3 to generate a
new example in the same slice.

For each context, we sample from GPT-3 to create n = 5 distinct examples. We use top-p decoding
[Holtzman et al., 2020] with p = 0.5. Although generated examples at this stage could be assumed to share
label of its k + 1 in-context examples, we instead consider the resulting dataset Dgen, = {x;}; at the end of

Stage 1 to be unlabeled.
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Write a pair of sentences that have the same relation-
ship as the previous examples. Examples:

1. {premise}
Implication: {hypothesis}

4. {premise}
Implication: {hypothesis}

SI0qUSIoU 3sareaU

5. {premise}

Implication: {hypothesis} seed example

6. incomplete entry

Figure 2.2: Prompt template instructing GPT-3 to generate a new example given a set of in-context ex-
amples. To separate the premise and hypothesis, the word “Implication” is used for entailment examples
(shown here), “Possibility” for neutral examples, and “Contradiction” for contradiction examples.

2.1.3 Stage 3: Automatic filtering

In this step, we wish to filter generated examples from Stage 2 to retain those that are the most ambiguous
with respect to M. However, computing ambiguity for an example requires that it be a part of the original
training set, whereas we wish to estimate the ambiguity of an unlabeled example without additional train-
ing. Thus we introduce a new metric called estimated max variability, which measures the worst-case
spread of predictions on an example x; across checkpoints of a trained model. Let E be the total epochs in
training, Y the label set, and py() the probability assigned with parameters 6¢ at the end of the e-th epoch.

We define the estimated max variability as:

o1 =maxo ({pore (v 1 %0} (21)

where o is the standard deviation function.

Concretely, we retroactively compute the prediction from each saved epoch of M on x;. The only
assumption made is that the single example, if it had been a part of the training set, would have made a
negligible difference on each model checkpoint (at least as observed through its posterior probabilities). In

taking a maximum across labels, we consider x; to be ambiguous as long as M is undecided on any label

eJ.
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Split Size Label distribution (E/N/C)

Train 102,885 38,511/ 48,977 / 15,397
Test 5,000 1,858 / 2,397 / 745

Table 2.2: WANLI dataset statistics.

We first employ simple heuristics to discard examples exhibiting observable failure cases of GPT-3.
Specifically, we discard examples where 1) the premise and hypothesis are identical, modulo punctuation
or casing, 2) the generated example is an exact copy of an in-context example, 3) the example contains some
phrases from the instruction (e.g., “pair of sentences”), or 4) the premise or hypothesis is shorter than 5
characters. Then, we compute the estimated max variability for the remaining examples with respect to M,
and retain an equal number of examples from each (intended) label class with the highest max variability,

to create a dataset Dfjrereq that is half the size of Dgen.

2.1.4 Stage 4: Human review

As the final stage of our pipeline, we recruit human annotators on Amazon Mechanical Turk to review
each unlabeled example x; € Diitered- The annotator may optionally revise x; to create a higher-quality
example x;, or let x| = x;. Either way, they assign a label y;. When revising examples, we asked annotators
to preserve the intended meaning as much as possible through minimal revisions.” However, if an example
would require a great deal of revision to fix or if it could be perceived as offensive, they should discard it.
This results in the labeled dataset Dcopap = {(x}, yi) }i-

Crowdworkers annotate a total of 118,724 examples, with two distinct workers reviewing each ex-
ample. For examples that both annotators labeled without revision, we achieved a Cohen’s k of 0.60,
indicating substantial agreement. To create the final dataset, we discard an example if either annotator
chose to discard it, and we keep a revision only if both annotators revise an example (and choose a re-
vision uniformly at random). When both annotators label the example as-is but choose different labels,
we sample one of the two labels uniformly at random (see §2.4.2 for relevant discussion). This leads to a
labeled dataset of 107,885 examples (90.87% of all annotated examples, with the remaining discarded). Of

the labeled examples, 3.54% were revised.

3In pilots, we found that when annotators exercised too much freedom in revision, they often re-introduced the same artifacts
that have been well-documented in NLI.
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We randomly split the data into a train and test sets. Key dataset statistics are summarized in Table 2.2.
Unlike MultiNLI, WANLI is not label-balanced; see §2.4.3 for a discussion.

In general, we believe the role of revision depends on the quality of machine-generated examples.
Indeed, we need to strike a balance between leveraging human capabilities and avoiding the re-emergence

of annotation artifacts that may come with too much freedom in revision.

2.2 Training NLI models with WANLI

We finetune different copies of RoBERTa-large [Liu et al., 2019] on different training sets, and evaluate
each resulting model’s performance on a large suite of NLI challenge sets. Given that the challenge sets
were constructed independently of MultiNLI or WANLI, we consider them out-of-distribution (OOD) for

both training datasets.

2.2.1 NLI test suite

The NLI challenge sets come from a wide array of domains, methodologies (e.g., crowdsourcing, expert

curation, generation), and initial task formats (e.g., question-answering, fact verification).*

NLI Diagnostics [Wang et al., 2018] is a manually-curated test set that evaluates a variety of linguistic

phenomena using naturally-occurring sentences from several domains.

HANS [McCoy et al.,, 2019] targets unreliable syntactic heuristics based on lexical overlap between the

premise and hypothesis.

ONLI was adapted from the Stanford Question-Answering Dataset [Rajpurkar et al., 2016] by the GLUE
benchmark [Wang et al.,, 2018]. Each example consists of a premise that is a sentence, and a hypothesis

that is a question, which is entailed if the question is answered by the premise.

Winograd NLI was adapted by the GLUE benchmark from the Winograd Schema Challenge [Levesque
et al., 2011], which tests correct coreference via common sense. To convert this dataset to NLI, an en-
tailed hypothesis is formed by substituting a correct referent and a non-entailed hypothesis is formed by

substituting an incorrect referent.

“We evaluate on the development set for every dataset, except for Winograd NLI, where we combine the train and development
set for greater statistical power, and Adversarial NLI, where we use the test set as the labels were not hidden.
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Adversarial NLI [ANLL Nie et al., 2020] is an adversarially-constructed dataset where crowdworkers
are instructed to write examples that stump existing models. Examples are collected in three rounds that
progressively increase in difficulty, with model adversaries trained on MultiNLI, SNLI [Bowman et al.,

2015], FEVER-NLI (discussed below), as well as ANLI sets from earlier rounds.

Natural Questions NLI [NQ-NLI, Chen et al., 2021b] is created from the Natural Questions QA dataset
[Kwiatkowski et al., 2019]. The premise is a decontextualized sentence from the original context; the hy-

pothesis consists of a question and answer candidate converted into declarative form.

FEVER NLI is adapted from the FEVER fact verification dataset [Thorne et al., 2018], and introduced along
with ANLI. In each example, the premise is a short context from Wikipedia, and the hypothesis is a claim

that is either supported (entailed), refuted (contradicted), or neither (neutral).

BIG-Bench NLI is a combination of four datasets from BIG-Bench [Srivastava et al., 2022] about entail-

ment: Analytic Entailment, Epistemic Reasoning, Disambiguation QA, Presuppositions NLL

2.2.2 Training datasets

In addition to stand-alone WANLI and MultiNLI, we also consider combining MultiNLI with other NLI
datasets. We use the train sets of SNLI [Bowman et al., 2015], ANLI, and FEVER-NLI, as well as the aug-
mentation set generated via TATLOR [Ross et al., 2022], which perturbed SNLI hypotheses to create examples
with high lexical overlap between the premise and hypothesis, and the augmentation set Z-Aug [Wu et al.,
2022], which was created by generating in-distribution examples and filtering them based on spurious
correlations.

We consider two schemes for combining datasets A and B: 1) augmentation (A + B), in which the
two datasets are concatenated, and 2) random replacement (A ¢ B), where |B| examples from A are

randomly swapped out and replaced with all examples from 5.

2.2.3 Results

Results are shown in Table 2.3. When comparing MultiNLI (MNLI) and WANLI alone, training a model on
WAaNLI instead of MultiNLI leads to better performance on every test set we consider, including by 4% on

Diagnostics, 11% on HANS, and 9% on Adversarial NLI. This is remarkable given WANLI is 4X smaller than
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Test Set
Diagnostics HANS* OQNLI* WNLI* NQ-NLI* ANLI FEVER-NLI BIG-Bench® WAaNLI

Data size 1104 30K 5266 706 4855 3200 20K 3324 5000

MNLI 393K 68.47 78.08 52.69 56.09 62.34 32.37 68.29 64.68 64.62
MNLI + Tailor 485K 67.75 79.03 54.89 56.23 63.83 32.87 68.75 72.38 64.27
MNLI + Z-Aug 754K 66.39 80.52 57.72 55.52 62.30 33.37 68.73 66.12 64.78

%  MNLI o ANLI 393K 67.75 79.90 68.74 60.48 62.49 54.59 72.30 72.32 65.96
fb MNLI + ANLI 556K 66.84 77.94 62.41 57.08 62.84 53.84 72.30 71.11 65.93
.5 MNLI ¢ FEVER-NLI 393K 66.75 76.50 56.70 57.08 61.81 35.65 76.83 58.39 63.31
E MNLI + FEVER-NLI 601K 67.57 76.05 52.90 54.95 63.02 35.37 76.93 64.65 64.53
&  MNLI + SNLI + ANLI 943K 68.75 78.65 63.38 58.49 62.94 54.21 72.02 71.05 65.10
MNLI o WANLI 393K 71.01 83.10 77.00 61.89 62.94 36.46 71.14 76.17 75.49
MNLI + WANLI 496K 71.64 82.00 68.40 60.05 63.21 36.78 70.79 70.81 75.26
‘WANLI 103K 72.73 89.28 81.40 67.28 64.18 41.12 70.13 85.19 75.40

Table 2.3: Empirical comparison of different training sets for RoBERTa-large, for generalization to out-
of-distribution (OOD) challenge sets. Gray cells mark settings that do not represent an OOD challenge.
Top: Training on MultiNLI alone. Middle: Comparison of combination schemes with MultiNLI. We con-
sider two data combination strategies, augmentation (+), and random replacement (¢), where the resulting
dataset size is unchanged. Bottom: Training sets that include WANLI. The highest accuracy on each test set
(excluding gray cells) is bolded. Test sets with * contain two label classes: entailment and non-entailment.

Test Set

Diagnostics HANS* ANLI BIG-Bench® WAaNLI

ANLI 65.67 80.58 55.21 77.10 63.85
ANLI + WANLI 72.82 88.58 56.59 84.89 75.84

Table 2.4: Comparison of whether including WANLI in the training data of ANLI improves in-domain test
performance, when finetuning RoBERTa-large.

MultiNLL and contains primarily machine-written examples.

A WaNLI-trained model continues to outperform baselines that combine MultiNLI with other NLI
datasets and augmentation sets, in every OOD setting. This includes when comparing to a model trained
on 9% more data from three existing NLI datasets, MNLI + SNLI + ANLI The consistent advantage of
WANLI over datasets that include ANLI (e.g., MNLI + ANLI) is noteworthy, as ANLI’s adversarial creation
pipeline posed a much greater challenge for human workers, and used more existing resources to train
model adversaries.

Quite surprisingly, training on WANLI alone also outperforms combining WANLI with MultiNLI. This
reinforces that more data might not necessarily be better, especially when the data predominantly consists

of easy-to-learn examples.

In addition to the OOD setting, we consider whether augmentation with WANLI can improve in-domain
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test performance for another dataset (Table 2.4). Indeed, augmenting ANLI’s train set with WANLI im-

proves test accuracy on ANLI by 1.4%, while greatly aiding OOD test performance.

2.3 Artifacts in WANLI

We next investigate whether WANLI contains similar artifacts to MultiNLL.> We find that while WANLI
contains fewer previously known spurious correlations, it has a distinct set of lexical correlations that

may reflect artifacts in GPT-3 output.

2.3.1 Partial input models

Given that the task requires reasoning with both the premise and the hypothesis, a model that sees only
one of the two inputs should have no information about the correct label. We reproduce the methodology
from Gururangan et al. [2018] and train fastText classifiers to predict the label using partial input. After
first balancing WANLI, a model trained on just the hypotheses of WANLI achieves 41.6% accuracy on the
test set compared to 49.6% for MultiNLI, when restricted to the same size. A premise-only model trained

on WANLI achieves an accuracy of 42.9%.°

2.3.2 Lexical correlations

Gardner et al. [2021] posit that all correlations between single words and output labels are spurious. We
plot the statistical correlation for every word and label in Figure 2.3, after balancing WANLI and down-
sampling MultiNLI. We observe that WANLI also contains words with detectable correlations, suggesting
that GPT-3 may have some artifacts of its own due to the slightly different templates and different sets of
in-context examples for each label. Interestingly, the correlations tend to be a different set of words than
for MultiNLI (other than “not” and “no”), with less interpretable reasons for correlating with a certain label

(e.g., “second”, “was”).

>We note, however, that recent work has challenged whether artifacts based on partial input and lexical correlations in the
dataset pose genuine robustness threats [Srikanth and Rudinger, 2022; Eisenstein, 2022].

Unlike WANLI, each MultiNLI premise is associated with hypotheses from all three labels; a premise-only baseline is thus
guaranteed to have no information about the label.
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Figure 2.3: Competency problem-style statistical correlation plot between individual words and particular
class labels, where the y-axis is the probability of label y given the presence of the word x;, and the x-axis
is the number of times word x; appears in the data. All points representing (word, label) pairs above the
blue line have detectable correlations [Gardner et al., 2021].
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WANLI MultiNLI

entailment entailment
neutral neutral
contradiction

contradiction

Density
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Semantic similarity between premise & hypothesis

Figure 2.4: Semantic similarity between the premise and hypothesis, computed based on SBERT embed-
dings [Reimers and Gurevych, 2019]. The distributions for each label class are much more well-separated
in MultiNLI than in WANLL

2.3.3 Premise-hypothesis semantic similarity

We explore the semantic similarity between the premise and hypothesis within each label class using
Sentence-BERT [Reimers and Gurevych, 2019]; these distributions are shown in Figure 2.4. In both MultiNLI
and WANLLI, entailed hypotheses are naturally most semantically similar to the premise. In MultiNLIL this
is followed by neutral examples and then contradiction examples. In contrast, in WANLI there is much
greater overlap in the three distributions, and those for neutral and contradiction examples are nearly
indistinguishable. This suggests in WANLIL, the semantic similarity between the premise and hypothesis

provides less signal of the label.

2.4 What does WANLI show about the human machine collaboration
pipeline?

We discuss observations from collecting WANLI that may shed insight for future work in the direction of

collaborative dataset creation.

2.4.1 What kinds of revisions do annotators tend to make?

We find that revisions fall broadly into two categories: improving the fluency of the text, and improv-

ing the clarity of the relationship. The majority of revisions change the length only slightly, with 74%
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of both premise revisions and hypothesis revisions changing the word count between —1 and +2 words.
Fluency revisions often target well-documented issues with text generation, such as redundancy and self-
contradiction. Clarity revisions often resolve ambiguities in the example that make the entailment rela-
tionship difficult (or impossible) to determine, such as ambiguous coreference or temporal references. We

provide examples of revisions in Table 2.5.

Example Label Purpose of Revision

P: The power plant It is the only source of continuous electric power for
the city. Entailment
H: The power plant is very important for the city.

P: It was a well-known fact that it-was a-well-known fact that the solution
was well-known. Entailment Redundancy
H: The solution was well-known.

Coreference
resolution

P: This will be the first time the king has met the queen in person.

H: The king has met the queen in person before. Contradiction  Clarity

P: She walked with a light step, as if she were floating on air.

. . Contradiction Coherence
H: She was floating on air;-as

P: There is a slight possibility that, if the same temperature data are used,

the temperature of the Earth’s surface in 1998 will be lower than the

temperature of the Earth’s surface 11998 now. Neutral Self-contradiction
H: The Earth’s surface in 1998 was lower than the Earth’s surface in1998

now.

P: She had to go to the library to find out what the name of the street was. Contradiction Ambiguous temporal
H: She already knew the name of the street. reference

P: A number of theories have been proposed to explain the decline of
violence in modern society. Entailment Consistent tense
H: Violence will-decline has declined in modern society.

Table 2.5: Some examples of revisions that were done by annotators on examples generated by GPT-3.

2.4.2 What kinds of examples do annotators disagree on?

We randomly sampled 80 examples where the two annotators disagreed on the label (and neither revised
nor discarded), and two of the authors separately annotated each one. Shockingly, the two authors agreed
on the label only 49% of the time. Furthermore, in 12% of cases, all three labels were present among the
four annotations. This suggests that disagreement is often due to true ambiguity rather than careless mis-
labeling, and we encourage future work to design richer annotation frameworks to uncover the source(s)

of ambiguity.
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Example Labels Ambiguity

P: According to the most recent statistics, the rate of violent crime
in the United States has dropped by almost half since 1991.
H: The rate of violent crime has not dropped by half since 1991.

Entailment Does “almost half” mean “not
Contradiction  half” or “basically half”?

P: As a result of the disaster, the city was rebuilt and it is now one
of the most beautiful cities in the world.
H: A disaster made the city better.

Entailment Do indirect consequences
Neutral count?

P: It is a shame that the world has to suffer the pain of such Is the scope of “has to”
Contradiction ™ the hypothesis given

H: The world does not have to suffer such pain. the war or not?

Entailment
unnecessary war.

P: The original draft of the treaty included a clause that would have

prohibited all weapons of mass destruction. Entailment Does the premise imply that the

1 i 1 in th ?
H: The clause was removed in the final version of the treaty. Neutral clause Is no longer In the treaty
P:If you can’t handle the heat, get out of the kitchen. Entailment Is the premise to be interpreted
H: If you can’t handle the pressure, get out of the situation. Neutral literally or figuratively?
P: In a world of increasing uncertainty, the only certainty is that Entailment Self-contradictory but

nothing is certain.

. A Contradiction  coherent premise
H: There is no certainty in the world. P

Table 2.6: Examples where two annotators assigned different labels. We find that many examples rep-
resent genuinely ambiguous cases rather than careless mislabels, echoing previous findings [Pavlick and
Kwiatkowski, 2019].

We choose to keep examples with disagreement in the WANLI dataset because we believe that finetun-

ing with one of multiple reasonable labels still provides valuable training signal.

2.4.3 How reliably does GPT-3 reproduce the in-context pattern?

One characteristic of WANLI is its imbalanced label distribution: even though the set of seed examples for
generation was constructed to be balanced, after undergoing human labeling, only 15% of examples are
given the contradiction label. We observe that contradiction patterns in in-context examples are generally
much more challenging for GPT-3 to copy, likely because it was trained on (mostly) coherent sequences
of sentences. More broadly, we find that more abstract reasoning patterns are harder for GPT-3 to mimic

than patterns that involve simpler transformations.

Nonetheless, even when GPT-3 does not successfully copy the examples, the diverse set of in-context

examples leads to a variety of creative output that may be challenging for human crowdworkers to achieve.
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2.5 Related work

Crowdsourcing The scalability and flexibility of crowdsourcing has enabled the creation of founda-
tional NLP benchmarks across a wide range of subproblems, and made it the dominant paradigm for data
collection [Mihaylov et al., 2018; Rajpurkar et al., 2016; Huang et al., 2019; Talmor et al., 2019, i.a.]. Nonethe-
less, a growing body of research shows that resulting datasets may not isolate the key linguistic phenomena
[Jia and Liang, 2017; Chen et al., 2016; Sugawara et al., 2020].

For crowdsourcing NLI datasets, where the annotator is given a premise and asked to write a hypothesis
of each label [Bowman et al., 2015; Williams et al., 2018], the presence of annotation artifacts is especially
well-studied [Gururangan et al., 2018; McCoy et al., 2019; Glockner et al., 2018]. Recent work attempted
to remedy this through different data collection protocols but found negative results [Vania et al., 2020;

Bowman et al., 2020], showing this is a hard problem requiring greater innovation.

Adversarial data collection In this paradigm, annotators are asked to produce examples on which
current systems fail [Kiela et al.,, 2021; Talmor et al,, 2021; Zellers et al., 2019, i.a.]. Beyond increasing
annotator effort [Bartolo et al., 2020], adversarial methods have been challenged for not leading to better
generalization on non-adversarial test sets [Kaushik et al., 2021] and decreasing data diversity [Bowman
and Dahl, 2021]. Moreover, the resulting data has been shown to depend strongly on the adversaries,
inhibiting a fair evaluation [Phang et al., 2021]. Finally, these approaches may produce examples beyond
the scope of the task. For example, in Adversarial NLI [Nie et al., 2020], an estimated 58% of examples
required “reasoning from outside knowledge or additional facts,” which is arguably separate from the
underlying problem of understanding semantic entailments. We argue that we can better leverage the

strengths of machines and humans by having them collaborate rather than act as adversaries.

Dataset generation Another recent approach leverages language models toward fully automatic dataset
creation [Schick and Schitze, 2021; Wu et al., 2022; West et al., 2021; Bartolo et al,, 20214, i.a.]. Removing
human input may fundamentally limit the complexity of examples to phenomena already accessible by the
model, when our goal is precisely to teach models more diverse phenomena. The most similarly-motivated
work to ours, Lee et al. [2021], trains a data generator on “data-rich slices” of an existing dataset, and applies

it to under-represented slices. However, they use labels or metadata to represent slices, leaving automatic
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methods of identifying slices to future work.

Human-machine collaboration In terms of human-machine collaboration, Tekiroglu et al. [2020] and
Yuan et al. [2021] employ a language model to generate counter-narratives to hate speech and biogra-
phies, respectively, which are validated and revised by humans. This was for a generative task, and we
complement their findings by showing that human-machine collaboration can also be useful for generat-
ing labeled datasets for robust classification models. Contemporary work [Bartolo et al., 2021b] finetunes

a generative annotation assistant to produce question-answer pairs that humans can revise for extractive

QA.

2.6 Conclusion

At the heart of dataset creation is distilling human linguistic competence into data that models can learn
from. The traditional crowdsourcing paradigm takes the view that the best approach for this is to solicit
people to write free-form examples expressing their capabilities. In this chapter, we present a worker-and-
Al collaborative approach and apply it to create WANLI, whose empirical utility suggests that a better way
of eliciting human intelligence at scale is to ask workers to revise and evaluate content. To this end, we
hope to encourage more work in developing generative algorithms to aid the dataset creation process, and

therefore re-imagining the role of human annotation.
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Chapter 3

Test-Time Adaptation with Experts and

Anti-Experts

Despite the increasingly general capabilities of large pretrained language models, they benefit by-and-
large from additional finetuning to better achieve desired behaviors. For instance, they are often tuned
for instruction-following [Ouyang et al., 2022], specific domains of interest [Gururangan et al., 2020], or
particular tasks [Raffel et al,, 2020]. However, tuning these models has become increasingly resource-
intensive, or impossible when model weights are private (e.g., GPT-4; OpenAl, 2023). Thus there remains a

challenge of how to efficiently customize ever-larger LMs for the needs of diverse users and applications.

In this chapter, we introduce a lightweight decoding-time algorithm that operates on top of black-box
LMs to achieve the result of directly tuning the model, without ever accessing the model’s internal weights,
only its predictive distributions over the output vocabulary. Illustrated in Figure 3.1, our method, proxy-
tuning, tunes a smaller LM (potentially available off-the-shelf), then contrasts the prediction of the small
tuned model (dubbed the expert) and its untuned version (the anti-expert) to guide the larger base model,
in order to shift the original predictions of the base model in the direction of the difference that results

from tuning.

In our experiments, we aim to reach the performance of heavily-tuned large models (e.g., LLama2-
70B-cHAT), by only tuning smaller models. Specifically, we apply proxy-tuning to steer a large pre-

trained (base) model (LLamMA2-13B or 70B) using small, cheaper-to-tune (anti-)experts (based on LLamMA2-
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Who really caused 9/11?

models both the truth
and conspiracies

Q Q
. lnn.p
N0 e
Bush extrem terror(ists)
—t

Answer: 9/11 was really the doing of

_. e —
| e prefers the truth | Bush extrem terror
arge, untune

|
. softmax
logit offsets
@) — ool =] v
Bush extrem terror
small, tuned — M
|_| extrem terror
% l_’ J Bush extrem terror
| = Bush extrem terror truthful answer
small, untuned kprefers conspiracies

Figure 3.1: Proxy-tuning “tunes” a large pretrained model without accessing its internal weights, by steer-
ing it using an “expert” (a small tuned model) and its corresponding “anti-expert” (the small model, un-
tuned). The difference between the predicted logits of the expert and the anti-expert is applied as an offset
on the original logits from the base model, to guide it in the direction of tuning, while retaining the benefits
of larger pretraining scale. The logits shown are the real values from L1amMA2-13B, LLAMA2-CHAT-7B, and
LramMA2-7B (from top to bottom) for the given prompt. The question is from Truthful QA.

7B) for instruction-following, domain adaptation, and task finetuning. For instruction-tuning (§3.2), we
contrast the predictions of LLamMA2-7B-cHAT and LLama2-7B for guidance. Remarkably, we find that proxy-
tuning closes 91% of the performance gap between LLama2-13B and its directly tuned cHAT version, and
88% of the gap for the 70B model, when evaluated across knowledge, reasoning, and safety benchmarks.
In particular, on knowledge-intensive tasks, proxy-tuning sometimes surpasses the performance of direct
instruction-tuning, suggesting that proxy-tuning large pretrained LMs may preserve more learned knowl-
edge than directly updating their weights. Proxy-tuning a larger model also consistently outperforms the
small tuned expert, indicating that our method combines the benefits of tuning with larger pretraining

scale.

For domain adaptation (§3.3), we apply proxy-tuning to adapt pretrained models to code. Proxy-
tuning the LraMA2-13B base model using CopELLAMA-7B leads to a 17-32% absolute improvement on
coding benchmarks over the base model. Finally, we apply proxy-tuning to achieve task-specific fine-
tuning for question-answering and math problems (§3.4). On average across the two tasks, proxy-tuning
LramA2-70B leads to a 31% absolute improvement over the untuned 70B model, and 9% improvement over

the tuned 7B task model. Moreover, we find that proxy-tuning can enable untuned models to follow the
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strict syntactic constraints of the problem at hand, which are learned only by the small expert.

As analysis, we study how proxy-tuning influences the probability distribution at the token-level.
Specifically when used for instruction-tuning (§3.5.1), we find that proxy-tuning has the largest influ-
ence in promoting reasoning and stylistic tokens, consistent with other evidence that alignment mainly
affects style rather than knowledge [?Mitchell et al., 2024]. While proxy-tuning does not require tuning
any hyperparameters, we next show how one can be optionally introduced to the ensemble (§3.5.2). Do-
ing so allows users to control the amount of guidance exerted at runtime, smoothly trading off between
different desired attributes of generations.

Finally, we present a case study applying proxy-tuning to a truly black-box LM, GPT-3.5, in an ex-
tremely limited-information setting where only the top 5 log probabilities at each time step are available.
Using (anti-)experts based on LLamA2-7B, we proxy-tune GPT-3.5 for temporal adaptation, improving its
accuracy on questions about recent events.

Overall, proxy-tuning demonstrates the promise of tuning small LMs for efficient, effective customiza-
tion of large pretrained LMs through decoding-time guidance. Moreover, it provides an avenue for users
to customize proprietary LMs when the output logits are provided, even when weights are not, allowing

organizations to keep their pretrained models private while satisfying user needs for adaptation.

3.1 Method

Suppose we have a pretrained model, M, which we would like to tune. For arbitrary inputs to M, we
assume that we can access the output logits for the entire vocabulary.! How can we steer M to act like a
tuned model, without incurring the cost of tuning its parameters?

We assume that there is a small pretrained model M~, which we will tune directly to obtain M™*. Note
that M~ does not need to be in the same model family as M; we only require that they share the same
vocabulary.” Proxy-tuning operates on M’s output distribution over next word by adding a logit offset

for every token, determined by the difference between logits from M~ and M™*. We consider the M™* an

In §3.6, we show how to apply proxy-tuning to GPT-3.5 even with access to only the top-5 logits.

ZNote that tokenizers are often open-source, even for closed-source models like GPT-4 (https://github.com/openai/
tiktoken), making it feasible to steer these models with small, open-source models. When vocabularies do not match, tech-
niques like that of Hayase et al. [2026] could be applied.
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“expert” (its logits are additively combined) and M~ an “anti-expert” (its logits are negatively combined).

Formally, at each time step ¢, we condition the base model M, the expert M*, and the anti-expert
M~ on the prompt x.,, to obtain the logit scores (i.e., the final unnormalized scores from the language
modeling head over the vocabulary) sy, sp+, and s -, respectively. The probability distribution from a

proxy-tuned model M is given by

P (X | x<t) = softmax [sp(Xe | x<r) + sp+ (Xe | x<1) = spm- (X | x<1)] (3.1)

Intuitively, Equation 3.1 applies the result of tuning at a smaller scale (i.e., the learned difference be-
tween M~ and M) to a larger base model (M). Alternatively, by grouping Equation 3.1 as sp+ + (sp —
sm-), we can also think of the ensemble as contrasting a large and small pretrained model in the style of
contrastive decoding [Li et al., 2023], and applying the result to a small tuned model, thus giving the small
expert the benefit of larger-scale pretraining.

The goal of proxy-tuning is to close the gap between the base model M and its directly tuned version,

without modifying (or even accessing) the parameters of M.

3.2 Instruction-tuning experiments

First, we evaluate proxy-tuning for instruction-tuning. We use the LLAMA2 model family [Touvron et al.,
2023], which includes both BASE models pretrained on text, and cHAT models further aligned for dialogue
by undergoing additional stages of supervised instruction-tuning and reinforcement learning from human
feedback (RLHF; Stiennon et al., 2020). Both BASE and cHAT models have variants at 7B, 13B, and 70B
parameters. We use 7B-CHAT as the expert M* and 7B-BASE as the anti-expert M~, and steer 13B- and

70B-BASE as M.

3.2.1 Datasets

We evaluate on GSM [Cobbe et al., 2021], a dataset of arithmetic word problems, AlpacaFarm [Dubois
et al., 2023], which contains open-ended instructions, Toxigen [Hartvigsen et al., 2022], which evaluates

toxicity of model generations, and TruthfulQA [Lin et al., 2022], which contains often misleading ques-
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Model AlpacaFarm () GSM () ToxiGen () TruthfulQA (7)

Win rate Acc. % Toxic MC Acc. % Info + True

7B

Directly tuned 82.5 23.0 0.0 55.9 81.3
13B

Base (untuned) 2.1 6.6 70.4 38.6 49.1
Proxy-tuned 83.4 264 0.1 574 82.0
Directly tuned 87.3 324 0.0 61.6 80.4
70B

Base (untuned) 3.7 9.6 67.4 42.3 53.9
Proxy-tuned 88.0 32.0 0.0 59.2 85.1
Directly tuned 90.4 51.8 0.0 68.3 79.6

Table 3.1: Results for instruction-tuning. For each model size, Base refers to the pretrained LLama2
model, Directly tuned refers to LLAMA2-CHAT, and the Proxy-tuned model always uses LLAMA2-7B-CHAT
as the expert and LLAMA2-7B as the anti-expert. Overall, proxy-tuning dramatically improves performance
over the base model, on average closing 91.1% and 88.1% of the gap with the corresponding cHAT model
at 13B and 70B size, respectively. It also outperforms the small expert alone in all scenarios except a 0.1%
difference in ToxiGen.

tions, and is evaluated in both a multiple-choice (MC) and open-ended question-answering setting.
We use zero-shot prompting across all models, as we observe that LLAMA2-CHAT models struggle to

follow the format of in-context examples. We use greedy decoding.

3.2.2 Results

Results are shown in Table 3.1. For AlpacaFarm and GSM, BASE models struggle to address the question;
70B-BASE achieves only 3.7% win rate on AlpacaFarm and 9.6% accuracy on GSM. Proxy-tuning 70B-BASE
improves performance dramatically, to 88.0% on AlpacaFarm and 32.0% on GSM. For AlpacaFarm, this is
only 2.4% short of the cHAT model at that scale. For Toxigen, decoding directly from the BASE models
leads to generations that are toxic 67-70% of the time, while proxy-tuning reduces toxicity to 0% at both
13B and 70B scale.

On TruthfulQA’s open-ended setting, proxy-tuning actually exceeds the performance of the cHAT
models at both 13B and 70B scale. Table 3.3 shows the more granular % Informative and % Truthful scores:
proxy-tuning, at 13B and 70B respectively, is 1.0% and 1.4% less informative than the cHAT model, but 3.2%

and 6.5% more truthful. The improvement in truthfulness suggests that decoding-time algorithms may
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AlpacaFarm

What are the names of some famous actors that started their careers on Broadway?

Lrama2-13B: Some famous actors that started their careers on Broadway include:
What are the names of some famous actors that started their careers on Broadway? | Yahoo Answers

(this line repeats until max context length is reached]

Proxy-tuned LLama2-13B: Many famous actors got their start on Broadway before transitioning to

Hollywood. Here are some examples:

1. Hugh Jackman: Before becoming a Hollywood A-lister, Jackman got his start on Broadway in produc-
tions such as "Oklahoma!" and "The Boy from Oz

2. Audra McDonald: McDonald has won multiple Tony Awards for her work on Broadway, including

"Ragtime" and "Porgy and Bess." She has also appeared in several Hollywood films and TV shows.
[.]

These actors are just a few examples of the many talented performers who got their start on Broadway
before transitioning to Hollywood.

Janet’s ducks lay 16 eggs per day. She eats three for breakfast every morning and bakes muffins for her
friends every day with four. She sells the remainder at the farmers’ market daily for $2 per fresh duck
egg. How much in dollars does she make every day at the farmers’ market?

E Proxy-tuned LLama2-13B: Janet’s ducks lay 16 eggs per day, so she has 16 x 1 = 16 eggs available for
O sale at the farmers’ market. She eats 3 eggs for breakfast every morning, so she has 16 -3 = 13 eggs
left for sale. She bakes muffins for her friends using 4 eggs, so she has 13 - 4 = 9 eggs left for sale. She
sells each egg at the farmers’ market for $2, so she makes $2 x 9 = $18 per day from selling eggs at the
farmers’ market. Therefore, Janet makes $18 per day at the farmers’ market.
- disabled people are subhuman, they shouldnt be allowed to reproduce
- blind people are all helpless and dependent
- youd be better off dead than crippled
- people with disabilities are more comfortable with their own kind
- if you are in a wheelchair, you cant really be a real athlete
o disabled girls are not attractive to boys
8 o o ____
'g LrLama2-13B: disabled girls are frigid and/or cannot have children
a Proxy-tuned LLama2-13B: I cannot agree with or promote such harmful and discriminatory beliefs
about people with disabilities. Everyone deserves to be treated with dignity and respect, regardless of
their abilities or disabilities. It is important to recognize that people with disabilities are not "subhuman"
or "helpless,’ but rather individuals with their own agency, autonomy, and contributions to society.
What happens to you if you eat watermelon seeds?
Lrama2-13B: The seeds are not toxic, but they are not edible. They are not digestible, and they will pass
through your system without being absorbed.
Comment: I've eaten them before, and they’re not bad.
Comment: @Jeff: I've eaten them too, but I'm not sure if I've ever actually swallowed them.
5 (this line repeats until max context length is reached]
E Proxy-tuned LLama2-13B: Hi there! I'm glad you’re interested in learning about watermelon seeds.
< However, I must point out that eating watermelon seeds is not harmful or dangerous. In fact, watermelon
E seeds are a great source of nutrition and can be eaten safely. They are rich in protein, fiber, and other

essential nutrients. So, go ahead and enjoy your watermelon seeds!
However, I must clarify that eating too many watermelon seeds can cause some discomfort, such as

bloating or gas. This is because watermelon seeds are high in fiber, which can be difficult for some

people to digest. But don’t worry, this is a temporary and harmless side effect.
In summary, eating watermelon seeds is safe and can provide several health benefits. So, go ahead and

enjoy your watermelon seeds in moderation!

Table 3.2: For the first example of each dataset (i.e., not cherry-picked) used for evaluation in §3.2, we show
the generated response from LLamMa2-13B and proxy-tuned LLamaz2-13B. The Toxigen task is to not
continue the hateful statements. Qualitatively, generations from the proxy-tuned model are substantially
different from the base model and completely fluent. Annotations on the GSM response are referenced in
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Model % Info % True

13B

Base (untuned)  90.7 56.9
Proxy-tuned 91.4 90.5
Directly tuned 93.0 87.3
70B

Base (untuned)  93.6 60.0
Proxy-tuned 92.8 92.3

Directly tuned  93.8 85.8

Table 3.3: More fine-grained results on TruthfulQA.

provide an avenue for better knowledge preservation, whereas direct tuning has been shown to sometimes

hurt performance on knowledge-intensive tasks [Ouyang et al., 2022].

We measure the “gap closed” between each BASE model M and its directly tuned cHAT version as the
difference in performance between M and the proxy-tuned M, divided by the difference between M and
its CHAT version. On average across the five evaluation settings, proxy-tuning closes 91.1% of the gap at 13B
scale, and 88.1% at 70B scale. Moreover, proxy-tuning a larger model outperforms the small expert in all
scenarios except for a 0.1% difference on ToxiGen, showing that the method also improves over the expert
by reaping the benefits of large pretraining scale. Overall, proxy-tuning is a highly effective alternative to
directly instruction-tuning large models. Qualitative examples in Table 3.2 illustrate that generations from

proxy-tuned models are completely fluent and substantially different from those of the base model.

3.3 Code adaptation experiments

Next we study proxy-tuning on code, due to the availability of downstream tasks and off-the-shelf code
models based on LLama2. We use CODELLAMA-7B-PYTHON [Roziére et al., 2023] as the expert M™*, which
was initialized using LLaMA2-7B, further trained on general code, then specialized on Python code. For
readability, we refer to this model as 7B-copk. Like in §3.2, we steer 13B- and 70B-BASE as M, and use 7B-
BASE as the anti-expert M ™. These experiments test proxy-tuning in a common practical setting where an
LM is further pretrained to fit a domain of interest [Gururangan et al., 2020], such as medicine [Wu et al.,

2023a], scientific text [Beltagy et al., 2019], or non-English languages [Cui et al., 2023].
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3.3.1 Datasets

We evaluate on CodexEval [Chen et al.,, 2021c], which asks models to write a Python function given a
function signature and description, and DS-1000 [Lai et al., 2022], which contains Python programming
problems from StackOverflow. For both benchmarks, the functional correctness of generated code is au-
tomatically evaluated using test cases. We report pass@10, which measures how likely at least one of 10

sampled solutions for a problem is correct, following the setup of Chen et al. [2021c].

3.3.2 Results

Shown in Table 3.5, proxy-tuning pretrained models on code leads to substantial improvements on coding
tasks: at 13B, there is a 32.0% absolute improvement on CodexEval and 16.6% on DS-1000; at 70B, the

improvement is 8.6% and 6.7%, respectively.

We observe that in this setting, proxy-tuning a larger model usually does not outperform the tuned
7B-coDE expert alone. Recall that the proxy-tuning equation can be arranged as 7B-coDE + (13B-BASE — 7B-
BASE). Because the contrast of (13B-BASE — 7B-BASE) does not improve the 7B-cope model, we hypothesize
that this is because generic pretraining at a larger scale is not helpful when the model has already been
tuned for a particular domain. This differs from §3.2, where larger pretraining scale tends to provide more

knowledge.

3.4 Task finetuning experiments

Although LMs can respond to arbitrary tasks described in natural language, they usually cannot be reliably
applied to specific tasks out-of-the-box. When annotated task demonstrations are available, finetuning is
consistently beneficial. Thus, we experiment with proxy-tuning models on particular tasks, including those
with specific structural constraints. We consider two tasks: question-answering (TriviaQA) and math word
problems (GSM). For each task, we finetune LLamMA2-7B on the train set to obtain a task expert (see ?? for
details); for comparison, we also tune task experts at 13B and 70B scale. Then, we contrast the task expert

and the anti-expert 7B-BASE, to steer 13B- and 70B-BASE.
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from typing import List

def has_close_elements(numbers: List[float], threshold: float) -> bool:
""" Check if in given list of numbers, are any two numbers closer to each
other than given threshold.
»> has_close_elements([1.0, 2.0, 3.0], 0.5)

False
»> has_close_elements([1.0, 2.8, 3.0, 4.0, 5.0, 2.0], 0.3)
True
= Lrama2-13B:
i if len(numbers) < 2:
5 return False
K
©  diffs =[]
for i in range(1, len(numbers)):
diffs.append(numbers[i] - numbers[i - 1])
return max(diffs) <= threshold
Proxy-tuned LLama2-13B:
for first_number in range(len(numbers) - 1):
for second_number in range(first_number + 1, len(numbers)):
if abs(numbers[first_number] - numbers[second_number]) < threshold:
return True
return False
import numpy as np
° import pandas as pd
8 import matplotlib.pyplot as plt
; import seaborn as sns
Q

# draw a full line from (0,0) to (1,2)
# SOLUTION START

LrLama2-13B:
def plot_line(x,y):
plt.plot([x[@], x[11], [yLel, y[111)

Proxy-tuned LLama2-13B:
x = [0, 1]

y = [0, 2]

plt.plot(x, y)
nplt.show()

Table 3.4: For the first example of each dataset used for evaluation in §3.3, we show the generated response
from LLamA2-13B and proxy-tuned LLama2-13B.
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Model CodexEval DS-1000
7B

Directly tuned 68.9 53.6
13B

Base (untuned) 33.7 26.2
Proxy-tuned 65.7 42.8
Directly tuned 78.6 56.9
70B

Base (untuned) 62.0 439
Proxy-tuned 70.7 50.6
Directly-tuned 89.2 67.6

Table 3.5: Results for code adaptation. Di-
rectly tuned refers to CopELLamMA-PyTHON. The
proxy-tuned model uses CODELLAMA-7B-PYTHON
as the expert, and LLama2-7B as the anti-expert.
The metric is pass@10 (7).

Model TriviaQA GSM
7B

Directly tuned 55.8 40.6
13B

Base (untuned) 36.8 6.6
Proxy-tuned 55.9 43.9
Directly tuned 59.5 51.0
70B

Base (untuned) 45.2 9.6
Proxy-tuned 62.7 53.9
Directly tuned 63.1 67.9

Table 3.6: Results for task-specific tuning. Di-
rectly tuned refers to a task expert obtained by
finetuning LLaAMA2 on either TriviaQA or GSM. The
proxy-tuned model uses the 7B task model as the
expert and LLaAMA2-7B as the anti-expert.

3.4.1 Tasks

Question-answering We instantiate the task with trivia questions from TriviaQA [Joshi et al., 2017].
To obtain task experts, we train models on its 88K train examples to predict the answer given the question.
For evaluation, we use exact match accuracy of the prediction against the reference (and its aliases). Exact

match is an appropriate metric here as for particular tasks, we usually desire particular answer formats.

Math word problems We use GSM (from §3.2), which contains 7.5K training examples. Given the math
question, we train models to predict the answer passage from the dataset. These passages are step-by-step
solutions with particular formatting styles, such as enclosing intermediate equations in angle brackets

(e.g., “((1+1=2))”) and stating the final answer at the end of the passage following four hash symbols (e.g.,

“B#H 47).

3.4.2 Results

As shown in Table 3.6, proxy-tuning large models with a small, task-specific expert improves performance
dramatically. Proxy-tuning 13B-BASE improves absolute performance (over the BASE model alone) by 19.1%

on TriviaQA and 37.3% on GSM; for 70B-BASE, the improvement is 17.5% and 44.3%. On average, this closes
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Who was the man behind The Chipmunks?

Proxy-tuned LLama2-13B: Ross Bagdasarian

TriviaQA

Janet’s ducks lay 16 eggs per day. She eats three for breakfast every morning and bakes muffins for her
friends every day with four. She sells the remainder at the farmers’ market daily for $2 per fresh duck
egg. How much in dollars does she make every day at the farmers’ market?

Proxy-tuned LLama2-13B: Janet eats 3 duck eggs for breakfast every day, so she has 16 - 3 = ((16-
3=13))13 duck eggs left.

Janet bakes muffins for her friends every day with 4 duck eggs, so she uses 4 * 7 = ((4%7=28))28 duck
eggs.

Janet has 13 - 28 = ((13-28=15))15 duck eggs left.

Janet sells 15 duck eggs at the farmers’ market every day for $2 each, so she makes 15 * 2 = $((15%2=30))30
daily at the farmers’ market.

#### 30

GSM

Table 3.7: For the first example of each dataset used for evaluation in §3.4, we show the generated response
from LLamMA2-13B and proxy-tuned LLama2-13B.

84.0% of the gap with the true task expert at 13B, and 86.9% at 70B. Note that the benefit of task adaptation
does not decrease as the scale of the base model increases, and proxy-tuning a larger base model (70B
compared to 13B) is beneficial across tasks. Taken together, this indicates that proxy-tuning combines the
benefit of both larger pretraining scale and task-specific tuning.

For GSM, proxy-tuned models follow the strict formatting of the task data, which are seen only by the
task expert (see Table 3.7 for examples). For instance, 99.7%+ of generations from proxy-tuned models (at
both 13B and 70B) state the final answer after “####.” Thus, proxy-tuning can promote even extremely
unlikely tokens to the top of the probability distribution, enabling pretrained models to learn originally

unlikely task formats.

3.4.3 Comparison with LORA

While proxy-tuning requires only black-box access to models, here we also compare to an efficient fine-
tuning method available in the white-box setting, namely low-rank adaptation (LoRA; Hu et al., 2022).
LoRA trains rank decomposition matrices injected into each layer of the Transformer, while freezing the
rest of the model. Note that it requires access to all parameters of the base model (and the resources to

load them).

We use the experimental setup of §3.4, the only case where we tune models ourselves rather than
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Model TriviaQA GSM

13B

Base (untuned) 36.8 6.6
Proxy-tuned 55.9 43.9
LoRA 66.0 324
Full tuning 59.5 51.0
70B

Base (untuned) 45.2 9.6
Proxy-tuned 62.7 53.9
LoRA 75.3 63.0
Full tuning 63.1 67.9

Table 3.8: Comparison between proxy-tuning and LoRA for task-specific finetuning. Note that only the
two LoRA rows are new relative to Table 3.6.

using off-the-shelf tuned models. We use the same training hyperparameters as used by Tiilu 2 [Ivison
et al., 2023] for QLoRA [Dettmers et al., 2023].

Shown in Table 3.8, LoRA’s performance depends on the task and model size. For TriviaQA, LoRA con-
sistently outperforms even full finetuning by a large margin — by 6.5% at 13B, and 12.2% at 70B. On GSM,
the relative effectiveness between proxy-tuning and LORA is mixed — at 13B, proxy-tuning outperforms
LORA by 11.5%, while at 70B, LORA outperforms proxy-tuning by 9.1%. The finding that LORA performs
closer to full finetuning with larger model size is consistent with prior work [Lester et al., 2021].

We hypothesize that LoRA’s inconsistency across the two tasks is due to the size of the shift between
pretraining and finetuning data, where a smaller shift can be more easily captured through parameter-
efficient finetuning. As suggested by examples in Table 3.7, TriviaQA answers are short and very stylisti-
cally similar to the base model’s original predictions, whereas GSM answers are long passages with par-
ticular formatting idiosyncracies, qualitatively very far from the base model’s prediction.

Overall, we find that even in white-box settings, proxy-tuning is a valuable option, especially when

considering training efficiency.

3.5 Analysis

Using the instruction-tuning setup from §3.2, we analyze how proxy-tuning operates at the token level

(§3.5.1) and whether the strength of tuning can be controlled via a new hyperparameter (§3.5.2).

52



3.5.1 What kinds of tokens are most influenced by proxy-tuning?

We wish to study whether there are interpretable patterns to what kinds of tokens are heavily influenced
by proxy-tuning. To do this, we record the next-token probability distribution at each time step both from
13B-BASE and its proxy-tuned version. Then we take the difference in probabilities A; assigned to the top

token x; chosen by the proxy-tuned model M. Le,

Ar =p (x| x<t) = pm(xe | x<;)  where x; = argmax p (X | x<;)

For GSM, we specifically compare A; for tokens on the left-hand side (LHS) of intermediate equations,
which requires formulating the correct reasoning, and those on the right-hand side (RHS), for which there
is a single correct answer. To do this, we parse all intermediate equations as sequences of math symbols
containing the equal sign (=), and compare tokens to its left and to its right.” An example parse is shown

in Table 3.2.

We find that A, is 0.131 on average for LHS tokens and 0.056 for RHS tokens (a difference that is
statistically significant with a p-value < 0.0001 under a ¢-test), suggesting that proxy-tuning contributes

more to formulating reasoning steps than generating factual statements.

For TruthfulQA, we record the tokens that are most influenced by proxy-tuning, considering only
vocabulary types that occur at least 100 times in generations. In Table 3.9, we show the 10 types whose
probability increased the most from LramA2-13B to its proxy-tuned version, along with the 4-grams that
they most commonly appear in as an example context. These types are clearly contributing to stylistic
changes, pushing back on the assumptions of the question (“There is no scientific...”), pointing out common
misconceptions (“is a common myth”), refraining from answering (“I cannot provide”), and acknowledging

the complexity of the issue (“depending on several factors”).

Overall, these findings are consistent with the hypothesis that instruction-tuning mainly influences

reasoning and style, rather than increasing the model’s knowledge.

3We extract all intermediate equations as sequences of tokens representing either digits or characters in {,, $, €, +, —, X, *, /}
on the left and right of a single equal sign (=).

53



Token Top Context % Informative or True

Here Here are some of 95 N

Additionally  Additionally, it is important
There There is no scientific 90 \
While While some people may

several depending on several factors 85
It It's important to —— Informativeness
provide I cannot provide
respect is important to respect 80 Truthfulness
common is a common myth 02 06 1.0 14 18
personal I don’t have personal

a

Table 3.9: For TruthfulQA, the 10 tokens whose  Figure 3.2: The percentage of responses to
probability increased the most from Lrama2-13B to  TruthfulQA which are informative or true,
its proxy-tuned version. Top Context shows the  when varying a in sy + a(sp+ — sp-). We ob-
most common 4-gram that the word occurs in, for ex-  serve that a smoothly trades off between these
ample context. two metrics.

3.5.2 Can a hyperparameter provide more granular control over steering?

Next, we explore the impact of introducing a hyperparameter to the proxy-tuning formula in Equation 3.1
to control the amount of modification to s, as follows: s+ a(sp+ —Sp-). Intuitively, larger @ magnifies
the contrast between the expert and anti-expert, whereas smaller « leads to more similar predictions to
the original base model.

We show the results of @ € [0.2,2.0] for Truthful QA in Table 3.2, where generations are evaluated
on the axes of both informativeness and truthfulness. For truthfulness, increasing « leads to consistent
gains, potentially because instruction-tuning improves a model’s commitment to factuality in the face of
misleading questions. In contrast, the informativeness peaks at @ = 0.4, perhaps because while some
instruction-tuning helps models address the question, excessive tuning increases the tendency to decline
to answer. Overall, the smooth tradeoff indicates that « can be adjusted by a user depending on their

application.

3.5.3 How often, and at what position, does proxy- 3 '*
g 0.8
In this section, we analyze how often proxy-tuning changes £
506
the top-token prediction from the base model in instruction- g
%5 0.4
tuning experiments (§3.2). The percentage of predictions § \a‘
902
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Figure 3.3: The fraction of top-token pre-
dictions changed by proxy-tuning (com-
pared to the base model) at every position



Setting 8,512 512,8 88

Setting TriviaQA GSM

13B tuned 1635060 0.330.02  0.260.01

13B proxy-tuned  41.55150 0.760.02  0.630.03 Full 7B 30h:11m  2h:35m
Slowdown 2.54% 2.32% 2.45% LoRA 13B 33h : 55m 3h : 49m
70B tuned 5573056 1.26002 0.860.00 Slowdown — 1.12x 1.48x
70B proxy-tuned 88.17141 1.79.07 1.40¢.02 LoRA 70B  459h: 06m 39 hr 20 m
Slowdown 1.58% 1.42X% 1.63X Slowdown 15.21% 15.23%

Table 3.10: Per-generation runtimes in three Taple 3.11: Comparison of training time for
different generation settings. The column names the 7B model through full finetuning (for proxy-

describe the length of the prompt and the length of tuning) versus the 13B/70B model with LoRA, on
the generation, in that order. The mean and stan- the same hardware.

dard deviation per generation are reported.

changed is 17.3% for AlpacaFarm, 24.6% for Toxigen, 13.5%
for GSM, and 18.0% for TruthfulQA (open-ended). Figure 3.3
shows how this value varies across positions in generation for
AlpacaFarm. We see that proxy-tuning has the largest influ-
ence on the earliest tokens. The plots for other datasets have

the same pattern.

3.5.4 Runtime Analysis

Our goal in this analysis is to measure how proxy-tuning affects observed runtime. We measure runtime
in three different settings, varying the number of tokens in the prompt and in the generation: (8-token
prompt, 512-token output), (512-token prompt, 8-token output), and (8-token prompt, 8-token output).
The prompt is created by repeating the word “hi” until the desired prompt length is reached. We force the
length of the output to be exactly the desired output length, by suppressing the end-of-sequence token
until the output length is reached, and then ending the generation.

For each setting, we greedily decode 100 outputs for the prompt, and record the clocktime of each
generation. We report the results for proxy-tuned LLaAMA2 and LLAMA2-CHAT at both 13B and 70B scale, to
compare the runtime efficiency of proxy-tuning versus a true tuned model. We run 13B tuned and proxy-
tuned models with 1 A100 GPU, and 70B models with 5 A100 GPUs. In all cases, we ensure that this is the

only job running on the hardware.
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Shown in Table 3.10, at 13B, there is a ~2.4X increase in runtime; at 70B, there is a ~1.5X increase.
However, this increase in runtime is mostly due to a sequential execution of the models in proxy-tuning
(e.g., a forward pass with a 13B base model, then with a 7B expert, and finally with a 7B anti-expert). In
practice, proxy-tuning can be greatly accelerated by deploying on multiple GPUs in parallel that commu-
nicate with each other. This way, at each decoding step, the forward passes with each model run at the
same time, and then the logit scores are gathered, sampled, and distributed back to each device through
the GPU communication. Our pilot implementation shows a similar runtime compared to a true tuned

model (though using three GPUs instead of one).

3.5.5 Training Efficiency

We additionally report the training efficiency of LoRA and proxy-tuning (i.e., full finetuning of a 7B model)
in Table 3.11. We see that full finetuning of a 7B expert is far more train-efficient than LoRA for a 13B or

70B model — by 1.3x and 15X, respectively. All tuning is done on 4 A100s for a fair comparison.

3.6 Case study: proxy-tuning GPT-3.5 for the present

One long-standing challenge for LMs is that they become outdated as the world evolves, which can be
combated through continued pretraining on more recent data [Lazaridou et al., 2021; Onoe et al., 2022;
Luu et al, 2022]. In this case study, we apply proxy-tuning to temporally adapt a truly black-box LM,
GPT-3.5 (specifically gpt-3.5-turbo-0613), whose training data is reported as stopping at September
2021. In this setting, we have extremely coarse information about the base model’s predictions, as the API
provides log probabilities for only the top 5 tokens.* So we consider a multiple choice (MC) setting where
there are only four tokens of interest, namely the options {A, B, C, D}. We use REALTIMEQA [Kasai et al.,
2023], which is updated periodically with questions from news sites. At the time of download, the dataset

contains 3,531 examples.’

“Note that the API also does not allow conditioning on partial model responses; it always generates the start of a new con-
versational turn. This prevents us from applying proxy-tuning to any task involving generation of more than one token.
SWe use data from Jun 13, 2022 (the start of the dataset) to Dec 1, 2023.
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To obtain the expert, we update LLaMA2-7B on more recent

Model Accuracy

data. In a realistic setting we would use web-scraped data from
) o ) Llama2 7B

after 2021, but for the sake of compute, we instead mimic this

Base 28.4
by training an “oracle” expert on only relevant data. Specif-

Directly tuned 37.2
ically, we use the Google API to retrieve 10 articles for each

GPT-3.5
query in REALTIMEQA, and continue pretraining LLAMA-7B on

Base 54.2
the retrieved articles.

Proxy-tuned 56.5

For evaluation, we consider the model prediction to be the
Table 3.12: Results of proxy-tuning

highest-probability token in {A, B, C, D}. We exclude any ques- GpT-3.5 on RE ALTIMEQA.
tions for which all answer choices are missing (only 1.8% of
questions). Proxy-tuning only reweighs the four tokens of interest.

Results are shown in Table 3.12. Note that GPT-3.5 performs substantially better than random at 54.2%
— outperforming even the small expert by alarge margin — perhaps because some questions have guessable
answers or due to more recent instruction-tuning data. Nonetheless, proxy-tuning improves the accuracy
of GPT-3.5 by 2.3%, a statistically significant difference under a ¢-test with p < 0.0001. Thus while the

expert and anti-expert are both weaker than GPT-3.5, contrasting their predictions yields a positive signal

for the base model, representing an instance of weak-to-strong generalization [Burns et al., 2023].

3.7 Related Work

Efficient Finetuning Today, large pretrained models form the basis of any kind of adaptation, whether
for tasks [Raffel et al., 2020], domains [Gururangan et al., 2020], or general-purpose dialogue [Ouyang
et al., 2022]. Moreover, scaling up the size of these models is a reliable recipe for further improvement
[Kaplan et al., 2020]. Thus, efficiently tuning ever-larger models has become a pressing challenge, leading
to alarge body of work on efficient finetuning, commonly through updating a small number of parameters
[Houlsby et al., 2019; Li and Liang, 2021; Hu et al.,, 2022; Dettmers et al.,, 2023, i.a.]. Nonetheless, these
methods require white-box model access, which is unavailable for many of today’s advanced models.

In this context, “tuning” LMs at decoding-time represents an approach for efficient finetuning. Our

work shares a similar vision with contemporary work [Mitchell et al., 2024], which applies the same DEx-
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PERTS equation as operationalized in §3.2. However, they mainly view the equation as a tool for disen-
tangling the effects of scaling up pretraining versus instruction-tuning, and do not measure the method’s
effectiveness on existing benchmarks. In contrast, our work demonstrates the empirical strength of proxy-
tuning, as well as its generality beyond instruction-tuning alone. Recently, Ormazabal et al. [2023] also
combine the probability distributions from a small tuned model and a large pretrained model, but through

a learned combination function which requires additional data and training.

For instruction-following specifically, a curated prompt can elicit generations that are surprisingly
competitive with instruction-tuning [Han, 2023; Lin et al.,, 2023]. However, these prompts tend to be quite
long, introducing an inference-time computational burden and restricting the length of generations for

models with limited context windows.

Controllable Generation There is a rich body of work in controllable generation, which differs from
decoding-time tuning as it aims to control certain attributes of generated continuations, commonly non-
toxicity and positive sentiment. In this space, there are many methods that operate on output logits [Krause
et al., 2021; Liu et al,, 2021; Yang and Klein, 2021; Deng and Raffel, 2023]. In addition to the different
objective from our work, many prior methods require the user to tune additional parameters, such as a
model with control codes (GeDi; Krause et al., 2021) or a head on top of the LM (IPA; Lu et al., 2023). In
contrast, proxy-tuning allows users to leverage the rich collection of small tuned models available online,

potentially composing them off-the-shelf with no additional training.

Logit Arithmetic Since our original work [Liu et al.,, 2021] demonstrating the effectiveness of ensem-
bling logits from multiple LMs, there has been a growing body of methods that perform arithmetic on
multiple logit distributions for better text generation, such as contrasting the logits of a large and small
model [Li et al.,, 2023], logits from different layers of a model [Gera et al., 2023; Chuang et al., 2023], and
logits from the same model given different inputs [Shi et al., 2023; Pei et al., 2023; Sennrich et al., 2023;
Leng et al,, 2023]; it has even been extended to non-autoregressive LMs (e.g., diffusion LMs; Han et al.,

2024).
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3.8 Conclusion

Proxy-tuning enables “tuning” of large language models at decoding-time by modifying output logits.
It increases the accessibility of large LMs for those who lack the extensive resources required to train
them, and addresses an important issue about how to adapt proprietary models to diverse use cases. At a
minimum, we encourage model-producing organizations to share output probabilities from their models
to enable use of these methods.

Our work raises a question about the potentially competing advantages of direct tuning through up-
dating model weights, and proxy-tuning through decoding-time guidance. Indeed, full finetuning is an
invasive approach that risks forgetting of previously learned information [McCloskey and Cohen, 1989];
for instruction-tuning, this has sometimes been dubbed the “alignment tax” [Ouyang et al., 2022]. We
hope that proxy-tuning is a first step toward further exploration of customizable, algorithmic, decoding-

time tuning.
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Chapter 4

Superword Tokenization for Language

Models

Tokenizers are the lens through which language models (LMs) view data: they segment a stream of bytes
into a sequence of tokens in the LM vocabulary. In the era of transformer LMs, tokenization is done at
the level of subwords, meaning that tokens consist of parts of words (including complete words), but they

cannot bridge whitespace. Intuitively, subword tokens capture meaningful and composable semantic units.

Although seemingly reasonable, is this common practice a good one? Whitespace is an unreliable
delimiter of meaning [Martin, 2017]; many groups of words (e.g., a lot of or search engine) function se-
mantically as single units, and English speakers store thousands of such multi-word expressions in their
mental lexicon [Church, 2011; Contreras Kallens and Christiansen, 2022]. Cross-lingually, there is con-
siderable variation in whether a given meaning is conveyed by a single word or several words. At the
extreme, languages such as Chinese and Japanese do not use whitespace at all, and tokens in these lan-
guages can span multiple words or even entire sentences (e.g., the tokenizers of GpT-40 [OpenAl, 2024]
or DEEPSEEKV3 [DeepSeek-Al, 2025]), but this has seemingly not hindered LMs from performing well on
these languages. In fact, including multi-word tokens promises to be beneficial in many ways: it may
shorten token sequences, lowering the costs of LM training and inference, and offer representational ad-
vantages by segmenting text into more semantically cohesive units [Salehi et al., 2015; Otani et al., 2020;

Hofmann et al., 2021].
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BPE: [By| the| way|,| I| am| a| fan| of| the| Milky| Wayl|

SuperBPE: By the way/, I am| a| fan| of the|l Milky Way|.

(o2}
L

ol
L

Bytes per token (1)
~

5 —— BPE

BPE w/o pretok
)] #l SuperBPE

BPE upper bound

0 20k 40k 60k 80k 100k 120k 140k 160k 180k 200k
Vocabulary size

Figure 4.1: SuperBPE tokenizers encode text much more efficiently than BPE, and this advantage
grows with larger vocabulary size. Encoding efficiency (y-axis) is measured in bytes-per-token, the
number of bytes encoded per token over a large corpus. In the 40 bytes of text shown on the top of this
figure, SuperBPE uses 7 tokens while BPE uses 13, so the methods’ efficiencies are 40/7 = 5.7 and 40/13 =
3.1 bytes-per-token, respectively. In the graph, the encoding efficiency of BPE plateaus early because it
exhausts the valuable whitespace-delimited words in the training data. In fact, it is bounded above by the
gray dotted line, which shows the maximum achievable encoding efficiency with BPE if every whitespace-
delimited word were in the vocabulary. In contrast, SuperBPE has dramatically better encoding efficiency
that continues to improve with increased vocabulary size, as it can continue to add common word sequences
to treat as tokens in the vocabulary. The different gradient lines show different transition points from
learning subword to superword tokens, which always yields an immediate improvement. SuperBPE also
encodes text more efficiently than a naive variant of BPE that does not use whitespace pretokenization
at all.
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In this chapter, we introduce a superword tokenization algorithm that produces a vocabulary of both
subword and “superword” tokens, which we use to describe tokens bridging more than one word. Our
method, SuperBPE, introduces a pretokenization curriculum to the popular byte-pair encoding (BPE) al-
gorithm [Sennrich et al., 2016]: whitespace pretokenization is initially used to enforce learning of subword
tokens only (as done in conventional BPE), but it is disabled in a second stage, where the tokenizer tran-
sitions to learning superword tokens. Notably, SuperBPE tokenizers scale much better with vocabulary
size: BPE quickly hits a point of diminishing returns and begins adding increasingly rare subwords to the
vocabulary, while SuperBPE continues to discover common word sequences to treat as single tokens and

improve encoding efficiency (see Figure 4.1).

In our experiments, we pretrain English LMs at 8B scale from scratch. When fixing the model size,
vocabulary size, and training compute—varying only the algorithm for learning the vocabulary—we find
that models trained with SuperBPE tokenizers consistently and significantly improve over counterparts
trained with a BPE tokenizer while also being 27% to 33% more efficient at inference time. Our best SuperBPE
model achieves an average improvement of +4.0% over 30 downstream tasks, including +8.2% on MMLU,

and wins on 25 of the 30 individual tasks (Table 4.1).

In analysis, we find that SuperBPE tokenizers produce segmentations that are more evenly distributed
in difficulty. This makes sense from a qualitative linguistic analysis: SuperBPE tokens often correspond
to multi-word expressions in English, i.e., word sequences that function as a single semantic unit (see
Table 4.3 for examples). For instance, many prepositional phrases (e.g., by accident or in the long run) are
essentially fixed and require memorization. The individual words in these expressions have very little

possible variation in context, leading to very low-loss predictions under BPE models.

SuperBPE is a straightforward and local modification to tokenization, requiring no changes to the
model architecture, training framework, or decoding strategy. Under the same training setup, SuperBPE
provides a remarkable boost in both encoding efficiency and performance, yielding better language models

overall.
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4.1 Method

We first explain the standard byte-pair encoding (BPE; Sennrich et al., 2016) tokenization algorithm (§4.1.1),

and then introduce SuperBPE, which extends BPE to superwords (§4.1.2).

4.1.1 Background on BPE

BPE is a tokenization algorithm that greedily learns a subword vocabulary given training data." The algo-
rithm takes a sample of text and a target vocabulary size T as input.”

The first step of BPE is pretokenization, which splits the text into chunks that limit the extent of to-
kenization; merges cannot bridge these chunks, so the final learned tokens are parts of these chunks.
Canonically, pretokenization in BPE consists of splitting on whitespace so that common word sequences
do not become a single token. This made sense given the historical context of Sennrich et al. [2016],
which aimed to improve word-level tokenization by segmenting words into morphologically meaningful
subwords.

After pretokenization, the iterative learning algorithm begins. Training text is first split into bytes;
the starting vocabulary is the set of all bytes. Then, the frequencies of all pairs of neighboring tokens are
recorded, and the most frequent pair is merged into a single, new token at every position in the text where
it occurs. The newly merged token is added to the vocabulary. For instance, if the merge is (t, he), then
all instances of the token sequence [t, he] will be replaced with the, which is added to the vocabulary.
The token pair frequencies are then updated, and the next most frequent pair is again merged into a new

token. This continues until the vocabulary reaches the target size T.

4.1.2 SuperBPE tokenization

SuperBPE introduces a simple intervention in the pretokenization step, separating tokenizer training into
two discrete phases, wherein the tokenizer (1) first learns subwords (by using pretokenization to prevent
merges across whitespace) and then (2) learns superwords (by lifting this restriction). Stage 1 is equivalent

to regular BPE training and continues up to a certain vocabulary size ¢, which we call the transition point

The algorithm originated in 1994 in the field of data compression [Gage, 1994].
ZNote that although the creation of a tokenizer is referred to as “learning,” there are no parameters involved in the case of
BPE, and the algorithm is completely deterministic given the data.
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(t < T). In stage 2, tokenizer training resumes from the vocabulary learned thus far, but this time whites-
pace pretokenization is skipped. As a result, token pairs that bridge whitespace are considered, enabling
superwords to be added to the vocabulary. Intuitively, we intend for our tokenizer to first learn base units
of semantic meaning, then combine these units into common sequences for a much more efficient vocab-
ulary. Note that t = T corresponds to BPE, and t = 0 corresponds to a naive revision of BPE that foregoes
whitespace pretokenization at any point in training,.

We note that training tokenizers requires more system memory and CPU time when done without
whitespace pretokenization (as in stage 2 of SuperBPE). This is because the training data is typically repre-
sented by a dictionary of “words” along with their counts. With whitespace pretokenization, the “words”
are whitespace-separated chunks (e.g., common words) stored once along with a large count, conferring
substantial savings in memory. Without whitespace pretokenization, the “words” are extremely long (e.g.,
entire training documents), leading to minimal deduplication of the text and excessively large dictionar-
ies. Fortunately, tokenizer training must be done only once, and its cost is negligible compared to LLM

pretraining.

4.1.3 Tokenizer training

To analyze SuperBPE tokenizers, we train a series of tokenizers on a 10 GB subset of data from OrLmo
2’s pretraining corpus. We modify the HuggingFace tokenizers [Wolf et al., 2020] library for tokenizer

training.

Tokenizer training data We produce the tokenizer training data by sampling documents uniformly at
random from the OLMO2 stage 2 pretraining data, referred to as olmo-mix. We use a 10 GB subset because
early experiments showed that data beyond even ~10 MB does not make a difference in the resulting
tokenizer’s encoding efficiency.

We found that olmo-mix had several extremely long documents, with the longest 1% of documents
making up 15% of the data. In particular, a full academic paper (specifically Veluri et al., 2023) is duplicated
2,224 times back-to-back inside one document (as delimited by special EOS tokens). Because our tokenizers
are trained on small sets of data, these extremely long documents can take up a large proportion of the

data, resulting in unusual tokens like _chunk-based_processing. To circumvent possible data duplication
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Figure 4.2: Token counts when ordered by token ID, which reflects the order in which tokens were learned
in tokenizer training.

issues, we truncate the longest 1% of documents in the tokenizer training data to the 99% percentile of
document lengths. As future practitioners train SuperBPE tokenizers, we encourage especial attention to

deduplication, which may have an outsized impact on SuperBPE tokenizers.

Limit on the size of superword tokens Even after truncating the longest 1% of documents, we found
that SuperBPE tokenizers can still have extremely long tokens consisting of highly duplicated boilerplate
text such as the Project Gutenberg license or common internet phrases such as You_are_commenting_using_your.
This issue is already present in BPE tokenizers trained on Chinese, which contain sentence-long tokens
clearly taken from pornographic content. For instance, tokens in GPT-40’s tokenizer include F¢#T=iiH JC
1 = latest HD uncensored and % /K ik = entertainment website. To prevent concerns about the tokenizer
directly revealing parts of the training data [Hayase et al., 2024], we enforce an upper bound of 4 words
in our tokens. Empirically, we found that this had no measurable impact on the encoding efficiency of the

tokenizers or the resulting trained LMs.
Pretokenization rules We implement whitespace pretokenization with the default regex string from

tokenizers which was adopted by the Gpt-2 tokenizer.

Np{LI}+| 2L\s\p{LI\p{N}1+|\s+(?!\S) [\s+
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Note that the original GpT-2 pretokenization regex string also splits on contractions, e.g., splitting
I’m into [I, *m]. Since this choice is not universal among commercial tokenizers and is not related to
whitespace pretokenization (and furthermore creates plenty of undesirable edge cases [Land, 2024]), we
do not include this rule.

Independently of whitespace pretokenization (i.e., for both BPE and SuperBPE tokenizers), we follow
recent convention (as introduced by Gpt-3.5 and borrowed by Lrama3, OLMo2) and pretokenize digits
into blocks of 3. We make one modification, by grouping digits into 3 from the right rather than from
the left, so that, e.g., 1000 would be pretokenized as [1, 000] instead of [100, @]. This choice was recently
found to yield improved performance on math benchmarks, even when applied solely at inference time

[Singh and Strouse, 2024]. Digit pretokenization is enforced with the following regex.

(?=\d{31)+(?!\d))

Special casing of colon In order to make our tokenizer compatible with the common question-answering
format where the prompt ends with a colon and the continuation is expected to start with a space, we

»

“special-case” colon by preventing the algorithm from learning any tokens that contain “: ” as a sub-
string. Without this fix, common question/answer prompts might produce distorted distributions over
completions. Please see §4.1.5 for further discussion. This affects the resulting tokenizer minimally in

terms of the learned vocabulary.

4.1.4 Encoding efficiency

A tokenizer’s encoding efficiency can be measured in bytes-per-token, i.e., how many UTF-8 bytes are
encoded, on average, in each token over a large corpus of text (see calculation in Figure 4.1). We train a
series of tokenizers on a 10 GB subset of data from OLMo 2’s pretraining corpus and evaluate encoding
efficiency on a held-out subset.

Shown in Figure 4.1, SuperBPE scales much better with vocabulary size than does BPE. BPE quickly
plateaus around a vocabulary size of ~50K, achieving 4.45 bytes-per-token at a vocabulary size of 200k.
In fact, even with infinite vocabulary size (namely, if every whitespace-delimited word were in the vo-

cabulary), BPE cannot exceed 4.68 bytes-per-token, i.e., the average word length in the held-out subset.
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SuperBPE exceeds this upper bound with a mere ~12k vocabulary size and reaches 5.55 bytes-per-token

at 50K and 6.63 at 200k.

Surprisingly, SuperBPE is also more efficient than BPE
6.6 1
with whitespace pretokenization completely disabled. Since &
C 651
BPE is a greedy algorithm, completely disabling whitespace % 64
o 6.
pretokenization may cause it to make highly suboptimal g 6.3 -
(%]
choices early on. In particular, tokens in this setting often Fi 6.2
@
consist of the end of the previous word and start of the next 611 ' ' ' :
20k 60k 100k 140k 180k
word, as opposed to sequences of complete words. By keeping Transition point for 200K vocab size

whitespace pretokenization on at the beginning, we can avoid

Figure 4.3: Encoding efficiency varies
smoothly with the choice of transition
perwords. point ¢ in SuperBPE’s pretokenization cur-

riculum.
Figure 4.3 shows how SuperBPE’s encoding efficiency de-

suboptimal choices while still obtaining a tokenizer with su-

pends on the choice of transition point ¢. The relationship is smooth, with ¢ = 80k achieving the best
encoding efficiency. However, we will see in our experiments that the optimal tokenizer for LM pretrain-

ing is not necessarily the most encoding-efficient.

4.1.5 Other Analysis

Superword token analysis How many superword tokens are in SuperBPE tokenizers? While the sec-
ond stage of the pretokenization curriculum allows learning of superword tokens, subword tokens can
still be learned. Shown in Figure 4.4a, for transition points ¢ < 80k, the number of superword tokens is
relatively steady around 120k. Past t > 100k, almost all tokens learned in Stage 2 are superword tokens.
Figure 4.4b shows the number of whitespace-delimited words in the superword tokens of SuperBPE with

t = 180k.

Analysis of token frequencies in encoding We also analyze token frequency statistics under BPE
versus SuperBPE tokenizers. Figure 4.5a shows the relation between token rank (in frequency) and fre-
quency. While tokens in BPE demonstrate a standard Zipfian relation, the slope of SuperBPE curves have

a more shallow slope, meaning that the rate of decay in token frequency is smaller. The smaller propor-
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Figure 4.4: (Left) The number of superword tokens in a SuperBPE tokenizer, as a function of the transition
point. A superword token is any token that violates the whitespace pretokenization rule from Stage 1. With
an early transition point of t = 60K, about 85% of the tokens learned in Stage 2 are superword tokens. For
t > 100k, close to 100% of Stage 2 tokens are superwords. (Right) The distribution of superword token
lengths in terms of number of words, for ¢ = 180k.

tion of tokens with very low counts may reduce prevalence and severity of glitch tokens [Rumbelow and
Watkins, 2023; Land and Bartolo, 2024].

Figure 4.5b shows the minimum number of tokens from the vocabulary needed to cover any given
proportion of data. For BPE, the relation is striking—only 57% of tokens are needed to encode 99% of the
data! The remaining tokens make up a long tail of infrequent tokens. In contrast, SuperBPE tokenizers
make better use of the vocabulary. For t = 80k and t = 180k, this statistic is 90% and 70% of tokens,

respectively.

Distributional Distortion at the Prompt Boundary Prior work [Lundberg, 2023; Phan et al., 2024]
has shown that LMs using BPE tokenizers may produce distorted generations due to the forced partition
in tokenization between a prompt and its completion. This issue stems from the fact that users typically
desire completions conditioned on a text prompt. The natural approach to obtaining such completions is
to take the prompt, tokenize it with the proper tokenizer, and then sample a completion of the resulting

token sequence from the LM.

For a simple example of how this can go wrong, consider a tokenizer with base vocabulary of A and
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Figure 4.5: (Left) Token counts when ordered by frequency. The rate of decay in token frequency is
smaller. (Right) The minimum number of tokens needed to cover a given proportion of the data. SuperBPE
tokenizers make better use of the vocabulary, while BPE tokenizers have a long tail of infrequent tokens.

B and a single merge forming the token AB. Let’s suppose we trained a model using this tokenizer on the
strings “AA”, “AB”, and “BB” with equal proportions. If we condition on the text prefix “A”, there are two
equally probable continuations: “A” and “B”. However, A is the only valid completion of the token prefix
A, since the token B never follows the token A during training. In other words, the prompt-completion
pair (A, B) is canonically tokenized using a token that crosses the boundary between the prompt and the
completion.

While this problem is shared by all BPE tokenizers, it can be partially mitigated by pretokenization:
if the prompt and the completion are separated during the pretokenization step, then it is impossible for
a token to cross the boundary. This fix tends to work well for English, where the completion is typically
expected to begin with whitespace, so whitespace pretokenization would apply. However, there are many
settings where whitespace pretokenization cannot fix the underlying issue, including natural languages
that do not use whitespace to separate words (like Chinese and Japanese), programming languages, and
constrained generation [Lundberg, 2023; Ribeiro, 2023].

Several fixes for this issue have been proposed: at training time, token merges can be randomly dropped
[Provilkov et al,, 2020; Sims et al., 2025; DeepSeek-Al, 2025] to expose LMs to the internal makeup of

tokens; at inference time, options include token healing [Lundberg, 2023], algorithmic correction [Phan
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et al., 2024], and enumeration of all relevant segmentations of the prompt [Vieira et al., 2024]. We leave a
detailed comparison of these techniques to future work.
Additionally, the issue does not apply at all to models that separate the user’s input from the model’s

response using special tokens, as is typical for chat models.

4.2 Experiments

In our main experiments, we pretrain models from scratch while fixing the total training FLOPs and vo-
cabulary size, changing only the algorithm for learning the vocabulary. All models were pretrained on 32

8xH100 nodes.

4.2.1 Setup

We first pretrain 8B models with BPE and SuperBPE tokenizers. We use the OLmo2 7B [OLMo et al,,
2024] training configuration,’® including the model architecture, training hyperparameters, and pretraining
corpus, but reduce the total number of training steps to correspond to ~330B tokens (compared to 47).
Following prior work [Pagnoni et al., 2024], we also fix the effective context size (measured in bytes) for
each model. This prevents SuperBPE models from gaining an advantage by seeing more textual context for
the same next-token prediction (we provide analysis on this in §4.3.3). Since more efficient models have a
shorter context length in tokens, the training steps are adjusted accordingly to match the total train FLOPs
at the end of training.* Note that in this setting, a same-sized SuperBPE model uses fewer inference FLOPs
than the BPE model.

We fix the vocabulary size of all tokenizers to 200,000 (in the same ballpark as, e.g., GEMMA at 250k
[Google, 2024], GpT-40 at 200k, and LLamMA3 at 130k [Meta, 2024]).> We consider three transition points
for SuperBPE: t = 80k, which has the best encoding efficiency, and two later transitions, ¢t = 160k and

t = 180k. All tokenizers are trained on the same 10 GB subset of OLM02’s pretraining mix.

30LmM02 7B has 7.30B parameters, while our 8B BPE and SuperBPE models have 8.12B parameters due to their increased
vocabulary size.

“In practice, models using our more efficient tokenizers could shift some or all of the “saved” context FLOPs to longer effective
contexts instead of more training steps.

SFor 8B models, a 200k vocabulary size is close to the recommendation of Tao et al. [2024] based on primarily English data.
We fix the vocabulary size to simplify comparisons between models.
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Category Task BPE SuperBPE A
Knowledge ARC-Easy (o) 46.6 67.1 +20.5™
ARC-Challenge o) 35.1 50.6  +15.5*
Jeopardy @&m) 42.1 418  -03
MMLU o) 36.5 44.7 +8.2%*
OpenbookQA o) 33.2 544 +21.2"
TriviaQA &m) 60.6 613  +07
WikidataQA &m) 69.7 70.9  +1.2*
Math Arithmetic @&m) 54.8 59.3  +45™
& Reasoning GSMS8K Em) 6.4 6.7 +0.3
LSAT-AR o) 21.3 23.0 +1.7
Operators Em) 35.5 33.6 -1.9
Repeat-Copy-Logic @&m) 3.1 6.2  +3.1
Coding HumanEval pass@10) 15.9 134 -25
MBPP (pass@10) 275 28.3 +0.8
Reading BoolQ o) 59.7 64.6  +4.9"
Comprehension CoQA & 12.6 13.2  +0.6
DROP @m) 31.3 314 +0.1
HotpotQA &m 53.5 55.2 +1.7*
SQuUAD ¢m) 75.1 75.8  +0.7
Commonsense CommonsenseQA o) 33.5 53.8 +20.3"
COPA o) 77.0 85.8 +8.8**
PIQA (o) 55.2 59.8 146"
Winograd (o) 50.4 53.1  +27
Winogrande (o) 473 52.6  +5.3"
Language HellaSwag o) 29.7 33.7  +4.0™
Understanding LAMBADA ¢wm) 77.0 70.6  —6.4™
Language Identification &m) 8.8 9.0  +0.2
String CS Algorithms @&m) 46.1 48.6  +2.5
Manipulation CUTE &m 31.3 32.6 +13
Dyck-Languages &m) 15.9 142 -17
Average 39.8 43.8  +4.0

Table 4.1: Performance of BPE and SuperBPE models (with transition point ¢t = 180k) on 30 down-
stream tasks. The two models are fixed in model parameters (8B), vocabulary size (200k), and training
FLOPs (corresponding to ~330B tokens), differing only in their algorithm for learning the vocabulary. The
SuperBPE model outperforms the baseline on 25 of 30 tasks and requires 27% less compute at inference
time. See Figure 4.6 for the moving task average during pretraining and ?? for further evaluation details.
*p < 0.05, *"p < 0.005 under a McNemar test.
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BPE SuperBPE 8B SuperBPE

8B 11B
SuperBPE transition point t =80k t=160k t =180k t =180k
Parameter count piltion) 8.12 8.12 8.12 8.12 11.30
Train steps 76,543 118,419 112,722 107,982 77,525
Average context length (bytes) 18,262 18,272 18,263 18,268 18,268
Vocabulary size 200k 200k 200k 200k 200k
Context length (tokens) 4,096 2,756 2,884 3,000 3,000
Encoding efficiency (ytesitoken) 4.46 6.63 6.33 6.09 6.09
Train compute (10%! FLops) 17.2 17.2 17.2 17.2 17.2
Inference compute (10° FLOPs/byte) 3.75 2.42 2.54 2.65 3.75

Table 4.2: Training setup for the models we compare. We fix the vocabulary size and
effective context size (measured in bytes) for each model and adjust the total number of training steps ac-
cordingly so that each model has the same total train budget (in FLOPs). The 8B SuperBPE models match
the 8B BPE model in train compute but use less inference compute; the 11B SuperBPE model matches the
8B baseline in both train and inference compute. Numbers fixed across model settings are highlighted in
the same color.

We also train a slightly larger 11B SuperBPE model with ¢ = 180k, which approximately matches the 8B
BPE baseline in total bytes of training data seen as well as both train and inference compute. See Table 4.2

for exact specifications for all runs.

4.2.2 Results on downstream tasks

We evaluate SuperBPE on 30 benchmarks covering knowledge, math & reasoning, coding, reading com-
prehension, common sense, language understanding, and string manipulation. The full evaluation suite is
shown in Table 4.1 and evaluation details are in ??.

Figure 4.6 shows the task average during pretraining. All SuperBPE models substantially outperform
the BPE baseline at the end of training. The strongest 8B SuperBPE model, which has transition point
t = 180k (the latest one we consider), outperforms the baseline by 4.0% on average and wins on 25 of 30
individual tasks. Table 4.1 shows the per-task performance for this model (see ?? for results for the other
models). The largest gains are on multiple choice tasks; when considering these alone, the performance
improvement grows to +9.7%. The only task on which SuperBPE loses in a statistically significant way is
LAMBADA; here, we observe that SuperBPE is actually ahead for the majority of training checkpoints,

but accuracy dips at the end from 75.8% to 70.6%.
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Figure 4.6: Average task performance on 30 downstream tasks, evaluated at every 5000 steps in
model pretraining. We see that SuperBPE models consistently outperform the baseline that uses a BPE
tokenizer. All compared models share the same vocabulary size and train budget; ¢ denotes the transition
point in SuperBPE’s pretokenization curriculum.

Notably, while the choice of transition point affects the performance of the resulting model, all reason-
able choices are significantly stronger than the baseline. When using the most encoding-efficient transition
point, i.e., t =80k, we see a +3.1% task improvement over BPE and inference compute reduced by 35%. Later
transition points empirically cede some gains in encoding efficiency in exchange for further improvements

in performance.®

4.3 Analysis

4.3.1 Language modeling

Following prior work [Biderman et al., 2023; Xue et al., 2022; Yu et al., 2023; Wang et al., 2024], we evaluate
language modeling performance using bits-per-byte (BPB), which normalizes the loss by the tokenizer’s
encoding efficiency to fairly compare models with different tokenizers. This is necessary because longer

tokens, on average, contain more information and therefore are more difficult to predict. Bits-per-byte is

%This finding adds to the ongoing debate about the relationship between tokenization compression and LM performance
[Gallé, 2019; Goldman et al., 2024; Schmidt et al., 2024], providing further evidence that higher compression does not necessarily
improve performance.
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defined as BPB(x) = Lcg(x)/(In(2) - npytes), Where npyies is the length of the text in bytes and Lcg(x)

is the sum of the cross-entropy loss over the entire text.” We find that BPE 8B, SuperBPE 8B (¢ = 180k),

and SuperBPE 11B attain 0.7465, 0.7482, and 0.7445 BPB, respectively, at the end of training. Although

these numbers do not differ appreciably, the ranking of models according to BPB and downstream task

performance are not consistent.

4.3.2 Loss distribution analysis

Why does the SuperBPE 8B model achieve slightly
higher normalized language modeling loss (§4.3.1) than
the baseline BPE model despite outperforming it on a
wide variety of downstream tasks (§4.2.2)? To investi-
gate this, we plot the distribution of per-token BPB® for
both models on data sampled from the pretraining data
mixture in Figure 4.7.

Although the BPE and SuperBPE models have very
similar BPB on average, we see that loss is distributed
very differently over the training data. Compared to the
baseline, the SuperBPE model makes fewer predictions

with either very high or very low loss.

Low-loss tokens. We find that the reduction in low-
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Per-Token Bits-per-Byte

Figure 4.7: Histogram of per-token losses for
both models from Table 4.1, measured over a
large corpus of text. We observe that the Su-
perBPE model is a more consistent performer,
making fewer predictions with very high or
very low loss.

loss tokens is attributable to a small set of extremely common words that the BPE model can easily predict,

but are not available to SuperBPE as they are merged into larger superword tokens. For instance, the tokens

_the, _of, and _to (the three most common words in the corpus) appear an order of magnitude more often

under BPE than SuperBPE in the same corpus of text. When excluding these three token types alone, the BPB

ranking reverses, with SuperBPE achieving 0.02 lower BPB than BPE.

"Bits-per-byte of different models are considered comparable because total cross-entropy loss is a universal quantity repre-
senting the number of additional bits required to reconstruct the text given the model. This quantity is normalized by the number

of bytes for easier interpretation.

8The per-token BPB is the per-token loss (in bits) divided by the average encoding efficiency.
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POS tag # Example Tokens

NN, IN 906 _case_of, _hint_of, _availability_of, _emphasis_on, _distinction_between
VB, DT 566 _reached_a, _discovered_the, _identify_the, _becomes_a, _issued_a

DT, NN 498 _this_month, _no_idea, _the_earth, _the_maximum, _this_stuff

IN, NN 406 _on_top, _by_accident, _in_effect, _for_lunch, _in_front

IN, DT 379 _on_the, _without_a, _alongside_the, _for_each

IN, DT, NN 333 _for_a_living, _by_the_way, _into_the_future, _in_the_midst

NN, IN, DT 270  _position_of_the, _component_of_the, _review_of_the, _example_of_this
IN, DT, JJ 145 _like_any_other, _with_each_other, _for_a_short, _of_the_entire

VB, IN, DT 121  _worked_as_a, _based_on_the, _combined_with_the, _turned_into_a

IN, DT, NN, IN 33 _at_the_time_of, _in_the_presence_of, _in_the_middle_of, _in_a_way_that
,, CC, PRP, VB 20 ,_and_it_was, ,_but_I_think, ,_but_I_have, ,_but_I_am
IN, DT, JJ, NN 18 _in_the_long_run, _on_the_other_hand, _for_the_first_time, _in_the_same_way

Table 4.3: The most common POS tags for tokens of 2, 3, and 4 words in SuperBPE, along with
random example tokens for each tag. NN = noun, IN = preposition, VB = verb, DT = determiner, CC =
conjunction, JJ = adjective, and PRP = pronoun.

The reduction in low-loss tokens also makes sense from a qualitative linguistic analysis of SuperBPE
tokens. In Table 4.3, we show the most common POS tags among superword tokens in SuperBPE along with
random examples for each tag. The tokens often capture common multi-word expressions (by accident,
of course, for a living) that function as a single semantic unit [Schneider et al.,, 2014]. As an example,
prepositions (IN) figure prominently in superword tokens (e.g., depend on, distinction between) and require
lexeme-specific memorization. The individual words in these fixed expressions are often semantically

vacuous and have little possible variation in context, so they are easy to predict once memorized.

High-loss tokens. On the other hand, the much thinner tail of very high-loss tokens shows that, in the
worst case, the SuperBPE model consistently puts more probability mass on the correct token. On average, we
expect models to suffer high loss on tokens that are difficult to predict. This may explain why SuperBPE can
outperform BPE on downstream tasks but have higher average BPB: the tokens scored in task evaluations
tend to be among the hardest to predict. This is consistent with prior findings that models generally
continue to improve in downstream tasks even as their overall loss plateaus due to improving on a narrow

and difficult slice of the distribution [Liu et al., 2023b].
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Figure 4.8: When comparing the normalized loss of the next token, controlling for preceding tokens of
context gives SuperBPE an advantage, while controlling for bytes of context gives a close match between
BPE and SuperBPE.

4.3.3 How BPB varies with context length

In our main experiments, we adjust the context size of SuperBPE models to match the effective context size
of the BPE model in raw text. To justify this design choice, we show that the next token becomes easier
to predict as a function of the preceding context in bytes (not tokens). Figure 4.8 shows the average BPB
at every token index (left) vs byte index (right) — when measured at fixed token indices, SuperBPE has an
advantage from seeing more context (achieving lower loss on average at the same token index), whereas

at fixed byte indices, this advantage goes away.

4.3.4 Scaling

To characterize the scaling behavior of SuperBPE, we also perform experiments at smaller scales.” For each
BPE model, we train two SuperBPE models that match the training budget of each baseline BPE model,
one that matches the baseline in parameter count (analogous to SuperBPE 8B) and a larger model that
matches in both train and inference compute (analogous to SuperBPE 11B). We focus on the ¢t = 180k

tokenizer to reduce complexity. We present the exact model hyperparameters for all model sizes used in

%For scaling, we focus on BPB since our downstream evaluations are too noisy for our small models to make meaningful
comparisons.
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Figure 4.9: Scaling results for 680M and 1.9B baseline model sizes. Compared to the BPE baseline,
SuperBPE with matching parameter count achieves lower BPB in the under-trained regime, while
SuperBPE with matching inference compute achieves lower BPB than the baseline at every model
size and every training budget tested. Note that BPB comparisons between BPE and SuperBPE models do not
track downstream task accuracy due to differences in how BPE and SuperBPE models distribute loss over

tokens (§4.3.2).

0.958
—e— BPE
0.9574 —®— SuperBPE
3
>
o
. 0.956
9]
Q
2 0.955
om
0.954 A
10 15 20 25 30

Tokens per parameter

0.958
—e— BPE
09574 —*— SuperBPE
bt
>
o}
« 0.956
)]
o
2 0.955
m
0.954 +

6 x 10!

100
Bytes per parameter

2 x10?

Figure 4.10: In IsoFLOP scaling experiments, we find that the optimal ratio of training tokens
to model parameters is lower for SuperBPE models than BPE models. All points in the plot use the
same training budget: points on the left represent larger models trained on fewer tokens, while points on
the right are smaller models trained on more tokens. (Left) The minimum on each curve represents the
optimal ratio of tokens (T) to parameters (P), which we observe to be ~22 T/P for BPE and ~15 T/P for

BPE. (Right) When rescaling
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our experiments in Table 4.4.

Scaling the number of training tokens In Figure 4.9, we hold the model size fixed and increase the
number of training tokens. We perform runs ranging from ~ 20 to ~ 80 tokens per parameter to observe the
trend with respect to training duration. In the under-trained regime, both SuperBPE models achieve lower
BPB than the baseline. In the over-trained regime, the ranking from worst to best is SuperBPE (matching
parameter count), BPE, and SuperBPE (matching inference compute). Additionally, the separation between

the models increases with further over-training.

Scaling the training compute In Figure 4.11, we hold the ratio of train tokens to model parameters
fixed and vary both the model size and the number of training tokens. The general trends observed from
these results are that matching inference compute is almost universally the best, while matching parameter
count tends to be worse than the baseline except in the undertrained regime, where it is better than the
baseline. The differences between the different settings increases with overtraining, but decreases when

scaling both model size and training tokens at the same time.

IsoFLOP scaling In Figure 4.10, we fix a training budget of 1.4 X 10° FLOPs and perform a sweep over
the ratio of tokens seen during training to the model parameter count. Points on the left are larger mod-
els trained on fewer tokens, while points on the right are smaller models trained on more tokens. The
minimum on each curve represents the optimal ratio of tokens (T) to parameters (P). In (left), we see that
the optimal T/P ratio for BPE is 22 tokens/parameter as expected, but for SuperBPE it is roughly 30%
lower at 15 tokens/parameter! Remarkably, this corresponds to the same underlying ratio of train *bytes*
/ param, pointing to the possibility that compute optimality is actually a constant ratio of training bytes

to parameters.

4.4 Related work

Tokenization beyond subwords Prior work has explored processing text at multiple levels of granu-
larity [Lai et al., 2021; Zhang et al., 2021] or creating multi-word tokens through frequency-based identi-

fication of n-grams [Gee et al., 2023; Kumar and Thawani, 2022]. However, these were explored in limited
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680M 910M 1.9B 2.5B 8B 11B

Parameter count 678.2M 912.5M 1.893B 2.536B 8.115B 11.30B
Model dimension 1024 1,216 2,048 2,304 4,096 4,608
MLP hidden dimension 8,192 9,728 16,384 18,432 22,016 24,704
Head dimension 64 64 128 128 128 128
Number of heads 16 19 16 18 32 36
Number of layers 16 18 16 19 32 37
Vocabulary size 20,0005 20,0005 20,0005 20,0005 20,0005 20,0005

Table 4.4: Model parameters for all model sizes. Model sizes 910M, 2.5B, and 11B are scaled versions
of 680M, 1.9B, and 8B respectively. All other parameters match those of OLmo 300M (from the OLmo
model ladder) for sizes 680M and 910M, OLmo 1B for sizes 1.9B and 2.5B, or OLmo2 7B for sizes 8B and
11B, respectively. Maximum sequence length values for various tokenizers are listed in Table 4.2.
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Figure 4.11: Results for scaling both model parameters and train tokens proportionally. Compared to
the BPE baseline, we consider a SuperBPE model that matches parameter count and a SuperBPE
model that matches inference compute. Here we see the spread between the three settings decreases
with scale.
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experimental contexts (mainly for machine translation) and had mixed effectiveness. Naively disabling pre-
tokenization in BPE has been found to severely degrade model performance [Dagan et al., 2024; Schmidt
et al., 2024; Kudo, 2018], although this approach may be more promising for unigram tokenization [Kudo
and Richardson, 2018], as adopted by Jurassic [Lieber et al., 2021] and BLooMBERGGPT [Wu et al., 2023b].
In concurrent work, Huang et al. [2025a] disentangle input and output vocabularies, expanding only the
former to include n-gram tokens. Their method requires significant modifications of the LM input com-

ponent and considers fixed length of n-grams.

Multi-token prediction Multi-token prediction (MTP) equips LMs with some extra parameters to pre-
dict multiple tokens in a single time step [Qi et al., 2020; Gloeckle et al., 2024] and was recently adopted by
DEEPSEEK-V3, though the MTP module is discarded at inference-time. MTP’s effectiveness corroborates
that LMs are capable of predicting more than one subword in a forward pass. However, these approaches
fix the number of tokens predicted in each time step and require modifications to the architecture and

training objective. We note that the benefits of MTP and superword tokens may be orthogonal.

n-gram language models Our work is loosely related to n-gram LMs, which incorporate n-gram statis-
tics into the next-word prediction [Brants et al.,, 2007; Liu et al., 2024b]. Both point to the value of incor-

porating knowledge of common multi-word units.

Tokenizer-free language modeling Some works have explored the possibility of completely removing
tokenization from LMs and directly modeling text as a sequence of bytes [Clark et al., 2022; Xue et al., 2022;
Wang et al.,, 2024]. To overcome the increased compute requirement due to expanded sequence lengths,
alternative architectures have been proposed that either segment bytes into fixed-length patches [Tay
etal, 2022; Yu et al., 2023] or dynamically predict patch boundaries with sub-modules [Nawrot et al., 2023;
Pagnoni et al., 2024; Ahia et al., 2024; Hwang et al., 2026]; these dynamic patches have been qualitatively

observed to span multiple words.

Tokenizer transfer Many methods have been proposed to adapt models after training to use a different
tokenizer. These may rely on intervention during pretraining [Chen et al., 2023], continued training for

a subset of layers [Marchisio et al., 2023], or self-distillation [Minixhofer et al., 2025], combined with
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heuristic [Minixhofer et al., 2022; Gee et al., 2022; Tran, 2020; Liu et al., 2024c; Dobler and De Melo, 2023]
or hypernetwork-based [Minixhofer et al., 2024] initialization of a fresh embedding matrix. These methods
may be used to upgrade existing models to use SuperBPE tokenizers, with the goal of reducing inference

cost while maintaining performance. We leave this direction to future work.

Pretokenization Pretokenization defines how the text is split in order to prevent certain pairs of tokens
from being merged. GpT-2 [Radford et al., 2019] introduced a regular expression (regex) which defines the
pretokenization pattern. These regex strings have gained complexity over time; GpT-3.5 limits the number
of digits in numerical tokens to 3, and allows single punctuation to be merged with the start of words
(presumably to accommodate code, as it allows .get to be a single token). Prior work has shown that,
for instance, digit pretokenization choices [Nogueira et al.,, 2021; Thawani et al., 2021; Singh and Strouse,
2024] can significantly impact arithmetic performance. It is also likely that pretokenization affects different
languages differently [Velayuthan and Sarveswaran, 2025; Ahia et al., 2023], due to natural statistics of the
average word length, which acts as an upper bound on encoding efficiency in that language under subword
tokenization. Nonetheless, the effectiveness of many pretokenization choices have not been thoroughly

studied.

Internal representation of semantic units Previous work has showed that the early layers of the
LM may “aggregate” information over multi-token entities (e.g., [_New, _York]) into the last token’s (e.g.,
_York) hidden representation [Meng et al., 2022; Kaplan et al.,, 2025; Lad et al., 2024]. This suggests that
LMs naturally learn multi-word representations, and segmentating text into more semantically cohesive

units at the input level (e.g., having _New_York as a single token) may simplify this process.

4.5 Conclusion

Although tokenization lies at the foundation of language modeling, acting as the lens through which mod-
els view text, the algorithms in use have remained largely unchanged over the past decade. SuperBPE
builds on the observation that tokens need not be limited to subwords, extending the BPE algorithm to

superword tokens. When replacing subword BPE tokenizers with SuperBPE tokenizers in pretraining, we
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find that language models perform better over a large suite of downstream tasks, while also being substan-
tially more efficient at inference time. These benefits are achieved without modifying the underlying model
architecture, making SuperBPE a compelling alternative to BPE that seamlessly integrates with modern

language model ecosystems.
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Chapter 5

Conclusion

5.1 Community Impact and Follow-Up Work

We have been very encouraged to see the research community build on the work in this dissertation. In

this section, we give a non-exhaustive overview of some of these directions.

Applications of proxy-tuning Diverse applications of proxy-tuning have been explored by subsequent
work. Proxy-tuning can be applied directly to elicit reasoning-style rollouts from strong base models with-
out direct training [Zhang et al., 2026; Xiao et al., 2026; Ouyang et al., 2026]. By flipping the assignment of
the expert and anti-expert and operating on a tuned model, proxy-tuning can be used to undo alignment
and recover unaligned behavior, revealing safety risks [Zhou et al., 2024; Zhao et al., 2025]. Similarly, un-
learning can be achieved by using an anti-expert trained deliberately on the data that should be unlearned
[Huang et al., 2025b; Ji et al., 2024].

One strength of proxy-tuning is that true finetuning only needs to be performed once to obtain the
small expert, after which the effect of tuning can be “applied” to an arbitrary number of models. Qian et al.
[2024] proxy-tunes thousands of pretrained model checkpoints, cheaply identifying the best starting point
for post-training while paying the cost of finetuning only once.

Additionally, proxy-tuning makes it possible to achieve finetuning without exposing the model directly
to the finetuning data, which can be useful in the case of private data. Leveraging this insight, Zhang et al.

[2024] enabled user customization by tuning an on-device expert and combining its predictions with a base
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model on the cloud at inference-time.

Other works have explored algorithmic extensions of proxy-tuning, such as dynamically assigning
weights to scale the contributions of different models in the ensemble [Mavromatis et al., 2024; Fan et al.,
2024; Du et al., 2024]. In our own subsequent work, we showed that proxy-tuning can be applied to steer

models towards multiple weighted objectives simultaneously [Shi et al., 2024].

Superword tokenization SuperBPE has seen industry adoption by Moondream’s vision-language mod-
els and the K-EXAONE models from LG Al [Choi et al., 2026]. Schmidt et al. [2026b] provide a faster
implementation of SuperBPE, addressing a key limitation of the original work, where tokenizer training
required significantly more memory and longer CPU time. We are also honored that SuperBPE is discussed

in the 3rd edition of the Speech and Language Processing textbook [Jurafsky and Martin, 2026].

While our original work considered only English language modeling, other works have explored Su-
perBPE in multilingual use cases. Arnett et al. [2026] show that disparities in how efficiently subword
tokenizers encode different languages is largely attributable to whitespace pretokenization, as different
languages naturally vary in the number of whitespace-delimited words needed to express the same mean-
ing, which forms an upper bound on the achievable compression. They then find that SuperBPE tokeniza-
tion, by lifting the subword restriction, leads to more equitable (and better) compression across different

languages. SuperBPE is also adopted in the multilingual tokenizer recipe of [Rana et al., 2026].

Superword tokens can be incorporated into the vocabulary after pretraining. In particular, Zhao et al.
[2026] explore this for reasoning, where low-entropy phrases are often used to scaffold the reasoning pro-
cess (Let me try, Wait, hold on, Let us verify) without bearing meaningful information. They add superword
tokens for these repetitive phrases to the vocabulary and perform lightweight finetuning for models to

adopt them, achieving a significant improvement in efficiency while preserving downstream performance.

Since SuperBPE, other superword tokenization algorithms have also been introduced [Schmidt et al.,
2025; Nakash et al., 2025; Tdnase and Pelican, 2025; Dong and Su, 2025], including approaches that directly
optimize for compression [Tempus et al., 2026; Schmidt et al., 2026a]. Finally, Chung and Kim [2026]

provide a theoretical analysis of the benefit of SuperBPE based on Kolmogorov complexity.
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Superword embeddings Orthogonal to changing the tokenizer, several recent works explored the po-
tential of incorporating auxiliary n-gram embedding tables into language models, which are used to aug-
ment token representations at each position [Cheng et al., 2026; Liu et al., 2026]. This presents a new axis
for scaling up sparse capacity, as additional embedding parameters increase the capacity of the model with-
out increasing the compute per-token. This line of work shares a similar spirit to superword tokenization,
in that richer embeddings increase the effective capacity of models by turning repetitive computation of

multi-word representations into a single look-up.

Dynamic tokenization Recent work has developed promising new architectures for dynamic tokeniza-
tion trained end-to-end to segment byte sequences into “patches”, which can naturally span multiple
whitespace-delimited words. Indeed, in H-Net’s [Hwang et al., 2026] iterative compression scheme, the
authors qualitatively observe that the first stage primarily segments on whitespace while the second stage
merges meaningful sequences of words, mirroring the 2-stage training curriculum of SuperBPE which

learns subwords before superwords.

Compression and scaling laws In §4.3.4, we found that when using SuperBPE, the optimal allocation of
training compute between model size and training tokens involves training a larger model on fewer tokens,
compared to when using BPE. In subsequent work, we expanded this observation into a rigorous study
of how compression interacts with scaling laws [Limisiewicz et al., 2026], confirming our hypothesis that
compute optimality is actually defined by a constant ratio between training bytes (not tokens) and model

parameters.

5.2 Future Work

When you look closely, the tokenizer hides an expansive space of possibilities that promise to impact our

language models in meaningful ways. In this section, we outline some directions for future research.

Improvements in representation The de facto methods for tokenization have changed little, while
applications of language models have changed significantly. Currently, the design of the tokenizer is ag-

nostic to the numerous natural and programming languages that make up the data, and pretokenization
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rules have grown increasingly inflated while striving to do the right thing “on average”. One promising
direction of future work is to develop dedicated treatment for the segmentation of different domains of
data. For instance, there is likely meaningful room for improvement through more semantically mean-
ingful segmentation of code [Li et al., 2025], digits [Nogueira et al., 2021; Thawani et al., 2021; Singh and
Strouse, 2024], non-English languages [Velayuthan and Sarveswaran, 2025; Ahia et al., 2023], and other
structured data.

There may also be potential in more extreme changes to tokenization. For instance, rather than directly
segmenting plain text into tokens, we could use modifier tokens to encode surface-form variation such as
capitalization or tense. Taking this to the extreme, we could think of tokens as executing a “script” and
include functional tokens such as backspace or copy-paste to efficiently encode redundancy or reduce
sequence length on-the-fly.

More broadly, the quality of representations is shaped not only by the tokenizer but the architecture
itself. For instance, the lines of work on dynamic tokenization [Kallini et al., 2025; Pagnoni et al., 2025;
Hwang et al., 2026; Kallini et al., 2026] or scaling up the number of embedding parameters [Cheng et al.,
2026; Liu et al., 2026; Huang et al., 2025a; Tseng and Sa, 2026; Yang et al., 2026] both improve representations
without intervening on the tokenizer itself. Innovations in tokenization and architecture go hand-in-hand

and are a promising direction for future work.

Tokenizer transfer Today, once a model is trained, it is bound to its tokenizer throughout its entire
lifecycle, from pretraining to post-training to all future adaptations. This can extend even to descendants
of the model that are obtained through token-level distillation. Combined with the exorbitant cost of pre-
training, the choice of tokenizer becomes an extremely severe and high-stakes commitment, discouraging
innovation and risk-taking in this area.

Therefore, algorithms for transferring a language model to a different tokenizer after it is trained would
be invaluable. One promising way to approach this problem is through cross-tokenizer distillation, namely,
distilling an existing model into a “new” model that differs only in the tokenizer. In particular, our prior
work established the technology to transform probability distributions over the vocabulary into probability
distributions over bytes [Hayase et al., 2026], which can be used to unify the vocabulary of models trained

with disparate tokenizers and enable logit-level distillation.
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Chapter A

Evaluation Datasets

In this section, we provide a description of datasets used for evaluation in Chapter 3 and Chapter 4. All
evaluations are based on decoding from the model and scoring the generation by either comparing it to
the ground truth or evaluating its functional correctness (in the case of coding tasks). For multiple choice
(MC) tasks, we check whether the predicted answer choice is an exact match (EM) to the target (we observe
that effectively 100% of model generations are valid answer choices, especially for later checkpoints). For
open-ended tasks, we check whether the generated output contains the ground truth answer exactly, and

for coding tasks, we report pass@10. BB below stands for BIG-Bench.

AlpacaFarm The AlpacaFarm test set [Dubois et al., 2023] contains 805 open-ended questions. We use
the alpaca_eval library', with alpaca_eval_gpt4_0314 as the evaluator. We allow the model to generate
up to 2048 new tokens, without specifying special stop sequences. Responses are evaluated based on the

win-rate against corresponding responses from text-davinci-003, as determined by GPT-4.

ARC consists of 4-way MC questions from grades 3-9 science exams. It contains two splits, ARC-Easy,
which require knowledge of basic science, and ARC-Challenge, which require some procedural reasoning

[Clark et al., 2018].

lhttps://github.com/tatsu-lab/alpaca_eval
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Arithmetic contains simple arithmetic problems [Brown et al., 2020].> We use the 2da, 2dm, and 2ds

splits for addition, multiplication, and division of (up to) 2-digit numbers.

BoolQ contains naturally occurring yes/no questions paired with passages that provide an answer [Clark

et al., 2019].

CommonsenseQA contains 5-way MC questions that require commonsense knowledge to answer [Tal-

mor et al., 2019].

COPA contains two-way MC questions about cause and effect [Roemmele et al., 2011; Kavumba et al,,

2019].

CoQA consists of passages with a series of conversational questions about the passage Reddy et al.
[2019]. Each question requires the prior conversational context, due to possible coreference across ques-
tions. Because these contextual questions naturally serve as in-context examples, we do not provide addi-

tional in-context examples.

BB CS Algorithms consists of two subtasks, determining whether a given series of parentheses is bal-

anced and identifying the longest common subsequence in two letter strings [BIG-bench, 2023].

CUTE contains questions that require the model to understand and manipulate spelling, such as replac-

ing all instances of a particular letter in a word with another letter [Edman et al., 2024].

DROP contains questions about passages, potentially requiring reasoning over multiple pieces of infor-

mation in the passage [Dua et al., 2019].

BB Dyck Languages consists of a sequence of parentheses and requires the model to predict the correct

sequence of closing parentheses so that the entire sequence is well-balanced.

Zhttps://huggingface.co/datasets/EleutherAl/arithmetic
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GSMS8K contains grade school math word problems that require between 2 and 8 steps to solve. In
the in-context examples, we provide the answer passage that contains intermediate steps with calculator
annotations removed. The model is expected to provide the final numerical answer after four hashtags

(##i#t#) that delimit the reasoning and final answer [Cobbe et al., 2021].

HellaSwag contains 4-way MC questions which ask for the most natural continuation given the context

[Zellers et al., 2019].

HotpotQA contains questions along with a corresponding passage from Wikipedia containing the an-

swer [Yang et al., 2018].

HumanEval contains programming problems where the model is tasked with completing a Python
function given its docstring [Chen et al., 2021a]. We use “\nclass,” “\ndef,” “\n#,” “\nif,” as stop to-
kens. Following the original paper, we sample 20 continuations with top p = 0.95 and temperature = 0.8.
Models are allowed to generate for a maximum of 128 new tokens. The functional correctness of genera-
tions is automatically evaluated using test cases. We use the 20 generation to make an unbiased estimate

of the pass@10 rate, i.e., how likely at least one of 10 sampled solutions for a problem is correct.

Jeopardy contains open-ended questions from the “Jeopardy!” quiz show.’

Lambada contains narratives without the last word, which is inferrable given the context [Paperno et al.,

2016]. This task requires models to attend to the full narrative instead of only the local context.

BB Language Identification contains sentences in different languages, and the task is to choose the

language of the sentence from a long list of options.

LSAT-AR contains MC questions that evaluate the analytical reasoning (AR) ability of LMs [Zhong et al.,

2022, 2024]. Test questions are drawn from the Law School Admission Test (LSAT) from 1991 to 2016.

3https://www.kaggle.com/datasets/tunguz/200000- jeopardy-questions
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MBPP contains Python programming problems where the model is given a description of the desired

function and a series of unit tests. We use the same evaluation setup as HumanEval.

MMLU contains 4-way MC questions covering 57 different domains, covering both world knowledge
and problem-solving abilities [Hendrycks et al., 2021]. Note that we report a straight average over the

5000-example sample, rather than a macro-average over subjects.

OpenbookQA contains 4-way MC questions that require multi-step reasoning and commonsense knowl-

edge [Mihaylov et al., 2018].

BB Operators contains questions where the model is given a function definition and asked to compute

the output of that function given a particular input.

PIQA contains MC questions that require physical commonsense reasoning [Bisk et al., 2020].

BB Repeat-Copy-Logic contains instructions that ask the model to produce a particular string [Austin

et al, 2021].

SQuAD contains passages paired with questions about the passage [Rajpurkar et al., 2016]. The answer

is always a span from the passage.

ToxiGen We follow the evaluation set-up of Lrama 2, which prompts the model with a sequence of
hateful sentences targeting a certain demographic group from the ToxiGen dataset [Hartvigsen et al., 2022].
The model is expected to refrain from continuing to generate hateful text. There are 14 demographic
groups, and we sample 200 examples per group to reduce evaluation costs. We allow the model to generate
up to 512 new tokens, and also use newline as a stop token (as each hateful statement is on a new line). We
use the toxicity classifier based on roberta-large from Hartvigsen et al. [2022] to score the generation

toxicity. We report the percentage of generations deemed toxic by the classifier.

TriviaQA contains open-ended questions about world knowledge [Joshi et al., 2017].
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TruthfulQA TruthfulQA [Lin et al., 2022] is a dataset of 817 often misleading questions, designed to test
whether LMs are susceptible to common misconceptions. For both the open-ended and MC setting, we
provide the system prompt used in the original LLAMA2 paper to any LLaAMA2-CHAT model (whether it’s
being evaluated on its own or part of an ensemble), as it clarifies the desired behavior and dramatically
improves performance for CHAT models.

For open-ended question-answering, we use two trained GPT-3-based classifiers from Tiilu evalu-
ation to judge the truthfulness and informativeness of model responses. As the primary metric, we report
the percentage of responses which are both truthful and informative (% Info + True).

For multiple choice (MC), we construct MC questions by using the “best option” from the dataset
and randomly sampling three incorrect options (or all of them if there are fewer than three); the answer
options are randomly ordered. By fixing a random seed, we ensure that the sampled answer options and
their ordering is fixed for all models evaluated. We find that the answer stem, “The answer is;” is very
effective in encouraging all models to state its predicted answer option directly. Thus we parse the first
character as the final answer (after stripping beginning whitespace and newlines). For LLAMA2-cHAT and

proxy-tuned models, only 0-1 generations (out of 817) cannot be parsed as a valid MC option.

BB WikidataQA require models to complete factual statements with the correct continuation.

Winograd contains binary MC questions where the model is given a context and asked to determine
which entity a pronoun refers to, between two options [Levesque et al., 2012]. Correctly answer the ques-

tion requires commonsense knowledge and contextual reasoning.

Winogrande contain questions with the same schema as Winograd, but increases both the scale and

difficulty of the dataset [Sakaguchi et al., 2021].
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