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ABSTRACT

Alignment is a critical step in large language model (LLM) post-training. It typ-
ically requires human annotations to align the model’s output to human prefer-
ences, which is prohibitively expensive. This paper proposes a novel approach
to reduce the alignment cost. Specifically, we consider multiple levels of align-
ment with different qualities and response-generating costs, which we refer to as
multi-fidelity alignment. We develop a new approach to incorporating the varying
levels of response quality to train a language model, aiming to reduce the cost
of response collection for alignment while maintaining the performance of the
language model. We provide theoretical insights and empirical results to support
the effectiveness of the proposed multi-fidelity alignment approach. Lastly, we
conduct experiments to corroborate the effectiveness of the proposed approach by
comparing its performance with the vanilla alignment methods.

1 INTRODUCTION

Large language models (LLMs) (Ouyang et al., 2022) have illustrated their power in various tasks,
such as text generation (Dathathri et al., 2019), question answering (Su et al., 2019), and image
captioning (Devlin et al., 2015). However, to harness its power, one often needs to align these mod-
els to human preference so that the generated content meetshuman’s expectation. More specially,
the alignment either asks the human to demonstrate the task, e.g., write out the answer of a given
question for a language model, or to evaluate the outputs of generative models, e.g., rank multiple
answers according to human preference. Although crucial in LLMs, alignment is a very expen-
sive task due to the requirement of extensive human participation, and the cost of alignment is a
significant challenge in training LLMs (OpenAl, 2023).

Recent progress in alignment shows that weaker supervision or alignment can make a “strong”
model (with a large number of model parameters) perform better than the “weak” one that provides
the supervision (Burns et al., 2023), a.k.a, “weak-to-strong”. Specifically, Burns et al. (2023) cor-
roborates that the output model’s performance of using GPT-2’s response to align a model with the
infrastructure of GPT-4 is similar to GPT-3.5 (exceeding GPT-2). This observation implies that the
alignment from a low level of expertise can help train a strong generative model.

With this “weak-to-strong” observation in mind, this paper proposes a novel approach to reducing
the alignment costs. Specifically, we consider multiple levels of alignment with different quali-
ties and response-generating costs, which we refer to as multi-fidelity alignment. For example, a
high-fidelity alignment can refer to collecting responses or preferences from human experts, while
a low-fidelity alignment may correspond to collecting responses or preferences from a language
model weaker than human experts. With these alignments of varying quality levels, we propose a
new approach to incorporating them to train a language model efficiently. We aim to reduce the
cost of response collection for alignment while maintaining the performance of the language model.
‘We note that this cost improvement is from the perspective of response collection, not the computa-
tional cost of training the language model, which was the focus of some previous works, like direct
preference optimization (DPO) (Rafailov et al., 2024).

This paper is organized as follows,
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* In Section 2, we propose a mathematical formulation of the win rate (WINRATE) used in
the preference-based training, e.g., alignment training of LLMs and provide a theoretical
analysis of the win rate and its empirical estimation.

* In Section 3, we devise a novel multi-fidelity alignment algorithm to reduce the cost of
response collection for alignment of large language models.

* In Section 4, we provide a theoretical analysis for the cost complexity upper bound of the
multi-fidelity alignment algorithm.

* In Section 5, we conduct experiments to corroborate the effectiveness of the proposed ap-
proach by comparing its performance with the vanilla alignment methods.

1.1 RELATED WORK

Alignment To align the powerful generative models to human preference, various alignment meth-
ods have been proposed (Ouyang et al., 2022; Rafailov et al., 2024; Chen et al., 2024; Hong et al.,
2024). Reinforcement learning with human feedback (RLHF) (Ouyang et al., 2022) is one of the
most popular method to align a language model. This method consists of three steps: (1) use col-
lected response to fine-tune the language model, (2) use the supervised fine-tuning (SFT) model to
generate responses, ask human experts to label the preference of these responses, and then uses the
preference labels to train a reward model, and (3) use the estimated reward model to align the LLM
via proximal policy optimization (PPO). In the second step, one alternative is to ask another ad-
vanced large language model to label the preference, which is known as reinforcement learning with
artificial intelligence feedback (RLAIF) (Bai et al., 2022; Lee et al., 2023). However, both the RLHF
and RLAIF rely on an intermediate reward model, and the PPO training is computational expensive.
Motivated to remove the intermediate reward model, Rafailov et al. (2024) proposes a direct policy
optimization (DPO) method to align the language model to human performance without the need of
an intermediate reward model. DPO is a more efficient method to align the language model and can
be optimized via simple supervised learning methods instead of the PPO in reinforcement learning.
Following the spirit of DPO, many very recent new alignment methods have been proposed, such
as self-play fine-tuning (SPIN) (Chen et al., 2024) and monolithic odds ratio preference optimiza-
tion (ORPO) (Hong et al., 2024). While these reward-model free methods are more efficient in the
perspective of computational cost, they still require a large number of human responses to align the
language model, which is also expensive. This paper aims to further reduce the cost of the response
collection in alignment.

Multi-Fidelity Multi-fidelity optimization is a general optimization framework that aims to opti-
mize an expensive objective function by using multiple levels of fidelity approximations (Bonfiglio
et al., 2018; Zheng et al., 2013; Forrester et al., 2007; Huang et al., 2006). Later on, the multi-
fidelity approach is extended to the literature of AutoML, e.g., HyperBand (Li et al., 2017) and
BOHB (Falkner et al., 2018). Meanwhile, the multi-fidelity approach is also studied in the sequen-
tial decision making literature, e.g., in multi-armed bandits (Kandasamy et al., 2016) and Bayesian
optimization (Kandasamy et al., 2017; 2019). Very recently, the multi-fidelity best arm identification
(ME-BAI) problem is studied by Poiani et al. (2022; 2024); Wang et al. (2023). This paper is the
first to study the multi-fidelity approach in the context of alignment of large language models.

2 MODEL FORMULATION

2.1 BASIC MODEL

Denote & € RY as the parameters in a large language model (LLM) f : X — ), where N is
often a dramatically large integer, e.g., N > 10! in GPT-4 (OpenAl, 2023), X is the set of input
tokens (i.e., prompts/questions), and ) is the set of output tokens (i.e., answers). Specifically, denote
f(x; 0) as the output of the given generative model with parameters 6 and input token z, and we
use f(+; 0) to represent the LLM model f with parameters 8. Given M € N fidelities that one can
query responses for alignment, we denote { g, g@, . gM )} as the LLMs with different levels
of expertise (qualities), where ¢("™) is able to generate output with quality in level m. We denote the

cost of querying the fidelity m model once as Aﬁf,ﬁ?.
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2.2  WINRATE METRIC

The alignment task is often conducted via training from input preference pairs. The preference pair
consists of winning and losing responses, depending on the response qualities. To formally describe
the response qualities, we introduce a metric WINRATE to evaluate the performance of two LLMs.
It represents the performance distance between two LLMs f; and f under preference comparison
function F', formally defined as follows,

WINRATE(f1, fo, F) ==
Eonnxe 1, EF[L{F(f1(2), f2(x)) = Win} + 0.5 - L{F(f1(2), fo(z)) = Tie}],

where F' is the comparison function that outputs “Win” (resp., “Tie” / “Lose”) if the response from
the first model is better than (respectively, close to / worse than) that of the second one,' 1{-} denotes
an indicator function, the outer expectation is taken over the randomness of the input token = and the
LLMs f1, fo, and the inner expectation is taken over the randomness of the comparison function F'.
Without loss of generality, we label the M fidelity models such that for any two fidelities m > m/,

WINRATE(¢(™) | g(™")) > 50%, denoted as g™ = ¢(m").

To empirically estimate the WINRATE metric, one can collect a set D(f1, f2, F,n) of n € NT
response pairs of the two LLMs. Denote the tuple (y1,y2,x, F') as one element of the dataset D,
where y; and y are the outputs of f; and fo given the input prompt z, respectively, and F is
the comparison function used to compare the two responses 1, y2. Formally, WINRATE can be
estimated by calculating the win frequency as follows,

B 2 yszFyep (H{F =Win} +0.5 - 1{F = Tie})
D ’
and WINRATE( f1, f2) = lim,,—, oo WINFREQ(D(f1, f2, F,n)).
Given the definitions of WINRATE and WINFREQ, the following lemma shows how accurate the

empirical WINRATE (frequency) can estimate the idealistic WINRATE. All formal proofs of the
paper are deferred to the appendix.

Lemma 1 (From WINFREQ to WINRATE). Assume D(f1, f2, F\,n) is a set of n samples generated
by comparing LLMs f1 and fs with fidelity M via uniform randomly selected input tokens from X.
Then, with probability at least 1 — 0 for a confidence parameter 6 € (0,1), we have

IWINFREQ(D(fs, fo, ;1)) — WINRATE(f1, fo, F)] < /- log 3.

(1)

WINFREQ(D) :

Next, Lemma 2 presents the smoothness of the WINRATE metric with respect to the parameters
of the LLMs. It shows that the parameter difference between two LLMs is upper bounded by the
difference in the WINRATE metric of the two LLMs.

Lemma 2 (Smoothness of WINRATE). Utilize gradient ascent to maximize the function
WINRATE(f(-,8), g\"™)) beginning with an initial parameter 0y, and conclude at 0. Assuming
WINRATE(f(-,8), g""™) is locally concave with respect to a local maximizer 85, we have, for some
constant parameter o > 1/,

160 — 01| < | WINRATE(f(+ 80), ™) — WINRATE(f(-: 61 ), )],

Lastly, we introduce the following assumption to illustrate that the relationship of WINRATE when
comparing every two of three LLMs.

Assumption 3. For any two fidelities m > m' and any parameter 0, there exists a constant 3 > 0
such that [WINRATE(f (-, 8), g(™) — WINRATE(f(-,0), ¢™"))| < 8 WINRATE(g(™), (™).

Assumption 3 is an analogy of the triangle inequality (though with a scaling factor ) for the
WINRATE metric. Because there should exist a evaluation function W : f + score € R for
any LLM, the WINRATE of one LLM f; against another f> can be calculated as the difference
between the evaluation scores of the two LLMs, i.e., f1(W) — fa(W). This underline evaluation
function W implies that the WINRATE metric is separable and thus fulfills the triangle inequality.

'In practice, one can either ask human experts or another advanced LLM model to compare the outputs of
two models. The experiments of this paper use GPT-4 as the comparison function F'.
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2.3 MULTI-FIDELITY ALIGNMENT PROBLEM AND OBJECTIVE

In this paper, we study a multi-fidelity alignment problem, formally described in Procedure 1. It pro-
ceeds in rounds, where in each round, it selects a fidelity m, and a batch size n; to query responses
from the fidelity m; model as well as the trained LLM f(6;). Then, based on these responses, it
constructs a dataset D; and aligns the LLM f(8,) by updating its parameter 6.

Procedure 1 Multi-Fidelity Alignment

1: for each decisionround ¢ = 1,2,... do

2: Pick a fidelity m, and a batch size n; to query responses

3 Query n; responses from the fidelity m; model as well as the trained LLM f(+; 0;)
4 Construct the dataset D; from the responses

5: Align the LLM f(6;) via updating its parameter 6; based on the dataset D;

6: end for

The objective is to devise an algorithm A such that it can efficiently align the LLM f(+; 8) to achieve
a high WINRATE with the highest fidelity model ¢g(**) while minimizing the total cost of querying
responses from the fidelity models and the LLM. Formally, the objective is to cost-efficiently find
parameters @ such that WINRATE(f(-;0),g™)) > + for some given parameter v > 0 with a

probability of at least 1 — § while minimizing the total cost E [Z . ntxgg';;)} = A.

3 ALGORITHM

This section presents a multi-fidelity alignment algorithm (Algorithm 2). Given a set of M fidelities
to query responses with different costs, the algorithm aims to train a large language model (LLM)
with small costs.

We consider a step-by-step alignment process, where the algorithm starts with the lowest fidelity and
gradually increases the fidelity until the stopping criterion is met. The stopping criterion consists
of two parts (inverse of Line 2): either the WINRATE between the trained LLM f(-; 6;) and the
fidelity expert (™) exceeds a threshold ~ or the LLM parameters 6; converge. Especially, we use
WINFREQ( f, g) to empirical estimate the WINRATE between two models/experts f and g (Line 2).
After the algorithm finishes the training at the last fidelity M, it outputs the trained LLM and its
parameters f(-; 6;).

At each fidelity m, the algorithm maintains a dataset D), updated in a batch manner. For each
batch, the algorithm, by randomly picking B € N+ prompts from a given set X, collects B response
pairs from both the trained LLM f(-; 8,) and fidelity expert (™ (Lines 5-8), where the subroutine
Generate(z; f) means to generate one response for prompt x from a LLM or expert f. Then,
the algorithm concatenates these new responses pairs to the dataset D™ (Line 9). Lastly, with
this extended dataset D) the algorithm updates the LLM parameters 8, using directed preference
optimization (DPO) (Rafailov et al., 2024) (Line 11).

4 THEORETICAL ANALYSIS

In this section, we provide a theoretical analysis of the multi-fidelity alignment algorithm (Algo-
rithm 2). In order to analysis the total cost of the algorithm, we first make an assumption on the
convergence rate of the DPO training process (used in Line 11). Then, we provide a lemma to up-
per bound the total cost of the algorithm. Finally, we provide a theorem to upper bound the cost
complexity of the algorithm.

160—

%) iterations are sufficient to
-

achieve WINRATE(f(-,0(n)),g"™) > v (for any v < lim,_,oc WINRATE(f(-,8(n)), g"™)),
where 0y is the initial parameter at the beginning of training at fidelity m, and 0(n) is the pa-
rameter after n iterations.

Assumption 4 (Linear convergence rate). n = O <log
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Algorithm 2 Multi-Fidelity Alignment

Input: confidence parameter §, error parameter ¢, WINRATE stopping threshold v € (0, 1), and
prompt set X, training base LLM f(-; ), multi-fidelity LLM/human experts g(") for m =
1,2,..., M, and batch size B € Nt

Initialize: fidelity index m < 1, time ¢ < 1, LLM parameter 61, and dataset D(™") <— {) for all
fidelites m’ =1,..., M

1: for each fidelity m = 1,2,..., M do

2 while WINFREQ(f(-;6;),¢™)) < yand ||@; — 0;_1| > ¢ do

3: t—t+1 > Update parameter index
4: fori=1,...,Bdo >Collect new responses
5: Randomly pick a prompt x; from dataset X

6 Y1, ¢ Generate(wx;; f(+;60,)) > Response from trained LLM
7 Yo.i Generate(z;; g™) > Response from expert
8: F; < Compare(y1 4, Y2.4;Ti, F)

9: D) DM U {1 4, 924, i, Fi}

10: end for

11: 0, + DPO_Update(f,0;_,D™) >DPO Training
12: end while

13: end for

Output: trained LLM and its parameters f(-; 6;)

The linear convergence rate in Assumption 4 is a common assumption in the optimization literature,
and it is also validated validated in deep learning theory literature (Allen-Zhu et al., 2019) for deep
neural network (DNN) and convolutional neural network (CNN) training.

From the pseudo-code of Algorithm 2, we can see that the cost of the algorithm is mainly from the
response collection at each fidelity. The cost of generating a response from the fidelity expert g(")
is denoted as )\EZ;). The size of the dataset constructed at fidelity m is denoted as |D(")|. The total
cost of the algorithm is the sum of the costs at each fidelity, that is, Z%ﬂ A§Q§2 |D(™)|. By upper
bounding the size of the dataset |D(™)| at each fidelity, we propose an upper bound for the total cost
of the algorithm in Theorem 5.

Theorem S. Assuming the triangle inequality property of WINRATE (Assumption 3), and the linear
convergence rate (Assumption 4), the cost complexity of Algorithm 2 is upper bounded as follows,
with a probability of at least 1 — 0 ) -\ |DM)|,

M
m 20 - rad + a8 WINRATE(¢(™), g(m—1)
Ar <O (Z Ao <1Og b (g9 ) | B) , )
m=1

1—~—rad

where g(0) == f(-;8y) is the LLM f with the initial parameter 0y, the parameters § € (0,1) and
rad > 0 depend on the WINFREQ calculation in Line 2 of Algorithm 2, and parameters «, 3,y are
defined in Lemma 2 and Assumptions 3 and 4, respectively.

The confidence level § and the confidence radius rad depends on the number of evaluation samples
used in the WINFREQ calculation in Line 2 of Algorithm 2, representing the variance in estimating
the actual WINRATE. The larger the number of samples, the smaller the § and the rad as quantified
in Lemma 1. The § and the rad are used to ensure the probability of the WINFREQ calculation in
Line 2 of Algorithm 2 is at least 1 — ¢ ZmeM|D(m) |. The additive M B terms in (2) is the cost of
generating a response from the LLM f(+; 0;) at each fidelity, where B is the batch size used in the
response collection at each fidelity.

One vanilla alignment approach is the high-fidelity (HF) alignment, where one only uses the re-
sponses collected from the highest fidelity expert g(*) to train the LLM f. With the same stopping
condition as in Algorithm 2, the cost complexity of the high-fidelity alignment algorithm is upper
bounded as follows,

2a - rad + a8 WINRATE(gM), ¢(©)
Aue =0 (320 (1o PWNRATE(S .0, ). o
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Table 1: WINRATE of our LLM and fidelities

Baseline Model Candidate Model Win rate

Vicuna Llama 0.785
Llama Mistral 0.519875
Mistral Qwen 0.695

The most favorable scenario for the multi-fidelity alignment algorithm is when the cost of the highest
fidelity expert is much larger than the cost of the lower fidelity experts, i.e., /\gé\i) > Aﬁg’;) for all

m < M. For example, one extreme case is that the fidelity experts g(™) with 7 < M other than the

highest fidelity are all free to collect responses from (i.e., A§232 = 0 form < M), e.g., they are all
language models that are already available. Then, the cost complexity of the multi-fidelity alignment

20-rad+a 8 WINRATE(gM) g(M—1)) +B
1—~y—rad

algorithm is reduced to Ayr = O ()\gé\i) (log ) . Aslong as the

WINRATE(gM), g(M=1)) < WINRATE(g(M), g(0), the multi-fidelity alignment algorithm would
be more cost-effective than the high-fidelity alignment algorithm. In practice, the cost of the highest
fidelity expert is usually much larger than the cost of the lower fidelity experts, which is close to
the extreme example above, and hence, the multi-fidelity alignment algorithm is more cost-effective
than the high-fidelity alignment algorithm.

5 EXPERIMENTS

This section empirically evaluates the effectiveness of multi-fidelity alignment to obtain a better
LLM under a given budget. First, we employ 3 fidelities with increased performance to train our
LLM step by step, and compare it with directly using DPO to train our LLM. We choose the best
model derived from two methods and evaluate the model’s performance on the test dataset. Our
results show that if we allocate part of the budget to lower fidelity responses, we can derive an LLM
with better performance, i.e., better use of the budget. Before presenting these results, we describe
the experiment setup.

5.1 SETUP

Datasets. In this study, we adopt rm-static?, a split of Anthropic’s Helpful Harmless dataset, as
our dataset. In our experiment, we shuffle the dataset and reserve 200 samples for validation and
500 samples for testing.

Hyper-parameter setting. During policy training, we set maximum length to 256, adopt top-
p sampling with p =0.9 and temperature set to 0.1. When testing response generation, we set
maximum length to 256, p =0.95 and restrict to top-k=50 in top-p sampling, and temperature to
0.1. For DPO training, we set its learning rate to 5e-6, using cosine learning rate schedule and leave
10 percent of steps for warm up. For the cost setting of different fidelities, we set it to 1:4:16 for
each response they generate. For upgrade criterion, we use the win rate metric: if our LLM’s win
rate against fidelity exceeds 0.3, we proceed to the next fidelity. For the final fidelity, training is
halted when the win rate declines compared to the previous iteration. This criterion is chosen for
two reasons. First, it minimizes unnecessary costs associated with not utilizing the newly trained
LLM. Second, since the LLM’s response is automatically designated as the rejected response in
DPO training, a lower win rate in the current LLM supports better performance in the subsequent
training process. For batch size, we conducted training using batch sizes B of 512 and 1024, with
each experiment repeated twice.

Evaluation metrics. We employ our win rate metric to assess model performance. First, we collect
the responses of two models to a variety of prompts, designating one model as the baseline, typically
a fidelity, and the other as the candidate model, usually derived from training. We then utilize GPT-
40 to evaluate the responses in a pairwise manner, calculating the total number of instances where
the candidate model outperforms the baseline. The win rate of the candidate model, denoted as

Mttps://huggingface.co/datasets/Dahoas/rm-static
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Table 2: WINRATE (calculated in Line 2 of Algorithm 2) and fidelity shift trajectory in multi-fidelity
alignment with rm-static dataset with batch size B = 1024 samples per iteration in two traces

Alignment Trace One Alignment Trace Two
Fidelity Candidate model WINRATE Candidate model WINRATE
Vicuna 0.215 Vicuna 0.238
M- L lama stepl,iterl 0.225 stepl,iterl 0.241
g stepl,iter2 0.354 stepl,iter2 0.289
- - stepl,iter3 0.309
S stepl,iter2 0318 stepl,iter3 | 0.284
g Mistral - - step2,iterl 0.386
vanilla (m = 2) 0.269 vanilla (m = 2) 0.256
S stepliter2 0.163 step2,iterl | 0.229
step3,iterl 0.204 step3,iterl 0.210
g®): Qwen step3,iter2 0.233 - -
step3,iter3 0.213 - -
vanilla (m = 3) 0.191 vanilla (m = 3) 0.166

WINRATE, is determined by dividing the number of wins by the total number of response pairs. A
higher win rate indicates superior performance. During training, WINRATE is calculated using a
validation dataset, and after identifying the optimal models through our algorithm and DPO, the test
dataset is used to compute the final WINRATE.

Fidelity setting. We selected Llama3-8B-Instruct, Mistral-7B-Instruct-v0.2, and Qwen2-7B-
Instruct as fidelities due to the noticeable performance gap observed on the dataset (as shown in
Table 1). To simpilify our descritpions, we refer to these models as Llama, Mistral, and Qwen, re-
spectively. Additionally, we selected Vicuna-7b-v1.5 as our LLM for training, denoted as Vicuna.
We define step m,iter n as the LLM derived from the nth iteration using the mth fidelity. Specifi-
cally, we denote vanilla(m = 2) as the best LLM derived using Mistral under the same budget as in
stepl and step2, and vanilla(m = 3) as the best LLM derived using Qwen under the same budget as
in the whole step training.

5.2 MAIN RESULTS

We present the training trajectories in Table 2 and 3, as well as the testing performance in Table
4. We observed that the experiment results accord with our expectations. In step 1 and step 2, we
switch to the next fidelity when our LLM’s WINRATE exceeds 0.3 and note our models outperform
vanilla (m = 2) in both validation and test datasets. In step 3, training is halted when the LLM’s
WINRATE begins to decline, and the LLM with the highest WINRATE against Qwen is selected as
our best LLM. Our results indicate that our LLMs outperform vanilla (m = 3) in both validation
and test datasets with a batch size of B = 1024, and our LLMs surpass vanilla (m = 3) in the
validation dataset with a batch size of B = 512. We will analyze why our LLM is slightly inferior
to vanilla(m = 3) in test dataset next.

Discussion. In Table 4, we observe that the performance is constrained when the sample size is
limited to 512 per iteration. Based on this, we conclude the following suggestions for applying our
method. First, GPT evaluation and prompts have variances. When the increment of performance
is small, GPT may mislead us to move to the next fidelity or stop training. Second, it’s difficult to
align the LLM’s distribution to fidelity’s distribution when using small amount of samples. The dis-
tribution may end up in an inferior position which leads to the drop of performance. Combining the
first two points, we give two suggestions to get a satisfactory result. First, we can train on a larger
batch size to get greater improvement and give our LLM enough time to align its distribution with
fidelities. Second, we can enlarge our validation dataset for more accurate results. Third, automati-
cally labeling our LLM’s response as rejected response may not be effective when LLM’s WINRATE
arise. As the performance of the student model improves, it may generate responses that surpass the
current fidelity, potentially leading to incorrect preference labels for the DPO training. The more
incorrect labeling, the more likely the performance will decrease. To mitigate this limitation, we
test different quality of rejected responses for DPO training and find that rejected responses with
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Table 3: WINRATE (calculated in Line 2 of Algorithm 2) and fidelity shift trajectory in multi-fidelity
alignment with rm-static dataset with batch size B = 512 samples per iteration in two traces

Alignment Trace One Alignment Trace Two
Fidelity Candidate model WINRATE Candidate model WINRATE
Vicuna 0.215 Vicuna 0.250
1). stepl,iterl 0.230 stepl,iterl 0.211
g': Llama stepl.iter2 0.299 stepl,iter 2 0.226
e stepliiter3 031 __ stepljiter3 | 0303
stepl,iter3 0.275 stepl,iter3 0.269
g(2): Mistral step2,iterl 0.365 step2,iterl 0.349
DR vanilla(m =2) 0308 vamilla(m=2) 0239
step2,iterl 0.186 step2,iterl 0.201
(3). step3,iterl 0.175 step3,iterl 0.209
g7 Qwen - - step3.iter2 0.159

vanilla (m = 3) 0.166 vanilla (m = 3) 0.205

Table 4: WINRATE with vanilla as baseline model in test dataset

vanilla(m = 2) vanilla(m = 3)
Sample size Candidate model WINRATE Candidate model WINRATE
1024 stepl,iter2 0.577 step3,iter2 0.513
1024-2 step2,iterl 0.634 step2,iterl 0.551
512 step2,iterl 0.546 step2,iterl 0.490
512-2 step2,iterl 0.590 step3,iterl 0.494

relatively poor quality can lead to better performance. Therefore, when we widen the gap between
the response pairs, we can obtain greater improvement.

6 CONCLUSION

This paper proposed a multi-fidelity alignment algorithm that incorporates responses with varying
levels of qualities (fidelities). Theoretically, by formulating a new WINRATE metric for the pref-
erence alignment task, the paper rigorously studied the required total cost of the new alignment
algorithm, providing insights for practice. Empirically, this paper reports experiments with three
fidelities (represented by three LLMs) and validates the superiority of the multi-fidelity algorithm
over the standard alignment method in the literature.

REFERENCES

Zeyuan Allen-Zhu, Yuanzhi Li, and Zhao Song. A convergence theory for deep learning via over-
parameterization. In International conference on machine learning, pp. 242-252. PMLR, 2019.

Yuntao Bai, Saurav Kadavath, Sandipan Kundu, Amanda Askell, Jackson Kernion, Andy Jones,
Anna Chen, Anna Goldie, Azalia Mirhoseini, Cameron McKinnon, et al. Constitutional ai: Harm-
lessness from ai feedback. arXiv preprint arXiv:2212.08073, 2022.

L Bonfiglio, P Perdikaris, S Brizzolara, and GE Karniadakis. Multi-fidelity optimization of super-
cavitating hydrofoils. Computer Methods in Applied Mechanics and Engineering, 332:63-85,
2018.

Collin Burns, Pavel Izmailov, Jan Hendrik Kirchner, Bowen Baker, Leo Gao, Leopold Aschenbren-
ner, Yining Chen, Adrien Ecoffet, Manas Joglekar, Jan Leike, et al. Weak-to-strong general-
ization: Eliciting strong capabilities with weak supervision. arXiv preprint arXiv:2312.09390,
2023.



Under review as a conference paper at ICLR 2025

Zixiang Chen, Yihe Deng, Huizhuo Yuan, Kaixuan Ji, and Quanquan Gu. Self-play fine-tuning
converts weak language models to strong language models, 2024.

Sumanth Dathathri, Andrea Madotto, Janice Lan, Jane Hung, Eric Frank, Piero Molino, Jason Yosin-
ski, and Rosanne Liu. Plug and play language models: A simple approach to controlled text
generation. arXiv preprint arXiv:1912.02164, 2019.

Jacob Devlin, Hao Cheng, Hao Fang, Saurabh Gupta, Li Deng, Xiaodong He, Geoffrey Zweig, and
Margaret Mitchell. Language models for image captioning: The quirks and what works. arXiv
preprint arXiv:1505.01809, 2015.

Stefan Falkner, Aaron Klein, and Frank Hutter. Bohb: Robust and efficient hyperparameter opti-
mization at scale. In International Conference on Machine Learning, pp. 1437-1446. PMLR,
2018.

Alexander 1J Forrester, Andrds Sébester, and Andy J Keane. Multi-fidelity optimization via sur-
rogate modelling. Proceedings of the royal society a: mathematical, physical and engineering
sciences, 463(2088):3251-3269, 2007.

Jiwoo Hong, Noah Lee, and James Thorne. Reference-free monolithic preference optimization with
odds ratio. arXiv preprint arXiv:2403.07691, 2024.

Deng Huang, Theodore T Allen, William I Notz, and R Allen Miller. Sequential kriging optimization
using multiple-fidelity evaluations. Structural and Multidisciplinary Optimization, 32(5):369—
382, 2006.

Kirthevasan Kandasamy, Gautam Dasarathy, Barnabas Poczos, and Jeff Schneider. The multi-
fidelity multi-armed bandit. Advances in neural information processing systems, 29, 2016.

Kirthevasan Kandasamy, Gautam Dasarathy, Jeff Schneider, and Barnabds Poczos. Multi-fidelity
bayesian optimisation with continuous approximations. In International Conference on Machine
Learning, pp. 1799-1808. PMLR, 2017.

Kirthevasan Kandasamy, Gautam Dasarathy, Junier Oliva, Jeff Schneider, and Barnabas Poczos.
Multi-fidelity gaussian process bandit optimisation. Journal of Artificial Intelligence Research,
66:151-196, 2019.

Harrison Lee, Samrat Phatale, Hassan Mansoor, Kellie Lu, Thomas Mesnard, Colton Bishop, Victor
Carbune, and Abhinav Rastogi. Rlaif: Scaling reinforcement learning from human feedback with
ai feedback. arXiv preprint arXiv:2309.00267, 2023.

Lisha Li, Kevin Jamieson, Giulia DeSalvo, Afshin Rostamizadeh, and Ameet Talwalkar. Hyperband:
A novel bandit-based approach to hyperparameter optimization. The Journal of Machine Learning
Research, 18(1):6765-6816, 2017.

OpenAl. Gpt-4 technical report. arXiv, pp. 2303-08774, 2023.

Long Ouyang, Jeffrey Wu, Xu Jiang, Diogo Almeida, Carroll Wainwright, Pamela Mishkin, Chong
Zhang, Sandhini Agarwal, Katarina Slama, Alex Ray, et al. Training language models to follow
instructions with human feedback. Advances in Neural Information Processing Systems, 35:
27730-27744, 2022.

Riccardo Poiani, Alberto Maria Metelli, and Marcello Restelli. Multi-fidelity best-arm identification.
Advances in Neural Information Processing Systems, 35:17857—-17870, 2022.

Riccardo Poiani, Rémy Degenne, Emilie Kaufmann, Alberto Maria Metelli, and Marcello Restelli.
Optimal multi-fidelity best-arm identification. arXiv preprint arXiv:2406.03033, 2024.

Rafael Rafailov, Archit Sharma, Eric Mitchell, Christopher D Manning, Stefano Ermon, and Chelsea
Finn. Direct preference optimization: Your language model is secretly a reward model. Advances
in Neural Information Processing Systems, 36, 2024.

Dan Su, Yan Xu, Genta Indra Winata, Peng Xu, Hyeondey Kim, Zihan Liu, and Pascale Fung. Gen-
eralizing question answering system with pre-trained language model fine-tuning. In Proceedings
of the 2nd workshop on machine reading for question answering, pp. 203-211, 2019.



Under review as a conference paper at ICLR 2025

Xuchuang Wang, Qingyun Wu, Wei Chen, and John C.S. Lui. Multi-fidelity multi-armed bandits
revisited. In Advances in Neural Information Processing Systems, 2023.

Lingxiao Zheng, Tyson L Hedrick, and Rajat Mittal. A multi-fidelity modelling approach for evalua-
tion and optimization of wing stroke aerodynamics in flapping flight. Journal of Fluid Mechanics,
721:118-154, 2013.

10



Under review as a conference paper at ICLR 2025

A DEFERRED PROOFS

Proof of Lemma 1. The proof is based on the Hoeffding’s inequality. Let X; =
{F(f1(x;), fo(x;)) =wWinor Tie} fori € {1,2,...,n} where z; is the i-th input token, where
X; can be regarded as a Bernoulli random variable with mean WINRATE(f1, fo, F'). Then,
WINFREQ(D(f1, fo, Fyn)) = £ 3" | X;. By Hoeffding’s inequality, we have

P (|WINFREQ(D(f1, fa, F,n)) — WINRATE(f1, fo, F)| > €) < 2exp (—ne?).

The proof is complete. O

New Proof of Lemma 1 for Separable Assumption. The proof is based on the Hoeffding’s inequality.
Notice

n

WINFREQ(D(fs, fo, F; 1)) = 3~ (Wr(fi(w1)) — W (fa(a:)

=1
WINRATE(fla f27 F) = ExNXEylrvfl(w),Yszz(w)(WF(Yl) - WF(X/Q)%

where x; is the i-th input token, and Wg (Y1) — Wg(Y2) can be regarded as a [—1, 1]-bounded
random variable with mean B, xEy, <, (2), Yo~ f () Wr (Y1) =Wk (Y2). By Hoeffding’s inequality,
we have

P (|WINFREQ(D(f1, fo, F,n)) — WINRATE(f1, fo, F)| > €) < 2exp (—ne*/4) .

The proof is complete. O

Proof of Lemma 2. Denote the parameter sequence of the gradient ascent as 8y = 0(()1) — 9%1) =
0(()2) — 0%2) = 9(()3) — = Hgk) =0, = Gék Dy ., where Gék) is the initial parameter of
the k-th iteration, and we denote 9§’“ ) = 9, as the parameter after (K")™ iteration.

Notice that for each iteration %k before stopping, we have

5" — i
<
IWINRATE(f(; 5")), g0™) — WINRATE(f (-5 0("), g(m))]

[ONIES]

where the last inequality is due to the stop condition WINFREQ(D;_1) — WINFREQ(D;_3) < € in
Line 2 of Algorithm 2 is not triggered, and the definition of the learning rate 7.

Therefore, picking any o™ > 2 for any iteration of the gradient ascent, we have
65" — 617 < a‘m>IWINRATE(f(-; 85")),9"™) — WINRATE((-:61). g ™).

Summing up the above inequality for iterations from k& = 1 to &/, we have
160 — 64 < Zne““ 61" < al™) |WINRATE(f (1 80), 9"™) — WINRATE(f (-1 61), g™)].
O

Proof of Theorem 5. The proof is straightforward by applying Lemma ?? and the above analysis.
With the double increasing rate, we know that Zzsz B(p) < 2n(™ where n(™) is the number of
queries at fidelity m that is enough to achieve WINFREQ(D(f(8;),g™))) > ~. Therefore, in the
following proof, we assume WINFREQ(D(f(0(™), g(™))) = ~, where 8(") is the final parameters

of training at fidelity m. Next, we bound the number of queries n("™) by the convergence rate
function 7 and the distance between the two fidelities.
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Denote 6™~ 1) as the final fidelity at fidelity m — 1 that fulfills the while-loop’s stopping condition
WINFREQ(f(-; 0~ 1), g™=1))) > ~. Then, we bound the number of queries n(™) in fidelity m.
The training at fidelity 1 stops when WINFREQ(f(+; 8;), g(™)) > ~, that is, 8, = (™). We have

~ N (a) R
100 — §(m=V|| < a|WINRATE(f(+;0™), g(m)) WINRATE(f(-; 8(m=1), g(m)
< | WINRATE(f(+;07™), (™)) — WINRATE(f(-; 00"~ 1), g(=1)|
+ | WINRATE(f(-; 00", g(m=1) — WINRATE(f(-; (™~ 1), g(™)]

(b)
with probability < a|y + rad — v + rad| + 3 WINRATE(g(™), g(m~1)
=2« -rad + aff WINRATE(g(m)7 g(m_l)),

where inequality (a) is due to Lemma 2, and inequality (b) is due to Lemma 1 and Assumption 3
holds with a probability of atleast 1 — 6 -\, |D(m)].

With Assumption 4, we have
n(m) _ p(m—1)
D™ < B4+ n™ =0 (log 16 0 - H + B
1 — WINRATE(f(6(™), g(m)))

2 - rad WINRA’ (m) 4(m—1)
0 <log a - rad + aff WINRATE(¢'™, ¢ ) +B> ,
1—~—rad

where the last equality is from the above derivation. O
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