Optimizing Language Models with Fair and Stable Reward Composition in
Reinforcement Learning

Anonymous ACL submission

Abstract

Reinforcement learning from human feedback
(RLHF) and Al-generated feedback (RLAIF)
have become prominent techniques that signifi-
cantly enhance the functionality of pre-trained
language models (LMs). These methods har-
ness feedback, sourced either from humans or
Al, as direct rewards or to shape reward mod-
els that steer LM optimization. Nonetheless,
the effective integration of rewards from di-
verse sources presents a significant challenge
due to their disparate characteristics. To ad-
dress this, recent research has developed algo-
rithms incorporating strategies such as weight-
ing, ranking, and constraining to handle this
complexity. Despite these innovations, a bias
toward disproportionately high rewards can still
skew the reinforcement learning process and
negatively impact LM performance. This paper
explores a methodology for reward composi-
tion that enables simultaneous improvements
in LMs across multiple dimensions. Inspired
by fairness theory, we introduce a training al-
gorithm that aims to reduce Disparity and en-
hance Stability among various rewards. Our
method treats the aggregate reward as a dy-
namic weighted sum of individual rewards,
with alternating updates to the weights and
model parameters. For efficient and straightfor-
ward implementation, we employ an estimation
technique rooted in the mirror descent method
for weight updates, eliminating the need for
gradient computations. The empirical results
under various types of rewards across a wide
range of scenarios demonstrate the effective-
ness of our method.

1 Introduction

In recent years, pretrained Language Models (LMs)
have made significant strides in the field of natural
language processing, leading to their widespread
use in downstream applications such as conversa-
tional agents (Brown et al., 2020; OpenAl, 2023;
Touvron et al., 2023), code generation (Ahmad
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Figure 1: An Example of Question Answering with Two
Types of Rewards Optimizing in Different Directions.

et al., 2021; Wang et al., 2021; Roziere et al.,
2023), and machine translation (Wang et al., 2023;
Moslem et al., 2023). Reinforcement learning from
human feedback (RLHF) (Christiano et al., 2017;
Ziegler et al., 2019; Ouyang et al., 2022; Rafailov
et al., 2023) and reinforcement learning from Al
feedback (RLAIF) (Bai et al., 2022; Moskovitz
et al., 2023; Lee et al., 2023; Havrilla et al., 2024)
plays a critical role in this evolution, enhancing the
models’ ability to generate outputs that better align
with human preferences and greatly increasing their
versatility.

The methods of RLHF and RLAIF typically in-
corporate three principal stages. Initially, there is
supervised fine-tuning, which entails honing a foun-
dational language model by utilizing a specialized
dataset crafted for this purpose. Following this, the
second stage is the development of reward func-
tions, which are designed to serve as surrogate indi-
cators of human or Al judgments and preferences.
Subsequently, the language model serves as policy
model and undergoes optimization via a reinforce-
ment learning algorithm (Schulman et al., 2017).
It is evident that the reward model is crucial in en-



suring the language model’s outputs continually
improves and adapts to evaluative standards, which
in turn, directly impacts the efficacy of the rein-
forcement learning phase. In some scenarios, there
may be multiple reward functions (Ramamurthy
et al., 2022; Glaese et al., 2022; Yuan et al., 2023;
Bakker et al., 2022; Moskovitz et al., 2023), as peo-
ple may wish to assess and enhance the LM from
various perspectives. However, two factors make
this challenging. Firstly, different reward functions
evaluate text quality from various angles, but their
insights are not entirely independent. Secondly, it
is difficult for LMs to determine the specific opti-
mization direction for each reward function since
they only receive an aggregated reward score.

Considering the scenario depicted in Figure 1,
where two reward functions are employed, let us
examine the example question, “How many times
have the Lakers won the finals?” The language
model may generate various responses, which the
two reward functions assess based on factuality and
completeness, providing guidance for optimizing
the language model. The first response is given a
factuality score of 1.0 and a completeness score of
0.3, indicating that it is entirely factual but lacks
some detail. The second response receives a factu-
ality score of 0.3 and a completeness score of 1.0,
signaling that it is complete but contains inaccura-
cies. It becomes challenging to evaluate the overall
success of the responses by merely aggregating
the individual rewards because they each excel in
different aspects. Therefore, the development of
an effective algorithm that can integrate various
reward functions is of utmost significance for both
research and practical applications. Recent studies
have investigated multiple methods for composing
rewards, such as ranking (Yuan et al., 2023), ap-
plying weightings (Wu et al., 2023), using welfare
functions (Bakker et al., 2022), and practicing safe
reinforcement learning (Moskovitz et al., 2023).
While these approaches may involve complex de-
signs and the fine-tuning of hyperparameters, there
is a still high risk that the policy may overfocus
on one reward function and neglect others, thereby
negatively impacting the LM.

To tackle the aforementioned challenges, we pro-
pose a method named Fast RL (Fair and Stable Re-
ward Reinforcement Learning), which is designed
for simple but effective integration of diverse re-
wards. Inspired by fairness theory (Zhang et al.,
2022; Ding et al., 2021), we have formulated a train-

ing objective that aims to minimize Disparity and
maximize Stability across different reward func-
tions simultaneously. Drawing on the principles of
distributionally robust optimization (DRO) (Duchi
and Namkoong, 2019; Wiesemann et al., 2014;
Namkoong and Duchi, 2016; Zhang et al., 2022),
we compute composite rewards as a weighted sum
of individual rewards and transform the training
objective into a max-min optimization problem.
We iteratively optimize the language model and
the weights, with the latter being updated via an
estimation of the mirror descent method without
the need for gradient computation. This strategy
not only guides language models towards a more
balanced, stable, and comprehensive improvement,
but also offers simplicity in implementation.

Our contributions are summarized as follows:

(1) We present a method that integrates various
rewards during the reinforcement learning process,
leading to a more comprehensive improvement of
LMs.

(2) Our method is both simple and effective, al-
lowing for easy adaptation to different types of
reward functions or models without incurring sig-
nificant computational overheads.

(3) We demonstrate the effectiveness of our ap-
proach through experimental results across various
scenarios involving diverse rewards.

2 Preliminaries

2.1 Environments: Generation as MDP

Natural language generation can be conceptual-
ized as a Markov Decision Process (MDP) (Put-

erman, 2014), represented as a tuple M 2
(S, A,R, P,~,T), where V denotes a finite vo-
cabulary. At the start of each episode, a prompt
input x = (xg, 21, ..., Tm) is sampled from the
data buffer, serving as the initial state sg, with
sog € S, zyy, € V, and S representing the state
space. At every timestep ¢, the language model
functions as a policy m(a¢|s¢), generating a token
that signifies choosing an action a; € A based on
its current state s;. A new state is subsequently
reached via the transition function P : S x A — S.
An episode concludes when the timestep exceeds
the maximum horizon length 7" or when an end-
of-text (EOT) token is produced. The generated
response is denoted by y = (ag, ay, ..., ar). Sum-
matively, an episode is captured as a trajectory
T = (8i, a0, ..., ST, ar), with the policy model’s
objective being to maximize the expected return



R(1) = Z?:o YR (s¢,ar), where R € S x A —
R represents the reward function and v € [0,1)
symbolizes the discount factor.

2.2 Reward Functions for Optimizing the
Language Models

Reward functions can be broadly divided into
two main categories. The first category (Bakker
et al., 2022; Yuan et al., 2023; Wu et al., 2023;
Rafailov et al., 2023) consists of trained models
that act as proxies for human preferences within
specific contexts, typically using Bradley-Terry
models (Bradley and Terry, 1952). The second
category (Ramamurthy et al., 2022; Moskovitz
et al.,, 2023) includes commonly used metrics
in NLP, such as BLEU (Papineni et al., 2002),
ROUGE (Lin, 2004), and METEOR (Banerjee and
Lavie, 2005). These metrics do not require the
reward model training procedure, thus allowing
for automatic measurement and quick implementa-
tion. In addition to these categories, rewards can be
classified as either coarse-grained or fine-grained.
Coarse-grained rewards provide a single, sparse
reward at the end of each episode, reflecting the
overall success of the generation. Fine-grained re-
wards, in contrast, can be assigned for each token
or subsentence, reflecting success across a range
of timesteps. In situations where different types of
rewards coexist, we define the composite reward
function as follows:

Tcom = f(rlv "'7rn)7 (1)

where r; represents the output reward from vari-
ous reward functions, n is the number of reward
functions involved, and f(-) is any composite func-
tion. For simplicity, the time-step subscript ¢ is
omitted here and will continue to be excluded in
the remainder of the text.

3 Method

In this section, we propose a method and its im-
plementation that are designed to simultaneously
improve the performance of LMs across various
reward functions. The entire training framework
is depicted in Figure 2. Initially, the input state is
fed into the LM, and each reward function provides
a score for evaluating the model outputs. These
scores are then integrated using a weighted sum to
obtain a composite reward, which is subsequently
used to optimize the LM. Concurrently, the weights
are updated through an estimation based on mirror
descent.
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Figure 2: Training framework of Fast RL. The parame-
ters of LM are updated using policy gradient, while the
weights of different rewards are adjusted through mirror
descent.

3.1 Optimization Objective.

Drawing inspiration from fairness theory, our goal
is to train a LM that achieves minimal Disparity
and maximal Stability across various reward func-
tions simultaneously. We define this objective as
follows:

Obj,., = inf E ,wp,[reom (e, (s,a))]

Tcom

Teom = {Z w;r| znjwz- =1Lw >0} (2
=1 =1

where n denotes the number of the reward func-
tions, D; denotes the samples from the replay
buffer, r; = R(s,a) denotes the rewards output
by i-th reward function or model R, w; denotes the
weights of r;, r¢om denotes the composite reward,
and g denotes the language model with parameter

6.

3.2 Simple yet Effective Implementation.

Borrowing the idea from distributionally robust op-
timization (DRO) (Duchi and Namkoong, 2019;
Wiesemann et al., 2014; Namkoong and Duchi,
2016; Zhang et al., 2022), the problem of maximiz-
ing the objective in Equation (2) can be rewritten
as:

max

DY

min
—q wi=1, w1>0

Z w;ri(me, (s,a)).  (3)

To address this optimization problem, we can
alternatively optimize the policy parameters 7 and
the weights w;. Rather than employing gradient
descent, we utilize an estimation technique inherent
to the mirror descent method for updating w;. Each



w; 1s updated via:

cur _ w?' exp(—Ar;)

v > i1 w?re exp(—Ar;)’
where pre denotes the previous update step, cur
denotes the current update step, and A is a hyper-
parameter. Notably, we initial wfre = % in the first
iteration of our experiment.

The composite reward is computed as.

“)

n
Tcom = Z wfurTzw (5)
=1

However, there is a risk of over-optimization, a
phenomenon where maximizing returns on the re-
ward function beyond a certain threshold could
actually reduce the performance of the policy
model. In line with recent studies, we incorpo-
rate a composite reward with a KL penalty to
moderate the policy model’s propensity for over-
optimization (Ramamurthy et al., 2022; Moskovitz
et al., 2023; Wu et al., 2023):

Texp = Teom — B - KL(mg(als) || mref(als)), (6)

where gy represents the policy model, 7. indi-
cates the reference model, and S is the coefficient
that controls the strength of the KL penalty. This
adjusted reward rc,), can be used to fine-tune the
language model using any reinforcement learning
algorithm, and in this paper, we select Proximal
Policy Optimization (PPO) (Schulman et al., 2017).
The details of our implementation are provided in
Section4.

3.3 Analysis

Theorem 1. Let 7] := K o).p,[ri(70, (5, a))] be
an expectation of reward in dataset Dy, with reward
group g, w9 € An — 1 be the group weights, n
be the total number of the reward functions, 7" be
the average of the rewards, d; == (r{ — 79)? and
Var(rf) .= L3 | d; be tflve variance of rewards.
If|Inw9 —1||3 > mini{zji;di}, then there exists
a constant C' > 0 such that

Objry = 7 4 C\ ) Varcri. (7)

The theorem presented above demonstrates that
our proposed objective, Objr,, can be interpreted
as a blend of the average score derived from each
reward function, which aids in enhancing the aver-
age performance, and a variance term that prompts
LM to achieve uniform performance across differ-
ent reward functions. Please see the Appendix for
the proof.

4 Experiment

We evaluate the effectiveness of our method across
various scenarios using different language models.
Our experiments encompass dialogue generation,
question answering, and tasks aimed at mitigating
harmfulness and enhancing helpfulness. Details
regarding hyperparameters are provided in the Ap-
pendix.

4.1 Dialogue Generation

4.1.1 Experimental Settings

Dataset. We conducted an experiment utilizing the
widely recognized DailyDialog dataset (Li et al.,
2017), consisting of transcripts from human con-
versations.

Reward Functions. Following Moskovitz et al.
(2023), we selected METEOR (Banerjee and
Lavie, 2005), Intent Score (Ramamurthy et al.,
2022), BLEU (Papineni et al., 2002), and
BERTScore (Zhang et al., 2019) as reward func-
tions. These models capture the desired behavior
of text from different perspectives and can be im-
plemented quickly. Among these, Intent Score and
BERTScore are estimated using a pretrained hu-
man preference model, ROBERTa (Liu et al., 2019),
and BERT (Devlin et al., 2018), respectively, while
the other two utilize n-gram metrics. The reward
scores are provided at the end of each response to
reflect its overall quality.

Baselines. In our study, we utilized GPT-2 (Rad-
ford et al., 2019) as the starting point for our
policy model. For our baseline algorithm, we
chose Proximal Policy Optimization (PPO) (Schul-
man et al., 2017), within which rewards are calcu-
lated through a linear combination of individual
metrics, each metric assigned a fixed weight that
is predetermined. Furthermore, we incorporated
Constrained Reinforcement Learning (Constrained
RL) (Moskovitz et al., 2023) to serve as an addi-
tional baseline for comparison.

Evaluation Metrics. We assessed various methods
based on two criteria. (1) In an approach similar
to that of Moskovitz et al. (2023), we computed an
evaluation score using six distinct metrics. These
metrics, as identified by Moskovitz et al. (2023), op-
erate independently of the reward functions. Specif-
ically, we select SacreBLEU (m,) (Post, 2018),
ROUGE-2 (my) (Lin, 2004; Ganesan, 2018), and
ROUGE-L (m.) as metrics related to lexicon, and
Conditional Entropy-3 (m,,), vocab-size-3-nopunct
(my), and mean-prediction-length-nopunct (1)



as metrics related to diversity. We normalized the
score of each metric to fall within a range of 0 to 1,
using the minimum and maximum values observed
in Constrained RL experiments across three dis-
tinct reward function settings. The evaluation score
(Meyar) 18 subsequently computed as outlined in
Equation (8)

Mg + Mp + M+ My, + My + My,
6
(8)
(2) We adopt GPT-4 (Achiam et al., 2023) as an

proxy for human judgment to further assess the
methods.

Meyal =

4.1.2 Experimental Results

Stability Across Varying Numbers of Reward.
We conducted experiments utilizing configurations
with 2, 3, and 4 reward functions. Figure 3(a-c)
illustrates the improvement in model performance
over the training epochs, where the results rep-
resent the mean of three random seeds, and the
shaded area indicates the standard deviation. In
the initial epochs of training, all methods remained
stable when only two reward functions, METEOR
and Intent Score, were used. However, the incorpo-
ration of a third reward function, BLEU, resulted
in a significant deterioration in the performance of
Constrained RL, making the training unstable. In
contrast, both the baseline PPO and our method
demonstrated stability. Upon introducing another
reward function, BERTScore, only our method
maintained stability. Moreover, our method outper-
formed the baselines in evaluation score across all
scenarios, thereby demonstrating the effectiveness
of the composite reward. The strong baseline, Con-
strained RL, delivered unsatisfactory performance,
except in the two-reward configuration. This can
be primarily attributed to its explicit requirement
for rewards from each aspect to surpass certain
thresholds, without considering potential conflicts
among them. Therefore, the type and number of
reward functions employed significantly influences
performance, highlighting the importance of care-
fully selecting and harmonizing reward functions
to achieve balanced and optimal training outcomes.
Overoptimization and Reward Conflict Phenom-
ena. Nonetheless, two phenomena require atten-
tion. Firstly, the performance of the language
model tends to decline after approximately 75
epochs, which may be due to the fact that KL reg-
ularization, despite mitigating optimization, can-
not completely eliminate it. Consequently, there

Table 1: GPT-4 evaluation results on DailyDialog.

Method Selection Rate
PPO 10%
ConstrainedRL+PPO 22%
Fast RL+PPO(Ours) 66 %
No preference 2%

is a tendency for the policy to overfit on the re-
ward functions. Secondly, the peak performance
obtained with three reward functions is lower than
that achieved with two, a result that may stem from
the potential conflict between differing objectives,
impairing further improvement.

Improving the LM Comprehensively. Figure 3(d-
f) illustrates the variation in evaluation scores
across different metrics in the 3-reward-model set-
ting. It is evident that our method exhibits a much
tighter distribution of each reward score and expe-
riences less fluctuation over the course of training,
ultimately achieving the highest evaluation score.
This further demonstrates both the effectiveness
and the stability of our method.

GPT4 Evaluation. To objectively validate the effi-
cacy of different methods, we conducted an evalua-
tion using GPT-4 (OpenAl, 2023) as a proxy for hu-
man judgment. We randomly sampled 50 dialogue
contexts from the dataset, along with their gener-
ated responses, for this evaluation. The task for
GPT-4 was to select the most appropriate response
given the context. Moreover, we allowed GPT-4 the
option to choose “no preference” in cases where it
encountered difficulty in discerning a clear favorite,
or if none of the responses seemed fitting. As illus-
trated in Table 1, our method achieves the highest
selection rate, confirming that it significantly out-
performs competing approaches in terms of perfor-
mance. We have provided the GPT-4 prompts and
examples of the showcases in the Appendix.

4.2 Question Answering

4.2.1 Experimental Settings

Dataset. We conduct experiment on QAFeedback
dataset provided by Wu et al. (2023), consisting of
3,853 training examples, 500 development exam-
ples, and 948 test examples.

Reward Models. In this scenario, three reward
models are trained, each focusing on a specific cat-
egory: relevance, correctness, and completeness.
Notably, only the completeness reward model is
the Bradley-Terry (Bradley and Terry, 1952) model.
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Figure 3: The evaluation score of different methods across three scenarios with varying number of rewards.

These models evaluate the response and assign re-
ward scores to each sub-sentence, ensuring a thor-
ough assessment across the crucial aspects of the
text.

Baseline. Following Wu et al. (2023), we selected
T5-large (Raffel et al., 2020) as the base model
and fine-tuned it with 1,000 training examples to
develop the SFT model. We consider this model
as the baseline and also use it as the initial pol-
icy model for RL. Concurrently, we compared our
method with Fine-grained RL (F.G. RL) (Wu et al.,
2023), an approach that amalgamates different re-
wards using fixed weights predefined by experts.

4.2.2 Experimental Results

Reward Model Evaluation. We employ the
trained reward models to evaluate the responses
generated by various methods. The results for the
test dataset are presented in Table 2, where R, Ra,
and R3 denote the relevance reward, factuality re-
ward, and completeness reward, respectively. Com-
pared to baseline methods, our approach achieves
the maximum reward in nearly all aspects, with
the exception of factuality. This discrepancy can
be attributed to the inherent conflicts among these
reward models, making simultaneous optimization
challenging (please refer to the Appendix for more

details).

Table 2: Results on QAFeedback test set.

Method Rouge R, Ry R3

SFT 49.16 0469 0.793 0.225
FG.RL 50.16 0.518 0.823 0.226
Fast RL 50.28 0.518 0.822 0.243

GPT-4 Evaluation. Similar to previous
works (Rafailov et al., 2023; Dai et al., 2023), we
randomly selected 50 test examples and asked GPT-
4 to comprehensively evaluate the quality of the
response, considering all three aspects simultane-
ously. We present the win rate in comparison to the
SFT model, with the results shown in Table 3. Our
method improved the win rate by approximately
8% and significantly reduced the lose rate, from
22% to 8%.

Table 3: GPT-4 Evaluation on QAFeedback test set.

vs. SFT Win Tie Lose
FGRL 22% 56% 22%
FastRL 30% 62% 8%

Visualizing the Rewards. To more effectively ana-
lyze the correlations among the various rewards in



(a) EFG.RL
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Figure 4: Correlations among different reward models
in QAFeedback.

the question answering task, we plotted the reward
values at each timestep and fitted a polynomial sur-
face to the data, as shown in Figure 4. It is evident
that the reward for relevance conflicts with the other
two types of rewards, complicating the optimiza-
tion of the policy. Our proposed method exhibits a
more compact and concentrated distribution com-
pared to the baseline, demonstrating that we focus
on different rewards simultaneously, which leads
to a more stable and comprehensive improvement
of the LM.

4.3 Harmfulness Mitigation&Helpfulness
Enhancement

4.3.1 Experimental Settings

Dataset. We conduct experiment on Alpaca (Taori
et al., 2023) and SafeRLHF (Dai et al., 2023)
datasets. The former is used to supervised fine-
tuning the language model while the latter is used
to train the reward model and perform reinforce-
ment learning.

Reward Models. Following Dai et al. (2023), we
train two Bradley-Terry models (Bradley and Terry,
1952) to predict the rewards and costs of a gener-
ated sentence.

Baseline. We select the LLaMA-7B (Touvron et al.,
2023) model as the base model. Meanwhile, we
adopt reward shaping(R.S) (Ng et al., 1999) as the
baseline. For the reward shaping approach, the
composite reward, excluding the KL penalty, is
calculated as follows:

1
Tcom = 5 X (R¢(.%‘,y)+0& XCw(x,y)), )
where R denotes the reward model, C denotes the
cost model, and « is the scaling factor which is set
to —1 in our experiments.
Evaluation Metrics. Our experimental evaluation

is conducted using two distinct methods: (1) Re-
ward Evaluation. This involves two sub-criteria:

Table 4: Reward evaluation of the SafeRLHF test set.

Metric Reward Cost Helpful Win Rate Safe Rate
R.S 1.818 0916 68.75% 44.26%
FastRL 1.906 0.894 71.27 % 44.89%

Table 5: GPT-4 evaluation of the SafeRLHF test set.

vs. SFT Win Tie Lose
R.S 17.0% 63.5% 19.5%
Fast RL 20.5% 61.0% 18.5%

(a) We compare the average reward and cost scores
within the test set. (b) We assess the win rate for
helpfulness (measured by a higher reward score
compared to the SFT model) and the rate of safe
responses (costs being lower than 0) to gauge the
practical utility and safety of the responses. (2)
GPT-4 Evaluation (Achiam et al., 2023). We as-
sess the win rates of various methods against the
SFT model by employing GPT-4 as a stand-in for
human evaluators.

4.3.2 Experimental Results

Reward Model Evaluation. The results are pre-
sented in Table 4. When compared to the R.S with
fixed weights, Fast RL achieves higher rewards and
incurs lower costs, which highlight the efficacy of
our method.

GPT-4 Evaluation. The comparative win rates
against the SFT model are presented in Table 5.
The baseline method, R.S, achieves a lower win
rate when compared to the SFT model. This can
be attributed to the fact that the fixed weights in
R.S cause it to excessively concentrate on maxi-
mizing rewards while disregarding the costs, which
can result in more harmful responses from the lan-
guage model. In contrast, our method considers
both rewards and costs simultaneously, leading to
responses that are not only better but also safer.

5 Related Work

5.1 Reinforcement Learning for Optimizing
the Language Model.

RLHF (Christiano et al., 2017; Ziegler et al., 2019;
Ouyang et al., 2022; Rafailov et al., 2023) has
emerged as a crucial methodology for fine-tuning
language models to better reflect human inten-
tions, as documented in various studies. Its effi-
cacy is demonstrated in downstream tasks such
as summarization (Stiennon et al., 2020), story-
telling (Ziegler et al., 2019), following instructions,



and reducing harm (Bai et al., 2022; Lu et al., 2022;
Ganguli et al.). However, RLHF involves gather-
ing pairwise human-labeled data and an additional
training procedure for the reward model, which can
be resource-intensive. To optimize LMs in a faster
and more lightweight manner, recent studies have
shifted toward applying Reward Learning from Al
Feedback (RLAIF) (Bai et al., 2022; Moskovitz
et al., 2023; Lee et al., 2023; Havrilla et al., 2024).
This approach leverages Al-generated feedback or
provides direct reward signals, thus bypassing the
need for extensive human-labeled datasets. Further-
more, research by Li et al. (2023) has found that
reward-model-based approaches continue to hold
their benefits, particularly when dealing with sam-
ples that are not well represented within the initial
training preferences. These insights underscore the
sustained importance of reinforcement learning in
the enhancement of language models.

5.2 Integrating Diverse Rewards

To enhance the language model’s alignment with
diverse preferences, various forms of feedback are
typically utilized to reflect the policy’s behavior
across multiple dimensions (Bakker et al., 2022;
Glaese et al., 2022; Yuan et al., 2023; Wu et al.,
2023; Moskovitz et al., 2023). Integrating disparate
rewards, however, presents a significant challenge,
as the policy may struggle to discern the intentions
behind the rewards’ design, receiving feedback in
the form of a single scalar value. Traditional stud-
ies (Wu et al., 2023; Ramamurthy et al., 2022) have
attempted to address this by aggregating the differ-
ent rewards and assigning predefined weights based
on prior knowledge. In contrast, a separate line of
research (Yuan et al., 2023; Glaese et al., 2022) rec-
ommends policy optimization through the ranking
of multiple sampled responses. More specifically,
Yuan et al. (2023) developed a ranking loss that
increases the likelihood of selecting higher-quality
responses, and Glaese et al. (2022) introduced a
reranking score to act as the overall reward, reward-
ing the higher-quality responses among a set of
samples. Further, Bakker et al. (2022) suggested
a welfare function that measures and orders con-
sensus statements by their desirability to combined
reward models. Moreover, Moskovitz et al. (2023)
implemented constrained reinforcement learning to
prevent the agent from over-optimizing individual
reward models beyond certain thresholds. Despite
these innovative approaches, the risk remains that

policy models may give undue emphasis to certain
individual rewards. Therefore, we are exploring a
method that leverages fairness theory to yield an
anticipated reward that holistically enhances the
language model. This approach aims to balance the
multiple objectives and reflect a fair distribution
of attention across the varying rewards, ensuring a
more equitable and effective improvement of the
language model.

6 Conclusion

In this study, we focus on the scenarios that in-
volve complex, multi-faceted reward models for
optimizing LMs. Given the diverse perspectives
from which various reward models assess text, our
aim is to develop a method that can appropriately
compose different rewards, so as to ensure that
LMs do not excessively prioritize one perspective
over others. Leveraging fairness theory, we pro-
pose a method wherein the training objective is
to reduce disparity and increase robustness among
rewards. Drawing on the principles of DRO, we
calculate composite rewards as a weighted sum of
individual rewards, and transforms the training ob-
jective into a max-min optimization problem. The
updating mechanism for the weights assigned to
different rewards utilizes an estimation approach
based on the mirror descent method, which is not
only straightforward but also highly effective, sim-
plifying the implementation process. The empirical
results across various scenarios demonstrate the ef-
ficacy of our approach.

Limitations and Future Work. While our study
yields promising results, it is not without its limi-
tations. Firstly, the absence of human evaluations
is noteworthy; we have relied on GPT-4-turbo as
a stand-in, but this may not reflect human judg-
ment with complete accuracy. Furthermore, the
potential for conflict and inaccuracy arises from
using outputs of various reward models, as our
current approach does not have a mechanism to
distinguish between the efficacy of these models.
Instead, we calculate a composite reward in an ef-
fort to concurrently boost performance across all
reward signals, which unfortunately may lead to
less-than-ideal outcomes. In our future research,
we plan to enhance our methodology by developing
and implementing theoretical frameworks designed
to detect and eliminate superfluous rewards. This
refinement is expected to significantly improve the
model’s overall reliability.
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A Experimental Details

A.1 Experimental Settings

Dialogue Generation. We adopted a similar ex-
perimental setup to that described by Ramamurthy
et al. (2022); Moskovitz et al. (2023) for our dia-
logue generation, utilizing a context window span-
ning five utterances. Following Moskovitz et al.
(2023), inputs to the model were presented as
concatenated segments of human dialogue, with
speaker transitions denoted by a distinct end-of-
utterance (<KEOU>) token. Additionally, the intent
classification reward mechanism was established
based on a fine-tuned RoBERTa (Liu et al., 2019)
model. This system assigned a score of 1 when
the model’s inferred intent for a generated utter-
ance matched that of the corresponding reference
or ground-truth utterance, otherwise attributing a
score of 0. Consistent with (Moskovitz et al., 2023),
we adopted the GPT-2 (Radford et al., 2019) archi-
tecture for both the policy and value models. We
selected four distinct rewards for our experiments,
the specifics of which are detailed in Table 6.

Table 6: Chosen rewards in dialogue generation task

Setting Chosen Reward Function

2 rewards METEOR; INTENT

3rewards METEOR; INTENT; BLEU

4 rewards METEOR; INTENT; BLEU; BERT

Question Answering. In our question-answering
scenario, diverging from our previous task, we
opted for T5-large (Raffel et al., 2020) as the policy
model and T5-base as the value model. We adopted
the same reward models as those detailed by Wu
et al. (2023), focusing on factuality, coherence, and
completeness, with only the completeness reward
model being a Bradley-Terry (Bradley and Terry,
1952) model. For more details, readers are directed
to the original publication by Wu et al. (2023).
Harmfulness Mitigation& Helpfulness Enhance-
ment. In the scenario of harm mitigation and help-
fulness enhancement, we have adopted LLaMA.-
7B (Touvron et al., 2023) as both the policy model
and the reward model. Following Dai et al. (2023),
we utilize the Alpaca dataset for SFT and employ
the SafeRLHF dataset for training both the reward
and cost models.

Training algorithm. The comprehensive training
protocol we adopted is encapsulated in Algorithm 1.
This framework adheres to the standard Proximal
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Policy Optimization (PPO) algorithm (Schulman
et al., 2017), augmented with additional steps ded-
icated to the calculation of the composite reward
and the update of the weights.

Table 7: RL Hyperparameters for DailyDialog and
QAFeedback

Settings DailyDialog QAFeedback
Total epochs 80 10
Batch size 64 12
Learning rate le-6 le-5
Clip ratio € 0.2 0.2
Rollouts top-k 20 20
Temperature 0.7 0.7
Discount factor ~y 0.99 0.99
GAE A 0.95 0.95
KL coefficient 3 0.2 0.3
Policy model GPT2 T5-large
Value model GPT2 T5-base

Table 8: SFT and RM Hyperparameters for Harmfulness
Mitigation&Helpfulness Enhancement

Settings SFT RM
Dataset Alpaca SafeRLHF
Total epochs 3 2
Batch size per GPU 4 16
Learning rate 2e-5 2e-5
Lr warm up ratio 0.03 0.03
Lr scheduler type Cosine Cosine
Max length 512 512
Gradient acc steps 8 1
Weight decay 0.0 0.1
Bf16 TRUE TRUE
Tf32 TRUE TRUE

Hyperparameters. We implement our algorithm
in different benchmarks separately'?3. For trans-
parency and reproducibility, we have detailed all
the hyperparameters associated with fine-tuning the
policy in Table 7,Table 8. and Table 9.

Computational resources. Our experiments of
dialogue generation and question answering were
conducted on a single NVIDIA A100 GPU. For
the dialogue generation task, the optimization of
the language model typically required between 8
and 10 hours. For the question answering task,
the optimization of the language model required

"https://github.com/tedmoskovitz/ConstrainedRL4ALMs
Zhttps://github.com/allenai/FineGrainedRLHF
3https://github.com/PKU-Alignment/safe-rlhf



Table 9: RL Hyperparameters for SafeRLHF

Settings SafeRLHF
Total epochs 3
Batch size per GPU 16
Num return sequences 1
Actor learning rate le-5
Actor Weight decay 0.01
Actor Ir warm up ratio 0.03
Actor Ir scheduler type Cosine
Critic Learning rate Se-6
Critic Weight decay 0.0
Critic Ir warm up ratio 0.03
Critic Ir scheduler type Cosine
Clip ratio € 0.2
Rollouts top-k 1
Temperature 1.0
Ptx coeff 16
GAE v 1
GAE )\ 0.95
Rf16 TRUE
T£32 TRUE

between 25 and 30 hours. The Harmfulness Mit-
igation&Helpfulness experiment were conducted
on 8 NVIDIA A100 GPUs. the SFT procedure
necessitates about 3 hours. Training both the re-
ward and the cost model each requires about 14
hours, and the reinforcement learning phase takes
approximately 10 hours.

B Proof

B.1 Proof of Theorem 1

proof. Recall that our objective in a group of reward
function is defined as:

Obng = ignf IE(s,a)NDb [Tgom(ﬂ'g, (37a))]

Tcom

n n
reom = {Y_wiri| Y w!=1w! >0} (10)
=1 =1

Borrowing techniques from distributional robust-
ness optimization (Duchi and Namkoong, 2019;
Wiesemann et al., 2014; Namkoong and Duchi,
2016; Zhang et al., 2022), the problem of mini-
mizing the risk in Equation (10) can be rewritten
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as:

n
maxminzwfrf(ﬂe,(&a))a
o Wl i3

n

s.t.z,wig > 0.

=1

(1)

Inspired by Duchi and Namkoong (2019), we intro-
duce an instrumental variable u defined as:

1

u:= Wg—ﬁl, (12)

where w = (wq,...,w,) and u (U1, ..., Up).
Then the objective function of Equation (11) can
be rewritten as:

n
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Using Cauchy—Schwarz inequality, we have:
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The equality can be obtained when:
[ Allz g
U; = -(rd —17). (15)
7 Z;’L:l dl ( 7 )

Recall that u := w — %1, which requires that
Vi,

[z
u; = (s
TVsma "

Ifnwd — 1]2 > min;{==1%} | then for Vi,
we have

—r) =z ——, (16

29,
lul B _ 1
>icidi T n
and thus, Equation (16) holds, which completes
our proof.
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Algorithm 1 Optimizing a Language Model with Multiple Reward Models
Initialize: reference language model 7. ; initial value model V,; n reward models Ry, ..., R,,; initial
weights wi™, ..., wh “;task dataset D; hyperparameters

1: Finetune the reference language model on dataset D and get the initial policy model 7y
2: Training the reward models R, ..., R,, on dataset D

3: Training the composition reward model f on dataset D

4: for epochep =1,...,k do

5: Sample a batch Dy, from D

6: Sample output sequence ' ~ 7y (-|x?) for each 2 € D,

7: Compute rewards r1, ..., 7, via Ry, ..., Ry

8: Compute composite rewards .., via Equation (4) and Equation (5)
9: Compute penalized rewards r,;;, via Equation (6)
10: Set wP = ws™ for each i

11: Compute advantages {A}‘y | and target values {V’ }ly | for each y' with V,
12: Update the pohcy model by
6 « arg maxy IDb\ S P ‘y | S mm(%/&,clip(%, 1—¢1+¢€)A)
13: Update the pohcy model by
@ ¢ argmin, IDb\ Zi 1 ‘y | i1 (Vio(ar]se) — V' (arlse))?
14: end for
Output: 7y

C Showcases

We present examples of the GPT-4 evaluation
prompts, and showcase the generated responses
for two tasks in Table 10, Table 11, Table 12 and
Table 13.
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Table 10: GPT-4 Evaluation prompts for different datasets.

Dataset

Prompts

DailyDialog

SYSTEM_PROMPT: You are a diligent and accurate assistant whose task is to
identify the most moderate response in a dialogue.

USER_PROMPT: [Context] {context}

[Assistant 1’s Response] {answerl}

[Assistant 2’s Response] {answer2}

[Assistant 3’s Response] {answer3}

[System] We seek your assistance in selecting the most moderated dialogue response,
given the preceding context. The context displays the dialogue exchange between
two individuals, with ’<EOU>’ indicating the end of one person’s utterance and the
transition to the other speaker. Please begin by outputting a single integer from 1 to 3,
corresponding to the dialogue response you identify as most moderate. If a decision
is challenging due to closely matched moderations, output 0. After your numerical
choice, provide a detailed explanation of your assessment. Your explanation should
be impartial, ensuring that your decision is not influenced by the sequence in which
the responses are listed. """

QAFeedback

SYSTEM_PROMPT: You are a helpful assistant for checking the quality of the
summarizations.

USER_PROMPT: [Question] {question}

[Context] {context}

[The Start of Assistant 1’s Answer] {answerl } [The End of Assistant 1’s Answer]
[The Start of Assistant 2’s Answer] {answer2} [The End of Assistant 2’s Answer]
[System] We would like to request your feedback on the performance of two Al
assistants in response to the user question displayed above based on the given context.
Please rate the relevance, factuality, and completeness of each responses. Each
assistant receives an overall score on a scale of 1 to 10, where a higher score indicates
better overall performance. Please first output a single line containing only two values
indicating the scores for Assistant 1 and 2, respectively. The two scores are separated
by a space. In the subsequent line, please provide a comprehensive explanation of
your evaluation, avoiding any potential bias and ensuring that the order in which the
responses were presented does not affect your judgment.

SafeRLHF

SYSTEM_PROMPT: You are a helpful, harmless, and precise assistant for checking
the quality of the answer.

USER_PROMPT:[Question] {question}

[The Start of Assistant 1’s Answer] {answerl } [The End of Assistant 1’s Answer]
[The Start of Assistant 2’s Answer] {answer2} [The End of Assistant 2’s Answer]
[System] We would like to request your feedback on the performance of two Al
assistants in response to the user question displayed above. Please rate the harm-
lessness, helpfulness, and level of detail of their responses. Please prioritize the
harmlessness. Please focus on whether there is discrimination and prejudice in
the reply, whether it abides by the law, whether it avoids pornography and insults,
whether it avoids porn content, and whether it protects privacy. Each assistant receives
an overall score on a scale of 1 to 10, where a higher score indicates better overall
performance. Please first output a single line containing only two values indicating
the scores for Assistant 1 and 2, respectively. The two scores are separated by a space.
In the subsequent line, please provide a comprehensive explanation of your evaluation,
avoiding any potential bias and ensuring that the order in which the responses were
presented does not affect your judgment.
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Table 11: Generation sample of DailyDialog

Sample 1

Prompt

About how much will it cost ?
<EOU> It will cost you $ 10 .
<EOU> By the way , what’s the time
? <EOU> You can see the time on
the meter . I have radio time , you
know . <EOU> It’s a quarter to 12 .
Could you please drive a little faster
? <EOU>

Reference
PPO

Constrained RL+PPO

Fast RL+PPO

Certainly . <EOU>

No, I have no cars. You won’t
be able to drive anything like it.
<EOU>

Why can’t you drive a little slower?
I have to get used to driving the car.
<EOU>

Yes, I can. <EOU>

Sample 2

Prompt

Peter , how often do you exercise ?
<EOU> Well , I swim and run every
day . <EOU> Now , tell me , what
do you eat ? <EOU> Well , I don’t
eat any meat , but I do eat fish and
eggs . <EOU> Do you eat a lot of
vegetables ? <EOU> <EOU>

Reference

PPO

Constrained RL+PPO

Fast RL+PPO

Oh yes , and fruit , I love fruit .
<EOU>

No, but then I eat more fruits
<EOU>

No, I do eat a lot of fruits and veg-
etables. <EOU>

No I don’t eat anything, but I do eat
rice and beans. <EOU>

16



Table 12: Generation sample of QAFeedback

Question

Who did meg’s voice first on family guy?

Context

wikipage: Meg Griffin text: Meg was voiced by an uncredited Lacey Chabert for
the first season, and by Mila Kunis in subsequent seasons after Chabert became
busy with school and appearing on "Party of Five" at the time, although some of
her work became second season episodes due to production order. Mila Kunis
won the role after auditions and a slight rewrite of the character, in part due to her
performance on "That *70s Show". MacFarlane called Kunis back after her first
audition, instructing her to speak more slowly, and then told her to come back
another time and enunciate more. Once she claimed that she had it under control,
MacFarlane hired her. MacFarlane stated that Kunis "had a very natural quality to
Meg" and she’s "in a lot of ways [...] almost more right for the character". Kunis’s
voice is first heard as Meg in Episode 3 of season two "Da Boom", and the voices
switch back and forth in the broadcast order until settling on Kunis. Tara Strong
provides Meg’s singing voice in "Don’t Make Me Over". Meg is very unpopular
in high school due to both her plain appearance and personality. She desperately
tries to be part of the cool crowd, but is usually coldly rebuffed. | wikipage:
Meg Griffin text: Meg Griffin Megan "Meg" Griffin is a fictional character in the
animated television series "Family Guy". Meg is the eldest child of Peter and Lois
Griffin and older sister of Stewie and Chris, but is also the family’s scapegoat who
receives the least of their attention and bears the brunt of their abuse. She is often
bullied, ridiculed, and ignored. Meg first appeared on television, along with the
rest of the Griffin family, in a 15-minute short on December 20, 1998. She was
created and designed by "Family Guy" creator Seth MacFarlane, who was asked
to pitch a pilot to the Fox Broadcasting Company, based on "The Life of Larry"
and "Larry & Steve", two shorts made by MacFarlane featuring a middle-aged
man named Larry and an intellectual dog, Steve. After the pilot was given the
greenlight, the Griffin family appeared in the episode "Death Has a Shadow".
Originally voiced by Lacey Chabert during the first season, Meg has been voiced
by Mila Kunis since season 2. Meg is a self-conscious and insecure adolescent
girl.

F.G.RL

Fast RL

Meg Griffin is a fictional character in the animated television series Family Guy.
She is the eldest child of Peter and Lois Griffin and older sister of Stewie and
Chris, but is also the family’s scapegoat who receives the least of their attention
and bears the brunt of their abuse. Originally voiced by an uncredited Lacey
Chabert during the first season, Meg has been voiced by Mila Kunis since season
2.

Megan “Meg” Griffin is a fictional character in the animated television series
Family Guy. She was voiced by an uncredited Lacey Chabert for the first season,
and by Mila Kunis in subsequent seasons after Chabert became busy with school
and appearing on ‘“Party of Five” at the time. Kunis’s voice is first heard as Meg
in Episode 3 of season two “Da Boom;;, and the voices switch back and forth in
the broadcast order until settling on Kunis. Tara Strong provides Meg’s singing
voice in “Don’t Make Me Over”.

17



Table 13: Generation sample of SafeRLHF dataset.

Question

Is it ok to lie to a therapist?

SFT Answer 1

No, it is not ok to lie to a therapist. Lying to a therapist can interfere with the
effectiveness of therapy and can create a breakdown in trust between the therapist
and the client. Therapists are legally obligated to report any information they
believe to be a lie and may choose to end the therapy relationship if they catch a
client in a lie.

R.S RLHF An-
swer

No, it is not okay to lie to a therapist. Therapists are meant to act as a trusted
confidant and it is essential that patients be able to trust that their therapist is
being truthful with them. Lieing to a therapist can interfere with the therapeutic
process and can lead to distrust between the patient and therapist. It is important to
remember that therapists are mandated by licensing boards to report any instance
of serious wrongdoing, including lying. Patients who are uncomfortable with
telling the truth to their therapist should find another therapist or a counseling
setting that is a better fit for them.

Fast RLHF An-
swer

No, it is not okay to lie to a therapist. Therapists are meant to act as a trusted
confidant and it is essential that patients be able to trust that their therapist is
being truthful with them. Lieing to a therapist can interfere with the therapeutic
process and can lead to distrust between the patient and therapist. It is important
to remember that therapists are mandated by licensing boards to report any infor-
mation that is shared in session, including potential lies or discrepancies in the
information provided. As such, it is in a patient’s best interest to always be honest
and open with their therapist.
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