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Abstract

Existing large language models (LLMs) show
exceptional problem-solving capabilities but
might struggle with complex reasoning tasks.
Despite the successes of chain-of-thought and
tree-based search methods, they mainly depend
on the internal knowledge of LLMs to search
over intermediate reasoning steps, limited to
dealing with simple tasks involving fewer rea-
soning steps. In this paper, we propose RAG-
Star, a novel RAG approach that integrates the
retrieved information to guide the tree-based
deliberative reasoning process that relies on
the inherent knowledge of LLMs. By lever-
aging Monte Carlo Tree Search, RAG-Star it-
eratively plans intermediate sub-queries and
answers for reasoning based on the LLM itself.
To consolidate internal and external knowledge,
we propose an retrieval-augmented verifica-
tion that utilizes query- and answer-aware re-
ward modeling to provide feedback for the in-
herent reasoning of LLMs. Our experiments
involving Llama-3.1-8B-Instruct and GPT-40
demonstrate that RAG-Star significantly outper-
forms previous RAG and reasoning methods.
Our codes and data are publicly available at
https://github.com/RUCAIBox/RAG-Star.

1 Introduction

Despite the excellent capabilities of large language
models (LLMs) (Zhao et al., 2023b), they still face
significant challenges in complex reasoning tasks
(e.g., multi-hop question answering), which often
go beyond simple, single-step problem-solving,
demanding a deeper level of cognitive reasoning
across multiple facts, sources, or contexts (Huang
et al., 2024; Suzgun et al., 2023). Great efforts have
been made to improve the reasoning effectiveness
of LLMs by conducing step-by-step reasoning, ex-
emplified by chain-of-thought (CoT) (Wei et al.,
2022). However, as the number of reasoning steps

* Equal contributions.
t Corresponding author.

grows, LLMs are often prone to introduce logical
errors, factual hallucinations, or inconsistent state-
ments (Wei et al., 2022; Lyu et al., 2023).

In fact, step-by-step reasoning in the auto-
regressive generation paradigm can be described
as akin to “System 17, a mode of thinking which is
fast, instinctive but less accurate (Kahneman, 2011).
Conversely, solving complex reasoning problems
requires more in-depth, deliberative, and logical
thinking, known as the “System 2’ mode, which re-
quires conscious effort to conduct massive strategic
decision-making (Kahneman, 2011). To enhance
the “System 2” reasoning capabilities of LLMs,
prior studies have proposed to conduct deliberative
generation by leveraging basic tree search algo-
rithms (e.g., Monte Carlo Tree Search (Silver et al.,
2017)). However, LLMs in these studies mainly
depend on their internal knowledge to search over
intermediate reasoning steps, limited to handling
problems with relatively simple reasoning process.
To leverage external knowledge in model reasoning,
extensive research has sought to augment LLMs
with external information sources (a.k.a. retrieval-
augmented generation, RAG) (Lewis et al., 2020b;
Yao et al., 2022), while existing efforts mainly con-
sider sequential reasoning structure, which cannot
naturally support more complex reasoning structure
like MCTS. Thus, we raise the following research
question: Can RAG enhance the deliberative rea-
soning capabilities of LLMs?

In light of this, in this paper, we propose RAG-
Star, a novel RAG-enhanced framework designed
to improve multi-step reasoning capabilities of
LLMs with deliberative planning. As the major
technical contribution, RAG-Star can fully exploit
the internal knowledge of LLMs to plan the multi-
step reasoning, and meanwhile integrating the ex-
ternal retrieval to guide the internal reasoning pro-
cess. To achieve this goal, we first introduce a
tree-based search algorithm (i.e., Monte Carlo Tree
Search, MCTS) with LLMs to search over possible
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plans for solving the problem at hand where a com-
plete plan is composed of a sequence of sub-queries
and corresponding answers. Starting from the input
question (root node), RAG-Star iteratively gener-
ates and selects an appropriate sub-query and its an-
swer (intermediate node), which aims to maximally
explore the optimal sub-query path towards the fi-
nal answer solely based on the inherent knowledge
of LLMs. Second, different from existing delibera-
tion methods (Wang et al., 2024a; Yao et al., 2023),
RAG-Star proposes retrieval-augmented verifica-
tion that involves both query- and answer-aware
reward modeling, fully exploiting external sources
to guide the internal deliberative reasoning. In our
approach, instead of directly interfering in the rea-
soning process of LLMs, we consider employing
RAG to refine the derived reasoning steps in MCTS,
which can effectively reduce the conflicts between
inherent and external knowledge, which has been
a common issue when using RAG methods (Wang
et al., 2024b; Gao et al., 2023).

We conduct extensive experiments to verify the
effectiveness of RAG-Star based on Llama-3.1-8B-
Instruct and GPT-40. Our method outperforms the
baselines by up to 18.98% and 16.19% on average
for Llama-3.1-8B and GPT-4o, respectively.

Our main contributions can be summarized as:

e We propose RAG-Star that leverages external
retrieval to enahnce the deliberative reasoning of
LLMs based on their internal knowledge.

e We design an effective retrieval-augmented
verification and refinement to evaluate and correct
the inherent reasoning process.

e We conduct extensive experiments on sev-
eral datasets, where RAG-Star significantly out-
performs existing RAG and reasoning methods.

2 Related Work

Retrieval-Augmented LL.Ms. Augmenting large
language models (LLMs) with retrieval has been
extensively studied in existing literature (Lewis
et al., 2020a; Borgeaud et al., 2022; Guu et al.,
2020), which incorporates a differentiable retriever
to provide external sources for LLMs. Further-
more, LL.Ms have made significant advancements
in many reasoning tasks, such as code genera-
tion (OpenAl, 2023), math word problems (Zhu
et al., 2023) and question answering (Brown et al.,
2020). Chain-of-thought (CoT) has been reported
as an emergent ability of LLMs when they are large
enough (Wei et al., 2022), which encourages LLMs

to generate explicit intermediate reasoning steps
in reasoning rather than simply providing answers
directly. To elicit or improve the multi-step reason-
ing capability of LLMs, several approaches seek
to harness the strengths of both CoT and retrieval
on knowledge-intensive complex reasoning tasks,
such as multi-hop question answering (Yao et al.,
2022; Zhao et al., 2023a). The rationales gained
from reasoning enhance the retrieval of more rel-
evant information, while the retrieved knowledge
improves the factuality of intermediate reasoning
steps. However, these approaches primarily take
retrieved documents as direct input to the model,
easily suffering from knowledge conflicts between
the parametric knowledge of LLMs and the exter-
nal sources. In contrast, our RAG-Star framework
integrates tree-based search to fully explore the so-
lution space and repurpose the retrieval information
as external guidance to the reasoning process.

Enhancing LLMs with Search. Applying search
on top of LLMs has been a topic of much inter-
est. Several recent works have explored search
algorithms to improve the performance of LLMs
during the inference stage (Wang et al., 2024a;
Zhang et al., 2024). The bitter lesson (Sutton,
2019) famously suggests that two forms of scal-
ing, i.e., learning and search, supersede all other
approaches. Many studies have proven that scal-
ing the inference-time computation can lead to
substantial improvements in the performance of
LLMs without training (Brown et al., 2024; Snell
et al., 2024). These search algorithms, where
multiple branches of outcomes are explored dur-
ing search, have been widely applied in reinforce-
ment learning algorithms (Hart et al., 1968; Silver
et al., 2017) and many real-world applications such
as AlphaGo (Silver et al., 2016) for their good
exploration-exploitation trade-off. However, these
approaches mainly rely on the internal knowledge
of LLMs to search potential solutions, which might
not be optimal and leads to a amount of rollouts,
significantly slowing down the decoding process.
In this paper, we leverage the external retrieval
sources to enhance the deliberative search process
with LLMs, effectively differentiate the internal
reasoning and external retrieval.

3 Preliminary

In this section, we will first formally define our task
and then introduce Monte Carlo Tree Search which
is used in our proposed RAG-Star approach.
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Task Formulation. In this work, we mainly fo-
cus on open-domain multi-hop question answer-
ing (Chen et al., 2019; Yang et al., 2018), which
requires multiple steps of reasoning across differ-
ent documents to answer questions. Previous work
typically adopts an iterative reason-then-generate
pipeline (Wei et al., 2022; Huang and Chang, 2023).
At each step, the LLM first infers an intermediate
sub-query based on the current situation and then
generates possible answers to the query. Formally,
given a natural language input question, at the ¢-th
step, the LLM My (parameterized by 0) first de-
liberately reasons about a sub-query ¢;, followed
by generating an answer a; based on its inherent
knowledge. In some literature (Yao et al., 2022;
Asai et al., 2024), retrieval-augmented generation
(RAG) has been employed to improve the factual-
ity of intermediate reasoning steps. For each sub-
query g, the retriever retrieves top-K documents
D; = {dtk}?:l from an external large-scale cor-
pus, e.g., Wikipedia, supplying them to the LLM
to generate more accurate answers.

Monte Carlo Tree Search (MCTS). In existing lit-
erature (Zelikman et al., 2024; Zhang et al., 2024),
MCTS builds a search tree 7 based on a policy
model 7y, which is usually the target LLM M.
Each node s; = [q, at, N(s¢), V(s¢)] represents a
state comprising the sub-query ¢, its answer a,
the number of visits N (s;), and the value function
(expected reward) V' (s;) for accurately answering
questions, except that the root node sy = [go] only
contains the original input question qg, and each
edge is an action aiming to generate the next sub-
query. During the search process, MCTS runs for
multiple simulations. For the ¢-th simulation, it
conducts four operations to expand the tree:

e Selection aims to select a node with the highest
UCT (Upper Confidence bounds applied to Trees)
score (Kocsis and Szepesvari, 2006) starting from
the root node sg. The UCT score of a child node
with state s; is calculated as follows:

In N(p)
N(st) '

UCT(s1) =V(st) +w

where w controls the exploration and exploitation,
and p is the parent node of the current node s;.

e FExpansion explores multiple child nodes
{8t41} from the selected node s; through repeated
sampling based on the policy model .

e Simulation aims to perform rollout for each

expanded child node s;4; until the task is solved
and obtain a reward 7 based on the rollout results.

e Backpropagation operation leverages the re-
ward r of the child node to update the expected
reward V (s;) of nodes along the path from the root
node to the current node:

Npew(st) = Nowa(st) + 1, ®
Vs, N,

where N4(s¢) and V,4(s¢) are the number of vis-
its and value function at last iteration, respectively.

4 Approach

4.1 Overview

RAG has been an indispensable technique to ad-
dress the inherent knowledge limitations of LLMs,
effectively integrating requisite information and
grounding to reliable sources (Lewis et al., 2020a;
Guu et al., 2020). However, existing work mainly
utilizes RAG to provide supplementary knowledge,
while overlooking a thorough investigation of RAG
on enhancing the inherent reasoning capabilities of
LLMs. To address this, we propose RAG-Star, a
framework to fully harness the potential of inter-
nal knowledge in LLMs for multi-step reasoning
guided by the external retrieval.

Our RAG-Star framework contains two major
technical steps. First, we propose tree-based sub-
query generation to perform deliberative reason-
ing with MCTS, totally relying on the inherent
knowledge of LLMs. Second, we design retrieval-
augmented verification capitalizing on RAG to as-
sist in guiding the reasoning based on the external
knowledge. Under this framework, RAG-Star first
selects a node from the tree to explore (Section 4.2),
then generates the next sub-query and answers for
obtaining new child nodes (Section 4.3), and com-
putes a reward to the expanded nodes (Section 4.4).
Finally, it backpropagates the reward to update their
parent nodes on the tree (Section 4.4). This process
will iterate until the task is solved. Next, we will
describe each step in detail.

4.2 Node Selection

To answer multi-hop questions, our framework will
iterate the tree-based search process multiple times
to gradually generate inference solutions in a step-
by-step way. In our work, the solution is composed
of a sequence of intermediate sub-queries and the
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Figure 1: Overall framework of our proposed RAG-Star approach.

associated answers. At each iteration, it first selects
an appropriate node from the current tree for the
next exploration or expansion. The selection opera-
tion is based on the node values computed through
the reward modeling and backpropagation steps.

Specifically, starting from the root node sg (i.e.,
the input question gp), our RAG-Star model se-
lects one node with the highest score from its child
nodes, and then sequentially selects the next best
child node layer-by-layer along the tree until reach-
ing a leaf node, i.e., the terminal state indicating the
final answer. To better balance exploration and ex-
ploitation, we use the UCT algorithm (Kocsis and
Szepesvéri, 2006) to calculate the score of each
node according to its number of visits N(s) and
expected reward V (s) in Eq. 1.

4.3 Plan Expansion

After selecting the current node, it expands the
search tree by repeatively sampling multiple child
nodes as plan based on the policy model mg. Spe-
cially, the expansion process involves two steps,
i.e., sub-query generation and answer deduction.

Sub-query Planning. To generate the next sub-
query as plan, our approach first builds the con-
text information by concatenating states from the
root node to the current selected node, and then
instructs the policy model to sample the next sub-
query based on the context information. Formally,
given the node s;, we can extract a path from the
root node sg to the current node s;, denoted by
H = {qo;(q1,a1); -3 (g, ar) }, where g is the
original input question and each (g;, a;) pair de-
notes the planned sub-query and its answer veri-
fied by our retrieval-augmented varification (Sec-
tion 4.4). We convert this path into the context
information, and feed it to the policy model my to

generate the next sub-query g;+1 = mg(H). During
inference, we employ repeated sampling to sample
sub-queries by m, times to fully exploit the policy
model’s inherent capabilities and obtain m, new
expanded sub-queries.

Answer Deduction. After planning the sub-query,
we further instruct the policy model to generate
an answer to explore the internal knowledge of
LLMs. Specially, for each planned sub-query g¢+1,
we directly feed the historical context H and sub-
query into the policy model to generate a candidate
answer by leveraging the inherent knowledge en-
coded in its parameters as follows:

a1 = mo(H, qi+1)- 4

In this process, we do not consider the external
knowledge from RAG to avoid knowledge con-
flicts. We aim to fully exploit the potential of the
internal knowledge of LLMs without interference
from external information, differing from previous
retrieval-augmented work (Lewis et al., 2020b; Yao
et al., 2022) that might suffer from knowledge con-
flicts and interference. After obtaining the answer,
we can store each (gi11,a:+1) pair in the corre-
sponding node state, which will be subsequently
used for reward modeling.

When completing the plan expansion process,
we can obtain my child nodes for every parent node,
each of which contains a sub-query ¢:+1 and its
answer ;1.

4.4 Reward Modeling and Backpropagation

Traditional MCTS methods require to perform ex-
pensive rollout from the current node until the task
ends to evaluate the expanded nodes. In our work,
following previous work on process-supervised re-
ward modeling (Setlur et al., 2024; Lightman et al.,
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2024), we propose retrieval-augmented verifica-
tion and refinement by using external knowledge
to verify the consistency between the model output
and retrieved information. Specifially, we employ
reward models to assign an estimated reward r to
the expanded node, which effectively quantifies the
effectiveness of the policy model in successfully
answering the input question if continually reason-
ing from the current node. Next, we introduce
the involved two kinds of reward scores, namely
answer-aware reward and query-aware reward.

Answer-aware Reward. We first introduce the
answer-aware reward in the verification process.
First, given a sub-query ¢:y1, we follow existing
methods (Lewis et al., 2020a) to retrieve top-K
documents Dy = {dt+17k}§:1 from the exter-
nal corpus. Based on the retrieved documents, we
then employ the reward model to assign an answer-
aware reward 4 to the currently generated answer
at+1 from the internal knowledge of LLMs. Specif-
ically, there are overall three cases for the knowl-
edge consistency between a1 and Dy 1 with dif-
ferent rewards:

if a;41 cannot be verified by Dy 1

L,
e = { 2, if agyq is in conflict with Dy

3, if agyq is aligned with Dy
Note that in the second case (i.e., as+1 is in conflict
with Dy, 1), we assign a moderate score 2 to the an-
swer because we will refine asy; with a new poten-
tial answer a1 from the external knowledge Dy
to support the policy model to continually reason
from the current node. However, if the answer asy1
cannot be verified by the external knowledge, we
will assign the lowest score 1 to the answer, avoid-
ing the policy model from exploring the potentially
risky solution space.

Query-aware Reward. In addition to evaluating
the consistency of the generated answer with ex-
ternal knowledge, we employ the reward model
to provide a query-aware reward r, for mea-
suring the plausibility of the planned sub-query
q:+1 based on the historical context information
from the root node to current node, i.e., H =
{qo; {q1,a1); ...; (qt, ar) }. If the sub-query evalu-
ated by the reward model is logically inconsistent
with the history plan, the score r, is set to 0; other-
wise, it is set to 1. Therefore, the final reward r for
the expanded node s;1 is computed as r = r - 7.
This step aims to prevent the policy model from

continuing to reason along illogical sub-queries.

After obtaining the final reward for the newly
expanded node, we backpropagate the reward to up-
date the value of nodes from the root node s to the
current node s;1. For each node sg, s1, ..., S¢4+1 in
the path, its number of visits N(s) and the value
V (s) will be updated according to Eq. 2. These up-
dated values are used in the UCT algorithm in Eq. 1
to guide the node selection at the next iteration.

4.5 Reward Model Training

In the reward modeling process, the capacity of the
reward model critically influences the search pro-
cess and ultimate answer accuracy. However, uti-
lizing close-source model API or very large LLMs
incurs substantial computational costs for deploy-
ment. Hence, we adopt a knowledge distillation
technique to transfer capabilities from an advanced
LLM, which usually has more parameters, to a rel-
atively smaller model. This involves two phases:
data synthesis and instruction fine-tuning.

During data synthesis, we mix up training sets
from our evaluation datasets to maintain diversity.
First, we adopt in-context learning to instruct the
policy model to generate a CoT format solution
and then break down into multiple sub-steps, each
incorporating the input question, accumulated rea-
soning paths, and a sub-query specific to the current
step. To further ensure diversity, only one random
step from each sample is selected for subsequent
instruction data creation. We then employ a more
advanced LLM (i.e., GPT-40-mini) combined with
a retrieval system to evaluate the sub-query and its
answer for each step (Section 4.4), and filter the
output that fails to meet the format criteria. Finally,
we compile a dataset of intermediate steps and their
query and answer rewards from an advanced LLM.
In the instruction fine-tuning phase, we utilize the
synthetic samples to fine-tune a smaller LLM (i.e.,
Llama-3.1-8B-Instruct), thereby enhancing its ca-
pabilities in reward modeling.

S Experiments

5.1 Experimental Setup

Datasets and Evaluation Metrics. We select
four typical complex multi-hop question-answering
datasets, i.e., HotpotQA (Yang et al., 2018), 2Wiki-
MultihopQA (Ho et al., 2020), MusiQue (Trivedi
et al., 2022), and StrategyQA (Geva et al., 2021).
For evaluation metrics, we use Exact Match (EM),
F1 score, and Cover Exact Match (Cover EM),
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where Cover EM measures whether the ground
truth answer is covered in the generated answer.
We randomly select 100 samples from the whole
validation sets of each dataset as our final test set
for all baselines and our method.

Baselines. We compare RAG-Star to the follow-
ing two types of baselines based on GPT-40 and
Llama-3.1-8B-Instruct:

* Vanilla prompting methods including direct
prompting, Chain-of-Thought (CoT), and standard
RAG. Direct prompting instructs the model to di-
rectly generate answers and CoT incorporates in-
termediate reasoning steps, which are all based on
the inherent knowledge of LLMs. Standard RAG
first retrieves documents from Wikipedia based on
DPR (Karpukhin et al., 2020) as prompts and then
generates the final answers.

* Improved RAG methods including Iterative
RAG (Xu et al., 2024), Judge-then-retrieve (Asai
et al., 2024), and Generate-then-retrieve (Wang
etal., 2023). We reimplement all of these baselines
in our experiments. Iterative RAG iteratively de-
composes the input question into sub-queries for
retrieval and generation, ultimately ensembling all
intermediate answers; Judge-then-retrieve first de-
cides whether the retrieval is needed, autonomously
deciding to utilize either internal or external knowl-
edge to aid in generation; Generate-then-retrieve
first generates an initial answer used for retrieving
more documents relevant to the question and then
generates the final answer based on documents.

Implementation Details. We use a closed-source
model (GPT-40) and an open-source model (Llama-
3.1-8B-Instruct) as our policy models to measure
the performance of the RAG-Star framework. For
the reward models, we use GPT-40-mini and a
fine-tuned Llama-3.1-8B-Instruct. For HotpotQA,
we only use the abstract of articles in Wikipedia
2017 dump as the retrieval corpus following Yang
et al. (2018), while for other datasets, we use the
whole articles in Wikipedia 2018 dump (Karpukhin
et al., 2020). Moreover, for the retrieval model, we
use FAISS for index building and BGE-large-en-
v1.5 (Xiao et al., 2023) for dense passage retrieval.
For all retrieval-based baselines, we retrieve top-5
documents and employ greedy search for decoding
with a temperature of 0. For RAG-Star, we set the
maximum number of simulations to 50 and a maxi-
mum of 6 layers. In UCT algorithm, the weight w
to control the exploration and exploitation is set to

0.2. We also retrieve top-5 documents and sample
three sub-queries at a time (m, = 3) with temper-
ature 1.0 and top-p sampling where p = 1.0. For
answer generation, we sample an answer using a
temperature of 0.9 and top-p sampling set to 1.0.

5.2 Main Results

Table 1 shows the results of RAG-Star and other
baselines across four representative multi-hop ques-
tion answering datasets.

Firstly, it can be observed that relatively smaller
models (e.g., Llama-3.1-8B-Instruct) show limited
performance on these knowledge-intensive reason-
ing tasks, achieving below 10% across three met-
rics in MusiQue. Although the Chain-of-Thought
technique can slightly improve the answer recall
(e.g., Cover EM scores of Llama-3.1-8B-Instruct
and GPT-40 in MusiQue increase from 3.0% and
19.0% to 16.0% and 27.0%, respectively), the
model is prone to generating substantial irrele-
vant information in the output, decreasing the over-
all performance (e.g., F1 score of Llama-3.1-8B-
Instruct drops from 21.9% to 7.1% on 2WikiMulti-
hopQA).

Secondly, based on the standard RAG, GPT-40
achieves substantial improvement in HotpotQA
(e.g., Cover EM increases from 47.0% to 57.0%)
but exhibits a large decline in StrategyQA (e.g.,
Cover EM from 73.0% to 62.0%), suggesting a po-
tential conflict between external sources and inter-
nal knowledge of LLMs. We speculate the reason
might be that using the retrieved information di-
rectly as input incorporates some noises and makes
the LLM lost in the useful information. There-
fore, by controlling the utilization of internal and
external knowledge, Judge-then-Retrieve can sig-
nificantly alleviate this issue (e.g., Cover EM from
62.0% to 74.0% in StrategyQA). However, these
approaches still present limited or even negative im-
provements in complex tasks (e.g., Cover EM from
19.0% to 16.0% in MusiQue), necessitating effec-
tive methods to consolidate external and internal
knowledge.

Finally, our approach outperforms all baselines
across most metrics in four datasets. RAG-Star
introduces a “System 2”-like slow and delibera-
tive thinking process and employs RAG to verify
and guide the multi-step reasoning process. By
employing retrieval-augmented verification, the re-
ward model can effectively encourage the model
towards plausible sub-query nodes or avert from
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Method HotpotQA 2WikiMultihopQA MusiQue StrategyQA
etho
EM CEM F1 EM CEM F1 EM CEM F1 EM CEM F1

Llama-3.1-8B-Instruct 140 250 260 9.0 290 219 20 3.0 39 630 650 630
+ Chain-of-Tought 20.0 38.0 263 4.0 32.0 7.1 4.0 16.0 6.6 550 69.0 55.0
+ Standard RAG 40.0 480 528 17.0 230 26.1 11.0 11.0 155 63.0 640 63.0
+ Iterative RAG 26.0 31.0 369 220 230 260 7.0 11.0 159 61.0 630 61.0
+ Generate-then-Retrieve  34.0 440 494 21.0 300 266 13.0 17.0 194 63.0 670 63.0
+ Judge-then-Retrieve 390 48.0 539 180 260 268 100 100 160 580 63.0 58.0
+ RAG-Star w LlamaRM  42.0 440 544 340 38.0 420 130 18.0 222 710 720 71.0
+ RAG-Star w GPT RM 46.0 49.0 600 380 43.0 468 222 270 30.7 67.6 69.0 67.6
GPT-40 430 470 567 36.0 420 457 13.0 190 243 70.0 73.0 70.0
+ Chain-of-Tought 36.0 490 568 380 550 539 200 270 296 370 79.0 37.0
+ Standard RAG 47.0 570 637 250 260 312 140 180 206 450 620 450
+ Iterative RAG 470 59.0 633 190 240 263 150 260 255 320 740 320
+ Generate-then-Retrieve  44.0 570 620 290 360 375 230 28.0 31.0 500 680 50.0
+ Judge-then-Retrieve 440 500 586 280 290 322 140 160 228 720 740 720
+ RAG-Star w LlamaRM  48.0 540 663 470 68.0 628 250 360 390 610 86.0 61.0
+ RAG-Star w GPT RM 480 57.0 68.6 480 63.0 61.7 29.0 40.0 435 600 81.0 60.0

Table 1: Evaluation results on four representative multi-hop question answering tasks. “RM” is short for reward
model. The bold and underline fonts denote the best and second best results in each dataset, respectively.

GPT-40 Llama3.1-8B

Method
CEM F1 CEM F1

RAG-Star (Ours) 84.0 683 750 733
w/o Query Score 820 68.0 71.0 69.0
w/o Answer Score 80.0 663 66.0 65.3
w/o Retrieval 78.0 67.3 67.0 66.0
w/o Refine 77.0 682 700 68.1

Table 2: Ablation study in StrategyQA.

potential risky nodes. For example, equipped with
our RAG-Star framework, Llama-3.1-8B-Instruct
achieves higher scores in two challenging reason-
ing datasets, i.e., 2WikiMultihopQA and MusiQue,
significantly beyond all baseline methods.

5.3 Further Analysis

We report further analysis in StrategyQA with ran-
domly selected 100 samples — we have similar find-
ings in other datasets.

Ablation Study. To validate the effectiveness of
our proposed framework, we conduct an ablation
analysis of its key design elements. We design
four variants: (1) w/o Retrieval removes the re-
trieved documents in reward modeling; (2) w/o
Refine does not refine the conflict answer with re-
trieved documents in reward modeling; (3) w/o
Query Reward removes the query-aware reward r,
for scoring; and (4) w/o Answer Reward removes
the answer-aware reward r,, for scoring. We show
the results in Table 2. It is clear that all the vari-

—8— GPT-4o

80 g5/ —%— Llama-3.1

75 80

. /
65

10 20 30 40 50 60 20 40 60 80
Simulation Number Number of Samples (K)

—8— GPT-4o0
—%— Llama-3.1

Figure 2: Cover EM performance on the StrategyQA
w.r.t. the number of simulations (Left) or the number of
training data (Right).

ants perform worse than the original method, in-
dicating the effectiveness of each component in
our framework. Specifically, the performance of
w/o Retrieval drops significantly for Llama-3.1-8B,
indicating that using external knowledge for ver-
ification can be highly beneficial for the inherent
reasoning of LLMs. Similarly, w/o Refine leads to a
decline in model performance, which highlights the
importance of repurposing external sources for cor-
recting the errors in the model’s reasoning process.
Moreover, both w/o Query Reward and w/o Answer
Reward variants lead to a substantial performance
decline, which suggests that the consistency and
logical plausibility of intermediate sub-queries and
answers are both critical for the model to plan the
correct path towards the final answer.

Effect of Simulation Scaling. Typically, scal-
ing the simulation iterations will lead to a higher
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B Failed Node : Sub-query: When was the
() Success Node director of “Life Hits” born?
; Answer: 1889 Reward: 0

(] Answer Node

Sub-query: Who is the
director of “Life Hits” ?
Answer: Christian
Reward: 3

)

Verification by
Retrieved Documents

Which film has the
director born later, Life
Hits or It’s In The Air?
(Answer: Life Hits)

Input Question

Life Hits is a 2006
drama film directed
by Christian...

What's Christian's
date of birth?
Reward: |

Sub-query: When was
Christian born?
Answer: 1998 —~
Reward: 2

Was Christian
born earlier?

Reward: 0

Output

)

Therefore, the final
answer is Life Hits

Sub-query: When
was Anthony born?
Answer: 1901

Sub-query: Who is the
director of It’s In The Air?

Answer: Claude —

1972
Reward: 2 Anthony
refine a f refine
—
Christian, born 14 It’s in the Air is ...
December 1972, comedy directed
is a Danish ... by Anthony ...

Figure 3: A qualitative example showing the deliberative reasoning process of RAG-Star in 2WikiMultihopQA.

level of task-solving capability. To explore the re-
lationship between simulation scaling and the final
performance of RAG-Star, we test our model under
different maximum simulation iterations. Specifi-
cally, we vary the maximum simulation rounds in
a set {10, 20, 30,40, 50,60}, and evaluate Llama
and GPT-4o0 in StrategyQA with GPT-40-mini as
the reward model. The results are presented in the
Figure 2. We can see that as the maximum number
of simulation increases, the model’s performance
gradually improves, although the average time con-
sumed also rises to some extent. This highlights
that scaling the test-time computation can further
promote more thorough exploration and exploita-
tion by the policy model within the search space.
However, as the number of simulations further in-
creases, the performance of the policy model tends
to be saturated. Due to the limitation of inherent
knowledge, the policy model cannot benefit a lot
from conducting more simulations.

Effect of Reward Model. In our framework, the
reward model is used to assess the logical plausibil-
ity of the sub-query and the consistency between
the output answer and external sources. In this part,
we aim to explore how to train open-source reward
models (i.e., Llama-3.1-8B-Instruct) to achieve per-
formance comparable to closed-source LLMs (i.e.,
GPT-40-mini) by varying amounts of training data
from 20K to 80K. Specifically, we employ different
amounts of training data to fine-tune Llama-3.1-8B-
Instruct and use the fine-tuned model to evaluate
the sub-query and its answer. As shown in Fig-
ure 2, we can see that as the amount of training
data increases, the reward model can achieve more
accurate verification quality, significantly benefit-
ing the planning and reasoning of the policy model.
However, the performance gains tend to saturate at
later stages, necessitating instruction tuning data

Method NS TT RT CEM
CoT - 3048 0.00 34%
RAG - 1038 844 24%
Iterative RAG - 3373 2851 20%
Judge-then-Retrieve - 2418 1155 28%
Generate-then-Retrieve - 17.25 1054 28%

10 9630 6654 32%

30 143.23 99.83 36%
RAG-Star (Ours) 50 157.29 103.62 40%

80 200.37 13092 42%

Table 3: Comparison of time costs per question and
the final achieved performance. Here, NS represents
the number of simulations per question, TT and RT
represent the total inference time and retrieval time per
question, respectively.

with higher diversity and quality.

Analysis of Computational Expenses. We con-
duct further analysis of computational costs con-
cerning different numbers of simulations on 2Wiki-
MultihopQA. We randomly sample 50 questions to
compute the average time and performance. Specif-
ically, we compute the total inference time and
retrieval time separately. We show the results in Ta-
ble 3. Firstly, our proposed method obtains the best
performance when scaling the inference-time. Sec-
ondly, we observe that the overall time increases
with the number of simulations, and performance
continually improves, aligning with the recent test-
time scaling law (Snell et al., 2024). Thirdly, re-
trieval time accounts for more than half of the total
time. Further analysis indicates that retrieval can
be optimized at the hardware level, such as through
GPU acceleration and distributed retrieval. We plan
to enhance this aspect in future versions.

5.4 Case Study

To facilitate understanding of the entire workflow
of our proposed RAG-Star, we present a qualita-
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tive analysis in 2WikiMultihopQA. Throughout
the search process, the LLM initializes the input
question as root node and conducts multiple simu-
lations, eventually reaching the terminal leaf node,
which can be vividly represented as a tree. As
shown in Figure 3, after selecting the first query
(i.e., Who is the director of “Life Hits” ?), the model
expands multiple children nodes by repeated sam-
pling. At the next iteration, the model refines the
generated answer (i.e., 1998) for the sub-query
(“When was Christian born?”) based on retrieved
documents and the reward model returns an overall
score of 2. By iterating the multi-step reasoning
and retrieval-augmented verification processes for
several rounds, the model outputs the final answer
(i.e., Life Hits). In the task-solving process, the pol-
icy model generates an answer to the current sub-
query based on its internal knowledge, which might
be erroneous due to the limited pre-training corpus
in time or the memorization mistakes. Therefore,
the external knowledge can be beneficial to validate
the correctness of inherent knowledge of LLMs, ef-
fectively guiding the model to plan a reasonable
path.

6 Conclusion

In this work, we proposed RAG-Star, a novel RAG
approach for leveraging external retrieval technique
to enhance the multi-step reasoning capabilities of
LLMs. RAG-Star employed Monte Carlo Tree
Search to search intermediate sub-queries and cor-
responding answers. Moreover, RAG-Star intro-
duced retrieval-augmented verification to evaluate
the plausibility and consistency of the planned sub-
queries and answers based on a query-aware and
an answer-aware reward. At each iteration, RAG-
Star conducted node selection, plan expansion, re-
ward modeling, and reward backpropagation se-
quentially to consolidate the internal knowledge of
LLMs and external knowledge from RAG. Exten-
sive experiments on several datasets showed that
our proposed RAG-Star outperforms the traditional
RAG and reasoning methods.

Limitations

Despite the great efforts that we have made, the
experimental analysis is still limited due to the
massive computational cost of tree-based search
approaches. We will investigate into more types
of complex reasoning tasks and datasets. In our
model, we only leverage Monte Carlo Tree Search

to conduct our deleberative reasoning process. we
may consider investigate more kinds of search algo-
rithms to verify the generalization and robustness
of our proposed framework. Moreover, the perfor-
mance of our model is affected by the feedback
quality provided by the reward model. Therefore, a
well-trained and performant reward model is impor-
tant for guiding the reasoning process. We will con-
sider other fine-tuning strategies and more LLMs
in reward modeling.
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