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Abstract

Teaching large language models (LLMs) to gen-
erate text with citations to evidence sources
can mitigate hallucinations and enhance verifi-
ability in information-seeking systems. How-
ever, improving this capability requires high-
quality attribution data, which is costly and
labor-intensive. Inspired by recent advances
in self-improvement that enhance LLMs with-
out manual annotation, we present START, a
Self-Taught AttRibuTion framework for iter-
atively improving the attribution capability of
LLMs. First, to prevent models from stagnating
due to initially insufficient supervision signals,
START leverages the model to self-construct
synthetic training data for warming up. To
further improve the model’s attribution abil-
ity, START iteratively utilizes fine-grained pref-
erence supervision signals constructed from
its sampled responses to encourage robust,
comprehensive, and attributable generation.
Experiments on three open-domain question-
answering datasets, covering long-form QA
and multi-step reasoning, demonstrate signif-
icant performance gains of 25.13% on aver-
age without relying on human annotations and
more advanced models. Further analysis re-
veals that START excels in aggregating infor-
mation across multiple sources.

1 Introduction

The rapid development of large language models
(LLMs) (OpenAl, 2023; Zhao et al., 2023) has led
to their prosperity as indispensable tools for infor-
mation seeking. Despite their remarkable capabil-
ity to generate fluent and informative responses to
user queries, LLMs also struggle with hallucina-
tions (Huang et al., 2023). To facilitate factuality
verification, recent research (Bohnet et al., 2022)
has explored attributed text generation, a paradigm
that enables LLMs to generate responses with cita-
tions. By attributing models’ output to verifiable
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sources, it can improve the explainability and cred-
ibility of LLM-generated content (Li et al., 2023).

While beneficial, the ability to attribute con-
textual sources is not inherent in LLMs. Most
work induces LLMs to generate text with citations
via in-context learning (Gao et al., 2023), which
is far from satisfactory (Liu et al., 2023). The
current winning recipe for accurate attribution in-
volves fine-tuning on high-quality attribution re-
sponses' (Li et al., 2024). However, acquiring
such data typically requires either manual cura-
tion (Malaviya et al., 2023), or distilled from the
most advanced LLMs (Huang et al., 2024a,b), both
of which are costly and not scalable, thus limit-
ing the growth of models’ attribution capability.
One promising solution is self-improvement (Yuan
et al., 2023), which has demonstrated the poten-
tial to boost model performance by learning from
self-generated high-quality samples.

Inspired by this, we aim to explore the poten-
tial of self-improvement in bootstrapping the at-
tribution ability of LLMs. However, achieving
this goal presents several challenges. One sig-
nificant challenge lies in the risk of model stag-
nation during the self-improvement process, pri-
marily due to the insufficient supervision signals
obtained in the early stage. Concretely, consider-
ing the inferior performance of LLMs in handling
the attribution task (Gao et al., 2023), generating
sufficient high-quality attribution responses solely
through sampling proves difficult. This scarcity of
high-quality samples limits the opportunities for
LLMs to self-improve effectively. Another chal-
lenge stems from the limitation of weak supervi-
sion signals. Current self-improvement approaches
(Yuan et al., 2023) primarily involve supervised
fine-tuning on high-quality samples while discard-
ing low-quality ones. When applied to LLM attribu-

'Attribution responses refers to “responses with in-line
citations, e.g., [1][2]”.
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tion, these high-quality samples provide only weak
supervision signals, mainly teaching LLMs on the
surface form of attribution (e.g., proper citation
format) (Li et al., 2024). Such practice may ne-
glect the potential of exploring fine-grained signals
from low-quality samples to learn what constitutes
a desirable attribution response.

To address these challenges, we present START,
a Self-Taught AttRibuTion framework designed
to bootstrap the attribution capabilities of LLMs.
To prevent models from stagnating early due to
insufficient supervision signals, we first leverage
the model to self-construct high-quality synthetic
attribution data (§3.1). The data synthesis process
follows reverse attribution thinking: the model
initially generates a response to a given query,
then breaks it into atomic claims, and finally ran-
domly combines them to create synthetic docu-
ments. This process not only simulates multi-
source information-seeking scenarios but also en-
sures precise attribution, as each document can be
directly traced back to the specific claim it origi-
nated from. These high-quality synthetic data are
then utilized for warming up, providing a good
starting point for LLMs to self-improve. Further-
more, to better explore fine-grained supervision
signals for LLM attribution, we introduce an itera-
tive self-improving recipe (§3.2). Specifically, the
framework meticulously designs fine-grained re-
wards tailored for LLM attribution, covering robust-
ness, comprehensiveness, and attributability. By
scoring multiple candidates through sampling and
selecting those with the highest holistic rewards
for supervised fine-tuning, the framework subse-
quently utilizes low-quality samples to construct
fine-grained preference pairs with diverse optimiza-
tion rewards for preference optimization. This iter-
ative process further fosters the self-improvement
of attribution capabilities.

We conduct extensive experiments across three
open-domain question-answering datasets, cover-
ing long-form QA and multi-step reasoning. Re-
sults indicate that START achieves significant per-
formance gains of 25.13% on average in citation
quality. Moreover, START successfully achieves
self-improvement in LLM attribution, showing pro-
gressive improvements across iterations. Ablation
studies confirm that each component significantly
contributes to the improvement. Further analysis
shows that START not only excels in generating su-
perior attributable responses but also in effectively
aggregating information across multiple sources.

2 Related Work
2.1 Large Language Model Attribution

Attribution has gained significant attention for en-
hancing the interpretability and verifiability of
LLMs (Gao et al., 2023; Li et al., 2023). Recent
studies have focused on improving LLM attribu-
tion in a supervised way. Asai et al. (2023) first
distill GPT-4 to collect high-quality attribution data,
aiming to teach the model to generate grounded an-
swers with citations through self-reflecting. Simi-
larly, Huang et al. (2024a) develop a training frame-
work starting with distilling ChatGPT, followed
by designing reward models to teach the LLM to
generate highly supportive and relevant citations.
Additionally, Li et al. (2024) model the attribution
task from a preference learning perspective, where
they first fine-tune the model on human-labeled at-
tribution datasets and then perform preference op-
timization using synthesized preference data. Fur-
thermore, Huang et al. (2024b) take this further by
extending the attribution format to a fine-grained
citation level, primarily distilled from ChatGPT. It
enables the model to first ground the fine-grained
quotes within the context and then condition the
generation process on them. In contrast to these
methods, START aims to bootstrap attribution ca-
pability without relying on human-labeled data or
distilling from more capable LLMs.

2.2 Self-Improvement for LL.Ms

High-quality data either human-crafted or distilled
from advanced LLMs has proven effective in en-
hancing the performance of LLMs. However, ac-
quiring such high-quality data can be prohibitively
expensive. Recently, self-improvement approaches
(Giilcehre et al., 2023; Yuan et al., 2024), where
LLMs learn from self-generated samples have
emerged as a viable solution to compensate for
the scarcity of high-quality data. These methods
typically involve employing heuristic rules (Zelik-
man et al., 2022), self-critique (Tian et al., 2024), or
training additional verifiers (Hosseini et al., 2024)
to assess the quality of model-generated samples.
Such practices are particularly effective in rea-
soning tasks, e.g., mathematical reasoning, where
LLMs already demonstrate capable abilities and
can receive precise feedback on correctness. How-
ever, these advantages are absent in the attribution
task, due to its challenging nature. To bridge the
gap, we take an initial step towards exploring the
potential of self-improvement in LLM attribution.

3823



Step1: Response Generation Step2: Claim Decomposition Step3 Claim Combination Step4: Document Generation

Query
What is the difference between fresh
water and potable water?
Seed

Questions|

~ Response \vsponse into claims

Few-shot
examples

Note: "Step1 does not
generate citations"

P
\’
E % ! Atomic Claims

‘ 1 Freshwater refers to water that is not
salty or brackish.

Freshwater may be unsuitable for
drinking without treatment.

Response

i
Fresh water refers to water that is not salty or i
brackish [1][2]. It may be unsuitable for LIPS
drinking without treatment [ 1]. Potable water, |
on the other hand, is water that is safe and i
suitable for human consumption [2][3]. I

Potable water is safe and suitable for
: 3 human consumption.

Instruction: Decompose the

Claim-to-Document

t - Ty 20 Generatlon
_______________ Il‘.r S AR TN
= [N AN
——— s N
- Bﬂ n d_DT En:n l:m_mt.““:]:‘N Document 1 \'-,
4 o= \‘ Freshwater, which mcludes( ) is
r ,* Claim * P o Rl characterized by its low salt\ contqnt (.)
: ; Set1 1 ,“Claim’, | it unsafe for direct human cé)nsumpnon
' \ A . ;| Setz { Document 2
i - 7 v ’ U Freshwater, distinguished by its low
Peos - N RO salinity (...) suitable for human |}
g (élai.m N K N ' consumption, preventing health 1s$ues
' et2 .
b A !+ Noisy 1 ! Document 3 v
v ‘ /' Claim ' [} Potable water is deemed safe for human
v . - ‘ N e 1 consumption as it meets health standards
\ - Seo -7 £ established by global health authorities...

T Add Citations —— |
Steps: Attribution Relabel

Figure 1: The data synthesis pipeline consists of five steps: given a user query, the LLM first generates an informative
response without citations in a closed-book setting. Subsequently, the LLM decomposes this response into atomic

claims.

These claims are then randomly grouped into specific sets, which serve as the basis for generating

documents that cover all included claims. Finally, we trace back to the initial response to relabel the citations.

3 Problem Formulation and Methodology

We follow a formulation of attributed text gener-
ation as described in Gao et al. (2023). This task
involves processing a user query g for information-
seeking, given a corpus of retrieved documents
D, to generate a response S with in-line cita-
tions. We assume the response S as consisting
of n statements, such that S = {s1, s2,...,5,}.
Each statement s; S cites a list of passage
Ci = {ci1,¢i2, . ..}, where cij € D. Citations are
presented in the form of [1][2], which represent
the attribution to specific documents in D.

Next, we present an overview of START, a train-
ing framework designed to teach LLMs to self-
improve their attribution ability, as illustrated in
Figure 2. START consists of two essential stages:
synthetic data warm-up (§3.1) and self-improving
for LLM attribution (§3.2).

3.1 Synthetic Data Warm-Up

The core of self-improvement lies in generating
high-quality samples and iteratively learning from
them. Intuitively, a high-quality attribution re-
sponse should not be distracted by irrelevant doc-
uments (robustness) and capture high coverage of
viewpoints across multiple documents (comprehen-
siveness) while maintaining high citation quality
(attributability). However, existing LLMs typically
show inferior performance in the attribution task,
significantly hindering their ability to generate such
high-quality samples. This limitation poses sub-
stantial challenges to enhancing their attribution
capabilities through self-improvement.

In this stage, we propose utilizing the model to
self-construct high-quality synthetic data for warm-

ing up, enabling the model to have the basic ability
to generate robust, comprehensive, and attributable
responses across multiple sources. The pipeline
consists of the following steps, shown in Figure 1.
More details can be found in Appendix A.

Step 1: Response Generation Given an arbitrary
model, we first sample a query g from seed ques-
tions () and then generate a long-form answer S
utilizing the parametric knowledge of the model it-
self. The model is required to produce informative
answers that cover multiple perspectives.

Step 2: Claim Decomposition Prior work (Min
et al., 2023) has explored using atomic claims as
a fundamental unit in long-form text generation.
Thus, for the response .S, we ask the model to
decompose it into atomic claims. Each atomic
claim represents a distinct piece of information.

Step 3: Claim Combination To ensure that the
response behaves as an aggregation of information
from multiple documents, we randomly combine
different claims into one claim set. This process
helps simulate the natural diversity of viewpoints
and sources, thus enhancing the comprehensiveness
and realism of the synthesized responses.

Step 4: Document Generation For each claim
set, we prompt the model to generate a synthetic
document D that provides a comprehensive dis-
cussion of the grouped claims. Additionally, to
enhance the robustness of the response, we intro-
duce irrelevant documents by uniformly sampling
documents generated from other queries.

Step 5: Attribution Relabel The final step in-
volves labeling the response with citations from
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Figure 2: Overview of our self-improving framework, which consists of two stages. The model is first warmed
up using synthetic data (§3.1). This provides a good starting point to enable the model to generate high-quality
samples in the subsequent iterative training. Next, the model is further trained via rejection sampling fine-tuning

and fine-grained preference optimization iteratively (§3.2).

This iterative process bootstraps the model’s attribution

capability by fully utilizing the supervision signals from its sampled generations.

the generated documents. This process ensures
that each claim within the response is explicitly
attributed to its source. In this way, for each query
q, and documents set 1D, we can obtain an infor-
mative and attributable response while maintaining
robustness against irrelevant documents.

Next, the model is fine-tuned for warming up
with the MLE objective on the synthesized dataset,
which consists of N data entries, each containing
a query ¢;, a document set D;, and a high-quality
attributable response y;:

N
L=—> log P(yilg:, Ds; )
i=1

3.2 Self-Improving for LLM Attribution

ey

In this stage, we propose to iteratively boost the
model’s attribution capability by exploring more
fine-grained supervision signals, rather than solely
relying on golden responses in synthetic data. This
involves leveraging rejection sampling for data
growing and fine-grained preference optimization
for capability evolution.

3.2.1 Rejection Sampling Fine-tuning

After warming up, we first sample N candidates
for each query in the synthetic dataset and then
score each candidate with fine-grained rewards that
cover three key dimensions: robustness, compre-
hensiveness, and attributability.

Attributability serves as the indispensable con-
dition for high-quality attributable generation. It

quantifies the extent to which a response is fully
supported by the cited documents. To accurately
measure attributability, we employ an off-the-
shelf Natural Language Inference (NLI) model? by
checking whether each statement in the response is
entailed by the corresponding cited documents.

S
1 .
AttrScore = g E Entail(Docs, statement;)

i=1

2

where S is the total number of statements in the

response and Entail returns 1 if the statement ¢ is
entailed by cited documents, and 0 otherwise.

Robustness measures the degree to which a
model-generated response is influenced by irrel-
evant contexts. Considering that we can identify
relevant documents d, within the document set D
for each query ¢, thus we quantify robustness by
calculating the probability difference of the model
M to generate the response y under different con-
texts. The robustness score is defined as follows:

PM(Q’q@dT)
Py(y|q® D)

Empirically, the closer the score is to 1, the less the
response is disturbed by irrelevant documents.

RobustScore =

3)

Comprehensiveness measures the extent to
which a response captures all relevant informa-
tion from the source documents. As the golden
responses in the synthetic data are designed to

2huggi ngface.co/google/t5_xx1_true_nli_mixture
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aggregate and reflect information across multi-
documents, thus we quantify comprehensiveness
by decomposing them into sub-claims and verify-
ing whether these claims are covered by the sam-
pled generation y. We compute the score as below:

c
1
CompreScore = ol ; Entail(claim;,y) (4)

where claim; represents sub-claims and C' is the
number of golden sub-claims.

Subsequently, we formulate a holistic reward
function (Eq. 5) considering the above dimensions.
This function is employed to rank generated candi-
dates, with the top-ranked candidate being selected
for further supervised fine-tuning.

CompreScore

Reward = I(AttrScore) x 5)

RobustScore

Here, I is an indicator function that returns 1 if
AttrScore = 1, and 0 otherwise.

3.2.2 Fine-grained Preference Optimization

The common way of self-improvement focuses
on updating the model with high-quality samples
while discarding low-quality ones. For LLM attri-
bution, simply supervised fine-tuning with highly
attributable responses only teaches the LLM to
learn surface characteristics of attribution, e.g., the
correct form of citation. Inspired by human cog-
nition, learning from mistakes provides more fine-
grained signals to understand the mechanisms that
drive successful attribution than simply imitating
correct examples. Thus, we aim to fully unlock the
potential of low-quality samples by constructing
fine-grained preference pairs with different opti-
mization rewards for preference optimization.

Given the multi-objective nature of LLM attri-
bution, our focus is specifically on attributability
and comprehensiveness, utilizing corresponding
rewards functions to construct preference data re-
spectively’. Specifically, we pair samples that ex-
hibit high attributability but low comprehensive-
ness with the top-ranked sample selected using a
holistic reward, and vice versa. These preference
pairs, each addressing different optimization objec-
tives, are then aggregated to further train the LLM
via DPO (Rafailov et al., 2023):

LDPO = _]E[log O-(fle (.’IT, y+) - 729 (‘T’ y_))]
3We do not optimize separately for robustness as the model

already shows sufficient robustness after rejection sampling
fine-tuning.

mo(y | )
Tyef (y ’ l‘)
Here, reference model m; is initialized with

the model after rejection sampling to minimize the
distribution shift from the reference distribution.

o(x,y) = Blog (6)

4 Experiments

4.1 Datasets

Following previous work (Ye et al., 2023; Li et al.,
2024), we conduct our experiments using two long-
form question-answering datasets: ASQA (Stel-
makh et al., 2022) and ELI5 (Fan et al., 2019), as
well as a multi-step reasoning dataset, StrategyQA
(Geva et al., 2021). Both ASQA and ELIS5 feature
factoid long-form answers that require synthesiz-
ing highly relevant documents in response to a user
query. In StrategyQA, answers demand a combina-
tion of information-seeking and implicit reasoning.
Further details on the data statistics, knowledge
corpus used for retrieval, and examples for each
dataset are provided in Appendix B.

4.2 Evaluation

Following previous research (Gao et al., 2023), we
evaluate model-generated responses mainly on two
dimensions: Citation Quality and Correctness.
Our evaluation methodology combines both auto-
mated metrics and human evaluation.

Automatic Evaluation. To assess citation qual-
ity, we calculate the citation precision, citation
recall, and its harmonic mean citation F1 based
on the definition in Gao et al. (2023). We use
TRUE (Honovich et al., 2022), a T5-11B model
fine-tuned on a collection of natural language infer-
ence (NLI) datasets to examine whether the cited
documents entail the generated statement. For cor-
rectness, different datasets are measured differently.
For ASQA, we report the exact match recall (EM
Rec.) of correct short answers. For ELIS, we re-
port the claim recall (Claim) by checking whether
the model output entails the sub-claims generated
by text-davinci-003. For StrategyQA, the for-
mat of answers begins with yes/no, we evaluate
correctness by reporting the accuracy (Acc.). See
Appendix C for more details.

Human Evaluation. We collected a total of
150 instances from the test sets of ASQA, ELIS,
and StrategyQA for human evaluation, with each
dataset providing 10 instances from five different
systems. The evaluation is divided into two parts:
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ASQA ELI5 StrategyQA
Model Correctness Citation Correctness Citation Correctness Citation
EM Rec. Rec. Prec. FI. Claim Rec.  Prec. F1 Acc. Rec. Prec. F1
In-context Learning & Post-hoc
Llama-2-13B (ICL) 352 384 394 389 134 173 158 165 65.6 206 33.1 254
Llama-2-13B (PostAttr) 25.0 23.6 23.6 236 7.1 5.7 5.8 5.8 64.3 8.7 8.7 8.7
Training-based

Distill-Llama-3-70B-Instruct 41.1 604 53.8 569 12.9 287 252 268 70.8 284 307 295
Distill-Mixtral-8x7B-Instruct 40.3 649 635 642 13.8 343 350 346 63.9 384 492 43l
Self-RAG (Asai et al., 2023) 31.7 703 713 70.8 10.7 20.8 225 216 62.1 314 365 338
AGREE (Ye et al., 2023) 39.4 640 668 654 9.4 21,6 160 184 64.6 302 372 333
APO (Li et al., 2024) 40.5 72.8 69.6 712 13.5 260 245 252 61.8 40.0 39.1 396
FGR (Huang et al., 2024a) 38.7 73.5 747 74.1 9.8 53.1 559 545 64.9 29.5 424 348
START (Warming-up) 39.2 232 239 235 11.9 9.9 102 10.0 61.2 9.4 9.6 9.5
START (Iteration 1) 422 68.8 756 72.0 11.3 474 505 489 734 444 48,6 464
START (Iteration 2) 429 76.1 810 785 10.0 65.6 651 653 72.7 519 541 530
START (Iteration 3) 44.2 76.2 842 80.0 9.6 624 69.1 65.6 69.6 60.0 56.6 58.2

Table 1: Main result between our method and baselines. Experiments are evaluated on ASQA, ELIS5, and StrategyQA
datasets. For most baselines, we use the result of previous works (Asai et al., 2023; Ye et al., 2023; Li et al., 2024).

citation quality and overall quality (comprehensive-
ness and correctness). More details in Appendix D.

4.3 Baselines

We compare START with the following baselines.
For more details, please refer to Appendix E.

In-context Learning (ICL). Following Gao et al.
(2023), we enable the LLM to generate citations
via in-context learning. For each query, we first
retrieve five relevant documents and then prompt
the LLM with two-shot demonstrations.

Post-hoc Attribution (PostAttr). Following Ye
et al. (2023), given a query, we first instruct the
LLM to generate an initial response leveraging its
parametric knowledge. For each statement in the
response, we use the NLI model* to find the maxi-
mally supported document and cite accordingly.

Training-based Methods. Training on high-
quality data serves as a strong baseline to unlock
the attribution ability of LLMs. We consider the
following training-based methods.

Knowledge Distillation employs the most capa-
ble LLMs, e.g., Llama-3-70B-Instruct and Mixtral-
8x7B-Instruct, as teacher models to train a student
model on distilled attribution data.

Self-RAG (Asai et al., 2023) first collect data
distilled from GPT-4, then teach the LLM to re-
trieve on-demand while reflecting on its generation
to improve both generation quality and attributions.

AGREE (Ye et al., 2023) trains the LLM to self-
ground its response in retrieved documents using

*We use the same NLI model during citation evaluation.

automatically collected data and then leverages test-
time adaptation to reinforce unverified statements.

APO (Li et al., 2024) models LLM attribu-
tion as a preference learning task, where they
first supervised-fine-tuned on human-labeled high-
quality data and then automatically collect prefer-
ence data for preference optimization.

FGR (Huang et al., 2024a) first collects attribu-
tion data distilled from ChatGPT and then designs
rewards tailored for LLM attribution to teach the
LLM to generate supportive and relevant citations.

4.4 Implementation Details

For a fair comparison, all training-based baselines
and START employ Llama-2-13b-base (Touvron
et al., 2023). Further details on the implementation
of START are presented in Appendix F.

5 Results

5.1 Main Results

We provide the main results and the performance
of START across different iterations in Table 1.

START effectively improves performance. As
shown in Table 1, START shows superior perfor-
mance across three datasets and achieves state-
of-the-art results in citation quality. Specifically,
START shows significant improvements over both
ICL and Post-hoc approaches, highlighting the
benefits of supervised signals in unlocking the
attribution ability of LLMs. Notably, compared
with methods that rely on distilling from more ad-
vanced LLMs or training on human-annotated data,
START achieves performance improvement of at
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ASQA ELI5 StrategyQA
Model Correctness Citation Correctness Citation Correctness Citation
EM Rec. Rec. Prec. Fl. Claim Rec. Prec. F1 Acc Rec.  Prec. F1
START (Iteration 1) 42.2 688 756 720 11.3 474 505 489 73.4 444 48.6 464
w/0. warm-up 35.7 36.3 327 344 12.1 152 137 144 65.9 180 172 17.6
w/o. preference 40.6 422 472 446 12.9 16.5 174 169 63.7 215 246 229
START (Iteration 2) 429 76.1 81.0 785 10.0 65.6 65.1 653 72.7 519 541 53.0
w/0. warm-up 33.5 574 521 546 10.0 26.7 23.0 247 69.0 324 332 328
w/o. preference 39.8 50.8 536 522 12.5 225 233 229 65.7 272 304 287
START (Iteration 3) 44.2 762 842 80.0 9.6 624 69.1 65.6 69.6 60.0 56.6 58.2
w/0. warm-up 28.6 67.3 582 624 6.4 46.8 384 422 70.4 449 392 419
w/o. preference 40.7 557 583 570 11.9 253 262 257 67.8 313 335 324

Table 2: Ablation study results across three datasets over three iterations. We compare START with two variants:
one that does not utilize synthetic data for initial warming-up (w/o warm-up) and another lacking fine-grained
preference optimization for self-improvement (w/o preference).

Model Iteration 1 Iteration2 Iteration 3
START 42.5% 90.2% 95.9%
w/o. warm-up 3.24% 41.2% 83.8%

Table 3: The pass rate comparison between START and
START (w/o. warm-up) across different iterations during
the rejection sampling stage.

least 8.0%, 20.4%, and 47.0% in citation quality
for ASQA, ELIS5, and StrategyQA respectively. Re-
garding correctness, START also achieves gains of
at least 9.1% and 7.2% on both ASQA and Strate-
gyQA, despite a slight decrease on ELIS.

START successfully achieves self-improvement.
We compare the performance of START from itera-
tion O to 3 in Table 1, and the results demonstrate
consistent improvements across iterations. Initially,
at iteration O (after warm-up), thanks to the syn-
thetic training data, the model shows decent per-
formance after warm-up. By iteration 1, START
exhibits remarkable effectiveness in improving its
performance by leveraging its own generated sam-
ples (e.g., 23.5 — 72.0 on ASQA, 10.0 — 48.9 on
ELIS, 9.5 — 46.4 on StrategyQA). Subsequent it-
erations continue this trend of incremental improve-
ment, reaching a convergence point at iteration 3.

5.2 Ablation Study and Analysis

We conduct comprehensive ablation studies and
analyses to understand how each component in
START contributes to the significant improvement.

Effect of synthetic data warming-up. To
demonstrate the importance of utilizing synthetic
data for initial warm-up in START, we con-
duct a comparative ablation study employing
Llama-2-13b for self-improvement, omitting the
initial warm-up stage. Table 2 shows the ablation

results (w/o. warm-up) across three iterations. We
observe that omitting the initial warm-up stage can
lead to a significant performance drop in the first it-
eration. Additionally, as the iteration increases, the
performance of the model without warm-up shows
only modest improvements and remains substan-
tially inferior to the model that underwent warm-
up. Moreover, we also calculate the pass rate of
sampled response in each iteration as shown in Ta-
ble 3. The findings indicate that the model with
warm-up exhibits a higher pass rate in the first it-
eration, which allows the model to utilize more
supervised signals for self-improvement. These re-
sults suggest that warming up effectively facilitates
the bootstrapping of supervised data, thus prevent-
ing early model stagnation. It’s worth noting that
while the warm-up strategy effectively enriches the
model with supervision signals at an early stage, it
does not lead to noticeable improvements in cita-
tion quality, as shown in Table 1. We hypothesize
that this limitation stems from the inherent diffi-
culty LLMs face in synthesizing information from
multiple sources to generate comprehensive and
attributable responses solely through direct super-
vised fine-tuning.

Effect of fine-grained preference optimization.
To further understand the significance of fine-
grained preference optimization, we compare an
ablation of START that solely relies on high-quality
samples for iteratively supervised fine-tuning, dis-
carding low-quality samples for fine-grained pref-
erence optimization. As shown in Table 2, there
is a significant decline in performance when fine-
grained preference optimization is removed. This
highlights the effectiveness of START in fully un-
locking the potential of low-quality samples to en-
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Figure 3: The impact of supervision signals from different stages (synthetic data v.s. self-improvement) on
attribution performance across ASQA, ELIS, and StrategyQA. The blue line represents the model that undergoes
only supervised fine-tuning use synthetic data at iteration 0. The red line represents the model that first trains for
two epochs with synthetic data at iteration 0, followed by one iteration of self-improvement.
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Figure 4: Ablation study on the effect of synthetic data
size on attribution and correctness performance. We
sample 1k, 3k, and 5k user queries for data synthesis.
hance attribution performance.

Effect of synthetic data size. We investigate the
effect of varying synthetic data sizes on the per-
formance of START. Figure 4 demonstrates their
effect on citation quality and correctness after three
iterations of self-improving. Specifically, we sam-
ple 1k, 3k, and 5k unlabeled queries to generate
synthetic training data accordingly, which provides
different levels of supervision signals. As shown in
Figure 4, even with 1k synthetic data points, START
demonstrates comparable performance. Moreover,
as the training size increases, START achieves no-
table improvement in citation quality and exhibits
stability in correctness.

Supervision signals from synthetic data v.s. iter-
ative self-improvement. We further investigate
the differential impact of supervision signals de-
rived from data synthesis versus those from the
iterative self-improvement stage. We utilize syn-
thetic training data to train the model for multiple
epochs, extending up to 10 epochs, and compare
its performance to that of a model that undergoes
only the first iteration of self-improvement. As de-
picted in Figure 3, training with synthetic data dur-
ing the initial iteration yields minimal performance
gains. The attribution performance climbs slowly

Attribution Overall Quality

Full Partial No Corr.  Comp.
ChatGPT (ICL) 68.5% 221%  9.4% 3.6 4.4
Distill-Llama-3-70B-Instruct ~ 54.6%  32.4% 13.0% 2.9 32
Self-RAG (Asai et al., 2023)  45.7% 27.5% 26.8% 2.4 2.1
FGR (Huang et al., 2024a) 584% 287% 129% 2.5 2.8
START (Ours) 76.2% 183% 5.5% 35 4.6

Table 4: Human evaluation results on attribution,
correctness (Corr.), and comprehensiveness (Comp.).
Bold numbers indicate the best performance, while “_”
indicates the second-best performance.

as training epochs increase and fails to surpass the
performance of the model after just one iteration
of self-improvement. This observation reveals the
importance of the supervision signals provided by
the model itself during self-improvement.

6 Human Evaluation

Human evaluation results, detailed in Table 4, in-
dicate that START generates significantly more at-
tributable responses compared to all baselines, even
surpassing ChatGPT?>. Specifically, 76.2% of the
statements generated by START are fully supported
by the cited documents, which outperforms Chat-
GPT by 11.24%. Additionally, 18.3% of the state-
ments are partially supported, with only 5.5% un-
supported. In terms of factuality, START outper-
forms all training-based baselines, slightly inferior
to ChatGPT. Moreover, START achieves the high-
est score in comprehensiveness, demonstrating its
exceptional ability to generate responses that ex-
tensively cover information from multiple sources.
Overall, these findings are in line with the auto-
matic evaluation results in Table 1.

7 Conclusion

We propose START, a self-improvement framework
to push the frontier of LLM attribution. We iden-

SWe utilize gpt-3.5-turbo-0125 version.
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tify two key limitations for LLM attribution self-
improvement. To address these, START first lever-
ages self-constructed synthetic data for warming
up, aiming to prevent models from early stagna-
tion due to insufficient supervision signals. To ex-
plore more fine-grained supervision signals, START
constructs fine-grained preference supervision sig-
nals from low-quality samples for preference opti-
mization. Both automatic and human evaluations
demonstrate significant improvement in attribution
without relying on human annotations and more
advanced LLMs.

Limitations

Despite significant performance improvements, our
work presents several limitations worth noting.
Firstly, while our data synthesis process provides
a good starting point for the model to self-improve
and demonstrate some generalization on existing
benchmarks, it may not cover all scenarios en-
countered in user information-seeking. This limita-
tion raises concerns regarding the generalizability
of synthetic data in a more complex information-
seeking environment. Secondly, the iterative train-
ing pipeline of our self-improving framework is
time-consuming, presenting a significant trade-
off between performance and training duration.
Thirdly, although our self-improving framework
does not rely on human annotations and more ad-
vanced LLMs, it still necessitates the integration of
off-the-shelf NLI models to guarantee the quality
of attribution in the generated samples. The perfor-
mance of the NLI model significantly impacts the
quality of our outputs to a certain extent. To move
towards a fully self-improving framework that does
not rely on external judgment, future research could
investigate the use of intrinsic attribution signals
derived directly from the LLM itself.
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A Data Synthesis

A.1 Data Sources

The queries employed for data synthesis are
sourced from the Wish-QA (Yehudai et al., 2024),
which provides high-quality grounded data suit-
able for content-grounded generation tasks such
as long-form question-answering and summariza-
tion. Specifically, we utilize the ELIS subset of
the WishQA, noted for its high lexical diversity,
comprising a total of 8,413 queries. Notably, we
randomly sample 5,000 user queries for our data
synthesis, resulting in the creation of 5,000 syn-
thetic data points.

A.2 Prompts for Data Synthesis

We detail the prompts employed in the synthetic
data generation stage, covering response genera-
tion, claim decomposition, and document genera-
tion, shown in Figure 5.

A.3 Implementation Details

In our work, we use Llama-2-13b-base for data
synthesis, as our goal is to realize self-improving
for the attribution ability of LLMs, the models used
in the data synthesis stage and the subsequent main
experiment need to be consistent without introduc-
ing additional more powerful models. To enhance
the LLM’s ability to accurately follow instructions
at each step, we utilize in-context learning, incorpo-
rating two demonstrations for response generation,
claim decomposition, and document generation.

A4 Quality of Synthetic Data

We focus on evaluating the attributability of the
final response. Specifically, we employ an off-
the-shelf Natural Language Inference (NLI) model,
TRUE (Honovich et al., 2022), to verify whether
each statement in the response is fully supported by
the cited documents and to check for the presence
of any irrelevant citations. The results indicate that
the synthetic data are of significantly high qual-
ity: 92.3% of the statements are fully supported
by the cited documents, and 94.1% are free from
irrelevant citations.

B Details of evaluation datasets

Our evaluation utilizes the ASQA, ELI5, and Strat-
egyQA datasets. For both ASQA and StrategyQA,
Wikipedia serves as the external knowledge base,
specifically employing the Wikipedia snapshot
from 2018-12-20. For the ELI5 dataset, the ex-
ternal knowledge source is Sphere (Piktus et al.,
2021). Regarding the retrievers, we use the dense
retriever GTR (Ni et al., 2022) for Wikipedia and
the sparse retriever BM25 for Sphere. Detailed
statistics for these datasets are presented in Table 5.
In line with previous research by Gao et al. (2023),
we use the same evaluation datasets for ASQA and
ELIS5. Regarding StrategyQA, we adopt the settings
of Ye et al. (2023), utilizing a randomly split sub-
set of 490 test instances for evaluation. To further
clarify, we provide an example from each dataset
in Table 6.
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((a) Prompt template for response generation)

-

Instruction: Given a question, generate a detailed and informative response that covers multiple
perspectives and synthesizes information from various sources. Limit the response to a maximum of
five statements.

Question: [Question]

Response:

s \(b) Prompt template for claim decomposition 1) ~
Instruction: Given a detailed and informative response, break it into its constituent claims.
Identify and list each distinct claim, ensuring to capture all essential elements and nuances
presented in the original response.

Response: [Response]

Claims:

((c) Prompt template for document generation)

-

Instruction: Given a claim, generate a 100-word document with a title. The main content of the
document should elaborate on the claims and contain the main content of the claim.

Claim: [Claim]

Documents:

\_ J

Figure 5: Illustration of the prompting design for the data synthesis pipeline.

((a) An example of ASQA)

-

Question: Who is the original artist of sound of silence?
Documents: [The retrieved documents are omitted here]

Answer: There are several songs with the title "Sound of Silence”. Sounds of Silence is the
second studio album by Simon & Garfunkel, released on January 17, 1966. The album’s title is a
slight modification of the title of the duo’s first major hit, "The Sound of Silence”, which was
recorded in March 1964 and originally was released as "The Sounds of Silence”. Another "Sound
of Silence” is a song performed by Australian recording artist Dami Im, and is best known as
Australia’s entry at the Eurovision Song Contest 2016.

(( ).
\(b) An example of ELIS ),

Question: How does so much of our trash end up in the ocean?
Documents: [The retrieved documents are omitted here]

Answer: Because water flows downhill and very often ends up in rivers which very often end up in
oceans. So when it rains, trash is washed downhill and into streams and rivers and ultimately the

ocean.
J
\

((c) An example of StratengA)

-

Question: Did Curiosity outlive its expected lifespan?
Documents: [The retrieved documents are omitted here]

Answer: No. "Curiosity” rover has outlasted its expected lifespan. The rover was designed

to last for months, but is still operating after years on Mars. In August 2017, "Curiosity”
celebrated its fifth anniversary on Mars and is expected to continue its mission for years to come.
The longevity of "Curiosity” can be attributed to the advanced technology used in the rover’s
design and the meticulous planning and preparation done by the engineers and scientists. With the
advancement of technology and the continued refinement of the mission, "Curiosity” is likely to
continue operating for many more years to come.

J

Figure 6: Examples of the ASQA, ELIS, and StrategyQA datasets.
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(

((a) Prompt template of ASQA and ELIS)

(

\
Instruction: Write an accurate, engaging, and concise answer for the given question using only
the provided search results (some of which might be irrelevant) and cite them properly. Use
an unbiased and journalistic tone. Always cite for any factual claim. When citing several
search results, use [1][2][3]. Cite at least one document and at most three documents in each
sentence. If multiple documents support the sentence, only cite a minimum sufficient subset of
the documents.
Question: [Question]
Documents: [Documents]

_J

((C) Prompt template of StratengA) ~

Instruction: Answer “yes” or “no” first. Then, write a clear and concise answer that combines
reasoning with relevant search results and cite the sources properly, even if some might be
irrelevant.
Question: [Question]
Documents: [Documents]

_J

Figure 7: Illustration of the prompting design of evaluation datasets.

Dataset Source # Examples
ASQA (Stelmakh et al., 2022) Wiki 948
ELI5 (Fan et al., 2019) Sphere 1000
StrategyQA (Geva et al., 2021) Wiki 490

Table 5: Statistics of datasets used for evaluation.

C Automatic Evaluation Details

We provide a detailed description of the evaluation
metrics employed to assess the quality of the model-
generated responses.

Citation Quality. Citation Quality is a critical
evaluation dimension in attributed text generation,
assessing whether the answer is fully supported by
the cited documents and that no irrelevant docu-
ments are cited. Following Liu et al. (2023) and
Gao et al. (2023), the evaluation of citation quality
is typically divided into two parts: Citation Recall
and Citation Precision.

Citation Recall evaluates whether all generated
statements are fully supported by the cited docu-
ments. Specifically, for each statement s; € S,
its citation recall is scored as 1 if there is at
least one valid citation (C; # )) and the concate-
nation of cited documents concat(C;) fully sup-
port the statement (¢(concat(C;), s;) = 1), where
¢(premise, hypothesis) is an NLI model that out-
puts 1 if the premise entails the hypothesis. The
final citation recall is calculated by averaging over
all statements in S.

Citation Precision assesses whether any citations
in the response are irrelevant. A citation c¢; ; is

determined as “irrelevant” if (a) ¢; ; alone cannot
support statement s; and (b) removing c; ; does not
affect the rest of the citations to support s;.

Citation F1 is a metric that combines citation
precision and citation recall by calculating their
harmonic mean. In our work, we utilize this metric
to evaluate the overall citation quality of the re-
sponse, where a higher Citation FI score indicates
a more accurately and comprehensively attributed
response.

citation precision - citation recall

Fr =2 ,» (1)

citation precision + citation recall

Correctness. Correctness is crucial in long-form
QA tasks. Given the ambiguous nature of the
ASQA dataset, where each question requires mul-
tiple short answers to cover different aspects, we
follow Stelmakh et al. (2022) and calculate the re-
call of correct short answers using exact match.

As for the ELIS5 dataset, evaluating the cor-
rectness of long-form answers is challenging.
Thus, the ALCE benchmark employs Instruct-
GPT (text-davinci-@03) to generate three "sub-
claims" based on the human-annotated answers. To
assess correctness, we use a T5-11B model® that
has been fine-tuned on a collection of NLI datasets
to check whether the model-generated outputs en-
tail these sub-claims.

6https://huggingface.co/google/tS_xxl_true_
nli_mixture
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D Human Evaluation Details

Considering the open-ended nature of long-form
QA tasks, automatic evaluation of correctness may
not cover all possible answers. Furthermore, the
evaluation of citation quality is constrained by the
capabilities of the off-the-shelf NLI model, which
may not adequately detect cases of partial sup-
port. Therefore, we conduct a human evaluation
to assess the attribution quality and correctness of
START. We recruited two annotators, holding at
least a bachelor’s degree to participate in our study.

To evaluate citation quality, annotators are asked
to verify whether each statement in the responses
is fully supported, partially supported, or not sup-
ported by the cited documents and identify error
types if the statement is not fully supported.

Next, we evaluate the overall quality of the re-
sponses, focusing on comprehensiveness and cor-
rectness. Annotators are asked to rate both compre-
hensiveness and correctness using a 5-point Likert
scale, capturing different levels of content coverage
and factuality.

E Baselines

Knowledge Distillation: We employ supervised
fine-tuning to teach Llama-2-13B to generate re-
sponses with citations, utilizing training data dis-
tilled from the most advanced LLMs. Specifically,
the queries and documents are sourced from our
synthetic dataset and the attributed responses are
generated by Llama-3-70B-Instruct / Mixtral-8x7B-
Instruct.

Self-RAG (Asai et al., 2023): The method in-
volves training the LLM to generate text with re-
flection tokens, which are categorized into retrieval
and critique tokens to indicate the need for retrieval
and the attributability of its generation, respec-
tively. Specifically, it first collects over 145,619
supervised data by prompting GPT-4 with specific
instructions to generate responses with reflection
tokens for knowledge-intensive queries. These
data are then used to train the LLM to generate
responses with self-reflection via supervised fine-
tuning.

AGREE (Ye et al., 2023): The method involves
training the LLM to generate grounded claims with
citations and to identify unverified claims. Specif-
ically, it first collects 4,500 attribution data via
post-hoc attribution with the help of an NLI model.

These data are then used to train the model to gen-
erate grounded responses with citations and also
clearly state the unsupported statements. An iter-
ative retrieval process is employed to search for
additional information for the unsupported state-
ments via a test-time adaptation (TTA) strategy.

APO (Li et al., 2024): This method models the
attributed text generation task as a preference learn-
ing task. Specifically, the model is first trained
using 6,330 human-labeled high-quality attribution
data for supervised fine-tuning to learn the basic
ability of attribution. It then leverages automat-
ically constructed preference data for preference
learning, where a positive response is generated
from relevant documents accompanied by a posi-
tive prompt, while a negative response is generated
using irrelevant documents or a negative prompt.

FGR (Huang et al., 2024a): The method first
collects 3,000 in-domain user queries along with re-
trieved documents and then leverages ChatGPT to
generate high-quality attributed responses. These
data then serve as training data to teach the model
the basic ability of citation generation via super-
vised fine-tuning. Subsequently, the method de-
signs reward models to teach the model to gen-
erate well-supported and accurate responses via
fine-grained reinforcement learning.

To ensure a fair comparison, we employ the same
base model (Llama-2-13b-base) for evaluating
all baselines. For Self-RAG, AGREE, and APO,
we directly utilize their published experimental re-
sults. In the case of FGR, which does not pro-
vide L1ama-2-13b-base results, we reproduce the
experiments using the official code and the same
settings provided by the authors.

F Implement Details

In all experiments, training is conducted using eight
A100-80GB GPUs, leveraging Deepspeed stage
3 (Rasley et al., 2020) for multi-GPU distributed
training, with training precision Bfloat16 enabled.

During the initial warm-up stage, we employ the
AdamW (Loshchilov and Hutter, 2019) optimizer
with a warm-up ratio of 0.03. The total batch size
is set at 64, and the learning rate is maintained at
2e-5. The maximum input sequence length is con-
figured to 2048 tokens. The model is trained with
only 20% of the synthetic dataset for two epochs in
this stage. This strategy is designed to prevent the
model from overfitting to the synthetic data during
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the warm-up stage, enabling it to generate more
diverse samples in the subsequent rejection sam-
pling fine-tuning stage. In the self-improving stage,
we conduct rejection-sampling fine-tuning for three
epochs at each iteration, maintaining the same train-
ing settings as those used during the warming-up
stage. To get the highest quality responses dur-
ing rejection sampling, we set the threshold for
attributability reward at 1.0, ensuring that every
statement in the response is fully supported by the
cited documents. For comprehensive, we set the
threshold to 0.8, which means that at least 80% of
the statements need to be cited. Subsequently, dur-
ing the fine-grained preference optimization, the
model is further trained for one additional epoch
using a learning rate of le-5.

During the evaluation, we utilize the vLLM
framework (Kwon et al., 2023) for efficient infer-
ence. Without special instructions, the sampling
parameters are specifically configured with a tem-
perature of 1.0 and a top-p setting of 0.95. We
present detailed prompts used during the evalua-
tion process in Figure 7.
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