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ABSTRACT

Retrieval-augmented generation (RAG) of large language models (LLMs) has re-
cently attracted significant attention owing to their ability to address knowledge
gaps in generating reliable answers for specific questions. Existing RAG ap-
proaches typically optimize the knowledge processing by filtering out irrelevant
or incorrect information and restructuring it for model input, improving the accu-
racy of answers to given questions. A general approach in doing so is to combine
the retrieved knowledge with the input inquiry, which are then fed into the LLM
to produce an answer. This approach requires the LLM to have strong knowl-
edge comprehension and reasoning capabilities to effectively utilize the useful
information, which may lead to errors when it fails to correctly interpret relevant
knowledge. In this paper, we propose a novel approach to augmenting LLMs with
external knowledge attention for question answering (QA), where the attention
is functionalized as an extra head that integrated with the internal heads used in
LLMs. We develop a memory-based mechanism that dynamically controls the
degree of knowledge integration with the extra head based on the relationship
between the question and the retrieved knowledge, and allows for differentiated
fusion of external knowledge and LLM ability at its different layers. Experiments
on both general and specific-domain QA tasks demonstrate the effectiveness of
our approach, highlighting its potential to optimize LLMs for similar challenges.

1 INTRODUCTION

Recently, large language models (LLMs) (Ouyang et al., 2022; [Touvron et al., [2023; [Chiang et al.,
2023; |OpenAll 2023} [Taori et al., |2023) have achieved remarkable success in artificial intelligence
(AI). One essential reason for this effectiveness is the capability of LLMs to learn various types
of knowledge—such as linguistic structures and commonsense reasoning—from large-scale labeled
and unlabeled data. Therefore, LLMs follow human instructions to complete a wide range of tasks,
particularly question-answering (QA). However, when relying solely on the knowledge learned by
the LLM from massive data is insufficient to generate reliable answers, the performance of LLMs
always degrade. Such situation constantly arises with the rapidly evolving or highly specialized
knowledge, making it challenging for the LLM to provide accurate and up-to-date responses. To
this end, integrating new knowledge becomes crucial to help LLMs generating appropriate answers
for input questions.

To address the aforementioned situation, retrieval-augmented generation (RAG) (Baek et al.l[2023bj
Sun et al., 2023 |Asai et al.l 2023; Xiong et al., | 2024) has been proven to be a feasible solution,
which generally retrieve knowledge relevant to the input from existing knowledge bases or docu-
ments and use this information to instruct LLMs in generating responses. Because the results of
knowledge retrieval may contain noise or irrelevant information, most studies focus on further opti-
mizing the retrieved knowledge to improve RAG performance (Xiong et al., 2024} Fang et al.,2024;
Shi et al.| [2024). For example, Zhu et al.|(2024) propose a mechanism to filter out content in the re-
trieval results that is irrelevant or misleading to current questions; Xu et al.|(2024) design a rewriting
module to refine the retrieved knowledge. These approaches generally apply a string concatenation
operation to the retrieved knowledge and the LLM’s input (e.g., the question), resulting in a less con-
verged integration of knowledge and LLMs, so that requiring LLMs to have a strong understanding
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Figure 1: The overall architecture of our approach for QA. The left part illustrates the knowledge
attention to encode knowledge; the middle presents the memory module to assign weights to the
encoded knowledge for various LLM layers; the right shows the [-th layer in the LLM.

and commonsense reasoning abilities to effectively utilize the knowledge. Consequently, there is a
risk that errors in the process of understanding or reasoning may lead to incorrect usage of knowl-
edge. Consider that existing research in text representation learning indicates that using vectorized
representations have better ability in fusing different pieces of information (Pennington et al., [2014;
Devlin et al., 2019a; Brown et al.| [2020; |Ouyang et al., |2022)), it is expected to have an advanced
augmentation strategy for LLMs with an appropriate form of knowledge inputs.

In this paper, we propose a novel RAG-based approach for QA tasks, which vectorizes the re-
trieved knowledge and deeply integrates it into the decoding process of the LLM. Specifically, we
propose an external knowledge attention mechanism within the multi-head attention of each LLM
layer, which is designed to fuse the encoded knowledge with the model’s representations at differ-
ent layers, enabling more effective utilization of external information. Furthermore, we propose a
memory-based mechanism that dynamically controls the degree of knowledge fusion based on the
relationship between the question and the retrieved knowledge, which allows for differentiated and
deeper knowledge integration at various layers, enhancing the LLM’s capability to generate accu-
rate answers. We run experiments on English benchmark QA datasets in the general and medical
domain, where our approach outperforms existing studies and demonstrates its effectiveness in im-
proving model performance by efficiently integrating essential knowledge.

2 THE APPROACH

Given an input question X’ and the extracted knowledge S, our approach aims to generate the rel-
evant answer ). To achieve this, we employ a knowledge attention mechanism fx 4 to encode the
retrieved knowledge. The knowledge attention serves as an additional head within the multi-head at-
tention framework of each layer in the LLM. This specialized head processes the encoded knowledge
representations and integrates them with the outputs of the other attention heads, thereby facilitat-
ing a deep fusion of knowledge and the LLM. This mechanism enables the model to effectively
combine external knowledge, enhancing its ability to generate accurate and contextually relevant
responses. Additionally, we utilize a memory module f3; to compute the weights for integrating
knowledge across different layers of the LLM. The memory module determines the significance of
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each knowledge instance at each layer, allowing for differentiated and nuanced integration of vari-
ous information. The overall architecture of our approach is illustrated in Figure ??, where the left
side presents the knowledge attention and the right side highlights the memory module as well as
the LLM for answer generation. Therefore, our approach is formally represented as:

Y= fx-rom(X, fu(fr(S))) (H

In the following sections, we first introduce the knowledge attention mechanism, followed by the
memory module, and finally describe the knowledge fusion approach with knowledge attention.

2.1 KNOWLEDGE ATTENTION

The purpose of the knowledge attention mechanism is to fuse the encoded knowledge with the LLM,
thereby guiding it to generate reliable and accurate answers. Consider that different knowledge
instances may contribute variably to the generation of responses, we adopt a weighted approach
to dynamically and selectively utilize different pieces of knowledge. This strategy minimizes the
impact of potentially irrelevant or noisy information on the final answer. The knowledge attention
mechanism comprises two main components: a knowledge encoder and an attention module. The
knowledge encoder fx 4 is responsible for encoding the retrieved knowledge S, which typically
consists of a diverse set of knowledge instances that may vary in their representation formats, such as
full-text articles or multiple-word entities. For knowledge instances presented in article or paragraph
form, we directly utilize a pre-trained encoder (e.g., BERT (Devlin et al.| [2019b))) to encode the text.
This leverages the encoder’s strong capabilities in capturing semantic and contextual information
from continuous text. For knowledge instances consisting of multiple words or entities, we first
concatenate these words into a coherent sentence. This concatenated sentence is then passed through
the same pre-trained encoder to obtain a unified representation. Since these knowledge instances
do not possess an inherent sequential order, we omit positional embeddings during the encoding
process.

Specifically, for each knowledge instance s,, € S, the encoding process is as follows:
hy = frea(s) 2)

where h¥ € R? represents the encoded vector of the u-th knowledge instance, and d is the di-
mensionality of the encoder’s hidden states. By encoding each knowledge instance individually, we
obtain a set of vector representations:

HS = {h{ hy, ... h3} 3)
where U is the number of knowledge instances.

Once the knowledge instances are encoded, the attention module processes these representations
to determine their relevance and importance in the context of the input question X'. The attention
module operates as follows: We project the encoded knowledge matrix H” into query Q°, key K*°,
and value V*° matrices using learnable projection matrices W@, WK and W=V | respectively:

QS _ HSWS’Q, KS — HSWS’K, VS _ HSWS’V (4)
We compute the attention weights A using the scaled dot-product attention mechanism:
S KS T
A% = softmax (Q()> 6)
Vg

where dj, is the dimensionality of the key vectors. The attention weights are then applied to the
value matrix to obtain the weighted knowledge representations H'®:

H'S = ASV?® (6)

2.2 MEMORY-BASED KNOWLEDGE HEAD WEIGHTING

Building on the observation that different layers of LLMs process distinct types of information,
we propose a memory module to determine the optimal layers for integrating external knowledge.
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Intuitively, for various questions, the parameters that activate the relevant knowledge to generate
accurate answers should vary, influenced by the depth of the LLM layers. To achieve this, our mem-
ory module assigns different weights to the integration of knowledge at each layer, ensuring that the
most pertinent knowledge is utilized effectively where it is most relevant within the model’s archi-
tecture. The memory module employs multiple memory vectors, each corresponding to a specific
layer of the LLM. Let m; denote the memory vector for the [-th layer, where [ = 1,2,...,L and
L is the total number of layers in the LLM. These memory vectors encapsulate the characteristics
of knowledge integration specific to each layer, enabling the module to assess the relevance of each
knowledge instance dynamically. To calculate the integration weight for a knowledge instance s,, at
layer [, firstly, we compute the average vector of the knowledge instance’s representation h with all
input vectors at layer [. This average vector captures the contextual alignment between the knowl-
edge instance and the information being processed at that layer. Second, we calculate the cosine
similarity s; ,, between this average vector and the corresponding memory vector my;:

s
Sl = % (7)
[ | - ffo |

This cosine similarity score s, ,, quantifies the degree to which the knowledge instance s,, is relevant
to the information processed at layer [. A higher similarity indicates a stronger relevance, suggest-
ing that the knowledge instance should be more heavily integrated at that layer. Subsequently, we
multiply each knowledge instance’s vector h by its corresponding similarity score s; ., effectively
weighting the knowledge instances based on their relevance to the specific layer. These weighted
vectors are then concatenated to form the knowledge matrix Hf for layer [:

H} = [s;:hY, s2hf, ..., suhy] (8)

The matrix Hf encapsulates the weighted knowledge information tailored for integration at layer /.
This matrix is then processed through Eq. (9), allowing it to be seamlessly fused with the LLM’s
representations at the corresponding layer.

2.3 RETRIEVAL AUGMENTATION FOR LLM WITH N+1 HEADS

After encoding the retrieved knowledge, we integrate it into the LLM by treating the knowledge
attention as an additional knowledge head, which operates alongside the existing heads in each
layer’s multi-head attention module of the LLM, separately processing the encoded knowledge and
the input question before fusing their outputs. The motivation for introducing an extra head stems
from the design of multi-head attention, where each head captures different aspects of the input
(Vaswanti et al.l 2017). Knowledge can be viewed as an implicit facet of the input, allowing it to
be encoded alongside other aspects of the input question. This alignment with the original intent of
multi-head attention facilitates a natural fusion of knowledge with the LLM.

Specifically, in the [-th layer, we employ the standard multi-head attention procedure by concate-
nating the output from the knowledge head, H;S , with the outputs from the standard heads. The
process is formulated as

H;* =Norm (FFN (H° @ (H* , ;@ H ;@ --- @ HY | y))) )

where H;¥ 117 H* 1, are the output of the N heads in the LLM. This concatenated matrix is
then passed through the transformer’s feed-forward and normalization layers to produce the output
HlX , which serves as the input to the (I + 1)-th layer. We perform the same process for all layers
and obtain the HX for the last layer. Finally, we feed the last vector in H- into a softmax classifier
to predict the tokens in the answer.

3 EXPERIMENT SETTINGS

3.1 DATASETS

Following previous studies, we evaluate our approach on knowledge-intensive reasoning tasks. We
utilize five question-answering (QA) datasets: CWQ (Talmor & Berant, 2018)), GrailQA (Gu et al.,
2021), QALDI10 (Perevalov et al., 2022), WebQSP (Yih et al.},[2016), and Simple Questions (Bordes
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Table 1: The statistics of the datasets used in the experiments. “SQ” and “CF” are abbreviations for
Simple Questions and CounterFact datasets.

| CWQ GRAILQA QALD10 WEBQSP | SQ || MEDMCQA MEDQA PUBMEDQA || CF
TRAIN 1.8K 53.8K 0.4K 2.6K | 19.5K 182.8K 10.2K 24.6K 17.9K
DEV 2K 7.0K - 2.8K 4.2K 1.3K 1.5K 2.0K
TEST 2K 3.5K 0.4K 1.4K 5.6K 6.2K 1.3K 1.5K 2.0K

et al.| 2015), where the last one is a single-hop QA dataset and the other four are multi-hop QA
datasets. In addition, to evaluate our approach in broader contexts, we include QA datasets from the
medical domain and one dataset with counterfact settings (i.e., the CounterFact dataset Meng et al.
(2022)), where we utilize four medical datasets, namely, MedMCQA (Pal et al.|[2022), MedQA (Jin
et al., 2020), and PubMedQA (Jin et al., 2019). Following existing studies (Meng et al., 2022; Das
et al.l [2024), we use the first 2,000 instances in CounterFact as the test set, and the 90% and 10%
of the remaining ones as the training and development sets, respectively. For other datasets, we use
the official train/dev/test splits of them. For multilingual datasets, we only use the English part. The
number of examples in train/dev/test is illustrated in Table|T]

For the knowledge base, for general domain QA datasets, we use the WikiData knowledge base
(Vrandeci¢ & Krotzschl [2014]); for the medical datasets, we follow Xiong et al.[(2024) and utilize the
combination of PubMe StatPearl medical Textbooks (Jin et al., 2020), and Wikipedi as the
knowledge base. To perform models on the CounterFact, we regard all CounterFactual statements
in the dataset as the knowledge base and prompt LLM to perform text completion to finish the task.

3.2 BASELINES

In the experiments, we run three baselines, namely, “Base”, “+RAG”, “+RAG+M”. “Base” denotes
the approach where we directly fine-tune the LLM on the training data without using RAG. “+RAG”
utilizes RAG when performing the task, where the knowledge instances are directly concatenated
with the input text to instruct the LLM to produce the response. The LLM is also fine-tuned in
this case. “+RAG+M” refers to the approach that utilizes the knowledge encoder and the memory
module (M) in our approach to perform the task, where the knowledge representation is directly
concatenated with the output of each multi-head attention layer and the resulting matrix is fed into
the next layer to process following the standard process. Compared with our approach, this approach
does not utilize the knowledge attention to encode the knowledge. Following the notation, our
approach is denoted as “+RAG+M+KA”.

3.3 IMPLEMENTATION DETAILS

Since a good text representation is highly important to achieve outstanding performance for many
NLP tasks, in the experiments, we use well-known pre-trained LLMs for the knowledge encoder and
the LLM. Specifically, we use the base version of BERT |Devlin et al.| (2019a) and the chat version
of LLaMA-2 [Touvron et al.| (2023)), as the knowledge encoder and the LLM, respectively. For both
models, we follow their default hyper-parameter settings. The BERT model contains 12 layers of
multi-head attention (MHA) with 768-dimensional hidden vectors; For LLaMA-2, we use the 7B
and 13B versions, where the 7B version has 32 layers of MHA with 4,096-dimensional hidden
vectors, and the 13B version contains 40 layers of MHA with 5,120-dimensional hidden vectors.

To obtain the knowledge, for general domain QA and CounterFact datasets, we follow [Sun et al.
(2023)) to extract the knowledge instances for different input text. For the medical domain QA
datasets, we follow [Xiong et al.| (2024) to employ MedCPT["| (Jin et al., 2023)) to extract knowledge
instances since they achieve good performance in the experiments. In evaluation, we use F1 for
GrailQA, QALD10, and WebQSP; we employ the accuracy as the metric for all other datasets; The
size of the retrieved knowledge instance is set to 10. We try the combinations of different hyper-

'"https://pubmed.ncbi.nlm.nih.gov/
https://www.statpearls.com/
*https://huggingface.co/datasets/wikipedia
*nttps://huggingface.co/ncbi/MedCPT-Query-Encoder
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Table 2: The average performance of different models on the general domain QA

APPROACH | CWQ GRAILQA QALD10 WEBQSP | SQ
LLAMA-2 (7B) 64.0 75.8 48.4 77.0 75.7
+ RAG 65.2 77.1 49.6 78.1 76.7
+ RAG+M 66.4 78.2 50.4 79.1 77.6
+ RAG + M + KA 67.6 79.2 51.7 80.0 78.4
LLAMA-2 (13B) 68.0 79.5 52.2 80.7 79.4
+ RAG 69.0 81.1 53.4 82.0 80.5
+ RAG +M 70.2 82.1 54.7 82.8 81.4
+RAG+M+ KA | 71.6 83.3 56.0 84.1 82.7

Table 3: Model performance on medical domain QA and CounterFact dataset.

Approach | MedMCQA MedQA MMLU-Med PubMedQA || CF
LLaMA-2 (7B) 53.0 68.4 67.1 65.5 59.7
+ RAG 54.2 69.8 68.3 66.4 60.8
+ RAG+M 55.0 70.4 69.2 67.6 61.5
+ RAG + M + KA 56.0 71.2 70.1 68.3 62.5
LLaMA-2 (13B) 55.2 69.6 68.3 66.7 61.8
+ RAG 56.3 70.8 69.6 67.7 62.9
+ RAG+M 57.2 71.6 70.2 68.4 63.7
+ RAG + M + KA 57.8 72.3 71.1 69.1 64.2

parameters for each model and choose the one achieving the highest accuracy on the development
set in the final experiments. We run each model three times with different random seeds and report
the average and standard deviation. In training, all parameters are updated, including the ones in
BERT and LLaMA.

4 RESULTS AND ANALYSIS

4.1 OVERALL RESULTS

We run experiments with baselines and our approach using LLaMA-2 (7B) and LLaMA-2 (13B) on
the benchmark datasets. The average performance of three runs of different models are reported in
Table [2| and Table [3} where the former table presents the results in the general domain and the latter
shows the results in the medical and CounterFactual datasets. There are several observations.

First, compared with the vanilla model, the one with RAG (i.e., “+ RAG”) achieves better perfor-
mance, which indicates that the vanilla LLaMA models require extra knowledge to appropriately
answer these questions. Second, when the memory module is added on top of RAG, consistent
improvements are observed on all datasets. These results indicate that it is essential to distinguish
the contribution of different knowledge instances to the task. Third, our approach with RAG, mem-
ory, and the gate achieves the best performance on all datasets, which indicates the effectiveness
of our approach to working with various pre-trained LLMs. The observation further confirms that
the memory module and the gate mechanism work with each other. And it is crucial to not only
distinguish the noise in the knowledge instances but also control the knowledge that is integrated
into the LLM.

We further compare our best-performing model with previous studies on the test set of different
datasets. We report the results on general domain QA in Table ] and present the results on the
medical domain QA in Table [5| The approaches that use LLM and RAG are marked by { and {,
respectively, and the approaches fine-tuned on the training set are marked by *. For the medical QA,
we also present the performance of in-domain LLM (e.g., Med-PaML 2 (Singhal et al.| [2023))) for
reference. It is observed that our approach outperforms most previous studies with general domain
LLMs on most datasets. Particularly, our approach outperforms previous studies (Sun et al., 2023;
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Table 4: Comparison with existing studies on general domain QA. * marks the approach where the
model is optimized on the training data. § marks the approach uses LLM. I marks the approach that
uses non-open-sourced LLMs (e.g., GPT-4).

Approach \ CWQ GrailQA QALD10 WebQSP \ SQ
xDas et al.| (2021) 70.0 - - 76.1 -
{Borroto et al. (2022) - - 454 - -
fiYu et al.[(2022) 70.4 78.7 - 78.8 -
Shu et al.[(2022) - 75.3 - 78.9 -
*xfGu et al.| (2023)) - 81.7 - 79.6 -
{Baek et al. (2023a) - - - 65.3 85.8
13Sun et al.|(2023) 69.5 814 53.8 82.6 66.7
Ours \ 71.6 83.3 56.0 84.1 \ 82.7

Table 5: Comparison with existing studies on medical domain QA. * marks the approach where the
model is optimized on the training data. T marks the approach uses RAG. I marks the approach that
uses non-open-sourced LLMs (e.g., GPT-4).

Approach \ MedMCQA MedQA MMLU-Med PubMedQA
1iSinghal et al.| (2023) 72.3 86.5 - 81.8
Touvron et al.[(2023) 36.3 35.2 46.3 -
TiJeong et al.[(2024) 44.0 48.6 57.2 -
t1Xiong et al.[(2024) 58.0 67.4 75.5 67.8
Ours \ 57.8 72.3 71.1 69.1

Jeong et al.l |2024)) that leverage RAG to enhance general domain LLMs with the knowledge to
answer the questions. This further presents that using the memory plugin and the gate module to
selectively leverage the knowledge is important for producing better results. Besides, our approach
fails to outperform the medical domain LLMs (e.g., Med-PaML 2 (Singhal et al.l |2023)) on the
medical QA datasets since these models are trained and tuned on large-scale medical data and they
are able to learn the medical knowledge directly and thus show better performance.

4.2 THE EFFECT OF KNOWLEDGE ATTENTION

To explore the role of the Knowledge Attention mechanism, we conducted experiments using
LLaMA-2 (13B) under the following settings: (1) Equal Attention Weights: All attention weights
are assigned the same value, effectively removing the attention mechanism. In this setup, all knowl-
edge instances are treated equally without distinction. (2) Without Knowledge Attention: Instead
of constructing an additional knowledge attention, we directly concatenate the knowledge represen-
tations with the inputs to each standard transformer head, and then process them using the standard
LLM heads. We report the results of the models under different settings in Figure 2| For reference,
we also include the results of our method that utilizes the Knowledge Attention mechanism. From
the results, we can observe that the model scores under these two alternative settings are lower than
those achieved by our proposed method. Possible explanations for this performance difference are
as follows: For the first setting, since different knowledge instances are not distinguished, all knowl-
edge instances are treated equally. This lack of differentiation means that potential noise within
the knowledge cannot be identified or weighted appropriately, which may mislead the model and
result in incorrect answers. For the second setting, the standard transformer heads already focus
on processing specific aspects of the input, which do not include the external knowledge we aim
to integrate. Therefore, these heads are not adept at handling additional knowledge representations,
and cannot efficiently fuse the knowledge into the model’s internal representations. This inefficiency
leads to a slight decrease in the quality of the generated content. These results further confirm the
effectiveness of our proposed knowledge attention mechanism, which allows for a more precise
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Figure 2: Performance comparison of different knowledge attention settings using LLaMA-2 13B.
Our proposed approach with the knowledge attention achieves the best performance by effectively
integrating external knowledge.
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Figure 3: Performance comparison of different knowledge integration layers using LLaMA-2 13B.
Our proposed method with the memory module achieves the best performance by dynamically ad-
justing the integration of knowledge at different layers.

and efficient integration of external knowledge, ultimately improving the model’s performance in
generating accurate and contextually appropriate responses.

4.3 THE EFFECT OF THE LAYER TO INCORPORATE KNOWLEDGE

To investigate the impact of integrating knowledge at different layers of the LLM, we experimented
with various settings: (1) Equal All: Integrating the knowledge into all layers with equal weights.
(2) First Layer Only: Incorporating the knowledge at the first layer. (3) Middle Layers Only:
Inserting the knowledge into the middle layers (e.g., the 20-th layer of the LLaMA-2 13B with 40
layers of multi-head attentions). (4) Last Layer Only: Adding the knowledge at the last layer. We
present the results of these different configurations using LLaMA-2 13B in Figure [3] For refer-
ence, we also include the performance of our method that uses the memory module to dynamically
determine the integration weights at different layers.

From the results, we find that the other settings result in inferior model performance compared to
our proposed approach. This indicates that it is necessary to differentially integrate knowledge into
the LLM at varying degrees across layers. Moreover, we found that incorporating the knowledge
into the middle layers yields the best performance compared to integrating at the first or last layers.
A possible reason is that the initial layers of the LLM primarily focus on the superficial understand-
ing of the input content, such as lexical and syntactic features (Belinkov et al., 2017)), while the last
layers are mainly responsible for text generation and high-level abstractions. The beginning and
end layers are not primarily engaged in deep semantic understanding or the activation of relevant
external knowledge. Therefore, adding knowledge at the initial or final layers may not effectively en-
hance the model’s understanding, leading to suboptimal improvements in performance. In contrast,
the middle layers are more focused on deep content comprehension and are thus better suited for
integrating external knowledge with the input question. This integration enables the model to utilize
the knowledge more effectively, guiding it to generate more accurate and contextually appropriate
responses.

4.4 CASE STUDY

To demonstrate how our method effectively utilizes knowledge to enhance QA, we present a case
study where our approach can produce correct answers. Figure ] shows the question and the re-
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Question - -
Attention Weights

Which planet in our solar system has the largest number of moons?

A.Jupiter B.Saturn C. Uranus D. Neptune 1 |:| 2 -
3 4

Knowledge Instances :l |:|

1. Jupiter has 79 known moons, including Ganymede, the largest moon in the solar system.

2. Saturn has 82 confirmed moons, the most in the solar system as of 2023.

3. Uranus has 27 known moons, named after characters from the works of William

Shakespeare and Alexander Pope.
4. Neptune has 14 known moons, with Triton being the largest.

Figure 4: An example illustrating how our model leverages the relevant knowledge to produce the
correct answer to the question. The average knowledge attentions are visualized, with darker colors
indicating higher importance. The correct answer is highlighted in green background color.

trieved knowledge, where the gold standard is highlighted in green. Additionally, we display the
average weights assigned to different knowledge instances in our knowledge attention mechanism.
In the figure, darker colors indicate higher weights, while lighter colors represent lower weights.
From this example, we can see that our approach can effectively identify the most important knowl-
edge for answering the question and utilize it to guide the model to produce the correct answer.

5 RELATED WORK

Utilizing knowledge is essential for LLMs to process various tasks, e.g., QA, and thus attracts much
attention from existing studies. Some studies directly fine-tune LLMs on data with the required
knowledge (Chen et al} [2023; Thangarasa et al., 2023} |Sun et al., 2023)), yet it is computationally
expensive. There are studies that utilize existing resources (e.g., the knowledge base) to improve
LLM without updating the LLM’s parameters (Baek et al., |2023b; Jiang et al., 2023} |Cheng et al.,
2023; Wang et al., [2023; Hu et al2023)). They extract relevant knowledge from a knowledge base
and add it to input questions as prompts to instruct the LLM to generate appropriate responses (Asai
et al., 2023 |Baek et al.| [2023b; [Fang et al.} 2024; [Zhu et al.| |2024; [Xu et al., 2024; (Cheng et al.,
2024; Jeong et al., [2024; L1 et al.l 2024)). For example, Sun et al.| (2023) proposes an approach that
enables interactive exploration and reasoning within the graph to enhance inference processes with-
out additional training costs. |Jiang et al.[{(2023) introduces an approach to enhance LLMs’ reasoning
abilities on structured data by iteratively reading and inferring through a specialized interface, sig-
nificantly improving performance in low and zero-shot settings. There are other studies that train a
small model to better extract and leverage the knowledge (Ma et al., 2023;|Wang et al.,[2023; |Cheng
et al., [2024). Compared to existing studies, our approach optimizes the integration of knowledge
with LLMs by incorporating the retrieved knowledge into multiple layers of the LLM. We employ a
memory module and knowledge attention to differentially fuse various knowledge instances with the
LLM, allowing for a more nuanced and effective utilization of external knowledge. This layered and
differentiated integration approach enhances the model’s ability to generate reliable and accurate
answers by selectively emphasizing the most relevant knowledge at each layer.

6 CONCLUSION

In this paper, we propose an approach to enhance QA with LLM by retrieval-augmentation using an
external attention to incorporate knowledge from certain sources, where such attention serves as an
extra head that paralleled and fused with other internal heads from the LLM, so that bringing external
knowledge and LLM ability together at the parametric level. Specifically, the knowledge attention
encodes and weights knowledge inputs and is incorporated to different layers of the LLM, enabling
effective guidance on the generation of accurate and reliable answers. We evaluated our approach
on multiple benchmark QA datasets, and the results demonstrate its validity and superiority, where
it outperforms strong baselines and existing studies. Analysis on the effect of knowledge attention
and how it is fused with the LLM further confirms the effectiveness of our approach.



Under review as a conference paper at ICLR 2025

REFERENCES

Akari Asai, Zeqiu Wu, Yizhong Wang, Avirup Sil, and Hannaneh Hajishirzi. Self-rag: Learning to
retrieve, generate, and critique through self-reflection. arXiv preprint arXiv:2310.11511, 2023.

Jinheon Baek, Alham Fikri Aji, Jens Lehmann, and Sung Ju Hwang. Direct Fact Retrieval from
Knowledge Graphs without Entity Linking. In Proceedings of the 61st Annual Meeting of the
Association for Computational Linguistics (Volume 1: Long Papers), pp. 10038-10055, 2023a.

Jinheon Baek, Alham Fikri Aji, and Amir Saffari. Knowledge-Augmented Language Model Prompt-
ing for Zero-Shot Knowledge Graph Question Answering. In Proceedings of the 1st Workshop
on Natural Language Reasoning and Structured Explanations (NLRSE), pp. 78106, Toronto,
Canada, June 2023b.

Yonatan Belinkov, Lluis Marquez, Hassan Sajjad, Nadir Durrani, Fahim Dalvi, and James Glass.
Evaluating Layers of Representation in Neural Machine Translation on Part-of-Speech and Se-
mantic Tagging Tasks. In Proceedings of the Eighth International Joint Conference on Natural
Language Processing (Volume 1: Long Papers), pp. 1-10, Taipei, Taiwan, November 2017.

Antoine Bordes, Nicolas Usunier, Sumit Chopra, and Jason Weston. Large-scale simple question
answering with memory networks. arXiv preprint arXiv:1506.02075, 2015.

Manuel Borroto, Francesco Ricca, Bernardo Cuteri, and Vito Barbara. SPARQL-QA enters the
QALD challenge. In Proceedings of the 7th Natural Language Interfaces for the Web of Data
(NLIWoD) co-located with the 19th European Semantic Web Conference, Hersonissos, Greece,
volume 3196, pp. 25-31, 2022.

Tom Brown, Benjamin Mann, Nick Ryder, Melanie Subbiah, Jared D Kaplan, Prafulla Dhariwal,
Arvind Neelakantan, Pranav Shyam, Girish Sastry, Amanda Askell, et al. Language Models are
Few-shot Learners. Advances in neural information processing systems, 33:1877-1901, 2020.

Yukang Chen, Shengju Qian, Haotian Tang, Xin Lai, Zhijian Liu, Song Han, and Jiaya Jia. Lon-
gLoRA: Efficient Fine-tuning of Long-Context Large Language Models. ArXiv, abs/2309.12307,
2023.

Daixuan Cheng, Shaohan Huang, Junyu Bi, Yuefeng Zhan, Jianfeng Liu, Yujing Wang, Hao Sun,
Furu Wei, Denvy Deng, and Qi Zhang. Uprise: Universal prompt retrieval for improving zero-shot
evaluation. arXiv preprint arXiv:2303.08518, 2023.

Xin Cheng, Di Luo, Xiuying Chen, Lemao Liu, Dongyan Zhao, and Rui Yan. Lift yourself up:
Retrieval-augmented text generation with self-memory. Advances in Neural Information Pro-
cessing Systems, 36, 2024.

Wei-Lin Chiang, Zhuohan Li, Zi Lin, Ying Sheng, Zhanghao Wu, Hao Zhang, Lianmin Zheng,
Siyuan Zhuang, Yonghao Zhuang, Joseph E. Gonzalez, Ion Stoica, and Eric P. Xing. Vicuna: An
Open-Source Chatbot Impressing GPT-4 with 90%* ChatGPT Quality, March 2023.

Payel Das, Subhajit Chaudhury, Elliot Nelson, Igor Melnyk, Sarath Swaminathan, Sihui Dai, Aurélie
Lozano, Georgios Kollias, Vijil Chenthamarakshan, Soham Dan, et al. Larimar: Large Language
Models with Episodic Memory Control. arXiv preprint arXiv:2403.11901, 2024.

Rajarshi Das, Manzil Zaheer, Dung Thai, Ameya Godbole, Ethan Perez, Jay Yoon Lee, Lizhen Tan,
Lazaros Polymenakos, and Andrew McCallum. Case-based Reasoning for Natural Language
Queries over Knowledge Bases. In Proceedings of the 2021 Conference on Empirical Methods
in Natural Language Processing, pp. 9594-9611, Online and Punta Cana, Dominican Republic,
November 2021.

Jacob Devlin, Ming-Wei Chang, Kenton Lee, and Kristina Toutanova. BERT: Pre-training of Deep
Bidirectional Transformers for Language Understanding. In Proceedings of the 2019 Confer-
ence of the North American Chapter of the Association for Computational Linguistics: Human
Language Technologies, Volume I (Long and Short Papers), pp. 4171-4186, 2019a.

10



Under review as a conference paper at ICLR 2025

Jacob Devlin, Ming-Wei Chang, Kenton Lee, and Kristina Toutanova. BERT: Pre-training of Deep
Bidirectional Transformers for Language Understanding. In Proceedings of the 2019 Confer-
ence of the North American Chapter of the Association for Computational Linguistics: Human
Language Technologies, Volume 1 (Long and Short Papers), pp. 4171-4186, 2019b.

Jinyuan Fang, Zaiqiao Meng, and Craig MacDonald. REANO: Optimising Retrieval-Augmented
Reader Models through Knowledge Graph Generation. In Proceedings of the 62nd Annual Meet-
ing of the Association for Computational Linguistics (Volume 1: Long Papers), pp. 2094-2112,
Bangkok, Thailand, August 2024.

Yu Gu, Sue Kase, Michelle Vanni, Brian Sadler, Percy Liang, Xifeng Yan, and Yu Su. Beyond iid:
three levels of generalization for question answering on knowledge bases. In Proceedings of the
Web Conference 2021, pp. 3477-3488, 2021.

Yu Gu, Xiang Deng, and Yu Su. Don’t Generate, Discriminate: A Proposal for Grounding Language
Models to Real-World Environments. In Anna Rogers, Jordan Boyd-Graber, and Naoaki Okazaki
(eds.), Proceedings of the 61st Annual Meeting of the Association for Computational Linguistics
(Volume 1: Long Papers), pp. 4928-4949, Toronto, Canada, July 2023.

Nan Hu, Yike Wu, Guilin Qi, Dehai Min, Jiaoyan Chen, Jeff Z Pan, and Zafar Ali. An empirical
study of pre-trained language models in simple knowledge graph question answering. World Wide
Web, 26(5):2855-2886, 2023.

Minbyul Jeong, Jiwoong Sohn, Mujeen Sung, and Jaewoo Kang. Improving Medical Reasoning
through Retrieval and Self-Reflection with Retrieval-Augmented Large Language Models. arXiv
preprint arXiv:2401.15269, 2024.

Jinhao Jiang, Kun Zhou, Zican Dong, Keming Ye, Wayne Xin Zhao, and Ji-Rong Wen. Structgpt:
A general framework for large language model to reason over structured data. arXiv preprint
arXiv:2305.09645, 2023.

Di Jin, Eileen Pan, Nassim Oufattole, Wei-Hung Weng, Hanyi Fang, and Peter Szolovits. What
Disease does this Patient Have? A Large-scale Open Domain Question Answering Dataset from
Medical Exams. arXiv preprint arXiv:2009.13081, 2020.

Qiao Jin, Bhuwan Dhingra, Zhengping Liu, William Cohen, and Xinghua Lu. PubMedQA: A
Dataset for Biomedical Research Question Answering. In Proceedings of the 2019 Conference on
Empirical Methods in Natural Language Processing and the 9th International Joint Conference
on Natural Language Processing (EMNLP-IJCNLP), pp. 2567-2577, 2019.

Qiao Jin, Won Kim, Qingyu Chen, Donald C Comeau, Lana Yeganova, W John Wilbur, and Zhiyong
Lu. MedCPT: Contrastive Pre-trained Transformers with large-scale PubMed search logs for zero-
shot biomedical information retrieval. Bioinformatics, 39(11):btad651, 2023.

Mingda Li, Xinyu Li, Yifan Chen, Wenfeng Xuan, and Weinan Zhang. Unraveling and Mitigating
Retriever Inconsistencies in Retrieval-Augmented Large Language Models. In Findings of the
Association for Computational Linguistics ACL 2024, pp. 4833-4850, Bangkok, Thailand and
virtual meeting, August 2024.

Xinbei Ma, Yeyun Gong, Pengcheng He, Hai Zhao, and Nan Duan. Query rewriting for retrieval-
augmented large language models. arXiv preprint arXiv:2305.14283, 2023.

Kevin Meng, David Bau, Alex Andonian, and Yonatan Belinkov. Locating and editing factual
associations in GPT. Advances in Neural Information Processing Systems, 35:17359-17372,
2022.

OpenAl. GPT-4 Technical Report. arXiv preprint arXiv:2303.08774, 2023.

Long Ouyang, Jeffrey Wu, Xu Jiang, Diogo Almeida, Carroll Wainwright, Pamela Mishkin, Chong
Zhang, Sandhini Agarwal, Katarina Slama, Alex Ray, et al. Training Language Models to Follow
Instructions with Human Feedback. Advances in Neural Information Processing Systems, 35:
27730-27744, 2022.

11



Under review as a conference paper at ICLR 2025

Ankit Pal, Logesh Kumar Umapathi, and Malaikannan Sankarasubbu. Medmcqa: A large-scale
multi-subject multi-choice dataset for medical domain question answering. In Conference on
health, inference, and learning, pp. 248-260. PMLR, 2022.

Jeffrey Pennington, Richard Socher, and Christopher Manning. GloVe: Global Vectors for Word
Representation. In Proceedings of the 2014 Conference on Empirical Methods in Natural Lan-
guage Processing (EMNLP), pp. 1532-1543, Doha, Qatar, October 2014.

Aleksandr Perevalov, Dennis Diefenbach, Ricardo Usbeck, and Andreas Both. Qald-9-plus: A mul-
tilingual dataset for question answering over dbpedia and wikidata translated by native speakers.
In 2022 IEEE 16th International Conference on Semantic Computing (ICSC), pp. 229-234. IEEE,
2022.

Zhengliang Shi, Shuo Zhang, Weiwei Sun, Shen Gao, Pengjie Ren, Zhumin Chen, and Zhaochun
Ren. Generate-then-Ground in Retrieval-Augmented Generation for Multi-hop Question Answer-
ing. In Proceedings of the 62nd Annual Meeting of the Association for Computational Linguistics
(Volume 1: Long Papers), pp. 7339-7353, Bangkok, Thailand, August 2024.

Yiheng Shu, Zhiwei Yu, Yuhan Li, Borje Karlsson, Tingting Ma, Yuzhong Qu, and Chin-Yew Lin.
TIARA: Multi-grained Retrieval for Robust Question Answering over Large Knowledge Base. In
Proceedings of the 2022 Conference on Empirical Methods in Natural Language Processing, pp.
8108—8121, Abu Dhabi, United Arab Emirates, December 2022.

Karan Singhal, Tao Tu, Juraj Gottweis, Rory Sayres, Ellery Wulczyn, Le Hou, Kevin Clark, Stephen
Pfohl, Heather Cole-Lewis, Darlene Neal, et al. Towards expert-level medical question answering
with large language models. arXiv preprint arXiv:2305.09617, 2023.

Jiashuo Sun, Chengjin Xu, Lumingyuan Tang, Saizhuo Wang, Chen Lin, Yeyun Gong, Heung-
Yeung Shum, and Jian Guo. Think-on-graph: Deep and responsible reasoning of large language
model with knowledge graph. arXiv preprint arXiv:2307.07697, 2023.

Alon Talmor and Jonathan Berant. The Web as a Knowledge-Base for Answering Complex Ques-
tions. In Marilyn Walker, Heng Ji, and Amanda Stent (eds.), Proceedings of the 2018 Conference
of the North American Chapter of the Association for Computational Linguistics: Human Lan-
guage Technologies, Volume 1 (Long Papers), pp. 641-651, New Orleans, Louisiana, June 2018.

Rohan Taori, Ishaan Gulrajani, Tianyi Zhang, Yann Dubois, Xuechen Li, Carlos Guestrin, Percy
Liang, and Tatsunori B. Hashimoto. Stanford Alpaca: An Instruction-following LLaMA model.
GitHub repository, 2023.

Vithursan Thangarasa, Abhay Gupta, William Marshall, Tianda Li, Kevin Leong, Dennis DeCoste,
Sean Lie, and Shreyas Saxena. SPDF: Sparse pre-training and dense fine-tuning for large language
models. In Uncertainty in Artificial Intelligence, pp. 2134-2146. PMLR, 2023.

Hugo Touvron, Louis Martin, Kevin Stone, Peter Albert, Amjad Almahairi, Yasmine Babaei, Niko-
lay Bashlykov, Soumya Batra, Prajjwal Bhargava, Shruti Bhosale, et al. LLaMA 2: Open Foun-
dation and Fine-tuned Chat Models. arXiv preprint arXiv:2307.09288, 2023.

Ashish Vaswani, Noam Shazeer, Niki Parmar, Jakob Uszkoreit, Llion Jones, Aidan N Gomez,
Fukasz Kaiser, and Illia Polosukhin. Attention Is All You Need. In Advances in neural in-

formation processing systems, pp. 5998-6008, 2017.

Denny Vrandeci¢ and Markus Krotzsch. Wikidata: a free collaborative knowledgebase. Communi-
cations of the ACM, 57(10):78-85, 2014.

Yile Wang, Peng Li, Maosong Sun, and Yang Liu. Self-knowledge guided retrieval augmentation
for large language models. arXiv preprint arXiv:2310.05002, 2023.

Guangzhi Xiong, Qiao Jin, Zhiyong Lu, and Aidong Zhang. Benchmarking Retrieval-Augmented
Generation for Medicine. arXiv preprint arXiv:2402.13178, 2024.

12



Under review as a conference paper at ICLR 2025

Shicheng Xu, Liang Pang, Mo Yu, Fandong Meng, Huawei Shen, Xueqi Cheng, and Jie Zhou. Unsu-
pervised Information Refinement Training of Large Language Models for Retrieval-Augmented
Generation. In Proceedings of the 62nd Annual Meeting of the Association for Computational
Linguistics (Volume 1: Long Papers), pp. 133—145, Bangkok, Thailand, August 2024.

Wen-tau Yih, Matthew Richardson, Chris Meek, Ming-Wei Chang, and Jina Suh. The Value of
Semantic Parse Labeling for Knowledge Base Question Answering. In Proceedings of the 54th
Annual Meeting of the Association for Computational Linguistics (Volume 2: Short Papers), pp.
201-206, Berlin, Germany, August 2016.

Donghan Yu, Sheng Zhang, Patrick Ng, Henghui Zhu, Alexander Hanbo Li, Jun Wang, Yiqun Hu,
William Yang Wang, Zhiguo Wang, and Bing Xiang. DecAF: Joint Decoding of Answers and
Logical Forms for Question Answering over Knowledge Bases. In The Eleventh International
Conference on Learning Representations, 2022.

Kun Zhu, Xiaocheng Feng, Xiyuan Du, Yuxuan Gu, Weijiang Yu, Haotian Wang, Qianglong Chen,
Zheng Chu, Jingchang Chen, and Bing Qin. An Information Bottleneck Perspective for Effective
Noise Filtering on Retrieval-Augmented Generation. In Proceedings of the 62nd Annual Meet-
ing of the Association for Computational Linguistics (Volume 1: Long Papers), pp. 1044-1069,
Bangkok, Thailand, August 2024.

13



	Introduction
	The Approach
	Knowledge Attention
	Memory-based Knowledge Head Weighting
	Retrieval Augmentation for LLM with N+1 Heads

	Experiment Settings
	Datasets
	Baselines
	Implementation Details

	Results and Analysis
	Overall Results
	The Effect of Knowledge Attention
	The Effect of the Layer to Incorporate Knowledge
	Case Study

	Related Work
	Conclusion

