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Abstract

Large-scale pre-trained models (PTMs) have
been widely used in document-oriented NLP
tasks, such as question answering. However,
the encoding-task coupling requirement results
in the repeated encoding of the same documents
for different tasks and queries, which is highly
computationally inefficient. To this end, we tar-
get to decouple document encoding from down-
stream tasks, and propose to represent each
document as a plug-and-play document mod-
ule, i.e., a document plugin, for PTMs (PlugD).
By inserting document plugins into the back-
bone PTM for downstream tasks, we can en-
code a document one time to handle multiple
tasks, which is more efficient than conventional
encoding-task coupling methods that simulta-
neously encode documents and input queries
using task-specific encoders. Extensive exper-
iments on 8 datasets of 4 typical NLP tasks
show that PlugD enables models to encode doc-
uments once and for all across different sce-
narios. Especially, PlugD can save 69% com-
putational costs while achieving comparable
performance to state-of-the-art encoding-task
coupling methods. Additionally, we show that
PlugD can serve as an effective post-processing
way to inject knowledge into task-specific mod-
els, improving model performance without any
additional model training. Our code and check-
points can be found in https://github.com/
thunlp/Document-Plugin.

1 Introduction

In recent years, large-scale pre-trained models
(PTMs) (Devlin et al., 2019; Raffel et al., 2020)
have been widely adopted and achieved break-
through performance for document-oriented NLP
tasks, such as question answering. However, due
to the tight coupling of document encoding and
concrete tasks, PTMs have to dynamically gener-
ate document representations according to specific
tasks and queries, leading to the repeated encoding
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Figure 1: Illustration of plug-and-play document mod-
ules. Document encoding is decoupled from concrete
tasks. By plugging document plugins into task-specific
models, we can handle multiple tasks such as question
answering, fact verification, and slot filling.

of the same documents in different applications.
For example, Wikipedia documents are commonly
used in various knowledge-intensive tasks such as
question answering (Chen et al., 2017), fact verifi-
cation (Thorne et al., 2018), and dialogue genera-
tion (Dinan et al., 2019). In this case, existing meth-
ods separately encode one document for each task
or even for each input query (e.g., a question for
question answering, a claim for fact verification),
making them highly computationally inefficient.
To this end, it raises a natural question: can we
decouple document encoding from concrete tasks,
encoding documents only once and with guaran-
teed transferability across multiple tasks?

For this question, we propose a novel framework
based on PTMs to decouple document encoding
from tasks, named PlugD. Specifically, PlugD in-
corporates plug-and-play modules to store docu-
ment information and utilizes a PTM backbone to
capture information from plugins for task reason-
ing. As shown in Figure 1, documents are encoded
into pluggable plugins once and for all before task
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adaptation. The semantics and knowledge of doc-
uments can be injected into task-specific models
by plugging document plugins. During task rea-
soning, the task-specific models can activate the
information encoded in the document plugins to
handle the input queries. In this way, PlugD can
decouple the document encoding from downstream
task reasoning and reduce the computation costs.

For representing documents as pluggable mod-
ules, there are two main challenges: (1) Plugin
learning: The document plugins must be effec-
tive for various downstream tasks, requiring them
to contain sufficient semantics and knowledge.
(2) Plugin utilization: Once the document plugins
are ready, it is important for task-specific models to
capture relevant information from them effectively
for task reasoning.

As for plugin learning, we adopt a self-
supervised method, which requires document plu-
gins to provide sufficient knowledge for the PTM
to make predictions. Specifically, for each docu-
ment, we first randomly select parts of sentences as
a query and use the remaining sentences as context
to learn plugins. Then, after encoding the context
into plugins, the model is required to recover the
masked recurring spans or generate the next sen-
tences for the query based on the plugin knowledge.

As for plugin utilization, we propose two strate-
gies to utilize document plugins for downstream
tasks: plugging during tuning and plugging after
tuning'. For plugging during tuning, document plu-
gins are utilized in both tuning and inference stages.
Task data and document plugins are combined to-
gether to train task-specific models. For plugging
after tuning, document plugins are only utilized in
the inference stage to provide external knowledge.
Document plugins are adopted as a post-processing
way to inject knowledge into task-specific models
without additional training.

To verify the effectiveness of our plug-and-play
framework, we adopt Wikipedia as our document
collection and conduct experiments on 8 datasets
of 4 typical knowledge-intensive NLP tasks. The
results show that we can generate document plug-
ins once and successfully adapt plugins to various
downstream tasks. Compared to competitive base-
lines that encode documents and task-specific in-
puts simultaneously, our plugin-based method can
save 69% computational costs with comparable

"Here tuning refers to tuning PTMs for downstream tasks,

including full-parameter fine-tuning and parameter-efficient
tuning.

performance. Besides, utilizing document plug-
ins works as an effective post-processing approach
to introducing the knowledge of documents into
task-specific models and achieving performance
improvements without model training. We argue
that with the current trend of increasing the model
size of PTMs, decoupling document encoding from
concrete tasks like PlugD can be a promising di-
rection that enables large PTMs to effectively and
efficiently serve diverse downstream tasks.

2 Related Work
2.1 Plug-and-Play Modules for PTMs

Recent PTMs have shown to be effective in var-
ious downstream tasks (Devlin et al., 2019; Liu
etal., 2019; Raffel et al., 2020; Radford et al., 2018;
Brown et al., 2020; Han et al., 2021; Chowdhery
et al., 2022). However, training and tuning large-
scale PTMs for ever-increasing tasks is expensive
in computation and storage. To address this issue,
building plug-and-play modules with various capa-
bilities for PTMs has received increasing attention
recently. For instance, parameter-efficient tuning,
which is also known as delta tuning, is proposed to
perform task adaptation by fine-tuning only small
amounts of parameters and keeping other parame-
ters fixed (Zaken et al., 2022; Houlsby et al., 2019;
Lester et al., 2021; Liu et al., 2021; Hu et al., 2021;
Ding et al., 2022). The task-specific modules pos-
sess play-and-play characteristics and can effec-
tively inject task ability into PTMs. Besides, some
researchers explore combining pluggable modules
with large-scale PTMs for efficient controllable
text generation (Dathathri et al., 2020; Madotto
et al., 2020; Pascual et al., 2021), domain adap-
tation (Chronopoulou et al., 2022; Pfeiffer et al.,
2020), information retrieval (Shi et al., 2023; Yu
et al., 2023), knowledge injection (Zhang et al.,
2023), model debias (Lauscher et al., 2021), and
model integration (Xu et al., 2023; Alayrac et al.,
2022). Owing to the powerful abilities of large-
scale PTMs, these modules can effectively activate
the model’s capabilities with limited parameters.
Different from previous functional modules, we at-
tempt to build document plugins to provide knowl-
edge and context information for PTMs.

2.2 Language Representation Learning

Language representation learning is a fundamen-
tal NLP task (Bengio et al., 2013; Devlin et al.,
2019; Radford et al., 2018) that aims to effectively
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represent rich semantics distributed in text and ben-
efit various downstream tasks. Previous efforts
attempt to map the language inputs into interme-
diate distributed features, such as word embed-
dings (Mikolov et al., 2013; Kiros et al., 2015;
Pennington et al., 2014; Peters et al., 2018), sen-
tence embeddings (Conneau et al., 2017; Reimers
and Gurevych, 2019; Gao et al., 2021), and doc-
ument embeddings (Dai et al., 2015; Wu et al.,
2018), which are further used as inputs of down-
stream task-specific models to generate the final
task-specific document representations. Further-
more, some researchers make preliminary explo-
ration to decouple document encoding from tasks
by freezing the part of layers of document en-
coders (Du et al., 2020; Saad-Falcon et al., 2022).
But these works only achieve semi-decoupling of
document encoding from tasks, and can only be
used for the plugging during tuning setting.
Notably, many efforts have been devoted to ex-
ploring the effective architectures, such as sparse
attention, of PTMs to encode long documents (Belt-
agy et al., 2020; Zaheer et al., 2020; Zhang et al.,
2021; Mehta et al., 2022; Tay et al., 2022). These
works are parallel to ours, and we can adopt sparse-
attention layers to further improve efficiency.

3 Methodology

In this section, we will first present the paradigm de-
scription and the overall framework of PlugD Then
we introduce the self-supervised plugin learning
method to make document plugins contain suffi-
cient semantics and two strategies about how to
utilize document modules.

3.1 Plug-and-Play Document Modules

In this paper, we focus on decoupling document
encoding with specific tasks. Different from
encoding-task coupling methods which simulta-
neously encode the documents and task-specific
queries, PlugD aims to encode documents once
and for all before task adaptation. Specifically,
given a PTM backbone M and a document d, we
first use the PTM to encode the document into a
task-agnostic pluggable module, D, i.e., a docu-
ment plugin. Equipped with the document plugin,
the PTM is injected into the corresponding docu-
ment knowledge. Then we adopt task data to tune
the PTM to obtain task-specific models. During
inference, we can quickly obtain predictions for
an input query by inserting the relevant document

plugin into the task-specific models, avoiding re-
encoding the document.

3.2 Overall Framework

As shown in Figure 1, we design PlugD, which
consists of three components: a PTM backbone,
document plugins that provide document knowl-
edge, and task-specific models derived from the
PTM to handle specific tasks. We will present
these components below.

PTM Backbone. PTMs have been proven ef-
fective in a wide range of downstream tasks, and
raise a paradigm shift to solve multiple tasks with
one unified model (Bommasani et al., 2021; Brown
et al., 2020; Chowdhery et al., 2022). In view of
this, we further explore the decoupling of document
encoding and tasks, unifying document represen-
tations across tasks. PlugD relies on a large-scale
PTM, which can serve as a fundamental infrastruc-
ture to learn plugins from documents and as an ini-
tialization for task-specific models. Note that, for
our framework, any PTM with large-scale parame-
ters can be used as the backbone. Specifically, we
adopt a widely-used sequence-to-sequence PTM,
T5 (Raffel et al., 2020), in this paper. As the pre-
training objectives of the PTM do not involve the
document plugins, we further conduct plugin learn-
ing for the PTM so that it can generate and utilize
document plugins. The training tasks are intro-
duced in the following sections.

Document Plugin. Document plugins store doc-
ument knowledge and are obtained before utilizing
these documents for specific tasks. Inspired by re-
cent progress in model interpretation (Petroni et al.,
2019; Jiang et al., 2020; Roberts et al., 2020; Dai
et al., 2022; Mitchell et al., 2022), which claims
that the parameters of PTMs store vast amounts
of knowledge, we propose to encode the seman-
tics and knowledge of documents into pluggable
parameters. In this way, when the document plugin
is inserted into the PTM, the PTM is empowered
with the corresponding document knowledge.

Inspired by prefix-tuning (Li and Liang, 2021),
we represent documents as prefix tokens for at-
tention layers. When the document plugin is in-
serted into the backbone, we concatenate the cor-
responding prefix tokens with the hidden vectors
of task-specific queries in attention layers to pro-
vide document knowledge. Specifically, given a
document d with L, tokens, we first encode the
document with the PTM to get the raw document
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Figure 2: The illustration

representations Hy; = {hi,...,h,}. Then, we
adopt a mapping network to project the representa-
tion vectors into prefix tokens: Py = {p1,...,pr,},
where p; = h; + MLP(h;). The prefix tokens
are further inserted into the attention layers. Let
H, = {h{,...,h] } denote the hidden vectors of
query in the attention layer. We calculate the atten-
tion output as follows:
H] = Attn(H W, cat( Py, Hy) Wy, cat(Py, Hy)W,,),
(€]
where W,, W}, and W, are trainable parame-
ters for the self-attention layer. Then H{ is fed
into the feed-forward layer as the original Trans-
former (Vaswani et al., 2017) layer.

Different from encoding documents during task
adaptation or inference, prefix tokens do not in-
volve the computation of feed-forward layers.
Moreover, to better integrate the semantics of doc-
uments and queries for handling tasks, document
plugins are only inserted in the near-top layers of
the PTM backbone. Therefore, these document plu-
gins in the form of prefix tokens only increase lim-
ited computational requirements, whereas PlugD
can achieve a significant computational speedup as
a result. Due to the high storage requirement of
adding different prefix tokens to different attention
layers, we share P, for all attention layers. Note
that, we can also utilize other model structures,
such as bias parameter (Zaken et al., 2022) and
LoRA (Hu et al., 2021), to represent documents in
PlugD, which we leave for future work.

Task-specific Models. Task-specific models are
derived from the PTM backbone and tuned on the
supervised task data to obtain task reasoning abil-
ity. During downstream tuning, we freeze the doc-
ument plugins, and only the task-specific models
and the mapping network of the document plugins
are trainable so that the document plugins can be
reused across different tasks. We adopt two train-
ing methods for task-specific models, including
vanilla full-parameter fine-tuning and parameter-

<X> Shakespeare <y>
Anne Hathaway ...

After the marriage Anne
gave birth to ...

At the age of 18, Shake-
speare married Anne ...

At the age of 18, <X>
married <Y> ...

Next Sentece
Generation

Recurring Span
Prediction

of PlugD in plugin learning.

efficient tuning (PET). Note that, deploying large-
scale PTMs with full-parameter fine-tuning will
lead to exacerbated computational and storage bur-
dens for multi-task scenarios. Thus, it is worth
exploring PlugD with PET for efficient task adap-
tion in real-world applications.

Both two training methods adopt task-specific
objectives to optimize the parameters. Fine-tuning
optimizes all parameters of the PTM backbone,
while parameter-efficient tuning only optimizes
parts of the parameters and keeps other parame-
ters frozen. Specifically, we adopt adapters for
parameter-efficient tuning (Pfeiffer et al., 2021).
Given the hidden vector h € R?, where d is the
hidden size, the output of the adapter layer is cal-
culated as:

hout = h + ¢(thown)Wup, 2

where Wyown € R, Wy € R™4 and r < d
refer to the bottleneck dimension.

Computational Complexity. PlugD encodes
the documents before task adaptation and thus can
reduce the computation costs. In this paragraph,
we discuss the computational complexity of PlugD
in detail. Assume the lengths of the query and
document are L, and L, respectively. For the
traditional encoding-task coupling models, which
simultaneously encode documents and queries, the
computational complexity of the attention layer is
O((Lq + Lq)?), and the computational complex-
ity of the feed-forward layer is O(L, + Lg4). For
PlugD, the document plugins are inserted into the
attention layer, whose computational complexity
is O(Lq(Lg + Lq)). And the document plugins do
not involve the computation of the feed-forward
layer, and thus its computational complexity is
O(Lyg). In real-world applications, the documents
usually are much longer than the queries. There-
fore, PlugD can achieve significant computational
speedup compared with conventional encoding-
task coupling models.
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3.3 Plugin Learning

To enable the document plugins to contain suf-
ficient document knowledge, we futher explore
self-supervised plugin learning in this section. As
shown in Figure 2, we adopt two self-supervised
tasks, recurring span prediction, and next sen-
tence generation to augument the comphrension
and generation ability of PlugD. Both two tasks
require document plugins to provide context infor-
mation for the model to make the predictions. Let
d = {s1, ..., $p} denote the input document with n
sentences. We perform plugin learning as:

Recurring span prediction (RSP). Inspired by
Ram et al. (2021), we utilize recurring spans to
construct self-supervision signals. Recurring spans
occur multiple times in the documents, and usually
contain important semantics for document under-
standing. Masking the recurring spans and requir-
ing the PTM to recover them can help the PTM
to capture document semantics. Specifically, we
concatenate sentences randomly sampled from the
document d as query ¢, and treat the remaining
sentences as context c. Then we generate the doc-
ument plugin P, based on ¢, and replace the re-
curring spans in ¢ as special mask tokens. The
PTM is required to predict the masked spans in ¢
conditioned on P.,. Different from the traditional
masked language model task (Devlin et al., 2019;
Raffel et al., 2020), which mainly focuses on local
information around the masked spans, RSP usually
requires the PTM to integrate global information
from document plugins.

Next sentence generation (NSG). To enable
the document plugins to benefit generation tasks,
we adopt NSG as a training task. We first
randomly sample three consecutive sentences
{si, Si+1, Si+2} from the document d. The re-
maining sentences are treated as the context ¢ =
{s1, .+, Si—1, Si+3, ..., Sn} to generate the docu-
ment plugin P.. Then we regard s; as the query,
and require the PTM to generate the following two
sentences {s;+1, Si+2} conditioned on P.,.

These two tasks require the PTM to capture both
local information from the queries and global infor-
mation from the document plugins. Therefore, after
plugin learning, the PTM is supposed to be able
to build informative document plugins and serve
as a good initialization for task-specific models to
capture knowledge from document plugins. Both
two tasks are sequence-to-sequence tasks, and we
adopt the negative likelihood as the training ob-

jectives for two tasks. The model is trained in a
multi-task fashion, and the final training loss is the
sum of the loss of two tasks. During plugin learn-
ing, the document plugins are calculated in real
time for different documents. All parameters of the
PTM are tuned for plugin learning. After that, the
document plugins can be calculated and stored for
further downstream task tuning and inference.

3.4 Plugging Strategies

To flexibly utilize the document plugins, we pro-
pose two plugging strategies:

Plugging during tuning. In this setting, the docu-
ment plugins are adopted in both the training and in-
ference of task-specific models. Given an instance
with the query and document as inputs, we first
insert the corresponding document plugin, which
is computed before fine-tuning, into the models.
Then task-specific models are trained with task-
specific objectives to capture relevant information
from the document plugins.

Plugging after tuning. In this setting, the doc-
ument plugins are adopted only in the inference
of task-specific models. Document plugins can
provide external knowledge, and serve as a post-
processing method to inject knowledge into task-
specific models. During inference, given an in-
stance, we directly insert related document plugins
into the task-specific models to achieve knowledge
injection. This setting does not require additional
training for existing task-specific models and can
be used to flexibly inject textual knowledge.

4 Experiments

4.1 Evaluation Settings

Datasets. We adopt widely-used Wikipedia arti-
cles as our document collection and select typical
knowledge-intensive tasks for evaluation. We adopt
a typical multi-task benchmark, KILT (Petroni
et al., 2021), to evaluate our models. The tasks
in KILT are grounded in the same snapshot of
Wikipedia pages. In particular, we evaluate PlugD
on a fact verification dataset, FEVER (Thorne et al.,
2018), four question answering datasets, including
Natural Questions (NQ) (Kwiatkowski et al., 2019),
HotpotQA (Yang et al., 2018), TriviaQA (Joshi
etal.,2017), ELIS (Fan et al., 2019), a dialogue gen-
eration dataset, Wizard of Wikipedia (WoW) (Di-
nan et al., 2019), and two slot filling dataset, Zero
Shot RE (zsRE) (Levy et al., 2017), T-REx (EI-
Sahar et al., 2018). These tasks are diverse and
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FEVER NQ TriviaQA

HotpotQA ELIS WoW zsRE T-Rex

Models Acc. EM FI EM FI EM Fl RL Fl Ac. Ac. V&
| Parameter-efficient Tuning
ED2LM 83.13 3834 46.04 5384 62.05 19.84 28.63 11.24 1524 31.15 4634 37.39
EmbRecy 84.59 3742 4543 5302 61.05 1898 2770 11.57 1691 2720 44.16 36.73
ED2LM ;* 81.81 3562 44.18 52.01 59.82 19.07 27.81 11.01 1520 27.09 4478 35.82
EmbRecy ;* 84.59  32.13 40.17 4759 5537 18.18 2679 1192 16.65 20.76 4122 34.13
PlugD* 86.56 41.54 49.76 57.29 6543 23.04 3251 1137 1715 3212 48.38 39.68
wlo PT*® 86.33 4024 47.72 57.67 6491 2204 3144 11.67 17.07 30.64 4826 39.24
UpperBound | 8820  42.60 50.86 61.77 69.14 2384 3371 1180 17.92 33.65 4996 4122
‘ Full-parameter Fine-tuning
ED2LM 80.59  42.07 49.79 5894 66.68 2280 3232 11.66 16.10 31.77 50.84 39.35
EmbRecy 8434 4271 50.55 5931 66.67 2357 3346 1201 1730 30.10 50.12 39.93
ED2LM;* 84.17  40.84 48,57 57.05 6492 21.61 30.70 1194 1583 24.19 48.04 37.96
EmbRecy * 85.04  39.89 4758 5791 6537 2159 3092 1192 1669 27.82 5028 38.89
PlugD* 86.34 4253 5042 5946 67.07 2346 33.07 1230 17.61 3099 52.22 40.61
wilo PT* 8597 4225 49.80 5888 66.60 23.05 3220 12.16 1740 2994 5240 40.26
UpperBound | 8642 4503 5292 6250 69.82 2454 3466 1233 1839 3260 52.50 41.79

Table 1: The main results of our proposed PlugD and baselines for plugging during tuning. We boldface the best
result and underline the second-best results for each dataset. The methods that can generate task-agnostic document

representations are denoted with *.

require the model to exploit document knowledge
fully. As shown in the paper of KILT, external doc-
ument knowledge can not benefit the entity linking
task. Thus, we do not use them for evaluation in
this paper. Following Petroni et al. (2021), we use
dense passage retrieval (Karpukhin et al., 2020) to
retrieve relevant documents from Wikipedia arti-
cles for each query. Please refer to Appendix for
evaluation results of document retrieval.

Metrics. Following previous work, we adopt
accuracy for the fact verification task (FEVER) and
slot filling tasks (zsRE, T-REx); exact match (EM)
and F1 score for the extractive question answer-
ing tasks (NQ, HotpotQA, TriviaQA); ROUGE-L
(RL) for the long abstractive question answering
tasks (ELIS); F1 score for the dialogue generation
task (WoW). Besides, to evaluate the overall perfor-
mance, we calculate average scores for these tasks
as an evaluation metric, in which EM scores are
used for extractive question answering tasks.

4.2 Training Details

We utilize the widely used T5-large (Raffel et al.,
2020), as our PTM backbone. For the PET train-
ing method, we set the bottleneck dimension of
adapters as 16. We insert document plugins in the
last 12 layers. We conduct plugin learning on a
large-scale unsupervised corpus, C4 (Raffel et al.,
2020) for 36k steps. We use Adam to optimize
our models. Due to the high computational costs

of full-parameter fine-tuning, in the following ex-
periments, we adopt the PET method to train the
models unless otherwise specified. We train models
with a half-precision floating point on 8 NVIDIA
A100 GPUs, and the plugin learning process takes
18 hours. Please refer to Appendix for more details.

4.3 Baselines

Plugging during tuning. Here we compare PlugD
with several representative baselines, which encode
the documents and queries with two different en-
coders. In this way, these models can reuse docu-
ment representations across different queries, but
they still need to generate different document rep-
resentations for different tasks. (1) ED2LM (Hui
et al., 2022) utilizes the encoder-decoder architec-
ture to encode the queries and documents sepa-
rately, and then the document can be pre-encoded
before inference. In particular, the documents are
inputted into the encoder, and queries are inputted
into the decoder. (2) EmbRecy (Saad-Falcon et al.,
2022) proposes to reuse the intermediate activa-
tions of the documents to achieve speedup for fine-
tuning and inference. EmbRecy caches an inter-
mediate layer’s output as the document represen-
tation and the remaining near-top layers are tuned
to fuse the information of documents and queries.
(3) Besides, to meet the setting of decoupling doc-
ument encoding from tasks, we freeze the docu-
ment encoders of ED2LM and EmbRecy to make
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FLOPs Time
Models ‘ Avg. G s
ED2LM 3739 1149 60
EmbRecy 3554 1975 142
PlugD 39.68 1393 98
UpperBound | 41.22  453.1 226

Table 2: The average scores and computational costs of
PlugD and baseline models.

the document representations unified across differ-
ent tasks. We denote the two task-agnostic meth-
ods as ED2LM and EmbRecy;. (4) As PlugD
conducts further self-supervised training for plug-
and-play representation learning, we also present
the results of PlugD without plugin learning (w/o
PT) to show the effectiveness of the architecture
of PlugD. (5) UpperBound follows the traditional
settings, in which the queries and documents are
concatenated together and fed into the model. The
document representations generated by this base-
line are query-specific. The model needs to encode
a single document multiple times for different tasks
and different queries, which is the upper bound of
task-agnostic methods.

Plugging after tuning. We attempt to inject
unstructured textual knowledge into PTMs after
downstream tuning. Existing methods mainly focus
on enhancing PTMs with structural knowledge dur-
ing pre-training or fine-tuning (Zhang et al., 2019;
Wang et al., 2021; Bosselut et al., 2019). These
methods require retraining the task-specific models
to achieve knowledge injection, which thus cannot
be adopted in this setting. Therefore, we present
the results of the following models: (1) We adopt
TS5 (Raffel et al., 2020) and PlugD as the back-
bones, which are trained with only the queries as
inputs and do not utilize external document knowl-
edge in evaluation. (2) Based on the trained TS5 and
PlugD, we adopt different post-processing methods
to incorporate document knowledge. For TS5, we
directly concatenate the documents and queries as
inputs for evaluation (+Concat). For PlugD, we
insert the document knowledge with document plu-
gins (+DPlug). The setting is challenging as there
is a gap between the training and evaluation.

4.4 Plugging during Tuning

We present the comparison results between base-
line models and PlugD in Table 1. From this ta-
ble, we can observe that: (1) The baseline models
which generate task-agnostic document representa-

FEVER NQ WoW  zsRE
Models Acc. EM FI FI  Acc.
Ts 7910 1135 1711 1659  2.52
+Concat | 7684 1445 2216 1426 1917
A 226 431 4505 233 +16.65
PlugD 7956 1117 1639 1658 223
+DPlug | 8254 2301 3268 1528  21.13
A +298 +11.84 +1629 -1.03 +18.90

Table 3: The main results of our proposed PlugD and
baselines for plugging after tuning.

tions perform worse than the corresponding mod-
els which generate task-specific representations.
It indicates that decoupling document representa-
tion from concrete tasks is challenging and existing
methods cannot achieve satisfactory performance.
(2) Compared with the task-agnostic baseline mod-
els (ED2LM and EmbRecy f), PlugD can achieve
significant performance improvements across dif-
ferent tasks. Besides, compared with ED2LM and
EmbRecy, PlugD can also achieve superior results
on many datasets, especially for parameter-efficient
tuning. In addition, ED2LM and EmbRecy need
to generate document representations for different
tasks separately. Thus they require more storage
than PlugD. In contrast, PlugD can generate infor-
mative unified representations with fewer storage
requirements and achieve superior results across
different tasks. (3) Compared with the traditional
encoding-task coupling model (UpperBound), shar-
ing document representation across different tasks
in PlugD only leads to a limited performance drop
(39.68 vs. 41.22, and 40.61 vs. 41.79 on average).
And as PlugD does not need to encode documents
during downstream tuning and inference, PlugD en-
ables significant computational acceleration. The
results suggest that PlugD can effectively capture
document semantics and inject them into the PTM
to provide knowledge. (4) Even PlugD without fur-
ther plugin learning can outperform the baselines
on several datasets. It proves that PlugD benefits
from both the self-supervised tasks and the model
architecture. Besides, it also indicates that the con-
textualized document representations generated by
the original PTM (PlugD w/o PT) are powerful if
we utilize them correctly.

Computational Cost. We compare the computa-
tional cost of PlugD and baseline models. Here, we
present the floating point operations (FLOPs) and
calculation time required to process one data in in-
ference for each method. We assume that the docu-
ment, query, and answer contain 512, 48, and 32 to-
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Datasets FEVER NQ WoW  zsRE
Acc. EM F1 F1 Acc.

PlugD 86.56 41.54 49.76 17.15 32.12
w/ RSP 86.17 4123 4921 1698 31.66
w/ NSG 86.03 40.80 49.06 17.62 28.92
w/o PT 86.33 4024 4772 17.07 30.64

Table 4: The results of ablation study.

kens, respectively. The results are shown in Table 2.
From the results, we can observe that: (1) The
methods for task-agnostic representation require
much less computational cost than encoding-task
coupling methods. Especially, our method PlugD
can achieve 3.25x speed up (139.3 GFLOPs vs.
453.1 GFLOPs). (2) The methods for task-agnostic
representation generally are inferior to encoding-
task coupling methods. PlugD can achieve better
average scores than other baselines and preserve
low computational costs. (3) Both task-agnostic
and query-agnostic models need to pre-encode and
store document representations before downstream
tuning for inference speed up. However, models
generating query-agnostic and task-specific repre-
sentations require separate document representa-
tions for each task. In contrast, our PlugD generates
task-agnostic representations for all tasks, resulting
in better results and lower storage requirements.

4.5 Plugging after Tuning

The comparison results are shown in Table 3. From
the results, we can observe that: (1) Both T5
and PlugD cannot achieve consistent improvement
from post-processing knowledge injection on these
tasks. It proves that plugging after tuning is a chal-
lenging setting as there is a gap between training
and evaluation. (2) PlugD can achieve significant
improvement on FEVER, NQ, and zsRE, which
further indicates the effectiveness of PlugD. How-
ever, PlugD cannot achieve improvement on WoW.
As the ability to acquire knowledge from the doc-
ument plugins is obtained from plugin learning,
further downstream task tuning may lead the mod-
els to forget the ability. Thus, even PlugD can
not achieve consistent improvement. (3) Without
document knowledge, PlugD and TS5 achieve com-
parable results. It indicates that the plugin learning
process does not improve the fundamental ability
of PTMs. The improvement achieved by PlugD in
both plugging during/after tuning settings comes
from the effective plug-and-play framework.

Source Task

NQ WoW
Target Task

Average

Figure 3: Relative transfer performance (transfer perfor-
mance / PlugD’s performance)(%).

4.6 Ablation Study

In this section, we conduct an ablation study to ver-
ify the effectiveness of our proposed plugin learn-
ing tasks. We show the results of the models, which
are trained with only recurring span prediction task
(w/ RSP), with only next sentence generation task
(w/ NSG), or without plugin learning (w/o PT).
We evaluate the models on four datasets for the
plugging during tuning setting.

The results are shown in Table 4. We can find
that (1) PlugD without plugin learning leads to a
significant performance drop, which further indi-
cates that the proposed training tasks can help the
PTM to effectively encode the document knowl-
edge into plugins. (2) Two tasks can cooperate
with each other to improve the model performance.
Though training PlugD with only one task will
lead to performance deterioration on some tasks,
training with two tasks can achieve consistent im-
provement over the model without plugin learning.
(3) When PlugD is trained with only NSG, the
model can achieve superior results for WoW. But
the task harms the performance for FEVER and
zsRE. This is because NSG requires the model to
generate long sentences, which is similar to WoW,
while FEVER and zsRE only require short outputs.
In contrast, training with only RSP will also lead
to a performance drop for WoW. It indicates that
diverse plugin learning tasks are important for ex-
pressive document plugins.

4.7 Transferability Analysis

In this section, we want to explore the effective-
ness of supervised tasks on document representa-
tion transferability. Here we present the results
of ED2LM, which can outperform other baselines.
Specifically, we train the task-specific document en-
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coder on a source task, and then reuse the encoder
on other target tasks to continually train the rest of
the model. The results are shown in Figure 3.
From the results, we can observe that 1) The
non-diagonal values of the matrix are consistently
smaller than the diagonal values. It suggests that
training the document encoder with existing super-
vised tasks can hardly benefit other target tasks.
PlugD trained with two self-supervised objectives
can provide transferable document representation
and achieve superior results. 2) The encoders
trained on the NQ dataset can outperform encoders
trained on other tasks. It indicates that training with
challenging tasks may lead to better performance.

5 Conclusion

In this paper, we explore a new paradigm, which
aims to represent documents as pluggable mod-
ules for PTMs. In this setting, we can get rid of
encoding the same document multiple times for
different tasks. The extensive experiments prove
that our proposed PlugD can significantly reduce
the computational cost and effectively inject doc-
ument knowledge into PTMs to improve perfor-
mance. In the future, we will explore more effec-
tive plugin learning tasks and further attempt to
represent knowledge graphs, and figures as plugins
to provide knowledge for PTMs.

Limitations

We discuss the limitations of PlugD in this sec-
tion: (1) We explore decoupling document encod-
ing from concrete tasks in this paper, and propose
to represent documents as pluggable modules be-
fore task adaptation. Therefore, PlugD has a higher
storage requirement than conventional encoding-
coupling methods. We encourage (2) In the experi-
ments, we adopt TS5 as our PTM backbone. Actu-
ally, the proposed framework can also be applied
to more pre-trained models with various model ar-
chitectures. Besides, recent trends show that larger
models tend to build more expressive text repre-
sentations. It is worth exploring PlugD with larger
PTMs with billions of parameters to learn informa-
tive document plugins. (3) In this paper, we adopt
an external retriever to retrieve relevant documents
for each input query. Recent progress in retrieval-
augmented language models shows that training
the PTMs with an end-to-end textual knowledge re-
triever can promote downstream performance. We
believe document plugins can also serve as the ex-

ternal knowledge base and enhancing PlugD with
end-to-end retrieval is a promising direction.
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A Appendix

A.1 Discussion

In this paper, we propose to decouple document
encoding from concrete tasks, achieving encoding
documents once and for all across different tasks.
In this section, we further discuss the potential of
PlugD.

Unified Model across Multiple Tasks. Recently,
with the rapid progress of large-scale PTMs, han-
dling multiple tasks with a unified PTM has re-
ceived rapidly increasing attention. For example,
many researchers explore instruction tuning (Sanh
et al., 2022; Wei et al., 2022) to enable a uni-
fied PTM to perform multiple tasks with natural
language description. We attempt to extend the
paradigm to document representation, enhancing
the unified PTM with unified document represen-
tation across multiple tasks. In this way, we can
provide the PTM with various external knowledge
flexibly and efficiently, avoiding encoding docu-
ments multiple times for different tasks and user
input queries.

Heterogeneous Knowledge Base. Enhancing
large-scale PTMs with various knowledge is an
important topic for natural language processing.
Many researchers attempt to incorporate knowl-
edge graphs (Zhang et al., 2019; Wang et al., 2021),
linguistic knowledge (Zhou et al., 2020) into PTMs.
We argue that PlugD provides a new way for knowl-
edge injection. We can encode various knowledge,
such as images, and knowledge graphs, into the
plugins of PTMs. In this way, we can build a het-
erogeneous plugin knowledge base for PTMs to
improve downstream performance.

Continual Learning. Previous researches show
that PTMs can implicitly encode knowledge in the
model parameters (Petroni et al., 2019; Jiang et al.,
2020; Roberts et al., 2020; Dai et al., 2022; Mitchell
et al., 2022), which is not editable for continual up-
dates. PlugD provides a new way for the continual
learning of PTMs. We can insert and update new
knowledge for PTMs by continually learning and
updating new document plugins, which will be fur-
ther utilized to provide knowledge to PTMs.

A.2 Document Retrieval

In this paper, we adopt dense passage retrieval,
DPR (Karpukhin et al., 2020), to retrieve relevant
documents for each input query. Following Petroni
et al. (2021), we adopt R-Precision, Precision@k
and Recall @k, as the evaluation metrics. We adopt
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Datasets \ FEVER NQ TriviaQA HotpotQA  ELIS WoW zsRE  TRex
R-Precision 56.29 5597 46.76 2558 1646 2737 1472 43,74
Precision@3 24.01 27.71 24.82 2,82 10.62 15.04 6.87 18.40
Recall@3 70.25 59.25 51.64 846 2390 45.12 19.20 55.21

Table 5: The results of document retrieval for each dataset.

the evaluation scripts provided by the KILT paper.
Please refer to the original KILT paper for the de-
tails of the metrics. From the results, we can see
that the retrieval performance is not satisfactory
for some datasets, which may bring the noise in
the downstream tasks. And we encourage the com-
munity to develop retrievers, which can achieve
satisfactory performance across different tasks.

A.3 Impacts of Insertion Layers

Datasets FEVER NQ WoW  zsRE

Acc. EM Fl1 Fl1 Acc.
PlugD (6) 85.22 39.78 48.12 17.15 28.44
PlugD (12) 86.33 40.24 47.72  17.07 30.64
PlugD (24) 86.64 40.52 4877 16.86 29.14

Table 6: The results of PlugD with different number
of insertion layers. Here PlugD (n) indicates that the
document plugins are inserted into the top-n layers.

PlugD inserts the document plugins into the self-
attention layers to provide document knowledge.
As the pre-trained models tend to capture linguistic
features in the bottom layers and capture the task-
specific information in the top layers (Rogers et al.,
2020). Therefore, to reduce computational costs,
we only insert the document plugins in the top
layers. In this section, we explore the impact of
insertion layers of document plugins. We present
the results of PlugD with document plugins inserted
in the last 6 layers, 12 layers, and all 24 layers.
Here, we do not conduct plugin learning for PlugD
to speed up experiments.

The results are shown in Table 6. From the re-
sults, we can see that: (1) With the increasing of
insertion layers, the performance on FEVER and
NQ improves. But PlugD with document plugins in
all layers can not outperform the PlugD with docu-
ment plugins in the top layers on WoW and zsRE.
That is because the fact verification and question
answering tasks require the models to select useful
information via both lexical matching and seman-
tic matching. In contrast, the dialogue generation
and slot filling tasks rely on document semantics
to provide knowledge, and inserting the document

plugins in the bottom layers can not benefit the per-
formance. (2) The three models can obtain similar
performance on these tasks. Therefore, in order to
reduce the computational costs and maintain the
performance, we only insert document plugins in
the top 12 layers for other experiments.

A.4 Impacts of Plugin Sharing across Layers

As mentioned in previous sections, PlugD inserts
the same prefix tokens for different attention layers
to save the storage. In this section, we study the
impacts of sharing plugins across different layers.
To this end, we attempt to insert different prefix
tokens for different layers. Specifically, we encode
the document d to obtain the raw hidden state H (li
from the [-th layer, and then adopt the mapping
network tailored to the [-th layer to map the hidden
state into the prefix tokens. The prefix tokens are
then inserted into the [-th layer for query encoding.
Similar to PlugD, we insert the representations into
the top 12 layers for this model. We term the model
as All-Hidden.

The comparison results are shown in Table 7.
From the results, we can observe that All-Hidden
can achieve superior results on three datasets, in-
cluding FEVER, WoW, and zsRE. But All-Hidden
requires 12x storage than PlugD, which is imprac-
tical for large-scale document collections. And
PlugD can achieve comparable performance to All-
Hidden. Therefore, to reduce the storage require-
ment, we choose to share the document plugins
across different attention layers.

A.5 Experimental Details

Model Implementation. The mapping network
of document plugins is used to map the raw docu-
ment representations into the document plugins
for different tasks. Given a hidden vector, h;,
we calculate the corresponding prefix token as
pi = h; + W2ReLU(W, h;), where h; € R,
W} € R W2 ¢ R¥*d and d € R is the
hidden size.

As for the parameter-efficient tuning method, we
adopt adapter layers to tune the model. We add
the adapters after the layernorm operation of feed-
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Datasets FEVER NQ WoW  zsRE
Acc. EM F1 F1 Acc.

85.22 39.78 48.12 17.15 28.44
86.73 39.46 47.71 1728 32.20

PlugD
All-Hidden

Table 7: The comparison results of PlugD and All-
Hidden that does not share plugins across layers.

forward layers. The parameters of adapters are
randomly initialized following a zero-mean Gaus-
sian distribution with standard deviation as 1072,

Plugin Learning. For the recurring span predic-
tion task, we first identify spans that occur multiple
times from the documents. Then we filter out the
stopwords and personal pronouns, and keep the
longest 15 spans as the recurring spans for further
masking. Then we randomly sample 5 sentences,
which contain the recurring spans from the docu-
ment as the query. For the next sentence generation
task, we randomly sample three consecutive sen-
tences from the documents, where the first sentence
is treated as the query, and the last two sentences
are treated as the answers. The model is trained in
a multi-task fashion, and 70% documents are used
for recurring span prediction, and 30% documents
are used for next sentence generation. The maxi-
mal length for queries and answers are set as 196
and 128, respectively. We set the learning rate as
2 x 107° and batch size as 256.

Downstream Task Tuning. For downstream
tasks, we set the training batch size as 64.
The learning rate is selected from {10745 x
107,103} for PET. And as full-parameter fine-
tuning require amounts of computation, we do
not conduct grid search for this setting. We set
the learning rate for full-parameter fine-tuning as
2 x 1075, For fact verification, we take the claims
as the input queries and take the logits of “yes"
and “no" for classification. For other tasks, we
treat them as text-to-text generation problems, and
during the inference, we adopt the greedy strategy
for decoding. The evaluation scripts are written by
our own, and will be released with the paper.
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