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ABSTRACT

The key to personalized search is modeling user intents to tailor
returned results for different users. Existing personalized methods
mainly focus on learning implicit user interest vectors. In this paper,
we propose ExpliPS, a personalized search model that explicitly
incorporates query subtopics into personalization. It models the
user’s current intent by estimating the user’s preference over the
subtopics of the current query and personalizes the results over
the weighted subtopics. We think that in such a way, personal-
ized search could be more explainable and stable. Specifically, we
first employ a semantic encoder to learn the representations of the
user’s historical behaviours. Then with the historical behaviour
representations, a subtopic preference encoder is devised to predict
the user’s subtopic preferences on the current query. Finally, we
rerank the candidates via a subtopic-aware ranker that prioritizes
the documents relevant to the user-preferred subtopics. Experimen-
tal results show our model ExpliPS outperforms the state-of-the-art
personalized web search models with explainable and stable results.
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1 INTRODUCTION

Nowadays, search engine is an important way to obtain information
from the Web. To whoever enters the same query, existing search
engines usually return the same ranked document list, solely based
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Figure 1: Comparison of previous personalized search models
and our method incorporating explicit subtopics.

on the relevance of the candidate documents to the query. However,
queries are often short and ambiguous (e.g.“java”), and may contain
multiple specific meanings (e.g.“java language programming” and
“java island”). Different users issuing the same query may have
varying intents due to their diverse backgrounds and interests.
Returning the same results to all users under such a condition will
make some users unsatisfied. Personalized search is one of the
mainstream solutions. Its central idea is to model a user’s interest
from her search histories, and tailor result rankings based on how
satisfied the candidate document is with the user’s interest.

Till now, many personalized search models have been proposed.
They employ either unsupervised methods [3, 9, 10, 12, 15, 30, 39,
40] or neural networks [17, 23, 24, 44, 48-50] to learn an implicit
representation of user interests from her search histories. Then the
original search results are reranked by comparing the similarity
between the learned user interest vector and each candidate docu-
ment. Although these methods are proved to be effective, they have
a common problem: the inference process likes a “black box”, which
is reflected from two angles. First, learning user interests by simply
aggregating user histories makes it hard to control the selection of
valuable historical behaviours. Some noisy historical behaviours
are irrelevant to either the user’s long-term interests or her current
intent. Although some recent studies [17] use the current query
to weight historical behaviours via the attention mechanism, de-
ciding what information should be kept or removed based on the
ambiguous issued query remains problematic. Second, most studies
model user interest in the form of representation vectors. With this
implicit interest representation, it is hard to explain the real intent
the user has, and which specific information the user is looking for.

In this paper, we want to go beyond the implicit user interest
representation, and propose to leverage query intents in an explicit
manner. As there might be multiple different information needs
under the same query, we adopt the term “subtopics”, which is
widely used in search result diversification [1, 22, 28], to stand for
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various user intents by the query. We propose introducing subtopics
into personalized search, and explicitly model the user’s subtopic
preferences of the current query to identify her real intent. Results
are thereby ranked over the personalized subtopics: the documents
relevant to the subtopics the user prefers will be ranked higher. This
will make the personalization more explainable because we can
know why some results are ranked higher and which subtopics they
are relevant to. It also potentially improves the ranking stability
since results are personalized based on the query subtopics, and
the noise in the historical behaviours is harder to influence the
ranking. We present the comparison of our method with existing
personalized methods that employ implicit interests in Fig. 1.

Specifically, we propose a personalized search framework, namely
ExpliPS, to explicitly incorporate subtopics to understand user in-
tents and tailor search results. To exploit query subtopics reason-
ably, we further provide a derivation function to compute subtopic-
based ranking scores. This derivation guides the construction of
our model. Concretely, ExpliPS contains three core modules, i.e., a
semantic encoder, a subtopic preference encoder, and a subtopic-
aware personalized ranker. Its workflow is as follows: Firstly, the
semantic encoder is employed to produce the basic representa-
tion of a query, a candidate document, or a subtopic. Secondly,
given the user’s histories, the subtopic preference encoder, a
transformer-encoder-based module, is applied to predict the user’s
preference over subtopics of the current query. Based on our deriva-
tion, we devise a subtopic-aware attention masking for this module
to capture reliable preference signals. Finally, the subtopic-aware
personalized ranker estimates the personalized ranking score
of each document. It computes the similarity scores of documents
with each subtopic and weights them up by subtopic preferences.

Nevertheless, the above pipeline is challenging to predict precise
subtopic preferences, since we have no ground truth for this task.
To solve this problem, a pseudo label model is devised to extract
the pseudo labels of users’ subtopic preferences from their click
feedback for training data. We design an auxiliary task to narrow
the gap between predicted preferences and pseudo labels. It helps
estimate the user intents more accurately, and boosts the final
ranking quality. Thus, the training objectives of our model consist
of the personalized ranking task and the preference prediction task.

Note that the core idea of the paper is explicitly modeling user-
preferred subtopics in personalized search. The primary goal is
improving ranking quality, and subtopic mining is beyond our
scope. We simply take google suggestions, which are widely used
in search result diversification [19, 20, 22, 25, 28], as query subtopics.
Nevertheless, our work has nothing to do with diversification: we
optimize solely for personalized ranking. It is the first time that
explicit subtopics are used together with the state-of-the-art Trans-
former based user profiling and personalized web search models.

We experiment with the AOL search log dataset. Experimen-
tal results show that our model can significantly outperform the
existing personalized models with stable and explainable results.

Our main contributions in the paper are:

(1) We propose to exploit subtopics to explicitly model user in-
tents for personalized search and develop a personalized model,
ExpliPS. Though subtopics are widely used in search result diversi-
fication, this is the first time to be employed in personalized search.
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(2) According to our derivation of calculating personalized rank-
ing scores based on subtopics, we adopt a subtopic-aware attention
masking mechanism to the subtopic preference encoder for model-
ing reliable preference signals.

(3) We design an auxiliary model to take intent signals from
user feedback as pseudo labels, which guides the prediction of the
subtopics preferences.

2 RELATED WORK
2.1 Personalized Search Models

Personalized search has been a popular topic due to the effectiveness
of customizing results for different users. Traditional models mainly
rely on heuristic rules [15, 35] and manual features [4, 38, 40]. For
example, Thanh et al. [39] employed Latent Dirichlet Allocation
(LDA) [6] to construct user profiles in the topic space. With the ap-
pearance of the advanced learning to rank model LambdaMART [8],
some supervised personalized search models [5, 38, 41] achieved
significant improvement over the previous unsupervised ones.

Recently, many neural personalized search models [17, 23, 24, 44,
47-50] are proposed. They have shown a superior ability to model
implicit user interests in high-dimension feature space. The earliest
one among them, HRNN was proposed to build dynamic user pro-
files by sequentially modeling the user histories via a hierarchical
RNN with Query-aware Attention [17]. After that, researchers have
employed many different techniques, such as generative adversarial
network [23], reinforcement learning [45], contrastive learning [50],
etc., to improve the quality of user profiling.

Although these models are proved to be effective in facilitating
the search results personalization, they commonly pay attention to
modeling the dense vector of user interests. Most of them neglected
the user’s preference on explicit query subtopics, which could im-
prove the robustness and interpretability of personalized search. In
this paper, we make a preliminary exploration of this direction.

2.2 Application of Subtopics

Previous studies [14, 15, 32] revealed that an ambiguous query
can be decomposed into multiple intents or subtopics. A user is
usually interested in some subtopics but dislikes the left. Thus,
understanding query intent and mining subtopics play a crucial
role in solving the query ambiguity problem. Numerous works have
developed various ways to mine query subtopics [11, 16, 18, 34, 43,
46]. However, mining subtopics is not the focus of our paper. We
simply use google suggestions as subtopics, which is a common
way in other researches [19, 20, 22, 25, 28].

Subtopics have been extensively used in search result diversifi-
cation [1, 19, 20, 25, 28], which aims to diversify ranking results by
covering aspects of issued queries as much as possible. However,
the goal of personalization is modeling user interests to customize
results for each user. These two tasks have different learning targets.

At present, there is a lack of methods that consider explicit query
subtopics to enhance personalization. Note that there exists some
traditional personalized methods [29, 31, 33, 41] that learn the user’s
profiles based on topical category or ontology. Nevertheless, these
are not the subtopics we discussed in this paper. Several studies [26,
36] introduce explicit diversification into personalized search, while
they mainly aim at enhancing the diversity of personalized results,
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which is different from the target of our work: we optimize solely
for personalized ranking.

3 PRELIMINARIES

Personalized search has been an effective way to provide users with
desired search results. However, existing works mostly focus on
modeling implicit user interests, which may cause unstable and un-
explainable results. As we stated in Section 1, explicitly considering
the subtopics is conducive to clarifying the user’s specific intents,
hence improving the quality and interpretability of the ranking
results. Consequently, we propose a personalized framework that
explicitly incorporates query subtopics to comprehend user intent
and personalize results. We first define the problem and provide
some preliminary derivations as below.

3.1 Problem Definition

When a user u enters a query g in the search box, the search engine
will first return a batch of candidate documents D. A personalized
search model is supposed to rerank the candidates based on current
query g and the user’s historical search behaviours H. Specifically,
H = {(qi, Di)|i € [1,n]}, where n is the amount of historical issued
queries, g; is the i-th query and D; denotes its clicked document
set. Previous studies [17, 48, 50] calculate the candidate d’s final
score, where d € D, by using an aggregator agg() to combine the
personalized score Ps(d|q, u) and the ad-hoc score Rs(d|q):

score(d|q, u) = agg (Ps (d|q, u),Rs(d|q)), 1

The personalized score is mostly computed by the similarity be-
tween the document and implicit user interests. We call it implicit
score, and denote it as si™, i.e., Ps (dlgu) = i,

Generally, the personalized score can be viewed as the approx-
imation of the probability that document d is relevant given the
current user and query, ie., Ps (d|q,u) o« p(d|g, u).! In previous,
s'™ js an implicit approximation as its production involves no
subtopic. In this work, we introduce an explicit score s, which
explicitly approximates p(d|q, u) by considering query subtopics.
Thus, the s°* and s™ approximate p(d|q, u) from explicit and
implicit perspectives, i.e., s o p(d|q, u) and s o p(d|q,u).

Therefore, suppose Qs = {si|lk € [1,k]} is the current query’s
subtopic set obtained by google suggestion, we convert Eq. (1) into:

score(d|q, u) = agg(Ps(d|q, u, Qs),Rs(d|q)), (2)

where Ps(d|q, u, Qs) is the personalized score that explicitly con-
siders query subtopics. We use two learnable parameters «, § to
linearly combine s®*, s™ for ensuring Ps(d|q, u, Qs) « p(d|q, u).

Ps(d|q, u, Qs) = as™ + fs'™. 3)

Next, we will provide the explicit derivation of p(d|q, u), i.e., the
estimation methods of s®*, by introducing subtopic variables.

ISince the ranking task emphasizes relative values between scores rather than absolute
values, it’s unnecessary to limit ranking scores to the interval of [0, 1], but proportional
to the probability. Thus, the approximation of this paper is proportionate.
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3.2 Explicit Derivation

Without loss of generality, p(d|q, u) can be derived by introducing
variables of query subtopics, s;, as follows:

pldigw = Y pldsilgu)= Y pldlsiqwp(silgu). ()
$i€Qs $i€Qs

We view p(si|q, u) as the user u’s preference degree on subtopic
s; given query q. p(d|si, g, u) is the relevance of d to the subtopic
s; when u issues q. Moreover, the semantic range of query subtopics
are contained by the one of current query, which means that p(s;, q) =
p(si), hence p(d|si, q,u) = p(d|s;, u).? Furthermore, assuming that
the user u is independent of the query g, the p(si|q, u) can be sim-
plified as below,

pGsigw) _ plsiw) _ plsilu)
plgu)  pl@pw)  plq)

where p(q) is constant for a certain search scenario. Therefore, the
explicit derivation of p(d|q, u) can be represented as,

pldlgu) e > p(dlsi,wp(silu). (©)
$i€Q0s

p(silgu) = o p(silu),  (5)

This derivation can provide guidance for our model construction,
which will be demonstrated in Section 4.

4 SUBTOPIC-AWARE PERSONALIZATION

In this section, we provide the details of our model, which is guided
by the derivation to provide reliable personalized ranking results.
The structure of our proposed ranking model is displayed in Fig. 2.
First, the semantic encoder is applied to yield the embeddings of
historical behaviours, the current query, subtopics, and candidate
documents. Then we employ the subtopic preference encoder to
predict the user’s explicit subtopic preferences and implicit inter-
ests from her historical behaviours. Finally, the subtopic-aware
personalized ranker computes the ranking score of candidates by
explicitly incorporating user’s preferences on query subtopics.
The details of each step are depicted as follows.

4.1 Semantic Encoder

Previous studies [44, 48] illustrated that users’ historical search
behaviours (i.e., queries and clicked documents) are favorable for
inferring their interest and current intent. Most personalized search
models take the behaviour representations as input to learn user
interests. In this paper, we adopt transformer encoder [37] to embed
the behaviours into semantic representations, the effectiveness of
which has been proved in recent works [25, 37, 48].

Specifically, take the i-th historical behaviour (g;, D;) for ex-
ample. We concatenate the word embeddings of the query g; and
clicked documents D; with “[SEP]” as the separator to construct
the input sentence, i.e., S;.

Si = i [SEP]d; 1 [SEP]...[SEP]d; . )

where d; j € D; Vj € [1,p] and p is the number of clicked docu-
ments. Further, type embeddings are introduced for distinguishing

2Though there may be a few subtopics containing the same contents under different
queries, we view them as different subtopics to ensure the correctness of formulas.
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Figure 2: The architecture of our proposed framework, where candidate embeddings are also yielded by the semantic encoder,
but we have no space to display it. The up-right part is used to produce pseudo subtopic labels for subtopic preferences. The
up-left part depicts the attention masking employed by our model. The bottom-left shows the prediction of subtopic preference.

the different types of inputs. We represent the type embedding
sentence by T;. Thus, we encode the i-th historical behaviour by

I; = Avg (Trm (S; + T3)) ®

where Trm() denotes the transformer encoder with L layers and
Avg() is average pooling. I; denotes the representation of user
intents at i-th historical behaviour.

Meanwhile, we employ the same structure to yield representa-
tions of the current query, a candidate document, and a subtopic,
and get q, d, s;, respectively.

4.2 Subtopic Preference Encoder

Having representations of the user’s historical behaviours, we need
a higher-level structure to capture the user’s preference signals from
them to clarify the user’s current intent. Previous works [17, 48, 50]
implemented it by modeling the implicit user interest. Though it
is beneficial for personalization, solely exploiting implicit interest
is sensitive to noisy histories and hard to provide explainable user
intents. Therefore, we devise a subtopic preference encoder (SPE) to
capture the user’s explicit subtopic preference and implicit interest,
hence providing clear and precise user intents.

Furthermore, since we design our ranking model based on the
derivation, the document relevance to subtopics, p(d|s;, u), depen-
dents on the current user. Thus the p(d|s;, u) should be estimated
in the context of the user. In other words, the representations of
subtopics should consider the user’s historical behaviors, hence
estimating p(d|s;, u) by their similarity with candidate documents.
We call these subtopic representations context-aware subtopics.

Consequently, the SPE module takes embeddings of the current
query, subtopics, and historical behaviours as input and produces
the explicit subtopic preferences, implicit interests, and context-
aware subtopics for the subsequent processes.

4.2.1 Context-aware subtopics and implicit interests. Since the trans-
former encoder [37] can refine the input representations by relevant
contextual information, we base it to construct the SPE. However,
the full attention is inapposite to the SPE as there are some in-
visible requirements between different input terms according to

our derivation of Eq. (6). Thus, we propose an attention masking
mechanism, namely subtopic-aware mask, to capture more reliable
representations of inputs by the following rules.

Mask between the current query and subtopics. As we intro-
duced in Section 3.2 that Eq. (4) and (6) are both reasonable for our
model to compute the explicit personalized score. The difference is
that for the former, the context to learn the subtopic representations
is the current query q and the user histories u, while the latter is
only the user histories. In this paper, we follow the latter and intro-
duce the attention mask on the current query for its subtopics. The
reason is that the information flow from the query to its subtopics
is useless because the query contains similar but more general in-
formation than subtopics. If the query is visible to subtopics, it will
dominate the subtopics’ attention and restrain the attention of user
histories. Similarly, we mask subtopics for the query to capture the
implicit user interests that involve no subtopics.

Mask within subtopics. Note that we estimate the relevance of
document d to subtopic s;, i.e., p(d|s;, u), via the similarity between
the document and the subtopic’s context-aware representation.
Since p(d|s;, u) involves none of other subtopics, subtopics should
be invisible to each other when learning their context-aware rep-
resentations. Our qualitative analysis of this rule is that subtopics
represent distinct aspects of the current query, while interactions
within them may fuzzy the discrepancy between their representa-
tions, which is harmful to subtopics’ representativeness.

The masked attention matrix is visualized in the up-right part of
Fig. 2. We build an input sequence based on the representations of
the current query, its subtopics, and historical behaviours, then fed
it into the transformer encoder with this mask strategy, which is
called masked transformer encoder. The output of the query is the
user’s implicit interest, q%, i.e

q“ = MaskTrm™? ([1, ..., 28k]),s 9)

where MaskTrm() denotes the masked transformer encoder with L
layers, the superscript, e.g., n + 1, is the output index. The outputs
of subtopics are their context-aware representations, s?‘, i€[1,k].

»8kl)s (10)

In,q, 51, ..

= MaskTrm™+1+ (14, ... In, g, 81, -
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4.2.2  Explicit subtopic preferences. To generate the user’s specific
intent, we need to predict the user’s preference distribution on the
subtopics of the current query, ie., p(si|u). With the assumption
that the user’s preference on a subtopic is reflected by whether the
user has searched the information related to the subtopic, we pro-
pose a preference predictor based on the feature of the transformer
encoder. Specifically, if the user has no relevant histories for the
subtopic s;, the transformer layer will gather a lot of noisy informa-
tion from the user histories and change the semantic representation
of the subtopic; otherwise, it will aggregate related histories and
keep semantic. Therefore, the semantic difference between subtopic
representations before and after masked transformer layers can be
used to derive the user’s subtopic preference, i.e.,

Pp(silu) = softmax; (ZIL:_ll wlf (s?’l,s?’lﬂ)) s (11)

where s;"l is the representation of the subtopic s; at the I-th layer,
wl is the trainable parameter denoting the weight of the I-th layer,
and f() is the similarity function, which is implemented based on
a layer-specific matrix W/, i, f(x,y) = XTle. We show this
process in the bottom-left part of Fig. 2, which takes the L = 2 as
an example and visualizes the subtopic s; as a representative.

4.3 Subtopic-aware Personalized Ranker.

Based on Eq. (6), we construct a subtopic-aware personalized ranker
to produce the final scores of candidate documents by explicitly
incorporating query subtopics. Specifically, the s** is computed by,

s = Zil p(silu)sim(d, s}), (12)

where sim() is the cosine similarity function. sim(d, s¥) o p(d, s, )
as the generation of s}/ involves the user histories. Moreover, consid-

) d.si,
ering p(d|si, u) = p;(;f,ubﬁ)’

of the current query ¢, we can assume that sim(d, sf) oc p(dlsi, u).
This assumption is also applicable to later calculations.

To avoid the incomplete coverage of subtopics on query aspects,
we retain the implicit score, which has been verified to be effective in
personalized search. We produce the s™ by the following function,

where p(s;, u) is same for all documents

s = sim(qY, d) (13)

The personalized score Ps(d|q, u, Qs) is yieled by Eq. (3).
Following previous personalized search methods [44, 48-50], we
calculate ad-hoc score, Rs(d|q) by

Rs(dlg) = w? [KNRM(¢", d¥);sim(q, d); ¢(fa)] ", (14)

where g%, d* denote the word embeddings of the current query g
and candidate d. KNRM() is the word-level cross-matching func-
tion proposed by [42]. fyq are the relevance features between the
document and the query extracted following previous studies [50].
We utilize a trainable weight w* € R1¥3 to combine them.
Eventually, an MLP layer ¢() is used to generate the final score,

score(d|q, u, Qs) = ¢ ([Ps(d|q, u, Qs); Rs(dlq)]) - (15)

Based on the final scores, we can rerank the candidate documents by
explicitly considering the user’s subtopic preference, and enhancing
the quality and interpretability of the ranking results.
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4.4 Auxiliary Subtopic Preference Prediction

The above sections described the architecture of our ranking model
which explicitly considers query subtopics for personalized search.
Nevertheless, the only label data available for training the ranking
model is the user’s implicit feedback (e.g., the candidates’ click
label of the current query), without signals of the user’s explicit
subtopic preferences. Optimizing our model solely based on the
learning-to-rank (LTR) task would make it difficult to ensure the
accurate prediction of the user’s subtopic preferences. Motivated
by this, we construct a pseudo label model (PAM) to extract the
user’s preferences signals from her click feedback. We view the
extracted preferences as the pseudo label to assist the training of
our ranking model, which will be introduced in Section 4.5.

Considering that unsupervised methods are hard to capture the
high-order semantic information of the user’s feedback, which is
detrimental to the accuracy of extracted pseudo labels, we construct
the PAM in a supervised manner. Next, we will demonstrate the
extracting process and the training task of PAM.

4.4.1 Extracting process of pseudo labels. To learn the semantic
information from click feedback, we devise the PAM based on the
transformer encoder. Specifically, the input of PAM consists of
the clicked documents of the training query. We denote the word
embedding sentence as S, and adopt the transformer encoder Trm()
to learn the user’s current implicit intent, I as below,

I = Avg(Trm(S)). (16)

We view I as the accurate user intent representation since it is
derived from her click feedback. Thus, user’s subtopic preferences
can be directly decoded by,

p(silu) = softmax; (sim (WiI, Wssi)) . (17)

W' and W* are learnable parameters and p(s;|u) is the pseudo label.

4.4.2 Training of the PAM. Since final scores computed based on
accurate user preferences can yield high-quality ranking results, the
quality of the derived ranking results is evidence of the accuracy
of the user preferences. Thus, we rerank candidate documents
based on extracted preference signals and optimize the PAM by
LTR task. Considering the click feedback maximum reflects the
user intent, the PAM can capture users’ subtopic preferences more
accurately than SPE. Thus, candidates can be ranked based on their
relevance with preferred subtopics, which denote the user’s actual
intents. In this ideal scenario, the relevance of d is conditionally
independent of u given the s;, i.e., p(d|s;, u) ~ p(d|s;). By removing
the demand for context-aware subtopics, this derivation allows
for a reduction in model parameters and an increase in training
convergence. Therefore, we compute the explicit score s** by,

= S p(silusim(d, ), (18)

where sim(d, s;) o p(d|s;). We yield the implicit score by s™ =
sim(L d), and produce the personalized score by Eq. (3). The ad-hoc
score is generated in the same way as Eq. (14). Then, we calculate
the final score of the candidate document by Eq. (15).

We apply a pairwise LTR algorithm, LambdaRank [7] to op-
timize the PAM. The training sample is constructed as follows:
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x ={q,Qs,di,dj, D*}, yij € {0,1}.d; and d; denote the pair of posi-
tive and negative documents, y;; is the ground truth that d; is more
relevant than d;. Qs is the query’s subtopics and D* represents the
clicked documents. The loss function is computed as below:

L(di. dj) = —yijlog(pij) + (1 - yij) (log(pij)), (19)

where p;; = sigmoid(score(d;) — score(d;)) is the predicted proba-
bility that d; is better than d;. score(d;) and score(d;) are the final
score of d; and d; generated by PAM.

4.4.3  Auxiliary Subtopic Prediction Task. With the well-trained
PAM introduced above, we can extract the pseudo labels of users’
subtopic preferences for assisting us in ranking model training.
We devise an auxiliary task for narrowing the gap between the
predicted user’s subtopic preferences produced by Eq. (11), p(si|u),
and the pseudo label. Due to the symmetry of JS divergence, we
adopt it to devise the following loss function:

Lais =S (p(silw), p(silu)) . (20)

4.5 Ranking Model Training

The LTR is the main objective of our model to ensure the ranking
quality. For model optimization, we utilize the same pairwise loss
function as PAM, i.e.,, Eq. (19) . The difference is that the composi-
tions of training samples are x = {q, Qs, H,d;, d;}, yij € {0,1}, and
the final scores of d; and d; are produced by our ranking model
based on Eq. (15). We denote the LTR loss as £, k-

The final loss of our model is generated by the linear combination
of L, 4ni and Ly;s with manually defined weights A1 and Aj:

L=MLrgnk + 12 Laiss (21)

5 EXPERIMENT
5.1 Dataset and Evaluation Metrics

The experiments are conducted on a publicly available dataset, AOL
that contains a search log from 15f March 2006 to 3157 May 2006.
The basic statistic information is presented in Table 1. We construct
the dataset following Wasi et al. [2], where all non-alphanumeric
characters of queries are removed. The session boundaries are iden-
tified by the similarity between two consecutive queries. Based on
the above process, each piece of data consists of an anonymous
user ID, a session ID, a query, the uploaded time of the query, and
the corresponding clicked URLs. As AOL only contains clicked doc-
uments, which are viewed as relevant ones, we follow [2] to crawl
document content, dig out candidate documents and reconstruct
the original rank list by BM25 algorithm [27]. 5 candidate docu-
ments are built for the queries in training and validation sets, and
50 candidates for the queries in the test set. The detailed processes
can be referred to at [2]. We view clicked/unclicked documents as
positive/negative samples following existing studies [44, 48, 50]
to build training samples. For ensuring an adequate search log for
each user, the first five weeks are reserved as a background set, and
we view the latest eight weeks as an experimental set, which is di-
vided into the training set, validation set, and test set in a 4:1:1 ratio.
Following [2], we regard the titles of documents as the content.
We select three widely used metrics, MAP, MRR, and P@K to
evaluate the performance of our proposed model. For P@K, we
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Table 1: Basic statistical information of the dataset.

Item Value ‘ Item Value
# days 91 Avg. query length 2.87
# users 110,439 Avg. session length 2.55
# queries 736,454 Avg. #click per query 1.11
# sessions 279,930 Avg. #subtopic per query 5.22

further consider P@1, P@3, and P@5 in our experiments. Mean-
while, due to the phenomenon that the original rank position of
documents will impact the click behaviour of the user, namely po-
sition bias, we further select a more reliable metric P-Improve [23].
According to [13, 21, 23], we only view the skipped and next non-
clicked documents as irrelevant documents and construct inverse
document pairs. Thus, P-Improve is obtained by computing the
ratio of the correctly ranked inverse pairs.

5.2 Baselines

Except for the original ranking, we select several popular ad-hoc
models and personalized models to compare with our model.

KNRM[42] is a kernel-based method to learn the soft matching
between the tokens of the document and the query. P-Click [15] isa
heuristic personalization method that reranked the candidates of the
refinding queries based on the personal click number. SLTB [5] used
LambdaMART to yield personalized rerank results with 102 features
extracted from the search log. HRNN [17] is a deep-learning-based
model which applied the hierarchical RNN and attention mech-
anism to learn user profiles. PSGAN [23] focused on exploring
high-quality negative examples based on the generative adversarial
network. RPMN [49] constructed the personalized model based on
memory networks to model the multi-level refinding. PEPS [44]
proposed to enhance personalization by constructing a personalized
embedding matrix for each user. HTPS [48] applied the transformer
encoder to integrate the search history for disambiguating the cur-
rent query. PSSL [50] devised four contrastive tasks to pretrain
the personalized model, leading to reliable representations of user
profiles, queries, and documents to improve the personalized search.
It is the state-of-the-art personalized search model.

Our methods includes ExpliPS & ExpliPS-S5. To demonstrate
the robustness of the model for the methods of subtopic mining, we
implement two subtopic choice approaches. One is called ExpliPS,
where all the google suggestions are treated as query subtopics.
And the other randomly selects five google suggestions as query
subtopics, the corresponding model called ExpliPS-S5. We provide
the implement details of our method in Appendix .1.

5.3 Overall Performance

We first compare our model with all baselines, the overall results
are shown in Table 2. Our observations and analysis are as follows:

(1) Comparing with all the baselines, our model ExpliPS
significantly surpasses them in terms of all the metrics with
paired t-test at p < 0.05 level. Especially for the state-of-the-art
(SOTA) personalized model, PSSL, our model achieves a 3.00% im-
provement on MAP, and 3.03% improvement on MRR. Additionally,
5.60% promotion on P@1 implies that our model can accurately find
the document that meets the user’s need and rank it atop. Further,
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Table 2: Overall performances of all models. “i” indicates
that the model outperforms the state-of-the-art baseline, i.e.,
PSSL, significantly with paired t-test at p < 0.01 level. The
best results are shown in bold.

Model MAP MRR P@1 P@3 P@5 P-Imp
Adhoc search model

Original 2504 .2596 1534 .2865 3522 -
KNRM 4298 4399 2718 5130 .6089 .6633
Previous personalized search model

P-Click 4221 .4305 .3780 4128 4431 1657
SLTB 5113 5237 4693 5244 .5507 3374
HRNN 5438 .5555 4841 .5663 .6042 5927
PSGAN 5480 .5601 4892 5741 .6190 5985
RPMN 5926 .6049 5322 .6333 .6858 .6586
HTPS 7091 7251 6268 7728 .8300 7730
PEPS 7127 7258 6279 .7902 8467 .8105
PSSL 7359 7484 6431 .8248 .8805 8278

Personalized search model incorporating query subtopics
ExpliPS-S5 74987 76277 66497 83257 8814 85037
ExpliPS 75807 77117 67917 83847 .88607 .8517"

the result that ExpliPS achieves a 2.88% improvement on P-Improve
over PSSL verifies its effectiveness from a more credible perspective.
These comparison results confirm that considering query subtopics
and user preference distribution explicitly is beneficial for improv-
ing personalized search quality.

(2) Another version of our model, ExpliPS-S5, significantly
outperforms all the baselines on most evaluation metrics. We
find that ExpliPS-S5 achieves 1.88%, 3.39%, and 2.72% promotion on
MAP, P@1, and P-Improve, respectively. It indicates the stability of
our model for different subtopic selections. The improvement on
P@5 is trivial, the reason might be that top-5 is a relatively relaxed
condition, thus the baselines can also perform well. Furthermore,
though ExpliPS-S5 obtains promising growth, ExpliPS still outper-
forms it overall. We analyze it because the random selection may
omit some important subtopics that the user is interested in, the
ranking performance will be affected as a result.

(3) All personalized models improve the quality of original
rankings significantly, which reveals the effectiveness of person-
alization for promoting user satisfaction. The results of P-Click and
RPMN confirm the importance of refinding behaviour, and SLTB
verifies the role of manual relevance features. HRNN and PSGAN
take the advantage of long- and short-term history for modeling
the user profiles, while PSGAN produces greater results due to the
capturing of high-quality negative samples. PEPS and HTPS disam-
biguate the query representation directly based on the contextual
information, and PSSL enhances the personalization by devising
multiple contrastive learning tasks. However, all these personalized
models focus on learning implicit user interests without consider-
ing the explicit subtopic information, thus our model achieves a
higher performance when incorporating them simultaneously.

5.4 Ablation Study

To investigate the effectiveness of the components of our model, we
design some ablation studies and exhibit the results in Table 3. The
design motivations and result discussion are presented as follows.
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Table 3: Experimental results of ablation studies.

Model MAP MRR P@1

ExpliPS 7580 - 7711 - 6791 -
w/o EXP 7237 -4.53% | 7369  -4.44% | .6373  -6.16%
w/o DIS 7457  -1.62% | .7588  -1.60% | .6640  -2.22%
w/o IMP 7408  -2.27% | .7540  -2.22% | .6577  -3.15%
w/o PAM 7425  -2.04% | .7558  -1.98% | .6602  -2.78%
w/o SUP 7444 -1.79% | 7578  -1.72% | .6636  -2.28%
w/o MASK 7415 -2.18% | .7544  -2.17% | .6587  -3.00%

PAM 9408 - 9514 - 9146 -

Explicit signal. Our model explicitly considers query subtopics
to clarify the user’s search intent. To verify its influence on rank-
ing performance, we conduct two variants of our model. The first
one drops the explicit score and ranks candidates by aggregating
remaining scores, namely “w/o EXP”. The other one removes the
subtopic preference distribution with a uniform distribution, i.e.,
“w/o DIS”. The results presented in the 2" and 3" lines illustrate
that both variants underperform our model, even though the second
one retains query subtopics but drops the user’s subtopic prefer-
ences. This phenomenon proves that explicitly measuring the user’s
subtopic preferences can capture user intents more accurately, and
provide more satisfactory results for users.

Implicit signal. Though we introduce subtopics explicitly, our
model still retains the implicit user interest to achieve comprehen-
sive modeling of user intents. To prove its effectiveness, we drop
the implicit score s'™ and construct a variant, “w/o IMP”. We dis-
cover that the “w/o IMP” performs 2.14% and 2.58% worse in MAP
and P@1 than our model. It implies that the user’s implicit interest
plays an important role in personalized search. It suggests that
explicit and implicit preference signals are coherent and improve
the ranking quality together.

Pseudo label model. To verify the utility of the PAM in ensur-
ing the accuracy of predicted subtopic preferences, we devise “w/o
PAM” that optimizes the ranking model by the LTR task only. Con-
sidering the construction of PAM relies on a supervised manner, we
further employ an alternative unsupervised way to extract pseudo
labels, which decodes the user’s subtopic preferences from the av-
eraging of the clicked documents via cosine similarity. We call this
model “w/o SUP”. From Table 3, the results of both variants decline
significantly. It confirms the importance of the PAM and indicates
that a well-trained PAM can capture accurate preference signals,
hence providing the correct learning direction for the training of
ExpliPS. We also illustrate the performance of PAM in the last row,
which demonstrates that it can achieve satisfied ranking results,
which potentially ensures the accuracy of the pseudo labels.

Subtopic-aware mask. Our derivation of Eq. (6) reveals the
rationality of applying the subtopic-aware mask to the transformer
structure of SPE. To practically validate this mask strategy, we build
a variant of our model, namely “w/o MASK”, leveraging the full
attention strategy for SPE. The degraded performance verifies the
effectiveness of our mask strategy that all subtopics and the issued
query should be invisible to each other to avoid paying excessive
attention to redundant information. Thus, our SPE can capture
more personal signals from user histories and provide more reliable
representations of queries and subtopics.
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Figure 4: Visualization of two types of subtopic preferences

5.5 Experiments of Stability of Ranking Results

Since aggregating user histories solely based on the vague query
cannot clarify the specific user intent but introduce noisy historical
information. It will cause the top results cannot steadily meet the
user’s intent because the noise information will mislead the model
to broadly cover unimportant subtopics rather than focusing on the
user’s desired subtopics. However, our model explicitly captures the
user’s subtopic preferences, enhancing the documents related to the
preferred subtopics to be ranked ahead. Therefore, top results can
cover the user’s intent more stably. To confirm it quantitatively, we
propose an “Intent Entroy” (IEnt) to measure the coverage stability
of the ranking results on the user intent. The lower the intent
entropy is, the more stable the user intent is covered. We provide
the calculation of the intent entropy in the Appendix A.

The intent entropy of our model with other baselines is illus-
trated in Fig. 3(a). From the comparison, we find that all personalized
models are under the original ranking, which means that the per-
sonalized models have the ability to prioritize the documents the
user desires. Meanwhile, our model performs the highest stability
of user intent coverage with the lowest intent entropy. The results
reveal that our model can filter out the noise and focus on the docu-
ments that satisfy the user intents. In addition, the intent entropy of
all models rises with the increase of N. It is a natural phenomenon
as more documents will inevitably cover more subtopics.

Considering that the calculation of IEnt involves the user’s
subtopic preferences, which are produced by the PAM, the re-
sults may be biased toward our model. We additionally develop
“subtopic entropy” (SEnt) that excludes user preferences to mea-
sure the subtopic coverage of top results. Its computation is also
presented in Appendix B. From the results shown in Fig. 3(b), our
model is still under other baselines, which implies that ExpliPS
focuses on specific subtopics and arranges the documents based
on them. The high SEnt of other results might be because their
perception of user intent is confused, thus the subtopic coverage of
ranking results exhibits a broad and chaotic state.
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5.6 Case Study

Previous experiments have validated the performance of our model
from multiple perspectives. To further test that our model can pre-
dict the user’s subtopic preferences accurately, and illustrate the
interpretability of the ranking results, we provide two kinds of
case studies. The one visualizes some subtopics reference distribu-
tions produced from ExpliPS and PAM to prove that our model is
able to predict accurate subtopic preferences. The other one pro-
vides a ranking result returned by our model to demonstrate its
interpretability.

Visualization of subtopic preference distributions. Our
model involves two types of subtopic preference distribution, one
is the pseudo label yielded by the PAM, and the other one applied
to inference is generated by the SPE. We randomly select 2 queries
with 10 subtopics each from the test set and visualize their two
types of distributions in Fig. 4. The query content is abbreviated
as "*" on the Y-axis, which displays the query subtopics. On the
X-axis is the degree of preference. From the figures, we notice that
there are clear preference variations across the query subtopics,
and a few subtopics dominate the user interests. This phenomenon
illustrates that users do actually have certain tendencies for cer-
tain subtopics when they ask an informative question. This result
supports our hypothesis that explicit consideration of the user’s
subtopic preferences promotes personalization.

The experiment of interpretability is presented in Appendix C.

6 CONCLUSION

In this paper, we propose a personalized model which incorporates
query subtopics explicitly to promote the ranking quality. For cap-
turing the user’s subtopic preferences, we first use the semantic
encoder to learn the representation of every historical behaviour,
then we adopt the subtopic preference encoder to capture the user’s
subtopic preferences and implicit interests. Finally, we apply the
subtopic-aware personalized ranker to yield the final scores of can-
didates by exploiting query subtopics explicitly. Endowed with the
benefits of the multi-task loss function, our model could predict
the user’s subtopic preferences accurately and provide satisfactory
results for her. The experiments confirm the effectiveness of our
model on search result personalization and interpretability. Due to
the time limitation, we only employ google suggestions to represent
the subtopics, in future, we will consider exploring diverse subtopic
mining methods for explicit search result personalization.
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.1 Implement Details

We test multiple experiments to determine the hyper-parameter
settings. Eventually, The word embedding matrix is initialized with
100-dimension. The hidden size of the transformer structure is 256
and the layer L is 2. For the multi-head attention, we set the head
number as 8. To trade-off the effectiveness and efficiency, we select
the first relevant for each query as the behaviour information, and
the quantity of the subtopic is up to 11. For the queries without
google suggestions returned, we consider the query itself to be
its subtopic for ensuring the generalization of our model. Then
we select the latest 50 interactions for the current query as the
historical search log. For the optimization of the PAM, the epoch is
set as 2 with a 1e 3 learning rate. In the training of the whole model,
the weights of the two objectives, A1, A3 are set to 1, 10. The training
epoch number is 2 and the learning rate is 5¢~>. Note that the PAM
model is pre-trained separately and viewed as a labeling model,
which is not trained with our ranking model. For both stages, the
AdamW optimizer is used to learn the parameters of the model. We
release our code in https://github.com/ShootingWong/ExpliPS.

A CALCULATION OF INTENT ENTROPY

As we introduced in Section 5.5, we need to quantitatively verify
the ranking results produced by our personalized model can stably
cover the user intents. Thus, intent entropy (IEnt) is devised to
measure the coverage stability of the ranking results on the user’s
preferred subtopics. Specifically, we first determine the coverage of
top-N results on each subtopic, i.e., c¢(s;|Tn), as below,

(ilTn) = Y1 eGsild)) (22)
e(sild)) = { (1)’ E;Sgefnan (sim (dj, sk)) =i (23)

where Ty denotes the top-N results and d; is one of them, i.e.,
dj € Ty. c(si|dj) represents whether the document d; covers the
subtopic s;, and we view the most relevant subtopic as the covered
one by the hardmax operation.

Then, we weight it by the user’s subtopic preference, p(s;|u),
which is produced by the pseudo label model, resulting in a distribu-
tion, p(s;|u, Ty), whose information entropy represents the stability
of user intent coverage. Therefore, the intent entropy, IEnt(Ty), is
calculated as follows,

p(silu, Ty) = softmax;p(silu)e(sil Tn), (24)

Ent(Ty) = - Y plsilu.Ty) log (plsilu. T)).  (25)
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Incorporating Explicit Subtopics in Personalized Search
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Figure 5: A case for interpretability of the search result.

The lower the intention entropy is, the more stable the user intent
is covered.

B CALCULATION OF SUBTOPIC ENTROPY

Considering that the user’s subtopic preferences are generated by
the PAM, the results may be biased in favor of our model. Con-
sequently, we additionally design “subtopic entropy” (SEnt) that
excludes user preferences to measure the subtopic coverage of top
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results. The following provides a presentation of its computation:
k
SEnt(Ty) = - Y p(silTv)log (p (silTn))  (26)

p(silTw) = softmax; (Zi | <Gsild))) (27)

The subtopic entropy can measure the coverage stability of the
top-N results on certain subtopics. The stability of query subtopic
coverage increases with decreasing subtopic entropy.

C CASE OF SEARCH RESULT
INTERPRETABILITY

As we introduced in Section 1, considering the user’s preference
distribution on query subtopics is also in favor of the search re-
sult interpretability. Thus, we provide an example to illustrate it,
which is displayed in Fig. 5. We randomly select a behaviour in the
test dataset, and visualize the user preferences and ranking results
from our model. We normalize and present the most preferred two
subtopics to save space. Our model finds that the user want to un-
derstand the definition when she searches for an unknown disease,
thus it predicts that the user prefers the subtopic “bone cancer
definition” . As a result, the model will prioritize the documents
related to the “bone cancer definition”. In this case, we can provide
a reasonable interpretability of the returned list, hence improving
the user’s search experience.
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