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A session-based recommender system (SBRS) captures users’ evolving behaviors and recommends the next
item by profiling users in terms of items in a session. User intent and user preference are two factors affecting
his (her) decisions. Specifically, the former narrows the selection scope to some item types, while the latter
helps to compare items of the same type. Most SBRSs assume one arbitrary user intent dominates a session
when making a recommendation. However, this oversimplifies the reality that a session may involve multiple
types of items conforming to different intents. In current SBRSs, items conforming to different user intents
have cross-interference in profiling users for whom only one user intent is considered. Explicitly identifying
and differentiating items conforming to various user intents can address this issue and model rich contextual
information of a session. To this end, we design a framework modeling user intent and preference explicitly,
which empowers the two factors to play their distinctive roles. Accordingly, we propose a key-array memory
network (KA-MemNN) with a hierarchical intent tree to model coarse-to-fine user intents. The two-layer
weighting unit (TLWU) in KA-MemNN detects user intents and generates intent-specific user profiles. Fur-
thermore, the hierarchical semantic component (HSC) integrates multiple sets of intent-specific user profiles
along with different user intent distributions to model a multi-intent user profile. The experimental results
on real-world datasets demonstrate the superiority of KA-MemNN over selected state-of-the-art methods.
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1 INTRODUCTION

Recommender systems (RSs) can help users find their preferred items from a vast number of
choices, thus enhancing user experience. Moreover, they help e-commerce platforms to increase
user engagement and derive new business value. At the same time, user behavior data (e.g., click,
purchase, and check-in) is growing exponentially and has been successively collected by platforms
as a knowledge source to be fed into RSs. For instance, 62 million user trips were accumulated in
July 2016 by Uber, and more than 10 billion check-ins were generated by over 50 million users at
Foursquare [42]. As a result, SBRSs, which can respond to users’ evolving behaviors, have become
a hot research topic in recent years [23, 39, 41, 44]. They profile users by accumulating and filter-
ing representative items’ features in a session context (SC) and then recommend the next item
according to the similarity between items and user profiles.

There are two major types of factors affecting the selection of items in a session, and in turn,
affecting user profiles: (1) User intent factors imply a user’s psychological context in which the ses-
sion is started at that time. Most users visit RSs with certain intents in mind and directly browse
items of some types. Thus, user intent is a factor narrowing search scope to some item types.
(2) User preference factors affect the acceptance degree of a user to an item. Users have their po-
tential criteria for comparing items and prefer ones whose attributes, e.g., brand and price, meet
their requirements according to compensatory or non-compensatory rules [26]. In summary, for
a session, user intent factors decide which item types are needed, while user preference factors
determine the selections of items of the same type. Taking the case illustrated in Figure 1 as an
example, a hostess planned a family party (i.e., a coarse-grained intent). She thus should prepare
the dinner and decorate the house (i.e., two fine-grained intents). Accordingly, she browsed items
corresponding to party supplies (i.e., a coarse-grained item category), including dinner food and
decoration (i.e., two fine-grained item categories), in an e-shopping application and added a wine,
a lobster, onions, balloons, and a rose (i.e., specific products) into the cart. Finally, she ended this
shopping session by picking up a piece of bread for breakfast with the intent to save freight costs.
In this case, items in the cart are all her prefers by comparing with non-selected ones conforming
to the same intents. But there is no iPhone X in her cart could be better attributed to the intent
factor rather than the preference factor.

Most existing SBRSs [12, 35, 42] do not distinguish between user intent and user preference.
However, mixing intent with preference without identifying and differentiating SC for various
user intents over a session may impair the algorithm’s performance for two reasons: (1) Items con-
forming to different user intents have cross-interference in profiling users for whom one intent is
considered. As shown in Figure 1, turquoise balloons are helpful to model the hostess’s decoration
preference but contribute less, even negatively, to model her food preference. (2) Typical SBRSs,
including recurrent neural networks (RNN)-based and attention-based ones, are easy to fall
into traps that recommending the next item according to only one arbitrary user intent [36]. In
RNN-based approaches, the contextual items far from the target item will be overwhelmed by the
near ones due to memory decay over time, and thus the most recent intent indicated by the nearest
items will mostly take over the recommendation. Although attention-based approaches can relieve
negative time influence, they tend to assign salient weights on very few significant items, making
the intent of a session dominated by these few items [14]. Looking back to our example, these two
types of approaches have a high probability to repeatedly recommend breakfast and dinner food,
respectively. But, the reality is, the bread is just an add-on; instead, decoration products are needed
more. Thus, the models fail to balance the effects of non-dominated user intents.

Currently, even though a small number of methods [36, 49] attempt to assign items in a session to
build intent-specific user preference representations, they cannot identify users’ high-level intents
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Fig. 1. The left subfigure is an illustration of different SBRSs to model a multi-intent session, where rect-
angular boxes with different colors manifest various user intents and the arrows with different colors show
the very highly recommended items for their corresponding user intents. The right subfigure reveals the
relationship between user intents and item categories, where a phrase that begins with a colon indicates the
type/category of items conforming to the user intents above them.

similar intent

since they often flatten the structure of SC so as to the hierarchical relationships between user
intents are neglected. Thus, the recommended items would be very similar to the observed items
conforming to a shallow intent, e.g., the first intent layer in Figure 1. The items, e.g., the board
game for a party, which are also related according to a higher-level user intent, e.g., the second
intent layer, have less chance of being recommended to the hostess in Figure 1. In [36], universal
and abstract user intents are modeled for all sessions. It does not conform to the fact that users
have various intents over different sessions.

To this end, we propose a framework to model user intent and preference explicitly. Unlike pre-
vious SBRSs [6, 25, 36, 45], which make user intent representation a mere figurehead and user pref-
erence representation an overladen mixture, our framework empowers user intent and preference
factors to play their distinctive roles in a multi-factor modeling process, followed by a reasonable
integration.

(1) User intent factor modeling: We assume multiple intent units (called intent for short), e.g.,
an item’ category is a kind of intent units, an additional embedding space for representing
different intents, and there is a multi-level intent tree forming the hierarchical semantic rela-
tionship between intents. For a new session, the involving intents (may with different gran-
ularity) and the SC for an intent is automatically identified according to a map (soft router
(SR)) between observed items and intents. Then, we can explicitly analyze and calibrate the
distribution of user intents over a session based on intent embeddings.

(2) User preference factor modeling: In addition to intent embeddings, there also exists a conven-
tional item embedding space. Following the idea behind most SBRSs that treat a selective
accumulation of item embeddings as user preference embedding (called user embedding for
short) to profile users, we also learn a user embedding by linearly combining some observed
items’ embeddings. The difference is, we manipulate items within the scope of an SC related
to an intent rather than scan all items at a time. We thus can learn multiple precise and
intent-specific user embeddings over a session.

(3) Factor integration: As such, user intent factor modeling can help restore a user’s psychologi-
cal context and assign items for accurate user preference modeling. By integrating multiple
sets of intent-specific user embeddings along with different user intent distributions, we
finally profile a multi-intent user embedding to fit real intent-aware recommendations.
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Specifically, we propose Key-Array Memory Neural Network (KA-MemNN), aiming
at more concentratedly capturing intent-driven user behavior. To enhance model flexibility,
KA-MemNN configures the user intent as a latent contextual variable rather than a fixed item
category like in its last version [49], though it can handle both settings. After session partitioning
based on a SR, the two-layer weighting unit (TLWU) in KA-MemNN first generates multiple
intent-specific user embeddings using items’ adaptive weights and then aggregates these embed-
dings based on their intent’s distribution on the same intent layer. Thus, one TLWU can profile one
intent layer-specific user embedding (called layer-specific embedding for short). Multiple TLWUs
can be applied to different layers, respectively, and thus produce multiple layer-specific embed-
dings. Then, the hierarchical semantic component (HSC) in KA-MemNN builds a multi-intent
user embedding by integrating all the layer-specific embeddings. Finally, to track more historical
information based on memory neural networks (MemNNs), we adopt two HSCs and apply
them to the short-term and the merged long-term sessions, respectively. As a result, a hybrid user
embedding is generated to evaluate items for the next-item recommendations.

Our contributions are summarized as follows:

(1) We propose a learning framework for intent-sensitive recommendations to capture rich
intent-related contextual information. Accordingly, we design an MemNN, i.e., KA-MemNN, to
achieve this.

(2) We perform experiments on real-world datasets, and the results show that our model consis-
tently outperforms state-of-the-art methods in terms of Recall and mean reciprocal rank (MRR)
metrics. The ablation experiments, parameter analysis, and visualization prove that our model’s
design is practical and works as claimed.

The remainder of this article is organized as follows: We first introduce the related work in
Section 2. In Section 3, we give the definitions and notations, describe KA-MemNN in detail, and
introduce the technical relevance between KA-MemNN and its last version. The experimental eval-
uation is detailed in Section 4, followed by the conclusions and future work in Section 5.

2 RELATED WORK

Our KA-MemNN addresses next-item recommendation problems, and it conducts dynamic rep-
resentation learning (DRL) for users through an MemNN. Therefore, our approach is related
to session-based RSs, e.g., sequential modeling and DRL, and MemNNs. Furthermore, the main
motivation behind KA-MemNN is user intent modeling. The intent can be embodied using item
categories to some extent. Thus, we also introduce some RSs with the influence of intents or item
categories being considered. Lastly, we compare KA-MemNN with its original version.

2.1 Session-Based Recommendation

SBRS spits user behaviors into multiple sessions according to timestamps associated with each
behavior record. It can conduct sequential modeling or DRL over sessions according to various
strategies and motivations.

Sequential modeling. There are two major types of sequential RSs, namely Markov Chain
(MC) and RNN-based RSs. MCs have become classic tools to handle users’ sequentially generated
behaviors through sequential pattern mining [31, 40] and transition modeling [9, 30, 47]. For in-
stance, based on the insight that frequent patterns can be utilized to predict the next items users
will access, the work in [40] emphasized personalities in their models by discovering user-specific
frequent patterns. In contrast, the work in [30] proposed FPMC, which directly utilizes MF to cap-
ture users’ general tastes and combines MF with a first-order MC to predict the next item based on
the recent items by learning a transition graph over the items. Despite the effectiveness of these
methods, there is a homogeneous hypothesis behind MCs. It is a strong assumption and might
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impair the recommendation performance. Recently, many researchers [6, 11, 18, 21, 38] have be-
gun to embrace RNN, including gated recurrent unit (GRU) and long short-term memory
(LSTM), in RSs since it has the power not only to highlight the short-term status but also to track
the long-term information. Like MC-based RSs, RNN-based RSs also treat a session as a sequence
and usually limit user interactions within a short time frame. They thus can input each item in a
session into RNN successively. For example, GRU4Rec [11] applies GRU-based RNN to SBRS and
achieves a significant improvement over traditional methods. KSR [18] and SSRM [6] take GRU
as one core component in their architectures to model users’ sequential behaviors. Then, the out-
puts of GRU are further utilized or integrated by the other components. Besides, the work in [51]
proposed a time-aware LSTM to consider sequential information and time interval information
simultaneously. Some sequential RSs such as SASRec [19] don’t directly use RNN, but they follow
the idea behind RNNs and also consider a session as a sequence. These approaches are usually
good at modeling the current short sequence but are much weakened in modeling long sequences
due to memory decay over time.

Dynamic representation learning. Items in a session may not follow a rigidly internal order
in many real scenarios, e.g., items in a shopping cart, and the behaviors outside the current session
are also important. Thus, many researchers have begun to maintain the order of sessions but relax
that of items inside a session. They treated each session as a set and left each items’ importance to
be learned automatically when generating users’ representations. As a result,DRL has attracted im-
mense attention recently. The RSs based on DRL consider items in a session collectively rather than
successively. Furthermore, they combine users’ previously and recently generated sessions using
different contributions or strategies to learn a hybrid representation. For instance, the work in [12]
and [35] both employed a two-layer structure to construct a hybrid representation over users and
items. The authors of [42] argued that the weights of different components should not be fixed and
thus proposed an attention-based sequential hierarchical attention network (SHAN). Hyper-
Rec [34] constructs a hypergraph for each time interval, which a graph convolution network
(GCN) can be applied. Then, by considering the sequential hypergraphs, the model can output a
hybrid representation for prediction. Our work follows this pipeline and conducts DRL for users,
the main difference being that we creatively introduce an intent layer above items to enhance
traditional weighting mechanisms.

2.2 Memory Neural Networks

MemNNs have been proven useful for a variety of document reading and question answering
tasks, such as end-end memory neural networks (EE-MemNNs5s) [32] and key-value mem-
ory neural networks (KV-MemNNs) [28]. The memory component, i.e., the memory bank, of
MemNNs can increase modeling capacity as well as generate a more informative representation
of historical knowledge to track long-term dependencies. For instance, a collaborative memory
network (CMN) [5] takes users who have co-click/co-visitation behaviors with the target user
on a specific item as the neighborhoods. These neighborhoods are stored in internal memory to
accumulate local neighborhood-based information. CMN is a non-session approach and learns the
static representations of users, and thus, it is inadequate for users’ dynamic preference modeling.
In contrast, RUM [3] introduces a user memory matrix to maintain a user’s recently visited items.
User embeddings are formed according to the retrieved information. RUM adopts a simple first-in-
first-out mechanism to maintain the latest interacted items in the user memory matrix. Thus, older
information is forgotten gradually. Like CMN and RUM, the applications of MemNNs in RSs are
usually based on user-item binary relations [3]. So far, limited work utilizes MemNNs with user
(latent) intent being considered. To consider additional knowledge base (KB) information, KSR
[18] integrates the GRU-based networks with KV-MemNN and stores attribute-level preference
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representations into memory banks. However, the key setting of KSR is different from ours since
we don’t utilize KB information.

Recently, TMRN [16], in which MemNNs have been first combined with taxonomy information,
was proposed. TMRN can be viewed as one taking user intent into account because user intents are
highly related to item categories. TMRN attempts to encode the hierarchical category semantics
but without incorporating item information. Thus, it cannot fully exploit the link information from
user-intent-item triadic relations. Furthermore, each hop in TMRN accumulates the information
of one layer of item categories instead of a session, causing the approach to have a limited ability
to acquire users’ dynamical preference information.

2.3 Approaches with Intent Influence Considered

As mentioned, there are two types of approaches that incorporate the influence of intents into
models. Some models consider latent user intents while the other methods embody user intents
with other side information such as item categories. Nevertheless, both investigate user behav-
ioral intents based on user behavioral data and learn additional latent intent representations. For
instance, the work in [25] generated user intent/motivation representations by modeling users’
various behaviors, e.g., click, collect, cart, and purchase. SSRM [6] and AttRec [45] both select
the most relevant items in a session to form the representation of user intents. The relevance is
determined by the MF-attention in SSRM and the self-attentive map in AttRec. However, these
approaches usually assume the items inside a session are only associated with one implicit intent.
In such a case, there is no significant difference between user intent and user preference. In con-
trast, MCPRN [36] learns multiple latent intent representations for one session. The effectiveness
of this design has been proven in [36]. Unfortunately, the number of latent intents is decided in an
arbitrary way. Moreover, intents are not structurally organized but treated equally.

Recently, some works [8, 37, 46] model user historical behaviors considering the influence of
item category information. In particular, CHLF I [33] deduces the effect of categorical informa-
tion on items. But it is a non-session approach and neglects user-category relations. TMRN [16]
attempts to encode the hierarchical category semantics. However, it only utilizes the structure
of item categories and the representations of categories are not semantically linked to the repre-
sentations of items. Thus, both CHLF_I and TMRN do not learn user-intent-item triadic relations
sufficiently supposing item categories are used to represent user intents. Furthermore, unlike our
model, neither of them can be applied to learning latent multi-level intents when the taxonomy
information is unknown.

2.4 Differences from the Original Version

The original work [49] has been published in the proceedings of the WSDM 2020 and the old
model is renamed to KA-MemNN-CA in this article to distinguish with the new model, i.e.,
KA-MemNN. KA-MemNN and KA-MemNN-CA both model user intent and preference in a learn-
ing framework. In KA-MemNN-CA, user intents must be embodied by item categories, causing it
is not qualified for the situation when the taxonomy information of items is not available. To han-
dle this problem, KA-MemNN is proposed based on KA-MemNN-CA. Specifically, in KA-MemNN,
we utilize the representation of latent user intents to replace that of real-world item categories. By
doing so, KA-MemNN can also deal with multi-level intents, which KA-MemNN-CA cannot do.
In this perspective, KA-MemNN-CA can be viewed as a special case of KA-MemNN. Moreover,
to better train the new model, we also define a novel loss function by considering the relations
between different intents. This loss function helps shape the structure of the intent tree.

The organization of the new manuscript also varies from the old one. In this version, we de-
scribe KA-MemNN in detail and briefly introduce how to generate KA-MemNN-CA by modifying
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Table 1. Descriptions of Mathematical Notations

Notation \ Description

h, € R¥ The initial user embeddings, where k is the dimensionality of the vector.

7 7i € Riexk The intent-specific user embedding matrices, where i marks the layer of
’ intents and n., represents the number of intents in that layer.

0,0' € RF The layer-specific user embeddings.

f.fi. fs € RF The multi-intent user embeddings.

e € RF The item embeddings.

V e RIZIxk The item embedding matrix of all items, where |7'| is the number of all

items.
S,S81,Ss The sessions (sets) of items, where L and S identify long and short-term.
X. X, Xs € RISk ’)I;h? :es;ion matrices, where |S] is the number of items in the session of

The intent embedding matrices, where i marks the layer of intents and
n¢, represents the number of intents in that layer.

The item-intent map matrices, which record the relations between |S]|
items and n,, intents in the ith layer.

C.C' € Rk

M, M’ € RISKne;

KA-MemNN. Also, in the experiment section, the various experiments are conducted to test the
effectiveness of KA-MemNN. Whereas, KA-MemNN-CA is more like a baseline to be compared.

3 KEY-ARRAY MEMORY NEURAL NETWORK (KA-MEMNN)

In this section, we first formulate the next-item recommendation problem, and then introduce the
details of our model, followed by a description of the model learning strategy.

3.1 Problem Formulation

Let the symbol 7 represent the set of all items and e € RF be an item embedding, where k is
the dimensionality. Let the symbol V = [...,e;,...]T,¥i € I be all items’ embedding matrix.
According to timestamps of interactions, the visited items of a user can be split into multiple
sets/sessions S C J. Furthermore, each one has a session matrix X related to its items as follows:
SYM X~ en.. T eRISXk yie s,

where | - | represents the number of elements in the set. For simplicity and following the settings
in some previous RSs [42, 49], we further divide the sessions of each user into two parts, i.e., long-
and short-term sessions, and utilize uppercase letters {L, S} to identify them. More specifically, we
let Ss (resp. Xs) denote a user’s current session (resp. the current session matrix) and Sy, (resp. X)
denote the union set (resp. the matrix of the union set) of all sessions before the current session.
Ss (Xs) reflects a user’s current status and Sy (X) implies a user’s historical referable behavior
information. All vectors throughout the article are column ones and the main notations are listed
in Table 1.

Formally, given a user and his (her) two item sessions Sy and Sg, we aim to recommend the
next items, which most likely belong to the current session S.

3.2 Overview

We can accumulate relevant information from users’ historical sessions incrementally to complete
our task. Since MemNNs can track long-term dependencies by reading memories multiple times,
following this pipeline, we design a KA-MemNN to conduct next-item recommendations.
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Fig. 2. The overview of the network architecture.

Our model shown as Figure 2 has two hops (each hop is also referred to as one iteration or
one memory bank [28]), where one is for the long-term session, and the other is for the short-
term session. Each hop is conducted by a HSC that is detailed in Section 3.6. This component is
devised for modeling the influence from user intents varying from fine-grained to coarse-grained,
i.e,, from the bottom, e.g., the jth layer, to the top, e.g., the (i+1)th layer. HSC has a multi-layer
network structure, which corresponds to different levels of intents. The unit CB, which is also
seen in Section 3.6, is in charge of fusing the influences from different layers. In each layer, there
are three vital units: T, SR (introduced in Section 3.4), and TLWU (introduced in Section 3.5). T is a
transformer that converts intent embeddings in a lower layer to a higher one. SR is a soft router that
maps items to different intents according to the linking strengths between item embeddings and
intent embeddings in the corresponding layer. TLWU is a two-layer weighting unit that aggregates
a session matrix to a layer-specific user embedding by considering intent-specific user embedding
and user intent distribution.

Each hop has three inputs for HSC: an initial user embedding h,,, a session matrix X, and an
initial intent embedding matrix C° defined as the item embedding matrix V. In our model, the
output of the first hop, i.e., the long-term multi-intent user embedding f7, is a base of the second
hop to replace its h,,. In doing so, the model can track long-term dependencies. Then, through two
hops of accumulation, we obtain the short-term multi-intent user embedding (called hybrid user
embedding for short and detailed in Section 3.6) fs, which are utilized to make recommendations.
Next, we introduce each part of the model in detail.

3.3 General Embedding Construction

In this article, we only utilize users’ historical behavior data such as view, click, and purchase.
Since the basic IDs of users and items (i.e., one-hot representations) have a very restricted repre-
sentation capability, we first employ a fully connected layer with an embedding matrix V € RIZ ¥k
to construct a continuous low-dimensional embedding of items, which is similar to discrete word
symbols in natural language processing [43]. We feed the fully connected layer network with one-
hot representations of items rather than other side information as in [1, 15, 50], though our model
also has an excellent capacity to deal with this. Then, the network outputs the corresponding em-
beddings e; for item i, i.e., the ith row of V. Although an initial user embedding h,, can be obtained
in the same way, we generate h, based on the mean of embeddings of all items in Sy, as follows
since this setting can speed up the model training process and make our model perform more
stable:

h, = ¢(W, - mean(Xy) + by,),
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Fig. 3. The structure of a multi-level intent tree. For ease of understanding, item categories are directly
treated as different user intents, e.g, the phrase “Chinese” here represents “the intent to eat Chinese food”.

where W,, € R¥k and b, € R* are model parameters of a multi-layer perceptron (MLP) [7].
¢(+) is an activation function and we utilize the RELU function to enhance the non-linear capability
and filter out some trivial information [24].

The item embedding e is a static representation since it does not differentiate between users’
new and old behaviors. In contrast, embedding h,, is a dynamic representation depicting users’
drifting interests as long as Sy has been changed. In traditional non-session RSs, such as BPR [29]
and CMN [5], a static representation is usually model for both users and items. This is a critical
limitation, and we further address this problem by introducing the session-based TLWU and HSC,
which will be discussed later.

3.4 Latent Multi-level Intent Tree

Assume that an item can match multiple intents, and an universal (user-independent) intent tree
with [ layers is shown in Figure 3. All items are located at the bottom and displayed as leaf nodes.
For example, all restaurants are located in the Oth layer in the right subfigure of Figure 3. Further-
more, each layer i of the intent tree has an embedding matrix denoted as C' € R"«: xk where ne, is
the number of nodes (intents) in the ith layer and each row of C’ denotes an intent embedding. The
information of the lower layers is merged into the higher layers, thus there exists a transmission
relation between the embedding matrices of different layers, which can be defined as a transformer
T as follows:

Yy,

C™ = Ti($(C), (1)
where C™*' € R™1*k and T;(-) : R™: > R™u is a fully connected NN. We set n,,,, < n,, to
shape a pyramid structure of the latent intent tree. Then, each item in a session can be assigned

to different intents in this tree through a SR, which is based on the connection strength between
its embedding and intent embeddings as follows:

Mi=1(xC'")

=[...mj,..]",¥j € S Amj € {0,1)", (2)
where I(-) is an element-wise binary function to convert positive values to ones and non-positive
values to zeros. The discrete matrix M of a session is an output of SR and m; is a multiple-hot
vector that maps item j to different intents in layer i. Accordingly, the cth column of M, e.g., M.,
identifies which items in session S match the intent c.
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Based on a session, different user intents can be highlighted from bottom up starting from the
visited item shown as the red path of Figure 3. They have related semantic information with dif-
ferent granularities varying from fine- to coarse-grained. Thus, the highlighted nodes should have
close representations. According to this observation and assumption, we add a constraint term and
minimize the loss as follows:

moc® ¥ x,
-1
Lintent = Ino (Z | M'C" - Mt ”2)5 (3
i=1
where o(x) = ﬁ is a logistic function and || - ||; is an L2-norm operation. In this way, we make

the branches under the same nodes have a similar intent embedding indirectly.

To simplify the problem, we assume the initial latent intent tree is a full N-ary tree, and the
number of leaf nodes is equal to that of the items. Then, there is only a hyper-parameter, i.e., the
number of layers [, deciding the outline of the latent tree. The specific structures, i.e., the edges
between nodes, are auto-adjusted according to the SR matrix M. Based on the hypothetical outline
of the tree, we can calculate the number of nodes in each layer, i.e., n.,, as follows:

base(lfl’i), 0<i<l-1,
ncz = .
171, i=0,

base = | “N|I],

where the function | -] makes fractions round down and n, is the (I — 1 —i)th power of base when
0<i<Il-1.

3.5 Two-Layer Weighting Unit (TLWU)

The relationship between user intents and specific items has a hierarchical structure. Thus, we de-
sign a TLWU to model this relation based on a session S, shown in Figure 4. The items’ weights, i.e.,
wy, which are the linking strength between items and the target user, are viewed as determining
factors to profile an intent-specific user embedding. The intent distribution, i.e., wg, which are the
linking strength between user intents and the target user, differentiates and calibrates the impor-
tance of user intents. Most traditional approaches emphasize the different impacts from items and
only assemble item weighting mechanism. In contrast, we introduce an additional intent adjuster
to amplify or weaken the signal from items once again according to different user intents.

Specifically, the initial user embedding h,, is utilized to generate two sets of weights, i.e., item
weights and intent weights. They are also identified as array weights w4 and key weights wg in our
KA-MemNN:ss, respectively. Following most RSs considering the influence from items [12, 27, 42],
the wy is determined as follows:

wy = softmax(Xhy), (4)

where wy is the Softmax result of the vector Xh,,.

With an item-intent map M’ defined in Equation (2), the items can be aggregated to form an
intent-specific user embedding matrix Z? € R"<*K. The cth row of Z’ denoted as Z!, represents
the cth intent-specific user embedding and is calculated as follows:

ZL = X" (M, @ wa),

where M_, is the cth column of M’ and ® operator is an element-wise multiplication. Z' is utilized
as values to be aggregated and C' is utilized as a key to guide the probability in an attention
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Fig. 4. TLWU and SR.

mechanism [2] or KV-MemNN [28]. Similar to the definition of w,4 in Equation (4), we calculate
wgk as follows:

w}; = softmax(C'h,).
Finally, we aggregate Z' by a linear combination to produce a layer-specific user embedding o’ as
follows:

ol =71 ZM]’:: ®w}'( ,
J

where the multi-hot vector I(}; M J’) is a mask vector indicating, which user intents in the ith
layer are involved.

TLWU can be viewed as an extension of KV-MemNNs [28]. For a standard KV-MemNN, as-
sume we have a query vector h, € RF, then the task is to reconstruct h,, to a more informative
representation by retrieving n key-value pairs: K € R™* and V € R™* from the memory bank.

kv(h,,K,V|w) = o(Kh,)"V,

where ko(-) is a KV-MemeNN function, and w(Kh,) € R" is a weight vector, or affinity vector
describing the similarity between the target query and the corpus. w(-) is usually an activation
function like RELU and Softmax. Then, the h,, is reconstructed by a weighted sum of V, where
each value gets the weight from the similarity between its corresponding key and the target query.
When the key and value become the same, i.e., K = V, the KV-MemNN degrades to the EE-MemNN
[32].

Instead, our TLWU generalizes KV-MemNN by replacing the single value with a variable-length
array, which records multiple values for each key, i.e., the single matrix V is replaced by two
matrices X and M. The values in the same array have the same property, which makes them
have a shared key. For example, all values satisfy a common intent, i.e., their corresponding mask
codes in M. are all ones. We refer to this data structure as having a key-array data type. Formally,
given query h,, key matrix C, array matrix X, and map matrix M, TLWU reconstructs a hybrid
representation o of h, as follows:

0 = TLWU(h,, C, X, M), (5)

where map matrix M can be calculated as Equation (2), or obtained from an additional taxonomy
information of items. Then, the process of calculating wx and wx can be viewed as two query
operations on our key-array memory bank (KA-MB), as shown as Figure 4.
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Fig. 5. HSC, where T is a transformer introduced in Equation (1), SR is a soft router defined in Equation (2),
and CB is a weighted combination operation.

3.6 Hierarchical Semantic Component (HSC)
We have introduced how to apply one TLWU to one layer of user intents in the last subsection.
However, an intent tree has multiple layers and each layer represents the different granularities as
aforementioned. To fuse the impacts from all layers, we design a HSC based on multiple TLWUs
shown in Figure 5(a).

For the ith layer in an intent tree, we have an intent embedding matrix C' introduced in Equa-
tion (1) and a map matrix M’ introduced in Equation (2). Thus, we can apply TLWU to different
layers as follows:

. [ TLWU(R,,C", X, M"), 0<i<I-1,
0o =
X wa, i=0.
When i = 0, we only consider items” weights in TLWU to output o’. Then, we employ a one-

layer fully connected NN fcy(-) : RF + R and a Softmax function to automatically adjust the
importance of different layers.

wy = softmax([..., feg(0'),...]),i=0,1,2,....

Finally, we fuse all layer-specific user embeddings to a multi-intent user embedding f € R based
on a weighted combination CB as follows:

f=L[ ..,oi,...]wH.
Therefore, f is an output of HSC(-) function that is summarized as follows:
f = HSC(h,,C°, X)
= HSC(h,, V,X).
From the pipeline of attention mechanisms [13, 45], HSC(-) can be viewed as a superior attention

model to learn elaborate and robust representations with limited knowledge of the whole context.

Long and short-term modeling: The aforementioned HSC is a session-based component.
. . s . . generate generate
Since we split a user’s sessions into two parts: S = — Xy and Ss © —  Xg, there are

two HSCs for long and short-term sessions.
fi = HSC(h,,C°, X1),
fs = HSC(f1.C°, X5s).

For the short-term session, the initial user embedding h,, is replaced by the output of the long-
term HSC f; to track more historical status of users’ behavior information. Finally, the hybrid
user embedding fs is utilized to predict the next items that are most likely in Ss.
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ALGORITHM 1: KA-MemNN

Input: The set of examples D, initial learning rate 7, regularization parameters Aintent, Ae,
Ag, and dimension k.
Output: model parameters ® and item representations V.

1: Init ©® and V from Normal Distribution N (0, 1);.

2: repeat

3: shuffle the set of observations {(u, S, Ss,i*,i7)}

4 for each observation (u,Sr,Ss,i",i”) do

5 compute fg  according to Equation (6)

6: compute 7, ;+ and 7, ;- according to Equation (6)
7

8

compute Lintent_; and Linsent_s according to Equation (3)
update © and V by the gradient descent optimization according to Equation (8)
9:  end for
10: until convergence
11: return © and V

3.7 Model Learning

After the fs has been obtained, we further utilize it with item embeddings to predict the scores
from a user to items as follows:

Fui = fs. i (6)

Next, we employ a pairwise loss function, which is introduced in [29], to train our model. We
randomly select a positive example i* from the current session of user u, ie., i* € Sg, and a
negative example i~ from unvisited items, i.e., i” € 7\(Sy U Ss). Then we define a pairwise
order , ;+ > #, ;- based on a simple assumption that users prefer observed item i* rather than
unobserved item i~. Finally, the loss of the prediction is as follows:

Lpred = Z —an'(fu’ it — fu,i’), (7)
(u, 8L, Ss,i%,i7)eD

where D is the set of examples and it is a five-tuple denoted as (user index, a long-term session, a
short-term session, a visited item index, and an unvisited item index). Combined with a constraint
term of a latent intent tree, which is defined in Equation (3), the final optimization function is as
follows:

arg 1’1’1@%1’1 -Lpred + Aintent(-Eintent,L + -Lintent,s) + 2 1 V2 +2e 1l © |z, (8)

where Linsenr , (tesp. Lintent_s) is the loss of the long (resp. short)-term session, © are the sets of
model parameters except item embeddings V, such as the parameters of MLP for users W,, and b,,.
The scalars Aipzent, Ae, and Ag are regularization parameters. The detailed learning algorithm is
presented in Algorithm 1. Once the model has been learned, we recommend items with the largest
scores 7y, ; to user u.

Computational complexity: The computational complexity of KA-MemNN mainly comes
from HSC, including TLWU, T, and SR parts. The complexity for both TLWU and SR is
O(batch_size-|S|i k), where | S| represents the average length of sessions, i, represents the aver-
age number of intents in each layer, and k represents the vector dimension. In practice, |8, Aie, and
k are typically small. As for the transformer T, the complexity is O(| |ick), where | I | represents
the number of items. Thus, the overall complexity of KA-MemNN is O(batch_size-|S|ick+|I k).
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3.8 KA-MemNN-CA: A Specific Case

The algorithm proposed in [49], which is renamed as KA-MemNN-CA in this article, also models
user intents. Essentially, it is a special case of KA-MemNN. Next, we will discuss the technical rel-
evance between KA-MemNN and KA-MemNN-CA and introduce how to generate KA-MemNN-
CA according to KA-MemNN. In general, compared to KA-MemNN, KA-MemNN-CA has addi-
tional observed item-category maps and user-specific category representations. At the same time,
KA-MemNN-CA removes the transformer T and intent constraint terms, i.e., Linrent-
Specifically, to embody latent intents in KA-MemNN-CA, we replace intents with observed
item categories since the two are highly related according to the descriptions above. Further, the
map between items and categories can substitute the relations between items and latent intents.
Thus, the SR can be removed from the HSC, as shown as Figure 5(b). In addition to common inputs
like h,,, C°, and X, for an HSC with the SR removed, there are some additional inputs, i.e., M.In
Figure 5(b), we should manually convert the real map between items and each layer of categories

to form discrete matrices M = [... ,ﬁ;, ...]T.Vj € S, where ﬁ; is a multiple-hot vector like that
in Equation (2). The difference is that this vector represents an observed relation instead of a latent
mapping result.

Meanwhile, this is an attention module generating user-specific category representations in
KA-MemNN-CA. In such a case, item embedding e is viewed as a topic probability distribution,
and each category embedding C;. is a summary of the items, which belong to this category. Fol-
lowing the attention mechanism, the importance of each item in representing their categories is

automatically determined by the model as follows:

X=[..e,..]",Vie S USs,
—i

M =[..m,. . ]".VjeS USs,

Wa = softmax()_(hu),
- @ —il = _
C =M (X®w,),

where X is an embedding matrix of all visited items by a user and M is an item-category map
matrix in the ith layer of categories. Each column of the weighted matrix, i.e., {)_( ®wal., is equal
to X. P ®OWa.

KA-MemNN-CA can further use item categories’ information based on the analogy between
item categories and user intents. However, this kind of information, especially detail one, is not
always available. Thus, KA-MemNN is proposed to address this most common issue by configuring
the user intent as a latent contextual variable rather than a fixed item category.

4 EXPERIMENTS

In this section, we empirically verify that our proposed approach outperforms start-of-the-art base-
lines as well as validate that the components in our model can improve the recommendation per-
formance regarding multiple metrics.

4.1 Experimental Setup

Datasets: Since our model fits the situation where user’s purchasing and visiting behaviors are
strongly associated with some inherent intentions, we choose Tmall dataset [12], Amazon dataset
[10], and Gowalla dataset [4] to conduct our experiments. Tmall dataset, which is the IJCAI-15
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Table 2. Statistics of Datasets
Dataset Tmall Gowalla Amazon
#user 20,202 15,063 38,871
#item 24,774 11,897 61,541
#layer of categories (including item layers) 2 2 2
#category/#region 769 4,544 3
avg. session length 2.72 3.02 2.71
#(train session pair) 52,577 114,272 173,061
#(test session pair) 4,040 3,012 7,775
user-item matrix density 0.039% 0.149% 0.024%
Table 3. The Default Settings for KA-MemNN in Our Experiments
Parameter Tmall Gowalla Amazon
#epoch 30 30 30
batch size 1,024 1,024 1,024
hidden size k 50 50 50
learning ratio (Ir) 0.1 0.1 0.1
Ir decay ratio y 0.8 0.8 0.5
Ir decay step size 30 30 20
the max length of long-term sessions 5 5 5
Ae 0.5 0.1 0.3
Ao 0.5 0.5 0.5
Aintent 0.1 0.01 0.05
#layer 5 4 5

competition dataset,! records users’ historical purchase behaviors, while Amazon dataset covers
reviews from Amazon ranging from May 1996 to October 2018. Following the work [34], we mix
the purchase data from multiple categories and use the review timestamps to approximate the
timestamps of purchasing. Gowalla dataset? collects users’ check-in information including the
time and locations of check-ins. For Tmall and Gowalla datasets, we extract the data generated in
the last seven months and items, which have been observed by more than 20 users to form the
final datasets. For Amazon dataset, we remove items with fewer than 50 purchases [34]. Similar to
[42], user behaviors in each day are treated as a session, while all singleton sessions, i.e., sessions
containing only one item, are excluded. Besides, the user who has less than three sessions are
also excluded. Any sessions except the first one of a user can be viewed as a short-term session.
All sessions ahead of the short-term session can be merged as a long-term session. From each
short-term session, we randomly select one item as the next item to be predicted. We treat the
last sessions of the randomly selected 20% of users as short-term test sessions, and the test next
predicted items are removed. Then, all short-term and correspondingly long-term sessions, i.e.,
session pairs, are utilized for training the model. The excluded items are utilized to examine the
performance of the model. The descriptive statistics of all datasets are summarized in Table 2. Note
that the categories in Tmall and Amazon and the region grids of size 1 x 1km? in Gowalla, which
are divided according to the Geographic Information System (GIS) coordinates, are treated as
behavioral intents in KA-MemNN-CA.

Thttps://tianchi.aliyun.com/dataset/dataDetail?datald=47.
Zhttps://snap.stanford.edu/data/loc-gowalla.html.
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Settings: Models are tuned for best performance by tuning the parameters. Except for the ex-
periments to explore parameter influences, the default settings for our model in the experiments
are listed in Table 3. Specifically, we utilize Adam [20] to optimize the training process, and the
initial learning rates are set to 0.1 for all datasets. We also utilize a scheduler to decay the learning
rate of each parameter group by y every step size batches.

Baselines: We compare our model with the following baseline algorithms, including non-
session recommendation, session-based (sequential) recommendation, hierarchical representation
approaches, and memory-based methods. A brief description of the baselines are as follows:

(1) BPR [29]. A traditional latent factor collaborative filtering (CF) model, which optimizes
a pairwise loss function. We choose BPR since it is a representative baseline in many RS
works. Also, we employ the pairwise loss function in our model.

(2) CMN [5]. A non-session memory network, which takes users’ neighborhoods as the values
in the memory bank. It is chosen as a baseline sine it is a state-of-the-art memory-based
approach. It accumulates user preference information from the memory bank as our model.
The main difference is that the memory bank in CMN has no relationship to sessions and
thus it is a non-session RS. We set the number of hops to 2 in our experiments since this
achieves the best performance on the datasets.

(3) FPMC [30]. This method models user preference by combining MF, which captures users’
general preference and a first-order MC to predict users’ next actions. FPMC and the fol-
lowing FOSSIL are two successful methods that utilize MC to model the users’ sequential
preference, and they are also frequently compared by other session-based RSs.

(4) FOSSIL [9]. This method integrates factored item similarity with MC to model a user’s long-
and short-term preferences. It is a state-of-the-art MC-based approach proposed in the RS
area. Note that we set y,, and p as single scalar since the length of each session is variable.

(5) HRM [35]. This method generates a hierarchical user representation to capture sequential
information and general tastes. The hierarchical structure of HRM is different from ours. But
it also aggregates a session matrix to a vector and thus it can be viewed as a basic hierarchical
model for comparison purposes. We use max pooling as the aggregation operation in our
experiments because this achieves the best result.

(6) SHAN [42]. This is a state-of-the-art hierarchical representation method proposed in the
session-based RS area. Although the structure of SHAN is not related to user intents, it
consists of two elaborate attention networks that help mine users’ long- and short-term
preferences. Thus, SHAN can achieve competitive performance and is a strong competitor
for our model.

(7) SASRec [19]. It adopts an enhanced self-attention neural network to capture users’ long-
term semantic and highlight relatively few actions in user interaction sequences simul-
taneously. This work is also a highly competitive baseline in sequential recommendation
domains.

(8) HyperRec [34]. This is also a state-of-the-art sequential RS. Unlike our work, it splits user
interaction sequences into multiple sequential hypergraphs and can thus model various con-
nection information and correlations between items.

(9) TMRN [16]. This work is similar to ours. It is also a memory neural network and takes
item categories into account. However, it combines real taxonomy information and encodes
the hierarchical category semantics without incorporating item representation. Each hop
is related to one layer of categories and cannot accumulate user preference information
from multiple sessions. Moreover, it cannot be applied when the taxonomy information is
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Table 4. Performance Comparison of Methods on Different Datasets!

Method Tmall Dataset Gowalla Dataset Amazon Dataset
R@10 | R@20 | MRR | R@10 | R@20 | MRR | R@10 | R@20 | MRR
(a) BPR 0.0168 0.0196 0.0075 0.1043 0.1808 0.0737 0.1437 0.2174 0.0892
(b) CMN 0.0359 0.0477 0.0173 0.1400 0.2173 0.0938 0.1593 0.2487 0.1032
(c) FPMC 0.0860 0.1035 0.0490 0.2382 0.3147 0.1205 0.1826 0.2653 0.1361
(d) FOSSIL 0.0724 0.0876 0.0362 0.2052 0.2886 0.1108 0.1903 0.2713 0.1399
(e) HRM 0.0849 0.1074 0.0491 0.2852 0.3913 0.1660 0.2059 0.2883 0.1486
(f) SASRec 0.0924 0.1248 0.0523 0.2998 0.4004 0.1736 0.2246 0.3097 0.1610
(g) SHAN 0.1087 0.1425 0.0532 0.3119 0.4158 0.1804 0.2361 0.3188 0.1732
(h) HyperRec 0.1003 0.1436 0.0528 0.3294 0.4203 0.1895 0.2510 0.3297 0.1843
(i) TMRN 0.1098 0.1437 0.0539 0.3321 0.4365 0.1987 0.2598 0.3356 0.1942
(j) KA-MemNN-CA 0.1201 0.1554 0.0581 0.3687 0.4838 0.2268 0.2691 0.3405 0.2097
(k) KA-MemNN 0.1334* | 0.1619* | 0.06127 | 0.3676* | 0.4857* | 0.2245* | 0.2794* | 0.3587* | 0.2201*
Improvement: (k) vs. (i) | 21.49% | 12.67% | 13.54% | 10.69% | 11.27% | 12.98% | 7.54% | 6.88% | 13.34%

IThe best result in each column is boldfaced, and the best result except the proposed methods in each column is
underlined. * indicates that the improvement of KA-MemNN is statistically significant compared with the underlined
result with a corrected p < 0.05/9; T indicates the improvement is statistically significant without corrections (i.e.,
P < 0.05).

unknown. In this article, we set the number of hops to 1 as we do not have detailed taxonomy
information.

Metrics: We employ two commonly used metrics, Recall@K (i.e., R@K for short in Table 4) and
MRR, to evaluate the performance of the methods. Recall@K evaluates the fraction of ground truth
items that have been retrieved in a top@XK item list over the total amount of ground truth items.
We choose K € {10, 20} because most users are only interested in viewing the recommendation on
the first page in real-world RSs [12]. In our case, since the number of ground truth items for each
user is 1, i.e., one next item to be predicted, the value of Recall is equal to the value of hit ratio.
For top-N RSs, the position-based metrics, e.g., MRR, are more practical [48]. Thus, we also choose
MRR to evaluate the position of the next item that should be recommended. The larger the values
of both Recall and MRR metrics, the better the performance.

4.2 Comparison of Performance

Table 4 compares the performance of our KA-MemNN model and the baselines on three datasets
regarding two metrics. From the table, we make the following key observations:

(1) Our proposed methods KA-MemNN and KA-MemNN-CA outperform all baselines includ-
ing non-session approaches, i.e., BPR and CMN, traditional MC-based next item recommendation
methods, i.e., FPMC and FOSSIL, the hierarchical representation methods, i.e., HRM and SHAN, the
state-of-the-art sequential methods, i.e., SASRec and HyperRec, and a taxonomy-aware MemNN
method, i.e., TMRN, on all datasets. For example, at Recall@10, KA-MemNN achieves an improve-
ment of 21.49%, 10.69%, and 7.54% compared with the second-best baseline, i.e., TMRN, on the
Tmall, Gowalla, and Amazon datasets, respectively, although TMRN also achieves excellent per-
formance. For the MRR metric, KA-MemNN also improves the performance by 13.54%, 12.98%, and
13.34% on the three datasets, respectively. This observation empirically verifies the superiority of
our proposed KA-MemNN concerning the next recommendation problems with respect to Recall
and MRR metrics. We also employ the Wilcoxon matched-pairs signed-rank test to evaluate the
difference between the performance of TMRN (i.e., the best one except the proposed methods) and
KA-MemNN. The p-values of all three metrics (i.e., R@10, R@20, and MRR) on three datasets are
less than 0.05. After correcting for multiple testing, although some improvements cannot meet the
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severe condition, i.e., p < 0.05/9, shown as Table 4, it cannot much affect the conclusion that the
performance promotion of our model is statistically significant on multiple aspects.

(2) KA-MemNN-CA and TMRN utilize real-world taxonomy information and achieve a better
performance than the other baselines. This improvement might lie in the fact that the auxiliary data
can enrich the representations of users. Even so, TMRN cannot fully exploit the link information
from user-category-relations as KA-MemNN-CA does, resulting in KA-MemNN-CA outperform-
ing TMRN. The way to utilize item categories in KA-MemNN-CA and TMRN is different. Thus, an
interesting work is further incorporating the information from item categories to KA-MemNN-CA
following the strategy of TMRN.

(3) In some cases, e.g., for all metrics on the Tmall dataset, KA-MemNN can achieve a better per-
formance than KA-MemNN-CA, though the latter utilizes more additional side information than
the former. This proves that our latent intent mechanism works well in KA-MemNN. Basically, KA-
MemNN has a more complex network structure than KA-MemNN-CA since the latter is a specific
case of the former. KA-MemNN can fill in the gap caused by the lack of real-world taxonomy in-
formation through an elaborate design of the model. This is one possible reason why KA-MemNN
performs better than KA-MemNN-CA and TMRN. The other reason might be that we only have
one layer of real item categories, which might affect KA-MemNN-CA and TMRN’s performance.
But in reality, the taxonomy information, especially detailed multi-level category information, is
not always available. KA-MemNN is qualified for this non-ideal situation and even works better
in some cases by introducing a latent intent tree. However, if the auxiliary information is accu-
mulated and collected sufficiently, we will further explore the performance of KA-MemNN-CA
and the performance difference between KA-MemNN and KA-MemNN-CA. This work can help
identify the essential relationship between item categories and latent user intents.

(4) The performance of session-based methods including KA-MemNN, KA-MemNN-CA, TMRN,
SHAN, HRM, SASRec, and HyperRec, is better than those of the BPR and CMN methods, which ne-
glect the sequential information, depicted by a substantial improvement gap, e.g., 14.23% on Tmall,
30.49% on Gowalla, and 14.13% on Amazon for Recall@20 between KA-MemNN and BPR. This im-
provement indicates that the combination of users’ long- and short-term behaviors is necessary to
promote recommendation performance. The users’ current intents and preferences have a signifi-
cant influence on the users’ next actions. In a statistical sense, the probability distribution of user
behaviors during different periods is volatile. Therefore, the indiscriminate utilization of old and
new samples might have negative effects on the performance of models. However, conventional
non-session RSs like BPR and CMN mix a user’s all interacted items into one box without discrim-
ination and discards time information. This setting impairs the performance of recommendations.
Fortunately, the long- and short-term session mechanism can relieve this problem.

(5) The performance of CMN is better than that of BPR, although both are non-session ap-
proaches. The reason for this may lie in the fact that CMN accumulates useful knowledge from
the memory banks to form informative representations of users, which verifies the effectiveness of
MemNNs as well. The memory mechanism in CMN can help incorporate more local information
by retrieving the nearest or the most relevant entries. By contrast, BPR only considers the collab-
orative filtering relations between users and items from a global perspective. Thus, BPR would be
biased to dominant entries (e.g., active users and popular items). The problem of data sparsity and
data imbalance will cause the performance of these RSs to decrease significantly.

4.3 Ablation Study
In these parts, we conduct a series of ablation tests by removing or restraining the contributions of

main components in our model to evaluate their influences. Since Tmall and Amazon have similar

ACM Transactions on Information Systems, Vol. 40, No. 2, Article 38. Publication date: September 2021.



Learning a Hierarchical Intent Model for Next-Iltem Recommendation 38:19

LST-KA-MemNN LST-KA-MemNN

LT-KA-MemNN ST-KA-MemNN LT-KA-MemNN ST-KA-MemNN

KA-MemNN KA-MemNN

[Recall@20] [MRR]
(a) Tmall dataset

LST-KA-MemNN LST-KA-MemNN

LT-KA-MemNN

ST-KA-MemNN LT-KA-MemNN ST-KA-MemNN

KA-MemNN KA-MemNN

[Recall@20] [MRR]
(b) Gowalla dataset

Fig. 6. Experimental results for exploring the impact of long- and short-term sessions. The value of the radius
of a circular sector indicates the performance of the metrics and the size of the central angle indicates the
percentage of users’ behavioral data that has been used.

experiment observations and to save space, in the following subsections, we only show the results
on Tmall and Gowalla datasets.

4.3.1 Influence of Long- and Short-Term Components. To explore the influence of long- and
short-term KA-MBs, we further propose the additional three simplified versions of KA-MemNN,
namely LT-KA-MemNN, ST-KA-MemNN, and LST-KA-MemNN. Compared to the framework of
KA-MemNN, the simplified versions only have one hop, e.g., 15t or 2™ HOP in Figure 2. More
specifically, the framework of LT-KA-MemNN and ST-KA-MemNN only has long-term sessions or

short-term sessions, respectively. For LST-KA-MemNN, we merge the long- and short-session of
) ) . generate
a user to one session, i.e., Sps = Sp U Sg and correspondingly Sps = —  XJs.

Figure 6 shows the experimental results of the three simplified approaches along with the com-
plete version of KA-MemNN. First, we list two key properties according to the experimental set-
tings: (1) ST-KA-MemNN utilizes more newly generated data to train the model compared with
LT-KA-MemNN. At the same time, the volume of the training set for LT-KA-MemNN is larger than
that of ST-KA-MemNN. (2) LST-KA-MemNN and KA-MemNN have the same training set, includ-
ing the parts utilized by LT-KA-MemNN and ST-KA-MemNN. Then, based on Figure 6, we draw
the following possible conclusions:

(1) The approaches fed with more or newer users’ behavior data generally perform better. For
example, the performance of ST-KA-MemNN and LST-KA-MemNN is better than that of LT-KA-
MemNN on both datasets in terms of Recall@20 and MRR metrics.
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Table 5. Results for Ablation Study

Architecture Tmall Tmall Gowalla Gowalla
Recall@20 MRR Recall@20 MRR
(a) KA-MemNN 0.1619 0.0612 0.4857 0.2245
(b) () Intent 0.1500 0.0511 0.4657 0.2099
(¢) () Equation (3) 0.1516 0.0561 0.4687 0.2131
(d) KA-MemNN-Avg 0.1612 0.0601 0.4726 0.2149

(-) Denotes Removing the Specific Component.

(2) Treating the long- and short-term sessions differently can promote the performance of mod-
els. For instance, KA-MemNN performs better than LST-KA-MemNN on both datasets, though both
utilize long- and short-term sessions. The only different but critical design is that KA-MemNN em-
ploys an independent hop to model long-term sessions. The following observations further verify
this conclusion.

(3) Concept drift might exist in both the Tmall and Gowalla datasets because the performance
of ST-KA-MemNN is better than LST-KA-MemNN. Although the training set of LST-KA-MemNN
includes that of ST-KA-MemNN, the older examples might suppress the model to learn the users’
current interests. This is why we introduce a long- and short-term mechanism to session-based
RSs.

(4) The preferences of users on Tmall are more sensitive to time changes than those of the users
on Gowalla. For instance, the performance gap between LT-KA-MemNN and LST-KA-MemNN
on the Tmall dataset is much larger than that on the Gowalla dataset. For Recall@20 and MRR
metrics, the short-term sessions can improve the performance by 114% and 99% on the Tmall
dataset, respectively. In comparison, the improvements are, respectively, 7% and 2% for Recall@20
and MRR metrics on the Gowalla dataset.

4.3.2  Influence of Other Main Components. Table 5 further shows the results for additional
ablation study. We observe that our KA-MemNN model outperforms any other variants, indicating
the effectiveness of the designed architecture. In the (b) line, we remove the intent layer in our
model. That is, there is only the first layer in TLWU. The output of TLWU in Equation (5) is
redefined as 0 = X" wy. Then, the HSC and TLWU become a normal attention mechanism that
aggregates a session matrix X to a vector by a weighted combination of all item representations
in that session. However, this setting decreases the value of Recall@20 and MRR metrics. In the (c)
line, we set Ajpzens = 0 to remove the constraint term defined in Equation (3), leading to the model
has no component shaping intent representations or enhancing the relationship between different
layers. However, this setting also impairs the model’s performance, thus it is necessary to add
this constraint term with a tuned A;,zen; to the final optimization task. In the (d) line, we replace
the weighted pooling in the first layer of TLWU with an average pooling. The average pooling
assumes all items have the same weight, thus, it is a specific case of the weighted pooling. This
setting limits the capabilities of the model but affects the performance slightly. There are other
aggregation functions such as max pooling, Hadamard product, and set transformer [22]. They
might have different motivations behind the aggregation mechanism from our TLWU, thus we do
not study these operations in this work.

4.4 Analysis of Parameter Influence

In this subsection, we explore the performance of our model with different values of various pa-
rameters and the results are shown in Figure 7.
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Fig. 7. Results of experiments exploring the impact of various parameters.
4.4.1  Influence of the Number of Latent Intent Layers. To gain further insight into the influence

of the model structure, this subsection explores the performance of KA-MemNN across different
numbers of latent intent layers and shows the experimental results in Figure 7(a) and Figure 7(b).
In real-world applications, the number of category layers is limited, thus we set the value of the
number of intent layers from 1 to 7 for both the Tmall and Gowalla datasets. When the value is
set to 1, the HSC and TLWU are degraded to a normal attention mechanism as aforementioned.

From Figure 7(a), we can observe that: on the Tmall dataset, almost all the settings where the
number of layers is larger than one improves the performance compared to the setting with the
one-layer structure, i.e., the number of layers is 1. For example, the best performance, i.e., where
the number of layers is 6, can increase the value of MRR by 21.14%. For the Recall@20 metric,
the best point is 5, which is the default setting in KA-MemNN, and it improves the performance
by 7.93%. On the Gowalla dataset, which is shown as Figure 7(b), the best choice for the number
of layers is 4 for both the Recall@20 and MRR metrics. Similarly, the model with the multiple
latent intent layers works better than the model with only the one layer of item representations.
These observations prove the effectiveness of the hierarchical modeling of user preference with
coarse-to-fine grained intents considered.

4.4.2  Influence of the Parameter Ajnten:. The subfigures Figure 7(c) and Figure 7(d) show the
experimental results across different values of the parameter A;,;ens, which is described in Equa-
tion (8), on the Tmall and Gowalla datasets, respectively. The value of A;,ten: decides how im-
portant the constraint term related to the latent intent tree is to the model. On the Tmall dataset,
when A;psen: = 0.1, the model achieves the best performance, whereas on the Gowalla dataset, the
best choice for Ajpens is 0.01. Additionally, when A;p;e,r = 0, there is no constraint term, causing
performance degradation as aforementioned.
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4.4.3 Influence of Pooling Functions and Dimension Sizes. This part compares the performance
of the original KA-MemNN and its variant employing an average pooling in the first layer of
TLWU. Figure 7(e) and Figure 7(f) show the values of Recall@20 and MRR for KA-MemNN across
a different number of dimensions with size k from 10 to 100, and also show the performance of
KA-MemNN when it employs different aggregation operations. Accordingly, we make four major
observations, as follows:

(1) A larger value of k can improve the performance since it increases the representation capa-
bility of the model.

(2) When the dimension size k is small, e.g., k < 30, the model doesn’t reach the best perfor-
mance, thus the difference in the performance caused by the pooling function selection is not
remarkable. Dimension size k is the key factor leading to the performance difference during this
stage.

(3) When dimension size k is large enough, e.g., k > 50, the influence from the dimension size
becomes limited. Meanwhile, a performance gap between weighted pooling and average pooling
settings has emerged.

(4) Weighted pooling achieves a better performance than average pooling when the impact of
the dimension size k is largely eliminated. This indicates that the architecture of TLWU is effective.
Weighted pooling causes our model to weight the items twice; the lower layer’s weights are the
linking strength between the items and the target user, and the upper layer’s weights are the
linking strength between the intents and the target user. This weighting mechanism depicts user-
intent-item relations better and exploits the full modeling capacity of TLWU.

4.4.4 Influence of Parameters A, and Ag. Parameters A, and Ag, which are similar to A;,zens,
are regularization hyperparameters. To simplify the analysis, we assume the impact of A
and Ag is independent. In each experiment setting, we fix one of them to the best/default value, and
then explore the impact of the other one. The experimental results are shown in Figure 7(g) and
Figure 7(h). We observe that the impact of Ag seems like no significant pattern. But it still greatly
affects the performance of the model. For instance, the biggest performance gap caused by Ag is
2.48% for MRR on the Gowalla dataset. The best performance is improved by 12.42% compared
with the worst performance.

In contrast, the impact of A, has an optimal point (turning point), e.g., . = 0.5 for Recall@20 on
the Tmall dataset and A, = 0.1 for Recall@20 on the Gowalla dataset. The settings that are larger or
smaller than the optimal point deteriorate the performance of our model. Furthermore, according
to our observations from the subfigures, the model might be easier to over-fit the training set of the
Tmall dataset compared to that of the Gowalla dataset. Because the setting A, = 0, i.e., there is no
regularization term on item representations V, significantly decreases the values of the two metrics
on the Tmall dataset while the impact on the Gowalla dataset is relatively limited. Furthermore, the
optimal point of A, on the Tmall dataset, i.e., 1, = 0.5, is larger than that on the Gowalla dataset,
i.e., Ae = 0.1. These observations further validate that concept drift is more serious in the Tmall
dataset than the Gowalla dataset. Therefore, compared to the Tmall dataset, the Gowalla dataset
has a more identical distribution between the training set, i.e., users’ older behaviors, and the test
set, users’ current behaviors. It is also the reason why the values of Recall and MRR metrics on the
Gowalla dataset are much larger than those on the Tmall dataset.

4.4.5 Influence of the Maximum Length of Long-Term Sessions. Since we merge all sessions be-
fore the short-term session to become the long-term session, some users’ long-term sessions might
contain a huge volume of data. To overcome the unbalanced data problem and speed up the train-
ing process, we introduce a parameter named Max LT Length to control the maximum length
of the long-term sessions. Specifically, for the long-term sessions with a large volume of data, we
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Table 6. Performance of KA-MemNN on Different Maximum Lengths of Long-Term Sessions

Max LT Tmall Dataset Gowalla Dataset

Length | Recall@10 | Recall@20 | MRR | Recall@10 | Recall@20 | MRR
5 0.1334 0.1619 0.0612 0.3676 0.4857 0.2245
10 0.1298 0.1500 0.0576 0.3585 0.4710 0.2125
15 0.1311 0.1602 0.0596 0.3406 0.4544 0.2136

38:23

The best result in each column is boldfaced.

randomly sample Max LT Length items to re-form them. Note that the Max LT Length only
works in the training process. In the testing stage, we still keep all the visited items to provide as
much information as possible.

Table 6 shows the experimental results across different maximum lengths of long-term sessions.
As we can see from the table, on both the Tmall and Gowalla datasets, a smaller value of Max
LT Length instead of a larger one results in the best model performance. A possible reason for
this is that the average lengths of the sessions on the Tmall and Gowalla datasets are 2.72 and
3.02, respectively. Most users only have 2 to 3 sessions. Therefore, limiting the length of long-term
sessions to five can help the model reduce or avoid bias toward very active users. Moreover, the
impact of different values of Max LT Length is limited. Thus, we choose five for both datasets to
speed up the training process.

4.5 Visualization of Attention

The visualization of attention can help to analyze how the model works. Therefore, this subsection
plots multiple heat maps to visualize some critical attentions/weights produced in KA-MemNN.
The trained model is fed with the test set, and then all the heat maps are plotted based on the
intermediate records of the model.

The attentions of HSC. We randomly select 30 users from both the Tmall and Gowalla datasets.
Then, for each user, we visualize the weight distributions on the layers of HSC. The heat maps are
shown in Figure 8 in which the figures of the long- and short-term sessions are quite similar.
Moreover, there are another two main observations, which are as follows:

(1) The weight distribution varies between users. Some users, such as user 5 of the Tmall dataset,
pay more attention to layer 0, which represents specific items, while some other users, such as user
7 of the Gowalla dataset, mainly focus on a high-level intent, e.g., layer 3. This is understandable
in terms of reason and common sense as users might have different decision-making processes.
HSC can automatically decide which level intent is more important to a user.

(2) Generally, for users of the Tmall dataset, the most fine-grained layers, e.g., Layer 0, have a
relatively large impact on the combined outputs of HSC. On the contrary, for users of the Gowalla
dataset, the most coarse-grained layers, e.g., Layer 3, are more important. Maybe there is a strong
relationship between intents and items but a weak relationship between items on the Gowalla
dataset, whereas on the Tmall dataset, the situation is the opposite.

The attentions of TLWU. This part shows the visualization of user-intent distributions wg,
soft maps between items and intents M, user-item distributions w4, and adjusted user-item distri-
butions. We take layer 3 and layer 2 of HSCs for the Tmall and Gowalla datasets as an example,
respectively. Then, the number of intents in the corresponding layers is 12 and 22, shown in the left
two subfigures in Figure 9. We can see from these two subfigures that users have different intent
distributions. The non-zero intents are indexed according to the visited items and the map between
items and intents shown as the center two subfigures in Figure 9. For instance, user 4 in Figure 9(b)
has visited items 1 and 2, which cover the intents in the set {6, 7, 8, 10, 11, 12, 15,16, 17, 21, 22} =
{6,7,8,10,11, 12, 15,17, 21, 22|item1} U {7, 16, 17|item2}, shown as the center subfigure. Then, user
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4’s line in the left subfigure exhibits the weights of all the involved intents. Without considering
the influence of intent, we can directly calculate the attentions of each item in a session, i.e., wy
shown in the first column of the right subfigure. From the subfigure, we observe that for user 4,
items 1 and 2 are of nearly equal importance. According to our design, each item’s importance is
re-adjusted by considering the user-intent distribution. The adjusted user-item distributions are
shown in the second column of the right subfigure. From the subfigure, we find that the impor-
tance of item 1 is amplified since it conforms to more user intents. A similar observation is also
shown in Figure 9(a). For example, the importance of item 3 to user 5 decreases since the item does
not match any intents of the user.

The following gives a more detailed explanation of how TLWU works in mathematical form.
Assume each item has an original weight a;, i.e., the element in w4, and the item matches multiple
user intents with different weights f;, i.e., the element in wg. Then, the re-adjusted weight of each
item is a; }}; B;. Thus, according to this design, the more user intents the item matches, and the
higher the weight of the matching intent, the more valuable the item is in representing the session.

Moreover, through analyzing the attention for customized category representations in KA-
MemNN-CA, we find that the frequently visited items usually obtain a relatively larger weight
when generating their category embeddings. Also, the items, which have been visited in a recent
session also have a larger impact on their category embeddings compared to previously visited
items. This phenomenon may be reasonable since category-specific users’ preferences are reflected
in the frequently visited items that belong to this category, and users’ current intents usually have
a strong relation with recently visited items.

5 CONCLUSION

In this article, we viewed a user’s session as a set and left each item’s weight to be learned automat-
ically. Different from existing works, we enhanced traditional weighting mechanisms by creatively
introducing an intent structure above items. The user intent distribution is utilized to adjust items’
original weights. This two-layer weighting mechanism is precisely in line with the user’s decision-
making process and increases the modeling capability.

Based on the analogy between item categories and user intents, we designed several dedicated
components to shape multi-level intents’ structure and build the connection between intents and
items. First, there is a structure-related constraint shaping the intent tree. Second, TLWU is re-
sponsible for conducting a double weighting operation by hierarchically modeling user intents
and preferences. Third, HSC decides the importance of different layers of intents. Last, by apply-
ing an HSC to long- and short-term sessions, respectively, our model can retrieve and accumulate
related information from the KA-MB twice to form the final hybrid user embeddings. With a few
modifications, our KA-MemNN can be applied to a specific case where item categories embody
user intents, and the modified version is named KA-MemNN-CA.

Comparison experiments on real-world datasets validate that our models outperform the state-
of-the-art approaches with a significant margin in terms of Recall and MRR metrics. The compre-
hensive ablation study, parameter analysis, and visualization prove that the design of the compo-
nents such as HSC and TLWU in our model are effective and work as claimed.

Learning hierarchical intent models provides more chances to explore novel recommendation
approaches. Firstly, we can integrate the intent model to existing typical RSs to further fulfill the
potential of conventional methods. Secondly, we can explore more intent learning and modeling
techniques. An interesting topic is that we can make use of users’ search queries and discrimina-
tive behaviors to construct more informative user intents [17]. In KA-MemNN, we only explicitly
recorded and learned the map between items and latent intents in different layers. However, a chal-
lenging task is how to explicitly highlight and shape the parent-child relationship between user
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intents in different layers. In this article, an intent model has a tree structure but it is also possible
to apply other structures to model intents. Moreover, it can be useful when some mathematical
properties of user intents can be defined and applied in intent modeling. Thirdly, in this article, we
treated the intent as a contextual variable; however, the intent can also be viewed as a predictive
factor. To predict a user’s intent would be valuable for practical recommendation applications.
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