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ABSTRACT

Providing recommendations that are both relevant and diverse is a
key consideration of modern recommender systems. Optimizing
both of these measures presents a fundamental trade-off, as higher
diversity typically comes at the cost of relevance, resulting in lower
user engagement. Existing recommendation algorithms try to re-
solve this trade-off by combining the two measures, relevance and
diversity, into one aim and then seeking recommendations that
optimize the combined objective, for a given number of items. Tra-
ditional approaches, however, do not consider the user interaction
with the suggested items. In this paper, we put the user at the central
stage, and build on the interplay between relevance, diversity, and
user behavior. In contrast to applications where the goal is solely to
maximize engagement, we focus on scenarios aiming at maximizing
the total amount of knowledge encountered by the user. We use
diversity as a surrogate for the amount of knowledge obtained by
the user while interacting with the system, and we seek to maxi-
mize diversity. We propose a probabilistic user-behavior model in
which users keep interacting with the recommender system as long
as they receive relevant suggestions, but they may stop if the rele-
vance of the recommended items drops. Thus, for a recommender
system to achieve a high-diversity measure, it will need to produce
recommendations that are both relevant and diverse. Finally, we pro-
pose a novel recommendation strategy that combines relevance and
diversity by a copula function. We conduct an extensive evaluation
of the proposed methodology over multiple datasets, and we show
that our strategy outperforms several state-of-the-art competitors.
Our implementation is publicly available!.
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Iterative knowledge exploration via recommendations
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Figure 1: The knowledge-exploration process, illustrating
the interplay among relevance, diversity, and user behavior.

1 INTRODUCTION

Recommender systems play a significant role in helping users dis-
cover new information and expand their knowledge base. Notable
examples are the adoptions of recommendations for finding news ar-
ticles or books to read [46], listening to enjoyable music [14],visiting
interesting locations [47], and more. Recommender systems aim
to predict and leverage users’ interests to identify the portions of
the catalog that match them, thus enabling efficient exploration
of vast volumes of information and offering benefits ranging from
increased personalization and user satisfaction to improved engage-
ment and resource efficiency.

Recommenders are primarily focused on maximizing relevance.
However, from the standpoint of knowledge exploration, incor-
porating diversity into recommendations adds significant value,
as emphasized in earlier research [20, 40]. Indeed, providing di-
verse recommendations can be critical in mitigating detrimental
consequences, such as being trapped in rabbit holes in platforms
like Youtube [16, 35, 43] or Reddit [32], where the algorithm may
lead the user to consume limited types of content. To achieve a
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balance between relevance and diversity, current methods merge
these two metrics into a single objective for optimization. However,
they overlook user behavior and how users interact with the rec-
ommended list of items. For instance, typical approaches assume a
fixed number of interactions between the user and the algorithm,
disregarding any reactions or refusals from the user during the
exploration process. Indeed, users might reject recommended items
and quit the process.

In this paper, we propose a new framework for recommender
systems, where we place the user at the forefront. We consider
the interaction of the user with the algorithm to be a knowledge-
exploration task, where recommendations enable exploration. The
interaction of the user with the system is guided via a user-behavior
model, i.e., the propensity of a user to accept or reject recommenda-
tions according to their preferences and patience. As the objective
is to maximize the amount of knowledge that a user acquires during
exploration, we model the knowledge accrued by the user using
a diversity measure, which we consequently aim at maximizing.
Notably, although diversity is the sole optimization objective, the
coupling of the exploration task with the user-behavior model
implies that the recommendation system is required to produce rec-
ommendations that are both relevant and diverse. We illustrate the
proposed concept of “knowledge exploration via recommendations”
with the following example.
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Figure 2: Illustration of the impact of different recommenda-
tion strategies. White points are recommended items, blue
circles indicate information coverage. (a) High relevance,
low diversity (e.g., all about ‘technology’); (b) High diversity,
likely non-relevant (e.g., ‘technology’, ‘religion’, ‘lifestyle’);
(c) Optimal balance: relevant and diverse, keeping user en-
gaged (e.g., ‘technology’, ‘science’, ‘engineering’).

Example. Alice interacts with a news recommender system for find-
ing interesting news articles to read. The knowledge-exploration
process is iterative, and is depicted in Figure 1. At each step, the
system recommends a set of news articles to Alice, and Alice clicks
on an article to read. At some point, Alice can decide to quit, either
because she received enough information, or because the recom-
mendations are not very interesting to her, or simply because she
got bored. Our goal is to design a recommender system that maxi-
mizes the amount of knowledge received by Alice. The challenge is
to strike a balance between diversity and relevance to keep Alice en-
gaged while exploring interesting topics, avoiding scenarios where
recommendations are either too focused (Figure 2(a)) or too diverse
and irrelevant (Figure 2(b)). Our aim is to create an ideal scenario
(Figure 2(c)) where Alice explores many relevant yet diverse topics,
enriching her knowledge.
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Motivated by the previous example, we propose a novel frame-
work where relevance governs the termination of exploration, while
the overall quality is measured by diversity. We instantiate our
model using two standard notions of diversity, one based on cover-
age and the other based on pair-wise distances [3, 7, 10]. Both diver-
sity notions, coverage and pairwise distances, can be defined using
an underlying space of user-to-item ratings or categories/topics.

Finally, we propose a novel recommendation strategy that com-
bines relevance and diversity by a copula function. We perform
an extensive evaluation of the proposed framework and strategy
using five benchmark datasets publicly available, and show that
our strategy outperforms several state-of-the-art competitors.

Our contributions are summarized as follows:

e We develop a user-centric model for knowledge exploration
via recommendations; our framework considers the interplay
among relevance, diversity, and user behavior.

e We instantiate our model with two diversity measures, de-
fined over user-to-item ratings or categories/topics.

e We propose a recommendation strategy that accounts for
both diversity and relevance when providing suggestions.

e We conduct an extensive analysis over multiple benchmark
datasets and several competitors to show the effectiveness
of our proposal in the suggested framework.

The rest of the paper is structured as follows. Section 2 presents
the related work in terms of user modeling and diversity in recom-
mendations. Section 3 presents our problem definition and method-
ology. In Section 4, we present our recommendation strategy. Ex-
perimental results are reported in Section 5, and finally Section 6
concludes the paper and provides pointers for future extensions.

2 RELATED WORK

User modeling in recommender systems. The effects of user
behavior in recommender systems, in terms of novelty and diver-
sity, have gained a lot of attention in recent years. Analysis can
be conducted by either running user studies [24, 53], or by means
of simulation [18, 49]. Analyzing the choices made by actual users
can yield more dependable outcomes; however, it also requires cre-
ating an effective recommendation system and engaging users for
conducting comprehensive studies. On the other hand, simulating
user choices is a more straightforward method, allowing for testing
several system configurations at no expense. However, it requires
a realistic model of user behavior.

To address this challenge, several user-behavior models have
been proposed in the literature. Hazrati and Ricci [19] model the
probability that a user picks a recommended item as being pro-
portional to its utility. Similarly, Bountouridis et al. [5] propose
a simulation framework in which users decide to interact with a
certain number of items per iteration, according to their given pref-
erences. Szlavik et al. [42] present three different user-behavior
models, where users either blindly follow recommendations and
choose the most popular items, or completely ignore suggestions
and pick items randomly.

The aforementioned models present certain limitations, namely
users necessarily have to pick an item, i.e., they cannot leave the
application, and second, the selection probability stays constant
over time. We overcome these limitations by modeling a quitting
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probability, according to which users can interrupt their interac-
tion with the recommender system. We assume that the quitting
probability depends on the utility of the recommended items and
on the user patience, which degrades over time.

Notably, with our framework, we leverage the intrinsic inter-

play among relevance, diversity, and user behavior, since successful
recommendation strategies need to ensure that they provide rec-
ommendations that are both relevant and diverse.
Diversity in recommendation. Diversity in recommendations
has been acknowledged as a crucial issue [8, 20, 40], and over
the past decade, it has received considerable attention [1, 2, 44].
Several online and targeted user studies assessed the increase in
user satisfaction when diversity is incorporated into the list of
suggested items [8, 21]. For example, Allison et al. [9] show that, if
diversity (besides other objectives) is not taken into account, the
interactions between users and recommender systems are prone to
homogenization and, consequently, low utility.

The challenge of striking a balance between diversity and rel-
evance has been explored both in the context of recommender
systems and in the broader domain of information retrieval. For
instance, one of the most popular methods in the literature of in-
formation retrieval is the maximal marginal relevance (MMR) [7].
It employs a weighted linear combination of scores that evaluate
both utility and diversity, offering a systematic way to address this
critical aspect. In the specific context of recommender systems,
Ziegler et al. [54] introduced one of the earliest methods for en-
hancing diversity. They use a greedy selection approach, where
they pick items that minimize the similarity within a recommended
list. Liu et al. [27] present a solution based on random walks for the
so-called accuracy-diversity dilemma, i.e., the challenge in finding
a profitable trade-off between the two measures. This concept is
also known as calibration, as mentioned by Steck [41], and refers
to the algorithm’s capability to produce suggestions that do not
under-represent (or ignore) the user’s secondary areas of interest.

Several re-ranking strategies have also been introduced: Ashkan
et al. [3] propose to greedily select items by maximizing the utility
of a submodular function; Sha et al. [39] suggest to optimize the
diversity loss of items using probabilistic matrix factorization; Chen
et al. [10] propose a determinantal point process (DPP) to re-rank
the recommended items so as to maximize the determinant on the
items’ similarity matrix. Hansen et al. [15] investigate the impact
of diversity on music consumption, and propose two innovative
models: a feed-forward neural ranker that produces dynamic user
embedding, and a reinforcement learning-based ranker optimized
on the track relevance. Reinforcement learning is indeed a suitable
solution for addressing the diversity problem. It plays a role in the
work by Parapar and Radlinski [29], where diversity is induced
by adopting multi-armed bandits in the elicitation phase; and in
the online learning framework proposed by Yue and Guestrin [50],
where diversification is obtained by carefully balancing the explo-
ration and exploitation of users’ preferences and interests. Notably,
these reinforcement learning-based approaches typically require a
lengthy training phase, which can often be prone to stability issues.

Several other neural-network models have been applied to address
the diversity problem. Gao et al. [13] adopt a variational autoencoder
to induce targeted (i.e., topical) diversity. Liang et al. [25] propose
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a bilateral branch network to achieve a good trade-off between rele-
vance and diversity, defined at either domain or user level. Zheng
et al. [52] present a graph neural network (GNN) for diversified
recommendations, where node neighbors are selected based on
inverse category frequency, together with negative sampling for
inducing diverse items in the embedding space. Yang et al. [48] pro-
pose an extension, optimizing a graph-based recommender system
to suggest items that maximize the number of covered categories.

In contrast to most of the approaches mentioned earlier, the rec-
ommendation strategy we introduce, EXPLORE, does not necessitate
any form of training or hyperparameter tuning, it is computation-
ally efficient, and is shown to provide both highly relevant and
diverse suggestions.

3 USER MODEL AND PROBLEM
FORMULATION

Algorithm 1 Simulation process for user u

Input:u, 7, S, R

Output: X

1: X0

2: quit « False

3: while not quit do

4: L; = [iz i i ] & S(R(u, I\ X), X)
examining L; < Algorithm 2
if u does not quit then

X « XU {i}
else

quit < True
11: end if
12: end while

5
6
7: i « picked item
8
9

We consider a typical recommendation setting in which we have
aset of m users U and a set of n items 7. We also consider a function
R : U XTI — R that provides us with a relevance score R(u, i), for
each user u € U and item i € 7. We assume that the function R can
be computed by a black-box method, and state-of-the-art relevance-
scoring functions can be employed, such as content similarity [30],
collaborative filtering [37], or a combination of both [6].

Our goal in this paper is to create lists of diverse recommenda-
tions using such relevance-scoring functions as a black box, rather
than devising a novel R.

Item-to-item distance function. We next discuss how to define
a distance function between pairs of items in 7, which will be used
in one of our two diversity definitions.

Given an item i € 7, we denote by x; the vector of users with

if user u interacted with item i,

otherwise.

The vectors {x;} can be retrieved by user-log data. A more fine-
grained representation of vectors {x;} beyond binary is also possi-
ble, for instance, using numerical values that represent the rating
of user u for item i, if such information is available.

An alternative approach is to use categories (or keywords, or
genres, depending on the application). In particular, we consider
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Algorithm 2 User behavior at step t

Input: L;
Output: i € L; or quits

1: interest « False
2: forj=1,...,kdo
3: i—L[Jj]
4: quitting « with probability
5: if u quits then
6: return
7: else
8: examining i < with probability g;
9: if i is interesting then
10: interest < True
11: end if
12: end if
13: end for
14: if not interest then
15: return
16: end if
17: for j=1,...,k do
18: i—L[j]
19: consuming i < with probability p;
20: if u consumes i then
21: return i
22: end if
23: end for

a set of categories C, and we define y; to be a category vector, for
item i € 7, where

. — 1’
Yic = 0,

Given two items i, j € 1, we hence define their distance as the
weighted Jaccard distance

if category ¢ relates to item i,

otherwise.

2 wew min{zj,, ij}

2 wew max{zjy, ij} ’

d(i,j)=1- )
where W is either the set of users U or the set of categories C, and
accordingly, z; is the user vector or the category vector of item i.

Finally, we note that other state-of-the-art distance functions
can also be used, such as Euclidean distance, cosine similarity, or
Minkowski distance. We do not investigate what is the best distance
function to be used, as this is orthogonal to our study and beyond
the scope of this paper.

Diversity. Given a set of items X C 7, we define the diversity of
the set X. We explore two different definitions of diversity.

Our first definition is based on the concept of coverage. It assesses
the degree to which the items within X adequately represent the
entire range of categories C. In particular, for a set of items X C 7,
we define its coverage-based diversity as

a0 = [V v

where || - ||o returns the number of non-zero entries of the binary
vector \/;ec x ¥i. Notice that the metric div,. is scaled to fall within
the range of 0 to 1, considering the total number of categories
in C. It is worth highlighting that div,. favours larger X sizes, as

. @

0
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they typically cover a wider range of categories. Additionally, div,.
naturally prefers items that individually provide extensive coverage.

Our second measure of diversity employs the distance function d
that we defined in the previous paragraph. In particular, for a set of
items X C I with |X| > 2, we define its distance-based diversity as

D DA,

ieX jeX

1
div,, (X) = X-1 ©)
and we define div,, (X) = 0, if |X| < 2. Notice that the number of
terms in div,, is quadratic with respect to |X|. By normalizing with
(JX| = 1) the dependence becomes linear in |X|. As with div,, the
div,, metric favors larger sets, in addition to favoring items whose
distance is large to each other.

User model. A central aspect of our approach is that we aim
to evaluate the quality of a recommendation algorithm § in the
context of the user response to items recommended by S. We view
the user-algorithm interaction as a dynamic knowledge-exploration
process, in which the algorithm recommends items to the user, and
the user interacts with the recommended items. The knowledge-
exploration process continues as long as the recommended items are
of interest to the user. If the recommended items are not interesting
enough (meaning, if they have low relevance for the user) the user
may (stochastically) decide to quit.

To formalize the exploration process between the user and the
recommendation algorithm S, which is needed to evaluate the
quality of S, we propose a user model. Our model is specified in
terms of a relevance-scoring function R, which guides the behavior
of the user, and in terms of a recommendation algorithm S, which
enacts the choices within S.

Our user model, which formalizes knowledge-exploration as an
iterative process, is described as follows.

(1) The set of items that the user interacts with during the ex-
ploration process is denoted by X. Initially, X is empty.

(2) In the t-th step, the recommendation algorithm S generates
a list of items L; to present to the user. The user examines
these items in a specified order.

(3) At any point in the current step, the user has the option

to quit. The likelihood of quitting (to be quantified later)

depends on two factors: the relevance of the recommended
items and the user’s patience. If the user fails to find inter-
esting items in list L; or if they stochastically run out of
patience, they may opt to conclude the exploration process.

If the user does not quit, with a certain probability that

depends on the relevance of the recommended items (and

which we quantify later), they select an item i from the list

L; and interact with it. The item i is added to the set X and

the exploration process continues.

Upon quitting, the total score achieved by the recommen-

dation algorithm & is determined to be div(X), where div

is one of our diversity functions, div, or div,. This score

reflects the diversity in the items the user has interacted
with throughout the exploration process. We denote the
final number of steps performed by the user as «.

Algorithm 1 depicts the overall exploration process.
To fully specify the user model we need to describe in more detail
the probability that the user selects an item to interact with, as well
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as the probability of quitting the exploration. Before presenting
more details about these aspects of the model, we first formalize the
problem of designing a recommendation algorithm in the context
of our user model.

The recommendation task (problem statement). The algorith-
mic problem that we address in this paper is the following.

PROBLEM 1. Given a set of items I, a set of users U, a relevance-
scoring function R : U x I — R, a diversity function div : 2l SR,
and a user model for knowledge-exploration as the one described in the
previous paragraph, the goal is to design a recommendation algorithm
S that maximizes the diversity score div(X) for the set of items X
that a user u € U interacts with.

Item selection. We now discuss step (4) of the iterative knowledge-
exploration user model presented in the previous paragraph, that
is, we specify how we model the probability that a user selects an
item i from the list L; to interact with. We first assume that a user
does not quit the exploration, i.e., that they have enough patience
to explore the whole L; and that they find at least a relevant item
within it (see next paragraph). In that case, the user selects an item i
from L; with probability proportional to the relevance of i for that

user u, thatis, p; = %
. )

is added to the set of interacted items X.

As noted before, the selected item i

Quitting exploration. Last, we discuss step (3) in our user model,
that is, how we model the probability that a user quits the ex-
ploration process. A sensible model for the quitting probability
is crucial in our knowledge-exploration model, since we want to
mimic user behavior as realistically as possible. In particular, we
take into consideration two aspects: (i) users decide to interact with
the recommended items according to their relevance; and (ii) users’
desire for exploration degrades with time, i.e., users get bored.

In the model we propose, a user examines the items in the list L;
sequentially. Upon examining an item i € L;, the user decides with
probability n; to quit the exploration due to worn out at step . We
refer to this as the weariness probability. The weariness probabil-
ity n¢, which is discussed in more detail below, models the user’s
decline of interest as a function of time, and depends on the current
step t in the exploration process.

If the user does not quit, they decide whether item i is interesting
to explore. The latter is decided again stochastically with Bernoulli
probability g;, which is a function of the relevance score R (u, i)%.
Thus, the probability ¢; models the user’s interest in an item ac-
cording to its relevance. The examination of the list L; continues
until the user decides to quit or decides that there is at least one
item that is interesting to explore. Therefore, the probability that
the user quits examining the list L; without identifying any item
to explore is

Q: = {pr. quitting after the first item} + ... +
{pr. quitting after the last item}
L]

In our experiments, g; is obtained by normalizing R (v, i) into the [0, 1] interval by
considering the maximum relevance range.

j-1 4)
ne(=n) ' [ ] -,
i=1
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The last ingredient in our model is to quantify the weariness prob-
ability n; at step t. This probability models the user’s increasing
impatience or boredom as their interaction continues. To achieve
this, we employ the Weibull distribution [33], which has been pre-
viously used to model web page dwell times and session lengths in
web page navigation [26].

The Weibull distribution is described by two parameters, A and y,
where A > 0 is the scale parameter and y > 0 is the shape parameter
of the distribution. In particular, we set the weariness probability 7;
by resorting to the discrete version of the Weibull Distribution [36]:

©)

ne=1— gt =t

where g = e VA 0 < g=<1

The shape parameter y controls the “aging” of the process. For
y = 1, the weariness probability remains constant, and the resulting
distribution becomes an exponential distribution, while for y >
1, the weariness probability increases over time — modeling the
tiredness of the user>.

We can use the analytical properties of the Weibull distribution
to obtain the expected number of steps in the exploration process,
for the case that all recommended items are maximally relevant, i.e.,
qi = 1for all i € L;. In this case, there will be exactly one coin-flip
for quitting exploration for each list Ly, and thus, Q; = n; for all ¢.
The overall quitting probability Qr is then

QOr = {pr. quitting at step 1} + ... +
{pr. quitting at step ¢t} + ...
00 t—1
=> o[ Ja-0p
t=1  j=0

(1 _ q(t+1)”—ty) ﬁ qurVT-i"
j=0

(1 _ q(t+1)y—tY) th

(6)

MM D2 TV

gt — gt

~
I
—_

The expected number of steps E[steps] examined by a user be-
fore quitting (or equivalently, the number of items in X) is hence
given by

E[steps] = Z t(qty - q(”l)y). (7)
=1

Although lacking closed-form analytical expressions, Khan et al.

[22] show that it is bounded by the expectation g = AT(1+1/y) of

the Weibull distribution in the continuous setting [33] as

®)
which provides an algebraic relationship between the A parameter
of the Weibull distribution and the admissible range for the expected
number of steps. Note that, if the relevance of the recommended
items is less than 1, it is possible to get more than one coin-flip for
quitting exploration in each list L;. In this case, the right-hand side
of Equation (7) provides an upper bound on the expected number
of steps during exploration.

1 < E[steps] < p+1,

3For y < 1, the weariness probability decreases over time.
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Remarks on the proposed model. We observe that, as intended,
our model captures both the relevance of the recommended items
and the natural tiredness of users with exploration over time. For
fixed values of the Weibull distribution parameters A and y, which
control scaling and aging, the users’ time for exploration increases
with the relevance of the recommended items. Furthermore, the
ordering of the items in the list L; is important, and thus, we are
viewing the recommendation list as a sequence, and not just as
a set. This aspect would have implications on how to pick the
appropriate recommendation strategy, but also on the objective
(diversity) function, since it can affect the choices of the user.

4 RECOMMENDATION STRATEGY

In this section, we present our recommendation strategy for the
proposed knowledge-exploration framework. Recall that the rec-
ommendation task is displayed as Problem 1.

The core of the problem is to construct a list of recommendations
L; of size ||L¢|| = k at the ¢-th step of exploration, for a given user
u € U. We assume that X; is the set of items that the user has
interacted with at step ¢, where X7 = 0. We define J; = 7 \ X; to
be set of items that are available for recommendation, that is, all
items except the ones that the user has already interacted with.

For a user u and each item in the candidate set i € J;, we consider
its relevance score R; = R(u, i) and its marginal diversity

Ti = div(X; U {i}) — div(Xy), )

with respect to the interaction set X;, where div € {div,,, div..}. We
denote 7; = D; when the distance diversity function div,, is used,
and 7; = C; when the coverage diversity function div.. is used.
Intuitively, D; represents the distance of i from all the items in
the interaction set X;, while C; represents the additional coverage
that i provides4. Given P; € {R;, 7i}, we also denote the min-max
normalization of the score P as ﬁi = (Pi — Pmin)/ Pmax — Pmin)>
where Pax and Pomin are the maximum and minimum values of P,
respectively, over all items in Xj.

Our strategy for constructing the recommendation list L; is to
combine relevance and diversity into one score. For each item i
with relevance R; and diversity 7;, we compute the combined score
Zi by adopting the Clayton copula function [11]

Zi= R+ T -]
where a > 0 is a regularization parameter. The list L; is then formed
by selecting the top-k items from J; according to Z;.

We refer to this strategy as EXPLORE. When the distance diversity
function is used we refer to it as EXPLORE-D, and when coverage
diversity is used we refer to it as EXPLORE-C. A final word on the
justification of using the copula function (10). Copulas are functions
able to model the cumulative joint distribution of uniform marginal
distributions. In general, they are used to represent correlation and
dependencies of high-dimensional random variables [28, 31, 45, 51].
The Clayton copula function approaches 1 when both the input
variables u, v are maximized, and it is minimized when either of
them is 0. The a parameter governs the folding of the surface: the
higher the value of @, the more stooped the function is when u = v.

(10)

At the beginning of the exploration process (when X; = 0), if 7; = D;, the strategy
samples a highly relevant item i, so that D; = d(i, i, ); if 7; = C;, then C; = y;, thus
picking the item that individually provides the highest coverage.
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Table 1: Dataset statistics and mean Jaccard distances with
respect to users (Dy) and categories (D¢).

Dataset |U| |[Z| #Ratings Dy D¢
Movielens-1IM 6040 3706 1000208 0.97 0.83
Coat 290 300 6960 097 0.73
KuaiRec-2.0 1411 3327 4676570 0.35 091
Netflix-Prize 4999 1112 557176  0.95 0.83
Yahoo-R2 21181 3000 963296 0.99 0.26

Complexity. Besides the (black-box) recommender system, the
critical point of the algorithm is the generation of L; to be presented
to users (Equations 9 and 10). Since X; is computed incrementally,
the cost of computing 7; in Equation 9 is O(td) when adopting
div,, and O(|C|) when adopting div,.. Here, d is the computational
cost associated with the Jaccard distance. In total, the worst-case
cost for generating a list of k elements by considering n items
is either O(ndk?) or O(nk|C|). We can observe the following, (1)
The number n of items to consider could be large (in principle,
the entire item catalog). However, since 7; is combined with R;
in Equation 10, we can filter out low-relevance items, as they will
affect the value of Z; due to the properties of the copula function.
Notice also that, in a practical implementation, sampling strategies
on portions of the catalog can also be devised. (2) The cost d for
computing d(i, j), for two generic items, can be O(m), where m is
the total number of users. To relieve this cost, the scores for popular
items can be precomputed. Notice that the distribution of items
is typically heavy-tailed, thus we can expect that the number of
distance scores to precompute is not intractably large.

5 EXPERIMENTS

In this section, we assess the effectiveness of our strategy, either
EXPLORE-D or EXPLORE-C, in balancing accuracy and diversity. We
also evaluate it against several state-of-the-art competitors within
the proposed knowledge-exploration framework.

5.1 Datasets

We use five benchmark datasets, freely available online. We ensure
that all datasets have category information, which is used by our
diversity measures.

Movielens-1M? [17]: A popular dataset with movie ratings in the
range [1,5], and movie genres.

Coat® [38]: Ratings on coats in the range [1, 5], and information
on coats’ properties.

KuaiRec-2.07 [12]: A recommendation log from a video-sharing
mobile app. Context information is provided, such as play duration,
video duration, and watch ratio. We convert the watch ratios into
ratings by interpolating the values from [0, 2] to [1, 5], where 0
represents “never watched” and 2 represents “watched twice”. We
use the small version of the dataset.

Netflix-Prize® [4]: Movie ratings in the range [1,5]. We adopt a
smaller sample of the original dataset by randomly selecting 5 000

Shttps://grouplens.org/datasets/movielens/1m/
®https://www.cs.cornell.edu/~schnabts/mnar/

7https://kuairec.com/
8https://www.kaggle.com/datasets/rishitjavia/netflix-movie-rating- dataset
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items and discard the users with less than 20 interactions. Movie
categories are acquired from a dataset using the IMDB database’.

Yahoo-R21°: Song ratings in the range [1, 5]. Each item is accompa-
nied by artist, album, and genre information. We randomly sample
3000 items and discard users with less than 20 interactions.

Table 1 provides a summary of the dataset properties, which
include the number of users (|¢/|), the number of items (|7 ), the
number of ratings (#Ratings), and the distribution of item distances,
calculated based on either users or categories. During our exper-
iments, we use Equation (1) with the distance that exhibits the
lowest mean for each dataset. This approach helps us avoid poten-
tial bias from large distance values, which could otherwise hinder
the effectiveness of the approaches.

5.2 Competing Recommendation Strategies

We evaluate our recommendation algorithm, EXPLORE, against the
following baseline and state-of-the-art strategies designed for the
task of increasing diversity in recommender systems.

Relevance: This approach recommends the k most relevant items,
making it a fundamental baseline. Since this strategy is solely fo-
cused on maximizing relevance, it represents the most straightfor-
ward and basic diversity method, and any other approach must
outperform it to be deemed effective.

Maximal marginal relevance (MMR) [7]: A classic method used
to balance relevance and diversity, performed by optimizing the
following marginal relevance:

MMR = argmax {ﬂR(u, i)—(1-p) maxSi,j},
i¢L jeL

where §; ; = 1 - d(i, j). In our experiments, we set f = 0.5 to
achieve the best trade-off between relevance and diversity.

DUM [3]: This strategy aims at diversifying the suggestions by
performing the following diversity-weighted utility maximization:

[f (L[:h]) _f(L[:h—l])] R(u, ip),

k
DUM = argmax Z
Lell 7=

where II denotes all possible permutations of L, L[.5] represents
the list up to the h-th element iy, and f(X) = Y .cc 1{existsi €
X : i covers category c} is the number of categories in X. Hence,
the function maximizes the relevance of the recommended items
weighted by the increase in their coverage.

DPP [10]: This method utilizes determinantal point processes and
maximizes diversity by iteratively selecting the item i that maxi-
mizes the determinant of the item-item similarity matrix S defined
on a subset of items:

DPP = argmax {log det(Szugsy) — log det(SL)} .
i¢L

DGREC [48]: A GNN-based recommender that aims at finding a
subset of diverse neighbors as well as maximizing the coverage of
categories, by optimizing the loss function:

Lperec = Z wy, Lepr (1, i, j) + Al|©][3,
(u,i)€E

“https://github.com/tommasocarraro/netflix-prize-with-genres
Ohttps://webscope.sandbox.yahoo.com/catalog. php?datatype=i&did=67
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where wy weights each sample based on its category, 1 is a reg-
ularization factor, and Lgpg is the Bayesian personalized ranking
loss [34].

Notably, these competitors exhibit significant heterogeneity both
in terms of the approaches they employ as well as the specific
diversity functions they aim to optimize.

5.3 Experimental Setting

To evaluate the performance of the examined recommendation
strategies, we divide user interactions into a training and a test
set, following an 80-20% split ratio. When evaluating the accuracy,
we only focus on the recommendation list generated in the initial
exploration step. This is because evaluating the quality only for
the recommendation list generated in the first exploration step
represents a lower bound of the system’s overall accuracy. By con-
sidering multiple lists, the probability of achieving a hit increases,
thereby enhancing the overall metrics. Regarding diversity instead,
we consider the complete set of recommendation lists produced
across all exploration steps. Our approach also assumes that the
entire item catalog is accessible to every user during the simulation.

To calculate the relevance score R(u, i), we employ a black-box
model in the form of a neural network based on matrix factoriza-
tion [23]. We fine-tune the latent factors of this model for each
dataset. For EXPLORE, we use a value of @ = 0.5 in the Clayton
copula. Additionally, we conduct hyperparameter tuning for this
parameter, and it appears that it has no significant impact on the
results (further details can be found in the Appendix).

We keep the length of the recommendation list, L, fixed at 10,
and vary the expected number of steps, E[steps], in the range
of [5, 10, 20]. This allows us to devise a suitable value for the
Weibull parameter A to be used in the simulation experiments, ac-
cording to Equation (7). In more detail, its value is computed so that
E[steps] € [5, 10, 20]. For E[steps] = 5, we devise a value 1 = 6.2;
similarly, E[steps] = 10, devises A = 11.85 and E[steps] = 20 de-
vises A = 23.21. Regarding y, we fixed y = 2, since a value > 1
models a weariness probability which increases over time, as dis-
cussed in Section 3. To assess recommendation quality, we use
standard metrics: Hit-Ratio (HR), Precision, and Recall. Our experi-
mental results are the average of 20 independent trials, and we use
the ANOVA test to evaluate statistical significance. The code used
in these experiments is made publicly accessible!!.

5.4 Results

Quality-diversity trade-off. We initiate our evaluation by assess-
ing the performance of all our strategies in terms of recommenda-
tion quality and diversity. Figure 3 displays the scores for Recall@10
(on the x-axis) and diversity (on the y-axis) across all five datasets,
either in terms of coverage (top-row) or distance (bottom-row).
The Figure shows that on all datasets, MMR and DGREC exhibit
notably poor performance with respect to Recall@10. In contrast,
the other strategies achieve significantly higher scores, with the
Relevance baseline performing the best, which aligns with our ex-
pectations. In terms of diversity, our method, EXPLORE-C, clearly
outperforms the other strategies. It achieves a substantially higher
diversity score while still delivering relevant recommendations. In

Uhttps://github.com/EricaCoppolillo/EXPLORE
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Figure 3: Trade-off between div,. (top) and div,, (bottom), and Recall@10, respectively, across all the datasets considered. The x-axis
represents recommendation quality, while the y-axis indicates the diversity score.

fact, it strikes the best trade-off between diversity and relevance.
Similar considerations can be made for the distance-based variant,
EXPLORE-D. Other results can be found in the Appendix.

Best performing diversity strategy. Table 2 presents a compre-
hensive analysis of div,,, div. and k when E[steps] = 5. Addition-
ally, we report the deviations from the maximum diversity scores
in terms of distance and coverage (in Table 3), denoted as Ay and
A, along with Agjgeps)-

We observe that our strategy, either EXPLORE-D or EXPLORE-C,
consistently outperforms the competitors in terms of both div;, and
div,. across all datasets. We also show how these values deviate
from the expected maximum values. Notably, on the Movielens-1M
dataset, their scores are very close to their maxima. Our strategy
achieves significantly higher scores than the competitors on all
datasets, especially in terms of coverage.

Regarding the number of steps, as mentioned in Section 3, the rel-
evance plays a fundamental role in our exploration process. There-
fore, it is expected that our strategy performs slightly worse than
other competitors, particularly the Relevance baseline. Nevertheless,
our primary objective is to maximize recommendation diversity
while maintaining relevance as high as possible. Additional results
are reported in the Appendix.

Ablation study. In our final investigation, we explore the advan-
tages of combining both relevance and diversity through the copula
function in Equation (10), in contrast to a simpler strategy that
neglects relevance and relies on Equation (9).

Table 4 presents a summary of the results obtained for E[steps] =
10. For each strategy, we provide the values for div,, div., and
actual steps x. The scores are computed for two variants: one where
relevance is included through the copula function (w) and another
where it is ignored (w/0). The table also reports the differences in
scores (Ay). We can observe that the combination has a positive
effect both in terms of diversity and number of steps.

Timing. Another crucial aspect to consider is the timing needed to
provide L;, reported in Figure 4. As we can see, competitors such as
MMR and DPP require a considerable amount of time to compute
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Table 2: Diversity scores for E[steps] = 5. Any best scores with
a statistical significance p < 0.05 are highlighted in bold.

Dataset Strategy div, div. K Ap  Ae Dg[steps)

Relevance 3.67 022 50 027 0.73 0.0

é EXPLORE-D 491 036 498 0.03 0.55 0.0

g EXPLORE-C 443 0.71 471 012 0.11 0.06

q;) MMR 396 0.29 457 022 0.64 0.09

§ DUM 44 033 498 013 059 0.0

DPP 459 031 499 0.09 0.61 0.0

DGREC 336 037 449 033 0.54 0.1

Relevance 3.15 03 436 038 03 0.13

EXPLORE-D 3.48 034 416 031 0.2 0.17

‘§ EXPLORE-C  3.36 0.35 4.13 033 0.18 0.17

© MMR 243 026 354 052 0.39 0.29

DUM 311 03 431 038 03 0.14

DPP 328 031 433 035 027 0.13

DGREC 22 024 32 056 044 0.36

Relevance 076 0.13 481 0.81 0.74 0.04

S EXPLORE-D 156 0.11 354 0.61 0.78 0.29

$ EXPLORE-C  1.08 034 409 073 032 018
=

g MMR 125 0.2 389 0.68 0.76 0.22

M DUM 0.83 0.17 48 0.79 0.66 0.04

DPP 138 0.09 475 0.65 0.82 0.05

DGREC 0.77 0.11 2.64 0.81 0.78 0.47

Relevance 4.04 032 486 02 0.59 0.03

9 EXPLORE-D 4.62 038 475 0.09 051 0.05

= EXPLORE-C 397 0.6 443 021 0.22 0.11

z MMR 356 03 419 03 061 0.16

DUM 416 036 489 0.18 0.53 0.02

DPP 438 034 488 0.13 0.56 0.02

DGREC 30 026 374 041 0.66 0.25

Relevance  0.66 0.02 4.77 0.87 0.77 0.05

) EXPLORE-D 4.4 0.08 449 0.13 0.1 0.1

Iy EXPLORE-C 438 0.08 447 0.13 0.1 0.11
1}

'Ei MMR 245 0.04 396 052 0.55 0.21

DUM 438 007 472 0.13 0.21 0.06

DPP 438 007 472 0.13 0.21 0.06

DGREC 1.02 0.02 368 08 0.77 0.26
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Figure 4: Timing for producing L;. The x-axis reports the strategies, while the y-axis the recommendation time (in seconds).

Table 3: Maximum scores in terms of diversity and coverage
per dataset, by varying the expected number of steps.

Dataset E[steps] D C
5 5.05 0.80
Movielens-1M 10 10.05 0.93
20 20.03 0.98
5 5.05 043
Coat 10 10.05 0.68
20 20.03 0.89
5 3.97 0.50
KuaiRec-2.0 10 7.87 0.73
20 15.63 091
5 505 0.77
Netflix-Prize 10 10.05 0.87
20 20.03 0.91
5 5.05 0.09
Yahoo-r2 10 10.05 0.17
20 20.03 0.34

their recommended lists, in particular for the largest datasets. Our
algorithm EXPLORE, instead, proves to be much more efficient, and
its running time is basically constant over all the benchmarks.

6 CONCLUSION AND FUTURE WORK

In this study, we addressed recommendation diversity by introduc-
ing a user-behavior model where relevance drives engagement. We
developed a recommendation strategy that optimizes the delivery of
diverse knowledge based on user behavior. Our experimental anal-
ysis confirms the effectiveness of this approach, though it remains
open to further enhancements. First, the behavioral model can be
refined to include more sophisticated scenarios, such as refresh-
ing the list, guiding its composition, and incorporating dynamic
adjustments to the weariness probability beyond temporal decay.
Additionally, our model assumes the relevance score accurately
reflects a user’s interest in an item. However, since the relevance
score is algorithmically computed and may not be entirely accurate,
we can adapt the user behavior model by incorporating a random
discount factor for the relevance of each item. Finally, the proposed
strategy can be improved in several ways, such as integrating differ-
ent distance measures or extending it to include additional metrics
beyond diversity, like serendipity or fairness.
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Table 4: Results in terms of div,,, div. and x by including
(w) and excluding (w/o0) relevance from our recommendation
strategies. Positive relative changes (A) are reported in bold.

Strategy Relevance div,  div. K

= w 9.77 0.63 9.85

" EXPLORE-D w/o 6.66 0.53 6.73
g

% Aw +0.32 +0.16 +0.32

3 w 884 089 97

= EXPLORE-C w/o 6.56 0.86 7.0

Ay +0.26 +0.03 +0.28

w 6.73 0.51 8.02

EXPLORE-D w/o 55 0.47 6.41

§ Aw +0.18 +0.08 +0.2

w 6.31 0.55 7.81

EXPLORE-C w/o 5.18 0.49 6.34

Aw +0.18 +0.11 +0.19

w 3.06 0.17 6.86

& EXPLORE-D w/o 238 0.3 447
i3

% Ay +0.22  +0.24 +0.35
<

Q w 2.22 0.53 7.95

EXPLORE-C w/o 2.01 0.49 6.04

Aw +0.09 +0.08 +0.24

w 9.03 0.59 9.24

, EXPLORE-D w/o 7.42 0.54 7.52

E Aw +0.18 +0.08 +0.19
Z

w 7.92 0.77 8.69

EXPLORE-C w/o 6.71 0.75 7.38

Aw +0.15 +0.03 +0.15

w 8.71 0.15 8.73

& EXPLORE-D w/o 6.23 0.11 6.3
;

_% Aw +0.28 +0.27 +0.28

>~ w 8.67 0.15 8.7

EXPLORE-C w/o 6.25 0.11 6.31

Ay +0.28 +0.27 +0.27
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ADDITIONAL RESULTS

Figure 5 shows the trade-off between diversity and accuracy. Fig-
ure 6 depicts the effects of tuning the o parameter in the Clayton
copula function. Table 5 reports additional results for E[steps] €
[10, 20] across the considered datasets.



Relevance Meets Diversity: A User-Centric Framework for Knowledge Exploration Through Recommendations

KDD ’24, August 25-29, 2024, Barcelona, Spain

@ Relevance @ EXPLORE-D A ©exeLore-C B MMR ® DUM ® orp ’ DGREC
0s A A A 0.8 A 0.15 a
o X X e

. 4 < 04 0.6- o

506 e Odmy 5 o % 0010

Zos m ¢ x oz Z o o1 B ¢ =
) ® o2 0.2- ¢ 5 g - ~0.05- W
0.2- 0.2- * °
00500 025 050 0.5 100 “%oo0 025 oko o5 oo “%oo0 025 050 o5 oo %00 025 050 o oo “"%00 025 050 075 100

HRQ10 HRQ10 HRQ10 HRQ10 HRQ10
10.0- o - ) [ ) X @
2 6- = ! n x 8- = 8- -
75

8 e . m s, 4 o W S0

= oE0)- = = = =

5 50 = P ¥ 5y S4m
25- 2 2 2 ¢ PS
00:0 L 0-. : ; : ‘ 0 L : ‘ 0 : L ‘ 0, ‘ : : ‘

0.00 025 0.50 0.75 1.00 0.00 025 050 075 1.00 0.00 025 050 0.75 1.00 0.00 025 050 0.75 1.00 0.00 025 050 075 1.00
HRQ10 HRQ10 HRQ10 HRQ10 HRQ10
. A A A 08 & 0.15- a
o g ¥ 0.4- 0.6- a =

06 s ) o 5 % £ 0.10-

Zorm! : £ = Zoa Z

e ([ ] < 0.2 “02 $lp x. ~ “0.05-0
" 0 ¢ e
00500 025 050 0.5 100 “%o0 025 oko o5 oo “%oo 025 050 o5 oo %00 025 050 o7 oo %00 025 050 075 100

Precision@1( Precision@10 Precision@10 Precision@1( Precision@10
10.0- o - e o 23
L'A.' 6- = 3 m b ¢ 8- :) 3- f2
-

a 2 " ® Q4W Q2- A PS QG—’Q‘ 6"

2 5.0 B z ¢ %) B z,

= 3 = | 5 4- <S40
2.5- > 2- 2 ¢ °
0.0 o 0- : : ‘ : 0- e : ‘ 0 : — ‘ 0- : : : ‘

0.00 025 0.50 0.75 1.00 0.00 025 050 075 1.00 0.00 025 050 0.75 1.00 0.00 025 050 0.75 1.00 0.00 025 050 075 1.00
Precision@10 Precision@10 Precision@10 Precision@10 Precision@10

(a) Movielens-1M

Figure 5: Trade-off between either div. or div,, and either HR@10 or Precision@10 across all the datasets. The x-axis shows the

(b) Coat (c) KuaiRec-2.0

recommendation quality while the y-axis represents the diversity score.

-@- EXPLORE-D  —A~ EXPLORE-C

(d) Netflix-Prize

(e) Yahoo-R2

110 10 8.0- 06 30- 06
a Y & A Y A A " ® w Y\ o Y Y n 2 A A a Y 3 = A A A— A—A—A
- v—— o —®
_70- 07 50~ 0.4 20~ 04
~ 40 03 30 02 10 02
0.0- -0.0 0- -0.0 0.0- -0.0
00001 0001 001 01 05 1 2 3 4 00001 0001 001 01 05 1 2 3 4 00001 0001 001 01 05 1 2 3 4
[e3 [e% (&%
(a) Movielens-1M (b) Coat (c) KuaiRec-2.0
10.0- 08 10.0- 0.2
& o Y Y A e Y Y s & Vs Yy Y s Y\ w Y s s Y s Y
_70- -0.6 _60- 01
~ 30 03 30 01
0.0- -0.0 0.0- -0.0
00001 0001 001 01 05 1 2 3 4 00001 0001 001 01 05 1 2 3 4

(d) Netflix-Prize

@

(e) Yahoo-R2

Figure 6: Effects of tuning the o parameter fixing E[steps] = 10. The x-axis represents different values of «, while the y-axis
report values of div,, (left) and of div. (right).

500



KDD ’24, August 25-29, 2024, Barcelona, Spain Erica Coppolillo, Giuseppe Manco, and Aristides Gionis

Table 5: Results with E[steps] € [10, 20] across all the datasets. Best scores with statistical significance p < 0.05 are in bold.

Dataset Strategy div, div,. K Ap  Ac Dg[steps] Dataset Strategy div,  div. K Ap  Ae DAE[steps]
Relevance 745 034 10.02 0.26 0.64 0.0 Relevance 14.96  0.48 20.04 0.25 0.51 0.0
E, EXPLORE-D 9.77 0.63 9.85 0.03 0.32 0.02 § EXPLORE-D 18.96 0.86 194 0.05 0.12 0.03
% EXPLORE-C 8.84 0.89 9.7 0.12 0.05 0.03 é EXPLORE-C 16.81 097 19.76 0.16 0.01 0.01
'E MMR 7.29 0.43 8.62 0.27 0.54 0.14 'E MMR 13.45 0.57 1649 0.33 042 0.18
§ DUM 8.95 0.51 10.03 0.11 045 0.0 § DUM 17.98 0.7 20.16 0.1 0.29 -0.01
DPP 9.29 0.5 9.99 0.08 0.46 0.0 DPP 18.6 0.71 20.02 0.07 0.28 0.0
DGREC 6.89 049 8.92 0.31 047 0.11 DGREC 1391 0.63 17.64 0.31 0.36 0.12
Relevance 638 044 8.64 036 035 0.14 Relevance 12.23 059 1636 0.39 0.33 0.18
EXPLORE-D 6.73 0.51 8.02 0.33 0.25 0.2 EXPLORE-D 12.85 0.7 15.48 036 0.21 0.23
§ EXPLORE-C 6.31 0.55 7.81 0.37 0.19 0.22 § EXPLORE-C 12.09 0.77 15.36 04 0.13 0.23
© MMR 463 038 675 054 044 032 © MMR 879 053 1312 056 04 034
DUM 644 046 8.65 0.36 0.32 0.13 DUM 12.63 0.62 16.78 0.37 0.3 0.16
DPP 6.64 0.45 8.61 0.34 0.34 0.14 DPP 13.06 0.62 16.84 0.35 0.3 0.16
DGREC 4.56 0.37 6.33 0.55 0.46 0.37 DGREC 9.31 0.53 1284 0.54 0.4 0.36
Relevance 1.63 0.21 9.6 0.79 0.71 0.04 Relevance 3.62 0.32 19.02 0.77 0.65 0.05
3 EXPLORE-D 3.06 0.17 6.86 0.61 0.77 0.31 2 EXPLORE-D 6.16 0.26 13.83 0.61 0.71 0.31
8 EXPLORE-C 222 0.53 7.95 072 0.28 0.2 2 EXPLORE-C 455 0.76 1509 071 0.16  0.25
4 =
g MMR 2.52 0.2 734 0.68 0.73 0.27 g MMR 4.79 0.3 1391 0.69 0.67 0.3
M DUM 178 027 959 077 0.3 0.04 4 DUM 3.86 039 19.09 075 0.57 0.05
DPP 2.81 0.15 9.54 0.64 0.8 0.05 DPP 5.56 0.24 1899 0.64 0.73 0.05
DGREC 1.71 019 545 0.78 0.74 0.45 DGREC 3.55 0.3 11.33  0.77 0.67 0.43
Relevance 8.17 046 9.73 0.19 0.47 0.03 Relevance 16.19 0.6 19.29  0.19 0.34 0.04
y EXPLORE-D 9.03 059 9.24 0.1 0.32 0.08 o EXPLORE-D 17.38 0.77 1798 0.13 0.15 0.1
= EXPLORE-C 7.92 0.77 8.69 0.21 0.12 0.13 = EXPLORE-C 15.6 0.87 17.53 0.22 0.04 0.12
E MMR 6.76  0.43 7.94 033 0.51 0.21 % MMR 12.79 0.56 1534 0.36 0.38 0.23
DUM 8.36 0.51 9.72 0.17 0.41 0.03 DUM 16.59 0.65 1933 0.17 0.29 0.03
DPP 8.82 0.5 9.73 0.12 0.43 0.03 DPP 1749 0.66 1936 0.13 0.27 0.03
DGREC 6.15 039 7.44 039 0.55 0.26 DGREC 12.11  0.53 14.59 0.4 0.42 0.27
Relevance 139 0.03 949 086 0.83 0.05 Relevance 3.0 0.04 18.81 0.85 0.88 0.06
g EXPLORE-D 871 0.15 8.73 0.13 0.14 0.13 2 EXPLORE-D 16.48 0.28 16.5 0.18 0.17 0.18
5 EXPLORE-C  8.67 0.15 8.7 0.14 0.14 0.13 S EXPLORE-C 16.43 0.28 1646 0.18 0.17 0.18
o o
j MMR 386 005 736 062 071 0.26 E MMR 59 007 1389 071 079 031
DUM 8.86 0.12 9.43 0.12 0.31 0.06 DUM 17.59 0.19 1873 0.12 0.44 0.06
DPP 8.84 0.12 9.41 0.12 0.31 0.06 DPP 17.6 0.19 1874 0.12 0.44 0.06
DGREC 2.04 0.03 7.35 0.8 0.83 0.26 DGREC 3.92 0.04 14.56 0.8 0.88 0.27
(a) E[steps] = 10. (b) E[steps] = 20.
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