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Joint Assortment and Cache Planning for Practical
User Choice Model in Wireless Content
Caching Networks
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Abstract—In wireless content caching networks (WCCNs), a
user’s content consumption crucially depends on the assortment
offered. Here, the assortment refers to the recommendation list.
An appropriate user choice model is essential for greater revenue.
Therefore, in this paper, we propose a practical multinomial logit
choice model to capture users’ content requests. Based on this
model, we first derive the individual demand distribution per
user and then investigate the effect of the interplay between the
assortment decision and cache planning on WCCNs’ achievable
revenue. A revenue maximization problem is formulated while
incorporating the influences of the screen size constraints of users
and the cache capacity budget of the base station (BS). The formu-
lated optimization problem is a non-convex integer programming
problem. For ease of analysis, we decompose it into two folds,
i.e., the personalized assortment decision problem and the cache
planning problem. By using structure-oriented geometric proper-
ties, we design an iterative algorithm with examinable quadratic
time complexity to solve the non-convex assortment problem in an
optimal manner. The cache planning problem is proved to be a
0-1 Knapsack problem and thus can be addressed by a dynamic
programming approach with pseudo-polynomial time complexity.
Afterwards, an alternating optimization method is used to opti-
mize the two types of variables until convergence. It is shown by
simulations that the proposed scheme outperforms various existing
benchmark schemes.
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1. INTRODUCTION

ITH Internet of Everything (IoE) applications being
W increasingly popular, the envisioning and development

for the sixth generation of wireless cellular networks (6G) have
already commenced. 6G is anticipated to support various intel-
ligent applications with diversified requirements (e.g., latency,
reliability, and users’ quality of service). However, the enormous
gap between the diverse requirements and what edge servers
can provide is a grave challenge for 6G in terms of provid-
ing high-quality services for emerging intelligent applications
[2], [3]. The challenges are also raised from the fact that popular
data are frequently requested by a majority of users and thus
redundantly transmitted over cellular networks, making both
the fronthaul and the backhaul links congested. To counter these
tremendous challenges, both the academia and the industry have
shifted their attentions to exploring the edge-aware techniques.
In this context, wireless content caching has been acknowledged
as a successful enabler [4]. More specifically, by pre-caching
reusable contents at network edge facilities during the off-peak
time intervals, redundantly generated data traffic can be sig-
nificantly reduced. As a consequence, highly effective networks
with shortened delays and improved users’ quality of experience
become a reality.

In wireless content caching networks (WCCNs), users’
content consumption is highly influenced by the assortment
decision, which refers to the selection of a set of content items
that are made available to users. It is widely acknowledged
that having an appropriate user choice model is essential for
increasing revenue, as it enables service providers to offer
personalized content recommendations that are likely to be
of interest to users. However, developing an effective choice
model can be challenging. In addition, the assortment decision
has a significant impact on the cache planning at the BS, which
involves deciding which content items to store at the BS’s
cache. Given the limited storage capacity of the cache, it is
crucial to select the content items that are most likely to be
requested by users. This requires a careful analysis of users’
content consumption patterns and preferences, which can be
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supported by the user choice model. To maximize revenue,
these two aspects, i.e., the assortment decision and the cache
planning, should be jointly optimized. This involves developing
acomprehensive optimization framework that takes into account
both the user choice model and the cache planning strategy.

In this paper, we propose a revised multinomial logit (RMNL)
model that aims to address the limitations of the conventional
model in providing a more comprehensive perspective for con-
tent items. We derive the content request distribution per user,
and formulate a revenue maximization problem by collabora-
tively designing the personalized assortment decision and the
cache planning for WCCNs. The main contributions of our work
are sorted as follows:

e We present a model called RMNL that explicitly shows
how users’ content request behaviors can be influenced
by their personalized assortment strategies. This model
is more versatile than the conventional MNL model and
addresses its shortcomings. We investigate the effect of the
interplay between assortment decision and cache planning
on the achievable revenue of WCCNs. Based on these
analyses, we formulate the revenue maximization problem
for WCCNes, taking into account the cache capacity budget
of the BS and the screen size requirement per user.

e The formulated optimization problem is a non-convex
integer programming problem, whose optimal solution is
challenging to obtain. The difficulty mainly stems from the
coupling among the optimization variables. To facilitate the
analysis, we decompose the original problem into two sub-
problems, i.e., the assortment decision subproblem and the
cache placement subproblem. For the assortment problem,
some structure-oriented geometric insights are provided.
In particular, we show that the optimal assortment set can
be searched within the intersection points among [ + 1
straight (linear) lines, where I is the total number of con-
tents. From this, an iterative algorithm with quadratic time
complexity is developed to achieve the globally optimal
solution. Meanwhile, by proceeding with some transfor-
mations, we prove that the cache planning subproblem is a
0-1 Knapsack problem, which can be optimally solved by
a dynamic programming algorithm.

e With the aforementioned two-fold analysis, an alternat-
ing optimization approach is used to jointly optimize the
two types of Boolean decision variables. This approach
is a novel and sophisticated way to tackle the problem
of optimizing WCCNs, and has shown great promise in
our study. Here, the associated computational complexity
analysis and the convergence analysis for the proposed joint
optimization method are discussed in detail, providing a
thorough understanding of the nuances of the approach. Itis
demonstrated that our developed joint optimization method
has global convergence and polynomial time complexity,
thus can meet the needs of large WCCNSs.

Extensive computer simulations are performed from three
aspects, including convergence performance, system revenue,
and cache hit ratio, to reveal the validity and superiority of our
proposed scheme when compared with multiple benchmark
strategies. Moreover, to ensure that the simulation accurately
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reflected real-world scenarios, we used both homogeneous
and heterogeneous assortment sizes among users. Our scheme
proved to be robust and efficient, making it a viable option for
improving system performance and user experience. The rest
of this paper is organized as follows. In Section II, the related
works are reviewed. In Section III, we introduce the system
model of WCCNs together with the preliminaries of the MNL
choice model, followed by our developed RMNL model. In
Section 1V, we formulate the revenue maximization problem
taking into account varied practical constraints. The designed
methodology for solving the original optimization problem and
the associated property analysis are elaborated in Section V. In
Section VI, numerical simulations are conducted to evaluate the
performance of our designed strategy compared with extensive
benchmarks. At last, we summarize this paper and set forth the
future research directions in Section VII.

For ease of reading, the notations used throughout this paper
are summarized in Table I.

II. LITERATURE REVIEW

In recent years, enormous attention has been paid to WCCNss.
For instance, the authors in [5] analyzed the files success-
ful transmission probability (STP) of random caching-based
large-scale heterogeneous wireless systems. Simulation results
showed that the random caching with retransmission scheme
can dramatically improve STP. Besides, it was demonstrated
in [6] that with users’ preference information, the optimized
cache placement results in boosted cache hit ratio. In addition,
the effectiveness of proactive caching in terms of improving
spectrum efficiency and energy efficiency was verified by the
authors in [7] and [8], respectively. Moreover, the authors in [9],
[10] validated the performance of user-side caching oriented
cellular networks. In these studies, the multi-winner auction ap-
proach and the two-side swapping method were used to address
the cache placement problem. Furthermore, the authors in [11]
jointly optimized the incentive mechanism and the price-based
cache replacement to improve the profits of both Internet service
providers and content providers. The joint cache rental, content
placement, and user association problem for WCCNs was inves-
tigated in [12] to maximize the aggregated delay savings. The
same objective was studied in [13], [ 14] with the consideration of
recommendations. It was affirmed that recommendation-aware
caching can achieve superior performance than the pure caching
strategies. To address the data corruption issue, coded caching
was utilized in [15], [16]. Thereof, repairable codes were de-
signed for both the single-failure and the multi-failure cases.
The applicability of content caching in other different usage
scenarios, such as unmanned aerial vehicle-assisted (UAV) net-
works and wireless digital twin networks (WDTNSs), was verified
in [17] and [18], respectively. Furthermore, to break the curses of
conventional optimization tools, the authors in [19], [20], [21],
[22], [23] applied machine learning-based solutions, such as
long-short-term-memory network, echo state network, recurrent
neural network, and reinforcement learning model, to tackle the
joint cache planning and transmission optimization problems for
WCCNES.
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TABLE I
LIST OF NOTATIONS

Notation | Definition Notation | Definition

K Index set of users. €k.i IID random variable.

K Total number of users. Vi, Preference of user k to item i.

z Index set of content . Dhi Request probability under MNL model.
I Total Number of contents. Sk Assortment set of user k.

w} Revenue of content i. Dk,i Request probability under RMNL model.
B; Bit size of content 7. R System revenue.

¢ Cache decision of content 4. c System’s cache planning policy.

Chs Cache capacity of BS. ay User k’s assortment strategy.

a; Discount factor of content . a Assortment strategy of the system.

wj Effective profit of content 1. Ry, Revenue brings by user k.

ki Assortment decision of content i to user k. 1(S) Revenue of items in S.

ay, Assortment set size of user k. £(S) Revenue under assortment strategy S.
Uk, Random utility of user k to content 7. at Assortment solution in the ¢-th iteration.
U0 Utility of outside option. ct Caching policy in the ¢-th iteration.

Mk, i Mean utility of user k to content i. N Maximum iteration number.

Although the effectiveness of content caching has been vali-
dated by the literature, user’s demand behavior therein is mainly
assumed to follow Zipf’s law for simplicity. Notably, Zipf’s law
was proposed to measure word frequencies in text [24] and the
popularity of internet pages [25]. Therefore, this approximation
is somewhat less accurate particularly when the heterogeneity
among users’ personalities is considered, i.e., each user has its
own inherent content preference distribution. Moreover, a user’s
content selection behavior often depends on the assortment list
provided by the system. Thereby, an appropriate user’s choice
model is pivotal for assortment decision making, which further
has a dramatic impact on the system’s revenue. Modeling user’s
(customer’s) choice behavior is a compelling research area in
retail and online advertisement. Thereof, user’s demanding is
usually characterized by MNL choice model [26], [27], [28],
[29], in which the system (e.g., service, product, or content
provider) shows a set of items to the users and users demand
the items based on a probability distribution determined by
the offered assortment. A practical application is in retail.
Given a limited shelf capacity, a retailer has to determine the
assortment of products that maximizes the profit. However,
existing works [26], [27], [28], [29] assumed that users can
only make purchase decisions among the offered assortment or
leave without purchase (in the example of retail, a customer
can only buy the item among the assortment on the shelves
or leave without buying anything), which may not align with
real-world situations. Take the streaming media platforms (such
as iQIYI, YouTube or Netflix) as an example, users tend to
observe the (personalized) recommended video contents (we
refer as assortment throughout this work) in the home page, and
they can choose the contents within the offered assortment in
concordance with their attributes or choose the other options.
When the latter happens (which means the offered lists are not
satisfactory), the users may close (or ignore) the offered assort-
ment list and browse the remaining contents (e.g., by clicking
“More”). In this way, the users may experience another stage of
choosing contents. Based on the above analysis, a more practical
user’s choice model is needed so as to align with practices, which
motivates this work.

Q:I Content request

¢ Content delivery
/ Basistation (BS) \

B e (e

Assortment  User,; Assortment User, Assortment User,

@

R0

=

SSSer \ | |
—
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Fig. 1.
sion.

Generic system model of WCCNs with personalized assortment deci-

III. SYSTEM DESCRIPTION AND THE IMPROVED USER CHOICE
MODEL

In this section, we first introduce the system model of the
considered WCCNSs. Then, we introduce the preliminaries re-
garding the MNL model and outline its deficiencies. Afterwards,
we elaborate on our proposed user choice model and derive the
specific expression of users’ content demanding distribution.

A. System Description

Asiillustrated in Fig. 1, we consider a generic WCCN with one
BS serving a set of K users, referred to as £ = {1,2,..., K}.
Here, the BS has the capability of caching such that it can
proactively store some popular contents. Therein, popular con-
tents refer to the items that are most likely to be requested
by users. To characterize this, we assume that in total there
are [ content items in the catalog, whose index set is referred
to as Z = {1,2,...,I}. In addition, for ¢ € Z, define w} and
B; as the associated marginal revenue' and bit size of content
1, respectively. Besides, let ¢; € {0, 1} be the cache decision
indicator of content . More specifically, ¢; = 1 represents that

'We assume that all the content items are priced as that in [30]. Details will
be given in Section VI.
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content ¢ has been cached at the BS and ¢; = 0 otherwise. As
the storage size of the BS is limited, we have the following
constraint:

ZCiBi < Cgs, (1)

i€l

in which Clpg is the cache capacity budget of the BS.

Given that the demanded content is cached at the BS, BS can
delivery this content to the user directly. On this circumstance,
the user can enjoy an efficient data service. As a reward, this
content associated profit (e.g., w}) can be obtained by the system.
Otherwise, the BS needs to first access the remote clouds or
origin content servers to retrieve this content item and then
feedback it to the corresponding user. Since additional commu-
nication cost is required, the expected profit of the un-cached
item will be watered-down, which is depicted by «; € (0, 1)
for the i-th content?. Given that ¢; = 0, the associated profit of
content 7 becomes aiw;, where ¢ € Z. With the analysis above,
the effective (actual) profit of content ¢, denoted by w;, can be
expressed as follows:

w; = a} “w), i€ T. )

For the sake of completeness, the outside option® is denoted by
0 with wg = 0.

B. Conventional User Choice Model

In this subsection, we introduce the preliminaries of the
conventional user choice model. For expression simplicity, we
define a binary variable ay; € {0,1} for k € K and i € Z to
depict whether content ¢ is shown to user k or not. More
precisely, ax,; = 1 means that content item ¢ is presented to user
k and aj ; = 0 otherwise. In addition, let a; be the maximal
number of items that can be displayed for user k, considering
the limited screen size of user k, where k € KC. Thus, we have

> ari <ag, kek. 3)

i€l
In the MNL choice model, each user chooses the content that
maximizes its own utility. Let Uy, ; = 1 ; + €x; be the utility
of user £ in terms of demanding content item ¢, where k& € IC
and ¢ € {0} UZ. Specifically, i = 0 depicts that the user con-
sumes nothing from the system. We assume p 0 = 0, then
Uy,o represents the utility of outside option. In addition, py ;
expresses the mean utility that the user % assigns to content 4,
whilst {€x ; }ie{oyuz are independent and identically distributed
(IID) random variables, each have a Gumbel distribution with
location-scale parameters (0,1) [32]. 4 Moreover, we define
Vi,i = et*® as the preference of user & towards content 7 and
let Vi, o = 1, where k € K and ¢ € Z. Furthermore, define S, as

’It is worth mentioning that the value of o; can be determined by the physical
distance between the BS and the remote cloud or origin server [31]. Other
portrayals are equally appropriated.

3In this paper, outside option means that the user purchases nothing from the
content catalog.

“It is noteworthy that a Gumbel random variable with location-scale param-
eters (u,n) has cumulative distribution function F'(z) = exp(—e~(#=1)/m),
This will be used in Lemma 1.
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the content list displayed to user k. Then the probability of user
k selecting content ¢ € Sj, U {0} is given as follows [32]:

Viei
/i:P(UZ‘Z max U»)z’l ,
pk, k, jESkU{O}{ kd} Zjesku{o} Vk,j

“

It is worth noting that under the conventional MNL choice
model, p’,m = Ofori € 7\ Sk, where k € K. For completeness,
we have

Vi .
Vi e s udo),
Phi =\ 2jessuio} Vi (5
0, ifi € T\ S

C. Revised User Choice Model

It can be observed from (5) that the system shows an assort-
ment of content items to users, and a user can purchase the items
among the assortment or leave without purchasing anything. In
other words, the selected content items of user & can only be from
the set S, U {0}, where k& € K. In most cases, customers tend to
observe the assorted products and select within the assortment in
accordance with the individual preferences of all offered items.
Given that the assortment offered is not satisfactory, the users can
still choose the other items. To align with realities in practical
systems, an improved choice model is designed in this paper.
Therein, we assume that a second phase is available for users
to select the remaining content items provided that the pre-set
assortment set is unsatisfactory. Doing so, users have a wider
range of choices. Based on the analysis, we explicitly derive
the individual demanding distribution per user. Before giving
the details, some properties of Gumbel random variables are
introduced, which will be used in the derivation.

Lemma 1. Let X; and X5 be two independent Gumbel
random variables with location-scale parameters (u7,1) and
(112, 1), respectively. Then we have the following properties:

a) max (X7, X>) is Gumbel distributed with location-scale

parameters (log(e#t + ef2),1).

b) P(X) > Xy) = s

¢) max(X7,X>) and I(X; > X>) are independent random

variables, where I(-) represents the indicator function.

The proof of Lemma 1 can be found in [29], [33]. Details
are not copied here for brevity. Thereafter, we illuminate the
theorem with regard to each user’s content request probability
under our developed RMNL model.

Theorem 2. Under the proposed RMNL choice model, the
probability of user k selecting content ¢ € Z U {0}, defined as
Dk i, 18 given below:

Viei .
— ifi € Si,
1+ Vs, ¥
Vi,i .
i = . , ifi eI\ Sy, 6
Pk, A+vs)1+vy \ Sk ©
1
i —
v if1 =0,

where Vs, = > g Viiand Vz =3 jet Vk,j» respectively.
Proof. We distinguish the k-th user’s content request, referred

to as i, into three cases. That is, i € S, 7 € Z\ S, and i = 0.

The proofs are expanded from the aforementioned three aspects.
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1) Casel: i € S
When i € Sk, by properties (a) and (b) of Lemma 1, we have

P =P (Uk,i > U/w‘)

elh,i

max
JESK U{O}\i

eMk,j

ZjESk u{o}
Vk i

7
l-ﬁ-VS,C )

2) CaseIl: i € Sy, where S = 7\ Si.

Given that the requested content of user k falls in Case II, the
utility of the outside option must be greater than the utilities of
all contents in Si. Moreover, the utility of the requested content
i must be greater than the utilities of all contents in Sy, \ {4} as
well as the outside option. That is,

DPk,i =P (Uk,o > max Uy, ;, Uy ;
JESK

>max{Uko, max Uy ;
jeSk\i}

)

P (Uk,i > maX{Uk 0, max Uy 7]}
J€8K\{i}

—P > ,
<Uk,0 > gré%f Uk,;)

X|Uk,o > max Uzw) . (®)

4713

According to properties (a) and (b) of Lemma 1, the first item
of the multiplication on the right hand side (RHS) of (8) can be
expressed as follows:

IS
djes, e 1+ Vs,

P (Uk,o > max Uk,j) = 9)
JESK

On the basis of property (a) of Lemma 1, we know
that maxjecs, Uy ; is Gumbel distributed with parameter
(log(>_jcs, €*7),1). Likewise, max;cg () Uk,; is also
Gumbel distributed, wherein the location-scale parameter is
(log(>_jes,\qs3 €"*7), 1)- In addition, based on the property (c)
of Lemma 1, those random variables Uy, o, Uy ;, maxjes, Uk j,
and max;cg,\(;) Uk,; are mutually independent. On these
grounds, the second item of the multiplication on the RHS of (8)
can be expressed as (10)-(16) shown at the bottom of this page.

More specifically, (10), (11), and (12) hold because of
the basic properties of conditional probability. (13) is ob-
tained due to the fact that max{Uy o, maxjcs, Uy} and
I(Uk,0 > maxjes, Ug,;) are independent in accordance with
the property (c) of Lemma 1, and besides Uy, Uy,
max;es, Uy,; are independent. In addition, (14) holds because
max{Uk,0, maxjes, Uk ;} and [(Uy,0 > maxjes, Uy, ;) are in-
dependent, together with the fact that Uy, o, Uy, 4, maxjes, Uk, j,
mMaxX;es, \ (i} Uy, ; are independent. Moreover, (15) again follows
from the basic properties of conditional probability. Further-
more, by (a) and (b) of Lemma 1, (16) is accessible.

P< {UkO; max Uk]}|Uk,02r‘naxUk7j)
jeSk\{i} JESK
=P (U ax {U;c 0,max Uy j, max U;”} |Ug.0 > maxUk’j> (10)
JESK 7€SK\{4} JESK
:P<U {Uko,maxUk]} Uk, > max Uk]Uk0>maxUkJ> (11)
jeSk\{i}
:P< {Uko,maxUkJ}Uk70>maxUk,j>
JESK
x P (U;m > max Uy ;|Uk,; > max {U;C O,maXU;”} JUko > maXU;w») (12)
jeSk\{i} JESK
=P <U;m- > max {Uk,o, max Uk,j})
’ JESK
x P (Uk ; > max Uy ;|Ug,; > max {Uk o,maxUk]} Uk > maxUkJ) (13)
jeSk\i} JESK
=P (Uk,i > max {Ukyo,maXUk,j}> (Uk i > max Uy ;|Uk,; > max {Uk o,maXU;”}> (14)
JESK JESK\{i}
=P <U;m- > max {Uk o,maxUk], max Uk]}> (15)
' S je8i\{i}
etk i sz‘

_ = Ve (16)

ZJGIU{O} etrd 1+ Vg
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By substituting (9) and (16) into (8), we derive

Vie.i e
: ,ifi € T\ Sk.
T+ V) (4 v5) TEETA S

3)CaselIll: i =0
In this case, the probability of the user in terms of purchasing
nothing after foregoing two display phases is

Pro=1-— Zpk,j_ Z Dkj

Pk,i = (

JESk JEI\Sk
Vi Vi s
-5 e T
is 1+ ng oS (1 =+ ng)(l =+ VI)
B 1
14V

The aforementioned three-fold analyses complete the proof.

In accordance with the foregoing discussions, the achievable
revenue of the system under RMNL, which is defined as R, can
be written as follows:

R = Z Z WiPk,is

keK i€

a7

where w; and py, ; are given in (2) and (6), respectively. It can be
seen that the system’s achievable revenue crucially depends on
the assortment decision per user as well as the cache planning
decision at the BS.

IV. PROBLEM FORMULATION

In this paper, we aim to maximize the WCCNs’ achievable
revenue by collaboratively optimizing the assortment decision
(per user) and the cache planning at the BS, taking into account
the constraints of users’ screen size and cache capacity budget
of the BS. For notation simplicity, we define ¢ = (¢;);ez as the
caching policy of the system. In addition, let a;, = (ay ;)iez and
a = (ay)rek be the assortment strategy of user & and all users,
respectively. With the definitions, the revenue maximization
problem for WCCNs is mathematically formulated as follows:

maximize R
a,c

st.CL: Y axy <ag, k€K,

i€l
2 ZCiBi < Chs,

iel
C3:a,, €{0,1}, ke K, ieT,

C4: ¢ ef0,1}, i€, (18)

where R in the objective function is defined in (17). C'1 repre-
sents that the total number of content items in the assortment set
of user k cannot be larger than aj. C'2 shows that the cached
items cannot exceed the storage capacity budget of the BS. In
addition, C'3 and C'4 depict that all the optimization variables are
binary variables. As can be seen from (6), p;. ; is a non-convex
function with respect to a. Thus, the optimization problem (18)
is a non-convex integer programming problem, whose globally
optimal solution is difficult to obtain. The main difficulty is
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originated from the coupling among the optimization variables.
To make the analysis tractable, in the following, we decompose
the original maximization problem into two aspects, namely, the
assortment decision problem and the cache planning problem.
Then we dedicate to solving each of the two subproblems
optimally in an efficient manner, and finally optimize the two
types of optimization variables alternately. The convergence
performance with regard to the developed solution and its time
complexity are analyzed as well. It is shown that our devised
solution has polynomial time complexity and thus can satisfy
the needs (e.g., computational latency, and complexity) of large
sized WCCN.

V. METHODOLOGY AND PROPERTY ANALYSIS

In this section, we first introduce the designed solution to
problem (18). Then, we analyze its optimality, time complexity,
and convergence performance.

A. Algorithm Design

To solve (18) in an efficient manner, we decompose the
originally formulated problem into two subproblems, namely,
the assortment decision subproblem and the cache placement
subproblem. In this subsection, we first solve each of the sub-
problems and then use the alternating optimization approach to
solve the whole problem.

1) Assortment Decision Subproblem: Given the caching pol-
icy, i.e., ¢, the original optimization problem (18) degenerates to
the assortment decision-making subproblem. As each user’s as-
sortment strategy is independent of the other users’ policies, the
assortment decision-making subproblem can be further divided
into K subproblems. We take the assortment decision problem
for user k as an example, and the mathematical formulation is
given below:

maxiamize Ry, P(1)
s.t.C1: Zam < ag,

i€l

C3':ay, €{0,1},i €1,

wherein Ry, is defined as the revenue brought by user k. That is,
19)

R = Zwipk,i7 ke K.
i€l

Note that P (1) is still a non-convex integer programming prob-
lem. We propose to attain its globally optimal solution efficiently
by using its inherent structural properties. To achieve this goal,
some definitions are made, which will be used in the following
analyses. First of all, we remove the notation of k for expression
simplicity. Then, we define f'(S) as the achievable revenue of
the content items in S. According to Theorem 1, we have

_ Zz’eS Viw;

f/(S) a I+ ZieS V%

(20)
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Similarly, we denote the achievable revenue of the contents
outside S as f'(Z \ S), which is obtained as follows:

EieI\S Viw;
L4+ 3 es Vi) (14 X5 Vi)

Moreover, let f(S) be the revenue generated by user k’s content
requests. Based on (20) and (21), f(S) is expressed as follows

[(S8)=1(S)+[(Z\S). (22)
In accordance with (20)-(22), f(S) can be rewritten as

f(Z\S) = ( (21)

#(S) = Y ies Viw; >ier\s Viw
1+EieSVi (1 +Eie$ Vi)(l"'ZieIVi)’
_ Dies Viwi 2icr Viwi — 3 ics Viwi
1 +ZieSVi (1 +Zie$ Vi)(l +Zz‘el VZ)
LetP =5, ;Viwjand Q =1+ >,.; Vi, we have
ies Viw; P =5 ics Viw;
f(S) _ Zzes w Z’LES w . (23)
1+EieSVi (1+Zi63 VZ)Q

With the above definitions, (1) can be equally transformed into
finding Y* as defined below:

Y"=max{r € R: IS CZ, |S| <a, and f(S) > A},
(24)
wherein, based on (23), f(S) > A can be further rephrased as
follows:

o) = s P G S
1+ Zies VZ (1 + Zies Vl) Q
P i
ﬁZ%wﬁ—ZViwzx(HZVi),
€S Q €S Q €S
w; P
= Vilwi— — — X )+ —=>A.
Su(neg ) g

On the analysis above, Y* in (24) is equal to the following
equation, i.e.,

i P
Y*=max<A € R: max Viwi—g—k +—=>A.
S:|s|<a 4 Q Q
€S
(25)
To obtain Y*, some additional definitions are made. More
specifically, for each 1 € R, we define functions A : R — {S €
Z:|S8<a}andG:R — Ras

w; P
A(A) = arg max Vilw, — = =1+ =, (26)
*) g5:|s|§a P ( Q ) Q
and
w; P
G = > Vi(wi——k)+, 27)
i€ A(r) Q Q
respectively. Thereby, we have
Y* =max{f(A(}A)) : A € R}. (28)

In other words, to find the optimal assortment set, it suffices to
enumerate A()) for any A € R. In later sessions, we will show
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that the time complexity of finding all the possible assortment
sets, {A(X) : A € R}, is O(1?).

Before illuminating the details of our algorithm, some geo-
metric insights are provided at first. Forany A € R,letg; : R —
R, i € {0} UZ, be defined as

go(A) = 0, and g;(1) = V; (wi - % - k) fori € Z, (29)

wherein g;(A) represents a straight line in the 2-dimensional
plane. In accordance with (26), forany A € R, A(A) corresponds
to the top-a lines among go (1) and g; (1) for ¢ € Z whose values
are non-negative at A. Moreover, the intersection points among
the I 4 1lines, i.e., g;(A) fori € {0} U Z, are at most % Fur-
thermore, for any A falling between two consecutive intersection
points, the sign of g; (%) = Vi(w; — 5 — 1) will not change. In
other words, for any X exactly between two adjacent intersection
points, the assortment set A(A) remains the same. Therefore,
it is enough to enumerate all the intersections points instead
of enumerating A(A) for any A € R. This geometric intuition
discloses the basic idea of our designed algorithm. Hereinafter,
we will elaborate on the details.

For 0 <i < <TIandV; # Vy, we define (i, 7') as the z-
coordinate of the intersection point between the straight lines
gi(%) and gy (1). Based on (29), 2(i,4") can be calculated via
solving the following equation, i.e.,

w; wy
Vilwi——=—A)=Vilwy—— —1],
(=g ) v (-5 2)

from which (4, ") is obtained as follows:

Vi — Vi ’

Q) =

Let 8 = ((i1,17}), (i2,15), ..., (ia,7y,)) be the ordering of all
M intersection points, wherein 7; < z; for alll. Thereby, we have

Moreover, we define w° = (7, 79,...,79) as the ordering of
user’s preference weights from the largest to the least values,
i.e.,

Vﬂ?ZVWgZ...ZVW?.

For any A €R that exactly falls within interval
(Q(ir,47), Qir41,77,,)), the following information will be
updated accordingly in the devised assortment decision
algorithm.
1) Theordering 7! = (7!, 7k, ... 7})oflines g;(-) fori € T
from the largest value to the smallest value. Namely, for
any A € (Q(ir,4;), Qiry1,14)4,)), we have

Iut(A) 2 gt (A) =+ = g (A).

2) The index set of the top-a lines based one 7!, denoted by
G!, that is,

G = {Wll,ﬂé,...,ﬂ'(li}.
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Fig. 2. Example of Algorithm I witha =2 and I = 3.

TABLE II
PARAMETERS UPDATE IN ALGORITHM 1, WHERE @ = 2 AND [ = 3

[ Qi) |« gl H' Al

0 | — (1,2,3) | (1,2) | @ {1,2}
11 Q2,1) | (2,1,3) | {2,1} | o {2,1}
2 | Q3,1 | (2,3,1) {23} | o {2,3}
3 1 Q0,1) |(2,3,1)]{2,3t | {1} {2,3}
4 1 9Q3,2) | (3,2,1) | {3,2} | {1} {3,2}
5 1900,2) | (3,2,1) | {324 | {1,2} | {3}
6 90,3 | (321)] {32} [{1,23} &

3) The index set of lines whose signs become negative,
referred to as H'. In other words,

H' = {i:gi(x) <Oforr € (x(i1,i)), A (i1g1,7741)) } -

Note that the slopes of all [ lines g;(1) are negative, we
have H' C H'*! for all I.

4) The assortment set A! = G! \ H'.

With aforementioned discussions and definitions, we sum-
marize the pseudo-code of our devised personalized assortment
decision method in Algorithm 1. In each iteration of Algo-
rithm 1, one assortment set will be generated. By comparing the
achievable revenue of different sets, we can obtain the optimal
assortment strategy. For ease of understanding, an illustration
of Algorithm 1 is given in Fig. 2, taking @ = 2 and I = 3 as
an example. Moreover, the associated parameters (i, 7)), !,
G', H!, and A! within each iteration are summed up in Table II.
It is noteworthy that, in the [-th iteration, the assortment set
A! corresponds to the top-2 lines that are non-negative within
Qi 1)).

Lemma 3. The time complexity of Algorithm 1 is O(I?).

Proof. Based on the foregoing analysis, it suffices to enumer-
ate all the intersection points among [ + 1 straight lines so as to
find the optimal assortment set. The proof is completed.

2) Cache Planning Subproblem: Given the assortment list
per user, i.e., a, the resultant problem is only related to the cache
planning at the BS, which is denoted by P(2) and stated below:

maxicmize R P(2)
s.t.C2: ZCiBi < Cgs,

i€l

C4: ¢ €{0,1},ieT.
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Algorithm 1: Assortment Decision Algorithm.

1: input: The number of all the intersection points among
I + 1 lines, i.e., M. The ordering of these M
intersection point, 3, and the preference weight ordering
w0 Let GY = A = {x¥, 7Y, ..., 70} and H° = 0.

2: repeat

3: if i, = 0 then

4:  Letw!=xl"land H' = H" U {i)}

5:  Update G' = {r},7b,... 7t} and A" = G' \ H!

6: else

7 Get the permutation 7! by transposing 4; and i) from

wil Let H! = HI!
8:  Update G! = {m} 7}, ...
9: endif

10: until | = M

11: return A = {A!, A% ... AM}

12: Compare the achievable revenue of different sets,
namely A’ where [ € {1,2,..., M}, and denote the set
that achieves the highest revenue as A*

13: output: the optimal assortment set A4*

,m.} and A = GL\ H!

Theorem4. P(2) canbe regarded as a 0-1 Knapsack problem.

Proof. 1t is worth noting that, with a, the demanding proba-
bility pj ; can be calculated for £ € K and i € Z. Thereby, the
objective function R can be rewritten as follows:

R = ZZPk,i (ciw; + (1 — c)oyw))

kel i€l
=33 pri(l—iwiei + > > praow)
kek ieZ kel iel
=Y Wi+ Z, 31
i€l
wherein
Wi = pra(l — ap)w] (32)

kek

is a constant, which can be regarded as the value of content

item 7. Meanwhile,
!
Z = E E Di,i QW5
kel 1€

(33)

is also a constant. Thereafter, let us go back to the optimization
problem P (2) with (31), (32), and (33), it is not difficult to check
that P(2) is a 0-1 Knapsack problem. This completes the proof.

Given that problem P(2) is a 0-1 Knapsack problem, its glob-
ally optimal solution can be attained by a dynamic programming
algorithm [34].

3) Alternating Optimization Algorithm for the Joint
Decision-Making Problem: Thus far, we have explained how the
two subproblems can be optimally solved. In this subsection, an
alternating optimization approach is devised to jointly optimize
the two types of Boolean variables. We define ¢! and a’ as the
cache placement decision as well as the assortment strategy in
the ¢-th iteration. Moreover, we assume that ¢ is set by using the
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Algorithm 2: Joint Optimization Algorithm.

1: input: The initial cache placement strategy, i.e., c’. The
maximum iteration number, denoted by V.
2: repeat
if t < IV then
4: For k € K, find its optimal assortment policy, i.e.,
al, based on Algorithm 1 under given ¢*~*.
Determine a’ based on each user’s assortment
strategy
5: Update the cache placement policy as ¢!t by using
dynamic programming algorithm to solve problem
P(2) with a’
6: end if
7: until £ = N or the system revenue, R, cannot be further
improved
8: return (a', c')
9: output: the assortment strategy and the cache planning
of the system, i.e., (a, ¢)

(O8]

top-preference scheme. With these definitions, the description
of our joint optimization method is briefed in Algorithm 2.

B. Property Analysis

In this subsection, we provide the corresponding property
analysis for the designed solution. To be more specific, the
convergence performance regarding our joint optimization al-
gorithm is discussed in the following lemma.

Lemma 5. The convergence of Algorithm 2 is ensured.

Proof. As each subproblem is optimally solved by our de-
signed algorithms, the achievable revenue is non-decreasing,
which is also upper bounded. The proof is completed.

Moreover, the time complexity of our developed joint opti-
mization algorithm is analyzed in Lemma 6.

Lemma 6. The computational complexity of Algorithm 2 is
O(IQW*), where W* = maX;cr Wi.

Proof. Based on Lemma 3, the time complexity of the de-
signed assortment decision-making algorithm is O(7?). Based
on [34], the running time of the dynamic programming algo-
rithm for solving the cache placement optimization problem is
O(I?W*). The proof is completed.

Before closing this section, it is important to emphasize
the significance of the developed joint optimization algorithm.
While it is true that the globally optimal value of problem
(18) may not be attainable, the algorithm has been designed
to have only pseudo-polynomial time complexity.> This makes
it extremely practical for real-world applications, especially for
large-scale WCCNs. The proposed algorithm can be used to
optimize network performance, manage network resources, and
improve overall efficiency. Furthermore, the pseudo-polynomial
time complexity ensures that the algorithm can handle larger
and more complex networks, making it a valuable tool for net-
work administrators and engineers alike. In summary, the joint

5The time complexity of the dynamic programming for 0-1 Knapsack problem
is pseudo-polynomial.

4717

optimization algorithm is a practical and efficient solution for
WCCNS, and its significance cannot be understated in the field
of network optimization. Notably, in this paper, we considered
a generic system model of WCCNs, wherein one BS is used to
serve multiple users, as that in [35], [36]. If the scenarios with
multiple BSs are taken into account, the proposed RMNL is still
applicable as our assortment decision is optimally determined
with the given cache placement. In regard to the cache planning
problem, our developed solution can also be applied directly
given that the adjacent BSs can provide the requested contents
for the users whose associated BS didn’t cache the corresponding
items, i.e., letting the cache capacity of our BS be the summation
of multiple BSs’ cache size.

VI. NUMERICAL SIMULATIONS

In this section, numerical simulations are performed to val-
idate the superiority of our developed joint optimization algo-
rithm compared with various baseline schemes. Unless other-
wise stated, the system parameters are set below. We consider a
WCCN with 10 users and 100 content items, i.e., X = 10 and
I =100, respectively. The bit size per content follows a ran-
dom distribution within the interval of [10,100], namely, B; €
[10,100] foré € Z. Following the same setting in [30], we denote
{0.99,1.99,2.99, 3.99,4.99,5.99, 6.99, 7.99, 8.99,9.99} as the
inherent marginal revenue set of all content items, i.e., the as-
sociated profit per content is randomly selected from this set. In
addition, it is stipulated that the discount factor for each content
item, i.e., v, is generated by a uniform distribution within (0,1).
The mean utility of user k£ to item 4, i.e., i ;, is randomly
generated from O to 1. Moreover, we assume the cache capacity
budget of BS to be [200, 400, 600, 800, 1000, 1200, 1400, 1600].
With the definitions, it can be seen that if the cache size is less
than or equal to 1000, the storage will be fully utilized. When the
cache size is larger, the cache storage may not be fully utilized,
indicating that there are sufficient edge resources. The former
case can be considered a system with limited storage resources.
The maximum iteration number of Algorithm 2 is assumed to
be 10. Furthermore, it is supposed that all users have the same
capacity requirement towards the assortment set, i.e., ax = a for
k € K.lItis worth mentioning that the designed algorithm is also
applicable when ay, is heterogeneous. Details will be given in
the following session. In this section, we assume a is an integer
that falls in [3,10].

For performance comparison, the following benchmark
schemes are taken into account:

e MNL_Top: In this scheme, conventional MNL model is
used, i.e., (5), wherein the system shows all content items
to the users. It is noteworthy that in the conventional MNL
choice model, only the limited number of content has been
shown to users due to the screen size limitation, which
is intuitively not revenue-maximized. This can also been
seen from (5). To ensure the fairness of the comparison, we
assume that all content items can be presented to each user.
With their demand probability distributions, the BS caches
the top-preferred contents based on all users’ aggregated
request probability to fill its cache storage. The cache
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Fig. 3. Convergence performance analysis.

planning scheme described in this baseline was commonly
used by [10], [13], [14], [15], [16].

e MNL_Opt: In this scheme, conventional MNL choice
model is applied as well. In addition, the BS optimally
caches the contents to fully use its storage.

e MNL_Ran: This scheme is identical to the foregoing men-
tioned two methods apart from that the BS randomly caches
contents. Here, the cache placement strategy was used
in [5], [8], [9].

e RMNL_Top: The caching strategy in this baseline is the
same as that in MNL_Top, whilst the optimal assortment
decision is made based on our proposed RMNL model.

e RMNL_Ran: This scheme applies the RMNL model as
proposed in this paper. Meanwhile, the BS randomly stores
the contents to fill up its cache storage.

Moreover, we use “Proposed” to represent our joint optimiza-
tion scheme under the designed RMNL model. In the end, we
declare that to ensure fairness, all the baselines apply the same
alternating optimization algorithm as our developed solution.

A. Convergence Performance

In this subsection, we study the convergence performance of
our developed joint decision-making approach, i.e., Algorithm 2.
The system revenue per iteration is applied to show this metric,
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Fig.4. System revenue performance analysis under homogeneous assortment
size among users.

as illustrated by Fig. 3. Thereof, the z-axis depicts the iteration
number, whilst the y-axis represents the system revenue during
each iteration. For Fig. 3(a) and (b), the cache capacity size
at the BS, i.e., Cgs, is set to be 800 and 1600, respectively. It
can be seen from Fig. 3 that the designed iterative scheme can
converge within several steps. In addition, from Fig. 3(a), it can
be observed that with the assortment size, the achievable revenue
increases. This is due to the fact that increasing the assortment
size, more favorable and profitable contents can be presented
to the users, which motivates more content consumptions from
users. Similar trends can be obtained from Fig. 3(b), which are
notrepeated to avoid redundancy. Moreover, comparing Fig. 3(a)
and (b), one can see that under the same assortment size, a larger
number of cache capacity size induces a higher system revenue,
demonstrating the effectiveness of wireless content caching.

B. System Revenue

Fig. 4 illustrates the achieved system revenue of our devel-
oped joint optimization algorithm and extensive baselines under
different system parameters. More specifically, Fig. 4(a) shows
the system revenue versus the cache capacity size of the BS.
Thereof, the assortment size per user is assumed to be 5, namely,
a = 5. From this, one can see that the achievable revenue of each
scheme increases with the cache size at the BS, demonstrating
the effectiveness of content caching in term of boosting system
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users.

CHR performance analysis under homogeneous assortment size among

revenue. In addition, the proposed RMNL-oriented schemes out-
perform the conventional MNL-enabled solutions, showing the
superiority of our devised choice model. Besides, the developed
joint decision making policy achieves the highest system revenue
among all the strategies. For instance, when Cgg = 600, our
proposed scheme achieves 4%, 6%, 140%, 193%, and 207%
more revenue than that of RMNL_Top, RMNL_Ran, MNL_Opt,
MNL_Top, and MNL_Ran, respectively. Moreover, among the
three MNL-enabled strategies, MNL_Opt obtains the highest
revenue as the optimal cache planning has been utilized therein.
Furthermore, for both MNL and RMNL-assisted schemes, Top-
caching manner has superior performance in terms of system
revenue compared to that of random caching scheme.

In the meantime, Fig. 4(b) depicts the system revenue versus
the assortment size, in which the cache capacity at the BS is
assumed to be Cgs = 800. Based on Fig. 4(b), it is not surprising
to see that the achievable revenue of the MNL-oriented schemes
keeps unchanged with the assortment size. This is because in
MNL-enabled strategies, all content items are shown to the users
at once. For the developed RMNL-assisted schemes, the system
revenue increases with the assortment size and our devised
scheme has the highest revenue among all strategies, demon-
strating the effectiveness of our developed joint decision-making
algorithm. Moreover, as expected, for both MNL and RMNL-
oriented policies, optimal caching achieves the best performance
and meanwhile random caching has the least total revenue.
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C. Cache Hit Ratio

In content caching-oriented wireless networks, cache hit ratio
(CHR) has been taken as a significant metric to evaluate the
performance of caching decision strategies [37], [38], such as
the dissatisfaction or satisfaction of users. Generally, CHR is
characterized by the probability of the requested content that
can be supplied by network edges. The detailed definition is
given as follows:

CHR = % Z Zpk’ici'

kel i€l

In this subsection, we investigate the CHR performance of
each scheme with respect to the cache size at the BS and the
assortment size per user, as illustrated by Fig. 5(a) and (b),
respectively.

To be more specific, in Fig. 5(a), the assortment size is set to
be 5. As expected, CHR per scheme increases with the cache
capacity size. This is because a large size of cache entity can
store more content items. It can also be seen that the developed
joint optimization scheme achieves the highest CHR among all
strategies. The superiority of our scheme in terms of CHR is
more remarkable than that of system revenue. For example,
when the cache size at the BS is 600, our developed strategy
achieves 32%, 61%, 350%, 603%, and 878% higher CHR than
that of RMNL_Top, RMNL_Ran, MNL_Opt, MNL_Top, and
MNL_ran, respectively. In addition, all the strategies that apply
our proposed RMNL model have better performance than that
under MNL model, which shows the effectiveness of our devised
choice model. Moreover, under both RMNL and MNL choice
models, the optimal caching and the random caching schemes
achieve the best and the worst performance with respect to CHR,
respectively.

Meanwhile, in Fig. 5(b), we illustrate the CHR performance
for each strategy with respect to the assortment size. Similar to
Fig. 4(b), CHR of each MNL-oriented scheme keeps constant
with @ due to the discipline set for the MNL choice model.
Moreover, the CHR of RMNL_Top and RMNL_Ran decreases
as a increases. This is because in RMNL_Top and RMNL_Ran,
the assortment decision is not optimized with caching decision.
Due to the limited cache capacity size at the BS, the probability
of the requested content that is presented to users but not cached
at the BS increases under a large number of a, resulting in
a degraded CHR. Whilst, the CHR of our explored scheme
increases with the assortment size as we jointly optimize the
cache placement and the assortment decision. This further shows
the importance of the joint optimization.

D. System Performance Comparison Under Heterogeneous
Assortment Sizes

So far, we have validated the effectiveness of our designed
joint optimization algorithm under the homogeneous assort-
ment size of users. In this subsection, we compare the system
performance of the proposed algorithm against the baselines
under heterogeneous assortment sizes of users, as shown in
Fig. 6. Specifically, we investigate the achievable revenue and
the CHR performance in Fig. 6(a) and (b), respectively. Therein,
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users.

the assortment size of user k is randomly selected from the
interval of [3,10], where k € K. It can be seen from Fig. 6(a)
that the proposed scheme achieves the highest system revenue
among all schemes. In addition, all the strategies under the
RMNL choice model outperforms the schemes that apply MNL
model, which further demonstrates the availability of the newly
designed model. Again, we can observe that the system revenue
per scheme increases and eventually tends gradually towards
100 with the cache capacity at the BS. From Fig. 6(b), we can
also observe the superiority of our developed scheme. Other
similar trends to Fig. 5(a) are skipped here for simplicity. In sum-
mary, through Fig. 6, we demonstrate the effectiveness of our
developed joint decision-making method under heterogeneous
assortment size of users. These observations together with the
aforementioned results show the universal applicability of the
proposed algorithm.

VII. CONCLUSION

In this paper, we thoroughly investigated the choice behav-
ior of users in WCCNSs, which was characterized by a newly
designed RMNL model. Based on it, a revenue maximization
problem was formulated via jointly optimizing the personal-
ized assortment decision and the cache planning, which was
a non-convex integer programming problem. To render the
analysis, an efficient divide-then-conquer manner was proposed.
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Simulation results validated the superiority of our developed
strategy compared to extensive benchmarks. In future, we plan to
study the joint assortment and caching decision-making problem
for WCCNs with advanced transmission technologies, such as
rate-splitting multiple access (RSMA) and intelligent reflecting
surface (IRS). It is noteworthy that cache planning and assort-
ment decisions are long-term optimization variables, while radio
resource management is highly dependent on time-varying chan-
nels [13], [14]. Therefore, to jointly optimize the performance
of RSMA or IRS-driven WCCN, it is imperative to solve a
multi-timescale optimization problem.
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