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Abstract— This paper considers a cache-aided device-to-device
(D2D) system where the users are equipped with cache memories
of different size. During low traffic hours, a server places content
in the vsers’ cache memories, knowing that the files requested
by the users during peak traffic hours will have to be delivered
by D2D transmissions only. The worst-case D2D delivery load
is minimized by jointly designing the uncoded cache placement
and linear coded D2D delivery. Next, a novel lower bound on
the D2D delivery load with uncoded placement is proposed and
used in explicitly characterizing the minimum D2D delivery
load (MD2DDL) with uncoded placement for several cases of
interest. In particular, having characterized the MD2DDL for
equal cache sizes, it is shown that the same delivery load can
be achieved in the network with users of unequal cache sizes,
provided that the smallest cache size is greater than a certain
threshold. The MD2DDL is also characterized in the small cache
size regime, the large cache size regime, and the three-user case.
Comparisons of the server-based delivery load with the D2D
delivery load are provided. Finally, connections and mathematical
parallels between cache-aided D2D systems and coded distributed
computing (CDC) systems are discussed.

Index Terms— Coded caching, uncoded placement, device-to-
device communication, unequal cache sizes.

I. INTRODUCTION

EVELOPMENT of novel techniques that fully utilize

network resources is imperative to meet the objectives
of 5G systems and beyond with increasing demand for wire-
less data traffic, e.g., video-on-demand services [1]. Device-
to-device (D2D) communications [2] and caching [3] are
two prominent techniques for alleviating network congestion.
D2D communications utilize the radio interface enabling the
nodes to directly communicate with each other to reduce the
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delivery load on servers/base stations/access points. Caching
schemes utilize the nodes’ cache memories to shift some
of the network traffic to low congestion periods. In coded
caching [4], the server jointly designs the content placement
during off-peak hours and the content delivery during peak
hours, to create multicast coding opportunities. That is, coded
caching not only shifts the network traffic to off-peak hours
but also creates multicast opportunities that reduce the delivery
load on the server [4]. In particular, in the placement phase,
the server first partitions the files into pieces. Then, the server
either places uncoded or coded pieces of the files at the
users’ cache memories. Most of the work on coded caching
considers uncoded placement [4]-[15], for its practicality and
near optimality [7]-[9]. References [8], [9] have illustrated
that the server-based delivery problem in [4] is equivalent
to an index-coding problem and the delivery load in [4]
is lower bounded by the acyclic index-coding bound [16,
Corollary 1]. Reference [7] has proposed an alternative proof
for the uncoded placement bound [8], [9] using a genie-aided
approach.

Coded caching in device-to-device networks has been inves-
tigated in [6], [17]-[24]. In particular, D2D coded caching
was first considered in [6], where centralized and decentralized
caching schemes have been proposed for when the users have
equal cache sizes. References [6], [17]-[19] have studied the
impact of coded caching on throughput scaling laws of D2D
networks under the protocol model in [25]. Reference [20]
has considered a D2D system where only a subset of the
users participate in delivering the missing subfiles to all users.
Reference [21] has proposed using random linear network
coding to reduce the delay experienced by the users in lossy
networks. Reference [22] has proposed a secure D2D delivery
scheme that protects the D2D transmissions in the presence of
an eavesdropper. Reference [23] has considered secure D2D
coded caching when each user can recover its requested file
and is simultaneously prevented from accessing any other file.

More realistic caching models that reflect the heterogeneity
in content delivery networks consider systems with distinct
cache sizes [10]-[15], [26]-[28], unequal file sizes [27], [29],
[30], distinct distortion requirements [26], [31], [32], and
non-uniform popularity distributions [33]-[38]. In this work,
we focus on the distinct cache sizes, i.e., the varying storage
capabilities of the users. This setup has been considered
in [10]-[15], [26]-[28] for the server-based delivery problem
of [4]. In particular, in [13], [15], we have shown that the
delivery load is minimized by solving a linear program over
the parameters of the uncoded placement and linear delivery
schemes.
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Different from [13], [15] and all references with distinct
cache sizes, in this paper, we investigate coded caching with
end-users of unequal cache sizes when the delivery phase must
be carried out by D2D transmissions. That is, the placement
and delivery design must be such that the server does not
participate in delivery at all, thus saving its resources to serve
those outside the D2D network. This distinction calls for new
placement and delivery schemes as compared to serve-based
delivery architectures [10]-[15], [26]-[28]. In the same spirit
as [15], we show that a linear program minimizes the D2D
delivery load by optimizing over the partitioning of the files
in the placement phase and the size and structure of the D2D
transmissions, and find the optimal design. We remark that
even though the proposed optimization framework is inspired
by our work in [15], finding device-to-device delivery schemes
with optimization constraints is a non-trivial extension of [15]
due to the inherent design flexibility and unique delivery
challenges in D2D systems. In the D2D setting, the trans-
missions from all users are jointly optimized in order to
minimize the total D2D delivery load. In addition, we show
that the trade-off between the delivery load and the cache
sizes has characteristics that are unique to the D2D setting that
could not have been addressed by the centralized formulation.
For example, in the D2D setting the heterogeneity in users
cache sizes does not lead to an increase in the achievable
D2D delivery load as long as the smallest cache is large
enough. This work also explains the relationship between the
server-based and D2D delivery problems, which has not been
addressed in previous works.

Building on the techniques in [7]-[9], we derive a lower
bound on the worst-case D2D delivery load with uncoded
placement and one-shot delivery [24], which is also defined
by a linear program. Using the proposed lower bound, we first
prove the optimality of the caching scheme in [6] assuming
uncoded placement and one-shot delivery for systems with
equal cache sizes. Next, we explicitly characterize the D2D
delivery load memory trade-off assuming uncoded placement
and one-shot delivery for several cases of interest. In particular,
we show that the D2D delivery load depends only on the total
cache size in the network whenever the smallest cache size
is greater than a certain threshold. For a small system with
three users, we identify the precise trade-off for any library
size. For larger systems, we characterize the trade-off in two
regimes, i.e., the small total cache size regime and in the
large total cache size regime, which are defined in the sequel.
For remaining sizes of the total network cache, we observe
numerically that the proposed caching scheme achieves the
minimum D2D delivery load assuming uncoded placement.
Finally, we establish the relationship between the server-based
and D2D delivery loads assuming uncoded placement. We also
discuss the parallels between the recent coded distributed
computing (CDC) framework [39] and demonstrate how it
relates to D2D caching systems.

The remainder of this paper is organized as follows.
In Section II, we describe the system model and the main
assumptions. The optimization problems characterizing the
upper and lower bounds on the minimum D2D delivery load
are formulated in Section III-A. Section III-B summarizes
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Fig. 1. D2D caching with unequal cache sizes at the end-users.

our results on the minimum D2D delivery load with uncoded
placement. The general caching scheme is developed in
Section IV. Section V explains the caching schemes that
achieve the D2D delivery loads presented in Section I1I-B. The
optimality of uncoded placement is investigated in Section VI.
In Section VII, we discuss the trade-off in the general case,
the connection to server-based systems, and connections to
distributed computing. Section VIII provides the conclusions.

II. SYSTEM MODEL

Notation: Vectors are represented by boldface letters,
@ refers to bitwise XOR operation, |W| denotes size of
W, A\ B denotes the set of elements in A and not in B,
[K] £{1,...,K}, ¢ denotes the empty set, 4 [K] denotes
non-empty subsets of [K7], and P 4 is the set of all permutations
of the elements in the set A, e.g., P10y = {[1,2], [2,1]}.

Consider a server connected to K users via a shared
error-free link, and the users are connected to each other
via error-free device-to-device (D2D) communication links,
as illustrated in Fig. 1. The server has a library of N files,
Wi, ..., Wy, each with size F bits. End-users are equipped
with cache memories that have different sizes, the size of the
cache memory at user k is equal to M F bits. Without loss
of generality, let My < Mz < ... < Mk. Define my to
denote the memory size of user k£ normalized by the library
size NF, i.e, mgp = My/N. Let M = [M4,..., Mg] and
m = [my,...,mg|. We focus on the more practical case
where the number of users is less than the number of files,
i.e, K < N, e.g., a movie database serving cooperative users
in a 5G hybrid cloud-fog access network [40].

D2D caching systems operate similarly to server-based
systems in the placement phase, but differ in the delivery
phase. Namely, in the placement phase, the server designs
the users’ cache contents without knowing their demands and
knowing that it will not participate in the delivery phase. The
content of the cache at user k is denoted by Zj and satisfies
the size constraint |Zx| < MF bits. Formally, Z;. is defined
as follows.

Definition 1 (Cache Placement): A cache placement
function ¢y, : [2F]N — [2F|M* maps the files in the library to
the cache memory of user k, i.e., Zr = ¢rp(W1, Wa, .., Wn).
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Just before the delivery phase, users announce their file
demands. The demand vector is denoted by d = [d1, - .., dk]
such that Wy, is the file requested by user k. The requested
files must be delivered by utilizing D2D communications only
[6], which requires that the sum of the users’ cache sizes is
at least equal to the library size, i.e., Zle my > 1. More
specifically, user j transmits the sequence of unicast/multicast
signals, X; .7 4, to the users in the set 7 C, [K]\ {j}.
Let |X; 74| = vj_.7F bits, i.e., the transmission variable
vj_T € [0,1] represents the amount of data delivered to the
users in 7 by user j as a fraction of the file size F.

Definition 2 (Encoding): Given demand d, an encoding
Vit : 2FMi x [N]® — [2F]%~T maps the content cached
by user j to a signal sent to the users in T C4 [K\{7}, i.e., the
signal X;_.7.q = vj—7(Z;,d) and | X;_.T qa| = vj_.TF.

At the end of the delivery phase, user & must be able
to reconstruct Wy, reliably using the received D2D sig-
nals {X; .74}, r and its cache content Z. Let R; £

> wj_7 be the amount of data transmitted by user j,

TColK M} .
normalized by the file size F.

Definition 3 (Decoding): Given the demand d, a decoding
function py : [2F]%i#x Ba 5 [2F|Me » [N]K — [2F], maps
the D2D signals X;_.1 a4, Vj € [K]\ {k},T T4 [K]\ {7}
and the content cached by user k to de, ie., de =
e ({XmTab oz 2 d).

The achievable D2D delivery load is defined as follows.

Definition 4: For a given m, the D2D delivery load
R(m) £ Ef:] R;(m) is said to be achievable if for every
€ > 0 and large enough F, there exists (¢r(.), ¥j—71(.), px(.))
such that max Pr(Wa, # Wa) < € and R*(m) 2

inf{R : R('n:z) is achievable}.
In general, an achievable D2D delivery scheme satisfies the
decodability constraints

H (de| {XJ—’T,d}j#k,T:Zk) =0, Vk. )

In this work, we focus on one-shot delivery schemes [24]
where Wy, is partitioned into Wél), cee Wé:"), such that
Wéf) is cached by user k and W;{i) is decoded using the
transmissions from user j only. That is, we have the following
decodability constraints

H(WP | {Xjm1.a), 26) =0, Vi#k Yk @

Similar to much of the coded caching literature [4]-
[15], [27], we will consider placement schemes where the
users cache only pieces of the files, i.e., uncoded placement.
We denote the set of such schemes with 2. In the delivery
phase, we consider the class of delivery policies D, which is
based on interference cancellation. In particular, we consider
clique-covering schemes [8] where users generate the multicast
signals with XORed pieces of files such that each user k € T
cancels the interference from X;_.7 g in order to decode its
desired piece. For a caching scheme in (2, D), we define the
following.

Definition 5: For an uncoded placement scheme in 2, and a
delivery policy in D, the achievable worst-case D2D delivery
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load is defined as
K

K
Rap 2 max » Rjaan=) Y,  v-1, 3
et ia FLTCEN\G)
and R} o denotes the minimum delivery load achievable with
a cacki.:ig scheme in (A, D).
Definition 6: For an uncoded placement scheme in 2 and
any one-shot delivery scheme,

Ry (m) £ inf{ Ry : Ry(m) is achievable}, 4)

is the minimum D2D delivery load achievable with uncoded
placement and one-shot delivery.

ITI. MAIN RESULTS

In this work, we propose a caching scheme where the
cache placement is paramterized by the allocation vector a,
such that the allocation variable as determines the size of
the subfile stored exclusively at the users in S. The proposed
delivery procedure is parameterized by the vectors v and u,
where the former determines the size of the transmitted signals
X,_.7 and the latter specifies the structure of the transmitted
signals. In Theorem 1, we optimize over the parameters of
the proposed caching scheme in order to minimize the D2D
delivery load.

Next, we illustrate the proposed caching scheme with an
example. We consider a case where the heterogeneity in cache
sizes does not increase the delivery load, i.e., we achieve
the same delivery load in a homogeneous system with the
same aggregate cache size. More sepcifically, the delivery
scheme in [6] can be generalized for unequal cache sizes,
by considering D2D transmissions with different sizes.

Example 1: For K = N =3 and m = [0.6, 0.7, 0.8],
the proposed caching scheme is as follows:

_Placement Phase: Each file Wy, is divided into subfiles
Wat12y Wai3p Wa2ap Wai,23), where Wis is
stored exclusively at the users in S, e.g., Wn,{m} is stored at
users {1,2}. We assume |W, s| = asF,Vn. More specifically,
0.{112} :0.2, G{l,g} :03, G{z,g} :0.4, and ﬂ.{112,3} =0.1.

Delivery Phase: User 1 sends X;_,(53) = W;:{{lz;;} T
1—{2,3 1—{2,3 = 1—{2,3
,.das{{lsz}}’ where W, %80 € Way 03y, W 13y
Wa, (1,2 Similarly, we have X,_. 3y le_’{{zlés} @
2—{1,3 _ 3—{1,2} . 3—{1,2
sy and Xo gy = World e Wi

We assume |Wd“'": g |= uff;_’TF. More specifically, we have

o [Ximpeal/F=vi_q23) :“11_’2{2’3} :“11_’3{2’3} =0.05.
5_’,{}1,3} _ 5_’,{}1,3} —0.15.

o [ Xonpayl/F=va.p13) :ugl,z{} _ugz,s{}
—{1,2 —{1,2

o [Xapol/F=vsq12y=u gy }:u{g,g} Y=0.25.

The placement and delivery phases are illustrated in Fig. 2.

Note that the same delivery load is achieved by the caching

scheme in [6] for m = [0.7, 0.7, 0.7]. In Theorem 7, we show

that the proposed scheme achieves Ry(m) = 3/2 — (my +
mo + mg) /2 =0.45.

A. Performance Bounds

First, we have the following parameterization for the
optimum of the class of caching schemes under consideration.
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Fig. 2. Example K = N = 3, and m = [0.6, 0.7, 0.8].

Theorem 1: Given N = K, and m, the minimum
worst-case D2D delivery load assuming uncoded placement
and a delivery policy in ©, Ry 5(m), is characterized by the
Jollowing linear program

O1: Ry 5(m) = é‘ﬂt.lﬂ]!}’ Z Z vimt  (5a)
TSI TCIK\)

subject to a € A(m), (5b)

(u,v) €D(a),  (50)

where A(m) is set of uncoded placement schemes defined as

A(m) = {a e o, 1]2“| Y as=1,

SC4IK]
Y as < my, Vk € [K]}, ©)
SC[K]: keS

and D(a) is the set of feasible delivery schemes defined by

Vj {i} = G{j} =+ Z ué—’{i}, \71} c [K].’ Vi T,
SCIK\{i} : j€S,IS122

(7
vier=Y uf’, Vjie[K], YT Go [K]\{j} ¥ieT,
SeBi—7
(8)
3 Y ui T =as, VigS,
JES TC{i}u(S\{j}) : 1T
vS C[K]st.2<|S| < K-1, ©)

0<uk T<as, VielK], VT 4K\ {5}, vSe| JB~T
icT

(10)

where BI=T & is C K]\ {i}: {F}U T\ {i}) C 8}.
Proof: Proof is provided in Section IV. 0
Motivated by the lower bounds on server-based delivery in
[7]-[9], we next establish that the minimum D2D delivery load
memory trade-off with uncoded placement, R (m), is lower
bounded by the linear program defined in Theorem 2.
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Theorem 2: Given N > K, and m, the minimum
worst-case D2D delivery load with uncoded placement and
one-shot delivery, Ry(m), is lower bounded by

K
02: max —Xo— A 11
)\uE]R)\;C}Oth}O 0 ;mk k ( a)
subject to \g+Y _ Ax+7s >0, VSCy[K], (11b)
kcS
Z ag=1 Yje[K], (llc)
<P\ (45)

where Piic)\ (5} is the set of all permutations of the users in
[K]\ {7}, aq are the coefficients of the convex combination
over all q € P (53, and

K —1, for |S| =1,

me{> %

iaq}, for2<|S|<K-1

s =
i=1 g€Pk)\5}: §i+1ES,
{Q1,---:Qi}ﬂ5=¢
0, for S = [K].
(12)
Proof: The proof is detailed in Section VI-A. O

B. Explicit Characterization Results

Next, using Theorems 1 and 2, we characterize the trade-off
explicitly for several cases, which are illustrated in Table I.
In particular, for these cases we show that Ry(m) =
R% o (m). First, using Theorem 2, we show the optimality of
the D2D caching scheme proposed in [6] for systems where
the users have equal cache sizes.

Theorem 3: For N > K, and my, = m = t/K,t € [K],
Vk € [K], the minimum worst-case D2D delivery load with
uncoded placement and one-shot delivery, Ry(m) = (1—
m)/m. In general, we have

Ry (m)= (= Ed

t)(m Km) + ( -

) (m=o)
(13)

where t € [K —1] and t < Km < t+1.
Proof: Achievability: The D2D caching scheme proposed

in [6] achieves (13), which is also the optimal solution of (5).
Converse: The proof is detailed in Section VI-B. O

Next theorem shows that the heterogeneity in users cache
sizes does not increase the achievable D2D delivery load as
long as the smallest cache m; is large enough.

Theorem 4: For N = K, m; < --- < my, and my; =
(Cn_, mi—1)/(K~2), the minimum worst-case D2D delivery
load with uncoded placement and one-shot delivery,

Ry(m) = (E) (t+1—§:mk)
+(K;f1‘1) ka—t (14)

where t < Zszl my <t+1, and t € [K—1].
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TABLE I
SUMMARY OF THE ANALYTICAL RESULTS ON Ry (m)

=2

K
(K—3)m2 > ij—l
3=3

K
(K— E—l)m;( Z m;—1

J—i+l

( —3—2)m1+1> zm_?—].
j=i+2

MmK-2 <Mmk-1+mg—1

K K K
Regions ije[l 2] >omy et t+1] ZmJE[K 1, K]
3=1 i=1 i=1
K
(K-2)m1> > m;—1 Exact (14) Exact (14) Exact (14)
j=2
K
(K—2)mi< Y. m;—1 Exact (15) Achievability (5) Exact (16)

Lower bound (11)

Proof: Achievability: In Section V-A, we generalize the
caching scheme in [6] to accommodate the heterogeneity in
cache sizes. Converse: The proof is detailed in Section VI-C.

O
The next theorem characterizes the trade-off in the small
memory regime defined as the total network cache memory is
less than twice the library size.
Theorem 5: For N = K, m; < < mg, 1 <
E:‘;l my < 2, the minimum worst-case D2D delivery load
with uncoded placement and one-shot delivery,

3K—1-2 .
— Y (K —i)m,
i=1
K-\ &
- (T) > mi, (15)
i=14+1

K
Zz’:!—i—lmi_l
K-1-1

Ry(m) =

where  is an integer in [K—2] such that m; <

Ef{ rppmi—1
and mi41 o=

Proof: Achlevibllglty The caching scheme is pro-
vided in Section V-B. Converse: The proof is detailed in
Section VI-D. O

From (15), we observe that the trade-off in the [th hetero-
geneity level depends on the individual cache sizes of users
{1,...,1} and the total cache sizes of the remaining users.

Remark 1: The trade-off in the region where Eszl my < 2
and (K —2) my > Y i ,m; — 1, which is included in
Theorem 4, can also be obtained by substituting | = 0 in
Theorem 5.

The next theorem characterizes the trade-off in the large
memory regime deﬁned as one where the total network
memory satisfies E x—1 Mk = K —1. In particular, we show
the optimality of uncoded placement and one-shot delivery,
ie., Ry(m)= R*(m).

Theorem 6: For N > K, m; < < myg, and
E:‘;l my > K —1, the minimum worst-case D2D delivery

load with uncoded placement and one-shot delivery,
Ry(m)=R*(m)=1—my,
E{{ pmi—1

Proof: Achlevab12llty The caching scheme is provided in
Section V-C. Converse: The proof follows from the cut-set
bound in [6]. O

Finally, for K = 3, we have the complete characterization
below.

Theorem 7: For K = 3, N = 3, and mi; < mo < ms,
the minimum worst-case D2D delivery load with uncoded
placement and one-shot delivery,

(16)

where mq <

. 7 3
Ry (m) = max {§—E(m1+mg+m3),3—2m1—m2—m3,

3 1
s~ 3 (mitmatma), 1-mi}. (17)
Proof:  Achievability: The proof is in Appendix A.
Converse: The proof is in Appendix B. O

IV. GENERAL CACHING SCHEME

In the placement phase, we consider all feasible uncoded
placement schemes in which the whole library can be
retrieved utilizing the users’ cache memories via D2D delivery,
i.e., there must be no subfile stored at the server that is not
placed in the end nodes in pieces. The delivery phase consists
of K transmission stages, in each of which one of the K users
acts as a “server”. In particular, in the jth transmission stage,
user j transmits the signals X;_.7 to the users in the sets

T Gy [K]\ {5}

A. Placement Phase

~Thf: server partitions each ﬁlem W, into 2K —1 subfiles,
Whns,S Cy [K]. such that W, s denotes a subset of

IFor convenience, we omit the subscript d from X;_, 7+ 4 whenever the
context is clear.
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W, which is stored exclusively at the users in the set S.
The partitioning is symmetric over the files, ie., |W, s| =
asF bits,Vn € [N], where the allocation variable as € [0, 1]
defines the size of Wn,s as a fraction of the file size F.
Therefore, the set of feasible uncoded placement schemes,
2A(m), is defined by

Y as=1,
SCalK]

Y as <my,Vk e [K]}, (18)

SC[K] : k€S

A(m) = {a e [0,1)2"

where the allocation vector a consists of the allocation vari-
ables as,S Cy4 [K], the first constraint follows from the fact
the whole library can be reconstructed from the users’ cache
memories, and the second represents the cache size constraint
at user k. More specifically, user k cache content is defined

y U

ne[N] SC[K]: keS

Wn,s. (19)

Next, we explain the delivery scheme for a three-user system
for clarity of exposition, then we generalize to K > 3.

B. Delivery Phase: Three-User System

1) Structure of X;_.7: In the first transmission stage,
ie, 7 = 1, user 1 transmits the unicast signals
X1_.{2},X1_.(3}, and the multicast signal X;_, (5 3} to users
{2,3}. In particular, the unicast signal X;_, (o) delivers the
subset of Wy, which is stored exclusively at user 1, i.e., sub-
file Wdz {1}» in addition to a fraction of the subfile stored

exclusively at users {1,3}, which we denote by wi-iz

dz,{1,3}"
In turn, X;_, (s is given by
Xiq2y = W UWa 124 (20)
where W;_:[{l 3}.} C Wdz {1,3}» such that |W;_;123}} }TJ}Z}F
bits. That is, the assignment variable u% € [0,as] rep-

resents the fraction of the subfile Ws which is involved in
the transmission from user j to the users in 7. Similarly,
the unicast signal X;_,(3; is given by

]—) 3
Xiq3y = Way (1 U da,{{l %}: (21)
where Wd {{1 2}} C de,{l,Z}s such that |W;;[{132}} |= };’Z{}S}F
bits.

The multicast signal X;_, gz .3} is created by XORing the
pieces W —123} and Wl_’{1 (1.2} which are assumed to have
equal size. ’l['hat is, X1_,{2 3} is defined by

1—{2,3 1—{2,3
Xiq23) = de {{1 3}} de,{{l 2}}= (22)
Wwhere Wj_’{{lzssi} CWdz,{113} and Wd {{122:;} CW&31{1,2}'

From (20)-(22), we observe that subfile Wd21{1,3} con-
tributes to both X;_,(9), and X;_, (5 3}. Additionally, in the
third transmission stage subfile de,{113} contributes to both
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X3 .2}, and X3_.{19}. Therefore, in order to ensure that
Wa,, (1,3} is delivered to user 2, we have

Wi UW1_,{2 3}UW3_,{2} UW:J.Z—:{{1132}} _ Wdz,,{l,s},

dz,{l 3} dz {1 3} dz {1 3}

(23)
1_, 2 1—{2,3 3—{2 3—{1,2
dz,{{l ;}ﬂWdz {{1 3}}ﬂWd2 {{1 é}dez,{{l 3}} = (24)

2) Delivery Phase Constraints: Next, we describe the deliv-
ery phase in terms of linear constraints on the transmission
variables v;_,7 and the assignment variables u% ~T . which
represent | X;_.7|/F and |WJ_’T| /F, respectively.

First, the structure of the unicast signals in (20) and (21) is
represented by

3}

Vi—{2} = a{1} + u{l 5:{} }1 U1—{3} = a{1} + “{1 2{} . (25)

Similarly, for the second and third transmission stage, we have
2—{1 2—{3

va_1) = ag) Tupay s Ve =ag) tujy s (26)
3—{1 3—{2

Vi) = ag) Tupay s Ve =ag tupy - (20)

The structure of the multicast signal in (22) is represented by

—{2,3} _ 1-{23}

V1—{2,3} = {1 3} Ur1,2} (28)

Similarly, for the second and third transmission stage, we have
1—-{2,3 1—-{2,3

1 = U =g, (29)
1,2 3—{1,2

Us—{1, 2}—”'{2 sf} '=u U, sf} g (30)

Additionally, (23) and (24) ensure the delivery of Wdz,{l,g} to
user 2. Hence, we have

W82 1—{2,3 3{2 3 {1,

U, ?f}} Jr"‘“-{1,5.:{} ) +“{1,,:f}} tug, 3:{} 7= agi3y- (31
Similarly, for subfiles Wd3 (1,2} and Wdl,{zﬁ}, we have

wi—i3 1—{2,3 2—{3 2—{1,3

U, 2{}} Tu {1 2{} u Uy, 2{}} tu {1,,2{}' b= ag12y, (32)

2_’ 1 1.3 3—{1 3—{1.2

upay Uz Fupay Fungy ) =agzg. (33)

Therefore, the set of feasible linear delivery schemes for a
three-user system is defined by (25)-(33), and u% = € [0, ag].

C. Delivery Phase: K-User System

In general, the unicast signal transmitted by user j to user
i is defined by

N =WanU( U i), 69
SCIK]\{i}: j€S.IS|>2
where W 33 Wy, s such that |W:"_’{“}| w7 F bits.

‘While, user _;.- constructs the multicast 51gnal X,_.T, such that
the piece intended for user ¢ € 7, which we denote by Wg:’T,
is stored at users {j}U(7 \{z}). That is, X;_.7 is constructed
using the side information at the sets

BT e {s K\ {i}: U@\ lih c s}, (39)

which represents the subfiles stored at users {j} U (7 \ {i})
and not available at user 7 € 7. In turn, we have

U WJ*T). (36)

Xjo1 = %iETW&?i = @ieT(
SeBi—T
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Algorithm 1 D2D Delivery Procedure

Input: d, a,u, v, and Wn,s
Output: X, .7, ¥j € [K], VT C4 [K]\{j)
# Partitioning
1:for {SC[K]:2<|S|<K—-1}do
for {ic [K]:i¢ S} do
3 Divide Wa,s into W), ¥j € SYT c {i}U(S\

»

{4}) st. i € T, such that [WJ | = u}~7 F bits.

4:  end for
5: end for

# Transmission stage j
6: for j € [K] do
7. for T Cy [K]\ {3} do
8: if 7 ={i} then
o X Wa,nU Wﬁs{’})

SC[K]\{i} j€8.|5]>2
10: else
11 XJ'_,T*—$§€T( U Wé:T)
Sepi—7T

12: end if
13:  end for
14: end for

Remark 2: The definition of the multicast signals in (36)
allows flexible utilization of the side-information, i.e., X;_.1
is not defined only in terms of the side-information stored
exclusively at users {j} U (T \ {i}) as in [6]. Further-
more, a delzvery scheme with the multicast signals X;_ .7 =
DieTWI . {3}U(T\{a}) is suboptimal in general.

The set of feasible linear delivery schemes, D(a), is defined
by

Vi (i} =afj}+ Z ug_’{i}, Yie[K], VieT,
SC[KMi}:565,|52

(37
vor= Y ukT, VielK], VT ¢4 [KI\(j}, VieT,
SeBi—T
(38)
Z Z =T _ Vi
ug = = as, i ¢S,
JES TC{i}u(S\{j}) : ieT
VSC[K] st 2<|S|<K -1, (39)

0<ulT <as, VielK], VT Sy [K\{j}, ¥ SeBT,
(40)

where BI=T 2 ), ;B! =T Note that (37) follows from
the structure of the unicast signals in (34), (38) follows
from the structure of the multicast signals in (36), (39)
generalizes the constraints in (31)-(33). The delivery procedure
is summarized in Algorithm 1.

Next example shows the suboptimality of delivery schemes
that do not allow flexible utilization of the side-information,
as pointed out in Remark 2. By contrast, our delivery scheme
achieves the delivery load memory trade-off with uncoded
placement, Ry (m).

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 68, NO. 5, MAY 2020

1,2} Gf1,4} @{23}y G{24} ({34} y2.3.4}

W, - I ]
1,3} User 1
— User 4
X Xos{1.4) -
22} mel J—

User 2 AH 4}

w2

2_}{1}{24} - L 2—{1,4}
CAN XA
2{1,3}

{2'3}& Wa,

L2t . I 1V,
gl 2{}1 " “fds
N
U2} Wa,
p2isa} w28
Uya,3) Uro 4}

Fig. 3. Example K = N = 4, and m = [0.2, 0.7, 0.7, 0.7].

Example 2: For K=N =4 and m = [0.2, 0.7, 0.7, 0.7],
we have R} o (m)= Ry (m)=1.05, and the optimal caching
scheme is as follows:

Placement Phase: Each file W, is divided into seven
Sﬁbﬁfes, such that G{l,z} :G{l,g} :G{1,4} = 0.2x3, G{z,g} =
0.{214} :G{3,4} = 0.5/3, and G{2,3,4} =0.3.

Delivery Phase: We have the D2D transmissions
Xopyp Xooqpuzp Xooquayp Xoogmap  Xaopy
X3—){112}} 3—{1,4} 3—{2,4} 4—{1}» 4—{1,2}»
X413y, and Xy .(23). In particular, we have

Vo_q1} = U3{1} = va-{1} = 0.4/3, va .13} =vo_q14} =
U3 {12} = U3.{14} = Va{12} = va_{1,3} = 0.2/3, and
Va_.{3,4} = V3_.{24} = V4_(2,3} = 0.25/3. More specifically,
the signals transmitted by user 2 are defined as follows

o Xal/F = vy = uipgy) +uipy) + g
= (0.05+ 0.05+ 0.3)/3.
2-{1,3 2-{1,3
. LX22/§{1,3}|/F = Up.{13} = U{1,2{} b= “{2,,3:[} b=
S 2-{1,4 y 2= (14
. LXQZ/_?:{[A}l [ F=v2 .04 = {12{} b= U, i{} =
S u 2= (34 u 2= (34

Note that the signals transmitted by users 3 and 4 have
similar structure to the signals transmitted by user 2, which
are illustrated in Fig. 3. If we restrict the design %f the D2D
signals to be in the form of X;_.T = eagengd IO\
i.e., without the flexibility in utilizing the side znfonnauon
we achieve a delivery load equal to 1.6 compared with the
optimal load Ry(m)=1.05.

V. CACHING SCHEME: ACHIEVABILITY

Next, we explicitly define the caching schemes that achieve
the delivery loads defined in Theorems 4, 5, and 6.
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A. Achievability Proof of Theorem 4

Next, we explain how the caching scheme in [6] can be
tailored to systems with unequal cache sizes. Recall that for
a homogeneous system where my =m, vk, in the placement
phase, W, is divided into subfiles W, s,S  [K], where |S| €
{t,t+1} fort < Y i  my <t+1land te [K—1] [6]. More
specifically, subfiles stored at the same number of users have
equal size, ie., |Wy s| = |[Wy s if [S| = |S’|. In order to
accommodate the heterogeneity in cache sizes, we generalize
the placement scheme in [6], by allowing subfiles stored at
the same number of users to have different sizes. The delivery
procedure in [6] is generalized as follows. First, we further
divide Wy, s into |S| pieces, WJ_’ S\ut , j € S, such that

n; F,
0;F,

The multicast signal X;_,7 is constructed such that the
piece requested by user ¢ is cached by the remaining 7
{i} users. That is, user j transmits the signals X; .7 =
@icTW) 3}UT\{E , VT c [K]\ {j} and |T| € {t,¢t+ 1}.
For examp{le for K =4 and t = 2, we have

if |S| =¢.

WS\
if [S] =t + 1.

(41)

Xty =Wa, i) OV 5y @)
Koo tin i) =W, G DWW, Gy O W, Gy
(43)
In turn, the D2D delivery load is given as
1 K
R;,g(m)z( )Z’b (HI)ZGJ-_ (44)

j=1

Next, we need to choose 7; and #; taking into account the
feasibility of the placement phase. To do so, we need to choose
a non-negative solution to the following equations

K-1 K—2 K—1

(o) (i) 2 me ()
i€[K]\{k}

Y bi=m, Yke[K], (49

(K — 2)
t—1
ie[K]\{k}

K-1
( )Zm ( )Zezl, (46)
ig[K] ig[K]
which can be simplified to
K K
t+1—) ;4 m
Y omi= DL (47)
Pt (i)
K 1+(K—2)my— m;
—1— ie[K]\{k}
M+ O = — , 7k, (48)
t (K-4)(F3)
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By combining (44), (47), and (48), one can show that the D2D
delivery load is given as

Ry o(m) = (?) (t—i—l—imk)
() () @

Observe that there always exists a non-negative solu-
tion to (47) and (48), since we have (K —2) m; =

K : K-1y,  _
> %o mui— 1. For instance, one can assume that (f ")mx =

pe(t + 1 — Z{ilmi), where EkK=1Pk = 1and 0 <
14+ (K-2)me — 3%, mi
Pr < ( ) 'E,[K]\{k} E, which guarantee that
(K—t)(t+1-3 " mx)
e, O = 0.

Remark 3: For nodes with equal cache sizes, the proposed
scheme reduces to the scheme proposed in [6]. In particular,
for my = t/K, 'k, we get 6; = 0,%j and n; = 1/(t(¥)), ¥j.

B. Achievability Proof of Theorem 5

For (K—1—1)m; < Y1t mi—1 and (K~ —2)my;1 >
Z:" 149 Mi—1, where | € [K—2], in the placement phase, each
file W, is partitioned into subfiles W,, ; gip»t €E{H1,..., K},
Wﬂ{j.,l} j e [l],t € {I+1,...,K}, and WnS,S c {l+

., K},|8]=2, which satlsfy
K K
doagy=2-) m, (50a)
j=i+1 k=1
K
> as = Y m—1, (50b)
SC{l+1,...,K}:|5]=2 i=Il+1
K
D auy =my, i€l (50c)
j=I+1
agy + Z as =mj, j=I1+1,...,K. (50d)

SC[K]:|S|=2,5€8

In particular, we choose any non-negative solution to (50) that
satisfies
1) For j € {I+1,...,K}, ag, 5} < i} if 11 < ia,
which is feasible because m;, < m;,.
2) For {1,5} C {l+1,...,K}, apgy +apj < agijy
which is also feasible because (K —1[1 — 1)m; <
K
Z¢=I+1 m;—1.
In the delivery phase, we have
transmissions:

o Multicast to user 1: For j € {l+1,...,
[K]\ {1, 5}, we choose v;_, (1 43 =ay1 j}-

K K

> X > X
J=l+1ig[K]\{1,5} J=l+1ie[K\{1,5}
(K —2)m;.

the following multicast
K} and 7@ €
vj_’{]-si} = a{lsj}

(5D
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o Multicast to user 2: For j € {l+1,...,K} and 7 €
[K]\ {1,2,7}, we choose v;_.{24} = a{2,j}-
Z Uj—{1,2} T Z Y. Uiz
j=I+1 j= H—lze[ N\ 1,2,5}
= Z aggy + Z Y. e
Jj=l+1 J=l+14e[K]\{1,2,7}
=mi + (K 3)m2. (52)

e Multicast to user k € {3,...,1}: Similarly, we have

K K
Doovmpy ot D vy
Jj=l+1 j=l+1
K K
+ Yo veua =Y augte
J=l4+14g[K\{1,...,k,5} j=I+1

K K
+ Z a{k_]-sj}+ Z Z a{'{‘.j}
j=I+1 J=l+1ige[K\{1,....k,5}
k-1

=Y mi+ (K—k—1)my.

(33)

« Multicast to users {l+1,.
1,...,K}, we have ag;, ;,}

., K}: For {i1,i2} C {l+
= vﬁl—’{iz i} + Ulz—’{lls.?!

‘v’_:.- e {I+1,. K}\{zl,zg} i.e., we have (K—1-2) (%, ")
equations in (K 1-2) (%, )unknowns In turn, we have
K
S Y
J=I+1 SC{H,.... K \{5}:1S|=2

- X e

SC{iH,...K}:|S|=2

(S )

i=Il+1

(54)

Therefore, the delivery load due to multicast transmissions is
given by

S Y ues

j=l+1 SC[K]\{j}:|S|=2

K
= ( Yoovipatoot Y vieus

J=i+1 ]\{lsJ} Ee[";{]\{]ﬂ -y s.?}

to2

vj_,s)
—Z(K—z—l)ml—i— (K I 2)( > mi— 1) (55)
i=Il+1

We also need the following unicast transmissions.
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¢ Unicast to user 1:

K
> v
j=1+1
K 1 K
=D agy Y, Y (apg—agp)
j=l+1 i=2 j=I+1

K
+ Y (apg)—apy —apg) = (Q—ka)
k=1

{i,j}C{H,...K}

i K
-I-Z m; +( ng — 1)— (K—2)m1=1—(K—-1)m.

i=2 i=I+1
(56)

« Unicast to user 2:

K K 1 K
Z Vj—{2} = Z “{j}+z Z(“{f,ﬂ_“{z;})
j=1+1 j=l+1 i=3 j=141

+ > (g —ag2i) —ag25))
{ij}c{H,....K}

=1-(K—-2)my—m;. (57)
« Unicast to user k € {3,...,1}: Similarly, we have
K
Z vj_,{g}ZI—(K—k)mk—mk_l—...—ml. (58)
j=1+1

 Unicast to users {I+1,...,

K K K
Z Z vjfiy = (K—1-1) Z agj}

G=I41 i=14+1,i#] j=l4+1

= (K—I—l](Q—imk)- (59

k=1

K}

Therefore, the delivery load due to unicast transmissions is
given by

Z Z viqy =1 Z(K—i—I—Qz)ml

j=I411i=1,i#j
+(K—l—1)(2—ka). (60)
k=1

By adding (55) and (60), we get the total D2D delivery load
given by (15).

C. Achievability Proof of Theorem 6

For E:il m; = K—1,in the placement phase, each file Wa
is partitioned into subfiles Wy, g\ (33,7 € [K] and W,k
such that

K
“[K]:me‘_(K—l)a aig\(ky =1—mk, ke[K]. (61a)
i=1
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In the delivery phase, for (K —1—1)m; < Z:F;H m;—1
and (K —1—2)m;yq > Eiuz m;—1, where | € [K —2],
we have the following transmissions

Xk m = GBke[z]WK_['[a]]\{k}, i e [l (62)
X. S Wi —[K\{7} el K
i~[KI\MgY = PrelkN W, xpgry» JEUHL - K
(63)
In particular, we have
UK [i) = Ul (k) =TT — Ty i € [1—1], kelil, (64)
v _ K=l ZJ 1My — 1= (K=1-1)my
K-q (KI\{k} — K—_1-1 '
ke [1], (65)
K
(K—I—l)m_;,—l—l— E mi
_ _ =K} _ =l
Vi—[KI\{j} = [K]\{k} = K_1-1 )
je{l+1,.... K}, ke[K]\{j}. (66)

Therefore, the D2D delivery load is given by

Rio(m) = vk + D vk + D vy (67
i=1 j=i+1
=1- .

(68)

VI. OPTIMALITY WITH UNCODED PLACEMENT AND
ONE-SHOT DELIVERY

In this section, we first prove the lower bound in Theorem 2.
Then, we present the converse proofs for Theorems 3, 4,
and 5.

A. Proof of Theorem 2

First, we show that the D2D-based delivery assuming
uncoded placement and one-shot delivery can be represented
by K index-coding problems, i.e., each D2D transmission
stage is equivalent to an index-coding problem. In particular,
for any allocation a € 2(m), we assume that each subfile
Wdhg consists of |S| disjoint pieces W(J) , J € S, where
(W] = af’F bits, ie., as = EjES U). Additionally,
the file pieces with superscript (j) represent the messages in
the jth index-coding problem.

For instance, consider the first index-coding problem in
a three-user system, in which user 1 acts as a server, see
Fig. 4(a). User 1 needs to deliver wd to user

dz, {1} "V d2,{1,3}
2, (all;d Wél){l},Wé:,){l 2} to user 3. User 2 has access to
W

s (1,2} and user 3 has access to W(l){ . The index
codmg problem depicted in Fig. 4(a) can be represenled by the
directed graph shown in Fig. 4(b), where the nedes represent
the messages and a directed edge from W to W , exists if
¢ € S [8]. Furthermore, by applying the acycllc 1ndex -coding
bound [16, Corollary 1] on Fig. 4(b), we get

K-1
LIS VD

i=1 SC[K|:1€8 {q1,...

7r(1)
|Wd‘?i‘-5|1
i }ﬁs:frb

(69)
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R

i/ (1) i7(1) 77 (1)
W 1% W da.{1,3}

d3:{1:2}

(b) Graph representation.

Fig. 4. Index-coding problem for K = 3, and j = 1.

where g € p{g,g} [8], [9]. In particular, for K =3, we have

ROF > W [+ W [+Wi 0 5l a=[2,3], (70)
ROF > (W [+ WS [+ W o a=08,2). (7))

Hence, for a given partitioning am by taking the convex
combination of (70), and (71), we get

RW(a§’, aq) > 2‘1&11)} + O5[2‘,3]‘15[11),3} * 0[331“5[11),2}’ (12)

where ag > 0, and a3 3] + a3 9) = 1. Similarly, we have

R (0§, aq) > 203, + ap galysy + anallyy,  (73)

R(S)(a‘(ss)a aq) = 2“%)} ton g ""‘g),,a} + Ct'[2,1]""‘25;),,3}' (74)

Hence, for given ag) and ag, the D2D delivery load
23 R(j)(a(j) ag) is lower bounded by the sum of the
rlght-hand side of (72)-(74). Furthermore, for K -user systems,
R(J)(as ,rg) is lower bounded by

RO (af),aq) 2 (K-1) aff)

K—|S|

+3 (XX el

SCIK] : je8," i=1g€Pk)\(4}" Gi+1ES;
2<|S[<K -1 {g1,- @i }nS=¢

(75)

By taking the minimum over all feasible allocations and
partitions, we get

K o~ o
Y R9(aF),aq)

R} (aq) = 1;0}_1;1 (76a)
D>0 i
subject to Z Z a(J ) =1, (76b)

SCslK]jES
Z Zag)gmk, Vke[K].
SC|K]:keS jES
(76¢)
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The dual of the linear program in (76) is given by

K
= Ao — E Mk (77a)
subject to Ao+ »_ Ax +7s >0, VS Gy [K], (77b)

kesS

where ~s is defined in (12), Ag, and Ag are the dual vari-
ables associated with (76b), and (76c), respectively. Finally,
by taking the maximum over all possible convex combinations
aq,7q € P}, 73 € [K], we get the lower bound in
Theorem 2.

B. Converse Proof of Theorem 3

Next, we simplify the bound in Theorem 2 by averaging
over all permutations g € P} (3. In particular, by substi-
tuting ag=1/(K —1)! in Theorem 2, for 2 < |S| < K -1 we
get

K—|8|
Vs = ?gg{ _Z > i/(K —1)!}, (78)
i=1 gE€P[k|\ (5} Gi+1ES,
{q1,....qi }NS=¢
K—|§| .
K- |8
— Zﬁ( . | |) il(S| — 1) (K—i—2)!, (79)
i=1 )
K—|S]| .
_(K—|SPH(S] —1)! (K—i—2
] é}‘(wr—a) 0
_ (K—=|S)'(S| -1 (K -1 _ K—|S]
=T - (|3|)— s @Y

where (79) follows from the number of vectors q € P\ (5}
such that ¢; 11 € S, and {q1,...,¢:}NS = ¢. In particular, for
given j€[K], SC[K] such that j € S, and 7 € {1,..., K —
S|}, there are (¥=°1) i! choices for {gi,...,q}, (|S| — 1)
choices for g; 1, and (K —i —2)! choices for the remaining
elements in [K]\ ({5} U {q1,...,gi+1}). In turn, for my =
m, ¥k € [K] and |S| = [, the lower bound in Theorem 2
simplifies to

R3(m)> max

> — Ao—KmA
Ao ER,AZD

(82a)
. K-1
subject to )\u+£)\+TEO, YIe[K], (82b)

which implies

Ry(m) > max {;‘3[1;?] {(K-1/l+ )\(l-Km)}} . (83)

In particular, for m = /K and t € [K], we have

Ry(m) > T%{mm{(f(—n (=1,
(%—ﬂﬁrnJKU—mH}=(K—ﬂﬁ,(M)

since this piecewise linear function is maximized by choosing
o < A < gy In general, for m = (¢ + 6)/K and
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0<6<1, we get

+ . K-t
Rgl(m)ZT)l‘lza%{{mJﬂ{..,T_B)\,
K—-t-1
R (85)
_ K-t 0K K-t (Km-nK oo

t t(t+l) ¢ t(t4+1)

which is equal to (13).

C. Converse Proof of Theorem 4

Similarly, for ¢t < 3/ m; < t+1 and ag=1/(K —1)!,
the lower bound simplifies to

K
Ry(m)> | max =~ - ; Ajm; (87a)
subject to Ag—i—ZAi—r E >0, Vie[K],
iES
(87b)

In turn, by choosing A; = A, Vj, we get

Ryy(m) = max { min {(K—s)/m\(z—imj)}}. (88)
j=1

A>0 lig[k]

In particular, for Ef:] mj = (t+6)and 0 <6 <1, we get

K-t
R(m) > rflza%c{min{...,T — o),
K—t-1
— —(1—9),\,...}}, (89)
K-t 0K
Tt Ht+ ) ©0
K+ () (K—t) KX m o)
B t(t+1) t(t+1)

D. Converse Proof of Theorem 5

By substituting, ag=1for j € [I], g =[1,2,...,5—1,j+
1,....,K], and ag =1/(K —1—-1)! for j € {l+1,...,K},
q=1[1,....L,z|, V& € Pyq1,. K} (5} in Theorem 2, we get

(K —1, for |S| =1,

KrWSI=DHS 0 fescit1,..., K}

5] ’
s = and 2 <|S|< K—1, 92)
mién‘—l, forSN[l]#¢and 2<|S|< K —1,
ic
[0, for S =[K].

In particular, for S € {{+1,...,K} and 2 <|S| < K—1,
we have

_Kiljsli(z‘ DS 1) (K—1—|S]|
ST T E ) i1
_ K +1(5|-1)+|8]
S| '

)(K—z’ —2)1, (93)

(94)
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» Lower bound o = 0.7
- = Our scheme o = (.7
~3¢-Cut-set bound o = 0.7H

o Lower bound e = 0.9
—Our scheme o« =0.9
~&-Cut-set bound a = 0.9

o Lower bound o = 1
—Owur scheme o =1
~&-Cut-set bound ¢ =1 H

Delivery load

Fig. 5. Comparing Ry o (1), lower bound on R} (1), and cut-set bound
in (95), for K = N = 4, and my, = My,

where (93) follows from the number of vectors q € P\ (5}
such that g, = k,Vk € [l], ¢iy1 € S, and {qs1,...,q}NS =
¢. More specifically, there are (X7'71°!) (i — 1)! choices for
{@141,---,a}, (|S| — 1) choices for g;11, and (K —i —2)!
choices for elements in [K]\ ({5} U{q1,...,qi+1}).

In turn, based on (92), we can verify that A\g = —(3K —
1—-2)/2, \j = K—jforjell,and \; = (K —1)/2 for
je{l+1,...,K}, is a feasible solution to (11).

Remark 4: In this region, we achieve the tightest lower
bound by choosing aq, taking into consideration that the
delivery load depends on the individual cache sizes of the
users in [l] and the aggregate cache size of the users in

{1+1,...,K}.

VII. DISCUSSION
A. The D2D Delivery Load Memory Trade-Off

In Section III-B, we have characterized the D2D delivery
load memory trade-off with uncoded placement and one-shot
delivery, R} (m), for several special cases.

For general systems, we observe numerically that the pro-
posed caching scheme coincides with the lower bound in
Theorem 2. For example, in Fig. 5, we compare the D2D
delivery load Ry o () achievable with our proposed caching
scheme with the lower bound on R} (m) in Theorem 2, for
K =N =4 and my = a mg+1, and observe they coincide.
We also compare the achievable delivery load with a straight
forward generalization of the cut-set bound in [6] for unequal
caches, which given by

Ea 1M }
e
From Fig. 5, we observe that in general a gap exists between
the cut-set bound in (95) and R} (m), except for the case in
Theorem 6.

95)

B. Comparison Between Server-Based and D2D-Based
Delivery Loads

By comparing the server-based system [4], [15] delivery
load and D2D-based system delivery load, we observe the
following:

2759

« The D2D-based delivery
with uncoded placement and one-shot delivery,
R pop (K, %), for a system with K users and equal
cache size m = myu/K, is equal to the server-based
delivery load memory trade-off assuming uncoded
placement for a system with K —1 users and cache
size m = (myg —1)/(K —1), which we denote by

load memory trade-off

Ry 5o (K —1,282=1) [4]. In particular, for my € [K],
we have
o K—1)(1— Mw—1 1— Mg
Ra&r(K—l,mtDl 1):( )( ni{__ll): mK
’ K-1 I+H(K-1)() &

= REL,DZD(Ka %)

« From Theorem 4, we conclude that if my = Zle mg
and my = (my—1)/(K—1), then the D2D delivery load
memory trade-off with uncoded placement and one-shot
delivery, Ry pop(K, m), for a system with K users
and distinct cache sizes m, is equal to R} oo (K, 7).
In turn, if my > (mye—1)/(K—1), then Rm mD(K m)
R;l Ser(K 1: n}{ _11

e For a K-user D2D system with mg = 1, user K has
access to the whole library and is able to deliver all
the missing pieces to the other users. In turn, the D2D
delivery load R} (K, [m1,...,mk_1,1]) is equal to
R} goi(K—1,[m1,...,mg_1]). For example, for K =3,
we have

(96)

Ry pop(3; [ma, ma, 1]) = Ry ¢, (2, [m1, m2])
=max{2—2m;—mgy, 1—m1}.

o7

C. Non-Uniform File Popularity

Previous works on non-uniform file popularity [33]-[37]
have considered minimizing the average delivery load over all
possible demands in the shared-bottleneck model [4]. Different
strategies for grouping the files according to their popularity
have been proposed in [33]-[37]. In particular, reference
[35] has shown that dividing the files into two groups and
caching only the group of popular files is order-optimal. The
scheme in [35] and our proposed scheme can be combined,
where we only consider the most popular files. However,
the server may need to participate in the delivery phase in
order to deliver the file pieces that are not cached by any user.
Analyzing this trade-off between the D2D delivery load and
the delivery load on the server is an interesting future research
direction.

D. Connection Between Coded Distributed Computing and
D2D Coded Caching Systems

In coded distributed computing (CDC) systems, the com-
putation of a function over the distributed computing nodes is
executed in two stages, named Map and Reduce [39]. In the
former, each computing node maps its local inputs to a set of
intermediate values. In order to deliver the intermediate values
required for computing the final output at each node, the nodes
create multicast transmissions by exploiting the redundancy in
computations at the nodes. In the latter, each node reduces the
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intermediate values retrieved from the multicast signals and
the local intermediate values to the desired final outputs.

For CDC systems where the nodes are required to compute
different final outputs and each of the final outputs is computed
by one node only, the CDC problem can be mapped to a D2D
coded caching problem, where the cache placement scheme
is uncoded and symmetric over the files [39], [41]. Therefore,
the D2D caching scheme proposed in this work can be utilized
in heterogeneous CDC systems where the nodes have varying
computational/storage capabilities [42]. The mapping between
the two problems is described in the following remark.

Remark 5: A D2D caching system with K users, N files,
each with size F' symbols, where my, is the normalized cache
size at user k, corresponds to a CDC system with K nodes, F
files, N final outputs, where My, = myF is the number of files
stored at node k. More specifically, in the map stage, node k
computes N intermediate values for each cached file. In the
reduce stage, node k computes N/K final outputs from the
local intermediate values combined with those retrieved from
the multicast signals.

Remark 6: Reference [42] derived the optimal communica-
tion load in a heterogeneous CDC system consisting of three
nodes with different computational/storage capabilities. As a
consequence of Remark 5, the optimal communication load
found in [42] is the same as the minimum worst-case D2D
delivery load with uncoded placement in Theorem 7.

VIII. CONCLUSION

In this paper, we have proposed a coded caching scheme that
minimizes the worst-case delivery load for D2D-based content
delivery to users with unequal cache sizes. We have derived
a lower bound on the delivery load with uncoded placement
and one-shot delivery. We have proved the optimality of
our delivery scheme for several cases of interest. In par-
ticular, we explicitly characterize R} (m) for the following
cases: (i) my = m,k, (i) (K—2)m; > Y1 ,mp—1,
(iii) 3 p, me <2, (iv) B, my > K1, and (v) K =3. More
specifically, for my = m, vk, we have shown the optimality
of the caching scheme in [6]. We have also shown that the
minimum delivery load depends on the sum of the cache sizes
and not the individual cache sizes if the smallest cache size
satisfies (K —2)m; > Ef:z my— 1.

In the small total memory regime where Zle mg < 2,
we have shown that there exist K — 1 levels of heterogeneity
and in the Ith heterogeneity level Rj(m) depends on the
individual cache sizes of users {1,...,l} and the sum of the
cache sizes of remaining users. In the large total memory
regime where Zle my > K—1 and (K—2)m; < Ef:g mg—1,
we have shown that our caching scheme achieves the minimum
delivery load assuming general placement and delivery. That
is, it coincides with the cut-set bound [6]. We have articulated
the relationship between the server-based and D2D delivery
problems. Finally, we have discussed the coded distributed
computing (CDC) problem [39] and how our proposed D2D
caching scheme can be tailored for heterogeneous CDC sys-
tems where the nodes have unequal storage.
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Future directions include considering multi-shot schemes
that utilize previous transmitted signals in delivery, hetero-
geneity in cache sizes and node capabilities for hierarchical
cache-enabled networks, and general network topologies.

APPENDIX A
ACHIEVABILITY PROOF OF THEOREM 7

RegionI: 1 < my +mg +ma <2 and m; > mg +msz — 1

In this region, we show that there exists a feasible solution
to (5) that achieves Ry o (m) = Z — 3(m1 + my + m3).
In particular, we consider the caching schemes described by
Vi-{2} T Yi-{3} T {1} V2-{1} T V2{3} T A2}
U3—{1} = V3{2} = {3}, V1{2,3} + V2{1,3} = @{1,2},
U1—{2,3} T U3—{1,2} = @{1,3}. V2—{1,3} T V3—{1,2} = G{2.3},
and ayy,2.3} = 0. In turn, the placement feasibility conditions
in (18) reduce to

my+mao+ma—1

U1—{2,3} T V2 (1,3} TUs—{1,2} = 5 , (98a)
apy +vi_(23) = m1+1_2m2_m3, (98b)
gy +va(13) = m2+1_2m1_m3, (98¢)
agay + vy = T (gga)

Note that any caching scheme satisfying (98), achieves the
D2D delivery load

Ry 5(m) 22(G{1} +aga) +a{3}) +v1- (2,3} TV2{1,3}

7T 3
+vsf12) = 5— 5 (M1t+ma+ms). (99)

2 2
In turn, we only need to choose a non-negative solution to (98),

for instance we can choose ag;; = p;(2 — m1 — my — mg3),
3
- 2mi+1-)  my

To202- Z?:l m)

such that E?:] pj=1,and 0 < p;

Region II: 1 < my +mg +m3 <2 and m; < mg +mz — 1

In this region, we achieve the D2D delivery load
R} o(m) = 3—2 m1 —ma —ms3, by considering the caching
schemes described by vy, = vi_q33 = aq; = O,
U {1} = V2—{3} = G2}, V3{2} = {3}, V3{1} = G{3} T+

@23}y — {12} — G{l,s}s, U123} = 0, U2-{1,3} = 2{1,2}»
U3 .{1,2} = @{1,3}, @{2,3} = mgz +m3 — 1 and af1 23} = 0.
Hence, we only need to choose a non-negative solution to the
following equations

a2y taqzy =1—ms, (100)
aq3y +aq1,3; =1 —my, (101)
af1,2} +ag1,3y = ma, (102)

which follows from (18). Note that any non-negative solution
to (100), achieves Ry o(m) = 3—2 mq — ma — mgs. For
instance, we can choose ag13) = 0 when mq +ms < 1 and
afg} = 0 when mq +ms > 1.
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Region III: my +mo +m3 > 2 and ma +ms3 < 1 +my

In order to achieve Ry o(m) = g — 2(m1 + ma + ma),
we consider the caching scheme described by vy (23} =
(m1+1—mg—m3)/2, va_.(13) = (Mm2+1—my —m3)/2,
v3_.{1,2} = (Mmatl-mi—m2)/2, a(1,2) = 1-ma3, afy 33 =1-may,
af23}=1-—my, and a1 233 =m1+mgo+mz—2.

Region IV: m1 +ma +ma > 2 and ma +m3 > 1+ my

Finally, Ry 5(m) = 1—m; is achieved by afy 2y =1-mg,
af13y=1—mg, afz3y=1-—my, ap123) =m1+ma+mz—2,
v {1y =ma+mz—mi—1,va_ (13} =1-m3,and v3 (12} =
1-— ma.

APPENDIX B
CONVERSE PROOF OF THEOREM 7

By substituting g = 1/2,Yq € Ppapy53,77 € [3] in

Theorem 2, we get

R;(m)z max — )\u—)\lml—)\gmg—)\gmg (1033)

Ao ER,AL20
subject to Ao +A; +2 >0, Vje [3],(103b)

Ao+ Ai+A;+1/2>0,
Ao+A1+A+ A3 = 0.

(103c)
(103d)

By choosing two feasible solutions to (103), we get

7T 3
Ry(m) = max { 5 — 5 (mi+ma+ms),

3 1
S — 5(ma+mo+ma) . (104)
2 2

Similarly, by substituting a3 = a3 = apg = 1in

Theorem 2, we can show that

Ry (m) > max{3—2m;—mgy—m3, 1 —mq}. (105)
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