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Abstract. A lot of networks have high temporal variability, which
means in the peak hours, the users’ requests may exceed the load-
ing capacity, cause congestion. During the off-peak hours, the network
resources is underutilized. Caching is a technique to shift the traffic from
peak to off-peak hours, by prefetching some content at or near the end
users. Coded caching can reduce the peak rate further by jointly optimiz-
ing the placement and delivery. In this paper, we consider a novel coded
caching model with allowing interaction between cooperative users, and
propose a centralized scheme. We use Greedy Constrained Coloring to
exploit the multicasting opportunities, and coded prefetching to reduce
the redundancy in the cache due to the interaction between users.
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1 Introduction

Caching is a technique to reduce the traffic rate during the peak hours by placing
some contents at or near the end users in advance. Based on it, coded caching,
first proposed by Maddah-Ali and Niesen in 2014 [7], achieves a much better
performance than the uncoded caching by jointly optimizing the delivery and
placement phase, where the multicasting opportunities can be created so we can
serve different demands by a single coded message. The well-known Maddah-
Ali-Niesen (MAN) scheme was proposed in [7]. After that, various branches of
coded caching problems have been studied. The decentralized system model was
studied by Maddah-Ali and Niesen [8], in which users pick the contents to cache
independently at the placement phase. They also studied the model with nonuni-
form user demands [10], creating the multicasting opportunities by grouping the
users. Ji et al. give the order-optimal delivery rate on the nonuniform demands
model [6], by proposing the Random Least Frequently Used placement with
Greedy Constrained Coloring delivery (RLFU-GCC) scheme.

Shared caching problem, which allows multiple users to share a single cache
memory, is also studied by lots of researchers. Parrinello et al. proposed the opti-
mum caching scheme with uncoded prefetching for a shared caches system [11].
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Asadi et al. studied the centralized caching with shared caches in heterogeneous
cellular networks [1]. Decentralized coded caching for shared caching is studied
by Dutta et al. [2]. Ibrahim et al. studied a D2D model with distinct cache size
[4]. These works focus the model that users can be divided into several groups
that users in a same group can communicate or share the cache with each other,
or the model that all the users can communicate with each other. Ji et al. stud-
ied the coded caching system in wireless D2D network [5], where users in a grid
network can communicate with other users within a certain distance, and at the
delivery phase, the users will be completely served by other users, without the
base station. Then based on this model, Cagkan Yapar et al. proposed a optimal
scheme with uncoded cache placement and one-shot delivery.

In order to minimize efficiency loss, wireless communication is typically uti-
lized only for the final leg in large scale communication networks. This unique
structure allows for improvement of the interface between the physical and data
link layers as a means of mitigating architectural inefficiencies within the wireless
portion of the network [13].

Multi-access coded caching (MACC) system, which allows single user to
access multiple caches, is first studied by Hachem et al. in 2017 [3]. A
(K,N,L, M)-MACC system refer to a coded caching system with N files, K
users and caches and each user has the access to L caches with a cyclic wrap-
around. Actually, our proposed system model is a limited MACC system(see
Sect. 2 and Sect. 5) Hachem et al. proposed the MACC system model in [3] with
multi-level files popularity settings and a coloring-based scheme. MACC system
with uncoded prefetching was studied by Reddy et al. [12]. In [12], the authors
proposed a new upper bound of the rate sometimes lower than the rate in [3],
an order-optimal rate for MACC system with L > K/2, and the exact optimal
rate for some special cases. Namboodiri et al. derived a tighter lower bound by
adopting the sliding-window subset entropy inequality in the proof [9].

The above MACC systems are symmetric in both user indexing and file
indexing [14]. The system model we propose in this paper shares similarities
with MACC system but deviates in symmetry in file indexing, constituting a
significant divergence from existing system models.

On the other hand, along with the development of 5G, the researches on
Internet of Vehicles (IoV) develop rapidly. IoV contains vehicle-to-vehicle (V2V)
communication, vehicle-to-RSU (Road side unit) communication and so on. In
this paper, we apply the coded caching to the IoV scene, modeling it as a coded
caching system with constrained D2D communication. In our model, all the
users line up in a row geometrically, corresponding to the single lane model in
ToV field. The RSU will act as the base station.

In this paper, we study a MACC-like model and make the following contri-
butions:

— A delivery scheme based on greedy constrained coloring is introduced for our
proposed model, which can reduce the rate over the shared link by merging
the user cooperation sets to reduce the transmissions times.
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— A coded placement technique based on MAN placement in [7] is introduced
for our proposed model, which can reduce the memory size requirement with
keeping the cache content accessible to users unchanged.

— A new achievable rate is derived based on a scheme with coded placement
and graph coloring.

The rest of the paper is organized as follows. Section 2 briefly describes the
system model. Section3 describes our delivery scheme. Section4 describes our
coded placement scheme. Section5 describes a cut-set type lower bound and
shows the performance of our proposed scheme.

2 System Model

As shown in Fig. 1, we consider a centralized model based on the model in [7],
K users are connected to a server through a error-free, shared link. The server
contains N files of equal size F' bits, labeled as Wy, Wa, - ,Wyx. Each user k
is equipped with a cache memory Zj of size M F bits. Each user can access not
only its own cache, but also its adjacent users’ cache(s), assuming that all the
users line up in a row by its label. In the following discussion,we refer a user’s
adjacent users as its cooperative users. For example, in Fig. 1, user 2 have the
access of the caches Z; and Z3, and its own cache Z5, means that it can access
a total of three users’ caches.

In particular, the first user and the last user in the row can only access a
total of two users’ caches. For example, user 1 only have the access of Z; and Z5
due to the fact that there is no user on its left side. Similarly, user 5 only have
the access of Z, and Zs. Fig. 2 shows the corresponding IoV model.

server N files

error-free
shared link

K users

[RES RN PR PR ]
~_- ~_- N N
1 ~ 1 ~ 1 ~ ] ~ 1
P PR PR PR
- ~ - ~ - ~ - ~
caches I__u_l Iﬁl I_*_u_l I_*_u_l I_*_Ll ¢ size M

Fig. 1. Caching system considered in this paper. A server containing N files is con-
nected to K users through a shared error-free link. Each user is equipped with a cache
of size M F bits, and have the access of its own and its cooperative users’ caches. In
this figure, K = N = 5. User 1 and K only have the access of two caches because they
are the “edge” users.
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(("’)) road side unit (server)

error-free shared link

users with cache

V2V communication

Fig.2. The IoV model corresponding to the coded caching system model. The road
side unit act as the central server and the vehicles act as the users with cache.

To simplify the problem, we assume that users can get contents from its
cooperative users’ cache at no cost.

The operation of a coded caching system will be divided into two phases.
In the placement phase, all the caches will be filled without the knowledge of
the user demands. In the delivery phase, each user requests exactly one file Wy,
from the server. Then the server transmits a series of multicast message through
the error-free shared link according to all user demands d = (dy,--- ,dk). Each
user can recover the file required with the transmitted messages and the cached
contents it can access. The goal is to design the placement phase and the delivery
phase to minimize the peak rate on the shared link.

For ease of reading, the following notations and rules are adopted.

— W, u : subfile of file W;, which stored in the caches of all the users in U/.

— For any positive integer K and integer ¢ < K, let [K] = {1,2,...,K} and
(%)) = {DID C [K],|D| = q}. When ¢ <0, (%)) =0.

— W : set of subfiles.

— Let Wi, Wy be two sets of subfiles, [Wi| = |Wh| = n, w; ; be the j-th subfile
in Wi, Wy @ W, donates a set of coded subfiles i.e. Wy @ Wy = {w11 &
Wa,1, W12 W22, ..., Wi, B Wy}

— For the calculation of user index in the following discuss, we follow a cyclic
wrap-around rule, i.e. user —1, 0 refer to user K — 1, K, and user K + 1,
K + 2 refer to user 1, 2, etc.

3 Delivery Phase Design

Our research base on the scheme proposed by Maddah Ali and Niesen in [7],
which will be called as the MAN scheme.

In the MAN scheme, we select s users in [K] to form a user cooperation set
S. For each user cooperation set, a message

Xs = ®resWa, s\ks (1)

is generated based on the users’ demand and caches, and sent to all users
in the set. This ensures that each user in S can decode a subfile of the file it
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requested upon receiving the message. After generating and sending the messages
to all possible user cooperation sets, all users should be able to obtain the file
they requested. In our settings, the delivery phase needs to be redesign to aviod
the message redundancy.

Ezample 1. This example shows that how the message redundancy appears.
Consider a system with K = 8 users, N = 8 files and each user equipped
with a cache size of M = 3. According to the MAN scheme, the size of the user
cooperation set s = MK/N +1=4.

Taking the user cooperation set S = {1,2,4,6} as an example, assuming
d; = W;, the message

Xs =Wq, 12,46y © Wa, 11,46y © Wa, (1,2,6) D Wae (1,24}

is generated then multicasted to all users in S.
For user 1, it have the access of Z, meanwhile the subfile Wy, (5 4 ¢} is stored
in Z5. Therefore this transmitted message makes no contribution to user 1.
However, for user 4, it still needs Xs to recover the subfile it requested, due
to the fact that the subfile Wy, (126} does not exist in any cache it have the
access, i.e. Z3, Z4 and Zs. O

Here we give some definitions.

Definition 1. For a user u € [K|, let

{u+1} u=1,

Alw) =< {fu—TLu+1} I<u<K, (2)
{u—1} u=K,
Z(u) = A(u) U{u}, 3)

refer to the adjacent user(s) of u and the caches that u can access, respectively.
For a user cooperation set S, let

Ts = {u e S|A(u) NS = 0}, (4)
Ns = {u € SJA(u) NS # 0}, (5)

refer to its target users set and non-target users set, respectively

For a user k € S, if none of its adjacent user(s) is the member of S, we say
user k is a target user of S, which means it needs the message Xs to recover the
file it requested; If any of its adjacent user(s) is the member of S, we say user k
is a non-target user of S, which means the message Xs makes no contribution
to it.

With the definitions above, we have 75 = {4,6}, Ns = {1,2} in Example 1.

For each user cooperation set S, due to the fact that the message Xs makes

no contribution to the users in Ns, the message generated only for the users in
Tg, i.e.

Xs = Buets Wa, s\ {u} (6)
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Based on the number of target users, the user cooperation sets can be clas-
sified into three categories.

1. For the user cooperation sets with 7s = (), they will be omitted since they
make no contribution to any users.

2. For the user cooperation sets with 7s = S, the corresponding generated
messages Xs will be multicasted to their respective target users.

3. For the user cooperation sets with 7s C S,7s # 0, some messages will be
merged into a single one to exploit the multicasting opportunities and reduce
the transmission rate on the shared link. The following part in this section

describes the specific merging approach.
Our scheme is based on the conflict graph and Greedy Constrained Color-

ing(GCCQC). Given
S = (S|T5 C 5. T5 # 0},

the conflict graph is defined as follows:
Definition 2. The conflict graph Hs is formed by:

— Vertex set: The set of vertices in Hg is the set of all user cooperation sets
in S. The vertex corresponding to the user cooperation set S; is represented
by v;.

~ Edge set: There exists an edge (v;,v;) connecting vertices v; and v; in Hs
if and only if the following merge condition is NOT satisfied:

N\ (2(w)NNs, #0)
uETSi

A (Z(u) N Ns, #0)

uETsj

(7)

O

We utilize the GCC algorithm, as presented in Algorithm 1, to assign colors
to all the vertices in Hs.

Algorithm 1. Greedy Constrained Coloring
: Initialize V = Vertex-set(Hs).
while V # () do
Pick any v € V, and let Z = {v}
for all v € V\T do
if There is no edge between v’ and Z then
IT+—ZTud
end if
end for
Color all the vertices of resulting set Z by an unused
color.
10: Let V — WVZ
11: end while
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Next, the user cooperation sets of the same color will jointly generate a single
message
X5 = ®sex [Buets Wa,, 5\ {u}]
where X' is the collection of user cooperation sets S of the same color. By multi-
casting this message to all users in |Jg. 5, Zs, we effectively decrease the amount
of message that needs to be transmitted from |X| to just one.

Theorem 1. Letting x(Hs) donate the chromatic number of Hs, M €
{0, N/K,2N/K,...,N}, t = MK/N, an upper bound of the delivery rate on
the shared link

recen = ((3,)) +x09)) - ©

The first factor is the total number of coded messages we should send over
the shared link, each size of 1/ (It(), which is the second factor in Rgeco(M).
(fﬁt) is the number of user cooperation sets with 7s = S. Note that the size of
each coded message is also the size of each subfile, normalized by the file size.

The rate Rgeoo (M) is achieved by our proposed scheme. We formally describe
its delivery phase in Algorithm 2. Its placement phase is the same as MAN

scheme, described in Algorithm 1 in [7].

Algorithm 2. Coded Caching Delivery

Require: N,K,M € {0, N/K,2N/K,...,N}

i s— MK/N+1

S —{SC{1,....,K}:|S| =s}

X1 — (BuesWa, s\{u} : S € 6,ls =0)
S—{§e€6:2<is<s}

Generate the conflict graph Hs and color it with GCC.
¢ — {X : collection of user cooperation sets with same
color.}

Xy — (Bsex (®u€TsWdu,$\{u}) X e @)

8: Send X:; and X3 to users.

=

Remark 1. The merge condition (7) consists of two symmetric subconditions.
Focus on the first one, it means for each user u in the target users set of S;, at
least one user in Z(u) should be the member of Ns;, the non-target users set of
S;.

Focus on a subset &', for a user k € §’, S’ € X, the coded message it received
can be rewritten in

Xy =Wy, sn\{k}
® @ Wa, .5\ {u}
weTo\{k} ) (9)

e P (@ Wdu,S\{u}>

SeX\{S'} \u€eTs
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The first term is the subfile user k£ requests. The second term is the subfiles that
the other target users in 8’ request, which are cached in the cache of user k. The
third term is the subfiles that the target users in S € Y\{S’} request, which are
cached in at least one cache of users in Z(k) due to

Ns CS\{u} A Z(k) N Ns £ 0 = Z(k)nS\{u} £ 0

Ezxample 2. Consider a network with K = N =5 M = 2, thent = 2,s = 3.
Assume that d; = W;, we have a total of ([: ) = 10 user cooperation sets. For
S =1{1,2,3},8; = {2,3,4}, 8510 = {3,4,5}, they are omitted due to Ts, = 0,i =
1,7,10. For S5 = {1, 3,5} with 7s, = S5, the signal

Xsy = Wi (35 © Wa q1,5) © Ws (1,3},

is generated and multicasted to user 1,3 and 5.

Then for the left six sets, let S = {Ss, S5, S4, S6, Ss, So}, generate the conflict
graph Hg and color it by GCC. The conflict graph and coloring result are shown
in Fig. 3.

Hence, the messages of S; = and S; will be merged, resulting in Xy =
{82, 8,4} and the corresponding message

Xz, =Wy 12y ® Wi (34

By multicasting X'x, to user 1 and 4, user 1 can recover the subfile Wy (3 4} and
user 4 can recover the subfile Wy 1 o3.
Similarly, for Xy = {S3,Ss} and X3 = {Ss, S}, the messages

Xz, = Ws 112 ® Wi a5y

Xz, =Wy a5 © Ws 2.3y

are generated and multicasted to the corresponding users, respectively.
After all the messages sent over the shared link, user 1 has access to 4 subfiles
of W7 in its own cache:

Wi 1,2y, Wig1,31 Wipnay Wi 1,4y

has access to 3 subfiles of W7 in user 2’s cache:

Wi (2,37, Wi g2,43, Wi 12,515

can solve Wy (3 5y from X, , solve Wy 3 41 from Xy, solve Wy g4 5y from Xy,.
Therefore user 1 can recover its required file W; because it has access to all the
subfiles of W7. Similarly for other users.

Hence all users can recover its required file after four coded messages sent,
each size of 1/(15) O
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837 {5}, {17 2}

Color 1

527 {4}7 {1’ 2}

Color 2

547{1}’ {3

Color 2

SG: {1}’ {4, 5}

Color 1

Sy,{2},{4,5}

Color 3

SS’ {5}’ {2’ 3}

Color 3

Fig. 3. Conflict graph of Example 2 with coloring by GCC, the vertices are labeled by
{ the user cooperation set, its target users set, its non-target users set }.

4 Placement Phase Design

In this section we focus on the design of the placement phase and a scheme base
on the MAN placement is proposed. In the MAN scheme, each file is devided
into (]t() subfiles of equal size, where ¢t = M K/N. Each subfile will be stored
in ¢ users’ caches to create more multicast opportunities. In our system model,
there is some redundancy in the cache space that each user can access, due to

the cache sharing between cooperative users, shown in Example 3.

Example 3. Consider a system with K = 6 users, N = 6 files, each user equipped
with a cache of size M = 2, the MAN scheme gives the placement of Table1,
where n € {1,...,6}, each column refer to a user’s cache. For the conciseness,
when there is no ambiguity, the brackets and commas in the labels of subfiles
are omitted, e.g. W, 12 means W, (1 oy.

For user 2, Wy, 12, Wy, 23, W,, 13 appear twice in the caches it can access,
respectively.

Table 1. Placement under MAN scheme in Example 3

User 1 User 2 User 3| User 4| User 5| User 6
Wiz |[Whnas (Waaza |[Whas |Wase | Whais
Whnis |[Wnoa | Whass |[Wnae |Wnis | Whaoe
Whaa |Whos |Winise |Wnia |Whos |Whese
Whis |[Whnae Wiz |Waoa |Wass |Whuas

Wnie (Wniz |Wipos |[Wpsa |Wyas |Whse




Cooperative Coded Caching in Internet of Vehicles 405

Based on the MAN placement scheme, we use coded prefetching to reduce
the cache size M, on the premise that the contents that each user can access
remain unchanged. We propose two schemes for different case.

Let t = MK/N, we consider the system that ¢ is an integer, i.e. M €
0,N/K,2N/K,...,N. Besides, there is no redundancy at the case that t = 1,
so the following two schemes only consider the case that ¢t > 2.

4.1 Coded Prefetching Scheme A
Scheme A is suitable for the case where t is small, we first give the result:
K—4 K—4
(i2) + (55)
t—1
i.e. we can almost achieve the rate Rgoc(M), M =tN/K at M' =t,N/K.

In this scheme, we need to send some extra packets in delivery phase. The rate-
memory tradeoff
(%=2)
t—2

K
(%)

Here is the describe of the scheme A. After placing the subfiles according to
the MAN scheme, we proceed to modify the cache contents through two steps:

Ra(M') = Rgoc (M) +

(1)

~ Step 1: For each user 4, delete the subfiles Wi (i) = (W, i_2,ii+13ux) and
Wa (i) = (Wh fi—2,i—1,ijux), then place the coded subfiles

Wi (1) @ Wa(i) = (W gim2,ii+13ux © Wy fim2i—1.i30x)s
where X € ([K}\{i_zfgl’i’i"’l}). For the case where t = 2, Step 1 is omitted.

In Step 1, we delete 2(15:34) subfiles, then place (15:34) coded subfiles.
~ Step 2: For each user i, delete the subfiles W3(i) = (W, fii+130x) and
Wia(i) = (Wy fi—2,i3ux ), then place the coded subfiles

Wi (i) @ Wali) = Wa,giiv1yux © Wa im2,ipux),
where X € ([K]\{i—%f;17i7i+1})'

In Step 2, we delete 2(15:24) subfiles, then place (5:24) subfiles. In delivery
phase, we should send Wy(2)4, ® W5(K)q, to the “edge” user i.e. user 1 and
user K.

The proof of the fact that the contents that each user can access remain
unchanged after these two steps is shown in Appendix A.

Note that in MAN scheme we place ([t(:ll) subfiles in each cache, and the

extra messages we send in delivery phase is of size (5:24) / (It( ), we have (10) and
(11).
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4.2 Coded Prefetching Scheme B

Scheme B is suitable for bigger t, we first give the result:

thy =t <1 - 2((1%21))> (12)

t—1

i.e. we can achieve the rate Rgoc (M), M =tN/K at M’ =t N/K. The rate-
memory tradeoff
Rp(M') = Rgec(M). (13)

Here is the describe of the scheme B. In Scheme B, we first divide each file
W,, into two parts of equal size W}, W2 and place them in two steps.

— Step 1: Place all the files W! in MAN scheme, which fills half of the
cache. For each user i numbered even, i # K, delete the subfiles W5 (i) =

(erL,{i—l,i,i+1}uX)’W6(i) = (Wi,{i—l,i}uy)’y\h(i) = (Wi,{i,i+1}uj})7 then
place the coded subfiles

We(i) & Wr(i) = (Wé,{z'—l,i}uy S Wy (iis1y0p)s

where X € ([K]\{";l?;i’”l}),y € ([K]\{i;lz’i’iﬂ}). If K is even, then for user
K, delete the subfiles Wﬁ,{Kq,K}ugv where Q € ([K]\{tfigl»K})_

In Step 1, each user numbered even can still access the subfiles deleted from
adjacent users’ caches. Each user j numbered odd can access Wes(j + 1) and
Wr(j — 1) so it can recover Wr(j +1) and Wg(j — 1). Therefore after Step 1, the
contents(W,!) that each user can access remain unchanged for each user.

— Step 2: Place all the files W2 in MAN scheme, which fills rest half of
the cache. For each user i numbered odd, i # 1,K, delete the subfiles

Ws (i) = (Wr%,{ifl,i,iJrl}uX)’Wﬁ(i) = (Wﬁ,{ifl,i}uy%W?(i) = (Wr%,{i,i+1}uy)7
then place the coded subfiles

We (i) & Wr(i) = (WS,{i—l,i}U)i @ Wg,{i,i“}uy)a

where X' € ([K]\{i;_léi’iﬂ}) , Ve ([K]\{i;_léi’iﬂ}). For user 1, delete the subfiles
Ws,{l,z}ugv where Q € ([K]t\gz}). If K is odd, then for user K, delete the

subfiles Wg (K—1,K}UP> where P € ([K]\{t}fgl’K}).
Step 2 is a repetition of Step 1 for each user numbered odd and W?2. Therefore
after Step 2, the contents(W?) that each user can access remain unchanged for
each user.

(15:22) /2 subfiles are deleted for each user, so we have (12) and (13) proved.
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Table 2. Placement under Scheme A in Example 3

User 1 User 2 User 3 User 4 User 5 User 6

Wh,13 Wh,24 Wh,35 Wh,a6 Wh,1s Wh,26
Who1a Wh,25 Wh,36 Wh1a Wh 25 Wh.36

W5 @ Wiz | Whi26 @ Wiz | Wh13 @ Wiza | Wiioa @ Wias | Wi 35 @ Whs6 | Whiae © Whie
W16 Wh,12 Wh,23 Wh,34 Wh,as5 Wh 56

Table 3. Placement under Scheme B in Example 3

User 1| User 2 User 3 User 4 User 5 User 6
Wi 1o W a4 W 56 W16
Wiz | Waoa Wy 35 Wi a6 Wais Wi 26
Waia | Wa s W 36 W14 Wi o5 Wi 36
Wiis | Wi oe Wiis Wi 24 Wi 35 W 16
Wi,m Wi,m D Wi,23 W’i,QS Wﬁ,34 D Wi,45 Wi,45

W2 o3 W2 s W26
Wiis | Wioa W7 35 W2 46 Wiis W 26
Wi | Wias W2 36 W24 W2 o5 W 36
Wiis | Wios Wiis W o4 W 35 W 16
Wz,m Wn2,12 Wz,23 S W3,34 W3,34 W3,45 D W3,56 W3,56

Table 2 and Table 3 shows the placement under scheme A and B in Example 3,
respectively. In scheme A, we should send Wy, 26 ® Wg, 16 to user 1 and 6 in
delivery phase.

Finally we choose the scheme with lower rate, i.e.

R pinat(M) = min {Rs (M), Rp(M)}.

5 Performance Analysis

In this section, we show the performance of our proposed scheme.

As mentioned earlier, our proposed system model can be considered a MACC
system with L values between 2 and 3. The key differentiation from existing
MACC systems is the asymmetrical network topology.
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‘\
9r Il — — — MAN scheme (MACC system, L = 1)
‘\\ Lower bound for our proposed system
sl i — < Our proposed system, placement scheme A
N\ ——+— Our proposed system, placement scheme B
\\ \ —— MACC system, L =2
7r \\\ — A MACC system, L = 3
6F
S
4+
3t
ok
1+
0
0

Fig. 4. Rate R on the shared link in the delivery phase as a function of memory size
M for N = K = 18. Scheme A performs better at lower M. Scheme B performs better
at bigger M and reaches zero at t = N/2 = 0.

8r i\
! — — —"MAN scheme (MACC system, L = 1)
‘\\ Lower bound for our proposed system
7r '\ — % Our proposed system, placement scheme A
——+— Our proposed system, placement scheme B
6l W\ —s7— MACC system, L =2
W\ —£A— MACC system, L =3
5k
=4t
3l
oL
s
0
0

Fig. 5. Rate R on the shared link in the delivery phase as a function of memory size
M for N = 50, K = 15. Scheme A performs better at lower M. Scheme B performs
better at bigger M and reaches zero at t = N/2 = 25.

As shown in Fig. 4, the delivery rate of our scheme (system) is between the
rate of MACC system with L = 2 and L = 3 in [3], which matches the system
settings: most of users have the access to three caches as the MACC system with
L = 3, but the bottleneck of the system is the edge users, who only have the
access to two caches as the MACC system with L = 2. The placement scheme
A performs better at small M. With the increase of M, the rate of placement
scheme B decreases faster than scheme A and achieves 0 rate at M = N/2. Fig.5
shows the case of N =50, K = 15.
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The lower bound is

R(M) > max <s - mm(s“’K)M> : (14)
s€{l,...,min {N,K}} I_N/SJ

The proof of the lower bound is shown in Appendix B

6 Conclusion

In this paper, we proposed a novel model of coded caching inspired by the
V2V scene, allowing communication between cooperative users. Based on this
model, we designed a scheme with coded prefetching to reduce the redundancy in
the cache contents and Greedy Constrained Coloring to exploit the multicasting
opportunities. We showed its performance, comparing to the Multi-access Coded
Caching system.
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Commission of Shenzhen Municipality with grant no. JCYJ20210324120002007, and
7ZDSYS20210623091807023.

A Proof of Placement Scheme A

A.1 Proof of Step 1

Here we show the proof of the fact that after step 1, the contents that each user
can access remain unchanged.

Table 4. Subfiles placed in two users after Step 1 in Scheme A.

User ¢ User 7 + 1
Wi(i) @ Wa(i) | Wi(i + 1) @ Wa(i + 1)
Whn2(i + 1) Wi (1)

For two users i,7 + 1, shown in Table4, W (i) is cached in the cache of user
i+ 1, Wa(i + 1) is cached in the cache of user i. Table5 shows which users will
be and will not be included in the labels of the subfiles in these sets. Due to
the fact

Wi(i) "W (i + 1) =0, (15a)
Wl(l) N WQ(Z + ].) == @, (15b)
Wa(i) " Wa(i+ 1) =0, (15¢)

both of them can recover Wa (i) and Wy (i + 1).
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Table 5. Labels in the subfiles sets in Step 1, Scheme A.

set contains | not contains

Wi(i) |i—2,i,i+1 1

Wa(i) |i—2,i—1,4 1+ 1
Wii+1)|t—1,4,i+1 1
Wa(i+1)|i—1,4,9+1 1+ 2

The label of subfile in W7 (7) must contains ¢, and the label of subfile in
Wi (i 4+ 1) must not contains 4, therefore we have (15a). The label of subfile in
Wy (i+1) must contains ¢ — 1, and the label of subfile in W (¢) must not contains
i — 1, therefore we have (15b). The label of subfile in W5 (i + 1) must contains
i+ 1, and the label of subfile in W5 (i) must not contains 7+ 1, therefore we have
(15¢).

Therefore after step 1, the contents that each user can access remain
unchanged.

A.2 Proof of Step 2

Table 6. Subfiles placed in three users after Step 2 in Scheme A.

User 1—1 User 1 Usert1+1
Wi(i—1) @Wa(i — 1) | Wa (i) @ Wa(i) | Wa(i + 1) & Wa(i + 1)
part of Wy (i + 1) Ws(i—1) Ws (1)

For user 4,7 # 1, K, shown in Table6 it can access Ws(i) in the cache of user
i+ 1, then recover Wy (i) from the coded subfiles. It can access Ws(i — 1) in
its own cache, then recover Wy(i — 1) from the coded subfiles in the cache of
user ¢ — 1. Then it can access Wy (i + 1) in the cache of user ¢ — 1, and recover

Table 7. Labels in the subfiles sets in Step 2, Scheme A.

set contains | not contains
Ws(i—1)| i—i,4 i —3,0—2

Ws (i) 3,1+ 1 1 —2,9—1
Ws(i+1)|i+1,i+2 i—1,¢
Wi(i—1)|i—3,i—1 i —2,1

Wi (i) P — 2,1 i—1,94+1
Wa(i+1)|i—1,i+1 1,7+ 2
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Wis(i+1) from the coded subfiles in the cache of user i 4+ 1. Table 7 shows which
users will be and will not be included in the labels of the subfiles in these sets.
We should prove the fact

Wis(i) N Ws(i + 1) = 0, (16a)
Wi(D) "N Wy(i+1) =0, (16b)
W4(i + 1) n Wg(i — 1) =0, (160)

The label of subfile in W3(7) must contains i, and the label of subfile in
Ws(i 4+ 1) must not contains 4, therefore we have (16a). The label of subfile in
Ws5(4) must contains ¢, and the label of subfile in Wy4(i + 1) must not contains ¢,
therefore we have (16b). The label of subfile in W3(i — 1) must contains ¢, and
the label of subfile in Wy (i + 1) must not contains ¢, therefore we have (16¢).
Besides, althrough Wy (i + 1) N Wy (i — 1) # 0, user 4 can first recover Wy (i — 1)
then it can access all subfiles in Wy(i + 1).

For user 1, it does not have the access of Wy(2) because user 0 does not exist.
For user K, it does not have the access of Ws(K) because user K + 1 does not
exist. We send

X = W4(2)d1 D W3(K)d1<

to user 1 and K in delivery phase, with some reordering of the subfiles.
User 1 can access W5(K )y, in its own cache so it can solve Wy(2)4,. User K
can access Wy (2)q, except the subfiles in

Ws = Wi(2)ax N Wa(K)a, = Way (2. k-2,K}ux

where X € ([K]\{K—Q,tfi'gl,K,l,Q,:s}).
Let
Wo = Wy, (1,2, K 0x
, note that Wy C W5(K)4,. . Here Wy contains the subfiles coded with the subfiles
in Wy stored in the cache of user K. When constructing message X, we should
aviod the subfiles in W5 @ Wy appear in X by reordering the subfiles in W4 (2)4,
and Ws(K)g,, to make sure that user K can solve Wy, then solve Ws.

We should prove that the number of subfiles in Wy does not exceed half of
the number of subfiles in W5(K)q,, i.e.

K—6 K—-4
< 2 1
(=)= ()
where 0 < t < K, ¢t and K are integer. Expand (17) we have

K? - 5K +2t* - 2Kt +12>0 (18)

t g(K,t) be the left-hand side of (18), g(K,t) reaches its minimum value at
= 5,t = 2.5. It can be easily proved that g(K,¢) > 0 when 4 < K < 6,2 <
4. Therefore we have (17) proved.

Le
K
t
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A.3 Proof of the Independence of Step 1 and Step 2

In the last part of the proof, we show that we modify the different subfiles in
Step 1 and Step 2. We proof the fact

Wi (i) N Wa(i) = 0, (192)
Wi (i) N Wa(i) = 0, (19b)
Wa(i) N Wa(i) = 0, (19¢)
Wa(i) N Wa(i) = 0, (19d)

The users will be and will not be included in the labels of the subfiles in
these sets are shown in Table 5 and Table 7. The label of subfile in W7 (i) must
contains i — 2, and the label of subfile in W5(4) must not contains i — 2, therefore
we have (19a). The label of subfile in W (i) must contains ¢ + 1, and the label
of subfile in W, (¢) must not contains ¢ + 1, therefore we have (19b). The label
of subfile in W5(i) must contains i — 2, and the label of subfile in W3(i) must
not contains i — 2, therefore we have (19¢). The label of subfile in W5(4) must
contains ¢ — 1, and the label of subfile in W, () must not contains 7 — 1, therefore
we have (19d).

B Proof of the Lower Bound

Let s € {1,...,min{N, K'}} and select arbitrary s users, called Us. Let L(U;) be
the caches that users in Us can access and L(Us) = |L(Us)], i.e. the number of
the caches that users in Us can access, we have

L(Us) > s+ 1. (20)

Note that L(U;) = s + 1 only when Us = [s] or Us = [K]\[K — s]|. For any other
case, L(Us) > s+ 1.

For the users in U, there exist a user demand and a corresponding input to
the shared link, say X7, such that X; and £(U) determine the file Wy, ..., Wi.
Similarly, there exist a user demand and a corresponding input to the shared
link, say Xs, such that X5 and £(Us) determine the file W1, ..., Wa,. Continue
in the same manner selecting X3, ..., X|n/s|, we have X1,..., X | /s and L(U)
determine the files W1, ..., Wy N/

Consider the cut separating X1,..., X|n/s and L(Us) from the correspond-
ing users. By the cut-set bound,

|N/s|R(M) + L(U)M > s|N/s|.

Solving for R and optimizing over all possible s and U, we have (14) proofed.
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