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Abstract—Coded caching is an effective technique to reduce the
data transmission load by exploiting the cache contents across the
network. However, most coded caching schemes are designed for
static networks that consist of only a placement phase and a
delivery phase among a constant number of users. In practice,
a network maybe dynamic with multiple rounds of placement
and delivery phases, and the number of users may vary. In
such dynamic networks, a conventional coded caching scheme
may lead to the undesired content updates at the users’ cache,
which is caused by the newly joining users. This paper proposes
a centralized coded caching scheme for dynamic networks that
can support multiple rounds and accommodate the newly joining
users during this process. It prevents cache contents of the existing
users from being updated. It is shown that the proposed scheme
can yield a reduced subpacketization level and achieve a good
rate-memory tradeoff.

Index Terms—Coded caching, dynamic networks, subpacketi-
zation level

I. INTRODUCTION

The dramatic increase in the use of smart devices leads to
an unprecedented growth in internet traffic. This generates a
tremendous burden on smoothing the data transmission over
the network, especially during the peak hours. Coded caching
has been introduced as an effective technique to alleviate the
network pressure by exploiting the network cache contents.
The original coded caching network [1] consists of a central
server which has access to a library of IV files of the same
size. It provides service to K users over an error free shared
link. Each user has a cache memory with a size of M files.
A coded caching scheme normally consists of two phases,
the placement phase and the delivery phase. In the placement
phase, the server sends the properly designed contents to each
user’s cache without any knowledge of the later demands.
In the delivery phase, the server is informed with the users’
demands. It broadcasts the coded packets to the users so that
each user can reconstruct its desired file with the assistance of
their own cached contents. The worst case broadcasting load
normalized by the size of file is defined as the transmission
rate R, i.e., the minimum number of files that must be
communicated so that any possible demands can be satisfied.

Maddah-Ali and Niesen [1] have proposed a coded caching
scheme that is realized by the combinatorial uncoded cache
placement phase and the network coded delivery phase, which
is referred as the MN scheme. It achieves an optimal trans-
mission rate under the constraints of uncoded placement and
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K < N [2]. Following the seminal work of [1], many later
researches have focused on improving the transmission rate
and the subpacketization level. E.g., if a file is requested by
several users, the delivery phase design for improving the
transmission rate of the MN scheme has been studied in
[3]. The theoretical lower bounds on the transmission rate
have been derived in [4], [5], which also characterize the
optimal performance of a coded caching network. Moreover,
generalizations of the MN scheme to other networks have been
examined in [6]-[8]. The above mentioned schemes yield a
subpacketization level (i.e., the number of smaller parts each
file should be split into) that grows exponentially with the
number of users, which makes them impractical for large
networks. This problem has been addressed by several work
using methodologies of placement delivery array (PDA) [9]-
[14], projective geometry [15] and Ruzsa-Szemerédi graphs
[16], respectively. However, they usually trade it with the
transmission rate. Overall, it is still challenging to design a
coded caching scheme that can achieve a good rate-memory
tradeoff at a low subpacketization level.

Note that most existing work only considers the coded
caching design for static networks that consist of only a
placement phase and a delivery phase. In practice, the coded
caching network would need to support multiple rounds of
placement and delivery phases, during which the new users
may join the network and the server does not have prior
knowledge of the new users in the forthcoming rounds. In
such dynamic networks, a conventional coded caching scheme
may lead to the network with frequent updates at the users’
cache contents, which is caused by the newly joining users.
This may result in a waste of network resource for storage,
especially in the case of few newly joining users. Therefore,
it is important to design a coded caching scheme for dynamic
networks that can not only yield a large coding gain but also
require the minimal cache content updates. Intuitively, more
users joining the network will lead to a greater coding gain.
This implies that the existing users and the new users should
be jointly considered in the design.

This paper proposes a novel cache placement and content
delivery design for dynamic networks based on the combinato-
rial approach. In order to avoid resource consumption caused
by the unnecessary cache content updates, a concatenating
method is introduced in the placement phase to enable the
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cache contents of the existing users remain unchanged. Based
on the placement contents, the coded messages can be designed
to generate more multicast opportunities between the existing
users and the new users. Our analysis shows that the proposed
coded caching scheme can yield a smaller subpacketization
level with a similar transmission rate over the existing scheme
of [17]. It also generalizes the network model of [17], making
it suited to the scenarios that can support more rounds.

II. NETWORK MODEL AND PROBLEM FORMULATION

This section presents the dynamic coded caching model and
its problem formulation. First, we introduce the key notations.

Notations: Let calligraphic symbols and bolded lower-case
letters denote sets and vectors, respectively. Symbol & denotes
the exclusive-or (XOR) operation. Let Z, denote the ring of
integers modulo ¢, and the Z;‘ further denote a set of vectors
with elements obtained by the n-fold Cartesian product of Z,,
ie., ZZ = {X = (Io, T1,y..- ,xn_l) ‘ (.1‘0,.131, . ,an_l) S
Zig X Lg% -+ x Lg}. We use | - | to denote the cardinality of
a set. Let NT denote the set of positive integers. The set of
consecutive integers is denoted as [z : y] = {z,z + 1,...,y}.
For a length-m vector a, let a|; denote the ith element of a,
where i € [0 : m — 1]. Finally, the vectors in examples are
written as strings, e.g., (1, 1, 1, 1) is written as 1111.

N files Server

Shared link

W28.8 .88 0

K, new users

JoYolye)

Round 0: K users

K, new users

Round 1: K,+K, users

- Round /-1: K, +K;+- - -

Flg 1: A (Ko,Kh. .. ,Klfl;Mo,Ml,. .
ed caching network.

+K|.; users

., M;_1; N) dynamic cod-

Based on the MN coded caching network, we consider
a network model that contains [ rounds, where each round
consists of a placement phase and a delivery phase. It is
illustrated as in Fig. 1. A server containing N files of the
same size is connected to ZLO K; users through an error free
shared link at round j, where >/ K; < Nand j € [0:[—1].
The N files are denoted as W = {Wy, Wh,...,Wxn_1}.
Let Ko denote the set of initial users in the network, and
IC; further denote the set of new users at round j, where
j € [1 : I —1]. Each user in K; is equipped with a
dedicated cache with a size of M files, where |KC;| = K; and
M; < N. Note that the cache sizes My, My, ..., M;_q are
not necessary to be the same. For clarity, this model is referred
as (Ko, K1,...,K;_1; My, My, ..., M;_1; N) dynamic coded
caching network. It characterizes the dynamic networks at
any round j, during which K; new users join the network
and a new coded caching of the existing 27_1 K users is

i=0
performed. Therefore, if K1 = Ky = -+ = K;—1 = 0, the
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dynamic coded caching network dissolves into a static network
of Ky users.

It is assumed that in the current round, there is no prior
knowledge of the forthcoming users. That says information of
the number of new users and their cache sizes are not available.
Moreover, the existing users are assumed to be stationary.
They will be involved in the next round with the same
placement strategy. This enables their cache contents remain
unchanged in the forthcoming rounds. Hence, at the current
round, the placement phase should be further partitioned into
two subphases, one for the existing users and the other for
new users. Since the cache contents remain unchanged for the
existing users, the server would need to further partition the
packets that are utilized by the existing users, and design the
cache placement for the new users. Therefore, the challenge
lies in how to design the cache placement for the new users
and the multicast messages to ensure a small transmission rate.

III. DYNAMIC CODED CACHING SCHEME

This section introduces the dynamic coded caching scheme
that can support multiple rounds with new users joining the
network gradually.

A. Design Motivation

Given a (Ko, Kl, ey Kl—l; Mo, Ml, ceey Ml—l; N) dy-
namic network, a trivial way of realizing it at round j is to
implement a (K;; M;; N) coded caching scheme for the users
of K; separately, where ¢ € [0 : j]. This is illustrated by the
following example, namely as the grouping scheme.

Example 1 (Grouping Scheme). Consider a (Ko, K1; M,
M;i; N) dynamic coded caching network within two rounds,
where Ko = {0,1,2,3}, K1 = {4,5}, My = M; =3and N =
6. Atround 1, the users in Ky and K; perform the (Ky; My; N)
and (K7; My; N) coded caching schemes, respectively.

e Placement Phase: The users in Ky perform a (4;3;6)
coded caching scheme. Each file in the server is di-
vided into four packets of the same size, ie., W, =
{Wh0s W1, Wiy 2, Wy, 3}, where n € [0 : 5]. The contents
cached by each user in Oy are 2y = {W,,0,Wpn1}, 21 =
{Wn,Qa Wn,?)}, Zy = {Wn,OaWn,Z} and Z3 = {W7L,17Wn,3}7
where n € [0 : 5]. Similarly, two new users in K; perform
another (2;3;6) coded caching scheme. Each file in the server
is divided into two packets of the same size, ie., W, =
{W}, 0- W}, 1}, where n € [0 : 5]. Each user in Ky caches the
following packets, Z; = {W} o} and Z5 = {W] ;}, where
n € [0:5].

e Delivery Phase: Let us assume that users 0, 1, 2, 3, 4
and 5 request files Wy, Wy, Wy, W3, W4 and Wi, respectively.
The messages sent by the server are composed of two parts.
The first part is W072 D Wgﬁl, WI,O D W2,3, WO,3 D W370 and
W1 1@ W3 o, which is generated by the (4; 3;6) coded caching
scheme. The second part that is generated by the (2;3;6)
coded caching scheme would be W ; @& WY . Each user can
then reconstruct its desired file and the transmission rate is
R(4;3;6) + R(2;3;6) =1+ 1 = 3.
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From Example 1, it can be seen that the cache contents of
users in Ky do not need to be updated. However, the multicast
opportunities between the users in Ky and /C; will be lost. This
results in a larger transmission rate. In order to create more
multicast opportunities among all the users in each round, the
existing users and the new users should be jointly considered
in the design of content delivery.

B. New Design

Unlike the grouping method, our new design is to concate-
nate the cache placement of the existing users and the new
users so that the coding gains can be enlarged. This is realized
through the combinatorial design of the placement and delivery
phases. We first introduce details of the combinatorial cache
placement and the content delivery design as the follows.

1) Placement Phase: We focus on the cache placement for

the (KO7K1a-~-7Kl—1;MOaM1;---aMl—l;N) dynamic cod-
ed caching network at round j, where j € [0 : [ — 1]
and | € NT. Let K; = m;p; and M; = 22, where

m;,p; and z; are positive integers such that p; > z; >
po—1 _ p1—1 _ _ pj—1 :
1 and [Bo=-| = [D=—] = = LTLZJ.J for i €

[0 : j]. For clarity, the users in K; are denoted as K;
{(i, 9:,vi) | (giyv;) €0 :m; — 1] x [0: p; — 1]}. Each file in
the server is partitioned into apg®py™ - - p;”j packets of the
same size, i.e.,

Wy

3 85) € Lpl® X Lyt X -
xZ;’;j,ﬁE[O:a—l]},
po—1 p1—1

where n € [0: N —1] and o = [ B— | = | 22— |

1 Lo . Po—=%o0 . ';Dl 21
sz?fzjj This implies that the subpacketization level of the
-p;”j. The contents

scheme at round j is F; = ap;“p" --
cached by user (4, g;,v;) are denoted as

Ziisgi) ={ Widnan.a; | (80,81, ,85) € 10 x 2
]-a"';vi_(zi_l)}v

BE[O:oz—l],ne[():N—l]}7

(D

where (i,g;,v;) € K; and the computations are performed

under modulo p;. Therefore, each user in /C; caches a total of

NF;z; . . NF;z;

—2=% packets, which requires a cache memory of —2= =

M/Fj packets. Moreover, with this concatenating placément

strategy, it can be seen that the contents cached by the users
in round j — 1 do not need to be updated at round j.

2) Delivery Phase: The content delivery at round j can be
further described. Suppose that user (i, g;,v;) € K; requests
file Wy, ., fori € [0: j], where d(; g, .,y € [0,N —1].
Define a mapping ¢; from Z;10 x Zj* X - -+ X Z;Z’ x K x [0
o — 1] 10 ZI0 X Zit x -+ X Lp? X [0:p; — 2z — 1] as

e X Z;Zj,a”gi e {2)7;71)1' —

¢i(a()7alw"7aj7ivgivvi75) = (a()aalv"'7ai71aai,07ai,17
"'aai7gi—1avi7ﬂ(pi*Zi)7ai,g,;+1--~;ai,m,;—17
Ai1,...,85,|g, — Vi — 1),

2)
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where a;|g, ¢ {vi,v; —1,...,v; — (2; — 1)}. Based on (2),
for each b € B = Z7"0 x Z7" X -+ X Zp? x [0 : max{py —
20— 1,p1 —2z1 —1,...,p; — z; — 1}], the server broadcasts
the following coded packet to all the users at round j.

)]

@ A(i,g;,0;)580,815-.,8;5° )
¢i(ag,a1,...,a5,4,9;,v;,3)=b,€[0:a—1],
1 " mo;
(ap,a1 7...,aj)EZ;)nO xZZ”l Xoee ><Z,,]:7 s
(9i,v4)€[0:m; —1]x [0:p; —1],5€[0:5]
. m m m 4
Since [B| = pg"°py*t -+ - p; ’ max{po—zo0,p1—21,- .-, Pj =2}

the total number of packets sent over the shared link is R;F; =
mo, M1 m;
po Pyt e ep; max{po — 20,p1 — 21, -+, Dj — Zj}-
The following example illustrates the above two phases.

Example 2. Consider the same dynamic network as in
Example 1, ie., po = p1 = 2, 20 = z1 = 1, mg = 2 and
mj = 1. Based on the above placement and delivery design,
at round 1, the network performs two phases as the follows.

e Placement Phase: Each packet W£?20 used at round O is
further partitioned into two packets, i.e.,

Wn - {WT(L(,)I:ZO | A € Zg} = {WT(L?H)O,al | (30731) € Zg}
(0) (0) (0) (0) (0) (0)
= {Wn,00,07 Wn,OO,l’ Wn,01,0a Wn,m,u Wn,10,0v Wn,lO,l?
0 0
Wv(L,l)l,Ov WT(L,l)l,l}’

where n € [0 : 5]. Based on (1), the contents cached by the
users of Ky = {000,001,010,011} remain the same as before,

i.e.,
0
Zoo1 = {Wrs,l)o,m Wv(z,l)o,l’ }’
Zo10 = { “ “ } ’

,00,00 ,00,1
_ (0) (0) (0) (0)
Zon = {Wn,()l,()7 Wn,Ol,len,u,m Wn,11,1 )

0 0 0 0
Zo00 = {W’r(L,0>0,O’ W’rg,())o,h WT(L,(%I,O’ WTS,())I,I

0
Wl o Withs

(0) (0)
10,0 ,10,1

W,

n

w

n

|14

ni

w

n

where n € [0 : 5]. The contents cached by two new users in
K1 = {100,101} are

0 0 0 0
Z100 = {Wé,go,o» Wr(L,gLOv W?E,l)(),()’ Wr(L,1)1,0}v

0 0
Zio1 = {W7570)0,17WT(L,81,17 W7(171)0717WT(L,1)1,1} )

where again n € [0 : 5].
e Delivery Phase: Let us assume that users 000,001,010,

011,100 and 101 request files Wy, Wy, Wa, W3, W, and Wi,
respectively. Based on (3), the messages sent by the server are

0 0 0 0 0 0
W(§,1)0,0 @ Wz(,o)Lo D W4(,0)0,1a I/V(g.,1)0,1 D W2(,())1,1 @ Wé,o)o,m

0 0 0 0 0 0
Wo(,l)l,o D W?E,o)o.,o D W4(,0)1,1a W(g.,l)l,l D W?E,())O,l D WEE,O)l,Ov

0 0 0 0 0 0
Wl(,())O,O & W2(,1)1,0 & W4(,1)0,1’ Wl(,())O,l & W2(,1)1,1 & W5(,1)0,07

0 0 0 0 0 0
Wl(,())l,() D Ws(,l)o.,o D W4(,1)1,1a Wl(,())l,l D Ws(,l)o,l D W5(,1)1,0~

Each user can then reconstruct its desired file. E.g., user 000
requires Wy and it has cached W(S,Oo)o,m Wéﬂ}oyl,wgf&,o and
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0 0 0 0
Wé 0)1 1- It can obtain Wo 10,0> Wo( 1)0 1’W(§,1)1,0 and Wo( 1)1 1

with the following received coded packets
Wito0 & With.o ® Wilgo,1, Wollon © Wigia & Walgo
W0(01)1 0o® W?Ef)o)o,o @ W4(%)1 15 W0(01)1 1P W?E,%)m ® WEE,OO)LO?
Wi Wagi Wasno Wagoo Wit
Wg(yoo)o_’1 and W5,01.,0 have been cached. Hence, the transmission

rate is R(4,2;3,3;6) = § = 1, which is smaller than that of
% in Example 1.

0
where WQ( 0)1 O,

IV. PERFORMANCE CHARACTERIZATION

This section further analyses performance of the proposed
dynamic coded caching scheme.

A. The Main Result

The following Theorem 1 characterizes the proposed dynam-
ic coded caching scheme. Due to the space limit, its detailed
proof is omitted.

Theorem 1. Given any p;,z;,m;,l € NT with p; >

z > 1 and L%J = L%J - ... =
1 Po ZO’ P1—=21 .

;5] = afor i € [0 [ — 1], there exists

a (Ko, Ky,...,K;_1; My, Mq,...,M;_1; N) dynamic coded

Nz At round

Pi—%}

caching scheme with K; = m;p; and M; =

i
_ max{po— ZOJ)I 21,

J, the transmission rate of R;
can be achleved with a subpacketlzatlon level of F; =
apgpi™ , where j € [0:1—1].

It should be pointed out that the proposed combinatorial
construction approach is also applicable to any positive integers
p; and z;, where p; > z; > 1. In particular, when parameters
p; and z; satisfy the constraint of Theorem I, the proposed
construction can achieve a better subpacketization level.

B. Performance Analysis

We further compare our proposed scheme with the scheme
of [17] and the MN grouping scheme (i.e., the MN scheme
with grouping). Note that the scheme of [17] can support for
two rounds with order optimal transmission rate. Its features
are further characterized in the following lemma.

Lemma 2 [17]. Given any K;, M;, N € NT with M; < N
and t; = 204 € [1: K; — 1], where i € [0 : 1], there exists a
(Ko, K1; My, My; N) dynamic coded caching scheme with a
transmission rate of

(Ko—to)(tot1+to+1) PR
R’ {(KO té)Ot)l((;Ofi_}_)fo_i_l) -+ tl(%o—l-i)’lf My < Ml,
1—11 b+t Koy )
ot 1wy if Mo > My,
and a subpacketization level of F| = tot1( )(It{f) at round

1.

Given any p;,z;,m; € N* and [ = 2 with Lﬁj =
| 2= lej, 20 > 2 and z; < p; for i € [0 : 1], the round
1 subpacketization level and transmission rate of the scheme
in Theorem 1 can be written as

max{po — 20,p1 — 21}

mo ., m
FlzapoopllaR].: o B

where o = | 20=L | — | 22=L | Fuyrther by letting K; = m;p;

M Po—%20 pP1—z1
and = ;l in Lemma 2, the subpacketization level and

transm1ss1on rate of the scheme in Lemma 2 can be written as

r_ Mopo \ [ ™M1P1
F} = momiz921 ,
mozo miz

(p1 — z1)(momy 2021 +myz1 + 1)
mopzoz1 (m121 + 1)

Based on Stirling’s Formula m! = 27m(2)™ (m — o),
with mg, m; — oo, we have

/ mopPo mip1
Fl =momizoz1
™mopZzo miz1

Do mo
~ Mym1 202 Po Po
00~ 2mzomo(po — z0) \ 25" (po — #o)Po—?0

D1 p’fl "
2mzima(pr — z1) \ 271 (p1 — 21)Pr—#1 '

Hence, the subpacketization level ratio between the schemes
in Theorem I and Lemma 2 can be written as

Po — 2o

R} < :
1= zo(mlzl —|— 1)

Iy
Fy

Po

[ 2mzomo(po — 20) ( po >m0
Po P025° (po — 2o)Po 30

o 2mz1ma(p1 — 21) ( it >_m1
mymy 2021 D1 p127t (p1 — z1)Pr =

4
Note that for ¢ € [0 : 1], based on the binomial expansion, we
have

; . Pi i— i
Py = (pi — 2)" + <1z>(79i —2)P a2

> _ ZZ)PL zi+1 21—1 4 <pz) (pz_ _ Zi)pi_zizfi

z;
<Z1 + 1)

> pi — 2)PTT 2+ (pl> (pi —z)P" 2

z;
_ 2
+
< Di — Zi + 1 Zi + 1>
> 2(}%‘) (pi — zi)Pi 72
2

Substituting (5) into (4) yields
B \/27720mo(po — %) \/%zlml(m —21)

f{ o Po p1

—mo —m1
o 2(%) 2(%)
momizozi Po p1
—mo
_ o 2rz0(po — 20) |2mz1(p1 — 21) 2(28)
2021 mopo mip1 Po

() T —

b1

Zi)m zi 1fo,+

(.
o

&)
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where 1 > 2. Meanwhile, without loss of generality, it is
assumed that pg — 29 < p1 — z1. The transmission rate ratio
between the schemes in Lemma 2 and Theorem 1 is

By <a(mlzl(mozo+1)+1 Po — 20 )
Ry — mozozl(mlzl + 1) zo(mlzl + 1)(}91 — 2’1)
«
~ Z’

where mg, mp — oo.

80
—e—Scheme in Theorem 1
——Scheme in [17]
70t —+—MN grouping scheme
60 -
Ry
oo 50
2
40+
301
20 - - - -
0 20 40 60 80 100

M,
Fig. 2: Subpacketization level comparison, where Ko = K; =
48, Mo =12 and N = 96.

35

—e— Scheme in Theorem 1
——Scheme in [17]
—*—MN grouping scheme

30 [

251

20 40 60 80 100|

0 20 40 60 80
M,

100

Fig. 3: Transmission rate comparison, where Ko = K1 = 48, My =
12 and N = 96.

The above analysis shows that when the parameters
Do, P1, 20 and z; are fixed and mg, m; — oo, our proposed
scheme is able to substantially reduce the subpacketization
level of the scheme in [17] when the network operates
within two rounds. Meanwhile, the transmission rate of the
proposed scheme is at least 2= of that of the scheme in
[17]. In the following we numerically compare performance
of the schemes in Theorem I, [17] and the MN grouping
scheme. Let pg = 8, mg = 6,20 = 21 = 1 and (mq,p1) €
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{(2,24), (3,16), (4,12), (6,8), (8,6), (12,4), (16,3), (24,2)}
for the proposed scheme; Let Ky = K; = 48,1y = 6 and
t; € [1 : 47] for the scheme of [17] and the MN grouping
scheme. Figs. 2 and 3 compare the subpacketization level
F and transmission rate R of the three schemes. For the
subpacketization level of the MN grouping scheme, we choose
a larger one in the two groups as a comparison benchmark. It
can be seen that with a similar transmission rate, our proposed
scheme yields a far smaller subpacketization level than that
of [17]. When comparing with the MN grouping scheme, our
proposed scheme yields a smaller transmission rate, but at the
cost of a slightly increased subpacketization level. Meanwhile,
for some cache sizes that are greater than 37, our proposed
scheme has advantages in both the subpacketization level and
the transmission rate.

V. CONCLUSION

This paper has proposed the design of coded caching for
dynamic networks that can support multiple rounds with new
users joining in each round. In order to minimize the cache
content updates in the placement phase and the amount of
transmissions in the delivery phase, a new dynamic coded
caching scheme has been proposed through the combinatorial
design. Our analytical and numerical results have both shown
that the proposed scheme yields a reduced subpacketization
level and achieves a good rate-memory tradeoff.
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