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Abstract—Caching popular contents at the base station (BS)
in maritime Internet of Things (IoT) networks makes sensor
nodes be free from frequently responding to user requests, which
can remarkably save the energy consumption of sensor nodes.
However, to ensure the freshness of contents, cached contents
need to be updated periodically. Frequent content updating can
minimize the age of information (Aol) of contents while increase
the energy consumption of sensor nodes. To make a better tradeoff
between the Aol and energy consumption, in this paper, both
the cache placement and content updating interval are jointly
optimized to minimize the weighted sum of Aol of contents and
energy consumption of sensor nodes. As the formulated problem
is a mixed integer nonlinear programming problem, the cache
placement and the content updating interval are alternatively
optimized. For the cache placement problem, a local optimal
solution is achieved via the binary constraint reformulation
and successive convex approximation. For the content updating
problem, the optimal solution with semi-closed form is derived.
Simulation results show that our proposed algorithm outperforms
other benchmarks in terms of the weighted sum of Aol and energy
consumption.

Index Terms—Aol, content caching and updating, energy
consumption.

I. INTRODUCTION

By enabling massive sensor nodes to sense and interact with
physical real world without human intervention, Internet of
Things (IoT) has the potential to be widely used in smart cities,
such as intelligent traffic surveillance, intelligent vehicular
communication networks, smart home systems and so on.
Except for the land mobile communications, IoT can also been
widely used in maritime communication networks to monitor
the marine ecological environment for the human activities
and resource explorations in the ocean. Specific applications
range from the surveillance of temperature and salinity of the
sea to the development surveillance of inshore fishery and
aquaculture industries. Along with the widespread proliferation
of IoT applications, a large amount of data needs to be
transmitted from sensor nodes to users, which significantly
increases the energy consumption of low-power sensor nodes
and consumes huge wireless communication resources.

To tackle this issue, caching frequently requested contents
generated by sensor nodes at the base station (BS) (i.e., IoT
gateway) can be regarded as a potential technology [1]-[3].

978-1-6654-3540-6/22 © 2022 IEEE

With the popular contents caching, users can directly fetch their
requested contents from the BS, which can avoid frequently
awaking sensor nodes and remarkably reduce the energy
consumption. Furthermore, as contents are brought closer to
users, the content delivery delay can also be reduced [4], [5].
To investigate which contents to be cached at BS, a body of
works regarding the IoT caching have been done. In [6], the
content popularity in IoT caching networks is predicted via the
deep neural networks. Then, with the given content popularity,
the cache placement problems are respectively investigated
to minimize the power consumption of sensor nodes [7] and
reduce the transmission delay [8].

Different from traditional multimedia contents (e.g., video)
with static version, contents generated by sensor nodes are gen-
erally transient. In specific, the contents usually have limited
lifetime and will dynamically change with time and environ-
ment. To characterize the freshness of contents, the concept
of age of information (Aol) is proposed, which is defined as
the time elapsed since the generation of the current version
of contents [9], [10]. Since then, IoT caching considering the
content freshness has caught significant attention. In [11], the
long-term cache placement design in IoT networks is studied
via the deep reinforcement learning to minimize the network
cost caused by data freshness loss and data communications.
Besides the cache placement problem, the optimal content
refresh probability is derived in [12] and the content updating
scheme is proposed in [13]. In these works about content
updating, all contents are assumed to be cached at BS, which
is impractical for the scenario with limited cache capacity in
BS.

In contrast to previous works separately considering the
cache placement and the content updating, this paper investi-
gates the joint cache placement and content updating (JCPCU)
problem in maritime IoT caching networks. In particular, in the
considered IoT caching networks, user requests are directly
served by BS if the corresponding contents are cached in BS.
This can reduce the energy consumption of sensor nodes while
increase the Aol of cached contents. To make a better tradeoff
between the Aol and energy consumption, the cache placement
and content updating are jointly designed to minimize the
weighted sum of Aol and energy consumption of sensor nodes,
considering the content refresh frequency constraint and the
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Fig. 1. Maritime ToT caching networks.

cache capacity constraint. To solved this formulated mixed
integer nonlinear programming (MINLP) problem, the cache
placement and the content updating interval are alternatively
optimized. A local optimal cache placement algorithm via the
successive convex approximation (SCA) and a semi-closed
optimal content updating interval are respectively designed.
Simulation results show the effectiveness of our proposed
JCPCU algorithm.

The remainder of the paper is organized as follows. Section
II provides the system model and problem formulation. Section
IIT proposes the JCPCU algorithm. Section V presents the
simulation results and Section VI concludes this paper.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this paper, we consider the IoT caching in inshore
communication networks consisting of one shore BS and N
different sensor nodes, as illustrated in Fig. 1. These sen-
sor nodes are deployed offshore within the coverage of BS
to monitor the Marine ecological environment, such as the
temperature and the salinity of the sea, the development of
inshore fishery and aquaculture industries and so on. Users
interested with monitored contents are submitting their requests
randomly. When user request arrives, the contents are sent
to the corresponding user immediately. To avoid frequently
awaking the sensor nodes and reduce the energy consump-
tion, popular contents can be cached by the BS and directly
transmitted from the BS to the requested users. In addition, to
guarantee the freshness of the information received by users,
contents cached by the BS are updated periodically.

The total user requests in this paper are modeled as Poisson
process with intensity A. Denote by p, the user request
probability of content n generated by sensor node n, where
22;1 pn = 1. Then, the user requests for content 7 follow
Poisson process with intensity A\, = p,, A. For the cache place-
ment, let © = [r1,22,..., 2] represent the cache placement
vector in BS, where x,, € {0,1},¥n is the binary cache
placement indicator of content n. If content n is cached by BS,
z, = 1; otherwise, z,, = 0. Denote by S the cache capacity

of BS and s,, the size of content n, ZN SnTy < S should

n=1 —=
be satisfied due to the limited cache capacity.

A. Aol of Contents

Aol is proposed as a metric to characterize the content
freshness and defined as the time elapsed since the generation
of the current version of contents. In this paper, the Aol of a
content depends on the cache placement at BS. Let A® and
A? respectively denote the Aol expressions of cached content
n and uncached content n, the average Aol of contents in the
considered IoT caching networks is given as

A= ﬁ:pn (ang . mn)A;). )

n=1

1) Aol of Cached Contents: If content n is cached by BS, to
ensure the information freshness and reduce the Aol, content
n is periodically refreshed with the updating interval 7;,. In
this case, the Aol of content n consists of both the content
caching time 7S and content delivery delay T,;fn. The content
caching time is the time between the latest content updating
time and the arrival time of the user request.

To derive the caching time of content n, we first consider
the case that M user requests for content n arrive during the
content updating interval T},. Let the timeline start from the
latest content updating time. Denote ¢,,, as the arrival time of
m-~th user request for content n during 7;,. As user requests for
content n follow Poisson process with intensity \,,, ¢,, follows
uniform distribution within [0, 7},]. Hence, with the given M
user requests, the average conditional caching time of content
n is expressed as

M
. 1
E(T; | m=m) = E (M mZ:l tm‘M = M) =

where M represents the number of user requests for content
n during content updating interval 7},. Then, considering all
possible number of user requests, the average caching time of
content n is given as

T

5 @

Tn

Ti=) PM=METu-m) =5 O

M=0
This is due to the fact that ), _, P(M = M) = 1.

Then, we analyze the Aol caused by BS’s content delivery
in response to the user request. Denote by 7, the average
transmission rate from the BS to users. Assume that each
content size follows Poisson distribution with parameter 5,
where 5 is the average size of all contents. Accordingly,
the service rate of BS also follows Poisson distribution with
parameter up = 75/5. Meanwhile, the user requests for all
contents cached at the BS follow Poisson process with intensity
Ap, Where N\, = Zgzl AnTy. As a result, the BS’s content
delivery can be modeled as an M/M/1 queueing model with
arrival rate )\, and service rate ;. Hence, the average content
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delivery delay is expressed as

1
I — %)
o b — Ei‘:]:]_ )\nmn
Together with the caching time, the average Aol of content n
if cached by BS is represented as

AL =TS+ T, (5)
T, 1
=t (6)
2 = Yooy Antn

2) Aol of Uncached Contents: If content n is not cached
by BS, the content is directly transmitted from sensor node n
to the corresponding requested user. Denote by r; the average
transmission rate from sensor node n to users. Different from
BS’s content delivery process serving user requests for multiple
kinds of contents, sensor node n only handles the user requests
for content n. As the size of content n, s,, normally remains
unchanged, the service rate of sensor node n can be regarded as
deterministic, which is uf, = 2 /s,,. Besides, the user requests
for content n is Poisson process with intensity A,,. The delivery
model of sensor node n is modeled as an M/D/1 queueing
model. As such, the average Aol (i.e., delay) of uncached
content n is expressed as

An 1
=/~ +
245, (115, — An)

B. Energy Consumption of Sensor Nodes

n (N

—.
15,

If cached by BS, content n is sent from sensor 7 to BS at a
frequency 1/7,, to refresh the cached information. Denote by
€, the energy consumption of sensor node n when transmitting
one megabit of content n. Then, the energy consumption for
updating content n in unit time is expressed as

Ly = (®)

T—s”en .
n

For the case that content n is not cached by BS, the energy
consumption in unit time is given as

S
E; = A\pspen.

€))

Combining these two cases, the average energy consumption
in the considered scenario is thus expressed as

N
N Z % Z AnSn€n(l — )
n=1

= == Z Sp€n ( Ty + )\n( xn)) .

n=1
It can be observed from (10) that, caching content n at BS if
TL < A, can consume less energy. That means, the content
updatlng frequency should be smaller than the user request
arrival rate. Otherwise, it is no need to cache the content from
the perspective of energy consumption.

Snen-rn

(10)

C. Problem Formulation

In the considered IoT caching networks, from the users’
perspective, the Aol of contents should be as small as possible

to ensure the information freshness. This would be achieved
by reducing the content updating interval for cached contents.
However, the frequent content refreshing would increase the
energy consumption of sensor nodes. To find a better tradeoff
between the Aol and the energy consumption, in this paper, the
cache placement and the content updating interval are jointly
optimized to minimize the weighted sum of Aol and energy
consumption of sensor nodes. Mathematically, the problem is
formulated as (P1)

T, 1
min T (l+— +(1-=2 A;)
z {Th} ;pn( " 2 My — Z’fj:l An.rn) ( n)
1 & 1
+w (ﬁ ;snen (T—xn (1 - xn))> (11a)
J\T
st Y wn <F (11b)
n—1 n
N
> s <8, (11¢)
n=1
N
D Mt < (11d)
=1
z, € {0,1},Vn, (11e)
T, > 0,Vn, (111)

where w > 0 is the weighting factor and F' is the maximal
allowable content refresh frequency. In problem P1, (11b) is
the content updating frequency constraint at BS and (11c¢) is the
cache capacity constraint at BS. Moreover, (11d) is to ensure
that the transmission system at BS is stable, i.e., the service rate
should be larger than the user request arrival rate. (11e) and
(11f) are respectively the binary cache placement constraint
and the positive content updating interval constraint.

It can be observed that problem P1 is a MINLP problem,
which is non-convex due to the binary cache placement indica-
tor x,, and the coupling of x,, and 7. In the following section,
we propose an alternative method to deal with this non-convex
problem.

III. JOINT CACHE PLACEMENT AND CONTENT UPDATING
DESIGN

In this section, an alternative algorithm is proposed to solve
problem P1. Specifically, the content updating interval 73, and
the cache placement z,, are alternatively optimized until the
algorithm converges.

A. The Content Updating Design

With the given cache placement indicator x, problem P1 is
reduced as

N
. bn)
P2: min andy +— | +c (12a)
(et
s. t. (11b) and (11f). (12b)
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Whﬁre an = ppTn/2, by = wsN,Lenx,,L/N and ¢ =
Z%zlpnfn/(,ub — Yo AnZn) + (1 — an)pn Al +
Yoy WAL (L — @y,)sp€,/N. It can be easily checked that

an > 0 and b, > 0. So problem P2 is a convex problem
and can be solved by CVX. To lower the complexity, a semi-
closed form optimal solution in this paper is derived with the
help of Karush-Kuhn-Tucker (KKT) conditions.

Proposition 1. Let « denote the lagrangian multiplier corre-
sponding to constraint (11b), the optimal solution to problem
P2 satisfies one of the following two conditions.

¢« a=0,T, =,/ andzn 1J,nT < F;

_ b +ax, 1
e >0, Tn— 1/—’T‘L and anlwnT—”

Proof. The lagrangian function of problem P2 is expressed

=F.

as
al b N op
L(Ty; o) = Z (anTn + T_:) +c+a (Z T—: —F>
n=1 n=1
(13)
Taking the derivative of £(T,,; a) with respect to 7;,, we have
OL(Ty; @) by  am,
Tﬂzun—T—g—T—g,Vn. (14)
By setting M = 0, we can derive that
b,
T, = M”—+’7vn’ (15)
a'IL
since 1), > 0.
Then, the KKT conditions of problem P2 are listed as
T, = o
an
N
Tnm < F
; T (16)
a >0,
N
_F|=

It can be observed from the KKT conditions that, when o« = 0,
T = Ef" If Zn 1 Tngr Tﬂ < F holds, all KKT conditions
are satlsﬁed So the optlmal solution to problem P2 is T;, =

22 Otherwise, the optimal solution is 7}, = /<% +b with
a > 0. In this case, to satisfy the complementary slackness

condition « (qu\;l ani - F ) = 0, we can conclude that

>N 7 = F. This completes the proof. m

Based on Proposition 1, problem P2 can be solved as
follows. Let T), = /2 tf“’
(11b) holds with a =
solutionis 7, =

and check that whether constraint
0. If the answer is yes, the optimal
%' Otherwise, find the optimal « satisfying

ZN 1 TnF T = F via the bisection method.

B. The Cache Placement Design

1) Problem Reformulation: With the given content updating
interval T,,, problem P1 is recasted as

N
Zn 1 PnTn

P3: min ——fp—— + dpx, +e (17a)
x Mo — Zn 1 Ann Z
s. t. (11b), (llc), (lld) and (11e). (17b)
where d,, = p,,(T”/Q AS) + wsne, (1/T, — \y)/N, e =
SN paAs + 3N wh,snen/N. Due to the fact that
A > W
o — ij:l AnTn Ay — 25:1 Anp)
1 1
= -, (198
Ay = Xna Antn) - A
problem P3 can be rewritten as
23 al 1
P4 :min + dpxy, +e— — (19a)
= Ay — 22;1 Ann) r;. A
s. t. (11b), (11c), (11d) and (11e). (19b)

It can be observed that problem P4 is a nonlinear integer
programming problem. Although all constraints of problem
P4 are integer linear forms, the objective function (19a) is
not additive with respect to x, due to the nonlinear term,
m Thus, the dynamic programming method
can not be adopted to solve this problem. In this paper, we
handle this problem from the perspective of convex optimiza-
tion theory.

Notice that problem P4 is a convex problem except for the
binary cache placement constraint. To remove the obstacle of
this binary variable, we first relax it as an equivalent continuous
form. Specifically, x,, € {0, 1} is equivalent to

0<z, <1,Vn,
al (20)

N
dow, - ) i <o
n=1 n=1
It is worth pointing out that the second expression in (20)
would enforce the continuous 7,, to be either O or 1. Then, by
introducing a positive penalty factor p and a non-negative slack
variable v [14], problem P4 can be solved via the following
problem P5.

N
. Iy _
P5: min — + dpnTy +pv  (2la)
zv Ay — 22;1 Ann) n;
s.t. 0<z2, <1,Vn, (21b)
Z T — Z 2 <, (21c)
(11b) (11c) and (11d), 21d)

where & is the continuous cache placement vector and pv is
the penalty term. If Z,, ¢ {0,1}, pv > 0. The minimization
of (21c) would lead to %, € {0,1}. Hence, problem PS5 is
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equivalent to problem P4 and problem P3.

2) SCA-Based Cache Placement Design: Note that problem
PS5 is a convex problem except for constraint (21c). To deal
with this challenge, the SCA method is used [15]. In particular,
we iteratively replace the non-convex part of a expression by
its first-order Tayor expansion. In constraint (21c), — Esz |72
is the non-convex part and its first-order Tayor expansion in
i + 1-th iteration is given as

22 <3 (50) 23 500 (550
—;xné—z (ifn) _2;‘% (m”_‘r” )

n=1
N N2 N .
=3 (59) —2Y a0z,
n=1 n=1
~(4)

where &, is the given value of Z,, obtained from ¢-th iteration.
Substituting (22) into constraint (21c), we can derive the
following conservative approximation.

N N N N 2
S a > (1-20) i, + 3 (#0) <.

n=1 n=1 n=1 n=1
(23)

Conscquently, in 4 + 1-th iteration, the formulated convex
problem is given as

(22)

N
. m N
PG : min — + ApTn + pv (24a)
20 Aty — Son_y Aniin) Z !
N N 2
sty (1 - 255,@) Y (:zﬁ?) < v, (24b)
n=1 n=1

(11b), (1lc), (11d) and (21b), (24¢)

which can be effectively solved by the CVX toolbox. By itera-
tively solving problem P6 until algorithm converges, problem
‘PS5 can be handled. Due to the conservative approximation
of (23) in each iteration, the achieved solution is feasible to
problem PS5 and the obtained objective value is an upper bound
of problem P5. Furthermore, the achieved solution can also
converge to the KKT point of problem PS5 according to [15].

C. Joint Cache Placement and Content Updating Algorithm

To summarize, problem P1 is effectively handled by alter-
natively optimizing the content updating interval and the cache
placement. The detailed algorithm is listed as Algorithm 1.

IV. SIMULATION RESULTS

In this section, simulation results are shown to verify the
effectiveness of the proposed algorithm. In the simulation, we
consider scenario where N = 100 sensor nodes are deployed
within the coverage of BS. As each sensor node generates
different content, the number of contents is also N = 100.
Each content size follows Poisson distribution with parameter
5 = 0.5 MB. The cache capacity of BS is S = 10 MB, which
can store about 20 contents. Furthermore, the file popularity

Un’ " where B

pp, follows Zipf distribution, i.e., p, = SN 7
represents the concentration of the file poﬁﬁfarity setting as

Algorithm 1 Joint Cache Placement and Content Updating
Algorithm

1: Initialize variable € = 1;
2: while The stopping criteria of outer loop is unsatisfied do

3 Set T, = /bnt0dn yp,

. N -
4 ifa=0and ), _; anin < F then
< b .
5: T, = Eﬁ’vn’
6: else

. . . . N ~ 1 .

7: Find optimal o satisfying >, 7,7 = F via the

bisection method;
8: end if
9: Initialize variable (» = & and penalty factor p;
10:  while The stopping criteria of inner loop is unsatisfied
do
11: Solve problem P6 via CVX to obtain z(n),
12: Setn:=n+1;
13:  end while
14: end while
15: return & and {7, }.

B = 1.2 in this paper. The total user requests follow Poisson
process and its arrival rate is A = 1000. Besides, the average
transmission rate of BS is r, = 350 Mb/s. The transmission
rate of sensor node n is generated from Poisson distribution
with parameter r; = 8 Mb/s. The energy consumption of
sensor nodes is set as ¢, = 0.1 (unit/Mb) and the weighting
factor is w = 1. In the simulation, the proposed Algorithm 1
is labeled as ‘Proposed JCPCU’. For comparison, three other
benchmarks are also simulated, i.e., ‘Greedy caching’, "Fixed
content updating (CU) caching’ and ‘Most popular caching’.
In the greedy caching, problem P3 is solved by choosing a
content providing the minimal objective value each time. In the
fixed CU caching, the cache placement problem P3 is directly
solved with fixed content updating interval 7,, = \/b,,/a,,, Vn.
In the most popular caching, the content is cached based on
the file popularity.

Fig. 2 shows the impact of the maximal content refresh fre-
quency on the weighted sum of Aol and energy consumption. It
can be seen from Fig. 2 that, with the increase of the maximal
content refresh frequency, the considered weighted sum of Aol
and energy consumption decreases and the network perfor-
mance improves. Furthermore, the proposed JCPCU algorithm
outperforms other benchmarks, which verifies the effectiveness
of the proposed JCPCU algorithm. Moreover, with the increase
of content refresh frequency, the performance gap between
JCPCU and fixed CU caching gradually becomes narrow. This
is because that, with larger content refresh frequency, the
content refresh frequency constraint no longer restricts the
network performance and the optimal solution to problem P2
is same with the fixed CU caching scheme.

To offer the tradeoff, Fig. 3 and Fig. 4 respectively show
the corresponding Aol and energy consumption. In Fig. 3 and
Fig. 4, with the increase of content refresh frequency, the
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Aol becomes higher while the energy consumption of sensor
nodes significantly reduced. The reason is that, larger content

between multiple BSs considering the content freshness will
be designed.
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