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Abstract—Mobile edge caching (MEC) has received much
attention as a promising technique to overcome the stringent
latency and data hungry requirements in future generation
wireless networks. Meanwhile, full-duplex (FD) transmission
can potentially double the spectral efficiency by allowing a
node to receive and transmit in the same time/frequency block
simultaneously. In this paper, we investigate the delivery time
performance of full-duplex enabled MEC (FD-MEC) systems, in
which the users are served by distributed edge nodes (ENs), which
operate in FD mode and are equipped with a limited storage
memory. Firstly, we analyse the FD-MEC with different levels
of cooperation among the ENs and take into account a realistic
model of self-interference cancellation. Secondly, we propose a
framework to minimize the system delivery time of FD-MEC
under both linear and optimal precoding designs. Thirdly, to
deal with the non-convexity of the formulated problems, two
iterative optimization algorithms are proposed based on the
inner approximation method, whose convergence is analytically
guaranteed. Finally, the effectiveness of the proposed designs are
demonstrated via extensive numerical results. It is shown that
the cooperative scheme mitigates inter-user and self interference
significantly better than the distributed scheme at an expense
of inter-EN cooperation. In addition, we show that minimum
mean square error (MMSE)-based precoding design achieves the
best performance-complexity trade-off, compared with the zero-
forcing and optimal designs.

Index terms— Edge caching, delivery time, full duplex,
optimization.

I. INTRODUCTION

Among potential enabling technologies to tackle with strin-
gent latency and data hungry requirements in future wireless
networks, mobile edge caching (MEC) has received much
attention. The basic premise of MEC is to bring the content
close to end users via distributed storages through out the
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network. Caching usually comprises a placement phase and
a delivery phase. In the former, which is implemented during
off-peak periods when the network resources are abundant,
popular content is prefetched in the distributed caches. The
latter usually occurs during peak-hours when the content
requests are revealed. If the requested content is available
in the edge node’s local storage, it can be served directly
without being sent from the core network. In this manner,
MEC enables significant reduction in transmission latency and
backhaul traffic thus mitigating network congestion [/1]]. Joint
design for content caching and physical layer transmission has
attracted much attention recently. The main idea is to take into
account the cached content at the edge nodes when designing
the signal transmission to reduce costs on both access and
backhaul links. Since some requested files are available in
the edge node’s cache, proper design is required for content
selection combined with broad/multi-cast transmission design
to improve the system performance, including energy effi-
ciency (EE) [2H4]], [6] and content delivery time [7-9]. The
role of caching in wireless device-to-device (D2D) networks is
analysed in [[10H12]]. The performance of cache-aided wireless
networks can be further improved by joint optimization of
caching along with routing and resource allocation [[13]. It is
worth noting that these works study the caching in the half-
duplex (HD) systems.

Meanwhile, full-duplex (FD) has shown great potential as
the transmission technique to overcome the spectral scarceness
in next generation wireless networks by allowing a node to
transmit and receive in the same time/frequency resource [14-
18]]. The foreseen benefit of FD is, however, not without
limitation. The major issue lies in the interference caused by
the FD transmissions. In fact, a few FD links might result
in continuous interference towards neighbouring nodes, in
addition to the self interference. Fortunately, thanks to recent
developments in the self-interference cancellation, FD can
potentially double the spectral efficiency compared with the
conventional HD counterpart [14]]. The employment of FD
systems with caching capability has the potential to further
improve the system performance.

A. Related works

Despite that cache-aided HD has been well studied in the
literature, the investigation on cache-aided FD systems is
limited. The authors in [22]] show that cache-aided FD small
cell networks can provide cache hit enhancements compared
with the HD system. In that work, by modelling the base
stations and users as a coupled Poison Point Process (PPP)



with the edge nodes, coverage probability and successful
delivery rates are analysed. The role of caching in FD D2D
networks is investigated in [19], [20] via stochastic geometry
analysis. By considering all possible operating modes of an
arbitrary device, the success probability is derived in [[19] as a
function of the caching capacity and interference distribution.
It is shown in [20] that allowing a hybrid deployment of FD
and HD modes can potentially further improve the coverage
probability in cluster-based FD networks. The authors of [21]
derive closed-form expression for the successful delivery prob-
ability of a cached-aided FD system by taking into account the
distribution of all wireless links. The worst case normalized
delivery time (NDT) in heterogeneous networks is studied
in [23] with FD relaying nodes. However, the results in
[23] are based on an optimistic assumption of perfect self-
interference cancellation. In practice, there always remains
residual interference after the self-interference cancellation
[24]], [25].

B. Our contributions

In this paper, we study the performance of FD-enabled
MEC (FD-MEC) systems, in which the users demand content
via distributed cache-assisted edge nodes (ENs). The ENs
operate in FD mode and connect to the core network via
wireless backhauls. Unlike previous works on cache-assisted
HD systems [3]], the FD transmissions can cause significant
self-interference, in addition to inter-user interference. Our
goal is to minimize the system delivery time via a joint design
of precoding vectors on both backhaul and access links, by
taking into consideration the cached content and interference
patterns. The contributions of this paper are as follows:

« Firstly, we investigate the delivery time performance of
FD-MEC systems by considering a realistic model of the
self-interference cancellation. Our work is fundamentally
different from [[19-22] in terms of performance metric
and analysis method. Compared with [23]], which under-
stands the cache-aided FD system from the information-
theoretic asymptotic aspect and relies on the perfect
assumption of self-interference cancellation, we consider
the practical interference cancellation model and focus on
precoding vectors design.

o Secondly, we analyse the system via two network archi-
tectures for different levels of cooperation among the
ENs, namely distributed and cooperative caching. For
each architecture, an optimization problem is formu-
lated that minimizes the system delivery time based on
both linear and optimal (non-linear) precoding designs.
The formulated problems optimize the precoding vectors
while minimizing both inter-user and self interference.

« Thirdly, to cope with the non-convexity of the formulated
problems caused by the self-interference, we propose
two iterative optimization algorithms based on the inner
approximation method. The convergence of the proposed
iterative algorithms are analytically guaranteed.

« Finally, extensive numerical results are presented to
demonstrate the effectiveness of the proposed algorithms
and the benefit of the FD-MEC over the half-duplex
system in certain scenarios.

The rest of this paper is organised as follows. Section
presents the system model and the caching strategies. Sec-
tion [[T]] gives the signal transmission details of the two caching
modes. Section proposes the precoding vectors design for
the distributed caching scheme. Section [V] optimizes the pre-
coding vectors for the cooperative caching scheme. Numerical
results are shown in Section Finally, Section provides
conclusions and discussions.

Notation: ()H ()T and (.)~! denote the conjugate oper-
ator, transpose operator, and the inverse matrix, respectively.
Tr(X) denotes the trace of matrix X.

II. SYSTEM AND CACHING MODEL

We consider a cache-aided FD system, in which the users
are served via a number of distributed ENs, e.g., pico- and
small cell base stations, as depicted in Fig. [T} The ENs operate
in FD mode and connect to the core network via a wireless
backhaul access point (WAP), e.g., macro base station. The
users can only access data from the ENs via wireless access
channels, i.e., there is no direct link between the users and the
WAP. The WAP is equipped with [N antennas, while the ENs
and users are equipped with a single-antenna. Let /' denote
the number of ENs with K < N. It is assumed that each EN
serves only one user at a time [22], thus the number of active
users is also K[l The WAP is assumed to have access to a
library of F' contents, denoted by F = {f1,..., fr}. Without
loss of generality, all content is assumed to have equal size of
@ bits. To leverage the backhaul during peak-hours, the EN is
equipped with a storage memory of M (@) bits, where M < F.

We consider two network architectures depending on the
level of collaboration among the ENs: 1) Distributed caching
- separate access transmission (DCST) and ii) Cooperative
caching with joint access transmission (CCJIT).

A. Distributed caching - separate transmission (DCST) mode

The DCST mode does not require any collaboration among
the ENs, hence minimizing the system’s signalling overhead
(Fig. [Th). In this mode, each EN stores the content in its local
cache, and operates independently from other ENs. The benefit
of this mode is the scalability and flexibility. However, since
the transmissions of the ENs are independent, severe inter-user
interference can occur, resulting in a significant performance
degradation. Details on this mode will be presented in the next
section.

B. Cooperative caching - joint transmission (CCJT) mode

In this mode, all the ENs share a common cache and
cooperatively serve the user requests (Fig. [Ib). Such coop-
eration can be enabled via the dedicated X2 link [26]]. Since
the ENs jointly transmit the requested contents to the users,
inter-user interference can be efficiently mitigated, thus the
system performance can be largely improved compared to the
DCST mode. These improvements, however, require inter-EN

I'When the number of users is greater than K, the EN can serves its active
users via, e.g., time division multiplexing. Studying such scenario is beyond
the scope of this paper.
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Fig. 1: Block diagram of FD-MEC. In the distributed caching architecture (a), each EN has its own cache and serves its intended
user separately, which imposes three types of interferences at the users and ENs’s (backhaul) receiver. In the cooperative
caching architecture (b), the ENs share a common cache and cooperatively serve the users via joint access transmission. In
both architectures, the ENs decode the backhaul signal separately.

collaboration and additional signalling overhead. It is worth
noting that although the inter-user interference can be avoided,
self-interference still exits at the ENs’ receivers due to the
ENs’ FD transmission.

Remark 1: Intuitively, these two modes serve as the two ex-
tremes of the network architecture when inter-EN cooperation
is allowed. Analysing these two modes provide the lower- and
upper-bound for the performance of FD-MEC systems.

C. Content popularity and caching model

We consider the most popular content popularity model, i.e.,
the Zipf distribution [27]. The probability for file f, being
requested is equal to
_nt
22:1 m=¢’
where ¢ is the Zipf skewness factor.

This paper focuses on off-line caching delivery phase, in
which the content placement phase is predetermined and
executed during off-peak times [36[], [10], [12]. We consider
a generic caching policy (cache placement) pu = [u1, ..., uF),
where 0 < p,, < 1 denotes portions of file f, cached at the
ENs. In order to meet the memory constraint, it must hold that
Zle tn < M. The motivation behind the generic caching
policy is that it allows studying different caching strategies. In
the most popular caching, we have pp,, = [1,...,1,0,...,0].
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III. SIGNAL TRANSMISSION MODEL

In this section, we provide details on the signal transmission
in two DCST and CCJT modes. Since each EN serves only
one user, we use the user index and EN index interchangeably,
e.g., EN k£ means the EN serving user k. When user k& demands
a file, it sends the requested file index dj to its serving EN
k. The EN £ first checks its local cache. If (portions of) the

requested content is available in the cache, it serves the user
directly. Otherwise, the EN k will ask for the non-cached parts
from the WAP via the wireless backhaul before serving the
user.

Denote Uc as the set of ENs which have only some portions
of the requested files in their caches, i.e., Uc = {k | pa,, < 1}.
Let Ko = |Uc|. Without loss of generality, we assume the
first Ko ENs cache only parts of the requested files for ease
of presentation, i.e., Uc = {1,2,..., K¢}. Because each EN
serves only one user, we also refer Uc as the set of the users
served by the ENs in Uc. This way, any EN [ ¢ U, ie.,
Ke <1 < K, has the whole requested file in its cache.

The channel fading coefficients, including the path loss,
of all the links are defined in Table [l Full channel state
information is assumed to be known at the transmitter sides.

A. Signal transmission in DCST mode

1) Signal transmission on backhaul links: Since the ENs
not in U have the whole requested files in their cache, the
WAP only sends the non-cached parts of the requested files to
the ENs in Uc via the backhaul. Let sg i, Vk € U, denote
the data symbol target to EN k& from the WAP. The WAP first
precodes the data before sending on the backhaul. In this paper,
we consider a linear minimum mean square error (MMSE)
precoding for the backhaul transmission. In this design, the

TABLE I. CHANNEL FADING COEFFICIENTS, INCLUDING
THE PATHLOSS

Notation Explanation.
g € CTxN WAP — EN £k backhaul channel coefficients
fu€C EN I — EN k inter-EN channel coefficients due to
the FD transmission
fr € C Self-interference at EN k due to the FD transmission
hi €C EN [ — user k access channel coefficient
hj, € C1xXK [hk1,hk2,-- ., hgk] - channel coefficients from
all ENs to user k




beamforming vector for EN k € Uc is given as wy = /qr W,
where ¢, is the power factor allocated to EN & and wy, is the
MMSE beamforming vector that is the k-th column of the
MMSE beamforming matrix G& (GcGa + 02I)~!, where
G is the channel matrix from the WAP’s antennas to the
ENs in Ug, ie, Go = [g1,...,9%,]". The size of G¢ is
KC x L.
The received signal at EN k € Uc, yg,k, 1S given as

ek = gi wisek + Z gilwisk 2

k#leUc

K
+ VDRSrksUE + D VPUkISUL + NE ks

k#l=1
where sy 1, is the transmit symbol from EN & to user k. In @),
the first term is the intended signal for EN k; the second term
represents the inter-EN interference on the backhaul channels;
the third term represents the self-interference at EN £ due to
the FD transmission; the fourth term is interference at EN k
due to the FD transmission of other ENs; and ng j is the
Gaussian noise with zero mean and variance 2.

In order to decode yg i, EN k performs interference can-
cellation to mitigate the self interference, since sy j is known.
After the interference cancellation, there remains a residual
interference with power 7py, where 7 is a Gamma distributed
random variable [29]] representing the self-interference cancel-
lation efficiency with a mean 7. The common value of 7 is
less than —40dB depending on the hardware and interference
cancellation techniques [24]], [25]. We note that although the
self interference can be effectively eliminated, there remain
two interfering signals (the second and fourth terms in (2)).
By treating interference as noise, the backhaul achievable
information rate for EN k € U¢ is given as

H= |2
o wil Ty, 3)

Cier s =W 1 (1
dist os {1+ Lyise i + 02

where W is the channel bandwidth and I =
~ K .

S hicue |GE@IPq + Pk + Ygsimy Dil fril® is the total
interference at EN k.

The total transmit power at the WAP is Ppgs =

~ o2 Ko ||~ 112

Y owere Wk 7 = 22050 || i |" gk

2) Signal transmission on access links: In the distributed
caching architecture, each EN serves its user independently.
Let sy denote the signal sent from EN k to user k. The
received signal at user k, Vk, is given as

K
YU,k = /Prhresuk + Zk#:l\/@‘hmsw +nuk, @

where hy; is defined in Table [I| and ny,; is the Gaussian
noise with zero mean and variance o2. The second term in
(@) represents the inter-user interference on the access links
caused by the transmission of other ENs.

By treating interference as noise, the achievable information
rate for user k& (on the access links) is

®)

i ek |2 )

Rasor e =W log (1 +
ZkK;aéi:l pilhyi|? + o2

B. Signal transmission in CCJT mode

1) Signal transmission on backhaul links: The backhaul
transmission in CCJT mode is similar to the one in DCST
mode. However, the access transmission in CCJT mode is
different from DCST mode, since the ENs jointly serve the
users. Let x; denote the transmit signal from EN k to user &
(on the access links), whose details will be presented in Sec.
The received backhaul signal at EN k € Uc is given
as follows:

_ H
YE,k = gy WESEk + NE k

K
H
+ Zk;éleucgk WSk, + Zizlfkiiﬂi, (6)

(a) (b)

where (a) is the interference on the backhaul links, () is the
interference due to the FD transmission of all the ENs, and
ng, is the Gaussian noise with zero mean and variance o2

In the cooperative mode, the precoding vectors and trans-
mitted data are shared among all the ENs. Therefore, xj, Vk
is known at every EN. In order to decode yg i, the EN k
first performs interference cancellation on the aggregated inter-
ference (b). After self-interference cancellation, there remains
a residual interference with power 7]2{; |z|%, where 7 is
the self-interference cancellation efficiency [25], [29] which is
modelled as a Gamma distributed random variable with a mean
7. By treating interference as noise, the backhaul achievable
information rate for EN k, Vk € Uc, is given as

H, 50012
g}, Wi | %)7 o

Covons =W 1 (1
Pk ©8 + ICOOPak + o2

where Teoopk = Yo s1cuc |98 @il2a + 1 30 il

2) Signal transmission on access links: In CCJT mode, the
ENs serve all users in a cooperative manner. Therefore, the
access links can be seen as a multi-user MISO channel H =
[RT, ... hE]T, where hj, = [hg1,...,hek] is the channel
fading vector from all the ENs to user k. The ENs first jointly
precode the data before transmitting to the users.

Let v;, € CK*1 denote a generic precoding vector for user
k, and vg[l] denote the I-th element of vy. The transmit signal
at EN k is 3, = Z{il v[k]su1, where sy is the data symbol
dedicated to user /.

The received signal at user k£ in the CCJT mode is

K K K
yuk =Y hwzi+nok =Y hw Y villlsui +nuk
=1 =1 =1
=hvisyk + Zi#khkviSU,i + ks ()

where the first term is the desired signal, the second term is
the aggregated inter-user interference, and ny,;, is the Gaussian
noise with zero mean and variance o2.

By treating interference as noise, the achievable information
rate (on the access link) for user £ is

|hyvi|? )
iz [Revi2 + 02/

Remark 2: Although the DCST and CCJT employ different
transmission policies on the access channels, they use the same

Reoops =W log (1 n 9)



MMSE design for the backhaul to moderate the overhead
signal among the ENs. In both cases, the ENs decodes the
backhaul signal individually.

Remark 3: In the cooperative architecture, the ENs em-
ploy different precoding designs on the access links, e.g.,
ZF, MMSE, and Optimal design, which results in different
achievable rates on the access links, Rcoop,x, and different
ENs’ transmit powers, Zszl | vk ||?, which eventually affects
the backhaul information rate.

IV. DELIVERY TIME MINIMIZATION IN DISTRIBUTED
CACHING MODE

In this section, we propose a power allocation to minimize
the delivery time in DCST mode. For an EN which has the
whole requested files in its cache, e.g., EN k ¢ Ucg, the
delivery time for this EN to serve its user is t; = P%, Yk ¢ Ue,
ie., Ko < k < K, where Q is the file size.

In order to serve a user k € Uq, the EN k will receive the
non-cached parts from the WAP while serving its user in the
FD mode. Assuming that the FastForward FD transmission
is employed by the ENs [28], the delivery time for the
user k, Vk € Ug, is t, = ng
that the EN’s buffer is not empty. Because pgq, () bits of
the requested file is already available at the EN k’s cache,
this condition reads Caise k7 + pa, @ > Ri7, V7T € [0, k).
Consider all possible values of 7 € [0,t;], this constraint
becomes Cuaise x> firRi,Vk € Uc, where jiy = 1 — pg,
represents the volume of the non-cached parts of the requested
file fdk'

We would like to minimize the largest delivery time among
the users. The optimization problem is formulated as follows:

minimize max ( Q@ , Q} (10)

{peHE 1 0} S, Ri" Rk
s.t. Caist,k 2Ry, Vk € Uc (10a)
> |k ||* gx < Psipe < Pen, Yk, (10b)

keUc

where the first constraint is to guarantee the EN’s cache is
not empty, Pps and Pgy are the maximum transmit power
at the WAP and the ENs, respectively. Although the objective
function of problem (T0) can be transformed into the max-min
rate problem, the key challenge lies in the non-convexity of
constraint (T0a)).

For ease of presentation, let p = [p1,...,px, 1]’ and g =
[q1,---,qKe,1]T denote the compound power variables. In
addition, we define following parameters:

Atk :[|ng§1|2> cees |ng§Kc‘2aU2]

Aoy, =

[ngH§1|2,---7Igﬁgk_1|2707|g?§k+1\2, Slaiaxl? o)
[lhk1|2’ '7‘hkN|270'2]

ng =[|ha|?, - | hage—1) % 0, L hi ey, - - [, 0]

Dk =[Iful? - o= 21 ey - [ o], 0]
=l g, 17, 1l G 17,00,

From (3) and (§), we can write then backhaul and access
information rate as follows:

Dyp + Airq
ist.k =Wlogy | ————————— 11
Claer <ka+A2kq) an
W logs(Dip+ A1xq) — W logy(Drp+ Aarq),Vk € Uc

B
Rdlst k= W10g2 <B1:£)

=W logy(B1xp) —

By introducing a positive variable ¢, and using and
(12), the problem is equivalent to the following problem:

W logs(Bakp), Vk. (12)

minimize ¢ (13)
t,p,q
s.t. log(Bixp) > @lo V[;g( ) + log(Bakp), Vk (13a)

log(Dyp + A1xq) + fir log(Barp)
> [ log(B1gp) + log(Dip + A2rq),Vk € Uz (13b)
Aq < Ppg; pr < Ppn,VEk, (13¢)

where the new constraint (I34) results from ¢ > % VE.

It is observed that problem (I3) is non- convexlssmce the
first two constraints are non-affine. To overcome this difficulty,
we will represent these constraints in a convex expression
via arbitrary intermediate variables {xy, 21} 1%, {yx }1_,, and
reformulate problem (T3) as follows:

minimize t (14)
tvpqu{yk}i(:lv{zkyzk}f:01
log(2

s.t. log(Bup) > Q;)Vigt() + Yk, VE (14a)
log(Dyp + A1xq) + fix log(Baxp)

> ppxr + 2, 1<k < Ke (14b)

Buyp<e™, 1<k< K¢ (14c)

Bopp < eV, Vk (14d)

Dip+ Aspg < e, 1 <k < K¢ (14e)

Aq < Ppg; pr < Pen,Vk. (141)

Although constraints and are now convex, solving
problem (T4) is still challenging since constraints -
are unbounded. Fortunately, because the function e®
is convex, we can employ the inner approximation method,
which replaces constraints - by using the first-order
approximation of the exponential function, i.e., e* ~ €% (x —
xo + 1), where x( is any accessible point. The approximated
problem is formulated, for a given set of accessible points

To 2 {Top oy, Yo 2 {Yor 1y, 20 2 {zon 115, as follows:

Q(xo, Y, 20) : minimize t (15)
t.p.a {wk, 2k b G A HE
s.t. (142), (14b),
Blkp < %ok ((Ek — Lok + 1),1 <k< K¢ (15a)
Bayp < e"* (yr. — yor + 1), Vk (15b)

Aorq+Dyp < e** (2 — 20 +1),1 <k < Ke. (15¢)

It is straightforward to verify that, for a given set of
o, Yo, Z0, problem (15) is convex since the objective function
and the constraints are convex. Thus, it can be solved in



TABLE II: ITERATIVE ALGORITHM TO SOLVE (14)

—_

Initialize ®o, yq, 20, €, tolg and error.

2. While error > € do

2.1. Solve Q(=o,yg, z0) in (I3) to obtain the optimal
values t*vp*v Ay Lxy; Yy Zx

2.3. Compute error = |tx — toid]

2.4. Update to1q = tx, B0 = Tx, Yo = Y, 20 = Zx

an efficient manner by standard solvers, e.g., CVX. Since
e (x — a9 + 1) < e*,Vxy, the approximated problem
always gives a suboptimal solution of the original problem
(14).

We note that the optimal solution of problem is largely
determined by the parameters {Zox, zok }1"ys LYok} ;-
Therefore, it is important to choose proper values
{Zok, Yok, 2ok} such that the solution of (I3) approaches
quickly the optimal solution of (T4). As such, we propose an
iterative optimization algorithm to improve the performance
of problem (I3)). The premise behind the proposed algorithm
is to better select the parameters {xok,zok}fjl,{yok},f:l
through iterations. The details of the proposed algorithm are
presented in Table [[I}

The convergence of the proposed iterative algorithm is
guaranteed in the proposition below.

Proposition 1: The objective function of problem
Q. (x0, Yy, 20) In solved by the iterative algorithm in
Table [[I| decreases by iterations.

Proof: See Appendix [ |
Although Proposition |1| does not guarantee the optimality of
the approximated problem, it provides justification for the
proposed iterative optimization algorithm.

V. DELIVERY TIME MINIMIZATION IN COOPERATIVE
CACHING MODE

In this section, we minimize the delivery time under the
CCJT mode. Intuitively, the cooperative caching mode not only
reduces inter-user interference on the access links, but also
improves the self-interference cancellation at the ENs since
the ENs’ transmit signals are shared among the ENGs.

We consider three precoding designs for the access links:
ZF, MMSE and optimal design which jointly optimizes the
direction and magnitude of the precoding vectors. We note
that the WAP employs the same backhaul precoding design as
in Section

A. Delivery time minimization under ZF design

The precoding vector under the ZF design is given as
v = \/]Tkﬁk, where py, is the power factor allocated for user
k and iuzk is the ZF beamforming vector, which is the k-th
column of the ZF precoding matrix H (HH™)~!. In this
design, the inter-user interference (on the access links) is fully
cancelled, i.e., th’le‘ = Ok, Yk, i. From (3) and (3) we have
the backhaul and access rates under the ZF design as follows:

CZE = Wlog2(1+ ) Vk € Uc

lg s @y |* Qk

E \gk wi|*qrtn E i |2pito?

k#lE

Rcoop r = Wlog, ( )

The minimization problem of the largest delivery time under
the ZF design is stated as follows:

. . . Q Q

minimize max(=z%—, ..., 5760 ), (16)
(e dan )G Reoop.1 Roop, 1¢

s.t. CCoop 6> Nchoop 0 Vk € Uc (16a)

Ykeue | @ [I*ax < Pas (16b)

Zszl | hi|? pr < K Py, (16¢)

where the constraint benefits from power allocation

among the ENs due to the ENs’ joint transmission.

Denotet:max( Z% e Z%

coop, 1 coop, K

Then problem is equivalent to the following problem:

as a new variable.

minimize t (17
AP HC e S
Pk Qlog(2)
log (1 + ‘ng@k‘2qu S )
Dkrleus \ng@L\zqz+n§1|\hil\ pito?
> jixlog(1+ 25),1 < k < K¢ (17b)

(T6b), (T60).
For ease of presentation, let us deﬁne parameters

Ay, Ao, X as in Sec. [[V] and o = [||h1 H ||hK I ]
Furthermore, we use the compound notation for the powers

p= [plv"'7pK]T and q= [qla"' 7qKCJ]-]T'
Then the problem can be reformulated as follows:
minimize ¢ (18)
t,p,q
Pr . Qlog(2)
£ log(l+ =) > ———=,Vk 18

ot log(L+ L) > LB (180

log(A1rq +nap) = fir log(1 + %)
+log(nap + Azq),1 <k < K¢ (18b)
ap < KPgn; vq < Pps, (18¢)

It is observed that problem (I8) is non-convex since the
first two constraints are non-affine. By introducing arbitrary
variables {x, yx }1.,, we can reformulate problem (T8) as

minimize ¢ (19)
Kc
t,p,q,{Tk, Yk}, 5

s.t. (T84,
10%(A1kq +nap) > kg +yk, 1 <k < Ko (19a)
1+ <e“"“ , 1<k < K¢ (19b)
770ép+ Agrq < eV 1 <k < Kc. (19¢)
It is evident that problem is non-convex since the two
last constraints (I9b) and are unbounded. Similarly to
the previous section, we employ the linear-approximation of
the exponential function to approximate these two constraints.

Let’s xor, yor be any accessible points, the constraints (19b)
and (19c) can be approximated as follows:

(19d)
(19e)

1—|—pr < ek (zy —xorp +1),1 <k < K¢
o
nap + Axq < ¥ (yp —yor +1),1 <k < Ke.



TABLE III: ITERATIVE ALGORITHM TO SOLVE (T9)

1. Initialize o £ {ka},f:Cl,yO = {yOk}kK:Cl, €, told
and error.
2. While error > € do
2.1. Solve Q4(x0,yg) in 20) to obtain the optimal
values t*7 Pys Qs T Yoo
2.3. Compute error = |tx — toid|
2.4. Update to1q = tx, 0 = Tx, Yg = Y,-

Then the problem (T9) can be approximated as

QQ (wOa yO) : (20)

minimize t
K,
t,p,q,{Tr,yr},.5

s-t. ([84), (18, (194, (19), (1),

where 0 £ {zor}15, Yo = {yor} iy

For a known feasible set {xok,yok}fzcl, it is evident that
problem (20) is convex, since the objective function and the
constraints are convex. Hence, standard methods can be used
to solve this problem effectively. We note that the approxi-
mated problem (20) gives a suboptimal solution of problem
(T9) because e (x, — xo + 1) < €%, Vaoy.

Since the optimal solution of problem (20) is influenced
by the parameters xg, y,. An iterative optimization algorithm
is proposed in Tab. to improve the performance of the
approximated problem (20). The convergence of the proposed
iterative algorithm is given in the following proposition.

Proposition 2: The objective function of problem
Q5 (xo,y,) in 20) solved by the iterative algorithm in Ta-
ble [lII| decreases by iterations.

Proof: See Appendix [B] [
It is evident from Proposition [2] that the proposed optimization
algorithm closes the gap between the approximated problem
and the original problem as the number of iterations increases.

B. Delivery time minimization under MMSE design

The precoding vector under the MMSE design is given as
vy = /Drhy, where hy is the k-th column of the MMSE
precoding matrix H” (HH" +52I)~!. Substituting v}, into
(3) and (3), we obtain:

H~ |2
CMSE =Wlog, (1+ olole ) vk ey
> lgdwi2artn X hil2pito?
k#leUo i=1
MSE _ |hf R | i
Rcoop,k - W10g2 (1 + W ,Vk

i#k

The minimization problem of the largest delivery time under
the MMSE design is stated as follows:

minimize max ( Q e @ ) (21)
e, RS RESE)
sit. CMSE > i RMSE vk elUe  (2la)
ZkeuCH wy, [|*qx < Pps (21b)
K -2
Zk:1|| hi || pr < KPgx. (21c)

By using CAI5F, RM S, and introducing a new variable ¢ =
max ( Q T RNQS w ), we can reformulated problem (2]
coop, coop,
as follows:
minimize ¢ 22)
t.{pr.a}
|y Pk Pk Qlog(2)
s:t. log (1 + Sinr IR hi|2pito? z Sk (20)
log (1 + |ngﬁ’k|;qk ) >
> g wi2qi+n 3 [l pito?
1%k i=1
= |k i P | *pi )
fix log (1 t e ) ke le (22b)

215), @19).

In the next step, lets define parameters Ajj, Aok, A as in
Sec. [V-A] and following parameters:

Eip =[lhihi %, .. R R, 0]
By, =
(R hal?, .. (R 1], 0, Ry Bysa )P, [l B )P, 0]
~ 2 ~ 2
B=[hi| ...l hx |I,0].

Then, the problem |T_Z| can be reformulated as follows:

minimize ¢ (23)
t,q,p
log(2
s.t. log(E1xp) > Q;}/igt() + log(Eaxp), Yk (232)

log(A1rq +nBp) + fix log(Ea:p)
> fi log(E1xp) + log(A2rq + nBp),Vk € Uc  (23b)
Aq < Pps; Bp < KPen, (23¢)

where p = [p1,...,pr, 1T and q = [q1, - - -, qro, 1]7.

We observe that problem (23) is in a similar form as
problem (T3), except the last constraint on the EN’s transmit
power. Since this constraint is linear, hence convex, we can
employ the same technique in Sec.[[V]to solve 23). Obviously,
the convergence of the iterative optimization algorithm solving
(23) is guaranteed by Proposition [T}

C. Delivery time minimization under optimal precoding de-
sign

In this subsection, we minimize the delivery time via
general (and optimal) precoding design on the access links
which jointly optimizes both direction and magnitude of the
beamforming vectors v, € CX*1 Vk. The backhaul and
access rate in this case are given as

lg™ by | g

X lgfwiPartn 3 v |02
k#lEUC i=1

RO, = Wogy (1+ el
iz

coop,k hFv; 2402
k

Opt
Ccoop,k

:W10g2(1+ ),wg € Ue

),Vk.



The delivery time minimization problem under the optimal
design is formulated as follows:

minimizeK max ( O?at e O?t )7 (24)
{ve o a3 Rcoop71 Rcoop,K
st Cobl | > inRobe Yk €Ue  (24a)
> el wn P < Pos 4b)
K 2
Zkiln’ka < KPgn. (24¢)

The challenge in solving (24) lies in the appearance of |vy||?
in the denominator of both backhaul and access rates. To
leverage this difficulty, we introduce new variables V; £
vy, € CEXK | which is symmetric and positive definite.
It is straightforward to verify that ||vg||? = Tr(V}) and
|hilv;|> = Tr(HLV;), where Hy 2 h}! hy. Furthermore,
by using a slack variable ¢ we can equivalently reformulate
problem (24) similarly to the previous subsection as

minimize ¢ (25)
tAVik.a}
s, log (14 5 TRYL. ) > Qo) i (250
log (1+ loi’ o g )=
K -
l;ﬂlgif@zlzqur;Tr(Vi)wZ
jinlog (14 s VL) Wk e U (25b)

K
ZTr(Vk) < KPpy; rank(V}) = 1,Vk,  (25¢)
k=1

(245).

By using similar notations Ajj, Aok, A as in Sec. [V-A]l we can
reformulate (23)) as

minimize ¢ (26)
tv{Vk}vq
st. log(Y, Te(HLV,) +02) > (26a)

%V%/(Q) + 10g(2¢¢k Tr(HV;) + 0?),Vk

K
log(A1rq + 1> Tr(V;)) + pulog( Y Tr(HLV ;) + 0?) >
i=1 itk

K K
log(A2rg+nY. Te(V3))+filog( Y- Tr(H Vi) +0?) (26b)
=1 =1

Aq < Pps; Y Tr(Vy) < KPgy (26¢)
k

rank(V'y) = 1, Vk,

where constraint (26b) is applied only for k € Uc.

Solving problem (26) is difficult due to the non-convexity
of (26a), (26b) and the rank-one constraint. In order to deal
with the latter, we employ the semidefinite relaxation (SDR)
method [31] which ignores the rank-one constraint when
solving (26). SDR has been widely known as an efficient
solution that achieves a close performance to the optimum
[3lﬂ To over the former, we observe that the trace function

2Since the SDR solution does not always guarantee the rank-one constraint,
Gaussian randomization can be applied to improve the final performance.
Details of Gaussian randomization technique are available in [31].

is linear and and (26b) are in similar form as constraints
(I3a) and (13D), respectively. Therefore, we can can employ
similar technique in Section [[V] to solve the SDR of (26),
whose details are skipped to avoid redundancy.

VI. NUMERICAL RESULTS

This section presents numerical results to demonstrate the
effectiveness of our proposed optimization algorithms. The
wireless channels are subject to Rayleigh fading. The pathloss
on the backhaul is G; = —60dB. The pathloss on the access
intended links is Go = —50dB. The pathloss on the inter-
EN channels, e.g., fx;, and the access interfering links, e.g.,
hii i # k, are Gg = —56dB. Unless stated otherwise, the

self-interference cancellation efficiency is equal to 77 = —70dB
[25]]. Other parameters are as follows: N = K = 4,
0> = —100 dBm, F = 100 files, Q = 100Mb, and

W = 10MHz. The simulation results are calculated based on
10000 random requests, equally distributed over 200 channel
realizations. To achieve the best performance, we run the
proposed iterative algorithms with 100 different initial values
(see Table II and III for details) and select the best value. The
user requests are assumed to follow the Zipf distribution with
the skewness factor £ = 0.8. In the figures, we use ZF, MMSE
and Optimal to refer to ZF, MMSE and Optimal precoding
designs, respectively.
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Fig. 2: Performance comparison of the proposed schemes
under both most popular and fractional caching policies.
Pps = 3.16W (5 dB) and Ppn = 5W.
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Fig. 3: The caching gain in FD-MEC systems v.s. the WAP’s
transmit power. EN’s transmit power Prx = 5W, the WAP’s
transmit pwoer Pgg = 10W.

A. Most popular caching versus fractional caching

Fig. 2] presents the delivery time performance of the pro-
posed CCIJT (a) and DCST (b) as a function of the normalized
cache size, the ratio of the cache size divided by the library
size, i.e., % Both the most popular and fractional caching
policies are presented. In the former, the most M popular files
are prefetched in the EN’s cache, while in the later, a portion
% of every files are cached. In general, the most popular
caching policy spends less time to serve the user requests than
the fractional caching in both CCJT and DCST schemes. This
is because the user requests follow a Zipf-based distribution,
in which popular files are requested more frequently than the
less popular ones. Since the most popular caching policy is
more efficient than the fractional caching strategy, we only
present the results for the most popular caching in the rest of

the paper.

B. Effectiveness of the proposed optimization algorithms and
cooperative caching

We compare the proposed FD-MEC optimization algorithms
with [22], which proposes a FD-aided edge caching scheme
with static transmit power. Although [22] considers only
DCST, this method can be directly applied to CCJT under
linear precoding designs without power control. In Fig. [3
we demonstrate the effectiveness of the proposed optimization
algorithms in both CCJT (a) and DCST (b). It is noted that
the reference [22]] under linear precoding designs, i.e., ZF
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Fig. 4: The caching gain in FD-MEC systems v.s. the WAP’s

transmit power. EN’s transmit power Pry = 5W, cache size

M =04F.

and MMSE, always transmit at the maximum power, equally
divided for the ENs on the backhaul and for users on the
access channels. A large gain is observed for the proposed
optimization algorithms compared to the reference, especially
in the small and medium cache size regimes. At large cache
sizes, most of the requested files will be available in the ENs’
cache, hence less traffic on the backhaul is required. In this
case, the equal-power mode achieves a close performance as
the proposed scheme. Consider the precoding designs in CCJT,
the MMSE design performs considerably better than the ZF
and achieves a close performance to the optimal precoding
design. This is because MMSE and Optimal schemes perform
power allocation more effectively than ZF, especially when
the channel matrix is low rank. On average, the ZF design
spends one second more than the tow others to serve the same
demands. From a practical perspective, MMSE is preferred due
to its low computation complexity compared with the Optimal
scheme, as shown in Table

TABLE IV: Average simulation time (in seconds) of three
precoding designs, K = 4.

ZF MMSE
0.0409 | 0.0509

Optimal
0.1499

Fig. @] compares the delivery time of the CCJT with the
DCST modes as a function of the normalized cache size.
We recall that the DCST is fully decentralized and each
EN operates independently. By allowing cooperative caching
and joint transmission among the ENs, the delivery time
dramatically drops for all cache sizes. In particular, the CCJT
reduces the delivery time by about 85% compared with DCST,
which is mainly limited by both inter-EN and self interference.
Obviously, this gain comes at the expense of extra physical
connection and signal overheads among the ENs.

C. Role of caching in FD-MEC systems

The effectiveness of caching in FD systems is demonstrated
via a caching gain metric, which is computed as the delivery
time reduction brought by the FD-MEC compared with the
FD systems without caching capability at the ENs. In order to



(&)

4.5
4
—6—CCJT-ZF
35 —6— CCJT - MMSE |
CCJT - Optimal
3 —€&—nDCsT .

Ind
5}

oA a
< <

Absolute caching gain (seconds)

N
f N}
8
r A
r A
| L

| | |
0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized cache size

<)
[
o
N
<)
w

(a) Absolute caching gain

]
o

—
—O—CCJT-ZF i
—@— CCJT - MMSE
CCJT - Optimal ||
—€—DCST

o
o

3]
o

IS
S

w
o

Relative caching gain (%)
N
o

[N
o

4 il
<

& & & & &
< < < < < <

| | | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized cache size

(b) Relative gain

Fig. 5: The caching gain in FD-MEC systems v.s. the normalized cache size % Pps = 3.16W (5 dB) and Prny = 5W. Solid
lines show the most popular caching policy. Dotted lines show the fractional caching policy.

=

‘ —e—cciT-7ZF
5 —6— CCJIT - MMSE |
CCJT - Optimal
al —4—ocsT i

«

Absolute caching gain (seconds)
w

0 I I I I
10 15 20 25 30

WAP's transmit power (W)

(&

(a) Absolute caching gain

g
£
[
(=]
(=)
£
5 —6—CCJT-ZF
8 —&— CCJT - MMSE
22 CCJT - Optimal
g —&—DCsT
©
& J
-
0 | ) I I n
5 10 15 20 25 30

WAP's transmit power (W)

(b) Relative gain

Fig. 6: The caching gain in FD-MEC systems v.s. the WAP’s transmit power. EN’s transmit power Py = 5W, cache size

M =04F.

provide a complete observation, two types of caching gain are
presented: Absolute caching gain (ACG) and Relative caching
gain (RCG), which is calculated as follows:

tcache

ACG = tpo cache — teache; RCG =1 —

9
tno cache

where tcache and tno cache are the delivery time of the FD
systems with and without caching at the ENs, respectively.
Fig. ] presents the absolute caching gain (a) and relative
caching gain (b) of the FD-MEC versus the normalized cache
size. In general, caching in the cooperative mode CCIT is
significantly more efficient than in the distributed architecture
DCST. This expected outcome originates from two reasons.
First, the shared cache among the ENs in CCJT facilitates
the self-interference cancellation on the backhaul. Second, the
joint transmission on the access links undoubtedly improves
the access rates. At the cache size M = 0.5F, the CCJT (with
all designs) achieves about 4 seconds reduction of the delivery
time, twice as the DCST (Fig. Bp). The role of caching is
shown more clearly via the relative caching gain in Fig. [Bp: it
reduces the delivery time by 55% in the CCJT, compared with
only 10% in the DCST. We note that having the normalized
cache size equal 1, i.e., M = F, does not result in 100%
relative caching gain since the total delivery time is lower
bounded by the access channels. It is noted that although the

ZF design achieves a larger absolute caching gain than MMSE
and the Optimal, its relative gain is smaller. This implies that
the ZF design is less efficient than the others.

Fig. [6] shows the caching gains as a function of the WAP’s
transmit power, with M = 0.4F and Pgy = 5W. A similar
conclusion is drawn that CCJT is much more efficient than
DCST. In addition, the influence of WAP’s transmit power
on the caching gain reduces as Ppg becomes large. This is
because at large WAP transmit powers, the delivery time is
mainly determined by the access channel quality.

D. Comparison with half-duplex systems

In HD systems, the backhaul and access transmissions occur
in two consecutive time slots. Therefore, the total delivery
time in the HD mode is the summation of the delivery time
on the backhaul link and on the access link. The delivery
time of the HD mode is computed by the standard max-min
design [3]. Fig. [7a plots the delivery time as a function of
the WAP’s transmit power Pgg under the CCJT mode, with
M = 0.4F and Pgny = 5W. It is observed that the FD-
MEC system largely reduces the delivery time compared with
the HD scheme for all precoding designs, i.e., ZF, MMSE
and Optimal. At the WAP’s transmit power equal to 5W,
a reduction of 25% is obtained by the FD scheme for all
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precoding designs. An important observation is that large
values of Ppg will have less influence on the delivery time.
In this case, increasing the WAP’s transmit power does not
lead to zero delivery time, since it is limited by the access
link given a finite Pgy.

Fig. [lb compares the delivery time of the FD-MEC with
the HD system under the CCJT mode versus the normalized
cache size, i.e., % It is shown that the gain offered by the
FD system over the HD is more significant in the small cache
size ranges. The benefit of caching can be also interpreted as a
means of trading memory for power: the delivery time with a
large transmit power (Pps = 30W, M = 0.4F in Fig.[7h) can
also be achieved with a smaller transmit power and a larger
cache size (Pgs = 10W, M = 0.6F in Fig. [7p). Increasing
the cache size will diminish the advantage of the FD scheme
over the HD. As such, it is highly probable that the requested
file is already available at the EN’s cache, thus there is less
traffic on the backhaul. Note that having all the files cached
does not result in zero delivery time due to the access link
bottle neck.

Fig. [] plots the delivery time versus the self-interference
cancellation efficiency 7. Obviously, the delivery time of the
HD system is independent from the cancellation efficiency
since there is not self interference in this transmission mode. It
is shown that the FD system outperforms the HD mode in the
small values of 7. When the performance of the interference
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lation efficiency . M = 0.4F, Pgps = 10W, and Py = 5W.

cancellation degrades, there is a crossing point between the FD
and HD curves since the FD mode is limited by the residual
interference. This result provides a guideline to determine the
transmission mode when designing a cache-aided system.

VII. CONCLUSIONS

In this paper, we have investigated the performance of full-
duplex enabled mobile edge caching systems via the delivery
time metric. The considered system is analysed under two
network architectures: distributed caching and cooperative
caching. For each architecture, we proposed an optimal power
control to minimize the system delivery time based on the
linear precoding design. To overcome the non-convexity of
the formulated problems, two iterative optimization algo-
rithms have been proposed based on the inner approxima-
tion method, whose convergence is analytically guaranteed.
We have demonstrated that the cooperative caching perform
largely better than the distributed scheme at the expense of
full cooperation among the ENs. It has been also shown that
the MMSE-based precoding design achieves the best trade-off
between the performance and computation complexity.

The considered schemes represent the two extremes of FD-
MEC systems when collaboration among the ENs is available:
i) the ENs operate in a complete decentralized manner, and
ii) the ENs fully cooperate. Practical scenarios usually fall
between these two modes. In this case, a cluster of ENs
collaborate to serve their users, while the rest of the ENs
operate independently. One promising extension from this
work is to optimize the caching policy at the ENs. This would
require the derivation of the average delivery time over all
fading channels.

APPENDIX A
PROOF OF PROPOSITION[]

Denote (t(j) , pgi), qg), a:(f), yii)

tion of Ql(w((]i), y(()i), z(()i)) at iteration ¢. We will show that if

xffk) < a:((fk),Vk:, then by using xéi,:rl') = xilk) in the (i + 1)-th
iteration, we will have t'"" < (") Indeed, by choosing a
: . DO

relatively large initial value xy’,yg ', 2 ', we always have

x&) < z&) , k.

,z&i)) as the optimal solu-



Denote f(z;a) = e*(x — a + 1) as the first order
approximation of function e® at a. By using IE() at the
(¢ 4+ 1)-th iteration, we have xéZkH) = iZk),Vk Therefore,
F(z;21D) is used in the right-hand side of constraint (T3a).
Consider a candidate x(*!) {201 (Hl)} with
2 = :c() 1+€I((J1k)_$(*k)( il —xék)-i-l) It is evident that

200 < o and f(20;2%) = (o, 280), vk < Ko

Because x,(ﬁﬂ) < x(z) Vk < K¢, the strictly inequality
holds in constraint . Thus, there exits t(+1) < ¢ which
satisfies log(Axp) > t(l?ff?) + 2t v, Now consider a

(”1) 2. This set
satisfies all the constraints of problem Ql(az* )7 yé ), (Z)), and
therefore is a feasible solution of the optimization problem. As
a result, the optimal solution at the 7 + 1-th iteration, t(“’l),
must satisfy ;" ) < ¢+ < t& ), which completes the proof
of Proposition [I]

=

new candidate set (£0+1), p{ g’ )

APPENDIX B
PROOF OF PROPOSITION 2]

(@ @ @) @) ()

Denote ( 2 Dx x5 Ty Ys ) as the optimal solution of

622(a:O Yo )) at iteration ¢. We will show that if x < 2! k)
and vy > y, () vk < K, then by using x(lH) = ilk),
(i+1) _ (Z)

w = Y, in the (i + 1)-th iteration, we will have
t(oiﬂ) (Z) Indeed, by choosing a relatively large initial
value {xo )} P and small value {yOk)} p=1» we always have

2 <2l and ¢ > o8 Wk < Ke.

By using mﬁ) at the (4 + 1)-th iteration, we have x&jl)

E:k),Vk' Therefore, f(x; x*k) is used in the right-hand side of
constraint (I9d), where f(z;a) = e*(x — a + 1) is the first
order approximation at a of function e”. Consider a candidate

2+ = {2} G (]?'1)} with x(H_ ) e (mk,x( )) where
gy =2l — 1 + E)k)_“?(k)(a:il,z (l) 1) It is evident that
) > f( *kaxok) VE < Kc.
In addition, con51der a candldate y(Z“) = yi 2 + 0y, with dy <

mim < o (s (a — i) Obviously, (™ sal) >

F(y,4:Yor ) due to the convexity of e¥ function.

Because  f(z\""; 2! ,3 > F@ 2y and
FU Dy s o) vk < Ke, the strict
inequality holds in constraints (19d) and (19¢). Thus,

there exits p( RS p(i) and t0+) < ¢V which satisfies

constraints  (I8a), (19d) (and (I9€¢). Furthermore, since
7

oy < mim<p<rc{ik(r,, — 74 )}, constraint (T9a)
is also satisfied. Now consider a new candidate set
(¢ plt1) q\?, z(+D y(”l)) This set satisfies all

the constraints of problem Q2(33* ),yg)), and therefore is a

feasible solution of the optimization problem. As a result,
the optimal solution at the (i 4+ 1)-th iteration, ti”l), must
satisfy 0D < 4+ < 4O which completes the proof of
Proposition [2}
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