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Abstract—Edge caching has received much attention as a
promising technique to overcome the stringent latency and data
hungry challenges in the future generation wireless networks.
Meanwhile, full-duplex (FD) transmission can potentially double
the spectral efficiency by allowing a node to receive and transmit
simultaneously. In this paper, we study a cache-aided FD system
via delivery time analysis and optimization. In the considered
system, an edge node (EN) operates in FD mode and serves users
via wireless channels. Two optimization problems are formulated
to minimize the largest delivery time based on the two popular
linear beamforming zero-forcing and minimum mean square
error designs. Since the formulated problems are non-convex
due to the self-interference at the EN, we propose two itera-
tive optimization algorithms based on the inner approximation
method. The convergence of the proposed iterative algorithms
is analytically guaranteed. Finally, the impacts of caching and
the advantages of the FD system over the half-duplex (HD)
counterpart are demonstrated via numerical results.

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

I. INTRODUCTION

Among potential enabling technologies to tackle with strin-
gent latency and data hungry challenges in future wireless
networks, edge caching has received much attention. By
prefetching content closer to end users at the edge node’s local
storage, edge caching can significantly reduce transmission
latency and backhaul’s traffic since the edge node can directly
serve the users’ demands without requesting for data transfer
from the core network. [[1]. Joint design for content caching
and physical layer 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 (parts
of) the 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 efficiency [2], [3], throughput-
outage tradeoff [4]], and delivery time [5]. The performance
of cache-aided wireless networks can be further improved by
joint optimization of caching along with routing and resource
allocation [6]].

Meanwhile, full-duplex (FD) has shown great potential as
the transmission technique for the next generation wireless
networks. Thanks to recent developments in self-interference
cancellation, FD can potentially double the spectral efficiency
by allowing a node to transmit and receive signals simulta-
neously [7]. The employment of FD systems with caching

capability comes as a step forward to further improve the sys-
tem performance. It is shown via stochastic geometry analysis
that a cache-aided FD system can positively provide cache
hit enhancements compared with the half-duplex (HD) mode
in heterogeneous networks (HetNets) [8]] and device-to-device
(D2D) systems [9]], [[10]. The worse case normalized delivery
time (NDT) in HetNets is studied in [11] with FD relaying
nodes. However, the results in [11] are based on an optimistic
assumption that self-interference can be fully mitigated. In
practice, there always remains residual interference after the
self-interference cancellation [12f], [13]].

In this paper, we investigate the delivery time performance
of a cache-aided FD system by taking into consideration
realistic self-interference cancellation modelling. Our goal is to
minimize the average delivery time via joint precoding vectors
design for both backhaul and access links, which is fundamen-
tally different from [8-10]. Two delivery time minimization
problems are formulated based on the two popular linear
beamforming zero-forcing (ZF) and minimum mean square
error (MMSE) designs. To cope with the non-convexity of
the formulated problems, two iterative optimization algorithms
are proposed based on the inner approximation method. The
convergence of the proposed iterative algorithms are analyt-
ically guaranteed. Finally, numerical results are presented to
demonstrate the advantages of the proposed algorithms over
the half-duplex system in certain scenarios.

Notation: (.)*,(.)T and (.)~! denote the conjugate opera-
tor, transpose operator, and the inverse matrix, respectively.

The rest of this paper is organised as follows. Section
presents the system model and the caching strategies. Sec-
tion [[I-B1| presents the delivery time optimization for the ZF
design. Section optimizes the delivery time based on the
MMSE design. Numerical results are shown in Section
Finally, Section |VI| provides conclusions and discussions.

II. SYSTEM MODEL AND PERFORMANCE METRIC

We consider a cache-aided FD system, in which an edge
node (EN) operates in FD mode and connects to the core
network via a wireless backhaul access point (WAP), e.g., high
power high tower or macro base station, as depicted in Fig. [I}
The users can only access data from the EN via wireless access
channels, i.e., there is no direct link between the users and
the WAP. The WAP is assumed to have access to a library
of F contents, denoted by F = {f1,..., fn}. Without loss
of generality, all content is assumed to have equal size of @)
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Fig. 1: Cache-aided full-duplex network. The edge node oper-
ates in full-duplex mode, while the users and backhaul wireless
access point operate in half-duplex mode. Self interference
occurs at the edge node.

Wireless backhaul
access point (WAP) Cache assisted

full-duplex EN

bits. To leverage the backhaul during peak-hours, the EN is
equipped with a storage memory of M@ bits, where M < F'.

A. Content popularity and caching model

We consider the most popular content popularity model,
i.e., the Zipf distribution. The probability for file f,, being
requested is equal to

w=T""n"¢, (1)

where ' = Zf;:l m~¢ and € is the Zipf skewness factor.

We consider generic caching policy p = {p1,...,ur},
where p, € [0,1] denotes parts of file f,, cached at the
EN. In order to meet the memory constraint, it must hold
that 25:1 tn < M. The motivation behind the generic
caching policy is that it allows to study different caching
strategies. For the most popular (Zipf-based) caching, we have
=1,...,1,0,...,0]

——

x M

Hzip

B. Signal transmission model

Let L, N denote the number of antennas at the WAP and
the EN, respectively; G € CN*L denote the backhaul channel
fading coefficients, including the path loss, whose elements are
identically independently distributed (i.i.d.) complex Gaussian
variables with zero mean and variance o2, ; and h), € C1*N
denote the access channel fading coefficients between the
EN and user k, including the path loss, whose elements are
ii.d. complex Gaussian random variables with zero mean
and variance o2,. Furthermore, denote Gy € CN*¥ as the
self- 1nterference coefficients at the EN. Full channel state
information is assumed to be known at the transmitter.

1) Transmission on backhaul link: When a user requests a
content, it sends the content index to the EN. If (portions of)
the requested content is available in the cache, it serves the
user directly via the access channel. Otherwise, the EN will
demand the non-cached parts from the WAP via the wireless
backhaul before serving the user.

Denote d = [dy,...,dk] as the request file indexes from
the users. We consider the worst case when the users request
K different ﬁlesﬂ Under the caching policy p, ptq, portions

'This happens with high probability when K is small compared with F,
which is usually true in practice.

of the requested file f;, are already available in the EN’s
cache. Thus, the WAP needs only send the 1 — pg, non-
cached parts of file f;, on the backhaul. Let s denote the
modulated signal of the non-cached parts of file fg4,, and
denote s = [s1,..., Sk] as the aggregated signal sent through
the backhaul. The received signal at the EN is given as

Yp = Gs + Gox + ng, 2

where x is the EN’s transmit signal which will be described
in Sec. the second term in (2) represents the self-
interference at the EN due to the FD transmission, and ng
is the noise vector whose elements are complex Gaussian
variables with zero mean and variance o2

In order to decode yp, the EN first eliminates the self
interference, since x is already known. After interference
cancellation, the residual interference power is nPgy, where
Pgy = || || is the transmit power at the EN and 7 rep-
resents the interference cancellation efficiency. The common
value of 7 is between —40dB and —80dB depending on the
hardware and interference cancellation techniques [[12], [[13].
The achievable information rate on the backhaul link, by
treating the self-interference as noise, is given as

Giy.G
)

Rey Aiqi
=3 Wiog, (1 s e )

where W is the channel bandwidth, \; and L < min(L, N) are
the I-th eigenvalue and the rank of matrix G¥ G, respectively;
q; is the power allocated for the [-th sub backhaul channel; and
¥, =diag(q1,.--,45)-

We employ the frequency division multiplexing access
(FDMA) to allocate the backhaul capacity for the user re-
quests. The backhaul capacity for user & is

Cpr =W log, (det (I+

3)

Al

L
Cy =prCpn = pkWZl=1 logs (1 * m

) @

where pg = ng e with fig £1- d, -

2) Transmission on the access links: Let x; denote the
modulated signal of f,, targeting user k and x = Zle WETk
denote the transmit signal at the EN, where w; € CNV*1 is
the precoding vector for user k. The received signal at user k

from the EN is given as
Yok = hrwiay + Z#khk’wwi + Ny, )

where ny j is the Gaussian noise with zero mean and variance
2. The first term in @) is the desired signal for user k, and
the second term represents the interference from other users’
information. The achievable information rate for user k, by
treating interference as noise, is given as

|hiwg|?
Ry = Wlog, (1+ ). 6
k g2 2175]@ |hkw7,|2 _|_0_2 ( )
The total transmit power at the EN is Pgy = ||z ||° =

K
> w17
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In this paper, we consider two popular linear precodings ZF
and MMSE due to their low computational complexity. The
unified expression for the linear precoder is as:

1/pkjl,k, if ZF
pr— v 7
Wk { Jpehg,  if MMSE )

where pi is the power factor allocated for user k; hy, is
the ZF beamforming vector, which is the k-th column of
the ZF precoding matrix H (HH™)=!; and hy, is the
MMSE beamforming vector, which is the k-th column of
the MMSE precoding matrix H (2T + HH™)~', with
H = [th, e hIT(]T. In the following, we propose an opti-
mization algorithm to minimize the delivery time under these
two precoding methods.

III. DELIVERY TIME MINIMIZATION UNDER ZF DESIGN

In this section, we propose an optimal power allocation to
minimize the delivery time based on the ZF beamforming.
Note that under the ZF design, we have hkﬁi = 0, 1.€., the
inter-user interference is fully cancelled out. Therefore, the
achievable rate on the access link for user k is

RZF,k = W10g2 (1 + %), (8)

and the total transmit power at the EN is Pgy = Zszl QkDks
where ay, 2 || hy, ||2.

The EN employs FastForward FD transmission [14]], in
which the delay of the forward signal is within the cyclic
prefix (CP) duration. Therefore, the delivery time for the k-
th user’s request is t; = RZCi‘,k subjected to a condition
that the EN’s buffer is not empty. Because pg, @) bits of
the requested file is already in the EN’s cache, this condi-
tion reads Cy7 + pa, @ > Rzpi7,VT € [0,tg]. Consider
all possible values of 7 € [0,%], this constraint becomes
Cr > (1 — pa,)Rzp ) = fikRzp . where iy =1 — pig,.

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

minimize max ( @ sy @ ), )]
{prai} Rzra Rzr i
s.t. Cp > fixRzrk, Yk (9a)

q < PES (9b)

Zleakpk < PV, Zli:l

where PES and PEN are the maximum transmit power at the
WAP and the EN, respectively, and {py,q} is the short-hand
notation for the sets {py }5_,, {q1}L ;.

By introducing an arbitrary positive variable ¢ and using (8]
and (@), the problem (9) is equivalent to the following:

minimize t (10)
t{pk,q1}
1
s.t. log (1+ ) > Q;’Vi( ) vk (10a)
Al
Pk log <1 + )
Z1:1 nziKzl aip; + 02
> i log (1+ 25 ), vk (10b)
S awpy < PEY, ZE @ < PES. (10c)
k=1 =1

It is evident that problem [I0] is non-convex due to constraint
(I0B). To overcome this difficulty, we will express this con-
straint into a convex expression. Denote A £ [nat, ..., nakl,
and p = [p1,...,px]T as the compact form of the EN’s
transmit power vector. Then we can reformulate problem (I0)
as follows:

minimize ¢ (1n
t{pr.ai}
Dk Qlog(2)
t. (T0); 2y > 2ol
5.t log(1+ 2)_ Sk ()
o> log(Ap + Nai + 0%) (11b)

> firlog (1+ 25 ) + puLlog(Ap + 02), ¥k

where the constraint is obtained since Ap+o? is strictly
positive.

It is observed that problem is non-convex since the sec-
ond constraint is non-affine. By introducing arbitrary variables
{xx}H< | and y, we can reformulate problem (1) as

minimize ¢ (12)
t{pk,q1,7k },Y
Dk Qlog(2)
. : h) > 2o
s.t. (T09): log (1 ¥ 02) > =k (12a)

ka log(Ap + Nt + 0%) > fwy + y, Yk (12b)
Ap < ey, 14 pr/o? < e V. (12¢)

Although constraints (12a)) and (I2b) are now convex, solving
problem is still challenging since constraint is
unbounded. Fortunately, because the function e” is convex,
we can employ the inner approximation method, which uses
the first-order approximation of the exponential function in the
right hand side of constraint (I2c)). The approximated problem
is stated as follows:

Qi(xo,yo) : minimize ¢ (13)
tApK,q,wr}y
s.t. (12a),
Ap < e”(y—yo+1), (13a)
1+ pp/o? < €™ (zp —wor + 1), Yk,  (13b)
where yo,zor are arbitrary accessible points, and x £

{zo iy

We observe that problem (13)) is convex since the objective
function and the constraints are convex. Thus, it can be solved
in polynomial time by standard solvers, e.g., CVX. Since
e*(x — xg + 1) < e*,Vxo, the approximated problem (I3
always gives a suboptimal solution of the original problem

1)

TABLE I: ITERATIVE ALGORITHM TO SOLVE (12)

N —

Initialize ¢o £ {:):Ok}k},(zl, Y0, € tolq and error.

While error > € do

2.1. Solve Q1 (xo, yo) in (I3) to obtain the optimal
values tx, P, ,q,, Tx, Yx

2.3. Compute error = |ty — tolq|

2.4. Update to1q = tx, 0 = T, Yo = Yx
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We note that the optimal solution of problem (T3) is largely
determined by the parameters {xox}5_,,yo. Therefore, it is
important to choose these values such that the solution of
is close to the optimal solution of (T2). 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 parameters {:I:Ok}kK:17 yo through iterations.
The steps of the proposed algorithm are presented in Table
The convergence of the proposed algorithm is given in the
below proposition.

Proposition 1: The objective function of problem Q,(zo =

{zor}E_ |, y0) in (13) solved by the iterative algorithm in
Table [I| decreases by iterations.
The proof of Proposition [I] is given in Appendix [A] Al-
though Proposition [I] does not prove the optimality of the
approximated problem (13), it justifies the convergence of the
proposed iterative optimal algorithm.

IV. DELIVERY TIME MINIMIZATION UNDER MMSE
DESIGN

Despite the low computational complexity, the ZF-based
design might result in a poor performance in some weak
channel conditions. To deal with such situations, we propose
an optimal power control based on the MMSE beamforming
The precodmg vector in this case is given in (7). Denote
Bri = \hkh |2,Vi, k as the interference factor caused to user
k from user i’ beamforming vector, and let 3, = hy ||2. The
achievable information of the access link for user £ under the
MMSE design is

Bk Pk )

Rurspr = Wlog (1+— ,
MEER ? Z#k/@kipiJFO'Q

(14)

and the total transmit power at the EN is Ppny = Zszl Brpk-
The minimization problem of the largest delivery time under
the MMSE design is stated as follows:

minimize max ( @ N @ ), (15)
{pr.ar} Rysen Ryse i
s.t. Cr > ixRyser, VE (152)
K _ L
EN. BS
Yo Ao < PEN: Y < PES. (15b)

By using and introducing a new variable ¢, problem
can be reformulated as follows:

minimize t (16)
t{pr,ai}
BrkPr Qlog(2)
st. lo <1+ ) > Yk (16a)
& Zi;&k Bripi + o? tw
L Aiqi
Pk log (1 + = )
Zl:l UZkK:15kpk + 02
_ Brk Pk
> fig lo (1+ —),wf (16b)
108 > itk Bripi + 02
K5 BN, \F BS
> B <PEY Y < RES (16¢)
Next, we define following parameters: 3 = [By,...,BKk],
Br = [Brir-- s Bre=1),0, Brrt1)s - - -5 Bex], and A =

[Brk1, Br2s - - - » Bri ). The problem[16]is equivalent to following
problem:
min ¢ 17
t{pk, a1} a7
log(2
s.t. log(App+o?)> Qlog(2) +log(Brp+0?),Vk  (17a)

tw
pkz log(nBp + \igi + 0°) + jix log(Byp + o)
> fi, log(Akp +0%) + prLlog(nBp + o*),Vk (17b)

L
EN. § BS
/BPSPZ ; [:]_qlSPE )

where p £ [py,...,px]".

We observe that problem [I7] is non-convex due to the
constraints and (I70). In order to leverage the non-
convexity of these constraints, we introduce arbitrary positive
variables {x, yk}le and z, and reformulate the problem (17)
as follows:

(17¢)

min t (18)
t APk, QT kYK T2
log(2
s.t. ([79); log(Axp + o?) > Qlog(2) +yr, Yk (18a)

tw
pkz log(nBp + N + 0°) + fiy, log(Bip + %)

> figwk + prLz, Yk (18b)
App + 02 < €, Byp + 02 < ¥ Vk (18¢)
nBp +o* < e’ (18d)

Although the constraints [[7a]and (I7b) have been transformed
into convex expressions, the new constraints and (T8d)
make problem (T8) difficult to be solved optlmally Instead,
we seek for a sub-optimal solution by using the inner approx-
imations of these constraints. Similar to the previous section,
we employ the first-order approximation of the exponential
function in constraints (I8c), (T8d). In particular, let x, =
{zor Y |, yo = {yor} 5, 20 be arbitrary accessible points,
we can approximate problem [T8] as follows:

Q5 (x0,Y0, 20) min t (19)
APk, k, YK )52
s.t.
Arp + o2 < g*ok (.%‘k — Tok + 1),Vk (19a)
Bip+0° < e¥*(yx —yor + 1),¥k,  (19b)
nPp + o0 <e™(z— 2+ 1). (19¢)

For a known feasible set {zox, Yok } o, 20, it is straight-
forward to verify the convexity of problem (I9), since the
objective function and the constraints are convex. Therefore,
it can be solved in an efficient manner by standard solvers,
e.g., CVX. Because e¥* (y — gy + 1) < e¥, Vi, the resorted
problem (T9) gives a suboptimal solution of problem (T3).

It is important to note that the optimal solution of problem
(I9) relies on parameters {zoy, yok}szl and zg. This raises a
question that how to choose the values {zox, Yor } 1, and 2o
such (T9) gives a solution as close as to the optimal solution of
(T8)). To achieve this goal, we propose an iterative optimization
algorithm to improve the performance of problem (19), whose
steps are listed in Table



TABLE II: ITERATIVE ALGORITHM TO SOLVE (I8)

1. Initialize g £ {ka}szl,yO e {ygk}kK:l,zo, €, told
and error.
2. While error > € do
2.1. Solve Q4 (0, ¥Yg; z0) in (I9) to obtain the optimal
values t*7 Py, T, Yy Zx
2.3. Compute error = [t — to1d]
2.4. Update to1q = tx, B0 = Tx,Yg = Y,, 20 = Zx-

Proposition 2: The objective function of problem

Q5 (20, Yy, 20) in (I9) solved by the iterative algorithm in
Table [[T] decreases by iterations.
The proof of Proposition 2 is omitted due to the space
limitation, but can be found by using similar arguments as
in Proposition [T} 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.

V. PERFORMANCE EVALUATION

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 and access channels are equal to

of, = —60dB and o2, = —50dB, respectively. Otherwise
mentioned, the self-interference cancellation efficiency is equal
to n = —70dB [13]. Other parameters are as follows: L =
N = K = 4, 0> = —80 dBW, F = 100, Q = 100Mb,

and W = 10MHz. The simulation results are calculated based
on 10000 random requests over 100 channel realizations. The
user requests are assumed to follow the Zipf distribution with
the skewness factor ¢ = 0.8. The Zipf-based caching policy
is used, in which the most M popular files are prefetched
in the EN’s cache. The proposed cache-aided FD scheme is
compared with the conventional HD counterpart, in which the
backhaul and access transmission 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. ] plots the delivery time as a function of the WAP’s
transmit power, Pgs , with M = 0.3F and PgN = 5W.
Two linear designs, i.e., ZF and MMSE, are shown for both
FD and HD schemes. It is observed from the figure that
the cache-aided FD significantly reduces the delivery time
compared with the half-duplex system. At the WAP’s transmit
power equal to 5W, a reduction of 25% is obtained by the
FD scheme with both the precoding designs. Compared with
the ZF, the MMSE design obtains a 10% less in the delivery
time in the observed WAP’s power values. This is because the
MMSE performs power allocation more effectively than the
ZF in some weak conditions when the channel matrix is low
rank. It is also observed that large values of PE* will have
less impacts 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 for a finite PL™.

Fig. [3] presents the average delivery time versus the nor-
malized cache size, the ratio between the cache size M

4.5

—O—FD-7F
—O— FD - MMSE

= # =HD - MMSE

Average Delivery Time (seconds)

10
WAP's transmit power (W)

Fig. 2: Average delivery time of the cache-aided FD compared
with the HD scheme v.s. the WAP’s transmit power. M =
0.3F, PEN =5 wW.

35

25

N

Average Delivery Time (seconds)

15

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

Fig. 3: Average delivery time v.s. the normalized cache size
2. P85 =1W and PEN = 5W.

and the library size F, i.e., % Larger cache size values
result in smaller delivery times in all schemes. The benefit
of caching can be also interpreted as a means of trading
memory for power: the delivery time with a large transmit
power (PE% = 10W, M = 0.3F in Fig. [2) can also be
achieved with a smaller transmit power and a larger cache size
(Pg S =1W, M =0.7F in Fig. . Furthermore, the relative
gain of the FD system over the HD scheme diminishes as the
cache size increases. In such situations, 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
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—O— FD - MMSE
HD - ZF

= ® =HD - MMSE

2.6

Average Delivery Time (seconds)

1.4 : ‘
-80 -70 -60 -50

Self interference cancellation efficiency (dB)

Fig. 4: Average delivery time v.s. the self-interference cancel-
lation efficiency . M = 0.3F, Pgs = 10W, and PgN =5W.

is shown that the FD system outperforms the HD mode in the
small values of 7. When the performance of the interference
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 the cache-aided system.

VI. CONCLUSION

In this paper, we have investigated the performance of a
cache-aided full-duplex system via delivery time analysis and
optimization. Two optimization problems are formulated to
minimize the average delivery time under the two linear zero-
forcing and minimum mean square error precoding designs. To
cope with the non-convexity of the formulated problems, we
proposed two iterative optimization algorithms based on the
inner approximation method. We demonstrate via numerical
results the effectiveness of the cache-aided full-duplex system
over the half-duplex counterpart.

The outcome of this work proves the benefits of the con-
sidered cache-aided FD system and motivates future study
of cache-aided FD networks. One potential subject is the
investigation on general (non-linear) precoding design, which
requires the optimization of both direction and power of the
beamforming vectors.
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APPENDIX A
PROOF OF PROPOSITIONT]
Denote (t(z) p gl 2yl )) as the optimal solution of
Q(:c(() ), yé )) at iteration ¢. We will show that if .I‘ik) < xo
and y!" > yo , then by using ;1:(,:_1) = xilz,y(lﬂ) é)
the (¢ + 1)-th iteration, we will have ¢ty ﬁ #{%) Indeed by
choosing a relatively large initial value {xo ]( and small

A

value y(() ), we always have xik) < x(()k),Vk and y*l) <

Denote fi(z;a) = e®(x —a+1) as the first order approxi-
mation of the e* function at a. By using :c(*i) at the (i + 1)-th
iteration, we have :1:((;:1) = ii,g,Vk Therefore, fl(x':z:(i))
is used in the right-hand side of constraint (I3b). Consider
a candidate x(*) {2IFD x(lﬂ)} with 2
(ik,xyk)), where %y, = scizk) — 1+ €N w:k( Ef) é) +1).
It is evident that 2™ < () and f (xfﬂ) Q) >
fi (xik),xo,c) Vk. In addition, consider a candidate y('*!) =

) + dy, with oy <= mmk{uk( i xSH))}. Obviously,
f (ytD; (1) > fl(y* ,y(())) due to the convexity of e¥
function.

Because fi(z0"V:zy > fi(a *k,ka) vk
A@HYy s fD9) the strictly  inequality
holds in constraints (I3a) and (I3b). Thus, there exits

PR

and

pgﬂ) > p(z) and 0t < t() which satisfies constraints

This set satisfies all

the constraints of problem Q(:c* ,yi)), and therefore is a

feasible solution of the optimization problem. As the result,
the optimal solution at the (i + 1)-th iteration, £ must
satisfy 0D < 4+ < 4 which completes the proof of
Proposition 1.

, (I3a) and (13B). Now consider a new candidate set
41 (D) qﬁi)

(i+1)_y(i+1)
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