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The Effects of Mobility on the Hit Performance of
Cached D2D Networks

Chedia Jarrayand Anastasios Giovanidis

Abstract—A device-to-device (D2D) wireless network is consid- advance could be promising to relieve the overloaded né&twor
ered, where user devices also have the ability to cache conte traffic [17], [14]. The idea of D2D caching can significantly
In such networks, users are mobile and communication links  offload different parts of the network including the radicess
can be spontaneously activated and dropped depending on the network, core network, and backhaul, by smartly prefeighin
users’ relative position. Receivers request files from trasmitters, and storing contents on the user nodes. Because of the D2D

these files having a certain popularity and file-size distrilntion. . : " :
In this work a new performance metric is introduced, namely links, mUIt.'med'a files can be transmitted from one user to
another with reduced latency.

the Service Success Probability, which captures the spedcities
of D2D networks. For the Poisson Point Process case for node An important aspect in D2D communication that makes
dist_ribution_ and the SNR coverage mode!, explicit expressions_are its design challenging isiser mobility The fact that user
derived. Simulations support the analytical results and eglain ., joq constantly change relative position is one of the majo
the influence of mobility and file-size distribution on the sytem factors that can diminish possible benefits of this type dada

performance, while providing intuition on how to appropriately O > . .
cache content on mobile storage space. Of particular intes is transmissionA partly transmitted file due to connection loss

the investigation on how different file-size distributions (Expo-  €an be completely useless
nential, Uniform, or Heavy-Tailed) influence the performance. In this work the performance of caching in D2D networks

Keywords—Wireless cache; Device-to-device; Poisson point pro- is studied, for different degrees of node mobility. Specifi-
cess, Mobility; File-size; Content popularity; Heavy-tailed. cally, a D2D network is considered, whedevices(mobile
nodes) are spatially distributed on the plane. The podyibil
. INTRODUCTION of communication between a mobile node and a fixed station

is left out, in this scenario. At some point in time a subset of
The relatively recent commercial spread of new generatiothese devicesréceivery requests for data files, whereas the
mobile devices such as tablets and smart-phones has &tfjgerother nodes can serve them as potertiahsmitters Based
an explosive increase of data traffic and has made traffign channel quality, reliable wireless links can be esthbtis
management crucial for communication networks. Currentlybetween receivers and transmitters, that satisfy a redjuire
mobile video streaming accounts for almost half of the mobil Quality-of-Service (QoS). If some of these transmittersoal
data traffic and is expected to have a considerable incre@se 0 have the desired content cached, then transmission ialistl
the next years. These developments compel mobile operatoggt most one transmitter per receiver). However, nodesghan
to redesign their current networks and seek more advancgsbsition over time and consequently the link quality betwee
techniques to increase coverage, boost network efficiemey, receivers and transmitters is affected. An establishddiith
cost—ef_fectlvely bring content closer to the user, e|t_hgr b sufficient quality att,, can be later dropped at some > ¢,
deploying small base-stations (BSs)|[11], [4], or by exppigr  due to displacement of one of the two nodes in pair, and the
the possibilities for inter-device communication, knows a consequent quality degradation. In our model, connecties |
D2D (device-to-device) [11]/[2]. due to transmitter displacement is considered an unsifotess
We are particularly interested here in the potential oféffort: The node mobility inherent in the nature of D2D
D2D communications, where mobile devices also play rol€ommunications is what this work wishes to study and provide
in content delivery, and direct communication links betwee & Method to analyse performance metrics of interest.
users are enabled. Such solution will possibly exist on #op 0 Qur contributions are the following:

the existing cellular infrastructure and is already ermrisd - o
for 5G networks. Furthermore, we consider the possibility ® A mobility concept is introduced, where a node keeps

of on-device content caching. The motivation is that, among its position for an exponential amount of time before

existing (multimedia) content, only a small fraction is re- being displaced far from the receiver.

peatedly used, which however triggers the majority of the ,  contentdoes nothave the same size, rather file-sizes

total data traffic. Motivated by this, and the fact that mebil take values sampled from relevant probability distribu-

devices are equipped with cheap and relatively large storag tions. Possible such distributions are the Exponential,
capacity, caching finite popular files on mobile devices in Uniform or a Heavy-Tailed one.
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e Performance evaluation is provided through comparat z; is denoted byr; := |z;|. According to the Slivnyak-
ison plots, both from simulations and analysis. Con-Mecke theorem and the stationarity and isotropy of the PPP,
clusions are drawn over the influence of mobility andthe results for the typical receiver are valid for any reeeiof
file-size distribution on cached D2D performance. &, randomly located on the 2D plang [3].

For the signal propagation model, the path-loss from trans-
mitter to receiver is equal t&(r;) = r; “, wherea > 2. All

In the literature, a significant amount of work analyses contransmitters are assumed to emit the same power level emual t
tent caching in wireless networks. Specifically, Femto@agh P [Watt]. Let H; be the random variable for channel fading
is proposed by Shanmugam et al in|[21] where cachindetweenz; ando, with unit average. These variables indexed
helpers optimally store popular content for delay perfaroga by ¢ are independent and identically distributed and the generi
improvement. Bastug et al inl[4], treat the problem of prvact fading variable is denoted byd (no specific distribution is
caching by use of stochastic geometry, and show the gains iconsidered). The received signal power R I(r;). In the
terms of backhaul savings and user satisfaction. Blaszgrnys case ofno interferencegor at least not considerable) between
and Giovanidis in[[5] study the optimal probabilistic plaent  devices, the signal receptionaits only affected by noise, with
policy for maximizing the total hit probability in random tae  constant poweN > 0 [Watt]. For each link, communications
work topologies. Molisch et al [17] evaluate the performanc takes place within a frequency band 18 [ H z], assigned by
of caching on helper station/devices and optimise videdityua the operating system to guarantee the interference-frée li
by proposing optimal storage schemes. Content placement fgas in OFDMA). The quality of coverage provided by the
delay-tolerant service satisfaction is analysed by Sermps  transmitterz; to the origin is described by the Signal-to-Noise-
al in [20]. Asymptotic laws of the required link capacity of Ratio SNR(r;), equal to
a cached multi-hop wireless network are studied by Paschos
et al in [18]. Related to the problem of routing and replica PHr;“
placement in a network, Sourlas et al propose various an-lin SNR(ri) = N 1)
autonomous cache management algoritims [22].

A. Literature

Cached D2D communications is treated by Ji et al in The maximum transmission rate fram to o in [bits/sec]
[14], where the authors find asymptotic throughput scalings given by the Shannon formula
laws with coded caching and D2D spatial reuse. Afshang
et al analyse cached coverage in a clustered PPP model in R(r;) = Wlog, (14 SNR(r;)). (2)
[2]. Mobility in cellular networks is an important topic and
interesting analytical models have been proposed by Lid et ah
[16], and Hsu et al [13]. The optimal storage allocation when
user mobility is modelled by a a Markov chain random walk  The receiver ab demands a file (say audio or video) from
is approximately solved by Poularakis and Tassiulas_in.[19]5 finite set ofF > 1 available ones. This set is calledntent
To optimally store content, the authors In [24] formulat&lan catalogueand is denoted bg' := {c1, co...., cp }. Each content
solve a contact-duration-aware data replication optitiiea (fije) ¢; is related to a popularity value, assurhstant and
problem. knowna priori. The file popularity can be understood as the

The remainder of this paper is organized as follows. Sectioffédquency of a particular content being called from an indini
MM describes in detail the system model, whereas the retevartream of requests, and its law; }, j = 1,..., F, can be any
performance metrics are introduced in Secfioh Ill. Sedfign  Probability mass function of” objects, with
contains the main analytical results of the stochastic ggom »
analysis, followed by certain special cases of interest and Z“’ _
;=1
j=1

. Content and its Popularity

3)

discussion. Performance evaluation of the model is pravide
in Section[Y, where simulations confirm the validity of the
derived analytical expressions. Furthermore, plots tilaie
how the performance is influenced by system parameters, such If we assume that content is indexed in decreasing order
as the mean node lifespan or the file-size order and disibut  of popularity j = 1,...,F, and is Zipf-like distributed[[7],

Conclusions of the work are drawn in Sectlod VI. we find the traffic case of the Independent Reference Model
(IRM), with a; = A~'j=7, and A := Y7 | j= being the
Il. SYSTEM MODEL normalising constraint. The Zipf exponentcharacterises the

distribution and depends on the type of content. The Zipf
distribution is heavy-tailel, which means that it can give
The transmitters and receivers are placed following twaise to extremely large values with non-negligible proligbi

independent planar homogeneous PBRPand ®, with inten-  When~y < 2, and forF' — oo the Zipf distribution has infinite
sity \; > 0 and A, > 0, respectively. Their superposition is mean value.

also a PPP with sum intensity = \; + A, [devices/m?].
The transmitter devices are enumerated= 1,2,..., and 1The definition of a heavy-tailed distribution is ambiguonstie literature.
we denote byz; the location of theit” transmitter. Since !t often refers to distributions that are heavier than thepdbential. In a

f " tronger sense it refers to distributions that have certements infinite, i.e.
the receivers follow a PPP as well, we can condition on he mean, or just the variance. We will apply here the firstnitedn, and as a

typical receiver located at the Cartesian origir: (0,0). The  consequence, thieg-normal distribution, which has all moments finite, will
Euclidian distance between the origin and each transmitteie considered also as heavy-tailed.

A. Physical Aspects




C. Content Size Altogether, a tuple of a-priori known valueg;, z;) is
related to each contemt. It is important to note that in_[7]

no strong correlation between file size and popularity was
observed, except from the average size of popular contents
being slightly smaller than that of the unpopular ones.

Furthermore, we consider that each contgne C has a
positive sizez; > 0 given in [bits]. The size generally varies
among different files, it ixonstant and knowrand depends
on the content type. A realisation of sizes fbr files can
be sampledfrom a probability distribution. There are many
related studies in the literature that propose and make udd Content Placement to Caches
of the distribution for the file sizes. Certain authors sigjge The storage inventory of a D2D transmittey € @, is
that this distribution should b&eavy-tailedas well, as for genoted by=( and contains a number @ | < K distinct
the popularities, the reason being that traffic is domindted entire files from the catalogu@. We consider that the content

We found and propose here the following possibilities. distribution which guarantees that
(A) Crovella and Bestavros [9] attributeRareto distribu- b, = Pr(c; € ) 0<b; <1,V (7)
tion with parametef.9 < a < 1.1, which is verified to fit well ! ’ ’ e
with available network data sets. Its tail probability is i.e the probability (consequently frequency) that contgnis
_ stored in any of the memory caches of the network devices is
Fp(z) = P[Z > 2] = (B/2)", (4)  b;. In the above, due to independence, the superscript on in-

ventories(i) is dropped. These content placement probabilities

with shape paramete#i andscale parametefg > 0, andz > are (pre)determined by theontent placement policy

3. The Pareto distribution has infinite variance foK 2, and
infinite mean fora < 1. Since each transmitter; has a memory of siz& [objects]
) . ) irrespective of their file size, no more thda distinct objects
(B) Lee et al in|[15], and Abhari and Sorayé [1] analysedghqy|d be made available in each cachel[ln [5], a probabilist

measurements from YouTube videos and propos&dedull ek placement (PBP) policy was suggested, that satisfies t
distribution for video files, with tail sum constraint

B F
Fyw (2) = exp(—(z/n)"). (5) > b <K, (8)
j=1

In general, forshapek < 1 the Weibull distribution exhibits

infinity of certain first moments, and it becomes heaviekas and at the same time guarantees the hard constEint < K,

gets smaller. In these references, audio files are modeyled lor || 4. This is the policy we consider here as well.
the Exponentialdistribution (Weibull withk = 1).

(C) Certain authors, such as Downeylinl[10], give evidenceée. Device Mobility
that the file-size distribution in the WWW, rather than Paret
is actually Log-normal In N (u, o). A random variable is
log-normally distributed, if its natural logarithm foll@vthe
Normal distribution\ (i1, o). An easy way to describe it is
through its p.d.f.

Node mobility is modelled in a simplified way as follows.
At instantt = 0, the receiver at the Cartesian origin sees a set
of transmitters with fixed positions on the plane. The distan
between the receiver and each transmitter varies over tise,
a functionr;(t), Vi. Then,SNR(r;(0)) in (1) gives the signal
2) quality andR(r;(0)) in @) the achievable rate for the link

Inz—
( 2 (6)  betweeno andz; at time origin.

1
ex
zoV 2T p( 202
We need to include in the model that the position of

The aforementioned publications, are not specific for mo€ach node, due to mobility, is bound to change. To do so,
bile traffic - where users differ from wired networks in be- €ach link is considered active for a time period ©f[sec],
havioural patterns and service needs. Mobile users aretpe different for eachr;, with SNR(r;(t)) = SNR(r;(0)), within
to show less interest for very large files, due to limited band0 < ¢ < 7. This is called itslifespan At 7; the link is
width of wireless links, storage limitations, and shorteshite ~ immediately dropped, because the transmitter instantlyesio
sessions especially outside home and work environmergs (sér away from its position so tha8NR(r;(7;)) ~ 0. Of
also [23]). For these reasons, we can propose to limit the fil§ourse, such a model with sudden node displacement does not
size by UPPeE .. (also lowerz,,;,,) bounds, depending on the describe the full complexity of random user movements and
service type. This can be achieved btrancateddistribution, ~ their trajectories on the plane, it is however sufficient t# i
e.g. truncated Log-normal, or simply by use dfiaiformone. ~ simplicity to capture the main effects of mobility and to el
Video files are often larger (even of an order of magnitudejetter manage the cache inventories.
than audio files. A reasonable size range for these two media 1pq time intervalsr; are random i.i.d. variables, that are

types related to mobile offloading is proposed in Tdble I. 5155 independent of all other parameters of the model, such
as node position or fading. They can be seen as a mark of
the proces,;. The generic random variable for all is T" ~
Ezponential(771), with meanE [T] = 7.

frog(2) =

TABLE I. UNIFORM DISTRIBUTION
Content Type| Size Range (2)

Audio file | 100 Kb - 20 Mb )
Video file 50 Mb -2 Gb As a consequence of the model, the number of possible

active links gradually reduces over time.




[1l. PERFORMANCEMETRICS Furthermore, we can take the distribution of file-size into
consideration, by taking expectation of the above metrierov
Mhe file-size variables. These are i.i.d. with cBA(z) for each
file size z;, j = 1,...,F. We define theExpected Service
Success Probabilitydenoted byP;,, ({b;}; {a,}), as

The user at the origin requests for a certain content fro
the catalogue”, which follows the popularity law{a,}. We
remind the reader that the placement probabilities on cach
follow {b;}. For a given content;, its service is successful
if there existsat leastone transmitterr; € ®; who satisfies
both conditions:

psrv b; ) j = EPS’I‘U b; ; B j
(i) the object is found in its inventory, i.e. the event is true ({b5}:{as}) F[ ({6} {as} {z1)]
. I; sindep.
Aij = {¢; € 2V}, ©) =Y 4B Par (b5 2)] - (15)
j=1

(i) the communication link betweemandz; is sufficient
for the entire file to be transmitted, before the transmigaves IV.  MAIN RESULTS
its position and becomes unavailable. This can be formally

expressed as the event
Proposition 1. The probability that the typical receiver re-

Bij = {miWlogy(1 + SNR(r)) > 2}, (10) questing for object; € C is served by at least one transmitter
i.e. that the amount of information irbis] transmitted over in the downlink, for theSNR coverage model, is equal to
the link betweenz; and o within the lifespanr; is greater Iy
than or equal to the total sizg of the object. Alternatively, — Perv,j(bj; zj) = 1 —exp (—W/\tbijT(ij)> , (16)
we can write{ R(r;) > z;/7;}, which poses a requirement for
the throughput, to be greater than or equal to a threshold afhere
minimum rate (file-size over transmitter’s lifespan).

. Per-Object Service Success Probability

. . o Iy = PE[H"], (17)
As mentioned, uninterrupted service is guaranteed when 1
at least one transmitter satisfies (i) and (i), but the chse t Ir(z;,7) = E[(——)¥"]. (18)
more than one may exist with these conditions is not excluded 2wt —1
If so, we assume a random choice among these possibilities
for a communication link witho to be established, and also Proof: We need to calculaté (I13). The randomness of the

the existence of a schedule to achieve this. Our work mainlgVent (I2) is due t¢a) the position of the transmitters, which
focuses on the probability that the service is satisfiedottisd " our model follows a PPRb) the lifespanr; ~ T' of each
not consider issues on scheduling, resource allocationast | N0de,(c) the channel fading, ~ H between each transmitter
balancing (the load here being the receivers), when mamg use®: and the the origir. Hence,

compete for access to the same transmitter. It neither derssi 0o

the possibility for transmitters to cooperate for servitais Py = Pr Z\pij > 1] —1— Pr
option can be left open for future investigations. P

i=1

Having said this, service is achieved framto o for object

¢;, when = 1=-Pr _ﬂ{‘l’z‘j = 0}]

W, = 1{Ai]‘}1{Bij} =1, (12) 010:1
wherel,g; is the indicator function, which yields one, if the @ 1-E H 1{\1,1.]._0}]
event £ is true, otherwise zero. We say that the receiver’s i=1

demand is served successfully, when at least one transmitte

x; € ®, exists, that satisfied;; = 1, i.e. if the following ® 1-FE HPr(\Ifij = 0)]
event is true - i=1
S, = U, > 1}, 12 .
! {; ! } (12) © - exp | — /(1 —uj(z))\dx
R2
By denoting the probability of service for contesite C oo
by Pary j (b3 25), we have @1 —exp | 27N, / (1 —u(r)rdr | . (19)

Psru,j(bj;zj) = P’I’(Sj) = Pr

S,z 1] NCE) 0
=1 In the above, (a) is due to the independence of the events
. . W¥;;, (b) results by taking expectation over the i.i.d. variable
b_l'.l'hedperfor?gnce metr:jc.|s_ th'E)taIISer\rlllce Succegs Prob- -4 "rh.1, (c) is obtained from the probability generating
ability, denoted by, and it is equal to the expected Service fntional (PGFL) of the PPP, which states that for some func
probability over the content popularity, given the file size u(z) itholdSE[[ [, cq u(2)] = exp(—A [ (1 — u(x))d)
F [12], [3]. In our caseu;(z) := Pr(¥;; = 0) and ), is the
Py ({05} {a;} . {7}) = ZajPSmj(bj;zj). (14) density of D2D transmitters. The last step (d) comes from
i=1 Cartesian-to-Polar transformation.



To derive an explicit expression for the per-object Service

Success Probability’s,, ;, the functionu;(z;) needs to be
calculated.

=0)

= PT(\I/Z'J' ZO)ZPT‘(lAileij
Pr(lga,ne,) =0)

1-— P’I’(Aij n Bzg)

1-— PT‘(A”)PT‘(BU)

1= fi(lail).

uj(z;)

~

(20)

In the above, (e) comes from the independence of th
two events 4;; and B;;. We have replacedf;(|z;|)
P(A;;)P(B;;), equal tof;(r;), so that the function;(z;),
depends only on the radial distance frento the transmitter.
The reason is that,

£i(rs) Pr(c; € 2;)Pr(m;Wlogy(1 4+ SNR(r;)) > z;)
(i) (44)

"=l oy pr (SNR(rl) > 9wr _ 1) . (1)
Substituting [(2D) into[{119) yields the following
Pypj = 1—exp —ZWAt/fj(r)rdr (22)

Using also the equality if(21) and tl$NR, definition in
(1), the expression becomes

Py G exp | —2mAsb; /Pr(?‘o‘ < Rj)rdr
0
= 1—exp | —27\b; /]E[l{,,‘a<f%_}]rdr
(2 1 —exp [ —27X;E 1{T<R1/a rdr

1—exp (—27T)\tbjE

R/«
E rdr])

")
).

wo\ 0\8

1 —exp ( 27\ E {—|0

2/a
J

1 — exp ( b B[R

where in (k) we substitutefzj = BH__1 _ Hence
2WT —1

E[R%/*] = P]%\[Igia]IE[? -1 ]. The order of inte-

gration is interchanged irY) due to Fubini's theorem. =

Discussion on Proposition 1From Eg. [I6) we observe
that the service probability for objeet; is a function of
its content placement probability; and its file-sizez;. In
fact, the functionP,,, ; is increasing inb;. Regarding the
file-size, the function is decreasing ig;. Hence, service
exhibits the behaviour that one would expect related toatbje
characteristics. Another dependence of the function ishen t
average lifesparr, and it is increasing as the mean lifespan

TABLE II. FADING DISTRIBUTIONS, TAKEN FROM [6].

Distribution Probability density of H E[H?/%]
1/(hv270)
Log-normal xe—(nh—m? /252 22 +pa)/a®
Exponential e M A"2/oT(2/a+ 1)
(k/N) R/ N1
Weibull xe(—h/N* A2/T(2/(ak) + 1)
Qmm/r(m)szwn h27n71
Nakagami x e~ (m/h? T(1/a + m)T(m)(Q/m)M
(h/o*)Io(hv/o?) (26%)/0(1/a + 1)1
Rice e~ (W2 +v%)/(202) X Fi(=1/a, 1; —v2/(20?)

fncreases. Actually, a larger lifespan corresponds in codeh
to low mobility.

Furthermore, the service probability depends also on sys-
tem parameters, such as the path-loss expanethe transmit-
ter density\;, their transmit poweP and bandwidthi”. As \;
increases, and fdr; > 0, the P, ; tends to 1. The reason for
such behaviour is theNR communications model, which does
not consider interference, so densifying the network, §imp
guarantees that the receiver will find its request somewhere
close with sufficiently high probability. The function isrther
increasing inP andW and decreasing in, the latter because
the coverage area of each transmitter decreases for iifggeas
path-loss exponent.

The expressioPs,., ; depends on the expectatiofig and
I in ([@7) and [(IB) respectively.

1) Fading distribution forly: To obtain specific expres-
sions forE[H?/] we need to determine the type of distribution
for the propagation effectd/ (shadowing, and/or fading)
experienced by the typical receiver. A list of such disttibas
with their density function and the calculation 6§ is found
in [6]. We reproduce this here in Tallg Il. As an example, if
we assume exponential fading with mean 1 (as is often the
case), the expression for the service probability gives

P2/°T(2 4+1)

Py (bj; 2) = N2/a

1 —exp(—mAib;

Ir(z;,7)).

2) Lifespan distribution forl7: The distribution for node
lifespanT plays an important role for performance. To get
first intuition we can use (i) a fixed periad = 7, Vz;. In this
case, all nodes will be available for data transmissionndguri
the period[0, 7] and after that, no service will be provided.
Since lifespan does not vary, the probability of service thgos
depends on the probability a transmitter with the desirgdaib
to be sufficiently close to the origin. This distribution gilifies
the calculations, giving

z; -2/«
(2w—# - 1) "

A more realistic assumption is that of an exponential distri
bution. Each node has the ability to provide service for an ex
ponential time while keeping its position, before movingagw
from the origin. In this case, whefE ~ Exponential (771),
the factor/ can be calculated by the integral

e

T=7

IT(ZJv ) = (23)

Exp

IT(Zjv 7_—)



B. Total and Expected Service Success Probability for 1 < j < 2K and0, otherwise. Then, foi < j < 2K,

Using Prop[dL, and applying this to the expressiorid (14)bj - aj}{\;\(hereaj ©a sortFof normahgs;d popularity] :=
{ s 1}, sothaty ;_,b; =372, b; < K.

for the total success metric, we get the following result. min

Corollary 1. The Total Service Success Probability for the  We investigate different file-size distributions for thexra

SNR coverage model is equal to (we omit the dependence odom variableZ. In all cases, the choice of file-size per object

({b;};{a;}, {z;}) due to space limitation), ¢j is iid. andz; ~ Z, Ve; € C, so that the mean size for

» Audio is ~ 10 [Mb] and for Video~ 1 [Gb]. In the case of

P ‘ b, Iy I(s = o5 a_Umfor_m d|§tr|but|on, the_ range of file-sizes for Audio _and

srv = 2} @3 OXP\ TN NaTa r(z:7) |- (25 Video given in Tabld]l satisfy the values of the expectation.

iz

A. Validati
By further assuming independently sampled file-sizes from alidation

a distribution with c.d.f. Fz(z) and p.d.f. (for continuous The correctness of the expression [in](25) is validated for
functions) or p.m.f. (for discrete functiong) (=), the expected the case of Audio and Video files separately. Both sets of
success metric takes the following expression. file-sizes (00 in total in each set) aresampledfrom an

. - exponential distribution with mean valu#g [ M b] (audio) and
Corollary 2. The Expected Service Success Probability forthe1 FGb] (video) respectively. The express[ion Lgf is g)iven

SNR coverage model is equal to (we omit the dependence o "7y hecause lifespan distribution is exponential asl.wel
({bj}; {a;}) due to space limitation), The comparison between analysis and simulation is illtestra
F in Fig. [ for the Total Service Success Probability over a
Poy=1-— Z a;E [exp (—w/\tbjI—HIT(Z, T))] . (26) range of mean lifespan values, which is chosen differemwtty f
= N2/a the two file categories. The plots show an excellent match
between analysis and simulations. Interestingly, we ofeser
that for 7 = 100 [sec], audio files have a success probability
Psrv, Audio = 0.37, much higher than the success probability of
In this section, the expressions derived for the perforreancvideos for the same value of mean lifespan, video =~ 0.04.
of the D2D model under study are numerically evaluatedThis is reasonable due to the difference in mean file-size.
Additionally, we have run extended simulations of the gyste Both sub-figures show a diminishing increase if.,. The
to validate their correctness. probability should converge to some value less than one,
because of the placement policy, which lea¥es 2K objects
definitely uncached. Moving on the-axis in both plots from
left to right represents a change in the D2D behaviour, from
higher to lowermobility.

V. NUMERICAL EVALUATION

Specifically for the simulation environment, we consider
the following. Geometry ParametersThe simulation is ob-
served within a window of sizel00 x 100 [km?], where
transmitter devices are distributed as a Poisson pointegsc
(PPP) of density)\t = 25" 1073 [transmitters/mQ]. With () Audio: Total Service Success Probability (b) Video: Total Service Success Probability
this transmitter density, the mean distance froto the closest oap B TEPEED Eron s ree 2e0
transmitter isr ;s = (2v/Ar)”! = 10 [m]. Each node has
a lifespan that is exponentially distributed with mean ealu
that varies for (a) Audio files € [0,100] [sec], and (b) for
Video files7 € [0,1000] [sec]. The receivers form also a PPP
but we consider just one receiver per realisation placetiat t £ oz
Cartesian origirp, since no resource sharing is assumed. TheZ
simulation results are averaged ovEy,, = 2000 iterations P>
(a larger number gives even better fi)ireless Parameters: .,
The transmission is interference free. Each node operates ¢

0.35

03

Success Probability P,
v

a bandwidth of5 [M Hz] and emits with PowerP = 0.5 01 o Total Success Audo Smul) ocsf ,
[Watt/Hz], Whereas nOise pOWer W — 10711 [Watt/Hz] —— Total Success Audio (Analytical) —=— Total Success Video (Analytical)

. . . . 0.0!
The path-loss exponentis= 4 and fading is Rayleigh (hence B ety © 00 o g P

exponential distribution)Content ParametersiWe consider a

catalogue of size/” = 100 objects, and a Zipf distribution rig. 1. Total service probability with respect to mean noifiespan, for
for popularity, with exponenty = 0.78. The objects can be cached (a) Audio files and (b) Video files.

(a) Audio files, or (b) Video files. The cache size AsS= 5

[objects] and we do not consider the influence of file-sizes

when filling in the node inventories. B. Evaluation

Content PlacementVe use the probabilistic block place- 1) Influence of file-size order related to popularitfhe
ment policy (PBP) proposed irl[5], which for each noderesults in Fig[ll are obtained when the file-size of each ednte
samples an independent vector of at méstobjects, and is independently sampled from an exponential distribution
satisfies the placement probabilitigs> 0 for every object;.  There is, hence, no correlation between popularity and file-
The vector{b;} should be given as system input. The choicesize, meaning that the most popular file may have any size. We
of entries is critical for the system performance itself and investigate how the service success probability is inflednc
a design parameter. In the current simulation we take 0,  from a possible correlation between the two file charadtesis



More specifically, we simulate (and analytically calcujateo  and we choos@ = 51n(10), o = 1/81n(10).
scenarios, one when the file-sizes are in decreasing order in : L L
To observe the influence of these file-size distributions

relation to the popularity index (the most popular file is the " . .
largest one from the sample set, the second most popular e the probability of service, we first make use of the-

second largest and so on), and another scenario when the fRgCted Service Success Probabititgtric, in [26). To simplify
sizes are in increasing order (most popular file is the sistalle numeflcal evaluation, Whe use a f!xed .Ilfespan fﬁr all nlodes
one). These two curves over the mean lifespan are producgé = 7 = 1000 sec, so thatly is given in [2B). The results
for Video in Fig.[2 (for Audio the behaviour is similar), and ! theé evaluations, with the parameters of each distributio
can be directly compared to those in Hig. 1(b). We observghoSen as above, are given in Fig. 3. From Fhe plots, we
that when the file-sizes are in increasing order, fhe, is Gbserve that the distributions are °rdefed ds: Uni <
higher than in the independent case, because more populdy £2P < C. Par < E. Log < D. Weib. We note that
files (which are also cached due to the choice of the placeme € Fhre.e heavy-taned (or just heavier than th_e exporintia
policy) are smaller and thus more likely to be fully transert Istributions Weibull, Pareto and Log-Normal, with the g@ar

within the lifespan. On the other hand, when the sizes are iffi€" SEt chosen, give the maximum service performance. The
decreasing order, thé,,., is lower than in the independent reason that the exponential performs poorly is that, atjhou

case, for exactly the opposite reason !t does not have the tendency. to generate very high values,
' ' it does however produce a sufficient number of samples large
enough to keep th&,., low. Contrary to this, the heavy-tailed
distributions may produce extremely large samples, howeve
not a large number of them, so that small files tend to have
smaller size than the ones from the exponential. Different
heavy-tailed distributions can generate samples whiclatev
considerably from the mean towards higher values, but with
even smaller low values, in order to keep the sd@hg] = 1
[Gb]. The reason for the poor performance of the uniform is
that, although bounded betweén,i,, zmax] = [0.05, 2] [GD],
a considerable amount of samples, due to uniform sampling,
will be around the highest value, whereas no samples can
be smaller than the lowest bound. The performance in the
plots converges to an upper bouB@FP,., ] ~ 0.3433, equal to
the sum of popularities of the X' cached most popular files

Y 2K a; for v = 0.78.

Video: Total Service Success Probability
(F=100, K=5, T~Exp, Z~Exp-Increase/Decrease)
T T T T T

0.45

stv

Success Probability P,

. ¥ © Total Success Video Increasing (Simul.)
0.05 -t —s— Total Success Video Increasing (Analytical)
. L] *  Total Success Vfdeo Decreas?ﬂg (Simm-? Video: Expected Total Service Success Probability
o i Total S‘UCCESS‘VIdEU Decreasing (Ana!ytlcal) Various Distributions for file size with E[Z]=1Gb

800 1000 1200 1400 1600 1800 2000

0.35 T T T T T T T T
Mean lifespan T [sec] AR RS

i
600

0.3
Fig. 2. Increasing/Decreasing file-size with popularityder and how it
influences the total service probability, for cached Vidéesfiover the mean
node lifespan.

stV I

o
N
3]

o
)

2) Influence of file-size distribution in the Expected/Total
Service Success Probabilityie investigate this very impor-
tant issue with the following methodology. We consider five
possible distributions for the file-size of VideoA: Uniform
Within [2min, Zmax), B. EXxponentialvith parameten, C. Pareto
with parameterga, 5), D. Weibull with parametergy, k), E.
Log-Normalwith parameteréu, o). Each one of these has very
different characteristics and the system performance rokpe

on the parameter values. o(; -

=}
s
3

—=— Exponential
—— Uniform

Expected Success Probability E[ P,
o
e

—+— Pareto
—o— Weibull
| —%—Log-normal | -

0.0sf/f

I I I I I I
800 1000 1200 1400 1600 1800 2000
Mean lifespan T [sec]

460 660
To keep comparison fair, we choose the parameters so the
E [Z] = 1 [G}], which is the mean value of the video file-size. _ _ o
Having this in mind A. the Uniform is in agreement with the Fig. 3. Comparison of Expected Service Success Probabhilithh different
. file-size distributions for Video.
expected value when using the upper and lower bounds in

Table[l. B. For Exponentiah = 10~°. C. For Pareto it holds

thatE[Z] = %, anda > 1 to have finite first moment. Then
we chooser = 20/19 and3 = 0.05-10° which not only gives

To further give intuition on the effect of the tail distritho
on the performance, we proceed in an alternative way: a

the desired expected value but also guarantees the same lowgrger sample set of siz& = 200 values is produced from

boundz > 8 = zui, With the Uniform distribution.D. For
Weibull, E [Z] = uI'(1+ 1), so that the choice ig = 276 and
k = 0.1 < 1. Finally, E. for Log-normalE [Z] = exp(u + "—;)

each distribution. The samples of each set are then indexed
in decreasing order. Tablellll shows the five highest values
per set. Using these, the Total Service Success Probagbdity



mean lifespan is plotted, which shows the same results as the

expected case, with the difference in the performance of the
Uniform distribution, which is higher due to the file-sizepgp
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bound of2 [Gb]. Both Fig.[2 and TablET) support the intuition for the discussions and contributions throughout thisaese
and our explanations given above.

TABLE III. SAMPLES OF FILE-SIZES[Gb] IN DESCENDING ORDER
DIStrIb/Obj Cc1 Co c3 Cq Cs
A. Uniform 200 | 1.99 | 1.98| 1.97| 1.97
B. Exponential| 6.21 | 5.64 | 5.33| 4.22| 4.01
C. Pareto 893 | 6.37 | 5.70| 4.92| 1.47
D. Weibull 24.00| 18.07| 1.45| 0.07| 0.04
E. Log-Normal| 7.28 | 7.05 | 2.49| 1.13| 1.05

Video: Total Service Success Probability
Various Distributions for file size — Decreasing order, E[Z]=1Gb
T
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Fig. 4. Comparison of Total Service Success Probabilityh wifferent file-
size distributions for a Video sample set Bf = 200 objects in decreasing
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The influence of mobility in the performance of cached
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D2D networks has been investigated. In the proposed moddF6]

a link is successful if the object request from the transmit

cached at the memory of the receiver, and the link quality
is sufficient for the entire object to be transferred before!”]
the transmitter leaves its place. The change in position is
assumed sudden and the link is immediately dropped aftehS]
wards. This is a simplified approach to model mobility, and
more realistic approaches can be considered in the futurgg

where the link quality could evolve more gradually. The
work further investigates the influence of different fileesi

distributions on the network performance, and the analysi§0]

concludes that the exponential distribution may underegt

performance compared to heavy-tailed ones. Furthermbre, i
is shown that caching smaller files is in general beneficiall2!
since these are more probable to be successfully trandferre

Further extensions of the work may include the possibility o
cooperative transmission![8], as well as an evaluation whe

interference influences the coverage probability.
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