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Abstract—Consider a device-to-device (D2D) fog-radio access considers fog computing from the storage perspective irchvhi
network wherein a set of devices are required to store a set of the cloud data centers disseminate files in the network for
files. Each device is connected to a subset of the cloud datanters  ¢3ctar access

and thus possesses a subset of the data. This paper investam i, . A . .

the problem of disseminating all files among the devices wtal By e>§pI0|t|ng the computation ab'l't'?s of the intermitten
reducing the total time of communication, i.e., the compléon hodes in the network, Network Coding (NC) has shown
time, using instantly decodable network coding (IDNC). Whie remarkable abilities in significantly improving the netk@a-
previous studies on the use of IDNC in D2D systems assume apacity and reducing the delay of wireless broadcast cordigur
fully connected communication network, this paper tacklesthe tions [G]. For D2D systems in which devices exchange packets

more realistic scenario of a partially connected network inwhich hort d il liable ch Is. NC
devices can only target devices in their transmission rangeThe over a short rangeé and possibly more refiable channels,

paper first formulates the optimal joint optimization of selecting IS @ Suitable complementary solutidn [10] to provide re&ab
the transmitting device(s) and the file combination(s) andxhibits and secure data communications over ad-hoc networks such

its intractability. The completion time is approximated using the  that Internet of Things (IoT) and wireless sensor networks.
celebrated decoding delay approach by deriving the relatioship While random NC schemes require computationally expen-

between the quantities in a partially connected network. Tk . o - .
paper introduces the cooperation graph and demonstrates tt ~ SIV€ matrix inversion, Instantly Decodable Network Coding

the relaxed problem is equivalent to a maximum weight clique (IDNC) [11] is an important subclass of NC that is suitable
problem over the newly designed graph wherein the weights & for battery-powered D2D communications. IDNC provides an
obtained by solving a similar problem on the local IDNC grapts. incredibly fast, or as it name indicates instantly, encgdind
Ext_ensive simulations reveal that the proposed solution mv_ides decoding through simple binary XOR operations which are
noticeable performance enhancement and outperforms prewously . . . .
proposed IDNC-based schemes. particularly vyeII a@apted for. the ne;worlf of interest insthi
paper wherein devices are highly limited in terms of computa
tion complexity. Besides, IDNC provides progressive déogd
which is a fundamental feature that makes files ready-to-use
from their reception instant. For its aforementioned begefi
IDNC is employed in various settings [11]-]17].
o ] ) Consider a D2D fog-radio access network (F-RAN) wherein
W'T_H their increased popularity and their abundance set of devices are required to store a set of files. Eachalevic
V' in radio access networks, smartphones are becomiggeonnected to a subset of the cloud data centers and thus
active parts of the system. While traditional cell phonesyssesses a subset of the data. This paper investigates the
were considered as mere terminals by the service providgigpiem of disseminating all files among the devices while
the increased computation power and storage capacity (gfjcing the total time of communication, i.e., the coniplet
smartphones are turning them into active components of fige using IDNC. While previous studies on the use of IDNC
network. For example, to support a massive number of deviGaSpop systems assume a fully connected communication
and further reduce latency, the notion of device-to-devi¢Riwork, this paper tackles the more realistic scenario of a
(D2D) [1] communication has been proposed as a potentialia|ly connected network in which devices can only targe
candidate for the next generation mobile radio syst8@) (2. gevices in their transmission range. However, the assompti
Similarly, multiple works investigate the use of smartp@®n f 4 global coordinator in the network is preserved and can be

are potential relays in the network. alleviated in future work using a game theoretical approach
Lately, the notion of fog computing [3][[4] emerged as &imilar to the one proposed iA [18].

new paradigm in radio access network in which not only the peqycing the number of transmissions is intractable due to
communication and computing resources of the mobile deviGge gynamic nature of the channels. Various approximations
are exploited but also their storage capacity. Such pamadigs the completion time have been suggested in the literature
shift allows not only to save the (_:iata center resources béﬂmng which the decoding delay approachn [19] that allowed
also to have fast access to the files and thus to meet {ig,cing the completion time below its best-known bound.
ever increasing data rates and the Quality of Service (Qo§hilar to the completion time, finding the optimal schedule
requirements([5]. As for all new notions, the definition oy gecoding delay minimization is intractablg [16]]20].
fog networking and computing is still ambiguous and dog§owever, the authors in[15] propose an efficient on-line
not make consensus in the literature, elg., [6]-[8]. Thisepa gecoding delay minimization scheme. This paper suggests
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The paper’s main contribution is to propose an efficient
method for disseminating the files among the devices on a
partially connected D2D F-RAN. The joint optimization over
the set of transmitting devices and data combinations so as
to reduce the number of transmissions is first formulated
and shown to be intractable. Due to the intractability of the
completion time, the paper proposes approximating theimetr
by deriving its relationship to the decoding delay. Finally
using the expressions of the decoding delay in the litegatur
the paper designs the cooperation graph and shows that the
relaxed problem is equivalent to a multi-layer maximurfi- 1. An example of a schedule in a partially connected E2Rble

. - . . network composed df devices and files. In the first time slot both devices
weight clique problem. Simulation results reveal that th@-p ;7 and 17, transmit. In the second time slot devicg, transmits.
posed solution outperforms previously IDNC-based schemes

in partially connected communication systems. Due to spaCﬁ | dt tential diff in the t it
limitation, proofs, and additional simulations can be fdun channels and to a potential diflerence in the transmit ppwer

the online technical reporf [22]. the erasures,,, ande,, are not necessarily equal.
The rest of this paper is organized as follows: Secfion Il Devices cooperate to complete the reception of all files by

presents the system model and relevant definitions. The Co%ghangmg XOR-encaded files to devices in their transmmssi

pletion time is expressed, and the problem is formulated rli(ﬁngel' dTh'S fFiﬁpedr_ ?_ssutr_nes ft?e tcen;ral cpntcrjofl_ller 21?2 full
Section[Tll. In Section[1V, the cooperation graph is consowiedge ot the distribution o1 1ot and receved tiles a

structed, and the solution to the collision-free scenasio gevice Whi.Ch can be accomplished by the exchange of positive
suggested. The solution is extended to the general c:oopé'j]"é\(—j negative acknowledgments (ACKs and NACKSs) through

tion in SectionV Finally, before concluding in Sectiba V11,2 dedicated feedback channel.
simulation results are provided in Section VI.

B. Definitions and Notation

Il. SYSTEM MODEL AND DEFINITIONS This subsection gathers the relevant definitions and rtati
A. System Model and Parameters used throughout the paper. L&tdenote a schedule formed
Consider a D2D F-RAN consisting of a gétof U/ devices. from the transmitting (.jeV|ces.and the file combmat.lo_n f_mhea
. : time slot. The paper aims to find the schedfilhat minimizes
Initially available at the data centers, the central cdrdro the total number of transmissions, known as the completion
aims to storeF’ files (denoted by the seF) at all devices. ' P

Each deviceu is connected to some data centers from Whicti'1me T and defined as follows:
it obtained a subset of the filed,, C F. Call the missing Definition 1 (Individual Completion Time) The individual
files at theu-th device its Wants set and denote it bYy,. completion time7,(S) of the u-th device experienced by
The central controller aims to design a transmission pajtodollowing the scheduleS is the number of transmissions
so that each device receives a copy of all its missing files. Required until the device obtains all its missing files.
devices to be able to receive all data, each file is assumesl t
possessed by at least one device, fes, |,y Hu, V f € F.
The network topology is captured by a symmetric, un
diagonal,U x U connectivity matrixC = [c,,] wherein
the entryc,, is equal tol if devicesu and v’ are in the
transmission range of each others. Furthermore, the papeFigure[l represents an example of a schedule in a partially
assumes that the network (and thus the ma@jxs connected, connected D2D F-RAN. Unlike fully connected D2D systems,
i.e., each device can target any other device through aesinglultiple devices are able to transmit simultaneously. The
or a multi-hop transmission. If some part of the network ismdividual completion time of deviceEs and U7 is one unit.
disconnected, it can be considered as an independent ketwaowever, the overall completion time 2sunits so as to satisfy
and optimized separately. The coverage z6peof the u-th  all devices.
device is defined as the set of devices in the transmissigeran Inspired by the work in[19], this paper employs a decoding
of the u-th device. In other wordg;, is defined by: delay approach to efficiently reduce the completion time.
Co={u el | cpw =1}. (1) To define the decoding delay, first introduce the different

The paper considers that the D2D transmissions are subjé&eption options for the-th device as follows:
to independent but not necessarily identical erasuresefdte o Instantly DecodableA file is instantly decodable if it

ODbefinition 2 (Completion Time) The overall completion time
i’((S) experienced by following the schedules the number
of transmissions required until all devices obtains theissing
files. In other words;7 (S) = maxyey Tu(S)

sure probabilities are represented by the zeros diagdnal/ allows the device to recover one of its missing files. Given
matrix E = [e,,,/] whereine,,, represents the probability that that encoding is based solely on XOR operations, a file
the transmission from the-th device is erased at th&-th combination is instantly decodable if it contains exactly

device. The erasures probabilities are assumed to be knpwn b one file fromW,,.
the central unit and to remain constant during the transamss « Not Instantly DecodableA file is not instantly decod-
of a single file combination. Due to the asymmetry of the able if it is either non-decodable or previously received.



Hence, a file is not instantly decodable if it does not In order to efficiently reduce the completion time with
contain exactly a single file fromy,,. a reasonable complexity, the following lemma suggests re-

The decoding delay [21] is defined as follows: expressing it using an expression involving the decodirtayde

Definition 3 (Decoding Delay) The decoding delap, (S) Lemma 1. The individual completion tim&, (S of theu-th
of the u-th device, with non-empty Wants sets, increases B3" be expressed as follows:

one unit if the device is not able to hear exactly a single Tu(S) = Wul + Du(S) + Eu(S), )
transmission or if it hears a non-instantly decodable filhere&,(S) is the number of erased files during the trans-
combination in the scheduls. mission of the scheduls.

The rationale behind the definition of the decoding delay Proof: The lemma is demonstrated by identifying all
is that it only accounts for delays caused by the transmittipossible transmissions at theth device and translating their
devices and the coding decisions. Hence, the channel esaseffect on the completion time. The complete proof can be
are not considered in the definition. In Figlile 1, the deagpdifiound in AppendixA. [ ]
delay is computed as follows: The following theorem exploits the expression in Lenitha 1

« Devicel, experience one unit of delay as it transmits if® @pproximate the completion time.

the first time slot. In the second time slot, it receives afheorem 1. The individual completion time experienced by
instantly decodable file and hence no additional delay.ie ,,-th device after the transmission of the schedsilean
« DeviceU, andUs experience one unit of delay 8% is g approximated as follows:

in interference andJs is out of the transmission range Wl + Du(S) — Eley]
during the first time slot. Hence, they cannot hear exactly Tu(S) = 1= Bfe] ) (4)

one transmission. . :
. . where E[e,] is the expected erasure experienced by the
° Dewce({3 3\?d ({4 dot ncr);dtzxpienehnce any deltayv?l[g klas th device from all transmitting ones. Although one can updat
an empty Wants set and aiso has an empty Wants seE)nline the expected erasure after each transmission, aiioul

when it transmits. results reveal that an efficient approximation of the expect
The notation used in the paper are the following. Matrices > ewu

are represented by bold upper case characters, X.gThe orasure is given by, = u'€Cy as it represents a scenario
entry at thei-th row and;-th column ofX is denoted byz;;.

Sets are indicated by calligraphic letters, eXj.,The notation
X and|X| represent the complement and the cardinal of the  proof: To show the theorem, the mean expression of

ICu

in which all devices are equality likely to transmit.

setX. The power set oft’ is represented b (). the completion time is expended using the expected erasure
probability. With such expression, the probability distrion
IIl. COMPLETION TIME EXPRESSION of the erased files is derived, and their sum approximated

using the law of large numbers. Finally, the expected eeasur
This section first formulates the completion time miniprobability is shown to coincide with the, for collision-free
mization problem in partially connected D2D F-RAN. Dugransmission and uniform distribution of transmitting ies.
to the intractability of minimizing the completion time,&h The complete proof can be found in Appenfiix B. m
section proposes approximating the completion time by &mor The rest of the paper uses the approximation in The@lem 1
tractable metric known as the anticipated completion timg an equality as it holds for a large number of files, devices,
that matches the genuine completion time for a large nUMkg{d the collision-free scenario under investigation is fraper.
of decoding delay-free transmissions. Using the antiebatt also neglects the set of devices out of the transmissiogea

completion time, the problem is reformulated as a jointmali a5 the assumption holds for moderately connected networks.
optimization over the set of transmitting devices and file

combinations.
B. Online Completion Time Reduction

The completion time reduction problem can be approxi-

o _ o mated using the expression provided in Theodrém 1 as follows:
The completion time problem is the one of finding the set Wal + Du(S) — Elea]

of transmitting devices and file combinations for each time S* = argmin < max
slot so as to minimize the number of transmissions. Formally s 1 - Eled]
the problem is expressed as follows: Even though the above expression is challenging to opti-
. . mize, it allows to conclude that the term that affects thetmos
S = arglglelgT(S) = arg s {ng%(s)} @ the completion time is the maximum decoding delay. Hence,
whereS is the set of all feasible schedules. The optimizatioie Philosophy of the proposed online solution is to reduce
problem [2) is intractable as it depends on future chanri8 Pprobability of increase in the anticipated completiomet
realizations. Furthermore, even for erasure-free trassion, defined at the-th transmission as follows:
the search spacgis prohibitively huge for any moderate sized Tu(t) = [Wal + Du(t) — E[GUL
network and number of files [23]. 1 — Ele,]

A. Problem Formulation and Completion Time Expression

(6)



where D, (t) is the decoding delay experienced until the likelihood of an increase of the anticipated completioretirm
transmission. Note that the anticipated completion tifde (Particular, the section shows that the global solutiod picéh
matches the genuine completion tinié (4) if the device dobs efficiently reached when imposing restrictions on the set
not experience any additional decoding delay for the reingin of transmitting devices through a graphical formulatioheT
transmissions. relaxed completion time problem is shown to be equivalent to

To reduce the probability of increase of the anticipateal maximum weight clique problem in the cooperative graph
completion time, defineL(¢) as the critical device]l as wherein the weight of each vertex is obtained by solving a
those that can potentially increase the maximum anticipateulti-layer maximum weight clique in the local IDNC graph.
completion time at the-th transmission as:

r— {u Ul Tt —1) + o max (T (t))} ’ A. Problem Relaxation
- 1= Eleu] ~ weu Due to the high interdependence between the optimization

wherel/ is the set of devices with non-empty Wants set.  yariables in [V), both problems cannot be solved separately

Let A € P(U) denote the set of transmitting devicesthis is mainly due to collision at certain devices upon which
7 C U the set of devices in collision, i.e., can hear multiplgepends the optimal file combination. Collision occurs in
transmissions, and/ C U the set of devices out of they scenario wherein transmitting devices has a non-empty
transmission range of the transmitting deviceShe joint intersection of coverage zone. Hence, this section focases
optimization over the transmitting devicese A and their cooperation without collision, i.eZ = @. The set\ of such
file combinationss, (.A) is given in the following paper’s main cooperation can be expressed as:
theorem: N ={AePU)|CinCunll =2, (uu)c A} (9
Theorem 2. The set of transmitting devices and their file Even tough the problem is challenging to solve, by imposing

combinations that minimizes the probability of increas¢hia extra limitation on the possible cooperation, the optirticza
anticipated completion time is the solution to the follogvinproblem becomes more tractable. Indeed, under the coltisio

joint optimization problem: free cooperation constrairil(9), the optimization vagabtan
A* = arg max Z y(k:(A)) (7a) be decoupled as shown in the following preposition.
AER(L) - . S
acA Preposition 1. Under the cooperation limitation[19), the
subject tor, (A) = arg e )y(ﬁa(v‘l)) (7b) optimal set of transmitting devices and their optimal file
" ‘ ) combination can be expressed as follows:
y(ka(A) = > log— (7¢) A*=arg max Y y(k}) (10a)
WELATa(Ra(A)) (O AENTR(L) S

where 7, (x}(A)) is the set of targeted devices when device _ . 1

a transmits the file combinatior,, and R(L) is the set of with y(k;) = ke PO ) 1Oga (10b)

feasible cooperation defined as follows: u€LNTa(Ka)

RL)={AecPU|LN(AUTUT) =2} (8) As shown in[[I0a) and {I0b), the optimization problem are
decoupled which allows solving efficiently each separately
Equation [(ZI0b) translates the contribution of deviceto

Proof: The theorem is shown by expressing the probablhe network and equatiod {J0a) optimizes the sum of the
ity of an increase in the anticipated completion time. ThBtjo contribution under cooperation restrictions.

optimization over the set of transmitting devices and the fil
combinations is formulated. Using the definition of theicat B. Proposed Solution
set and the network topology, the problem can be reformdilate ] ] ] o
as a constrained optimization wherein the objective famcti AS Shown in the previous subsection, the optimization
represents the set of transmitting devices and the consthe  ProPlem (10b) reflects the contribution of the transmittinth

file combinations. Finally, using the expression of the g deylce to the network. The problem can be eff.|C|entIy solved
delay provided in[[21], the optimization problem is exptligi USing the multi-layer local IDNC graph formulation suggsbt

formulated. The complete proof can be found in Appeidix ¢! [19h. The multi-layer graph is generated by associating
each device: in the transmission range of theth device and

a missing file f to a vertexv, ;. Vertices are connected by
an edge if the resulting file combination is instantly deduda
for both devices represented by the vertices.

This section proposes solving the optimization problem in The set of transmitting devices, i.e., problem _{10a), is
Theorenm 2 in the particular scenario of cooperation withoghosen by using a modified version of the cooperation graph
collision. It suggests choosing the limited set of tranimgt introduced in[[21L]. The cooperation gragti), £) is build by
devices and file combination in such a way that minimize thgenerating a vertex of each non-critical device in the netwo

i.e.,V = NNR(L). Two device are connected if their satisfy
1The set£(t) is denoted byZ in the rest of the paper with the convention

IV. COLLISION-FREESOLUTION

that the missing index represents the current transmission SWhile the connectivity conditions of the local graph formiitn are
2VariablesZ and.7 are function of the set of transmitting devices. Howeveridentical to the one proposed in_[19], the number of vertithsir weight,
for ease of notation, the set is dropped. and the layer separation are different as shown in Appdntlix D



the cooperation restriction if](9) which implies the coimit interference-free constraint in Sectibnl IV. The first paft o

(). In other words, vertices, andwv,, are connected by anthis subsection describes the set of feasible clusters that

edge in& if the following condition holds: satisfy the constraints. The second part construct thendzte
CuNCw NU = 2. (11) cooperation graph.

The following theorem reformulates the completion time Let Z be the set of feasible clusters. In order to have a
reduction problem in collision-free scenarios as a grapbtypy compact and feasible representation, elements in Z need
pr0b|em over the Cooperation graph. to Verify the fO”OWing constraints:

o The feasibility of the set of transmitting device is given
by Z is includedN N R(L).

o The minimum representation of clusters such that the
optimal file combination of each cluster only depends on
the clusters is given b§” (Z)NCT (Z2\Z) A o,V Z C 2

1 Therefore, the seZ is constructed as follows:
wlv)) = Y log—, (12 z—{zePWNREL)) |

(S
uw ELNTy (Ku) T T
and «,, is obtained by solving the maximum weight clique c(2)nC(z\2)#9, ¥V Z C Z}. (14)

problem in the multi-layer local graph of thedevice wherein  Given the set of feasible clustets, the construction of
the weight of each vertex, s is: the extended cooperation graph follows similar steps than t

(13) construction of the cooperation graph. A verieis generated
for each clusterZ € Z. Verticesv and v’ are connected if
their coverage zone are disjoint wherein the coverage zbne o
Proof: The theorem is shown reformulating both proba cluster is defined as the union of the coverage zones of its
lems [I0h) and[{I0b) as graph theory problems in the agevices.
operation and local IDNC graph, respectively. The steps in
showing that[(T0b) correspond to the maximum weight clique , , )
in the local IDNC graph are similar to the ones used ii- COmPletion Time Reduction
[19]. Afterward, the proof establishes a one-to-one mappin Let the extended multi-layeg,(Z) be generated as the
between the set of possible cooperation and the set of gliqueulti-layer IDNC graph at the exception that the transmgjti
in the cooperation graph. Finally, given that the weightadle devices and the one in interferencedrare omitted during the
clique corresponds to the objective function[in (10a), tapgy vertices generation phase. The connectivity conditionstlze
concludes that the optimal solution is the maximum weiglsame as the local IDNC graph. In other words, the extended
clique. A complete proof can be found in Appenflix D. @ graph represents the possible file combinations and targete
devices for a set of interfering transmitting devices.
V. GENERAL SOLUTION The following theorem reformulates the joint optimization
This section proposes extending the completion time rBroPlem in Theorenl]2 as a maximum weight clique search
duction solution by relaxing the interference-free ccaistr OVET the extended cooperation graph.

of Section[IV. The fundamental concept in finding the opfheorem 4. The optimal solution to the joint optimization
timal solution to the joint optimization problem proposed iover the set of transmitting devices and the file combination
Theorem( 2 is to extend the cooperation graph with clustegg) is equivalent to a maximum weight clique in the extended

of devices such that the collaboration between these ‘a‘irtl,booperative graph wherein the We|ght Vertex;orresponding
devices” is interference-free. Afterward, using the pEgEb to clusterZ is given by:

Theorem 3. The optimal solution to the joint completion time
optimization problem[{10) under the collision-free restion

is equivalent to the maximum weight clique problem in the
cooperation graph wherein the weight of each vertexis
given by:

w(vu/f) = — 10g(€uu’)-

interference-free solution in the extended graph geneitat 1
optimal solution to the joint optimization problem. Finaltiue w) =Y Y Toa(eur) (15)
to the high complexity of finding the optimal solution which UEZ W ETy(Ku(Z)) e

results from the huge number of potential clusters, the@ectand x.(Z) is obtained by solving the maximum weight clique
suggests a lower complexity algorithm that generates onlyPgblem in the extended multi-layer IDNC graph,(Z)
subset of the virtual devices. wherein the weight of vertex, s is:

w(vy ) = — log(€uu ). (16)
A. Extended Cooperation Graph

The extended cooperation graph is introducedlin [24] to Proof: The theorem is established by showing a one-to-
discover the optimal solution to the decoding delay reduncti one mapping between all feasible set of transmitting device
problem in partially connected D2D-enabled networks. Thend the set of clusters. Afterward, the local IDNC graph is
graph, while it allows representing all cooperation betweextended to find the optimal file combination for a given
devices, ensures that the optimal file combination each dgudster. Finally, the joint optimization problem is refautated
vice (genuine or virtual) can make only depends on that terms of the non-interfering clusters and solved usirgy th
device. Hence, the formulation allows the separation of tmesults of Sectioi IV. The complete proof can be found in
set of transmitting devices and the file combination as tgpendix[E. [ |
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fIn order to reduce the numbe;_of clustel;rs,tLe%, rled|ltTde The completion time is computed over a large number of
re ?rence@“] Proposes generating a subset of cius ers'.Fgrations and the average value presented on the plots. The
their decoding delay setup, the authors propose sequgnti

) . 2 Thitial distribution of the Has and Wants set of devices iavan
constructing the extended cooperation graph by ellmlg"’It'ﬁccordingto their average erasure probability. The camngc

clusters that are surely not part of the maximum weight djquindex C'is defined as the number of edges normalized by
The proposed method naturally extends to the completioa tir{he total number of edges, i.e — |€|/U2 The number

minimization by considering the adequate weight of vestic%f devices, files, erasure probability, and the connegtivit

as defined in Theorefd 4. index are variables in the simulations so as to study maltipl
scenarios. Given that the device-to-device channel is more
VI. SIMULATION RESULTS reliable than the base-station-to-device ohel [10]] [1B&nt
P is fixed to P = 2E in all simulations.

~ This section attests the performance of the proposedrigyre[2 shows the average number of transmission against
interference-free and optimal solution to efficiently reeu {pq connectivity indexC' for a network composed df’ = 60

the completion time in a partially connected D2D-enableghyice 7 — 30 files and device-to-device erasufe = 0.1.
network. The proposed algorithms are compared against 1§ proposed interference-free solution provides a signifi

following schemes: cant performance improvement as compared with the fully-

o« The PMP system in which a wireless base-station t®nnected algorithm for a poorly connected devices. This ca

responsible for the transmissions. The base-station damexplained by the fact that for a poorly connected network,
target all devices and hold all files. The average erasuaeprobability of devices transmitting simultaneously whil
probability from the base-station to the devices is denot@deserving the interference-free constraint is high. Hexe

by P. as the connectivity increases, both the interference-direk
« The fully-connected D2D system in which a single devicthe fully connected solution provide the same performarsce a
transmits at each round. a single device is allowed to transmit. The optimal pastiall
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Fig. 6. Mean completion time versus number of filBsfor a network Fig. 8. Mean completion time versus average erasure piigall for a
composed of/ = 60 devices, a connecitvity inde& = 0.4, and an erasure network composed ot/ = 60 devices,F' = 30 files, and a connecitvity
probability E = 0.1. index C = 0.4.
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400| —k— Optimal Partially-Connected D2D ] same performance. This can be explained by the fact that the
set of feasible combination of transmitting devices isésagd

thus allowing interference in poorly connected networksdoe
not provide significant performance improvement.

For moderately connected networks in Figlite 4 and Fig-
ure[8, the optimal solution outperforms both the fully con-
nected and the interference-free solution. This is mainig d
to the fact that the difference in size of the set of feasible
transmitting devices in the interference-free and thenogti
solution is no longer negligible. However for a small number
o5 of devices or files, the degradation of the interference-fre

solution against the optimal one is negligible as compared
Fig. 7. Mean completion time versus average erasure priifpalii for a ~ with the complexity gain.
ir;]%té"fg‘ :Coénfosed o = 60 devices, I = 30 files, and a connecitvity  Figyre[T and Figurl8 show the performance of the schemes

o to reduce the completion time versus the average device-

to-device erasurél for a network composed of/ = 60

connected solution outperforms all other solutions for aflevicesF = 30 files for a poorly connected (connectivity
connectivity index. However, for highly connected netwgyrk index ¢ = 0.1) and moderately connected (connectivity
all D2D solution have similar performance as collaboratiofidex C' = 0.4) networks, respectively. The proposed optimal
between devices boils down to a single transmitting devicesolution outperforms the conventional PMP algorithm fdr al

Figure[3 and FigurEl4 plot the completion time against tH&lues of the erasure probability. This can be explainechby t
number of device&’ for a network composed df = 30 files, fact that the optimal solution allows multiple transmiss@nd
and an average device-to-device eradiire 0.1 for a poorly thus it allows satisfying multiple devices with non-comate
connected (connectivity inde = 0.1) and moderately con- file demand.
nected (connectivity indexX’’ = 0.4) networks, respectively.

Figure[® and Figur€l6 illustrate the completion time against VIl. CONCLUSION

the number of filest” for a network composed o/ = 60  This paper considers the completion time reduction prob-
devices and an average device-to-device eradre- 0.1 |em in a partially connected device-to-device network gsin
for a poorly connected (connectivity indeX = 0.1) and instantly decodable network coding. The joint problem over
moderately connected (connectivity ind€x= 0.4) networks, the set of transmitting devices and the file combinations is
respectively. formulated and solved. The proposed solution relies onrfondi
For a low connectivity index in Figure] 3 and Figuré 5the file combination using the local IDNC graph and using it to
the interference-free solution provides performance gair construct the cooperation graph and solve a maximum weight
the point-to-multipoint solution even though the basei@ta clique problem. Simulation results show that the proposed
can encode all combinations. This can be explained by thelution largely outperform conventional approaches. As a
fact that the proposed solution allows multiple devices foture research direction, the fully distributed systemvimich
transmit simultaneously. However, in the PMP solution andkecision are made locally at each device could be considered
fully connected schemes only a single transmitting deyicesnother interesting direction is the multicast scenariwfich
and thus a single combination, can be communicated at edlcb demand of each device differs from the others. In that
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case, a wanted file by one device may not unwanted by all itegligible with respect to the total number of transmissjon

neighbors. e, J =a.
Let C, be the coverage zone afth device. The following
APPENDIXA Lemma characterizes the transmission probability of devic
PROOF OFLEMMA [T] in the coverage zoné,:

Let S be a schedule of transmissions. The IndIVIdu%lemma 2. At each time instant one and exactly one device

completlon fumeTu(é_‘) of the u-th device oceurs vyher_w thein C, transmits. Moreover, devices @ are all equally likely
device receives an instantly decodable file combination tr}

makes its Wants set empty. Such event occurs inTihe)- B transmit.
th recovery transmission. For time sldtsefore the7,(S)-th Proof: The lemma is proven by first showing that at least
transmission, the following events can occur atidké device: a single devic€,, transmits at each time instant. Secondly, it is
« No file can be heard by the device. Such event happesttown that, under the interference-free assumfien &, no
if one of the following scenarios happens: more than a single device is allowed to transmit. Finally, ex
— The u-th device is one of the transmitting devices. tending the equally likely transmission property of all tes
— The u-th device experiences interference from thto the coverage zon€, concludes the proof. The complete
transmitting devices. proof can be found in Append[X F. [ |
— The u-th device is out of the transmission range of Let &, (t) be Bernoulli random variable that takes valle
the transmitting devices. if the file is erased at the-th device in thef-th transmission
In all above cases, the-th device is not able to hear@nd0 otherwise and le(¢) be a random variable taking the
exactly a single transmission. Therefore, its cumulatijgdex of the transmitting device’ € C;. The probability for
decoding delayD, (S) increases by one unit. a file to be erased at theth device in thet-th transmission
« A single file combination can be heard by the devic&an be expressed as:
Two events can occur: PX,(t)=1)= Z P(X,.(t) = 1|1L(t) = u)P(L(t) = ).
— The file combination is erased at theth device. weCy
Therefore, the number of erased filggS) increases (B.1)
We haveP (X, (t) = 1|£(t) = u) = 0 since the transmitting

by a single unit. S i _ S
— The file combination is successfully received by théevice is theu-th device itself and thus the file combination

device. Depending on the instant decodability of the&nnot be erased. From the system model, the erasure proba-

combination, two events can occur: bility is given by
!

+ The combination is instantly decodable. The de- P(Xu(t) = 1[L(t) = u) = €urn. (B.2)
vice needs to receivpV, | — 1 of such combina-  From Lemma[lL, all devices i€, are equally likely to
tions before theT,, (S)-th time slot. transmit. Therefore:

ination i i 1
«x The combination is not instantly decodable. From P(L() = o) = = o € Ca. (B.3)

its definition, the cumulative decoding delay CCul
D.(S) of the u-th devices increases by one unitCombining the two previous equation, the probability thg t
In the 7,,(S)-th transmission, the-th device completes the file combination is erased at theth device can be expressed

reception of all its Wanted files. Therefore, number of recgy aS -
transmissior’/, (S) of the u-th device can be expressed using  p(x,(¢) =1) = Z = Lgu (B.4)
the following formula: Cul W AueCo Cul
Finally, note that the7,(S)-th transmission results in a ICul =1
successful transmission of the-th device as it receives probability experienced by the-device.
its missing file. Therefore, the number of erased files is The cumulative number of erased files at thth device
Eu(Tu(S) = 1) = Eu(Tu(S)) = &u(S) which allows to until time slotn can be written as:

Cul =1

whereg,, = Zw;&uecu €y IS the average file erasure

reformulate the expression (A.1) as: 2
TulS) = Wul + Du(S) + £(S). (A2) Eulm) =2 4ult) (83)
Hence, the total number of erased files at thth device
APPENDIXB until its completion timeg,,(7,,(S)) is the sum ofC,(S) — 1
PROOF OFTHEOREM] Bernoulli variable X, (t). For large enough number of files

This theorem is shown by approximating the number df, the individual completion timeT,, (S) of the ¢-th device
erased files at the-th device. The assumption that devicewould also be large enough. Therefore, we can the law of
are equally likely to transmit follows from the fact that théarge numbers to approximag (7.,(S) — 1) as follows:

Has and Wants set are randomly and uniformly distributed - ICul —1
among devices. Further, for a moderately connected nesyork Eu(Tu(S) — 1) m ey ICu| (Tu(S) = 1). (B.6)
the number of transmissions in which theth device is out Replacing [[B.b) in the expression provided in Lemima 1 and
of the transmission range of the transmitting devicéss re-arranging the terms, the completion time for tkt@ device



can be finally expressed as: delayd, (A, k,(A)) is given by:

|W|+D(&_@|&A—1 1 ifucuU\U
o bolc 0 ifue(AUZUT)NU
Tu(S) = . B.7 — 0=
©) o 1 BN PR = 0= 01 20 A (ra(A)
|Cul

au 1€ Ou(A)\ 7o (ka(A
Thus, the expression for the overall completion time can be ‘ ' (A \ el ((3)3)

expressed as: Using the expressions of the decoding delay increment in

Gl -1 (C3) the probability that all the devices in the criticat g&

|Wu| + Du(s) - Euui

C(S) ~ max{ Tu(S) = Cul do not experience a decoding delay can be expressed as:
iEM 1_Eu|Cu|—1 HIP (A, kq(A)) = 0] =
|Cu| ueLl
(B.8) 0 if A¢R(L)
con F AR (€A
a€AuELN(Oa(A)N\Ta(ka(A))) ~

APPENDIXC where the seR (L) = {A € PU)|LNUN(AUZUT) = o}

PROOF OFTHEOREM[Z represents the set of feasible combination of devices.riglea

a combination of devices that is not included in the feasible
set increase the expected completion time with probahility
he considered transmission. Therefore, the problem oinfignd
the optimal set of transmitting devices and their optima fil
combinations can be written as:

The proof of this theorem first formulates the online compl
tion time reduction problem as a joint optimization over se¢
of transmitting devices and their file combination. Afterdia

using the definition of the critical set and the network tagw
the problem can be reformulated as a constrained optiraizati max H P [dy (A, kq(A)) = 0]}
wherein the objective function represents the set of triasm %(’f)zg& y \uec
ting devices and the constraint the file combinations. Kinal
using the expression of the decoding delay provided in [21],
the optimization problem is explicitly formulated. A?y%f(g) { L 6““}
The online optimization problem that reduce the probapilit (AP (Ha) L€ UEEN(©a (A)\TG(KQ(A)))
of increase in the anticipated completion time is given ia th
following lemma: A log(€qu)
" , ra(A)EP(Ha) aeAuem Oa (A)\Ta(na(A)))
Lemma 3. Let A be the set of transmitting devices and
ka(A),a € A the file combination of the-th device. The .
joint online optimization problem that reduces the coniplet A?%é?g) { IOg(E““)}
time can be formulated as: Ka(A)EP(Ha) “eA“GmT‘I(“a ()
1
ax {IIP (A, Kol D—o@. (C.1) ax, {2: > kg(:)} (C.5)

Ko (A)GP(H ) Vu€L b (A)eP(Ha) \EAUELNTA (150 (A) au
where d,, (A, k,(A)) refers to the decoding delay increase 1
of the u-th device when devices € A are transmitting the  Lety(k.(A)) = > log —. Therefore, the prob-
combinations, (A). UELNTa(ka(A)) - Cau

lem of finding the optimal set of transmitting devicdsand
Proof: The lemma is shown by expressing the progheir file combinations,(A), ¥ a € A can be expressed as a
ability of the anticipated completion time increase . Theonstrained optimization as follows:
joint optimization over the set of transmitting devices and A" = arg max y(ks(A)) (C.6a)
the file combinations is formulated as a minimization of the ASRIL) L
probability increase in the anticipated completion timéeT subject tox!(A) = arg  max  y(k.(A))  (C.6b)
complete proof can be found in Appendik F. [ #a(A)EP(Ha)

L_et O.(A) be the_ opportunity zone of the-th deV|ce_ _ y(ka(A)) = Z log — (C.6¢)
defined such that devices in that zone can hear the transmissi

from theu-th device and decode a file from it. The mathemati-

cal definition of this opportunity zone is given by the eqoati

UELNT (Ko (A)) au

below: APPENDIXD
Ou(A) =UN(C,\ (AUT)) (C.2) PROOF OFTHEOREMB
Let 7, (x4 (A)) be the set of targeted devices by theh Under the interference-free transmissions constrairg, th

device when sending the file combinatiep and devices in authors in[[2L] show that the optimization over the set afisra
A are transmitting. From [21], the distribution of the decmgli mitting devices and their file combination can be separdted.



other words, the optimization problem is written as: The following preposition shows there is a bijection betwee

. 1 the set of transmitting devices and a set of clusters veufyi
AT = 8 RN > > log - (D-13) certain properties:

a€A ueLnmy (kL) au
) 1 Preposition 2. For each set of transmitting device$, there
subject tor;, = g S Z log o (D.1b)  exists a unique se} C Z satisfying the following constraints:
o VueLnmalse) - Pz=4 (E.1a)
The formulation in[[D-Ib) shows that the file combination >
does not depend on the set of transmitting devices and thus T TGB, ,
it can be solved for all devices. Following similar stepsntha c(Z)nc(2) =2, VZ2#2' €3 (E.1b)

the one used in[[19], the optimal file combination that the C*(Z)NC*(Z\Z)# @,V ZC Z,Z€ 3, (E.1c)
u-th device can generate is obtained by solving a maximum ) o _ )
weight clique problem over the multi-layer IDNC graph. Proof: The proof qf this _preposmon is omitted as it
However, while referencé [19] considers that théh devices MiITors the steps used in proving Lemma 2[ini[24]. =

can target all other devices, devices represented by geriic ~ Using the preposition above, showing the one-to-one map-
the proposed multi-layer are those in the transmissiongafig ping between the set of feasible transmitting devices aad th
the u-th device. Furthermore, according to the expression sét of cliques in the extended cooperation graph boils down
the anticipated completion time in TheorEin 1, the consiwact to proving that the correspondiriiyis a clique.

of the n-th layer is given by: Let A € NNR(L) be a feasible set of transmitting devices.
n Given that all clustersZ € N' N R(L) verifying (EI8) are
» Twlt=1+ _Cw] -1 o f}}ii‘, (Tur (¢ = 1)) generated, then there exists a subsetZoterifying (E1a).
1 _EUI7|CU/| Furthermore, given that the connectivity condition of the
n—1 extended cooperation graph matches the constfaint] (EtiHs),
o Tuw(t—1)+ T < max (Tyr(t — 1)) all vertices inZ are connected. Finally, we conclude there is
gyl — " c a one-to-one mapping between the set of feasible tranamitti
, ) Cu| ) , devices and the clique® in the extended cooperation graph.
Finally, the weight of vertex,, ; in the multi-layer IDNC : L L .
graph is given by: ' Using the bijection above, the completion time joint opti-
- mization problem can be reformulated as follows:
w(vu/f) = — 10g(€uu/). (DZ) 1
After computing the optimal file combinatio, let y = E.2a
puting the op e co o, let y; max ), D, D, (E28)
> —log e, be the contribution of the-th device to ZE3UCZ w T, (k1 (3))
w' €LNTy(KY)
the network. The problem of selecting the set of transngttin gt ,*(3) = arg  max Z (E.2b)
devices becomes: “ Ru(3)EP(H) |, E o) log(€eyur)
Ae%}%’)(m/zyw (D-3) " Dpue to the interference-free cluster generation given in

ueA . K R .
Clearly, each solution to the above problem represents ), the file combination only depends on its own cluster,

cligue in the cooperation graph. Indeed assume a couple"gf’ Fu(3) = #(2). SUCh_ property allows the separation of
vertices is not connected, then the resulting getviolate bath problems as follows:

the interference-free constraint. Similarly, vertices that maxz Z Z
represent a cliqgue in the graph are a valid solution to the 3

optimization [D.B). Finally, the weight of each clique coin

cides with the objective function of its corresponding get  s.t. s’ (3) = arg  max Z

Therefore, the optimal solution is the maximum weight otiqu Fu(B)EP(H) e (o (3)) log(€uuw)

in the cooperation graph wherein the weight of each vertex  The gifference between the new file combination optimiza-

IS tion problem [E-3b) and the one proposed in Sedfidn IV is that
w(vy,) =y = Z log ! , (D.4) some devices are transmitting and some are in interference.
weLnm(ry) Y Therefore, the optimal file combination is obtained by sudvi
the maximum weight clique in the extended multi-layer graph
APPENDIX E that excludes those devices. Finally, using the results of
PROOF OFTHEOREMM Theorem[B, the optimal solution to the joint optimization
roblem [T) is equivalent to a maximum weight clique in

_The theorem is estgbhshed by ShOW',”Q a one-t0-one M eytended cooperative graph wherein the weight vertex
ping between all feasible set of transmitting devices ared tEorresponding to clusteg is given by:

set of clusters. Afterward, the local IDNC graph is extentted 1
find the optimal file combination for a given cluster. Finally w(v) = Z Z _—
the joint optimization problem is reformulated in terms of u€Z uw Ty (ku(Z)) log(€uu)
the non-interfering clusters and solved using the results and «,(Z) is obtained by solving the maximum weight
Section1V. clique problem in the extended multi-layer IDNC graph( 2)

1

71% o) (E.3a)

Ze3ueZuw e, (ki (Z))

(E.3b)

(E.4)

10



wherein the weight of vertex, s is:
w(vu/f) = — 10g(€uu/).

APPENDIXF
PROOF OFAUXILIARY LEMMAS

A. Proof of Lemmé&]2

The lemma is proven by first showing that at least a single
deviceC, transmits at each time instant. Secondly, it is sho
that, under the interference-free assumpfioa- @, no more
than a single device is allowed to transmit. Finally, extag
the equally likely transmission property of all devices e t
coverage zon€,, concludes the proof.

Assume that for a given time slof none of the devices in
C, is transmitting, i.e.,ANC, = @. From the symmetry of The
the connectivity matrix, the following holds:

Vu' ¢CuudCu,=ud U Cu
u’ €U\Cy
The total coverage zone of the transmitting deviceg%igA)
defined by:
cru=Jewc |J cuw
u’ €A u’ €U\Cy,
By definition of the set7, we have:
ug |J Cw=ug¢llA)=icd=T+#2. (F3)
u' €UN\Cy,

However, by assumption, transmission in which tixh

device is out of the transmission range of the transmitting

E:

(F.1)

(F.2)

transmission at timeif they experience a decoding delay. The
(E.5) mathematical definition of this set is given below:

(T (1))

1
> max
_ |Cu| -1~ w'eld

i
©C|

wel|Ty(t—1) +

1—

)

Such setl is called thecritical setas only devices in this
wiEt play a role in the optimization problem and are enable to
increase the expected completion time at the transmisgion a
g timet.
According the definition of7,(¢) in (@), devicesu € L
would not increasemax,; {7.(t)} only if they do not
experience a decoding delay in the transmission at time

refore, the probability that the completion time does no

increase at time can be expressed as :

P a7 0) = e 720 0)

=P |:Iq£1€az{ {T.(t)} = fileag {Tu(t - 1)}}
=P [dy(A, ke(A)) =0,Yu € L]
= JI P ldu(A, £a(A)) = 0]

uel

(F.5)

Hence, the joint online optimization over the set of trans-
mitting devices.A and the coded file combinatios, (A) is
given by the following expression:

{]P [riléizj( {Tu(t)} > max {Tu(t - 1)}”

devices are negligible. Therefore, at least a single dedice AIGI%I(IZ/{)
transmits at each time instant. Ka(A)EP(Ha)

Now assume that at least deviceswu; and us from min {1 _Pp {max (Tu(t)} = max {To(t — 1)}} }
C, transmit simultaneously. By definition of the interference AcP) well well
region Z and the symmetry of the connectivity matrix, the (VP (*a)
following hold: i {1? [maz (To(t)} = max {Ta(t — 1)}] }

u € Cyy NCy, With (uy,ug) € A. (F4) C‘ng@{ ) ueld ued

Since the transmission of interest occurs beforeThes)-th ‘ ‘
time slot, then thes-th device i; still missing file§, i.ey eu max H P [dy (A, kq(A)) = 0] (F.6)
Therefore,u € 7 = 7 # @ which contradicts with the initial ae);’g(’;{ ) Luce

assumption of interference-free transmissions.

Finally, given that all devices in the network are equally
likely to transmit and that at each time instant a single cevi
from C,, is allowed to transmit, then all devicesdl are also
equally likely to transmit.

[2]
B. Proof of Lemm&l3

Since finding the optimal schedul§* for the whole re- [l
covery phase is intractable, this paper proposes finding the
schedule that minimize the probability of increase in thd4]
expected completion time at each transmission. Formaléy, t
set of transmitting devicegl and the coded file combination 5
ka(A) are chosen such that:

{pnac o> mxme -]}

min
AePU)
Ko (A)EP(Ha)
Clearly, not all devices itf are able to increase the expected
completion time even if they experience a decoding delal/!
for the transmission at timeé. Let £ be the set of devices

that are able to increase the expected completion time at the
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