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Part 1: Context & Motivation
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Towards coordinated end to end resource allocation

Cloud computing facility
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Credit: Mandar Datar et al

Services supported by modern networks imply:

» Different resources (radio spectrum, bandwidth, computing power, ...)
» Tailored allocation = network slicing

» Shared physical infrastructure, managed by several operators

4



le cham cedri

C EA4629

Multi-Resource, Multi-Operator Allocation...

a2 IEEE VOL.9,NO. 1 252 IEEE LEL

VOL 33, NO. 10, 0CTOBER 2022

IEEE/ACM TRANSACTIONS ON NETWORKING, VOL 26, NO. 6, DECEMBER 2018 201 IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 25, NO. 3, JUNE 2020 n

Price-Based Resource Allocation for Edge
Computing: A Market Equilibrium Approach

Duong Tung Nguyen®, Student Member, IEEE, Long Bao Le®,
Senior Member, IEEE, and Vijay Bhargava, Life Fellow, IEEE

Distributed Algorithms for
Multi-Resource Allocation

Fair Resource Allocation in Systems With
Complete Information Sharing

Multi-Resource Allocation for Network Slicing

Francesca Fossati®, Stefano Moretti®, Patrice Pemny, and Stefano Secci®, Senior Member, IEEE

Francesca Fossati, Sahar Hoteit, Member, IEEE, Stefano Moretti, and Stefano Secci®, Senior Member, IEEE Francesca Fossati, Stéphane Rovedakis, and Stefano Secci®, Senior Member, IEEE

Abstract—Among the novel
the form:

ntraduced by SG networks,
ization of the ‘metwork slice’ a ce allocation
ces such

an important one. In legacy attrorks,
ing capacity are allocated

spectrum, comy
n S

Abstract—In networking and computing, resourceallocation i [PE— i cach other. In 56 ¢ — ;
t o i meant o direetl serve end-to-end sevice ul\umeals' e b izl "
the proportional rule, the max-min fui allocation, o solutions 1., L i s} e ks a network slice demand,  tenant expresses ihe need o access a paper o ink ‘Gonvoninaly, St e
inpied by Sooprave game heory. In i paper, v e r bersat s senvic typ, under 8 Tl qualifed st of comping Nauraly,
dhat, under avarenss about he urce and other and network requirements. The re % : gy Nonethel
users demands, a clmpemnw mnmg P dma 0 e . = h, Inthis artick
order pign gk adapt the concept of fairne ch " Sty s
et nfomtion shring scling s xpced o hap sou
p "l e e .mﬁfi Slces) . . network does o, have enough resources to T vinaity Ao, two dstrbided
nced to bé. ,mde ,m,,m.,,E rmind appications which g ey demands. We mum Uhe problem a5 a multi-resource alloca algorithms, introduced.
ed about proble, proposig st optimizaon Iramevork bsed on ) .
A reprsenaion of sregic netvork seting widou and with the Ordered \mgm.a Average (OWA) aperator, hat fakes info
.m o . T et e e G of s it ches; e dhor Mo, saupting ndex worki
11,23} i the amount of shard resource aalable. the OWA prbelo lxnwuork can gcm'mlmc clas- o T o g
el i i hgetors v ol

Repolsige]
analysis. We completc
behavior of the m
providers and with ch
Index Terms—Resor

N COMMUNICA

resource allocatior
resource scheduling.
network protocol or §
of individual users or
in order to
aler

limited and not umu;

Manuscript_received_¢
accepted October 24, 201

situati
of faimess. Such situations emerge in a

such as wireless a
transport control [5].
The common methodology

ns. resource allocation alg

ss [21, (31, ummmlusm\l\m; 4], waffic

determine, on the one hand. the allo

ms mul to ensure a form \dlu:

tions. We

riety of contexts,

oo e o o ke ar, and ympn.mun nore
p and

ed in the it
ation rules that satisfy

IEEE INTERNET OF THD

JOURNALL VOL 9. NO. 24, 15 DECEMBER 2022

Efficient and Fair Multi-Resource Allocation in
Dynamic Fog Radio Access Network Slicing

Thaha Mohammed

d reality

The
cittre | lh:n

. Behrouz Jedari

. and Mario Di Francesco

makile broadbard (MBB),wirrlabl lovaency commi-
nications (URLLC), and massive machine-type c
oms (nMICs). Thesefore, mabile network oprstors (VO

re is to Index Terms—Multi-resource allocation, 5

and system eficiency.

L. INTRODUCTION
he fourth generation (4G) of netw:
d for improving the smarphone ¢
ns of network throughput, the fifth
tead being designed with a much broc
2ed (0 provide end-to-end connectivity
icals, including radio connectivity, w
omputing resource delivery and orch
2m and network virtualization technol
nclude, ¢.g., e-health services, publ
 office, and connected vehicles, tr

ming abstraction

alled “network slic
15 set of resources, optimized and co
rin such a way o serve a sp
ig. 1). This implies that resour

iived Octobs

slicing, OWA.

10 meet specifc requi
1 s o
single-resourt

; concepts of falmess nmwuu in I%u
allocation algorithms and systems are ¢

1 INTRODUCTION

HE last decade has witnessed an explosion of data traffic

over the communication network attributed to

Multi Resource Allocation for Network Slices with
Multi-Level fairness

Naresh Modina*,

Mandar Datar*!, Rachid El-Azouz;

» and Francesco de Pellegrini®

*CERV/LIA, University of Avignon, Avignon, France;
TINRIA Sophia Antipolis, Sophia Antipolis, France

the rap-
asive mobile devi-
for the foresceable
pplications i
sirtual /augmented
pplications [11. As
fevices continue to
ous burden will be
ve for operators to
the soaring traffic
rements of various

1 supercomputing
g will likely con”
future computing

s (DC) are often
er, which induce
ignificant comm

l.\wntv, reliabil

ty, security, mobility, and localization of

ystems and applications (e.z.. embedded artificial

novel computir
d addresses

phones, smart a
clouds [3]. For ¢
wearable device
between smart ;
office is the edg
work. By provic
edge, EC offers
data processing

1 INTRODUCTION

Swum with the fifth-generation (5G) systems, communi-
cation networks need to meet novel diverse requirements,
In 5G, mobile services are categorized in three main classes
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such as computing resources, network resources, and storage
resources, is rapidly increasing. How to efficiently and fairly
allocate these resources 1o satisfy the diverse demands of dif-

the Radio Access Networks (RANS) as well as of the core
elements, also thanks to the novel technologies such as Soft-
ware-Defined Networking/RAN (SDN/SD-RAN) and Net-
work Function Virtualization (NFV) [1].

ti-resource allocation problem. In the literature, different
resource allocation techniques exist, such as the Domi-
Resource Faimess (DRF) [5] and the generalization of sin-
source allocation rules ones [6]; such allocation rules are
ona centralized approach. In network slicing, a central-
pproach implies the presence of a multi-domain orches-
able to manage heterogencous resources. Nowadays
sartof the network is managed separately, as depicted in
and the presence of this kind of orchestrator may not be
in practice for large-scale multi-domain deployments
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L. INTRODUCTION
HE NUMBER of Intermet-connected devices is expected
to reach 29.3 billion (three times the world popula-

tion) by 2030 [1]. More than half of the related traffic will

consist of machine-to-machine (M2M) communication in the

radio components, the associated amplification / filtering mod-
ules and be sens, Howeve, prforming the fnctons
of the physical layer at the CU. requires exchanging

fog RAN (Fog-RAN) has emerged as a novel architecture to
address the shortcomings of the C-RAN [7 Iy
Fog:RAN consists of a fog

access point (F-AP) wi

nal processing, storage, and computing capabilities iy
to cach RU, jointly referred 1o as a fog

RUS 50 as to provide end devices (e.g.
lance cameras, and autonomous vehi

les) with reliable and

malyze and compare the performance
o the mechaniams and confirm the theoreical propertic af he
‘market model.

Index Terms—resource allocation, networking slicing, Fisher
market, multi-level fairness

L. INTRODUCTION

5G networks enable new edge and fog computing paradigms
by deploying virtualized resources in a mult-tenant and multi-
service scenario. SG network slicing permits Infrastructure
Providers (InPs) 1o offer 5G_differentiated services

the market power of the SP ~ buys the optimal set of
resources to maximize its utility under the budget constraints.
The Marke Equiitrom (ME) is computed as  pic vector
for each resource type that ensures marke the
demand of  esourc cquals s suppy. I hs paper, we show
that it is possible to let such market equilibrium correspond
to the allocations maximizing a-fair utlity, which is obtained
under non-linear pricing. Furthermore, we obtain a closed-
form of the pricing as a function of  and resources purchased
by SP.

Related work: Many existing network resource allocation
schemes focus on a single resource. However, since 5G

performance enhancement ed by our proposed mechanism
over the xising mechanism extensions. The resuls show tha the
mechanism s superior to hybrid multire:
(H )i

Index Terms—Any price share, dynamic multiresource alloca-
tion, time discount.

L. INTRODUCTION
’- S THE comerstone for supporting sot

ial operations and

reasingly uwpmh\nund ulmpkx topic. With the widespread
applications of techno

allocation does. To date, several mechanisms have been pro-
posed to solve the multiresource allocation problem [8]. [9].
among which the most famous method is the dominant resource
faifness (DRF) mechanism. The DRF mechan

m extends max-

ach user.
properties: incentive sharing (S, where the utility of each user
i ot lower han the willy gnerted by evenly allocating he
available resources; env; (EF), where each user has a
grater preference for the 1!Ius‘mnl\ e ot ety
Pareto optimality (PO), where no other allocation can increase
Sy o e nduung the wtilty of e
gyproofness (SP), where no user can increase

Intemet. of Things (IoT), represented by cmerging appli-  low-latency Intemet connectivity [8]. Generally, a fog node shared resource pools o fulfll the dynamic and demanding network slicing centralizes multiple types of resources under uchas cloud compuing, BigDaa, 'Lk SR U T
catons, incoding video surveilanc, beltare o it ‘multiple types of resources (e.g.. bandwidth, com- requirements of mobile applications. A network slice or slice one shared platform, muli-resource allocation has recenly et o Things, e demand or v resouncs, Inloud compuing sy, cloud users process data on the
wansportaion [2, These aplicaions o hve leteroge- puting. and stoag). which ae oy allocated 1o devices i ol ntwork ovely on tp of a come into the sporlight. Different multi-resource allocation basis of thei allo nerate ut

e characterized in terms of the different
types of services supported by SG networks [3]: enhanced
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based on their required QoS, thereby improving the qua
experience.

Network slicing has been recognized as a costefficient
and flexible technique to allocate the RAN resources in the
form of self-contained logical network instances 1o service
providers (SPs). such as vertical industries with different QoS
requirements [9]-[11]. Fog-RAN slicing specifically faces sev-
eral challenges, mainly related to efficient scheduling and

For conciseness, RU s use
considerations involving cac
Tuble I summarizes the acronyms used in the artile.

Wik
which can be assigne e, iy Sar
Providers (SPs). and it excuscn [1]. (2. B
nologies such as Software-Defined Networking S5 and
Network Function Virtwalization (NFV) a slice can encompass
different resource types. such as, e.g., radio access capacity,
adge storage memory, and computing power. InPs n turn can
create multiple slices to serve specific applications or services

particular requirements, providing an ideal framework
alize on the inherent scaling flexibility of modem
virtualized microservice architectures [1]
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techniques exist, such as Dominant Resource Faimess (DRF)
[3]. In (4], authors studied the multiple resource allocation for
metwork icng using difret e
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eimeseOWPE) andl oo e sl Seme
applied the Fisher Market model to study the e il
allocation problem for edge computing [5]. [6, [7]. [8]. In
ks, the resource allocation is determined by solving
Eisenberg-Gale [9] convex program (o obtain the related
market equilibrium. This produces linear prices that do not
fit well in the real world scenarios since, in general, prices
are non-linear, This aspect is addressed in [10], under some

criteria such as DRF,
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... Leading to a Dynamic, Hierarchical, Multi-Resource Scheduling
Framework
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Part 2: Multi-Resource Explicit
Congestion Notification
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Multi-Resource Congestion
Cross-Resource Waste

loss;j
: ; iclice’ j* congestion;; =
Congestion of resource j allocated to ‘slice’ i: g ij allocated;;
Congested resources constitute a bottleneck a adjustment;;(t) loss(t) ’
_ _ waste;; = E — -
— should adjust other allocations allocated,;; allocated;

t=0
o If adjustment = 0 - waste is the cumsum of congestion over time

o If adjustment = loss = no waste

* assuming proportional dependency, aka Leontief utility
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Example of Cross-Resource Waste

25% resource loss

* Slicejis allocated resources: A B B
R1=20 R2=8 R3=480 o
R1
* R1 availability suddenly drops to 15 Allocated but not usable”
(congestion=0.25) for T = 10 At
- 25% Of R2 and R3 is Wasted* D 1 L 1 [ [ [P [P P PP P
R2

* After 3 At, R2 is adjusted to 8*0.75=6
* After 4 At, R3 is adjusted to 480*0.8 = 384
(under adjusted)

Allocated but not usable®

- wasted R2 = 0.25*3 At = 0.75 At
— wasted R3 = 0.25*4 At + 0.05%6 At = 1.3 At

At 2At 3At 4At S5At oAt 7At 8At 9At 10At

* assuming proportional dependency, aka Leontief utility
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Multi-Resource Explicit Congestion Notification

distributed RAN use-case

* Notification injected into affected packets (both directions)
* Recipients = equipment traversed by the affected ‘slice’
» Effect - reduce allocation to affected ‘slice’

<«
) (R
Mobile client
o
4 Radio Unit
10T Device
i («g)))
Mobile client
Radio Unit

Congestion on

slice blue!
——
MR-ECN
v o . =
L =] . =]

Distributed Unit Centralized Unit

Distributed Unit

Edge Server

15,

UPF @

. =
,
N =

L =

Application Server

Application Server

Radio Access Network

10

Core Network

Data Center
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ECN -» MR-ECN

from flow congestion to resource congestion notification

ECN MR-ECN
Purpose Bypass pkt loss in TCP’s Bypass controller hierarchies in multi-

congestion avoidance operator allocation adjustment
Recipients End devices Data plane nodes
Resource Link capacity Any
Granularity Flow or MPLS trunk (RCF 5129) Slice or similar (e.g., MPLS trunk)

0 1 2 3 4 5 6 7
MRCE| Resource ID Congestion Severity ECN

Possible use of DSCP bits (MR-ECN adjacent to ECN)

* Multi-Resource Congestion Experienced (1 bit)

* Resource ID (2 bits) = radio, computing (RAN), bandwidth, computing (cloud/edge)
* Congestion Severity (3 bits)

* ECN untouched
11

DSCP: DiffServ Code Point
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Possible add-on: Tailored-MR Adjustment

Operators can flexibly define, for each slice:

Congestion Severity encoding (how to quantise congestion into 3 bits)

5 Match congestion = minimise waste, but unstable resulting bandwidth

1 Max congestion over last period — fast and stable allocation, but might over-adjust
7 Avg congestion over last period = less over-adjustment, but also less stable

. [N )

Allocation adjustment based on the received notification
© Proportional = minimise waste (assuming Leontief utility function)
» Exponential = suppress anomalous, low-priority slices

. [N}

12
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MR-ECN integration in FPGA switch

Controller T
FIFOs to out 1 l

Y

-
Packet
Dispatcher
4

Scheduler 1

- - - I] Traffic Manager

FIFOs to out
Is — | MR-ECN
N ] Packet Marker
FIFOs to out 1
v ] s I]_

Packet
Dispatcher
—

FIFOst.'ooulm
Jo s |]_

FIFOs to out 1 Traffic Manager

- - |

. MR-ECN
' Packet Marker

Y

Scheduler m

Packet
Dispatcher

E T . TN A T ]

MR-ECN programmable scheduler block diagram.
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Part 3: Final Notes
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Notes:

Slicing is just a use case example, MR-ECN can be employed in any situation with multiple controllers/inter-resource
dependencies

We use DSCP field just for illustrative purposes

What can be improved :
Only 2 bits for Resource ID, 3 bits for Congestion Severity
What if more than one resource is congested?

Possible alternatives :
Use MPLS
o Exp field - only 3 bits (1 for MRCE + 2 Cong Sev) - a la E-LSP
o Label+exp .... - ala L-LSP
Use dedicated header between L2 and L3 - a la In-band Network Telemetry
Use extension header between IPv6 and L4

15
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Questions or Comments ?
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Annex
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Sample of MR-ECN behavior

Single Peak Pattern Choppy Pattern
— Congestion = Congestion
® 100 £ 1001
= =4
=] o
50 2 so0d
[ 1)
(=] f=2
[ o= c
S o S o
Congestion Severity Encoding Congestion Severity Encoding

~ 7 ~ 71
L 6 —— Aggressive N
o o I 1 |
; 2 —— Conservative ‘; Z: _'j = | I 1
E 3 § 3: — éggressi\l: J_HJ_\_|_I_|_I_FLJ'I_|_U_

1 14 = Conservative
& 0 ‘ ‘ & 0 ] : :
_ Linear Adjustment _ Linear Adjustment
wv wv
é— 1000 e - '§ 750
= — 500 —_
L s00 —— Aggressive % et "\ ’ — —— Aggressive
_E —— Conservative 52301 —— Conservative
o 22}

Linear Adjustment - Cumulative Resource Waste Linear Adjustment - Cumulative Resource Waste
100 — 400 ———
—— Aggressive ¢ = —— Aggressive _——

Y —— Conservative / 2 —— Conservative L —
8 50 ! V2004 _ - -
© ——— No Adjustment © —— No Adjustment e
2 = =

0 : : — : : : (pE— =
_ Exponential Adjustment _ Exponential Adjustment
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