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Abstract

Load balancing is an important @blem of structued peeito-peer system¥\e consider
two aspects of loadndex mangement load that specifies the consumption of orétivand-
width for routing traffic, and stoage load that denotes the wgaof computeresouces for
object (file) accommodatioithis paper pesents a structed peeito-peer werlay that sup-
ports simultaneously the indenangement load balancing and stge load balancing\e
used &periments towaluate the déctiveness of the gposed load balancing methods and to
validate their advantges.

Key words: Structured peeto-peer systemdoad balancing.

BALLS : UN SYSTEME PAIR-A-PAIR STRUCTURE
AVEC L’EQUILIBRA GE DE CHARGE INTEGRE

Résumé

L’équilibrage de targe est un prbléme important des systémes fa{pair structurés.
Nous considéms deux aspects ddarge: la charge de gstion d’'inde& qui spécik la
consommation de la bande passante du réseau powfie die outage et la darge de stoc-
kage qui dénote l'utilisdon des essouces d’odinateur pour le std@ge des objets (par
exemple des fchiers). Cet article présente un systéme fapair structuré qui supporte
I'équilibrage intégré de laltarge de @stion d’'inde et de la barge de stokage. Nous utili-
sons des>@ériences pour évaluer Ifefacité des mécanismes d’équikige poposés et
pour valider leus avantges.

Mots clés: Systémes paia-pair structuréssquilibrage de chge.
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Abstract

Load balancing is an important problem for structured piegreer systems. We
are particularly interested in the consumption of netwakdwidth for routing

traffic and in the usage of computer resources for objecagwrin this paper, we
investigate the possibility to simultaneously balanceéh®vo types of load. We
present a structured peer-to-peer overlay that efficigrglyorms such simulta-
neous load balancing. The overlay is constructed by pamtitg the nodes of a de
Bruijn graph and by allocating the partitions to the peeeerB balance network
bandwidth consumption by repartitioning the nodes. Batanof computer re-

sources for storage is enabled by dissociating the actoedge location of an
object from the location of its search key. The paper prassantl analyzes the
protocols required to maintain the overlay structure antopa load balancing.

We demonstrate their efficiency by simulation. We also campaur proposed

overlay network with other approaches.

Keywords-structured peer-to-peer systems, load balancing

Résumé

L'équilibrage de charge est un probleme majeur des systpaiea-pair structu-

rés. Nous nous intéressons plus particulierement a satibn de la bande pas-
sante pour le routage de messages et a l'utilisation desuess informatiques
pour le stockage d'objets. Dans cet article, nous préssntoméseau pair-a-pair

structuré permettant I'équilibrage efficace et simultaeécds deux types de



charge. Le réseau est construit en partitionnant les nodudsgdaphe de De
Bruijn et en assignant les partitions aux pairs. Les paitsliégent I'utilisation

de la bande passante en repartitionnant les nceuds. Orbégjlitlitilisation des

ressources informatiques pour le stockage en dissoce&anplacement d’un ob-
jet de celui de sa clé de recherche. Larticle présente dyseées protocoles
requis pour maintenir la structure de réseau et pour éqeiilib charge. Nous dé-
montrons leur efficacité par simulation. Nous comparonseégent notre réseau

a d’'autres approches.

Mots clés-systémes pair-a-pair structurés, équilibrage de charge

7.1 Introduction

A peer-to-peer (P2P) system consists of multiple partiesr@ similar in functionality
that can both request and provide services without a cezgdatontrol. This feature allows
the system to spread the workload over the participantgehaggregating their resources to
more efficiently provide services or execute computatites{s. Roughly speaking, P2P net-
works can be classified as either structured or unstructuhestructured P2P networks (e.g.,
the Gnutella [gnu01] and KaZaA [kaz05] file sharing systenas)e no particular control over
the file placement and generally use “flooding” search pa#dn contrast, structured P2P
networks (e.g., Chord [SMKO1], CAN [RFH"01], Pastry [RD01a], P-Grid [ACMDO03],
D2B [FGO03], Koorde [KKO03], Viceroy [MNRO02], DH DHT [NWO03a]Tapestry [ZHS 04])
use specialized placement algorithms to assign respditsibr each file to specific peers.
A structured P2P network distributes the responsibility dokey space over the available
peers and maintains the peers’ connection structure bast et of keys each peer holds.

Objects are mapped to the key space (e.g., by hashing thet athjeand then assigned to



the peers (say roots) responsible for the corresponding. Kych a system provides effi-
cient routing and object location in which the request,a#&d by the structured connection,
arrives at the destination within a small number of hopsroflogn) in ann-peer sys-

tem. However, the peer dynamicity (or churn, i.e., peewvalsiand departures) introduces

expensive restructuring costs. These costs are calledenaimce costs.

7.1.1 Resolving the load problem

In structured P2P systems, the performance, such as thensespime to user requests
or the capacity to store objects is critically affected byrklomad distribution. Overload in
communication, system management, storage, or procagslnges performance. In the fol-
lowing, we consider two aspects of workload : index managehoad and storage load. P2P
routing usually traverses intermediate peers betweerotnes and the destination. This rou-
ting process uses the bandwidth of the peers along the patéx imanagement load refers
to the bandwidth consumption for this task. The P2P systamasis objects over the peers.
The resource usage for object accommodation on each peesrmaplhts storage load. To our

knowledge, no existing system balances these two worklspedas simultaneously.

This article describes a P2P structure (namely BALLS — Baddrioad Supported P2P
Structure) with the ability to simultaneously balance thdeix management load and the
storage load while keeping the maintenance costs low. A #eigcription of this system was
published in [LBKO6c]. BALLS partitions a de Bruijn graph amg the peers participating
in the P2P network. By partitioning a de Bruijn graph, we lessithe advantages of this type

of graph, that is, low peer degree and efficient routing.

Theindex management load balancingnethod we propose takes into account the hete-
rogeneity of peers, where each peer has its own capacitgdaatiex management capacity)

to accommodate for this load. The goal of index managemeuwitb@lancing is to minimize



the possible overload of the whole system. Unlike other lbaldncing methods that per-
manently restructure the system to direct the load on eveey [ a target load or a global
load/capacity ratio, our method adjusts the system onlyrmdwerload occurs. It therefore

saves on the cost of restructuring.

BALLS separates the peer id (peer address) from the keysdshbhis allows the peers
to dynamically modify their key responsibility. Since th@RProuting is based on the de
Bruijn routing paths, arrangement of key responsibilityomgthe peers can adjust the peers’

index management load, and thus enables load balancing.

Thestorage load balancingnethod presumes that each peer has limited space available
to store objects. To facilitate storage load balancing, B8lallows objects to be located
at peers different from the peer holding the key. Hence, gacblzan reside on any peer,
regardless of its root (i.e., the peer holding the objec) k&fre root needs only to keep a
pointer to the location of the object. This separation eesmbie system to employ available
space from any peer to place objects in case the corresgprabhhas reached its capacity.
This enlarges thus the overall storage capacity. It alsblesand facilitates simultaneous
index management load balancing since modifying the kgyoresibility of a peer requires
that only pointers of the involved objects be moved, but heidbjects themselves. Moreover,
this separation simplifies object replication, in whichedise root of an object keeps the
pointers to its replicas (on different peers). It thus emesnobject availability without the

need for further techniques.

Storage management must also consider resources requirfdd fransfer. To that end,
we take into account the network capacity of the peers to@tmbject access and migra-
tion. The storage load balancing algorithm aims to minintesoverload with regard to these
capacities (storage, access, migration) in the whole sysis it is the case with index mana-

gement load balancing, the overload minimization goaledlas to save on rebalancing cost.



The load balancing algorithm is based on transferring getaad between pairs of peers if

it results in a decrease of the global overload.

7.1.2 Related work

There exist several approaches to load balancing in stectfd2P systems. A straight-
forward approach is the equalization of key responsibdggigned to the peers. It aims to

maximize a metric calledmoothnesslefined as :

k
min M,
VP.q ’kq|

where|k;| is the number of keys managed by peeNote that smoothness is usually defi-
ned asnax % (i.e., inverse ofnin %), which we believe is less intuitive as we would then
minimize “smoothness” rather than maximize it. Bienkowskal. [BKadHO5] proposed a
balancing method for P2P systems in which each peer occagkey interval. The method
categorizes the peers indbort middle andlongaccording to their interval’s length. In order
to increase smoothness, the balancing algorithm contslyooakes short peers leave and
rejoin by halving the interval of an existing long peer. Marjkan04] aims at maximizing
smoothness using a virtual balanced binary tree where #ienteles represent the current
peers of the system and the path from the root to each leaggepts the splitting chain of
the key space (being), 1)) to yield the corresponding peer’s interval. The authoippsed
appropriate peer arrival and departure algorithms thantaim the balance of the binary tree.
It thereby leads to a balanced key responsibility among #e¥9 In practice, the balance
of load in structured P2P systems also depends on the sidgeadfts, the popularity of ob-

jects, the distribution of objects over the peers, and tlepeapacities. If these factors are

accounted for, a good smoothness does not ensure load ®alanc



There are some structured P2P systems [LKRG03, NW03a, WZLu€ing de Bruijn
graphs for topology construction. Their load balancingirods also aim to increase smooth-
ness via different arrival and departure algorithms. Asused above, however, smoothness

is not sufficient to balance load.

Several methods [KR04a, KR04b, RL&3] transfer key responsibility among the peers
to balance load. In such methods, heavily loaded peers nasvefiheir key responsibility to
lightly loaded peers, thereby shedding some load. The abeteods tie the objects’ location
to the objects’ key. They therefore do not enable index mamagnt load and storage load
to be simultaneously balanced since balancing one aspetireak the balance of the other,

and vice versa.

PAST [RDO1b] is a P2P storage management system based oadtrg [RD01a] rou-
ting substrate. Its load balancing approach uses a reglieastbn technique that allows an
object (file) to reside on a peer in theaf set of its root (refer to [RD0O1a] for théeafset de-
finition) when the root is full. However, PAST does not sepai@bject location from object
key. It maintains an invariant that limits object locatiortivin the root and the leaf set of the

root.

Another method applies theower of two choiceparadigm [BCMO03] in which a set
of multiple hash functions is used to map an object to a seeg§ kThis method balances
storage load by storing each object at the least loaded pdabeiset of peers responsible
for the object’s keys. The above methods relax the storagjieyguwy breaking the tie of an
object to one peer. However, they restrict object storageset of peers, which introduces a

considerable network overhead in a dynamic environment.

Tapestry [ZHS 04] does not restrict where an object is stored (i.e., itsag@location).

Indeed, the publication of an object places pointers to bjead on the peers along the routing

2In PAST, an object is replicated into a numbeof copies assigned, respectively,dgeers with ids that
are the closest to the object’s id. The root here denotesdbetp which a copy is assigned.



path from the storing peer to the object’s root. However gy does not support the inde-
pendence of peer id with respect to key responsibility. Wélhigh peer degree and complex
maintenance procedure, this feature prevents the integrat efficient index management

load balancing based on the dynamic transfer of key respiinsi

Expressways [2SZ02], an extension of CAN [RFBL], constructs the P2P network as a
virtual zone span hierarchy where leaves are basic CAN z&wzs®d on this hierarchy, rou-
ting has logarithmic performance. This structure supgadex management load balancing
in which peers with higher capacities tend to shoulder tbk td higher expressway levels
where routing traffic has more probability to pass. This rmdthas some disadvantages :
(1) peer degree is high due to the multi-level routing tal§l ;balancing occurs only after
aggregating the load and capacity information of all peethée whole system ; and (3) the
balancing goal is to keep equal the load/capacity ratio efitldividual peers, which yields

continuous restructuring even when it is not required.

7.1.3 Paper organization

The remainder of this paper is organized as follows. Secti@rdescribes BALLS and
its load balancing methods in details. Section 7.3 preghatexperimental evaluation of the
system. Section 7.4 validates the advantages of BALLS.i@eGt5 provides a discussion

about the system and the experimental results. The lasps@dncludes the paper.

7.2 P2P system and load balancing algorithms

This section first describes the BALLS topology and its supfoy routing and mainte-

nance. It is followed by the presentation of the two load beilag mechanisms.



7.2.1 The P2P topology

The construction of BALLS was inspired by de Bruijn graphsle®\Bruijn graph defines

a set of node$ and a set of arcd as follows :

— V =[0,k™ — 1] wherem € N, k € N, andk > 1. Each de Bruijn node is labelled by
anm-(k-ary) digit identifier,
- A= {(u,v)|u € Vv € Vv = (uk+1) mod k™, [ € [0,k — 1]}. Because of

this rule, the degree (including both in and out arcs) of eeBruijn node does not

exceedk.
(0100
(10D
(000>*C001 A0
A1y

FIG. 7.1 — Binary de Bruijn graph with 8 nodes

Figure 7.1 shows an example of a binary de Bruijn graph. Thérdgn graphs support
efficient routing : Theroute(u, v) algorithm described below performs routing from nade
to nodew. It requires at mostn hops between any two nodes. This expresses a logarithmic

bound of the routing cost in relation with the number of nodes

route(u, v)
if (u# v){
s = maxC RLSubstring(u,v);

route((uk + vjg) mod k™, v);

Definition 1 The longest common right-left substring of two nodesnd v, denoted
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maxCRLSubstring(u, v), is a strings € {0,--- ,k — 1}* such thatu = g - - - Uy, 5|15,

V= SVg| U1, AN Uy, |5 15 F SV

BALLS partitions a binary undirected de Bruijn gragh= (V, A) of 2™ nodes f{n is the
predefined node id length). The node id spgiceé™ — 1] is identical to the key space. In the
following, de Bruijn nodeandkeyare used interchangeably. Each pebolds (is responsible
for) a non-empty key interval, denotegh.b, p.c]. For convenience, all expressions on keys
are implicitly modulo2™, e.g.,z + y indicatesx + y) mod 2™. BALLS identifies each peer
p by its network address, denotgdi. The separation between peer id and keys enables the

change ofp.e, p.b] without affectingp.a.

BALLS maintains an invariant : every two peepsand ¢ are connected, denoted
connect(p, q), if there is at least one de Bruijn arc connecting a kepin p.e] and a key in
[q.b, g.€]. In addition,p andq are connected if their key intervals are adjacent in theutarc
key space. We refer to this last connection type as a ringesdion. The neighbourhood
made up by a ring connection is called a ring neighbour. Rommections will be needed in

key interval exchange operations (e.g., index manageroadtdalancing, departure).

Definition 2 The de Bruijn neighbourhood set of a key interatlenotedibneighbour(I),

is the set of every key connected to any keyby a de Bruijn arc, except the keysitself.

It is easy to show thadbneighbour([b,e]) = ([2b,2e + 1] U [|b/2], |e/2]] U [| (b +
2™)/2], [(e+2™)/2]]) \ [b, €]. Given two peerp andq with I = [p.b, p.e] and.J = [q.b, q.¢€],

we have the following formula.

3b, €] denotes the interval of integers frobmto e (inclusive). Ifb < e, [b,e] = {x € Z|b < z < e},
otherwise[b, e] = [b,2™ — 1] U [0, e].
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true if(p.e=(q.b—1)Vpb=(qe+1)

V (dbneighbour(I) N J # 0)
connect(p, q) =

V (dbneighbour(J) NI # 0))

\false otherwise

FIG. 7.2 — Example of connections from pgein BALLS
Figure 7.2 illustrates the connections of a peemhose key interval i§, e]. The connec-
tion includes the links to the ring neighbours and to the pémiding a key interval that

overlapsibneighbour([b, e]).

Each peep maintains aneighbour listthat contains a tripldq.a, ¢.b, g.e) for every
neighbour, i.e., the peers connected wihSince the peer connection is undirectedxists
also in the neighbour list of wheng exists in the neighbour list gf. This facilitates key
responsibility notification among the peers in comparisath wther P2P systems that use

directed peer connections (e.g., [KK03, MNRO02]).

Loguinov et al. [LKRGO03], and Naor and Weider [NW03a] use &#RBg2stem similar to
ours. They concentrate on the smoothness increase godl daskfferent arrival and depar-
ture algorithms. These approaches assume homogeneitgrst e BALLS, we assume that
peers are heterogeneous, that is, they have different netamal storage capacities. There-

fore, load balancing must be done for both types of resources

BALLS'’s routing directs a message towards the peer holdiggvan key. We use a

greedy algorithm that decreases step-by-step the disteoroethe current peer to the desti-
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nation key. Before presenting the routing algorithm, wespré some useful definitions.

In a binary2™-node de Bruijn graph, each nodéhas 4 arcs respectively to nodexr;
20+ 1, |z/2], and|(x +2™)/2]. Let the arcs t@z and2x + 1 be the fore-arcs and the arcs
to [z/2] and|(x 4+ 2™)/2] be the back-arcs. Given two nodesndy, the length of the de
Bruijn routing path fromr to y that follows only fore-arcs is called the fore-distanceniro
x to y, denotedforedistance(x,y). Similarly, the length of the de Bruijn routing path that

follows only back-arcs is called back-distance, dendteddistance(z, y).

Definition 3 The distancébetween two keys and y, denoteddistance(z,y), is the mini-

mum amongdoredistance(x, y) and backdistance(z, y).

Definition 4 The distance between a key intervadnd a keyr, denotediistance(I, x), is

equal todistance(v, z) wherev € I and Av' € I | distance(v', z) < distance(v, ).

Claim 1 Given a noder, the set of every nodg such thatforedistance(x,y) = i (with

i € [0,m]), denotedF;(x), is [#2¢, 22 + 2¢ — 1].

Proof : If i = 0, itis clear thatF(z) = {z}.

If ¢ > 0, suppose that; ;(z) = [z2'71, 227! 4 2i=1 — 1] is correct. Following the

fore-arcs of all nodes if;_;(x), we have

Fi(z) = U Fi(y)

yEFi_1(z)
= [22712, (227 + 27 = )2+ 1]

= [22",22' + 2" — 1]

O

“Note that a routing path between two nodes in an undirect@&tal graph is not always the shortest path.
The distance notation here does not imply the length of tbetsst path. It is merely used for decision making
in the greedy P2P routing algorithm.
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Claim 2 Given a noder, the set of every nodg such thatbackdistance(z,y) = i (with

i € [0,m]), denotedB;(z), is{yo, y1," - - , y2i_1} Wherey; = |z/2"] + j2m .

Proof : If i = 0, itis clear thatB,(z) = {z}.

If i > 0, suppose thaB; ;(z) = {yo,y1, - ,Y2i-1_1} Wherey; = |z/207V] +

j2m=(=1) is correct. Following the back-arcs of gll, we have

{Ly/2], [(y; +2)/2]}
{L(Le/2"7 0 + g2y f2], [ (L2/207 0] + j2m =070 + 2m) /2]

{lz/2'] + 5277 [2/2'] + (j + 27 1)2" 7'}

Forallj € [0,2"~" — 1], the pair(j, j + 2'~1) gives all integers iff0, 2! — 1].

FIG. 7.3 — A set illustration of théistance(I, z) algorithm

The distance(I,x) algorithm shown below verifies the intersectioAgz) N / and

Bi(xz) N I for ¢ from O tom. If any F;(x) N I or B;(z) N I is not empty, it returng. Fi-

gure 7.3 illustrates an approximate progression of theralgo. The first non-empty inter-

sectionF;(z) N I gives distanceé. The algorithm is efficient since it involves at most+ 1
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iterations.

distance(l, x)
for (¢ =0;i<m;i+t+){
if ([x*2°, 220 +2° —1]NT # () returni;
yo=l2/2'] ;s =[(I.e = yo)/2"7"];

if (yo+s=2m"%) € I)returni;

Routing : the routing algorithm routes a message from the current péerthe peer

holding keyz.
1. if x € [p.b, p.e], the current peer is the destination. Otherwise, continitie step 2 ;

2. calculate the sdt = dbneighbour([p.b, p.e]). Findt € T such thatdistance(t, z) =

distance(T', x). Select neighbouy such that € [q.), ¢.e]. Continue routing frong.

The sefl” can contain several disjoint key intervals. The notatidttance (T, z) speci-
fies the smallest distance from the key interval§ ito x. Key ¢ is determined by randomly
choosing a value it;(x) N T" or B;(x) N I" when distance is found. The routing algorithm
decreasedistance(t, z) by at least 1 at each hop. Thus, the routing cost, i.e., theoruof

routing hops, is bounded by. Experiments in Section 7.3.1 yield even better perforreanc

BALLS uses straightforward peer arrival and departure rdigms. Since the system
focuses on load balancing but not on smoothness, thesdthigercan be simple and yet
efficient. When a peep joins the network, it finds the root of a random key via a known
peer. As soon as the root (sayis found,r splits [r.b, r.e] into two, and transfers one half
to p. Since the random key is evenly selected, peers with larggriikervals have higher
probability to split. Peep informs its new neighbours (whose addresses are also eldtain
from r) about its new key interval and sends an acceptance messadeder- then updates

its key interval, informs its neighbours about the new kagival, and adjusts its neighbour
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list. Suppose that the average peer degréetisis arrival algorithm needs on averagé+ 2
messages to maintain the P2P connection structure. Exgetisnm Section 7.3.1 show that

d is a constant and confirm the relationship between the doos andd.

When a peey departs, it selects its ring neighbour holding the shokieginterval (say
0). Theng transfers its key interval to. If o acceptsy updates its key interval 88.b, 0.¢|] U
[q., g.€], informs the neighbours about the new key interval, andeeplith an acceptance
message tg. Peerg then informs its neighbours about the departure and ledierseceiving
their confirmation. This departure algorithm uses on awveBdgt ¢ + 1 messages wherkis
the average peer degree and a constant denoting the number of messages needed tb selec

the ring neighbous. Experiments in Section 7.3.1 confirm this cost calculation

In order to ensure integrity of the topology, when a peer ¢cepting the arrival or depar-
ture of another peer, it refuses any other concurrent daivé departure requests addressed
to it. There is also an integrity problem induced from coment decentralized updates. Exa-
mine the following scenario :

— at timet;, peerp; transfers part of its key interval to pegy, which involves sending

p2 alink to peemps : (ps.a, p3.b, ps.€);

— at timet;, 1, p; updates its key interval and informs of the new|ps.b, p3.€] (at this

time, p3 does not know about,) ;

— attimet; o, po informsps of its new key interval.

After timet,, 5, p» andps connect bup, keeps incorrect information abau: [ps3.b, ps.€].
To solve this problem, node sends its current values @f.b, g.¢| to nodeq along with the
key interval notification. Ifq.b, ¢.e] as known by is different from the actual key interval,
sends a key interval notification backpado correct it. This key interval notification protocol
launches just enough messages for key interval updatesest bt introduce any additional

costs to the maintenance.
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7.2.2 Index management load balancing

Index management load refers to the network bandwidth coaduby each peer for
routing messages. Due to the heterogeneous nature of ttegrsyseers contribute different
capacities, called the index management capacity, to sufipeload. The determination of

the capacity available at each peer is out of the scope op#per.

BALLS uses a decentralized method to distribute the indemagament load over the
peers taking into account their capacity and current loaig sA peer is overloaded when the
load rises above the available capacity. The goal of loaangahg is to minimize the global
overload of the system. This goal reduces rebalancing sogts rebalancing is not required
as long as the capacity supports the load. The balancingegyrés based on rearranging
keys inside each pair of peers such that their combined @a@iis minimized. Because we
separate peer ids and keys, a peenay transfer some of the keys under its responsibility,
thus some index management load, to a ring neighbour (peeaholding.b—1 or p.e+1).
Before going into the load balancing algorithm, we first diggchow index management load

is computed.

Index management load computation

The proposed index management load balancing approachegdfue ability to deter-
mine the load on different subsets of a key interval. A singakition to this requirement
is to keep track of the routing traffic passing through eachikehe interval. This solution
becomes inefficient or even impossible when the key spaedt} is much higher than the

number of peers.

Recall that a peer can only transfer keys to its ring neighbtuensure that every peer

holds a continuous key interval. Therefore, we only needeieminine the routing traffic



17

passing through key subsets at the two ends of each peeristieyal.

Consequently, we propose the following approach to reaaffic and compute index
management load. We divide the key interval of each peeto £ levels where: = |log, s
ands is the size ofp.b, p.¢] (i.e.,s = p.e — p.b+1). Each level, i € [0, k), is further broken
down into 3 zones (see Fig. 7.4):0 = [p.b,p.b +1; — 1], z;1 = [p.e — ; + 1,p.e], and
zio = [p.b,p.e] \ (2i0U z:1) Wherel; = |s/2"1]. In the special case whepeh = p.e, only

one level exists withy o = {p.b} andzo; = zp2 = 0.

level 0 | 200 | 2y, J
level 1 1 Zo | Z5 | 21 |
level 2 | %0 | %5 | %

Zk—l‘[): {pb} Zk—LZ Zk-1,1= {pe}

level k-1 || I}

FiG. 7.4 — Dividing the key interval of peerinto zones

Each peep manages a tabl€',[k][3] to register the routing traffic through the zones.
According to the routing algorithm (Sect. 7.2.1), a routmgssage\ lands on a key on
each peep in the path. For every levélc [0, k), if t € z; thenG,[i, j| = G,[i,j] + ||
where|\| denotes the size of. The routing traffic through peeris Tr, = > e Gyli, jl,

for any;.

The size of table7, is always small because < m. It ensures the efficiency of the
routing traffic registration. Furthermore, this methodat us to determine the routing traffic
through different portions at the two ends[pf, p.e] with sizes ranging from 1 (e.gzx—10

orzp_11)tos —1(€.9.,24-1,0 U 2—12 OF 2_1,1 U 2_1.2).

In order to monitor index management load, which can dynallyigary over time, we
must periodically reset tabl€,. Denoting the period a&, the starting time of the current
period agy, and the current time &s, the current index management loadjs= 77, /(t. —
tp). We sometimes need to calculatp whent. — ¢, is too small which may result in an

incorrect load. In this case, we use the formiia= (7r) + Tr,)/(t. — t,) where Tr) and
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t, are, respectively, the routing traffic and the starting tohthe previous period.

We denote the index management capacity of peasC,. The overload is formally
given byO, = (1, — C, + |1, — C,|)/2. Every peep permanently executes the following

load monitoring procedure :
1. if p has changeg.b or p.e, go to step 4. Otherwise, go to step 2;
2. ift. —ty < dt, go to step 1. Otherwise, go to step 3;
3. if O, > 0, execute the index management load balancing algorithm G to step 4 ;

4. reset table&r, [k|[3] with k& = |log,(p.e — p.b+ 1)]. Setty = t.. Go to step 1.

Index management load balancing algorithm

The index management load balancing algorithm on a pestarts wherO, > 0. It
consists in transferring some part [pfb, p.e] to a ring neighbour; so as to minimize the
combined overload qgf andq. We denote the ring neighbourspésn,(p) (that holdg.b—1)
andn, (p) (that holdsgp.e +1). The zones that can be movedidp) arez; ; andz; ;U z; » (for
i € ]0,k)andyj € [0, 1]). The interval selected to be moved must : (1) maximize tbacton
of the combined overloa@, + O,,,,), and (2) be as small as possible. These criteria ensure

that the global overload is minimized while entailing thaderebalancing cost.

Selecting the optimal zone to move requires knowledge olodgeand capacity gf and
n;(p). Maintaining such information among neighbouring peengeiy expensive. Ip asks
n;(p) about this information before transferring, it slows dowe procedure. Our solution
allowsp to propose a set of candidate zones f(p). On its sideyn;(p) selects the best zone
based on its local load status and the information receiVad solution needs only one
query-answer exchange between the peers. We,leth < [0, 2k) and; € |0, 1]) denote the

candidate zones for transfer. They are determined as fsl{Bvg. 7.5) :
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k10" Zrro™ Zraz Woi~ Zrrn
level k-1 | 1]

W oo %0 YZ Wisi = %
level 2 | k20 207 “22 > g
level 1 | Wino ~ %0~ 21, | Wit ~ %14 |
level 0 | W= %0 %, | Wit = 20, |
level 0 | Wiio ~ Zoo | Wi~ %Y %, )
level 1 L Wiao = %0 | Wit =2, 2, |
level 2 Wizo %0 Wi~ %1 Y %, )

Wo,(f Ze10 W2k-1,1 T2 “ Zeiz

level k-1 | | J

Fic. 7.5 — Candidate zones to transfef, (;)

Zk—h—1,j fO<h<k
Wh,j; =

Zh—k,j U Zh—k,2 if k& < h <2k

The index management load an ;, denotedl’(w, ;), is given by :

Gylk —h—1,7] if0<h<k
T N — tc_to -
(wn5) Gplh =k g] + Gplh =k, 2 ey op
te — 1o -

The index management load balancing algoritham a peep (launched whew,, > 0) :

1. select the smalledt € [0, 2k) such thatdj < [0, 1] and7}, — T'(w, ;) < C,. Execute
the key interval transfer algorithm (presented below)dqr; from p to n;(p). If the

transfer succeeds, stop the load balancing algorithm.r@ibe, continue with step 2;

2. setl = (j+1) mod 2. Select the smallegt e [0, 2k) such thatl), — T'(wy,;) < C,,. Exe-
cute the key interval transfer algorithm fey, ; from p to n;(p). This step stops the load
balancing algorithm even if the transfer does not succeexkoth ring neighbours of

p have been tried.

The key interval transfer algorithnfor wy, ; from a peerp to a ring neighbour;(p)

allows n(p) to receive one of the zones, ;, w, j, - - - ,ws ; from p that will minimize the
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combined overload, + O,,,(,). The algorithm is straightforward. It first selects the ztmet
decreases the overload pthe most while keeping,(p) underloaded (step 2a). It may be
the case that no such zone is found. If the selection stogs tier transfer of load from to
n;(p) is blocked because;(p) (being underloaded) does not intend to shed any part ofyts ke
interval. In this case, the algorithm selects the smallesezhat can decrease the combined
overload to continue the load balancing (step 2b). The feamsvolves the following steps :

1. p sends ton;(p) a key interval transfer message containidg, the list

(woj, wij, -+ why), and the listT(wo;), T (w1 ), -+, T(why));

2. if n;(p) is busy with another operatiéor O, (,) > 0, itrefuses the transfer. Otherwise,

(@) n;(p) searches for the greatest [0, h| that givesT,, ) + T'(wy;) < Cp, )

(b) if no suchg is found,n;(p) searches for the smallegi [0, »] satisfying
’T<wg,j) - Op’ + T(wg,j) —0p + Q(Tnj(p) - an(p)) <0 (7.1)

. if no suchg exists,n;(p) rejects the transfer;
ii. if ¢gisfound,n;(p) sets the chosen candidate zone index;as

3. if a candidate zone index is chosen (by step 2a or 2(b)ii};(p) addsw, ; to its
key interval, adjusts the connections to its neighbourd,raplies top an acceptance
message specifying;

4. on receiving the acceptance message fro(p), p removesw, ; from its key interval
and releases the connections to the peers that are no lesigerghbours. The transfer

then succeeds;

5. if the proposal op is rejected by, (p), the transfer fails.

°n;(p) may be participating in the arrival, departure, or index agment load balancing with another peer.
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Conjecture 1 The key interval transfer algorithm for an interva), ; from a peerp to a ring

neighbourn;(p), if it succeeds, will minimize the combined overloag ehdn;(p).

Proof : The key interval transfer succeeds only if a candidate zodexg is chosen in
step 2a or 2(b)ii. Recall that the routing algorithm (Se@.T) limits the choice of the next
step keyt in the de Bruijn neighbourhood set of the current peer. lofe$ that movingw,, ;
will transfer a load approximatéhequal to7'(w, ;). Before the move, the overloads of the
peers are, respectively, = (T, — C, + |T, — C,|)/2 = T, — C, andO,,,(,y = 0. After the

move, the overloads become, respectively :

0, = (Op=T(wy;) +[0p = T(wy;)])/2

Onyy = Ty +T(wg5) — Csp) + 1 Thy) + T(wy,5) — Cryp]) /2

The condition for minimizing the combined overload is to imize AO = O}’7+O;j(p) -

Op = On;(p)-

If g is chosen by step 2d;,,,) + T'(wy;) < Cy,p- ThenO, ) = 0 and A0 =
0, — 0, < 0. Becausg is the largest possible, it induces the largest pos4ilfle, ;) and

thus the most negativ&O.

If g is chosen by step 2(b)iT;,,(,) +1'(w, ;) > Cy,(»y and (7.1) holds. It is easy to prove
that the left hand side of (7.1) BAO and the smallest possiblechosen induces the most
negativeAQO.

(]

The above algorithm ensures criterion (1) for the key irdetvansfer. On the other

hand, the selection of the smallési steps 1 and 2 of the index management load balancing

6Because of the de Bruijn graph routing property, it cannogb@anteed that an exact traffic through the
zone moved is actually transferred to the new peer.
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algorithm satisfies criterion (2), which aims at making thaimal update.

7.2.3 Storage location and key separation

The storage load of a pegr(denoteds,) is the sum of the sizes of all objects the peer
currently stores. Each pegrcontributes a limited space to store objects, called theg&
capacity (,). The system ensures the invaright < D, on every peep. In a P2P system
where objects must reside on their root, maintaining thvariant yields the rejection of
inserting a new object when its root is full (even if storagace is available on other peers).
This degrades the system’s storage capacity. Moreovedistribution of the storage load
to fit the peers’ storage capacity affects key distributiwhjch is managed by the index

management load balancing.

BALLS solves the above inconveniences by allowing objeztstlocated at peers other
than their root (i.e., the peer holding their key). A root gedrack of the objects under its
responsibility via pointers, callestorage pointersthat keep the address of the peers storing
the objects. An object keeps track of its root through a mojntalledroot pointer This
approach greatly improves the utilization of the globallgitable storage capacity. It enables
new objects to be stored as long as sufficent space remains system. More importantly,
rearranging objects when performing storage load balgng@resented in Sect. 7.2.4) does
not influence index management load balancing. This appralgo ensures the efficiency of
the index management load balancing because the transiekenf interval only moves the
storage pointers of the objects involved, not the objeaselves. This therefore saves on

data migration costs.

Another advantage of this approach is that it simplifiesicagibn, which enhances ob-
ject availability. Because of the separation of object fimees and keys, storing replicas of an

object on different peers is natural without the need of afitemhal special technique such
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as multiple mapping hash functions (e.g., [BCMO03]) or ocapging key responsibility (e.g.,
[NWO3b]). BALLS allows up tox replicas of an object to be stored. The root keeps storage
pointers to the replicas as for individual objects. For @mence, we will use the term object

to imply an object or one of its replica interchangeably iis faper.

Pointer management

Pointer management maintains the consistency of storag¢ep® and root pointers.
Every peer disposes of two tablegdices andstorage. Each item in tableéndices repre-
sents the index of an object managed by the peer. Such anatesists of the object ith{d)
and the list of storage pointers to the object’s replicastokage pointer consists of the re-
plicaid (~id - an integer in the range, «)), the address of the storing pe&rdqation), and the
storage countergunter). Thecounter field (its use will be explained below) is initially set
to 0 and incremented after each changéoofition. The storage table contains the objects
currently stored on the peer. The header of each item in dbig tconsists of the object id
(0id), the replica id {id), the size §ize), the root pointerifoot being the address of the root),
and the storage countew(nter). BALLS uses two protocolsstorage notificatiorandroot

notificationto keep thendices andstorage tables consistent.

The storage notification protocoinforms the root of an object about the object’s lo-
cation. When a peer accepts an object, o.counter is incremented. Peer then sends a
storage notification messageto the actual root ob. The message contaips: and id,
rid, counter) of o. We anticipate the following problems :

— due to the heterogeneity and decentralization propestite P2P system, there may

be more than one storage notification message (of an objeiwipg at the root in an
order other than the order of the generation time. dchenter field lets the root know

whether the notification received is newer than the cormeding storage pointer it
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holds. If this is the case, the root updates the storagegrqint

— the root ofo may change whep launches the notification message. Messadae-
refore attaches avot field specifying the root pointer as known pyIf a peer that
receivess is not the actual root of, or if the sending peer finds that the peer at ad-
dresso.root no longer exists (because it has left the overlay netwerlkg,sent tao's
key using the routing algorithm. Forwardimgin this case does not influence index
management load balancing since the load calculation anipts routing messages
created by lookups from users but not by notification messdgether words, it de-
termines the load according to the requests but not to objegation. If the actual
root of o (sayr) receivess, it comparesr.root with r.a. If o.root # r.a (i.e.,p keeps
an incorrect root pointer); sends back a root notification (explained below) tor
the correction;

— in the case where moves from peep to peerq, it may still be accessed gnafter

the move but before the root receives the storage notificalio solve this problem,
p keeps a storage pointer o As soon as the root update's storage pointer, the
corresponding pointer gmis deleted.

The root notification protocolinforms an object about its root. When a key interval
moves from a peer to another peer (gyq sends root notification messages to the peers
storing the objects of which the key was moved. A root notifisamessage for an object
o containsg.a, (oid, rid, counter) of o, and alocation field specifying the address of the
peer storingp as known byg. When a peer that actually stores receivesp, it updates
the corresponding root pointer and verifies th&keeps a correct storage pointer (using the
information received). If this is not the casesends a storage notification message to

perform the correction.

The two notification protocols introduced seem to compéicatstem maintenance. Ho-

wever, in comparison to traditional P2P systems that tieaibjto their roots, the transfer of
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a key interval in BALLS remains much less costly. It only reega sending storage pointers

and notification messages whose sizes, in practice, are smalter than the object sizes.

Object insertion

The object insertion algorithm adds upaaeplicas of a new object to different peers
while ensuringS,, < D, on every peep. An insertion request containing the object idd)
and the sizeqjze) is routed to the root obid. If an index entry with the sameid as the
object to insert already exists, the request is rejectelde@iise, a replica diffusion process

is launched to store the object on different peers, stadirige root.

This process sends a replica diffusion messageontainingoid, size, andridlist —
the list of the remainingids to be assigned. This message traverses multiple peerdan or
to distribute the replicas. It limits the number of peerste$ using atl (time-to-live) field,
which is decremented after each hop. At each pean the way, ifS, + size < D, andq
does not store any replica of the same objeei;cepts one replica withrad extracted from
Anridlist. If \..ridlist is not empty and\,..ttl > 0, A, is forwarded to a randomly selected
not-visited peer neighbouring The message keeps a list of the visited peers to perform this
verification. The insertion stops wherreplicas have been stored \f.ttl = 0, there are two
cases : (1) if no replica was stored, the insertion fails,@pd the number of stored replicas
falls between 1 and — 1, the root starts a new replica diffusion message for the ir@ng
rids. During the diffusion process, if the key of the insertegeobbmoves to another peer, the

new root continues the process perserving the current state

We do not discuss the object deletion here since it neveeasas the storage load on

any peer.
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7.2.4 Storage load balancing

In addition to storage space, storing objects consumes otmeputational resources,
e.g., network bandwidth for object access and migratioes€hresources must be considered

in the balancing algorithm.

For the system to work properly, we need another boundarthiostorage load called
the desired storage capacity, on every peep, with D,, < D,. The storage load, is always
limited by D, but can temporarily exceeR,. Given A, = D, — S, denoting the available
space on peer, we define the storage overloadi&s = (|A,| — A,)/2. Peerp is overloaded
whenWV, > 0. The goal of storage load balancing is to minimize the s®grload of the

whole systemX_,, W) while keepingS, < D, on every peer.

The storage load balancing algorithm consists in transfgistorage load within pairs
of peers so as to minimize their combined overload. Suclsteas lead to the reduction of
the global overload. Suppose that we perform a storage taagdfer within a pair of peers
p and ¢ wherep is overloaded 4, < 0). The transfer decreases the combined overload
W, + W, only if A, > 0. The storage load balancing should minimize the globalloaer
while saving on the transfer cost (i.e., the data volume atégl). Therefore, the elementary
storage load transfer within each pair of peers has thewollg objectives : (1) minimizing

their combined overload, and (2) minimizing transfer cost.

In general, we cannot achieve both objectives at the sange Tiherefore, priority must
be given to one or the other : (1) before (2) or (2) before (hese two different orders are re-
ferred to as storage load transfer strategies. The ovedaedted transfer strategy minimizes

overload first, while the cost-oriented transfer strategyysiders transfer cost first.

Another element to consider in storage balancing is whethesfer is unidirectional

(i.e., only one peer transfers object) or bidirectiona.(iboth peers may transfer objects).
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We refer to these as the 1-direction transfer and 2-dine¢tensfer, respectively.

The 1-direction storage load transfer

An 1-direction storage load transfer is a storage ISgdrransfered by overloaded peer

p to a peelg (with A, > 0).

Definition 5 The optimal 1-direction storage load transfer is an 1-diren storage load
transfer that upholds :
— (1) the combined overload pfandg is minimized,

— (2) S, is the smallest possible.

Therefore, the optimal 1-direction storage load trandehe least costly transfer that

yields the fastest decrease of the combined overload- 1V,.

Definition 6 The bounded optimal 1-direction storage load transfer id afirection storage

load transfer that upholds :

— (1) the combined overload pfandg is minimized,

— (2) S, is smaller or equal to reduction of the combined overload.

Hence, the bounded optimal 1-direction storage load teansthe most effective trans-
fer (i.e., the one minimizingV, + W,), in which the migration cost does not exceed the

benefit of overload reduction.

Theorem 1 Given two peers, ¢, with A, < 0 and A4, > 0,
— the optimal 1-direction storage load transfer occurs whgy is the closest to
min(—A,, A,) such thatS,, < —A, + A,;
— the bounded optimal 1-direction storage load transferuwsavhens,,, is the greatest

satisfyingS,, < min(—A4,, 4,).
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The proof is presented in Appendix 7.A.

The 2-direction storage load transfer

The 2-direction storage load transfer is a pair of storagdd@S,,, S,,) such thatS,, is
transfered from pearto peerg, andsS,, is transfered frong to p, whereA, < 0 andA, > 0.

Obviously,W, + W, decreases only if < .S, < S,.

Definition 7 The optimal 2-direction storage load transfer is the 2-diren storage load
transfer that upholds condition (1) first, then condition (2
— (1) the combined overload pfandg is minimized,

— (2) Sy is the smallest possible.

As in the 1-direction transfer mode, the conditions of thefirdtion guarantee the grea-
test reduction ofV,, + W, while requiring the smallest,, to save on transfer cost. We do
not consider the “bounded” constraint here because a 2tairetransfer usually incurs a

migration cost higher than the overload reduction.

Theorem 2 Given two peers, ¢, with A, < 0 and A, > 0, and.S,,, the optimal 2-direction
storage load transfer is obtained as follows :

— if Sy, < AgorA, < Sy, < —A,, Sy =0;

— if Spy > max(—A4,, A,), S, is the closest tmin(A,, —A,)+5,, suchthad < S, <

Spg and Sy, > A, — Ay + Spq.

See Appendix 7.B for the proof of this theorem.

It follows from these theorems that the most effectiv®’ that both 1-direction and
2-direction transfers can achieverisx(A,, —A,) (also refer to the appendices). In other

words, these transfer styles have the same bound.
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We now return to the overload-oriented and cost-orientatsfier strategies. An overload-
oriented transfer tries to minimize the combined overloatbke considering the transfer
cost involved. On the other hand, a cost-oriented trangfgtricts the transfer cost not to
exceed the gain while decreasing the combined overloaduliibifs requirement, the cost-
oriented transfer strategy applies the bounded optimatektion transfer. The overload-
oriented transfer strategy is more complicated. It first&d®as for the optimal 1-direction
transfer. If noS,, relevant to such a transfer is found, it searches for thev@pt2-direction

transfer.

In a decentralized environment, an object move consistsaiptoposal of an object set
R by the sending peer (say and the acceptance of a sub&tC R by the receiving peer
(sayq). To avoid sending an object to different peers simultasBowe define two object
states :moving(i.e., the object is in a proposal) ambrmal (i.e., the object is not in any
move). Therefore, when pegrproposes sek to ¢, these objects are marked msvingon
p. After g accepts objects if’, p deletesR’ and restores theormal state of the remaining
objects inR \ R'. Other simultaneous moves only select objects inrtbamal state. We
denote the set of the objects storedpas R, the set of its objects in theormalstate as?,,,

the storage load ok, asS,, andA, = D, — S,.

The storage load balancing algorithm each peep periodically verifies its overload

state. Whem, < 0, p starts a balancing session :

1. p broadcasts to its neighbourhood an available space igtiom message with a
ttl (time-to-live) field defining the diffusion depth. If it hagtreceived) before, each
receiving peer; processes and decrementg.tt/. After decrementing, ip.ttl > 0, q
forwardse to its neighbours exceptand the peer from which arrives. The processing

of ¢ ong involves replying4, = D, — S, topif A, > 0;

2. for each replyA4,, if A, < 0 still holds,p proposes tg an object sef?,, C R, that
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satisfies one of the following conditions (denoting theaterload of a sek asS(R)) :

S(Rpg) < Ay

S(Rpy) > —A4, (7.2)
\ Ar € Ryg | S(Rpg \ {r}) > _Zp

S(Rpg) < Ay
S(R,,) < —Zp (7.3)
\ Ar € Ep \ Rpg | S(Rpg U{r}) < A

S(Rpg) > Aq
| Rpg| =1 (7.4)
\ Ar € Rp | S({r}) < S(Ryq)

(7.2) selects the smallest(R,,) that cancels overload om without overloading;.
If (7.2) cannot be satisfied, (7.3) selects the greaté&,,) that reduces?, without
overloadingg. If both (7.2) and (7.3) cannot be satisfied (i.e., every abie R, is

greater tham,), (7.4) assigns the smallest objecti®f to R, ;

. onreceiving the?,, proposalg behaves differently according to the storage load trans-

fer strategy (cost-oriented or overload-oriented) seldet priori.

In the cost-oriented storage load transfey selectsiz,, C R, as follows, where

pivot = min(—A4,, A,)

0< S(R;q) < pivot
Ar € Ry, \ R, | S(R,, U{r}) < pivot
S(R,,) + S, < D,

(7.5)

Alr,r")[r € R, A1" € Ry Ar.oid = 1".0id
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Condition (7.5) selects?,, that will make the bounded optimal 1-direction transfer

as indicated by Theorem I also ensures thaf, < D, and does not contain any

replica of an object

already stored @which causes a replica conflict). If no sust),

is found,q refuses the proposal. Otherwise, it accefs The transfer is completed.

In the overload-oriented storage load transfey first selects an object sdt,, as

follows, wherepivot

= min(—4,, A,) :

find R1 C R, satisfying (7.6)

;

\

0 < S(R1) < pivot

Ar € R,y \ R1|S(R1U{r}) < pivot

find R2 C R, satisfying (7.7)

(7.6)
S(R1)+ S, < D,
Alr,r")|r € RLAT € R, A r.oid =1".0id
pivot < S(R2) < —A, + A,
re€ R2|S(R2\{r}) > pivot
A | S(R2\ {r}) = p a7

S(R2)+ S, < D,

Alr,r')|re R2Ar" € Ry Ar.oid =1".0id

identify 12, as follows, whereAWW(5S,,) is the variation of the combined overload as

defined by (7.10) :

R1

) R1
qu =

R2

R2

if IR1A AR2
if IR1 A 3R2 A AW (S(R1)) < AW (S(R2))
if IR2A AR1
if IR1 A IR2 A AW (S(R1)) > AW (S(R2))
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The above conditions try to selef, to make the optimal 1-direction transfer as stated
in Theorem 1. They also ensure thiaf, does not contain any replica of an object
already stored opand guarantee$, < D,. If such anfz,, is identified,q acceptsiz,
and the transfer is completed. Otherwise (i8R1 and AR2), the transfer continues

in the 2-direction transfer mode.

In the 2-direction transfer; selects an acceptable object &6t C R, such that

S(R,,) + S84 < D,
Ar € Ry \ Ry [ S(R, UAr}) + 5, < D,

Alr,r')|r € R, Ar" € Ry Ar.oid = 1'.0id

This selection gives the greatésf, that guaranteeS, < D, and does not contain any
replica of an object already op If no suchR,, is found,q refuses the proposal. In

case finds anfz, , it selects an object set to send bdt) according to the following

q’

rule, wherepivot = min(4,, —A,) + S(R,, ) :

find R1 C R, satisfying (7.8)

0 < S(R1) < pivot
S(R1) > A, — A, + S(R.,) (7.8)
Ar € R, \ R1|S(R1U{r}) < pivot

find R2 C R, satisfying (7.9)

S(R2) > pivot
S(R2) < S(R.,) (7.9)
Ar € R2|S(R2\ {r}) > pivot

identify R,, as follows, whereAWW (S,,) is the variation of the combined overload as
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defined by (7.12) :

(

Rl if 3R1A AR2
Rl if 3R1 A 3R2 A AW(S(R1)) < AW(S(R2))
R2 if 3R2A ARL

R2 if 3R1 A FR2 A AW (S(R1)) > AW(S(R2))

\

The selection aims to identify an object g&f, that results in the optimal 2-direction
storage load transfer, as required in Theorem Z1K1 and AR2, R,, is not identified

andq refuses the proposal. Otherwise, it accepjsand proposes,, to p.

Upon receiving thez,, proposalp selectsi,, C R, such that

S(R’qp) +5, < D,
Ar € Ry, \ R, | S(R,,U{r}) +S, <D,

Alr,r')|r € R, N\v" € Ry, Ar.oid = 1".0id

This maximizesrz, , while guarantying that), < D,, and makes no replica conflict.

Thenp accepts?,, and the transfer is completed.

The storage load balancing algorithm uses= D, — S, instead of4, = D, — S,
(as in Theorems 1 and 2) to enable parallel object transfers the overloaded peerto
different underloaded peers. The inherent parallelisnelacates the minimization of the

global overload.

Our implementation uses a combination of several greedyrigihgns for the selection

of R, R,

Prq’

Ry, and R, ,. Although the greedy algorithms do not always give the optim

they ensure good computational efficiency.
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7.3 Experimental evaluation

In order to evaluate the performance of the proposed P2Rmyand load balancing
methods, we have performed various simulations. The siorueas developed in Java. We
executed simulations on different computers with Pentiu@PU, (512MB - 2GB) RAM,
and OS Windows XP or Red Hat Fedora Core 3. The reader cantcef¢tBKO6b] for
details about the simulator. This section presents thdtsesbtained. The simulations were
designed to evaluate the P2P topology, the index managéoaeihbalancing, and the storage
load balancing. We also tested the influence of the index gemant load balancing on
the storage load balancing, and vice versa. In all expetsngresented, the P2P network

partitions a de Bruijn graph @f? nodes {n = 32). It thus manages the key spd6e23? —1].

Each characteristic was evaluated with multiple simutations. This required us to
perform statistical analyses of the results obtained. Tiadyaes are of two types : (1) veri-
fication of the confidence interval of the results, and (2) panson of two or more groups
of results. We usually present the results in the form of plyref averages of the measu-
red values. The first analysis calculates the confidencevaltef each point in the graph.
The confidence interval of a variahieis the intervalx;, x,,| such thatP(z ¢ [z;, z,]) < «
with a givena and withz denoting the mean af. Narrower confidence intervals show more

closeness of the measured means to the true means. In tlis papusey = 1%.

Comparisons between groups of results are used to deterfrtime groups differ. A
group of results is produced by an experiment condition aadgnted by a graph (of average
values). Through the comparisons, we observe the effedieothosen conditions on the
experiment results. Suppose that we compare two grapésdY’. The comparison consists
in calculating the confidence interval (with a givahof (X; — Y;) for all valuesi on the
horizontal axis. If the confidence interval @K; — Y;) does not include 0X; andY; are

statistically different. We name the rate of pairs;, ;) having confidence interval disjoint
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from O as the difference rate. Higher difference rates shawenevidence of differences
betweenX andY . With lower difference rates (e.g., under 10%), we cannoctale that
X andY are different. When performing a comparison between mae tvo graphs, we

perform a pair-wise comparison.

7.3.1 P2P topology evaluation

The evaluation of the P2P topology consists in observindah@wving properties : ave-
rage and distribution of peer degrees, average routing cagérage arrival costs, and ave-
rage departure costs. The graphs in this subsection pl@viage or combined results of
30 simulations. A simulation starts from a system of one .geeers arrive and depart, res-
pectively, with probabilities related to the current numbgpeers. The arrival probability is
higher than the departure probability. This makes the sysiee grow as a Markov chain.

We measured the properties until the system reached 210€. pee

During the simulation, index management load balancing d¢dve Peer arri-
vals/departures and index management load balancingcanisly modify the key intervals

of the peers, which causes high dynamicity.
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FIG. 7.6 — Average peer degrée/s. system size

Figure 7.6 shows the average peer degree in function ofraysitee (). Regardless of

the value ofn, the average peer degree stays near 8. We obtained the sarhe, regardless
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of the de Bruijn node id lengthh. We computed the confidence interval of the average peer
degree for all system sizes from 1 to 2100. The limits obthiiog each system size are so
close to the measured average peer degree that we cannoguish them. The distance

of the upper and lower boundaries of these intervals to thasored average peer degree
gives the following statistics : max = 0.13, mean = 0.01, aredliem = 0.01. That is, the
confidence interval for any system size is on avef&@®, 8.07]. The intervals are very close

in comparison to the measured average peer degree 8.06.

[ n=512
0.18 W =102
0.16 [ n=2048

Peer rate
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Peer degree (d)

FIG. 7.7 — Peer degree distribution for different system sizes

Cumulative peer rate

1234567 8 91011121314 151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 ...
Peer degree (d)

FIG. 7.8 — Cumulative peer degree distribution for differerdteyn sizes

Figure 7.7 shows the peer degree distribution calculatezshwhieache<?, 2°, 21°, and
21, Figure 7.8 plots the cumulative rate of the peers havinggaegelower than or equal to
each value from 1 to 32. Although the network size increabesdistribution shape (in both

graphs) almost does not change. The highest rates belohg peers with degree from 5 to
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11. It approaches 0 when the peer degree exceeds 20. Thesggations demonstrate the

constant peer degree feature of the P2P topology.

It should be noted that low peer degree may lead to a fragiedy&tem. We can resolve
this problem by accepting some redundancy, e.g., letting paer maintain links to multiple
peers in a larger neighbourhood. The trade-off needs to (o rhatween low peer degree
and resilience to failure. Note, however, that this probigimeyond the scope of the present

paper. In the following, we therefore only consider the cagkout redundancy.

Arrival cost

0 500 1000 1500 2100
Systemsize (n)

FIG. 7.9 — Arrival cost vs. system size

Departure cost
&
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FIG. 7.10 — Departure cost vs. system size

Figures 7.9 and 7.10 present the costs of peer arrival ararep, respectively. They
show that although the system size increases, the arrigs$ @nd the departure costs are
on average 18.61 and 27.58, respectively. According tortineaband departure algorithms

described in Section 7.2.1, the average arrival and depactsts ar@€d + 2 and3d + ¢ + 1,
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respectively (where is the number of messages needed to find the ring neighbducaha
receive the departing peer’s key interval). Witk- 8.06 (as observed in Fig. 7.6) and= 2.4,
the above arrival cost and departure cost formulae give2l&ntl 27.58, respectively, which

are consistent with the experimental results.

As for the peer degree evaluation, we calculated the cordedentervals of the arrival
cost and of the departure cost for all system sizes from 1 @®2The distance between
the bounds found and the measured average arrival costs dvasr@.36, mean = 1.40,
and median = 1.38. Similarly, the distance between the ®and the measured average
departure costs has max = 6.81, mean = 2.74, and median =Thé8e numbers show that

the confidence intervals of the arrival costs and of the depacosts are close.
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FIG. 7.11 — Arrival cost FIG. 7.12 — Departure
VS. peer degreé cost vs. peer degrek

Figures 7.11 and 7.12 explore the relationships betweearthal/departure costs and
the peer degree. Figure 7.11 plots the arrival costs caynepg to the degreel) of the
splitting peer. It shows that the arrival costs fall aro@ad Similarly, Figure 7.12 plots the
departure costs corresponding to the deg®ef the departing peer. In this case, the de-
parture costs cling t8d. The above observations suggest linear relationshipsdagivihe
arrival/departure costs and the peer degree. This expglansonstant arrival/departure costs

feature, which follows from the constant peer degree featur

Figure 7.13 compares the average routing cost measuretbgjth. Although de Bruijn
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Routing cost

0 500 1000 1500 2100
Systemsize (n)

FIG. 7.13 — Routing cost vs. system size

graph diametem (being 32 here) is the upper bound of the routing cost, thelgsaows that
the average routing cost is undeg, n. With on average over 4100 routing requests finished
at each system size from 1 to 2100 peers, we calculated thendesfrom the measured
average routing costs to one limit of the confidence intstvBhe observed distance having
max = 0.13, mean = 0.09, and median = 0.09 shows very closadeot intervals. These

results confirm the routing cost efficiency of the P2P topglog

7.3.2 Index management load balancing evaluation

The evaluation of index management load balancing expluesthe global overload
is influenced by the balancing algorithm. The metric for ea#ihg effectiveness is the index
management overload ratio = (3, O,)/(>_y, T). To demonstrate the effectiveness of
the load balancing, the experiments follow a 3-phase serdris scenario consists in run-
ning the simulation without load balancing for the first 3thslation cycles (phase 1), then
running with load balancing for the next 70 simulation cgdphase 2), and finally running
without load balancing for additional 30 simulation cyd{phase 3). When load balancing is

active, the overloaded state is verified every simulatiarecy

As suggested by numerous research (e.g., {GBJLRS02, SGD02, ZSZ03]) we ap-
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ply the Zipf distributior for the peers’ capacity and the routing skewness. In pdatictne
Zipf exponent for the peers’ index management capacityibigton ise = —1.2. The rou-
ting source probability and the routing target probalildistributions are under the Zipf law
with exponent = —1.9. Note that we have realized experiments with different Zgbo-
nents for the above distributions and also with a uniforniritistion. However, they all gave

results similar to those described below.

We consider three factors that can affect the load balanesgit : the index manage-
ment utilization ratio, the dynamicity of the routing tatgand the dynamicity of the peers.
The index management utilization ratio)is the ratio of the total index management load
over the total capacityt/ = (3_,,7,)/(>_y, Cp). The dynamicity of routing targetrj de-
notes the change of routing target popularity in the systeisithe percentage of times a key
changes its routing target probability at each simulatiyriec(e.g.,r = 20% means twenty
changes within 100 cycles). The peer dynamicity $pecifies the probability that a peer
splits its keys with a joining peer and the probability thgieer departs in one simulation
cycle. In these experiments, the arrival and departuregiiébes are equal to maintain a
relatively stable system size. Since we choose a cditdar each experiment to evaluate the
(2 produced, the evolution of the system size is not requiréérdfore, if a simulation cycle
starts withn peers, it will have approximatelyr arrivals andnr departures. The following
experiments ran from a starting system size of 2048 peers gidphs in this section show

the average results of 20 experiments in each case.

Figure 7.14 plots the results of experiments in three casts the samer = 0%
andm = 0% but differentU levels, which are, respectivelig5%, 30%)], [55%, 65%], and

[100%, 110%]. In these experiments, phase 1 (without load balancinggsél to the maxi-

"The Zipf distribution defines that thi&* popular value is proportional 6 for some so called Zipf exponent
E.

8The probabilities for selection of, respectively, the oraing peer and the destination key in lauching a
simulated routing request.
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FiG. 7.14 — Index management overload rdfloss. simulation cycle for different index
management utilization ratids (r = 0%, © = 0%)

mum (e.g., 41.3% whely € [100%, 110%] or 12.9% whenU € [25%,30%)]). Phase 2
rapidly decreaseQ as a result of load balancing. In phase 3, when the load bagrectur-
ned off,©2 remains stable at a low level (e.g., 20.6% wiiér [100%, 110%] or 0.9% when
U € [25%,30%]). These results demonstrate the effectiveness of the diatpalgorithm.
Once the load balance is established by phase 2, the globdbad does not increase (in

phase 3) even if the load balancing has stopped.

It is natural that higher values &f induce highef£). However, we compared the experi-
ments under differertf ratios to confirm that the load balancing method takes eiffiextarge
range of capacity utilization. Even if the global load/ceiparatio falls within[100%, 110%)],

the balancing method can reduce the global overload by half.

In the above graphs, there is a peak at the beginning of phese 2 fall at the beginning
of phase 3. This follows from the difference in operationestn phase 2 and phases 1 and
3. The load balancing in phase 2 requires every overloadedpe keep table~,’s value
as long as key interval changes occur. However, phases 1 eegb®, every cycle. This
makes(? at the beginning and the end of phase 2 higher than that pectagely, the end of
phase 1 and the beginning of phase 3.

In order to observe the effect of routing target dynamicityload balancing, we ran
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Index management overload ratio (Q)

Simulation cycle ()

FiG. 7.15 — Index management overload rd@iars. simulation cycle for different routing
target dynamicity factors (U € [55%, 65%], 7 = 0%)

experiments at the sanié and« but with differentr values. Figure 7.15 depicts the expe-
rimental results in four cases whele € [55%, 65%|%, m = 0%, and, respectively, 0%,
20%, 50%, and 100%. In spite of the routing target dynamieuyich varies from 0% to
100%, the efficiency of load balancing is almost the samesacditoe experiments. When a
pairwise comparison of the results of Figure 7.15 is pertmnthe difference rates obtained
are all0%, which implies that we cannot recognize any difference betwthe graphs. This
expresses a weak effect of routing target dynamicity on bzdancing. This can be explained
by the good randomization characteristics of the de Bruiapg when transferring routing

requests over de Bruijn nodes.
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FiG. 7.16 — Index management overload ratiovs. simulation cycle for different peer
dynamicity factorsr (U € [55%, 656%], T = 0%)

Figure 7.16 compares the results of experiments in fourscedth U € [55%, 65%)],
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7 = 0%, and~ values of 0%, 0.5%, 1%, and 5%, respectively. We need to explay 5%

is chosen as the highesfor experiments. The duration of a simulation cycle is theximal
time needed for the communication between any pair of p&engpose that the system runs
in a slow environment, which requires up to 60 seconds foliravse communication. Thus,
with 7 = 5% per cycle, 40% of peers arrive and 40% of peers depart eveig@es. In other
words, each peer makes 144 arrivals and departures per dstydik on peer availability
in the P2P file-sharing system Overnet [BSVO03] observedtti@trates of long-term peer
arrivals and departures do not exceed 40% of peers per datheOother hand, each peer
joins and leaves on average 6.4 times per day. When compaitinghese results, it is clear

thatm = 5% indicates a very high dynamicity of peers.

The load balancing method takes effect in all four cases. dé¥ew higherr generate
higher(2. When a new peey joins the system, it needs some time to establish a conmectio
with the neighbourhood. During this time, the neighboued tiave not yet received its noti-
fication, direct routing messages to other peers instea R#oes not bear enough routing
traffic as it should and thus we observe a little increase@gtbbal overload at the end of its

arrival.

We also see that in systems with higher peer dynami@itgecreases more slowly in
phase 2 and increases more rapidly in phase 3. This phenomesgts from the insertion
and deletion of peers, which break the load balance statgopidy established. The active
load balancing procedure in phase 2 keeps reducing phase 32 does not increase only

if 7 = 0%. Otherwisef rises due to the lack of rebalancing.

7.3.3 Storage load balancing evaluation

The principal metric for evaluating the storage load balamenethod is the storage

overload ratioV = (3., W,)/(3_y, Sp)- The smaller¥ is, the more storage load balance
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it achieves. The evaluation involves multiple experimdati®wing different scenarios. All
experiments start with 2048 peers. We limited the peersagmcapacity and desired storage
capacity to the range [100MB, 3.2GB]. Again, we selecteddistribution of the desired
storage capacities of the peers under the Zipf law with tippegnt: = —1.2. As suggested
by different research (e.g., [Dow01b, DB99]), we apply tbg-hormal distributiofito the
object sizes, which fall within the range [1MB, 100MB]. Thhasen parameters = 2
ando = 0.84 yield an object size mean of 10.5MB and a median of 7.4MB. \Be Ahve
performed experiments with different distribution paraeng (both for the desired storage
capacity and object size) and even with the uniform distidou They all gave performance

results similar to the experiments presented herein.

We observed the performance of the storage load balancittypohsubject to three fac-
tors : the storage utilization ratio, the peer dynamicitg ghe storage load transfer strategy
applied (cost-oriented or overload-oriented). The sterafijization ratioZ is the ratio of
the total storage load over the total desired storage dgpaci= (3., S,)/ (>, D,). Peer
dynamicity ¢r) has the same meaning as for index management load balasahgation
(Sect. 7.3.2). By comparing the impact of the storage loaaksfier strategies, we can observe
their strength and weakness relative to each other. Difte@mbinations of factors produce
numerous cases. The graphs in this section plot the avezagkgfor at least 20 experiments

in each case.

The experiments presented in Figure 7.17 continuouslyrtimdgects in the system to
increase the utilization rati@. The graph plots the overload rati corresponding to the
increase o/ (from 1% to 150%). In order to confirm the effectiveness otllbalancing, we
compared the results under two modes : active load balaacidgnhactive load balancing. We

also compared the impact of three peer dynamicity levels= 0%, = = 1%, andr = 5%.

%The log-normal distribution of a variablez defines its density probability asP(z) =
e~(ne=w?/(20%) (35\/277)~1 with given u ando parameters, which are respectively mean and standard de-
viation oflog x.
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FiG. 7.17 — Storage overload ratib vs. storage utilization rati& for different peer dyna-
micity factorsz (with cost-oriented balancing or without balancing)

These experiments apply the cost-oriented storage loadfénastrategy. The graph shows
that without load balancingl increases rapidly along with the increaséZofHowever, with
load balancing, the increase ¥fis drastically slowed down as long @& < 100%. It rises
very fast only whenZ exceeds 100% (i.e., the system lacks available space t@angar
objects). We see that even with a high dynamicity€ 5%), the storage load balancing
method is effective. Of course, higher dynamicity causghér overload and reduces the

storage load balancing effectiveness.
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FiG. 7.18 — Storage overload ratib vs. storage utilization rati& for different peer dyna-
micity factorsz (with cost-oriented balancing or overload-oriented beilagy)

Figure 7.18 compares the effectiveness of the two storagktlansfer strategies : cost-
oriented and overload-oriented. The experiments were rtimlead balancing and with peer

dynamicitiesr of 0%, 1%, and 5%, respectively. In all experiments, wheandZ < 110%
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are the same, the balancing with overload-oriented trasmgf®duces lowew than cost-
oriented transfers. Overload-oriented transfers achigleer effectiveness than cost-oriented
transfers since they have more possibilities to reducedhdbmed overload. For > 110%,
the effectiveness of the two transfer strategies becomesdime since the possibility to

rearrange objects is very small in this case.
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FIG. 7.19 — Storage overload ratib vs. simulation cycle for different storage utilization
ratiosZ (with cost-oriented balancing or overload-oriented bailag; 7 = 0%)

In order to evaluate the convergence of the storage load&agmethod, we executed
experiments at a specific utilization ratto The experiments ran with load balancing (using
cost-oriented or overload-oriented strategy)= 0%, and without object insertion. This
ensures that neither peer dynamicity nor storage load @sawgl affect the storage load
balancing while verifying its convergence. The experirsestop whenl reaches 0 or its
minimal value. Figure 7.19 shows the results of experimeritsutilization ratios 70%, 90%,
100%, and 110%, respectively. In all experiments, the oagrratiol decreases rapidly after
a small time interval (being equal to the duration of a penbthe overload verification on
each peer). These results confirm that the load balancingadebnverges. We refer to the
minimum value of¥ as the stable storage overload ratio (denobggl Higher values of
Z induce higher initial storage overload ratio and higheblstatorage overload ratio. This
is expected since a high corresponds to small available space and consequentlydth sm

possibilities of global overload reduction.



a7

In all experiments using the samie the load balancing with overload-oriented transfers
yields smalle ; than that for cost-oriented transfers. However, the tinsctoeve the stable
state (called the stabilization time, denotg)l of the overload-oriented transfers is longer
than that of the cost-oriented transfers. We find the deatéilsese differences in Figures 7.20
and 7.21, which respectively compare the stable overlo@al aad the stabilization time of
the two transfer strategies. These figures additionallggarethe observation fof = 95%
and”Z = 105%. The differences follows from the fact that an overloaceotéed storage load
transfer among two peers has more chances to take place ttust-ariented storage load
transfer. Therefore, the load balancing that applies oaeroriented transfers involves more

transfers. This results in a longer stabilization time bbe#er stable overload ratio.
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Fic. 7.20 — Stable storage overload rafig vs. storage utilisation ratig for cost-oriented
and overload-oriented transfer strategies

The graph in Figure 7.21 shows that experiment& at 100% have the longest stabi-
lization time. It is reduced whe#d < 100% or Z > 100%. WhenZ > 100%, the lack of
available space diminishes the chance for storage loasfénato take place. Therefore, the
stable state is near the initial state. However, wier: 100%, the profusion of available
space accelerates storage load transfers in reducingdbalglverload. It thus shortens the

stabilization.

Let ¥, and ¥, be ¥, produced by the cost-oriented and overload-oriented feans

strategies, respectively. We statistically compabggdand ¥ ;, under the given values df.
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Confidence interval Confidence interval
Z OfA\I/f:\I/fO—\I/fl Z OfA\I/f:\I/fO—\I/fl
70% [0.0064, 0.0067] 100% [0.0065, 0.0075]
90% [0.0059, 0.0063] 105% [0.0016, 0.0029]
95% [0.0072,0.0082] 110% | [—0.0003,0.0005]

TaB. 7.1 — Comparison of stable storage overload ratip for cost-oriented f,) and
overload-orientedf) transfer strategies (= 1%)

Table 7.1 shows the confidence interval AV, = ¥, — U, . Except for the case
Z = 110%, the confidence interval ak ¥, does not include 0, which indicates a statistical
difference betweed ;, and ¥, and thus a considerable effect of the two transfer stragegie
onV¥,. At Z = 110%, the confidence interval @k ¥, includes 0. This indicates a negligible
difference ofU; produced by the two transfer strategies. As explained beforthis case,

the lack of available space prevents the possibility torgygeobjects.
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FIG. 7.21 — Stabilization timé; vs. sto- FIG. 7.22 — Cost-overload rati€o vs. sto-
rage utilisation ratioZ for cost-oriented rage utilisation ratidZ for cost-oriented and
and overload-oriented transfer strategies overload-oriented transfer strategies

Similarly, we denoted the stabilization time obtained by tlost-oriented and overload-
oriented transfer trategies ag andt;,, respectively. A statistical comparisongf andty,
allows us to evaluate the effect of the transfer strategiethe stabilization time. Table 7.11

shows the confidence intervals&t; =t; —ty,.

Except for the cas¢ = 70%, t;, andt,, are statistically different. This implies that

the strategy has a considerable effect on the stabilizaéitioe. At Z = 70%, although the
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Confidence interva Confidence interva
Z OfAthtfo—tfl Z OfAtf:tfo—tfl

70%| [—3.83,0.12] | 100%| [—38.63, —28.42]
90% | [—30.92,—10.51] | 105% | [—24.01,—13.32]
95% | [—40.92,—26.13] | 110%| [—8.90,—2.34]

TAB. 7.1l — Comparison of stabilization timg for cost-oriented f;) and overload-oriented
(f1) transfer strategiesy= 1%)

mean ofty, is a bit lower than the mean of,, the confidence interval of their difference
covers 0. The difference betweep andt, in this case is not clear. The explanation of this
phenomenon comes from the profusion of available spacealthmnishes the number of 2-
direction storage load transfers in the overload-orietri@usfer mode and thereby induces a

weak effect of the chosen mode on the stabilization time.

Our evaluation also examined the cost of balancing, thetésjolume of data for migra-
tion. We use the experiments in the above convergenceai@uscenario for this evalua-
tion. The metric is the cost-overload rati® ; being the ratio of the cumulative storage load
sent (until the stable state) over the initial global ovadoFigure 7.22 shows the average
cost-overload ratio for the experiments. At the safean experiment with cost-oriented
transfers always has the cost-overload ratio under 1 andrltdvan the cost-overload ratio
of an experiment with overload-oriented transfers. Thesoaas that a cost-oriented trans-
fer reduces the combined overload the most while preverntiagcost to exceed the gain.
On the other hand, an overload-oriented transfer minimizescombined overload before
minimizing the migration cost. The graph also shows thahigber is, the less is the cost-
overload ratio. This results from the fact that smaller ka#Ae space yields smaller storage

load movements. Therefore, migration costs for stabibredre smaller.

We also statistically compared the cost-overload ratiogsthe two transfer strategies.
Let Coys, and Coy, denote the cost-overload ratio under the cost-orientedtadverload-

oriented transfer modes, respectively. Table 7.1 lists tonfidence interval oA Co; =
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Coy, — Coy, at different utilization ratiosZ. No interval includes 0. This shows a significant

effect of the transfer trategies on the cost-overload ratio

Confidence interval of Confidence interval of
Z | ACo; = Coy, — Coys | 2 | ACos = Coy, — Coy,
70% | [—0.0695, —0.0660] 100% | [—0.0740,—0.0694]
90% | [—0.0690, —0.0652] 105% | [—0.0417,—0.0354]
95% | [—0.0791,—-0.0731] |110%/| [-0.0208, —0.0172]

TaB. 7.1l — Comparison of cost-overload ratiGo, for cost-oriented f;) and overload-
oriented (f,) transfer strategiesy= 1%)

7.3.4 Integrated load balancing

To this point, index management load balancing and storage balancing methods
have been evaluated separately. One can question whediserldad balancing methods pre-
serve their performance when operating concurrently.hieotvords, are index management
load balancing and storage load balancing affecting ededr 8tWe designed experiments to

assess this influence.

The experiments ran on a system of 2048 peers with peer dgitgmi = 0% and
routing target dynamicity = 0%. The distribution of the desired storage capacity, thecibje
size, the index management capacity, the probability ofingusource, and the probability
of routing target are the same as the experiments presentgettions 7.3.2 and 7.3.3. The
metrics for the load balancing performance are again thexinthnagement overload rafio
and the storage overload ratlo These metrics are verified in the following cases :

— (00) inactive index management load balancing, inactivege load balancing,

— (01) inactive index management load balancing, activegload balancing,

— (10) active index management load balancing, inactivegload balancing,

— (11) active index management load balancing, active gédi@ad balancing.

In those cases where the storage load balancing is activeméoy the cost-oriented
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transfer strategy. To confirm the performance of the indexagament load balancing in
a large range of utilization ratio, we realized experimeaattswvo levels :U € [55%, 65%]
andU € [100%, 110%]. The graphs in this section plot the average results forzst 120

experiments within each case.
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FIG. 7.23 — Storage overload ratib vs. storage utilization rati& for different balancing
casesl € [55%,65%], 7 = 0%, 7 = 0%)

Figure 7.23 compares the increase of the storage overloadirgalong with the in-
crease of the storage utilization ragiorom 1% to 150%) in the four cases. The index mana-
gement utilization ratid/ is set to the rang®5%, 65%|. The increase o¥ in the two cases
00 and 10 is similar. In the two other cases, the presenceeddttirage load balancing pre-
vents the increase df and gives the same results regardless whether the indexgeraeat

load balancing is active or not.

We performed statistical comparisons (as described ateégebing of Sect. 7.3) bet-
ween the graphs of cases 00 and 10, and between those of tases L. The difference rate
obtained from the former comparison is 78.00% and from ttierl# is 24.67%. These rates
show a statistical difference in each compared graph paweder, the difference is very
small. In each comparison between two graphandY’, the average differengeX; — Y;|
obtained never exceeds 1% of the graphs’ scale (for all galoa the horizontal axis). The

scale of a graph here denotes the graph’s maximal value.

The above differences result from the measurement methdéxImanagement load
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balancing consists in transferring key intervals amongge® transfer not only moves the
key interval but also the replica diffusion processes ofabjets involved in the key interval
moved (see Sect 7.2.3). To ensure the integrity of the desdezetd operation, the replica dif-
fusion processes on the source peer are not stopped umtigibeive an acceptance message
from the destination peer. Therefore, between the timesodiag a proposal and recei-
ving an acceptance, replica diffusion processes (for ofecbmay function concurrently
on both peers. This situation accelerates object inseBiecause the storage utilization ratio
considered is a real number, we cannot measure the overtwegbponding to exactly one
value point on the horizontal axis. However, we determindyy icalculating the average of
the measured results for each interval of length equal to 4% e storage utilization ratio
axis. Therefore, the acceleration of object insertion datethe results measured with some
probability. The small difference given by the statistiaahlyses reflects the effect of the ob-
ject insertion acceleration on the measurement. We cahouotgver, conclude that there is
an impact of the index management load balancing on thete#eess of the storage load

balancing.
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FIG. 7.24 — Index management overload rdties. simulation cycle for different balancing
casesly € [55%,65%], m = 0%, T = 0%)

In Figure 7.24, we compare the index management overload ®%affor 150 simula-
tion cycles) in the four cases. The utilization ratids chosen in the rangé5%, 65%]|. The

variation of(2 is the same among the cases 00 and 01, and among the cases110 ¥vel
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FiGc. 7.25 — Index management overload rd&Ri@s. simulation cycle for different balancing
cases € [100%, 110%)], 7 = 0%, 7 = 0%)

see that the presence of the storage load balancing doeggraide the result of the index
management load balancing. Figure 7.25 shows similar arpats but at utilization ratio
U € [100%, 110%]. We observe similar results except that fhealues obtained are higher.
Statistical comparisons between the graphs of cases 001grah@ between the graphs of
cases 10 and 11 (in both Figures 7.24 and 7.25) were alsorpedo The comparisons of
graphs in Figure 7.24 give difference rates as low as 0.6 0 d0%, respectively. The cor-
responding rates for the graphs in Figure 7.25 are 0.00% &34 The results demonstrate
that the storage load balancing does not influence the pi@etss of the index management

load balancing.

7.4 Validation

The performance of the proposed P2P topology and the loah&iag methods have
been evaluated. In this section, we validate the abovetseByldemonstrating the advan-
tages of the technical solutions chosen. We consider twatpothe separation between the
object location and the key, and index management load tialabased on key transfer. The
demonstration compares our approach with some related Wtave implemented simu-

lators inspired by these related models to run experimemtsdmparison purposes. These
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simulators only implement the elements and functions reguio perform comparisons with
our approach. They therefore maximize simplicity to presezfficiency and to guaranty

conformance to the methods’ specifications.

7.4.1 Separation vs. attachment of the storage location arttle key

To validate the separation between the storage locationhenkky, we investigate how
the dependency of the object location on the key influenamtegrated index management
load and storage load balancing. An example of the attachieaiehe object location to
the key is the application of virtual servers in the storagglbalancing. According to this
approach, each physical peer maintains multiple virtualess, which operate as individual
peers in a normal system. The peers can achieve load bajabgiarranging the virtual
servers’ residence. Because a virtual server representsial peer, it is responsible for a set
of keys. In the application of virtual servers for storagaddalancing, the objects’ location

must be tied to their key.

In this discussion, we do not compare BALLS with the Virtuah&rs system [RLE03]

in the general context as it was introduced. We simply evaltee ability to apply the notion
of virtual servers for simultaneously supporting the sgerédoad balancing and the index
management load balancing. Thus, we compare with the apiplrcof virtual servers for
integrated load balancing. We developed a P2P simulatbctlates virtual servers on top
of physical peers. In simulations, it lets each virtual semanage one key, the smallest size
of a virtual server. The simulator implements an index managnt load balancing similar
to ours. The support of this index management load balarazidg a constraint to the virtual
servers : each physical peer manages only numerically emtjatrtual servers, i.e., virtual
servers on a peer compose a continuous key interval. Thiereélfi@ transfer of virtual servers

is limited among ring neighbours.
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The storage load balancing is based on transferring videillers (the virtual servers
carry all objects that belong to them). The simulator impets only the one-to-one transfer.
That is, when a peer discovers the overload, it transfergpprogriate set of virtual servers
to a ring neighbour for achieving the balancing goal. Theafd&is straightforward opera-
tion ensures the simulator’'s simplicity. The calculatidrttee global overloads, loads, and
capacities simply aggregate the overloads, loads, anditi@sarespectively, of all the peers,
which are measured in a similar way as BALLS, thereby allgocompare the simulation

results.

The experiments ran in four cases (like the experimentspted in Sect. 7.3.4) :

— (00) inactive index management load balancing, inactimege load balancing,

— (01) inactive index management load balancing, activegeload balancing,

— (10) active index management load balancing, inactivegload balancing,

— (11) active index management load balancing, active g¢dizad balancing.

The system comprises 2048 physical peers with dynamicity0% and routing target
dynamicityr = 0%. The parameter settings for the peer’s capacities, objeet and rou-
ting skewness are the same as those used for the experinesotébéd in Section 7.3.4. The
index management utilization ratio is set in the rangé&5%, 65%|. The storage utilization
ratio Z increases along with object insertions. To enable the casgpg we used the sto-
rage overload ratid@ and the index management overload r&tias metrics to measure the
effectiveness of the storage load balancing and the inderageanent load balancing, res-
pectively. The following graphs depict the average resfliat least 20 experiments in each

case.

Figure 7.26 compares the storage overload rétifor the storage utilization rati&/
increasing from 1% to 150%) in the four cases. The storagelbadancing still takes effect.
However, the presence of the index management load batapecaduces a higheb. We

have realized statistical comparisons between the gradpases 00 and 10, and between the
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FiG. 7.26 — Storage overload ratib vs. storage utilization rati& for different balancing
cases using the virtual servers approdéhe([55%, 65%], 7 = 0%, T = 0%)

graphs of cases 01 and 11, which give difference rates asaki§b6.67%. These results show
a considerable effect of the index management load balgoaithe storage load distribution.
The transfer of key intervals in the index management lodano#eng involves transferring
the corresponding objects as well. It therefore breaks @ineent distribution of the storage
load. The index management load balancing considerablycesdthe effectiveness of the

storage load balancing if it is active.
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FiG. 7.27 — Storage overload ratib vs. storage utilization rati& for the virtual servers
approach and BALLS (case 01, storage balancing ofily; [55%, 65%], 7 = 0%, 7 = 0%)

We also compared the result of the storage load balancirtgdut index management
load balancing) to that of our system (Fig. 7.27). Our apgingaroduces a much better re-
sult even when using the cost-oriented strategy. Thisréiffee comes from the fact that we

balance the storage load at the object level while the amageof virtual servers does it at



57

the key level. The manipulation at the key level is less flexiiecause all objects belonging
to a key must move together. However, if we arrange the stolizayl at the object level, we
can select individual objects to move. Moreover, bettefguerances are obtained because
our peers can freely choose objects and destination peeransfer storage load without

worrying about the maintenance of the peer connectiontstrei¢as in moving keys).
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FiG. 7.28 — Index management overload rdties. simulation cycle for different balancing
cases using the virtual server approahd [55%, 65%]|, 7 = 0%, 7 = 0%)

We also investigated the impact of the storage load balgrarrthe index management
load balancing. Figure 7.28 compares the index managemeribad ratiof) (for 150 si-
mulation cycles) in the four cases. Again, the index managehoad balancing takes effect.
However, it is considerably affected by the simultaneoosasfe load balancing. Statistical
comparisons between the graphs of cases 00 and 01, and heheegraphs of cases 10 and
11, reinforce this observation. We indeed obtain high ceffiee rates at 83.33% and 89.33%,
respectively. Moving virtual servers in the storage loathibeing breaks the current distri-
bution of the index management load on the peers and oftetupes highef). If the index

management load balancing operates, its effectivenessatigreduced.

The comparison of the above experiments with the correspgrekperiments on our
system (Sect. 7.3.4) exposes two major disadvantagesafiasag the object and key loca-
tions :

— the index management load balancing and the storage |ttty are no longer in-
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dependent. They reduce the performance of each other wieg éeecuted concur-
rently;

— constraining object location to the key location prevehts choice of objects and
destination peers in storage load migration. This condtigieatly reduces the ef-
fectiveness of the storage load balancing even withoutrttesviention of the index

management load balancing.

7.4.2 Disadvantage of restricting object location

As discussed in Section 7.1.2, some systems that breaketihetiiveen object storage
and root still maintain a restriction on object placemehisintroduces considerable network
overhead when they change. We validate this discussiondlyating this type of overhead
in PAST [RDO1b], which is a representative example of sudtesys. PAST uses a replica
diversion technique so as to balance the storage load.ddhsigue allows a file (PAST uses
files as storage objects) to stay on one of the peers in thadealf its root instead of being
attached to the root. Because of this relaxation, PAST reslfile insertion failures and thus
improves storage capability. The replica diversion of PAI®ES not really separate the file
location from the file’s root. PAST maintains the followingvariant : a file is stored inside
the leaf set of the root. Suppose tlias the leaf set size. The arrival of a peer chanbes
peers’ leaf set boundaries. It thus pushes some files outofribots’ leaf sets. To enforce
the above invariant, PAST moves these files to the correspotehf sets. This invariant thus

introduces additional maintenance costs.

We evaluated the file migration costs caused by peer arrivalich a system through
experiments. To that end, we developed a simulator thatiearts a simple P2P system, in
which each peep maintains a leaf set containing the contact$ péers having ids numeri-

cally closest tg’s id. Each file is replicated and assigned:tooots being the peers with ids
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numerically closest to the:-bit prefix of the file’s id (n is the length of the peer id). The
location of a replica is limited to its root and the leaf setted root. The maintenance of this
invariant against the system’s evolution is straightfadvdt discovers the files that are out
of their limit and moves them to a valid host. The measureroktite migration costs incur-

red by a peer arrival consists in adding the sizes of all caplmoved to maintain the above
invariant. To ensure correctness and efficiency of the nreasents, this simulator performs

calculations in a centralized manner.

The simulation sets the peer population to 2250, the pe@nigth () to 128 bits, and
the number of replicas of a file<) to 5. The distribution of the peers’ storage capacity is
the same as that in experiments described by [RD01b] : nadistalbution withe = 10.8,

1 = 27TMB, lower bound = 2MB, and upper bound = 51MB. Because we cbobtain the
set of files used in [RDO1b], we generated file sizes using atwgal distribution with min
= 1KB, max = 10MB, median = 500KB, and mean = 1MB. In the contExéxperiments
that verify the migration costs of PAST’s peer arrivals, veendt use the experimental results

presented by [RDO01b]. Thus, the application of its exadirggs is not necessary.

The experiments let peers arrive and depart with the samaapiidy to maintain a
relatively stable number of peers and storage capacity. @usider two metrics : (1) the
load move ratio that is the ratio of the storage load movedsed by one peer arrival) over
the total storage load, and (2) the file move ratio that is #t® rof the number of moved
files (caused by one peer arrival) over the total number of.fildhe experiments measure
the cumulative load move ratit (i.e., the sum of all load move ratios for all arrivals) and
the cumulative file move rati® (i.e., the sum of all file move ratios for all arrivals) for 500
arrivals. We obtained results at the following utilizati@tio (i.e., the ratio of the total load
over the total capacityy : 10%, 30%, 50%, 70%, and 90%. Two leaf set sizes (16 and 32)
have also been tried. The graphs in Figures 7.29 and 7.3@h@a@lverage results for at least

20 experiments in each case.
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FIG. 7.29 — Cumulative load move ratid vs. storage utilization rati@ for 500 arrivals in
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FiG. 7.30 — Cumulative file move rati® vs. storage utilization rati& for 500 arrivals in
PAST

A smaller leaf size leads to highérand®. This is because the smaller leaf size increases
the probability that a file is out of the root’s leaf set whenegiparrives. We see that higher
utilization ratios tend to produce higher migration costsall cases, the migration cost is
considerable in comparing with the total load and the totehber of files (\ ranges from

2.34% to 9.35% and ranges from 2.01% to 7.67%).

In order to reduce migration costs, PAST must use an additicaiching mechanism.
Note that in BALLS, peer arrival never incurs object migoaticosts as it completely sepa-
rates object location and object key. In fact, it only regsia number of root notification
messages equivalent to the number of objects whose keyaitiaih the key interval moved
during peer arrival. In storage systems where object sizekege enough, the communica-

tion costs incurred by the root notification messages anesraall compared to the migration
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costs.

In a highly loaded network, adding a peer (with low storagel)ausually attracts objects
from other peers to reduce their overload. We do not meakeredst of this tranfer as the
migration cost for peer arrival since it does not serve anycsiire invariant maintenance. It

is measured, however, in the migration cost for load bafaci

Note that the difference in the load balancing goal betwe€siTPand BALLS does not
allow us to compare them on their effectiveness. While PABTSat maximizing the use of
free space to decrease file insertion failures, BALLS miresithe global overload based on

the desired storage capacity of the peers.

7.4.3 Validation of the index management load balancing méabd

Since each peer in our system maintains an interval of dgrBnaides (i.e., keys) and
the routing algorithm follows routing paths in the de Brugraph, transferring key intervals
among peers allows to adjust the distribution of the indexagament load towards a ba-
lanced state. The use of the de Bruijn graph ensures a lowdeggee (near 8) regardless
of system size. The construction of the network makes theecion between peers sym-
metric. It means that if a peerhas a link to a peey, then peey; is linked to peep. These
features enable low-cost maintenance procedures and fliaisrg index management load

balancing.

Expressways [ZSZ02] also considers index management Inatieopeers. The load
balancing method of Expressways is based on the reorgamztlinks between the peers.
As discussed in Section 7.1.2, this method yields a high gpegree. We evaluate this feature

by experiments.

Expressways extends the idea of CAN [RF.] by managing a hierarchy of zone spans
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in which the leaves are basic CAN zones and each parentr{a@jerone covers all its child
zones. Because of the hierarchical management, the linkdeyhal zones (also called ex-
pressway zones) tend to incur more routing traffic than tlodgkeir child zones. The Ex-
pressways load balancing method promotes peers with higlpexcities to higher expressway

levels so as to equalize the peers’ load/capacity ratio.

The above load balancing goal is different from that of BALk&ich minimizes the
global overload when the overload occurs. Again, this diffiee does not allow us to use
the balancing effectiveness as the comparison criterionveder, we can compare BALLS
and Expressways on the costs of the load balancing methogsrticular, these costs are

function of the peer degree in each system.

The index management load balancing method of Expressveaysrdy be applied in a
P2P structure that manages a hierarchy of zone spans. licad#gs system, the peer degree
is constant. In Expressways, multiple zone levels requirktipte link levels. If a system has
n peers, it requires a hierarchy ofl0g n) zone levels and thus a peer degree (io@n).

We evaluated this assessment through experiments.

The simulator implements a simple prototype of the Expragswystem, which is based
on hierarchical management of zone spans. Each peer nmaitiai links to its neighbouring
zone spans at all levels of the hierarchy. The peer arrivhti@parture consist of, respectively,
splitting and merging zone spans and updating the linksefg® maintain the Expressways
topology. A straightforward measurement of peer degreedbants the number of links at

all levels on each peer enables us to obtain comparabldgsesul

Our Expressways simulation sets the number of dimensioBsthé coverage at 4, and
the largest zone span at the entire Cartesian space. Animgmerstarts with 1 peer with
an arrival probability higher than the departure probapilt stops when the system reaches

2100 peers.
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FIG. 7.31 — Peer degrekvs. system size in Expressways

Figure 7.31 plots the average result for 40 experimentsntgares the average peer de-
gree of Expresssways with that of BALLS. The experiments\sthat the measured average
peer degree of Expressways falls witRitog, n and4 log, n (wheren is the current system
size). Confidence intervals were calculated for the avepege degree at all system sizes
from 1 to 2100. The distance between the boundaries of tmtse/als and the measured
average peer degree has max = 0.55, mean = 0.38, and medid®. 3 Bese numbers show
very close confidence intervals. We see that the peer ded@rierpoessways is considera-
bly higher than the constant peer degree (near 8) measuiAlLibhS. Thus the connection

structure of Expressways tends to induce a higher compléditmaintenance.

In the current implementation of our system, we send a rotficetion message for
every object with the same key. However, a simple improveroeuld greatly reduce this
cost. We can notify all objects stored in the same peer albwut bew root using a single

message, hence reducing the number of messages required.

7.5 Discussion

We have proposed and evaluated the performance of the BAdjh@dgy and integrated

load balancing methods. We have also shown the advantagessef methods by comparing
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them with some related methods. From the results obtainetawe the following comments.

Recall that our work aims at two goals : (1) simultaneousiypguting index manage-
ment load balancing and storage load balancing, and (2)gngviow maintenance costs.

We now review the fulfilment of these requirements.

As described, simultaneous index management load batpacid storage load balan-
cing is achieved by separating object location and key logatt allows the storage load
balancing algorithm to arrange objects regardless of tadlgtribution. Therefore, the sto-
rage load balancing and the index management load baladoingt affect each other. The
evaluation of integrated load balancing in BALLS and in tipplecation of virtual servers
(Sect. 7.3.4 and 7.4.1) confirmed this conclusion. The exy@ts using BALLS, where the
key and object locations are independent, showed thatfibetigeness of the index manage-
ment load balancing is not affected by the storage load baidgrand vice versa. However,
if the system ties the object location to the key locatiomectly or indirectly), index mana-
gement and storage load balancing are no longer independdating the effectiveness of

each other.

We also have seen that storage load balancing in a systemghiamependent object
and key locations is more effective than in a system withlmigtindependence. If the objects
are tied to their key, each storage load move involves moaingast one key and all objects
belonging to the key. Moreover, to maintain the P2P conaedtructure, only a certain set
of keys on a peer can be selected for moving and only a cegaof seighbouring peers can
receive the transferred keys. For example, in experimeitiisavtual servers in Section 7.4.1,
a peerp can only move key intervals at two ends|pb, p.e| to its ring neighbours. However,
if we separate the object and key locations, the peers arédighoose objects and destination
peers for the move. The peers have more possibilities to si@kage load moves and thus

induce a higher effectiveness of storage load balancing.
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Let us now consider the cost of maintenance, which is usdelfiyned as the bandwidth
spent to maintain the P2P structure consistency againsigfeork dynamicity. In BALLS,
the dynamicity that affects the P2P structure is made of &s prrivals/departures and the

index management load balancing, which involve a key ireransfer.

In a traditional system where the object location is tiedhe key, the transfer of a
key always requires to move the objects belonging to it. Téeikterval transfer cost thus
includes the object migration cost. In BALLS, a key intertr@insfer never needs to move
objects. Instead, it only moves the associated storagdgwsiand launches the necessary
root notification messages. In general, an object whosedtisywithin the transferred interval
needs one pointer to move and one notification message tmbdfsee assume that the size
of a pointer and the size of a notification message are muchesrttaan the size of an object,

BALLS greatly saves on the transfer cost.

Although small, notification messages induce communioatasts for object manage-
ment in BALLS. These costs depend on the distribution of cjever the key space. The

evaluation of these costs is beyond the scope of this paper.

We noticed in Section 7.4.2 that PAST relaxes the storagstnt by using redirection
pointers and the replica diversion technique. Yet, its @@aval produces a considerable
migration cost. This follows from the fact that the file lacat and the key are not really

separated.

When considering peer departure, the separation of olgeatibn and key location also
have advantages. Since it allows object replication, thgadare of a peer needs only to
copy the objects that are not replicated elsewhere. Reptitthe other objects can be re-
established later. This saves on the time of the departocedure. Replication is also useful
in storage load balancing. It distributes the access of gacblbn multiple peers so as to

minimize bandwidth for “hot” content.
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The maintenance of object availability is a common probléP2 systems. Indeed, we
should ensure that an object will still exist even when ther storing it leaves the network.
The difficulty in availability maintenance increases if lmqeers depart than peers arrive,
i.e., the global storage capacity decreases. It also demamntthe selection of storage capacity

of the peers. This paper does not address this problem.

BALLS also achieves low maintenance costs by virtue of ispeer degree. A low peer
degree simplifies the maintenance against the change ofelsppnsibility. Experiments in
Section 7.3.1 showed that BALLS’s average peer degree rs8)eagardless of system size.
This peer degree is considerably small in comparison taithgaic peer degree systems such

as Chord [SMK 01] and Tapestry [ZHS04].

We have compared the peer degree of BALLS with another P2Praytkat also supports
index management load balancing, Expressways, in Sec#o8. The experiments showed
that the average peer degree of Expressways falls withig, n and4 log, n (at ann-peer

system size). This degree is obviously higher than the eaahgeer degree of BALLS.

Finally, unlike other load balancing methods that aim abglly equalizing the load
or the load/capacity ratio of the peers, our methods mirenthe global overload (for both
index management load and storage load). In practice, asderthe capacity of a peer
covers the load, the peer can work properly and does not needeeration to reduce its
load. Therefore, a load balancing action in this situat®nat necessary. A peer provokes
the load balancing operation only when its load exceedsapaaty and generates a positive

overload.

The minimization of the global overload rearranges loadifaverloaded peers to other
peers as long as sufficient capacity is available. It thus fayleast cost to reach the balanced
state. So, relying on the minimization of the global ovedladlows us to save on the cost of

rebalancing.
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7.6 Conclusion

This paper has described BALLS, a structured P2P overlaytloavs for simultaneous
index management load balancing and storage load balafidingsystem achieves integra-
ted load balancing due to the separation among object totatid object key location. This

separation also saves on maintenance costs against peenidity.

Experiments have evaluated and confirmed the effectiveofebg proposed index ma-
nagement load balancing and storage load balancing metidglalso compared the sto-
rage load balancing results that are obtained from two g&ol@ad transfer strategies : cost-
oriented and overload-oriented. The former ensures tlatrémsfer cost is limited by the

overload reduction but reduces the effectiveness.

Our evaluation confirmed that the proposed index managelmatibalancing and sto-
rage load balancing methods can simultaneously operatewiteducing the effect of each
other. Experiments of the load balancing methods on a P2emeythat associates the ob-
jects in their key location showed that this associatioraksehe independence of the load
balancing methods and degrades their effectiveness. Wecafapared BALLS with other
structured P2P systems on the cost of maintenance. The csmpaonfirmed that BALLS

reduces maintenance costs.

An evaluation of BALLS in a real network is planned. The fawdlierance improvement
and the evaluation of communication costs to maintain algensistency also need to be

considered. These will allow us to produce and deploy aniegdpe P2P system.
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7.A Proof of Theorem 1

Proof : Suppose that a pegr(A4, < 0) makes an 1-direction storage load transfer to a

peerq (A, > 0). Their overload before and after the transfer are, regmdgt

Wp = (‘Ap‘ _Ap)/2: _Ap
Wq = (‘Aq‘ _Aq)/2:O
W;ﬁ = (‘Ap"‘qu‘ _Ap_qu)/Q

Wé = (‘Aq_qu‘_Aq‘i‘Spq)/Q

The change to the combined overloag@ndg is :

AW = W)+ W, —W, - W,

= (‘Ap+5pq‘ + ‘Aq_Spq‘ +Ap—Aq)/2 (7-10)

We determines,,, for the following cases :
1. if S,y < —A4,,
(@) if Sy, < Ay, (7.10)=> AW = —5,,,.
Becausé < S,, < min(—A4,, 4,), we have) > AW > max(A4,, —A,).
(b) if Sy > Ay, (7.10)=> AW = —A,.
Becaused, < S,, < —A,, we have-A4, > A, andAW = max(A,, —A4,).

2. if Sy > — A,

@) if S,y < Ay, (7.10) AW = A,

Becaused, > S,, > —A,, we have-A4, < A, andAW = max(A,, —A4,).
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(b) if Spq > Ay, (7.10)= AW = Ay — Ay + Spq.
AW < 0onlyif S,y < —A, + A,.

The following graph shows the dependencydl” on S,,.

\J

AW 2@ 2@
"o = < <
; T
0 E <

| max(-A

£

ﬁ?

>
5@

FIG. 7.32 =AW (S,,) Vs. S, in the 1-direction storage load transfer mode

By definition, the optimal 1-direction storage load tramsézjuires :

first, AW is the most negative
(7.11)

second,S,, is the smallest possibl

The variation ofATV shows that only5,, chosen the closest tain(—A,, A,) such that

Spy < —A, + A, satisfies (7.11).

Due to its definition, the bounded optimal 1-direction sgeréoad transfer restricts,,
not higher than the reduction &%, + W,. From theAWV graph,S,, does not exceed the
combined overload reduction (beirgA1V) only whenS,, < min(—A4,, A,). In order to
achieve the most negativell” while ensuring the above restrictiofi,, must be the greatest

but not higher thamin(—A4,, A,).
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7.B Proof of Theorem 2

Proof : Let W,,, W,, W, andW, denote the overload qf andq, before and after the

transfer, respectively.

Wp = (’Ap’ _Ap)/2: _Ap
Wq = (’Aq| _Aq)/2:0
W;z; = (’Ap"‘qu_sqp’ _Ap_Spq+qu)/2

W, = (’Aq_qu‘FSqPI_Aq+Spq_qu)/2

q

The change to the combined overloag@ndgq after the transfer is :

AW = W+ W, —W, - W,

= (Ap—Aq+ ’Ap"‘qu_sqp’ + ’Aq_Spq+qu’)/2 (7-12)

Given A,, A,, andS,,, AW is a function ofS,,. For achieving the optimal 2-direction

storage load transfeg,, must satisfy (7.13).

first, AW is the most negative
(7.13)

second,S,, is the smallest possibl
We determines,, (respectind) < S, < .S,,) for the following cases :
1. if S, <A,
(@) ifSyy < —A,, (712 AW = —5,,+S,, < 0.From (7.13), we choosg;,, = 0.
(b) if S,y > —A,,

i if Sy > Ay + S,y > 0, (7.12)= AW = —S,, + S,p = A, < AW < 0.
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i if 0 < S, < Ay + S, (712 AW = A, < 0.
In case 1(b)ii, botl AW and S, are respectively less than those in case 1(b)i. Thus,

from (7.13), we chooss,, = 0, which falls within case 1(b)ii.

Incase 1§,, < A4,), Sy = 0.

2. 1f Sy > Ay,
(a) if Sy, < —A,,
i if Sy > —A,+ Sy, >0, (712> AW = =S, + 5, = —A, < AW <0.
i if 0< Sy < —Ay+ Sy, (712 AW = —A, < 0.
In case 2(a)ii, botlAI} and S,, are respectively less than those in case 2(a)i.

Thus, from (7.13), we choosg,, = 0, which falls within case 2(a)ii.

In case 2a4, < Spq < —Ap), S¢p = 0.

(b) if Spg > —A,,
i if Sgp > Ay + Spy,
A if Sy > Ay + Spg, (7.12)> AW = =S, + S, < 0. Becauses,, >
max(Ay, —Ay) + Spe, We haveAW > max(A4,, —A,). If S, increases,
AW increases as well.
B. if Syp < —Ay+ Sy, (7.12)= AW = —A, < 0. This case occurs when
A, < —A,. Then AW = max(A,, —A4,).
i, if Sgp < Ay + S,
A if Sy > Ay + Sy (7.12) AW = A, < 0. This case occurs when
A, > —A,. Then AW = max(4,, —A4,).
B. if Syp < —Ay+S,, (71.12)=> AW = A,—A;+Sp,—Sgp. (7.13)= Sy, >
A, — Ay + Spq. It Sy, increasesAW decreases. In addition, because
Sgp < min(A,, —A,)+5,, we haveAlWW > A, — A, —min(A,, —A,) =
max(A4,, —A,).
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In case 2b5,, affectsAWV in three phases as illustrated in Figure 7.33 :

— whenS,, increases frommax(0, A, — A, + S,,) tomin(A,, —A,) + Spq, AW
decreases fromin(0, A, — A, + Sp,) to max(A,, —A,);

— whensS,, falls within the ranggmin(A,, —A,) + Spq max(A,, —A,) + Syl
then AW = max(4,, —A4,);

— whensS,, increases fronmax(A,, —A;) + Sy 10.5,,, thenAW increases from
max(A,, —A,) to 0.

To satisfy (7.13), we choos®,, the closest tonin(A,, —A,) + Sy,

AwA

Case: A -A +S >0
P q Pq

max(Ap, —Aq)

AW

Case: A -A +S <0
P q Pq

A -A +S
P q Pq
max(Ap, —Aq)

FIG. 7.33 -AW(S,,) vs. Sy, whereS,, > max(—A4,, A,)

In case 2b §,, > max(—A,, A,)), Sy is the closest tenin(A4,, —A,) + S,, and

respects the conditiorD: < S, < S,q andsS,, > A, — A, + Sp,.




