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Abstract. Load balancing emerges as an important problem that atfeetser-
formance of structured peer-to-peer systems. This pagsepts a peer-to-peer
system relying on the partitionning of a de Bruijn graph. Tneposed system
integrates mechanisms that perform index and storage mladding. Index load
refers to the network traffic incurred by a peer in managinglgact index, while
storage load refers to the storage space and network tradfigred to store ob-
jects. The proposed mechanisms allow to effectively distd both index load
and storage load according to the peers’ capacities.

1 Introduction

A peer-to-peer (P2P) system comprises multiple partidie(tpeers) that can request
and provide services at the same time. This decentralizam@cteristic furthers spread-
ing of workload among all participating peers and thus dbuates to solutions for scal-
ability issues in distributed systems. However, in corrgaarito a centralized system,
managing shared objects becomes difficult because of th@faccentral or hierarchi-
cal control. Structured P2P systems, such as [3, 4,7,92114117], introduce efficient
mechanisms to store and access these distributed objeetprihciple inherent to such
systems consists in mapping every object onto a key spaocéex {e.g., by hashing the
object identifier), distributing this key space over theilade peers, and maintaining
a structured connection among the peers according to the dagh peer holds. The
connection structure ensures to guide the search for actdbj¢he peer responsible
for the object’s key in a small number of hops, oftefi€g ») in ann-peer system.

The system performance of a P2P network is critically affédty its overload. In-
deed, the storage or processing load of the peers, the coiration load and the sys-
tem management load must be carefully handled to obtaisfaetibry system perfor-
mances which may be regarded as the fastest possible respordo user/application
requests. Workload distribution and balancing mechanngribute to achieve good
system performance. However, they may induce expensitreicéisring processes, i.e.,



maintenance costs. Our approach aims to balance workld22Rrsystems while keep-
ing maintenance costs low. We are interested in two worklasgkcts: index load
and storage load. In P2P systems, finding an object usualyiress routing requests
through intermediate peers before arriving at destinafitve bandwidth used for this
task makes up the index load on each peer. The storage lo#it other hand, denotes
the usage of each peer’s resources in object accommoditény. load balancing ap-
proaches have been proposed. However, to our knowledge, taies into account
these two aspects of load simultaneously.

The present paper introduces a solution that simultangbiasidles both index and
storage load balancing by separating the concerns of pestifigrs (addresses), key
management, and object storage locations. In partichiaptoposed P2P structure is
based on partitioning a de Bruijn graph where the node iflensipace is identical to
the key space. Therefore, we will use key or de Bruijn noddargeably. Each peer
holds a non-empty interval of de Bruijn nodes and maintaimgections to other peers
that hold neighbouring de Bruijn nodes. Based on this streciooking for a specific
key in the P2P system follows appropriate routing pathséndth Bruijn graph.

Theindex load balancingmethod takes into account the network capacity of the

peers. It aims to minimize the network overload that may oedile routing requests
in the system. This goal is different from that of most otheztinods which perma-
nently adjust the load to a target. Since the decrease ofviidoad reacts only when
an overload exists, our method saves on the costs of reliadpitie balancing method
involves two tasks: (1) locally calculating the index loadevery peer and (2) dynami-
cally transferring index load from peer to peer by modifythg key interval managed
by each peer. We propose efficient mechanisms to perforre tivestasks.

Thestorage load balancingmethod is based on separating the key and the storage
location of objects. It eliminates the restriction of anemtijs residence to its root, where
the root refers to the peer responsible for the key intentatkvincludes the object’s
key. Instead, the root needs only to keep pointers to thdittaf its objects. This
separation enables and facilitates the index load balgrsimce the move of a key
interval from peer to peer entails moving only the involvéxleat pointers (very small
in size) instead of the objects themselves. Thus, moving Begs not affect the storage
load. Without restriction to the root, the accommodationlgects chooses the storage
location such that the storage load on every peer does neédsithe contributed storage
capacity. In addition, we take into account the capacityhefpeers in serving object
requests and migration. We propose a balancing algoritlanrtiinimizes the peer’s
overload with regards to its capacity. Like the index loathbeing, the consideration
of overload in this algorithm minimizes rebalancing co3ise algorithm is based on
exchanging appropriate objects among pairs of peers irr todiecrease the overload
whenever it occurs. Finally, a fair advantage of separataygand storage location is the
replication facility. The root of an object can maintain & skpointers to its replicas
(placed on different peers). Thus, the object availabitgnhanced without further
replication techniques.

The rest of this paper is organized as follows. Section 2 sarizes some recent
work on load balancing in structured P2P systems. Secticarsd34 respectively de-



scribe the methods of index load and of storage load balgribat can operate simul-
taneously. The last section provides some discussion.

2 Related work

A straightforward approach to load balancing in a struetuP@P system is the equal-
ization of the key occupation among the peers (e.g., [1,B}g equalization in [1]
stochastically makes peers with short key intervals leaderajoin the system by split-
ting peers with long key intervals. The method proposed jnd8 the other hand, bal-
ances a virtual binary tree whose leaf nodes represent ttieipating peers. In prac-
tice, load balance depends also on the distribution of ¢bjee the peers, the object
size, and the storage, processing, and communicationitaphthe peers. Equalizing
key occupation does not ensure an even load distributiomwdieng into account all
these different factors making up the load.

The application of theoower of two choices paradigm [2] applies multiple hash
functions to map each item to multiple peers. This allows&eit an item on the least
loaded peer. The methods in [5, 10] achieve load balance dlyagxjing key responsi-
bility among the peers. The above approaches cannot simeaitesly balance the index
load and the storage load because they associate the slocagen and the key. Bal-
ancing one workload aspect can break the balance of theartkeand vice vers®AST
[13] uses a replica diversion process to balance the stétwageHowever, the concerns
of storage location and file identifier PAST are not separated. It maintains an invari-
ant that limits the storage location of a file to tleaf sets (see [12] for definition) of a
numberk of peers. The maintenance of this invariant introducesidensble overhead
in a dynamically changing P2P system, e.g., a system wittxitmhd balancing.

Expressways [16], an extension ofCAN [11], proposes an index load balancing
method. It structures the network (of sizgas a hierarchy dig n levels, each one op-
erating like a basi€AN. The balancing method is based on promoting peers with highe
bandwidth to higher levels in the hierarchy. However, theetion of the system to bal-
ance the load takes place only after aggregating the loatitharcapacities of all peers
in the system. Moreover, keeping each peer’'s and the owgrsiem’s load/capacity
ratio equal can constantly bring the system to restructaedf ieven if individual peers
would not require rebalancing.

The P2P systems introduced in [6, 9, 15] employ the partitiosn de Bruijn graph.
Like [1, 8], they aim at equalizing key occupation. As dissesabove, this equalization
is not sufficient for load balancing in structured P2P system

3 Index load balancing

3.1 System structure and routing

The P2P network partitions a binary de Bruijn gra@gtl, A) of 2™ nodes. The key
space is identical to the de Bruijn node identifier spiice- [0,2™ — 1]. Obviously,

1 [b, €] denotes the interval of integers frdinto e (inclusive). Ifb < e, [b,e] = {z € Z|b <
x < e}, otherwise[b, e] = [b,2™ — 1] U [0, ¢].



with a large enouglmn, the number of peers in a real network does not até&inEach
peer holds and is responsible for a non-empty interval of dgjiBnodes (also called
key intervals). Every peer is identified by its network (e.g., IP) addr&isen a peep,
we denote:

— p.a —the address of,
— p.b andp.e — respectively the beginning and ending keyg'sfkey interval,

Two peersp and ¢ must connect, denoteebnnect(p, g), if there exists at least
one arc between any two de Bruijn nodes that fall within the ikéervals ofp andq
respectively, or if their key intervals are numericallyacint.

true if 3z, y|(z,y) € AN z € [p.b,p.e] Ay € [g.b,q.e])
connect(p,q) = V(p.e = (¢.b—1) mod 2™) V (p.b = (g.e + 1) mod 2™)
false otherwise

These connections are bidirectional, i.e gdfinect(p, q) thenconnect(q, p). Two
connecting peers are called neighbours. Each peer maraaanghbour list consisting
of a triple (¢.a, ¢.b, q.¢) for each neighbouyg in the list. The separation between peer
address and key means that the peers can dynamically chegig&ey intervalb, e]
without affecting the address

Loguinov et al. [6], and Naor and Weider [9] introduced a sam$tructure based on
the de Bruijn graph. Their goal is to balance the partition@te sizes through different
arrival/departure mechanisms. Our focus, however, is lanaéng mechanisms taking
into account the storage capacity and communication cgpaigpeers.

The routing function consists in directing a message to ¢io¢ of a given keyx
from anywhere in the system. The message follows apprem@Bruijn routing paths
towardsx. For convenience, all expressions on the de Bruijn nodetifiens are im-
plicity modulo2™, e.g.,.x + y meangz + y) mod 2™. We also refer to the beginning
and ending values of intervalasi.b and!.e, respectively.

Definition 1 The distance between two keys x and y, denoted distance(x, y), is the
minimum among the length of the de Bruijn routing paths? from « to 3y and fromy to «.

Definition 2 Thedistance between akeyinterval I and akey x, denoted distance(I, x),
isequal to distance(v, z) wherev € ITand Av' € I |distance(v', x) < distance(v, x).

In the de Bruijn graph oR™ nodes, each node has four arcs respectively to
nodes2z, 2z + 1, |x/2], and|(z + 2™)/2]. Let the arcs t®x and 2z + 1 be the
fore-arcs and the arcs fa:/2| and | (z + 2™)/2] be the back-arcs. We use notation
foredistance(x,y) to specify the length of the routing path following only feaecs
from z to y. Similarly, the notatiorbackdistance(z,y) specifies the length of the rout-
ing path following only back-arcs. By Definition 1,

distance(zx,y) = min(foredistance(x,y), backdistance(x,y)).

2 Note that the de Bruijn routing path between two nodes in atiraated de Bruijn graph is not
always the shortest path.



Claim 1 Givenanode x, the set of every nodey such that foredistance(x,y) = i (with
i € [0,m]), denoted F;(z), is [x2¢, #2¢ + 2¢ — 1].

Proof If < = 0, it is clear thatF (z) = {z}.
If i > 0, suppose thak;_;(z) = [22!~1, 2271 + 271 — 1] is correct. Following
the fore-arcs of all nodes ifi;_; (z), we have

Fiw)= |J Fy)=[@2""2 @2 +27 = 1)2+1] = [22%,22'+2'— 1] O
yEF;_1(x)

Claim 2 Given a node z, the set of every node y such that backdistance(x,y) = 1
(withi € [0,m]), denoted B;(x), is{yo,y1, - ,y2i_1} Wherey; = |z/2¢] + j2m~.

Proof If ¢ = 0, itis clear thatB, (z) = {z}.
If i > 0, suppose thaB;_1(z) = {yo,y1, - ,y2i-1_1 } Wherey; = |2/26-D ] +
j2m~ (=1 s correct. Following the back-arcs of gll, we have

B(x)= U Biw)

j€[0,2¢—1—1]

where

Bi(y;) = {ly;/2]; [(y; +2™)/2]}
= {[(l2/2070] + 52~ 2] (/2070 )+ j2m= 07D 4 2m) 2]}
= {le/2'] + 42" [2/2'] + (j +2771)2" 7}

Forallj € [0,271 — 1], the pair(j, j + 2~ ') gives all integers if0, 2¢ — 1]. O

Given a key interval and a keyz, thedistance(I, x) algorithm calculates’; (x)
andB;(x) for i from O tom. If at an iterationd, F;(z) or B4(z) has common keys with
1, it returnsd. This algorithm is efficient because it iterates testifigr) and B;(x) for
at mostm + 1 times before finding the distance.

Definition 3 The de Bruijn neighbourhood set of a key interval I, denoted
dbneighbour(I), isthe set ([1.b x 2,(l.e x 2) + 1] U [[1.b/2], |I.e/2]] U [|(I.b +

2m)/2], [(I.e+2m)/2] )\ 1.

Routing: the following algorithm routes a message from the curreat péo the peer
holding keyz.

1. if z € [p.b, p.e], peerp is the destination. Otherwise, continue with step 2;

2. calculate the séf = dbneighbour([p.b, p.e]). Findt € U such thatlistance(t, )
= distance(U, x). Select neighbouy such that € [q., ¢.e]. Then continue rout-
ing « from q.

The set/ may contain several key intervals. We use here the notdtignnce(U, x)
to refer to the minimal distance from the intervalslinto z. The keyt satisfying the
equalitydistance(t,z) = distance(U, ) is easily found: we select the key from the
intersection ofF;(x) or B;(z) and the interval (ifV) the nearest te while calculating
the distance. This algorithm ensures to reduce the distaocethe current position
to x by at least 1 after each hop. The number of routing hops ietber bound byn.



3.2 Index load calculation

The index load of a peer is defined as the sum of routing messzgepassing through
the peer in a unit of time. The idea of index load balancingisansfer key intervals
between peers to minimize the overload. It requires to ¢aeuhe routing traffic on
different subsets (which we call zones) of each peer’s kenial. For large key inter-
vals, registering the routing traffic through all keys isffidéent or even unrealizable.
To make this monitoring efficient, we restrict key intervabvements. First, a peer
will only transfer keys to the peers holdipg — 1 or p.e + 1. Second, the size of the
interval transferred should range from 146- 1 wheres is the whole key interval's
size. We further simplify the monitoring by dividing eachepe’s key interval intok
levels, wherég: = |log,(p.e — p.b+ 1)]. Levels are further broken down into 3 zones.
Figure 1 depicts this division.

level 0 | 20_0 | 20.1 J
level 1 | s | 21, | 21 J
level 2 L %0 | 255 | %]
z  ={p.b} z z,, =ipe}
levelk-1 ]° o M

Fig. 1. Zone division at: levels on a peep

At each level (0 < i < k), I;, the length of zone, , is given by:

. { [(p.e —pb+1)/2]ifi=0
C L i-1/2] if0<i<k

Then, we have the zones;o = [p.b,p.b+1; — 1], z;1 = [p.e — l; + 1, p.e], and
Zi2 = [p.&p.e] \ (Zi,O U Zi,l)- It follows thatzk_l,o = {pb} andzk_l,l = {p.e}. In
the special case whegeb = p.e, there exists only one level witky o = {p.b} and
20,1 = 20,2 = 0.

Each peep constructs a tablé,[k][3]. G, [i, j] registers the routing traffic through
zonez; ;. This table does not consume much memory space &incen. According
to the routing algorithm, when a messageasses through pegr X is oriented via a
de Bruijn nodet € [p.b, p.e|. For every level, if t € z; ; thenG,[i, j] = G,[i, j] + ||
(Where|)\| denotes the size of). Obviously, the total routing traffic on pegiis 7r, =
760% »li, 7], for anysi.

Each peep has a routing traffic capacity,. It verifies the index load periodically.
We denote the period duration &s the beginning time of the current periodtgsand
the currenttime a&.. Then, the currentindex load$ = Tr,/(t.—to). In case. —to
is too small and may producgr,/(t. — to) reflecting an incorrect index load pf we
calculate the load &8, = (Tr), + Trp)/(t. — t;) where T, andt; are, respectively,
the routing traffic and the beginning time of the previousiquerif 7,, > C,, peer
p is overloaded. At the end of each verification period; if overloaded, it executes
the index load balancing algorithm and starts a new perioy. &hange op.b or p.e
involves also a new period. The beginning of every periodis#sand tableG,,.



3.3 Index load balancing algorithm

When a peep discovers that it is overloaded > C,), it should transfer an appro-
priate key interval; o, z; 1, zi0 U 22, Or 2;1 U z; 2 t0 the corresponding adjacent
neighbour (the peer holdingb — 1 or p.e + 1). The transfer must: (1) reduce as much
as possible the cumulative overload of the two peers inehlaad (2) be as small as
possible. These criteria maximize the reduction of the dative overload while entail-
ing the least changes. Since pearnly has local information, it does not know which
key interval the destination peer can receive. Asking thatidation peer for its load
information before transferring would slow down the praeesd Furthermore, this may
entail an incorrect decision since the status of the deagiimpeer evolves continuously.
Our solution allows peep to propose a set of candidate key intervals to the neighbour.
The transfer is completed when the destination peer chdlsesost appropriate inter-
val. Such transfer requires only one ask-answer commuoichetween the two peers.
Letwy, ; (forintegersd) < h < 2k and0 < j < 1) represent the candidate key intervals
to transfer. We determing;, ; using the following rule:

) Bk—h—1j foO<h<k
Wh.j = Zh—k,j U Zh—k,2 if k<h<2k

Thus, the routing traffic load omy, ;, denotedl’(wy, ;), iS given as:

Gplk —h —1,5] f0<h<k

N te — 1t -

Tlwni) =9 G~ k9] + Gyl — k2]
te — to

if k<h<2k

Index load balancing algorithm: The index load balancing algorithm (applying the
key interval transfer protocol below) on peeis as follows:

Let no(p) denote the adjacent neighbourmpthat holdsp.b — 1 andn;(p) denote
the adjacent neighbour pfthat holdsp.e + 1.

1. select the smallestsuch tha8lj € {0,1} andT), — T'(ws,;) < Cp. Then, execute
the key interval transfer protocol far;, ; from p to n; (p). If the transfer succeeds,
the load balancing stops. Otherwise, continue with step 2;

2. setl = (j + 1) mod 2. Select the smallest such thatl}, — T'(wy,;) < C,. Then,
execute the key interval transfer protocol fox ; from p to n;(p). After this step,
the load balancing stops even if the key interval transfesdmt succeed.

Key interval transfer protocol: The transfer protocol for the key intervai, ; from
peerp to peern;(p) tries to move one of the key intervals, ;, w1 j,..., wp,; from

p to n;(p) such that the combined overload pfand n;(p) is minimized. Formally,
the overload ofp is O, = (T, — Cp + [T}, — Cpl)/2 and that ofn;(p) is O,y =
(To;(p) = Cn, ) + T, (p) — Cn,p)l)/2- Thus, the transfer must reduce as much as
possibleO,, + O,,, (). The key interval transfert protocol involves the follogisteps:

1. p sends ton;(p) a key interval transfer proposal including the listy(;, w1 ;,...,
wp,5), the list (' (wo ), T'(w1,5),--., T'(wp,5)), andOy,;



2. if nj(p) is not able to receive a key interval @t,,(,y > C,,(y), it refuses the

transfer. Otherwise,
(a) itsearches for the greatest [0, 2] such thatl}, () + T(wg ;) < Cy,
(b) if no suchg exists,n; (p) searches for the smallegie [0, h| satisfying

|T(w(],7) - Opl + T(wgJ) - OP + 2(Tn](p) - an (p)) <0 (1)

i. if no suchg is found,n;(p) refuses the transfer becausg+0,,, (,,) cannot
decrease;

_i. if such ag is found,n;(p) sets the chosen index as )
3. if an indexg is chosen (by step 2a or 2(b)ii},; (p) changes its key interval by

[n;(p).b,n;(p).e] Uw, ; and establishes connections to the new neighbours. Then,
it sends tg an acceptance message specifying the chosen ijdex

4. upon receiving the acceptance message with the chosexgngdeerp updates its
key interval to[p.b, p.e] \ w, ; and releases the unnecessary connections to other
peers. The transfer then succeeds;

5. in casen;(p) refuses the proposal pf the transfer fails.

p)’

Theorem 1 Given wy, ; theinterval to be transferred from peer p to peer n;(p) using
thekey interval transfer protocol. If n; (p) choosesanindex g € [0, k], then transferring
wg,; Will maximize the reduction of the combined overload of p and n;(p).

Proof Peern;(p) chooses an index € [0, ] in step 2a or 2(b)ii of the protocol to
accept the transfer af, ;. Recall that at each peer on the routing path, the routing
algorithm limits the choice of the next de Bruijn nodéto direct the message to) in
the de Bruijn neighbourhood set of the current peer’s kegrira. Therefore, ifw, ;
moves fromp to n;(p), T'(w,,;) is transferred fronp to n;(p) with high probability.

The overloads of andn;(p) after the transfer are estimated as:

01/7 = (Tp - T(wg-,j) -Cp+ |Tp - T(wgyj) - Cp|)/2
Ons ) = Ty + T(wg,5) = Coy ) + [Ty ) + T(wg,5) = Cry)1)/2
The condition for reducing the total overloadpéndn; (p) is:
A0 =0, + O;j ) — Op = On;p) <0 2

If gis set by step 24}, ;) +T'(wg,;) < Cn;(p)- ThUs,0;, ) = 0. Since0,, < O,
andO,,; ) = 0, (2) holds.

If g is set by step 2(b)ii, (1) holds ar(d;lj ) = Tnyp) + T(wg,j) — Ch,(p)- Iis
easy to prove that the left hand side of (1) is equ@t and that the smallest chosen
indexg induces the large$\O)|. O

In the key interval transfer protocol, step 2b is mandatStydy the case where
is overloadedy;; (p) is underloaded, and there exists p& [0, h] such thatl;, () +
T(wy,;) < Cp,(p)- Without step 2bp cannot transfer any key interval tg(p). Since
n;(p) is underloaded, it does not intend to take off any part of &g kterval. This
situation blocks the transfer of load fropn The presence of step 2b allows pgein
this case, to transfer the least loaded zoge when it reduces the combined overload
of p andn;(p). The load transfer thereby continues until some steadg.stat

% Because of the de Bruijn graph structure, it cannot be gteedrthat all trafic “transferred”
will effectively be transferred.



4 Storage load balancing

We define the storage load of a peer as the total of size of fleetslit stores. Each peer
has a limited capacity available for storage which might edufor object migration.
The system’s management to store objects requires netvemrdtviidth for object dis-
tribution, re-distribution, and associated index managetti.e., routing requests to the
network). Consequently, the storage load balancing meltlagdhree goals: (1) keep-
ing the storage load under the storage capacity on every (®eadjusting bandwith
consumption requirements to bandwidth availability, aB)dnfinimizing its impact on
index load balancing (Sect. 3). To achieve these three goalpropose to separate the
location of the key of an object from the location of the objeself. In this way, objects
can reside on arbitrary peers. Therefore, roots are onlyimed|to keep pointers to the
objects under their responsibility. This approach simgdithe mechanisms required to
achieve the first two goals. Finally, the independence oéattgnd key locations en-
ables us to acheive the third goal. Indeed, the key interaalsfer remains efficient
since only object pointers (very small in size) are requiceghove when a key interval
transfer occurs.

A consequence of this approach is that replication of objecsimplified, hence
enhancing object availability, without the need for mu&imapping hash functions
(such as e.g. in [2]) or for maintaining invariants that doais replication to nearby
peers (e.g., [13]). Aroot simply needs to keep pointerseters that store the replicas
of an object. In this paper, we consider that uplt@l > 1) replicas of an object may
be stored. When a peer departs the network, it must guartr@esbjects’ availability.
By allowing replication, we facilitate this task, since tieparting peer only has to wait
for objects with unique replicas to be copied elsewhere.

4.1 Object pointer and object insertion

Every peer maintains two tablesidices and storage. Each entry of tabléndices
contains the index of an object under the peer’s respoitgibihe index includes the
object identifier ¢id), and a list of pointers to the replicas:plicas). A replica pointer
consists in the replica identifierid - a number in0, d — 1]), the storing peer address
(location), and the replica’s storage countevqnter). This counter is initially set to
0 and incremented after each change of location. Its usebwidixplained below. The
storage table contains the list of objects stored on the peer. Fdr ebject, it records
the object identifier {id), the replica identifiers(id), the size ize), the address of
the root oot), and the storage countefo@unter). In order to maintainndices and
storage, we propose two protocols, namely the storage notificatimtogol and the
root notification protocol.

Whenever a peer receives an object, it sends to the root objeet a storage noti-
fication which contains its address anrdd, rid, counter) of the object. Theounter
field lets the root know whether the notification is newer tti@ncorresponding pointer
it holds. If the notification is new, the root updates the p&inin the notification, the
sending peer attaches theot field of the object header, asking whether it keeps the
correct root address or not. If the information is incoryélee root sends back a root
notification.



When a peer receives a key interval, it sends root notifinatio the storing peer of
the objects involved. A root naotification contains the rodtleess, ¢id, rid, counter)
of the object, and the storing peer’s addrdssdtion), as known by the root. On re-
ceiving the root notification, the storing peer updates tiressponding object’s header.
If counter or location are incorrect, the storing peer sends a storage notifichtiok.

The maintenance of pointer consistency may seem comglicetavever, in com-
parison to traditional systems which associate storagsimtand key, the key interval
transfer used in our structure requires little effort. itatves the move of a number of
pointers and some notifications but does not require anycobygnsfer. The size of an
object pointer and of a notification is much smaller than the ef the object.

The object insertion algorithm must ensure that< D,, for every peep, whereS,
andD, are the storage load and capacitypfespectively. In addition, it tries to store
the object on up ta different peers. An insertion request contains the obpfifier
(0id) and size §ize). The request is routed to the root of the object. If an indmx f
the object already exists, the insertion algorithm stopgbe@vise, it starts diffusing
replicas, withrid from O tod — 1. The diffusion process tries the root first.

A replica diffusion messagg. containsoid, size, andridlist, whereridlist is the
list of rids remaining to be assigned. The message traverses mukigle. g\t (time-
to-live) field limits the number of peers visited. At each pggf S, + size < D, and
q does not store any replica of the same objeextracts arid from ridlist, loads the
corresponding replica to the local storage, and sendsagsootification to the root. If
ridlist is not empty andtl > 0, ¢ decrementst! and forwards\, to a neighbour not
visited. Messag@,. maintains the list of visited peers to perform this verificat If ¢£]
reaches 0 but no replica was stored, the insertion faileelitumber of stored replicas
is between 1 and — 1, the root starts a new diffusion for the remainirigs.

Object deletion is not considered here since it does notas® the storage load.

4.2 Storage load balancing algorithm

Recall that the first two goals of the storage load balanadiagaavoid storage overload
and to take into account the bandwidth required respegtaeilable to do so. Im-
plicitely, the storage capacity of a pey, corresponds to the real storage available for
objects. However, for the system to work properly, anotremulary must be defined,
which we refer to as the desired capacity on a gegrwith D,, < D,,. When inserting
objects into the system, we ensure tHat< D,,, hence allowings), to temporarily ex-
ceedD,, but always limiting it toD,,. Consequently, the storage load balancing problem
can be specified as the minimization of the storage overlatdregards taD,, while
keepingS, < D,,.

Given4, = D, — S, the available space on pegra peer is overloaded when the
overloadO, = (—A, + |4,|)/2 is positive, otherwis®),, = 0. The storage load bal-
ancing algorithm aims at minimizing the overload of all gystcomponents. It consists
in the decentralized exchange of objects between pairsessp8uppose that an over-
loaded peep exchanges objects with a pegrin generalp sends tg; a set of objects
R,, andq sends back tp a set of objects,,. Given thatS,, andS,, are the storage
loads ofR,; and R, respectively, the combined overloadioéndg decreases only if
A, > 0and0 < Sy, < Spq.



Definition 4 Given that peer ¢ receives a storage load S,,, froma peer p and selectsa
storage load S, to send back to p, the optimal exchange must (1) reduce the combined
overload of p and ¢ the most, and (2) minimize Sg,,.

Condition (1) guarantees the fastest reduction of the coetbdverload, while con-
dition (2) minimizes the data volume sent. Hence, this apginanot only reduces the
storage overload, but also the bandwidth required to perftorage load balancing.

Theorem 2 Given two peers p, ¢, with A, < 0 and A, > 0, and .S, the optimal
exchange occurs when

0 if Spg < Agor Ay < Spq < —A4,
closest to min(A,, —A4,) + Spq

suchthat 0 < Sy, < Spq  if Spg > max(—A,, Ay)

and Sqp, > Ap — Ag + Spq

qu =

Because of the limitation of space, we do not present thefbthis theorem.
However, it can be found in the full version of this paper.

Storage load balancing algorithm: Each peep periodically verifies the storage load.
If pis overloaded, it starts a balancing session:

1. p diffuses an available space interrogatigrwith a limited¢¢! (time-to-live) field,
to its neighbourhood. Each pegthat receive® the first time, processefs decre-
mentsttl, and forwardss to its neighbours excludingand the peer from which
comesg responds t@ by sendingd, = D, — S, topif A, > 0;

2. for each reply4, received, ifp is still overloadedp andq exchange objects such
that the combined overload ¢f and ¢ will decrease the most while the object
migration is minimized:

(a) p selects a set of objecfs,, to send toy satisfying one of the following con-
ditions: (1) R,, is the smallest that can underloagvithout overloadingy; (2)
if (1) cannot be satisfied?,,, is the largest that cannot overloadand (3) if
both (1) and (2) cannot be satisfidd,, contains only the smallest object;

(b) ¢ selects a set of object?,, to send back t@. The selection is based on the
optimal exchange condition stated in Theorem 2.

5 Conclusion

We have introduced balancing methods for index load andg#oload that can simul-
taneously operate. The index load balancing is based orxtiiepge of key intervals
among the peers. Unlike tHexpressways [16] method, which must collect the load
information of all peers before redistributing load, ourthwa relies only on local in-
formation. We thus avoid the overhead of the load informmatiommunication.

The storage load balancing method manipulates the systetigte at the object
level, instead of the key level (such as Wetual servers[10] method). The manipula-
tion at the key level exhibits less flexibility since the aftljects belonging to one key



must move together with the key. Moreover, a move of keys larmang the storage
load also affects index load.

The load balancing methods presented operate on the ogiénsizad of the load
itself. Most other methods aim to adjust the load or the loapicity ratio of every
peer with a global objective function. This requires to gl calculate the targeted
optimization and to continuously reorganize the systemredying on the local exami-
nation of the overload, we need to react only when the overbdsts and when it can
be reduced. Experiments to evaluate the proposed loaddiadpmethods are currently
being conducted. So far, preliminary results have confirtheil anticipated efficiency.
These experimentation results will be presented and discusisewhere.
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