Journal of Computer Science 1 (3)»:323-331, 2005
[SSN 1549-3636
© Science Publicaticns, 2005

Modeling Load Balancing in Heterogeneous Unstructured P2P Systems

Zhi Jun L1 and Ming Hong Liao
Computer School of Science and Technology, Harbin Institute of Technology, China

Abstract: Load balancing is a generally concerned problem in peer-to-peer (P2P} systems. Many
researches on load balancing in the structured P2P systems have been launched currently, such as Chord
or other DHTs. Although the researches on load balancing in unstructured P2P systems are emerged
nowadays, the simple mechanisms achieved can only perform effectively in uniform envirenment. In this
study, the influence on load balancing of the heterogeneity existed universally in unstructured P2P
systems are analyzed, the unstructured P2P systems and their load balancing and the hetercgeneity are
madeled. Based on the formal medel, the load balancing is analyzed quantitatively under static and
dynamic envircnment and the typical load balancing algorithms are also analyzed. Some important
conclusions are drawn which can be used in new models of load balancing in unstructured P2P systems.
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INTRODUCTION

The load balancing is a generally concerned problem in
P2P systems [1-4]. In nowadays, alot of researches have
been launched on load balancing in the structured P2P
systems, such as Chord [5] and other DHTs [6-8]. The
lead balancing in structured P2P systems mainly focuses
on the heterogeneity of the DHT, such as the
heterogeneity of the address space [1-4].

Although structured P2P systems have been researched
in several past years because of their properties such as
determinable, provable and formally specifiable [5-8],
they are rarely used in practice for P2P’s dynamic
property and undeterminable property in nature.
However, the unstructured P2P systems are the mostly
commonly used teday. And the unstructured P2P systems
are more useful than structured P2P systems in some
situations [9-12].

The researches of this study mainly fecus on the load
balancing in unstructured P2P systems. In spite of few,
there are some researches in load balancing in
unstructured P2P systems, such as [13-17]. However, [13]
performs only in isomorphic environment with simple
mechanisms by providing a methed of building an evenly
random graph fc obtain good lecad balance. The
algorithms provided in [14~16] are very scanty and
assumed as a matter of course without formal reasoning.

FORMAL MODEL OF LOAD BALANCING

Before formally describing the load balancing in
unstructured P2P systems, we define the data flow as the
foundation of this formal model.

Definition 1: A data flow in P2P networks is a function
F: PxP->D, where the P is the set of all peers in the
system and I is the data.

F{p.q) refers to the data flowing from peer p to peer g.
And, in practice, F{p,q} normally takes some properties
of the flowing data, such as the property of the data
occurrence. So the F{p,q} can exhibit as many different
forms and we provide two simple forms here which will
be used in this study.
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The first data flow formis a boolean data flow defined as:

G Fip,g)= (1)

Fip.q)= {
1 Fip.q)#

The second data flow form takes the flux property of the

data flow. [tis defined as:

Fip,q)=len{d |d = F(p,q)) {2)

where the len{d) is the length of the data d and Fip,q}
represents the flux flowing from p to g.

The formal analyses in this study are all based on the
definition presented in formula (1} for simplificaticn and
without loss of generality. In fact, the definition by
formula {2) is a more accurate and the results derived
from {1} are also usable for (2) while the same analysis
carried through under {2) is absolutely more complicated
and more accurate. The analyses based on the formula (2}
or other more complex formulas such as introducing
information entropy will be presented in future works.

Formal Load Description: The load imposed on the
peers can be divided into three portions: computing load,
storage load and communication lead. For each load type,
it is reasonable to assert that the amount of the load is
proportional to the amount of data flowed inte that peer,
if all peers are good. For peer p, the amount of inflow
F.(p}is z o Fig,p)- Accordingly, for the amount of

outflow F,{p}is dep Fip.q)-
Therefore, the load at p{denoted as L{p)) is:

Lip)=C-F, (p) (3)

In the following analyses, the ' is always ignored for
simplicity and the results are still tenable without C.

Formal Load Balancing: The load factor at peer p is
used to describe the load’s impact on p. [t is the quotient
of the load divided by the capacity of the peer {C{p)),

ie.8(p)=L(p)/C(p)-
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Obviously, the complete load balancing must satisTy:

(Viz j}8(p)=68(p,) (4

The rule (4) is a theoretical rule aiming at cbtaining the
absolutely complete lecad balancing. However, it is
almost impossible to implement and in practice, the
permission of partial imbalance is absclutely necessary.
So the operable rule for load balancing is -balance. It
means
(Jez>20U <& (5)
where U/ depicts the imbalance quantity of the P2P
systems and U7 can be calculated as following.

Abselute Distance: I/ is calculated by formula (6).

U =(vi, jymax{l18(p,) - 6(p}1} (6)

Formula (6} only considers the maximum distance
between the most loaded and most idle. Se it examines
the extreme conditicn of imbalance and is the upper
beund for {7 and neglects a majority of imbalance details
such as how many peers are overloaded or how many
peers are idle.

The Standard Deviation of Load Distribution:

U= [ @p-pr 2

pel

The in formula {7) is the system load factor defined as
TL/TC, in which the T1.is the total load in the systermn and
TC is the total capacity, ie. TL = Z L{p) and

TC = Z C{(p) . The formula (7) quantitatively depicts

the imbalance distributicn regarding to the mean point .
Comparing with the formula (6), formula (7} is more
accurate and more complicated. On the other hand, the
formula {6), althcugh naive, it gives the upper bound of
the imbalance and is quite useful under some situations.
Consequentially, the theoretical analyses in this study are
mostly based on the formula {7} without specific
illumination.

Load Balancing and Availability: When L{p)>C(p),
the overloaded part will be dropped and the peer will be
running fully loaded. Under the assumpticn that all peers
perform well and the total amount of the overloads (or

TOL) is Z [L{p,}—C(p)] - Now, the system
87121

availability {denoted as Av} is

Ay (8)

For the given TL, the only method to improve the
availability is to reduce the number of overloaded peers.
If T1. TC, the 0-balance can ensure that the Avis always
1 even though the 77 is very encugh and close to TC. For
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the case of TL>TC, the 0-balance will maximize the Av
and all peers run in a fully loaded status.

Consequently, the improvement of the availability has a
breader sense than balancing the load.

Load Balancing in Unstructured P2P Systems:
Because the focus of this study is the load balancing in
unstructured P2P systems, it is necessary to describe its
kernel properties formally:

Routing Scheme: The rcuting in unstructured P2P
systems uses the per-node routing tables, whose entries
maintain the references te other nodes which are denoted
normally as Neighbors(p} {or Ng{p)). The next-hop
selection for the query routing satisfies some probability
distribution Pr. For the unstructured P2P systems, the
situation that Pr is a uniform distributicn is reascnable
although some heuristic information can slant the Pr,
such as the peers’ trust value. In this study, we only
consider the uniform distribution situaticn.

Moreover, suppose all peers are good, the status that
some in-flow data will lead to some data cut flowing is
arisen, because the peer will refransmit the data or
produces some data for response. i.e.

(Vpe P)F, (p)=F,

out

(p)-

Hence, we have

F.(p)
|Vg(p)

Data Placement Scheme: The data () including its
replica (R(d}} can be stored at will in unstructured P2P
systems without restriction rules such as the [D-mapping
property in DHT. Consequently, nc one can
determinately locate the placement where the data or its
replica will be stored from theoretical aspect. This
random data placement can be formally described as the
probability that the peer sequence py.p.,... pypassed by
the query packages for data d is ».(1— )", where r is

the probability of the d’s existence, i.e. r=IR(d)I/1PI.

(Vpe P,qe Ng(p)F(p,q)= )

Peer Discovery Scheme: In unstructured P2P systems,
the peer discovery is blindfeld by some random sniff,
such as the ping in Gnutella [9]. The amount and update
of the information discovered depends on the sniff width
and sniff frequency. In realistic environment, only a
subset {i.e. Ng) of peers are discovered comparing to all
peers Pand INg I<| P 1.

STATIC LOAD BALANCING ANALYSES

In unstructured P2P systems, there are many
environments where the heterogeneity exists such as the
dissimilarity of peer capability, the difference of the data
popularity and the variance of the connecting density in
the overlay, etc [1, 2, 3, 4, 14, 15, 16, 17, 18, 19].

The heterogeneity mentioned above can raise the slope of
the lead in unstructured P2P systems and the formal
analyses of their influence on load balancing based on the
data flow analysis.



J. Computer Sci., 1 (3):323-331, 2005

Firstly, we analyze the influence of each heterogeneous
factor independently. Then, the correlations among
multiple heterogeneous factors are discussed.

The Heterogeneity of Peer Capacities: Let the peers’
capacities situate in interval [¢min,cmax] and suppose they
satisfy the probability distribution Pe. So, the number of
peers located in the capacity interval [x.x+dx] is
[PF¥p{x}elx, where p, is the probability density function of
Pe.
If all other heterogeneity is absent, S(py= mn o1
1P| Cp)
and:

) It E{

U = uffp| J‘2 B ()>+1 (10)

In formula (10), the E is the expectation of the
correspending distribuien and 7 is the average of C(p)},
i.e. T =TC/PI.

When Pc is a uniform distribution on [Cmin,Cmax] and let
Cmax= Cmin» the U is:

__ l_'_ 4 4ln (11
/|p|.cmin A (A+D? AT
Obviously, formula {11) the

v <TL/JIP| Crae " Cry,  A0d for sufficiently large , the

7 will approach this upper bound. Further, this upper
- Vi
beund can be rewritten asT. 7 /lpl .

Therefore, if Pc satisfies the uniform distribution, the
load imbalance is proporticnate to the , to the square
root of 1P

The Heterogeneity of Data Popularity: The
heterogeneity of data popularity will incur the load slope.
The nodes stored with higher popular data will receive
more load than nodes with lower popular data. With data
popularity, itis reasonable to assert that the in-flow query
will be distributed in accordance with the data popularity,

i F,(d)=Pop(d)-Y,  F,(py=Pop(d)TL
where Pop(d} is the measurement for s popularity and
Pop{d) satisfies the distribution Pp. The F,(d) depicts
the flow into the data d. We assume that the data  is
stored on a set of peers R{d), Thus

Fdy=k-Y F.(p) (12)

The k in formula {12} depends on the data stored on the
peer p and is a complex factor changing with the
synthesized popularity of data on p. We divide the
analysis inte two cases as:

Nonoverlapping R(d): (Vd,,d )R(d)NR(d,)=¢.
Firstly, we consider the simplest situation that IR(d)l=
7 and |P|=7|D|.

Then, L{ p) = F,( p) = Pop{d)-TL /7 - Now,
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7 = pfIPI-API - E¢Pop®y—1 (13)
where E(Pop”) depicts the expectation of the square of
Pop on distribution Pp.

If Pp is a uniform distributicn, then the I/ is:

Uz%-,u\/ﬂ

for large system.
Besides, the data popularity normally satisfies the Zipf™s

1 o
U {]p and ¢z is the power
Ja—2 |
of Zipf.

In conclusion, for any Pp, the lcad imbalance U is
proportionate to the  and to the square root of 1Pl The
resultis very similar with the capacifies’ heterogeneity.
Secondly, we examine the sitvation that the number of
the replica for different data is different, i.e. the IR{d)l is
different for different data. Now, the formula (13) is
transformed into:

U zﬂﬁ-\llpla(%ﬁ—l

Obvicusly, when the Pop is proporticnal te the square
root of IR(d)l, U/ is minimum. It is interesting to notice
that this result for balance is quite similar with the
replication strategy result in [19] for improving the
expected search size{ESS) and whose precondition is
alsc same with ours.

(14}

law [23], now [} -

(15}

R(d) can Overlap: Suppose the function Sro:P—>27
defines the data served by peers.

Now, the load impoesed on the peer p is the summation of
the share part imposed on the data stored cn p. Thus:

Popid) )

_1 (16)
Traa]”

0= ufPl- P30 S

peP delto(p)

Popid) is 3 constant for
delto(p) |R(d)|
all peers, the formula (16) is minimum.
Therefore, for the case that IR{c)l is same for all data, the
load balancing need to ensure that the Z Pop{d)
dedto(p)

is equal for all peers as most as possible. Note that this
expression exactly represents the popularity of the peer

D.

[t 1s obvious that when

The Heterogeneity on Overlay Density: With the links
movement without constraint, the overlay in unstructured
P2P systems normally uneven, such as the famous
power-law overlay [19]. The overlay density at a peer p
can be defined as the amount of links connecting with the
p. In power-lay overlay, the prebability of the peers with
klinks is k.

Here, we examine the sitvation that the overlay density
satisfies the distribution Py on links’ number . From the
formal description of the routing schema on unstructured
P2P systermns above, we assume the load in all links is
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approximately equal for simplicity. Now, the load on
each link is TZ/XN and the U is:

AR

For power-law

overlay, {7 = 7 / /1/(1— 13z -3} . It is obvious

that if is less than 3{including 3), U is maximum and
extremely large, while with the increase of |, the 7 will
decrease and when approaches the positive infinite, [ is
minimu, i.e. 0, now the links’ number is same for all
peers.

When P, satisfies the uniform distribution in interval [C,

IPI], we have[/ = X f|p|/3 . [tis interesting to notice that
this result is completely same with (14).

{17)

Correlation Analysis: [n practice envirenments, the
heterogeneity mentioned above always emerges
simultaneous and whose influence on lead imbalance is
correlated. In the definition of U, the load and capacity
are all capable of addition, i.e. the imbalance incurred by
some heterogeneity can be added with the imbalance
incurred by others as follows.

Assume scme heterogeneity will produce a load
distribution Li{p), while the other hetercogeneity will
incur I,{p}. The similar situations exist on peers’
capacity and Cy(p} and Cy{p) describe the distribution
caused by two different heterogeneity. Now, the for pis
(LAipHLAp(Ci{p)+Co(p)y and the analysis of U is
much more complicated comparing with above.

Theorem 1: Suppose two correlated heterogeneity lead

to the Lip)=Li(p)+L(p} and C(p}=Ci{p)+Cy{(p), then the
imbalance satisfies the following inequality

0SU U, +U, (18)

where U/; and U, depict the imbalance incurred by two
heterogeneity respectively.

Proof’: Firsily, we stabilize peers’ capacity as a constant.

Now U:,u\/lFl' Z[Ll(P)+L2(P)]2 B
(Z (Li{pi+ L, (p)])l
which the Ly(p), L,(p) are all distributions on [0,1] after
the simplification via deleting the common factors and
EL{p)=EL(p)=1. And define a function as:

jfl(x)dx

([ £ixiaxy
[t is obvicusly that g(fix}} is a norm for f{x) when
j F(x)dx =1. From the triangle inequality property of

norm, g{filx)+H(x))  g(Ailxn+ g(f{x)), thus the same
property for U.

The proof for other cases is similar and cmitted here.

in

glflxn=

Corollary 1: It is feasible to balance the load in
unstructured P2P systems via self-organization and
self-optimization.

Corcllary 1 presents a prefound reason for the
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impertance of introducing the self-organization in
unstructured P2P systems. The load balance can be
achieved wvia appropriately adjusting the load
distributions and capacity distributions. The detailed
adjustment mechanisms are a future work.

DYNAMIC L.LOAD BALANCE ANALYSES

Time Related Data Flow

Definition 2: A data flow related with time in P2P
networks is a function F: PxPxT>D. Now, Fip,q,n
refers to the data flowing from peer p to peer g at time ¢

andnow the L= F(q, p,}/ Clp.)-

Usually, the capacity of a peer is almost invariable and
we assume C{p,/)=C(p) in the following analyses. In
unstructured P2P systems, F{g,p,f} can be assumed as a
constant W(n)=TIL/ ¥, ;Ng{p,5) thusL{p,)=W(r:INg{p,n)l.
Based on this formula, it 1s cbvious that I/ 1s invariable
with time going ahead unless the movement of the data
stored and the movement of the overlay.

Now, we will examine the influence of following
dynamic evelutions on load balancing on by one.

* Data insertion and deletion
* Replica insertion and deletion
* Node jein and departure

The Data Insertion and Delefion: Firstly, we take a
complete balance state as the initial state, i.e. /;={ and
the analysis with other arbitrary initial states can be
established in the results obtained through this analysis.

When the current state is balancing and a new data  is
inserted into the system, the new UV must be larger than U,
(here U, =0}. Suppose d is served by peer p and the
popularity of d is 25, where 7 is the average of data

popularity. The flow received by other data will decrease
by m times.
Here, p=1/(|D|+1)and m =1-2/(|D|+1) - Now U,

is:

Ap|P|

2n+7’
-+
7{D|+ 1

||

(19}

.

Where isdefined as Cip}=g¢ . For alarge system, Uy is
acoenstant ¢ /7 - In the following, the U, with U,=0 is
Db

Theorem 2: For arbitrary {/,, we have

(20}

:lU _u |< (@ +o,(p)
r of — (b

where the the lecad

o,(py=46,(p)—u depicts
deviation of p.

Proof:
*Uj
AU = =
U, +U,
D +2(md,(p)— )P =3 L-m)}(1+m)d,(g) —2ud,(q))
— geF
a U, U,
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The Replica Insertion and Deletion: We analyze the
replica insertion firstly. Suppose a replica for data o with
IR(cY=>11is inserted inte the peer p.

‘When U,=0, we have

[
C(q) C(p)

where m=U/R{d} and I=TL Pop{d}/{IR{d)}l+1).

If IR(d)l is large, @ ~ uPop(d)[[n(|R(d)|+1)] and
® = uPop(d)[(nT|R(d)|) for small IR(d). Similar with
theorem 2, formula (20) is also satisfied in this situation.
Further, we analyze the replica deletion. Suppose a
replica served by p for data d also with IR(d}>1 is deleted.

Now, m=1/{1R(H-1} and I=TT. Pop{dR{d). The result
of analysis is same and

® =~ pPop(d)/lnT(|R(d)|-1)]-

> ) 2l

geR(d)

The Node Join and Deparfure: The imbalance
movement incurred by joining a peer p mainly contains
three independent parts.

* The increase of the TL

The load introduced by p should be approximately equal
with average load. Thus, the 7L, after joining the p is
TL, (PI+1PL.

* The alteration of the links’ distribution

After p building up its links, the links” alteration of p and
the link’s alteration of peers in Ng(p} will be influenced.
Now, we examine the alteration of the load imposed on
the link. Let the INg{p)l= p7 where 7 is the average of

peers” links and using @ to describe the load on each link,

obviously, &, =TL, /(|P|ﬁ+ pr) - For large systems,
we have D, =@, -

Therefore, the influence on imbalance movement by

adding links are only existing for p and peers in Ng(p). So,

the U,

2 @
z\/UO +quNg(p)(C{q)) +(

[tis obvious that @ — é+ (ﬁ,l)l .
w7

apn

e M

For arbitrary U, the property similar with theorem 2 still
exist and
AU <& + zNg(p — o, (g)

c ( )
* Theinsertion of p’s data
The analysis of node’s departure is similar with node’s

joinand & = u fp /7.
MODELING LOAD BALANCING ALGORITHMS

Routing Strategy: One of the most frequently adopted
balancing algorithms is data migration {or data
replication}. The load balance can be achieved by
transfer hot data from heavily leaded peers to lightly
loaded peers [15]. Before migration {or replication), an
important preparative task is the hotspot detection. Now,
the mechanism widely adepted is to monitor the
access frequency to data within recent time interval
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periodically [15]. Based on this detection, there are
mainly two appreaches towards decision-making:
centralized and distributed.

Centralized methods such as the L _assign in [15] make
decisions at the centralized dispatcher, where the load
balance information {or LBIs) are sorted and matched.
Distributed methods select an appropriate distributed
server to make decision. Such as the myopic greedy
strategy in [16, 22], they select a permissible server with
the smallest current latency.

Centralized Decision-Making: Obvicusly, the correct
centralized decision-making must depend on the correct
LBIs, but for larger P, it is almost impoessible to collect
all updated LPIs. Therefore, it is mainly adopied in local
load balancing. Suppose a centralized dispatcher{C}
menitors a cluster whose members form into a set g.
Assume after a set of load L.5={1,,L,,...,1,,} is received by
C, the dispatch starts up. A dispatch scheme is an
especial partition on LS, in which the empty set can be an
element of the partition and the candidacy of the partiticn
including empty set is Igl.

* If the current state is balancing, the optimal dispatch
scheme must satisfy the properties:

max{'Li/C(pi)fL}./C(pj)h <e (22)

Here L; is the load dispatched to peer member p; and we
assume C{p;} is decrease with i increase. If m k, the
optimal dispatch scheme is {{}},{L},-. &), o)
where /2. For m>k, how to build the optimal dispatch
scheme satisfying the formula (22} is an NP-hard
problem.

However, in P2P systems, the load mainly focuses on the
query. Therefore, it is feasible to assume that /; is a
constant. Under this assumption, the optimal dispatch
scheme can be achieved via following two steps:

If current state is unbalancing, the examining of this
situation 1is similar with above, except that the
distribution partition should be optimized to satisfy the
formula (22) with current (p) are also considered.
Secondly, we analyze the load balance at the cluster
leader €. The overhead loads imposed con the cluster
leader are numerous, including: 1) collecting LBIs; 2}
receiving all loads flow into the cluster members; 3}
performing dispatch algerithm. Because this study
mainly focuses on the communication load, enly the part
1} and 2} are need to consider. The loads incurred by 1}
are non-determinate and are related with LBI’s update
frequency and the cluster’s dynamic properties. Despite
we only examine the leads incurred by 2), the header’s
capacity must be larger than fotal capacity of the
members to achieve the load balance from above analysis.
This condition severely constrains the cluster’s form and
its scale.

Distributed  Decision-Making: In  distributed
decisicn-making, the next-hop nodes are selected with
some heuristic properties for load balancing when
routing. Many heuristic mechanisms are adopted in
practice and they are mainly classified as follows.

Load based decision-making [14~16]

The probability of cheosing g as the next query hop is
propertional to the inverse of ¢'s load, i.e.
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Prin=gq)o1f{L{q) (23)

[t is often called as Inv-Load method. Obviously, the
Inv-Load decision-making is effective only in

homogeneous environment, because of net consideration

of the peers’ capacity. For analysis, we assume peers’

capacities are same.

The analysis need to calculate the load movement ( L{g)}
forall gin P. [{g) contains two parts, the load flowed
into g and the load flowed cut of g. At a mement, it is

reasonable to assume that every peer sends a flow and all

flows are received by a peer. Therefore, the amount of
lead flowed out of g is 1 and amount of inflow is the sum
of shares flowed out of the ¢’s neighbors and

AL = Y #p)/L(g)-1 (24)

peNgig)

() is the coefficient  in
> o VP LO =1

Without losing generality, we can specialize the (24) by
take the average value for (x), L{x) and Ng(x}. Now,

AL(q) = pT/L, ()~ 1.

{23} and

Theorem 3: The Inv-Lead algerithm can balance the
lead if without other heterogeneities.

Proof: We can construct a sequence L; with [, = L;; -1
+pe /L1 ). IfLy pe (the average ofload), then Z,;

Lyduetoyz/ Ly 1and L; L, byinduction, on the
other hand, L, gz because when L;= e, L., equals to
L; and the L; doesn’t increase and converge at gz . The
identical situation comes forth fer L, ue . Figure 1

illustrates the load balancing effect of Inv-Load.

In Fig. 1, we examine the load distribution movement for
10 peers with linear distribution in [10,100] as the initial
state and the R_num depicts the iterative number.

120 1 —-- R num=0
- R num=350
| =~ R num=100
100 —+— R num=150
- R num=3500
30 |
60 |
40
20 L
0 1 1 X 1 1 1 X 1 1 J

1 2 3 4 5 6 7 8 9 10
Fig. 1: The Load Balancing Effect of Inv-Load

Theorem 4: The Inv-Load algorithm converges with an
approximately expenentially decreasing speed.

Proof: From equation L;= L., -1 +ue/ L., we have
Li)={ yz/ L{i) -1) i. The corresponding continuous
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form is L = yz /L -1, s0 I{i)= 7 — ¢ 0*10-9V4  Gisa
constant for initial condition, G =1, + ycIn{yc — L) -
Because L(i} is a value between Lyand g7, the L({} can

be assumed stable comparing with varying i. Thus, L{i}
converge with a exponentially degressive speed. The
result shown in Fig. 2 verifies the theorem 4.

120 T
100

£0

Load

60

40

- L0=20
- L0=50
= L0=80

20 F

0 T W R TR TN TR TN NN TR TN TN NN T N TR T N NN B |

1234567891011121314151617181920
R_num' 10

Fig. 2: The Convergence of Inv-Lead with Average
Load =100

In spite of so fast the convergence speed is, the P2P’s
highly dynamic nature [24], the changing of workloads
and the changing of peers, eic, will lead to there isn’t
sufficient time tc achieve the convergence before the
environment is changed. Figure 3 illustrates the lead
balancing oscillation incurred by the P2P’s workload
oscillation. Here, we introduce a ceoarse oscillation
pattern for simplicity: periodically choosing a single
point as a hot spot.

20 1 R fum —20

100 1

——
-
—h—
—
——

80

40 |

20

Fig. 3: The Oscillation in Inv-Load with Workload
Oscillatien Peried = 30

* Available capacity based decision-making [14,15]
Prin=q)=Clg)—L{q) (25}

Comparing with Inv-Load method, this Avail-Cap
method takes the heterogeneity in peers’ capacity into
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account. Moreover, the heterogeneity in load is also
involved by a subtraction.
The analysis is identical with Inv-Load and we have

AL{q):C“(_q)_L“{Q)_l (26)
T(1— )

Likethe L{g) of [nv-Load, Avail-Cap can balancing the

lead and its convergence speed is

OALfBIL = —1/F(1— u) , while the speed for [nv-Load is
BAL/3L = —ue /I . Thus, the convergence speed of
Avail-Cap is faster than Inv-Load when the workload is
larger. Moreover, the oscillation is also existent for
similar reascn with the Inv-Load.

Maximum capacity based decision-making

The maximum capacity (Max-Cap) based allocation
provided in [14] makes decision according to the peers’
maximurm capacity.

Pr(n=qj=Ciq) (28)

And now AL{(q) = Co(q)/E_l .

Comparing with Inv-Load and Avail-Cap, the Max-Cap
can only smooth the skewness on peers’ capacity, the
slant on workload can’t be flatted and the balancing
effect is infertile. However, it possessed of an advantage
that the Max-Cap algorithm is stable and robust and
won't introduce the load oscillation by itself, which will
be examined in next section.

The Influence of the Stale LBI: Nowadays, almost all
balancing algorithms require the LBIs. Many practical
reasons can incur the degraded LBIs and it is a very
important property te minimize the influence of the
degraded LBIs. We will analyze the influence of stale
LBIs.

Firstly, we define ON as the query amount processed in
the intervals between two latest LBIs reached the
decision-maker. Because the LBIs are transferred only
between the neighbors {with a hop distance)}, thus, we
have QN=UP/RP, where UP is the update pericd and RP
is request period.

The influence of the stale LBIs is maximum at the last
query finished before the latest LBIs exchanged. At the
point, L=lo+ ON L=1s+ L1+ L, +... He_ I;
+e¢_ I, +...), where L is the amount of query
dispatched based on stale LBIs and e_ L; = - L,
= N {dmfiC,Ly)-dmfiC,L)), where dmf is the
decision-making function. For the case that UP>>RP, we
have L+ L+ L +..=u7.

For the [nv-Load algorithm, dmf C;, Ly = e /L With the
condition Lo g, wehavee_ [I; e_ [;jbecause of
L; L, which means that the distance deviating from
balance is increasing with increscent speed. If GN is
large enough, the speed will converge at a fixed value,
i.e.thee_ L;will convergeinto 7 (ﬂ?l’L@*l). Theorem
4 indicates the speed of convergence for Inv-Loadis very
fast and we can presume e L, ¥ ( ug L1}
Therefore, if ON is larger than a threshold at which
ON w (we L—1)= (1—u)e , this peer will be
overloaded and the Inv-Load algorithm will make this
peer transforming into zero-leaded in the following
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round of decision-making based on new I
Consequently, the load will be oscillatory between
zero-loaded state and overloaded state.

To improve the availability, the UP should be:

Upg%
wluc —L,)

e (29)

[f Ly=7 , we have /P < T/n - RP where the capacity is
defined as the amount of query can be processed by a
peer.

The similar analyses can be carried through for
Avail-Load algorithm. The oscillation phenomenon is
also exist and will be strengthen because the Prin=g}
equals & when L{g}=C(g}. The worst situation is that half
peers are running overloaded with the other half idle.
Therefore, the Inv-Load and Avail-Load algorithms
themselves will incur the load oscillation due to stale
LBIs. Comparing with them, Max-Cap is more stable and
robust because L doesn’t correlative with L.

The Cluster Based Balancing Algorithm: In cluster
based P2P system, the query will firstly propagate to the
cluster leader C, after the unsuccessful intra-cluster
search, the query will be propagated into the other
clusters by leaders’ communication [153, 21]. Now, the
load balancing is divided into twe parts: inter-cluster
balancing and intra-cluster balancing. And normally,
most  balancing  algorithms for intra-cluster are
centralized and distributed algorithms are adopted for
inter-cluster load balancing. Here, we assume the
cluster-based P2P system is a partition {G) on P.

Theorem 5: The intra-cluster balance can improve the
load balance of the whole system.

Proof: withcut losing the generality, we assume the
complete balance can be achieved in intra-cluster. Now,
with intra-cluster load balance, the imbalance U (with

intra-cluster load balance) is \/Z gl'(ﬂg —uy .

where  is the load factor imposed on the group g, i.e.
~L{g)/Cig) (the L{g} denotes the total load imposed cn

all peers in g and C{g) is the total capacity of g). The

imbalance Uys {without intra-cluster load balance) is

gel

oL L Oy -
For every group g, we have:
SUS(p) - =Y e, Y 2, - )Y (B (p)-,)

Obviously, S (S(p)—p,)=0,50 the lemma.
PEZ

[t is interesting to note that if peers in a cluster satisfy
some properties, the whole system can achieve a good
balance.

Corollary 2: If for each cluster g, = , we have U,=0
without inter-cluster load balancing.

Data Migration and Replication {or Caching Schemes)
Data migration and replication (or caching schemes) are
classical method to address flash crowds problem
[17, 18]. The replication strategies adopted in P2P
systems are diversiform. We will analyze a typical
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replication strategy for lead balancing in detail here and
discuss other strategies curtly.

Path Replication: Replication along the response path
routed by query is one of the most intuitional strategies,
but majority of users believe this naive strategy can
manage the load balance problem in spite of no
convincingly researches to prove.

In P2P systems, we can assume all peers launch the query
with same probability. Now, the amount of replica is only
related with current replica number and the data’s
popularity. The current replica number for  is defined as
a server ratic for d, ie., Ser(d)=IR(dYPl. The d's
popularity is defined as the ratio of queries for 4 in all
queries. The expectation of hops passed by a query for d
is 1/8er{c)-1 and after all peers completing a query, the
amount of replica for becomes
|R, ()] =|R ()| +|P|- Pop(a)|P|/|R,(a)|~1) - If the
total capacity possessed by P2P systems is unlimited, the
IR(d}| for every data d will increasing until [PI=IR(d)I.
Now, the analysis is meaningless. Therefore, we should
analyze after the equilibrium has been build under the
capacity limitation. When the equilibrium is established
under the capacity limitation, the increased amcunt of
replica should equal with the deleted amount. Using K(d)
to denote the IPIPop{dXIPI/R{(d)-1), so the increased
amountis K{d} and the deleted amount of replica at d is
[ K{idY]R(dY R/(d). Under equilibrium, R, (=R {d)=
R(d), we have [ K(d)IR(d)=[ R()K(d), where R(d)
is the capacity limit of the system, a constant §;  K{d) is
the amount of replicas incurred after a query and it is also
a constant{F} under equilibrium. So, K(d)=GR(d}, where
G=5/F and thus

|P|- (JPop(d)? +4GPop(d) = Pop(d)) 3,
26

and R(d)=|P|[Pop(d) [NG . From formula (16),
R{d) should be proporticnal to the square of Pop(d), not

the square root of Pop{d). Therefore, path replication
overmuch replicates the document with high popularity.

Ri(d) =

Other Replications: Derived from the analysis depicted
above, the naive path replication strategy is a practically
feasible method, althcugh it can’t achieve optimal effect.
The elaborate strategies supported by formal analysis are
scarce within our knowledge. Although some replication
strategies are described in [19], it resvlts in a square root
distribution for the purpose of decreasing ESS.

CONCLUSION

Load balancing is a crucial preblem in P2P systems and
we focus on the load balancing modeling in unstructured
P2P systems for the lack of formal research.

The analyses mainly involve three parts: modeling the
lead balancing in static envirenment; medeling the load
balancing in dynamic environment and modeling the
balancing performance of several current (ypical
balancing strategies. The analyzing results are listed in
Tollowing tables.
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Table 1: Analyzing Conclusions under Static Envircnment

Hetero- Bias Load
geneous DISTRI- Imbalance
Factor BUTION of System
C 1 1
Pear PRED /EIE (o)~ 2EE () +1
capacities  ypiform e
gisbution A4 |P |/ 2 and Cnex= i
Pop \/2—
Data y.,/P|- |D[ - E(Pop®)-1
popularity  uniform
distribution #P |/ V3
zipf for —
hpution “IFINE2
N 2
EN
Overlay py fp Y b |
density | | E*N
power aw r m
oty w P[0 =3
uniform
distribution #AllP |/ &
Combi- Uy, U +U,
natien

Table 2: Analyzing Conclusions under Dynamic Environment

FDyna[mc Load Imbalance of System
‘actor

2
Data _ ﬂﬂ|P| . +277+77
enter/leave n (lDl +1) |P|
Peer O =pu £+{£_1)2
enter/leave 7 77

AU <(® +o,(p)' [®

Table 3: Modeling Typical Balancing Algorithms
Stra-
Tegies
Central

Algo- ithms  Balancing Performance

L-assign A NP problem and can not directly used
in P2P

Can balance the load

the Stale TBI will incur the load
oscillation

Can balance the load

the Stale IBI will incur the load
oscillation

Can only smooth the skewness on peers’
capacity

more stable and robust with stale L Bls
The intra-cluster balance must improve
the load balance of the whole system

Distri-
buted

Inv-Load

Avail- Load

Max-Cap

Cluster
based

Frem above tables, we can achieve following guidable
properties of lead balancing in unstructured P2P systems.
* Theload imbalance mainly depends cn the IPland g .

* The self-adjust and self-organization are feasible

methods.
The imbalance allowance is preferable in dynamic
status.
The distributed decision making algorithms based on
LBIs can load the balance with load oscillation.
The cluster based load balance algorithm is a good
trade off.
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