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|. INTRODUCTION look-up queries for it. Our initial analysis and simulation

A fundamental challenge in Peer-To-Peer (P2P) systeﬁ%suns show that: i) Leopard has a constant IP-level routing
is how to locate objects of interest, namely, thaok-up stretch; this holds not only in aaverageor probabilisticsense,

serviceproblem. A key break-through towards a scalable arf't &lS0 in theworst-caseii) Leopard always locates mear-
distributed solution of this problem is theistributed hash PY cOpy when multiple copies exist. iii) Leopard effectively
table (DHT) including Chord, CAN, and Tapestry, amondwandle “flash crowd” with near optimal load balancing.
others. However, since both object id and network node are

randomly hashedo a same id space, “locality-awareness” is . LEOPARDLOCATK_)N SERVICE_ )

not inherentin the basic DHT design. As a resulputing _S@me as standard DHT, we assign each object a urigoe
stretch of object look-up, defined as the ratio of networlifier from anid space based on either application semantics
distance traveled by a look-up message and distance betwBEfndom hashing. We useid to denote the identifier of an
the requester and the nearest object copy, can be high. BesifBiECtw. On the other hand, nodes form thede geo space
since in standard DHT an object is randomly hashed to@finite d-dimensional metric space — upon which a coordinate
single (or a few) id, the node responsible for that object can B¥Stém is defined. A nodestordinateis determined when
overwhelmed by a sudden surge of user requests, often calfe®InS the_ system, via a virtual coordinates service such as
a “flash crowd,” and creating a *hot spot” in the system. ~described in [3], [2], [1]. .

Recent research advances in Internet virtual coordinates [3]Ve introduce ahierarchical grid over the node geo space
[2], [1] has shown that Internet nodes can be efficient%_y dividing it |ntoah|_erarchy of_c(-d|men3|0nal)areas at tr_le
assigned virtual coordinates such that the inter-nodal geomeftighest level, the entire space is the lesetrea, wherel is
distance in the virtual space accurately approximates th@SyStem parameter specifying the total number of levels in
real IP network distance, e.g., [3] shows that more thdfe hierarchy. Foi <1< L, each level area is divided into
90% of inter-nodal virtual distances are within 50% errof” |€vel{l—1) areas, obtained by cutting the leverea into
margin of real network distances. This provides a tremendo@lf @long each of thel dimensions. Fig.1(b) illustrates such
opportunity in solving the aforementioned issues. For exampfe hierarchy of areas witlh, = 3,d = 2, where square areas
a straightforward application of virtual coordinates system gf different levels are delineated with different I_m.e styles. For
to gradually select close-by routing neighbors in the virtudl= 0: 1+, L, let 4, be the level area containing a node
space, thuincrementallyimproves the neighbor relationship ind- N Fig. 1(b), we use four different levels of shades to show

a P2P system such as Choatter the P2P network is created. 4o - - - A3. We see that; C Ai41,0=0,..., L —1, and Ay is

In this paper, we propose an alternative approach of usiflff €ntire node geo space. Lgtdenote thesizeof a levell

virtual coordinates system to build a P2P system called Leog—eaAl (i.e., its side length), them;,; = 2r;. We will use

ard. To inherently incorporate locality-awareness, we separktéA:) to denoted;’s origin coordinate, i.e., point ind; with

the object id spacefrom the node space each object is the smallest coordinates. _

assigned a unique id in an object id space: while each nodéé now introduce the concept @feographically scoped

is assigned aoordinatein a so callednode) geo spaces it hashfunctions. Forl = 0, 1_, .o, L, letH; bedad-(_zllmensmnal
joins the network. During the join process, the node obtaif@Ndom hash function with the range, r,)°. Given an ob-
neighbor relationships that reflects “network proximifygsm J€Ct w and a level area A, the hash pointof w under

the beginning A simple position-based greedy forwardin%“; geographical scopej; is a point within 4; given as
scheme can then be used to route a packet between any A = O,(Al) + Hy(w.id). In Fig. 1(a), we lllustrate
points in the node geo space with low routing stretch. THEe hash functions for th_ree areas (scopes) of dlfferent_ levels.
object id space and the node geo space are then “weavl 1(b) shows th_e Iocatlpns of six nodes-(f), each owning
together via a novel hashing technique caligmbgraphically- & COPY of the object. Fig. 1(c) shows the hash points of
scoped hashingGSH): each object id is mapped into multiplg€ Six nodes in various aréas. The node in the node geo
coordinates in the node geo space with varying geographi€Rce that islosestto the hash point{(w, A;) of objectw is
scopes; the nodes that are closest to these points are respdft§!Ted to as théeveld pointer nodefor objectw in area;,

ble for maintaining “pointers” to the object and performingnd is denoted by>(w, 4,). Pointer nodes of an object are
responsible for maintaining object “pointers” and answering

* Corresponding author. look-up queries.
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Fig. 1. An example of geographically-scoped hashing. (a) An object is hashed to diffeFgnt2. (a) Initially, a object search tree (left) have five owners
relative points in different levels of areas. (b) Locations of six owners-(f) of a same (a, b, ¢, d, ande). After f publishes and withdraws, the object
objectw. Note that the level, 1,2 areas of nodex are highlighted with different shades.search tree becomes the one on the right. (b) Three examples
(c) Hash points (pointer nodes) of the six owners at various levels of area. (@1, Q2, @3) of query message path.

We now illustrate how these pointer nodes cooperate paths. In fact, the distance traveled by a query message is
facilitate object location in Leopard. When a nodevishes also bounded by (r;), wherer; is the size (side length) of a
to share an objeat, it publishesw by “planting” a pointer leveld area, as stated in the following theorem
at pointer nodeP(w, Ay), and becomes aawner of w. For Theorem 1:Suppose a node queries for an object in
l=1,...,L —1, each level- pointer nodeP(w, 4;) in turn Leopard, and the located object owner shares a leagka
computes the next-level hash poilf(w, A;11) and plants a with z. The total geometric distance traveled by the query
pointer atP(w, A;+1). A pointer structure contains the objecimessage (summing up all ti2é steps) in the node geo space
id w, levell, and an owner information field of. On the level- is bounded in worst case bi/dr;.
0 pointer nodeP (w, Ap), the owner information field is simply ~ Theorem 1 gives aworst-casebound on the geometric
a list of all owners (their IP addresses) wfin the aread,; distance traveled by a query message from the requester to the
while on a levelt (I > 0) pointer nodeP(w, 4;), the owner |ocated ownerLeopard also has the property that the located
information field store2¢ TRUE/FALSE values, indicating owner is near-optimal (by a constant factor) compared with
whether each of th@? lower level areas of4; contains at the optimal owner (closest to the requester), as stated in the
least one copy ob. In a sense the pointer nodes of an objegbllowing theorem.
w form a distributed search tree embedded in the node georheorem 2:Suppose a node is querying for an objecb.
space, where each edge connéts), A;) to P(w, A;11), @S Let the owner located by Leopard e, and the closest (to
shown in Fig. 2(a). The left pane of Fig. 2(a) shows the seargh owner ofw in the network bes,. Let D(a,b) denote the
tree after five owners: — e have publishedv. Each black distance between two poinisandb in the geo space. Then we
node in the figure represents a pointer node with a pointgsyve eitherD(z, s1) — D(z, s2) < 2v/dro Or gg:zlg < 4.
stored on it. Note that the pointer nodes at the lowest levelprom Theorem 1 and 2, the distance traveled by a query
have the detailed knowledge (IP addresses) of owners, Wijiassage to locate an object in Leopard is at most a constant
pointer nodes at higher levels have the aggregate informatig@tor of the optimal distance, i.e., the geometric distance

of “which next lower level areas contaist. The right pane of petween the requester and the closest object owner in node
Fig 2(a) shows the tree after a new owrfepublishes and the geo space.

owner a withdrawsw. We can see that not all the pointer
nodes need to be notified when an owner publishes/withdraws,

since aggregate information is stored on high level pointér Mitigating Hot Spots
nodes.

To cope with the “flash crowd” problem, Leopard imposes
Now suppose a node (let X; denote its level-areas) is the following simple rule:A node x starting the transfer
interested inw. It first sends a look-up query t®(w, Xo). (downloading) of an objectv from another node located
Note that if « and « reside in the same level-0 area, thetthrough Leopard must publish for at least the duration of the
P(w, Xo) (FP(w, Ap)) will be able to direct node: to node object transferThis rule creates an object propagation model
a for the object. OtherwiseP(w, Xo) computes the level- similar to the popular Bit-Torrent system. However, Leopard’s
hash point and forwards the query BR{w, X;). The process object search tree helps it to achieve good load balancing
goes on recursively. If nodesandx reside in the same levél- naturally without maintaining complex object tracker, as used
area, i.e.,A; = X, then the level-pointer nodeP(w, X;) (= in Bit-Torrent. To analyze the problem, we defiaener ser-
P(w, A;)) will have a pointer to objecw. It thus directs the vice countas the number of object transfer requests an object
query to one of its next lower level pointer node WEIRUE owner serves during its publishing time (assuming it withdraws
indicator in the owner information field. By tracing down @mmediately after finishing downloading the object). Ideally,
series of pointer nodes in lower and lower level, the IP addregiés metric can be as low as even with extremely high
of an owner ofw can finally be pinpointed. Asl;, = Xy, in query rate, i.e., each requesting node can serve the next new
at most2L steps, node: will be able to locate the IP address
of an owner. Fig. 2(b) illustrates three examples of such queryDue to space limit, we refer [4] for all proof of theorems in this paper.
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requester. We have the following theorem regarding Leopard :

owner service count upper bound.
Theorem 3:The number of object transfer requests arig.5. Fraction of nodes that has various owner service counts. Left: uniform

object ownera serves during its publishing period is bounde#ist: Right: non-uniform dist.

by L + ng, whereng is the number of nodes in the level-

areay. _ mediansare 1 for all k values, indicating at least half of the
If we denote the tgtgl number of {:')g‘(jﬁ/snc')r)‘ the network byyerying nodes being able to find the actoahrestcopy.
N, then N ~ ng - (29)%, or L = O(==37). Therefore,  3)"Flash Crowd Mitigation:We generate queries tasingle

Theorem 3 guarantees thaggardless of the ObJ'e‘nore]\‘ﬂlJ‘EStpopuIar object with different query rates. The simulation starts
rate, the upper bounds of the owner service cour®{S2%™).  yith a 105 node network. After a warm up period @00

seconds, a random chosen node publishes the target object.
[1l. SIMULATION EXPERIMENTS After that, random queries are generated with a Poisson

In this section, we evaluate Leopard through packet Ie\g'ISt.”bu“on with a mean rate of queries per second (
aries from0 to 6). We performs five separate runs, each

simulations. When we generate random nodes in the node 1000 ds. Obiect d loading i is fixed at
space, we use node distributions that models the Internet no S L seconas. ject downloacing fime 1S Tixed &
seconds and nodes always withdraw immediately after

(called non-uniform hereafter) in addition to a simple unifor loadi Two diff ¢ d i
distribution. The non-uniform node distribution is based ofi°"/n'oading. TWo di _ere_nt s_ets 0 p_arameters are used: i)
d =2, L = 8, uniform distribution and iyl = 8, L. = 13, non-

dinate distributi f the GNP [3] dat ts. . L .
coordinate distributions ot the [3] data sets uniform distribution. Table | shows the histograms of nodes

1) Query Distance:To verify our analysis of the Leopard ~. = . :
) Query fy y b with different owner service counts at four different query rates

routing stretch we definequery distancewhich is computed for. th i The hist lated

by summing up the geometric distances in node geo spaceoJf f? hon-uni or(;n c:;se. 'the IS ogl;:_almts are_accumuta €

each forwarding hop of a query message packet. We constrDgf" V€ runs, and nodes with zero object service count are
not shown. For example, when query rate is 1/s, a total of

a network of10° uniformly distributed nodes, and distribute .
1,000 objects into random nodes such that e (1 < i < 5020 (3160 + 2 x 830+ 3 x 64 + 4 x 2) requests are served in

1000) object hasi copies. We generate)0, 000 queries from the five runs. Only two nodes ever served four reque;t;, the
gs} est service count. For all query rates, the vast majority of

random node for a random target object, and record the qu 0
distances. Fig. 3 shows the distribution of the query distanc][é des (99.9%+) serve three requests or less. We next plot the

grouped by thesmallest common areas the querying nodes raction of nodes has owner service countsl dhroughb, as

and thelocatedowner. Thez-axis in Fig. 3 represents the sizeShown i Fig.5 (uniform case on the left and non-uniform on

(i.e., side length) of the smallest common area normalizgale right). We observe that Fhe_ fraptions are almost idgintical
by ro. We observe a clear linear relation between the que ross all four query rates, indicating Leopard’s capability to

distance and the common area size, i.e., Leopard has a const H{e"e near-optimal load balancing regardless of query rate.

routing stretch. In addition, the “constant” is small: less than IV. CONCLUSIONS

2 for average, and less thexbs for 95 percentile. Results of We h dioi te localit inh
non-uniform distribution are similar. € have proposed (o incorporate localily-awareness inner-
ently into P2P network, and designed Leopard with this par-

2) Locating Nearby CopieswWe first define a metric called ~ . . : -
nearness factgrwhich is the ratio of the distance from thead'gm' We have demonstrated its many desirable properties:

querying node to thdéocated owner and the distance to the?e;)bnszm rg?t(')rt])geit_reg Zflfgc\{c\:\?gt ggsz; vsi)tha!‘\?llgzﬁ (l:c;g\?vtsi a
actual nearestowner in the network. We construct a system y copy ject y cop '
(d =2, L = 8) with 105 uniformly distributed nodes anth0 REFERENCES
unique objects, each witt* copies in the network (we vary o .
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