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Abstract- Distributed Hash Tables (DHT) are mechanisms ST Noded o —
used to locate datg in P2_P.and Grid computing. Early Chords cnemes O(()IOZN)E gree ozllf);‘% routing nops
DHT schemes, while providing lookups with optimal or| can o(d) O(dNY/d)
near optimal efficiency at the overlay level, tend to neglect Pastry (b—1)(log,N) +O(b) | O(logyN)
efficiency at the physical level. Although one may extend alzzfgtery g(long) 8883?\"\)')
DHT scheme by simply adding additional nodes in routing symphony oKt 2 O(log? N/K)
tables to provide extra locality choices, we note that therg Viceroy 3t07 O(logN)

are intrinsically better ways. We illustrate this point using
Chord as an example. We generalize Chord from one-sided
lookups to two-sided lookups in a new variation called o .
B-Chord. We show that B-Chord achieves substantialfyiind @long an overlay lookup path, which is an important
better lookup locality than Chord and 4-Extended Chordayerformance_ measure. We use the following definition of
a known variant that has approximately the same nod@ckup locality. _ _ _
degree of B-Chord. The improvement is achieved using aPéfinition: The physical cost of two adjacent nodes in
convex combination of finding a shorter physical path ariéi€ overlay network is the number of physical hops on the
finding a shorter overlay path. Simulating these protocof10rtest physical path connecting these two nodes. The
on common network models, we show that B-Chord, #Pkup localityof an overlay pattp is the summation of
average, incurs less than 35% and 25% of physical hop§ysical cost of each pair of adjacent overlay nodepon
than Chord and 4-Extended Chord, respectively. Providing multiple overlay paths is a standard approach
to improving lookup locality, so that one has choices to
Keywords: Distributed Hash Tables, locality, routing, datss€lect a path with better locality (i.e., with less routing

lookup algorithms, performance, simulations latency). This approach also makes the lookup protocol
more robust and more fault resilient. One way of doing so

. is to extend the existing DHT scheme by adding additional
1 Introduction nodes in routing tables with a minor modification of the
scheme. For example, one may extend Chord by replacing
Data lookup is a critical issue in P2P and Grid computach successor node in a Chord finger table with a list of
ing. It locates a node responsible for a given data (keyjnmediate successor nodes. We note that there are better
A number of distributed hash table (DHT) schemes haweays by a novel modification of the existing scheme. We
been proposed in recent years with an objective of providlustrate this idea using Chord as an example.
ing efficient, scalable, reliable, and fault resilient lookup We devise a new distributed lookup protocol using
service. Representatives of these include Chord [13], CAMditional routing information to turn one-sided lookups in
[11], Pastry [12], Tapestry [15], Koorde [6], Symphony [9]Chord to two-sided lookups. We call the new protocol B-
and Viceroy [8]. LetN denote the total number of nodesChord, standing for Bilinear Chord. Lookups in B-Chord
in the overlay network. Table | summarizes the number @ke two greedy strategies: Obtain a shorter overlay path
overlay routing hops of these DHT schemes. and obtain a shorter physical path. These two strategies,
Most distributed lookup protocols achieve lookup efhowever, may not agree with each other. To achieve the
ficiency at the overlay level rather than at the physic@est performance, B-Chord uses a convex combination of
level (Pastry and Tapestry are two notable exceptions). Bye physical distance from the current node to the next
lookup locality we mean the minimum physical cost travaode and the overlay distance from the next node to the

key.
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known variant of Chord that has approximately the sanoat with O(logN) messages [13]. That is, a query can be
node degree as B-Chord. Moreover, B-Chord preservesited to the destination node throu@{logN) nodes.
asymptotically the same performance as Chord on nolioreover, node joining and node leaving can each be
joining and node leaving. Simulating Chord and B-Chordarried out withO(log?N) messages.

on graphs generated from GT-ITM internetwork topol- One may extend Chord by replacing each successor
ogy models of flat random graphs, 2-level transit-stutiode in a Chord finger table with a fixed-size list of imme-
hierarchies, and N-level hierarchies [4], [14], we showliate successor nodes [13] to improve locality. The lookup
that lookups in B-Chord reduce on average over 35% afgorithm in Extended Chord is essentially the same as in
physical hops than Chord and over 25% than 4-Extendétord where the largest node from the list of immediate

Chord. successors is selected. The simulations presented in [13]
show that this approach can improve lookup locality.
2 Chord and simple variations We consider Extended Chord with successor-list-size 4,

called 4-Extended Chord, for the reason that the node
Chord [13] assigns each patrticipating node a uniqlge:gt[]ea? ilr? é’__gﬁigded Chord is approximately the same
o e e e e oot~ One may sy o mprove Chors aokup sty b
y sting . gtm. m o applying Chord twice independently and select a locally
key to _anr_n-blt bm_ary strmg. A ring of2mp0|nts Iabe_led better next node using a greedy strategy. This means to
by mbit binary string starting frond to 27— 1 clockwise hash independently each node twice to have two names
forms anm-bit base ring(or simply abase ringwhen there n, andn,. and each key twice o two namés and k,
is no confusion). We call am-bit string anidentifier, a 2 o y : : '
. . We call it 2-Chord The keyk, is stored in nodesucdks)
Chord ID, or a base pc_JlntCho_rd_ nod_es form a sub-ring nd the keyk is stored in nodaucdky). So every key is
?rt)tr:ﬁtgacslﬁc:rlgglbwe will not distinguish a node (or a key, tored in two different nodes. For each node in the routing
) path, there are two successor nodes produced by the Chord

We fix the usage ofm and N throughout this paper, . . ) )
) e o lookup algorithm on two different inputs of the key’'s two
wherem denotes the length of identifiers ahda positive .
namesk, and k,. The node with a smaller number of

number withN < 2™. We borrow the notations of intervals ; :

: . - hysical hops from the current node will be chosen.
on the real line to denote intervals on the base ring in the

clockwise direction. For example, latandb be two base

points. Then(a,b] is the interval that includes all the base3 B-Chord

points froma to b, excludinga and includingb, in the

clockwise direction. This use of interval notations would B-Chord is defined on then-bit base ring, where each

not cause confusion: When values in intervals are baﬁSde and each key is hashed to it identifier as in

points, they mean intervals on the base ring. Chord. Keys are stored in nodes in the same way as in
Let d(a,b) denote the number of base points(mb]. cporq.

Let k be an identifier. Denote bgucck) the successor of
k, which is the first node fronk on the base ring in the
clockwise direction. Each Chord node maintains a routi
table (called a finger table) of entries for routing keys,
where theith entry in the finger table at nodeis a pair

n%.l Finger tables

In addition to using the successor @f]i] as in Chord,

. ; B-Chord also uses the predecessorGafi], denoted by
Cnli],suc and
(Cul], sucdCali])) _ pred(Cy[i]), which is the first node counterclockwise from
Cilil= (n+2"Yymod2™, 1<i<m Cnl[i] on the base ring. Each node in Aknode B-Chord

] ] o network maintains a finger table 28— 1 entries. LetP =
Let sucg[i] denotesucdCyli]), called theith fingerof n. 30" " 1y be an overlay path angh(n;,n;) the number
Als_o |r_lcluded in each entry of the finger table is they physical hops on the shortest path from nodé node
location information (e.g., the IP address) of neuea|i] n; in the underlying physical network. The lookup locality
for routing keys. This information will not be explicitly ¢ p is Zﬁ)l ph(ni, M 1)
i= ’ :

displayed for simplicity. i The finger table at node contains2m— 1 entries in the
The lookup of a keyk at noden in Chord foIIovys form of (Culil, (prech[i], pi), (sucali],s)), where
a simple procedure: Check whethkre (n,sucg[1]], if

so, returnsucg[1]. Otherwise, find an integdrsuch that . (n+2-1)mod2™, if 1<i<m,

sucgi] € (n,k) andsucgli] is closer tok than any other ' :{(n_ZZm—i—l) mod2™ if m+1<i<2m—1,

fingers in (n,k). That is, for all j # i with sucg[j] €

(n,k): d(sucli],k) < d(sucg[j],k). Forward a query to pred[i] = pred(Cyli]), sucg[i] = sucdCyli]), pi =

noden’ = sucg|i] to locatek. Noden' repeats the same ph(n, predy[i]), ands = ph(n,sucg[i]). The values ofp;

procedure, forwards a query to the next node if necessaapd s are found using a standard network tool (e.g.,

and to the next, and so on, unkilis located. traceroute) and included in the finger table when the table
In an N-node Chord network, a lookup can be carriet created.



Remark: We only store the values qfi ands, not the
entire path, to save memory space. This information helps
reduce the running overheads of the lookup algorithm.

We call pred,[i] and sucg(i], respectively, thdth left
finger and theith right finger of n.

Examplel: Let m = 7 and the node set be
{5,14,25,36,45,54,65,74,83,92,102 113 123}. Table I
shows the finger table of node 123 and the finger table of
node 36.

TABLE I
(A)FINGER TABLE OF NODE123. (8) FINGER TABLE OF NODE36. Fig. 1. Lookup for key 59
Cia3 (pred,p) | (succs)
(123+2% mod2” =124 | (1230) | (5,13
(123+2YYmod2’ = 125 | (1230) | (5,13 ) )
(123+22)mod2’” = 127 | (1230) | (5,13 We note that these two strategies may not agree with each
(123+§)m0d2;:3 (1230) | (513 other. That is, we could havph(n,n~) < ph(n,n*) but
Eggi?mgg;zg 851?1) gg’%l) d(k,n") > d(n",k), or vice versa. In a lookup process
(123+2%)mod2” =59 | (5417) | (65,5) sometimes Strategy 1 is better and sometimes Strategy 2
(123—2%)mod2’ =91 | (83,18) | (929) is better. To take advantage of both strategies we use a
5123— 2‘3‘;m032; =107 ElOZ 9)) Ell?x, 1)9) linear combination of the two strategies to define the cost
123—2%)mod2’ =115 | (11319) | (1230 1 ;
(123 2)mod2’ — 119 | (11219) | (1230) from noden to noden’ such that the phyS|_caI cost has
(123—2Y)mod2” — 121 | (11319) | (1230) weight a and the the overlay cost has weight where
(123— 2% mod2” = 122 | (11319) | (1230) a,b>0anda+b > 0. Since the cost function is used for
Q) comparison, it is equivalent to using the following convex
o bred p) | (sUcss) combination of the two strategies with a single weight
36+ P)mod2’ =37 | (36, 05 45.21) parametero = a/(a+b). That is, for anyo € [0,1], let
36+ 2)mod2’” = 38 36,0) 45,21) ( Jd(k /) oy
36+ 22)mod2’ = 40 36,0) 45,21) N , 1-0 ), ifn=n",
36+ 2%)mod2’ =44 | (360) | (4521) c(n,n) =g -ph(n,) + (1—o)d(n,k), if 0 =n.
36+ 2% mod2’ =52 45,21) 54,14)
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36— 25)mod2” — 4 12319) | (5,13 for a smalle > 0, the lookup algorithm yields the best
36— 2% mod2” = 20 14,26) 25,7) result.

gg:gﬁ%mgg; = gg gg ig 2278; As an example let us assume in Example 1 that node 123
36— 2') mod2’ _ 3 25, 18) 36 0) is instructed to locate key 59, which is storedircg59) =

36— 2%) mod2” = 35 25,18) 36,0) 65. Let 0 = 1. From Table II(A) we see that nodes 36

(B) and 83 are the two best candidates, 36rc (123 59) is
closest to 59 among all nodesicg[i] € (12359), and
83 ¢ (59,123) is closest to 59 among all nodesed,|i] €
59,123). Node 36 is selected becaupk(12336) =7 <
3.2 Lookup (18: ph2123 83), and itis in the cIockwisEa directi)on. From
Table II(B) we see that node 54 from the column of right
For a given keyk at noden, the lookup procedure fingers and node 65 from the column of left fingers are
proceeds as follows: Finth such thatprediio] € (k,n) the best candidates, and node 65 is selected that is in the
and it is closer t& than any other nodegsred[j] € (k,n).  counterclockwise direction.
This step is referred to asounterclockwise lookuplet  This Jookup procedure, however, may not converge.
n = predh[io]. Find iy such thatsucgl[u]_ € (n,k) and It This is because an alternating clockwise lookup and coun-
is closer tok than any other nodesuca(j] € (n,k). This  terclockwise lookup may form a lookup loop. To solve
step is referred to aslockwise lookupLet n_+ =sucG(ia].  this problem we introduce two variablBs (counterclock-
Select a node from these two nodes with a smaller cq,ﬂse) andD* (clockwise) to keep track of the overlay dif-
and forward a lookup query to that node with the Key ference between the contacted node and the key to ensure
Repeat this process until the key is located. The cost fraf¢ the next contacted node is closer to the destination.
noden to noden’ may be the number of physical hops\gte that ifn is a clockwise node, thed(n* k) < D*; if
from n to n’, ph(n,n’), stored in the finger table, or they, is 4 counterclockwise node, theltk,n~) < D~ Thus, if
distance on the base ring betwedgnand the keyk. This d(n*,k) > D*, then moving to node™ in the clockwise
gives rise to the following two greedy strategies: direction will be farther away fronk than moving to node
1) Select the next node with a smaller physical cost.n™. Likewise, if d(k,n~) > D~, then moving to node~
2) Select the next node with a smaller overlay cost. will be farther away fronk than moving to nod&™. D~



andD* are passed to the next node and get updated alangans thapred,|j+1] € (k,Cq[j+1]] andd(k, preds[j]) <

the way. d(k,Cq[j +1]) < d(k,n), which violates Inequality 1.
Described below is the final lookup algorithm Case 1:1<i< m. Note that

LookuPs() with a weight parameteo.

d(n,sucdk)) < d(n,Cafi+1))
Il For a given keyk find the destination nodsucdk). = 2<2™?
/I Initially, set D~ « d(k,n) and D™ « d(n,k). d(succk),n) = 2M—d(n,succk))
> 2m o 2m—1 — 2m—1

n.LOOKUP4 (k) o
1. if k€ (n,sucg[1]] return suce[1]; terminate; d(Cafi],Cali+1) = 2-2"t<2™2
I destination found

2. if ke [predy[1],n) return n; terminate; Thus,
Il destination found d(sucdk),n™) < d(Cy[i],Cnli + 1]) < d(sucgk),n)/2.
3. setn— < pred|ig], where predy[io] € (k,n) and N
d(k,n~) = min{d(k, prechi]) | predhfi] € (k,n)}; Case 2: i=m. Note that
4, Z?tTk;— sugqq{[idlg, wheir]ei;u':(;][il] E(n,? E)n}d Cam+1 = (n—2™ 2)mod2m
n",k) = min{d(suce[i],k) | sucg[i] € (n,k)}; B Mmoo Am2 m
5.if d(k,n”) > D~ setn’ «— n*; = (n+27-2""")mod2
/I Choosen™ = (n+3-2™?)mod2™.
6. else ifd(n* k) > Dt setn’ —n—; d(Cy[m],Ca[m+1]) = (3.2™72 2m 1)y mod2™
/I Choosen™ — om-2
7. else ifc(n,n”) < c(n,n*) setn’ — n~; ’
8. elsé setn2 — rE*; ) disucdk),n) = d(Glm+ 1, n) .
/I Choose the local optimal node = (Co[m+1] —n)mod2
9. setD~ —d(k,n") andD* — d(n™,k); = 3.2m2
t /L k);
return n".LooKuUPg(K); Thus,
3.3 Correctness proof d(sucgk),n”) d(Cn[m],Cn[m+1))

<
< d(sucgk),n)/3.
The parameteo does not affect the correctness of the

lookup algorithm regardless its value, and so in this sectionCas€ 3: M<i < 2m-—1. We first note thai cannot
we will not specifically mention this parameter. Lt D€ €qual to2m—1, for n— andsucgk) cannot be in the

denotes théth node { > 0) in the lookup path witmg = n.  interval(Ca[2m—1],Cq[2mi] = ((n—1) mod2", n] that only
In ni.LookuP(K), we say that a node is beimbeckedf it contains nod&. Thus, we must have< 2m—1. We have
is eithern;” orn" in lines 3 and 4, and a nodedsntacted d(succk),n) = (n—succk))mod2™

if it is where the query is forwarded. No communication

. . > _ i m
is needed for a node being checked. = (C”[']Z)Zmoidf)
= n—(n—
Lemmal: In n.Lookupr(k) we have the following: —  p2m-i-1

1) d(such), i ) < d(sucgk),n)/2. d(Cu[i],Cali+1]) = [(n—22m(+D-1y_
2) d(n", pred(k)) < d(n;, pred(k))/2. (n— 22" 1) mog2™

Proof: We will prove the first inequality. The proof of —  p2m-i-2
the second inequality is similar. Without loss of generality, '
we usen to denoten; andn™ to denoten; . It follows from  Thus,
the look Igorithm thah~ € (k d . .
e lookup algorithm € (k,n) an d(sucdk).n’) < d(Cilil.Cali+1])
Vpredy[i] € (k,n) : d(k,n™) < d(k, predy|i]). 1) = 2°™-2 < d(succk),n)/2. m

Sincen™ € (k,n) we haven™ € [sucgk),n). Starting from  Next we assume that both clockwise and counterclock-
point n, the finger pointsCq[1],...,Cq[2m—1] lie one by wise lookups occur in.ookup(k). If the ith node on the
one in the clockwise direction. These points (includimg lookup path is a clockwise node, then we denote iy
partition the base ring int@m segments. For convenienceptherwise byb;.

let Cy[2m] = n. Sincen™ # n and pred,[1] = n, there must
be an[intLgeie [1,2m— 1] such than*[e] (i, Cali +1]]. Lemma2: Let P be the lookup path ok ookuP(k).
This implies thatsucdk) must also be in this interval. To 1) If P contains a sequenég—a;;1—Di, 2 for some in-
see this suppose thaticdk) is not in this interval. Then tegeri > 0, thend(sucgk), bi,2) < d(sucgk), b)/2.
sucdk) € (Cu[j],Cnlj +1]] for somej. If j >i thenn~ ¢ 2) If P contains a sequeneg—b;+1—a;.» for some in-
[succk),n), a contradiction. So we must haye< i. This tegeri > 0, thend(a;.,2, pred(k)) < d(a;, pred(k))/2.



Proof: We prove Statement 1. The proof of Statemendcate the destination nodric¢k) for a given keyk. Let

2 is similar and is omitted here. Ic(n,k) and Ig(n,k) denote, respectively, the number of
Since nodédy;» is in different direction from node; 1, nodes on the overlay path from nodeto nodesucck)

it means that > = &, and the condition in line 5 in in the Chord and B-Chord networks. L&f(n,k) and

8+1.LOOKUP(K) is false; namelyd(k,a_,) < &1.D7, I5(n,k) denote, respectively, the lookup locality of these
whereaj;1.D~ represents the value @~ at nodea ;. two overlay paths.
It follows from & 1.D~ =d(k,b;") that We assume that nodes are uniformly distributed at

random on the base ring and the underlying physical

d(k,bir2) <d(k.b). network is a graph selected uniformly at random frbim

By Lemma 1(1) we know that node connected graphs. Then on average a shorter overlay
path is expected to result in a shorter physical path. For
d(sucgk), by) < d(succk),bi)/2. each random variabl& in the set oflg(n,k), lc(n,k),
Thus, 15(n,k), andl8(n,k), we useEn[X] to denote the expected
value of X.
d(succk),bi;2) = d(kbi12) —d(k succk)) We claim that Enk[lg(n,k)] < Enkllc(n,k)] and
< d(k b)) —d(k sucgk)) EnxlI§(n,K)] < Enk[IE(n.k)]. To see this we inspect each
_ dsucdk). b execution ofn;.LookuP(k), wheren; is theith (i > 0)
= d(sucgk),b) node on the lookup path ang =n. Let HC™ denote the
< d(sucgk),bi)/2. B half circle of the base ring from noda clockwise and

HC™ the other half.

Theorem3: Assume that in arN-node B-Chord net-  Assumei = 0. We note thatd(ng,ny) < D~ and
work, nodes are uniformly distributed on the base rin@(ny,n§) < D*. Supposepred(k) is on HC™, thenn, is
Then for a given key at any nodel 0oKuUP(k) locates closer tok than the node selected by Chord because B-
k by contacting onlyO(logN) nodes. Chord has fingers itH{C~ and Chord does not. Suppose

Proof: For convenience, we caduicdk) andpred(k) Pred(k) is on HC*. If m = ng, then ny will also be
a target node It follows from Lemma 1 that for any one selected by Chord. Iy = ngy, this meansc(n,ny) <
stepn — np, noden, is at least two times closer thanc(n,ng). Since Chord will selectj, and so B-Chord's
noden; to noden;’s target node. Since the distance frongelectionny is better than Chord's selection. Evennif
the starting node to the destination node is at n@3t is randomly selected fromy and nj, B-Chord still has
if directions do not changel.ookur(k) takes at most two out of four chances to select a better node, one out
m+ 1 steps to reach the destination noslecgk) (the Of four chances to select a node that is as good as Chord,
extra one step is needed for the clockwise step). Supp@ one out of 4 chances to select a node that may or may
thatL ookup(k) changes its lookup direction. Assume thalfot be better than Chord. Thus, on average we expect that
Lookup(k) alternates its direction at each step for tw#-Chord selects a better node than Chord does.
steps, withn; — ny — ng, wheren is in different direction ~ Now assume > 1. Supposen; is selected by line 5 or
from n; andng is in different direction frorm,. By Lemma line 6. Thenn; is at least twice closer to the target node
2 we know thatns is more than two times closer thanthanni_; by Lemma 1, regardless whethgris clockwise
n; to ny’s target node. Thus, iEookupr(k) alternates its Of counterclockwise. Thus, on average this selection is at
direction at each node, it will take at ma&n-+ 1 steps to least as good as Chord, and whened(k) is onHC™, this
reach the destination node. Other situations (i.e., there &gdection is better. If is selected by line 7 or line 8, this
a few steps in the same direction, a few steps in differef@se is similar to the case ¥ 0.
directions, and a few steps in the same direction again,
and so on) will take betweem+1 and2m+1 steps to 3.5 Node joining and node leaving
reach the destination. Since tiNe nodes are uniformly
distributed on the base ring, the expected number of nodedNode joining and node leaving in B-Chord follow
contacted in the lookup path B(logN). m the same procedures in Chord. When a node joins the

Under a good hash function, nodes are uniformly di§€twork, B-Chord first locates an arbitrary nodg on

tributed with high probability. Thus, we have the followingh® fing and asks it to look for the successor and the
corollary. predecessor of the new node. After this is establish the

~ network is functional, although it is not yet at its full
Corollary 4: In anN-node B-Chord network, with high capacity. The construction of the finger table can be
probability the number of nodes to be contacted hyarried out in the background. A partial finger table, as

Lookup(k) for locatingk is O(logN). long as the node knows its immediate predecessor and
_ successor, can provide lookup service. Since the successor
3.4 Lookup analysis and the predecessor of the neighbors of the new node

have changed, the corresponding finger tables of the nodes
Suppose that the same nodein both B-Chord and must be updated. The existing node recursively updates the
Chord networks of the same number of nodes needsfiegers of other nodes. When a node leaves the network, a



TABLE Il

similar procedure is followed. To update the successor and
PARAMETERS FOR THET-S MODEL

the predecessor of each node after a node is added in or

: | S T K N N Es Ess R P | size

removed from the network, yve.could employalgzy fmger GI[82 8 7 12 23 3 2 03 0215540

update mechanism that periodically verifies the immediatec2 | 47 6 9 10 29 2 1 032 0.21 15,750

successor and predecessor of each node, and refreshes i | 19 9 8 12 18 3 0 029 03] 15648

p 2l i G4 |77 7 6 12 31 1 1 033 017 15696

Inger table entries. _ S G5 |51 10 7 14 16 4 2 021 03415778
The communication cost of creating and maintaining a
finger table in B-Chord is higher than Chord, for additional

TABLE IV

nodes need to be contacted and their information need to
be maintained. The number of these additional nodes ig~CMPARISON OFB-CHORD OVERCHORD, AND B-CHORD OVER

less than three times of the number of nodes maintained in 4-EXTENDED CHORD

a fi_ng_er table of Ch_ord, and so is in the _ordeIOJ(fog N). hg’ghg | Ggf)nl?% 6;‘;’1% ':fggolﬁ)

This is a small price to pay for the improved lookup hB/hR | 79.2%  70.9%  68.7%

locality, and the work can be done in the background

without interrupting the lookup service. If nodes stay in

the network for a while (for instance, from a few minutes ) ) .

to a few hours), the improved lookup locality would peSundu SunFire V240 server. (Simulating denser networks
worth the effort. over 16,000 nodes on this machine was arduous.)

In summary, when a node joins or leaves the B-Chord In our simulations we choose the parameters (details are
network, onlyO(logN) nodes are affected. The finger tabl@iven in Table I1l) to generate T-S graphs. The parameters
of each affected node must be updated. The update & Cchosen guarantee that the degree of each node is
each node incur®©(logN) messages, and so the overafP€tween 2 and 7.
update cost i©(log?N) messages. Our N-level graphs are generated with the following

paramentersL € [3,5], N € [4,23, o; € [0.3,0.7], and
. . Bi €10.2,0.5]. The total number of nodes in each graph
4 Simulation results is between 15,312 and 15,525, and the degree of each
node in each graph is between 2 and 7.

We simulate Chord, B-Chord, 4-Extended Chord, and For each graph generated we run the following pro-
2-Chord over the Georgia Tech Internetwork Topologyedure 300 times: Randomly choolkenodes to form a
models (GT-ITM). They are flat random graphs (Rand), 2Zzhord, a B-Chord, a 4-Extended Chord and a 2-Chord net-
level transit-stub hierarchies (T-S), and N-level hierarchiagorks, whereN = 1000j (j =1,...,15). For eachN-node
(N-level). For detailed descriptions of these models pleageerlay network we randomly and independently choose
see [14]. We use the software package GT-ITM [4] t800 node-key pairgn,k) and execute the corresponding
generate physical networks. Our code is written in JAVAookup algorithm to locate nodsucgk) starting at node

A Rand graph is generated by connecting each pair ofwith 0 = g. We calculate the average physical hops for

nodes with a chosen edge probability. each lookup protocol at each value Nf(see Figure 2).
In all the Rand graphs we generated, the degree of edbl see that on average 2-Chord has no advantage over
node is between 2 and 8. Chord.

A T-S graph is generated based on the following param- Averaging physical hops over all lookup paths in our
eters: the random see®) the number of transit domainssimulations under all three topologies, we obtain com-
T, the average number of stub domains per transit nogarison data shown in Table IV, wherg , hE, and h§

K, the average number of nodes per transit dorbgjrihe  denote, respectively, the average number of physical hops
average number of nodes per stub domginthe number in Chord, 4-Extended Chord, and B-Chord. From the table
of edges between a stub domain and a transit dofgjn we see that the average lookup locality in B-Chord is 35%
the number of edges between a stub domain to a stab36% better than that in Chord, and 20% to 31% (i.e.,
domain Egs, the edge probability in transit domaii®, more than 25% on average over the three models) better
and the edge probability in stub domaiRs than that in 4-Extended Chord.

An N-level graph can be determined by the following We have chosen the weight parameter= g in our
parameters: the number of levélsthe number of node¥;, simulations. This indicates that, according to the convex
in each internal subgraph at levet [1,L], the flat random combination of the cost formula(n,n’) (see 3.2) used
graph modelM, and the edge probability parametars in the lookup algorithm, aboug of the improvement
andf; that determine the connectivity in each subgraph abmes from selecting a shorter overlay path and algout
leveli. of the improvement comes from selecting the next node

We carry out our simulations undar= 15 with 32,768 with a stronger locality. To further explore how affects
identifier spaces. It allows us to simulate networks witherformance, we have carried our experiments with
densityp (i.e., p is the ratio of the number of nodes in aranged from 0 to 1. Figure 3 shows this effect on a T-S
network and the size of the underlying ID space) rangepaph. The improvement percentages are calculated based
from 0.03 to 0.50. We carried out our simulations on an average physical hops in lookups with different values
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d (c) over N-level graphs.

——Imp
——— Impgg |

ve 29 13 49 59 23 79 89 1
parameter of weight

of o over 5000-node overlay networks. The next node
selection, whero is set to 1 depends only on the physical
cost; and whero is set to 0 depends only on the overlay
cost. It indicates that wheg = gis with small € > 0,

the lookup algorithm is optimal and the physical locality
plays the most effective role. The physical improvement
of B-Chord over Chord can be as much as 41%.
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