(Tourist it X)

level | D/ — RIZDWT
nodeld @ |-bit prefix
& A prefix
(prefix eigenstring)
nodeld @ |-bit suffix
[ A suf fix
(suffix eigenstring)

message routing (F —IX k)
1) B/ — KM root node T»H 2 » ?
(is the local node the root node?)

Ha2& k PEL prefix &5 (HZ2OIEAprefix)
(if the local node has common prefix with k, )
TOVWD ) —RZ2z2EHM->T WS 025 (prefix table)
(because the | ocal node knows ALL nodes with the prefix,)
H4 % root YW TX3
(the local node can determi ne whether it is the root node)
Ha7Z>2b68T
(if so, done.)
HoTRINE(#ETH22EbIr>TWW3) 2) A
(el se proceed to step 2)
H2& k O prefix &> B 5
(otherwi se, proceed to step 3)
root MESNIE LML RWY 3) A

2) root node #% prefix routing table IZA>TWVW3d N7
(is the root node contained in the prefix table?)
1) THD kD prefix »—8H UL T
(it is the case the |ocal node has common prefix with k)
BEMNDHDIE root TRMNR->EZ5E
FTORLED /) — RITHEE
(forward the nessage to the root node)
one- hop

3) suffix routing table » S %2 L THik
(select a node fromthe suffix table, )
Zff: =D/ — KD prefix routing table
root node A > TW3
(whose prefix routing table nust contain the root node)
t wo- hop

Tourist @ key advantage
XMHNY NORASVEEF> TR
(if X holds a ponter to Y,)
Y D prefix table IZ root H 2 »n%
X EXHASTHWTE3
(X can judge whether Y's prefix table contains the root)

key: k &9 3%

YDOLRLVE Iy LT

k @ ly-bit prefix » Y & &I X
Y @ prefix table (Z root 23 %
(Eo 1, 212#YH)

XOR-distance ZHH L 2 Z &2 & % Fl i
(Bl SHEDOHHZ &, prefix W—H LR TEENILENDHD
(nurerical difference would | ack conpl et eness)

k: 00111 & node: 01000 & %)

PEDELDB Y BB T X D suffix table IZHD D0 ?
T D RGE X 2™ -> backup structure /N

1,000,000 / — K Tk ‘ \
two-hop D7 ITIX, THATH 2170 Y ~ Y D table A% %
sqrt (4.7 N) for 99.9%



FOEMIZIE nulticast 2S5

mul ticast in Tourist
nore sophi sticated
join/leave @ multicast
routing table 2T D/ —RZ2ELEDETITHEDIZANE
section Il T

level O HENFHT (auto adjustnent)
PC OMEREIZIE L T level 2%& S
(depend on the capability of nodes)
BEZALTEHDO L N % %

J — RIFHEEO LR Whbps) % & E

(upper bandw dth threshol d)

MERIEAN W2 - WIZZHZ D EDIC level %= HE)

(adjust the level to keep actual bandw dth Iying between W2 and W

VAT LADRBEDOH, K -> table ® LK
mai nt enance cost W« & ¥/

level <- level + 1 (lower the |evel)
table I} I2R 35

table entry DOHIXIFIE—EIZH D
MHEHIREIFIE—F

routing efficiency IZ5%
one-hop Tl < MEHR L (Px + SX)/N
Px,Sx - prefix,suffix table O K ¥ X

churn rate (2% self-adaptive
lifetinme Ik
mul ticast DHHE &7
WO ERIZET DL level =level + 1 (lower the level)

tabl esize X average lifetime (2% Ll

WHUADEZMHETE LV RNILFARE TS
menory, CPU, storage?
(a node can adjust its level for any reason)

B. XOR-based Di stance Metric
there would be a "routing puzzle"
leaf set & prefix table ODEW
| eaf set - symmetric
T+AEE - LM ELEVDS T EN?
Figure 2
X: level 4 (4-bit prefix table)
prefix table:
key A000 M7z & X, X(A013) IXH 4 »root THh D Z & Wb»nd
nureri cal di stance:
OFXX DHFEEMDOML LB VN L HETE RV

FElfEIZ, LD Y B root "DODRA VA EBFHFL>TWVWENN X IZh”hd
Y OE Aprefix & k bk

C. Backup Routing Table
core structure may fail in
extrenely |arge
dramatically dynanic
situations
IZH W T, routing 1229 % Al gE M
< D /=& D backup routing table

| evel -1 node
backup routing table - | itemns
i HHEICAD . —RIE (the i-th node)
JeUH (i-1) bits AH/ —R& —%



(first (i-1) bits are the sane with the |ocal node)
i-th bitHIZ®R&K D

Fi gure 3

level -4 O/ — KD backup table

72T ik suffix rouing table O T ¥ kU AND(RME) A1 > &
(in npbst cases, the pointers can be fo nd in the sufflx t abl e)

suffix table K& J — KA VAWEE J}ZISéIOJ v R
FERIZ X S & very large and dynamc RIBE 7 itﬂfﬁ

Pastry @ routing table & O ¥l
Ol ogN) routing

Figure 4

logically conplete 7% routing algorithm
two-hop DEM N RAMANS RM o/ e I
backup table % f|fH 4 % (l1ine(4))

gr eedy
XOR di stance (& B 3 & A

line(3) THEEM» D L4
LEXAY NI —TZWHIZEVWEDE EZEIE FHA
ZHNIZDWTIX section IV

rcv_msg(key=k, nessage=nsg) //receive a nessage.
if begin_wth(k, prefix_eigen) then
[1if the prefix eigenstring begins with k
begin
(1) p := getNearest(prefix_rt, k)
//get the nearest pointer to k in the prefix routing
//table, using XOR-based distance netric.
if (p = self) then report(nsg, upper_application)
/lself is the root node, reporting upward.
el se forward(p, k, nsg) //send the nessage to p.
end else //the root node does not in the prefix routing table.

begi n
(2) cand := get_reachabl e(suffix_rt, k)
//cand is the set of nodes that can route
//the message to the root node via one hop.
if (cand '= null) //two-hop routing from now on.
begi n
(3) p := get_best(cand, k)

forward(p, k, nsQ)
//forward the nessage to the best one in cand.
/1the choi ce can be based on vari ous preferences.
/I basically, a randomone is chosen.
end else //no suitable pointers in the suffix routing table.
begi n
(4) p := get_nearest(backup_rt, k)
forward(p, k, nsg)
//forward the nessage to the XOR-based
/I nearest pointer in the backup routing table.
end
end

Il Routing Table Mintenance

mul ticast #% main issue

prefix & suffix (ZXF (symetric)
2Tk prefix IZoWT AT

A. Tree-based Multicast

X's (prefix) audience set
prefix table (2 X 288/ —RDESL
(all the nodes whose prefix table contain a pointer to X)
J — R® join/leavel *adjust |evel* (X audience set IZ(EX 2% &%



audi ence set O ik ik
Figure 5
audi ence set D % 3:
THNDOEA prefix 2 X @ nodeld & —
(whose prefix eigenstring is a prefix of X
audi ence set O EFE Y D prefix table (Zi%
ML ANVEZTNTF(EPREND)D L RILOD
4 audience / — RZ &L
(contains the pointers to all the others at the sane or |ower |evel)

audience set DI HDHEEHLANNLD /) — RiZfzbhniX+ 4
(highest level node in X s audience set)

Figure 5 Tld&mm b ALz 0 20
WO EZD LIRS AW

i
1) X Y @ (prefix) super node & %
XOLRRY &HFEW
X OE Aprefix B Y D prefix
X D
Y

prefix routing table &
@ prefix table % & ¢

2) T 2 X @ (prefix) top node & I
T A X ® super node D5 bH, HE L RN

LRV 0 —RKR»¥EdpniE, 2> top node
(if level -0 nodes exist, they are top nodes)
TOTHRVWE X
VAT ALAEEKIFZVWLS OND part TN D
part 2%i& S & prefix table »/\JEE A
% part XZMNZH top nodes % & D

% — KX (p i x) top-node list % {%
t MoRA VAR (ﬁﬂfit&

nul ticast ® FEH

X VIR B2 L
join / leave / adjust |evel
event-report nessage
to a top node
Z ® top node ' tree-based multicast #% B
Figure 6

F®D top node DL RX)UMN 0 o2 LT
(assune the top node is |level-
H4® nodeld & & Efibit AR5 ) — RIZKESE
(sends the event to a node whose first bit is different)
H%® nodeld £ Zbit N IFUDOTRBRD ) — RIZHES
(then to anot her node whose second bit is different)
9T DD
INZFT ITTRTO] J — RIZ nulticast #f B
(after that, all nodes receive the nulticast)

Z % audience set IZHRE T NIE K
(limt the multicast to the audi ence set)
EEOE, mBELVARNUNEN ) — RICED BHE

compl ete
audi ence set &« B IZJE <
non- r edundant
AwE—YDOEMELL
(each node only receives the event once)



+ LRI FEW ) - REFEEFEEI LTV

(Hi gher-1evel nodes have nore out-degrees than | ower-1evel ones)
+1log 2(A AT v 7 T5%7T (A audience set DY A1 X)

(An event can reach all the nodes in the audi ence set through about steps)
+ multicast tree IXFHAMW, BHIZEED

(The multicast tree is neither unique nor pre-determ ned)

mul ticast D ERIZ acknow edgerment &% %
(acknow edgenents are required for all the nulticast nessages)
WM Z W - node failure & U CLHE
(When a nmessage gets no response after three continuous attenpts,)
prefix table 7» 549
(the corresponding pointer will be renmoved fromthe prefix routing table)
M) — RIZEE
(and the nmessage will be redirected to a new target node)

B. Failure Detection
BHIZLUOHRZ &5 950
(nodes may | eave the system wi thout notification)

G AprefixWHE@D (LRIVERL) J — RiZ
(nodes with the same prefix eigenstring)
EEMVEREEHN TV
&2 fE 4 (fully connected)

D

.7 FOTV VY ITRICUMALZLEEZXT

#IHI1Z right neighbor % probe

each node in this circle probe its right neighbor periodicallyi)
RS, fail & LT, BT leave % #i 15

(Once a node detects the failure of its right neighbor,

it imediately reports the event to one of its top nodes

and redirects its probe to the next right neighbor)

top node XL @EZN S RN £ 5

ol i

Fi

o FC

concurrent failure » > TH KLK
(resilient to concurrent failures)

772U, RUFEGprefix®d /) — RN =272 7L

(a special case: only one node with a certain prefix eigenstring)
ZHES E< 0w
XKEiD refreshing TXf s

?A Y BOMOMA &,fgcmif BLLBSELEDBRD M
AlZ TB 2% fail | ML T, top nodelZELTUL 5
top node X, 3 B HEOERFEERT 20 ‘7“

C. Refreshing
mul ticast (& A5
prefix table 2GR Y O A HEME - two types
absent pointer
J— RWGFEHETZDIT table IZ#H > THWV
(an existing node is not in the table)
TD/) — R leave THIRICIELLSAD
(woul d be automatically revised when the node | eaves)
stal e pointer
table IZH > TWVWBDIZ ) — RVEFELL BV
milticast TEHEPARAVWIETHEHEL TEBIE

MY EEFEBERIERWAZOHIT - refreshing nechani sm
(to guard agai nst the accumul ati on of errors)

prefix routing table #H®d J — R D% @ % G Hl

(rmeasures the lifetime of all the nodes in its prefix table)

LR WVEBEOEYHFEmEBEE LT

(calculate the average lifetinme at each |evel)

LRI @/ —RiE 2*LT_| OB TH S DOIRFEZ audience (T NV FF ¥ A b
(a level-1 node nulticasts its state around its audience set every 2LT_I)
LRI mODOKRA VAN LT mODDHWVErefreshI i i



(if alevel-mpointer is not refreshed for 3LT_m)
(PFEYV ERDOINVFF Y AN EZELRITNIEE
prefix routing table » 5 R %

(it is removed fromthe prefix table)
absent ¥ stale H AU T X3

error rate @O LR %R 2 %) R

EEFEMO25EESTD ) — REFEAR VDT
(lifetinme of node is nmuch shorter than twi ce the average)
EEICIFEFAYEGHI LA
(rmost nodes never performrefreshing nulticast)

D. Top-node List O if FF
event-report % a top node (Z3%fE
TOMRIEEZELLT, T-1 1I0) top node list >V TK 3
(t-1 pointers to other top nodes are piggybacked on the ack)
INZE2ZJTHSOY AMNZEHRTED
(use themto update local list)
top-node list D& /) — RAPEZDE>7725H
(if all the top nodes are unavail abl e)
prefix table o6 flid ) — REZE AT, TWVWDOITHES
(asks another node in the prefix table for his top-node |ist)

E. Suffix Routing Table O i £f

prefix &< FEBRIC, MIZITITED

(mai nt ai ned i ndependent|y)

change-event DOPFRIZIE, Z2®D nulticast WFRAETZ I LIZR D
(results in two nulticasts)

F. Joining and Level - adj ust ment
W — R X &
bootstrap node B (2 £ #¢
X O 2% FH K E 1
| evel
prefix top node Tp, suffix top node Ts
| evel
BDO L N)JL + | og(BD & ik/ XD & i)
(level _X = level _B + | og(bandwi dth_B / bandw dt h_X)
Tp
[BDtop = XDtop] &S, VANNPL#EYIZEATHET
TOTRWADL B l%, suffix table 5 C 2:ZA TR D
a) COE Aprefix C XDI[E Aprefix
b) XD [E Hprefix C CO[E Aprefix (i Xtypo)
c) XD AHprefix = COIE Hprefix
Clk X2 Tp 2T
Ts IZ2OWTH Ak

routing table
X & Tp, Ts W6 X7 >0 — R (topld@ B> TD»H)
(X downl oads its preflx/sufflx routing table and top-node list from TP and TS)
LRI ERD ) — RBAEFICITFR>THE RV
(They can ask some ot her X S super nodes to transmt it in parallel)

Tp, Ts I X D&M % mlticast 9 3

war m up
SMOEE, VAL EESFEEL TE T
(A joining node can also first set a low | evel)
KRB TS MWL ENE T
(so as to start working in a relatively short tine)
TRV )LVE EITS
(After conpleting the back-ground downl oading, it raises it |evel)

A ) I [ D K i

AEPODI/A)I/”TE (adj ust level at runtime)
W-lonErind table T MV %
supernodes N o AF

?? supernode NWARWH A&, DF Y H Dtop



?? B 565 < suffix tablez fi5> D~ A5
F D% T top node  level-shift event #H 4+ -> nulticast

TIF2Hik table T MY 2 TTHHIRE

G Backup Routing Table O i £f

ZIMMBLT prefix/suffix table% M 7~ 4

(after downloading its pre-fix/suffix routing table)

suffix table DHE XM 2% D% backup table IZ AN 2D
virtual pointer

INTHRIIHEESL RV A X

(If there are sonme itens that cannot be satisfied)
physi cal pointer
a super node (or a top node) (T Z K

MEFF D 7212, physical pointer % ##1Z probe
30# 12 — [
stale RO >~ 5
super node »H5RbHY = AF

& i@ IZphysi cal pointer |& f‘ 7b> 5
probe M7 — /3~ RiZ

H.  Sunmary

tabl e O ifff 7 (T 46 B4R H IR

(bandwi dt h required for mai ntenance of routing table)

1) event-distribution nulticast (join, |eave, |evel change)
2) failure detection (ring)

3) backup routing table

A S AN B
several nessages per second (weak nodes)
hundreds of nessages (powerful node)
2 I E
0.2 nessages / sec
3 EEIEE D
101I’C 0.5 nessages / sec

LRVICE > THREBORBENRTEDZ I LE2RLTWS
(adjust the size of its prefix/suffix routing table
to control its bandw dth cost)

I'V. LOCALI TY- AWARE ROUTI NG
routing protocol T, 2-hop OWIZ, XD/ —RZEREL A THHE
(many candi dat es when choosi ng the next hop fromthe suffix table)
Z Z T, network distance 3 EWVHE D EE RN L A

722 722-hop DD —DEMNH

net wor k di stance

suffix table MK I W&, ThzholllE i K H
di stance prediction

WAWNAHDH LW

G\P (d obal Network Positioning) % £

161 @ wel | - known nodes
&) —RixTh o~ HE % E
(Every node neasures its network di stances to then
TDIERICDIEZ, HDDKRA ¥ ZE®IZA I
(attaches the 16-di nmension coordinates into its pointers)

BB S5E0E D 2 SR

(When there are many candi dat es for the next hop)
I6RITGEMTHSEEWE D% ESR
(choose the one whose coordinates are the closest
toits own in the 16-di nensi on Euclidean space)

i N v, CPUE%F'?’E%?%
1, 000, OOO/*‘F@WJ‘C



Y9 5,000 B EOERR D D
routing efficiency £dD b — KA 7

Fi gure 8
A D — 721 & R
LB TH RN 2RO T
(froma random start point)
TR U 72 EM (N {cand}) 7Z T AR B

(The search continues until it has collected N cand valid candi dates)
N {cand} 1&4& / — R @ELBITHED D

V. EXPERI MENT RESULTS

1,000,000 Tourist / —RoO¥YIalb—vyav
EBEOp2pY AT LDEMA/AIZHHLET
(lifetine distribution is consistent with the neasurenment result
of real peer-to-peer systens)

16-server cluster

ONSP
a general platformfor overlay protocol sinulation
paral | el discrete event
MP

tine scale 1/26 (26f5 DKM %2 29 3)

BEXKZIV—F+« Y2 F5—7) (keeping large routing table)
[ U E Aprefix/suffixZ &, table®t | U
Ve oo TENRELETS
(store a "correct” routing table for each eigenstring and share it)
error items 7Zt% ) — REIZLREF
(each node only stores the error itens)

transit-stub nodel
120 transit domains
4 transit nodes
5 stub domai ns
4 stub nodes
Touri st nodes

intra-stub 1ns
stub-to-transit 10~30ns
transit-to-transit 50~150ns

‘4

Salb—Y3a Yy (simulation)
1,000,000/ — K
F oA [26] D figure 6 (lifetime distribution)
¥/ — RoShnL #EB (F=x)
(joining rate and leaving rate is equal)
AT YV V44 (Poisson distribution)
1, 000, 000 nodes/ 2.3 hour
2.3 hour (X F¥9 5

# 1% (bandwi dt h)
%/ — KW ERz2E D
(each node sets an upper threshol d)
M A REH K D 1% (1% of its total input bandwi dth)
500bps A E
WO DM E[26) 1IZHDE ~(figure 3)
(distribution is also consistent with neasurenent)

Argunent s

failure detection - every 5 sec
3 continuous failures -> node-I|eave event

backup routing table - every 30 sec
fail -> two nore probes (once per 5 sec)
ask anot her pointer

mul ti pl e candi date in routing
choose a random one (N {cand} = 1) - no locality optimzation



event -di stributi on nessage
size: 1000 bit
0.5 sec delay (for handling)

A. The Common Case
®figure 9 LRI DO TE
11V RIVDH B
ZoD¥—7
5,6 (44% 7 — 7 VE:#E (cable |inked)
10 (23% € 7 A ##%E (modem | i nked)
heterogeneity Z/ R LU TW 3

@figure 10 LRIV EDFE I A b
L X)LOT 350kbps
44 1 1£35Mops BA B (19820 F D & )
VARIVIREZZWIZERITED
L RX)L10 & 340bps
0.5 message / sec (1000bit message)

ABhoAPRE &Y EHEEEZET S
(out put bandwi dth is | ower than input)
L ROVOZZ I &
(except the |evel -0 nodes)
multicast ®D 7z
L RXJLOTH total bandwi dthd 294 R

@®figure 11 V—F 1 V75— TIVDORIERMX
very few errors in the routing tables
L RIVIFETT =R 30n
(hi gher-1evel nodes have fewer errors)
multicast O FMDP EH—>K Z2156
(because the nmulticast direction is from higher to | ower)
L R)J)L10T $0. 6%

MG fE X (estimation)
J— RWEEB T 5 L1I5MW THRE
(node leave will detected after 15 secs)
D D\ Tnul ticast
1,000,000/ — R7Z ¥ 20257 v 7
127w 7 250m L9 2L
15+(1+20) *( 0. 5+0. 25) = 30.75 sec
J — RO #H 4121355 2 D T (average lifetime)
30. 75/ (135*60) = 0.0037
KtkdH > T3

routing Tik ack 285225
stale pointer % ¥ &
suffix table 256 JBl ./ — KA
prefix table & 56 (ZHdroot 725 720 5) Hiroot A

routing efficiency
200, 000 messages fromrandom node with random keys
28 2 hop L RT% T
@figure 12 (f X DM 13 & ANEDL->TWVD)
routing delay O 4 fi
1- hop, 2-hop #% X H
@®figure 13
RDP (routing delay penalty)
IP TCEFTLAZLETLDEK (ratio to IP-level |atency)
15% (¥ 1-hop
2-hop MD50%» 2.0 MLk
locality aware A< >
(sufficient roomfor |ocality-aware optim zation)

@®figure 14 .
initiator node ® L X)VigE Dk w T
L N)L0IFH 1Z1- hop



REITH AT, HEIFIFIET AT 2-hop

B. Locality-aware Routing

suffix table MHRAFY T2ER L X

figure 15
fE#li 0D 4> 4 (distribution of the nunber of candidates)
80%T 200024 |
N _{cand} il & /1 2» & &R

GNP % i
@figure 16
N {cand} % Z X =KD del ay
@figure 17
N {cand} % & X /ZFf D RDP (penalty)
2-hop AVt —YDAENL
N {cand} #»%100T ¥ K lig K %
2000&L ) KREKLTEDLEYNLDOLLABLIAD

C. Scalability

W) — RE % £/ XHTAD (change the system scal e)
BEBOEMLICE>T, VARALMWNEFTZET

(nodes | ower their |evels gradually)

@®figure 18 / — R & L X)LV DKM
500/ — R7Z&2B LAR)IO

J = REPHADEELARALNBTTL B

(rmore levels and fewer nodes at high |evels)

®figure 19 hop D 4
500/ — R 54 XT 1-hop
5M / — R Tlix
L N)Vix14% T
ZNTEHERA YL —I 1 2-hopBh F

D. Adaptivity
ZIN#EM (churn rate) D&k

@figure 20

g FEmOEMAE LRIV S
@®figure 21

T HFEMmOEE Ry T

¥ F % common case O r fF& L /=
J — REIX 1M

churn rate &\
L RNV FEDNIEND

9.4H7Z & (F¥ID1001%)
90% % L R )JL0
90% M 1- K v 7

J = RENEZLTEH, XELTWHIE 1-hop

1.3540 72 & (F3¥3 D1/ 100)
AL — Rk b RJov1y
LARJL0IEH IEXP VAN
EETH L ANIL3
AW ¥ —YD30%E 3-hop 24>/
first hop rmust be via backup routing table



