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Abstract— Several recently emerged Internet services make these schemes either are not fully decentralized, or do not
use of application-level or overlay networks. Examples ofuch  address the peer selection problem for coordinate updates.
services include overlay multloast, str.uctured peer-to-per Iookup In this paper, we present PCoord, a peer-to-peer network
services, and peer-to-peer file sharing. Many of these sepés dinat t f lav t | di d di
could benefit from a network distance prediction mechanismhat coordinaie _sys em flor overlay topology |s_c0very an IS-
estimates inter-host latencies. In this paper, we presentGoord, tance prediction. In PCoord, the network is modeled as a
a distributed network coordinate system for overlay topolgy D-dimensional geometric space. Each end host computes its
discovery and distance prediction. PCoord assigns coordates to  coordinates in this geometric space to characterize itsarkt
hosts on the Internet so that the Euclidean distances betwee location in the overlay. In contrast to most existing worksg

hosts’ coordinates accurately predict their network laterties. . . - .
Most of the existing network coordinate systems rely on a goal is not to provide an infrastructure service that penor

fixed set of landmark nodes for coordinate computation. PCo- Ne€twork distance prediction between any arbitrary poimts o
ord, in contrast, is a fully decentralized system that alloe the Internet. Instead, the goal of PCoord is for participati

participating hosts in an overlay network to collaboratively peer nodes in an overlay network to collaboratively cortstru
construct an accurate geometric model of the overlay topolyy an accurate geometric model of the overlay network topology

using a small number of peer-to-peer measurements. Under ¢h . . .
PCoord framework, we present three different peer sampling in a fully decentralized, peer-to-peer fashion. In PCoesath

and coordinate mapping schemes: RandPCoord, ClusterPCody  hOst computes its own coordinates by probing only a small
and ActivePCoord. Through extensive simulations using bdtreal number of other peer nodes in the overlay.

network measurements and simulated topologies, we show tha  PCoord differs from other decentralized coordinate system
the geometric model constructed by PCoord predicts pair-v8e iy that PCoord peers actively exchange messages to collab-
host distances accurately and efficiently. . ) : .
oratively discover the overlay topology and their respecti
network neighborhoods. Each peer then utilizes the discov-
ered topological information to select appropriate peers f
coordinate updates. In order to distinguish from the GNP
Several recently emerged Internet services make use Ghdmarks’, which are fixed nodes embedded in the network,

application-level or overlay networks. Examples of such seVe call the set of peers selected by a PCoord host for
vices include distributed content delivery services, taer COOrdinates computationaypoints. .

multicast [2], structured peer-to-peer lookup services],[2 This paper evaluates the_perfo_rmance choractenst_lc_s_of PC
[24], [18], [16], and peer-to-peer file sharing. Topologicaord under several factors, mcludmg peer distance didioh,
information can benefit many of these services. To help wifif'd the number of peer-to-peer distance measurements used.
the performance of these services, much research has befarticular, we explore the effects of different waypoint
done to allow end hosts to discover network topology arsglection strategies. We present three F_’Coord—based eshem
accurately predict network distances in a scalable andyimét@ndPCoord, ClusterPCoord, and ActivePCoord. The three
fashion. Most of the existing network distance predictionceémes differ mainly in how each host samples other peers

schemes rely to some extent on distance measurements {8 inction as its waypoints. ,
common set of reference nodes. For example, in IDMaps [6],RandPCoord and ClusterPCoord assume that an arbitrary

hosts called Tracers are deployed in the network to measgHPSet of the peers function as bootstrap nodes to compute
distances among themselves and to nearby hosts in a rangigfinitial set of reference coordinates. In RandPCoordsea p

IP addresses. The Global Network Positioning (GNP) systd}fde randomly selects from existing peer nodes to function
[12] uses a host's distance measurements to a fixed set28fitS waypoints. In ClusterPCoord, each peer node selscts i
landmarks to compute absolute coordinates to characteff4aYPoints by exploiting the topological information dese/

the host's location on the Internet. More recently propos sed on existing peer nodes’ coordinate values. ActiveRCo
coordinates-based approaches allow end hosts to be use§gS not rely on any bootstrap nodes. Each node goes through

landmarks [15], [22], [10], [5], [3], [11]. However, most of &N iterative calibration process to refine its coordinatas.
’ ' e ' each iteration, peers exchange messages to collaboyativel

Appeared in IEEE NCA04, Boston, MA, August 2004. This is istly dis_cover the overlay topology and their_ respective network
modified version of the original paper. neighborhoods. Peers use triangulated distances to atlees p
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to help select appropriate peers as waypoints. measure and characterize a host's location on the Internet

Through extensive simulations using both real netwof?2], [13], [16], [17], [15], [8]. In most existing landmark
measurements and simulated topologies, we compare the jpased approaches, end hosts use the distance measurements
formance of RandPCoord, ClusterPCoord, and ActivePCodad a common, fixed set of landmarks to derive location
with the original GNP scheme (referred to as the FixedLMstimations on the Internet. However, using a fixed set of
scheme from now on). Our simultaion results suggest tHandmarks presents a potential performance bottlenecke Mo
PCoord can achieve competitive prediction accuracy in commportantly, as we will show in this paper, the accuracy &f th
parison to the FixedLM scheme without relying on a fixed séixed landmark schemes often depends highly on the strategic
of landmark nodes. Our findings are summarized as belowplacement of the landmarks.

« RandPCoord prediction accuracy converges to that of theln PCoord, there are no specially designated landmark
FixedLM scheme when a reasonab|y |arge number dees. Each PCoord nodemeasures its round trlp Iatency to
waypoint set (e.g. 20 to 30 waypoints) is used. When tHe other peer nodes, and obtains thdsenodes’ coordinates.
number of waypoints used is small (e.g., 10 waypointdyeer noder then updates its own coordinates to minimize the
ClusterPCoord achieves performance comparable to tggtiared normalized difference between the measured and com
of the FixedLM scheme by selecting well-distributed sdtuted distances with thosk peer nodes using the Simplex
of peers as Waypoints_ Downbhill algorithm.

« The FixedLM and PCoord approaches have rather dif-We describe three PCoord-based schemes: RandPCoord,
ferent performance characteristics. The FixedLM scherfdusterPCoord, and ActivePCoord. The first two schemes as-
tends to underpredict larger RTTs. RandPCoord and Clugime that an arbitrary subset of the peers function as baptst
terPCoord, in contrast, tend to overpredict small RTTshodes and compute the bootstrap coordinates; nodes that joi

« ActivePCoord can achieve pair-wise distance predictigivbsequently can compute their coordinates by measureny th
accuracy comparable to that of the FixedLM scheniatencies to any peers with known coordinates. The RandP-
without relying on a fixed set of landmarks or anycoord and ClusterPCoord schemes were previously proposed
bootstrap nodes. In particular, our simulation resultssshdn [9], independent of PIC [3]. Although one of the PIC
that in a simulated overlay network consisting of ovestrategies (namely, the random strategy) has the same basic
3,400 peer nodes, ActivePCoord can predict over 90% agorithm as RandPCoord, PIC [3] did not explore the befravio
the distances with relative prediction error less than 0% the random strategy in depth. Further, it did not address t
after each host performing approximately 15 iterations éfsue of selecting well-distributed peers as referencetgoi
coordinate updates. In this work, we examine the performance of RandPCoord as

« ActivePCoord outperforms the FixedLM scheme in find@ function of the number of waypoints used, and explore the
ing nearest neighbors by aggressively probing and igffect of bootstrap nodes placement.
cluding each host’s estimated nearby neighbors in its
waypoint set at each iteration. Using a simulated overlw RandPCoord

network consisting of over 3,400 peer nodes, our results

indicate that over 90% of the ActivePCoord peers can AS part of the bootstrap process, RandPCoord assumes that
locate their closest peers within six to eight iterations & arbitrary set of initial peer nodes function as bootstrap
coordinate update by probing only a small fraction of thwaypoints to provide refere_nce coordlnates_to orient other
global peer population. nodes. The bootstrap waypoints measure the inter-nodelfoun

« The performance of the FixedLM approach can be vefJP Ping times to produce ad/x) distance matrix, where
sensitive to the landmark placements. The FixedL 1 is the number of bootstrap nodes. A set of coordinates

scheme performs substantially worse when the peer no@&§ computed for thel/ bootstrap nodes to minimize the
being modeled are clustered (relative to the landmafverall error between the measured distances and the cethput

locations) in the network , or when the landmarks chosélistances. A peer node is said to have beepped once it
are not well distributed in the network topology. In par_has derived its absolute coordinates. In order for a node

ticular, it tends to underpredict larger RTTs significantyFOMPUte its coordinates, it selects aiyexisting mapped peer
In PCoord, since the waypoints are dynamically chos&des to function as its waypoints.

from the existing peer nodes, the waypoint selection

automatically adapts to the topological distribution of thg. cJusterPCoord

peer nodes.. i i ) ) The idea of ClusterPCoord is to have each peer node select
In the following sections, we first briefly describe the waypoints by exploiting the topological informatiorrived

FixedLM and the PCoor_d approach. We the_n evaIL_Jate t%m existing coordinates. Each peer node uses the follpwin
PCoord approach extensively through simulations using bcﬁeuristic for waypoint selection

real network measurements and simulated topologies. . -
« Upon joining, a peer node contacts any existing peer

nodey in the system to obtain a copy of the existing
PCoord map. The map contains the IP addresses of

The landmark-based architecture has been commonly existing peer nodes known to nogleand their respective
adopted in the networking community as a mechanism to coordinates.

Il. THE PCOORD APPROACH



« The existing peer nodes are divided into clusters based ®R, is the peer listR of hostz
their coordinates in the geometric space. The Euclide®Ry, is the peer listR of hostY;
distances between nodes’ positions in the geometric space
are used to define the cluster. For each iteration

o Nodez then randomly pickd< clusters from the clusters Y = SelectK waypoints fromP
formed above, and then randomly picks a node in each For eachY; in Y

cluster as its waypoint. By picking each waypoint node Measure RTT tay;;
from a different cluster, we attempt to achieve a well- Sendesi—y; (RTT(z,Y:), R.);
dispersed set of peers as waypoints. Receivecnder=v; (Cy;, Ry,);

The clustering can be done offline by existing peer nodes in T.addRy,);
the system, so that a newly joined peer node can quicklytselec End for eachy;
a set of peers as waypoints based on the clustering definition Compute Coordinates’y-, RTT(z,Y));

C. ActivePCoord End iteration

ActivePCoord does not require a subset of peers to function
as bootstrap waypoints. In ActivePCoord, peer nodes izéia |, he first iteration, the waypoints are randomly selected

their coordinates to the origin. Each peer node then 9ogsm its A/ logical overlay neighbors. For future iterations,

through an iterative calibration process to compute itS®60 ¢ fo|lowing section descrbies the strategy used by eaeh pe

nates. At each iteration, each host seldctpeers as reference gaject its waypoints.

points for coordinates computation. . 1) Selecting Well-Distributed Peers as Waypoints: At each
Each ActivePCoord peer selects a well-distributed set pf aiion 4 peer utilizes its peer list to seléctwell-separated

other peers to function as its waypoints. Unlike Cluster®@p peers to function as its waypoints. A peer nodeselects

Which_ utilizes topologk_:al information from exis_ting magap its waypoints by sampling from the combined RTT peer list
coordinates, each ActivePCoord peer uses triangulated q"?and triangulated peer lisT. P is the combined list of

tances to other peers to help ensure that the peers selegleds '\ith either known actual RTT measurements: tor

triangulated distances is that there is no need for each PERI separated in network; randomly selects a set of peers
to maintain a current database of other peers’ coordinatgs,, p that are at leash/inDist apart from each other in
which can _change over time as other peers iterate througlyg of their triangulated distances, whévEinDist is an
the calibration process. o adjustable threshold set by

We assume that each peer node initially knows\bfother 2) Discovering Nearby Peers: In order to improve the co-
peers in the overlay. In order for each peer to discover othgriy e accuracy in modeling short distances, each RCoo

peers in the same overlay, peers exchange a list of peers tE8¥r includes an estimated near peer in its waypoint set.
know of at each iteration. At each round of the calibratio owever, locating a node’s nearest neighbor in a largeescal

process, each node maintains two lists:R, a list of peers distributed system is a difficult problem in itself. In PIC][3

whose RTTs tar are known tax, andT’, a list of peers which ‘Fach peer node performs a greedy walk to locate a nearby

* has_ triangulated distances fo_r so far. We first summarize Ger using the node’s current coordinates to guide the walk.
notations below and then describe how to compute t”angd‘laAlthough the strategy has been shown to work well in an

distances. MSPastry framework where each node points to a mix of near
K = Number of waypoints and far away nodes, it is unclear whether the strategy would
R = Peer list with known RTT be effective in an unstructured overlay, where a node’skdgi

T = Triangulated peer list neighbors may not have such a convenient mix of near and
P=RUT far nodes.

Y = Set of peers selected as waypoints In this section, we describe PCoord’s algorithm in discov-
C, = Coordinates of host ering nearest peers based on triangulated distances. A peer
Cy = Set of coordinates of hosts i node periodically probes nodes in its triangulated pedr lis
RTT(z,y) = RTT betweenz andy T to discover its nearest peer node. In particular, it probes

the peers with minimum triangulated distances in its pestr li

. . . T. The probed nodes and their corresponding RTTs are then

A peer nodex can compute its triangulated distance tQ . . S
. Stored in the peer lisk. The following is the psuedocode used

another peey if they both have measured latency to a comman . . .

. : . y each peer node to update its peer listt each iteration

nodez. In particular, the distance betweenandy is lower to find its nearest peer node

bounded byl = |RTT (z,z)—RTT(y, z)| and upper bounded P '

by U = RTT(x,z) + RTT(y, z). There are three commonnl = T.remove(peer with min upper bounbd

ways to estimate two peers’ triangulated distance: uppentbo n2 = T.remove(peer with min lower bourid

U, lower boundL, and their averagel (= ££Y) [12]. n3 = T.remove(peer with min averags

The algorithm used by each peerto calibrate its coordi- Probe(nl, n2, n3)

nates is presented as follows. R.add(n1, n2, n3)



the FixedLM scheme. Unless otherwise noted, the landmark
The node with the closest actual RTT in the peer kst nodes and the bootstrap Waypomts are randomly SEIdﬂ.Ed
hosts from the peer population. In one of the later sections,
is then included in the waypoint set for the next calibration
iteration we examine the performance effect of biased selection of
' landmarks. The default dimension of the geometric space use
is five.
I1l. EVALUATION METHODOLOGY
We evaluate the PCoord approach extensively through sim- IV. PERFORMANCE EVALUATION
ulations using both real network measurements and sintula
. RandPCoord Performance
topologies. We compare the performance of PCoord with theé

FixedLM scheme in terms of pairwise distance prediction and To understand the performance characteristics of the RandP
nearest neighbor selection. Coord vs. the FixedLM scheme, we plot the summary statistics
that describe the distance prediction error of both scheases

. a function of the number of waypoints used. Figure 1 plots the
A. Performance Metrics median, 5th, 25th, 75th, and 95th percentile directiorlatiree

As in GNP [12], we use the absolute relative error (RE) a§ror (DRE) of both schemes as a function of the number
our performance metric. For each pair of nodes, their absoligf waypoints. We note that a zero value in DRE indicates a
relative error is defined aﬁ%v where E is the predicted perfect prediction in the network distance. A positive DRE
Euclidean distance, and A is the actual measured RTT (roupglue indicates an over prediction in network distance,lavhi
trip time) between the two nodes. The directional relatvere. 5 negative DRE value indicates an underestimation of actual
IS SinE,A) network distance.

We use the stretch metric to evaluate the effectivenesspe note that RandPCoord performs worse than FixedLM
of the proposed schemes in selecting nearest neighbor. {#fen the number of waypoints is low. In particular, when
RTT(z,y) denote the mesaured round-trip latency betweefk and ten waypoints are used, RandPCoord has a tendency
nodex andy. Given a Euclidean mapping of a set of peeip over predict network distances between hosts, as can be
nodes, the stretch of a nodds computed aiﬁ% where observed from the large positive 95th percentile DRE value
p is the node with minimal Euclidean distance #p andq in Figure 1. The FixedLM scheme, on the other hand, has a

is the closest neighbor to according to the actual latencytendency to under predict inter-host distances when thebeum

measurement. of landmarks is low. This can be observed from the large
negative 5th percentile DRE values in Figure 1.
B. Data Collection We note that for both schemes, the DRE values im-

We evaluate our scheme using both real network measuP&?Ve monotonically with increasing numbers of land-

ments and simulated topologes: et 1s espacially sigifant when the mumber of waypoint
o The Active Measurement Project (AMP) at the Natlona}I| ’ y 519 P

increased from 6 to 15. The performance of both schemes
Laboratory for Applied Network Research (NLANR)tends to flatten beyond 25 landmarks. An important observa-
collects network measurements between over 100 act

monitors distributed over the Internet [7]. We use thYc?n is that the performance of RandPCoord comes close to
RTT measurements between 110 hosts on July 16, 20 at of the FixedLM scheme when increasingly large numbers

and between 104 hosts on January 30, 2003 for OurWaypomts are used.

experiments. . ‘ ‘ ‘

« We use the PlanetLab all-pairs-ping data set collected on G
May 10, 2004. After postprocessing to eliminate missing A rang oot 520 prcone - |
data, we derived end-to-end latency data among 127 ot o poces 3
nodes 05 . Fixed LM 95th percentile —s— |

o The GT-ITM Internet Topology Generator was used to
generate transit stub topologies of a 10,000 node network.
We then randomly select 3492 out of the 10,000 nodes

Directional Relative Error
o

as peer nodes of our test overlay network. or I T
Due to space constraints, we present only the GT-ITM Ll .
results here. o
15 L 1 L !
. ) 5 10 15 20 25 30
C. Smulation %tup Number of Landmarks

For the RandPCoord and ClusterPCoord schemes, ten e¥-1. Directional Relative Error. GT-ITM, N = 3492.
periments with different selection of bootstrap waypoinese
performed for each topology. For each experiment, the samd-rom the previous figure, we observe that the FixedLM
set of hosts that serve as bootstrap waypoints in the RandP&theme tends to under-predict inter-host distances whée t
ord and ClusterPCoord are also used as the fixed landmark®endPCoord scheme tends to over-predict. To understand



the sources of these under- and over-predictions, we furtiBe ClusterPCoord Performance

investigate the performance properties of both schemes byl'he difference between RandPCoord and ClusterPCoord is
classifying the evaluated actual latencies into groups ®f ﬁﬁat in RandPCoord, peer nodes randomly seféchodes

ms each.
We show the summary statistics of tH&IT prediction

from the PCoord map; ClusterPCoord selects fienodes
by exploiting the cluster information in the PCoord map. We

error, defined as (predicted RTT - actual RTT), for eachssume that each existing peer node in the system has access
RTT group. Figures 2 and 3 show the median, mean, 5ta,a copy of the current PCoord map upon joining. The PCoord
25th, 75th and 95th percentile prediction error of each RTmhap contains the IP addresses of existing peer nodes, and the
group using FixedLM and RandPCoord respectively. Ten langoordinates values in the geometric space.

marks/waypoints are used for both figures. Figure 2 showis tha
the FixedLM scheme is very good at predicting the distances
of less than 50 ms, but tends to over-predict distances that a
beyond 250 ms.

Figure 3 shows that the RandPCoord scheme has the most
trouble in predicting short distances. The 95th and 75th
percentile prediction errors are as high as 694 and 385 ms
respectively, showing a gross over-estimation of distahess
than 50 ms. The RandPCoord scheme also tends to under-
estimate distances over 700ms, although the extent of the
under-estimation is not nearly as bad as the over-estimatio

Cumulative Distribution

09
0.8
0.7
06 -
05
04

03t [if

02t [

for the 50 ms group case.

600

400

000 4 o

RTT Prediction Error

-200

o T0-e-e-o.
SR

mean
25th percentile -

*

75th percentile & 1
=
©

5th percentile —-m-—
95th percentile ---e--

o-
o0 o.
° R

g-gB-Begegeg- BB BB g G BB ©

Fig. 2. FixedLM performance by RTT groups using 10 landma€kEITM,

N = 3492, 5 Dimensions.

. . . .
600 800 1000 1200
Path Distances (50ms per group)

1400

600

400 ..,

200

RTT Prediction Error

-200

o
o
. BB B G Bl o o B B E e

meatr
25th percentile -

5th percentile --m-—
95th percentile ---e--

*

75th percentile & 1
=
©

o
o000 0
©0-0-5-0.0-

R o SV

E ]
e S [ TS

Fig. 3.

. .
600 800 1000 1200
Path Distances (50ms per group)

GTITM, N = 3492, 5 Dimensions.

1400

RandPCoord performance by RTT groups using 10 waygoi

oLy Cluster-PCoord Random Bootstrap 10 Waypoints
Rand-PCoord Random Bootstrap 10 Waypoints -------
F‘IxedLM Randum‘lo LM oo

1 1 1
0 0.2 0.4 0.6 0.8 1 12
Relative Error

Fig. 4. Relative error distribution. GT-ITM, N = 3492, 10 wayjints.

Figures 4 compares ClusterPCoord with RandPCoord and
FixedLM schemes using the GT-ITM topology. Figure 4
indicates that the performance of ClusterPCoord is bettan t
both the RandPCoord and the FixedLM schemes when ten
waypoints are used. Figure 5 shows the summary statistics
of the ClusterPCoord scheme under random bootstrap node
placement. ClusterPCoord performs significantly bettanth
the RandPCoord scheme when the same number of waypoints
is used (compare summary statistics in Figures 5 and 3).

We have examined the RandPCoord and ClusterPCoord
performance using different number of waypoints. Inteyest
readers are referred to [9] for more details. In general, the
ClusterPCoord scheme significantly outperforms the RandP-
Coord scheme when the number of waypoints used is low.
When the number of waypoints used is large (e.g., 30 way-
points used by each peer), RandPCoord performs as well as
the ClusterPCoord.

C. Nearest Peer Node Selection and Proximity Clustering

The ability to select the nearest node from a set of peer
nodes is important to many applications, including nearest
server/proxy selection, proximity routing in peer-to-peet-
works and neighbor selection in overlay network constaurcti
We use the stretch metric defined earlier as our performance
metric.

Figure 6 shows the cumulative distribution of the stretch. W
note that both RandPCoord and ClusterPCoord perform worse
than the FixedLM scheme in the nearest neighbor selection.
This result should not come as a surprise. As discussed in the
earlier section, the RandPCoord scheme tends to grossty ove
estimate RTT distances that are between 0 and 50 ms, which
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negatively affects the nearest node selection performaficewaypoints. In the FixedLM scheme, this randomly selected se
the RandPCoord scheme. of peer nodes are used by all other peer nodes to constrirct the

In order to further understand how well each schenf®lution coordinates. In the RandPCoord and ClusterPCoord

captures the network proximity relationships among hases, schemes, this randomly selected set of peer nodes function a
apply the KMeans clustering algorithm on the coordinatdge bootstrap nodes that provide a set of reference codedina
generated by each scheme. The clustering criterion is the into other peer nodes.

host Euclidean distances defined by the coordinates. We thei this section, we compare the performance of PCoord
compute the weighted intra-cluster RTT averages for eadfith the FixedLM scheme when the landmark placement is
clustering assignment, where the weight is the number @t well distributed. We generate ten different sets of padl
peers in each cluster, and the averages are computed u$itdgged landmarks or bootstrap waypoints, which tend to be
actual RTTs among hosts assigned to the same cluster. Figtl#stered in network topology, and compare the performance
7 shows the results of clustering performance when 10 aftiFixedLM, RandPCoord, and ClusterPCoord.

30 landmarks/waypoints are used. The RandPCoord perform&igure 8 shows that when the bootstrap waypoints are
significantly worse than the other schemes when the numisé¢stered, both ClusterPCoord and RandPCoord greatly out-
of waypoints used is small. We note that ClusterPCoord witerform the FixedLM scheme in terms of the relative error
the same number of waypoints yields cluster averages that gistribution. Figure 9 shows the summary statistics of the
approximately 25% less than that of the RandPCoord. WhEfedLM scheme when a clustered landmark set is used.
the number of waypoints is increased to 30 both RandPCods@mparing the summary statistics in Figure 2 using randomly
and ClusterPCoord yield cluster averages that are closeSglected landmarks/waypoints, we note that the FixedLM

those of the FixedLM schemes. scheme has the tendency to grossly underestimate RTT groups
larger than 50 ms when clustered landmarks are used.
07 ‘ ‘ ‘ ‘ ‘ ‘ ‘ We have also tried out a variety of other scenarios in land-

mark distributions. In general, the FixedLM scheme perform
substantially worse when the peer nodes being modeled are
clustered (relative to the landmark locations) in the nekwo

or when the landmarks chosen are not well distributed in the
network topology.
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E. ActivePCoord Performance

In this section, we examine the performance of ActiveP-
| Coord using the GT-ITM topology. A total of 20 calibration
QRan-pcoors 16 Wisants —— periods were run in the simulation. In each calibration qubri
O sz 25 3 s ¢ a5 s each node samples ten peer nodes from its own peeP lat

e its waypoints. The adjustable threshdlfin Dist is initialized
Fig. 6. Performance of selecting nearest peer node. GT-NM, 3492. to 300 ms, and is used by each host to select a well-distdbute
set of peers from it list as waypoints; we usg‘;—U) as the
triangulated distance between two peers in the simulations
) At each coordinate update, a peer includes its nearest peer
D. Robustness in Landmark Placement discovered so far (i.e., peer with minimum RTT to itself in

The results we have presented so far randomly select frortha peerlistR) in its waypoint set. The RTT and coordinates

global pool of peer nodes to function as landmarks or baajistrof the ten selected peers are then used to update the peer’s
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800 T ‘ ‘ ‘ e — FixedLM scheme only 10% of the peers can accurately predict

ol S patente 5 their closest peers using the coordinates generated with 20
' 53 Percenle - landmarks. Using the coordinates generated by ActiveRf;oor

over 50% of the peers can predict their closest peers by the

1 end of the sixth calibration period. This is a factor of five

improvement from the FixedLM performance.

X

o mo K
.

.0 Te. 95th Percentile -

RTT Prediction Error

1

09 | R

.
600 |- o eeex

Tk o 0.8 e B
T * * * Leet e

-800 |- . +H - S
KK 07k s e B

-1000 L L L L L L 06 I

0 200 400 600 800 1000 1200 1400 el I N

Path Distances (50ms per group)
05| +H
Fig. 9. Summary statistics of RTT prediction error for thedeélLM scheme
under clustered landmark placement. N = 3492, 10 Landmarks.
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0.2

ActivePCoord (round 2) ——

own coordinates. To refine its search for its nearest neighbo ot AdivepCoord (ound &)
each peer probes peers with closest triangulated distances e . B
its T' list at each calibration phase. Results presented here are sreen
generated by having each peer probe six peers froffi ltst Fig. 11. Nearest peer node prediction. GT-ITM, N = 3492.
in each calibration phase.
The size of the peer list that each peer can exchangdn Figure 12, the stretch metric is defined slightly diffethgn
is restricted to 30 RTT entries. More specifically, for eachs mstretch to account for the fact that each ActivePCoord
selected peet;, = only sendsY; the identities of 30 other peer maintains RTTs to a list of other peer nodes. For each
peersz believes is closest td; based on the triangulatedpeer noder, let g be its actual closest peer nodg, be its
distances. In other words, selects 30 peers from its peer lisiclosest neighbor based on the Euclidean distance computed
R with minimum triangulated distances 19, and sends the from the coordinates, ang2 be the peer with minimum RTT
RTT information toY;. Similarly, eachY; only sendsr RTT in z's peer listR,. At the end of each round of calibration,
information of 30 peers with minimum triangulated distasicaye measure the mstretch metric @yl(RTTlgz pl() R;I’T(m,pQ))
to x. Figure 12 indicates that using thestretch metrlc approx-
Figure 10 shows the cumulative distribution of relativeoerr imately 18%, 64%, 86%, and 93% of the nodes can predict
of ActivePCoord after various stages of the calibratiorcpss. their nearest peer nodes at end of second, fourth, sixth, and
Our results indicate that approximately 60%, 82%, 92% eighth calibration round respectively.
the hosts have relative error less than 0.5 by the end of thel) Discussion of ActivePCoord Communication Cost: Ac-
second, eighth, and sixteenth iterations. By the end of tlieePCoord outperforms the FixedLM scheme at the expense
20th iteration, the median relative error in latency préditis of additional communication cost. However, by the end of
approximately 11%, comparable to the FixedLM performantke eighth round, the cumulative number of peers probed by
when 10 and 20 landmarks are used. each node is only 3.7% of the total peer population, and the
Figure 11 shows ActivePCoord’s performance in predictingumber of waypoints probed is only 2.3% of the total peer
nearest peer node using the coordinates generated at the popllation. Assuming that the 30 peer list entries (IP asklre
of each calibration period. The figure indicates that, urider and RTT information) exchanged between a peer and each




1 e Similar to our work, Vivaldi [4], [5] and PIC [3] also
po e . 1 use peer nodes as landmarks. Vivaldi, however, does not
address the reference point selection issue. PIC exantiees t
performance of landmark sampling with a mixture of random
and close-by nodes. Our scheme differs from PIC in the
following aspects. First, PIC does not address the issuewf h

to select a well-distributed set of peer nodes as landmarks.
Secondly, it uses a different strategy to locate nearby peer
nodes. Finally, PIC requires a set of peer nodes to compute
ActvePGoord found 2) —— | the bootstrap coordinates. In contrast, ActivePCoord cha¢s

e - ActivePCoord (round 4) ------- .

i AeiverGomd (o) - | require a set of peer nodes to carry out the bootstrap process
1 1‘,5 ‘2 2‘5 C‘% 3‘5 A‘l 4.‘5 5
mstretch

Cumulative Distribution

Fig. 12. Nearest peer node prediction with the mstretchime®T-ITM, N VI. CONCLUSION

= 3492, In this paper, we introduce PCoord, a peer-to-peer approach

to construct network coordinates for network distance iored

of its waypoints is less than 1 Kbytes, the total amount &n- In PCoord, the network is modeled as a D-dimensional
information exchanged between a host and all of its waypoirde0metric space. PCoord assigns coordinates to hosts on

over the eight iteration periods is approximately 80 Kbytetge_lnternet so_ that the Euclidean Qistanges betwee_n hosts’
cumulatively. We believe this is a rather modest cost for &Signed coordinates accurately predict their netwoeltaes.
factor of five improvement in finding nearest neighbor. In PCoord, each host constructs its own coordinates based on

a small number of peer-to-peer measurements without igglyin
on a fixed set of landmarks. Three PCoord-based schemes are
V. RELATED WORK presented: RandPCoord, ClusterPCoord, and ActivePCoord.

The IDMaps [6] and GNP [12] are both architectures for a Through extensive_ simulations using both real network
global distance estimation service. Both IDMaps [6] and GNPeasurements and simulated topologies, we compare the per-
[12] rely on the deployment of infrastructure nodes. King][1 formance of the three PCoord-based schemes with the GNP

uses direct online measurements using the DNS infrasteict§cNeme using fixed landmarks. Our simulation results inelica
to predict network latencies between arbitrary Interned ef"at RandPCoord prediction accuracy converges to that ¢ GN
hosts. NPS [11] proposes a hierarchical network positiohiar when a reaspnab!y large number of waypoint set (e.g._ 20
tecture that enables decentralized coordinate computaftoe to 30_Wayp0|nts) is used. Whgn the number of Waypqlnts
goal of our work, in contrast, is to predict network distapce!sed is small (e.., 10 waypoints), ClusterPCoord achieves

using purely peer-to-peer measurements without relyintpen Performance comparable to that of GNP by selecting well-
infrastructure services. distributed set of peers as waypoints.

To avoid the fixed landmark problem in GNP, several Using an iterative mapping technique, ActivePCoord is able

schemes [15], [22], [10] have been proposed that allow holgsachieve pair-wise distance prediction accuracy cortipeti

to use different subsets of landmarks to construct a lod8that of GNP without relying on a fixed set of landmarks or
coordinate system, which are then transformed to a glot]Y Pootstrap nodes. In a simulated overlay network congist
coordinate system. For example, the Lighthouse scheme [Péfver 3,400 peer nodes, ActivePCoord can predict over 90%
uses multiple local bases and a transition matrix in vect8f the distances with relative prediction error less thanster
spaces to allow a host to determine its coordinates relatg8Ch nost performing approximately 15 iterations of coordi

to any set of landmark nodes. Virtual Landmarks (VLM{1ate updates. Further, our results indicate that ActivefPCo
and Internet Coordinate System (ICS) both use princip3tPerforms GNP in finding nearest neighbors by aggressivel

component analysis (PCA) to extract topological informiati Probing and including each host's estimated nearby neighbo
The above schemes, however, are not fully decentralized. I itS waypoint set at each iteration. Using a simulated layer

Several other works focus on the modeling and coordinat'%gtwork consisting of over 3,400 peer nodes, over 90% Qf
computation issues. For example, the Big Bang Simulati(Blﬂe AcU_vePQoor(_j peers can Ipcate their closest p_eeranlthl
(BBS) [19] simulates the error as a potential force field.\@&ha Six to eight iterations of coordinate update by probing caly

and Tankel [20] recently proposed a hyperbolic coordina) @all fraction of the glqbal peer population. As part of our
space to model the Internet. The Mithos [23] system use ure work, we plan to investigate the convergence behavio

spring relaxation technique for coordinate computation. of PCoord under different overlay structure and network

Several works provide network proximity or location esti°PCl09i€s.

mates using the distance measurements to a set of well-known

landmarks. Examples include the GeoPing algorithm[13], In ACKNOWLEDGMENT

ternet Iso-bar [1], and the binning scheme in [17]. These

schemes, in contrast to ours, do not attempt to model InterneThis research is supported in part by the Singapore-MIT
hosts using absolute coordinates. Alliance.
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