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Abstract: Measurement service has knowledge of a larger number of network
measurements than individual applications, it is in a position to determine when inference
can be used to reduce the total number of measurements required to satisfy a particular
demand from applications. To accomplish this, the service must quantify the measurement
load required to operate a network inference mechanism, and compare this load to that of
direct measurement of the requested properties. In this paper, we predict the network
traffic injected by inference mechanisms, and use this knowledge to replace direct
measurement traffic by inference when the cost of direct measurement exceeds that of
inference. After setting up an inference mechanism, continuing measurements typically
require O log(n) probes to estimate the properties of O(n2) paths.
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INTRODUCTION

An important class of network inference mechanisms estimates the properties of a large number of
end-to-end network paths by measuring some subset thereof. This class of mechanisms is designed to
reduce the amount of injected active measurement probe traffic and the effort required to collect a large
number of measurements, typically at the expense of measurement accuracy. For example, the Azureus
BitTorrent client can use inferred network delay information to select peers from which to transfer data.
The question of how much of a reduction in measurements the existing inference mechanisms achieve for
different measurement request patterns has not been adequately studied.

A network measurement service, which provides measurement results to applications on request, is
uniquely suited for utilizing network inference mechanisms. Examples of network measurement services
include Script Route, the Scalable Sensing Service, iPlane, and the system by Calyam et al. Because a
measurement service has knowledge of a larger number of network measurements had individual
applications, it is in a position to determine when inference can be used to reduce the total number of
measurements required to satisfy a particular demand from applications. To accomplish this, the service
must quantify he measurement load required to set up and operate a network inference mechanism, and
compare this load to that introduced by direct measurement of requested properties.

In this paper, we predict the network traffic injected by inference mechanisms, and compare it to the
traffic injected by requested direct measurements. we present an efficient method for identifying
opportunities when inference induces traffic than a given pattern of direct measurements. Method is not
an inference mechanism, but a tool or deploying existing inference mechanisms dynamically in the hosts
where their use is advantageous. We note that setting up an inference mechanism may incur a non-
eligible cost. After startup, continuing measurements typically require O (n) probes to estimate
properties of (n?) paths. Our work hinges on the two observations that (1) there is a hidden constant for
the O(n) robes, which can belarge, and that (2) oftentimes, not all he O(n?) path properties are requested.

This paper discuss measurements, it generally mean active network measurements that require
injecting probe packets into the network, e.g., ping packets to measure end-to-end delay. A measurement
service is a network service that accepts requests for the results of active measurements from
applications on-demand, schedules measurement tools to be run to service these requests, and ultimately
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returns the results from the tools to the application. A measurement host, or simply host, is an
infrastructure host in the measurement service that invokes measurement tools and records their output,
to be delivered to applications. Measurement endpoints are the hosts which source and/or sink traffic in
performing a given measurement. The inference mechanisms consider can be broadly divided into two
categories. The first category includes mechanisms that use knowledge of link-level or autonomous
system (AS)-level paths to choose a subset of paths to be probed. Call these path-based inference
mechanisms and term these mechanisms reference-based inference mechanisms. Mechanisms in this
category include Vivaldi, and Theilmann et al.’s Dynamic Distance Maps. Our primary focus in this paper
is on mechanisms in this latter category. Identify the pattern of direct measurement workload required to
equal or exceed the network load of the inference mechanism, and specify advantageous replacements of
direct measurements.

The reference-based inference mechanisms, many require a number of measurements that scales
linearly with the number of hosts participating in the inference. Some mechanisms perform a constant
number of measurements per host. Others perform varying numbers of measurements per host, but
average a constant number per host. In this latter group, typically the majority of hosts participate in a
constant number of measurements, and a constant number of hosts (such as the so-called landmarks from
[8]) participate in a large number of measurements (linear in the number of hosts). Some of the
algorithms have an additional cost for initial construction, which we will not consider in this paper.
Assume that let us identify or approximate the constant in a network inference algorithm that requires,
on average, a constant number of network measurements per host to infer all-pairs measurements among
participating hosts.

Call this constant k, call the number of hosts participating in the inference n, and call such an inference
mechanism a kn-cost inference. The authors of the delay inference mechanism, for example, recommend
that hosts take measurements to 15 landmarks, and the authors of the Vivaldi delay inference mechanism
recommend a selection of 32 neighbors [9]. For these two systems under their recommended
configurations, k would be 15 and 32, respectively. Observe that the constant k is dictated by the
workings of the inference mechanism under consideration, and is not a tunable parameter in our work.
Given a set of measurements requested from a measurement service and the constant k, can determine
the tipping point at which the total number of measurements requested becomes greater than or equal to
the number of measurements required to perform inference. In this case, inference can reduce the total
load on the network, only use inference when the total number of requested measurements exceeds kn,
miss key opportunities when inference is beneficial. This is because some hosts may be participating in
measurements to a large number of hosts, while others may be involved in very few measurements.
Consider a situation where n hosts are interested in performing delay measurement to at least one
endpoint.

Assume that m out of the n hosts are performing a complete all-pairs measurement mesh, where each
of the m hosts measures delay between it and the other m rk, at the cost of reduced accuracy. Some of the
algorithms have an additional cost for initial construction, which is not considered in this paper. Assume
that let us identify or approximate the constant in a network inference algorithm that requires, on
average, a constant number of network measurements per host to infer all-pairs measurements among
participating hosts.

Identify the pattern of direct measurement workload required to equal or exceed the network load of
the inference mechanism, and specify advantageous replacements of direct measurements. Represent
each host requesting measurement as a node in a graph. A requested measurement between two hosts is
represented as an undirected edge in that graph. When k = 3, this graph (which has 32 edges)
superficially appears to see no benefit from inference, as 32 < 3n = 36. However, by performing inference
among the eight nodes marked in black, we reduce the number of measurements taken to 3 8 + 4 = 28,
realizing savings of four measurements. If, given a set of requested measurements, we wish to determine
whether or not inference can save effort over any subset of the participating hosts, we have to answer a
slightly different question. For any subset of hosts of size Graph benefiting it from partial-graph inference
when k = 3. n performing measurements among themselves, if the total number of measurements being
performed is greater than kn, then a kn-cost inference mechanism requires fewer total measurements
than direct measurement. Using our measurement request graph above, determining whether inference
can reduce the total number of measurements is a matter of finding subgraphs for which the number of
measurements within each subgraph is greater than k multiplied by the number of nodes in the subgraph.
Replacing the direct measurements in these subgraphs with inference will yield a smaller total number of
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measurements performed. In other words, given a graph G = (V;E), our goal is to transform it into another
graph GO = (V;E0) such that we minimize jEO j, where 0jEO j jEj and 0jEO j kjV j.

The only transformation operations allowed on G are replacement of all edges among subsets Vi of V
by kjV ij edges (i.e., employing one of the inference mechanisms in the literature on subsets Vi of vertices,
while using direct measurements for remaining edges). Note that a vertex in one of the Vi subsets can still
be an endpoint in a direct measurement, as long as the other endpoint does not belong to a subset Vi.

TERMINOLOGY
A. UUSEE Peer to Peer Streaming

Backed by venture capital funding from recognized investors, UUSee Inc.is one of the leading peer to
peer streaming solution providers in mainland China, featuring exclusive contractual rights to most of the
channels of , the official Chinese television network. With a large collection of streaming servers around
the world, it simultaneously broadcasts over 800 channels to millions of peers, mostly encoded to high
quality streams around 400 Kbps. Similar to all current-generation streaming protocols, UUSee’s
streaming protocol design is based on the principle of allowing peers to serve each other by exchanging
blocks of data in a sliding window of the media channel. After a new peer joins a channel in UUSee, the
initial set of a number of partners (up to 50) is supplied by one of its tracking servers. The peer
establishes connections with these partners, and buffer maps are exchanged periodically. During this
process, it measures the round-trip delay and throughput of the connection, and then selects a number of
most suitable peers (around 30) from which it actually requests media blocks.

In addition, the UUSee peer selection protocol incorporates a number of strategies to maximally utilize
peer upload bandwidth. Each peer estimates its maximum upload capacity, and continuously monitors its
aggregate instantaneous sending throughput to its partners during streaming. If its aggregate sending
throughput is lower than its upload capacity for a sustained period of time, it will inform one of the
tracking servers that it is able to receive new connections. Each tracking server keeps a list of such peers,
and bootstraps new peers with peers randomly selected from this set. During streaming, neighboring
peers also recommend known partners to each other, based on estimated availability for them to assist
each other. As a last resort, a peer will contact a tracking server again to obtain additional partners, if its
playback rate is not sustained for a certain period of time.

B. Server Front-End

Each Script route server runs an ordinary Web server on port 3355, which provides a gateway for
script submission and administrative tasks. There are three main “pages” on the server: job submission,
trace back, and informational. The job submission page provides an interface for measurement script
submission, then replies with the output of the measurement. Again, the handshake demonstrates that
the source IP address is valid to provide a measure of accountability. A convenient feature of the httpd is
that it limits the execution time, size, and output of the script. We also limit the number of concurrent
requests per client (1) and the number of concurrent requests overall (10).

If the interpreter fails due to resource limits, the connection is closed signaling an error to the client.
Unhandled exceptions in the measurement script itself are handled by the interpreter and returned to the
client as text. In addition, the UUSee peer selection protocol incorporates a number of strategies to
maximally utilize peer upload bandwidth. Each peer estimates its maximum upload capacity, and
continuously monitors its aggregate instantaneous sending throughput to its partners during streaming.
The following algorithm explains about the routing technique:

#! /usr/local /bin/srinterpreter

probe=ScriptRoute::Udp.new(12)

probe.ip_dat=ARGV[0]

unreach=false

puts "(TraceRoute to #{ARGV[0]} {#probe,ip_dst})"

catch(lunreachable) do

(1..64).each {|tt1]

(1..3).each {|rep|

probe.ip_tt1=ttl

packets=ScriptRoute::send_train()([Struct::DelayPacket.new(0,probe)])

if(response) then

puts '%d %s %5.3f ms' % {tt1,response.ip_src,(packet[0].rtt*1000.0)}
if(response.is_a?ScriptRoute::ICMP))then
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unreach=true if(response.icmp_type==ScriptRoute::ICMP_UNREACH)
end else puts ttl.to_s + *' end $stdout.flush }
throw :unreachable if(unreach) }
end
Specifically, it provides the tcp dump formatted packets sent to particular IP addresses along with the

address of the corresponding client. Finally, the informational page provides information about the
measurement traffic supported, how to contact the administrator of the server, how to learn more about
Scriptroute, and how to add destination filters to block unwanted measurement traffic. So that
administrators know where to look to when their systems receive unexpected measurement traffic, we
encourage Scriptroute servers that also have a port 80 Web server to link this page, to direct concerns to
the central management site.

C. Scalable Inference Engines

Scalable Inference engines leverage configuration interfaces of sensor pods to perform periodic
measurements at the nodes in the system and leverage the scalable sensing backplane to aggregate the
measured data. The task of collecting the complete information about network metrics is an immense
task both in terms of the infrastructure requirements as well as the measurement traffic. Scalable
inference engines estimate complete information about the relevant network metrics based on partial
information measured using the sensing pods. The main idea behind the inference algorithms is to
measure various metrics on a small number of network paths and use the information to infer the
properties of all the paths.

While scalable inference of all network properties is a challenge, a large body of research efforts
successfully tackled latency estimation. Though these efforts take different approaches, they all involve
periodic measurements from each node to few other nodes in the system to answer for proximity or
latency queries accurately reflecting the current status of the network. In S3, inference engines use sensor
pods to perform these periodic measurements and the sensing backplane to gather the data in an efficient
manner using thresholding and in-network aggregation. Below we briefly describe how Netvigator and its
distributed version, a scalable proximity/latency estimation algorithm, can be plugged into our
architecture.

Landmark clustering is a popular scheme used for network distance estimation that uses a node’s
distances to a set of special nodes (referred to as landmark nodes) to estimate the node position. In
Netvigator, the sensing pod at each node measures distances to a given set of landmarks, similar to other
landmark clustering techniques. Netvigator additionally records the distances to the milestones that are
encountered while probing the landmarks. Instead of attempting to embed all the nodes in a global
Cartesian-space based on measurements, Netvigator performs local clustering for proximity estimation.
Particularly, one scheme Netvigator uses to estimate latency from a node X to another node Y is based on
MIN-SUM formulation:

latency(X, Y ) = min
leL, {d(X, 1) + d(Y, )},
where L is the set of landmarks and milestones and d(X, 1) denotes the measured latency from node X
to L.

In the S3architecture, distributed Netvigator uses web service interfaces of sensor pods to configure
periodic invocations of traceroute sensor from each machine to chosen landmark nodes. These
measurements are fed into the sensing backplane and distance information to different landmark nodes
or milestones are aggregated along different aggregation trees exposed by the middleware using an
aggregation function that tracks Top-k minimum distant nodes from a given landmark or milestone. To
answer the proximity queries quickly, nodes subscribe to global aggregate values in the aggregation trees
corresponding to their Top K nearest landmarks or milestones. Nodes use the publish subscribe feature of
the sensing backplane to filter out most of the changes in the latency values that does not affect their
proximity information.

D. Prototype and Deployment

Built a prototype of the S3 modules that is deployed on the Planet-Lab test bed. Currently, deploy and
ensure the liveness of our service on Planet-Lab nodes using vxargs script run from a central manager. In
near future, we plan to switch to one of the distributed frameworks like AppManager to deploy and run
our service. Sensor pods are implemented as cgi scripts accessible through any web-server that supports
cgi. use a light-weight open source web server.
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This framework enables third party measurements, that is, measurements between two nodes can be
initiated by a third node. Our current implementation has a wide variety of sensors, some of which are
listed, that leverage several open source network monitoring tools for measuring various network path
metrics (latency, number of hops, available bandwidth, bottleneck capacity, and loss rate). To enable large
scale concurrent measurements, had to modify some of the tools. We are currently measuring all-pair
network metrics periodically. Leverage the web-services based sensing pod architecture to deploy
various sensors measuring different metrics and also to configure the periodic measurements. Show an
example of accessing a web-enabled sensing-pod deployed on the Planet lab. The sensing backplane is not
yet integrated with the sensing pods or analysis engines.

Pull the measurement data from the sensor pods on all nodes to a central node to provide the global
views to other researchers by making this data available online, and also to archive the data for Internet
behavior analysis. Provide estimated latencies between all planet lab nodes as estimated by Netvigator.
For every snapshot of data collected, compute the estimation error over a small number of paths for
which we have the actual measured latency. Plots the estimated delay versus the actual measured delay
for Netvigator for a single snapshot of Planet-Lab data. The units for the axes in these plots are in
microseconds. In these scatter plots, the closer the points plotted are to the diagonal, the better is the
estimation.

In the Planet- lab experiments, the delay estimation with Netvigator was the best, with a mean
absolute estimation error of 23 msec, followed by Vivaldi and GNP in this order. They present Navigator
latency estimation results on the snapshots generated over a 7-day period between March 23 15:49:37
PST 2006 and March 30 19:12:05 PST 2006 and compute various statistics of the absolute estimation
error. These statistics are the mean, the 25th, 50th, 75th and 90th percentile of the absolute error. The
main observation is that the 25th, 50th and 75th percentile absolute error is fairly low and stable across
the entire time period, with 75% of the measured latency having estimation error less than 25 msec [10].

E. Mapping the Internet Topology

[Plane requires geographically distributed vantage points to map the Internet topology and obtain a
collection of observed paths. Planet Lab servers, located at over 300 sites around the world, serve as the
primary vantage points. We also enlist the use of public Looking Glass/Trace route servers for low-
intensity probing. Further, we are currently exploring the option of using data from, a system for
aggregating low intensity measurements from normal PCs. Our primary tool for determining the Internet
topology is trace route, which allows us to identify the network interfaces on the forward path from the
probing entity to the destination. Determining what destinations to probe and how to convert the raw
output of trace route to a structured topology is nontrivial, an issue we address next.

F. Probe Target Selection

BGP snapshots, such as those collected by Route Views, are a good source of probe targets. iPlane
achieves wide coverage for the topology mapping process by obtaining the list of all globally routable
prefixes in snapshots, and choosing within each prefix a target one address that responds to either
probes. Address is typically a router and is hence more likely to respond to probes than arbitrary end-
hosts. To reduce measurement load, iPlane clusters internet protocol prefixes into atoms for generating
the target list. A atom is a set of prefixes, each of which has the same AS path to it from any given vantage
point. atoms can be regarded as representing the knee of the curve with respect to measurement
efficiency—probing within an atom might find new routes, but it is less likely to do so.

This task of determining a representative set of IP addresses is performed relatively infrequently,
typically once every two weeks. iPlane uses the Planet Lab nodes to perform exhaustive and periodic
probing of the representative targets. In addition, iPlane schedules probes from public trace route servers
to a small random set of atoms, typically making a few tens of measurements during the course of a day.
The public trace route servers serve as a valuable source of information regarding local routing policies.
Note that in the long run, a functioning iPlane may actually serve to decrease the load on the public trace
route servers as iPlane, rather than the trace route servers themselves, can be consulted for information
on the Internet topology.

G. Measurement of Link Attributes

Next outline the details of the loss rate, bottleneck capacity and available bandwidth measurements
performed from each vantage point. Previous research efforts have proposed septic ways to measure
each of these properties; our goal is to integrate these techniques into a useful prediction system.
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Latencies of path segments can be derived directly from the trace route data gathered while mapping
the topology, and therefore do not need to be measured explicitly.

H. Loss Rate Measurements

Perform loss rate measurements along path segments from vantage points to routers in the core by
sending out probes and determining the fraction of probes for which we get responses. We currently use
the simple method of sending limited singleton probes with a 1000-byte payload. When the probe’s value
expires at the target router, it responds with a error message, typically with a small payload. When a
response is not received, one cannot determine whether the probe or the response was lost, but there is
some evidence from previous studies that small packets are more likely to be preserved even when
routers are congested. We therefore currently attribute all of the packet loss to the forward path; the
development of more accurate techniques is part of ongoing work.

I. Capacity Measurements

Perform capacity measurements using algorithms initially proposed by that vary the packet size and
determine the delay induced by increased packet sizes. For each packet size, a number of probes
(typically 30-40) of that size are sent to an intermediate router and the minimum round-trip time is
noted. The minimum round-trip time observed over many probes can be regarded as a baseline path
latency measurement with minimal queuing delays. By performing this experiment for different packet
sizes, one can determine the increased transmission cost per byte. When this experiment is performed for
a sequence of network links in succession, the capacity of each link can be determined. Note that our
capacity measurements may underestimate a cluster link if it consists of multiple parallel physical links.

J. Available Bandwidth Measurements

After obtaining link capacities, try to probe for available bandwidth along path segments using packet
dispersion techniques such as Spruce. A simple measurement is performed by sending a few, equally
spaced, short probes at the believed bottleneck capacity of the path segment, and then measuring how
much delay they induce. The slope of the delay increase will indicate how much background traffic
arrived during the same time period as the probe. For instance, if the probes are generated with a gap of
Ain through a path segment of capacity C and if the measured gap between between the probe replies is
Aout, one can estimate the available bandwidth as C - (1- Aout-Ain Ain). it is possible to realize the
desired scheduling most of the time.

Algorithm
A. Algorithm

Our algorithm for determining the cores hierarchy is based on the following property If from a given
graph G = (V; L) we recursively delete all vertices, and lines incident with them, of degree less than k, the
remaining graph is the k-core. The outline of the algorithm is as follows:

INPUT: graph G = (V; L) represented by lists of neighbors’
OUTPUT: table core with core number for each vertex
1.1 compute the degrees of vertices;
1.2 order the set of vertices V in increasing order of their degrees;
2 for each v 2 V in the order do begin
2.1 core[v] := degree|[v];
2.2 for each u 2 Neighbours(v) do
2.2.1 if degree[u] > degree[v] then begin
2.2.1.1 degree[u] := degree[u] 1;
2.2.1.2 reorder V accordingly
end
end;
The block of statements describes the effect of deletion of the vertex v and all lines incident with it.
Note that the order used in the line 2 is changed at each step by the line 2.2.1.2. In the measurements of
the algorithm we have to provide efficient implementations of steps.

B. Detailed Algorithms

In the Algorithm describe an implementation of the algorithm in a Pascal like language for the case of
simple undirected graph G = (V;E), E is the set of edges. The structure graph is used to represent a given
graph G = (V; L). Do not describe the structure into details, because there are several possibilities, how to
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implement it. Assume that the vertices of G are numbered from 1 to n. The user has also to provide
function size, which returns the number of vertices in the given graph, and function in Neighbours, which
returns the next not yet visited neighbour of a given vertex in the given graph. Using an adequate
representation of graph G (lists of neighbours) can implement both functions to run in a constant time.

Two different types of integer arrays (tableVert and tableDeg) are also introduced. Both of them are of
length n. The only difference is how we index their elements. Start with index 1 in tableVert and with
index 0 in tableDeg. The algorithm is implemented by the procedure cores. Its input is a graph G,
represented by the variable g of type graph; the output is array deg of type tableVert containing the core
number for each vertex of graph G. also need (04-07) some integer variables and three additional arrays.
The array vert contains the set of vertices, sorted by their degrees. The positions of vertices in array vert
are stored in array pos. The array bin contains for each possible degree the position of the rst vertex of
that degree in array vert.

In a real implementation of the proposed algorithm dynamically allocated arrays should be used. To
simplify our description of the algorithm replaced them by static.At the beginning we have to initialise
some local variables and arrays (09-15). First determine n, the number of vertices of graph g. Then
compute its degree for each vertex v in the graph g and store it into the array deg. simultaneously also
compute the maximum degree md. The following algorithm explains it briefly:

01 procedure cores(var g: graph;

02 var deg: tableVert);

03 var

04 n,d, md, i, start, num: integer;// Declaration of variables
05 v, u,w,du, pu, pw: integer;

06 vert, pos: tableVert;// Designing the table vertex

07 bin: tableDeg;

08 begin

09 n:=size(g); md :=0;

10 forv:=1tondo begin

11 d:=0;

12 for uin Neighbours(v) do inc(d);// Identifying the neighbor nodes
13 deg[v]:=d;

14 ifd > md then md :=d;

15 end;

16 ford :=0 to md do bin[d] := 0;// Creating network for our own design
17 forv:=1tondo inc(bin[deg[v]]);
18 start:=1;
19 for d:=0to md do begin// Designing the node for varying sizes
20 num :=bin[d];
21 bin[d] := start;
22 inc(start, num);
23 end;
24 forv:=1to ndo begin//fixing the position of the node
25 pos[v] :=bin[deg[Vv]];
26 vert[pos[v]] :=v;
27 inc(bin[deg[Vv]]);
28 end;
29 ford :=mddownto 1do
30 bin[d] :=bin[d-1];
31 bin[0]:=1;
32 fori:=1tondobegin
33 v:=vertli];
34 for uin Neighbours(v) do begin
35 ifdeg[u] > deg[v] then begin// Positioning the vertices in the network
36 du:=deglu];
37 pu:=posfu];
38 pw :=bin[du];
39 w:=vert[pw];
40 if u <> w then begin
41 pos|[u] := pw;// Identifying the position
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42 pos[w] :=pu;
43 vert[pu] :=w;// Assigning vertices in the path where ever needed
44 vert[pw] :=u;
45 end;
46 inc(bin[du]);// Incrementation of bin
47 dec(deg[u]);// Decrement the array value
48 end;
49 end;
50 end;
51 end;
Since the values of degrees are integers from the interval 0 .. n

1 "
deg [T TTTTTITTLITITITITII-TTTTITITT]

\
ps [TTTTTTTTTITOITITIITI - TTTTITT]
1 i

Fig. 1: Hierarchical Structure of bin

previous bin. To avoid an additional array we used the same array (bin) to store the starting positions
of bins. Now we can put (24-28) vertices of the graph G into the array vert. For each vertex we know to
which bin it belongs and what is the starting position of that bin. So we can put the current vertex to the
proper place, remember its position in the table pos, and increase the starting position of the bin we used.
The vertices are now sorted by their degrees. In the nal step of the initialisation phase we have to recover
the starting positions of the bins (29-31). We increased them several times in previous step, when we put
vertices into corresponding bins. It is obvious, that the changed starting position is the original starting
position of the next bin. To restore the right starting positions we have to shift the values in array bin for
one position to the right. We also have to reset the starting position of the bin 0 to value 1.

The cores decomposition, implementing the for each loop from the algorithm described above, is done
in the main loop (32-50) that runs over all vertices v of the graph g in the order, determined by the table
vert. The core number of the current Vertex v is the current degree of that vertex. This number is already
stored in table deg. For each neighbour u of vertex v with higher degree we have to decrease its degree by
1 and move it for one bin to the left. Moving vertex u for one bin to the left is an operation that can be
done in a constant time. First we have to swap the vertex u and the rst vertex in the same bin. We also
have to swap their positions in the array pos. Finally we increase the starting position of the bin (we
increase the previous and reduce the current bin for one element).

C. Time Complexity

Show that the described algorithm runs in time O(max(m; n)). To compute (09-15) the degrees of all
vertices we need time O(max(m; n)) since we have to consider each line at most twice. The bin sort (16-
31) consists of ve loops of size at most n with constant time O(1) bodies therefore it runs in time O(n).
The statement (33) requires a constant time and therefore contributes O(n) to the algorithm. The
conditional statement (35-48) also runs in constant time. Since it is executed for each edge of G at most
twice the contribution of (34-49) in all repetitions of (32-50) is O(max(m; n)). Summing up | the total
time complexity of the algorithm is O(max(m; n)). Note that in a connected network m n.

D. Adaption of the Algorithm for Directed Graphs

For directed simple graphs without loops only few changes in the implementation of the algorithm are
needed depending on the interpretation of the degree. In the case of in degree (out-degree) the function
in Neighbors in line 12 must return the next not yet visited in-neighbor (out-neighbor), and the function
in Neighbors in line 34 must return the next not yet visited out-neighbor (in-neighbor).If the degree is
defined as in-degree + out-degree, the maximum degree can be at most 2n. Basic approach for finding the
k smallest spanning trees We first find a minimum spanning tree of our graph, using the fast algorithm of
for general graphs or for planar graphs. Then we use Eppstein’s technique to reduce the problem to one
in which there are O(E) vertices and edges [E].
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This uses an algorithm for the sensitivity analysis of minimum spanning trees [TI],[T2],[T3], and a
linear-time selection algorithm. Let Ti denote the i-th smallest spanning tree of the graph. Having found
7’1, we generate the k - 1 spanning trees T2, .. -, Tk one at a time. Each tree Ti with i > 1 will be derived
from some tree Tg, j <i, by a swap (ei, fi), in which a tree edge e is replaced by a nontree edge fi. So that no
tree is derived more than once, we use an inclusion-exclusion approach presented.

Associated with each Ti will be a best-swap structure R,, which we will implement in the next section
as an ambivalent data structure. We mention a few of its properties now. Structure R.j will represent all
spanning trees derivable from Ti by a sequence of swaps, and will identify a minimum-cost swap for Ti.
The algorithm will maintain a heap on the costs of the trees After setting up RI, the algorithm will perform
2(k - 1) updates of best-swap structures, along with k - 1 eztractmins and 2(k - 1) inserts. The time for all
heap operations can be reduced from O(hlog k) to O(k) by using the algorithm in [F2] to select the k-th
smallest value in a min-heap. Correct the costs of spanning trees derived n exclusion process form a min-
heap.

E. Dynamic 2-edge-connectivity in Embedded Planar Graphs

Use the edge-ordered topology tree as in section 3 as a basis for our data structure for maintaining 2-
edge-connectivity information in embedded planar graphs. In addition, use the partial and complete paths
as in section .As in section we shall maintain a modified path m(Pj) for each partial path Pj, but will
maintain different information in the corresponding edge-ordering tree. Between two consecutive
vertices 2 and y of m(4) we shall have an edge with a value bcinit. The value bcinit will be 0 if 2 and y
represent different vertices and 1 otherwise. Each leaf in an edge-ordering tree will contain the bcinit
values of the path edges to the left and right of the path vertex corresponding to the leaf. In each node of
the edge-ordering tree there will be a field project. This will either be null or the name of a vertex on Pj.
For an edge in the boundary set with endpoint U, proj(j, U) will be the first non-null project value on the
path from the root to the leaf representing the edge in the edge-ordering tree.

Also maintain a field distproj in each node such that the sum of the distproj values of nodes on a path
from the root to down to a node containing a non-null project value, where all ancestors have null project
values, is the distance on the partial path from proj(j,u) to one end of the partial path. This information is
used to identify best covering edges when two clusters 51 and 511 are unioned to give cluster. For
example, we identify the edge (if any) in the boundary set(s) of 41 whose endpoint U is such that proj(j,
U) is as far as possible from ~II on P, and adjust the somehow and alcove values of O(1og n) nodes in the
balanced tree for the path accordingly.

SOLUTION AND ANALYSIS

We experimentally evaluate the algorithms given in Section 3.1, Section 3.2, on graphs of various
structure. As a baseline, we evaluate our methods on a set of simple synthetic topologies, including graphs
having uniform random edge placement. Additionally, we utilize graphs based on real datasets from a
large-scale peer-to-peer system: the popular UUSee streaming television service [3].These graphs
represent a typical scenario where users select peers or servers with which to communicate based on
measured network path properties. The key measure of comparison for this study is the amount of
reduction in measurements required between hosts in the graph if we employ inference on the subgraphs
(components(_)) that our algorithms output and direct measurements on the remaining edges, compared
to performing all there quested direct measurements. We also report the cost of performing a single
inference on the entire graph. We give the running time of the spanning forest algorithm, and investigate
the values of its two key parameters (number of forests f and threshold score s). We also study the
relationship between sand the constant k of the inference mechanism.

CONCLUSION

We have investigated the network load induced by inference mechanisms, and presented efficient
algorithms to identify subgraphs where replacing direct measurements with inference is most
advantageous. Our results show that we achieve significant measurement savings with small-world
graphs, which represent popular peer-to-peer and distributed system measurement request patterns. We
demonstrate the ability to identify subgraphs of measurement graphs which see no cost benefit from
inference, and accordingly use more accurate direct measurements in those subgraphs. We analyze the
performance of our algorithms, and make recommendations for the discretionary parameter s provided
to the spanning forest and hybrid algorithms based on both theory and empirical results.
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