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Abstract— Network coordinate is used to predict the network
delay between the network nodes, for the problem that the
accuracy of predicting the network delay of the network
coordinate system based on non-negative matrix factorization is
low, proposing a new network coordinate system using non-

negative matrix factorization based on KL divergence (KL-NMF).

First, the advantages and disadvantages of classical algorithm for
delay prediction of network coordinate system based on matrix
factorization are analysed. Then, according to the characteristics
of network link delay distributions, proposed a new network
coordinate system based on KL-NMF algorithm and the
algorithm flow. Experiment based on the four commonly used
network delay matrix data set, and the results show that
compared to the existing delay prediction algorithm based on
NMF network coordinate system, the delay prediction algorithm
based on KL-NMF network coordinate system not only reduce
the error to reproduce delay matrix, but also improve the
network node delay prediction accuracy.
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I. INTRODUCTION

Network coordinate system is a good method to predict the
delay between network nodes. The main idea of network
coordinate system is to use the existing mathematical theory
and method to construct the network delay mapping space and
in this space to solve practical network problem: each host in
the actual network is mapped into a N dimension coordinate
system, with a set of coordinates, such as a set of numbers, to
describe the host node position in the IP network [1]. Thus the
network delay (network distance) can be estimated by
calculating the distance function of the host coordinate. In
recent years, many the application involving the network link
selection, such as P2P file sharing [2], application layer
multicast [3], content distribution network [4], online game
[5], this application need a large number of end-to-end
network delay measurements, but the large end-to-end delay
measurement requires high time complex degree and high
measuring cost, and increase the load of the whole network,
Therefore, the end-to-end delay measurement methods are not
suitable for large scale network environment. Network
coordinate system can predict the network delay, Therefore,
the study of delay prediction method based on network
coordinate system has important significance.
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At present, the research of network coordinate system is
mainly divided into two categories [6], network coordinate
system based on Euclidean distance and network coordinate
system based on matrix factorization.

The main idea of the network coordinate system based on
Euclidean distance is network nodes in the actual network are
embedded into a geometric space, the coordinates of network
nodes in the geometric space as the network coordinates,
using the coordinates of any two nodes calculate the distance
in the geometric space, regarding the distance as the
approximate network delay in the real network, where
network delay can be called network distance. T.S.E.Ng et al.
[1] first proposed actual network can be simulated as a
geometric space, some network nodes as reference nodes are
embedded into geometric space and calculate their coordinates,
the remaining nodes are embedded into geometric space, and
calculate their coordinates according to the coordinates of the
reference nodes. This method avoids lots of end-to-end delay
measurement, reducing the amount of delay measurement
overhead, but the fixed reference node selection can affect the
prediction accuracy. To solve this problem, Dabek et al. [7]
first proposed a distributed network coordinate Vivaldi, the
process of network nodes are embedded into geometric space
can be seen as a process of minimizing prediction delay error,
and also can be seen as a process of the spring elastic potential
energy minimization, Vivaldi is a fully distributed network
coordinate system, node delay prediction accuracy is not
affected by reference node performance. However, the
convergence speed is slow, the coordinates of the nodes are
too concentrated. A layered architecture of the network
coordinate system proposed by Ng et al [8], nodes in the
network is divided into a plurality of layers, every node
coordinates can be obtained in each layer, but makes the
algorithm complexity increases. Yang Chen et al. [9] proposed
the extended hierarchical network coordinate system based on
Vivaldi, the same node give multiple sets of different network
coordinate, One group is global scope (i.e. the entire Internet)
network coordinate, and the other coordinates in a relatively
small range. The network coordinate system based on
Euclidean distance can effectively predict the network delay
between any two nodes, and have a certain degree of
scalability, due to the presence of TIV (triangle inequality
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violation) [10] and network delay non symmetric [11]
problem, the prediction accuracy still need to be improved.

In order to overcome the two main flaws result from the
network coordinate system based on Euclidean distance,
researchers proposed the network coordinate system based on
the matrix factorization. The main idea is a delay matrix can
be approximation decomposed into two small matrixes, the
row vectors of two small matrix as the coordinates of the
network nodes, the prediction delay between two nodes can be
calculated according to the definition of vector multiplication
rule. Yun Mao et al [12] first proposed a network coordinates
based on matrix factorization (IDES), network nodes are
divided into ordinary nodes and reference nodes, using
reference nodes construct the initial network coordinate
system, ordinary nodes calculate itself coordinates according
to the coordinates of reference nodes, this method first brings
matrix factorization into network coordinate system, and
improve the network delay prediction accuracy, but this
method sensitives to reference nodes. Liao [13] et al proposed
a distributed network coordinate system based on matrix
factorization, which not distinguish nodes attributes, each
node can be randomly selected as reference nodes, to solve the
flaw result from fixed reference nodes, but this method is
shocked by the nodes coordinates. Chen et al [6] proposes a
network coordinates system based on matrix factorization
using weight (Phoenix), aiming at solving the problem of error
propagation, the introduction of weighting schemes, the
absolute error of the higher reference node given low weight,
absolute error of the low reference nodes give high weight.
Liao et al [14] introduce the machine learning into the
network coordinate system, using stochastic gradient descent
algorithm to update the nodes coordinates, proposed a network
coordinates based on stochastic gradient decrease algorithm,
the node coordinates can quickly converge. Rizk [15] et al.
according to the network node in the real network topology
delay similarity theory, the nodes of the network is divided
into different classes, each class using matrix factorization to
acquire the node coordinates, propose a network coordinate
system based on matrix factorization using term clustering.

The above methods are based on the NMF algorithm to
calculate the initial coordinates of the reference node, such as
IDES using non-negative matrix factorization algorithm, and
no analysis of network delay data distribution characteristics,.
It is considered that the link delay distribution obeys a
Gaussian distribution, and research indicates that in the actual
Internet, network link delay approximation follows a Poisson
distribution [16], [17]. Therefore, the NMF on delay matrix
factorization in IDES, may not be a good fit to the actual
Internet network delay. Aiming at this flaw, this paper
presents a network coordinate system based on non-negative
matrix factorization using KL divergence (KL-NMF). First, it
analyses the network link delay distribution, then according to
the link delay approximate obeys the Poisson distribution,
using the non-negative matrix factorization algorithm based
on KL divergence [18] into the network coordinate system.
Finally, the node according to its own coordinate combined
with definition of computational algorithms to predict the
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delay between other nodes. Compared with the classical
algorithm IDES, the results show that the proposed method
(KL-NMF) improves the delay prediction accuracy.

II. THE BASIC PRINCIPLE OF IDES

network coordinate system based on Euclidean distance
need to meet the condition that the sum of two sides is greater
than third side in a triangle, but the literature [19] pointed out:
the influence of actual network routing strategy results in the
network nodes delay often appear TIV (Triangle Inequality
Violation) phenomenon, that is, the network distance between
them may violate the principle of triangle inequality, leading
to predict delay error is too large. To solve this problem, Mao
et al. first proposed that matrix factorization can be applied
into the network coordinates system, they think that any two
nodes are adjacent to each other in topological network, the
delay from them to other nodes is similar, therefore, consists
of a large number of delay of nodes network delay matrix,
their row vector approximately equal or approximately equal
to a linear combination of the other, and the delay matrix can
also be expressed as the product of two lower dimensional
delay matrix. According to this idea, we can find the
approximate factorization of delay matrix:

D= XY’ (1)
Where Dis composed of N X N delay matrix, X and Y are
N xd matrix (d << N ), the network distance between any

two nodes H cand H ;can be estimated according to the:
d
Di,j:Xi'I/;:ZXi,k)/j,k @
k=1

D, ; represents the network distance between two nodes
H, and H,, X, and Yi represent the outgoing vector of
H. (delay from host to reference node) and incoming vector of
H ; (delay from reference node to host),respectively. Therefore,
it is a key problem to get the outgoing vector matrix and the
incoming vector matrix of the host from the delay matrix,
IDES applies the non-negative matrix factorization algorithm
proposed by [18] to obtain the outgoing vector matrix and
incoming vector matrix of hosts. The algorithm uses the
typical square Euclidean distance as the objective function,
that is:

D,(D||XY) =D -XY|’ 3)
For the formula (3), using the gradient descent algorithm to
solve the minimum value, to minimizing the error of delay
matrix [)and XY . The iterative rule of the algorithm is as
follows:

(DY),

X, <X, ———— “4)
’ “(XY'Y),,
(XTD)M.

ey (5)
Js 75 (XTXYT )a‘j
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a is the number of columns in the matrix X and Y , X, and
Ym respectively represent the element of matrix X and Y .

The matrix X and Y can be obtained by the iterative formula
(4), (5), then the row vector X, and Y, of the matrix are

obtained, therefore, the predicted value of delay between any
two nodes can be obtained by means of the formula (2). IDES
can avoid the TIV problem, but owing to using formula (3) as
objective function, network link delay distribution should be
subject to Gauss distribution, however, research pointed out
that network link delay approximation obeyed the Poisson
distribution[16][17], therefore, according to formula (3) to
decompose delay matrix will reduce the accuracy of network
coordinate of reference nodes.

HI.KL-NMF NETWORK COORDINATE SYSTEM ALGORITHM

Algorithm is divided into two parts, first part of the
construction for the network coordinates, using the selected
reference nodes, delay matrix is constituted by KL divergence
based non-negative matrix factorization algorithm to get
reference nodes of vector. The second part is the ordinary
nodes delay prediction, the ordinary nodes measurement the
delay from the reference nodes, then the coordinates in the
network coordinate system are calculated, and the delay
between the nodes is estimated according to their own
coordinates. Figure 1 illustrates the general flow of the
algorithm.

Input: network nodes measurement delay; reference nodes
number; matrix dimension; iteration number.

Output: coordinates of reference nodes in the network
coordinate system.

Step 1 Construction of reference nodes delay matrix.

In a given network environment, all the nodes measure the
delay data which is used to construct the network nodes delay
matrix. In this paper, we choose the network nodes delay data
set which is widely used in the current literature, and adopt
random selection algorithm to select a certain number of

nodes as reference nodes from the given network environment.

Take King data set as example, we use randperm() algorithm
to randomly select N nodes as reference nodes from all the
network nodes, and measure the delay by each pair of
reference nodes to construct an N x N reference nodes delay
matrix.

Step 2 Acquisition of reference nodes coordinates.

Use KL-NMF algorithm to decompose the reference node
delay matrix as two low dimension matrix X and Y. The
specific process is as follows: firstly, set the dimension of
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decomposed matrix X and Y, and the iteration number. Then,
initialize matrix X and Y with randomly number between 0-1;
the next, obtain the non-negative matrix X and Y using
iterative formula (6), (7) deducted by KL-NMF algorithm.
X X/ Ax(Y"*K)))*((d./ XxY)xY") (6)
Y  (Y./ (X" xD*K"))* (X" x(d./ (XxY))) @)
Where I denotes the i dimensional column vector, K denotes
the k dimensional row vector, and * denotes the dot
production of matrix. The detailed deduction process of
formula (6) and (7) will be listed in chapter 4. At last,
algorithm ends with reaching the max iteration number. From
the above process we can get two N X v matrixes named X
and Y, which N denotes reference nodes number.
Step 3 Construction of initial network coordinate system.
The two N x v matrixes in step 2 using KL-NMF
algorithm are as follows:

X, X1y Xty

X=| : |=]| : : 8)
Xy X1 Xy
Y, Y Yy

Y=| : |=]| : )
Y, Vi Y

Formula (8) denotes outgoing vector matrix of reference
nodes, and (9) denotes ingoing vector matrix of reference
nodes. The outgoing vector and incoming vector of any
reference nodes are X=0(.%-3x) and Y, =0)pud)
respectively, which denotes the reference nodes coordinates of
network coordinate system.

Step 4.0rdinary nodes delay predict.

Similar to IDES, first, the step 1 get an ordinary node join
into the network coordinate system; then, ordinary nodes
measure the delay from the m reference nodes and to the m
reference nodes, according to formula (10), (11) to calculate
the ordinary nodes coordinates in the network coordinate
system:

X:argminZ:(Diom—X'YI»)2 (10)
Xer! o
Y = argmin z (D, —-X,-Y)" (D

YeR? i=1
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Figure 1.

Among them, D,,,, is measured delay from ordinary
nodes to the reference node i, D, ;, is measured delay from

the reference node i to ordinary nodes, X, and Y,

respectively for the outgoing vector and incoming vector of
the reference node i, X and Y respectively for the outgoing
vector and incoming vector of ordinary nodes. When all
ordinary nodes get their own coordinates, the network delay
calculation method is defined by the formula (12), which can
be used to calculate the delay between any two nodes:

D, =X,Y, (12)
Where i, j for any two ordinary nodes, D, ; for the ordinary

node i and j prediction delay, X, and Y, are the outgoing
vector and the incoming vector of ordinary node i.

The KL non-negative matrix factorization based network
coordinate system uses minimized KL divergence
multiplication and take the difference (i.e. KL divergence) of
delay matrix d and the probability density distribution of
matrix XY as target function:

1 J d .
Dy @|IXY) =3 3 (d, ,In—2——d, , +[XY], ) (13)
S TIXYL,

where which d ;,; denotes the i row and j column element of

matrix d. We apply unconstrained minimization technique to
formula (13), because the partial derivative of formula (14)(15)
0D, (|| XY)

ox, - _;(yk,jd[,j/[XY]f,j + Vi)
ayk’j

exists, the optimization problem of target function can be
solved by gradient descent algorithm as formula (16), (17)
shows:

J
Xik <~ Xk — xu[,k x {_Z (yk,jd[,j /[XY]f,j + yk,j)

J=1

(14)

_ZI‘, (‘xi,kdi,j/[XY]i,j +xi,k) (15)

(16)
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KL-NMF network coordinate system algorithm

I
Vi € Yy =My ™ {—Z (x,.d,; IXY],; +x, )} (17)
i=1

where H;, denotes the update stride of the i row and k
column element of matrix X, 77, ; denotes the update stride of
the k row and j column element of matrix Y, X, , denotes the

i row and k column element of matrix X, ¥, denotes the j

row and k& column element of matrix Y. Making stride in
formula (18), (19):

1
Mg = (18)
2 Ve
Jj=1
1
Mej =7 (19)
Z xi,k
i=1
so that formula (18), (19) can be transformed as:
J
Zyk,jd[,k /[XY]f,k
Xk < Xk = 7 (20)
Z Vs
j=1
I
Zx[,kdi,k /[XY],-,k
Yy < Vi = (21)

1
zx[,k
in1

and formula (20), (21) can be transformed as formula (6),(7),
so that we can get matrixes X and Y which are decomposed
from delay matrix d with above two formula.

IV.EXPERIMENTAL RESULTS

In this paper, the validity and rationality of the algorithm is
verified in the Matlab experimental environment, and the
experiment is based on four different delay matrices (King
[20], PL-RTT [21], Toread [22], Meridian [23]). Among them,
the King data set consists of 1740 DNS server delay
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measurement. PL-RTT data set includes 169 nodes from the
PlanetLab node in the Ping project in 3/23/2004 measurement.
Toread data set includes 335 nodes obtained by PlanetLab
data. Meridian data set from 2500 host Cornell Meridian
project in each measurement delay, in order to approximate
the steady state characterization of the network delay, delay in
the data sets respectively at different time of repeated
measurements of a minimum value, based on the experimental
data can be more close to actual network performance.

In the delay prediction, select a small number of nodes as a
reference nodes, the remaining nodes as ordinary nodes, using
the classical algorithm IDES and the proposed algorithm to
conduct the experimental, as shown in Figure 2, KL-NMF
represents the algorithm proposed in this paper, NMF
represents IDES algorithm.
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(a) King dataset

Cumulative Distribution Function
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(a) PL-RTT dataset

Figure 2 shows that, in the condition of same dimension
and the same number of references, in figure 2(a), the KL-
NMF improve the accuracy of delay prediction by 10% than
IDES algorithm, and in figure 2(b), the KL-NMF improve the
accuracy of delay prediction by 14.2% than IDES algorithm,
in figure 2(c), the KL-NMF improve the accuracy of delay
prediction by 12.1% than IDES algorithm, in figure 2(d), the
KL-NMF improve the accuracy of delay prediction by 10.1%
than IDES algorithm. the reasons is the improved network
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Figure 2.  Ordinary node delay prediction

coordinate system based on non-negative matrix factorization
using KL divergence algorithm is more consistent with the
characteristics of delay matrix data distribution, thus the delay
prediction method is proposed in this paper is better than the
classical IDES algorithm.

V.CONCLUSION

In order to improve the network coordinate system in
network delay prediction accuracy, this paper proposed a new
network coordinate system based on non-negative matrix
factorization using KL divergence. The algorithm using the
KL divergence as the objective function, using the gradient
descent algorithm, delay matrix factorization iterative formula
i1s obtained, combined with the row vectors of two matrices,
coordinates of the nodes is calculated by using the formula
proposed in this paper, According to the four different data
sets, conducted a series of experiments, results show that the
method proposed in this paper can improve the delay
prediction accuracy. In the next step, we will study more
efficient delay prediction algorithm based on network
coordinate system to further improve the accuracy of network
delay prediction.
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