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We estimate the missing round trip time (RTT) measurements in computer networks using
doubly non-negative (DN) matrix completion and compressed sensing. The major contribu-
tions of this paper are the following: (i) an iterative DN matrix completion that minimizes
the mean square estimation error; (ii) mathematical conditions for the convergence of the
algorithm; (iii) systematic and detailed experimental comparison of DN matrix completion
and compressed sensing for estimating missing RTT estimation in computer networks. To
Keywords: s R .
Estimation our knowledge, this is the first work that compares the pros and cons of compressed sensing
RTT and DN matrix completion for RTT estimation using actual Internet measurement data.
Results indicate that compressed sensing provides better estimation in networks with spo-
radic missing values while DN completion of matrices is more suitable for estimation in net-
works which miss blocks of measurements. Our proposed DN matrix completion method is

Compressed sensing
DN matrix completion

one of the first approaches to matrix completion, that minimizes the estimation error.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The performance of communication networks largely
depends on the instantaneous or the long-term statistical
measurements of certain network parameters, e.g., pack-
et-loss [1], end-to-end delay [2], etc. The measured net-
work parameters are used to enable efficient network
management. In computer networks, an important network
parameter is the end-to-end delay (often measured in
terms of round trip time (RTT)) between different nodes
in the network. The RTTs, in turn, are used to support differ-
ent network engineering tasks such as traffic engineering,
capacity planning, and support for quality-of-service (QoS).

In many practical scenarios, it may not be possible to
obtain the measurements related to some pairs of nodes.
For instance, in computer networks, the RTT is measured
using Traceroute [3] and ping [4], by sending probing pack-
ets from a source node to a destination node. Internet
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control message protocol (ICMP) packets are used to mea-
sure the RTT between the source and the destination
nodes. In practice, many routers and servers block ICMP
packets for security reasons. Alternatively, congestions in
the routes between nodes could result in packet loss. These
make network measurements inaccessible to a large
number of intermediate nodes. Fig. 1 shows examples of
incomplete RTT measurements when using traceroute
between Planet-lab [5] nodes aladdin.planetlab.
extranet.uni-passau.de and planetlab3.ie.cuhk.
edu.hk. The information enclosed in the rectangle in
Fig. 1a and b corresponds to the missing measurements
due to traceroute being blocked as a security measure
and due to route congestion between the nodes,
respectively.

Estimation of end-to-end delay between a single source
destination pair using past samples was studied in [2].
End-to-end delay prediction using a multiple-model ap-
proach was introduced in [1]. Data recovery for patterned
data set has been studied in signal processing [6]. Com-
pressed sensing (also known as compressive sampling), is
a new theory developed in recent years. Here, signals can


http://dx.doi.org/10.1016/j.comnet.2011.07.003
mailto:ziqian.dong@nyit.edu
mailto:asanthan@stevens. edu
mailto:asanthan@stevens. edu
mailto:mouli@stevens.edu
http://dx.doi.org/10.1016/j.comnet.2011.07.003
http://www.sciencedirect.com/science/journal/13891286
http://www.elsevier.com/locate/comnet

Z. Dong et al./ Computer Networks 55 (2011) 3364-3375 3365

1 aladdin planetlab.extranet.uni-passau.de §/2/2008 18:08 c3560.planetlab.extranet.uni-passau.de 195.37.16.102 1.656 1.777 1.803
2 aladdin planetiab extranet.uni-passau.de 8/2/2008 18:08 xr-regl-ge9-2.x-win.dfn.de 188.1.36.161 10.58 10.649 10.729

3 aladdin.planetiab extranet.uni-passau.de 8/2/2008 18:08 xr-garl- ~win.dfn.de 188.1.145.74 12,315 12.389 12,45

4 aladdin planetiab.extranet.uni-passau.de 8/2/2008 18:08 zr-fral-t 1.x-win.dfn.de 188.1.145.53 20.018 20.072 19.903

5 aladdin.planet/ab.extranet.uni-passau.de 8/2/2008 18:08 dfn.rt1.fra.de.geant2.net 62.40.124.33 19.704 19.782 19.599

6 aladdin planetiab.extranet.uni-passau.de 8/2/2008 18:08 abilene-wash-gw.rtl.fra.de.geant2.net 62.40.125.18 123.612 123.569
123525

prnet2.edu 64.57.28.12 140.057 140.143 140.17

planetiab.extranet
11 aladdin planetlab.extranet.unl-passau.de 8/2/2008 18:08 cuhk1-GE hkix.net 202.40.161.50 345.40 3345.26 345.257

12 aladdin planetiab.extranet.uni-passau.de 8/2/2008 18:08 csc0g02brb.net.cuhk.edu.hk 137.189.192.251 345.297 345,134 345.486
13 aladdin planetiab.extranet.uni-passau.de 8/2/2008 18:08 router993-3.je.cuhk.edu.hk 137.189.99.243346.048345.897346.21

14 aladdin planetiab.extranet.uni-passau.de 8/2/2008 18:08 planetiab3.ie.cuhk.edu.hk 137.189.98.30346.057345.894345.721

(a) Due to security settings at intermediate node

1 aladdin.planetiab.extranet.uni-passau.de 8/2/2008 18:00 c3560.planetlab.extranet.uni-passau.de 195.37.16.102 1.007 0.993 1.244
2aldinplanstiabotranetun assu.do 812208 1610, rg-403-2 winchnte 188136161 10532 10597 10383

6 aladdin.planetlab.extranet.uni-passau.de 8/2/2008 18:00 aBilenc-wash-gw.rl ira.de geantZ.net 62.90.125.18 123.567 124.631 124,483
7 aladdin. planetiab. extranet.uni-passau. de 8/2/2008 18:00 50-0-0-0.0.11r.newy.neLinternet 2.edy 64.57.28.10 128,775 128.657 128.718

& aladdin.planetiab.extranet.uni-passau.de 6/2/2008 18:00 nOX300gw1-VI-110-NOX- INTERNE T2.n0w.org 192.5.89.221 134.301 134,123 133.966

9 aladdin.planetlab.extranet.uni-passau.de B/2/2008 18:00 nOK300gw1-PEER-NOX-UMASS-192-5-89- 102.nox.org 192.5.89.102 136.287 136.138 136.7
10 aladdin.planetlab.extranet. de £/2/2008 18:00 lgre-rt-106-5 du 126.119.2.193 136,551 136.37 136.213

11 aladelin planetlab. exiranet uni-passau.de £/2/2008 18:00 128.119.3.153 128.119.3.153 137.51 138.345 138 161

T3 aladdin planelab. extranet uni-passau.de /23008 1800 * ©
13 aladdin.planetlab.extranet.uni-passau.de 8/2/2008 18:00 *
14 aladdin.planetiab.extranet uni-passau.de 8/2/2008 18:00
15 aladdin.planetiab.extranet.uni-passsu.de 8/2/2008 18:00
16 aladdin.planetlab.extranet.uni-passau.de 8/2/2008 18:00
planetiab.extranet.uni-passau.de §/2/2008 18:00 *

b.extranet uni-passau.de 8/2/2008 18:00
19 aladdinplanetiab.extranet uni-passau.de 8/2/2008 13:00
20 aladdin planetiab,extranet.uni-passau.de £/2/2008 18:00 *

(b) Due to route congestion

Fig. 1. Results of the traceroute between Planet-Lab nodes aladdin.planetlab.extranet.uni-passau.de and planetlab3.ie.cuhk.edu.hk. Missing

values correspond to the information enclosed by the rectangle.

be sampled at a rate, significantly less than the Nyquist
rate (given by the Nyquist-Shannon Theorem [7,8]), and
yet be faithfully recovered [9-13]. Compressed sensing ap-
plies ortho-normal sparse representation (using linear
transforms like Karhunen-Loeve transform (KLT), discrete
Fourier transform (DFT), discrete cosine transform (DCT),
etc. [14]), and incoherence measurements of signals, to ob-
tain maximum information using minimum amount of
measurements. Detailed information on compressed sens-
ing can be found in [15,16]. Spatio-temporal compressive
sensing framework was proposed to estimate the Internet
traffic matrix [17], where the authors apply sparsity regu-
larized matrix factorization to exploit the low-rank nature
of traffic matrices and their spatio-temporal properties.

For a network with N nodes, the measurement corre-
sponding to each pair of nodes can be represented as an
element in an N x N matrix. The missing information be-
tween some pairs of nodes leads to a partially complete
measurement matrix. As an example, consider the network
shown in Fig. 2. The RTT measurements are available be-
tween all pairs of nodes in the sets, S; = {A,B,C,D} and
S, = {D,E,F}. This is represented as a solid line in Fig. 2.
The RTT measurements between the pairs in the set
Ss = {(AE), (A, F), (B,E), (B,F),(C,E),(C,F)} are missing
(represented as the dashed lines in Fig. 2). Let r; denote
the RTT between nodes i and j in a network. The RTT matrix
corresponding to the network shown in Fig. 2, R, can then
be written as

0 1 tac Tap 7 7
tga 0 rgc rmp 77
ta T 0 100 7 7

Tpa Tog Toc O Tpr Tpe
? ? ? TED 0 T'Er
? ? ? I'ep TEE 0

where ? represents a missing RTT measurement. Recover-

ing the missing information is essentially the completion

of the matrix, from the available measurements.
Completion of matrices with specific properties is an-
other area actively researched (e.g., [18-21]). Here, a par-
tially complete matrix with certain property, P, is
considered. Then techniques are developed to complete
the matrix while retaining the property, P. The property,

P, could be positive definiteness, negative definiteness,

double non-negativity, double negativity, M-matrix

B

RTT available

————— RTT missing

Fig. 2. A network with 6 nodes, with missing RTT measurements between
some pairs of nodes.

property, etc. [22]. Completion of symmetric inverse M-
matrices was discussed in [18]. Doubly non-negative
(DN) matrix completion was studied in [19,20], in which
the authors discussed the conditions under which a partial
DN matrix can have a DN completion. The list of properties
for which the matrix completion problem has been solved
can be found in [21]. Although the current literature dis-
cusses mechanisms for DN matrix completion (e.g., [20]),
the provided solutions are not unique and are not opti-
mized to minimize the estimation error. The available
solutions could then result in large estimation errors, when
directly applied to estimating missing measurements in
communication networks. Therefore it is of interest to ex-
plore DN matrix completion techniques that not only pro-
vide an estimate of the missing measurements, but also
minimizes the estimation error.

The major contributions of this paper are the following:
(i) an iterative DN matrix completion that minimizes the
mean square estimation error; (ii) mathematical conditions
for the convergence of the algorithm; (iii) systematic and
detailed experimental comparison of DN matrix comple-
tion and compressed sensing for estimating missing RTT
estimation in computer networks. To our knowledge, this
is the first work that compares the pros and cons of com-
pressed sensing and DN matrix completion for RTT estima-
tion using actual Internet measurement data. The proposed
method minimizes the Frobenius norm [22] of the estima-
tion error. We describe and prove the sufficient conditions
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