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Fig. 7. The traffic and PRR on two typical links.

unbalanced traffic overhead. To answer this question, we
further take a look into the link behavior.

Fig. 7 shows the observation on two typical links. We find
that the link loss rate fluctuates with time and it seems
independent from the traffic load. An immediate guess is
that such link dynamics may come from the environmental
dynamics. Recall that our system is indeed deployed in the
wild. To further explore the link loss fluctuation, we adjust
the transmission power of the nodes. Intuitively, as the
transmission power is increased, the received signal
strength will be strengthened and the link PRR will be
improved. The level of transmission power is set at 8, 15, 21,
and 31 (Traces No. 9-12), respectively. In CC2420, they
correspond to the sending power of slightly above  15dBm,

7 dBm, around 4 dBm, and near 0 dBm. More results on
the impact of power setting to delay performance can be
found in Appendix J, which is available in the online
supplemental material.

With such observations we have to carefully reconsider
the way we used to view the wireless links in sensor
networks. Are they inherently unpredictable with fluctuat-
ing quality? If so, are the link fluctuations due to the
unpredictable environmental dynamics? Otherwise, assum-
ing the wireless links as indeed good medium for data
communications, do the current designs and protocols
simply fail to make the best use of them?

6 WHoO MoveD OuUR CHEESE?

As we have experienced from our basic observations, the
network cannot unlimitedly scale due to the physical
resource constraint. In this section, we summarize from
our basic observations and try to explore the major reasons
that limit the system scale. What is the dominant resource
that is at the first depleted when the network workload
scales? Are such resource balanced used? Where are the
places of resource depletion that bottleneck the entire
network? How should existing protocols be improved to
adapt to large-scale sensor network characteristics? With
those questions, we proactively look into our data trace and
conduct a new set of experiments.

6.1 The Last Straw that Breaks the Camel’'s Back

As previously shown in Section 5, when the size of the
network scales and the traffic load increases, the overall
system performance drops, especially after the scale
exceeds a limit.

Differing previous studies, our measurement results
suggest that the “hot area” problem around the sink does
not seem to play a major role in degrading the performance
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Fig. 8. The Pearson Correlation between (a) ETX and PDR on the path,
and (b) ETX measure and packet delivery deday.

of our system. Instead, we observe a set of critical nodes
that are distributed across the network, receiving exces-
sively high-traffic input, with fluctuating link loss rate, and
accounting for a large portion of packet drops. Current
routing protocols do not emphasize on those cases. As a
result, the routing structure may overreacts to path
dynamics, leading the network traffic concentrating from
one area to another, creating “hot” spots from time to time.
Meanwhile, some nodes may reside at an important
position, absorbing a large amount of traffic. For example,
nodes near the ridge need to relay traffic for nodes from one
side to the other. This should be the same for different
network densities. We need to complement current dy-
namic routing protocols, like CTP used in our settings, to
successfully handle those cases in time.

We examine the ETX value stored in each sensor node
for routing selection and compare it with the real path
quality we measure from the packet delivery, including the
PDR and the end-to-end delay along the path. We use
Pearson product-moment correlation coefficient to measure
the correlation between the ETX value used for routing
selection and the path PDR and end-to-end delay that
reflects the real performance of the selected routing path.
Fig. 8 depicts the CDF of the correlation coefficient. We
find that the coefficient almost exhibits a random effect
between 1 and 1, indicating that the ETX indicator hardly
reflects the real path quality for most of the time in the
large-scale network. This is because there are retransmis-
sions for each hop and even when the ETX is large, the
PDR can still be high.

In particular, besides ETX, most currently used link-
based path indicators like RSSI or LQI aggregate, focus
more on the quality of data transmissions on the links, but
overlook the quality of data forwarding inside the nodes. In
Fig. 9, we post a 20 hour statistics on the data forwarding
behaviors of a particular node (node 225). In the first half, it
gives a satisfactory performance, forwarding almost all of
the input data packets successfully. At some intermediate
time spot around 10 hours, this node happens to drop all
the input data packets while still successfully sending its
own data packet out. This weird behavior may relate to a
program bug that leads to locked memory of the forward-
ing queue in CTP with special concurrent operations. The
real problem is that, even when such a node drops all
incoming data packets it receives, it is still consistently
selected as the parent in the routing tables of many nodes
for the rest of time. Such a phenomenon is largely due to the
fact that the ETX indicator does not reflect the data drops



1992 IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS, VOL. 24, NO. 10, OCTOBER 2013

[8] E. Ertin, A. Arora, R. Ramnath, M. Nesterenko, V. Naik, S. Bapat, [29] M. Zuniga and B. Krishnamachari, “Analyzing the Transitional
V. Kulathumani, M. Sridharan, H. Zhang, and H. Cao, “Kansei: A Region in Low Power Wireless Links,” Proc. IEEE Comm. Soc. Conf.
Testbed for Sensing at Scale,” Proc. Fifth Int'l Conf. Information Sensor, Mesh and Ad Hoc Comm. and Networks (SECC20D4.

[9]

Processing in Sensor Networks (IPSN006.
O. Gnawali, R. Fonseca, K. Jamieson, D. Moss, and P. Levis,

“Collection Tree Protocol,” Proc. ACM Seventh Conf. Embedded

Networked Sensor Systems (SENSY&)09.

Yunhao Liu received the BS degree in
automation from Tsinghua University, China,
in 1995, the MS and PhD degrees in

[10] T.He, P. Vicaire, T. Yan, Q. Cao, G. Zhou, L. Gu, L. Luo, R. Stoleru, computer science and engineering from Mi-
J.A. Stankovic, and T.F. Abdelzaher, “Achieving Long-Term chigan State University, in 2003 and 2004,
Surveillance in VigilNet,” Proc. INFOCOM, 2006. respectively. He is currently the Chang Jiang

[11] T. He, P. Vicaire, T. Yan, Q. Cao, G. Zhou, L. Gu, L. Luo, R. Professor at School of Software and TNLIST,
Stoleru, J.A. Stankovic, and T.F. Abdelzaher, “Achieving Long- Tsinghua University. His research interests
Term Surveillance in VigilNet” ACM Trans. Sensor Networks ::nocrIT?[()jliir\lAc_l;re;sds pseerczgirvgect\glr%g(dtiﬁgerljg-‘i)see;
TOSN), vol. 5, no. 1, pp. 1-39, 2009. ) J -

[12] f:’ Levi)s, N. Patel, D.pr():uller, and S. Shenker, “Trickle: A Self- senior member of the IEEE and the IEEE Computer Society.
Regulating Algorithm for Code Propagation and Maintenance in . )
Wireless Sensor Networks,” Proc. First Conf. Symp. Networked Yuan He received the BE degree in the
Systems Design and Implementation (NSD2Q04. Un_|ver5|ty of SC|ence_ and_ Technology of

; S j o . China, the ME degree in Institute of Software,

[13] M. Li and Y. Liu, “Underground Coal Mine Monitoring with . .

Wireless Sensor Networks,” ACM Trans. Sensor Networks (TOSN) Chlnese_ Academy of SC|er_1ces,_ and the‘ PhD
L5 no. 2 1-29 200'9 ! degree in Hong Ko_ng Unlversny_ of SC|en_ce
vol. I » PP ! ’ . and Technology. His research interests in-

[14] Y. Liu, Y. He, M. Li, J. Wang, K. Liu, L. Mo, W. Dong, Z. clude sensor networks, peer-to-peer comput-
Yang, M. Xi, J. Zhao, and X.-Y. Li, “Does Wireless Sensor ing, and pervasive computing. He is a
Network Scale? a Measurement Study on Greenorbs,” Proc. me;nber of the IEEE, the IEEE Computer
IEEE INFOCOM, 2011. Society, and the ACM and Tsinghua National

[15] Y. Liu, Q. Zhang, and L.M. Ni, “Opportunity-Based Topology Lab for Information Science and Technology.

Control in Wireless Sensor Networks,” IEEE Trans. Parallel and
Distributed Systems (TPDS)yol. 21, no. 3, pp. 405-416, Mar. 2010.

[16] M. Mardti, B. Kusy, G. Simon, and A. Lédeczi, “FTSP: The Mo Li received the BS degree in the Department
Flooding Time Synchronization Protocol,” Proc. Second Int'| Conf. of Computer Science and Technology from
Embedded Networked Sensor Systems (SENSXGE). Tsinghua University, China and the PhD degree

[17] S Qlariu and I. S_tojmenovic, “Design Quidelines for Maximizi_ng in Computer science and engineering from the
Lifetime and Avoiding Energy Holes in Sensor Networks with Hong Kong University of Science and Technol-
Uniform Distribution and Uniform Reporting,”  Proc. INFOCOM, ogy, in 2004 and 2010, respectively. He is
2006. currently an assistant professor in the School

[18] K. Sakai, S.C.-H. Huang, W.-S. Ku, M.-T. Sun, and X. Cheng, of Computer Engineering, Nanyang Technologi-
“Timer-Based Cds Construction in Wireless Ad Hoc Networks,” cal University. His research interests include
IEEE Trans. Mobile Computing (TMC)vol. 10, no. 10, pp. 1388-1402, wireless sensor networking, pervasive comput-
Oct. 2011. ing, and peer-to-peer computing. He is a member of the IEEE and the

[19] K. Srinivasan, P. Duttaxyd, A. Tavakoli, and P. Levis, “Under- IEEE Computer Society.
standing the Causes of Packet Delivery Success and Failure in
Dense Wireless Sensor Networks,” technical report, Stanford Univ. Jiliang Wang received the BE degree in the
and UC Berkeley2006. Department of Computer Science from the

[20] K. Srinivasan and P. Levis, “RSSI is under Appreciated,” Proc. University of Science and Technology of China
Third Workshop Embedded Networked Sensors (EmN2g€). and the PhD degree in the Department of

[21] H. Tan, I. Korpeoglu, and I. Stojmenovic, “Computing Localized Computer Science and Engineering from the
Power Efficient Data Aggregation Trees for Sensor Networks,” Hong Kong University of Science and Technol-
IEEE Trans. Parallel and Distributed Systems (TPDSyl. 22, no. 3, i?]gy-fgnegﬁu(;urbenr:\t,lgrglt$ tz?ssfgsg;r%si%fttgiﬁ
pp. 489-500, Mar. 2011. ! A :

[22] G. Tolle and D. Culler, “Design of an Application-Cooperative includes wireless sensor networks,_ networ_k
Management System for Wireless Sensor Networks,” Proc. measurement, and pervasive computing. He is
Second European Workshop Wireless Sensor Networks (EWSﬂ)member of the IEEE and the IEEE Computer Society.

2005.

[23] G. Tolle, J. Polastre, R. Szewczyk, D. Culler, N. Turner, K. Tu,
S. Burgess, T. Dawson, P. Buonadonna, D. Gay, and W. Hong,
“A Macroscope in the Redwoods,” Proc. Third Intl Conf.
Embedded Networked Sensor Systems (SENSX®)5.

[24] X. Wang, Y. Bei, Q. Peng, and L. Fu, “Speed Improves Delay-
Capacity Tradeoff in Motioncast,” IEEE Trans. Parallel and
Distributed Systems (TPDS)yol. 22, no. 5, pp. 729-742, May 2011.

[25] G. Werner-Allen, K. Lorincz, J. Johnson, J. Lees, and M. Welsh,
“Fidelity and Yield in a Volcano Monitoring Sensor Network,”
Proc. Seventh Symp. Operating Systems Design and Implementation
(OSDI), 2006.

[26] G. Werner-Allen, P. Swieskowski, and M. Welsh, “MoteLab: A
Wireless Sensor Network Testbed,” Proc. Fourth Intl Symp.

Information Processing in Sensor Networks (IPSRPO5.

[27] X. Wu, G. Chen, and S.K. Das, “Avoiding Energy Holes in
Wireless Sensor Networks with Nonuniform Node Distribution,”

IEEE Trans. Parallel and Distributed Systems (TPDS#l. 19, no. 5,
pp. 710-720, May 2008.

[28] N. Xu, S. Rangwala, K.K. Chintalapudi, D. Ganesan, A. Broad,

R. Govindan, and D. Estrin, “A Wireless Sensor Network For

Structural Monitoring,” Proc. Second Int'l Conf. Embedded Net-

worked Sensor Systems (SENSY3)04.



