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Abstract We introduce GreenOrbs, our recent effort in
exploring the fundamental challenges and future direction
of long-term large-scale applications of wireless sensor
networks. An integrated framework with more than 1000
sensors has been implemented, including the indoor test
bed, prototype systems, and forest deployment: compre-
hensively supporting research, development, and forestry
applications.
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1 Introduction

Since they were first proposed a decade ago, wireless
sensor networks (WSNs) have been applied to a wide
variety of fields, such as environmental surveillance,
industrial control, traffic monitoring, home automation,
and safeguarding, etc.
There have been a number of well-known WSN

systems and deployments. By far the largest deployment
called ExScal [1] included more than 1000 nodes, but it
was kept in operation for only a few days. A SensorScope
[2] deployment is the longest living project of all previous
deployments, lasting for around 6 months, but the system

consists of no more than 97 nodes. Trio [3] realized a
continuous outdoor deployment of 557 nodes for 4
months. It employed solar-powered sensor motes, how-
ever, which avoids the energy constraints on system
design.
Do WSNs really scale? What are the fundamental

challenges in deploying long-term large-scale WSNs?
To explore the answers to the above questions, we

launched GreenOrbs [4], a collaborative research project
to study long-term large-scale WSNs in a forest environ-
ment. The early experiences of GreenOrbs deliver many
lessons on deploying a long-term large-scale WSN in wild
environments. In this paper we present our findings so far
and discuss our future research directions.
Section 2 briefly introduces the forestry applications of

GreenOrbs. In Section 3, we present the latest advances on
forest deployment, prototype system, and, indoor test bed,
respectively. Section 4 discusses the future research
directions and presents the observations and experimental
results obtained by far, followed by the conclusion in
Section 5.

2 GreenOrbs applications

“The world has just ten years to bring greenhouse gas
emissions under control before the damage they cause
becomes irreversible”[5]. This is a famous prediction
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recently made by climate scientists and environmentalists.
It reflects the increasing attention from human beings in
the past decade on global climate change and environ-
mental pollution. On the other hand, forest, which is
regarded as the earth’s lung, is a critical component in the
global carbon cycle. It is able to absorb 10%–30% of CO2

from industrial emissions. Moreover, it has large capacity
of water conservation, preventing water and soil loss,
hence reducing the chance of natural disasters like mud-
rock flows and floods. Regarding the above points, forest
management and surveillance become more and more
important nowadays.

Forestry applications usually require long-term, large-
scale, continuous, and synchronized surveillance of huge
measurement areas with diverse creatures and complex
terrains. The state-of-the-art forestry techniques, however,
support only small-scale, discontinuous, asynchronous,
and coarse-grained measurements, which at the same time
incur large amount of cost with respect in terms of human
resource and equipment.

WSNs have great potential in resolving the challenges
in forestry. The information GreenOrbs offers can be used
as evidence, reference, and provides scientific tools for
human beings in the battle against global climate changes
and environmental pollution. GreenOrbs currently sup-
ports a variety of applications.

Carbon sequestration. To maximize the utility of forest
carbon sequestration, the capacity of carbon sequestration
of different tree species needs to be accurately measured.
This can be realized using carbon dioxide sensors in three-
dimensional forest space.
Canopy closure estimates, which is defined as the

percentage of ground area vertically shaded by overhead
foliage. It is a widely-used significant forestry indicator.
However, traditional measurement techniques have either
poor accuracy or prohibitive cost. Using WSN as a
quantitative measurement technique, GreenOrbs realizes
accurate canopy closure estimates at low cost [6].

Study on biodiversity. The sensor readings of tempera-
ture, humidity, and illuminance precisely characterize the
microclimate in the forest. Compared to traditional
forestry approaches, GreenOrbs have apparent advan-
tages. Surveillance can be long-term and continuous,
while the measurement is generally inexpensive and fine-
grained.
Fire risk prediction. Traditional techniques provide

only inaccurate forecasts according to the macroscopic
weather conditions, such as temperature, humidity, and

wind force. The real fire risks, however, are indeed closely
related to the microscopic ground conditions and human
activities. GreenOrbs is able to monitor the local
environmental factors, namely temperature and humidity.
Those data act as important input elements of fine-grained
real-time fire risk prediction [7].

3 Recent advances

We use TelosB [8] motes with MSP430 F1611 processor
and CC2420 radio. The software on the sensor nodes is
developed on top of TinyOS 2.1 [9].
Collection Tree Protocol CTP [10] is adopted for multi-

hop sensor data collection, wherein the beacon frequency
is reduced to save communication cost. Data dissemina-
tion from the base station is able to control the nodes’
operational parameters, such as transmission power,
sampling frequency, and duty cycle. Table 1 lists the
functions and supporting software components of the
sensors. The manufacturing cost of a GreenOrbs node is
50 US dollars.

By far we have implemented three deployments of
GreenOrbs, including the forest deployment in the Tianmu
Mountain, the prototype systems on campus hills, and the
indoor test bed. Table 2 summarizes the current informa-
tion of our three deployments. We carry out debugging
tests for GreenOrbs programs and protocols on the test
bed, so as to ensure the correctness and efficiency of our
design. The prototypes provide real contexts for outdoor
experiments and observations on the networking system,
while the Tianmu mountain deployment focuses on
supporting real applications. As of April 2010, we have
collected more than 5240000 valid data packets from
GreenOrbs, which accounts for over 600MB.

Table 1 Sensors on a GreenOrbs node

Sensor Function *Software

Sensirion Sht11 Temp. & humidity SensirionSht11C

Hamamatsu S1087 Illuminance HamamatsuS1087ParC

Voltage sensor Battery voltage VoltageC

GE Telaire 6004 Content of CO2 Self-developed

Table 2 Information of typical GreenOrbs deployments

Deployment Scale Duration Power

Tianmu Mount. 200 8 months ~8000 mAh D batteries

Prototype 400 12 months ~8000 mAh D batteries

Test bed 160 2 months AC/USB/AA Batteries
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The indoor test bed is shown in Fig. 1. It supports
experiments with up to 150 nodes. The sensor data can be
collected wirelessly and through wired USB communica-
tion. Sensor nodes are mapped to their serial port numbers
to enable simultaneous high-speed reprogramming of the
sensor nodes. The test bed nodes can use AC, USB, or AA
batteries as the power supply. By incorporating a set of
functions for online configuration, the test bed flexibly
supports a wide variety of network experiments.

The prototype systems are deployed in the campus
woodland of Zhejiang A&F University. Figure 2 shows
the bird's-eye picture of the current largest one. The
deployment area is around 40000 m2. It has been deployed
since May 2009 and initially included 50 nodes. In
November 2009 it was expanded to include 330 nodes.
The system scale reaches 400 in April 2010. The duty
cycle of nodes is set at 8%. The network diameter
measured by hop-count is 12. The sensor data are
published via the official GreenOrbs website [1].
The Tianmu Mountain deployment includes 200+

nodes and has been in continuous operation since August
2009. The deployment area is around 200,000 m2, as

shown in Fig. 3. The duty cycle of nodes is set at 5%. The
network diameter measured by hop-count is 20.

4 Research focus

4.1 WSN management

Diagnosis and visibility. The unreliable nature of wireless
communications in WSNs makes it extremely challenging
to ensure complete data collection. When network faults
are present, diagnosis based on incomplete knowledge of
the network often has poor accuracy and efficiency. Figure
4 shows the observations on three typical good links in
GreenOrbs. We find that the link loss rate fluctuates with
time and it seems independent of the traffic load. An
immediate conjecture is that it is due to the environmental
dynamics. But we can neither validate nor refute this
point, because the limited network visibility with the
current design of GreenOrbs disables a deterministic
answer.
Based on the above observation, one of our future

directions is to study and develop an easy-to-use diagnosis
tool for WSNs [11]. The tool should be light-weight,
universally applicable to mainstream WSN platforms, and
efficient in providing powerful visualized diagnostic
information for WSN developers. Another potential
research issue is how to improve the visibility of protocol
behavior, eliminating the irresolvable network faults
during operations.
Wireless reprogramming. The programs on the sensor

nodes often need to be upgraded or replaced after
deployment for various reasons, such as fixing bugs,
patching security holes, and upgrading program functions.
Collecting all nodes back, reprogramming using wired
connection, and redistributing the nodes is extremely
wasteful of human resources. Reprogramming over the air

Fig. 1 Picture of GreenOrbs testbed

Fig. 2 Bird's-eye picture of a GreenOrbs prototype (each blue point denotes a sensor node)
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is a crucial technique to support long-term continuous
deployments of WSNs. Due to the small node storage the
unreliable asynchronous data transmissions, it is very
difficult to maintain network consistency while repro-
gramming a WSN with numerous sensor nodes [12].

4.2 Data collection

Figure 5 shows eight network snapshots of eight con-
secutive operational periods of GreenOrbs. A higher color
depth indicates a larger number of transmissions by a node.
Intuitively the network traffic is unevenly distributed, while
the distribution is relatively stable. This indicates the
network has potential vulnerability to single point failure,
while the energy consumption among the nodes is not well
balanced. Another finding is that packet drops due to faulty
node behavior account for nearly 39% of packet loss.
Meanwhile, there are a non-negligible amount of outliers
in the collected sensor data. To address these issues, our

future research on data collection mainly includes three
aspects, namely comprehensive characterization of routing
path quality, efficient outlier detection, and assessment of
topological resiliency [13,14].

4.3 Localization

Localization is a crucial task for GreenOrbs because the
sensor data become useless unless the corresponding
location information of nodes is present [15–18]. It is a
very challenging issue, however, due to the non-uniform

Fig. 3 Tianmu Mountain deployment

Fig. 4 Traffic and loss rates on three typical links

Fig. 5 Network traffic distribution over time
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deployment of nodes, the irregular and fluctuating signal
strengths, and the influence from the complex terrain and
obstacles in the forest. A potential approach for resolving
the above challenges is to carefully manage the ranging
quality during the localization process. Geometric meth-
ods can be utilized to sift the noisy measurements, while
statistical methods can be used to realize robust location
estimation against diverse ranging errors.
For better integration of forestry and WSN techniques,

there are many other interdisciplinary issues to be studied,
such as manufacture of inexpensive and precise sensors
for CO2 sensing, and the interoperability between Green-
Orbs and forestry techniques.

5 Conclusion

This paper presents our recent advances with GreenOrbs,
an interdisciplinary research project for long-term large-
scale sensing in the forest. GreenOrbs is established in
China and involves the collaboration among a number of
universities. Based on the early experience with Green-
Orbs, we have discussed the future research directions,
such as WSN management, wireless reprogramming, data
collection, localization, and interdisciplinary issues.
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