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Energy consumption for executing 3000 
instructions is equivalent to sending a 
bit 100 meters by radio. 

— G.J. Pottie and W.J. Kaiser
Wireless Integrated Network Sensors
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Data Aggregation

In-network processing

Reduces communication cost

Increases trust in measured values



Approaches

Cluster-Based

LEACH

PEGASIS

Tree-based

Directed Diffusion

TAG
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Structure-free Data 
Aggregation

Packets need to be in the right place...

Spatial Convergence

... at the right time

Temporal Convergence
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Design Goals

Early aggregation

Tolerance to event dynamics

Robust to interference

Fault tolerance
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Anycast
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Unicast Broadcast

AnycastMulticast



Data-Aware Anycast

Improve Spatial Convergence

MAC layer protocol

Anycast to neighbor nodes for 
immediate aggregation

Enhancement: Use anycast for 
forwarding packets

CTS priorities depending on distance to 
sink and aggregatibility
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Randomized Waiting
Improve Temporal Convergence

Application layer protocol

Naive Approach

Delay based on proximity to sink

closer to sink → higher delay

Delay proportional to the size of the network

large network → large delay

Solution: Random Delay at the sources
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Simulation Setup - Scenario

1000m × 1000m square grid

Event size 200m radius at 10 m/s

Send packets to the sink every 5 seconds with 50 byte payload

Evaluation metric: Normalized Number of Transmissions
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Simulation Setup - Protocols

Opportunistic Aggregation (OP)

Optimum Aggregation Tree (AT)

Data-Aware Anycast (DAA)

Randomized Waiting (RW)

DAA+RW
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Simulation - Maximum Delay
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Fig. 9. The simulation results for different maximum randomized waiting time. (a) Normalized number of transmissions. (b) Total number of transmissions
in the network. (c) Number of received packets.
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Fig. 10. The end-to-end transmission delay v.s. maximum delay.

At τ = 4 seconds, the DAA+RW is 21% lower than DAA

(DAA+RW with delay 0), and RW is 20% lower than OP. The

structure approach AT, as predicted, has the lowest normalized

number of transmissions. AT is 29% lower than DAA+RW in

terms of normalized number of transmissions. However AT

requires the time and overhead of constructing the tree, which

may degrade its performance further, and is not shown in the

graph. AT-2, the structure approach with different maximum

delay, does not perform better than DAA+RW approach when

the maximum delay is less than 2.4 seconds. This shows that
structure approach are very sensitive to the waiting time as we

described in Section I. At worst case, AT-2 has 300% more

normalized number of transmissions than AT. However with

higher delay, the end-to-end delay is also higher for AT. (Fig.

10). Because of DAA’s ability to achieve early aggregation, it

can effectively reduce the number of packets in the network

even without delay. Therefore DAA+RW is not as sensitive

as the AT approach. Although with higher values of τ , the
normalized load of DAA+RW can be further reduced, beyond

τ = 1.6s the reduction is marginal.

Fig. 9(b) and 9(c) show the number of transmissions and

receptions of packets for different τ . We can see that AT has
the lowest number of transmissions, which is only 57% of

DAA+RW. However, DAA+RW has higher number of received

packets than AT. This is counter-intuitive since AT delays

packets transmission nicely, it is expected to have less packet

dropping rate. Tracing into the simulation logs we found that

the packet dropping rate is very high in AT. DAA+RW has

about 7 packets loss which counts for around 150 effective
information, while AT has about 200 packets loss which counts

for about 2100 effective information. We believe that this is
because in the AT approach, nodes have only one choice, their

parent, to send their packets to. It is a converge cast which may

cause a lot of contention. However in DAA and DAA+RW,

nodes have multiple choices as next-hop, and packets tend to

be forwarded away from each other (packets that are close

will be aggregated), which reduces the contention. Therefore

DAA and DAA+RW have less packet loss and achieve higher

number of received packets.

We observe that as DAA+RW achieves lower number of

transmissions than DAA and it decreases as τ increases, RW
has opposite behavior to DAA+RW. RW has higher number

of transmissions than OP, and it increases as τ increases. This
is because RW has lower packet dropping rate than OP (in

Fig.9(c)). When τ increases, packets are more likely to be

transmitted at different time, and the collision is reduced. As

fewer packets are dropped, more packets are transmitted in

the network, and they contribute to the increase in number of

transmissions. The packet dropping rate is low for DAA as

it achieves packet aggregation in the beginning, reducing the

number of packets and lowering the probability of collision.

Fig. 10 shows the weighted delay for different τ . The
weighted delay is the average delay experienced by a packet

reaching the sink weighted by the number of contributing

sources for that packet. For example, suppose at time 2 the sink
receives a packet containing 3 aggregated packets generated at
time 0. At time 8, the sink receives another packet containing
4 aggregated packets generated at time 5. The weighted delay
is ((2− 0) ∗ 3 + (8− 5) ∗ 4)/(3 + 4) = 18/7. Therefore, as τ
increases, the average weighted delay also increases.

We can see that the structured approaches have higher delay

than the structure-free approaches. The main reason is that

nodes have to wait for all their children before the delay

timer expires, and when the aggregated packet reaches the

sink, the delay is longer than average delay in structure-free

approaches. In some applications, such as intrusion detection,

the sink might want to get coarse data very soon to reduce

the detection latency, and later get more concrete information

about the event. AT can not achieve this since it is supposed

to wait packets from their children. For these applications,

DAA+RW provides a better trade-off between energy and

delay. For applications that are not tolerant to delay, DAA

still provides good performance with lowest delay.
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Fig. 13. The simulation results for different event size.

of events. This is because within a 1000m× 1000m networks

with the 200m radius of an event, most of the events are

overlapped and the nodes only generate one packet no matter

how many events are within its sensing range.

G. Distance to the Sink

Unlike AT that can aggregate all packets into one node

(optimally), DAA and DAA+RW are unlikely to aggregate all

packets into only one node. As we described before, there

will be n
k+1 packets left in the network in average after DAA

approach, where n is the number of nodes generating packets
and k is the average number of neighbors of a node. As more
packets remain in the network, the cost of forwarding these

packets is higher, and the increase is more significant when

the event distance to the sink is longer.

We restrict an event to move only within a 200m × 200m
square centered at (300, 300) to (700, 700), and observe the
performance of these protocols at different distances. Fig. 15

shows the results of these simulations. As we predicted, when

the distance to the sink increases, all structure-free protocols

have higher number of transmissions. Only AT remains the

same across all scenarios. This suggests us that semi-structured

approaches might be better at reducing the number of packets

left in the network and improving the performance over

structure-free approaches. This is considered as future work

and is not in the scope of this paper.

H. Aggregation Ratio

All simulations in previous sections focus on perfect aggre-

gation, that is, no matter how many packets are aggregated,

they can be aggregated to one packet. In this section, we

study the impact of aggregation ratio for different protocols.

When a node senses an event, it will generate a packet with

50 bytes payload. We use a simple aggregation function to
aggregate packets: The size of the packet after aggregation

is max{50, n × (1 − ρ)} where n is the number of effective
information and ρ is the aggregation ratio. ρ = 1 stands for
perfect aggregation. The maximum payload of a packet is set

to 200 bytes. Therefore two packets may not be aggregated
even if they meet at the same node at the same time if

the aggregated size is greater than 200 bytes. In DAA and

DAA+RW, nodes should be able to distinguish if they can

achieve aggregation when they receive an RTS from their

neighbors. Therefore we add a field to RTS to specify how

many effective pieces of information are contained in the

packet to let the node compute its priority for replying a CTS.

Fig. 16 shows the results for different aggregation ratios for

different protocols. AT does not perform well for scenarios

with aggregation ratio other than 1. The number of packets
received in AT drops very quickly as the aggregation ratio

decreases. It becomes the lowest when the aggregation ratio

is less than 0.4. The simulation logs show that the packet

dropping rate is extremely high in AT when the aggregation

ratio is not 1, and it increases as the aggregation ratio de-
creases. This is due to the following reason. As the aggregation

ratio decreases, more packets will remain in the network

because they may reach the maximum payload and can not

be aggregated anymore. In AT, when packets converge to the

aggregation root, they become larger because they aggregate

more packets. We observe that when packet reaches nodes with

height 4, they may not aggregate packets anymore; therefore
more packets will be forwarded to the root. More packets with

larger size make the contention even worse. Furthermore, these

packets contain more effective information. When they are

dropped, more effective information is dropped.

In this simulation we observe that structured approaches

may not perform well if the aggregation is not perfect. By

incurring the overhead of the structured approaches, their

performance would be even worse. On the other hand, as the

aggregation ratio decreases, AT can not aggregate all packets

into one packet anymore. There will be more packets left in

the network. Therefore we conclude that it is not necessary

to find a structure to aggregate packets to one node. DAA

and DAA+RW do not incur the overhead of constructing the

structure, and naturally lower the impact of more packets

left in the network as the aggregation ratio increases because

they only aggregate packets that are close to each other. We

believe that the structure-free approach can perform better than

structure approach in these scenarios.

VI. EXPERIMENT EVALUATION

We have implemented the DAA and RW approaches on the

Kansei testbed [33] [34]. The Kansei testbed is composed of

210 stargates [35] arranged in a 15× 14 grid. Each stargate is
attached with a XSM/Mica2 mote [36] through the serial port.

The stargates are used to create a wired network facilitating

the reprogramming of XSMs and job dispatch. Each attached
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Fig. 14. The simulation results for different number of events.
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Fig. 15. The simulation results for varying distance between the event and the sink.
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Fig. 16. The simulation results for different aggregation ratio. DAA and DAA+RW perform better than AT when aggregation ratio less than 0.8.

XSM runs TinyOS [37]. It is equipped with multiple sensors

and one CC1000 radio module [38]. This section introduces

our experimental methodology and exhibits the advantage

of using the DAA and RW approaches for improving the

performance of data aggregation.

A. Experiment Design

The experimental topology is a 15 × 7 grid network with
105 XSMs. The XSM located at one corner of the network

acts as the sink and the other 104 XSMs generate packets
when they detect an “event”. Each XSM can communicate

with their two-hop grid neighbors directly, i.e. there are about

12 nodes within the transmission range. We assume that all
sensor nodes detect each event almost at the same time, and

use perfect aggregation to combine any number of packets

with the same sequence number (time-stamp in real deployed

application) into a packet.

To mimic the event triggering packet generation from XSMs

at almost the same time, an event broadcast program runs

on the Kansei server which connects directly to all stargates

through Ethernet. This program is also in charge of broad-

casting statistics query messages to all stargates. Another

program running on these stargates forwards the event message

and statistics query message to the XSMs attached to these

stargates, and receives the statistics report message from the

XSMs and stores in the disk.

We implement an anycast MAC protocol on top of the

Mica2 MAC layer. The anycast MAC layer has its own back-

off and retransmission mechanisms, and the ACK and back-

off mechanisms of the Mica2 MAC module are disabled.

The anycast MAC implements the RTS-CTS-DATA-ACK for

anycast. Each XSM has a sending buffer for storing delayed

packets, and both the application and MAC layer can access

the sending buffer. When an XSM receives an event message,

it generates a 16-byte Active Message containing current

sequence number and puts it into the sending buffer. The XSM

delays the transmission by starting a timer for a random period

of time, and sends the packet to the MAC layer when the
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Fig. 14. The simulation results for different number of events.
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Fig. 15. The simulation results for varying distance between the event and the sink.
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Fig. 16. The simulation results for different aggregation ratio. DAA and DAA+RW perform better than AT when aggregation ratio less than 0.8.

XSM runs TinyOS [37]. It is equipped with multiple sensors

and one CC1000 radio module [38]. This section introduces

our experimental methodology and exhibits the advantage

of using the DAA and RW approaches for improving the

performance of data aggregation.

A. Experiment Design

The experimental topology is a 15 × 7 grid network with
105 XSMs. The XSM located at one corner of the network

acts as the sink and the other 104 XSMs generate packets
when they detect an “event”. Each XSM can communicate

with their two-hop grid neighbors directly, i.e. there are about

12 nodes within the transmission range. We assume that all
sensor nodes detect each event almost at the same time, and

use perfect aggregation to combine any number of packets

with the same sequence number (time-stamp in real deployed

application) into a packet.

To mimic the event triggering packet generation from XSMs

at almost the same time, an event broadcast program runs

on the Kansei server which connects directly to all stargates

through Ethernet. This program is also in charge of broad-

casting statistics query messages to all stargates. Another

program running on these stargates forwards the event message

and statistics query message to the XSMs attached to these

stargates, and receives the statistics report message from the

XSMs and stores in the disk.

We implement an anycast MAC protocol on top of the

Mica2 MAC layer. The anycast MAC layer has its own back-

off and retransmission mechanisms, and the ACK and back-

off mechanisms of the Mica2 MAC module are disabled.

The anycast MAC implements the RTS-CTS-DATA-ACK for

anycast. Each XSM has a sending buffer for storing delayed

packets, and both the application and MAC layer can access

the sending buffer. When an XSM receives an event message,

it generates a 16-byte Active Message containing current

sequence number and puts it into the sending buffer. The XSM

delays the transmission by starting a timer for a random period

of time, and sends the packet to the MAC layer when the
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Kansei testbed

105 XSMs/Mica2 motes in a 15 × 7 grid 
network

XSM at one corner act as sink
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timer expires. If an XSM receives an RTS, it checks both the

MAC layer and the sending buffer for a packet with the same

sequence number to decide its priority to reply with a CTS.

We compare DAA+RW to Aggregation Tree (AT) and

Opportunistic Aggregation (OP) which are also implemented

on TinyOS. Here the AT approach creates a shortest path tree

rooted at the sink (not rooted at the center of the event), which

is constructed after the XSMs are deployed. In AT, nodes delay

the transmission based on their height in the tree. Nodes closer

to the sink have longer delay to wait for aggregating packets

from their children. When a node receives a data packet, it

checks both the MAC layer and the sending buffer if it has

packet for aggregation. In OP, when a node receives the event

message, it generates a packet and sends it to the MAC layer

without any delay. When it receives a data packet, it only

checks if its MAC layer has a packet for aggregation, and

only aggregates packet at the MAC layer.
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Fig. 17. Normalized number of transmission on 105-node grid network for
DAA, OP, and AT approaches.

B. Experiment Results

To compare the DAA+RW approach with AT and OP

approach, the experiments are conducted for different max-

imum delays. We use normalized number of transmissions to

compare these approaches. Fig. 17 shows the experimental

results of these protocols for different delays. When the delay

is 0, the DAA+RW approach just falls back to DAA, and the

AT approach just falls back to OP. DAA+RW outperforms

OP approach for all experiments. This shows that DAA+RW

can efficiently aggregate packets and effectively reduce the

number of packets in the network even with no pre-constructed

structure. DAA+RW performs better than AT when the max-

imum delay is less than four seconds. We can see that the

performance of DAA+RW approach improves slightly when

the delay increases from 0 to 8 seconds. However the AT

approach is very sensitive to the delay. This indicates that the

DAA+RW does not necessarily incur high end-to-end delay

by using the RW approach.

VII. CONCLUSION

In this paper we proposed techniques for data aggregation

that do not use any explicit structures. Efficient aggregation

requires packets to meet at the same node (spatial conver-

gence) at the same time (temporal convergence). For spa-

tial convergence we proposed a MAC layer anycast based

approach called Data-Aware Anycast (DAA). For temporal

convergence we proposed Randomized Waiting (RW) at the

application layer at the source. We model the network load

generated by the combined DAA with RW approach and show

that the predictions of the analysis match closely with the

simulation results. We define the normalized network load as

the number of packets transmitted in the network normalized

by the number of contributing sources (number of nodes whose

packets reached the sink with or without aggregation). Using

extensive simulations we show that the combined DAA with

RW approach can improve the normalized load by as much as

73% compared to opportunistic aggregation, and it performs

better than the structured approach when the aggregation

function is not perfect. Based on the experimental study with

105 XSM sensor nodes we observe that DAA+RW approach

can significantly reduce the normalized overhead in terms of

number of transmissions. This shows that structure-free data

aggregation techniques have great potential for event-based

applications.

ACKNOWLEDGMENT

This material is based upon work supported by the National

Science Foundation under Grant No. CNS 0546630 (CAREER

Award). Any opinions, findings, and conclusions or recom-

mendations expressed in this material are those of the author(s)

and do not necessarily reflect the views of the National Science

Foundation.

We are very thankful to Anish Arora and Rajiv Ramnath

for allowing us to perform experiments on the Kansei testbed

at Ohio State University.

REFERENCES

[1] W. Heinzelman, A. Chandrakasan, and H. Balakrishnan, “Energy-
Efficient Communication Protocol for Wireless Microsensor Networks,”
in Proceedings of the 33rd Annual Hawaii International Conference on
System Sciences, vol. 2, Jan. 2000.

[2] ——, “An Application-Specific Protocol Architecture for Wireless Mi-
crosensor Networks,” in IEEE Transactions on Wireless Communica-
tions, vol. 1, Oct. 2002, pp. 660–670.

[3] S. Lindsey and C. Raghavendra, “PEGASIS: Power-efficient gathering
in sensor information systems,” in Proceedings of IEEE Aerospace

Conference, vol. 3, Mar. 2002, pp. 1125–1130.

[4] S. Lindsey, C. S. Raghavendra, and K. M. Sivalingam, “Data Gathering
in Sensor Networks using the Energy*Delay Metric,” in Proceedings

15th International Parallel and Distributed Processing Symposium, Apr.
2001, pp. 2001–2008.

[5] S. Lindsey, C. Raghavendra, and K. M. Sivalingam, “Data Gathering
Algorithms in Sensor Networks Using Energy Metrics,” in IEEE Trans-
actions on Parallel and Distributed Systems, vol. 13, Sep. 2002, pp.
924–935.

[6] J. Wong, R. Jafari, and M. Potkonjak, “Gateway placement for latency
and energy efficient data aggregation,” in 29th Annual IEEE Interna-

tional Conference on Local Computer Networks, Nov. 2004, pp. 490–
497.

[7] W. Zhang and G. Cao, “DCTC: Dynamic Convoy Tree-based Collabo-
ration for Target Tracking in Sensor Networks,” in IEEE Transactions
on Wireless Communications, vol. 3, Sep. 2004, pp. 1689–1701.

[8] ——, “Optimizing Tree Reconfiguration for Mobile Target Tracking in
Sensor Networks,” in Proceedings of INFOCOM 2004, vol. 4, Mar. 2004,
pp. 2434–2445.



Conclusion

19

Data-Aware Anycast for Spatial Convergence

Randomized Waiting for Temporal Convergence

Efficient aggregation without structure

73% load increase in comparison with opportunistic aggregation

Better performance than structured approach when aggregation is not 
perfect


