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ABSTRACT

Convergecast is a common communication pat-
tern across many sensor network applications fea-
turing data-flows from many different source nodes
to a single sink node during a very short time
window. Convergecast in wireless ad hoc network
requires proper coordination among the nodes to
avoid high packet collision rates near the sink
node. A coordinated convergecast framework for
achieving high convergecast reliability has been
developed. In this paper, we extend this framework
and study the effectiveness of packet aggregation
and duplication within this framework. We analyze
the performance of the coordination strategies via
simulation and show the tradeoffs among reliability,
latency, and throughput. We also compare a set of
coordinated convergecast strategies with the exist-
ing routing strategy designed and implemented for

demands special attention.

A simple and effective convergecast in wireless sensor
networks has recently been proposed [5], in which the
nodes in the convergecast process adjust their transmis-
sion time according to a quadratic formula based on
the estimated hop distance to the sink in a 2D network.
Our main contribution in this paper is an extension of
this simple convergecast coordination framework. The
extension includes an inward delay mechanism and op-
tional packet aggregation and duplication mechanisms
within a layered routing architecture. Our simulation
results show that this inward delay mechanism works
better than the original outward delay mechanism for
some performance metrics, aggregation further improves
the overall performance of convergecast, and duplication
increases delivery rates with higher energy cost.

The remainder of the paper is organized as follows.

a real-world application. Section Il presents the extended convergecast framework.

Section Il describes packet aggregation and duplication
in a layered routing architecture. Section IV discusses
Convergecast refers to a communication pattern fhe simulation model and analyzes simulation results.
which the flow of data from a set of nodes to a singl8ection V concludes the paper with some future work
node in the network. Many sensor network applicatiorgong this direction.
require convergecast for data collection. For example,
consider a sensor network deployed to determine thd: CONVERGECAST WITHRADIAL COORDINATION
location of a sniper in an urban environment. In general The main part of the convergecast protocol is a hop-
sensor nodes have limited computational capability. Alistance based temporal coordination heuristic for adding
a result, they cannot execute sophisticated algorithmansmission delays to avoid collisions. In this section,
to determine the location from which the shot wawe will first introduce the framework and present two
fired [9]. In such applications all the packets generateélay strategies: outward and inward delays.
in the network have to reach the base station for further
analysis. A. Temporal Coordination Heuristic
The issue of convergecast has only been addressed byemporal coordination is our key strategy to reduce
few [3], [1], [5]. Convergecast is a many-to-one procedhe collision and packet loss. Rather than sending or
which results in a non-uniform bandwidth demand acrosslay a packet immediately, a nodein the network
the network space: more bandwidth is needed for nodes! wait for time 7, before sending the packet through
closer to the sink. The sink node is inevitably an ultimathe radio. We expect this to help reduce the congestion
bottleneck in convergecast. In a large-scale wireleasound the sink node in the convergecast process. The
network, this bottleneck phenomenon in convergecagiestion is then how does each nadéecide what is
potentially impacts its reliability and throughput, andheir 7,,. Assume the “sink-to-me” hop-distandg, is
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available from the network initialization phase or fromo be received at the sink is:
the query broadcast phase, [Btf be T'(h,) where T d
is a delay coordination function. Note that although to(h) = Sh(h —1)7. (2)
for asymmetric networks, “sink-to-me” and “me-to-sink’, result, if the nodes that akehops away wait, (%)
2:3?2}2\2 ?rllﬁzr:ir:;tr,wi:‘tici]n?[uvl\?a;m change this Coorcllnatht?efore start sending, the potential of collision with the
For the outward delay étrategy inner nodes st tﬁ:\nsmissions of packets that are generated less/than
’ ops away could be reduced significantly comparing to

sending packets first, the further away a node is frognencling the packets immediately.

the sink, the more nodes need to send a packet before ||t: . .
does. so the longer it should wait to avoid unnecessar or the inward delay scheme, transmissions are started
’ 9 3¥m outside to inside. Assum# is the hop-distance of

CO”'S.'OnS' For the |_nward o_IeIay strategy, °“teT nodes Stﬁqe outmost nodes. The total number of nodes that are
sending packets first, while the packets of inner nodles o
ger thanh-hops away from the sink is

are delayed to avoid collisions. In either case, the form gfr
the coordination functiof’(k) depends on the topology d(h+1)+d(h+2)...+dH = ﬁ(thHJrl)(H_h), 3)

of the network. 2

the minimum expected transmission time for all the
packets initiated in larger thah hops away from the
sink to be received at the sink is:

B. Delay Coordination Functions

1i(h) = S(h+ H + 1)(H — hyr (4)

As a result, if the nodes that akehops away wait;(h)
before start sending, the potential of collision with the
transmissions of packets that are generated larger than
h-hops away could be reduced significantly comparing
to sending the packets immediately.

One can apply a quadratic form transmission delay
function for replying to a query or responding to an event
in any 2D uniformly deployed network as:

0 1 2 3 4 5 6 7 8 9 10 t(h):ah2+bh+c (5)

Fig. 1. An Example of Convergecast on a Square-lattice Netwoighere a, b and ¢ are constants that can be obtained
off-line given the application scenario (e.g., densify, (
Figure 1 shows a square-lattice network. In this neyandwidth ¢), etc.).
work, each node has 4 neighbors and the number ofHowever, according to this formula, all the nodes at
nodes that aré-hops away from a sink i$h. In general, 1,-hops away would send out at the same time, which
if sensor nodes are uniformly deployed (connectivityjill cause collision at the sink as well, even when all
forming a regular graph) and the density of the netwogackets sent out by the nodes at other hop-distance away
is d, namely, each node hasneighbors, the number ofwijll have no collision with packets sent by these nodes.

nodes that aré-hops away from a sink igh. To take this factor into account, we added an additional
Assume each node sends a packet to the sink andr8Rdom offset:

packet aggregation is possible or present, also assume
the average packet transmission time for one hop is T(h) = t(h) + rdht (6)

For the outward delay scheme, transmissions gffere; is a uniformly distributed random number from
started from inside to outside. Since the total numbgrtO 1, anddh corresponds to the number of nodes at
of nodes that are less tharhops away from the sink is gistancer, for a uniformly distributed network. Replace

_d t(h) in (6) by the formula in (2), we have the outward
d+2d+3d+..+dh—-1)= 2h(h -1), (1) delay formula as:
the minimum expected transmission time for all the h—1
packets initiated in less thanhops away from the sink To(h) = [—5— +rldhr (7)
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Replacet(h) in (6) by the formula in (4), we have thealgorithm designer’s choice to put individual functions
inward delay formula as: into different layers so that common functions can be

_ shared by different algorithms.
A HXDHZD) ngar— (0)

C. Local Coordination Heuristic

A local coordination function can be obtained even In the layered architecture, the basic convergecast
when the network is not uniformly deployed. In this casg@rotocols have the following layersipplication —
formula (7) or (8) still can be used as a local coordinatiomitialization — convergecast — delay_transmit —
function, whered is the number of neighbors of thistransmit_queue — MAC.
node. The coordination strategy is totally local, depend-, injtialization: One of the common components for
ing only on the information at this node. In practice, jnitialization is flooding from the sink node if the
can be either fixed off-line, to be sent with the query, sink node is known initially. Flooding from the sink
or to be adaptive Online. In Simu|ati0n (Section IV), we node can be used to genera‘[e hop distances to the
W|” ShOW that one can use as tunable parameter fOI‘ Sink or a Spanning tree rooted at the Sink node_
tradeoffs among latency, throughput and delivery ratios., convergecastThere are two ways a convergecast can

1. L AYERED ROUTING ARCHITECTURE be implemented: (1) using a convergecast tree, which
can be established during the initialization phase or
the query broadcast phase, or (2) using directional
flooding [7], i.e., flooding towards the sink according
to the hop distances. We have done experiments on
both and found that directional flooding works a lot
A. Layered Routing Architecture better in noisy radio environments where the lost of

Our layered routing architecture is not related to the Packets is significant. We present here the flooding
IEEE seven-layer OSI network architecture. This layered Strategies only. Each node maintains the hop distance
architecture was inspired by the component wiring struc- t0 the sink node, and each packet is transmitted
ture in NesC/TinyOS [2] and was in fact implemented With the hop distance of the node. A packet will

Ti(h) = |

B. Basic Convergecast Layers

In this section, we will first introduce a layered routing
architecture and then present the routing components that
can be used to form a convergecast protocol using the
delay strategies described in the previous section.

initially in TinyOS and later in EmStar [4]. be rebroadcast if and only if the hop distance of

A routing component is a module which handles this node is no larger than that of the sender. If the
events (e.g.PacketReceived PacketSent Clock Tick) packet will be rebroadcasted, the delay time will
and executes commands (e.§endPacke}. A routing be calculated according to the delay coordination

componentA is wired to another routing component  function.

B, denotedA — B, if A passes commands 6 and e delaytransmit This layer maintains a timeout queue
B passes events td. The minimum configuration of and the counts for all the packets it has heard. Each
layers includes the MAC layer, a routing layer, and the packet sending from this layer will be put into the
application layer, with the MAC layer at the bottom timeout queue, and a timer will be set according
and the application layer at the top. The MAC layer to the time delay of the packet. When the timer
performs the low-level communication protocol (e.g., €xpires, the corresponding packet will be retrieved
GenericComm in TinyOS). The routing layer forwards from the timeout queue. If during the waiting time,
the received packet (via broadcast or selectively to the the node hears the same packgt times, then
next hop) or passes the received packet up if it is With probability of p(N) it forwards the packet,
the destination of that packet. The application layer Wherep is a monotonic non-increase function of
generates the application scenarios. This layered archi- With p(1) = 1, p(co) = 0, and p(N1) > p(NN2)
tecture allows for the sharing of common components by if N1 < N». This layer can be used with any
different algorithms. For example, many algorithms need flooding protocol, e.g., constrained flooding [12][14]
neighborhood management and transmission queues, andor the comb-needle model[6], to reduce collision and
flooding-based routing may add transmission delays to increase energy efficiency.

forwarding packets to reduce collisions. For a givene transmitqueue This layer maintains a buffer of
application scenario, one should select the right al- outgoing packets when the radio transceiver is busy
gorithm with a set of routing components. It is the sending or receiving.
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C. Additional Convergecast Layers In the next, we first describe the radio model and

Using the layered architecture, one can incorporaqgrfprmance metrics that are used for comparisons of
other routing components into the convergecast franf@Uting strategies.

work. Components that would improve the convergg:x. Radio Model

cast performance includguplicatetransmitandaggre-  oyr simulation of the convergecast coordination strat-

gatequeue egy is performed in Rmase [13], built on Prowler [8]
« duplicatetransmit Duplicated transmission usingwhich provides a probabilistic radio propagation model

priority management has been implemented #nd the CSMA MAC protocol for Mica motes [2].
DFRF [7], a directed flooding routing which has The radio model attempts to simulate the probabilistic
been applied to the application of Shooter Locahature in wireless sensor communication observed by
ization [9]. Using this component, each packet hagsany [15][10]. It determines the strength of a transmitted
an age field which is zero the first time the packet iignal at a particular point of the space for all transmitters
heard and will be increased every time the packetiis the system. Based on this information the signal
transmitted. The older the age, the lower the priorityeception conditions for the receivers can be evaluated
Packets in the transmit queue are ordered by thad collisions can be detected. The transmission model
priorities. There is a maximum age, and packets thigtgiven by:
reach the maximum age will be dropped. Duplicated 1
transmission increases the delivery ratio, at the eKrec,ideal(d) — F transmit T Where2 <~y <4 (9)

pense of extra energy consumption. It should onlyp _ (; 5y — p,, idea(di ) (1 + a(i, ) (1 + B(t)) (10)
be used in applications where high delivery ratios ' ’

are critical. where Py qnsmit 1S the signal strength at the transmitter
« aggregatequeue Packet aggregation is an efficien?‘_nOI Precideal (d) is theideal received_ signal s_trength at
mechanism that increases delivery ratios and reduéi§fanced, a and § are random variables with normal
energy consumption at the same time, if packet sizd$tributions N (0,0,) and N(0,05), respectively. A
are fixed. In this layer, maximun packets will NEWOrk is asymmetric i, > 0 or o5 > 0. In (10),
be assembled into one packet before sending, ané & Static depending on locationsand j only, and is
packet will be dissembled & packets after receiv- dynamic which changes over time. A nogiean receive
ing. However, packet aggregation is only possibf Packet from node if Pr..(i,j) > A whereA > 0 is
when the packet data size is much smaller than ife threshold. There is a collision if two transmissions
maximum data size of the transmission frame SQVerlap in time and both could be received successfully.
the MAC layer. In the shooter localization applicaFurthermore, an additional paramejf,.., models the

tion [9], maximum four packets are aggregated inteyobability of a transmission error caused by any other
one packet for transmission. reasons. In our experiments, the radio model is set with

Adding both layers, a convergecast protocol becomés: 0.45, 75 = 0.02, @Ndperror = 0.05. The threshold

2 S reception is set to bé = 0.1.
application — initialization — convergecast — . . .
‘ . . The radio transmission rate is set to be 40Kbps,
delay_transmit — duplicate_transmit —

and each packet has a fixed size of 960 bits, i.e., the
aggregate-queve — MAC. maximum possible throughput can be as high as 40
packets per second.
Since the CSMA MAC model and its characteristic is

Two convergecast experiments are conducted and platively well-known, we omit the detailed description
formances are evaluated. The first experiment is ongge to page limit.

uniformly deployed network with all the nodes sendin _

one packet almost at the same time (within 0.25 sdg= Performance Metrics

onds). This example is used for theoretically analyzing\We have developed a set of performance metrics
the tradeoffs among latency, throughput, delivery ratiégr comparing different routing algorithms, including
and energy consumption. The second example is frdatency, throughput, delivery ratios, energy consumption,
a real application “shooter localization” [9] where the&tc.

network topology and event traces are obtained from the Latency The latency of a data packet measures the
real experiments. time delay of the packet from the source to the

IV. SIMULATION RESULTS



sink. If n packets have arrived, latency is given
by > ,di/n, where d; is the latency of theith
packet. Note that we use latency rather than the
number of hops as the metric since latency consists
of not just the number of hops, but also the length
of transmission queues, the random delays at the
MAC layer, and deliberately added delays in routing
algorithms to avoid collisions.

« Throughput Throughput of data measures the num-
ber of data packets per second received at the sink.

o Delivery ratioc The delivery ratio of a network
measures the total number of data packets received
at the sink vs. the total number of data packets sent
from all the sources.

« Energy consumptiorThe energy consumption is the
sum of used energy of all the nodes in the network
from the beginning, where thesed energy of a node
is the sum of the energy used for communication,
including transmitting, receiving, and idling. All the
convergecast algorithms in our study do not use
sleep schedules and every node uses the same power
for transmission. Therefore, the energy consumption
is linear to the total number of packets sent in the
network. In this simulation, for simplicity, we set
energy consumption proportional to the total number
of transmissions. A realistic energy model has been
built in Rmase and used in research for minimum
energy configuration of sensor networks [11].

« Energy efficiencyEnergy efficiency is defined to be
the ratio between the total number of data packets
received at the sink vs. the total energy consumption
in the network.

C. Performance Tradeoffs using Radial Coordination
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The simulation is perfor_meo! on a uniformly deployegiy 3. performance Tradeoff using Radial Coordination: (a) Latency
10x10 network, as shown in Figure 2. Note that not onlg. Delay Coefficient; (b) Delivery ratio vs. Delay Coefficient

the connectivity is not symmetrierf = 0.45), but also
there is a small dynamic varianceg = 0.02) and a
probability of error pe.or = 0.05).

seconds, respectively. We see that for all strategies, both

Assume that every node except the sink needs to sda@ncy and delivery ratios increase with the increase
out a packet within 0.25 second time frame. By varyingf delay coefficients. Without the radial coordination

the delay coefficientr in formula (7) or (8), one can (i.e.

T =

0), the delivery ratio is only less than 10

control the latency and the delivery ratio. In this experpercent, and with radial coordination, the delivery ratio
ment, four strategies are compared: inward and outwaxan go above 90 percent. For different applications with
delay coordinations with and without aggregation (whegéfferent performance requirements, one can select the
4 packets are packed into one for transmission). A totagstr that fits the purpose. For example, if high delivery
of 10 random runs were conducted for each test. Figuagios are important, one may want to increasen the

3 show the tradeoffs between latency and delivery ratiother hand, if the low latency is important, one should
by varying the delay coefficient For the outward and choose a smalt instead.

inward delay schemes, is set to be).025¢ and0.0036¢

Figure 4 show the results comparing different strate-
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energy consumption

(3) outward with aggregation and duplication, and (4)
inward with aggregation and duplication. Figure 6 shows
the latency (a), throughput (b), delivery ratio (b) and
U wweymocn (D) energy efficiency (d) for all the algorithms applied to

this application scenario. We can see that (1) outward
Fig. 4. Performance Comparisons using Radial Coordination: (@ith aggregation and duplication has the highest delivery
Throughput vs. delivery ratios (b) Energy Consumption vs. delivematios, (2) inward has lower latency than that of outward,
ratios and (3) inward without duplication has the highest en-
ergy efficiency.

gies under the same delivery ratios. We see that (1)
inward strategies have high throughput, and (2) the use

of aggregation always improves the performances. Convergecast is frequently used for supporting
various tasks in sensor network applications, yet its
performance has not been extensively studied. In this

Shooter localization [9] is a real example of converggaper, we have investigated the problem of packet
cast; the application is used for getting all the acoustiess in convergecast process in large scale networks
data that are above certain threshold to the base statidue to congestion and collisions near the sink, and
so that the source of the sound can be located. In tpi®posed a coordinated convergecast framework for
experiment, the network topology (Figure 5), the sin&chieving higher convergecast reliability. Using a
location and the event trace data are obtained frdayered routing architecture, we have also integrated
the actual experiments on the hardware platform. Tlo¢her routing components such as aggregation for
network is about 10 hops. efficiency and duplication for high reliability. We

The original algorithm used in shooter localizatiostudied the performance of various strategies via
DFRF [7] is compared with the four convergecast stratsimulation and show the tradeoffs among reliability,
gies using radial coordination. Similar to our algorithmdatency, throughput and energy consumption. We
the original algorithm, “directional flooding”, uses “hop-also demonstrated in a real application scenario that
distance” to flood the packets to the sink node, wheradial coordination achieved dramatic improvement in
“hop-distance” is generated in the initialization phaseeliability comparing to the original protocol for the
No extra delay is added to packets. Using duplicateghplication. From our simulation, we see that even
transmission, each packet may be transmitted up tteugh coordinated convergecast improves reliability, its
3 times to increase the reliability and 4 packets atBroughput is far from the maximum possible limit. For
aggregated into one before transmission. Four stratediasire work, we will investigate optimal scheduling for
are used to compare with the original algorithm: (13pproaching maximum convergecast throughput.
outward with aggregation, (2) inward with aggregation,

V. CONCLUSION

D. Shooter Localization
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