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Abstract— Many applications of sensor networks require the
base station to collect all the data generated by sensor nodes. As
a consequence many-to-one communication pattern, referred to
as convergecast, is prevalent in sensor networks. In this paper,
we address the challenge of fast and reliable convergecast on top
of the collision-prone CSMA MAC layer. More specifically, we
extend previous work by considering the following two situations:
(1) the length of the packets generated by nodes is much smaller
than the maximum length of a data frame that can be transmitted
in one time slot and (2) not every node in the network has data
to transmit and for those that have, may have lots of data that
require more than one packet. The first situation leads to the
possibility of improvement by data piggybacking/aggregation;
the second scenario arises in networks where nodes locally
store the data and serves query request on-demand. We present
distributed minimal time scheduling algorithms for both the
cases. Simulation results have shown significant performance
improvements of our new approaches over existing solutions.

I. INTRODUCTION

Many applications of sensor networks involve collection of
all the data generated by sensor nodes at the base station.
Examples of such applications include: collecting global snap-
shot of the network state, monitoring the residual energy of
nodes [19] and localizing a sniper [22] in urban environment.
Hence, many-to-one communication pattern, referred to as
convergecast, is prevalent in sensor networks. Convergecast in
sensor networks involves a large number of the nodes forward-
ing data to the base station in a relatively short interval of time.
This “bursty” nature of convergecast leads to high probability
of collision and data loss in the network, particularly when
one adopts contention-based MAC protocols like CSMA [1]
for its simplicity and low overhead. Recovery methods such as
retransmissions increase the convergecast latency and drain the
scarce energy reserves of the nodes. Moreover, retransmissions
might lead to further collisions in high data rate scenarios [6].
Radially coordinated transmission [12] was proposed to ad-
dress the issues associated with collisions. Reliable bursty
convergecast [8] employs retransmission-based error control
and scheduling of retransmissions. However, the latency in-
curred by both approaches is far from the optimal. As a result,
bounded convergecast latency and reliable convergecast packet
delivery, like those in real-time one-to-one communication
scenarios [10], [23], are challenges of paramount importance
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in mission critical applications, e.g., surveillance and security
applications.

In our earlier work [20], we developed an optimal dis-
tributed convergecast scheduling algorithm based on the fol-
lowing assumptions: (1) MAC layer data-frame is long enough
to forward exactly one packet in a time slot and (2) every
node has exactly one packet to be forwarded to the base
station. We have proved that our algorithm is optimal for
tree networks and requires at most max(3n; — 1, N) time
slots. Here, IV represents the number of nodes in the network
and ny represents the maximum number of nodes in any
subtree. Although our algorithm requires at most 3N time
slots for a network of general topology, simulation results have
shown that the number time slots actually used is about 1.5/V.
Furthermore, the sleep schedule we proposed conserves at least
50% of the energy spent in convergecast.

In this paper, we consider the following generalizations: (1)
packet aggregation when the size of data is much smaller than
the size of the data frame, and (2) some nodes have several
packets to be forwarded to the sink-node/base-station and the
rest do not have any data to report to the base station.

The first generalization is applicable for many sensor net-
work applications, where the size of data is about a couple
of bytes and the maximum data-frame length supported by
the MAC layer is much larger. For example, the acoustic
sensor reading used in the shooter localization application [22]
requires six bytes and the header size of a data frame in
TinyOS MAC is six bytes [13]. As a result, 50% overhead
is incurred in forwarding a packet at every hop on its way to
the base station. The total size of the data frame supported
by TinyOS MAC layer is 36 bytes. By aggregating multiple
packets into a single data-frame the overhead can be reduced
significantly.

The second generalization is applicable to sensor network
deployments wherein nodes maintain a log of the data cor-
responding to events detected. Nodes forward the data to the
base station only on receiving a query. Note that in this on-
demand service scenario, some nodes could have lots of data to
report and some may have none. This is also true in situations
where sensor tasking (sampling rate) varies across the network
for energy efficiency purposes.

The important contributions of this paper are:



o A distributed convergecast scheduling algorithm with
packet aggregation. The proposed algorithm significantly
decreases the number of time slots required for converge-
cast in linear and mesh networks.

o A distributed convergecast scheduling when not all nodes
in the network have packets to be forwarded to the base
station. The proposed algorithm is applicable even when
nodes have multiple packets to be sent to the base station.
We show that the proposed algorithm is optimal for
tree networks. For a network of general topology, this
algorithm significantly improves the performance over the
previous scheduling algorithms.

The remaining part of this paper is organized as follows:
System model considered for this work and the problem
formulation are described in Section II. Section III reviews
convergecast scheduling algorithms for cases where every
node generates one data packet. The scheduling algorithm with
packet aggregation for small data packets is described in Sec-
tion IV. The scheduling algorithm for sparse but large number
of data packets is discussed in Section V. Section VI compares
the performance of these two new convergecast scheduling al-
gorithms with the previous algorithms. Section VII concludes
the paper.

II. MODEL AND PROBLEM FORMULATION

We consider sensor networks wherein the nodes and the
associated base station are static. All the nodes are equipped
with a single omni-directional transceiver'. Hence, the nodes
(including the base station) cannot transmit and receive at
the same time. All the communications are carried over a
single frequency band. The bandwidth of every wireless link
in the network is assumed to be the same. We assume that the
network connectivity is fixed over time, i.e., no power control
such as in FPAS [16] is applied. No specific assumptions, like
unit-disk radio range model, are made about the propagation
characteristics of the wireless medium. However, we consider
only symmetric links for scheduling. Initially, we assume that
transmission range of a node is equal to its interference range.
Relaxation of this assumption will be discussed. We assume
that the maximum length of a packet is fixed. We consider
applications wherein the base station has to receive all the
data generated by the nodes, no data aggregation is considered.
However, we do consider packet aggregation where a set of
packets are assembled into one packet before transmission.
Just like most TDMA schedules (e.g. [7], [17], [18], [9]), we
assume global time synchronization and a time slot is the time
to send one packet over the radio.

Problem Formulation: Let G(V, E) represent the sensor
network where (i) V — {s} represents the set of sensor nodes,
(ii) s represents the base station or sink and (iii) £E C V x V
represents the set of wireless links. Let p, (0) be the number
of packets that originate at a node v, and p, (j) be the number
of packets at node v in time slot j. Let f, : T'— V represent

lSong [25] recently discovered the similar bound as the one in [20],
although his network assumptions are different from ours.

the action of node v at different time slots; f,(j) = vAu #v
implies that node u transmits a packet to v at time slot j;
fu(j) = u implies that u does not transmit in time slot j. We
need to identify a schedule f,,v € V' — {s} such that:

D ps(l) = > ypev (s} Po(0) . All the packets should reach
the sink by the last time slot [.

2) If f,(j) = v (u transmits a packet to v in time slot j)
then:

e (u,v) € E. The edge (u,v) exists in the network.

o pu(j—1)> OApu(j) = pu(] -1 =1Ap(y) =
py(j — 1) + 1. Node w has at least one packet at
the end time slot j — 1 and exactly one packet is
transmitted along the edge (u,v) in time slot j.

e £0) = v and fu(j) = w ¥(w,0) € Bw # u.
Node v and the neighbors of v, except u, cannot
transmit in time slot j.

The objective is to minimize [, the total number of time slots
used for convergecast. The convergecast scheduling problem
is known to be NP-complete [11]. Our approach for this
problem is first to consider networks of simple topology, such
as linear, multi-line and trees, for which distributed optimal-
time algorithms can be derived. For a network of arbitrary
topology, a BFS tree is built first, and the algorithms applied
to trees are used with the filtering of conflicting branches.
Although the algorithms are no longer optimal for general
networks, they have a provable time-bound that is independent
to the density of the network.

Our approach is inspired by and is very similar to PDASN
[4], [5], except that we provide distributed algorithms for data
collection, while PDASN only discusses the algorithms for the
base station for data distribution. Although data distribution
is the opposite to data collection, the distributed algorithms
require computing only limited information at each node.
Our schedule is generated on-line during data transmissions,
although parameters used in the schedule are computed dis-
tributedly in the initialization process. No node, including the
base station, has the complete topology of the network.

Another related work to this research is FPS [3], [2]. Unlike
FPS where it assumes that the demands change over time
and are not predicable, we assume each node knows its own
demand at the initialization, or at the time receiving a query.
Therefore, our scheduling is for a fixed demand distribution,
and time optimal or near-optimal for that distribution. After
initialization, our scheduling has no other control packets such
as advertisement, request and confirmation in FPS. Although
data loss is inevitable due to link failure, our algorithms
guarantee no data loss due to collisions and perform well for
any network topology.

In the rest of this paper, we first review the distributed
minimal-time scheduling algorithm that assumes every node
generates exactly one packet. Then we focus on the major
topics of this paper: (1) convergecast scheduling with packet
aggregation, and (2) convergecast scheduling when nodes
generate none or multiple packets.
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III. BASIC CONVERGECAST SCHEDULING

The scheduling algorithm for each node having one packet
is derived by first considering a linear network of nodes and
then developing a scheduling for a multi-line network that can
be reduced into multiple linear networks with the sink as the
point of intersection. A free network can be reduced into an
equivalent multi-line network, thus, resulting a convergecast
schedule for tree networks. For a general network, a breath-
first tree rooted at the sink will be built first and then the
scheduling algorithm for tree networks will be applied.

A. Linear Networks

A linear network consists of a linearly connected set of
nodes, with the sink at one end. Given N nodes, the hop-
count from a node to the sink ranges from 1 to N. During
initialization, the hop-count to the sink is obtained at each
node. During convergecast a node will be in one of the
following states: (1) T: the node can transmit, (2) R: the node
may receive from a neighboring node, and (3) I: the node
neither transmits nor receives.

Every node is assigned an initial state based on its hop-
distance from the base station. Starting with the first node
every third node (i.e, 1%%, 47", 7" ) is in initial state 7.
Starting with the second node every third node (i.e, ond  5th
8t",...) in the network is assigned I as its initial state. Starting
with third node from the base station every third node (i.e,
374, 6th, 97 ) is assigned state R before the start of the
convergecast. All nodes move from one state to another in the
subsequent time slots according to the state transition 7' —
I—-R—-T.

It has been shown [20] that the above-described converge-
cast algorithm is near-optimal and requires exactly 3N —2 time
slots (one slot more than the optimal 3N — 3). An interesting
property of the above algorithm is that nodes require to buffer
at most two packets in any time slot, given that each node has
one packet initially.

B. Multi-line Networks

A naive way to schedule transmissions in a multi-line
network (Fig. 1) would be to schedule transmissions along
one branch at a time. However, scheduling multiple branches
concurrently would require relatively fewer number of time
slots to complete convergecast. Note that the base station is
equipped with a single transceiver. Hence, at most one packet
can be received by the base station in a time slot. Convergecast
scheduling in multi-line networks involves deciding the branch
along which a packet can be forwarded to the sink in every
time slot.

During the initialization, each node obtains its hop-count
to the sink and determines its initial state as described in
Section ITI-A. The sink assigns an unique ID to every branch.
The information about the number of nodes in each branch
is collected and disseminated to all the nodes by the sink.
After the initialization phase, each node is aware of (1) its
initial state (7', I, or R), (2) its branch ID and (3) the number
of nodes, or equivalevently, the number of time slots, in
each branch of the network. Note that no node, including the
sink, needs to be aware of the entire network topology. The
total number of transmissions for this initialization process is
3N + k for k branches: N + k for nodes to obtain the hop-
counts and branch IDs, N for the sink to collect the number
of slots S; from each branch 4, and N for the sink to distribute
{S;} to each node.

Let S; be the number of time slots left to schedule and L; be
the last time slot scheduled for branch 4, respectively. Let S?
be the initial value of .S which is the total number of time slots
for branch 7 and L? = (. At any time slot ¢, a branch ¢ is called
eligible if t > L;. An eligible branch with highest number of
time slots left is given priority to be scheduled to forward the
packets. In the event of a tie the branch with lowest ID is
given preference. Let ¢ be the branch selected, S; «+— S; — 3
and L; «— L; + 2, i.e., each time three time slots will be
scheduled for a branch. Every node updates these information
and make decision independently at every time slot.

A node with branch ID 7 is said to be active at t, if t < L;.
An active node changes its state as per the state transition
T—I—-R—-T.

It has been shown in [20] that the number of time slots
required by the above described convergecast-scheduling al-
gorithm for multi-line networks is max(3n; — 1, N'), where
N represents the number of nodes in the network and ny
represents the maximum number of nodes in a branch.

C. Tree Networks

In the rest of the paper we use the term one-hop-subtree
to refer to any subtree that is rooted at a one-hop neighbor
of the sink. The convergecast scheduling algorithm for tree
networks is based on the observation that a tree network can be
reduced to a multi-line network with each line represented as
a combination of line branches of nodes. For example, the tree
shown in Fig. 2(a) can be represented as a two-line network:
(i) b-c-d and b-e-f rooted at b, and (ii) g-h and g-i-j rooted
at g.

Let v be any node in the tree. Let W, be the number of
packets that have to be forwarded by the corresponding subtree
before node v becomes active. Let v have k child nodes
V1,02, ..., V. Let N1, Na, .., N respectively be the number
of nodes in each subtree rooted at v. Then W,, = W,;
i.e., v; (the first child node) becomes active along with v.
Wy, = W, + Ni; ie., node v2 becomes active after all the
packets in subtree rooted at v; have reached the node v.
Similarly, ¥i < k W,, = Y.'_} N; + W,. To schedule in
a tree network, nodes coordinate to determine their respective
W, values in the initialization phase. For example, an in-order
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Fig. 2. Reduction of a Tree Network into Line Branches.

tree traversal [15] initiated by the sink can be used. Fig. 2
shows the value of W, at each node. The active time slot
window of a node v is [3W, + 1, 3(W, + N,)] which can be
set at each node before the convergecast starts.

Note that all the one-hop-subtree (e.g. subtrees rooted at
nodes b and ¢ in Fig. 2) can be scheduled parallelly as in a
multi-line network (see Section III-B). Each one-top-subtree
will correspond to a branch in the multi-line network. An
eligible one-hop-subtree with highest number of time slots left
will be scheduled in each time slot; a one-hop-subtree @ is said
to be eligible in time slot ¢ if t > L;. A one-hop-subtree i is
active if t < L;. A node with active window [w, w-] is active
if its one-hop-subtree is active and wy < t; < wy. Where, t}
is the branch time of this one-hop-subtree, which is increased
by one every time this one-hop-subtree is active.

It has been shown in [20] that the number of time slots
required by the above-described convergecast scheduling algo-
rithm for tree networks is at most max(3ny —1, N), where ny,
represents the number of nodes in the largest one-hop-subtree.
For example, the network shown in Fig. 2 can be viewed as a
two-line network, and 14 (ng = 5) time slots are required to
complete convergecast. For tree networks, in addition to the
information required for multi-line networks, each node v has
to know its active window. Again, no node has information
about connectivity of the whole network, and the initialization
cost is 3N + k transmissions.

D. General Networks

For networks of general topology, a breadth first search
(B.E.S.) spanning tree is constructed first and then the con-
vergecast scheduling algorithm described in Section III-C is
applied to the spanning tree.

In a general network, we need to consider the interference
due to edges that are not part of the spanning tree. Given a
spanning tree, we classify the edges of a network as spanning
tree edges and non-spanning tree edges. As the names suggest,
spanning tree edges (resp. non-spanning tree edges) are part
of (resp. not part of) the constructed spanning tree.

Two one-hop-subtrees, say A and B, are said to be in-
terfering if there exist a non-spanning tree edge (a,b) such
that a is in A and b is in B; (A, B) is referred to as a
conflicting-subtree-pair and the edge (a,b) is referred to as an
interfering-edge. If multiple one-hop-subtrees are scheduled
simultaneously, interfering-edges might result in collisions.

Hence, in a time slot t we schedule an eligible one-hop-subtree
which has the maximum number of packets left and does not
interfere with active one-hop-subtrees.

During the initialization, nodes announce their one-hop-
subtree ID to all their neighbors. As a result, nodes can
learn about existence of conflicting-subtree-pairs and report
to the sink. For example, if node a in one-hop-subtree A
discovers that its neighbor b belongs to a different one-hop-
subtree B then a reports the conflicting subtree pair (A, B)
to the sink. After the sink receives all the conflicting subtree
pairs, a conflict map M is disseminated to each node in the
network; M(A,B) = 1 if (A, B) is a conflict-subtree-pair
and M(A,B) = 0 otherwise. Using the conflict map M,
each node independently schedules its transmissions. Note
that for general networks, in addition to the information for
tree networks, each node has to know the conflict map M at
the initialization phase, which introduces extra communication
cost. However, again, no node knows the global connectivity
of the network.

Let J = {i|t < L;} be the set of active one-hop-subtrees
at time slot ¢ and let £ = {i|L; <t AVj e J,M(i,j) = 0}
be the set of eligible one-hop-subtrees to schedule. We will
refer to this filtering (mechanism of not scheduling conflicting-
subtree-pairs in parallel) as conflicting resolution (CR). As
this filtering mechanism is conservative, the resulting schedule
might not be optimal. However, it has been shown in simu-
lations that for a network of IV nodes about 1.5V time slots
are actually needed using this convergecast algorithm. This is
about half of 3N, the upper bound on the number of time slots
required by this algorithm [20].

E. Discussion

Note that the TDMA schedule is built on-line with data
transmission at each node, not built and transmitted from the
base station to each node. The initialization for distributing
parameters for the schedule is relatively expensive, if the
convergecast scheduling is used only once. However, in most
cases, we assume the network is stable and the convergecast
happens periodically or whenever events are detected.

Also, even data are not distributed uniformly across the
network, such a collision-free schedule can still be used,
although time-optimality cannot be hold.

Although the scheduling does not consider packet loss for
unliable links, one can use implicit confirmation (i.e., over-
hearing the transmission of its parent) to estimate packet loss
and retransmit the packet at next time slot if no confirmation
has been heard. For permanent node failures, e.g, out of
battery, this approach will fail to work. How to repair a
schedule (instead of building a new one from scratch) in
permanent node failures is an interesting research for the
future.

A sleep schedule can be added so that only nodes that are
in active branches and within its active window are awake.
With such sleep scheduling, more than 50% energy can be
saved [20], assuming transmitting, receiving, and idling have
similar energy consumption [3].
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Fig. 3. Scheduling in Line Networks with Packet Aggregation.

IV. PACKET AGGREGATION

For many sensor network applications, the amount of data
generated by each node is small. To illustrate the advantages
of packet aggregation, consider a linear network. We use
the same scheduling algorithm described in Section III-A.
However, instead of transmitting one packet in each time slot
we aggregate up to three original packets and transmit in one
time slot. Fig. 3 shows the first four time slots of such a
scheduling. “Num.Pkts” in the Figure means the number of
before-aggregation data “packet”. It can be observed that after
receiving a packet, a node transmits in the next time slot.
Hence, we can show that after the first three time slots, an
aggregated packet traverses one hop in each time slot. For
linear networks the following theorem holds:

Theorem 1: The convergecast scheduling algorithm using
packet aggregation requires at most N + 2 time slots in a
linear network with N nodes.

Proof: Note that the sink receives the first packet in the
first time slot. Then in every three time slot it receives an
aggregated packet which contains data from three original un-
aggregated packets. Hence, the total number of required time
slots is 1+ 3[&L] < N +2. [

For multi-line networks, the scheduling algorithm using
aggregation is similar to that described in Section III-B with
the following modifications: S; is initialized to be the total
number of time slots needed to finish the convergecast with
aggregation, i.e., S; «— 1+ 3["7*1] given n; as the total
number of nodes in branch <.

Theorem 2: If N represents the number of nodes in the
network, k is the number of branches and nj represents the
maximum number of nodes in a branch, then the number of
time slots required by this aggregation-enabled convergecast-
scheduling algorithm for multi-line networks is given by

N+2/<:D.

Proof: Let n; represent the number of nodes in branch ¢,
and ng > ngp_1 > Ng_s... > nq. When there are at most two
branches in the network, it is easy to show that the schedule
determined by our algorithm requires at most ny+3 time slots,

mazx(ng + 3, [

since the longer branch can always be active and the shorter
one will be active after first slot. If both have equal length, it
is nx + 24 1. From hereon, we consider networks which have
at least three branches.

Let fiy = 1+ 3[252]. 1f 7y, > [1(3F_, 7)1, branch &
will be always active, and at most one more packet to send
after branch k& finishes. Therefore maximum is i +1 < ng+3.

If 7y < [%(Zle f1;)], there are three active branches at
every three time slots, therefore the maximum is

1 R N + 2k
[g(zniﬂ < [71

|

Here we see that when the number of branches k is small
relative to the number of nodes N, aggregation is effective.

For tree networks, the scheduling algorithm with aggrega-
tion is similar to the one described in Section III-C with a
modification of the counter W,. Let v be any node in the
tree and let W, be the number of time slots that have to be
passed by the corresponding subtree before node v becomes
active. Let v have k child nodes vy, vs, ..., vg. Let ny, no, .., ng
respectively be the number of time slots for each subtree
rooted at the child nodes of v forwarding all its packets. Then
Wy, = Wy, ie., vy (the first child node) becomes active along
with v. And Vi < k W, = Y721 3[%] + W,

Theorem 3: Let N be the number of nodes and L be
the number of leaf nodes in the network. Let n; be the
number of nodes and [; be the number of leaf nodes in
the i*" one-hop-subtree. The maximum number of time slots
required for aggregation-enabled convergecast in tree networks
is max(7, [W]) where £ is the number of one-hop-
subtrees and 7 = max;(n; + 4l; — 2).

Proof: Note that our convergecast scheduling algorithm
reduces the tree network into equivalent linear branches. Also,
the number of equivalent linear branches in a tree is equal to
the number of leaf nodes in that tree. From theorem 1, we
know that at most n+2 time slots are required for convergecast
in a linear network with n nodes. Thus in a one-hop-subtree,
say i, we need at most n; +2[; time slots. Whenever we switch
scheduling from one branch to another it should be ensured
that nodes which are common to both the branches are in their
initial states. As a result, at most two additional time slots
might be required for each switch. Moreover, we have [; — 1
branch switches in the it" one-hop-subtree. Hence, we need
n; + 2l; + 2(I; — 1) time slots to schedule the transmissions
in the i*" one-hop-subtree. The result follows from Theorem
2. |

We see that when the number of leaf nodes are large,
the aggregation enabled convergecast scheduling might not
result in reduced latency comparing to the original scheduling.
However, if the connectivity is relatively sparse, such as
in linear or mesh networks, the improvement is significant.
Observations from our simulation experiments support this
result.



V. SPARSE DATA SOURCES

The algorithm in Section III can be easily extended to cases
where nodes generate more than one packets by adding n — 1
nodes for a node with n > 1 packets [20]. However, if
many nodes do not have any packet, the scheduling would
not be optimal for tree networks. Consider the example of a
linear network in Fig. 3. If only node d has a packet, the
optimal schedule has 6 time slots, while the convergecast
schedule in Section III needs 6 x 3 — 2 = 16 time slots. In
general, the extended schedulinJ% algorithm requires at most
3P time slots where P = ) .", maz(1,p;) and p; is the
number of packets in node ¢. In this section, we will present
a scheduling algorithm that uses fewer time slots. Note that
although PDASN [4], [5] also obtains optimal scheduling for
the sparse data case, it computes the scheduling at the base
station, while ours is distributed computation at each node,
without global network connectivity information for any node.

Similar to the methods we use in Section III, we start
with linear networks and then extend to multi-line and tree-
networks, finally add conflict resolution to general networks.

A. Linear Networks

Given a linear network of NN nodes, let node 7 be the
node i-hops from the sink. Let each node associate with three
variables: F;, M;, O;, where

o F;: first time node ¢ transmits a packet.

e M;: last time node ¢ transmits a packet.

e O;: last time node ¢ transmits its own packet.

Let p; be the number of packets generated by node ¢ for
transmitting to the sink. These variables can be set during
initialization as follows:

o= 1 (1)
Fi+(pi — 1) ifi=1
Gi = Fi+2(p;—1) ifi=2 )
F,+3(p—1) ifi>2
_ max(1,G; + 1) ifi=1
Fir = { max(1,G; +2)  ifi>1 O
_ 0 ipr =0
My = { Gy ifpy >0 )
_ 0i 4 if M; =0
M-y = { M;+1  if M; >0 ©

Eq. (1) means that the first node should send a packet at
time slot 1, if it has any. Eq. (2) indicates the time that the
node finishes sending its own packets, where the node with
hopcount 1 sends at every time slot, the node with hopcount
2 sends every other time slot, and the rest nodes send at every
three time slot, after sending its first packet. Note that G
may be negative if p; = 0. Eq. (3) shows that if a node with
hopcount ¢ finishes sending its own packet at time G;, when
should the node with hopcount ¢ + 1 start sending its first
packet? Eq. (4) gives the ending time for sending its own

Fig. 4. Scheduling for a linear network: [F;, M;, O;] are displayed below
each node.

packets. Note that O; = 0 if p; = 0, otherwise it is Gj.
Eq. (5) says the last time the last node transmits is the time
it finishes sending its own packet, since the last node has no
packet to forward. Eq. (6) computes the last time the node
with hopcount ¢ transmits according to the last time the node
with hopcount 7+ 1 transmits. Here we notice that every node
just forward a packet the next time slot after it receives.

To obtain these parameters distributedly, G; is computed
at each node and passed down the links to the end and M;
is computed at each node and passed up to the first node.
The total number of time slots is M7, i.e., the last time node
1 transmits to the sink. The initialization cost is 2N for N
nodes.

During convergecast, similar to the scheduling in Section
III, each node keeps a time slot ¢, which increases by 1 at
each step. Node ¢ is active if F; <t < M;. During the time
that node 7 is active, it is sending if F; < t < O; and it is
passing if max(F;,0;) < t < M;. Unlike the scheduling in
Section III, nodes start transmit at F;. During sending, node
1 transmits every time slot, node 2 transmits every other time
slot, and node ¢, > 2, transmits every three time slots. During
passing, every node transmit the packet received from the last
time slot.

Consider a linear network shown in Fig. 4. The total number
of time slots using this scheduling algorithm is 10. Five
packets will arrive in time slots 1, 2, 4, 7, and 10. If using the
extended scheduling algorithm in Section III, the total number
of time slots is 3 X 7 —2 = 19.

Theorem 4: This scheduling algorithm is correct, i.e., all
packets shall arrive to the sink at M7 + 1, where M; is the
last time slot node 1 transmits.

Proof: All we need to show is that every transmission
is successful. We do this by induction. When there is only
one node, it is trivially true. When there are two nodes, if
node 1 has no packet, it is trivially true; if node 1 has its own
packets, node 2 starts transmitting the first packet after one
time slot node 1 finishes its own packet, then node 1 passes



the packet, node 2 transmits its second packet, and so on, no
collision will occur. In cases of more than two nodes, assume
that up to node ¢ no collision occurs. If node ¢ has its own
packets, node ¢ + 1 start transmitting its first packet two time
slots after node ¢ finishes its own packet. The last packet sent
by node ¢ is now at node ¢ — 2. Simultaneous transmissions
of node 7 — 2 and node 7 4+ 1 will not cause collision. If node
7 has no packet of its own, node ¢ + 1 will start transmit at
Fii1 = F;— 342 = F; — 1, so that node 7 will pass the
packet at F}, according to the assumption, no collision occurs
either. |

This algorithm is optimal in terms of memory, i.e., at any
time, the number of packets at each node is no more than its
original number. Also the following theorem shows that it is
time-optimal as well.

Theorem 5: The total number of time slots is

max (i =1+ pi+ 2pis1 +3 _;ij) (7)
‘771

and it is optimal.

Proof: The total number of time slots is M;. We use
induction to prove that My = maxi<;<n (¢ —1+p; +2p;41 +
32 j>it2Ps)- For one and two nodes, it is trivial to see it is
true. Assuming for n nodes it is true. Let’s consider the cases
for n+41 nodes. If node n+ 1 has no packet, it is trivially true.
If node n+1 has p,, 1 > 0 packets. Let ¢ < n be the last node
p; > 0. From Eq 2-6, Mln =M, + (Z — 1), Fi+1 = M; + 2,
Fo1=maz(Fiy1—(n—1),1), Myy1 = Fop1+3(ppy1 —1)
and Mt = M1 +n. If Frpy = Fjyq — (n—i), M =
M7 + 3pn+1; otherwise, it is easy to see that both p,_; =0
and p, =0, and M7 =n+1+3(ppy1 — 1) =(n—1) —
1+ pn-1+2pn + 3pny1-

The proof of optimal has been derived in [4]. [ |

This algorithm can be easily extended to cases when some
interference links are larger than transmission links. For ex-
ample, in Fig. 4, if node g can hear from node ¢ (but cannot
transmit to 7), ¢ and f cannot transmit at the same time, since g
may not receive from f due to interference from ¢. In general,
we let F;11 = max(l,G; + d) where d is the minimum
number that node ¢ and node ¢ — d has no interference. For
asymmetric links, we will use only the symmetric links for
scheduling [24] and use the asymmetric links for interference
checking.

B. Multi-line Networks

For the scheduling algorithm for multi-line networks in
Section III, each node has to know the number of packets in
each branch to do scheduling independently. However, if there
are nodes with no data packets at all, scheduling depending
on the total number of packets will not achieve optimality. A
branch may have few packets but takes longer to finish due
to longer distances from sources to the sink. Furthermore, the
packet arrival time from each branch is no longer with the fixed
interval (i.e. every three time slots). For example, in Fig. 4,
packets arrive at times 1,2,4,7,and 10. The packet arrival times
can be obtained using F;. For k’th packet of node ¢, the arrival

time is F; +3(k—1)4+4—1if ¢ > 2 and F; + 2k — 1 if
i = 2. Each branch passes the arrival times to the sink node
and then the sink node distribute them to every node. The total
cost of initialization is 3N + k for N nodes and k branches.
After initialization, each node, in addition to F, M, O values,
knows the arrays of arrival times of all the branches.

The convergecast scheduling is similar to that in Section III-
B, except the following:

e Let a; be the array of arrival times for branch . The
initial last assigned time slot L? is set to be a;(1) — 1
where a;(1) is the first packet arrival time for branch 4,
and S is set to be the last element of a;, i.e., the total
number of time slots.

o Let j be the branch to be selected to transmit at time slot
t, Lj — L+ (a;(2) —a;(1) = 1), 8; < S —a;(1) and
aj(k) = aj(k + ].)

« If this branch is active, the node checks if it currently
belongs to sending or passing state using the F, M, QO
parameters of this node. If it is sending, its transmit state
changes according to the number of hops to the sink, i.e.,
1 hop: every time slot, 2 hops: every other time slot, and
more than 2 hops: every three time slots. If it is passing,
it always transmits the packet received in the last time
slot.

C. Tree Networks

The scheduling for tree networks is the same for multi-line
networks, by reducing each one-hop-subtree to a branch. The
process of reducing is the same as Section III-C, except the
computation of ' and M parameters for each node in a one-
hop-subtree. Let v be a node in a one-hop-subtree. Assume
v has k children, vy, vo, ... v, and assume Mvi be the last
active time slot for node v; if F,, = 1, then

F, = G,+d
F, -1+ M, ifM, >0
M, = : : .
‘ 0 otherwise
P _ Mvj +1+4+d if j = maxlgi{ﬂMw > O}
Vit1 G, +d otherwise
M, = max(O,,maxM,, +1)

where d = 1 if v is the root of a one-hop-subtree and d =
2 otherwise. Each node obtains [F, M, O] values during the
initialization by traversing the tree. For each one-hop-subtree,
the traverse of a tree costs 2n (each node is visited twice) for
n nodes in the subtree. The total cost is again 3N + k for N
nodes with k£ one-hop-subtrees.

Consider a tree network shown in Fig. 5. The branch rooted
at b has arrival times: 1,2,4 and 7. The branch rooted at ¢ has
arrival times 1,3 and 6. The total number of time slots using
this scheduling algorithm is 8, slots 1,2,4 and 7 for branch b,
slots 3,5,and 8 for branch c. If using the scheduling algorithm
in Section III, the total number of time slots is 3 x 7—2 = 19.



Fig. 5. Scheduling for a tree network: [F;, M;, O;] are displayed near each
node.

D. General Networks

Similar to the scheduling in Section III-D, a BFS spanning
tree is built at first and the tree scheduling algorithm is
applied to the tree. In addition, a filtering mechanism, conflict
resolution (CR), can be added so that no two branches that
have potential interference may active at the same time.

VI. PERFORMANCE EVALUATIONS

To evaluate the performance of these convergecast schedul-
ing algorithms we conducted several simulation experiments
using Rmase and Prowler [26].

The default deterministic radio model in Prowler [21] is
used in our simulation. All the communication links in the
network are symmetric and deterministic. Packets are lost only
when there is a collision. The data rate of wireless links is set
to be 40Kbps. The maximum length of a packet is fixed as 960
bits. All algorithms except our convergecast scheduling algo-
rithm use the default CSMA MAC implemented in Prowler.
Our convergecast scheduling algorithm uses CSMA during
initialization. Nodes switch to TDMA after the initialization.
The duration of each time slot is set to 1/40 seconds, which is
slightly greater than the time required to transmit one packet
of size 960 bits.

We considered a square sensor field of n x n nodes. Nodes
were placed on points of a uniform grid. The connectivity of
nodes is a mesh, i.e., each node has a maximum four neigh-
bors. Note that the algorithms works for arbitrary connectivity,
however, the packet aggregation performance degrades for the
high density networks (Theorem 3).

A. Performance Metrics

We use the following metrics to evaluate the performance
of our convergecast scheduling algorithm:

Latency: Latency is a measure of the time taken by a packet
to reach the sink from its source node. We report the average
latency for convergecast given by > . d;/n. Here, n represents
the number of packets received by the sink and d; represents
the latency of the i*" packet.

Throughput: Throughput of a network measures the num-
ber of data packets received at the sink per second. Note that

the concept of throughput is identical to good-put since only
desired data packets are counted.

Success rate: The success rate measures the fraction of
packets successfully received by the sink. It is defined as a
ratio between total number of data packets received by the
sink and the total number of data packets generated.

Each simulation experiment was repeated for ten times, both
average and standard deviation are plotted.

B. Small Data

Assume that each data frame can pack at least three data
packets. We tested four variants of our convergecast scheduling
algorithm as listed below. These variants are distinguished
based on whether nodes employ packet aggregation and con-
flict resolution between different subtrees.

1) wo. Agg/CR: Nodes employ neither packet aggregation
nor conflict resolution.

2) wt. Agg: Nodes employ packet aggregation. However,
possible collisions between nodes of different subtrees
(i.e., conflict resolution) are ignored.

3) wt. CR: Nodes do not aggregate packets. However,
collisions between different subtrees are eliminated. i.e.,
conflict resolution is employed.

4) wt. Agg/CR: Nodes employ both packet aggregation and
conflict resolution.

Note that in the first two variants some packets might be
lost due to collisions. We also implemented the following
convergecast algorithms to compare with the performance of
our convergecast scheduling algorithms:

o Directed Flooding: Directed flooding [14], [22] uses
hop-count to flood the packets towards the sink.

o Radial Coordination: In radial coordination for con-
vergecast [12] each node waits for an additional time
based on the hop-count before transmitting.

Both directed flooding and radial coordination employ packet
aggregation. At most four packets can be aggregated.

We first report the number of time slots required by all
the four variants of our algorithm. Then, we present the
results comparing our convergecast scheduling algorithm with
directed flooding and radial coordination convergecast.

1) Number of Time Slots: The number time slots used to
complete convergecast by all the variants of our scheduling
algorithm can be seen in Fig. 6. It can be noticed that the
number of time slots required grows linearly with the number
of nodes. The variants without conflict resolution require 50%
fewer time slots comparatively. However, not all packets are
guaranteed to arrive at the sink without employing conflict
resolution. The variants with aggregation requires significantly
fewer time slots in either cases: with or without CR.

2) Performance Comparisons: Fig. 7 compares the per-
formance of all the six convergecast mechanisms under con-
sideration. In these simulations every node generated exactly
one data packet at the beginning. It can be noticed that the
four scheduled convergecast variants outperform both directed
flooding and radial coordination on all the three metrics.
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When conflict resolution was employed, almost 100% of
the packets were received by the sink (see Fig. 7(a)). Note
that when an aggregated packet was received it was counted
as multiple constituent packets. An important observation to
be noticed is that even without conflict resolution the success
rate is significantly higher (about 85%). We offer the following
explanation: The nodes that interfere and belong two different
one-hop-subtrees might not be active simultaneously (see
Section III-D). In addition, not all nodes of interfering one-
hop-subtrees interfere with each other. As a result, not all
overlapping transmissions along the interfering subtrees result
in collisions.

From Fig. 7(b), it can be observed that scheduling with
the packet aggregation but without conflict resolution have
the highest throughput and lowest latency. Based on the
application requirements, one can trade-off success rate for
higher throughput by not implementing the conflict resolution
mechanism. The convergecast scheduling algorithm results in
low latencies in comparison with directed flooding and radial
coordination (see Fig. 7(c)).

C. Sparse Data

In this experiment, we compare the new scheduling al-
gorithm using packet counts (PC) for large but sparse data

50 6
network sizes

(b) Throughput

70 80 %
network sizes

(c) Latency

Performance Comparisons: Networks with Varying Number of Nodes

sources with the algorithm designed for each node has one
data packet, with or without CR. We tested two cases: (1)
percent of nodes having one data packet is varied from 20 to
80, and (2) given the percent of nodes having data to be 20,
the number of packets in sources varies from 1 to 7. Fig. 8
shows throughput and latency of case (1). Algorithms using
packet counts (PC) have high throughput and lower latency,
the difference is larger when the percentage is smaller. Fig. 9
shows throughput and latency of case (2). Again algorithms
using packet counts (PC) have high throughput and lower
latency. Note that the throughput is almost constant with any
number of packets, but the latency increases with the number
of packets.

VII. CONCLUSIONS

We proposed two variations of minimal time distributed
convergecast scheduling algorithm for sensor networks, one
for convergecast of small data where packets can be aggregated
on their way to the sink and the other for situations where
there is large amount of data but only sparsely distributed in
space. Simulation results show that the new variations improve
performance significantly.

The advantages of this type of scheduling are that it pro-
duces optimal or near-optimal time for data collection and
guarantees to be collision-free. The disadvantages are that it
requires knowledge of the demand distribution in initialization
in order to produce optimal-time scheduling, it has the high
cost of initialization and is not adaptive to permanent node fail-
ures during convergecast. How to repair a distributed schedule
efficiently in permanent node failures is an interesting future
research. Simulations on more realistic radio models and/or
more general interference models will also be conducted.
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