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Abstract—Data aggregation is an essential operation in wireless
sensor network applications. This paper focuses on the data
aggregation scheduling problem. Based on maximal independent
sets, a distributed algorithm to generate a collision-free schedule
for data aggregation in wireless sensor networks is proposed.
The time latency of the aggregation schedule generated by the
proposed algorithm is minimized using a greedy strategy. The
latency bound of the schedule is 24D + 6Δ + 16, where D is
the network diameter and Δ is the maximum node degree. The
previous data aggregation algorithm with least latency has the
latency bound (Δ − 1)R, where R is the network radius. Thus
in our algorithm Δ contributes to an additive factor instead of
a multiplicative factor, which is a significant improvement. To
the best of our knowledge, the proposed algorithm is the first
distributed algorithm for data aggregation scheduling. This paper
also proposes an adaptive strategy for updating the schedule
when nodes fail or new nodes join in a network. The analysis and
simulation results show that the proposed algorithm outperforms
other aggregation scheduling algorithms.

I. INTRODUCTION

In many sensor network applications, such as environmental
monitoring, spatial exploration and battlefield surveillance,
sensed data is aggregated and transmitted to the sinks for
analysis. Thus, in-network data aggregation [1] becomes an
important technique in wireless sensor networks and has been
well studied in recent years. Unfortunately, previous researches
on in-network aggregation seldom consider the collision prob-
lem but leave it to the MAC layer. Solving this problem in
MAC layer incurs a large amount of energy consumption and
time latency during aggregation.

Recently, a few researchers begin to consider the collision
problem for data aggregation and try to construct a feasible
schedule to eliminate collisions during aggregation. Huang
et.al. proposed a scheduling algorithm with the latency bound
23R + Δ − 18 [2], where Δ is the maximum node degree
and R is the network radius. However, the schedules gener-
ated by this algorithm are not collision-free in many cases.
Hence collisions occur during aggregation and data cannot be
aggregated to the sink within the expected latency bound in
many cases. The details about the problem of the algorithm
will be discussed in Section V-C. Chen et.al. proposed an
algorithm to generate a collision-free schedule with a latency
bound of (Δ−1)R [3]. Though this algorithm has a larger time

latency bound than the one in [2], it is still the state-of-the-art
algorithm for generating collision-free schedules.

To the best of our knowledge, all the previous algorithms
for generating collision-free schedules are centralized which
require the sink to compute the schedule and disseminate it to
the sensors. Once all the sensor nodes receive the schedule,
they work according to the schedule. Since topology changes
often occur in sensor networks such as node failures, the sink
has to gather new topology information from the network,
recompute a schedule and disseminate it frequently. These
processes consume lots of energy, which makes centralized
algorithms inefficient.

In summary, there are two problems in previous researches.
One is that the time latencies of the existing scheduling
algorithms are still high. The other one is that all the existing
algorithms are centralized, which are inherently inefficient.

To solve the two problems, this paper proposes a distributed
scheduling algorithm generating collision-free schedules with
the latency bound of 24D +6Δ+16, where D is the network
diameter and Δ is the maximum node degree. Since D ≤ 2R
for any arbitrary network graph and Δ is an additive factor
instead of a multiplicative one as in [3], this paper makes a
significant improvement.

The rest of the paper is organized as follows. Section II
outlines the related work. Section III defines the problem. Our
distributed scheduling algorithm is presented in Section IV and
is analyzed in Section V. An adaptive method for aggregation
scheduling is proposed in Section VI. Section VII presents the
simulation results. Section VIII concludes the paper.

II. RELATED WORK

Data aggregation in sensor networks has been well stud-
ied in recent years [4]–[7]. In-network aggregation means
computing and transmitting partially aggregated data rather
than transmitting raw data in networks to reduce the energy
consumption [1]. There are a vast amount of extant work on
in-network aggregation in the literature [8], [9]. Suppression
scheme and model-driven approach were proposed in [10],
[11] towards reducing communication cost. The tradeoff be-
tween energy consumption and time latency was considered
in [12]. A heuristic algorithm for both broadcast and data
aggregation was designed in [13]. Another heuristic algorithm
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for data aggregation was proposed in [14] aiming to reduce
time latency and energy consumption. [15] proposed a ran-
domized and distributed algorithm for aggregation in a n-
node sensor network with an expected latency of O(log n).
In their model, there are two assumptions. One is that each
sensor node has the capability of detecting whether a collision
occurs after transmitting data. Another one is that sensor nodes
can adjust their transmission range without any limitation.
These assumptions pose some challenging issues for hardware
design and the latter assumption is almost impossible when the
network scale is very large. A collision-free scheduling method
for data collection is proposed in [16] aiming at optimizing
energy consumption and reliability. All these work did not
discuss the minimal-time aggregation scheduling problem.

The most related work to aggregation scheduling is as
follows. The minimum data aggregation time problem was
proved NP-hard and a (Δ − 1)-approximation algorithm was
proposed in [3], where Δ is the maximum degree of the
network graph. Another aggregation scheduling algorithm was
proposed in [2], which has a latency bound of 23R +Δ− 18,
where R is the network radius and Δ is the maximum degree.
Unfortunately, there are some mistakes in their algorithm
and the generated schedules are not collision-free in many
cases. We discuss their algorithm in Section V-C. All these
algorithms mentioned above are centralized. In many cases
centralized algorithms are not practical, especially when the
network topology often changes in a large sensor network.

It is worth to note that the only distributed algorithms
for convergecast scheduling were proposed in [17], [18].
However, this work focused on the scheduling problem for
data collection in sensor networks, but not data aggregation.
In data collection, the sink must receive N packets from all the
nodes since data cannot be merged, where N is the number of
sensor nodes in the network. Thus the lower bound of latency
is N . The uppper bound of the time latency of this algorithm
is max(3nk − 1, N), where nk is the number of nodes in the
largest one-hop-subtree. This result has much higher latency
than our algorithm because it solves the collection scheduling
but not aggregation scheduling.

In summary, there have been lots of work on in-network
aggregation and some work on centralized aggregation sche-
duling, but no work on distributed aggregation scheduling and
the existing aggregation scheduling algorithms still have high
latencies.

III. PROBLEM DEFINITION

The network model in this paper is as follows. The network
consists of n sensor nodes and one base station that is also
called a sink. Each sensor node can send or receive data to
or from all directions. The transmission/reception area of each
sensor node is roughly a disk centered at the node. We also
assume that all nodes have the same transmission range for
simplicity. Let G(V,E) be the topology graph of a network.
V is the set of all the nodes in the network and E is the edge
set of G. An edge(u, v) is in E if and only if u is in the
transmission area of v. A node can either send or receive data

at a time and it can receive a data packet correctly when it
hears only this packet at that moment. If a node hears two or
more messages at the same time, it cannot receive any of them
correctly due to the interference. At this moment a collision
occurs. In aggregation scheduling, the output schedule should
be collision-free.

Let A,B ⊂ V and A ∩ B = ∅. We say data is aggregated
from A to B in one time slot if all the nodes in A transmit data
in one time slot simultaneously and all the data are received
collision-free by some node in B, and A is called a sender
set. An aggregation schedule can be defined as a sequence of
sender sets S1, S2, · · · , Sl, where S1 aggregates data to V −S1

in time slot 1, S2 aggregates data to V −(S1∪S2) in time slot
2 and so on. In the last time slot l, data is aggregated from
Sl to V −⋃l

i=1 Si. As long as
⋃l

i=1 Si = V − {r} where r
denotes the sink, data can be aggregated to the sink in l time
slots, l is the aggregation latency. We define a data aggregation
schedule as follows.

A data aggregation schedule is a sequence of sender sets
S1, S2, · · · , Sl satisfying the following conditions:

1) Si ∩ Sj = ∅,∀i �= j;
2)

⋃l
i=1 Si = V − {r};

3) Data are aggregated from Sk to V −⋃k
i=1 Si at time slot

k, for all k = 1, 2, · · · , l and all the data are aggregated
to the sink r in l time slots.

The distributed aggregation scheduling problem is to find a
data aggregation schedule S1, S2, · · · , Sl in a distributed way
such that l is minimized and this problem is proved to be NP-
hard in [3]. This paper proposes an approximate distributed
algorithm with latency 24D+6Δ+16, where D is the network
diameter and Δ is the maximum node degree.

IV. DISTRIBUTED AGGREGATION SCHEDULING

ALGORITHM

Our distributed aggregation scheduling algorithm, named
DAS, consists of two phases. One is to construct a distributed
aggregation tree. Another one is to perform the distributed ag-
gregation scheduling. We adopt an existing method for the first
phase and the second phase is the key part of our algorithm.
We present these two phases in the following two subsections.
At the end of this section, an example is presented to show the
scheduling process of DAS. Note that the schedule generated
by DAS is collision-free thus data aggregation can be done
even without MAC protocol. However, since our scheduling
algorithm is a distributed one which requires communications
of nodes, we adopt an underneath MAC protocol through
our algorithm. The MAC protocol can be any existing MAC
protocol, such as TDMA.

A. Distributed Aggregation Tree Construction

As DAS is aggregation-tree-based, an aggregation tree is
constructed in a distributed way using an existing approach
[19] in the first phase of DAS. As a connected dominating set
(CDS) can behave as the virtual backbone of a sensor network,
a CDS is employed in this phase. A distributed approach of
constructing a CDS has been proposed by Wan et.al. in [19].

This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE INFOCOM 2009 proceedings.



In their algorithm, an MIS of the network is constructed first
and then a dominating tree is constructed concatenating MIS
nodes and the other nodes. The root of the dominating tree is
one neighbor of the sink. This dominating tree can be used
as the aggregation tree in DAS with a little modification as
follows. We change the root of the dominating tree to the
sink, and the original root of the dominating tree to be one of
the sink’s children.

We claim that the constructed aggregation tree must be of
the form shown in Figure 1 according to the algorithm in
[19]. All the black nodes form an MIS. The rest nodes are
gray and white. The white nodes are leaves in the aggregation
tree and each gray node plays the role of connecting two black
nodes. The root of the aggregation tree is a black node and all
its neighbors are its children that can only be white or gray
nodes. For each gray node, its children must be black nodes.
For each black node, its children must be either white or gray.

Fig. 1. The form of aggregation tree

B. Distributed Aggregation Scheduling

A schedule of a node u in a sensor network is a sending
time slot (sending slot for short) for u to send data during the
slot. The second phase of DAS is to determine the schedules
for all the nodes in a sensor network in a distributed manner
to solve the distributed aggregation scheduling problem. In
the subsection, we first discuss the competitors of a node,
then present the framework of the distributed aggregation
scheduling algorithm (SCHDL for short), and finally give the
algorithm and prove its correctness.

Definition 1: For any node u, a node is called a competitor
of u if it cannot send data while u is sending data due to
the collision. The set of all the competitors of u is called u’s
competitor set.

Given a node u, its competitor set can be determined by the
following proposition.

Proposition 1: For each node u, let p(u) be u’s parent. Let
N(u) be the set of u’s 1-hop neighbors except p(u) and let
Ch(u) be the set of u’s children, then u’s competitor set =
N(p(u))

⋃
(
⋃

v∈N(u)\Ch(u) Ch(v)) \ {u, p(u)}.
Proof: Suppose u is sending data to its parent p and a

collision occurs. The collision must occur at node p or at
another node w. Both cases are shown in Figure 2. In the
first case, p must have received two or more messages, that
is, there exists some node v sending data at the same time
as u, and v is in p’s transmission range. Thus it is true that
p’s 1-hop neighbors are u’s competitors. In the second case,
node w must have received two or more messages. One is

from u and another one is from some child of w. Similarly
it can be concluded that u’s 1-hop neighbors’ children are
u’s competitors. Thus we conclude that for each node u,
u’s parent p’s 1-hop neighbors and u’s 1-hop neighbors’
children constitute u’s competitor set. Among these nodes
p’s parent t can be excluded because t will not send data
before all its descendants sending data to it. Also u’s 1-hop
neighbors can exclude u’s parent p and u’s children. This is
because p’s children are already in p’s 1-hop neighbors and
u’s grandchildren cannot send data at the same time as u.
Therefore, Proposition 1 is true.

u

p

v

w
u

p

w
v

Fig. 2. Two cases of a collision

The competitor set of each node can be simply obtained by
broadcasting after the aggregation tree is constructed.

In the rest of the paper, we assume that each node u
maintains the following information.

• u’s unique ID.
• u’s competitor set, denoted by M(u).
• u’s earliest possible sending slot, K, initialized to 1.
• R(u)=R1(u)

⋃
R2(u), where R1(u) = {v|v ∈ M(u)

and is ready to make schedule}, R2(u) = {v|v ∈ M(u)
and finished scheduling}, and R1(u) and R2(u) are both
initialized to a null set. For ∀v ∈ R1(u), v’s earliest
possible sending slot is maintained and for ∀w ∈ R2(u),
w’s schedule is maintained.

• The number x of u’s children that have not scheduled,
which is initialized to the number of u’s children.

Now we discuss the idea of the SCHDL algorithm. To
determine the schedules for all the nodes in a sensor network
based on the competitor sets obtained by Proposition 1, each
node is set to one state of NOT-READY (NRY), READY
(RY), WAIT0, WAIT1, SCHEDULE-COMPLETED (SC) and
SLEEP at every time instant. During the scheduling, each
node works according to the automaton shown in Figure 3.
Initially each non-leaf node is in NRY state and each leaf
node is in RY state. Once all the children of a node finish
their scheduling, the node turns into RY state. When a node u
comes into RY state, u sends a MARK message containing
u’s ID and K to request for the feedback messages from
all its competitors and turns into state WAIT0. WAIT0 is a
state where a node waits for feedback messages. When a node
receives a MARK message, it sends a message back including
its state and earliest possible sending slot. When a node u
in WAIT0 gets all feedback messages, it checks if its ID is
larger than IDs of all the nodes in R1(u). If so, u calls a
procedure to fix its schedule and send a SCH-COMPLETE
message consisting of u’s ID and K to all nodes in R1(u), else
it goes to WAIT1 state, waiting for scheduling later. A node in
RY state is called a ready node. A node u in WAIT1 state must
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wait for being scheduled until all the ready nodes with larger
IDs are scheduled. Upon receiving a new SCH-COMPLETE
message, a node in WAIT1 checks if its ID is larger than IDs
of all the nodes in R1(u). If so, it calls a procedure to fix
its schedule, else it keeps waiting in WAIT1 state. When the
root comes into RY state, the algorithm ends and all the nodes
complete their schedules. Then during aggregation, each node
gets awake in its sending slot to send data and in its children’s
sending slots to receive data from its children.

RYNRY

SLEEP SC
WAIT1

children complete send a MARK msg.

largest
leaf

all feedback msg. back
& largest ID

send a SCH−COMPLETE msg.

largest ID

& MARK

WAIT0

msg.received

all feedback
msg.back

& not largest ID

competitors’ SCH−COMPLETE msg.received
& MARK msg.received

& feedback msg. back
competitors’ SCH−COMPLETE

children & competitors msg. received

Fig. 3. Automaton of node behavior

The description of the SCHDL algorithm is as follows.

1) Initially all the leaf nodes are set to state RY and the
rest nodes are set to state NRY.

2) For each leaf u, if its ID is larger than IDs of all
the nodes in M(u) ∩ {leafs}, then multicast a SCH-
COMPLETE msg. to M(u)∪{p}, and u turns to sleep,
else send a MARK msg. to M(u) and turn to state
WAIT0.

3) For each node u, upon receiving a SCH-COMPLETE
msg. from node v,

a) if u is in state WAIT0, record the msg. as a
feedback message and R2(u)← R2(u) ∪ {v}.

b) if u is in state NRY, do
i) if v ∈ M(u), do M(u) ← M(u) \ {v},

R2(u)← R2(u) ∪ {v}.
ii) if u is parent of v, do x← x−1, K ← max{K,

msg.K + 1}.
iii) if x = 0, do

A) if M(u) is empty, send a SCH-COMPLETE
msg. to its parent p and turns to sleep;

B) else send a MARK msg. to M(u) and turn
to state WAIT0.

c) if u is in state WAIT1, do R1(u)← R1(u) ∪ {v},
R2(u)← R2(u)∪{v} and check if u’s ID is larger
than IDs of all the nodes in R1(u). If so, call FIX-
SCH(u); else u keeps in state WAIT1.

4) For a node u, upon receiving a MARK msg. from node
v,

a) R1(u)← R1(u) ∪ {v};
b) if x = 0, send a READY msg. containing K back

to v;
c) else send a NOT-READY msg. back to v.

5) For a node u, upon receiving a READY or NOT-READY
msg. from node v,

a) record the message as feedback.
b) if it is a READY msg., do R1(u)← R1(u)∪ {v}.
c) if all feedback messages are received, check if u’s

ID is larger than IDs of all the nodes in R1(u).
If so, call FIX-SCH(u); else turn to state WAIT1.

6) If the root w comes into RY state, SCHDL ends.

FIX-SCH(u) is the procedure to fix u’s schedule. It assigns
the first available sending slot after u’s earliest possible
sending slot K to u using a greedy strategy. The pseudocode
of FIX-SCH(u) is as follows.

Algorithm 1 FIX-SCH(u)
1: sch← u.K
2: while (true) do
3: if ∃ node v ∈ R2(u), v.schedule = sch then
4: sch← sch + 1
5: else
6: u.schedule← sch
7: Send a SCH-COMPLETE msg. and u.schedule to M(u)∪

{p}, then let u go to sleep and return;
8: end if
9: end while

The following theorem shows the correctness of SCHDL.
Its complete proof is available in [20].

Theorem 2: SCHDL generates a collision-free aggregation
schedule in finite time.

Figure 4 illustrates the process of SCHDL for a small sensor
network. Figure 4(a) shows the topology of the network. The
IDs of the nodes are labeled beside the nodes. Node 7 is
the sink. The solid lines represent edges in the aggregation
tree and the dotted lines represent the other edges in the
graph. Figure 4(a)-(h) show the states of the nodes in the
network while time increases. A node is black if it has already
completed scheduling at that time. The gray nodes are ready
to be scheduled and the white nodes are not. The schedule of
each node is labeled beside it with brackets.

At first, all the leaves are ready and are in RY state. They
send MARK messages to their competitor sets and turn into
WAIT0 state. Only node 11, 12 and 14 set their schedules to
time slot 1 and turn into SLEEP state while the other leaves
turn to WAIT1 state. Consider node 11, its competitor set is
{16, 5, 8, 6}. According to SCHDL, node 11 finds its ID is
larger than all the leaf nodes in its competitor set, which are
node 5 and 8. It sets its schedule to time slot 1, sends a SCH-
COMPLETE message to node 16, 5, 8, 6 and its parent node
1, and goes to sleep.

Next, nodes 3, 4, 5, 8 and 9 are ready and in WAIT1 state.
Nodes 3, 5, 8 and 9 receive SCH-COMPLETE messages,
respectively from node set {12}, {11, 14}, {11, 12} and
{14}. Upon receiving these messages, they check if their IDs
are larger than all the ready nodes in their competitor sets.
Nodes 8, 9 find they are and call FIX-SCH. They both set
their schedules to time slot 2 and send out SCH-COMPLETE
messages. Nodes 3, 5 still stay in WAIT1 state. As node 6 has
received both SCH-COMPLETE messages from its children,
it turns from NRY state into RY state.
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In this way, all the nodes complete their scheduling when
SCHDL ends. The schedule is shown in Figure 4(h). Thus
node 7, the sink, can gather all the data in 7 time slots.
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Fig. 4. An example of DAS scheduling

V. PERFORMANCE ANALYSIS

We analyze the performance of DAS from three aspects, i.e.
time latency, time cost and communication cost. At the end
of the section, an example is presented to show the collision
problem in Huang et.al.’s algorithm [2].

A. Time Latency Analysis

Lemma 1: For any node u, if u’s schedule is set to t by
SCHDL and its earliest possible sending slot is K when it is
ready in SCHDL, then t ≤ K + |M(u)|.

Proof: Suppose a node u’s earliest possible sending slot
is K when it is ready in SCHDL and its schedule is set to t
by SCHDL. According to the SCHDL algorithm, when FIX-
SCH(u) is called, the first available sending slot after K is
assigned to u’s schedule. Referring to FIX-SCH, a time slot
is available for u if and only if it is not equal to the schedule
of any node in R2(u). Thus u’s schedule t ≤ K + |R2(u)|
since the case for u’s latest schedule is that the schedules of
the nodes in R2(u) are K,K + 1, · · · ,K + |R2(u)| − 1. As
R2(u) is a subset of M(u), t ≤ K + |M(u)|.

Lemma 1 guarantees that the schedule of any node is no
later than the earliest possible sending slot of the node when
it is ready plus the number of its competitors.

Now we analyze the latency bound of DAS. Since we
have made the assumption that all the nodes have the same
transmission range in Section 3, we can normalize their radius
to 1 and model the network as a unit disk graph (UDG) [21].
First, we partition the set of the nodes in the aggregation tree
created by the first phase of DAS into layers and compute
the latest schedule of the nodes in each layer as shown in
Figure 5. Suppose the schedules of all nodes have finished by
DAS. Let ti be the latest schedule of the nodes in layer i,
i = 1, 2, · · · ,m, where m is the number of the deepest layer.
It is obvious that the whole latency T = t1.

To compute t1, two cases need to be considered since all the
nodes in layer 1 are white or gray nodes as shown in Figure 5.
Case one is that a gray node, say node u, has the schedule t1.

t( )1t1

t2 t’2

t’4

Layer 0

Layer 1

Layer 2

Layer 3

Layer 4

Layer 5

T

u v

wy

t( )3

t3

t’3
t4

sink

s

e

Fig. 5. Analysis on an aggregation tree

Case two is that a white node, say node v, has the schedule
t1.

In case one, suppose a child w of u has schedule t′2 while
y has the latest schedule t2 in layer 2. Thus, t′2 ≤ t2, and
each gray node in layer 1 has received the data from all of its
children at time slot t2 + 1 during aggregation. There are two
situations again at t2 +1. One is that all the white nodes have
sent their data to the sink, the other is the opposite.

• In the former situation, the gray nodes compete with only
gray nodes. Each gray node must have at least one black
child because the tree construction phase chooses gray
nodes to interconnect black nodes. For this reason, the
number of gray nodes in layer 1 is not greater than the
number of black nodes in D2, a disk of radius 2 centered
at the sink. According to a conclusion in [2], each black
node can have at most 20 2-hop neighbors. Starting from
time slot t2+1, all the gray nodes in layer 1 can send data
to the sink in at most 20 time slots according to Lemma
1 and the fact of there being at most 20 gray nodes in
competing. Therefore, t1 ≤ t2 + 20 in this situation.

• In the latter situation, some white nodes have not sent
their data to the sink at the beginning of the time slot
t2 + 1. Let tw1 be the latest schedule of all the white
nodes in layer 1. tw1 must be less than the largest size,
Z, of the competitor sets of all the white nodes. This
can be guaranteed by Lemma 1. After time slot tw1, only
gray nodes in layer 1 are left to send their data, thus
less than 20 time slots are needed. Thus, the total latency
T ≤ Z + 20 in this situation. The bound of Z is shown
in Lemma 2 later.

In case two, the white node v has the latest schedule t1.
Similar as the latter situation in case one, the total latency is
less than Z. Thus, we have T ≤ Z in this case.

In summary, we have the following inequation.

t1 ≤
⎧⎨
⎩

20 + t2, all white nodes finish sending at t2 + 1;

20 + Z, otherwise.

(1)
Similar to t1, we have the following inequation about t2.

The detailed proof of the inequation can be found in our full
paper [20].

t2 ≤
⎧⎨
⎩

5 + t3, all white nodes finish sending at t3 + 1;

5 + Z, otherwise.

(2)
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In general, the following inequations for t2k−1 and t2k hold.
The proofs can also be referred to our full paper [20].

t2k−1 ≤
⎧⎨
⎩

19 + t2k, all white nodes finish sending at t2 + 1;

19 + Z, otherwise.

(3)

t2k ≤
⎧⎨
⎩

5 + t2k+1, all white nodes finish sending at t2 + 1;

5 + Z, otherwise.

(4)
Lemma 2: In a UDG model, for an arbitrary white node u

in the aggregation tree, the size of its competitor set is at most
20 + 6Δ, where Δ is the maximum node degree.

Proof: For a white node u, its competitor set can be
divided into two sets according to Proposition 1. One is the set
of 1-hop neighbors u’s parent p, named C1. The other is the
set of children of u’s 1-hop neighbors, named C2. It is obvious
that the size of C1 is at most Δ. C2 consists of the children
of u’s black and gray neighbors as white neighbors have no
children. First, we determine the number of the children of u’s
black neighbors. A white node has at most 5 black neighbors
in a UDG [21]. Thus, the number of the children of u’s black
neighbors can be bounded by 5Δ. Now, we determine the
number of the children of u’s gray neighbors. The children
of u’s gray neighbors are all black nodes within the disk of
radius 2 centered at u. Since there are at most 21 black nodes
in a disk of radius 2 [2] but u’s parent p should be excluded,
there are at most 20 black nodes in the disk. Thus the number
of the children of u’s gray neighbors can be bounded by 20.
Therefore, the size of C2 is at most 5Δ + 20 and the size of
u’s competitor set is at most 6Δ + 20.

Theorem 3: The latency bound of the DAS algorithm is at
most 24D+6Δ+16, where D is the diameter of the network
and Δ is the maximum node degree.

Proof Sketch: The latency T can be computed iteratively
using formulas (1) to (4). The result is T ≤ 12m+Z−4, where
m is the number of the deepest layer in the aggregation tree
and Z is the largest size of the white nodes’ competitor sets.
According to the tree construction, we can prove m ≤ 2D.
Since Z ≤ 6Δ + 20 according to Lemma 2, we can easily
obtain the conclusion in Theorem 3.

The details of the proof of Theorem 3 can be referred to
our full paper [20]. In fact, this latency bound is rather loose,
which is shown in the experiments. The reason is that we allow
any network topology and there exist many complicated cases
that made the tight bound very difficult to be analyzed.

B. Time and Message Complexities

Now we analyze the time cost and the communication cost
in terms of the number of messages being transmitted.

The time cost of DAS is O(n), where n is the number
of the nodes in the network. This is because that the tree
construction algorithm in the first phase of DAS takes O(n)

time and SCHDL takes O(n) time since all the nodes make
schedules one by one in the worst case.

The number of messages being transmitted is O(n ·
max{Δ, log n}) for the following reasons. First, the tree con-
struction algorithm in the first phase of DAS needs O(n log n)
message transmissions [19]. Next, SCHDL in the second phase
requires O(nΔ) message transmissions. The reason is that
each node sends and receives messages from its competitors
and the number of messages transmitted by each node can
be bounded by the largest size of the nodes’ competitor sets,
which is the largest size of the white nodes’ competitor sets
Z, Z ≤ 6Δ+20, since the size of any competitor set of black
or gray node is no more than Δ + 20. Therefore, the message
transmissions needed by SCHDL is O(nΔ).

C. Discussion of Huang’s Algorithm [2]

We found that the algorithm in [2] cannot derive a collision-
free schedule in some cases. Let’s refer to Figure 4. The algo-
rithm first constructs an aggregation tree and then schedules
the nodes layer by layer. Since the tree construction in the
first phase is based on maximal independent set [2], the tree
in Figure 4 is a typical form of the aggregation tree constructed
by the algorithm. We now run the algorithm on the tree. As
the nodes are scheduled layer by layer, all the white leaf nodes
are scheduled in the first step of the algorithm. The leaves in
the tree are 8, 5, 4, 3, 9, 11, 12, and 14. The main idea of
the algorithm to schedule a node set S is that each iteration
of the algorithm forms a node set X that send data in one
time slot and checks each unscheduled node u whether it is
a neighbor of the parent of a node v in X . If it is not, add
u to X . At first, X is a null set so that node 8 is added to
X . Then node 5 finds it is not a neighbor of 8’s parent 10,
node 5 is also added to X . In this way, the output schedule
of the algorithm is that {8, 5, 3, 9} send data in slot 1 and
{4, 11, 12, 14} send data in slot 2. We can see that collisions
occur at node 1 and node 15 in slot 1 due to nodes 8 and 5
sending data simultaneously and nodes 8 and 3 sending data
simultaneously. The reason is that though node 5 and 3 are
not node 8’s parent’s 1-hop neighbors, they are the children of
node 8’s 1-hop neighbors. The algorithm ignores the children
of a node’s 1-hop neighbors, which form an important part of a
node’s competitors. This fault makes their algorithm generate
schedules with collisions in many cases because the number
of the children of a node’s 1-hop neighbors is often large
comparing to its parent’s 1-hop neighbors. Since collisions
occur during aggregation, their algorithm does not give a
correct solution to the scheduling problem. Thus the time
latency bound of their algorithm is not fair. For this reason,
we will not compare with the result in [2].

Thus the state-of-the-art algorithm generating collision-free
schedules is the one in [3] rather than the algorithm in [2].
Its latency is (Δ − 1)R where both Δ and R can be of the
same order of the network size. The latency of our algorithm
is 24D + 6Δ + 16, where Δ is only an additive factor. Since
D ≤ 2R for any arbitrary network graph, DAS is a nearly

This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE INFOCOM 2009 proceedings.



constant approximation since the latency cannot be less than
the network radius R.

VI. AN ADAPTIVE SCHEDULING METHOD

In this section, we add adaptive strategies into the DAS
algorithm to deal with the case where the network topology
changes. First we introduce the strategy for maintaining the
aggregation tree and then we propose the strategy for aggre-
gation scheduling.

A. Maintenance of Aggregation Tree

This paper only considers the stationary sensor networks
where nodes cannot move. Thus, the changes of the networks
are mainly caused by new nodes joining in and node failures.

When a node u joins in a network, it sends a JOIN message.
All the nodes in u’s transmission area receive the message.
For any node v receiving the JOIN message, it sends back an
ACK message including its node color. After u collects all
the ACK messages from its neighbors, it checks if there are
messages from black nodes. If so, it picks any one, say w, as
its parent and sends a CHILD message to w. Node u becomes
a leaf and its color is set to white. Otherwise u has no black
neighbors, and u makes itself a black node. Since the network
is connected, u must have at least a white or gray neighbor.
u can randomly picks one as its parent and sends a CHILD
message. Upon receiving a CHILD message, a node records
the sender as its child and checks if it is a white node. If so,
it turns itself to a gray one.

When a node failure occurs, the case is a bit complex.
Typically node failures are detected by the mechanism of
sending confirming messages periodically. If node v sends
a confirming message to node u and has not received u’s
response for a predefined time duration, v believes that u fails.
Assume u fails. If u is a leaf node, its parent p will find out
that u fails after a while. In this case, p removes u from its
child list. If u is a gray node, its parent p and its black children
will find out after a while. In this case, p deletes u from its
child list and for any black child v of u we adopt the following
strategy to find a parent for v. First, v finds a white or gray
neighbor w, which is not its child, as its parent and sends a
CHILD message to node w. If v cannot find one, v turns its
color to white and finds its parent. Its white children also need
to find parents for themselves. The white nodes can be seen
as the new joining nodes during the finding of their parents.
v’s gray children find their parents using the strategy proposed
as follows. If u is a black node, u’s parent p deletes u from
its child list and checks if it has any other black children. If
not, p turns itself to a white node. For any white child of u,
again we take it as a new node joining in. For any gray child
v of u, v finds its parent in the following way. First, v checks
if there are black neighbors who are not its children. If so, v
randomly chooses one from them as its parent and sends to it
a CHILD message. Otherwise, v randomly chooses one of its
children w, which must be black, as its parent and sends to w
a CHILD message. v’s black children lose their parents and
use the strategy above of finding the parent for a black node to

find their parents. As the process is recursive, any node who
loses its parent can find a new one as long as the network is
connected.

In this way, the new aggregation tree is maintained without
changing its original structure. In most cases the above process
does not need much time and communication since it is done
locally.

B. Adaptive Scheduling using DAS

After the aggregation tree has been updated, the nodes who
have changed their parents compute their new competitors
locally and send their updated information to their competitors.
It is relatively easy to make a new schedule using DAS. All
the nodes whose parents have changed form a set Upd. For
each node u in Upd, it marks itself renewed and sends a
RENEW message to its parent. For each node v receiving
a RENEW message, if it is not a child of the sink, it marks
itself renewed and sends a RENEW message to its parent.
This is because if a node has some new child, it may need
to change its schedule and so do its parent and grandparent
and so on. Then the unrenewed nodes send their schedules to
their renewed competitors. After these processes, the renewed
nodes starts to run SCHDL of DAS.

Since the renewed nodes have collected all the updated
local information, their schedules made by SCHDL cannot
collide with the unrenewed nodes. This guarantees that the
new schedule is also collision-free. Generally, only a small
number of nodes join or fail in the network in most cases so
that there are not many renewed nodes in the network. For
very rare occasions where there are large amounts of nodes
joining or failing, we make all nodes run DAS again, which is
reasonable. Therefore, the adaptive scheduling algorithm can
be efficient in most cases.

VII. SIMULATION RESULTS

In our simulation, we randomly deploy sensors into a region
of 200m×200m. All sensors have the same transmission
radius. Since the algorithm in [2] cannot give a correct solution
to the scheduling problem, we compare the performance of our
algorithm DAS with the only correct algorithm for aggregation
scheduling proposed in [3] by Chen et al.

A. Evaluating DAS

We first implement DAS and Chen’s algorithm using C++.
In Figure 6, the transmission radius of each sensor is fixed to
25m. The figure shows the number of the time slots needed
to aggregate data from the leaves to the sink by running the
two algorithms while the number of nodes increases. Figure
7 compares the number of slots to aggregate data using the
two algorithms when the transmission radius varies. Here
the number of nodes is fixed to 1600. It can be seen from
the two figures that DAS outperforms Chen’s algorithm with
much lower latencies. The bigger the number of nodes or the
transmission radius is, the better the improvement of DAS
is in comparison with Chen’s algorithm. From the figures,
DAS’s latencies are 1.65 to 2.88 times smaller than Chen’s

This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE INFOCOM 2009 proceedings.



Fig. 6. Latency with different number of nodes

Fig. 7. Latency with different transmission radius

algorithm, and with the increment of the number of nodes and
the transmission radius the improvement will be larger. It is
worth to note that the time latencies in the experiments are 7 to
8 times better than the theoretical latency bound. For instance,
the time latency for 1400 nodes is 80.9 while the upper bound
is 712 (D = 12 and Δ = 68). The reason is that we magnify
the latency too much when computing the upper bound, which
causes the upper bound for latency very loose.

Next we examine the running time of DAS in Figure 8
when the number of sensor nodes and the transmission radius
vary. The running time refers to the time required to generate
the schedule. We set 1/20 of a second for each time slot
when running DAS, which is greater than the time required
to transmit one packet. Though the time complexity is O(n),
we can see that the running time is rather small. We can see
that the running time is 5 to 20s on average. For instance, the
running time for 2000 nodes with transmission radius of 30m
is only 14.6s. The reason is that many nodes can schedule
simultaneously and the occasion where only one node can
schedule at each time rarely happens. As the number of the
nodes or the transmission radius increases, the average size
of the nodes’ competitor sets also increases, and thus each
node has to compete with more competitors that costs more
time. Since DAS is a distributed algorithm, we also study
its communication cost in terms of the number of message
transmissions. Figure 9 shows the transmissions per node
with different number of nodes and transmission radius. The
transmission for a node means the number of messages sent
and received by the node. For the similar reason above, DAS
incurs more transmissions when the number of the nodes and
the transmission radius increases.

B. Evaluating Adaptive DAS

In this subsection, we study the performance of DAS while
confronting node joining and node failures. First we carry out
experiments to observe the changes of latency and the changes
of transmission per node when there are nodes joining and then
we look into the cases of node failures.

In the first case, we study the increasing rate of latency
and transmission when the node joining rate increases. The
increasing rate of latency refers to the ratio of the difference
of the new and old latency to the old latency. Figure 10 shows
the increased latency after nodes join in the network with
different joining rate. The three curves correspond to different
original size of the network as is shown in the Figure 10.
We find that in different network scales, the trends of latency
increments are similar while the node joining rate increases but
not much. For example, the increasing rate of latency is from
0.371 to 0.378 with different number of nodes when the node
joining rate is 0.3. We find that the percentage of the latency
increment is only a little larger than that of joining nodes. This
result shows that the adaptive DAS scales well with the size
of the network. Figure 11 shows the increasing rate of average
transmissions with different node joining rate, i.e. the ratio of
the transmissions per node when running adaptive DAS to the
original transmission when running DAS. This is also a metric
for measuring the scalability of the adaptive algorithm. The
increased transmission rate is going up slowly with more nodes
joining in and the trends are similar in different network scales,
which again shows that adaptive DAS has a good scalability.

In the second case, the time latency increments and in-
creased transmissions are studied with different failure rate.
We find in Figure 12 that the latency difference is between
−1 and 1 in most cases, which means the time latency
keeps almost invariant with different node failure rate. Figure
13 shows the average transmissions to modify the schedule
after node failures, which is rather small. For example, the
transmission increment per node is from 6.6 to 7.5 with
different number of nodes when the node failure rate is 0.2.
Our philosophy is that only schedules of a small set of nodes
need to be updated using very few transmissions since the
node failure cannot be of a large scale. Since the latency
of the whole schedule is determined by the latest schedule
of the nodes, our updating strategy has very little chance of
modifying the latest schedule. Therefore, adaptive DAS keeps
the latency almost invariant using very few transmissions.
Another strategy is to run DAS again on all the nodes and form
a new schedule with a smaller latency, but the transmissions
will be much more. We need a tradeoff between latency and
energy consumption. We choose saving energy first in handling
dynamic network and we can run DAS one more time when
the failure rate is higher than a predefined threshold.

VIII. CONCLUSION

Data aggregation is critical to the network performance
in wireless sensor networks and aggregation scheduling is
a feasible way of improving the aggregation quality. In this
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Fig. 8. Running time with different number of
nodes

Fig. 9. Average transmission with different
number of nodes

Fig. 10. Latency increments with different
joining rate

Fig. 11. Transmission increments with differ-
ent joining rate

Fig. 12. Latency differences with different
failure rate

Fig. 13. Transmission increments with differ-
ent failure rate

paper we study the problem of distributed aggregation schedul-
ing in sensor networks and propose a distributed scheduling
algorithm with latency bound 24D + 6Δ + 16. This is a
nearly constant approximate algorithm that significantly re-
duces the aggregation latency. The theoretical analysis and
the simulation results show that our algorithm outperforms the
algorithms in [3]. An adaptive method is also proposed, which
makes the algorithm suitable for networks with topology
changes.
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