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Abstract—Data aggregation is a key, yet time-consuming functionality introduced to conserve energy in wireless sensor networks
(WSNs). In this paper, to minimize time latency, we focus on aggregation scheduling problem and propose an efficient distributed
algorithm that generates a collision-free schedule with the least
number of time slots. In contrast to others, our approach named
FAST mainly contributes to both tree construction, where the
former studies employ Connected 2-hop Dominating Sets, and
aggregation scheduling that was previously addressed through
the Competitor Sets computation. We prove that the latency of
FAST under the protocol interference model is upper-bounded
by 12R + Δ − 2, where R is the network radius and Δ is the
maximum node degree in the communication graph of the original
network. Both the theoretical analysis and simulation results show
that FAST outperforms the state-of-the-art aggregation scheduling algorithms.
Index Terms—Wireless sensor networks, data aggregation, minimum latency scheduling.

I. I NTRODUCTION

E

NERGY efficiency is an important issue for data collection in WSNs. Data aggregation is a fundamental operation aiming to conserve energy by reducing the number of
packet transmissions through the network [3], [12], [16], [19].
To aggregate data, every intermediate node combines all the
received data with its own record into a single packet according
to some aggregation functions, and then forwards it to upper
nodes on a spanning inward architecture rooted at the sink.
Besides the energy efficiency, the requirement of real-time
communication is becoming more and more important in
emerging applications [10], [24], [27]–[29]. Here, outdated
information would be irrelevant and even lead to negative
effects on the system monitoring and control. Thus, it is crucial
to provide a guarantee on the delivery time and consider the
total latency involved in aggregating data. In a previous study
[1], we addressed the problem of maximizing the quality of
data aggregation in a real-time, tree-based WSN. Indeed, we
investigated how to maximize both the number of source participating nodes and their spatial dispersion subject to a deadline
constraint. However, here, we focus on another fundamental
question stated as: how fast can information be aggregated from
a tree-based WSN rooted at the sink of aggregation?
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Communication collision is a primary reason for long latency
in data aggregation. It occurs when two or more sensor nodes
transmit data to a common node at the same time. Unfortunately, the collision problem is normally left to the MAC layer,
which could incur a large amount of energy consumption and
time latency during aggregation. Hence, we concentrate on
the TDMA scheduling problem above the MAC layer, while
the main objectives are to minimize aggregation latency and
ensure the collision-free transmissions. This is known as the
Minimum Latency Aggregation Scheduling (MLAS) problem
in the literature [15], [22], [25], where the latency of a schedule
is the number of time slots needed to aggregate data from the
sensor nodes to the sink. It is worth mentioning that in this paper
our focus is on the basis of MLAS itself, where the protocol
interference model is employed as in the literature.
The MLAS problem was proved to be NP-hard and an
approximation algorithm was proposed in [5]. It investigates
the fundamental question of how the aggregation transmissions
can be scheduled in a tree-based WSN, such that no collision
may occur and the total number of time slots is minimized.
To achieve this, the MLAS problem is typically approached
in two steps: (i) data aggregation tree construction, and
(ii) link transmission scheduling. Recently, there has been a
surge of interest in studying this problem and several approximation algorithms have been proposed generally classified into
two categories: centralized and distributed. Although the centralized approaches [5], [11], [21] have an important contribution in theory, they are not practical in real applications, where
the network suffers from frequent topology changes (e.g., node
failures); therefore, the sink has to gather new network topology
information, recompute a schedule, and disseminate it into the
network. These processes waste lots of energy resources, which
make centralized algorithms inherently inefficient.
To overcome the above-mentioned problems, the distributed
algorithms are employed to construct an aggregation tree and
then schedule transmissions [15], [22], [25]. However, the time
latencies of the existing scheduling techniques are still high. In
this paper, we propose FAST, a collision-Free minimum latency
Aggregation Scheduling algorithm for Tree-based WSNs. We
make the following four main contributions.
1) We construct a novel data aggregation tree which is different from the commonly used Connected 2-hop Dominating Sets-based approaches. Furthermore, a key design
feature which is simultaneous execution of aggregation
tree construction and scheduling is employed.
2) We propose an efficient distributed collision-free TDMA
schedule, such that the aggregation latency is minimized.
Our algorithm differs from all the previous schemes in
which Competitor Sets are computed.
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Fig. 1.

Two cases of a collision.

3) We theoretically prove a new upper bound for aggregation
latency at 12R + Δ − 2 time slots under the protocol
interference model. To the best of our knowledge, FAST
has so far had the minimum latency for data aggregation
in tree-based WSNs.
4) We conduct extensive simulations to evaluate the performance of FAST. The simulation results show that, besides
the latency upper bound, FAST is the current best distributed algorithm for the MLAS problem in the literature.
The rest of the paper is organized as follows. Section II
formulates the MLAS problem. Section III outlines the related
work. Our proposed algorithm is presented in Section IV and
is analyzed in Section V. Simulation results are presented and
discussed in Section VI. Finally, Section VII concludes our
work and discusses some future directions.
II. P ROBLEM D EFINITION
We consider that sensor nodes are distributed randomly into a
two-dimensional area in a static WSN, and there exists one sink
node that collects information from the sensors. The transmission coverage of any node is a circle of radius r. Let G(V, E) be
the topology graph of the network, where V is the set of all the
nodes and E is the edge set of G. An edge (u, v) ∈ E indicates
that u and v can form a communication link if and only if u is
in the transmission area of v (i.e., |u − v| ≤ r). We also assume
that G is connected.
As in the state-of-the-art [15], [22], [25], we consider the
interference modeled by protocol interference model [9] in
our analysis. In each time slot, a sensor node can either send
or receive data. Furthermore, if a node hears more than one
message at the same time, it can receive none of them correctly,
so this causes a collision. Formally, two transmissions u1 →
v1 and u2 → v2 are conflicting whenever |u1 − v2 | ≤ rI or
|u2 − v1 | ≤ rI , where rI ≥ r is the interference range. In the
rest of the paper, to simply analyze the time latency as in the
state-of-the-art [15], [22], [25], we will assume that rI = r = 1,
i.e., the underlying communication graph is a Unit Disk Graph
(UDG). Fig. 1 shows two cases in which collisions occur at v1
and v2 , respectively.
An approximation of MLAS is a sequence of sender sets
U1 , U2 , . . . , Ul , such that data packets are simultaneously transmitted from the senders in Ui to their parents in time slot i, for
each i = 1, 2, . . . , l, and finally aggregated to the sink node vs
in l time slots. The sets satisfy the following conditions:

1) Ui Uj = ∅, ∀i = j.
l
2) i=1 Ui = V − vs .

3) Data are aggregated from Uk to V − ki=1 Ui in time slot
k, ∀k = 1, 2, . . . , l.
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The MLAS object is to suggest a sequence of collisionfree schedules U1 , U2 , . . . , Ul , such that the total aggregation
latency l is minimized.
It is worth mentioning that the root of the aggregation tree
is assumed to be the sink node vs in general. However, to
reduce the total aggregation latency to a function of network
radius R instead of network diameter D, as in the previous
studies [15], [22], we choose the topology center of a given
UDG as the root node. Note that in most networks, the topology center is different from the real sink node. Here, vc =
argminv {maxu {dG (u, v)|u ∈ V }|v ∈ V } is called the topology center, where dG (u, v) denotes the hop distance between u
and v in communication graph G(V, E). Moreover, the maximum distance between vc and any other node v is the network
radius, i.e., R = maxv {dG (vc , v)|v ∈ V }. As in the state-ofthe-art [15], [22], we assume that vc is known and static. After
the data are aggregated with minimum latency from all nodes in
vc , it will forward the result to the sink node vs via the shortest
of at most
path. This will impose an additional delay dG (vc , vs )
R time slots. Note that we relax the requirement Ui Uj = ∅,
∀i = j for the case when the topology center is different from
the real sink node. When the sets Ui , 1 ≤ i ≤ l are not disjoint,
in the actual data aggregation, a node which appears multiple
times in U1 , U2 , . . . , Ul (it just happens on the shortest path
from vc to vs ) will participate in the data aggregation only once
(say the smallest i when it appears in Ui ), and then it will only
serve as a relay node in later appearances.
III. R ELATED W ORK
Aggregation is an important and essential operation in many
WSN applications [2], [6], [18], [23], [26]. Recently, there has
been a surge of interest in studying the time latency and collision prevention problem for efficient aggregation scheduling in
WSNs. The relevant works for the MLAS problem are classified
into two categories: centralized and distributed.
Chen et al. [5] proved the MLAS problem to be NP-hard
and proposed an approximation algorithm with a ratio of Δ.
Huang et al. [11] designed a centralized aggregation scheduling
method based on Connected Dominating Sets (CDS) with the
latency bound 23R+Δ−18. Wan et al. [21] proposed three algorithms to further improve the aggregation time bound
up to
√
15R+Δ−4, 2R+O(logR)+Δ and (1+O(logR/ 3 R))R+Δ,
respectively. Although the centralized approaches have an important contribution in theory, they are not practical in WSNs,
especially when the network topology changes frequently.
Realizing the disadvantages of the centralized approaches,
Yu et al. [25] proposed a new distributed algorithm, proved
that there is no collisions in their aggregation scheme, and
computed a new upper bound at 24D+6Δ + 16. Xu et al.
[22] designed a distributed aggregation scheduling method
generating collision-free schedules which guarantee that the aggregation time does not exceed 16R+Δ−14.
 also derived

 They
the overall delay lower bounds of max R,

Δ arcsin

rI−r
2rI

2π

and max{R, Δ} under the protocol interference model when
r < rI < 3r and rI ≥ 3r, respectively. Both [22] and [25] employ a distributed approach of constructing Connected 2-hop
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Dominating Sets (C2DSs), where the distance between any
pair of nodes in a maximal independent set is exactly two
hops [20]. More recently, a distributed scheduling algorithm
on a cluster-based constructed tree has been developed in [15]
to minimize scheduling with an upper bound on delay of
4R + 2Δ − 2; however, we proved that this bound is incorrect
(this will be discussed in Section V-C in detail). To achieve a
distributed collision-free aggregation scheduling in all previous
works, each node needs to determine its Competitor Set. Given
a node u in a constructed aggregation tree T , Competitor
Set CS(u) consists of those nodes which cannot transmit at
the same time as u due to 
thecollision. It is formally denoted as CS(u) = N (p(u)) ( v∈N (u)\CHD(u) CHD(v)) \
{u, p(u)}, where p(u), CHD(u), and N (u) are u’s parent in T ,
u’s children set in T , and u’s 1-hop neighbor set, respectively.
In contrast to others, our distributed approach mainly contributes to both tree construction and aggregation scheduling,
where the latency is upper-bounded by 12R + Δ − 2.
Some previous literatures [4], [13], [14], [17] have studied
data aggregation under the more realistic physical (also known
as SINR) interference model, yet by incurring a higher computational complexity. Moreover, many recent works consider
not only latency but also throughput under a joint optimization
framework. For instance, a multi-channel design is employed
in [7], [8] as a promising technique to alleviate interference
(which is the primary reason for long latency of aggregation
scheduling). Furthermore, in recent years there has been a surge
of interest in maximizing the quality of data aggregation under delay constraints by establishing bi-objective optimization
problems [1], [10]. However, the importance of the MLAS
problem itself motivated us to focus on optimizing the basis,
where the protocol interference model is employed.
IV. FAST
A key contribution behind FAST is to construct a balanced
Connected 3-hop Dominating Sets (C3DS)-based structure.
The result is a tree containing some dominators, called Parent,
among which transmissions are concurrent and collision-free;
thus, avoiding conflicting transmissions can reduce the aggregation latency. Next, FAST decides a novel collision-free aggregation schedule in a distributed way. Another key (and unique)
design feature is that the aggregation tree construction is partly
simultaneous with the execution of aggregation scheduling.
It is against the previous approaches where tree construction
and aggregation scheduling are two consecutive and separated
phases for the MLAS problem. In this section, we present the
processes of 3-hop dominating sets selection, incomplete tree
construction, and aggregation scheduling, respectively.
A. 3-Hop Dominating Sets Selection
Here, we propose a special method to select a 3-hop dominating set and assign different roles to nodes. In a graph G(V, E),
a subset S of V is a 3-hop dominating set if for each node u
in V , it is either in S or at a distance of at most 2 hops from a
node v in S. Nodes from S (dominators) and the others adjacent
to them are assigned Parent and Child roles, respectively.
The remaining nodes are identified as Grand-childs (Gchilds)
constituting a part of the leaves in the aggregation tree.

Each node u has a specific rank (levelu , IDu ), given by the
ordered pair of its level (i.e., the smallest hop distance from u to
center vc in G) and its ID. Such rankings are compared using a
lexicographic order. Furthermore, each node u has an array list
Lu of all its lower-ranked neighbors within two hops. It is used
to guarantee that dominators are separated by at least 3 hops.
The details of 3-hop dominating set selection are shown
in Algorithm 1. A node takes Parent role if all its lowerranked neighbors within two hops have been removed from
Lu (i.e., Lu = ∅). Definitely, the algorithm starts from center
vc , where Lvc = ∅. Each node u taking roleu broadcasts a
message DSC(roleu , IDu , IDx ) to inform its neighbors of
its role. This message can also be used to remove both nodes
u and x from u’s higher-ranked non-role neighbors’ lists (we
employ this to remove Child and Gchild nodes from their
2-hop-away and 1-hop-away neighbors’ lists, respectively). A
message DSC2(N one, IDu , IDx ) is also used only to remove
node x from u’s higher-ranked non-role neighbors’ lists (we
employ this to remove Gchild nodes from their 2-hop-away
neighbors’ lists). According to the last part of Algorithm 1,
Gchilds are the only nodes which can change their roles (to
Childs) during the role assignment process, where N RNu
is the number of u’s non-role neighbors. This happens if a
Gchild’s none-role neighbor takes Parent role. The algorithm
finishes when each node u is assigned a role (i.e., roleu =
Parent/Child/Gchild) and also knows all its neighbors
roles. All Parent nodes (dominators) form a 3-hop dominating
set. The rest of the nodes are Childs, as the adjacent nodes to
the dominators, and Gchilds.
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Fig. 2.

Assigned roles in an example graph.

The following lemma shows the property of Parent nodes.
Lemma 1: There are at least 3 hops between any two Parent
nodes in a 3-hop Dominating Set.
Proof: Consider a node P becomes Parent during the
role assignment process. Without loss of generality, suppose
that P includes in Lu (lower-ranked neighbors) of a non-role
node u within two hops. According to Algorithm 1, u changes
its role to Parent if Lu = ∅; however, the instructions in our
pseudo code can only remove Childs and Gchilds, not a
Parent node (like P ), from Lu . Therefore, u, as a P ’s 2-hopaway neighbor, cannot take Parent role.

Generally, according to the algorithm, for any Parent, its
1-hop neighbors are assigned Child role, while the 2-hop-away
neighbors are Gchilds (unless a Gchild changes its role to
Child during the role assignment phase if one of its nonerole neighbors takes Parent role). Fig. 2 shows the assigned
roles for an example network graph, where the number inside
each circle is the node ID. Node 20 is the sink and Node 0
is the network center. The dashed lines represent edges in the
communication graph.
B. Incomplete Tree Construction
The structure of an incomplete aggregation tree is formed in
two phases: First, by concatenating dominators, a Connected 3hop Dominating Set (C3DS) is constructed as the virtual backbone of a WSN. Second, the Gchild nodes join the structure.
The backbone is actually a subgraph induced by Parent
nodes as dominators. The Parents are then connected by
some Child members to construct the network backbone. A
Parent always has at least one lower-level Parent in exactly
3 hops and chooses the lowest-ranked one as the next Parent
node in its route toward vc .
Lemma 2: Each Parent (except the root) has at least one
lower-level Parent in its 3 hops toward vc .
Proof: Without loss of generality, suppose that u is a
Parent node at level k. It is evident that u has a neighbor
(say v) at level k − 1. Unless v has a role during the role
assignment process, it has a higher priority (lower rank) than
u and picks up the Parent role instead. v cannot be a Child
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Fig. 3. Constructed backbone in the example graph.

of any other higher-ordered Parentw, but can be its Gchild
in a 2-hop distance. Finally, for each Parentu, there is at
least one lower-level Parentw exactly in 3 hops. Moreover,
after u being a Parent, v changes its role to Child; therefore, two Parents are connected through two Childs to form
the backbone.

Here, to build a parent-child relationship in the backbone,
each Parentu searches for another Parent (say w) whose level
(and then ID for two nodes at the same level) is the smallest
among all the lower-ranked Parents in its 3 hops. To achieve
this, each Childc of a Parentu sends message BA (Backbone
Announcement) including u’s ID and u’s level to all its Child
neighbors. It also receives BAs from the other Childs, but
only forwards the lowest-ranked one to its own Parent. Finally,
among all BAs received from u’s Childs, it chooses Parentw,
then sends message BBC (BackBone Construction) through
the backward way to set up the backbone. Furthermore, to
distinguish the nodes in the backbone from all the others, they
set a binary variable BF lag to one (i.e., BF lag = 1).
Fig. 3 illustrates the constructed backbone in the example
communication graph, where solid lines are the edges in final
tree T .
In the second phase, Gchilds join the structure. Distributing Gchilds connections among their neighbor Childs for
an efficient tree construction strongly helps the reduction of
aggregation latency by providing a higher potential of parallel
transmissions. Fig. 4 shows an example graph, where the number in brackets is the target time slot. As is evident from the
figure, node c can send the aggregated result after 3 slots in the
balanced structure in Fig. 4(b) instead of 5 slots in Fig. 4(a).
Here, to construct a balanced structure and reduce aggregation latency, each Gchildu broadcasts a message including the
number of adjacent Childs and waits to receive replies from
the neighbor Childs. Then, u selects the Child node with the
minimum number of common Gchild neighbors as its parent
(if it is equal for some Child nodes, one with the minimum
ID has a higher priority). For example, Gchild 30 in Fig. 5 has
three choices (Childs 17, 18, and 26) to select one as its parent.
Among these nodes, Child 17 has another common Gchild
neighbor and Child 26 has the highest ID. Thus, Gchild 30
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Fig. 4. An example schedule (a) unbalanced structure (b) balanced structure.

Fig. 6.

Different types of Gchilds.

Next, FAST schedules not-in-the-backbone Childs. Third, the
backbone is scheduled. The scheduling is actually a bottom-up
process from Gchilds to the topology center and is assigned to
the network nodes in three different phases:

Fig. 5. Gchilds join the structure in the example graph.

connects to Child 18 as its parent. All the Gchild nodes
become leaves in the aggregation tree. Fig. 5 illustrates our
incomplete tree after the Gchilds join the structure.
To achieve much of the potential of parallelism in data transmissions, the not-in-the-backbone Childs (i.e., those having
BF lag = 0) join the structure during the schedule assignments
(see Section IV-C). Hence, a key design feature of FAST is
that completing the tree construction is simultaneous with the
execution of aggregation scheduling.
C. Aggregation Scheduling
In this section, we design a special collision-free aggregation
scheduling algorithm simultaneous with completing the tree
construction. We set up the complete tree and extract aggregate data information from a WSN with minimum latency to
the sink. In contrast to others, FAST mainly contributes to
aggregation scheduling that was previously addressed through
Competitor Sets computation in each node. In our approach,
considering that collisions occur at the receivers, each node
negotiates with its parent in the aggregation tree. Here, parents
are responsible for scheduling their children and deciding on
time slots for transmissions.
In our proposed algorithm, each node schedules their children according to their priorities. First, Gchilds are scheduled.

1) In the first phase, all Gchilds are scheduled. According
to the Gchilds connection policy, each Childc may have three
types of neighbor Gchilds in the vicinity whichare grouped
into sets Gc (1), Gc (2), and Gc (3) (where Gc = 3i=1 Gc (i) is
the set of c’s neighbor Gchilds) as shown in Fig. 6.
• Set Gc (1) includes those c’s neighbor Gchilds which are
the children of some other Childs in the data aggregation
structure.
• Set Gc (2) includes those c’s children Gchilds which are
in the vicinity of some other Childs in the data aggregation structure.
• Set Gc (3) includes those c’s children Gchilds which are
in the vicinity of no other Child in the data aggregation
structure.
FAST makes each Childc wait for the first type of neighbor
Gchilds (i.e., Gc (1)) to be allocated transmission slots by the
other Childs, before it starts the assignment of schedules to
its own children. Then, node c assigns time slots to Gc (2) and
Gc (3) as its children, respectively. As mentioned before, this
mainly results in the potential of a large number of parallel
transmissions in common Gchilds (i.e., Gc (1) and Gc (2)),
thus minimizing aggregation latency.
Theorem 3: Given a set of Childs {c1 , c2 , . . . , cn }, the
waiting policy for scheduling of the first type of their neighbor
Gchilds is loop-free.
Proof: Here, we prove the theorem by contradiction. Suppose that each ci waits for scheduling a common Gchild
neighbor by ci+1 (as denoted by ci ≤ ci+1 ). We know that
this is true if ci+1 has a higher priority (i.e. fewer number of
common Gchilds or a smaller ID with the same number of
common Gchilds) than ci . At the end, node cn waits for c1 .
Loop c1 ≤ c2 ≤ . . . ≤ cn ≤ c1 needs all Childs to have the
same number of common Gchilds (c1 = c2 = . . . = cn = c1 ),
but again we have IDc1 > IDc2 > . . . > IDcn > IDc1 that
contradicts the assumption.
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Fig. 7. Different types of Childs in (a) incomplete structure (b) complete
structure.

To provide a collision-free schedule, each Childc maintains
an array of size Δ (as the maximum number of neighbors) to
record the unavailable time slots (those allocated to the nodes
in the vicinity). As a matter of fact, a transmission from any
neighbor node at unavailable time slots will lead to a collision
in c. Thus, c searches in its array and assign the available
transmission slots to its own children in an efficient manner.
Indeed, the first available slot is assigned to the lowest-ranked
child. In this way, we try to use all vacant slots, thus minimizing
aggregation delay.
2) In the second phase, not only are all not-in-the-backbone
Childs scheduled, but also they join the structure. Each
Parentu maintains an array to record the last time slots
(Tf inal ) that its Childs have assigned to their children. Indeed,
when the last transmission slots are successfully determined,
the Childs send them to neighbor Parentu. Next, u selects
a neighbor c in its array with the maximum {Tf inal (c), c ∈
u s neighbor Childs} and picks it up as its child by sending
a message. Once c receives the message, it tries to find all
the active u’s neighbor Childs in its vicinity (by active, we
mean those Childs that have not already been scheduled by
the others and wait to receive the transmission slots), builds
a parent-child relationship, assigns them the time slots exactly
after Tf inal (c), and finally inactive them. u also finds to remove
it from its array. It keeps selecting the next Childs with the
maximum Tf inal , completing tree construction, and assigning
time slots. Finally, according to the Childs connection policy,
each Parentu may have two types of neighbor not-in-thebackbone Childs which are grouped into sets Cu (1) and Cu (2)
(see Fig. 7).
• Set Cu (1), named selected Childs, includes those u’s
neighbor Childs which join u as their parent in the data
aggregation structure.
• Set Cu (2), named non-selected Childs, includes those u’s
neighbor Childs which join the other selected Childs as
their parent in the data aggregation structure.
In this way, we bound the number of u’s connections (selected Childs) by 5 (see Section V), so reduce aggregation
latency.
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3) In the third phase, the backbone is scheduled. Each node
u in the backbone starts to schedule all its children when (1)
all u’s children are in state Ready and (2) u receives schedule
information from all its higher-ranked neighbors except its
children and its parent. As a matter of fact, u cannot transmit
data at the same time as its neighbors’ children. It also needs to
assign time slots, different from the neighbors’ schedules, to its
own children. Once u finalizes its children scheduling, it goes to
state Ready and requests scheduling. As mentioned, each node
waits as long as there is a higher-ranked node which has not yet
been scheduled in the vicinity. This makes a collision-free data
aggregation, where each node knows the unavailable slots in its
neighborhood.
To ensure a loop-free waiting policy, we assign new ranks to
Child nodes in the backbone. Since Parents have no neighbor
in the backbone except their parents and children, they just keep
their previous ranks. We know that each Parentu will progressively route data to another one (say Parentw) in exactly
3 hops toward vc . According to the backbone construction policy, in the worst case, u and w are at two consecutive levels (i.e.,
levelu − levelw = 1). Thus, new ranks (levelu − 13 , IDu ) and
(levelu − 23 , IDu ) are assigned to the two intermediate connectors (i.e., Child c2 and Child c1 , respectively, in a tuple
u, c2 , c1 , w ).
Theorem 4: Given a set of Childs c1 , c2 , . . . , cn in
the network backbone, the waiting policy in scheduling is
loop-free.
Proof: Here, we prove that there is no loop in our waiting
process by contradiction. Suppose that there exists a loop
c1 , c2 , . . . , cn , c1 , where Child ci+1 waits for Child ci
for 1 ≤ i < n. It means both rank(c1 ) < rank(cn ) and
rank(c1 ) > rank(cn ) are true. Definitely, this contradicts the
assumption because even if the levels are equal for different
nodes, they have different IDs.

In this phase, without loss of generality, we first remove
all the not-in-the-backbone nodes from communication graph
G and then start to schedule the backbone. In the backbone,
leaves have Parent role. According to the C3DS-based tree
construction approach, these leaves have no neighbor except
their parents. Hence, the process starts without any waiting
in leaves. Totally, to produce a collision-free schedule, each
node u in the backbone sends both Tf inal (u) and ST (u) to
all its neighbors, where Tf inal (u) is the last time slot allocated to u’s children and ST (u) denotes the schedule time
targeted by u. It also waits to receive the target schedules from
all its higher-ranked neighbors to successfully determine the
applicable transmission slots for its children. This provides
the potential of consecutive slot assignment to the children.
Moreover, u needs all of the last schedules of its neighbors to
compute new Tf inal (u). Finally, it goes to state Ready, sends
Tf inal (u) to its parent, and requests scheduling. For each child
node u of parent p, ST (u) is calculated as ST (u) = M in(t :
t > Tf inal (u) and t ∈ N ∗ − U S(p)), where U S(p) is the set
of unavailable transmission slots in p. The scheduling process
ensures that the time slot assigned to each node is always larger
than those of all its children.
Algorithm 2 concludes FAST distributed three-phase
scheduling for a collision-free time slot assignment. It shows
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what exactly each Gchild/Child/Parent node does (as well as
sending/receiving control messages) until it is finally scheduled
in details. We assume each node u maintains some variables as
follows:
• Tf inal (u): the time slot at which the latest u’s children will
send its data; it is initialized to 0.
• ST (u): the schedule time targeted by node u.
• N Gchild1 (u): the number of Gchilds in Gu (1) which are
not yet scheduled.
• N Child(u): the number of u’s Child neighbors which
are not in the backbone of communication graph G.
• N bchild(u): the number of u’s children in the backbone
of communication graph G.
• HRN (u): the number of u’s higher-ranked neighbors
except its parent and
• its children in the backbone of communication graph G.
Algorithm 2 outputs a complete tree in which each node
has allocated a transmission slot. Fig. 8 shows the complete
aggregation tree as well as the assigned schedules in the example graph, where the number in each bracket is the target
time slot. As is evident from the figure, the network center
(i.e., Node 0) can gather all the data in 9 time slots. Finally,
it sends the final results to the sink via the shortest path. It is
worth mentioning that we further describe the algorithm while
analyzing the latency bound.

Fig. 8.

Complete tree and schedules in the example graph.

V. P ERFORMANCE A NALYSIS
In this section, we theoretically prove that the latency upper
bound of FAST is 12R + Δ − 2. Moreover, a more general
protocol interference model, i.e., when the interference range
rI is higher than transmission range r (i.e., rI > r), is also
considered. We then present an example to show the problem
in [15] for aggregation latency analysis. At last, the message
complexity of our proposed algorithm is analyzed.

YOUSEFI et al.: FAST AGGREGATION SCHEDULING IN WIRELESS SENSOR NETWORKS

3409

A. Delay Bound Analysis
To collect all the data from the network nodes to topology center vc , as mentioned before, aggregation scheduling is performed in three independent phases: (1) Gchilds
to Childs scheduling, (2) not-in-the-backbone Chlids to
Parents scheduling, and (3) backbone scheduling. Each phase
requires a set of slots to terminate. First, we prove that aggregating data to the backbone costs at most Δ + 4 time slots. Next,
√
+ 3R − 6 is computed to complete the
an upper bound at 2πR
3
2

data aggregation process through the backbone to vc . Here, we
look at the phases separately.
(1) Gchilds to Childs scheduling.
Lemma 5: Let each Childc have three types of neighbor
Gchilds grouped
 into three sets Gc (1), Gc (2), and Gc (3)
(where Gc = 3i=1 Gc (i) is the set of c’s neighbor Gchilds)
as shown in Fig. 6. It takes time at most |Gc (1)| + |Gc (2)| to
aggregate data from both Gc (1) and Gc (2). In other words, if
u is the last common Gchild scheduled in the vicinity of c,
u’s schedule time is not more than the number of c’s common
Gchilds (i.e., ≤ |Gc (1)| + |Gc (2)|).
Lemma 6: For each Childc, all its Gchild nodes are scheduled at most within |Gc | time slots.
Detailed proofs of Lemmas 5 and 6 can be found in Section A
and Section B of Appendix, respectively.
(2) not-in-the-backbone Chlids to Parents scheduling.
Lemma 7: FAST generates collision-free schedules with an
upper bound on delay of Δ + 4 time slots to completely collect
data from all the not-in-the-backbone nodes.
Proof: We claim that it takes at most 5 time slots for each
Parentu to finish data collection from their associated notin-the-backbone Childs. The reason lies behind this fact is
that there are at most 5 independent points (selected Childs)
within a disk of unit radius around u. In this way, according
to the Childs connection policy (see Section IV-C as well
as Fig. 7), u’s not-in-the-backbone neighbors connect to the
selected Childs as their parents and complete the aggregation
tree. As mentioned before, a selected Childc may have two
types of u’s Childs in the vicinity: (1) active nodes Ac having no schedule, and (2) inactive nodes Ic previously being
scheduled by some other selected Childs. Finally, both nodes
Ic and Ac have schedules in the interval [(Tf inal (c) + 1), (Δ −
1)], where Tf inal (c) + |Ic | + |Ac | ≤ Δ − 1. Here, Tf inal (c) ≤
|Gc | is the time in which Childc finishes receiving data from
all its Gchilds. It is also worth mentioning that one of Childc
neighbors is its parent. Thus, it takes at most Δ − 1 time slots
for each selected Childc to schedule all its neighbors. Parentu
then assigns at most 5 time slots to the selected points. Hence, in
total, data aggregation to the back backbone has a delay bound
of Δ + 4 time slots.

(3) backbone scheduling.
Here, to analyze the latency bound of data aggregation
through the backbone, we present a novel method using a critical path approach. The critical path is constructed hop-by-hop
by adding the node with the last assigned schedule in each step
from the sink to the leaves in the backbone. We first estimate the
number of nodes on the critical path. Next, we count the number
of disjoint paths which enter the critical path nodes through

Fig. 9. (a) Critical path (b) 3-hop area boundary.

its 3-hop boundary. Finally, considering that the critical path
imposes the maximum number of time slots on scheduling, we
√
+ 3R − 6 slots in the backbone.
prove a delay bound of 2πR
3
2

Consider a critical path CP = vn , vn−1 , . . . , v1 , vc from
Parent vn as a child node in the backbone to center vc .
As mentioned before, to build a parent-child relationship in
the backbone, each Parent finds another one whose level is
smaller. Hence, except for vc , each Parent at level k may
route to another at level k − 1/k − 2/k − 3 in 3 hops. In other
words, Parents place at the consecutive levels on critical path
in the worst case. Furthermore, vn is at most at level R of the
aggregation tree, where R is the network radius. Considering
there is no entry to vn in the backbone, we analyze the delay
bound from the next Parent, i.e., vn−3 , at most at level R − 1
to center vc . It is also worth noting that the closest Parent node
to the center is at level 3. Finally, there exists a total number
of ((R − 1) − 3) × 3 + 4 = 3R − 8 nodes from vn−3 to vc in
the critical path (see Fig. 9(a)). Moreover, to find the number
of entries into the critical path through its 3-hop boundary, the
circumference of the area made by the union of circles of radius
3 centered at nodes vn−3 , vn−4 , . . . , v1 , vc is necessary to be
computed (see Fig. 9(b)).
Lemma 8: Given a path P = vn−3 , vn−4 , . . . , v1 , v0 in the
backbone, where vn−3 and v0 have level R − 1 and 0, respectively, circumference C of the area made by the union of the
circles of radius 3 centered at the path is at most 2πR.
Proof: To prove Lemma 8, we compute area A made by
the union of the circles of radius 3 centered at the path in two
ways:
(1) From each disc of radius 3 centered at node i(D(i, 3)|i :
1 ≤ i ≤ n − 3), the overlapped area of disk D(i − 1, 3) is
removed. What remains is an area Ai , where A = Σn−3
i=0 Ai . As
can be seen in Fig. 10, the area of sectors S(arc ab, bvi , vi a)
180−β
2
and S(arc ab, bvi−1 , vi−1 a) are 180+α
360 × π3 and
360 ×
2
π3 , respectively, where α = β due to the parallelism
of lines avi and vi−1 b in rhombus avi bvi−1 . Therefore,
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Fig. 10. Non-overlapped zone of 3-hop areas of two consecutive nodes in the
critical path.

non-overlapped area Ai (hatched in Fig. 10) is computed
180−α
2α
2
2
as Ai = 180+α
360 × π3 − 360 × π3 + x = 360 × 9π + x,
≤ 20. It is
where x is the rhombus area and α
 ≤ arccos
worth mentioning that the closer vi and vi−1 are, the smaller Ai
is. Finally, in the worst case, we have Ai = π + x, so A ≤ (n −
1)π + Σx + 9π, where 9π is the area covered by center v0 .
(2) Here, we again compute area A, but this time as a function
of its circumference. For each disc of radius 3 centered at
node i : 0 ≤ i ≤ n − 3, we divide it into congruent sectors;
therefore, the disc area can be estimated by 32 Σεi , where a
sector of a circle is a region enclosed by two radii and an arc of
length ε. Hence, we have A = 32 Σεi + Σx = 32 C + Σx, where
x is the rhombus area.
Finally, the circumference of the area made by the union of
the circles is computed by solving equation (n − 1)π + Σx +
9π = 32 C + Σx. By replacing n = 3R − 8 in the equation, we
have C ≤ 2πR.

Lemma 9: Given a communication graph G of the network,
each two disjoint multi-hop paths which
enter the backbone
√
boundary have a distance not less than 23 .
Proof: At first, we illustrate that distance d between each
vertex v in UDG G and each chord c(a, b) on the unit
circular
√
3
disk boundary centered at v cannot be less than 2 . We fix
vertices a and v as in Fig. 11(a) and move b on the boundary.
The farther b goes, the smaller d is. Considering that |a − b| ≤
1, in the best case,
we have an interior equilateral triangle vab
√
with height of 23 .
Next, we prove Lemma 9 by contradiction. Let L(a, b) and
L(c, d) be two links on two disjoint paths in the backbone as
in Fig. 11(b). In the closest case, node c can reach the intersect
point of two black arcs centered
at a and b. Now, suppose that
√
there is a distance less that 23 between two points P1 , P2 on

the paths. We know angle P
1 bP2 ≥ 60; therefore, according to
the triangle theorem (the longer edge lies opposite the larger
angle), the requirements are not satisfied. As
a matter of fact,
√
3

although P
bP
≥
60,
we
have
|b
−
P
|
≥
and
|P1 − P2 | ≤
1
2
2
2
√
3
2 that contradicts the assumption. Definitely, by changing the
relative position of c and d to L(a, b), it is easy to see that the
minimum distance is fixed. Moreover, this is true if we reduce
the intersection of circles by changing the Euclidian distance of
centers a and b.

17
18

Fig. 11. Distance calculation between (a) a vertex and its unit circular disk
boundary (b) two disjoint paths.

Lemma 10: Let CP be the critical path in constructed tree T,
√
+
then the aggregation latency in CP is upper-bounded by 2πR
3
2

3R − 6.
Proof: The number of disjoint multi-hop paths which
enter different points of the critical path (see Fig. 9(b)) is
computed by dividing the circumference of the area made by
the union of the circles of radius 3 centered at the critical path
(i.e., 2πR)
by the minimum distance of entries on the boundary
√
3
(i.e., 2 ). Definitely, the paths originated in area A within
3 hops have no latency imposition on CP , where they pick
up the first vacant slots for scheduling; therefore, they are not
in competition with CP . In the worst case for each node in
the critical path, all the entries are ready at the same time and
requests scheduling. Hence, data aggregation in the critical path
√
+ 3R − 6, where 3R − 6 is the total
has a delay bound of 2πR
3
2


number of links on CP from vn to vc .
The following theorem estimates the total time latency.
Theorem 11: The time latency of FAST is at most 12R+Δ−2.
Proof: Here, we estimate the total aggregation latency
through the network to the sink node. The not-in-the-backbone
nodes need Δ + 4 time slots by Lemma 7. Furthermore, considering that the last transmission is scheduled in the critical
√
+ 3R − 6 to aggregate data through
path, it takes at most 2πR
3
2

the backbone to topology center vc . Indeed, the data from the
other paths are received in the topology center or critical path
before we completely schedule the critical path. Finally, vc uses
at most R time slots to send data to the sink via the shortest
path. Thus, the total time latency to receive the final aggregation
result is 11.25R + Δ − 2 ≤ 12R + Δ − 2 time slots.

B. A More General Protocol Interference Model
Here, to make our approach more realistic and practical, we
provide the upper bound of delay under the protocol interference model when the interference range rI is higher than
transmission range r (i.e., rI > r). The interference range is the
maximum distance within which nodes in receiving mode will
be disturbed by an unrelated transmitter, thus suffering a loss.
Moreover, the interference graph of the network is defined as a
graph Ǵ(V, É), where V is the set of all the nodes and É is the
edge set of Ǵ. An edge (u, v) ∈ É if and only if |u − v| ≤ rI .
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Theorem 12: Under the protocol interference model when
r ≤ rI < 3r, the time latency of FAST is at most 12R + Δ́ −
2, where R is the network radius in communication graph G
and Δ́ is the node degree in interference graph Ǵ.
Proof: After the incomplete tree construction on G, as
mentioned before, aggregation scheduling is performed in
3 phases. However, considering a more limited number of transmissions forced by a higher number of interferences, it takes:
• at most Δ́ − 1 time slots to aggregate data from Gchilds
to Childs. It is because a Child c needs to wait for the first
type of neighbor Gchilds in its interference range (i.e.,
Ǵc (1)) according to Ǵ before starting to schedule its own
children Gchilds (i.e., Gc (2) and Gc (3)).
• at most 5 time slots to aggregate data from not-in-thebackbone Childs to the backbone.
√
+ 3R − 6 time slots to aggregate data from
• at most 2πR
3
2

the backbone. To handle the interference in the backbone
scheduling, all the waiting policies need to be applied on
interference graph Ǵ to make interference-free schedules.
Unlike the case of rI = r, here it is possible that the
Parents cannot send their data simultaneously. Thus, like
a Child node, a Parent needs to participate in waiting
policy both for its children in G and higher ranked nodes in
Ǵ. However, it is worth mentioning that the latency bound
does not change here due to the independency of our
analysis approach (which uses hop-by-hop transmissions
on the critical path) from the interference range. The only
point is that for very high interference ranges a node
outside the area boundary may affect the transmissions on
the critical path. Considering that a margin of 3 is provided
around the critical path in our analysis, our delay bound is
just valid for r ≤ rI < 3r.
Therefore, according to Lemma 7, FAST generates collisionfree schedules with an upper bound on delay of Δ́ + 4 time
slots to completely collect data from all the not-in-the-backbone
nodes. Moreover, according to Lemma 10, aggregation in back√
+ 3R − 6. Thus, it totally takes
bone has a delay bound of 2πR
3
2

at most 12R + Δ́ − 2 time slots for the sink to receive the
aggregated data under the protocol interference model when

r ≤ rI < 3r (which is a wide enough range in practice).
C. Discussion of Clu-DDAS Algorithm
It has been proved that Clu-DDAS [15] has a latency upper
bound at 4R + 2Δ − 2 based on Lemma 13.
Lemma 13: Let u be a BLU E node in a Rest-Clu-DAT.
Then u has at most 4 BLU E neighbors [15].
Here, we present a counter-example to show that Lemma 13
is invalid, so the provided aggregation latency upper bound is
incorrect. According to Clu-DDAS algorithm, the tree in Fig. 12
is a typical form of a Rest-Clu-DAT, where there are at least
3 hops between any two BLACK nodes. As is evident from
our true example, BU LE node C have more than 4 BLU E
neighbors which contradicts with Lemma 13.
It is worth mentioning that although the latency analysis is
not valid in [15], we compare our scheduling algorithm to CluDDAS and show how FAST outperforms it.
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Fig. 12. An example Rest-Clu-DAT.

D. Message Complexity Analysis
Here, we analyze the communication cost in terms of the order of message transmissions through the network. During both
3-hop dominating sets selection and tree construction, each node
sends messages just to its neighbors. Thus, the message complexity of either of these two functions is O(nΔ), where n is the
number of nodes in the network. Next, the distributed aggregation scheduling algorithm needs O(nΔ) messages. The reason
is that the number of messages transmitted by each node can
be bounded by the number of a node’s neighbors. Altogether,
FAST requires O(nΔ) message transmissions as [15], [22].
VI. S IMULATION A NALYSIS
In this section, we evaluate the performance of our algorithm
via simulation in Matlab. The results are compared with IAS
[22] and Clu-DDAS [15] as two previously known best minimum latency distributed scheduling algorithms.
In our simulation, we randomly and uniformly deploy a
number of sensor nodes into a square region of 200 m ×
200 m. All sensor nodes have the same transmission radius.
Considering that the aggregation latency is strongly affected by
the maximum node degree (Δ) and the network radius (R), we
compare the number of time slots needed to aggregate data from
the leaves to the sink in two different scenarios.
In the first scenario, we randomly generate the network
topology (connected) with different number of network nodes
(increasing from 300 to 700 with step 50) while ensuring
the network density remains unchanged. To achieve this goal,
the network deployment area increases with the increment
of the number of nodes. By doing this, we actually fix Δ and investigate how increasing R affects aggregation latency. Fig. 13
shows the latencies for various transmission ranges (20 m,
25 m, and 30 m), so different network densities (Δ = 18, Δ =
25, Δ = 32). As is evident from the figure, the aggregation
latency is proportional to R (for each scenario, R is indicated
by the value in the brackets right after the number of network
nodes on x-coordinate). From Fig. 13(a), we can see that when
the network density is not high, the latency difference among
three methods is not significant. However, as the network
density increases, FAST outperforms IAS and Clu-DDAS (on
average by 22% and 16%, respectively, in Fig. 13(c)). The
reason is a high potential of parallel transmissions in our
proposed algorithm, especially when it is applied to a dense
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Fig. 13. Aggregation latency for fixed Δ in each scenario. (a) Δ = 18; (b) Δ = 25; (c) Δ = 32.

Fig. 14. Aggregation latency for fixed R in each scenario. (a) R = 9; (b) R = 7; (c) R = 6.

Fig. 15. Comparison of latency upper bounds. (a) Δ = 32; (b) R = 6.

network, due to the construction of a special aggregation tree
simultaneous with our scheduling method.
In the second scenario, we fix the network area and continue
to increase the number of network nodes (from 300 to 700 with
step 50) while keeping the network connected. By doing this,
we actually fix R for each scenario and investigate how increasing Δ affects aggregation latency. As we can see in Fig. 14, aggregation latency is proportional to Δ. As the number of nodes
or the transmission radius increases, the average size of the
competitor nodes also increases. Thus, each node has to compete with more nodes, which costs more time slots. However,
FAST has much lower latency than IAS and Clu-DDAS (on

average, 29% and 21%, respectively, in Fig. 14(c)), especially
in large networks. It is worth mentioning that we have carried
out the experiments 10 times for each setting, and the average
performance along with 95% confidence interval was reported.
Besides, considering that in our paper and all related studies
the performance analysis part mainly focuses on the latency
upper bound, we also need to evaluate the worst-case performance of the algorithms. Here, since [15] cannot give a correct
latency bound to the scheduling problem, we only compare
FAST with IAS. Fig. 15 compares the latency upper bounds
of the schedules on the constructed aggregation trees when the
transmission radius is fixed to 30 m (see Figs. 13(c) and 14(c)).
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Fig. 16. Aggregation latency for R ≤ 3. (a) R = 1; (b) R = 2; (c) R = 3.

To the best of our knowledge, FAST has so far had the minimum
latency bound for data aggregation in tree-based WSNs. It is
worth mentioning that the time latencies in the experiments
are much more better than the theoretical latency bounds.
The reason is that we magnify the latency too much when
computing the upper bound, which makes it to be rather loose.
Moreover, one may be concerned about how FAST would
perform when radius of the graph is very small, say when R ≤
3, and 12R + Δ − 2 has no advantage over 16R + Δ − 14
[22]. To address this concern, we randomly and uniformly
deploy a number (10–90) of sensor nodes into a square region
of 50 m × 50 m. Our simulation results in Fig. 16 shows that,
even in the case of R ≤ 3, our proposed algorithm outperforms
the others. This is mainly because of a better distribution of connections among their neighbors for an efficient tree construction
which strongly helps the reduction of latency by providing a
higher potential of parallel transmissions.
VII. C ONCLUSION
Minimizing latency is of primary concern for efficient data
aggregation in WSNs. In this paper, we designed FAST as a
novel collision-free minimum latency data aggregation scheduling algorithm for tree-based structures. To achieve an optimal
time slot assignment, FAST simultaneously execute the aggregation scheduling and balanced C3DS-based tree construction.
Next, we gave a new upper bound on aggregation latency at
12R + Δ − 2 time slots. According to our knowledge, this is
the best result of latency upper bound for data aggregation
and much better than those of previous approaches. The simulation studies and theoretical analysis indicated that FAST
significantly outperforms other existing aggregation scheduling
algorithms.
The algorithm could be modified to take into account some
aspects that have not been addressed in this work. For instance,
studying the MLAS problem in other interference models as
well as in multi-sink WSNs can be considered in future studies.
A PPENDIX
A. Proof of Lemma 5
Proof: We prove this by induction on the total number of c’s
common Gchilds, |CGc | = |Gc (1)|+|Gc (2)|, where |Gc (1)|
and |Gc (2)| denote the cardinality of c’s common neighbors.

Base case: Consider |CGc | = 1, so Child c has only one
common Gchild (say g). According to the Gchilds connection policy, if g joins c, it is assigned Slot 1 as its schedule
time; otherwise, there is another Child (say x) as g’s parent
(where |CGx | = |CGc | and IDx < IDc ). Thus, |CGx | = 1
and, again, g is scheduled to transmit its data in Slot 1.
Inductive hypothesis: For |CGc | < k, Lemma 5 holds.
Inductive step: Assume the inductive hypothesis is true for
|CGc | < k. We need to show Lemma 5 is true for |CGc | = k.
The proof is by induction on c’s ID.
Base case: Consider c has the minimum ID. All the c’s common Gchild neighbors in Gc (1) have been connected to other
Childs denoted by xi : i ≤ |Gc (1)|, where ∀i|CGxi | < |CGc |
(i.e., xi has definitely fewer number of common Gchilds than
c). Therefore, they are all scheduled within |CGc | < k slots,
although the assigned slots may not be consecutive. Furthermore, as a key feature of our method, some nodes in Gc (1)
connected to different Childs get the potential of simultaneous
transmission in just one slot. Hence, all nodes in Gc (1) requires
at most |Gc (1)| number of total slots. Finally, by scheduling the
remaining nodes in interval [1, |CGc |], all common Gchilds
can send their data in time slots not more than |CGc |.
Inductive hypothesis: For each Child c with IDc less that
N , Lemma 5 holds.
Inductive step: Assume the inductive hypothesis is true for
each Child u with IDu less than N . We need to show Lemma 5
is true for Child c with IDc equal to N . The proof is
the same as for the base case. Some Child xi : i ≤ |Gc (1)|
are actually responsible for schedule assignment while (1)
|CGxi | < |CGc | = k or (2) |CGxi | = |CGc | and ∀iIDxi < N .
Hence, according to the inductive hypothesis, all the x’s common neighbors in Gc (1) are assigned slots in interval [1, k].
Finally, it costs at most |CGc | = k time slots to schedule all
common Gchilds.

B. Proof of Lemma 6
Proof: Without loss of generality, suppose that u is the
last Gchild scheduled in the constructed structure, where c
is its parent. If u ∈ CGc , it takes at most |CGc | ≤ |Gc | time
slots when u finishes its data transmission to c; otherwise, it
is assigned a time in interval [(k + 1), |Gc |], where the first

k ≤ |Gc | slots are assigned to c’s common Gchilds.
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