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Abstract—Application-specific data aggregation can play a
significant role in energy-efficient operation of wireless sensor
networks. Existing aggregation techniques rely heavily on the
routing protocol to build shortest paths to route node measure-
ments to the base station and are limited in the types of supported
queries. We propose an aggregation scheme that utilizes the
inherent information gradients present in the network. The query
is directed to the source of information, resulting in better load
sharing in the network. We support a variety of queries ranging
from simple maximum, minimum or average of the readings
of sensor nodes to more complex quantile queries such as k
highest values or kth highest value through a generic query
algorithm. The query algorithm shifts the computation to the
querying agent, thus eliminating any in-network aggregation.

I. INTRODUCTION

Several tree-based data aggregation protocols have been pro-
posed to reduce the energy-consumption and communication
overhead in wireless sensor networks. The non-leaf nodes in
the tree act as aggregators by fusing the data received from
their descendants and forwarding it towards their parent on
the tree. These are general-purpose data aggregation schemes
that overlook the characteristics of the application that requires
this aggregation functionality. We feel that data aggregation is
much more than just forming an optimum path to route the data
from the sensor nodes to the sink and the particular application
should be taken into consideration while designing an aggrega-
tion protocol. We propose a new approach to data aggregation
by constructing a completely distributed data structure in the
network based on the information gradients present in the
network. This data structure helps answer application specific
aggregation queries in an energy-efficient manner without
having to rely on the underlying routing protocol.

II. RELATED WORK

Recently a flurry of work [4], [5], [7], [9], [14], [15],
[19], [23] has been performed in the field of in-network
data aggregation especially for wireless sensor networks. For
aggregate queries it is accepted that the computations are
performed in-network whenever possible [14], [15]. With
the in-network approach, sensor readings are accumulated
into partial results and these results are combined as they
propagate towards the base station. Each sensor node has to
transmit only one message and relay a few others, thus saving

considerable energy. Existing aggregation protocols can be
broadly classified into two categories:

Tree-based: In this approach (such as the TAG [14],
TinyDB [15], [16], Cougar [7], and others [5], [9], [23]) a
spanning tree is built, rooted at the querying agent. The query
flows down the tree to all the nodes in the network and each
query answer is generated by in-network aggregation along
the tree, proceeding from the leaves to the root in a bottom-
up fashion. One main advantage of this approach is that the
aggregation is often simple and straightforward within the
network. However most of these algorithms [7], [15], [23]
tackle only simple aggregation problems such as max, min,
sum or average. Also these tree-based protocols are prone
to node and communication link failure which is relatively
common in sensor network systems.

Multi-path-based: The multi-path approach [4], [19] per-
mits arbitrary aggregation topologies beyond a normal tree
structure. An advantage of the multi-path approach over the
tree-based approach is lower communication error. Manjhi
et al. [17] propose a tributaries and delta approach which
combines the advantages of both the tree and multi-path
approaches. Most of these works aim to reduce the communi-
cation error rate by using multiple paths available in a network,
rather than adhering to a rigid tree topology. However they do
not utilize the information gradients available in the network
in a proactive manner.

Approximate aggregation schemes for more complex
queries such as contours and wavelet histograms have also
been proposed for the TinyDB system [10]. There have been
other algorithms to solve the quantile queries such as median,
consensus and range [23], [8], [3]. In data streams Greenwald
and Khanna [8] have proposed an efficient approximation algo-
rithm for computing quantiles. Manku and Motwani [18] have
presented approximate algorithms for counting the frequent
items in a network. However, they incur high communication
cost dealing with simpler queries such as max, average or sum.
We address this balance between answering simple as well as
complex queries using the same global structure.

There has been significant work in the field of Information-
Directed Routing in sensor networks [6], [12], [13], [21],
which is slightly different from that of data aggregation. These
schemes are based either on information-gradient [6], [12],



Fig. 1: Gradient-based Distribution

[13], flooding [11], or random walks [21]. The information-
gradient approach uses sensors’ measurements of the event
to route queries to the information source present in the
network. We focus on the information gradient to build a
global tree structure which maintains information about all the
sources present in the system and their relative positions. Any
aggregate query is then handled through node traversals on
the tree built on top of the information gradient, as explained
later.

The proposed algorithm is proactive and utilizes the infor-
mation gradients present in the network to construct the tree
even in the absence of any queries. We preserve the properties
of our tree in cases of local reading changes through message
exchanges between neighbors (which could be piggybacked on
heartbeat messages). Thus any query arriving in the system
is just directed to the appropriate node for the required
information. Without transmissions from all the nodes in the
sensor network and performing an in-network aggregation we
use our global data structure to answer a variety of queries in
a distributed manner.

III. PROBLEM DESCRIPTION AND BASIC IDEA

A. Motivation

Several physical phenomena exhibit the diffusion property
[1], [22] with distance, i.e. the observed magnitude, f(d), is
proportional to 1/dα, where d is the distance of the observer
from the location of the event and α is the diffusion parameter.
Some examples are fire surveillance, temperature monitoring
and atmospheric conditions survey. We take advantage of these
information gradients in our aggregation solution.

Figure 1 represents a gradient-based distribution of node
readings in a sensor network field. There are multiple peaks
and the readings of the surrounding nodes slowly taper off
based on the diffusion laws. For simplicity we consider such
a distribution for our data aggregation scheme.

B. System Model

We assume an asynchronous point-to-point communication
model. Communication links between pairs of nodes are
assumed to be bi-directional. The network can be visualized

as an un-directed graph G = (V,E), where the set of nodes
is represented by V , the vertices of the graph and E is
the set of edges of the graph representing the bi-directional
communication links. This graph is assumed to be connected.

All sensor nodes in the network have distinct identities and
each node is aware of its identity. There is no notion of a
shared memory or global clock between the nodes. We assume
an upper bound of the time it takes for a message sent by one
node to be received by a neighbor. Furthermore, each node
is aware of its one-hop neighbors, and the underlying MAC
protocol ensures reliable communication.

During tree formation, as described in the next section, we
assume synchronous mode of communication between a node
and its neighbors. We can implement synchrony for this phase
of the algorithm by using a simple α-synchronizer of [2].

C. Basic Idea

We propose a Gradient-based Data Aggregation algorithm
that constructs a spanning tree in the network based on the
actual sensor readings of the nodes. Instead of burdening
the nodes located closer to the sink in a hierarchical tree
aggregation scheme, we take into account the actual readings
of the sensors while constructing the global tree.

The main idea is to build a global tree rooted at the sensor
node with the maximum reading. We describe our algorithm in
the context of an application that is interested in tracking the
x-highest values in the network, where x could be an integer
variable. In the case of the x-lowest values the algorithm can
be easily modified to build the tree rooted at the node with
the lowest reading.

The sink, which is interested in knowing the maximum
value in the network, can directly contact the root node to
retrieve the maximum value.

Readings of the sensor nodes may change with time. So
we employ periodic updates between nodes and their one-hop
neighbors to detect any local peaks in the field or a change
in the identity of the node reporting the highest reading. We
ensure that the highest valued node is always the root of this
globally constructed tree and pointers are allocated to keep
track of the secondary peaks. The only assumption we make
is that the rate of change in node readings is small compared
to the stabilization time of our algorithm.

The secondary peaks in the fields are tracked using watch
pointers as explained in Section V. These pointers guide the
query algorithm while answering queries such as the x highest
values in the sensor network. As the identity of the highest
valued node changes we invoke the root reversal algorithm
that handles the update of the global tree structure and local
watch pointers as explained in Section VI. Our query algorithm
(Section VII) uses these data structures to access the sensor
nodes in descending order of their readings - usually following
the links from a node to its children, and sometimes following
the watch pointers. All the proposed algorithms are completely
distributed and do not require any central authorization service
for their execution.



IV. TREE FORMATION

The spanning tree is rooted at the sensor node with the
global maximum value. Each node maintains pointers to its
parent and children in the tree. Any future changes in node
readings are handled through the algorithms explained in the
later sections.

A. Data Structures

Each sensor node i maintains the following information:
• Nbri[] : List of one-hop neighbors of i, obtained using

any neighbor-discovery protocol.
• SRi : The reading of sensor node i. A sensor node could

update its reading periodically.
• GMi : Tuple consisting of root node’s id and reading of

the global maximum heard by node i.
• PPtri : Pointer to the parent node on the tree.
• PRi : Reading of the parent node.
• CPtri[] : List of pointers to children nodes.
• CRi[] : List of readings of children nodes.
• Diai : Estimate of the network diameter.
• Cntri : Counter for detecting termination. We use this

counter to keep track of repeated values of Diai and
make sure that all the nodes in the network are aware of
the global maximum.

B. Algorithm

In an ideal scenario there would be a single peak and the
readings of the other nodes would gradually decrease as we
move farther away from the maximum valued node. However,
in the presence of several peaks in the gradient distribution
we cannot always guarantee this property of the constructed
tree.

Every node that is a local peak initiates a flood of its own
value, claiming that it is the global maximum. In every round,
upon receiving these flood messages from neighbors, each
sensor node takes a maximum of all the received values and
sets its parent pointer to the node from whom it received the
highest value. In such a fashion the flood of the actual global
maximum spreads farther into the network and a tree, rooted at
the node with the global maximum value, is constructed. The
floods initiated by other local/secondary peaks are suppressed.

Now to determinate the termination of our algorithm we
introduce the additional parameters Dia and Cntr. Since we
do not assume any prior knowledge of the diameter, hence
we add an extra parameter Dia to each flood message being
sent in this phase. This indicates how far the global maximum
has propagated in the network from the initiator of that value.
For such a node having the global maximum value, say node
g, it will receive increased values of Diag in every other
round. These increased values would represent echoes of g’s
flood message from successively farther nodes in the network.
Therefore on receiving three successive identical values of
Diag , which is captured in the Cntrg parameter, the node
g can safely deduce that the tree has been built completely
and its message has been echoed from the farthest node from
itself [20]. This signals the completion of the algorithm and

thereafter the root node initiates a terminate message down the
tree. This message carries the identity of the root node and its
latest reading so that all nodes in the network are aware of the
root node’s identity.

C. Illustration

We illustrate the tree formation algorithm with the example
shown in Figure 2. The numbers next to vertices indicate node
readings. Each node independently executes the tree formation
algorithm and the whole protocol works in a distributed
fashion without any central coordination.
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Fig. 2: Network Topology

The diffusion initiated by the global maximum value node
(A in this scenario) spreads through the network and more
nodes become aware of its identity and value. A node becomes
the child of a neighbor from which it receives the global
maximum value with minimum hop count.

As a result of this algorithm we shall obtain a final tree
shown in Figure 3 rooted at node A.

V. WATCH POINTER

A. Definition

Due to the several local maxima in the gradient-based
distribution there are bound to be some local/secondary peaks
in the network: the reading of a node may be greater than
that of its parent in the global tree. Hence, we introduce the
concept of watch pointers to track such secondary peaks in
order to answers queries.

Each watch pointer (WPtr) contains the following informa-
tion:

• Node : Node ID of the secondary peak.
• Reading : Sensor reading of the secondary peak.
• NextHop : Node ID of the next hop to reach the secondary

peak.
The watch pointers are created following the initiation

of watch messages from the secondary peaks. These watch
messages are forwarded upwards on the tree towards the root
until the closest higher ancestor is reached i.e., a node whose
reading is greater than or equal to that of the secondary
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Fig. 3: Resultant Tree

peak. Each node that encounters this message sets up a watch
pointer, towards the child from which the watch message was
received, for the initiating secondary peak. We can visualize
the secondary peak to be a logical child of this closest higher
ancestor. The path from the initiating node to the closest higher
ancestor is termed as the Watch Path for that secondary peak.

With changes in local readings or readings of surrounding
nodes a node which was a secondary peak may cease to be a
secondary peak. The message type that deletes any stale watch
pointers in the network is referred to as the forget message.
Once a node receives a forget message for a certain secondary
peak, it checks whether it has allocated a watch pointer for
that peak. If so, it deletes that entry and forwards the forget
message to its parent in the tree. The message flow stops when
it encounters a node that has no history of this watch pointer.

B. Initiation

Every sensor node in the field periodically senses the
environment and updates its own value. In the event of a major
change in its own value it initiates the WP Initiation Algo-
rithm. The first step involves exchange of update messages
between the node experiencing the change and its one-hop
neighborhood. The condition for being a secondary peak is
that the node’s value should exceed that of its parent and all
its children on the tree. In that case it considers itself as a
secondary peak and initiates a watch message to its parent.
The message consists of its node-id, value and watch path
(which is initially set to the secondary peak node-id itself).

The only condition to be checked for any considerable
change in a nodes reading is whether it becomes or no longer
is the closest higher ancestor of some secondary peak. When a
node, say z, notices that its reading has exceeded the value of
WPtr[x].Reading it implies that z which was on the watch path
for the secondary peak but not the closest higher ancestor, has
become the closest higher ancestor of node x. Hence it initiates
a forget message on behalf of x and sends it upwards on the
tree so that all the stale watch pointers from z to the previous
closest higher ancestor of x are de-allocated. Similarly if z’s
reading falls below WPtr[x].Reading, z no longer remains

the closest higher ancestor of x. Thus z initiates a watch
message towards the root on behalf of x in search of the
closest higher ancestor for the secondary peak at x. These
initiations of watch or forget messages are not performed by
the secondary peaks, rather they are triggered due to local
changes in nodes readings which are on the watch path.

C. Processing Watch & Forget Messages

For every watch message received for secondary peak y, a
node x allocates a watch pointer with Node set to y, Reading
set to SRy and NextHop set to the immediate sender of the
message. The watch message flows upwards on the tree until
the closest higher ancestor is reached. The node x also appends
its node-id at the end of the watch path contained in the watch
message before forwarding it to its parent. Note that the closest
higher ancestor for some peaks could be the root of the tree.
Thus a stream of watch pointers is assigned from closest higher
ancestor to the secondary peak for every secondary peak in the
system.

D. Illustration

Consider the network topology and resultant global tree
structure shown in Figures 2 and 3. Notice that in the global
tree structure shown in Figure 3 every node in the tree had a
value greater than all its descendents. Also, there were no
secondary peaks and, consequently, no allocation of watch
pointers.

Now let us consider the following changes in distribution:
readings of nodes G, J, and M rose from 82, 58, and 70 to
88, 86 and, 88, respectively. These new reading would makes
these three nodes have greater values than their parents and
all their children, thus making them secondary peaks in the
system. The watch messages initiated by these nodes travel
all the way up the tree to the root node A and watch pointers
are allocated on the watch path for all these secondary peaks.

Figure 4 represents the state of the system for the shown
readings of the sensor nodes. For any further changes in rela-
tive readings, either watch or forget messages are initiated in
the system and watch pointers are changed accordingly. Since
the WP Initiation and WP Handler algorithms are executing
at each node, the watch pointer allocation and de-allocation
occurs in a completely distributed fashion without the need
for any coordination between the sensor nodes. The threshold
that triggers any initiation owing to change in local reading is
not determined by the algorithm. This could be a user-defined
parameter depending on how frequently one requires the set-
up of watch pointers to happen in the network and the error
in the query algorithm is bounded by this threshold value.

VI. ROOT REVERSAL

A. Definition

Let us consider a change in the identity of the global
maximum-valued node. In such a case we need to re-structure
the global tree data structure so that the new global maximum
is the root of the tree. Along with the change in the root node



F

L

D
E

H

KJ

I

C

A

G

B

M

N

85

86 72

90

81

84

68

88

67

50

86 64

88

66

Parent Pointer

Watch Path

Watch Pointer [G]

Watch Pointer [J]

Watch Pointer [M]

Secondary Peak

Bi-directional Links

Root

Fig. 4: Tree with Secondary Peaks

identity, we would need to change the parent, child and watch
pointers of a few nodes in the network.

The Root Reversal algorithm handles the problem of change
in the identity of the global maximum node. This algorithm
has two components: RR Initiation and RR Handler. The old
root of the tree is the initiator of the algorithm as described
in the next subsection. All the changes required in the parent,
child and watch pointers are centered on the path between the
old root and the new root in the system, termed as the reverse
path. This reverse path is derived from the watch message that
flows from the new root (which is just a secondary peak before
the execution of root reversal algorithm) to the old root of the
tree.

The following changes are involved in the root reversal
algorithm along the reverse path:

• Parent Pointers : The direction of the parent pointers of
nodes lying on the reverse path needs to be reversed.
Since each node points towards the root of the system,
we just replace the old parent pointer value with the
immediate neighbor of a node on the reverse path.

• Child Pointers : While the parent pointers are being
reversed we also update the children pointers along the
reverse path.

• Watch Pointers : The watch pointers on the reverse path
point from the old root towards the secondary peaks.
However with the change in the identity of the root node
these pointers now become incorrect as they are pointing
in the wrong direction. Thus the watch pointers need to
be revised along the reverse path, too, so that they are
pointing from the new root node towards the secondary
peaks.

B. Illustration

We consider the same example as before in Figure 4 with
all the watch pointers allocations for the secondary peaks.
Without loss of generality let us suppose that the reading
of node M rises from 88 to 96, which exceeds that of the
root node A. When the watch message initiated from node

M reaches the root, node A realizes that it is no longer the
global maximum node in the network and thus executes the
RR Initiation Algorithm.

Node A copies the watch path from the watch message
as the reverse path for this algorithm. It prepares a reverse
message which contains the new root node-id (M ), the reading
of the new root node, the reverse path and two separate lists
which handle the allocation or de-allocation of the watch
pointers along the path. These lists are named as the Assign
List (containing the node-id list for which watch pointer should
be allocated) and the Remove List (containing the node-id list
for which watch pointer should be removed).

Node A sets its parent pointer to the immediate sender of
the watch message, which happens to be node H . Also the
watch pointers at node A whose next hops lie on the reverse
path happen to be J and M and those entries are added into
the Assign List. The set of local watch pointers, assign list
entries and remove list entries at each node on the reverse
path is shown in Figure 5.

The next node on the reverse path is node H and that
executes the RR Handler Algorithm upon the reception of the
reverse message from node A. H allocates a watch pointer for
the secondary peak A and lets that entry in the assign list as
it is not the closest higher ancestor of node A. For the entries
in the remove list it performs the origin check. For the entry
M , H does not happen to be the origin as the node ids are
different and also the next hop from H to reach M is indeed
M itself which lies on the reverse path. So it de-allocates the
watch pointer entry for M locally and does not remove that
entry from the remove list.

However for the entry J in the remove list, the next hop
to reach J from H is K which is not on the reverse path
from A to M. Hence H happens to be the proxy origin for
J in this case. So, instead of deleting the watch pointer, it
is moved from the remove list to the assign list. Similarly as
the reverse message reaches its final destination M , the node
allocates local watch pointers for the entries in assign list, i.e.
A and J . The only entry remaining in the remove list is its
own id M , which should ideally be moved to the assign list
and it is the origin for that watch pointer allocation. However
that becomes immaterial because M is the new root node and
it terminates the RR Handler Algorithm after setting its parent
pointer to null value.

Following the execution of the root reversal algorithm, the
resultant tree is shown in Figure 6. Notice that the watch path
for secondary peak G stays the same because no portion of it
was lying on the reverse path. The same does not hold true
for the secondary peak at J, and thus a part of the path is
changed from H → A to H → M because of the change in
the position of root node. We also set up the watch pointers
for the old root node A (now just another secondary peak) and
erase the watch pointers for the new root node M in a single
pass along the shortest path from A to M .



NODE BEFORE AFTER
# WPtr ASSIGN LIST REMOVE LIST WPtr ASSIGN LIST REMOVE LIST
A [G,J,M] ⊥ ⊥ [G] [A] [J,M]
H [J,M] [A] [J,M] [J,A] [A,J] [M]
M ⊥ [A,J] [M] [A,J] ⊥ ⊥

Fig. 5: Execution Trace of Root Reversal Algorithm
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C. Optimization

We observe that this change in the global tree structure
following the execution of the root reversal algorithm could
result in longer paths from some of the nodes in the network
to the new root node. All the nodes not lying on the reverse
path do not undergo any changes in their structure, and hence
are always on the shortest path to the old root. After all the
changes those nodes still pass through the old root to reach the
new root, even though there might be shorter paths from those
nodes to the new root node. For example in figure 6, the path
from node G to root node M passes through the old root node
A and consists of four hops. However there exists a shorter
path from G to M through C and K consisting of only three
hops. Even with the longer paths all the previously mentioned
properties of the global tree structure are satisfied and one
does not encounter any error during the query algorithm.

Running the tree formation algorithm in the case of a
root node identity change can solve this problem. But that
requires a flood by every local peak in the network, resulting
in significant communication overhead. There is a tradeoff
between running the root reversal versus the tree formation
algorithm. The former generates fewer messages and takes
less time to converge. However, the user can periodically run
the tree formation algorithm to optimize all the paths and data
structures in the sensor network.

VII. QUERY

Most of the earlier aggregation methods either target simple
queries such as max, min, sum, average or tackle more
complex queries such as the kth highest or lowest value,

median, top/bottom k values. We aim to solve a combination
of these queries using the same tree structure and the various
pointers maintained at each node. Since we have presented our
entire approach considering the maximum or top k values, i.e.,
the interest is in retrieving the readings in descending order;
we shall continue the same trend for the query algorithm as
well.

The querying agent can easily determine the identity of the
root node by enquiring any node in the network as all the
nodes are aware of the global maximum valued node. For
every change in the identity of the root node, the new root
node informs all the nodes in the network about this change
within a finite amount of time. This is extremely important
for the functioning of our query algorithm because we run
this algorithm on the querying agent which at first contacts
the root node and subsequently contacts other nodes in the
network depending on the output of the algorithm, described
in detail in the next subsection. For contacting a particular
node in the network we may choose to utilize the routing
protocol to guarantee the shortest path to any node.

A. Algorithm

To understand how querying proceeds let us visualize the
gradient-based distribution of the sensor network as a moun-
tainous region submerged entirely in water. As we slowly
drain out the water, the highest peak (which happens to be
the root of our tree structure) would emerge first. Thereafter,
the nodes present on the sides of the peak would emerge
from the water, which is nothing but the descendants of
the root node on the tree. Subsequently, if there are some
secondary peaks they shall become visible as more and more
water drains out. We already have stored the information
about these secondary peaks and their locations through the
watch pointers, so including these logical children through
watch pointers we can include the secondary peaks into our
consideration. This is sort of a distributed max heap traversal
where we are traversing down multiple slopes at the same time
and outputting the nodes in descending order of their readings.
This forms the crux of our algorithm and we terminate the
algorithm as all the water is drained out and all the nodes
become visible.

We maintain a max heap data structure at the querying
agent and initialize it with the root node. Please note that we
have taken some liberties while using the term heap in this
discussion. This is not a traditional heap structure; rather we
use it to illustrate the traversal of nodes in a fashion which
is similar to a max heap. Every Delete Max operation on the



OP # MAX HEAP OUTPUT READING
1 [M] M 96
2 [L,H,A,J] A 90
3 [L, H, B,C,D,G, J] G 88
4 [L, H, B, C, D, I, J] B 86
5 [L, H, E,F, C, D, I, J] J 86
6 [L, H, E, F, C, D, I, K] F 85
7 [L, H, E, C, D, I, K] H 84
8 [L, N, E, C, D, I, K] C 81
9 [L, N, E, D, I, K] D 72

10 [L, N, E, I, K] N 68
11 [L, E, I, K] E 67
12 [L, I, K] L 66
13 [I, K] K 64
14 [I] I 50

Fig. 7: Execution of Query Algorithm

heap returns the node id along with its reading in decreasing
order.

The querying agent only contacts a particular sensor node
in the network when its node-id is output as a result of the
delete max operation on the heap. Remember that the agent
can use the routing protocol to guarantee the shortest path to
reach the nodes and the algorithm is not dependent on that
aspect. The information required from every node is its watch
pointers (identities of all its logical children), and its child
pointers. In the case of a secondary peak since we want the
nodes in descending order, we need to traverse on both sides
of the secondary peak. So, we include its parent pointer along
with all its children, neighboring ones on the tree actual as
well as logical ones. We repeat the same set of steps until all
the nodes in the networks are marked as visited.

B. Illustration

We run the query algorithm on the example network shown
in Figure 6 and explain how the nodes are being outputted in
the right order. The secondary peaks are at nodes A, G and
J , with node M being the root of the tree.

We start the execution of the algorithm at the root node
M . Since M is the only node present in the heap, the delete
max operation outputs M as the node with the highest value.
Then the querying agent contacts node M for its latest reading
(96). Node M has watch pointer allocated for A and J ,
which happen to be its logical children. Hence, nodes A and
J are added to the heap. Also M has children pointers to
neighboring nodes H and L. So they are also added to the
heap.

The delete max operation outputs node A. From A we
follow the child pointers to reach nodes B, C, and D, and
follow the watch pointer to reach G. We notice that node G
happens to be the third highest value in the network and our
algorithm outputs on the next execution of delete max. We
repeat the same operation until all the nodes are visited and
the execution trace for the example is shown in Figure 7. It
consists of the contents of the heap, modifications to it at every

step and which node is output after each round of execution.
Also, the bold letters represent the nodes inserted into the heap
at the beginning of each round.

VIII. ANALYSIS

In this section we analyze the performance of our algorithms
in terms of number of messages exchanged and the time taken
to run to completion.

A. Theoretical Evaluation

Let the maximum degree of a vertex in the graph repre-
senting the network topology be u and let the diameter of the
network be d. In the worst case, the tree formation algorithm
would require every node to transmit u messages in each round
(one for each neighbor). The number of rounds required for the
tree to be completely formed would be directly proportional
to the diameter of the network; hence it would take O(d)
rounds to build the global data structure. The total number
of messages to be transmitted by each node during the tree
formation phase would be O(u× d) in the worst case.

The number of messages transmitted during the watch
pointer and root reversal algorithm depend entirely on the
distribution of the nodes and the rate of change in their local
measurements. The user always has the option of choosing an
optimum threshold for triggering these changes to maintain the
balance between accuracy and communication overhead. For
the query algorithm we realize that in order to output all the
nodes in the network we visit each node only once. Hence we
spend constant time at each node and thus the time complexity
for running the query algorithm completely in the network of n
nodes is O (n). However the running time for the max query is
O (d) as we need to traverse the entire diameter of the network
to reach the maximum valued root node. Similarly to retrieve
the top k values or the kth highest value we need to visit only k
nodes, thus the time taken is O (k*d). However, this worst case
scenario is uncommon for natural phenomena distributions
wherein we have the information hotspots relatively close to
each other in a bounded area.

The key advantage of our scheme, as compared to other
approaches, is that the global data structure helps us answer
a variety of queries in a reasonable amount of time. Ranging
for simple queries such as max, average and sum to more
complex quantile ones such as median, top k values or the
bottom kth value we can answer these queries using the same
tree structure and pointer allocations with minor changes to
the query algorithm running at the base station. This is useful
in the case of already deployed networks where it is difficult
to change the implementation running on the sensor nodes
to perform in-network aggregation for a variety of queries.
This aggregation scheme also shifts the burden of running the
query algorithm to the sink, thus saving battery power and
computational resources of the sensor nodes.

Almost all the messages (apart from those exchanged in
root reversal) are short in size and can easily be piggybacked
on the heartbeat messages between neighboring nodes. This
could drastically reduce the communication overhead incurred



during the maintenance of the tree structure. Messages trans-
mitted after the tree formation phase arise due to changes in
local measurements.

IX. CONCLUSION

We have presented a distributed data aggregation scheme
for sensor networks which utilizes the information gradients
present in the network. Our approach uses these naturally
available information gradients to build a tree structure that
is maintained at each sensor node through minimal messages
exchanged between one-hop neighbors. We also provide al-
gorithms that handle the local changes in nodes readings
and preserve the desired properties of the tree structure. The
query algorithm eliminates any in-network aggregation and
is extremely versatile in terms of supported queries through
traversal of the tree structure. We have also shown how these
algorithms function in a completely distributed fashion without
any central authority or synchronization between the sensor
nodes.

In the current work, we have assumed that the rate of
change in the nodes measurements is comparatively slower
than the convergence time of our algorithms. We also have
not taken into account the effect of node and communication
links failure in our study. This can be solved by running the
tree formation algorithm and setting up the entire structure in
the presence of failures in the system. The refreshed structure
would reflect the current state of the system and thus yield
the appropriate results. Since our approach is proactive, we
incur some additional overhead while setting up the pointers
and information gradients. However, once the tree structure
is stabilized multiple queries including different types can
be quickly answered without any messages being transmitted
by the sensor nodes and any in-network computation being
performed.

As presented in this paper, the aggregation scheme only
provides the identity of the sensor nodes for the queries. This
work can be easily extended to preserve the spatial information
of the nodes which would facilitate the user to know the
exact locations of the information sources. This could be
extremely useful for tracking and navigation applications. The
mobility of the sensor nodes inside the network is also not
considered in this paper; hence one can extend this scheme to
handle different mobility patterns in sensor networks. With the
movement of nodes the information gradients would change
resulting in a number of existing links being broken and newer
links being formed. This would require further changes in the
global structure to reflect the current state of the system.
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