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ABSTRACT

The classical framework on distributed inference considers a
set of nodes taking measurements and a fusion center mak-
ing the final decision on the underlying phenomenon, with-
out dealing with the issue of transporting the measurements
to the fusion center. Such an approach introduces signif-
icant overhead in communication. Communicating all the
raw data for inference is not scalable: in this case, the per-
node average energy consumption and the total bandwidth
requirement become unbounded as the network grows.

We design scalable algorithms for two scenarios with guar-
antees for inference whose communication requirements and
complexity are bounded even as the network grows. This
is achieved through distributed computation of a sufficient
statistic, which results in reduction of data dimensionality
while ensuring no loss in inference accuracy at the fusion
center. The first scenario deals with multihop routing and
fusion of spatially correlated measurements, incorporated
through a Markov random field model. The second scenario
deals with design of medium-access control (MAC) with the
aim of computing a sufficient statistic for inference over a
multiple access channel.
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1. INTRODUCTION

We are living in an increasingly networked world with net-
works of varying scales: the nodes in the network can com-
prise of billions of tiny devices, our personal mobile gadgets,
or even our friends. The nature of links is also varied; they
can be wireless, wire-line, or social links. There is rich in-
teraction and information flow between these networks - for
instance, between the computer and the social networks. So
far, these different networks have been mostly studied as
independent entities.

Another feature of these networks is the massive scale of
the data they generate. Analysis of such large data sets re-
quires scalable algorithms whose computational complexity
does not grow with data. Moreover, since data is generated
at a large number of nodes, the communication requirements
of an algorithm is a key parameter. Depending on the ap-
plication, algorithms need to undertake distributed compu-
tations at various nodes for communication requirements to
be scalable in the data size and in the number of nodes in
the network.

Many network applications involve collaborative process-
ing of network data. For instance, in distributed statistical
inference, the goal is to reach a decision about some com-
mon underlying phenomenon. Examples include intrusion
detection, anomaly detection, temperature field estimation,
and so on. We consider distributed inference where nodes
communicate their data to a more powerful decision node
called the fusion center, which then makes the final deci-
sion. We explicitly model the costs and constraints (e.g.,
energy, bandwidth) posed by the communication network
to move data to the fusion center for inference.

If the nodes were to communicate all their raw data to the
fusion centers, then such a scheme has a high communica-
tion cost, and is not scalable in the network size. Thus, it is
important to “compress” the source data as much as possi-
ble. However, if the end goal is statistical inference, there is
no need to communicate all the raw data. Instead, the col-
lected network data often map into a sufficient statistic that
consists of substantially fewer bits than the original data,
while ensuring no loss in inference accuracy at the fusion
center.

My thesis research considers schemes for reducing com-
munication costs through distributed computation of the
sufficient statistic over the communication network, based
on the works in [1-9]. We consider two scenarios for the
communication network. In the first scenario, we consider
multi-hop routing with energy constraints, and develop in-
network processing schemes for inference. In the second



scenario, we consider random access over a multiple access
channel with energy and bandwidth constraints, and de-
velop channel-aided computation schemes. These schemes
are prime examples of cross-layer optimization in wireless
networks. They couple the process of routing and medium
access with the physical layer (where the energy expenditure
occurs) and the application layer (where the statistical in-
ference takes place). And they are examples of totally new
and unexplored aspects of network operation. At the same
time they raise some fundamental issues of communication
costs for distributed computation and introduce trade-offs
between communication and inference accuracy.

1.1 Multihop In-network Processing

Dependency graph is an effective model for describing re-
lationships between nodes in a network based on some at-
tribute, and needs to be inferred from the data generated
by the nodes. For inference of the correct dependency graph
model, the sufficient statistic has a compact form based on
local dependency graph properties. In [1,7,9], we propose
schemes for distributed computation of the sufficient statis-
tic by exploiting the dependency graph structure.

Our scheme is scalable - it has strictly bounded average
communication costs, even as the network grows, for a wide
range of dependency graph models. Intuitively, when the de-
pendency graph has only short-range edges between nearby
nodes, the computation of the sufficient statistic can be un-
dertaken locally with low communication costs. We provide
a precise definition of such local dependency graphs based
the concept of graph stabilization using the recent results on
random geometric graphs. Such local dependency graphs oc-
cur in many scenarios - for example, the dependency between
the location-based search queries and internet users; users
near a particular location are more likely to query about
that location than the ones further away. Another example
is a sensor network measuring temperature of a field where
nearby sensors tend to record similar temperatures.

We also provide a closed-form expression for average com-
munication cost for inference under our scheme, and it has a
nice representation in terms of the dependency graph, signal
attenuation model and node placement. We use the expres-
sion to design efficient node placement strategies with low
communication costs in [5]. We also address the related issue
of selecting informative nodes for inference (sub-sampling)
in [8] to further reduce the communication costs.

1.2 Medium-Access Control

We consider medium-access control (MAC) schemes for
communication between the nodes in a network and the fu-
sion center in [2—4]; the end goal is inference about a common
underlying phenomenon measured by the nodes.

Traditionally, MAC schemes allocate transmission from
different nodes to orthogonal channels (such as in time or fre-
quency) to avoid interference. Instead, we propose a MAC
scheme where nodes may interfere with one another, yet
achieve good inference accuracy in the end. We allocate or-
thogonal channels to data levels: all nodes reaching the same
local decision use the same orthogonal channel to transmit,
if they decide to do so. This is an instance of channel-aided
computation where we use the multiple access channel to
compute a noisy histogram or the type of the local deci-
sions, which serves as the sufficient statistic for inference.
The bandwidth requirement of this scheme is independent

of the number of transmitting nodes, and is hence, scalable
for large networks.

The extent to which interference aids inference depends on
the nature of the multiple-access channel. Coherent chan-
nels add energy of the interfering signals more efficiently
than canceling channels, and we quantify this behavior of
the fading channels through a compact parameter, called
the channel coherence index.

If the channel is canceling, then in our scheme, transmis-
sions on independent orthogonal channels are more likely in
order to avoid any interference. On the other hand, if the
channel is coherent, simultaneous transmissions are more
likely in our scheme. More specifically, we establish that for
low coherence-index channels, our scheme has a finite opti-
mal rate which maximizes inference performance. A sharp
contrast is the extreme case when the channel is fully co-
herent (no random fading). In this case, we prove that the
optimal rate is unbounded, which means that there should
be simultaneous transmissions, in order to exploit the chan-
nel coherency.

Hence, our scheme adapts medium-access control based on
the channel conditions to maximize inference performance,

and it outperforms the classical orthogonal transmission scheme

in terms of inference accuracy and bandwidth efficiency un-
der the same energy budget.
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