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1. INTRODUCTION
Many application domains are adopting sensor networks

as a viable computation platform with which to solve prob-
lems. A recent study indicates the global market for wire-
less sensor networks would grow tenfold by 2011 [3]. Cur-
rently sensor networks are being used for applications rang-
ing from environmental monitoring [7, 17] and elderly mon-
itoring [23] to seismic analysis of structures [1,14] and mili-
tary surveilance [2]. Despite being used in such a wide array
of applications, sensor networks are notoriously difficult to
program [16,19,22].

Sensor network applications can be classified as either
data driven or event driven. Data driven applications in-
volve periodically collecting data which is relayed to a base
station while event driven applications involve identifying
events. Applications such as habitat monitoring can be clas-
sified as being data driven while applications such as elderly
monitoring are event driven. A number of sensor network
applications, such as seismic analysis of structures, are in-
herently hybrids of the two as most of the time is spent
collecting and routing data while being sensitive to events
such as earthquakes. Many programming abstractions are
most suitable for one or the other class of applications. For
instance, TinyDB [15] is ideal for data driven applications
as it enables querying the network, but is not as suitable
for event driven applications which can greatly benifit from
neighborhood level in-network collaboration. Other abstrac-
tions, such as Pleiades [13], trade runtime efficiency for ex-
pressiveness. We assert that this tradeoff is not fundamen-
tal and present vector programming as an abstraction which
would provide expressiveness without sacrificing runtime ef-
ficiency.

The difficulty of programming sensor networks arises from
the the distributed nature of the system, the lack of a sophis-
ticated development environment with debugging support,
the resource constraint on sensor nodes, and the unreliabil-
ity of the communication channel between the nodes. In
order to most efficiently utilize the limited resources and
mitigate data loss, sensor networks are usually programmed
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at the device level. Programming at such a low level bur-
dens the programmer with details such as message passing,
power management, and routing. Also, such an abstrac-
tion forces the programmer to decompose the desired global
functionality into node level actions which would give rise to
such functionality. This makes coding, as well as debugging,
tedious and error prone.

As mentioned previously, the use of sensor networks is
expected to grow considerably in the next few years. Yet,
such a growth would not occur if sensor networks are difficult
to program. Most, if not all, sensor networks have been
deployed by the researchers studying them. We conjecture
that by making sensor network programming accessible to
domain specialists, the expected growth in their use could be
realized. For instance, an environmentalist should be able
to deploy a sensor network to monitor the light under shrub
thickets [18], instead of having to request sensor network
researchers to deploy such a network. In order for sensor
networks to move from the labs of sensor network researchers
to the hands of application area specialists, many aspects of
sensor network deployment have to be simplified. One of the
most important aspects is programming, which continues to
be difficult even for the sensor network experts.

Multiprocessor programming is a problem related to macro-
programming sensor networks. A considerable amount of
research has been expended to enable programmers to write
sequential code which could be automatically parallelized
and executed on a multiprocessor system. Compilers such
as the Vienna Fortran compiler [5], the Polaris compiler [6],
and the SUIF [10] compiler were built to convert sequential
code into multi-threaded code. Yet, no fully automatic com-
piler has been developed for anything but the most trivial
programs. Programmer input, in the form of special key-
words and annotations, is necessary to indicate paralleliz-
able sections of code.

We think vector programming is a good abstraction for
sensor networks due to a number of reasons. One reason is
the availability of operations which apply transparently to
vectors as they would to scalars. For instance, two vectors
could be added together using the + operator which would
result in corresponding elements of the two vectors being
added. Such operators indicate parallelism. This would en-
able the programmer to indicate parallalism without resort-
ing to special keywords or annotations. Also, the vectors,
as we implement them, mimic the state of information in
sensor networks making it easy for programmers to describe
applications by manipulating this information.

The goals of our project are to make it easier to write



programs for sensor networks which utilize their resources
efficiently. Our method of programming should be expres-
sive enough to enable most sensor network applications to
be written easily. Two sets of applications are compared
in order to evaluate the ease of programming and efficient
resource utilization. We expect a vector abstraction to en-
able programs to be written with considerably fewer lines of
code than using traditional abstractions. We believe shorter
programs would be easier to write and debug. The efficient
resource utilization is evaluated by simulating the code in
Matlab. In terms of resources, we evaluate the energy uti-
lization since energy efficiency has the greatest effect on the
lifetime of a sensor network. This evaluation is carried out
by counting the number of messages passed between devices
during the simulation. Since communication is relatively
expensive in terms of energy [11], the number of messages
transmitted serves as a valid proxy for energy efficiency. Fi-
nally, the expressiveness of the application is demonstrated
by writing a wide variety of programs encompassing all ap-
plication area in which sensor networks have been used as
well as areas where sensor networks would be used in the
future.

We hypothesize that vector programming is a natural ab-
straction for sensor networks, enabling over 90% of sensor
network applications to be written with at least 30% fewer
lines of code than identical programs written without the
abstraction. Furthermore, we expect a vector programming
abstraction to make it easy for a compiler to incorporate
many runtime optimizations in the output code resulting in
at least 50% fewer messages passed when compared to iden-
tical applications written in Pleiades which we believe is the
obvious alternative in terms of expressivness among the cur-
rently available sensor network macroprogramming systems.
This would lead to an abstraction that makes programming
easier and execution more efficient.

Vector programming is a familiar abstraction to many
people since programs, such as Matlab and Mathematica,
which rely heavily on vectors and arrays, are widely used in
many fields. We expect this familiarity to make the abstrac-
tion easier to use. Also, the abstraction, which is based on
a data structure called a distributed vector, mimics the flow
of information in a sensor network. This would enable opti-
mizations such as in-network aggregation and neighborhood-
level data processing to take place on the data.

2. BACKGROUND AND RELATED WORK
A vector is a one-dimensional array. Vector programming

is a programming model where scalar operations are general-
ized to apply transparently to vectors. For instance, two vec-
tors can be added without explicitly iterating through their
elements. The vector programming abstraction we propose
involves a special type of vector called a distributed vector.
A distributed vector is a vector who’s elements are unsorted.
The elements of a distributed vector are called distributed
elements and are composed of an index and a value. A dis-
tributed vector can either be centralized or distributed. In
its centralized state, all the distributed elements of a dis-
tributed vector reside on a single device. In its distributed
state, each element resides on a separate device. The index
of a distributed vector element is the ID of the device on
which it resides in its distributed state.

As described previously, the aims of automatic paralleliza-
tion are similar to the aims of macroprogramming for sensor

networks. Automatic parallelization involves building com-
pilers to automatically convert sequential code into multi-
threaded code to be executed on a multiprocessor machine.
A number of compilers that covert sequential code to multi-
threaded code have been developed. Among them are the
Vienna Fortran compiler [5], the Paradigm compiler [4], the
Polaris compiler [6], and the SUIF compiler [10]. Titanium
[25] is a dialect of Java which supports high-performance
scientific computing on large-scale multiprocessors. The as-
sociated Titanium compiler optimizes the parallel programs
written in the Titanium language. Yet these solutions are
not very general and/or require a considerable amount of
user input in order to parallelize anything but trivial appli-
cations. Also, most, if not all, of these compilers depend of
special constructs such as parfor and cfor which indicate
that the statements within that scope can be parallelized.

There have been many attempts at simplifying sensor net-
work programming. These solutions have taken many forms,
one of which is providing abstractions for low-level func-
tionality of sensor networks. Directed diffusion [12] is a
communication paradigm for sensor networks which utilizes
reinforcement-based adaptation to select the best path for
a message. Hood [20] is an abstraction for neighborhoods
within sensor networks. It utilize mechanisms called mirrors
to implement reflected variables among neighbors. Abstract
regions [19] is an abstraction similar to Hood that enables
devices within specific regions of a network to be addressed.
Functions can be mapped onto data within these regions
which can then be reduced.

A streaming database has been a popular abstraction for
sensor networks. Semantic Streams [21], TinyDB [15], Cougar
[24], and IrisNet [8] are all such database abstractions. Global
system behavior is determined using queries. For instance,
Semantic Streams uses declerative queries in Prolog while
TinyDB uses SQL-like queries.

Recently, a number of imperative macroprogramming lan-
guages have been developed for sensor networks. Kairos [9]
and Pleiades [13] are examples of such languages. Kairos is
an extension to Python which provides support for iterating
over nodes and accessing node-local state. Pleiades builds
on Kairos and extends C instead of Python. This enables
the code to be compiled down to nesC which can execute
natively on Mica motes.

While the above solutions ease sensor network program-
ming, they each have weaknesses. The abstractions for low-
level functionality are not powerful enough on their own to
describe the global behavior of a sensor network. For in-
stance, Hood cannot be used, by itself, as a macroprogram-
ming language, but can be a component of a macropro-
gramming language which describes global behavior. The
database abstractions, while permitting the control of global
behavior, are not sufficiently expressive for all sensor net-
work applications. In fact, a large portion of sensor network
applications do not easily conform to a database abstrac-
tion. Finally, while the imperative languages are highly
expressive, their current implementations do not execute
efficiently. Pleiades, for instance, requires a large number
of messages to be passed between devices in order for the
thread of control to migrate through the network.

There is a large body of work in the fields of distributed
systems and high-performance computing which is relevant
to the problem of macroprogramming sensor network. Many
attempts have been made to solve this problem, yet an ex-



pressive language which executes efficiently has yet to be
implemented. This project is another attempt at finding a
solution to the problem.

3. APPROACH
In a vector programming abstraction, information in the

sensor network is stored in variables, which are usually vec-
tors. This information includes sensor readings, node-local
information such as location and neighbor table, and con-
stants. The global behavior of the network is specified by
manipulating these variables in the context of a sequential
program. Since a lot of information is stored as vectors, the
features of a vector programming language allows applica-
tions to be written in fewer lines of code. Also, the vector
programming abstraction allows the programmer to indicate
parallel operations on vectors.

We extend Matlab, a widely used numerical computing
environment which supports vector operations, by introduc-
ing a number of data types. The new data types we intro-
duce are the distributed element, the distributed vector, the
shared distributed element, and the shared distributed vec-
tor. These new data types permit the introduction of new
control and data transfer paradigms which increase runtime
efficiency. Also, having different data types enable multi-
ple versions of common functions, such as min and sum, to
be implemented which execute optimally depending on the
data type. The Matlab interpreter selects the appropriate
version of the function, depending on the data type it is
applied to, automatically.

3.1 Requirements of a Macroprogramming Ab-
straction

In order to develop a macroprogramming abstraction that
would be applicable to a large class of applications, the char-
acteristics of these applications have to be analyzed. We an-
alyze five applications which we think are representative of
sensor network applications. The first is the Pursuer Evader
Game (PEG) which involves a network of sensors attempting
to localize a vehicle moving within the network. The sec-
ond is a temperature control application for a smart house
where, if motion is detected, the temperature of the house
is adjusted to be within a particular range. The third is
a battlefield management system where injured soldiers are
identified and the closest medic alerted of thir position. The
fourth is a parking space finder application where a network
of sensors, which identify if parking spaces are free or re-
served, are used by drivers to locate a free parkins space
close to their destination. The final application we analyze
is a contour detection application where nodes attempt to
generate a contour enclosing an area of interest, for instance
a fire. Table1 show the functions required by these applica-
tions, their traffic patterns, and requirements for data shar-
ing.

In Table1, BS stands for base station. The traffic patterns
indicate how data has to transfered within the network for
a particular implementation of the application. The data
sharing requirements fall into two classes: reliability and
synchronicity.

3.1.1 Reliability
Reliability indicates the resiliance of the application to the

loss of shared data. For instance if an application requires
data to be reliably shared, the device which generates the

data would resend the data until al of the receivers get the
data. In sensor networks, which have lossy communication
channels, this could result in a hugh overhead in terms of
energy as message transmission requires a relatively large
amount of energy. Many applications can tolerate some loss
during data sharing and these applications can, therefore,
utilize a best-effort sharing semantic, trading off some loss
for energy conservation. For instance, in the temperature
controller application, if a motion sensor reading is not re-
ceived by the base station the worst that could happen is the
temperature not being adjusted immediately. Most proba-
bly, if a person is moving around the house, motion would
be detected again which would trigger temperature control.
On the othehand, if a soldier is critically wounded in a bat-
tlefield, it is important that the information get to a medic.
In such a situation best effort may not be sufficient.

3.1.2 Synchronicity
Synchronicity relates to the timing of shared data. If an

application requires synchronous data sharing, all shared
variables on a device must be assigned within a specific time
frame. For instance, in the pursuer evader game, a node
should have its neighbors magnetometer readings from ap-
proximately the same instant that it detected the evader
in order for it to decide if it was a false positive. Yet, the
data sharing between nodes and the base station could be
asynchronous.

3.2 Programming abstraction
We abstract the sensor network as variables and functions.

The variables store the information within the network such
as sensor values, locations, and neighbor information. Func-
tions are applied to these variables in order to describe ap-
plications. Functions can also be used to indicate actuation.
We selected a vector programming language, since vector
functions inherently indicate parallelism without the need
for special keywords. For instance, A + B, where A and B
were vectors, indicate that the elements in A and B could
be added in parallel. If sequential exexution were required,
the authors would have to sequentially iterate through the
vectors using a for loop.

As mentioned above sensor network applications utilize
require certain functions to be applied to data and utilize
certain traffic patterns to move data through the network.
Also, certain applications require specific constraints to be
met when sharing data. Our vector programming abstrac-
tion provides the functions necessary for these applications
and, since we belive they are representative of most sensor
network applications, most applications which may be im-
plemented using sensor networks. Also, the data structures
we introduce: distributed elements and distributed vectors,
enable the traffic patterns required as well as support relia-
bility and synchronicity constraints for data sharing.

3.2.1 Functions
MATLAB, a vector programming language, provides a

number of functions that can be applied to variables. If
the variables the function is being applied to happen to be
vectors, they are transparently applied to the elements of
the vectors. Thus, two vectors can be added using + just
as two integers would be added. The result of this function
would be a vector with the same size as the input vectors
having the sum of corresponding elements of the two vec-



Table 1: Characteristics of representative sensor network applications
Application Required functions Traffic patterns Data sharing requirements
PEG find(nodes), max(neighbors) Node-to-BS, Neighborhood Unreliable, a/synchronous
Temp ctrl find(nodes), max(nodes), min(nodes) Nodes-to-BS, BS-to-Nodes Unreliable, asynchronous
MedEvac find(nodes), subtraction, min(nodes) Nodes-to-BS, BS-to-Nodes Reliable, synchronous
Parking find(nodes) BS-to-Nodes, Nodes-to-BS, Neighborhood Unreliable, synchronou
Contour min(neighbors), max(neighbors) Neighborhood Unreliable, synchronous

tors. In addition, MATLAB provides a number of vector
functions such as min, max, find, and any.

3.2.2 Distributed Element
Distributed elements are the elements which comprise dis-

tributed vectors. They have indices and values. Distributed
elements can be thought of as variables with the namespace
spanning multiple devices. Thus, they are usually used to
store information which may be used by functions across
device boundaries. For instance, a network of sensors col-
lecting light values may store these values in distributed ele-
ments, since the application may require the maximum of all
the light values which is an application of a function across
device boundaries. The indices of distributed elements are
usually the IDs of the device from which the data stored in
value was obtained. This acts as the unique name for each
distributed element across the multi-device namespace.

The distributed element version of most functions make
use of in-network aggregation in order to minimize the num-
ber of messages passed. For instance, if we want to find the
max of the light values that are stored in distributed ele-
ments, each node would send the max of its light value and
all of its children’s light values up the routing tree resulting
in each node having to transmit only one message instead
of a message for each of its children in addition to its own
message.

3.2.3 Distributed Vector
Distributed vectors are collections of distributed elements.

Distributed vectors reside on a single device. Unlike vectors
in regular sequential programs, distributed vectors are un-
ordered. This allows distributed vectors to be composed
of distributed elements from a subset of the devices in the
network. Yet, it prevents distributed vectors from being it-
erated through sequentially like regular vectors. Instead, el-
ements in a distributed vector are indexed by the ID of the
device from which the value in the element was obtained.
Distributed vectors are implemented as hash tables, allow-
ing the indexing to take place in O(1) time.

4. EXPERIMENTAL DESIGN
The vector programming abstraction is implemented in

Matlab by implementing the new data types as Matlab ob-
jects. A sensor network simulator is implemented in Matlab.
This application simulates the transfer of control between
nodes in the network as well as the sending and receiving of
messages between nodes.

We do not modify the simulator and therefore the radio
model does not change. Also, the size of the region over
which the network is deployed remains unchanged.

We implement two sets of applications that are identical
except for the fact that one uses the vector programming
abstraction and the other does not.

The independent variables in our experiment is the num-
ber of nodes in the network and the application.

The dependent variable is the number of messages passed.

5. EXPERIMENTAL RESULTS
It is easier to program sensor networks using the vector

programming abstraction than without the abstraction. Ap-
plications written using the abstraction execute more effi-
ciently than applications written without the abstraction.
The efficiency gained by the abstraction scales as the size of
the network increases.

Table 2: Comparison of lines of code for applications
written with and without the abstraction
Application With abstraction Without abstraction
PEG 10 25
Temperature control 10 20
Medevac 20 50
RFID 8 15
...

...
...

Table2 shows that applications written with the abstrac-
tion are 50% shorter on average than applications written
without the abstraction. This indicates that it is easier to
write applications with a vector programming abstraction
than without such an abstraction.

¡A graph with the x-axis being the number of nodes and
the y-axis being the number of messages passed. Ten pairs
of lines, one for each application showing the number of
messages passed as the number of nodes increases.¿

The graph above shows that applications implemented us-
ing the vector programming abstraction require fewer mes-
sages to be passed between devices than applications written
without the abstraction. The graphs also indicate that the
abstraction is scalable with the number of nodes as the appli-
cations written using the abstraction require fewer message
passes than the applications written without the abstraction
for all izes of the network from 100 nodes to 1000 nodes.

6. CONCLUSIONS
We demonstrate that a vector programming abstraction

makes it easier to program sensor networks while retaining
runtime efficiency. This abstraction would help move sensor
networks from the labs of sensor network researchers into
the hands of application area specialists such as environ-
mentalists since many people are familiar with Matlab-like
vector programming and thus would find it easy to program
sensor network applications using the vector programming
abstraction.
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