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ABSTRACT

Automatic synthesis of sensor network-based systems can be
described as the process of translating a formal specification
of application functionality into a particular task mapping,
settings of available hardware knobs, and communication
and coordination mechanisms among the sensor nodes, so
as to meet the performance requirements and constraints.
We propose a general methodology to tackle a specific class
of this problem, based on analytical performance modeling,
multigranularity system simulation, and automatic refine-
ment of model parameters. To demonstrate the utility and
feasibility of our proposed methodology, we define a system
model for a class of sensor networks, and implement a soft-
ware framework for its modeling and simulation. Our graph-
ical design environment supports plug-and-play integration
of different performance models, simulation and visualiza-
tion suites, and even automatic design space exploration and
optimization tools.

Categories and Subject Descriptors

C.4 [Performance of Systems]: Measurement techniques,
Modeling techniques; C.2.1 [Computer-Communication
Networks]: Network Architecture and Design— Wireless
communication; 1.6.7 [Simulation and Modeling]: Simu-
lation Support Systems— Environments
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1. INTRODUCTION

Inexpensive, low-power sensor nodes that monitor the en-
vironment and perform limited processing on the samples
to detect events of interest are fast becoming a reality. The
applications of such networks range from target tracking
based on acoustic signatures and line-of-bearing estimation
to climate control, intrusion detection, etc. Energy efficiency
is of special interest to the sensor network community be-
cause it is undesirable, difficult or impossible to replenish
the energy resources available to a sensor node, once de-
ployed. Maximizing the life of sensor nodes is an overriding
priority, and different energy optimization techniques are
being developed [6, 10, 15, 16, 21, 22] to address computa-
tion/communication tradeoffs.

With increasingly sophisticated applications, and advances
in digital and RF technology, designers of sensor network-
based systems® will soon be faced with a very large set of
design decisions. Each of the choices will affect the over-
all system performance in ways that might not always be
‘cleanly’ modeled. In addition to the research challenges
in design and optimization, design tools for real-world sen-
sor networks are equally important. It is the latter aspect
that is the focus of this paper. For example, the ability of
the design framework to allow rapid specification and eval-
uation of a particular network configuration is crucial for
a more exhaustive exploration of the design space. A de-
sign environment for future sensor networks should provide
tools and formal methodologies that will allow designers to
model, analyze, optimize, and simulate such systems. Ex-
tensibility, i.e., the ability of the framework to accomodate
new tools for simulation, optimization, and/or visualization
is also desirable. Ultimately, the design framework should
require only a high-level specification of the desired applica-
tion functionality, available resources, and performance re-
quirements, and should be capable of automatically synthe-
sizing efficient sensor network configurations. In this paper,
we present a methodology for automatic synthesis of a class

L “Sensor networks” and “sensor network-based systems” are
used interchangeably in this paper to denote the overall ap-
plication functionality implemented using a network of sen-
sor nodes as the underlying hardware.



of sensor networks, and a design environment to illustrate
its feasibility and usefulness.

‘We consider sensor networks where the nodes can be placed
randomly, but are not mobile. Also, the sampling frequency
is pre-determined and does not change at run time. Sec-
tions 2 and 3 describe our model in more detail. Using the
taxonomy of wireless micro-sensor network models proposed
in [19], the class of sensor networks we address can be de-
scribed as static sensor networks with a continuous data de-
livery model, and a one-to-one unicast communication with
the cluster-head. This model has been chosen to later il-
lustrate how our methodology and framework can be used
to aid automatic synthesis of the class of sensor networks
it represents. The design methodology and the capabilities
of our design environment are not restricted to this specific
class of systems.

Most sensor networks are designed to execute a few spe-
cific applications, and are not meant for general-purpose
computing and communication. For such application-specific
systems, a proper allocation and coordination of tasks among
sensor nodes (at design time) is as important as an efficient
network protocol. Energy savings of upto 60% have been
demonstrated merely by parallelizing computation through
the network, and exploiting power management hooks such
as dynamic voltage scaling, without changing the network
protocols [21]. We therefore put as much emphasis on node-
level modeling and performance analysis as is usually (and
sometimes exclusively) placed on network-level issues.

The first main contribution of this paper is a a method-
ology for automatic synthesis of application-specific sensor
networks, based on high-level performance modeling, multi-
granularity system simulation, and model refinement. The
second is a design environment for sensor network modeling
and simulation that supports this methodology. Our design
tool allows rapid graphical specification of the target system,
and automatically configures and executes a set of low-level
simulators to obtain accurate node-level and network-level
performance statistics.

This paper is organized as follows. The general synthe-
sis problem for sensor networks is defined in Section 2. The
system model for the class of application-specific sensor net-
works we consider in this paper is the subject of Section 3.

Section 4 describes our general design methodology and presents

a high-level performance model. Section 5 provides details
of the design environment using an illustrative case study.
Comparison with related work is made in Section 6, and we
conclude in Section 7.

The work in this paper was motivated by the Automatic

Target Recognition (ATR) challenge application of the DARPA

Power-Aware Computing/Communications program. We
generalize and significantly extend our preliminary work on
modeling and simulation of this 7-node sensor network [3].

2. THE AUTOMATIC SYNTHESIS
PROBLEM

Automatic synthesis for application-specific sensor net-
works involves a holistic view of design and optimization
both at the node level and the network level. This paper
does not define a specific technique for system-wide energy
optimization. Instead, we propose a general methodology
that addresses key issues in system-wide design, typically
not considered by research work focusing on just one aspect
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of the overall design problem. As an example, the energy-
efficient communication protocol in [10] assumes that all sen-
sor nodes are homogeneous, and even distribution of data
fusion tasks among nodes helps in maximizing the system
life span. However, the degree to which this reduced com-
munication energy impacts the overall system will depend
on factors such as the application itself, node architecture,
task mapping, communication schedule, switching schedule
between idle/active modes of node components, etc. For
instance, each node in [10] will require sufficient resources
to be able to act as a cluster-head when required. Storage
cost might be an important factor, determined by the size
of data samples, sampling frequency, latency of task execu-
tion, type of memory used in the node, etc. Such concerns
cannot be ignored at the system-level. From an automatic
system-wide synthesis perspective, the designer should be
able to evaluate, say, the combined effect of system parti-
tioning [21] and a particular medium access control (MAC)
protocol [16].

This paper deals with wireless sensor networks that are
based on the ‘conventional’ clustering model. Sensor nodes
are grouped into clusters based on geographical proximity,
and are equipped with low-power (short-range) radios. One
of the nodes in each cluster is designated a priori as the
cluster-head, whose job is to transmit the result of data fu-
sion performed within the cluster, to the observer. Similar
to [20], the cluster-head will be a high-energy node that
could be equipped with a GPS receiver, long-range radio,
etc. Our network is static - i.e., nodes can be arbitrarily
distributed in a 2-D region, but they are not mobile. Since
the functionality of each node (i.e., whether it is a sensor
node or a cluster-head) is determined a design time, and
the communication network is a simple single-hop wireless
transmission, no self-organization takes place within a clus-
ter at run time. However, at the higher level of hierarchy,
cluster-heads will typically set up an ad-hoc network among
themselves to route data in an efficient manner to the even-
tual destination(s).

Automatic synthesis of an application-specific sensor net-
work can be defined as determining the allocation of logical
tasks to physical sensor nodes, and synthesizing the inter-
node communication and co-ordination mechanism to ac-
complish the desired overall functionality - while meeting
user-specified performance requirements and constraints [2].
The synthesis problem can take different forms. One varia-
tion can be determining an energy-efficient node placement
when the number of sensor nodes, task-to-node mapping and
node architecture is fixed. Another design problem can be
deciding the best node architecture for a system where task-
to-node mapping is known but sensor nodes can be randomly
deployed.

The version of the synthesis problem addressed in this pa-
per assumes that the end-to-end application is described as
a task graph. The specification of the hardware architec-
ture of radios, sensors, processors, memories, etc., is also
available. Sampling frequency, sample size of sensors, and
end-to-end latency and throughput constraints are known.
Given this ‘static’ description, the output of synthesis is the
allocation and schedule of tasks among different nodes in the
sensor network, an energy-efficient schedule for intra-cluster
and inter-cluster data transmissions, the settings of available
architecture knobs, such as dynamic voltage scaling, etc.

This paper does not claim to solve the general automatic



synthesis problem even for the well-defined system model
presented in the next section. What we propose is a design
methodology for automatic synthesis, based on the key con-

cepts of high-level performance modeling, and multi-granularity

simulation for model refinement. Our software framework
provides a platform for automatic synthesis based on this
methodology, and is a significant step towards a specific class
of the general problem.

3. SYSTEM MODEL FOR A CLASS OF
APPLICATION-SPECIFIC SENSOR
NETWORKS

Let C (C € N) denote the number of sensor types in the
network. Examples of sensor types include acoustic, seismic,
thermal, pressure, etc. Each sensor type ¢t (1 < ¢ < C)
is associated with a 3-tuple (N¢, D¢, F}), where N is the
number of sensors of type t in the system, D; is the size of
one data sample (in bytes), and F} is the sampling frequency
for that sensor type.

We partition the computation tasks into two categories -
sensor processing and collaboration. Some amount of pro-
cessing is usually done for every sample separately. The
result of this processing can be a binary value (with associ-
ated semantics), or a modified data set. The results from all
the sensors are then processed to obtain the overall picture
of the state of the environment, such as the location of a
target being tracked, weather information, etc.

For each sensor typet (1 < ¢ < C), the processing required
for each data sample D, is specified in the form of a data flow
graph Gy = (Vi, Et). Gy is a directed acyclic graph. Each
directed edge e! € E; connecting the pair (vf, 1);) represents
a data dependency of vé on v}. Each vertex v} of the graph
denotes an atomic computation step on the input to the
task.

There is a single source node v, for each graph G which
represents data input from the sensor. In our model, the sen-
sor and a radio receiver are the two ways a node can acquire
data, and for the sensor processing category of task graph,
the sensor is the only relevant source. No processing is as-
sociated with the node vf,,. There is a single destination
(sink) node v, node for each graph G which represents the
result of the sensor processing phase.

Each edge e! is associated with an integer d;; that quanti-
fies the amount of data transfer (in bytes) between the tasks
i and j connected by that edge. Note that we use a block
data processing model as against stream processing. One of
the reasons for this is that low-level cycle-accurate simula-
tion of tasks on the processor core will yield more accurate
per-byte cost estimates if the overheads are amortized over
a larger block of data. From a simulation accuracy point
of view, it is the designer’s responsibility to ensure that the
size of the data block processed by the actual software im-
plementation associated with the task is the same as the size
(dij) specified in the model.

All collaborative computation is represented by a single
task graph Geec = (Vee, Ecc) for the entire system. The ver-
tex and edge semantics are the same as described for the
sensor processing graphs. The significant difference is in the
source and destination nodes. The task graph G.. has Cn
number of distinct source nodes, where Cn = Zle Ni. The
single destination node vzm: represents the result of the col-
laborative computation that is transmitted from the cluster-
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Figure 1: Application Modeling

head to some entity outside the cluster. Again, there is no
processing associated with the source and destination nodes
themselves. This representation allows for parallel comput-
ing paths in the collaboration task graph; but all have to
converge to the the single destination node.

Figure 1(a) shows an expanded application graph that
represents data from 5 sensors being processed, first indi-
vidually, then collectively. The representation of this task
graph in terms of our application model is shown in Fig-
ure 1(b). In the particular instance shown in the figure, all
sensors are of the same type and all inputs to the collabo-
rative tasks are equivalent, i.e. there is no association of a
specific sensor node with a particular input to the collabo-
rative task. The model for more complicated applications
will be different than the example shown.

From the hardware resource modeling perspective, let H
be the number of sensor nodes in the system. One node
can have more than one sensor. The sensors can all be of
different types or even the same type, depending on the
functionality of the sensor. For example, multiple seismic
sensors on the same node will probably not add any value,
but multiple cameras monitoring different directions from
the same sensor node can be envisaged. In the simple sce-
nario where only one sensor of a given type is present on a
particular node, H > maz(N:),1 <t < C.

In addition to the sensor(s), each sensor node S;(1 <7 <
H) includes a processor core P;, a memory module M;, and
a radio card R;. Some parameters that could be varied at
design time are the voltage/frequency of the processor core,
the size of the memory module, the transmit and receive
power of the radio, and the bandwidth of the radio. Vary-
ing the parameters at design time can translate into setting
different values of the same ‘knob’ on the same hardware
module (if the facility is available) or choosing a different
hardware module entirely.

The source nodes v’,,(1 <t < C) in the sensor process-
ing category of task graphs are associated with the corre-
sponding hardware node which contains that sensor. Also,
the destination node vgzm: of the collaboration task graph is



bound to the cluster-head which contains the transmission
facility to an entity outside the cluster. For a given per-
formance criteria, the mapping of all other tasks is to be
determined as part of the synthesis problem.

4. DESIGN METHODOLOGY
4.1 Approach

The first step in our methodology is the use of simple an-
alytical models for performance analysis at both the node
level and network level. High-level models are essential for
obtaining rapid and reasonably accurate performance esti-
mates in the initial phase when a large design space has to
be narrowed down to a manageable set of good designs. Our
design environment allows the user to manipulate many sys-
tem parameters and thereby model different hardware archi-
tectures, mappings, network protocols, etc. Next, plug-and-
play integration of low-level simulators allows the investiga-
tion of performance in greater detail. Finally, results from
low-level simulations can then be used for (semi-)automatic
refinement of the analytical model parameters. This general
approach is also at the heart of the MILAN project [4, 12].

Coarse performance models are critical for automatic ap-
plication synthesis. Simulating a large number of design
choices using fine-grained models has two disadvantages:
low-level simulations are time consuming, and the effect of
many parameters on performance is not significant enough
to justify the cost incurred by including them into the sim-
ulation model. The level of detail that should be consid-
ered to correctly analyze and optimize for the particular de-
sign problem at hand is unclear, especially for wireless net-
works [9]. For example, increase in communication energy
due to interfering transmissions can be accurately computed
by considering, among other things, the precise geometry of
the network. However, if the actual geometry can be deter-
mined only at run time, the effect of actual node positions
on transmission delays needs to be approximately modeled
at the high level.

Even cycle-accurate system-wide simulation has many chal-
lenges. None of the existing network simulators to our knowl-
edge models the internal architecture of the processing nodes
in the network, because the focus of network simulation has
traditionally been on protocol development and empirical
analysis. Also, most processor simulators do not model the
environment outside the node boundary. To obtain detailed
performance estimates for the entire system, it is necessary
to make simulators interact with each other in some way.
In [3], we proposed a technique to automatically generate
scenarios for the ns-2 network simulator [14] based on re-
sults from node-level simulations using Wattch [5]. Wattch
is based on the SimpleScalar simulator that models a su-
perscalar RISC architecture. In additional to SimpleScalar
statistics, Wattch also provides an estimate of energy con-
sumption in the processor for the simulated application pro-
gram. This ‘horizontal’ simulation is accomplished without
requiring the simulators to directly interact with each other.
Such coarse-grained integration might compromise the accu-
racy of the system-wide results to some extent, but the effort
saved by not modifying existing simulator code outweighs
the (possible) marginal errors.

We have implemented a framework that can be used by
optimization tools for different design problems. The follow-
ing sections describe the model and our tool in detail.
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4.2 Performance Model

Assume that the task graph is partitioned along the edge
el;, tasks (vi,,..vf) are executed on the sensor node and
(v}..vamt) are executed at the cluster-head. ef; represents
data transfer over the wireless link. Each task is executed
once for each sample. In the absence of buffering, the task
graph is executed F}; times per second. As our data delivery
model is continuous, F; does not vary with time.

Let (t1,...,t5) denote the set of k tasks (vi,,..v!). Let
¢; be the number of computations in task t;, and e; and I;
the average energy consumed and average cycles required
per computation respectively. If f, is the processor fre-
quency of the node, it follows that the percentage of time
that the processor is in active mode (i.e., its utilization) is
(£ Z§:1 cili)/ fp-

Power dissipation in the node is given by

Fi(3r, cies) +all = (F o0, eili)/ fo] + B,

where « is the power dissipation in idle mode, and g is
the average power consumed in switching between active
and idle modes?. A similar calculation can be done for the
remainder of the tasks mapped onto the cluster-head.

On an ideal wireless link, the power required for data
transmission to the cluster-head is «yd;;Fy, where v is the
transmission energy per byte of data. In the real world, ad-
ditional factors need to be accounted for. For purposes of
our high-level power modeling, we classify all such effects
into two categories - overheads due to data encoding, and
overheads due to data retransmissions that result from col-
lisions, interference, etc. The error rate of the channel can
be modeled in terms of encoding overhead; because a more
robust encoding will be required for a high bit error rate
(BER). Also, depending on the MAC protocol used, differ-
ent energy cost for communication can be associated with an
idle node - i.e., an idle but listening node consumes much
more energy than an idle node which shuts off the radio
completely.

The power consumed for communication is therefore given
by

V(€6 Frdis) + pu(1 — (Fidi; /b))

where ¢(> 1) represents the overhead due to retransmis-
sions, §(> 1) represents the overhead due to encoding, u is
the power dissipation in idle mode of the network, and b is
the bandwidth (bytes/sec) of the radio.

This model is useful because it captures the node architec-
ture, network configuration, and also application-level issues
such as the task-to-node mapping. It is therefore suitable
for system-wide performance analysis from an application-
specific system synthesis point of view. A similar coarse-
grained system model that considered both node and network-
level parameters was proposed in [15], and used to demon-
strate possible design optimizations for the 7-node ATR
application. Compared to [15], our model explicitly cap-
tures communication parameters such as retransmission, er-
ror rates, idle time power consumption, etc.

In this paper, we do not use this model for optimization
of the case study described in the next section. Our GME-
based design environment does support plug-and-play inte-
gration of performance models into a high-level estimation
framework, and also automatic optimization tools based on

2Idle time in our node-level model excludes the radio, whose
on/off schedule is a part of the active/idle time at the net-
work level
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Figure 2: The ATR Application

performance models. Therefore, the designer has complete
freedom of choosing whichever high-level model and/or op-
timization tool he/she desires to use for a particular de-
sign problem. [13] discusses automatic design space explo-
ration for heterogeneous embedded system architectures in
the MILAN framework, which is employing the same gen-
eral methodology and a GME-based modeling and simula-
tion environment as described in this paper, mainly focusing
on single-node architectures.

S. THE DESIGN ENVIRONMENT

The capabilities of our design environment are:

1. To graphically describe the target application, node
architecture, network configuration, and task-to-node
mapping.

2. To change (reconfigure) the system model to explore
alternate designs.

3. To automatically configure and execute simulators at
different levels of granularity and obtain system-wide
energy and latency estimates.

4. To automatically update high-level model parameters
using low-level simulation statistics.

5. To graphically visualize simulation results and (man-
ually) inspect and identify performance bottlenecks in
the design.

6. To facilitate plug-and-play integration of desired per-
formance models and automatic optimization tools.

Using the illustrative example described in the next sub-
section, we demonstrate the above.

An Illustrative Example: Automatic Target Recog-
nition

The block diagram of the Automatic Target Recognition
(ATR) application is shown in Figure 2. Seven nodes form a
sensor array that performs real-time target tracking. Each of
the nodes is equipped with microphones to monitor acous-
tic signals from the environment. Omne of the nodes (the
‘cluster-head’) transmits a line-of-bearing (LOB) estimate
of the target to the outside world. By gathering LOB esti-
mates from multiple such clusters, the exact location of the
target can be obtained. There are three main stages in this
computation. First, the sample of each channel is Fourier
transformed. A frequency domain beamforming (BF) algo-
rithm estimates target bearing along twelve different direc-
tions (beams), and delay-sum BF delays each signal by a
time specified by the microphone array geometry for coinci-
dence on a given beam. Once the signal energy in each of
the twelve directions is obtained, the LOB estimator finds
the direction with the largest signal energy and transmits it
to the end user.

There are a number of design parameters that affect the
time and energy performance of this system. For a given
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throughput requirement, mapping the FFTs onto individ-
ual sensor nodes and BF and LOB to the cluster-head is
an energy-efficient solution, compared to a design where
the sensor nodes transmit raw data and all computation
is performed at the cluster-head [21]. The designer might
also want to experiment with architecture parameters at the
node level, such as cache configurations, voltage/frequency
settings, transmit and receive power of the radio, etc. Net-
work issues such as geometry and the propagation model
will impact the communication cost in terms of both time
and energy. We demonstrate how our design environment
described below can be used to model and simulate this
ATR sensor network, and analyze the effect of one or more
of these parameters on the overall system performance.

User Interface

We use the Generic Modeling Environment (GME2000) [8]
to synthesize a domain-specific modeling interface for the
system model defined in the previous section. The designer
uses this interface to describe a specific system in the do-
main. In this case, the domain is a class of sensor net-
works. The set of building blocks and composition rules
that are provided by the modeling interface to the designer
is called a ‘modeling paradigm’. GME provides a graphi-
cal meta-modeling language to formally define the modeling
paradigm, and automatically synthesizes a modeling envi-
ronment based on the paradigm.

Figure 3 shows the meta-model used to design a modeling
and simulation environment. We omit details of the meta-
modeling due to space limitations. Briefly, the designer can
draw task graphs for sensor-specific processing and collabo-
rative processing, specify sample size and frequency, amount
of data transferred between tasks, source code for the task®,
etc. From the resource modeling perspective, the designer
can specify the architecture of individual sensor nodes, i.e.,
the cache configuration, processor frequency, radio param-
eters, memory size, etc. Also, each sensor node is to be

3Since we have integrated the Wattch simulator for low-
level power/performance analysis of a single sensor node,
the source code should be in C.
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labeled with 2-dimensional coordinates to model the geom-
etry of the network. The designer explicitly specifies the
partitioning of tasks among the sensor node and cluster-
head. Our design environment provides a set notation where
the user can group the tasks into different sets and associate
them with the sensor nodes described in the resource model.

Simulator Integration

Once the desired system configuration is specified, its per-
formance can be analyzed using the integrated simulation
tools. Our framework supports plug-and-play integration of
various simulators, made possible through the use of model
interpreters, which access model information from the cen-
tral database, and configure and execute the integrated sim-
ulators. Two aspects of such integration need to be em-
phasized. First, all the information that is needed by the
simulation tool(s) should be captured through the model-
ing paradigm. If a new simulator to be integrated models
some hardware entities or architecture features that are not
captured by the existing modeling paradigm, the modeling
paradigm needs to be changed, and a new environment syn-
thesized. Second, writing a model interpreter requires an
in-depth knowledge of the simulator being integrated. Once
the integration is complete, however, the users of the frame-
work need not know the details of the tool in order to use
it.

We integrated the Wattch simulator for node-level power/
performance analysis, and the ns-2 network simulator for the
network level. Wattch is based on the SimpleScalar simula-
tor, which models a RISC architecture, and has no knowl-
edge of the network. Similarly, ns-2 models only the network
and not the details of the nodes that transmit data over the
network. For automatic synthesis of sensor network-based
systems, system-wide power/performance analysis is a ne-
cessity. In the absence of a system-wide low-level simulator,
we use node-level simulation results to automatically gener-
ate data transfer scenarios for the network simulation. After
analyzing the results, the designer has the option of (manu-
ally) tuning parameters such as the task-to-node mapping,
node architecture, routing protocol for the network, radio
characteristics, etc.

Figure 4 shows the sequence of steps that is automati-
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cally executed by the environment when the user chooses to
simulate a particular system configuration. The input task
graph and task-to-node mapping information is parsed. The
user is expected to associate with each task, the C source
code that defines its execution. The architecture parame-
ters for the different nodes are obtained from the resource
model. Using this information, the source code is compiled
and power and latency information is obtained by invok-
ing Wattch. Although the graphical interface (GME2000) is
Windows-based, our model interpreters can automatically
invoke the Wattch and ns-2 simulators on remote machines
with different operating systems.

As mentioned in Section 4.2, we assume that the entire
task graph mapped onto a given sensor node executes F}
times per second. Using latency information from Wattch,
we calculate the maximum sampling frequency that can be
supported by the user-specified design. If the maximum fre-
quency is greater than the sampling rate of the sensor, the
user is notified that the system is over-designed. A notifica-
tion is also made if the system is too slow to keep up with
the sampling rate of the sensor. In either case, the designer
has the option of continuing with the network simulation us-
ing the lower of the two frequencies as the frequency of data
transmission between the sensor node and cluster-head.

For the ns-2 simulation, parameters such as the routing
protocol and radio specifications are extracted from the re-
source model. The size of data transmitted between nodes is
obtained from the task graph and the frequency of transmis-
sion is determined as described in the previous paragraph.
In the case when communication time for a block of data ex-
ceeds the computation time for the task graph, the commu-
nication latency determines the frequency of transmission.
The nam [7] network animator is also configured automat-
ically, and the designer can visualize data transfer in the
network using the nam graphical interface. The complete
design flow is shown in Figure 5. The different steps indi-
cated in the figure are application modeling, resource mod-
eling, node-level simulation, network simulation, and (man-
ual) reconfiguration of the system after analyzing simulation
results.

The implementation described in this section is of a frame-
work and not restricted to any specific set of simulators
and/or models. Wattch was integrated for the purposes
of demonstrating the feasibility and usefulness of employ-
ing different simulators in a coordinated fashion to obtain
system-wide power/performance analysis through a single
system specification. Depending on the particular system
instance, Wattch might be an inappropriate choice of sim-
ulator. Even in such a case, because there is a well-defined
process for integrating any new simulator, all features of our
framework can still be exploited.

Automatic Model Refinement

A variety of high-level performance models for sensor net-
works exist in literature. [1] uses a node energy behavior
model assuming that the node is purely a sensor or a relay,
which means that computation at the node is not modeled.
Average energy for sensing, transmission, and reception is
used to approximate energy costs. [21] focuses on system
partitioning to reduce energy consumption, and uses a sim-
ple energy model for computation based on the number of
clock cycles, capacitance being switched per clock cycle, and
operating voltage of the processor.
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Unfortunately, communication costs and tradeoffs due to
various effects in the network have traditionally been an-
alyzed using simulation, perhaps because a qualitative un-
derstanding of the network behavior at the high level does
not always provide a quantitative cost estimate for a spe-
cific scenario. For example, the efficiency of energy saving
schemes proposed in [22] is evaluated empirically by simu-
lating different network scenarios and not through analytical
means using formal cost models. Especially for effects such
as node placement, network density, etc., making high-level
approximations that are also accurate is challenging.

Our framework offers a limited way to automatically up-
date high-level model parameters using low-level simulation
results. The usefulness of such refinement will naturally
depend on the model used and the parameter(s) to be up-
dated. The energy model in Section 4.2 needs the following
parameters: (i) average energy per computation e;, (ii) av-
erage cycles per computation l;, (iii) data retransmission
overhead ¢, and (iv) data encoding overhead §. Since high-
level estimation usually precedes low-level simulation, initial
values of these parameters will be provided by the user from
sources such as data sheets, prior experimental results, and
understanding of the application. For example, e; can be
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approximated using a table of energy consumed for each op-
eration in the processor’s instruction set, and a rough esti-
mate of the relative percentages of significant computations
in the given task. The value can be refined when low-level
simulation provides the exact amount of energy consumed.
A similar refinement can be made for [;. é can be quite ac-
curately specified even initially, based on a knowledge of the
encoding scheme used. For instance, if 1/3 rate Forward Er-
ror Correction (FEC) is used, § = 3. € is the most difficult
of the approximations to characterize, because it depends
on factors such as the MAC protocol used, network density,
geometry of the sensor network, etc. Our framework adopts
the simple approach of maintaining e as the cumulative av-
erage of € values obtained during all the ns-2 simulations for
a particular task graph and resource model.

Sample Results: Analysis

Our tool provides a convenient mechanism for the designer
to specify and manipulate system configurations, and em-
pirically analyze system-wide performance. For the ATR
application that was implemented as a case study, two of
the experimental results we obtained using the design envi-
ronment are shown in Figures 6 and 7.
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Figure 6 shows the effect of instruction cache size on the
maximum sampling frequency supported by that node, i.e.,
the latency of execution of the task graph mapped onto that
node. It can be observed that Wattch simulation shows
that increasing the size of the instruction cache after 16KB
has no effect on system throughput. The designer can con-
clude (based on his/her level of confidence in the simulator)
that an instruction cache greater than 16K will only lead to
wasteful energy consumption without improving throughput
performance.

Figure 7 is a visualization of the system-wide energy con-
sumption statistics output by our environment after a com-
bined ns-2/Wattch simulation run. Node 0 is the cluster-
head, which is also apparent by inspection of the results. For
all the nodes, the simulation shows that computation energy
is greater than communication energy, which is usually not
the case with current sensor node architectures where trans-
mitting a byte of data consumes an order of magnitude more
energy than performing one computation. The result can be
partly explained by the fact that Wattch models a relatively
heavy-duty out-of-order superscalar processor that is not op-
timized for energy. The Wattch simulator was integrated as
a proof of concept, and using a simulator for a low-power
processor such as the Intel StrongARM will yield a different
result. Ultimately, the choice of simulator is left to the user,
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and the performance estimates provided by our simulation
framework will only be as accurate as the simulators used.
No guarantees about the accuracy of the simulation results
are provided by the framework per se.

6. RELATED WORK

No other design environment to our knowledge provides
the capabilities of graphical specification, multigranularity
simulation, automatic co-ordinated low-level simulation, and
automatic model refinement, at both node level and net-
work level. The IMPACCT [6] tool also requires the de-
signer to specify the target architecture and mapping. It
allows simulation at various stages of the design flow, and
derives power-aware computation schedules for tasks on a
single node. However, IMPACCT is meant for exploring
power management architectures and policies at the com-
ponent and system levels of a single node architecture; and
does not model networked systems in the level of detail that
is facilitated by our framework. Automatic model refine-
ment is also not featured in the IMPACCT tool.

In [17], Co-design Finite State Machines (CFSMs), a model
of computation, was introduced to allow the efficient cap-
ture of both the control and the data processing parts of
the specification. Also, the design of a single-hop Intercom
network, was discussed in detail as an application exam-
ple. However, the paper focused primarily on communi-
cation protocol designs and not on the design of node ar-
chitecture and energy cost of computation. In [11], a par-
allel simulation environment for mobile wireless networks
was proposed. The focus was on simulation of large radio
networks and involved detailed modeling of radio propaga-
tion, channel access schemes and interference patterns. The
node architecture was not modeled in detail. Also, multi-
granularity simulation was not supported. In [18], various
component-based designs, methodologies for hardware syn-
thesis from programming language descriptions, and energy-
efficient system-level designs were proposed. However, there
was no unified framework such as the one implemented in
this paper that allows a designer to explore the system-wide
design space at different levels of simulation granularity, and
supports plug-and-play integration of simulation, visualiza-
tion, and optimization tools.

7. CONCLUDING REMARKS

With advances in technology and innovative new uses of
sensor networks, many more challenges will emerge for au-
tomatic synthesis than are currently being addressed. New
system models, and performance analysis and optimization
techniques will be devised, tailored to the particular design
problem at hand. One of the contributions of this paper is
a performance model for a class of sensor networks, and a
framework for refining the model parameters based on low-
level simulations. We proposed a specific methodology for
automatic synthesis based on multi-granularity simulation,
simulator integration, and model refinement. We also de-
scribed a tool that has been implemented to support this
approach. Specific optimizations based on the model were
not suggested, partly because the approach is independent
of the precise parameters being optimized and techniques
for optimizing them. One of the main limitations of the
system model in this paper is that self-(re)organization is
not supported and that node functionality is fixed a priori.



We are in the process of defining a new high-level model
for self-organization at both intra-node and inter-node level,
focusing on communication and computation costs of such
self-organization. Also, we are addressing the specific prob-
lem of synthesizing efficient communication schedules for
wireless transmissions for such (multi-hop) sensor networks.
The modeling paradigms, simulators, and system model de-
scribed in this paper will eventually be integrated into the
MILAN [4] framework.
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