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Abstract

Wireless sensor networks are increasingly employed to
develop sophisticated applications whehneterogeneous
nodes are deployed, amdultiple parallel activitiesnust be
performed. Therefore, application developers require the
ability to partition the system based on the node charac-
teristics, and specify complénteractionsamong different
partitions.

Existing programming abstractions for sensor networks
tackled this problem by providing a notion afcoping
However, this rarely emerges as a first-class programming
construct, hence limiting its applicability. To addresssth
issue, in this paper we present a flexible notion of scoping in
the context of a sensor netwamacroprogramminframe-
work. Our approach enables the specificationcomplex
interactionsamong system partitions, thus greatly simplify-
ing the development process. Moreover, this is not detimen
to performance: our approach results reasonably close to
an optimal solution computed with global system knowl-
edge, while exhibiting a 70% gain w.r.t. baseline solutions

1. Introduction

Early deployments of wireless sensor networks (WSNSs)
focused on a single, system-wide goal, and featured fairly
simple architectures. For instance, habitat monitoririg [7
can be implemented using mostigmogeneousodes, each
running thesameapplication code. In these scenarios, de-
velopers are required to describe simple patterns of iotera
tions, e.g., that of sensing and reporting a physical readin
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Figure 1. Traffic management scenario.

their ultimate goal is usually obtained by composinglti-
ple, collaborating activities

Reference Scenario. Consider, for instance, mad traf-

fic monitoring and controhpplication, a field where WSNs
have gained increasing attention [9]. Various techniques e

ist to influence the vehicle movements (e.g., to minimize
pollution and fuel consumption), that use solutions such as
speed signaling and ramp metering. These systems are often
logically divided into disjoinsectorg13], with each sector
usually being controlled depending on the current status of
thesameandneighboringsectors.

A sample highway scenario is depicted in Figure 1,
where a sector is identified by a single ramp leading to the
highway, i.e., it spans the portion of highway from a ramp
to the following. The system has five main componets:
speed sensors installed on the highway lanes to measure
and report the speeds of vehicld@y,presence sensors in-
stalled on the highway ramps to report the presence of ve-
hicles, iii) speed limit displays installed one per highway
sector to inform of the recommended speed limityamp
signalsinstalled one per highway ramp to allow or disallow

Recent technological advances and the consequent adcars onto the highway, ang forwarding nodes installed
vent of more powerfu| sensor nodes are, however, enab”ngon the road side at regular intervals to enable wireless com-

the use of WSNs in increasingly sophisticated settingspfro
smart spaces [19] to monitoring and control in buildings [4]
These applications often involleeterogeneousodes [3]
equipped with actuators to influence the environment, and

munication between the various nodes.
Figure 2 illustrates, from a high-level perspective, the

various stages of data processing in the application. Bata i
collected from the sensing devices and processed to derive



T == Avg Queue Length(s)

r Calculator region the developer may require. This poses a considerable
burden on the programmer.

In [6], the authors propose a language and algorithms to
support generic role assignment in WSNs. In a sense, they
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FrRoET nodes so that some specified requirements are met. Besides
this, however, there is no support to express interactions

HighwaySector; 4

HighwaySector, among subsets of nodes based on the roles assigned. In En-
viroSuite [11], contexts are defined with conditional state

[ HighwaySector;. ments to create a mapping between software objects and
: real-world elements, e.g., a moving target. Contexts deter

mine a scope including a set of physically connected nodes

with no intermediate hops outside the partition. Albeit-suf

ficient for applications exhibiting spatial locality, sunb-

tion cannot be used to address, e.g., a set of geographically

. . sparse actuators, as in our reference application.
aggregate measures-the average speed of vehicles in a ; o . .
highway sector or the average queue length on aramp. This  Differently from traditional node-level programming, in
information is fed as input to an algorithm determining the Macroprogramminglevelopers reason at a high level of ab-

actionsto achieve the system objectives, e.g., maximize the Straction focusing on the system as a whole instead of sin-
flow of vehicles on the highway. These actions are then 91€ nodes. A dedicatecompilertakes care of translating
communicated to the ramp signals and speed limit displays."€ high-level specification to node-level code. As exam-

The specific algorithms employed depend on the goals andP!®: TinyDB [12] offers a database interface to WSNs where
metrics of interests. users submit queries specified with a dialect of SQL. A no-

tion of query scoping is present whereby queries are not
Need for Scoping. As illustrated in Figure 2, multiple con-  delivered to nodes that cannot provide useful data. How-
current activities must be performed to achieve the overall ever, this does not emerge at the programming level, as the
application goal, in our case, regulating the vehiclesdpee span of a query is ultimately dictated by the current sensor
and access to the highway. Each of these activities can bgeadings, and not by application-specified requirements.
decomposed in several, inter-dependent steps where the out  The work in [17] targets shared, multi-user sensor net-
puts of one stgp are fed as |nput to the following one. Sinceworks, and exports a strongly-typed, functional language t
nodes have different capabilities, each such step must beypress processing. Sensors are named via URI relative to
ultimately mapped to a different system partition that in- the host they are connected to. Still, programmers are not
cludes only nodes with specific characteristics. As aresult provided with dedicated constructs to specify interaation
each processing step can be regarded as mapping the inymong logically-defined system partitions, e.g., to dieect
puts obtained from a specifgubset of node® adiffer-  given output from a highway sector to the adjacent ones.
ent s_ubseF of nodgsTherefore, the programmer must_not Kairos [8] proposes a macroprogramming model in-
only identify the differenscopesbased on the application spired by parallel architectures. Developers expressphe a

requw_ements, but, more importantly, express non-trivial plication behavior by writing or reading variables at nqdes
teractionsamong them. iterating on the 1-hop neighbors, and addressing arbitrary
Scopingin the State of the Art. Most of the existing WSN ~ nodes. Regiment [16] is a functional macroprogramming
programming frameworks provide little or no support for language based on the notion of region stream: a spatially
scoping. For instance, Hood [23] is a node-level program- distributed, time-varying collection of node states. Tehes
ming model that provides the ability to identify subsets of are taken as input to functions used to express the applica-
nodes in a physical neighborhood using application-definedtion processing. In both cases, no generic construct is pro-
filters. The interactions are, however, limited to 1-hop eom Vided to express non-trivial interactions among subsets of
munication and a many-to-one pattern. These features aréodes.

insufficient for the applications we target, where the nodes In conclusion, most of the existing approaches target
in a scope may not be in range of each other. Abstract Re-node-level programming where developers still handle low-
gions [22] is another node-level solution where a subset oflevel aspects, focus on specific classes of applicatioris [11
nodes share data using a tuple space-like communicatioror do not provide scoping as a first-class programming con-
model. However, the definition of the membership of nodes struct [12]. These characteristics drastically limit thex-

in a regionis hard-wired in the region run-time layer. There pressive power, and therefore their applicability.

Figure 2. Data processing in traffic manage-
ment.



Contributions of this paper. To address the above issues, ) . ) .
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e Programming Constructsfor Scopingin Macropro-
gramming. In Section 3 we illustrate how the addition
of a few constructs to an existing macroprogramming
model enables the specification of completerac-
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; ; ; inati Channel -
of scoping to macroprogramming provides application ~ Channel / ~ < Apstract
developers with #ogicallayer on top of the underlying T ¢ Channel
physical system, abstracting away tpieysicalloca- A%satgd —7 lemperature

tion of data. This greatly simplifies the programming
activity, thus speeding up the development process. To _
illustrate our ideas, we enable scope-based interactions Figure 3. A sample ATaG program.

in ATaG [1], a macroprogramming framework. For the

sake of completeness, the salient features of ATaG areMixeddeclarative-imperativeapproach. The notions ab-
summarized in Section 2. Nonetheless, our techniquesstract taskandabstract data itenare at the core of ATaG’s

can, in principle, be incorporated also in alternative Programming model. A task is a logical entity encapsulat-
macroprogramming approaches. ing the processing of one or more data items, which rep-
resent the information. The flow of information between

tasks is defined in terms of their input/output relations. To
achieve thisabstract channelare used to connect each data

item to the tasks thatroduceor consumet.

e Compiler and Run-time Support for Scoping. We
demonstrate théeasibility of our approach by devel-
oping a complete development framework in support

of the resulting programming model. In this respect, , ! .
Section 4 illustrates the compilation process used to Figure 3illustrates a sample ATaG program specifying a

map the new macroprogramming constructs to the API cluster-based, data gathering application. Sensorsmathi
provided by a dedicated, node-level run-time. Next cluster take periodic temperature readings, which are then
Section 5 discusses code metrics gathered on the im-cOllected by the corresponding cluster-head. The former
plementation of our reference application, as well as pehawor is encoded in th®amplertask, while the I_atter
simulation results obtained by running the actual code IS 'ePresented b§luster-Head TheTemperaturelata item
resulting from the compilation process. Our results is connected to both tasks using a channel originating from

show that the ease of programming brought by our ap- S@mPplerand a channel directed @uster-Head

proach does not come at the cost of degraded system 1asks are annotated wifiring andinstantiation rules
performance. These present significant improvements! he former specify when the processing in a task must
w.r.t baseline solutions, and scalability properties sim- b€ triggered. In our example, tt@amplertask is trig-

ilar to optimal solutions computed with global system 9gered every 10 seconds according to ez i odi ¢ rule.
knowledge. The Cluster-Headfires whenever at least one data item

is available onany of its incoming channels, in accor-

This paper builds upon our previous work in sensor net- qance with itsany- dat a firing rule. The instantiation
work macroprogramming [1], briefly summarized in Sec- ryles govern the placement of tasks on real nodes. The
tion 2. NevertheIeSS, the integration of SCOping into the nodes- per - i nst ance: 1 construct requires the task to
ATaG language is achieved through novel programming pe instantiated once on every node. On the other hand, the
constructs, which yield an expressive power much higher gy ea- per - i nst ance construct used fo€luster-Head
than our previous work. Furthermore, we demonstrate theentails partitioning the geographical space accordingéo t
practical feasibility of our approach by developing a dedi- given parameter, and deployingeinstance of the task per
cated compiler and run-time support, and by quantitatively partition.

assessing the system performance through software metrics apstract channels are annotated to expresteesstof

and simulation results. atask in a data item. In our example, ®@mplettask gen-
. erates data items of typEemperaturekept| ocal to the
2. The ATaG Programming M odel node where they have been generated. Chester-Head

uses thalomai n annotation to gather data from the tem-
For the sake of completeness, we briefly summarize perature sensors in its cluster, which binds to the system
the salient features of ATaG. For additional details, the partitioning obtained bgr ea- per -i nst ance and con-
reader is referred to [1]. The Abstract Task Graph [1] nects the tasks running in the same partition.
(ATaG) is a macroprogramming framework providing a The code within a task is the only imperative part in an



ATaG program. To express data exchange between tasks imompute the average speed for each highway sector, so we

the imperative code, programmers are provided with the ab-need to identify the different sectors uniquely. This haarbe

straction of ashared data poglwhere each task cautput achieved with revisethstantiation rulesthat give applica-

data, or benotifiedwhen some data of interest is available. tion programmers the ability to map tasks to application-

Dedicated APlIs are provided for this. defined subsets of nodes, e.g., all the nodes deployed in the
same highway sector.

3. Scoping in a Macroprogramming L anguage Data Exchange. Albeit necessary, the above additions
do not yet enable the description of interactions between
In this section, we bringcopingin macroprogramming  Scopes. For instance, in our scenario the speed limit is de-
by augmenting the ATaG programming model. We first il- cided based on the information sensed in three neighboring
lustrate how subsets of nodes are specified, and then discuddighway sectors. To achieve this, we should not only iden-
the novel programming constructs we introduced using antify the speed sensors deployed in three consecutive sector
ATaG-based implementation of our reference application asbut alsodeliver their data to a scope including the nodes

example. where a task computing the speed limit has been instanti-
ated. To achieve this level of expressivity, we define new
3.1. Determining Scopes channel interesti ATaG, so that application programmers

can specify the task interests by referring to logical prepe

Subset of nodes can be determined in several ways. Intes of data, regardless of their physical location.

this work, we take a simplistic yet general approach, and
identify the nodes in a given subset as those satisfying a
membership functiorfs(i), wheres is a scope and is )
a node. The boolean output ¢f returns whethei be- _ T_he syntax and use of the scoping constructs are_shown
longs to scopes or not. In turn, the actual definition of N Figure 4, where we illustrate an ATaG implementation of
f, is obtained as the composition of atonbieolean pred- ~ OUr reference application. AII the application inform@tie
icateson the nodes characteristics (calledde attributes ~ represented as ATaG data items. The actual algorithm de-
hereafter). As an exampld, (i) == isInSector(1,i) A termining Fhe actuation part is encapsulated in two tasks:
hasSpeedSensor (i) identifies the subset of nodes equipped SPeedLimitCalculatoand RampSignalCalculatorwhose
with a speed sensor and deployed in the first highway sectorinPuts are the data produced by tasks deriving the average
The boolean predicates are automatically generated bymeasures. Once the actuation is determined, it is given as
an additional tool we developed that essentially inspéets t INPUt to the tasks operating displays and ramp signals. As
attributes attached to nodes, and presents a list of ptegica described next, onlthree additional constructare needed
to the programmers that only need to compose them in thef® Qescnbg the interactions required in our ref(.er.enc;elappl
desired way. With this approach, it is quite natural to de- Cation. Still, theircombinationenables the specification of

termine the desired scopes. In turn, node attributes can b&OMPpleéx communication patterns otherwise hard (or impos-
straightforwardly generated in a variety of means, e.gmfr ~ Sible) to describe.

third-party meta-data describing the characteristicsspea Instantiating Multiple Tasks in a Scope. The Speed-

3.3. ATaG Constructs for Scoping

cific hardware platform [20]. Sampler task is in charge of gathering the raw data
from a speed sensor on a ramp leading to the high-
3.2. Scoping in ATaG way. Therefore, it must run on a node equipped with

the corresponding sensing device. To express this require-
To enable interactions between scopes, we need to modment, thenodes- per -i nstance: 1@peedSensor
ify primarily two aspects in the ATaG programming model: construct is used, wher@peedSensor is a place-
task placementnddata exchangeetween tasks. The for- holder for a membership functioffspceasensor (i) =
mer express the scop&sereprocessing will take place, hasSpeedSensor(i). In our current prototype, this is spec-
whereas the latter describe tinéeractionsamong scopes. ified using a simple XML file, shown in Figure!5 Sim-
ilar constructs are used f&tampSampleiSpeedLimitDis-

Task Placement. From the application perspective, higher player andRampSignalDisplayer

expressivity in task allocation is motivated by the need of
mapping a specific processing to nodes equipped with thel nstantiating a Single Task in a Scope. The AvgSpeed-
needed sensing/acting devices, or those present in specifi€alculator task takes as input the raw data coming from
rgglons. For |ns.tance,.a task deSIQned to Qperate the r.amp Litis not our intention to force the programmer to write XMlretitly,
signal r_nUSt be instantiated on a node having that particu-ye instead envision these specification to be auto-gemetatean inte-
lar device attached. However, we need only one task tograted development environment.
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Figure 4. The ATaG program for the traffic management applica tion.

<task nane="SpeedSanpl er">
<instantiationrul e>
<nodes- per-i nstance
nunber =" 1"
scopePr edi cat e="hasSpeedSensor"/ >
</instantiationrul e>
</ task>

HighwaySector A HighwaySector B HighwaySector C
logical hops fromA: 0 ' logical hops from A:1 ' logical hops from A: 2

Figure 5. XML declaration for @peedSensor
in Figure 4. Figure 6. Logical hops over the
H ghwaySect or attribute.

the speed sensors in a sector, and derives the average speed

of vehicles in the same sector. Therefore, we need such éAvgSpeedCalculatdp both theSpeedLimitCalculatoand
task to be instantiated once per sector. To express this, théhe RampSignalCalculatois used to push a data item to
partition-per- instance: 1/ H ghwaySect or a different highway sector. It represents a number of hops
construct is used. Agairti ghwaySect or is a place-  counted not on the physical network links, but in terms
holder for a membership function that identifies all the of how many system partitions (derived from the attribute
nodes in a specific sector. The compiler generates allgiven in parenthesis) can be crossed. Figure 6 illustrates
possible values of the corresponding node attribute —the concept graphically. Given the partitioning induced by
that describes the sector where a node is placed in theheH ghwaySect or attribute, requiring one logical hop
highway— and requires the task to be instantiated on oneon that attribute means, for &vgSpeedCalculatdask, to
node in each sector only. push a data item to the same, immediately preceding and
following highway sectors. Notice how the semantics of
specifying zero hops is to not cross any partition, i.e., to
push to the same partition where the data item originated.
In this sense, thelomai n construct actually constitutes

a particular case of the more genetalgi cal - hops
construct.

Inter-Task Communication. To bind tasks running
in the sameH ghwaySect or, the domai n anno-
tation can still be used. However, this time it
binds to the system partitioning obtained through the
partition-per-instance instantiation rule. Differ-
ently from ar ea- per - i nst ance, this rule determines
the different partitions at a logical level, by considerthg Dynamic Scopes. In this example we define only static
node attributes instead of the geographical location. scopes, i.e., we use predicates over attributes that do not
More  generally, the  construct | ogi cal - vary with time. However, the resulting programming model
hops: 1( H ghwaySector) connecting, e.g., the does not prevent, in principle, the definition of scopes in-



volving time-varying properties of the nodes. For instance data item includes all the nodes satisfying two specific
one may specify a predicate@SensingCar (i), that holds constraints: i) they are assign&peedLimitCalculatoor
when a presence sensor is detecting a car nearby. HoweveRampSignalCalculatgrand ii) they are deployed either in

it is not clear what would be the semantics of involving the same sector whekesrgSpeedCalculatas running, or
such a predicate in, e.g., a task instantiation rule. Shouldin one of the adjacent sectors. Notably, this can still be
the task be moved to another node when the condition nocaptured as a scope according to the specification we in-
longer holds? If not, should the task be suspended and keeproduced in Section 3.1. Indeed, consider for instance an
the previous state when the condition holds again, or shouldAvgSpeedCalculatdask deployed in sector 5. The subset
it just reboot? We believe supporting dynamic scopes mayof nodes where the data item should be delivered can be
make the programming model unnecessarily complicated,described as:

and the final application behavior hard to predict. For this

reason, we are currently investigating the application sce  favgspeea(i) = (isInSector(4,1)v
narios that may need such a feature, and the semantics re- ?51n560t0f(5,1)v
quired in each case. isInSector(6, j))A

(isSpeedLimitCalculator (i)V
4. Compiler and Run-time Support isRampSignalCalculator(i))
where the former conjunct refers to an attribute describing
Our prototype system leverages off the JavaZME [10] where a node has been placed, whereas the latter conjunct
language and APIs to describe the imperative part of predicates over the assignment of tasks to nodes.
an ATaG program, and targets the SunSpot sensor plat- Based on the above observation, the compiler looks at
form [21] as underlying hardware platform. Nonetheless, the scopes defined in the application, and generates further
any imperative language can be used instead of Java, agcope definitions to identify the data paths. Specifically,
long as it employs a threaded execution model, e.g., the Cfor each data item, the compiler creates the corresponding
language on top of the Contiki OS [5]. data paths by combining the channel annotations between
To generate the node-level code from the ATaG specifi- the producer and consumer tasks with the scopes mentioned
cations, we implemented a dedicated compiler, whose charpp, the task instantiation rules. These are used either to de-
acteristics and performance are illustrated in [18]. The€o  termine the target system partition (as done for the highway

piler takes as input the ATaG program and information on sector in the example), or to identify the receiver node thase
the attributes attached to the nodes in the final deploymentgp, the task it is running.

Compilation starts by deciding the specific node where each ¢ the run-time layer, we re-used the routing mecha-

task will be running. This is accomplished by looking atthe isms of Logical Neighborhoods [15] to deliver data to the
instantiation rules specified in ATaG, and matching them ., 4es satisfying a given scope specification. With Logi-

against the node attributes. o . cal Neighborhoods, the physical neighborhood of a node is

When_more than a ch0|_ce_for instantiating atask is avail- replaced by a logical notion of proximity determined by ap-
able, asin the case par ti tion-per-instance,the  pjicative information. Communication is implemented us-
compiler should place the tasks to minimize some Metrics g 4 form of attribute-based routing where the logical prop
of interests (e.g., network traffic). This problemis ortheg  gries of the nodes drive message propagation [14]. In this
nal w.r.t. the support of scoping constructs, since it can beyori we use the node attributes involved in the definition of
considered as an instance of a graph embedding problemay jeast one data path as logical properties of the nodes, and
We are currently working on this aspect as an independentye gata paths themselves as neighborhood defirftidias
direction of research [18]. Here, instead, we intend tosB8Se  jnteract with the nodes in a (logical) neighborhood, the pro
the performance of our run-time support to scopes in |50Ia-grammer is provided with a simple message-passing AP,
tion, without the influence of smart compilation techniques | sqq tdbroadcast(in a logical sense) a message to all nodes
Therefore, we take a simplistic approach, and assign task§nemper of a neighborhood. The ATaG node-level run-time
to nodes randomly when these are not tied to the nodes’ cajeyerages off this feature to distribute the data items atutp
pabilities. by tasks.

After tasks are bound to nodes, the compiler determines Note that our run-time layer doewmt require the data
the prograndata paths These are logical addresses iden- paths to be evaluated at compile-time. Conversely, ev-
tifying the location of tasks that should actually receive ery time a data item is output by a task, our run-time re-

a data item once output by another task. Consider, for g\ a1;ates the corresponding scope definitions. Interggtin
instance, the data exchange betwéengySpeedCalculator

and eitheiSpeedLimitCalculatoor RampSignalCalculator 2The mapping from data paths to neighborhood definitionsrésigstt-
in Figure 4. In this case, the data path for AvgSpeed  forward, and omitted here for brevity.




this readily provides support for dynamic scopes and mi- [ Parameter Name | Value |
grating tasks. Indeed, to support these features, our ap- Fiopagation Model | Two-ray Ground
proach does not require modifications to the scope defi- MAC Layer CSMA
nitions output by the compiler. For instance, if the node z’g:]mﬁfgggoiaéznge 250 Kbps
running SpeedLimitCalculatorchanges at run-time, ev- Message Size 47 bytes

ery scope includingsSpeedLimitCalculator (i) will sim- E'L“n:*t';t:oof} Egjztitions 5800 secs

ply evaluate to a different subset of nodes the next time

a data item is output bAvgSpeedCalculatorAs already Figure 7. Simulation parameters.
mentioned, however, the aforementioned functionalityehav
deep implications on the language semantics. For instancetaking care of automatically generating the corresponding
what happens if no node is available to accept a task will- imperative code and the inputs for the node-level run-time.
ing to migrate? We are actively studying how to address  Considering the code implementing each task, it is pos-
these issues in the programming model, leveraging off thesible to identify a recurring pattern with only two classes
support our run-time layer already provides. needed. One represents the task itself, and contains the
processing to interact with the data pool. This same class
usually holds a reference to a second class containing the
actual processing, e.g., to average the incoming data as in
AvgQueuelengthCalculatoXotably, all the state variables
One of the issues in devising high-level programming defined in these classes relate only to the application seman
models for WSNs is to provide an acceptable run-time per- tics, and never refer to distribution aspects. This is acide
formance. Indeed, the inability to reach the lowest possibl thanks to the way communication patterns are specified in
levels in the protocol stack may prevent developers from our approach: the data recipients are always determined
fine-tuning the final node-level code. In this section, we implicitly by the definition of scopes and the interactions
argue that our approach provides a reasonable trade-off beamong them. Therefore, the programmer does not need to
tween these two extremes, by first examining the develop-care about this in the actual application code.
ment effort in our reference application, and then repgrtin
on performance results gathered in simulations.

5. Evaluation

Simulation Settings. To verify that the above advantages
do not entail a degraded run-time performance, we quantita-
Evaluating the Programming Effort. Quantifying a de-  tively characterize the behavior of our reference appbecat
veloper's effort is a challenge per se, because of the lackin a simulated scenario. We use the SWANS/Jist simula-
of widely accepted methodologies and metrics. This is tor [2], as it is able to rumnmodifiedJava code on top of a
brought to an extreme in sensor network macroprogram-simulated network. This way, we measure the performance
ming, where most of the existing metrics cannot even be ap-of the same code that can be deployed on the real nodes.
plied given the early stages of the field. However, interest-  The relevant simulation parameters are reported in Fig-
ing insights can be gained by looking at finection of code  ure 7. We consider the scenario in Figure 1 as network
developers write w.r.t. the entirety of code deployed on the topology, with a highway sector 20 meters wide and 200
real nodes. This captures the extent to which the applicatio meters in length. We place the forwarding nodes 25 meters
semantics is achieved by either leveraging off the mecha-apart, and randomly distribute the speed sensors on the four
nisms in thenode-level run-timeor automatically generat-  lanes so that each of them is range of at least another speed
ing code. In this respect, it represents the actual added valuaensor or a forwarding node. Similarly, the presence sensor
of the programming model: themalleris this fraction, the  are randomly distributed on the ramp so that each of them
betterthe abstractions provided are assisting the program-is in range of at least one speed sensor or another presence
mer, thus speeding up the development process. sensor. The node controlling the ramp signals and the speed
With our solution, a total of 51 Java classes need to belimit displays are placed between different sectors, on op-
compiled to deploy our reference application on the single posite sides of the road. Overall, 18 nodes are deployed in
nodes. However, only 15 of them are the direct result of de- each highway sector.
velopers’ effort. Furthermore, considering the actual Aum Note the message rate is implicitly determined by the
ber of lines of non-commented code, only about 12% of application itself, in particular by the firing rules for kass
them are hand-written by developers, whereas the rest is eifor instance, a node running an instancd&kampSampler
ther part of the run-time support, or automatically gerestat generates one message every 10 seconds, as its firing rule
by our dedicated compiler. We believe these results are duds peri odi c: 10. The AvgQueueLengthCalculatdires
to the flexibility of the scoping abstraction we enabled in for any data item received, and correspondingly outputs a
the programming model. Complex interactions can indeednew data item. Therefore, if folRampSamplerare in its
be specified in a fully declarative manner, with the compiler donai n, AvgQueuelLengthCalculatarill generate a mes-



sage every 2.5 seconds, on the average. P Ry — ‘ ‘ M

The simulation runs differ in the random seed, the loca- oung % :
tion of nodes, and the assignment of tasks to nodes when the
choice is not unique. As performance metrics, we consider
i) the number ofissing actuationsn the environment, re-
sulting from one or morenessage lossem the path from
the sensing tasks to the actuation tasikshenetwork over-
head represented as the overall number of messages sent at
the physical layer, aniii) the average number ghysical I ‘ ‘ ; ‘ ‘ |
hopstraveled by a message carrying a data item before ei- 2 s 4 5 s 7 & 9
ther being discarded or delivered. umber oftighway Sectors

As the goal of the application developer is that of de- (a) Average number of physical hops traveled.
ciding actionsbased on dataensegdthe first quantity in- 8000
tuitively measures theuality of serviceprovided by the
implemented system. Differently, as communication dom-
inates the energy expenditures in WSNs, the second mea-
sure assesses the actual feasibility of our approach on real
devices. The third measure gives insights into the trends
related to communication cost, describing where communi-
cation takes place. As independent variable, we choose to
vary the number of highway sectors, as this indirectly dic-
tates the system scale. L S T
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30| e
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*
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For comparison, we compute the aforementioned met- Number of Highway Sectors
rics for anoptimal solutionminimizing the network over- (b) Network overhead.

head, based on global knowledge of the network topology.

We first identify the optimal task placement given the ex-  Figure 8. Reference application performance.

pected network traffic, and then the minimum cost routing

tree connecting a sender to all the intended recipients. Thdayers aware of them.

performance obtained with a pure flooding scheme are also  Figure 8(b) depicts the trends in network overhead

reported as an upper bound for further comparison. against a varying number of highway sectors. With our so-
lution, this metric is much closer to the optimal solution

. . . X 0 than to flooding. More importantly, the trend as the num-
dlscussed_earller, our solution can p_row_de at least 96% Ofber of highway sectors increases mimics that of the optimal
the actuations that would be occurring in case there Wereso|ution, while flooding reveals a much steeper increase.
(e believe this performance is reasonable, also consiglerin

. ded recipi R kablyv. thi ot affected tasks are placed randomly when the decision is not unique.
Intended recipients. Remarkably, this metrioa affecte All the metrics are indeed likely to see a dramatic improve-

by a varying _number of highway s_ectors (and is hence Ot ent if the compiler placed the tasks smartly using a cost
shown graphically). Such a behavior demonstrates how our

. o . model of the underlying routing scheme. This is in our im-
scoping constructs allow the application semanum«r_o- mediate research agenda.
late down to the network layers. Indeed, the application re-
quires its processing to span at most three adjacent highway .
sectors, and is therefore independent of the overall numbe6- Conclusion and Future Work
of highway sectors.

The chart in Figure 8(a) further confirms the above rea-  In this paper we introduce programming constructs to
soning: as expected, the number of hops traveled by a mesenablescope-based interactions sensor networknacro-
sage using flooding rapidly increases with the number of programming Our approach allows programmers to ex-
highway sectors. On the contrary, our solution keeps an al-press complex communication patterns with a few program-
most constant performance in a range of settings, effégtive ming constructs. The feasibility of our approach is demon-
ending up close to the theoretical minimum. Note how it strated by a dedicated compiler we developed, and by simu-
is hard to achieve the same form iofiplicit cross-layer lation studies assessing the performance of the final imple-
optimizationin the absence of scoping: if the program- mentations.
ming model does not allow interactions among application-  Our immediate research goals include the definition of
defined scopes to be defined, it is hard to make the routinga precise semantics associateddimamic scopesand a

Simulation Results. Given the message generation rates

rying the application data are effectively delivered to the



full support tomigrating tasks As an independent direc-

tion of work, we are also exploring techniquesaitimize
the placement of taslan the nodes during the compilation
process by looking at the expected flow of information.

Acknowledgements. This work is partially supported by

the European Union under the 1IST-004536 RUNES project
and by the National Science Foundation, USA, under grant
number CCF-0430061 and CNS-0627028

[15]

References

[1] A. Bakshi, V. K. Prasanna, J. Reich, and D. Larner. The [16]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

9]

[10]

[11]

[12]

Abstract Task Graph: A methodology for architecture-

independent programming of networked sensor systems.
In Workshop on End-to-end Sense-and-respond Systems
(EESR) 2005.

R. Barr, Z. J. Haas, and R. van Renesse. Jist: an efficient
approach to simulation using virtual machin&aftw. Pract.
Exper, 35(6), 2005.

I. Chatzigiannakis, A. Kinalis, and S. Nikoletseas. Atap-

tive power conservation scheme for heterogeneous wireless
sensors. IrProc. of thel7"" Symp. on Parallelism in Algo-
rithms and Architecture2005.

A. Deshpande, C. Guestrin, and S. Madden. Resourceeawar [19]

wireless sensor-actuator networkEEE Data Engineering
28(1), 2005.

A. Dunkels, B. Gronvall, and T. Voigt. Contiki - a
lightweight and flexible operating system for tiny netwatke
sensors. Inlst IEEE Workshop on Embedded Networked
Sensors2004.

C. Frank and K. Romer. Algorithms for generic role as-
signment in wireless sensor networks. Rroc. of the3™

ACM Conf. on Embedded Networked Sensor Systems (Sen-
Sys) Nov. 2005.

[22]

(23]

Habitat Monitoring on the Great Duck Island.
www. great i sl and. net .
R. Gummadi, O. Gnawali, and R. Govindan. Macro-

programming wireless sensor networks using Kairos. In
Proc. of thel** Int. Conf. on Distributed Computing in Sen-
sor Systems (DCOSS)005.

T. T. Hsieh. Using sensor networks for highway and traffic
applications.|EEE Potentials23(2), 2004.

Surf™ Java2 Micro-edition
j ava. sun. coni j avane.

L. Luo, T. F. Abdelzaher, T. He, and J. A. Stankovic. Eavi
suite: An environmentally immersive programming frame-
work for sensor networksTrans. on Embedded Computing
Sys, 5(3), 2006.

S. Madden, M. J. Franklin, J. M. Hellerstein, and W. Hong
Tinydb: An acquisitional query processing system for senso
networks.ACM Transactions on Database Systems (TODS)
30(1), 2005.

Specification,

[14]

[17]

(18]

[20]
[21]

[13] C. Manzie, H. C. Watson, S. K. Halgamuge, and K. Lim.

On the potential for improving fuel economy using a traffic
flow sensor network. IfProc. of the Int. Conf. on Intelligent
Sensing and Information Processjrif05.

L. Mottola and G. P. Picco. Logical Neighborhoods: A -pro
gramming abstraction for wireless sensor network$rirc.

of the the2? Int. Conf. on Distributed Computing on Sensor
Systems (DCOSS)006.

L. Mottola and G. P. Picco. Programming wireless sensor
networks with Logical Neighborhoods. Rroc. of thel*

Int. Conf. on Integrated Internet Ad hoc and Sensor Networks
(InterSense)2006.

R. Newton and M. Welsh. Region streams: Functional
macroprogramming for sensor networks. RAroc of thel®*

Int. Workshop on Data Management for Sensor Networks
(DMSN) 2004.

M. J. Ocean, A. Bestavros, and A. J. Kfoury. snBench:-Pro
gramming and virtualization framework for distributed mul
titasking sensor networks. Proc. of the2? Int. Conf. on
Virtual execution environment006.

A. Pathak, L. Mottola, A. Bakshi, G. P. Picco, and V. K.
Prasanna. A compilation framework for macroprogramming
networked sensors. Rroc. of the the3” Int. Conf. on Dis-
tributed Computing on Sensor Systems (DCO3X)7.

E. Petriu, N. Georganas, D. Petriu, D. Makrakis, and
V. Groza. Sensor-based information appliancdsEE In-
strumentation and Measurement Mag..31-35, 2000.

SensorMLyvast . uah. edu/ Sensor M./ .

Suf™  Small Programmable Object Technology (Sun
SPOT)ww. sunspot wor | d. com

M. Welsh and G. Mainland. Programming sensor networks
using abstract regions. IRroc of the1** USENIX/ACM
Symp. on Networked Systems Design and Implementation
(NSDI), 2004.

K. Whitehouse, C. Sharp, E. Brewer, and D. Culler. Hood:
a neighborhood abstraction for sensor networks.Ptoc.

of the2™? Int. Conf. on Mobile systems, applications, and
services (MOBISY S2004.



