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Abstract cross-layer interactions are needed — as it is the case $oisen
networks —, they have to be used deliberately.

In the field of sensor networks cross-layer interactions are Althouah cross-laver interactions are becoming more and
favored over strict layering of components and regarded as a 9 y 9

way to provide the optimization capabilities required bypsar mo()r;ix:iaog'ﬂ]ogélg]aer rI?\qf:I:;?Thinrf';Orzoszitninnqmo?qr I?]r&giﬁge sup-
network applications. Despite their importance, devetspep nu ) ' ! u &

tend to devise specific solutions for the application at hanalc cross-lqygr Interactions yet, Thergforg, we h‘f"VG exadhin
everal existing sensor network applications to find outrethe

instead of designing more general primitives that can b@lusg] ) laver interactions and to ident it
across applications. The contribution of this paper is wlof ey use cross-layer interactions and to identify patteors
mpn to them.

We analyze several typical sensor network applications a Based h | h d ing |
provide a classification of the types of cross-layer intémats ased on t ese resu ts we have created programming an-
gyage abstractions for a common form of cross-layer in-

found in their code. Based on this classification, we propo : -

Ti nyXXL, an extension to th@esC language that defines teractions. Our approa_ch, ca’I,Ie'Ei n_yXXL (‘Exchange of

primitives for seamless cross-layer data exchange. Cross-Layer Data forTi nyCS’) faqhtates data excha_mge
between software components while largely preserving the

modularity of the system. We have implement&dny XXL

as an extension to theesC programming language [3].

Resource limitations typically found in wireless sensot-ne The rest of this paper is organized as follows. Section 2

work devices accentuate the need for algorithm optiminatiogives our classification of cross-layer interactions inssen

in sensor network applications. The goal of these optinurat network applications. Section 3 describEisny XXL, our ex-

is to conserve energy (e.g., by reducing radio communieatiaension of thenesC programming language to support cross-

or to make the memory footprint in RAM smaller (e.g., byayer data exchange. In section 4 we evaluBitey XXL and

avoiding redundant data). Only with such optimizations jh section 5 we give an overview of related work. Finally,

is possible to run a sensor node for weeks or even montgtion 6 concludes this paper and describes possibitities
with a single set of batteries, as required by many sefixther extendTi nyXXL.

sor network applications, or to develop complex software
systems for hardware platforms with only a few kilobytesy | AssiEiCATION OF CROSS-L AYER | NTERACTIONS
of RAM. One technique for such optimizations are cross-
layer interactions, where — in contrast to a strictly lagereAlthough there are no traditional layers in component-tase
architecture — software layers interact more closely. &rosarchitectures, components can be classified at a certagh lev
layer interactions are widely used in sensor networks [8f abstraction (e.g., hardware abstraction level or appba
and are often regarded as a necessity [4]. In addition, crokavel). These levels of abstractions can be regarded asslaye
layer interactions offer the possibility of dealing witheth The concrete form of these conceptual layers is part of the
special properties of wireless networks that cannot be lrdnddesign decisions taken by the application developer, agthitmi
well by strictly layered architectures [1]. Therefore, ensor change from application to application. In such architesgu
networks, the traditional layered approach is substitutgd cross-layer interactions are implicitly allowed sincerthés
component-based architectures where cross-layer itimmac no restriction as to which component can be used [8]. With
are more easily performed. this view cross-layer interactions are not limited to thevoek

As described by Kawadia and Kumar [6], cross-layer irprotocol stack but can occur between any system or apmicati
teractions can have a negative effect on desirable pregerg¢omponents.
of the software architecture such as modularity. For exampl In this paper we consider cross-layer interactions to be all
if cross-layer interactions are not performed in a congbll interactions among components of logically separate ayer
fashion, it might not be possible to exchange a module withatlnat are beyond the use of narrow functional interfaces of
(major) changes to others. In addition, when modules interastrictly layered architectures. For example, such inte&oas
closely, they cannot be developed independently. Thezefbr skip layers or couple them more tightly.

1. INTRODUCTION
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or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.



A. Selected Applications It is worth noting, however, that function calls and data ex-

In order to provide a classification of cross-layer inteag  €hange are not mutually exclusive. For example, data sharin
that apply to a wide variety of applications, we have analyz&an be _implemented by using function cal!s that return the
existing sensor network applications and system compenefPPropriate data to the caller. In fact, there is no clearentr
available in theTi nyQS CVS repository at Sourceporge.nef_dentlflcatlon of cross-layer interactions, due to the fewtt
and those developed by our research group. Since we consl@¥grs are not explicitly defined.

Ti nyOS [5] to be the typical operating system for sensor Let us now look at a more detailed description of each kind
network applications, we focus on applications built on toﬁf interaction using examples from the applications we have
of this system using th@esC programming language [3]. @nalyzed. o

nesC uses an event-based programming model where thel) Merging of componentsThe combination of compo-
basic program unit, a component, can be “wired” togeth@?nts into a single one is normally used to allow for easier
with other components to form an application. Therefor@teraction among them. Thi§ kind of intergction is easy to
interactions based on the use of specific interfaces can fofRPlement and does not require the separation of layerd.at al
an arbitrary dependency graph. For instance, it is posgiiole However, it is unstr_uctur.ed aqd contradicts the princigés

a high-level application component to directly use a lovele good software engineering, since it does not allow for the

hardware component. easy and independent development, exchange and reuse of
We have analyzed three nontrivial applications, namefpmponents. _ _
Ti nyDB, Acoust i cLocal i zati on, and Sense- R- Us, Merging components can often be avoided by creating

which contain between 11000 and 30000 lines of cod&eParate components that cooperate by using either fanctio
Ti nyDB provides query processing capabilities with an SQLQaIIs or some form of data exchange. Therefore, there is
like query language and offers a generic solution for dapsually a better alternative to simply combining code that
gathering.Acoust i cLocal i zati on can be used to de- requires some more thought. Nevertheless, this simple &drm
termine the geographic position of nodes in a sensor netwdi@Ss-layer interactions is often seen in practice. Fomgte,

by taking advantage of the difference in the speed of radid Ti nyDB, TupleRouterM, an application-layer component,
waves and sound. FinallBense- R-Us is an application includes parts of the routing code because it needs to dieierm
developed by our research group that uses a sensor networRféch node should receive aggregated results, for example.
determine the position of student and research assisties;t ~ 2) Replacement of system componentésother form

the location and duration of meetings, etc. This applicetias of unstructured cross-layer interaction is the replacenoén

been designed from the ground up usifigny XXL. system components. This is normally used to add specific
. ) functionality of the application components into lower éay
B. Forms of cross-layer interactions that otherwise do not offer it. The problem with this kind of

Fig. 1 shows the taxonomy of cross-layer interactions wmeteraction is that side-effects on other system companamd
have created by analyzing the aforementioned applicatians non-application components are hard to determine.
the figure we distinguish between unstructured and stredtur Therefore, a much better alternative is — if possible —
forms of interaction. The unstructured interactions amated to include additional application-specific componentshwit
on the left-hand side and represent cross-layer interactimat  similar functionality or to use callbacks in the real sys-
usually tend to make the programming and maintainability #¢m components that implement the desired functionality.
code harder. The first one, merging components, deals wil for the case of merging of components, this type of
combining components that are logically separate into glesin interaction is also very common in applications. For exampl
one. The second type of interaction, the replacement oésystAcoust i cLocal i zat i on replaces severdli nyOS com-
components, can be found in situations where an applicatipanents that are related to sensor value reading and timing.
replaces certain system components with applicationfspecCompared to the standard components, the sensor access
code that uses the same interfaces, but changes the defemttponents add support to read a continuous series of ssmple
behavior of the system. Finally, the third one covers the uaed the timer component has been modified to provide an
of global variables in order to facilitate the sharing of alatinterface that allows for more fine-grained accuracy. Two
between components. disadvantages become apparent with these components. Firs
The right-hand side of Fig. 1 depicts the class of crossrlaythey are only targeted on Mica2 motes, which makes porting
interactions that lead to better structured applicatiofis®e and simulating the whole application difficult. Second, the
first type deals with the use of interfaces for the executibn application-specific timer component has not been updated
callbacks or functions in other layers in a controlled wayisT when the standardi nyOS component evolved. So it does
is the way applications directly access hardware compsnenbt include support for power management, for example, as it
and low-level components execute application-specificecods the case in more recent releaseslbhy CS.
The second type, data exchange, is a structured alterriative 3) Global Variables: This form of interaction uses vari-
global variables. In our view, there are two possibilitiegher ables global to several components to exchange data. The mai
allowing the parametrization of components, or providingroblem here is that the dependencies of software comp®nent
capabilities related to the controlled sharing of data. that read or write these variables are not specified. Thus it
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Fig. 1: Overview of different forms of cross-layer optimizations

remains unclear whether the data is actually needed, whetfienyDB to insert a timestamp into the message at the time
the variables are filled with values at all, or whether theee ait is being sent. This guarantees better accuracy for time
several components writing potentially inconsistent data  synchronization.

In Ti nyOS-based sensor networksesCs component-  Although function calls can be used to implement para-
oriented programming model discourages the use of glolmétrization and data sharing, we consider these two classes
variables although it is still possible to employ them. &@st, to be separate, data-centric forms of cross-layer interst
data is usually defined local to one component with accelSer example, this is true ines C-based applications since this
functions that can be used by other components. This appro@cogramming language does not have separate abstraations f
helps implementing separation of concerns, but it alsodrmd data exchange.
the programmer in doing easy data exchange and forces heB) Parametrization:Parametrization is a cross-layer inter-
to implement extra interfaces. action that has to do with the explicit exchange of data. It is

In our sample applications global variables are also usedrinormally used to adapt the behavior of components using well
a limited way. In these applications only the node’s networdefined switches that change the functionality, executeth,p
address and the application’s group id used for radio conimuatc. In contrast to data sharing, parameters target exanty
cation are stored globally. However, these variables avallys component and modify its behavior based on the necessities
treated like constants. The only reason why they are definefdthe running application.
as variables is to enable applications to dynamically semth  Parametrization of system componentsTinny OS-based
at runtime after installing a new code image, for example. sensor networks is possible because there is usually oy on

4) Function Calls: Function calls are well-supported byapplication actively running on the system at a given time.
nesC using commands and events that are defined in intdthe components of this application cooperate and are ysuall
faces. They are needed not only for cross-layer interagtictailored to fulfill the application’s goals. Therefore, theare
but also for both interactions of components within layerd a no other applications providing conflicting parametriaati of
calls to the functional interface of directly adjacent lesye a component.

For cross-layer interactions, however, function callsrereded  There are many examples of parametrization in the sensor
for the use of specific functionality in lower layers or foeth network applications we have studied, but the most importan
integration of high-level code in lower layers via predefinecharacteristic of all of them is the fact that there is usuatily
callbacks. In systems like sensor networks, where ther® is @ne component that offers an interface for parametrization
clear separation between system and application compgneahd a set of components that use it to provide values. For
function calls can be made from any one component to aexample, the MAC component has an interface to set the
other simply by wiring their interfaces together. radio frequency, change the length of the preamble, and turn

As an example,Sense- R- Us calls low-level functions acknowledgments on or off. Another example for parametriza
to turn on and off sensors as they are needed, atidn is the routing component ii nyDB. Its update interval
Acoust i cLocal i zat i on periodically turns off the radio is adjusted by an application-level component based on the
module. Another example can be found with the componerttata sampling rate of the queries currently being executed.
that acquire network neighborhood information fiirny DB Therefore, if we talk about this cross-layer interaction in
and Sense- R- Us. They intercept all messages received btierms of a publish/subscribe system, parametrizationi@sapl
the node and store information about the senders. Finallyge presence of a variable or a set of variables with only one
low-level networking components define a callback used Isyibscriber (the component it parametrizes), and a series of



publishers which modify its value. developer has to adjust all wirings to this components, nit o

6) Data sharing: Finally, data sharing involves the use othose that use its functional interface but also those thaits
one or more variables in the program that are shared amataja, which can be distributed throughout the applicatian.
components. This information is not related to parameteds aexample, if a routing component that also shares neighlodrho
can be stored, modified and computed dynamically. Unlildata is to be replaced with another component, all wirings
global variables the dependencies on the data are speciféd@omponents using this data — but not using the functional
more clearly here. routing interface — have to be adjusted. Otherwise,nesC

Normally, data sharing is implemented using function callsompiler would still include both versions of the component
that introduce tight coupling, and most of the time devetepeand thus waste resources. In addition, with two components
try to optimize it by hand to avoid duplicate data when regsirproviding the same functionality the application will bigre
components. work properly.

In our analysis of the applications we did not encounter To provide better support for these kinds of interactions
cases where several publishers provided a single piecews have developedi nyXXL which extends thenesC pro-
data to several subscribers. We attribute this to the faat tlyramming language with support for data sharing and parame-
the applications are highly optimized by hand and do neization. Ti nyXXL allows for the specification of cross-layer
include redundant code. Therefore, using the same modeldasa available to several components. One of the advantages
for parametrization, data sharing can be considered asma fasf Ti nyXXL is that it decouples components providing and
of cross-layer interaction where a piece of data has only onsing some data.
publisher, that is, the component that provides this pigce o When compiling an application written ifii nyXXL, the
information to other components, and a series of subseribdi nyXXL compiler generates puneesC code that is then
that are interested in knowing it. actually compiled. This approach has several advantagss,. F

There are many examples of such cross-layer interactionsingnesC as a basis the developer can use all of its features
since there is a large potential for memory and energy sandTi nyXXL can leverage its benefits such as its component
ings. Some of them deal with hardware configuration datmd concurrency models and its optimization techniques. Se
in Sense- R- Us. In addition, in this application information ond, existingnes C applications can be easily modified to take
about the network neighborhood is shared between commuadlvantage ofTi nyXXL. Finally, integrating data exchange
cation components and an application component that uises th the programming language allows for the execution of
data to determine the current position of the node. Likewrse checks and optimizations at compile time, which would not be
Ti nyDB the routing components share much of their interngbssible with a library-based solution. For examleny XXL
data with the application components (e.g., the routingmiar guarantees type safety and the compiler does not include cod

the hop count to the root, and the set of neighbors). in the executable that gathers unused data.
3. DATA EXCHANGE WITH TINYXXL B. Language Description
A. Overview Data to be exchanged among components is declared much

Although the various forms of cross-layer interactions déa the way as interfaces are defined in standaed C code.
scribed in section 2 are used in existing applications,eturr For each group of variables that belong together one sueh dat
programming languages do not provide explicit and adequatefinition file has to be created. For example, the routingetab
support for all of them. For examplags C supports function and the index of the routing parent in this table are stored in
calls between any two components but in order to perforane such file. This file contains the data definition using the
data exchange, the developer has to define an interfacesyotax of normal variable declarations.
access the data, create a component that implements it, anfpecifying dependencies on cross-layer variables in com-
then “wire” all users of this piece of data to this componenponents is done similar to stating dependencies on inesfac
Besides the overhead involved in creating components, tlieth the cross-layer data and parameters used and provided
approach limits modularity. If, for example, a componens hdy a component have to be declared in the header of the file.
been developed independently, it cannot know that anoth&aised on this information th& nyXXL compiler generates
component provides the same cross-layer data. Theretorefunctions to support a publish/subscribe scheme: compgsnen
has to gather and store the same information, which cHrat provide data are publishers whereas components using
lead to both unnecessary RAM usage and increased endtggre subscribers. Unlike several components implemgntin
consumption if the data is not readily available but has to ltee same interfaces, there is only one instance of a specific
acquired by sending messages, for instance. Althoughaeveldata or parameter file in the system. So there is no need to
ers can fix these problems by modifying the components, thesige data declarations to a specific implementation. Thexmai
modifications are often nontrivial and conflict with modulareason for that is to decouple publishers and subscribfeey; t
software development and component reuse. do not have to be aware of each other and can be exchanged
In addition, the standardesC approach hinders maintain-independently. In addition, this way it can be ensured tHat a
ability of the sensor network application. For example, ipublishers and subscribers refer to the same data. Havigg on
the component providing the data has to be exchanged, thsingle instance of the data is possible because in comdrast



. . . . . TABLE 1: NUMBER OF LINES OF CODE(# LOC) IN A MINIMAL APPLICA -
interfaces, there is no need for separate implementatiBes; 10N UsING DATA SHARING

assume that data is identified by having a unique name. This —~agom Total #LOC
idea can also be found in other approaches that centrallg sto PurenesC, data in publisher componerit 46
data in a repository. PurenesC, data in separate component 65

Ti ny XXL 39

If there are several publishers for a single kind of shared
data, theTi nyXXL compiler selects one of them to actually
provide the data. So there is no unnecessary overhead of ) ) ) )
several components providing the same kind of data. system at all. Finally, the third version usBsnyXXL

expect this property to lead to a more modular developmdft déclare the shared data and the dependencies on it. All
of applications that nevertheless are highly optimizedadf three versions provide the same functionality and compile t

such publisher exists, th@i nyXXL compiler reports an 452 bytes of Mica2 code that uses 20 bytes of RAM.

error. Subscriptions to data and parameters as well as thé'S Table 1 shows, théi ny XXL solution requires the small-
selection of publishers is done statically at compile tiffieis €St total number of lines of code. In this specific appliaatio
approach minimizes the amount of RAM needed at runtinferequires 15% fewer lines than times C solution that keeps
(see section 4-B). the variable within the publisher component and even 40%

Accessing shared data and parameters can be simﬁ‘{yer lines than themesC approach that stores the data in a
done by adding the name of the data definitiod€dicated component. It should be noted that these numbers

as a prefix to the variable name (e.g., for th8'® not the same for all applications. They depend on the
routing table RoutingTree is used as prefix in number of publishers and subscribers, the number of shared
Rout i ngTr ee. Nei ghbor Tbl [i Nbr] . parent). The data variables, and the ratio of accesses to this data cethpar

Ti nyXXL compiler translates such variable-like accesses @ @l lines of code. However, this minimal example gives a
function calls that access the data. This way it can enSLQ@Od idea about the g_ene_ral trends that we also expect to find
that shared variables are only written by valid publishet8 More complex applications. o
specifying their dependency and that they are not accessedS @ side note, the code of tfieé ny XXL application seems
via pointers, for example. to be less error-prone. Particularly, creating and impleing
Write accesses to shared data and parameters mustintgrfaces to set the variables in the puares C solutions is a
enclosed in a special block. There are two reasons for thigther dull task that might easily lead to copy-and-pasterer
First, if the component is not selected to publish the shar¥¥th Ti nyXXL creating and implementing these interfaces is
data, the code inside this block is not executed. This can, foP longer necessary.
instance, avoid complex computations or sending message¥Vith Sense- R- Us we show that it is possible to develop a
used to acquire the data. In fact, since this decision is raadecOmplex application that makes useTofny XXL. In retrospect
compile time, the code is not even included in the executabksing Ti nyXXL has greatly simplified its development. For
Second, after such a block the system can automaticafy@mple, shared data could be easily used by other com-
notify all subscribers of the change. This allows for bettdtonents. InSense- R-Us shared data is provided by four
efficiency than notifying them after each variable accesgewhcomponents and used by ten of them. These components
still providing the convenience of automatic notificatidghat Make extensive use of this data. For example, when querying

cannot be accidentally omitted by the developer. information about neighboring nodes, a node with 5 network
neighbors accesses data almost 3300 times in the first sixty
4. EVALUATION seconds after booting.

A. Development Overhead

Applications developed witfii ny XXL require fewer lines of B. Space Requirements

code than pureesC-based solutions. To show this propertyVe have modified parts ohcousti cLocal i zati on and

we implemented a minimal test application that consists ofTa nyDB to make use ofTi nyXXL. No modifications to
component that writes a shared integer variable and anotBense- R- Us were necessary because it already has been
one that reads this variable as soon as it is notified of tdeveloped usingi nyXXL. It has to be noted that ifi nyDB
change. We implemented three versions of this applicatiome only changed the components related to communication,
two of them using just standarks C code and the third one especially routing, to us@i nyXXL because, in our view,
using Ti nyXXL. The first version of the application storegshose can profit most from a structured approach to cross-
the data variable within the publisher component. This afayer interactions. Table 2 shows the code sizes of both
proach, commonly used in practice, introduces tight cogpli the original applications and those that have been modified
between the publisher and the subscribers, which accessubimg Ti nyXXL. The size of the code stays roughly the
data via a special interface. Therefore, the second versi&ame in both versions because the code generated by the
uses an additional component to store the data. This solutibi ny XXL compiler is inlined in most cases and thus equals
largely corresponds to the code generated byTheyXXL the original version. However, small differences remairhie
compiler but it does not include many of its advantages sughplementations and the optimizations performed byrtbeC

as automatic checking if there is a publisher component @@mpiler. As can be seen in Table 2, the resulting variations



TABLE 2. CODE SIZE OF THE EXAMPLE APPLICATIONYIN BYTES| . .
< ) it generatesnesC code. However, it focuses on the data
Application Original | Ti nyXXL

e T R A WoTra ey C e 05 exchange bety\{een nodes mstead of components on a single
T nyDB 60144 61894 node. In addition, Hood hides the cost of data exchange
from the programmer which may lead to programs with a
high message overhead for neighborhood communication. In
code size are too small (about 1%) to derive a general treff@ntrast,Ti nyXXL uses only data that is already provided by
Although not shown in the tableTi nyXXL does not Components present on the nodes and may even reduce the
increase the RAM usage of the applications. The data sto@@st of acquiring it by selecting a single provider of theadat
in RAM. is the same as in punees C-based solutlor]s. In fact, 6. CONCLUSIONS AND EUTURE WORK
we envision the size of data to even decrease in some cases . o
when some data is redundant or when They XXL compiler In. th|§ pape_r we have analy;ed existing sensor .ne_twork ap-
sees that no component subscribes to some kind of data BGRtions with respect to their use of cross-layer intgoms.
removes it as well as the code associated with it. However, have described examples of cross-layer interactions and
have not encountered such effects in our modified applimatiooro"ided a classification for these interactions. We haes th

because they are already highly optimized by hand. identified data exchange as one form of c_ross—layer interact
not well supported by current programming languages, such
5. RELATED WORK as nesC. Based on these findings we have described and
In this section we describe work related to our classificaticvaluatedTi nyXXL, an extension ohesC that allows for
of cross-layer interactions or 6 nyXXL. the declaration of dependencies among components on shared

Levis et al. [8] describe some examples of cross-layéata and parameters. This way data dependencies become first
interactions in existingli nyCS applications. Although they class citizens similar to functional interfaces. _
give examples of different types of cross-layer interawtio Regarding future work, we are exploring ideas to combine
they do not present a classification. Ti nyXXL with an approach such as Hood. In such a system

Regarding work related toli nyXXL the MobileMan cross-layer data would not only be exchanged among com-
project [2] creates a cross-layer architecture for thequait Ponents on a single node but also among neighboring nodes.
stack in mobile ad-hoc networks (MANETS). Although théinally, we plan to evaluate more thoroughly the effectess
concepts used for data sharing are similar to our approaoh, N our programming abstractions and determine whether or no
bileMan does not aim at simplifying the usage of cross-laydt Ny XXL encourages the use of cross-layer interactions.
interactions. Therefore, it is not integrated into a prograng
language. In addition, it assumes environments typical of] 6. Carneiro, J. Ruela, and M. Ricardo. Cross-layer desigiG wirel

: _ H : . Carneiro, J. Ruela, an . Ricardo. Cross-layer aes wireless
moblle_ ad _hOC networks, which are, in the general case, ngt terminals. |IEEE Wireless Communication$1(2):7-13, April 2004.
so limited in terms of resources. [2] M. Conti, G. Maselli, G. Turi, and S. Giodano. Cross-legg in mobile

The concept of a blackboard architecture [9] has beer;] ad Cf:oc network designEEE r::omputer37l(ﬁ):48—5l, 2004. .

; ; e il ; ; D. Gay, P. Levis, R. von Behren, M. Welsh, E. Brewer, an er.
widely used in grt|f|C|aI intelligence systems. In this amch The nesC language: A holistic approach to networked embeeyied
the blackboard is a global database that structures anelsstor tems. InProc. of the ACM SIGPLAN 2003 Conf. on Programming
the knowledge needed for solving a problem. However, unlike] LanguagTdDesign agd Implemenlt(aﬂqmges 1_116 2”003- .

: : A. J. Goldsmith and S. B. Wicker. Design challenges for rgpe
our Sy_Stem all modules may mpdlfy data in the blackboard an%l constrained ad hoc wireless networkEEE Wireless Communications
there is no need for the selection of one module that provides g9(4):8-27, 2002.
the data to all others. In addition, with our system there ar®] JS Hill, R. ﬁzewczyla A Woo% S. Hollai:, dD. Culler, ander.]islfgr.h

; ; ; ; ystem architecture directions for networked sensor®rae. of the 9t
Stl||. other forms of mter_acuons between components [dssi Intl. Conf. on Architectural Support for Programming Larges and
(using nesC) whereas in a blackboard architecture modules operating Systempages 93-104, 2000.
only can interact by changing shared data. [6] V. Kawadia and P. R. Kumar. A cautionary perspective orssriayer

. ; design. IEEE Wireless Communication$2(1):3-11, 2005.

Pe"rhaps most Closely relate'd'[onyXXL.ls the work done {7] A. Kdpke, V. Handziski, J.-H. Hauer, and H. Karl. Structuring th
by Kopke et al. [7]. They describe an architecture that supports' information flow in component-based protocol implementations f
data sharing with a publish/subscribe model fars C-based wireless sensor nodes. Proc. of Work-in-Progress Session of the 1st

; ; ; European Workshop on Wireless Sensor Networks (EWB#¢hnical
gensor net.works. Unlike Our, approach their system _IS not Report TKN-04-001 of Technical University Berlin, Telecommzation
integrated into the programming language. Therefore, @#sdo  Networks Group, pages 41-45, 2004
not seem to preserve important properties such as typeysafdg] P. Levis, S. héladden,”D. Gﬁy, J. Polastre,fR. Sze\ll(vczyk, oW

i ; ; ; ; E. Brewer, and D. Culler. The emergence of networking abttras
In addition, it does not deal with r_nUItlple, prowders of th,e and techniques in TinyOS. Broc. of the 1st Symp. on Network Systems
same data: all of them can potentially write the data which pesign and Implementatipr2004.
might lead to inconsistent results and unnecessary priogess (] P-3 Nii-g gge blackboard model of problem solvingl Magazing 7(2):38—

: : o e 53, 1986.
steps to acquire the same data tW|ce: In_a(_jdmon, thlsuaqlut 10] K. Whitehouse, C. Sharp, E. Brewer, and D. Culler. Hoogieighbor-
needs some meta-data to be stored in limited RAM, which is™ hood abstraction for sensor networks.Rroc. of the 2nd Intl. Conf. on
something not needed by our approach. Mobile Systems, Applications, and Servigesges 99-110, 2004.
Hood [10] is a programming abstraction that simplifies the

data exchange between neighboring nodes. LikayXXL
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