Atlas - Architecture for Sensor Network Based
Intelligent Environments

ABDELSALAM (SUMI) HELAL, HEN-I YANG, JEFFREY KING, AND RAJA
BOSE

University of Florida

Moving beyond the current generation of pervasigenputing spaces (known as integrated environments)
requires a middleware that can automate intercdimmeand integration tasks and ensure the pervagsee’s
openness and extensibility. The required middlewavst also enable programmers to develop devicegbas
applications dynamically without having to interagth or fully understand the physical world of sers and
actuators. Based on lessons learnt from early fypittg of an Assistive Home Environment for theeglg we
have arrived at a set of high-level goals and fonel requirements for such a middleware. We hawy f
implemented the Atlas middleware and have deplayéd several real-life settings including a 2,589 ft.
house. In this paper, we report on the goals agdinements that influenced the design and impleatimt of
Atlas. We present the Atlas architecture, companantl programmer API. We also present severalstadees

of actual Atlas deployments. Finally, we presemeaformance evaluation of Atlas to quantify its itseand
potential.

Categories and Subject Descriptors: Service Orierfsensor Architecture, In-network processing and
aggregation,

General Terms: D.1 PROGRAMMING TECHNIQUES, C.2.4th0buted Systems

Additional Key Words and Phrases: actuator systems

1. INTRODUCTION
Many pervasive systems and prototypes have beeelaped in the past few years to
demonstrate how this new “physical computing” payadbenefits various application
domains. In many cases, significant system integratffort was required to interconnect
the various sensors, actuators, appliances an@gsing elements, both at the hardware
and software levels. The developer of the pervasygem was often challenged with a
steep learning curve associated with every elenremérms of first understanding its
characteristics and operations and then determinavg best to configure and integrate
it. Also, every time a new element is inserted itite space, there is the possibility of
conflicts or uncertain behavior in the overall gyst Thus, tedious, repeated testing is
often required, which further slows the integratmocess.

Several research groups, including ours, have zeghlithe needs for and the

importance of a standardized architecture thatazdomate integration tasks and ensure
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the pervasive space’s openness and extensibilitmukt also support programmers to
easily develop applications without having to iatrwith the physical world of sensors,
actuators. Common utilities should be planned alaabprovided to all the services and
applications in an intelligent environment.

Our understanding of the goals and requirementsuwh an architecture was
conceived during our recent work in prototyping siaive environments” for older
adults and individuals with special needs. Houssdle the pervasive computing lab and
occupying over 500 sq ft, Matilda Smart House was first attempt at creating such
assistive environments. We had no guiding architectvhile deploying Matilda Smart
House. We integrated tens of sensors, actuatonsjampes and other components
including contact sensors, motion sensors, camaltaasonic transceivers, X10 modules
and controllers, several microprocessor-based alens, a microwave oven, an
entertainment system, mobile phones, and a homévRa@lda Smart House fulfilled its
purpose as a demo platform, but more importanthsolidifies the true need for an
architecture and helps in identifying its goals aeduirements, which we summarize
below:

We wished to eliminate the need for system intégmatWe wanted it to be possible

for an entity joining the space to self-explore aswlf-integrate itself. We also

wanted the pervasive space to be able to cleantpve exiting (or failed) entities.

This plug and play wish was highest on our list.

We wished to decouple application development fthenphysical world of sensors

and actuators. Any hard-coding of physical artgagithin the applications should

be avoided. To achieve this, we wanted any physistly (sensor or actuator) to be
liquidated into a basic software service at theetifand as a result) of self-

integration. This way we would no longer deal withysical entities and instead deal
with their service representations.

We wished to program the pervasive space. Capitglian the service-oriented view

of sensors and actuators, we allowed ourselvesigh for a pervasive space that
would be able to map itself automatically into #ware development project within
an integrated development environment (IDE) sucWiasal Studio or Eclipse. This
big wish was equivalent to asking for total controver the management,
configuration and applications development of psiwe& computing systems. We
knew that if this would ever be possible, we wadddle completely changed the skill
set needed to build pervasive spaces. Instead gihesrs and costly system

integrators, affordable and highly available corepytrogrammers with standard



Java or .NET skills would be all that is needediéwelop and program pervasive

spaces.

We wished for the pervasive space to be open @xibfé to embrace a variety of

entities without any special favor towards particyparticipants or their underlying

technology. Well-accepted standards should bezetli

To make the items in the wish list above come trdering the process of
implementing the full-scale, 2500 sq. ft. freesiagdGator Tech Smart House, we
designed and implemented the Atlas architecturés @ahchitecture includes the Atlas
sensor and actuator platform as the basic bridgeeas the physical and digital worlds;
the Atlas middleware, and the service authorind. tdcsupports self-configuration and
facilitates programmability of services in smartasps, and the implementation has
become the central piece in our smart homes.

Requirements of system support for pervasive comg@nvironments are extremely
diverse depending on the application domains. IRstance, a pervasive computing
system in assistive living would be vastly differémmm Habitat monitoring in a remote
forest. Since our work is primarily concerned wiétssistive living in smart homes, the
design of the Atlas architecture follows certaialasptions.

First, we assume that there is a light-weight @ized home server with capabilities
similar to set-top boxes or access points, thatehgkbal view of the smart home and
management capabilities for the various entitied s@rvices under the roof. We also
assume the underlying network runs TCP/IP protomdh most of the entities located
inside a private network, with a NAT-enabled gate@ connections to and from any
outside services and entities. The abundance oepowregular households means low-
power design and power management would not barepr concern in the design.

To make Atlas middleware the foundation of the kiofd pervasive computing
systems we envisioned, it is important that it $tidoe able to fulfill the following
functionalities and objectives. First of all, tmgddleware architecture has to be modular
and extensible; it should based on a service-aikrarchitecture, in which each
application and device is represented as a seevitity, so their entrance, departure and
movement can be interpreted and handled more edbkd#yservices can utilize other
software components, but they must be built in @uwhar fashion such that the modules
can be shared and reused, and the system showdflddo determine if the required
modules are present before initiating any servitee system should be easily
programmable so its capability is extensible angtamizable, meaning that it allows
programmers to write new software while utilizingetservices provided by existing

modules.



Atlas must also handle the dynamicity and hetereijgnn a typical pervasive
computing environment; the hardware and softwarmpmments should support the
notion of plug-and-play, where components are ablself-configure and self-organize
when joining the system, the drivers and commuitoat protocols should be setup
automatically as soon as they join, and the otkistiag software modules can discover
and use these new components. The capability tardially manage the life cycle of
each component is also crucial, because the operames dynamic nature of smart
environment, it is common for new entities to engrd existing entities to be replaced or
went bad, the middleware needs to handle thesetewgacefully, providing smooth
introduction, replacement, or termination; the nhésichre should also provide an API for
interacting with and accessing diverse devicestheoconsumers of the heterogeneous
devices and services can have a consistent wagwoand manipulate them.

Other main functionalities and objectives includes tadherence to existing and
upcoming standards, the provision of security, tyafnd privacy features and the
mechanism to support scalable concurrent operabipisindreds of components.

At the bottom of the Atlas architecture is the Atlaodes with plug-and-play
capabilities, the nodes connect to physical devéteh as various sensors and actuators,
and provides a bridge for communicating between phesical world and the digital
realm. The Atlas middleware is implemented as &ctbn of collaborating modules.
The middleware running on the central server isebasn OSGi, which is an open
standard that defines and provides facilities fwvige registry, life cycle management
and dynamic binding.

On top of OSGi are several service modules in ¢ fof software bundles. Bundle
repository manages the collection of service budte the various devices that can
connect and be integrated into the smart envirobmdgtwork Manager keeps track of
all the nodes in the network and the services th@yide; Configuration Manager is
responsible for retrieving the various service Besdequired by the nodes and for
remotely configuring them over the network; Conternager and safety monitor uses a
context-driven model that is independent of thdvacservices to monitor the context
changes and alerts users to the occurrence of aswfal or undesirable context;
Communication modules provide an array of stangaotiocols that can be used for the
external communication with other business softwdrent-end portal, or any other
collaborating system and stand-alone software. &hmedules can also facilitate the
inter-bundle communication between various comptmeesiding in the same OSGi
framework should the need arise; Atlas Developel piBvides a unified interface for

programmers to interface and control diverse sem®buator and service entities; Service



authoring tool is provided in the form of an Atlalsig-in for Eclipse, and it provides the
capability for programmers to browse through theailable entities, choose the
components they need, and create and deploy newceerby simply specifying the
application logic.

The remainder of the paper is structured as folgwin section 2 we present a
comprehensive review of various middleware for pleevasive environment, as well as
related works in sensor platform and security fiomst. The overall architecture with the
detailed description of each component of Atlasdigidiare is presented in section 3. A
short discussion on implementation related issnsses in section 4. We showcase three
case studies of real world deployments of Atlasdieidare in section 5, and provide a
benchmark on the benefits of employing Atlas middlee in section 6. The paper
concludes with a discussion on future work and kion in section 7 and 8

respectively.

2. RELATED WORK

A pervasive computing environment consists of safavapplications and physical
devices. Development of the software side requmesstigating the tools available that
facilitate the composition and management of sesvitmn a smart environment. These
tools are, primarily, middleware based. This sectexamines a selection of related
research in middleware for pervasive computing, disdusses the benefits offered by
the Atlas architecture.

Similarly, the physical devices in a pervasive catinfg space are often integrated
using sensor network technology. Therefore, thisi@e also includes an examination of
related sensor network research, and demonsttatespecific advantages of the Atlas
platform for the development of programmable permeaspaces.

2.1 Middleware

Modahl et al. [2004], based on their own experieand survey of other researchers’
work, identify the taxonomy middleware for pervasigomputing, including five key
sub-system categories that a middleware for pergasbmputing should provide. They
are registration and discovery, service and subtson, data storage and streaming,
computation sharing and context management.

The Gaia middleware [Roman et al. 2002] aims at etind pervasive computing
environments as more heterogeneous and mobile dorgmystem, and provides system
level support to physical spaces. It supports tlmections and notions of a typical
operating system, such as events, processesyfitenss and security measures. But it

also extends the functions to include those thatparticular to pervasive computing



system, such as contexts and location awareness Kéenel, as part of the middleware,
includes Component Management Core (CMC), whichages the life cycle of Gaia
components, where components such as context egmi@nt manager, or security
service collaborate together to provide the sesviceeded for various applications. As
part of this middleware, an MAPCC application framoek has also been proposed for
the creation and customization of new applications.

Context awareness is one of the major differemtipfactors of pervasive computing,
and plenty of work has been exploring this arenant&xt Toolkit [Dey and Abowd
2000] provides layered approach in collect, aggeegad interpret context information.
A more elaborated middleware focusing on contexs been proposed by Huesbscher
and McCann [Huebscher et al. 2004], which defingality of context and trust model,
while employing self-configuring, self-healing ansklf-optimizing adaptation for
different applications.

Sentient object programming model [Sgrensen €2Qd4] is built on a flexible, run-
time reconfigurable component-based middleware. hEabject in the pervasive
computing space is implemented as a sentient otfjattis capable of sensing, viewing,
reasoning about the environment as well as neighdpabjects, it can also influence the
world by activating some sort of actuation. At tt@re of this middleware are context
component framework (CF) which is in charge of serigsion and rule-based inference,
and publisher-subscriber CF which serves as thduibbetween the interacting entities
in the system.

RCSM [Yau et al. 2002] is a middleware that progitd@th context awareness as well
as ad hoc communications between applications gp@t more complex context aware
collaborative behaviors. RCSM breaks the contefdrimation retrieval model into two
parts, the application-specific adaptive objecttamer (ADCs) wrap around a normal
software application object and provide a contextsitive interface to access necessary
contexts of interest specific to the particular leggpion. The other part is a context-
sensitive object request broker for service andicgewdiscovery, which allows
application-transparent ad hoc communications betwabjects. With compiler support
on context-sensitive interface description langudge implementation of the application
logic and the need for context information can déygagate into orthogonal parts.

Other middleware focus on different aspects of shetem support for pervasive
computing system, and these supports are providigd different approaches. For
instance, RUBI [Harbird et al. 2004] is a serviéscdvery middleware that is designed
specifically for context-aware applications, divigithe nodes into proactive, less-mobile
region and reactive, on-demand region, RUBI isinespby the way how ad-hoc routing



protocols disseminates service information ande®uhe requests. Its emphasis on the
adaptability comes at the cost of the periodic tesiance messages and not caching
status of or data from the services.

KMX [Samimi et al. 2004] not only adopts middlewate enhance horizontal
cooperation, but also modify kernel implementattonallow cross-layer coordination.
The coordination and decision making module in thieldleware collects resource
information from both within the node as well ae thetwork traffic and other nodes, in
some sense, it serves as the control module obdoalers. The kernel modification
intercepts the incoming and outgoing data and obmmmmands, and communicates
with transient object in the middleware, which pd®s additional functionalities such as
filtering or security features. This middleware geared toward a much lower level
system control, and reapplies many ideas from idiged multimedia delivery with
quality of service. It provides a different perspes on adaptation of pervasive
computing system in a dynamic distributed environhmonetheless.

With Scooby middleware architecture and languagahifson et al. [2004] took a
different approach by defining a language that $esu on service composition.
Employing a policy compiler, the middleware turrdigy specifications into composed
services. Furthermore, the available services &ed functionalities are described in
terms of ontology. Therefore, the policy manager maute events and requests to these
services based on some predefined precedence order.

2.2 Sensor Platforms

There has been a noticeable increase during thidtpas years in the number of sensor
platforms in development or commercially availaliilbe most visible of these has been
the Mote family, developed by the University of @ahia at Berkeley as part of the
Smart Dust [Kahn et al. 1999] project. The finalabof the Smart Dust project is a
complete sensor node package (sensors, power, caicatian, and control hardware) in
one cubic millimeter. While that form factor hast imeen achieved yet, the Berkeley
team has released several iterations of theirqulatf Motes are available commercially
from Crossbow Technology. Crossbow offers seveeasions of the platform, such as
the MICAz and MICA2 (similar in size to a pack afyarettes), and the MICA2DOT
(roughly the size of six stacked quarters). Thestfqgyms include an integrated
processing and communication module and offer éichimodularity in the form of
daughter cards, containing different sensor arrayisich can be plugged into the
platform. Other versions lack this modularity. Example, Telos [Polastre et al. 2005],
also developed by the Smart Dust team, is a comlplattegrated platform based on the
TI MSP430 microcontroller. It offers higher perfante and consumes less power than



other Mote platforms, but comes at a higher cogd, tae available sensors are integrated
into the device and cannot be changed by users.

Many groups are working with Motes either as thsidbdor other projects or to
enhance the sensor platform itself. Intel and Beskéave worked together on iMote
[Nachman et al. 2005], a Bluetooth-enabled versibthe wireless sensor node. College
of the Atlantic collaborated with Berkeley to uséreless sensor networks for habitat
monitoring on Great Duck Island [Mainwaring et 2002].

Motes are the first commercially available sendatfprm and one of the most widely
used for sensor networks. Although the Mote wamarily developed for use in wireless
ad-hoc networks for applications such as remote itmamg, researchers in many
unrelated areas have used Mote primarily for itmmercial availability and its ability to
integrate numerous sensors into a system.

Phidgets [Greenberg and Fitchett 2001], developethb University of Calgary, is
another widely used, commercially available platforThe Phidgets support a large
variety of sensors and actuators. They allow regiglication development and are
extremely easy to use. But the Phidgets are nét fubdular, and they only support
communication to a Windows desktop computer via USBich leads to scalability
problems.

Some groups have worked on creating a more modatasor network platform. The
Cube [O’Flynn et al. 2005], developed by Universi§ollege Cork, and MASS
[Edmonds et al. 2005], a Sandia National Laborapwoject, have modular architectures
allowing users to rapidly develop applications ardonfigure platforms as necessary.
Other sensor network platforms, such as NIMS [Poal.e2005], XYZ [Lymberopoulos
and Savvides 2005], and Eco [Park et al. 2005] wlessgned for specific applications:
environmental monitoring (NIMS, XYZ) and health nitoning (Eco).

The Smart-Its [Gellerson et al. 2004], developedtip by Lancaster University and
the University of Karlsruhe, offer some featureattbould facilitate the development of
pervasive spaces. They have a somewhat modulawasrdiesign and a template-based
software design process, which allows rapid apptioadevelopment. But the Smart-Its
platform is still not completely modular, with amteégrated processing and
communication board. Furthermore, devices connettexigh Smart-Its are constrained
to a single application (running on the Smart-ltdweare). This does not allow for
service-rich environments in which applications cbha developed using service
composition.

None of the available sensor network platforms &y adequate for the

development of pervasive spaces. Most of the platidocus only on sensors, and barely



touch upon the issue of actuators. In a pervagigees actuators play as important a role
as sensors, as actuators are used to influencsptee. NIMS and XYZ make use of
actuators, but only for the specific purpose of mgkhe platforms mobile. Phidgets
support a large number of actuators, but are cainsl by scalability issues and a fixed
hardware configuration.

The design and implementation of these sensoroptaff have touched certain
important issues such as modularity, rapid prototy@nd ad-hoc collaboration. When
taking a step back and looking at the big pictimayever, it is apparent that there is
something missing if we were to use them to impletma pervasive space. An
abstraction of these sensor platforms achievedugiroa middleware that works in
tandem with them would not only automatically pd®visupport for the large number of
devices, but also avoid the need to write disteduapplications that query hard-coded
resources to access the devices connected toatierpi. Such middleware would allow
the deployed sensors and actuators to be seamiasdlyautomatically integrated and
utilized immediately once deployed and poweredSuych a middleware would abstract
these hardware entities and encapsulate them aftowase objects so the designers of
pervasive space can program such a system insfeadangling with numerous and
diverse hardware and write proprietary code foirtilegration.

To address these issues, we designed and devetbpeditlas platform. Atlas
provides the combination of sensor platforms ararthddleware, which serves as the
basic building block for programmable pervasive cgga It also provides physical
platforms for connecting heterogeneous deviceg;stes for translating those devices
into software services, a repository for maintajnanlibrary of device services and their
interfaces, and a runtime environment for accessémgices and composing applications.
The nodes, designed with a stackable, swappablétecture for easy reconfiguration,
provide the means to connect numerous sensors @ndtars. The Atlas architecture
provides the service-oriented framework for easilgnaging devices and composing

applications.

3. ATLAS ARCHITECTURE

3.1 Overview

Sensors and actuators are the basic building blotkspervasive space, as they provide
the means for gathering information about the stdt¢he space and for controlling
devices that can alter the state of the space héfefore require a mechanism which can
connect numerous and heterogeneous sensors andtoastuo the services and

applications that will monitor and control the spa€onnecting applications and devices



means eliminating the need for those applicatian&rtow the low-level information

(voltages, control codes, etc.) to drive the dexideo solve this problem, we require a
network-enabled, service-oriented middleware ptatfdhat can represent the various
sensors and actuators as software services, inssu@y that applications are easily able
to obtain and use the services and associated kdgel We designed and implemented a
middleware for service oriented pervasive compuspgces, and its overall architecture

is shown in Fig. 1.
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Fig. 1. Overall architecture of the Atlas architeet
The Atlas architecture is composed of four laydree bottommost layer is the
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physical layer, which contains a variety of sensansl actuators which monitor and
control different aspects of the smart space.

The node layer contains all the hardware nodeshénenvironment. These nodes
automatically integrate the sensors and actuators the layer beneath and export their
service representations to the layers above. Thenare on the nodes includes an on-
board query processing component which can profitsss and queries for sensor
readings sent to it from the query processor irstgice layer.

The service layer, which resides above the noder/ayg built on top of the OSGi
framework. It holds the registry of the softwarevéee representation of all sensors and
actuators connected to the hardware nodes. The [ageides the service discovery,
composition, and invocation mechanisms for appbeat to locate and make use of
particular sensors or actuators. Three of the comseovices include Network Manager,
Configuration Manager and the Bundle Repositorye Network Manager handles the
arrival and departure of nodes in the network dad keeps track of the nodes which are

currently alive. The Configuration Manager manatfes configuration settings of each



node and enables them to be remotely configured theenetwork. It is also responsible
for loading the various service bundles requireddbyices connected to the nodes. The
Bundle Repository stores and manages all the stggbsensor and actuator bundles. It
also provides the necessary references to allowCtiriguration Manager to load the
required device service bundles. Selected featnfra$f these three common services are
also accessible to the user through an intuitiwy¢a-use web interface known as the
Atlas Web Configuration and Administration Tool.

The service layer also contains communication mexland a context manager as
safety monitor. A suite of communication modulesvile a variety of interfaces, such
as web services, plain HTTP server, a telnet ceraotl a LabVIEW proxy, which allow
both external and local systems and software tdewet data from and exchange
information with the Atlas middleware. The contexanager employs standard ontology
to build a context graph that represents all pdssitates of interest in a smart space and
serves as a safety monitor which ensures that tertsspace avoids transition into
impermissible contexts.

The application layer sits at the top and cons$tthe execution environment that
provides an API to access and control sensorsaim) and other services. It contains a
service authoring tool to enable rapid and effitidavelopment and deployment of
services and applications.

3.2 Components of the Atlas Middleware

3.2.1 Plug and Play Nodes

The Atlas middleware enables a plug-and-play apgroto deploying pervasive
computing environments. This concept exists throughhe middleware, from the top-
level OSGi-based framework down to the physicalesodVhen a node is powered up, all
the sensors and actuators connected to it get atitatly represented as OSGi services
in the framework. The node hardware itself alsodasodular architecture which allows
it to be reconfigured on the fly.

The firmware running on each node is responsibteséeking out the centralized
server framework. When a node powers up, it locdtes server and exchanges
configuration data. Once the bundles associateld thi¢ node have started, the node is
ready to relay sensor readings and accept actoatomands. Once a sensor or actuator
is registered in the Atlas middleware as a sendpglications and other services are able
to dynamically discover and access them using mmesimes provided by OSGi. The
firmware therefore provides plug-and-play suppérthe programming level, benefiting
the programmers of the pervasive space. This momirast to the traditional notion of
plug-and-play, in which benefits are limited to #hed users.



Fig. 2. An Atlas node.
Atlas node hardware uses a stackable, swappalhitemture to support on-the-fly

reconfiguration without requiring any software cbas from the user. Nodes are
comprised of (at least) three layers: the core égsing layer that operates the node, a
Device Interface layer that allows various sensord actuators to be connected, and a
Communication layer for connecting with the higlerels of the middleware.

This stackable design necessitates the plug-and-filmware that runs on the
Processing layer. The firmware uses an abstrachuoritation interface and concrete
Communication layer drivers to support seamlessification of the network technology
used for any particular node. This node-configoratievel of plug-and-play support is
critical, as pervasive computing spaces such ast$romes are real, in-use environments
that are subject to constant change. Devices willadded and removed, the users’
requirements for services and applications willftstind new technology can prompt
modifications to the space’s infrastructure.

The only part of the node that is not currentlygsind-play is the device interface.
When the devices connected to a particular nodengghathen the node must be
reconfigured by the user through the Configuratitemager described in Section 3.2.4.
Plug-and-play support for device configuration wbuéquire additional technology on
the sensors and actuators that would allow the rindevare to identify the devices
automatically. IEEE 1451 [Lee 2000] is a standardstart transducers that would allow
this. This standard defines both a uniform physictdrface for device connectors and a
Transducer Electronic Data Sheet (TEDS), data gexliby a device that specifics what
that device is and how it is used. However, sirfeEH 1451 has yet to receive much



support from the sensor and actuator manufactunidgstry, Atlas does not yet support
this feature.

3.2.2 OSGi

OSGi, the Open Services Gateway Initiative, isadzased framework that provides a
runtime environment for dynamic, transient servioedules known as bundles. It
provides functionalities such as life cycle managetas well as service registration and
discovery that are crucial for scalable compositiod maintenance of applications using
bundles. Designed to be the “universal middlewa®@3Gi enables service-oriented
architectures, where decoupled components aretaldgnamically discover each other
and collaborate. OSGi is synergistic to pervasiomputing [Lee et al. 2003], and is a
key component of the Atlas middleware, hostingrttegority of the software modules.

OSGi bundles are small programs consisting of thma@é source components and a
descriptive Manifest. The source components ardrtfegface, the implementation and
the OSGi activator. The interface represents aiaergontract, which describes the
external behavior of and available services pravio the bundle. A bundle can provide
different services by offering multiple interface¥he implementation realizes the
behavior defined by the interface. The Activatopiements an OSGi-specific interface
that binds the otherwise regular Java classesst@®Gi framework, which manages the
life cycle of the bundle. The Manifest is a filaths both machine- and human-readable,
which specifies properties of the bundle such asier, author, and imported and
exported packages, and is used to identify buratidsresolve dependencies.

Each sensor or actuator is represented in the Atlddleware as an individual OSGi
device service. This is a natural choice, becausdife cycle management capability of
the OSGi framework is designed to handle the dyoamature of a typical smart space,
where devices come and go as the space evolvesOSt# framework also provides a
discovery service, which allows applications tadfind use other existing services. But
unlike other discovery services such as JINI andRJ®hich are designed for distributed
environments, OSGi provides a single centralizedime environment.

The applications and services are also represastédndles in the OSGi framework.
These bundles’ dependencies on the basic deviscegrare administered by the life
cycle management and service discovery capabilafethe framework, enabling the
composition and activation of more complex applara and services. All the common
services supported in the Atlas middleware are mglemented as bundles running on
the OSGi framework.

3.2.3 Network Manager



The Network Manager is responsible for keeping kKra¢ all the nodes in the
network, both existing and newly joined, and theous device services offered. When a
node joins the network, it handshakes with the MetwManager, then uploads its
configuration. At this point, control is passed ttee Configuration Manager, which
registers the device services and activates the.fidte devices are then ready to be used
by applications and other services.

Network Viewer, a part of the Atlas Web Configuostiand Administration Tool,
provides a front-end to the Network Manager, allgyvusers to view the current network
status. It displays the list of active nodes andhart summary of their connection
statistics and histories. By clicking on a particuhode, users are able to view details
such as configuration parameters, the propertisga$ors or actuators connected and the

services offered.

DHCP Enabled ® Yes O No
Static Node Address 0.0.00
Subnet Mask 255.255.255.0
Default Router 192.168.1.1
Middleware Address 192.168.0.3
Middleware Port 7000

32 Analog Sensor Connection Layer ¥
Connection Interface Layer

| Change Connection Interface |

Channel 0 Interlink Pressure Sensor ¥
Interlink Pressure Sensor
Temperature Sensor

Light Sensor

MNone

Channel 1

Channel 2 MNone v

Fig. 3. The Atlas node configuration web interface.

3.2.4 Configuration Manager
The Configuration Manager encapsulates all the austlior recording and manipulating
node settings. When a new node uploads its corfigur file, the Network Manager
passes it on to the Configuration Manager, whig@ntparses the file and accesses the
Bundle Repository to get the references for serbigedles required by the connected
devices. It then loads these services bundles theo OSGi framework, thereby
registering the different device services assodiatith the node.

The Configuration Manager allows a user to view amatify node configurations

through the Atlas Web Configuration and Administiat Tool. Through this web



interface a user is able to modify various nod#érset and select devices that are to be
connected to a node. This enables nodes to begmoged over the network without
requiring them to be attached to microcontrollesgpamming hardware such as JTAGs
or ISPs. After the new settings are sent to theenddreboots and the new devices
automatically become available as services in tB&idramework.

3.2.5 Bundle Repository

The Bundle Repository manages the various devicgceebundles required by physical
sensors and actuators deployed in the sensor retioe Bundle Repository eliminates
the need for each node to locally store bundlesteld, the Configuration Manager
retrieves references to the bundles from the BuRepository when new nodes join. It
enables nodes with limited storage to support gelanumber and greater variety of
devices. This also simplifies the process of keggervice bundles up-to-date. Updated
bundles can be placed in the Bundle Repository,rems that provide this service will
automatically use this latest version when the ramfees online.

The Atlas Web Configuration and Administration Tgwbvides a front-end to the
Bundle Repository, enabling users to view and nyou# contents. It lists the available
service bundles, the physical devices they reptesmmh other details such as the version
numbers and dates uploaded. Users are able todatikde and update service bundles,
and synchronize with other repositories.

3.2.6 Context Manager and Safety Monitor

Context manager and its use as a safety moniandther interesting feature of the Atlas
middleware. The main idea of our context managep ismploy standard ontology to

build a context graph that represents all possiltiédes of interest in a smart space.
Contexts in the graph are marked as desirablesitiamal, or impermissible, and the goal
is to take actions to always lead the smart spacdesirable contexts and to avoid
impermissible contexts. At run time, the torrent rafv readings from sensors are
interpreted and classified into active contextg] #re safety monitor alerts the users if
the ongoing directives for action contradict or niegd to less desirable contexts.

Service bundles are implemented by specifying thiesr and behaviors of the
applications in a formulated and systematic pracBs$ each service is focused on its
own goals, ignoring the potential side-effects oficurrent access to shared resources —
side-effects that could put the space into a dangeor anomalous state. In some sense,
it is easy and common for each service to lose'lthge picture” of the space, especially
when doing so requires explicit, conscience effortaning that programmers first must
know exactly what to look for, then explicitly qyethe system for particular data, and

then compose and interpret the collected data, wgathem into an overall



understanding. It also contributes to why detectind handling exception resulted from

interactions between services are difficult.

Fig. 4. Sample context diagram for kitchen area.
We use standard ontology and specify the behaxlicitly using active contexts as

the conditions and explicit recommendation on tbenmands to be issued to various
actuators based on the current active contextseXpkcitness improves the coordination
and mitigates conflicts between devices, users sedices, especially in highly
heterogeneous and dynamic environments such ast sspaces. It allows easy
identification of the illogical or erroneous actfat runtime, which can greatly boost the
safety of programming pervasive spaces. The comextager serves as a stand-alone,
independent observer that does not care aboufpibleeation logic or the detail behavior
of services, but merely observe and react if anemi@lly dangerous or undesirable
transition in active contexts occurs.

A sample context graph of a kitchen is shown abawe, the context manager would
alert the users when the active contexts haveitiamsd into something less desirable
and may even take high priority emergency actidnthé dangerous impermissible
contexts have taken place.

3.2.7 Communication Modules

Instead of implementing a singular communicationnager that oversees all the
communications within and connected to our Atladdigware, Atlas middleware
includes an array of communication modules for @& communications in a



heterogeneous environment. With the number andsityeof the entities in a pervasive
environment, it is unrealistic to expect one singtenmunication protocol to work on
vast number of diverse entities from different versd Until a publicly agreed standard,
such as SOAP, has been adapted for pervasive cmmpemvironment, we currently
offer various communication modules conforming écleof the different protocols.

Each communication module provides basic carriemessages based on certain
standard or proprietary protocol. They are impleteénonly to serve as carriers to
deliver and receive messages, and do not checlafality of the content or conformance
to the high level choreography, etc. All the segsgién the environment can invoke the
service of one of these communication modules tadaot internal or external
communications.

Currently, Atlas middleware supports the followiigmmunication modules. For
internal communications, services can use the O®@®ing APl for inter-bundle
communications. This module basically setup a preticonsumer relation between data
generators and users. For external communicatisttess middleware currently support
three modules realizing three different protoctie telnet/ssh client, HTTP client and
web service interfacing module running SOAP overTRT These modules allows the
services and entities reside in the server to conizate with non-Atlas based sensors
and actuators, as well as external services anteragssuch as existing business
applications.

For incoming communications, in addition to the TE¥nsole and HTTP server
console that already comes with OSGi referenceemphtation by default, we have also
built a service that awaits incoming message anttiptex them to different service
bundles based on the identifiers associated with esessage.

3.2.8 Atlas Developer API
The Atlas Developer API provides interfaces andebelasses (shown in Table 1) for
third parties to develop device and applicatiowviserbundles on top of Atlas.

Table I. Methods Provided by the Atlas Developet.AP

Method Class/Interface  Description

receivedData AtlasClient Data handler called byiserbundle when data arrives

addProperty AtlasService Add a property pair (keyye) to be associated with this
service

removeProperty  AtlasService Remove a property #satwith this service

getProperties AtlasService Get all properties aaset with this service

sendCommand AtlasService Send control commandd fysservice associated with an
actuator)

getData AtlasService Pull data from sensor asstiatth this service

Subscribe AtlasService Request data stream frososen

Unsubscribe AtlasService Halt data stream fromaens

isSubscriber AtlasService Check if applicationeisaiving data stream from particular

sensor
dataHandler AtlasService Data handler called bydieidare when data arrives for



particular service. Must be implemented by devawise
developer.

Programmers wishing to write their own service Hasdor sensors or actuators are
required to extend the AtlasService base classigedvby the API. This class provides
low-level functionality common to all the servicerules. It also hides many system-
level details, allowing programmers to concentatenriting code specific to the device.
The Developer APl promotes the proliferation of ideservice bundles. This, combined
with the Bundle Repository, encourages communitsedadevelopment, covering large
territories of new sensors and actuators.

Using the AtlasClient interface to develop pervasiapplications promotes
standardized, streamlined interactions betweenagi@ication and the middleware. Its
unified interface allows for rapid development ofplex applications over a large set of
widely diverse devices.

3.2.9 Atlas Service Authoring Tool
The Atlas middleware includes a simple and easyst- service authoring
(programming) tool that extends the capabilityhef popular open-source IDE Eclipse in
the form of a plug-in. The Atlas Service Authoriigol allows programmers to quickly
browse the sensors, actuators and other serviedalale in a pervasive environment, use
them to develop new services and applications odifp@xisting ones remotely, and
deploy them back to the pervasive space. Tablst® the functional requirements of the
tool, which we established based on our experievite the Gator Tech Smart House.
The software employs a visual “design by selectiapproach for service design, where
programmers can drag-and-drop services from thie disl the tool automatically
packages the necessary components and createanttiedithat can be invoked to access
the services. The tool also provides source conpleges so programmers are free to
concentrate on implementing the application logiher than the details of writing OSGi
bundles.

Table II. Primary Functionalities Provided by #hgas Programming Tool.

Feature Scope

Browse Available Entities and Service$ Local maehmemote machine
Provide Information on OSGi bundles Local bundtesyote bundles
Design by Selection Local bundles
Semi-automatic Environment Setup Local machineptermachine

Seamlessly integration with Eclipse Local IDE
tools (code completion, syntax
highlighting, debugging, etc.)

Deploy New Bundles Back to Smart | Local machine, remote machine
Space




Fig. 5. Atlas plug-in for Eclipse 3.1 and 3.2.

To design and develop a new application, progrararsienply perform the following
procedure:

1. Connect to a remote pervasive environment thaaéeth on the Atlas middleware.

Alternatively, connect to a stand-alone Atlas Ben@epository.

Edit the manifest file for the application (if nasary).
Browse and select from the list of sensors, actaatod services those entities that
will be used in the application.

Add application logic implementation to the soucogle generated by the tool.

Test and debug locally.

Deploy the application back to the pervasive emiiment with a single touch of a
button.

The Atlas Service Authoring Tool supports remoteeligoment and deployment;
Eclipse and the Atlas plug-in are intended to tksalted on a machine other than the
centralized Atlas middleware server. We believe thowerful feature is the catalyst for
future growth of pervasive computing. As these emunents become more prevalent, it
will be infeasible to have programmers visit thenauous or inaccessible locations where
applications will be deployed. In a smart retiremesmmunity of 100 smart homes, the
central office should be able to push any numberesf third-party services out to their
members without visiting each house. This is easilyomplished with the Atlas Service

Authoring Tool.

4. IMPLEMENTATION



The Atlas middleware encompasses both the physazgs (node layer) used to integrate
devices into a network and the centralized serv@méwork (service and application

layers) that hosts the service representationeotittvices.

4.1 Node Layer

The nodes are running TinyOS [Levis et al. 2004]gltweight, event-driven operating

system for sensor networks. TinyOS is written is@¢Gay et al. 2003], an extension of
the C language that facilitates the developmemioof-blocking, modular systems that fit

into the TinyOS execution model and that frequeatky tied to specific functional blocks

of low-level hardware. At the low-level, individuaesC modules implementations are
similar to typical imperative C programs. Moduleaka use of other modules by means
of bi-directional interfaces, defining commands aedents, with commands being

implemented by interface providers and events béimgiemented by interface users.

The Atlas firmware, also written in nesC, is coragiblong with TinyOS and runs on the
microcontroller of the node Processing Layer, piding the services that integrate the
nodes into the Atlas middleware.

4.2 Application and Service Layers.

These two layers of the Atlas middleware do notumega high-end server, but are

instead designed to run on a typical PC or low-dedce. Any machine that can run a
Java Virtual Machine is capable of serving a neknafrAtlas nodes, though the number
of concurrent services hosted is dependent on mearat processing power.

The two layers consist of the OSGi framework andoBection of Atlas modules
running in the framework. As OSGi is a Java-basgstesn, these Atlas modules are
implemented in Java. Several OSGi framework implaiaitons exist, and during the
development and deployment of the Atlas platform mave worked with several.
Knopflerfish is an open-source implementation thatudes a GUI and tools such as an
Eclipse plug-in for OSGi bundle development. Osdar another open-source
implementation, though it lacks some of the ex¢attdres of Knopflerfish. As part of our
collaboration with IBM, we are currently moving tawds Equinox as the standard OSGi
framework implementation for Atlas, though the ni@dare should be compatible with
any standards-compliant framework.

Table 3. Service Descriptors.

Field Description Example Value
Device-Name* Friendly Name of Device Acme Tempegatu
Sensor
Device-Type* Device is Sensor or Sensor
Actuator
Device-Label (optional) | Optional User-Defined TemperatureSensor-
Label Kitchen




Device-Location Location where device
(optional) deployed
(current user-defined) Stove
Device-Id Low level Unique Id of Z28-6. Implies the sensar
Device (assigned by is connected to node Z28
middleware). It is of the via its hardware channel
form : <Nodeld>'- 6.
‘<HardwareChannel#>
Measure-Type* Type of phenomenon Temperature
measured
*implies it is statically defined in the manifegherwise it is user-defined using
addProperty method described in Table 1 or specifiemiddleware at run-time

5. CASE STUDIES

5.1 Nile-PDT

The NILE-PDT (Phenomena Detection and Tracking)tesyswas developed by the
Indiana Database Center at Purdue University tcealeand track environmental
phenomena (gas clouds, oil spills, etc.). Thisadmitative research project employed the
Atlas middleware and an array of sensors deployea ieal world test bed to provide
streams of sensor data for phenomena detectiotracidng.

The requirements of the project included samplindg ehanneling data streams from
a multitude of diverse sensors to NILE-PDT, a umfdanterface with every sensor in the
network, and controlling the data streams by altethe sampling rate of sensors using
feedback algorithms.

The real world test bed based on the Atlas middiewaoved to be a flexible, reliable
data source for NILE-PDT. Atlas offers a plug-addypdevelopment model, which
enabled the NILE-PDT team to integrate their alnfofy completed system with the
test bed within a week with only minor modificatfon

The Atlas Developer API provides a uniform inteddor accessing heterogeneous
sensors, while the query processor in the middlevadlows filters and altered sampling
rates to be configured for each data stream. Shme®ILE-PDT system does not have a
standardized interface to external systems, a @tapy communication module was
implemented in the Atlas middleware for this projeEhe result of this collaboration
proved to be a success, and our colleagues fromuBurvere able to test their system
using real world phenomena. A collaborative papér ¢t al. 2005] and demonstration
based on this research was presented at the VeagelBata Bases (VLDB) 2005
conference.

5.2 The Gator Tech Smart House



The Gator Tech Smart House (GTSH) is a full-siZegle-standing, 2500 square foot
house in the Oak Hammock Retirement Community im&ille, FL. It is our lab's
flagship assistive pervasive computing environnfentseniors and people with special
needs, and is built upon the Atlas platform. Sitlce grand opening of the GTSH,
January 28, 2005, we have made many changes tiethees and services in the house.
In such a large smart space, this development siaisl the programmability and
extensibility features of the Atlas middleware.

One of the main services in the GTSH is the SmhxorFHKaddoura et al. 2005],
which allows for unencumbered indoor location tiagkof all residents in the space.
This service enables notifications to be directethe intended recipient, analyzing room
preferences and daily activities, and can help @tecting emergencies such as falls.
When the GTSH first opened, only the kitchen amggpfoximate 350 square feet) was
covered by the Smart Floor.

Using the residential-grade raised floor throughbet house, the first deployment of
the Smart Floor used a single pressure sensor emdttom of each 1.25-sq. ft. tile.
Sensor platform nodes were distributed under iher fland eight sensors were connected
to each node.

As described in [Bose et al. 2006], the Atlas jplatf made it easy to expand the
Smart Floor over the entire house. The plug-ang-pkture of the middleware allowed
us to simply connect more nodes and more senstwrghie framework. These sensors
appeared as new services on the central home sem@rautomatically bound to the
location tracking service. The Atlas middleware motes extensibility, and this was
shown as other applications continued to use tbeilan service just as before, only now
they received tracking data from more areas ohthese. The plug-and-play middleware
also allowed us to change from 8-sensor connectimmsthe nodes to 32-sensor
connections, improving the cost-effectiveness ef$imart Floor. This was accomplished
without having to change any of the services.

The development and modification of applicationstlie GTSH greatly benefited
from the Atlas middleware’s support for programntibi In fact, it was often the case
that changes to the application logic was requpadr to live-in trials. Such changes
were performed remotely on short notice. In on¢aimse before the first trial on March
24, 2006, our research partners from the Occupaltibinerapy department requested the
development of a logging application. Using thea&tPlug-in for Eclipse IDE, we were
able to remotely develop and deploy this new apgibo in a few hours. The ability to
create and install applications so quickly and aithhaving to physically be in the house
proved very powerful.



5.3 Trailer Services Monitor

The Trailer Services Monitor was developed in resgoto a growing need amongst large
trucking and logistics firms for: (1) A mechanisim integrate with an existing portal
front-end software for monitoring the conditionsiate a trailer anytime anywhere, even
when they are disconnected from the tractor; (2néchanism for customizing sensor
deployments in a particular trailer based on custopneferences.

The Atlas middleware embodies many characterissiesh as rapid deployment, self-
configuration, plug-and-play, and support for webrvices that can easily fulfill the
above requirements, making it the platform of choic

Each trailer is hooked up with a cluster of tempewa and humidity sensors to
monitor the internal conditions of the trailer. Adat sensor is also installed to detect
whether the trailer was secured or not. All thesses are connected to Atlas ZigBee
nodes which interact with the rest of the middlesvarnning on a low power PC inside
the trailer. Due to the low power requirementshaf system, it is even able to run on a
trailer which has been disconnected from its tracto

The portal located at the business control cemtracts with the middleware on
each trailer via satellite communications and i &b get both the real-time status and a
list of trailers where alert conditions have begggered. The communication between
the Atlas middleware and the portal follows thendrd web service interface, which is
provided by one of the default communication mogduMyhen an operator clicks on a
trailer, the portal displays the specific sensad dre exact location where the alert was
triggered along with a histogram of sensor readings

The customization of sensor deployment in individteilers is enabled by the plug-
and-play aspect of Atlas. Based on customer reqpgings, different sensors can be added
or removed from a trailer without requiring any obe in the rest of the system. Once
new sensors are deployed, they will automaticakkgdme accessible by the portal
seamlessly. This not only leads to lower custoriopatcosts but also allows for
extremely short turn-around time.

6. PERFORMANCE EVALUATION

To investigate the performance and scalability bé tAtlas middleware, several
experiments were designed and conducted. In pkatjone ran the Atlas middleware on
a low-end desktop PC, injected multiple sensoraesgervices into the middleware, and
sent simulated sensor readings from a separatetogedkC. The first experiment
examined the issue of scalability and investigdited the number of sensors affects the

resource usage of the middleware. The second exestiexplored the performance of



the middleware as a typical data consuming apjpdicais connected to an increasing
number of data streams. We describe in the follgveabsections, the setup and results
obtained from these experiments.

6.1 The Experiment Setup

The experiments were conducted with the Atlas neidire running on a Pentium4 1.70
GHz/256 KB cache Dell Dimension 8100 machine wit 2ViB of RDRAM. The
operating system used was Ubuntu 6.10. The Javal3€5.0 Update 8 was used to run
Knopflerfish 1.3.5, an open-source OSGi framewanklementation.

The AtlasSim utility (Fig. 6) is used to test thelas middleware by simulating a
network of Atlas nodes. The simulator is able tavep multiple nodes, each in its own
thread. Only the communication with the middlewaerver is simulated, not the
hardware components themselves. Each node spawneaedndividually customized at
any time, specifying the number and type of degeerrices provided, the data sent, and
the sampling frequency. The main application thresels a single timer to step through
the simulation. AtlasSim uses the default commumoamedium (wired Ethernet, WiFi,
etc.) provided by the machine to reach the spetifitiddleware server host. The
maximum number of nodes that can be spawned depemdkse speed, memory, and
network stack of the simulation machine. AtlasSiaswritten in Delphi for Windows,

and can be compiled using Borland Kylix for Linux.

Fig. 6. The AtlasSim program and node configuratigmdow.

For both the experiments, we simulated a forceisgn®sistor from Interlink. The
InterlinkPressureSensor device service bundleif@tied and activated to continuously
forward readings from the simulated sensors atateof one reading per second.

6.2 Atlas Middleware Scalability



In this experiment, we investigated the scalabitifythe middleware, in terms of the
maximum number of sensor device services that easupported while running on a
low-end desktop machine with limited resources. Mféher monitored the performance
impact on processor load and memory usage as welagegd more and more sensor
devices.

In this experiment, we continuously instantiated! attivated new sensor device
services in the middleware, and observed the imgfatte number of instantiated sensors
on the performance of the centralized server hgstre middleware. For baseline
comparison, we observed that before we start th@i@&mework on the server, the user
level CPU load was at 1.3%, and the system levé) (@Rd was at 0%, and the amount
of memory in use was 215.42 MB. Once the OSGi ptatfwas initiated and before any
sensor device services were activated, the usel &nd the system level CPU load both
remained unchanged, but the amount of memory ifjumsped to 243.44 MB.

In Fig. 7 we observe that both the CPU load atsystem level and the user level
increases linearly as the number of connected seimscreased, although the user level
CPU load climbs at a much faster rate than theesydével CPU load. This is because
the device services run on top of the OSGi fram&vedrthe user level, hence basically
the user level CPU load grows proportionally witle total number of sensors. The data
stream from each of the simulated sensor is dei/é¢inrough the network resulting in a
much less, but also linearly proportional growtttérms of system level CPU load. The
experiment stops at 500 sensors because the spstomes sluggish and unresponsive,
resulting in difficulty in adding more sensors, atemonstrates that 500 is the maximum
number of sensors that can be supported by thes Ailddleware when each Atlas node
is only connected to a single sensor.

Fig. 8 shows how the memory usage is affected byntimber of sensor connected.
We can see that as soon as the first sensor iectmthand activated, the memory usage
jumps from 243.44 MB to between 251 and 252 MB. Tt@mory usage then fluctuates
within this reason as more and more sensors aneected. What is most interesting is
that a typical pattern of thrashing is observedraund 300 sensors. The memory usage
goes down from there, and the system response lescsiower. Although the CPI load
keeps increasing (as shown in Fig. 8) the perfooman terms of processing sensor
readings does not improve. The memory usage cantmdecline due to worse thrashing
activities until the system finally stop respondatgh00 sensors.

In a variation of this experiment we simulated npléxing Atlas nodes. It was
observed that when there is no application intergaith these sensor device services,

the Atlas middleware could support up to 133 Atkensor nodes, with each node



connected to 32 sensors, before the CPU in thealzed server overloaded and the
system thrashed. In other words, the Atlas middtewavhen running on a low-end
resource limited test bed PC, with capabilitiesilsinto typical set-top boxes or access
points, can support up to 4256 sensors at a giren tn a typical setting of smart houses
[Bose et al. 2006], this kind of scalability far ceeds the requirements of typical
applications and services provided in a pervasoraputing environment. Hence, Atlas
middleware is scalable with respect to a wide ctdgmervasive computing applications.

CPU Load % versus Number of Sensors
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Fig. 7. CPU load vs. number of sensors.
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Fig. 8. Memory usage vs. number of sensors.
6.3 Performance Under Zero-load Data Stream Applications
In this experiment, we set up a simple applicatioat discovers all the basic sensor
device services available in the system, and sildescrto their data streams. This
application does not perform any useful operatiomghe data gathered; it only checks
the timestamp when new data arrives. The idea isf éRperiment is to capture the
application-middleware interaction overhead resgltirom instantiating and connecting
to sensor data streams. This experiment allowsougviestigate how many sensors a
single typical application can support. In essetits,experiment examines the consumer
side of the middleware (applications), whereasetkgeriments in section 6.2 examine the
producer side of the middleware (sensors).

For the baseline comparison of this experimengrafhe OSGi platform and the
application service bundle were initiated, and befany sensor device service was
activated, the user level CPU load and the systaral ICPU load were 2% and 0.3%,
which is slightly higher than without the applicatji and the amount of memory in use
jumps to 251.64 MB, which is about 3% more tharhwaiitt the application.

In Fig 9, we overlay the plots of CPU load versusmber of sensors for two
scenarios: (1) when there is no application preg@htwvhen an application is present and
subscribing to continuous data streams from allsémesors. Observe that in the absence
of an application, the CPU load increases slowlthasnumber of sensors increases, and
barely reaches 30% when there are 500 active serisocontrast, when an application
subscribes to the sensor data streams, the CPUikesdsharply and saturates when the
number of sensors exceeds 75, but the system remadponsive until the number of
sensors reaches 300.

The CPU load increases sharply because, in addiitime extra load created by each
added sensor, the application must handle thesdegams coming from all the existing
sensors as well as the data from the new sensaheAsumber of sensors increases, the
application has to consume more and more computagurces to handle the constant
incoming streams of data. The CPU load reache® dmsl00% at around 75 sensors,
then drops back and hover around 97% until theegysttops responding at around 300
sensors. The system is able to support even matesnafter CPU load peaked at 75
because the data streams from sensors experiemger ldelays because of the need to
schedule more threads for each of the sensorsloagér time slice are needed for the
subscribing application to handler all the incomidata streams. Data readings are
gueued, and some eventually dropped due to timedtinsufficient space in queue,
before they are able to be processed by the apiplica



The addition of application service does not hawg aignificant impact on the
memory usage as shown by two highly overlappingdrées (one with the application
running, and the other does not) in Fig 10. The orgnusage still is primarily affected
by the number of sensors connected to the system.

In addition to monitoring the CPU load and memopage, we also measure two
other important characteristics of the plug-andsptaocess, device detection time and
data channel initialization time. The device datettime is used to describe the time it
takes from when the device service registers whith Atlas middleware to when the
application detects its existence. We observedoidy device detection time of 1 ms,
although 23 ms was also occasionally recorded. Thisikely due to preemptive
framework activities. During this time, the apptica transmits the data subscription
message, waits for the request to reach and begsed by the node, and finally receives
back the first data reading. The average data @iamitialization time is 113.33 ms with
a large standard deviation of 195.97 ms.

On average, it takes 117.77 ms for an applicatiodetect, start interacting with and

receiving data from the sensor.
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Fig 9. CPU load vs. number of sensors, with antdauit application running.



Memory Usage versus Number of Sensors with and without Application Service
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Fig 10. Memory usage vs. number of sensors, withveithout application running.
The Atlas architecture was designed to be the fonedal building block of

pervasive computing spaces, and these experimbots that full-scale environments
can be built using the platform. Furthermore, Atiflews for cost-effective deployments.
Many different devices can be integrated usinghglsinode. Hardware requirements for
the middleware server are also modest; environngntk as free-standing smart homes
can make use of residential-grade equipment sutypa=l household PCs or upcoming
HD set-top boxes. Larger deployments, such as apgaf smart apartments in a
continuous-care retirement community, are accomneaddy additional processing
power and, especially, more memory.

7. CONCLUSION

Developing maintainable, programmable pervasive prding environments requires
mechanisms to support the plug-and-play integratbrsensor and actuator devices,
translate those devices into software objects, #&allitate the development of
applications that make use of those services. TifesArchitecture addresses all these
needs. It provides a modular hardware platform #tlatvs nearly any kind of device to
be integrated, regardless of the network technolegpd, into a smart space. Translating
devices into software objects is handled by theviseroriented middleware. The
middleware also provides service and applicatictm@ing tools, including support for

remote programming and deployment. As demonstratecbur case studies and



experiments, the Atlas architecture can be the dagyable of full-scale, service-rich,

commercially viable smart spaces.
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