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Abstract: Rapid growth in inexpensive, short range, and low-power wireless 
communication hardware and network standards are now enabling the 
construction of ubiquitous computing and communication environments. 
Devices in ubicomp environments form short range and low power mobile ad 
hoc networks whose topologies are usually dynamic due to arbitrary node 
mobility. Typical applications in ubicomp environments are context-sensitive, 
adaptive, and often engage in impromptu, and volatile communication. These 
properties require both programming and runtime support in the application 
and system levels. A middleware approach can be very effective to provide 
these support to reduce the effort required to develop ubicomp software, in 
addition to providing the commonly known middleware services, such as 
interoperability, location transparency, naming service, etc. In contrast to 
middleware architectures for fixed networks, a middleware for ubicomp 
environments should be adaptive to various contexts, be reconfigurable, and 
should be of high-performance to facilitate ad hoc communication among 
objects. In this paper, an adaptive middleware, which is reconfigurable and 
context sensitive, is presented for applications in ubiquitous computing 
environments. 
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1. INTRODUCTION 

The concept of ubiquitous computing (ubicomp) [1,2] focuses on 
integrating computers with the physical environment, making computing and 
communication transparent to the users. Devices that operate in these 
environments are usually embedded with low-power and short-range 
wireless communication capabilities. In addition, the devices are free to 
move arbitrarily (e.g. a wearable device moves with a living carrier), usually 
have bandwidth and energy constraints, and are equipped with multiple 
sensors. The topologies in ad hoc networks are dynamic, and usually no 
dedicated network connectivity devices exist. Based on physical 
environmental conditions and other stimulus, nodes in this environment form 
numerous webs of ad hoc short-range wireless networks to exchange 
information, and react in a transparent fashion. 

User applications running in ubicomp environments have the following 
characteristics [3-5]: 

- Context and resource sensitivity: Applications use various data about the 
surrounding environment to adapt their behavior and interactions. 

- Impromptu and volatile distributed interaction: Communication channels 
among applications tend to be instantaneously established and terminated 
due to changing contexts and node mobility. 

- Intelligent human computer interaction: Applications provide richer and 
natural interfaces to support common forms of human expression, such as 
speech, gesture, etc. 

Based on the above characteristics, it is necessary to provide system 
support for the development and runtime support for applications that are 
adaptive in response to different contexts. In this respect, middleware can be 
very effective due its basic services, such as interoperability, naming, 
location-transparency, etc. Hence, a middleware for ubicomp environments 
should have the following capabilities: 

- Support for adaptive and context-sensitive application development: 
This capability enables a middleware to facilitate the development phase 
of adaptive and context-sensitive applications. To address context
sensitive applications, such a middleware should have an interface 
definition language to associate various object methods with desirable 
contexts. In addition, a middleware should also be able to use the 
interface specification to generate application-specific context-detectors 
and analyzers to further ease the development phase. On the other hand, 
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to address applications that are adaptive in response to various contexts, a 
middleware for ubicomp environment should provide the runtime 
services for coordinating the adaptation triggering and context-analysis 
capabilities. Although the nature of specific adaptation is application
specific, a middleware, in summary, should provide a flexible framework 
for effectively developing and deploying adaptive and context-sensitive 
application software. In summary, this capability allows an application 
developer to focus on the application development rather than diverting 
much effort to context detection, analysis, and adaptation triggering 
mechanisms. 

- Runtime support ad hoc communication among applications: 
Devices in ubicomp environments usually form mobile ad hoc networks 
[6] that enable impromptu and volatile interactions among the 
applications resident in these devices. To directly address the nature of ad 
hoc interaction, the communication support in a middleware for ubicomp 
environment must be adaptive to various network events, such as arrival 
of new nodes, departure of existing nodes, and route changes (for 
multihop ad hoc networks). Since communication is more expensive than 
computation in wireless environments, a middleware should utilize its 
communication and service discovery services intelligently based on the 
contexts and actual need of the application software. In summary, the 
second capability allows the devices to interact autonomously using 
various types of application-specific context as the conditions for 
managing the communication. 

Application-specific adaptive services: In addition to the basic 
capabilities, a middleware should provide various application-specific 
services in adaptive fashion. Some examples of these services are as 
follows: 

a) Security: Due to the open interactions in ubicomp environments, 
various security capabilities, such as key exchange, encryption, 
authentication, intrusion detection and assessment, must be incorporated 
into a middleware. In addition, these services should be adaptive in 
response to the changes in the environments and application requirements. 

b) Group management: To support collaborative computing among 
devices, devices should be able to form ephemeral groups based on 
specific contexts or situations [7]. The management of these groups 
should be efficient and adaptive since dynamic changes in the group 
membership and topology is a norm rather than an exception in ubicomp 
environments. 
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- Interoperability with middleware for other domains: To allow a 
greater degree of interoperability, a middleware for ubicomp 
environments should provide interoperability support such that an 
enterprise application can communicate with an ubicomp application 
without significant effort on the developers' parts. This requires that a 
middleware should provide runtime services for exchanging service 
information and application data with different types of middleware. In 
summary, this capability will allow plug-and-play of various types of 
middleware across multiple domains, such as mobile ad hoc, 
infrastructure-based mobile, and enterprise networks. 

A middleware for ubicomp environments should also be reconfigurable, 
provide the support for constructing additional middleware services (e.g. 
group communication, authentication), and be interoperable with other types 
of middleware to enable a broader level of application interoperability. 
Enterprise middleware specifications, such as CORBA [8], and middleware 
for mobile networks, such as ALICE [9], LIME [10], iMAQ [11], 
Bluedrekar [12], and XMIDDLE [13] do not completely address the 
fundamental issues related to providing adaptive support for applications in 
ubicomp environments. In this paper, we will present an adaptive 
middleware, based on Reconfigurable Context-Sensitive Middleware 
(RCSM) [5, 14-16], for ubicomp environments. 

2. OUR APPROACH 

Our approach to developing the adaptive middleware is based on the 
Reconfigurable Context-Sensitive Middleware (RCSM), which has the 
following properties: 

- Facilities for application-specific adaptation by providing mechanism for 
context-sensitive object interface definition and application-specific 
context detector generation. 

- Facilities for autonomous and symmetric communication channel 
establishment and object activation based on application-specific context. 

- Context-sensitive service discovery and distribution among devices in 
ubicomp environments. 

- Group communication and information dissemination services. 

In addition, the architecture of RCSM has the following features: 
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- Co-designed in software and reconfigurable Field Programmable Gate 
Arrays (FPGA) to achieve both software-hardware reconfiguration and 
high performance. Software is used for application-specific services, and 
the FPGA is used for providing core RCSM services. 

- Architecture is modeled after CORBA Object Management Architecture 
(OMA) to allow interoperability with middleware for fixed networks. 

In the rest of this paper, we will give an overview of RCSM and discuss 
its principal support for applications in ubicomp environments. A smart 
classroom is being developed as a test bed for evaluating RCSM in practical 
setting. 

3. APPLICATION DEVELOPMENT AND AD HOC 
INTERACTION SUPPORT IN RCSM 

Most ubicomp application software can be characterized as context
sensitive. Context-sensitive applications are characterized by their use of 
context to drive their operations and/or adaptation mechanisms. Examples of 
context-sensitive applications can be found in [17-19]. RCSM provides both 
development time and runtime support for these applications as follows: 

- A context-aware interface definition language for context-sensitive object 
interface specification and application-specific context detector 
generation. 

- A context-sensitive communication mechanism to enable ad hoc service 
discovery and communication among the devices. 

The first capability allows an application developer to focus on the 
application development rather than spending effort on the generation of 
context-detection and analysis. The second capability allows the devices to 
interact autonomously using various types of application-specific context as 
the conditions for managing the communications. 

RCSM facilitates context-sensitive application development as follows: 

1. RCSM provides context-aware interface definition language (CA-IDL) to 
specify context variables and expressions in an IDL file. Context 
variables and expressions are programming constructs used in CA-IDL to 
use the current values of different types of contexts. 

2. After identifying the object interface, and the object developer identifies 
the methods that need to be context-sensitive. 
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3. The methods identified in Step 2 are associated with a context variable or 
context expression using two simple rules described in [14]. 

4. The IDL file is then processed by the CA-IDL compiler to generate an 
Adaptive Object Container (ADC), which include the following objects: 
a context reflector, a base object, and a dispatcher. 

5. The base object is then extended to implement the actual object along 
with the definitions of its methods. 

We are currently extending CA-IDL and its compiler to support situation
awareness [6] in applications. Now, we describe how RCSM facilitates ad 
hoc interactions of context-sensitive applications in the devices. 

Ad hoc interaction refers to the impromptu and decentralized interaction 
among a set of devices. Evolving standards, such as Bluetooth [20], IrDA 
[21], mEE 802.15 [22] provides both radio and transport layer capabilities 
for ad hoc networking. However, to directly support the ad hoc interaction in 
the application level, RCSM provides the necessary facilities as follows: 

a) RCSM provides an adaptive runtime support for ad hoc networking 
through context-triggered communication channels. Context-triggered 
communication is a type of communication model where a 
communication channel is established between a pair of devices A and B 
whenever the following conditions are true: 

- Each device has at least one application object, which has previously 
specified its interest to be activated in a particular context, which is 
currently true. Lets refer to these objects as OA and OB for Devices A 
and B respectively. 

- OA and OB are suitable to exchange data with each other. By suitability, 
we mean matching of the object interface signatures, including number of 
parameters and parameter types, radio frequency identifiers, etc. 

b) R-ORB, which is the Object Request Broker (ORB) of RCSM, is 
responsible for managing context-triggered communication channels as 
follows: 

- R-ORB uses the notion of proximity and application-specific context to 
establish a handshaking channel with another device. 

- A context-sensitive service discovery/distribution procedure is performed 
by both R-ORBs to identify if each device has any suitable object to 
engage in information exchange. Suitability is defined as matching of the 
object interface signatures, including number of parameters and 
parameter types, radio frequency identifiers, etc. 
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- R-ORB establishes a symmetric communication [14] channel with the 
remote device. 

4. ADAPTIVE OBJECT ACTIVATION IN RCSM 

Context-sensitive object activation is the process of invoking a context
sensitive object whenever its specified context is true. RCSM performs this 
activity using object-specific Adaptive Object Container (ADC): 

1. An application object becomes context-sensitive by associating at least 
one of its methods with a context variable or a context expression (as 
mentioned in Section 1). This is accomplished by using Context-Aware 
Interface Definition Language (CA-IDL) [5]. 

2. The CA-IDL compiler generates a customized Adaptable Object 
Container (ADC), which periodically receives different context data. 
Using these context data and based on the CA-IDL specification, ADC 
decides if the current context matches the desired context of the 
application object. If it does, ADC generates a context-match event. 

3. The context-match event is then passed to context-sensitive ORB. In this 
phase, the ORB performs service discovery operation, and if the identity
match event occurs, establishes a context-triggered communication 
channel with the other device. 

4. After the communication channel is established, the ORB notifies the 
appropriate ADC, which in tum activates the object and invokes the 
appropriate method. 

5. ADDITIONAL FEATURES OF RCSM 

5.1 Reconfigurable Architecture of RCSM 

The core services of a middleware, such as the R-ORB functionality, 
must be highly efficient to address different degree of scalability. However, 
these operations are usually repeated instructions and often need not be 
changed. In contrast, application-specific services of a middle ware, such as 
an ADC, needs to be generated anew whenever an interface is changed. 
Often times sophisticated scalability improvement techniques are not 
economical in embedded devices due to different constraints. It is shown that 
reconfigurable processors are useful in computations that are regular [23]. 
As such, R-ORB is based on a software-hardware co-design approach to 
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achieving both reconfigurability and performance desired for applications in 
ubicomp environments. FPGAs are a type of reconfigurable hardware 
components that can be reprogrammed after fabrication to achieve flexibility 
and customizability. This property lead us to choose FPGAs for R-ORB 
implementation since most ORB-specific operations, such as data 
marshalling, context-processing connection management, and R-GIOP 
protocol processing are also regular and require high performance to 
increase its sensitivity of the overall RCSM services. In addition, 
reconfigurability is also useful in R-ORB, since it is expected that different 
configurations of R-ORB may be necessary to fit the sensors (which are in 
fact peripherals of a device) and constraints of embedded devices. 

5.2 RCSM-CORBA Interoperability 

To provide interoperability with middleware for another domain, RCSM 
is also being designed to provide RCSM-CORBA protocol primitives. The 
following are the main features of this aspect: 

- CORBA Object Support in RCSM: RCSM's CA-IDL is partially based 
on the syntax and semantics of CORBA IDL, version 2.3. As such, it is 
possible define CORBA object in RCSM. In this case, the context of the 
object is not specified, and as such it can be invoked any time following a 
service discovery operation between a pair of devices. 

- CORBA Object-Context-Sensitive Object Interaction: To support the interaction 
between a pair of CORBA and a context-sensitive object, RCSM's R-GIOP 
protocol interacts as a CORBA GlOP protocol whenever a valid CORBA 
request is received. To facilitate this, the service discovery mechanism of RCSM 
is also extended to discover CORBA objects in other nodes, such as PCs and 
workstations. 

In addition, RCSM is currently extended with ephemeral group 
management and information dissemination services. 

6. TEST BED DEVELOPMENT 

To evaluate RCSM, we are currently implementing a smart classroom 
test bed to facilitate teaching and collaborative learning among college level 
students. The test bed will facilitate different activities leading to efficient 
teaching and collaboration in a classroom. For example: 
- Automated synchronization and selection of lecture slides between the 

instructor's PDA and Pc. 
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- Instructor assigns students into groups to collaboratively solve a 
particular problem. The PDAs of the students in the same group forms 
an ad hoc network. Using the ad hoc network, the PDAs aid the students 
to exchange their ideas to solve the assigned problem. 

7. DISCUSSION 

In this paper, we have presented how an adaptive middleware, such as 
RCSM, can be effectively used to support applications in ubicomp 
environments. Specifically, we have presented RCSM's support for context
sensitive interface specification and adaptive mechanisms for establishing 
context-triggered communication channels. We are validating the 
functionality of the RCSM using a software-hardware co-design approach 
for various embedded devices in ubicomp environments. We are also 
currently constructing a Smart Classroom test bed to evaluate RCSM in a 
real-life setting. Our test bed nodes are being constructed using PDAs, 
various sensors, FPGAs, and short-range radio modules. Future research 
includes additional services for RCSM, such as various security features and 
reconfiguration. On the architecture aspect, RCSM will be improved to use 
reflection and context cooperatively. Moreover, the interoperability of 
RCSM with middle ware for other types of environments will be explored. 
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