


1) Context-awareness is associated with individual
object methods. As such, application objects are
activated based on contexts, in addition to explicit
user invocation. This type of activation is referred to
as context-triggered object activation.

2) A context-reflector (CR) for each context-aware
object is generated based on the procedure in Step 1).
A CR performs the necessary processing of
contextual data on behalf of the application object.

3) The initial context-sensitivity of each context-
aware object is derived to specify the initial behavior
of the applications.

4) The context-sensitivity is continuously refined
during runtime to address changing contextual
conditions during operations of the device. The new
context-sensitivity of an object is recomputed based
on runtime data. To support the context-triggered
communication of the objects with the remote
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Figure 1: Our approach to development of
ubicomp applications software.

devices, RCSM [2,3] is used. RCSM uses wireless
transport protocols, such as Bluetooth, IrDA, etc.

In the remainder of the paper, we will elaborate each
of these steps in Sections 3-6, and provide an
illustrative example.

3. Associating Context-Sensitivity with an
Object
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In this section, we will discuss how to make the
objects of an application software context-aware:

a) The desired context [2,3] of the application
software is determined from the system requirements.
Objects, which are only directly invoked by the

underlying middleware  during  connection
establishment [3], need to be associated with context-
sensitivity.

b) For each method of a context-aware object from
Step a), the desirable context is then specified as a
context-tuple using the RCSMContext_var construct
of our Context-Aware Interface Definition Language
(CA-IDL) [3]. For complex specification involving
multiple contexts, the timed regular expressions [3]
are used.

c) The specified context is associated with a
particular method of an object using two simple rules
as specified in [3]. These rules are summarized here
for the sake of completeness:

Context-
Context-aware Application 1 aware
Application 2
Object B
Object A Object M
r . . .
Object C1 Object C2 ObjectC3
[context-aware} fcontext-awate] {context-
aware]
Context- Context- Context-
Reflector ‘Reflector Reflector

I | I
| Context-Sensitive Middleware (e.g. RCSM) l

Figure 2: An architecture of context-aware distributed

application software using our approach.

s Each method is annotated with either [incoming]
or [outgoing] tags. An [incoming] tag signifies that
the corresponding method must receive an external
event or data to initiate its operation. An [outgoing]
tag signifies that the method can be activated without
any external event or data as long as the desired
context remains true in the surrounding environment.
= Each method is also annotated with [activate-at-
context x| tag, where x represents a context-tuple or
timed-regular expression, as described in [3].

Figure 2 shows the structure of a context-aware
application based on our approach. In this figure,
Objects C1, C2, and C3 are context-aware according



to Step a) described previously. C1 and C2 are
included in a single application while C3 is part of
another application. All of these applications are
supported by a context-sensitive middleware, such as
RCSM [2,3]. A context reflector invokes each object
during a connection establishment process. Each
context reflector uses the context-data from the
device to determine the suitability of object
activation, which depend on both context-match and
identity-match [2,3] events from RCSM.

4. Context-Reflector Generation

Context reflectors (CR) are object adapters that
connect context-aware objects, as identified using the
procedure in Section 3, with the underlying RCSM.
Traditional object adapters used in existing
middleware specifications, such as CORBA, invoke
objects based on explicit requests from the clients.
These object adapters are not capable of detecting the
appropriate  contexts based on the context
specification of the object methods. CRs are thus
necessary to address this issue. The following steps
are used to generate a CR:

1) For each specified context in the object method,
a timed finite state machine (timed-FSM) is
generated. A timed-FSM is a deterministic FSM with
a timer-state, which accepts timer-inir and timeout
events. Timer-FSM has two final states — matched
and not matched.

2) To observe any temporal pattern in contexts, a
timed regular expression is used to construct a timed-
FSM for the following operators: +, A, *, and -> [3].
The generated timed-FSM is used to detect if a
desirable context is true at any instant of time. The
use of timed-FSM inside the CR is referred to as
context-detection process.

3) The frequency of context-detection process is set
according to the intended frequency of the
corresponding CR.

The remaining portion of our CR generation process
involves associating a CR object with an ADC
component [3].

5. Deriving Initial Context-Sensitivity

Initially, as the application software is being
developed and deployed, no contextual data exists to
facilitate the runtime operation of the application
software. As such, it is necessary to initially assign
context-sensitivity to the objects. The initial context-
sensitivity, however, can be adapted at runtime in
response to the changing environments. We will
describe the adaptation process in the next section.
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The derivation of initial context-sensitivity is divided
into two major steps. First, we quantifiably define the
notion of context-sensitivity. Second, we compute the
initial context-sensitivity of an object using this
definition.

Context-Sensitivity: Context-sensitivity represents
both how fast a context-aware object reacts to its
surrounding contexts and how it behaves in response
to the variation in the context data. We established
this concept in [3]. For the purpose of clarity, we

to the j” method of object g as &9

Furthermore, we define A?as the set containing all
the methods & ¢,

refer

First, we define the context-sensitivity of a context-
reflector as follows:

CS:I' = CS resm (1 )

79 N9’
ch('r

where CS$9, represents context-sensitivity of the
context-reflector CR of object q; CS, ., is the context-

sensitivity of the underlying RCSM; }’:_’,. is the period
of context-detection process; D, is the time taken by
CR to perform context-detection process. In case the
period of detection process reaches o, CS?cz becomes

0. In (1), D! 2z1landy’ =1. Now, using (1) we

define the context-sensitivity of a method O ¢ as
follows:

]Ck+] C‘
5= DTN(ZI cr-c' | @

i=1

where CS? is the context-sensitivity of J %; D; is the
delay between a context-match event and the
invocation of & %; Tjis the time taken by &7 to
complete its operation; N, is the number of unique
contexts associated with 0 %; C; ' C/'is the range of

™ context in which o i’ behawor remains the same
C"” — Cfis one unit of context value for the i
context. In (2), D; > 1and T, >1.

Now, we can compute the context-sensitivity of the
entire object CS? as follows:

N‘l
cs ¥ = F]—Zl cs ¢, &)
9 1=

where N, is the total number of context-aware
methods in g (i.e. Nq .—_'A‘l').



According to (1), (2), and (3), context-sensitivity of
an object g depends on the following factors:

=  The context-sensitivity of all the methods in g.

= The delay between a method invocation and its
corresponding context-match event.

»  The time taken by a method to complete its task.
= The period of the context-detection process.

= The variation of the context-data in which a
method can be invoked.

»  The context-sensitivity of the underlying RCSM.

Initial Context-Sensitivity: The context-sensitivity
of a method & ¢ can be deduced statically if proper

values of D; and ¥ are available. We ignore the

derivation of CS,., in this paper. Assuming a
specific value of CS,., we use the following

technique to determine the values of D,, and 7 :

A) Assume that each method j is assigned a priority
value with respect to other methods in object g. Let
this priority be C;. Let Cy,, be the highest priority.

B) Upgrade the priority of j if the probability of
simultaneous context-match events for both o ¢ and
a higher priority method & % is 0:

For each method jinq,
Let S, ={Vé{IC,, 2C,>C,};
Let ST ={V8.1C,>C,};
1.C,=C,.
2.Choose a 8 € S;1V6!:6! #0601 AC,>C,,
3.if Py, 1n,)=0

C}=CW.

Vm:me S7,C, =C, +1.
4.5,=5,-{6:}.
5.Goto Step 2if S, #{¢}.
6.C; =C;. Stop.

C) Calculate the relative weight of j W;:

W, =[1—(C}émale:[P(nk 7, )} 4

where P(Uk Iﬂl.)is the probability of the occurrence

of context-match events for & 9, when the current

context matches the context of method & 9 Here, k
satisfies the condition:

Vk:1<kSN 18 6’ A<cjzck>/\P<7;,‘mj) >0,

D) Derive ¥ simply as follows:

Nll
ve=2T, )

where T; is the time required to complete o9 N, is
already defined in (3).

E) Derive Dj as follows:
D;=3T, ©)
k

where W, corresponds to the weight of & % from (4).
Here, k is constrained by the condition:

VkIA<Sk<N, W, 2W;A0f #67

In (4), the weight is decreased if the probability of
invocation of higher priority methods is non-zero.
This information is used in (6) to compute the delay
of individual methods in g. Combining the context-
sensitivity of a context-reflector and the RCSM with
an object g decreases q’s sensitivity. This is true in
reality, since the overhead of additional layers
between the application software and the sources of
the contexts (e.g. sensors) in fact increases the time
taken to react to a context-match event.

6. Runtime Change in Context-Sensitivity
Changing the context-sensitivity of an object during
runtime is necessary to adapt the device in different
environmental conditions. For example, by reducing
the context-sensitivity of an object, a device can
conserve resources in case of limited battery power,
or increasing the context-sensitivity of a personal
communication object may lead to fast response time
in appropriate locations, such as a public meeting
place. While it is possible to explicitly change the
sensitivity by the user, in this section we focus on the
automated adaptation in context-sensitivity by
utilizing the tradeoff between the cost of delaying the
invocation of a method and the cost of ignoring a
context-match event completely.

The principal idea is to change the period (i.e. 77 )
of context detection process. The following procedure
is used for changing 7er which essentially affects
the context-sensitivity:



= Let L, be the number of context-match events in
the current cycle and L, be the number of context-
match events occurred in the previous cycle.

= IfL,< L, fewer methods need to be invoked. In
this case, the context-reflector reduces the context-

sensitivity by increasing ¥7 to 2 :

o }/cqr Ln
L

r ,
= IfL,> L, more methods need to be invoked than
previously. A decision needs to be made between the
costs of not invoking some of the methods as oppose
to delaying some of them. Let these costs be C,; and
C, respectively. Then, the context-sensitivity is

Ve )

changed by changing ¥ as follows:
Ve Ly
([‘Ir = —7;_ l\f Cni>cd (8)

=v? otherwise

cr

7. An Dlustrative Example

In this example, we illustrate the method presented in
this paper by showing how a location-aware ubicomp
application software can be developed for different
devices. The requirements are as follows:

Ri: The entire system is a network of public
information services. Users are equipped with
different devices to access different information. Two
different types of devices A and B are used.

8 | B [s]

Figure 3: Devices A and B in a highway in the example.

R2: Type A devices are installed in automobiles.
They access highway status data at different locations
while the automobiles are moving.

R3: Type B devices are installed along the highways
(every 0.2 mile) to broadcast the highway status data.
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R4: Communication among the sensors occur based
on the following conditions:

Devices A’s exchange data with Devices B’s
whenever Devices B’s are within the range. Due to
the mobility of Devices A’s, it is possible that
multiple Devices B’s can provide the same data to a
single Device A. The scenario is shown in Figure 3.

Device A includes highway-status reporting software
(implemented as Object A), which periodically
displays different information about the current
highway. Examples of data include traffic jam,
alternative routes, accident information, etc. The
object needs to be activated when the automobile is
on a highway and a Device B is in 15 feet range. This
information can be represented as a context using the
location of the actual highway. Assume that each
transfer of highway data from a Device B to a Device
A requires 1.2 seconds.

Devices B’s are installed in every 0.2 miles on both
sides of the highway. These devices (implemented as
Object B) communicate with the backend servers to
gather real-time traffic data and broadcast them when
Devices A’s are in range.

Step 1) Associating Context-Sensitivity with Obj-
ects A and B: Objects A and B are the only objects
used in Device A and Device B respectively. Their
interfaces are defined in Context-Aware Interface
Definition Language (CA-IDL) [3], which is a
superset of CORBA 2.4.2 Interface Definition
Language specification. CA-IDL uses additional
language constructs to associate a method of an
object with a particular context-tuple.

e Interface of Object A-Highway-Status-Receiver
//Name: Highway-Status Download Object
//ID: 001
//Define a context variable
RCSMContext_var DeviceContext
C_Al where
Location == “Highway 101”and
DistanceAdjacentDevice <= 20.
//Method 1: activate when Device B is in range
[incoming] [activate at C_Al]
download_data([in] string data)

e Interface of  Object
Distributor
//Name: Highway-Status Distributor Object
/1D: 002
//Define a context variable
RCSMContext_var DeviceContext
C_Bl where

B-Highway-Status-




DistanceAdjacentDevice <= 20.
//Method 1: activate when Device A is in range
[outgoing] [activate at C_B1l]
distribute_data({outl]lstringdata)

Methodl in Device B only requires another device
within 15 feet range to be activated. The actual type
of highway is irrelevant here since its location is
fixed along the highway as shown in Figure 3.

Step 2) Context Reflector Generation: Two indep-
endent context reflectors are generated based on the
context-specifications of the interfaces. The first
context reflector identifies if context C_Al becomes
true, while the second reflector checks if context
C_B1 becomes true. The input to both context
reflectors come from the underlying RCSM.

Step 3) Assigning Initial Context-Sensitivity: The
period of context-detection process is initially set at
60 seconds for both devices. Using (6), the initial
delay parameters of both methods are:

Dt A = 6 seconds and D*¥*' B, = 1second.

Here, we assume the C; parameters of the methods
are 5 and 3 respectively. In addition, the value of C,,,,
is 5 in both devices, and the values of P (1,1 n;)’s are
0.1 and 0.3 respectively.

Step 4) Runtime Change in Context-Sensitivity:
Consider Device A’s automobile moves along the
highway at a speed of 60 miles/hour. Since a Device
B is installed in every 0.2 miles, a context-match
event will occur in every 12 seconds. As specified
before, a single download takes 1.2 seconds and the
period of context-detection process is 60 seconds. In
this case, Device A decreases the frequency of
context-detection process to approximately 12
seconds using the equation in (7).

6. Discussion

In this paper, we have presented an approach to
development of object-oriented distributed software
for ubiquitous computing environments. Specifically,
we have presented techniques for associating context-
sensitivity with object methods and deriving the
initial context-sensitivity of individual objects. In
addition, we have also discussed how the context-
sensitivity can be easily changed at the context
reflector level without affecting application objects.
This approach utilizes a  context-sensitive
middleware, such as our RCSM, to receive the
necessary system support. A benefit of our approach
is that except the CA-IDL specification, application
developers do not need to additional code to manage
the context-sensitivity. This results in simpler design
and rapid development time.
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Currently, our research in this area is focused on
refining the CA-IDL (part of our RCSM research) to
allow definitions of the interfaces of situation-aware
applications. In addition, we are also improving the
technique to change the context-sensitivity during
runtime by incorporating how fast the surrounding
context changes over a period of time. In this regard,
we are in the process of quantifying the dependency
between context-sensitivity and the rate of context
change. Future research will include evaluation and
experimentation of the techniques using our RCSM
prototype and middleware support for dynamically
managing context-sensitivity.
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