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Abstract: Mobile computing attracts more and more attention in recent years. Adaptive mobile computing
systems need to process a broad range of composite events, which are combinations of primitive events such as
logic event, time events, and temporal events, etc. This paper focuses on the design and implementation of
composite events and composite actions in mobile computing systems, the sophisticated cases of event stream, time
event and various operators are taken into consideration. Detection for composite events is supported efficiently by
new kinds of extended automaton—Unidirectional Queue Automata and Bounded Unidirectional Queue Automata,
which are defined and discussed in detail. The data structures and the mechanisms adopted by these new automata
are described and how they can be efficiently applicable to adaptive mobile environments is illustrated.

Key words: mobile computing; adaptive; composite event; automata; unidirectional queue

Mobile devices and wireless networks are becoming more powerful and affordable, leading to the growing
importance of mobile data access. However, factors such as weak network connectivity, energy constraints, and
mobility itself raise new concerns regarding the security, reliability, and even correctness of a mobile computing
system. Especially, mobile environments are inherently turbulent; the resources available to mobile clients change
dramatically and unpredictably over time. In such an environment of changing resource constraints, a system with
no in-built adaptiveness would make wrong decisions on resource allocation. Although some of these limitations are
induced by current technological shortcomings, many of them are inherent to the nature of mobile computing, and
can be expected to continue beyond future advances in technology.

Mobile computing applications must be made aware of mobility not only to better utilize constrained
resources, but also to provide enhanced mobility related functionality. Unfortunately, the wide variety of
environmental situations that mobile computing presents make it difficult to build an application that optimally
handles al situations.

An efficient adaptation scheme is to let operating system and application cooperate with each other; the
system is responsible for providing the mechanisms for adaptation, while applications are free to set adaptive
policies. Environmental change can be modeled as asynchronous event, which is in charge of hiding and exposing
mobility awareness. Thus basic application functionality in this architecture is cleanly decoupled from adaptiveness,
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allowing the application to evolve independently of any particular environmental situation. In this paper we
introduce the concepts of composite events and application actions, which provide more flexibility for handling
events and actions. We concentrate on using an extended automation - Unidirectional Queue Automata - to describe
the behaviors of composite events and actions.

In this paper, Section 1 introduces background containing a brief description about adaptation. Section 2
addresses the concepts of events and composite events. Section 3 describes the unidirectional queue automata
(UQA). Section 4 uses UQA to analyze composite events. In Section 5 related works and extensions are discussed.
Finally, we give the conclusion.

1 Adaptation Mobile Computing System

1.1 Adaptation in mobile computing system

There are two key constraints on mobile devices in comparison to their fixed counterparts. resource-poor and
less secure. The variations in demand for resources, together with the variation in the already scarce supply with
those resources, lead to the requirement that mobile hosts adapt to these changed¥.

The general approach for application adaptiveness in response to the mobile environment ranges from
attempting to minimize application awareness, to providing various API’s for implementing adaptive behavior!¥.
Some approaches utilize semantic knowledge of data in the application domain to predict access patterns and
intelligently hoard data?. Unfortunately, each of these approaches either eliminates application environment
awareness, or completely integrates the required adaptiveness into application functionality.

One of essential problems is about what party is responsible for making adaptation decisions: the operating
system, the applications, or some combination of the two. There are three models of adaptation: (1)
Application-transparent adaptation, in which the system is wholly responsible for adapting to changes in the supply
of and demand for resources. (2) Laissez-faire adaptation, in which applications are solely responsible for coping
with the consequences of mobility. (3) Application-aware adaptation, in which the system is responsible for
monitoring resource availability and individual application must be informed of and react to significant changes in
the availability of resources. The third approach (application-aware adaptation) is preferable to its counterparts.
Systems must support a diverse range of applications, with potentially different adaptive needs; they must also
support concurrent, competing applications. These two requirements lead to providing adaptation as a collaborative
approach between the system, which monitors and controls resources, and applications, which set adaptation policy.
In the next we introduce our application-aware adaptation system model.

1.2 Adaptation in mobile computing system

Although current operating systems are capable of recognizing and adapting to a dynamic resource
environment, the abstractions for informing an application of the induced changes are inadequate for mobile
computing. Furthermore, many conditions in a mobile computing environment can only be determined in user-level
daemons that form part of the mobile computing run-time!®. In order to address these concerns, we propose a new
approach to make an application aware of environmental changes. The architecture is based on an asynchronous
event delivery mechanism over which typed events can be delivered to mobile computing applications. Event types
can be arbitrarily extended, and the architecture itself can be configured and extended according to the needs of a
particular system. Moreover, an application can choose to handle events at the level of abstraction that it deems
appropriate. However, details about the system are neglected here because our paper focuses on the issue of
composite events and actions.
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2 Composite Events and Actions

Many applications require access to two or more event sources, an application may receive several events from
the same user within atime period, thus a generic set of composite event services are needed.

2.1 Basic event operators

We now describe basic composite event operators, if a is an event, t, denotes the time at which event a
occurred.

Follow-by: It expresses temporal relations and is the most fundamental and important operator. To egl=a()->
b(), egl will be accepted if event a and event b occur where t,>t,. Other classes of event are not considered and play
no part in the evaluation.

Disjunction: It can alternatively be termed exclusive or and is denoted by a |. To eg2=a()|b(),eg2 will be
accepted if event aor event b occurs. The result of an accepting evaluation will be the event occurring first.

Conjunction: It can also be termed “and” and is denoted by a*. To eg3 = a() * b(), eg3 will be accepted when
both events a and b have occurred, a may occur before b or vice versa. Conjunction can alternatively be expressed
using disjunction and follow-by: eg3 =a()* b()= (a()->b())|(b()->a()).

Without : It is denoted by -. To egd=a()->b()—c(), eg4 will be accepted if a is seen followed-by b with no
intervening of c, that is when t,<t,<t.. If event c is seen between the occurrence of a and b the evaluation is said to
reject.

Closure: It is denoted with *. For example, eg5 = a* accepts whenever event a occurs at |east once.

The operator precedence of operators are: *, | and #, -, ->, highest precedence shown first and equal
precedence are evaluated from left to right. Parentheses can be used to overcome operator precedence.

Each event has a set of attributes. A system should include facilities to enable an application to gain access to
these attributes. The solution is to allow the use of variables with the expressions. The use of variables offers a
useful way of correlating between different events, reducing the number of expressions that are triggered. For
example, Eg5=a(X)->b(Y) | c(Y)— d(X) means a followed-by b or ¢ and without an intervening d.

All the event classes used in the expression take variables as parameters. At the beginning of evaluation all
variables are uninstantiated. When event a occurs, the variable value X is instantiated with the corresponding
attribute. This attribute value is used in the monitoring of event d. Concurrently event classes b and ¢ are monitored.

2.2 Event type and event stream

Event type is used to differentiate these events from other events from different sources.

Definition 1. All events coming from the same source belong to the same event type. Events with same type
identify themselves with variables taken as parameters.

Events a(1), a(2), a(3) belong to event type a, for brief purpose, we denote them as al, a2, a3. Consider the
following event stream, where each succeeding event occurs at alater time than its written predecessor.

al, a2, bl, a3, b2, a4, b3

Two a events, al, a2, are seen followed-by a b event. In the most general case, every possible event
combination is created, so (al,bl), (a2,bl), (al,b2), (a2,b2), (a3,b2), (al,b3), (a2,b3), (a3,b3), (a4,b3) are
produced. The result is a large number of accepting evaluations, to reduce the number, the recent event context can
overwrite an event with a less recent one of the same class, in which the example produces (a2,bl), (a3,b2), (a4,b3).
The operator ->* use this kind of scheme to reduce the total number of evaluations. On the other side, if the recent
event context cannot overwrite less recent event, in which the example produces (al,bl), (a3,b2), (a4,b3), new
follow-by operator -> is used to refer to this case. However, to add flexibility, two other follow-by operators are
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introduced, denoted by ->° and ->*

concurrently.
Consider the two new introduced operators ->° and ->*. a()->® b() resultsin (al,bl), (a2,b1), (a3,b2), (a4,b3);
a()->* b() resultsin (al,b1), (a1,b2), (al,b3), (a2,bl), (a2,b2), (a2,b3), (a3,b2), (a3,63), (a3,04), (a4,b3).

, which allows multiple instances of the same expression to be evaluated

3 Unidirectional Queued Automata

We are now ready to discuss the question of what kind of automaton is needed for accepting composite event
languages. We get hints from the cases of Pushdown Automata and Context Free Languages® and begin by trying to
construct an appropriate automaton for recognizing composite event languages. A new data structure “circle queue” is
introduced as an auxiliary storage device.

3.1 Unidirectional circle queue

Unidirectiona circle queue (Fig.1(a)) behaves in a first-in-first-out (FIFO) manner. Initially head pointer and tail
pointer are pointing to the same slot in queue, which means that queue is empty. Before new element is inserted, tail
pointer moves to next slot while head pointer keeps intact. After one element pointed by head pointer is deleted, head
pointer move to next slot and point to next el ement to be deleted in the next time. The number of dotsin aqueue iscalled
the size of the queue and can be denoted as, e.g., §;

Using two pointers can perform queue operations such as emptying the queue, being aware of whether the queue is
empty or full, adding or deleting element and so on. We replace head pointer and tail pointer with special symbol $ and #
respectively. Initially when the queue is empty, $ and # are adjacent (Fig.1(b)). Then symbol a and symbol b are
sequentialy inserted into the queue (Fig.1(c)). When new element isinserted, # is replaced by the new element and a new
#isplaced in next dot, for instance, a new symbol c is inserted into the tail of the queue (Fig.1(d)). When one element is
to be deleted, the $ is deleted and then a new $ replace the element to be deleted, for example, symbol a at the head of the
queueis deleted (Fig.1(€)).

Head o AT > > > D
&
~—7 ~—7

a (b) (©) (d) (e)
Fig.1 Circle queue

One interesting problem is how to know that the circle queue is empty or full. A simple answer resides on analyzing
the relation of $ and # on the queue: when $ and # is adjacent, queue is empty or full, particularly, content “$#" means
queue is empty and content “#$” means queueisfull.

3.2 Unidirectional queued automata (UQA)

Queued Automata can only add symbol into the head of queue (via head pointer) and delete symbol from the tail of
the queue (via tail pointer), adding in the head or deleting in the tail is prohibited. The size of queue can be limited or
unlimited, as mentioned previously we use S, to refer to the size of the queue, S;eN. Inspirited by the process of
constructing pushdown automata®, we now give formal definition of queued automata.

Definition 2. Unidirectional queued automata (UQA) isaseven tuple (Q, X, I, 4, 6, to, Fa, Fr), where (Q, 2, I, 4,
F,and F, are all finite set, and

1) Q isthe states set.
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2) Yistheinput aphabet.

3) I'isthe queue a phabet.

4) Aisthe output alphabet. Symbol_e A is applicable to the case without output.

5) :0Qx2,x I'x I,—>P(QxIxIxA) isthe transition function. Here X,.=X U{ & ,l =" U{ &}, because current state,
next input symbol as well as current queue symbols (including head symbol and tail symbol) determine the next action of
the queue automata, permitting these two symbols to be e can enable the automata perform action without reading input
symbol or accessing queue symbol. Transition function represents nondeterministics by returning a subset of Q x I x I,x
A, thatisP (Q x I x I,x A).

6) o €Qistheinitial state.

7) Fo cQisthe set of accepting states.

8) F, cQ isthe set of rejecting states. F, NF, = .

Transition function utilizes both head symbol marked by $ and tail symbol marked by # to determine next action.
For example, for § (q.,a,h,t)=(ax,h,ax) where q;,0,€Q, acZ; is the input symbol, hite 7 is the head symbol and tail
symbol respectively, xe A is the output symbol. §insert symbol a into the tail of queue, which changes its content from
“$h...t#" to “$h...ta#", and UQA reach state g, as well as output symbol x. Another example &qi,aht) = (q, & t, )
deletes symbol h from the head of queue and changes its content from “$h...t#" to “$...t#” while stay in state g, and
doesn’t output any symbol (marked by output symbol “_"). For convenient purpose, transition function can be described
by the change of queug's content, & (qy, a, h, t) = (g, h, &, X) can be described by 6 (qy, a, “$h...tH) = (qp, “$h...ta#", X)
and 5(th, a, h,t) = (au, & t, ) by (o, “Sh...t#", ) = (o, “$...t#", ).

The computation of a UQA = (Q, 2, I, 4, 8, qo, Fa F;) is as following. It accepts w if w can be written as w =
WiWoWs. .. W, (here each w; e 3)) and state queuery, rq, ..., Iy € Q aswell as string queue o, Si, ..., S, € 7, satisfying the
following three conditions exist. String s, Si, .., S, IS the queue of contents in the circle queue while computing the
accepting branch.

1) Ry = qp and s = $#, it means that UQA begin with empty circle queue.

2) Toi=0,...,n-1, (ris1,b), where s=$at#, 5.,=$atb# or s.,1=$t#, a,be 7, andte/ . It meansthat at each step M add
new symbol or delete existing symbol according to current state, next input symbol and head symbol or tail symbol of the
circle queue.

3) r, eF,, it means that an accepting state emerges after the input is over.

Now we discuss some properties of UQA.

Theorem 1. For any regular language L, there isa UQA recognizing L

Proof. For any regular language L, there is a deterministic finite automaton (DFA) M recognizing it construct a
UQA M’ which is just the same as M except having an empty queue. To a string wel, M’ accepts w if and only if M
accept w. It is easy to prove that M’ recognizing L, we neglect the detail here.

Theorem 2. |f L and L’ are languages accepted by a UQA, then soisLuUL'.

Proof. Without loss of generality, let M, M ' are BQA which accept L and L’ respectively, with Q, &, do, Fa Fr and
Q. o', q, F4,F/' the set of states, transition function, initial state, set of accepting states and rejecting states of M and
M, respectively. We also assume that M and M’ have no states in common, i.e. QNQ'=J. Furthermore, we can assume
that the input alphabets, output alphabets and queue aphabets of L and L’ are the same, say A, B, C respectively. We
define anew UQA M” with state Q”, initial state Q,", set of accepting states F,", set of rejecting states F,”, and transition
function 6" asfollows:

Q=QuQ'U{qy"} —{0o a0’}

FaLFd U {00} —{do, do'} if do € Fqo0r goe Fd
FJ'= F.UFRY otherwise
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Fr”: I:r U Frr
The transition function of M” is defined as follows for seA, h, | C:
5lr(q’ S, h, |): {a(qls)hyl)} |fqe Q_{qo}

{o'(q.s h, 1)} ifge Q—{q}
6"(0o, s, 0, 1) ={5(do, s, 0, )} w{6" (G, s h N}

Thus, since Q N Q' = &, once afirst transition has been selected, the automaton M” is locked into one of the two
automataM and M’. Hence L(M ")=LuUL".

This theorem guarantees the validity of uniting several UQAs into one single UQA, and it illustrates the process of
constructing UQA for digjunction operator (as section 4.1 indicates).

Definition 3. Language Ayga={(M,w) | M is a UQA and w is a string such that M accepts w}. Language Ayoa
includes all UQAs and the strings they accept, (M,w) is an element of Ayga means that UQA M accepts w. The problem of
whether a given UQA accepts a given string turns to the problem of whether Ayga is decidable.

Theorem 3. Aygp isa Turing-decidable language.

Proof. The proof process is very simple. We only need to construct a Turing Machine TM which is capable of
deciding Ayga. Let TM = “to input (B,w) where B isa UQA and w is a string:

1) Simulate UQA on input string w.

2) If smulation ends with accepting status, then TM accept; if simulation ends with rejecting status (at that time the
gueue is empty), or simulation ends with queue being not empty, TM reject.

This theorem guarantees that a UQA can always reject or accept a given input string, and that no cycle or deadlock
will be possible when recognizing arbitrary input string.

4 Using BQA to analyze composite events/actions

4.1 Basic operators and time event

The operators follow-by, disunction and closure is corresponding to the regular operators union, joint and closurein
regular grammar respectively (Table 1).

Table 1 Corresponding relations between event operators and regular operators

Event operators a() -> b() a() | b() a()*
Regular operators (Ra°Ry) (RaURy) R

To conjunction operator ~, a()"*b()=(a()->b())|(b()->a()), operator * can be simulated by operator -> and |. Hence the
language L produced by these four operatorsis regular language, according to Theorem 1, L can be recognized by a UQA.
Referring to the proof process of Theorem 2, it is easy to construct a concrete UQA and build diagram for
disjunction operator |, so do operator -> and — (Fig.2).

a b a @ a O b a
O0—>0—>0 Oi:@ o
b b a
a() > b() a() | b a) " b() ay*

O satsae O Intermediate state © Accepted state

Fig.2 Constructing UQA for operators->, |, » and *

To the without operation -, for instance, a()->b()—c()=a()->(b()—()), after event a occurs, event b's arriva
without the interfering of event ¢ will cause the equation to be accepted, or it will be rejected. Rejected states are useful in
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these cases to describe the complicate relation of there events. Similarly we can draw the state diagrams of a()->b()—c()
and (a()—c()->b()) (Fig.3).

&Oﬁiﬂﬂoﬁo—ﬁsoo;ﬂ%@

1.a0)->b( -0 2.a()-c() > b) a() > b() -t 4.a()->t-b() 5.a() > b() | o) ~t

O Sartsate QO Intermediate state © Accepted state @ Rejected state

Fig.3 Constructing UQA for operator - and time event

Time is an important element in the management of events. The application can reject those component event results
which do not satisfy timing requirements. It is convenient if time constraints can be expressed within a composite event
expression.

The semantics of timers change can be in conjunction of the usual event in which timer generate time event t after a
preset time interval to inform the application. After event a occurs at ta, to enforce event b must occur within time t, the
timer expires at time a+t and generates the event t. If event t arrives earlier than event b, evaluation of the monitoring
thread rejects, indicated by the reject state (Fig.3), otherwise the evaluation accepts. We use language notation a()->b()—t
to represent this.

To the case of b must occur within time t, if b occurs before the event t occurs, the monitoring thread evaluation
rejects, the language notation is a()->t—b(). Now we consider more complicate case which event b or event ¢ must occur
within time t, composite expression of operator ->, | and - can be use to represent it (Fig.3).

4.2 Extended follow-by operators

In Section 2.2 we introduce four follow-by operators Sl >2

Now we describe the process of constructing UQA for each of these operators. Because in event stream events have event
type and identify themselves with variables taken as parameters, we need to modify the concept of symbol to contain
parameters in symbols, particularly, symbol b(x) refers to a type b's event with parameter x, furthermore symbol b()
refersto a event belonging to type b but its parameter can be arbitrary, in other words b() may be b(x) or b(y) and so on.

3

->3 ->* which are suitable to deal with event stream.

Let t=/* represents the event sequence in the circle queue, the transition functions corresponding to follow-by
operators are as following:

+-> (0 € Fo)
O (0, a(x), “$#") = (ag, “Sa(x)#’, ) Ilinsert new event a(x) into the queue
S (qy, aly), “Sa(xX)#’) = (g1, “Sa(y)#’, ) /Idelete old event a(x) and insert new event a(y)
S(qg, b(), “$a()#’) = (qp, “$#", X) /loutput the most recently event a(x)
<+ ->% (g € F)
J(au a(x), “$#') = (a1, “$a(x)#’, ) /linsert new event a(x) into the queue
S(ag afy), “$a()#') = (qg, “$a(x)#’, )  [llevent a(x) in queueis keeped intact
S (dy, b(), “$a(x)#") = (0, “$#’, X) /loutput the |east recently event a(x)
+->% (gs € F)

0 (qu, a(x), “$t#") = (au, “$ta(x)#’, ) including & (qu, a(x), “$#') = (qu, $a(x)#, )

/linsert new event a(x) into the queue
3 (gy, b(), “Sa(x)t#") = (g, “$t#", X) [loutput the most recently event a(x)
O (0, & “$a()tH’) = (qp, “$t#”, X) /loutput less recently event a(x)
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0(0z & “$#) = (03, “$#', ) /lafter output all eventsin queue, UQA stops
>4 (g3 € Fo)
(g, a(x), “$t#') = (au, “$ta(x)#", ) including & (qu, ax), “$#') = (0o, $a(x)#, )
/linsert new event a(x) into the queue
o(qg, b(), “$t#") = (qp, “$%t#”, ) /ladd a new special symbol % as the delimiter
(0, & “$a(t#') = (0, “ $ta(x)#", X)
/loutput the most recently event a(x), delete it from the head and insert it into the tail
O (G, & “$t%H") = (o, “St#", )
I/l delimiter % isin thetail, al events have been outputted but stay in the queue, avoid endless cycle
For the convenient purpose, these transition functions are described by the change of queue’s content, in fact they
can be simulated by traditional format function. For example, §(qy, a(x), “$#") = (qu,“$a(x)#’, _) equalsto 5 (q,a(x),s, &)
= (qy, & a(x), _). Another example, & (a., a(y), “$a(¥)#') = (q, “$a(y)#’, _) can be simulated by sequence & (qy, a(y), &,
a(x) = (G, ax), a(y), ), 9 (G & a(x), ay)) = (G, & a(y), -
Example. With respect to event stream “al, a2, b, a3, b2" mentioned in section 3.2, a() ->° b() results in
(a1, bl), (a2, bl), (a3, b2), (a4, b3), the corresponding UQA=(Q,2,7;4,5,00,Fa,F:) is Q={q0,01,02}, Z={al, a2, a3,
bl, b2}, I'={al, a2,a3}, 4={1,2,3,_}, Fa={q}, F,=d, distransition function (Table 2).

Table 2 Transition function & of a UQA

Input event a() b() &
Event queue $t# (e.g. $%) $a(x)t# $t# $a(x)t# $# $a(x)t#
do (qu,$a()t#, )
States @ (a1, $t#,x) (92,$#, ) (ol $t#,%)
92 (9. $#%, )

We show the process of defined UQA's accepting event stream “al, a2, bl, a3, b2” (Table 3).

Table 3 Steps of a UQA recognizing a event stream

Input Events al a2 bl £ £ & a3 b2 £
States o Jo o O G 02 o Jo o}t Jdo
Queue St $al# $alaz2# $al# $# $# St $a3# $H $#
Output 2 1 3

4.3 Event count and bounded UQA (BUQA)

Consider the following event stream, where after four events with type a occur before event bl arrives, and
then three a events occur before b2 arrives, in these cases we must take into consideration of the number of events.
We further introduce a new follow-by operator ->° which a ->°(n) b denotes that before event b must have n
precedents of type a. Then the following event stream can be accepted by a ->°(4) b and a->*(3) b.

al, a2, a3, a4, bl, a5, a6, a7, b2,

We now introduce a extend UQA to recognize the expressions consisting this new operator ->°(n).

Definition 4. Bounded Unidirectional Queue Automata (BUQA) with size niis a UQA (Q,2,/34,5,00,Fa.Fr,.S)
where max {te 7'} =S=n.

Theorem 4. Let language Ayga={(M,w)| M is a BUQA and w is a string such that M accepts w}, Ayga iS a
Turing-decidable language.

Proof. Using reduction on computing history of M’s configuration, this proven process is analogous to that
about Lineal Bounded Automata, we neglect it here.

Because head symbol ‘$' and tail symbol ‘# occupy two slots of the circle queue, the size n of aBUQA equals
the subtraction of the size of circle queue and two. We need to prove that a BUQA is capable of recognizing
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language containing operator ->°(n).

Theorem 5. For agiven n, an arbitrary symbol xe %, there is a BUQA accepting language L={x"2"}.

Proof. To prove this theorem we can construct a BUQA which accepts L, the essential point is to find the
transition function which only accept a new symbol, for example, y, after receiving n identical symbols x. Let Q=
{Go.01. G}, 2={xy}, 7={x}, 4={x_}, Fa~{a}, Fr={02}, §=n+2 and

0 (Qo, X, “$#) = (qo, “$x#", ) /linsert symbol x into the empty queue

8 (o, X, “$X™#") = (g, “$X™M', ) /lt=x™, insert symbol x into the queue

S (o, X, “#$") = (ap, “#$", ) /I'# and*‘$ are adjacent, queue become fulll

(o Y, “#X"$") = (g, “#X"$", )  /lwhen queueisnot full andy arrives, reject

5(Qo, Y, “#$") = (a1, “#$", %) /Iwhen queue is full and symbol y arrives, output x
S0 & “$X™) = (qu, “$X™ %', x)  /output x until the queue is empty

S0y, & “$#") = (qo, “$#", ) /1the number of x being outputted is n=S,

BUQA add x into the queue continuously until queue’s content is “#$”, which means that the queue is full, then if
the next symbol isy, BUQA reaches state g, and accepts the input string x"y. If the next symbol is still x, BUQA
reaches state g, and rejects the input string x™*. BUQA accepts if and only if exactly n event x arrives before y
arrives, hence L can be recognized by BUQA.

From the proof process we get the law about using BUQA to recognize expressions consisting operator ->°(n)
such as a() ->°(n)b().

4.4 Composite actions

Composite actions consist of expressions containing serialize operator ‘;’, parallelize operator ‘| and inherit
operator ‘&', We implement composite action support by making action expression as the output of UQA for actions
depend on the result of composite event evaluation. Suppose A’ and § are the origina output aphabet and transition
function respectively, the output alphabet and transition function is modified to A=A"U{;, ||, &} and 8:Qx 2 xI xI,—P(Q
x I xIxA*) respectively. Because the mechanism of composite action support is similar to that of composite event
support, we neglect relevant details here.

5 Related Works and Extension

Many systems support asynchronous event delivery and management. CORBA Event Services® suggests the push
and pull models for event delivery, where the delivery is driven by the event producer and the event consumer
respectively. Odyssey™ provides an APl aimed at supporting alternate file access policies. In some systems®, an
environmental change is modeled as an asynchronous event, and operations on actions include trigger ‘()’, serialize ‘;
paralelize ‘|I', extend ‘@’ and compose ‘©’, which is much similar to our composite action operators. However, they
suffer from lack of expressive capacity and support of composite events, which are focuses of our paper.

CALAIS? alow applications to more easily handle event services by providing composite events management.
CALAIS system is extended with a CORBA interface specified in IDL. The composite operations include follow-by,
disjunction, without which is similar to our scheme. However, the data structures used and the mechanism for composite
event detection is not described, the capacity of dealing with various kinds of composite events is much weaker than that
of our scheme, for example, follow-by ->2, ->%(n) is not supported in CALAIS's composite event services.

At the aspects of other fields other than mobile computing systems such as describing composite event support in
active database!”?, events can be combined using logical operators such as AND, OR and NOT or other event constructs
related to temporal events including HISTORY. The constructs Disjunction, Conjunction, Sequence, History, Negation,
Closure is similar to our constructs |, », ->1, ->°, - and *. For detecting composite events, a step-by-step approach is
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adopted. The detector needs to know the ordered sequence of all component events that comprise the composite event.
Extended Syntactic Trees is used in which the flow of tokens propagates through the trees. This approach is complex and
time consuming compared with our automata scheme.

LOTOS (Language of Temporal Ordering Specification)!®¥ has two special operators — parallel composition and
disruption. Basic LOTOS has operators including action-prefix ‘;’, choice ‘[]’, sequential composition ‘>>', disabling
‘[>', paralel composition ‘|[* ‘[]’, relabelling ‘[]’, etc. Time operators include timed action-prefix, timed interrupt,
timeout and so on. Most LOTOS operators such as choice, sequential composition, disabling, parallel composition, timed
interrupt and timeout can be simulated by our operators. To the event structures with conflict relation models for
modeling conflict and a bundle relation for modeling causality!’?, the operations for times event structures can be
simulated by our operators too.

6 Conclusions

The development of an adaptive mobile computing system coincides with the rising need of event management,
which can recognize certain event occurrences and act upon them automatically without user intervention. The ability to
specify and monitor arich set of composite events enhances the power of the adaptive mobile computing system to cater
for awider range of application domains. With the help of unidirectional queue automata, detection and for and handling
of composite events and actions becomes easier.
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