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Abatract

Temporal events of periodic nature occur very
frequently in a variely of application domains such as
scheduling,  planning,  forecasiing,  scientific,
multimedia, real-time, and active databascs, Existing
temporal data models support only aperiodic evenis
with a few exceplions. We present an approach based
on # new periodic temporal type called periodic
clement to model periodic events in  lemporal
databascs, and iHusirate ils suitability by extending
object-ortemted  SQL  (SQL3). Our paradigm  is
compatible with existing aperiedic data models, i.c., it
can be used to extend them scamlessly. Periodic
clements are capable of representing not only
aperiodic and strictly-periodic lemporal events but
also partially-periodic events as well. They can
represent absolute and refative events unifonnly and
are closed wnder the set theoretic operators with a set
of oplimization riles. We provide a canonical form for
cfficient storage. Periodic elements can be easily
incomporaied in a object oriented language as a type
hicrarchy. Our approach can be used to model
domains involving periodic events such as calendars,
periodic multimedia cvents as well.

Keywords: Temporal databases, periodic temporal
types, object-orienled databases, SQL, 5QL3,
temporal query languages, periodic cvents, aperdodic
events, parlially-periodic events.

i. Introduction

Many real world applications such ag scheduling,
planaing, forccasting, time-management, tirne-series,
scientific, multimedia, real-time, and active databases,
banking, law, medical records, accounting, process
control, inveniory control, geographical information
systems deal with periodic events. The flight, bus, and
train schedules are examples of periodic events. In
real-time control systems and real-time databases, the

oulpuls of a4 system musi be analyzed/stored
periodically and the inpuis to such a sysiem must be
provided in a periodical fashion. The set of tasks a
robol performs is an example of a periodic event in a
real-ime system. A mullimedia database stores video
and audio sequences which must be synchronously
played oul. Active databases are characterized by the
on-event if-condition do-action rules, These rules must
he evaluated periodically to checle if any of the
conditions are satisficd. The if-condition clausc may
include a periodic expression such as every 0 winutes,
every Monday or the first day of every month,
Scheduling workers in an organization involves
periodic events, The following example illustrates the
need for modeling periodic events.

Example 1: Consider a company employing full-
time and part-time employees. The work hours of full-
lime employees can be maintained by a conventional
lemporal dalabase syslemn, since they can be
represented by intervals [2] or temporal clements [5].
The worle hours of pari-time employces can't be stored
in a convenlional iemporal database, because
employees have periodical work hours like daily,
weekly, or monthly. For training purposes, some full-
time employees paust switch to a different department
in every 3 months, The worlke howrs of employees
rolaling periodically among departments can’t be
stored and modeled in aperiodic temporal databases
either. Among oiher conventional temporal queries
{querics about the past), the management wants to use
the periodic nature of ovenis to plan the future
activitics, the rumber of part-time workers af a past or
futurc date, the employees working in a depariment at
a given future date, etc.

The wori schedule of full time employees in this
application can be modeled by spenodic temporal
databases such as [GaVa 85, Ta 86, SeSh 87, SuCh 91,
Ta 91, RoSe 91, WuDa 92, Ah 93, GaBh 93, Ta 93, Ga
93, Sn 94j. However the work schedule of part-time




employees or rotating full-time employees can not be
modeled in these models because these models do not
have any periodic type or construct to handle such
events, and can’t reason about periodic cvents. In this
case, periedic events musl be directly maintained and
interpreted by application programs in an ad hoc
manner, There is a need for defining a periodic type to
allow users to mainiain and cquery periodic data
similarly to aperiodic data for the application domains
mentioned above.

The rest of the paper is organized as follows. In
the next section, we present periodic elements capable
of representing periodic events and define different
types temporal evemts using perodic clements. We
discnss the SQL3 proposal briefly in Section 3 and
present the periodic temporal extension of SQL3 for
periodic  temporal data. SQL3 is  extended by
introducing a type hierarchy into the language while
keeping the SQL3 syntax unchanged. We iliustrate the
extension with a set of example queries in Section 3.4,
The temporal expressions involving periodic evenis can
be optimized and slored in an cfficient manner by
transforming temporal values into canonical form as
discussed in Section 4. We compare our work with
related research in Section 5. Finally we conclude in
Section 6.

2. Periodic Element as a Temporal Type

Periodic clements are formally based temporal
elements. We will bricfly review aperiodic lypes here.
A detailed presentation of aperiodic types and periodic
elements can be found in [11]. There are sct of
constants defined as follows: @ and «o stand for empty
temporal values and positive infinity on the time line,
now represents (e current time. We assaume that time
starts at instant 0 for simplicify.

An instant 1t is a specific point on the physical
time line. Instants represent temporal cvents happening
instantaneousty. In a discrefe model, instants are
represented by natural numbers. In dense time models,
instants arc isomorphic to the rationals or the reals,
Continues models of time are isomorphic (o the reals,
not allowing pgups between instants as in models
isomorphic to the rationals, An interval [b, e] is a
gpecific duration of time beginning at instant » and
ending at instant e inclusively. Intervals (&, ¢/, [b, e,
and (b, e) with open endpoints are defined similagly.
Every instant ¢ is an interval [t, ¢} by defanli. The
temporal comparison operafors before, afler, meels,
overlaps, etc. between intervals are used 1o determine
relationships belween temporal events [2]. Intervals
represent events happening over a single duration of
time and are used in many temporal models. Evenis

happening over more than one duration of time can’t
be represested Dby a single interval, They are
represented by a set intervals called temporal elemenis
[5]. A tlemporal clememt N is given by listing the
intervals in it:
N=(fb;, e/]. [ba ¢2], ..., [by, byf) fork 2 1.

Parenthesis can be omitted, when there is no
confusion, By definition, every imterval /b, ef is a
temporal element. The set of temporal elements arc
closed under the set theoretc operations of union L/
intersecfion o and complementation ~, with T (the set
of all time instants) ac ite mavimum element and & as
its miniroum clement [5} meaning that and, or, and nor
of natura! language cxpressions can be exprossed in a
lanpguage medel based on temporat elements. These
operators are shown graphically in

Fipnre 1.
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Figure 1: The Set theoretic operators on
temporal efements.

Among other operntions like distance, first_interval,

fast interval, etc. on temporal elements, temporal

transformations are defined as well, For a temporal

element N = (71;, faf, oo fly—ps fof} lrunsformations are

given as follows:

e franslate (([1), 1], ..., [l 0D, d) = ([ty+d, 1+d],
o [l ®d, t4d]) ford e 1

M r([’h Iafs oo [tn-h tu])- 8) = ([rl. fl”‘}“('t;r—f]_)*sj.

o [yt -t s, () Rs)) Tors e R
Function franslate transkates a temporal event on the
time line to the right or the left by 4 time umnits.
Function scale scales up or down a temporal event by a
factor of 5. The beginning of the event is not changed
by the scale factor, however each imterval in the
clement is scaled, For @ = ({3, 6], [8, 9]), scale(w, 2)
= ({3, 9], (13, 15]). Though able represent more
complex events than iniesvals, temporal elements can
represent onky events happening aperiodically and over
a finite number of intervals. To model periodic events,
we introduce periodic elements, A periodic element
consists of three componenis: an aperiodic parl, o
perioedic part and a period:
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Figure 2: The graphical reprasentation of tempeoral types.

1. Aperiodic part is a temporal element denoting the
initial irreguiar temporal pattern of the temporal
event,
Periodic port is also a temporal element denoting
the regular indefinitely-many-repeating temporsl
paitern of the temporal event, and
3. Period is a duration of time denoting the cyclic

duration of the periodic part,
Definition 1 (Periodic Element): A iriplet of twe
Loy 1,,) and P = (J[, Jj, .
Jo and a duration p & 1 is called a periodic element
N:P{p} where

L. p=20

2. I before J; = true’,

3. p = last_instant(),) - first_instant(Jy).”
The first condition above insures that the periodic
event being represenied extends into positive infinity,
i.e., the fiMure. Negative values may be considered for
events happening backwards in time and are not
considered here. The second condition states that the
aperiodic part of the event must happen before the
periodic part to distinguish between the two. This is an
essential property so that events first happening
aperiodically and ther happening periodically can be
modeled The third condition asserts that the period
must be at least as long as the length of the periodic
part of the event, Formally a periodic element is the
union of its aperiodic N and repeating periodic part P

N:P{p} = N L P(p)}.

where P{p} = P wiranslate(P, p) o translate(P, 2p} L
.... A periodic element is essentially an infinite union
of intervals with the periodic part repeating indefinitely
as shown in Figure 2.
If the periodic part of a periodic element is an empty
element (P = &) or the period is zero {p = 0), then this
periodic element reduces to a temporal element and the
periodic part is omitted in representation and written N

v

' before s o temporal relational operator delined as follows: [a, b}
hefure [¢, d] = trus ffb < c.

* Punctions last_instant and first instont rum the Yeginning and end
peinta of a given interval respoectively.

for shorl. This means that exisling aperiodic temporal
database models can be cxtended with periedic
elements. If the aperiodic part is an empty element (N
= (7}, then it is omilted from the represeniation and
written P{p} for short, Functions period, periodic_part,
and aperiodic_part return the period, aperiodic part
and peniodic part of & given periodic element
respectively:

period (N:P{p}) = p,

aperiodic_part (N:P{p} )~ N,

periodic_part (N:P{p}) = P.

In order to accommodalc Boolean connecctives
and, or, not in a periodic temporal query language, we
define the wsual set theoretic operators for periodic
elements. Periodic events are closed under set theorelic
operations of union L infersection 0, difference |, and
complementation — [11]. These operations are depicted
in Figure 3. Formal semanlics are omilled because
space limitations.

[+

Figure 3: The set theoretic operators on
periedic ¢lements,

A temporal event is a happening whose temporal
aspect is of importance o the user. Temporal events
can be categorized into 3 groups: (i) aperiodic, (ii)
strietly-periodic  and (i) partially-periedic  (or
periodic for short) events as shown in Figure 4 (Finite
periodic events are described later).

Definition 2. A temporal evemt represented by a
periodic element N:P{p} is called a partially-periodic
evenl. A parfially-periodic event N:P{p} is cafled o




strictly-periodic event and denoted by P{p} if the
aperiodic part is empty, i.e, N = £ 4 strictly-periodic
P{p} event is called an aperiodic event denoted by P if
its peviod is zero, i.e., p = 0.

On 94/5/3 Rick |[94/1/1/8/00,

quits. 94/ 171712100 1day jaunne,
[94/1/16/13/00,

94/1/16/1 7/00] { ?.daVS}g.'],'s;J

{

Figure 4: Temporal Events

Example 2: A periodic element (I, L2, ..., In) @ (5, J2
s J){p} can be used to represent different type of
events where Is and Js are intervals in the aperiodic
and petiodic part of the event. The employment period
of a full-time employee who started on Feb. 3, 1970
and refired on Mar 5, 1994 is an aperiodic event
represented by the periodic element [70/2/3, 94/3/5]
which is an interval; The work hours of an employee
(Rick) working part time between 8:00am-12:00pm
every morning is a strictly periodic event shown on the
first row in Table 1. The constant day represents a
duration of length one day, We use a time stamp of the
form year/monil/day/hour/minute/second 1o represent
time instants. IT the same employee starts working in
the afternoons every other day on Jan 16, 1994, the
work hours of the employee becomes a partially-
periodic event as shown on the second row. If this
eraplovee quits on May 5, 1994, his work hours
tecomes an aperiodic event. We employ a construct
called finite periodic element to represent a long
repetitive temporal clemenl, For a given strictly-
periodic event N{p} and an end time 1 (rcpresented by
an instant), the finite periodic element N{p}' is given
as N{p}* = N{p} w [0, 1]. Finite periodic elements are
formally treated just like a temporal element and are
used for a compact representation. They can be used
like a interval in the representation of periodic
elements (the second and the third rows), ie, a
periodic element can be writien as (3, az, ... a,) : (b,
by ... bo){p} where ag and bs arc finite periodic
elements or intervals. They provide an efficient storage
of temporal values. Fvents represented by finite
periodic clements are called finite periodic events
(Figure 4).

Table 1; The evolution of a periedic event.

Chengpes Femgporal Event
On 94/1/1 194/1/1/8/00, 94/1/1/12/00] {1day}
working {rom
8:00to0 12:00
every day.
On 94/2/1 [94/1/1/8/00, 94/1/1/12/00]
work:ing from {1day}94,q;15 : [94/1/16/13/00,
8:00 to 12:00 94/1/16/17/00] {2days}
every other day.

3. Periodic Temporal Object-Oriented
SQL

Being a standard query language, SQL-92 is recently
extended for temporal data, called TSQLZ [17], a
langnage specification intended to be a consensus
temporal extension. Though TSQL2 or SQL-92 itself
can be extended with periodic clements to model
periodic events, we choose SQL3 io illustrate the
suitability of periodic elements, because it is an abject-
ariented language with abstract data types and is a
superset of SQL-92 with some cxceptions [10]. This
allows us to define temporal values as a function of
time withowt increasing the complexity of the
language. SQL3 is currently being revised periodically
and is intended to be a standard in the 1995-1996 time
frame {Ga 94, Mc 94]. The aperiedic part of our
temporal cxtension is similar to that of Dayal and Wuu
[4] where time is represented as a fumction from
temporal domain into atiribute domains. We discuss
the SQL3 proposal briefly in this section, The periodic
temporal extension to SQL3 is discussed in the next
section,

3.1 SQL3

SQL3 has all the fandamental object-oriented concepts
which can aid in the development of a temporal
extension. Every object is assigned an immutable object
identifier in SQL3. An object identifier uniquely
identifies an object and never changes. Objects and
classes are defined through absiract data types (ADT)
which can be constructed from the base types or
existing ADTS through construct like tuple, set, multi-
set, list. Attributes arc defined with an encapsulation
level of public, private or protected. Methods and
attributes that are public constitute the interface of the
ADT and are visible to other ADTs. Components that
are privatc are visible only within the definition of
ADT and can not be referenced outside the ADT,
Components that are protected are visible only in the
subtypes of the ADT and within the ADT itsclf.

A new ADT can be defined as a subtype of an
existing ADT, A type can have more than one subtype
and more than one supertype. An instance of a sublype
is also an instance of its supertypes. Every instance is
agsociated with a most specific lype corresponding to
the lowest type assigned to the instance. An instance



can have exactly one most specific type. Inheritance
provides an abstraction mechanism by relating the
classes of objects hierarchically. The methods and
attributes of a supertype are inherited by its subtypes. A
type can have more than one direct super type (mukliiple
inheritance). SQL3 supporis polymorphic functions
and parameterized types. Supporied type constructs
include ser, multi-set, and fist. A set is a collection of
objects without duplicates, A mulii-set is a collection of
objects with duplicates. A list is a multi-set with order
among its members,

Since SQL is a table based language, the objects
in S0QL3 exist within a table. SQL3 allows a
specification of a table over an ADT class. A table is
considercd as a gel of ohjects of an ADT. CREATE
TABLE T OF <ADT name> creates a tabular envelope
around the ADT type specified by <ADT name>, The
attributes of the ADT become the columns of table T,
Each tuple of table T holds an instance of ADT <ADT
name>, The objects are managed by the wsual SOL
insert, update, delele statements,

3.2 Periodic Tesnporal Data Model

Temporal cvents can be modeled by associsting time
with either ohjects or by attribwtes called ateribute
stamping and tuple stamping  respectively. Tuple
stamping is achieved by introducing one or more
columns in a table to represent the valid time of tuples
in relational model. Attribute siamping associates time-
stamps with each value, thus resulting in a non-first
normal form relation. In an object oriented model, time
can be associated with an attribute or with the object
itseff. Associating time with an object causes all
attribntes to be copied in the history of the object, when
the value of only one attribute is changed. We associate
time with attributes of an object which may be objects
themselves through the part-gf relationships. The valid
time of a complex object is recursively derived from its
constituent objects.

The hisiory of an attribuie is stored as a function
of time from the attribute domain into the time domain
{The meaning of the termm history exiends into the
future in the case of pedodic elements). This function
is stored as a set of mappings called temporal mapping
such as Salary = ([89/1/1, 95/5/1] — 82000, [93/6/1,
96/7/1] ~» $2100) for a salary attribute. Lifespan of an
attribute or object is the time over which B cxists or

happens. I"fime function computes the lifespan of an

object/value by unioning the periodic elements in the
temporal mapping of the cbject/attribute. The lifespan
is Vrime(Salary) = [8%/1/1, 96/7/1] for the salary
attribute. The lifespan of a complex object is the union
of the lifespans of its constituent objects and attributes

defined recursively. The lifespan of a tuple is the union
of the lifespans of the attributes/objects in the wple.
The lifespan of a set/lst/multi-set of attributes/ohjecis
1s the union of the lifespans of the attributes/objects in
the structure. Since a class is a set of objects, the
lifespan of a class is derived from the union of the
lifespans of the objects in the clags. The lifespan of a
superclass is the union of the lifespans of its subclasses,

3.3 Temporal Type Hierarchy

We depend on the advanced objeci-oriemted ADT
capabilities of SQL3 to model time. By making time an
ADT, the implementation is hidden from the user. We
iniroduce periodic time into SQL3 by defining a type
hierarchy of temporal types shown in Figure 5. A
simplified version of the type definitions are given in
Appendix in a SQL3-like syntax. Different semantics
of time such as discrete, continuous, bounded,
unbounded, eic. can be defined by uscr to suite specific
needs of an application by fully/partially overriding the
built-in temporal ADTs defined here, The type
hierarchy consists of two set of types: absolute
temporal types wmd relative temporal tvpes. The
absolute ternporal types are instamt, interval, element
{temporal clement), and periodic_element in the order
of increasing complexity. The relative temporal types
are relative_interval, relative_element,
relative_periodic_element  which  are  relative
counterparts of absolute iemporal fypes. Relative
temporal types represent relative cvents with an
unspecified beginning time, |

Figure &: Simplified Temporal Type Hierarchy.

Periodic clements represent relative events by marking
the beginning instant of the event with « symhbol, For
example, the relative temporal element (/= 3], [10,
157, {20, 25]) denotes an event happening 3 times {or
5 time nnits with 5 time units intervals in between. The
relative periodic event fe 2)/5) represent an event
happening for 2 time vnits in every 5 time unils from
the unknown beginning. The
relative periodic_clement type can be used to
represent temporal femplates such as predefined work
schedules, future plans of activilies with no specific
times, presentation of multimedia objects, or a

sequence of scientific experiments: with relative

-~ timings, We won't ¢laborate on relative-cvenis because
't;)f space limitations. If suffices to say that they are
-more or fess treated in the same way a5 absolute events . ¢
w:th miost of the operators on absolute events applying =~ .-

m mcm in a Slmlld.l' fashwn For e\ample tcmporal



scaling can apply to a relative in the same way it

applies to am absolute events. However temporal

translation does not make sense for relative events,

These argument can be carried over o set theoretic

operations (wnion, iersection, complementation) and

rclational operators (contains, equal, starls, cnds
overlaps etc.) as well.

The instances of temporal types are accessed and
modified through operators. There are four types of
temporal operators associated with temporal types:

1. Specialized Operators: Functions  defined
specifically for a temporal fype such as
first_interval, last_interval, mumber of intervals
etc. on the type the element and relative_clement
types.

2. Relational Operators: Operators for capturing the

the behavior of objects, ref (7) is a reference type for
type T. furction (T)) returns T; end function is a
function mapping from type T, to type T. The
employee data is stored in employee class defined
below:

ereate type employee

( employee# virteal,
salary virtual,
depariment virtusk,

fustction employee# (e ref{employec))
returns integer
end function,
fumction salary (e reflemployee)) reiurns
function (periodic_clement) returns infeger
end function
end furction,

Table 2: The Employes class/relation with periedic elements.

Naumte Safnry

TFaskt

[91/1/1, now] — Mary {[91/1/1, now] — $1000

[91/1/1, now] -+ Toy

[94/171, 97/1/1] — Jack |[91/1/1, 95/1/1) — $2000

{93/2/1, 97/1/11 — $2300

{91111, 94/3/1] — Shoe
|94/4/1, 97/1/1] — Toy

[92/1/1, oo} —» John

[92/1/1, 92/6/1){ lyear} — $1100
[92/7/1, 92/12/1]{1year} — $1200

[92/1/1, 92/3/1}{6months} — Foy
[92/4/1, 92/6/1}{6monihs} — Shoe

194/1/1, a0y — Tom [94/1/1, o) — 85

[94/1/1/8/30, 94/1/1/12/30){ 1day} — Toy

[93/6/31, o0) — Tim

[93/6/31/13, 93/6/31/17){2days} — $6
193/7/1/13, 93/7/1/17){ 2days} — $4

193/6/31/13, 93/6/31/17){2days} — Shee
[93/6/31/8, 93/6/31/12){2days} — Toy

temporal relationship among events such as before,
after, starts, contains etc.
3. Temporal Transformations: Translation and
scaling funclions for expressing temporal changes.
4. Set theerctic operators: These operators are used to
cxpress the complex events in terms of simples
once throngh Boolean connectives and, or and not,

34 Queries in Periodic Temporal SQL3

We express temporal querdes in a SQL3-like syntax.
Consider the employee database described in Section 1
which contains both aperiodic data (schedule data for
full-time emplayees) and periodic data (schedule data
for part-time employees). There are five employees as
shown in Table 2, Three of these employees (Mary,
Jack, John) are full-time with the rest being part-time
(Tom, and Tim). Note that John rotates between Toy
and Shoe department in every 3 months and he is paid
$1100 and $1200 a month for the first and the second
hallf of the year respectively, We use the virtual
functions of SQL3 to urniformly nwodel attributes and

function department (e ref(employee)) refurng
function (periodic_clement) returng
ref(department)
end function
end function,
)
creale class employees of employee. MNon-temporal
attributes like emploveefft are defined as a function
returning the value of the atiritute. employeeit(e)
rens the employee number of object ¢. Temporal
attributes like salary and department return a function
(the temporal values are a function of time) instead of a
value, The attribute value at a specific instant can be
retrieved by invoking this function with a temporal
value. For example, salary{:e) returns a function which
is can be used as salaryi-e)(94/12/31) returning the
salary on Dec. 31, 1994,
CQuery 1; What was Tim’s salary when he first stasted,
now, and in Dec, 1998,

Select  salary(e)(first_instani(t)),
salary(e)(now), salary(e)(98/12/1)
from employees e, Viime(salary(e)) t



where  name{e) = ‘Tim’

f is a shorthand for Vtime(salaryfe)) which returns the
lifespan of the salary atiribute of ebjecit identified by e,
The overloaded function first instant returns the first
instant of a given pericdic element. Since salary value
is & function of ime, the salary on a particular instant
is obtained by invoking the safary function solaryfe) of
gbject ¢ with a time parameter. When the time
paramecter is omitted it is assumed to be wow. Il time
parameler is a periodic element, the values of atiributes
falling into the time given by the periedic element are
returned as a sat of terporal mappings.

Query 2; Status of cmployees may change between full-
time and pari-time status over time. List current pari-
time employecs assuming pari-time employees work on

periodic schedules.
Select  name
from employees ¢

where  period (Viime(departmeni(e))) = O

Part-time employees can easily be identified by
checking il the period of their work-hours is zero
(aperiodic event) or not (periodic cvents). Full-time
employees can be determined from the petiod or the
periedic part of the schedule similarly. Funclion
period is defined in Section 2.
Query 3: Assuming Tim will always be worlkang the
same munber of hours, how many hours will he have
worked by year 20007 How many times a week he
comes to work currently?

Select  lengiht ) [mow, Y9/12/31]),

mumber of _intervals(t o [95/4/17,
translate(93/4/17, 1weck)])

from employees e, Viime(dopartmeni(e)) t

where  name(e) = “Tim’

Function length returns the sum of the interval lengths
in a periodic clement ¢ o fmow, 1999/12/31] is
Tim’s work hours between the beginning now and year
2000, Function number_of Infervals counts the
number of intervals in 8 lemporal element, [95/4/17,
translate(93/4/17, Iweel)] relurns an interval of
length | week in the future assuming now is earlier
than Monday 95/4/17. Function franslate(c, <) takes a
periodic element ¢ and shifts it by o time units,

Query 4: When an employee goes on vacation, his
work is to be transferred to another cmployce. Who arc
those employces who can substitute for Tim?

Select name(c)

fromemployees ¢

where  name(e) = "Tim’ and

Vtime(departmeni(e)) contains

Viime(Seleet Viime(depariment{} o [now, )

from employees

where  name(f) = “Tim’)

The subguery above returns a set of periodic elements,
Remember that the lifespan of a set of objects/values is
the union of the lifespans of the objects/values in the
set. Therefore an implicit union is performed by the
Viime function on the set of periodic elements,
Fiime(subguery) computes Tim’s schedule afier now,
Note that expression Viime(department(f)} retums the
whole schedule over the future and the past, while the
only the future part of the schedule. Operator contains
checks if a temporal event contains another, wrilten
infix format for brevity. It is a direcl exiension of
contains operator on intervals. We illustrate some of
thege relational operators on pericdic elements in
Figure 6.

o containg @
a
aslarls f @
Jii
w alterp ;

Figura 6: Relational operators on Periodic
eflaments

Query 5: Compute the time during which no part-time
employee works afler Jan 2, 1989 assuming part-time
employees work on either daily or weekly basis?
[89/1/2, o0} \ Viime (Select Viime(t)
from employees ¢
where period(department{e))=1day or
period(department(e))= 1week)
Interval [89/1/2, o) is the time afler Jan. 2, 1989,
Difference operator o \ B computes the time in which
gvent o oceurs and event B does not ocour.
Query 6: What is the current number of employees?
Select  couni(e)
frome employees e
This is a nontemporal query counting the number of
cmployee at instant mow.
Quacry 7: What is the number of cmployees over the
history of the company?
Select  count(objects(e)(t))
fromemployees e, Viime(employees) t
where objectsfe)(t) returns the set of objects of type e
over time /,

4. Optimization of Periodic Expressions

Optimization is imporiant for efficient query
processing. Optimization of periodic expressions



involving periodic elements and operators can be a part
of global query optimization. Periodic expressions are
expressions constructed  through  the refational
comparison operators, set theoretic operators, special
operators and transformation functions mentiored in
Section 3.3. Since periodic elements are capable of
representing aperiodic, periodic, absolute and relative
events in a straightforward manner, different types of
events may be mixed and oplimized. Set theoretic
operators on periodic elements constitutes a Boolean
algebra with a set of optimization rules such as
associativity, distributive  law. Expressions  with
transformation and temporal comparison Operators cun
be optimized in a similar manner [11].

Over the course of time, historical data
accumulates in large amounts. Therefore represeniation
and storage of temporal data is an important factor in
the data model, Periodic clement can represent
aperiedic and periodic dota efficiently in canonical
form. We define a canonical form for periodic clements
to reduce redundancy in representation by removing,
the repetitive data. Consider the periodic element
below, '

70, 27, [2. 51, [10, 121, [15, 171 : [20, 221, 125,
267, [26, 27]{10)
which can be represented more efficiently by the
following periodic clement [0, 5] : [10, 12]{10}. Even
more  cfficient represcmtation  can be obtained
representing finite periodic events using Jinite periodic
elements defined in Section 2.

5. Related Research

A framework for handling possibly periodic time
based on’ constraints in relational data model 1s
proposed in {12]. A temporal event is represented by
what is called & generalized fuple consisting, of a set of
temporal attributes, a sct of time stamps, and a set of
constraints. Two time stamps are used to represent
possibly infinite set of intervals. Each fime stamp is
represented by a linear repeating point (Irp). Alrpis
{he set of time instants computed by the fonmula a+in
where a and & are intcger constants and n takes integer
values between —o and «o. For example, 2+3n
corresponds fo the following sct of instants {.... —, -1,
2, 5, 8 ... Then two [rps, one for beginning time
chosen from the first frp and the other for end time
chosen from the second /rp, represent an infinite union
of the intervals satisfying the given set of constraints,
Consider the following generatized tuple from [12]:
[3+2n, 5+2mf, X=Xp-2

where X; = 3+2n; and Xo = 5+2m representing the
following infinite set of intervals: f..., [1 31 [3. 51,

[5, 7], ...} which actually corresponds to the interval (-
a0, ),

Generalized tuples are defined for temporal
relational model using tuple stamping. It is not clear
how this approach can be applicd to attribule stamping.
Generalized tuples are biased towards constrainis
programming. The constraints and operations on
generalized uples modify the relational data moadel
dramatically in order to incorporate time into the
model resulting in exponential time query evaluation.
We believe that using periodic elements 1o represent
periodic events in texnporal databases is a simpler and
more natural alternative to using generalized tuples.

There are stedies modeling for catendars which
are inherenily periodic entities. Among these are
collection of intervals [Le 86, Ca 94] and the SQL2
extension for multiple calendar support {18].Temporal
mediators [Wala 93] based on intervals arc used for
displaying data in temporal databases in different time
units. All of these models can represent aperiodic
events. The SQL2 extension and temporal mediators
support only aperiodic evemts. Collection of intervals
can represent aperiodic and strictly-periodic events but
not partially-periodic cvents. In our model, periodic
elements makes a clear distinction between  the
aperiodic and strictly-periodic parts of 2 partially-
periodic cvent. Set thearetic operators are supported
between periodic events in our model. the SQL2
extension and temporal mediators support set theoretic
operators only for aperiodic events. There is no st
{heoretic operator in collection of intervals.

6. Conclusion

Periodic temporal cvenis OCCUr vEry frequently in real
life. Overwhelming majority of temporal data models
deal with aperiodic cvents. Existing, temporal types of
instant, interval and glement can be used model
aperiodic events but not periodic ones. A periodic type
hag to conform to some requirements such as simplicity
of represcatation, ability (0 represent aperiodic, strictly-
periodic and partially-periodic, relative, absolute events
uniformly. We proposed & temporal type called periodic
element meeting these requirements and showed its
applicability to temporal databases by extending object-
oriented SQL for temporal data. Our extension defines
jime as a set of abstract data types complete with
special operMofs, relational comparison operators, set
theoretic operators and temporal transformations.
These operators may be overridden by user to define
different semantics of time. Temporal expressions
involving periodic elements can be optimized for
efficient query processing. Since instants, intervals and
temporal clements are periodic clements by definition,



existing temporal models and their query languages
can be extended for periodic data without changing the
syntax and semantics. Periodic temporal data can be
stored efficiently using canonical form to reduce the
amount of data stored in the database.

Periodic events have not been studicd extensively
in thc context of temporal databases. Mamy issues
concerning the periedic temporal databases need to be
studied such as temporal joins, query optimization,
temporal indexes. Periedic elemenis can also be used to
model different types of domains such as active
databases, real-time systems, multimedia streams
uniformly. A study about modeling calendar with
periodic element is currently being conducted [11]. The
rest remains as future work.
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Appendix

create type instant vader interval, (.. )
create type interval wnder element, (... )
create type clement under periodic_element,
Jekkikr Spacial Functions  *d%dk/

fumetion next_imerval (eloment, interval) returny
interval

end function,

function previous_interval (clement, interval) refurns
interval

end function,

fumction interval (element, integer) returng interval
end functien,

function length (cloment) refurns relative_interval
end function,

function #of_intervals (element) returns integer
end fumction,

function distance {elemeni, element) redurns
relative_interval

end function,

function closest (clement, instant) returns interval
ead function, /* Relurns the closest interval to the
given instani in the element. */

gk Temporal Transformations k]
function translate (element, relative_interval) reduroy
clement

end fuaction,

funciion scale (clement, relative_interval) retorng
element

end function,

Jrsokkk Relational operators ks

function before (element, element) returny boolean
end function,

/* Cther relational operators are defined similarly  */
feeerr Qe theorelic opertors  FFFEE/

function union (element, clement) veturns clement
end function,

/* Other set operators are defined similarly */

)

create type periodic_clement
(  aperiodic_part virtual,

perindic_part  virtnal,

period virtual,
feesdE Formatiing Rimctions, used to display data in
different ways ®#d#ss/
function lefi_shift (periodic_clement, relative_interval)
refurns periodic element
end function,
funetion right_shift {pericdic_element,
relative_interval) returns periodic_clement
end function,
function fold (periodic_clement, relative_interval)
returns periodic_element
end function,
function unfold (periodic_clement, relative_interval)
returns periedic_element
end fumeticn,
freis Set theoretic aperators  FFRER/
funclion union (periodic_clement, periodic_clement)
returns periodic_element
end function,
f*  Other set theoretic operators are defined similasly.
*
jerkeE Relational Operators
function containg (periodic_element,
periodic_clement) returns periodic_element
end funetion,
/% Other relational operators are defined similarly  #/
feEbed Temporal Transformations A
function transiate (periodic_ctement, relative_interval)
returns periodic_clement
end fanction,
function scale (periodic_element, relative_interval)
returns periodic_clement
end function,

Aotk



