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Abstract

Periodic temporal events occur frequently in
scheduling. planning, medical records, calendars,
scientific, muliimedia, active databases elc. A
framework for describing and reasoning about
periodic events in general and calendars and
calendric events in particular is presented. Existing
temporal models suppert only aperiodic events with
a few exceptions. We present an approach based on
a new periodic temporal ftype called periodic
elemenr 10 model periodic time and calendars that
can easily be incorporated in a object oriented
languape as a type hierarchy, Our paradigm is
compatible with existing aperiodic temporal daw
madels. ie. it can be used to extend them
seamlessly 10 incorporate periodic time into the
model. Periodic elements (i) are capable of
representing not only aperiodic and strictly-periodic
temporal events but also partially-periodic events as
a single temporal value. (i) They can represent
absolure and  relative events uniformly (with
conversions berween the two), and (i} are closed
under the set theoretic operators with a set of
optimization rules. Our paradigm is user friendly in
the sense that we don't introduce new operators or
constructs but rather extend the existing, operators of
aperiodic types for periodic time, We also point out
how periodic elements can be used for modeling
_muktimedia, active and temnporal databases invelving
periodic events,

Keywords: Temporal  databases, calendars,
calendric events, multimedia databases, active-
databases, absolute events, relative events, aperiodic
events, periodic events, partially periodic events.

1. INTRODUCTION

Applications such as scheduling, planning,
forecasting, time-management, time-series, scientific
databases, multimedia databases, active databases,
banking, law, medical records, accounting, process
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control, inventory control, GIS deal with periodic
events. For example, the planning of future activities
in time-series databases depends on the accuracy of
estimated market variables. These variables such as
stock prices, inflation may be considered in periodic
intervals of time. In scientific databases,
experiments and compuiations are somelimes
performed periodically. In real-time contro] systems
and real-time databases, the output and/or input of a
real-time  system may be  analyzed/stored
periodically. The set of tasks a robot performs is an
example of a periodic event in real-time systems. A
multimedia database stores vided and audio
sequences which must be synchronously played out.
Such play-out of audio/video sequences may involve
periodic events. Active databases are characterized
by the on-event if-condition do-action rules. These
rules should be evaluated periodically to check if
any of the conditions are satisfied. The if-condition
clause may include a periodic expression such as
every 10 minutes, every Monday or the first day of
every month.

Calendars are a means for specifving and
reasoning about time used extensively in business
applications. Events in temporal dntabascs such as
those in [CICr 87, NaAh 87, Ga 88] are usually
defined with respect to one or more calendar
granularity. In general, calendars involve multiple
granularity such as days, weeks, years [Da 88). It is
difficult to capture the semantics of calendars using
aperiodic temporal constructs like instants, intervals
[AH 83], temporal elements [Ga 85]. Natural
language expressions involving calendars (called
calendric expressions) like the first Monday of
every month, the fourth Thursday of Novembers, the
work days in year 1995, every year between
Thanksgiving and Christmas are even more difficult
1o represent and manipulate, because of the richness
of the semantics,

Calendars and ealendric cvents are modeled in
the literature using the collection of intervals [Le
86], linear repeating intervals [NiSt 92], temporal




mediators [Wala 93], or object oriented types [Te
93]. A collection of intervals [Le B6] is a
hierarchically structured lists of intervals interpreted
cyclically to define calendars and possibly infinite
periodic events. Chandra et all [Ch 94] improved
and implemented the calendar alpebra in [Le 86].
This implementation supports periodic events within
a finite interval of time. Michael Soo [So 93]
proposes an extension to SQLZ [Me 90] that
supports multiple calendars, The main idea of this
proposal is to separate the user dependent features
of calendars from the universal ones, The SQL2
extension provides the set of universal features for
calendars, and leaves the user dependent aspects to
the database managers. Temporal mediators [Wala
93] are a means for converting between different
calendar granularity. The main purpose of this
paradigm is 1o display the data in a temporal
relational daiabase in terms of a different time
granularity, Generalized databases [Ka 90] uses
linear repeating points or /rp (an infinite ser of
equally-spaced integers denoted by a linear formula)
and a set of constraints to model periodic events in
relational databases. The use of /rps gives rise to the
duplication of dara over multiple wples. In [NiSt
92], Niezette and Stevenne propose linear repealing
intervals (/ry instead of frps to overcome the
difficuliies of the /rps in expressing caleadars within
the same theoretical framework. A pi Is a possibly
infinite set of fixed lenpth equally-spaced set of
intervals. However some difficulty with generalized
databases stil] exists. For example, a calendric evemt
or just one calendar may need to be stored as a set
of generalized tuples resulting in storage redundancy
and compromised data integrity, because a calendar
may correspond ta more than one fri [NiSt 92]. An
object-oriented approach is tken for modeling
calendars in Eiffel language in [Te 93} The
implementation of calendars are based on instants
(time points), intervals, and durations types in a
similar fashion to [So 93] Periodic events in are
also studied in the context of deductive databases
[Chlm 88, B 91, B 93]

The approaches mentioned above have a
number of deficiencies: (7} The existing approaches
don't distinguish between the aperiodic and strictly-
periodic pant of a partially-periodic event. Consider
an employec who is employed part-time after being
a temporary employee for 3 weeks. The work-
schedule of this employee is partially-periodic, i.e.,
the work-schedule as a temporary employee is
aperiodic, while the work-schedule as a part-time
employee is strictfy-periodic (Temporal events are
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described formally in Section 3.) With existing
approaches such a temporal history/event has to be
stored as at least two separate object resulting in
storage redundancy, inefficient query processing.
(i) In most cases [Wala 93, Ch4, So 93], the
reasoning about periodic time is not fully antomated,
the user has to wrile 2 significant amount of code to
describe how to do the conversions between
calendars, (7} Calendric events defined periodically
with respect to other events like every year between
Thanksgiving and Christmas can't be expressed by
the existing approaches at symbelic level. (i)
Furthermore a good calendar algebra should also
support and, or, and not of natural languages. (v)
Lastly the existing approaches do not attempt to
model relative calendric events {events with no
absolute time references). There is need for a
comprehensive approach on modeling periodic
events in general, and modeling calendars and
calendric expressions in particular, In this paper, we
attempt to mode! calendars using a new temporal
type called periodic elements.

The rest of the paper is organized as follows:
The basic concepts on temporal events and
cajendars are presented informally in Section 2. We
briefly introduce periodic elements in Section 3.
Modeling calendars and calendric events through
periodic elements are studied in  Section 4.
Specification and derivation of calendars from
existing calendars are also presented. New calendar
operators perfodic  intervals, periodic interval
selection are discussed in this section. In Section 5,
the temporal relationships berween periodic events
are discussed, The modeling of relative events
similar to absolute events is studied in Section 6.
Optimization of calendric  expressions  are
summarized in Section 7. Section 8 is reserved for
comparison of our paradigm with the related
research, Finally we summarize and conclude in
Section 9.

2. TEMPORAL EVENTS AND CALENDARS

A temporal event is & happening whose temporal
aspect is of importance to the user. Temporal events
can be cateporized into 3 groups in the order of
increasing complexity: (i) aperiodic, (ii) stricey-
periodic and (ili) partially-periodic  events.
Aperiodic temporal events are those represented by
instants, intervals [Al 83], or temporal elements [Ga
85, Ga 88] (These concepts are explained in the next
section.)  Sirictly-periodic events are  events
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happening periodically with no specific end time,
ie, occurring indefinitely, The calendar aof
Tuesdays is an example for a serictly-periodic event.
Events happening aperiodically before a specific
instant and happening periodically after that instant
are  called partially-periodic  events. (Unless
otherwise specified, the term periadic event refers to
partiallv-periodic events in the remainder of this
paper.) Partially-periodic events oceur frequently in
real world. For example, the work-schedule history
of the temporary employee mentioned in the
previous section is partially-periodic. Note that as
will be clear from the definitions in the next section,
a strictly periodic event is a special kind of partially
periadic event. The introduction of partially periodic
events does not make the distinction between
aperiadic and periodic events useless, but rather it
extends the rypes of events we deal into a more
peneral set of events.

A periodic event is called a basic calendar,
time unit or granulariny (depicted in Figure 4) if it
satisfies the following properties:

1. A basic calendar alwavs start from 0th clock tick.
. Consecutive intervals in a basic calendar are abun
in time. i.e.. they neither overlap, nor there is a
gap benween two consective intervals,
3. A basic calendar consists of an infinite number of
intervals, i.e., it extends into infinity.
4. The intervals are defined cyelically or
periodically. The length of a duration cycle is
called the period of calendar.

3%

The pericd of the calendar of years is 4 years
because of the leap years in which February is 29
days long. The most comumon examples for basic
calendars are the calendar of seconds, the calendar
of minutes, ete. Basic calendars are building blocks
of more complex calendars and calendric events.

An arbitrary calendar {or calendar for short) is
defined similar to basic calendars but differs from
them in two aspects, (/) The intervals in a calendar
need not be abut in time ie. there can be gaps
between 2 consecutive intervals. (if) An arbitrary
calendar may start from an instant other than the Oth
clock tick. Examples of arbitrary calendars include
the calendar of time-cards, calendar of fiscal year,
the academic calendar, the calendar of paydays.

A calepdric event is a temporal evem
expressed with respect to a calendar. Hence a
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calendric event can be aperiodic, strictly-periodic or
partially-periodic event. Calendric expressions are
formulas corresponding 1o the natural language
expressions on calendars in temporal applications.
Calendric expressions are built from calendars and
other calendric events through the temporal
construcis extended for periodic time, the relational
operators and the set theoretic operators.

3. _PERIODIC ELEMENTS

In this section we introduce periodic elements, a
temporal type for modeling periodic temporal
events, The existing temporal models and temporal
query languages based on instants, intervals or
temporal elements can be extended seamlessly with
periodic elements to incorporate periodic events into
the model, ie., the syntax and semaniics of
aperiodic types and operators in temporal databases
are preserved under periodic elements. In this paper,
we will use periodic elements 10 model ecalendars
and calendric events, illustrating that periodic
elements can be used uniformly in temporal
databases to model both the database itself [KuMe
95] and the calendars, eliminating the need for a
separate model for calendars.

Since periodic elements are formally based on
aperiodic temporal types, we will first review these
types briefly. A detailed presentation of aperiodic
types and periodic elements can be found in [K 95].
Sometimes the operators for temporal elements are
underlined while the ones for periodic elements are
doubsle-underlined just for clarity (all operators are
overloaded in reality).

We assume the existence of a smallest time
interval ealled chronon that can be measured by
hardware. A chronon is the time between 2
consecutive clock ticks of the system clock. For
simplicity, we assume that the length of a chronon is
a second. There are a set of temporal constants
defined as follows: The constant 0 is the beginning
of the physical time line. The clock ticks arc
numbered with the natural numbers. now is a
temporal constant representing the current clock tick
(the current time) which is maintained by the
underlying operating systern, The constant a0 s
used to represent the positive infinity. & represents
an empty temporal value,

An instant t of time is a specific point on the
physical time line, represented either by intepers




(discrete time), rationals (dense time), or reals
{continuous time). An interval [b, €], (b, e], [b, &),
oF (b ) is the time duration beginning at instant &
and ending at instant e with open ends excluded.
Every instant ¢ corresponds to the interval f1, ¢f. The
functions begin and end return the first and the last
instant of an interval respectively: For I = [b, €],
begin(l) = b and end(]) = e. Intervals are not closed
under set theoretic operators which causes the
duplication of data. The temporal relationships
between intervals are captured by the relational
operators before, after, meets, overiaps, etc, defined
in [A] 83]. For instance, / before J evaluates to true
if interval 7 ends before interval f begins, i.e., end(])
< begindd). Similarly, I meets J = true if end()+1
= pegintF) (for discrete time.) A temparal element N
is a finite set of intervals representing events
happening aver mare than one interval of time [Ga
§8]. A temporal element N is written as

N =(fb, e.]. {by edd, .., [by eJ) fork =1,

Parenthesis can be omited, if there is no confusion.
By definition every imerval fb, e] is a temporal
element. The set of temporal elements are closed
under the set theoretic operations of wnion U
imtersection /M and complementation ~, with T (the
set of all time instants) as its maximum element and
£7 as its minimum element [Ga 88], For example,
(/3. 77, [10, 147y w5, 8] (14, 16]) = ([3. &]. [10,
16]). A temporal element can be trans/ated and
scaled as follows 10 express the changes about the
beginning and the duration of an event respectively,
These remporal transformarions are formulated as
follows:

e pransiate ([t 12], . [ty ) d) =
([!f-'-d- f_1+d], e [f1|«)+d- !rr+d])

o scale (([t) t:]. .. ftop 0 5) =
(fti 4ttt 25 ], (=) %5, i+ Ge-t,) *s])

The rranslate function moves an event by d time
units on the time line and the scale function shrinks
or expand an event by a factor of 5. The temporal
relationship operators  before,  afier,  conlains,
overlaps, etc. can easily be extended to temporal
elemenss. Therefore temporal clements are more
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appropriate than intervals for modeling temporal
data and query languapes [Ga 88]. However
temporal elements represent only aperindic events.
We now introduce periodic elements that overcomes
this drawback. Below [ denotes the set of natural
numbers. I, J; denote intervals.

Definition I (FPeriodic element}: A wiplet af mwo
temporal elements N = (I, I, .., L) and P = (U, T,
v S, and a duration p = 1 is called a periodic
element, denoted by N.P{p}, where p 2 0, 1, before
J; = frue, and p 2 end(J,) — begin{/,).

A periodic element consists of three components
depicted in Figure 1:

1. Aperiodic part N is a temporal element denoting
the initial irregular temporal part of the temporal
event,

2, Periodic part P is also a temporal element
denoting the regular indefinitely-many-repeating
part of the temporal event, and

3. Period p is a duration of time between twa
consecutive occwrrence of periodic part P.

The condition p > & ensures that the periodic event
being represented extends into positive infinity {the
future). The second condition states that the
aperiodic part of the event must happen before the
periodic part 1o distinguish between the two. The
third condition asserts that the period must be at
least as long as the length of the periodic part of the
event. These three conditions may be relaxed 10
represent more complex evenis. A periodic element
is the union of its periodic P{p} and aperiodic N
parts:

N.P{pt =N Plp)

where the periodic part £ happens in every p time
units: Pfp} = P U translate(P, p} w transiatelP, 2pj
L ... A periodic element is essentially an infinite
union of intervals with the periodic part repeating
indefinitely.




isnistant ¢

b

interval [b, e}

e

temporal element (/c, dJ, e, [rgl

»
3

periodic element N-P(p)
P

translate(F, p)  translarerp, 2p)

F...............I:.) .............. >

F .............. p ................ }F .............. p ....... >

Figure 1: Aperiodic types and Periodic Element.

If'the periodic part of a periodic element is an empty
element (P = £} or the period is zero (p = (), then
this periodic element reduces to a tempeoral element,
in which case the periodic part is omitted in the
representation and written N for short. Thus every
temporal element (therefore every interval and
instant) is a periodic element by definition (This
allows us 10 extend the existing aperiodic temporal
database models seamlessly for periodic data.} If the
aperiodic part of a periodic element is an empty
element (N = ), then the aperiodic part is omitted
in the representation and writen P{p} for shor.
Functions aperiodic_part, periodic_part and period
returns corresponding parts of a given periodic
element A:Pyp) respectively: period (N:P{p})) = p-
aperiodic_part (N:P{pli = N and pertodic_part
(N-P{p}) = P The followings are valid periodic
elements:

3,
3.7]

(12, 3. {8, 10).

2.5](6} = ({2.5). [8 11], {14, 17], ..)

((0.9]. [6. 71:09.10){5) = (70, 4]. [6, ), [9.10],
[14,15]. [19. 20, ..)

avf -~

anfi —

av g

L

Figure 2: The set theoretic operators on periodic
elements.

The Boolean connectives and, or, not are widely
used in applications of periodic time. Periodic
events are closed under set theoretic operations of
union L4 imtersection difference |, én_d

225

complementation  even if the periods of the
operands are different. For example, /0, / J(2} w2 [0,
21{3} = [0, 5]{6}. These operations are depicted in
Figure 2 and formal semantics are omitted because
space limitations. When defining a periodic events
such as calendric or multimedia events in terms of
other periodic events, temporal transformations are
utilized quite often. The transformation functions
fransfgrg, and scale on perindic elements are
defined as follows (Figure 3):

o

mmkm.'(a._?jl 3 il

scalef@ 2f
Figere 3: Temporal wansformations of periodic
elements
e ranstate(N:-P(p}, d) =
franslatedN, dj : translare(P, difp}

@ scalefN-Plp), 5} =
scale(N, s).translatefscalefP,s), begin(P)u(s1)){p*s}

4. MODELING CALENDARS WITH PERIQDIC
ELEMENTS

In this section, we formally introduce aperiodic,
strictly-periodic, partially-perindic temporal events
first, Basic/arbitrary calendars, and calendric events
are then defined as special types of periodic events,

Definition 2: A temporal event represented by a
periodic element N:P{p} is called a partialiy-
periodic event (periodic for short). A partiall.
periodic event is called

@ an aperiodic event if the periodic part is empty

P 8)

e a strictly-periodic event if the G.Per_jbéifc part is '
emply(N=g). - e




5. 3. 7] (2 5]. {8. 10]) are examples of aperiodic
evenis, while /2, 5]{6} and (70, 4], {6, 7)):[9.10}{5}
are cxamples for strictly-periodic and partially-
periodic events respectively,

Definition 3: A basic calendar «a is a stricth-
periodic evemt (I, 1, .., Lifp} satisfying the
Jfollowing conditions forn, p £ 1

e begin(l,) = 0.
e [ meetsl.;=rueforl £i<n

e p= Zlengfh(fj)

=1

The formula b&eginfa) = O enforces that the
beginning of a basic calendar is the first clock tick,
The formula /, meers 1., = true assures that the
intervals do not overlap and there is no gaps
between consecutive intervals, The intervals [, /s,
.ons 4, corresponds to the time units of the calendars.
p is the period of the calendar. Basic and arbitrary
calendars are depicted in Figure 4.

The condition [, before 1., = true states that there
may be gaps between intervals in an arbitary
calendar. The intervals [, 1 ..., I, need not be of
cqual length.

Example 2. The calendar of Mondays (Mondays),
the calendar of 7-day work-hours 8:00am-12:00pm
and 1:00pm-5:00pm {Workhours), the calendar of
midnight's (Midnights) can be specified as follows:

Mondays = [0, 1d){7d)
= [0, Id) [7d, 8d) wf14d, 15d) ...

Workhours= ([8k, 12h], [13h, 17h]){1d}
=[8h 12k] W [13h,17h] L [32h,36h] L.,

Midnights = 0 {1d}
= Qs jdis2d ..

where the constants » and 4 stands for 3600 and
86400 clock ticks respectively and used for brevity,

As seen from the examples above, specifying

Basic Calendar (I, 15,..., L{{p}
] | | |

W

]{ I'l : l, EPIEI l:

|
!( - p ET\ p ......

Arbitrary Calendar (1, I5,..., ) {p}
P

fl] 13 PR I“|
j P

P

Figure 4; Basic and arbitrary calendars.

Exmmuple I. The basic calendar of seconds
(Seconds), minutes (Minwres), etc. can be given as a
single periodic element in terms of clock ticks
assurning the clock ticks at every second:

Seconds= [0, 1}{1}

= (0, 1) Cf) 2 L2 3)
Minures= [0, 60) {60}

= [0, 60) L [60, 120) L [120, 180) L.

Hours= [0, 3600){3600}
= [0, 3600)L3600,7200)Lf7200,108000) L.

Definition 4. An arbitrary calendar is a strictly-
periodic event (1, I, ..., 1){p} where ], before I, =
true for 1 £i<n
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calendars in terms of the elock ticks (the physical
time) is very cumbersome and difficult. This method
may even be impractical for complex calendric
events and for calendars like years and centuries. To
overcome this difficulty we show how to derive
calendars from existing calendars through temporal
transformations in the next subsection.

4.1 Derivation of Calendars

Instead of explicitly specifying a calendar in terms
of clock ticks, the mathematical relationships
between calendars can be utilized for defining &
calendar from existing ones in a straightforward
manner. This can be done in two ways.

i
!
i
i
:
;
!
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1, Calendar ' can be a scaled version of calendar
C}‘ .

2. Calendar C, can be a srans/arion of calendar .
We think that using transformations is more natural
and easier than using special constructs and
operators just for the purpose of defining calendars
as in [Le 86, NiSt 92, Ch 94, So 92]. For example,
the temporal transformations capture the semantics
of synchronizarion, duration and period operators in
[NiSt 92]. Since periodic elements are closed under
scaling and translation, every calendar evaluates to a
single periodic element.

Example 3. Consider the calendar of minutes
(Minures) which is exactly the same as the calendars
of seconds (Secondy) except the intervals are 60
times longer than the intervals in the calendar of
seconds. Similar relationship exists between other
calendars,

Minutes= scale (Seconds, 60)
= geole (0. 1{1). 60
= [0, 60;60]
= fi, 60; L f60. 120) s ...

Hours= scale (Minutes. 60)
= fU, 3600 {3600}
= [0 36001 o f3600, 7200 L.

Davs = seale (Hours, 24)

= {0, 863001186400}

= {0, 86400) < [86400, 172800) ...
Weeks = seale (Days, 7) = ...
Consider the calendar of Mondays, Tuesdays, etc,
Mathematically the calendar of Tuesdays is exactly
the same as the calendar of Mondays except the
intervals in it are shified to the left by one day. Let
Mondays = [0. 1d){7d} be the calendar of Mondays.
Then

Tuesdays = pranslare (Mondays, 1d)
= [2d, 3d){7d}
=[2d 3d) v [9d 10d) wfl6d 17d) w..

Wednesdavs = fransiare (Mondays, 2d) = . . .

In a similar fashion, the calendar of months of
equal-length can be derived from one another. For
example, the calendar of months of length 31 days
(January, March, May, July, etc.) can be derived
from the calendar of March (Marcher) as follows:

May = pranslare (Marches, 614d)

July = translore (Marches, 1224)

More complex relations between calendars can be
expressed by a combination of temporal
transformations. For example, the calendar of Aprils
(30 days long) can be derived from the calendar of
Marches (31 days long) as follows:

Aprils = ranslate (scale (Marches, 30a/31d), 31d).

We have studied the derivation of calendars above.
Below we investigate calendric events and how they
are specified in terms of a calendar,

4.2 Calendric Events

A periodic temporal event expressed with respect to
a calendar is called a calendric event.

Befinition 5 (Calendric event): A calendric event
ag is o temporal event a = (fe,, ¢i], [es, ¢, ..., fcs
elf):(fen cul. foo €f. .. [Co, enJ)p) expressed
with respect to the time units (intervals) of basic
calendar C = [b, ejfe-b).

Here ap serves as a mapping from  to Chronons,
ie., oo = geale(e e—B)chranns. Edch instant 7 in a
carresponds to the beginning of the nth interval in ¢
The calendar of clock ticks is the defaulr calendar,

i.ﬁ’., € = UChronon-

Example 4: The 5 work days (Workdays) can be
specified in terms of the calendar of days (Days) as
follows:

Workdays = [0, 5){7} ppa

where the humbers 0, and 5 refers to the beginning
points of the first and the 6th intervals in the
calendar of days. The number 7 represents the
length of 7 days. The 7 day work-hours { Worlkhours)
can be given in the calendar of hours (Howrs) as
follows:

Warkhours = ({8, 12].f13, 17024} our:

TFhe work days of an employee who works Mondays
through Wednesdays after going through 2 full
weeks of training may be represented by the
following calendric event with respect to the
calendar of days, assuming Monday is the first day
in the calendar:




EmployeeHour = {0, 13): [15, 18){7}ps

Since calendric events are represented hy
periodic elements, the set theoretic operations for
periodic elements (discussed in Section 3) can be
used on calendric events as illustrated by the
example below.

Example 5. Weekends (Heekends) consists of
Saturdays and Sundays:

Heekends = Saturdays 1 Sundays.

Workdays (Workdays) Monday through Friday, can
be given by the difference or the union operator:

Workdays = Days | Weekends
= Mondavs Ls... o/ Fridavs,

Workdays  in  the month  of  Janmarys
{(Forkdovsiddanuarys}  and  in Jan. 1995
(WorkdaoysinJan95) can be computed by the
intersection operator where the results are strictly-
periodic and aperiodic calendric events respectively.

WorkdaysinJanuarys = Workdays 1 Januarys.
WorkdaysinJan93 = Workdays ) [jan-1-95, jan-
31-93].

4.3 Periodical Interval Selection

Expressions like every Christmas (which may occur
in an active database application), i.c., the set of all
Christmases, can not be expressed easily, because
Christmas is the 25th day of December which has a
period of 4 years (because of leap years). In this
section we introduce the periodic interval selection
function on periodic elements to express such
statements, Periodical interval selection is a natural
extension of the interval selection function on
temporal elements. The function interval selects an
interval from a temporal clement indicated by the
parameter J, i.e., imterval (¢4, 1, ..., 1), j) = 1 forl
= J = n Functions firstinterval, lastinterval are
special cases of function interval selecting the first
and the last intervals respectively. For a = (f3, 5],
{7. 11]), interyal (@, 2) = 7, 11] and firstinterval
fa) = [3, 5] The periodic fngrval selection
function selects intervals from calendric events
periodically according to another calendric event or
calendar, Periodical firstinterval and lgsiinrerval

functions are defined similarly.
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Definition 6 (Periodic Interval Selection): Let o and
B be two calendric events, The periodical interval
selection function interval™(c, i) is a periodic
application of function jpierval to evem e within
each interval in event .

interval®(e, ) = W.,” interva (interval(f, k) 0 ).

The formula intervalfinterval(f, k) 0 o i) selects
the ith interval from er within the duration of ith
interval in 4. Note that both events can be partially-
pericdic. The formula on the left handside
eventually evaluates to a single periodic element
because of the closure property of periodic elements
under set theoretic operators. For aperiodic cvents,
inrerval reduces to aperiodic interval selection
function interval. The following example illusates
the periodic interval selection.

Example 6. Let Months and Years be the calendar
of months and years'. Then the calendar of
Decembers  (Decembers) can be specified by
periodically selecting the 12th interval within every
year:

Decembers = jnterval™™ (Months, 12).

The expression every Christmas (Christmases) can
be specified by periodically selecting the 25 day of
Decembers:

Chrisrmases = jnteryal”" (Decembers 0 Days, 25).

Note that the expression jpterval®“™*™(Decembers
0 Days, 25} also yields the same result. The last
Friday of every January can be expressed by
periodically choosing the last interval from the
Fridays in Januarys (expressed by intersecting the
calendar of Januarys with the calendar of Fridays).

LastFridayofJanuarys =
lastimerval™™ (Januarys A F. ridays).

4.4 Periodic Intervals

Aperiodic (ordinary) intervals [Al 83] denote events
with specific beginning and end times. It would be
very desirable to express the statements like every
year berween Thanksgiving and Christmas, which

U Months = ([0, 31). ..., [1430), 14611 {1461 pys.

:
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might specify the time with the highest business
activity in a business application, as a single intepval
at symbolic level as in (Thanksgiving, Christmas}]
with Thanksgiving, and Chrisrmas representing the
two periodic events involved. We introduce a new
construct called periodical interval which is the
nawral exiension of aperiodic interval construct to
periodic elements;

Definition 7 (Periodic Interval): Let a = NoPaf}
and S = Ny Pyfp) be two calendric events with the
same number of intervals in their aperiodic part N,
Ng and periodic pans P, Pp. Then the periodical
interval [a. f] is a calendric event whose Aith
interval is constructed by picking the beginning time
from the kth interval in event @ and the end time
from the ith interval in event Jis

Lo fl=wi. " [beginfinterval(e,i)), endfinterval(f.i))]

where begintintervalia 1)) < end(intervai(B, i) for i
>

The formula above evaluates 1o a single periodic
element because of the fact that periodic elements
are closed under set union. Hence periodic elements
are closed under periodic intervals. Note that the

perfod of ¢ and 4 need not be a multiple of cach

other. Open ended periodic intervals are defined in
similar fashion where open ends { and ) of periodical
intervals don't cover the carresponding intervals
from events arand 4. For instantaneous events @ = £
and f# = r,, the periodic interval [a f] reduces to
regular (aperiodic) interval /i, I;/. For aperiodic
events a and A where cach event is a temporal
element, the periodic interval [ A evaluates 1o
another temporal element. For example, for
aperiodic events a = /5, 9, {12, 16], [20, 23], [30.
A3]and B = [7, 13], [13, 1G], [23, 327, [31, 40],
the periodic interval evatuates 10 [a B] =[5 12),
{12, 16]. [20. 32], {30, 40] which can be simplified
to f5. /6], /20, 40]. Consider the following example
for the application of periodic intervals,

Example 7. Let Thanksgivings = interva]™™
(Novembers  Thursdays, 4) and Christmases
(Example 6) be nwo calendric events denoting the
set of all Thanksgivings (the fourth Ti hursday of
Novembers) and Christmases. Then [ Thanksgiving,
Christmas] is a calendric event representing the
time berween Thanksgivings and Christmases every
year including the day of Christmas and
Thanksgiving,
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We believe that using the familiar interval
construct /b, ef to express events such as the above
is a novel approach which can produce user-friendly
query languages in which queries are expressed
more naturally. To our knowledpe only our
approach has such a construct.

3. TEMPORAL RELATIONSHIPS BETWEEN
CALENDRIC EVENTS

Temporal relationships between intervals are studied
in detail [Al 83] and are adopted by temporal model
for aperiodic data in {Sn 93] and others, Similar
relationships exists between calendric events. We
briefly present these temporal  relationships
operators. The following are relationships are
defined for given calendric events ac and Sy (we
omit the calendars C and D from representation
since conversions are performed implicitly, See
Section 7.1.1): =7

« afefore f = true if end(a) before begin(fl)
= prue

¢ agaris 8= true ifbegin(a) = begin(fp).

e afinishes A= rrue if end(a) = endyfy).

® ogcontaing B = true felf =2

¢ o mepts B true ifend(e) + I = begin(fl)

(for discrete time.)
e agverlan B = rrue e
¢ agghals B = true falf=PFla=&

The functions begin and end retum the first and the
last instant of a periodic element (for strictly and
partially periodic events function end refurns ),
The inverse relationship operators (affer, startedby,
Jinishedby, comtainedhby, metby, overlappedby) are
defined likewise. These operators reduce to their
aperiodic counterparts for aperiodic operands,

6. MODELING RELATIVE EVENTS

Relative events are planned actions and designs for
future such as the ordering of tasks in a preduction
line, the presentation order of a set of multimedia
Streams, or a set of synchronized transactions in a
real-time  system. Relative events (temporal
femplates) can be expressed similarly to absolute
events using a special kind of periodic elemem
called relative periodic element. Relative evenls are
defined with respect to a virmal reference point
(vrp), ie., the unknown beginning of the event




denoted by the o symbol. The rest of the event is
specified with respect to vrp.

Example 8 A week is a duration of 7 days:

[‘ . 7){“"1‘1'):{\\

The duration of a task performed in 3 parts can be
given as a relarive temporal element:

(e, 5. [10. 15], [20, 30}).

A multimedia presentation consists of synchronized
multimedia streams such as audio, video, graphics
etc. The playout of video sequences with 24 and 12
frames per second with a duration of 1/48 seconds
can be stated (assuming the clock ticks 48 times a
second for simplicity) as

a=[a. [} and = [e 1}{4}.

Temporal wansformation becomes necessary when
planned events are to be aligned with respect 1o one
another. We present these operators informally here
since they are defined similar to absolute
ranstormations.

Example ¢ Consider the video streams above. If
the user wants to start the second video stream (4}
t0 seconds (480 ticks) after the start of the first
stream, this could be done by transiating the
beginning of f by 10 second with respect lo vpr of
the presentation. —

G

" ]zfjfﬂ ]O) e ('- ﬂj N [4'80, 48[_){"‘)

Note that (¢ ), or simply e serves as a reference
point only and is not part of the event. If sequences
are to be played faster or slower, the events should
be scaled. To slow down the playout of the first
video stream, the user can scale up the event by a
factor of two:

scale (e 2) = [2. 2){4).

At design stage events are defined with no absolute
time references providing flexibility to user.
However at the actual happening time, the plans
should be converted to absolute time so that they
can be recorded in the database. Functions anchor
and unanchor converi berween relative (templates,
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plans, etc.) and absolute (the planned event actually
taking place) events:

unanchor ({to. 1:]oftentif:fo L. fenlldipl) =
ot o] [txi—Ta, it loto. {=tg], ol it

Into] fD}-

anchor([s, @,]....[ax1. aJ:{po piliilPt. polipl Y
= {1, apte). o, [t et [pott prti] o [P
i, Pn+f]{P}-

We illustrate the relative-to-absolute conversion
using the multimedia sequences above {The event in
a multimedia presentation can be stated with respect
to different calendars such as the calendar of 24
frames per second for video, the calendar of 12
frames for graphics, etc.)

Example 10: The actual presentation of the video
sequences o and /A at instant 100 results in the
following absolute multimedia events o’ and

a' = anchor({e, 1}{2}), 100} = [100, 101}{2}.
B = anchor({s, 2){4}, 100) = [100, 102){4.

The set theoretic operators {union, intersection, and
difference) and the relational operators (before,
afier, overlaps, contains, equals, ...) naturally extend
to relative events, not included here for space
lirnitations [K 95]. The basic idea is that the events
are alipned at the vrp.

7. CALENDRIC EXPRESSIONS AND
QPTIMIZATION

Calendric expressions are built from calendric
events and calendric operators including the ser
theoretic operators & £ ) = the periodical
interval operators [ ], {1, [ L, [ ), and the periodical
interval selection operator jnterval. This algebra is
closed under these operators [K 95]. Calendric
expressions can be defined recursively as follows:

1. Choronon = [0, 1}{1} (the physical time, ic.,
clock ticks) is 2 calendric expression,

2. Every basic or arbitrary calendar C is a calendric
expression.

3. Every calendric event «, or g is a calendric
expression (If C is omitted in o it is assumed to
be Chronon).

3
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4. Let a and B be calendric expressions, C and D
basic calendars. Then ar 0 8, ac & S ar § By,

z ac intenval®(fn i), [ee Pol foc Pol [oc
Bub (ac, Pl are calendric expressions.

Optimization is an important part of query
cvaluation in temporal query languages. Calendric
expressions can be optimized for efficient query
evaluation. Optimization can be performed at two
different places. (i) Choosing a set of simplification
rules for a given expression (ii) choosing a calendar
to perform an operation between two events stated
with respect to different calendars. These issues are
discussed below.

1.1.1 Calendar Conversion

When events «- and By in basic calendars C and D
are involved in a calendric expression like o 2 fp
a conversion of a- and fp to a another calendar £
must be performed first, otherwise the intersection
will produce an incorrect result. The easiest way to
do the intersection is to convert the events ¢, and
Bo to Chronon calendar first, then to perform the
intersection. The result can then be converted to a
desired calendar. However a more efficient
evaluation can be obtained by choesing a calendar £
whose period is the preatest common divisor (ged)
of the periods of C and [, that is,

period(E) = gediperiodiC), peried(D)).

The period function was defined in Section 3. This
rule is called the calendar optimization rule. For
instance, for calendars Weeks and Days, the rule
chooses Days as the calendar to perform operations,
because  period(Days) = ged (periad{Days),
period(Weeks)).

7.1.2 Optimization of Periodic Expressions

We use a set of simplification rules for efficient
query processing. Some of these rules are given
below. These rules along with the calendar

optimization rule above can be incorporated into a
parser for calendric expressions. Let & be the set of
all periodic elements. Let 4, e, s, and 1 be integers.
Let o 4 and p be calendric expressions. Then for

every ¢ g and yin &,

L (Distriburive Law) tranglate (a w2 f, d) =
ranslate (o d) e ranslate (B, d).

2. (Distributive Law) pranslate (a1 B, d) =
translate (o, d) O iansiate (B, d).

3. (Distributive Law)
scale (a w2 B, d) = scale (o, d) wscale (B d).

4. (Distriburive Law)
scale (e 0 B d) = seale (e, d) M scale (B, d).

5. (ldempotence) For every ain 5
alo=aandapna=ca

6. T and £ are distinct and also
~T=Eand~ =T

7. (Distributive Law}
ac(fwy=(anf)wienpf) and
awBar=(evf ofawp.

8 (De Morgan's Law)
=feof =(za wi~f) and
=fa B =(~a=f.

9. (Associariviry)
an(fap=(enp) orand
aw(Buy=fawp) vy

The correctness of above rules follows from the
definitions and can be found in [K 95).

8. RELATED WORK

{S0 93, Te 93, WaLa 93] mainly deal with aperiodic
calendric events, We briefly compare our work with
collection of intervals [Le 86, Ch 94), generalized
databases {Ka 90, NiSt 92} which exclusively deal
with periodic time. Note that only our approach has
the ability (i} to represent partially-periodic events
as a single temporal value, (ii) to model relative
events as well as absolute events uniformly, (iii) to
cxpress events involving periodic imtervals at
symbolic level using the periodic interval construct,
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Table 1: Collection of intervals versus periodic elements.

Event Collection of intervals Peripdic Elements
Mondays 2/Days:during: Weeks interval” "“~(Days, 2)
Januvarvs 1/Months:during: Years firstinterval® “*({Months)
First day of every month 1/Days:during: Months firstinterval™*"™(Months ~ Days)

First Monday in January 86
1986/ Years

1/Mondays:during:Janvarys:during | firstinterval (Mondays ~ Januarys m

interval(Years, 1986))

Every year between 7
Thanksgiving and Christmas

[Thanksgiving, Christras]

8.1 Collecuon of Intervals

A collection of intervals [Le 86] 15 a
hierarchical list structure to represent events. Far
example, the collection of months where each month
is represented by a collection of the days in that
month in order is an order 2 collection. Suppose
Weeks is a calendar of the weeks in 1993,

Weeks = {r-4. 3), (4, 10), (11, 17), (18, 24), (25, 31),
(32, 38), (39, 45}, ..}

Two types second order operators are defined on
collections: slicing and dicing. The strict dicing
1akes a collection C, an interval r and a relational
interval aperator & such as overlaps, during, etc. and
breaks up tinto pieces according to C.

CRe=fcatice Cande Rt = trug}

For example, Weeks:overlap:<January-93> breaks
the <January-93> interval on the week boundaries,
j.e., it will give the whole and partial weeks during
<January-23> interval. Assume that <January-93>
is represented by interval (7, 37). Then

{Weeks - overlap:<January-93>} = (1, 3), (4, 10),

(11, 17}, (18, 24), (25, 31)}

The selection operators, FC and [f}, fo ... JJ/C,
applies the selection functions / (which eould be an
integer or n or —n} 1o the collection € and returns the
corresponding intervals or collections from C. n/C
and —n/C select the nth interval from the beginning
and end of C respectively, Collection of intervals are
implemented in {Ch 94]. A set of examples on
calendar expressions in cellection of calendars and
periodic elements are given in Table I. A question
mark indicates that we could not express the given
statement in the formalism.

8.2 Generalized Databases

A framework for handling possibly periodic time
based on constraints is proposed in [Ka 90].
Temporal dama is represented by a generalized niple
consisting of a set of temporal atiributes, a set of
time stamps, and a set of constraints. Each time
stammp is represented by a linear repeating point
{Irp). A Irp is the set of time instants computed by
the formula a+kn where a and & are integer
constants and n takes integer values between —o and
e, For example, 2+3n = {.., ~4, =1, 2, § 8, ..}
Then two linear repeating points, one for the
beginning time and the other for end time, represent
an infinite union of the intervals obtained from the

3
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Table 2, Slices versus periodic elements.

Event Slices Periodic Elements
Sundavs weeks+1.days interval ™ ***(Days, 1)
The last day of every month ? lastinterval“"™(Days)

months+3.days x = interval™*"™(Months ~ Days, 3)
months+3.days+4.hours | interval®™(x ~ Hours, 4)

The 3rd day of every month

The 4th hour of the 3rd day of each
month

Every year berween Thanksgiving and ?
Christmas

[Thanksgiving, Christmas)
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two frps satisfying a set of constraints. Consider the
following for a generalized tuple from [Ka 90]:

[1, 1+2n], X2 20

where X,=7 and A,=]+2n. This tple represents the
following infinite set of intervals: /f7, 1], [1, 3]. {1,
5. ..)=f1. «=. The generalized tuples are defined
for relational model using tuple timestamping. Use
of Irps and constraints makes it difficult to use.
Niezette and Steven [NiSt 92} oy to overcome this
shortcoming by using linear repeating intervals (iri)
in place of irps. A Jri is given by the following
formula: kn+(b. e) where k b, and e are integers. b
and e denates the beginning and end time of fixed
length intervals.

Every /rp and Iri can be piven as single
periodic element as follows: a+kn = afk} and kn+(b,
e) = (b, e}fk}. (The =symbol states that the formnulas
on both sides of the symbol are equivalent The set
of constraints can be translated to set operators on
periodic elements.) However the opposite in not
true, For example, periedic element [t 1], [t 1],
oo ] fuon ] L i e} with each
mterval is of distinet length can be represented only
by a set of {pis (because an Ipi are a single repeating
fixed-tength imterval):

!1"‘[!,', f:]

H'*‘[!j..;. fk]
gt g tiaf

np={t,.,, 0]

A calendar may corresponds to more than one
peneralized mples each with one /ri [NiSt 92)
causing data duplication. Authors propose the slice
P & D operator to choose intervals from calendars
where P = O,C)+ ... +0.C, is the starting points of
intervals from a set of calendars C), ..., C, and D =
N.C is a duration of N intervals in calendar C. We

informally compare slices and periodic elements in
Table 2.

5, CONCLUSION

We introduced a new temporal type called periodic
elements as an extension of temporal elements for
modeling periodic time in general, and calendars
and salendric events in particular where calendars
and calendric events are treated as special types of
periodic events. Periodic elements are capable of
representing  aperiodic,  strictly-periodic  and
partially-periodic events as a single value withowt
using formulas. Calendric events are periodic events
stated with respect to a calendar. We extended the
temporal transformations functions, set theoretic
operators, and temporal relational operators of
aperiodic fypes to calendric events to keep the
model simple and user-friendly. Absolute and
relative events are treated uniformly, i.e., temporal
transformations, set theoretic operators, and
temporal relational operators apply to relative events
similarly allowing us to_model mulimedia streams,
QOur calendar alpebra on periodic elements are
closed for absolute and relative periodic cvents with
conversions between the two. We extended the
interval construct [b, e} for calendric events to
express complex calendric  statements. The
periodical interval selection function selects
intervals from periodic calendric events according to
another event. To our knowledge these two
constructs are supported only in our model (the
selection operators in [Le 86, Ch 94, NiSt 92]
operates only on strictly-periodic or aperiedic
events),

Periodic elements can be used to model temporal
databases involving periodic elements in a simple
manner [KuMe 95]. Consider the relation in Table 3
defined in a similar fashion to relations in [Ga 88).
In the top row, [91/], now]—$1000 states that
Mary's salary is 31000 between Jan, 91 and now.
The first two tples in this relation represent
aperiodic events. The third tuple represents a

Table 3. The Employee class/relation with periodic elements.

NAME

SALARY

TASK

[91/1, now]-»Mary

[91/1, now]->81000

91/1, now]—>Teoy

[91/1, 97/1]—»Jack

[91/1, 95/1]—52000
[95/2, 97/1]—+82300

91/1, 94/3]—Shoe

[92/1, @)-+John

[92/1, 92/6]{ Iyear} 51100
[92/7, 2/121{ 1year} —>81200

9211, 92/3]{6months} —Toy

[

[

[94/4,97/1}+Toy

[

{9244, 92/61{6months}—Shoe
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periodic event. John is paid $1100 and 31200 a
month altemnatively for six menths starting on
January 1992, He works in the toy and shoe
depantments for 3 momths alternatively starting from
January 1992,

The user can specify a calendric event with
respect to any calendar, Calendric events defined
with respect 1o different calendars can be mixed in a
calendric expression. We idemified some key
optimization rules for efficient query evaluation, We
also pointed out through examples that periodic
elements could be used for temporal databases,
multimedia databases, active databases involving
periodic temporal events as well, The operators
defined on periodic elements have clear semantics.
We are planning to implement the periodic elements
as a class hierarchy in c++, Based on these classes,
the calendar specific  operations can be
implemented.
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