A MODEL FOR HISTORICAL DATABASES

James Clifford

November 1982

Center for Research on Information Systems
Computer Applications and Information Systems Area
Graduate School of Business Administration
New York University

Working Paper Series

CRIS #47

GBA #82-76(CR)

Presented at Conference "Logical Bases for Databases,"
Toulouse, France, December 1982.

This material is based upon work supported by the Natiomnal
Science Foundation under grant #IST-8010834.




Categories and Subject Descriptions: H.2.1 [Database
Management]: logical design - data models.

Key Words and Phrases: Relational database, entity-relationship
model, intensional logic, historical databases, temporal semantics.




ABSTRACT

It is becomirg ircreasirngly apparert that we are on the verge of
several rew technologies that will offer virtually unlimited
secordary storage at affordable prices. Database applications
can be expected to take advantage of this expanded storage
capacity, and a particularly promising area ir this regerd is
the use of so-called “"ror-deletior" or "historicsl" databases.
It is tnerefore appropriate to begir exploring formal models for
these hnistorical databases -- models that are intrinsically
oriented toward the storage of data over the course of time, ard
that provide a formal semantics for the interactiorn betweern time
arnd the otner stored desta items.

We presert such a model, tne Historical Database Model (HDBY),
ard defire its semantics in terms of ar underlyirng logical
model. For tnis purpose we use tne larguage IL-s ard its model
theory, a simplified versior of Richard Mor.tague's higher-order
lambda calculus with irntensiorns. Tne HDBM is defined as ar
extersior of the relatiornal database model, ircorporatirg &
distirguisned STATE attribute that "time-stamps” ¢the facts
recorded ir the database. Irntuitively such a database car be
viewed &8s & set of three-dimensioral relatiorns in the ordinary
sense. Tne formal semantics is defirned in terms of objects (the
values of keys), whicn are iderntified with nox-varying or
constart erntities, and the properties of these objects (the
values of nor-key attributes), whicn are identified with
irdividual corcepts in the irtensioral model. Two possible
ercodirgs of tne database into the logical model are presented
and discussed.

It is a widely accepted view that first-order logic provides a
formalizatior of tne semantics of the relational database model
that nas helped to clarify mary of the issues in relational
database theory. We argue that the richer logic IL-s, with its
built-ir rotior of “derotatior with respect to a momert of time"
and with its capability for raming higher-border objects, is an
appropriate venicle for providirg ar aralogous formal theory of
tne semartics of arn HDB. Firally, we briefly discuss our work
usirg JIL-s as a target language for interpreting =a
ratural-language query fragment wnich we have defired as a
Morntague Grammar, &nd point to some interestirng topics for
further research ir. the general area of time ard databases.



I. Introduction

It is becoming increasingly apparent that we are or the
verge of several new technologies that will offer virtually
uclimited secondary storage at affordable prices. Optical disks
writter by 1laser will soon be available commercially (see
[Marsnall 1981], e.g.), and researchers are begioning to
investigate new storage strategies appropriate to these devices
(see [Maier 1981]). Database applications will undoubtedly want
to take advantage of this expanded storage capacity, and a
particularly promising area ir this regard is the use of
go-called "rorn-deletior” or "historical®™ databases. It is
therefore appropriate to begir exploring formal models for these
historical databases =-- models that are irtrirsically oriented
toward the storage of data over the course of time, and that
provide a formsl semantics for the interactior betweer time ard

the otner stored data items.

Ic [Clifford & Warrer 1981 ] we presented such a model, the
Historical Database Model (HDB¥), and defined its semantics ir
terms of ar underlying logical model. For this purpose we used
the language IL-s and its model theory, & simplified version of
Richard Montague's higher-drder lambda calculus with intensions.
The HDBM was defined as arn extension of the relatidnal database
model, incorporating a distinguished STATE attribute that
"time-stamps” <the facts recorded in the database. Intuitively
such a database car be viewed as a set of three-dimensional

relations in the ordinary sense. The formal semantics is
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defined ir terms of objects (the values of keys), which are
identified with non-varying or constant entities, and the
properties of these objects (the values of non-key attributes),
vhich are iderntified with irdividual concepts ir the irntensional
model. Ir this paper we present an overview of the HDBM ard
discuss two possible encodings of an historical database into

the logical model of IL-s.

It is & widely accepted view that first-order logic
provides a formalization of the semarctics of the relational
database model that has helped to clarify mary of the issues ir
relatioral database theory. We argue that the richer logic
IL-s, with its built-ir notion of "denotation with respect to =
momer.t of time" and with its capability for naming higher-order
objects, is arn appropriate vehicle for providing an analogous
formal theory of the semantics of an HDB. Firally, we briefly
discuss our work using IL-s as & target language for
interpreting a natural-language query fragment which we have
defined as a Mortague Grammar, and poirt to some interesting
topicse for further research in the general area of time and

databases.

Tne paper is orgenized as follows. We begin in Section 1II
by presenting certain necessary definitions and comments on our
notation. Then in Section III we motivate the need for a
temporal component to a database model and discuss two intuitive
views of time's impact on the rest of the model. Section IV

discusses the relationship between our intuitive view of time



and the logical formalism of IL-s, and outlines two posisble
encodings of an historical database into an IL-8 model. Finally
we present a brief discussion of our work in mnatural-language
database querying using a Mortague Grammar approach, and discuss

some Of areas for further research.

II. Defiritiors and Notation.

A. Relationsl Database

Tnis sa2ction introduces some of the s8tandard defiritiorns

from the relatioral database model (mostly from [Haier]). along

vith a8 few remarks about our notatiorn.

A reletior scheme R = <A,K> is ar ordered pair consisting

of a finite set of attributes A = {A1, A2, ..., An} and & finite
set of key attributes K = {K1, K2, ..., Km}, wnere K € A. We
generally underline the key attributes and write such a relatior
scheme as R(A1 A2 ... Am Am+{ ... An); in this case it is to be
understood that A = {A1, ..., Ao} and K = {A1, ..., Am}. We

will occasionally refer to such an R as an n-ary relatior

scheme. The attributes Am+{, ..., An are referrad to as role

attributes.

To say that K = {K1, K2, ..., Kn} is a key of scheme R is
to say that any valid relation r on R has the property that for
any distinct tuples t-1 and t-2 in r, t-1(K) :?E. t-2(K), and no

proper subset of K has this property.
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The values for the attributes come from & set D of domairs,
D = {DY, D2, ..., Dk}, each Di any non-empty set. We let UD

denote the uniorn of these domains, i.e.

w=0tUp2U ... U x.

In order to relate the attributes with their domairn, we
assume that U is the set of all the attributes in the database,
and that there is a function DOM: U ---> D which maps each
attribute ornto its correspording domain, i.e., DOM(Ai) is the

domain of the attribute Ai.

Firally, we say that a relatior r on relatior scheme
R = <A,K> is a firite set of mappings {t-1, t-2, ..., t-r] where
each t-i is =& furction from A to UD such that
t-i(A-3) & DOM(A-j) for all t-i € r and &ll A-j € A. The
constrairt that K = {A1, ..., An} is a key of scheme R mears
that ary valid reletior r on R has the prope;ty that for any
distirct tuples t-i ard t-j ir r, t-1(K) =F t-2(k), and no

proper subset of K nas this property.

For a relation r ot R = <A,K>, if X € A and t € r, by
t(X) we shall mean the restriction 6f t to X. We sometimes will
use the notatior t(R) to mean t(A), i.e. we will use the name
of the scheme, R, to stand for the set, A, of all of its

attributes.

We assume that the reader is familiar with <the wusual
relational operations, project, select and join given relations

r on scheme R and s on schaeme S:
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1TX (r), 4is the relastior r' orn X, such that
r= {t(x) : t € r};

A’ Ai=a (r), 1is the relation r' on scheme R, such that
r'={t:t € r and t(a-1) = al;

r 0Q s, is the relationqon Q =B U S, such that

q*= {t : there are tuples t-r € r and t-s € s

s.t. t-r = t(R) and t-s = t(S) }.

If r is a relation on R and X and Y are subsets of R, then

r satisfies the functioral dependency (FD) X ---> Y if for ary

value X, 1T Y ( d’ X=x (r) ) has at most one tuple.

B. Entity-Relationship Semantics

We have adopted the entity-relationship view of data
semartics [Cher 1976 ) as applied to the relatioral model for two
mair reasons. First, the constraints that the
entity-relationship model makas upon the database view of ar
enterprise seam "matural.” Secord, entities ard relationships
are very closely analogous to kinds of objects contained ir the
model theory of our logic. Since Mortague's Intensional Model
Tneory and Cnen's Entity-Relatiomship Model are two indeperndert
efforts to characterize real-world semantics, the similarity in
some Of their concepts strengthens their intuitive appeal. Tne
following definitione relate the entity-relationship model to
the relational database model; in [Clifford & Warren 1981] we
present a set of historical entity-relationship constraints that

expard the model to include a conceptior of time.



Page 6

An ertity relation is a relation r 0r a scheme R of the

form (K! At ... An) where K! is the key and any k-value for Ki
uniquely determines the values for each of the other attributes.
(Tnis essentially means that each entity relatioen is in BCKF;
see [Ullman 1980] for a discussion.) Intuitively, a Ki-value k
uniquely identifies some entity of interest to the database, and
each Ai-value associated with k gives one of k's attributes. We

use the notation t-k to denote the tuple whose key value is k.

A relatiorship relatiorn is a relation r don scheme R of the

form (K! ...Kn A! ... Am) where {Kt, ..., kn} is the key and
determines the values of the othar attributes. Intuitively, =a
<Kf, ese, Knd>-value Ck1y, «e0, ko> represents arc n-ary
relationship amorg the n entities ki, ..., kr., and each Ai-value
associated with <kt!, ..., kn> gives an attribute of that

relatienship.

C. 1Intersional Logic

Ir. this section we introduce enough concepts of irntensional
logic as will mske the rest of this paper intelligible; for
more information we recommend [DOth 1981] as an excellent
introduction Dbefore attempting Montague's extremely terse

presentation [Hontagua 1973].

IL-8 is & typed, higher-order lambda-calculus incorporating
indexical semantics. It is typed: every expression in IL-s has
an associated type, which determines what kind of object ir the

intensional model for the language can be assigned to it by an
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interpretation function as its denotation. It is higher-order:
urlike {f.rst-order languages which allow quantification only
over individuals, or sacond-order languages which allow
quarntificatiorn ornly over individuals plus sets of individuals,
IL-s allows quantification over variables of every type. It is

a lambda-calculus: it provides a lambda operator which allows

the formation of expressions denoting constructed functioms of

arbitrary type (see [Church 194t].) (Readers familiar with the
programmirg language LISP [HcCarthy 1962 ] are familiar with the
general corcepts of lambde-abstractior. Finally it incorporates
indexical semarntics by irncluding ir the syntax expressions of a
type wnose interpretatior is a special set of indices or states,
and by having a model theory that is based upor a possible

worlds/temporal (or indexical) semantics.

After that brief summary, we proceed with the followirg
definition:

Tne set of Types for IL-s is the amallest set T such that:

1. e, t and s are in T, arnd

2. if a, b € T, then <a,b> € T.

The interpretation function for the 1language assigrs to
expressions of type e (for entity) individuals in the model; to

expressions of type t (for truth values) ome of the truth values

0 (Palse) or t (True); ¢to expressions of typs s (for states)
states or poirts 6f reference; and to expressions of type <a,b>
some functior from objects in the model of type a to objects of

ty‘pa b.
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We shall not present the complete syntax of IL-s, for the

examples herein use only a portion of the language. Instead we

stress the following points:

1.

IL-8 conteins ar infinite number of variables of the form
v-n,a for each type a and natural number n, and a set of
constants C-a, possibly empty, for sach type a.

2. IL-s contains the wusual ¢truth functional operator =/
(not), and truth-functional connectives /\ (and), \/ (or),
--> (material implicatiorn), <--> (mutual material
implicatior), as well as = (equality) and the ordering
relatior symbol < ("prior to").

. IL-s contains the universal and existential quartifiers,

V and 3 , respaectively.

In additior to the wusual rules of formatior are the
followirng:

t. 4if A is an expressiorn of type <&,b> and B ar expressior of
type &, tnhen A(B) is an expressior of type b, and denotes
the result of applyirg the furctior denoted by A to the
object denoted by B as argumert.

2. if x is & variable of type &, ard B ar expreséior. of type b,
ther x B is ar expressior of type <a,b>, and denotes a
particular furctior from objects of type & to objects of
type b.

It is the model theory of IL-s thet is of most interest to
us here. A model M for the language IL-8s is arn orderad 4-tuple
M = <E,S,<{,F> where:

f. E is a nop-empty set (the set &f basic entities)

2. S is a non-empty set (the set of states)

3. < is a linear ordering on S (this gives the interpretation
of the "prior to" symbol < in the language)

4. F is a function which assigns to each constant c-a € C-a

an element in D-a, the sest of possible denotations of
expressions of type a, which is defined recursively over the
set of Types T as follows:
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D-g = E

D-t = {0,1]

D-g = S X

D-<a,b> = D-b D-a. , .e. the set of all
functione from D-a to D-b

Tne followirg simple example should help to breathe a
little 1life into these definitions. Assume a language with the
following constarnts:

Peter, Liz, Elsie, and THE_BOSS of type <s,e>,

77, 78, 79, 80, and 8% of type s, and
EMP of type <s,<e,t>>,

and that our model M = <E,S,<{,F> is defined as follows:

E = {Peter, Liz, Elsie]
s = {1977,1978,1979, 1980, t 981 |
with < the obvious ordering on S.

Assume the irterpretatior functiorn F makes the obvious
assignments to the state constants, and interprets the other

corstarnts as follows:

F(Peter) = | 1977 --> Peter | F(Liz) = | 1977 ==> Liz |
| 1978 --> Peter | | 1978 -=> Liz |
i 1979 -=> Peter | 1 1979 ==> Liz ,
i 1980 --> Pater | i 1980 =-> Liz |
| 1981 -=> Pater | 1 1981 --> Liz |
F(Elsie) = | 1977 --> Elsie

0
1
L]
v
=
[or]
m
[
o

These functions, from states to individuals, are called

individual concepts (ICs) : they are intended to represent the

sense 0f a name, since they "pick out™ the 4individual referred
to by the name at every index. Tne ICs above all share the

additional property of Dbeing constant ICs (or rigid
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desigrators): in each state Si they pick out the same
individual. Compare how F interprets the constart THE_BOSS:

F(THE_BOSS) = | 1977 ==> Liz |
| 1978 --> Peter
| 1979 --> Peter
! 1980 --> Peter
| 1981 ~--> Elsie

—————

This function is also an IC, but it is not constant. We will
relate this distirnction betwsern constant and unconstrained ICs
to the database concepts Of key and non-key attributes,
respectively. We can think of this functior as representing the
role of the boss: 1t tells who fills that role in every state.
Tne interpretation of EMP is a functior which, for any state,

picks out a set of individuals (viz. the EMPloyses ir that

1980 -->
1981 =-->

state):

F(EMP) = 1 1977 --> {142} i
i 1978 --> {Peter, ELE} i
| 1979 > IBeter; Tl |
\ 1
i { |

Such a furction is called & property of individuals.

Rather thar giving the semantic rules for IL-s which, for

each expression A, defire the extensior of A with respect to 2

model ¥, a state i and a variable assigmment g, we provide some

examples. Consider the expression EMP(78). Since EMP is of
type <s,{e,t>> and 78 is of type s, this expression is
well-formed and 1is of type <e,t>. Its interpretation is given
by applying the function which is the interpretatiorn of EMP to

the interpretation of 78, viz. 1978:
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! 1977 -=> {Liz}

| 1978 -=> {Peter, liz (1978) = {Peter, Liz}
i 1979 --> {Peter, Liz
|
I

1980 --> {Peter|
1981 --> {Elsie

Thus we see that the interpretatior rules give the expected

meaning to EMP(78), viz. Peter and Liz are the EMPloyees in
1978. Comsider now the expressiorn EMP(78)(Elsie), of type t.
Tne derotation of this expression is "computed”™ by "applying the
set” {Peter, Liz} (considersd as a characteristic function) to
tne argumernt Elsie to obtain the value O (False); 4.e., Elsie

is not ar EMPloyee in 1978.

Firally, we consider an example that makes explicit
reference to time, the formula wnhich translates the sentence
"Elsie was the boss":

4 il [i < now] A THE_BOSS(i)(Elsie)]

1f we assume that now (of type s) is interpreted as 1981,
this formula 4s True just ir case at some time i prior to 198!
Elsie was "the boss.” With respect to the model M this formula
is False, and the inductive defirition of the interpretation of

the language IL-s makes this formula denote O.

JI1I. Motivation and Informal Semarntics.

Tne relational database model proposed in [Codﬂ 1970] views
a database as a collection of "time-varying relatioms of
assorted degrees” [Chang 1978). However the model itself
incorporates neither the concept of time nor any theory of

temporal semantics. We believe that the concept of time is eof
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interest in real-world databases, and shall present a technique
for incorporating a semantics of time into a database model.
Although we use the relational model for this purpose, it is not

ar essential ingredient irn the work discussed.

Most corvertional databases are static, representing a
snapshot view of the world at s given momert in time; changes
in the real world generally are reflected in the database by
changes to its data, thereby "forgetting,” as it were, the old
data. By contrast, an historical database is a model ©of the
dynamically changing real world. Changes in the real world are
reflected in such a database by establishirg a new state
descriptior; no data 1is ever "forgotten.” As sucn the
nistorical database car be viewed irctuitively as a collection of
static databases organized in a coherert fasniorn. Tnis paper
provides ar overview of such an orgarizatiorn, a discussior of
the usefulress of the historical database concept for modellirg
the real world (or some "possible world") more closely than withn
a static database, and a discussiér of the semantics of the
databasez model in terms of the model theory ¢f IL-s. For a good
overview of the issues involved ir incorporating a temporal

dimension ir databases we recommend [Bubenko 19?7].

In order to motivate both the incorpbratidn of time into =&
database model, and the particular formalism that we propose, we
turn t0 a particular database application to provide concrete
examples. Consider a static databass with a relation emp rel on

scheme EMP REL(EMP MCR SAL DEPT). A typical query to such a
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relatiorn, of +the sort that has beer trested ir the literature,
might be: "“Wnat is employee John's salary?” Irn the relatioral
algebre this would be expressed
as 'u'SAL ( <1' ENP=Jonr. (emp rel)), ard ir & first-order
larguage as somethirng like
{z ' E! x Ei y emp_rel(John,x,y,z)] wnere x, y, ard 2z are
irdividual variables arnd Johr is ar irdividual corstart. To
answer such a query, a Data Maripulstior Larguage (DKL) simply
accesses the relatior irstarce emp rel or EMP rel, such as the
ore ir Figure '. Ir recert database literature (e.g. [Mirker
19?8], [Reiter 1978], [Cnang 1978]) such & reletior instarce has
beer termed tne extersior of the relatior scheme EMP rel, a term

borrowsd from logic.

Tne relatiorsl model, ard its irterpretatior. as ar applied
first-order logic, 1is well-suited to queries of this sort.
However, or.e car easily imagire other sorts of queries that
casual users mignt wart to ask &about the employees irn this
compary, €.8«:

"Has Jonr's salary riser?"
"Wner. was Peter re-hired?"
"Did Rachel work for the toy department last year?”

"Has Jonr ever earred the same as Peter?"

Such time-deperdert questiors are rot nardled by the theory
of ary of tne "tnree great data models;" indeed they have orly

recertly begur to receive attertior withirn the database

literature ([Buberko 1977], [Nicolas & Yazdariar 1979],
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[casarova & Berrsteir 1979], [Laire et al. 1979], [Serradas
1980], [Kloprogge 1981], and [Ariav 1982} are amorg the recert
papers that discuss from various poirnts of view the need for =
temporal semartics for databases). How car we incorporate a
temporal comporert irto these data models so tnat (a) the model
provides & built-ir, uniform treatmernt of the pheromeror of time
ard (b) this treatmert accords with our irtutior sbout how time

irteracts with the erntities and relatiorships that we perceive?

Tne success of first-order 1logic at providirg a
formalizatior of the semartics of the relatiorel model suggests
that it might prove equally successful here. Wny rot simply
take as our uriverse a set cortairing, ir additior to all of the
ertities of irterest to the database erterprise, all of the
times as well? This approach irn effect would lead us either to
a sorted first-order logic, or equivalertly to the irtroductior
of predicates (sucn as ENTITY ard TIME) to distirguish betweer
these two kirds of objects. We believe, nowever, that such ar
approach obscures the furdamertal "differertress"” of time. Time
is rot just ano{her sort of ertity; it is ratner a poirnt of
refererce with respect to wnich all other derotirg expressiors
receive ar irterpretatior. Ir other words, without irterdirg to
beg the questior by the use of "loaded" termirology, time is as
differert ir type from ar entity such as a persorn, as a persor
is of a furdamertally differert type from the truth value
"False." And so while it is perhaps techrically feasible (see,
€€,y [Bolour 1981]) to provide ar accourt of the semartics of

ar nistorical relatioral database by ercoding time irto the
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uriverse of objects, we strorgly suggest that the use of a
temporal logic, with a built-ir ard fundamertal distirctior

betweer. time ard ertities, is more appropriate.

Tnere are, of course, mary choices for such a temporal
logic (ses [Rescher & Urqunart 1971], e.g.). Ir [Clifford 1982]
we presert argumerts for our choice of the Intersioral Logic
(IL) framework of Richard Mortague, argumerts havirg to do with
its applicatior as a target 1larguage for a ratural-larguage

frort-erd query processor.

Let us corsider more closely the query "Has Jonrn's salary
riser?" Ever with time represerted explicitly ir the database,
there is ro apparert simrle relatioral algebraic formulatior for
this query. ¥Witn the first-order represerntatior for Johr's
salary giver above, as a first guess we mignt imegire that
rise({z ! 3 «x a y emp _rel(Jonr,x,y,z)}) would represert
this new query, wnere RISE is & predicate symbol. However ever
witn ar FD tnat ersured that Jonn had orly ore salary, say 25K,
it clearly makes ro serse to ask whetner 25K "rises." To arswer
this questior more data is reeded thar the currert externsior of
Jonr.'s salary: the values of Jonr's salary for some other
poirt(s) of time are reeded. Tne expressior.
{z! 3« Ei y emp_rel(Jonr,x,y,z)}, tner, has two very
differert mearings in these ¢two queries. Tne simple query
{z | 3 x a y emp_rel(Jonr,x,y,z)| derotes the extensioral
value 25K, tne salary that Jonr is makirg pow. The secornd

query, however, is rot to be irnterpreted as asking RISE(25K).
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Some other mearirg, irvolvirg more thnar the currert extersior of
Jonr's salary, must be giver to Jonrn's salary ir order to
determire whether the predicate RISE is true of it. We suggest
that such things as SAlaries, be identified, rot witn irdividuel
ertities ($'s), but with ertities (8's) ir the role of ar
EMFPloyee's salary. Tne salary of ar irdividual employee is rnot
arother irndividual, but rather ar irndividual corcept, whose
extersior. deperds upor the state at wnicn it is eveluated. Such
ar. object, whose extersior is deperdert upor the state, is said
to be "irtersioral." (The terms extersior ard irtersior are
giver. formel defirnitiors ir irtersiorel logic. They should ro*
be corfused witn their usage ir. some database papers wnere the
term "intersior," e.g. ir [Reiter 1978 ], is used to refer to
axioms wnich coirstruir the set of possible models for the
database.) It is helpful to thirk of these ICs as fillirg e
role; at ary momert of time the role of so0-ard-so's salary

mignt be filled by ar sppropriste dollar amount.

For example, supbose that we are irterested ir mairtairirg
a yearly record of the emp rel relatior, say for the period of
the last five years. If we defire a s2t of times, say
s = {1977, 1978, 1979, 1980, 1981}, as the complete set of
indices or poirts of referernce of irterest to wus, ther the
irtensior of & rname ir our larguage will be a furctior from this
set S to irdividuals ir the model. Thus, cornsidering the
employee Johr we might have the irtersions depicted in Figure 2

for the rames "Jonr," “"Departmert-of-Johr" ard "Salary-of-Jonr"

(assumirg for the momert some lirguistic mecharism for
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corstructirz tnese rames). The furctior that is the irtersior
of "Departmert-of-Johr," for irstarce, represernts the role of
Johr's departmert ard tells wnat departmert “fills" that role ir
eecnh state. We car rnow imagire a DML thet could examire such a
database ard provide ar affirmative arswer to our query "Has

Johr.'s salary riser?"”

Suppose that ar erterprise wishes to mairtair ar nistorical
database, cortairirg the ertity relatior scheme EMP_rel, ard
further suppose tnat at three differert points ir time the
static relstior irstarces emp rel-1, emp rel-2, ard emp rel-3 ir
(Figure 3) represertad tne real world situstior. Ther this
historical irformatior car easily be ercoded irto a sirgle,
nistoricel relstiorn by exterdirg tne relatior scheme to irclude
ar. attribute, cell it STATE, to "tire-stamp" each tuple, ard
ther. mergirg tne tnree resultirg relatiors. However, there is
ar. ecditioral problem that w2 must solve: some EMPloyees are
rot represerted ir every state. For example, Jonr is rot er
E¥Ployee ir state 52, ard tnerefore there is no tuple for Jonn
ir this rew relatior. Giver the query "Wnat is Jonr's salary ir
S77" we would warnt our model to give us the power to say, rot
that there is no such employze, but rather that Jorr does not
work for us in S3. I other words, the question of who "exists"
ir the modelled erterprise ir any giver state becomes of
paramour.t importarnce to a successful datasbase modellirng of tnat
enterprise. Ir order to hnardle this problem we irtroduced the

concept of = completed relatior, ar.d ar. additioral,

Boolean-valu2d attribute EXISTS?.
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A completed relatior has a tuple ir each state for every
ertity that is ar EMPloyee ir ary state ir the ertire database.

In this way the database "follows" objects ard their attributes
throughout all of the states of the database. To accomplish
this we must determire a1l of the objects (key values) that are

represernted ir ary reletior irstance. We irntroduce the rotiors

of the Active Key Domair (AKD) of & relatior irnstarce as the set

of &all key values (ertities or rela?ionships) ir. the relatior
irstarce, ard for & set of relatior irstarces, tne Complete

Active Key Domair (CAKD) &s the urnior of the A¥D's of each

irstarce ir tre set. Tnus, for example, the CAKD of the s2t of
relatior irstarces ir Figure 3 is IJohn, Mike, Elsie, liz,
Racnel, Peter, Snaror, Beth]: all of the EMP ertities "krowr"

to the datebese.

We ther exterd (corceptually) each relatior irstarce so
that it has & ‘tuple for eech entity ir CAKD, the set of all
"possible"” EMPloyees that are "actual” in some state, using tne
ettribute EXISTS? as follows. If the erntity k is ar actuzal
ertity ir state S-i, ther ir the exparded relatior. thas tuple t-k
represarting k will have t-k(EXISTS?) = 1 erd all tne remeinirg
attributes will retain their appropriate values. On the other
hard if k is not ar actual ertity ir state S-i, the tuple t-k
will have t-k(EXISTS?) = O, but the distinguished value fi" for

every other attribute other thar STATE. i_ indicates the

inapplicability of this irformatior for this erntity, i.e., that

no individual fills that role for that ertity. The completed

relatiors for the emp-rel instarces is shown in Figure 4; we
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could &lso corsider ths wunior. of these three relatiorns as a

sirgle, historical employee relatior.

Tnese completed relatiorn irnstarces provide  historicael
irformatior about the chargirg values of the attributes of the
objects deroted by values of the key, ir this irstance about
EMPloyees. In order to visualize more clearly what is going or,
w2 proposed the picture of anrn historical relatior as =&
"three-dimersioral relatior", each plare of which is a "static"
or plarar relatior irstarce or EMP_rel for a giver state of the
world S-i. Tne three-dimernsioral cube represertatior of the
completed relatior, such that the i-th plare of the cube is the
completed relatior correspordirg to state S-i, is showr ir
Figure 5. Ir this view time is seer as adding a third dimersior
to tne rnormal flat-tsble view of relatiors, and we car visually
follow the charges ir the facts about each EMPloyese througn a

tnree-dimer.sioral row of tne cube.

Ar. alterrative view of the effect of time, ore that accords
more closely with the view provided by the logical model, is
proposed ir Figure 6. Here we s2e that a key value such as ar
EMPLoyee cer be modelled by a corstart irdividual, wnile thne
attributes of ar EMPLoyee must be modelled by individual
corcepts whose value (extersior) is a furnctior of the state. 1Ir
[crifford FC] we discuss how this view is more appropriate to
providing &a proper treatmert of historical realtions with a
modified relatiorzl algebra that accords distirguished status to

the STATE attribute.
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Several gereral categories of assumptions were idertified
ir [Clifford & Warrer 1981 ] that had to be made with respect to
the temporal comporert of an historical database if a complete
accourrt of the ertities and relationships was to be givermn.
These assumptiors have the same flavor as the Closed World
Assumptior. of Reiter [1978] but are expanded to incorporate the

temporal dimersior.

The simplistic three-dimersiornal view of srapshot relatiors
is obviously iradequate ir the face of the gererally accepted
notior. of derse time. Two additioral assumptiors, which we cell
the Comprenersior Principle ard the Corntiruity Assumptior,
erable us to view ar HDB as modellirg ar erterprise completely

over ar. interval of the real time lire, ard to asnswer such

crucial questiors as what objects exist ir ary state s, arnd what

are the values of their role attributes in these states.

Corsider agair the historical ertity relatiorn scheme

EMP REL(STATE EMP DEPT MGR SAL), ard ar instarce defired for tne

sequerce of states <S%t, 52, ..., ST>. Tne first assumptior
about ary such relatior. is that it is irternded to model EMPloyze
ertities over the ertire closed irterval of time [S!,S?]. Sirce
urder the most reasorable views of time this interval is
corsidered to be ders2, the best that ary firnite relation car do
is provide a simulatior of this irnfirite set of momerts of time.
It does this by mears of a sequernce of snapshots, in this case
taker. at each momert ir the sequerce <SY, ..., S7>. Because

this seems to be the orly reasorable irterpretatior to place or
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ary nistorical detabase that records facts over some irnterval of
time, we state it as the following prirciple:
Defiritior.

Tne Comprenersior Prirnciple states that under ary reasorable

irterpretatior ar historical database defined over a sequence of
states <51, S2, ..., Sr> should be corsidered as modelling ar
erterprise completely over the ertire closed interval [S1,Sn].
Any ard ell irformatior about the objects of irterest to the
erterprise car be assumed to be cortained ir or implied by the
nistorical databasz for the ertire interval [S1,Sn]. Moreover,
for ary state S rot ir the irterval [S1,Sn]. as far as the
database is "corcerred” ro ertities or relatiorships exist, ard

tne value of all ICs is |.

Or.e area for further resesarch would be the relaxastior of
tne secord part of this prirciple, perhaps with the irntroductior
of a mary-valusd logic. Future work might also incorporate

other so-called "rull-values" (ir additior to ) as & formal

rull-value semartics is developed (see [Goldstein 1981], €.8.).

Tne other assumptior we must make COnCerrs the
irterpretatior of the database for those momerts of time ir the
irtervel [S!,ST] which are not included ir the  sequerce
<S1, S2, «.., S7>. Tne database "samples" the values of the ICs
of irterest for orly some firite subset of states ir [S1,Sn],
yet we wart to be able to consider that the database implicitly
defires each IC as a total functior from states to individuals.

Defiritior.
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Ary assumptior wnich exterds a databass mappirg from a firite
s2t of momerts !51, S2, ..., St} (ordered as ir the sequernce
<S1, S2, ..., Sr>) irto a set of individuals, irto =a mappirg
from all momerts ir the closed, derse irterval [S{,Sr] into that

set of individuals, we call a Cortiruity Assumptior.

A rumber of differert possiblities exist for interpolating
these role furctiors in the database, but by far the most commor
ore is to assume, as ir Figures 7a ard 7b, that a step function
is the irterded irterpretatior. Certairly for all role
attributes that record ror-rumeric data (e.g., MGR, DEPT), ard
for mary that record rumeric data (e.g., SAL), this is the orly
appropriate choice. Urder the Step-Functior Cortiruity
Assumptior the value of ar IC for ary state s within the
databasz is giver by the value of the furctior recorded ir the
databasz &at the greatest state s' less than or gqual to s. It
is assumed that the HDB iritielly records irformatior about ar
object X wher it becomes 0! .r.terest to the erterprise, say at
state s-i, and that a rew tuple for X is added to the database

at some subsequert state s-Jj > s-i wner and orly wner ore or

more of its role ICs has charged valus, or wher it ceases to Dbe

ar. object of irterest to the erterprise (EXISTS? becomes O.)

Tnis discussior of the HDBM has beer. irformal ard mostly
irntuitive. Four poirts are perhaps appropriate at this point.
First, the technique of time-stamping each tuple is an obvious
ard fairly simple ideas, and mary databases have kept informatior

such as salary nistories ir a similar way. Tne STATE ard
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EXISTS? attrioutes of the HDBM, however, are distinguished

attributes that are ar irtrirsic part of the model, ard not
ordirary attributes under the- user's direct cortrol. Ar
explicit temporal semartics car thus be ircorporated directly
withir the framework of the relatioral model, provided that the
model (ircludirg the DML) is extended to include a special
treatmer.t for these attributes. Secord, although we have
preserted a very gereral notion of time, it is assumed that
through the technique of Mearirg Postulates ([Carrap 1947],
[Montagua 1973]), or axioms that corstrair the set of &allowable
models, +the user of a real HDB could make certair modificatiors
(for example, defirirg appropriate irtervals of irterest) to tne
gereral temporal semartics of the model. Third, although our
examples nave used a sirgle entity relatior, the extersior +to
relatiorship relatiors ard to ar erntire database of nistorical
relatiors is developed ir [Clifford & Warrer 1981]. Firally we
poirt out that this model of ar historical databasz is
theoretical; ro remarks ir this paper should be corstrued as
referrirg to implemertatior strategies. Obviously a direct
implemer.tatior. (for irstarce of "completed relatiors") would be
extremely cost-prohibitive for ary real database. We =&are
currently irn the process of developing a rumber of differert
implemer.tatior. strategies ard algorithms for ar HDBM that

eliminate the redundarcies of the formal model.

IV. Historical Databases ard IL-s




Ir this sectior we presert an overview of the semantic
irterpretatior. of the HDBM irnformally o6utlired ir the previous
sectior. The formal details preserted ir [Clifford & Warrer
1981 ] were based uporn wnat has beer called the Uriversal Role
Assumptior. (URA) (see [Maier & Warrer 1982] and [Vllmar 1982]),
that <there is a unique relatiorship betweer ary two database
attribures. We presert a brief outlire of that treatmert here,
using the sample database ir Figure 8 (based or the
departmert-store database ir [Chang 1978]) as a runring example,
ard briefly discuss arother ercoding scheme that makes no such

assumptior.

Urder the URA it is possible to igrore the names giver to
relatiors ard allow the attributes to idertify the relatiorships
that hold ir the modelled erterprise. It is therefore possible
to encode ar HDB irto a 1logical model using five differert
classes of functions deroted by nor-logical corstarts ir Il-s.
Tne irformatior ir ar HDB is orgarized ir the form of historical
er.tity ard historical relatiornsnip relatiors. We ercode this
irformatior ir the logical model by a set of furnctiors wnich are
defired implicitly by the database. We will discuss this
ercoding ir terms of the names (ror-logical constarts) of these
functiors in the 1larguage IL-s, ard briefly discuss ar

alterrative encoding.

For each HDB we defire six sorts of corstarts,
correspordirg to  “"domair values,"” "time values," “entity

attributes," "role attributes," "relatiorships,” and the
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"associatiors” betweer objects (ertities or relatiorsnips) ard

their role-sttributes.

Recall tnat thne urior of all of the domairs of the databas=s
attributes is the set UD. Correspordirg to UD we defire the set
of irdividual corstarts ir IL-s, C-e = {d' | @ € UD}, so that
w2 car refer ir the logic to ary value that might appear ir any

state of the database.

Tne domair of the distirguished attribute STATE is some set
of states S ir our logical model. Corresporndirng to this set we
defire the s=t of state corstarts ir IL-s, C-s = S. It will
also prove useful to allow corstarts that refer to sets of
states, ir. particular to cortiguous states or irtervals; for
example, & corstart 1978 of type <s,t> would derote the set of
2ll momerts of time ir the year 1978. We will therefore allow
ir IL-s a set of corstarts of thnis type, viz. C-<s,t> . These
letter are rot determired by tne databas=z, but rathsr by the
kirds of users ard queries that the datasbase system is irterded

to support.

The gereral picture of the historical databases as ercoded

ir. the IL-s model is provided by the denotatiors of the

remairirg four sorts of corstarts.

Tne set of ertities (e.g. EMPloyees) ir any state is giver
by the derotatior of the correspording ertity constart (of type
<{s,{e,t>>) for tnat ertity set. For example, EMP-* derotes, for

ary state s, the s2t of employees ir state s.
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Tne set of r-tuples participatirg ir ary n-ary relstiorship
ir. ary state is giver by the derotatior of the relatiorship
corstart REL-r. For example, ercodirg the birary historical
relatiorship relatior SALES_rel reqquires the cornstant REL-2 of
type <s,<e,<e,t>>>. REL-2 derotes at ary state the set of
birary relatiornships (ir thnis example, this is just the set of
DEPT - ITEN pairs) tnat exist ir that state. All r-ary
relatiorships car be combired irto a sirgle function (REL-r)
sirce we assume the ertity sets of the participarts uniquely

determire the relatiorship.

For each role (e.g. SAlary), the set of ICs that fill that
role ir ary state is giver by the derotatior of the
correspordirg role corstarnt. Ar IC fills a role orly ir. those
states ir wnich its associated object exists (or, equivalertly,
ir. which its value is rot |.) For example, the role attributes
DEPT (from EME_rel) ard VOL (from SﬁLES_yel) induce ir the logic
the constarts DEPT' ard VOL' of type <s,<{<s,e>,t>>. DEPT', for
example, derotes ir ary state the s2t of DEPIP-ICs (i.e.,

departmert-of-some-employee roles) that exist ir that state.

rn-ary objects (ertities or relationships) are bound
permarertly (i.e., not as a functior of the state) to all of
tneir role ICs by the denotatior of the ron-irdexical cornstart
AS-r.. Thus, e.g., each EMPloyee is bourd to three ICs which, in
those states ir. which the employee exists, are its SAL-, MGR-,
ard DEPT- pickihg-out fur.ctions. The corstart AS-1 of type

<e,{<(s,e>,t>> ir the logic represerts the associatior between
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each ertity (object of arity 1) ard its role IC's; AS-2 of type
<e,<e,<{<s,e>,t>>> represernts the associatior betweer each birary

relationship ard its role IC's, etc.

Ary giver. HDB scheme thus determires a set C-HDB of
corstants ir IL-s from amorg these six categories of non-logical
corstarts. (Tnese corstarts are uniquely determired except for
the cornstarnts of type <s,t>, for which mary choices can be
made.) Ir the case o©of the department-store database, the
followirg set of corstarnts is determirned:

C-e is the set of domeir valuz corstarts,

C~-s is the set of state corstarts,

C-<s,t> is some s=2t of state-s2t cornstarts,

C-<s,<e,t>> = {EMP-* ITEM-*| is tne set of ertity corstarts
C-<s,<e,<e,t>>> = {REL-2} is tne set of relatiorship constarts
C-<s,<<s,e>,t>> = {MGR',DEPT',SAL',TYPE',VOL'} is the set of
role corstarts,

ard

C-<e,<<s,e>,>> = {as-1}] \UJ C-<e,<e,<<s,e>,t>>> = {As-2} is
the set of

associatior corstants.

Ir [Clifford & Warrer. 1981] we preserted formal defiritiors
of ar HDB scheme &and ar instarce hdb or this scheme, and showed
how the interpretatiorn of the constarts determired by a giver
histo?ical database scheme HDB is induced by an instarnce hdb
over that scheme. Ar alterrative ercodirg that does rot rely on

*he URA would treat each relatior separately and defire a
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correspordirg ror-~logical corstart ir IL-s of the appropriate
type ard irterpretatior. For example, the relatiorn emp-rel
could be ercoded irto a functior deroted by the corstart EMP-REL
of type <e,<<{s,e>,<{<{s5,e>,<{s8,e>>>>. Sucn & functiorn would
represert the associatior betweer ar ertity (the employee) arnd
its three IC-s (marager, departmert, and salary) (depicted ir

Figure 6).

We corclude by teakirg & brief look at three of the elemernts
of the releatioral model to see how their correlates ir. the HDBM
have beer affected by the temporal semartics with which they

nave beer. provided.

Attritvutes.

Tne HDB model idertifies three differert kirds of
attributes: the distirguisned attributes STATE and EXISTS?,

attributes that are keys wnose values are rigid desigrators of

ertities, ard role attributes which are urcorstrained furctiors
(1Cs) wnich ir ary state give some property of either ar ertity
or a relatiornsnip. Mortague describes tnis distirctior betweer
corstart ard uncorstrained 1ICs ir this marrer: "'Ordirary'
commor. rouns (for example_hgﬁgg) will derote sets of corstart
irdividual corcepts (for example, the set of constart functiors
or. worlds ard momerts havirg horses as their values; from ar
irtuitive viewpoirt, this is ro different from the set of
horses.) It would be unacceptable to impose this corditior or

such 'extraordirary’' commor. nours as price or temperature; the
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irdividual corcepts ir their extensions would ir the most
ratural cases be furctiors whose values vary with their temporal
argumerts.” [Mor.tague 1973]. We have made the same claim here
ir the HDB realm; ir particular we have argued that key
attributes (like EMP) ard role attributes (like SAL) are to be
idertified with Mortaguz's "ordirary” ard "extraordinary” commor.

rouns, respectively.

Tne attribute STATE bears the burder of providing the
temporel semartics for the HDB model. We believe that it is
best to defire the model ir terms of a very gereral temporal
semar.tics, ard allow the user to specify (via Nearirg
Postulates) further properties of this parameter. We have
described here a Step-Furctior Cortiruity Assumptior as & mears
of irterpolatirg the partiel furctior giver. by the historical
databas=. Tne &attribute EXISTS? models the changing focus of
interest of objects to =er ernterprise Wner ar object is of
irterest, EXISTS? has tne value 1 ard &ll of the role
attributes for that object are defined; otherwise, EXISTS? is

O ard it has ro attributes (all are |.)

Data Deperderncies and Corstraints.

The irclusior of ar explicit time comporert in <the HDB
model allows us to express ¢the semantics of a wide class of
database corstrairts ir the same larnguage, something not
possible ir a first-order logic without some extra apparatus.

‘e divide these database constrairts irto two categories, ard
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defire ar extersiornal datsbase corstrairt ss a corstraint or

irdividual valid states of the database, &arnd ar intersioral

database corstrainrt as =a constrairt which defires vaild state

progressiors ir the database. Ar  intersioral corstrairt carn

orly be said to hold (or rot to hold) orly by examiring at least

two states of the HDB.

Current theoretical relestioral databasse researcn has beer
primarily corcerred (without wusing the term) orly with
extersioral corstrairts, such as FDs or MVDs. The relatiorship
betweer. the FDs ard MVDs of the relatiorel model, ard axioms
expressed as formulas ir a first-order logic, is ore which is
well urderstood (see, e.g., [Nicolas 1978 ] ard [Nicolas ard
Gallaire 1978).) Tne FD EMP --> SAL, e.g., is ar abbreviatior
for the first-order formula:

V x V v V2 [EMP(x) A SaL(y) A SAL(z) A\ AS-t(x,y)
/\ AS-1(x,2) =---> y = z]
ir tne domair. relatioral calculus (i.e., with variables havirg
irdividuals as their domair). Ar irntersioral logic allows us to
easily express more fully the full intert of these FDs: we car
specify explicitly that they must hold over &ll states of the
database. Moreover, we car make the more explicit statemert
that there is orly ore furction (IC) that picks out a giver
attribute (e.g., the SAlary) of ary object (e.g., EMP) that has
that attribute:
V x ‘q‘ y V z V i [EMP(i,x) /\ SAL(i,y) /\ SAL(i,z)
/\ AS-1(x,y) /\ AS-1(x,2) =-=> y = z]

2>re we have quartified over sll states of the database with the
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state varisble i (type s), and have equated, not merely the
value (extersion) of the two SAlaries, but the SAlary-ICs

(functiors) tnemselves.

Intersioral constrairts have rnot received much atterntion ir
the database literature. Wnere they have beern examired (e.g.
by Smith and Smith [!977], Nicolas and Yazdaniar [1978], and
Casarova ard Berrsteir [1979]) as "dynamic corstrairts” or
constraints upor update operatiorns), they have beer considered
as differert ir kird from extensioral (or "static") constrairts.
IL-s, as a higher-order language with a temporal dimersior,
allows us to consider differernt types of objects (e.g. states,
irdividuals, ICs, ard other arbitrarily-defired functiors) and
to make statements about arny of these objects with the full
power of quartified logic ard lambde calculus. We car thus
express botn types of constraints ir IL-s in the same natural
way, i.e., as axioms about objects (of tne appropriate type),
without bhavirg to irvert & rew techrnique for expressing the
dynamic corstrairts. For example, the constraint:

No employee car ever be giver a cut ir pay.

is ar intersioral constrairt: it corstrairs the kind of
functiorn tnat can serve as a SAL-IC for any EMPloyee, irn
particular to those functiors from states to dollar values that
have everywnere nor-regative derivative. It is not clearly
expressible as a first-order database axiom because it does not
refer simply to the extensior of the SAlary furnctiorn ir any ore
state, but rather to the ertire functior considered as ar

irtensioral object, viz. an IC. 1Ir IL-s this corstrairt is
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expressible as:

Y i-1 X u V x [EMP-#*(i-1,u) /\ SAL'(i-1,x) /\ AS-1(u,x) -->
W i-2 [ i1 < 4-2 ==> x(i-1) <= x(i-2)] ]

Tnis ability to consider both irternsional and extensional

constraints as essentially the same kind of corstraints, and to

express them irn the same larguage, is a good example of the

power of IL-s to provide a urified theory of database semartics.

Queries.

As with database constrairts, the irclusior of the state
comporert in the historical database model allows us to corsider
a much broader class of database queries ir a consistert marrer.

We are similarly motivated to define arn extensional detabase

query as a query whose evaluation depends only or the values in

the database with respect ¢to & sirngle index or state, and ar

irternsional database gquery as a query wnhose evaluatior depends

or the irtensiors of at least ore attribute, i.e or the functior

from states to individuals (ICs) that represerts that attribute.

Extersiornal queries are precisely those that static
databases have been concerned with handlirg; these queries are
hardled just as well by ar historical database. However, since
the HDB contains, as it were, many static databases indexed by
state, it is possible to ask the same extensional queries with

respect to differexn states, and thus to get potertially

differert answers. For example, the arnswer to "Wnat is Peter's

salary?” with respect to state S2 yields the amswer "30K," but
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with respect to state 53 what appears to be the same guery of

the same database yields the equally correct (but different)

arswer "35K." Ir order to wutilize the power of the HDB,
extensional queries must be more fully specified to indicate the
state at wnich evaluatiorn is to be performed. Ir [Clifford
1982] tnis process is explaired more fully, ard the concept of &

variable row, whose interpretatior is always the latest state of

the HDB, is discussed.

Irtensioral queries utilize the full power of the HDB, ard
show it to ©be a much closer model of the real world thar e
ore-dimersional static datsbase. Withir the, corntext of ar HDB
we have the potential to answer all of the queries wnhich were
mer.tiored at the beginning of Sectiorn III. Asgume a mecharnism
for trarslatirg the query "Has Jonrn's salary riser?" into the
following formulas ir IL-s:

53 x [SAL'(row,x) /\ EMP-*(row,Jonz) /\ AS-1(Johr,x)
/\ RISE'(zow,x)]

To evaluate this query, we need to provide a mearing to the
predicate RISE'. Before we can provide ary definition we must,
of course, decide upor ar appropriate mearing for the English
word "“rise.” We suggest the following: RISE' is true of a
SAlary IC at a given state i iff there is & preceding interval
of time culmirnating in state i during which the SAL-IC is
mornotorically nor-decreasing. Of course we could quibble about
this defiritiorn. for a wnhile, but that is not the point: the
point is that giver any such well-defined semantics for the word

we could express its mearing ir IL-s. The suggested defiritiorn
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trarslates irto the IL-s Meaning Postulate:

Y x V¥ i [RISE'(i,x) <--> [SAL'(i,x) A\ T i-1 ¥ i-2 Y i-3

[i-1 <= i-2 <i-3 <= i -=> x(i-2) <= x(i-3)] ] ]

Givern this MP, we evaluate the predicate RISE'(i,x) as
follows. From emp rel we see that the SAL-IC associated with
Johr. is arn IC wnose value for the three known states is as
follows:

P S1 ==> | |
1 82 -3 30 E
| .83 =~=> 35 |
ard whose value for all other states is.i. Let us call this
furction SJ. Tner RISE‘(i,SJ) evaluated for i = S3 is true

(pick S2 as the i-1 which the MP asserts must exist).

V. Summery ard Future Work.

Under the general assumptiorn that formal logic has made an
can. continue to make important cortributions to the
understanding and specificatior of the semantics of databases,
we have tried to shSH how the temporal semantics of the logic
IL-s can be used to formalizes the corcept of ar historical
detabase. I [Clifford 1982] the choice of IL-s is also
motivated from the perspective of providing a formal defirition
of an Englisn Query language as a Montague Grammar (MG). Figure
9 depicts the overall scope 6f that work, which defined a formal
relatiorship betweern an historical database and an IL-s model,
ard between queries expressed in a formally defined fragment of
Erglish and their interpretation ir the same IL-s model. Here

we have presented both an irformal discussiorn of arn HDB as a
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cube composed o©of a time-ordered sequernce of flat, static
relations, ard az overview of the relastionship between ar HDB
arnd the 1logic 1IL-s arnd its model theory. We have also given
examples of the power of the historical database to model
real-world semantics more closely thar existirg database models.
Two such examples were emphasized: the ability to express the
semar.tics 0f intensioral and extensional database corstrairts
withir the same theory, and the ability to process irntensional

and extersional gqueries.

Tne HDBM suggests the possibility of formalizirg a wide
variety of database-semarntic issues "under ore roof," viz.
within the oprecise model-theoretic semartics of IL-s. Ir
additior to the natural-langauge queryirg potential discussed in

[clifford 1982], we mertior a rumber of other issues here.

Tne first questior that this paper will suggest to many
readers will be that of implemerntatiorn. Evern if all of the
irformatior ir the 3-dimensiornal cube were known, a direct
implementatior would be highly redundart. Furthermore, thnere
may be situations in wnich the complete history of some
attributes may be unknown Oor urinteresting to the enterprise.
Questions of how to implement these relations efficiently Dboth
for storage arnd for retrieval, and of how to handle a mixture of
static ard historical relations within & single database, are
among the many irterestirg implemertation questiorns that remain

to be studied.
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Arotner area of interest, suggested by our work in defirirg
the trarslatior. of English questiorns into IL-s, is the
possibility of interpretirg Erglish statements as database
commands. For example, we cctuld interpret the statement "Jonn
earr.s 30K," wher made by an authorized user, as &a command to
record this as a fact in the database with the timestamp taken
from the system clock. As with questiors, intersional logic
gives us a framework for providing a formel semantics (or
pragmatics -~ see [Clifford 4982]) for ar appropriate fragmert
of English to serve &s a DML to perform such databass
mairtenarce operatiors as insertior and deletion. Corsideratior

would have to be giver to the interpretation of error-correctiorn

types of mairterarce, i.e., the sort of commands wnich mear, not
that a givern once-true fact asbout the world ro lorger obtains,
but ratner that a previous specificatior of that "fact” was ir
error. Also, sirce an update in gereral represenfs orly partiel
irformatior. about & state, car we make certair assumptions that
will help to further specify that state (e.g., if Peter's SAlary

is re-specified, car. we assume that his DEPT remairs the same?)

We have incorporated the work presented in this paper irto
the relatioral database model, constrained by the view of data
semantics preserted by the entity-relationship model. Tne
question of how to extend other database models such as the
hierarchical [IMS}SO], network [CODASYL 1971]. and functiornal
[Shipman 1981] models to include a temporal semartics is another
area for future study. Withir the relatiornal model, the

question of other semartic restrictions or the kirds of
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relatiorns that meke sense, withir the cortext of a formalized

temporal semantics, is still wide opern for future study.

Tne idea of wusing & database to model hypothetical
situatiorns as potential futures from & giver present situatior,
ard thus provide +the ability to answer queries about the
implications of such “"possible worlds,” is arother expansion of
the HDB corcept that appears to offer promising applications. A
query like "Will the average salary ir the linern department
surpass 30K withir the next 5 years?" is tne sort of questiorn
tnat we envisage could be handled by such ar orgarizatior.
Salary raises built into uniorn contracts, cost-of-living
ircreases, are the sorts of applications that ar historical
database ought to be able to model. How, for example, might arn
historical database be ircorporated within the context of a
decisior support system ([Ginzberg 1982)]). Storebraker ard
Keller [1980] provide an examiratiorn of some of these

possibilities from & differernt perspective.

In the simple model we have preserted here, EXISTerce is
syroromous with belongirg to ar entity set, and we have rot
allowed ar erntity to be of more thar ore sort. We have Dbegun
irvestigating ar extensior to this model that would allow
ertities to fill differert (arnd even multiple) roles at various
times, as long as they still EXISTed as entities in some
relation. For example, we could model people with a relation or
scheme

PERSON_REL(NAME STATE EXISTS? GENDER ...)
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ard ther have relations or schemes like

BORROWER_REL(NAME STATE IS_BORROWER? ACCT#...)

ard

DEPOSITOR_REL(NAME STATE IS_DEPOSITOR? ACCTBAL...).

People could fill the roles of depositor and/or borrower ir ary
state &t will, indicated by the Boolear-valued IS_<ROLE>?
attribute, provided they were said to EXIST in that state in the
PERSON relatior. Meaning Postulates could assert the IS-A
hierarchy (BORROWER IS-A PERSON, etc.) and with what appear at
this poirt to be miror charges in our scheme for ercodirg a
database into a logical model the presert HDB approach seems to
work, and to offer interestirg insights into the semantics of

this sort of database model.

Tne rature of the time coordinate ir the HDB model, and the
kinds of constraints that particular applications may wish to
make upor. the general treatment we have defined.l need further
study. Allowirg more sophisticated Cortinuity Assumptiorns,
differert assumptiors for different attributes, modifyirg the
Cortiruity Principle, conceivirg of time not as momerts but as
partitiored irto intervals, etc., are amorg the many issues

relating to the temporal semantics that remain to be addressed.

Finally, we note that the last few years have seen a number
of researchers, among them Schmid and Swensor [1976], Hammer arnd
Mcleod [1978), ard Biller and Neuhold [1978], discuss the need
for more powerful database models or languages in order to

specify a database semantics that more closely models the real
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world. We agree entirely with this overall goal, but view with
some apprenersior the proliferation of these Semantic Data
Defiritior Languages (SDDLs) that are rot provided with a formal
semarntics. We believe that the use o0f more powerful 1logics,
like IL-s, car clarify marny of the issues involved ir these
higher-level semartic models and languages, ever to the point &f
providing a basis for corstructirg proofs that demonstrate their

equivalence or differerces.
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EMPREL | EMP MGR
| Jonrn Jonr.
! Mike Jonr.
1 Elsie Elsie
! Liz Liz
; Rachel Liz
]

Peter Liz

DEPT SAL |
Liner. 25K
Linen 17K
Toy 26K

Hardware 29

i
i
|
i
Hardware 30K E
|
Hardware 29K |

1977 --> John
1978 --> Jonn
1979 --> Jonm
1980 --> Jon=
1981 --> John

(8) Intersiorn of
.'John"

Figure 1

———— . S

1977 =--> Lirzern
1978 --> Lirnern
1979 -~> Lirern
1980 --> Toy
1981 -<> Toy

(b) Irtensiorn of
"Departmernt-
of-Jonn"

Figure 2

——— e . e it i i s
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relation emprel

1977 -=> 25K
1978 --> 25K
1979 -=> 27K
1980 ==> 27K
1981 --> 30K

(¢) Irtersion of
“Salary-of
Jonr."
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Peter
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linern
Linexn
Toy
Hardware
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Hardware
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Elsie
Rachel
Rachel

Lirern
Toy

Toy
Hardware
Hardware

Lizer
Toy
Hardware
Hardware
Hardware

Figure 3

relation emp-rel-i
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relatiorn emp-rel-2

relation emp-rel-3
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-

STATE EEB EXISTS? MGR DEPT SAL :
S1 Jonr. 1 Johr. Linen 23K i
S1 Mike 1 Mike Lirer 17K
S1 Elsie 1 Elsie Toy 26K |
S1 Liz 1 Liz Hardware 30K | relation emp-rel-t1'
S1 Rachel 1 Rachel Hardware 29K |
S1 Peter 1 Peter Hardware 29K |
S1 Snaron 0] ' : 1 3
St Betn 0 H T i
STATE EMP  EXISTS? MGR  DEPT SAL |
52 Jonx 1 Jonn  lLirexn 25K |
s2 Mike 1 Mike Toy 20K |
S2 Elsie 1 Elsie Toy 27K |
s2 Rachel 1 Racnel Hardware 28K | relation emp-rel-2"
s2 Snaron 1 Snaron Hardware 25K |
S2  Peter 0 i } Lo
S2  Betn 0 T i T !
S2  Liz 0 1 i i
STATE EMP EXISTS? MGR DEPT SAL |
s3 Betn 1 Betn Linen 23K ;
53 Elsie 1 Elsie Toy 27K |
S Rachel 1 Rachel Hardware 28K
53 Sharorn 1 Sharor Hardware 25K | relatior emp-rel-3"'
s3 Peter 1 Peter Hardware 33K ':
S3 John o} ' ! F
S3  Liz 0 W T T
S3  Mike 0 H H I

Figure 4
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-

| S3  Jonn 0 3 1 H |
| s2 Jonzn 1 Johr.  Linern 25K | i
]
--------------------------------------------- { 1
S1 Jonn 1 John Lirern 23K | : '
S1 Mike 1 John Lirer 17K | : 1
S1  Elsie 1 Elsie Toy 26K | 1 l
S1 Liz 1 Liz Hardware 30K i 1 '
S1 Rachel 1 Liz Hardware 29K , L S !
S1 Peter 1 Liz Hardware 29K | |
S1 Sharor. 0 ' : P el
S1  Betn 0 g i L
(STATE EMP  EXISTS? MGR  DEPT SAL )

Figure 5
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JOHNK LINEN State 51

EMP MGR DEPT SA%_"/,
object roles
(constant IC) (unconstrained IC's)

Figure 6
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EMP-REL | STATE EMP EXISTS? MGR  DEPT SAL
! S1 Peter 0 _i_ : _;_
| St Liz 0 T T T
| S1 Elsie 1 Elsie Toy 50
I s2 Peter 1 Elsie Hardware 30
| S2 Liz 1 Elsie Toy 55
| S2 Elsie 1 Elsie Toy 50
! 83 Peter i liz Lirer 35
| S3 Lliz 1 Liz Hardware 50
| S3 Elsie 0 1 1 1

ITEN-REL | STATE ITEM EXISTS? TYPE |
- Ball 1 5 |
| S Game 1 6 :

I s Glove 1 T l
1 82 Ball 1 o |
' s2 Game 1 6 .
I s2 Glove 1 5 '
! 83 Ball 1 10 |}
| 53 Game 0 ' :
: 2 Clove 0] I i

SALES-REL | STATE DEPT ITEN EXISTS? VOL |
- Toy Ball 1 3|
- Toy Game 1 6 :
1S Hardware Glove 1 g
! 81 Linern Glove 0 4o
I s2  Toy Ball 1 3
\ Ss2 Toy Game 1 6 |
| s2 Hardware Glove 1 9 |
i S2 Liner Glove 1 2 1
1 S3 Toy Ball 1 4 |
| s3 Toy Game 1 6
i S3 Hardware Glove 0 i_ i
1S3 Liner. Glove 0] i i

-

Figure 8
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relation emp-rel

relatior item-rel

relation sales-rel
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