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WC discuss tht philosophy, history and theory 

of window functions. Window functions (some- 
tits called connections) art a means to treat, a 
relational database as a semantic whole, rather 
than as an arbitrary collection of relations. Sim- 
ply stated, a window function maps a database 
state and a relation scheme to a relation over the 
scheme. Window functions art the basis for all 
existing universal scheme interfaces. We present 
an assumption inherent in universal scheme inttr- 
facts, the unique role assumption. 

Window functiqns have evolved along two 
paths, giving rist to computational d&&ions and 
weak instance dtilnitiont. We examine several 
examples of each type of window function, with 
special attention to the association-object window 
function of PIQUE. We then look at properties we 
feel a reasonable window function should satisfy, 
notably the contaihment con&tin and fadthfd- 
ntss. We tlso define tiplicit cbjects , which art 
relation schemes that a window function treats in 
a special manner, and which art useful for 
describing the behavior of window functions. 

1. The Why and What of Wii&w Functiona 
As Maitr, Vardi and Ullman <MWl> note, the 

relational data model has gone far towards 
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phdlsicd data independence, .but has not achitvtd 
the goal of logicd data indepcnfjenct. That is, 
users of relational eygttms art relieved of specify- 
ing access paths within the structure of a single 
relation, but they still must navigate bttwttn 
relations. Uniwrsd scheme interfew .are .M 
attempt at logical data independence. In a univtr- 
saI scheme interface, tll the temantits of the 
databatt is loaded onto the ,attributts. Qutriqs 
art phrased in terms of attributes; the &str nttd 
not know which attributes art in which relations: 
In a universal scheme inttrface, a database ‘is 
presented as a semantic whole,, aoctssible through 
its attributes alone. In tht sequel, .,U will; dtnott 
the universe of attributes in a database: tht 
untiersd scheme. 

There art stvtrtl universal scheme systems 
extant and under dtvtlopmtnt. The first “were 
APPLEcCK> and that of Shtnk and Pink& <SP>. 
More recent systtms art *q <AK>, System/U a 
KU. U>, PIQUE <MRSSW, Rol, St> and Parafrase 
<KbiRs, KS>. 

Query processing in a univtrcal scheme tyi- 
tern can be viewed as a tw@stage procedure: , 

1. The set of attributes, call it X, appearing in 
the query is dtttfmintd. 'Then; on the %a& of 
the state of the databasd, k rtlatioxi r ‘over 
scheme X is generated. (If the query contains 
several variables, the attributes associated with 
each variablt+art wed to, compute separate 
relations.) \ 

2. Further operations specified by the query 
art applied to r(x) to generate the answer. 

These stages are calltd binding andevd&n. 

Consider a simple database courses with the 
relations taking (STUDENT COURSE) and 
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kdbing(FACULTY COURSE). In response to the 
wry 

retrieve FACULTY where STUDENT = Andrews, 

the PIQUE system will construct a relation t on 
FACULTY STUDENT. Presumably, t will be 

In the evaluation stage of processing the query, 
‘PIQUE applibs the selection usrwm = Andmn to t 
+ get the final answer to the query. 

[I 
The generation of a relation r on scheme.X in 

the binding step is done, implicitly or explicitly, 
through the application of a window @n&on. 
For each subset X t U, there is a function, [Xl, 
,called the window finetin, or &n&f window, 
on X, that mops daf&aee.states to relations on X. 
While, properly, we should denote the value of [X] 
on database state d as [a(d). in most cases,d will 
be understood, and we, shall write simply [Xl. The 
brackets themselves, [.I. can be viewed as a func- 
tional that maps a subset of U to a function from 
database states to relations over that subset. 

While the. two steps do interact, they are 
loosely-coupled. Changes to the window functions 
can be made without changing the. procedures in 
the evaluation step, e$tho)lgh such changes will 
mean different answers for queries. A logical 
question at this point is why the same effect as 
window functions cannot be captured with virtual 
relation or view mechanisms,‘as in conventional 
relational systems? Unlike an arbitrary set of vir 
tqal relations, the window functions in a universal 
scheme system are meant to display some 
manner of semantic consistency. The choice of 
the term ‘?vindow” is intended to convey the 
image of a consonant set of views into a single 
database world. 

For a universal scheme interface to a data- 
base to be practicable, the database must at least 
satisfy the u&&sol r&&ion scheme assu?npt%nt 
(URSA). URSA -states that any attribute in U 
corresponds to the same class of entities wherever 
it appears. %or example, -NUMBER cannot refer 
to serial n.umbers of equipment in one place and 
so&l security numbers in another. Positing the 
existence of window functions.makes an assump- 

‘tion stronger than URSA, which we shall call the 
an&pie mle umihptin (URA). URA requires that 
an at&ibute not only always represent the same 
class of entities, but also always represent the 
same role for that class. For example, DATE may 
not represent dates both in the role of birthdate 
and the role of appointment date. Put another 

way, URA means “the scheme determines the con- 
nection.” For any set of attributes, there is at 
most one connection among them. In particular, 
no two database relations have the same scheme. 
If DATE played two roles, as above, there is no way 
to tell if [EMPLOYEE DATE].is asking for the con: 
nection betwgen employees and birthdatcs, or 
between employees and appointment dates. 1. 

It is unlikely ,that a relational database 
designed without URA in mind wouId satisfy ‘&t 
assumption T get satisfaction, some attributes 
will probably 4 ve to be renamed, in order to’.& 
tihguish the roles portrayed. It .,,may not be 
apparent, after renaming, that different attrj: 
bikes represent the same class Of entities, and 
the proliferation of attribute names can become 
unwieldy. We are currently con#dering ways to 
handle such problems by .isxphcitly incorporating 
‘a general&akion hierarchy 68 part of the database 
description <MC: Sc2, SS>:’ 

Not all of the universal scheme systems men- 
tioned above strictly enforce URA.~ Car&on and 
Kaplan, in their APPLE system <CK>,. are trying to 
deAne window ,functions upon databases that do 
not necessarily satisfy URA, or even URSA. Trying: 
to impose a universal scheme view after the fact 
upon a database that do& not satisfy UR4,causes 
several complications. They mkt m’&nt& expli- 
cit ‘information on corn&ability of attribut’es. 
Their method for computing expressions ( for win- 
dow functions can generate multiple connections 
between a pair of attributes, ,actually giving, 
several window, functions for the same scbe,me. . 
Ultimately, the user. must select among connec- 
tions when several erdst. 

The query sysierb q <AD does not make any 
assumptions about the database. There is a 
“relfile” containing a list of schemes for stored 
and virtual relations, and procedures .for cumput- 
ing virtual relations. To generate [Xl, q sequen-’ 
tially scans the i-elfile for the fb-st’ scheme of a 
stored or virtual relation cor$ai&g X. While q’s 
mechanism produces a single window’ function for 
any scheme, the views ‘these’windows present are 
not necessarily consistent with each,other or with 
the database. In practice; the computations used 
to derive virtual relaiions generally are all joins:,z 
and the database does ‘satisfy m. : One other. 
problem with q is that the ‘expressions for virtual 
relations must be given explicitly. Work is 
currently underway on methods to generate those 
expressions from dependency information about 
the database <Iio3>. 

URA .doesn!t really say that there cannot be 
multiple connections among a set of attributes, 
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only that the system takes one of those connec 
tions as the most natural, and will make that con- 
nection automatically. Other connections must be 
made explicitly by the user. 

2 Typesdwhdow~cti~ . 
The window functions used in the universal 

scheme systems mentioned, ‘and in various 
themetical studies to be discussed, are not always 
expressed in the forg given here. Quite often the 
definition of a window function is implicit within 
some computational method. The bracket nota- 
tion used here follows the “output functions” of 
Maier <Ma>. In subsequent sections we shall be 
interested in properties of sets of window func- 
tions, one function for each subset of U. We cd 
such a collection a Wu of window functions, or 
simply a wall of windows. We sometimes let the 
brackets by themselves, [&, denote the .wall of 
windows of types: [[Xl, j X c Uj. 

Most window functions can be placed along one 
of two lines of development. There are window 
functions based on straight computational 
detlnitions, and there are those based on weak 
instanCeS. 

In the rest of this paper, we shall let R be the 
database scheme IR,, Rz, . . . . %I, and let d = 
h(RJ~ tz(Rz)s ..-I rp (RP) 1 be a database over R 

21. ComprtationaI Window F’unction Detinitions 
Most initial work on computational definitions 

for window functions made an assumption 
stronger than URA. That assumption is the 
universal instance assumption (UIA), which 
states that the database relations are all projec- 
tions of a single relation I over U (I is a universal 
fnstance). lbatis,r~=T~(l)forl~irp. 

Under UIA, the window function [X] is deflned 
ay ~(1). We shall distinguish this class of window 
functions as [*]I. The, presumption is that I can 
be recovered from d as tl PCI r2 w . + . ~4 rs , 
or at least that ~(1) can be recovered, for cer- 
tain X. A number of groups have studied the 
question of when all or part of I can be recovered 
from its projections <AC, BMSU, MMSU, Ri>. In 
short, the question they address is whether the 
dependencies that I must satisfy imply that rl, r2, 
. . . . rp have a lossless join. 

The work on U&based window functions con- 
centrates on finding, for a given X, an alternative 
expression E such that Q(E) =i ~(1). Shenk and 
Pinkert <SP> were among the flnt’ to look at this 
questron. 7hey concentrated on lessless subjoins : 
a subset ls1, ss, . . . . s,l of d such that 

nx(Sl b4 S2 04 - * - D4 sm) = nx(I). In their 
study, the only dependencies considered are FDs 
arising from keys, and the only joins are lossless 
joins of pairs of relations. The join of r(R) and 
s(S) may only be taken. when RnS + R or 
R n S + S. They attempt to And a lossless subjoin 
with the fewest relations by a dynamic program- 
ming method. 

Lozinskii <Lo> also uses only key, FDs and 
pairwise lossless joins. However, he is lookir$ for 
lossless joins with a single some relation. The 
join expression starts off with the source relation, 
and al1 subsequent relations are joined with it, so 
there is only a single intermediate result. For a 
given X, he is interested ‘in findings all the lossless 
subjoins for computing [Xl, so that he may pick 
the best according to a given cost function. 
Honeyman <HOD is also looking for a sequence of 
joins emanating from a single source, but he uses 
an arbitrary set of, FDs (as long as they are 
embedded in the database scheme), and allows 
prelections of’ relations into the join expression. 
(He terms such joins eztension -@4ns .) 

UIA is well known to have its shortcomings. It 
is a hard condition to test in general, and it is not 
realistic in many applications. Several research- 
ers have defbied window functions where UIA is 
used to determine the lossless subjoins, but it”is 
not expected to a&ally hold for an’arbitrary 
database state. 

Osborn <OS> deflned [X] as the union of X- 
projections of all lossless subjoins covering X. Her 
join’expressions also start with a source relation 
that is augmented through p&wise ~ossless jojns. 
Her dependency information is solely key FDs. We 
denote her wall of window functiqns by [*]u. 

The designers of System/U <KU, U>, and 
Fagin. Mendelzon and Ullman <FMU> advocate a 
UIA approach, with [X] being nx(rI W rs w 
. . . w rs). In System/U, to avoid problems 

where relations do not join completely, ‘the join is 
minimized under weak equivalence. That is, the 
expression above is pruned under the assumption 
that the relations do join completely. The tech- 
nique used is tableau minimization -1, ASU2>. 
which has the advantage that dependency infor- 
mation can be brought in to help reduce the 
number of joins. We shall- let ‘fdl(E) denote the 
tableau minimization,pf an expression E, and let 
[.]su represent the System/U window functions; 
so 

~Xlsv = TAf(lrx(rl W r2 W * * - W r,)). 

70 



One problem with this approach is that there can 
be several alternatives for TM(E). Those alterna- 
tives are equivalent if UIA holds, but not for arbi- 
trary states of the database. In cases where TM 
yields multiple expressions equivalent to the origi- 
nal, the union of these expressions is used. 

Comider a database with relations r(ACD), 
r(BCD), and r(DE). (Since schemes are unique in 
a URA database, we may call all relations r.) For 
the window [CE]sv, the expression can be minim- 
ized to n&(ACD) wr(DE)) or to 
rr&r(BCD) wr(DE)). The union of these two 
expressions is used to compute [ CE]sv. 

[I 

The System/U approach gives reasonable win- 
dow functions when the database scheme R is acyl 
clic. (See Beeri et al. <BFMMUY, BFMY> for 
material on acyclic database schemes.) Maier and 
Ullman <MU> note that in the presence of cycles, 
the defmition above for [*]sy may not represent a 
natural connection, or is likely not to be the par- 
ticular connection a user had in mind.. 

Consider a database on attributes B (bank), L 
(loan), A (account), and C (customer), with rela- 
tions r(BL), r(LC), r(BA), and r(AC). The data- 
base contains information about loans and 
accounts *at banks, and about which customers 
took out the :loans and own the accounts. In 
System/U, [BC]sv will be computed as 

n&r(BL) W r(LC) Da r(BA) W ;(AC)). 

This expression gives all customers who have both 
a loan and an account at a bank, which is not a 
very natural meaning for the bank-customer con- 
nection. 

I3 

Using the ideas of Sciore <SC>, Maier and Ull- 
man deAne minimal objects to break up cycles in 
the database scheme. A maximal object is a sub- 
set of U. bt Y be a set of maximal objects. To 
compute [Xl, for each Iy E Y such that X E W, 
they form the join of all relations whose schemes 
are contained in IF. The join for each applicable 
maximal object is then pruned by tableau minimi- 
zation, and projected onto X. The window [X] is 
finally obtained as the union of all these expres- 
sions. We denote this wall of window functions by 
[elm, for a set Y of maximal objects. 
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Returning to the last example, let 
Y = [BLC, BACI. This set of maximal objects says 
that there are two ways to connect banks and cus- 
tomers, through loans and through accounts. 
Without maximal objects, however, there is only a 
single connection, through loans ‘and accounts. 
simultaneously. Here, [BC]m = 

vr&r(BL) W r(LC)) u n&r(BA) ~4 r(AC)). 

[I . 
Our view in developing window functions for 

the PIQUE query language is that data dependen- 
cies by themselves arenot sufficient for inferring, 
the desired connections among attributes. We. 
have defined window functions based on a set A of 
associatims and a r&t 0 of objects <MW>. 

Associations are sets of attributes that 
represent permissible units of update. An asso&+ 
tion is a possible scheme for a tuple entered into 
the database. We let r(R)’ denote all the tuples in’ 
the database whose scheme is .the association. R;’ 
The reader will not be far from right to assume 
that the set A of associations: is the database 
scheme, although, in practice, heterdgeneous 
tuples may be stored in a single refition through 
the use of placeholders. We depart from usual 
practice in that we allow subassociations of associ- 
ations. The term association is used instead of 
scheme to emphasize this departure. We may 
have tuples over both associations R and S in the 
database, where R is a proper subset of S. As we 
have noted elsewhere <MR>, under UIA, there is 
not much sense in having relations over both R 
and S, as r(R) will be equal to nR(r(S)). Without 
UIA, relations over both schemes do make sense, 
although URA does dictate.certain restrictions, as 
we shall see in Section 3. 

Objects are also sets of attributes, ’ and 
represent units of retrieval. Objects dictate which 
joins will be used to construct window functions. 
For each object g E 0, we assume that Iv is the 
union of some associations in A, and define a relq 
tion on R’, denoted r’(N). by joining on all associa- 
‘iions contained in W: 

r'(W) = 
R E *" c 

r(R). I 

We then define window functions from these object 
relations by projecting the appropriate object 
relations. 



Consider a database where U = IS (student), 
C (course), F (faculty)j. A = &SC, CFj, meaning a 
student takes a course and a ,faculty member 
teaches a course. let 0 = ISCFj. For this choice 
of A and 0, the connection between student and 
faculty is computed as n&r(SC) w r(CF)) If we 
add SCF as an association, then we explicitly 
store from which faculty member a student is tak- 
ing a course. Now, the connection between stu- 
dent and faculty will be nsF+ (SCF). 

[I 
‘We shall argue in Section 3 for the desirability 

of the set 0 being closed under nonempty inter- 
section. 

22 Weak Instance Window Functions 
The second main path along which window 

functions have evolved is weak instance 
definitions. Weak instances, and their cousins, 
representative instances, were first introduced as 
a means for discussing global satisfaction of a set 
of dependencies by a database <Ho, Gr, Va>, and 
for hferring missing information in a database 
state <Ma, Wa>. They have also been used 
recently to &udy the equivalence of database 
schemes <Me>. We show now how weak instances 
are used to deAne window functions. 

A relation I(U) is a containing instance for 
database d if 

n&(l) 2ri for 14i Sp. 

For a set of dependencies C, I(U) is a weak 
instance under C for d if I E SAT(C) and I is a 
containing instance of d. We abbreviate “weak 
instance under C” to C-WI. A database state .need 
not always have a weak instance. 

A window function on X can be defined as all 
those X-components of tuples that appear in 
every weak instance of d: 

Since different choices for C give diRerent window 
functions, we distinguish the wall of window func- 
tions for Cas [.]c 

Of course, this definition for [X]c does not give 
an effective method of computation. If the depen- 
dencies in C can be used in a chase computation 
<ABU, MMS>, then representative instances cm 
be used to compute [X]c A representative 
instance for a database d is formed in two stages. 
First, all of the relations in d are padded out to 
have scheme U, using distinct null values. Let 

PAD(d) denote the union of all these padded rela- 
tions. Second, the chase procedure for dependen- 
cies in C is applied to PAD(d) to equate nulls and 
generate new tuples. The result of the second 
stage is the representative instance for d &der C, 
which we denote RIc(d). To summarize: 

Rlc(d) y chusec(PY.D(d)). 

It is possible that a contradiction to an equality- 
generating dependency is encountered during the 
chase, in which case we define the representative 
instance to be the empty relation on U. 

Maier, Ullman and Vardi <MUVl> show that for 
a large class of dependencies. 

WI, = fix), 

where R&X is X-total projection: the X-component 
of all tuples that have no nulls in the X-columns. 

Sagiv <Sal> considered [X]r, where F is a set 
of FDs expressed by keys. He gave a condition on 
database states, the modQ¶id foreign keg con- 
stmint, that, together with local satisfaction of F, 
guarantees that a database state will have at least 
one F-WI. Sagiv later defined the eness cen- 
&tin on FDs and database schemes, which 
ensures that any locally satisfying database state 
has a weak instance CSa2>. His uniqueness condi- 
tion is a characterization of independence for 
database schemes under key FDs. (A database 
scheme R is &ufepen&n.f relative to a set C of 
dependencies if any database d on R that locally 
satisfies C also globally satisfies C, i.e., has a C-WI.) 
We shall denote the wall of windows based on 
representative instances under FDs that satisfy 
Sagiv’s uniqueness condition by [*I& where K is 
the set of key FDs. 

Yannakakis <Ya> looked at [Xl,, where C is a 
single join dependency (JD) corresponding to the 
database scheme R In other words, C = 
I’CRl~ R21 . . . . R,,] j. We denote this class of window 
functions by [ *] .n. 

Although representative instances give a 
means to compute [Xl,, the method is not very 
manageable, especially when the database is large 
and C contains tuple-generating dependencies. 
Sagiv <Sa2> showed that [X]x can be computed as 
the union of projections of eden&on joins, a par 
titularly efficient type of join <Ho>. Yannakakis 
<Ya> showed that [Xl- can be computed 
efficiently when R is acyclic. Maier, Ullm~ and 
Vardi <MWl> give conditions for [X]c to be first: 
order (computable with algebraic operation). 
although they are not particulary concerned with 
the efficiency of computation We give here a gen- 
eralizat,ion of Sagiv’s result, where the FDs need 
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not be keys, but can be any independent set of 
FDs embedded in R An FD-join is similar to an 
extension join. Given a set F of FDs, and relationc 
*(R) ands(S). r Wn&s) is anFD-join under F 

if X + Y is implied by F and X r;R. 

Theorem1 
Let F be an independent set of FDs that can 

be embedded in R For any X t U, [Xl, can be 
computed as the union of projections of FD-joins. 

Setch of Proof (With thanks to Jeff Ullman.) 
If, when doing the chase to compute a 

representative instance, nulls are never equated, 
then the non-null portion of any row in the 
representative instance shows up in some FD-join. 

Call R “bad” if there is a set X, such that [*IF 
cannot be computed from FD-joins. We want to 
show that if R is “bad,” then R is not independent 
relative to F. Let d be a database state that 
shows R is “bad” for X. We generate a database 
state d’ from d that also shows that R is “bad,” 
but where we need not equate nulls to compute 
the representative instance. In computing 
RI,(d), every time we use X + Y Co equate nulls, 
we instead try to equate both nulls to a value. We 
look for a tuple t in a relation v(R), where 
R 3 XY, to supply a value. If no appropriate tuple 
is present, the independence of R allows us to add 
such a tuple, and still have a satisfying state. 
However, we must be able to compute nx(Rlr(d')) 
with FD-joins, meaning R must really have been 
“good. ” 

[I 

Maier, Ullman and Vardi <MUV2> suggest a 
departure from the two-step paradigm for univer- 
sal scheme query processing that can be used with 
representative instances. Rather than apply a 
query to the intersection of projections of weak 
instances, apply it to the projections individually, 
and then intersect the results. For the alternative 
model to be attractive, there must be an effective 
method for evaluating queries, of course. 

3. Proprties and Theory af Window Functions 

Here we look at several properties of window 
functions, and see which window functions deAned 
so far have those properties. We feel that the first 
two properties given, the containment condition 
and faithfulness, are minimum conditions for a 
reasonable windowfunction. 

3.1. The Containment Condition 

By URA, a set of attributes uniquely deter- 
mines a connection among the attributes them- 
selves, and it is this connection that a window 
function is supposed to transmit. If a set of attri- 
butes X is a subset of I’, then whatever the con- 
nection among the attributes of X is, it must be 
an aspect of the connection among the attributes 
of Y. 

Under URA, it is permissible for [STUDENT 
COURSE FACULTY] to mean that a student takes 
a course from a faculty member and for [STU- 
DENT COURSE] to mean that a student takes a 
course. URA would not be satisfied, however, if 
the meaning of [STUDENT COURSE FACULTY] 
were changed to a student is a TA for a course 
*under a faculty member. 

[I 
For a wall of window functions to be qon- 

sistent, whenever X c Y and t is a tuple in [ YJ, 
t(X) should be in [Xl. Stated another way, 
[X] 2 nx([ ?‘I). This inequality is the cont~wd 
condition. It is similar to Sciore’s notion of down- 
ward closure <Scl>. 

kmmal 

[ *]I satisfies the containment condition. 

proof 
For the universal instance window, we have a 

stronger condition, namely [Xl, = 7rx([Y],) for 
Xc Y. 

[I 
Iemma 2 

Let bl(Sl), SZ(SZ), . . . . pp)] be-a set of 
relations where SiSg . . 2 x. Let 
he Q2n ..*1 qn,l be a set of relazns that contains 
sl, s2, . . . . s,. Then 

[I 
CuroIIq 

[.]u, [.]su, [*In, and [*]A 0 satisfy the contain- 
ment condition. 

[I 

Corollary 
[W],a=r’(lY)for WE 0. 

[I 
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Zlemma 3 
Any weak instance wall of window functions 

satisfies the containment condition. 

must include at least one relation apart from 
r(R). Hence r’(R’) = #. This equality holds for 
any object containing R, so [R] = 9 #v(R). 

Let X c Y and let C be the set of dependencies 
for the wall of windows. 

~x(laf&ny(0) = ~XWIC). 

Now suppose A c 0, but the database rtlations 
do not satisfy the containment condition. Let R 
and S be associations in A such that R s S, but 
r(R) d n&(S)). It follows that r(R) w r(S).,+& 
r(S) (thus, the right side properly contains the 
left). For any object W, II’ 2 S, relations r(R) and 
r(S) will enter the join for r’(F), so ns(r’(R)) C 
r(R) W r(S). Hence, [S] is contained in r(R) 
DO r(S), and is not faithful to r(S). 

II 
3.2 Faithfulma 

The principle for the next condition is “What 
you see is what you’ve got.” The containment con- 
dition requires that the set of views given by the 
windows in a wall be consistent with each other. 
The views given by a wall should also be consistent 
with the contents of the database. A wall of win- 
dow functions is fai.tQW if for any relation 
scheme R E F4, for all states of the database, the 
relation on R in the database agrees with the win- 
dow on R, or, in other words, r(R) = [RI. 

The wall of windows defined by [a]~ is not 
necessarily faithful. Consider the database 
scheme R = fAB, BC, ACJ. with B as a key of EC. 
The window [AC] will not necessarily agree with 
r(AC), since [AC] will contain tuples from 
q&B w BC). 

(if) If A c ,O, and the containment.~~ondition 
holds for the database relations, it is ‘not hard to 
show that r(R) = r’(R) for any R E A It follows 
that [R] 3 t(R). By Lemma 2, for any object R 
containing R, n12(r’(W)) c r’(R), so [R] c r(R), 
and we have the desired equality. 

[I x 
Henceforth, when dealing ,with association- 

object window functions, we shall assume that A t 
0 and that the relations on associations in A 
satisfy the containment condition. 

bxnma 4 

Weak instance window functions are not necq’ 
sarily faithful. For FDs, Mend&on <Me> shows 
that for a database state d, there is a complete 
state d’ with the same set of weak instances. A 
complete state essentially is one that is the 
projection of its representative. ,i.nstance. Weak 
instance window functions are faithful on, com- 
plete database states. We also have the following 
two theorems about particular weak instance win- 
dow functions. 

[*lsu and [. 1~ are faithful. 
Theorem 3 

Roof ’ 

Theorem 2 
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Under tableau minimization, nR(r, w ts w 
. . . W rs) will always be reduced to r,, where r* 

is the relation with scheme R. 
[I 

[.]A Q is faithful if and only if At 0 and the 
relations on associations in A satisfy the contain- 
ment condition. 

Raof 
(In the proof, [.I will mean [*I& e,) 

(only if) We how the contrapositive. Let R be 
an association in A that is not in 0. Consider a 
state of the database where r(R) # #+, r(S) = 9, 
and S # R. If 0 has no .object containing R, then 
[R] = #, and the window it not faithful to r(R). If 
I E 0 and R 2 R, the join used to form r’(K) 

[‘III is faithful if every relation scheme in R has 
a nontrivial key. 

Z&etch of Proof 
Consider a locally satisfying (hence globally 

satisfying) database state d. Let R E R be a rela- 
tion scheme, such that nsx(Rlt(d)) contains a 
tuple t not in r(R). let K be a nontrivial key for 
R. Modify’ d to d’ by adding t’ to 7(R), where 
f’(K) = t(K), but t’(R -K) + t(R -K). Since 
r(R) does not already have a tuple that agrees 
with t on K, d’ ie locally satisfying. However, d’ is 
not globally satisfying, since t will stiil’show up as’ 
part of a row of R/ll(d’) and contradict t ‘. 

The windows in [*lx can be unfaithful if R has 
relations with only trivial keys. Let R = 
{AB, AC, BD, CD], with key FDs A -, C and ‘3 -, D. 
Then nco(r(AB) w r(AC) w r(BD)) can add 



tuples to [CD]= that are not in r( CD). Note that a 
relation scheme formed by synthesis <Be> will 
have no trivial keys. Theorem 3 also holds if the 
only scheme with a trivial key is a universal key 
<BDB>. 

tieorem 4’ 
[*]-is faithful. 

Look at R E R and consider the computation 
of Rig(d). The JD l R is the only dependency used 
in chasing PAD(d) when forming the 
representative instance for d. We can show by 
induction that at each stage of the computation of 
the representative instance, if any row w is non- 
null on R, then w(R) E r(R). Also, for any tuple 
t E r(R), there will always be a row Y with 
w(R) = t. We conclude that [RI%= r(R). 

[I 
3.3. Integrity of objecta 

The purpose of the next condition is to 
prevent a little knowledge from being a dangerous 
thing. The condition is stated in terms of objects, 
so it applies only to association-object window 
functions, In this -subsection, [.I will mean [-]a 0 
In Section 3.4, we show how objects can be defined 
on any wall of window functions, so we shall be 
able to apply the condition to any window func- 
tion. 

The idea behind integrity of objects is that if 
someone knows the semantics of all the associa- 
tions within an object W, then he should be able to 
deduce the meaning of the connection on any sub- 
set of W. Formally, for W E 0, let 

a(W)=lR 1 R~ll,RsWj. 

Object W is integral relative to [.] if, for any sub- 
set X of W, [X] can be computed from k(R) 1 
R E a( W)j. 

As an example of where integrity of objects 
fails, consider U = IP (painting), 0 (owner), A 
(artist), T (telephone)!, A = IPO, PA, OT, ATJ, and 
0 = A u [POT, PAT]. We are storing information 
on owners and artists of paintings, and telephones 
of owners and artists, and making connections on 
owners and artists. In the object POT, the con- 
nection from painting to telephone is via owner. 
However, the object PAT can also add tuples to 
[PT], so [PT] cannot be computed from relations 
in a(POT) alone. The danger here is that if a user 
knows that the database has information about 
paintings, owners and telephones, but does not 

know about artists, his assumption as to the 
meaning of [PI’] will be incorrect. The window 
[PT] is really the combination of two different 
connections. 

[I 
The next theorem shows that integrity of 

objects is equivalent to the, objects being closed 
under nonempty intersection. This closure pro- 
perty has a computational advantage. It implies 
that for any X, there is a unique minimal object W 
containing X. That is, for any other object V that 
contains X, VI) W. Thus, [X] can be computed as 
xx(r’( W)), since for any object V 2 ‘W, 

dr’( VI .pW’( VI. 
No unions need be taken to compute [Xl. 

Theorem 5 
All objects in 0 are integral if and only if 0 is 

closed under nonempty intersection. 

Proof 
(if) By the remarks above, if W is an object 

and W 2 X, there is a minimal object W’, 
W 2 .W’ 2 X, such that [X] = nx(r’( IV’)). The 
object relation r’( a’) depends only on relations 
for a( W’), which is a subset of a(W). Hence, W is 
integral. 

(only if) Let X be the intersection of objects V 
and W, where X is not itself an object. Assume 
that no objects smaller! than V and W have inter- 
section X. There must be some association R in 
a( W), such that R is not a subset of V, so R is not 
in a(V). By considering states of the database 
that differ by r(R) being empty or nonempty, it is 
possible to induce changes in [X] that do not 
depend on relations for a(v). Therefore, V is not 
integral. 

3.4. Imphcit Objects 
While objects were used in the definition of 

only one of the window functions, we can pick out 
sets of attributes that behave as objects relative 
to other window functions. V is an implicit objkct 
for a wall of windows [*I if there is some state of 
the database where the inclusion 

WDV 

is strict. (The inclusion always holds if the wall 
satisfies the containment condition.) That is, .[ VJ 
can contain a tuple that is not in the projection of 
any window on a scheme larger than V. 
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It is not hard to show for [*I& o that the impli- 
cit objects are precisely 0. For the two specific 
weak instance window functions we covered, we 
can characterize the implicit objects as follows. 

Thecrem 6 
Y is an implicit object for [*]g if V is the union 

of relation schemes that have a lossless extension 
join under K 

II 

meom?m 7 
Y is an implicit object for [*].n if V is the 

scheme of an embedded join dependency +s 
implied by l R where S c R 

Proof 
The result follows from two facts. 
Fit, if RIdd) contains a row that is non-null 

exactly on V, then there is an embedded JD 
implied by l R with scheme Y. (Lemma 5.1 of Yan- 
nakakis <Ya>.) 

Second, if Y is the scheme .of an embedded JD 
implied by l R then it is possible to find a database 
state d, such that Rldd) contains a row deAned 
exactly on V and no rows that are non-null on 
more than V. 

II 

Both theorems imply that all relation schemes 
are implicit objects. Using hypergraph notation 
<BFRY>, we can describe the implicit objects for 
[-la The JD ‘R implies the embedded JD %, 
S c R, if and only if S is closed, connected, and 
whenever it contains two edges of a block of R it 
contains all the edges in the block. 

The definition of an object being integral can 
be extended to any wall of windows by phrasing it 
in terms of implicit objects and defining o(W) in 
terms of R 

lremma 5 
[+lK does not guarantee integrity of objects. 

Let R = [ABC, BCD, ADE] with keys AS, BC 
and AD. (This example is due to Sagiv <Sal>.) The 
expression for [A&is 

n~(+IOE)) u QD(~ABC) w MCD)). 
ADE is an implicit object containing AD, but [A& 
depends on more than t (ADE). 

[I 

Icmma6 
[.I .n guarantees integrity of objects. 

If V and II’ are schemes of embedded JDS’ 
implied by l R then there is an embedded JD on 
scheme V n II’. Thus, implicit objects for [a] rp are 
closed under intersection, and Theorem 4 applies. 

[I 
4. curraltwork 

We are’ now adding more semantic information 
than simply associations and objec.ts to our ,data 
model, and considering ways of using the informa- 
tion to extend the PIQUE window function Such 
extensions require connections to be made by 
means other than just natural joins. A simple 
extension is to aggregate attributes; for example, 
“date” might be composed of “month,” “day,” 
and “year.” A more complex extension is the 
inclusion of a role or “ISA” hierarchy on attri- 
butes. Such a semantic structure ‘is essential to 
recover information on relatabihty of attributes 
that is lost when attributes ‘are renamed in order 
to satisfy URSA. We extend ‘the set of object rela- 
tions by making connections’ with equijoins on 
compatible attributes in the hierarchy <Bo2>. 
There are difficulties with this approach, as care 
must be taken that object relation formed with 
equijoins not clash with one formed with natural 
joins. These extensions to the model are leading us 
to believe that relational algebra may not be a 
sufficiently powerful system with which to com- 
pute window functions. Therefore, we are investi- 
gating logic programming languages as an alterna- 
tive . 
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