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ABSTRACT

Most data base machines use some kind of "filter"
that performs unary relational operators (selec-
tion and projection) omn relations [l to 7].
These filters operate ''on the fly" that is, at
the speed of the disk, while the relation is
being transferred into main memory. Processing
time being proportional to relation size, it is
therefore important to represent data in the
most compacted way. In this paper we address the
problem of satisfying the two seemingly contra-
dictory requirements :

i) finding an "optimal" compaction scheme
ii) processing optimally compacted relations on
the fly.

INTRODUCTION

Most database machines (DBM) use some kind of
filter that performs unary relational operators
(selection and projection) on relations (see for
example [1 to 7]). These filters operate "on the
fly", that is at the speed of the disk, while
the relation is being transferred into main memo-—
ry. Processing time being proportional to rela-
tion size, it is important to represent data in
the most compacted way. Most DBM just process
standard uncompacted data [2,3,4,6,7]. We are
currently realizing a machine [1] that uses such
a filter to process compacted relationms.

In this paper we address the problem of satisfy-

ing the two seemingly contradictory requirements :

i) finding an "optimal" compaction scheme
ii) processing optimally compacted relations on
the fly.

Section | addresses the problem of compacting
relations. Compaction formats are defined for
files representing a given relation. The notion
of maximally compacted file is then introduced.
To obtain an "optimally'" compacted file, the
method suggested in this section is to choose
an adequate set of hierarchical dependencies
and to compact the file according to that set.

We then turn to the problem of processing such
compacted files (section 2).
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One reasonable way of filtering compacted files
is the Finite State Automaton (FSA) approach. In
[1] we concentrated on the problem of realizing
such a filtering mechanism and raised the follow-
ing question : given a selection projection ope-
ration and given a file compacted according to
some format, can we always find a FSA that per-
forms the operations on the fly on this file.

The answer was no and a restrictive class of com~-
pacted files was exhibited on which any selection
projection operation can be performed on the fly.
In this paper we give a complete characterization
of operations that can be performed on the fly.

I. COMPACTING RELATIONS

We assume the reader familiar with relatiomnal
terminology. A relation R is defined over a set
of attributes U; with each A ¢ U is associated a
domain D(A), we denote D = U D(A).

Relations are represented bygsequential files.
Attribute values in these files are represented
by anattribute tag (that indicates the attribute
name) followed by the attribute value and ended
by an end tag.

A file over U is a string over D*. For instance
if U = {Course,Student,Grade} then F. = Math Jones
A Math Susan B Latin Mike D, is a fi?e over U.

Definition I.l1. A compaction format over U is
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defined recursively as follows

1) A and A" are compaction formats over A +
2) if \@is a compaction format over X so is (&)
3) ifY?l and %22 are compaction formats over X1

and X2 and X1 n X2 = ¢ then 1%.15} is a com—~

paction format over X, u X,

Such a definition in fact yields a special subset
of regular expressions. Examglgs of compaction
)

formats over ABC are {A(BC)*)*, (ABC)* or (AB*cHT

The language 58(1?) associated with ¥ is defined
by :

1) L@ =p@A) ¥AcU
2) £0§.8) =~ €. L€

3 e = Loyt
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Of course sentences from these languages are 3) atset (+(T1 T, ... T )) = atset (T.) ¥ 1

files over U. We shall say that file F satisfies - (this is always
compaction format 6 if : the same set)
¥ ef("@) int (+(Tl T2 Tn)) =i£ (Ti)
For instance For instance the interpretation of the file :
Math Jones A Math Susan B Eatln Mike D a, b1 b2 b3 ¢ ¢, 3, b2 b5 3 ¢
satisfies (Course Student Grade) while consists of tuples (aj by cy), (ay by c3),

Math Jones A Susan B Latin Mike D (al b2 Cl) (aj by cy), (al by cy), (a] b3 c9),
.+ (a2 by C3), (ay by cp) (ap by c3) and (ap by cyp).
satisfies (Course (Student Grade) )

These examples should give an intuitive feeling When relation R Interprets file F we say'that F
. . represents R. It is clear that several files can
of the meaning of compaction formats : the last . . .

. . represent the same relation. We are obviously in-
file consists of courses followed by sequences terested into the shortest ‘b1 3
of student, grade couples. erested into the shortest possible representation

of a relation.

We shall find it practical to associate with a
compaction format its "syntax tree'. For instan-
ce the syntax tree of (A B* ct)* is

A few definitions are first necessary. The general
form of a format is :

+ + + +
+ G- CAR IR SR A A e
! where the w,'s are sequences of attributes and the
////’I\\\\ f?i's are CP's. This corresponds to the following
A r T tree
B C +
We shall also find it useful to associate with '

ebsery file F that satisfies \Gits syntax tree. /_// \\
/ . - . . . " . v " -

We give an example since the notion is fairly e
straightforward. Consider the file : a, b b ! \ 2 n ntl
1 ¢, ¢, over attrlbutes (A B, E). \ // \\
I% satisfies %he compaction format (A B* C+)+
The syntax tree of the sentence is
We call wy wo ... wy,; the header of the compac-

/ \ tion format ‘89 and ¢ ... ‘@ its cails.
"”””_,, \\\\\\ ///// ~\\\\\\ Let now F be a file satisfying & and T its svntax
| / \ /
C

1 " tree, it has the following form :
B Ils B é B \ /\ ////+\\
R -
! By By Pyep g 3y by 5y c1 // \ l\ //\\
One can see that it can easily be obtained from n+l n+1
the compacticn format syntax tree through an ex- /\ /\ /\ /\

pansion process.

Files are eventually meant to represent relations

N 3 1
so0 we must define the interpretation of a file : Trees Tpy ... Tin +.. Ty} «.. Ty will be called

subfiles of F. They satisfy the CF's %fT ees fg;.

Definition I.2. Let F be a file over U satisfying
compaction format Eand let T be its syntax tree.
With every subtree T' in T we associate an attri-
bute set atset (T') and an interpretation int (T') 1)  The projection of F on the header of & con-
which is a relation over atset as follows : tains no duplicate.

2) each subfile of F is maximally compacted. ([I

Definition I.3. Tile F is said to be maximally
compacted with respect to G iff

1) atset (a) = {A} where a ¢ D(A)

int (a) = {a} Example
2)  atset (T,.T,) = atset (T|) v atset (T,) ) By ey ap by ey ay byepeyay by ey oy
(note that these are dis- which satisfies (A BY ¢™)* is not maximally com-
joint sets) pacted because its header is A and its projection
int (Tl'TZ) = int (T]) X int (TZ) on A 1is :
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a. a MP /‘P—,) is

1 Ut Ul
while a; by b2 c] c2 3, by by ¢ ¢p is maximally ///ﬁg\\\
compacted. Note that they represent the same re- P ﬁ
lation, ey

Theorem I.l1. Let R be a relation and F a file
maximally compacted w.r.t ¥ that represents R,

B/ \F h/U\:[

then : Thus IMP(CF) is obtained from the syntax tree of
¥ F' ¢ af;cff) s.t. F' represents R tne compaction format only by removing the '+'
length (F') > length (F) [ s3igns. We recall [ 87 that a GHD is a particular
o + - . : -
Proof : Let & = (wl %BT v, t5+ e wIl+1)+ set of hierarchical dependencies.
let X = w] W ... Wp+]. Any X ¢ ﬁ(X) must appear In “he case of the above example, we have :

at least once in the file TF'. It appears once and

!
only once in F (by definition of maximal compac- AB - CDET'|GHI
. Y s ABCD -— E|F
tion) therefore the header of F' is not shorter ARG - HIT
than that of F. The same process can then be re-
peated for all subfiles of F'. Q.E.D. We can now state our main theorem.

The next question is : Given a CF %2 on a set of
attributes U, which are the relations R(U) that
have a maximally compacted representation accor-

Theorem II.1. ‘Let(fg be a CF over U
Let IMP(%) be its implied GHD.

ding to Yg ?FU) has a @axima¥1¥ ?ompacted representa-
tion according to ff iff R(U) satisfies

In order to determine that set of relations we IMP(fg). i}

introduce the set of integrity comstraints asso-

ciated with a compaction format. These integrity Proof :

constraints happen to be a special set of multi-
valued dependencies namely hierarchical dependen- R
cies as defined by Delobel [ 81]. IMP(Y%) is a set of hierarchical dependen-—
cies.

Let X - X I...IXn be a dependency in IMPC@)
Let F be_a maximally compacted file accord-

1)  Only if part

We characterize the set of dependencies implied
by a compaction format (denoted MP(B)) in terms
of Delobel's generalized hierarchical decomposi-

. . ing to
tion (GHD). We need to consider the syntax tree ..
associated with the compaction format. iet Fx be the restriction of F on value x of
The general form is : (Fx is the subfile of F such that its value

on X is x and that contains every tails asso-

‘///*‘\\\\ ciated to X~value x)
W] + wé \+ > T W Let FXIXi be the values of INT(F,)[Xj] (i.e.

I , n n+l a set of tuples on X;). We know that x
‘ appairs once and only once in F (since F is
f? \fg %? maximally compacted). Thus the only tuples
1 2 °n in INT(F){X Xj...X,] that have X-value x are
We recursively define IMP(@) (which is a tree) in the following set :
as follows : . .
ow {x} x Fx‘xl X v.. X FX]Xn
e (E) = Uw By iterating on every X-value in F we have :

/N

\ INT(F)[X Xy...Xn] = INT(F)LX X1 *...x INT(F)[X Xpl
(g nelE,) ) peeeXn : i

Thus INT(F) obeys X - X I""Xn' By iterat-

Let us consider for example the following CF : ing we show that it obeys the GHD implied by %3,
+o+ + _+ + +
‘@=(AB(CDE+F) (GH TI)) 2)  if part :
Let R(U) be a relation that satisfies a gives

Its syntax tree 1is :
-+
AB/,
+
/’// Q:\\\\ //

CD + + G

E F

GHD.

Let ‘@= (wy "GT W,y “@; wp e; wp+1)
be a CF such that IMPC{%) = G. We construct
a maximally compacted file according to &
that represents R.

Let X =U w;, and Y, = atsethg.)

then, following the definition of the GHD,
the following dependency holds in R(U)..

x—>—>Y1|...|Yp

+

+

= ——-+:;7

- ——
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We use a notation defined by Delobel [8 ]
¥ x ¢ R(X) : R(x,Y) = {y ¢ R(Y)/xy ¢ R(XY)}

We recursive}y define the compaction of R(U) ac-
cording to ¢ as the following file named F :

F = COMP[R(U),€]=
% [wy JCOMP (R (%, ¥)) G y) -+ % [w JCOMP (R(x,,Y ) €
]xz[WIJCOMP(R(xz,YI),f?l)...Xszp+l]
..xn[wp+1].

oixé?:..,xn} and xi[wj] is the pro-

xl[wp+1
x [w JCOMP (R (x,Y,), G ) -

Where : R(X) =

jection of xj i

The definition is sound since every IMP(%?.) is
a GHD satisfied by R(X,Yi) for all x in R(k),
and F is maximally compacted since every xj in
R(X) appears once in Fy and since the definition
is recursive.

To end the proof the reader only has to notice
that by construction INT(F) = R(U). Q.E.D.

This theorem gives us a tool to choose CF's over
sets of attributes in order to get the maximal
compaction for the physical structure of rela-
tions. We have to check if there exists a GHD
over the relations we want to store, and to crea—
te a compaction format such that the GHD is the
set IMP(3). Then we can compact our relatioms,

the compaction process being information lossless.

If there is no such dependency, we can choose any
simple right compaction format and compact the
relations according to this format in order to
get maximally compacted files, obviously, this
process is generally less efficient in terms of
space than the compaction according to a general
compaction format.

For example, compacting R(Course,Hour,Room,
Student,Grade) according to (C(HR)*(SG)*)*t gives
shorter files than compacting according to
(C(HR(SG)T)H)*.

II. PROCESSING COMPACTED RELATIONS

To filter compacted relations, the FSA approach
was suggested in [1]. Such a filtering mechanism
is shown below.

Source Data

L

Target Data

>

Q— l

FSA

7

CONTROL i :

TARGET
POINTER

®

ors

Data is read one byte at a time from a source
into the target buffer at the address indicated
by the target pointer. Data is also sent to a
FSA that controls the target pointer it can
increment that pointer, save it into a stack,
push or pop this stack.

To each selection/projection operation corres-—
ponds a FSA, i.e. a specific set of transition
and output functions. This set comstitutes a
program stored in the filter memory.

The transition from a state to another will
depend upon the characters read from the source.

In the sequel we assume the automaton is dealing
with unit length words whose type it recognizes,
i.e., we ignore for clarity the lexical analysis :
an attribute value is represented by one word.

To each state correspond one or several among
the following output functions (commands to the
target pointer)

TP+ TP + ! The next word in sequerr
ce 1s read from the
source and written in
sequence into the tar-
get buffer.

PUSHTP on S The target Pointer's
content is pushed onto

Stack S.

TP < POP(S) S is popped into the
target pointer, i.e.
the next word will be
written at the address
memorized in S. Clearly,
this means erasing all
words written into the
buffer since the last
memorization.

POP S S is popped. This im-
plies keeping all words
written in the target
buffer since the last
memorization.

II.1. Right simple compaction formats

Let (R|C)[X] denote the projection on X € U of
the restriction by boolean condition C of rela-
tion R. The above filtering mechanism was design-
ed to perform restriction/projection operations
on any compacted relation.

Consider file F : (Class,Prof,(Student,Grade)+,
(Hour ,Room)*)* and the query q (R|Grade=B)
[Class,Student]. It is possible to generate a FSA
that performs this query "on the fly" on file F
(for details, see [1]).

However it is easy to find counterexamples where
a query cannot be performed on the fly. In parti-
cular, on the above example of file F, with the
following query we cannot generate a FSA to filter
I on the fly., qp : (R[Grade=B\/Room=1108)[Class,
Hour,Student].
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Indeed, after having scanned a set of students,
either we have eliminated all those whose grade
was not B in which case we may discover later
that the room where the class meets is "1108",
or we have kept them and discover that Room #
1108, in which case we have to backup and erase
them.

The question is then : given a file, compacted

according to some CF, and given a query on this
file, can we find a FSA that performs the query
on the fly on this file ?

Theorem II.1. Civen any CF and given a file F
satisfying this CF, any projection/selection
operation whose boolean condition does not con-—
tain any or can be performed on the fly. The for-
mal proof was given in [1].

Theorem II.2. Let F be a file satisfying a
Right Simple CF. Then any restriction/projection
operation can be performed on the fly on F.

Recall a CF is Right Simple (RS) if im its syntax
tree all + signs are on the right and on the same
branch.

see [11].

The latter condition on the set of CF's is rather
restrictive.

Proof :

In order to give a complete characterization of
operations that can be performed on the fly we
give below an algorithm that, given any CF and
an operation (containing 'or' s) decides whether
the operation can be performed on the fly on a
file compacted according to this CF or not. In
the latter case the operation must be decomposed
in several operations each of them being perfor-
med on the fly.

II.2. A necessary and sufficient condition for a
query to be performed on the fly omn-a non
RS file

We call rank of Attribute Name 1, denoted by
rank(A), the number of attribute names counted
before A when scanning the CF from left to right.

The boolean condition Yg of the query is of the
form :

‘2 =C. vC,V...

1 2 v Ci vV...vC

n

where €i is a conjunction of terms of the form
< Attribute name > < comparator > < value >.

We denote by Ay(i) the attribute name of condi-
tion Cj whose rank is the largest :

for all A ¢ U n C; we have rank(A) < rgnk(AM(i))
We assume we have :
rank(AM(l)) <.e. < rank(AM(i)) <...% rank(AM(n))

We denote by Tree(k) the subtree whose root is
internal node k in the syntax tree associated
with the CF.
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Theorem II.3. The following property P is neces-
sary and sufficient for the restriction/projec-
tion (R[Cl Ve.evCive.. vC)I[X] to be performed
on the fly on a file compacted according to CF
CF:

For all k internal nodes of the syntax tree
associated with Cp, such that Xn Tree(k)#.
If 3 Ci such that Ay(i) e Tree(k)

then Ay(j) € Tree(k) for all i<j<n

As an example, consider the file
F : (Class,(Student,Grade)+,(Hour,Room)+)+

Query g, : (RIGrade = BV Room 1108)[Class,Hour,
Studentﬁ cannot be performed on the fly, since in
the subtree {Student,Grade}

1) there are both an attribute to be projec-
ted (Student) and an attribute of condi-
tion C; (Grade = B),

2) 'Room' which belongs to condition Co
(Room 1108)

- appears on the right of 'Grade' in the
- and does not belong to the subtree.

On the contrary, on the same file F, query qj :
(R[Grade 1108)[Class,Hour]

can be performed on the fly.

B vV Room

Proof :

1) Necessary condition : we show that if
property P is not satisfied, the query cannot be
performed on the fly :

Assume there exists Tree(Nj) including
Attribute A to be projected, attribute Ay(i)
of largest rank in condition Cj and that
attribute Ay(j) of largest rank in condition

Cj (j >i), does not belong to Tree(N;), but
to Tree(Nj).
N, +ae="" Thea N,
A
A, (i)
Tree(N) Tree(N')

There exists Tree(N3) including both Tree(N;) and
Tree(Np). Between two successive visits to node
N3, before Ny is reached, Tree(N;) has been scan-
ned one or several times. Upon each visit to Am(i)
we can conclude whether C; is satisfied or not
and therefore decide whether to keep (C;i satis-
fied) or erase (C{ not satisfied) one or more va-
lues of A projected between two successive visits
to AM(i.) .
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Eventually when we finally leave Tree(Nl) if we
have erased one or more values of A (because Ci
was not satisfied), then we may get into trouble
later on when scanning attribute Ay(j) : if con-
dition Cj is satisfied, we should have kept all
values of A, not only those for which C; is satis-
fied.

On the contrary, if we had kept all values of A
(even those for which C; was not satisfied) then
we encounter the risk that C: is never satisfied
before coming back to node Nj.

2) sufficient condition : clearly, when
scanning the file, upon leaving any subtree,

a) either tliere was no attribute to be pro-
jected in_this subtree, then there is no
decision to be made,

b) or at least one attribute is to be pro-
jected. Then, if we had to make a decision
at this level (keep or erase some project-~
ed values), it is because we were able to
conclude whether a condition is satisfied or
not (in this subtree we encountered the at-
tribute of largest rank for this condition).

Property P implies the decision is safe, 1i.e.
within each subtree, if we can make a decision
on one condition, we can make a decision on all
remaining conditions.

We choose a constructive proof to show that if
P is satisfied, the query can be performed on
the fly.

We restrict ourselves to the case where :

1) *@=cach
+ot + o+

2) the CF is : (A(BC ) D) , i.e., the
depth of the tree is 3, there are at
most three branches and there is only
one attribute at each level.

3) All attributes are to be projected.

The proof can then be generalized but
with a great loss of readibility..

We exhibit now a FSA that can perform the reques-
ted restriction.

Upon scanning an attribute value, the automaton
can decide whether this value satisfies condi-
tions Ca and CB or not.

Co(A) (resp. Cg(a)) is true if attribute A does
not appear in condition Cy(resp. Cp) or if it
actually belongs to Cy (resp. Cg) and it is test-
ed true.

The state diagram is given below. The states
(0,1,2,3,4) memorize at which level of the tree
we are.
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A B C
——— ] >\ 2 >
C
B

A D

D

We need the following variables Ejg, E;gs Egqs
Eng, Eqys E3B’ Efqo EQB for.memori21ng the eva-
luation of Cy and Cg in a given state : Ejx 1is
true if condition Cy has been satisfied at level

i.

Finally we need six more variables, Hjy,, Hig,

Hoys Hpp, H3g and Hip

to remember whether the

prefix of the current tuple has already been
validated or not

Hix is true if until level i we have had
a hit with condition C,.

The following table gives for each state and
current attribute, the transition and output
functions.

State | Attribute Transition Output
H}a=H2u=H3OL=O
0 A B1g=Hag=H3g=0 | ,rop
E1a=Ca (A)
El B=CB (A)
1 B E2a7E1a A Ce ()| ppop
E23=E]B A CB(B)
20r3 c E3q=Epq A Co(C)| DROP
E3S=E28.A CB(C)
H2U=H2CX A E3Ct IF E3a v E38’l
H25=H28‘“E3B then ERASE
Hio=Hyg v Eqq ELSE RESET
Hp B’Hl 8 v HZB
3 B IF HZO. v HZB’:I
then ERASE
ELSE RESET
Hyy=Hyg=0 DROP
EZa’Ela A CCI.(B)
EZBSEIB A CB(B)
3or4 D Eg4q=H|o A Cy(D) | DROP
E4g=Rig A CBD) | 1 gy vE el
H3g=H3q ¥ E4q ERASE
Hyg=H3g v Eqg ELSE RESET
4 A IF Hyev Hig=l
ERASE
ELSE RESET
Hyy=Hpy=H4,=0 | DROP
H18=HZB=H3E =Q
E1q=Cy (4)
E)p=Cq(B)
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CONCLUSION

We have studied a representation of relations as
compacted sequential files and the problem of
processing unary relational operations on this
representation,

We have given a simple criterion for obtaining

a minimal representation of relation. That cri-
terion is based on hierarchical dependencies.
Then we have described a filter that can process
these representations and fully characterized
the set of operations it can perform.

One of the interesting properties of this
approach is that is allows us to process unnor-
malized relations (relations satisfying MVD's

are normally decomposed into smaller relations of
avoid duplication thus generating frequent joins).
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