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ABSTRACT

This paper addresses the problem of relational gue-
ries processing in the domain based database machine
DBMAC. A brief description of the storage organisa-
tion of the domain based DBMS is first given. Then -
the operating principles of the domain based data-
model, called D-model, is described through some
examples. The central part of the paper deals with
the translation of relational queries into opera-
tions on objects of the D-model. Objects of the
D-model and a set of operations on these objects
are first defined : this set S of operations is
shown to be complete in that any relational query
can be translated into D-model operations belonging
to S.

Finally we give a method for processing relation
queries using D-model operations.

The basic advantages to be expected from a domain
based physical organigation of data are :

1. fast equi-join execution,

2. a compact representation of intermediate results.
The latter should lead to efficient processing of
complex queries, provided a powerful parallel physi-
cal architecture is chosen for implementation.

1. INTRODUCTION

In oxder to overcome the performance limitations

of conventional Database Management Systems (DBMS),
Database Machines (DBM) have been designed [1 to 10]
endowed with the following characteristics :

(i) High speed (i.e. high throughput rate and low
response time). In order to satisfy this high speed
objective a Multiple Instruction Multiple Data (MIMD)
[17] multiprocessor archirecture is a natural choice.

(ii) Data filtering : An "on the fly" filtering
capability allows to speed up data access by scann-
ing and processing it during its transfer from mass
memory to main memory [5, 7]1. A special purpose de~
vice (filter) located close to the disk device is
capable of performing a significant part of data
manipulation at the same speed as the disk transfer.
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(1ii) Physical Data Storage Organization : Choose
adequate data structures (using indexing, linking,
clustering partitioning) in order to minimize 1)

the net amount of data accessed by a transaction,

2) the overhead incurred by updating, 3) conflicts
due to multiple access. Objective 1) is usually con-
tradictory to objectives 2) and 3) and some tradeoff
must be chosen in order to meet these 3 objectives.
The DBMAC domain based data organization [14, 15]
is an attempt to meet the above characteristics.
This organization is obtained by performing an at-
tribute partitioning of the relations of the data-
base followed by a reaggregation of the attributes
defined on the same domain. The database then is
represented by a collection of domains.

The implementation of each domain representation,

called Data Pool [15], has an organization typical
of inverted files. The peculiarity of the proposed
data organization is that this inverted structure

does not include pointers to base relations :

the Data Pool is the only data aggregation of the

database and stores all the data values.

Finally, the intermediate results; produced during
the execution of a query, are kept as files of tu-
ple identifiers (tids) : each tid represents a re-
ference to a given tuple of a given relation.

This paper addresses the problem of relational
queries processing with such a domain based organi-
zation. '

BAn informal description of the data organization
is first given by means of a few examples (sections
2 and 3). We emphasize the behaviour of the propos-
ed data model when retrieval operations are perfor-
med. The structure used for implementing the Data

.Pools was described in [14] as well as the low level

primitives and a first performance evaluation.

We then define in section 4, more specifically, new
objects called D-objects as a representation of the
domains and a set S of operations on D-~objects is
given. This set S is shown to be complete, i.e. we
show that any relational algebra pperation can be
translated into a subset of operations of S on
D-objects (section 5). )

We finally give a method for processing relational
quepries using D-model operations (section 6).

2. STORAGE ORGANIZATION

A Data Pool (DP) includes all the attribute values
(without duplicates) defined on a given domain that
actually appear in the database.



It is therefore necessary to keep track for each
value of the DP

- to which tuple of which relation it belongs

- to which attribute it belongs (several attribu-
tes may be defined on th same domain in a given
relation and/or in different relations).

To this end, the DP contains some additional con-
trol information.

We now consider a single domain and the structure
it assumes in order to correctly hold values and
relational entities to which they belong.

We define a domain tree having constant height 5,
The root (level D) contains the name of the domain ;
at the other four levels we have :

level 1. : node v - contains a value of the domain

level 2, : node r - contains a relation identifier

level 3. : node a - contains an attribute identi-
fier

level 4. : node t - contains a tuple identifier
(TID)

Each path from the root to the leaf :
p(d,v,r,a,t)
identifies an instance 6f an attribute.
On the figure below a domain tree is represented :
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Fig. 1. Domain tree

For the sake of simplicity, we assume that in a
given relation, two attributes cannot be defined
on a aame domain. This implies the elimination of
level 3.

For further details see [15].

The domain tree is implemented in DBMAC by means
of an inverted file omganization. This kind of

data organization has been adopted in others exist-
ing projects (11, 12]. However, in such projects,
the inverted files are some supplementary strue-
tures used to speed up retrieval operations while
flat files are also kept to store base relations.
Moreover, the intermediate results, produced in
computing a multistep relational query, have the
same format as base relations.

In DBMAC DP's are the only structures holding data :
there are no tuples stored in flat files to form
base relations. The intermediate results are repre-
sented as sets of tuple identifiers (tids). On the
~ one hand, this representation is very compact, and
permits to compute a significant part of the query
with very simple operations (as intersection and
union of tids), as we will see later ; on the other

hand it is necessary to add a final step for the
materialization of output tuples.

3. QUERY PROCESSING IN DBMAC

In this section, we describe the way a query is
processed in the context of a domain based data-
base organization. For the sake of clarity, we use
examples of simple queries, using the Selection,
Projection, Join (SPJ) subset of relational alge-
bra eperations. The more general case will be
treated in section 5.

The SPEC database

Take the following database schema :

8 - Student (SNAME , TOWN, AGE)
P - Professor (PNAME , TOWN, TEL)
E - Exam (COURN, SNAME , GRADE)
C - Course (COURN, ROOM, PNAME)

to which corresponds the domain oriented internal
sthema (Domains with attributes defined on it).

NAMES  (S.SNAME,P.PNAME,E.SNAME,C.DPNAME)
TOWNS  (S.TOWN,P.TOWN)
COURSES (E.COURN,C.COURN)

The remaining attributes : AGE,TEL,ROOM,GRADE &re
defined on four disjoint domains having the same
names as the attributes.

The figure below illustrates two instances of the
relations STUDENT and PROFESSOR and the common
domain TOWNS.

SNAME TOWN AGE SNAME ~ TOWN  TEL
1 | woLu | PARES | 20 1 | LILLI | PARIS | 19
2 | Toro  RoME | 21 2 | BETTY | PARIS | 11
3 | BiBI | PARIS | 21 3| NIco [ RoME | 15
4 | Mmmr | pxsa | 19. - 4 | Misea | RoME | 16

RELATIONS STUDENT AND PROFEBSOR

. TOWNS

Fig. 2. Domain TOWNS

Note that during the transformation of a database
into a domain based organization we need a number-
ing function to produce the tids.



As an example we shall give two queries on this
database, Let us first show informally how the SPJ
relational operators are computed in our model. A
more formal definition is given in Section 4.

Selection DSEL + This operator selects
"in relation R the &ples that satisfy condition C
on attribute A, It is performed by scanning the
domain tree on which A is defined and checking for
C on the values. Each time that a value V satisfied
C we check whether R is a son of V ; if yes we add
the corresponding tids to the result.

Equijoin DJOIN (R * 8) : This operator performs
D

the equijoin on attribute A (of R) and attribute B
(of 8) defined on the same domain D. It is perfor-
med by scanning the domain tree. Each time R and S
are both sons of the same value V, the cartesian
product of the tids linked to R and S is added to
the result.

Project DPROJ (wx R) : This operator projects re-
’

lation R on the subset X of attributes. Since the
intermediate results of relational operators are
lists of tids and since each list of tids can re-
present the whole tuples or only some of its attri-
butes, the project is not an operatlon that affects
the tids representation.

Therefore, in our model, the project operation is
not taken into account until the last step of the
query, when it can be used to materialize the

tuples of the answer to be given back to the user.

Using these three operators we can formulate the
queries first expressed in natural language and
then represented by a query tree.

Q.1. : "Find the names of students living in PISA
"and having taken the MATH exam"

The following SPJ query tree satisfies the query :

TOWN = (0) coury =
'PISA’

The square leaves represent the relations on which
the select (0) operators are applied. The ¢ nodes
are labelled by the selection condition, the * node
(equijoin) is labelled by the JOIN attribute and the
T node (projection) is labelled by the projection
attribute.

Query Q.1 operates on three attributes : TOWN,
COURN, SNAME.
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With a domain based organization the solution is
obtained by scanning the corresponding domains to
produce the first intermediate results as sets of
tids. Then these tids sets are progressively
joined and projected. The output is finally mate-
rialized from the resulting set of tids and the
Datapools corresponding to the attributes to be
projected.

In the figure below two equivalent trees (referred
to as D-trees) that compute query Q1 in a domain
based database are presented (output materializa-
tion has been omitted).

SOLUTION SOLUTION

Fig. 3. D-trees that compute Qq

The square leaves represent the domains involved
in the query. The circular nodes just above .(called
production nodes) represent-the only operations
(DSEL or DJOIN) that are performed directly on the
domains. They produce tid sets that flow along the
edges.

As an example, Selection DSEL on domain TOWN pro-
duces a set of tids of relation S, while Equijoin
Djoin on domain SNAME produces a set of tids S, E
identifying tuples of relation § * E (Join of Rela-
tion § and Relation E or attribute SNAME).

The tids sets that flow up are successively joined
(and projected) in the remaining nodes, called re-
duction nodes and labelled with the relation to

which belong the tids on which the join is perfor-

med.

As an example in the left D-tree at level 2 S-tids
are joined with S, E tids (join attribute : S-tid);
We keep only the E-tids (projection on E-tids).

Q.2. : "Find the telephone of the professor that
examined students younger than 21 and rated
with a grade greater than C".

An SPJ query tree for Q5 in a classical DBMS would
be the following : ’



PROFESSOR

[sruoewr] [ zxam |

Fig. 4. hn SPJ query tree that computes Q2

A D-tree that computes Q, is the following (without
output materialization) :

SOLUTION

Fig. 5. A D-tree that computes Q2

The fan-out of the tree depends on the number of
domains involved in the query.

The execution of the tree permits a high degree of
parallelism ; in fact the system can start to scan
in parallel all the attributes. Then, as soon as
the required intermediate results are ready, the
above tids joins can be performed.

In the above examples, three D-operations are ne-
cessary on two D-objects : DSEL and DJOIN were used
on the Data Pool objects, while tids joins was per-
formed on tids sets.

In the following section, we define more precisely
the D-model, i.e. D-objects and D~operations on
these objects and show in Section 5 that any rela-
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tional expression referred to as R-expression can
be translated into a D-expression (whose operators
and operations are those defined in the D-model).

4. THE D-MODEL

4.1. D-objects. The first object is the Datapool.
Given a Relational schema :

R(A1:D1, A2:D2,...,An:Dn)
The Datapools are the relations
D, (V,R,A,T), i e {1,n}
where Di is the i-th Domain identifier

V represents the values of the domain
actually stored in the database

R 1is the identifier of the relation
defined on that domain :

A 1is an attribute name of the relations
defined on that domain

T represents the tids.

A value of the Datapool for domain TOWNS is given

below :

~ TOWNS -

v R A T

PARIS s TOWN 1
PARIS S TOWN 3
PARIS P TOWN 1
PARIS P TOWN 2
ROME* 5 ‘TOWN 2
ROME P TOWN 3
ROME P TOWN 4
PISA S TOWN 4

Given the collection of Datapools values it is
possible to obtain the original relation r value
as follows :

for each attribute ai, i € (1,n) of the
target relation r select Dj (on which aj
is defined) on R and A and project on V
and T :

(1)

IR, (V,T) = (Dj | =z, A=ai)(v,T]
(ii) then perform ‘the join on T for all the
intermediate results and project.on
values :
* IR, * ... * IR ) [v1,v2,...,vn]
1 T 2 T o P

r = (IR

Derived Relation

We have so far introduced one D-object. The second
type of object called Derived Relation (DR) repre-
sents intermeddate results of a query execution.



A DR is a relation

DR(RI'TI’R2’T R ,T)

200 RTY
whose attribute R, is a relation name and attribu-
te 'I‘i identifies %uples of relation R,. Intuitive~
ly in the intermediate result (temporary relation),
a t-uple is constructed from a tuple of relation R,
a tuple of relation R2,..., a tuple of relation Rp'

This representation turns out to be a rather com-
pact way of representing temporary relations.

4,2. D-operations

The set of operations to be performed on
D-objects can be subdivided in two parts :

1) Production operations - There are only three
operations (two are referred to in Section 3 as
DSEL and DJOIN) whose operand is a Datapool and
whose result is a derived relation DR :

3

DR(Rk,Tk) = DSEL(Di)

DR(Rk,Tk,Rz,Tz) = DJOIN (Di)
DR(Rk,Tk) = nsam(ni)

DSEL and DJOIN can be defined as‘ﬁhe following
relational algebra expressions :

DSEL : DR(R,T) = (D; / Rer, AA = a, AV 0 v)[R,T]

This is a restriction/projection on Datapool D
(V,R,A,T) where we project on attributes R and T,
and where the restriction condition expresses .
that attribute a; from relation ry must have a -
value which is 6v (8 is an arithmetic comparison
operator) .

Clearly the resulting DR represents the subset of
tuples of T satisfying the elementary condftion
akav.

DJOIN : DR[Rk,-rk,Rz,'r!L] =
(Dy * Dy / Ry=ry ARg=r, AR wa, ARg=a,)

\'
[Rk,'rk,Rz,Tl]

This expression is a self-join of Datapool D1 on
attribute V, followed by a restriction and a pro-
jection on attributes Rk’ Tk; Ri’ Ty-

Clearly the resulting DR represents the equi-join
of relation r, with relation r, on the attributes
ap and a, both being defined on the same domain
Di'

DSALL : DR(R,T) = (D, / R=r,) [r,r]

This selection/projection is a particular case of
DSEL which produces in DR, the set of tuples iden-
tifiers of a relatien.

Observe that in both DSEL, DSALL and DJOIN opera-
tions, we carry in the resulting DR, the relation
identifier. Indeed both the relation identifier and
the tid are necessary to uniquely identify a tuple
of a given relation.

27 Redudtion operations

The remaining D-operations are the four following
binary relational operations applied to DR's :
union, set-difference, Cartesian product and in-
tersection. These operations take two DR's as
operands and obviously produce a DR as a result.

Intuitively, once a DR has been produced (apply-
ing a production operator to a Datapool), the
query execution continues on DR's using the four
above operations until the final result is obtain-
od. Observe we do not need the basic unary relation-
al operations : Projection and Selection on DR's.

3) output materialization

Once the first DR has been cbtained, some "projec-
tion" process is necessary, i.e. an output ope-
ration which takes as an input a DR and one or
several Datapools materializeg for the user, the
output as a traditional file of tuples values.

Without loss of generality, assume the final re-
sult is the DR .

DR(R,,T,/R,,T,)
where R, =r , and R,=r,, and the user is only inte-
rested ln %he progec%ion of attribute a, of rela--
tion r, and attribute a, of relation r,. Assume
a, and a, are respectively defined on domains D1
and D,.

2
The following expression materializes the solution
as an output relation DR :

orR(v,,v,1 = ({(D, |A=a )V R,T,] X (D, |A=a,)

‘v.rT. 1} o+

2RaT2
RiTiR T2

This expression can be decomposed as follows :

nntnlrrlnz'rz]) [vl,vzl

1. Select Di on Asai and project on V, R, T

2. Perform the Cartesian Product of the two inter-
mediate results.

3. Perform the equijoin of the intermediate result
with the DR on Rl' Tl' R2 and T2

4. Project on the values attributes v, and V,.

5. COMPLETENESS

The purpose of this section is to show that the
D-objects defined above and the set of D-operations
on these objects so far:introduced is complete.
Given a database including a set of relations
R., j € {1,m}, we want to show that any relational
pression whose operands are relations of the
database can be expressed as a D-expression whose
operators are D-operations and operands are
D-objects. For this, we first define from the set
of relations in the database, a set of datapools,
Dj, 1 € {1,n} representing the domains on which
the relations are defined. It is then enough to
consider a set of primitive operations of relation-
al algebra and to show how each of them is computed
in the D-model. Following F16], we consider the
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following primitive operations : union, get diffe=
rence, cartesian product, projection and selection,
Projection will be omitted below since we have as-
sumed that it is not necessary for the query compu-
tation and have shown how an output materializa-
tion looks like (section 4).. If necessary projec-
tion can be computed as in Section 4.

.

5.1. Union

.

r=1ryyry

r is represented by a DR computed through the
following steps

1. Take any domain say D on which r, is defined
and perform the DSALL operation

DRi[R,T] = DSALL[Di]

2. Compute the relational intersection r, n r, re~
presented by the DR DR1 . This is done through
the two following steps’:

a) for each domain D _, k ¢ {1,n} on which
ry and r) are def§ned, perform the
DJOIN operation

P
-

IRk[RI,TI,Rz.TZJ = n:om[nk]

Intersect all the intermediate results
(DR*s IRy, k=1,n) and project the re-

b)

sult on R,, T (R1=r1 and T1 identifies
a tuple o% ri}.:
Dnlz[n,-r]--(_ n IR‘{[RI,TI,RZ,TZJ)'
k=1,n
[RI,T1]

3. Compute the union as

DR[R,T] = DR1[R1'T1] 0] DR2[R1,T1]
- anz[R,'rl

5.2. Set-Difference : r = ry - ry

1. Extract the set of tids of ri1, i.e. perform DSALL
on a domain of ry, say Dy

DRIER,T] = DSALL[DIJ

2. Compute the intersection ry nry represented
by DRy 2 obtained through steps 2a and 2b of
Section 5.1.

3. Compute the set difference as

DRIR,T] = DRIER,T] - DR12[R,T]

5.3. Cartesian product

1. Extract the sSets of tide of r; and ry
DR,[R,,T,] = DSALL[D, ]

DR,[R,,T,] = DSALLID,]
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2. Compute the cartesian product

DR[Rl,Tl,Rz,Tz] = DR1[R1,T1] x DR2[R2,T2]

5.4. Selection

We want to compute r = ¢g_(r,) : r, is restricted to
the tuples satisfying boolean condition
F=c,.Wwe, ... Wc,, where w is a logical operator
(A,v,}) ana cy is of the form aj § v. Let Dy be the
domain on which a; is defined.

1. For each cj, apply the DSEL operator
DR, [R,T] = DSEL[D, ]
2, Compute the Formula
DR[R,‘T] = F' (DR, [R,T]w’ DR,[R,T] ...
' mzp[n,-r])

F' is obtained by replacing in F ¢y by DRi and @
by the corresponding set operator &' (n,u,-).

If the query is of the SPJ type (the relational
expression includes only Selections, Projections
and Joins), it can be shown that an implementation
using the D-model and taking advantage of paralle-
lism inherent to an MIMD architecture and the com-
putational power of special purpose devices is per-
formant [13, 15] : DSEL and DJOIN are first perform-
ed in parallel by single domain searches (production
steps), then the derived relations are combined (one
or several reduction steps : see examples of section
3 ; observe in these SPJ examples, the only D-opera-
tion necessary on DR's is a join-project operation
(Equi-join and projection).

6. Query processing

We have shown above that a relational expression
can be translated into a D-exprassion, whose proces-
sing brings the expected solution to the initial
relational expression.

A D-expression can be represented by one or several
equivalent D-trees (see for example Fig. 3).

The purpose of this section is to give a simple way
of producing the set of D-trees from an initial SPJ
relational expression.

Query optimization will of course decide which is
the “optimal" tree, to be selected for execution.
The problem of choosing the best D-tree is not a
trivial one and it goes beyond the goals of this

paper.

Q-table

A Q-table is a tabular representation of an SPJ rela-
tional query in which columns are all relation names
appearing in the query while rows represent all the
attribute names in the query. The intersection of
row i and column j is marked if attribute i belongs
to relation j.



The figure below gives the Q-table for query 2 (see
Section 3).

& E P
AGE X
SNAME X X
GRADE - : X
COURN X X
PNAME X X
TEL X

Fig. 6. Q;table for Query 2

D-tree processing

We give below an algorithm which solves for the.
query once the Q-table has been built.

To each row corresponds a Datapool (domain on-which
the row attribute is defined) and a production ope-
ration performed on this Datapocl. If there is only
one mark in the row it is a DSEL operation , e.g.
on Datapool Age, we perform the follewing operation
X1 : (Age|R=s AV < 21)[R,T] which produces derived
relation DRy identifying t-uples of relation S.

We shall not talk in the sequel of the “Projection"
attribute TEL (The last eperation is output materia-~
lization : projection of the telephone number, see
section 5).

If there are two marks in a row, the production ope~
ration to be performed on the row Datapool is DJOIN,
e.qg. on domain NAMES, the following operation is
performed :

Xy : (NAMES # NAMES|R1=SAR =E ABA

2 1
= SNAME A A, = SNAME) [Ri,'rl,nz,frz]'

which produces derived relation DRy identifying the
tuples of the relational jain S.SNAME = E.SNAME.

The five production operations for query 2 are list-
ed below with the corresponding relational subexpres—
sions

Production Qperation Datapool

sion
X1 H DSEL AGE S.AGE < '21°
X2 H DJOIN NAMES S.SNAME = E.SNAME
X3 : DSEL GRADE E.GRADE > 'c'
X4 H DPJOIN COURSES E.CQURN = C.COQURN
X5 H DIOIN NAMES C.PNAME = P,.PNAME

Fig. 7. Production operations for Query 2

D-Graph

From the Q-table construct a graph called D-graph as
follows : to each rew corregponds a node labelled -
with the production operation X;. Two nedes are con-
nected if they share at least one relation-name : a
Q~table column owns at least two marks, More precise-
ly, to a column with k marks correspends in the
D-graph.a ecomplete k subgraph whose edges are label-
led with the column name (relation name).
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Relation Subexpres-

The D~graph for query 2 is represented below :

Fig. 8. D-Graph for query 2

Note that end ncde TEL corresponds to output ma-
terialization.

Algorithm

Clearly in the D-graph the nodes are the leaves
(production riodes) of a D-tree (see Fig. 5).

Recall in D-tree processing, .leave nodes are first
processed, which steps produce sets of tids which
are in turn combined. :

The algerithm below which reduces the D—graph to
one node corresponds to the complete query process-
ing,

0. Take any spanning tree of the D-graph.

1. Process the Xi's.

2, Starting from a leaf of the spanning tree, repeat
the following.pairwise reduction until one node
remains : a pairwise reduction corresponds to
an elementary join between two derived relations.

3. Perform output materialization.

Reduction step

Reduce any terminal node of the spanning tree and
its neighbor node n to one node and add the label
- R

RoBx
Fig. 9. Reduction step )
of their common edge to all edges leaving n.
This obviously corresponds to contracting two rows
of the Q-table until its contains only one row with
all columns marked.

Note that from the Q-table of Fig. 6 by a similar
method one gets usual query trees such as that
depicted in Fig. 4.

We give below an example of processing of Query 2.
After each step, the reduced tree appears.



Step ¢ Process the xi's

Steg H X12 H DR12 = DR&* DR2
' %1
{Equi~join on RI'Tl that identify tuples
of relation §)
S,E
%,2
Steg 3: X34 : DR34 = DR, * DR
R, ,T
1771
(Rl'Ti identify t-uples of relation E)

S,E,C x'
Step 5 ¢ X345 * PRy 2,3,4,5 = PRy,0 * DRy 4.5
RyoTy
(R;,T, identify tuples of relation E)
S,E,C,P

X12345

Fig. 10. Processing of query 2

The algorithm above corresponds to the execution of one

one D-tree (Materialization has been omitted).
Recall to.a D graph it may correspond a large number
of distinct D-trees, and for a given tree several
steps may be run in parallel.

7. CONCLUSION
In this paper we presented a data model, called

D-model, which allows a domain oriented representa-
tion of a relational database and showed that any
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relational expression can be translated into an
expression of operations on the D-model (compléte-~
ness with respect to the retrieval sublanguage).
The proposed model should be particularly perform-
ant for certain classes of applications when imple-
mented on a database machine [157.

In particular the effectiveness of the model is
enhanced when the follwoing conditions are satis-
fied :

~ the retrieval is limited to SPJ~relational expres-
sions ;

‘= the DBMS based on the D-model is implemented on a

parallel machine ;

~ the parallel machine includes two special purpose
devices for key operations :

fast filtering of datapools to
perform the production operations
(i.e. DBEL, DJOIN) [13].

(1)

{ii) VLSI "intersector" to perform the

reduction operations on tid sets.

The DBMAC group is currently investigating the
feasibility of the above two devices and the possi-
bility of having an optimiser for a fast transla-
tion of an input relational query tree into -an
optimal D-tree.
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