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Abstract

In this paper we present data distribution methods for parallel pro-
cessing environment. The primary objective is to process partial match
retrieval type queries for parallel devices.

The main contribution of this paper is the development of a new
approach called FX (Fieldwise eXclusive) distribution for maximizing data
access concurrency. An algebraic property of exclusive-or operation, and
field transformation techniques are fundamental to this data distribution
techniques. We have shown through theorems and corollaries that this FX
distribution approach performs better than other methods proposed earlier.
We have also shown, by computing probability of optimal distribution and
query response time, that FX distribution gives better performance than
others over a large class of partial match queries. This approach presents
a new basis in which optimal data distribution for more general type of
queries can be formulated.

1. Introduction

Parallel processing in databases is important because it can maxim-
ize concurrency in query processing. As a generalized model for parallel
processing system in databases, two stage parallel processing can be used.
These are data distribution and data construction stages [PrKi88]. Data
distribution stage determines how the data can be distributed to parallel
processing nodes so that maximum concurrency is achieved between the
processing nodes. Data construction stage, on the other hand, builds the
appropriate structure of the local data, suitable for accessing by the local
processing nodes. These two stages can be dependent, and the local data
structure can be distributed among the devices. The proposed parallel
processing model has been used in multi-directory hashing [PrDa86], and
HCB_tree [PrKi87]. Other approaches to parallel processing of database
systems have also been proposed in the past {LeRo85, Pram86, RoJa87,
SNEL79]).

In this paper we present data distribution methods for partial match
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retrieval type queries. The stratcgies for data construction within local
devices is not discussed here.

Partial match queries are queries where some of the attributes arc
specified, hence a set of qualified records need to be retricved. When a
file is constructed on parallel devices, it is important to store these records
0 maximize concurrency. This also helps in balancing the work load in
each device.

It is believed that multi-key hashing is effcctive for partial match
retrieval type applications. Multi-key hash function, H, for a databasc
consisting of n fields is a set of n functions {#,, - -+ , H,} such that given
arecord r=<ry, -+ ,r,> H(r)=<H(ry), -+, H(r,)>. H(r)isusu-
ally called a bucket. Rivest [Rive76] and Rothnie, et al. [RoLo74] have
independently proposed the use of multi-key hashing, as an alternativc to
inverted files, to reduce the total search time for partial match retricval
type queries. In [RoLo74] it has been shown that multi-key hashing
scheme is superior to inverted file techniques. They have also proposed
hybrid ‘approach which combines the above two techniques. The design
of multi-key hash functions was considered in [Burk76, Burk79]. The
determination of each field size for minimum search time based on qucry
statistics was also investigated by [RoLo74, Bolo79, AhU179]. In [Du85]
it has been shown that the problem of finding the optimal ficld sizes for
multi-key hashing scheme is NP-hard. The main focus of those research is
on minimizing the total number of bucket accesses. In this research our
objective is to achieve maximum parallelism by distributing buckets in
multi-key hashing.

The data distribution is said to be optimal for a partial match query,
when no device has more than [total number of qualified buckets / number
of devices] buckets. It has been shown in [Sung87] that there does not
exist an optimal data distribution method in cenain types of file systcms.
However, the tight bound of sufficient and necessary conditions for the
existence of optimal data distribution in any file system has not been
found.

There are a few heuristic methods for distributing data in partial

" match retrieval type queries. Du, et al. have proposed data distribution

method based on modulo allocation [DuS082). Modulo allocation is sim-
ple but does not work in many cases. For example, it may not give
optimal distribution if some of the field sizes are less than the given
number of devices. So, for a large number of parallel processing nodcs
such as Butterfly machines(BBN86, CGSTMB8S], Modulo distribution
may not be appropriate. GDM (Generalized Disk Modulo) method has
also been proposed in [DuSo082] to overcome this problem. This method
gives a sufficient condition to achieve optimal distribution. However, no
general method has been given to find the optimal distribution parameters.
In fact, the problem of finding the optimal parameter values could be very
complex [DuSo82). Since modulo distribution does not work well for



binary cartesian product file (binary cartcsian product file is a cartesian
product file [CLD80, DuSo082] in which cach attribute contains only two
elements), other heuristics have been proposed by [Du82, Sung85]. These
heuristics are also special cases of GDM. Scveral useful properties of
these modulo based distribution methods have also been given in
[Sung87). Data distribution methods based on minimal spanning trees and
short spanning paths have also been proposed in [FaRC86].

In this paper we propose FX(Fieldwise eXclusive-or) distribution
method which gives better performance for a wider range of parameter
values than existing methods. The main idea behind the FX distribution
method is the use of bitwise exclusive-or operation on the field values
which are computed by multi-key hashing. Here, we show several useful
characteristics of exclusive-or operation for optimal data distribution.
Field transformation techniques have been used to extend the scope of
optimalities in FX distribution.

The remainder of this paper is organized as follows. In section 2,
we describe notations and terminology. In section 3, we define Basic FX
distribution method and its optimality conditions. In section 4, we
describe field transformation techniques for fields whose sizes are less than
the number of devices. The extended optimality conditions for these field
transformation schemes are also identified. In section 5, we compare the
performance of FX distribution method with those of the others. Section 6
contains concluding remarks.

2. Notation and Terminology

Before describing FX distribution ‘method, it is necessary to intro-
duce some notations as well as relevant definitions and assumptions.

Definition :

. fi=1{0,1,.., Fi~1}, a set of hashed values of field i.

. F; denotes If;1. .

. M denotes the number of parallel devices.

. N is the set of all natural numbers including 0.

. Zy is the set of all integers from 0 to M-1.

. (@m-; ... @g)p is a binary notation of an integer, where g; is a binary
digit.
1£;1 is assumed to be a power of 2 which is common for hash direc-

tory files for partitioned [AhU179] or dynamic hashing schemes [FINH79,

Lars78, Lars80, Litw80]. The number of devices M is also assumed to be
a power of 2. )

Definition : Let f1xf,X ... Xf, be a set of all buckets. When the given
number of devices is M, data distribution method is a function FD : f,xf,x
e Xfn > Zy.

Definition : Let R(q) be the set of buckets which satisfy qualifications
for a partial match query q. The distribution method is called strict
optimal for a partial match query in a given file system if each device has
no more than [IR(q)!/M] number of buckets. When the distribution
method is strict optimal for all possible partial match queries in a given file
system, it is called perfect optimal for that file system.

Definition : The distribution method is called k-optimal, 0 < k < n, for a
given file system consisting of n fields, when it is strict optimal for all par-
tial match queries which have exactly k unspecified fields.

“Thus, the distribution method is perfect optimal, if it is k-optimal for all k )

=0, ..., n. Note that some authors exclude cases where the number of
unspecified fields is O (i.e. exact match) and the number of unspecified
fields is n (i.e. retrieval of whole file) from partial match queries.

Definition : [+] denotes exclusive-or operation between two bits. We
will use the same notation [+] to denote exclusive-or operation between
integers and sets of integers as follows. When X = (@n-; ... dg)gand Y =
(bp-y - bo)p are two integers, X [+] Y = (@pm-y [+] by ... G0 [+] bo)s-
If X is an integer and Y = {y;, ... , y.} is a set of integers, X [+] Y is
definedas (X [+] y; | y;e Y}. Ifboth X = {x,..,x¢}and Y = {yy, ...,
y.) are sets of integers, X [+] Y is defined as (x; [+]y; | x; € X, y; € Y}
For example, if X; =2and Y, =3then X, (+]Y, =1. IfX,=2andY, =
{0,1,2,3) then X, [+]Y,={0,1,2,3}).

Definition : E_-l:-l](Y,-) =Y, [#] Y [#]Y3 - [+] Y,

n
Note that [+] operator is associative and ['+1] is a shorthand notation for
= .

exclusive-or operation between sets of integers Y, Y,, ..., ¥,.

3. Basic FX Distribution
Let f1XfoX ... Xf, be a set of all buckets. Basic FX distribution

n
method allocates bucket </, ..., J,> into device Ty ['+x](j )|, where Ty :
j=

N — 2 is a function which returns only the rightmost log,M bits of
domain values,andJ; € f;forj=1,..,n.

Example 1. Table 1 shows the bucket distribution by Basic FX distribu-
tion method, where f; = (0, 1}, f2=(0,1,2,3,4,5,6,7)and M=4. In
this table, binary numbers are used for field values and decimal numbers
are used for Device No. (This convention will be used in all examples of

FX distribution). Here, Device No = Ty, [1, ) 12], where J, € f1,J; €
[ and T, returns the rightmost two bits of the result of J, [+]J,.

' fi _f>  Device No
000 000 0
000 001 1
000 010 2
000 011 3
000 100 0
000 101 1
000 110 2
000 111 3
001 000 1
001 001 0
001 010 3
001 O11 2
001 100 1
001 101 0
001 110 3
001 111 2

Table 1. Basic FX distribution

As shown in Table 1, Basic FX distribution is strict optimal for any partial
match query in a file system of example 1. For example, if first field value
is (001); and second field value is unspecified, then we have to access
eight buckets <(001),(000)5>, ..., <(001)5 (111)>. Since each device
has two qualified buckets for this partial match query, FX distribution is
strict optimal for this query.

Lemma 1.1.  Z is a set which contains M different nonnegative imegefs
from 0 to M-1. Letk be some integer 0 <k < M-1. Then Z [+] k = Z,,.
<proof> Given in [KiPr87]

Example2. LetZg=(0,1,2,3,4,5,6,7)andk=3. ThenZg [+] k=
(3,2,1,0,7,6,5,4) =Z,.

Theorem 1. Basic FX distribution is always 0-optimal and 1-optimal.

<proof> (1) 0-optimal : This is trivially true.

(2) 1-optimal : Let only one field i be unspecified and Ty, [{,»](1,)] =h,
JH

where J; is the specified value of field j. Thus, h gives the projection of



the rightmost log, M bits of the value obtained by doing the exclusive-or of
all the specified values of the query. There are two cases, F; <M and
F;>M. When F; <M, forall I € f;, Ty(I) [+] h is different from each
other (This is a direct consequence of Lemma 1.1.) Therefore, the distri-
bution is optimal. (Note that Ty(A[(+]1B)= Tyu(A) [+ TyB) =
Ty (A [+]1 Tyy(B)) = Tp(Ty(A) [+) Tyy(B). This is true because the bits
whose positions are higher than or equal to log,M do not affect the final
result) When F; > M, let F; = A*M. By Lemma 1.1 f; (+] h = Zyep.

. Since #{a€ Zyop | Tyy(a) = 2) = A for any z € Z,, FX distribution allocate
A number of buckets to each device. (Note that # denotes the cardinality of
aset) Therefore, the distribution is optimal. (=]

Theorem 1 says that Basic FX distribution is strict optimal for any partial
match query in which the number of unspecified fields is O or 1. Note that
in the above expression, #{a€Zsop ITyy(a)=z} = A, A denotes the
number of qualified buckets that correspond to a particular device z.

Theorem 2. For any partial match query which has two or more
unspecified fields, Basic FX distribution is strict optimal, if there exists at
least one unspecified field i such that F; > M.

<proof> For partial match query q, let q(f) = (i, i3, ... , i} be the set of
fields which are unspecified and the size of at least one of these fields is
greater than or equal to M. Without loss of generality, let us assume that
Fi,2M. Thus, F; = A, *M,A;, € NJA;, 21. Leth=Ty L;:(})(Jj)],
where J; denotes the specified value of field j. By Lemma 1.1, h (+] fi =
Zp,m and hence #{J; ef; VTy(h[+]J;)=2) = A;, for all z € Zy.
Here, we have done exclusive-or of h with the set of values of the
unspecified field i;. A; gives the number of unique values of the
unspecified field i, that correspond to a particular value z. Now we will
exclusive-or the set of values A [+] f;, with a value of the unspecified field
ip. Let J;, € f;,. By Lemma 1.1 #{J; €f; | Tyy(h [+]1J;, [+]J;,) =2} =

A;, for all z € Zy. Note that this will not change the number of unique

values of field i, that correspond to a particular z due to Lemma 1.1. (We
also used the equality, Ty(h [+]J;, [+]J;,) = Ty(h [+ J;, [+) Tw(J;,).)
Thus, #((J;, ,Ji,)e fi, Xfi, | Tu(h [+)J;, [($)J3,)=2) = A, F,, for all
z € Zy. Here, the number of unique values for each z is more by a factor

F;, because the size of the domain has increased by a factor F;,. By con-

tinuing this argument, #((J,., s T )e fux oo Xf,

I Ty [h [+] [+](J.,)] =z) -A,.[]F = (]‘[F,’)/M forall z € Z. O
p=2 o=l

Note that Theorem 1 works for ‘partial match queries with only one
unspecified field while Theorem 2 applies to partial match queries with
more than one unspecified fields.

Theorem 1 and 2 show general characteristics of exclusive-or opera-
ton for optimal file distribution. This is mainly due to the property
described in Lemma 1.1. However, Basic FX distribution does not give
optimal distribution for partial match queries with 2 or more unspecified
fields, when the size of none of the unspecified fields is greater than or
equal to M. For example, when M = 16 and all others are the same as in
example 1, the distribution is not optimal. Theorem 3 gives the sufficient
conditions for optimal distribution for these cases.

Theorem 3. Let q(f) = (i), i2, ... , ix) be the set of unspecified fields

for partial match query q, where F; < M, for all j € q(f). FX distribution

is strict optimal for partial match query q, if there exist a set of fields {i,,
- » ;) © q(f) such that If;x --- xf,~il 2M and #{(J;,, - J,-'.)e

CXf 1 Ty [E,*:‘!U;,) =z} = If,x

<proof> Let Ifix -+ xf,l = A;*M, A;, € N, A; 2 1. Let h =
Trm L d[+(})(.l,)], where J, denotes the specified value of field I.  The
q

x]}’, I/M for all z € Zy.
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remainder of the proof is similar to that of Theorem 2. a

Theorem 3 says that even though the sizes of all the unspecified
fields are less than the given number of devices M, we can still guarantec
optimal distribution, if (1) there exists a subset of the unspecified fields
whose size of cartesian product is greater than or equal to M and (2) the
records projected on these sets of fields are distributed uniformly among
the M devices.

In the next section we will introduce field transformation techniques.
By these field transformation techniques, Theorem 3 will be also utilized.
The following paragraph exemplifies these techniques. Let f; = {0, 1], f
={0,1,2,3,4,5,6,7) and M = 16. As we discussed, Basic FX distribu-
tion method does not give an optimal distribution for this file system. This
is because all the field values of f, and f, are smaller than M-1. Let X be
some mapping such that X (f;) = {0, 8). When we apply Basic FX distri-
bution method for X (f;)Xf>, the distribution becomes perfect optimal. (It
can be easily verified by substituting (1000)z for (001) in f, column of
Table 1.) Now, the problem is to find a general one-to-one mapping, X,
such that Basic FX distribution method for X (f,)xf, gives optimal distri-
bution. It will be shown that for any values of If, |, If,1 and M, such
mapping can be easily found.

We will present several field transformation techniques which pro-
duce the mapping, X, described above. Even though the techniques
developed in this paper may not achieve perfect optimal distribution in all
the cases, this extended FX distribution method will give strict optimal dis-
tribution for a large class of partial match queries.

4. FX Distribution With Field Transformation Functions

In the previous section Basic FX distribution was defined. In this
section we extend the FX distribution method by using the field transfor-
mation techniques.

Let f1xf,X ... Xf, be a set of all buckets. Extended FX distribution
method allocates bucket <Jy, ..., J,>, J; € fj for j=1, ..., n, into device

Ty [;Z—ll(x MM G i))], where

i) ifif12M, X5 is an identity function,
i) iflfjl <M, x™'5" is an element of set of injective (one-lo one)
functions whose domains are f; and ranges are ZM

XM s called field transformation function.

When X*: "' js identity function for all j=1, ... , n, Extended FX dis-
tribution method reduces to Basic FX distribution method. In the follow-
ing subsections we describe field transformation functions which are used
for fields whose sizes are less than the given number of devices. From
now on, we will simply call FX distribution instead of Extended FX distri-
bution.

It is easy to see that all lemmas and theorems that hold for Basic FX
distribution also hold for FX distribution. Since the fields whose sizes are
no less than the given number of devices M, do not cause any problem

" (whether it is specified or not), from now on we will focus only on fields

whose sizes are less than M.

4.1. Field Transformation Functions
Definition : Let M be a power of 2.

@M I
)

: N > N is an identity function.
For a proper subset f; of Zy, where Ifj| is some power of 2,

yM : fi = Zy is a function such that UM"/"(1)=Id,M"f".
where l € f,, d,M‘ - M
£l



(3) For a proper subset f, of Z,, where Ifjl is some power of 2,

w4 . fi > 2y is a function such that

wi* I["(1) =1[+] Id,M‘ W, where [ € f), d,M’ Ut _ TI;{T .
1
(4) For a proper subset f; of Z,, where If)l is some power of 2,
) (T AL f > 2y is a function such that
2%y = 1 (4] 1 M ) 1M, where 1€ fy, dy ™ =
M g Jdn™ g 12 <M
U -0 otherwise

We have defined the four groups of basic functions, I, yMY ',
TU ™' and 172" which will be used in various combinations for
optimal file distribution. For example, for any values of [f;1, |f;| and M,
it will be shown that FX distribution method distributes elements of
I(f;) x U™ ' (£ optimally.

It is easy to see that for any proper subset f; of Zy, whose Ifjl is some
power of 2, I and U MY satisfies the requirements of field transformation
functions described previously. We will show later that U 1*"' and
M satisfy these requirements. The operation of X M-\ function on
field / is said to be X transformation of field I. For example, when U M. 14
function is applied to field /, we say that U transformation is used for field
I. Two transformation functions, X 1!/ and X227 are said 0 be the
same transformation method, if X1 = X2. For example, UM ang
UM>'Yi' are the same transformation method. But UM"“' and
TU 123! are said 1o be different transformation methods.

Because of notational complexity, when the context is clear, we will
leave out the superscripts M, If;! from transformation functions and their
parameters.

In section 4.1.1 properties of I, U and IU1 transformation are
explained and their related strict optimality is described. In section 4.1.2
TU2 transformation and its related strict optimality with I and U transfor-
mation is described. '

4.1.1. FX Distribution With I, U and IU1 Transformation

From the definition of U transformation we see that the transformed
domain elements are equally spaced. In other words, when they are
linearly ordered, any two adjacent elements will have the same distance.
The property of U1 transformation will be characterized by Lemma 5.4.
In the following subsections, relationships between I, U and IU1 transfor-
mation will be investigated.

4.1.1.1. Strict Optimal By I and U Transformation

Lemma 4.1. LetL =aw + b, a>0, 0 <b < w-1, where w is some power
of 2. LetW={0,1,..,w-1}. Then, W [+]L = {aw, aw+1], ..., (a+1)w-
1).

<proof>

Given in [KiPr87].

Theorem 4, When there are only two fields i, j whose sizes are less
than the given number of devices M, FX distribution with / (f;) and U (f;)
is perfect optimal .

<proof> Letd;=MIF;.
(case 1) F;F; <M or d;>F;
I R UE) =10, 1, ..., F;-1) U {d;, d;+], ..., dj+F;-1) U ... (Md;,
M-d;j+1, ... ,M-d;+F;-1) by Lemma 4.1. All sets in the right hand side are
disjoint and the largest element in these sets is less than M because d; > F;.
So, for all z € Zy, #((J;.J;) € fixf; 1 IJ}) [+1U{J;) =2) < 1. Therefore,
itis 2-optimal. 0 and 1-optimal come from Theorem 1.

(case2) FiFj2M or d;<F;

Let FiF;=A*M or d; = F;/A. In order to be 2-optimal, for all z € Z,,,

-
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#((U:.J;) € fixf; 1 1{UL) [+] U (J;) = 2} should be equal to A.
1) 0<UU)< (A

For each U (J;) within this range, /(f;) [+] U{U)) = (0, 1, ... , Fi-1} by
Lemma 4.1. Let this set be So. Since there are A number of such U (J;)

within this range, for all se S,
#{(iJ)) € fixf; 1 0RUJ)A-1)d;, IT) [+F1UJj)=5) =A.

2) Ad;<U(;)<(2A-1)d;
For each U(J;) within this range, I(f) [+] UU) =
(F;, Fi+1, -+ ,2F;—1) by Lemma 4.1. Let this set be §;. Since there

are A number of such U(J;) within this range, for all se S,
#((Uid)) € fixfj | AdiSUU))2QA-1)d;, 1U) [F1UU) =5) = A.

M M
7‘_) (E—])Ad, SU{J,)<M-q;
For each U(J;) within this range, /(f) [+] U(U,) = {(%4)&

(Fﬂ—l)ml, ~..M-1). Letthissetbe SM_,. Since there are A number

of swch U()) within this range, for all seSM,,

#{(JiJ;) € fixfi | (%—I)AdiSU(Jj)SM—dj, IJ)HUUD=5s} = A
M

—1

F;
Since |y S, = Zy and there are A repetitions for each element in Zy
p=0
through 7 (f;) +1 U {J;),J; =0, - -+ F;~1,itis 2-optimal. 0 and 1-optimal
come from Theorem 1. O ‘

Example 3. Let f; = {0, 1,2,3),f,={0,1,2,3) and M = 16. Table 2
shows bucket distribution by FX and Modulo methods. Note that / (f)) =
{0,1,2,3) and U (f,) = (0, 4, 8, 12) are I and U transformed values of f,
f» and denoted by binary numbers. Here, Device No =
MU J)[#1UWJ,)) for FX distribution, and Device No =
(Jy +J,) mod M for Modulo distribution, where J, € f,,J, € f,.

The FX distribution in Table 2 is optimal. But in Modulo distribu-
tion, it is skewed. GDM method can also give optimal distribution by

L f2 I(fi) U(f,) Device No (FX) Device No (Modulo)
0 0 0000 0000 0 0
0 1 0000 0100 4 1
0 2 0000 1000 8 2
0 3 0000 1100 12 3
1 0 0001 0000 1 1
1 1 0001 0100 5 2
1 2 0001 1000 9 3
1 3 0001 1100 13 4
2 0 0010 0000 2 2
2 1 0010 0100 6 3
2 2 0010 1000 10 4
2 3 0010 1100 14 5
3.0 0011 0000 3 3
3 1 0011 0100 7 4
3 2 0011 1000 11 5
3 3 0011 1100 15 6

Table 2. FX distribution with I and U transformation

multiplying 3 to the first field values and by 4 to the second field values.
However, these parameters should be found by trial and error. On the
other hand, FX distribution techniques give a specific method.

4.1.1.2, Strict Optimal By I and IUI Transformation

Lemma 5.1. When F; is less than M, JU 1(f,) is a set of F, elements
between 0 and M-1. (i.e., IU 1% "' (£,) is an injective function)

<proof> Given in [KiPr87].



Exampled. Letf, ={0,1,2,3,4,56,7) and M=16. Then/U 1(fy)
=(0,3,6,5, 12, 15,10, 9).

Lemma 5.2. When there are only 2 fields i, k whose sizes are less than
the given number of devices M and F; > F,, FX distribution with / (f;) and
1U 1(f;) is perfect optimal.

<proof> The proof follows from Lemma 1.1 and Lemma 4.1. The com-
plete proof is given in [KiPr87].

Definition When F; < M and d = M/F; > 2, there are F; intervals [0, d),

[d, 2d), ... , [M-d, M) from O to M with interval size d = Fﬂ Throughout
j

this paper, boundaries of the interval are always assumed to half-closed as -

above.

Lemma 5.3. When there are only two fields i and k whose F;F, =M,
FX distribution with /(f;) and /U 1(f;) is perfect optimal if and only if

there is exactly one element of /U 1(f;) at each interval of size %4—-
k

<proof> Given in [KiPr87].

Lemma 5.4. For any F, which is less than M, there is exactly one ele-

ment of /U 1(f}) at each interval from 0 to M with interval size d; = Fﬁ
k

<proof> By Lemma 5.2 and Lemma 5.3 we can conclude Lemma 5.4.

The complete proof is given in [KiPr87]. O

Theorem 5. When there are only two fields i, k whose F; and F, are less
than the given number of devices M, FX distribution with /(f;) and
IU 1(f) is perfect optimal.

<proof> Letd, = %’- By Lemma 5.4 there is exactly one element of
k

1U 1(f}) at each interval from 0 to M with interval size d;. Let JU 1(f,) =
{to, t1s ... s tr11), Where to <ty < -+ <tr_y. Then, each ¢ is in the
interval (ldy, ({+1)dy). The remainder of the proof is simifar to that of
Theorem4. O

Example 5. Letf, ={0,1,2,3),f,={0,1,2,3} and M = 16. Table 3
shows the bucket distribution by FX distribution with /(f;) and IU 1(f5).
Here, IU 1(f;) = (0, 5, 10, 15} and Device No = Ty (/ (/1) [+]1 IU 1(J,)),
Jy € fr.J2€ fa.

I(f|) lUl(fz) Device No
0000 0000 0
0000 0101 S
0000 1010 10
0000 1111 15
0001 0000 1
0001 0101 4
0001 1010 11
0001 1111 14
0010 0000 2
0010 0101 7
0010 1010 8
0010 1111 13
0011 0000 3
0011 0101 6
0011 1010 9
0011 1111 12

Table 3. FX distribution with [ and IU1 transformation

4.1.1.3. Strict Optimal By U and IUI Transformation

Definition  Let If;l be less than the given number of devices M. When

U = (0, dj, ... , (Fj-1)d;) with d; = %’— U (fj) + c is defined as (O+c,
J

dj+c, ..., (F~1)d; + c), wherec <d;,c e N.

M

Lemma 6.1 Letf;={0,1,..,F;-1) such that F; <M. Letd;= rx
7

Then, for any nonnegative integer J and ¢ such that0<J < F;and 0 <c <
d;, U(f) [+ (Ud; +c)=U(fj) +c.
<proof> Given in [KiPr87].

Lemma 6.2 K, mod d; = K, mod d; if and only if (K, [+] K,d})
mod d; = (K3 {+] K2dy) mod d;, where K, K, are any nonnegative
integers, and d;, d; are any power of 2 which are greater than 1.

<proof> Given in [KiPr87].

Theorem 6.  When there are only two fields j, k whose F, F are less
than the given number of devices M, FX distribution with U(f;) and
1U 1(f}) is perfect optimal.
<proof> Letd; =M and gy = Lake fi
F] F‘
(case 1) FjFy>M or Fy>d;
Fy F;
Let FiFy=AM. ThenA = 2 4 or Fy = Ad;.
'J k
1) Kmodd;=0 or K=1Jd for some] € f;
Since Fy = Adj, there are A number of /U 1(K) such that K mod 4; = 0.
For such IU 1(K), U (f;) [+] 1U I(K) = U (f)) [+] K [+] Kd, = U (f}) [+] Kd,
=U(f;) byLemma6.1. Let thissetbe So. So, there are A repetitions for
each element in §¢ through U (f;) (+1 /U 1K), K =0, d;, - , (A-1)g;.
2) Kmodd;=1
By Lemma 6.2 all IU1(K) such that K mod d; = 1 has the same residue c,
by modulus d;. So, all such ITU1(K) can be represented as od; + ¢, for
some variable o € Zf, and some fixed nonnegative integer ¢, which is less
than d/.‘ By Lemma 6.1 U (fj) [+] (od; + ¢,) = U(fj) + ¢,. Let this set be
§y. Since there are A number of /U 1(K) such that K mod d; = 1, there
are A repetitions for each element in §, through U(f)) [+] IU 1(K),
K=1,dj+1, -+, (A-1d;+1.

di-1) Kmodd; =d;-1
By Lemma 6.1 and 6.2, for any [U1(K) such that K mod d; = d;-1,
U UK =U[)) + Car1 for some fixed ¢4 such that ¢, < d;.
Let this set be S,,‘_,. Then, there are A repetitions for each element in

S4-y through U(f)) [+]1U 1K), K =d;-1, *-- , Adj~1. By Lemma 6.2,
di-1

all ¢;s are different each other. So, ()S, =Zy. Since there are A repeti-
1=0

tions for each element of Zy through U(f)) [+]IU1(K),
K=0, -+, F~1, it is 2-optimal. 0 and 1-optimal come from Theorem
1.

(case 2) F,Fg <M orF, <dj
The proof is similar to thatof case 1. O

4.1.1.4. Strict Optimal By I, U and IU1 Transformation

Corollary 6.1  Let g,(f) be a set of fields which are unspecified for a
partial match query q and whose sizes are less than the given number of
devices M. FX distribution in which I, U or U1 transformation methods
are used, is strict optimal for partial match query q, if (1) the conditions of
Theorem 1 or 2 are satisfied or (2) 1¢,(f)! =2 and for i, j € g,(f), their
transformation methods are different (refer to the beginning of section 4.1)
or (3) lgs(f)! = 3 and there exist at least 2 fields ij € g,(f) such that
FiF;2 M and their transformation methods are different from each other.

<proof> This is a direct consequence of Theorem 1,2, 3,4,S5and 6. O

Example 6. Let f, = (0,1}, f, = (0,1,2,3} and f3 = (0, 1} and M = 8.
Table 4 shows the bucket distribution by FX distribution with / (f1), U (f2),
1U1(f3). Here,U(f3)={0,2,4,6) and /U 1(f3) = (0, 5}.



I1(f)) U(fy) IUI1(fy) Device No
000 000 000 0
000 000 101 S
000 010 000 2
000 010 101 7
000 100 000 4
000 100 101 1
000 110 000 6
000 110 101 3
001 000 000 1
001 000 101 4
001 010 000 3
001 010 101 6
001 100 000 5
001 100 101 0
001 110 000 7
001 110 101 2

Table 4. FX distribution with I, U and IU1 transformation

4.1.2. FX Distribution With I, U and IU2 Transformation

In this section, properties of U2 transformation are described. The
relationships between 1, U and IU2 transformation are investigated in the
following subsections.

Lemma 7.1. When F, of field k is less than the given number of dev-
ices M, IU2(fy) is a set of Fy elements between 0 and M-1. (i.c., JU 2% '’
is an injective function.)

<proof> Givenin[KiPr87] 0O

Note that when F,2 > M, TU2 transformation becomes the same as IU1
transformation. :

Lemma 7.2.  For any F, which is less than the given number of devices
M, there is exactly one element of IU 2(fy) at each interval from 0 to M

with interval size dy; = Fl (refer to section 4.1.1.2. for the interval boun-
X

daries)

<proof> Givenin [KiPr87] 0O

4.1.2.1. Strict Optimal By I and IU2 Transformation

Theorem 7.  When there are only two fields i and k whose F; and F,
are less than the given number of devices M, FX distribution with /(f;) and
TU 2(f,) is perfect optimal. '

<proof>  The proof is almost the same as that of Theorem 5 except that
Lemma 7.2 is used instead of Lemma 5.4. a

Example 7. Letf; =(0,1,2,3,4,5,6,7), f,=(0,1) and M = 16.
Table 5 shows the FX distribution with /(f,) and IU 2(f,). Here, IU2(f5)
= (0, 13).

I(fi) 1U2(f;) Device No
0000 0000 0
0000 1101 13
0001 0000 ., 1
0001 1101 12
0010 0000 2
0010 1101 15
0011 0000 3
0011 1101 14
0100 0000 4
0100 1101 9
0101 0000 5
0101 1101 8
0110 0000 6
0110 1101 11
0111 0000 7
0111 1101 10

Table 5. FX distribution with I and IU2 transformation

4.1.2.2. Strict Optimal By U and IU2 Transformation
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Lemma8.1. Letfy=(0,1,..,F,—1)and F, <M. Then, forK,,K,
€ fi, K, mod d; = K, mod d; if and only if (K, [+] K dyz [+] K1ds1)
mod d; = (K, [+] K2dy; [+] K2dyy) mod d;, where d,; and dy, are param-

eters of [U2 transformation (i.e., dy; = FM dyp = dy, IF, if F,2 <M, and 0
&

otherwise), and d; is any power of 2 which is greater than 1.
<proof> Given in [KiPr87].

Theorem 8.  When there are only two fields j and k whose F; and F;
are less than the given number of devices M, FX distribution with U(f})
and 1U 2(f,) is perfect optimal.

<proof>  The proof is almost the same as that of Theorem 6, except that
Lemma 8.1 is used instead of Lemma 6.2. @]

4.1.2.3. Strict Optimal By I, U and U2 Transformation

Lemma 9.1. 'When there are only three fields i, j and k whose sizes are
less than the given number of devices M, FX distribution with / (f;), U (f})
and JU 2(f,) is perfect optimal, if either

(1) there exist at least 2 fields p and q such that p,q € {i, j, k} and
F,Fe2Mor

(Q)F,2F;jand F2 <M

<proof>  Itis clear that the first condition given in Lemma 9.1 satisfies
perfect optimality condition by Theorem 1, 3,4, 7 and 8. So, let us con-
sider only the other case, that is, F,F, < M forany pand q, p.q € (i, ], k].
We want to show that second condition given in Lemma 9.1 is sufficient
for perfect optimal distribution. Let d; = M/F; and dy, = M/F, and
dyy =dyy/Fy. Then d;j>F; d;>F, and d; > dy, and
dyy >F; dyy > Fj. Since F\2 <M, dyy > Fyordyy > 1.

(case 1) FiFjFy2M

Let F;F;F, = AM, and let d; = Bd,, and d;, = CF;, where AB,C € N and

d;
AB.C>1. Then F,.dﬁn:AM or F, =A—F—’ =ABdy,. Since d; > F,,
: s
IRDMHUF)=S,uSs, U ... U Spqp. where
So = (0, 1,...,F‘~—])

S; = (id;, idj+1, ..., (I+1)d+Fi-1)

Spl_l = {(Fj—l)dj, (Fl-—l)d,"i'l, ey (F/—l)dj+F;-l]

It is clear that all §;s are disjoint. For such S; as above, S;+c = (idj+c,
idi+1+c, ..., idj+F;~1+c), where 0<c<d, and c € N. (This is defined in
section 4.1.1.3) LetK € f,. By Lemma 5.4 there is exactly one element
of K [+] Kdy; at each interval from 0to d,, with interval size d, ,.
1) 0<K [+]de2 <F"
Since F; = ABd,;, there are AB number of /U2(K) such that
0<K [+]Kd‘2 <F,'.
I-) KmodB=0 or Kd,; modd;=0

Fi-1
For cach JU2(K) within this range, I(£) [+] U(f}) [+] IU2(K) = \ S;
i=0

The equality holds due to Lemma 1.1. (Note that K [+] Kd, [+] Kdy, =

Kdy, [+] (K [+] Kdy,) Let this set be T,,. Since there are A number of

such JU2(K)s within this range, there are A repetitions for each element in

Ty through I(£;) [+] U (f}) [+1 1U 2(K), for all JU 2(K) within this range.
1-2) KmodB=1 or Kdy, mod d; = dy,

fo;‘ each JU2(K) within this range, /(f) [+] Uy +] IU2K) =

\USi +dy;. The equality holds due 1o Lemma 1.1 and Lemma 4.1. (Note
i=0 ’

that dy;<d;.) Let this set be T,. Since there are A number of such
IU2(K) elements within this range, there are A repetitions for each ele-
mentin T,



1-B) KmodB=B-1 or Kd,, mod d; = (B-1)dy,
EOT each JU2(K) within this range, I(f;) [+] U)) 4] IU2K) =
~
EJQS; +(B-1)dy;. Let this set be T,5. There are A repetitions for each
elementin T 5.
2) F;<K [+]Kd,, < 2F;
2-1) KmodB=0

folr each JU2(K) within this range, I(f;) [+] U [+ IU2K) =
-~

\USi +F;. Letthis set be Ty,
i=0 :

in T21 .

There are A repetitions for each element

2-B) KmodB=B-1
folr each JU2(K) within this range, /(f) [+] Uy [+1 IU2K) =

7
gs‘- +(B-1)dy; +F;. (Note that dy; >F;.) Let this set be Typ. There are
i

A repetitions for each element in T 5.

C) (C-1)F; <K [+]Kdy, < CF;
C-1) KmodB=0

For each JU2(K) within this range, I(f) [+] U(f)) [+] IU2(K) =
Fil

USi + (C-1)F;. (Note that CF; = di,.) Let thisset be T¢,. There are A
i=0 .

repetitions for each element in T¢,.

C-B) KmodB=B-1

For each /U2(K) within this range, /(f;) [+] U(f)) [+] IU2X) =

Fr1

USi + B-1)dy; + (C-1)F;. Letthisset be Tcg. There are A repetitions

= ’ i=C,j=8

for each element in Tcg. Now, itis not difficult to see that ) Ty =Zy
i=l,j=1

and any two different Tj;s are disjoint. Since we already show that there

are A repetitions for every element in Zy, it is 3-optimal. 2-optimal come

from Theorem 4,7,8. 0and 1-optimal come from Theorem 1.

(case 2) FiFiFy <M

The proof is similar to thatof case 1. O

Theorem 9. Let L be the set of fields whose sizes are less than the
number of devices M in a given file system.  FX distribution with I, U and
TU2 transformation can be always perfect optimal, if [L1 < 3.

<proof> The result follows from Theorem 1,2, 3,4, 7 and 8 when L = 0,
1,2. When L = 3, let i, j, k be fields whose sizes are less than M and
F;2Fy2F;. Apply I(f;), U(f;) and IU 2(f;) transformation. If F2zM,
then F;F, > M. So, Theorem 9 holds by the first condition in Lemma 9.1.
If F,2 < M, Theorem 9 holds by the second condition of Lemma 9:1. 0O

Example 8. Let f, = {0, 1,2,3), f = (0,1}, f3 = (0, 1) and M = 16.
Table 6 shows the FX distribution with / (f,), U (f) and IU 2(f3).

I(fi) U(fy) IU2(fy) Device No
0000 0000 0000 0
0000 0000 1101 13
0000 1000 0000 8
0000 1000 1101 5
0001 0000 0000 1
0001 0000 1101 12
0001 1000 0000 9
0001 1000 1101 4
0010 0000 0000 2
0010 0000 1101 15
0010 1000 0000 10
0010 1000 1101 7
0011 0000 0000 3
0011 0000 1101 14
0011 1000 0000 11
0011 1000 1101 6

Table 6. FX distribution with I, U and IU2 transformation
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Corollary 9.1 Let g,(f) be the set of fields which are unspecified for
some partial match query q and whose sizes are less than M.  FX distribu-
tion in which I, U or IU2 transformation methods are used, is strict optimal
for partial match query q, if (1) the conditions of Theorem 1 or 2 are
satisfied or (2) 1q.(f)! = 2 and for i, j € q,(f), their transformation
methods are different (refer to the beginning of section 4.1) or (3) there
exist 2 fields ij € ¢,(f) such that F;F;>M and their transformation
methods are different or (4) 1g,(f)! =3 and transformation methods of
these three fields are different and the second conditions of Lemma 9.1 for
these fields are satisfied or (5) when Ig,(f)| >4, there exist 3 fields i, j, k
€ ¢;(f) such that F;F;F, > M and the second. conditions of Lemma 9.1 for
these fields are satisfied.

<proof> This is a direct consequence of Theorem 1,2,3,4,7,8and 9. O

4.2. Summary And Discussions

In section 3 and section 4.1 we determined, through theorems and
corollaries, the class of partial match queries whose qualified buckets are
distributed optimally under FX distribution. The results of FX distribution
are summarized as following :

Let a file consisting of n fields be distributed among M parallel dev-
ices. Let L be the number of fields whose sizes are less than the given
number of devices M. FX distribution can be always perfect optimal,
when L < 3. Let L be greater than or equal to 4. Let g(f) be the set of
fields which are unspecified for partial match query q. Then, FX distribu-
tion is strict optimal for partial match query q, if at least one of the follow-
ing conditions holds. )

(1) lqf)l=0or1 _

(2) there is at least one unspecified field p € ¢(f) such that F, > M.

(3) 14q(f)! =2 and transformation methods of two fields in g(f) are
different.

(4) 1 q(f) 1 =3and either _ .

(a) there are at least two fields p, q € ¢q(f) such that F,F,2M
and transformation methods of two fields p and q are different,
or ’

(b) transformation methods of three fields in g(f) are I, U, IU2
and the size of JU2 transformed field is not less than the size
of U transformed field. ' -

(5) 1'q(f) ! 24 and either

(a) there are at least two fields p, q € g(f) such that F,F, 2 M

and transformation methods of two fields p and q are different,
.or
(b) there are at least three fields i, j, k € q(f) such that

F;F;Fy 2 M and transformation methods of fields i, j and k are
1, U, TU2 and the size of TU2 transformed field is not less than
the size of U transformed field.

Here, IU2 transformation does not apply for the field whose square of the
field size is greater than or equal to M, and in (3), (4)-a and (5)-a U1 and
IU2 combination do not apply. »

When the number of devices and the size of each field are power of
2, the set of partial match queries which are optimal under FX distribution
is a superset of those for Modulo distribution [DuS082].

It is unfortunate that FX Distribution does not always guarantee
strict optimal distribution when the number of fields whose sizes are less
than M, is greater than or equal to 4 in general. In fact, it has been shown
in (Sung87] that when the number of fields whose sizes are less than the
given number of devices, is greater than or equal to 4, there is no method
which always gives perfect optimal distribution. However, even for such



cases FX distribution gives strict optimal distribution for a large class of
partial match queries.

For main memory databases implemented on multiprocessor sys-
tems, bucket distribution and inverse mapping should be fast, where
inverse mapping is a procedure used for each device to find qualified buck-
ets residing in it. This is because cach device has only a subset of total
qualified buckets. If the distribution method is complex, not only it takes
time to distribute buckets, but it also takes more time for inverse mapping.
So, complexity of distribution method should be an important criterion for
main memory database systems. We claim that FX distribution gives fast
response time in main memory databases because the computations for
bucket distribution and inverse mapping is very simple.

5. Performance Comparisons to Other Distribution Methods

In this section we compare FX distribution with Modulo and GDM
method. The performance comparisons are based on the probability of
strict optimality and response time for a given partial match query. In sec-
tion 5.1 the probability of strict optimal distribution for partial match
queries is compared. In section 5.2 we compare the average response time
for FX, Modulo and GDM distribution.

For both section 5.1 and 5.2, it is assumed that the probability of
each field being specified is same for all fields and some field being
specified is independent of each other.

5.1. Probability of Strict Optimality

In this section we show that the probability of strict optimality for
FX distribution is much better than Modulo distribution. Even for the
worst case the decrease of probability of strict optimality for FX distribu-
tion is not much. On the other hand, in Modulo distribution the decrease
is quite large. Since no general method has been given to determine the
existence of parameter values for strict optimal distribution in GDM
method, we compare FX distribution to only Modulo distribution in this
section.

Figure 1 through 4 shows the percentage of strict optimal distribu-
tion for all possible partial match queries in a given file system. In all
these Figures MD denotes Modulo Distribution and FD denotes FX Distri-
bution. Here, results are computed from sufficient conditions given for
each method. Figure 1 and 2 show the case where any two fields p and q
satisfy the condition, F,F, 2 M. The number of fields for Figure 1 and 2
are 6 and 10, respectively. In Figure 1 and 2 FX distribution used I, U and
TU1 transformation methods. :
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Figure 3 and 4 show the percentage of strict optimal distribution
when for any two fields p.q, F,F, <M but for any three fields p,qr
F,F,F,2M. The number of fields for Figure 3 and 4 are 6 and 10, respec-
tively. Here, in FX distribution I, U and IU2 transformation methods are
used.
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5.2. Average Response Time

Definition : For a given partial match query q, r;(¢) is defined as the
number of qualified buckets in device i for a partial match query q. We
call this a response size for device i. Then, a largest response size for a
partial match query q is defined as MAX (r,(q), r2(q), - ry-1(q)).

We will consider two factors for the response time of a partial match
query. They are the largest response size and CPU computation time for
bucket distribution and inverse mapping. In parallel disks environment,
largest response size is the most important factor, while in main memory
databases, CPU computation time is more important.

In scction 5.2.1, comparisons based on the largest response size are
described, and in section 5.2.2, the CPU computation time is discussed.

5.2.1. Largest Response Size

In this section, it is assumed that all parallel devices have the same
characteristics, and the interconnection network topology is symmetric. In
other words, systems are configured such that the data retrieval time for



any device is almost the same. For example, parallel disks connected to
onc shared bus or multiprocessors based on multistage interconnection net-
works are considered to have symmetric network topology. Then, the
response time for a partial match query is determined by the device which
has the largest number of qualified buckets.

Table 7 through 9 show the largest response size of Modulo, GDM
and FX distribution for some typical file system environments. The
number of fields is assumed to be 6 for all these experiments. The first
column denotes the number of unspecified fields. For GDM method, in
order for comparisons to be fair, we used three different sets of multiplica-
tion parameters. These sets are GDM1 : 2, 3,5, 7, 11, 13 and GDM2 : 2,
5, 11,43, 51,57 and GDM3 : 41, 43, 47, 51, 53, 57. The FX distribution
of Table 7 and 8 used I transformation for fields 1 and 4, U transformation
for fields 2 and 5, IU1 transformation for fields 3 and 6. The FX distribu-
tion of Table 9 used IU2 transformation instead of TU1 transformation and
others are the same as in Table 7 and 8. Each entry in the tables is com-
puted by averaging values of largest response sizes from all possible par-
tial match queries for that entry.

Modulo GDM1 GDM2 GDM3 FX Optimal

2 8.0 33 3.6 3.7 32 2.0

3 48.0 18.1 18.9 18.9 16.0 16.0

4 3440 1305 1327 1325 1280 128.0

5 24600 10263 1029.7 10317 10240 1024.0

6 181520 81960 8198.0 82020 8192.0 8192.0
Table7. M=32, Fi=...=F¢=8

Modulo GDM1 GDM2 GDM3 FX Optimal

2 8.0 2.1 22 24 24 1.0

3 48.0 10.2 103 10.6 8.0 8.0

4 344.0 683 . 68.1 61.5 64.0 64.0

5 24600 5205 5170 5173 5120 512.0

6 181520 41140 41020 4102.0 4096.0  4096.0
Table8. M=64, F,=...=F¢=8

Modulo GDM1 GDM2 GDM3 FX  Optimal

2 96 1.7 1.3 14 23 1.0

3 91.2 10.0 5.5 5.6 .51 32

4 911.2 90.3 40.5 422 373 352

5 90760 9095 3973 40867 3840 384.0

6 904040 91760 41440 43130 40960  4096.0

Table 9. M =512, F,=F,=F;=8 and F 4=F s=F¢=16

The tables show that except for first row of table 8 and 9, FX distri-
bution gives smaller largest-response-size than the other methods. FX dis-
tribution is also very close to optimal. It should also be noted that there
may be a set of multiplication parameters by which GDM method can give
better performance than those of GDM1, GDM2 and GDM3. Even
though such a set of parameters may exist, it can only be found by trial and

error method.

5.2.2. CPU Computation Time

In this section we compare CPU computation time for FX and GDM
distribution. If environments are disk based, the computation time is usu-
ally not much significant compared to disk access time. But in main
memory databases CPU computation time is quite significant.

We use optimized instruction codes for comparing CPU computation
time. In GDM method we use AND operation to implement modulo func-
tion. This is possible because the number of devices is assumed to be a
power of 2. In FX distribution, since the multipliers for U, TU1 and TU2
transformation are always power of 2, we can substitute multiplication by

shift operation. Note that we cannot do this in GDM method because mul-
tipliers in GDM method are usually chosen from prime or odd numbers.
Function T, is done by AND operation.
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In MC68000 processor, computation time of FX method takes about
only one third of that of GDM method. (In MC68000, XOR takes 8 cpu
clock cycles, ADD takes 4 clock cycles, AND takes 4 clock cycles, n bit
shift takes 6 + 2n clock cycles. But multiplication takes 70 clock cycles).
In intel 80286/80386 processor the ratios of clock cycles between different
operations are almost similar to those of MC68000.

For main memory databases implemented on MIMD machines FX
method is much faster than GDM method. The computation time for
Modulo distribution is shorter than FX distribution. But as discussed in
previous section, the Modulo distribution is not suitable when a large
number of parallel devices is used.

6. Conclusion

In this paper we present file distribution method called FX distribu-
tion for partial match retrieval type queries. Here, we show several use-

“ful characteristics of exclusive-or operation for optimal data distribution.

We developed four field transformation techniques for those fields whose
sizes are less than the given number of parallel devices. We show that FX
distribution gives strict optimal distribution for a large class of partial
match queries. }

Performance of FX distribution method is compared with those of.
the other distribution methods such as Modulo and GDM in some typical
file systems. We show that FX distribution gives better probability of
strict optimality than Modulo distribution. We also compare the query
response time of FX method with those of others based on the number of
accesses and address computation time. We show that FX distribution
gives better performance than other methods.

However, current FX distribution does not guarantee strict optimal
distribution when the number of parallel devices are quite large and all
field sizes are much smaller than the number of paraliel devices. We are
developing more general transformation functions to achieve optimal data
distribution for much larger class of partial match queries in more general
file systems.
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