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Preface 9

Preface

The Baltic Conference on Databases and Information Systems is a biannual in-
ternational forum for technical discussion among researchers and developers of data-
base and information systems. The objective of the conference 1s to bring together
researchers as well as practitioners and PhD students in the field of computing re-
search that will improve the construction of future information systems. On the other
hand, the conference 1s giving opportunities to developers, users and researchers of
advanced 18 technologies to present their work and to exchange their ideas and at
the same time providing a feedback to database community.

The 6th International Baltic Conference on Databases and Information Systems
(Riga, Latvia, June 6-9, 2004} 1s continuing the series of conferences that have been
held tn Trakai, Lithuania (1994), Tallinn. Estonia (1996, 2002), Riga. Latvia (1998), and
Vilnius. Lithuania (2000).

All the accepted papers were selected by the Program Committee on the basis of
referee reports. Each paper was reviewed by at least three referees who judged the
papers for originality, quality, and consistency with the topics of the conference.

To activate and motivate students the organizers included Doctoral Consortiem
in the program of the conference. This is the first Doctoral Consortium in the Baltic
Conferences on Databases and Information Systemns. In spite of our fears the re-
sponse from the intemational community of students was quite good. Program Com-
mittee was able 1o accept 25 by students (sometimes co-authored by their thesis
advisers) from Estonia, Latvia, Lithuania, Norway and Russia. This allowed us to di-
vide the student talks into two sections. Accordingly. we divided the papers in this
volume of proceedings.

We thank all the contributors {successful and not so successful), the numerous
referees, the members of Program Committee, and. of course, our sponsors. namely,
IEEE Communications Society, Latvian Information Technology and Telecommunica-
tions Association (LITTA), DATI GRUPA. EXIGEN, UNIBANKA. it ALISE,
LATTELEKOM, University of Latvia and VLDB Baltic Fund.

Risind Frevalds
Editor
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A Way Of Constructing Functions With A Low
Polynomial Degree

Aleksandrs Belovs!

Department of Computer Science. University of Latvia,
29 Raina boulevard, Riga, Latvia
sd200067 lanet lv

Abstract. In this paper we infroduce a way of computing Boolean function
polynomial’s coefficients, using a special presentation of them. It helps in
constructing functions with a low polynomial degree,

Keywords. Boolean functions, polynomial degree, decision ees.

1 Introduction

1.1 Zhegalkin polynomial

Let F(x,. ... zn) beaBoolean function. There exists a unique Zhegalkin polynomial
(ot function polynomial) Pr{iq,. ... 2, ) such that
ey ea ... 1) = Pelry ee o, z5) {1

for all possible 2; values.

Boolean function polynomial has several applications in the theoretical computcr
science. We will give an example of its use in the theory of quantum decision trees.

A decision tree is an algorithm for computing F(aq.....2,) that accesses
ri.o.o... r, by asking questions about the values of &;. The complexity of a query
algorithm is the maximum number of questions that it asks. The query algonthm
complexity of a function £ is the minimum complexity of a query algorithm correctly
computing F.

The theory of computation studies vanous models of computation: deterministic.
non-deterministic, probabilistic and quantum {sce [5] on traditional models of compu-
tation and [3] on quantum computation), Similarly, there are query algorithms of all
those types [2].

We will use notation D{ ') for deterministic decision tree complexity of Boolean
function F, and Qg(f) for exact quantum decision tree complexity (See [2] for
definitions). Function exact degree deg{ F'} is the degree of polynomial Pr defined
in(1).

It has been proved, that D(F) > deg(F) and Qp (#) > 228240 (The complexity
of other types of query algorithms is similarly related to other notions of polynomial
degree which are not considered in this paper.) Considering both of this incqualities
onc can sce that in constructing Boolean functions that have an advantage in quantum
computing, comparing to the deterministic one. functions such that deg(F) < D{F')
scem interesting. But there are few functions satisfying this inequality.

!Research supported by_Grant No.01.0334 from the Latvian Council of Science and by the
European Comrussion, Contract IST-1999-11234 (QAIP).
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1.2 Sensitivity

Let # be a Boolcan function. Sensitivity of function £ on jnput (#). 29, ... &, ) 152
number of 1 < 1 < » such that

e

A T R i A ST L— g, .2y

Sensitivity of function (") 15 defined as a maximum of sensitivities over all possible
inputs. It has been proved in [2]. that D(F) > s(#'). This fact we will use in this
article.

2 Main Result

2.1 Function presentation

There are different ways of presenting Boolean functions. One we will mostly use in

this article is following. We will fix an n-element set {" = {1,2,....n}, and present

a set of functions 7' C {{0}. {1}.{0.1}}¥. For each function t € T we will define a

set of sequences 7(t) =[], 1(7). Alse we will use notation =(T') = |, . m{?).
Then function F will be defined as y(7(17)), that is:

. L] Lif(e, L ap) e w(T) .
Plaze o) = { 0.1n all other cases ) 2)

We will write this presentation in a form of a table, where rows correspond to the
functions, columns to the set {7 elements, and their intersections to the function values,
using *-* for {0. 1}.

Example An cxample of a function:

00 0 1 - — —
- 00 0 1 - -
- -0 0 0 1 -
Fri — — — 0 0 0 1 (3)
1 — — — 0 0 0
0 1 - - — 0 0
00 1 - -~ — 0

This presentation is rather useful. because, in a case. when a number of functions
is rather small, firstly. it is easy to compuic a value of the function. sccondly, as we will
show, it is easy to calculate one specified polynomial’s coefficient. without calculating
the whole polynomial, if the function set complies with a condition:

Condition of po intersection
Yty da €Tl F )= (Fre U A1 N tali) = 6. {4)

[n the table this means that for cach two rows there exists a column. such that in
its intersections with both rows there stand "17 and *0° (in any order).
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Lemma Ifasetof functions 7T satisfies condition of nointersection, than ¥# ;. 1+ €

T F )= (7)) Nw(ta) = 8).

Definition We will say, that function F is presented using a set of functions 7',
if there exist such {7, that 7" and F satisfy (2) and moreover is fulfilled condition of no
intersection (4).

Definition If ¢ € T, than we will use notation: Z{¢) = t~1{{0}) and O(1) =
) |
2.2 Theorem 1

If Boolean function F is presented using a set of functions 7', than coefficient in Pp
{polynomial. defined in (1)) at the [T, ¢ .. where 5 C (7, is equal to ) 7 .4 w(1, 5).

where . ‘
W [ (=DIeWE O C 5 C O U Z()
v(t,5) = ) -
{) . 1n all other cases

Proof If & C U, than by f(5) we will understand F (. 9. ... 2y}, where
2; = 1ifand only if ¢ € G' Notation vl S’j we will use for a coefficient in Pp at
the [], ¢ #:. Obviously. f = > ey #(£). Using the method of inclusion and
cxclusnon (See, for example [6]) {2)and Lemma, we have

) = Z (,1)\5\R|f(R) - Z I"\Rl - Z Z \S\R\

RCS RCSOw(T) teT RCSNw(t)

IfO(t) € 5, we have SNw(f) = 0. Else

RCSn=(r)

where d stands for the Dirac function. Here we use a well-known formula from
combinatorics: 3, 5 (—1)1" = lBl

Summing it all up, we have the requ1red.

As a usage of this theorem we will prove

2.3 Theorem 2

If Boolean function £ 1s presented using a set of functions T'. than

deg({f") < max|O) U Z{t)].
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3 Some Examples And Future Work

So. one can see that for a specified in (3) function F57, deg(f%) < 4. In fact it
is equal to 4, what can be checked, calculating a coefficient at the z 74034, But
on the other side, when all z; is equal fo 0, sensitivity is 7. s0 D{If7) = 7. Ina
same way It Is possible to construct a function Fo, ¢y withdeg(Fy, 41) = n + 1 and
D{Fo 1) =2n+ L.

This example s the best one that can be achieved. using only techmiques of
sensitivity and Theorem 2. So, constructing functions with a larger gap between D(F')
and deg (). i1 18 necessary to use Theorem 1 more carcefully or to use other estimates
of [{ £'), because a question of casy [J(F') computing for a wide class of functions is
still open.

Let us illustrate the said with two examples.

31 Examplel

6o ¢ 0 0 1 - - -
o o 0 -0 1 - = =
o ¢ 0o 1 - 0 - —
111 1 - = - -
1 r 1 -9 1 - - -
i1 1 1 - 0 - - -
- - — 0 0 0 0 1 -
- - — 0 0 9 - 0 1
- - -0 0 0 1 -0
- -1 1 1 0 1 =
- - -1 11 - 0 1
- - -1 1 L 1 - 0
g1 -— = = = 0 0 0
- 0 1 - - =0 0 0
1 - 0 - — = 0 0 O
o1 - — — = 1 1 1
- 01 - = =111
1 -0 - - -1 1 1

This function has sensitivity 9 (when all x; = 0). So £2(F) = 9. There is no row,
such that summary number of *0” and *17 in it is larger than 3. But it is easy to check,
that for every set of 5 columns there is 2 possibilities:

& There is no row. such that on its intersections with selected columns there 15 no

e There arc exactly 2 such rows. and a number of “17 in one of them is 1, and in
another onc 4.

Using theorem 1, we can see, that deg(F) < 4. In fact deg{F) = 4.
Note. that the rows with only one ‘17 in them present a function with sensitivity 9
and polynomiual degree 5.
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3.2 Example2

An improved version of F&.

00 o0 1 — — — 0
- 0 0 0 1 — -0
- — 0 0 U 1 — 0
- — — 0 0 0 1 9
1 — — — 0 0 0 9D
0 1 — — — 0 0 0
0 0 1 — — — 0 0
L1 0 - - — 1
-1 1 1 0 - -1
- — 1 1 1 0 = 1
- - -1 1 1 0 1
G — — — 1 1 1 1
1 0 - — — 1 11
1 1 0 - — — 1 1

In a same way, 1t has been done in example 1. one can check that deg (F) = 4.

If a deterministic decision tree asks a value of one of x|, ... r7, we answer "0,
while there are still somce unknown r; from this set. If the decision tree asks rg,
we answer “(°. and reduce to the case ot [7-. If it asks a valuc of the last , from
Lo ry, we answer '1°, So D(F) = 8.

3.3 Resume

The technique, introduced in this article, makes it possible the use of standard combi-
natorics in constructing functions with a low polynomial degree.

It helps to construct a large class of such functions, among them there can be one
with a small @z (F). It is possible. that with some additional conditions, one will be
able to guarantee small & { F).

Itis interesting to construct functions with a larger gap betweendeg (£ and D).
than those. that are known. Generalization of theorem 2 or another way of presenting
Boolean functions can be helpful in this question.
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Quantum lower bounds for the set equality
problems

Gatls Midrijanis

[University of Latvia.
249 Raina boulevard. Riga. Latvia
gatis@zzdats.]v

Abstract

The set equality problem is to decide whether two sets 4 and B
are equal or disjeint. under the promise that one of these is the casc.
Some other problems, like the Graph Isomorphism problem. is solvable
by reduciion to the set equality problem. It was an open problem to find
any w{1) query lower bound when sets A and B are given by quantum
oracles with functions ul?_nd b.

We will prove Sl(m
when the set of the preimages are very small for every element in A and

B.

) lower bound for the set equality problem

1 Introduction, Motivation and Results

The Shor's integer factoring quantum algorithm provides exponential speed-
up over the best known classical algorithm, This motivates to search other
quantum algorithms with great speed-up. However. proving quantum lower
bounds for such problems is not trivial. for example. proving the exponential
quantum lower bound for NP-Complete problems will imply P # NP,

Oune of the problems quantum comnputer could have an exponential speed-up
over classical computer is the Graph lsomorplisi problem. One wav to attack
this problemn could be by the reduction wo the set equality problem. Notice
the sets of all permutations over vertexes for given graphs. If these sets are
cqual. then there is an isomorphism between the graphs, but if there is not
isomorphism between graphs. then these sets are strictly disjoint.

Denote the set {1.2.....n} by ).

Definition 1 Let a : [#] — m] and b : In] — [m!| be o functions. Let A he
a set of all a's images A = Ja{1).a(2), ....a(n)} and B = {b(1).b(2). ...b6(n)}.
There 1s a promise that either A= B or ANDB = (.

Cull the general sct equality problomn to distinguish these two cases.

Finding quantum query lower bouud for general set equality problem was
posed an open preblem by Shifl12].
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We will show that Ambainis’ 2] adversary method Lmply (/) lower
bound for the general set equality problemn. The proof uses the possibility to
have many preimages for some image. However. graph theorists think that the
Graph Isomorphism problem, when graplis are promised not to be cqual with
themselves by any nonidentical permutation. still is very complex task. Now
redluction lead us to the set equality where a and b are one-to-one functions.

Definition 2 Cull the genera[ set equality problem to be a one-to-one set
equality problem if ali #a(y } and b{(i) #£ b(j) for alli £ 3.

The proot that worked for the general set equality problem does not work
for one-to-one set equality problem. because it uses that fact that there can be
very many preimages for any element of the sets. However, we will prove lower
bound for a problem bhetween these problems.

Definition 3 Call the general set equality problem to be o f{n) set equality
p"r‘uh:’em if la=Hz) = O(f(1) and b~V (x)| = Q(f(n) for all images v &
a([n]} S b{in]) and for some function f.

We will prove D(b’;:%!n) lower hound for the log{n) set equality problem.

The first result for lower bounds of the set equality like problem was done
hy Aaronson [I". He showed Q(n'/") lower bound for so called set comparison
problent: to decide whether two sets are equal or disjoint on a constant fraction
of elements. He also assumed that both @ and & are one-to-one functions. In
this paper, we will study lower bound of problem when these sets 4 and B are
strictly disjoint or equal. however a and b is not a one-to-one.

2 Preliminaries

2.1 Quantum Query algorithms

The most popular model of quantum computing is a query {(oracle) model where
the input is given by a black box. For more details. see a survey by Ambainis "3
or textbook by Gruska 8] In this paper we are able to skip them because our
proof will be built on reduction to solved problems.

One of the most amazing quantwn algorithms is a Grover’s search algo-
rithni. It shows how a given 7 € {0.1}.22 € {0.1}. ...z, € {0.1} 1o find the
i that .y = 1 with O{y/n) queries.

This algorithm can be generalized to so called amplitude amplification [7].
Using amplitude amplification cne can make good quantum algorithms for
many problems till the quadratic speed-up over classical algorithms.

By straightforward use of amplitude amplification we get a quantum algo-
rithm with O(y/n) queries for the general set equality problem and a quantum
algorithm with O(n'/?) queries for the one-to-one set equality problen.
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2.2  Quantum query lower bounds

There arc two main approaches to get good guantun lower bounds. The first
is Ambainis’ [2] quantum adversary method. The other is lower bound by
polynomials introduced by Beals et al. 5] and subsiantially generalized by
Aaronson 1] and Shi 1121 Although explicitly we will use only Ambainis’
method. main result we will get by a reduction to prablem, solved by polyno-
mials® method.

The basic idea of adversary method is that. if we can construet relation
R ¢ 4 x B. where A and B consisting of 0-instances and 1-instances and there
is a lot of wavs how to get from an Instance in A to an instance in B that is
in the relation and back by flipping various variables, then querv complexity
must be high.

Theorem 1 f2f Let f(xy.....xy). be a function of n {0. 1}-valued variables
and X.Y bhe two sets of inputs such that f(x) # fly) if e e X andy e Y. Let
RCX =Y be such that

o Foreveryx € X, there exist al least e different y € Y such that _(a', y) <
R.

s Foreveryy € Y, there enist at least i’ different v € X such that (x.y) €
R.

o For everyz £ X and i € {1....n}. there are at most [ different y € Y
such that {(z.y) € R and 2; # y;.

e For everyy € Y oand i € {1.....n}. there are at most ' differecnt £ € X
such that (xr.y) € R and x; # y;.

Then. any guantum algorithm computing [ uses € ”HT") queries.

2.3 'The collision problem

Finding w{l)} quantum lower bound for the collision problem was an open
problemn since 1997, Tu 2001 Scott Aaronson 1] solved it showing polynomial
lower bound. Later his result was improved by Yaoyun Shi [12. Newly Shi's
resull was extended by Sanmel Kutin [107 and by Andris Ambainis [] in another
directions.
Below is exact formulation of collision problem duc to Shi'l2.

Definition 4 Let n > 0 and r > 2 be wntegers with rln. and let a function of
domeain size n be given as en orvacle with the promuse that it is either one-fo-one

or r-to-one. Cull the r-ta-one colliston problen the problem to distinguishing
these tuno cases.

Shi 12] showed quantum lower bound for r-to-oue collision problen:.

Theorem 2 1.2/ Any error-bounded quantum elgorithn to solee i-to-one col-
lision must evaluate the function {(n/r)V3) times.
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3 Results

3.1 Lower bound for the general set equality problem

Theorem 3 Any quantum elgorithm whick solves the general sct equality prob-
e tnakes (/) queries.

Proof. Simple use of Ambainis’ Theorem 1. Since Ambainis’ Theorem | deals
with boaolean functions, we will modify any quantuin algorithim that solves the
general set equality problem to an algorithm.-that computes boolean function.

We will prove this theovem even in a restricted case, when functions returns
ouly two values, let say 0 and 1. S0 we have a problewn, given two functions
w:n— {01} and b n — {0.1} answer either the sets A = {a{1).....aln)}
and B = {b(1)....,b(n)} are equal or disjoin under the promise that one of this
is the case.

Let f:2n+~:{0.1} be a partially defined function. .

f(a(l)_a(z)....,_a(n).bm.b(-z)....,b(u)).:{ lll i‘; j;g_ o

It is easy to sece. that if we can solve a general set equality problem, we can
compute this function with constant slowdown, too.
Let construct the relation R from Ambainis’ Theorein 1 as follows:

B = {(0"1", 0'10" == 11t01" =1y . 0 < 4 < n).

One can check that R is well defined and m = n, ' =1,/ — 1 and I — 1.
Thus any quantum algorithm computing f uses Q{/n) queries. O

3.2 Lower bound for the log(n) set equality problem
Now we will prove the main result in this paper.

Theorem 4 Any error-bounded quantum algorithm which solves the log(n) set
n!
logh ¥ n

equality problem makes (3 } quertes.

Proof:

To prove Theorem 4 we will reduce r-tg-one collision problem to the log{n)
set equality problemn. We are given function f : [r] — m]. under prouiise to
be either r-to-one or one-to-one and r = [logn! and rn. We randowmly choose
two sets 4 and B such that |A|=[B]|=n/2and AUDB = [sn)and AN B =0,
Denote A" = f(A) and B = f(B). Tf is obviously that if f is one-to-one then
AnD =0

If f is r-to-one then the situation is more complicate. Tn the next subsection
we will prove that with big probability holds that A" and B’s includes all images
of f. thus A" = B’ = f([n]).

Let the functions @ and & froin Theoremn 4 be the same as f but domain for
a 1s 4 and domain for b is B.
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Denote the set of all preimages of x in the set A by f~ () = fF )N A
Since f"l( )| = 7 for every = £ f{[n]}, it is clear that also ja™ ! {x)| = Oflog n)
and |67z} = Ologn) for every x € f(|n]).

So tuth constant probability we get the log(n) set equality problem with
dormain size n/2. Now Thecrem 2 implies Theorem 4. D

3.3 Reduction

Lemma 1 From all possible divisions of a set [n| into two equal sized parts 4
and B such that AND = Q. only few of them are such that for some v < f([n])
there is no preimage either in A or B.

Proof:
Total count of all (possibly uniform) divisions are

7!

(n/2Y(n/2)

Total count of such divisions is at most the count of itnages {n/r) multiplied
by count of divisions where one fixed @ € f{|n]}) has no preimage cither in 4
or B.

Assumme that all preimages of o 1sin AL thus B has not any of themn. Number
of ways how we can choose residual elements is

nf{2
C'IE ' B

Cn,-‘!—l‘ _ (” - T)'
T (02 — )

Analysis of an opposite assuinption is similar. so probability to choose division
which is bad on z is

nf2—r

acht ! C2n = ) n/2)H(n/2) 200 /2){(n/2 — Nin/2-2)..(n/2—r+1)
crl? T m/2 - n/2¥mt nn—-1ln=-2..(n—-r+1) B
_ n/2 —1nf2— ‘2“.‘11/‘2 —-r 4] < (1),,_1.
n—-1 n-2 n—r+1 72
So probability to choose bad division for any = £ f([»'} is at most
1., 41 2n
(5) o 2ry
Since » = [log |
2n 2
2y log 1]

which is small for large .
i
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4 Conclusion

Finding lower bound for the set equality problem is one of the maost. challenging
today’s task in theory of quantum queryv lower bounds. We have solved this
problem partially. One can argie that to solve the set equality problem can be
easier when functions are promised to be with a small range of preimages for all
imuages. Our paper shows that the difference between the generil set equality

prablemn and the logn set equality problem is very small, respectively (/)
. 144 . P
and Q(m). This-enforce opinion that quantum comnputer probably cannot

solve the one-to-one set equality problem with only polvlogarithmic number of
questions.
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Péteris Ledins, Rihards Opmanis?

Department of Computer Science, University of Latvia,
29 Raina beulevard. Riga. Latvia
ledinsi@ latet. Iv. rixixf@navigators.lv

Abstract. Boolean functions of high deterministic query complexity and low
degree of representing polynomial have different applications intheoretical com-
puter science, yet not many are known with such propertics. We analyze some
previously known and construct several new functions with such properties.
Keywords. Boolean functions, polynomial degree, decision trees.

1. Introduction

Boolean functions being quite simple in definition as returning results from {e. 5}" to
{a,h}. where @ # b can be chosen. are a subject to carcful investigation as they can
be used in proving different characteristics of different computational models.

For example, Boolean functions can be used to prove different results considering
guantum decision tree complexity. If we use deg(f) as the degree of multilinear
polynomial representing Boolean function f. and D(f) as the deterministic decision
tree complexity of f then we have D(f) > deg(f) [1]. For exact quantum decision
tree complexity there exists a result Qg (f) = % [6].

For use in quantum computing the challange is to find a function with high D{f)
and low deg( f), that could give some advantages in proving bound-related problems,

2. Notation

Asnoted before we will use D( f), but it is easier to determine the maximum sensitivity

of a Boolean function - s{ f). Sensitivity of f oninput {iry. 2. ... ., ) is the number
of of variables z; with property that f{xy.aa.... .. Lyeonns Iad #F e, o 1 —
'{-z Sy '2:?1 )

It has been proved that s(f) < D{f) [2]. So, if we know s(f) then we know that
D{f) is at least the same.

To describe Boolean functions we use a description in form of tables with each
row for different type of input and each column for each variable. Each cell contains

"1","0" or "—"in each cell. A table is constructed to show all possible inputs giving
cither 1 or U as the result of function. 0" or "1" in ith column symbolizes that input
defined by the row must have z, = U or.r; = L resp. while "—" means that the value

of 7, is not significant for the input.

! Research supported by Grant No.01.0354 from the Latvian Council of Scicnce and by the
European Commission, Contract IST-1999-11234 (QAIP).
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3. Existing results
Currently there are several functions providing D{ f) > deg(f} that are used to create
(e.g. iterations and other various operations) others,

1. Function fi{x;..rs.£4) bemng 0 1ff all vanables are equal [1]. D{f1) = 3,
deg{fi) =2

2. Function fy(2) that equals 1 #ff r = 7y z.7yr equals 0011, 0100, 0101, 0111,
1000, 1010, 1011, or 1100 with deg( f2) = 2and D(f2) = 3 [3].

3. Function f3(ry,29.23.74. 75, 76) with deg(fy} = 3 and Di{f3) = 6 hy
Kushilevitz. cited by [4]. fz equals 0 when sum of »; equals 0, 4 or 5 or 3

and one of the following is true: z; = zp = 73 = 1, 22 = 13 = 7y 1,
Ty = &Ly = X5 = 1, y = I3 = X1 = 1, Iy = Iy = a2 — 1,
Ty = 13 = 35 = 1,11 = T3 = g = 1, 30 = x4 = 5 = 1,

Ty — a5 =g = 1,3 = x5 = 1s = 1. Otherwise the value is 1.

4. Function fy(ry. @2, 23,74, T5, Te. 27) with D{f} = 7 and degi f) = 1 from
[5]. The value of function i1s 1 iff input 1s defined in Table 1.

ry | o | x3 | Ly | Ts | g | 7

T~ 11l =]o0o =109
-l =]lo| =001
~lol1loj0 ) =|-=
ol -lolo|-71]-
1 0 0 — — 0
olol - | —-|1Li0]-
0| - 110010

Table 1: Function f; from [5]

4. Construction of Boolean functions

In our search for Boolean functions of specified qualitics we use the previously men-
tioned way of description and analyze regularities. For example. some kind of regu-
larities can be seen in Table 1.

4.1. Hadamard matrices

A Hadamard matnix is a squarc matrix containing only ls and —1s such that when
any two columns or rows are placed side by side. half the adjacent cells are the same
stgn and half the other (excepting from the count an L-shaped "half-frame” bordering
the matrix on two sides which is composed entircly of 1s) [7]. It is easy to see that
one can change the order of columns and rows, still keeping the property of Hadamard
matrices.

We use Hadamard matrix of order 8 from [8] shown 1n Table 2.
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l 1 1 ] i 1 1 1
-1 -1 -1 1 -1 1 1 1
1
1

-1 1 -1 -1 i -1 1
-1 1 1 -1 -1 1 -1
-1 1 1 1 -1 -1 1 -1
-1 -1 1 1 1 1 -l 1
-1 1 -1 1 1 1 -1 -1
-1] -1 1 -1 1 1 1 -1

Table 2: Hadamard matrix had.8.1 from [8]

4.2, Analysis of f;

Table 1 can be constructed easily from Table 2 - first column and first row are to be
removed. matrix has to be read from the fght side. —1s replaced with s and 15 with
"~ " signs (as in Table 3). After that we only have to insert Ls in appropriate positions.

& I Fa ] I's aFg Xr
- =T=]0oT =700
—l—lol-]olo]|-
oy —]olo]-|-
ol -|olo|-|-]-
— ool —-|-]-1o
ool - -1-]0]|-
0 ~ o] -1lo

Table 3: Buildig function f,
First we want the definition of function to satisfy the following property:

Property 1 (Rihard’s property) If there erists 1 in cell (1. j) and 1 in cell
(k1) then exactly ome cell from {( D), (A j)} must hold 0 and cractly one -

This property is a way to:
1. Allow cach input be defined with exactly one row

2. Have some kind of minimal distance between each two rows, thus having a smal
amount of 15 and Us used 1o the definition.

As one can see the definition of f, satisfies Property 1. Of course. there are several
ways to put the 1s in the matrix of a function. A very regular way 1s moving the first
row of Table 3 to the bottom and putting 15 on the diagonal as in Table 4.
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¥, da | oz | Ty s | g | X7
- - 0 - 0 0 1
- 0 — 0 0 1 -
0 — D 1 - -
- 0 1] 1 - - 0
0 0 1 - - 0 —
0 1 — — 0 - 0
1 - - (} — 0 0

Table 4: Function f;

Lemma 1 s{(f;) =7

Lemma | is provided by sensitivity on zero input.
Theorem 1 D{f;) =7

Theorem 3 straight from Lemma 1.
Theorem 2 degi fs) = 4

Theorem 2 is proved by construction.
The number of members of the representing polynomial for f5 is the same as for
f1and equals 56 that shows how similar both the functions are.

4.3, More Boolean functions

Using the method showed previously we construct two other Boolean functions with
similar properties representing the inputs giving 1 as result in Table 5 and Table 6. 1t
must be reminded that f5 is the same function as fi.

Table 3: Function f,

Theorem 3 D(f7) = 11. deg(f;) =6

Deterministic query complexily comes from sensitivily and degree 15 found by
construction.

Using the same method we can construci Boolean functions for other numbers of
variables - 19. 23, 31, 43, 47 - using Hadamard matrices available from [8]. However,
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Iy | ¥z 3 | Ty | X3 | X | o Ly | Lo | L1000 T
60| —-10 0 ol -1-1-=10 —~ 1
- (0|0 of—-—1—--(0]- 1 0
( 0 0 - =1 - 0 - 1 0 —
0] 0 -l =] =10 =11 0 — 0
0 - =0l =11 0| - 0 0
-l =] = 0 — 1 {0 - 0 0 0
- | -] 0 - 1 0 - 0 0 0 -
-1 0 - 1 0| -0 0| o - -
0| - 1 0 - ¢ 0 0| - - -
- |1 0 ] 0 I I — 0
1 — 0 i} 0 e B {}

Table 6: Function f-

we have not constructed polynomials to find the degree of theese matrices, but still we
can do some estimates using the method described in [9]. That gives the degree of
representing polynomial deg(f) = % for these functions.

5. Future work

The new functions found do have characteristics demanded. but still for these functions
deg(f) > 5. when D(f) = n. where n - the number of variables. A result needed
is some function f; with deg(f) < 75 that could possibly give some quantum gquery
algorithm that had better advantages against classical counterpart than any now known.

Besides that Hadamard matrices and the likes could provide with interesting
Boolean functions and thus need deeper investigation.

References

[17 N. Nisan and M. Szegedy, On the degree of Boolean functions as real polynomials Com-
putational Complexity. 4(4). pp. 301-313, 1994, Earlier version in STOC92.

[2]1 H. Buhrman and R. de Wolf. Complexity Measurcs and Decision Tree Complexity: A
Survey. In Theoretical Computer Science. 288:21-43. 2002.

{3] A. Ambainis. Polynomial degree vs. quantum guery complexity. Proceedings of
FOCSS2003, pages 230-239

[4] N.Nisan and A. Wigderson, On rank vs. communication complexity, Proc. of FOC$594,
pp. 841-836, 1994,

[5] A. Ambainis, R. M. Freivalds, Boolean function with a low polynomial degree. Proceedings
of the Latvian Academy of Sciences, vol. 57, 2003, pages 74-77.

[6] R. Beals. H. Buhman, R, Cleve, M. Mosca, R. de Wolf. Quantum lower bounds by
polynomials. Jownal of ACM. 48: 778-797. 2001.

[77 E. W, Weisstein. Hadamard Matrix From MathWorld - A Wolfram Web Resourcc.
http:/ mathworld. wolfram.com/HadamardMatrix. html


http://wolfram.com/HadamardMatrix

30 DATABASES AND INFORMATION SYSTEMS

[8] N.I A.Sloane. A Library of Hadamard Matrices,
http://www.research.att.com/ " njas/hadamard/
[9] A. Belovs, A Way Of Constructing Functions With A Low Polynomiai Degree, 2004


http://www

SCIENTIFIC PAPERS UNIVERSITY OF LATVIA. 2004. VOLUME 673. Datbases and Informarion Systems
31.-39 P

Constructing Boolean functions with a low polynomial
degree.

Raitis Ozois’

University of Latvia, Faculty ot Physics and Mathematics
Raipa bulvaris 2%. Riga, Latvija, LV - 1459
sm01022]lanet.lv

il el

Abstract. Because of development in quantwm ¢omputing and other issues of
theoretical computer science. there is a necessity for Boolean functions with a
low pelynomial degree, but high deterministic complexity. For such functions
il is highly probable that quantum algoritms can compute themn more quickly
than deterministic algorithms. Yet only a few such functions are known. [t is
also known that we can derive functions with a greater number of variables
from any such tunctions by doing simple iterations. These derived functions
also have a low polinomial degrec and high deterministic complexity.

In this paper we will show a technigue for constructing such functions for a
small nunber of variables and more complex iterations for constructing
tunctions with higher nurnber of variables.

Keywords, Boolean functions. low polynomial degree.
1. Introduction.

Boolean function 1s function fix); x3; ...; x,): 40; 117 —4{0; 1}. Decision tree of
this function is algorithm, which asks values of variables x;, and according to the
responses calculates the value of function f. Complexity of this decision tree is the
maximal number of questions that the algorithm has to ask. Complexity of decision
tree of function f or deterministic complexity is the smallest complexity of decision
iree which correctly calculates function f In this paper we will denote the
deterministic complexity of function /by D(/).

For every Boolean function /= flx); x-; ...; x,)) there 15 a polynom p{x); x1; ...
x,) such that for all x;={0; 1} p{x): x+; ...; x,) = fx;; xa1 .0 xp). This polynom which
represents a Boolean function, 1s uque and its degree is also the degree of the
function. We will denoie the degree with deg(/). It is known that for every Boolean
function f degl(f) < D{f). Also it is easy to understand that D(f) < » is always true.
where n 1s the number of variables of function f (because if we know values of all
variables of function we can always to compute the value of function ).

In this paper the set of all Boolean functions which have » variables,
deterministic complexity is m and degree of corresponding polynonual is £, will be
denoted with Bk, m; m. Its easy to see that k < m < n. Of course. we consider

" Research supported by Grant No.01.0354 from the Latvian Council of Science and
by the European Commission, Contract IST-1999-11234 (QAIP)
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functions with non fictive variables. Further we focus on functions which have m =
n, those are B¢k; n; ny type functions.
Currenily there are some such functions /' known, have D(f)>deg(/:

1. The function fix;; x3; x5) < B¢2; 3; 3. Proposed by
Nisan and Szegedy (1994).

2. The function fx,; x5; 435 x4) € B@2; 3. 4. Proposed by
Ambainis {(2003). See [2].

3. The function flx;; x3; x3; X4 Xs; Xe) e B(3; 6 6.
Proposed by Kushilevitz {(unpublished result quoted in
Nisan and Widgerson (1995)).

4. The function flxy; x3; x3; X5 X355 % X7) e Bedy 7; D
Proposed by Ambainis and Freivalds {2003). See [1].

Remark, Construction of 3rd and 4th function related to block designs.
2. Constructing of new function /' ¢ B(4; 7; 7).

Now let us show how to construct function fi(x; X321 x50 x4i x50 %63 X7) e B4 7,
7y. Later we will see that this function is different from the function proposed by
Ambainis and Freivalds in [1].

Construction. Let us wnite variables xq, x5, ..., x; where x; ¢ {0; 1} {Figure
1) in a circle and consider them as graph vertices. Let us compare variables x, and

x;. If xy = x; then we connect them with a continuous line — . If X, »# X, then

we connect them with dashed line - - - . After that we compare x; and x; and again
comnnect them with the appropriate line. We continue util we get variables x; and x;
which we again connect. This 1s the way how we get closed cyclic graph with
“coloured” edges (I'igure 2). Edges which are drawn with dashed lines let us call
*differences”. Now we show that number of differences will always be an even
number. Sum of (xy - x) + (- x3) — ..o+ (X% — X7} T (x; —x;) =0 is an even
nuwmber, edges which have equal numbers in their endings correspond to difference
0, but edges which have different numbers in their endings correspond to diference

X4 X4
- .
x3 . . XS x3 “_..... \ -XS
X2 ® * X6 X2 @, A
® Y -—c
X X7 X] A7
Figure 1 Figure 2
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which is odd number. Therefore the sum of some odd numbers, number of which is
equal to the number of differences, will be an even number. Thercfore the number of
threse odd numbers and also the number of diferences can only be an even numnber.
Even numbers which are not greater than 7 are 0, 2, 4 and 6. therefore the number of
differences can only be 0, 2, 4 or 6. It can be verified that the number of differences
can take any of those values, therefore none of them can be discarded.

Further it is easy to understand that the number of differences in the graph we
can expressed by a function

o= - )+ (= x3) " + (g — X+ (= x)

Therefore for all xy, xa, .., x: 9 € {0, 2, 4. 6‘ From here -3 ¢ { - 3‘
and (p — Y e {915 1; 9} {p—3¥-1¢c {8 0;0;8} and fo = ({ - 35 —1)/86
0; 0; 1}. Obviously, the derived function fo = folx; x50 ...x7) 15 2 Boolean ﬁmctlon
because all of its variables x, & 10; 11 fo e 0 l} Now let us show that deg(fn) 4

¢=I|2—lexg+,\’2 )ﬁ —ZXwij \'3 'T'..._.X‘;- *7X7X}+3C] =
= 2(X] +x+ )ﬂ) *2(1‘],\3 +ary L. *X?X]),
therefore deglyp) = 2. Expression (g — 3) contains all the elements of the set squared:
A= {2xy; Ixa: o 207, — 24 — 2x0xa; L — 20— 3

the degree of it will be 1 or 2 because x;° = x,. Also the expression (p— 3)° contains
products of any two distinet elements of set 4 doubled, which forms set B = {8xxs;
8x3x3; .5 8xox); Bxpoxany; ete ). Set B contains monomials of degree 4, for example.
8xy02x3%4, but no monomial has a degree higher than 4. (, - 3" is the sum of such
monomials therefore deg{(y — 3)"} = 4. Therefore also
deg(fy) = deg(((p— 3Y - 1)/8) = 4.
Now let us clanfy the value of D(fy). As a result from the above, we see that

s O ifd=2ord=4
*T1 ifd=0ord=6

{d is the number of differences).

If we know any 6 values of the vanables and they all are equal then we can
not calculate the value of f,. Really, if the 7th variable is equal to other é variables
then & = 0 and f; — 1, but if the variable is different then & = 2 and f, = 0. Therefore
D{fy) > 6 and D(fy) — 7. Therefore also fy = B(4; 7: 7).

In [1] Ambainis & Freivalds proposed furction /' ¢ B(4: 7, 7y, which we
denote with ;. Let us show that functions f; and f,; are different.
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7 Author’'s function Ambainis & Freivalds function
X; Jo=folxiixg; o x9) e = Fadons x0  x9)
0 fo=1 fi,=0
! f,=0 = |
2 fU =0 j:rF =1
3 fo=0orf=1 fir=0o0rfie=1
4 fhi=0orfi=1 fir=0o0rfp=1
L 5 ﬁ] =0 _f:!;-' =0
5 fO ={ f;;;r =0
7 =1 fur=0
Table 1
.

From Table | we see that f £ f,, because if the sum in is 0, 1 or2,

then

Jobrisxn i xa) £ Xy L as)

7

Also we see that f, =1 f,. = f, because if sum in is 5 or 6, then fy =

fap. Also we notc that for all x;
Jo(x X500 = fo(R5 X505 X, ), but
Far (X003 2 fLp(R0%5.0 %) (X =1-x)
From here we conclude that set B¢4; 7, 7) contains at least two functions.

3. Graph - polynomial method.

Now reconsider how we got the function f;. Obviously the technique written
above can be generalize, creating an algorithm for constructing functions f{x; xa: ...;
X3):

1. Let us take any Boolean function A{x:; y) with two variables
which has no fictive variables (for example, in case of function f, we
consider function A(x; p) = (x — v}’ = x + 3 — 2vp).

2. Let us construct some graph & with # vertices. For each vertice
we assign a variable x;. Afier then for each graph edge {x; x;) we
calculate A(x,; x;} and the sum for all edges. Then we get a function
L ESHE S

Q;.(x.;xj; LX) = h(xj;x,.),
1<1Tsn

fa,x, 00

where (x; x;} ¢ G means that the graph G contains an edge (x,: x;).
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3. Now we clarify what values can the function , assume
depending from the variables. Then we establish that for all x; kX 15 X2,
ox)eA whered={asay .. at, a4 e N U0}

4. Let us construct such polynom P = P(¥) that for v y « 4 P(17)
e 10: 1}. We will try to minimalize the degree of the polynom.

5. Let us consider function flx): x2; ...; x,) = P(¢(x|; X1, ... X))
This function is a Boolean function with deg(f)zdeg{P)-deg(p) =
2-deg(P) < 2+(l4. — 1) = 2:(k — 1). If we manage to prove that D(/) is
sufficiently large or even D(f) = » and & is small, then the function fis
suitable.

We will call this technique for constructing such functions the graph -
polynomial method. For 2(x; y) = (x - y¥ this method allows us to construct
function f which the resulting deg(/) is an even number. Also for these functions for

ally, fxixy.5x,) = f(x:%,0.5%,).
To use this method further, we will make several definitions and prove some
lemunas.

4. Notations, definitions, lemmas and theorems.

Definition 1. A » — cyclic graph (# > 3) is a graph with edges (a; @a), (a2; a3),
v {an 1 an), {ays ey). We will denote such graph with C, (Figure 3).

Definition 2. If 7 th vertice has a variable x; « {0; 1}, then difference is an
edge where the vertices of that edge have different values. The difference count for
this graph will be the total sum of differences.

Lemma 1. For every # > 3 the number of differences in graph C, will always
be an even number.

Proof. We assign variable x; to vertice i. The sum

(_Y| - _\"_.v) + (.X'g' _\'3) + = (.?C,,, ! X,,] + (.T,, : x;) =)
is an even number. For edges which have equal values on the corresponding
vertices. the difference is 0, for cdges having different values on corresponding
vertices. the difference is an odd number. Therefore the sum of odd numbers will be
an even number, as the number of odd numbers is equal to the difference count.
Thercfore the number of odd numbers and the difference count can only be even,
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ah dy

Figure 3

Conelusion. Number of differences in graph C, will be from set {0; 2; 4; ..;
H .
2- [E} 1. It can be verified that the number of differences can take any of those

values. therefore none of them can be discarded. We omit this proof.
Definition 3. Multilinear polynomial is a polinemial which c¢an be expressed
in form
Pl xa o x) = apl 1)+ a1 + a2 —. o+ a(mx, + g Lixxs + ax( 200 +

2
+ ...t al( )X,, X + ...+ a;(])xﬂjl'} - ...+ a,,(l VX L X
"

Lemma 2. If fis multilinear polynomial with » variables which all from set

10; 1} and deg(f} — k. k < 1 then /7 is also multilinear polynomial and
deolf/™) < min(k-m, n).

{we omit the proof)

Definition 4. For function /with an input vector x = (x,: x3; ...; x,) sensitivity
is the number of arguments x; which have to be changed in order to change the value
of the function:

fxyoaxg s xgefas s L —x0 05 x,).
We will denote it with s5,(f). The maximum of s.(f) for all vectors x will be denoted
as s(f).

Lemma 3. (Buhrman and de Wolf, 2001) For every Boolean function £s5(f) <
D(p.

Lemma 4. If there exists a vector x = (x); x2; ...; x,) such that s,() = » then
function f'does not have any fictive variables.

Proof. If any of the variables x; 1s changed. the value of the function changes.
therefore none of the variables is fictive.

5. Construction of functions having deg(/) < D(/).

Using the obtained graph - polynomial method. proved lemmas and
introduced notations we will construct some functions.

Theorem 1. There is a function f = B(2; 2: 2.

Proof. Let us consider function A(x;; x2) = (¥, — 2" = x| + x: — 2x,x2. We can
see that forevery x;, x2 b e [0; 1} and deg{h) =2 Ash=0ifx;=xyand A= 11ifx,
+ x7 {difference) then s i f) = 2 and D(f) = 2.
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Theorem 2. There is a function f ¢ B¢Z; 3; 3.

Proof. Let us consider graph €. Number of differences for it can be 0 or 2.
Therefore @(XIS xux3) e §0; 2}, where ol x5 x3) = {x — _r3)2 +(x—x)P + (xs3 -
x,). Therefore /= /2 ¢ {0; 1} and

F=x1% x+ 13— x50 — X X3 — Xaxa.
deg(f) = 2 and D{f) = 3 because 5, () = 3. Therefore £ e B(2; 3; 3.

Remark. As we can see. the obtained function is the same Nisan function
mentioned above. Consequently this function can be also interpretated like the
function from the number of differences.

Theorem 3. There 1s a function f ¢ B¢4; 4: 4).

Proof. Let us consider graph ;. The difference count can be either 0, 2 or 4.
Therefore function

el X2 X3 x2) = (x —xF o —x) (g )+ (- )
will take values from set 10; 2; 4}, Further, (g - 2) ¢ {4;0; 4} and f= (/2 — 1Y <
§1; 0; 1} = {0; 1}. We see that deg(f) = 4 and D(f) = 4 because s(f) = 4. Therefore f
e Bid, 4. 4.
Theorem 4. There is a function / ¢ B 5; 5.

X %) X3
X4 X5 Xg X7
Figure 4
X3
B%) X7
X X
Figure 5 X4

Proof. Let us consider the graph C. Function ¢ = (x, - szz ~{x-— .\’5}3 + ..+
{xs — x.)2 which is equal to diference count will take value from set {0; 2; 4},
therefore /= (/2 - 1)1 e 11;0; 1} =10; 1}, deg(f) =4 and D{/) = 5 because sy 0. p. 0,
o) = 5. Therefore f ¢ B4; 5: 5.

Remark. By using the graph G, we can obtin funetion /e Bid; 6: 63, which
is less “interesting” than Kushilevitz function f ¢ B(3: 6; 6).

Theorem 5. There are different functions 1), /2 « B¢4; 7; 73, which differs
from the previously considered 7 — argument functions f; and 74,

Proof. Let us consider graphs seen in Figure 4 and Figure 5. The total number
of differences can be either 0. 2, 4 or 6, as every triangle in the graphs can have a
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valuc from set {0; 2} and pentagon in Figure S can have a valuc from set {0; 2; 4}.
Therefore P12 € {0: 2: 4; 6}, where

= (- x) (- xy +()fl x5y B *(Xa—\’) +(Yn—‘(7) + (x5 —x7)° and

={x - x) +(Ia*¥s) +{x) *Y) +(X3*Y:) sl )

Then £ = ((p1 - 3~ 18, fi= (g~ 3 — 1V8.fufo & {15 0202 1 = (01 1. deg(f)
= deg(fr) =4 and D{f)) = D(f2) = 7. because sw.o._aflfi) = oo olf2) = 7.

Now we can compare the functions f. fi. /2 and f4x, which comes from set
84,7, 7y (Table 2).

S‘”: of |y 1 2 3 4 5 6 7
A 1 0 0 | 01 | 071 | 0 0 ]
fi 1 @ o1 |01 | o | o1 | o 1
7 1 0 | 01 | 0/ | 0/1 | 071 | O I
for 0 1 1 | o1 | 01 | o 0 0

Table 2

From Table 2 we can see that functions f, and f; are different from all other
functions and different are functions f; and £, There is only guestion about
functions f; and /2. To answer this question we can consider sums x; + x; = X5 + x5

even—s
odd| 0 1 2 3
0 11 0|0 0,110 110
1 00 0,1]0,1 0,10.1 0.110,1
2 0.110.1 0.10,1 0,10,1 0,10.1
3 0,1/0,1 0,110,1 0.10.1 010
4 110 0110 010 11
Table 3
X2 X6
A5 X7
X1 X3
X4 Xg
graph G,
Figure 6

and x> + xy + 1, (0dd and even indexes). Possible values of functions f; and £ in this
case we can sec in Table 3 (in every cell in lefi side 1s all possible values of function
f1 and in nght side is all possible values of function f5). Author think that from
Figure 4, Figure 5 and Table 3 follow that functions £ and /f; are diftferent. Now we
know that set B¢d: 7; 7) contains at least four different functions.

Theorem 6. There are different functions g, g:  8(4; 8. 8,
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Proof. To construct 8 — argument functions, we will not use graph (i, but we
will consider graph G, and (&, (Figure 6 and Figure 7). Easy to see that both graphs
G, and G, are disjoint and G, is a multigraph.

X2 X5 X7

X1 X3 X4 Xe Xg

graph G
Figure 7

We can see that difference count of each graph Gy and G- will take this and
only this values: 0, 2, 4 and 6. Therefore @i g2 C {0; 2; 4; 6} where o1 and wz@is
difference count function corresponding graphs G and G.. Further, g, = ({p, - 3)" -
1)/8 ¢ {0; 1} and g7 = (2 — 3P - 1)/8 {0; 1}. We see that deg(g,) = deg(g,) = 4
and DX{(g,) = D{(g») = 8 because s 0. . o€} = 55,0, . 0(g2) = 8. Therefore g, & ¢
Bid; 8; 8. '

Obviously, functions g, and g, differs each from other. Analysing diference
count for several input variables, we get Table 4.

S“T_ olo 12|34 s 6 7]s
g 1o o jor|ot|ot| o |0 |1
g 1o oot |on|on|or| o1

Table 4

Now we know that set B¢4; §; 8) contains at least two different functions.
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Abstract. In this work we observe a fundamental problem in Computational
gecometry that is called 3-sum. This problem makes up a whole class, every
problem of which is reducible to 3-Sum. This class 15 called 3-Sum Hard. In

this paper we improve lower bound (Q(v NV ) obtained in [8]. Our new result

is tight lower bound ((Moegh) and uses the fact, that quantum binary tree
search is not much faster than its classical counterpart.

Keywaords. Quantum computation, lower bound

1. Introduction

The quantum mechanism gives us a certain kind of power, which cannot be achieved
by the deterministic or probabilistic approach. The aim of quantum computation is
to discover tasks, where quantum computation is significantly faster than classical
one. There are some common methods, that allow to speed up guantum
computation. The database scarch algorithm [11] introduced by Grover gives
quadratic speedup comparing to classical search. It has inspired a number of other
new quantum algorthms. that use it as a building block. We will mention amplitude
amplification algorithm [6], that can speed up almost all quantum algorithms.

On the other hand, not every algorithm can be sped up even by such a powerful
method. For example, binary tree search in quantum case has the same bound as its
classical counterpart - ((/oghN) [3]. In this paper we will show the use of this
algorithm to find a Jower bound for quantum 3-Sum problem.

2. Definitions and previous results

In this paper we observe the following problem. called 3-Swin problem:
Definition 1. Given the set S of N numbers, detect whether there are three numbers
aeSbeS:ce S suchthata+b+c=0.

Alternative model, often called 3-sum’, is:
Definition 2. Given the 3 sets A, B and C each of N numbers, detect whether there
are three numbers a ¢ A;b e B:c ¢ C, suchthata+b=c.
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There is a big cluster of problems in computational geometry that are called 3-Sum
Hard. Gajentaan and Overmas [10] deseribed them as problems that can be reduced
to the 3-Sum problem. The example is, for instance, a GeomBase problem: given
points on three equally spaced horizontal lines, are there points, one from each line,
that are collinear.

in classical computation the best currently known algorithm for any 3-Sum Hard
problem takes O(N") time, while the best lower bound for the time complexity is
O (NlogN), which is very low and unreachable. It is believed that 3-Sum lower

bound is the same as upper bound, ()(N*), so 3-Sum hard problems in classical

computation sometimes call - N7 hard. For some of 3-Sum hard problems Q(Nz)
lower bound has beenproved.
Considering quantum case. Dubrovsky and Scegulnaja [8] have shown quantum

algorithm, that solves this problem in O{ NLogN) time, and lower bound (N ).
although very low and unreachable. They also gave lower bound (v N} and

algorithm, that works within O(Nfr ¥ log N) for generalization of 3-Sum called
r-Sum. :

In Section 3 we discuss quantum algorithm for 3-Sum problem [8].

In Section 4 we show how classical lower bound for 3-sum can be proved, using
binary search method and use the same method in quantum case. We show that.
although this lower bound 1s not tight in classical case. it appears to be tight enough
in quantum case due to the fact, that quantum binary search cannot give much
speedup comparing te classical algorithm.

In section 5 we show 3-Sum generalization called r-Sum. We discuss algonthm and
new lower bound.

3 Quantum algorithm for the 3-Sum problem

In this section we show algorithm and lower bound, that is presented in [8].

In our algorithm we make use of quantum amplitude amplification method, which
generalizes Grover quantum scarch. Here is an essence of amplitude amplification:
Theorem 1. There cxists the quantum algorithm QSearch with the following
property. Let A be any quantum algorithm that uses no measurements, and let

y:Z — 10,1} be any boolean function. Let a denote the initial success probability
of A of finding a solution (i.e. the probability of outputting z such that (z) = 1).
Algorithm QSearch finds a solution using an expected number of O{1/ J;)

applications of A and A" ifa > 0. and otherwise runs forever.
The algonthm QSecarch does not need to know the value of a in advance. but if a is

known, it can find a solution in worst-case (J(1/+/a@) applications.
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Theorem 2. There exists a quantum algorithm that solves 3-Sum problem in
O(NlogN).

Proof. The algonthm works as follows:

1. Sort set C classically, that takes O(NlogN) time.

2. Construct an algorithm that can solve the problem with small probability.

The algonitium takes an input of two random elements, one from set A and the
other from set B and outputs whether these two clements are summing up to some
¢lement from C:

{2) Computcatb,a ¢ A; b ¢ B.

(b) Check whether a+b can be found in C. Needs O(logN) time, because C is
sorted.

3. Construct quantum superposition over all the |a>|b> and use amplitude

amplification on that superposition with the algonithm just described as a kemnel.
Amplitude amplification method uses Grover algorithm idea to speed up
computation.

The maximum speedup it allows to get i1s quadratic. In our case, classically we
must repeat algorithm kemnel steps O(N") times. Amplitude amplification method
allows us to get the same result, using only O(N) steps. '

So the total ime the algorithm uses 1s O(NlogN).

There arc several approaches for estimating lower bounds for quantum
algotithms.

Most popular are classic adversary method [5],[13], which tries to alternate the
input without affecting the output . polynomials [4]. which uses polynomials to
cstimate lower bound of quantum algonthms, and quantum adversary method [1],
[2]. that runs on superposition of inputs and estimates the number of queries needed
to achieve entanglement between algorithm and oracle work spaces. We used
Ambaints quantum adversary method to compute lower bound n [8] :

Theorem 3. 3-Sum problem has quantum lower bound Q(m)
Proof. The proof 1s based on A. Ambainis adversary method of proving quantum
lower bounds [1], [2]. We use his main theorem.
Theorem 4. Let f{x,X5, ... ,X,} be a function of N {0, 1} - valued variables and X,
Y be two sets of inputs such that f{x)= fiy) if x e X andy ¢ Y. Let R = X* Y be
such that
For every X X there exist at least m different y « Y such that (x, y) e R
Forevery y ¢ Y there exist at least m” different x ¢ X such that (x. v) e R
Forevery x « X andi < {1, ..., n} there are at most |; different y ¢ ¥ such that (x,
¥)cRandx =y,
Foreveryy ¢ Y and1 < {1, ..., u} there are at most Ii' different x & X such that
(x.y) e Randx 2y,

'

Then. any quantum algorithm computing f uses { ) queries.

max(/ *!' )
i i

That means. that we need to find all the variants how the input x can be modified.
For our case. we'll take X to contain only one element: A consisting of all zeros; B -
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all 1s, C - all 2s. It is an input, on which our function retums Q. Let Y contain all
inputs made of X, with one clement in any of sets A, B and C changed so, that the
function returns 1 (e.g., any element of A changed to 1; any element of B - to 2; any
element of C - to 1). Let R consist of such X * Y pairs where y differs from x in
exactly one position. According to the theorem, m = 3N, because for every x ¢ X
there are exactly 3N different ve ¥, which differs from x in exactly one position. m-
= 1, because for cvery y < ¥ there is only onc x < X. which differs from y in exactly
one position. /=/"=1 that follows from our definition of K.

Using this formula we get a lower bound (v N }.

Unfortunately, this method gives almost trivial result in this case. The better idea
was to try the same method as in classical case,

4 Improved lower bound for 3-Sum problem

Classical lower bound Q(Nlogh) follows from the technique of Dobkin and
Lipton [7] in the linear decision tree model. They observed that the set of inputs
following a fixed computational path through a linear decision tree is connected.

Since the set of nondegenerate inputs has 7"’ connected components, any linear

decision tree must have 7" leaves and therefore must have depth ) (NlogN). As
quantum algonthm cannot give any speedup on a linear decision iree, we must
conclude, that quantum lower bound for 3-Sum s ) (Nlogh).

S 3-sum generalization

The most natural generalization of 3-Sum problem is its r-Sum, as defined in [9]:
Definition 3. Given a set S of N numbers, detect whether there are r numbers in S
which sum to zero.

Alternative definition called r-Sum’ is the following:

Definition 4. Given r sets S1_.., Srof N numbers, detect whether there are r numbers
one from each set that sum to zero.

Similarly we can define the class of r-Sum Hard problems.
In deterministic case these problems have a lower bound of () (Nog(N)) and best

known deterministic algorithm can solve the r-sum problem in O{N'*'"*) when r

is odd and O(N" ? log(r)) when ris cven.

Theorem 5. Quantum algorithm described in [8] can solve r-Sum problem in
O(NT"* log N) time.

Proof. We will further divide sets 51, .. 8- in two more groups of sets: First group
will contain x sets of data - let’s call them (...Cy and the second will contain
remaining {r-x) sets of data - let’s call them Oh,.... (1.

The algorithm itself consists of two parts - classical and the quantum one.
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First, we exccute the classical part of the algorithm and then execute the quantum
part of it.

Classical part of algorithm works as follows: we take sets 1. .Cy and perform
following operations on them:

1. Make all the possible groups of clements picking one from each of sets 1, (v
and sum them up. (Call this new set CSum)

2. Sort the summary set CSum

After classical part of algorithm finishes 11s work we will get the sorted set ot all the
possible element combinations in sets C1,...,Cx. This will take O(N* log N) time.

Then starts the quantum part of the algorithm, that uses sets (... ,Orx as well as the
set CSum. The quantum part of r-sum a]gonthm i3 in fact gencralized version of
quantum 3-sum algorithm:

1. Construct the probabilistic algorithm that can find the solution of the problem
with a small probability. The algorithm will take two steps: This algonthm waill
randomly take one element from each of sets Q1,...,(Ox and sum those elements,
Then it will take the sum obtained and search for it in CSum sorted set.

The first algorithm step can be accornplished in constant time that depends only on
r. The second algorithm part takes ((log(N)) time to scarch element in sorted
database. So the total running time of the algorithm is Oleg(N)}). However this

algorithm will find the solution with probability only

" x
2. To boost the probability of success we use amplitude amplification technique. We
prepare the starting quantum superposition Z|Q' NQE)‘ Q,,__‘_> and call the
amplitude amplification with algorithm from the step | embedded in 1t. Then. after
O(N""?Y steps the algorithm will give an answer with high probability of
success. So the running time of quantum part of algorithm is Q(N"™" * log N) .

The total Tunning time of this algorithm is: O(max(N " log N, N" " * log N)).
50 we should minimize this function. This is the case when x = (r-x)/2. So we get the

value of x = 1/3r and total algorithm running time O(NP‘ i logN).

Theorem 6. r-Sum problem has quantum lewer bound ¢ (NlogN)
Proaf. The proof is the same as for 3-Sum problem.

6 Conclusion

In this paper we have observed 3-Sum problem. This problem is of great importance
in computational geometry. because there exists a whole class of related problems
called 3-Sum Hard that can be reduced to 3-Sum. We have shown quantum
algorithms from 3-Sum problem and its generalization calted r-Sum, that run faster
that their classical counterparts. As to Jower bounds, we have improved our previous
results, finding a tight lower bound for 3-Sum problem and better lower bound for r-
Sum problem.
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Abstract The paper [4] by H.Buhrman and R. de Wolf contains an impressive
survey of solved and open problems in quantum query complexity. including
many graph problems. We use recent results by A Ambainis [1] to prove
higher lower bounds for some of these problems. Some of our new lower
bounds do not close the gap between the best upper and lower bounds. We
prove in these cases that it 1s impossible to provide a better application of
Ambainis” technique for these problems.

Keywords. Quantum algorithm, lower bound. graph-theory

1. Introduction

Recently it has become clear that a quantum computer could, in principle, solve
certain problems faster than a conventional computer. A quantum computer 1s a
device, which takes full advantage of quantum mechanical superposition and
interference. Building an actual quantum computer is probably far off in the future.
Boolean decision trees model is the simplest model to compute Boolean functions.
In this model the primitive operation made by an algorithm s evaluating an input
Boolean variable, The cost of a (determunistic) algorithm is the number of variables
it evaluates on a worst-case input.

The black-box model of computation arises when one is given a black-box
containing an N-tuple of Boolean vanables X=(x;,x-....xx.). The box is equipped to
output x; on input /. We wish to determine some property of X, accessing the x; only
through the black-box. Such a black-box access is called a guery. A property of X' is
any Boolean function that depends on X, i.e. a property is function f /0.7 01}
We want to compute such properties using as few queries as possible.

Consider, for example, the case where the goal 15 to determine whether or not X
contains at least one 1, so we want to compute the property OR(X) = X; v X... v Xn-
i It 1s well known that the number of queries required to compute OR by any
classical {(deterministic or probabilistic) algorithm 1s O(N).Grover [6] discovered a

Research supported by Grant No.01.0354 from the Latvian Council of Science and by the European
Coemmissien, Conrract [ST-1999-11234 (QAIP)
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remarkable guantum algorithm that, making queries in superposition, can be used to
compute OR with small error probability using only O( /N ) querics.

On the other hand, quantum algorithms are in a sense more restricted. For
instance, only urnitary transformations are allowed for state transitions. Hence rather
often a problem arises whether or not the needed quantum automaton exists. Tn such
a situation lower bounds of complexity are considered. It is proved in [3] that
Grover databasc search algorithm is the best possible. It 1s proved in [3] that no
guantum query algorithm exists for PARITY with 0 N) queries, etc.

We use a result by A.Ambainis [1] to prove lower complexity bounds for
quantum query algorithms. Currently, this is the most powerful method to prove
lower bounds of complexity for quantum query algorithms. In some cases there still
remains a gap between the upper and the lower bounds of the complexity. In these
cases we prove additionally that Ambainis’ method cannot provide a better lower
bound for this problem.

2. Query model

In the query medel, the input x,,...xy 18 contained in a black box and can be
accessed by queries to the black box. In each query, we give i to the black box and
the black box outputs x;. The goal is to solve the problem with the minimum number
of queries. The classical version of this model is known as decision trees [4].

There are two ways how to define the query box in the quanmm model. The first
15 the extension of the classical query (Figure 1).

[i> —>» > i

|a>—» ' o —» |atx>

Figurel. Quantum black box.

It has two inputs #, consisting of [logN] bits and & consisting of 1 bit. If the nput
to the query box i1s a basic state jiy|by, the output is |iybax;. If the input is a
superposition ¥, aiplid/by, the output is 3pa;6liylbex, ). Notice that this definition
applies both to case when x; are binary and to the case when they are k-valued. In
the k-valued case, we just make & to consist of [log:k] bits and take bpx; to be
bitwise XOR of & and x;.

In the second form of quantum gquery (which only applics to problems with {0.11}-
valued x;), the black box has just one input i. If the input 1s a state 3, at). the output
is Z(_l)""a‘,}i) . While this form is less intuitive, it is very convenient for the use In

guantum algonthms, mcluding Grover’s search algorithm [6]. A query of second
type can be simutated by a query of first type [6].



48 DATABASES AND INFORMATION SYSTEMS

A quantum query algorithm with T queries is just a sequence of unitary

transformations

Ups O U5 05 5Ur, O Uy

on some finite- dimensional space Ct U, U, .., Up can be any unitary
transformations that do not depend on the bits x,, ...,xx inside the black box. ( are
query transformations that consist of applying the query box to the first logN+1 bits
of the state. That is, we represent basic states of C* as li,b,zy. Then, O maps |i,b,7) to
fi,bxi,z). We use O, 1o denote the query transformation corresponding to an input
X=(Xy, ... Xy} .

The computation starts with state |0y, Then, we apply U, O, ... O, Ur and
measure the final state. The result of the computation is the rightmost bit of the state
obtained by the measurement (or several bits if we are considering a problem where
the answer has more than 2 values).

The quantum algorithm computes a function fix,,...,.xy) if, for every x=(x,....,xy)
for which fis dcfined, the probability that the rightmost bit of Uy O, Uy,... O, U,|0)
equals ffx;,....xxJ 1s at least |-g < '4.

The query complexity of fis the smallest number of queries used by a quantum
algorithm that computes f. We denote it O¢f).

Our proofs use the following results by A.Ambainis.

Theorem Al [1] Let fx), x2.x,) be a function of r {0,1}-valued variables and A —

0.1, B 0.1} be such that f{4)=1. f{8)=0 and

o foreverv x=fx,.x,) eA. there are at least m values i £{1,....n} such that (x;. ..
Xep P -XoXeop Xy &8,

o Jor every x=(x,.x,)eB. there are at least m’ values ig{l,...n} such that
(XX F-Xp Xy, X)) ed.

Then Q(f)= (N mm') .

Theorem A2 [1] Let fix,, x2.x,) be a function of v [0, 1}-valued variables and 4, B

be two sets of inputs such that fixj=fiv) if xcA and yB. Let R—=A B be such that

e foreverv x =4 there exist at least m different y eB such that (x,y} &R,

o jorevery veB there exist af least m” different x A4 such that (x,v) eR,

o foreveryxeAand is{i....n} there are at most 1 different v =B such that (x,y) R
and Xz ¥; .

o for everv yeB and ig{l,..n} there are at most 17 different x4 such that
(xv)eR and xz=v;.

Then OQ(f) = |
max(/}')

Definition For any Boolean function - {0.1}" 3/ 0.1} and any x=(x;..x,). ND(f.x)
is the number of querics needed by nondeterministic algorithms on the values
I=0x.x,).
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Definition For any Boolean function f:{0.1F" ¢ 0.1]
NDy(h= max NDif.x) and ND(fi= max ND(f.x).
Srva—t Jixi=l
Theorem A3 [2] Whatever the sets A and B, Theorem | cannot prove a better lower
hound for the query complexity Off) than [ND,(f). ND,(f)

We consider the following problems in our paper.

3. Problems

Problem 1 Partition into cliques

Instance: Graph G=(V E}, with |V|=gk for fixed integer g>1 and some integer k.
Question: Can the vertices of G be partitioned into k disjoints sets V;,V,,..V} such
that, for l<i<k, the subgraph induced by V; is a complete graph and |V; =q?

Problem 2 Partition into triangles

Instance: Graph G=(V,E), with [V|=3k for some integer k.

Question: Can the vertices of G be partitioned iuto k disjoint sets V, V., .. V) . cach
containing exactly 3 vertices, such that for each Vi={u,v,.w}, 1<i<k, all three of the
edges {uj,vif,u,wi}.{viw;} belong to E?

Problem 3 Matching

Instance: Graph G=(V.E), |V|=n.

Question: Can the vertices of G be partitioned into n/2 disjoints pairs P,Pa,....Py»
such that for each P; ={u,,v,}, 1<i<n/2 edge {u;,v;} belong to E?

Problem 4 Parity
[nstance: Matrix M Znx2n, M;; 240,15,
Question: ZPAR]T\/(ME) =n"

=ton

Problem 5 Hamiltonian circuit
Instance: Graph G=(V.E).
Question: Does G contain Hamiltonian circuit?

Problem 6 Vertex cover

Instance: Graph G=(V_E}, positive integer k<|V|.

Question: Is there a vertex cover of size k or less for G, 1.e. a subset V'V with
"W <k such that for each edge |u,v} cE at least one of vertices u and v belongs to V?

Problem 7 Dominating set

Instance: Graph G=(V E}, positive integer k< V|.

Question: Is there a dominating set of size k or less for G, i.e. a subset V'V with
'V <k such that for all ug V-V’ there is a ve' V" for which {u,v} cE?
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Problem 8 Chromatic number

Instance: Graph G=(V,F), positive integer k<|V'.

Question: Does there exist a function f: V_5 {1.2,.. k} such that f{u)xf{v} whenever
]

{u,v}eE?

Problem 9 Monochromatic triangle

Instance: Graph G—(V.E).

Question: Is there a partition of E into two disjoint sets E;, E; such that neither
G1=(V.E,) nor G2=(V E,) contains a trangle?

4, Main results

4.1. Partition into cliques

Lemma L1 {f there are k+1 mutually not connected vertices in the graph G=(V.E),
[¥/=kq, then Partition into cligues problem is not solvable.

Proof: If therc is a solution for Partition into cliques, we get k disjoints sets. Since
there is k+1 mutually not connected vertices, there is at least one subset containing
two mutually not connected vertices and Partition into cliques problem is not
solvable. O

Lemma L2 [fa graph G=(V,E), [V/=kq, satisfies the following requirements:

o there are K2 mutually not connecred (red) vertices,

o there are k green vertices not connected with red ones, green vertices are
grouped in pairs and each pair is connected by edge,

o subgraph induced by all the rest vertices (black) is a complete graph and alf
black vertices are connected to all red and green vertices,

then Partition inte cligues problem is solvable.

Proof: Vertices are grouped in subsets in accordance with the following:

o cachred vertex is put in a separate subset (k/2 subsets),

e cach pair of green vertices is put in a scparate subset (k/2 subsets),

s black vertices are added as follows: g-1 to red and g-2 to green vertices.

Such a distribution satisfies Partition into cliques problem. |

Lemma L3 [fgraph G=(V.E), [Vi=kq, satisfies the following requirements:

e there are K252 mutually not connected (red) vertices,

s rthere are k-2 green vertices not connected with red ones, green verfices are
grouped in pairs and each pair is connected by edge,

o subgraph induced by all the rest vertices (black) is a complete graph and all
black vertices are connected to all red and green vertices,

then Partition into cliques problem is not solvable.

Proof: If we take red vertices and one from each pair of green vertices then we get

k2+2+(k-2)/2=k+1 wvertices. These wvertices are not mutually connected, The

Partition into cliques problem is not solvable because the set of selected vertices

satisfies the requirements of Lemma L. 1.
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Theorem T1 Partition into cliques requires _Q(n” J quantum queries.
Proof: We construct the sets A and B for the usage of Theorem Al

The set 4 consists of all graphs G satisfying the requirements of Lemma L2. The
set B consists of al! graphs G satisfying the requirements of Lemma L3.

From each graph G =4, we can obtain G'<8 by disconnecting any one of the
cdges, which connect the green vertices. Hence m=&2=0(k). From each graph
GeB, we can obtain G'=4 by connecting any two red vertices. Hence
m =2+ 2)(k/2+ 1)/ 2 =01k .

Since g is fixed, it follows that &=0fny. By Theorem Al, the quanmm query

complexity 1s (2 Jn.n? =om" %), 0
The same idea proves the following two theorems.

Theorem T2 Matching requires ()n'") quantum queries.

Theorem T3 Partition into triangles requires (xn'”) quantum queries.

Theorem T4 The fower bound for Partition into cligues cannot be improved by
Ambainis " method.

Proof: We use Theorem A3. Let the Boolean function f describe Partition into
cliques.

NDf) = Ofn) , because it suffices to ask the edges for all the guessed subsets of
vertices; all the subsets are of constant size.

NDyif) - O(rz:) , because it suffices to exhibit a subset of k-1 vertices connected by
no cdges. Since k=0fn), (k-1jk/2 = o).

Henee [[ND, (). ND, (f) = Otn"’) . 0

4.2. Parity problem

Theorem T5 Parity problem requires £(n”) quantum queries.
Proof: We construct the sets 4 and B for the usage of Theorem Al.

The set A consists of all matneces M with n rows containing n symbols “1"" per
row plus n rows containing n—1 symbols *1” per row. The set B consists of all
matrices M with n-1 rows containing n symbols ~1” per row plus nu+l rows
containing n+1 symbois “ 17 per row.

Every matnx M =4 can be transformed mto a matrix M’ <8 by taking an arbitrary
row with n symbols “1” and transforming an arbitrary “0” into “*1”. Hence m= "
Every matrix M'<B can be transformed mnto a matnx M<4 by taking an arbitrary
row with nt+! symbols 1" and transforming an arbitrary symbol “17 into “0”. Hence
m'—

By Theorem A1, the quantum query complexity is Q+n’ .n" = (). This is the
maximum possibie lower bound.
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4.3. Hamiltonian circuit problem

Lemma L4 [f ¢ graph G=(V.E), [V{=3n. satisfies the following requirements:

s there are n mutually not connected (red) vertices,

o there are 2n green vertices not connected with red ones, green vertices are
grouped in pairs and each pair is connected by edge,

o allrest 2n vertices (black) are connected 1o all red and green vertices,

then Hamiltonian circuit problem is solvable.

Proof: We make sequence as follows: onc red vertex, one black, pair of green. one

black, one red, etc. This sequence satisfies Hamiltonian circuit problem. 7

L.emma L3 If a graph G=(V.E), [V{=5n, satisfies the following requirements:

s there are n+2 mufually not connected (red) vertices,

o there are 2n-2 green vertices noi connected with red ones, green vertices are
grouped in puirs and each pair is connected by edge,

e all rest 2n vertices (black) are connected to all red and green vertices,

then Hamiltonian circuit problem is not solvable.

Proof: The red vertices and the pairs or green vertices are mutually not connected.

The only way to get from one red vertex to another (or from one green pair to

another) is through some black veriex.

There are 2n black verices in the graph, but n+2 red vertices and n-1 green pair

makes altogether 2n+1. So at least one of the black vertices will be used twice,

which is not allowed in Hamiltonian circuit. O

Thearem T6 Hamiltonian circait problem requires (n'") quantum gueries.
Proof: We construct the sets A and B for the usage of Theorem Al.

The set 4 consists of all graphs G satisfying the requirements of Lemma L4. The
set B consist of all graphs G satisfying the requirements of Lemma L5.

From each graph G A4, we can obtain G'<8 by disconnecting any one of the
edges. which connect the green vertices. Hence m=n=0¢¥/}. From each graph
(G'=B, we can obtain G'=4 by connecting any two red vertices. Hence
m'=(n+2)(n+ DHI2=0O/Vf ).

By Theorem Al, the quantum query complexity is Q/n.n® =(3(n'”). O

Theorem T7 The lower bound for Hamiltonian circuit cannot be improved by
Ambainis” method.
Proof: We use Theorem A3. Let the Boolean function f describe Hamiltonian
circuit.

NDyf) = Ofn) , because it suffices to guess the sequence of vertices and ask the
edge for every pair of subsequent vertices.

NDyif) = Qi) , because it suffices to check all edges.

Hence /ND (). ND,(f) = Otn'") . O
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4.4. Vertex cover problem

Lemma L6 [fa graph G=¢V E}, [¥/=n, K=n/4, satisfies the following requirements:
s there are n/2 black vertices, not mutually connected

e there are n/2 red vertices, pairwisely connected,

then Vertex cover problem is solvable.

Proof: We take 1n subset one vertex of cach red pair and give n/4 vertices, which
satisfies Vertex cover problem. “

Lemma L7 [f e graph G=(V.E}, [Vj=n, K=n/4. satisfies the following requirements:
o there are n/2-2 black vertices, not muually connecred

e there are n/2+2 red vertices, pairwisely connected,

then Vertex cover problem is not solvable.

Proof: We take in subset one vertex of each red pair and give n/4+1 vertices, which
are more than K and doesn’t satisfy Vertex cover problem. |

Theorem T8 Vertex cover problem requires ¢xn'} quantum queries.
Proof: We construct the sets .4 and B for the usage of Theorem Al.

The set 4 consists of all graphs G satisfying the requurements of Lemma L6. The
set B consist of all graphs G satisfying the requirements of Lemma 1.7.

From each graph (=4, we can obtain G'<B by disconnecting any one of the
cdges, which connect the red vertices. Hence m=n/2=0¢n). From each graph G '8,
we can obtain G4 by connecting any two black vertices. Hence m'=¢ n/2-2)¢ n/2-
3)/2=0(n).

By Theorem A1, the quantum query complexity is Qva .n° =Q(n"’). 0
The same 1dea proves the following theorem.

Theorem T9 Dominating set problem requires (n' ) quantum queries.

4.5, Chromatic number problem

Lemma L8 [f a graph (1 contains one circuit and a graph (2 contains nwo
cirenits, then graph G1 and graph G2 separation problem requires (n') quantum
queries.
Proeof: We construct the sets 4 and & for the usage of Theorern A2.

The set A consists of all graphs GV.E), |Vi=n, containing Hamiltonian circuit.
The set B consists of all graphs G'. Each graph G’ is constructed to merge two
graphs G™=(V".E”), [V”|=0(n), containing Hamiltonian circuit.

Figure2. Disconnection of Graph G
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From each graph G A4, we can obtain ('8 as follows: disconnecting any onc
of the edges (n) {Figure 2. top) and one of edges in figure 2. bottom (n/3). Then we
make two circuits. From cach graph G B, we can obtain GeA4 as follows:
disconnecting one edge in each circuit (n') and building up one circuit. Hence
m=n*n/3=0(n") and m'= Qfn’}.

Now we’ll find max(f*['). For any edge, which we disconnect in first step /= »/3,
because we can do that in n/3 combinations with other edges, and /'=const, because
we can connect this edge in fixed count combinations.

For any edge, which we connect in first step [ = const, because we can do that in
fixed count combinations, and /'=0fn), because we can disconnect this edge in
combinations with all edges in another circuit. Thus max(/*!')=0¢n;.

"By Theorem A2, the quantum query complexity is [ —q(n'). .
n

Lemma L9 If a graph G=(V.E), /V/=2n. contains only Hamiltonian circuit then
Chromatic number problem for two colors is sofvable.

Proof: We color one vertex in first color, next vertex in Hamiltonian circuit in
sccond color, next in first color, etc. This coloring solve Chromatic number
problem for two colors. 0

Lemma L10 [f'a graph G=(V.E), [V]=2n+ 1, contains only Hamiltonian circuit then
Chramatic number problem for rwo colors is not solvable.

Proof: Regardless of how we color vertices, at least two vertices in one color will
always be connected. -

Theorem T10 Chromatic number problem requires ()(n'’) quantum queries.
Proof: We construct the sets 4 and 8 for the usage of Theorem Al.

The set 4 consists of all graphs G—=(V, E) satisfving the requirements of Lemma
L.9. The set B consists of all graphs G Each graph 7 is constructed 1o merge two
graphs G,=(V.E;) and G,=(V>, £>), which both satisty the requirements of Lemma
L10 and /¥ +/Vs/=/V] and O V() =O(/¥{} and OQ(Vj)= Offv/).

By Lemma L8, the quantum query complexity is ¢y(n'~). 8

4.6. Monochromatic triangle problem

We construct graphs G=(V.E). /F/=3n as follows. All vertices in graph are
partitioned inte three. Each three is comnected by another three in one of the
following ways {Figure 3.). Each three in this graph does not contain triangle. We
put in one subset all vertices from one three.

Figure3. Connections of threes
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Lemma L.11 /f Monochromatic triangle problem is nof sofvable in this distribution
into threes, then problem is not solvable in another distribution into threes.

Proof: We cannot mix vertices 1,23 with 4.5.6. If we do it three will coatain
triangle and Monochromatic triangle problem will not be solvable. If we mix
vertices 1.2,3 with la, 2a, 3a then Monochromatic triangle problem solution will

not change. |
G M
1 2
] b P 0001
' : 0010
: . 0100
|, (1000

Figure 4. Graph G and matrix M

We make matnx A in accordance with graph G, which is defined before as
follows. Matrix consists of n columns and n rows. We put in my; 1 if three v; is
cannected with three v; in first way (Figure 3.) and O if connected in second way
(Figure 4.).

G G,
A} I

fr = - -
E——

Ao,

Figure5. Graph G and graph G

We make graph G, which corresponds to matrix M. Each vertex of graph Gy, is
related to the three of graph & (Figure 5.).

Lemma L12 /f in graph Gy, Chromatic number problem (K=2) is solvable, then
Monochromatic triangle problem is solvable in corresponding graph G also.

Proof: Each vertex of graph G, is related to the three of graph G. Since Chromatic
number problem is solvable, we can color Gy vertices in two colors so that one-
color vertices are not connected. We put in one subset those threes in graph &,
which correspond to the vertex in graph G, colored in one color. Each three in this
subset is connected with another in second way (Figure 3.) and subset does not
contain tmangle. -
Lemma L13 If in graph Gy Chromatic number problem (K=2) is not solvable,
then Monochromatic triangle problem is not solvable in corresponding graph G
aiso.
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Proof: Let us assume, that in graph G Monochromatic triangle problem is solvable
if threes are combined differently. By Lemma L11 the preblem is solvable also in
this distribution of threes, which corresponds to graph Gy But then we can solve
Chromatic number problem in graph Gyy. This is in conflict with given. O

Theorem T11 Monochromatic triangle problem requires ¢xn'’) quantum gueries.

Proof: By Lemma L12 and Lemma L13, complexity of Monochromatic triangle
problem is equivalent with complexity of Chromatic number problem. So quantum
query complexity is Qn'). 8]
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On quantum query complexity of Kushilevitz function
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Abstract. The query algorithms are a very convenient model for quantum
complexity studics. In this paper, we show that the Kushilevitz function of 6
variables can be computed by quantum query algorithm by only 5 quertes if it 1s
allowed In some cases give WIONg answer.

In deterministic case all 6 variables must be queried.

Keywords. quantum computation, gquery algerithms, Kushilevitz.

1. Introduction

Let f:40,}" - {0,1}be a Boolean function. A decision tree is an algorithm for

computing f{x,,...xy ) that accesses x;,...xy by asking questions about the values of x,. The
complexity of a decision tree is the maximum number of questions that it asks. The
decision tree complexity of a function fis the minimum complexity of a decisicn tree
correctly computing /.

The theory of computation studies vanious models of computation: deterministic, non-
deterministic, and probabilistic and quantum (see Papadimitriou (1994) on traditional
models of computation and Gruska (1999), Nielsen and Chuang (2000) or
Pittenger(1999) on quantum computation). Similarly, there are decision trees of all those
types (Bubrman and de Wolf, 2001).

The decision tree complexity of £ is related to representing Boolean functions by
polvnomials. Let D{f} be the deterministic decision tree complexity and (Jg(f) be the
exact quantum decision tree complexity (see Buhrman and de Wolf, 2001, for
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definitions). For any Boolean function f; there is a unique multilinear polynomial p such
that pix;, ..., x)=flx,, ..., x,). deg(f, the exact degree of a function f is the degree of

comresponding pelynomial p. We have 2(f) > deg(f) and 0, f)>dL(-’{) (The
= 9

complexity of other types of decision trees 1s similarly related to other notions of
polynomial degree which are not considered in this paper.)

Thus, it we prove that deg(f) is high, this immediately implies that f is hard to
compute, This observation has been used to prove that particular functions are hard to
compute for both decision trees (Nisan and Szegedy, 1994; Beals et.al., 2001; Aaronson,
2002), and other models of computation {Nisan and Wigderson, 1995; Razborov, 2003).

In this paper we use traditional quantum query model. On every wnput x algorithm can
give 2 different answers:

o 1-iffix)=I1
o 0-ifAx)=0

The algonthm 15 sometimes allowed to give wrong answer (1 instead of O or vice
versa) but the total probability of getting nght answer on every input must be > 2.

We give such an algorithm computing Kushilevitz function with 5 quenes.

2. Notation and definitions

[N} denotes the set {1, ..., N}

For any boolean function ffx,. ..., xy, therc 1s a unique multilinear polynomal pix;, ...,
xy) such that fix,, .., xp)=pfx;, .., xy forall x, .., xx e {0, 1}. For example, the function
fixy, xz)=x; OR x; 1s equal to the polynomial x,+x»-x,x: deg(f). the exact degree of f'is
just the degree of the corresponding polynemial p.

Let Dif) be the deterministic decision tree complexity of f {Buhrman, de Wolf
(2001)). We are interested in Boolean functions f with deg(f}<D(f). Since D¢f) can be
hard to compute, we define another quantity. s./f), the sensitivity of fon input x=(x,, ...,
Xy 18 the number of i < [{, ..., NJ such that changing the vanable x; in (x;, .., xy)
changes the value of

Folfixn coxooxg 2 flxg, o bx o xyl]

s(f) 1s the maximum of s.{f over all x.

CLAIM 1 (Buhrman and de Wolf, 2001) s(f< D(f).

In particular, if s(f) 1s equal to the number of vartables N, then Dffi=N. (Claim 1
implies D(f}> N. On the other hand, any f'can be computed by an algorithm that queries
all variables x,.)
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Fourier transform.
Iz,
Let g — " be primitive N" root of unity, The Fourier transform over Z  is given

1

. - k
by the linear transformation F where F,, = —@”’

ik = Wﬁ)

3, Kushilevitz function

Function 1 (Kushilevitz, quoted in Nisan and Wigderson (1993)).
The function f{x;, ..., X4 of 6 variables is defined by
e« f=0ifthenumberofy,=7150,40r5,
o f=1lifthenumberofy,=/1s1,20r6
o ifthe pumber of x;= /i3 3, /=0 in the following cases:
Q X1=X1q3:],
X=X 7 Xe= ],
X =X=%5=1,
¥ S T
X=X |:X3:1 ,
XI=X3=X=1,
X=XTX6= 1,
X=K=Xe=1,
X=X5=Xe= 1,
X=X 5=Ke=|

Otherwise /= 1.

o0 00 0 0 0 00

deg(f1=3. D(fi=6 (because the sensitivity of fon x,=...=x;=0 is 6).

We rewrite this definition in following way:

6O 0 0 0 0 0 — 0
1 1 1 1 1 1 = 1
| N e L |
-1 1 1 - -
- - 1 1 1 -
1 - - 1 1 -
| (R
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- - 1 - 1 l

1 - 1T - 1
- 1 - 1 1
where "= means any of symbols {0, 1}, but at least one of “~" in every row must be .
o ¢ 0o - - -
-0 0o 0 - -
- ¢ 0 0 -
¢ - - 0 0 -
,,Q,,,,O,,,,,i,,,f ,,,,, 0 _____ - 1
0o - 0 - - 0 =
- 0 - 0 - 0
- 0 0 0
¢ - - 0 - 0
-0 - - 0 0

where “—" means any of symbols {0, 1}, but at least one of “~ in every row must be 1.

Now it is easy to see that the /"= 07 block is symmetrical to the “f = 1" block.
Moreover, if we divide a block in two parts and omit the 6™ column we obtain two sub-
blocks where every row can be derived form another row in the sub-block by shifting it
by one or more positions. So, the first sub-block corresponds to a circle

and the second sub-block corresponds to a circle

w7

where black points denote fixed values and white points denote =",

4. Algorithm

First, we apply a Fourier transform to a starting state to chose with equal amplitudes one
of the 5 computational paths. Depending on the path chosen the first two quenes are
made:

1. Xrx:

2. XoXy
3. XXy
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4, X:Xs
5 x:ixy

Without loss of generality we can assume that the path x; x; was chosen. (Because of the
symmetry all the other paths are processed in a quite similar way).
There are two possibilities:

e X T X
[ P
1. Xy =X;

Because of symmetry we can assume that x; = x> = (). Let us select corresponding rows
trom the blocks given above.

0 0 0 0 0 0 — 0
0o 0 1 1 1 -
00 1 - 1 = 0
0o 0o 0o - - -
o0 0 0 0o - -
o 0 ¢ ¢ 0 <
0o 0 - 0 0 -
0.0 -0 -
I R T
6 0 - 0 - ¢
00 0 - 0 0
0 0 0 - 0
00 - — 0 0

Now we chose with amplitude 1 one of the variables that do not have “—* in the block
D)

containing symbols “1”, There are two such variables: x; and x5
Let us suppose x; was chosen.

LL xy=x;=0,x;=1
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Now, again with amplitude _!| . we choose (x,, x;} or fx, x3) to be queried. The pairs of
V2
values give us following answers:

o 001
e 101
e 110

e Ol = 0 with amplitude _L_ . and 1 with amplitude _1_
V2 J2

1.2. X; = X; =0,x_; =0

6 0o 0 0 0 0 - 0
6 0 0 - - -
6 o 0 0o - -
6o o 0 o 0 -
o 0 ¢ 0o 0 -
0. 0.0 -0 - |
o 0 0 - - 0o
¢ 0 0o 0 - 0
60 0 0 -~ 0 0
60 0o 0 6 - 0
0 0 0 0 0
We choose (x,, xg) of (X5 Yei to be quened with amplitude 1 The pairs of values give
J2
us following answers:
e 000 withamplitude L _, and 1 with ampliude 1 _ . ;>0
2 2
e« 0Ol1
o 101
o 111
2. X} FEX;

Without loss of generality we can assume that x; = 0 and x- = 1. And again we select
correspondimg rows from the blocks given above.

o1 1 1 - -
SN SV RS S
01 - 1 - 1 = 0
0 1 1 - 1
0 1 - - 1 1
0o I 0 0 0 - = 1
0. 1 - 0 0 -
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a 1 o0 - - 0
¢ 1t 0 - 0 0
01 - 0 - 0

In this case we always ask the value of x,.
There can be two cases:

21 x=0x:=5x;=1

o001 1 1 - -
o 1.1 1r 1 -
01 - 1 - 1 = 0
0 1 |
0 1 - 1 1 1
0 1 0 1 - 0
o1 0 1 0 o = 1!

Next, values of {x;.x5) must be queried. The pairs of values give us following answers:
e 0=l

e 010
e« 010
o 10

2.2. Xy = 0,1.'2=' I, .1',,:0

01 1 o0 1 I 0
o 1L - 0 1 1 =
o1 0 0 0 -
o1 - 0.0 -
01 0 0 - 0 = 1
0 1 0 0 0 0

0 1 - 0 0

We ask values of (x;, x4). The pairs of values give us following answers:
o 01

.« 0l
o« 101
e« 110

1

Amplitude of every answer is ——

75

Let us now count the probabilities of getting the right answer on different mputs, It is
important to know on how many computational paths every input will be processed like
In %, = X~ case and on how many paths it will be processed like x| = x> case
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All the inputs can be divided into following parts by the first variables:
»  All the first 5 variables are equal. This corresponds to 4 input strings:
0 6 6 0 0 0
11 1 1 1 1
0 06 o 0 0 1
11 1 | 1 0
These inputs every time will be processed like in x; = X, case. For 000000 and

h
111111 we will every time get the answer 0 with amplitude ][1- J

Sl 2 )

20

and 1 with amplitude I_[L E]. This gives us the total probability of

V2042 %)

answer 0 = (l L 2y 1

\2+ﬁ£+£ />2
(RS
5 1‘/—HE >3

For 000001 and 111110 we get the nght answer with total probdblllty =1

o One of the first 5 vanables differs from others, There are 20 such strings. Each
of them 15 3 times processed like x, = X, case and 2 times Iike x; z x; case.

and the total probability of answer 1 =

In x; = x> case we get the right answer two times with probability
i+ifl__LF+E3\ and once with probablllty il _"; lﬁLFJrsl .
2072002 277, 2072002 27
This gives us i+ 3fl — 4o | In X 2 x;case we every time get the
207200272
right answer with amplitude L So the probability definite answer in this
5
13 371 1 Dl
ca5815_+_t_ L
002 V2 ;2

« Two of the first 5 variables are equal and there 1s no variable between them.
(For example, 0011003) There are 20 such strings. Each of them is 3 times
processed like x; = x, case and 2 times like x; = x; case.

In x; = x; case we once get the right answer with probability 3 Al the other
20
cases give 16 5o the total probability is —— 19
20 20
o Twoof the first 5 variables are equal and there is a variable between them. (For
example. 001010) There are 20 such strings. Each of them is once processed
like x; = x; case and 4 times like x| # x; case. In x; = x; case we get the right
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answer with probability i, the other cases we give i_, so the total probability
10

3

of nght answer 1s 3.
10
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Abstract. In this paper we observe graph circuit problem. We present guantum
. . . . 1.5
query algorithm that solves this problem with query complexity (H{R 7~ ). We

also prove lower bound of complexity for quantum qucry algonithms that solve
this preblem. We use Ambainis™ lower bound technique to prove the results of
the work.

1. Introduction

The speedups of quanturn algorithms over classical algorithms have been a
majn reason for the current interests on quantum computing. The central question of
the quantum computing is: how powerful the quantum algorithms are, how much
speedup is possible? Query model is often used in studying quantum complexity,
because many known quantum algorithms fall into this framework. The query {or
black-box, or oracle) model of computation arises when one is given a block-box
containing an N-tuple of Boolean variables X = (x;, X1, ..., xy). The box is equipped
to output x; on input i. The input is accessed, only by querying an oracle, and the
goal is to minimize the number of quenes made. Usually we are interested in bound-

error computation, where the output is correct with probability at least % for all

inputs. We use Q-(f} to denole minimal number of queries for computing f with
bound-crror.

Two main lower bound techmques for Qy(f) are the polynomial method [3]
and adversary method [1]. We use a result by A. Ambainis [1,2] and 8. Zhang [7] to
prove lower complexity bounds for quantum query algonthm that solves graph
circwit problem. ‘

2. Definitions

In the query model, the input x). x;, ..., xx is contained in a black-box and
can be accessed by queries to the black-box. The classical verston of the query
model is known as decision trees |5]. A quantum decision tree with T queries is a
quantum black-box medel. where quenes and other operations can be made in
quantum superposition. Such decision tree can be represented as sequence of unitary
transformations:

Uy, 0. U, 0, ... Ur. O, U
where the U; are arbitrary unitary transformations, and the O are unitany
transformations which correspond to the queries to oracle. The computation starts
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with state |U) . Then we apply U,,0.U,.0, ... Uy,,,0.U. The computation ends with

some measurement of the final state. The measurement gives us the probability of
receiving the value of the function f{X).

The quantum algornithm computes a function f{x;, x2. ..., x,} with bound-error
if for every x = (xy, X3, ..., xy) for which f 1s defined, the probability that the

rightmost bit of U—,OUT.IO...U|()U0‘O> equals f(x). x5, ..., %) 1s at least % The

query complexity of f is the smallest number of queries used by a quantum
algorithm that computes f with bound-error. We denote it Q4(f).

Qur proof of lower bound uses the following results by A. Ambainis [1.2] and
S. Zhang [7].

Theorem 1. /1] Let £ (0.1} _s [0.1} be a Junction and X, Y be mwo sets of inputs 5.
() =) ifx e Xand ye Y. Let R X x Y be a relation s.t.
1. wxe X there are at least m different v ¢ Yst (x3) = R.
2. vy e Y, there are at least m'different x ¢ X st (x,y) € R
3 wxe X vi = [N] there are at most [ different v ¢ Y5t (xv} ¢ Randx;
= Vi.
4. vy e Y. vi & [N] there are at most [ different x = X 5.t (x)) « Rand
= Vi

]

i

Then O = ¢ ).

Definition 1. [2] Let [~ {0,1}" 5 (0.1} be a Boolean function and X, Y be two sets of
inputs 8. L fix) = fiv) if x e Xand ve Y. Let R - X » Y be a relation. A weight
scheme for X, Y, R consists of three weight ﬁmctzms wix,v) > 0, wixy.i) > 0 and
vixy,i) = 0 satisfving

uix, v ivixvi) > w"(x,'v)
Jorall (xy) e Randi ¢ [N} with x.z y,. We further denote

w, = (x,1). w, — w(x, V)
NZ wix,y 7 Z x

X-R xR

Ug; = Zu(x, Vi), Vi T ZV(x,J-‘, i),
FUXVICR.T 20, XX VIeR X 2V

Theorem 2. f2/Ler f {0,1)" 5 (0.1} be a function and X — ['(0). Y < f (1) and R
c X x Y. Let w, u, v be @ weight scheme for X, Y. R. Then

113

LWl .
O:(f) = Q(V} min — min _—!

xe A dcd NI Uy et ad V1V

It is not hard to see, that Theorem 2. generalizes Theorem 1. Later S. Zhang has
improved the results of A. Ambainis and proved the theorem that generalizes
Theorem 2.
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Theorem 3. [7/Let f> 10,1} 5 (0.1} be a function and X — f'(0), Y = f '11) and R
<X x Y. Let w, u, v be a weight scheme for X, Y, R. Then

L

X

Q0= min )

(rreRicl Nl =v, Wy iV,

3. Graph circuit problem

Problem 1. Graph circuit problem.
INSTANCE: Graph G = (V. E), E|=n, represented by adjacency maimx A = (ay),
where
1, if there 1s edge berween vertices 1 and )
au =
0. otherwise
QUESTION: [s there any circuit in this graph G7

It 1s easy to see.that query complexity of classical algonthm 1s equal with
O(nz)(because we need to query all values of the matrix in the worst case). We
will prove the complexity of quantum algorithm that is better than in classical case.

Lemma 1. If there are more than (n-1) edges in G = (V.E), then there is circuil in
this graph.

Proof Easy to sce that from all graphs without circuits the maximal number of
edges is in the graph that equals with graph’s spanning tree, but for spanning tree: El
= V-1 =n-1. And if we add one more edge to the spanning tree, there will be circuit
in acquired graph.

Theorem 4, The guantum query algorithm complexity for Problem 1. is O(n hs }.

Prouf We construct the algorithm with quantum query complexity O(n' ") that
solves the Problem 1.

Algorithm.

1) Fix k=1, which denotes current row in adjacency matrix. that algorithm is
processing. Fix { = 1 — the column in a row from which forward we will
look for ones {edges) in that row. Fix m = 0. which denotes number of
edges that we have found.

2) Inthe k row we search with Grover’s search algorithm for / > /. such that a,
equals with 1. If there is such ay; then go to step 3, if there is ao such ay,
then increase k by 1 (we need to search in the next row). If &> ». then go lo
the step 4, otherwise: assign & to / (graph is not directed. so we do not need
to scarch for ones in the first & columns in the next row), and repeat the
second step.

3) Remember pair (k) and increase m by 1. If m = n, then return “Yes™ and
finish the algorithm; if m < n, then assign j to / and go the second step
{continue searching for edges in the current row).
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4) Search for circuit in the graph using classical deterministic algorithm that
takes an input all the pairs (/) that we were remembered in previous steps.
The output of our algonthm will be the same as the output of classical
algonthm.

It is easy to see that algorithm is correct. Indeed, in steps 2 and 3 of the
algorithm we search for graph edges, and we finish searching whether when we find
n edges (step 3) or when we achieve the end of the adjacency matrix {if there are
less than n edges in the graph). If we find n edges then, by Lemma 1, there is circuit
in the graph, so the output is “Yes™. If the number of edges is less than n, then
classical algonithm with input all the edges, we have found, will output the right
answer.

Query complexity of the algorithm.

It 1s easy to prove that number of the queries in the algorithm is Of n& ).
Indeed, Grover’s search in the second step of the algonthm is running less than 2n
times, because for every edge, that we have found. we use one Grover’s search, but
the number of found edges < n; and for every row we use one extra Grover’s search,
when there is no | anymore in the row. So the total number of Grover’s searches is

less than 2n. The query complexity of each Grover’s search is 0(1./; } because the

size of the input < n. So the total query complexity of the algorithm is O n\/; ).
O

We can see that algorithm we have constructed not only detect whether there
is a circuit in the graph, but also find a set of edges that contains a circwit 1f there 1s
any.

We use adversary lower bound technique by A. Ambairus to prove the lower
bound of complexity for quantum query algonthms that solve the Problem 1.

Theorem 5. The quantum query algorithm complexity for Problem 1 is Q(n).
Proof.

We construct such sets X and Y for the usage of Theorem 1. The set X
consists of all spanning trees (see fig. 1.a) and f{X) = 0. The set Y consists of all
such graphs that were constructed adding one extra edge to the spanning tree (see
fig. 1.b). By Lemma 1, f(Y) = 1. The relation R — X x Y consists of pairs (x,y) such
that y is built from x adding one extra edge 1o x.

From each graph x ¢ X we can obtain graph y & Y such that (x.¥) ¢ R by

. _ 2 nin 1)
adding one edge to graph x. Hence m = C - (n-1) = T - {n-1) =
(n—D(n=2) _ . |
f = (7~} because we can put an edge between any two vertices

except those edges that already exist. From each graph y < Y we can obtain graph x
< X such that (x,y) ¢ R by disconnecting any one of the edges in the circuit. Hence

m=0(1).F=1=1. Hence, by Theorem 1. Q.(f) = ~ mm =Q('\(n2 Yy=0ln).
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TTT

Fig.l.a) Instances of the set X b) Instances of the set Y

As we can see, the proved lower bound is not tight. But, using the Theorem 3, we
can prove that every quantum algorithm that solves graph’s circuit problem needs to

make O(nu ) queries to the oracle. So, we will show that our algorithm is optimal.

Theorem 6. The quantum query algorithm complexity for Problem 1 is Q(nl's).
Proof.

We construct such sets X and Y for the usage of Theorem 3. The set X cousists of
all such graphs that obtained from graphs of unique n-circuit by removing one edge
(see fig. 2.a). The set Y is the set of all graphs that constructed from graphs with

RN

Fig. 2. a) instances of the set X b) instances of the set Y

exactly two cireuits each of length between n/3 and 2n/3 by removing one egde

from one of the circuits (see fig. 2.b). The relation R — X x Y consists of pairs (x.y)
such that only difference between x and y 1s that exists four vertices a, b, c, d such
that edges (a.b) and (c.d) are 1o x but not 1n y and edges (a.c) and (b.d) are in y but
not in x (see fig. 2). A weight scheme for X. Y, R consists of three weight functions
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wixy) =1, uxy,(ij) =vA and v(x.y,(Gij) = %ﬁ for all (x.y) ¢ R and (ij) <

[n'] with X % Yeijy ( by Xqj) we denote the graph’s adjacency matrix’s {1,]) value).

The property of weight functions is valid, because f =1>1 (x ¥).
Wy = wi{x, ¥) = O(n), because there are O(n’) such y that (x,y)e R: (n-2)
FIXV)R

opportunities to choose cdge (a.b) and then n/3 opportunities for the second edge

(c,d).

Wy = w(x, ¥) = O(n’), because there are O(n’) such x that (x,y)e R: from
riiy)eR

each part of the graph v we need to remove one edge (but length of the part is at

least 7/3).

Ui = Z‘u(xaya(ia ])) u(xaya(ia.j)) +

REE N T ST yilavgR, oy =0&y, =l

ulx, y, (i, ).

vixeRx =&y, =0

u(x, v,(i, jp = 4«./; , because if there is no edge between i and j in

vitx Vgl =08 =1

x, but such edge exists in y, that means that this is the case of vertices a, ¢ or vertices
b. d and the endpoints of the second edge must be neighbors of them, so we have
just 4 epportunities to choose neighbors.

u(x, v,(i, j) = O(n\/;), because edge (1)) is the edge (a,b) (or edge
vlx e Ry, =&y, =0
{c,d) y and we have n/ 3 opportunities for removing second edge (c,d) (or edge (ab)

respectively).
Sirrularly:

v(x, v, (i, 7)) 7/ and
XX )ER,};_O&\ \/_

A=

Zv(x () = 0(/J—)

r

| wWoW,

\} min —=

[.\:.j.‘!fR.icEn:],.\],le,v.:_,‘ .\'.(i.j)v,\‘v(i.j}

. . “)X “)‘, L] “’J’ ufl‘
rmn( min U — min 7) =

B L .
(v.yl=Ricn 1, =D&y, ;I u_(.(i.j)l'y.(('._,i) (x.vieRide Ly, =1k, , =0 o, ;) t ki

o=
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W O)00%) 0).0) \/min(c)(n4) O,
4I o /J_) O(nn). /,/‘ On) O(n)

Jmm(O(n 3,0(n' Yy = O(r' ™). So, by Theorem 3. Qx(f) = (1" )
[

4. Conclusion

In this paper we have observed graph circuit problem. We have constructed

quantum algorithm with query complexity 0(?1"5) and have shown that this
algorithm is optimal, proving that the lower bound of complexity for quantum query

algorithms that solve this problemis ((n'”) .
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Abstract. The paper considers recognition of several non-context-free
languages with one-counter one-way finite automaton. These languages
were introduced in [7]. The results of the paper is further improvement
of probabilities shown for these languages in [8].

1 Introduction

Quantum automata were introduced by Kondacs and Watrous [6].
who showed that 2-way quantum automata recognize all regular
languages and some non-regular languages such as (710", and are
thus more powerful than their 2-way probabilistic counterparts. The
same authors showed, however, that the opposite relation holds for
the quantum one-way finite automata, which can recognize only the
proper subset of regular langurages. [t can not recognize for example
the language {0, 1}*1. This restriction comes from the requirements
for reversibility.

There are considered several models in classical computing sup-
plied with some additional enhancements like multitape and push-
down automata; one of the simplest such models is one-way automa-
ton supplied with a counter. The quantum version of automata with
counter (1Q1CA) was considered by Kravtsev [7]. Further study of
such automata are given in [8] where probabilistic reversible version
automata are also considered: [3] where the language recognizable
with 1Q1CA and not recognizable with probabilistic are shown: [9]
where properties of two-way automata with counter are considered.

“* Research supported by the Latvian Council of Science
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In this paper we consider several non-context-free languages
from [7]. Probabilities of their recognition were improved in [8] us-
ing probabilistic approach. In this paper we combine techniques of
[7] and [8] to further improve probabilities of their recognition.

2 Definitions

Automata. See Gruska [3] for general and Condacs and Watrous
[6] for technical background material on quantum finite automata.
The guantum automata with counter which we consider here, were
considered by Kravtsev [7], which we also refer to for formal defi-
nitions. Here, we recall the general ideas of the model.

To begin with, a deterministic one-way finite automaton with
counter (1D1CA) is specified by a finite input alphabet ¥, a finite
set ) of states with a singled out initial state, two disjoint sets
of accepting and rejecting states (J, and @, a counter which is
allowed to hold an arbitrarv integer, and a fransition function 0
updating the state and the counter at each step of computation
as input letters are read from the tape. The value of the function
is dependent of the current state, the read letter and whether the
counter is zero or non-zero. but not the exact value of the counter.
The counter is set to 0 at the beginning of computation: it is allowed
to change by one at each update at most. The automaton processes
each letter of the input word preciselv once until the last letter of
the word is reached. If the automaton is then in an accepting state,
the word is considered accepted, while if in a rejecting state, the
word is rejected.

Formally § is defined as mapping ¢} x ¥ x § — ¢ x D, where
S = {0.1} denotes whether the counter is 0 or not 0 and D =
{—1.0,1} denotes the number by which the value of the counter
changes.

A probabilistic version of this tvpe of automaton (1P1CA) is
obtained in the usual way, essentiallv by considering the states of
the deterministic case as point masses in a larger set of probability
measures, to which the evolution of the automaton is then extended.
Formally we define § in this case as 0: Q x Y x S x @ x D —+ R*,
where §(q, 0, s. ¢, d) describes probability of getting from the state
g and the value of the counter is 0 or not 0 s by reading o letter. to



M Kravisev. Better Probabilitics for Quantum Ome-Way Finite Automata .. 75

state ¢' and change the value of the counter by d. ¢ should satisfy
the follomng condition: ) ¢ a0g,0.5.¢.d) =1 foreach g, ¢' € Q,
seX, se{0,1},de {- 10 1}

Elnal]y, for the one-way quantum one-counter automaton
(1Q1CA). the alphabet is supplemented by end markers & and «.
trapsition function o defined as :Q x I''x S x Q x D — C, is
assumed to satisfy certain well-formedness conditions which ensure
that the evolution of the automata is a unitary transformation. Here
I = YU {9+, «P}. The definition of the counter and the actions on
it remain unchanged from the classical version.

Language recognition works roughlyv as follows; for each let-
ter o of a word extended by the end markers, a unitary opera-
tor U, is applied to the current state (configuration) of automa-
ton and the resulting state (configuration) is observed using an
observable I,(C,,) = E,. DE, ® E of rejecting, accepting, and noun-
terminating subspaces. The state then collapses into one of the
subspaces E,, F,, E_. If a “non-terminating” state is observed, the
computation continues with the next letter. The probability of the
acceptance, rejection and non-termination at each step is equal to
the square of the norm of the corresponding collapsed state.

Quantum state. More formally the state of 1Q1CA is considered
as normalized vector of Hilbert space {»(() x Z) with basis vectors
\g. k} corresponding to the possible configurations of the classical
automaton - the combinations of state ¢ € ) and counter value & €
Z. So state of quantum automaton is a superposition >, ai|q., k)
where a;; € C' is complex amplitude of vector |g. k) and 3, a2 = 1.

Transformation. Operator [, in terms of ¢ on the vector |g, k)
acts as follows '

=Y 8lg.o.sign(k).¢.d) ¢, k + d).

where sign(k) = 0 if £ = 0 and 1 otherwise. By linearity I’? can be
applied to any superposition of basis states.

To ensure that U? is unitary & should satisfy the following con-
ditions of well-formedness [7]. For each ¢;.¢2,¢' € Q,0 € I.s €
{0.1},d € {~1,0,1}:

ok c ’ Lifag=q
Zo (q1.0.51.¢ . d)d(gz. 0. 52.¢'. d} = { s
¢ d 0. if 1 # ¢
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Z 5 (qr-0.51.¢.1)0(qo. 0, 52.¢". 0) +

g .d
+3 a0 (0514, 0)0(g2, 0. 85. ¢, =1) = 0

> 5 (10051, ¢.1)6(g2, 0,824, 1) = 0,
q'.d

where * denotes complex conjunctive.

Observable. Mathematically the result of observation of super-
position ., a;|q, k) is the following: probability to accept is p, =
3" a3 where ¢; € @, . probability to reject is p, = ., a?, where
g; € ¢ and computation halts in these cases, otherwise the com-
putation continues with the following state Zlk ‘Z S |g;. k) where

gi,q; € Q_

Simple one-way one-counter quantum automaton. 1Q1CA
is simple if its transition function is defined as follows:
1} the set of finite unitary matrices. that map states from Q to
states from Q, different for each input letter and zero or not zero
counter value.
2) the change of the value of the counter is determined by the read
letter and the state from @, that automaton moves in.

A QF1CA is simple, if for each ¢ € I', s € {0, 1} there is a lin-
ear unitary operator V,, on the inner product space [»(Q) and a
function D:Q.I" = {—1.0,1} such as for each ¢q.¢' € Q

- , 1V, if Dig'.o) =
O(Q’U’S,q,d):{(ql ’ |a) 6{86 (¢".0)

where (¢'|V, ;|¢g) denotes the coeflicient of |¢'} in 15 |g}.
As shown in [7] the simple LQLCA satisfies the well-formedness
conditions. Further in the paper we work with simple automata.

3 Results

Languages. Consider the alphabet ¥ = {0.1}.
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The language L. Ly = { 0)10°10% || (i=k or j=k) and —(i=j)) }.
The language Ly. Ly = { ' 10710% || exactly 2 of i,j,k are equal}.

Theorem 1. The language Ly can be recognized by quantum one-
counter one-way automata with probubuility %.

Proof. Let Ve, olgo) :\4—'6 |Q0,i:k>+§ |Q’o,j:k)+‘/4—(6 |QO,k:(i+j)/2>a where
qo s initial state, qoj—k, Qoy=x and dgg=(i+j)/2 DoON-terminating
states. Transitions for 0 and 1 can be defined in such way, that
it would be reversible and deterministic and the following condi-
tions are satisfied if starting state of such deterministic automaton
18 Qo j=k» Qo,i=k OT Qo k=(i+;)/2 Tespectively:

1) If the word is of form 0'10710* that no rejection or acceptance
occur during the computation and the ¢ ;- leads to the state q;=
and counter equal to the j-k, the gg;—x to q;—& and counter i-k, the
Qo k=(i+5)/2 TO Ab=(i+j)/2 and counter k - (i+j)/2. '

2) 1f the word is not like 0°10710* than the word is rejected in each
path, or is in some other state then q;—;, q;—x and gz=(it;/2 and
thus will be rejected on end marker «p.

Such transitions for example for qg ;=¢, will be as follows: 4 states
Uoj=k » Qli=k , Q2,j=k , 43,j=k- Iransitions for 0 are defined as each
state remains the same and counter value is increased if resulting
state Is Qi j=k, and decreased if qj ;—¢: transitions for 1 defined as
states should shift to the next index in respect with module 4 so
Un,j=k Should shift t0 g 1mods,j=x and counter value remains the
same. Q3 j=¢ should be rejecting state, qa j=p = qj=¢-

We define V for «p as

Veoo [aime)=/2 [ga)+ 25 la)+ 25 fan):

Vo lgme)=y/2 It} 25 90+ 25 lav):
Voo iQk:(i+j)/2>:|Qr2);

Vo1 '\Qk:(z‘+j)/2>:\f1a2)
where Q.. Qa1, Qa2 are accepting states and q, , q,o are rejecting
states. All the other transition should be defined to map any of
non-halting states to the rejecting states (it can be done by adding
some more rejecting states to retain unitarity see [7]).
Let us consider how the computation goes with such automata.
Before reading <P word is rejected if it is not of kind 0710710%, and
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is in the superposition
14" Zé | @ik, i — k)+‘/73 |dj=k-7 — "°>+§ | Gk=ivsyizs k — (1 + 5)/2)
otherwise. We should consider following cases then:

— 1. It i=j=k then the state after reading <P becomes
Ey \/§|Ga1=0> + 7 10, 0) + 5 IqT,U))+

i
Y3 (3 g0, 0 + 210 0 + L g, 0 VG g Q) =
+ 4 5 a2, >+ ﬁWQQr >+\/5|(17'.- ) + 4 ‘qr: >_

1 Gar. 0) + 32 gg2.0) + 1 |y, 0) + 2 |g,, 0).
Thus the total probability of rejection. by summing squares of

arplitudes from rejecting states is ¢.

— 2. (i=k)and—(i=]) then the state is
£ (\/g ¢a1,0) + = 19, 0) + = qr,O))+

Vvh

V5

+ 2 g, j — k) + % g (7 — £)/2).

So the word is accepted with p=2+L+£=3

3. (j=k)and(—(i=j)}). The same as shown in the previous item.

4. If all i, j, k are different, then we should distinguish 2 subcases

e a) if not (i+j)/2=k then word is rejected with probability 1
then word is rejected with probabilitv 1 due to construction
of automata - all other transitions from non-halting states to
rejecting states.

e b)if (i+j)/2 =k in this case word is rejected with probability
()
g 8"

So the automaton recognizes L; with probability 3. Note that
this probability is higher then ¢ found in [8].

Theorem 2. The language L, can be recognized by quantum one-
counter one-way automate with probability (0.58.

Proof. Let Vg g|qo) Z‘j—g |qo,i:k)+v% Qo =k} + ﬁ |g0,i=;} +

+"—\g ‘qo,k:(i+j)/2>, where gp 15 initial state, go;=x. Qoi=k. Yo.i=,
and qp g=(;;);2 Non-terminating states. Transitions for 0 and 1 can
be defined in such way, that it would be reversible and determin-
istic and the following conditions are satisfied if starting state of
such deterministic automaton is qgj—. Qoi=k- Q0.i=; OT Qo.k=(i<j)/2
respectively:
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1) If the word is in form 0°10710% that no rejection or accepiance
occur during the computation and the qg j— leads to the state q;_g
and counter cqual to the j-k, the gg -« t0 g;,—4 and counter i-k, qg ;=
to g;—; and counter i-j. the qg c=(iy)/2 10 Qr=(s44y72 and counter k -
(i+))/2.
2) If the word is not like 0°10710% than the word is rejected in each

path, or 18 in some other state then q;—;, Qi=«, q;, gk and Qr=(irjy/2
and thus will be rejected on end marker <.

(Such transitions can be easily defined like shown in proof of The-
orem 1).

We define V for «p as

Voo |Qz‘=k>:ﬁ (VT |qaizs) + gr) + lqa1) + |gu2));
Voo |gi=k)=

I (VP 1agmt) + gy + (=3 + 50) laar) + (=3 = 224) lgaa) )
Voo |gimg)=

o (VTlaaizy + la + (=3 = L) haa) + (=5 +55) l92)):

Ve ‘Qk z-3)/2> |Qrz.‘ Vv 1 NQA {(i+]) /2> |ch1)
where Qui=k, Qoi=j, Ja,j=k> Ual, Usz aTe accepting states and g, .
gro are rejecting states. All the other transition should be defined
to map any of non-halting states to the rejecting states (it can be
done by adding some more rejecting states to retain unitarity, see
[7)
Let us consider how the computation goes with such automata.
Before reading <P word is rejected if it is not of kind 0°10710%, and
is in the superposition
0"y = 5 lGimks i~ k)2 lajmn. § — k) + 2 @iy i = ) +
+\/—\/§ ‘Qk:(i-i-j);’?u E— {1+ JJ/2>

We should consider then the following cases

— 1. If i=j=k then the state after reading <P due to the sum up of
the amplitudes with same states becomes

\/% (\/? ‘Qa,j:h 0) + \/7 lq:m:k: O) + \ﬁ |QG,i:js 0) +3 ‘IQ"r; U>)+
\/g g2, 0). The total probability of rejection is = + §=0.58_
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2. (i=k)and—(i=j) then the state is
ﬁ (ﬁ“%,jtkr“) + |Q1".3 0> + |Qrtl* O) + 3 |(IG.2.~ 0>)+

b Jlnimy i =)+ e ik d — B+ 2 g G R)/2).

So the word is accepted with p:%+%+5%+§:0.58.

(j=k)and—(i=j) The same as shown in the previous item.

(i=j)and—(i=k) The same as shown in the previous item.

[falli, j, k are different, then we should distinguish 2 subcases:

e a) if not (i+j)/2=k then word is rejected with probability 1
due to construction of automata - all other transitions from
non-halting states to rejecting states.

e b)if (i+j)/2 =k in this case word is rejected with probability

1-(ﬂ)2=0.6_

3

3.
4.
2.

So the automaton recognizes L, with probability 0.58. Note that

this probability is higher then # found in [8].
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Enlarging gap between quantum and deterministic
query complexities

Lelde Lace'
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Raiua bulvaris 29, Riga, LV-1439, Latvia
E-mail address: Lelde. [ acefamiiludv

Abstraet Many quantum algorithms can be analyzed in a query (oracle)
mode!l where input is given by a black box that answers queries and the
complexity of the algorithm is measured by the number of querics to the black
box that it uses. It has been proved long ago that quantum query atgorithm can
compute some Boolean functions with a lesser number of queries. We propose
some sets of Boelean functions with leaser complexity.

Keywords. Quantum algorthm, query complexity

1. Introduction

Recently 1t has become clear that 2 quantum computer could, in principle. solve
certain problems {aster than a conventional computer. A quantum computer is a
device, which takes full advantage of quantum mechanical superposition and
interference. Building an actual quantum computer is probably far off in the future.
Boolean decision trees model is the simplest model to compute Boolean functions.
In this model the primitive operation made by an algorithm is evaluating an input
Boolean variable. The cost of a (deterministic) algonthm is the number of variables
it evaluates on a worst-case input.

The black-box model of computation anses when one is given a black-box
containing an N-tuple of Boolean variables X=¢x,.x,,...,.xx.). The box is equipped to
output x; on input i. We wish 1o determine some property of X, accessing the x; only
through the black-box. Such a black-box access is called a guery. A property of X is
any Boolean function that depends on X, 1.e. a property is function f - {0,/ 0.1},
We want to compute such properties using as few queries as possible.

Consider, for example, the case where the goal is to determine whether or not X
contains at least one 1, so we want lo compute the property OR(X) = %o v X1... v Xn-
i 1t is well known that the number of queries required to compute OR by any
classical (deterministic or probabilistic) algornithm is O{N). Grover [4] discovered a
remarkable gquantum algorithm thai, making queries in superposition, can be used to
compute OR with small error probability using only (X YN quernes.

Research supporied by Grant No.01.0354 from the Larvian Council of Science and by the European
Commission, Contract IST-1999-11234 (QAIP)
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2. Definitions

2.1. Quantum computing

We introduce the basic model of quantum computing. For more details, see
textbooks by Gruska [3] and Nielsen and Chuang [6]

Quantum states: We consider finite dimensional quanfum systems. An n-
dimensional pure state is a vector [y)eC” of norm L. Let [0y,]13,...,[n-1} be an

1‘) for

orthonormal basis for C”. Then, any state can be expressed as |y)= anﬂla‘

some ay=C, a,eC...., a,,=C. Since the norm of |y) is 1, [a; ’=]. We call the states.
10y,]1y.... Jn-1y hasic states. Any state of the form Z";: al.|g') is called a

superposition of  Oy,|1y,..In-13. The coefficient ;is called amplitude of |1y,

A guantum system can undergo two basic operations: an unitary evolution and a
measurement.

Unitary evolution: A unitary transformation U is a linear transformation on C*
that preserves the /- norm (i.e.. maps vectors of unit norm to vectors of unit norm).
tf, before applying U, the syslem was in a state |y), then the state after the
transformation is I/ 'yr).

Measurements: In this survey, we just use the simplest case of quanium
measurement. It is the full measurement in the computation basis. Performing this
measuremeni on a state |y=a,|0y+...a;ky gives the outcome i with probability lad”.
The measurement changes the state of the system to [1). Notice that the measurement
destroys the original state v} and repeating the measurement gives the same { with
probability 1 (because the state afier the first measuremnent is |iy).

More general classes of measurements are general von Neumann and POVM
measurements [6].

2.2. Query model

In the query model, the input x,....xy is contained in a black box and can be
accessed by quenes to the black box. In each query, we give / to the black box and
ihe black box outpuls x;. The goal 1s to solve the problem with the minirmum number
of queries. The classical version of this model 1s known as decision trees [2].

There are two ways how Lo define the query box in the quantum model. The first
is the extension of the classical query (Figure 1).

[1> —» —» >

, X X~ XN
ja> —» — > |atxp>

Figure 1. Quantum black box.
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1t has two inputs #, consisting of [logN] bits and & consisting of 1 bit. If the input
1o the query box is a basic state |ivby, the output 1s [iMbex,). If the input is a
superposition ¥y aip[i)|by, the output is 3 ya;pl13/bx; ). Notice that this definition
applies both to case when x; are binary and to the case when they are k-valued. In
the k-valued case, we just make & to consist of [logzk] bits and take bepx; 1o be
bitwise XOR of b and x,.

In the second form of quantum query (which only applies to problems with
10,1}-valued x;), the black box has just one input i. If the input is a state ¥, aj|i), the
output is Zi(_l)‘r"ajii). While this form is less intuitive, it is very convenient for

the use in quantum algorithms, including Grover's search algorithm [4]. A query of
second type can be simulated by a query of first type [4].

A quantum query algorithm with T queries is just a sequence of unitary

iransformations
s 00505, 5URn5 05Uy

on some finite- dimensional space ct U, U, ..., Up can be any unitary
transformations that do not depend on the bits x,, ..., xx inside the black box. O are
query lransformations that consist of applying the query box to the first logN-1 bits
of the state. That is, we represent basic states of C* as li.b,zy. Then, O maps |i.b,z) to
|L,b@x;.z). We use O, to denote the query transformation corresponding to an input
x={x;,...xy)

The computation starts with state 0y, Then, we apply Uy, O, ..., Q.. U7 and
measure the final state. The result of the computation is the rightmost bit of the state
obtained by the measurement (or several bits if we are considering a problem where
the answer has more than 2 values).

The quantum algorithm computes a function fix,,.._x) if, for every x={x,;,.._xy
for which f'is defined, the probability that the rightmost bit of U7 O, Upy... O, Uy Oy
equals f{x;,....xx) is at least 1-g < V2

The exaci quantum algonthm compuies a function fix,...xy) if, for every
¥=(x,,....x5) for which fis defined, the probability that the nghimost bit of Ur O, U;
f-e O U0y equals flx;,....xn) s 1.

The query complexify of f'is the smallest number of queries used by a quantum
algorithm that computes /. We denote it Q(f).
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3. Main results

3.1. Constructions
First construction is Hadamard transformation (Figure 2). This 18 a unitary

transformation,
1
N
1
J2oo2)
Figure 2. Hadamard transformation

In quantum algorithms Hadamard transformation is used like this (Figure 3)

1> —>® (3

or H

—»e (4

q2e»

Figure 3. Hadamard transformation in quantum algorithm

Distribution of amplitudes (before and after applying Hadamard transformation)

1s shown in Table 1.
{(91,92) (93,94}
1 (_L .
5 JE] 0o
2 N
(ﬁ A, | oD
3
[ TW (0-1)
4 |
\ 5"\/5} Lo

Table 1, Distributions of amplitudes.
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Next vonstruction solves the following problem. We have one variable x, after a
query we get amplitude 1 in state g, if value of x is | and we get amplitude -1 in
state o, if value of x is 0. Algorithm, which corresponds requirements, is shown in
Figured.

—>»e Q|

H qr IB(X)I'I o
-1.0

—>e q:

Figure 4. Algonthm

D.Deuch [7] gave a construction (finalized by R.Cleve, A .Ekert. C. Macchiavello
and M.Mosca [8]) compuiing the Boolean function PARITY(X,,x2)=x,+x>{mod 2).

Algorithm, which computes PARTY with probability | (exact quantum query
Algorithmi), is shown in Figure 5.

1,1

—)li_ll

-1.0

Figure 5. Automaton. which calculate PAR/TY

Distribution of amplitudes (algorithm, which computes P4ARITY) is shown in
Table 2.

. XXz | After query | (q,.90) |
11

(LD [fﬁ] (L0

1

1
(1,0) (ﬁ_ﬁ
|
| 5
1 !
(0.0) {*\5-#—2} -10)

Table 2. Distributons of amplitudes.

(0.1

"~ -

{0.-1)

"~ -
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Theorem 1 Let Q be an exact quantum query algorithm with two owtputs (0,.1). This
algorithm computes Boolean function fifx,....x,) with k, queries. Corresponding
deterministic algorithm requives k, queries (k2>k;). Let D be a deterministic
reversible query algorithm, which computes Boolean function fo(x,,...x,) with n
queries.

Then exists exact guantum query algorithm @, which computes function
F i X S i et X 10t b Ko} With kyn gqueries and corresponding
deterministic query algorithm have kan queries.

Proof. We construct algorithm Q- as follows. We put in each deterministic
algorithm D query quantum query algorithm Q with corresponding variables. In this
way we get correct quantum query algorithm, which computes Boolean function f;

with k;n queries. Corresponding deterministic algorithm is made in a similar way.
This algorithm requires k-n queries. O

Theorem 2 Let fix,,.. xy be a Boolean function. If' if x;=x:=.. .x,=0 then value of
Hxrn..xy)is I If one of x; is 1, but others are O then value of fix,,...x,}) is 0.
Then deterministic query algorithm requires n queries.

Proof. If we ask n-1 queries and all values are 0, then we need to ask another query
to find out value of function f, 0

3.2, Exact quantum query algorithm with n-1 queries

In this chapter we propose set of Boolean functions, which complexity of exact
quanium query algorithm 1s n-1 but complexity of deterministic query algorithm is
I.

The idea about differences between two input vaniables has come from Raitis
Ozols.

Definition Let x,.... x, be a Boolean functions input. Then difference DIif(i)
berween two input variables x; and x,.; is:

0,x =x
cpip i = Mi-Hmukie)
Dif (i)=
izt 1"\1' * xi'_l(modn)
Definition Lef x,.... . v, be a Boolean functions input and Difli} corresponding

differences. then

DifSum(x,,..x,) =" Dif (i)

=l

Theorem 3 [9] If x,.... .x, is Boolean functions input and n=25~1, then DifSum &
/0,24 .n-1}.
!
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X1

X5 /'@\ X2
® ©
\
OO
X4 X3

Figure 6. Example of five input variables

Example of five input variables is shown in Figure 6. If the difference between
two contiguous variables is 0 (variables are equal), then in figure this fact is shown
with bold line. If the difference between two contiguous variables is 1 (variables are
not equal), then in figure this fact is shown with discontinuous line.

Exact query algorithm, which can differentiate different values of DifSum, 1s
shown in Figure 7. This algorithm has four queries, as each confrontation of two
variables requires only one query.

r

~_x» DifSum =10

- @ b DifSum = 2

'® = o DifSum=2

- i ‘= p DifSum=2

@ "~ o DifSum=2

) > - .@ —— DifSum =2
_ = & DifSum =2

@ ] |= A DIfSum = 4
® o DifSum =2

) - @ b DifSum = 2
i @ = o DifSum =2

3 y - @ =t DifSum =4
@ " _r» DifSum=2

b - @ b DifSum = 4

1_ = o DifSum=4

) |= o DifSum = 4

Figure 7. Quantum query algorthm



88 DATABASES AND INFORMATION SYSTEMS

We consider Boolean function of n variables
1, DifSum(x,,...x,) = 0
Hi(x),.. %)= ]
0, DifSum(x,,..x,) > 0

Theorem 4 There is an exact quanfum query algorithm for Boolean function H,
with n-1 queries and deterministic query algorithm requires n queries.

Proof. We make this quantum query algorithm. alike five variables situation. The
algorithm has n-1 gueries. That output, which corresponds DifSum-0, gives value 1,
other outputs give value 0. This algorithm computes Boolean function ;. Boolean
function H; satisfies requirements of Theorem 2, so deterrministic query algorithm
TequIres n queries. O

Theorem 5 Let H be a Boolean function of n variables and
o Hvalueis I, if DifSumfx,,.. x =0
o Hvalueis 0 if DifSumfx,,. . x}=2
s For any two different inputs H value is the same, if value of inputs DifSum
is the same. '
Then there is an exact quantum query algorithm for Boolean function H with n-1
queries and deterministic query algorithm requires n queries.

Proof. We make this quantum query algorithm alike Theorem 4. We have Boolean
function H, which value is dependent only on input DifSum value. This means, we
can get necessary oufputs from the quantum query algorithm. Boolean function &
satisfies requirements of Theorem 2, so deterministic query algorithm requires n
queries, O

3.3. Exact quantum query algorithm with 2n/3 queries

In this chapter we propose set of Boolean functions, which complexity of exact
quantum query algorithm is 2n/3 but complexity of deterministic query algorithm is
n.

We consider Boolean functton of 3 variables
Ly =x.=x

G(Xl,.\']..‘i3): [ ! - 3

10, otherwise

Theorem 6 There is an exact gquantum query algorithm Qg for G with 2 gueries and
this algorithm has pvo outputs.

Proof. Quantum query algorithm shown in Figure § satisfies requirements. Gutput
q corresponds G value 1 and output g- -G value 0. O
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'—).q1

Figure 8. Quantum query algorithm Qg

Theorem 7 There is a set of Boolean functions, which deterministic complexity is 3n
and exact guantum query algorithm with complexity 2n.

Proof. We use Theorem 1 and Theorem 2. Quantum query algorithm Qg (from
Theorem 6) satisfies requirements of Theorem 2. We take any Boolean function d of
n vanables, which satisfies requirements of Theorem 2. This means the function has
determimstic query algorithm D with n queries. Then by Theorem], we can make
exact quantum query algorithm, which computes function d(g(x,x2.X3),...,2(X302.
X3n.1» X30)) with 20 quenes. By Theorem 2 corresponding deterministic quanium
algorithm requires 3n queries. O

3.4. Exact quantum query algorithm with n/2 queries
In this chapter we propose set of Boolean functions, which complexity of exact

quantum query algonthm is /2 but complexity of deterministic query algorithm is
n.

We consider Boolean function of 4 variables
F(X|,X:~X3,K4)=PARIW(X1,XJ,KLXA)

Theorem 8 There is an exact quantum query algorithm Qr for F with 2 queries and
this algorithm has two outpuls.

Proof. Quantum query algorithm shown in Figure 9 satisfies requirements. Output
q; corresponds F value | and outpui g» - F value 0. r

Figure 9. Quantum query aigorithm Q
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Theorem 9 There is a set of Boalean functions, which deterministic complexity is 4n
and exact quantum query algorithm with complexin: 2n.

Proof. We use Theorem 1 and Theerem 2. Quantum query algorithm Qg (from
Theorem 8} satisfies requirements of Theorern 2. We take any Boolean function d of
n variables, which satisfies requirements of Theorem 2. This means the function has
deterministic query algorithm D with n queries. Then by Theorem!, we can make
exact quantum query algorithm, which computes function d{f(x;,x2.%3.%4).... ,
f(%an.3,. .- Xan)) With 2n quenies. By Thecrem 2 corresponding deterministic quantum
algorithm requires 4n queries. [

3.5. Exact quantum query algorithm with 2 queries for Boolean function of 4
variables

In this chapter we propose Boolean function of 4 varables, which complexity of
exact quantum query aigonthm 1s 2 but complexity of deterministic query algorithm
is 4. This function de not equivalent with PARITY function.

We consider Boolean function of 4 variables.
1, DifSum(x,,..x,})=0

K (xexo,x3%) =21, DifSum{x,,.x,} = 4
0, DifSum(x,,..x, )= 2

Theorem 10 There is an exact quantum query algorithm Qg for K with 2 queries.

Proof. Quantum query algorithm shown in Figure 10 satisfies requirements. Output
qi corresponds K value 1 and outputs q,. qs, and qs - K value 0. 0

12 12 172 1/2__{,q1

W12 12 12 2 L s

W2 12 -2 U2 |y 4

w2 12 A2 27 g,

Figure 10, Quantum query algorithm Qg
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Abstract. The paper focuses on study of a fuzzy concept of casily inferred
sequences introduced by D.Angluin. A method for formalization of such fuzzy
concepts is developed. The proposed mcthod is based on object-modeling
technique. Using this method a metamodel that adequately describes easily
inferred sequences is constructed.

Keywords: Easily inferred sequences, inference patterns, metamodels, object-
modeling technigque

1. Introduction

Current paper has several goals. The first goal is to develop an algonthm for inference
of easily inferred sequences. First informal definition of easily inferred sequences was
introduced by [} Angluin 30 years ago |1]. Easily inferred sequence is a sequence of
natural numbers; a human eastly guesses the correct rule of generation for such a
sequence from a few successive terms. The authors of this paper have not found a
method of computerized interence that could compete with humans in the efficiency up
to now. Only some classes of easily inferred sequences are deeply studied. An
interesting attempt to formalize several sequence classes together with their inference
algorithm is the synthesis of dot expressions [4]. Inductive inference of expressions
{including expressions used in the generation of sequences) from input/output examples
1s studied in [2]. However, there is no method of inference that can deal with the whole
variety of sequences. One of the reasons for it might be the lack of formal description of
such sequences.

The second goal 1s to develop a general method for formalization of fuzzy templates,
ITumans use such templates when they induce general knowledge from specific
examples. Several problems should be solved in order to develop a method of
formalization, The first problem is how to chose and describe elementary templates. The
secend problem 1s how to combine elementary templates to obtain more powerful tools
of formalization. The problem of combining them in a formal way 1s non-trivial, because
templates of inference used by humans usually are orthogonal. Since the 16™ century we


http://lu.lv

D. Ruklisa, J. Barzdins. Mctamodels and formalisation of fuzzy knowledge: a case study 93

know how to combine arithmetic operations to obtain so-called algebraic expression.
However, as a tool of formalization of sequences we need more general nofions than the
notion of algebraic expression,

The next goal is 10 use the object-modeling technique ([5], [3]) in formalization of
easily inferred sequences. The object-modeling technique emerged as a description
method of complex systems in a language that is readable and perceivable by a human.
Traditionally it is used in the formalization of the IT domains — banks, insurance
companjes, telecom, sophisticated program systems. In this work we will study how the
object-modeling techmique can be applied to describe combinations of orthogonal
patterns.

Traditional programming languages are not suitable for formalization of easily
inferred sequences. It is hard to imagine a sieve that could efficiently divide programs
mmto “easily mferable” and ‘“hard inferable”. It is a great minus also in inference of
sequences. As the count of all programs of fixed length is exponential, it might be
difficult to avord the exponential search over programs that generate sequences.

[t is tmportant to find a descnption form of sequences where notions that are familiar
to and understandable for 2 human are used. Besides, the depth of template compositions
in the description of a sequence should not exceed the path of inference characteristic for
a human. If we find such form of description that satisfies these requirements, it would
be possible to carry out fast enough exhaustive search over generation templates of
easily inferred sequences. 1t would be beneficial to supplement this search also with
some heuristics.

2. Easily inferred sequences: examples

In this section different examples of easily inferred sequences will be shown. Of
course, these examples are only a small portion of the overall variety of easily inferred
sequences. In D.Angluin’s paper approximately 6G templates of sequences are described
[1] Each template can be used to generate many sequence examples. Besides, these
templates can be combined 1o obtain more complex templates and thus even more
examples of sequences.

1,4,9,16,25,36 ...

The first sequence is the sequence of squares. Each element is equal to the square of
its number in the sequence.

7,10,13,16.19.22 ...

This sequence is an arithmetic progression with difference 3.

1,1,2,3,5,8,13,21,34,55 ..

This is a Fibonacei sequence.

1,1,2,8,3,27.4,64,5,125,6 ...

This 1s an alternating sequence that consists of two subsequences: 1, 2.3, 4, 5.6 ...
and 1, 8, 27, 64, 125 ... . Both subsequences are intertwined so that elements in even
places are cubes of the previous element in odd place.
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1,2,2,4,4,4,4,8,8,8,8,8,8,88,16 ...

This sequence is made of a sequence of powers of 2: 1. 2, 4, 8, 16 ... . Each power is
repeated as many times as its value.

1,0,4,0,9,0,1,6.0,2,5,0,3.6,0.4,9 ...

The backbone of this sequence is the sequence of squares 1,4,9,16,25.36,4% ... . A
0 is put between every two successive elements of square sequence. Finally, each
element is divided into separate digits.

From these examples we can see that the templates of sequence generation are really
orthogonal.: At the same time combinations of orthogonal templates in sequences are still
easily inferable for a human,

3. Introductory ideas of formalization

The basic element of formalization of easily inferred sequences will be an elementary
pattern. Elementary patterns will be presented as the class diagrams of the form similar
to Fig.1.

A B G
1|generation 1|generation 1|generaticn
parameter 1 parameter 2 parameter 3

GZ

Henerator of
uence

-

result

Fig. 1. Representation of elementary pattern

Class diagrams of elementary patterns use stereotypes depicted in Fig.2.
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Natural number

Fig. 2. Stereotypes

denotes the
sequence class

denotes the generator of the
sequence or some other process
that transforms or builds
sequences

denotes the rule that
determines how the generation
of sequence is done

denotes the function
class

denotes the class
without stereotype

Pattern in Fig.1. shows the generation of sequences from the class Z. The generation
is done by the generator G_Z. Generator takes several generation parameters A, B, C and
produces a sequence from the class Z. Classes A, B, C commonly stand for some
sequence classes or function classes. The roles generation parameter 1, generation
parameter 2 and generation parameter 3 can be considered as role stereotypes. These
stereotypes will be substituted by concrete roles when describing particular patterns of

easily inferred sequences.

Let us consider an example of sequence generation pattern (Fig.3).

Fig. 3. Example of sequence generation pattern

*
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This class diagram depicts the alternation of simple sequences to obtain an alternating
sequence. The generator (v V takes the necessary generation parameters and produces an
altcrmating sequence. Parameters include two simple sequences. In the process of
generation odd elements of the alternating sequence are taken from the first
subsequence, but even elements are obtained from the second subsequence.

Let us build an instance diagram of the altemaung sequence 1, 2, 2, 4, 3, 8, 4, 16, 5,
32,6,64 ... (Fig4).

1234586..5 248163264....5
first second
subsequence subsequence
ep
result

Fig. 4. Example of instance diagram

In this paper rules of sequence generation will be desenibed in natural language. Rules
of gencration will be comparatively simple for elementary patterns.

Varous functions are widely used as generation parameters. Here we will define
some classes of easily inferable functions.

F(x) : anthmetic function with one occurrence of a variable, some occurrences of
natural constants and arithmetic operators +, -, *, ~. Total amount of operator
oceurrences does not exceed 4 (otherwise function may become hard inferable).

F(x. y) : anthmctic function that is of form x+y or x*y.

Six) : decimal function with one operator, which works with decimal representation
of a natural number. Qperator can be of the type firstdisit, lastdigit, length, tail, front.

Let us define these decimal pperators.

Firstdigit © returns the first digit in the decimal notation of a natural number;
Sfirsidigin(81) =8.

Lastdigir © returns the last digit in the decimal notation of a natural number;
lustdigi{(127)="7.

Length : retumns the number of digits in the decimal notation of a natural number;
length(25)=2.

Tail : returns the number without the first digit in the decimal notation; wil(243) = 43,

Front : returns the number without the last digit in the decimal notation; fron(1024) =
102.

R(x) : this type of functions includes anthmetic functions like F(x) and functions of
form fronr(x) and tail(x).
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Fig. 5. Metamodel of easily inferred sequences
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L(x) : class L(x} includes arthmetic functions F(x) and functions of form
length(F(x)).

D(x) : function D(x) returns the list <cy, ¢3, ... X, ... ¢,>, where ¢, €2, ... ¢, are fixed
constants and x is an occurrence of a variable.

4. Metamodel of easily inferred sequences

The metamodel of casily inferred sequences is depicted in Fig.5. This metamodel
contains elementary patterns and their possible combinations. From formal point of view
every easily inferred sequence is defined as an instance diagram of the given metamodel.

A typical instance diagram of casily inferred sequence is depicted in Fig.6. This
diagram shows the generation of the sequence 1,0,4,0,9,0,1,6,0,2,5,0,3,6,0,4,9

2 Fid rg :Natural number | | x Fix}

generation function

generaton function

second subsequence

resull

. ) 104000160250
s e
source
scH {110} 14} {0} (9] (0} [* 6} { Lresul ES
SouUrce 01 (2 5 {01 {3 6) {005

result

5

Fig. 6. Instance diagram of easily inferred sequence

The semantics of the metamode] will be discussed m further sections. For the sake of
explanation the mctamodel will be divided into scveral fragments that unite similar
patterns. Patterns will be described in a greater detail in the context of these fragments.
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4.1. Simple generation patterns

Formalization of easily inferred sequences is started with some simple patterns

(Fig.7).

Fig. 7. Simple generation patterns

The class S represents an easily inferred sequence. There are four generators of this
sequence class (from G_S_I to G_S_IV). The first generator G_S I uses the function
F(x) and natural number as generation parameters. During generation every element of
the sequence. except the first one, is obtained from the previous element by applying
function F(x). The first element is stated explicitly as natural number. The generator
G_S I uses the function F(x) to compute elements in the sequence from their numbers
in the sequence. The generation template G_S _III allows the generation of sequences
similar to Fibonacci sequence. In these sequences next element is computed from the
two previous elements. The template G_S_IV describes sequences where next element is
computed from the previous element and the number of current element in the sequence.

If we have some easily inferred sequence alrcady, it can be transformed into another
sequence. Transformation means that every element x; of the source sequence is
transformed into element f{x;), where f is the transformation function. The transformer
T S can operate with two types of functions - arithmetic and decimal functions.

In the following sections we will see yet other methods of producing an easily
inferred sequence.
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4.2. Group sequence

Now we will consider a more general type of sequence — the group sequence. The
group sequence is a sequence built from finite subsequences called groups. Every finite
subsequence is a fragment of some easily inferred sequence. If these subsequences
together form some pattern, then the resulting group sequence also is easily inferred.
Group lengths should form some simple pattern as well.

Let us assume that each group is delimited from other groups by brackets. Thus, for
each group sequence there is a fixed partition of clements into groups. For example,
group sequence 1,2, 2,3,3,3,4,4,4,4,5 ... in our inner representation might look as
follows <1>,<2,2>,<3,3,3>,<4,4,4,4>,<5 ..> ...

First, we will look at some patterns of transformation of plain sequences (easily
inferred sequences) into group scquences, and group sequences into plain sequences

(Fig.8). Then we will pass over to more complex generation patterns of group sequences
(Fig.9).

Fig. 8. Transformation of group sequence

The group sequence corresponds to the class G in the metamodel.
An easily inferred sequence can be transformed into a group sequence either by
decorator D_G or exploder of the elements of sequence E_G. The decoration is done by
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the function D(x), which takes a natural number and returns a list of numbers, where
constants are put around the argument x. D(x) is applied to each element x; in the source
sequence; the returned list D(x;) constitutes one group. The exploder E_G takes each
element and converts it into a list of separate digits. The list of digits obtained from one
element of the source sequence forms one group.

The reverser R_G can transform group sequence into another group sequence. The
reverser translates each group of the source sequence into another group, where elements
are put in a reverse order.

Fig. 9. Generation of group sequence
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There are three ways how to construct a plain sequence from a group sequence (the
transformers T G I, T G II and T_G_III in Fig.8). First, we can drop brackets of
groups to obfain a plain sequence (the transformer T _G_I). The transformer T G II
concatenates elements inside groups and makes a sequence, where cach number 1s equal
to concatenation of some group. The transformer T_G_III makes a scquence that
contains last elements of groups in the group sequence.

Now we are ready to pass to generation of group sequences (Fig.9). The generation of
a group sequence can be done in two ways: using base sequence as a source of group
elements (G_G_I) or using functions to derive groups (G_G_II).

Two parameters are involved in the generation of a group sequence that uses base
sequence: the base sequence and the pattern of group lengths. The base sequence can be
used in two different ways (represented by generators G_G_[1l and G_G_TV). First, the
elements of the sequence can be sequentially divided into groups. It means that the first
I; elements constitute the first group, next |- elements form the second group etc., where
Iy is the length of the first group. |- is the length of the second group and so on. Another
way of forming a group sequence is to repcat the base sequence in each group. In this
case the first group consists of the first |y elements of the base sequence, the second
group consists of the first 1 elements of the base sequence etc., where 1, 15 the length of
the first group, 1» is the length of the second group and so on.

The group length specifies how many natural numbers will be in a group. There are
two possible sources of group lengths according to the generation rule R L. Group
lengths can be given as elements of another easily inferable sequence (R_L 1), or they
can be computed from the first element of the same group with the function L(x)
(R L ID.

The gencration of a group sequence from functions is based on three fundamental
rules: the generation rule of the first elements of groups (R_F), the derivation rule of
further elements in the group (R_R) and the generation rule of the group lengths (R L).

The first elements of groups may correspond to elements of some casily inferable
sequence (rule R F I}, or they can be computed from last element of the previous group
with the function F(x} (rule R F II). In the second case the generation rule requires two
parameters: natural number and function. The natural number serves as the first clement
of the first group.

The generation rule of further elements specifies the generation of group elements
starting from the second, assuming the first element is already computed. According to
the rule R_R I next element in the group 1s obtained from the previous element m the
group by applying function R(x). The rule R R Il uses a two-argument generation
function to returm next clement in the group. The first argument of this function is the
previpus element in the group, but the second argument is the group number. The rule
R_R_IT uses the same kind of function as the rule R R 11, but the second argument of
function 1s the nurnber of the current element inside the group.

Group lengths can be taken either from another sequence or computed from the first
clement of the same group.



D. Ruklisa, J. Barzdins. Metamodels and formalisation of fuzzy knowledge: a case study 103

4.3. Alternating sequence

The last type of easily inferred sequences in our classification is the alternating
sequence. The alternating sequence is a composition of two subsequences or two
functions. The structure of an alternating sequence that is made of two subsequences can
be depicted as follows:

<1-st element of 1-st subsequence,

1-st element of 2-nd subsequence>,

<2-nd element of 1-st subsequence,

2-nd element of 2-nd subsequence>,

<k-th element of 1-st subsequence,
k-th element of 2-nd subsequence>,

An alternating sequence of two functions has the following structure:
<]-st element,
f(1-st element)>,
<g(2-nd element),
f(3-rd element)=,

<g(2k-th element),
f{2k+1-th element)>,

1|result  1|resuit

second
subsequence

1

» first
subsequence

Fig. 10. Alternating sequence
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In this model the aliernating sequence is a subclass of the group sequence (Fig.10).
General structure of the alternating sequence indicates that elements are grouped in
pairs. Either neighbouring elements from different subsequences are paired, or
neighbouring results of different functions form one pair. When the alternating sequence
is made of two group sequences, the delimiters of groups in subsequences arc dropped.
For example, alternating sequence made of sequences <1>, <2, 2>, <3, 3, 3>, <4, 4,4,
4> and <1>, <1, 2>, <], 2, 3>, <1, 2, 3, 4> ... with the altermator A_G is <1, 1>, <2,
2,1,2>,<3,3,3,1,2,3>,<4,4,4.4,1,2,3. 4> ..

5. Conclusion

In this paper we have demonstrated the method of sequence formalization. For the
sake of shortness we have chosen quite 2 small set of elementary patterns. Due to small
amount of paticrns some sequences are depicted as a composition of several patterns,
even though a human perceives them as a whele. Therefore in the final version we have
included additional patterns. Additional patterns simplify the representation of
sequences, but are more complex. ,

Practically all casily inferred sequences can be depicted as instances of the class
diagram in Fig.5. In this sense our set of elementary patterns 1s full.

Further aim of this work 1s effective implementation of search over mstance diagrams.
The best measurement of the effectuveness of search would be the competition with a
human.
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Abstract. In this paper we revise a well-known technique for optimizing
joins - join-indices. We propose a variant of join-indices, multi-indices.
which are specifically tailored for main-memory databases. We discuss
trade-offs for creating multi-indices. outline implication of multi-indices
on update and insert procedures and describe their usage in query pro-
cessing algorithms. For some important particular kinds of gneries in-
volving selections we also propose a further optimization that places a
pointer to the shared index record into the data record and thereby
avoids search in the index structure altogether.

Keywords. Access methods, join algorithms, main-memory databases

1 Introduction

In the last decade advances in computer hardware allowed t¢ store relatively large
databases in main memory, attracting great attention to main-memory databases
in research community. It has been shown that main-memory databases provide
performance on order of magnitude better than traditional, disk-based databases
[3]. A main-memory database system (MMDBMS) can store all the data and
support structures (such as indices} in main memory, using disk only for logging
and recovery and avoiding inefficient random access to the mechanical device [2].

*Changing primary data storage from disk to main memory does not free
database systems developers from the problems peculiar to traditional databases.
In particular. efficient data access is still very important for MMDBMS. How-
ever, MMDBMS bring new criteria for evaluating access methods - CPPU cache
utilization. Recent research has shown that CPU cache misses are the biggest per-
formance bottleneck for MMDBMS [7, 1]. Many algorithms and data structures
traditionally used in DBMS have been revised in last years from the viewpoint
of cache behavior [8, 3. 11, 1].

In this paper we focus on performance of equi-join operation, which is wideily
used in query processing algorithms for relational DBMS. We propose multi-
indices - a sort of indices mapping an attribute value to all records of different
relations containing this value. Multi-indices employv the same idea as the well-
known join indices - precomputing information required during join operation.
Using multi-index, one can find all pairs of matching records without scanning
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or preprocessing relations. We propose a layout of index structures that seems
to be optimal with respect to cache behavior. For queries involving selections,
performance can be further improved by placing a pointer to the index record into
the data record. We expect this modification to significantly speed up execution
of such queries.

2 Related work

The CSB- -tree proposed in [8] features a layout of tree nodes with only one
child pointer. This structure frees exira space in a4 node for keys, increasing
tree branching factor and decreasing height of the tree. This reduces number
of cache misses during tree traversal at the cost of more complex node split
algorithm. One of the latest works in the field, [11]. uses a buffering technique
for optimizing search in B+-tree. Buffering helps to avoid cache miss occurring
when walking down from a parent to a child in the tree. An algoritiun is de-
scribed that distributes buffers among the tree nodes during query processing
thus accommodating buffering strategy to the workload.

Shatdal. et al |5] improve cache behavior of several widely used algorithms
for join and aggregation. The work also contributes a categorization of cache-
conscious methods. Methods of the first category try to exploit temporal locality
and reuse the data previously loaded in the cache by reducing the working set
of the algorithm, while methods of the second category use spatial locality and
partition the process in such a way that each part works with a relatively small
block of memory that fits in the cache eniirely. Kersten et al. [7] employ radix-
clustering scheme to attain even better cache performance of join operation.

Our work is based on the idea of join indices proposed by Valduriez in [10].
Civen two relations R and S and a join criterion, binary relation of pairs (». s)
(where r and s are RIDs of records of R and S which can be joined using the
join criterion) is built. The index on r for this relation is then used to find all
RIDs of records of S joined with the given record of £. While on the logical level
our muiti-indices resemble those proposed by Valduriez, we focus on efficient
physical representation of index records under specific circumstances of main-
memory database system. At the same time we do not bind the idea with the
particular index structure. Like domain indices [6], muiti-indices may index more
than two relations, We also propose further development of the idea and claim
that in many cases significant speed-up can be gained by placing pointer to the
index record into the data record and avolding the index scarch altogether.

3 Creating and using multi-indices

The main idea of multi-indices is to store information about all records of dif-
ferent relations containing given value of an attribute in the same place. Let
Ri..... ) 1s a set of relations with common attribute 4. Multi-index of the re-
lations Ay. ... Ri on the attribute A 1s a mapping

I{J‘RI g,y - Domain(Ap, ... Ag,) — {r;}.
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where Domain(Ap,...., Ag,} is a union of attribute A4’s domains in relations
Ry, ... Ry and r; 1s a record of a relation R; for some [ = 1. .., k. Notice that the
multi-index I?Rlx—---Rk can serve as a conventional mdex for any of the relations
Ry, ..., Ri on the a.t'tri%ute A - we only need to filter out records of other relations.
We call k the degree of the multi-index.

We also define indez record as a structure containing RIDs of records with
the given value of the attribute. The nature of RID depends on the implemen-
tation and the storage model being used. We investigate methods for efficient
organization of index record later in this work.

3.1 Organization of multi-indices

There can be different ways for organizing multi-index 7 AR[ _____ R, 1- For simplicity,

let us assume we have two relation B; and R with the common attribute 4.
We can then build two indices on A4 for ) and F; with shared index records,
so that a value of the attribute can be mapped to records of R; and R with
this value of the attribute by single lookup in either index for R1 or Ra. As
an alternative, we can use single index structure for both £; and H.. Either
approach has its advantages, and choice between them should be made taking
into account several factors.

Students
StudID Name NOB
1 Alexander 0179
2 Anna 09/08/80
4 Dmitry 02/03/80
Hobbies Index for Hobbies relation
RiD StudiD Hobby StudiD Index record
1 1 Fishing ]
2 4 Reading 4
3 4 Swimming

Figurel. An example of relations {Students. Hobbies} and multi-index on Studid

attribute

Index for Students relation

SwdiD index recard Sludents. 4
’ Habhies. 2
2 Hobbies, 3
4

Shared index record
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First, distributions of A's values in relations £; and R can differ signifi-
cantly, so if a single index structure is used for both relations, index lookup is
less efficient than it would be if two separate index structures were used. Sec-
ond, a single index structure for a set of keys occupies less memory than two
index structures mapping the same set of kevs even if two structures share index
records. Besides possible duplication of keys in both structures, there are also
auxiliary elements like link pointers etc. Third, as we will show. implementation
of multi-indices in the form of several index structures with shared index records
degrades performance of insert and delete operations, so for environment with
intensive modifications we may prefer a single index structure.

Choice among different variants of implementation of multi-index is therefore
a trade-off between storage space, search and update efficiency. Tf there are three
relations with comnon attribute, the situation becomes even more complicated,
as we now have 5 options for constructing multi-index. It is known that the
number of all possible partitions of a set {and therefore the number of options
for constructing multi-index) is described by Bell numbers [9]. Generally, the
issue of choosing optimal implementation of multi-index can be treated as an
optimization problem where we are trying to minimize average scarch cost under
restrictions on the amount of main memory available and overhead for insert and
update opetations. Space limits preclude us from detailed description.

Tn Figure 1 an example of two relations {Students, Hobbies} and a multi-
index on the Studld attribute is depicted. In the example an index on Studld
is built for both relations, and indices share common index records. Assuming
that only some of students have hobbies, such an organization seems to be better
than the single index structure.

We propose the following index record lavout. Index record header contains
the length of the index record and a table {(Relld — of fset)—) . . that maps
unique relation identifier to the offset of the first record identifier from the re-
lation in the index record. Following the record header, record identifiers from
the relations Relld;. ..., Relld,, are stored. The main idea is therefore to group
record identifiers from the same relation together. Compared with simple sequen-
tial layout, this organization incurs some overhead during update of the index
record. because we may need to shift part of the record to accommodate to new
relation boundaries or even reallocate the record if no free space available inside
the record. If. however, modifications to the database are rare as compared with
queries, this overhead s well rewarded by the resulting cache efficiency. Fetcli-
ing record identifiers for relation ! costs 1+ vizelly) 7 cache misses in the

sizefeacke line

worst case (where [; is the size of the block of records identifiers from relation {);

fetching records identifiers for relations [ and m costs 1 4 S2tUotaieetn)

sizeleache _ bine) cache
misses.

3.2 Maintaining and using multi-indices

An algorithin for equi-join of two relations R, B> on common attribute 4 us-
ing multi-index ]{;ER;.Hv} is straight-forward. We simply traverse the multi-index
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collecting matching records. Notice that an optimization is feasible in the index

record layout: if we have a multi-index It} #t,...m,} 2nd there are expectations
that two particular relations K; and R, w1ll often be joined in queries, we may
place record identifiers from these relations contiguously in the index records
thereby decreasing the probability of the extra cache miss. Another optimiza-
tion is to place record identifiers from the most frequently using relations closer
to the beginning of the index record, since this may reduce the number of cache
misses occurring during processing of the index record to 1.

We compare the multi-index join with the partitioned hash-join which has
been proved to be one of the most efficient equi-join algorithms for MMDBMS
[5]. Partitioned hash-join requires preprocessing step that divides relations (say
R and 5) being joined into partitions based on hash codes of values of the join
attribute. This step involves scanning both relations and therefore exhibits poor
cache performance because of large number of compulsory cache misses. Each
record of the relations should be accessed in order to compute its hash code. The
number of cache misses depends on the underlying storage model (one can lay
out attributes in such a way that values of the join attribute cccupy contiguous
region in memory. thereby decreasing number of cache misses required to read
them all), but in general for conventional N-ary storage model we may expect
one cache miss per each record. After preprocessing siep, hash-join builds hash
table for each partition of relation R and probes all records in each partition of
relation S using this hash-table,

Multi-index does not require any preprocessing, as it alrcady has all the
necessary information to perform the equi-join. We only need to traverse the
index structure and for each index record form pairs (r,s) of matched records.
Notice that conventional index structures like B---trees and bucket-chained hash
tables all support efficient traversal. Of course, we still experience large number
of compulsory cache misses. However, we expect this number to be substantially
smaller than that during preprocessing step in partitioned hash join, because
index records better utilize cache lines and do not pollute them with irrelevant
information (such as values of attributes not participating in join). For multi-
indices of the smallest degree 2, the cache utilization is especially high, since
all the information contained in an index record is required during join. For
multi-indices of higher degrecs, we have mentioned a couple of optimirations
aimed to increase cache utilization. In the multi-index join we also do not need
to perform hash code compiutation, which can be a CPU-bound operation. Given
all the above, there are good prerequisites for multi-index join to perform better
than the partitioned hash-join.

During insertions, deletions and updates to the database. multi-index, like
any other index, should reflect changes in the data. We need to find the index
record corresponding to the value of the attribute in the data record being in-
serted or deleted. If the multi-index consists of the single index structure. we only
need to lookup in this structure. If, however, multi-index is a union of several in-
dex structures with shared index records we generally need to search in all these
indices until the index record is found or the search is exhausted. This may seem
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expensive but notice that in practice we almost always know which part of the
multi-index should definitely contain the shared index record corresponding the
data record heing inserted or deleted. For example, when we insert data record
into or delete from details relation in ‘master . details’ scheme, we do know the
RID of the corresponding master record, so we only need to search in the part of
the multi-index for the master relation. The same applies to the situation when
we add or delete fact record from facts relation in the star scheme; in this case
we know the RIDs of corresponding records in dimension relations.

Multi-indices can be useful during modifications to the database for enforc-
ing referential integrity constraints [10, 6]. Let us supposc we have three re-
lations: Students (Studid, Name), Marks (Studld, Subject, Value) and Hobbies
(Studld, Name) where Marks. Studld and Hohbies. Studld are foreign keys for
which CASCADE DELETE constraint is enforced. If we need to delete a record
from the Students relation, multi-index Iﬁﬁ’?ﬂfuzs]kas_Hobb{Fs} enables us to
find all records about student’s hobbies and marks using single index lookup. In
case of two conventional indices on Studld for Marks and Hobbies two lookups
would he required.

3.3 Connecting multi-indices and data records

In the above multi-indices were just a generalization of conventional indices; the
data records remained unchanged. Unfortunately, such an approach limits use-
fulness of muiti-indices. To demonstrate this, we return to the Students example.
Let us suppose we have to find all marks of a student given the student’s name:
SELECT Subject, Value FROM Students, Marks WHERE Students.Name =
"Anna' ANTD Marks.Studld = Students.Studld. Good query execution plan first
makes use of index Students. Name (which we assume to exast}, and only then
performs the join. The join is therefore used to find all records about student’s
marks given the Studld. But this just as well could be done with conventional
index on Studld for the Marks relation. An alternative execution plan could
first join Students and Marks using multi-indices and then filter out all records
which bear nothing to Anna, but this plan looks unreasonable because of low
selectivity of the query. .

We can make multi-index more useful if we directly connect data records
with the corresponding index records as illustrated in Figure 2. If we place a
polnter to the index record into data record of the Students relation, we will be
able to perform the query quite efficiently : we will only need to find a record
about Anna in the Students relation and then follow the pointer to the index
record where we fetch RIDs of corresponding records from Marks relation. This
query execution plan does not involve any index search for performing the join.
Notice that such a modification of data record’s structure is especially simple for
MNMDEBMS. because in MMDBMS we keep relations and multi-index in main-
mermory. and we do not have to perform any additional address translation when
moving indices and relations from disk 1o memory and vice versa.

Of course. placing a pointer to the index record into the data record has some
negative conseguences, most obvious of which is that the pointer occupies extra
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Students

StudiD Name DOB ndex peintes
1 Alexander 0110179
2 Anna 09/08/80 Index ecord
i Doty | 020380 TP Studers 4
Hobhies, 2
Hobbies Hobhigs, 3
RID StadiD Hobby
1 1 Fishing
2 4 Reading
3 4 Swimming

Figure 2. Direct references from records of the Students relation to index records

storage. Another unwanted side effect is possible decrease of cache utilization
by data records. For those queries which do not include join, the pointer will
simply waste valuable cache space. A possible solution to this problem is an
adaptive data layout technique like one discussed in [4], which lay out contigu-
ously attributes frequently occurring together in queries. Third issue is that after
inserting a new data record the corresponding index record can be reallocated,
and we will need to update all pointers to it. However, this can be done efficiently,
because all data records holding pointers to the index record are referenced in
the index record itself, so we can easily update them having the index records in
hand. Generally, we expect that in many cases the proposed modification pays
off and significanily increases effectiveness of multi-indices.

4 Implementation and experimental study

We are currently working on implementation and tuning of multi-indices in Mem-
phis, our main-memory research database kernel. The primary goal of Memphis
project is to provide a flexible architecture that would allow to support var-
ious storage models and index structures, easilv plug compression algorithms
and include new data types extending the predefined set of built-in types. The
salient feature of Memphis is that it is written entirely in a managed language
C# with performance-bound places using unsafe code [12]. This greaily facili-
tates integration of Memphis with applications targeted NET framework. We
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are going to use Memphis as an underlying storage system for the repository
containing large amount of information about source code of software projects
{this information includes such code objects as classes, methods, propertics and
relationships among them).

We have implemented some conventional join algorithms used in MMDBMS
{partitioned hash join, blocked nested loops, index) as well as multi-index joins.
We use bucket hashing for multi-indices; for better efficiency we provide special-
ized representations of index records for multi-indices of several small degrees.
These specialized representations contains fixed number of offset fields in place of
general offset table described in section 3.1. We have not implemented references
from data records to index records vet.

(ur preliminary experiments show that multi-indices work well in important
situations, in particular, for joins involving one master and several details rela-
tions (which is a very common case in practice). We present some experimental
results here. These results only concern performance of join operation; measure-
ments of insert and update overhead caused by multi-indices as well as a more
detailed study of joins will be given in the extended version of the paper. We
tested our implementation on several datasets, including the real dataset and
synthetic ones. Synthetic datasets were generated by a tool that is a part of the
Memphis project. ‘This tool takes such properties of the dataset as relations car-
dinalities. tvpes of attributes, and distribution of attribute values and produces
relations in the form of plain text files that can be bulk-loaded into memory of
the Memphis system. Each experiment was performed on the cold system; that
i3, the system was started, all the relations were loaded, then the join was per-
formed. The presented measurcments are average values obtaining by running
each test several (5-6) times. The experiments were conducted on a conventional
workstation (Intel P4 2.8 GHz, 1 Gb RAM). In our tests we compared the per-
formance of the join algorithm using multi-index with in-memory partitioned
hash-join algorithun {|5]). The number of partitions in the hash-join algorithm
was chosen to provide the optimal performance. Results of experimental runs for
some datasets are surnmarized in the Figure 3.

;Da.tu..set A |5] THahdoin |[TCreatertuititnder | Talaltiindexdoin | MultiInder Size
Classes |8000 |6000 |1.6 sec 0.8 sec 1 sec 0.4 Mb
Syuthll 30000 (30000 1.2 scc 1 scc 0.85 sec 0.6 Mb
SynthI2]100000[3000D0[7.6 sec  [4.8 sec 7.7 sec 1.8 Mb
iSynt.hSl 100000|300000 43 sec 24 sec 8 sec 2.1 Mb

Figure 3. Results of experimental runs

For eack dataset |12 and 5| are cardinalities of the relations being joined,
T ashtoin 18 the running time of the partitioned hash-join algorithm, T eare iz uiii,
is the time required to build the multi-index. Tarusirnder Jorn 15 the running time
of the join algorithm using multi-index, and AfultilndexSize is the amount of
memory occupied by the multi-index. Since in this experiment we assumed that
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the multi-index is built during the join processing, the total running time of the
multi-index join s TipenteMuitifnder + L MultiFrdesJoin- 1 practice, however, the
multi-index s maintained up-to-date, so the first term T cate M ultiTrides dISAP-
pears from the latter formula.

Dataset C'lusses contains information about classes (basically, names of classes
and their members) defined in source code of a large object-oriented system. This
information is stored in the normalized form. The relation R (*Classes’) containg
ClassID and ClassName attributes. It is joined with the relation S (‘Members™)
that consists of ClassI D and Member Name attributes, where S.ClassID is a
foreign key referring to the R.ClassID.

SynthIl and SynthI2 are synthetic datasets that include two relations, each
of which contains one integer and one string attribute. Integer attributes are
unformly distributed in the interval [1.100000]. The relations are joined using
integer attributes as the join attribute. Finally, Syntf.S1 contains two relations,
with two string attributes in each relation. The pair of joined attributes are short
strings (3-5 characters) that mimic e.g. item code represented in a string form.
Note that in case of string attributes the multi-index join provides the noticeable
speed-up, as it dramatically reduces the number of expensive string comparisons
needed to compute the join result.

5 Conclusion

In this paper we have presented multi-indices - a generalization of conventional
indices commonly used in databases. Multi-indices essentially precompute infor-
mation needed to perform equi-joins by mapping an attribute’s value to all the
records of different relations containing this value. This enables very efficient pro-
cessing of equi-joins. We have discussed trade-offs for constructing multi-index,
the layout of index records optimized for better cache utilization, maintenance
and usage of multi-indices. We have also proposed a further development of the
idea - connecting index records with data records, which enables to avoid search
in the index structure and leads to even better performance.

We believe that multi-indices can be an effective tool for main-memory
database svstems. Currently we are working on tuning and experimental study of
multi-indices in our research database kernel Memphis. Preliminary experiments
show that multi-indices perform well in practicallv important situations. We will
present detailed experimental results in the extended version of this paper.
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Abstract. Data Mining. the extraction of hidden predictive information from
large databases, is a powerful technology with great potential to help users
focus on the most important infermation in their data warehouses. This paper
studies classical association rule comstruction techniques. A method of
association rule obtaining initially developed to analysc the consumer basket
has tumned to be a good tool for other tasks too. The method helps search and
find regularities of the form X = Y in different kinds of data. This methed is
currently widely applied in the tasks of large scale database processing and
analysing. The paper presents an algorithm for association rule construction,
and contains an implementation cxample. An analysis of the experiments is
given

Keywaords: Data Mming, association rules, Aprier algorithm

1. Data Mining tasks

Over the last decades we have seen an explosive growth in human’s capabilities
to generate and collect data. Advances in scientific data collection, the widespread
introduction of buar codes for almost every commercial product, and the
computerisation of many businesses and government transactions have generated a
flood of data. It is not realistic to expect that human experts carefully analyse all this
data. A significant need exists for a new generation of techniques that can
intelligently and automatically transform the processed data into useful information
and knowledge. Thus, data mining has become a research area with increasing
importance.

Data mining, which is also referred to as knowledge discovery in databases.
means a process of noninivial extraction of implicit, previously unknown, and
potentially useful information (such as knowledge rules, constrants, and
regularities) from data in databases {1.2]. The gencral idea of discovering
“knowledge” in large amounts of data is both appealing and intuitive. but technically
1t is difficult.

Data mining is an inter-disciplinary subject formed by the intersection of many
different areas. Researchers in knowledge-based systems. artificial mtelligence.
machine learning. knowledge acquisition, statistics. spatial database. and data
visualisation have also shown great interest in data mining.
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Many researchers give the following global data mining tasks: classification,
clustering, association rules, sequence and prediction.

2. Possibility of association rules analysis

Frequently the needs of business stimulate the development of new methods of
intelligent database analysis, which are orented towards practical business
applications. As an example, one of the problems can be mentioned. which shop
managers often face: when a customer purchases specific article, then X % of the
time he also buys another article that is first article dependent. Say, if he buys bread
and butter, then 90% of the time he also buys milk. Initially, that task was used to
find a pattern of typical market basket in supermarkets, that is why it is frequently
called market basket analvsis. The regularitics, which could evidence for such
events’ telationships, were called associations. Associations or association rules
cnable one to find relationships among several dependant cvents. The underlying
statement for those tules is the following: if event A has occurred, then event B will
also occur with probability X%.

The basics of association rule acquisition are theoretical assumptions about the
existence of such rules made by Agrawal, Tmielinski, and Swami [3]. In 1994 an
effective algorithm for association rule mining was published [4]. The above studies
have stimulated the development of numerous similar algorithms, which made it
possible to analyse, for example, large scale shopping operations, and extend the
task to one of the fundamental methods of intelligent data analysis. Association rules
can be employed not only for market basket analysis. They can be applied to any
data analysis by carefully examiming the regularities found.

Let us consider a short ¢common example that illustrates the essence of
association rules. Table 1 contains data on shopping transactions.

Table 1. Markert basket

Market basket id Market basket content
1 juice, water

2. milk. juice, bread

3. juice, butter

4. juice, bread, water

bread

Ln

From the data given in Table | the following rules can be derived:
— 80 % of all trunsactions contain juice (1.2,3.4);
40% of all transactions contain water {1.4);
50% of the transactions containing juice also contain water (1.4);
all the transactions contaiming water also contain juice.
The rules derived are simple. understandable and applicable. They arc typical for

the process of association rule mining. An association rule 1s an expression X = Y,
where X and Y are scts of items. The intuitive meaning of such a rule is that

|
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transactions of the datahase which contain X tend to contain Y. Association rules

can be formally defined as follows:

Let 1= {i, i3, ... 1n] be a sct of literals, called items_ Lei D = {t,, t., .. . t,} bea
set of transactions, where each transaction, t, is a set of items such that t < 1. Each
transaction is associated with an identifier, called TID. Given an itemset X < L a
transaction t contains X if, and only if, X < t. The itemset X has support, s, in the
transaction set D if s% of transactions in D contain X; we denote s = support (X).
An association rule is an implication of the form X => Y, where X, Y < I, and X m
Y = 0. Each rule has two measures of value, support, and confidence. The support of
the mule X => Y 15 support (X w Y). The confidence, ¢, of the rule X ==Y in the
transaction set D means ¢% of transactions in D that contain X also contain Y,
which can be written as the ratio support (X w Y)/ support (X).

Support indicates the frequencies of the occuming patterns, and confidence
denotes the strength of implication in the rule. Given a user specified minimum
support {called minsup) and minimum confidence {called minconf), the problem of
mining association rules is to find all the association rules where support and
confidence are larger than the user defined minsup and minconf. It can be
decomposed into two subproblems: ’

1. The large itemsets. Find all iiemsets that have support above the predetermined
minimum support. These itemsets are called large itemsets. Sometimes they are
also called frequent itemsets.

2. For each large itemset, derive all rules that have more than the predetermined
minimmum confidence as follows: for a large itemset X and Y, where X, Y < 1,
and X m Y = 0. if support (X U Y) / support (X) 2 minimum-confidence, then
the rule X ==Y is derived.

The overall performance of mining association rules is determined by the first
step. After the large itemsets are identified, the corresponding assoctation rules can
be derived in a straightforward manner.

Let us illusirate the aforementioned with an example. Table 2 represents
transaction database. It is a set of products 1that consists of products A, B, C. and D

Table2, Marke! TID

TID Market basket TID Market basket
1 {A.C} & 1AB)

2 {B} 7 {A,D}

3 {A.B.C.D} 8 1B.C,D}

4 {B,D} 9 {C.D}

5 {ABD} 10 {AB.D}

Each row of the tablc contains transaction identifier TID, which characteriscs the
number of customer’s performed operation as well as a set of the goods purchased.
The support of itemset {A.B} is 0.4, The value of support of itemset {A. B. D} is
0.3. Hence. the confidence of rule {A.D} = {B} is 0.75. From this it follows that

dAD=p=SALBOD) 03, o
s(B) 0.4
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If the boundary value of suppon, minsup, is less or equal to (.3 but the boundary
value of confidence, minconf, is less or equal to (.75, the rule is being considered
acccptable. It can be concluded that this association rule is derived: “When a
customer buys products A and D, it is possible that in 75% of cases he will buy
product B as well”.

The statements of that kind are without doubt acceptable only for large databases.
Support and confidence values do not yet guarantee the suitability of the rule for
modelling customer’s behaviour. They can only assist in making decisions.

3. The Apriori algorithm for rule mining

Various algorithms have been proposed to discover the large itemsets, see, for
example, [3] and [4]. The Apriori algorithm is one of the most popular algorithms in
the mining of association rules in a database.

In mining association rules, the problem of finding the large itemsets is fitting the
above general description. The goal is to find the large k-itemsets; this problem can
be solved if the large (k-1)-ttemsets were found. One can use large (k-1)-itemsets to
generate candidate k-itemset. The optimal policy 1s that candidate k-itemset’s
support 1s greater than the user defined support. Solve the problem of finding large
(k-1)-itemsets relying on the solution of large (k-2)-itemsets, and so on.

(1) The Aprion algonthm 1s shown in Figure | and Figure 2. The large itemsets
are computed through iterations. In each iteration the database is scanned one time,
and all large itemsets of the same size are computed. In the first iteration, the size-|
large itemsets are compuied by scanning the database once. Subsequently. in the k-
th iteration (K > 1}, a set of candidate sets, Cy. is created by applving the candidate
set generating function AprioriGen on Ly, where Ly is the set of ali large (k-1)-
itemsets found in iteration k-1. AprnoriGen generates only those k-itemsets whose
every (k-1)-itemset subset is in 1,_,. The support counts of the candidate itemsets in
C, are then computed by scanning the database once, and the size-k large itemsets
are extracted from the candidates.

Input: &4 database D of transactions and support threshold minsup
Quiput: A set L that contains all frequent itemsets of D
L1 = {large 1-itemsets}
for k=2, 1= 0; k++ ) do begn

Cy = LAprioriGen (Ly.1) H new candidates

for all transactionst< D do begin

Ci= subset (1T, £) / candidates cortamnedint
for all candidates c = Cy da
c.count ++

end

Ly = {c € Cy| c.count 2 munsup}
end
answer =y Ly

Figure 1. The Aprioni algorithm.
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Apriori candidate generation. The AprioriGen function takes as an argument T,
the set of all large (k-1)-itemsets. It returns a superset of the set of all large k-
itemsets. First, in the join phase, Ly is joined with itself, the join condition being
that the lexicographically ordered first k-2 items are the same, and that the attributes
of the last two items are different. Second, in the subset pruning phase, all itemsets
from the join result which have some (k-1)-subset that is not in L,_, are deleted.

function ApronGen(ly.p;

/ the join phase

insert into Cy
select patem), p.itemg, .., p.itetw,. 3, qitery )
from Ly1p, L1 g

where pitem)=g.ifemy,. . p itemy g=qitemy a, pitemy 1<q.itemy 1,
f the prune phase
forall temsets ¢ € Gy do
forall (k-1)-subsets s of ¢ do
if (s ¢ L) then
delete ¢ from Cy;

Figure 2. Function ApionGen. |

(2) Generating rules. For cvery large itemset 1, we output all rules a = ( l-a ),
where a is a subset of I, such that the ratio support (1) / support (a) is at least
minconf. For example, iftherule A AB = C A Dholds, thentherules A ABAC =
D and A A B A D = C must also hold. The rule generation algorithm is described in
Figures 3 and 4.

For all large k-ttemsete I, k 2 2, do begin
Hy = {consecuents of rules from b with one item in the consequent};
ApGenrules (4, Hp);

End

Figure 3. Rule generation algorthm.

Procedure ApGenrules (h: large k-stemset, Hy: set of m-item consequents)
If (k> m+l)then begin
Ha+1 = AprioriGen (Hg);
For allhgy; € Hpyp do begin
Conf = support () / support (I - bp+1),
If (conf= minconf ) then
Ouiput the rule (I — hgs)) = hgyy
with confidence = conf and support = support (i),
Else
Delete hips) from Hpgg,
End
2pGennales (&, Hp+);
End

Figare 4. Function ApGenrules,
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From a large itemset |, the algorithm first generates all rules with one item in the
consequent. The algorithm then uses the consequents of these rules to generate all
possible consequents with two items that can appear in a rule generated from |, etc.

4. Experiments

The main motivation for experiments was the desire to find regularities in raw
data using association rules mining method. The author did not have an opportunity
to use professional sofilwarce packages such as the data muning tool Clementine or
others thercfore the experimental part was carried out in the Matlab environment.

Let us now consider the application of association rule mining algorithm to
statistical data analysis, so as to find data characterising values and obtain possible
regularitics. At the first stage, data for the experiment were preparcd. In the
beginning, all the data were in the SPSS format and duning that stage all the
parameters were fixed and a system of codifiers was claborated so as to make it
possible to apply the association rule mining algorithm to the data. At the second
stage, the association rule mining algorithm was implemented in the program form
and the data characterising rules at the initial boundary restrictions were obtained.

A series of experiments were then performed aimed to ascertain the dependence
of the count of obtained rules on the support’s initial values. As experimental data,
the data of the Latvian Central Statistics Office about reply variants obtained from
3044 respondents. The data selected for the experiments were related to the study of
inhabitant migration process. The respondents were asked the following questions:

1. In which country were you born? (with 11 possible reply options offered);

2. How long have you lived in this place? (with 4 reply options offercd);

3. Where did you live before removing to this place? (with 3 reply options
provided);

4. Please designate the type of the place you lived in before removing to the
current place? {with 7 possible reply variants);

5. What was the reason for you to move to the current place? (with 6 possible
replies);

6. Are you planning to move to another place within the next 3 years? {with 3
possible reply options provided).

The goal of the experiment was to determine possible relationships in these data
and to determine the dependence of the count of regularities on the preliminanly
assigned boundary values of support and confidence.

In the first part of the experiment it was assumed that the confidence was
minconf=93 and the support was minsup—95. See Figures 5 and 6 for the obtained
graphs of rule support analysis and rule confidence analysis. At these initial values
as many as 58 rules were derived. For each rule there were calculated support value
and confidence value.

Below one can find seme derived rules with greatest support values:

12 74 =>51 Support=592 and confidence is 98;

46 => 83 Support is 545 and confidence is 97

12 74 83 => 51 Support is 530 and confidence is 98;

12 46 =>83 Support is 443 and confidence is 97;
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45 51 65 => 83 Support is 303 and confidence is 95.

Taking into account the decoding results one can conclude that:

Figure 5. Dependence of rule count on support values,

Figure 6. Dependence of rule count of confidence values.

- the 1" rule determines: IF “you were born in Latvia” AND “moved to the
current place due to family reasons” THEN “Before moving to the current place you
were living in Latvia”.
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- the 2" rule determines: IF “You have always lived in this place” THEN “In the
next 3 years you are not planning to move to any other place™.

- the 3" rule determines: IF “You were born in Latvia” AND “You have moved
to this place due to family reasons™ AND “You are not planning to move to any
other place within the next 3 yecars™ THEN “Before moving to the current place you
lived in Latvia”

- the 4™ rule determines that: [F *You were born in Latvia” AND “You have
always lived in this place” THEN “You are not planning to move to any other living
place within the next 3 years”

- the 5" rule determines that: [F “You have lived in this p]ace up to the age of 50
years” AND “Before moving to this place you lived in Latvia” AND “Before that
you lived in a village” THEN “You are not planning to move to any other living
place within the next 3 years”.

By analysing the rules derived one can state that the persons interrogated live in a
small compact living place with a small migration trend. The rules derived are
logically understandable and represent a real-world situation.

[n the second part of the experiment, rule count values were obtained at different
support values and fixed boundary confidence values. The results are given in Table
3, '

Table 3. Rule count’s dependence on support values

Support 10 15 20 25 50 75 100
Conf.-50 2690 2071 1628 1346 765 509 386
Conf.-75 1717 1343 1029 839 473 318 241
Conf.-90 983 736 553 436 246 159 121

The graphic form of the above correspondence can be seen in Figure 7.

2500
2250 |
2000
1750 4
1500 1
1250
1000
750

500

250 4

0

Rules

| | —e—Conf.(50)
| | —&— Conf.(75)
—a— Conf.(30)

0 10 20 30 40 50 60 70 80 90 100 Support

Figure 7. Graph of rule count's dependence on support values.
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Based on the table data and graphically given correspondence, one can conclude
that the greater the assigned confidence level and support’s boundary value 1s, the
smaller the number of association rules discovered is and hence the rules are
stronger.

5. Conclusions

This paper examined association rule mining techniques. The mechanism of
association rule rmining, which was imtially intended for the market basket analysis,
tuned out to be a good tool for a wider range of tasks. With the help of that
mechanism, it is possible to 'mine and discover regularities of the form X = Y in
different data types. Nowadays it has recognised widespread application in tasks of
large database processing and analysis. Association rule mining methed justly lies
among the main intelligent data processing methods [5,6].

Association analysis can be useful as one of the first study’s steps when there is
only known {or essential) one of the data characterising parameters. The main
advantage of association rules as compared to other cause-effect discovenng
methods is a fairly simple rule generation. The rules discovered are easy to perceive
and to interpret. The rules of that kind are easy to understand and, respectively, can
be used directly in data analysis. On the other hand, the rules generated are actually
operators of several programming languages, (for example, SQL) but the method
can be easily associated with databases. Another advantage of association rules 1s a
possibility of working with records of different length. Finally, the method can be
conveniently employed at the nitial stage of data analysis when there 1s no clear
undetstanding about the data being analysed and it is not clear how to deal the
particular task.

At the same time it should be noted that association rule analysis has its own
bottlenecks whose study could turn to be a valuable application area:

- Software implementation of assoctation rules requires considerable time;

- The analyscd data should be possibly homogencous.

- Unfortunately, erroneous or strange dala atso participate in rule formation.

Association technique best performs in the cases when various parameters are
fairly frequent in the datasets. Otherwise, the rules will only conncet frequemtly
repeated parameters and we will Jearn nothing new about rarely met parameters, that
1s, time will be non-effectively spent for processing less important rules.

It can be concluded that the mechanism of association rule mining 15 very
effective for certain classes of task. It is, however, important to recognise that the
association rules discovered require a thorough analysis to make their application
effective.

The main achievement for the author while doing this research was his acquired
belief that the association rules method is a good instrument for finding regularities.
In the future research will be carried out to compare the achieved results with other
data mining methods.
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1. General description of the research work

The present paper offers for consideration the results of investigating the
problems of improving the Decision Support Systermns (DS8) at railway transport
with the account of the Latvian railway information systems development and latest
technologies in the sphere of databases, which results have been gained by the
author in the period from 2001 1o 2004. Supervisor of doctoral studies — professor
Dr. habil. sc. ing. Jevgenijs Kopitovs.

Actuality of the preblem. Modern railway has some specific peculiarities, which
affect greatly the efficiency of the decisions to be made. We should mention the
following:

« high dynamics of processes;

« random factors;

« high reliability and safety;

o large financial, labour and matenal resources;

« large distances between related objects;

« complex map of Railway.

Errors in planning of transportation processes result in feasible decrease of the
efficiency of the enterprise activity and of the clients’ service quality. Therefore,
searching of optimal decisions for the forthcoming periods of functioning is quite a
complicated job.

" At present Latvian railway (State Joini-Siock Company «LDz») is working out
and deploying Information Systems (1S) responsible for different spheres of s
business. The data generated by these systems enable to evaluate the efficiency of
the performance and exercise prospective planning. To resolve these tasks cach
system has developed individually specialized local programming complexes
meeting the requirements of managers at different levels. But all these programs
have been developed on the basis of outdated technologies, they are difficult to
support and can, therefore, work only with small volumes of data.

Effective complex planning of the whole enterprise activity is hampered due to
the following problems.

o Non-humogeneity of the emploved information support. For example, the
information system of the Latvian railway consists of 5 major 1S, such as cargo
transport syslem, passenger transport system, finance system, infrastructure
information system and rolling-stock system. Every IS includes a variety of non-
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uniform sub-systems, otten absolutely unrelated. This is caused by the fact that the
sub-systems have been developed separately and on the basis of different
technologies and different software and hardware.,

o Huge data volumes. These systems generate more than 10 000 000 transactions
per year.

s Complicacy of simultaneous application of the same data of 1S for resolving the
tasks of decision-making. In the process of the analysis some data are substifuted for
the hypothetical ones in cooformity with possible managing affects. After the
analysis the system restores its initial state. During this period other users should be
denied access to the data to avoid geiting non-correct results.

e Decrease of the information reliability. A big variety of local systems
generating data, which are difficult to verify, reduce the reliability of the information
necessary for making decisions. Oflen different managers have different information
about one and the same object since different programs have been used to get it, and
the extent of multitude of the sources of information or of the processed data has
been different.

The above statemnents speak in favor of the actuality of the rescarch aumed at
unproving IS at railway. And it has become ground for the present research work.

Aim and tasks of the research. The aim of the ‘doctoral research is increasing the
efficiency of the DSS at railway by means improving the structure and the process
of the information system suppori functioning.

According to the given aim, the author undertakes (o resolve the following main
tasks:

1. Analyzing the IS working at railway as well as the particulars of their
application in DSS and defining the problems to be resolved.

2. Formalizing the tasks of decision-making and working out the models of the
railway transport system functioning.

3. Working out the methodology of building and developing the IS at railway on
the basis of the advanced achievernents in the sphere of databases.

4. Solving of the application problems connected with the analysis of the
railway functioning in the previous periods, forecasting the further behaviour of the
IS and evaluatimg the reliability of the received forecasis and recommendations.

Methodology and methods of research. The dissertation research 1s based on:

o the tesults of processing the statistical reports about the activity of railway
transporters provided by the company “PasaZieru vilciens™;

s statistical data received by the author by means of processing the transactional
data about the passengers transported by rallway;

o the results of modeling the processes at railway transport;

« the results of the scienfific research performed by the Institute of Transport and
Telecommunication and LDZ. in which the author had played his personal part;

o the materials of scientific conferences in which the author had directly
participated;

» technical documentation, scientific-technical literature and periodic releases
dedicated 1o the problems dealt with by the author of the dissertation.

The methods of research are based on modern theory of system analysis.
decision-making theory, theory of sets and theory of probabilities and mathernatical
statistics.
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Scientific innovation. The given work presents a new approach to developing
DSS at railway transport making use of modern databases technologies.

In the process of the research there have been received the following major
results:

1. There has been developed Conceptual Active Model of Prediction System at
railway,

2. There has been offered and tested a method of hierarchically related views,
which enables to gei a universal mechanism of managing the processes of data
transforming and provides a high reliability level of the information received on the
basis of the data processing resulis.

3. There has been offered a method of building virtual models, which
application together with clear system formalization allows to increase the level of
system access, reduce the time of the dawa analysis and of the new reports
development as well as to provide a guaranteed reliability of the received results.

4. Complex research of forecasting railway transport indicalors has been
performed.

5. A temnporal model for railway IS developed.

Practical value and realization. The undertaken research gave possibility to
improve the existing and speed up new analytical and transactional 1S at LDz in the
Relational DBMS 1BM UDB DB2.

The models and methods developed by the author have been used 10 a number of
projects creating the following 1S:

» System of analysing and releasing statistical reports on passenger transport;

o Train timetable system;

« Information-analytical system of Information control sysiem of freight traffic.

The results of the research are widely used in educational process of Transport
and Telecommunication Institute as sections of the course “Modern Database
Technologies™ for Master program in Computer Science.

Approbation of the work. The main results of the research have been presented at
10 scientific conferences in Latvia, Lithuania, Russia and Belgium.

Publications. The dissertation is submitted by set of published scientific work.
Total number of the publications makes 13, including 7 papers and 6 report theses.
They cover the issues of DSS development and of forecasting and searching optimal
management decisions for successful activity of transport enierprises. Special
attention 15 given to the methods of processing huge volumes of data having
temporal characteristics and to the development of virtual forecasting models.

2. Description of the main research tasks

2.1. Formalization of the decision-making tasks at railway transport

Railway 1s a very complicated system aggregating all processes and events taking
part there and, therefore, developing of DSS for railway could not be called a trivial
task. [L.Dz has its own sophisticated scheme of the railway network with a lot of
alternative option routes between stations. Let’s consider for example one of the
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socially important spheres of the railway aclivity — passenger transport. To analyse
passenger sireams at LDz there has been developed a model of splitting the railway
line into separate sections according 1o the requirements of the statistical report
CO-25. For detailed analysis every line is divided into sections shown in Fig.1,
which in turn consist of stations sets [8].

Figure 1. Model of scctions CO-25.

These models of lines and sectors are not constant and are changing with time.
Several models can exist concurrently. For example, together with the model CO-25
there exists a model developed on the principle of sectors belonging to this or that
adminisiration territory. Thus only for one task the system should support several
models of the railway network and be able 10 transform the models in the analysis
process.

Calculating passenger streams it i1s necessary to define the exact route of each trip
and to apply 11 on the corresponding lines and sections. The task is hampered by the
fact that the model CO-25 has got overlapped lines and sections and yields some
uncertainties, which the system has to process.

To eliminate these uncertainties in the system we should describe a set of rules
and resinctions to be considered in calculations. Taking into account the non-
permanent churacter of these rules and restrictions, we should separate them from
the models of the railway network, form the mathematical model and define them as
those affecting the system.

To formalize task selting and to describe models we’ll mtroduce a group of sets
characterizing the railway objects and the system as a whole. As an example some
of them are shown below:

.S = {s,,s_,,...,sk} - sel of all Latvian railway stations, where & - power of set §.

e P= {p} - set of couples of stations to trip between, where wp - {si-,s,-},
s;eSands; ¢S, ixjandije {],...,k}.
o R=lr, } — set of all optional trip roules between two couples of stations, where

P = {5?"),5;’"] ..... st g i Ly, y<k, m=1pg —route identifier. g -

v
power of set R .

ol {Iq} — set of lines, where /, = {s}q),sg‘”,....sﬁ‘”‘}. i eSs il <k,

g = ﬁ - line identifier, 5 - power of set /..



¥ Demidovs. Improvemnent of the dataware system for decisions making at the railway 131

o U={u.} — set of sectors, where u. = {s,f”,s‘;'}, s ¢S and s(f’ es,
i# J,z—sector identifier, and », c I"r , which means that both stations of the sector

should belong fo one line s/ ¢ [, and S,IIE) el where I, ¢ L.

oY= {y} - set of managing affects (rules and restrictions applied on models of
lines and sectors in calculating railway processes).

Using the sets introduced above we can describe all models, rules and resirictions
as shown below:

o if the condition # ~/; = (7 is held, the line and the route do not overlap;

« if the condition r, ~/, =/, is held, the line is completely included into the

route;
« if the condition r; ~/; =»; 1s held, the route 1s in the frame of one line:

oif (2@ alrnd; 21y A1 7)), the Tine is partially included into

the route;

oil [, 1} = {sr}, where 7 = I, and ¢ >/, lines /; and /; partially overlap.

The given approach is used by the author in building models of the system for
resolving tasks of working out the policy of railway activities such as tasks of
forecasting, defining optimal tanffs, optimization of drnivers and conductors work,
iniroduction of new trains, etc.

To resolve the task of forecasting the system behaviour in the forthcoming
periods there have been considered several methods presented below.

» Formal extrapolation method. in accordance 1o the given method sysiem slatus
forecast X'(fc) for the fuiure moment of time ¢, 15 defined as

x'(n):F{x(r,-}i:L_n}* (1)

where F is a certain functional being a system model per se,
X(B)=4x () x2(t). ..., x,(t)} — vector, which characterizes the status of system at the
moment of time #, where x{?), (j =1,k ) is the system’s indicator observed at the
moment ot time .

v Active prediction method, where possible control unpacts on the systern during
the peniod of forecasting are taken mto consideration. In this case, the prediction
model of the system status could be wnitten in the following form:

X ()= Ex{n)y i= Ly (,), @

where £, is a certain functional; Y{t,)={v.ft.).y:(1.). ... v ft.}} is vector of control
impacts on the system y{z.) in the period of time from ¢, to z..

The problem of prediction of optimal control decisions for the future period can
be formulated mathematically as:

from set of possible strategies }', — set of vectors of control impacts on the system
in the period of time from moment 7, 10 moment £, - to choose vector ¥ (1)) .

where given integral criteria of system efficiency E[X(#)] has its extreme value. i.e.
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E[X ] { [X (Lyi=1n Yow(fe)]}ﬁ extr . (3)

Yopel 1, ) ¥y

where £ 1s a certain functional, characterizing the efficiency of system operation;
extr is the minimum or maximur.

As it has been already mentioned, extrapolation X(#) in time shows how the
events will develop. if all tendencies from the past are saved 1n future. But if known
(accounted) or unknown (unaccounted) factor or group of factors will be changed,
then ihe system will behave in a different way. The factor itself could be unknown to
us at present. but we can predict the results of its impact on the observed indices. For
example, we cannot know the reasons of dollar rate change to national currency, but
we can model extreme situations and see how the model will demonstrate itself,
because the consequences of this secondary factor are possible to be detected with a
certain degree of probability. Thus, some bifurcations of prediction peculiar to
incursive (anticipatory) systems appear [1].

With this aim we can determine vector of random factors, which characterize new
impacts of environment on the system. As a result we can obtain the prediction
model in the following form:

X()= Ay i=1m Y (¥ 2" ()] )

where Z'(1,) — vector of forecast of random factors, characterizing the impacts of
environment on the investigated system in the moment of future time ¢,.

Note that the suggested approach can be applied for forecasting raillway
transportations in accordance with the tariff policy changing as a ranaging
influence on the systern with the account of the outside environment influence. Such
outside affects taken into account in the process of forecasting, as for example in the
case with cargo transportations, can be consideration of other transporters activities
intand and abroad, the dollar exchange rate, prices of the iransported cargoes, etc.

2.2. Investigating the problems of employing Drata Warehouse in railway IS and
the ways of their solving

It ts suggested to build the above system DSS on the basis of Data Warghouse
(DW) where big volumes of data from different sources are accumulated, DW, as
compared with Database (DB) of On-Line Transaction Processing (OLTP) systems,
most completely describe the system functioning as a whole because they contain
historically related data of life activity of several OLTP systems during the whole
period of their existence as well as data from outside sources.

Recently DSS has seized to be the prerogative of a certain managing layer and it
looks like a pyramidal model and. therefore, it has become subject to siricter
requirements in the terms of access data rehability. To make decisions on the basis
of historically accumulated dats in DW, a physical model of a really existing
situation is built.

This model can be also used to forecast the behaviour of the system in the fitture,
For this we should incorporate into the real mode] those components, which describe
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new managing affects and influences of the outside environment, after that the
received model is projecied on the forecast penod. Thus we can get a model of
probable systemn behaviour in the future.

A special part of the forecasting task resolution 1s the necessity of considenng
several managing strategies, which could be used in the forthcoming period for
different variants of the outside environment behaviour. As a result several model
variants are built in which different combinations of managing and outside
mfluences on the system are considered. Application of DW technologies allows
building a lot of System Models on the basis of a huge accumulated quantity of data.
But the necessity of building a great number of models, m its turn, causes some
problems connected with a sharp increase of the volumes of the data stored and with
the time necessary for solving the forecasting task. High dynamics of the system
leads to the fact that the processes cannot be formalized completely, that’s why the
procedure of decisions working out 1s put off for a longer time. And the requirement
to the system access comes into contradiction with the requirements to the data
reliability as a result of the data being blocked in the process of analysis [5].

The degree of the forecast reliability depends on the degree of the DW data. The
DW architecture is based on the schemes of star and snowflake types. These
schemes are charactenstic of having the table of facts in which all transactions and
aggregate Iransactions are described as well as the tables of measurements for every
entity. Here the notion of transaction may differ from the analogical notion in the
initial data received from OLTP systems. One of the obligatory measurements of the
given scheme is measurement of time. Thus we have a temporal indicator in the data
prepared for the analysis. Data formation in a certain period is made on the basis of
the Referenced Data System {RIIS). The RDS data are subject to constant changes.
for example old trains are cancelled and new trains assigned, timetable and train
traffic routes are changed. Preparation of the data in a long period requires
consideration of all changes in RDS in the processed penod. To create a new
physical model of data, which is impossible with the existing data, we’ll need all the
source data. That's why to keep the system in DW flexible, 1t is necessary io store
all the data received from the source systems and make them uniform. Therefore
they should also consider the temporal factor reflected in the temporal model [1, 3].

So, in spite of the advantages and the necessity of using DW technologies there 1s
a number of problems to be solved:

¢ blocking the stored data;

« providing reliability and completeness of the data used;

« temporal character of the data under research;

o big size of relations;

« long delays in processing complicated queries;

The ways of solving the above problems are given below.

2.3.Creating a temporal system as a means of increasing the reliability and
completeness of the data in 1S

The paper [1] presents the analysis of the peculiarities of temporal principles in
the framework of relational model and open model with Abstract Object 1dentify
(AOID} is offered (shown in Fig.2), which provides the support of the multiversion
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of the objcet, and minimizing expenses for “imitation™ of DELETE and UPDAT
operations with the transition of the old version to Shadow Area. [n this mod
lifespan of the object is described through lifespans of all iis properties, defined 1
different relations and having time attributes DATE_START (time of lifespan star
and DATE STOP (time of termination).

[Parental relation - Abstract Objert Mentify Boh T =
01?-— Dutr rizcion ithout hintsry of rhanges
-- #OTD_FK Farmmter
------ 1 I
[ o7y — F3s
- /= 2
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Figure 2. Daia Modcl of Referenced Data System with AOID.

The first parental relation describes unchangeable AOLD — one for all its version
Properties of the object are described in separate dependent relations, which, as
rule, are not parental not for any relation. For one parental relation with AOID thes
can be more than one daughter relation describing the properties of the object. Thes
charactenistics can be divided according to different relations due to the frequency «
their changing. Seldom changed properties are better to be siored separately from
frequently changed properiies.

Such approach lightly complicates the data structure, but it makes the sysiem 1
be open to the changes and reduces the requirements to the disc space for the storag
of the multitude of the object versions.

The issues of realization of systems with lifespans periods overlapping a
analyzed in papers [3]. Realization of the temporal logics using some elements «
active databases in analytical applications and real time tasks has been performed v
the basis of tnggers and Java Stored Procedures. The efficiency of the suggeste
method of building temporal BD is illustraied in a sample task with multilevt
overlapping of objects lifespans 1n the database of a train timetable shown in Fig.3.

The peculianity of such approach 1s in the fact that the state of the object durin
the changing can save its actuality, as in past, and in future — only for some period ¢
time it is substituted by another versions. All periods of time, which are not include
in the category of actual omes are considered to be not only old data, but als
“wrong” ones and never existed data. At one and the same time there can exist mo
than one tuple describing ditterent properties of one and the same object that h:
been unallowable in the first example.

Let ¢, mean time of observation. Train schedule starts with z; to f;,. Later o
change of schedule is entered to time period f, to 7, and even later to time period
to ts one more change is entered. To the query about the train route at the momes
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to1, the schedule #,—z will be obtained. and at the moment ¢,> — schedule #,—4, and at
the moment £;; — again schedule 1.

To provide results reliability working with a complicated objects time structure
author has suggested a method of time environments [7]. The user placed in this
Temporal Environment has his own view of all objects seen at the moment of time

t=URT, and determined in the relation R“(4,....4,) by the following formula:
R" (R pacr(R)ba..oaosr(Rp), where
Foit, <_:t,\(t€ >t Rt is NULL); »a — the operaiton of the natural join of

relations in the common attribute 4QfD. And he does not have to care about the time
framework in which this or that object is situated.

Change T
Fixation
Time

4
Aanl I : "

March L . + H i

February

Figure 3. Crossing of Object Lifespans in DB of the Train Timetable System.

If the user does not clearly set the URT,, then, by default, the URT, equals the
current Bime fe- 10 this case the variable always changes and corresponds to the
special register CURRENT TIME. If the user clearly sets the L/RT,, he gets into the
“frozen” world at the given moment of time. All queries of the user will be
transformed immediately as shown in Fig.4, and will be performed as if a time
variable was given 1n every query for every relation.

Usgar
L<URT, <1, '
Temporal Environment ' . &

i 4 .

e T

coo P
A P — b e

t‘l t? tﬂ 14 tC-3 t{:—? t(:-1 E

Figure 4. Execution of a query given at a moment ¢,

Having defined the time variable of the environment {/RT,=t, where 7,<1,<1;, the
user can see the objects of the database in the state in which they were at the
moment of time #,.
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2.4, Development of Virtual Models and decomposition of information queries
with the help of views

Developing virtual models of data allows to reduce the DW size level since 1t has
additional meta-data and Models Repository describing a multitude of virtual
models base on a real model and vectors of managing impacts as shown in Fig.5.
There is no need of blocking the Real Model data since each analyst works with its
own set of Virtual Models.

Y‘E P E-us(.\hrtual Fredictzd Model

On-hine Mode] ﬂ m
Fhulrhnu
Real Model / IE t ! Second Virtuat Predicted Madel
|:K Cn-line Model
Py P.mh{cnw

y iz, N(L‘:u Virtuat Predicted Model

On-Lne M odel
Eu:ld-mg

Figure 5. Conceptual schema of Virtual Models building approach.

Madels R epusxlcn-y

@

In papers [4, 5, 6] we have described methods of building virtual models in DSS,
which allow to evaluate the current situaiion, make forecasts for the future and
define the required correcting influences to compensate negative tendencies.

Realization of sophisticated algonthms of data transformation in DSS s
connected with the problems of providing the received results reliability. To resolve
these tasks at the stage of data transformation, it is suggested to usc the method of
hierarchically related views [2] allowing to get a universal mechamsm of managing
the data transformation processes and giving additional possibilities in working out
and testing the processes. The idea of the given method 18 to split complicated query
logics into separate steps — views with a possibility to test each stage. Thus,
1ramf‘0rming one major view into several simple ones we get a graph of mterrelated
views shown in the nght parl ofFlg 6.

Wl

—

Figure 6. Scheme of wansforming a cornplicated view.

The articles [4, 8] deal with the questions of virtual models application in DSS on
the Latvian railway. Let’s consider one of examples — the statistical reporting on
passenger transportations shown in Fig.7.
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The developed conceptual system model consists of five fragments:

» Real Data Model — processed and described data of OLTP systems;

« Models Repository - models describing lines and sectors of a raillway and the
process of calculating their loads;

¢ Repository of Control Action — rules and restrictions managing the calculation
process;

¢ Virtual Data Models — virtual data models;

¢ Description of the process of the models interaction at the stage of data
transforming from Real Data Mode! in Virtual Data Models — £/,

Rrpositary of Cawtrol Actisa Rull:huw| Modeh Repositeory
| 2

| < L Dol Splintion Eaburyy Masiale

v T - I —— T

il | I |
— — A
F;}_("
™ 3 { .58 }-|
=% ———————
f Py il k5102 )
—_-‘ r.a } f w183 }_
) T —— =
(I Few r { TR
A S o, 1| ———
—{ P.res b { KSTex F
L.{ - }'}'— { KSTRS -
. . Dwsssin of 'Y xthemilie' irbaleds
i ;
{ Nty ’

Yirmal Dara Viodes

Figere 7. Conceptual model passenger streams znalysis system

The suggested conceptual scheme of building virtual models using sole and
independent from the railway network mathematical model gives opporlunily to
have several analyzed data models concurrently and to create quickly new ones. This
approach widens the borders of the system application on other railways as well.
And there is no need to rebuild the whole system for this, it will be only necessary to
describe the network scheme of the corresponding railway and the managing
impacts and to load new transactional data into the real data mode! in DW.

Application of virtual models together with strict system formalization allows to
reduce the time of developing new reports and to guarantee their reliability.

3. Conclusion

The methods suggested by the author provide resolution of the following practical
tasks:

« effective processing of huge volumes of data;
« providing data reliability in the process of data transformation in DSS;
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o building and parallel application of a set of possible models on which basis
different scenarios of the system behaviour are made without any perceptible
increase of the stored data volumes;

e quick analysis of a big number of possible variants of the situation development
with different combination of quantity and degree of outside impacts, system
reaction to different managing affects and working out ideas about optimal system
management in different situations;

» realization of the temporal database principles on the basis of the relational
database in IS of railways.

The described methods have been tested on the Latvian railway and can be also
applied in information systems of other business spheres.

In our further research we assume to carry out a more detailed formalization of
the system and of some processes for practical realization of the system behaviour
forecasts in the sphere of passenger transportations, as well as to evaluate the
reliability of the yielded results.
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1. General description of the work

1.1. Actuality

The question of data secunty in information systems (IS) bas been always actual for
transport enterprses. Through the years of their activity the enterprise [S have gencrated
a great number of valuable wformation resources. The majonty of them have been
comniitted to manage corporative database systems. [S data security depends above all
on the effective organization of system security in a corporative database. And the more
developed the information infrastructure of the enterprise is the more effective and
secure the IS system security should be.

Latvian railway (LDz) today has a pretty well developed information infrastructure
in¢luding more than onc thousand registered users of the of the computing network of
which only a few hundreds are making active use of the corporative database managing
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common resources of the enterprise [1]. The number of users and their role in the system
arc constantly changing. In this connection the problem of providing information
security of the multi-user database (DB) is becoming more and more actual.

The existing information systems security system is limited by the available data
securly standards, which do not allow complete realization of the enterprise sccurity
policy based on a great number of laws, norms and local orders. It is possible to illustrate
this by the following tasks of LDz: system classifiers and codifiers, system of
immovables stock-taking, working place of a stock cashier, registering computer
periphery. Only for the above tasks security policy assumes different aspects of access
differentiation, such as territorial and adnunistrative division, time frames, functional
roles and information confidentiality. And realization of these complex secunty policy
conditions in real information systems seems to be a serious problem in spite of the fact
that the question of relational data security has been largely considered by now.

1.2. Aim and tasks of research

The aim of the doctoral thesis is increasing the efficiency of security systems
application for 1S in railway transport by means of using new methods of controlling
access to these systems’ objects.

The following tasks have been set in the work:

- investigaie demands for data security and the specificity of the existing LDz IS;

— evaluate standards existing in the sphere data secunty;

— work out methods restricting access to 1S objects;

— work out a conception of security system integration with IS application task;

— work out methodology of building complex relational data secunty systems,
which could be used in IS of enterpnises with a developed information infrastructure;

— to apply the received methodology to different types of IS in transport — on-line,
historical and analytical.

1.3. Scientific and practical value of the work

The scientific value of the work is development of the principles of building of
flexible complex sccurity systems, which are open to modification and which can realize
all requirements of security policy. The advantage of the suggested system i ifs
capability tc be mtegrated with the protected data and the application sphere of the task
as compared with the existing solutions, which present secunity system as a separate
stage of an information system.

As an instrument of the secunty system realization the author suggests a method of
giving access to data at the tuple relation level.

There have been suggested approaches to protecting data of three main types of IS —
on-line, histerical and analytical ones. The following tasks have been carried ouf to
achieve the aim:
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—There has been carried the analysis of state and factors influencing the LDz IS
security and of demands for data security as well as the IS specificity.

—Temporal model of IS data in transport has been developed and methods of
historical data security suggested.

—Method of virtual data models has been suggested for analytical systems.

Practical value of the work 15 application of the complex access control (CAC)
methodology, which helps to increase security of relational systems’ data and to make
the security system a flexible instrument for restricting data access accordmg to any
conditions and demands of the enterprise security policy.

Approbation of the work. The results of the author’s research have been published in
13 scientific papers (articles and report theses) [1-13] and reported at ten sctentific and
scientific-practical conferences. '

2. Description of main research tasks

2.1. Role of security system in fransport

At present, huge orgamizations like LDz possess a well-developed information
infrastructure that contain various purpose IS as an integral part. These IS could be
divided into 2 classes: on-line and analytic. On-line systems support an everyday life of
an enterprise. As regards analvtic IS, they are necessary for enterprise activity planning
and evaluation,

Providing the access control to the on-hne systems data 1s a matter of a primary
importance, because of the fact that guarantees the effectiveness of the enterprise
activities, depending on the data comectness and security. As far as on-line systems lifc
cycle stored data are concemed, it is necessary (o notice its further usage for prospective
enterprise activitics planning [1,2].

Analytic systems used as an information basis take the benpefit of interacting with
corporate data warchouse (DW) that keeps enterprise strategically significant resources
produced from the on-line system data that have been stored for years, as well as
gathered from the other sources. The value of the DW information resources includes the
huge latent danger that is even greater comparng to the on-line IS databases. 1t is
¢xplained by the reason that allows to find out existing trends, dependencies and
strategically valuable knowledge from the stored data, which may be used against the
enterprise. At the same time this information potential has to be avatlable for the
enterprise analysts at different levels, as well as for external clients, business partners
and commetcial organizations.

In the on-line and in analytical type of IS tasks counected to the calculation of time
factor and approach to “historical” data have obtained the largest topicality. Temporal
data security requires the extraordinary approach due to the particular data organization
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and due to the chronological orientation of secunty policy rules.
An IS interaction, tasks presence having mostly the temporal character and connected
to this aspect security questions are prescnted at the Fig 1.
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Figure L. Security issues and IS interaction

The difficulty of the illustrated security conditions implementation for the transport IS
is rooted in the fact that existing security issue standards are not designed for the type of
this field-oriented approach.

2.2. Critical analysis of available approaches to data protection

The author has researched two of the presently available approaches to relational data
access control — discretional and mandatory ones. The results of the research have been
registered in the author’s works [3,5,6].

Discretional access conmrol (DAC) allows differentiating access between the named
subjects and named objects [14]. It is included into the majonity of commercial relational
products and meets the majority of information systems, but is has some limitations in
management flexibility.

SQL command managing GRANT privileges could serve an example of a discretional
approach element GRANT command syntax looks as follows:

Cperator  of  assigning | GRANT

object access anthorif (INSERT, DELETE, {column-name)  Accessio seleciing
Access privileges SELECT, UPDATE) and modification con
Object tvpe | ON TABLE be restricied by some
Objectname | table-name view-name columns
TO {(USER, GROUP)
User or user group name | awtherization-name

Allows 1o grant the privileges to other | WITH GRANT OPTION
From the command syntax we can sce that access pnvileges for users (authorization
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name) are associated with named information structores (table-, column-, view-name),
which contain data but there is no connection with the data themselves. Security system
does not know anything about their semantics. Privileges exist separately from the data,
which from the point of view of security provision look somewhat depersonalised.
Mandatory approach from this viewpoint is more advantageous than the discretional one.

Mandatory access controf (MAC) defined access rights by comparing the security
classification of the requested objects with the security clearance of the subject [14,15].
MAC presupposes obligatory and rather specific administrating of data security. Such
approach is convenient for militarised and other tasks connected with super secret data.
It has been developed particularly for these tasks. But for the majority of application
tasks such need of clear administrating is too strict a condition.

Both in MAC and DAC security system is a detached element of an application task.
MAC in this plane is more advantageous, as it has been mentioned above, since it allows
restricting access to any object but not to the structure containing objects. But this
approach also lacks connection with data semantics and, therefore, security system 1s not
ntegrated with the application task. Besides 1t should be noted that some realizations of
MAC are performed as closed systems. And it greatly limits transferability.

The above rcasons explain limited application of MAC in real IS in railway transport,
which security policy does not correspond to the mandatory approach model.

Application of the above classic approaches does not solve the task set and new
methods of solving the problem are needed, which could successfully meet the
requirements of IS sccurity in transport.

2.3. Working out principles of building a complex security system

Referred author’s paper [13] is devoted to complex security system requirements
development. Further basic of these requirements are formulated.

-The level of access to the data is defined by the data and depends on their
semantics, L. the data participate in the process of restriction of access to it.

— System of access control may function as an integrated part of IS and follow to the
actual IS access subject and object activity rules. It means that there exists the possibility
for the security system to function without a direct administrative interference.

—The system should allow realization of any security policy and its any rules.

_ There should be a possibility of accountability processes arrangement.

— User may have the different access levels to the vanious operations for the same
data sets. Read-, write- and modification accessible data arrays of the same information
object may vary, e.g.

Access to the data should depend on their semantics, instead of structural elements in
which they are located. Hence, we are facing the problem of differentiation of access
inside the named information objects, such as the relational table. The method of access
control to the data at a level of tuples of the relation in relational systems has been
considered in work of the author [6].

Table data are considered to be the security object of the proposed method. By means
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of applying this method one can restrict the table data access in the way, which allows
user to get the access to one of table records. remaining another one untouchable. Access
restriction or allowance takes place on the basis of the special row secunity labels, user
identifier and defined security rules. As a data security Jabel marker will be regarded the
some marker that is present in data and is pointed 1o as a data access cnitena.

The method is illustrated at Fig.l. User requesting data from the table 1s going
through the security system layer that is defined by access rules. According to these
rules, user gets the access only to the selected records that are marked with a dark
colour. User-accessible records are determined by values of Label/ I and Labef 2,
corresponding with data usz;ge user properties, marked with the appropriate labels.

" — Label } Labet2
i

Access rules

Figure 1. User access 10 the relational table

Technically, data relational access differentiation is encouraged by creation of a
separate view (virtual table) that is a tool of any user interaction with a source table and
two triggers, aimed for limiting the modification and deleting access.

Formalization of a task of restriction of access to a tuple of the relation

In the formal task description author has exploited Boolean algebra and array theory
methods. This aspect 1s described in the work [13].

For the task formalization we shall determine groups of sets that participate in the
process of the CAC. Consequently, tuples with a restricted access, security system
specialized objects. as well as user request elements will be described.

The selected tuple with a restricted access. The tuple structure fof relation T is
presented as: t={A4,L},
where A ={a} — set of tuple attributes, not interfering with its access:

L = {I\ — set of tuple security labels (set of tuple attributes, defining 1ts access),
having power m .
Security system specialized objects. Let us introduce the following sets:
U ={u! - set of users;
(3= {o} - set of possible access operations 1o a tuple;
0=

{01.07.....0, } — domain sets of security label values defined for each label

liel. i =1,m, where 0= {qm} — domain of security labels values, which is
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defined for label /; ¢ L ; q(i) — possible value for i -th label;

S ={8.52....,5,} - domain sets of user properties, interfering with access to label
; ¢ L, where i:l,_m;
$; = {S(')} - domain of user propertics values, interfering with access to label

iel; st possible value of user property.

R={R\,Ry, ., R,} —setofcollection of access rules to labels from L |

where R; = -{p-l(j),:-z(i),___.r;fi]} — collection of access rules to label /; ¢ L

k; - number of access rules to label /; ¢ L, i = L,m .
The rule rj(-i) e R; regulates access of users with property peS; to label /; ¢ L that

has value g=0G;, where i = ﬁ , J - number of rule.

The structure of rule rj(-” e R; is resulted below:

rj“ )
Elements of query of the user to the data of a tuple:

u U - user that has sent the query,;

=< p.g.0>,where peS;, g0y, 00, j —number of rule.

o <O — operation of query of user #;
P {p“‘]} — set of properties values of user u ¢ I/ that has sent the query;

F;-(") - P™ _ set of user properties vakues, interfering with access to label /; ¢ L,

i—1.m,ie we has P,-(”) cSi;
L{u,0) c @ — set of labels values series that are regarded to be user-accessible for

performing  operation o™ c@ for the tuple ¢ which s defined as
L(Hs D) = {[] (H’O)JZ (H,O), v Jm (h’, O)} ]
li(u,0) c Q;— sct of labels values that are accessible for user v < U for performing

operation 0':”)50 for the label /I, izl-,-n_r, which is calculated as follows:

L{u.0) = R-(“) x R; , where l;(n,0) ¢ L{u,0}, i:fr;, « - the operator of the Cartesian
PI',OI-H}
product, #;— collection of sceurity politics functions, that 1s defined for label ; ¢ L.
The calculation of tuple accessibilitv. A sets of tuple accessibility facts is Boolean

vector X , which is defined by check of occurrence of tuple Jabels set £ in corresponding
sets of labels accessible to the user:
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_ true, it L gl(wo), __
X —LgLiuoy.ic. x‘_:j rue, 1. jelifu O),,—:
| Jalse, it 1 ¢ l;(u,0)

Then the ¥ - fact of accessibility of a tuple 1s defined as follows:

3

y=BX), where B is Boolean function. In other words, a set of values yp is
itrue, false} . In case of validity of v, access to the tuple 1= {A4,L}is permitted
otherwise the access is restricted.

2.4. The solution for the logging task

The trusted system should fix all events concerning security. Conducting reports
should be supplemented with audit [15]. In case of total continuous events logging, the
registered information volume obviously will grow too fast, and its effective analysis
will become impossible. Secunty system cxpects the existence of sample logging means
aimed for users (paying attention only to suspicious ones), its propemes and attributes,
as well as for the operations and reference time,

For the logging task formalization let's enter the following designations: Oy — O set

of logging operations, 4, — 4- set of logging attributes, U/, U - set of Jogging users,
Py = §—sctof logging user propertics values, T; = {r'#}: — set of logging time periods.
Logging process 1s started up in case of observance of the following condition:
0" O 4™ A\ freUs o [PY < P ) [ e 12 ),

where o) AW}y P 210 _ corresponding sets of an environment of user query.

3. Practical application of the developed system

CAC can find practical application in any multi-user IS assuming differentiated
access to objects of the same type. Let’s consider application of access control system
for the main types of IS 1n transport — on-line, historical and analytical ones.

3.1. The complex access control for on-line system

The account of hardware maintenance LDz 15 an indicative example of a task of the
CAC for the on-line system operating general corporate resources.
Security policy of account task 1s formulated as follows:

— aceess to the data of hardware devices is defined by terntorial and administrative
spheres of users authonties and it 15 possible, if comesponding attributes of the device
are laying in this spheres;

— the hierarchy of departments is taken into account for the definition of authorities;
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This 15 an indicative example, because the access control 1s not the clearly abstract
security policy module. It is strongly correlated with actual state of enterprise actions,
namely depending on the structural departments changing hierarchy, as well as on user
belonging to one or another department. These data are changing permanently during the
life cycle of the enterprise. Security system takes into account the abovementioned
changes immediately by means of correcting processes of data access.

In the author works, general tools of security systern realization are SQL standard
means. The system is fulfilled at DBMS IBM DB2 UDB v.7.2 platform.

Part of DB schema of the example is shown in Fig.2. DB contain the following tables:
HDevice - the table of hardware devices to which it is necessary to supervise access:
Users - the list of all users of system with the instruction of their administrative
subordination (attribute Str); Str_Hrhy — the hierarchy of departments. The listed tables
contain only the data from a subject of task of the account of hardware maintenance, and
at them there arc no specialized elements of security system. However, the security
system uses some of these data.

HDevice Users )
& Dev_ID €, User ¥

Serial FirstiNameg —C -
Str LastName
Address Sy (FK)

Figure 2. ER mode! of database

The specialized tables of security system are: AR_Address - termitonial privileges of
users access; AR_Str- administrative differentiation access rules.

The formal description of the given task is described in the work [13] of the aathor.
The formula y = B(X), determining access of the user to a tuple of Hdevice relation is
deduced. Each tuple of this relation corresponds to the separate hardware device.
Function of accessibility of a record for the device in terms of relational algebra looks as
follows:

Y= O.'I.S'lr VE diidress (] ) ’
where ¥g,, = St 7,0 (AR _Str x Str_ Hrhy < Users);

Sir - parens_ Sir=Uvers Sir

X gddress = Address ¢ T g0 O (AR _ dddress) |

7 = (Operation = OPERATION) , (User = USER);

OPERATION — access operation; USER — system vanable, specifving the identifier of
the user initiated access to the data.
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The received expression y = B(X)is simple enough for presenting in query language
SQL:
¥ = Hdevice.S5tr IN { SELECT a.5tr from AR_Str AS a INNER JOIN Str_Hrhy AS s
ON a.5tr=s.5tr INNER JOIN Users AS u ON s. Parent_Str=u.5tr

WHERE u.User={/SER AND a.Operation=OPERATION )
AND

Hdevice.Address IN ( SELECT a.Address from AR_ Address AS a
WHERE a.User=U/SER AND a.Operation=0PERATION )

The deduced formula of calculation of the device accessibility record y = B(X) inan

obvious way of presentation is set for developed views and trniggers in the security
system. At change of a security pelicy and, hence, completions of function of calculation
¥y = B(X), it is easily replaced with the new formula without change of the gencral

architecturc of security system,

3.2. The complex access control in historical IS

The application of the proposed methodology for creation of security system of a
temporal IS appeared to bé rather valuable. Some of the author’s works [4.7.8] are
devoted to the temporal systems investigation.

For the organization of the temporal data in a relational DB it has been offered
temporal data model with abstract object identifier. Designing of the given model and
its use is considered in works of the author [4,7.8].

Different tasks of user actions restriction in time while working in the iemporal DB
were preceded by the author. Some of tasks are dealing with the information processing
prohibition of user actions for the previous tume and future time periods. 1t ts important
to note, that as a rule, it is required to differentiate chronological access of access
operations. User may be given the possibility to analyze information for the period of
previous twao years, permitting data update only for the previous month, e.g.

3.3. The complex access control in analytical IS

The entire system analysis at the railway has to include the current and previous
evaluation of activity, as well as its forecasting. It is proposed to take the benefit of the
modern data warehouses usage, keeping large amounts of information. DW consolidate
data, which are generated by on-line IS and external sources. Multi-user appropriation of
DW includes a number of problems, closely connected to confidentiality of consolidated
data. The general reason for this fact 15 that uscrs are the analysts of both internal and
external commercial structures. As 2 rule, in systemns of analysis it 1s necessary to select
limited analysis zones for each analyst. Analytical systems, DW and relevant questions
rescarch results are stated in the author works [1, 2, 9,10,11].

Traditional approaches of various analytical task solution, like a tasks of forecasting
n the DW, zre rooted in exchange of a real data with predicted or in cloning of a part of
a source DW for every analyst aiming its further modification. Such approaches have
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shortcomings, connected with DW blocking for the forecast time period, the complexity
of further DW recovery or the surplus disk space.

In the several author works [9,10,11] it is proposed the new approach for DW creation
in the decision-making and forecasting systems. The approach sets its objective to create
virtual system models that do not require disk space, because of additional location only
of metadata and Models Repository that describe the set of virtual models, constructed
upon the real data model basis on the one hand and influence controf vectors, from the
other hand, Alongside with influence control vectors the particular meaning in the model
‘have data security access control elements,

4. Conclusion

The suggested access control system gives users their own view of a corporative
database without exceeding the frame of a specially allocated database subschema. The
system is realized by standard SQL means: triggers and views. The systern mathematical
apparatus is relational algebra. CAC task is rather easily formalized.

CAC has found its application in LDz information systems and allows resolving a lot
of problems connected with complex data security. The present research has shown its
reliability and flexibility of application. The suggested approach can be applied to
different types of tasks, both on-line and analytical ones. It has also proved its efficiency
in working with temporal databases,

This method of access control can be also used in other [S since it is based on the
condition of adjusting to any corporative rules. And using only standard means in
complex data control realization makes possible building a CAC on the basts of actually
any modern DBMS, i.e. the CAC system is transportable.

The author’s further research is aimed at improvement of IS security system in
transport and modeling access control elements. Special attention will be given to
increasing the efficiency of security system in analytical tasks, in tasks of forecasting
railway cnterpnise activity in particular.
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Abstract. Content-Based Image Retrieval (CBIR) has become one of the most
active rescarch areas n the past years and still is known as a difficult task.
Using a refrieval system is generally frustrating for wsers, due 1o a gap
between low-level features managed by systern and image scmantics. We
propose in this paper a general point of view for introducing a bridge between
the user and the system. This includes a textual query, image features, based
on visual perception models, a relevence feedback.

Keywords. CBIR, Image retrieval, Content analysis, Visual perception

1. Introduction

The use of images for illustration has always had a wide distribution 1n hurmnan
activities. Thanks to recent technological advances the existence of large digital
image databases became possible. The growing size of the contemporary image
collections has created the necessity of image retrieval systems. This reinforced the
efforts of researches and leaded to appearance of varnous approaches. The earlier
retrieval methods are based largely on the semantic keywords attached to the
images. This can be done either by manual annotation or by automatically extracting
the keyword from the context, when 1t exists. The first one is subjective and very
time consuming, the second one is not always possible. More recent works propose
automated Content-Based Image Retnieval (CBIR), based on the “low level
features™ (color, texture, etc.) extracted from pixel values.

The preferred mode of querying in image database is semantic. For example, we
might search for images of a road in a forest. To satisfy such a query, the system
must be able to recognize roads and forests in the images. But this level of
interpretation in CBIR systems is still out of the question. As the system can
estimate the similarity of images based on their low level features, there is an
important “semantic gap” between the 1mage features, which have been extracted,
and the semantics of the image.

Most widely used kind of query in CBIR systems is a query by example (QBE),
formulated by providing an example of a siumular umage. The system returns a set of
images estimated as similar by image features.
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2. Related work and motivation

Literature shows a huge amount of various techniques that have been applied to
CBIR in the recent years. (In [4] you can find a good review of them.) The great
number of different approaches can be explained by a wide vanety of application
domains and by the fact that the existing CBIR systems are still not as efficient as
the user want them to be.

Typically, a CBIR system finds images from a large data collection that visually
match to a @iven query. The most systems propose to define the query by providing
one or more example images. Another possibility is to provide a rough sketch of the
desired image [2]. But both of the ways leads to the inconsistency between the
semantic query that the user has in mind and its description which makes it hard for
the user to specify the query and for the system to return the correct images.

Existing approaches based on treatment of low level features can be classified by:

- considered features,
- used data medels,
= applied similanty metrics.

Among the features the color is the most extensively used. 1t’s meaningful in
human perception, easy to extract and robust to noise, scaling and rotation. Majorty
of data models for representation of color features vary between different kinds of
histograms [8, 9. 5] and statistic models of color distribution. Texture features are
also widely used 1n 1mage retrieval. For texture analysis [2, 3, 6] use wavelets, other
approaches use synthesized banks of filters for texture extraction (see [10] for a full
review}. Shape features attract less attention of scientific community. Retnieval by
shape 1s useful only in specific collections (e.g. items on a homogeneous
background or geometrical images). See [1] for review of shape representation and
retrieval approaches.

Many systems provide the possibility to combine or select between one or more
modcls, based on different features. But they typically process the features
independently and use several indices, which can increase both space and time
requirements.

Among more recent works there are those that propose a kind of “semantic
bridge” between the user and the system. The widely used mechanism of “relevance
feedback™ ([5], for example) takes into account user’s satisfaction by iterative
process of user-system interaction. During the retrieval process, the user high-level
query and perceptual subjectivity are captured by dynamically refined quenes based
on the user’s feedback.

3. Probilem definition

We consider a database of natural images, where no additional semantic
information about images is available. Research is performed in the following
directions:

- provide a textual way of query definition, which is more clear and intuitive
to the user than the query by example;
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- select the most meaningful features for natural images and propose the
unique model for its representation;
- design of indexing algorithms, that agree with human visual perception;
use clustening to reduce the number of images to process in the image retrieval
phase and accelerate the retrieval.

4. Proposed solution

The complete image storage and retrieval process 1s divided into three phases.
During the first one we define the training image set, which 1s expected to be much
smaller than the image database itself. This set 1s divided into the groups of similar
images by performing the classification task For each of the groups we compute an
average feature-vector from feature-vectors of group images. Feature-vector for an
unage 1s computed from its low-level features. We describe each group also by
textual keywords.

The second phase serves to compute feature-vectors for the rest set of images and
perform data clustering in order to the distance between an image feature-vector and
average feature-vectors of the groups.

In the third phase of image retrieval we compare textual query of the user with
textual descriptions of the clusters and define the most suitable cluster of images.
Predefined number of images randomly selected from this cluster and retumned 1o the
user. After that the iterative process of “relevance feedback™ is used: in each
iteration user marks night and wrong images among the retummed set. The system
uses this information for query refinement.

5. Conclusions

The paper describes general 1deas for centered user approach for image retrieving.
These are the first steps, which are very promusing and must be developed to obtain
further results.
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Abstract. The demand for timely, accurate health data is continuously
growing (e.g. [4]). The increasing velume of data collected from different
sources creates new nceds for a future health information system representing
a totally intergraded electronic health record (EHR). The integration of data
makes it easter for citizens to collect and controb their own personal health
data. The database plays an important role in such a future system. All kinds
of personal health data must be stored and represented for a long-terin access.
For this purpose a simple temporal objcct model is introduced. Any stored
objects are given time stamps on a linear time axis. Temporal / historical
perspectives on the long-term stored data can be generated by searching these
time stamps. XML technology is used as an cxample of the content of the
object data and their corresponding schemas. Electronic referral can be used
as a case for the health care services.

Keywords. Long-term storage, temporal data model, health informatics, XML

1. Introduction and research objectives

In a modern health care system the need for data exchange of personal health data
is increasing. There are numerous reasons for this new demand. [n a modern society
citizens move and travel more frequently, and then they need to have their personal
health data available where they stay or live at the moment. In Norway, cilizens
have a legal right for a free choice of a hospital, and a right for inspection of all their
personal health data stored by different health care providers (today this is difficult
to achieve since the data is stored in different local databases all over the country).
These trends ask for national database solutions, and in a longer perspective,
international solutions. From a database point of view, a future solution of a
common integrated database is an alternative to a direct message passing between
heterogeneous information systems. This scenario can include database benefits.
such as better data quality, better data availability, storage optimization. back up and
logging admimstration, and common access conirol. We are going from a message
passing system o a data sharing system.

The research objectives of this PhD work can be separaied mto two sub parts:
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1. To evaluate the future database solutions for a commen integrated EHR
— Electronic Health Record [15].

To explore the long-term temporal data representation of personal health
data and mappings of different versions of these data in a time space.

]

The secend part can be used in an implementation of the first part. The EHR is a
wider, extended definition of the CPR (Computer-based Patient Record, e.g. [1] [4])
that includes all kinds of personal health data and is not only limited to, for example,
treatment at a hospital.

Cwur contribution 1s to look how future EHR can be stored and how the data can
be represented from a database point of view. We also focus on a long-term access
of historical health data, since personal EHR must be accessible at least for the
whole person’s life (100 vyears). Both the storage technology and the data
representation will continuously change during such a long time period. This
approach is different from traditional work on CPR since we do not constrain
ourselves to commercial systems of today, by the situation of organizational
problems in the health care sector or by legal limitations. Thus, we hope to offer
applicable future solutions.

As a demonstrator we use electronic referrals between service providers, for
example the process of local doctors referrals to a regional hospital. In Norway a
national standard for electronic referrals defined in XML Schema is being developed

[8].

2. Related projects and present realities

2.1. Database solutions in the health care sector

The fully integrated databasc solution for personal health data has not been yet
developed. So far, the operating CPR’s are not at the EHR level (e.g. [9]). A future
personal “virtual health record” activated by linking records on the lntermet is
mentioned by [13], but no database solution 1s related to 1t. Some national databases
exist, like in lceland [6], but these databases store only “anonymized” health data. In
Norway, many local databases exist, some include sensitive personal data. and some
heulth registers with “anonymized” data meant for statistics and public information.
The chance for redundancy between local databases is high - the patient has to
repedt the same information for registration, if visiting different health service
providers, It is also a high risk for bad data quality, for example lack of update and
conirol and even worse; lack of a common vocabulary. In practice, a patient has no
chance to collect and control the access and use of all his/hers registered personal
health data.

Database solutions are typically linked to the commercial software for the health
care. A common middle layer service does not exist; all communication between
systems has to be done by direct message passing between local applications. for
example EDI or e-mails. There are both national and international projects on XML
standards for electronic message exchange (e.g. [2]) in health care.
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Data security issues are essential in the health data context. These include the
identification of the end users by using a smart card or by biometrical solutions. We
have chosen not to focus on the security, since data secunty is being fastly
developed and the situation will be different in, say 10 years from now, when the
EHR can start to be a reality.

2.2. Schema evolution

For schema evolution we have seen approaches, like for DTD’s {e.g. [3] [12]).
Mappings are typically related to the creation of common (global) integrated
schemas. Some of the mappings are not “total” in the sense that they only map
subparts of the original data content in different local schemas. Traditional schema
evolution also typically maps only in one direction. The concern is that the mapping
process is a one-time operation, meaning that all client programs have to be re-
implemented at the same time ihe new mapping is released.

3. Design

So far, we have worked on a long-term temporal data representation of the health
data. Below we describe some of the design ideas for the implementation of a
common middle layer including the temporal object model.

1.l Local application -_I Gul
XML View

Secunty Medul

Autentication | 3-
. {3th par}

Health Network or Internet

DRL
with XML schema

Message analyzer and execttar Yersions
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Figure 1. Three-level architecture

3.1. 3-tier client/server architecture

A client/server design for the overall system is presented in Figure 1. It consists
of a middle layer which we called the Data Representation Laver - DRL, an
underlying DBMS solution and a local client program. The DRL offers common
services to heterogeneous client programs, as a set of tools, such as a mapping
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generator, message validation and query execution, logging and access control. The
architecture does not set any restrictions on the underlying database system if it is a
mapping between the database and the DRL and if querying can be handled
efficiently (for example when querying data in emergency situations).

3.2. Temporal object data model

The DRL does not include any global integrated total schema for the underlying
stored data as mediator’s layers {“cancnical” schema) typically have (e.g. [7])
Clients can create such a view by introducing a schema standard for the purpose.
The implementation of ebject-oriented methods (behavior) is also left to the clients.
Our model is only for data content representation. The general goal is to make the
model flexible for future changes, as is the framework for our temporal data
representation. Later on we can exarmmne if there is any existing data model that fit to
our final requirements.

3.3. Temporal reading and writing of data

The goal of the data model 15 to represent data content in a temporal covironment
for & long-term use. Data content can be like elements in XML, and its metadata. An
object includes a set of elemenis related to a well-known schema version. The
schema itself is described by its DDL (Data Definition Language) and stored as a
special object type called schema object in DRL. The model accepts versions of data
and schema objects and relationships between them. All stored objects must be
related to a set of time stamps {e.g. [14]). This set includes a fixed time stamp called
object date which stores the transaction time when the new object instance was
created / inserted into the database. A given object version instance is identified by
its object date and a universal unique object 1dentifier (O1D).

For schema objects, each single version reflecting its time's (medical)
development. practice, needs, and function. The result ts a set of evolving schema
versions represented in an ascending chronological order, The option not to delete
objects gives a unique possibility to re-construct the situation of the time of selected
periods / intervals. Reading / retrieving objects in a temporal perspective has
meaning only when using a special time stamp we called the read date. If following
a Iinear time axis, as illustrated in Figure 2, the read date can be seen as an accurate
time line on this axis. The reader may then look at "the world" as it was expressed at
that given historical date, The basic philosophy is that any object must be seen in
relation to its ohject date plus the read dare. This approach represents nearly
unlimited ways for local client applications to query and view data versions both
forward and backward in time. Some examples of reading versions are illustrated in
Figure 3. A client application can read data content from one or many object
versions according to one or two read dares (time_read in the Figure 3).
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Figure 3, Cascs of temporzl reads of object versions related to given read dates.

3.4. Evolutions of schema versions and standards

There are 2 types of evolutions of schema standards:

1. Schema developing inside the same schema standard, like the evolution of
DTD’s from one DTD to another. In such cases, both schemas are assumed
to be compatible, even if there can be several versions of the same schema
standard.

2. Developing from one schema standard to another (newer) standard. Such
cases can be split wnlo:

2.1. Evolution between two compatible standards, like from DTD to XML
Schema.

2.2, Evolution between none-compatible standards, like from the relational
data model (for example represented in SQL} to XML.

We set a restriction saying that any eiement in a given schema must have one and
only one mapping to a newer schema. A fotal mapping for a schema 1s defined as
including all the schema’s elements and to always providing the same single result
that is total and absolute, not partial or accidental. In general, mappings from a given
schema object version can be implemented as: 1) Mapping between two schema
object versions - evolution between versions. 2) Mapping from one old schema
object i0 one or many new schema objects - evolution between old and new
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schemas. 3) The old schema object is replaced or expired without any mapping -
that s, a paradigm shift occurs. We attempt to define the rules for a tofal mapping
and set up a XML Schema for the representation of such mappings.

3.5. Mapping object

<xsd element name="Persan*>
<xsd:complexType> <xsd.sequence™>
<xsgd:element name="name" lype="xsd slnng"i>
«xsd.elernent name="address" type="xsd:string"/> }
<Mwsd:sequence> <fesd.complexT ype> :To!al;mapptny
</xad:element> map

\ <old_name>Person/name </old_name>
XML Schema 1 <new_name>Person/nameffirst_name </new_name!

<new_name>Personinameflast_name </new_name:

<map>
<xsd:element name="Person™> <magp>
<xsd:complexType> <xsd:sequence= <old_name>Personfaddress </old_name>
<xsd:elernent ref="name"/> <new_name>Person/postal _address <inew_name>
<xgd:glement name="postal_address” lype="xsd:sting /> </map>
</xsd:sequence> <fxsd:complexType> / <{Total_mappng>
<xsd.elemeni>
<xsd:element name="name"> Mapping XML document

<xsd:complexTyper<xsd:seguence>

<xsd:element name="first_name" lype="xsd:stnng"/>
<xsd.elemenl name="last_name" type="xsd:string™/>
</xsd:sequence></xsd.complexType>
<fxsd:element=

XML Schema 2

Figure 4. An cxample of mapping between two schema versions using the XML Schema standard.

Figure 4 shows an example of a mapping between two schema versions,
representing a simple fotal mapping in XML. The mapping XML document is an
example of a mapping object used to store data sets about the mapping. The content
can be extended to include a type converting. Still the mapping deals with syntactic
differences only. To implement lemporal reads as the ones in Figure 3, we also need
more sophisiicated data about the heierogeneity of schemas. Schema differences can
be divided into three levels:

e Svatactic level : A mapping as the one 1n Figure 4 is limited to only
syntactic, or technical, differences between schemas. In some cases, such
mapping can be a one-to-one relationship from one schema to the other,
though this is not necessary true in both directions of a mapping. An
example 1s the MedCom organization [10] in Denmark which offers a one-
to-one mapping between EDIFACT and XML messages used by health
care services.

o Conceptual level © A mapping which tries 1o represent semantic. or
conceptual, differences as well. For example, a schema which is based on
an object oriented data model is typical semantically “stronger” than a
schema based on the relational data model. It 1s difficult to represent such
cases only by syntactic differences. since then semantic knowledge can be
lost during the mapping.

o Semantic (ontological) level - This level investigates semantic
heterogeneity (e.g. [16]) linked 10 the view of the reality, that is, the state of
the world that the schema end wsers have. Such an ontlology is not based on
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conceptual differences in the schemas but rather on people’s perception of
the data content [16]. If a new and an old schema are based on two different
(sub-) ontologies, the mapping can be wrong even if it is conceptually seen
as night. 1f the mapping object can store data about such differences, the
data can be used to understand (interpret) ageing ontologies when reading
old historically heaith data.

Mapping rules can be set up and stored in the mapping object for all the three
levels. To represent differences in ontologies we probably need 1o link mapping
rules to formal logic. ‘

4. Implementation and results

A simple prototype of the 3-tier client/server architecture was implemented using
Java and SOAP in an interactive waiting-list system’. However, waiting list data is
not a good example of personal health data since the data is not considered 1o be a
part of the CPR, rather a part of the PAS (Patient Administration System) at
hospitals. We are now using electronic referral as a case since it is partly related to
the waiting hist systems. As example we can map between beta versions of an
upcoming Norwegian XML standard [8]. Since we do not focus only on XML only,
we can also look at the mapping of the Norwegtan XML standard and a Danish EDI
standard [10]. This can make it possibie to send a Norwegian referral to a Danish
hospital {(in Norway some patients are sent abroad for their medical treatment).

User
3

7’ .\‘:meraclion

2
List of Generation
“F— [/ possibie of mapping
outputj mappings abject
DRL N4

output
Mapping %
Object v.0 jf

Figure 5. The Mapping generator creates a mapping between two schema versions.

A semi-automatic mapping generator protofype is employed for the XML
Schema, which is implemented in Java (Figure 5). The prototype suggests mapping
between two XML Schemas by checking similarities in element {tag) names and tree
paths (like path-to-path mapping in [3]). A system user can then modify the
suggestions, before the final set of mappings are stored as an XML document (as in
Figure 4), represented as a special mapping object in the DRL. An extension of the
prototype can be the examination of the elements of data types / domains, or the

' A project in association with the foundation DigiMed [5] at NTNU.
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inclusion of some kind of semantic knowledge. such as, thesaurus (meta-language)
(e.g. [1]) into the program for finding potential mappings. So far, the prototype only
deals with the syntactic level of differences.

5. Conclusion

More work is required to analyze a common database solution for a future total
integrated EHR (Electronic Health Record). The work must argue how a good
database and related data representation solution can influence the reality of such a
future system, including the daia security aspect and the overall system
functionality. Further analyzes are needed providing some realistic cases of possible
use, such as the case of electronic referral. For the DRL we can implement a test fool
that uses mappiogs both forward and backward in the temporal space when
generating replys on queries from client programs.

This presentation gives some headlines for an ongoing PhD work. The
background and inspiration to ook at a long-term temporal data representation of an
EHR are presented. Linked to this is an examination of a possible temporal
realization and a mapping between schema versions in a temporal space. A temporal
data model 15 shortly described.
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MQTL — Model Query and Transformation language

Raimonds Praude

University of Latvia, IMCS
29 Raina boulevard, Riga, Latvia
raimonds.praude/@ sets.lv

Abstract. MDA approach becomes more and more popular in the modeling
world. A new Model Query and Transformation language for MDA tools is
proposed in this paper. The language is based mainly in OCL, but also
coniains some ML features and uses the functional approach for queries and
transformations

Keywords. Model transformations, MDA, functional language

Introduction

The Model-Droven Architecture (MDA) is an initiative by the Object
Management Group (OMG) to define an approach to software development based
on modeling and automated mapping of models to implementations. One of the key
ponts of MDA approach is model query and transformations ability. Models in this
approach are built in accordance with the corresponding meta models, which in tum
comply to MOF standards, i.e., meta models are UML class diagrams in a restricted
syntax. Models formally are instance sets of the corresponding meta model.
‘Therefore both quenes and transformations must be able to process instance sets of a
class diagram (meta model). For transformations typically two meta models are
mvolved — the source and the target one.

A guery is an expression that is evaluated over a model. The result of a guery is
one or more instances of types defined in the source model, or defined by the query
language [1]. ’

Transformation A transformation generates a target model from a source model
[1].

There are many preoposals for Query and Transformation languages [1], [2]. and
all of them regard queries as a necessary part of a transformation, i.e., a query
determines when and how a transformation (nile) is applicable to a model (or a set
of models) and how the result of the transformation will be built:

Adaptive Ltd. (in the following abbreviated with ADAPTIVE)
DSTC/IBM (abbreviated with DSTC) [3]

Compuware Corperation’Sun Microsystems (SUN) [4]
Alcatel/Softcam/TNI-Valiosys/Thales (THALES) [3]
Kennedy Carter (KC)

VoW
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6. TCS, which comprises Artisan Software, Kinetum, Kings College, and the
University
of York (TCS) [6]

7. Codagen Technologies Corporation (CODA)

8. Interactive Objects Software GrobH/Project Technology (10 [7]

For queries several submissions propose the use of the OCL 2.0 language: [0,
SUN, TCS. THALES proposes an extension to OCL called TRIL.. A query 1n TRL
can retwn not only elements from the queried model as an answer, but can also
return a composite type (e.g., a tuple or collection) or a more complex type defined
by some meta model.

OCL [8,10] 1s a textual specification language, developed by OMG, designed
especially for the use in the context of diagrammatic specification languages such as
the UML, including the use for queries. However, the standard use of OCL for
queries in UML is rather limited. Therefore OCL must must be extended, in order 1o
become useful in the more broad context of MDA queries — even the authors of
OCL 2.0 admit this [10].

The paper proposes one such ‘extension — MQTL.

MQTL means Model Query and Transformation language. MQTL is based on
OCL 2.0, because OCL is a standard in the modeling practice and contains many
useful constructions for the new language. However, some features of MQTL come
from ML, to extend the expressive power of the language. ML is a widely used
functional language [9]. ML has been selected due to the fact OCL is also a
functional language in a sense and the basic ideologies of these to languages are
compatible. Some of the existing OCL features (contexts, for example) can no moie
be used in this new context and must be modified or deleted as irrelevant. For
example, queries of MQTL also can return a composite type (e.g.. a tuple or
collection) or more complex type defined by some meta model — similarly to the
ones in TRL [5]. In general, the goal for building MQTL has been:

- to preserve as much constructs as possible in this extended context
- to include the minimum number of constructs from ML, in order to ensure
the required query functionality.

Typical examples of queries in MQTL are the following.

Suppose, that our meta model corresponds to abstract syntax of a programming
language, where there are such constructs as Program and Function. A model.
specified by this meta model, can, for instance, be used as a cross-reference model
for a concrete program system. So, the following query is typical in this case: to find
out if a Program object instance transitively calls a Function object instance.

In addition it may be required to optimize somehow this model, reducing the
number of Funciions, for instance.

A meta model can also specify Local Area Networks (LAN) with the
correspending elements — hub, computer, cable, etc. As the models are represent
concrete LANs, we can query if a computer Ci connected to a hub H1 via a Cable
CA1 in the given LAN.
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A query can include some nontnivial algonthm as well, when the required result
is not a simple reformatting of the required part of the source model. but some
information to be derived in a complicated way.

MQTL can also be used for model transformations, especially if some nontrivial
algorithms must be used or additional static structures for intermediate data must be
defined. This the case where the MDA languages based on simple graphical patterns
and rules (such as [6]) fail and where the functional power provided by ML becomes
essential. The transformation rules in fact are fuactions, so, MQTL uses functional
approach also for the transformations. However, this paper mainly is focused on
MQTL as the language for querying purposes. Transformation programs in MQTL
require some further research.

The proposed language is more expressive in use than the few existing extensions
of OCL for quenes. for example TRL [5].

The paper gives a precise description, which of the OCL constructs are preserved
in MQTL and what is added from ML. Then an example of nontrivial query in
MOQTL is provided,

Why does the pure OCL 2.0 is not suited

OCL can be used for a number of different purposes [8]:
e Asa query language
To specify invanants on classes and types in the class model
To specify type invariant for Stereotypes
e Todescrtbe pre- and post conditions on Operations and Methods
e Todescnbe Guards
e To specify target (sets} for messages and actions
e To specify constraints on operations
e Tospecify dernivation rules for attributes
« For any expression over a UML model

However, MQT'L can take from OCL only these features and constructs. which are
useful for querying (“as a query language™).

Each OCL expression must be written in the context of an instance of a specific
type [8]. In an OCL expression, the reserved word seff is used to refer to the
contextual instance. For instance, if the context 1s Person, then self refers to an
instance of Person.

context Person

def: nickname : String = self.name
The keyword self itself is optional in OCL, but there are no ways to extend the
semantics imposed by it if we don’t drop the concept of OCL context completely.
The queries in MQTIL. are written only within funcions — the main structural
component of MQTL. In fact, functions can be defined also in OCL, they are called
additional operations there and are defined via the “def”™ keyword. However, these



R. Praude. MQTL - Model Query and Transformation language 167

additional operations can be defined only within the contexts in OCL. Thus, if the
operation Al is defined in the context B1, ii cannot be called from the context B2. It
means that according to rules of OCL we cannot reuse a query, written in the
operation Al, which is defined in context Bl, in the operation A2, defined in the
context B2. Therefore, the context considerably restricts OCL usage and that’s why
1t is not used in MQTI..

In addition, some of OCL expressions must be modified, because the context is not
longer used and the expressions are extended with ML features to increase the
expressive power of them. The following OCL definitions, expressions, data types
are modified:

1. additional attributes and operations definition

2. let expression

3. Sequence data type

The next section provides the list of all OCI. constructs which are preserved {or
slightly extended) in MQTL. It is followed by the list of constructs included from
ML. -

MOQTL language description

The features and constructs, coming from OCL without modifications

1. if then_else —is the same in MQTL as in OCL.

2. Tuple in OCL. It is possible to compose several values into a ruple. A tuple
consists of named parts, each of which can have a distinct type. Also, the values
of the parts may be piven by arbitrary OCL expressions. Example:

Tuple (name: String = ‘John’, age: Integer = 10}
Tuple {age = 10, name = ‘John’} — the type names are optional and the order of
the parts is unimportant.

Tuple in MQTL. The tuple concept is the same in MQTL as in OCL - it also
may consist of named parts, each of which can have a distinet type, for instance:

val t : Tuple{l : Integer,s : 3tringl = Tuple{i =
10,5 = getTitle!{ )}

3. Navigation via associations is the same in MQTL as in OCL.

4. Concept of Model data type and Model data type functions, allInstance
feature of any Model data type. The same in MQTL as in OCL.
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Collections data types in OCL. Curly brackets surround the elements of the
collection, elements in the collection are written within, separated by commas.
The type of the collection is written before the curly brackets: There are four
collection data types in OCL: Set, OrderedSet, Bag and Sequence. Examples:
Set {1 , 2, 5, 88 }

OrderedSet { “17 , “22" }

Sequence { 'ape', 'nut' }

Bag {1 , 3 ., 4, 3, 5}

Collection data types in MQTL. Are the same in MQTL as in OCL..

Primitive data tvpes are the same in MQTL as in OCL. .

The features and constructions, coming from OCL with modifications

Operation definition in OCL. These constructions enable reuse of
variables/operations over muliiple OCL expressions. All operations are
specified via «definition», and are known in the same context as they are
defined. For example: )

context Person

def: getTitle( } : String = “Person”,

where hasTitle( ) 15 an operation and ¢ : String — the parameter. After *=
symbol in the operation definition can be any OCL expression (let, if_then_else,
...). Recursive operations are also allowed. After hasTitlef ) operation is
defined, it can be used n other OCL expressions within the current context.

Operation definition in MQTL.

As context is not used in MQTL, the operation becomes the basic
construction in the new language and all MQTL expressions are written within
operations. So, operation corresponds to a in fact function and that’s why i1t 1s
defined. using fun keyword: '

fun getTitle( }: String = “Perscn”

Attributes (variables) definition in OCL. These constructions enable reuse of
variables over multiple OCL expressions. All vanables specified via
«definition», known in the same context as they are defined.

context Person
def: nickname : String = ‘Little Red Rooster’,

where nickname is an attribute. After nickname attnbute is defined, it can be
used in other OCL. expressions within the current context.
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Attributes (variables) definition in MQTL.

As context is not used in MQTL, the values can be defined only with
operation (function). So, variables are defined not with the keyword “def: "~ but
with va! (it comes from ML), because “def: "~ keyword meant for operations and
variables that they are not owned by context-class, but are defined as the helper
attributes/operations. val means that simply a new value (variable) is defined.

val nickname: String = ‘Little Red Rooster’
Afier =" symbol can be any MQTL expression.
3. let expression in OCL. /et expression allows one to define a vanable, which

can be used in the constraint. A let expression may be included in any kind of

OCL expression. It is only known within this specific expression. Example:
context ferson

def: inc(i : Integer, k : Integer) : Integer =
let
income : Integer = k
in

if i <« 10 then
income + 100
else
income + 1000
endif

let expression in MQTL. The constraint that only one variable declaration is
allowed within let expression requires nested let constructs if more than one
variable should be declared inside /et. So, one or more variable declarations are
allowed in MQTL inside ler:

fun mult{i : Integer, J : Integer) =
let

val multl : Integer = mt(i)

val mult?2 : Integer = mt(k)
in

multl * mult2

The features and constructs coming from ML

1. The ability to define a new type, record in fact. This definition is useful it we
want to use a type, which 1s not predefined, in many statements. Example:
type p info = {

name : String,
surname : String,

age : Integer;.

val perl : p_info = ({nam= = “Jochn". surname =
“Smith"}
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val per?2 : p_info = {name = perl.name, surname =
perl.surname;

The new type info is defined and then in is used twice — in perl and per?

defintions.
2. local declaration. Limits the scope of one declaration to another declaration:
local
fun helper (i: Integer }: Integer = 1 + 1
in .
fun £1() = helper(2)
end

Here helper function can. be called only within this Jocaf declaration, but the
function f1 — from any place of a program. This declaration can be used to
create query blocks — on query can be called from the outside, but the other
queries in this block are the helpers for this query.

3. list patterns. The list patiems:
h::t,nil
where A is the header and ¢ - the tail of the list and #il — the empty Lst. This
pattern is applied to Sequence data type in MQTL, that’s why / 1s a header of
the Sequence and ¢ the tail of the Sequence, and ni/ — empty Sequence. So, the
Sequence has the form: hy::h,::o.::hy::nil. Such a pattern is used in
many functional langnages and it significantly extends the expressive power of
the new language. The example, given in the next chapter, dermonstrates the
usage of this pattern.

4. case expression. Case expression has the following form:
case exp
of patl => expl

| patn => expn

, where pati, .. pat, are the patterns. These patterns are the constants of

primitive data rypes (0, “a”), or the list patterns.

MQTL example

Suppose we have such a meta model:
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MetaObject
name. stnng

)

intffunclion

IntermalFungtion containet | -

includes
Program
0.1

container 1

) clncluder
T intFlncluder

v | srelncluder
copycode

Copycode " geslincluder

includes

Figure 1

This meta model corresponds to a small part of a programming language and
specifies the abstract syntax of programs, which can be wrtten in this language.

Copycode resembles a macro definition in “C++” language. 1n fact, but it is
defined in a separate file. However, all the Copycode definitions, included in a
Program (via include operator), are inserted into a program during the compilation
process — the same as macro in C++. Also, a Copycode can include another
Copycode and so on, but anyway, they are inserted into a Program. which includes
the first Copycode in this chain.

Internal functions are defined in the same file as the whole Program. They alse
can include Copycodes.

Here is the instance diagram of the meta model in Figure 1:

container -
P1:Program F1:IntemalFuncticn
container intFIncluder
F2:InternaiFunction | INtFIncluder C2:Copycode
srcincluder
C1:Copycode

Figure 2

So, Program P1 contains the two InternallFunction instances — F1 and F2. Internal
functions F1 and F2 both mcludes Copycode C2 and Copycode C2 includes
Copycode C1.

Suppose we created a cross-reference model, specified by the meta model in
Figure 1 and we need to check if Program Pl transitively includes Copycode CI.
Transitively includes means. that if, for example. a Program P contains an
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IntemalFunction F and this function includes a Copycode C, a Program includes
Copycode C. The same is for Copycode, including another Copycode. So, Program
P1 transitively includes Copycode C1 in Figure 2.

It means we should write a query in fact for cross reference check, with the two
parameters — P1, C1: checkcall (P1, c1). The query should return a Boolean
type - True for the given example.

The example code and description

fun heckCall(r: equence (ModelElement),cl : ModelElement)
: Boolean = helpCheckCall{r, <l, nil)

fun helpCheckCall (r: Sequence (ModelElement) ,cl:
ModelElement,visited: Sequence (ModelElement)) : Boolean
case r
of h::t =>
1f (h.name = cl.name} then
true
else

if {visited.includes(h))
checkCall(t, <cl, visited)

else

checkCall {nextVertexes{h) .union(t},
cl, h::visited)

endif

endif
of nil =»
false

fun nextVertexes(x:ModelElement): Seguence(ModelElement)

let
val r : Sequence(ModelElement) =
if (x.IsOfType(Program))
¥x.contalner.asSequence {) .union/(
x.pIncluder.asSequence{) )
aelse
if (x.Is0fType(InternalFunction}
X.container.asSequence({} .union
¥.in“FIncluder.asSeguence())
else
1f {x.IsOfType{Copycode))
%X .srcIncluder
endif
endit
endif
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in
Ir
end

val b : Boolean = checkCall({pPl, C1l)

We should traverse the model (graph in fact), starting from Pl node and if we
meet a node C1 dunng the traversal, it means. that P1 includes C1. otherwise — not.
The traversal algorithim is depth first search.

Depth first search involves chasing down edges (from some starting nodes) to
collect up all nodes which are reachable from those start nodes. The exploration
should go down one chain from a start node, returning these nodes before backing
up to look at the next deepest unexplored nodes. Clearly we need to keep track of
which nodes have been seen before so that we do not go round in circles whenever
there 1s a cycle in the graph. The central function (kelpcheckCall} has a list of nodes
(to be explored nodes), a node to be checked for inclusion and a list of "visited' nodes
as parameters.

nextVertexes function returns the list of the nodes, connected to x.

Conclusions

The paper describes the basic principles of the query and transformation
formation language MQTL. The main innovative element of the language is ML
constructs, increasing the expressive power of MQTL. The given example shows
only a small part of the constructs and power of MQTL, however it demonstrates the
functional approach. which is the base of MQTL, and its natural recursive style for
computing a transitive closure,

References

[1] Meta modelling for MDA First International Workshop York, UK, November
2003 Proceedings

[2] Krzysztof Czarnecki and Simon Helsen, Classification of Model Transformation
Approaches, University of Waterloo, Canada

(3] OMG: MOF Query / Views / Transformations. http:/iwww omg.org/docs/ad/03-08-03

[4] OMG: XMOF Queries, Views and Transformations on Madels using MOF. OCL and
Patterns,  http://www.omg.org/docs/ad/03-08-07

[5]1 OMG: Response to the MOF 2.0 Query / Views / Transformations,
http://www.omg.org/docs/ad/03-08-05

(6] OMG: Revised submission for MOF 2.0 Query / Views / Transformations RFP,
QVT-Partoers. http://www.omg.org/docs/ad/03-08-08

[7] OMG: Revised Submission to MOF Query / View i Transformation RFP.
http://www.omg.org/docs/ad/03-08-11]

[8] OMG Response to the UML 2.0 OCL R{P, hitp//www.omg.org/docs/ad/02-05-09


http://www.omg.org/docs/ad/03-08-03
http://www.omg.org/docs/ad/03-08-07
http://www.omg.org/docs/ad/03-08-05
http://www.omg.org/docs/ad/03-08-08
http://www.omg.org/docs/ad/03-08-
http://www.omg.org/aocs/ad/02-05-09

174 DATABASES AND INFORMATION SYSTEMS

|9] Programming in Standard ML, Robert Harper, Carnegie Mellon University
Spring Semester, 2001

[10] The Object Constraint Language 2™ ed, ). Warmer, A. Kleppe, Addison Wesley, August
29. 2003

[11] MDA Explained The Model Driven Architecture: Practice and Promise, A. Kleppe, . 1.
Warmer, W. Bast, 2003, Addison Wesley, 2003



SCIENTIFIC PAPERS UNIVERSITY OF LATVIA. 2004. VOLUME 673, Datbases and Information Systems

175-185 P
Publishing Relational Data to Construct Recursive XML
Documents
Lavr Bunin

University of St Petersburg, Russia
Iburinf@yandex.ru

Abstract. The problem of publishing relational data as XML documents is
considered in the case of presence of recursion in XML schema view. While
XML is a standard convenience for exchanging business data on the World
Wide Web, relational database systems represent the most convenient way for
storing large volumecs of data; hence finding an efficient mechanism for
publishing relational data over XML becomes z highly important task.
Analysis of real-life situations shows that the presence of recursion in XML
documents is quite normal. At the same time there is an evident lack of issues
in the area. It scems particularly promising to combine the support of
recursive XML documents with the current support of linear recursion in
SQLY99 using special language constructions. A technique for constructing
recursive queries to extract XML data from relational database by means of
SQL is proposed in this paper. Based on relational data with some additional
inforration XML view over this data can be easily materialized.

1. Introduction

Over the recent years XML has emerged as the standard for exchanging business
data on the World Wide Web. [is structure provides a series of advantages for
applications in data modeling and exchanging. At the same tune, however, most of
business data 1s stored in relational database systems and the situation here will
remain so for the foreseeable future. because of the scalability, reliability and
performance associated with relational database systems. Thus, 1f XML 1s to fulfill
its potential, finding efficient ways of publishing relational data as XML documents
becomes a particularly important problem. XML publishing is one of the most
challenging problems [15] and it is the problem of transforming existing relational
data into XML. Conceptually, this is the same as defining an XML view over the
relational data.

The defimition of XML view consists of two main requirements: the view
definition language and the XML schema of the resulting view. The language
specification describes how to structure and tag data from one or more tables as a
hierarchical XML document. The structure of XML data, by contrast to relational
data, is nested and self-describing. Usually XMI. documents conform to their input
DTD. XML Document Type Definitions (DTDs) [18] describe the structure of XML
documents and are considered as the schemas for XML documents. More
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sophisticated tools for structuring XMI. such as XML-Schema [2, 16] are based on
DTDs.

The problem of XML publishing becomes much more interesting and difficult in
case of the presence of recursion in XML view schema. XML schema is said to be
recursive if it has some element type defined in terms of itself, directly or indirectly.
As for real-world XML schemas, a number of DTDs are analyzed in [4] and the
result is that more than half of them are recursive; thereby in practice the presence of
recursion 1n XML schema is quite usual. As noticed in [l], recursive DTDs are
commonly found i specifications of biomedical, chemical and protein data. As
example, Figure 1 shows a fragment of schema graph taken from BIOML [17]
content model. This model corresponds to real-world logics: DNA 1s specified in
terms of clone, clone has sub-elements DNA and gene, while gene 18 In turn
specified with DNA etc.

biopolymer
e

intron
- dnd - = domain
-
/*] |\ -
locas - = gare

- “\

B

"

clone

Figure 1. Sample XML schema.

Studying DTDs from different application areas we can note that there are a ot of
XML schemas with recursion involved in XML publishing. On the other hand, as
shown in Section 2, there is an obvious lack of solutions to the problem of recursion
support 1n XMI. publishing area. Thus, since support of recursive XML schemas
seemns important, it is useful to propose some mechanism for transforming relatonal
data into XML with respect to the presence of recursion n predefined XML schema
of the resulting view.

Information is recursive itself in numerous areas, connecting both science and
industry. Entities defined in terms of themselves, explicitly or implicitly, oceur
particularly in biomedicine, biology, chemistry, molecular theory, electronics,
programming, geography as well as in different classifications of complex systems.
in part hierarchies etc. Significant effectiveness and accuracy might be achieved, for
example, In storage of large volumes of information about molecular structures (c.g.
DNA) in relational databases. We could use all the power of contemporary industrial
RDBMSs, but representing of the information will be done in standard and
comprehensible XML.. Also, research studying mn [12] outlines that it 1s far more
efficient to construct XMT. document inside the relational engine than doing so
outside.

Imagine that we have some XML data {for example, we have any XMI.
representation of original text data}, but this XML representation doesn’t reflect the
natural structure of our data. thus we wish to obtain efficient and. at the same time,
natural data representation over XML, specificully regarding the support of
recursion. Ag a first step. let us store that XML data in a relational database. The
main goal of storing data in relational database 15 to put this data into an efficient
storage schema, which is likely to include special metadata needed for the suppon of
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recursion (one or more columns of relational table). Then, using the technique of
recursive queries, we will obtain XML views of that relational data and these XML
views will be recursive. Thus, we will solve the XML publishing problem for
complex data, at the same time presenting it in its natural form, i.e. supporting the
recursive character of this data.

The $CL99 standard has the suppor for linear recursion using with clause, so it
gives an idea to use this language construction within SQL queries to publish XML
data. The proposed technique is mainly based on graph analysis of XML schema of
the resulting view. Depending on what edges in XML schema graph we discovered,
we construct corresponding SQL query in both cases using with clause. The most
interesting situation is when we deal with the recursion in a graph. Then we have to
define some recursive relation, which actually defined through itself. Some
assumptions about transformations between relational data and XML also were done
and briefly discussed. As an example, there is the SQL query given i Appendix
retrieving data from relational tables mn order to construct XML document,
conformed to XML schema view which graph is shown on Figure 1. There are
numerous uniens of different sub-queries to be performed to extract necessary data.

The rest of this paper 1s organized as follows. In Section 2 we discuss related
work. In Section 3 the data model 15 considered. The technique of using-SQL
support for recursion to construct recursive XML documents over relational data
proposed in Section 4. Conclusions and ideas for future work are presented in
Section 5.

2. Related Work

The problem of XML publishing is very attractive to a lot of researchers, because
of the aspects mentioned above, thus there are a lot of works in this arca. A number
of approaches have been proposed on translating XML queries into SQL. In ROLEX
[3], SilkRoute [5, 6] and XPERANTO [10, 11, 12, 13] XML views over the
relational data are defined using the view definition languages. The focus of these
XML publishing systems is on non-recursive XML view schemas.

In [13] the technique for querying XML documents using a relational database
system is proposed. Reconstruction of XML view mentioned in this work 1s
generated by creating so-called defauit XML view, which is low-level XML view of
the underlying relational database. Definition of other XML views is possible on top
of the default view using XQuery language [22].

In [12] SQL language extension to specify the construction of XML documents is
proposed. Although some of the techniques proposed show a significant
performance benefit, support of the unbound hierarchies is not considered in this
work.

Major industrial DBMS vendors also deal with the creating of XML views.
Microsoft SQL Server 2000 SQLXML [9, 20] and Oracle XML DB [21] use
annotated XSD XML schema defining the XMI. view, and IBM DB2 XML
Extender [19] uses a Document Access Definition (DAD) files. In fact, recursive
XML views are supported only in XML DB. while in SQLXML there is support
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only for limited number of depths of recursion. XML Extender facilities provide
only non-recursive XML views.

The problem of XML publishing in respect to a fixed DTD to which the output
documents conform is also considered in [1], where authors refer to this problem as
DTD-Directed Publishing. This 1s one of a few works where recursive XML view
schemas are allowed, but there SQL (SQL99) support for recursion is not used and
all the recursion is implemented in middleware. The notion of attribute translation
grammars (ATGs), which proposed in this paper, is the mechanism of DTD
extending by associating semantic rules via SQL queries. However, this technique
has nothing with the support for recursion currently existed in SQL99 [7].

3. Data Model

31.0n DTD

XML DTDs [18] descrbe the structure of XML documents and are considered as
the schemas for XML documents. For the sake of perception, our data model differs
from onginal DTD data model with unessential differences, discussed below.

We model both XML elements and XML attobutes as XML elements since XML
attributes can be considered as XML elements without further nesting structure.

We 1gnore all encoding mechanisms used 1n data types CDATA and PCDATA,
modeling all of them as séring data type.

A DTD D is modeled as the set of XML element definitions {d;, oy . . .. dil,
where each XMI. element definition &; is in the form of #; = ¢, where #; 15 the name
of an XML element, and ¢; is the DTD expression. Each DTD expression 1s
composed from XMIL. element names which are, in fact, the most primitive DTD
expressions, and other DTD sub-expressions using the standard operators from
regular expressions theory. Thereby, we can define DTD expression in BNF
notation as follows:

e ::= string | name | e | e? | e* | e+ |
(e; | - o o | e | (e, o o oL el
where name is from XM]I. element names and ¢, e, . . ., €, are DTD expressions.

Withun the D'TD model using the DOCTYPE declaration defines which element is
used as the schema for XML deocuments. We call this element as the roor element.

It 1s obvious that our data model, mainly based on DTD as it described above,
entails the graph representation as the directed graph G = (¥, E, root), where V 1s the
set of vertices and F is the set of edges, roof ¢ ¥. The vertices represent elements
within XML schema and are labeled with their names while the edges represent
parent-child relationships between elements and have the multiplicity label from one
of ?.* - If there 1s no multiplicity label associated with the edge, it means that we
have a single occurrence of the destination DT sub-expression within the source
DTD sub-expression. Due to evidence and simplicity we omit an exact formal
describing of how to represent the given DTD in form of directed graph.
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3.2, On Relational Data and XML Schema Graph

Studying nwmerous research efforts related to XML storage problem such those
mentioned in [14], as well as technique proposed in [13], we can descnbe
correlation between relational data and DTD elements in XML schema dunng
transforming of relational data into XML. Thus we can see that ¢lements correspond
to either relational table or some column of the relational table. There is also a
possible situation when there is no relational table or column of the relational table
to correspond to some element dunng publishing. Also we have to realize which
relationships of the underlying relational schema were transformed mto parent-child
relationships it XML view schema represented as the edges of XML schema graph.
Intuitively they should be projection, selection and join conditions where tables and
columas corresponded to the nodes are involved. '

As for relational data, we assume that each relational table has an /D3 column as
its primary key. Also, probably some of the relational tables have a parent!D
column, which being a foreign key to some other table, 1s needed to reconstruct
parent-child relationship in XML view. In such cases, when some element has more
than one parent element, additional column like parentType is needed to handle the
mformation for reconstructing parent-child relationship.

The goal of this brief argument is to show what kind of underlying relational data
we should expect if we talk about publishing this data into recursive documents. The
reason 18 that for reconstructing recursive XML documents we certainty need to deal
with parent-child relationships and a situation of multiple parents.

3.3. On Edges Classification in XML Schema Graph

Let n be the non-root node in XML view schema graph. Consider the incoming
edge e. Let do back tracking by this edge to its source, say, node # and then do the
same thing for all edges incoming to m etc. If on some step of this procedure we
reach the node n again, it means that there 1s a cycle in XML schema graph. So, we
know now that the edge ¢ is related to cycle, where n is involved as one of the
vertices of this cycle. It is evident that we can do such procedure for each incoming
to n edge. Thus we can achieve the partition of the set /{n) of incoming to n edges,
pamely foi(n) which is the set of edges from the cycle to which n belongs and
Toevaidry winch is the set of incoming to # edges not involved imto the cycle with #
presented as its vertex.

4. SQL Query View Definition Constructing

Depending on the type of edges in XML schema of the resulting view graph
different SQL queries must be executed to retrieve data needed to construct XML
view according to existed XML view schema. Here we consider two different
situations, occurring in respect of the partition of the set of incoming edges, referred
10 above.

4.1. Edges not Invelved into Recursion Processing Directly
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Here we consider the edges from the 7...(n) set. where n 1s the given node. Let
Lverkn) = ey, . - ., erd and my, .. . | mp are the sources of e, . . ., &
correspondently.

Assume that with each node », relational table 77 is associated. Assume also only
two possibilities related to node n: either relational table T associated with # or some
column 4 of the relational table 7 associated with # (although this assumption is
quite limiting, it is sfill a broad area of interest when studymg recursive XML
schemas). Then the following query retrieves relational data needed to construct
XML view from the underlying relational schema.

Q': with T’ as (
select T.*
from T1, T
where Tl.1d = T.parentid and
T.parenttype = T1.type
union all

unicn all
select T.*
from Tk, T
where Tk.id = T.parentid and
T.parenttype = Tk.type

) select T'.* (or select T'.A&)

4.2. Edges Directly Involved into Recursion Processing

In this section we consider node # such that £ ()=

Let edges {e;},; form cyclic sub-graph C within XML schema graph, where e is
the edge from node #; to node n;. Let C is the greatest cyclic sub-graph of given
XML schema graph containing r. 1t means that adding of some new node to C from
the remainder vertices (with all correspondent to it incormuing or (and) outgoing
edges) will change this graph so. that either new vertex will be unreachable from n,
or 2 will be unreachable from this verlex.

Let nodes ny, . . . . 5y are the nodes of C such as they have incoming edges and
these edges do not belong to . Regarding the previous section, we may generate for
each node n; query Q. which defines relation T, (we again assume the same
things about the sources of all of incoming edges). Let with nedes {#,},, which are
not from {n,. ..., A} set. relational tables { T }; are associated. Let all the tables
{7i" 1, have the same set of attributes, otherwise we always can add new attributes
to existed tables to reduce tables to the unified form. We assume here that all these
relational tables have an id field as a primary key and a parentid tield as a foreign
key. Also the originality of number 7 for all the nodes of sub-graph is provided. so
we can use [ as the identifier for relational table T3 7.

If we now wish to exuract all the data from relational tables needed to construct
the fragment of recursive XML document according to schema, represented by the C
as mentioned above. we can compose the following Datalog [8] query.
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D": T" &« T1', ... , T" « Tk’,
T* « T*{id,_,_) & Ti'(_.,id,_), ¥j

Using SQL construction for defining recursive relations we can construct the
following SQL query, defining T” relation. We define T” as the relation with the
same set of columns as all {T,* }: relations. defining one additional column called
nodeid needed to identify the type of original data, being integrated into the complex
recursive relation T*. Having nodeid field we may build recursive SQL query using
such construction of SQL99 standard as with clause. Note also, that above we used
with clause constructing non-recursive queries. because this construction, in general.
provides support of temporary relations within single query.

Q*: with recursive T" as (

{
gelect T1'.*, 1
union all

union all
select Tk'.*, k
}

union all
{
select T3’ .*, 3
from T, T3’
where T".id = T3’ .parentid and
T" .nodeid = i and
Tj'.parenttype = Ti'.type
union all

)
} select T".*

where i and j in Q~ are such that there is the edge from #; to #;. The union over all
edges in Cis taken in Q.

5. Conclusion and Future Work

A problem of publishing recursive XML documents over relational data was
considered and the technique of using recursion suppert constructions in SQL99 to
produce XML views over relational data was presented.

In general, recursion in XML schema presents many issues for further research
work. At the very least, all the previously proposed methods in XML publishing
area should be extended. while there is support of recursive XML documents.

According to different techniques proposed in [12]. we can now compare
different approaches to publishing relattonal data when constructing recursive XML
documents. It is outlined in this paper that different approaches have different
performance characteristics w different cases. so it is interesting to study what the
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situation will be if we have recursive XML data sets. It is not evident that the
parameters considered 1n [12] will remain the same,

Another issue is to study. in a more detailed way, are transformations between
relational and XML data to elimunate the limitations which we assumed in this
paper. Thus, because of studying of schema nodes processing in case of neither
relational table nor the column of relational table is associated with node is not
fimished completely, 1t makes this research direction also very interesting. The most
important thing 1s to understand clear the semantics of edges in XML schema graph
with respect to relational model of the underlying database.

Other research directions include combination of methods of XML view
materialization previously developed for non-recursive XML schemas with
approach proposed in this work. In particular, studying the impact of parallelism
seems a very challenging but potentially highly rewarding area.
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Appendix. Reconstruction of XML View

In this appendix resulting SQL query is considered. This query extracts from the
underlying relational data all the information needed to construct XML view over
this data according to the XML schema shown on Figure 1. Wirth clause 1s used to
construct recursive queres as well as to hold temporary relations.

with recursive DNA as |
( select dna.*, "“dna”
from biopolymer, dna
where biopolymer.id = dna.parentid and
dna.parenttype = biopolymer.type and
biopolymer.type = “dna”
)
union all
{ select dna.*, “dna”
from DNA, dna
where dna.parentid = DNA.id and
dna.parenttype = “locus”
DNA.nodeid = “locus*
unien all
select dna.*, "dna”
from DNA, dna
wnere dna.parentid = DNA.id and
dna.parenttype = “gene”
DNA .nodeid = “gene”
union all
select dna.*, “dna”
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from DN&a, dna
where dna.parentid = DNA.id and

dna.parenttype = “"clone”
CNA.nodeid = “clone”
union all
select gene.*, “gene”

from DNA, gene
where gene.parentid = DNA.id and
gene.parenttype = “clone”
DNA.nodeid = “clone”
union all
select gene.*, “gene”
from DNA, gene
where gene.parentid = DNA.id and
gene.parenttype = “locus”
DNA.nodeid = "“locus”
unicon all
select clgne.*, “clone*
from DNA, clone
where dna.parentid = DNA.id and
dna.parenttype = *“*dna”
DNA .nodeid = “dna”
unicon all
select clone.=*, “clone”
from DNA, clone
where clone.parentid = DNA.1d and
clone.parenttype = “locus”
DNA.nodeid = *locus”
b} select * from DNA

union all

with =ZX0N as (

select exon.*

from DNA, exon

where exon.parentid = DNA.1d
y, INTRON as {

select intron.*

from DNA, intron

where intron.parentid = DNA.id
), recursive DDOMAIN as {

{ select ddomain.*
from ddomain, EXON
wnere ddomain.parentid = EXON.1d and

ddomain.parenttype = “exon”
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union all
select ddomain.*
from ddomain, INTRON
where ddomain.parentid = INTRON.id and
ddomain.parenttype = “intron”
union all
select ddomain.*
from ddomain, DNA
where ddomain.parentid = DNA.id and
ddomain.parenttype = “dna”
)
union all
( select ddomain.*, “ddomain”
from DDOMAIN, ddomain
where DDOMAIN.id = ddomain.parentid and
DDOMAIN.nodeid = “ddomain” and
‘ddomain.parenttype = “ddomain”
) ) select * from DDOMAIN
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Abstract. The paper preposes a new methodology for defining business
process measures and their computation. The approach is based on
metamodeling according to MOF. Especially, a metamodel providing precise
definitions of typical process measures for UML activity diagram-like
notation is proposed, including precise definitions how measures should be
aggregated for composite process elements.

Kevwords. Business process, model, metamodel, measure.,

1. Introduction

Globalization and increasing competition forces companies to improve their
business, but improvements can’t be evaluated without measurements. Thus,
measures of business processes in companies provide crucial knowledge of TCO
and ROI for executives. Steady pgrowth of IT usage in business makes these
measurements more feasible [1].

Many quality [2,3] and business process management [4,5,6] methodologies now
use numeric methods to figure oul weaknesses and strengths of a business.
Methodologies are supported by several tools [7,8,9,10]. however they provide the
“best of breed” methodology only for one narrow area and they can’t support several
methodologies simultaneously.

In this paper the research on business process modeling problems [11] is
continued. Measures and rules, they relation to business concepts are shown 1o a
formal and unambiguous wazy. using Umfied Modeling Langudge (UML) [12].
Theories and methodologies are analyzed using metamodeling approach according
to Meta Object Facility (MOF) [13].

Gradually, through given examples for each abstraction (meta) layer, several
aspects of business process measures are precisely defined. It is shown that on the
one hand, each higher abstraction layer describes concepts that are more common,
but on the other hand, each higher layer determines rules and possibilities for lower
layers.

The model (M1 layer) is represented by a business process example (LML
activity diagram extended by measures) and a class diagram defining the “measure
view” of the same example. The most significant and more detailed is metamodel
(M2 layer), because it determines common possibilities and features for business
process models in a modeling notation. Extended metamode] shows how standard
measures and measure aggregation facilities tor composite objects are defined. The
classification of reasonable process measures and their possible assignment to
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process elements 1s provided. The metametamodel (M3 layer) briefly sketches a
universal framework for measure definition, from which the specific “measuring
metamodel” (M2) could be obtained as an instance.

The propesed metamodel can be used as a unified framework for the
development of cornprehensive business modeling and measurement tools.

2. Business Process Model (M1)

To demonstrate measuring of a business process on a practical example, a
specific modeling language will be used. This language is a slightly modified UML
Activity diagram (AD) [12] with extensions for object measures. Mainly the
graphical notation of activity diagram is made more expressive and the terminology
is changed, but the semantics is a standard one, except the resource management,
which 15 made more precise. The language corresponds also to the previously
developed business process metamodel [11]. References to diagram elements are
shown 1n itafic in the text. The example (Fig. 1) shows one business process for a
shop, which delivers pizzas to customer homes. Sell Pizzas is a business process (an
activity in AD notation), which consists of several tasks (actions in AD).

Sell Pizzas Start .

(Clerk) | cost, EUR Sales
Make Order e Processing Time, min
Total Time, min
— —| Amount, tems 5 .
I Cost, EUR

Production vl

Order
1D
Quantity

Address Packed Pizza | |_[ Cost, EUR
D Amount, items
E j; 1
v ‘B Cost, EUR = Transport
(Driver, Expeditor, Car) — Total Time, hour
Deliver

o

(Expeditor)
Encash

Finish 6

Fig. 1 Scll Pizzas business Process (M1)

Amgunt, items

Cost. EUR
Amount, items

Accounting

Tasks are represented by rounded rectangles. Some tasks have performers in
parentheses. Performer is a special reference that is used to specify that the given
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employee or resource 1s necessary to perform the task. Control flows are shown by
simple arrowed lines, and rectangles represent objects in object flows — either flows
of messages (e.g. Order) or physical objecis (e.g. Packed Pizza) with their attributes.
Parallelograms correspond to AD datastores, where materials are located. An object
flow entering a datastore means that putting into the datasiore, but leaving flow -
taking. The fact that Deliver is a task, which is started at some regular time moments
1s shown by a symbolic clock (Time event in AD). By default, all incoming flows
are joined at a task with AND condition. Orgauizational units that are responsible
for each task (e.g. Sales) are shown as swim lanes. If a specific performer for a task
isn’t set, anyone from the corresponding organizational unit can perform the given
task. If performer is set, only the given performer can perform the given task. Each
process (or subprocess) starts with Starf node and finishes with Finish node.

Make Order Start ’——l Start Time, datetime 5
: Avj

Customer )
( Fill Order )( Make Carrections J

[ \ ]
Sales v

6 ™
{Clerk)
- Check Order

Cost=2 EUR/hour*
Processing Time, EUR
Processing Time, min

Address

Send to Production

Finish & End Time, datetime™

Fig. 2 Make Order business process (M1)

Cost =01, EUR
' {
Processing Time, min ‘[ (Clerk)

Make Order in Fig. 2 actually is another business process which is decomposes
the task Make Order. This subprocess contains a decision Need Correction
{diamond). The complete Sefl Pizzas business process is shown only for a “full
picture” and to demonsirate that several measures for some business process objects
can be assigned. For further explanation, only the Make Order subprocess and
Make Order task will be used.

Measures are shown in notes (e.g. Cost, £UR), which are linked to the measured
element {object) by a dashed line. Each measure in a note is specified by its name,
an optional declaration and the unit according to the following syntax:
Name[=declaration],Unit {e.g. Cost=2 EURMhour*Processing Time, EUR). The
meazsure declaration can be empty, a constant or expression. If a measure declaration
references a name of other measure, by default the measure for the same object 1s
assumed. From analysis of several process management tools [7, 9, 10], 11 was
assumed that each system provides information about system time and performers.
Therefore, measures, which rely directly on system time and performers don’t need
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declarations. All other measure values should be declared unplicitly 1n metamodel,
or explicitly as constants or formulas in model.

A measure linked to a process element means that the given measure must be
evaluated during the process execution. See more on measure values in sections 3
and 9. According to MOF this business process model is an abstraction of all
execution instances of the real business process therefore it conforms to M1 layer.

For clear understanding of all metalayers, an example of instance layer M0 also
will be shown.

3. Measure Value Instances (M0)

During the system run/simulation of the business process, shown in Fig. I and
Fig. 2, each of the defined objects in the model gets its runtime instance. Each
runtime instance of an object has all its attribute values set, including the values of
measures linked to the object. In Tab. I, instances are shown as a “denormalized”
table (view), where rows correspond to the registered measure instances.

Instances from the Make Order sub-process are shown in this table for one
process execution. Columns Object Tvpe and Object represent the owning business
object instances. Cells in the Measure Declaration, Unit column represent the
identification of each measure. All the above-mentioned cells are actually resolved
from business process model (they are not instance dependent). Cells in Falue and
Time columns represent values for each measure instance. Cells in these columns are
filled by the process management system according to the actual process execution.
No, Source No columns are for information only and describe how derived values
are calculated.

The table illustrates that some values are got explicitly from the management
system (e.g. value for Processing Time), but some values are calculated implicitly
through given rate and explicit value (e.g. Cost from 2 EUR/hour and
Processing Time), or from values of several sub-measures (e.g. Cost for Make
Order, from two separate costs).

No Object Type Object Measure Declaration, Unit Value Time So;;ce

Busmess Process Maka Ordef Start datatlme ] 9:0: 9:05:34 -

Tab. 1 Sample Values for Make Order Sub-process

General rules according to which this table could be obtained from the “raw
material” — a complete process execution log are described in section 9.
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4. Measure Aggregation Sample Model (M1)

Though the activity diagrams in Fig. 1 and Fig. 2 represent the M1 layer, they are
only “graphic interfaces™ for the control aspects of the business process model, and
in such representation not all measure-related items are viewable. Therefore, the
measure aspect of the same model is shown in full details, using a class diagram
(Fig. 3). This class diagram is another view for the same process, where “system”
objects that actually exist and are necessary for process measuring are made explicit.
At the same time, the control and execution aspects of the mode! are not visible in
this view.

<<Tpial Tine>> <<Busines Process>» <<Enterprise>> <<Org Unb>>
MO Total Time Make Order Pisceria Customer

TUnit=min y
Dedlaration=Minus(MO Finish, MO Start) | _conlainers container
?
measure container m <<Task>>» <<Task»>

Make Corrections || Fill Order
<<San>> [ , [ p) 7
Starl r | [~ 3
' <<End>> <<Pegple>> |—{CA <<Ong Unip> <<Slare>> <<[ecision>>
priminve Finish Clerk Sales Order Need Comrection
_ measure
primitive
arg2 | measure | ) ;g’og‘:;t
<<Slart Time> “Pegf"r‘k‘er” C;‘T:Sg; "Unt=EUR,
MO Start e ek Lrder Declaration=Sum(SPCast, CO Cost)
"Unit=datetime primitrve
nmiliv primitive o
arg? | |measure e, p ©
<cCost>>
«EndTme>> ||| Send to Production AL L o
MQ Finish P o3
“Unit=datetme primitive O ProcTime. “Unt=euR
“Oniemi gcime “Dactaration=0 1
measure nit=min
<<Pracessing Time»> ‘J ag argl measure arg
MO Processing Time measure arg <<Cost>
“Unit=rrin <<Processing Time>> €0 Cost
Declaration=Sum{CO ProcTime. SP ProcTime) SP ProcTime *Unil=EUR
*Unit=rmin "Declaration=C0O ProcTime* 2 EUR/hour

Fig. 3 Measure Sample Model (M1)

The diagram is built in accordance with the process measuring metamodel (M2
level) in Fig. 5. E.g., object relations to their measures are shown as relations with
the specified role names primitive/container-measure. 1f a measure declaration
references another measure. it 1s shown with role name arg.

In this diagram on the ecne hand each class ts one specific instance of a more
abstract class in M2 layer (Fig. 5), but on the other hand it is a class. because it
represents all possible instances from the M0 metalayer (Tab. 1). So this means, that
they all are classes with more specific properties than classes in M2 metalayer. Let
name such classes “instance classes™ (it i1s an extension of UML class diagram
notation). This is shown by using stereolypes in such a way, that a class name o a
higher metalevel (e.g. M2) becomes to the stereotype for the corresponding instance
classes in the lower metaleve (e.g. M1).

According to the metamodeling traditions in MOF (including the metamodel for
UML class). components that compose a measure at M2 metalayer, are shown as
new specific tagged compartments of a concrete measure class at M1 layer (e.g.
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unit=FEUR, declaration=Minus(MO_Finish,_MO_Start)). Compartments, what are
explicitly defined in business process model (Fig. 1, Fig.2), are marked with
asterisk. Unmarked compartments are derived implicitly from measure declaration
metamodel.

Unfortunately, a universal application of this principle doesn’t work well always.
E.g., if ihis rule would be used for Business Process class, it should be shown as a
single class with compartments at M1 layer. In such way, diagram would become
too unreadable, therefore, some decompositions at M2 layer are ireated as
decompositions at M1 layer. E.g., Business Process and Enterprise are shown as
usual decomposition with separate classes and corresponding stereotypes.

5. Business Process Metamodel (M2)

In Fig. 1 a model of one particular business process (M1) was shown, but for the
development of a universal process measuring method, an adequate business process
metamodel (Fig. 4) is necessary (M2 layer), as the base for that notation.

0.° <<Container>>
B Enterprise objective | subgeal
subsidiary | Qrganisalicn 4 * 0

p <<Container>>

. r g Business Goal

<<Container>> * <<Primiive>> 1.7

Org Unit Resource )
Also location subprocess | 7
realzation
i ( <<Container>> 7
<<Primitive>> <<Primitive>> Business Process <<Primitive>>

Equipment <<Prirnitive>> Malerial “|  Transition
Instruments, cash People Means of production
suppart| 1 aclor 1, A7 uﬁliza(linn
A Control Flow
<<Primilive>>

1. 1. 1. 1. -
Object Flow

1.7 Contral
<<Container>> <<Primitive>>
<<Contamer=> 1.*
input 1. Performer Task 2

Relerence actor] | Smaliest unit of
?. ) executable funclion Start

<<Primilive»>
Raw Material

Branching

End

<<Primilive>> ) <<Contziner>>
Processed Material |~ Qutput 1.0

Decision

Fig. 4 Business Process Metamodel (M2)

A common view on business processes has been already studied in [11]. In the
current research, the main interest is directed towards the dynamic behavior of an
enterprise, therefore, other concepts are included, only if they play a role for
business processes. It actually is a cut (and renamed) version of the UML activity
diagram metamodel, but with the resource management aspect added.

In this metalayer all classes are “instance classes” again, because they are specific
instances for the more abstract metametalayer (M3, Fig. 7).

A business process is developed as a realization of some Business Goals in
FEnterprise. Each of the Enterprise has Resowrces, Organizational Unit and Business
Processes. Material is one of Resources that belongs to Organizational Unit. Raw
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Material flows from [nput of Enterprise to Output and becomes to Processed
Material through utilization 1n a Task. Task is an atomic part of Business Process
and doesn't contain anything else (i.e. elementary action in UML AD). A Task has a
special reference - Performer, which is used for indirect poiniing to a Resource
{such as FEguwipment and People), that performs or 15 necessary for the task
execution. The amount of Material that is uiilized 1n 2 task, is decremented after
the task execution. The count of free People and Equipment is used only (is
decremented) during task execution time, and becomes free {is incremented) after.

Controls are used for controlling the task execution sequence (branching -
parallel processing and decisions). Transition (Control Flow)} shows task execution
sequence, but Object Flow additionally shows what object (message or physical
material) is sent from task to task (as in UML AD).

6. Measure Definition Metamodel (M2)

In addition to the described business process meiamodel (section 5), a
harmonized measure declaration metamodel (M2 layer) is derived. This metamode]
(Fig. 5) provides standard declarations for the most typical measures. This model
again uses the “instance class” notation with respect to the metameta layer (Fig. 7).
The main value of this metamodel is in the fact that it shows how process element
structuring translates into appropriate measure value aggregation for the most typical

measures,
*| subprocess

AN
- e

container 1 <<Conwminer>> 1.
s Business Process <;CC-"13'”=_9”’
- 1 container A rerprise
container| 1 F: ______ _§ Not ah
1”nr [4 Ty
measure (0.1 <<Primitver> <<Cantainers>
<<Contarer> [[1.7 | 1 Peope Organisational Linit
<<Maasune>> Performer .
Tota! Time | 1 — <<Primilive>> HY
N <<Primiive>> Task <<Measure Unit>>
decl ] 0.1 14 Decision HXO EUR
ec - i primitive[ 1 primitive| * T
i . - — T
<<Ded;ratn:n>> <Prmiive>> )_'_—_ measure ¢ *| measure unit
1.+ Minus End measure measure |1
: 1 - 0.1 <<Measurg>> | 1
<<Primitvess | | primitive, 1] 1 <<Measure>> Cost
Start 1 unie| umit (1 Processing Time m
= 1. L E]
prinitive) 1 <<Mazsure Linit=> arg A
01 1 1 0.1 ‘ 0.1
Time Range Unit
measure | arg? | arg1 |measure 1 decl 1
A , ]
<<Measure>> «Mﬂfﬂ_ﬂ” <<Declaration>> <<Dedaraton>> <<Declaration>>
Start Time End Time Sum Time*Rate Sum 0.1
3 X
unit 1| 7 unt 1 Ty rate 1] 1 dedl
<<Measure Uni>> <<Mgasure Uni> <<Measure Unit>> <<Declamd Valug>> <<Deciared Value>>
datetime hour min Declared Cost Rate Declared Cost

Fig. 5 Measure Declaration Metamodel (M2)

In the metamode! it is defined, how the selected measures are related to business
process objects and to each other. If a measure has a declaration expression (an
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implicit one or to be explicitly defined in a model), this expression is shown as a
function-arguments complex, the function having the <<Declaration>> stereotype.
In Fig. 5,1t is shown, which business process elements can have Start Time and End
Time measures. Some process elements e.g., Business Process or Task can have
several measures, such as Processing Time, Total Time or Cost. A declaration for a
measure depends on the process element to which it 1s attached and how 1t 1s
declared (when explicit declaration in a model i1s possible). Eg., Cost can be
declared either as an exact value (Declared Cost), as a multiplication of Processing
Time by Declared Cost Rate, or as a sum of several sub-costs (the only possibility if
the Cost measure is attached to a <<Container>> object - e.g. Business Process).

Processing Time can be without declaration (if the value is obtained directly - it
is attached to a Task), or can be a sum of several Processing Times (if the measure is
attached to a Business Process object). A measure can have several Units. In this
example, several units (e.g. howr, min) are shown only for the Processing Time
measure.,

This metamodel could serve as basis tor completely precise measure declaration
scheme, where all implicit declarations and possible explicit declarations for each
feasible measure-object pair can be specified. Namely, the pair object-measure
makes the declaration features unique, measure classes in Fig. 5 are “reused” to
reduce the diagram size. All this could be specified formally as standard OCL [14]
constraints at measure classes.

7. Measure Classification and Relation to Business Objects (M2)

Through expanding of the partial measure declaration metamodel (Fig. 5), a
complete metamodel is obtained. Possible assignments of measures to business
process elements (from Fig. 4) are shown n Fig. 6.
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Pecple o I , 1 «mmr - N A P S
-1 14 alernial .
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Fig. 6 Measure Relations to Business Objects Metarmnodel (M2)
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Measures used 1n typical process modeling tools [7,9,10] actually are subsets of
the assignment provided here. Therefore the metamodel in Fig. 6 could serve as a
certain standard. However, since another useful measures can be always be invented,
a general framework for assigning any measure in a similar way to any process
element (business object) will be described in section 8.

Through analysis of several management approaches [2,3,4,5,6], the following
measure groups were iotroduced: Time, Money, Resource, Work and Quality
{marked as blue, green, orange, violet and azure colors). Unnamed associations are
used in Fig. 6 to assign a measure {a class with the stereolype <<Measure>>) to a
business object (<<Primitive=> or <<Container=>>),

The provided metamodel has a significant value, since attaching any measure to
any process element would be a semantic nonsense. Measure declarations,
constraints and aggregation functions are out of scope of the current paper, therefore
it will not be described in details here.

8. Business Measure Metametamodel (M3)

To measure and analyze business in a comprehensive way, a generic and common
methodology for all possible business management areas is necessary. Therefore one
more abstraction layer or metametamodel (M3) should be introduced. 1.e., building a
tool on the basis of a more abstract layer provides the possibility to add new
measures for objects or change existing.

According to MOT traditions, the metametamodel (the MOF M3 layer) is kept
simple and fixed, and all the complexity of a specific domain should be represented
by its metamodel. This would imply an intensive use of OCL constraints for a
metamodel of a complicated domain, in order to specify the intended semantics.
Here another solution has been tried (a legal one with respect to MOF standards),
the metametamodel is extended by speciakized classes, in order to specify semantic
constraints for a set of metamodels in a readable way.

In the proposed metametamodel (Fig. 7) the new metaclasses Business Object and
Measure  are  defined as  specializations of Class from UML
Infrastructurelibrary::Constructs. The child association ts meant to be the same one
from UML metametamodel, which associates a class as a part of another (actually
the real metametamodel is more complicated there). 1n this way we can retain the
UML metametamodel for the “modeling part” of metamodels, and have a
framework for modifying types of measures. The main aspect we want to know from
this specific metametamodel is, which metaclasses (business objects) represent the
primitive model elements and which the container (composite) ones. The
metamodels {Fig. 4,5,6) can be obtained as “instantiaiions” of the proposed
metametamodel, using the respective <<Primitive>> or <<Container>>
stereotypes for business objects.

According to the metametamodel (Fig. 7), a Meusure is a concept, whose main
part is 1its Declaration. The measure Declaration can contain a Declared Value (a
constant). or several Math Functions, which use Declared Values or other Measures
as argument (arg role). If a Business Ohject is a Container. the corresponding
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Measure must contamn Aggregation Function, which uses other Measures that
belong to the contained Business Objects as a source,

A measure Declaration can reference another measure i two ways — either
explicitly a named measure (e.g., Processing Time in Fig. 2), or implicitly through
Aggregation Function, if the measure is attached w a Container object (e.g., Cost
for Make Order in Fig. 1). A Measure references also one of several possible
Measure Units.

Each measure is associated 1o some Business Object (a relevant element of the
business process metamodel). Business objects can be either Primitive (e.g. Task), or
Container (e.g. Business Process). If a business object 1s a Container, and its
measure has no Declared Value, then values of this measure must be calcutated
using the specified values from child (contained) objects.

Class
{from infrastructureLibrary..Canstructs)

fa

1  measure
object

. ]

Object |

Measure

Atiibute source Unit
rO._1 {" ‘] 0..1
/ .
Conainer 1—0— Aggregationly, | Math |1 0.1 Declared
arg 1| Function Function arg Value

Fig. 7 Measurc Metametarmodel (M3)

9. Business Process Execution and Measure Values

Measures itself are only declarations or definitions of what and how some
business objects will be measured. As it was described in section 4, actual values are
obtained only at system runtime. For declaration execution, an exact semanfics
dependant only on the measure declarations, but not on the way the process is run,
should be defined.

Existing process management and simulation tools each have a different
definition of process semantics. On the basis of a common framework for business
process modeling [11] a common framework for process execution semantics could
also be defined, but details are well bevond the limits for this paper.

Assume that the some execution engine executes processes, shown in Fig, 1, 2,
and provides execution log shown in Tab. 2. In the following table, in contrast to
Tab. 1, row represents a dynamic instance of an each model element (ie.
including instances of “'system” elements). Cells in columns Object Type and Object
represent the object (diagram element). Cells in Start Time. End Time, Processing
Time columns show the actual values of instance atiributes. No column is a unique
instance (row) identifier in the table.
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The meost important for value aggregation 1s the Process ID column (pew Token
1D or a new process copy identifier). The new umique 1D is generated for each new
process execution, when business process starts in its start point in the top level
business process. In the proposed notation the start point is declared explicitly, but it
could also be declared implicitly. This process 1D is used for all process elements
till the process instance end.

No Object Type Object Process D Start Time  End Time Pro.:_:ie:::mg Performer
10023 Business Process  Sell Pizzas o010 9:05:34 10:15:35
10024 Business Process Make Order 001()1 9.15:47
10025 Task Fill Order 00101 9:05:34 06:03 0:.01:31
10026 Business Process Sell Pizzas 00102 8:06:12 10:20:12
10027 Business Process  Make Order 00102 9:06:13 2:08:02
10028 Task Fill Order 00102 9:06:13 9:07:01 0:0t:12
10029 Task Check Order oo102 9:07:01 9:07:48 0:00:47 Clerk2
10030 Decision Nead Correction 00102 9:.07:48
10031 Task Make Corrections 06102 9:08.57 9:16:05
10032 Task Check Qrder 00101 9:13:03 Clerk1
10033 Decision Need Corection 0011 9:15:39
10034 Task $end to Production 001 9:17:40[__0:02:00]Clerk1
10035 Task Cheack Order 00102 9:16:10 9:17.48 0:01:38 Clerk2
10036 Decision Need Correction 0102 9:17:48
10037 Task Make Corrections 00102 9:17:59 9:20.00
10038 Task Check Order 00502 9:16:1¢ 9:17:48 0:01:38 Clerk2
10039 Decisicn Need Correction 00102 9:16:12
10040 Task Send to Production 00102 9:20:01 9:21:02 0:01:01 Clerk2

Tab, 2 System Runtime Log Example

This execution log is used for extracting measure values. Rows in Tab. 2 that are
used for the generation of the measure value example in Tab. 1 are marked vellow,
and the attnbute values that are really used for the measure value calculation are
shown in bold rectangles.

For container objects such as business processes the measure aggregation 1s used
according to the implicit declarations specified in Fig. 3 and definition in Fig 2. The
aggregation is always performed for the same process execution instance, using
Process ID.

The described principles are sufficient for a formal definition of a universal
measure value extraction procedure. Such a procedure would provide the precise
measuring semantics. However, there may be more complicated situations within the
described framework. E.g.. if both the main and subprocess diagrams contain loops,
the provided identification at the process execution instance level is insufficient. The
finding of best universal value extraction procedures s a theme for future research.

10. Conclusions

Business process management systems or even simulation experiments produce
large amount of plain data, which show no clear picture about the real business
process. Aggregation and analysis of these data requires development of new
methods and calculations, because existing tools support only a small part of
mterests.
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In the curtent paper, a new look on business process measurement problem is
proposed. The problem is analyzed in an unambiguous and formal way using UML.
Several process measuring methodologies are merged with the metamodeling
approach according to MOF, and a comprehensive business process measurement
metamodel has been developed.

The proposed approach allows defining values in a natural way, and measurement
of data, which are of interest to business, without deep investigation into specific
technical solutions. This provides pew possibilities for business process
measurement, decreasing the gap between technical solutions and asset management
methodologies.

As a further research, development of a more detailed metamodel and
standardization of system runtime 1s planned. The research results will provide a
framework for metamodel-based business modeling/simulation/management tools,
and will extend them with comprehensive business process measurement
possibilities.
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Abstract. This problem statement paper rcprescnts a starting point for a
research in  global software devclopment. In particular:  outsourcing
relationship definition and management, as well as ways of software
development process improvement. The lack of rescarch in this area precludes
the full understanding of how to manage cutsourcing projects and partics
relationship. The authors give an overview of the cxisting research on this
topic and outlinc the main problems and new trends by rcpresenting a
framework for future research in this area. As a result of this research the
authors plan to summanzc it in a set of process diagrams, recommendations
and supporting tools, which will enbance the knowiedge in this arca and help
to standardize and improve the process of global software development.

Keywords. Development outspurcing, global software development, offshere
outsourcing. outsourcing rclationship

1. Introduction

The question explored in this paper relates to the issue of global software
development relations and its success factors. In particular: “Is there any specific
methodology to manage and monitor the outsourcing relations?”

A review of research in outsourcing relations highlighted the gap of knowledge in
relationship quality processes, which could manage and monitor the global sofiware
development processes between two IT related organizations.

To start with, the term of outsourcing has to be clarified. The concept of
outsourcing can be viewed from many different views — defimition of the process.
process types, and related problems (contractual questions. management, risk
assessment. success factors, ete.). There are vanious types of outsourcing:

Business process outsourcing (BPO),
Information system (IS} maintenance outsourcing,
Application or application service provider (ASP) outsourcing,
Hardware outsourcing,
Data centre outsourcing,
+ Selective or full software development outsourcing.

Some of the types are widely known and there are world wide consulting firms

which provide their clients with information on the different views of the topic, e.g.
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contractual questions, decision making, risk assessment, vendor ratings and
statistics.

The questions of software development outsourcing processes, relationship
management and quality assurance are poorly discussed in the related literature, and
remain a relatively unexplored topic that demands examination in depth.

The majority of research is devoted to exploring business process or IT related
process outsourcing in general or for non-software development companies. Most of
researches bring up the questions of decision making — whether to outsource ([12],
[31], [34]), relationship risk management ([3], [5]. [6], [10], [30]), contractual
problems and advices ([4], [7], [12]), success factors that will help to survive
starting outsourcing relationship ([16]. [20], [21], [26], [30]) and case studies from
the field ([9], [21]. [25], [27]). Outsourcing as a trend in software development
process improvement 1s still being not clearly understood and require research in-
depth. One of the key pointers to achieve a productive partner relationship by Jae-
Nam Lee is to “‘define, agree, and commumnicate clear and measurable standards of
performance™ [24].

What 1s software development outsourcing? How do the involved parties
collaborate? How 1s the development process managed? How can the remote -
process be improved? What are the core success factors related to remote sofrware
development outsourcing? How to improve and regulate quality. assurance In
outsourcing projects? This appears to be a simple set of related questions, to provide
answers to.

Only some of researchers bring up the answers to the questions of distance and
communication improvement between outsourcing partners  ([10], [21]),
organization and allocation ([13], [28]). There is only a handful of research in IT
outsourcing highlighting the fact that the elements like shared knowledge, mutual
dependency, organmizational linkages and cultural umty are also important and
influence the success of the relanonship [13], [23], [25]. According to Christof
Ebert and Philip De Neve 1t seems to be obvious that all development locations
working in one product line use the same processes. methodology. and terminology
even when changes occur, but 1n an organization with several thousand engineers,
separated thousands of kilometers from each other, having different languages and
cultures, it 1s quite a challenge [13].

Regardless of the gap in related literature, the topic of software development:
outsourcing is the top-line question. Two statements from recent Gartner research
support this hypothesis:

“The use of external services providers e-enablement and other ... competencies
will double by 2005, despite the increasing complexitics of the supplier market (0.7
probability)”.

“By 2003, a majority of Global 2000 enterprises will use externally sourccd
workers to handle more than half of their application delivery work (0.8
probability)” [26]

The enterprises being the customers are seeking ways of their IT development
process cost reduction. They are often answered “Transfer your development
offshore”. Yet, how can the outsourcing relationship be managed effectively still
reducing the cost of management is the question that needs the answer. The aim of
this research is to uncover the process of resource allocation and management in
global software development alliances. communication improvement, system
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development process management, delivery quality assurance methods and final
customer satisfaction.

The authors’ purpose 1s to begin research by showing the topic’s nch potential
and to highlight unrecognized questions and problems.

The broad objectives of this research can be characterized as follows. The first
objective 1s 1o mark and classify all the possible software development outsourcing
models and to evaluate the models’ perspectives. The second objective is to work
out the guidelines, recommendations and methods for outsourcing software
development relationship management in order to facilitate successful software
development and end-consurner satisfaction.

The paper is organized as follows. The following section reviews the literature
related to software development outsourcing definition. Next, the authors discuss the
trends and motivation of their research in this area. The research approach and
framework for further research are offered then. The paper ends with a bnef
SUmmary.

2. OQutsourcing overview

2.1. What is outsourcing?

Outsourcing is not 2 phenomena or a new trend. It is known since early 60s-70s
focusing on hardware and software outsourcing [24]. OQutsourcing is typically
defined as a practice of transferning IT related processes from internal IT functions
to third-party vendors. The scope of outsourcing varies from IT assets, leases, and
staft to management responsibility for delivery of services [18].

The authors’ interests are tied to selective or full software development
outsourcing from other countrics, which i1s known also as Global Software
Outsourcing (GSO). According to R. Heeks global software outsourcing is the
outsourcing of software development to subcontractors outside the client
organization’s home country [17].

The main motivation to outsource 1s produce products more effectively, reduce
time to market and project costs. According to K. Bodker outsourcing has been one
of the most influential factors contmbuting to changes in information systems
development in the last decade [7]. Clearly, the lack of research in this area
precludes the full understanding of how to manage these relations and how to
succeed in them.

2.2, Partnership management

Qutsourcing in the global space with rapid changes 1s not a trivial process. The
distance between the outsourcing parties and their probable culture differences are
the major obstacles that complicate communication between the parties. Qutsourcing
vendors often work with more than one customer. That’s why it makes difficult for
the customer to manage the vendor’s organization and the related processes, which
are managed by the vendor’s internal rules. The evolution of outsourcing
relationship now has a tendency of parmer-based outsourcing. So called strategic
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alliances become popular because of limitations of legal contracts and convenience
of partnership establishment [11], [15], [25], [26], [29].

The acceptance of strategic alliances among business partners is good evidence
for the growing popularity of partner-based outsourcing [22].

Strategic alliances give the customers opportunities to establish the directions of
development as well as manage and subordinate the partner outside. It allows
implementing a better relationship management, concerning the strategies to
accomplish desired performance goal and improve the communication and
information share. Alliances allow a firm to leverage a key part of the value chain by
bringing on a strong partner that complements its skills, and to farm out processes
the company is not good at, and to create an opportunity to innovate [25]. This sort
of relationship brings such important factors as mutual dependency, trust and
secunty.

Figure 4. Global software development. Outsourcing to IT factories worldwide.

This tendency nises up a new concept of the out side development outsourcing —
software development factories, which are governed by the alliance head office.

Considering this trend the whole process of software development can appear in a
number of new different models, which are not understandable and standardized yet.

The software development process can be shown as a puzzle with many different
separate tasks (Figure 2).
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Figure 4. Software development 1asks.

The distance between remote partmers in a global alliance may cause some
unexpected changes in these yet well known and standardized processes. The most
difficult question is the Supplier and Remote Partner involvement in the project
management and communication with the client as well as in the rest of the tasks.
The question of resource allocation, the most effective global project management
meodel, the question of how and where to maintenance the products — all these
questions need the answer.

2.3. Technology

Recently, a new term in the field of outsourcing management has been
discovered. Outsourcing Relationship Management or ORM is the term used to
describe the software tools and services necessary to successfully manage complex
sourcing relationships as well as improve the sourcing value proposition for
customers and vendors [33]. Benny Lehmann [33] in the interview as the most
important elements of the ORM solution lists the following: compliance momtoring
and analysis of service delivery objectives from outsourcing providers; financial
analysis enabling tracking of budgets to actual spend. charge back allocations and
measurement  of  incenbive-based  contracts; management of  rultiple
outsourcing/insourcing relationships and the management of resources (people,
hardware, software) in a widely dismbuted environment; and standardized
management of contract issues such as breach, dispute resolution, escalation,
renegotiation. etc. This innovation ignores such elements as information and
communication management. Communication as well as knowledge and information
share is a difficult issue due to the probable distances between the partners being
nevertheless a key point in the relationship management.

Supperting software is not the least thing in the management of the outsourcing
software development relationship. An appropriate, secure. effective and convenient
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software tool can optimize the complex outsourcing software development
management processes and enhance vendor management capabilities that ultimately
reduce the cost and improve efficiency.

3. A framework for it development outsourcing relationship

In this section, the paper discusses the research background and approach for
studying relattonship management and process aspects of the global software
development.

3.1. Case backgroun‘d

To reduce the gap in outsourcing process understanding, the research has to
respond on both industry and academy experience. It can be achieved, if researchers
have an opportunity to study real life processes in industrial environment.

As a background for the further research the authors will use several Latvian
software development companies’ experience in outsourcing and joint venture
establishing.

IT development is a very fast developing sector in Latvia. It can be characterized
by the following figures [16], [19]:

o Production of ICT goods and services was 4.6% of GDP;
s 10000 ICT professionals;

e 251 software consultancy compamies, 173 software & computing
services COImpanies;

e FDIin the sector USD 14 million;

e Software development was 0.5% of GDP;

e ~100 software development companies;

s Annual growth in software development 15%;

e« Export growth 15.7%.

Software development and services i Latvia is a robust part of the industry, led
by companies such as DATI, Exigen, TietoEnator, Fortech, Alise, Verdi and Tilde.
Software design is the most important I'T sector in Latvia. Outsourcing had become
the core competence of software developers and contmbutes to a major part of
Latvian exports. Software maintenance, integration, consulting and training are some
of the most rapidly growing areas of the Latvian IT services industry [19].

It is notable that several companies have become patt of large international IT
networks through mergers and acquisttions. Tieto Corporation of Finland acquired
Ticto Konts and has established a new subsidiary, TietoEnator, in Riga —
TietoEnator Financial Solutions. SWH Technologies merged with IS company
Exigen and is now called Exigen Latvia. Fortech and VAR have become part of the
Estonia-based MicroLink Group. DATI Group is a long term partner for software
development clients in UK, Germany, Sweden and other countries.

The IT product export in Latvia has a tendency to grow annually. The growth of
IT market 1s remarkable and has its reasons. As advantages of IT market in Latvia
the following points can be named:
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¢ highiy skilled and cost-effective professionals,

¢ advanced traditions 1n systems and software engineenng,
» western business culture and geographic location,

e developed infrastructure, .

s govermunent support,

e developed educational system.

Around 20 Latvian IT companies are involved in the Latvian Information
Systems cluster [14]. Thus represents an association which has been established to
boost the competitiveness of Latvian IT service companies, and to increase their
exports to international markets. As a gateway to the cluster there has been
established a new virtual network of partners and customers under the name of
EVITAF — Furopean Virtual [T Apphication Factory [32]. This is a recent project
which will provide distnbuted software development and maintenance services
using the global market.

It should be emphasized, that EVITAF develops custom-built systemns and
solutions, and does not distnbute standard products. That’s why the EVITAF project
currently needs a framework for successful global software development
management. This appears to be an industnal claim for the research. The authors’
activities based on the topic of global software development will provide the
theoretical background for EVITAF projeci that would be examined in practice.

3.2. Research approach and further activities

When dealing with information systems, human and soctal factors are always
present. In such conditions, quantitative analysis by means of logic and mathematics
are no longer appropriate. The research approach, chosen for this global
development examination 1s case study.

The first step as a starting point for the research would be to gather information
about the existing relationship processes and management by interviewing the
project managers in the several Latvian top software development companies which
are involved in global software development. The intention 1s to inductively derive,
via interviewing cxpenenced engineers, management and end users about the
different sides of relationship and product delivery, an understanding of a probable
future global software development model. This will help to sketch the construct and
to build a framework for the further research.

The second step in outsourcing relationship mmprovement would be the analysis
of aspects that influence project management. Outsourcing processes can be viewed
from many diffcrent facets:

s Resource based view - resource share-out, arrangement and
managernent,

o Contractual dependency,

» Goal alignment,

s Relationship management with external customers,

s Software development process share-out, organization and management,
e Communication improvement,
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s Information and knowledge resource allocation and share,

e Project official registration — process documents for a better evidence
and quality control,

e Quality auditing.

This might uncover the necessity of supporting tools for the more effective
relattonship management. The information will be gathered by interviewing and
mediatizing. Considering the listed aspects will help to build a foundation for a
stable relationship management frarmework.

All the processes have to be descnibed then in form of process diagrams.
guidelines, recommendations and methods of managing outsourcing software
development relations. Supporting tool development may be processed by this time
as well. '

As a checkpoint for this model 1t has to be tested on real projects. This matches to
be the next step of the research. The resulis of the testing will be used for the
framework elaboration and improvement.

Finally after these steps global software development processes have to be
understood, described and summarized in a ¢lear model provided with puidelines,
recormendations and methodologies.

4. Conclusions

The decision to start such a research project was advocated by the problem
topically. Today there is a big gap between theory and practice or between academy
and industry in terms of global software development. The volume of the globally
correlating society 1s huge and continues to grow. The lack of literature and research
in this area precludes the full understanding and improvement of the global software
development.

This problem statement paper deals with sketching a framework for the further
global outsourcing development research and its motivation. Based on a case study
and the academy look the framework has the potential to further our understanding
of one of the most popular research topic in software development improvement. By
describing all the necessary procedures, methods, and providing recommendations it
will bring the model to a complete condition as well as will improve the foundation
for outsourcing software development.
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Martins Gills

Riga Information Technology Tnstitute (RITI}
Kuldigas iela 45, Riga, LV-1083, Latvia
martins. gillsggriti.lv

Abstract. This paper describes an expericnce of introducing a dedicated
traceability tool Tracelt into projects at IT company. The tool supports impact
analysis, testing and problem reporting processes. It was developed as part of
process improvement initiative at 1T company and was designed to be
configurable for each project by means of the traceability model (metamodel).
The usage of Tracelt was grown from a pilot study to a teol that is
systematically used in projects of [T company. In this paper, the typical
process of introducing the tool into software development projects is shown.
The dectsions of project staff and associated problems are analyzed. Special
issues related to metamodel specifics are reviewed. Current results encourage
a further development of the tool.

Kevwords. Traceability tool, problem reporting, testing process

1. Introduction

Software development projects systematically experience changes in
requirements, design or implementation. Also, testing introduces different test sets
and generates a list of defects. All that forms base for unlimited set of software
development artifacts. It is well known that practically every software artifact could
be subject to a formalized traceability [7].

The aim of the paper is to present the experience of introducing the traceability
tool that was developed as part of process improvement injtiative in a software
development company. One of early and useful lessons learned was the idea to use
the too! for wider variety of tasks than just simple traceability [6].

For this research, there was no mtention to obtain formal metrics of how the tool
influenced the productivity of projects. Rather, the focus was on individual
experience of project team members and theirs evaluation. Each new project had
both different requirements for traceability process and they experienced different
stages of Tracelt development (capabilities of the tool improved over the time).
Currently, the expericnce of tool usage accounts 3 years and at least 14 projects
where 12 of them are reviewed in this paper.

This paper has the following structure: Scction 2 describes the context of
developing a new iraceability tool. In Section 3 the proposed improvements are
described. Section 4 reflects experience of applying the tool in projects. Lessons and
implications are given in Section 5. The comparison with related research works is
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given in Section 6. Finally, in Section 7 author draws the conclusions and outlines
future works.

2. Observed problems with traceability

The motivation of developing a traceability tool came from the industry. One of
the largest software developing companies in Fastern Furope sought solutions for
improving its software development processes. The profile of this IT company is
development of custom information systems. One of interesting features at IT
company was that tradittonally there were projects of different staff size and
duration. Typical large projects involved about 100 developers and lasted for at least
one year. The smallest projects were formed from just two developers and ran for
less than half year. Another distinctive feature was that each project applied
somehow different methodology and project life cycle. Also. they had different
development environments. As the company followed the TickIT principles [4] and
the international standards like J-STD-016 [9] there was a strong aim to maintain the
traceability at lugh precision level.

Requirements in observed projects were typically in word processing documents.
Some basic traceability between vanous parts of documents was maintained in a
spreadsheet format. Well-established traceability matrices required a skilful person
to maintain all the relations, and to perform all the analysis. Therefore, from the
practical point of view the traceability as property of the project remained weakly
developed and ineffective. This was one of the focus areas for possible process
improvements within the I'l' company.

As there was no good solution found of how to improve the usage of the
spreadsheets, one of ideas at Riga Information Technology Institute (RITI) for IT
company was to develop a simple database that could hold the very basic
traceability information for any given software project. The IT company had a
strong intention that any proposed change in project processes had to give some
positive effect on project performance and quality. As the idea of the traceatlity
database was very vague, there were a lot of open questions of whether it 1s worth
developing special software when there are different requirements management
tools available, and many of them support the traceability. For example, DOORS
[17] is has strong capabilities of requirements management. requircment version
control and requirements traceability. At the same time, not projects saw this tool as
useful means for semi-formal project process. Also, the RequisitePro [8] was seen as
tool requiring the adherence to particular pre-defined process. Many tools promise
the traceability support, but in many cases it is more an added feature to some other
functionality, and this addition cannot be efficiently used. Most of projects did not
use special requirements management toels, and there were many individual reasons
of why any particular tool could not be introduced in the given project.
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3. Proposed improvement via traceability tool

3.1. Pilot project

A pilot project Tracelt was started to explore the possibility to create a simple and
usable traceability database, One of the first questions asked by projects was about
the reasons to start using some new tool. Also the possibilities of integrating Tracelt
with other tools or replacing them were analyzed. It became clear quite early that
such a tool could not replace text docurnents or modeling environments. Rather, its
task could be to keep IDs and titles/names of requirements, functions, tests, and
files. In IT company, every project used its own problem reporting environment -
ranging from simple spreadsheet solutions up to commercial products like PVCS
Tracker [12] and in-house developed databases. Therefore, one of further ideas was
to design appropriate capabilities within the tool itself.

3.2. Metamodel

As one of requirements for the new traceability tool was that is to be adaptable to
project conditions, the behavior of the tool was made dependant from traceability
model there. Traceability model is a metamodel that could be represented into form
of a diagram. Its two main constituents are item types and relations between them.

In principle, there could be an approach of whether to identify forwards,
backwards traceability or both of them [7]. In the graphical representation of
metamodel. author proposes to illustrate backward trace links because it corresponds
to reference/pointing direction. At the same time, by means of the tool it is possible
to follow the trace in both directions. Figure 1 illustrates two examples of
traceability model for two different projects. In case (a) Requirements are derived
from Customer proposals and Change requests, Tests and Software objects depend
on Regquirements, Problem reports have reference to the Software object and the
Test. In {b), The Requirements in similar way is dependants from Initial
Requirement and Change request, the Design is based on Requirements, and the DB
Entities and Functions are based on Requirements, plus Methods are part of
Functions in the code.
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Figure 1. Two sample traceability models,
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Item type i1s any software development artifact. Depending on each individual
case it could be textual requirement, use case, diagram, document, test, test result,
problem repont, development note, etc.

Along with the traceability mode] for the metamodel of the tool there was set an
imperative principle that every artifact has to have an ability to be related to some
other artifact. At the same time, it is allowed that there exist items without any
relations. Fach metarnodel is generally intended to be used only for one project.
Traceability models can be re-used when two projects have similar processes.

3.3. Overview of Tracelt

Previously mentioned traceability tool Tracelt is implemented as web-based
application. The code is written in PHP language, and it uses MySQL database.
Because of the chosen free-ware approach the software can be used in a number of
operating systems,

To be more usable in different project use cases, tool is designed to represent the
same information in various forms. For example, project items can be viewed either
as part of list (Fig. 2), as an individual record (Fig. 3), or as an element of tree (Fig.
4y,

4. Practical use of Tracelt

The expernience is described in the context of three aspects - project size, project
scope (tasks) and involvement of individual project member. First. one has to point
out that not all projects within 1T company started using Tracelt after it was
proposed. Also, at the very beginning the author was not sure enough about the
capabilities of the tool to provide it to large-scale projects.

Further section reflects a study from 12 projects where the Tracelt was
introduced. They differ in size, scope. Also, the staff differently used the tool
depending on their role in project. In general, the initial target groups of users were
small and medium size projects {up to 15 people).
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Figure 2. Tracelt screen. List of iterns.
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Figure 4. Tracelt screen. Relation tree.

4.1. Common process of introduction

In IT company, most of the projects were developing new software and
considerably smaller proportion of the projects dealt with maintenance or
performing the independent testing activities. Main type of software developed in
the company - client-server architecture sofutions. The typical life cycle of projects
models can be characterized as incremental or cyclical.

The introduction process for Tracelt consisted of a number of common activities:

1.

Sk W

General information exchange between tool expert and project staff about
the processes in the project takes place.

Tool expert prepares the initial traceability model.

Project reviews the model.

Adjusted model is configured into the tool.

Tool functions according to model.

Upon necessity, the model is updated.

Introductmn was on voluntary basis, and as one of escape ways was indicated the
possibility to export all information from database into spreadsheet format.

One could outline as a positive result the fact that none of projects abandoned the
usage of the tool after starting using it. There are projects that have completed their
tasks, and thus the usage of Tracelt was finished. too. There were some projects
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which did not start using Tracelt due to project management decisions or major
organizational changes. In every case where the tool was used no administrative
force methods were used. Every project made its own decision. Many of them also

envisaged some contingency activities in a possible event of a major failure of the
tool.

4.2, Project size

Depending on the number of people involved, one could mark some three groups
of projects where Tracelt was introduced: 5 small (2-4 people), 5 medium (8-15
people) and 2 sub-large (25-35 people). Small projects ran for up to 6 months,
medium had duration starting from 3 months till at least 1 year, and the both
observed sub-large projects currently have been running respectively for | and 2
years. Also, maintenance projects are still running.

When the tool was proposed all these projects were just at the kick-off phase, and
they were quite open for varicus methodologies. In almost all cases author acted as
the only tool expert and personally participated in the intreduction process. Briefly
after the initial and adjusted configuration of the traceability model was set, the
further activities with configuration of the tool were handled to appropriate project
member(s).

It was interesting that small projects quite quickly discovered this tool as means
for maintaining data with variable detail level in easy manner - they did not try to
make a complicated traceability model and detailed description of items, but rather
had found a place where to keep notes, events, references to documents, proposals in
an ordered way, especially, when several people are working on the same issue.
Alternative approaches could be to use some kind of online forums, but in this case
there will be limuted capabilities of traceability. Problem reporting was not seen as
main feature, as for small teams considerably large portion of the problems is often
passed from testers to developers in a less formal way. In two cases the projects
switched from informal to detailed documenting - to follow the traceability path
from contract through requirements and design till the individual functions of the
classes. Such an approach requires systematic documenting and also some extra
work in the case of changes.

Medium and sub-large projects were both similar in a way that they were not
interested to mamtain all the traceability till the code function level by means of this
tool. Main focus was on managing requirements and design items. Special attention
was paid to the information about individual responsibilities, information sources
and event timing. Problem reporting was seen as very umnportant.

As far as 1t was noted, the project size does not mark radical differences. except
following:

- Smaller projects were more responsive to try something new, more open
to risks:

- Larger projects focused more on issue of handling a large amount of
project data, and they do not like to risk with new methodologies. They
tended to register and document more formally extensive amounts of
information.
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4.3. Project scope

Projects where Tracelt was used could be divided into three distinct categories:
complete development (7 projects), maintenance (3 projects) and independent
testing (2 projects).

Complete development presumes a life-cycle that spans from requirements
analysis down till delivery of functional code and documentation. Typical item types
that were included into traceability model within Tracelt were: requirements of
various levels, design items or software objects (functions, screens and DB objects),
tests and problem reports. Change requests typically were treated as a special case of
probiem reports. In some projects, the design items like screens were identified
separately to make casier the mmpact analysis from the user perspective and to
improve the quality of problem tracking.

Projects reviewed also the possibility to mclude inside the model some references
to code at different levels (file, class method). The first experiments of doing this
extra work proved to be little effective as during the development the code changes
very often. More practical was the version control and configuration management of
the code by means of dedicated fools. But at the same time, they generally provide
only limited traceability capabilities. The traceability between the code and the
defined software.object was generally by name, and in many cases that was
sufficient.

Maintenance projects usvally have stable requirements, and they are more
concerned with impact analysis because any requirement change may provoke a
number of changes in code, tests and documentation. The observed maintenance
projects included the reference to code mto their traceability models. Changes occur
at regular intervals. and it was found reasonable to document the relationships in
Tracelt database. Important are links with change requests - they act as source for
the whole set of changes. Motivating issue for detailed model was the fact that
maintenance tasks time to time are handled from one team to another. In this case,
important is to have a detailed project documentation.

Independent testing usually regards the software as a black box. Also, in these
two observed projects there were only functional tests performed. This led to
following item types: requirements/functions, screens, configurations, tests, test
results and problem reports. Testers benefited from the possibility to keep all the
information inside the tool. Both observed testing projects did perform mainly
manual tests. If there had been some automation tools it could have raised some
problems with script location and maintenance. In this case, it could be better to use
the repository of testing tool.

Because no problems were observed, one can conclude that the introduced
traceability tool was suitable any of the above mentioned project types, There could
be some analysis made whether it is appropriate to use Tracelt as the only tool. e.g.
for requirements analysis or reverse engineering.

4.4. Project member involvement

Software projects typically involve a number of project roles. Each of the project
members has its own interest on traceability. We could outline the following project
roles in a case of Tracelt usage:
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- Project manager,

- System analyst / designer,

- Programmer,

- Tester.

Project managers typically do not analyze each individual item relation, but rather
are interested to see the overall picture, the trends. Whereas the project manager for
a small project usually performs also some other project tole, larger projects do have
a dedicated project manager. In Tracelt context, these persons had the following the
areas of interest: analysis of filtered lists of items with summary data, review of
statistics, temn relation to personnel, follow-up of weekly or daily progress.

Systemn analysts and/or designers are primarily invelved in the traceability
process. They analyze, define and transform requirements and design items. From
one point of view, in small or medium size projects one or two persons know all the
system properties, and they would be lttle interested to formalize it also into tool.
The practice showed that the quality of data mainly depends on individual
willingness of the person.

Within current experience, programmers had limited specific interest. They used
tool for general analysis. The reduced special interest was mainly due to previously
mentioned code version control separation from Tracelt. The most extensive users
were testers - project size and scope did not play role. They were very interested in
obtaining a good test coverage and 1n getting all the test execution data documented.

The 1dentification alone of appropniate traceability mode! proved to be useful
almost for any role. Project managernent that was not too concerned with the
software artifact relationships received an additional view on the project processes.

Testers were more interested in traceability tool because it supported change
control process, the problem processing and accounting of executed tests. This is
very dynamical mnformation in project process, and without Tracelt there have been
observed techmcal difficulties of handling all this information.

5. Lessons and implications

In general, the main reasons why tool was not proposed or accepted in ceriain
projects were following:

- Existing and running projects did not want to change their methods, tools and
process;

- Both author of this paper and the programmers who participated in the
mmplementation of Tracelt could give little guarantces about the stability and
performance of the tool;

- It was considered that large-scale projects better rely on proven technologies
{Tracelt was an experimental tool);

- No explicit guarantees that the tool will be supported in the future;

- Unclear issue about comnpatibility with other tools. Only data file exchange
mechanism available;

- Underestimation of the traceability mmportance from the project management
side.
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As we can see, most of considerations are management level decisions, and do
limit the experiment.

5.1. Observed assistance

Characterizing the main difference between projects where Tracelt has been used
and the ones without any specific tools supporting the traceability one could identify
a number of ditferences. As positive effects from tool usage one could name:

- - easier control over project item dependencies,

- detailed impact analysis and effort evaluation,

- understanding of the project status,

- all information related to testing process can be kept within one tool,

- web-based implementation was useful for teams with distributed geography.

Users extensively used filtered lists of items, relation information analysis and the
statistics. As the application performance was acceptable, there were no problems
for users to perform quick search and analysts of particular item or item group. Very
useful was the developed ability to configure items in a way that the whole
information is located in the database. Primarily this refers to testing process. The
description of tests, execution results and the problem reports were not kept outside
the tool. When some projects needed to produce some formal documents the
necessary data were exported.

5.2. Main obstacles in usage

Along with the positive results there were some obstacles in usage observed. As 1t
was noted earlier, Tracelt could not solve all the project problems. Especially this
was true in the very first projects where it was introduced. There was both little
functionality available in the application and the author was not ready to propose the
best solutions for using this toel.

In general, 3 main problems were observed:

- Project team members need a good knowledge about the tool and traceability in
general to productively use Tracelt;

. - In some project cases extra work was needed to keep up-to-date information in
the database;

- A detailed analysis of methodology to be used has to be made prior the
configuration of the model.

The above-mentioned problems are partly tied together. Ordinary project
members do not like to think in terms of traceability. From the whole traceability
model they more see the given ifem and some related ones. For tool, the ability to
configure and the wide possibilities of applying different methodologies means there
should be a person capable defining the process. the item types - not every project
member can deal with this. Taking into account that many software development
projects are with httle 1nitial knowledge of the process they would use, these
projects rather would choose some predefined model and make the necessary
adjustments. The idea is to provide some predefined models. At the same time, lots
of projects do not have cniteria for selecting a particular methodology.
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It is little realistic that there could be a huge interest from industrial software
development projects in a separate traceability tool. Real solution could be a high
integration of traceability capabilities within other, more traditional tools like
requirements management or problem tracking tools.

0. Related Work

Various research results reflect issues related to traceability models and
traceability tools. At the same time, there are no explicit references available stating
the traceability usage of the model as a basis for tool functionality. A comprehensive
study on traceability issues is made by B.Ramesh and M.Jarke [15], including
description of metamodels.

One has to mention that there are no unified principles of when exactly the term
“traceability model” is used. For example, it may be also called less formally as
“traceability relationships™ [5]. Different approaches of describing the traceability
model can be found, eg. [16] proposes a comprehensive definition of the
traceability model, but [11] descnibes model properties for UMIL-hased projects.
Issues related to the maintenance of the traceability model are outlined in [3].
Currently there has been no study of such aspect for the traceability model approach
used in Tracelt tool.

Models provide an improved view on traceability and its evolution in [2]. But the
provided traceability model there serves as an informative diagram without
implementing it into some tool.

There are tools, like TOOR, made as part of the research projects that support
definition of requirements, linking them to other project objects [13]. Some
requirements engineering environments. like PRO-ART, are mainly oriented to pre-
requirements traceability [14]. No explicit information 1s available of whether they
are based on metamodel. [ssues related to using a tool supporting the traceability are
surveyed 1o [1]. Among central issues are data entry problem and granulanty of
information representation.

Commercial requirements management tools generally contain traceability as one
of the features [10], and they are mainly tied with particular project life-cycle or
methodology. Commercial solutions also contain integration between various tools.
e.g. interface between requirements management tool DOORS and test management
tool Mercury Interactive Test Director [18].

7. Conclusions and Future Work

This paper presents a metamodel-based traceability tool that was developed for an
[T company. The distinctive feature of tool Tracelt is presence of the traceability
model that: (a) defines the functionality of the tool. (b) is configurable at the project
start-up and at later stages. (<) helps the project to organize the process.
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The development of the tool was experimental, and it was a challenge to
introduce a tool under the category "traceability tool". Many projects suspected this
as a new burden for their work. The compromise was sought introducing it as
problem reporting tool. or as an environment for defining and maintaining the tests.

Introduction of a new tool into project requires additional explanation of the
methodology. the ability to improve solutions, the ways each particular function 15
realized. This could be a main difference from many academically developed tools
that are finding little use 1n industnal projects.

Among observed benefits one could mention the ability to analvze the relations
and dependencies between different project artifacts in several ways. In general, new
projects are better suited to start using a new tool. Although it was evaluated that
some of running projects could be suited of working with Tracelt tool as well, this
was not done, as the process of switching from one approach to another could
wvolve too many risks. Although it is well known that almost any software
development process could benefit from the traceability information, it was
discovered that the testing process up till now was one of the largest consumers of
traceability information.

Among main observed problems one has to mention the additional qualification
requirements for the project staff. There have to be people with a good
understanding of the process, and because accurate maintenance of traceability links
currently stilf requires some additional work. Although it was said that new the new
tool should adapt to the project it always entails some changes into process, too. The
goal 18 to make these changes in the direction of improvement.

Outhined bencfits of the tool usage within a project could be considerably smaller
if the projects would be using separate problem-tracking software. In this case, the
information would be too scattered among various tools, and the optimization would
require reducing the number of information systems used.

Prior, the IT company practiced traceability only via spreadsheets. In general, the
attitude of the company towards tool improved, as projects were generally satisfied,
even if they did not usc all the intended features.

Open research question cxists whether there 1s a place for software under the
category "traceability tool". From user convenience point of view, there has to be a
minimal set of tools to be used within every project. The traceability capabilities
have to be integrated into other tools.

This paper outlined areas for further study. Among wide rage of 1ssues, the future
work can focus on optimal traceability models in the context of tool usage. Another
issue is whether there could be considerably different requirements for large
projects.

Integration with other systems could be reviewed. Main issue 15 the collection and
synchromization of data originating outside Tracelt. Additional area for
improvements could be related to further improvements in the implementation,
including rising the level of usability.
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Abstract. Problem domain analysis and modeling problems are discussed in
the paper. The main problem of the object-oriented approach is its direction
not to the problem domain, but to the application domain analysis and
modeling. There is no formal commection between system functioning
(dynamics) and a structure (static). Topological modeling is a convenient
forinal and comprehensive way to describe a problem domain in mathematical
terms and to transform a system fumnctioning model into a system structure
model (class diagram). Sketch approach is a formal comprehensive way to
precise a description of system class relations. The comparison of these two
approaches and a small example of its application to the system modcling are
given in the paper.

Keywords. Topological modeling, sketch approach, arrow diagram logic

1. Introduction

Adequate valid system modeling is the key for adequate valid design. It means it
must be happened using some reasonable formal base [1].

There are two fundamental aspects to the modeling [2]: analysis, which defines
what an application has to do with a problem domain to fit customer’s requirements,
and design. which defines how an application will be built. The line between
analysis and design is fuzzy in the object-oriented development. "The problem
domain is considered as a black box describing by use cases. Till now use-case
dnven object-orniented methods give low priority to problem domain modeling. ..
They underestimate that only a proper problem-domain model provides a powerful
language for expressing requiremenis to the systemn” [2], [3]. Hence, there 1s no
formal connection between system functioning and a structure.

Modeling languages can be divided into the formal (as Z language), semiformal
(as Unified Modeling Language UML) and informal in accordance with its’
logical base. In practice, semiformal modeling languages are wide used, because 1ts'
using is easier, than formal languages using, and more formal. than in the case of
informal languages.

A visual model described in some modeling language has to represent a real
problem environmeni clear and valid. But there are some problems:
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s Semantic heterogeneity. An amount of software kinds increases every year. This
situation leads to the appearance of new problem domains, i.e. to different kinds
of semantics [4].

e In order to deal with the heterogeneity one develops either new notational
systems or extends existing systems (e.g. UML) [5]. it leads to the synractical
overlpading of modeling languages.

s In the result of more complex requirements appearing, it is hard to separate
specification aspects from realization aspects. Hence, specifications are mixed
with realizations; i.e. semantic specifications often are weak. This problem is
called by semantic specification hiding in the realization.

s« Using of an inappropriate specification language or lack of an appropriate
language is considered as the reason of the specification weakness. But every
notational system is more or less straight representation of some formal logic.
So, it means it is not a notational problem; it is the specification logic problem,

The topological modeling and the sketch approach can help to define a formal
transformation from system functioning to a more adequate visual model of the
system structure.

2. A brief description of the topological modeling

The topolegical modeling is formalism, based on assumption, that a complex
system can be described 1n abstract terms as a topological space (X< @). X is a finite
set of properties or functional features, and @ 1s a topology in the form of a digraph
(an oriented graph) [2], [3], [6].

A topological model of functioning can be constructed 1o the following sequence
[6]: 1) to form a set X of essential physical or biological properties or features of the
considered system. The word “essential” means "important for the normal
functioning™”; 2) to set a topology @ in the form of an onented graph or a matrix with
indication of cause-and-effect relations among physical (or biological) properties or
features of the system. Let’s assume that there i1s a cause—and-effect relation
between two properties, if one property appearance is caused by the other's
appearance without participation of any intermediary property.

So, the sense of the analyzed system content is carried over abstract mathematical
objects. Necessary knowledge for composition of the topological model of
functioning can be obtained from the meaningfu! description of the system (in
verbal, documented, analytical, statistical, etc. form) [2].

A topological model set three common topeological functioning properties of
systems.

1) Connectedness. Usually a systemn cooperates with other systems from the
external environment. It means, the set X consists of two subsets M and N. M is the
subsei of elements describing functioning features of external systems, and N is the
subset of only system internal features. Hence, there are not free (isolated) vertexes
in the valid topological model of functioning.

It 1s possible to formulate the selection of a topological model of functioning
from a topological space as ihe closure operation over the set N [2]. The finite
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closed set of functional properties of a system is the union of adherent points of the
sel N, i.e. a point whose each "neighborhood” includes at least one point of IN.

Such a topological model can be divided into subsystems in the same formal way,
applying the closure operation to a subset of own subsystem properties. The
tormalized statements provide the control of correctness in the process of model
construction [2].

2) Cycle structure. All functioning systems can be characterized by their cycle
structure. We distinguish a main cycle and sub-cycles. The main cycle represents the
main functioning of a system, but sub-cycles are main cycles of subsystems. A cycle
15 the feedback circuits ip a system, as every element has to have a source and has to
be the source for other element. Similarity of systems can be studied in details up to
some predefined level [2].

3) Continuous mapping. Some functional property of a system can be
considered as a more detailed subset of specialized properties. As it is stated 1 [2],
if some more detailed funcuioning system 15 formed by subsiitution of a subset of
specialized properties for some functional property, then continuous mapping exists
between more detailed and simple parent topological models of the same system.

Corollary 1. In the topological digraph G* (X*, U*}, the direction of arcs, which
join the specialized point subset nodes with other nodes, is determinate by the
direction of the arcs, which join the replaced point with the according nodes of the
digraph G (X, U} [2].

Corollary 2. A data lack, which sometimes arses at the composing of a
topological model of functioning, can be filled up by data that are obtained, when
models of the same type systems are being continuously mapped into the model of
the system under study [2].

So, the achieved model may be valid only in the case if the main cycle structure is
found out.

3. A brief description of the sketch approach

In the base of the sketch approach are principles of category logic [8] and arrow
thinking {7], [9]. The basic idea consists in specifying any universe of discourse as a
collection of objects and their morphisms. Objects have no internal structure:
everything he/she wishes to say about them, he/she has to say in terms of arrows. It
means an object structure and behavior are encapsulated and accessible only through
the arrow interface. The distinction from functional data modeling is that here we
deal with categories, not with pure sets, and constraints are hung on arrow diagrams,
not on nodes. It allows dealing with semantic problems, mentioned in the
introduction. More detailed about it is described in [7], [9].

In the sketch approach. a specification is an oriented graph, which consists of
nodes and arrows with some marked fragments. These markers note predicates taken
from some predefined signature. We call such a graphical construct by the sketch
[8], [10]. [11]. Skeiches are noted as s7-sketches, where j7 is the name of a diagram
predicate signature. For example, UML language [12] defines a sketch signature
[ so that every UML diagram D could be represented as a special visualization
of the logic specification Sp of the corresponding /7.y -sketch. In common, any
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diagram with precise semantics (described in mathematical terms) hides a sketch in
some suitable signature of markers. Any given diagram property has a predefined
shape, 1.¢. a configuration of nodes and arrows to which the property makes sense. A
diagram predicate is specified with a name and a graph, i.e. the Jogical arity shape
of the predicate. The arity shape should be supplied with auxiliary graphic means
like arcs or double-body arrows for visualizing predicate declarations on schemes. In
order to declare a predicate P with some arity shape Gp for a system § of sets and
functions, he/she must assign S-sets to nodes in G and S-functions to arrows in Gp,
in order that adjoinness conditions between nodes and arrows would be respected. It
gives wide possibilities to any modeling language signature creating, and so to
formal converting of diagrams into the sketch format and to sketches handling in the
completely formal way. Table | shows few examples of predicaies. They are set
inclusion (Is_A), disjoininess, covering, and inversion properties.

Table 1. Arrow diagram predicates for a system of sets and functions

Predicate name Anity shape with Denotation semantics
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inclusion.
Disjointness - an n
- A i

element of the target set oy : "lAr - B and
may be an element of the [dhs) B

. n
only one subset. AAi =03

il
B

1 Al
]
An
Covering - each element | .
of the target set is a value A - Al
]
ﬁ M
fn

of at least one of the [cov (vbeB)Fi<nbe fit4)
mappings f;. fl '
B An

Inversion

X, [ Y (vyeY) flglyh=y

In order to handle skeiches in a formal way, the category logic offers the so-
called diagram operations over sketch [13]. Operations allow customizing sketches
by extending them with derived items.
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A diagram operation £ is specified by a sketch Dr, denoting 1ts nterface in which
a sub-sketch Dy of input data is designated, i.e. an operation F is specified by the

11

inclusion i : Dy —s Dy (Df is an output sketch). The body of the operation is a
procedure [[F]], which calculales an extension of derived items of Dr from the given
extension of DV

The sketch approach supports basic modularization concepts of view and refinement
of data. They can be described by functors, ie. by arrows denoting a sketch
mapping. The top-down analysis and design methodology suggests data schemes
developing for a complex informational system in the process of stepwise data
refinement. Each stage of refinement work can be specified as a mapping between
sketches and the whole modeling process can be described by Ayper-sketches [11].
Each arrow r; is a pair (F;, py, where the first element is a function F;- 5;3.5;,, and
the second element is a function assigning a refinement mapping p°: S— F.r5) to

any view scheme S< 5: The expression F;(.5) is the refinement of the view scheme

§. This construction can be represented as a collection of hyper-sketches, each of
thern placed in its own fiber indexed by a number of refinement steps, where r/ is
inter-fiber mappings. The important thing is that this kind of diagram must hold
commutative condition. It means that p; is nothing but the so-called narural
transformation of functors. Only if the commutative condition exists, the entire
consiruction becomes a fibration in the technical categorical sense [8], [11]. [13].

4. Comparison of formalization possibilities of the approaches

In order to use together the considered approaches, first we'll compare
formalization possibilities of the approaches. An abstract topological model and a
sketch is represenied (logically and physically) as a graph or a graph-like structure G
X, U), where U is a topology (a digraph} of X, which could be:

e A finite closed set in the case of the topological modeling. It is completely

unimportant from the abstract viewpoint, what are elements of the set;

e Verlex sels, which can represent sets, object classes, data ftypes, and

theorems, and so on in the case of the arrow logic.

A topological model and a sketch satisfies the following requirements:

= A topological space must be connected (Isolated vertexes cannot be 1o 1t).

« Continuous mappmg between siumple parent and more detailed models of the

same system.

So, the arrow logic satisfies and performs two topological modeling corollaries
{section 2). An adequacy of a topological model and a sketch is achieved by
assigning some proper meaning of the modeled system to the topological model or
the sketch.

The umiversal arrow logic uses a predicate as a minimal logic unit. Such
predicates define relations as well as operations. The sketch approach notation
consists of tree units: a node, an arrow, and a predicate. All above-mentioned means
arrow logic can represent complex data structures using fewer elements. But, there is
one disadvantage in the arow logic. There is no clear formalism for 1) sysiem
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topological model obtairing from environment topological space and 2) for
obtaining a system subsystem. These two mechanisms allow investigating system
differences and equivalence and evaluating importance and degree of differences.
So, there s a lack of formal methods for system functioning modeling i the sketch
way. System funclioning can be represented by means of 2-amrow and 3-arrow
graphs, which are difficult for comprehension [11].

So, the abstract topological model allows logically (but afler some certain
development also visually) representing any space topology and it is close to the
sketch by the logical basis. In the both formats the main accent is set not on an
object, but on its mapping into (or onto) vther object.

But, s it possible and how 1s it possible to use together these two approaches in
order to solve semantic modeling problems? First, we must not forget that the arrow
diagram logic was "born” from the category theory [6]. TOP caiegory, where objects
are topological spaces and arrows are continuous functions between them, can be
realized in tenins of the calegory theory. In the paper [14] author describes the
formal specification of the category TOP:

e An object in the TOP 15 a topological space (1.e. a topological model).

s An arrow between objects of the TOP category is a total function, which

specifies equivalence between topological models' features.

e It can be traced how a particular property or a feature is decomposed into a

set of properties and vice versa by the particular function mapping.

s Self-mapping will always have the same result: nothing is detailed or unified.

The topological modeling supports selection of system topological model of
functioning from an environment topological space (a closure operation over the set
N) [6]. This operation can be described in terms of the category theory. So, the
relation (inclusion) between the category TOP and the category SET (with objects as
sets) must be defined. The category theory allows defining a notion of a pomt. Tt
sounds as follow — a point of the object A is an arrow p: T 5 A from the category
terminal object T to any object A of this category objects |15]. A terminal (end)
object is an image of all objects of the category. Otherwise, a mapping p. S5 —» M
from the unit set S to the set M in the category SET is considered as a point {an
element) of the set M. The category theory allows defining the empty set that is an
mnital {elementary) object in the SET category. So, the closure operation over a set
can be defined in the SET category framework. But selection of system and
subsystems topological models in the TOP category 1s the subject of the fulure
research work.

5. Formal modeling of the problem domain

There 1s an open question on the analysis and design process. Which approach is
more preferable; to begin problem domain analysis with studying static data
structure or dynamics of it? If one starts with use-case diagrams, i.e. with behavior,
then he/she will have problems with static information diagram construction. On the
other hand, beginning with static data structure analysis (class diagrams) requires
knowledge about dynamics (associations).
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A topological model of functioning and a sketch are the simplest way of formal
mathematical describing of a problem domain. To prove it, let's consider a small
example of business process modeling. Table 2 shows vertexes of the topological
model of libsary work. Figure 1 shows the abstract topological model of the library.
The model is very simplified; nevertheless, it captures the main features of the
library functioning. The main properties of functioning are described with the
topological model: connectedness, a cvcle structure and continuous mapping.

Table 2. Functional features of the library

N. Explanation N. Explanation
ay, Selling of publications (external Ay, Dividing of eamed money
environment (EE}
by, Registration of rcaders iy Utilization of corrupted publications
Ch Purchasing of publications b Financial support of state and private
structures
dy Servicing of readers ky Payment of employers work
€ Checking of publication condition | f, Informational support
,, Evaluation of reader requests m, Publication of reports :
A Restoration of publications n, Uiilization company working (EE}
O People existing (EE)

Figure 1. The abstract topological model of the library

It is important to emphasize that size and complexity of models aren’t restricted
in accordance with graph theoretical methods and tools [3].

The main cycle of functioning is c-d-h-¢ (symbols are without indexes “6™), There
are eight sub-cycles in the model. 1) The ¢-d-f-¢ describes the subsystem thai
evaluates readers' requests. 2) The d-h-k-d describes the subsystem of financial
support of the library emplovers’ work. 3) The k-m-j-h describes the subsystem of
financial support of the library work from the state and private structure side. 4) The
d-h-g-d describes the financial support subsystem of publication restoration. 3) The
c-d-h-i-c describes the financial support subsystem of publication utihization. 6) The
c-d-e-i-c describes the process of publication utilization. 7) The d-e-g-d describes
the subsystem of book condition evaluation and restoration. 8) The d-h-f-b-d
describes the subsystem of financing of informational support. One can ask me why
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I allot so many places for cycle describing. The answer is that a cycle is very
important, it allows evaluating system functioning, defining crucial points in system
functioning etc. [6]. Moreover, if one cuis up a system sub-cycle, the system will be
malfunctioning, but if one cuts up the main cycle, the system will not be able to
functioning.

As it was mentioned in the section 2, the topological model can be detailed thanks
to the continuous mapping property. Figure 2 shows the topological model from
Figure 1 in more detailed view. Table 3 shows vertexes, which extend the abstract
topological model of the library. Additional information usually can be obtained
from docwmentation about the system,

Table 3. Extending veriexes of the topological model of functioning

N. Explanation N. Explanation
a; Book selling in EE d, Book loaning
ay Magazine selling in EE d» Book reading at the place
9 Book purchasing ds Magazine reading at the place
cy Magazine purchasing 1y Information of the readers
1, Advertising

Figure 2. The detailed topological model of the system functioning

As you can see from Figure 2, the detailed model holds all features of the parent
model, i.e. it is connected, with functional cycles and satisfies continuous mapping
property. More about refinement of a system model is described in [3], [6]. Arrows
going to or going out from a vertex block must be attitude to each of the vertexes in
the block.
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A topoiogical model could serve as a formal basis for constructing UML
diagrams. Such a model is an abstract and compact description that contents a lot of
useful information about a problem domain [3]. Table 4 shows how vertexes
represent concepis (conceptual classes). Figure 3 shows the conceptual diagram of
the library with undefined relations between concepts.

Table 4. Concepts of the library system

N. Explanation (rotation) N. Explanation (notarion)
1. Publications (a;) .13, Analysis of rcader' requests (f,,)
2. Books (4;) 14. Restoration of books (g,)
3. Magazines {a;) 15, Division of eamed money (A)
4. Readers (b;) ‘ 16. Udlized publications (i)
S. Purchased publications (cp) 17. Financial suppott {j)
6. Purchased books (¢} 18. Employers (£s)
7. Purchascd magazines (o} 19. | Messages to readers (/)
8. Readers' services (d;,) 20, Advertisement 1asks (I-)
9. Book loan (d)) 21. ‘Work result reports (m,)
10. | Book reading at the place (4;) 22, Utilization company (#;)
11. | Magazine reading at the place (d;) . 23. Person (o)
12. | Evaluation of the publication state (e}
[N [ d; o oy
[a.
| S (T S el
e I S B I - ™
] B—+F— e

Figure 3. The conceptual class dizagram of the library

I must emphasize, that all vertexes (classes, concepts) of a conceptual class
diagram must continuous map (one-to-one} into all vertexes of a topological model
of functioning. 1t is clear that now we can talk about information describing in a
class diagram, for example an UML class diagram. The UML class diagram needs
some improvement of the formal base. The following constructs can be embedded
into the UML class diagram [3]:

e loputclass: ' | ™ before the class name;

e Outputclass: | * afier the class name;
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s Inner class.

And the following (except generalization):

o Maincycle -

- Sub_cyc]e T P Y

o Generalization - =====-- >

One of the convenient and formal ways for the UML formal basis improvement
could be the sketch approach (section 3). This approach is similar to the topological
modeling, and at the same fime, it has more abstract and more expressive character.
It allows formnally analyzing relations between concepts in a problem domain at
earlier stages of program development. Figure 4 shows how the topological model
of functioning could be converted into the sketch. All vertexes of the sketch must be
continuous mapped into the corresponding vertexes of the topological model.

Undefined relations between concepts could be represented as two inverse
functions. All used arrow diagram predicates, except a [graph] predicate, are shown
in Table 1. The predicate fgraph] describes the relation, when source set elements
are tuples of target sets’ (vertexes’) elemenls, 1.e. m; 18 (j;, A;) for all i (Figure 4). This
predicate represents an association class of the UML language, but it shows such a
property in more formal, comprehensive way. Such flexible features of the sketch
approach as diagram predicates allow solving some of the specification weakness
problems. A sketch is the expressive formal format for semantic modeling.
Moreover, UML diagrams can be represenied as sketch format abbreviations [16].
So, if some [ffay signature would be defined for the UML language, then a skeich
could be transformed into an UML class diagram in a formal way in accordance
with the signature. At the end, | must emphasize that each change in one format (a
sketeh, a class diagram or a topolegical model) must be noted in all other formats.

€y

=M <
[cov] E)
) ko |9 €
[ js 5 h,
h T h
N )|
E Y\\r\ ¢
- 3 ©
Ll A Y
I
e
A

Figure 4. The skeich of the conceptual class diagram

Let's descnibe the suggested framework in common features (Figure 3). Fist of all,
an analyst should analyze sysiem funciioning by means of the topological modeling
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taking all the necessary knowledge from the available documentation. After that, the
obtained topological model should be transformed into a conceptual class diagram.
The conceptual class diagram defines the first assumption about existing concepts
and relations. Then the conceptual class diagram can be transformed into a sketch,
The sketch represents relations between problem dornain concepts in the expressive
formal comprehensive way. The sketch approach could be a notational system itself
{and it has only three notational units: a node, an arrow and a predicate), or it could
be a logical base of some other modeling language (e.g. UML). In the second case,
the sketch should be transformed into a class diagram in accordance with the
predefined signature of diagram predicates and operations over dlagrams Then the
modeling language will be as some abbreviation of the sketch, but the sketch will be
as the formal logical base of the systemn model.

)-S5 Sy 5 ﬁf-ﬁf&t

Knowiedge about  Topalogical model of Conceplual class

system functioning diagram Sketch Class diagram

Figure 5. The suggested framework for problem demain analvsis

Note there is an inclusion mapping (one-to-one) between a topological model of
functioning and a conceptual class diagram and between a conceptual class diagram
and a sketch.

6. Conclusion

There was considered two approaches possible usage in the systern development
process for the problem domain analysis. The formalization possibilities of the
topological modeling and the arrow logic are very close.

The topological modeling offers a formal, compact and comprehensive way to
transform problem domain functioning processes (dynamics) into structure (static).
The topological modeling provides nformation mapping from the model of
functioning to the class diagram. li provides formal changes management between
system functional features and the according system structure. A cycle structure of
the topological model makes it possible to evaluate systemn crucial points and thus
decreases system development costs. The cycle structure allows system selection
from the problem domain and subsysiem selection from the system model. It solves
the above-mentioned problem of formal component development.

The sketch approach and underlying arrow diagram logic offers the formal
comprehensive format for complex relations among objecis. It has small notation
size (a node, an arrow, and a predicate) and 1s flexible and mathematically formal,
The sketch approach could be used as the independent notational system and as the
logical base of some informal or semniformal modeling language. It makes it possible
to solve specification weakness and modeling language syntactical overloading
problem as well as to answer continual complicating tasks.

But there are some disadvantages too. First, there is no mechanism for real-time
system modeling in the topological modeling and the sketch approach. Second. the
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word "formal" and especially words "mathematical formal" frighten program
developers, because it requires large efforts already at the beginning of the
development process. Of course, an appropriate modeling approach can be found for
cach task, but in the case of embedded systems or complex informational systems,
the suggested framework can help developers to analyze and design systems more
carefully,
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Abstract. The focus of application of Data Warchouse with the lapse of time
i1s changing from strategic planning and decision supporting to tactical
day-to-day decision supporting and business process speeding-up issues,
Therefore a concept of real-time Data Warchouse (RTDWH) becomes more
popular. Classical understanding of the Data Warehouse is business data
collection from many hetcrogeneous source systems, strategic analysis and
decision support for high-level management. Real-time Data Warchouse tries
to decrease gap or data propagation delay from operational systems to [ata
Warehouse to speed-up the getting of “tight picture”™ and to lower the level of
decision-making process in the hicrarchy of organisational structure.

In this paper we introduce a way how to evaluate efficiency of the real-time
Data Warehouse (assume a classical Data Warehouse is in place already) or in
other words how to measure effori spent to implement real-time Data
Warehousing solution by benefits, that come out from speeding-up and
improving quality of business processes.

Keywords. Real-Time Data  Warehouse (RTDWH), Data
Integration, Business Process efficiency

1. Introduction

There was a time when transacttonal information systems started to grow up in
terms of functionality and started to generate considerable volumes of information.
Management started to feel a lack of information to make the rght decisions how to
run, business. Classical Data Warehouse was introduced at this time. This solution is
based on extracting business data from heterogeneous source systems.
transformation and standardisation of them according to particular rules and
uploading into the Data Warehouse. Data Warehouse (or Data Marts in advanced
situations} ensures keeping of data 1 query-friendly format (dimensional data
maodel, indexes. materialized views, etc.). Special data query, data analysis and data
mining tools are available to operate with data provided by Data Warehouse. So,
introduction of Data Warehouse solved a problem of having aggregated and
summansed information covenng all {or almost all} the business line of particular
company. With the lapse of time the existing time period from entering data into
transactional system and getting data from Data Warehouse dida’t satisfy business
users more and more. Depending from industry and even from different companies
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within one indusiry the same time delay can or cannot be acceptable by business
users. If one hour is acceptable for one, even one minute may be insufficient for
another one.

Real-time Data Warehouse tends to decrease time delay in delivering relevant
information to the key-actors within the business process. It helps then to speed-up
response times between business activities and to improve quality of service level.
One other result of real-time Data Warehouse is automated and rule-driven decision
making process, which allows to avoid invelving of high level managers, experts or
key-actors to run relative simple data analysis and make simple decisions to pass it
to the next business process.

“Real-time”, “Near to Real-time”, "Right-time”, “Zero latency™ and other very
similar concepts are used when speaking about real-time Data Warchousing. The
one thing, that ts common for all those concepts, is “time”. Since time (as variable)
can be measured in particular units {day, hour, minute. second etc.), we've got a
value — duration. Taking into account that in real world is no process, which rakes
time equal to zero, subject of discussion can be the value of time — duration.
Respectively, is it acceptable (and therefore real-time) according to given business
process or it 1s not.

There are many efforts to introduce the real-time Data Warchousing definitions
[2, 10, 17]. In the scope of this paper by real-time Data Warehousing we understand
such type of Data Warchouse architecture, which ensures delivering of relevant
mformation to key-actors of business process according to their requirements within
a time that satisfies business efficiency in particular business environment.

This paper introduces a method how to evaluate a real-time solution — is it
worth wile to bring it in production In particular case or it is not. A metric like
‘business value’ together with time indication gives complete view whether the
introduced solution gives some benefit or it doesn’t. Using predefined restrictions
and conditions we can measure and track the direction in which the particular
real-time solution takes affect.

This paper is organised as follows. Section 1 is short introduction of Data
Warehousing evolution to get a picture where a need for real-time comes from and
illustration about what we really understand by concept “real-tume”. Section 2
shows the technological Data Warehousing solutions in data integration process and
the possible implementations for real-time Data Warehousing. Section 3 conducts
with evaluation of the real-tirne Data Warehouse and introduces a way to calculate
some kind of efficiency to implement real-time Data Warehouse solution. Finally.
section 4 gives conclusion of our paper.

2. Data Integration Process

The well-known definition of Inmon [7] states that a Data Warehouse 15
“subject-oniented, integrated, non-volatile, and time variant coilection of data in
support of management’s decisions”. According to this definition one of important
features of Data Warehousing is integration of different data sources into one
consistent data store, Taking into account our real-time Data Warehousing
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understanding we have to decrease data delivering time without affecting such Data
Warchouse charactenistics like data quality, data consistency, data volumes,
response time efc.

The typical data integration process consists of capturing changes in data
sources, extracting the changed data. transforming and loading them into Data
Warehouse.

There are different ways of real-time data extraction from source systems [3, 4,
5 and 9].

In [13] there are given two possible data integration ways from data timeliness
point of view. One is periodic integration, which means that data refreshments are
done according to predefined time periods. Time periods usually are one day, one
week or even one month. The second way of data integration is near real-tume
integration, which means that after appearing of new data within sources those data
is immediately integrated into Data Warehouse.

Further there will be discussed the tasks, which have to be performed during the
refreshment process, and the possible methods for implementation of these tasks
according to two above mentioned data source integration ways.

2.1 Data source integration steps in case of predefined time periods

All integration tasks are described in detail by many authors, e.g. [2, 7, 8]. In
[2] there is given a schema, which classifies the integration tasks in process layers,
where different particular tasks are accomplished and then data ts moved to next
process layer (or step). The main data source integration steps according these layers
are data extracting, data transformation and data storage.

The first step in data integration is capturing the changes in operational data
sources. In pertodic way of data integration the changed data can be collected and
penodically extracted from data sources and moved to transformation process step.
At present the batch processing approach to extract operational data is mostly used.

The data transformation step {(cleansing, removing duplicates, standardising,
calculating derivatives ctc) makes the most complicated and time consurming part of
all data integration process, also it has great impact on data quality in Data
Warehouse. This step usually is performed in separate data staging area.

The last step in this chain of data integration processes is storage process. These
tasks ensure actuality of database objects of the Data Warehouse, ¢.g. indexes,
materialized views, and aggregates. In order to perform data storage tasks and data
movement to the Data Warehouse, the periodical data integration have a basic
assumption about existence of batch window — the time period when the access to
Data Warehouse data by end-users should not be possible.

Data movement is transportation of all necessary data from one data integration
step to the next one and it is done many times depending on how many steps do we
have (see Figure 1).



J. Benefelds, L. Niedrite. Evaluation of real-time Data Warchousing processes

2.2 Near real-time data source integration steps

The authors of [10] and [17] suggest necessary changes of Data Warehouse
refreshment processes in the case of real-time data integration. Source systems are
continuously monitored and data changes are captured and transformed as soon as
they occur. The changes are moved into a Data Warehouse based on time periods as
close to real-time as possible. In [12] the concept of continuous data flows is
introduced, which means that the changed data are integrated into Data Warchouse
permanently. in parallel with Data Warehouse users’ analytical actions.

In the case of real-time Data Warehousing the data integration is based on
processing of one changed data record, and the explicit data movement process is
not necessary any more (see Figure 2). The changed data are directly integrated, e.g.
inserted or updated into Data Warehouse schema using database transactions
without additional data staging area data structures.

Data Sources Staging DwW
Frm Extracting [ " - Translormation e Lrata storege
process process process
@EA
L
Movemeni on record set per pened
Figure 1. Data integration tasks in periodic data imcgration.
S
Data Sources DW
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—

Figure 2, Data integration tasks in near real-

F Transformation
—
"o the fly"
.

[Jaia integration on record basis

time data integration.

Diata storage
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2.3. Data source integration methods

23.1.ETL

Until  recent the widely used method for data integraton s
Extract-Transformation-Load (ETL) described in detail in [6, 8] and many others
sources. ETL is the process of gathening data from data sources, enhancing and
enriching that data, and then loading it into a Data Warehouse.

The ETL process can be organized in different ways. For example, the
approaches discussed in [1] and [16] focus on periodical data integration processes.
Bouzeghoub et al, in [1] describe an appreach, which is based on modelling the
Data Warehouse Refreshment Process as a Workflow. Vassiliadis et al. describe in
[16] an approach that also uses workflow solutions, but combines them with
metamodel for data integration processes.

Traditional ETL tools are based on assumptions that they operate during a batch
window and that there are no end-user activities during that time.

ETL is switable in situations where the periodical data integration is possible
and acceptable in time. The time periods for data processing can vary from weeks
and days even until to minutes, which is close to real-time solutions, but even for
short integration periods the key assumptions about batch processing remain
unchanged. Some other data integration with ETL characteristics is given in [6)].
Except time the amount of processed data and the complexity of integration and
transformation processes can impact the choice to use exactly the traditional ETL
solution.

2.3.2. Real-time data integration

For real-time Data Warehouse are two basic technologies for real-time data
capturing, transformation and integration.

e The first technology uses the traditional batch processing as described
earlier about ETL. The periods between two batch runs are minimized
until hours or munutes. This implementation is called simulated
real-time integration and has an advantage, because it uses existing
ETL infrastructure with little changes. This technology is used when
such delay 1s appropriate for Data Warchouse users.

e The second technology i1s continuous data ntegration. It uses
messaging infrastructure.

Real-time data integration systems are based on messaging mechanisms.
Particularly they are asynchronous and use publish-subscribe or event messaging
architecture. These and many others data sharing and integration architectures are
described in [3].

For the case of real-time data integration the most popular implementation is
event messaging, which is more descnbed in [4] and [10] as so called tickle feed,
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and is based on the stack called message queue. Message senders, which in case of
real-time Data Warehousing are data sources, put the messages into a queue. In
event messaging 1s only one receiver e.g. Data Warehouse. The trickle feed
mechanisms incorporate also data transformations in the message queue. The data
load into the Data Warehouse in the real-time data integration proccss 15 not a
separate step — data integration and end-user activities are not mutually excluded.
That requires some specific database design approach to incorporate the delivered
data records into historical data tables without any impact on end-user quenes. One
possible solution uses separate partition in Data Warehouse for new arriving data.
This partition is not accessible for users. In every few munutes this partition is added
to historical data table, and new partition for data feeds is created.

An alternative approach is based on the second messaging mechanism. It uses
publish-subscnbe architecture. One implementation of this architecture for real-time
data integration is described in [12]. This implementation uses the concept of ETL
containers for the staging purposes.

3. Real-Time’s Data Warehousing Impact On Business Processes.

We stated already, that key issue is value of the time — duration, which can be
evaluated as acceptable or not. If five minutes for somebody is acceptable, then even
one minute for somebody is not acceptable — to long. Why? That is because
everybody evaluates it against his own business processes. Why we have to evaluate
real-time solutions against business processes? Because those are dnvers of
real-time Data Warehouse, thus those will be consumers of the real-time
warehousing service. So, business processes serves as measure to evaluate 1s 1t
worth to put an effort or not [11]. Beside there are a many other things that should
be considered before starting a real-time Data Warchousing project [3].

Since Business Process can be as a measure we have to have some way, how to
express real-time’s efficiency by mentioned metncs. To describe that, we present a
simplistic real world example from our observations. Assume there is a business
process “P” (Figure 3), which consists of several steps {PN). A possible example of
real world business process and its duration can be as follows (Table 1):

Table 1. Example of business process and its duration.

N2 | Description Duration
{min)

1 | Customer calls to the bank and asks to score for his N/A

suitability to get a loan;
2 | Officer asks for key figures and promises to “call back later”; 2.0%
3 | Officer enters key figures and orders “client scoring” in 2.0%
bank’s loan application;
4 | Loan application transfers request to the Dala Warehouse: 1.0*
5 | When loan scoring is ready (2min). Data Warehouse informs 3.0%
the loan application (limn);
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N® | Description Duration
{min)

6 | Loan application lets to know the officer, that scoring has 0.5*
armived;
7 | At the same tune officer queries operational system for 0.3
client’s profile, because information from Data Warehouse
will be one week old;

& | Officer calls io the customer and informs about information 1.0*
that was requested;

*Total of eritical path 9.5

To make this business process more real-time as it is in given example means
decrease the total duration. Since it can be done affecting the critical path only, all
activities, except activity number seven, should be in charge (Figure 3).

! P Py Ps Ps

™ - ] . _ .

e Tk | STy ETs| ST+« ET4| |STS|ETS ST | ETd | P

i ST\ ETi| (ST:[ET: | P | 5Ts | ETs |
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Figure 3. Example of business process PERT chart.

First of all, lets calculate the total time of business process:

T(F) = ET(PN) — ST(P1l) ET - End Time
ST - Start Time
T - Duration

Let as assume, we have managed to decrease the time needed for Data
Warehouse to process particular data request by 1.5 mintues (to 0.5 minutes). We've
got delta;

To = T(P)oerore = T(P)arrer

In our example it means about fifteen per cents of time.

How much is 1it? It could be evaluated as pretty good result in terms of time —
officer can serve for fifteen per cent more customers than before.

Is our “new” business process real-time now? Answer could be: it is more
real-time as it was before.

If we measure time delta by the business process it setf, result isn’t something
sensational. Still the same number of activitics. the same order of activities (no
additional parallelism), the same input (data capturing in loan application and
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client’s profile request in operational system). the same deliverables (scoring result
in lean application and client’s profile in operational system), the same involved
parties (officer, loan application, operational system, Data Warehouse). The only
one benefit is time, nothing else. At this point we can define the following
statement: until substitution of the classical Data Warehouse by the real-ime Data
Warehouse affects only time and doesn’t affect other metnics of business process. it
doesn’t give very big benefit. Of course, everything s relative.

Usually data transportation from source systems to Data Warchouse and from
Data Warehouse to Data Mart or even back to the source systems is based on ETL
functionality. However more and more ETL functionality is combined with or
substituted by real-time solutions (see Section 2) to improve cormmumnications
between different enterpnse applications and to decrease time that is needed for
information transportation.

Let assume, that we have implemented cooperation between ETL and real-time
data source iategration technology to decrease significantly time, which was needed
for data transportation between applications. It can be realised in a way, that
customer gets his answer dunng the same telephone call (Table 2).

Table 2, Example of Business Process and its duration.

No | Description Duration
{min)
1 | Customer calls to the bank and asks te score for his suitability N/A
to get a loan;
2 | Officer asks for key figures and orders “client scoring™ in 2.0*
bank’s loan application;

3 | Loan application queries sconng data from Data Warehouse L.o*
and client’s profile from operational system;

4 | Officer informs customer about information that was 1.0*
requested;

*Total of critical path 4.0

Since there is no activity parallelism this time, it ts not needed to introduce
PERT chart. Time saving can be calculated as it was done in the previous example.
The most umportant thing ts changed metnics of business process: fewer activities,
less input (one data request only}, less deliverable with the same quality (result is
available in one screen), less involved parties {no operational systems in direct
way). Now we can state, that new solution gives more benefit and savings. More
real-time solution could be where customer serves him self.

Next step could be to introduce a web interface, where customer can get on-line
answer to his request. Usually every financial company offers some kind of “loan
facility” calculators, scoring instrument or similar tools. Most of them are based on
data, that customer 1s capturing and changing every time running a scornng process.
Of course, this is very good real-time service, but it doesn’t have any affect on real
business process. First. customer can do it in many other ways (other software. for
instance) and. second, there are no real activities from company’s side — customer
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will have to go through the same process once more, when contacting company’s
officer. What we really have to introduce is facility to score customers capability
based on real world data that are available in the company’s Data Warehouse.
Moreover, data must be “fresh” enough. What we get is: 1) customer can get
information and apply for particular service whenever he wants (not only duning
office hours) and 2) there is no need for officer any more {customer serves hum self
on company’s web site).

4, A REVIEW OF EVALUATION METHODOLOGY

Gartners research [15] has pointed out there are no reliable numbers to calculate
the savings gains vs. the cost outlayvs to generate a financial ROI (Returmm Of
Investments). However, we believe, the benefits can be grouped into two. business
and technical, areas: 1)improved business operations and 2)lower costs of
deployment, operations and support. Exactly improving in business processes Is
what we are focusing on in this paper.

The evaluation methodology, we would like to introduce, is based on the
practical experience and research within Data Warehouse solutions in different type
of companies and theoretical studies of business process management and
assessment.

We introduce a metric called “Business value™ here. We define it as a total of
business process charactenstics (for example investments needed, possible cost
reduction, staff costs. product quality and/or flexibility, planed income etc.), scaled
by its weight according to existing restrictions and priorities (for example limited
financial resources, priorities, certain scope of employees or their skills, outsourcing
possibility ete). A general example how to calculate the business value is shown in
the Table 4.

‘Table 4. Business value calculation,

Business Process Weigh | Rate

Characteristic t

BC] W] BC| * W}

BC, Wa BC, * W,

BCy. W) BCu * Wi

BCy Wi, BC. * W,
Business value: YBCx * Wy

As we arc talking about rcal-ime Data Warehousing, time as a value was
analyzed separately from other business process charactenstics. To evaluate a retum
of real-time Data Warchouse solution, two states should be evaluated — “input



4. Benefelds, [. Niedrite. Evaluation of rcal-time Data Warchousing processes 241

business value” (starting characteristic) and “output business value” (resulting
characteristic).

As we mentioned already, we do not include time within business process
characteristics described above as it will be the second metnic next to the business
value.

Time &

Business value

Figure 4. Real-time solution “Time-Business Value™ matnx.

To evaluate the return of real-time Data Warehouse both input and output
business values should be calculated and position them into the “Time-Business
value™ matrix (see Figure 4). Depending from the direction, in which the assessment
has moved, correspondent conclusions can be drawn (see Table 5).

Table 5. Description of “Time-Business Value™ matnix.

Direction Description

A No time changes and weaker business value than before.
Certainly not the right choice.

B Longer execution time and the same business value.
Certainly not the right choice.

C Shorter execution time but weaker business value.

Should be evaluated very carefully but it’s not the best practice.
For example: we can save time on some data quality issues.

D The same business value in shorter time.
Very good start.
E Better business value in the same execution time.

We've got better business solution but nothing new regarding
real-time issues.

F Shorter time and better business value.
Both characteristics have improved. Right direction to continue.

To comment “Time-Business value” matrix in more details we have to look at
the different areas. Area AOB 1s the worst direction at all. Theoretically it is
possible, that improvement efforis go this direction, but there should be some
mistake in calculations then. Physically we can’t imagine such kind of situation,
Area BOL (together with AOB} describes performance decreasing (longer execution
time than before). Since we are going to evaluate real-time solution, this wouldn™t
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be the right direction too. Are AOD satisties time decreasing requirement but
decreases business value metric. This is a tricky one situation. If the “improved”
version of Tdata Warchousing solution is evaluated to go this direction, decision 1o
do or not do should be evaluated really very carefully — characteristics, which
decreases business value should be pointed out and analysed in more details.
Sometimes 1t 1s worth to improve performance at business value cost, but usvally it
1s not. Finally area DOE — this 1s the nght direction to go. Improving both, time and
business value, is the main goal of introducing real-tirme Data Warehouse solution.

It seems there will be very big emphasis on having real-time data not only for
decision-making as well as for business process optimisation and improving
operational performance [14].

5. Conclusions

As conclusion of our paper we would like to ernphasize that meaning of the
term “real-time” can be even very different for particular real-world situations and it
can change (and usually it does) in the lapse of time. By different real-world
situations we have different type of business processes with different type of
restrictions and priorities. It is very critical to have real-time Data Warehousing in
financial compames, healthcare institutions, and communication entities. Real-time
in, for example, education 1s not understood by seconds or minutes. Usually it is
enough to have information on the weekly or even monthly basis. Mentioned
examples vary from the restrictions’ point of view — healthcare and education
institutions usvally don’t have so much free financial resources as financial or
commuiication comparies do.

The main issue we would like to emphasize, is real-time Data Warehouse
solution dependency on characteristics of each particular case (restrictions and
priorities). Of course, there are some general guidelines that should be followed any
way.

We evaluated two source data integration methods in association with different
restrictions and benefits (parallel data refreshment and end-user activities wvs.
mutually excluded activities; data refreshing on the basis of predefined time periods
vs. data adding to Data Warchouse as soon as data are changed within the source
systems). Each of the methods should be used where it gives the most benefit
(business value). It is not reasonable to implement an expensive real-time Data
Warehouse solution if it doesn’t improve business process or there even is no need
to change them. To avoid such type of mistakes we have introduced one way how to
evaluate forthcoming (or offered by somebody) real-time solution. Such
“Time-Business Value” evaluation matrix is applicable in the process of choosing
between several possible real-time Data Warehouse implementation scenarios as
well. So. you just have to choose within a matrix the right direction you wish or are
able to go.
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Abstract. Estonian state databascs have been arranged since nineties as the
state has duty to gather quality information and to allow access to that. For
easing interchanging data between databases and allowing people to get their
data casily the Ministry of Transport and Communication of Estonia has
launched the project X-road. This paper presents databascs scrvices in Estonia
and descnibes how X-road has progressed so far.

1. Introduction

Systematized information is the bases of establishment’s functioning. Thus the state
databases are very important data sources. In Estonia. as in most other countries, 50
far databases were relatively standalone and were supposed to gather information
about some certain objects like people, cars, houses. land and ships.

As one prnciple of information society 1s to guarantee free information flow,
then it 1s extremely important to forward data that is gathered and managed by state
to those. who meed it. Solving vanous information technology tasks becomes
important to get information from several databases sumultaneously. Easiest way to
solve this problem 1s to get data over the Internet. Accessibility to data in databases
should be service-centred.

Provided data must not violate principles of state defence or personal data
protection. Person who needs information might be citizen, civil servant or
proprietor.

X-road is created for solving service-centred data gathering problems. There has
been opened several services already and the purpose of this paper 1s to analyse
these services and describe the project X-road in Estomia. The paper is orgamised as
follows: section 1 gives short overview about X-road, section 2 is about
government-to-government services and in last section are deseribed public services.

Service-centred architecture is main solution for modern distributed information
systems,
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2. X-road

The aim of X-road project 1s 1o develop software, hardware and organizational
methods for standardized usage of national database and information systems [3].

X-road is the modernization program of national databases with the aim to
change national databases into a common public, service-rendering resource, which
would enable agencies, legal and natural persons to search data from national
databases over the Internet, provided they are entitled to do so. At the same time, the
system will ensure sufficient security for the treatment of inquiries made to
databases and responses received. [7]

Using registers via X-road started at the same day when Estonian citizens TD-card
was put into service, 28 of January 2002. Scon banks joined with X-road for
offering authentication service. After launching the X-road citizen’s portal
enterpnse’s information systems and databases started to join. Some of them give as
well as get data using X-road.

Development of X-road has been extended already two years; lots of Estonian
databases and mformation systems have been joined. Similar to the citizens® portal
there 1s another version named MISP (Mim Information System Portal) witch allows
the civil servant institutions to use X-road 1nthe same way as citizen uses citizen’s
portal. Compared to citizen’s portal MISP has several differences. One of them is
that every civil servant will be additionally authorized besides authentication. It
means that every servant gets rights to see only such data that is related 1o his/her
duty. MISP 1s not technically mandatory for enterprises joined to X-road if they
have their own information system that consists opportunity to authentication and
authorization of employers. In this case it is possible to use X-road queries through
enterprise information system.

For today there are already over 50 organizations joined to X-road. By statistics,
most enquiries are made by police, near 4000 quenes per day.

3. Government to government services (g2g)

There are about hundred databases registered in State register of databases (ARR).
The usage activity and data capacity of them are very different. There are tens of
databases witch are functioning 24*7. X-road is joining mostly of them. Some of
those databases have web-services but X-road’s advantage 1s that users don’t have to
remember all the passwords for different databases and don’t have to make a data
usage contract with each of them. [1]

For a public institution there are services that the institution needs for its
everyday work according to access rights to the data. For example, notary’s enquiry
about citizen’s vehicles from cars database, or about citizen’s enterprises {rom
business register. Or police enquiry about dnving licenses of citizens. Public
institutions have similar user interfaces than citizens; onty the list of services differs
according to their access rights.

Presently are joimng X-road following registers: register of second column of
pension;, Department of the Treasury information system; Board of Boarder Guard
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information system: Customs information system. Labour Inspectorate information
system; state register of work seekers and work market services; secunity centre
databases; Stale Register of Cultural Monuments; State register of railway rolling
stock; State rallway register and Register of the Estonian diplomatic passports. [8]

To enhance g2g services X-road has ordered some expansions. First and larger
expansion was reorganising ARR so that it will become as part of X-road’s working
environment. New ARR has the same main funcuons like central registering
databases and being information-gathering environment but attached some functions
that make it more service-based environment. New ARR will be the tool for every
X-road user. There will be described Estonian databases e-services and their
usability. Every organisation that wants services from some database looks first
weather there is already some similar service for other organisations in ARR. If
there is such service and the organisation needs that data for its everyday work and
has right to see that then this service will be opened for them also. If not, then wish
of service will be registered and database developers will realise it. Second
expansion came from need to carry over large amount of data through X-road. This
need came firstly by solving State court adjudication register and court solutions of
first and second instances of Ministry of Justice replication mission using X-road.
Third large cxpansion was to support mutual realisation of services between
databases of Citizenshup and Migration Board and databases of population Register.
This was very important for modifying data quality of two large registers that reflect
personal data. [8]

4, Public services

By law citizens have the right to see the data government has about them in state
databases. Before X-road you had to go to the accredited processor, write an
application and wait some days and you got your information. Now it is easier, you
need only computer with intermet connection and with browser and you can ask
about your driving licenses, passport data, lands, vehicles and so on. The answers
are with few second on your screen.

For now there are about 25 services for citizens [5). The main registers that offer
services are as follows: traffic register, business register, population register, land
register, ships register, Citizenship and Migration Board register and pension
insurance register.

There are two ways to identify person. One way 1s through banks. For that person
must have been joined to intemet-bank. Entening to the citizens portal, person gets
fist the list of banks through witch he/she can identify him/herself. User chooses the
bank where he/she enters identifications and passwords. After that person is directed
back to the citizens portal and bank gives to portal persons personal code. The other
way 1s to use [D-card. Currently, internet-bank is mostly used for identification,
because there are more internet-bank users than ID-card owners. Although there are
already over 350000 1D-card owners m Estonia. Presumably it’s going to rise more
rapidly near future because of Tallino’s new public transport tickets system, which
uses 1D-card to offer Tallinn people more reasonable prices than others. So it is
useful to own [D-card.
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Citizens can see the data only about themselves. Citizen’s portal allows to
everyone who has Estonian personal code to make those quenies. Every person can
see only the data about him or herself, for example what car he/she owns, what kind
of dnving licenses he/she has and so on. Because of opportumty to see their own
data, lots of people have discovered some mistakes in their data, mostly in
population register. For that reason some registers have created services that allow
people to denote or correct the mistakes in their data.

5. List of services

Subsequently are described services in citizens® portal. In Fig. 1 is depicted fragment
of citizens’ portal. Services are in Estonian language and listed by reglstcrs
G hitps-//portad rik eew/kodani/ndes php Ap=quasdis - it Google seact: -fh F% ~i
P3ringud -

Eesti riiklik autoregister
T Ry e - A s s e e e T
SRy T e T e e e e |
Haigekassa andmekogu

KMA infosiisteemi andmekognd
[ e s SR R TR T

Kinnistusregistri andmekogu ~
[C Rt - e St it e ae s ph s e, 5l

Kohustusliku kogumispensioni register

Kohustusliku kogumispensioni register

Maakataster

Fig. 1. Citizens' portal

Estonian Traffic Register

There are two services: First one is about person’s vehicle(s) witch gives car’s
registration number, mark, color, building year, motor’s power, is it dispossessed or
not and owners address and name. Second, driver’s license query gives persons
name birth date, personal code, place of residence, drivers license number, type.
stipulations, period of validity and status (is it valid or not).
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Population Register

Population Register started from a need to compose the list of citizens for monetary
reform. Very shortly after gaining independence Estonian government decided to
introduce its own money — the Estonian crown instead the Soviet ruble. This
operation needed to have an exact list — who are the citizens of the country and who
has the right to exchange the money [3].

Population Register offers three services plus one temporary service that is added
before the elections, so the citizen can control that he/she is in the voting list.

First service shows persons name, gender, birth date, address, documentation
data, nationality, mother language. and education. Other two services are for
denoting mistakes in person’s data. In first one, you insert your personal code, first
and last name and in free form the description of the mistake. The second service
allows citizens to change their statistical data like nationality, mother tongue,
education, and activities. It is possible only once in 30 days or 3 times in year.

Business Register

Business Register allows citizens to see the data about their enterprises. Qutput of
this query is entrepreneur’s company name, validity time, business register code,
number of enterprises connected to that person, legal status (I.td., PLC, not-for-
profit organization and so on}, role of the person, registration area, entrepreneur’s
status, communications and so on.

Citizenship and Migration Board Register
That register gives persons personal data, picture that is also in passport, signature
and data about documents.

Register of Small Crafts

Gives person’s data; data of craft’s property like kind of property, section of
property, date; ship data, registration number, registration time, name, home port,
type, material, building year. building place, constructer and superstructure.

Land Regisier .

The Land Cadastre consists of the Land Register together with cadastre maps and
the cadastre archive. The Land Register is a collection of recorded data concerning
cadastre units. Query is made by cadastral unit and gives following data: cadastral
identification, official name of cadastral unit, location, code of county, self-
government’s code, registration date, technical codes of intended purpose. per cents
of intended purpose. area, coordinates and so on. Second query is by location.

National Pension Insurance Register

This register offers three services for now. First one shows how much social taxes
person has paid thorough years and second one lists out pensions and supports that
person has. Third one and the newest allows to citizen to make an application to get
a parental compensation without going out of home. This service gathers
information also from health insurance register, population register and department
of the freasury.
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Health Insurance Register

Health msurance register shows to the citizen three queries: Personal data, Health
Insurance and Financial Compensation. First query shows citizens personal data that
1s in that register like name. personal code, gender. binth date. address. Also allows
making corrections in your data if something is wrong. Second query shows your
health card number, personal doctors name, in what area doctor works, kind of
insurance, how long it lasts, cmployer who pays the health insurance. Third query
shows compensations that person has had and allows making an application to extra
compensation of medicals.

Builiff database.
Shows whether there is some enforcement procedures initiated against citizen.

6. Summary

X-road is for connecting different statc databases to each other. For the conclusion,
there are lots of services working now and the number of them is growing all the
time. X-road has spread as extensively as planned beginning of the project.
Availability of services 15 improving cvery day, the number of services is enlarging
and more and meore registers are joining with X-road. However there are some
registers witch haven’t joined because of that register is not functioning properly jet.
The aim of X-road is that all transactions with state are realised without going in
place, it also helps to improve the usability of ID-card. Joining with European Union
our government must open access to state databases for EU. X-road technology 1s
ready for that.
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