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Preface 

The Baltic Conference on Databases and Information Sys tems is a biannual in­
ternational forum for technical discussion a m o n g researchers and developers of data­
base and information sys tems . The object ive of the conference is to br ing together 
researchers as well as pract i t ioners and P h D students in the field of comput ing re­
search that will improve the construction of future information systems. On the other 
hand, the conference is g iving opportuni t ies to developers , users and researchers of 
advanced IS technologies to present their work and to exchange their ideas and at 
the same t ime provid ing a feedback to database communi ty . 

The 6th International Balt ic Conference on Databases and Information Systems 
(Riga, Latvia, June 6-9, 2004) is cont inuing the series of conferences that have been 
held in Trakai, Lithuania (1994), Tallinn, Estonia (1996, 2002), Riga, Latvia (1998), and 
Vilnius. Lithuania (2000). 

All the accepted papers were selected by the Program Commi t t ee on the basis of 
referee reports . Each paper was reviewed by at least three referees w h o judged the 
papers for originality, quality, and cons is tency with the topics of the conference. 

To activate and mot iva te students the organizers inc luded Doctoral Consor t ium 
in the program of the conference. This is the first Doctora l Consor t ium in the Baltic 
Conferences on Da tabases and Informat ion Sys tems. In spite of our fears the re­
sponse from the international communi ty of students was quite good. P rogram Com­
mit tee w a s able to accept 25 by s tudents ( somet imes co-au thored by their thesis 
advisers) from Estonia, Latvia, Li thuania, Norway and Russia . This a l lowed us to di­
vide the s tudent talks into two sections. Accordingly, w e divided the papers in this 
vo lume of proceedings . 

We thank all the contr ibutors (successful and not so successful), the numerous 
referees, the member s of P rogram Commi t t ee , and. of course , our sponsors , namely, 
IEEE Communica t ions Society, Latvian Information Technology and Telecommunica­
t ions Associa t ion (LITTA) , DATI G R U P A , E X I G E N , U N I B A N K A . it ALISE, 
L A T T E L E K O M , Universi ty of Latvia and V L D B Baltic Fund. 

Rusins Freivalds 
Editor 
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A Way Of Constructing Functions With A Low 
Polynomial Degree 

Aleksandrs Belovs 1 

Department of Computer Science, University of Latvia, 
29 Raina boulevard, Riga, Latvia 

sd20006@lanet.lv 

Abstract. In this paper we introduce a way of computing Boolean function 
polynomial's coefficients, using a special presentation of them. It helps in 
constructing functions with a low polynomial degTee. 
Keywords. Boolean functions, polynomial degree, decision trees. 

1 Introduction 

1.1 Zhegalkin polynomial 

LetF(x\...., xn) be a Boolean function. There exists a unique Zhegalkin polynomial 
(or function polynomial) PF{XI , . . . . £ „ ) such that 

F(xi,X2 , xn) = PF{xl.x2 i-n) (1) 

for all possible x.i values. 
Boolean function polynomial has several applications in the theoretical computer 

science. We will give an example of its use in the theory of quantum decision trees. 
A decision tree is an algorithm for comput ing F[x\ i„.) that accesses 

x\ xn by asking quest ions about the values of x , . The complexity of a query 
algorithm is the m a x i m u m number of quest ions that it asks. The query algorithm 
complexi ty of a function F is the min imum complexity of a query algorithm correctly 
comput ing F. 

The theory of computa t ion studies various models of computat ion: determinist ic, 
non-determinist ic , probabil is t ic and quantum (see [5] on traditional models of compu­
tation and [3] on quantum computa t ion) . Similarly, there are query algori thms of all 
those types [2]. 

We will use notation D(F) for determinist ic decision tree complexity of Boolean 
function F, and QE{F) for exact quantum decision tree complexity (See [2] for 
definitions). Function exact degree d e g ( F ) is the degree of polynomial Pp defined 
in (1). 

It has been proved, that D(F) > d e g ( F ) and QE{F) > (The complexity 
of other types of query algori thms is similarly related to other notions of polynomial 
degree which are not considered in this paper.) Consider ing both of this inequalities 
one can see that in construct ing Boolean functions that have an advantage in quantum 
comput ing , compar ing to the deterministic one, functions such that d e g ( F ) < D(F) 
seem interesting. But there are few functions satisfying this inequality. 

1 Research supported by Grant No.01.0354 from the Latvian Council of Science and by the 
European Commission, Contract 1ST-1999-11234 (QA1P). 

mailto:sd20006@lanet.lv
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1.2 Sensitivity 

Let F be a Boolean function. Sensitivity of function F on input [x\. x-2 xn) is a 

number of 1 < i < n such that 

F{*i Xi xn) £ F{xi I - xit....x„). 

Sensitivity of function s(F) is defined as a m a x i m u m of sensit ivit ies over all possible 
inputs. It has been proved in [2], that D[F) > s(F). Th is fact we will use in this 
article. 

2 Main Result 

2.1 Function presentation 

There are different ways of presenting Boolean functions. O n e we will most ly use in 
this article is following. We will fix an n-e lement set U = { 1 , 2 n } , and present 
a set of functions T C { { 0 } . { 1 } . { 0 . 1 } } C / . For each function / £ T we will define a 
set of sequences = Y\i^u ' (*)• ALso w e will use notat ion TT(T) = UfgT n ( ^ ) -

Then function F will be defined as \(n{T)), that is: 

F(xi *•„) = ( 
v 1 ' \ 0. in all other cases v ' 

We will write this presentat ion in a form of a table, whe re rows cor respond to the 
functions, columns to the set [* e lements , and their in tersect ions to the function values, 
using ' - ' for { 0 . 1 } . 

Example An example of a function: 

0 0 0 1 - - -
- 0 0 0 1 - -
- - 0 0 0 1 -

F7 : - - - 0 0 0 1 (3) 
1 - - - 0 0 0 
0 1 - - - 0 0 
0 0 1 - - - 0 

This presentation is rather useful, because , in a case, when a n u m b e r of functions 
is rather small, firstly, it is easy to compute a value of the function, secondly, as we will 
show, it is easy to calculate one specified p o l y n o m i a l ' s coefficient, without calculating 
the whole polynomial , if the function set compl ies with a condit ion: 

Condit ion of no intersection 

W , . / o 6 T : (/i ^ / 2 ) => (3i G V D t-,(>) = 0 ) . (4) 
In the table this m e a n s that for each t w o rows there exists a co lumn, such that in 

its intersections with both rows there stand ' 1 ' and ' 0 ' (in any order). 
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L e m m a 1 f a set of functions T satisfies condition of no intersection, than V/1 , / •-> G 
T : (/i ^ / 2 ) => {Tr(ii)r\n(1.2) = 0 ) . 

Definition We will say, that function F is presented using a set of functions T , 
if there exist such U, that T and F satisfy (2) and moreover is fulfilled condit ion of no 
intersection (4). 

Definition If* G T, than we will use notation: Z(t) = / _ 1 ( { 0 } ) a n d 0(f) = 

2.2 Theorem 1 

If Boolean function F is presented using a set of functions T, than coefficient in Pp 
(polynomial . defined in (1)) at the f l i c s x>- where S C U, is equal to YlteT •• 
where 

( _ l ) | s \ o ( O I . if 0(i) C S C 0(1) UZ{1) 
0 , in all other cases 

Proof If S C U, than by f(S) we will understand F(xi. x%. ...,£„), where 
Xi = 1 if and only if ? G 5 . Notat ion p(S) we will use for a coefficient in Pp at 
the Tiies x'- Obviously. f(S) = YIRCS P(K)- Using the method of inclusion and 
exclusion (See, for example , [6]), (2) and Lemma, we have 

P ( S ) = £ ( - i ) | S X f l | / ( * ) = £ ( - i p * 1 = £ £ ( - i ) | S V J | 

RCS RCSnTrlT) t£T RCSniT(t) 

If 0(1) £ S, we have 5 n n(1) = 0. Else 

where 6 stands for the Dirac function. Here we use a wel l -known formula from 
combinator ics : Y1ACB(~l)'"4' = d 1 ) B ' -

Summing it all up , we have the required. 
As a usage of this theorem we will prove 

2.3 Theorem 2 

If Boolean function F is presented using a set of functions T, than 

deg(F)<max\0(1)UZ(t)\. 
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3 Some Examples And Future Work 

So, one can see that for a specified in (3) function FT, deg(F-;) < 4. In fact it 
is equal to 4, what can be checked, calculat ing a coefficient at the But 
on the other side, when all xt is equal to 0, sensitivity is 7, so D(F-) = 7. In a 
same way it is possible to construct a function F2,!+i with d e g ( J p 2 n + i ) = n + 1 and 
D{F2N + 1) = 2 n + l . 

This example is the best one that can be achieved, using only techniques of 
sensitivity and Theorem 2. So, construct ing functions with a larger gap be tween D(F) 
and d o g ( i 1 ) . it is necessary to use Theorem 1 more carefully or to use other est imates 
of D(F), because a question of easy D(F) comput ing for a wide class of functions is 
still open. 

Let us illustrate the said with two examples . 

3.1 Example 1 

0 0 0 0 1 - - - -
0 0 0 - 0 1 - - -
0 0 0 1 - 0 - - -
1 1 1 0 1 — — — -
1 1 1 — 0 1 — — — 
1 1 1 1 — 0 — — — 
- - - 0 0 0 0 1 -
- - - 0 0 0 - 0 1 
- - - 0 0 0 1 - 0 
- — — 1 1 1 0 1 — 
- - - 1 1 1 - 0 1 
- - - 1 1 1 1 - 0 
0 1 - - - - 0 0 0 
- 0 1 - - - 0 0 0 
1 - 0 - - - 0 0 0 
0 1 - - - - 1 1 1 
- 0 1 - - - 1 1 1 
1 - 0 - - - 1 .1 1 

This function has sensitivity 9 (when all Xj = 0). So D(F) = 9. There is no row, 
such that summary number of ' 0 ' and ' 1' in it is larger than 5. But it is easy to check, 
that for every set of 5 co lumns there is 2 possibil i t ies: 

• There is no row. such that on its intersect ions with selected co lumns there is no 

• There are exactly 2 such rows, and a number o f ' L in one of them is 1. and in 
another one 4. 

Using theorem 1. we can see, that d e g ( F ) < 4. In fact d e g ( F ) = 4. 
Note, that the rows with only one ' 1' in them present a function with sensitivity 9 

and polynomial degree 5. 
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3.2 Example 2 

An improved version of FT. 

0 0 0 1 - - - 0 
- 0 0 0 1 - - 0 
- - 0 0 0 1 - 0 
- - - 0 0 0 1 0 
1 - - - 0 0 0 0 
0 1 - - - 0 0 0 
0 0 1 - - - 0 0 
1 1 1 0 - - - 1 
- 1 1 1 0 - - 1 
- - 1 1 1 0 - 1 
- - - 1 1 1 0 1 
0 - - - 1 1 1 1 
1 0 - - - 1 1 1 
1 1 0 - - - 1 1. 

In a same way, it has been done in example 1. one can check that d e g ( F ) = 4. 
If a determinist ic decis ion tree asks a value of one of X\. .. ., x7, we answer ' 0 ' , 

while there are still some unknown x; from this set. If the decision tree asks x^, 
we answer ' 0 ' . and reduce to the case of F~. If it asks a value of the last xt from 
n xj, we answer ' 1 ' . So D(F) = 8. 

3.3 R e s u m e 

The technique, introduced in this article, m a k e s it possible the use of standard combi­
natorics in constructing functions with a low polynomial degree. 

It he lps to construct a large class of such functions, a m o n g them there can be one 
with a small QE(F). It is possible , that with some addit ional condit ions, one will be 
able to guarantee small QE(F). 

It is interesting to construct functions wi th a larger gap be tween d e g ( F ) and F)(F), 
than those, that are known. Generalization of theorem 2 or another way of presenting 
Boolean functions can be helpful in this quest ion. 

References 

[1] Ambainis, A., Freivalds, R. (2003) Boolean function with a low polynomial degree. 
Latvijas Zinarnu Akademijas Vestis, B dala, vol. 57, No. 3/4 (626/627), pp. 74-77. 

[2] Burhman. H., de Wolf, R. (2001) Complexity measures and decision tree complexity: a 
survey. Theoretical Computer Science, 2X8, pp. 21-43. 

[3] Gruska, J. (1999) Quantum computing. McGraw Hill. London, 439 pp. 
[4] Freivalds, R., Miyakawa, M., Rosenberg, I. (2003) Complexity of decision trees for 

Boolean functions. ISMVL 2003: pp. 253-257. 
[5] Papadimitriou, C. (1994) Computational complexity. Addison-Weslcy. Reading, 500 pp. 
[6] Stanley. R. (1986) Enumerative combinatorics. Volume I, Wadsworth. California. 



SCIENTIFIC PAPERS UNIVERSITY OF LATVIA. 2004. VOLUME 673. Datbases and Information Systems 
18-24 P. 

Quantum lower bounds for the set equality 
problems 
Gatis Midrijanis 

University of Latvia . 
29 Raina boulevard. Riga. Latvia 

gatis@zzdats.lv 

A b s t r a c t 

The set equali ty problem is to decide whether two sets A and B 
are equal or disjoint, under t he promise tha t one of these is the case. 
Some other problems, like the G r a p h Isomorphism problem, is solvable 
by reduction to the set equality problem. It was an open problem to find 
any u-(l) query lower bound when sets .4 and B are given by quan tum 
oracles with functions a and b. 

We will prove Q( [ o g i / j „) lower bound for t he set equality problem 
when the set of the preitnages are very small for every element in .4 and 
B. 

1 Introduction, Motivation and Results 

T h e S h o r ' s in tege r f ac to r ing q u a n t u m a l g o r i t h m p r o v i d e s e x p o n e n t i a l speed ­
up over t h e bes t k n o w n c lass ica l a l g o r i t h m . T h i s m o t i v a t e s t o sea rch o t h e r 
q u a n t u m a l g o r i t h m s w i t h g r e a t s p e e d - u p . H o w e v e r , p r o v i n g q u a n t u m lower 
b o u n d s for such p r o b l e m s is no t t r i v i a l , for e x a m p l e , p r o v i n g t h e e x p o n e n t i a l 
q u a n t u m lower b o u n d for N P - C o m p l e t e p r o b l e m s will i m p l y P ^= NP. 

O n e of t h e p r o b l e m s q u a n t u m c o m p u t e r cou ld h a v e a n e x p o n e n t i a l s p e e d - u p 
over classical c o m p u t e r is t h e G r a p h I s o m o r p h i s m p r o b l e m . O n e w a y t o a t t a c k 
t h i s p r o b l e m could b e by t h e r e d u c t i o n t o t h e set e q u a l i t y p r o b l e m . No t i ce 
t h e se t s of all p e r m u t a t i o n s over v e r t e x e s for g i v e n g r a p h s . If t h e s e s e t s are 
equa l , t h e n t h e r e is a n i s o m o r p h i s m b e t w e e n t h e g r a p h s , b u t if t h e r e is not 
i s o m o r p h i s m b e t w e e n g r a p h s , t h e n t h e s e s e t s a r e s t r i c t l y d is jo int . 

D e n o t e t h e set { 1 . 2 n } by [n\. 

D e f i n i t i o n 1 Let a : [nj »— [m] and b : [n] [m\ be a functions. Let A be 
a set of alla's 'images A = {a(I). e t (2 ) , . . . . a(ii)} and B = {6(1) . b{2)..... b(n)}. 
There is a promise that either A = B or A n B = 0 . 

Call the general set equality problem to distinguish these two cases. 

F i n d i n g q u a n t u m q u e r y lower b o u n d for g e n e r a l se t e q u a l i t y p r o b l e m was 
posed a n o p e n p r o b l e m by Shi[12j . 

mailto:gatis@zzdats.lv
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W e will s h o w t h a t A m b a i n i s ' _2] a d v e r s a r y m e t h o d imp ly il(^i) lower 
b o u n d for t h e gene ra l set equa l i t y p r o b l e m . T h e proof uses t h e poss ib i l i ty t o 
have m a n y p r e i m a g e s for s o m e image . However , g r a p h t h e o r i s t s t h i n k t h a t t h e 
G r a p h I s o m o r p h i s m p r o b l e m , w h e n g rap l i s a re p romised no t t o be e q u a l w i t h 
t h e m s e l v e s by a n y n o n i d e n t i c a l p e r m u t a t i o n , sti l l is v e r y c o m p l e x t a s k . Now 
r e d u c t i o n lead us t o t h e se t equa l i ty w h e r e a a n d b a re one - to -one func t ions . 

D e f i n i t i o n 2 Call the general set equality problem to be a one-to-one set 
equality problem, if a(i) ^ a(j) and b(i) =t b(j) for all i ^ j . 

T h e p roof t h a t worked for t h e g e n e r a l set equa l i t y p r o b l e m does no t work 
for o n e - t o - o n e set e q u a l i t y p r o b l e m , b e c a u s e it uses t h a t fact t h a t t h e r e c a n be 
very m a n y p r e i m a g e s for a n y e lement of t h e se t s . However , we will p rove lower 
b o u n d for a p r o b l e m b e t w e e n the se p r o b l e m s . 

D e f i n i t i o n 3 Call the general set equality problem to be a f(n) set equality 
problem if | a - 1 ( i ) | = 0(f(n)) and | 6 _ 1 ( . T ) [ = 0(f(n)) for all im,agcs x 6 
a([u]) U b([n\) and for some function f. 

We will p rove ^ ( l o g i / j n ) lower b o u n d for t h e log(n) se t equa l i ty p r o b l e m . 

T h e first r e su l t for lower b o u n d s of t h e set. equa l i t y like p r o b l e m w a s d o n e 
by A a r o n s o n [1]. He s h o w e d fi(?i1//f') lower b o u n d for so cal led set c o m p a r i s o n 
p r o b l e m : t o dec ide w h e t h e r t w o se t s a r e e q u a l or dis joint on a c o n s t a n t f rac t ion 
of e l e m e n t s . He also a s s u m e d t h a t b o t h a a n d b a re o n e - t o - o n e func t ions . In 
th is p a p e r , we will s t u d y lower b o u n d of p r o b l e m w h e n t h e s e sets A a n d B are 
s t r i c t ly d is jo in t or e q u a l , however a a n d b is not a o n e - t o - o n e . 

2 Preliminaries 
2.1 Q u a n t u m Q u e r y a l g o r i t h m s 

T h e m o s t p o p u l a r m o d e l of q u a n t u m c o m p u t i n g is a q u e r y (oracle) m o d e l w h e r e 
t he i n p u t is g iven by a b lack box . For m o r e de ta i l s , see a s u r v e y by A m b a i n i s [3] 
or t e x t b o o k b y G r u s k a [8]. In th i s p a p e r we a re able t o sk ip t h e m b e c a u s e ou r 
proof will b e bui l t on r e d u c t i o n t o solved p r o b l e m s . 

O n e of t h e mos t a m a z i n g q u a n t u m a l g o r i t h m s is a G r o v e r ' s s e a r c h algo­
r i t h m . It s h o w s how a g iven X\ S {0 .1} .X '2 € { 0 . 1 } . ....xn <E { 0 . 1 } t o find t h e 
i t h a t x.i = 1 w i t h O(yfri) quer ies . 

T h i s a l g o r i t h m c a n b e genera l ized t o so cal led a m p l i t u d e ampl i f i ca t ion [7j. 
Us ing a m p l i t u d e ampl i f i ca t ion one c a n m a k e good q u a n t u m a l g o r i t h m s for 
m a n y p r o b l e m s till t h e q u a d r a t i c s p e e d - u p over classical a l g o r i t h m s . 

B y s t r a i g h t f o r w a r d use of a m p l i t u d e ampl i f i ca t ion we get a q u a n t u m algo­
r i t h m w i t h 0(y/n) que r i e s for t h e gene ra l set equa l i t y p r o b l e m and a q u a n t u m 
a l g o r i t h m w i t h 0(n1^) quer ies for t h e one - to -one set e q u a l i t y p rob l em. 
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2.2 Q u a n t u m q u e r y l o w e r b o u n d s 

T h e r e a re two m a i n a p p r o a c h e s t o ge t g o o d q u a n t u m lower b o u n d s . T h e first 
is A m b a i n i s ' [2] q u a n t u m a d v e r s a r y m e t h o d . T h e o t h e r is lower b o u n d by 
p o l y n o m i a l s i n t r o d u c e d by Beals e t al . [5] a n d s u b s t a n t i a l l y gene ra l i z ed by 
A a r o n s o n [1] and Shi [12]. A l t h o u g h exp l i c i t ly we will use o n l y A m b a i n i s ' 
m e t h o d , m a i n resu l t we will get by a r e d u c t i o n t o p r o b l e m , solved by p o l y n o ­
mia l s ' m e t h o d . 

T h e bas ic idea of a d v e r s a r y m e t h o d is t h a t , if we c a n c o n s t r u c t r e l a t i o n 
R C .4 x B, whe re A a n d B cons i s t i ng of 0 - i n s t a n c e s a n d 1- ins tances a n d t h e r e 
is a lot of ways how t o get from a n i n s t a n c e in A t o a n i n s t a n c e in B t h a t is 
hi t h e r e l a t i on and b a c k b y f l ipping v a r i o u s va r i ab l e s , t h e n q u e r y c o m p l e x i t y 
m u s t be high. 

T h e o r e m 1 [2] Let / ( x i , . . . . x . y ) , be a function of n {0, 1}-valued variables 
and X. Y be two sets of inputs such that f(x) ^ f(y) if x £ X and y £ Y . Let 
R C X x Y be such that 

• For every x £ X. there exist at least m different y £ Y such that (x, y) £ 
R. 

• For every y £ Y, there exist at. least m' different x £ X such, that (x.y) £ 
R. 

• For every x £ A' and i £ { 1 . . . . . n } . there are at most I different y £ Y 
such that (x. y) £ R and x, ^ x/j. 

• For every y £ Y a-nd i £ {1 n}, there are at most. /' different x £ X 
such that, (x.y) £ R and x, ^ y,-. 

Then, any quantum algorithm computing f uses fl(^2j|r^) queries. 

2.3 T h e c o l l i s i o n p r o b l e m 

F i n d i n g w(l) q u a n t u m lower b o u n d for t h e col l is ion p r o b l e m was a n o p e n 
p r o b l e m since 1997. I n 2001 S c o t t A a r o n s o n [1] solved it s h o w i n g p o l y n o m i a l 
lower b o u n d . L a t e r his resul t w a s i m p r o v e d by Y a o y u n Shi [12]. N e w l y Sh i ' s 
resu l t w a s e x t e n d e d by S a m u e l K u t i n [10] a n d by A n d r i s A m b a i n i s [4] in a n o t h e r 
d i r e c t i o n s . 

Be low is exac t f o rmu la t i on of col l is ion p r o b l e m d u e t o Shi[12] . 

D e f i n i t i o n 4 Let n > 0 and r > 2 be integers with r\n. and let a function of 
domain size n be given as an oracle with the promise that it is either one-to-one 
or r-to-one. Call the r-to-one collision problem the problem to distinguishing 
these two cases. 

Shi 112] showed q u a n t u m lower b o u n d for r - t o - o n e coll ision p r o b l e m . 

T h e o r e m 2 [12] Any error-bounded quantum algorithm to solve r-to-one col­
lision must evaluate the function i}((n/r)l/i) times. 
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3 Results 

3.1 L o w e r b o u n d f o r t h e g e n e r a l s e t e q u a l i t y p r o b l e m 

T h e o r e m 3 Any quantum algorithm which, solves the general set equality prob­
lem makes il(y/n) queries. 

Proof. S i m p l e use of A m b a i n i s 7 T h e o r e m 1. Sinee A m b a i n i s ' T h e o r e m 1 deals 
w i th b o o l e a n func t ions , we will modify a n y q u a n t u m a l g o r i t h m t h a t solves t h e 
genera l set e q u a l i t y p r o b l e m to a n a l g o r i t h m , t h a t c o m p u t e s b o o l e a n func t ion . 

W e wdll prove th i s t h e o r e m even in a r e s t r i c t e d case , w h e n func t ions r e t u r n s 
only t w o va lues , let say 0 a n d 1. So we h a v e a p r o b l e m , given two func t ions 
a : n H t { 0 , 1 } a n d b : n >— {0 ,1} a n s w e r e i the r t h e s e t s A — { o ( l ) . a(n)} 
and B = {b(l).b(n)} a r e equa l or d is jo in u n d e r t h e p r o m i s e t h a t o n e of t h i s 
is t h e case . 

Let / : 2n ^ { 0 . 1 } be a pa r t i a l l y def ined func t ion . , 

/ ( Q ( l ) , a ( 2 ) . . . . ? a ( n ) . 6 ( l ) . 6 ( 2 ) . . . . ; 6 ( n ) ) . = { J* ^ 0 , 5 = 0 . 

It is ea sy t o see. t h a t if we can- solve a gene ra l set e q u a l i t y p r o b l e m , we can 
c o m p u t e t h i s func t ion w i t h c o n s t a n t s l o w d o w n , t o o . 

Let c o n s t r u c t t h e r e l a t i o n R from A m b a i n i s ' T h e o r e m 1 as follows: 

r = {{onr. o < i o n - , ' - 1 i , ' o i n - ' ' - 1 ) : 0 < i < n}. 

O n e c a n check t h a t R is well def ined a n d m = n, in' = I. I = 1 a n d V = \. 
T h u s a n y q u a n t u m a l g o r i t h m c o m p u t i n g / uses Q(^/n) que r i e s . • 

3.2 L o w e r b o u n d f o r t h e l o g ( n ) s e t e q u a l i t y p r o b l e m 

Now we will prove t h e m a i n resu l t in t h i s p a p e r . 

T h e o r e m 4 Any error-bounded quantum algorithm which solves the log(n) set 

equality problem makes f2( l o g i ^ n ) queries. 

P r o o f : 
T o prove T h e o r e m 4 we will r e d u c e r - to -one coll is ion p r o b l e m t o t h e log(n) 

set e q u a l i t y p r o b l e m . W e are given func t ion / : [n] >—* [rn], u n d e r p r o m i s e t o 
be e i t he r r - to -one or o n e - t o - o n e a n d r = [~logn"j a n d r\n. W e r a n d o m l y choose 
two se t s A a n d B s u c h t h a t \A\ = \B\ = n/2 a n d A U B = [n] a n d A Pi B = 0 . 
D e n o t e ,4 ' = f(A) a n d B' = }'{B). I t is obv ious ly t h a t if / is o n e - t o - o n e t h e n 
.4' n B' = 0 . 

If / is r - t o -one t h e n t h e s i t u a t i o n is m o r e c o m p l i c a t e . In t h e next s u b s e c t i o n 
we will p rove t h a t w i t h b ig p r o b a b i l i t y h o l d s t h a t A' a n d B's i nc ludes all images 
off . t h u s A' = B' = f{[n}). 

Let t h e func t ions a a n d b f rom T h e o r e m 4 b e t h e s a m e as / bu t d o m a i n for 
a is .4 and d o m a i n for b is B. 
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D e n o t e t h e set of all p r e i m a g e s of x in t h e set A by f~l

 4 ( : r ) = D .4. 
S ince ] / ' _ 1 ( a - ) | = r for e v e r y x £ / ( [ » ] ) : it is clear t h a t a l so j a - 1 ( . 7 ; ) | = O ( l o g n ) 
a n d \b~l(x)\ = 0 ( l o g ; j ) for every x £ f([n})-

So w i t h c o n s t a n t p r o b a b i l i t y we get t h e log(n) set e q u a l i t y p r o b l e m w i t h 
d o m a i n s ize n/2. N o w T h e o r e m 2 impl ies T h e o r e m 4. C 

3.3 R e d u c t i o n 

L e m m a 1 From, all possible divisions of a set fn] into two equal sized parts A 
and B such that An B = 0 . only few of them are such that for some x £ /([«]) 
there is no preimaye either in A or B. 

P r o o f : 
To ta l count of all (poss ib ly u n i f o r m ) d iv i s ions a re 

C « ' 2 = 
{n/2)\(n/2)V 

T o t a l count of such d iv is ions is a t m o s t t h e c o u n t of i m a g e s (n/r) mul t ip l i ed 
by count of d iv i s ions w h e r e o n e fixed x 6 f(\n\) h a s n o p r e i m a g e e i t h e r in A 
or B. 

A s s u m e t h a t all p r e i m a g e s of x is in A. t h u s B h a s no t any of t h e m . N u m b e r 
of ways how we c a n c h o o s e r e s idua l e l e m e n t s is 

nn/2-r {n-r)\ 

(n/2 - r)\(n/2)\ 

A n a l y s i s of an o p p o s i t e a s s u m p t i o n is s imi la r , so p r o b a b i l i t y t o choose d iv is ion 
which is b a d o n x is 

2Cll/sFr

 = 2(n- r)\(n/2)\(n/2)\ = 2 ( n / 2 ) ( n / 2 - l ) ( n / 2 - 2)...(n/2 - r + 1) _ 

C;;/2 (n/2 - r)\(n/2)\n\ n(n - l ) ( n - 2)...(n - r + 1) 

= n/2 - 1 n/2 - 2 n / 2 - r + l ^ 1 

n - l n - 2 " ' n - r+ 1 _ {2' 

So p r o b a b i l i t y t o choose b a d d iv i s ion for a n y x £ /(["•!) is a t most 

, 1 , - 1 " _ 2 " 

Since r = [log n] 

Inch is small for l a rge 

' 2 ' r 2rr 

2n 2 

2 ' r ~" flog74] 
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4 Conclusion 

F i n d i n g lower b o u n d for t h e set e q u a l i t y p r o b l e m is o n e of t h e mos t cha l l eng ing 
t o d a y ' s t a s k in t h e o r y of q u a n t u m q u e r y lower b o u n d s . W e have solved t h i s 
p r o b l e m par t i a l ly . O n e c a n a rgue t h a t t o solve t h e set e q u a l i t y p r o b l e m c a n be 
easier w h e n func t ions a re p r o m i s e d t o b e w i t h a smal l r a n g e of p r e i m a g e s for all 
images . Oux p a p e r shows t h a t t h e difference b e t w e e n t h e genera l set equa l i t y 
p r o b l e m a n d t h e log n set equa l i t y p r o b l e m is very sma l l , r e spec t ive ly Q(y/n) 
a n d <1( [ o ^ 1 / a n )• T h i s enforce op in ion t h a t q u a n t u m c o m p u t e r p r o b a b l y c a n n o t 
solve t h e o n e - t o - o n e set e q u a l i t y p r o b l e m w i t h only p o l y l o g a r i t h m i c n u m b e r of 
ques t ions . 
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Abstract Boolean functions of high deterministic query complexity and low 
degree of representing polynomial have different applications in theoretical com­
puter science, yet not many are known with such properties. 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 qui te simple in definition as re turning results from {a. b}n to 
{a, b], where a ^ b can be chosen, are a subject to careful investigation as they can 
be used in proving different characteristics of different computat ional models . 

For example , Boolean functions can be used to prove different results consider ing 
quantum decision t ree complexity. If we use deg(f) as the degree of mult i l inear 
polynomial representing Boolean function / . and D(f) as the deterministic decision 
tree complexi ty of / then w e have D(f) > deg(f) [1]. For exact quantum decision 
tree complexity there exists a result QE{I) > d e ? ^ [6]. 

For use in quantum comput ing the chal lange is to find a function with high D(f) 
and low deg(f), that could give some advantages in proving bound-re la ted problems . 

2. Notation 

As noted before we will use £ > ( / ) , but it is easier to determine the max imum sensitivity 
of a Boolean function - * ( / ) . Sensitivity of / on input ( x i . X2 x n ) is the number 
of of variables xt with property that / ( x i . x2.•••• x, x7l) ^ / ( x i . x2l • • •. 1 -
Xi ,xn) 

It has been proved that s(f) < D(f) [2]. So, if we know s ( / ) then we k n o w 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 co lumn for each variable. Each cell contains 
" 1 " , "0" or " - " in each cell . A table is constructed to show all possible inputs giving 
either 1 or 0 as the result of function. "0" or " 1 " in ?th co lumn symbolizes that input 
defined by the row must have xt = 0 or x, = 1 resp. whi le " —" means that the value 
of Xj is not significant for the input. 

1 Research supported by Grant No.01.0354 from the Latvian Council of Science and by the 
European Commission, Contract 1ST-1999-1 1234 (QA1P). 
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3. Existing results 

Currently there are several functions provid ing D(J) > deg(f) that are used to create 
(e.g. iterations and other various operat ions) others. 

1. Function J\ ( x i . xo. ) being 0 iff all variables are equal [1]. D(fi) = 3, 

deg(fi) = 2 

2. Function / 2 ( x ) that equals 1 iff x = x 1 x 2 x 3 x i equa l s 0 0 1 1 , 0100, 0 1 0 1 , 0111 , 
1000 ,1010 , 1 0 1 1 , or 1100 with deg(f2) = 2 and D(f2) = 3 [3]. 

3. Function fs(xi,x2.x3.x4.x.5,xg) with deg(f3) = 3 and D(fs) = 6 by 
Kushilevitz. cited by [4]. / 3 equals 0 when sum of xt equals 0, 4 or 5 or 3 
and one of the following is true: xi = x2 = x3 = 1, x2 = X 3 = X 4 = 1, 
X 3 = Xi = X 5 = 1, X 4 = X 5 = X ! = 1, X5 = Xl = X2 = 1, 
Xi = X 3 = Xg = 1, Xl = X 4 = Xg = 1, X2 = X 4 = X'G = 1, 
:r 2 = x 5 = xg = 1, X 3 = x 5 = x 6 = 1. Otherwise the value is 1. 

4. Function / i ( x i . x 2 . X 3 , X 4 . x .5, xg . X 7 ) with D(f) = 7 and deg(f) = 4 from 
[5]. The value of function is 1 iff input is defined in Table 1. 

Xl x2 X 3 X.1 x 5 
x 6 X 7 

- 1 - 0 - 0 0 
- - 0 - 0 0 1 
- 0 1 0 0 — -

0 — 0 0 — 1 -

1 0 0 - - - 0 
0 0 — 1 0 -

0 - - 1 0 - 0 

Table 1: Func t ion / 4 from [5] 

4. Construction of Boolean functions 

In our search for Boolean functions of specified qual i t ies we use the previously men­
tioned way of descript ion and analyze regular i t ies . For example , some kind of regu­
larities can be seen in Table 1. 

4.1. Hadamard matrices 

A Hadamard matrix is a square matr ix conta ining only I s and — I s such that when 
any two columns or rows are placed side by side, ha l f the adjacent cells are the same 
sign and half the other (except ing from the count an L-shaped "half-frame" bordering 
the matrix on two sides which is composed entirely o f I s ) [7]. It is easy to see that 
one can change the order of co lumns and rows , still keep ing the proper ty of Hadamard 
matrices. 

We use Hadamard matr ix of order 8 from [8] shown in Table 2. 
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1 1 1 1 1 1 1 1 
- 1 - 1 - 1 1 - 1 1 1 1 
- 1 1 - 1 - 1 1 - 1 1 1 
- 1 1 1 - 1 - 1 1 - 1 1 
- 1 1 1 1 - 1 1 - 1 
- 1 - 1 1 1 1 - 1 - 1 1 
" 1 1 - 1 1 1 1 - 1 - 1 
- 1 - 1 1 - 1 1 1 1 - 1 

Table 2: Hadamard matr ix had.8.1 from [8] 

4.2. Analysis of fi 

Table 1 can be constructed easily from Table 2 - first co lumn and first row are to be 
removed, matrix has to be read from the right side. — I s replaced with Os and I s with 
" —" signs (as in Table 3) . After that we only have to insert I s in appropriate posi t ions. 

X-2 Xrj •''6 •' :7 

- - 0 — 0 0 
- - ;i - 0 0 — 

- 0 0 0 - — 

0 - 0 0 - - -
- 0 0 - - - 0 
0 0 -

0 - - - 0 - 0 

Table 3: Bui ld ing function fi 

First we want the definition of function to satisfy the following property: 

P r o p e r t y 1 ( R i h a r d ' s p r o p e r t y ) If there exists 1 in cell (i.j) and 1 in cell 
(k.l) then exactly one cell from {(i.l),(k.j)} must hold 0 and exactly one -

This property is a way to: 

1. Al low each input be defined with exactly one row 

2. Have some kind of minimal distance between each two rows, thus having a small 
amount of I s and Os used in the definition. 

As one can see the definition of fi satisfies Property 1. O f course, there are several 
ways to put the I s in the matr ix of a function. A very regular way is mov ing the first 
row of Table 3 to the bo t tom and putt ing I s on the diagonal as in Table 4. 
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Xo x.i x 5 
x G X7 

- - 0 - 0 0 1 
- 0 - 0 0 1 — 

0 - 0 0 1 - — 

- 0 0 1 - — 0 
0 0 1 - - 0 — 

0 1 - - 0 - 0 
1 - 0 - 0 0 

Table 4: Funct ion f.5 

L e m m a 1 s(f-,) = 7 

Lemma 1 is provided by sensitivity on zero input. 

T h e o r e m 1 D(f5) = 7 

Theorem 3 straight from L e m m a 1. 

T h e o r e m 2 deg{f5) = 4 

Theorem 2 is proved by construct ion. 

The number of m e m b e r s of the represent ing po lynomia l for f$ is the same as for 
f.i and 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 represent ing the inputs giving 1 as result in Table 5 and Table 6. It 
must be reminded that /g is the same function as f\. 

X l X'2 X3 
0 - 1 
- 1 0 
1 0 -

Table 5: Function JQ 

T h e o r e m 3 D{f7) = 1 1 . deg(fT) = 6 

Determinist ic query complexi ty c o m e s from sensitivity and degree is found by 
construction. 

Using the same method we can construct Boolean functions for other numbers of 
variables - 19. 23 , 3 1 . 43 , 47 - using Hadamard mat r ices available from [8]. However. 
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Xi Xo x3 
x 4 x6 x? Xg Xg 2" 10 Xll 

0 - 0 0 0 - - — 0 — 1 
- 0 0 0 - — - 0 — 1 0 
0 0 0 - - 0 — 1 0 -

0 0 - - 0 - 1 0 - 0 
0 - - - 0 - 1 0 - 0 0 
- - - 0 - 1 0 — 0 0 0 
- - 0 - 1 0 — 0 0 0 -

- 0 - 1 0 - 0 0 0 - -

0 - 1 0 - 0 0 0 — — -

- 1 0 0 0 0 — — — 0 
1 0 0 0 0 - - 0 -

Table 6: Function fj 

we have not constructed polynomials to find the degree of theese matr ices , but still we 
can do some estimates us ing the method described in [9], Tha t gives the degree of 
representing polynomial deg(f) = for these functions. 

5. Future work 

The new functions found do have characterist ics demanded , but still for these functions 
dag(f) > f, when D(f) = n , where n - the number of variables. A result needed 
is some function fx with deg(f) < % that could possibly give some quan tum query 
algorithm that had better advantages against classical counterpar t than any now known. 

Besides that Hadamard matrices and the likes could provide with interesting 
Boolean functions and thus need deeper investigation. 
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Constructing Boolean functions with a low polynomial 
degree. 
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Abstract Because of development in quantum computing and other issues of 
theoretical computer science, there is a necessity for Boolean functions with a 
low polynomial degree, but high deterministic complexity. For such functions 
it is highly probable that quantum algoritms can compute them more quickly 
than deterministic algorithms. Yet only a few such functions are known. It is 
also known that we can derive functions with a greater number of variables 
from any such functions by doing simple iterations. These derived functions 
also have a low polinomial degree and high deterministic complexity. 
In this paper we will show a technique for constructing such functions for a 
small number of variables and more complex iterations for constructing 
functions with higher number of variables. 

Keywords. Boolean functions, low polynomial degree. 

1. Introduction. 

Boolean function is funct ion/fx, ; x2; x„): [0; 1 ]"—>{0; 1 }. Decis ion tree of 
this function is a lgori thm, which asks values of variables A „ and according to the 
responses calculates the va lue of f u n c t i o n / Complexi ty of this decision tree is the 
maximal number of quest ions that the algori thm has to ask. Complexi ty of decision 
tree of function for determinist ic complexi ty is the smallest complexi ty of decision 
tree which correctly calculates function / In this paper we will denote the 
deterministic complexi ty of f u n c t i o n / b y D(f). 

For every Boolean funct ion f=j[x \ ; x2\ x„) there is a po lynomp{x \ \ x2, 
x„) such that for all x ,e {0; 1 ] p{x\\ x2; ...; x„) =J\x\\x2\ ...; x„). This po lynom which 
represents a Boolean function, is unique and its degree is also the degree of the 
function. W e will denote the degree wi th degif). It is known that for every Boolean 
function f deg(f) < D(f). Also it is easy to understand that D(f) < n is a lways true, 
where n is the n u m b e r of variables of function / (because if we know values of all 
variables of function w e can always to compute the value of function / ) . 

In this paper the set of all Boo lean functions which have n variables, 
deterministic complexi ty is m and degree of corresponding polynomial is k, will be 
denoted with B(k; m; n). Its easy to see that k < m < n. O f course, we consider 

Research supported by Grant No.01 .0354 from the Latvian Council of Science and 
by the European Commiss ion , Contract 1ST-1999-11234 (QAIP) 
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functions with non fictive variables. Fur ther w e focus on functions which have m = 
n, those are B(k; n; n) type functions. 

Currently there are some such f u n c t i o n s / k n o w n , have D(f)>deg(f): 

1. The function J\x\; x 2 ; x 3 ) e 5 ( 2 ; 3; 3). Proposed by 
Nisan and Szegedy (1994) . 

2. The f u n c t i o n / x i ; x 2 ; x 3 ; x 4 ) 6 5 ( 2 ; 3 ; 4) . Proposed by 
Ambain i s (2003). See [2]. 

3. The function f[xx\ x 2 ; x 3 ; x 4 ; x 5 ; x 6 ) g 5 ( 3 ; 6; 6). 
Proposed by Kushilevi tz (unpubl i shed resul t quoted in 
Nisan and Widgerson (1995)) . 

4. The function /(xi; x 2 ; x 3 ; x 4 ; x 5 ; x 6 ; x 7 ) g 5 ( 4 ; 7; 7). 
Proposed by Ambain i s and Freivalds (2003) . See [1 ]. 

Remark. Construct ion of 3rd and 4th function related to block designs. 

2 . C o n s t r u c t i n g o f n e w f u n c t i o n / <= 5(4; 7 ; 7 ) . 

Now let us s h o w h o w to construct f u n c t i o n / ( x i ; x 2 ; x 3 ; x 4 ; x 5 ; x 6 ; x 7 ) g 5 ( 4 ; 7; 
7). Later we will see that this function is different from the function proposed by 
Ambainis and Freivalds in [1]. 

Construct ion. Let us write var iables xu x 2 , . . . . x 7 where x, g (0; 1} (Figure 
1) in a circle and consider them as graph ver t ices . Let us compare var iables x\ and 

Xi. If xi = x 2 then w e connect them with a cont inuous line . If A", ^ I , then 

we connect them wi th dashed line . After that w e c o m p a r e x 2 and x 3 and again 
connect them with the appropriate l ine. W e cont inue util we get variables x 7 and X| 
which w e again connect . This is the w a y h o w w e get closed cyclic graph with 
"co loured" edges (Figure 2). Edges which are d rawn wi th dashed lines let us call 
"differences". N o w w e show that n u m b e r o f differences will a lways be an even 
number . Sum of (xi - x 2 ) + (x 2 - x 3 ) + . . . + (x 6 - x 7 ) + (x 7 - x i ) = 0 is an even 
number , edges which have equal number s in their end ings correspond to difference 
0, but edges which have different n u m b e r s in their end ings correspond to diference 

X4 • X4 

• Xi. .••** 

/ 
• X 6 X2 \ 

• • 
X1 

Figure 1 

X{ 

1 
x 7 

"ignre 2 
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which is odd number . Therefore the sum of some odd numbers , number of wh ich is 
equal to the number of differences, will be an even number . Therefore the number of 
threse odd numbers and also the number of diferences can only be an even number . 
Even n u m b e r s 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 

<p = (*t - xi? + (*> -XyT + . . . + (x 6 - x 7 ) 2 + (x 7 - x , ) 2 . 
Therefore for all x\, x2, ...,xlfp e {0, 2, 4 , 6 } . From here tp — 3 e { - 3 ; - 1; 1; 3} 
a n d ^ - 3 ) 2

 e {9; 1; 1; 9 } . ( v - 3 ) 2 - 1 e {8; 0; 0; 8} a n d / = «<p - 3 ) 2 - 1)/8 g {1; 
0; 0; 1 } . Obvious ly , the derived function / = / ( X , ; x2\ . . . x 7 ) is a Boolean function, 
because all of its variables x, g {0; 1} fa g {0; 1}. N o w let us show that deg(fo) = 4: 

(p = x f - 2x\x2 + x2

2 + x2 — 2x 2 x 3 + x 3

2 + . . . + x 7

2 — 2x7X] + X| 2 = 
= 2(x, + x 2 + ... + x 7 ) - 2 (x ,x 2 + x 2 x 3 + . . . + x 7 X|), 

therefore deg((p) = 2 . Express ion - 3 ) 2 contains all the e lements of the set squared: 
A = {2xi; 2x 2 ; . . . ; 2x 7 ; - 2xix 2 ; - 2x 2 x 3 ; . . . ; - 2x 7Xi; - 3} 

the degree o f it will be 1 or 2 because x , : = xt. Also the express ion - 3)" contains 
products of any two distinct e lements of set A doubled, w h i c h forms set B = {8x,x 2 ; 
8x 2 x 3 ; 8x 7 xi ; 8 x l x 2 x 3 x 4 ; e t c . } . Set B contains monomials o f degree 4, for example . 
8x1X x̂3X4, bu t no monomia l has a degree higher than 4. - 3 ) 2 is the s u m of such 
monomia ls therefore deg(((p - 3)") = 4. Therefore also 

^ g ^ ) = ^ ( ( ( f - 3 ) 2 - l ) / 8 ) = 4. 
N o w let us clarify the value of D(/o). As a result from the above, we see that 

[0 i f o ' = 2 o r J = 4 

° [1 if d=0ord=6 
id is the number of differences). 

If w e know any 6 values of the variables and they all are equal then w e can 
not calculate the value of fa. Really, if the 7th variable is equal to other 6 variables 
then d= 0 and fo - 1, but if the variable is different then d— 2 a n d / = 0. Therefore 
D(/o) > 6 and D(f0) = 7. Therefore a l s o / e 5 ( 4 ; 7; 7). 

In [1] Ambain is & Freivalds proposed function / g 5 ( 4 ; 7; 7) , w h i c h we 
denote w i t h / / . . Let us show that f u n c t i o n s / a n d / / , are different. 



34 DATABASES AND INFORMATION SYSTEMS 

7 Author ' s function 
fo=fu(x\:x2; . . . ; x 7 ) 

Amba in i s & Freivalds function 
/AF =/AF(X\; xi', . . . ; x 7 ) 

0 /&=1 7 ^ = 0 
1 /o = 0 
2 fo = 0 fAF=\ 
3 fo = 0 o r / 0 = 1 fAy=0OXfAF= 1 
4 fQ = 0 or/o = 1 /V = 0 or fAF = 1 
5 fo = 0 / > = 0 
6 /o = 0 /AF = 0 
7 /AF = 0 

Table 1 

From Table 1 we see that f0 £ fAF because if the s u m * s >̂ * o r >̂ 

then 
/o (* i ;x 2 ; . . • ;x 7 )±f A F(x\ \x 2 ; x7). 

7 
Also we see that f0 ^ 1 — / ^ = / ^ because if s u m X ; is 5 or 6, then f0 = 

fAF. Also we note that for all x, 

/ 0 ( x , ; x 2 x 7 ) = / 0 ( x , ; x , ; . . . ; x 7 ) , but 

fAF(xl;x2;...;x7)^fAF(xl:x2;...;x1) (x, = 1 - * , . ) . 

F rom here we conclude that set 5 ( 4 ; 7; 7) contains at least two functions. 

3. Graph - polynomial method. 

Now reconsider h o w we got the function f0. Obv ious ly the technique written 
above can be generalize, creating an a lgor i thm for cons t ruc t ing functions^xi; xi: . . . ; 
* 7): 

1. Let us take any Boolean function h(x\ y ) w i th two variables 
which has no fictive variables (for example , in case of function f0 we 
consider function h(x; y) = (x - v)~ = x + v - 2xv). 

2. Let us construct some graph G with n ver t ices . For each vertice 
we assign a variable x,. After then for each graph edge (x,; x,) we 
calculate /z(x,; x ; ) and the s u m for all edges . Then w e get a function 
(p(xx\x2; . . . ; x „ ) : 

p ( x i ; x 2 ; . . . ; x „ ) = V / l f l , ; ^ ) . 
\<T<j<n 

where (x,; x,) g G means that the graph G conta ins an edge (x,; x,). 
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3. Now w e clarify what values can the function ^ assume 
depending from the variables. Then we establish that for all x, (p(x\ \ x 2 ; 
...; x„) e A, where A = {a\ \ a2; ak}, a, £ N u {0}. 

4. Let us construct such po lynom P = P(y) that for V >' e A P(y) 
g {0; 1}. W e will try to minimalize the degree of the po lynom. 

5. Let us cons ider funct ion j \x \; x2, . . . ; x„) = P(q>(xu x2, ...; x„)). 
This function is a Boolean function with degijj^degiPydegip) = 
2deg(P) < 2-(\A\ - 1) = 2-(k - 1). If w e manage to p r o v e that D(f) is 
sufficiently large or even D(j) = n and k is small , then t h e . f u n c t i o n / i s 
suitable. 

W e will call this technique for construct ing such functions the graph -
polynomial method. For h(x; y) = (x - v ) 2 this me thod al lows us to construct 
f u n c t i o n / w h i c h the result ing degif) is an even number . Also for these functions for 

al lx, ; . . . ; * „ ) = f(xl;x2;...;xn). 

To use this method further, we will make several definitions and prove some 
lemmas. 

4. Notations, definitions, lemmas and theorems. 

Definition 1. A n - cyclic graph (n > 3) is a graph wi th edges (at; a2), (a2\ a 3 ) , 
. . . . i; a„), (a„; ax). W e wil l denote such graph with C„ (Figure 3). 

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

L e m m a 1. For every n > 3 the number of differences in graph C„ will a lways 
be an even number. 

Proof. W e assign variable x, to vert ice /'. The sum 
(x, - x2) + (xi - x 3 ) + . . . + (x„_ , - x„) + (x„ - x , ) = 0 

is an even number . For edges which have equal va lues on the corresponding 
vertices, the difference is 0, for edges having different va lues on corresponding 
vertices, the difference is an odd number . Therefore the s u m of odd numbers will be 
an even number , as the number of odd numbers is equal to the difference count. 
Therefore the number of odd numbers and the difference count can only be even. 
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Conclusion. N u m b e r of differences in graph C„ will be from set {0; 2; 4 ; 

It can be verified that the number of differences can take any of those 

values, therefore none of them can b e discarded. W e omi t this proof. 
Definition 3 . Mul t i l inear polynomial is a pol inomial wh ich can be expressed 

in form 
p(x\,x2; ...;x„) = a0( 1) + tfi(l)xi + a , ( 2 ) x 2 + . . . + al(n)x„ + < 3 2 ( l ) x ] X 2 + o 2 ( 2 ) x 2 x 3 + 

—2 
+ ... + a2{ n )x„... ix„ + . . . + ai{1)xix2x3 + ... + a„( 1 > i . v 2 . . . x„. 

Lemma 2. If / is mult i l inear po lynomia l wi th n var iables which all from set 
{0; 1} and degif) = k,k< n then f is also mul t i l inear po lynomia l and 

degif") < min(k-m, ri). 
(we omit the proof) 
Definition 4. For function / w i th an input vec tor X = ( A ' I ; X 2 ; . . . ; x„) sensitivity 

is the number of a rguments x, wh ich have to b e changed in order to change the value 
of the function: 

j\xu . . . ; .r , ; ...;x„) jzA^u 1 -*h •••;xn). 
W e will denote it wi th sx(J). The m a x i m u m of sx(f) for all vectors x will be denoted 
as s(f). 

L e m m a 3 . ( B u h r m a n and de Wolf, 2001) For every Boolean function/s(f) < 
D(j). 

L e m m a 4. I f there exists a vec tor x = ( x , ; x 2 ; x „ ) such that sx{f) = n then 
f u n c t i o n / d o e s not have any fictive var iables . 

Proof. If any of the var iables x, is changed , the value of the function changes, 
therefore none of the variables is fictive. 

5. Construction of functions having degif) < D(J). 

Using the obtained graph - po lynomia l me thod , proved l emmas and 
introduced notat ions we will construct some functions. 

Theorem 1. There is a f u n c t i o n / g B(2; 2; 2 ) . 
Proof. Let us consider function h{x\; x2) = (x'i - x 2 ) ~ = x, + x 2 - 2x|.v 2. W e can 

see that for every X\, x 2 h g (0; 1} and deg(h) = 2. A s h = 0 if X\ = x2 and /; = 1 if x, 
± x 2 (difference) then s{0:0)(/) = 2 and D(h) = 2. 
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Theorem 2. There is a f u n c t i o n / e 5 ( 2 ; 3 ; 3). 
Proof. Let us cons ider graph CV N u m b e r of differences for it can be 0 or 2. 

Therefore ^(jq; x 2 ; x 3 ) e {0; 2 } , where <p{x\ \ x 2 ; x 3 ) = (xi - x2)~ + (x2 - x 3)~ + (x 3 -
x , ) 2 . T h e r e f o r e / = tpll G {0; 1) and 

/ = X, + X2 + X 3 - XiX2 - X i X 3 - x 2 x 3 . 
deg(J) = 2 and Dif) = 3 because s{0-(,,q)(J) = 3. Therefore/<= 5 ( 2 ; 3; 3). 

Remark . As we can see, the obtained function is the same Nisan function 
ment ioned above . Consequent ly this function can be also interpretated like the 
function from the number of differences. 

T h e o r e m 3 . There is a f u n c t i o n / G 5 ( 4 ; 4 ; 4). 
Proof. Let us consider graph C 4 . The difference count can be either 0, 2 or 4. 

Therefore function 
(p(x\; x 2 ; x 3 ; x 4 ) = (x, - x 2 ) 2 + (x 2 - x 3 ) 2 + (x 3 - x 4 ) 2 + (x 4 - x , ) 2 

will take values from set {0; 2; 4 ) . Further, hp - 2 ) 2

 e {4; 0; 4} a n d / = hp/2 - if e 
j 1; 0; 1) = {0; 1 >. W e see that degif) = 4 and D(f) = 4 because s(f) = 4 . T h e r e f o r e / 
e 5 ( 4 ; 4 ; 4) . 

T h e o r e m 4. There is a f u n c t i o n / e 5 ( 4 ; 5; 5). 

/ 

Xl 

A 
x2 X 3 

A 
\ 

x 4 X5 X6 

Figure 4 
x7 

X5 

ix 7 

' X 6 

Figure 5 ^ 

Proof. Let us consider the graph C 5 . Funct ion q> = {x\- x2f + (x 2 - x 3 ) 2 + ... + 
(x 5 - x , ) 2 which is equal to diference count will take value from set {0; 2; 4 } , 
t h e r e f o r e / = hp!2 - l ) 2

 e {1; 0; 1} = {0; 1}. degif) = 4 and D(f) = 5 because s ( 0 A k 0 . 0 : 

,»(/) = 5. Therefore f g 5 ( 4 ; 5; 5). 
Remark . By us ing the graph C 6 , w e can obtain f u n c t i o n / e 5 ( 4 ; 6: 6), which 

is less " in teres t ing" than Kushilevi tz function/<= 5 ( 3 ; 6; 6). 
Theorem 5 . There are different f u n c t i o n s / , / g 5 ( 4 ; 7; 7), which differs 

from the previously cons idered 7 - argument f u n c t i o n s / a n d / / . . 
Proof. Let us consider graphs seen in Figure 4 and Figure 5. The total number 

of differences can be ei ther 0. 2, 4 or 6, as every tr iangle in the graphs can have a 
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value from set {0; 2} and pentagon in F igure 5 can have a value from set {0; 2; 4 } . 
Therefore ^ u tp2 e {0; 2; 4; 6 } , where 

pi = (-v4 - -v,)2 + (.v4 - Xif + (xi - x 5 ) 2 + . . . + (x 6 - x 3 ) 2 + (x 6 - x 7 ) 2 + (x 3 - x 7 ) 2 and 
(02 = (x, - x 2 ) 2 + (x 2 - x 3 ) 2 + (x, - x 3 ) 2 + (x 3 - x 5 ) 2 + (x 5 - x 7 ) 2 + . . . + (x 4 - x 3 ) 2 . 

T h e n / , = ( ( p , - 3 ) 2 - l ) / 8 , / 2 = ( ( ^ - 3 ) 2 - l ) / 8 . / , . / 2 e {1 ; 0; 0; 1} = {0; 1}. degif,) 
= deg(f2) = 4 and Dif,) = Dif) = 7, because .v ( 0 . 0 ; ... ; 0>(/i) = s ( 0 : 0 : ....0)(f) = 7. 

N o w we can compare the f u n c t i o n s / , / , / and fAF, which comes from set 
5 (4 ; 7; 7) (Table 2). 

sum of 
Xi 

0 1 2 3 4 5 6 7 

/o 1 0 0 0/1 0/1 0 0 1 

/. 1 0 0/1 0/1 0/1 0/1 0 1 

fi 1 0 0/1 0/1 0/1 0/1 0 1 

f F 
0 1 1 0/1 0/1 0 0 0 

Table 2 

From Table 2 we can see that functions / and / are different from all other 
functions and different are functions / and fAF. The re is only quest ion about 
f u n c t i o n s / a n d / . To answer this ques t ion w e can cons ider sums Xi + x 3 + x 3 + x 7 

even—> 
0 l 9 3 

oddj 
0 l z 3 

0 111 0|0 0,110 110 
1 0 0 0,1|0,1 0,1 0,1 0,1|0,1 
2 0.1 0,1 0.1|0,1 0,1|0,1 0,1|0.1 
3 0,1|0,1 0,1|0,1 0,1|0,1 0|0 
4 no 0.1 0 0|0 111 

Table 3 

A 
> /\ y7 —\ I 

graph G] 
Figure 6 

and x 2 + x 4 + ,v6 (odd and even indexes) . Poss ible va lues of f u n c t i o n s / a n d / in this 
case we can see in Table 3 (in every cell in left side is all possible values of function 
/ and in right side is all poss ible va lues of function / ) . Author think that from 
Figure 4, Figure 5 and Table 3 follow that f u n c t i o n s / a n d / are different. N o w we 
know that set 5 ( 4 ; 7; 7) contains at least four different functions. 

Theorem 6. There are different functions g\, g2 e 5 ( 4 ; 8; 8). 
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Proof. To construct 8 - argument functions, we will not use graph Cg, but we 
will consider graph G, and G2 (Figure 6 and Figure 7). Easy to see that both graphs 
G] and G2 are disjoint and G2 is a mult igraph. 

/ 

x 2 

A 
A"5 Xi 

\ 
X 3 X4 X(, Xg 

graph G2 

Figure 7 

W e can see that difference count of each graph G] and G2 will take this and 
only this values: 0, 2, 4 and 6. Therefore ^ 2 e {0; 2; 4 ; 6} where and q,2 is 
difference count function corresponding graphs G\ and G2. Further , gi = ((^1 — 3)" -
1 )/8 e {0; 1} and g2 = ((r_ - 3 ) 2 - 1 )/8 e {0; 1}. W e see that degig,) = deg(g2) = 4 
and Dig,) = D ( g 2 ) = 8 because s(0:0,.... 0 ) ( g i ) = % : 0 ; 0 ) ( g : ) = 8. Therefore g , , g 2 e 

5(4 ; 8; 8). 
Obvious ly , functions g, and g 2 differs each from other. Analys ing diference 

count for several input var iables , we get Table 4. 

sum of 
0 1 2 3 4 5 6 7 8 

g\ 1 0 0 0/1 0/1 0/1 0 0 1 

g2 1 0 0/1 0/1 0/1 0/1 0/1 0 1 

Table 4 

N o w w e know that set 5 ( 4 ; 8; 8) contains at least two different functions. 
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Abstract. In this work we observe a fundamental problem in Computational 
geometry that is called 3-sum. This problem makes up a whole class, every 
problem of which is reducible to 3-Sum. This class is called 3-Sum Hard. In 

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

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

Keywords. Quantum computation, lower bound 

1. Introduction 

The quantum mechan i sm gives us a certain kind of power , which cannot be achieved 
by the determinis t ic or probabil is t ic approach . The a im of quantum computat ion is 
to discover tasks, where quantum computa t ion is significantly faster than classical 
one. There are some c o m m o n me thods , that al low to speed up quantum 
computat ion. T h e database search a lgor i thm [11] introduced by Grover gives 
quadratic speedup compar ing to classical search. It has inspired a number of other 
new quantum algor i thms, that use it as a bu i ld ing b lock . W e will ment ion ampli tude 
amplification algori thm [6], that can speed u p almost all quantum algori thms. 
On the other hand , not every a lgor i thm can be sped up even by such a powerful 
method. For example , b inary tree search in quan tum case has the same bound as its 
classical counterpart - fX/ogA^) [3] . In th is paper we will show the use of this 
algorithm to find a lower bound for q u a n t u m 3-Sum prob lem. 

2. Definitions and previous results 

In this paper we observe the following problem, cal led 3-Sum problem: 
Definition 1. Given the set S of N number s , detect whe ther there are three numbers 
a e S; b e S: c G S, such that a + b + c = 0. 

Alternat ive mode l , often called 3 - sum ' , is: 
Definition 2. Given the 3 sets A, B and C each of N numbers , detect whe ther there 
are three numbers a e A; b <= B; c 6 C, such that a + b = c. 

http://alisc.lv
http://oksana.sfaliis.lv
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There is a big cluster of p rob lems in computat ional geometry that are called 3-Sum 
Hard. Gajentaan and O v e r m a s [10] descr ibed them as p rob lems that can be reduced 
to the 3 -Sum problem. T h e example is, for instance, a G e o m B a s e problem: given 
points on three equally spaced horizontal l ines , are there points , one from each line, 
that are col linear. 

In classical computat ion the best currently known algori thm for any 3-Sum Hard 

problem takes 0(N2) t ime , while the best lower bound for the time complexi ty is 

q (NlogN), which is very low and unreachable . It is bel ieved that 3-Sum lower 

bound is the same as upper bound, f2 ( /V ) , so 3-Sum hard problems in classical 

computat ion sometimes call - N2 hard. For some of 3-Sum hard problems Q(-A/ 2 ) 

lower b o u n d has been proved. 
Consider ing quantum case , Dubrovsky and Scegulnaja [8] have shown quantum 

algorithm, that solves this problem in 0(NLogN) t ime, and lower bound C2(V^V ) . 

al though very low and unreachable . They also gave lower bound Q(ViV) and 

algorithm, that works within 0(N^r 3 • l o g ./V) for general izat ion of 3-Sum called 

r-Sum. 
In Sect ion '3 we discuss quan tum algori thm for 3-Sum prob lem [8]. 
In Section 4 we show h o w classical lower bound for 3-sum can be proved, using 
binary search method and use the same method in quan tum case. We show that, 
although this lower bound is not tight in classical case, it appears to be tight enough 
in quan tum case due to the fact, that quan tum binary search cannot give much 
speedup compar ing to classical algorithm. 
In section 5 we show 3 -Sum generalization called r -Sum. W e discuss algori thm 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 algori thm we m a k e use of quan tum ampli tude amplification method, which 

generalizes Grover quantum search. Here is an essence of ampli tude amplification: 
Theorem 1. There exists the quantum algorithm QSearch with the fol lowing 
property. Let A be any quantum algori thm that uses no measurements , and let 
y : Z —» {0,1} be any boolean function. Let a denote the initial success probabili ty 

of A o f finding a solution (i.e. the probabil i ty of outputt ing z such that y{z) = 1). 

Algori thm QSearch finds a solution us ing an expected number of 0(1 / yfa) 

applications of A and A~X if a > 0. and otherwise runs forever. 
The algori thm QSearch does not need to know the value o f a in advance, but if a is 

known, it can find a solut ion in worst-case 0{\I-Ja) applications. 
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Theorem 2. There exists a quantum algor i thm that solves 3-Sum prob lem in 
O(NlogN) . 

Proof. T h e algorithm works as follows: 
1. Sort set C classically, that takes 0(~NlogN) t ime. 
2 . Construct an algori thm that can solve the p rob lem with small probabili ty. 
The algorithm takes an input of two random elements , one from set A and the 

other from set B and outputs whether these t w o e lements are summing up to some 
element from C: 

(a) Compute a+b, a e A; b g B. 
(b) Check whether a+b can be found in C. Needs 0{logN) t ime, because C is 

amplification on that superposition with the a lgor i thm jus t descr ibed as a kernel . 
Ampl i tude amplification method uses Grove r a lgor i thm idea to speed up 
computa t ion . 

The max imum speedup it al lows to get is quadrat ic . In ou r case, classically we 

al lows us to get the same result, using only O ( N ) s teps . 
So the total t ime the algorithm uses is O ( N l o g N ) . 
There are several approaches for es t imat ing lower bounds for quantum 

algori thms. 
Most popular are classic adversary me thod [5] , [13] , which tries to al ternate the 

input without affecting the output , po lynomia ls [4] , which uses po lynomia l s to 
est imate lower bound of quantum a lgor i thms , and quan tum adversary me thod [1], 
[2] , that runs on superposi t ion of inputs and est imates the number of queries needed 
to achieve entanglement between a lgor i thm and oracle w o r k spaces . W e used 
Ambain i s quantum adversary method to c o m p u t e lower bound in [8] : 

Theorem 3 . 3-Sum problem has quan tum l o w e r b o u n d Q(VA^) 
Proof. T h e proof is based on A. A m b a i n i s adversary me thod of proving quantum 
lower bounds [1], [2] . We use his ma in theorem. 
T h e o r e m 4. Let f (X] ,X2, ... ,x„) be a function of N { 0 , 1} - valued variables and X, 
Y be two sets of inputs such that f(x)^t f(y) if x e X and y e Y . Let R cz X * Y be 
such that 

For every X f X there exist at least m different y e Y such that (x, y) s R, 
For every y e Y there exist at least m ' different x e X such that (x. y) E R, 
For every x <g X and i e { l n} there are at mos t 1; different y e Y such that (x, 

y) e R and x, jt y,. 
For every y e Y and i s {L n} there are at mos t )•' different x s X such that 

(x, y) £ R and x, ^ y;, 

sorted. 

3 . Construct quantum superposi t ion ove r all the and use ampli tude 

mus t repeat algorithm kernel steps O(N') t imes. Ampl i tude amplification method 

Then, any quantum algori thm comput ing f uses Q ( 

That means , that we need to find all the variants h o w the input x can be modified. 
For our case . weTl take X to contain only o n e e lement : A consist ing of all ze ros ; B -
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all I s , C - all 2s. It is an input, on which our function returns 0. Let Y contain all 
inputs made of X, with one element 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 e lement 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. Accord ing to the theorem, m = 3N, because for every x e X 
there are exactly 3N different y e Y, which differs from x in exactly one posi t ion, m 
= 1, because for every y <= Y there is only one x <= X, which differs from y in exactly 
one posi t ion. / = / ' = 1 that follows from our definition of R. 

Using this formula w e get a lower bound Q(VA^) • 
Unfortunately, this me thod gives almost trivial result in this case. The bet ter idea 

was to try the same method as in classical case. 

4 Improved lower bound for 3-Sum problem 

Classical lower bound Q(NlogN) fol lows from the technique of Dobkin and 
Lipton [7] in the linear decision tree model . They observed that the set of inputs 
following a fixed computat ional path through a linear decis ion tree is connected. 

Since the set of nondegenera te inputs has nn["] connected components , any linear 

decision tree must have n n { n ) leaves and therefore must have depth Q (NlogN). As 
quantum algori thm cannot give any speedup on a linear decision tree, w e must 
conclude, that quantum lower bound for 3-Sum is Q (NlogN). 

5 3-sum generalization 

The mos t natural general izat ion of 3-Sum prob lem 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 Si Srof N numbers , detect whe the r there are r numbers 
one from each set that sum to zero. 

Similarly w e can define the class of r-Sum Hard problems. 

In determinist ic case these problems have a lower bound o f Q (Nlog(N)) and best 

known deterministic a lgor i thm can solve the r-sum problem in 0(N'+h ' ) when r 

is odd and 0(N' 2 l o g ( r ) ) when r is even. 

Theorem 5 . Quantum algori thm described in [8] can solve r-Sum problem in 

0(N^''^ l o g AO time. 

Proof. W e will further divide sets Si Sr in two more groups of sets: First group 
will contain x sets of data - let 's call them Ci G and the second will contain 
remaining (r-x) sets of data - l e t ' s call them Q\,...,Qr-x. 
The algor i thm itself consists of two parts - classical and the quantum one. 
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First, we execute the classical part of the algori thm and then execute the quantum 
part of it. 
Classical part of algori thm works as fol lows: w e take sets Ci G and perform 
following operations on them: 
1. M a k e all the possible groups of e lements picking o n e from each of sets Ci Cx 
and sum them up. (Call this n e w set C S u m ) 
2. Sort the summary set CSum 

After classical part of a lgori thm finishes its work we will get the sorted set of all the 

possible element combinat ions in sets C i , . . . , G . This will take 0(NX log N) t ime. 
Then starts the quantum part o f the a lgor i thm, that uses sets Qi,...,Qr* as well as the 
set CSum. The quantum part of r-sum a lgor i thm is in fact general ized version of 
quantum 3-sum algorithm: 

1. Construct the probabi l is t ic a lgor i thm that can find the solution of the problem 
with a small probabili ty. T h e a lgor i thm will take t w o steps: This a lgor i thm will 
randomly take one e lement from each of sets Q\ Qrx and sum those elements . 
Then it will take the s u m obtained and search for it in C S u m sorted set. 
The first algorithm s tep can be accompl ished in constant t ime that depends only on 
r. T h e second algorithm part takes 0(log(N)) t ime to search element in sorted 
database. So the total running time o f the a lgor i thm is <9(/og(A')). Howeve r this 

1 
algorithm will find t he solution with probabi l i ty only _ ̂  

2. T o boost the probability of success w e use ampl i tude amplification technique. W e 

prepare the starting quantum superposit ion ^ | ^| r - \ Qr_.t) a n d c a " t n e 

amplitude amplification with a lgor i thm from the step 1 embedded in it. Then, after 

0(N['~X) 2 ) steps the algori thm wil l g ive an answer with high probabi l i ty of 

success. So the running time o f quan tum part o f a lgor i thm is 0(NU~X) ~ log A/) . 
T h e total running t i m e of this a lgor i thm is: 0(max(Nx log N, N[r~x)'2 log A/)) . 
so w e should minimize this function. This is t h e case w h e n x = (r-x)/2. So we get the 

va lue of x = l/3r a n d total a lgori thm running t i m e 0(N^' 3 1 log A/) . 

Theorem 6. r-Sum problem has quan tum lower bound Q (NlogN) 
Proof. The proof is the same as for 3 -Sum problem. 

6 Conclusion 

In this pape r we h a v e observed 3 -Sum prob lem. This p rob lem is of great importance 
in computational geomet ry , because there exis ts a w h o l e class of related problems 
called 3-Sum Hard that can be reduced to 3-Sum. We have shown quantum 
algori thms from 3-Sum problem and its general iza t ion called r-Sum, that run faster 
that their classical counterpar ts . As t o lower bounds , w e have improved our previous 
results, finding a t ight lower bound for 3-Sum prob lem and bet ter lower bound for r-
S u m 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 is 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 quan tum c o m p u t e r could, in principle, solve 
certain problems faster than a convent ional computer . A quan tum computer is a 
device, which takes full advantage o f q u a n t u m mechanica l superposi t ion and 
interference. Bui ld ing an actual quan tum compute r is probably far off in the future. 
Boolean decision trees model is the s implest m o d e l to compute Boolean functions. 
In this model the primit ive operat ion m a d e by an a lgor i thm is evalua t ing an input 
Boolean variable. The cost of a (determinist ic) a lgor i thm is the number of variables 
it evaluates on a worst-case input. 

The black-box m o d e l of computa t ion arises when one is g iven a b lack-box 
containing an A'-tuple of Boolean variables X=(xhx2 X \ . ) . The box is equipped to 
output Xj on input /'. W e wish to de te rmine some proper ty of X, access ing the x, only 
through the b lack-box . Such a b lack-box access is called a query. A proper ty of X is 
any Boolean function that depends on X, i.e. a proper ty is function f :{0,1}N —>/ 0,1}. 
We wan t to compute such propert ies us ing as few queries as possible . 

Consider, for example , the case w h e r e the goal is to de termine whether or not X 
contains at least one 1. so we w a n t to compute t he proper ty O R ( X ) = XQ v X i — v xN_ 
i. It is well known that the number o f queries required to compute O R by any 
classical (determinist ic or probabil is t ic) a lgor i thm is 0 ( N ) . G r o v e r [6] discovered a 

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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remarkable quantum a lgor i thm that, mak ing queries in superposi t ion, can be used to 

compute O R with small error probabili ty using only 0 ( V n ) queries. 

On the other hand, quantum algori thms are in a sense more restricted. For 
instance, only unitary transformations are al lowed for state transi t ions. Hence rather 
often a problem arises whether or not the needed quantum automaton exists. In such 
a situation lower bounds of complexi ty are considered. It is proved in [3] that 
Grover database search algorithm is the best possible. It is proved in [3] that no 
quantum query a lgor i thm exists for P A R I T Y with Q(N) quer ies , etc. 

W e use a result by A.Ambain is [1] to prove lower complexi ty bounds for 
quantum query algori thms. Currently, this is the most powerful method to prove 
lower bounds of complexi ty for quantum query a lgor i thms. In some cases there still 
remains a gap be tween the upper and the lower bounds of the complexi ty. In these 
cases we prove addit ionally that Amba in i s ' method cannot provide a bet ter lower 
bound for this problem. 

2. Query model 

In the query model , the input .v ;,....v,v is contained in a black box and can be 
accessed by queries to the b lack box. In each query, we g ive / to the b lack box and 
the b lack box outputs x,-. The goal is to solve the problem with the min imum number 
of queries. T h e classical version of this model is known as decision trees [4]. 

There are two w a y s h o w to define the query box in the quan tum model . The fust 
is the extension of the classical query (Figure 1). 

a > 

0 1 0 

Xl XT Xn 

ll> 

|a+xi> 

Figurel . Quantum black box. 

It has two inputs consist ing of [ logN] bits and b consis t ing of 1 bit. If the input 
to the query box is a basic state |i)|b), the output is |i)]b@x;). If the input is a 
superposition y j , b a;.b|i)|b), the output is 2j.t> ai.b |i)|b®x, ). Not ice that this definition 
applies both to case w h e n X; are binary and to the case w h e n they are k-valued. In 
the k-valued case, w e just make b to consist of p o g ; k ] bits and take b © X j to be 
bitwise X O R of b and x:. 

In the second form of quantum query (which only applies to problems wi th {0,1 \-
valued .T,), the black box has jus t one input /. If the input is a state a i ! > ) . the output 
is ^ ( _ l ) x , ' a ; | i ^ • Whi le this form is less intuitive, it is very convenient for the use in 

quantum algori thms, including Grave r ' s search algori thm [6]. A query of second 
type can be simulated b y a query of first type [6]. 
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A quantum query a lgor i thm with T queries is jus t a sequence of unitary 
transformations 

C/o_> 0 - > {/,_> 0 _ > O ^ , UT 

on some finite- dimensional space C*. Uo, U\, Uj can b e any unitary 
transformations that do no t depend on the bits X | , . . . , x N ins ide the black box . O are 
query transformations that consist of app ly ing the query b o x to the first logN+1 bits 
of the state. That is, w e represent basic s ta tes of C* as | i ,b,z). Then, O maps |i,b,z) to 
; i ,b@Xi ,z) . We use OX to denote the query t ransformation corresponding to an input 
x=(x,....xs). 

The computat ion starts with state |0). Then, w e apply Co, OX OX, UT and 
measure the final state. T h e result of the computa t ion is the r ightmost bit of the state 
obtained by the measurement (or several bi ts if w e are cons ider ing a p rob lem where 
the answer has more than 2 values). 

The quantum algor i thm computes a function f(xh...,xN) if, for every x=(x, xN) 
for w h i c h / i s defined, the probabil i ty that the rightmost bi t of UT OX UT-I— OX U,\§) 
equals f(x,,...,x^) is at least 1-g < Vi. 

The query complex i ty o f / i s the smal les t number of queries used by a quantum 
algorithm that c o m p u t e s / We denote it 0(f). 

Our proofs use the fol lowing results b y A. Ambain i s . 

Theorem A l [1] Let f(xh x2..xj be a function of n {0,1}-valued variables and A cz 
{0.1}", B c {0.1}" be such that f(A) = l .f(B)=0 and 
» for every x=(xt..xn) eA, there are at least m values i e { l n} such that (xt, ... , 

Xi_,.I-Xj,Xj-i x„) e B , 

• for eveiy x=(x,..x,J<=B, there are at least m' values it={l,...,nj such that 
(X, X,:l,l-Xi.Xi..,,....Xn) e A . 

Then e o 9 = Q ( - N & ) . 

Theorem A2 [1] Let ffxi, x^.-x,,) be a function of n {0.1}-valued variables and A, B 
be two sets of inputs such that f(xj^ f(y) if x^A and yEB. Let RcrA »B be such that 
• for eveiy x£A there exist at least m different y sB such that (x,y)sR. 
• for every y€B there exist at least m' different x sA such that (x,y)sR, 
• for every xeA and i£{l....n} there are at most I differenty<=B such that (x,y)i=R 

and x,# v, . 
• for every y£B and is{l,...n} there are at most T different x^A such that 

(x.y) eR and xi7t v,-. 

Then 0(f) = I m m ' 
^ m a x ( 7 / ' ) 

Definition For any Boolean function f : {0.1 } N —>{ 0,1} and any x=(Xj..x„), ND(f.x) 
is the number of queries needed by nondeterministic algorithms on the values 
x=(x,..x,J. 
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Definition For any Boolean function/: {0,1 >N ->{ 0,1} 

ND0(f)= max ND(fx) and NDt(f)= max ND(f,x). 
FTXJ = fl FIX 1 = 1 

Theorem A 3 [2] Whatever the sets A and B, Theorem 1 cannot prove a better lower 

bound for the query complexity Off) than ^JND0 (f) . ND{ (f) 

We consider the fol lowing problems in our paper. 

3. Problems 

Problem 1 Partition into cl iques 
Instance: Graph G=(V,E) , wi th |V|=qk for fixed integer q > l and some integer k. 
Question: Can the vert ices of G be par t i t ioned into k disjoints sets V | , V 2 , . . V k such 
that, for l< i<k , the subgraph induced by V; is a complete graph and |V;J=q? 

Problem 2 Partit ion into triangles 
Instance: Graph G=(V,E) , w i th [V|=3k for some integer k. 
Question: Can the vert ices of G be part i t ioned into k disjoint sets V ^ V i , .. V k . each 
containing exactly 3 vert ices , such that for each V i ={u„v , .w i } , l< i<k, all three of the 
edges { U I J V I J . J U I J W I J . IVi . W J } belong to E? 

Problem 3 Matching 
Instance: Graph G=(V,E) , |V|=n. 
Question: Can the vert ices of G be par t i t ioned into n/2 disjoints pairs P i , P 2 , . . . , P „ 2 
such that for each Pi = {u;,v,}, l< i<n/2 , edge {Uj ,v,{ be long to E? 

Problem 4 Parity 
Instance: Matr ix M 2 n x 2 n , My G {0,1}. 
Question: ^PARJTY(Mi) = n? 

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

Problem 6 Vertex cover 
Instance: Graph G=(V,E) , positive integer k<JV|. 
Question: Is there a vertex cover of size k or less for G, i.e. a subset V ' ^ V with 
! V']<k such that for each edge ju,v} <=E at least one of vertices u and v belongs to V? 

Problem 7 Dominat ing set 
Instance: Graph G=(V,E) , posit ive integer k<|V| . 
Question: Is there a dominat ing set o f size k or less for G, i.e. a subset V ' ^ V with 
|V'j<k such that for all u e V - V there is a v e V for which { u , v | e E ? 
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Problem 8 Chromat ic number 
instance: Graph G=(V,E) , positive integer k<|V| . 
Question: Does there exist a function f: V—»{1.2,. . .k} such that f(u)^f(v) whenever 
{ u , v } e E ? 

Problem 9 Monochromat i c triangle 
Instance: Graph G=(V,E) . 
Quest ion: Is there a parti t ion of E into two disjoint sets E , , E 2 such that neither 
G1=(V,E , ) nor G 2 = ( V , E 2 ) contains a tr iangle? 

4. Main results 

4.1. Partit ion into c l iques 

L e m m a LI If there are k+1 mutually not connected vertices in the graph G=(V,E), 
jVj=kq, then Partition into cliques problem is not solvable. 
Proof: If there is a solut ion for Part i t ion into c l iques , w e get k disjoints sets . Since 
there is k+1 mutual ly not connected ver t ices , there is at least one subset containing 
two mutually not connected vertices a n d Partit ion into cl iques p rob lem is not 
solvable. • 

L e m m a L2 If a graph G=(V,E), IVj=kq, satisfies the following requirements: 
• there are k/2 mutually not connected (red) vertices, 
m there are k green vertices not connected with red ones, green vertices are 

grouped in pairs and each pair is connected by edge, 
• 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 solvable. 
Proof: Vertices are g rouped in subsets in accordance wi th the following: 
• each red vertex is put in a separate subset (k/2 subsets) , 
• each pair of green vertices is put in a separate subset (k/2 subsets) , 
• black vert ices are added as follows: q-1 to red and q-2 to green vert ices. 
Such a distribution satisfies Partit ion into c l iques p rob lem. • 

L e m m a L3 If graph G=(V.E), lVj=kq, satisfies the following requirements: 
• there are k/2+2 mutually not connected (red) vertices, 
• there are k-2 green vertices not connected with red ones, green vertices are 

grouped in pairs and each pair is connected by edge, 
• 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 o f green vert ices then we get 
k/2+2+(k-2)/2=k-r 1 vert ices. These vert ices are not mutual ly connected. The 
Partition into c l iques p roblem is not solvable because the set of selected vertices 
satisfies the requi rements of L e m m a L I . 3 
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Theorem T l Partition into cliques requires Ofn' J quantum queries. 
Proof: W e construct the sets A and B for the usage of Theorem A l . 

The set A consists of all graphs G satisfying the requirements of Lemma L2. The 
set B consists of all graphs G satisfying the requirements of L e m m a L3. 

From each graph G(=A, w e can obtain G'^B by disconnect ing any one of the 
edges, wh ich connect the g reen vertices. Hence m=k/2=0(k). From each graph 
G&B, w e can obtain G'(=A by connect ing any two red vertices. Hence 
m •=(k/2+2){k/2+l)/2=0(k2). 

Since q is fixed, it fol lows that k=Oinj. B y Theorem A l , the quantum query 

complexity is Q V« • n1 =f2(n'5). 

The same idea proves the following two theorems. 

Theorem T 2 Matching requires Q(n ') quantum queries. 

Theorem T 3 Partition into triangles requires Q(n ~') quantum queries. 

Theorem T 4 The lower bound for Partition into cliques cannot be improved by 
Ambainis' method. 
Proof: W e use Theo rem A 3 . Let the Boolean function f describe Partit ion into 
cliques. 
ND/(f) = O(n) , because it suffices to ask the edges for all the guessed subsets of 
vertices; all the subsets are o f constant size. 
NDu(f) = 0(n) , because it suffices to exhibit a subset of k+1 vertices connected by 
no edges. Since k=0(n), (k-l)kJ2 = 0(n:). 
H e n c e ^ N D , ( f ) . N D 0 ( f ) = 0(nLS) . 

4.2. Parity problem 

Theorem T 5 Parity problem requires Q(n') quantum queries. 
Proof: W e construct the sets A and B for the usage of Theo rem A l . 

The set A consists of all matrices M wi th n rows containing n symbols " 1 " per 
row plus n rows conta in ing 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 n+1 rows 
containing n+1 symbols " 1 " per row. 

Every matr ix MeA can b e transformed into a matrix M'^B by taking an arbitrary 
row with n symbols " 1 " and transforming an arbitrary " 0 " into " 1 " . H en ce m= n~. 
Every matr ix M'^B can b e transformed into a matrix MeA by taking an arbitrary 
row with n+1 symbols " 1 " and transforming an arbitrary symbol " 1 " into " 0 " . Hence 
m '= n . 

By Theorem A l , the quan tum query complexi ty is Q = Q ( r r ) . This is the 
max imum possible lower bound . • 
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43. Hamil tonian circuit problem 

L e m m a L4 If a graph G=(V,E), /V/=5n. satisfies the following requirements: 
• there are n mutually not connected (red) vertices, 
• there are 2n green vertices not connected with red ones, green vertices are 

grouped in pairs and each pair is connected by edge, 
• all rest 2n vertices (black) are connected to all red and green vertices, 
then Hamiltonian circuit problem is solvable. 
Proof: We m a k e sequence as follows: o n e red ver tex, o n e black, pair of green, one 
black, one red, etc. This sequence satisfies Hamil tonian circuit prob lem. • 

L e m m a L5 If a graph G=(V,E), /V/=5n, satisfies the following requirements: 
• there are n+2 mutually not connected (red) vertices, 
• there are 2n-2 green vertices not connected with red ones, green vertices are 

grouped in pairs and each pair is connected by edge, 
• all rest 2n vertices (black) are connected to all red and green vertices, 
then Hamiltonian circuit problem is not solvable. 
Proof: The red vert ices and the pairs o r green vert ices are mutual ly not connected . 
The only w a y to get from one red ver tex to another (or from one g reen pair to 
another) is through s o m e black vertex. 
There are 2n black vertices in the g raph , but n + 2 red vert ices and n-1 green pai r 
makes altogether 2 n + l . So at least o n e of the black vert ices wi l l be used twice, 
which is not al lowed in Hamiltonian circuit . • 

Theorem T6 Hamiltonian circuit problem requires Q(nL') quantum queries. 
Proof: We construct the sets A and B for the u s a g e of T h e o r e m A l . 

T h e set A consists o f all g raphs G sat isfying the requi rements of L e m m a L4. T h e 
set B consist o f all g raphs G' satisfying the requ i rements of L e m m a L5. 

F rom each graph G^A, w e can obta in G'eB by d i sconnec t ing any one of the 
edges , which connect the green ver t ices . H e n c e m=n=0(/V/). F rom each graph 
G'sB, we can obta in G'eA by connec t ing any two red vert ices. Hence 

Theorem T 7 77ie lower bound for Hamiltonian circuit cannot be improved by 
Ambainis' method. 
Proof: We use Theorem A 3 . Let t he Boo lean function / descr ibe Hami l ton ian 
circuit. 

NDff) = O(n) , because it suffices to guess the sequence o f vert ices and ask the 
e d g e for every pair o f subsequent ver t ices . 

NDn(f) = Oin2) , because it suffices to check all edges . 

m '=(n+2)(n+l)/2=0(lVf-). 

B y Theorem A l , the quantum query complex i ty is C~2-\/Vn: = Q ( n ' : ' ) . 
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4.4. Vertex cover problem 

L e m m a L 6 If a graph G=(V,E), jVj=n, K=n/4, satisfies the following requirements: 
• there are n/2 black vertices, not mutually connected 
• there are n/2 red vertices, pairwisely connected, 
then Vertex cover problem is solvable. 
Proof: W e take in subset o n e vertex of each red pair and give n/4 vertices, which 
satisfies Vertex cover p roblem. 

L e m m a L 7 If a graph G=(V,E). /V/=n, K=n/4, satisfies the following requirements: 
• there are n/2-2 black vertices, not mutually connected 
a there are n/2+2 red vertices, pairwisely connected, 
then Vertex cover problem is not solvable. 
Proof: W e 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 T 8 Vertex cover problem requires (2(n'~f quantum queries. 
Proof: W e construct the sets A and B for the usage of Theo rem A l . 

The set A consists of all graphs G satisfying the requi rements of L e m m a L6. The 
set B consist of all graphs G' satisfying the requirements of L e m m a L7. 

From each graph GgA, we can obtain G'^B by disconnect ing any one of the 
edges, which connect the red vertices. Hence m=n/2=0(nj. F r o m each graph G'^B, 
we can obtain G^A by connect ing any two black vert ices. H e n c e m '=( n/2-2)( n/2-
3)/2=0(n). 

By Theorem A l , the quantum query complexity is fi^Jn -n2 = Q ( n ' 3 ) . 

The same idea p roves the fol lowing theorem. 

Theorem T 9 Dominat ing set p roblem requires Q(n ' quan tum queries. 

4.5. Chromatic n u m b e r problem 

Lemma L8 If a graph GI contains one circuit and a graph G2 contains two 
circuits, then graph GI and graph G2 separation problem requires Q(n''*) quantum 
queries. 
Proof: W e construct the sets A and B for the usage of Theo rem A2. 

The set A consists of all graphs G=(V,E) , |Vj=n, conta in ing Hamil tonian 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 Hami l ton ian circuit. 

Figure2. Disconnection of Graph G 
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From each graph G^A, we can obtain G'<=B as fol lows: disconnect ing any one 
of the edges (n) (Figure 2. top) and one o f edges in figure 2. bot tom (n/3) . T h en we 
make two circuits. F r o m each graph G'^B, w e can obtain G^A as follows: 
disconnecting one edge in each circuit (n 2 ) and bui ld ing up one circuit. Hence 
m=n*n/3=0(n~) and m '= O(n'). 

N o w we ' l l find max(l*V). For any edge , which w e disconnect in first s tep / = n/3, 
because we can do that in n/3 combina t ions with other edges , and l'=const, because 
we can connect this edge in fixed count combina t ions . 

For any edge , which w e connect in first step / = const, because w e can d o that in 
fixed count combina t ions , and l'=Ofn), because we can disconnect this edge in 
combinations wi th all edges in another circuit . T h u s max(l*l')=0(n). 

By Theorem A2, the quantum query complex i ty is Q I— — = Q ( n ' 5 ) . • 

V n 
L e m m a L9 If a graph G=(V,E), jVj=2n, contains only Hamiltonian circuit then 
Chromatic number problem for two colors is solvable. 
Proof: W e color one vertex in first color , next ver tex in Hamil tonian circuit in 
second color, next in first color, etc. This color ing solve Chromat i c n u m b e r 
problem for two colors. • 

L e m m a L10 If a graph G=(V,E), /V/=2n + l, contains only Hamiltonian circuit then 
Chromatic number problem for two colors is not solvable. 
Proof: Regardless of h o w we color ver t ices , at least t w o vertices in one color will 
a lways be connected. ~ 

Theorem T 1 0 Chromatic number problem requires Q ( n ' 5 ) quan tum queries . 
Proof: We construct the sets A and B for the u s a g e of Theo rem A l . 

The set A consists o f all graphs G=(V,E) satisfying the requirements o f Lemma 
L9. T h e set B consists of all graphs G'. Each graph G' is constructed to merge two 
graphs Gi=(Vl,Ei) and G2=(V2,E2), w h i c h both satisfy the requirements of L e m m a 
L10 and /V,/+/V 2 /=/V/ and 0(/V,/)=0(/V/j and 0(/V2/) = QflVjj. 

B y L e m m a L8 , the quan tum query complex i ty is Q ( n ' s ) . 

4.6. Monochromat i c triangle problem 

W e construct g raphs G=(V,E), /V/=3n as fol lows. All vert ices in graph are 
part i t ioned into three. Each three is connected by another three in one of the 
following ways (Figure 3.). Each three in this graph does not contain tr iangle. W e 
put in one subset all vert ices from one three. 

Figure3. Connections of threes 
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L e m m a L l l If Monochromatic triangle problem is not solvable in this distribution 
into threes, then problem is not solvable in another distribution into threes. 
Proof: W e cannot mix vert ices 1,2,3 with 4,5,6. If we do it three will contain 
triangle and Monochromat i c triangle p rob lem will not be solvable. If w e mix 
vertices 1,2,3 with l a , 2a, 3a then Monochromat ic tr iangle problem solution will 
not change. n 

G M 

cA. A 

A <A> 

0 0 0 1 
0 0 1 0 
0 1 0 0 

4 1 0 0 0 

Figure 4. Graph G and matrix M 

We m a k e matrix M in accordance with graph G, wh ich is defined before as 
follows. Matr ix consists o f n columns and n rows. W e put in m,J 1 if three V ; is 
connected with three VJ in first way (Figure 3.) and 0 if connected in second way 
(Figure 4.). 

Figure5. Graph G and graph G y 

We m a k e graph GM, w h i c h corresponds to matrix M . Each vertex of graph G w is 
related to the three of graph G (Figure 5.). 

L e m m a L I 2 If in graph GM, Chromatic number problem (K=2) is solvable, then 
Monochromatic triangle problem is solvable in corresponding graph G also. 
Proof: Each vertex of graph GM is related to the three of graph G. Since Chromat ic 
number p roblem is solvable , we can color GM vertices in two colors so that one-
color vert ices are not connected. W e put in one subset those threes in graph G. 
which correspond to the ver tex in graph GM colored in one color. Each three in this 
subset is connected with another in second way (Figure 3.) and subset does not 
contain tr iangle. ~ 

Lemma L13 If in graph G w . Chromatic number problem (K=2) is not solvable, 
then Monochromatic triangle problem is not solvable in corresponding graph G 
also. 
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Proof: Let us assume, that in graph G M o n o c h r o m a t i c tr iangle p rob lem is solvable 
if threes are combined differently. By L e m m a L l l the p rob lem is solvable a lso in 
this distribution of threes, which co r responds to g raph G M . But then w e can solve 
Chromat ic number p rob lem in graph G M . Th i s is in conflict with given. • 

Theorem T11 Monochromatic triangle problem requires Q(n1 i) quantum queries. 
Proof: B y Lemma L12 and L e m m a L 1 3 , complex i ty of Monochromat i c triangle 
problem is equivalent with complexi ty of C h r o m a t i c n u m b e r p roblem. So quantum 
query complexity is (^(n 1" 1). • 
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Abstract. The query algorithms are a very convenient model for quantum 
complexity studies. In this paper, we show that the Kushilevitz function of 6 
variables can be computed by quantum query algorithm by only 5 queries if it is 
allowed in some cases give wrong answer. 
In deterministic case all 6 variables must be queried. 

Keywords, quantum computation, query algorithms. Kushilevitz. 

1. Introduction 

Let / :{0,1} ' V —> {0,1} be a Boolean function. A decision tree is an algorithm for 
compulmgf(xi,..,x\' J that accesses x,,..,xx by asking questions about the values of Jt,-. The 
complexity of a decision tree is the maximum number of questions that it asks. The 
decision tree complexity of a function / is the minimum complexity of a decision tree 
correctly c o m p u t i n g / 

The theory of computation studies various 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 (Buhrman and de Wolf, 2001). 

The decision tree complexity of / is related to representing Boolean functions by 
polynomials. Let D(f) be the deterministic decision tree complexity and QE(f) be the 
exact quantum decision tree complexity (see Buhrman and de Wolf, 2001 , for 
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definitions). For any Boolean f u n c t i o n / there is a unique multilinear polynomial p such 
that p(X], xn)=f(xh x,). deg(fj, the exact degree of a function / i s the degree of 

corresponding polynomial p. W e have D(f) > deg(f) and QE(f) > ^ e ° ( ^ (The 

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

Thus, if we prove that degif) is high, this immediately implies that / 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 input x algorithm can 
give 2 different answers: 

. l - i f / ( x ) = l 

. 0 - i f / x ) = 0 

The algorithm is sometimes allowed to give wrong answer (1 instead of 0 or vice 
versa) but the total probability of getting right answer on every input must be > Vi. 

W e give such an algorithm computing Kushilevitz function with 5 queries. 

2. Notation and definitions 

[N] denotes the set {I,N}. 
For any boolean function f(xh xN), there is a unique multilinear polynomial p(xh 

x.\) such that f(xh xN)=p(xh xN) for all x,, xs e {0, I}. For example, the function 
f(xi, X2)=xt OR x2 is equal to the polynomial Xi+x2-Xix2. deg(f), the exact degree o f / i s 
just the degree of the corresponding polynomial p. 

Let D(f) be the deterministic decision tree complexity of / (Buhrman, de Wolf 
(2001)). W e are interested in Boolean functions / with deg(j)<D(f). Since D(J) can be 
hard to compute, we define another quantity. sx(f), the sensitivity o f / o n input x=(x, 
x\) is the number of / e [1, NJ such that changing the variable x, in (xh xN) 
changes the value of 

. / . ' / . / ' .V . . V., Xy) ,-flX: 1-X„ Y V . / / 

s(f) is the maximum oisx(f) over all x. 
CLAIM 1 (Buhrman and de Wolf, 2001) s(f)<D(f). 
In particular, if s(f) is equal to the number of variables TV, then D(f)=N. (Claim 1 

implies D(j)> N. On the other hand, any / c a n be computed by an algorithm that queries 
all variables x,.) 
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Fourier transform. 
2 * . —-i 

Let o) - e s be primitive TV** root of unity. The Fourier transform over Z v i s § ' v e n 

by the linear transformation F where F 

3. Kushilevitz function 

Function 1 (Kushilevitz, quoted in Nisan and Wigderson (1995)). 

The function f(xt,.... x<$) of 6 variables is defined by 

• /= 0 if the number of ,x, = 1 is 0, 4 or 5, 

• /= 1 if the number ofx, = 1 is 1, 2 or 6 

• if the number of x, = / is 3 , / = 0 in the following cases: 

O X | = X 2 = X 3 = 1 , 
O X 2 = X 3 = X 4 = . l , 
O X 3 = X 4 = X 5 = 1 , 
O X 4 = X 5 = X i = l, 

O X 5 = X i = X 2 = l , 
O X , = X 3 = X 6 = 1 , 
o X i = X 4 = x < j = l , 
O X 2 = = X 4 = X ^ — 1, 

O X 2 = X 5 = X 6 = 1 , 
O X 3 = X 5 = X 6 = 1 

O t h e r w i s e / = 1. 

deg(f)=3, D(f)=6 (because the sensitivity o f / o n x ] = . . . = x 6 = 0 is 6). 

We rewrite this definition in following way: 

O O O O O O ^ O 

1 1 1 1 1 1 => 1 



60 DATABASES AND INFORMATION SYSTEMS 

- - 1 - 1 1 
1 - - 1 - 1 
- 1 - - 1 1 

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

0 0 0 - - -
- 0 0 0 - -
- - 0 0 0 -
0 - - 0 0 -
0 0 - - 0 -
0 0 ' • I) _ > 

- 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 " / = 0" block is symmetrical to the ' / = 1" block. 
Moreover, if we divide a block in two parts and omit the 6 l h 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 

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 queries are 
made: 
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X4X; 

X}Xi 

Without loss of generality we can assume that the path x,x2 was chosen. (Because of the 
symmetry all the other paths are processed in a quite similar way). 
There are two possibilities: 

• X/ = Xi 

• Xi* x2 

1. X, =x2 

Because of symmetry we can assume that*/ =x2 = 0. Let us select corresponding rows 
from the blocks given above. 

0 0 0 0 0 0 - ^ 0 
0 0 
o""o 

1 1 
1 1 1 

0 

0 0 
0 0 

0 0 
0 0 

0 
0 
0 0 

Now we chose with amplitude _L one of the variables that do not have " - " in the block 

containing symbols " 1 " . There are two such variables: x3 and xs 

Let us suppose x3 was chosen. 

1.1. X3 = X2 = 0, Xj = 1 
0 0 ] 1 1 - •'=> o 0 0 1 - 1 1 •'=> o 
0 0 1 0 0 -
0 0 ] - 0 -
0 0 ] 0 - 0 => 1 
0 0 1 0 - 0 
0 0 1 - 0 0 
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Now, again with amplitude _ J _ . we choose (x4, xs) or fx6, x5) to be queried. The pairs of 

4i 
values give us following answers: 

. 0 0 ^ 1 

. 1 0 = > 1 

. 11 =>0 

• 01 => 0 with amplitude _L, and 1 with amplitude _!_ 

1.2. X] = x2 = 0, JTJ = 0 

0 0 0 0 0 0 ^ 0 
0 0 0 - - -
0 0 0 0 - -
0 0 0 0 0 -
0 0 0 0 0 -
0 0 0 - 0 -

0 0 0 0 - 0 
0 0 0 - 0 0 
0 0 0 0 - 0 
0 0 0 - 0 0 

We choose (x4,x6) or fx,, x6) to be queried with amplitude J _ . The pairs of values give 
V2 

us following answers: 

• 00 => 0 with amplitude _L + , and 1 with amplitude _!_ _£,£>0. 

, 01 ^ 1 

. 10 => 1 

. 11 = s l 

2. Xj *x2 

Without loss of generality we can assume tha t* / 0 a n d x : = 1. And again we select 

0 1 1 1 - -
0 1 1 1 1 -
0 1 - 1 - 1 ^ o 
0 1 1 - 1 1 
0 1 - - 1 1 

0 1 0 0 0 => 1 
0 1 - 0 0 -
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0 1 0 - - 0 
0 1 0 - 0 0 
0 1 - 0 - 0 

In this case we always ask the value of x4. 
There can be two cases: 

2.1. x, = 0, x2 = l,x4 = l 
0 ' 
0 

"if 
o 
o 
o 
o 

- i 
i i 

j i_ 
- o 
0 0 

Next, values of(x3,x6) must be queried. The pairs of values give us following answers: 
. 00 ^ 1 
. 01 ^ 0 
. 1 0 ^ 0 
. 11 = > 0 

2.2. -V; = 0, x2 = /, x4 ^0 
0 1 
0 1 

1 0 
0 

1 
1 

1 
1 => o 

0 1 0 0 0 -
0 1 - 0 0 -
0 1 0 0 - 0 => 1 
0 1 0 0 0 0 
0 1 - 0 - 0 

We ask values of (x}, x^. The pairs of values give us following answers: 

. 00 => 1 

. 01 => 1 

. 10 => 1 

. 11 => 0 

1 
Amplitude of every answer is —•== 

Let us now count the probabilities of getting the right answer on different inputs. It is 
important to know on how many computational paths every input will be processed like 
in X| = 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 0 0 0 0 0 
1 1 1 1 1 1 
0 0 0 0 0 1 
1 1 1 1 1 0 

These inputs every time will be processed like in X; = x 2 case. For 000000 and 

11111 we will every time get the answer 0 with amplitude ^ 
V20 

-7='+ 

1 / 1 \ 
and 1 with amplitude _ _ _ — — _ F • This gives us the total probability of 

answer 0 

20LV2 

' + — ! - £ + £

2 | > — a Q d the t c , t a l probability of answer 1 

1 1 A \ 

{ i - i 2 e + s n - . • 
For 000001 and 111110 we get the right answer with total probability = 1. 
One of the first 5 variables differs from others. There are 20 such strings. Each 
of them is 3 times processed like Xi = x 2 case and 2 times like xi ^ x 2 case. 
In X| = x 2 case we get the right answer two times with probability 

3 1 / 1 1 ^ 9 2 / 1 1 ^ 
_L _ and once with probability _ , _ 1 — c , c

2 . 

W + 20{2~42£ £ ) 20 + 2 0 [ 2 ~ V 2 , 
5 3 / 1 1 ^ This gives us _ , _ , - . In x, -t x^ case we every time get the 

20 20^2 4l , 
right answer with amplitude - L . So the probabili ty definite answer in this 

case is 1 3 3 ( l 1 0 1 case is _ + — - _ - = E + £ - \ > 
2 0 " 2 0 [ 2 " V 2 6 J 2 

Two of the first 5 variables are equal and there is n o variable between them. 

(For example, 001100) There are 20 such strings. Each of them is 3 times 

processed like X | = x 2 case and 2 t imes like x, -± x 2 c a s e . 

In Xi = XT case we once get the right answer with probability All the other 
20 

cases give — . so the total probability is — . 
20 20 

Two of 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 2 case and 4 times like X ] ^ x 2 case. In x, = x 2 case we get the right 
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answer with probability , the other cases we give _ , so the total probability 
10 5 

of right answer is 
10 

References 

[I] Aaronson, S. (2002); Quantum lower bound for the collision problem. Proceedings of the 32nd 
ACM Symposium on Theory of Computing, ACM Press, Montreal, pp. 635-642. 

[2] Ambainis, A. (2003); Polynomial degree vs. quantum query complexity. Proceedings of the 
44th IEEE Conference on Foundations of Computer Science, IEEE Press, Boston. 

[3] Ambainis, A. (2003a); Quantum query algorithms and lower bounds. Proceedings of the 3rd 
EuroConference on Foundations of Formal Sciences, Kluwer Academic Publishers, Vienna. 

[4] Beals, R., Buhrman, H., Cleve, R., Mosca, M., de Wolf, R. (2001) Quantum lower bounds by 
polynomials. Journal of ACM, 48, pp. 778-797. 

[5] Buhrman, H., de Wolf, R. (2001) Complexity measures and decision tree complexity: a 
survey. 

Theoretical Computer Science, 288, pp. 21--43. 
[6] Coulborn, C. J., Dinitz, J. H. (1996) The CRC Handbook of Combinatorial Designs.CRC 

Press, Boca Raton, 784 pp. 
[7] Gruska, J. (1999) Quantum Computing. McGraw-Hill, London, 439pp. 
[8] Hall, M. (1998) Combinatorial Theory. 2nd edition,). Wiley, New York, 464 pp. 
[9] Nielsen, M., Chuang, I. (2000) Quantum Computation and Quantum Infonnation.Cambridge 

University Press, New York, 700 pp. 
[10] Nisan, N., Szegedy, M. (1994) On the degree of Boolean functions as real polynomials. 

Computational Complexity, 4, pp. 301-313. 
[II] Nisan, N., Wigderson, A. (1995) On rank vs. communication complexity. Combinatorica, 15, 

pp. 557-565. 
[12] Papadimitriou, C. (1994) Computational Complexity. Addison-Wesley, Reading, 500 pp. 
[13] Pittenger, O. (1999) An Introduction to Quantum Computing Algorithms.B'nkhauser. Boston, 

152 pp. 
[14] Razborov, A. (2003) Quantum communication complexity of symmetric predicates, Izvestiya 

of the Russian Academy of Science, Mathematics, 67, pp. 159-176. 



SCIENTIFIC PAPERS UNIVERSITY OF LATVIA. 2004. VOLUME 673, Datbases and Information Systems 
66-72 P. 

Quantum query algorithm complexity for graph circuit 
problem 

Vasilijs Kravcevs 

University of Latvia 
md80004@lanet.lv 

Abstract. In this paper we observe graph circuit problem. We present quantum 

query algorithm that solves this problem with query complexity 0(n}'5 ) . We 
also prove lower bound of complexity for quantum query algorithms that solve 
this problem. We use Ambainis' lower bound technique to prove the results of 
the work. 

1. Introduction 

The speedups of quan tum a lgor i thms over classical a lgor i thms have been a 
main reason for the current interests on q u a n t u m c o m p u t i n g . The central quest ion of 
the quan tum compu t ing is: h o w powerfu l the q u a n t u m a lgor i thms are, h o w much 
speedup is poss ib le? Query mode l is often used in s tudy ing q u a n t u m complexi ty , 
because many k n o w n q u a n t u m a lgo r i t hms fall in to this f ramework . The query (or 
b lack-box, or oracle) model of compu ta t ion ar ises w h e n one is g iven a b lock-box 
containing an N- tup le of Boo lean var iab les X = (X[ , x 2 , . . . , x N ) . T h e box is equipped 
to output x; on input i. The input is accessed , on ly by query ing an oracle , and the 
goal is to minimize the n u m b e r o f quer ies made . U s u a l l y w e are interested in bound-

error computat ion, whe re the output is correct w i th probabi l i ty at least for all 

inputs. W e use Cb(f) to denote min ima l n u m b e r of quer ies for compu t ing f with 
bound-error. 

T w o main lower bound t e chn iques for Q?(f) are the po lynomia l method [3] 
and adversary me thod [1]. W e use a resul t by A . A m b a i n i s [1,2] a n d S. Z h a n g [7] to 
prove lower complex i ty b o u n d s for q u a n t u m que ry a lgor i thm that solves graph 
circuit problem. 

2. Definitions 

In the query mode l , the input X i , x2, *-s is conta ined in a b lack-box and 
can b e accessed by quer ies to the b lack-box . The classical vers ion of the query 
model is known as decision trees [5], A quantum decision tree wi th T queries is a 
quantum black-box mode l , w h e r e quer ies and other opera t ions can be made in 
quan tum superposi t ion. Such decis ion tree can b e represented as sequence of unitary 
transformations: 

U 0 , O , U , , 0 , . . . . U T . , . 0 , U T 

where the U, are arbitrary uni tary t ransformat ions , and the O are unitary 
t ransformations which correspond to the quer ies to oracle . The computa t ion starts 

mailto:md80004@lanet.lv
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with state | 0) . T h e n we app ly U 0 , O , U | , O , .. . , U T - i , 0 , U T . T h e computa t ion ends with 

some measurement of the final state. T h e measurement g ives us the probabi l i ty of 
receiving the va lue of the function f(X). 

The quan tum a lgor i thm computes a function f(xj, x 2 . x N ) with bound-e r ro r 
if for every x = (xi, x 2 , . . . , x N ) for w h i c h f is defined, the probabil i ty that the 

rightmost bit of U T O U T _ i O . . . U i O U o | 0 ^ equa l s f(xi, x 2 , . . . . x N ) is at least — . The 

query complex i ty of f is the smallest n u m b e r of quer ies used by a quan tum 
algorithm that computes f wi th bound-error . W e denote it Q 2 (f)-

Our proof of lower bound uses the fol lowing results by A. Ambain i s [1,2] and 
S. Zhang [7]. 

Theorem 1. [1] Let f: {0,1}S {0,1} be a function and X, Y be two sets of inputs s. 

t. f(x) ytf(y) if x e X andye Y. Let R cX x Y be a relation s.t. 
1. Vxe X, there are at least m differenty e Ys.t. (x,y) e R 
2. \/y e Y, there are at least m'different x <= Xs.t. (x.y) e R 
3. Vx e X, \/i e [N], there are at most I differenty £ Ys.t. (x,y) e R and Xj 

4. Vy e Y, \/i e [N], there are at most I'different x e Xs.t. (x,y) e R andx^ 

mm' 
Then Q2(f) = N ( J — ) . 

Definition 1. [2] Let f: {0,1}N —> {0,1} be a Boolean function and X, Y be two sets of 
inputs s. t. f(x) ^ f(y) if x e X and ys Y. Let R cz X x Y be a relation. A weight 
scheme for X, Y, R consists of three weight functions w(x,y) > 0, u(x,y,i) > 0 and 
v(x.y,i) > 0 satisfying 

u(x,y.i)v(x.y,i) > w'(x.y) 
for all (x.y) £ R a n d i e [N] with x^ v,-. We further denote 

w.v = V w{x,y), w, = ^ w(x,y) 

uXJ= V w ( x , v , / ) , vy, = V v ( x , 3 ' , / ) , 
y:(x.v)t//,.v, ̂  v, x( x.yW!.x, *.v, 

Theorem 2. [2]Letf {0,1}K ^ {0.1} be a function andX£f"'(0), Y£f'(l) and R 
czXXY. Let w, u,v be a weight scheme for X, Y, R. Then 

Q2(F) = NF m m — m i n — ) 
\ •• .x.. ! v; uxi , - e ) ' . i e [ v] v v j 

It is not hard to see, that Theo rem 2. genera l izes T h e o r e m 1. Later S. Zhang has 
improved the results of A. Ambain is and proved the theorem that general izes 
Theorem 2. 
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T h e o r e m 3 . [7]Let f: {Off -> {0,1} be a function andXsf'(0), Ysf'(I) and R 
c A ' x F . Let w, u, v be a weight scheme for X, Y, R. Then 

3. Graph circuit problem 

Problem 1. Graph circuit prob lem. 
I N S T A N C E : Graph G = ( V , E), |E |=n, represented b y adjacency ma t r ix A — (a,j), 
w h e r e 

Q U E S T I O N : Is t he re any circuit in th i s g raph G? 

It is easy to see . that que ry complex i ty o f classical a lgor i thm is equal with 

wi l l prove the complexi ty o f quan tum a lgor i thm that i s better than in classical case . 

L e m m a 1. If there are more than (n-1) edges in G = (V,E), then there is circuit in 
this graph. 
Proof. E a s y to s ee that f rom all g raphs wi thout circui ts t he max ima l n u m b e r of 
edges is in the g raph that equa l s w i t h g r a p h ' s spanning tree, bu t for spann ing t ree : JEl 
= |V|-1 = n - 1 . And if we a d d one m o r e edge t o the spann ing t ree , there will b e circuit 
i n acquired graph, p 

T h e o r e m 4. The quantum query algorithm complexity for Problem 1. is 0 ( « ' ' 5 ) . 
Proof. W e construct the a lgor i thm with q u a n t u m query complex i ty 0(nl~) that 

solves t he Prob lem 1. 
Algorithm. 

1) F ix k = 1, which denotes current r o w in adjacency matrix, tha t a lgor i thm is 
process ing . Fix / = 1 - t h e c o l u m n in a r o w from which forward w e will 
look for ones (edges) in that r o w . Fix m = 0, w h i c h denotes n u m b e r of 
edges that we h a v e found. 

2 ) In the k r o w we search w i t h G r o v e r ' s search a lgor i thm for j > I. such that akj 
equals w i t h 1. I f there is such a k , then go t o step 3 , if there is no such a kj, 
then increase A' b y 1 (we n e e d to search in t he next row). If k > n. t h e n go to 
the step 4 , o therwise : a s s ign k to / (graph i s not directed, so we do n o t need 
to search for o n e s in the first k co lumns in the n e x t row), and repea t the 
second s tep . 

3 ) R e m e m b e r pair (Ay) and increase m by 1. If m = n, then re turn " Y e s " and 
finish t h e a lgor i thm; if m < n. t h e n ass ign j to / and go the second step 
(continue searching for e d g e s in t h e current row). 

if there is e d g e b e t w e e n ver t ices i and j 

o therwise 

0{n") (because w e need t o query all va lue s of the matr ix in the wors t case) . We 
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4 ) Search for circuit in the graph us ing classical de terminis t ic a lgor i thm that 
takes an input all the pa i r s (kj) that we w e r e r emembered in previous steps. 
The output of our a lgor i thm wil l be the same as the output of classical 
algorithm. 

It is easy to see that a lgor i thm is correct. Indeed, in s teps 2 and 3 of the 
algori thm we search for graph edges, and we finish searching whe the r w h e n we find 
n edges (step 3) or w h e n we achieve the end of the adjacency matr ix (if there are 
less than n edges in the graph) . I f we find n edges then, b y L e m m a 1, there is circuit 
in the graph, so the output is "Yes" . If the n u m b e r of edges is less than n, then 
classical a lgor i thm wi th input all the edges , we have found, wi l l output the right 
answer. 

Query complexity of the algorithm. 

It is easy to p rove that number o f the quer ies in the a lgor i thm is 0 ( n-Jn ). 
Indeed, G r a v e r ' s search in the second s tep of the a lgor i thm is running less than 2n 
times, because for every edge, that we have found, we use one G r o v e r ' s search, but 
the n u m b e r of found edges < n; and for every row we use one extra G r o v e r ' s search, 
when there is no 1 anymore in the row. So the total n u m b e r of G r o v e r ' s searches is 

less t h a n 2n. T h e query complexi ty of e a c h G r o v e r ' s search is o ( 
) because the 

size o f the input < n. So the total query complex i ty of the a lgor i thm is o( nyfn )• 
C 

W e can see that a lgor i thm we h a v e constructed no t only detect whe the r there 
is a circuit in t he graph, but a lso find a set of edges that conta ins a circuit i f there is 
any. 

W e use adversary lower bound techn ique by A. A m b a i n i s to prove t h e lower 
bound o f complexi ty for quan tum query a lgor i thms that so lve the P rob lem 1. 

T h e o r e m 5. The quantum query algorithm complexity for Problem I is . 

Proof. 
W e construct s u c h sets X and Y for the usage o f T h e o r e m 1. T h e set X 

consists of all spanning trees ( see fig. L a ) and f(X) = 0. The set Y cons is t s of all 
such graphs that were constructed adding one extra edge to the spanning tree (see 
fig. 1 .b) . By L e m m a 1, f(Y) = 1. The relation R ^ X x Y consis ts o f pairs (x,y) such 
that y is built f rom x add ing one extra e d g e to x. 

From each graph x <= X we can obtain graph y e Y such that (x,y) e R by 

w w ( n - l ) 
adding one edge to graph x. Hence m = Cn - (n-1) = - (n-1) = 

(n-\){n-2) 
= 0 ( n ) because w e can put an edge be tween any t w o vert ices 

2 
except those edges that already exist. F r o m each graph y e Y we can obta in graph x 
e X such that (x,y) e R by d isconnect ing any o n e of the edges in the circuit . Hence 

m' = o(\).l = !'= 1. H e n c e , by Theo rem 1, Q 2 ( f ) = 4mm' = q(4~n* ) = Qi« ) 
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Fig. I.a) Instances of the set X b) Instances of the set Y 

As we can see, the p roved lower b o u n d is not t ight . But , us ing the T h e o r e m 3 , we 
can prove that every q u a n t u m a lgor i thm that solves g r a p h ' s circuit p rob l em needs to 

m a k e 0(rll~) quer ies to the oracle. So , we will s h o w that our a lgor i thm is opt imal . 

T h e o r e m 6. The quantum query algorithm complexity for Problem 1 is Q ( « ' ' 5 ) • 

Proof. 
W e construct such sets X and Y for the usage of T h e o r e m 3 . The set X consis ts of 
all such graphs that obta ined from g r a p h s o f un ique n-ci rcui t by removing one edge 
(see fig. 2.a). The set Y is the set o f all g raphs that cons t ructed from graphs with 

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

exactly t w o circuits each o f length b e t w e e n n/3 a n d 2n/3 by r emoving one egde 

from one of the circui ts (see fig. 2 .b) . The relat ion R ^ X x Y consists of pa i r s (x,y) 
such that only difference be tween x and y is that ex is t s four vert ices a, b , c, d such 
that edges (a.b) a n d (c,d) are in x but not in y and e d g e s (a,c) and (b.d) are in y but 
not in x (see fig. 2 ) . A weight s c h e m e for X , Y, R cons is t s of three weight functions 
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w(x,y) = 1 , u(x ,y , ( i j ) ) =yfn and v (x ,y , ( i j ) ) = y^"' f o r a 1 1 (x,v) e R
 a n d OJ) e 

[n 2] wi th x ( i jpt y ( i j) ( by x < i j ) we denote the g r a p h ' s adjacency mat r ix ' s (i,j) value) . 

r 1 2 The proper ty of weight functions is valid, because V n —j= = 1 > 1 = w (x,}') . 

w x = V w(x, y) = 0 ( n 2 ) , because there are 0 ( n 2 ) such y that ( x , y ) e R: (n-2) 

opportunit ies to choose edge (a,b) and then n/3 opportuni t ies for the second edge 

(c,d). 

w v = V w(x,y) = 0 ( n 2 ) , because there are 0 ( n 2 ) such x that ( x , y ) e R: from 
x:(x~y)ER 

each part of the graph y w e need to r e m o v e one edge (but length of the par t is at 

least n/3). 

Ux,( iJ, = Yu(x,y,(i,j)) = ^u(x,y,(i,j)) + 
v:( x..v hKJcf,.; ,*y, i.,, .n x.y )s« ,.v, , .„ -O&.v,,,,, =1 

^u(x,y,(i,j)). 
Y:(x.y)eR.xUj,=i&yliJI=0 

, because if there is n o edge be tween i and j in 
>-U.v) s R.x, / ,y , -0&j ' , M , - l 

x, but such edge exists in y, that means that this is the case o f vert ices a, c or vert ices 
b, d and the endpoints o f the second edge must be ne ighbors of them, so w e have 
just 4 oppor tuni t ies to choose neighbors . 

~^u(x, y,(i, j)) = 0 ( n ), because edge (i,j) is the edge (a,b) (or edge 
y.(x.y)^R.x,j n=\8Lyri h=0 

(c.d) ) and we have n/3 opportuni t ies for r emov ing second edge (c,d) (or edge (a,b) 

respectively). 
Similarly: 

Yv(x,y,(i,j)) = y r , a n d 

Yv(x,y,(i,j)) =0{n/r). 

wxwv 

m m 
[x.y)eRMir)ji,.j,*y„,,. x.ii.j) y.ii.j) 

l m i n ( m i n — — — ' m i n — — — ) = 
(x.y)eR.id"2Ul:,r=0&>•,,,=! Ux.{i.j)V y.U.j) ( . t . .v) e Rjd»-]JT I 1 , ( , - l&v„., ,=0 U x.{i.j)V yM.j) 
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I Q(n2).Q(n2) 0(n2).0(n2)~ _ I C ( « 4 ) 0(n4) _ 
m m ( — — - — , — — — ; — ) - m i n ( , ) -

l A4n.O(n/r-) 0 ( n 4 n ) . y r \ 0(n) O(n) 
V / <n /-in 

^mm(0(ny),0(n3)) = 0 ( « , S ) . So , by T h e o r e m 3 . Q 2 ( f ) = q ( « ' 5 ) . 

• 

4. Conclusion 

In this paper w e have observed g raph circuit p rob lem. W e have const ructed 

quan tum algor i thm wi th query complex i ty 0 ( ^ ' 5 ) a n d have s h o w n that this 
a lgor i thm is opt imal , p rov ing that the lower b o u n d of complex i ty for quan tum query 

a lgor i thms that solve this p rob lem is Q ( w ' ' 3 ) . 
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m a k s i m s Q b a t s o l f . l v 

A b s t r a c t . T h e pape r considers recognition of several non-context-free 
languages wi th one-counter one-way finite au toma ton . These languages 
were in t roduced in [7]. T h e results of the paper is further improvement 
of probabil i t ies 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 0"10™. 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 languages. It 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 suppor ted by t h e 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 [5] for general and Condacs and Watrous 
[6] for technical background material on quantum finite automata. 
The quantum 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 S, a finite 
set Q of states with a singled out initial state, two disjoint sets 
of accepting and rejecting states Qa and Qr, a counter which is 
allowed to hold an arbitrary integer, and a transition function S 
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 precisely 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 5 is defined as mapping Q X J J X S ^ - Q 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 type of automaton (1P1CA) is 
obtained in the usual way, essentially 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 5 in this case as 6: QxUxSxQxD—> R+. 
where 5(q, a. s, q', d) describes probability of getting from the state 
q and the value of the counter is 0 or not 0 s by reading a letter, to 
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state q' and change the value of the counter by d. S should satisfy 

Finally, for the one-way quantum one-counter automaton 
(1Q1CA), the alphabet is supplemented by end markers °r> and <-P, 
transition function 5 defined as 5: Q X r 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 
r = E U { c k , « - P } . The definition of the counter and the actions on 
it remain unchanged from the classical version. 

Language recognition works roughly as follows: for each let­
ter a of a word extended by the end markers, a unitary opera­
tor Ua is applied to the current state (configuration) of automa­
ton and the resulting state (configuration) is observed using an 
observable h{Cn) = Ea, ®Er © £'_of rejecting, accepting,' and non-
terminating subspaces. The state then collapses into one of the 
subspaces Ea,Er,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 12{Q X Z) with basis vectors 
\q, k) corresponding to the possible configurations of the classical 
automaton - the combinations of state q G Q and counter value k € 
Z. So state of quantum automaton is a superposition ^ 2 i k a ^ l ^ , k) 
where G C is complex amplitude of vector \q. k) and ^ i A . afk = 1. 

Transformation. Operator U„ in terms of 5 on the vector \q, k) 
acts as follows 

where sign(rc) = 0 if k — 0 and 1 otherwise. By linearity U5

a can be 
applied to any superposition of basis states. 

To ensure that t/* is unitary 6 should satisfy the following con­
ditions of well-formedness [7]. For each qi.q-2,q' € Q,a G r.s G 

U5

a \q,k) = ^2S{q,a, sign(k),q'.d) \q',h + d), 
q'4 

{ 0 U } , d G { -1 ,0 ,1} : 

I , a , S i , q1. d)6{q2. CR, S 2 , q'. d) = 1, if ?i = Q2 

0, if qi + 9 2 



76 DATABASES A N D INFORMATION SYSTEMS 

^2 °: Sl.q', 1 ) 5 ( 9 2 , CT, » 2 : <?'• 0) + 

<5*(^ a. 0 ) 5 ( 9 2 , a . s 2 ; 9 ' , - l ) = 0 

^2 5*(qr. a. sx, q'.l)6(q2, a, s2. q', - I) = 0, 
q'.d 

where * denotes complex conjunctive. 

Observable. Mathematically the result of observation of super­
position J2ik a,ik\qi, k) is the following: probability to accept is pa = 
z\Zik a1k where Qi G Qa • probability to reject is pr = ^ i k a2

ik where 
qi G Qr and computation halts in these cases, otherwise the com­
putation continues with the following state ^2ik y ."^ ^ \ qi: k) where 

QuQj G Q-

Simple one-way one-counter q u a n t u m a u t o m a t o n . 1Q1CA 
is simple if its transition function is defined as follows: 
1) the set of finite unitary matrices, tha t 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 Q, that automaton moves in. 

A QF1CA is simple, if for each a G r, s G {0,1} there is a lin­
ear unitary operator V'CTiS on the inner product space U{Q) and a 
function D: Q. r —>• { — 1. 0,1} such as for each q,q' G Q 

where (q'\Va,s\q) denotes the coefficient of \q') in \~a^s \q). 
As shown in [7] the simple 1Q1CA satisfies the well-formedness 

conditions. Further in the paper we work with simple automata. 

3 Results 

Languages. Consider the alphabet X" = {0.1}. 
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The language Lx. Lx = { 0 J10UO f e || (i=k or j=k ) and ~-(i=j)) }. 

The language L2. L2 = { CrTCV'lO* || exactly 2 of i,j,k are equal}. 

Theorem 1. The language Li can be recognized by quantum one-
counter one-way automata with probability |. 

Proof. Let V^ i 0 | <7o) = ^ |<7o,i=fc} + ^ ko,j=fc) + ^ r \vo,k=(i+j)/2), where 
q 0 is initial state, qoj=/c, qo,i=k a n d qo,fc=(i+j)/2 non-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 
is qo,j=fc, qo,i=A: or qo,fc=(i+j)/2 respectively: 
1) If the word is of form O'lCPlO* that no rejection or acceptance 
occur during the computation and the qoj=fc leads to the state qj=k 
and counter equal to the j-k, the qo,i=fc to ( \ i = k and counter i-k, the 
q0,it=(«+j)/2 t o q*=(*+j)/2 and counter k - ( i+j)/2. 
2) If the word is not like 0JlCV10fc than the word is rejected in each 
path, or is in some other state then qt=k, c±j=k and qk=^i+jy2 and 
thus will be rejected on end marker <-P. 
Such transitions for example for qoj=fc, will be as follows: 4 states 
qo,j=* J Qi,j=fc J °a,j=k i (\z,j=k- Transitions for 0 are defined as each 
state remains the same and counter value is increased if resulting 
state is q i J = fc , and decreased if q.2,j=k\ transitions for 1 defined as 
states should shift to the next index in respect with module 4 so 
qnjj=fc should shift to q n + i m o d 4 j = k and counter value remains the 
same. <isj=k should be rejecting state, q2,j=k = <\j=k-
We define V for <-P as 

V<-p.o \qk={i+3)/2) — \Qr2}'i 

V^,i \qk=(i+j)/2) = \qa2) 
where qQ. q a i , qa2 are accepting states and q r , qr2 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 0'10 J10 f c, and 
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is in the superposition 
W) \qi=k,i - k) + *f \ q J = k . j - k) + ^ \ q k = { i + j ) / 2 , k - (i + j)/2) 
otherwise. We should consider following cases then: 

- 1. If i=j=k then the state after reading <-P becomes 

f (y/l k a i , 0) + ^ \qa, 0) + ^ |</ri 0>)+ 

+ f {y/l I t o , 0) + 0> + ^ \qT. 0)) + f \qr, 0) = 

^ | 9 a l , 0) + f |9a2. 0) + \ | 9 r , 0) + ^ | 9 r , 0). 
Thus the total probability of rejection, by summing squares of 
amplitudes from rejecting states is | . 

- 2. ( i=k)and - i( i=j) then the state is 

f(^\qau0) + ^Jqa:0) + -}E\qT,0)) + 

+ f \ q r , J - k ) + f \qa.(j -k)/2). 
So the word is accepted with P = ^ + T6 + ^ = f • 

- 3. ( j=k)and ( - i ( i= j ) ) . The same as shown in the previous item. 
- 4. If all i, j , k are different, then we should distinguish 2 subcases 

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

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

So the automaton recognizes L i with probability | . Note that 
this probability is higher then | found in [8]. 

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

Proof. Let V^ : 0 |9o) = 7 7 ? ko,i=fc> + ^ | 9 o j = * > + 7 5 \Qo,i=i) + 

+ ^ |<?o,fc=(i+j)/2), where q 0 is initial state, q o , ^ . qo.i=k- <lo.i=j, 
and qo.fc=(i+j)/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 qoj=k- qo,i=k- qo.i=j or qojt=(i-j-j)/2 
respectively: 
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1) If the word is in form 0 ll(F10 f c that no rejection or acceptance 
occur during the computation and the qoj=fc leads to the state qj=k 

and counter equal to the j-k, the qo,?=fc to q i = k and counter i-k, qo,i=j 
to q,-=J- and counter i-j, the q 0 k={i+j)/2 to q.k={i+j)/2 and counter k -
(i+j)/2. 
2) If the word is not like O'lCPlO* than the word is rejected in each 
path, or is in some other state then qi=j, qi=k, qj=k and qk=(i+jy2 

and thus will be rejected on end marker <-P. 
(Such transitions can be easily defined like shown in proof of The­
orem 1). 

We define V for <-P as 
V^,0 \qi=k) = ^ (V7\qaa=k) + |<7r) + Wal) + | 9 a 2 » ; 

V_p,o \Qj=k) = 

7= (V7\qaJ=k) + \qr) + (-£ + \qal) + ( - | - &i) |g a 2 >); 

V.-p,o \qi=j) = 

j = (V7\qa,l=J) + \gr) + (-§ - &i) \qal) + [ ~ \ + f i) \qa2)): 

V«-p,o \Qk=(i+j)/2)= Wrt)', V-P,l \qk=(i+j)/2) — \Qal), 

where q a , j=fc, qa,i=j, qa,j=k, Q a i , q a 2 are accepting states and q r , 
q r 2 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 unitaritv, 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 llCV10fc, and 
is in the superposition 
\q') = ^ \qi=k,i- k ) + lk \lj=k,3 ~ k ) + rjE \^=r^ ~ J) + 

+ ^ \qk=(i+j)/2,k-(i + j)/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 
^7= (V7\qaj=k, 0) + V7 \qa,i=k, 0) + \qa,i=j,0) + 3 \qr, 0)) + 

\ / § Wr2, 0)- The total probability of rejection is ^ + |=0 .58 . 
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— 2. ( i=k)and - i ( i=j) then the state is 
7^5 {V7 qaJ a - 0) + | 9 r , , 0) + \qal, 0) + 3 \qa2, 0)) + 

+ -~po \qr,i=j,i- J) + 7 5 <lr.j k• j - k) + yj\\qa, {j ~ k)/2). 

So the word is accepted with p = ^ r + ^r + ^ r+?=0 .58 . 
— 3. ( j=k)and - i( i=j) The same as shown in the previous item. 
— 4. ( i=j)and - i ( i=k) The same as shown in the previous item. 
— 5. If all i, j , k are different, then we should distinguish 2 subcases: 

• 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. 

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

l - ( f ) 2 = 0 . 6 . 

So the automaton recognizes L 2 with probability 0.58. Note that 
this probability is higher then I found in [8]. 
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Abstract Many quantum algorithms can be analyzed in a query (oracle) 
model where input is given by a black box that answers queries and the 
complexity of the algorithm is measured by the number of queries to the black 
box that it uses. It has been proved long ago that quantum query algorithm can 
compute some Boolean functions with a lesser number of queries. We propose 
some sets of Boolean functions with leaser complexity. 

Keywords. Quantum algorithm, query complexity 

1. Introduction 

Recent ly it has b e c o m e clear that a quan tum computer could, in principle, solve 
certain p rob lems faster than a convent ional computer . A quan tum compute r is a 
device, wh ich takes full advantage o f quan tum mechanica l superposi t ion and 
interference. Bui ld ing an actual quan tum compute r is p robably far off in the future. 
Boolean decis ion trees m o d e l is the s implest mode l to co mp u t e Boolean functions. 
In this mode l the pr imit ive operat ion m a d e by an a lgor i thm is evaluating an input 
Boolean var iable . The cost of a (determinist ic) algori thm is the number of variables 
it evaluates o n a wors t -case input. 

The black-box m o d e l of computa t ion arises when one is given a b lack-box 
containing an AMuple o f Boolean var iables X=(xI.x2,...,xN.). The box is equipped to 
output JC, on input i. W e wish to de termine some proper ty o f X, accessing the xt only 
through the b lack-box. Such a b lack-box access is called a query. A property of X is 
any Boolean function tha t depends on X, i.e. a proper ty is f u n c t i o n / . ' { 0 , 1 } N _ » / 0,1}. 
We wan t to compute such propert ies us ing as few queries as possible . 

Consider , for example , the case whe re the goa l is to de te rmine whether or not X 
contains at least one 1, so we want to compute the property O R ( X ) = xo v Xi-- v X N -
I. It is well k n o w n that the number o f quer ies required to compute O R by any 
classical (de temhnis t ic or probabil is t ic) a lgor i thm is O ( N ) . G r a v e r [4] d iscovered a 
remarkable quantum a lgor i thm that, m a k i n g quer ies in superposi t ion, can be used to 
compute OR wi th small error probabi l i ty using only 0 ( V N ) queries . 

Research supported by Grant No.01.03^4 from the Latvian Council of Science and by the European 
Commission, Contract 1ST-1999-I1234 (QAIP) 
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2. Definitions 

2.1. Q u a n t u m comput ing 

W e introduce the bas ic mode l of q u a n t u m compu t ing . For m o r e detai ls , see 
tex tbooks by Gruska [5] and Nielsen and C h u a n g [6] 

Q u a n t u m states: W e consider finite d imens iona l q u a n t u m sys tems. An n-

dimensional pure state is a vector |vj/)eC" of n o r m 1. Let | 0 ) , | l ) , . . . , | n - l ) be an 

or thonormal basis for C". Then, any s ta te can b e expressed as l \ | / ) = ^ " ~ o a ' l ' ) 

some a o e C , a | 6 C , . . . , a ^ i g C . Since the n o r m of \y) is 1, |a j | 2 =l. W e call the states 

I0), | l) . . . . , [n-1) basic states. A n y s ta te of the form ^ " ^ a . | / ) is called a 

superposition o f |0), |1), . . . , |n-1 >. The coefficient a, is ca l led amplitude of |i). 
A quan tum system can undergo two basic opera t ions : an uni tary evolut ion and a 

measurement . 
Unitary evolut ion: A unitary transformation U is a l inear t ransformat ion on C* 

that preserves the /; n o r m (i.e., maps vec tors o f unit n o r m to vectors of uni t no rm) . 
If, before applying U, the system w a s in a state [y ) , then the state after the 
transformation is U\y). 

M e a s u r e m e n t s : In this survey, w e jus t use the s imples t case o f quan tum 
measurement . It is the full m e a s u r e m e n t in the computa t ion bas is . Per forming this 
measurement on a s ta te |v | / )=ai |0)+. . .a k |k) gives the o u t c o m e / wi th probabi l i ty |a;j2. 
The measu remen t changes the state of the sys tem to No t i ce that the measu remen t 
des t roys the original s tate \y) and repea t ing the m e a s u r e m e n t g ives the s a m e / wi th 
probabil i ty 1 (because the state after the first m e a s u r e m e n t is |i}). 

M o r e general c lasses of m e a s u r e m e n t s are general von N e u m a n n and P O V M 
measuremen t s [6]. 

2.2. Query model 

In the query mode l , the input X/,...Xy is con ta ined in a b lack box and can be 
accessed by queries to the b lack box . In each query , w e give / to the b lack box and 
the b lack box outputs .r,. The goal is to solve the p r o b l e m with the m i n i m u m number 
of quer ies . T h e classical version of this mode l is k n o w n as decision trees [2]. 

The re are two w a y s how to define the query box in the quan tum m o d e l . The first 

I > 

a > 

0 1 0 

Xl X: XN 

u> 

|a+x,> 

Figure 1. Quantum black box. 
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It has t w o inputs i, cons is t ing of [logN] bi ts and b consis t ing of 1 bit. If the input 
to the query box is a bas ic state |i)|b), the output is | i ) | b © x A . If the input is a 
superposi t ion Yj.b a i .b | i ) |b) , the output is 2J .b a i ,b | i ) | b©Xi ). N o t i c e that this definition 
applies bo th to case when x; are binary and to the case w h e n they are k-valued. In 
the k-valued case, we jus t m a k e b to consist of [ l o g i k l b i t s and take b © X j to be 
bitwise X O R of b and xt. 

In the second form of q u a n t u m query (which only appl ies to p rob lems with 

(0 ,1}-valued x,), the black box has jus t one input /'. If the input is a state a^i), the 

output is ^ . ( - l ^ ' a - j i ) . Whi l e this form is less intuitive, it is very convenien t for 

the use in quan tum algor i thms, including G r a v e r ' s search a lgor i thm [4] . A query of 
second type can be s imulated by a query of first type [4], 

A q u a n t u m query a lgor i thm with T queries is jus t a sequence of unitary 
transformations 

0 - > l/ ,_> 0 - > . . . ->t /7w-> 0 - » UT 

on s o m e finite- d imensional space C*. U0, Uu U7 can be any unitary 
transformations that do not depend on the bi ts xu inside the b lack box. O are 
query t ransformat ions that consist of apply ing the query box to the first l ogN+1 bits 
of the state. That is, we represent basic s tates of C* as |i,b,z). Then , O maps |i,b,z) to 
| i ,b©Xj , z ) . W e use Ox to denote the query transformation cor responding to an input 
x=(x,,...xN). 

The computa t ion starts wi th state |0). Then , we apply Oo, Ox Ox, UT and 
measure the final state. T h e result of the computa t ion is the r ightmost bit of the state 
obtained by the measu remen t (or several bi ts if we are cons ider ing a p rob lem where 
the answer has more than 2 values) . 

The q u a n t u m algor i thm compu tes a function f(x,,...,xN) if, for every x=(x; X\j 
for w h i c h / i s defined, the probabi l i ty that the r ightmost bit o f UT Ox UT-i--- Ox U0\Q) 
e q u a l s / ( x j , . . . ^ ^ is at least l - e < VI 

The exact quan tum a lgor i thm compu tes a function f(xh...,xN) if, for every 
x=(xi,...,xN) for w h i c h / i s defined, the probabi l i ty that the r ightmost bit of UT Ox UT_ 

Ox £/fl|0) equals f(xh...,xN) is 1. 
The query complexi ty of / is the smallest number of quer ies used by a quan tum 

algorithm that c o m p u t e s / W e denote it Q(j). 
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3. Main results 

3 .1 . Construct ions 

First construction is H a d a m a r d t ransformat ion (Figure 2) . This is a unitary 
transformation. 

1 1 > 
V2 
1 1 

V2~ 

Figure 2. Hadamard transformation. 

In quantum algori thms H a d a m a r d t ransformat ion is used l ike this (Figure 3) . 

1 

4i~ 

4i 

Figure 3. Hadamard transformation in quantum algorithm. 

Distribution of ampl i tudes (before and after app ly ing H a d a m a r d transformation) 
is shown in Table 1. 

(qi.qa) ( q 3 , q 4 ) 
1 

(1,0) 

2 
(0,1) 

3 

( ~ ^ , (0,-1) 

4 
(-1,0) 

Table 1. Distributions of amplitudes. 
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Next construct ion solves the fol lowing prob lem. W e have one variable x, after a 
query w e get ampl i tude 1 in state q 2 , if value of x is 1 and we get ampl i tude -1 in 
state qa, if va lue of x is 0. Algor i thm, which corresponds requi rements , is s h o w n in 
Figure4. 

V - ^ -1.0 

Figure 4. Algorithm 

D.Deuch [7] gave a const ruct ion (finalized by R.Cleve , A.Eker t . C. Macch iave l lo 
and M . M o s c a [8]) comput ing the Boolean function / , ^ / c / 7 T ( x i , x 2 ) = x 1 + X 2 ( m o d 2). 

Algor i thm, which c o m p u t e s PARTY with probabil i ty 1 (exact quantum query 
Algori thm), is shown in F igure 5. 

Figure 5. Automaton, which calculate PARITY 

Distr ibution of ampl i tudes (a lgori thm, which computes PARITY) is s h o w n in 
Table 2. 

X | , X 2 After query (qi.qz) 

(1,1) ( t t t i ) (1.0) 

(1,0) (0,1) 

(0,1) (0.-1) 

(0,0) (-1,0) 

Table 2. Distributions of amplitudes. 
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T h e o r e m 1 Let Q be an exact quantum query algorithm with two outputs (0,1). This 
algorithm computes Boolean function fj(x,,...xm) with k/ queries. Corresponding 
deterministic algorithm requires k2 queries (k2>kl). Let D be a deterministic 
reversible queiy algorithm, which computes Boolean function f2(x,,...x„) with n 
queries. 

Then exists exact quantum query algorithm Q2, which computes function 
f2(f,(xj,...xJ,f,(xm^i,...x2J,...fi(xl„_,,„,-,,...x„J) with k,n queries and corresponding 
deterministic query algorithm have k2n queries. 

Proof. W e construct a lgor i thm Q? as fol lows. W e put in each determinis t ic 
a lgori thm D query quan tum query a lgor i thm Q with co r re spond ing var iables . In this 
way we get correct quan tum query a lgor i thm, which c o m p u t e s Boo lean function f2 

with kin queries. Cor respond ing determinis t ic a lgor i thm is m a d e in a similar way. 
This algori thm requires k 2 n queries . • 

T h e o r e m 2 Let f(xt,...x„) be a Boolean function. If if Xi=x2=...x„=0 then value of 
f(X[,...x„) is 1. If one of x, is 1, but others are 0 then value off(xi,...xn) is 0. 

Then deterministic query algorithm requires n queries. 

Proof. If w e ask n-1 quer ies and all values a re 0, then we n e e d to ask another queity 
to find out value of function f. p 

3.2. Exact quantum query a lgori thm with n-1 quer ies 

In this chapter we p ropose set o f Boo lean funct ions, wh ich complexi ty o f exact 
quantum query algori thm is n-1 but complex i ty of de te rmin is t i c query a lgor i thm is 
n. 

The idea about differences be tween two input var iab les has c o m e from Raitis 
Ozols . 

Definit ion Let X/,... ,x„ be a Boolean functions input. Then difference Dif(i) 
between two input variables xt and x , - / is: 

Definit ion Let X/ .v„ be a Boolean functions input and Dif(i) corresponding 
differences, then 

T h e o r e m 3 [9] Ifx, x„ is Boolean functions input and n=2k^l, then DifSum e 
(0,2,4. ..n-1}. 
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X 1 

Figure 6. Example of five input variables 

Example o f five input var iables is s h o w n in Figure 6. If the difference be tween 
two con t iguous variables is 0 (variables are equal ) , then in f igure this fact is shown 
with bold line. If the difference be tween two cont iguous var iables is 1 (var iables are 
not equal) , t hen in figure this fact is shown with d iscont inuous line. 

Exact query algori thm, wh ich can differentiate different va lues of DifSum, is 
shown in Figure 7. This a lgor i thm has four queries , as each confrontat ion of two 
variables requires only one query . 

DifSum = 0 

DifSum = 2 

DifSum = 2 

DifSum = 2 

DifSum = 2 

DifSum = 2 

DifSum = 2 

DifSum = 4 

DifSum = 2 

DifSum = 2 

DifSum = 2 

DifSum = 4 

DifSum = 2 

DifSum = 4 

DifSum = 4 

DifSum = 4 

Figure 7. Quantum query algorithm 
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We consider Boolean function o f n var iables 

\0,Di/Siim(xi,..jxn)>0 

T h e o r e m 4 There is an exact quantum query algorithm for Boolean function Hj 
with n-1 queries and deterministic quay algorithm requires n queries. 

Proof. W e m a k e this quan tum query a lgor i thm, alike five var iables situation. T h e 
algori thm has n-1 queries . That output, wh ich co r re sponds D i f S u m = 0 , g ives value 1, 
other outputs give value 0. This a lgor i thm c o m p u t e s Boo lean function / / ; . Boo lean 
function Hi satisfies r equ i rement s of T h e o r e m 2, so de terminis t ic query a lgor i thm 
requires n queries . • 

Theorem 5 Let H be a Boolean function of n variables and 
• Hvalue is 1, if DifSumfx/,...x„)=0 
• H value is 0, if DifSum (xi... .x„J=2 
• 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 m a k e this q u a n t u m query a lgor i thm alike T h e o r e m 4 . We have Boolean 
function H, which value is dependent on ly on input D i f S u m va lue . This means , w e 
can get necessary outputs from the q u a n t u m que ry a lgor i thm. Boo lean function H 
satisfies requirements o f Theorem 2, so determinis t ic query a lgor i thm requires n 
queries. 

3.3. Exact quantum q u e r y a lgor i thm wi th 2n /3 quer ies 

In this chapter we p ropose set of Boo lean funct ions , wh ich complex i ty of exact 
quantum query a lgor i thm is 2n /3 but c o m p l e x i t y of de te rminis t ic query a lgor i thm is 
n. 

W e consider Boolean function of 3 var iables 

Theorem 6 Ttiere is an exact quantum query algorithm Qcfor G with 2 queries and 
this algorithm has two outputs. 

Proof. Quantum query a lgor i thm s h o w n in F igure 8 satisfies r equ i rements . Output 
qi corresponds G value 1 and output q 2 - G va lue 0. • 
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Figure 8. Quantum query algorithm Q G 

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

Proof. W e use Theo rem 1 and Theorem 2. Q u a n t u m query a lgor i thm Q G (from 
Theorem 6) satisfies requi rements of Theo rem 2. W e take any Boo lean function d of 
n variables, which satisfies requi rements of T h e o r e m 2. This means the function has 
determinist ic query a lgor i thm D with n quer ies . Then by T h e o r e m l , we can make 
exact quan tum query a lgor i thm, which c o m p u t e s function d(g(x i ,X2 ,x_0 , . . . ,g (x 3 n _2 , 
X 3 n i > x 3 n ) ) with 2n quer ies . By Theorem 2 cor responding determinis t ic quan tum 
algorithm requires 3n quer ies . 

3.4. Exact q u a n t u m query a lgor i thm with n/2 queries 

In this chapter w e p ropose set of Boo lean functions, wh ich complexi ty of exact 
quantum query a lgor i thm is n/2 but complexi ty of determinis t ic query a lgor i thm is 
n. 

We cons ider Boolean function o f 4 variables 

F ( X i , X 2 , X 3 , X 4 ) = / ^ 4 i ? / J T ( X i , X 2 , X 3 , X 4 ) 

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

Proof. Q u a n t u m query a lgor i thm shown in Figure 9 satisfies requi rements . Output 
q, corresponds F value 1 and output q2 - F va lue 0. r_ 

Figure 9. Quantum query algorithm Q F 
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T h e o r e m 9 There is a set of Boolean functions, which deterministic complexity is 4n 
and exact quantum query algorithm with complexity 2n. 

Proof . W e use T h e o r e m 1 and Theo rem 2 . Q u a n t u m query a lgor i thm Q F (from 
Theorem 8) satisfies requi rements of T h e o r e m 2. W e take any Boolean function d of 
n var iables , which satisfies requi rements of T h e o r e m 2. This means the function has 
determinis t ic query a lgor i thm D wi th n quer ies . Then by T h e o r e m l , we can make 
exact quan tum query a lgor i thm, which c o m p u t e s function d ( f ( x i , x 2 , x 3 , X 4 ) , . . . , 
f (x 4 n _ 3 , . . . , X 4 „ ) ) with 2n quer ies . By T h e o r e m 2 cor responding determinis t ic quan tum 
algor i thm requires 4n quer ies . • 

3.5 . E x a c t q u a n t u m query a lgor i thm wi th 2 quer ies for Boo lean funct ion of 4 
variables 

In this chapter w e p ropose Boolean function of 4 var iab les , which complex i ty of 
exact quan tum query a lgor i thm is 2 but complex i ty o f determinis t ic query a lgor i thm 
is 4. This function do not equivalent with P A R I T Y function. 

We consider Boolean function of 4 var iables . 

\,DifSum{xl,...x4) = 0 
K ( x , , x 2 , x 3 , x 4 ) = h,DiJSum(xl,...xA) = 4 

0,DifSum(x],..jc4) = 2 

T h e o r e m 10 TJiere is an exact quantum query algorithm QK for K with 2 queries. 

Proof. Quan tum query a lgor i thm s h o w n in F igure 10 satisfies requi rements . Output 
qi corresponds K value 1 and outputs q 2 , q 3, and q 4 - K value 0. • 

<M2 

X1 J — ^ 0 ^ X 2 ^ 1> 1/2 1/2 1/2 1/2 > q1 

X2J - ^ © - * 1/2 -1/2 1/2 -1/2 > q2 

X3 J 
1/2 -1/2 -1/2 1/2 > q3 

X4 J 
1/2 1/2 -1/2 -1/2 > q4 

Figure 10. Quantum query algorithm Q K 
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Abstract. The paper focuses on study of a fuzzy concept of easily inferred 
sequences introduced by D.Angluin. A method for formalization of such fuzzy 
concepts is developed. The proposed method 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 technique 

1. Introduction 

Current paper has several goals. The first goal is to develop an algorithm for inference 
of easily inferred sequences. First informal definition of easily inferred sequences was 
introduced by D.Angluin 30 years ago [1]. Easily inferred sequence is a sequence of 
natural numbers; a human easily 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 inference 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 
is 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 is to develop a general method for formalization of fuzzy templates. 
Humans 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 
second problem is how to combine elementary templates to obtain more powerful tools 
of formalization. The problem of combining them in a formal way is non-trivial, because 
templates of inference used by humans usually are orthogonal. Since the 16 t h century we 

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

The next goal is to 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 
companies, telecom, sophisticated program systems. In this work we will study how the 
object-modeling technique 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 
into "easily inferable" 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 avoid the exponential search over programs that generate sequences. 

It is important to find a description form of sequences where notions that are familiar 
to and understandable for a 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. It 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 60 templates of sequences are described 
[]] . Each template can be used to generate many sequence examples. Besides, these 
templates can be combined to obtain more complex templates and thus even more 
examples of sequences. 

1,4, 9, 1 6 , 2 5 , 3 6 . . . 
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 , 1 3 , 2 1 , 3 4 , 5 5 ... 
This is a Fibonacci sequence. 
1 , 1 , 2 , 8 , 3 , 2 7 , 4 , 6 4 , 5 , 125 ,6 ... 
This is 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. 



94 DATABASES AND INFORMATION SYSTEMS 

1,2, 2 , 4 , 4 , 4 , 4 , 8 , 8 , 8, 8, 8 ,8 , 8, 8, 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 , 1 6 , 25, 36, 49 . . . . 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 

1 generation 
parameter 1 

B C 

1 generation 1 generation 
parameter 2 parameter 3 

1 

result 

I * i 
Sequence 

Fig. 1. Representation of elementary pattern 

Class diagrams of elementary patterns use stereotypes depicted in Fig.2. 
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Z 
Sequence 

denotes the 
sequence class 

Generat ion rule 

Function / 

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

denotes the rule that 
determines how the generat ion 
of sequence is done 

denotes the function 
class 

Natural number denotes the class 
without stereotype 

Fig. 2. Stereotypes 

Pattern in F ig . l . 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). 

EASSY INFERRED 
SEQUENCE 

second 1 
subsequence 

first 
subsequence 

G V 
Generator of 

emating sequence , 

1 

result 1 

Alternating sequence 

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 G_V takes the necessary generation parameters and produces an 
alternating 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 alternating sequence 1, 2, 2, 4, 3 , 8, 4 , 16, 5, 
3 2 , 6 , 64 ... (Fig.4). 

:G V 

1 2 34 56...:S 2 4 8 16 32 64 ...:S 

first 
subsequence 

second 
subsequence 

result 

1 2 2 4 3 8 4 16 5 32 6 64...:V 

Fig. 4. Example of instance diagram 

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

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

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

F(x, y ) : arithmetic function that is of form x+y or x*y. 
S(x) : decimal function with one operator, which works with decimal representation 

of a natural number. Operator can be of the type firstdigit, lastdigit, length, tail, front. 
Let us define these decimal operators. 
Firstdigit : returns the first digit in the decimal notation of a natural number; 

firstdigit(8l) = 8. 
Lastdigit : returns the last digit in the decimal notation of a natural number; 

lastdigit(\21) = l. 
Length : returns 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; /a/7(243) = 43. 
Front: returns the number without the last digit in the decimal notat ion; / ra«/(1024) = 

102. 
R(x) : this type of functions includes arithmetic functions like F(x) and functions of 

form front{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 arithmetic functions F(x) and functions of form 
length(¥(x)). 

D ( x ) : function D(x) returns the list < c h c 2 , . . . x, . . . c n >, where c,, c 2 , . . . c n are fixed 
constants and x is an occurrence of a variable. 

4. Metamodel of easily inferred sequences 

The metamodel of easily 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 easily 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 

x"2 :Ffx} 

generation function 

: G S I I 

1 4 9 1 6 25 3649... :S 

first subsequence 

: A S 

0 :Natural number 

first element 

: G S I 

generation function 

0 0 0 0 0 0 0 . . . : S 

second subsequence 

£10114 0119 02 £16 01^5 01 
(36 0} (49 0)...:G 

: T G I 

: T G i 

1 0 4 0 9 0 J 6 0 2 5 0 
36 0 49 0. .:S 

£H£01fflMi?iMLl6ii 
0) 12 5 H 0 1 (3 6) (0)...:G 

: E G 

1 0 4 0 9 0 1 6 0 2 5 0 3 6 0 4 
S 

Fig. 6. Instance diagram of easily inferred sequence 

The semantics of the metamodel will be discussed in further sections. For the sake of 
explanation the metamodel will be divided into several 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 
(Tig-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 I V ) . 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 J Q uses the function F(x) to compute elements in the sequence from their numbers 
in the sequence. The generation template G_S_TU 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 already, it can be transformed into another 
sequence. Transformation means that every element x s 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 

N o w 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 elements 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 sequences, and group sequences into plain sequences 
(Fig.8). Then we will pass over to more complex generation patterns of group sequences 
(Fig.9). 

f Dropper of group J I Concatenate' of J ( Extractor of the !ast J 
Vjelimilers J Ngroup elements J N^ements of groups y 

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 obtain a plain sequence (the transformer T_G_I) . The transformer T_G_II 
concatenates elements inside groups and makes a sequence, where each number is equal 
to concatenation of some group. The transformer T G U I makes a sequence 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_III and G_G_IV). First, the 
elements of the sequence can be sequentially divided into groups. It means that the first 
li elements constitute the first group, next 1 2 elements form the second group etc., where 
I, is the length of the first group. 1 : is the length of the second group and so on. Another 
way of forming a group sequence is to repeat the base sequence in each group. In this 
case the first group consists of the first h elements of the base sequence, the second 
group consists of the first 12 elements of the base sequence etc., where 1, is the length of 
the first group, 12 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_I), or they 
can be computed from the first element of the same group with the function L(x) 
( R L I I ) . 

The generation 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 easily 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 element 
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 is obtained from the previous element in the 
group by applying function R(x). The rule R_R_II uses a two-argument generation 
function to return next element in the group. The first argument of this function is the 
previous element in the group, but the second argument is the group number. The rule 
R_R_ILT uses the same kind of function as the mle R_R_II, but the second argument of 
function is the number of the current element inside the group. 

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

< l - s t 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: 
< l - s t element, 
f( 1 -st element)>, 
<g(2-nd element), 
f(3-rd element):*, 

<g(2k-th element), 
f (2k+l- the lement)> , 

first 
subsequence 

second 
subsequence 

result 

A G 
( Alternator of group 

sequences 

0..1 

< 
second 1 first 
function 

1 

function 

0..1 \ Aitemator of functions J 

Easily inferred 
sequence 

& * second 
] subsequence 

1 
Easily inferred 

sequence 

r " * first 
subsequence 

Fig. 10. Alternating sequence 
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In this model the alternating 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 are dropped. 
For example, alternating sequence made of sequences <1>, <2, 2>, <3, 3, 3>, <4, 4, 4, 
4> ... and <1>, < 1 , 2>, < 1 , 2, 3>, < 1 , 2, 3 , 4> . . . with the alternator 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 a small set of elementary patterns. Due to small 
amount of patterns some sequences are depicted as a composition of several patterns, 
even though a human perceives them as a whole. Therefore in the final version we have 
included additional patterns. Additional patterns simplify the representation of 
sequences, but are more complex. 

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

Further aim of this work is effective implementation of search over instance diagrams. 
The best measurement of the effectiveness of search would be the competition with a 
human. 
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A b s t r a c t . 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 da tabases . We discuss 
trade-offs for creat ing multi-indices, outline implicat ion of multi-indices 
on upda t e and insert procedures a n d describe their usage in query pro­
cessing algori thms. For some impor t an t par t icular kinds of queries in­
volving selections we also propose a further opt imizat ion tha t places a 
pointer to t he shared index record into the d a t a record and thereby 
avoids search, in the index s t ruc ture altogether. 

K e y w o r d s . Access methods , join algori thms, main-memory da tabases 

1 Introduct ion 

In t h e las t d e c a d e a d v a n c e s in c o m p u t e r h a r d w a r e a l lowed t o s t o r e r e l a t i ve ly large 
d a t a b a s e s in m a i n m e m o r y , a t t r a c t i n g g r e a t a t t e n t i o n t o m a i n - m e m o r y d a t a b a s e s 
in r e s e a r c h c o m m u n i t y . I t h a s b e e n show-n t h a t m a i n - m e m o r y d a t a b a s e s p rov ide 
p e r f o r m a n c e on o r d e r of m a g n i t u d e b e t t e r t h a n t r a d i t i o n a l , d i s k - b a s e d d a t a b a s e s 
[3]. A m a i n - m e m o r y d a t a b a s e s y s t e m ( M M D B M S ) c a n s to re all t h e d a t a a n d 
s u p p o r t s t r u c t u r e s ( such as indices) in m a i n m e m o r y , u s i n g disk on ly for logging 
a n d r ecove ry a n d avo id ing inefficient r a n d o m access t o t h e m e c h a n i c a l dev ice [2]. 

• C h a n g i n g p r i m a r y d a t a s t o r a g e f rom disk t o m a i n m e m o r y d o e s no t free 
d a t a b a s e s y s t e m s d e v e l o p e r s from t h e p r o b l e m s p e c u l i a r t o t r a d i t i o n a l d a t a b a s e s . 
In p a r t i c u l a r , efficient d a t a access is s t i l l ve ry i m p o r t a n t for M M D B M S . How­
ever , M M D B M S b r i n g n e w c r i t e r i a for e v a l u a t i n g access m e t h o d s - CPL" cache 
u t i l i za t ion . R e c e n t r e s e a r c h h a s s h o w n t h a t C P U cache mis ses a r e t h e b igges t per ­
f o r m a n c e b o t t l e n e c k for M M D B M S [7, 1]. M a n y a l g o r i t h m s a n d d a t a s t r u c t u r e s 
t r a d i t i o n a l l y u s e d in D B M S have b e e n rev i sed in l a s t y e a r s f rom t h e v i ewpo in t 
of cache b e h a v i o r [8, 5, 11 , 1]. 

In th i s p a p e r we focus on p e r f o r m a n c e of equi- jo in o p e r a t i o n , wh ich is w-idely 
used in q u e r y p r o c e s s i n g a l g o r i t h m s for r e l a t i ona l D B M S . We p r o p o s e multi-
indices - a so r t of ind ices m a p p i n g a n a t t r i b u t e va lue t o all r e c o r d s of different 
r e l a t i o n s c o n t a i n i n g t h i s va lue . Mul t i - ind ices e m p l o y t h e s a m e idea a s t h e well-
knowm j o i n ind ices - p r e c o m p u t i n g i n f o r m a t i o n r e q u i r e d d u r i n g jo in o p e r a t i o n . 
Us ing m u l t i - i n d e x , o n e can find all p a i r s of m a t c h i n g r e c o r d s w i t h o u t s c a n n i n g 
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or p rep rocess ing r e l a t i o n s . W e p r o p o s e a l ayou t of i n d e x s t r u c t u r e s t h a t seems 
to b e o p t i m a l w i t h r e s p e c t t o c a c h e b e h a v i o r . For que r i e s involving se lec t ions , 
p e r f o r m a n c e can b e fu r the r i m p r o v e d by p l ac ing a p o i n t e r t o t h e i n d e x r e c o r d in to 
t h e d a t a record . W'e expec t t h i s mod i f i ca t i on t o s ignif icant ly s p e e d u p execu t ion 
of such quer ies . 

2 Related work 

T h e C S B — t r e e p r o p o s e d in [8] f e a t u r e s a l ayou t of t r e e n o d e s w i t h on ly one 
child po in te r . T h i s s t r u c t u r e frees e x t r a s p a c e in a n o d e for keys , inc reas ing 
t r e e b r a n c h i n g fac tor a n d d e c r e a s i n g he igh t of t h e t r e e . T h i s r educes n u m b e r 
of cache misses d u r i n g t r e e t r a v e r s a l a t t h e cos t of m o r e c o m p l e x n o d e spli t 
a l g o r i t h m . O n e of t h e l a t e s t works in t h e field, [11]. u ses a buffering t e c h n i q u e 
for op t imiz ing sea rch in B i—tree . Buffer ing he lps t o avo id cache mis s o c c u r r i n g 
w h e n walking d o w n from a parent , t o a chi ld in t h e t r e e . A n a l g o r i t h m is de­
sc r ibed t h a t d i s t r i b u t e s buffers a m o n g t h e t r e e n o d e s d u r i n g q u e r y p rocess ing 
t h u s a c c o m m o d a t i n g buffer ing s t r a t e g y t o t h e w o r k l o a d . 

S h a t d a l , et al [5] i m p r o v e cache b e h a v i o r of severa l wide ly used a l g o r i t h m s 
for jo in a n d a g g r e g a t i o n . T h e w o r k a lso c o n t r i b u t e s a c a t e g o r i z a t i o n of cache-
conscious m e t h o d s . M e t h o d s of t h e first c a t e g o r y t r y t o exp lo i t t e m p o r a l local i ty 
a n d reuse t h e d a t a p rev ious ly l o a d e d in t h e cache by r e d u c i n g t h e w o r k i n g set 
of t h e a l g o r i t h m , whi le m e t h o d s of t h e s e c o n d c a t e g o r y u s e s p a t i a l loca l i ty and 
p a r t i t i o n t h e p roces s in such a way t h a t e a c h p a r t w o r k s w i t h a re la t ive ly smal l 
block of m e m o r y t h a t fits in t h e c a c h e en t i re ly . K e r s t e n e t a l . [7] e m p l o y r ad ix -
c lus te r ing scheme to a t t a i n even b e t t e r c a c h e p e r f o r m a n c e of jo in o p e r a t i o n . 

O u r work is b a s e d on t h e idea of j o i n indices p r o p o s e d by Ya ldur iez in [10]. 
Given two re l a t ions R a n d S a n d a j o in c r i t e r i o n , b i n a r y r e l a t i o n of p a i r s (r . s) 
(where r a n d s a r e R I D s of r e c o r d s of R a n d S wh ich c a n b e j o i n e d u s i n g t h e 
jo in cr i te r ion) is bu i l t . T h e i n d e x on r for t h i s r e l a t i o n is t h e n used t o find all 
R I D s of records of S j o ined w i t h t h e g iven r e c o r d of R. W h i l e on t h e logical level 
ou r mul t i - indices r e semble t h o s e p r o p o s e d by V a l d u r i e z , we focus on efficient 
phys ica l r e p r e s e n t a t i o n of i n d e x r e c o r d s u n d e r specific c i r c u m s t a n c e s of m a i n -
m e m o r y d a t a b a s e s y s t e m . A t t h e s a m e t i m e we d o n o t b i n d t h e idea w i t h t h e 
p a r t i c u l a r index s t r u c t u r e . Like d o m a i n ind ices [6], m u l t i - i n d i c e s m a y i n d e x m o r e 
t h a n two re l a t ions . W e also p r o p o s e f u r t h e r d e v e l o p m e n t of t h e idea a n d c la im 
t h a t in m a n y cases signif icant s p e e d - u p c a n b e g a i n e d by p l ac ing p o i n t e r t o t h e 
index r ecord in to t h e d a t a r e c o r d a n d a v o i d i n g t h e i n d e x sea rch a l t o g e t h e r . 

3 Creating and using mult i- indices 

T h e m a i n idea of mul t i - ind ices is t o s t o r e i n f o r m a t i o n a b o u t all r e c o r d s of dif­
ferent re la t ions c o n t a i n i n g g iven va lue of a n a t t r i b u t e in t h e s a m e p l a c e . Let 
Ri Rk is a set of r e l a t i o n s w i t h c o m m o n a t t r i b u t e A. Multi-index of t h e re­
la t ions Ri Rk on t h e a t t r i b u t e A is a m a p p i n g 

I{/?, /?.} : Domain(ARl ARt:) -> {r,-}. 
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where Domain(Afil.ARA is a u n i o n of a t t r i b u t e A's d o m a i n s in re la t ions 
Ri,.... Rk a n d r, is a r e c o r d of a r e l a t i o n Ri for s o m e I = 1 . . . , k. N o t i c e t h a t t he 
mul t i - index I^Ri fl , c a n serve as a conven t iona l i n d e x for a n y of t h e r e l a t ions 
Ri..... Rk on t h e a t t r i b u t e A - we on ly n e e d to filter o u t r e co rds of o t h e r r e l a t ions . 
We call k t h e degree of t h e mul t i - i ndex . 

WTe a lso define index record as a s t r u c t u r e c o n t a i n i n g R I D s of r e c o r d s wi th 
t h e g iven value of t h e a t t r i b u t e . T h e n a t u r e of R I D d e p e n d s on t h e i m p l e m e n ­
t a t i o n a n d t h e s t o r a g e m o d e l be ing u s e d . W e i n v e s t i g a t e m e t h o d s for efficient 
o r g a n i z a t i o n of index r eco rd l a t e r in th i s work. 

3 . 1 O r g a n i z a t i o n o f m u l t i - i n d i c e s 

T h e r e c a n b e different w a y s for o r g a n i z i n g m u l t i - i n d e x I^Ri R k j . For s implic i ty , 
let us a s s u m e we have t w o re l a t ion R\ a n d 7?2 w i t h t h e c o m m o n a t t r i b u t e .4. 
We c a n t h e n bui ld two indices on A for Ri a n d 7?2 w i t h s h a r e d index r eco rds , 
so t h a t a value of t h e a t t r i b u t e c a n b e m a p p e d t o r e c o r d s of Ri a n d i?2 wi th 
th is va lue of t h e a t t r i b u t e by single l o o k u p in e i t h e r i n d e x for R\ or Ro- As 
an a l t e r n a t i v e , we c a n u s e single i n d e x s t r u c t u r e for b o t h Ri a n d i?o- E i t h e r 
a p p r o a c h h a s its a d v a n t a g e s , a n d choice b e t w e e n t h e m shou ld b e m a d e t a k i n g 
into a c c o u n t severa l f ac to r s . 

Students 
StudID Name DOB 

1 Alexander 01/01/79 
2 Anna 09/08/80 
4 Dmitry 02/03/80 

Hobbies 
RID StudID Hobby 

1 1 Fishing 
2 4 Reading 
3 4 Swimming 

Index for Students relation 
StudID Index record 

1 
2 
4 

ndex for Hobbies relation 
StudID Index record 

1 
4 

Shared index record 
- • Students. 4 

Hobbies. 2 
Hobbies. 3 

F i g u r e 1 . An example of relations {Students . Hobbies} and multi-index on Studld 
a t t r ibu te 
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Fi r s t , d i s t r i b u t i o n s of .4's va lues in r e l a t i o n s Ri a n d Ro c an differ signifi­
cant ly , so if a s ingle i ndex s t r u c t u r e is u s e d for b o t h r e l a t i o n s , i ndex l o o k u p is 
less efficient t h a n it wou ld be if t w o s e p a r a t e i n d e x s t r u c t u r e s were used. Sec­
o n d , a single i ndex s t r u c t u r e for a set of keys occup ie s less m e m o r y t h a n two 
index s t r u c t u r e s m a p p i n g t h e s a m e set of keys even if two s t r u c t u r e s s h a r e i n d e x 
r eco rds . Besides poss ib le d u p l i c a t i o n of keys in b o t h s t r u c t u r e s , t h e r e a r e a lso 
aux i l i a ry e l emen t s like l ink p o i n t e r s e t c . T h i r d , as we will show, i m p l e m e n t a t i o n 
of mul t i - indices in t h e fo rm of s eve ra l i ndex s t r u c t u r e s w i t h s h a r e d index r eco rds 
d e g r a d e s p e r f o r m a n c e of inser t a n d de le te o p e r a t i o n s , so for e n v i r o n m e n t wi th 
in tens ive modi f i ca t ions we m a y pre fe r a s ingle i n d e x s t r u c t u r e . 

Choice a m o n g different v a r i a n t s of i m p l e m e n t a t i o n of m u l t i - i n d e x is the re fo re 
a t rade-off be tween s t o r a g e space , s e a r c h a n d u p d a t e efficiency. If t h e r e a r e t h r e e 
r e l a t i ons wi th c o m m o n a t t r i b u t e , t h e s i t u a t i o n b e c o m e s e v e n m o r e c o m p l i c a t e d , 
as we now have 5 o p t i o n s for c o n s t r u c t i n g m u l t i - i n d e x . I t is k n o w n t h a t t he 
n u m b e r of all poss ib le p a r t i t i o n s of a set ( a n d t he r e fo r e t h e n u m b e r of o p t i o n s 
for c o n s t r u c t i n g m u l t i - i n d e x ) is d e s c r i b e d by Bell n u m b e r s [9]. Genera l ly , t he 
issue of choos ing o p t i m a l i m p l e m e n t a t i o n of m u l t i - i n d e x c a n b e t r e a t e d a s an 
o p t i m i z a t i o n p r o b l e m w h e r e we a r e t r y i n g t o m i n i m i z e a v e r a g e sea rch cos t u n d e r 
r e s t r i c t i ons on t h e a m o u n t of m a i n m e m o r y ava i l ab le a n d o v e r h e a d for i n se r t a n d 
u p d a t e o p e r a t i o n s . Space l imits p r e c l u d e u s f rom d e t a i l e d desc r ip t i on . 

In F i g u r e 1 a n e x a m p l e of t w o r e l a t i o n s {Students, Hobbies} a n d a m u l t i -
i ndex on t h e Studld a t t r i b u t e is d e p i c t e d . I n t h e e x a m p l e a n i ndex on Studld 
is buil t for b o t h r e l a t i o n s , a n d ind ices s h a r e c o m m o n i n d e x r e c o r d s . A s s u m i n g 
t h a t only some of s t u d e n t s have h o b b i e s , s u c h a n o r g a n i z a t i o n seems to be b e t t e r 
t h a n t h e single i n d e x s t r u c t u r e . 

We p r o p o s e t h e following i n d e x r e c o r d l a y o u t . I n d e x r e c o r d h e a d e r c o n t a i n s 
t h e l eng th of t h e i n d e x r eco rd a n d a t a b l e (Relld —> o / / s e i ) , = 1 m t h a t m a p s 
u n i q u e re la t ion identif ier t o t h e offset of t h e first r e co rd identif ier from t h e re­
l a t i on in t h e index r eco rd . Fol lowing t h e r e c o r d h e a d e r , r e c o r d identif iers from 
t h e re la t ions Relld\. Relldm a r e s t o r e d . T h e m a i n i dea is the re fore t o g r o u p 
record identifiers f rom t h e s a m e r e l a t i o n t o g e t h e r . C o m p a r e d wi th s imple sequen­
t ia l l ayout , th is o r g a n i z a t i o n i n c u r s s o m e o v e r h e a d d u r i n g u p d a t e of t h e index 
record , b e c a u s e we m a y n e e d t o shift p a r t of t h e r e c o r d t o a c c o m m o d a t e t o new 
re la t ion b o u n d a r i e s or even r e a l l o c a t e t h e r e c o r d if no free space ava i lab le ins ide 
t h e record . If. however , mod i f i ca t i ons t o t h e d a t a b a s e a r e r a r e as c o m p a r e d wi th 
quer ies , th is o v e r h e a d is well r e w a r d e d b y t h e r e s u l t i n g c a c h e efficiency. Fe tch­
ing r eco rd identif iers for r e l a t i on I cos t s 1 - I—:— ,* ' z *y i \ -—v cache misses in the 

o sizetcache hue) 

wors t case (where / ; is t h e size of t h e b lock of r e c o r d s identif iers f rom r e l a t i o n / ) : 

fe tching records ident i f iers for r e l a t i ons I a n d m cos t s 1 + s " e ( / ' ) ^ , ' ' ' ' ; e / / m . 1 cache 

misses . 

3.2 Mainta in ing and us ing mul t i - ind ice s 

A n a lgo r i t hm for equi- join of t w o r e l a t i ons R1.R2 on c o m m o n a t t r i b u t e A us­
ing mul t i - index 1 ^ R ^ is s t r a i g h t - f o r w a r d . W e s imply t r a v e r s e t h e m u l t i - i n d e x 
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col lec t ing m a t c h i n g r e c o r d s . Not ice t h a t a n o p t i m i z a t i o n is feasible in t h e index 
r ecord l ayou t : if we h a v e a m u l t i - i n d e x I^Ri R k ^ a n d t h e r e a r e e x p e c t a t i o n s 
t h a t t w o p a r t i c u l a r r e l a t i o n s Ri a n d Rm wu l of ten b e j o i n e d in q u e r i e s , we m a y 
place r e c o r d identif iers f rom these r e l a t i o n s c o n t i g u o u s l y in t h e i n d e x records 
t h e r e b y dec reas ing t h e p robab i l i t y of t h e e x t r a c a c h e mi s s . A n o t h e r o p t i m i z a ­
t ion is t o place r e c o r d identif iers from t h e m o s t frequently us ing r e l a t i o n s closer 
t o t h e beg inn ing of t h e i n d e x r eco rd , s ince th i s m a y r e d u c e t h e n u m b e r of cache 
misses o c c u r r i n g d u r i n g p rocess ing of t h e index r e c o r d t o 1. 

W e c o m p a r e t h e m u l t i - i n d e x j o i n w i t h t h e p a r t i t i o n e d hash - jo in which has 
b e e n p r o v e d to b e o n e of t h e m o s t efficient equi- jo in a l g o r i t h m s for M M D B M S 
[5]. P a r t i t i o n e d hash - jo in requ i res p r e p r o c e s s i n g s t e p t h a t d iv ides r e l a t i o n s (say 
R a n d S) be ing j o i n e d i n t o p a r t i t i o n s b a s e d on h a s h codes of va lues of t h e jo in 
a t t r i b u t e . T h i s s t e p involves s c a n n i n g b o t h r e l a t i ons a n d the re fo re e x h i b i t s p o o r 
cache p e r f o r m a n c e b e c a u s e of l a rge n u m b e r of c o m p u l s o r y cache mi s se s . E a c h 
r ecord of t h e r e l a t i ons shou ld b e accessed in o rde r t o c o m p u t e its h a s h code . T h e 
n u m b e r of cache mis ses d e p e n d s o n t h e u n d e r l y i n g s t o r a g e m o d e l (one can lay 
ou t a t t r i b u t e s in such a w a y t h a t va lues of t h e j o in a t t r i b u t e o c c u p y con t iguous 
reg ion in m e m o r y , t h e r e b y dec reas ing n u m b e r of c a c h e misses r e q u i r e d t o r ead 
t h e m a l l ) , b u t in g e n e r a l for conven t iona l N - a r y s t o r a g e m o d e l we m a y expec t 
one cache miss pe r e a c h record . Af te r p r e p r o c e s s i n g s t e p , hash- jo in bu i lds h a s h 
t a b l e for each p a r t i t i o n of re la t ion R a n d p r o b e s all r e c o r d s in each p a r t i t i o n of 
r e l a t i on S us ing t h i s h a s h - t a b l e . 

M u l t i - i n d e x d o e s n o t r equ i re a n y p r e p r o c e s s i n g , as it a l r e a d y h a s all t h e 
n e c e s s a r y i n f o r m a t i o n t o pe r fo rm t h e equi- join. W e only need t o t r a v e r s e t h e 
i ndex s t r u c t u r e a n d for each index r eco rd form p a i r s (r ,s) of m a t c h e d r eco rds . 
No t i ce t h a t conven t iona l index s t r u c t u r e s like B—-trees a n d b u c k e t - c h a i n e d h a s h 
t ab l e s al l s u p p o r t efficient t r a v e r s a l . Of course , we s t i l l e x p e r i e n c e l a r g e n u m b e r 
of c o m p u l s o r y cache mi s se s . However , we expec t t h i s n u m b e r t o b e s u b s t a n t i a l l y 
smal le r t h a n t h a t d u r i n g p r e p r o c e s s i n g s t e p in p a r t i t i o n e d h a s h j o in , b e c a u s e 
index r e c o r d s b e t t e r u t i l ize cache l ines a n d do n o t p o l l u t e t h e m w i t h i r re levant 
i n f o r m a t i o n (such a s va lues of a t t r i b u t e s not p a r t i c i p a t i n g in j o i n ) . For mu l t i -
indices of t h e sma l l e s t degree 2, t h e cache u t i l i z a t i on is espec ia l ly h igh , since 
all t h e i n f o r m a t i o n c o n t a i n e d in a n i ndex r ecord is r e q u i r e d d u r i n g jo in . For 
mul t i - ind ices of h i g h e r degrees , we have m e n t i o n e d a couple of o p t i m i z a t i o n s 
a i m e d t o increase cache u t i l i za t ion , h i t h e m u l t i - i n d e x jo in we a lso do n o t need 
to p e r f o r m h a s h c o d e c o m p u t a t i o n , wh ich can be a C P L ' - b o u n d o p e r a t i o n . Given 
all t h e a b o v e , t h e r e a r e g o o d p r e r equ i s i t e s for m u l t i - i n d e x jo in t o p e r f o r m b e t t e r 
t h a n t h e p a r t i t i o n e d hash- jo in . 

D u r i n g in se r t i ons , de le t ions a n d u p d a t e s t o t h e d a t a b a s e , m u l t i - i n d e x , like 
any o t h e r index, s h o u l d reflect c h a n g e s in t h e d a t a . W e need t o find t h e index 
r ecord c o r r e s p o n d i n g t o t h e value of t h e a t t r i b u t e in t h e d a t a r e c o r d b e i n g in­
s e r t e d o r de le ted . If t h e mu l t i - i ndex cons i s t s of t h e s ingle i ndex s t r u c t u r e , we only 
need t o l o o k u p in t h i s s t r u c t u r e . If, however , m u l t i - i n d e x is a un ion of severa l in­
dex s t r u c t u r e s w i t h s h a r e d index r e c o r d s we gene ra l ly n e e d t o s e a r c h in all t he se 
indices un t i l t he i n d e x r e c o r d is found or t h e sea rch is e x h a u s t e d . T h i s m a y seem 
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expens ive b u t no t ice t h a t in p r a c t i c e we a l m o s t a l w a y s k n o w which p a r t of t h e 
mul t i - index should defini te ly c o n t a i n t h e s h a r e d index r e c o r d c o r r e s p o n d i n g t h e 
d a t a r eco rd be ing i n s e r t e d or de l e t ed . For e x a m p l e , w h e n we inse r t d a t a r eco rd 
in to or de le te from de ta i l s r e l a t ion in ' m a s t e r ' d e t a i l s ' s c h e m e , we d o know the 
R I D of t h e c o r r e s p o n d i n g m a s t e r r e c o r d , so we on ly n e e d t o sea rch in t h e p a r t of 
t h e mul t i - index for t h e m a s t e r r e l a t i o n . T h e s a m e a p p l i e s t o t h e s i t u a t i o n w h e n 
we a d d or de le te fact r e c o r d from fac t s r e l a t i o n in t h e s t a r s c h e m e ; in t h i s case 
we know t h e R I D s of c o r r e s p o n d i n g r e c o r d s in d i m e n s i o n r e l a t i ons . 

Mul t i - indices c a n b e useful d u r i n g m o d i f i c a t i o n s t o t h e d a t a b a s e for enforc­
ing referent ia l i n t eg r i ty c o n s t r a i n t s [10, 6] . Let u s s u p p o s e we h a v e t h r e e re­
la t ions : Students (Studld, Name), Marks (Studld, Subject, Value) a n d Hobbies 
(Studld. Name) w h e r e Marks.Studld a n d Hobbies.Studld a r e foreign keys for 
which C A S C A D E D E L E T E c o n s t r a i n t is enforced . If we n e e d t o de l e t e a r eco rd 
from the Students r e l a t i o n , m u l t i - i n d e x if^dent* Marks Hobbies} e n a D l e s u s t o 

find all r ecords a b o u t s t u d e n t ' s h o b b i e s a n d m a r k s u s i n g s ingle i ndex l o o k u p . In 
case of two conven t iona l indices o n Studld for Marks a n d Hobbies t w o lookups 
would b e requ i red . 

3.3 Connec t ing multi- indices, and d a t a records 

In t h e a b o v e mul t i - ind ices were j u s t a g e n e r a l i z a t i o n of conven t iona l indices ; t he 
d a t a r eco rds r e m a i n e d u n c h a n g e d . U n f o r t u n a t e l y , s u c h a n a p p r o a c h l imi t s use­
fulness of mul t i - ind ices . To d e m o n s t r a t e t h i s , we r e t u r n t o t h e S t u d e n t s e x a m p l e . 
Let us s u p p o s e we h a v e t o find all m a r k s of a s t u d e n t given t h e s t u d e n t ' s n a m e : 
S E L E C T Sub jec t , Va lue F R O M S t u d e n t s , M a r k s W H E R E S t u d e n t s . N a m e = 
' A n n a ' A N D M a r k s . S t u d l d — S t u d e n t s . S t u d l d . G o o d q u e r y e x e c u t i o n p l a n first 
m a k e s use of index Students.Name (wh ich we a s s u m e t o e x i s t ) , a n d only t h e n 
pe r fo rms t h e jo in . T h e jo in is t h e r e f o r e u s e d t o find all r e c o r d s a b o u t s t u d e n t ' s 
m a r k s given the Studld. B u t th i s j u s t a s well cou ld b e d o n e w i t h conven t iona l 
index on Studld for t h e Marks r e l a t i o n . A n a l t e r n a t i v e e x e c u t i o n p l a n could 
first join Students a n d Marks u s ing mu l t i - i nd i ce s a n d t h e n filter o u t all r ecords 
which b e a r n o t h i n g t o A n n a , b u t t h i s p l a n looks u n r e a s o n a b l e b e c a u s e of low 
select ivi ty of t h e que ry . 

We can m a k e m u l t i - i n d e x m o r e useful if we d i r e c t l y c o n n e c t d a t a r ecords 
w i t h t h e c o r r e s p o n d i n g i n d e x r e c o r d s as i l l u s t r a t e d in F i g u r e 2. If we p lace a 
po in te r t o t h e index r e c o r d in to d a t a r e c o r d of t h e Students r e l a t i o n , we will be 
able t o pe r fo rm t h e q u e r y q u i t e efficiently : we will on ly need t o find a record 
abou t A n n a in t h e Students r e l a t i o n a n d t h e n follow t h e p o i n t e r t o t h e index 
record w h e r e we fe tch R I D s of c o r r e s p o n d i n g r e c o r d s f rom M a r k s r e l a t i on . T h i s 
que ry execu t ion p l a n does no t involve a n y index s e a r c h for p e r f o r m i n g t h e jo in . 
Not ice t h a t such a mod i f i ca t ion of d a t a r e c o r d ' s s t r u c t u r e is especia l ly s imp le for 
M M D B M S , b e c a u s e in M M D B M S we k e e p r e l a t i o n s a n d m u l t i - i n d e x in m a i n -
memory , a n d we do no t h a v e t o p e r f o r m a n y a d d i t i o n a l a d d r e s s t r a n s l a t i o n w h e n 
moving indices a n d r e l a t i o n s f rom d i sk t o m e m o r y a n d vice versa . 

Of course , p l ac ing a p o i n t e r t o t h e i n d e x r e c o r d i n t o t h e d a t a r e c o r d h a s some 
nega t ive consequences , m o s t obv ious of wh ich is t h a t t h e p o i n t e r occup ies e x t r a 
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Students 
StudID Name DOB Index pointer 

1 Alexander 01/01/79 
2 Anna 09/08/80 
4 Dmitry 02/03/80 

Hobbies 
RID StudID Hobby 
1 1 Fishing 
2 4 Reading 
3 4 Swimming 

Index record 
Students, 4 
Hobbies, 2 
Hobbies, 3 

F i g u r e 2 . Direct references from records of the Students relation to index records 

s t o r a g e . A n o t h e r u n w a n t e d side effect is poss ib le d e c r e a s e of cache u t i l i za t ion 
by d a t a r ecords . Fo r t h o s e quer ies wh ich do no t i nc lude jo in , t h e p o i n t e r will 
s imply w a s t e va luab l e cache space . A poss ib le s o l u t i o n t o th i s p r o b l e m is a n 
a d a p t i v e d a t a l ayou t t e c h n i q u e like one d i scussed in [4], which lay o u t con t igu­
ously a t t r i b u t e s f r equen t ly o c c u r r i n g t o g e t h e r in q u e r i e s . T h i r d issue is t h a t after 
i n se r t i ng a new d a t a r e c o r d t h e c o r r e s p o n d i n g i n d e x r e c o r d can b e r ea l l oca t ed , 
a n d we will need t o u p d a t e all p o i n t e r s t o i t . However , t h i s c a n b e d o n e efficiently, 
b e c a u s e all d a t a r e c o r d s ho ld ing p o i n t e r s t o t h e i n d e x r eco rd a r e r e fe renced in 
t h e i ndex r ecord itself, so we can eas i ly u p d a t e t h e m h a v i n g t h e i ndex r eco rds in 
h a n d . Genera l ly , we e x p e c t t h a t in m a n y cases t h e p r o p o s e d mod i f i ca t ion pays 
off a n d sigjiificantly inc reases effectiveness of mul t i - ind ices . 

4 Implementation and experimental study 

We a r e cu r r en t ly w o r k i n g on i m p l e m e n t a t i o n a n d t u n i n g of mul t i - ind ices in M e m ­
ph i s , ou r m a i n - m e m o r y r e sea rch d a t a b a s e kerne l . T h e p r i m a r y goal of M e m p h i s 
p ro j ec t is t o p r o v i d e a flexible a r c h i t e c t u r e t h a t wou ld allow t o s u p p o r t var­
ious s t o r a g e m o d e l s a n d index s t r u c t u r e s , easi ly p l u g c o m p r e s s i o n a l g o r i t h m s 
a n d inc lude new d a t a t y p e s e x t e n d i n g t h e predef ined set of bu i l t - in t y p e s . T h e 
sal ient f ea tu re of M e m p h i s is t h a t i t is w r i t t e n en t i r e ly in a m a n a g e d l a n g u a g e 
C # w i t h p e r f o r m a n c e - b o u n d p laces u s ing unsafe c o d e [12]. T h i s g r e a t l y facili­
t a t e s i n t eg ra t i on of M e m p h i s w i t h app l i c a t i ons t a r g e t e d . N E T f r a m e w o r k . We 
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are go ing to u s e M e m p h i s as a n u n d e r l y i n g s t o r a g e s y s t e m for t h e repository-
con ta in ing la rge a m o u n t of i n f o r m a t i o n a b o u t sou rce c o d e of sof tware p ro j ec t s 
( this i n f o r m a t i o n inc ludes such code o b j e c t s as c lasses , m e t h o d s , p r o p e r t i e s a n d 
r e l a t ionsh ips a m o n g t h e m ) . 

We have i m p l e m e n t e d some c o n v e n t i o n a l j o i n a l g o r i t h m s used in M M D B M S 
( p a r t i t i o n e d h a s h jo in , b locked n e s t e d l oops , i ndex ) a s well as m u l t i - i n d e x jo ins . 
We u s e bucket h a s h i n g for mu l t i - i nd i ces ; for b e t t e r efficiency we p rov ide specia l ­
ized r e p r e s e n t a t i o n s of index r e c o r d s for mu l t i - i nd i ce s of severa l smal l degrees . 
T h e s e specia l ized r e p r e s e n t a t i o n s c o n t a i n s fixed n u m b e r of offset fields in p lace of 
gene ra l offset t a b l e de sc r ibed in sec t ion 3 . 1 . W e have n o t i m p l e m e n t e d references 
from d a t a r eco rds t o i n d e x r e c o r d s ye t . 

O u r p r e l i m i n a r y e x p e r i m e n t s show- t h a t m u l t i - i n d i c e s work well in i m p o r t a n t 
s i t u a t i o n s , in p a r t i c u l a r , for j o i n s invo lv ing o n e m a s t e r a n d severa l de ta i l s rela­
t ions (which is a ve ry c o m m o n case in p r a c t i c e ) . W re p r e s e n t s o m e e x p e r i m e n t a l 
r e su l t s here . T h e s e r e s u l t s only c o n c e r n p e r f o r m a n c e of jo in o p e r a t i o n ; m e a s u r e ­
m e n t s of inser t a n d u p d a t e o v e r h e a d c a u s e d b y mul t i - i nd ices as well a s a m o r e 
de ta i l ed s t u d y of j o i n s will b e given in t h e e x t e n d e d vers ion of t h e p a p e r . We 
t e s t e d our i m p l e m e n t a t i o n on severa l d a t a s e t s , i n c l u d i n g t h e r ea l d a t a s e t a n d 
s y n t h e t i c ones . S y n t h e t i c d a t a s e t s w e r e g e n e r a t e d by a too l t h a t is a p a r t of t h e 
M e m p h i s p ro j ec t . T h i s too l t a k e s such p r o p e r t i e s of t h e d a t a s e t as r e l a t i o n s car­
d ina l i t i es , t y p e s of a t t r i b u t e s , a n d d i s t r i b u t i o n of a t t r i b u t e va lues a n d p r o d u c e s 
r e l a t ions in t h e fo rm of p la in t e x t files t h a t c a n b e b u l k - l o a d e d in to m e m o r y of 
t h e M e m p h i s s y s t e m . E a c h e x p e r i m e n t was p e r f o r m e d on t h e cold s y s t e m ; t h a t 
is, t h e s y s t e m was s t a r t e d , all t h e r e l a t i o n s were l o a d e d , t h e n t h e jo in was per ­
fo rmed . T h e p r e s e n t e d m e a s u r e m e n t s a r e a v e r a g e va lues o b t a i n i n g by r u n n i n g 
each t e s t several (5-6) t i m e s . T h e e x p e r i m e n t s were c o n d u c t e d on a conven t iona l 
w o r k s t a t i o n ( In te l P 4 2.8 G H z , 1 G b R A M ) . I n ou r t e s t s we c o m p a r e d t h e pe r ­
fo rmance of t h e j o i n a l g o r i t h m u s i n g m u l t i - i n d e x w i t h i n - m e m o r y p a r t i t i o n e d 
hash- jo in a l g o r i t h m ([5]). T h e n u m b e r of p a r t i t i o n s in t h e hash- jo in a l g o r i t h m 
was chosen t o p rov ide t h e o p t i m a l p e r f o r m a n c e . R e s u l t s of e x p e r i m e n t a l r u n s for 
some d a t a s e t s a r e s u m m a r i z e d in t h e F i g u r e 3 . 

Dataset \R\ \s\ TH ashjoin Tc reatehlulti I ndex T]\l ul til ndex Join M ul ti I ndex Size 
Classes 8000 6000 1.6 sec 0.8 sec 1 sec 0.4 Mb 
S y n t h l l 30000 50000 1.2 sec 1 sec 0.85 sec 0.6 Mb 
SynthI2 100000 300000 7.6 sec 4.8 sec 7.7 sec 1.8 Mb 
Syn thS l 100000 300000 43 sec 24 sec 8 sec 2.1 Mb 

F i g u r e 3 . Results of exper imental runs 

For each d a t a s e t \R\ a n d | 5 j a r e c a r d i n a l i t i e s of t h e r e l a t ions be ing jo ined . 
t h e r u n n i n g t i m e of t h e p a r t i t i o n e d hash - jo in a l g o r i t h m , Tcre.ateMuiti. 

is t h e t i m e r e q u i r e d t o bui ld t h e m u l t i - i n d e x . T^;uitijndKxjoin is t h e r u n n i n g t i m e 
of t h e jo in a l g o r i t h m us ing m u l t i - i n d e x , a n d MultilndexSize is t h e a m o u n t of 
m e m o r y occup ied by t h e m u l t i - i n d e x . Since in th i s e x p e r i m e n t we a s s u m e d t h a t 
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t h e m u l t i - i n d e x is bu i l t d u r i n g t h e jo in p rocess ing , t h e t o t a l r u n n i n g t i m e of t h e 
mu l t i - i ndex j o i n is TcreateMuitiindex + T M U i t i I n d e x J o i n . I n p r ac t i c e , however , t h e 
m u l t i - i n d e x is m a i n t a i n e d u p - t o - d a t e , so t he first t e r m TcreataMumindex d i sap­
p e a r s f rom t h e l a t t e r fo rmula . 

D a t a s e t Classes c o n t a i n s i n f o r m a t i o n a b o u t c lasses (basically, n a m e s of classes 
a n d t h e i r m e m b e r s ) defined in sou rce c o d e of a l a rge o b j e c t - o r i e n t e d s y s t e m . T h i s 
i n fo rma t ion is s t o r e d in t h e n o r m a l i z e d form. T h e r e l a t i o n R ( 'C lasses ' ) con ta ins 
ClassID a n d ClassN ame a t t r i b u t e s . I t is j o ined w i t h t h e r e l a t i on S ( ' M e m b e r s ' ) 
t h a t cons i s t s of ClassID a n d MemberName a t t r i b u t e s , whe re S.ClassID is a 
foreign key re fe r r ing t o t h e R.ClassID. 

Synthll a n d SynthI2 a r e s y n t h e t i c d a t a s e t s t h a t inc lude two r e l a t i o n s , each 
of w h i c h con t a in s o n e in teger a n d o n e s t r i n g a t t r i b u t e . In tege r a t t r i b u t e s a r e 
un fo rmly d i s t r i b u t e d in t h e in t e rva l [1 .100000] . T h e re l a t ions a r e j o i n e d us ing 
in teger a t t r i b u t e s as t h e join a t t r i b u t e . Final ly , SynthSX con t a in s t w o re l a t ions , 
wi th t w o s t r i n g a t t r i b u t e s in each r e l a t i o n . T h e p a i r of jo ined a t t r i b u t e s a r e shor t 
s t r ings (3-5 c h a r a c t e r s ) t h a t m i m i c e.g. i t em code r e p r e s e n t e d in a s t r i n g form. 
N o t e t h a t in case of s t r i n g a t t r i b u t e s t h e mul t i - index j o i n p rov ides t h e no t i ceab le 
s p e e d - u p , as it d r a m a t i c a l l y r e d u c e s t h e n u m b e r of expens ive s t r i n g c o m p a r i s o n s 
needed t o c o m p u t e t h e jo in r e su l t . 

5 Conclusion 

In th i s p a p e r we h a v e p r e s e n t e d mul t i - ind ices - a gene ra l i z a t i o n of conven t iona l 
indices c o m m o n l y u s e d in d a t a b a s e s . Mul t i - ind ices essent ia l ly p r e c o m p u t e infor­
m a t i o n n e e d e d t o p e r f o r m equi- jo ins by m a p p i n g a n a t t r i b u t e ' s va lue t o all t he 
r eco rds of different r e l a t i o n s c o n t a i n i n g th i s va lue . T h i s enab les very efficient p ro ­
cessing of equi- jo ins . W e have d i scussed trade-offs for c o n s t r u c t i n g mu l t i - i ndex , 
the l ayou t of i ndex r e c o r d s o p t i m i z e d for b e t t e r cache u t i l i za t ion , m a i n t e n a n c e 
a n d u s a g e of mu l t i - i nd i ces . W e have a l so p r o p o s e d a fu r the r d e v e l o p m e n t of t h e 
idea - c o n n e c t i n g index r eco rds w i t h d a t a r eco rds , wh ich enables t o avoid search 
in t h e index s t r u c t u r e a n d l eads t o even b e t t e r p e r f o r m a n c e . 

We bel ieve t h a t mu l t i - i nd ices c a n b e a n effective tool for m a i n - m e m o r y 
d a t a b a s e s y s t e m s . C u r r e n t l y we a r e w o r k i n g on t u n i n g a n d e x p e r i m e n t a l s t u d y of 
mul t i - ind ices in ou r r e s e a r c h d a t a b a s e kerne l M e m p h i s . P r e l i m i n a r y e x p e r i m e n t s 
show t h a t mul t i - ind ices pe r fo rm well in p rac t i ca l ly i m p o r t a n t s i t u a t i o n s . We will 
p r e sen t de ta i l ed e x p e r i m e n t a l r e su l t s in t h e e x t e n d e d vers ion of t h i s p a p e r . 
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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 information in their data warehouses. This paper 
studies classical association rule construction techniques. A method of 
association rule obtaining initially developed to analyse the consumer basket 
has turned 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 method 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 example. An analysis of the experiments is 
given 

Keywords: Data Mining, association rules, Apriori algorithm 

1. Data Mining tasks 

Over the last decades we have seen an explosive growth in h u m a n ' s capabilities 
to generate and collect data. Advances in scientific data collection, the widespread 
introduction of bar codes for a lmost every commercia l product, and the 
computerisat ion of many businesses and government t ransact ions 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 automatical ly 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 nontrivial extraction of implicit , previously unknown, and 
potentially useful information (such as knowledge rules, constraints, and 
regularities) from data in databases [1.2]. The general idea of discovering 
"knowledge" in large amounts of data is both appealing and intuitive, but technically 
it is difficult. 

Data mining is an inter-disciplinary subject formed by the intersection of many 
different areas. Researchers in knowledge-based sys tems, artificial intelligence, 
machine learning, knowledge acquisition, statistics, spatial database, and data 
visualisation have also shown great interest in data mining . 

http://peteTferu.lv
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Many researchers give the following global data min ing tasks: classification, 
clustering, association rules, sequence and predict ion. 

2. Possibility of association rules analysis 

Frequently the needs of business s t imula te the deve lopment of n e w me thods of 
intelligent database analysis, which are oriented towards practical business 
applications. As an example, one of the problems can be ment ioned, which shop 
managers often face: when a cus tomer 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 9 0 % of the time he also buys milk. Initially, that task w a s used to 
find a pattern of typical market basket in supermarkets , that is why it is frequently 
called market basket analysis. The regular i t ies , wh ich could evidence for such 
events ' relationships, were called associations. Associa t ions or association rules 
enable one to find relat ionships a m o n g several dependant events . The underlying 
statement for those rules is the following: if event A h a s occurred, then event B will 
also occur with probability X % . 

The basics of association rule acquis i t ion are theoretical assumpt ions about the 
existence of such rules m a d e by Agrawal , Imiel inski , and Swami [3] . In 1994 an 
effective algorithm for association rule min ing was publ ished [4] . The above studies 
have stimulated the development of n u m e r o u s similar algori thms, which made it 
possible to analyse, for example , large scale shopp ing operat ions, and extend the 
task to one of the fundamental methods of intelligent da ta analysis . Association rules 
can be employed not only for market basket analysis . They can be applied to any 
data analysis by carefully examining the regularit ies found. 

Let us consider a short c o m m o n example that illustrates the essence of 
association rules. Table 1 contains data on shopping t ransact ions. 

Table 1. Market basket 

Market basket id Market basket content 
1 ju ice , water 
2. milk, ju ice , bread 
3. ju ice , butter 
4. ju ice , bread, water 
5. bread 

From the data given in Table 1 the fol lowing rules can be derived: 
- 80 % of all transactions contain j u i c e (1.2,3,4); 
- 4 0 % of all transactions contain wa te r (1.4); 
- 50% of the transactions containing ju ice a lso contain water (1,4): 

- all the transactions containing wate r also contain j u i ce . 
The rules derived are simple, unders tandable and appl icable . They a re typical for 

the process of association rule mining. An associat ion rule is an expression X => Y, 
where X and Y are sets of items. The intuitive mean ing of such a rule is that 
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transactions of the database which contain X tend to contain Y. Association rules 
can be formally defined as follows: 

Let I = {ii. i 2 , . . , i m J be a set of literals, called items. Let D = {ti, t 2 , . . , t n j be a 
set of transactions, where each transaction, t, is a set o f i tems such that t e l . Each 
transaction is associated with an identifier, called TLD. Given an i temset X c I, a 
transaction t contains X if, and only if, X c t . The i temset 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 cz I, and X n 
Y = 0. Each rule has two measures of value, support, and confidence. T h e support of 
the rule X = > Y is support (X u Y) . The confidence, c, of the rule X = > Y in the 
transaction set D means c % of transactions in D that contain X also contain Y, 
which can be written as the ratio support (X u Y) / support (X). 

Support indicates the frequencies of the occurring patterns, and confidence 
denotes the strength of implication in the rule. Given a user specified min imum 
support (called minsup) and min imum confidence (called minconf), the problem of 
min ing association rules is to find all the association rales where support and 
confidence are larger than the user defined minsup and minconf. It can be 
decomposed into two subproblems: 
1. The large i temsets . Find all i temsets that have suppor t above the predetermined 

min imum support . These itemsets are called large i temsets . Somet imes they are 
also called frequent itemsets. 

2. For each large itemset, derive all rules that have more than the predetermined 
min imum confidence as follows: for a large i temset X and Y, where X, Y cz I, 
and X n Y = 0, if support (X u Y) / support (X) > minimum-conf idence , then 
the rule X => Y is derived. 

The overall performance of mining association rules is determined by the first 
step. After the large i temsets are identified, the corresponding associat ion rules can 
be derived in a straightforward manner. 

Let us illustrate the aforementioned with an example . Table 2 represents 
transaction database. It is a set of products I that consists of products A, B , C. and D. 

Table2. Market TID 

TIE) Market basket TID Market basket 
1 
2 
3 
4 
5 

{A.CJ 
{Bj 
{A.B.C.D} 
{B,D} 
{A,B,D} 

6 
7 
8 
9 
10 

{A,Bj 
{A,D} 
{B,C,D} 
{C,D} 
{A,B,D} 

Each row of the table contains transaction identifier TID, which characterises the 
number of cus tomer ' s performed operation as well as a set of the goods purchased. 
T h e support of i temset (A,BJ is 0.4. The value of support of itemset {A, B, D) is 
0.3. Hence, the confidence of rule {A,D} => {Bj is 0 .75. From this it follows that 

, , r. n S(AKJBUD) 0.3 
c(A,D=* B) = — - = = 0.7D 

s(B) 0.4 
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If the boundary value of support , minsup, is less or equal to 0.3 but the boundary 
value of confidence, minconf, is less or equal to 0 .75 , the rule is being considered 
acceptable. It can be concluded that this association rule is derived: "When a 
customer buys products A and D, it is poss ible that in 7 5 % of cases he will buy 
product B as well". 

The statements of that kind are wi thout doubt acceptable only for large databases. 
Support and confidence values do not yet guarantee the suitabili ty of the ru le for 
model l ing cus tomer ' s behaviour. They can only assist in making decisions. 

3. The Apriori algorithm for rule mining 

Various algori thms have been p roposed to discover the large i temsets , see, for 
example, [3] and [4] . The Apriori a lgor i thm is one of the most popular algori thms in 
the mining of association rules in a database. 

In mining association rules, the p rob lem of finding the large i temsets is fitting the 
above general description. The goal is t o find the large k- i temsets; this problem can 
be solved if the large (k- l ) - i t emse ts were found. One can use large (k- l ) - i temsets to 
generate candidate k-itemset. The optimal pol icy is that candidate k- i temset ' s 
support is greater than the user defined support . Solve the problem of finding large 
(k- l ) - i temsets re lying on the solution of large (k-2)- i temsets , and so on. 

(1) The Apriori algori thm is shown in F igure 1 and Figure 2. The large i temsets 
are computed through iterations. In each iteration the database is scanned one time, 
and all large i temsets of the same size are computed . In the first iteration, the size-1 
large i temsets are computed by scanning the database once . Subsequent ly, in the k-
th iteration (K > 1), a set of candidate sets, C k , is created by applying the candidate 
set generat ing function Aprior iGen on L k_i, where Lk-i is the set of all large (k-1)-
itemsets found in iteration k -1 . Apr ior iGen generates only those k-i temsets whose 
every (k- l ) - i temset subset is in L k . ] . The support coun t s of the candidate itemsets in 
C k are then computed by scanning the database once, and the size-k large i temsets 
are extracted from the candidates. 

Input: A da tabase D of t ransac t ions and suppor t th reshold minsup 
Output: A se t L t h a t conta ins all f r equen t i temsets of D 
Li = {large 1-itemsets} 
fo r (k = 2; Lfc.i * 0; k++ ) do b e g i n 

Ck = Apr io r iGen (Lfc.i) / / n e w cand ida tes 
for all t ransac t ions t e D do beg in 

Ct= subset(Ci(, t) / / c a n d i d a t e s c o n t a i n e d i n t 
for all candidates c e C t d o 

c . c o u n t + + 
end 
L% = {c € Ct | c .count > minsup} 

end 

answer = ^ Lb 

Figure 1. The Apriori algorithm. 



P. Crabusls. Using Association Rules to Extract Regularities from Data 121 

Apriori candidate generation. The Aprior iGen function takes as an argument L k . | , 
the set of all large (k- l ) - i temsets . It returns a superset of the set of all large k-
itemsets. First, in the join phase, Lk_i is joined with itself, the jo in condition being 
that the lexicographical ly ordered first k-2 items are the same, and that the attributes 
of the last two i tems are different. Second, in the subset pruning phase, all itemsets 
from the join result which have some (k- l ) -subse t that is not in L k . | are deleted. 

funct ion AprioriGen(Li(.i); 
/ / the jo in p h a s e 
insert into 
select p . i temi, p.i temj, . . . . , p.itemfc.i, q i temj , . ! 
from Lk.i p , Li . , q 
where p.itemi=q.itemi,...p.iterr%.2=q.itemi(.2, p.itemfc_i<q.item][.i; 

/ / the p rune phase 
forall i t emse t s c e Ck do 

forall ( k - l ) - subse t s s of c do 
if ( s g Lk.i) t h e n 

dele te c from Cy; 

Figure 2. Function ApioriGen. 

(2) Generating rules . For every large itemset 1, we output all rules a => ( 1-a ), 
where a is a subset of 1, such that the ratio support (1) / support (a) is at least 
minconf. For example , if the rule A A B => C A D holds , then the rules A A B A C => 
D and A A B A D => C must also hold. The rule generat ion algorithm is described in 
Figures 3 and 4. 

For all large k- i temsets k, k > 2, do beg in 
H i = {consequents of rules from \ wi th one i tem in the c o n s e q u e n t } ; 
ApGenru le s (\, Hi), 

End 

Figure 3. Rule generation algorithm. 

Procedure ApGenru l e s Q^: large k- i temset , H m : se t of m-i tem consequents) 
If ( k > m+1) then begin 

H m + i = Apr io r iGen (H^), 
For a l l h m + i e H m+i_do b e g i n 

Conf = suppor t Q^) I suppor t - n^+i); 
If (conf > m i n c o n f ) t h e n 

O u t p u t the rule ( \ — hm+i) => h m + i 
w i th confidence = conf a n d support = suppor t Qk); 

Else 
Delete hm+ifrom H m + i ; 

End 
ApGenru le s (k , H m +i ) ; 

End 

Figure 4. Function ApGenrules. 
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From a large i temset 1, the algori thm first generates all rules with one item in the 
consequent . The algori thm then uses the consequents o f these rules to generate all 
possible consequents with two items that can appear in a rule generated from 1, etc. 

4. Experiments 

The main motivation for exper iments w a s the desi re to find regularities in raw 
data us ing association rules mining method . T h e author did not have an opportunity 
to use professional software packages such as the da ta mining tool Clement ine or 
others therefore the experimental part was carried out in the Matlab environment . 

Let us now consider the application o f associat ion rule mining algori thm to 
statistical data analysis, so as to find data charac ter is ing values and obtain possible 
regularities. At the first stage, data for t he exper iment were prepared. In the 
beginning, all the data were in the SPSS format and dur ing that stage all the 
parameters were fixed and a system of codifiers was elaborated so as to m a k e it 
possible to apply the association rule min ing a lgor i thm to the data. At the second 
stage, the association rule mining algor i thm was implemented in the program form 
and the data characterising rules at t he initial boundary restrictions were obtained. 

A series of exper iments were then performed a imed to ascertain the dependence 
of the count of obtained rules on t he suppor t ' s initial values. As experimental data, 
the data of the Latvian Central Statistics Office about reply variants obtained from 
3044 respondents. T h e data selected for the exper iments were related to the study of 
inhabitant migration process . The responden t s were asked the following questions: 
1. In which country were you b o m ? (with 11 possible reply options offered); 
2. How long have you lived in this place? (with 4 reply opt ions offered); 
3. Where did y o u live before r emov ing to this place? (with 3 reply options 

provided); 
4. Please designate the type of t he place you l ived in before removing to the 

current place? (with 7 possible reply variants); 
5. What was the reason for you to m o v e to the current place? (with 6 possible 

replies); 
6. Are you p lanning to move to another place wi th in the next 3 years? (with 5 

possible reply options provided) . 
The goal of the exper iment was to determine poss ib le relat ionships in these data 

and to determine t he dependence o f the count of regular i t ies on the preliminarily 
assigned boundary values o f support and confidence. 

In the first part of the exper iment it was a s sumed that the confidence was 
minconf=95 and the support was m i n s u p = 9 5 . 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 some derived rules wi th greatest support values: 
12 74 = > 5 1 Suppor t=592 and conf idence is 98; 
46 = > 83 Support is 545 and conf idence 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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4 5 51 65 = > 8 3 Support is 303 and confidence is 9 5 . 

Taking into account the decoding results one can conclude that: 
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Figure 5. Dependence of rule count on support values. 
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Figure 6. Dependence of rule count of confidence values. 

- the 1 s t rule determines: IF "you were b o m in Latv ia" A N D "moved to the 
current place due t o family reasons" T H E N "Before m o v i n g to the current place you 
were living in Latvia". 



124 DATABASES AND INFORMATION SYSTEMS 

- the 2" rule determines: IF " Y o u have a lways lived in this p l ace" T H E N "In the 
next 3 years you are not planning to m o v e to any other p lace" . 

- the 3 r d rule determines: IF " Y o u were born in Latv ia" A N D " Y o u have moved 
to this place due to family r e a s o n s " A N D " Y o u are no t p lanning to m o v e to any 
other place within the next 3 yea r s " T H E N "Before m o v i n g to the current place you 
lived in Latvia" 

- the 4 t h rule determines that: IF " Y o u were born in Latvia" A N D " Y o u have 
always lived in this p lace" T H E N " Y o u are not p lanning to move to any other l iving 
place within the next 3 years" 

- the 5 t h rule determines that: IF " Y o u have l ived in this place up to the age of 50 
years" A N D "Before moving to this place you lived in Latvia" A N D "Before that 
you lived in a vil lage" THEN " Y o u are not p lanning t o m o v e 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 l iving place with a small migrat ion t rend. The rules derived are 
logically unders tandable and represent a real-world situation. 

In the second part o f the exper iment , rule count values were obtained at different 
support values and fixed boundary conf idence values . T h e results are given in Table 

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 cor respondence can b e seen in Figure 7. 

0 10 20 30 4 0 50 6 0 70 8 0 90 100 S u p p o r t 

Figure 7. Graph of rule count's dependence on support values. 
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Based on the table data and graphical ly given correspondence, one can conclude 
that the greater the assigned confidence level and suppor t ' s boundary value is, 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 mechan i sm of 
association rule mining, which was init ially intended for the market basket analysis, 
turned out to be a good tool for a wider range of tasks. With the he lp of that 
mechanism, it is possible to mine and discover regulari t ies of the form X => Y in 
different data types . N o w a d a y s it has recognised widespread application in tasks of 
large database p rocess ing and analysis. Associat ion rule mining method jus t ly lies 
among the main intelligent data process ing methods [5,6]. 

Association analysis can be useful as one of the first s tudy ' s steps when there is 
only known (or essential) one of the data character is ing parameters . The main 
advantage of associat ion rules as compared to other cause-effect discovering 
methods is a fairly s imple rule generat ion. The rules discovered are easy to perceive 
and to interpret. The rules of that kind are easy to unders tand and, respectively, can 
be used directly in data analysis . On the other hand , the rules generated are actually 
operators of several p rog ramming languages , (for example , SQL) but the method 
can be easily associated with databases. Another advantage of association rules is a 
possibility of work ing with records of different length. Finally, the method can be 
conveniently employed at the initial s tage of data analysis when there is n o clear 
understanding about the data being analysed and it is not clear how to deal the 
particular task. 

At the same t ime it should be noted that association rule analysis has its own 
bottlenecks whose study could turn to be a valuable application area: 

- Software implementat ion of association rules requires considerable t ime; 
- T h e analysed data should be possibly homogeneous . 
- Unfortunately, erroneous or strange data also 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 connect frequently 
repeated parameters and we will learn nothing new about rarely met parameters , that 
is, t ime will be non-effectively spent for process ing less important rules. 

It can be concluded that the mechan i sm of associat ion rule mining is very 
effective for certain c lasses of task. It is, however , important to recognise that the 
association rules discovered requi re a thorough analysis to make their application 
effective. 

The main achievement for the author whi le 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 t o compare the achieved results with other 
data min ing methods. 
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1. General description of the research work 

The present paper offers for considerat ion the resul ts of invest igat ing the 
p rob lems of improving the Decis ion Support Sys tems ( D S S ) at ra i lway transport 
with the account of the Latvian rai lway information sys tems deve lopment and latest 
technologies in the sphere of databases , which results h a v e been ga ined by the 
author in the period from 2001 to 2004 . Supervisor of doctoral s tudies - professor 
Dr. habi l . sc. ing. Jevgeni js Kopi tovs . 

Actuality of the problem. M o d e m rai lway has some specific pecul iar i t ies , which 
affect greatly the efficiency of the decis ions to be made . W e should ment ion the 
following: 

• h igh dynamics of processes ; 
• r a n d o m factors; 
• h igh reliabili ty and safety; 
• large financial, l abour and mater ia l resources; 
• large dis tances be tween related objects; 
• complex m a p of Ra i lway . 
Errors in p lanning o f t ransportat ion processes result in feasible decrease of the 

efficiency of the enterpr ise activity and of the c l ients ' service quali ty. Therefore, 
searching of opt imal decis ions for the for thcoming per iods of funct ioning is qui te a 
compl ica ted job . 

At present Latvian ra i lway (State Joint-Stock C o m p a n y «LDz») is work ing out 
and deploying Informat ion Sys tems (IS) responsible for different spheres of its 
bus iness . The data genera ted by these sys tems enable to evaluate the efficiency of 
the per formance and exercise prospec t ive p lanning. T o resolve these tasks each 
sys tem has deve loped individual ly special ized local p r o g r a m m i n g complexes 
meet ing the requi rements of managers at different levels . But all these p rograms 
have been developed on the basis of outdated technologies , they are difficult to 
support and can, therefore, work only with small vo lumes o f data. 

Effective complex p lanning of the who le enterprise activity is hampered due to 
the fol lowing p rob lems . 

• Non-homogeneity of the employed information support. For example , the 
information sys tem of the Latvian rai lway consists of 5 major IS, such as cargo 
transport sys tem, passenger transport system, finance sys tem, infrastructure 
information sys tem and roll ing-stock system. Every IS includes a variety of non-
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uniform sub-systems, often absolutely unrela ted. This is caused by the fact that the 
sub-systems have been deve loped separate ly and on the basis of different 
technologies and different software and hardware . 

• Huge data volumes. T h e s e sys tems genera te m o r e than 10 0 0 0 000 t ransact ions 
per year. 

• Complicacy of simultaneous application of the same data of IS for resolving the 
tasks of decision-making. In the process of the analys is some data are subst i tu ted for 
the hypothetical ones in conformity with poss ib le m a n a g i n g affects. After the 
analysis the system restores its initial state. Dur ing this pe r iod other users should be 
denied access to the data to avoid gett ing non-cor rec t resul ts . 

• Decrease of the information reliability. A b ig var ie ty of local systems 
generat ing data, which are difficult to verify, r educe the reliabil i ty of the information 
necessary for making dec is ions . Often different m a n a g e r s h a v e different information 
about one and the same object since different p r o g r a m s have b e e n used to get it, and 
the extent of mult i tude of the sources of in format ion or o f the processed data has 
been different. 

The above statements speak in favor of the actual i ty o f the research a imed at 
improving IS at rai lway. A n d it has b e c o m e g round for the p re sen t research work . 

Aim and tasks of the research. T h e a im of the doctoral research is increas ing the 
efficiency of the D S S at ra i lway by m e a n s improv ing the s t ructure and the process 
of the information system suppor t funct ioning. 

Accord ing to the given a im, the author under takes to r e so lve the fol lowing main 
tasks: 

1. Analyzing the IS work ing at r a i lway as wel l as the part iculars of their 
application in D S S and defining the p rob lems to b e resolved. 

2. Formal iz ing the tasks of dec i s ion-making and w o r k i n g out the mode ls of the 
rai lway transport system funct ioning. 

3. Work ing out the me thodo logy of bui ld ing and deve lop ing the IS at ra i lway on 
the basis of the advanced ach ievements in the sphere o f da tabases . 

4. Solving of the appl icat ion p rob l ems connec ted wi th the analysis o f the 
rai lway functioning in the prev ious per iods , forecas t ing the further behav iou r o f the 
IS and evaluating the reliabil i ty of the received forecasts and r ecommenda t i ons . 

Methodology and methods of research. T h e disser tat ion research is based on: 
• the results of p rocess ing the statistical reports about the activity of ra i lway 

transporters provided by the company "Pasaz ie ru v i lc iens" ; 
• statistical data received by the author by m e a n s of p rocess ing the transactional 

data about the passengers t ranspor ted by ra i lway; 
• the results of mode l ing the processes at ra i lway t ranspor t ; 
• the results of the scientific research per formed by the Inst i tute o f Transpor t and 

Te lecommunica t ion and L D Z , in which the au thor had p l ayed his personal part; 
• the materials of scientific conferences in which the author had directly 

part icipated; 
• technical documenta t ion , scientif ic-technical l i terature and per iodic re leases 

dedicated to the p rob lems deal t wi th by the au thor of the disser tat ion. 
The methods of research are based on modern theory of sys tem analysis , 

decis ion-making theory, theory of sets and theory of probabi l i t ies and mathemat ica l 
statistics. 
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Scientific innovation. T h e given work presents a n e w approach to developing 
D S S at ra i lway t ransport mak ing use of m o d e r n databases technologies . 

In the process of the research there h a v e been rece ived the fo l lowing major 
results: 

1. There has been deve loped Concep tua l Act ive Mode l o f Predict ion Sys tem at 
rai lway. 

2. There has been offered and tested a me thod of hierarchical ly re la ted v iews, 
which enables to get a universal m e c h a n i s m of manag ing the processes o f data 
t ransforming and provides a high rel iabil i ty level of the informat ion rece ived on the 
basis of the data process ing results. 

3. There has been offered a m e t h o d of bu i ld ing vir tual mode l s , which 
application together with clear sys tem formalizat ion a l lows to increase the level of 
sys tem access , reduce the t ime of the data analysis a n d of the n e w reports 
deve lopment as well as to p rov ide a guaranteed reliability o f the received resul ts . 

4. Complex research o f forecast ing rai lway t ranspor t indicators has been 
performed. 

5. A temporal mode l for rai lway IS developed. 
Practical value and realization. The under taken research gave possibi l i ty to 

improve the exist ing and speed up n e w analyt ical and t ransact ional IS at L D z in the 
Relat ional D B M S I B M U D B D B 2 . 

The mode l s and m e t h o d s developed by the author have been used in a n u m b e r of 
projects creat ing the fol lowing IS: 

• Sys t em of analys ing and releasing statistical reports on passenger t ransport ; 
• Train t imetable sys tem; 
• Information-analyt ical sys tem of Information control sy s t em of freight traffic. 
The results of the research are wide ly used in educa t iona l process of Transport 

and Te lecommunica t ion Insti tute as sec t ions of the cour se " M o d e m Database 
Techno log ie s " for Mas te r p rog ram in C o m p u t e r Science. 

Approbation of the work. The main resul ts of the research h a v e been presented at 
10 scientific conferences in Latvia, Li thuania , Russia and Be lg ium. 

Publications. The dissertat ion is submi t ted by set of pub l i shed scientific work. 
Total n u m b e r of the publ ica t ions makes 13, including 7 pape r s and 6 report theses. 
They cover the issues of D S S deve lopment and of forecast ing and searching optimal 
m a n a g e m e n t decis ions for successful activity of t ranspor t enterprises . Special 
at tention is given to the me thods of p rocess ing huge v o l u m e s of data having 
temporal characterist ics and to the deve lopmen t of virtual forecast ing mode l s . 

2. Description of the main research tasks 

2.1. Formal izat ion of the dec i s ion-making tasks at ra i lway transport 

Rai lway is a very compl ica ted system aggrega t ing all p rocesses and events taking 
part there and, therefore, deve lop ing of D S S for ra i lway cou ld not b e called a trivial 
task. L D z has its own sophist icated s c h e m e of the ra i lway ne twork with a lot of 
al ternative option routes be tween stat ions. Le t ' s cons ider for example o n e of the 
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socially important spheres of the ra i lway act ivi ty - passenger transport . To analyse 
passenger s treams at L D z there has been deve loped a m o d e l of split t ing the ra i lway 
line into separate sect ions accord ing to the requ i rements of the statistical report 
C O - 2 5 . For detailed analys is every l ine is d ivided into sect ions shown in F i g . l , 
which in turn consist of s ta t ions sets [8] . 

Figure 1. Model of sections CO-25. 

These mode l s of lines and sectors are not constant and are changing with t ime. 
Several mode ls can exist concurrent ly . For example , toge ther with the mode l CO-25 
there exists a model deve loped on the pr inc ip le of sec tors be long ing to this or that 
administrat ion territory. Thus only for one task the sys tem should support several 
models of the rai lway ne twork and be able to t ransform the mode l s in the analysis 
process . 

Calcula t ing passenger s t reams it is necessa ry to define the exact route of each trip 
and to apply it on the cor responding l ines and sect ions. T h e task is hampered b y the 
fact that the model C O - 2 5 has got over lapped lines a n d sect ions and yie lds some 
uncertaint ies , which the sys tem has to p rocess . 

To el iminate these uncertaint ies in the sys tem w e shou ld descr ibe a set of rules 
and restrictions to b e cons idered in ca lcula t ions . T a k i n g into account the non-
permanent character o f these rules and restr ict ions, w e should separate them from 
the mode l s of the ra i lway network, form the ma themat i ca l mode l and define them as 
those affecting the system. 

To formalize task set t ing and to descr ibe mode l s w e ' l l in t roduce a group of sets 
character iz ing the ra i lway objects and the sys tem as a who le . A s an example some 
of them are shown be low: 

• 5 = | .y ; ,5, , . . . ,5 A /J - set of all Latvian ra i lway s ta t ions, w h e r e k - p o w e r of set S. 

• P={p} - set of couples of s ta t ions to trip b e t w e e n , where y p = 

<= S and Sj e S , i ^ j and / ,y <= {/,...,&}. 

• R = j r m \ - set o f all opt ional trip routes be tween t w o couples of stat ions, where 

rm = \si

1

m\s(

2

m),...,sim)}, s]m)

 e S , \ = l~y, r < k , m = l~p - route identifier. B ~ 

power of set R . 

. Z = (/„} - set of l ines, where / , = { s ^ , . ^ , . . . , * ^ ) , s, ( < ? )

 e 5 , i = 1J[, A<k, 

q = 7, j - line identifier, y - power o f set L . 
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• L/ = | M . J - set o f sectors , where u. = j s ^ ' . s ' - " 1 j , 5 - R )

 E S and e 5 , 

i # 7 , z - sector identifier, and u, cz'q , which means that both stations of the sector 

should be long to one line 5 ;

F R >

 e / and s'^ E ' q , where / e L . 

• Y = j y j - set of m a n a g i n g affects (mles and restr ict ions apphed on mode ls of 

lines and sectors in ca lcula t ing rai lway processes) . 
Using the sets in t roduced above we can descr ibe all mode l s , rules and restr ict ions 

as shown be low: 
• if the condi t ion rt =0 is held, the line and the route do not over lap; 

• if the condit ion /- n lj = Ij is held, the line is comple te ly included into the 

route; 
• if the condit ion ri r\ lj = is held, the route is in the frame of one line; 

• if (n n * 0 ) A (n n l j *lj)/\ (n nlj ? " 7 ) , the l ine is partially inc luded into 

the route ; 

• if /, n lj = { s r } , whe re T = l,(p and 0 > 1, lines /, and lj partially over lap . 

The given approach is used by the author in bui lding mode l s of the sys tem for 
resolving tasks of work ing out the pol icy o f ra i lway act ivi t ies such as tasks of 
forecasting, defining opt imal tariffs, opt imizat ion of dr ivers and conductors work, 
introduction of new trains , etc. 

To resolve the task of forecast ing the sys tem behav iour in the for thcoming 
per iods there have been cons idered several m e t h o d s presented be low. 

• Formal extrapolation method. In accordance to the g iven method sys tem status 
forecast X (tc) for the future momen t of t ime / e is defined as 

X * ( ? e ) = / r { x ( ? , ) ' = ^ } , (1) 

where F is a certain functional be ing a sys tem mode l per se, 
X(t)={xi(t),x2(t), ...,Xk(t)} - vector, which character izes the status of sys tem at the 
m o m e n t of t ime t, w h e r e x^t), (j = \,k) is the sys t em ' s indicator observed at the 
momen t of t ime /. 

• Active prediction method, where poss ible control impac ts on the sys tem dur ing 
the per iod of forecast ing are taken into considerat ion. In this case, the predict ion 
model of the system status cou ld b e wri t ten in the fol lowing form: 

X * ( ^ ) = F /[x(r,->/ = 7 ^ ; y ( / , ) ] , (2) 

where Fi is a certain functional; Y{tey={yi(te),y:(te) yq(te)} is vector of control 
impacts on the system y,{/ e) in the per iod of t ime from rn to te. 

The problem of predict ion of optimal control decisions for the future pe r iod can 
be formulated mathemat ica l ly as: 

from set of poss ible s trategies l ^ - set of vectors of control impacts on the system 
in the period of t ime from momen t t„ to m o m e n t / e - to choose vector Yupft^&Y^. 

where given integral cri teria of sys tem efficiency £ [ ^ ( 0 ] has its extreme value , i.e. 
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E{x\te)]=E^[x(tiy = l,n;Yop[{,e)j^ e x f r , (3) 

where £ is a certain functional , character iz ing the efficiency of sys tem operat ion; 
extr is the m i n i m u m or m a x i m u m . 

As it has been already ment ioned , ex t rapola t ion X(t) in t ime shows h o w the 
events will develop, if all tendencies from the past are saved in future. But if known 
(accounted) or u n k n o w n (unaccounted) factor or g roup o f factors will be changed, 
then the system will behave in a different w a y . T h e factor i tself could be u n k n o w n to 
us at present , but we can predict the results o f its impact on the observed indices . For 
example , we cannot k n o w the reasons of dol lar rate change to nat ional currency, but 
w e can model ext reme si tuat ions and see h o w the m o d e l will demons t r a t e itself, 
because the consequences of this secondary factor are poss ib le to b e detected with a 
certain degree of probabil i ty . Thus , s o m e bifurcations o f predic t ion pecul ia r to 
incursive (anticipatory) sys tems appear [1]. 

With this a im we can de te rmine vector o f r a n d o m factors, wh ich character ize new 
impacts o f environment on the system. A s a result we can obtain the predict ion 
mode l in the following form: 

where Z (te) - vector o f forecast of r a n d o m factors, charac te r iz ing the impac ts of 
envi ronment on the invest igated sys tem in the m o m e n t of future t ime ie. 

Note that the sugges ted approach can be appl ied for forecast ing rai lway 
transportat ions in accordance with the tariff pol icy chang ing as a m a n a g i n g 
influence on the system with the account o f the outs ide env i ronmen t inf luence. Such 
outside affects taken into account in the p roces s o f forecast ing, as for example in the 
case wi th cargo t ransporta t ions , can be cons idera t ion of o the r t ransporters activit ies 
inland a n d abroad, the dol lar exchange rate , pr ices of the t ranspor ted ca rgoes , etc. 

2.2. Invest igat ing the p r o b l e m s of e m p l o y i n g D a t a W a r e h o u s e in ra i lway IS and 
the w a y s of their solving 

It is suggested to bui ld the above sys tem D S S on the basis o f Data W a r e h o u s e 
(DW) where b ig vo lumes of data from different sources are accumula ted . D W , as 
compared with Database (DB) o f On-L ine Transac t ion P rocess ing (OLTP) systems, 
most comple te ly descr ibe the sys tem funct ioning as a w h o l e because they contain 
historically related data o f life activity o f several O L T P sys tems during the whole 
period of their exis tence as well as data f rom outs ide sources . 

Recent ly D S S has seized to b e the pre roga t ive of a ce r ta in manag ing layer and it 
looks l ike a pyramida l mode l and, therefore , it has b e c o m e subject to stricter 
requirements in the terms of access data rel iabi l i ty. To m a k e decis ions on the basis 
of historically accumula ted data in D W , a phys ica l m o d e l of a really existing 
situation is built. 

This model can be also used to forecast the b e h a v i o u r o f the sys tem in the future. 
For this we should incorporate into the real mode l those c o m p o n e n t s , wh ich describe 

(4) 



V. Demidovs. Improvement of the dataware system for decisions making at the railway 133 

new manag ing affects and influences of the outside envi ronment , after that the 
received model is projected on the forecast per iod. T h u s we can get a mode l of 
probable system behav iou r in the future. 

A special part of the forecasting task resolut ion is the necessi ty of consider ing 
several manag ing s trategies , which could be used in the for thcoming period for 
different variants of the outside env i ronment behaviour . A s a result several model 
variants are built in which different combina t ions of manag ing and outside 
influences on the sys t em are cons idered . Appl icat ion of D W technologies al lows 
bui lding a lot of Sys tem Mode l s on the bas i s of a h u g e accumula ted quanti ty of data. 
But the necessi ty of bu i ld ing a great number of mode l s , in its turn, causes some 
prob lems connected wi th a sharp increase of the vo lumes of the data stored and with 
the t ime necessary for solving the forecast ing task. High dynamics of the system 
leads to the fact that the processes cannot be formal ized comple te ly , tha t ' s why the 
procedure of decis ions work ing out is pu t off for a longer t ime. A n d the requirement 
to the system access c o m e s into contradict ion wi th the requ i rements to the data 
reliability as a result of the data be ing b locked in the p rocess of analysis [5]. 

The degree of the forecast rel iabil i ty depends on the degree of the D W data. The 
D W archi tecture is based on the schemes o f s tar and snowflake types . These 
schemes are character is t ic of hav ing the table of facts in which all t ransact ions and 
aggregate t ransact ions a re described as wel l as the tables of measuremen t s for every 
entity. Here the not ion o f t ransaction m a y differ from the analogical no t ion in the 
initial da ta received from O L T P sys tems. One of the obl igatory measu remen t s of the 
given scheme is measurement of t ime. T h u s we have a t empora l indicator in the data 
prepared for the analys is . Data formation in a certain per iod is m a d e on the basis of 
the Referenced Data Sys tem (RDS) . T h e R D S data are subject to constant changes , 
for example old trains are cancel led a n d n e w trains ass igned, t imetable and train 
traffic routes are changed . Prepara t ion of the data in a long per iod requires 
considerat ion of all changes in R D S in the p rocessed per iod. T o create a new 
physical model of data, which is imposs ib le with the exis t ing data, w e ' l l n e e d all the 
source data. T h a t ' s w h y to keep the sys tem in D W flexible, it is necessary to store 
all the data received f rom the source sys tems and m a k e them uniform. Therefore 
they should also consider the temporal factor reflected in the temporal mode l [ 1 , 3 ] . 

So, in spite of the advantages and the necess i ty of us ing D W technologies there is 
a n u m b e r of p rob lems to b e solved: 

• b lock ing the stored data; 
• p rov id ing reliabili ty and comple teness of the data used; 
• t empora l character o f the data under research; 
• b i g size of re la t ions; 
• long delays in p rocess ing compl ica ted queries; 
The ways of so lv ing the above prob lems are given be low. 

2.3 .Creat ing a t empora l system as a means of increas ing the reliability and 
completeness of the data in IS 

The paper [ 1 ] presents the analysis of the pecul iar i t ies of temporal pr inc ip les in 
the framework of relat ional model and open mode l wi th Abst rac t Object Identify 
(AOID) is offered ( s h o w n in Fig .2) , wh ich provides the support of the mul t ivers ion 
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of the object, and minimizir ig expenses for " imi t a t ion" of D E L E T E and U P D A T 
operat ions with the t ransi t ion of the old vers ion to S h a d o w Area. In this modi 
lifespan o f the object is descr ibed through l ifespans o f all its proper t ies , defined i 
different relations and hav ing t ime at t r ibutes D A T E S T A R T (t ime o f lifespan star 
and D A T E S T O P ( t ime of te rminat ion) . 

P«rent»l retatkm - Abstract Object ldauify 
O T D » ~ D O C R I P T I S Q 

1 
2 

t -» 

D slighter relation -
witheui history of chances 
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1 23 
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2 en 
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Figure 2. Data Model of Referenced Data System with AOID. 

The first parental re lat ion descr ibes unchangeab le A O I D - one for all its version 
Propert ies of the object a re descr ibed in separate dependen t re lat ions, which , as 
a i l e . are not parental not for any relation. Fo r one parenta l relat ion wi th A O I D thei 
can be m o r e than one daughte r relat ion descr ib ing the proper t ies of the object. The* 
characterist ics can be divided accord ing to different re la t ions due to the frequency ( 
their changing. Se ldom changed proper t ies are bet ter to b e stored separate ly froi 
frequently changed propert ies . 

Such approach lightly compl ica tes the data s t ructure, but it makes the sys tem 1 
b e open to the changes and reduces the requ i rements to the disc space for the storag 
of the mult i tude of the object vers ions . 

The issues of real izat ion of sys tems with l i fespans per iods over lapp ing ai 
analyzed in papers [3]. Real iza t ion of the t empora l logics using s o m e e lements ( 
active databases in analyt ical appl icat ions a n d real t ime tasks has b e e n per formed c 
the basis of t r iggers and Java Stored Procedures . T h e efficiency o f the suggeste 
method o f building tempora l B D is i l lustrated in a s ample task wi th multilevi 
over lapping of objects l ifespans in the da tabase of a train t imetable s h o w n in F ig .3 . 

The peculiar i ty of such approach is in the fact that the state of the object durin 
the changing can save its actual i ty, as in pas t , and in future - only for some per iod ( 
t ime it is substi tuted by another vers ions . A l l pe r iods of t ime , which are not include 
in the category o f actual ones are cons idered to be not only old data, bu t als 
" w r o n g " ones and never exis ted data . At o n e and the same t ime there can exis t moi 
than one tuple descr ib ing different proper t ies of o n e and the same object that h; 
been unal lowable in the first example . 

Let tn mean t ime of observa t ion . Tra in schedule starts with tt to ts- La te r o 
change o f schedule is entered to t i m e per iod t2 to tA, and e v e n later to t ime per iod 
to t<, one more change is entered. T o the query about the train route at the momei 
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tD], the schedule / ] - / 6 will be obtained, and at the m o m e n t - schedule / 3 - J 5 , and at 
the m o m e n t tn2 - again schedule t\-t(,. 

To provide results reliability work ing with a compl ica ted objects t ime structure 
author has sugges ted a method of time envi ronments [7], The user p laced in this 
Tempora l Envi ronment has his own view of all objects seen at the momen t of time 
t=URTp and de te rmined in the relation R'"(A,,...,Am) by the following formula: 

R [ , ) =O-F(RI) ><<JF(R2) ><-><CTF(RP) • where 

F -ts <t /\{te > t v R;de is NULLy, > < — the operat ion of the natural jo in of 

relations in the c o m m o n attribute AOID. A n d he does not have to care about the time 

framework in which this or that object is situated. 

Change 
Fixation 
Tim e 

Aoril 

March 

February-

b. b 6 u t! u 

Figure 3. Crossing of Object Lifespans in DB of the Train Timetable System. 

If the user does not clearly set the URTp, then, by default , the URTp equals the 
current t ime t c u r r e n ! . In this case the variable a lways changes and corresponds to the 
special register C U R R E N T T I M E . If the user clearly sets the URTp, he gets into the 
"frozen" world at the g iven m o m e n t of time. Al l quer ies of the user will be 
transformed immedia te ly as shown in Fig .4 , and will be performed as if a time 
variable w a s given in every query for every relation. 

t ^ U R T ^ t , 

Temporal Environment i 

1 r 

- I — 
i <p 
i F ... 1 1 

^2 *3 '4 *C-3 *C-1 *C 

Figure 4. Execution of a query given at a moment tp. 

Having defined the t ime variable of the envi ronment URTp=tp where t2<tp<tj, the 
user can see the objects of the database in the state in which they were at the 
m o m e n t o f time / ; ). 
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2.4. Deve lopment of Virtual M o d e l s and d e c o m p o s i t i o n of informat ion queries 
with the help of views 

Developing virtual mode l s of data a l lows to reduce the D W size level s ince it has 
addit ional meta-data and M o d e l s Repos i to ry descr ib ing a mul t i tude o f virtual 
models base on a real mode l and vectors o f m a n a g i n g impac ts as shown in Fig.5. 
There is no need of b locking the Real M o d e l data s ince each analyst works wi th its 
own set of Virtual M o d e l s . 

Jyjj i First Virtual Predicted Model 

Second Virtual Predicted Model 

M odels R epository 
N(thj Virtual Predicted Model 

1/ „ On-line Model 
E uil&ng 

, 1 
• 

On-line Model 
E uil&ng 

• 
On-line Model 

E uil&ng 
, 

Figure 5. Conceptual schema of Virtual Models building approach. 

In papers [4, 5, 6] we have descr ibed m e t h o d s o f bu i ld ing virtual mode ls in D S S , 
which allow to evaluate the current s i tuat ion, m a k e forecasts for the future and 
define the required correct ing influences to compensa t e nega t ive tendencies . 

Real izat ion of sophis t icated a lgor i thms of data t ransformat ion in D S S is 
connected with the p rob lems of p rov id ing the rece ived resul t s reliabili ty. T o resolve 
these tasks at the stage of data t ransformat ion, it is sugges ted to use the m e t h o d of 
hierarchically related v i ews [2] a l lowing to get a universa l m e c h a n i s m of m a n a g i n g 
the data t ransformation processes and g iv ing addi t ional poss ibi l i t ies in work ing out 
and test ing the processes . The idea of the given m e t h o d is to split compl ica ted query 
logics into separate s teps - v iews wi th a possibi l i ty to test each s tage . Thus , 
t ransforming one major v iew into several s imple ones w e get a g raph of interrelated 
v iews shown in the r ight part of Fig .6 . 

Figure 6. Scheme of tiansforming a complicated view. 

T h e articles [4, 8] deal with the ques t ions of vir tual m o d e l s appl icat ion in D S S on 
the Latvian rai lway. L e t ' s consider one of example s - the statistical repor t ing on 
passenger t ransportat ions shown in Fig .7 . 
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T h e developed conceptua l system mode l consists of five f ragments : 
• Rea l Data Mode l - processed and described data of O L T P systems; 
• M o d e l s Repos i tory - models descr ib ing lines and sectors of a ra i lway and the 

process of calculat ing their loads; 
• Reposi tory of Contro l Action - m l e s and restr ict ions manag ing the calculat ion 

process ; 
• Virtual Data M o d e l s - virtual data models ; 
• Descr ipt ion of the process of the models in terac t ion at the s tage o f data 

t ransforming from Real Da ta Mode l in Virtual Data M o d e l s - F/J-

RrpMttary of c«wtrei Aectea BolDauMedtt 

Figure 7 . Conceptual model passenger streams analysis system 

The suggested conceptua l scheme o f bui lding virtual mode ls using sole and 
independent from the ra i lway ne twork mathemat ica l m o d e l gives opportuni ty to 
have several ana lyzed da ta models concurrent ly and to crea te quickly new ones . This 
approach widens the borders of the sys tem applicat ion on other ra i lways as well . 
And there is no need to rebuild the who le system for this, it will b e only necessary to 
descr ibe the ne twork scheme o f the cor responding ra i lway and the manag ing 
impacts and to load n e w transact ional data into the real da ta mode l in D W . 

Appl icat ion of vir tual models together with strict sys t em formalization al lows to 
reduce the time o f deve lop ing n e w reports and to guaran tee their reliability. 

3. Conclusion 

The methods sugges ted by the author provide resolut ion o f the fol lowing practical 
tasks: 

• effective p rocess ing o f huge vo lumes of data; 
• p rovid ing data reliabil i ty in the process of data t ransformat ion in D S S ; 



138 DATABASES AND INFORMATION SYSTEMS 

• building and parallel appl icat ion of a set of poss ib le mode l s on which basis 
different scenarios of the sys tem behav iou r are m a d e wi thout any percept ible 
increase of the s tored data vo lumes ; 

• quick analysis of a big number of poss ib le var iants o f the si tuation deve lopment 
with different combina t ion of quant i ty and degree o f outs ide impacts , sys tem 
reaction to different manag ing affects and work ing out ideas about opt imal system 
management in different s i tuat ions; 

• realization of the temporal da tabase pr inc ip les on the basis of the relat ional 
database in IS of ra i lways . 

The described m e t h o d s have been tested on the La tv ian rai lway and can be also 
applied in information sys tems of o ther bus iness spheres . 

In our further research w e as sume to car ry out a m o r e detai led formalizat ion of 
the sys tem and of some processes for pract ical rea l iza t ion o f the sys tem behaviour 
forecasts in the sphere of passenger t ranspor ta t ions , as we l l as to evaluate the 
reliability of the yie lded results. 
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Abstract. The present paper gives the results of research in resolving problems of 
relational databases security for information systems in railway transport in the 
period from 2001 to 2004. The doctoral work is devoted to developing the 
methodology of building a complex .system controlling access to relational 
databases in railway transpqrt information systems. The advantage of the 
suggested system is possibility of realization of any security policy rules and 
account of semantics of the protected data. The system is based on the method of 
access control to the data at a level of tuples of the relation. The author suggests 
formal description and practical application of the complex access control task for 
different types of information systems - on-line, analytical and temporal ones. 
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1. General description of the work 

1.1. Actuality 

The question of data security in information systems (IS) has been always actual for 
transport enterprises. Through the years of their activity the enterprise IS have generated 
a great number of valuable information resources. The majority of them have been 
committed to manage corporative database systems. IS 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 
including more than one thousand registered users of the of the computing network of 
which only a few hundreds are making active use of the corporative database managing 



140 DATABASES AND INFORMATION SYSTEMS 

common resources of the enterprise [1]. The number of users and their role in the system 
are 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 
security standards, which do not allow complete realization of the enterprise security 
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 administrative division, time frames, functional 
roles and information confidentiality. And realization of these complex security 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 IS 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: 
_ investigate demands for data security and the specificity of the existing LDz IS; 

- evaluate standards existing in the sphere data security; 
- work out methods restricting access to IS objects; 

- work out a conception of security system integration wi th IS application task; 
- work out methodology of building complex relational data security systems, 

which could be used in IS of enterprises with a developed information infrastructure; 
- to apply the received methodology to different types of IS in transport - on-line, 

historical and analytical. 

13. Scientific and practical value of the work 

The scientific value of the work is development of the principles of building of 
flexible complex security systems, which are open to modification and which can realize 
all requirements of security policy. The advantage of the suggested system is its 
capability to be integrated with the protected data and the application sphere of the task 
as compared with the existing solutions, which present security system as a separate 
stage of an information system. 

As an instrument of the security 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, historical and analytical ones. The following tasks have been carried out to 
achieve the aim: 
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- T h e r e 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. 

- T e m p o r a l model of IS data in transport has been developed and methods of 
historical data security suggested. 

- M e t h o d of virtual data models has been suggested for analytical systems. 
Practical value of the work is 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 according 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 scientific and 
scientific-practical conferences. 

2. Description of main research tasks 

2.1. Role of security system in transport 

At present, huge organizations 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 analytic IS, they are necessary for enterprise activity planning 
and evaluation. 

Providing the access control to the on-line systems data is a matter of a primary 
importance, because of the fact that guarantees the effectiveness of the enterprise 
activities, depending on the data correctness and security. As far as on-line systems life 
cycle stored data are concerned, it is necessary to notice its further usage for prospective 
enterprise activities planning [1,2]. 

Analytic systems used as an information basis take the benefit of interacting with 
corporate data warehouse (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 comparing to the on-line IS databases. It is 
explained 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 available for the 
enterprise analysts at different levels, as well as for external clients, business partners 
and commercial organizations. 

In the on-line and in analytical type of IS tasks connected 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 security policy rules. 
An IS interaction, tasks presence having mostly the temporal character and connected 

to this aspect security questions are presented at the F i g . l . 

Figure 1. 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 control (DAC) allows differentiating access between the named 
subjects and named objects [14]. It is included into the majority of commercial relational 
products and meets the majority of information systems, but is has some limitations in 
management flexibility. 

SQL command managing G R A N T privileges could serve an example of a discretional 
approach element G R A N T command syntax looks as follows: 

Operator of assigning | G R A N T 
object access authority 

Access privileges 
[column-name) Access to selecting 

and modification can 
be restricted by some 
columns 

[ I N S E R T , D E L E T E , 
S E L E C T , U P D A T E ) 

Object type | O N T A B L E 
Object name \ table-name view-name 

T O ( U S E R , G R O U P ) 
User or user group name \ authorization-name 
Allows to grant the privileges to other | W I T H G R A N T O P T I O N 

From the command syntax we can see that access privileges for users (authorization 
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name) are associated with named information structures (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 control (MAC) defined access rights by comparing the security 
classification of the requested objects with the security clearance of the subject [14,15]. 
MAC presupposes obbgatory 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 D A C 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 is not 
integrated with the application task. Besides it should be noted that some realizations of 
M A C are performed as closed systems. And it greatly limits transferability. 

The above reasons explain limited application of M A C 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 security 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. 

- T h e level of access to the data is defined by the data and depends on their 
semantics, i.e. the data participate in the process of restriction of access to it. 

- S y s t e m 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. 

- T h e system should allow realization of any security policy and its any rules. 

- There should be a possibility of accountability processes arrangement. 

- U s e r may have the different access levels to the various 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 structura] 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 security labels, user 
identifier and defined security rules. As a data security label marker will be regarded the 
some marker that is present in data and is pointed to as a data access criteria. 

The method is illustrated at F ig . l . User requesting data from the table is 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 1 and Label 2, 
corresponding with data usage user properties, marked with the appropriate labels. 

Label 2 

l .wr properties 

Figure 1. User access to 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 is 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 / of relation T is 

presented as: t = {A,L}, 

where A-{a} - set of tuple attributes, not interfering with its access; 

L = {/} - set of tuple security labels (set of tuple attributes, defining its access), 

having power m. 
Security system specialized objects. Let us introduce the following sets: 

(7={w}-se t of users; 

0-{oj- set of possible access operations to a tuple; 

0 - {Q\.Q2,...,Qm} - domain sets of security label values defined for each label 

/; £ I . i = \,m, where Qj = {q^} - domain of security labels values, which is 
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defined for label /, e L ; - possible value for i -th label; 

5 = { 5 j , S 2 , . . . , S m ) - domain sets of user properties, interfering with access to label 

lj eL, where /' - \,m; 

Sj = {s^} - domain of user properties values, interfering with access to label 

/, 6 L ; - possible value of user property. 

R = {R\,.R2,...,Rm} - set of collection of access rules to labels from L , 

where /?, - { r ^ , ^ , . - collection of access rules to label /,• e I ; 

kj - number of access rules to label e L , i-\,m. 

The rule rj^ 6 ^ / regulates access of users with property p e Sj to label /,• e I that 

has value q eQj, where i = \,m , j - number of rule. 

The structure of rule rj^ g Rj is resulted below: 

=< ^ , ? , o > , where p e S t , q eQ,, o e O , 7 - number of rule. 

Elements of query of the user to the data of a tuple: 
11 g [/ - user that has sent the query; 

0^ e 0 - operation of query of user u ; 

= {p^} - set of properties values of user u e U that has sent the query; 

p.(u) ^pM _ s e t of user properties values, interfering with access to label lj eL, 

i-\,m , i.e. we has c Sj; 

L{u,o) qzQ - set of labels values series that are regarded to be user-accessible for 

performing operation 0^ e 0 for the tuple t, which is defined as 

L(u,o) = .{ll(u,o)f2(u,o),...,lm(u,o)}, 

lj(n,o) c Qj ~ set of labels values that are accessible for user ;/ 6 U for performing 

operation o ' " ' e O for the label IjeL, i = \,m, which is calculated as follows: 

Ijiu.o) - x Rj , where /,•(«, 0 ) e Z.(«,o) , / = l,m , x - the operator of the Cartesian 

F J U ) 

product, Fj - collection of security politics functions, that is defined for label lj eL . 

Tfje calculation of tuple accessibility. A sets of tuple accessibility facts is Boolean 

vector X , which is defined by check of occurrence of tuple labels set L in corresponding 

sets of labels accessible to the user: 
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[true, if e /•((/ .o), 
X = L q L(u,o), i.e. jr(- = J , ; = l,m 

[false, if / ; g / , ( « , o ) 

Then the y - fact of accessibility of a tuple is defined as follows: 

y=B(X), where fi is Boolean function. In other words, a set of values y is 

{true, false). In case of validity of y , access to the tuple t-{A,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. Security system expects the existence of sample logging means 
aimed for users (paying attention only to suspicious ones), its properties and attributes, 
as well as for the operations and reference t ime. 

For the logging task formalization let's enter the following designations: 0% czO~ set 

of logging operations, AZczA - set of logging attributes, Uz czU- set of logging users, 

Pz qS- set of logging user properties values, j z = ( r ^ J - set of logging time periods. 

Logging process is started up in case of observance of the following condition: 

[o^ e O z ) v [A(ll) C AZ)V (U e U z ) v (p("] c Pz ) v e l z ) , 

where - 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 in transport - on-line, historical and analytical ones. 

3.1. The complex access control for on-line system 

The account of hardware maintenance LDz is an indicative example of a task of the 
CAC for the on-line system operating general corporate resources. 

Security policy of account task is formulated as follows: 

- access to the data of hardware devices is defined by territorial and administrative 
spheres of users authorities and it is possible, if corresponding 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 is an indicative example, because the access control is 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 system realization are SQL standard 
means. The system is fulfilled at D B M S IBM DB2 U D B v.7.2 platform. 

Part of DB schema of the example is shown in Fig.2. D B 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 achninistrative 
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 are no specialized elements of security system. However, the security 
system uses some of these data. 

HDevice Users 
% DevJD 

Serial 
Str 
Address 

Q, User 
FirstName| 
LastNamef 
Str (FK) 

Str Hrtiy 
GL Str 

Parent.Str (FK 

AR Address AR Str 
' Q j U s e r ( F K ) ' % Str (FK) 
4 Address Q> LabelStr 
Q Operation ^ Operation 

J 

Figure 2. ER model of database 

The specialized tables of security system are: AR_Address - territorial 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 author. 
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 recordfor the device in terms of relational algebra looks as 
follows: 

} ' = Str V* Address ^ ' 
where x S l r = Str Q 7rSl,.aj-(AR_Str x StrHrhy xUsers); 

S"" Parent_Str=Users.Sir 
xAddress = Address rzKAddress(Tf(AR _ Address) \ 

f = (Operation = OPERATION) v (User = USER); 

OPERATION - access operation; USER - system variable, specifying the identifier of 
the user initiated access to the data. 



148 DATABASES AND INFORMATION SYSTEMS 

The received expression y = B(X) is simple enough for presenting in query language 

SQL: 
y = Hdevice.Str I N ( SELECT a.Str f rom AR_Str AS a I N N E R J O I N Str_Hrhy AS s 

O N a .Str=s.Str I N N E R JOIN Users AS u O N s. Parent_Str=u.Str 
W H E R E u.User= USER AND a.Operation= OPERATION ) 

AND 
Hdevice.Address I N ( SELECT a.Address f rom AR_ Address AS a 

WHERE a . U s e r = c 5 F / ? A N D a . O p e r a t i o n = 0 f l F / H 7 7 0 / V ) 
The d e d u c e d formula of calculation of the device accessibility record y -B(X) in an 

obvious way of presentation is set for developed views and triggers in the security 
system. At change of a security policy and, hence, complet ions of function of calculation 
y = B(X), it is easily replaced with the new formula without change of the general 

architecture 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 be 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 t ime while working in the temporal D B 
were preceded by the author. Some of tasks are dealing with the information processing 
prohibition of user actions for the previous time and future t ime periods. It is 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 two 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. D W 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 is that users are the analysts of both internal and 
external commercial structures. As a rule, in systems of analysis it is necessary to select 
limited analysis zones for each analyst. Analytical systems, DW and relevant questions 
research results are stated in the author works [1 , 2, 9,10,11]. 

Traditional approaches of various analytical task solution, like a tasks of forecasting 
in the DW, are 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 t ime 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 D W 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 control 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 system 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 IS 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 C A C on the basis of actually 
any modern D B M S , 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 enterprise activity in particular. 
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Abstract. Content-Based Image Retrieval (CBIR) has become one of the most 
active research areas in the past years and still is known as a difficult task. 
Using a retrieval system is generally frustrating for users, due to a gap 
between low-level features managed by system and image semantics. 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 

T h e use of images for illustration has a lways had a wide dis t r ibut ion in human 
activit ies. Thanks to recent technological advances t he exis tence of large digital 
image databases b e c a m e possible. T h e growing size of the con tempora ry image 
collect ions has created the necessi ty of image retr ieval sys tems . This reinforced the 
efforts of researches and leaded to appearance of va r ious approaches . T h e earlier 
retrieval methods are based largely on the semant ic keywords a t tached to the 
images . This can be done either by manua l annotat ion or by automat ical ly extracting 
the keyword from the context , w h e n it exists. The first one is subject ive and very 
time consuming , the second one is not a lways poss ible . M o r e recent w o r k s propose 
au tomated Conten t -Based Image Retr ieval (CBIR) , based on the " l o w level 
fea tures" (color, texture , etc.) extracted from pixel va lues . 

T h e preferred m o d e of querying in image database is semant ic . For example , we 
might search for images of a road in a forest. T o satisfy such a query, the system 
must be able to recognize roads and forests in the images . But th is level of 
interpretation in C B I R sys tems is still out of the quest ion. A s the sys tem can 
est imate the similari ty of images based on their low level features, there is an 
important "semant ic g a p " be tween the image features, which have been extracted, 
and the semant ics of the image. 

Mos t widely used k ind of query in C B I R sys tems is a query by example (QBE) , 
formulated by provid ing an example o f a s imilar image . T h e sys tem returns a set of 
images est imated as s imi lar by image features. 

http://spb.edu
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2. Related work and motivation 

Literature shows a h u g e amount o f var ious t echn iques tha t have been applied to 
C B I R in the recent years . (In [4] y o u can find a good rev iew of them.) T h e great 
number of different approaches can be expla ined b y a w i d e variety of applicat ion 
domains and by the fact that the exis t ing C B I R sys tems are still no t as efficient as 
the user want them to be. 

Typical ly, a C B I R sys tem finds images from a large data col lect ion that visually 
match to a given query . T h e most sys t ems p ropose to define the query by providing 
one or more example images . A n o t h e r possibi l i ty is to p rov ide a rough sketch of the 
desired image [2] . But bo th of t he w a y s leads to the incons is tency be tween the 
semant ic query that the u se r has in mind and its desc r ip t ion which m a k e s it hard for 
the user to specify the query and for the sys t em to re turn the correct images. 

Exist ing approaches based on t rea tment o f low level features can b e classified by: 
considered features, 
used data mode l s , 
applied s imilar i ty metrics . 

A m o n g the features the color is the m o s t extens ive ly used. I t ' s meaningful in 
human percept ion, easy to extract and robus t to no i se , sca l ing and rotation. Majori ty 
of data mode ls for representa t ion o f co lor features vary b e t w e e n different kinds of 
h i s tograms [8, 9, 5] and statistic m o d e l s of color dis t r ibut ion. Texture features are 
also wide ly used in image retr ieval . For t ex ture analys is [2, 3 , 6] use wavele ts , other 
approaches use synthes ized banks of filters for tex ture ext ract ion (see [ 10] for a full 
review). Shape features attract less a t tent ion of scientif ic communi ty . Retr ieval by 
shape is useful only in specific col lect ions (e .g. i t ems on a homogeneous 
background or geomet r ica l images) . See [1] for r ev iew of shape representa t ion and 
retrieval approaches . 

Many systems provide the possibi l i ty to combine or select be tween one or more 
mode ls , based o n different features. B u t they typical ly p rocess the features 
independent ly and use several indices , wh ich c a n increase both space and time 
requirements . 

A m o n g more recent works there are those that p ropose a k ind of " semant ic 
b r idge" be tween the user and the sys tem. T h e wide ly used m e c h a n i s m of " re levance 
feedback" ([5], for example) t akes into account u s e r ' s satisfaction by iterative 
process of use r - sys tem interact ion. D u r i n g the retr ieval process , the user high-level 
query and perceptual subjectivity are captured by dynamica l ly refined quer ies based 
on the u s e r ' s feedback. 

3. Problem definition 

We consider a da tabase of natural images , whe re no addi t ional semantic 
information about images is avai lable . Resea rch is pe r fo rmed in the fol lowing 
direct ions: 

provide a textual w a y o f query defini t ion, which is more clear and intuitive 
to the u se r than the query by example ; 
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select the mos t meaningful features for natural images and p ropose the 
unique mode l for its representat ion; 
design o f indexing algor i thms, that agree wi th h u m a n visual percept ion; 

use clustering to reduce the number of images to p rocess in the image retrieval 
phase and accelerate the retrieval. 

4. Proposed solution 

The comple te image storage and retrieval process is divided into three phases. 
Dur ing the first o n e we define the t raining image set, wh ich is expected to b e much 
smaller than the image da tabase itself. Th i s set is d ivided into the g roups of similar 
images by performing the classification task. For each of the groups we compute an 
average feature-vector f rom feature-vectors of group images . Feature-vector for an 
image is computed from its low-level features. W e descr ibe each g roup also by 
textual keywords . 

The second phase serves to compute feature-vectors for the rest set of images and 
perform data cluster ing in order to the distance be tween an image feature-vector and 
average feature-vectors o f the groups . 

In the t hud phase of image retrieval w e compare textual query of the user with 
textual descr ipt ions of t he clusters and define the mos t suitable cluster of images. 
Predef ined number of images r andomly selected from this cluster and returned to the 
user. After that the i terat ive process of " re levance feedback" is used: in each 
iteration user m a r k s right and w r o n g images a m o n g the returned set. The system 
uses this informat ion for query refinement. 

5. Conclusions 

The pape r descr ibes genera l ideas for centered user approach for image retrieving. 
These are the first s teps, wh ich are very promis ing and mus t be developed to obtain 
further resul ts . 
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Abstract. The demand for timely, accurate health data is continuously 
growing (e.g. [4]). The increasing volume of data collected from different 
sources creates new needs for a future health information system representing 
a totally intergraded electronic health record (EFTR). The integration of data 
makes it easier for citizens to collect and control 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-term access. 
For this purpose a simple temporal object 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 example 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 m o d e r n hea l th care system the need for data exchange of personal health data 
is increas ing. There are n u m e r o u s reasons for this n e w d e m a n d . In a modern society 
cit izens m o v e and travel m o r e frequently, and then they need to have their personal 
hea l th data avai lable where they stay or live at the m o m e n t . In N o r w a y , cit izens 
have a legal right for a free choice of a hospital , and a r ight for inspect ion of all their 
personal health data s tored by different health care providers ( today this is difficult 
to achieve since the data is stored in different local da tabases all over the country) . 
These t rends ask for nat ional database solutions, and in a longer perspect ive , 
international solut ions. F r o m a database point of v iew, a future solut ion of a 
c o m m o n integrated database is an al ternative to a direct message pass ing be tween 
he te rogeneous informat ion systems. This scenario can inc lude da tabase benefits , 
such as be t te r data quali ty, better data availability, s torage opt imiza t ion , back up and 
logging adminis t ra t ion, and c o m m o n access control. W e are going from a message 
passing sys tem to a data sharing system. 

The research object ives of this P h D work can be separa ted into two sub parts : 

http://ntnu.no
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1. T o evaluate the future da tabase so lu t ions for a c o m m o n integrated EHR 
- Electronic Heal th Reco rd [15] . 

2. To explore the long- term tempora l data representa t ion of personal health 
data and m a p p i n g s of different vers ions o f these da ta in a t ime space. 

The second part can be used in an implemen ta t ion o f the first part. T h e E H R is a 
wider, extended definition of the C P R ( C o m p u t e r - b a s e d Patient Record , e.g. [1] [4]) 
that includes all k inds of personal heal th data a n d is not only l imi ted to, for example , 
treatment at a hospital . 

Our contribution is to look h o w future E H R can b e s tored and how the data can 
be represented from a database point o f v iew. W e also focus on a long- te rm access 
of historical health data, s ince personal E H R mus t b e accessible at least for the 
whole pe r son ' s life (100 years) . Bo th the s torage t echnology and the data 
representat ion will cont inuous ly change dur ing s u c h a l ong t ime period. This 
approach is different from tradi t ional w o r k on C P R since w e do not constrain 
ourselves to commerc ia l sys tems o f today , by the s i tuat ion of organizat ional 
problems in the hea l th care sector or b y legal l imi ta t ions . T h u s , we h o p e to offer 
applicable future solut ions. 

As a demonst ra tor we use e lectronic referrals b e t w e e n service providers , for 
example the process o f local doctors referrals to a reg iona l hospi ta l . In N o r w a y a 
national s tandard for e lectronic referrals def ined in X M L S c h e m a is be ing developed 
[8]. 

2. Related projects and present realities 

2.1. Database solut ions in the health care sector 

The fully integrated database solut ion for pe r sona l heal th data has not been yet 
developed. So far, the opera t ing C P R ' s are no t at the E H R level (e.g. [9]). A future 
personal "virtual heal th r ecord" ac t ivated b y l ink ing records on the Internet is 
ment ioned by [13], but no da tabase solut ion is re lated to it. S o m e nat ional databases 
exist, like in Iceland [6], but these da tabases s tore only " a n o n y m i z e d " heal th data. In 
Norway , m a n y local da tabases exist, s o m e inc lude sens i t ive personal data , and some 
health registers with " a n o n y m i z e d " da ta m e a n t for s tat is t ics a n d public information. 
The chance for r edundancy be tween local da tabases is h igh - the pat ient has to 
repeat the same informat ion for regis t ra t ion , if v is i t ing different heal th service 
providers. It is also a h igh r isk for b a d data qual i ty , for e x a m p l e lack o f update and 
control and even wor se ; lack of a c o m m o n vocabu la ry . In prac t ice , a patient has no 
chance to collect a n d control the access and use of all h is /hers registered personal 
health data. 

Database solut ions are typical ly l inked to t he commerc i a l software for the health 
care. A c o m m o n midd le layer service does not exis t ; all commun ica t i on between 
systems has to be done by direct m e s s a g e pass ing b e t w e e n local appl ica t ions , for 
example E D I or e-mai ls . The re are bo th nat ional and internat ional projects on XML 
standards for electronic message exchange (e .g. [2]) in heal th care. 
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Data securi ty issues are essential in the heal th data context. These include the 
identification of the end users by using a smart card or by biometrical solut ions. W e 
have chosen not to focus on the securi ty, s ince data security is be ing fastly 
developed and the s i tuat ion will be different in, say 10 years from now, w h e n the 
E H R can start to be a real i ty. 

2.2. S c h e m a evolut ion 

For schema evolut ion we have seen approaches , l ike for D T D ' s (e.g. [3] [12]). 
M a p p i n g s are typically related to the creation of c o m m o n (global) integrated 
schemas . Some of the m a p p i n g s are not " to ta l" in the sense that they on ly map 
subpar ts of the original da ta content in different local schemas . Tradi t ional schema 
evolut ion also typically m a p s only in one direction. The concern is that the mapp ing 
process is a one- t ime operat ion, m e a n i n g that all client p rograms have to be re -
implemented at the s a m e t ime the new m a p p i n g is re leased. 

3. Design 

So far, we have w o r k e d on a long- term temporal data representat ion of the health 
data. B e l o w we descr ibe some of the design ideas for the implementa t ion of a 
c o m m o n middle layer inc luding the temporal object model . 

Figure 1. Three-level architecture 

3 . 1 . 3 - t i e r c l ient/server architecture 

A cl ient /server des ign for the overal l sys tem is presented in F igure 1. It consists 
of a middle layer wh ich we called the Data Representa t ion Layer - D R L , an 
under ly ing D B M S solu t ion and a local client p rogram. T h e D R L offers c o m m o n 
services to he te rogeneous client p rograms , as a set of tools, such as a mapp ing 
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generator , message val idat ion and query execut ion , logging and access control . The 
archi tecture does not set any restrictions on the under ly ing da tabase sys tem if it is a 
mapp ing be tween the da tabase and the D R L and if query ing can be handled 
efficiently (for example when querying data in emergency si tuat ions) . 

3.2. Tempora l object data model 

The D R L does not include any global in tegra ted total s c h e m a for the under ly ing 
stored data as med ia to r ' s layers ( "canon ica l " schema) typical ly have (e.g. [7]). 
Clients can create such a view by in t roducing a s c h e m a s tandard for the purpose . 
The implementat ion of object-or iented m e t h o d s (behavior ) is a lso left to the cl ients. 
Our m o d e l is only for data content representa t ion. The genera l goal is to m a k e the 
mode l flexible for future changes , as is the f ramework for our tempora l data 
representat ion. Later on w e can examine if there is any exis t ing data mode l that fit to 
our final requirements . 

3.3 . Tempora l reading and wri t ing of data 

The goal of the data mode l is to represent data content in a t empora l env i ronment 
for a long- term use. Data content can be l ike e l emen t s in X M L , and its metada ta . A n 
object includes a set o f elements related to a w e l l - k n o w n schema version. The 
schema itself is described by its D D L (Data Defini t ion L a n g u a g e ) and stored as a 
special object type called schema object in D R L . T h e m o d e l accepts vers ions of data 
and schema objects and relat ionships b e t w e e n them. Al l s tored objects mus t be 
related to a set of t ime s tamps (e.g. [14]). This set inc ludes a fixed t ime s t amp called 
object date which stores the t ransact ion t ime w h e n the n e w object instance was 
created / inserted into the database. A given object vers ion ins tance is identified by 
its object date and a universal un ique object identifier (OLD). 

For schema objects, each single vers ion ref lect ing its t ime ' s (medical ) 
deve lopment , practice, needs , and function. T h e result is a set of evolv ing s c h e m a 
vers ions represented in an ascending chronolog ica l order . T h e opt ion no t to delete 
objects gives a unique possibi l i ty to re-construct the s i tuat ion of the t ime of selected 
per iods / intervals. Read ing / re t r ieving objects in a t empora l perspect ive has 
mean ing only when us ing a special t ime s t amp w e cal led the read date. If fol lowing 
a l inear t ime axis, as i l lustrated in Figure 2 , the read date can be seen as an accura te 
time line on this axis. T h e reader m a y then look at "the wor ld" as it was expressed at 
that g iven historical date . The basic ph i losophy is that any object must be seen in 
relation to its object date p lus the read date. This app roach represents near ly 
unl imi ted ways for local client appl ica t ions to query and v iew data vers ions bo th 
forward and backward in t ime. Some example s of reading vers ions are i l lustrated in 
Figure 3 . A client appl icat ion can read data content from one or m a n y object 
vers ions according to one or two read dates ( t ime_read in the F igure 3). 
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(^ ^) - object of a given version. 

Objects 

Figure 2. Versions of data objects and schema objects by time. 

time time t l m e r t a d l time time 

Case 1 Case 2 Case 3 Case 4 

Figure 3. Cases of temporal 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 

D T D ' s from one D T D 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 into: 

2 .1 . Evolution between two compatible standards, like from D T D to X M L 
Schema. 

2.2. Evolution between none-compatible standards, like from the relational 
data model (for example represented in SQL) to X M L . 

W e set a restriction saying that any element in a given schema must have one and 
only one mapping to a newer schema. A total mapping for a schema is 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) Mapp ing from one old schema 
object to one or many new schema objects - evolution between old and new 
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schemas . 3) The old schema object is rep laced or exp i red wi thout any m a p p i n g -
that is, a pa rad igm shift occurs . W e at tempt to define the m l e s for a total mapping 
and set up a X M L S c h e m a for the representa t ion of such mapp ings . 

3.5. M a p p i n g objec t 

<xsd:element name="Person"> 
<xsd:complexType> <xsd:sequence> 
<xsd:element name="name" type="xsd:string"/> 
<xsd:element name="address" type='xsd:string7> 
</xsd:sequence> </xsd:complexType> 
</xsd:element> 

XML Schema 1 

<xsd:eiement name="Person"> 
<xsd:comp!exType> <xsd:sequence> 
<xsd:efement ref="name"/> 
<xsd:element name="postal_address" type="xsd:strin< 
</xsd:sequence> </xsd:complexType> 
</xsd:element> 
<xsd:element name="name"> 
<xsd:complexType><xsd:sequence> 
<xsd:element name="first_name" type="xsd:stringM/> 
<xsd:element name="last_name" type="xsd:string7> 

</xsd:sequence></xsd:complexType> 
</xsd:element> 

XML Schema 2 
Figure 4. An example of mapping between two schema versions using the XML Schema standard. 

Figure 4 shows an example of a m a p p i n g b e t w e e n two schema vers ions , 
represent ing a s imple total mapping in X M L . The m a p p i n g X M L document is an 
example of a mapp ing object used to s tore data sets about the mapp ing . The content 
can be extended to inc lude a type conver t ing . Still the m a p p i n g deals wi th syntactic 
differences only. To imp lemen t t empora l reads as the o n e s in F igure 3 , w e also need 
m o r e sophist icated data about the he te rogenei ty of s c h e m a s . Schema differences can 
be divided into three levels: 

• Syntactic level: A mapp ing as the o n e in F igure 4 is l imited to only 
syntactic, or technical , differences b e t w e e n schemas . In some cases , such 
mapping can be a one- to-one re la t ionship from one schema to the other, 
though this is not necessary t rue in bo th di rect ions of a mapp ing . An 
example is the M e d C o m organ iza t ion [10] in D e n m a r k which offers a one-
to-one m a p p i n g be tween E D I F A C T and X M L m e s s a g e s used by health 
care services. 

• Conceptual level: A mapp ing wh ich tries to represent semant ic , or 
conceptual , differences as wel l . For example , a schema which is based on 
an object or iented data mode l is typical semant ica l ly " s t ronger" than a 
schema based on the relat ional data mode l . It is difficult to represent such 
cases only b y syntact ic differences, s ince then semant ic knowledge can be 
lost during the mapp ing . 

• Semantic (ontological) level: This level invest igates semantic 
heterogenei ty (e.g. [16]) l inked to the v iew of the real i ty, that is , the state of 
the world that the schema end users have . Such an ontology is not based on 

<Tota l_ma pping> 
<map> 
<c!dname>Person/name </old_name> 
<new_name>Person/name/first_name </new_name: 
<new_name>Person/rrame/last_name </new_name-
</map> 
<map> 
<old_name>Person/address </oid_name> 
<new name>Person/postal_address </new_name 
</map> 
</Total_mapping> 

Mapping XML document 
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conceptual differences in the s chemas but rather on p eo p l e ' s percept ion of 
the data content [16] . If a n e w and an old schema are based on two different 
(sub-) ontologies , the mapping can be wrong even if it is conceptual ly seen 
as right. If the mapp ing object can store data about such differences, the 
data can be used to unders tand (interpret) ageing ontologies w h e n reading 
old historically heal th data. 

M a p p i n g rules can b e set up and stored in the m a p p i n g object for all the three 
levels. To represent differences in ontologies we p robab ly need to link mapp ing 
rules to formal logic. 

4. Implementation and results 

A simple prototype of the 3-tier cl ient /server archi tecture was implemented using 
l ava and S O A P in an interactive waiting-list sys tem 1 . H o w e v e r , wait ing list data is 
not a good example o f personal health data s ince the data is not considered to be a 
part of the CPR, ra ther a part of the P A S (Patient Aaminis t ra t ion Sys tem) at 
hospitals . W e are n o w using electronic referral as a case s ince it is part ly related to 
the wai t ing list sys tems. A s example w e can map b e t w e e n beta vers ions of an 
upcoming Norwegian X M L standard [8] . Since we do no t focus only on X M L only, 
we can also look at the mapp ing of the Norweg ian X M L standard and a Dan i sh EDI 
standard [10] . This can m a k e it poss ible to send a N o r w e g i a n referral to a Danish 
hospital (in Norway s o m e patients are sent abroad for t h e n medica l t reatment) . 

Figure 5. The Mapping generator creates a mapping between two schema versions. 

A semi-automatic m a p p i n g generator pro to type is employed for the X M L 
Schema, which is implemented in Java (Figure 5). The pro to type suggests mapping 
be tween two X M L Schemas by checking similarit ies in e l ement (tag) names and tree 
paths (like path-to-path mapp ing in [3]). A system user can then modify the 
suggest ions , before the final set of mapp ings are stored as an X M L document (as in 
Figure 4) , represented as a special mapp ing object in the D R L . A n extension of the 
prototype can be the examinat ion of the e lements of data types / domains , or the 

A project in association with the foundation DigiMed [5] at NTNU. 



162 DATABASES AND INFORMATION SYSTEMS 

inclusion of some kind o f semant ic knowledge , such as, thesaurus (meta- language) 
(e.g. [1]) into the p rogram for finding potent ial mapp ings . So far, the pro to type only 
deals with the syntactic level o f differences. 

5. Conclusion 

M o r e work is required to analyze a c o m m o n database solut ion for a future total 
integrated E H R (Electronic Heal th Record ) . T h e work must a rgue h o w a good 
database and related da ta representat ion solut ion can influence the reality of such a 
future system, including the data securi ty aspect and the overall sys tem 
functionality. Further ana lyzes are needed p rov id ing s o m e realistic cases of poss ible 
use, such as the case o f e lectronic referral. For the D R L w e can implement a test tool 
that uses mappings bo th forward and b a c k w a r d in the temporal space w h e n 
generat ing replys on quer ies f rom client p rog rams . 

This presentat ion g ives s o m e headl ines for an ongo ing PhD work . T h e 
background and inspiration to look at a long- te rm tempora l data representat ion o f an 
E H R are presented. L inked to this is an examina t ion of a possible temporal 
realization and a m a p p i n g be tween s c h e m a vers ions in a temporal space. A tempora l 
data mode l is shortly descr ibed. 
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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 
contains some ML features and uses the functional approach for queries and 
transformations 
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Introduction 

The Mode l -Dr iven Archi tec ture ( M D A ) is an init iative b y the Object 
Managemen t G r o u p ( O M G ) to define an approach to sof tware deve lopmen t based 
on model ing and au tomated mapp ing of mode l s to implemen ta t ions . One o f the key 
points of M D A approach is model query and t ransformat ions ability. M o d e l s in this 
approach are built in accordance wi th the co r respond ing meta models, wh ich in turn 
comply to M O F s tandards , i.e., me ta m o d e l s are U M L class d iagrams in a restricted 
syntax. Mode l s formally are ins tance sets of the co r respond ing meta model . 
Therefore both quer ies and t ransformat ions mus t b e able to p rocess ins tance sets of a 
class d iagram (meta mode l ) . For t ransformat ions typica l ly two meta mode l s are 
involved - the source and the target one. 

A query is an express ion that is eva lua ted over a mode l . The result of a query is 
one or more instances of types defined in the source mode l , or defined by the query 
language [1]. 

Transformation A t ransformat ion genera tes a target m o d e l from a source model 
[1]. 

There are many proposa ls for Query a n d Trans format ion languages [1], [2] , and 
all of t hem regard quer ies as a necessa ry part o f a t ransformat ion, i.e., a query 
determines when and h o w a t ransformat ion (rule) is appl icable to a model (or a set 
of models) and h o w the result of the t ransformat ion will b e built: 

1. Adapt ive Ltd. (in the fol lowing abbrevia ted wi th A D A P T I V E ) 
2. D S T C / I B M (abbrevia ted wi th D S T C ) [3] 
3. C o m p u w a r e Corpora t ion 'Sun M i c r o s y s t e m s ( S U N ) [4] 
4. Alca te l /Sof team'TNl-Val iosys /Tha les ( T H A L E S ) [5] 
5. Kennedy Carter (KC) 
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6. T C S , which compr i ses Artisan Software, Kinetum, K ings Col lege, and the 
Universi ty 
of Y o r k (TCS) [6] 

7. Codagen Technolog ies Corpora t ion ( C O D A ) 
8. Interactive Objects Software GmbH/Pro jec t Techno logy (IO) [7] 

For queries several submiss ions p ropose the use of the O C L 2.0 language: IO. 
SUN, T C S . T H A L E S proposes an extens ion to O C L called T R L . A query in TRL 
can return not only e l emen t s from the quer ied model as an answer, but can also 
return a composi te type (e.g. , a tuple or collection) or a m o r e complex type defined 
by some me ta model . 

O C L [8,10] is a t ex tua l specification language , deve loped by O M G , designed 
especially for the use in the context of d iagrammat ic specification languages such as 
the U M L , including the u s e for queries . However , the s tandard use of O C L for 
queries in U M L is ra ther l imited. Therefore O C L must mus t be extended, in order to 
become useful in the m o r e broad context of M D A quer ies - even the authors of 
O C L 2.0 admit this [10] . 

The paper proposes one such extension - M Q T L . 

M Q T L means M o d e l Query and Transformat ion language . M Q T L is based on 
O C L 2.0, because O C L is a standard in the model ing pract ice and contains many 
useful construct ions for the n e w language . However , some features of M Q T L come 
from ML, to extend the expressive p o w e r of the l anguage . M L is a widely used 
functional language [9]. M L has been selected due to the fact O C L is also a 
functional language in a sense and the bas ic ideologies of these to languages are 
compat ible . Some of the exist ing O C L features (contexts, for example) can no more 
be used in this n e w context and mus t be modified or deleted as irrelevant. For 
example , queries o f M Q T L also can return a composi te type (e.g., a tuple or 
collection) or more c o m p l e x type defined b y some meta mode l - s imilarly to the 
ones in T R L [5]. In genera l , the goal for bui ld ing M Q T L has been: 

to preserve as m u c h constructs as poss ible in this ex tended context 
to include the m i n i m u m n u m b e r of constructs from M L , in order to ensure 
the required query functionality. 

Typical examples of quer ies in M Q T L are the following. 
Suppose , that our meta mode l cor responds to abstract syntax of a p rog ramming 

language, where there are such constructs as P r o g r a m and Funct ion. A model , 
specified by this meta mode l , can, for ins tance , be u s e d as a cross-reference model 
for a concrete p rog ram s y s t e m So, the fol lowing query is typical in this case : to find 
out if a P rog ram object instance transit ively cal ls a Func t ion object instance. 

In addit ion it m a y be required to opt imize s o m e h o w this model , reducing the 
number of Func t ions , for instance. 

A meta model can a lso specify Loca l Area N e t w o r k s (LAN) wi th the 
corresponding e lements - h u b , computer , cable , etc. A s the models are represent 
concrete L A N s , we can query if a compute r C I connected to a hub H I via a Cable 
CA1 in the given L A N . 
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A query can include some nontrivial a lgor i thm as wel l , w h e n the required result 
is not a s imple reformatt ing of the requi red part of the source mode l , bu t some 
information to be derived in a compl ica ted way. 

M Q T L can also be used for mode l t ransformat ions , especial ly if some nontrivial 
a lgor i thms must be used or addit ional static s t ructures for in te rmedia te data mus t be 
defined. This the case whe re the M D A languages based on s imple graphical pat terns 
and rules (such as [6]) fail and whe re the functional power p rov ided by M L becomes 
essential . The t ransformat ion rules in fact are functions, so , M Q T L uses functional 
approach also for the t ransformat ions . H o w e v e r , this p a p e r main ly is focused on 
M Q T L as the language for query ing purposes . Transformat ion p rog rams in M Q T L 
require some further research. 

The proposed language is more express ive in u s e than the few exist ing extens ions 
of O C L for queries , for example T R L [5]. 

The paper gives a precise descript ion, wh ich of the O C L const ructs are preserved 
in M Q T L and what is added from M L . Then an example of nontrivial query in 
M Q T L is provided. 

Why does the pure OCL 2.0 is not suited 

O C L can be used for a n u m b e r of different purposes [8] : 
• As a query language 
• To specify invariants on classes and types in the c lass mode l 
• To specify type invariant for S tereotypes 
• To describe p re - and post condi t ions on Opera t ions and M e t h o d s 
• To describe Gua rds 
• To specify target (sets) for messages and actions 
• To specify constra ints on operat ions 
• To specify derivat ion rules for attr ibutes 
• For any express ion over a U M L model 

However , M Q T L can t ake from O C L only these features and constructs , wh ich are 
useful for querying ("as a query language") . 

Each O C L express ion must be wri t ten in the context o f an instance of a specific 
type [8] . In an OCL express ion , the reserved word self is used to refer to the 
contextual instance. F o r instance, if the context is Person, then self refers to an 
instance of Person. 

context Person 
d e f : n i c k n a m e : S t r i n g = s e l f . n a m e 

The k e y w o r d self i tself is optional in O C L , but there a re no w a y s to ex tend the 
semant ics imposed by it, if we d o n ' t d rop the concept of O C L context complete ly . 
The queries in M Q T L are wri t ten on ly wi th in functions - the main structural 
component o f M Q T L . In fact, functions can be defined a l so in O C L , they are called 
addit ional operat ions there and are defined via the ''def" keyword . However , these 
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addit ional operat ions can be defined only within the contexts in O C L . T h u s , if the 
operat ion A l is defined in the context B l , it cannot be cal led from the context B2 . It 
means that according to m l e s of O C L we cannot reuse a query, wr i t ten in the 
operat ion A l , which is defined in context B l , in the operat ion A 2 , defined in the 
context B2 . Therefore, the context considerably restricts O C L usage and tha t ' s why 
it is no t used in M Q T L . 

In addi t ion, some of O C L express ions mus t be modified, because the context is not 
longer used and the express ions are extended wi th M L features to increase the 
expressive power of them. The fol lowing O C L definit ions, expressions, data types 
are modified: 
1. addit ional at tr ibutes and operat ions definition 
2. let expression 
3. Sequence data type 

The next sect ion p rov ides the list of all O C L constructs wh ich are preserved (or 
slightly extended) in M Q T L . It is fol lowed by the list of const ructs included from 
ML. 

MQTL language description 

The features and constructs , coming from O C L without modif icat ions 

1. i f_then_else - is t he same in M Q T L as in O C L . 

2. T u p l e in O C L . It is possible to compose several va lues into a tuple. A tuple 
consists of named par ts , each of wh ich can have a dist inct type. Also, the values 
of the parts may b e given by arbitrary O C L express ions . Example : 
Tuple {name: String = 'John', age: Integer = 10) 
Tuple {age = 10, n a m e = ' J ohn ' } - the type names are optional and the order of 
the parts is unimpor tant . 

T u p l e in M Q T L . T h e tuple concept is the same in M Q T L as in O C L - it also 
m a y consist of n a m e d parts , each of which can have a distinct type, for instance: 

val t : Tuple{i : Integer,s : String) = Tuple{i = 
1 0 , s = getTitle( )) 

3. Nav iga t ion via associat ions is the s ame in M Q T L as in OCL. 

4. C o n c e p t o f Mode l data type and Mode l data type functions, a l l lns tance 
feature of any M o d e l data type. T h e same in M Q T L as in O C L . 
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5. Collections data types in O C L . Cur ly brackets surround the elements of the 
collection, elements in the collection are writ ten within, separated by commas . 
The type o f the collection is written before the curly brackets : There are four 
collection data types in O C L : Set, OrderedSet, Bag and Sequence. Examples : 
Set { 1 , 2 , 5 , 88 } 
OrderedSet { "1" , "22" } 
Sequence { 'ape', 'nut' } 
Bag {1 , 3 , 4, 3, 5 } 

Collection data types in M Q T L . Axe the s ame in M Q T L as in OCL. 

9. Primitive data types are the same in M Q T L as in O C L . . 

The features and constructions, coming from O C L with modifications 

1. Operat ion definition in OCL. These construct ions enable reuse of 
variables/operations over multiple O C L express ions . All operat ions are 
specified via «definition», and are known in the s a m e context as they are 
defined. Fo r example: 

context Person 
def: getTitle( ) : String = "Person", 

where hasTitle( ) is an operation and t : String - the parameter . After ' = ' 
symbol in the operation definition can be any O C L express ion (let, if_then_else, 
. . . ) . Recursive operat ions are also al lowed. After hasTitlef ) operat ion is 
defined, it can be used in other OCL express ions within the current context. 

Operation definition in M Q T L . 
As context is not used in M Q T L , the operat ion becomes the basic 

construction in the new language and all M Q T L express ions are writ ten within 
operations. So, operation corresponds to a in fact function and that 's w h y it is 
defined, usmgfun keyword: 

fun getTitle( ): String = "Person" 

2. Attributes (variables) definition in O C L . These cons t ruc t ions enable reuse of 
variables over mult iple O C L express ions . All variables 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 at tr ibute 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 M Q T L , the values can be defined only with 

operat ion (function). So, var iables are defined not wi th the k e y w o r d "def: " but 
wi th val (it c o m e s from M L ) , because "def:" keyword meant for opera t ions and 
variables that they are not owned by cwjtexr-class, bu t are defined as the helper 
at t r ibutes/operat ions, val m e a n s that s imply a new va lue (variable) is defined. 

v a l nickname: String = 'Little Red Rooster' 

After ' = ' symbol can be any M Q T L expression. 

3. let expression in OCL. let express ion a l lows one to define a var iable , which 
can be used in the constraint . A let expression may be included in any kind of 
O C L expression. It is only k n o w n wi thin this specific express ion. Example : 
c o n t e x t Person 
d e f : inc(i : Integer, k : Integer) : Integer = 

l e t 
income : Integer = k 

in 
i f i < 10 t h e n 

income + 10 0 
e l s e 

income + 1 0 0 0 
e n d i f 

let expression in MQTL. The constraint that only one variable declarat ion is 
a l lowed within let expression requires nested let cons t ruc ts if more than one 
variable should b e declared inside let. So, one or m o r e var iable declarat ions are 
al lowed in M Q T L inside let: 

f u n mult(i : Integer, j : Integer) = 
l e t 

v a l multl : Integer = mt(i) 
v a l mult2 : Integer = mt(k) 

in 

multl * mult2 

The features and constructs coming from ML 

1. The ability to define a new type, record in fact. T h i s definition is useful if we 
wan t to use a type, which is not predefined, in many s ta tements . Example : 
t y p e p_info = { 

name : String, 
surname : String, 
age : Integer}. 

v a l perl : p_info = {name = "John", surname = 
"Smith"} 
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v a l per2 : p_info = {name = perl.name, surname 
perl.surname} 

The n e w type info is defined and then in is used twice - in perl and perl 
definitions. 

2. local declarat ion. L imi t s the scope of one declara t ion to another declarat ion: 
local 

fun helper (i: Integer ) : Integer = i + 1 
in 

fun fl() = helper(2) 
end 

Here helper function can. be ca l led on ly wi th in th i s local declarat ion, but the 
function fl - f rom any place o f a p r o g r a m . T h i s declarat ion can be used to 
create query b locks - on query can be cal led f rom the outside, but the other 
queries in this b lock are the he lpers for th i s query. 

3. list patterns. T h e list pat terns: 
h: :t, nil 
where /; is the heade r and t - the tail o f the list and nil - the empty list. This 
pattern is applied to Sequence da ta type in M Q T L , t h a t ' s w h y h is a header of 
the Sequence and t - the tail of the Sequence , and nil - empty Sequence . So , the 
Sequence has the form: h x: :h 2: : :h n: mil. Such a pat tern is used in 
many functional l anguages and it s ignificantly ex t ends the expressive p o w e r of 
the n e w language. The example , g iven in the nex t chapter , demons t ra tes the 
usage o f this pat tern. 

4. case express ion. Case express ion has the fo l lowing form: 
case exp 
of pat! => expl 

. . . 
patn => expn 

, where pat l 5 .. pat n are the pa t te rns . These pa t te rns are the constants of 
pr imit ive data types (0, " a " ) , or the list pat terns . 

MQTL example 

Suppose we have such a meta mode l : 
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IntemalFunction 

name: stnng 
— 7 5 — 

Program 
plncluder 

copycode 
Copycode 

'_J copycode 

' desllncluder 

Figure 1 

This meta mode l cor responds to a small part of a p rog ramming language and 
specifies the abstract syntax of p rograms , wh ich can b e wri t ten in this language. 

Copycode resembles a mac ro definit ion in " C + + " language , in fact, but it is 
defined in a separate file. Howeve r , all the Copycode definitions, included in a 
P rog ram (via include operator) , are inserted into a p r o g r a m during the compilat ion 
process - the same as mac ro in C + + . Also , a C o p y c o d e can include another 
Copycode and so on, but anyway , they are inserted into a P r o g r a m wh ich includes 
the first Copycode in this chain. 

Internal functions are defined in the same file as the who le Program. T h e y also 
can include Copycodes . 

Here is the instance d iagram of the meta mode l in Figure 1: 

P1:Proqram 
container FflntemalFunction P1:Proqram 

container intFlncluder 

F2:lntemalFunction intFlncluder C2:Copycode 

srclncluder 

C1:Copycode 

Figure 2 

So, P r o g r a m PI conta ins the two In temalFunc t ion ins tances - F l and F 2 . Internal 
functions F l and F 2 both includes Copycode C2 and Copycode C2 includes 
Copycode C I . 

Suppose we created a cross-reference model , specified by the meta mode l in 
F igure 1 and we need to check if P rog ram P I transit ively includes C o p y c o d e C I . 
Transi t ively includes means , that if, for example , a P r o g r a m P contains an 
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In temalFunct ion F and this function includes a C o p y c o d e C, a P r o g r a m includes 
Copycode C. The same is for Copycode , inc luding another C o p y c o d e . So, P r o g r a m 
P I transitively includes C o p y c o d e C I in F igure 2. 

It m e a n s we should wri te a query in fact for cross reference check, with t he two 
pa ramete r s - P I , C I : checkCall (PI, CI) . T h e query should re turn a Boo lean 
t ype - True for the given example . 

T h e example code and descript ion 

fun heckCall(r: equence(ModelElement),cl : ModelElement) 
: Boolean = helpCheckCall(r, cl, nil) 

fun helpCheckCall(r: Sequence(ModelElement),cl: 
ModelElement,visited: Sequence(ModelElement)) : Boolean 

case r 
of h::t => 

if (h.name = cl.name) then 
true 

else 
if (visited.includes(h)) 

checkCall(t, cl, visited) 
else 
checkCall(nextVertexes(h).union(t), 
cl, h::visited) 

endi f 
endif 

of nil => 
false 

fun nextVertexes(x:ModelElement): Sequence(ModelElement) 

let 
val r : Sequence(ModelElement) = 

if (x.IsOfType(Program)) 
x.container.asSequence().union( 

x.plncluder.asSequence()) 
else 

if (x. IsOfType (IntemalFunction) 
x.container.asSequence().union( 

x . intFIncluder.asSequence()) 
else 
if (x.IsOfType(Copycode)) 

x.srclncluder 
endif 

endif 
endif 
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in 
r 

end 

val b : Boolean = checkCall(PI, CI) 

W e should traverse the model (graph in fact), s tar t ing from PI node and if we 
meet a n o d e CI dur ing the traversal , it means , that P I inc ludes C I , o therwise - not. 
The traversal a lgor i thm is depth first search. 

Depth first search invo lves chas ing d o w n edges (from some start ing nodes) to 
collect u p all nodes w h i c h are reachable from those start nodes . T h e exploration 
should go down one chain from a start node , re turning these nodes before backing 
up to look at the next deepes t unexplored nodes . Clear ly we need to keep track of 
which nodes have been s e e n before so that w e do not go r o u n d in circles whenever 
there is a cycle in the g raph . The central function (helpcheckCall) has a list of nodes 
(to be explored nodes) , a n o d e to b e checked for inclusion and a list of Visited' nodes 
as parameters . 

nextVertexes function re turns the list of the nodes , connec ted to x. 

Conclusions 

The paper descr ibes the basic pr inciples of the query and t ransformation 
formation language M Q T L . The ma in innovat ive e lement o f the l anguage is ML 
constructs , increasing the expressive power of M Q T L . T h e given example shows 
only a smal l part of the constructs and p o w e r of M Q T L , h o w e v e r it demons t ra tes the 
functional approach, wh ich is the base of M Q T L , and its natural recursive style for 
comput ing a transit ive c losure . 
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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 volumes of data; hence finding an efficient mechanism for 
publishing relational data over XML becomes a 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 seems particularly promising to combine the support of 
recursive XML documents with the current support of linear recursion in 
SQL99 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 
information XML view over this data can be easily materialized. 

1. Introduction 

Over the recent yea r s X M L has emerged as the s tandard for exchanging business 
data on the Wor ld W i d e W e b . Its s tructure provides a series of advantages for 
appl icat ions in data m o d e l i n g and exchanging . At the s a m e t ime, however , most of 
bus iness data is s tored in relational da tabase systems and the situation here will 
remain so for the foreseeable future, because of the scalabili ty, reliability and 
performance associa ted wi th relat ional da tabase systems. Thus , if X M L is to fulfil] 
its potent ia l , finding efficient ways of p u b h s h i n g relat ional data as X M L document s 
becomes a par t icular ly important p rob lem. X M L pub l i sh ing is one of the most 
chal lenging p rob lems [15] and it is the p rob lem of t ransforming exist ing relational 
data into X M L . Conceptua l ly , this is the same as defining an X M L v i ew over the 
relational data. 

T h e definition of X M L v i ew consis ts o f two ma in requirements : the view 
definition language and the XML schema of the resulting view. The language 
specification descr ibes h o w to structure and tag data f rom one or more tables as a 
hierarchical X M L document . T h e structure of X M L data, by contrast to relational 
data, is nested and self-describing. Usual ly X M L document s conform to t h e n input 
D T D . X M L D o c u m e n t Type Defini t ions (DTDs) [18] descr ibe the structure of X M L 
documents and are cons idered as the schemas for X M L documents . M o r e 
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sophist icated tools for s tructuring X M L such as X M L - S c h e m a [2, 16] are based on 

The p rob lem of X M L publ ish ing b e c o m e s m u c h m o r e interest ing and difficult in 
case of the presence of recurs ion in X M L v iew schema. X M L schema is said to be 
recursive if it has some e lement type defined in te rms of itself, directly or indirectly. 
A s for real-world X M L schemas , a n u m b e r of D T D s are ana lyzed in [4] and the 
result is that more than half of them are recurs ive ; thereby in pract ice the p re sence of 
recursion in X M L schema is quite usual . A s not iced in [1] , recurs ive D T D s are 
commonly found in specifications of b iomedica l , chemica l and protein data. As 
example , F igure 1 shows a fragment of s c h e m a g raph taken from B I O M L [17] 
content mode l . This mode l cor responds to rea l -wor ld logics: DNA is specified in 
terms of clone, clone has sub-e lements DNA and gene, whi le gene is in turn 
specified wi th DNA etc. 

S tudying D T D s from different appl icat ion areas w e can note that there are a lot of 
X M L schemas wi th recursion involved in X M L publ i sh ing . O n the other hand, as 
shown in Section 2, there is an obv ious lack o f so lu t ions to the p rob lem of recursion 
support in X M L publ i sh ing area. Thus , s ince suppor t of recurs ive X M L schemas 
seems important , it is useful to p ropose some m e c h a n i s m for t ransforming relational 
data into X M L with respect to the p resence o f recurs ion in predef ined X M L schema 
of the resul t ing v iew. 

Information is recurs ive itself in n u m e r o u s areas , connec t ing both science and 
industry. Enti t ies defined in terms of themse lves , expl ic i t ly or implici t ly, occur 
part icularly in b iomedic ine , b io logy, chemis t ry , mo lecu la r theory, electronics, 
p rogramming , geography as well as in different c lassif icat ions of complex systems, 
in part hierarchies etc . Significant effect iveness and accu racy might b e achieved, for 
example , in storage of large vo lumes of informat ion about molecula r s t ructures (e.g. 
D N A ) in relational da tabases . W e could use all the p o w e r of con temporary industrial 
R D B M S s , but represent ing of the in format ion wi l l be done in s tandard and 
comprehens ib le X M L . Also , research s tudying in [12] out l ines that it is far more 
efficient to construct X M L document ins ide the re la t ional engine than do ing so 
outside. 

Imagine that w e have some X M L data (for example , w e have any X M L 
representat ion of original text data) , but this X M L representa t ion d o e s n ' t reflect the 
natural structure of our data, thus w e wish to obtain efficient and. at the same t ime, 
natural data representa t ion over X M L , specifically regarding the support of 
recursion. A s a first step, let us s tore that X M L data in a relat ional da tabase . The 
main goal of s toring data in relational da tabase is t o pu t this data into an efficient 
storage schema, wh ich is l ikely to include special me tada ta needed for the support of 

D T D s . 

c l o n e 

Figure 1. Sample XML schema. 
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recursion (one or m o r e columns of relational table) . Then, us ing the technique of 
recursive queries , we will obtain X M L v iews of that relational data and these X M L 
v iews will be recurs ive . Thus , w e will solve the XML publishing problem for 
complex data, at the same t ime present ing it in its natural form, i.e. suppor t ing the 
recursive character of this data. 

The SQL99 s tandard has the support for linear recurs ion us ing with c lause, so it 
g ives an idea to use this language construct ion wi thin S Q L quer ies to publ ish X M L 
data. The p roposed technique is mainly based on g raph analysis of X M L schema of 
the resul t ing view. Depend ing on what edges in X M L schema graph w e discovered, 
we construct cor responding SQL query in both cases us ing with c lause . T h e most 
interest ing si tuat ion is when we deal wi th the recursion in a graph. T h e n we have to 
define some recurs ive relation, wh ich actually defined through itself. Some 
assumpt ions about t ransformat ions be tween relational data and X M L also were done 
and briefly discussed. As an example , there is the S Q L query given in Appendix 
retr ieving data from relational tables in order to construct X M L document , 
conformed to X M L schema v iew which graph is s h o w n on Figure 1. There are 
numerous un ions of different sub-quer ies to be per formed to extract necessary data. 

The rest of th is pape r is organized as follows. In Sect ion 2 we discuss related 
work. In Sect ion 3 the data mode l is considered. The technique of us ing SQL 
support for recurs ion to construct recursive X M L documen t s over relat ional data 
p roposed in Sect ion 4 . Conclus ions and ideas for future work are presented in 
Sect ion 5. 

2. Related Work 

The p rob lem of X M L publ ish ing is very attractive to a lot of researchers , because 
of the aspects men t ioned above, thus there are a lot of works in this area. A number 
of approaches have b e e n proposed on translat ing X M L quer ies into S Q L . In R O L E X 
[3], Si lkRoute [5 , 6] and X P E R A N T O [10, 11, 12, 13] X M L v iews over the 
relat ional data are defined using the v iew definition languages . The focus of these 
X M L publ ish ing sys tems is on non-recurs ive X M L v i ew schemas . 

In [13] the t echn ique for querying X M L documen t s us ing a relat ional database 
sys tem is p roposed . Reconst ruc t ion of X M L v iew ment ioned in this work is 
genera ted by crea t ing so-called default XML view, w h i c h is low-level X M L view of 
the under ly ing relat ional database. Defini t ion of other X M L views is poss ib le on top 
of the default v iew us ing XQuery language [22], 

In [12] SQL language extension to specify the construct ion of X M L document s is 
proposed . Al though some of the techniques p roposed show a significant 
per formance benefit , support of the unbound hierarchies is not cons idered in this 
work. 

Major industrial D B M S vendors also deal wi th the creat ing of X M L v iews . 
Microsoft SQL Server 2000 S Q L X M L [9, 20] and Oracle X M L D B [21] use 
annotated X S D X M L schema defining the X M L v iew, and I B M D B 2 X M L 
Extender [19] uses a Documen t Access Definit ion ( D A D ) files. In fact, recursive 
X M L v iews are suppor ted only in X M L D B , whi le in S Q L X M L there is support 
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only for limited n u m b e r of depths of recurs ion. X M L E x t e n d e r facilities provide 
only non-recurs ive X M L views. 

The p rob lem of X M L publ ishing in respect to a fixed D T D to which the output 
documents conform is also considered in [1] , where au thors refer to this p r o b l e m as 
DTD-Directed Publishing. This is one of a few w o r k s w h e r e recursive X M L view 
schemas are a l lowed, but there S Q L ( S Q L 9 9 ) suppor t for recurs ion is not used and 
all the recursion is implemented in m i d d l e w a r e . T h e not ion of attribute translation 
grammars (ATGs) , w h i c h p roposed in th is paper , is the m e c h a n i s m of D T D 
extending by associat ing semant ic rules v ia S Q L quer ies . H o w e v e r , this technique 
has nothing with the support for recurs ion cur ren t ly ex is ted in S Q L 9 9 [7]. 

3. Data Model 

3.1 . On DTD 

X M L D T D s [18] descr ibe the s t ructure of X M L d o c u m e n t s and are cons idered as 
the schemas for X M L documents . For the sake of pe rcep t ion , our data model differs 
from original D T D data mode l w i th unessent ia l d i f ferences , d iscussed below. 

W e model both X M L elements and X M L at t r ibutes as X M L e lements s ince X M L 
attributes can be cons idered as X M L e lemen t s wi thou t further nes t ing structure. 

We ignore all encod ing mechan i sms used in data t y p e s CDATA and PCDATA, 
model ing all of t h e m as string data type . 

A D T D D is m o d e l e d as the set of X M L e lement defini t ions {dh d2 d/J, 
where each X M L element definit ion dj is in the fo rm of «, = e„ w h e r e n, is the name 
of an X M L element , and e, is the D T D express ion . Each D T D express ion is 
composed from X M L element n a m e s w h i c h are, in fact, the mos t pr imit ive D T D 
expressions, and other D T D sub-express ions u s ing the s tandard operators from 
regular express ions theory. The reby , w e can define D T D express ion in B N F 
notation as follows: 

e ::= string \ name | e | e? | e* | e+ 
(e, | . . . | e„) | (e, en) , 

where name is f rom X M L element n a m e s and e, et, . . . , e„ are D T D expressions. 
Within the D T D model us ing the DOCTYPE dec la ra t ion defines which e lement is 

used as the schema for X M L documen t s . W e call th i s e l emen t as the root e lement . 
It is obvious that our data mode l , ma in ly based on D T D as it descr ibed above, 

entails the graph representa t ion as the d i rec ted g raph G = (V, E, root), where Vis the 
set of vert ices and E is the set of edges , root e V. T h e ver t ices represent e lements 
within X M L schema and are labeled wi th their n a m e s whi le the edges represent 
parent-child re la t ionships be tween e l emen t s and h a v e the mult ipl ic i ty label from one 
of ?. *, +. If there is no mult ipl ici ty label assoc ia ted wi th the edge , it m e a n s that we 
have a single occur rence of the des t ina t ion D T D sub-express ion within the source 
D T D sub-express ion . D u e to ev idence and s impl ic i ty w e omit an exact formal 
describing of h o w to represent the g iven D T D in fo rm of di rected graph. 
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3.2. O n Relational Data and X M L Schema Graph 

Studying numerous research efforts related to X M L storage problem such those 
mentioned in [14], as well as technique proposed in [13], we can describe 
correlation between relational data and D T D elements in X M L schema during 
transforming of relational data into X M L . Thus w e can see that elements 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 during publishing. Also we have to realize which 
relationships of the underlying relational schema were transformed into parent-child 
relationships in X M L view schema represented as the edges of X M L schema graph. 
Intuitively they should be projection, selection and jo in conditions where tables and 
columns corresponded to the nodes are involved. 

As for relational data, we assume that each relational table has an ID column as 
its primary key. Also, probably some o f the relational tables have a parentID 
column, which being a foreign key to some other table, is needed to reconstruct 
parent-child relat ionship in X M L view. In such cases, when some element has more 
than one parent element , additional column l ikeparentType is needed to handle the 
information 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 publ ishing this data into recursive documents . The 
reason is that for reconstructing recursive X M L documents we certainly need to deal 
with parent-child relat ionships and a situation of mult iple parents. 

3.3. O n Edges Classification in X M L Schema Graph 

Let n be the non-root node in X M L view schema graph. Consider the incoming 
edge e. Let do back tracking by this edge to its source, say, node m 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 is a cycle in X M L schema graph. So, we 
know now that the edge e 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 I(n) of incoming to n edges, 
namely Icvcik(n) which is the set of edges from the cycle to which n be longs and 
Iacydk(n) which is the set of incoming to n edges not involved into the cycle with n 
presented as its vertex. 

4. SQL Query View Definition Constructing 

Depending on the type of edges in X M L schema of the result ing v iew graph 
different SQL queries must be executed to retrieve data needed to construct X M L 
view according to existed X M L view schema. Here we consider two different 
situations, occurring in respect of the partition of the set of incoming edges , referred 
to above. 

4.1. Edges not Involved into Recursion Process ing Directly 
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Here we consider the edges from the Iamnc(n) s e f whe re n is the given node. Let 
Lndu(n) — {?!•, • - • , ?k} and « / , . . . , nk a re the sources of £ / , . . . , ek 

correspondently. 
A s s u m e that wi th each node «, re la t ional table Tt is associated. A s s u m e also only 

two possibil i t ies related to node n: e i ther relat ional table T associated wi th n or some 
co lumn A of the relat ional table T associa ted w i t h n (a l though th is assumpt ion is 
quite l imiting, it is still a broad area o f interest w h e n s tudying recurs ive X M L 
schemas) . Then the fol lowing query re t r ieves re la t ional data needed to construct 
X M L v i ew from the under ly ing relat ional schema. 

Q ' : w i t h T ' a s ( 
s e l e c t T . * 

f r o m T l , T 

w h e r e T l . i d = T . p a r e n t i d a n d 

T . p a r e n t t y p e = T l . t y p e 

u n i o n a l l 

u n i o n a l l 

s e l e c t T . * 

f r o m T k , T 

w h e r e T k . i d = T . p a r e n t i d a n d 

T . p a r e n t t y p e = T k . t y p e 

) s e l e c t T" . * (or s e l e c t T ' . A ) 

4.2. E d g e s Direct ly Invo lved into R e c u r s i o n P r o c e s s i n g 

In this section w e cons ide r node n such that lmik(n)^0-
Let edges {e,/},-, fo rm cyclic sub-graph C wi th in X M L schema graph, where e ( / is 

the e d g e from node «, to node rij. Let C is the grea tes t cyclic sub-graph of g iven 
X M L schema graph conta in ing n. It m e a n s that add ing of some n e w node to C from 
the remainder ver t ices (with all cor respondent to it incoming or (and) outgoing 
edges) will change th is graph so, that e i ther n e w ver tex will be unreachab le from «, 
or n will be unreachable from this ver tex . 

Let nodes are the n o d e s o f C such as they have mcorn ing edges and 
these edges do not be long to C. R e g a r d i n g the p r e v i o u s section, w e may generate for 
each node n, query Q ± ' which def ines relat ion T±' (we again assume the same 
things about the sources of all of i n c o m i n g edges ) . Let with nodes {«,},, which are 
not from («/ nk} set, relat ional tab les ( T j ' } j are associated. Let all the tables 
{ T i ' } ; have the s ame set of a t t r ibutes , o therwise w e a lways can add new attr ibutes 
to exis ted tables to r educe tables to the unified form. W e assume here that all these 
relational tables have an id field as a p r imary k e y and a parentid field as a foreign 
key. A l s o the or iginal i ty of n u m b e r / for all the n o d e s of sub-graph is provided, so 
we can use i as the identifier for relat ional table T ± '. 

If w e now wish to extract all the data from rela t ional tables needed to construct 
the fragment of recurs ive X M L d o c u m e n t acco rd ing to schema, represented by the C 
as men t ioned above , w e can c o m p o s e the fo l lowing Da ta log [8] query. 
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D" : T" <— T1 ' T" <_ Tk' , 
T" T"(id, ) & Tj ' (_, id,_) , V J 

U s i n g SQL construct ion for defining recursive re la t ions we can construct the 
fol lowing SQL query, defining T " relation. W e define T " as the re la t ion with the 
same set of co lumns as all { T V H relat ions, defining one additional co lumn called 
nodeid needed to identify the type of original data, be ing integrated into the complex 
recurs ive relation T " . Having nodeid field we m a y bui ld recursive S Q L query us ing 
such construct ion of S Q L 9 9 standard as with c lause . N o t e also, that above we used 
with c lause const ruct ing non-recurs ive queries , because this construct ion, in general , 
p rovides support of temporary relat ions within s ingle query. 

Q": with recursive T" as ( 
( select Tl' .* , 1 union all 
union all select Tk' .* , k 
) 

union all 
( select Tj ' .* , j from T", Tj' where T".id = Tj'.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 rij. T h e un ion over all 

edges in C is taken in Q ". 

5. Conclusion and Future Work 

A prob lem of publ ish ing recurs ive X M L d o c u m e n t s over re la t ional data was 
considered and the technique of us ing recursion suppor t construct ions in S Q L 9 9 to 
p roduce X M L v iews over relational data was presented. 

In general , recurs ion in X M L schema presents m a n y issues for further research 
work. At the very least, all the previously p roposed methods in X M L publ ishing 
area shou ld be ex tended , while there is support of recurs ive X M L documen t s . 

Accord ing to different techniques proposed in [12] . we can n o w compare 
different approaches to publishing relational data w h e n construct ing recurs ive X M L 
documents . It is out l ined in this pape r that different approaches have different 
per formance character is t ics in different cases, so it is interest ing to s tudy what the 
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situation will be if w e have recurs ive X M L data sets . It is not evident that the 
parameters considered in [12] will r e m a i n the same. 

Another issue is to study, in a m o r e deta i led w a y , are t ransformat ions be tween 
relational and X M L data to e l iminate the l imi ta t ions which w e a s sumed in this 
paper . Thus , because of s tudying o f s c h e m a nodes p rocess ing in case of neither 
relational table nor the co lumn of re la t ional table is associated wi th node is not 
finished completely, it makes this research di rec t ion a l so very interest ing. T h e most 
important thing is to unders tand c lear the semant ics o f edges in X M L schema graph 
wi th respect to relational mode l of the under ly ing da tabase . 

Other research direct ions inc lude combina t i on o f me thods of X M L view 
mater ia l izat ion previous ly deve loped for non- recurs ive X M L schemas with 
approach proposed in this work. In par t icular , s tudy ing the impact o f paral le l ism 
seems a very chal lenging but potent ia l ly h igh ly r ewa rd i n g area. 
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Appendix. Reconstruction of XML View 

In this appendix resul t ing SQL query is considered. This query extracts from the 
under ly ing relat ional data all the informat ion needed to construct X M L view over 
this data accord ing to the X M L schema shown on F igure 1. With c lause is used to 
construct recurs ive queries as well as to hold t empora ry relations. 

w i t h r e c u r s i v e DNA a s ( 
( s e l e c t d n a . * , " d n a " 

f r o m b i o p o l y m e r , d n a 

w h e r e b i o p o l y m e r . i d = d n a . p a r e n t i d a n d 

d n a . p a r e n t t y p e = b i o p o l y m e r . t y p e a n d 

b i o p o l y m e r . t y p e = " d n a " 

) 

u n i o n a l l 

( s e l e c t d n a . * , " d n a " 

f r o m DNA, d n a 

w h e r e d n a . p a r e n t i d = D N A . i d a n d 

d n a . p a r e n t t y p e = " l o c u s " 

D N A . n o d e i d = " l o c u s " 

u n i o n a l l 

s e l e c t d n a . * , " d n a " 

f r o m DNA, d n a 

w h e r e d n a . p a r e n t i d = D N A . i d a n d 

d n a . p a r e n t t y p e = " g e n e " 

D N A . n o d e i d = " g e n e " 

u n i o n a l l 

s e l e c t d n a . * , " d n a " 

http://www.w3c.org/TRyxmlschema-l
http://xml.coveipages.org/biornl.html/
http://www.w3.org/TR/2000/REC-xml/
http://www-
http://msdn.microsoft.com/sqlxjrnl/default.asp/
http://otn.oracle.com/tech/xml/xmldb/content
http://www.w3.org/TR/xquery/
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f r o m DNA, d n a 

w h e r e d n a . p a r e n t i d = D N A . i d a n d 

d n a . p a r e n t t y p e = " c l o n e " 

D N A . n o d e i d = " c l o n e " 

u n i o n a l l 

s e l e c t g e n e . * , " g e n e " 

f r o m DNA, g e n e 

w h e r e g e n e . p a r e n t i d = D N A . i d a n d 

g e n e . p a r e n t t y p e = " c l o n e " 

D N A . n o d e i d = " c l o n e " 

u n i o n a l l 

s e l e c t g e n e . * , " g e n e " 

f r o m DNA, g e n e 

w h e r e g e n e . p a r e n t i d = D N A . i d a n d 

g e n e . p a r e n t t y p e = " l o c u s " 

D N A . n o d e i d = " l o c u s " 

u n i o n a l l 

s e l e c t c l o n e . * , " c l o n e " 

f r o m DNA, c l o n e 

w h e r e d n a . p a r e n t i d = D N A . i d a n d 

d n a . p a r e n t t y p e = " d n a " 

D N A . n o d e i d = " d n a " 

u n i o n a l l 

s e l e c t c l o n e . * , " c l o n e " 

f r o m DNA, c l o n e 

w h e r e c l o n e . p a r e n t i d = D N A . i d a n d 

c l o n e . p a r e n t t y p e = " l o c u s " 

D N A . n o d e i d = " l o c u s " 

) ) s e l e c t * f r o m DNA 

u n i o n a l l 

w i t h EXON a s ( 

s e l e c t e x o n . * 

f r o m DNA, e x o n 

w h e r e e x o n . p a r e n t i d = D N A . i d 

) , INTRON a s ( 

s e l e c t i n t r o n . * 

f r o m DNA, i n t r o n 

w h e r e i n t r o n . p a r e n t i d = D N A . i d 

) , r e c u r s i v e DDOMAIN a s ( 

( s e l e c t d d o m a i n . * 

f r o m d d o m a i n , EXON 

w h e r e d d o m a i n . p a r e n t i d = E X O N . i d a n d 

d d o m a i n . p a r e n t t y p e = " e x o n " 
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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 proposes 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. 

Keywords, Business process, model, metamodel, measure. 

1. Introduction 

Globalization and increasing compe t i t ion forces companies to improve their 
bus iness , but improvemen t s c a n ' t be eva lua ted wi thou t measuremen t s . Thus, 
measures of bus iness processes in compan ies p rov ide crucia l k n o w l e d g e o f TCO 
and R O I for execut ives . Steady growth of IT usage in bus iness m a k e s these 
measurements m o r e feasible [1]. 

Many quality [2,3] and bus iness p rocess m a n a g e m e n t [4,5,6] me thodo log i e s now 
use numeric m e t h o d s to figure out w e a k n e s s e s and s t rengths of a bus iness . 
Methodologies a r e suppor ted by several too ls [7 ,8 ,9 ,10] , h o w e v e r they p rov ide the 
"best of b reed" m e t h o d o l o g y only for one na r row a rea and they can ' t support several 
methodologies s imul taneously . 

In this paper the research o n bus iness p roces s mode l ing p rob l ems [11] is 
cont inued. Measu res and mles , they re la t ion to bus iness concep ts are s h o w n in a 
formal and unambiguous way, us ing Unif ied M o d e l i n g L a n g u a g e ( U M L ) [12]. 
Theories and me thodo log ies are ana lyzed using m e t a m o d e l i n g approach according 
to Meta Object Facil i ty ( M O F ) [13 ] . 

Gradually, th rough g iven examples for each abs t rac t ion (meta) layer, several 
aspects of bus iness process measu re s are p rec i se ly def ined. It is s h o w n that on the 
one hand , each higher abs t rac t ion layer descr ibes concep t s that a re more common, 
but on the other hand , e a c h h igher layer de t e rmines rules a n d possibil i t ies for lower 
layers. 

The model ( M l layer) is r epresen ted by a bus iness process example (UML 
activity diagram extended by measures ) a n d a c lass d i ag ram defining the "measure 
v iew" o f the s a m e example . T h e most s ignif icant and m o r e detai led is metamodel 
(M2 layer) , b e c a u s e it de t en rhnes c o m m o n possibi l i t ies a n d features for business 
process models in a mode l ing nota t ion. Ex t ended m e t a m o d e l s h o w s how standard 
measures and measu re aggrega t ion facilities for c o m p o s i t e objects are defined. The 
classification o f reasonable p r o c e s s measu res a n d their poss ib le ass ignment to 

mailto:valdis_vitolins@exigengroup.lv


V. Vitolins. Business Process Measures 187 

process e lements is provided. T h e me tame tamode l ( M 3 layer) briefly sketches a 
universal framework for measure definit ion, from wh ich the specif ic "measur ing 
m e t a m o d e l " (M2) could be obtained as an instance. 

The proposed metamodel can be used as a unified framework for the 
deve lopment of comprehens ive bus iness model ing a n d measurement tools . 

2. Business Process Model (Ml) 

To demonst ra te measur ing o f a bus iness p rocess on a prac t ica l example , a 
specific model ing language will b e used. This l anguage is a slightly modif ied U M L 
Activi ty diagram (AD) [12] with extens ions for object measures . Main ly the 
graphical notat ion of activity d iagram is m a d e more express ive and the terminology 
is changed, but the semantics is a s tandard one, excep t the resource management , 
which is made m o r e precise . T h e l anguage cor responds also to the previously 
developed business process metamode l [11] . References to d iagram e lements are 
shown in italic in the text. The example (Fig. 1) s h o w s one bus iness process for a 
shop, wh ich del ivers p izzas to cus tomer homes . Sell Pizzas is a bus iness p rocess (an 
activity in AD nota t ion) , which consis ts of several t a sks (act ions in A D ) . 

S e l l P i z z a s S tar t 

1 
( C l e r k ) 

M a k e O r d e r 

Product ion 

Cost. EUR 
Processing Time, min 
Total T ime, min 

Amount, items 
] 

S a l e s 

O r d e r 
ID 
Quant i ty 
A d d r e s s 

- 0 

( P a c k e r ) 
P a c k P i z z a 

V , / P i z z a j— 

~j B o x j - — 

P a c k e d P i z z a i_ 
I D 

Cost, EUR 
Amount, items 2 

Cost, EUR 
Amount, items 

Cost, EUR 
Amount, items 3 

(Dr iver , Exped i to r , C a r ) \ 
D e l i v e r 

Cost, EUR 
Total Time, hour 

T r a n s p o r t 

( E x p e d i t o r ) 
E n c a s h 

Profit, EUR 

c5 
C a s h 7 A c c o u n t i n g 

Finish 

F i g . 1 Sell Pizzas business Process (Ml) 

Tasks are represented by rounded rectangles. S o m e tasks have per formers in 
paren theses . Performer is a special reference that is used to specify that the given 
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employee or resource is necessary to per form the task. Con t ro l flows are s h o w n by 
simple a r rowed l ines , and rec tangles represent objects in object flows - ei ther flows 
o f messages (e.g. Order) or phys ica l objects (e.g. Packed Pizza) with their attributes. 
Paral le lograms cor respond to A D da tas tores , where mater ia l s are located. A n object 
flow enter ing a datas tore means that pu t t ing into the datas tore , but leaving flow -
taking. T h e fact that Deliver is a task , wh ich is s tar ted at s o m e regular t ime momen t s 
is shown by a symbol ic c lock (T ime event in A D ) . By default , all i ncoming flows 
are joined at a task with A N D condi t ion . Organ iza t iona l un i t s that are responsible 
for each task (e.g. Sales) a re shown a s . s w i m lanes. I f a specif ic performer for a task 
i sn ' t set, anyone from the cor responding o rgan iza t iona l unit can perform the given 
task. If per former is set, on ly the g iven per former can per form the g iven task. Each 
process (or subprocess) s tar ts with Start n o d e and f inishes w i t h Finish node. 

Make Order Start 

C u s t o m e r c 
- Start T ime, datetime 

J 

Fill O r d e r f 

t — __ 

M a k e C o r r e c t i o n s 

A 

S a l e s 

Cosr=2 EUR/hour* 
Processing Time, EUR 
Processing T ime, min J 

( C l e r k ) 
C h e c k O r d e r 

Cost = 0 . 1 , EUR 
Processing T ime , min 

Hg T N e e d C o r r e c t i o n ^ 

O r d e r 
ID 

( Q u a n t i t y 
' S i z e 

A d d r e s s 

( C l e r k ) 
S e n d to P r o d u c t i o n 

J 
F i n i s h End Time, datet im 

Fig. 2 Make Order business process (Ml) 

Make Order in Fig. 2 actually is another bus iness p roces s which is decomposes 
the task Make Order. Th is subprocess con ta ins a dec is ion Need Correction 
(d iamond) . The comple te Sell Pizzas bus iness p r o c e s s is shown only for a "full 
p ic ture" and to demons t r a t e that several m e a s u r e s for some bus iness p rocess objects 
can be ass igned. F o r further exp lanat ion , only t h e Make Order subproces s and 
Make Order task will be used. 

Measures are s h o w n in notes (e .g . Cost, EUR), w h i c h a r e linked to the measured 
element (object) by a dashed line. Each m e a s u r e in a note is specified by its name, 
an optional declara t ion and t h e unit acco rd ing to the fol lowing syntax: 
Name[=declara t ion] ,Uni t (e.g. Cost=2 EUR/hour*Processing Time, EUR). The 
measure declarat ion can b e empty, a cons tan t or express ion . If a measure declaration 
references a n a m e of o the r measure , by defaul t t he m e a s u r e for the same object is 
assumed. From analys is o f severa l p rocess m a n a g e m e n t tools [7 , 9, 10], it was 
assumed that each sys tem prov ides informat ion abou t s y s t e m time and performers. 
Therefore , measures , wh ich rely direct ly o n sys tem t ime a n d performers d o n ' t need 
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declarat ions. Al l other measure values should be declared implicit ly in metamodel , 
or explicit ly as cons tan ts or formulas in model . 

A measure l inked to a process e lement means that the given measu re must be 
evaluated dur ing the process execut ion. See more on measure va lues in sect ions 3 
and 9. Accord ing to M O F this bus iness process mode l is an abs t rac t ion of all 
execut ion instances of the real bus iness process therefore it conforms to M l layer. 

For clear unders tand ing of all meta layers , an example o f instance layer MO also 
will b e shown. 

3. Measure Value Instances (MO) 

During the sys tem run/s imulat ion of the bus iness p rocess , s h o w n in Fig. 1 and 
Fig. 2 , each of the defined objects in the mode l gets its runt ime ins tance. Each 
runt ime instance o f an object has all its attribute values set, including the values of 
measures l inked to the object. In Tab . 1, instances are s h o w n as a "denorma l i zed" 
table (v iew) , w h e r e rows correspond to the registered measure instances . 

Instances from the Make Order sub-process are shown in this table for one 
process execut ion . C o l u m n s Object Type and Object represent the o w n i n g business 
object instances. Cel ls in the Measure Declaration, Unit co lumn represent the 
identification o f each measure . Al l the above-ment ioned cells are actual ly resolved 
from bus iness p roces s mode l ( they are not instance dependent ) . Cel ls in Value and 
Time co lumns represen t values for each measure ins tance. Cel ls in these co lumns are 
filled by the p rocess managemen t sys tem according to the actual p rocess execution. 
No, Source No c o l u m n s are for information only and descr ibe h o w der ived values 
are calculated. 

The table i l lustrates that some values are got explicit ly from the management 
sys tem (e.g. va lue for Processing Time), but some values are calculated implicitly 
through given rate and explici t va lue (e.g. Cost from 2 EUR/hour and 
Processing Time), or from values of several sub -measures (e.g. Cost for Make 

No Object Type Object Measure Declaration, Unit Value Time Source 
No 

1 B u s i n e s s P rocess M a k e O r d e r Start, datet'me 9-05:34 9:05:34 -

2 lash Check Order Processing Time, min 0:03:00 9:1(1:03 
3 T a s k Check O r d e r Cost=2 EUR/hour»Processing T i m e , EUR 0,10 9:10:04 2 
4 Task 5 1 Send to Production Proee»»ing Time, mki 0:02:00 9:15:40 
5 T a s k S e n d to P roduc t i on Cost =0.1, EUR 0,10 9:15:45 -

Business Process Make Onler Finish, ddtettme 9:15:47 0:15:47 -
7 Bus iness P rocess M a k e O r d e r Processing Time, min 0:05:00 9:15:47 2.4 
8 Business Process Make Order Total Time, min 01D:13 9 15:47 1,6 
9 B u s i n e s s P rocess Make O r d e r Cost. EUR 0.20 9:15:47 3.5 
to Business Process Make Order Processing; Time, min 0:05:00 9:15:4a 2,4 

Tab. 1 Sample Values for Make Order Sub-process 

Genera l rules accord ing to which this table cou ld be obtained from the " raw 
ma te r i a l " - a comple te process execut ion log are descr ibed in section 9. 
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4. Measure Aggregation Sample Model (Ml) 

Though the activity diagrams in Fig. 1 and Fig. 2 represent the M l layer, they are 
only "graphic interfaces" for the control aspects of the bus iness process model , and 
in such representation not all measure-re la ted i tems 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 v iew for the same process, where "sys tem" 
objects that actually exist and are necessary for process measur ing are made explicit. 
At the same time, the control and execut ion aspects of the model are not visible in 
this view. 
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Fig. 3 Measure Sample Model (Ml) 

The diagram is built in accordance wi th the process measur ing me tamode l (M2 
level) in Fig. 5. E.g., object relations to their measures are shown as relations with 
the specified role names primitive/container-measure. I f a measure declaration 
references another measure , it is shown wi th role n a m e arg. 

In this diagram on the one hand each class is 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 MO metalayer (Tab . 1). So this means , that 
they all are classes with more specific propert ies than classes in M 2 metalayer. Let 
name such classes " instance c lasses" (it is an extension of U M L class diagram 
notation). This is shown by using stereotypes in such a w a y , that a class n a m e in a 
higher metalevel (e.g. M 2 ) becomes to the s tereotype for the corresponding instance 
classes in the lower metalevel (e.g. M l ) . 

According to the metamodel ing tradit ions in M O F (including the metamodel for 
UML class), componen t s that compose a measure at M 2 metalayer, are shown as 
new specific tagged compar tments of a concrete measure class at M l layer (e.g. 
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unit=EUR, declaration=Minus(MO'Finish, MO'Start)). Compar tmen t s , what are 
explicitly defined in business process model (Fig. 1, F ig . 2) , are ma rked with 
asterisk. Unmarked compar tments are derived implici t ly from m e a s u r e declarat ion 
metamodel . 

Unfor tunate ly , a universal appl icat ion of this p r inc ip le doesn ' t w o r k wel l a lways. 
E.g., if this rule wou ld be used for Business Process c lass , it shou ld b e shown as a 
single class wi th compar tments at M l layer. In such way , d iagram w o u l d become 
too unreadable , therefore, s o m e decompos i t ions at M 2 layer are t reated as 
decomposi t ions at M l layer. E.g. , Business Process and Enterprise a re shown as 
usual decomposi t ion wi th separate c lasses and cor responding s tereotypes . 

5. Business Process Metamodel (M2) 

In Fig. 1 a mode l of one part icular bus iness p rocess ( M l ) was shown, but for the 
development of a universa l process measur ing method , an adequate bus iness process 
metamodel (Fig. 4) is necessary ( M 2 layer) , as the base for that nota t ion. 
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Fig. 4 Business Process Metamodel (M2) 

A c o m m o n v iew on business processes has been a l ready s tudied in [11] . In the 
current research, the main interest is directed towards the dynamic behav io r of an 
enterprise, therefore, other concepts are included, only if they p lay a role for 
bus iness processes . It actually is a cut (and renamed) vers ion of the U M L activity 
d iagram metamode l . but with the resource managemen t aspect added. 

In this meta layer all classes are " ins tance c lasses" again, because they are specific 
instances for the more abstract metameta layer ( M 3 , Fig. 7) . 

A bus iness p rocess is deve loped as a realization o f some Business Goals in 
Enterprise. E a c h of the Enterpr ise has Resources, Organizational Unit and Business 
Processes. Material is one of Resources that be longs to Organizational Unit. Raw 
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Material flows from Input of Enterprise to Output and becomes to Processed 
Material through utilization in a Task. Task is an a t o m i c part of Business Process 
and doesn't contain anyth ing else (i .e. e l emen ta ry act ion in U M L A D ) . A Task has a 
special reference - Performer, wh ich is u sed for indirect point ing to a Resource 
(such as Equipment and People), that per forms or is necessary for the task 
execut ion. The amoun t of Material, that is uti l ized in a task, is decremented after 
the task execut ion. The count of free People and Equipment is u sed only (is 
decremented) during task execut ion t ime , and b e c o m e s free (is incremented) after. 

Controls are u s e d for cont ro l l ing the task execut ion sequence (branching -
parallel processing and decisions) . Transition (Control Flow) shows task execution 
sequence , but Object Flow addi t ional ly s h o w s what object (message or physical 
material) is sent from task to task (as in U M L A D ) . 

6. Measure Definition Metamodel (M2) 

In addit ion to the descr ibed bus ine s s p rocess me tamode l (sect ion 5) , a 
ha rmon ized measure declarat ion m e t a m o d e l ( M 2 layer) is derived. This metamodel 
(Fig. 5) provides s tandard declara t ions for the most typical measures . This model 
again uses the " ins tance c l a s s" nota t ion wi th respect to the me tameta layer (Fig. 7). 
T h e main value of this metamode l is in the fact that it shows how process element 
s t ructuring translates into appropr ia te m e a s u r e value aggrega t ion for the mos t typical 
measures . 
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Fig. 5 Measure Declaration Metamodel (M2) 

In the me tamode l it is defined, h o w the selected m e a s u r e s are related to business 
process objects a n d to each other. I f a measure h a s a declarat ion express ion (an 

http://o~.iV
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implicit one or to be explicit ly defined in a mode l ) , this express ion is shown as a 
funct ion-arguments complex , the function having the «Declaration» s tereotype. 
In Fig. 5, it is shown , which bus iness p rocess e lements can have Start Time and End 
Time measures . S o m e process e lements e.g., Business Process or Task can have 
several measures , such as Processing Time, Total Time or Cost. A declara t ion for a 
measure depends on the process e lement to wh ich it is a t tached and h o w it is 
declared (when explici t declarat ion in a model is possible) . E.g. , Cost can be 
declared either as an exact value (Declared Cost), as a mult ipl icat ion of Processing 
Time by Declared Cost Rate, or as a sum of several sub-cos ts (the only possibility if 
the Cost measure is a t tached to a «Container» object - e.g. Business Process). 

Processing Time can be without declarat ion (if the value is obta ined directly - it 
is a t tached to a Task), or can be a s u m of several Processing Times (if the measure is 
at tached to a Business Process object) . A measure can h a v e several Units. In this 
example , several uni ts (e.g. hour, min) are shown only for the Processing Time 
measure . 

This me tamode l could serve as basis for complete ly precise measu re declaration 
scheme, where all implicit declarat ions and poss ible explicit declarat ions for each 
feasible measure-objec t pair can be specified. N a m e l y , the pair object-measure 
makes the declarat ion features un ique , measu re c lasses in Fig. 5 are " reused" to 
reduce the d iagram size. Al l this could b e specified formally as s tandard O C L [14] 
constraints at measu re classes. 

7. Measure Classification and Relation to Business Objects (M2) 

Through expand ing o f the part ial measure declara t ion m e t a m o d e l (Fig. 5), a 
comple te me tamode l is obtained. Poss ib le ass ignments of measures to business 
process e lements (from F ig . 4) are shown in Fig. 6. 

Fig. 6 Measure Relations to Business Objects Metamodel (M2) 
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Measures used in typical process m o d e l i n g tools [7,9,10] actual ly are subsets of 
the ass ignment p rov ided here . Therefore the me tamode l in Fig. 6 could serve as a 
certain s tandard. H o w e v e r , s ince another useful measu res can be a lways be invented, 
a general f ramework for ass igning any m e a s u r e in a s imi lar w a y to any process 
element (business object) will be descr ibed in section 8. 

Through analysis of several m a n a g e m e n t approaches [2 ,3 ,4 ,5 ,6] , the fol lowing 
measure groups w e r e introduced: Time, Money, Resource, Work and Quality 
(marked as blue, green , o range , violet and azure co lors ) . U n n a m e d associa t ions are 
used in Fig. 6 to ass ign a measure (a c lass wi th the s te reo type «Measure») to a 
business object («Primitive» or «Container»). 

The prov ided m e t a m o d e l has a s ignif icant value, s ince a t taching any measu re to 
any process e lement would be a semant ic nonsense . M e a s u r e declarat ions , 
constraints and aggregat ion functions are out of scope o f the current paper , therefore 
it will not be descr ibed in details here . 

8, Business Measure Metametamodel (M3) 

To measure and ana lyze business in a c o m p r e h e n s i v e w a y . a gener ic and c o m m o n 
methodo logy for all poss ib le bus iness m a n a g e m e n t a reas is necessary . Therefore one 
more abstract ion layer or me tame tamode l ( M 3 ) should b e int roduced. I.e., bu i ld ing a 
tool on the basis o f a more abstract layer p rov ides the possibi l i ty to add new 
measures for objects or change exist ing. 

Accord ing to M O F tradit ions, the m e t a m e t a m o d e l ( the M O F M 3 layer) is kept 
s imple and fixed, and all the complex i ty o f a specific d o m a i n should b e represented 
by its metamodel . This would imply an in tens ive use of O C L constraints for a 
me tamode l of a compl ica ted domain , in order to specify the intended semant ics . 
Here another solut ion has been tried (a legal one wi th respect to M O F standards) , 
the me tametamode l is ex tended by specia l ized c lasses , in order to specify semant ic 
constraints for a set of me tamode l s in a readable way. 

In the proposed me tame tamode l (Fig . 7) the n e w metac la s ses Business Object and 
Measure are def ined as specia l iza t ions o f Class from U M L 
InfrastinctureLibraiy:: Constructs. T h e child associa t ion is mean t to b e the s ame one 
from U M L metame tamode l , which associa tes a c lass as a part of another (actually 
the real me tame tamode l is more compl i ca t ed there) . In this way we can retain the 
U M L me tame tamode l for the " m o d e l i n g par t " o f me tamode l s , and h a v e a 
framework for modifying types of m e a s u r e s . T h e ma in aspect we want to k n o w from 
this specific me tame tamode l is, w h i c h metac lasses (bus iness objects) represent the 
pr imit ive model e lements and w h i c h the conta iner (composi te ) ones . The 
metamode l s (Fig. 4 ,5,6) can be ob ta ined as " ins tan t i a t ions" of the proposed 
metametamode l , us ing the respect ive «Primitive» or «Container» 
s tereotypes for bus iness objects. 

Accord ing to the m e t a m e t a m o d e l (Fig. 7) , a Measure is a concept , whose main 
part is its Declaration. T h e measure Declaration c a n conta in a Declared Value (a 
constant) , or several Math Functions, wh ich use Declared Values or o ther Measures 
as a rgument (arg role) . If a Business Object is a Container, the cor responding 
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Measure must con ta in Aggregation Function, which uses other Measures that 
be long to the conta ined Business Objects as a source. 

A measure Declaration can reference another measure in two w ay s - either 
explicit ly a n a m e d measure (e.g., Processing Time in Fig. 2) , or implici t ly through 
Aggregation Function, if the measure is at tached to a Container object (e.g., Cost 
for Make Order in F ig . 1). A Measure references also one of several possible 
Measure Units. 

Each measure is associated to some Business Object (a relevant e lement of the 
bus iness process me tamode l ) . Business objects can b e ei ther Primitive (e.g. Task) , or 
Container (e.g. Business Process). I f a bus iness object is a Container, and its 
measure has no Declared Value, then values of this measure m u s t be calculated 
using the specified va lues from child (contained) objects. 
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Fig. 7 Measure Metametamodel (M3) 

9. Business Process Execution and Measure Values 

Measures i tself are only declarat ions or definit ions of wha t and h o w some 
bus iness objects will be measured . A s it was descr ibed in section 4 , actual values are 
obtained only at sys t em runt ime. For declarat ion execut ion, an exact semantics 
dependant only on the measure declarat ions , but not on the way the process is run, 
should be defined. 

Exist ing process managemen t and simulation tools each have a different 
definition of p rocess semant ics . O n the basis of a c o m m o n framework for business 
p rocess mode l ing [11] a c o m m o n framework for p rocess execut ion semant ics could 
also be defined, bu t detai ls are wel l b e y o n d the limits for this paper. 

A s s u m e that the some execut ion engine executes processes , shown in Fig. 1, 2, 
and prov ides execut ion log shown in Tab . 2. In the fol lowing table, in contrast to 
Tab . 1, row represents a dynamic instance of an each model e l ement (i.e. 
including instances of " s y s t e m " e lements ) . Cells in co lumns Object Type and Object 
represent the object (d iagram e lement) . Cells in Start Time. End Time, Processing 
Time co lumns s h o w the actual values of instance at t r ibutes. No co lumn is a unique 
instance ( row) identifier in the table. 
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The most important for value aggrega t ion is the Process ID co lumn (new Token 
ID or a new process copy identifier). T h e new un ique I D is genera ted for each n e w 
process execution, w h e n bus iness p rocess starts in its start po in t in the top level 
business process . In the p roposed nota t ion the start point is dec lared explici t ly, but it 
could also be declared implici t ly. This p roces s ID is u s e d for all p rocess e lements 
till the process instance end. 

No Object Type Object Process ID Start Time End Time 
Processing „ , Performer 

Time 
10023 B u s i n e s s P r o c e s s Sel l P i zzas 0 0 1 0 1 9 : 0 5 : 3 4 1 0 : 1 5 : 3 5 
10024 Bus iness P r o c e s s Make Order 0 0 1 0 1 | 9:05:34| 9 :15 :47 
1 0 0 2 5 T a s k Fill O r d e r 0 0 1 0 1 9 : 0 5 : 3 4 9 :06 :03 0 : 0 1 : 3 1 
1 0 0 2 6 B u s i n e s s P rocess Sel l P izzas 0 0 1 0 2 9 :06 :12 10 :20 :12 
10027 Bus iness P rocess M a k e Orde r 0 0 1 0 2 9 :06 :13 9 :08 :02 
10028 T a s k Fill O r d e r 0 0 1 0 2 9 :06 :13 9 :07 :01 0 : 0 1 : 1 2 
10029 T a s k C h e c k O r d e r 0 0 1 0 2 9 :07 :01 9 :07 :48 0 : 0 0 : 4 7 C l e r k 2 
1 0 0 3 0 Dec is ion N e e d Co r rec t i on 0 0 1 0 2 9 :07 :48 
10031 T a s k M a k e C o r r e c t i o n s 0 0 1 0 2 9 : 0 8 : 5 7 9 : 1 6 : 0 5 
10032 T a s k Check Order 001011 9:10:03| 9 : 1 3 : 0 3 0:03:00|Clerk1 
10033 Dec is ion N e e d Co r rec t i on 0 0 1 0 1 9 : 1 5 : 3 9 
10034 T a s k Send to Production 0 0 1 0 1 | 9:15:40| 9 : 1 7 : 4 0 | 0:02:00|Clerk1 
10035 T a s k C h e c k Orde r 0 0 1 0 2 9 : 1 6 : 1 0 9 : 1 7 : 4 8 0 : 0 1 : 3 8 C le r k2 
10036 Dec is ion N e e d Co r rec t i on 0 0 1 0 2 9 :17 :48 
10037 T a s k M a k e C o r r e c t i o n s 0 0 1 0 2 9 :17 :59 9 :20 :00 
10038 T a s k C h e c k Orde r 0 0 1 0 2 9 :16 :10 9 :17 :48 0 : 0 1 : 3 8 C l e r k 2 
1 0 0 3 9 Dec is ion N e e d Co r rec t i on 0 0 1 0 2 9 :16 :12 
10040 T a s k S e n d to P r o d u c t i o n 0 0 1 0 2 9 : 2 0 : 0 1 9 : 2 1 : 0 2 0 : 0 1 : 0 1 C le r k2 

Tab. 2 System Runtime Log Example 

This execut ion log is used for ex t rac t ing measu re va lues . R o w s in T a b . 2 that are 
used for the generat ion of the measure va lue e x a m p l e in Tab . 1 are m a r k e d yel low, 
and the attribute va lues that are really used for the m e a s u r e va lue calculat ion are 
shown in bold rectangles . 

For container objects such as bus iness p roces ses the m e a s u r e aggrega t ion is used 
according to the implicit declarat ions speci f ied in Fig. 3 a n d definit ion in F ig 2. The 
aggregation is a lways per formed for t he s a m e p roces s execut ion instance, using 
Process ID. 

The described pr inc ip les are sufficient for a formal definit ion of a universal 
measure value extract ion p rocedure . S u c h a p r o c e d u r e wou ld p rov ide the precise 
measur ing semant ics . H o w e v e r , there m a y be m o r e compl i ca t ed si tuat ions within the 
described framework. E.g., if both the ma in and subprocess d iagrams conta in loops, 
the provided identification at the process execut ion ins tance level is insufficient. The 
finding of best universal va lue extract ion p rocedures is a t heme for future research. 

10. Conclusions 

Business process m a n a g e m e n t sys t ems or even s imula t ion exper imen t s p roduce 
large amount of p la in data, wh ich s h o w no clear p i c tu re abou t the real business 
process . Aggrega t ion and analysis o f these data requ i res deve lopmen t of new 
methods and calculat ions, because exis t ing tools suppor t on ly a smal l part of 
interests. 
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Ln the current pape r , a new look on business p r o c e s s measu remen t p rob lem is 
proposed. T h e p r o b l e m is analyzed in an unambiguous and formal w a y using U M L . 
Several p rocess m e a s u r i n g methodo log ies are m e r g e d with the me tamode l ing 
approach accord ing to M O F , and a comprehens ive bus iness process measurement 
me tamode l has been developed. 

The proposed app roach a l lows def ining values in a natural way , and measurement 
of data, which are of interest to bus iness , wi thout d e e p investigation into specific 
technical solut ions . This p rov ides new possibi l i t ies for bus iness process 
measurement , decreas ing the gap be tween technical so lu t ions and asset management 
methodologies . 

As a further research , deve lopmen t o f a m o r e detailed m e t a m o d e l and 
s tandardizat ion of sy s t em runt ime is p lanned. The research results will provide a 
f ramework for me tamode l -based bus iness mode l ing / s imula t ion /management tools, 
and will ex tend them with comprehens ive bus iness process measurement 
possibil i t ies. 
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Abstract. This problem statement paper represents a starting point for a 
research in global software development. In particular: outsourcing 
relationship definition and management, as well as ways of software 
development process improvement. The lack of research in this area precludes 
the full understanding of how to manage outsourcing projects and parties 
relationship. The authors give an overview of the existing research on this 
topic and outline the main problems and new trends by representing a 
framework for future research in this area. As a result of this research the 
authors plan to summarize it in a set of process diagrams, recommendations 
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1. Introduction 

T h e quest ion explored in this p a p e r re la tes to t he issue of g lobal software 
development relat ions and its success factors. In par t icular : " Is there any specific 
me thodo logy to m a n a g e and moni to r t he ou tsourc ing relat ions '?" 

A review of research in outsourc ing re la t ions h igh l igh ted the gap of k n o w l e d g e in 
relat ionship quali ty processes , wh ich cou ld m a n a g e a n d moni to r the g lobal software 
development processes be tween two I T re la ted organiza t ions . 

T o start with, the term of ou tsourc ing h a s to b e clarified. The concept of 
outsourcing can be v iewed from m a n y different v i e w s - definition o f the process , 
p rocess types , and related p rob l ems (contractual ques t ions , managemen t , risk 
assessment , success factors, etc.) . The re are var ious t y p e s of outsourc ing: 

• Business p rocess outsourc ing ( B P O ) , 
• Informat ion system (IS) ma in t enance ou t sourc ing , 
• Appl ica t ion or applicat ion service p rov ider ( A S P ) outsourcing, 
• Ha rdware outsourcing, 
• Data centre outsourcing, 
• Selective or full software deve lopmen t outsourc ing . 

Some of the types are wide ly k n o w n and there a re world w ide consul t ing firms 
which provide their cl ients w i th informat ion on the different v i ews of t he topic, e.g. 
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contractual ques t ions , decision making , r isk assessment , vendor rat ings and 
statistics. 

T h e quest ions of software deve lopment outsourc ing processes , relat ionship 
managemen t and qual i ty assurance are poorly d iscussed in the related l i terature, and 
remain a relat ively unexplored topic that demands examina t ion in depth. 

T h e majority of research is devoted to explor ing bus iness process or IT related 
process outsourcing in general or for non-software deve lopment compan ies . Mos t of 
researches br ing u p the quest ions of decis ion mak ing - whether to outsource ([12] , 
[31] , [34]), re la t ionship risk managemen t ( [3] , [5] , [6] , [10] , [30]), contractual 
p rob lems and adv ices ([4], [7] , [12]) , success factors that will he lp to survive 
star t ing outsourc ing relat ionship ( [16] , [20], [21], [26] , [30]) and case s tudies from 
the field ( [9] , [21] , [25] , [27]). Outsourc ing as a t rend in software deve lopment 
p rocess improvemen t is still be ing not clearly unders tood and require research in-
depth. One of the key pointers to achieve a p roduc t ive par tner re la t ionship by Jae-
N a m Lee is to "def ine , agree, and communica t e clear and measurable s tandards of 
pe r fo rmance" [24]. 

W h a t is software development outsourc ing? H o w do the involved part ies 
col laborate? H o w is the deve lopment process m a n a g e d ? H o w can the remote 
process be improved? What are the core success factors related to r emote software 
development ou tsourc ing? H o w to improve and regula te quali ty - assurance in 
outsourcing projects? This appears to b e a s imple set of related ques t ions , to provide 
answers to. 

On ly some of researchers br ing up the answers to the quest ions of distance and 
communica t ion improvemen t be tween ou tsourc ing par tners ( [10] , [21]), 
organizat ion and al locat ion ( [13] , [28]). There is only a handful of research in IT 
outsourcing h ighl ight ing the fact that the e lements l ike shared knowledge , mutual 
dependency , organizat ional l inkages and cultural uni ty are also important and 
influence the success of the re la t ionship [13], [23], [25], Accord ing to Chris tof 
Ebert and Phi l ip De N e v e it seems to be obvious that all deve lopmen t locations 
work ing in one p roduc t line use the s a m e processes , me thodo logy , and t enn ino logy 
even when changes occur , but in an organizat ion wi th several thousand engineers , 
separated thousands o f ki lometers f rom each other, hav ing different l anguages and 
cul tures , it is quite a chal lenge [13]. 

Regard less of the gap in related li terature, the top ic of software deve lopmen t 
outsourcing is the top- l ine quest ion. T w o sta tements from recent Gar tner research 
support this hypothes is : 

" T h e use of external services providers e-enablement and other . . . competenc ies 
will double by 2005 , despi te the increasing complexi t ies of the supplier market (0.7 
probabi l i ty )" 

" B y 2003, a major i ty of Global 2 0 0 0 enterprises wil l use external ly sourced 
worke r s to handle more than half of their appl icat ion delivery work (0.8 
p robabi l i ty )" [26] 

T h e enterprises be ing the cus tomers are seeking w a y s of their IT deve lopment 
p rocess cost reduc t ion . They are often answered "Transfer your deve lopment 
offshore". Yet , h o w c a n the outsourc ing relat ionship b e managed effectively still 
r educ ing the cost of m a n a g e m e n t is the quest ion that needs the answer . T h e a im of 
this research is to uncove r the process of resource al locat ion and managemen t in 
global software deve lopment al l iances, commun ica t i on improvement , sys tem 
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development p rocess m a n a g e m e n t , de l ivery qual i ty assurance m e t h o d s and final 
cus tomer satisfaction. 

The au thors ' purpose is to beg in research by s h o w i n g the t o p i c ' s r ich potent ial 
and to highlight unrecognized ques t ions a n d p rob lems . 

The broad object ives of this research can be charac te r ized as fol lows. T h e first 
objective is to m a r k and classify all the poss ib le sof tware deve lopment outsourcing 
models and to evaluate the m o d e l s ' pe rspec t ives . The second objective is to work 
out the guidel ines, r e c o m m e n d a t i o n s a n d m e t h o d s for outsourcing software 
development relat ionship m a n a g e m e n t in order to facili tate successful software 
development and end-consumer satisfaction. 

The paper is organized as fol lows. T h e fo l lowing sec t ion rev iews the l i terature 
related to software deve lopment ou t sourc ing defini t ion. Nex t , the authors discuss the 
trends and mot ivat ion of their research in th is area. T h e research approach and 
f ramework for further research are offered then . T h e paper ends wi th a brief 
summary. 

2. Outsourcing overview 

2.1. W h a t is o u t s o u r c i n g ? 

Outsourc ing is not a p h e n o m e n a or a n e w t rend. It is k n o w n s ince early 60s-70s 
focusing on hardware and software ou t sou rc ing [24] . Out sourc ing is typical ly 
defined as a pract ice o f t ransferr ing IT re la ted p roces ses from internal IT functions 
to third-party vendors . T h e scope of ou t sourc ing var ies from IT assets , leases , and 
staff to managemen t responsibi l i ty for de l ivery of se rv ices [18] . 

The authors ' interests are t ied to se lec t ive or full software deve lopment 
outsourcing from other countr ies , w h i c h is k n o w n also as Global Software 
Outsourcing (GSO) . A c c o r d i n g to R. H e e k s g loba l software ou tsourc ing is the 
outsourcing of software deve lopmen t to subcon t rac to r s outs ide the client 
organiza t ion ' s h o m e count ry [17]. 

The main mot iva t ion to outsource is p r o d u c e p r o d u c t s more effectively, reduce 
t ime to market and project costs. A c c o r d i n g to K. B o d k e r outsourc ing has been one 
of the most influential factors cont r ibu t ing to c h a n g e s in informat ion systems 
development in the last decade [7]. Clear ly , the l ack of research in th is area 
precludes the full unders tand ing of h o w to m a n a g e these re la t ions and h o w to 
succeed in them. 

2.2. Par tnersh ip m a n a g e m e n t 

Outsourc ing in the global space wi th rapid changes is not a trivial process . The 
distance be tween the ou tsourc ing par t ies and their p robab le cul ture differences are 
the major obstacles that compl ica te c o m m u n i c a t i o n b e t w e e n the par t ies . Outsourc ing 
vendors often w o r k wi th more than one cus tomer . T h a t ' s w h y it m a k e s difficult for 
the cus tomer to m a n a g e the v e n d o r ' s o rgan iza t ion and the related processes , which 
are managed by the v e n d o r ' s internal rules . T h e evolu t ion of outsourc ing 
relat ionship n o w has a t endency of pa r tne r -based outsourc ing . So called strategic 
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all iances become popu la r because of l imitat ions of legal contracts and convenience 
of par tnership es tabl ishment [11] , [15] , [25], [26] , [29] . 

T h e acceptance of strategic al l iances among bus iness partners is good evidence 
for the g rowing popular i ty of par tner -based outsourc ing [22] . 

Strategic al l iances give the cus tomers opportuni t ies to establish the direct ions of 
development as wel l as manage and subordinate the partner outs ide. It a l lows 
implement ing a bet ter relat ionship managemen t , concern ing the strategies to 
accompl ish desired performance goal and improve the communica t ion and 
information share . Al l iances a l low a firm to leverage a key part of the value chain by 
br inging on a s trong par tner that complement s its skil ls , and to farm out processes 
the company is not good at, and to create an oppor tuni ty to innovate [25] . This sort 
of re lat ionship br ings such important factors as mutua l dependency , trust and 
security. 

Figure 4. Global software development. Outsourcing to IT factories worldwide. 

T h i s tendency r ises u p a n e w concept of the out s ide deve lopment outsourcing -
software deve lopment factories, wh ich are governed by the all iance head office. 

Cons ider ing this t rend the whole p rocess of software deve lopment can appear in a 
number of n e w different models , wh ich are not unders tandable and s tandardized yet . 

The software deve lopment process can be s h o w n as a puzzle wi th m a n y different 
separate tasks (Figure 2) . 
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Figure 4. Software development tasks. 

The distance be tween remote par tners in a global al l iance m a y cause some 
unexpected changes in these yet well k n o w n and s tandardized processes . T h e mos t 
difficult quest ion is the Suppl ier and R e m o t e Par tner involvement in the project 
managemen t and communica t ion wi th the cl ient as wel l as in the rest o f the tasks . 
The quest ion of resource al location, the mos t effective g lobal project m a n a g e m e n t 
model , the quest ion o f how and whe re t o ma in t enance the products - all these 
quest ions need the answer . 

2.3. T e c h n o l o g y 

Recent ly , a new t e rm in the field of ou t sou rc ing management has b e e n 
discovered. Outsourc ing Rela t ionship M a n a g e m e n t or O R M is the t e rm used to 
describe the software too ls and services necessa ry to successfully m a n a g e complex 
sourcing relat ionships as wel l as improve the sourc ing value proposi t ion for 
cus tomers and vendors [33]. B e n n y L e h m a n n [33] in the interview as the mos t 
important e lements of the O R M solut ion lists the fo l lowing: compl iance moni tor ing 
and analysis of service del ivery objec t ives from outsourc ing prov iders ; financial 
analysis enabl ing t rack ing of budge ts to actual spend, charge back al locat ions and 
measurement of incent ive-based cont rac ts ; m a n a g e m e n t of mult iple 
outsourc ing/ insourc ing re la t ionships and the m a n a g e m e n t of resources (people, 
hardware , software) in a widely dis t r ibuted env i ronment ; and s tandardized 
management of contract issues such as breach, d i spu te resolution, escalation, 
renegotiat ion, etc. Th i s innovat ion ignores such e l emen t s as information and 
communica t ion managemen t . C o m m u n i c a t i o n as well as k n o w l e d g e and information 
share is a difficult i s sue due to the p robab le dis tances be tween the par tners being 
never theless a key poin t in the re la t ionship managemen t . 

Support ing software is not the least t h ing in the m a n a g e m e n t of the outsourcing 
software deve lopment re la t ionship . A n appropr ia te , secure , effective and convenient 
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software tool can opt imize the complex outsourc ing software deve lopment 
managemen t processes and enhance vendor managemen t capabili t ies that ult imately 
reduce the cost and improve efficiency. 

3. A framework for it development outsourcing relationship 

In this sect ion, the paper d iscusses the research background and approach for 
s tudying relat ionship management and process aspec ts of the g lobal software 
development . 

3.1 . C a s e b a c k g r o u n d 

T o reduce the g a p in outsourc ing process unders tanding , the research has to 
respond on bo th indust ry and academy experience. It can be achieved, if researchers 
have an oppor tuni ty to study real life p rocesses in industrial envi ronment . 

As a background for the further research the au thors will use several Latvian 
software deve lopnien t compan ie s ' exper ience in ou tsourc ing and jo in t venture 
es tabbshing. 

IT deve lopment is a very fast deve lop ing sector in Latvia . It can be character ized 
by the fol lowing figures [16], [19]: 

• P roduc t ion of ICT goods and services was 4 . 6 % of G D P ; 

• 10 000 I C T professionals; 

• 251 software consu l tancy companies , 173 software & comput ing 
services c o m p a n i e s ; 

• F D I in the sector U S D 14 mil l ion; 

• Software deve lopment w a s 0 . 5 % of G D P ; 

• ~ 1 0 0 software deve lopment companies ; 

• Annua l g rowth in software development 1 5 % ; 

• Expor t g rowth 15.7%. 
Software deve lopment and s e n d e e s in Latvia is a robus t part of the industry, led 

by c o m p a n i e s such as D A T I , Exigen, Tie toEnator , For tech , Alise, Verd i and Ti lde. 
Software des ign is the most important IT sector in Latvia . Outsourcing had become 
the core competence of software developers and contr ibutes to a major part of 
Latv ian exports . Software main tenance , integration, consul t ing and t ra ining are some 
of the most rapidly g rowing areas of the Latvian IT services industry [19]. 

It is notable that several compan ies have b e c o m e par t of large internat ional IT 
ne tworks th rough merge r s and acquis i t ions. Tieto Corpora t ion of F in land acquired 
Tieto Kont s and has established a n e w subsidiary, TietoEnator , in Riga — 
Tie toEnator Financial Solut ions. S W H Technolog ies merged wi th IS company 
Exigen and is now cal led Ex igen Latvia . Fortech and V A R have b e c o m e part of the 
Es tonia-based Mic roL ink Group . D A T I Group is a long term par tner for software 
deve lopment clients in U K , Germany , Sweden and other countr ies . 

The IT product expor t in Latvia has a t endency to g r o w annual ly. T h e growth of 
FT marke t is r emarkab le and has its reasons . A s advan tages of IT market in Latvia 
the fol lowing poin ts c a n be named: 
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• highly skil led and cost-effective profess ionals , 

• advanced tradi t ions in sys tems and software engineer ing, 

• western bus iness cul ture and geograph ic locat ion, 

• developed infrastructure, 

• government support , 
• developed educat ional system. 

Around 20 La tv ian IT compan ie s are invo lved in the La tv ian Informat ion 
Sys tems cluster [14] . This represents an associa t ion w h i c h has been es tabl ished to 
boos t the compet i t iveness of Latv ian IT serv ice compan ie s , and to increase their 
expor ts to international markets . A s a ga t eway to the cluster there has been 
establ ished a new virtual ne twork o f par tners and cus tomers under the n a m e of 
E V I T A F - European Virtual IT Appl ica t ion Fac tory [32] . T h i s is a recent project 
wh ich will provide distr ibuted software deve lopmen t and main tenance services 
us ing the global market . 

It should be emphas ized , that E V I T A F deve lops custom-bui l t sys tems and 
solut ions, and does no t distr ibute s tandard p roduc t s . T h a t ' s w h y the E V I T A F project 
currently needs a f ramework for successful g loba l software deve lopment 
management . This appears t o be an industr ial c la im for the research. T h e au thor s ' 
activit ies based on the topic of g loba l sof tware d e v e l o p m e n t will p rov ide the 
theoretical background for E V I T A F project that w o u l d b e examined in pract ice . 

3.2. Research approach and further act ivit ies 

W h e n deal ing wi th information sys tems , h u m a n and social factors are a lways 
present . In such condi t ions , quant i ta t ive analys is by m e a n s of logic and mathemat ics 
are no longer appropr ia te . The research approach , chosen for this global 
deve lopment examinat ion is case s tudy. 

The first step as a starting point for the research w o u l d be to gather informat ion 
about the existing re la t ionship processes and m a n a g e m e n t b y in terv iewing the 
project managers in the several Latv ian top software d e v e l o p m e n t compan ies which 
are involved in g lobal software deve lopment . T h e in ten t ion is to induct ively der ive, 
via interviewing exper ienced engineers , m a n a g e m e n t and end users about the 
different s ides of re la t ionship and produc t del ivery, an unders tand ing of a probable 
future global software development mode l . T h i s will he lp to ske tch the construct and 
to bui ld a f ramework for the further research . 

The second step in outsourc ing re la t ionship improvemen t would b e the analysis 
of aspects that inf luence project managemen t . Ou t sourc ing processes can be v iewed 
f rom many different facets: 

• Resource based v iew — resource share-out , a r rangement and 
management , 

• Contrac tual dependency , 

• Goal a l ignment , 

• Rela t ionship m a n a g e m e n t wi th external cus tomers , 

• Software deve lopment p rocess share-out , o rgan iza t ion and m a n a g e m e n t , 

• Communica t i on improvement , 
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• Informat ion and k n o w l e d g e resource a l locat ion and share, 

• Project official registrat ion - process documen t s for a bet ter evidence 
and qual i ty control, 

• Qual i ty audit ing. 
This might u n c o v e r the necess i ty of suppor t ing tools for the m o r e effective 

relat ionship managemen t . T h e information will be gathered by in terv iewing and 
mediat iz ing. Cons ider ing the listed aspects will he lp to build a foundation for a 
stable relat ionship managemen t f ramework. 

AH the processes have to be descr ibed then in form of p rocess d iagrams, 
guidel ines, r ecommenda t ions and me thods of manag ing outsourc ing software 
development re la t ions . Support ing tool deve lopment m a y be p rocessed by this t ime 
as well . 

As a checkpoint for this model it has to be tested on real projects . Th i s ma tches to 
be the next step o f the research. T h e results of the test ing will be used for the 
f ramework elaborat ion and improvement . 

Final ly after these steps global software deve lopmen t processes have to be 
unders tood, descr ibed and s u m m a r i z e d in a clear m o d e l provided wi th guidel ines , 
r ecommenda t ions a n d methodologies . 

4. Conclusions 

The decision to start such a research project w a s advocated by the p rob lem 
topical ly. Today the re is a big gap be tween theory and pract ice or be tween academy 
and industry in t e r m s of global software deve lopment . The vo lume o f the global ly 
correlat ing society is huge and cont inues to g row. T h e lack of li terature and research 
in this area prec ludes the full unders tanding and improvemen t of the g lobal software 
development . 

This p rob lem s ta tement paper dea l s with ske tch ing a f ramework for the further 
global outsourcing deve lopment research and its mot ivat ion. Based on a case study 
and the academy look the f ramework has the potent ia l to further our unders tanding 
of one of the most popu la r research top ic in software deve lopmen t improvement . By 
descr ibing all the necessary p rocedures , methods , and prov id ing r ecommenda t ions it 
wil l b r ing the mode l to a complete condi t ion as wel l as will improve the foundation 
for outsourcing sof tware development . 
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Abstract. This paper describes an experience 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 IT 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 tool that is 
systematically used in projects of IT company. In this paper, the typical 
process of introducing the tool into software development projects is shown. 
The decisions 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. 

Keywords. Traceability tool, problem reporting, testing process 

1. Introduction 

Software deve lopment projects sys temat ica l ly exper ience changes in 
requirements , des ign or implementa t ion . Also , t e s t ing int roduces different test sets 
and generates a list of defects. Al l that forms b a s e for urdimited set of software 
development artifacts. It is well k n o w n tha t pract ica l ly every software artifact could 
be subject to a formal ized traceabil i ty [7], 

The a im of the paper is to present the expe r i ence of in t roducing the traceabili ty 
tool that was developed as part of p roces s i m p r o v e m e n t initiative in a software 
development company . O n e of ear ly and useful l e s sons learned w a s the idea to use 
the tool for wider variety of tasks than jus t s imple t raceabi l i ty [6], 

For this research, there was no intent ion to obta in formal metr ics of h o w the tool 
influenced the product iv i ty of projects . Rather , the focus w a s on individual 
exper ience of project t e a m m e m b e r s and theirs eva lua t ion . Each n e w project had 
both different r equ i rements for t raceabi l i ty p rocess and they exper ienced different 
stages of Tracel t deve lopment (capabi l i t ies of the tool improved over the time). 
Current ly, the exper ience of tool usage accounts 3 years and at least 14 projects 
where 12 of t h e m are reviewed in this paper . 

This paper h a s the fol lowing s tructure: Sec t ion 2 descr ibes the context of 
developing a n e w traceabili ty tool . In Sect ion 3 t he p roposed improvemen t s are 
described. Section 4 reflects exper ience o f apply ing the tool in projects . Les sons and 
implicat ions are given in Section 5. T h e compar i son wi th related research works is 
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given in Section 6. Finally, in Sect ion 7 author d r aws the conc lus ions and outl ines 
future works . 

2. Observed problems with traceability 

The mot ivat ion of developing a traceabil i ty tool c a m e from the industry . One of 
the largest software developing compan ie s in Eas te rn Europe sought solut ions for 
improving its sof tware deve lopment processes . T h e profile of this FT c o m p a n y is 
development of cus tom information sys tems. O n e of interest ing features at IT 
company was that tradit ionally there were projects of different staff size and 
durat ion. Typical large projects involved about 100 deve lopers and lasted for at least 
one year. The smal les t projects w e r e formed from j u s t two deve lopers and ran for 
less than half year . Another dist inct ive feature w a s that each project applied 
s o m e h o w different methodology and project life cyc le . Also , they had different 
development env i ronments . A s the company fol lowed the T ickIT pr inc ip les [4] and 
the international s tandards like J -STD-016 [9] there w a s a s trong a im to main ta in the 
traceabili ty at h igh precision level. 

Requi rements in observed projects were typically in word p rocess ing documents . 
Some bas ic t raceabi l i ty be tween var ious parts of d o c u m e n t s was ma in t a ined in a 
spreadsheet format. Wel l -es tabl ished traceabili ty mat r ices required a skilful person 
to mainta in all the relations, and to perform all the analysis . Therefore , from the 
practical point o f v iew the traceabil i ty as proper ty o f the project r ema ined weakly 
developed and ineffective. This w a s one of the focus areas for poss ible process 
improvements wi th in the FT company . 

As there w a s no good solut ion found of h o w to improve the usage of the 
spreadsheets , one of ideas at Riga Information Techno logy Insti tute (RITI) for IT 
company was to develop a s imple database that could hold the very basic 
t raceabi l i ty informat ion for any g iven software project . T h e IT c o m p a n y had a 
strong intention that any proposed change in project p rocesses had to g ive some 
posi t ive effect on project per formance and quali ty. A s the idea of the traceabili ty 
database was very vague , there were a lot of open ques t ions of w h e t h e r it is worth 
developing special software w h e n there are different requi rements managemen t 
tools available, and many of t hem support the t raceabil i ty . For example , D O O R S 
[17] is has s trong capabili t ies of requi rements m a n a g e m e n t , requi rement version 
control and requi rements traceabil i ty. At the same t ime , not projects s a w this tool as 
useful means for semi-formal project process . Also, the Requis i tePro [8] was seen as 
tool requir ing the adherence to par t icular pre-defined process . M a n y tools promise 
the traceabili ty support , but in many cases it is more an added feature t o some other 
functionality, and this addit ion cannot be efficiently used . Mos t of projec ts did not 
use special requi rements managemen t tools , and there were many individual reasons 
of w h y any part icular tool could not be in t roduced in the g iven project. 
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3. Proposed improvement via traceability tool 

3 .1 . Pilot project 

A pilot project Trace l t w a s started t o explore the possibi l i ty to create a s imple and 
usable traceability da tabase . One of the first ques t ions asked by projects w a s about 
the reasons to start us ing some new tool . A l s o the poss ibi l i t ies of in tegrat ing Tracel t 
wi th other tools or rep lac ing them w e r e ana lyzed . It b e c a m e clear qui te early that 
such a tool could not replace text d o c u m e n t s or m o d e l i n g env i ronments . Rather , its 
task could be to keep IDs and t i t les /names of r equ i rement s , functions, tests , and 
files. In IT company , every project used its o w n p r o b l e m repor t ing env i ronment -
ranging from simple spreadsheet so lu t ions u p to commerc i a l p roducts like P V C S 
Tracker [12] and in-house deve loped da tabases . Therefore , one of further ideas was 
to design appropriate capabil i t ies wi th in the too l itself. 

3.2. Metamode l 

A s one o f requi rements for the n e w traceabi l i ty tool was that is to be adaptable to 
project condit ions, the behavior of the tool w a s m a d e dependan t from traceabili ty 
mode l there. Traceabi l i ty mode l is a m e t a m o d e l that could be represented into form 
of a d iagram. Its t w o main const i tuents are i t em types and re la t ions be tween them. 

In principle, the re could be an approach o f whe the r to identify forwards, 
backwards traceabil i ty or both of t h e m [7] . In the graphical representa t ion of 
m e t a m o d e l . author p roposes to i l lustrate b a c k w a r d t race l inks because it cor responds 
to reference/point ing direct ion. At the same t ime , by m e a n s of the tool it is possible 
to follow the t race in bo th di rect ions . F igu re 1 i l lustrates two examples of 
traceabil i ty model for t w o different projects . In case (a) Requ i r emen t s are derived 
from Cus tomer p roposa l s and C h a n g e reques t s , Tes t s and Software objects depend 
on Requi rements , P r o b l e m reports have reference t o the Software object and the 
Test . In (b) , The Requ i remen t s in s imi lar w a y is dependan t s from Initial 
Requ i remen t and C h a n g e request , the D e s i g n is based on Requ i r emen t s , and the D B 
Enti t ies and Func t ions are based on R e q u i r e m e n t s , p lus M e t h o d s are part of 
Func t ions in the code . 

C u s t o m e r 
p r o p o s a l 

Initial 
r e q u i r e m e n l 

Test R e q u i r e m e n l 
C h a n g e 

Test R e q u i r e m e n l 
r e q u e s t 

> \ -jm / X 
Z 

b) 

R e q u i r e m e n l C h a n g e request R e q u i r e m e n l C h a n g e request 

F u n c t i o n in 
c o d e 

Figure 1. Two sample traceability models. 
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I tem type is any software deve lopmen t artifact. Depend ing on each individual 
case it could be textual requirement , u s e case, d iagram, document , test, test result, 
p rob lem report, deve lopment note , etc. 

A l o n g with the traceabil i ty model for the me tamode l of the tool there was set an 
imperat ive principle that every artifact has to have an ability to be related to some 
other artifact. At the same t ime, it is a l lowed that there exist i tems without any 
relat ions. Each metamode l is general ly intended to be used only for one project. 
Traceabil i ty mode l s can be re-used w h e n two projects have similar p rocesses . 

3.3. O v e r v i e w of T r a c e l t 

Previously men t ioned traceabili ty tool Tracel t is implemented as web-based 
application. The code is writ ten in P H P language , and it uses M y S Q L database. 
Because of the chosen free-ware approach the software can be used in a number of 
operat ing systems. 

To be more usable in different project use cases , tool is des igned to represent the 
same information in var ious forms. For example , project i tems can be v iewed either 
as part of list (Fig. 2), as an individual record (Fig. 3) . or as an e lement of tree (Fig. 
4)-

4. Practical use of Tracelt 

The experience is descr ibed 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 p ro jec ts within IT c o m p a n y started us ing Tracel t after it was 
proposed . Also, at the very beg inn ing the author was not sure enough about the 
capabil i t ies of the tool to provide it to large-scale projects . 

Fur ther sect ion reflects a s tudy f rom 12 projects where the Tracel t was 
in t roduced. They differ in size, scope . Also , the staff differently used the tool 
depend ing on their role in project. In genera l , the initial target groups of users were 
fltflaUjarid m e d i u m size projects (up to 15 people ) . 

S h o w j i l ' Evprjrt 

AM r ev . Filter: 
SW objects 1.20 of 70 

i o r m s *J E * : f H t ! f Hew f l i e r • M 
. %. K> -:• 

J P H 1 _ S W 0 1 Form f rm About GUV' 

*. i £ 7 P M _ S W D 0 2 Form f rm Ac S h GWN a m e Va l 

®. j £ F PM_S<Mr3 Form f rmAppon ionmen tRu le Z A V 

si J £ ? | P M _ S W O ) l Form f rmAppor t ionmentRu ieOeta i l s 

i t J £ 7 P M _ S W B 5 Form f rmAppor t ionmentTask 

«. j & P M _ S W O 0 6 Form f rmAppo r t i onmen tWe iah t i nas Z A V * J £ 7 P M _ S W 3 0 7 Form f rmChangeDefaut tDi r Z A V 

S i . 
<K 

J @ | P M _ S W B 8 Form f rm Copy Env i ronment P E S S i . 
<K J & PM_SV \0 )9 Form frmEdilAccntName ! A V 

<K J £ 7 P r \ _ S W 0 1 0 Form f rmEd i i ln tEx t P E S 

<K s £ 7 P M _ S W 0 1 1 If D i m f rmEdi tRepor tL ine Z A V 

Figure 2. Tracelt screen. List of items. 
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View Requirement cii EJ M 
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Figure 3. Tracelt screen. Individual item. 
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Figure 4. Tracelt screen. Relation tree. 

4.1. C o m m o n process o f introduct ion 

In I T company , m o s t of the projects were deve lop ing n e w sof tware and 
considerably smal ler p ropor t ion of t he projects dea l t with ma in tenance or 
performing the independen t test ing activi t ies. M a i n type o f software deve loped in 
the company - c l ient-server architecture solut ions . The typ ica l life cycle o f projects 
models can be character ized as incrementa l or cyclical . 

The introduct ion p rocess for Tracel t cons is ted o f a n u m b e r of c o m m o n activit ies: 
1. Genera l information exchange b e t w e e n tool exper t and project staff about 

the processes in the project takes p lace . 
2. Tool expert p repa res the initial t raceabi l i ty mode l . 
3. Project rev iews the model . 
4. Adjusted mode l is configured in to the tool . 
5. Tool functions accord ing to mode l . 
6. U p o n necess i ty , the mode l is upda ted . 
Introduct ion was on voluntary basis, and as o n e of e scape w a y s was indicated the 

possibility to export all informat ion from da tabase into spreadshee t format. 
One could outl ine as a posi t ive result the fact that none of projects abandoned the 

usage of the tool after s tar t ing us ing it. T h e r e are projects that h a v e comple ted their 
tasks, and thus the usage of Tracel t w a s f inished, too. T h e r e were s o m e projects 
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which did not start using Tracel t due to project m a n a g e m e n t dec i s ions or major 
organizat ional changes . In every case where the tool was used no adminis t ra t ive 
force methods were used. Every project m a d e its o w n decis ion. M a n y of them also 
envisaged some cont ingency activities in a possible event o f a major failure of the 
tool . 

4.2 . P r o j e c t size 

Depending on the number of peop le involved, one could mark some three groups 
of projects where Tracel t was introduced: 5 small (2-4 people) , 5 m e d i u m (8-15 
people) and 2 sub-large (25-35 people ) . Small projects ran for u p t o 6 months , 
m e d i u m had durat ion starting from 3 months till at least 1 year, and the both 
observed sub-large projects currently have been runn ing respect ively for 1 and 2 
years . Also, ma in tenance projects are still nanning. 

When the tool w a s proposed all these projects were j u s t at the kick-off phase , and 
they were quite open for var ious methodologies . In a lmos t all cases au thor acted as 
the only tool expert and personal ly par t ic ipated in the introduct ion process . Briefly 
after the initial and adjusted configurat ion of the traceabil i ty mode l was set, the 
further activities w i t h configuration of the tool were handled to appropria te project 
members). 

It was interest ing that small projects quite quickly discovered this tool as means 
for r m m t a i n i n g data wi th variable detail level in easy manne r - they did not try to 
m a k e a complicated traceabil i ty mode l and detailed descr ipt ion of i tems, but rather 
had found a place w h e r e to keep notes , events , references to documents , p roposa ls in 
an ordered way, especial ly, w h e n several people are work ing on the same issue. 
Al ternat ive approaches could be to u s e some k ind of onl ine forums, bu t in this case 
there will be l imited capabil i t ies of traceabil i ty. P r o b l e m report ing w a s not seen as 
main feature, as for small t eams considerably large por t ion of the p rob lems is often 
passed from testers to developers in a less formal w a y . In t w o cases the projects 
swi tched from informal to detai led document ing - to follow the traceabil i ty path 
from contract th rough requi rements and design till t he individual functions of the 
classes. Such an approach requires sys temat ic documen t ing and also some extra 
w o r k in the case of changes . 

M e d i u m and sub- large projects w e r e both similar in a w a y that they were not 
interested to main ta in all the traceabil i ty till the code function level by m e a n s of this 
tool. M a i n focus was on manag ing requ i rements and des ign i tems. Special attention 
w a s paid to the information about individual responsibi l i t ies , information sources 
and event t iming. P r o b l e m report ing w a s seen as very impor tant . 

As far as it was noted , the project size does not m a r k radical differences, except 
following: 

Smaller projects were more respons ive to t ry something new, more open 
to risks; 
Larger projects focused m o r e on issue of handl ing a large amount of 
project data , and they do not like to risk w i t h new methodologies . They 
tended to register and documen t more formally extensive amounts of 
information. 
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4.3 . Project scope 

Projects where Trace l t was used could b e d iv ided into three distinct categories: 
complete deve lopment (7 projects) , m a i n t e n a n c e (3 projects) a n d independent 
testing (2 projects) . 

Comple te deve lopment p re sumes a l i fe-cycle that spans from requirements 
analysis d o w n till del ivery of functional c o d e and documenta t ion . Typica l i t em types 
that were included into traceabil i ty mode l wi th in Trace l t were : requi rements of 
various levels, des ign i tems or software objects ( funct ions, screens and D B objects), 
tests and p rob lem reports . Change reques ts typical ly were t rea ted as a special case of 
p rob lem reports . In some projects , the des ign i t ems like screens were identified 
separately to m a k e easier the impact ana lys i s f rom the u se r perspect ive and to 
improve the quality of p rob l em tracking. 

Projects rev iewed also the possibil i ty to inc lude ins ide the mode l some references 
to code at different levels (fde, c lass m e t h o d ) . T h e first exper imen t s of do ing this 
extra work proved to be little effective as dur ing the deve lopmen t the code changes 
very often. More pract ical was the ve r s ion control a n d configurat ion m a n a g e m e n t of 
the code by means of dedicated too l s . But at the s a m e t ime, they general ly provide 
only l imited traceabil i ty capabi l i t ies . T h e t raceabi l i ty be tween the code and the 
defined sof tware . object w a s general ly b y n a m e , and in many cases that was 
sufficient. 

Main tenance projects usual ly h a v e s table r equ i remen t s , and they are more 
concerned with impact analysis because a n y requ i rement change m a y p rovoke a 
number o f changes in code , tests and documen ta t i on . T h e observed main tenance 
projects included the reference to code into their t raceabi l i ty mode l s . Changes occur 
at regular intervals, and it was found reasonab le to d o c u m e n t the relat ionships in 
Tracel t database. Impor tan t are l inks wi th change reques t s - they act as source for 
the whole set of changes . Mot iva t ing i ssue for deta i led mode l was the fact that 
ma in tenance tasks t ime to t ime are hand led from o n e t eam to another. In this case, 
important is to have a deta i led project documenta t ion . 

Independent test ing usua l ly regards the sof tware as a b l a c k box. Also , in these 
t w o observed projects there were only functional tests per formed. This led to 
fol lowing i tem types : requi rements / funct ions , screens , conf igurat ions , tes ts , test 
results and p rob lem reports . Testers benef i ted from the possibi l i ty to keep a h the 
information inside the tool . Bo th obse rved tes t ing projec ts did perform mainly 
manua l tests . If there had been s o m e au toma t ion too ls it cou ld h a v e raised some 
prob lems wi th script locat ion and m a i n t e n a n c e . In th i s case, it could be bet ter to use 
the reposi tory of test ing tool. 

Because no p rob lems were observed , one can conc lude that the in t roduced 
traceabi l i ty tool w a s sui table any o f the a b o v e men t ioned project types . There could 
be some analysis m a d e whe the r it is appropr ia te to use Trace l t as the only tool , e.g. 
for requirements analys is or reverse engineer ing . 

4.4. Project m e m b e r invo lvement 

Software projects typical ly involve a n u m b e r of project ro les . E a c h of the project 
members has its o w n interest on t raceabi l i ty . W e could out l ine the following project 
roles in a case of Trace l t usage: 
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- Project manager . 
- Sys tem analyst / designer, 
- P rogrammer , 
- Tester . 
Project manage r s typical ly do not analyze each individual i tem relat ion, but rather 

are interested to see the overall p ic ture , the trends. W h e r e a s the project manage r for 
a small project usual ly performs also s o m e other project role , larger projects do have 
a dedicated project manager . In Trace l t context , these persons had the fol lowing the 
areas o f interest: ana lys is of filtered lists of i tems wi th summary data, rev iew of 
statistics, i tem relat ion to personnel , fol low-up of week ly or daily progress . 

Sys tem analysts and /or designers are primari ly involved in the traceabili ty 
process . They analyze , define and t ransform requi rements and des ign i t ems . F rom 
one point of view, in smal l or m e d i u m size projects one or two persons k n o w all the 
sys tem propert ies , and they would be little interested to formalize it also into tool. 
The pract ice s h o w e d that the quali ty of data main ly depends on individual 
wi l l ingness of the person . 

With in current exper ience , p r o g r a m m e r s had l imited specific interest . T h e y used 
tool for general analys is . The reduced special interest was mainly due to previously 
men t ioned code vers ion control separa t ion from Tracel t . The most extens ive users 
were tes ters - project s ize and scope did no t play role . T h e y were very interested in 
obtaining a good test coverage and in get t ing all the test execut ion data documented. 

The identif ication a lone of appropr ia te traceabili ty mode l p roved to be useful 
almost for any role. Project m a n a g e m e n t that was not too concerned wi th the 
software artifact re la t ionships received an addit ional v iew on the project processes . 

Tes ters were m o r e interested in traceabili ty tool because it suppor ted change 
control process , the p r o b l e m process ing and account ing of executed tests. This is 
very dynamica l in format ion in project process , and wi thout Tracel t there have been 
observed technical difficulties of hand l ing all this informat ion. 

5. Lessons and implications 

In general , the main reasons w h y tool was not p r o p o s e d or accepted in certain 
projects were fol lowing: 

- Exis t ing and runn ing projects did not want to change their me thods , tools and 
process ; 

- B o t h author of th is paper and the p rog rammers w h o part icipated in the 
implementa t ion o f Trace l t could give little guaran tees about the stability and 
per formance of the tool; 

- It w a s cons idered that large-scale projects bet ter rely on proven technologies 
(Tracel t was an exper imenta l tool); 

- N o explici t gua ran tees that the tool wil l be suppor ted in the future; 
- Unc lea r issue about compatibi l i ty wi th other too ls . Only data file exchange 

m e c h a n i s m avai lable; 
- Underes t ima t ion of the traceabili ty impor tance from the project management 

side. 
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As w e can see, mos t of cons idera t ions are m a n a g e m e n t level decis ions , and do 
limit the experiment . 

5.1. Observed ass istance 

Character iz ing the ma in difference b e t w e e n projec ts w h e r e Trace l t has been used 
and the ones without any specific tools suppor t ing the t raceabi l i ty one cou ld identify 
a number of differences. As posi t ive effects from tool u s a g e one could n a m e : 

- easier control over project i tem dependenc ies , 
- detai led impact analysis and effort evaluat ion, 
- unders tanding of the project status, 
- all information related to test ing p roces s can b e kept wi th in one tool, 
- web-based implementa t ion was useful for t e a m s wi th dis t r ibuted geography . 
Users extensively used filtered lists of i tems, relat ion informat ion analysis and the 

statistics. A s the appl icat ion per formance w a s acceptab le , there were no p rob lems 
for users to perform quick search and analys is of par t icu la r i tem or i t em g roup . Ve ry 
useful was the developed ability to conf igure i tems in a w a y that the whole 
information is located in the database. P r imar i ly this refers to test ing p rocess . The 
descript ion of tests, execut ion results and the p r o b l e m repor t s were not kep t outs ide 
the tool . W h e n some projects needed to p roduce s o m e formal documen t s the 
necessary data were exported. 

5.2. M a i n obstacles in usage 

Along wi th the posi t ive results there w e r e s o m e obs tac les in u sage observed . A s it 
was no ted earlier, Trace l t could not so lve all the project p rob lems . Espec ia l ly this 
was t rue in the very first projects whe re it w a s in t roduced. The re was bo th little 
functionality available in the appl icat ion and the au thor w a s not ready to p ropose the 
best solut ions for us ing this tool. 

In general , 3 ma in p rob lems were observed: 
- Project t e a m m e m b e r s need a good k n o w l e d g e about the tool and traceabil i ty in 

general to product ively use Tracel t ; 
, - In some project cases extra work w a s needed to keep up- to-date informat ion in 

the database; 
- A detai led analys is of m e t h o d o l o g y to be used has to be m a d e prior the 

configurat ion of the mode l . 
The above-men t ioned p rob lems are part ly t ied together . Ord inary project 

m e m b e r s do no t like to th ink in te rms o f t raceabil i ty . F r o m the w h o l e traceabil i ty 
model they more see the given i tem and s o m e related ones . Fo r tool , the ability to 
configure and the wide possibi l i t ies of app ly ing different me thodo log ies m e a n s there 
should be a person capable defining the process , the i t em types - not every project 
member can deal with this . Tak ing in to account that m a n y software deve lopment 
projects are with little initial k n o w l e d g e of the p roces s they would use, these 
projects rather wou ld choose some predef ined mode l and m a k e the necessary 
adjustments . The idea is to provide some predef ined m o d e l s . At the same t ime, lots 
of projects do not have criteria for select ing a par t icular me thodo logy . 
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It is little realistic that there could be a huge interest from industr ial software 
deve lopment projects in a separate traceability tool. Real solut ion cou ld be a high 
integrat ion of traceabil i ty capabil i t ies within other, more tradit ional tools like 
requi rements managemen t or p rob l em tracking tools . 

6. Related Work 

Various research results reflect issues related to t raceabil i ty mode l s and 
traceabil i ty tools . At the same t ime, there are n o explicit references available stat ing 
the traceabil i ty usage of the mode l as a basis for tool functionality. A comprehens ive 
s tudy on t raceabi l i ty issues is m a d e by B .Ramesh and M.Ja rke [15] , including 
descript ion of me tamode l s . 

One has to men t ion that there are n o unified pr inciples of w h e n exact ly the term 
"traceability m o d e l " is used. For example , it may be also called less formally as 
"traceabili ty re la t ionships" [5]. Different approaches of descr ib ing the traceabili ty 
model can be found, e.g. [16] proposes a comprehens ive definit ion of the 
traceabil i ty mode l , but [11] descr ibes model propert ies for U M L - b a s e d projects. 
Issues related to the main tenance of the traceabil i ty model are outl ined in [3]. 
Current ly there has been no study of such aspect for the traceabil i ty mode l approach 
used in Trace l t tool . 

M o d e l s p rov ide an improved v iew on traceabUity and its evolut ion in [2]. But the 
p rov ided t raceabi l i ty model there serves as an informative d i ag ram without 
implement ing it into some tool. 

The re are tools , l ike T O O R , m a d e as part of the research projects that support 
definition of requ i rements , l inking t hem to other project objects [13] . Some 
requi rements eng ineer ing env i ronments , like P R O - A R T , are main ly or iented to pre-
requi rements t raceabi l i ty [14]. N o explicit information is available of whe ther they 
are based on m e t a m o d e l . Issues related to us ing a tool suppor t ing the traceabil i ty are 
surveyed in [1]. A m o n g central issues are data entry p rob lem and granulari ty of 
information representat ion. 

Commerc i a l requ i rements managemen t tools general ly contain traceabil i ty as one 
of the features [10] , and they are mainly tied with part icular project life-cycle or 
me thodo logy . C o m m e r c i a l solut ions a lso contain integrat ion be tween var ious tools, 
e.g. interface be tween requi rements managemen t tool D O O R S and test m a n a g e m e n t 
tool Mercu ry Interact ive Test Direc tor [18]. 

7. Conclusions and Future Work 

This paper presents a metamode l -based traceabili ty tool that w a s developed for an 
IT company . The dist inct ive feature of tool Tracel t is p resence of the traceabil i ty 
model that: (a) defines the functionality of the tool , (b) is configurable at the project 
start-up and at later s tages , (c) helps the project to organize the process . 
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The development of the tool was exper imenta l , a n d it w a s a chal lenge to 
introduce a tool under the category "traceabil i ty tool" . M a n y projects suspected this 
as a n e w burden for the i r work . T h e c o m p r o m i s e w a s sought in t roducing it as 
problem report ing tool, o r as an env i ronment for def in ing a n d main ta in ing the tests. 

Introduct ion of a n e w tool into project requi res addi t ional exp lana t ion of the 
methodology, the ability to improve solu t ions , the w a y s each part icular function is 
realized. This could be a main difference from m a n y academica l ly deve loped tools 
that are finding little use in industrial projec ts . 

A m o n g observed benef i ts one could m e n t i o n the abi l i ty to analyze the relat ions 
and dependenc ies be tween different project art ifacts in severa l ways . In genera l , new 
projects are better sui ted to start us ing a n e w tool . A l t h o u g h it w a s evaluated that 
some of running projects could b e sui ted o f w o r k i n g w i t h Tracel t tool as wel l , this 
was not done, as the process o f swi tch ing f rom one approach to another could 
involve too many r isks. Al though it is wel l k n o w n tha t a lmost any software 
development process cou ld benefit from the t raceabi l i ty informat ion, it was 
discovered that the tes t ing process up till n o w w a s one o f the largest consumers of 
traceabili ty information. 

A m o n g main observed p rob lems one h a s to men t ion t h e addit ional qualif ication 
requirements for the project staff. T h e r e have to b e people wi th a good 
unders tanding of the p rocess , and because accura te m a i n t e n a n c e of t raceabi l i ty l inks 
currently still requires s o m e addit ional w o r k . A l t h o u g h it w a s said that n e w the n e w 
tool should adapt to the project it a lways entai ls s o m e c h a n g e s into process , too. The 
goal is to make these changes in the d i rec t ion of i m p r o v e m e n t . 

Out l ined benefits of t he tool u sage wi th in a project co u l d be cons iderab ly smaller 
if the projects would b e us ing separate p rob l em- t r ack ing software. In this case, the 
information would be t oo scat tered a m o n g var ious tools , a n d the op t imiza t ion would 
require reducing the n u m b e r of informat ion sys tems used . 

Prior, the IT company pract iced t raceabi l i ty on ly via sp readshee t s . In genera l , the 
attitude of the company towards tool improved , as pro jec ts were general ly satisfied, 
even if they did not use all the in tended features. 

Open research ques t ion exists w h e t h e r there is a p l a c e for software unde r the 
category "traceability tool" . F r o m user c o n v e n i e n c e po in t o f v iew, there h a s to be a 
minimal set of tools to be used wi thin every project . T h e traceabil i ty capabil i t ies 
have to b e integrated into other tools . 

This paper outlined a reas for further s tudy . A m o n g w i d e rage of issues , the future 
work can focus on opt imal traceabil i ty m o d e l s in the con tex t of tool usage . Another 
issue is whether there could b e cons iderab ly different requ i rements for large 
projects. 

Integrat ion with other sys tems could b e rev iewed . M a i n issue is the col lect ion and 
synchronizat ion of da ta or iginat ing outs ide Trace l t . Addi t ional area for 
improvements could b e related to further i m p r o v e m e n t s in the implementa t ion , 
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 connection between system functioning 
(dynamics) and a structure (static). Topological modeling is a convenient 
formal and comprehensive way to describe a problem domain in mathematical 
terms and to transform a system functioning 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 modeling are 
given in the paper. 
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1. Introduction 

Adequate valid sys tem m o d e l i n g is the k e y for a d e q u a t e valid design. It means it 
must be happened us ing s o m e reasonable formal b a s e [1]. 

There are two fundamenta l aspects to the m o d e l i n g [2] : analysis , which defines 
wha t an appl icat ion has to do with a p r o b l e m d o m a i n to fit c u s t o m e r ' s requirements , 
a n d des ign , w h i c h defines how an appl icat ion wi l l be built . T h e line between 
analysis and d e s i g n is fuzzy in the ob jec t -o r ien ted deve lopment . "The problem 
domain is considered as a black b o x descr ib ing b y use cases . Till now use-case 
driven object -or iented m e t h o d s g i v e low priori ty to p rob l em domain mode l ing . . . 
They underes t imate that only a p rope r p r o b l e m - d o m a i n m o d e l provides a powerful 
l anguage for express ing requ i rements to the sys t em" [2] , [3]. Hence , there is no 
formal connec t ion be tween system funct ioning and a s tructure. 

Mode l ing languages can be d iv ided into the fo rmal (as Z language) , semiformal 
(as Unified Mode l ing L a n g u a g e — U M L ) and informal in accordance wi th its' 
logical base . In prac t ice , semiformal mode l ing languages are wide used, because its' 
using is easier, t h a n formal languages us ing , and m o r e formal , than in the case of 
informal l anguages . 

A visual mode l descr ibed in some m o d e l i n g l anguage has to represent a real 
p rob lem env i ronment c lear and val id . But there are some p rob lems : 
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• Semantic heterogeneity. An amoun t o f software k inds increases every year. This 
situation leads to the appearance of new p rob lem domains , i.e. to different kinds 
of semant ics [4]. 

• In order to deal with the heterogenei ty o n e deve lops either new notat ional 
systems or ex tends existing sys tems (e.g. U M L ) [5]. It leads to the syntactical 
overloading of model ing languages. 

• In the result of m o r e complex requirements appear ing , it is ha rd to separate 
specification aspects from realizat ion aspects. Hence , specif icat ions are mixed 
wi th real izat ions; i.e. semantic specifications often are weak. T h i s p rob lem is 
called by semantic specification hiding in the realization. 

• Us ing of an inappropriate specification language or lack of an appropria te 
language is cons idered as the reason of the specification weakness . Bu t every 
notat ional sys t em is more or less straight representat ion of s o m e formal logic. 
So , it means it is no t a notat ional problem; it is the specification logic p roblem. 

The topological model ing and the sketch approach can help to define a formal 
transformation from sys tem functioning to a m o r e adequate visual mode l of the 
system structure. 

2. A brief description of the topological modeling 

The topological mode l ing is formalism, based on assumption, that a complex 
system can be descr ibed in abstract terms as a topological space (X< 0 ) . X is a finite 
set of proper t ies or functional features, and 0 is a topology in the form of a digraph 
(an or iented graph) [2], [3] , [6], 

A topological mode l of functioning can be constructed in the fol lowing sequence 
[6]: 1) to form a set X o f essential phys ica l or biological propert ies or features of the 
cons idered system. T h e word "essen t ia l " m e a n s "important for the normal 
functioning"; 2) to set a topology 0 in the form of an or iented graph or a matr ix with 
indicat ion of cause-and-effect relat ions a m o n g phys ica l (or biological) propert ies or 
features of the sys tem. Le t ' s a ssume that there is a cause-and-ef fec t relation 
be tween two proper t ies , if one proper ty appearance is caused b y the other ' s 
appearance wi thout participation o f any in termediary proper ty . 

So, t he sense o f the analyzed sys tem content is carr ied over abstract mathematical 
objects. Necessary knowledge for composi t ion o f the topological model of 
funct ioning can b e obtained from the meaningful descript ion o f the system (in 
verbal , documen ted , analytical , statistical, etc. form) [2], 

A topological mode l set three c o m m o n topological functioning propert ies of 
sys tems: 

1) C o n n e c t e d n e s s . Usual ly a sys tem coopera tes with other sys tems from the 
external envi ronment . It means , the set X consists o f two subsets M and N. M is the 
subset o f e lements descr ib ing functioning features o f external systems, and N is the 
subset o f only sys tem internal features. Hence , there are not free (isolated) vertexes 
in the va l id topological m o d e l of functioning. 

It is possible to formulate the select ion of a topological model of functioning 
from a topological space as the c losure operat ion over the set N [2] . The finite 
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closed set of functional proper t ies of a sys tem is the un ion o f adherent poin ts o f the 
set N , i.e. a point w h o s e each "ne ighborhood" includes at least one point of N. 

Such a topological model can be d iv ided into subsys t ems in the same formal way , 
applying the closure operat ion to a subse t o f own subsys tem propert ies . The 
formalized s ta tements p rov ide the cont ro l o f cor rec tness in the process of mode l 
construction [2]. 

2) Cycle s t r u c t u r e . All funct ioning sys t ems can be charac ter ized by their cycle 
structure. W e dist inguish a ma in cycle a n d sub-cyc les . T h e main cycle represents the 
main functioning of a sys tem, but sub-cycles are main cyc les of subsys tems . A cycle 
is the feedback circuits in a system, as every e l ement h a s to have a source and has to 
be the source for other e lement . Similari ty of sys t ems c a n b e studied in detai ls up to 
some predefined level [2]. 

3) C o n t i n u o u s m a p p i n g . Some funct ional p roper ty of a sys tem can be 
considered as a more deta i led subset o f spec ia l ized proper t ies . As it is s tated in [2], 
if some more detailed functioning sys tem is fo rmed b y subst i tut ion of a subset of 
specialized propert ies for s o m e functional p rope r ty , then con t inuous mapp ing exists 
between more detailed and s imple parent topologica l m o d e l s of the same system. 

Corol lary 1. In the topologica l d igraph G* ( X * , U * ) , the direct ion of arcs , which 
join the special ized poin t subset n o d e s with o ther n o d e s , is de terminate by the 
direction of the arcs, w h i c h j o i n the rep laced po in t wi th the according nodes of the 
digraph G (X, U) [2]. 

Corol lary 2. A da ta lack, which s o m e t i m e s ar ises at the compos ing of a 
topological mode l of funct ioning, can b e filled up by da ta that are obtained, when 
mode ls of the same type sys tems are b e i n g con t inuous ly m a p p e d into the mode l of 
the system under s tudy [2]. 

So, the achieved m o d e l m a y be val id on ly 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 a r e pr inc ip les of ca tegory logic [8] and arrow 
thinking [7], [9] . The bas ic idea consists in specifying any universe of d iscourse as a 
collection of objects and their morph i sms . Objec ts h a v e no internal s tructure: 
everything he /she wishes to say about t h e m , he / she has to say in terms o f a r rows . It 
m e a n s an object s tructure and behavior a re encapsu la ted a n d accessible only through 
the a r row interface. T h e dist inction f rom functional da ta mode l ing is that here we 
deal with categories , no t with pure sets , and const ra in ts a re hung on ar row d iagrams , 
not on nodes . It a l lows deal ing w i t h semant ic p r o b l e m s , men t ioned in the 
introduction. M o r e detai led about it is desc r ibed in [7], [9] . 

In the sketch approach, a specif icat ion is an or iented graph, which consis ts of 
nodes and a r rows wi th some marked f ragments . These m a r k e r s note predicates taken 
from some predef ined s ignature . W e call such a graphical construct by the sketch 
[8], [10], [11] . Sketches are no ted as 77-sketches, where 77 is the n a m e o f a d iagram 
predicate s ignature. F o r example , U M L language [12] defines a sketch signature 
IJI'ML s o that every U M L d iagram D could be represen ted as a special visual izat ion 
of the logic specif icat ion S D o f the co r r e spond ing f j i ,v«-sketch. In c o m m o n , any 
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diagram with precise semantics (descr ibed in mathemat ica l terms) h ides a sketch in 
some suitable s ignature of markers . A n y given d i ag ram proper ty h a s a predefined 
shape, i.e. a configuration of nodes and ar rows to which the proper ty m a k e s sense. A 
diagram predicate is specified with a n a m e and a graph , i.e. the logical arity shape 
of the predicate. The arity shape should be suppl ied with auxi l iary graphic means 
like arcs or double-body arrows for visual izing predica te declara t ions on schemes. In 
order to declare a predicate P with some arity shape GP for a sys tem S of sets and 
functions, he/she must assign S-sets to nodes in GP and 5-functions to ar rows in GP, 
in order that adjoinness condit ions be tween nodes and ar rows would be respected. It 
gives wide possibil i t ies to any mode l ing language s ignature crea t ing , and so to 
formal convert ing of d iagrams into the sketch format and to sketches handl ing in the 
complete ly formal way. Table 1 shows few examples of predicates . They are set 
inclusion (Is A) , disjointness, cover ing, and inversion propert ies . 

Table 1. Arrow diagram predicates for a system of sets and functions 

Predicate n a m e Arity shape with 

visual izat ion 

Denotat ion semant ics 

Set Inclusion - the 
source set is a subset of 
the target set and 
m a p p i n g / i s their 
inclusion. 

A ' B 
AczBand f(a) = a for all a e A 

Disjointness - an 
e lement of the target set 
m a y be an e lement of the 
only one subset. 

/ ij 

E 

si ... Ai 

'[disj] y P 

k \ o 
5 An 

n 
\jAiczB and 
i=i 

1=1 

Cover ing - each e lement 
of the target set is a value 
of at least one of the 
m a p p i n g s / . 

A 

C 
fl . 

i 

B C 

1 ... Ai 
} [cov] P 

—* O An 
fn 

(ybeB)(3i<n)hef(A0 

Invers ion 
—-—• 
X [-1] Y 

a 
(WeY) f(g(y)) = y 

In order to handle sketches in a formal way, the category logic offers the so-
called d iagram operat ions over sketch [13] . Opera t ions a l low cus tomiz ing sketches 
by extending them with derived i tems. 

file:///jAiczB
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A diagram operat ion F is specified b y a ske tch DF, deno t ing its interface in which 

a sub-sketch D'F of input da ta is des ignated , i.e. an operat ion F is specified b y the 

inclusion i F : D'F —» DF (DF is an output ske tch) . T h e body o f the opera t ion is a 

procedure [ [F]] , wh ich calculates an ex tens ion o f der ived i tems o f DF f rom the given 

extension of D'F . 

The sketch approach suppor ts basic modula r i za t ion concep ts o f v iew and refinement 
of data. T h e y can b e descr ibed by functors, i.e. by a r rows denot ing a sketch 
mapping . T h e top-down analys is and design me thodo logy suggests da ta schemes 
developing for a complex informat ional sy s t em in the process of s tepwise data 
refinement. Each s tage of ref inement work c a n be specif ied as a mapp ing be tween 
sketches and the w h o l e mode l ing process can b e descr ibed by hyper-sketches [11] . 
Each arrow rt is a p a i r (Ft, pf), where the first e lement is a function F-t: 5 , - — a n d 
the second element is a function ass igning a re f inement mapp ing pf: S—> FfS) to 

any view scheme St= S,. The express ion FfS) is the re f inement of the v iew s ch eme 

S. T h i s construct ion can be represen ted as a col lec t ion of hyper -ske tches , each of 
t hem placed in its o w n fiber indexed by a n u m b e r of ref inement steps, where /•/ is 
inter-fiber mappings . The important th ing is that this kind o f d iagram must ho ld 
commuta t ive condi t ion. It m e a n s tha t /?, is no th ing but the so-called natural 
transformation of functors. Only if the c o m m u t a t i v e condi t ion exists, the entire 
construct ion becomes a fibration in t he technica l ca tegor ica l sense [8], [11] , [13]. 

4. Comparison of formalization possibilities of the approaches 

In order to use together the cons ide red approaches , first we' l l compare 
formalizat ion possibili t ies o f the approaches . A n abstract topological mode l a n d a 
sketch is represented ( logical ly and phys ica l ly ) as a g r a p h or a graph- l ike s tructure G 
(X, U), whe re U is a t opo logy (a d igraph) of X, which cou ld be: 

• A finite c losed set in the case of the topo log ica l mode l ing . It is comple te ly 
unimportant f rom the abstract v i ewpo in t , what a r e e lements of the set; 

• Ver tex sets, which can represent se ts , object c lasses , data types, and 
theorems, and so on in the case of the a r row logic . 

A topological m o d e l and a sketch satisfies t h e fo l lowing requirements : 
• A topological space mus t be connec ted (Isolated ver texes cannot b e in it). 
• Cont inuous m a p p i n g be tween s imple parent a n d more detailed mode l s o f the 

same system. 
S o , the a r row logic satisfies and pe r fo rms t w o topologica l mode l ing corollaries 

(sect ion 2) . An adequacy o f a topological mode l and a sketch is ach ieved by 
assigning s o m e proper m e a n i n g of the m o d e l e d sys tem to the topological mode l or 
the sketch. 

T h e universal a r r o w logic uses a p red ica te as a min ima l logic unit. Such 
predicates define relat ions as well as opera t ions . T h e sketch approach notat ion 
consis ts of t ree units: a node , an a r row, and a pred ica te . All above-ment ioned m e a n s 
a r row logic can represent complex da ta s t ructures us ing fewer e lements . But , there is 
one disadvantage in the a r row logic. There is no c lear formal ism for 1) sys tem 
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topological mode l obtaining from envi ronment topological space and 2) for 
obtaining a sys tem subsystem. T h e s e t w o mechan i sms a l low invest igat ing system 
differences and equiva lence and evaluat ing impor tance and degree o f differences. 
So , there is a lack of formal me thods for sys tem funct ioning mode l ing in the sketch 
way. Sys tem functioning can b e represented by m e a n s of 2-ar row and 3-arrow 
graphs , which are difficult for comprehens ion [11]. 

So, the abstract topological model a l lows logical ly (but after some certain 
deve lopment a lso visual ly) represent ing any space topology and it is c lose to the 
sketch by the logical basis . In the both formats the main accent is set not on an 
object, but on its mapp ing into (or onto) other object. 

But, is it poss ib le and how is it possible to use together these t w o approaches in 
order to solve semant ic model ing p rob lems? First, w e must not forget that the arrow 
diagram logic was " b o m " from the category theory [6] . T O P category, whe re objects 
are topological spaces and arrows are cont inuous functions be tween them, can be 
real ized in terms of the category theory. In the paper [14] author descr ibes the 
formal specification of the category T O P : 

• A n object in the T O P is a topological space (i .e. a topological mode l ) . 
• A n arrow b e t w e e n objects of the T O P category is a total function, which 

specifies equ iva lence be tween topological mode l s ' features. 
• If can be t raced h o w a par t icular proper ty or a feature is decomposed into a 

set of proper t ies and vice versa by the par t icular function mapping . 
• Se l f -mapping will a lways h a v e the same result : nothing is detai led or unified. 
The topological mode l ing suppor ts selection of system topological mode l of 

funct ioning from an envi ronment topological space (a closure operat ion over the set 
N ) [6]. This opera t ion can be descr ibed in terms o f the category theory. So , the 
relation ( inclusion) be tween the category T O P and the category SET (with objects as 
sets) must be defined. T h e category theory al lows defining a not ion of a point . It 
sounds as follow — a point of the object A is an arrow p: T —> 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 o f the category. O the rwise , a mapp ing p: S —> M 
from the uni t set S to the set M in the category S E T is considered as a point (an 
e lement) of the set M. The category theory allows defining the empty set that is an 
initial (e lementary) object in the S E T category. So, the closure operat ion over a set 
can be defined in the S E T category framework. But selection o f sys tem and 
subsys tems topological mode l s in the T O P category is the subject of the future 
research work. 

5. Formal modeling of the problem domain 

There is an open quest ion on the analysis and des ign process . Which approach is 
m o r e preferable: t o begin p rob lem domain analys is with studying static data 
s tructure or dynamics of it? If one starts wi th use-case diagrams, i.e. with behavior, 
then he/she will h a v e p rob lems wi th static information d iagram construction. O n the 
o ther hand, beg inn ing wi th static data structure analysis (class d iagrams) requires 
k n o w l e d g e about d y n a m i c s (associat ions) . 



226 DATABASES AND INFORMATION SYSTEMS 

A topological mode l of functioning and a sketch are the s implest w a y of formal 
mathemat ica l describing of a p rob lem d o m a i n . To p rove it, let's cons ider a small 
example o f business p rocess model ing . Tab le 2 s h o w s ver texes of the topological 
mode l of library work . F igure 1 s h o w s the abstract topologica l model o f the library. 
T h e model is very simplified; never the less , it cap tures the main features o f the 
l ibrary functioning. The main proper t ies o f funct ioning are descr ibed wi th the 
topological model : connectedness, a cycle structure a n d continuous mapping. 

Table 2. Functional features of the library 

N. Explanation N. Explanation 
ah 

Selling of publications (external 
environment (EE) 

hb Dividing of earned money 

h Registration of readers h Utilization of corrupted publications 
Cb Purchasing of publications jb Financial support of state and private 

structures 
db 

Servicing of readers kb Payment of employers work 
eb Checking of publication condition h Informational support 

/* Evaluation of reader requests mh Publication of reports 
Zh Restoration of publications "b Utilization company working (EE) 

Ob People existing (EE) 

Figure 1. The abstract topological model of the library 

It is important to emphas ize that size and complex i ty o f mode l s a r en ' t restr icted 
in accordance with graph theoret ical m e t h o d s and tools [3]. 

The m a i n cycle of functioning is c-d-h-c ( symbols are wi thout indexes "b"). There 
are eight sub-cycles in the model . 1) T h e c-d-f-c descr ibes the subsys tem that 
evaluates readers ' reques ts . 2) The d-h-k-d descr ibes the subsys t em of financial 
support o f the library employers ' work . 3) T h e h-m-j-h descr ibes the subsys tem of 
financial support of the l ibrary work from the state a n d pr iva te s tructure side. 4 ) The 
d-h-g-d descr ibes the financial support subsys tem o f publ ica t ion restorat ion. 5) The 
c-d-h-i-c descr ibes the financial suppor t subsys tem o f publ ica t ion util ization. 6) The 
c-d-e-i-c describes the p rocess of pub l ica t ion uti l ization. 7) T h e d-e-g-d describes 
the subsys tem of b o o k condit ion eva lua t ion and res torat ion. 8) T h e d-h-l-b-d 
descr ibes the subsystem of financing of informational suppor t . One can ask m e why 
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I allot so many places for cycle describing. The answer is that a cycle is very 
important , it a l lows evaluat ing system functioning, defining crucial points in system 
functioning etc. [6]. Moreover , if one cuts up a system sub-cycle , the sys tem will be 
malfunct ioning, but if one cuts up the main cycle, the system will not be able to 
functioning. 

As it was ment ioned in the section 2, the topological model can be detai led thanks 
to the cont inuous mapp ing property. F igure 2 shows the topological mode l from 
Figure 1 in more deta i led view. Table 3 shows ver texes , which extend the abstract 
topological mode l of the library. Addi t ional information usually can be obtained 
from documenta t ion about the system. 

Table 3. Extending vertexes of the topological model of functioning 

N. Explanation N. Explanation 
Book selling in EE d, Book loaning 

a 2 Magazine selling in EE d, Book reading at the place 
Book purchasing d 3 

Magazine reading at the place 
Ci Magazine purchasing 1. Information of the readers 

h Advertising 

Figure 2. The detailed topological model of the system functioning 

As y o u can see from Figure 2, the detai led model holds all features of the parent 
mode l , i.e. it is connected , with functional cycles and satisfies cont inuous mapping 
proper ty . More about ref inement of a sys tem model is descr ibed in [3] , [6] . Arrows 
go ing to or going out from a vertex b lock must be att i tude to each of the ver texes in 
the block. 
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A topological m o d e l cou ld serve as a formal ba s i s for construct ing U M L 
diagrams. Such a mode l is an abstract and c o m p a c t descr ip t ion that contents a lot of 
useful information about a p rob lem d o m a i n [3]. T a b l e 4 s h o w s h o w ver texes 
represent concepts (concep tua l classes) . F i g u r e 3 shows the conceptual d iagram of 
the library wi th undefined re la t ions be tween concepts . 

Table 4. Concepts of the library system 

N. Explanation (notation) N. Explanation (notation) 
1. Publications (ah) . 13. Analysis of reader' requests <fh) 
2. Books (at) 14. Restoration of books (gb) 
3. Magazines (a ?) 15. Division of earned money (hh) 
4. Readers (bh) 16. Utilized publications (//,) 
5. Purchased publications (cb) 17. Financial support (Jh) 
6. Purchased books (cj 18. Employers (kh) 
7. Purchased magazines <c2) 19. Messages to readers (//) 
8. Readers' services (db) 20. Advertisement tasks (A) 
9. Book loan (<//) 21. Work result reports (mh) 
10. Book reading at the place (d2) .22. Utilization company (nh) 
11. Magazine reading at the place (d3) 23. Person (ob) 
12. Evaluation of the publication state (eh) 

Ik 

'; I 

Figure 3. The conceptual class diagram of the library 

I must emphas ize , 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. It is clear tha t now w e can ta lk about information descr ib ing in a 
c lass d iagram, for example a n U M L class d iagram. T h e U M L class d iagram needs 
s o m e improvement o f the formal base . The fol lowing cons t ruc t s can b e embedded 
into the U M L class d iagram [3] : 

• Input class: " | " before the c lass n a m e ; 
• Outpu t class: " ] " after the c lass n a m e ; 
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• Inner c lass . 
And the fol lowing (except general izat ion): 
• M a i n cyc le -
• Sub-cycle -
• Genera l iza t ion • 
One of the convenien t and formal ways for the U M L formal basis improvement 

could b e the ske tch approach (sect ion 3). This approach is similar to the topological 
model ing , and at the same t ime, it has more abstract and more expressive character. 
It a l lows formally analyzing relat ions be tween concepts in a p rob lem domain at 
earlier s tages of p r o g r a m deve lopment . Figure 4 show s h o w the topological model 
of functioning cou ld be conver ted into the sketch. All vertexes of the sketch must be 
cont inuous m a p p e d into the corresponding ver texes o f the topological model . 

Undefined re la t ions be tween concepts could b e represented as two inverse 
functions. Al l u s e d ar row diagram predicates , except a [graph] predicate , are shown 
in Table 1. The predica te [graph] describes the relat ion, when source set elements 
are tuples of target sets' (vertexes ') e lements , i.e. m, is (jb hj for all / (Figure 4) . This 
predicate represents an associat ion class of the U M L language , but it shows such a 
proper ty in more formal, comprehens ive way . Such flexible features of the sketch 
approach as d i ag ram predicates a l low solving some of the specification weakness 
p rob lems . A ske tch is the express ive formal format for semant ic model ing. 
Moreover , U M L diagrams can b e represented as sketch format abbrevia t ions [16]. 
So, if s o m e [JUML s ignature wou ld b e defined for the U M L language , then a sketch 
could b e t ransformed into an U M L class d iagram in a formal way in accordance 
with the s ignature. At the end, I mus t emphas ize that each change in one format (a 
sketch, a class d i ag ram or a topological mode l ) must be noted in all other formats. 

Figure 4. The sketch of the conceptual class diagram 

Let's describe the suggested f ramework in c o m m o n features (Figure 5) . Fist of all, 
an analyst should analyze system funct ioning by means of the topological model ing 
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taking all the necessary knowledge from the avai lable documenta t ion . After that, the 
obtained topological mode l should b e t ransformed into a conceptua l c lass d iagram. 
T h e conceptual class d i ag ram defines the first assumpt ion about exis t ing concepts 
and relat ions. Then the conceptual c lass d i ag ram can b e t ransformed into a sketch. 
T h e sketch represents relat ions be tween p r o b l e m d o m a i n concepts in the expressive 
formal comprehens ive way . The sketch approach could be a nota t ional sys tem itself 
(and it has only three notat ional units: a n o d e , an a r row and a predica te) , or it could 
be a logical base of some other mode l ing l anguage (e .g . U M L ) . In the second case, 
the sketch should be t ransformed in to a c lass d i a g r a m in accordance wi th the 
predefined signature of d iagram predicates a n d opera t ions ove r d iagrams. T h en the 
model ing language will be as some abbrev ia t ion of the sketch, but the sketch wi l l be 
as the formal logical base o f the sys t em m o d e l . 

Figure 5. The suggested framework for problem domain analysis 

Note there is an inclus ion mapping (one- to-one) b e t w e e n a topological mode l of 
funct ioning and a concep tua l class d i ag ram a n d b e t w e e n a conceptua l class d iagram 
and a sketch. 

6. Conclusion 

There w a s considered t w o approaches poss ib le u s a g e in the system deve lopment 
process for the p rob lem domain ana lys i s . T h e formal iza t ion possibil i t ies o f the 
topological model ing and the arrow logic are very c lose . 

The topological m o d e l i n g offers a formal , compac t and comprehens ive w a y to 
transform problem domain funct ioning p rocesses (dynamics ) into s t ructure (static). 
T h e topological mode l ing provides information m a p p i n g from the mode l of 
funct ioning to the class d iagram. It p r o v i d e s formal c h a n g e s managemen t be tween 
sys tem functional features and the acco rd ing sys tem s t ruc ture . A cyc le s tructure of 
the topological model m a k e s it poss ib le to evaluate s y s t e m crucial poin ts and thus 
decreases system deve lopmen t costs . The cyc le s t ruc ture a l lows sys t em select ion 
from the p rob lem domain a n d subsys tem select ion f rom the sys tem mode l . It solves 
the above-ment ioned p rob l em of formal c o m p o n e n t deve lopmen t . 

The sketch approach a n d under ly ing a r row d i ag ram logic offers the formal 
comprehens ive format for complex re la t ions a m o n g objects . It has smal l notat ion 
s ize (a n o d e , an a r row, and a predicate) and is flexible and mathemat ica l ly formal. 
T h e sketch approach could b e used as the independen t nota t ional sy s t em and as the 
logical b a s e of some informal or semiformal mode l ing l anguage . It m a k e s it possible 
to solve specification weakness a n d m o d e l i n g l anguage syntact ical over loading 
problem as well as to a n s w e r cont inual compl ica t ing tasks . 

But the re are s o m e d isadvantages too . F u s t , there is no m e c h a n i s m for real- t ime 
system model ing in the topological m o d e l i n g 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 beg inn ing of the 
development process . O f course, an appropriate mode l ing approach can b e found for 
each task, but in the case of embedded systems or complex informational systems, 
the suggested f ramework can he lp developers to ana lyze and design sys tems more 
carefully. 
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Abstract. The focus of application of Data Warehouse with the lapse of time 
is 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 Warehouse (RTDWH) becomes more 
popular. Classical understanding of the Data Warehouse is business data 
collection from many heterogeneous source systems, strategic analysis and 
decision support for high-level management. Real-time Data Warehouse tries 
to decrease gap or data propagation delay from operational systems to Data 
Warehouse to speed-up the getting of "right picture" and to lower the level of 
decision-making process in the hierarchy 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 effort spent to implement real-time Data 
Warehousing solution by benefits, that come out from speeding-up and 
improving qualify of business processes. 

Keywords. Real-Time Data Warehouse (RTDWH), Data 
Integration, Business Process efficiency 

1. Introduction 

There was a t i m e w h e n t ransact ional in format ion sys tems started to g row up in 
te rms of functionali ty and started to genera te cons iderab le vo lumes of information. 
M a n a g e m e n t started to feel a lack o f in format ion to m a k e the right decis ions h o w to 
run bus iness . Class ical Data W a r e h o u s e was i n t roduced at this t ime. Th i s solut ion is 
based on extract ing bus iness da ta f rom he t e rogeneous source systems, 
t ransformation and s tandardisat ion o f t h e m acco rd ing to par t icular rules and 
uploading into the Data W a r e h o u s e . Data W a r e h o u s e (or Data Mar t s in advanced 
si tuations) ensures keep ing of da ta in query-f r iendly format (d imens ional data 
mode l , indexes , mater ia l ized v iews , etc.) . Special da ta query, data analys is and data 
mining tools are avai lable to opera te wi th data p r o v i d e d b y Data Warehouse . So, 
introduct ion of D a t a W a r e h o u s e so lved a p r o b l e m of hav ing aggrega ted and 
summar i sed informat ion cover ing all (or a lmost all) the bus iness line of part icular 
company . With the lapse of t ime the exis t ing t ime per iod from enter ing data into 
transact ional sys tem and get t ing data from Da ta W a r e h o u s e d idn ' t satisfy business 
users more and m o r e . Depend ing f rom industry and even from different companies 

mailto:janis.benefelds@unibanka.lv
mailto:lnied@lanet.lv


J. Benefelds, L. Niedrite. Evaluation of real-time Data Warehousing processes 233 

within one industry the same rime 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- t ime Data Warehouse tends to decrease t ime delay in del iver ing relevant 
information to the key-actors within the bus iness process . It helps then to speed-up 
response t imes be tween business activit ies and to improve quality of service level. 
One other result o f real - t ime Data W a r e h o u s e is au tomated and rule-driven decision 
mak ing process , w h i c h a l lows to avo id involving of h igh level managers , experts or 
key-actors to run re la t ive s imple data analys is and m a k e simple decis ions to pass it 
to the next bus iness process . 

"Rea l - t ime" , " N e a r to Rea l - t ime" , "Righ t - t ime" , "Ze ro la tency" and other very 
similar concepts are used w h e n speak ing about real - t ime Data Warehous ing . The 
one thing, that is c o m m o n for all those concepts , is " t ime" . Since t ime (as variable) 
can be measured in par t icular units (day, hour, minu te , second etc.) , w e ' v e got a 
value - durat ion. T a k i n g into account that in real wor ld is n o p rocess , which takes 
t ime equal to zero , subject of d i scuss ion can be the value of t ime - duration. 
Respect ively , is it acceptable (and therefore real- t ime) according to g iven business 
process or it is not. 

There are m a n y efforts to in t roduce the real - t ime Data W a r e h o u s i n g definitions 
[2, 10, 17]. In the scope of this paper by real- t ime Da ta W a r e h o u s i n g w e understand 
such type of Data W a r e h o u s e archi tecture , wh ich ensures de l iver ing of relevant 
information to key-ac tors of bus iness p rocess accord ing to their requ i rements within 
a t ime that satisfies bus iness efficiency in par t icular bus iness envi ronment . 

This pape r in t roduces a me thod h o w to evalua te a real- t ime solut ion - is it 
wor th wile to br ing it in product ion in par t icular case or it is not . A metric like 
'bus iness v a l u e ' t oge the r wi th t ime indicat ion g ives comple te v iew whether the 
introduced solut ion g ives some benefi t or it doesn ' t . Us ing predefined restrictions 
and condi t ions we can measure and track the di rect ion in which the particular 
real-t ime solut ion t akes affect. 

This pape r is organised as fol lows. Section 1 is short in t roduct ion of Data 
Warehous ing evolu t ion to get a p ic ture where a need for real- t ime c o m e s from and 
il lustration about wha t we really unders tand by concept " rea l - t ime" . Section 2 
shows the technologica l Da ta W a r e h o u s i n g solut ions in data in tegrat ion process and 
the poss ib le implementa t ions for real - t ime Data W a r e h o u s i n g . Sect ion 3 conducts 
with evaluat ion of the real- t ime Data W a r e h o u s e and in t roduces a w a y to calculate 
some k ind of efficiency to implement real- t ime Da ta W a r e h o u s e solution. Finally, 
section 4 g ives conc lus ion of our paper . 

2. Data Integration Process 

The w e l l - k n o w n definition of I n m o n [7] states that a Data Warehouse is 
"subject-oriented, integrated, non-volat i le , and t ime variant collection of data in 
support of m a n a g e m e n t ' s dec is ions" . Acco rd ing to this definition one o f important 
features of Data W a r e h o u s i n g is integrat ion of different data sources into one 
consistent data s tore . Tak ing into account our real-t ime Data Warehous ing 
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unders tanding we have to decrease data de l iver ing r ime wi thou t affecting such Data 
Warehouse characterist ics like data qual i ty , data cons is tency, data vo lumes , 
response t ime etc. 

The typical data integrat ion p rocess consis ts o f cap tur ing changes in data 
sources , extract ing the changed data , t ransforming and loading t h e m into Data 
Warehouse . 

There are different w a y s of real - t ime da ta extract ion from source sys tems [3 , 4, 
5 and 9]. 

In [13] there are given t w o poss ible da ta in tegrat ion w a y s from da ta t imeliness 
point of v iew. One is per iodic integrat ion, wh ich m e a n s that data re f reshments are 
done according to predef ined time per iods . T i m e per iods usual ly are one day , one 
w e e k or even one month . T h e second w a y of data in tegrat ion is nea r real-t ime 
integrat ion, which m e a n s that after appea r ing of n e w data wi th in sources those data 
is immedia te ly integrated into Data W a r e h o u s e . 

Further there will be d iscussed the tasks , which h a v e to b e per formed dur ing the 
refreshment process , and the poss ible m e t h o d s for imp lemen ta t ion o f these tasks 
according to two above men t ioned data sou rce in tegrat ion w a y s . 

2.1 D a t a source integrat ion s teps in c a s e of prede f ined t ime periods 

All integrat ion tasks are descr ibed in detai l by m a n y authors , e.g. [2, 7, 8] . In 
[2] there is given a schema, which classif ies the in tegrat ion tasks in p rocess layers, 
w h e r e different par t icular tasks are accompl i shed and then data is m o v e d to next 
p rocess l ayer (or s tep) . T h e main data source in tegra t ion s teps accord ing these layers 
are data extract ing, data t ransformat ion and da ta s torage . 

The first step in data in tegrat ion is cap tur ing the changes in opera t ional data 
sources . In per iodic w a y o f data in tegra t ion the changed data can be col lec ted and 
per iodical ly extracted from data sources and m o v e d to t ransformat ion p rocess step. 
At present the batch p rocess ing approach to extract opera t iona l data is mos t ly used. 

The da ta t ransformat ion step (c leans ing , r emoving dupl ica tes , s tandardis ing, 
calculat ing der ivat ives etc) m a k e s t he mos t compl ica ted and t ime consuming par t of 
all data in tegrat ion p rocess , also it has great impact on data qual i ty in Data 
W a r e h o u s e . This s tep usual ly is performed in separate data s taging area. 

The last step in this cha in of data in tegra t ion p rocesses is s torage p rocess . These 
t a sks ensure actuali ty of da tabase objects of the D a t a W a r e h o u s e , e.g. indexes , 
mater ia l ized v iews, and aggrega tes . In o rde r to per form data s torage tasks and data 
movemen t to the Data W a r e h o u s e , the per iodica l data integrat ion have a basic 
assumpt ion about ex is tence of batch w i n d o w - the t ime pe r iod w h e n the access to 
Data Warehouse da ta by end-users should no t be poss ible . 

Data m o v e m e n t is t ranspor ta t ion of all necessary data f rom one da ta integration 
s tep to the next one and it is done m a n y t i m e s depend ing on h o w m a n y steps do we 
h a v e (see F igure 1). 
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2.2 Near rea l - t ime data source integration steps 

T h e authors of [10] and [17] suggest necessary changes of Da ta Warehouse 
refreshment p rocesses in the case of real-t ime data integration. Source sys tems are 
cont inuously mon i to red and data changes are captured and transformed as soon as 
they occur. T h e changes are m o v e d into a Data Warehouse based on t ime per iods as 
close to rea l - t ime as poss ible . In [12] the concept of cont inuous data flows is 
introduced, w h i c h m e a n s that the changed data are integrated into Da ta Warehouse 
permanent ly , in paral le l with Da ta Warehouse u se r s ' analytical act ions. 

In the case of real - t ime Data Warehous ing the data integration is based on 
process ing of o n e changed data record, and the explicit data movement process is 
not necessary a n y more (see Figure 2) . T h e changed data are directly integrated, e.g. 
inserted or upda ted into Data W a r e h o u s e schema us ing database transactions 
wi thout addi t ional data s taging area data structures. 

Data Sources 

A Ext rac t ing 
•/ process 

Staging 

I r a m for ma ri 
process 

\ 
^ 7 

DW 

Data storage 
process 

M o v e m e n t on record set per p e n o d 

Figure 1 . Data integration tasks in periodic data integration. 

Data Sources 

T r a n s f o r m a t i o n 
" o n t h e f l y " 

DW 

Data s to rage 
process 

> Data in tegra t ion on record basis 

Figure 2 . Data integration tasks in near real-time data integration. 
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2.3. Data source integrat ion methods 

2 .3 .1 . ETL 

Until recent the widely used m e t h o d for data integrat ion is 
Extract -Transformat ion-Load (ETL) descr ibed in detai l in [6, 8] and m a n y others 
sources. E T L is the process of ga ther ing da ta from data sources , enhanc ing and 
enriching that data, and then loading it into a Da ta W a r e h o u s e . 

The E T L process can be organized in different w a y s . For example , the 
approaches discussed in [1] and [16] focus on per iodica l da ta integrat ion processes . 
Bouzeghoub et al. in [1] describe an approach , wh ich is based on mode l l ing the 
Data Warehouse Refreshment Process as a W o r k f l o w . Vass i l iad is et al. descr ibe in 
[16] an approach that a lso uses workf low solut ions , bu t combines t h e m with 
metamodel for data integrat ion processes . 

Tradit ional E T L tools are based on a s sumpt ions that t h e y operate dur ing a ba tch 
window and that there are no end-user act ivi t ies dur ing that t ime. 

E T L is suitable in s i tuat ions where the per iodica l data integrat ion is poss ible 
and acceptable in t ime. T h e t ime per iods for data p roces s ing can vary f rom w e e k s 
and days even until to minutes , wh ich is c lose to rea l - t ime solut ions, but even for 
short integration per iods the key a s sumpt ions about ba t ch process ing remain 
unchanged. Some other data integrat ion wi th E T L character is t ics is g iven in [6], 
Except t ime the amount of p rocessed data and the complex i ty of in tegra t ion and 
transformation processes can impact the cho ice to use exac t ly the tradit ional E T L 
solution. 

2.3.2. Real- t ime data integrat ion 

For real- t ime Data W a r e h o u s e are t w o basic t echno log ies for real- t ime data 
capturing, t ransformation and integrat ion. 

• The first t echnology uses the t radi t ional ba tch p rocess ing as descr ibed 
earlier about E T L . The pe r iods b e t w e e n t w o b a t c h runs are min imized 
until hours or minutes . Th i s imp lemen ta t ion is called s imulated 
real-t ime integrat ion and has an advan tage , b e c a u s e it uses exist ing 
ETL infrastructure with little c h a n g e s . T h i s t echno logy is used w h e n 
such delay is appropria te for D a t a W a r e h o u s e users . 

• The second technology is con t inuous data integrat ion. It uses 
messaging infras tmcture . 

Real- t ime data integrat ion sys tems are based on messag ing mechan i sms . 
Part icularly they are a synchronous and use pub l i sh - subsc r ibe or event messag ing 
architecture. These and m a n y others data shar ing and in tegra t ion archi tectures are 
described in [5]. 

For the case of real- t ime data in tegrat ion the mos t popu l a r implementa t ion is 
event messag ing , which is more descr ibed in [4] and [10] as so called tr ickle feed, 
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and is based on the stack called message queue. M e s s a g e senders , which in case of 
real- t ime Data W a r e h o u s i n g are data sources , put the messages into a queue. In 
event messag ing is only one receiver e.g. Data Warehouse . T h e trickle feed 
mechan i sms incorporate also data t ransformat ions in the message queue . The data 
load into the Data Warehouse in the real- t ime data integrat ion process is not a 
separate step - data integrat ion and end-user activit ies are not mutua l ly excluded. 
That requires some specific da tabase design approach to incorporate the delivered 
data records into historical data tables wi thout any impact on end-user quer ies . One 
poss ible solution uses separate par t i t ion in Data W a r e h o u s e for new arriving data. 
This parti t ion is not access ible for users . In every few minutes this parti t ion is added 
to historical data table , and n e w part i t ion for data feeds is created. 

A n al ternative approach is based on the second messag ing mechan ism. It uses 
publ ish-subscr ibe archi tecture. One implementa t ion of this archi tecture for real-time 
data integrat ion is descr ibed in [12] . This implementa t ion uses the concept of ETL 
containers for the s taging purposes . 

3. Real-Time's Data Warehousing Impact On Business Processes. 

W e stated already, that key issue is value of the t ime - duration, which can be 
evaluated as acceptable or not. If five minu tes for s o m e b o d y is acceptable , then even 
one minute for s o m e b o d y is not acceptable - to long . W h y ? That is because 
everybody evaluates it against his o w n bus iness processes . W h y we have to evaluate 
real - t ime solut ions against bus iness p rocesses? Because those are drivers of 
real - t ime Data W arehouse , thus those will be consumers of the real-t ime 
warehous ing service. So , bus iness p rocesses serves as measure to evaluate is it 
wor th to put an effort or not [11]. Bes ide there are a m a n y other things that should 
be cons idered before start ing a real- t ime Data W a r e h o u s i n g project [3], 

Since Bus iness P roces s can be as a measure we have to have some way , how to 
express rea l - t ime ' s efficiency by men t ioned metrics . T o descr ibe that, we present a 
simplist ic real wor ld example from our observat ions . A s s u m e there is a business 
process " P " (Figure 3) , w h i c h consis ts of several steps (PN) . A poss ible example of 
real wor ld bus iness p rocess and its durat ion can be as fol lows (Table 1): 

Table 1. Example of business process and its duration. 

N 2 Descript ion Durat ion 
(min) 

1 Cus tomer calls to the bank and asks to score for his N / A 
suitabili ty to get a loan; 

2 Officer asks for key figures and p romises to "call back later"; 2 .0* 
3 Officer enters key figures and orders "client sco r ing" in 2 .0* 

b a n k ' s loan appl icat ion; 
4 L o a n appl icat ion transfers request to the Data W a r e h o u s e ; 1.0* 
5 W h e n loan scor ing is ready (2min) , Data W a r e h o u s e informs 3.0* 

the loan appl ica t ion ( l m i n ) ; 
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N 2 Descript ion D ura t i o n 
(min) 

6 Loan application lets to know the officer, that scor ing has 0 . 5 * 
arr ived; 

7 At the same t ime officer queries opera t ional sys t em for 0.3 
c l ien t ' s profile, b e c a u s e information from Data W a r e h o u s e 
will b e one week old; 

8 Officer calls to the cus tomer and informs about informat ion 1.0* 
that w a s requested; 

*Tota l of crit ical path 9.5 

To m a k e this business p rocess more rea l - t ime as it is in given example m e a n s 
decrease the total duration. Since it can be d o n e affecting the critical path only , all 
activities, except activity n u m b e r seven, should be in cha rge (Figure 3). 

P3 Pj P5 P6 
Pi I Ft 

ST3 , ET3 S T 4 | E T 4 ST5 E T 5 I ST6 E T * 
Ps 

S T l E T l S T : E T 2 ST8 ETs 

ST? ETi 

Figure 3. Example of business process PERT chart. 

First o f all, lets calculate the total t ime o f bus iness p rocess : 

T(P) = ET(PN) - ST(PI) ET - End Time 
ST - Start Time 
T - Duration 

Let as assume, we have managed to decrease the t ime needed for Data 
Warehouse to process par t icular data reques t b y 1.5 min tues (to 0.5 minutes) . W e ' v e 
got delta: 

TA = T (P) BEFORE — T ( P) A F T E R 

In our example it m e a n s about fifteen per cents of t ime. 
How m u c h is it? It could be evaluated as pretty g o o d result in te rms of t ime -

officer can serve for fifteen pe r cent more cus tomers than before . 
Is our " n e w " business process real - t ime n o w ? A n s w e r could be: it is more 

real-t ime as it was before. 
If we measure t ime delta by the bus iness process it self, result i sn ' t someth ing 

sensational . Still the same number of act ivi t ies, the s a m e order of activit ies (no 
addit ional paral le l ism), the same input (data captur ing in loan applicat ion and 
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c l ien t ' s profile reques t in operat ional sys tem), the same del iverables (scor ing result 
in loan applicat ion and cl ient ' s profile in operat ional sys tem) , the s ame involved 
par t ies (officer, loan applicat ion, operat ional sys tem, Data Warehouse ) . T h e only 
o n e benefit is t ime , nothing else. At this point we can define the fol lowing 
s ta tement : until subst i tut ion of the classical Data W a r e h o u s e by the rea l - t ime Data 
W a r e h o u s e affects only t ime and doesn ' t affect other metr ics of bus iness process , it 
doesn ' t g ive very b ig benefit. Of course , everything is relat ive. 

Usual ly data t ransportat ion from source systems to Data Warehouse and from 
Data Warehouse to Data Mar t or even back to the source sys tems is based on E T L 
functionali ty. H o w e v e r more and more ETL functionali ty is combined with or 
subst i tuted by real- t ime solut ions (see Section 2) to improve communica t ions 
be tween different enterprise applicat ions and to decrease t ime that is needed for 
informat ion t ransportat ion. 

Let assume, that we have implemented coopera t ion be tween E T L and real- t ime 
data source integrat ion technology to decrease significantly t ime, wh ich w a s needed 
for data t ransporta t ion be tween appl icat ions. It can be realised in a way , that 
cus tomer gets his a n s w e r during the same te lephone call (Table 2). 

Table 2. Example of Business Process and its duration. 

N o Descr ipt ion D ura t i o n 
(min) 

1 Cus tomer calls to the bank and asks to score for his suitability N / A 
to get a loan; 

2 Officer asks for key figures and orders "cl ient scor ing" in 2 .0* 
b a n k ' s loan applicat ion; 

3 L o a n appl icat ion queries scor ing data from Data W a r e h o u s e 1.0* 
and c l i en t ' s profile from operat ional system; 

4 Officer informs cus tomer about information that w a s 1.0* 
requested; 

*Total of crit ical path 4.0 

Since there is n o activity paral le l ism this t ime, it is not needed to introduce 
P E R T chart. T ime saving can be calculated as it was done in the p rev ious example . 
The mos t impor tant th ing is changed metr ics of bus iness process: fewer activities, 
less input (one data request only) , less del iverable with the same quali ty (result is 
available in one screen) , less involved parties (no operat ional sys tems in direct 
way) . N o w we can state, that new solution gives more benefit and savings . More 
real- t ime solut ion could be where cus tomer serves h i m self. 

Next step could be to introduce a w e b interface, whe re cus tomer can get on-line 
answer to his request . Usual ly every financial c o m p a n y offers some k ind of " loan 
facili ty" calculators , scor ing instrument or similar tools . Mos t of them are based on 
data, that cus tomer is captur ing and changing every t ime runn ing a scor ing process . 
O f course , this is very good real- t ime service, but it doesn ' t have any affect on real 
bus iness process . First, cus tomer can do it in many other ways (other sof tware , for 
instance) and. second, there are no real activit ies from c o m p a n y ' s side - cus tomer 
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will have to go through the same p rocess once more , w h e n contac t ing c o m p a n y ' s 
officer. Wha t we really have to in t roduce is facility to score cus tomers capabil i ty 
based on real world data that are avai lable in the c o m p a n y ' s Data W a r e h o u s e . 
Moreover , data must be "f resh" enough . W h a t w e get is: 1) cus tomer can get 
information and apply for par t icular service w h e n e v e r he wan t s (not only dur ing 
office hours) and 2) there is no need for officer any more ( cus tomer serves h i m self 
on c o m p a n y ' s w e b site). 

4. A REVIEW OF EVALUATION METHODOLOGY 

Gartners research [15] has pointed out the re are no re l iab le number s to calculate 
the savings gains vs. the cost out lays to genera te a f inancial ROI (Return Of 
Investments) . However , we bel ieve, the benef i t s can be g r o u p e d into two, bus iness 
and technical , areas: 1) improved bus iness ope ra t ions and 2) lower costs of 
deployment , operat ions and support . Exac t ly improv ing in bus iness p rocesses is 
what we are focusing on in this paper . 

The evaluat ion me thodo logy , we w o u l d l ike to in t roduce , is based on the 
practical experience and research within Da ta W a r e h o u s e so lu t ions in different type 
of companies and theoret ical s tudies o f bus ines s p roces s managemen t and 
assessment. 

W e introduce a metr ic called "Bus iness v a l u e " here . W e define it as a total of 
business process characterist ics (for e x a m p l e inves tmen t s needed , possible cost 
reduct ion, staff costs, product quali ty and /or flexibil i ty, p l a n e d income etc.), scaled 
by its weight according to exis t ing res t r ic t ions a n d pr ior i t ies (for example l imited 
financial resources, pr iori t ies , certain scope of e m p l o y e e s or their skills, ou tsourc ing 
possibil i ty etc.). A general example h o w to ca lcula te the bus ines s value is shown in 
the Table 4. 

Table 4. Business value calculation. 

Business Process 
Characterist ic 

W e i g h 
t 

R a t e 

B C , W, B C , * W , 
B C , w 2 B C , * W-, 

B C N . , W s - i B C V , * W N . , 
BCf, W N B C N * W N 

Business va lue : £ B C N * W n 

As we arc talking about real- t ime Data W a r e h o u s i n g , t ime as a value was 
analyzed separately from other bus iness p rocess character is t ics . T o evaluate a return 
of real-t ime Data Warehouse solution, t w o s ta tes should be evaluated - " input 
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bus iness va lue" (start ing characterist ic) and "output bus iness v a l u e " (resulting 
characterist ic) . 

As we ment ioned already, we do not include t i m e within bus iness process 
characterist ics descr ibed above as it will be the second metric next to the business 
value. 

Time A 

i l l L 

0 

A J 
\ 

D * F 

Business value 

Figure 4. Real-time solution "Time-Business Value" matrix. 

To evaluate the return of real- t ime Data W a r e h o u s e both input and output 
business values should be calculated and posit ion t h e m into the "T ime-Bus iness 
va lue" matr ix (see F igure 4) . Depend ing from the direct ion, in which the assessment 
has moved , cor respondent conclusions can be drawn (see Table 5). 

Table 5. Description of "Time-Business Value" matrix. 

D i r e c t i o n D e s c r i p t i o n 

A N o t ime changes and w e a k e r bus iness va lue than before. 
Cer ta inly not the right choice . 

B Longe r execut ion t ime and the same bus iness value . 
Cer ta inly not the right choice . 

C Shor ter execut ion time but weaker bus iness value. 
Should be evaluated very carefully but i t ' s not the best prac t ice . 
For example : we can save t ime on some data quahty i s sues . 

D The s ame business va lue in shorter t ime. 
Very good start. 

E Bet ter bus iness value in the same execut ion t ime. 
W e ' v e got better bus iness solution bu t nothing n e w regard ing 
real- t ime issues. 

F Shorter t ime and better bus iness value . 
Both characterist ics have improved . R igh t direction to cont inue . 

To comment "T ime-Bus iness v a l u e " matr ix in more details w e have to look at 
the different areas. Area A O B is the worst direct ion at all. Theoret ica l ly it is 
possible , that improvement efforts g o this direction, but there should be some 
mistake in calculat ions then. Physical ly w e can ' t imag ine such kind o f situation. 
Area B O E (together wi th A O B ) descr ibes performance decreas ing ( longer execut ion 
time than before). S ince we are going to evaluate real - t ime solution, this wou ldn ' t 
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be the right direction too. Are A O D satisfies t ime decreas ing requirement but 
decreases business va lue metr ic . Th i s is a t r icky o n e si tuation. If the " improved" 
version of Data W a r e h o u s i n g solut ion is eva lua ted to go this direction, decis ion to 
do or not do should be evaluated real ly very carefully - characterist ics, wh ich 
decreases business va lue should be po in ted out and ana lysed in more details . 
Somet imes it is wor th to improve pe r fo rmance at bus iness va lue cost, but usua l ly it 
is not . Final ly area D O E - this is the r ight d i rec t ion to go. Improv ing both, t ime and 
business value, is the main goal of in t roduc ing rea l - t ime Da ta W a r e h o u s e solution. 

It seems there will b e very b ig emphas i s on h a v i n g real- t ime data not on ly for 
dec is ion-making as well as for bus iness p rocess opt imisa t ion and improv ing 
operat ional per formance [14] . 

5. Conclusions 

As conclus ion of our pape r we w o u l d l ike to emphas i ze that mean ing o f the 
t e rm " rea l - t ime" can be even very different for par t icu la r rea l -wor ld situations a n d it 
can change (and usua l ly it does) in the lapse of t ime. B y different real -world 
si tuations we have different type of bus ines s p rocesses wi th different t ype of 
restrictions and priori t ies. It is very crit ical to h a v e rea l - t ime Data W a r e h o u s i n g in 
financial companies , hea l thcare inst i tut ions, and c o m m u n i c a t i o n entit ies. Real - t ime 
in, for example , educat ion is not unders tood by s econds o r minutes . Usual ly it is 
enough to have informat ion on the week ly or even mon th ly basis . Men t ioned 
examples vary from the res t r ic t ions ' po in t of v i e w - hea l thcare and educat ion 
insti tut ions usual ly d o n ' t have so m u c h free f inancial r esources as f inancial or 
communica t ion compan ies do. 

The main issue we wou ld like to emphas i ze , is real - t ime Data Warehouse 
solution dependency on character is t ics of each par t icu lar case (restr ict ions and 
priori t ies) . O f course , there are some general gu ide l ines that should be fol lowed any 
way. 

W e evaluated two source data in tegra t ion m e t h o d s in assoc ia t ion with different 
restrictions and benefits (parallel data re f reshment and end-use r activit ies vs. 
mutual ly excluded activit ies; data refreshing o n the bas i s of predef ined time per iods 
vs. data adding to Data W a r e h o u s e as soon as data are changed within the source 
systems) . Each of the m e t h o d s should be u s e d w h e r e it g ives the most benefi t 
(business value) . It is not reasonable to imp lemen t an expens ive real-t ime Da ta 
Warehouse solution if it doesn ' t improve bus ines s p rocess o r there even is no need 
to change them. To avoid such type of mis takes w e have in t roduced one way h o w to 
evaluate for thcoming (or offered by s o m e b o d y ) rea l - t ime solution. Such 
"T ime-Bus iness V a l u e " evaluat ion matr ix is appl icab le in the process of choos ing 
be tween several poss ible real- t ime Data W a r e h o u s e implementa t ion scenarios as 
well . So, you jus t have to choose wi th in a matr ix the right d i rec t ion you wish o r are 
able to go. 
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Abstract. Estonian state databases 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 easily the Ministry of Transport and Communication of Estonia has 
launched the project X-road. This paper presents databases services in Estonia 
and describes how X-road has progressed so far. 

1. Introduction 

Systematized information is the bases o f e s t ab l i shmen t ' s functioning. T h u s the state 
databases are very important data sources . In Estonia, as in most other countr ies , so 
far databases were relat ively s tandalone and were supposed to gather information 
about some certain objects like people , cars , houses , land and ships. 

As one principle of information socie ty is to guaran tee free information flow, 
then it is extremely important to forward data that is ga thered and m a n a g e d by state 
to those, w h o need it. Solving var ious information t echnology tasks becomes 
important to get information from several databases s imul taneous ly . Eas ies t way to 
solve this p rob lem is to get data over the Internet . Accessibi l i ty to data in databases 
should be service-centred. 

Provided data m u s t not violate pr inc ip les of state defence or personal data 
protection. Person w h o needs informat ion might b e cit izen, civil servant or 
proprietor. 

X-road is created for solving service-cent red data ga ther ing p rob lems . There has 
been opened several services already and the purpose o f this paper is to analyse 
these services and descr ibe the project X- road in Es tonia . The paper is organised as 
follows: section 1 gives short ove rv i ew about X-road , section 2 is about 
government - to -government s endees and in last section are described publ ic services. 

Service-centred archi tecture is ma in solut ion for m o d e m distr ibuted information 
systems. 

http://kristinaCacs.ioc.ee
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2. X-road 

The aim of X-road project is to deve lop software, ha rdware and organizat ional 
me thods for s tandardized usage of nat ional database and information sys tems [3]. 

X-road is the modern iza t ion p r o g r a m of nat ional databases with the a im to 
change national databases into a c o m m o n publ ic , service-render ing 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 s ame t ime, the 
sys tem will ensure sufficient securi ty for the t rea tment of inquir ies made to 
databases and responses received. [7] 

Us ing registers via X-road started at the same day w h e n Estonian ci t izens ID-card 
was put into service, 28 of January 2002 . Soon b a n k s jo ined with X-road for 
offering authent icat ion service. After launching the X-road c i t i zen ' s portal 
enterpr ise ' s informat ion systems and databases started to jo in . S o m e of t hem give as 
well as get data us ing X-road. 

Deve lopment of X-road has been extended already t w o years ; lots o f Estonian 
databases and information sys tems have been jo ined . Similar to the c i t i zens ' portal 
there is another version named M I S P (Min i Informat ion Sys tem Portal) wi tch al lows 
the civil servant inst i tut ions to use X- road in the same w a y as citizen uses c i t izen 's 
portal . Compared to c i t i zen ' s portal M I S P has several differences. One of them is 
that every civil servant will be addit ional ly au thor ized besides authenticat ion. It 
m e a n s that every servant gets r ights to see only such data that is related to his/her 
duty. M I S P is not technical ly manda tory for enterpr ises jo ined to X-road if they 
have their o w n information sys tem that consists oppor tuni ty to authent icat ion and 
authorizat ion of employers . In this case it is possible to use X-road quer ies through 
enterprise information system. 

For today there are already over 50 organizat ions j o i n e d to X-road. By statistics, 
most enquir ies are m a d e by police, nea r 4000 queries pe r day. 

3. Government to government services (g2g) 

There are about hundred databases registered in State register of da tabases (ARR) . 
The usage activity and data capacity o f them are very different. There are tens of 
databases wi tch are functioning 2 4 * 7 . X-road is j o in ing most ly of them. Some of 
those databases have web-serv ices but X - r o a d ' s advantage is that users d o n ' t have to 
r emember all the pas swords for different databases and don ' t have to m a k e a data 
usage contract with each of them. [1] 

For a publ ic institution there are services that t he institution n e e d s for its 
everyday work accord ing to access r ights to the data. Fo r example , no t a ry ' s enquiry 
about c i t izen 's vehic les from cars da tabase , or about c i t izen ' s enterprises from 
business register. O r police enquiry about dr iving l icenses of c i t izens. Public 
insti tutions have s imilar user interfaces than ci t izens; on ly the list of services differs 
according to their access rights. 

Presently are j o in ing X-road fol lowing registers: register of second co lumn of 
pension; Depar tment of the Treasury information sys tem; Board of Boarde r Guard 
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information system; Cus toms information sys tem; Labour Inspectorate information 
system; state register of w o r k seekers and w o r k market services ; securi ty centre 
databases ; State Regis ter of Cultural M o n u m e n t s ; State register of rai lway rolling 
stock; State railway register and Regis ter of the Es tonian d ip lomat ic passpor ts . [8] 

To enhance g2g services X-road has ordered some expans ions . First and larger 
expansion was reorganis ing A R R so that it wil l b e c o m e as part of X - r o a d ' s work ing 
environment . N e w A R R has the same m a i n functions l ike central register ing 
databases and being informat ion-gather ing env i ronment but at tached some functions 
that make it more service-based env i ronment . N e w A R R will be the tool for every 
X-road user. There will be descr ibed Es ton ian da tabases e-services and their 
usability. Every organisat ion that wan t s serv ices from some database looks first 
weather there is already s o m e similar se rv ice for other organisat ions in A R R . If 
there is such service and the organisat ion n e e d s that data for its everyday work and 
has right to see that then this service will be opened for t h e m also. If not, then wish 
of service will be registered and da tabase deve lopers wil l realise it. Second 
expansion came from need to carry over large amoun t of data through X-road. This 
need came firstly by so lv ing State court adjudicat ion register and court solut ions of 
first and second ins tances of Minis t ry of Jus t ice repl icat ion miss ion us ing X-road. 
Third large expansion w a s to suppor t mutua l real isa t ion of services be tween 
databases of Ci t izenship and Migra t ion Boa rd and da tabases of popula t ion Register . 
This was very important for modifying data qual i ty o f two large registers that reflect 
personal data. [8] 

4. Public services 

B y law cit izens have the right to see the data gove rnmen t has about them in state 
databases . Before X-road you had to go to the accredi ted processor , wr i te an 
applicat ion and wait some days and y o u got y o u r informat ion. N o w it is easier, you 
need only computer wi th internet connec t ion and wi th b r o w s e r and you can ask 
about your driving l icenses , passport data, lands , vehic les and so on. The answers 
are with few second on your screen. 

For n o w there are about 25 services for c i t izens [5]. The m a i n registers that offer 
services are as follows: traffic register, bus iness register , popula t ion register, land 
register, ships register, Ci t izenship and M i g r a t i o n B o a r d register and pens ion 
insurance register. 

There are two w a y s to identify' person . O n e w a y is th rough banks . For that person 
must have been jo ined to internet-bank. En te r ing to the ci t izens portal , person gets 
fist the list of banks th rough wi tch he/she can identify l i im/herse l f Use r chooses the 
bank where he/she enters identif icat ions and pas swords . After that person is directed 
back to the cit izens portal and bank g ives to portal persons personal code . The other 
w a y is to use ID-card. Current ly , in ternet -bank is most ly used for identification, 
because there are more internet-bank users than ID-card o w n e r s . Al though there are 
already over 350000 ID-card owners in Es tonia . P r e s u m a b l y i t ' s going to rise more 
rapidly nea r future because of Ta l l inn ' s n e w publ ic t ransport t ickets sys tem, which 
uses ID-card to offer Tal l inn people m o r e reasonable p r ices than others. So it is 
useful to o w n LD-card. 
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Cit izens can see the data only about themselves . Ci t i zen ' s portal al lows to 
everyone who has Estonian personal code to m a k e those queries. Every person can 
see only the data about h im or herself, for example what car he/she owns , what kind 
of dr iv ing l icenses he/she has and so on. Because of opportuni ty to see their o w n 
data, lots of peop le have d iscovered some mis takes in their data, most ly in 
popula t ion register. For that reason some registers have created services that a l low 
people t o denote or correct the mis takes in their data. 

5. List of services 

Subsequent ly are descr ibed services in c i t izens ' portal . In Fig. 1 is depicted fragment 
o f c i h z e n s ' p c ^ a F ^ S e r ^ 

PSringud 

Eesti riiklik autoregister 

Haigekassa andmekogu 

KMA infosiisteemi andmekognd 

Kinnistusregistri andmekogu 

Kohustusliku kogumispensioni register 

Kohustusliku kogumispensioni register 

Maaka taster 

Fig. 1. Citizens' portal 

Estonian Traffic Register 
There are two services : Fus t one is about pe r son ' s vehicle(s) wi tch g ives ca r ' s 
regis trat ion number , mark , color, bui ld ing year, m o t o r ' s power , is it d ispossessed or 
not and owners address and n a m e . Second, d r iver ' s l icense query g ives persons 
n a m e bir th date, persona l code, p lace of res idence, dr ivers l icense number , type, 
s t ipulat ions, per iod of validity and status (is it valid or not) . 
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Population Register 
Populat ion Register started from a need to compose the list of c i t izens for mone ta ry 
reform. Very shortly after ga in ing independence Es tonian gove rnmen t decided to 
introduce its own m o n e y - the Es ton ian c r o w n instead the Soviet ruble. This 
operat ion needed to have an exact list - w h o are the ci t izens of the count ry and w h o 
has the right to exchange the money [3]. 

Popula t ion Register offers three services p lus one t empora ry service that is added 
before the elections, so the citizen can confrol that he /she is in the vot ing list. 

First service shows persons name, gender , b i r th date , address , documenta t ion 
data, nationali ty, mother language, and educat ion. Other t w o services are for 
denot ing mistakes in pe r son ' s data. In first one , you inser t y o u r personal code, fust 
and last name and in free form the descr ip t ion of the mis take . T h e second service 
a l lows citizens to change their statistical data like nat ional i ty , mo the r tongue , 
educat ion, and activities. It is possible only once in 30 d a y s or 3 t imes in year. 

Business Register 
Business Regis ter a l lows cit izens to see the data about their enterpr ises . Output of 
this query is enUepreneur ' s c o m p a n y n a m e , val idi ty t ime, bus iness register code , 
number of enterprises connected to that person , legal status (Ltd., P L C , not-for-
profit organization and so on) , role of the person , regis t ra t ion area, en t repreneur ' s 
s tatus, communica t ions and so on. 

Citizenship and Migration Board Register 
That register gives pe r sons personal data, p ic ture that is also in passport , s ignature 
and data about documents . 

Register of Small Crafts 
Gives pe r son ' s data; data of craft 's proper ty like k ind of proper ty , section of 
property, date; ship data, registration number , regis t ra t ion t ime , name , home port, 
type, material , building year, bui lding p lace , cons t ruc tor and supers t ructure . 

Land Register 
The Land Cadastre consis ts of the L a n d Regis te r toge the r wi th cadasUe m a p s and 
the cadastre archive. T h e Land Regis te r is a col lect ion of recorded data concern ing 
cadastre units . Query is made by cadastral unit and g ives fo l lowing data: cadastral 
identification, official name of cadastral uni t , locat ion, code of county, self-
g o v e r n m e n t ' s code, registrat ion date, technical codes o f intended purpose , per cents 
of in tended purpose, area, coordinates and so on. Second query is by location. 

National Pension Insurance Register 
This register offers three services for now. First one s h o w s h o w m u c h social taxes 
person has paid thorough years and second one lists out pens ions and supports that 
person has. Thi rd one and the newest a l lows to cit izen to m a k e an applicat ion to get 
a parental compensa t ion without go ing out of h o m e . Th i s service gathers 
information also from health insurance register, popu la t ion regis ter and depar tment 
of the treasury. 
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Health Insurance Register 
Heal th insurance register shows to the citizen three queries : Personal data. Health 
Insurance and Financial Compensa t ion . First query show s citizens persona l data that 
is in that register l ike name , personal code , gender, birth date, address . Also al lows 
mak ing correct ions in your data if someth ing is wrong . Second query shows your 
health card number , personal doctors name , in wha t area doctor w o r k s , kind of 
insurance, h o w long it lasts, employer w h o pays the heal th insurance. Thi rd query 
shows compensa t ions that person has had and al lows mak ing an appl icat ion to extta 
compensa t ion of medica ls . 

Bailiff database. 
Shows whether there is some enforcement procedures init iated against citizen. 

6. Summary 

X-road is for connect ing different state databases to each other. For the conclusion, 
there are lots of services working n o w and the n u m b e r of them is g rowing all the 
t ime. X-road has spread as extensively as p lanned beginning of the project. 
Availabi l i ty of services is improving every day, the n u m b e r of services is enlarging 
and m o r e and more registers are j o in ing with X- road . H o w e v e r there are some 
registers witch haven ' t j o ined because of that register is not functioning proper ly jet . 
The a i m of X-road is that all t ransact ions with state are realised wi thout going in 
p lace , it also helps to improve the usabil i ty of ID-card. Joining with European Union 
our government mus t open access to state databases for E U . X-road technology is 
ready for that. 
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