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Abstract

In data mining association rules are very popular. Most of the algo-
rithms in the literature for finding association rules start by searching for
frequent itemsets. In this paper we consider frequent set expressions. A
frequent set expression is a pair containing an itemset and a frequency
indicating that the frequency of that itemset is greater than or equal to
the given frequency. A system of frequent sets is a collection of such ex-
pressions. We give and prove an axiomatization for these systems. This
axiomatization characterizes complete systems. A system is complete when
it explicitly contains all information that it logically implies. Every system
of frequent sets has a unique completion. We show that this completion is
computable. We proof that deciding completeness is in coNP. Finally we
also study some special cases.

*Research Assistant of the Fund for Scientific Research - Flanders (Belgium)(F.W.O. -
Vlaanderen).



Contents

6

7

Introduction
Complete System of Frequent Sets

Axiomatizations

3.1 RareSets . . . . . . . . . .o
3.2 Axiomatization of Rare Sets . . . . . . .. ... ... ... ..
3.3 Axiomatization of Frequent Sets . . . . . .. .. ... ... ...

Decidability and Computability
4.1 Minimal Multi-covers. . . . . . . . . . ... .. ... ...
4.2 Computing the Completion of a System . . . . . ... ... ...

Complexity
Sparse Systems

Summary

A Proof of Lemma 77

14
14
17

22

23

26

27



1 Introduction

Association rules are one of the most studied topics in data mining. They have
many applications [3]. Since their introduction, many algorithms have been
proposed to find association rules [1][2][5].

We first give the formal definition of the association mining problem as
stated in [1]: Let Z = {I, Is,...,In} be a set of literals, called items. Let D
be a set of transactions, where each transaction 7' is a set of items, T' C Z,
and a unique transaction ID. We say that a transaction T contains X, a set of
some items in Z, if X C T'. The fraction of transactions containing X is called
the frequency of X. An association rule is an implication of the form X =Y,
where X CZ, Y CZ, and X NY = ¢. The rule holds in the transaction set
D with confidence c if the fraction of the transactions containing X, that also
contain Y is at least c¢. The rule X = Y has support s in the transaction set D
if the fraction of the transactions in D that contain X UY is at least s.

Most algorithms start with searching itemsets that are contained in at least
a fraction s of the transactions. To optimize the search for frequent itemsets,
most algorithms use the following monotonicity principle [6]:

if X C Y, then the frequency of X will never be smaller than the
frequency of Y.

This information is then used to prune parts of the search space a priori.

Although the monotonicity of frequency is commonly used, there is to our
knowledge no previous work that discusses whether this rule is complete, in the
sense that it tells us everything we can derive from a set of given frequencies.
In this paper we consider the notion of a system of frequent sets. A system of
frequent sets contains, possibly incomplete, information about the frequency of
every itemset. For example, A :: 0.6, B :: 0.6, AB :: 0.1,¢ :: 0.5 is a system of
frequent sets. In this system, A :: 0.6 expresses the knowledge that itemset A
has a frequency of at least 0.6. In this case, the system can be improved. Indeed:
from the system we can conclude that AB :: 0.2 since A :: 0.6 and B :: 0.6 and
there must be an overlap of at least a 0.2-fraction between the transactions
containing A and the transactions containing B. we can also improve ¢ :: 0.5,
because ¢ :: 1 always holds. Therefore, this system is called incomplete. When
a system cannot be improved, it is complete.

In this paper we give three rules F1, F2, and F3, for complete systems
of frequent sets. A system is complete iff it satisfies F1, F2, F3. After a
small modification of F3, we conclude that the question whether a system is
complete, is decidable. We also show that for every system there is a unique
equivalent system that is complete. We prove that this unique completion of a
system is computable.

To facilitate the notations in the proofs, we introduce rare sets. A rare set
expression K : pg expresses that at most a px-fraction of the transactions does
not contain at least one item of K.

We proof that deciding completeness is in coNP.

Finally we study some special cases, in which not all frequencies are given.
We call such systems sparse. For example, the system S = {A :: 0.5,B ::



0.3,C :: 0.5, AB :: 0.3} is a sparse system, because there are no rare set expres-
sions for AC, AB, ABC and ¢. We proof that for sparse systems, completeness
is still decidable and computable, and we give an axiomatization for sparse
systems.

Although the results in this paper cannot directly be used to improve exist-
ing algorithms, we strongly believe that a theoretical framework on the impli-
cations between frequent itemsets is an interesting and important topic in data
mining.

The structure of the paper is as follows: in Section 2 we formally define a
system of frequent sets. In Section 3, an axiomatization for complete systems
of frequent sets is given. In Section 4, decidability and computability issues are
studied. In Section 5, some limited complexity results of deciding whether a
system is complete are given. In section 6 we study some special cases. Section
7 concludes the paper.
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Matrix R

R satisfies A :: 0.5, AB :: 0.3,
DEF :: 0.1

R does not satisfy A :: 0.8,
ABC :: 04, DEF :: 0.3

RO RO ROy
OHOHHO}—‘Hoom

D
0
0
1
0
1
1
1
0
0
1

OP—‘D—‘OOOD—‘OM)—‘Q
OHO»—A»—!OOH»—\)—‘M
t—tOr—l»—t»—l»—tt—lO»—\)—tﬁj

Figure 1: A matrix together with some frequent set expressions

2 Complete System of Frequent Sets

We formally define a system of frequent sets. We also define what it means for
a system to be complete.

To represent a databases with transactions, we use a matrix. The columns
of the matrix represent the items and the rows represent the transactions. The
matrix contains a one in the (i, j)-entry if transaction i contains item j, else
this entry is zero. When R is a matrix where the columns represent the items
in I, we say that R is a matrix over I. In our running example we regularly
refer to the items with capital letters. With this notation, we get the following
definition:

Definition 1 Let I = {I1,...,I,} be a set of items, and R be a matrix over
I. The frequency of an itemset K C I in R, denoted freq(K, R) is the fraction
of rows in R that have a one in every column of K. N

Example 1 In Fig. 1, a matrix is given, together with some frequencies. The
frequency of DEF is 0.2, because 2 rows out of 10 have a one in every column
of DEF!. Note that, because R is a matrix, R can have identical rows. N

Definition 2 Let I = {Iy,...,I,} be a set of items.

o A frequent set expression over I is an expression K :: px with K C I and
0<pg <L

e A matrix R over I satisfies K :: px iff freq(K,R) > px. Hence itemset
K has frequency at least pg.

!DEF denotes the set {D, E, F}



o A system of frequent sets over I is a collection

{ o K :pg
of frequent set expressions, with one expression for each K C I.

e A matrix R over I satisfies the system {Kg K ::pg iff R satisfies all
K :pk.

<

Example 2 In Fig. 1, the matrix R satisfies A :: 0.6, because the frequency
of A in R is bigger than 0.6. The matrix does not satisfy B :: 0.7, because the
frequency of B is lower than 0.7. <

Definition 3 Let I = {I1,...,I,} be a set of items.

e A system of frequent sets S logically implies K :: pg, denoted S | K ::
pr, iff every matrix that satisfies S, also satisfies K :: pg. System .Sy
logically implies system So, denoted S; = So, iff every K :: p in Sy is
logically implied by S;.

e A system of frequent sets S = { K :: pg is complete iff for each K :: p

KCI

logically implied by S, p < px holds.

<

Example 3 Let I = {A,B,C,D,E, F}. Consider the following system: S =

{Kg K :: pg, where py = 0.7, pg = 0.5, pap = 0.3, pppr = 0.2, and pg = 0
for all other itemsets K. The matrix in Fig. 1 satisfies S. S is not complete,
because in every matrix satisfying DEF :: 0.2, the frequency of DE must be
at least 0.2, and S contains DFE :: 0. Furthermore, S does not logically imply
EF :: 0.5, since R satisfies S, and R does not satisfy EF :: 0.5.
Consider the following system over I = {A, B,C}:

{$::1,A::06,B ::08,C :: 0.8,AB :: 0.6, AC :: 0.4, BC :: 0.6, ABC :: 0.4}.
This system is complete. We prove this by showing that for every subset K of
I, there exists a matrix Ry that satisfies S, and freq(K, Rk) is exactly px.
These matrices then prove that for all K, we cannot further improve on K;
i.e. make pg larger. These proof-matrices are very important in the proof of
the axiomatization that is given in the next section. In Fig. 2, the different
proof-matrices are given. <

When a system S is not complete, we can improve this system. Suppose a

system S = { xc; K pi isnot complete, then there is a frequent set expression
K :: pj. that is logically implied by S, and p% > px. We can improve S by
replacing K :: px by K :: p. The next proposition says that there exists a
unique system C(.S), that is logically implied by S and that is complete.

First of all, we need to prove a rather technical lemma. It may seem trivial,
but its importance to the rest of this paper cannot be overestimated! With-
out this lemma, we would have no guarantee that there always exists a closed

system.
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Figure 2: Proof-matrices for a system of frequent sets

Lemma 1 Let S be a system of frequent sets, and P C [0,1]. If for all p € P
holds that S = K :: p, then also S |= K :: supremum(P).

PROOF. Let R be an arbitrary matrix that satisfies S. R is by definition finite;
say |R| = n. Therefore, the frequencies of the itemsets in R can only take
values in F = {£ | 0 < i < n} (the frequencies are defined as ratios). Let
m :=max{f € F | f < sup(P)} (m is well-defined; F is finite). There must
exist an element p in P such that m < p < supremum(P). Because K :: p
holds in R, freq(K, R) > p > m. We can conclude that freq(K, R) > sup(P),
and thus R satisfies K :: sup(P). Since R was arbitrary, the lemma holds. <

Proposition 1 Let I = {I;,...,1,} be a set of items, S = {Kg K :pk.
There exists a unique system C(S), the completion of S, such that S = C(S),
and C(S) is a complete system.

PROOF. Let mg = maz{prx | S = K :: px} (well-defined, see Lemma 1). The

system { ., K ::mg is clearly the unique completion of S. N

K
Example 4 [ = {A, B,C}. The system {¢:: 1,A::0.6,B :: 0.8,C :: 0.8, AB ::
0.6, AC :: 0.4,BC :: 0.6, ABC :: 0.4} is the unique completion of the system

{$::0.8,A::0.6,B ::08,C ::0.8AB :: 0.6, AC :: 0.4,BC :: 0.4, ABC :: 0.4}.
BC :: 0.6 is implied by the second system, since there is an overlap of at least
0.6 between the rows having a one on B and the rows having a one on C. «

Remark that when a system is complete, it is not necessary that there
exists one matrix such that for all itemsets the frequency is exactly the fre-
quency given in the system. Consider for example the following system: {¢ :
1,A :: 05,B :: 0.5,C :: 0.1,AB :: 0, AC :: 0,BC :: 0,ABC :: 0}. This sys-
tem is complete. However, we will never find a matrix in which the follow-
ing six conditions are simultaneously true: freq(4) = 0.5, freq(B) = 0.5,



freq(C) =0.1, freq(AB) =0, freq(AC) = 0, and freq(BC) = 0, because due
to freq(A) = 0.5, freq(B) = 0.5, and freq(AB) = 0, every row has a one in A
or in B. So, every row having a one in C' has also a one in A or in B, and thus
violates respectively freq(AC) =0, or freq(BC) = 0.



3 Axiomatizations

We give an axiomatization for frequent sets. An axiomatization in this context
is a set of rules that are satisfied by the system iff it is complete. In order to
simplify the notation we first introduce rare sets.

3.1 Rare Sets

Definition 4 Let I = {I,...,I,} be a set of items.

e Let R be a matrix over I. The rareness of an itemset K C I in R, denoted
rare(K, R), is the fraction of rows in R that have a zero in at least one
column of K.

e A rare set expression over I is an expression K : pg with K C I and
0<pg <1

e A matrix R over I satisfies K : pg iff rare(K, R) < px. Hence itemset
K has rareness at most pg.

K K : Pg of rare set ex-

pressions, with one expression for each K C I.

e A system of rare sets over I is a collection {

e A matrix R over I satisfies the system {
K :pk.

K : pg iff R satisfies all

KCI

e A system of rare sets S logically implies K : p, denoted S = K : p iff every
matrix that satisfies S also satisfies K : p. System S logically implies
system So, denoted S; |= So, iff every K : p in Sy is logically implied by
S1.

o A system of rare sets S = {,_, K :px is complete iff for each K : p
logically implied by S, prx < p holds.

<

Example 5 In Fig. 1, the matrix R satisfies A : 0.4, because the rareness of
A in R is smaller than 0.4. The matrix does not satisfy B : 0.3, because the
rareness of B is greater than 0.3. Let I = {A, B}. The system {AB : 0.8, A :
0.3,B:0.4,¢ : 0.4} is not complete. The unique completion of this system is
{AB:0.7,A:03,B:0.4,¢:0}. <

The next proposition connects rare sets with frequent sets. The connection
between the two is straightforward. Indeed: the rows that have a zero in at
least one column on K are exact the complement of the rows having only ones in
these columns. The second part of the proposition shows that an axiomatization
for rare sets automatically yields an axiomatization for frequent sets.

Proposition 2 Let I = {I,...1,} be a set of items. For every matriz R over
I and every subset K of I holds that



o freq(K,R)+rare(K,R) = 1.
o R satisfies K : px iff R satisfies K :: 1 — pg.

In the following subsection we prove an axiomatization for complete systems
of rare sets. From this axiomatization, we can easily derive an axiomatization
for frequent sets, using the previous proposition.

3.2 Axiomatization of Rare Sets
Before we give the axiomatization, we first define bags.
Definition 5

e A bag over a set S is a total function from S into IN.

e Let K be a bag over S and s € S. We say that s appears n times in K iff
K(s) =n.

o If K and L are bags over S, then we define the bag-union of K and L,
notation KJL, as follows: for all s € S, (KJL)(s) = K(s) + L(s).

e Let K be a bag over the subsets of a set S. Then |JK denotes the bag
Ukek K. The degree of an element s € S in K, denoted deg(s, K) is the
number of times s appears in |J K.

o Let S ={s1,82,...,8n}. f{ c1’s1,...,¢n/sn J} denotes the bag over S in
which s; appears ¢; times for 1 <1¢ < n.

e Let S be a set, K a bag over S. > ,.gK(s) is the cardinality of K, and
is denoted by |K]|.

<

The next three rules form an axiomatization for complete systems of rare
sets in the sense that the complete systems are exactly the ones that satisfy
these three rules. The pg’s that appear in the rules, indicate the rareness-values
given in the systems for the set K; i.e. K : px is in the system.

R1 py =0
R2 If Ky C Ky, then pg, < pk,
R3 Let K C I, M a bag of subsets of K. Then

2 MeM PM

<
PK > k )

with k = minger (deg(a, M))

10



Lemma 2 Given a set of indices I and given ag,bi for every non-empty K C
1. Consider the following system of inequalities:

{Kg ag <Y Xi <bg
i€K

This system has a solution (x1,...,x41), x; rational, iff for all K and L, bags
of subsets of I with | JK = JL holds that ) cxax <> rcrbr-

The rather technical proof is given in the appendix.

Theorem 1 Let S be a system of rare sets over I. The following two statements
are equivalent:

e S is a complete system.

e S satisfies R1, R2, and R3.

We first prove the soundness of the rules R1, R2, and R3.

Proposition 3 Let S be a system of rare sets over I. If S is complete, then S
satisfies R1, R2, and R3.

Proor. R1 and R2 are trivial.
R3 Let S = {KEI K : pg be a complete system, and let M be a bag of subsets

over K C I. We will prove that w > pi with k = mingek (deg(a, M)).
Suppose R is a matrix over I, and R satisfies S. Let for all Z C I, Dy be the
set of rows having a zero in at least one column of Z. Then we know that every
row in Dy, appears in at least k of the following sets: f{ Dy | M € M },
because t € Dk implies that there is an a € K, such that ¢(a) = 0. Because
deg(a, M) > k, there must be at least k sets in M that contain a. For each
set M € M with a € M must ¢t € Djy;. Therefore, we can conclude that
ElDg| < X arem |1Pyv| €0 prem Py S is complete, and in every matrix R

that satisfies S, k'D—n’“‘ < > mem Py holds. We can conclude pg < w'
<
Now we will prove the completeness of R1, R2, and R3.

Proposition 4 Let S be a system of rare sets over I. If S satisfies R1, R2,
and R3, then S is complete.

PROOF. Let S = {, ., K : px be a system that satisfies R1, R2, and R3. We
will proof that S is complete. Therefore, we will prove that for every K : px
in the system, there exists a matrix R over I, such that R satisfies .S, and the
rareness of K in R is exactly pg 2.

Let 8z be the exact fraction of rows in R that have a zero in every column of
Z, and a one everywhere else. Then the rareness of a set L becomes: >, (7.
We will construct a matrix that satisfies S and has rareness exactly pg for K,

2Remark the similarity with Armstrong-relations in functional dependency theory [4]

11



by specifying all 8z’s. We can construct such a matrix if the following system
of inequalities has a solution:

VZCI:0<Bz<1 (1)
>ozciBz=1 (2)
P = Zng Bz (3)

VLCZ,L#K :pL >3 7c1 82z (4)

)
2) states that the sum of all fractions must be one.

3) states that the rareness of K must exactly be pg-.

4) states that for every other subset of I, the rareness must be below the
rareness value in the system.

states that all fractions are between zero and one.

N N N /N

We will even prove that there exists a solution to the following system of in-

equalities:
Vael:0<6,<1 (1)
0<f <1 (2')
(XacrBa) + B0 =1 (3"
PK =D qek Ba (4")
VLCK:pLZZaeLﬂa (5/)

When this second system has a solution, then also the first system has a solu-
tion. Starting from a solution to the second system, we construct a solution for
the first one:

VZCI:Z¢{{a}|acl}U{op}=pz=0

VaEI:ﬁ{a}:ﬁa

By = Bo

(1),(2), and (3) are trivially fulfilled.
(4) Take L # K, then pp >®2) p; po > 50 5, = > zcr Bz

This system, on its turn, has a solution if the following system has a solu-
tion:

{ VL C K :px —pL < Yaek Pa— XaerBa < i (1)

17 is ok: choose L = K — {a}, then 0 g(R2> PK —PK—{a} < Ba <pr <1
243 areok: let Bo=1—->  cxBa=1—pK

4’ is ok: choose L = ¢, pr, =0 (R1), and thus px <3 ,cx Or < vk

5%is ok: prL —Pr 2 Yaer Pa — Daeck Pa + 4

According to Lemma 2, this third system has a solution iff for all bags M and N
over the subsets of K , such that JM =UN, > y;emPrx —Prk-M < D _NeNPN
holds.

Let L=NUf{ K—-M|MecM}.

Then, by R3 we have that # > pr, with &k = mingexg#{ N | a €
NANeNBU{ M| MeMANag M §).

Because #{ M | M e MAhae M J=#f{ N| NeNAaen }}, k=+#M.
We have: ) ;cp,pr > #Mpk.

12



Since Y e, PL = X NeNPN + 2 pmeM PE—M
and #MpK = ZMEMpK7
> MeMPK —PK-M < > nen PN holds. 4

Example 6 The system {¢:0.5,4:0.5,B:0.25,C : 0.5,AB :0,AC : 1,BC :
0, ABC : 1} is not complete, since ¢ : 0.5 violates R1.

The system {¢:0,A4:0.5,B:0.25,C : 0.5,AB : 0,AC : 1,BC : 0,ABC : 1} is
not complete, since for example AB : 0 and A : 0.5 together violate R2.

The system {¢ : 0,A:0,B:0,C :0,AB :0,AC : 1,BC : 0, ABC : 1} is not
complete, since A : 0, C': 0, and AC' : 1 together violate R3.

The system {¢ : 0,A : 0,B : 0,C : 0,AB : 0,AC : 0,BC : 0,ABC : 0}
is complete, since it satisfies R1, R2, and R3. This system is the unique
completion of all systems in this example. N

3.3 Axiomatization of Frequent Sets

From Proposition 2, we can now easily derive the following axiomatization for
frequent sets.

F1 Py = 1
F2 If Ky C Ky, then pg, > pk,
F3 Let K C I, M a bag of subsets of K. Then

#M — > vemPM
k )

pr > 1-—
with k = mingex (deg(a, M))

Theorem 2 Let S = {Kg
following two statements are equivalent:

K ::pr be a system of frequent sets over I. The

e S is a complete system.

o S satisfies F1, F2, and F3.

ProoF. The Theorem holds since:
e K ::pg is equivalent with K : 1 — pg, and

e R1, R2, and R3 are sound and complete for rare sets.

13



4 Decidability and Computability

In the rest of the text we continue working with rare sets. The results obtained
for rare sets can, just like the axiomatization, be carried over to frequent sets.

In the previous section we introduced and proved an axiomatization for rare
and frequent sets. There is however still one problem with this axiomatization.
R3 states a property that has to be checked for all bags over the subsets of
K. This number of bags is infinite. So, we cannot conclude that completeness
of a system is decidable. In this section we show that it suffices to check only
a finite number of bags: the minimal multi-covers. We show that the number
of minimal multi-covers over a set is finite, and can be computed. Therefore,
deciding completeness is decidable.

We also look at the following problem: when an incomplete system is given,
can we compute its completion? We show that the completion is indeed com-
putable. We use R1, R2, and R3 as rules to adjust rareness values in the
system; whenever we detect an inconsistency with one of the rules, we improve
the system. When the rules are applied in a systematic way, this method leads
to a complete system within a finite number of steps.

4.1 Minimal Multi-covers

Definition 6

e A k-cover of a set S is a bag K over the subsets of S such that for all
s€ S, deg(s,K) = k.

e A bag K over the subsets of a set S is a multi-cover of S if there exists
an integer k such that K is a k-cover of S.

o A k-cover K of S is minimal if it cannot be decomposed as K = K |J Ko,
with K and Ky respectively ki- and ks-covers of S, k1 > 0 and ky > 0.

N

Example 7 Let K = {A,B,C,D}. { AB,1'BC,1'CD,1’AD,1’ABCD }
is a 3-cover of K. It is not minimal, because it can be decomposed into the
following two minimal multi-covers of K: {{ 1"AB,1'BC,1’CD,1’AD }} and
{ VABCD }. <

The new rule that replaces R3 states that it is not necessary to check all
bags; we only need to check the minimal multi-covers. This gives the following
R3’:

R3’ Let K C I, M a minimal k-cover of K. Then

> MeM PM
< == ===
PK = L

Lemma 3 Let a1,...an,b1,...,b, be strict positive reals. Then % <p
implies that at least for one 1, Z—: < p holds.

14



Proor. We will prove the lemma by induction.

base case n = 2. Suppose Zig <pand § >pand §>p. a,b,cdand p are
all positive. This yields the followmg 1nequaht1es
a > a+c
b o
4~ b+d
+
N a>byts ifl
arc
¢ > dpyg .
a—rc
= a+c>(b+d)yfg

This is clearly a contradiction.

% < p, therefore either % < p, in which case the lemma

a2+...4+an
18 proven, or ot ... b

hypothesis.

general case
< p, in which case we can apply the induction

<

Lemma 4 Fvery k-cover M can be decomposed into a number of minimal
multi-covers My, ..., M, such that |, M, = M.

i=1...n

Theorem 3 Let S be a system of rare sets over I. The following statements
are equivalent:

1. S is a complete system.
2. S satisfies R1,R2, and R3.
3. S satisfies R1,R2, and R3'.

PROOF. 1 < 2 is already established in the previous section. 2 = 3 is trivial,
since R3’ is more specific than R3. Suppose that the system S = { xer K ipr
satisfies R1 and R2, but does not satisfy R3. We will show that it is i;npossible
that it satisfies R3’.

There must be a set K C I, and a bag M over the subsets of K, such

that px < M with k = mingecg (deg(a, M)). For each a € K such that
deg(a, M) > k, we replace deg(a, M) — k of the sets A € M that contain a by
A — {a}. In this way, we construct a k-cover M’ of K.

Because S satisfies R2, > yempPyv < Daremy Pv- The k-cover M can be

decomposed into different minimal multi-covers My, ..., M,, of K (M; is a k;-
, pav+-+ M
cover of K ). Because Zme}f el ZMEMl Z+ HEMEM" Y for at least one
ZMGM’ > pg must hold.
Therefore R3’ is violated. <

Definition 7 A predicate C on IN™, is a concave predicate iff for every a; <
al,...,an < al, the following holds: C(ai,...,a,) and C(d},...,a]) implies
that (a1,...,a,) = (a},...,al). N

r'n

15



Figure 3: A concave predicate C, together with rectangles, indicating zones
that cannot contain points that satisfy C.

In IN? this definition can be visualized as follows: a predicate is concave iff
for every point a such that the predicate on a is valid, there are no other points
that satisfy the predicate in the quadrant above and on the right of a. This is
illustrated in figure 3. The figure shows the points that fulfill a certain concave
predicate C. The grayed area indicates the region that cannot contain points
that fulfill the predicate.

Example 8 The following predicates on IN? are concave:
o C(z,y)iff t+y=a,acIN.
o C(x,y) iff z.y=a,a € IN.

The following predicate on IN7 is concave:

o C(x1,x9,x3, x4, x5, 6, x7) iff z1.{a,c}Ux2.{b,c}Uxs.{a,b} Uzs.{a}
Uzs.{b} Uzs.{a,b} Uz7{a,b,c} is a minimal 3-cover of {a,b, c}.

N

Proposition 5 If C is a concave predicate over IN", then the number of points
in IN™ that satisfy C is finite.

PrOOF. We will proof the proposition by induction on the number of dimen-
sions n:

base case The base case n = 1 is trivial.

general case We assume that the proposition is valid if the number of dimen-
sions is strictly less than n. When there is no point satisfying C, the
proposition is true. In the other case, we can choose a point p that sat-
isfies C'. Starting from this point, we divide IN" into a finite number of
(overlapping) sets:

e P={qe IN"|Vi:qg >p;i}
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The number of sets is clearly finite (there are >~,_; , p; + 1 sets). Since
C' is a concave predicate, P contains only one point that satisfies C' (the
point p). Pj—; contains only a finite number of elements that satisfies
C by induction. Indeed, we can identify P;—; with IN "=1 through the
1-1 function f;; : P—; — IN™ 1 that is defined as follows: fijla) =
(a1y. .+, @i 1,Gis1,- .., a,). Now we define C' on IN"~1: C'(b) iff C(flgl(b))
It is an easy verification that C” is a concave predicate on IN"~!. By in-
duction, the number of elements in IN"~! that satisfy C’ and thus the
number of points in P;—; that satisfy C' is finite.

<

Proposition 6 Let K be a finite set. The number of minimal multi-covers of
K is finite.

PROOF. Let |K| = n. Order the subsets of K; i.e. 25 = {Sy,..., San}. Define
now the following predicate C' on IN"): Cl(ey, ..., con) iff Uiy on ¢;.S; is a
minimal multi-cover for K. The predicate C' is clearly concave, and is as such
finite. Therefore, the number of minimal multi-covers is finite. <

Proposition 7 Let K be a finite set. The minimal multi-covers of K are
computable.

PrOOF. Let f: 25 — {c,..., cox|} be an isomorphism between the subsets
of K and the set of variables {cy, ..., c|2K|}; i.e. to each subset of K, a distinct
variable f(K) is assigned. Every [25|-tuple (c1, ... , Cjo|) Tepresents a bag over

the subsets of S, namely Jgc g cs.5.

This bag is a k-cover of K iff

Va € K : Y gc i aecs Cs = k, (a appears exactly k times in the bag.)
and all cg’s are positive integers.

Together with the requirements k& > 0 and VS : cg > 0, we can find at least
one solution (sq,.. .,S|2K‘), using integer programming. We can easily check
whether this solution is a minimal multi-cover. Since we are only interested
in minimal multi-covers, all other solutions of interest to us have c¢; < s1, or
Cg < 82, ..o, OF (x| < SjgK|. Therefore, all minimal covers in this case have
cp=0o0rci=1or...orci=s1—lorco=00rco=1o0r...orcyg =s9—1o0r
... Or ¢g| = Sjgi| — L. For each of these cases we recursively solve the original
system, where in the case of ¢; = [, all ¢;’s are replaced by [. These systems
have one variable less than the original system. We can proof by induction on
the number of variables in the system, that we can find the minimal solutions.
<

4.2 Computing the Completion of a System

We prove that by applying R1, R2, and R3 as rules, we can compute the
completion of any given system.
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Applying for example rule R2 means that whenever we see a situation
K; C Ky, and the system states K : pg, and K» : pg,, and pg, < pk,, we
improve the system by replacing K : px, by K1 : pk,. It is clear that R1 can
only be applied once; R2 and R3 never create situations in which R1 can be
applied again.

R2 is a top-down operation, in the sense that the rareness values of smaller
sets is adjusted using values of bigger sets. So, for a given system S we can
easily reach a fixpoint for rule R2, by going top-down; we first try to improve
the frequencies of the biggest itemsets, before continuing with the smaller ones.

R3 is a bottom-up operation; values of smaller sets are used to adjust the
values of bigger sets. So, again, for a given system S, we can reach a fixpoint
for rule R3, by applying the rule bottom-up.

A trivial algorithm to compute the completion of a system is the following:
apply R1, and then keep applying R2 and R3 until a fixpoint is reached.
Clearly, the lzmit of this approach yields a complete system, but it is not clear
that a fixpoint will be reached within a finite number of steps. Moreover, there
are examples of situations in which infinite loops are possible. In Fig. 4, such
an example is given. The completion of the first system, is clearly all rareness
values equal to zero, because for every matrix satisfying the system, none of the
rows have a zero in AB, and none have a zero in BC, so there are no zeros at
all in the matrix. When we keep applying the rules as in Fig. 4, we never reach
this fixpoint, since in step 2n, the value for ABC' is (%)n This is however no
disaster; we show that when we apply the rules R2 and R3 in a systematic
way, we always reach a fixpoint within a finite number of steps. This systematic
approach is illustrated in Fig. 5. We first apply R2 top-down until we reach
a fixpoint for R2, and then we apply R3 bottom-up until we reach a fixpoint
for R3. The general systematic approach is written down in Fig. 6. We prove
that for every system these two meta-steps are all there is needed to reach the
completion.

Definition 8 Let I be a set of items, J C I, and S = { ., K : pk a system

of rare sets over I. The projection of S on J, denoted proj(S,J), is the system
S,:{KQJK:pK. <

Lemma 5 Let I be a set of items, J C I, and S = {Kg K :pg a system of
rare sets over I.

e [f S is complete, then also proj(S,J) is complete.

e if S satisfies R2, then proj(C(S),J) = C(proj(S,J)) .

ProOOF. The first statement is trivial.
2) Let C(proj(S,J)) = {Kg K : pg . Then, for every K C J, we can construct

a matrix Ry, such that rare(K, Rx) = pk, and for all L C J, mre/Q), Rg) <

pr, 3. We will now extend this matrix Rx over J to the matrix Rx over I.

3This fact can easily be derived from the proof of the completeness of R1, R2 and R3.
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Input: System of rare sets S = {Kg K :pg over [ ={I1,...,1,}.
Output: Completion of S.

Close(S)
Py =0
TopDown/(S)
BottomUp(S)

TopDown/(S)
1=n
while(i > 0)
for all itemsets K of cardinality ¢ do
make pg = mingcr(pr)

end for
i=4i—1
end while
BottomUp(SS)
i=1

while(i < n)
for all itemsets K of cardinality ¢ do

o . o ZKleK 13:¢
make pr = MMk minimal k-cover of K ( Z >
end for
1=1+1

end while

Figure 6: Algorithm for finding the completion of a system

I/%;\< contains the/iame number of rows as Ry, and for each row r € Rk, there
is a row ' in R, such that v'(i) = r(i) for all ¢ € I, and /(i) = 1 else.
]/%[\( satisfies S, since it is constructed in such a way that for all L C I holds
that rare(L, ]/%?() =rare(LN K, Ri) < prak S(R2) pr,. Since E[\{ satisfies S,
and rare(K,}/h\() = px, C(S) must contain K : pg; Ry is a proof-matrix for
K : pg. Because K was an arbitrary subset of J, the lemma holds. N

Theorem 4 The algorithm in Fig. 6 computes the closure of the system of
rare sets S.

PROOF.

It is easy to see that after the top-down step the system satisfies R1 and R2.
Now we will proof by induction, that after the i-th iteration in the bottom-up
loop, all itemsets with at most ¢ items will satisfy R1, R2, and R3; i.e. we
cannot apply any of these rules to change the rareness of an itemset with less
than ¢ items. For the base case ¢ = 0 this is trivially true. Suppose the induction
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hypothesis holds for 1,...,7 — 1. Then, when we start the i-th iteration, all
itemsets of cardinality less than ¢ will have their final values. Applying the
for-loop for itemset K, with |K| = 4, will then yield the closure of proj(S, K),
because after this loop, proj(S, K) will be closed for R3, and R2 cannot be
applied, because otherwise the value of at least one subset of K will be changed.
Because S satisfies R2, K will also have reached its final value (Proposition 5).
Therefore after the i-th iteration all itemsets of cardinality up to ¢ will be final.
N
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5 Complexity

In this section we give some limited results on the complexity of deciding com-
pleteness. Because we only know that the number of minimal multi-covers is
finite, and we only have a very naive algorithm to compute them, we have no
real idea about the complexity of the proposed algorithm.

We cannot state strong results concerning the complexity of deciding com-
pleteness of a system, but the complexity of deciding whether is system is
incomplete, is easy to establish:

Proposition 8 Deciding completeness of a system of rare sets is in coNP.

ProoOF. Consider the proof of Theorem 1. We can derive from this proof that
if a system is complete, then for every K there must exist a solution to the
following system:

VZCI:0<Bz<1

dozciBz=1

PK = Zzg K Bz

VLCZ,L#K :pL >3 yc1 Bz
When all these systems of inequalities can be satisfied for all itemsets K, the
system must be complete. When there is one K such that the system of in-
equalities has no solution, the system of rare sets is incomplete. Thus, we guess
an itemset K, and we can check in polynomial time if the corresponding system
has a solution, because it is an instance of linear programming. When this
system has no solution, the system of rare sets is not complete. N
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6 Sparse Systems
Definition 9 Let I be a set of items.
o A sparse system of rare sets is a collection

{KEP K :pk

of rare set expressions, with P C 2. Hence, not every subset of I has to
be present in the system.

e A matrix R over [ satisfies a sparse system S if it satisfies every rare set
expression in the system.

e A sparse system logically implies a rare set expression, if every matrix
that satisfies the system, also satisfies the rare set expression.

e A sparse system {,_, K :pg is complete if for all K : p with K € P,
that are logically implied by the system, px < p holds.

<

The following proposition says that ever complete sparse system can be
extended to a full system.

Proposition 9 Let I be a set of items, and S = {KEP K :pg be a sparse
system. The following two statements are equivalent:

e S is complete

e there erists a complete full system S = {Kg K : pr, such that for all
K e P, px = pr holds.

PROOF. (=) Let R be an arbitrary system satisfying S. Then R satisfies the
system S = {Kg p:qx, with qx = prx if K € P, and qx = 1 else. Hence, R

satisfies the complete system S = C(S) = {Kg K : ck . Therefore, R satisfies

the sparse system {,_, K : cx. This system has to be equal to S, because S
is complete, and all cx < pg.

(<) S is complete. Therefore, for every K € P, there exists a proof-relation
Ry such that Ry satisfies S, and rare(K, Rx) = pr. Since Ry also satisfies
S, S must be complete. N

Corollary 1 Completeness for sparse systems is decidable, and the completion
of a sparse system is computable.

The proposition and the corollary give the following algorithm for computing
the completion of a sparse system: make the system full by adding K : 1 for all
itemsets K ¢ P and compute the closure of this full system with the methods
in Section 4. Then adjust the values of the sparse system to the values in the
full system. If there are no values that can be adjusted in the sparse system,
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the sparse system was complete. Otherwise, we computed the completion of
the sparse system.

It is however clear, that this approach is not very efficient. Suppose that we
are given a sparse system with n rare set expressions and over a set with m items.
To compute the completion, we calculate the completion of a system with 2™
expressions, where the input only has n expressions. The following proposition
shows that there are more efficient ways to calculate the completion of a sparse
system.

Proposition 10 The following rules form an aziomatization for the complete-
ness of the sparse system {K1y : p1,..., K, : pn}

S1 Dy = 0
S2 If K> C K1, then pk, < pk,
S3 Let M be a minimal k-cover of K;. Then

> mem Minyvck; (Pk;)
PK; < 2

PRrROOF.
Soundness of the three rules is trivial.

Completeness.  Suppose S satisfies S1, S2, and S3. We proof that there
exists a complete full super-system of S. We construct this system as follows:
for all itemsets K ¢ P, add K : 1 to the system, and calculate the completion
of this system. The resulting system is full and complete. Let S = { wer K tak
be this system. We will show by contradiction that for all K € P, px = qk
holds.

So, suppose there is a K € P such that px # qi. S is computed by first going
top-down, and then bottom-up. Since S satisfies S1 and S2, the rareness of K
in S comes from the bottom-up step, and thus there exists a minimal k-cover

K over the subsets of K, such that # < pg-. The gz ’s in this step can on
their turn be obtained in the top-down step, or in the bottom-up step. If q;, was
obtained in the top-down step, then it is easy to see that q;, = minpck,pk;; i-e.
the minimum rareness of all supersets of L that were given as input. In the other
case, qr, was obtained by a bottom-up step. In that case, there exists a minimal
l-cover L over the subsets of L, such that g, = > ;/c1, /. We now construct a
kl-cover K’ of K as follows: K' = (K—L)|JL. K’ is clearly a ki-cover. This way
we can get rid of all ¢;,’s that were obtained by application of a bottom-up step,
because we can iteratively replace each ¢y that was obtained by application of
R3, by a sum of ¢q;’s, were all L’ C L. When these L’ are obtained by R3, we
can replace them by qr~ of even smaller sets L”. Since the singleton sets can
only be obtained by R2, this recursion must stop, and thus there exists a m-

cover M such that w < pk, and all gp;’s are obtained by R2. As such,
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for all M, qpr = minyck,pk,, and thus 2uem m::MgKipKi < pg. There is still

one problem: M is not necessarily minimal. We can cope with this problem in
exactly the same way as at the end of the proof of Proposition 3. N

The proposition learns us that we don’t need to compute the completion of
a full system in order to see whether a sparse system is complete. This saves
us already a considerable amount of work. We would however like to improve
this result; the fact that M is an arbitrary minimal k-cover of K; still bothers
us.
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7 Summary

We presented an axiomatization for complete systems of frequent sets. As an
intermediate stage in the proofs, we introduced the notion of a system of rare
sets. The axiomatization for rare sets contained three rules R1, R2, and R3.
From these rules we could easily derive the axiomatization, F1, F2, and F3 for
frequent sets. By replacing R3 with R3’, we showed that completeness is
decidable. We also showed that the completion can be computed, by applying
R1, R2, and R3 as rules. If these rules are applied first top-down, and then
bottom-up, the completion is reached within a finite number of steps. We
showed that deciding completeness is in coNP.

We also studied sparse systems. In these systems, not for every itemset a
rareness value is given. We proved that also for these sparse systems, completion
is decidable and computable. The most obvious way to do this, is to make the
sparse system into a full one and then compute the completion. This is however
computationally very costly. We showed though, that more efficient algorithms
are possible. We gave an axiomatization consisting of three rules S1, S2, and
S3 for sparse systems.

This paper is to our knowledge the first paper that discussed an axiomati-
zation for frequent itemsets.
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A  Proof of Lemma 2

PROOF. (=) Let (x1,...,24) be a solution.

PKeK OK < D KeK D2ick Ti = DoLeL 2ujeL T < rer VL
(<) We proof by induction that there exist c1, ..., cxr, such that for all positive
integers «;, 3; holds that

Uru U afit=ULu U B}
KeK 1<i<#I LeL 1<i<#I

implies

a4+ > aa <> bt > Bici .

KeK 1<i<#I LeL 1<i<#I

Base case: We remark that

Ur=UL

KeK LeL

implies

S ax< Yo

KeK LeL
General case: Suppose that we already chose ci, ..., c; such that

U KU U Ozi{i}: U LU U ﬁz{’b}
KeK 1<i<j LeL 1<i<j

implies

a4+ D> i <> b+ Y. B

KeK 1<i<j LeL 1<i<j

We will chose ¢;j 1 such that

UKu U a{lvafi+13= Lu U s{iyus{i+1}

KeK 1<i<j LEL  1<i<j
implies
a4+ D aicitajiciir < b+ Y Bici+ Biricin (%)
KeK 1<i<j LeL 1<i<j

Consider M, v;, N, §;, M, 4/, N, 6! arbitrary such that

U Mu U w{it=U Nu U s&fitudiafi+1}

MeM 1<i<j NeN  1<i<j
U Mu U id= U Nu lJ d{iua){i+13
MeM’ 1<i<j N'EN’ 1<i<j
Then
U &GaMu U dvifit = U §aN0 U 803 U(0)1040){5 + 13
MeM 1<i<j NEN 1<i<j
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and

U oMU J davi{id = U 6 N0 | 05510i{i}U(0j4187,.) {7 + 1}
M/eM/ 1<i<j N'EN' 1<i<j

Hence,

U GaMu U Gurn{itu U N0 J 606}

MeM 1<i<) NTEN/ 1<i<;
= U oMU {J §rmifitu U aNu U 050{)
M/eM 1<i<j NeN 1<i<;

and thus, by induction hypothesis we see that:

Z (59_,_1&]\/[ + Z 5j+1aN/ + Z (5§'+1'7i + 5j+1(5;)ci <

MeM N'eN' 1<i<j
Do b+ D Fabn + Y (601 + 800
M'eM NeN 1<i<j
and thus
fa (Y an— Y bt Y (b)) < 0 ( Y b= Y ani+ > (vi—6))ci)
MeM NeN 1<i<y M'eM’ N’'eN’ 1<i<y

Since M, 7;, N, ¢;, M/, 4/, N’, and 0] are arbitrary chosen, we can conclude
that for every M, ~;, N, §; with

U Mu U w{it= U Nu U sfiyudiafi+1}

MeM 1<4<j NeN 1<4<j

there is a cjy1 such that
D amt ) yiei— ) by = D diei < Gjcin
MeM 1<i<j NeEN 1<i<j

and

djr1ci11 < Z by + Z YiCi — Z aN — Z dic;

MeM 1<4<j NeN 1<4i<j

Now that we have chosen c;1; we will proof (*).
Let

U Ku U efiluam{i+1t=JLu J B{i}uBin{i+1}

KeK 1<4i<j LEL 1<4<j

There are three cases:

Loajy = Bin
Then

U Ku U afiy= Lu U B},

KeK 1<i<j LeL 1<i<j
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hence by induction:

dag+ D i <> b+ Y Bic,

KcK 1<i<j LeL 1<i<j
and thus
Z ak + Z Q;C; + 116541 < Z br, + Z Bici + Bjr1cj41 -
KeK 1<i<j LeL 1<i<j
2. ajp1 < Bt
Then
U EKu U afit= U Lu U B{i}UBir —ajp){i + 1},
KeK 1<i<j LeL 1<i<y
hence:
Z ar + Z oic; — Z br, — Z Bici < (Bj+1 — 04j+1)cj+1
KeK 1<i<j LeL 1<i<y
SO

Z ag + Z QiC; + Qj11C541 < Z br + Z Bici + ﬁj+1cj+1

KeK 1<e<y LeL 1<i<y

3. jp1 > B

Then
U Ku U afidulem —sp)fi+13=J Lu J sidil,
KeK 1<i<j LeL 1<i<y
hence:
(a1 = Bj)ein < )b+ D fici— D bk — D aici
LeL 1<i<j KeK 1<i<y
SO

Z ag + Z QiC; + Qj11C541 < Z br, + Z Bici + ﬁjJrleJrl

KeK 1<4i<j LEL 1<4<j

Finally we take #1 for j and hence

U KU U ai{i} = U LU U Bi{i}

KeK 1<i<#I LeL 1<i<#I
implies

dak+ > @G <> bt Y. Bici

KeK 1<i<#I LeL 1<i<#I
C1,...,C47 is a solution. Indeed:

Let K={ K },L=¢,0,=0,68,=0i¢ K, fi=1ic K
then

ag < ZieKCi

Let K=o, L={ K },a; =0,8=0<=i¢ K a=1=ic K
then

Yick ¢ < bk

This concludes the proof.
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