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Abstract

We introduce three measures of complexity for families of sets. Each of the three measures, which we
call dimensions, is defined in terms of the minimal number of convex subfamilies that are needed for
covering the given family. For upper dimension, the subfamilies are required to contain a unique maximal
set, for dual upper dimension a unique minimal set, and for cylindrical dimension both a unique maximal
and a unique minimal set. In addition to considering dimensions of particular families of sets, we study
the behavior of dimensions under operators that map families of sets to new families of sets. We identify
natural sufficient criteria for such operators to preserve the growth class of the dimensions. We apply the
theory of our dimensions for proving new hierarchy results for logics with team semantics. To this end
we associate each atom with a natural notion or arity. First, we show that the standard logical operators
preserve the growth classes of the families arising from the semantics of formulas in such logics. Second,
we show that the upper dimension of k + 1-ary dependence, inclusion, independence, anonymity, and
exclusion atoms is in a strictly higher growth class than that of any k-ary atoms, whence the k 4- 1-ary
atoms are not definable in terms of any atoms of smaller arity.

Keywords: team semantics; dependence logic; dimension; growth class

1. Introduction

Families of sets are well studied in discrete mathematics and set theory (see e.g. Bollobds 1986).
Sperner families and downward closed families are examples of basic building blocks that can be
used to analyze complex families. Considerations on ways how to represent a family as a union of
more basic families lead us to several concepts of dimension. Given the finite size of the base set,
we use our dimensions to associate families of subsets of the base set with better quantitative mea-
sures than their mere size. We show that certain canonical operations on families of sets preserve
dimension. This allows us to isolate dimension-bounded collections of families of sets.

By restricting attention to families of subsets of Cartesian powers of finite sets, we obtain finer
distinctions between dimensions, as such subsets can be considered relations in the usual way.
Such families arise in the context of so-called team semantics. In ordinary Tarski semantics of
first-order logic, a formula and a model are associated with the set of assignments satisfying the
formula in the model. It is natural to consider such a set as a subset of the Cartesian power of
the domain of the model. In team semantics satisfaction is defined with respect to sets (“teams”)
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of assignments. Accordingly, any formula becomes associated with a family of subsets of such a
Cartesian power. We use our dimensions and preservation results for logical operations to prove
new non-definability and hierarchy results for logics based on teams semantics. Examples of such
logics are dependence logic, independence logic, and inclusion logic.

The background of our work for this paper is the following. Ciardelli defined in his Master’s
Thesis' a dimension concept, in the case of downward closed families, namely the cardinality of
the set of maximal sets, or equivalently, the smallest number of power sets that cover the family. He
proved the preservation properties for basic propositional logic operations, including intuitionis-
tic implication, and referred to them as Groenendijk inequalities. In Hella et al. (2014) a similar
dimension concept was introduced in modal logic, including preservation of dimension results
for logical operations of modal dependence logic. Hella and Stumpf used a form of dimension
to prove a succinctness result for the inclusion atom in modal inclusion logic (Hella and Stumpf
2015). In Liick and Vilander (2019) the notion of dimension was generalized from downward
closed families to arbitrary families. They proved preservation of dimension under propositional
operations and computed the dimension of dependence and exclusion atoms in the context of
propositional logic. An important step in the background of this paper has also been Liick (2020).

There are several other dimension concepts in discrete mathematics. Perhaps the most famous
is the matroid rank, which coincides with the usual concept of dimension in the case of vector
spaces and with degree of transcendence in the case of algebraically closed fields. However, our
families do not necessarily satisfy the Exchange Axiom of matroids and therefore this concept
does not work in our context. Another well-known dimension is the Vapnik-Chervonenkis- or
VC-dimension. In Section 6.1, we argue that VC-dimension is not preserved by logical operations
in the sense that our dimension is. Therefore, it does not serve our purpose well in this paper. Still
another dimension is the length of a disjunctive normal form in propositional logic. We show in
Section 6.2 that this is equivalent to one of the dimensions (cylindrical dimension) we investigate.

The concepts we introduce in this paper belong to discrete mathematics with no immediate
connection to logic. Thus, part of this paper can be read with no knowledge or interest in logic.
However, our applications come from logic, more exactly from team semantics. We believe that
our results are a potentially interesting new contribution to discrete mathematics of families of
sets. At the same time, we suggest that our results lead to a new approach to definability questions
in team semantics and, in particular, yield a new strong hierarchy result (Theorem 77).

An outline of the paper

Section 2 presents the basic concepts of our dimension theory. We define three notions of dimen-
sion for arbitrary families of sets and give some elementary basic properties of these notions. We
define the basic operators on families of sets that we will use in our results. Finally, we introduce
some concepts from logic that are relevant for our results. In particular, we introduce the so-called
team semantics which gives rise to a wealth of interesting families of subsets of Cartesian products
MF of finite sets, raising the question what the dimensions of these families are.

Section 3 introduces some technical tools for explicit dimension computations. Such compu-
tations are at the heart of our results.

In Section 4, we introduce the concept of a growth class. These classes are used to measure the
rate of growth of dimension of definable sets of subsets of a Cartesian product M* when the finite
size of M increases. Some important results are proved about preservation of dimension under
operators. These preservation results will make it easier to estimate the growth class of a given
definable family of sets.

In Section 5, we put our results together and indicate applications. Our main application is
Theorem 77, which gives strong hierarchy results for a number of logics based on team seman-
tics. We also observe that several logical operations that occur in the literature of team semantics
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are not of the kind that preserve dimension. This allows us to use the quantitative method of
dimension to obtain qualitative distinctions between logical operations.

In Section 6, we address the obvious question why not apply the VC-dimension. The answer
turns out to be that VC-dimension is not preserved under the logical operations that we are mainly
interested in, such as conjunction, disjunction, existential quantifier, and universal quantifier.

In Section 7, we relate one of our dimension concepts to an invariant related to disjunctive
normal forms of Boolean polynomials. This allows us to make some conclusions about dimensions
of random families of sets.

Finally, in Section 8, we show that it is impossible to obtain on infinite domains the kind of
results we are after. The desired hierarchy results are simply false on infinite domains.

2. Basic notions
2.1 Families of sets

In the sequel, our applications will build on heavy use of combinatorial results in the subfield often
called set-system combinatorics. We start with commonly used notions.
We use standard set-theoretic notation, including the shorthands

Jo=JAand (7= 4

Acol Aedd

the latter being unambiguous only if & # §. In addition, we write
[A,B]={C|AcS CCc B},
for any sets A and B. Note that if A Z B, then [A, B] = 0.

Definition 1. Let o7 be a family of sets. The family <7 is an interval or cylinder, if there exist A
and Ay such that Ag C Ay and o/ = [Ag, A1]. The family <f is convex if for all S, T € <7, we have
[S,T] € of. o/ is downward closed if A € o and S C A imply S € o/. The family <7 is a Sperner
tamily if for all distinct S, T € o/ we have S € T. Finally, o/ fulfills the Zorn condition if it is closed
under nonempty unions of chains, i.e., if € is a nonempty chain (or a nonempty family linearly
ordered by inclusion), then | J € € €. A stricter notion is also useful: <7 is closed under unions if
for every subfamily 28 C of, we have | ] # € .

Note that if a family of sets is downward closed or a Sperner family, then it is also convex. The
concept of a upward closed family is also useful in set theory but is lacking here, as applications of
our methods are very much leaning towards downward closed families.

The concept of Zorn condition is mainly relevant in the context of infinite families. Our empha-
sis is, however, on finite families of finite sets, for which the Zorn condition, as we have formulated
it, trivially holds. We have weakened the standard condition by imposing the requirement only on
nonempty chains. The only notable effect is that the empty set is not required to be included in a
family fulfilling the Zorn condition, thus allowing all the finite families to meet the condition.

For o/ a family of sets, we denote the family of all maximal (with respect to inclusion) sets
in &7 by Max(«). Similarly, Min() is the set of all minimal sets in .%/. Observe that Max(/)
and Min(«) are always Sperner families.

Definition 2. A family of sets o/ is dominated (by | ] &) if| ] & € o7. The family < is supported

(by (&) if o is nonempty and (| o/ € <. Naturally, we say that o7 is dominated convex if it is
dominated and convex. Similarly, o/ is supported convex if it is supported and convex.
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In other words, a family <7 is dominated by a set D if and only if D is the largest element in
&/ with respect to inclusion. Similarly, &/ is supported by a set S if and only if S is the smallest
element in &7 with respect to inclusion. We spell out some of the easily seen connections between
the basic concepts in the following lemma.

Lemma 3. Let o7 C 2 (X) where X is a set. Denote Co—of = {X N A|A e &}

(a) The family o is an interval if and only if it is dominated, supported, and convex.
(b) o is convex if and only if Co—.a is convex.
(c) o is dominated if and only if Co— </ is supported. O

We proceed to the central dimension concepts which will be studied throughout this paper. The
upper dimension was first defined for downwards closed families in Hella et al. (2014) and subse-
quently generalized for arbitrary families in Liick and Vilander (2019). The definition presented
here is an equivalent reformulation of the latter. We also introduce two new dimension concepts.
The idea of the dual upper dimension is that many of the underlying ideas behind the upper
dimension work if the inclusion order is reversed, as the previous lemma indicates. The third
concept, cylindrical dimension, can be seen as a combination of the two mentioned dimension
concepts.

Definition 4. Let o/ be a family of sets. We say that a subfamily 4 C </ dominates 7 if there exist
dominated convex families P, G € ¥, such that \ ) ey Y6 = o/ and | J Z6 =G, for each Ge 9.
The subfamily % C o supports < if there exist supported convex families Sk, K € ', such that
Uker Sk = and (| Sk =K, for each K € X .

The upper dimension of the family is </

D(«7) = min{|¥| | 4 dominates the family </},
the dual upper dimension is
Dd(d) =min{|¥| | ¥4 supports the family </}
and the cylindrical dimension is
CD(«/) = min{|I| | («%)ie; is an indexed family of intervals with UI o, =4l }.
ie

Proposition 5. Let o/ be a family of set. Then

(a) If 4 dominates o7, then Max(«/) C ¥, and if 7 supports o7, then Min(<?) C 2.
(b) D(«7) < CD(«7) and DY(«7) < CD(&7).
(c) IMax()| < D(&), IMin(&)| < Dd(sz{) and max{|Max ()|, |Min(«/)|} < CD(&).

If, in addition, < is convex, then

CD(&) < D(«7)DY().

Proof. (a) Suppose ¢ dominates .2# and M is maximal in the family .. By definition, there are
dominated convex families Zg, G € ¢, such that UGeg 9= and | J 96 =G, foreach Ge ¥.
In particular, there is G € ¢ such that M € 9 and M C G. However, by maximality of M and as
G €% C o7, this impies M = G and M € 4. Consequently, Max(«/) C ¢. The dual statement is
proved similarly.

(b): Let (#7)ies be an indexed family of minimal size of intervals covering 7, i.e., | J;o; & = /.
Write o7 = [B;, C;], for each i € I, and consider the families Z = {B;|i€ I} and € ={C; | i € I}.
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Then <7 is a convex set supported by B; and dominated by C;, for i € I. Consequently, & supports
&/ and ¥ dominates 7, which implies

DY(/) < || < |I| = CD(«) and D(/) < |€| < |I| = CD(«).

(c) Item a clearly implies |[Max(e/)| < D(%/) and |Min(&)| < Dd(«). Combining these results
with item b gives max{|Min(%/)|, [Max(</)|} < CD(&/) for the cylindrical dimension.

For the last part of the proposition, assume now that .27 is convex. Let ¢ be a family of minimal
size that dominates &/ and .#” be a family of minimal size that supports 7. Then D(«/) = || and
DY(.e7) = |.#|. Let I be the set of pairs (G, K) € 4 x # with K C G. By convexity of <7, we have
[K, G] C &, for each (G, K) € I. On the other hand, if A € .7, then there has to be G € ¢ such that
A C G, as ¢4 dominates <7, and similarly K € .#" such that K C A. This means that A € [K, G], for
some interval [K, G] with (G, K) € I. Consequently,

JZ{ = U [K) G])
(G,K)el
which implies
CD() < || <|¥ x #|=D(/)DY (7).
O

Clearly, if o7 € Z(X) with n = |X]| € N, then CD(&/) < 2". One gets easily a modest improve-
ment to this result, which is the best possible upper bound, as the succeeding example shows.

Proposition 6. Let X be a nonempty finite set with n = |X|, and let of € P(X). Then
CD(«) <2"71
Hence also, D(«7) < 2" ! and DY (/) < 2" 1.

Proof. Fix b € X and consider the partition of &?(X) in pairs {A, A U {b}}, where A € X \ {b}. For
each such pair, & N {A, A U {b}} is either empty or one of the intervals [A, A] = {A}, [AU {b},AU
{b}] ={AU{b}} or [A, AU {b}] = {A, AU {b}}. Consequently, there is a family of at most 2"~}
intervals, the union of which is &7. The remaining claims follow from Proposition 5. O

Example 7. Let X be a nonempty finite set of # elements. Consider the family
&={ACX||A|iseven}.

Let ¢ be a subfamily of & which dominates &. Let A € & and suppose that A is dominated by
G € ¢, which means that A belongs to certain dominated convex family % where g C & and
| Z¢ = G. By convexity, [A, G] € 9 C &. Note that A, G € & both have even size. However, the
interval [A, G] would contain sets of odd size unless A = G. As this holds for arbitrary A € &,
we conclude that & = &. Hence, D(&) = |&| = 2", By symmetry, we get D4(&) = 2", too.
Combined with the last two propositions, we have that CD(&") = 2"~1.

2.2 Operators

In addition to studying the dimensions of fixed families of sets, we are also interested in the behav-
ior of dimensions under various operators. An operator on families of sets on a fixed base set X
is a function A: Z2(Z(X))" - P (P (X)) for some positive integer n. In some applications to
team semantics, it is useful to consider more general operators of the form A: Z(Z(X))" —
P (P (Y)) with different base sets X and Y. We list in the next example some natural set-theoretic
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operators that we will study further in the forthcoming sections. For the related topic of Boolean
algebras B with operators B” — B see e.g. Venema (2007).

Example 8. Let X be a base set.

(a) Union and intersection. The union operator AS: P(P(X))? - P2(P(X)) on the base set X
is defined by Aiﬁ (o, B) = o/ UZ. Similarly, the intersection operator Afg  P(P(X)?—
P (P (X)) on X is defined by A)rﬁ(@f, B)=o NAB.

(b) Complementation. Complementation on X is the unary operator AX: 2(2(X))—
P (P (X)) defined by AX (o) = 2(X) \ .

(c) Tensor disjunction and conjunction. The idea of tensor disjunction2 A)v( C P(P(X))? -
P (Z(X)) and tensor conjunction A}/f : P(P(X))? — P(P(X)) is to take unions and inter-
sections inside the families: A)v((d, B)={AUB|Aeo/,Be A} and A)A((,Qi, B)={ANB|
A€ o,Be %A}

(d) Tensor negation. Pushing complementation inside a given family, we obtain tensor negation:
A () ={XNA|Aec ).

(e) Projections. Letf: X — Y be a function. The (abstract) projection operator corresponding to f
is obtained by lifting f to a function Ay: P (Z2(X)) — Z(Z(Y)) in the usual way: As (o) =
{f[A] | A € o7}, where f[A] denotes the image {f(a) | a € A} of A under f.

(f) Inverse projections. Given a function f: X — Y, we can also define a useful operator
Ap-1: P(P(Y)) > P(P(X)) as follows: Ap-1(B) ={A € Z(X) | f[A] € ).

(g) Existential and universal quantification. Consider the concrete projection function
fiX—>YforX=Xox - xXpy_1and Y =Xy x -+ Xj_1 X Xj41 X - -+ X X1 defined by
flao,...,am—1)=1(a0,...,4qi-1,8it1,...,am—1) (ie., f is the projection to coordinates j # 7).
Note that B € Ar(</) if and only if there is A € &/ such that for each tuple a € B there exists
some element a € X; such that the extension of a by a as the ith component is in A. Thus, Af
corresponds to the logical operation of existential quantification, and accordingly we denote

it by AZ.
Similarly, we define an operator Ai,(i: P(P (X)) > P(H(Y)) that corresponds to
universal quantification: Given a set Be Z(Y), let B[X;/i]={(a0,...,am—-1) € X]|

(ag, ..., ai—1,4i41>- - ., am—1) € B, a; € X;}. Then we let A\ffi(;z/) ={Be Z(Y)|B[Xj/i] € &}.

Note that the union and intersection operators AX and A% do not depend on the base set
X. Thus, in the sequel we will denote these operators for the sake of simplicity by U and N, as
they actually are what is usually denoted U and N. The same holds for tensor disjunction and
conjunction, whence we will use the notation &/ v % := A)v((d, PB)and oA N B = A}A((;z%, B).
On the other hand, both complementation AX and tensor negation A* depend on X, whence we
do not introduce any shorthand notation for them.

Note further that the projections Aéfi do not depend on X = Xy X - - - X X1, since the length
and the i-th component of any tuple a is uniquely determined: (ag, . . ., am—1) = (bo, . . ., byy—1)
if and only if m=m" and a;=b; for all i <m. However, the universal projection operator
A¥; clearly depends on the base set X. Thus, for the sake of uniformity, we keep using the
notation A%(i.

2.3 Tensor operators

We have seen in Example 8 that the disjunction and conjunction connectives give rise to tensor
disjunction and tensor conjunction operators. This idea can of course be generalized to arbitrary
connectives. We introduce here the related concept of tensor operator and show that they preserve
intervals but not necessarily dominated convex or supported convex families.
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Definition 9. Fix a base set X and let ® be a binary operation on the set {0, 1}, i.e., ® is a map
{0, 1} x {0, 1} — {0, 1}. Then the corresponding set-theoretic operation is x: #(X)? — 2(X),

AxB={xeX| xalx) ® xp(x) =1}

where xc is the characteristic function related to a set C. The tensor operator corresponding to ® is

Af: PP X)) — (P (X)),
A (o, B)={AxB|Ac/,Be B}

Remark 10. (a) Naturally, we often identify the binary operation ® with the corresponding con-
nective, especially on the notational level. We also overload the notation, writing in the sequel
simply

g ® B= NS (A, B).

Note though, that this notation is independent of the set X only if 0 ® 0 = 0.

(b) We could have considered n-ary operations on {0, 1} in general, which appears to be a non-
trivial generalization, but we refrain ourselves from doing that here. Even so, it is worth-while
to have notation

Co—ot = ANX(F)={XA|A e}

for the unary operation corresponding to negation.

Note that we always have &7 ® § =0 ® B = 0.

There are 2* = 16 binary operations on the set {0, 1}, 4 of which (constant functions and pro-
jections) are rather trivial. Among the 8 zero-preserving (i.e., 0 ® 0 = 0) operations, there are 5
non-trivial tensor operations, which are listed below except for the case &7 ® % = % — o/, which
is the set difference with the roles reversed.

connective set-theoretic operation  tensor operation

disjunction v union U AN B={AUB|Aec, Be B}
conjunction A intersection N AdNB={ANB|Aec, Be B}
“p but not q” set difference of —#B={A\B|Acs, Be B}

exclusive disjunction & symmetric difference A o ® B ={AAB|Ac </, Be B}

If the connective ® is commutative (resp. associative), then the corresponding tensor operation
is commutative (resp. associative), too, but as we shall see in the next example, the same does not
apply to idempotence. In general, the well-known logical equivalences do not transfer to equalities
about tensor operations. This means that, in contrast to propositional logic where we often reduce
problems to some small set of basic connectives, it is better to consider tensor operators separately.

Example 11. Suppose the base set X is infinite and & = {{x} | x € X}. Consider the families
=N ...V,
— ———
n times

for n € Z4. An easy induction shows that o7, = {B C X | B# 0, |B| <n}, so these families are all
different. In particular, o/ V & = a# # <7, so the tensor operation V is not idempotent, though
the binary operation V on {0, 1} is. A similar example shows that A (as a tensor operator) is not
idempotent either.
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Elaborating on this example, one sees that distributive law does not hold for v and A, either.
Choose 8 =% = {X} with & as above; then

INBVE)=ANX})=A AN A =(I NB)V (AL NF).

We do not aim at a complete analysis on how the tensor operations behave, but we shall show
that they preserve intervals. In connection with the following lemma, we will have thus one way
to compute the result of tensor operation.

Lemma 12. Let ® be a binary operation on {0, 1}, and let <7;, #; € P (P (X)) be families of sets,
forielandje]. Then

(U%,)@ U2 | = (=% e3).

iel jeJ iel,
jel

Proof. The reader can either prove this as an easy exercise, or wait until Section 4, where it is
shown that tensor operators are so-called Kripke operators and that the Union Lemma 52 holds
generally for Kripke operators. O

We need some auxiliary concepts to handle intervals and tensor operators. We depart for
a moment from classical logic (Kleene introduced his logic in Kleene 1952, Section 64) and
introduce a new truth value N # 0, 1 for “unknown.” 3

Definition 13. Let ® be a binary operation on {0, 1}. We define Kleenes extension & of ® as
follows. Write Vo ={0}, Vi ={1}, Vi ={0,1} and A® B={a®b|ac A, be B}, for A,BC {0, 1}.
Then & is determined by the rule:

u®v=mwifand only if V, ® V, = V,,,

for u, v, w € {0, 1, N}. Overloading once again the notation, we shall denote also the extension by ®
instead of ® in the sequel.

Example 14. In order to calculate 1 A I\, one observes that Vi A V) = {1} A{0, 1} ={1 A0, 1 A
1} ={0, 1} = Vj,s0 AN = I\, or simply 1 A N = N\. On the other hand, Vo A Vy = {0 A0,0 A 1} =
{0, 0} = Vo, which implies 0 A N = 0.

Definition 15. (a) The characteristic function of a family of sets o/ C P (X) is
&7 X—{0,1,N},

1, forE(x)={1}
Ey(x)= 1N, forE(x)={0,1}
0, for E(x)={0}

where E(x) = {xa(x) | A € &/}.
(b) We say that x: X — {0, 1} is compatible with the function &: X — {0, N\, 1} if for all x € X,
£(x) # N\ implies x (x) =& (x).

Lemma 16. Let &7 C P (X).
(a) Forall A € o7, we have that 4 is compatible with £ .

(b) The family of being an interval is equivalent to the following being true for every AC X: A € o
if and only if x4 is compatible with & ;. Conversely, if o/ is an interval then the condition holds.
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Proof. (a) Let A € o7 and for every x € X. Using the notation of the previous definition, we note
that x4 (x) € E(x). Thus, either £./(x) = xa(x) or £4/(x) =\, and compatibility follows.
(b) Suppose

o ={A C X | xa is compatible with £./}.

Put B= E;/[{l}] and C= é‘;{l[{l, N}]. Then for every A C X, compatibility of x4 with &, is
equivalent to the condition B C A C C. Hence, &/ = [B, C]. The converse direction is easy. O

Lemma 17. Let ® be a binary operation on {0, 1} and o/, 8 C P (X). Then for every x € X, it holds
that

Evon(X) =E4(x) ® Ez(x).

Proof. Write E¢(x) = {xc(x) | Ce €}, for € € #(X) and x € X. Then

Eyez(x)={xcx)|Ce o ® A}
= {xaxB(x) | A€ o, Be B)
={xa(x) ® xp(x) | A€ o, Be B}
={xa(x)|Ae o} ®{xp(x) | Be X}
= E/(x) ® Eg(x).
Employing the notation that was used to define Kleene’s extension, we may write this equation as
Veywm) = Ve, (x) ® Vegs
Le, Eymm(x) =& (x) ® Ex(x). =

Proposition 18. Let ® be a tensor operator. Then if o/, 28 C P (X) are intervals, then so is o/ ® %,
too. Indeed, if we write £ = &7 5, Co =& [{1}] and C; = E1[{N\, 1}], then o/ ® % = [Cy, C].

Proof. By case (a) of Lemma 16 we have that & ® % C [Cy, C1]. Let C € [Cyp, C1]. As C € [Cy, C1],
the characteristic function xc is compatible with £,/g . By Lemma 17, we know that £, =
£ ® Eg. This enables us to choose (picking the values x©(x) and xV(x) separately for each
x € X) functions x(©, xM: X — {0,1} such that xc = x@ @ xV, x© is compatible with &,/
and x U is compatible with £4. Finally, by case (b) of Lemma 16, we see that there are A € &/ and
B e B with x4 = x© and xp = xV, which implies C=A % B € &/ ® 4. O

2.4 Families of teams

The abstract concept of a family of sets is so general that it arises naturally in numerous con-
texts in mathematics. However, in this paper, our focus is on families of sets arising in logic, with
applications to logic in mind. These families are collections of sets on the base set of the form
of a Cartesian product M™. This is because we will consider sets of so-called assignments into a
model M. Thus, the elements of our base set are assignments. This particular form of the base set
leads to dimension computations which do not arise in the abstract setting. This is simply because
finite tuples manifest more complicated combinatorial properties than mere elements. To avoid
trivialities, we assume |[M| > 2.

Let us see how sets of what we call assignments arise in logic. In classical logic, one associates
with a given formula ¢(xo, . . . , x,—1) with the free variables xy, . . ., x,,—1 and a given structure
M the set of m-tuples satisfying the formula ¢ in M:

qu’;‘ ={(a0,...,am—1) e M" | M = ¢(ao, .. .,am-1)}.
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Table 1. Ateam

Xo X1 X2

o o »

1 1
1 2
5 3
5 4

Here “M = ¢(ap, . . . , am—1)" refers to the truth definition (a.k.a. satisfaction relation) of the logic
that ¢(xo, . . ., x,m—1) is considered a formula of. For first-order logic, the truth definition is given
in standard textbooks of logic and can be found e.g. in Vddnanen (2011, Section 6.2). We follow the
usual convention and call elements (ay, . . ., dyu—1) of ¢M’5‘ assignments. Sets ¢>M5‘ of assignments
are aptly called definable subsets of M™. The definable subsets of M form a Boolean algebra with
Boolean operations corresponding to the logical operations of first-order logic. The study of this
algebra is a well-known method in logic.

In the same way as classical logic gives rise to definable sets of assignments, so-called depen-
dence logic (Vddnédnen 2007) that we will now recall gives rise to definable families of sets of
assignments as follows. If M is a model, a tearn in M is a set T of assignments s (i.e., functions)
which map a fixed set dom(s) = {xo, . . . , x—1} of variables, called the domain of s (and of T), to
M. See Table 1 for an example of a team. The rows of a team are assignments. In principle, a team
is simply a table of data. The source of the data can be anything. A good intuition is that the data
comes from some experiments concerning the “attributes” {xo, . . ., X;»—1}, each row representing
one experiment. Another useful intuition is that the table of data is (a part of) a database. We
identify the function s with the tuple (s(xp), . . ., s(x,—1)) and a team with a subset of M™.

Teams can manifest phenomena that single assignments cannot. For example, the team of
Table 1 manifests the circumstance that xy does not completely determine x, but x; does. In
dependence logic (Vaidnianen 2007), we have so-called dependence atoms (see Definition 20) the
semantics of which is defined by means of teams and could not be defined meaningfully in terms
of single assignments. Every formula ¢ of dependence logic, or any other logic the semantics of
which is based on teams, with free variables in X = (xo, . . ., Xm—1), gives rise to the set of teams

gl M* = {T < M™ | M =1 ¢}, (1)

where M =1 ¢ is the satisfaction relation defined in Definitions 19 and 20 below. We consider the
families ||¢ || an interesting special case of families of subsets of M™.

If £ < m, there is a canonical projection M™ — M*. We may identify T C M* with T* = {s €
M™ :s | £ e T}. In this way, it is possible to think of a subset of M’ at the same time, via T*, as a
subset of M™, although literally, of course, T # T*.

Many of the results of this paper hold for arbitrary families of sets but when applied to families
of the form ||¢ ||M’;‘, results pertaining to dependence and independence logics obtain.

In order to make (1) more exact, we now recall the inductive definition of M =1 ¢
from Véadndnen (2007), first for logical operations (Definition 19) and then for new atoms
(Definition 20). If a € M, then s(a/x) is the unique assignment s’ such that s'(x) = aand s'(y) = s(y)
for variables y in the domain of s other than x. If F: T — (M) \ {/}, then T[F/x] = {s(a/x) |
se T,a € F(s)}. Finally, T[M/x] = {s(a/x) |ae M,s e T}.

Definition 19. (a) M =1 ¢, where ¢ is atomic or negated atomic if and only if every assignment s

in T satisfies ¢.
(b) METo Ay ifandonly if M =1 ¢ and M =1 .
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(c) Ml=r ¢V if and only if there are U and V such that T=UUV, M =y ¢ and M =y .
(Tensor disjunction)

(d) Ml=1 ¢ A if and only if there are U and V such that T=UNV, M=y ¢ and M =v .
(Tensor conjunction)

(e) ME=T¢ NV Y ifandonly if M =1 ¢ or M =1 V. (Intuitionistic disjunction)

(f) M =7 3x¢ if and only if there is F : T — (M) ~\ {0} such that M |=T(F/x] ¢.

(g) M =1 Vx¢ if and only if M \=1(pm/x) ¢-

This defines M =7 ¢ for every first-order formula ¢ in negation normal form (i.e., negation
occurs in front of atomic formulas only). Note that Vddnanen (2007) uses only the first two of the
four binary connectives in Definition 19. We have kept here the usual notation A and Vv for these
connectives. Intuitionistic disjunction was mentioned in Védandnen (2007) and elaborated on in
Abramsky and Vadnédnen (2009). Tensor conjunction does not seem to have been studied before,
and its role is minor here, too.

It might seem that ¢V is a more “natural” disjunction than ¢ v . What is natural depends,
of course, on one€’s intuition about =7. In Vaédnanen (2007) an alternative game-theoretic defini-
tion of M =1 ¢ is given and in that context ¢ V v is a natural connective corresponding perfectly
to the disjunction of classical propositional calculus.

By Definition 19(a), for every first-order literal (i.e., atomic or negated atomic) ¢, we have
||¢||M’;‘ = [0, ng’;‘]. The same is true if ¢ is any formula of first order logic. Thus, for first-order
¢, the family ||¢ ||M5‘ is dominated (by #M*), downward closed, convex, and supported (by 9).

Note further that for composite ¢ the family ||¢ ||M’;‘ can be obtained from the corresponding
families for the components of ¢ by applying one of the operators introduced in Example 8. For
conjunction and (tensor) disjunction, we have

llp AP IME = || MF N [y | M%
g v P IMF = ||| M5 v |y 1%

Furthermore, for tensor conjunction and intuitionistic disjunction, we have

I AWM = @M A flyr M
[y v ™ = g1 Uy 1%

Note, however, that in the case of existential and universal quantifiers, the quantified variable
needs to be dropped from the tuple X = (xo, . . ., Xm—1), as it has become a bound variable:

FxiplIM* = AM" (||g M%)
IVxip M = AM" (||| M),

where X is the tuple obtained from x by deleting the component x;.

We now recall the extension of M =7 ¢ from first-order ¢ to new non first-order atoms. Below,
the restriction of a team T to X, in symbols T | X, is the set {s [ X : s € T}. We use len(X) to denote
the length of the variable (or other) sequence X.

Definition 20. (a) Dependence atom, introduced in Vidindnen (2007): M =7 = (X, y) if and only
if s(x) = §'(x) implies s(y) = ' (y) for all s, s’ € T. This atom says that in the relevant data (i.e.,
T) the values of x completely determine the value of y. We allow len(X) = 0 and call = (y) the
constancy atom. More generally, M =1 = (y) if and only if s(y) = s'(y) for all s,s' € T, that is, y
has only one value in the entire team T.
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(b) Exclusion atom, introduced in Galliani (2012): M =1 X | y if and only if for every s,s' € T we
have s(x) # s'(y). We assume len(x) = len(y) > 0. This atom says that in team T the values of X
cannot occur also as values of y.

(c) Inclusion atom, introduced in Galliani (2012): M =7 X C y if and only if for every s € T there
is s € T such that s(x) = s (y). We assume len(x) = len(y) > 0. This is in a sense the opposite of
the exclusion atom: all values of X must occur also as values of y.

(d) Anonymity atom, introduced in Vidndnen (2023): M =1 x Y y if and only if for every s€ T
there is s’ € T such that s(X) = ' (x) and s(y) # s'(y). We assume that X is nonempty. This atom
says that values of X do not reveal uniquely the value of y, but leave some freedom for y.

(e) Independence atom, introduced in Gridel and Viidindnen (2013): M =1 X L3 y if and only if
for every s,s' € T such that s(z) = (z) there is s € T such that s"(z) = 5(2), s"(x) = s(x) and
s"(y) = $'(9). In other words, keeping the values of z constant, any two assignments s € T and
s' € T can be combined into a (possibly) new assignment s € T which takes its value at X from s
and its value at y from s'. We assume that X and y are nonempty. The atom X L y, corresponding
to the case z is empty, is called the pure independence atom, while X L3 y is otherwise called the
conditional independence atom.

(f) The general concept of an atom: Suppose C is a class, closed under isomorphisms, of pairs
(A, T) where A is a set and T is a team in A with domain x. We can associate with C a new atom
ac(x) and define M =1 ac(X) to hold if and only if (A, T | X) € C, where A is the domain of the
model M.

By closing the respective atom under the logical operations (b), (¢), (f) and (g) of Definition 19
we obtain, respectively, dependence logic, constancy logic, exclusion logic, inclusion logic, anonymity
logic, and (pure or conditional) independence logic.

Note that we defined = (%, y) for single variable y only. This is because = (¥, y) for a vector
y={1-..,yn), which we adopt now as a shorthand, can be defined as

=Gy A A = yn).

We use the same convention for = ().

If ¢ is a dependence atom or an exclusion atom, then ||¢| is, as can be easily verified, down-
ward closed and supported by ¥ but not necessarily closed under unions or dominated. If ¢ is an
inclusion atom or an anonymity atom, then ||¢||M’;‘ is, as can be likewise easily verified, closed

under unions and dominated by M¥"® but not necessarily downward closed or supported. For
details we refer to Vddnanen (2007), Galliani (2012).

|M,FC

Example 21. An example of a sentence combining dependence atoms and logical operations is the

following formula which is satisfied by a team T in a model of size # if and only if | T | X| < n¥/2,
where len(x) = k:

P(= 0, %) A X))
Here len(y) = k. An example of a sentence combining a number of different atoms as well as
logical operations is the following formula which is satisfied by a team T if and only if | T [ X| is
even:
JuIvIyAz(yz LXAYCXAZCX
ANu=vAXCY)VU#vAXCZ2)
AFIZA =G)) A =2,

We will also consider the extension of first-order logic with Lindstrom quantifiers (see
Lindstrom 1966 for definition). For the sake of simplicity, we restrict attention to Lindstrém quan-
tifiers of type (r) for some positive integer r (i.e., quantifiers binding a single formula). Such a
quantifier Q j is associated to any isomorphism closed class .#” of structures of the form (4, R),
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RC A" If  is a formula and y is an r-tuple of variables, then applying the quantifier Q » we
obtain a new formula Q 'y ¥ in which all occurrences of the variables in y are bound.

Adding Lindstrom quantifiers to logics with team semantics was first considered by Engstrom
(2012). We follow here his definition for the semantics of Q, 7 First, we adapt the notation used

for existential quantifier: if F: T — Z(M"), then T[F/y] = {s(b/y) |seT, be F(s)}.

Definition 22. (Engstrém 2012). *

M =1 Qyy ¥ if and only if there exists F: T— P(M") such that M \=rp5) ¥ and
(M,F(s)) e X forallseT.

The semantics of Lindstrom quantifiers can also be formulated in terms of operators that map

sets of the form ||y |7 to sets || Qxyv¥ || MX where Z consists of the variables in the tuples X and y.
To work out the details of these operators, we fix a quantifier Q_ of type (r), the length m > r of zZ,
the tuple (= (Lo, . .., ¢r—1) for which y = (zg,, . . ., z¢,_,), and the universe M of the model. Note
that there is no reason to assume that the components of € are in ascending order; the quantifier
Q. can be applied to any r-tuple of distinct variables in z. On the other hand, we can assume
w.l.o.g. that X lists the rest of the variables in z in ascending order, i.e., for each i < m —r, x; = zj,
where j & {£o,...,¢—1}andi=|{k <j| k¢ {€o,...,€—1}}|. Thus, Z is obtained from X and y by
re-ordering the latter and shuffling according to €. We use the notation z = % ® 7J to denote this
shuffling, and similarly ¢ = a ®; b for tuples Z, 4, b of elements in M.

Assume then that S € M™ is a team w1th domain {Z(), ...>Zm—1}. For each a € M7 the ‘-
restriction of S on a is the set S[a al; = {b eM |a ®; be S}. Furthermore, the (7, K) -projection
of S is the set Ty i (S):={aeM™ " | (M, S[a] 7) € Ji/} The idea here is that if T = Toyi (S) for

some team S € || [|™%, then defining F: T — £(M") by F(a) = S[a); for each a € T, we see that
the truth condition of Definition 22 holds for the team T, provided that S = T[F/y]. It is clear that
T[F/y] €S, and the converse inclusion holds if and only if {Zi e M™~" | S[a]; # 0} C T. We say

that T is the proper (7, 0) -projection of S, in symbols T = 71 i (S) if this condition holds.

The argument above shows that if T= Jrj,a(S) for some team Se€ ||1ﬁ||MZ, then T e

|| Quy ¥ || . Assuming that (M, ) ¢ ¢, the converse implication is also true. Indeed, if M =1
QY ¥, then there is a function F: T — £(M") such that M |=1g5 ¥ and (M, F(a)) € % for
alla e T. Since (M, ¥) ¢ %', F(a) # () for every a € T, whence T =7 ,, ; (T[F/y]). Moreover, the
condition {a E M™7"| S[a]; # ¥} C T clearly holds for any team S of the form T[F/y]. Thus, we
see that T = rr - (T[F/y])

Note, however that if (M, §) € J¢, the argument for T=x >0 (T[F/y]) fails: by the definition
we always have 77, 7 (T [F/y]) C T,butif F(a) = for some a € T, then a ¢ Ty (T[F/y]). In this
case, the correct condition for a team T being in the family |Q ¥ ¥ ||M;C is that there exist teams
Se |¥|*7% and T' C T such that T’ —7[ ().

We are now ready to define the operators on families of teams corresponding to Lindstrom
quantifiers.

Definition 23. The (¢, Z)—projection operator AA;}: P(P(M™)) - P(P(M™)) is defined
separately in two cases.

o If (M, 0) & JZ, then for each o/ € (P (M™)),
AW (/)={Be P(PM""))|B= nf’” (A) for some A € o7}
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o If (M, ) € X, then for each of € (P (M™)),
Aﬂz(d) ={Be 2(2M"")| nig’g (A) C B for some A € o7}

By the argument given before Definition 23, the operator A]\;,m ; captures the semantics of the
quantifier Q
- Mx m >
[y v |™ = A% v 1M).
Note further that the standard existential and universal quantifiers are special cases of
Lindstrom quantifiers: 3 = Q ; for the class #5 = {(A,R) | R € A, R # 0}, and V = Q , for g =

{(A,R) | R=A}. Thus, the correspondmg operators are also identical: for each i < m, AIHVII =
AM ;and AM" = AM _, where { =i (i.e., £ is of length 1, and £y = i). For this reason there

isno need to c0n51der the operators A]HV{ and AQ’II. separately in the sequel.

Remark 24. Note that if (M, ) € # and M =y ¢, then M =1 Q 'y ¢ for any team T. Indeed,
if F: T— 22(M") is the function with F(s) = for all s € T, then T[F/y] =, whence the truth
condition in Definition 22 holds. Every formula ¢ in the extension of first-order logic by the
atoms listed in Definition 20 has the Empty Team Property: M =g v holds for all models M (see
Viaidndnen 2007). It is easy to see that the same holds also if we add arbitrary Lindstrém quantifiers
to the logic. In fact, with the exception of logics with the nonempty atom (see Definition 80), all
the logics we consider in this paper have the empty team property. Thus, we see that a quantifier
Q. becomes trivial (on M) in our setting if (M, @) € ./, as in this case M =1 Q ¢y ¥ holds for
every team T and every formula .

3. Dimension calculations

In this section, we compute exact values, or in some cases just upper and lower bounds, to upper,
dual upper, and cylindrical dimensions of some important concrete examples of families of sets.
This will be used later to estimate dimensions of definable families of teams in various logics built
around the atoms of Definition 20.

3.1 Convex shadows and hulls

In this subsection, we develop some auxiliary tools useful in concrete dimension calculations. In
particular, we introduce the notions of convex shadow and the dual notion of dual convex shadow,
which facilitate the calculation of upper and dual upper dimension of a given family. The point is
that when we need to check if a subfamily dominates the given family, the convex shadows are the
canonical dominated convex families we need to relate to the sets in the dominating family.

Definition 25. Let o7 be a family of sets and A € o/. The convex shadow of A in the family <7 is
the family
0a(/)={BCS A|[B,A] € &}
Similarly, the dual convex shadow of A in 7 is
34(o/)={Be o/ | ACB, [A,B] C o).
A set A € o is called critical in  if its convex shadow is maximal in the family
{0p(«7) | B€ &7}
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We use the notation
Crit(«/) = {A € & | A critical in </}.

Similarly, we define the notion of dual criticality. We denote the family of dually critical sets in o/
by Critd():lla.

Lemma 26. Let &7 be a family of sets and A € <.

(a) 34(7) is the largest dominated convex family € C of with | J € = A. Similarly, 9A() is the
largest supported convex family € C of with € = A.

(b) A family G C of dominates < if and only if | J ey 06(47) = &/ Dually, 7 C of supports of
if and only if U 07() = 7.

(c) Suppose that the family <o satisfies Zorn condition. Then there is a family & dominating o/ such
that ¢ C Crit(«?) and |4| = D(«7). The dual result also holds.

Proof. The proofs of the dual claims are similar to the primary claims, so we shall skip them.

(a) Clearly, 94(7) is a dominated convex subfamily of o7 with | J &/ = A. Suppose € C o
is another dominated convex subfamily with [ J 4 = A. For C € €, we have [C,A] €% C & by
convexity of €, so € C 04 ().

(b) If Ugew 96(7) = o7, then the dominated convex families 9(.7) € <7, G € ¢, witness that
% dominates .27

Conversely, suppose that ¢ dominates ./ and the families Zg, G € ¢4, witness that (meaning
that | Jgew Z6 = o7 and | 26 = G, for each G € 4). Then by the preceding claim, we have that
for every G € ¢, Y C dg(), implying | ey () = <.

(c) Pick a subfamily ¢, € &/ dominating &/ such that [%| = D(</). Let G € %, and consider
the family

Be={Aecd |dg() < ()}

First we establish that % satisfies the Zorn condition. Indeed, let #° C % be a chain. As % C o/
and &7 satisfies the Zorn condition, we have that B=| ] .# € &/. We need to show further
that (/) C 0p(). Let A € 3g(«/) and C € [A, B]. Studying the chain #' ={CNK|K € ¢},
we observe that for each K € %, we have that A=ANGCANKC CNK CK, implying that
CNKe[A K] Coxk(),as A € 0g() C dx(«7). Hence, CN K € &/ and since this holds for each
K e ¢, we have that ¥’ C &/. As of satisfies the Zorn condition, we have that C=CNB=
CU# = x"ed. As Ce o, for every Ce€ [A,B], we get [A,B] €</ and consequently
A € 0p(<7). Summarizing, we have that dg(./) C dp(«7) implying B € A, which means that #g
satisfies the Zorn condition.

As % satisfies the Zorn condition, by Zorn’s lemma, there is a maximal element in %, say,
Dg. The maximality of D¢ clearly impies that Dg is critical in .o7. Recall that Dg € % means also
that 9g(27) C dp, (7). Collect these set together and put 4 = {Dg | G € %}. As % dominates <7,
we have UGE% 9(«/) = o7, which now clearly implies

U 6= | ds(e) =

Ge¥ Ge%
Hence, ¢ also dominates <7, and |¥4| < |%| = D(&), so |¢4| = D(G). O

Convex shadows and dual convex shadows are maximal subfamilies satisfying the appropriate
properties. The similar operations that produce superfamilies instead of subfamilies are called
hulls. We shall utilize these latter concepts in later sections.
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Definition 27. Let </ be a nonempty family of sets. The convex hull of o7 is

A= | [44],
AA ed

the dominated (convex) hull of o7 is

A= [aJe],

Aed/

and the supported (convex) hull is

)= [ﬂ ,czf,A] :

Aegf
We set also 7 (@) = (.

If the family of sets is finite, we may drop the braces from the notation in the custom-
ary manner, writing J% (Ao, ..., Ax_1) instead of JZ.({Ao, ..., Ar_1}), or F*(Ao, ..., Ar_1)
instead of JZ.({Ao,...,Ar_1}). Note the special cases J#.(A,B)=[A,AUB]U [B,AUB] and
H*(A,B)=[ANB,A]U[ANB, B].

We omit the proof of the following lemma, as it is straightforward.

Lemma 28. Let o/ be a nonempty family of sets. Then

(a) (/) is the least convex family containing <7,
(b) (<) is the least dominated convex family containing o/ and
(c) () is the least supported convex family containing <7 .

Note that there is no unique least dominated, or supported, convex family containing the empty
family (all the singletons do).

3.2 Dimensions of particular families
In this subsection, we calculate the dimensions of some concrete families of sets that are relevant
to team semantics but certainly are familiar from other contexts, too. These calculations will be
the basis of our results in the next section.
For nonempty finite base sets X and Y, here is a list of families that we consider:
F ={f CX x Y|f is a mapping },
Z ={RC X x X |dom(R) Nrg(R) = ¥}
Jc ={RC X x X |dom(R) C rg(R)},
% ={R C X x Y | Ris anonymous},
S ={AxB|ACX, BCY},
where we call a relation R C X x Y anonymous if for all x € dom(R) there exist distinct y,y’ € Y
with (x, ), (x,y') € R.
We calculate the dimensions of these families with the aid of shadows and critical sets. The

families .# and 2" are the easiest cases, as they are downward closed. We handle each of the other
families in separate lemmas of their own.

Lemma 29. Assume thatm=|X|>2. LetR,S € Jc.
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(a) IfSCR, then
[S, R] € I if and only if dom(R \ idx) C rg(S).
(b) We have
or(Fc)={Te S| TR, ACrg(T)}

where A = dom(R \ idx).
(c) For A C X, put R4 = (A x X) Uidx. Then we have that Ry € .Y and

BRA (fg) ={Te fg | dom(T \idx) CAC l'g(T)}

(d) We have Crit(.#c) ={R4 | A C X}.
(e) Crit(Lc) \ {Ryay | a € X} is a family of smallest size that dominates 9.
(f) Denote B=rg(R). Then

R(F)={T € I |RC T, dom(T ~ idx) € B} = [R, Rp].

() Critd(#c) = {R e I | R™\ is a mapping}.
(h) Critd(fg) N {{(a, a)} | a € X} is the smallest family that supports .

Proof. (a) Suppose dom(R \ idx) < rg(S) and consider T € [S, R],i.e., SC T C R. Let x € dom(T).
Pick y such that (x, y) € T. If x = y, then trivially x € rg(T). Otherwise x # y, so

x € dom(T \ idx) € dom(R \ idx) C rg(S) C rg(T).

Thus, in both cases, we have x € rg(T), so dom(T) C rg(T). Hence, T € ., and [S, R] C Sc.
Suppose to the contrary that dom(R \ idx) & rg(S). Then we may choose x € dom(R \ idx) ~
rg(S). Pick y #x with (x,y) €R, and consider T =SU {(x, y)}. Clearly, x € dom(T), but x &

rg(T) =rg(S) U {y}, so T & Fc. This proves that [S,R] € Ic.

(b) This is a direct application of the previous item.

(c) We first note that dom(R4) = X =rg(Ra), as idx C Ry, implying that R4 € Y. It is easy to
see that T C R, if and only if dom(T \ idx) C A, so the latter result follows from the preceding
item.

(d) To prove that each critical set in .Zc is of the form R4, for some A C X, let Re Jc.
Denote A = dom(R \ idx). One easily sees that R C R4, and now the previous items imply that
dr(Ic) C dg, (F<). Consequently, it is enough to show that the shadows of the sets R4, A C X,
are incomparable. Let A, A’ C X, A # A’. Suppose first that |A| > 2. Let f be any permutation of A
without fixed points. Then dom(f \ idx) = dom(f) = A =rg(f), so the preceding item implies
that f € dr, (Fc), but f ¢ dr,, (Fc). If A=0, we see similarly that @ € 9, (<) ~\ I, (<)
Now suppose A = {a} is a singleton. Then there is b € X, b # a, such that A’ # {a, b}. Consider
T = {(a, b), (a, a)}. Then dom(T) = {a}  {a, b} = rg(T), whence T € dg,(#c) but T ¢ dg, (S).

(e) By Lemma 26, we know that Crit(.#c) dominates .#c, and we can find a dominating family
of the smallest size from the collection of its subfamilies. Now the proof of the preceding item
actually show that Crit(.#<) \ {Ra} does not dominate ., for any A € X which is not a singleton.
However, Crit(.#c) \ {R(q) | a € X} does, as we see from the following: Let a € X and let R € ./
be any set with a € dom(R \ idx). Pick b # a with (g, b) € R. Then a € dom(R) C rg(R), but also
b € rg(R), so a, b € rg(R). Item c now shows that R C R4 where A =rg(R), and |A| > 2.

(f) The first equality is a direct consequence of item a. For the second equality, it is enough to
observe that Rp is, by definition, the largest T C X x X such that dom(T \ idx) C B.

(g) Assume that R C S and rg(R) =rg(S) = B hold for R, S € .#c. Then by the previous item,
we have that Bs(fg) =[S,Rg] C [R,Rg] C BR(fc) Consequently, R can have a maximal dual
shadow only if R € .#c is minimal among all the relations having the same range, i.e., if R~ is a

mapping.
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Let us check that this condition is also sufficient, i.e., if R € .#c and R™! is a mapping, then R
has a maximal dual shadow among the dual shadows 35(.c), for S € .#c. We need to consider
only the case when S C R and S~! is also a mapping. But then rg(S) = dom(S~!) C dom(R™!) =
rg(R) = B, which implies that dom(Rp \ idx) = B € rg(S). Hence, Rp ¢ Bs(fg) and consequently
8R(fg) Z as(ﬂg). This means that R has a maximal dual shadow.

(h) Denote ¢ = Critd(fg) N {{(a, a)} | a € X}. We first show that € supports ./c. Let R € ..
If rg(R) is a singleton, say, rg(R) = {a}, then we must have R={(4,a)} and R e B_Q(Jg), where
) € €. Otherwise, we select any Ry C R with (Rg)™! a mapping and rg(Ry) = rg(R) and observe
that Ry € €. The rest is proved similarly as above. O

Lemma 30. Assume |Y|> 2.
(a) Let RCR CX x Y. Then
[R,R]C % < R,R €% and dom(R) = dom(R').

(b) Crit(#) ={A x Y | A C X} is the smallest family that dominates %' .
(c) Critd(#) = {fUgIACX,f,g: A=Y, VxeA:f(x)#g(x)} is the smallest family that sup-
ports ¥

Proof. (a) This is obvious from the definition of %

(b) Consider the following shadowing relation C between elements of #: RC S if and only if
R € 95(#). This appeared actually already in the previous item, so for R, S € %, itholds that RC S
if and only if RC S and [R,S] € & if and only if R C S and dom(R) = dom(S). It is immediate
that C is a partial ordering on %. Thus, if RC S, then dr(%') € 9s(#). This implies that, in order
for an element of % be critical, it must be maximal with respect to C. It is easy to see that these
maximal elements are of the form A x Y, for some A C X. As each R € % is also included in the
set dom(R) x Y for which RC dom(R) x Y, we also see that {A x Y | A C X} dominates #.A x Y
is certainly critical, as adding any (¢, d) € A x Y to A x Y destroys anonymity.

(c) By Lemma 26 item d, Crit4(#) supports the family #. Studying the shadowing relation
further, we observe that for R, S € %, we have that RC S if and only if S € §%(#). Consequently,
dual critical sets are those which are minimal with respect to the shadowing relation. These are
exactly the sets of form f U g where f, g: A — Y and for all x € A we have f(x) # g(x). Clearly, all
such sets have to be included in a supporting family (to support themselves), so Critd(#) is the
smallest family that supports % O

Lemma 31. Suppose |X|,|Y|>2. Let AC X and BC Y. Then:

(a) If|Al, |B| > 2, we have daxp(.#1) = 34*B(.7 ) = {A x B}.
(b) If|[A| <1or|B| <1, then dsaxp(-¥1) = Z(A x B).
(c) If |A| =1 and |B| > 2, then

94*B( 7 )={AxD|BCDCY).

Similarly, |A| > 2 and |B| = 1 implies 34*8(.#,) = {C x B|AC CC X}.

(d) If|A| = |B| =1, then 3**B(.#)) consists of set of the form A x D and C x Bwith ACCCX
and BCDCY.

(e) 3%(.7)) consists of all the sets C x D where CC X, DC Y and |C|<1lor|D|<1.
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(f) The critical and dual critical families of .7, are
Crit(#1) ={A x BC X x Y| |A| > 2, |B| > 2}
U{{la} x Y |aeX}
U{X x {b}|beY}
Crit!(#1) ={A x BC X x Y| |A| > 2, |B| > 2} U {#}}.
(g¢) Foreach R e .7, the shadow dr(.#]) is an interval.

Proof. (a) If |A| > 2 and |B| > 2, any addition or deletion of a point (x, y) to or from A x B results
in a set that is not a Cartesian product of the form A’ x B’, which implies the result.

(b) The claim is trivial if either of the sets A or B is empty, so assume by symmetry that A = {a}.
Then every subset of A X B can be written as A x B’ for some B’ C B, s0 daxp(-#1) = Z(A X B).

(c) Suppose A ={a} and |B| >2. Let Re .| with RD A x B. Write R=C x D where CC X
and DC Y with CD A and DD B. If C# A, it is easy to see that C x D & 34*B(.7,) as we can
pick ce C~ A and b e B, whence AXx BC (A X B)U{c,d} S Cx D, but (AxB)U{c,d} &.7,.
In contrast, for every D C Y with D O B, we have [A x B, A x D] C .| as A is a singleton.

For items (d) and (e), the proof is quite similar to the proof of item (c).

(f) Consider first the set A x B where |A| > 2 and |B| > 2. Then by items (a)-(e), the only
convex shadow or dual convex shadow that covers A x B is the shadow or dual shadow of A x B
itself. Hence, A x B is both critical and dual critical.

Consider then the case A = {a} (a € X) is a singleton. By item (b), among the sets A x B the set
A x Y has the largest shadow, including the case B = {J. The symmetric case when B is a singleton
and A varies is handled in the same way. For the dual case, items (c)-(e) show that the empty set
has the largest dual shadow.

(g) This follows from items (a) and (b), as we observe that {A x B} =[A x B, A x B] and
P (A xB)=1[0,A x B]. O

Theorem 32. Let X and Y be finite base sets with £ = |X| > 2 and n=|Y| > 2. Then:

D(.%) =n', DY) =1, CD(.%) = D(%),
D(2)=2"-2, DY(2)=1, CD(2)=D(Z),
L
D(Sc)=2"—¢, DU(S) =1+ (i) K, CD(Sc) = D4(50),
k=2
¢ 2\ [(n k
D(#)=2¢, D) = Z < k) <2> , CD(#) =DY(@).
k=0

D(7) =@ —t—1)(2"—n—1)++n, Dd(JL) =@2¢—¢—1)(2"—n—1)+1, CD(#)=D(¥)),

Proof. Observe first that the family .# is downwards closed, so it is trivially supported by
{72}, implying D4(.#) = 1. Downward closedness and finiteness of .# also implies that D(.%) =
|Max(.%#)|. Clearly, the maximal sets in .% are just total functions f: X — Y, so there are |Y]| Xl =
n® of them and D(.%) = n’. Finally, the downward closedness of .# implies that for any such
maximal f, we have Bf(f) = 2Z(f) =[9,f], i.e., shadow are intervals. Hence, CD(.%#) = D(.%).

The family 2" is obviously also downward closed, so we have DY 2)=1 and CD(Z) =
D(Z) in this case, too. It is easy to see that the maximal set in 2" are of form A x B where {A, B}
is a partition of the set X. (In contrast, d =0 x X =X x # € 2 is not maximal, as {(a,b)} € 2~
for any distinct a, b € X.) The number of possible A’s, i.e., nonempty proper subsets of X is indeed
2n— 2.
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In all the other cases, we have already determined dominating and supporting families of the
smallest sizes in the previous lemmas, so the rest is simply combinatorial counting. By Lemma 29,
items d and e,

D(7c) = [Crit(.72) ~ {Ryg) | a € X}| = | 2(X)| — |X]| =2¢ — £

By item f, dual shadows are always intervals, so CD(.#c) = DY(.#c). A combinatorial calculation
related to items g and h gives the formula for DY(.7c).

By Lemma 30 item b, {A x Y | A € X} is the unique smallest subfamily dominating ¢/, and
obviously it is equipotent with Z(X), so D(%) =2°. By item c, the set in the smallest family
supporting % are of the form f U g where f,g: A — Y with A C X and for everu x € A we have
f(x) # g(x). If the size k = |A] is known, there are (i) ways to choose A, and given that A and x € A,
there are (g) ways to choose the pair {f(x), g(x)} (this is all that matters). So for every A with size

n

k, there are (2)k ways to choose f U g. Summing this up for different sizes of A, we get the display
formula. CD(#%') = D(%), as dual shadows are intervals.

By Lemma 31 item g, shadows are intervals, so CD(.#| ) = D(.#| ). Calculating the sizes of
critical and dual critical subfamilies (determined in item f) with get the corresponding formulas
for upper dimension and dual upper dimension. O

There remains one interesting team-semantics-related class of families of sets we need to
investigate. Let X, Y and Z be nonempty finite sets. We shall consider

Iie={|J@A xB:x{c}) | Vce Z(A. X, B.CY) }.
ceZ

This time we will content ourselves on evaluating only lower and upper bounds for this family
instead of the exact values. However, this is done within a more general framework which can be
applied to other similar cases.

Definition 33. Families of sets o/ and 98 are called similar if there exists a bijection f : X — Y such
that o € P (X) and
B={flA]|A e}

It is then straightforward to show that:
Proposition 34. Let o/, B, and € be families of sets. Then:

(a) If o and A are similar, then D(</) = D(A), DY(«7) = DY) and CD(«7) = CD(2).
(b) If B = o/ N P(B) for some B, then D(#) < D(«7), DY(#B) < DY(#) and CD(A) < CD().

Definition 35. Let (%%)ic; be an indexed family of families of sets. Then its general tensor
disjunction is the family

\/ #={{Jai | VielAie )}

iel iel

Note that if the base sets of the families . C Z(X;) are all disjoint, i.e., if (X;);es is a disjoint
family, then there is a natural bijection A > (A N X;);es between \/ % and []..; <. In the other
iel
end of the spectrum, if & is closed under unions, then \/ & = /.
iel

iel
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Proposition 36. Let (<%)ic] be an indexed family of families of sets. Then

CD (\/ @4) <[] coy.

iel iel

Proof. Pick, for each i€, an index set J; and intervals %}, j€J; with |J;| = CD(«}) and
Uje],- Zj= . Write Z;j = [Bij, Cij]. For each fe]=]];;Ji, consider the interval % =
[Bf, Cf] where
Bf = U Bi,f(i) and Cf = U C,-,f(,-).
iel iel
Then clearly |J| =[[;c; Vil =] lie; CD(o%) and \/ o7 = J¢; . O
i€l
As a corollary, we get the desired estimates.
Proposition 37. Let X, Y, and Z be finite base sets with £ = |X| > 2, n=|Y|>2 and s=|Z| > 1.
Then
@' —¢—-1)2"—n—1)+1<min{D(51.), D*(F1.)}
<CD(S1L,) < (" =€ —1)QR"—n—1)+L+n).

Proof. For each c € Z, put
Je=I1aNPXxYx{c))={AcxB:x{c} | AcSX, B.CY)}.
Clearly, 7, is similar to .# , so by Theorem 32 and Proposition 34, case a, we have
Q¢ — ¢ —1)2" = n—1)+ 1 =min{D(.#} ), DY(.#1)} = min{D(_7,), DY(_z.)}.
Since Z. =71 4N P(X x Y x {c}), Propositions 34 and 5, further imply that
min{D(_7), DY(_#0)} < min{D(#1,.), D(S1,0)} < CD(SL0).

It easy to see that \/ Fe=I1 . s0 now when we combine the results of Theorem 32 and
ceZ
Proposition 36, we get the inequality

CD(S1.) =CD(\/ ) <[ [CD(f) = (2" =€ = DQ" —n—1)+ L+ n)’.

ceZ ceZ
O

In our logical application, when we apply Theorem 32 and the previous proposition to deter-
mine the dimension functions of the corresponding atomic formulas, we shall face a technical
complication: The dimension functions of formulas depend on the set of variables that are inter-
preted in the teams of assignments. The previous result corresponds exactly to the situation where
only the variables occurring in the atomic formula are interpreted, but there might be dummy
variables to be considered. We shall need the next proposition to overcome this difficulty: the
effect of dummy variables is not critical. In this intended application, the surjective function in
the proposition will be the restriction of the assignment to the occurring variables.

Proposition 38. Let p: X — Y be a surjection. Recall that the inverse projection is the operation
Ap1: P(P(Y)) > P(P(X)),
Ap1(Z)={Ae Z(X)|plAl € ¥}.

https://doi.org/10.1017/5S0960129524000021 Published online by Cambridge University Press


https://doi.org/10.1017/S0960129524000021

Mathematical Structures in Computer Science 431

Table 2. Dimensions of atoms

atom D pd CcD notes
xX=y 1 1 1

=(y) nm 1 nm len(J?
XCy 2" —pm 1+ 30, (7K 1+ Zk > (7K len(x len(y
x|y 2" 2 1 -2 len(x len(y
Yy 2" o (6" Cr len(x)
=(X,y) n" 1 n" len(x)=m

Let < P(Y) and o = A,-1(B). Suppose that s,r € N are constants such that for eachy € Y, we

have |p~{y}| <s, and for each B € %, we have |B| <.
Then

D(«) = D(8), DY) < s'DY(B) and CD(=7) < s’ CD(A).

Proof. Choose a subfamily ¢ C % such that 4 dominates % and D(#) = |4|. Now clearly ¥’ =
{p7'[G] | G € 4} dominates .«7, so D(&/) < D(%). If there were a family 4" C .o/ dominating </
such that |4”| < D(%), then ¥* = p[[¥4"]] = {p[A] | A € 4"} would dominate A contrary to the
definition of the upper dimension. Hence, D(&/) = D(%).

The cases of dual upper dimension and cylindrical dimension are slightly more involved. The
point is that even if L were minimal in %, the inverse image p~![L] is not in general minimal
in 7. Call A a selective inverse image of B, if p[A] =B and p | A is an injection. Note that A is a
selective inverse image of B if and only if A is a minimal set with p[A] = B. Choose now %" that
supports % and DY(#) = |.#|. Consider the family 7" of all sets A € <7 such that A is selective
inverse image of some B € .#". Clearly, #” supports 7. Each B € .# has at most s!?l < s" selective
inverse images, as for every b € B, we have |p_1{b}| <'s. Hence, Dd(.;z%) <|#"'| <s"D(2B). In the
case of the cylindrical dimension, the proof is similar. O

3.3 Dimensions of definable families

We have defined three dimension concepts for totally arbitrary families of sets on a finite base
set. We now apply these concepts to definable families of subsets of a Cartesian product M™. In

particular, we are interested in calculating the three dimensions for families of the form ||¢ ||M5‘ .
We rely totally on the computations performed in Section 3.2.

Lemma 39. If ¢ is first order, then D([|¢[|M* ) = D4(||¢||M¥ ) = CD(||¢|M*) = 1.

Proof. The claim follows from the fact that, as we noted above in Section 2.4, if ¢(xp, . . ., Xm—1)
is first order, then ||¢ || A = = [, q’)M *]. This makes the dimension computations trivial. O

As alluded to in Section 2.4, team semantics permits the extension of first order logic by a
number of new atoms (see Definition 20) leading to dependence logic (Vdananen 2007), inclu-
sion logic (Galliani 2012), exclusion logic (Galliani 2012), independence logic (Galliani 2012), and
anonymity logic (Vdandnen 2023). In order to estimate the dimensions of families definable in
these logics, we first note the following consequence of Theorem 32:

The following theorem, indicating the dimensions of the various atoms, is summarized also
in Tables 2 and 3, where f(n) ~ g(n) means, keeping m and k constant, lim, f(n)/g(n) =1 and
f(n) € ~[g(n), h(n)] means, keepmg m, k, and s constant, asymptotically g(n) < f(n) < h(n), or
more exactly lim inf,, f(n)/g(n) > 1 and lim inf, h(n)/f(n) > 1.
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Table 3. Approximate dimensions of independence atoms

atom D, Dd, CD notes
XLy o len(X) =m, len(y) =k
Llagy  ~[27 20 len®) = m, len(y) = k, len(@) = s

Theorem 40. Suppose |[M| = n.

(a) Let a be the dependence atom = (yjc,y), where len(x) = m, and let Z=Xxy. Then D(|jee|| M7 ) =
CD([le]|™*) = n"" and D([l||M*) = 1. )
(b) Let a be the exclusion atom X | y, where len(x) = len(y) = m, and let Z = Xy. Then D(||ar|| % ) =

CD([|ee||M?) =2"" — 2 and DI(JJa|M?) = 1.

(c) Let o be the inclusion atom X C7y, where len(x)=len(y)=m, and let Z=Xy. Then
D(la| M%) =2"" — n™ and DU(Jle|M? ) = CD(flee M7 ) = 1+ Y00, ("4 )KE.

(d) Let a be the anonymity atom X Y y, where len(x) = m. Then D(J|ee|| M) = CD(IIaIIM’Z )=2""

Z mo ™ ik
and DY([l||*) = > k=0 ( k )(2) :

(e) Let o be the pure independence atom x LYy, where len(x)=m and len(y)=k, and
let z=%y. Then D(||a|™?) = CD([J||M? ) = 2" — ™ — 1)2" — 1k — 1) + n™ + n* and
Dé(flaM¥) = " — n — D" =k — 1)+ 1.

(f) Let o be the conditional independence atom X Ly, where len(X)=m, len(y)=k

-

len(i) =s, and let z=2Xuy. Then (2" —n™ — 1)(2”k — b — 1)+ 0" + 0k <D(|a|MF) <
CD(lr[M?) < (@™ =" = D@ —nk = 1)+ u" +0b)" and @ — 0" — 1)@~k —
1)+ 1< DIl M) < (™" — " — @™ — 0k — 1)+ 1),

Proof. (a) Letting .# = {f € M™ x M | f is a mapping }, Theorem 32 gives D(%#) =CD(.%) =
n"" and DY(Z)=1. By Definition 20 we have .% = lla|M# and the claim follows. The short
argument is the same in each other case (b)-(f). In (f) we use Proposition 37. O

We may notice that, keeping m and k fixed, the upper and the cylindrical dimension of the
dependence atom grows faster than the respective dimensions of the other atoms, except the
relativized independence atom. Varying m and k we obtain a host of comparisons between dimen-
sions of the atoms. These will become relevant below when we combine the atoms with logical
operations.

Let us now define the important concept of locality:

Definition 41. A formula ¢ of any logic, with the free variables X, is said to be local if for all models
M and teams T with x € dom(T) we have

METr¢ & MET)39.

All the atoms of Definition 20 are local and the logical operations of Definition 19, as well as all
Lindstrom quantifiers (see Definition 22), preserve locality.

The semantics defined in Definition 58 has a variant called strict semantics (Galliani 2012). In
strict semantics, we define the meaning of tensor disjunction by M =1 ¢ Vv ¢ if and only if T =
Y UZ such that M =y ¢, M =z ¥, and Y N Z = (. The meaning of existential quantifier in strict
semantics is M =7 3x¢ if and only if there is F: T — M such that M |=r(r/x] ¢. For dependence
logic this change of semantics has no effect because of downward closure. However, inclusion
logic with strict semantics is not local. We will not consider strict semantics in detail in this paper.
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It is also important to notice that above we have calculated the dimensions of the families
of teams related to certain atomic formulas relative to the variables occurring in the formulas.
In general, we need to consider atomic formulas - and, furthermore, also other formulas - as
subformulas of larger formulas, so we need to attach also other variables in the context. Usually,
the following estimates are good enough for our purposes.

Proposition 42. Let M be a structure and ¢ a local formula with a common vocabulary, y the
sequence of variables occurring in ¢ and X a finite sequence of variables extending y. Suppose M has
size n, r is constant such that for every team T in variables y we have that M |=r ¢ implies |T| <r,
and t =len(x) — len(y). Then

D(41™%) = D(llp 17 ), DUIIMF ) < " D117 ) and CD(| M) < n'"CD(||p|IM7 ).

Proof. This is a simple application of Proposition 38. Put k = len(). Consider the case where T =
Mkt Y = Mk,p: T — Y is the natural projection, &/ = lplIM* and 2 = ||¢||™?. The locality of
¢ implies that &7 = Ap- (%), and for each y € Y, [p~!{y}| = n!, and for every T € %, it holds that

|T| <r. As|Y| = nF, the results follow. ]

4, Growth classes and operators

Although the basic dimension concepts above apply perfectly to any family of sets, we can say
more when we focus on families of subsets of Cartesian powers of finite sets, i.e., families of teams.
In such a framework, the concept of a growth class arises naturally and is the topic of this section.

4.1 Growth classes

As we apply our dimensional techniques to definability problems on the class of finite structures,
we are constantly facing the dilemma that it is usually not sufficient to consider a single structure
and families of sets arising from team semantics in that structure, but we rather have to consider
the class of all appropriate finite structures. That means that we have to accept the possibility that
the size of the base set may change, which calls for a dynamical way to handle matters. To that
end, we consider growth classes.

In the definitions that follow, we generalize the arithmetical notation in a pointwise fashion,
e.g., for functions f, g: N — Nweset f 4 g tobe the function N — N such that (f + g)(n) =f(n) +
g(n), for n € N, and f < g means that f(n) < g(n) holds for every n € N.

Definition 43. A set O of mappings f: N — N is a growth class if the following conditions hold for
allf,g: N—N:

(a) IfgeOandf <g, thenf € O.
(b) Iff,g €O, thenf + g € O and fg € O.

The point of growth classes is that they are closed under natural operators arising from logical
operations. As it turns out, if we figure out the growth classes of some atoms, anything definable
from those atoms by means of most of the logical operations we deal with will be in the same
growth class. Thus, the growth classes represent important dividing lines.

We are interested in the following particular classes:
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Definition 44. For k € N, we use Ex to denote the class of functions f : N — N such that there exists
a polynomial p: N — N of degree k and with coefficients in N such that for alln e N

f(n) < 2p(n).

We use Iy to denote the class of functions f : N — N such that there exists a polynomial p: N — N
of degree k and with coefficients in N such that for every n € N\ {0, 1} we have that

f(n) <nP®™,

Note that Ey is the class of bounded functions and Fy the class of functions of polynomial
growth. The following is immediate:

Proposition 45. Each Ey and Fy (for k € N) is a growth class. Furthermore, we have that
EoCFoCE CFi G- CE CFy

Definition 46. To each formula ¢ with free variables in x allowing a team-semantical interpretation
we relate the following dimension functions:

Dimy 3z : N — Card, Dimy 3(n) = sup {D(I|¢||M’;C) | M is a model, |M| = n} ,
Dimg,;c: N — Card, Dimg,;(n) =sup {Dd(lltbllM’;‘ )| M is a model, |M| = n} ,

CDimg;: N — Card, CDimy 3(n) = sup {CD(||¢||M’;‘ ) | M is a model, M| = n} .

The following examples follow from Theorem 40:

Example 47. (a) CDimgy3(n) = 1, hence CDimg; is in [, for every first order ¢. Hence the same
holds for Dim ; and Dimg - by Proposition 5.

(b) Dimz(;c,y),;(},(n)zn”k, hence Dim_,))3, is in Fy, where len(x) = k. The same holds for

. L. . d . . d L.
CDim_,)) 3y- Ho:vever, Dim :(})y))}y(n) = 1, whence Dim Sy),5y 18 in Eo.
(c) Dimgjy3(n) =2" — 2, hence Dimgy;3; is in Eg, where len(x) =len(y) = k. The same holds

for CDimy;; 35. However, Dim%ly,};’(n) =1, whence Dimgl}j@ is in [Eg.
(d) Dimzcyz5(n) = 2" _ 1k hence Dimjzcy, 35 is in By, where len(x) =len(y) = k.
(e) Dimzy)z,(n) = 2”k, hence Dimjzy) 3, € Eg, where len(x) = k.

(f) Dimz, _55z5(n) € [r, ],  where r=0Q"" —n"— 1)(2”k —nf—1)+n"+n*  hence

Dimgz| 3375 is in [y 4y, Where len(X) =k, len(y) = m, and len(z) =s.

For a summary of the above example, see Table 4. Note that the last row of the table indicates
an upper bound only.

In the example above, the growth classes of the dimension functions of some atoms were deter-
mined relative to variables occurring in the formula. In the general case, it is conceivable that the
dimension functions are not preserved in the same classes. We need the following concept to show
that the situation is, by and large, conserved.
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Table 4. Growth classes of families arising from atoms

family X Y z atom a Dimg, Dimg CDimg,
F MK M =(X,t) Fy Eo Fy
x MK MK x|y Ex Eo Ey
RS MK MK XCy Ey Fy Fy
» MK M XYy Ey Fo Ey
S M- M X1z Eyqq Eyqq Eyqq
I Mk M m X1y Epriys Extiys Egt s

Definition 48. A formula ¢ with free variables X is of degree k € N if there is a polynomial function
p: N— N of degree k, with coefficients in N, such that the following holds: For every structure M of
size n € N for the common vocabulary, if M =1 ¢ holds for a team in variables X, then | T| < p(n).

For a local formula with k free variables the degree is always at most k.

Proposition 49. Let [ € N, O be a growth class, ¢ be a local formula of degree k, y be the tuple of
variables occurring in ¢, and X be a finite tuple extending y.

(a) If Dimy; is in O, then Dimg 3 is also in O.
(b) If By € O and Dimgy is in Q, then Dim(‘;;C is also in Q.
(c) If Fx € O and CDimy; is in O, then CDimg 3 is also in O.

Proof. The proof is a direct application of Proposition 42. Fix the polynomial function p of
degree k witnessing that ¢ is of degree k, and put t =len(x) — len(y). Consider an appopriate
structure M of size n. By the Proposition (putting r = p(n)), we have

D([I1M*) = D(||g[IM7 )
DI([lpMF) < n?™DI(||p|| M7 ) and
CD(||p|M* ) < n*MCD(|| M7 ).

As tp is a polynomial function of degree k, the function 1+ n™ is in Fy, and the results
follow. O

It is worth noting that dual and cylindrical dimensions of formulas do not behave as well as
upper dimension when new variables are added (see Theorem 42). Thus, the dual or cylindrical
dimension of a formula may be in [Ef, but when new variables are taken into account, even if they
do not occur in the formula, the (dual or cylindrical) dimension may jump into Fy as a a new

k
factor ' may appear.

4.2 Kripke-operators
Our goal in this section is to find natural criteria for operators to preserve growth classes. We start
by defining a class of operators that is inspired by the Kripke semantics of modal logic. Let X and
Y be nonempty base sets, and let Z € Z(Y) x Z(X)" be an (n + 1)-ary relation. Then we define
a corresponding operator Ag: P (X (X)) — P (F(Y)) by the condition

Ae Aaj(%, . ,%n_l) S IAge ... dA, 1€y (A,A(), R aAn—l) €.

Note that Ag can be seen as the n-ary second-order version of the function mapping the truth set
of a formula ¢ to the truth set of Q¢ in a Kripke model.
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Definition 50. Let X and Y be nonempty sets. A function A: P (P (X)) - P(P(Y)) is a
(second-order) Kripke-operator,” if there is a relation % C 2(Y) x P(X)" such that A = Ag.

In the next example, we go through the operators introduced in Example 8, and check which
of them are Kripke-operators.

Example 51. (a) Intersection of families is a Kripke-operator on any base set X: If <7, # C Z(X)
and Ce Z(X), then Ce &/ N A if and only if there exist A €./ and Be€ % such that
(C, A, B) € Zn, where Zn is the simple relation {(D, D, D) | D € Z(X)}.

(b) Union of families on X is not a Kripke-operator. This is because for any relation #Z C (& X))?
and any nonempty family & € %(X) we have Ag (<7, 0) =0 # of = o/ U J). However, defin-
ing Zu+ = {(A, A, 1), (A, 0, A) | A € Z(X)} we obtain a Kripke-operator Az, , that captures
union when restricting to families that contain @.

(c) Tt is also easy to see that complementation AX is not a Kripke-operator: A4 (¥) = ¢ for any
relation Z C (2 (X))?, but Af(@) =Z(X) £0.

(d) Tensor disjunction and tensor negation on X are Kripke-operators: clearly, &/ v # =
Ay, (o, B) and AX(o) = Ay (o) where %, ={(AUB,A,B) | A, Be 2(X)} and #- =
{(X N A, A) | Ae P(X)}. More generally, for any binary operation ® on the set {0, 1} the cor-
responding tensor operator is a Kripke-operator: A}@g = A, where Zg = {(A* B, A, B) |
A, Be Z(X)} (see Definition 9).

(e) Projections and inverse projections are Kripke-operators. Indeed, if f: X — Y is a function,
then clearly Af= A%f, where %f ={(f[A], A) | A € Z(X)}. Similarly, Af_l = A%fﬂ , where
Zr-1 ={(A,fIA] | A € 7(X)}.

(f) Finally, we observe that the (7, 0)- -projection operators A i "_ corresponding to Lindstrém
quantifiers are Krlpke operators: by Definition 23 we have AM ;= =Ag,, ;> Where Z ,, ;=
{(B,A)|B= n ~(A)}1f(M 0)¢ A and %, ; ={(B, A)|n a(A)CB}lf(M )yex.

In particular, the existential quantification operators AN{ and the universal quantification
operators A%m are Kripke-operators.

An important property of Kripke-operators is that they preserve unions of families:

Lemma 52. (Union Lemma). Let Ag: P (P (X)) — P(P(Y)) be a Kripke-operator, and let
szik € P (P (X)), k € K;, be families of sets for some index sets K;, i < n. Then

k kn—
Ar(UJ o U 25)= Aa(ys. ... 2, ),
keKy keK,_1 %EK
where we use the notation k = (koy ... ky_1)and K=Ky x - - - x K,_1.

Proof. Using the notation ,;zf Ukek, k for i < n the left hand side of the equation can be
written as &7 := Agp(A, . . ., Fp_1). The c1a1m follows now from the chain of equivalences below:

Aed ©Vi<ndA;ed: (A Ay,...,An1)EZX
& Vi<nikeKAA € 7Y (A, Ao, .., Ap1) €X
& FeK:AcAmy(dP,. . . a7
& AeUiy Aa( .o
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Kripke-operators that preserve the property of being dominated (and/or supported) and
convex have a crucial role in our considerations. This is because for such an operator A g the (cor-
responding) dimension of the image A g (%, . . . , @,—1) is at most the product of the dimensions
of o7}, i < n, and consequently, A preserves growth classes.

Definition 53. Let A: P(P(X))" - P(P(Y)) be an operator. We say that A weakly preserves
dominated (supported, resp.) convexity if A(, . .., Fy_1) is dominated (supported, resp.) and
convex or A, . . ., @y—_1) = ) whenever <f; is dominated and convex for each i < n. Furthermore,
we say that A weakly preserves intervals if A(ef, . . ., 27,—1) is an interval or A(A, . . ., Pp—1) =
) whenever <7 is an interval for each i < n.

Example 54. (a) Proposition 18 shows that each tensor operator ® weakly preserves intervals.
(In this case, if &7 and 2 are nonempty, then so is &7 ® %, too, so we could blatantly state
that ® preserves intervals, dropping the specifier “weakly”.)

(b) Suppose now the binary operation ® on the set {0, 1} is not monotone. Recall that monotonic-
ity of ® means that for all a,a’, b, b’ € {0, 1}, whenevera<a’ and b <V, thena®@b<d ®V/
where < is the natural ordering of the truth values with 0 < 1. 10 of the 16 operations are
not monotone, i.e., all apart from the constant operations, projections, conjunction, and
disjunction. As ® is not monotone, there is ¢ € {0, 1} with

. {c ®0=1 {0 ®c=1
either or
c®1=0 1®c=0.

By symmetry, assume the former pair of equations. Consider now any &/ € #(X), and choose

C=0if c=0,and C= X if c = 1. Note that {C} = [C, C] C £ (X) is an interval, so it is both

dominated convex and supported convex. Now

[Cl® o ={CxA|Acd)={X~A|Ac o} =—d.

Picking any &/ that is nonempty, dominated convex, but not supported convex, we see that
{C} ® o/ = -4/ is nonempty, but not dominated. Thus, ® does not weakly preserve dom-
inated convexity. Similarly, interchanging the roles of “dominated” and “supported” we get
that ® does not weakly preserve supported convexity.

Theorem 55. Let Ag: P(P X)) — P(P(Y)) be a Kripke-operator, and let of =
A%(%a s 'Q{n—l)'

(a) If Agp weakly preserves dominated convexity then D(o/) <D(<%) - . .. - D(ef,—1).
(b) If Ag weakly preserves supported convexity then DY) < DY () - ... DI(,_).
(c) If Ay weakly preserves intervals then CD(&/) < CD() - . . . - CD(@,—1).

Proof. (a) By Definition 4, for each i < # there are dominated and convex subfamilies ,;a/ik C o,
k € K;, such that & = UkeKi ,m/ik and |K;| = D(«%). For each tuple k:= (ko, ..., ky,—1) in K:=

Ko x -+ x K,_1, let o, denote the family A g(%ko, o ,dnkf_ll ). By our assumption, each A is
either dominated and convex, or empty. By Lemma 52, o = | ;_, % Thus we see that D(=/) <
IKl =Kol - ... [Kn—1| =D() - ... - D(-1).

Claim (b) is proved in the same way just by replacing dominated convexity by supported con-
vexity. Finally, to prove (c) it suffices to observe that a nonempty family is an interval if and only
if it is dominated, supported, and convex. O

As seen above in Example 51, there are well-behaved operators that are not Kripke-operators,
but on the other hand, most of the operators arising in our applications are Kripke-operators.
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Moreover, we can prove relatively simple exact characterizations for weak preservation of
dominated convexity and supported convexity for Kripke-operators.
Below we will use the notation

r%[A] = {(A(), . >An—1) | (A,Ao, e aAn—l) E%}

Lemma 56. Let Agz: (P (X)) — P(P(Y)) be a Kripke-operator for finite X and Y. Then Ag
weakly preserves dominated convexity if and only if the following condition holds:

(%) If (Ao,...,An—1) € Z[A]l, (Bo,...,Bu—1) € Z[B], and Ce . (A,B), then there are
Co, - .., Cy—q such that (Cy, . .., Cy—1) € Z[C] and C; € 74.(A}, B;) for each i < n.

Proof. Assume that (%) holds. Let <% be dominated convex sets with maximum sets D; for i < n.
If Agp( A, . .., 1) # 0, it contains maximal sets. We show first that it has a unique maximal
set.

Thus, assume that A and B are maximal sets in A (%, ..., ./,_1). Then there are A;, B; €
o, i <n, such that (Ag,...,A,_1) € Z[A] and (By,...,B,_1) € Z[B]. By (x*), there are C;
such that (Cp,...,Cy_1) € Z[AUB] and C; € J4.(A;, B;) C & for each i <n. Hence AUB¢€
Agp(, . .., Dy—1).Since A, B C AU B, this is possible only if A = B.

To prove that Ag (%, . . ., 9%,—1) is convex, assume that A C CC B, (Ag,...,An—1) € Z[A]
and (By, . . .,By—1) € Z|[B]. Then C € [A, B] = (A, B), whence by (x%), there are C; such that
C; € #,(A;, B;) C o foreachi <nand (Cy,...,Cy_1) € Z[C]. Thus, C € Agp(, ..., p_1).

Assume then that Ag weakly preserves dominated convexity. Let (Ao,...,A,—1) € Z[A],
(Bo, . ..,By—1) € Z[B], and C € S, (A, B). Since the families .«7; := 5%, (A;, B;), i < n, are convex
and dominated, there isa set D € A (%, . .., %%,—1) such that AU B C D. Now C € J%.(A, B, D),
and since Ag weakly preserves dominated convexity, J% (A, B, D) C Ag(, . . ., y—1). Thus
(%) holds. O

Lemma 57. Let Ag: (P (X)) = P(P(Y)) be a Kripke-operator for finite X and Y. Then Ag
weakly preserves supported convexity if and only if the following condition holds:

(+) If (Ao,...,Au—1)€eZ[A], (Bo,...,By—1) € Z[B], and Ce 5*(A,B), then there are
Co, - .., Cy—q such that (Cy, . .., Cy_1) € Z|C] and C; € 7*(A;, B;) for each i < n.

Proof. The claim is proved in the same way as the previous result. O

4.3 Point-wise Kripke-operators

Many natural Kripke-operators Ag are point-wise in the sense that the relation Z[A] is
completely determined by its behavior on singletons {a} C A.

Definition 58. A Kripke-operator Agp: P(P(X))" — P(P(Y)) is point-wise® if, for any A €
P(Y), Z[A] is determined by the relations Z[{a}], a € A, as follows: (Ao, ..., An—1) € Z[A] &
for each a € A thereis (Ag, . .., A},_ ) € Z[{a}] such that A; =4 A] fori < n.

Liick proved (Liick 2020) that all point-wise Kripke-operators A preserve flatness: if <7, i <,
are flat (i.e., dominated and downward closed), then A(%, . . ., %%,—1) is also flat. We generalize
this result to dominated convexity.

Theorem 59. If Agp: P (P (X)) — P(P(Y)) is a point-wise Kripke-operator for finite X and Y,

then it weakly preserves dominated convexity.
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Proof. It suffices to show that Z satisfies the condition (%" ) of Lemma 56. Assume for this that
(Ag,...,Ay_1) € Z[A], (Bos...,By_1) € Z[B],and C € #,(A,B)=[A,AUB] U [B,AUB]. We
assume that C € [A, A U B]; the case C € [B, A U B] is similar.

Since Az is point-wise, for each a € A there are sets A such that A; = J,.4 A{ for i <n, and
(AG ..., A% ) € Z[{a}]. Similarly, for each b € B there are sets B? such that B; = (e Bf’ for
i<nand (BS,...,Bb ) e Z[{b}].

Now, for each i < n, we define C; := A{ for all c € A, and Cf := B for all c € C \\ A (note that
AC Cand CNACB). Let C;:=J.cc C; for i < n. By Definition 58 we have (Co,...,Cy—1) €
Z|C].

We still need to show that C; € 7% (A;, B;) for i < n. Clearly, C; € A; U B; for each ¢ € C, whence
Ci CA;UB; for i < n. Furthermore, A; =J,cs A? =.eq Ci € Ci, whence we conclude that
Ci € [Ai, Ai U B)] € (Ay, By). O

On the other hand, it is not the case that all point-wise Kripke-operators weakly preserve
supported convexity. This is seen in the next example.

Example 60. (a) Let X = {a, b}, and let Z be the relation {(Y,X) | Y # @} € 2(X)?. Then Ay
is clearly point-wise, but it does not weakly preserve supported convexity, since the fam-
ily 2*(X) ={X} is convex and supported, but its image A5 ({X})={{a}, {b}, X} is not
supported.

(b) More generally, if Agp: (P (X)) — P(L(Y)) is a point-wise Kripke-operator and there
are tuples ({a}, Ao,...,An—1),({b}, Bo,...,By—1) in % such that a#b and A;NB; # 0
for some i < n, then Ag does not weakly preserve supported convexity. This is because
by Definition 58, Z[0] ={(?, . ..,#)}, whence @ & Ag(* (Ao, Bo), - . ., #*(Apn—1, Bu—1))
even though ¥ € #*({a}, {b}).

To avoid the problem exhibited in the example above, we consider the following additional
requirement for (point-wise) Kripke-operators:

Definition 61. A Kripke-operator Ag: (P (X))" — P(P(Y)) is separating if A; N B; =0 for
all i < n whenever (Ag, . ..,A,—1) € Z[{a}], By, ...,B,_1) € Z[{b}] and a £ b.

Theorem 62. If Agp: P (P (X)) — P(P(Y)) is a point-wise and separating Kripke-operator for
finite X and Y, then it weakly preserves supported convexity.

Proof. We show that # satisfies the condition ( %”) of Lemma 57. Thus, assume that
(Ags...,Ay_1) € Z[A],(By,...,By_1) € Z[B],and C € 7#*(A,B)=[ANB,A]U[ANB, B]. We
consider the case C € [A N B, A]; the other case is similar.

By Definition 58, for each i < n and each a € A there are sets A7 such that (Ag,..., A% )€
Z{a}] and A; =, A?. Similarly, for each b € B, there are sets Bf? such that (Bf,...,B;_,) €
Z|{b}] and B; = 3 Bf?. We define now C; = (. A for i < n. Then by Definition 58 we have
(C(), e Cn—l) G%[C]

It is clear from the definition that C; C A;. Thus, to complete the proof it suffices to show that
A; N B; C C; for each i < n. To show this, assume that d € A; N B;. Then there are elements a € A
and b e B such that d e A and d € Bib. As Ag is separating this implies thata=be ANBC C,
whence d € A = C} C C;. O

Recall from Example 51 the Kripke-relations %#n, %\ and %, ; that define the Kripke-
operators that correspond to conjunction, (tensor) disjunction and quantification with the
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Lindstrém quantifier Q . We prove next that the corresponding Kripke-operators are point-wise
and separating.

Proposition 63. The operators AM", AM" gnd AA;T ; are point-wise and separating.

Proof. Note first that Zn[A] = {(A, A)} for any A € Z2(M™). Hence, we have (Ag, A1) € Zn[A]
if and only if Ag=A; =A=|J;.4{a} if and only if for each a € A there are sets Aa,AFf such
that (Ag,A?) € Znl{a}] and A; = Jzcu A? for i < 2. Thus, A%m is point-wise. Since Zn[{a}] =
{({a}, {a})}, it is clearly separating, too.

Consider then the tensor disjunction operator on M™. By the definition of %\, we have
2 {a}] = {({a}, {a}), ({a}, ©), (4, {a})} for any a € M™. Using this it is straightforward to verify
that AM™ is point-wise and separating.

Finally, we show that the (7, 0)- -projection operator AM ; 1 separating and point-wise.

Assume first that (M, () ¢ 7. Then by the definition of %, ; we see that for any tuplea € M™7,
%/e [{a}] ={Se 2(M™)| n ; (S) = {a}}. Clearly,SN S = (thn a(S) ={a} andrr 7 (S’)
{b} for a # b whence AM 7 is separatmg.

To show that A 7 is pomt wise, observe that Se€ % i [T] if and only if T = 71 7 8=

{aeM™"|S[a al; € Ji/}. Assume first that this equality holds. Then S=J; s, where 8=

{ceS|c=a®; b for some b € M"}. Moreover, the equality implies that S[a); € #, whence $° €
Z 4 7 {a}] foralla € A.

Assume then that S=J;.p S% for some sets $% € % j 7 {a}], a€ A. Then by definition
7 (S“) = {a} for each 4 € A, whence rrp//g S) =Uzer 71 (S“) T, and consequently S €
%xz [T].
In the case (M, @) € #, we have %%e [T ={SeZ(M™)| rr 7 (S) € T}. This just means
that @ is added to # i [{a}] for each a € M™~". Clearly, this does not affect the proof that AM

is separatmg The proof that it is point-wise also goes through by defining $* =¢ for @ € T N
b, ;). O

We end this section by showing that not all of the Kripke-operators of Example 51 are point-
wise and separating.

Example 64. (a) Consider the restricted union operator Ag , on a base set X. By the definition
of Z+ we have Z+[{a}] = {({a}, 0), (4, {a})} for any a € X. Hence, A, is clearly separating.
However, it is not point-wise: if a # b, then ({a}, ¥) € Zu=[{a}] and (4, {b}) € Zu+[{b}], but
({a}, (b)) = ({a} UG, B U {b}) ¢ Zu+[{a, b}].

(b) Tensor conjunction on a base set X with at least three elements is not point-wise: if a, b, c € X
are distinct elements, then ({a, b}, {a, c}) € Zx[{a}] and ({b, ¢}, {a, b}) € ZA[{b}], but ({a, b} U
{b,c} {a,c}U{b,c})=({a, b, c}, {a, b, c}) ¢ Zxl{a, b}]. Tt is neither separating as the inter-
section of first components {a, b} and {b, ¢} (as well as that of the second components) is
nonempty.

By a similar argument, we see that tensor negation and other non-monotone tensor operators
are neither point-wise nor separating.

Note, however, that, as mentioned in Example 54, all tensor operators weakly preserve inter-
vals. Moreover, we will later prove that tensor conjunction weakly preserves both dominated
and supported convexity (see Proposition 66).
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4.4 Logical operators preserving dimensions

We are now ready to prove that the basic logical operators of first-order logic (except for negation),
as well as arbitrary Lindstrom quantifiers, preserve growth classes.

Corollary 65. Let QO be a growth class, and let ®im be one of the dimension functions Dim,

DimY and CDim. Furthermore, let ¢ = ¢ (%) and V¥ = Y (x) be formulas of some logic £ with team
semantics.

(a) If Dimy 3, Dimy, ; € O, then Dimy ,y ; € O.

(b) If@iﬂ‘kﬁj, Q‘Dlmw,} € Q, then @imd,\“/f’} €.

(c) IfDimyz € O, then Dimg, ;- € O and Dimy, , -~ € O, wherex ™ is X without the component
Xi.

(d) If Q. is a Lindstrom quantifier, X =z ®; y and Dimg ;. € O, then Dimg 54 € O.

Proof. (a) Let M be a finite model, and let len(x) = m. By Proposition 63, the operator A%m is
point-wise and separating, whence by Theorems 59 and 62 it weakly preserves both dominated
and supported convexity. Thus, it follows from Theorem 55 that

D(llp A ¥ IM%) = DI 1M N [y 1MF) < DO IMF ) - D(lyr M%)

for each of the dimensions D € {D, DY, CD}. Since this holds for all finite models M, we have
Dimgay z < Dimgz - Dimy, 3, and hence Dimgy .y 5z € O.

(b) is proved in the same way as (a).

(c) follows from (d) as a special case.

(d) Let M be a finite model. As in (a), it follows from Proposition 63 and Theorems 59 and 62
that the operator Al‘;fm i weakly preserves both dominated and supported convexity, whence using

Theorem 55, we see that
D(| Q79[ ) = DAY (16 1M)) = D(lg 1)

for each of the dimensions D € {D, DY, CD}. Hence, Dimg 54z < Dimgz, and consequently
@ile,)*,d,’z €. ]

The list of logical operators that preserve growth classes of dimensions can be extended by
simply appealing to basic definitions. We have already seen in Example 54 that all tensor operators
(weakly) preserve intervals. Moreover, in spite of the fact that tensor conjunction is not point-
wise (see Example 64(b)), we can prove that it weakly preserves both dominated and supported
convexity.

Proposition 66. The operator A  weakly preserves dominated convexity and supported convexity.

Proof. Assume that o7 and <7 are dominated and convex. We show first that A (%, <) is
convex. Thus, assume that A C CC B and A, Be€ A (%, %). Then there are Ag, By € <% and
A1, By € o suchthat A=AygNA;andB=ByNB.Let Co=ApUCand C; =A; UC.Then Ay C
Co and Cy € Ap U B C Ay U By, and since o7 is dominated and convex, Ag U By € 2. Thus, by
convexity of <%, we have Cy € #. In the same way, we see that C; € #/. Observe now that C C
CoNCiC(AgNA)UC=AUC=C,whence C e A (%, ).

To prove that A (2%, <) is dominated, it suffices to observe that if .o and <7 are dominated
by Dy and D, respectively, then clearly A A (%, 9/ ) is dominated by Dy N D;.

The proof that A , weakly preserves supported convexity is similar. O

Finally, for the union operator, we obtain the following dimension inequalities:
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Proposition 67. Let @, o/f € P (X) for a base set X, and let o = oy U o). Then D(&/) <
D(a#) + D(#), DY) < DY(a%) + DY(#) and CD(«/) < CD(#) + CD(#).

Proof. Observe that if a subfamily ¢, dominates 2% and a subfamily ¢ dominates .7}, then clearly
% U% dominates & U o7j. Thus, D(&) <|% U % | <|%]| + |4|. The first inequality follows
from the case where %) and ¢ are of minimal cardinality. The other two inequalities are proved
in the same way. O

We can now add the cases of tensor connectives and intuitionistic disjunction to Corollary 65.

Corollary 68. Let O be a growth class, and let ®im be one of the dimension functions Dim,
DimY and CDim. Furthermore, let ¢ = ¢ (%) and V¥ = Y (X) be formulas of some logic £ with team
semantics, and let ® be a binary tensor connective.

(a) If@imd,)}, @U’ﬂw),} € Q, then @im(m/,);c e O.
(b) If@imd,,}, ®1m¢,5€ € Q, then @im(ﬁ/\v/)} € Q.
(c) If CDimy 3, CDimy, 3 € O, then CDimggy 5 € O.

Proof. (a) Let M be a finite model. By Proposition 67 we have

D(| gy ™) = DUIGIME Uy % ) < D(Ip M%) + D1 M%)

for each of the dimensions D € {D, DY, CD}. Since this holds for all finite models M, we have
Dimyyy z < Dimg z + Dimy, 3, and hence Dimy,y 3 € O.

(b) Using Proposition 66 and Theorem 55 we obtain the inequality Dimgy,y 3 < Dimgy 3 -
Dimy 3. Thus we see that Dimy y 3 € O.

(c) is proved in the same way as (b) by using Proposition 18 (see Example 54) in place of
Proposition 66. O

5. Applications

The main application of our dimension theory is to hierarchies of definability in logics based
on the atoms of Definition 20 and the logical operations of Definition 19. We obtain also non-
expressibility results for some other connectives and quantifiers based on observations that they
do not preserve dimension.

5.1 Hierarchy results

We can now apply our results to obtain hierarchy results for extensions of first-order logic by
various team-based atoms. We start by defining a family of logics the definition of which is based
solely on dimension-theoretic considerations. We use these somewhat artificial logics as yardsticks
to compare more traditional logics.

Definition 69. (a) The logic ]LE,ICJ is the closure of literals and all atoms whose upper dimen-
sion function is in the growth class Ey under the connectives A, ¥, V, A, and any Lindstrom
quantifiers. Similarly ]LIF,gfor Fy.

(b) The logic IL]F? is the closure of literals and all atoms whose dual dimension function is in the
growth class Fy under the connectives A, V, V, A, and any Lindstrom quantifiers.

(c) The logic ]LF% is the closure of literals and all atoms whose cylindrical dimension function is
in the growth class Fy, under the connectives A, V, V, any tensor operators, and any Lindstrom
quantifiers.
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Figure 1. Logics built from growth classes.

We did not define what would be denoted ]LEE and ]LE%, for the very special reason that the
estimates given by Proposition 42 are not good enough for the dual and the cylindric dimensions,
rendering logics based on them less natural. See remarks at the end of Subsection 4.1.

The logics defined above have some unusual properties. For example, each logic is closed under
all Lindstr6m quantifiers which means that every property of finite models, closed under isomor-
phism, is definable in each of these logics. On the other hand, each of these logics is limited as
to what their formulas can express. In classical logic formulas and sentences have more or less
the same expressive power because we can always form a sentence from a formula by substituting
constant symbols in place of free variables. In team semantics, this does not work because con-
stant symbols do not convey the plural nature of team semantics. The reason for the introduction
of these logics is that they help us estimate and delineate dimensions of formulas and thereby
expressive power of formulas in a multitude of logics.

Theorem 70. (a) The upper dimension of every formula in LE,[{] is in the growth class Ey.
(b) The upper (dual, cylindrical) dimension of every formula in }L]F,E] (LFP, ]LIF,SD , respectively) is
in the growth class Fy.

Proof. (a) By Definition 69 the atoms of ]LE,? are in E;. By an inductive argument based on
Corollaries 65 and 68 the upper dimension of every formula from LE}{] is in [, too.

(b) By Definition 69 the atoms of ]LIF,? are in F. By an inductive argument based on
Corollaries 65 and 68, again, the upper dimension of every formula of LIF,? is in [y, too. The
argument is the same in the case of LF? and ]LIFISD . O

Note that we have not added the intuitionistic implication — (see Definition 78) to the lists
of logical operations in the above definition. The reason is that we want to keep dimension
under control and intuitionistic implication increases dimension exponentially (Lemma 79). The
nonempty atom N is in ILE(()J . For k > 0 the logics ]LE,ICJ, ]LEE ,and LES, ILIF}{J R ILIFE ,and ILIF% are
closed under 3!, but never under V! (see Section 5.2.)

The trivial properties of the logics of Definition 69 are summarized in the following lemma (see
also Fig. 1):

Lemma 71. (a) LF{ CLF} |, LFY CLF},,, and LFy CLF{ .
(b) LE{ CLF/ CLE/ ..
(c) LF{ C LFY and LF{ € LF?.
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As it turns out, a crucial factor in the hierarchy results is the length of variable-tuples allowed
in the atoms. Let us therefore specify the concept of arity for our atoms:

Definition 72. We say:

o the atom = (}, ) is k-ary, if len(x) =

s the atoms X | y and X Y y are k-ary 1f1en(x )(=len(y)) =
. the atom t, 13 3 is m 4+ max (k, I)- -ary, or alternatively (k I, m)-ary, if len( ) =m,len(f,) =
k, andlen(f;) =1,

o the atom T, L 13 is max (k, D)-ary, or alternatively (k, I)-ary, iflen(?z) =k, andlen(t;) =

o a general atom acX (as in Definition 20) len(x) = k, is called k-ary,

o a logic is k-ary (respectively, (k, )-ary or (k, I, m)-ary) if its atoms are.

We name logics according to their atoms (Section 3.3). If we allow only at most k-ary
dependence atoms in dependence logic, we call the logic k-ary dependence logic. Similarly for
anonymity, exclusion etc logics.

Note that the definition of arity for particular atoms, let us call it the effective arity, takes into
account the character of the atom and, in consequence, differs from the definition of arity, let us
call it the actual arity, for general atoms. In each case effective arity of the atom is lower than the
actual arity.

Theorem 73. (a) k-ary inclusion, anonymity, and exclusion logics are all included in ]LE,?.
(b) The k-ary dependence logic is included in ILIFU

(c) The (k, 1, m)-ary independence logic is zncluded in ]LIFmaX kDt
Proof. (a) By Theorem 40 the atoms of the k-ary inclusion, anonymity, exclusion and indepen-
dence logics have upper dimension in E.

(b) The proof here is entirely similar: By Theorem 40 the k-ary dependence atom has upper
dimension in FFy. O

The following theorem is our main application of the dimension analysis of families of sets of
n-tuples.

Theorem 74. (a) The k + 1-ary inclusion, anonymity, and exclusion atoms are not definable in
LE/
b
(b) The k + 1-ary dependence atom is not definable in ILIF]&].
(c) The (k, 1, m)-ary independence atom is not definable in ILIE“iU ifi <max (k,[) +m

Proof. Suppose len(x) =len(y) = k + 1. By Theorem 40 the upper dimension of |x € y||” is
k
2" _ K+ Therefore Dimjzcjz ¢ Eg. The argument is the same in the other cases. O
Despite the above non-definability results, there are some obvious and also some not so obvi-
ous inter-definability results between the atoms. The basic picture is that dependence atoms are
definable from the independence atoms but not from the inclusion atoms. The inclusion atoms
are definable from the independence atoms but not from the dependence atoms. In both cases
the non-definability is a consequence of structural properties of the logics, namely, dependence
logic is downward closed and inclusion logic is closed under unions (of teams). The known
relationships are as follows:
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Proposition 75. (Galliani 2012). (a) The k-ary dependence atom = (X, y) is definable from the k +
1-ary exclusion atom with the formula

Vz(z=yV Xz | Xy)
and also in terms of the k + 1-ary pure independence atom with the formula’
VZIw(Z#xVw=y)Azy Lzw).

In the other direction, the k-ary exclusion atom t, | t, is definable from the k-ary dependence
atom with the formula

VZAu (=G u)A =G u) A =up AZ# D)V (U1 # up AZ#B))).

(b) The k-ary exclusion atom X | y can be defined in terms of the k-ary inclusion and the k-ary pure
independence atoms with the formula:

FZ(xCZAYy LZAY#Z).
(c) The k-ary inclusion atom t) C t, can be defined from the (k,2)-ary pure independence atom with
the formula

VVﬂQE((E 75?1 AZ 75?2) \ (V1 7& V2 A z ;é_l:z) \ ((V1 =1V z =_l:2) Az L 1/11/2)).
It is also definable from the k-ary anonymity atom with the formula (Ronnholm 2018)
IVy(x = y) vV Vw1 Ywa3y3z((wy = wa AV =1) V (mwi = wa ATV=15)) AJ Y 2)).

(d) The k-ary anonymity atom x Y y is definable in terms of the k + 1-ary inclusion atom with the
formula

Ju(—u=y A Xu C xy).

(e) The (k, 1, m)-ary independence atom t, 1 t3 is definable in terms of the k + 1+ m-ary depen-
dence atom, k+ m-ary exclusion atoms, and the k+ 1+ m-ary inclusion atom with the
formula

—>_>—>

Vpar Juruausua(( Ny = (a7 ui)) A (1 # uz A (Pq | 1iE2)V
(w1 =uz Auz # ug A (pF l‘1t3))V
(u1 = uz A us = ug A (pgr C t16213)))).

(f) The (k, 1, m)-ary independence atom X L3y is definable in terms of the (k + m, 1+ m)-ary pure
independence atom with the formula (Wilke 2022)

VBIEEIMG AP VEAGV IR =T A GEPVEATVE£TVE=P) APELGH).
Note that (a) above is in harmony with Theorem 32, as for n > 2

o < o,

Corollary 76. (Hierarchy Theorem). Dependence logic, exclusion logic, inclusion logic, anonymity
logic and pure independence logic each has a proper definability hierarchy for formulas based on the
arity of their non-first order atoms.

The Corollary holds in fact in a stronger form:
Theorem 77. Suppose k is a positive integer.
(a) The k-ary dependence atom is not definable in the extension of first order logic by < k-ary depen-

dence (or any other® < k-ary) atoms, < k-ary independence, exclusion, inclusion, anonymity,
constancy atoms, and any Lindstrom quantifiers.
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(b) The k-ary exclusion atom is not definable in the extension of first order logic by < k-ary exclu-
sion, inclusion, anonymity, dependence, independence, constancy (or any other < k-ary) atoms,
and any Lindstrom quantifiers.

(c) The k-ary inclusion atom is not definable in the extension of first order logic by < k-ary inclu-
sion, exclusion, anonymity, dependence, or constancy (or any other < k-ary) atoms, and any
Lindstrom quantifiers.

(d) The k-ary anonymity atom is not definable in the extension of first order logic by < k-ary
inclusion, anonymity, exclusion, dependence, constancy (or any other < k-ary) atoms, and any
Lindstrom quantifiers.

(e) The k-ary independence atom (whether pure or not) is not definable in the extension of first order
logic by < k-ary independence, inclusion, anonymity, exclusion, dependence, constancy (or any
other < k-ary) atoms, and any Lindstrom quantifiers.

There are many open problems arising from comparing the definability results of Lemma 75
and the non-definability results of Theorem 77. We mention a few in Section 7.

Theorem 77 shows that the translations in Lemma 75 necessarily involve increase of arity.

Earlier hierarchy results have been mostly for sentences. In Durand and Kontinen (2012) it is
shown that k-ary dependence atom is weaker than k + 1-ary dependence atom for sentences in
vocabulary having arity k + 1. In Galliani et al. (2013) it is shown that independence logic with
k-ary independence atoms is strictly weaker than independence logic with k + 1-ary indepen-
dence atoms on the level of sentences. In Hannula (2018) it is shown (using similar results from
Grohe 1996 on transitive closure and fixpoint operator) that inclusion logic with k — 1-ary inclu-
sion atoms is strictly weaker than inclusion logic with k-ary inclusion atoms for sentences when
k> 2. As to earlier results for formulas, in Rénnholm (2018, Theorem 5.17, Corollary 5.18) it is
shown that the fullness (the property of containing every assignment of the appropriate kind) of
a team with domain {xi,...,xx11}, which can be defined by means of the k + 1-ary inclusion
atom, cannot be defined in the extension of first order logic by what are called k-invariant atoms
in Ronnholm (2018) and any downward closed atoms.

5.2 Other atoms and logical operations

The atoms and logical operations A, V, V, ¥, and 3 are by no means the only ones that can be
or have been considered. In this section we first introduce two new atoms that have particularly
big upper or other dimension. We then show that many other logical operations occurring in
the literature actually fail to preserve dimension. We use this to conclude some interesting non-
definability results concerning these alternative logical operations.

Intuitionistic implication and disjunction
Definition 78. (Intuitionistic implication). The intuitionistic implication ¢ —  is defined by

Mr¢ —  if and only if every Y C T that satisfies in M the formula ¢ satisfies also the
formula .

As the following lemma demonstrates, the dependence atom can be defined in terms of the
constancy atoms and the intuitionistic implication:

Lemma 79. (Abramsky and Vdindnen 2009). E==(x1,...,%sy) < 9(( =x)A...AN =
(xn)) = =)
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This gives an example where the use of ¢ — i leads to something we know is exponential
(Example 47). It shows that we cannot hope to prove that the dimension of ¢ — ¢ is in general
better than exponential in the dimensions of ¢ and .

Note, that we can add intuitionistic implication to LIE, because it does not increase upper
dimension, when the latter is bounded by a constant.

Intuitionistic disjunction can be defined in terms of constancy atoms:

FovyoIBH(=0A=@A(x=yrd)V(mx=yA¥)).

But since it increases upper dimension additively, it cannot be defined in first order logic alone. In
fact, the formula x = y v —x = y has upper dimension 2.

The non-empty atom NE

Definition 80. (The non-empty atom). The non-empty atom N is defined by M =1 NE if and only
if T #0.

The atom NE says that a team is non-empty. Most of the atoms we have considered (dependence,
inclusion, independence, etc) satisfy the Empty Team Property, i.e., the empty team satisfies the
atom (see the remark in the end of Section 2.4) and our logical operations (conjunction, disjunc-
tion, existential quantifier, universal quantifier) preserve the Empty Team Property. Thus we can
immediately observe that NE is not definable in them. Still it is sometimes useful. For example,
we may want to enhance the disjunction ¢ V ¥ to (¢ A NE) v (¥ A NE). The latter would be satis-
fied by a team which splits into a team satisfying ¢ and a team satisfying ¥, both non-empty. An
example in natural language would be the statement “On Mondays I play tennis or go to swim"
with the intention that both cases actually happen.

Lemma 81. The upper dimension of NE is 1. The dual upper dimension Dd(||l\E||M’;‘) and the
cylindric dimension CD(|| NE|MX ) in a domain of size n are n, where k = len(%).

Proof. Non-emptyness is a convex property dominated by the maximal team. Hence the upper
dimension of NE is 1. It is supported by the family of all singleton teams. Hence the dual upper

dimension and the cylindrical dimension of || I\E||M’;‘, len(¥) = k, is n*. O
Corollary 82. Dimy; is in Eg while Dim‘jl,E - and CDimyg ; are in [F.

The atom NE is an example of an upper dimension 1 operation which still extends the expressive
power of first order logic.

The quantifiers V1, 3, and §*

We now recall three quantifiers which represent alternative definitions for the semantics of ordi-
nary quantifiers 3 and V. As we shall see, these alternative quantifiers do not preserve dimension
in the same strong sense as the received 3 and V.

Definition 83. Ifa € M, let F, be the constant function F,(s) = {a} for all s € T. The 3'-quantifier is
defined as follows: M =1 3'x¢ if for some a € M we have M [=1(F, /x) ¢. The V! -quantifier is defined
as follows: M f=r Y1x¢ if for all a € M we have M E=1(F,/x] ¢ The public announcement-quantifier

8'x is defined as follows: M =1 8'x¢ if for all a € M we have M =1, ¢, where Ta ={se T :s(x) =
aj.
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We shall now see that the quantifiers ¥!, §! and 3' do not preserve upper dimension, whence
they are not Lindstrom quantifiers in the sense of Definition 22.

Lemma 84. (Galliani 2013). (a) = V!'x¢(x) <> Vx( = (x) = ¢(x))
(b) E8'xp(x) < Viy(x £y V P(x))

(€) == (X150 Xnp y) <> 81x1..8 %, = ()

(d) == (x1, o X, ¥) & Viz1 Vzy(z1 £ X1 V.V Zy A5V = ().

Items (a) and (b) show that V!x¢ and §!x¢(x) increase upper dimension of ¢ at most exponen-
tially. Items (c) and (d) shows that, as operators, ' x¢(x, y) and V!x¢(x) increase dimension in the
worst case exponentially. This shows that we cannot hope to prove that they are in general better
than exponential. This also shows that these operators do not arise from a Lindstrém quantifier.

Note that by iterating V!x or §1x we can defined dependence atoms of arbitrary arity. This
shows that V!x and 6'x increase dimension more than any k-ary atom for a fixed k.

Lemma 85. (a) = 3'x¢ < Ix( = (x) A @).
(b) ==(x) < Fyx=y).

Proof. Easy. O

Hence 3! increases upper dimension at most linearly. Also, 3! does indeed increase dimension,
as the dimension of x = y is 1 and the dimension of = (x) is n. Hence 3! is not first order definable
and not definable even if we add arbitrary Lindstrom quantifiers to first order logic.

The point is that 3 preserves dimension in the growth class where constancy logic is, but not
in the lower growth class where FO is.

Uniform definability

Uniform definability, introduced by P. Galliani, is a phenomenon which does not exist in clas-
sical logic. It seems to be particularly characteristic to team based logics. Roughly speaking, a
quantifier Qx¢(x, y) is uniformly definable in a logic if there is a single definition which works by
substitution. In classical logic all definitions are uniform. In team based logics some quantifiers
are definable but the definition is not uniform. In this section we use our dimension theory to
prove this fact.

Definition 86. (Galliani 2013). A generalized quantifier (which need not be a Lindstrom quantifier)
Qof alogic L is said to be uniformly definable in another logic L; if the logic L, has a sentence ®(P),
P unary, with only positive occurrences of P, such that for all formulas ¢(x, y) of the logic L we have

= Qxg(x, y) < P(@(2,y)/P(2)).
Similarly, if there are several formulas, as in Qxyg(x, 2)¥ (y, 2).

Example 87. The equivalence

=3 (x, y) < Ix( = (x) A p(x, )

shows that the quantifier 3! is uniformly definable in dependence logic, with ®(P) the formula
Ax( = (x) A P(x)). The equivalence

Fovy oI =N =@ A((x=yAd)V(cx=y )
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shows that the intuitionistic disjunction is uniformly definable in dependence logic, with
®(Py, P1) the formula IxTy( = (X)A =) A ((x=y A Py) vV (mx=y A Py).

Lemma 88. Suppose
= Qxo(x, y) < ©(¢(z, )/P(2))
where ®(P) is a sentence in dependence logic. Then

Dimqu)(x,y),xy(”) = (”nm : Dim¢(x,y)(”))k,

where k is the length of ®(P) and m is the maximum of the lengths of X such that = (X, y) for some
y occurs in P(P).

Proof. We use induction on ®. The cases of atoms = (¥, y), the atom P(z) and other atomic for-
mulas are clear. The induction step for the connectives and the first order quantifiers follow from
Corollary 65. O

Corollary 89. (Galliani 2013). The quantifier V! is not uniformly definable in dependence logic.
Proof. Suppose ®(P), a sentence of length I, defines ¥!' uniformly in dependence logic. Let m

be as in Lemma 88. Then there is by Lemma 84 a formula W(P) of dependence logic, obtained
from ®(P) by k repeated substitutions, which defines = (x1, .. ., x}, ). By Lemma 88 we obtain

an upper bound of 2" for Dim —(x1x,).5y(1). However, we know from Example 47 that

. k
Dim (... )5y (n) =n"". O

Although Corollary 89 is not new, its proof shows that the concept of upper dimension offers
a general method for demonstrating failure of uniform definability.

The “at most half” atom

Definition 90. (The “at most half” atom). Suppose len(x) = k and the model M has size n. We
define a new atom as follows: M =7 H(X) if |{s(%) | s € T}| < n*/2.

Note that H(X) is clearly definable in dependence logic (see Example 21).
o ; . o 2 4rf—Elog(n)
Theorem 91. Suppose len(x) = k. The upper dimension of H(x) is ~ \/;2 2108V,

Proof. Bollobds (2001, p. 4)
O

Corollary 92. Suppose len(x) = k. The atom H(X) is not definable in the extension of first order
logic by < k-ary dependence (or other) atoms.

The parity atom

Definition 93. (The parity atom). Suppose len(x) = k. The k-ary parity atom is defined by M =t
E(%) if and only if |{s(X) | X € T}| is even.

Note that E(x) is definable in independence logic (see Example 21).
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Lemma 94. The upper, dual and cylindrical dimension of the k-ary E(X) is o1,
Proof. This is a special case of Example 7. O

Corollary 95. The k-ary E(x) is definable from the independence atoms but not from l-ary
independence atoms for I < k.

(In)dependence friendly logic

The so-called dependence friendly existential quantifier, as in independence friendly logic (Mann
et al. 2011), can be defined in terms of the dependence atom. Hence we can estimate its effect on
the dimension of a formula. We have

E /e < 3Ix(=0x)A9)
E =0,x) < z/i(z=x)

Corollary 96. The quantifier 3x/y, len(y) = k, is not definable in the extension of first order logic
by < k-ary independence, inclusion, exclusion, dependence and constancy atoms.

A kind of “dependence friendly" disjunction can be defined as follows: M =7 ¢ vz ¢ if T =
YU Zsuch that M =y ¢, M =z ¥ and if s, s’ € T with s(x) =s'(X),then s€ Y & s € Y) and (s €
Z&s eZ).

Lemma97. =@ Vi; ¥ < v =X A =GV A (u=v— @) A(u#v— ¥)).

In the proof of Lemma 97 it is actually enough to use the 2-valued dependence atom =

(%, ) A ( =(y)V = (»)). This has dimension ka, when len(x) = k and the domain has cardinal-
ity m. Dimension analysis shows the full dependence atom cannot be defined from the s-valued
dependence atom =; (X, y), defined by

=ENA(=0) V...V =) (s disjuncts)

for any s > 0. The 2-valued dependence atom =;(X, y) can be defined from V3 and constancy
atoms as follows:

JuAv( =WA =W A =uVzy="v)).

This shows that the operation ¢ V; ¥ does not preserve dimension. The situation is similar to the
dependence friendly existential quantifier.

6. Other topics
We mention here some other topics that are not directly related to our main results.

6.1 VC-dimension

An important dimension in finite combinatorics is the Vapnik-Cervonenkis (VC) dimension of a
family of sets. It is defined as follows: Let us say that a set A is shattered by a family H of subsets
of a finite set if {h N A | h € H} contains all the subsets of A. The VC-dimension of H is the largest
cardinality of a set shattered by H. This dimension has turned out to be useful e.g. in learning
theory (Vapnik 1995). However, it does not have the same flexibility as our dimension concepts
and does not seem to be applicable in the kind of analysis we have at hand in this paper.
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The VC-dimension of the family of teams of an even number of k-tuples in a domain of n
elements is n*. Yet evenness can be expressed in independence logic. As the VC-dimension of the
independence atom is 1, this shows that our logical operations do not preserve VC-dimension.

6.2 Cylindrical dimension and the DNF

Our cylindircal dimension for a family of sets is actually known in the study of disjunctive
normal forms (DNF) of Boolean functions: Suppose X ={aj,...,a,} is a finite set. We fix a
proposition symbol p; for each i € [1, n]. Now subsets A of X correspond canonically to valua-
tions (truth functions) v of {p1,. .., pn}. Respectively, families &7 of subsets of X correspond
to Boolean functions on {pi, . .., p,} and thereby to propositional formulas ¢ in {p1,. .., pu}.
This brings a connection between families of sets and Boolean functions (O’Donnell 2014). An
interval [ ={Y C X | A C Y C B} corresponds to the set I of valuations in which some proposition
symbols have a fixed value, namely p; for a; € A must be 1 and p; for a; ¢ B must be 0. The set I
can be defined in propositional logic with a conjunction of literals i.e. propositional symbols and
their negations. If a family .« of subsets of X can be expressed as the union of d intervals, then the
defining formula ¢ can be taken to be a disjunction of d conjunctions of literals. In the theory
of Boolean functions our concept of cylindrical dimension corresponds exactly to the concept of
length m(f) of the shortest disjunctive normal form for the Boolean function f, meaning the small-
est number of disjuncts in the disjunctive normal form of f. The conjunctions in such a “minimal
DNEF" (where we also stipulate that these consist of as few variables as possible) are the well-known
prime implicants of f. The algorithm of Quine (1955) and McCluskey determines these and hence
also the number m(f). A classic result about m(f) is the following estimate (Glagolev 1964) for
almost all f of n Boolean variables:

2" (loglog n)2"

<m(f) <c

“ (logn)loglogn logn

Thus this is also an estimate for the cylindrical dimension of almost all families of subsets of a set
of n elements. The DNF-dimension has been studied extensively and more estimates have been
found, see Kor$unov (1969), Makarov (1964), Weber (1982), Kuznetsov (1983), Aslanyan (1983),

Romanov (1983). For example, in Kuznetsov (1983) the following better lower bound is proved
1-— 2"
1(6—"), )
ogn —loglogn

where lim ¢,, = 0, for almost all Boolean functions on # variables.

In the following application of the estimate (2), we measure probabilities of team properties
by using the uniform distribution for teams on k + 1 variables in a model of size n. Note that in
a non-rigid model a random team property is almost surely not definable in any logic. Therefore
the interesting case is the definability of random team properties in rigid models.

Corollary 98. In the class of finite rigid models a random k + 1-ary team property (k > 1) is almost
surely not definable in the extension of first order logic by k-ary dependence, independence, inclusion,
exclusion and anonymity atoms.

Proof. Ifarandom k + 1-ary team property is definable in LIFy, its cylindrical dimension is asymp-
totically n" . But by (2) the cylindrical dimension is asymptotically almost surely at least of the

order 2”kJrl . O

We do not know whether upper dimension and dual upper dimension have been isolated in
the study of Boolean functions and whether they have a role there.
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6.3 Infinite models

Our dimension analysis can be adapted to the realm of infinite domains but it does not have
similar power. The infinite dimensions tend to be all the same and we do not get applications to
definability. In fact, the hierarchy results are false in the following sense: Three and higher arity
dependence atoms can be expressed in terms of binary dependence atoms. The trick is to use the
binary dependence atom to introduce a pairing function:

Theorem 99. In infinite domains all dependence atoms are definable in terms of 2-ary dependence
atoms. Respectively, in infinite domains the ternary independence atom xyz L uvw can express all
dependence, independence, inclusion, anonymity, and exclusion atoms.

Proof. Suppose (x, y) — (x, y) is a pairing function (i.e. (x,y) = (x/,y') if and only if x =x" and
y=1') on the (infinite) domain. We prove the following typical case:

E = xyz,u) < Vx1Vy Jui( = (x1y1, un)A
VxoVy2Jua (= (x2y2, u2) A
(x1 =x2 Ay1=y2) < ur =ux)A
(r1=xAy1=yAx2=u1 Ayr =2) = = (up, u))))

3)

Suppose a team T satisfies = (xyz, u). Let Y be the extension of T by giving all possible values
for x1, x2, y1 and y,. We further extend Y to Z by giving values to u; and u; as follows:

s(u1) = (s(x1), s(y1)) s(uz2) = (s(x2), s(y2)).

Clearly, Z = = (x1y1, u1) and Z = = (x2)2, uz). Also, obviously, Z = (x1 =x A y1 = y2) & up =
uy. Suppose then {s,s'} C Z satisfies x; =x A y1 =y Axp = U1 A ¥, =z and, moreover, s(uy) =
s'(uz). A direct calculation yields s(u) = s'(u).

Conversely, suppose T satisfies the right hand side of (3). Thus, if T is extended by giving all
possible values for x;, x5, y; and y», and then further extended to Z by giving suitable values to u;
and uy, then Z satisfies the quantifier-free part of the right hand side (3). To prove the left hand
side of (3), suppose s, s’ € T agree about xyz. Let f be a function such that if s € Z, then s(u;) =
f(s(x1),5(y1)). Then, if s € Z, then s(u) = f(s(x2), s(y2)). Clearly, f is one-one. A calculation yields
s(up) = s'(uy). Since Z satisfies = (uz, u), we obtain s(u) = s'(u). O

It remains open, whether the unary dependence atom or the binary independence atom have
similar universal power. It remains also open whether the arity hierarchy of the inclusion atom
collapses.

7. Conclusion

We have defined three dimension like notions in discrete mathematics and applied them to obtain
hierarchy and undefinability results in the area of team semantics. Our results demonstrate that
in finite models the arity of atoms puts a definitive bound on what can be expressed. In terms
of our approach, the arity of the atoms of a sentence completely determines the dimension of
the sentence, and team properties of higher dimension cannot be expressed even if we add all
possible Lindstrom quantifiers. On the other hand, this is only true if certain nicely behaving
logical operations are the only ones that are used. If certain strong (from the perspective of our
approach) logical operations, such as the intuitionistic implication, are allowed, the dimension
analysis fails. Thus our quantitative analysis can be used to show the rationale of choosing some
logical operations over some others.
We list below some open questions that remain unanswered by our results:
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(1) Is the k-ary dependence atom definable in terms of k-ary independence, exclusion, inclusion,
anonymity, constancy atoms, and some Lindstrom quantifiers?

(2) Is the k-ary anonymity atom definable in terms of the k-ary inclusion atom?

(3) Is the k-ary independence atom definable in terms of the k-ary pure independence atom?

(4) Is the (k, I, m)-ary independence atom definable in terms of the max (k, [) + m-ary depen-
dence, anonymity, exclusion and inclusion atoms?

(5) Dependence, exclusion, inclusion, anonymity and independence atoms arise in a natural way
from the classes .#, 2", Zc, # and .#] , and for each of these atoms we have proved an arity
hierarchy result. Furthermore, all the classes are first-order definable. Does there exist some
other first-order definable families &7 C {R| R C X; x - - - x X,;} such that the corresponding
atoms satisfy similar hierarchy result, and first-order logic extended with the atoms is strictly
contained in dependence/exclusion or inclusion logic?

(6) Our dimension functions are either polynomial or exponential. Is this a general phenomenon
for first order definable atoms i.e. is there a Dichotomy Theorem for first order definable
atoms? Is it a decidable question to decide whether the dimension function is polynomial?

Notes

1 Ciardelli (2009).

2 We call this operator tensor disjunction, since it gives the team semantics for disjunction.

3 This symbol stands for the letter "u’ as written in runes. "'Unknown’ is "ukjent’ in Norwegian.

4 Engstrom (2012) uses the semantics defined here only for monotone quantifiers. For non-monotone quantifiers he intro-
duces a more complicated semantic clause, which is justified by certain additional assumptions that do not apply in our
setting.

5 This notion is defined by Liick (2020); he calls functions satisfying the condition just “operators”.

6 In Liick (2020) this notion is defined under the name “transversal”.

7 Here, as in the sequel, Z = X is shorthand for /\5;1 z; = x; and, respectively, Z # X is shorthand for \/f;l -z = xj.

8 See Definition 20.

9 We use = ¢ <> Y as a shorthand to “For all models M and all teams T, M =1 ¢ if and only if M =7 ¢".
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