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Abstract

There are only two truth values in classical semantics for first-order logic, hence a first-
order sentence is either true or false in a given structure. Semiring semantics extend
the domain of truth values to an arbitrary commutative semiring K. Since a structure
can be seen as a mapping from atomic facts to truth values, it is straightforward to
replace structures with K-interpretations, which map atomic facts to values in K.
Interpreting a logical formula under a K-interpretation yields a value in K as well,
which provides more information than “true” or “false”.

A natural question that arises with the introduction of semiring semantics is to
what extent model-theoretic results from classical semantics can be lifted to semiring
semantics. This thesis is mainly concerned with the relationship between elementary
equivalence and isomorphism under the new semiring semantics. Elementary equiva-
lence is one of the core concepts of model theory and the Ehrenfeucht-Fraissé theorem
establishes its relationship with isomorphism under classical semantics, while also
providing a game-theoretic characterization. In particular, elementary equivalence
coincides with isomorphism on finite structures.

We will show that this is not the case for semiring interpretations over all semirings
K by providing a counterexample in a semiring K with three elements. However,
we will also see that there are infinite semirings where elementary equivalence and
isomorphism do coincide on finite interpretations. Hence, the relationship of elemen-
tary equivalence and isomorphism heavily depends on the algebraic properties of
the semiring in question. In an attempt to obtain more general results and tools, we
examine the relationship on polynomial semirings, which allows us to draw conclu-
sions for wider classes of semirings due to the “generality” of polynomial semirings.
For example, elementary equivalence and isomorphism do not coincide on finite K-
interpretations in any distributive lattice K with at least three elements, but they do
coincide on finite interpretations in the “most general” semiring N[X] of polynomials
with natural coefficients and exponents.

Finally, we observe that most of the ideas used in the Ehrenfeucht-Fraissé theorem can
be generalized to semiring semantics if we extend first-order logic to a two-sorted logic
where semiring elements can be accessed and compared directly. The full theorem
holds in a semiring K if we assume idempotence of addition and multiplication.
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Chapter 1

Introduction

The defining property of real-world logical statements is their unambiguity, that
is, each statement is either true or false. In mathematical logic, statements are
encoded as formulas ¢ from a formal language L and the real world is abstracted
away by interpretations J, which provide truth values from the Boolean domain
B = {1, T} for atomic statements. Therefore, a formula ¢ can be evaluated under
an interpretation J, which yields a truth value [[go]]j € B for the formula under J.
Typically, a formula is composed of atomic statements and logical connectives such
as disjunction, conjunction and negation, denoted by V (“or”), A (“and”) and —
(“not”) respectively. Informally, the result []’ € B is obtained by combining the
truth values for the atomic statements given by the interpretation J using the logical
connectives from the formula.

For example, consider the simple first-order sentence
¥ = Re V Rd,

where ¢ and d are constant symbols and R is a unary relation symbol. In a suitable
interpretation 2, the constants ¢ and d could represent two distinct real-world objects
and the relation R* might contain all the objects satisfying some real-world property
called R for convenience. Informally, the sentence 1) states that at least one of the
objects denoted by ¢ and d satisfies the property R. Assume in this example that
¢, d € R* both satisfy the property, hence both atomic facts Rc and Rd are true in
2A. Since V denotes “or”, v is clearly true under 2. Algebraically, we could say that
1 under 2l is interpreted as

[W]*=TVvT=T.

The above view of semantics as an algebraic combination of truth values raises the
natural question of why we should restrict it to the two-element Boolean algebra
over B = {L, T} and whether there is anything to be gained from generalizing
the approach to other domains. Indeed, Gradel and Tannen introduced semiring
semantics to first-order logic in 2017, where the domain of truth values may be any
commutative semiring (K, +,+,0,1) [GT17]. As a motivating example, consider the
same sentence ¥ and the same structure 2 as before, but instead of truth values,
assign the natural number 1 from the semiring (N,+,-,0,1) to the atomic facts
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CHAPTER 1. INTRODUCTION

Rc and Rd, which usually represents “true” numerically in computer science. As
for the disjunction V, an intuitive interpretation on the domain N would be the
usual addition +, which yields the value 1 4+ 1 = 2 for the sentence 1. This value is
meaningful, because it informally represents the number of ways to prove that ¢ is
true in %A, which can be done via Rc or Rd.

On general commutative semirings (K, +,-,0, 1), Gradel and Tannen replaced the
classical interpretations by K-interpretations, which map atomic facts to values in K
instead of truth values. In order to interpret a formula, disjunctions and conjunctions
are interpreted by the algebraic semiring operations of addition (+) and multipli-
cation (-) respectively. This leaves the problem of negation, since negation is easily
defined on B = {_L, T}, but it is not possible to sensibly define negation in semirings
such as (N, 4+, -,0, 1) or the polynomial semiring (N[X],+,-,0, 1). Gradel and Tannen
solved this by defining semiring semantics for formulas in negation normal form only,
hence negations only appear at the atomic statements. This eliminates the need to
interpret negations in the semirings directly, but K-interpretations have to assign
values from K to both positive atomic statements, such as Rc, and the corresponding
negative statements, such as = Rc, in order to be able to interpret the negated atoms
if they appear in a formula. The transformation from classical semantics to semiring
semantics is illustrated below.

classical semantics
interpret over structures

map atoms to truth values
Re — T
Rd — T

interpret with {—, Vv, A}
TVT=T

semiring semantics
interpret over K-interpretations

map literals to semiring values
Re — 1 —Re — 0
Rd — 1 -Rd — 0

interpret with {+, -}
1+1=2

The practical use of semiring interpretations for first-order logic was also demon-
strated by Gréadel and Tannen in 2017. As hinted above, they proved that using a
suitable N-interpretation to interpret a first-order formula 1 enables us to count all
the possible proofs for . Switching to other semirings, such as the polynomial semi-
ring (N[X],+,-,0,1), provides even more information. As a slightly more complex
example, consider the first-order sentence

¥ = (Rc A\ Rd) V Re.

We use a N[X]-interpretation and assign a unique variable to each atomic fact, in
this case, let {z,y, 2} C X and assign Rc — z, Rd — y and Re — z. If we use this
to interpret the formula over N[X]|, we obtain the result xy + z, where each monomial
represents one possible “proof” for ¥ and the variables in the monomials correspond
to the facts used in that proof. Griadel and Tannen called this provenance analysis,
since we can exactly determine the atomic facts that contribute to the truth value
of a formula and the manner of their contribution.

Moreover, Gradel and Tannen made the important observation that semiring se-
mantics are compatible with semiring homomorphisms, hence we can even use the
resulting polynomial to interpret ¢ under a K-interpretation for a different semiring
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K. For example, consider the usual “counting” N-interpretation that assigns 1 to Re,
Rd and Re. Instead of interpreting 1) from scratch under the counting interpretation,
we can simply assign 1 to x, y and z in the polynomial xy + z and obtain the desired
result 1-1+1 = 2, which is the number of different proofs for 1}, without using ¢ again.
This observation highlights the importance of polynomials for semiring semantics
and will be used to obtain general model-theoretic results. Clearly, K-interpretations
for various semirings K would provide different kinds of information about ¢. Indeed,
Gradel and Tannen demonstrated even more uses of K-interpretations on various
semirings K.

In this thesis, we are interested in the model-theoretic properties of semiring semantics
for first-order logic. First, the fundamental terms such as isomorphism or equivalence
must be generalized to semiring semantics. The goal is to determine which results
from classical two-valued model theory carry over to semiring semantics. As an
orientation, we use the Ehrenfeucht-Fraissé theorem, which provides useful insights
into the relation between isomorphism and elementary equivalence of structures in
classical logic. In particular, it is known that if two finite structures 2l and 8 satisfy
the same first-order sentences, they must be isomorphic, that is, we can transform
one into the other by renaming elements. This raises the question of whether a
similar result holds for two finite K-interpretations. However, the answer does not
only depend on the definition of the corresponding terms for K-interpretations, but
also on the algebraic properties of the semiring K in question.

To illustrate this, notice how the meaning of equivalence between first-order formulas
changes depending on the semiring K. Consider two formulas

(e AY)AD and oA (I AP),

which are obviously equivalent in standard semantics. In a commutative semiring
(K,+,-,0,1), since A is interpreted by -, which is associative and commutative, those
formulas are always equivalent as expected. However, this does not hold for all
classical equivalences, such as ¢ V ¢ = . On a semiring K, the formulas ¢ V ¢ and
 do not always yield the same value unless K is idempotent, that is a + a = a for
all @ € K. An N-interpretation that interprets ¢ with 2 would interpret ¢ V ¢ with
2 + 2 =4 # 2. Therefore, we need to categorize semirings based on their algebraic
properties in order to study the model-theoretic properties of semiring semantics
and results may vary between different semirings.

Finally, it is also possible to approach the problem from a different perspective.
Instead of checking whether classical results from model theory can be lifted to
semiring semantics for plain first-order logic, we may extend the logic’s syntax so
that classical theorems, such as the Ehrenfeucht-Fraissé theorem, remain as intact
as possible under semiring semantics. This will be achieved by introducing new
constants and operators to first-order logic that access the elements of K directly.



Chapter 2

Foundations

Before diving into model theory, it is necessary to state the syntax and Gréadel and
Tannen’s semiring semantics for first-order logic formally. First, we will provide their
definition of semirings and recapitulate some basic algebraic properties they observed
in 2017 [GT17].

(2.1) Definition (Semiring). A semiring is a structure (K, +,-,0,1) such that
(K, +,0) is a commutative monoid, (K-, 1) is a monoid, 0 # 1, multiplication by 0
annihilates K and multiplication distributes over addition, that is

(1) 0ca=a-0=0 for all @ € K,
(2) a-(b+c)=(a-b)+(a-c) forallabce K and
3) (b+c)-a=(b-a)+(c-a) foralla,bceK.

(K,+,-,0,1) is commutative if the multiplication is commutative. If the operations
and constants (+,-,0,1) can be inferred from the context, we may simply write K
instead of (K, +,-,0,1) to denote a semiring.

Since we only consider commutative semirings in this thesis, we will implicitly as-
sume that semirings are commutative unless stated otherwise. Some semirings and
their possible uses were already mentioned in the introduction, such as (N, +,-,0,1)
for proof counting or (N[X],+,-,0,1) for provenance analysis. Of course, classical
semantics may also be seen as a special case of semiring semantics over the Boolean
semiring B = ({L, T}, V, A, L, T) itself, but note that negation is not used. More
examples include the Viterbi semiring V = ([0, 1]g, max, -, 0, 1) and the access control
semiring A = ({P,C, S, T,0}, min, max, 0, P). Values from the Viterbi semiring may
be interpreted as confidence scores for practical purposes and values from the access
control semiring are interpreted as access tokens with P < C' < S <T < 0, where P
is public, C'is confidential, S is secret, T' is top secret and 0 is inaccessible. Both these
semirings will be further examined later on. Finally, T = (R, min, +, c0,0) and
F = ([0, 1]g, max, min, 0, 1) are semirings as well, where T is the tropical semiring,
usable for the calculation of shortest paths, and F is the fuzzy semiring, which can
be used in fuzzy logic.

Although we will not refer to each of those examples specifically, their diversity
provides the justification for the use of commutative semirings to generalize the
semantics of first-order logic. Commutative semirings provide the two operations +
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and - that are necessary to interpret V and A in logics, but they impose very few
restrictions on those operations compared to the more commonly studied structures
in algebra, such as rings or fields. More specifically, they do not require the existence
of inverse elements for any of the two operations + and -. In fact, we will later see
that additive inverses may be undesirable for the sanity of semiring semantics, hence
we mostly study semirings that do not satisfy the ring axioms.

However, while inverse elements are not required or not desired, we still rely on
associativity and commutativity for both semiring operations + and - due to the fact
that they are intended to interpret disjunctions and conjunctions in logics that are
commonly expected to be order-invariant. Therefore, given a finite index set I and
logical formulas (¢;):cr, we are still allowed to write disjunctions and conjunctions

as
\/ $i Oor /\ i
iel iel
respectively, without specifying the order. The informal conclusion is that commuta-
tive semirings impose the least possible restrictions on an algebraic structure with
two operations (K, +,-,0,1) to be usable as a domain of truth values for logic.

2.1 Semiring Semantics for First-Order Logic

Before providing the semiring semantics for first-order logic FO(7) by Gradel and
Tannen, we have to formally define the required interpretations and revise the syntax.
First, assume that 7 is a relational signature. In most contexts, we will require 7 to
be finite or at least countable as well. Instead of using 7-structures A = (A, 7) as
interpretations, we use K-interpretations. For a set A, define

Lith (7)== {Ra | R € 7T is a k-ary relation symbol and @ € A"},
Lit,(7) == {~Ra | R € 7 is a k-ary relation symbol and @ € A*} and
Lit4(7) = Lit}(7) U Lit (7).

Lit % (7) denotes the 7-atoms over A, Lit;(7) denotes the negated atoms and together,
they make up Lit4(7), the 7-literals over A. Depending on the context, we may omit
A or 7 if the notation is unambiguous. Note that if both A and 7 are finite, then
Lita(7) is finite as well and if at least one of them is infinite, the cardinality of
Lita(7) is max{|A|, |7|} since multiplication of infinite cardinals is idempotent by
Hessenberg’s theorem.

(2.2) Definition ( K-interpretation). Let K be a semiring. A K-interpretation over
a structure A = (A, 7) is a function 7 : Lit4(7) — K.

Clearly, a structure 2 that defines the relations in 7 can be viewed as a B-interpretation
7y : Lit4(7) — B by simply setting

T ifaeR*

1 otherwise

T ifa¢ R,
1 otherwise

ma(Ra) = { and 7my(—Ra) = {

forall R € 7 and @ € A* when R is k-ary. Hence, the generalization of interpretations
to K-interpretations for a relational signature 7 is straightforward. However, if 7
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contains a k-ary function symbol £, it is usually interpreted by a function f* : A* — A
in 2. It is not immediately clear how to generalize this to K-interpretations. One
approach would be to interpret the function symbols as usual in classical semantics
by functions f* : A* — A and the relational part 7z C 7 with a K-interpretation
7 : Lita(tg) — K. Another possibility is removing the function symbols from 7
and considering their graphs G; C AF! instead, which would create a relational
signature. For simplicity, we omit functions altogether in this thesis. Therefore, we
will provide the definition of the usual syntax of first-order logic, but there is no need
to define first-order terms, since any term that is built without a function symbol is
simply a variable.

(2.3) Definition (Syntax of First-Order Logic). Let 7 be a relational signature.
The set of variables V' is a fixed, countably infinite set. The set FO(7) of first-order
formulas over 7 is inductively defined as the least set such that

(1) for all 1,21 € V 21 = 25 € FO(7),

(2) for all k-ary relation symbols R € 7 and x1,...,xx € V, Rzy ...z € FO(7),
(3) if ¢ € FO(7), then —p € FO(7),

(4) if p,¢ € FO(7), then (¢ o) € FO(7) for o € {V,A, —} and

(5) if ¢ € FO(7) and x € V, then Qzp € FO(7) for @ € {3,V}.

A formula is in negation normal form if it does not contain implications (—) and
negation (—p) only occurs for atomic formulas ¢ constructed by (1) or (2).

When dealing with semiring interpretations, the usual terms and definitions that
apply to FO-formulas as syntactic objects, such as “free” or “bound” variables,
“depth” or “quantifier rank” can still be used. However, special emphasis must be
put on the negation normal form. Since semirings do not provide a way to interpret
negation, strictly speaking, we can only define semiring semantics on the fragment
of FO-formulas in negation normal form. However, since any FO-formula can be
syntactically transformed into negation normal form, for example by using de Morgan
laws and the equivalence ¢ — 1) = = V), this implicitly defines semiring semantics
for all FO-formulas.

(2.4) Definition (Semiring Semantics of First-Order Logic). Let K be a semiring,
7 Lita(7) — K a semiring interpretation, J(Z) a FO(7)-formula in negation normal
form with free variables T = (z1,...,2) and 5 : X — A an assignment of variables
with {z1,..., 2z} € X. The semantics 7 [0(z)]° € K are inductively defined as
follows.

(1) For ¥(7) € {x1 = 9, "1 = 22} With z1,29 € V|

and

7z = 29]” = {1 it flan) = Blaa),

0 otherwise

1 if B(x1) # B(x2),

0 otherwise.

7 [may = 0]’ = {
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(2) Ford(z) € {Rxy, ..., ~Rx;, ... x;,} with R € 7 (-ary and {z;,,...,2;,} C X,

7[Ry, ... 2,])" = n(RB(x;,) ... Bx;,)) and
m[-Rx;, ...z, = w(~RA(xs,) ... B(xs,))

(3) The case 9(T) = —p(T) can be omitted due to negation normal form.

(4) For ¥(T) = p(T) o (T) with o € {V, A, =},

mlp@) V@] = le@]’ + 7 [¥(@)]°  and
7 [p@) AY@)]° =7 [e@] 7 [Y(@)]° .

We can omit o € {—} due to negation normal form.

(5) For 9(z) = Qup(T, ) with @ € {3,V},

7 [Fze(z, )]’ = > 7 p(z, 2)]PF7 and

a€A

7 [Vop(@, 2)]” = ] 7 [o(@,2)]",

a€A

where B[z — a] denotes the same assignment as ( except that the variable
x is remapped to a if f(x) was already defined or otherwise, the domain is
extended and z is mapped to a.

If ¥(7) is not in negation normal form, let ¥ be the negation normal form of ¥ and
set w [0(7)]° = 7 [¢(x)]°. Instead of explicitly defining variable assignments, we
may write 7 [¥(a)] instead of 7 [9(z)]° with B(z;) = a; for i € {1,...,k}.

Apart from (5), all definitions straightforwardly follow from the main idea to interpret
disjunctions and conjunctions with the semiring operations + and -. The values under
definition (1) and (2) are directly supplied by the K-interpretation. The quantifiers
are implicitly transformed into disjunctions (for 3) and conjunctions (for V) over all
elements of the structure. Although the elements of A do not need to be ordered,
since both + and - are associative and commutative, the definition is reasonable for

finite A.

Note that the transformation into negation normal form does not change the meaning
of formulas under standard semantics over B, but it may cause problems under
semiring semantics for “guarded” formulas. As an example, consider the formula
Va(e(x) — ¢(x)), which is interpreted by

7 [Vz(p(@) = ¥(@))] = 7 [Va(=p(@) v ¥(2))] = [] (7 [~e(a)] + 7 [(a)]).

a€A

Normally, we would expect the “guard” ¢(x) to filter out all the elements a € A where
©(a) is not satisfied so that they do not contribute to the interpretation of the formula.
Unfortunately, this is clearly not the case in semiring semantics, where, even if
7 [~¢(a)] = 1, the element a contributes with a factor of (147 [¢/(a)]) to the product.
Hence, the elimination of implications via syntactical transformations may cause
problems. Dannert and Grédel provide more detailed examples and workarounds for
this problem in their paper on semiring provenance for guarded logics [DG20], but

7
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we will avoid guarded formulas and implications here. Another problem is introduced
by infinite universes A that require us to define infinitary sums and products on
semirings K in order to be able to interpret formulas with quantifiers.

(2.5) Definition (Infinitary Operations). Let K be a semiring. We say that K
admits infinitary summation if there is a summation operator 3 such that for all sets
I and (a;);e; € K, the conditions

fin
(1) doai=>a if I is finite,

iel el

(2) Z a; = Z Ao (i) for all bijections o : I — I,
iel iel

(3) > ai=>_ > a; for all partitions P of I and
iel SePies

(4) ¢ > a;=> c-a; forallce K
il iel

are satisfied. Similarly, K admits infinitary multiplication if there is a multiplication
operator II such that for all I and (a;)e;r C K,

fin
5) Jla=]]w if 1 is finite,
iel iel
(6) H a; = H Ao (i) for all bijections o : I — I and
i€l el
(7) JJai=]] [Ja for all partitions P of I
el SePieS

hold. ¥fi* and IIf* denote the normal sums and products obtained by inductively
adding or multiplying the a;, which is possible for finite I. Finally, K admits infinitary
operations if it admits both infinitary summation and multiplication.

Inifinitary operations on semirings have already been studied in other contexts, for
example in [GT19], [Mrk18], [Naal9] and [DGNT19] for the purpose of defining semi-
ring semantics for temporal logics, fixed-point logics and games. While these papers
provide the definitions of infinitary operations in more detail, such as [DGNT19],
where a general definition via order theory is provided, the above definition summa-
rizes the important properties for those operations to behave reasonably as sums and
products without focusing on the concrete realization. For example, the bijection
invariance conditions are important for semiring interpretations, since the universes
A of K-interpretations are not provided in any particular order, so the definitions

m[Bre@)] = > mle(@)] and 7 [Vap(z)] = [] 7 [#(a)]

acA acA
would not be sensible without (2) and (6) on infinite A.

It is sometimes useful or even necessary to restrict the cardinality of I. While semiring
semantics are well-defined on all commutative semirings K for K-interpretations over
finite universes, we may only use K-interpretations over infinite universes if infinitary
operations are defined on K and support sufficient cardinalities. For example, N does
not admit infinitary summation, since )_,cn ¢ cannot be defined adequately. If we set
Yien = n for any n € N, then we have n = (n+1) + X ;e {nt13 ¢ > 1 by condition
(3), a contradiction. Hence, some semirings K are not suited for K-interpretations
over infinite universes.
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2.2 The Fundamental Property

The fundamental property informally states that semiring interpretations are com-
patible with semiring homomorphisms. This property was observed by Grédel and
Tannen in [GT17] and constitutes a very powerful model-theoretic tool because it
enables us to analyze properties of K-interpretations via homomorphisms A : K — L
into more “simple” semirings L, as we will see later on. First, we have to provide
the necessary definitions.

(2.6) Definition (Semiring Homomorphism). For two semirings (K, +%, -5 0% 1K)
and (L,+%,-F 0F 1L), a function h : K — L is a semiring homomorphism if it
satisfies

(1) h(0%) = 0 and  h(1%)=1* as well as

(2) h(a+%b)=h(a) +*h(b) and h(a-Xb) = h(a) L h(b) forall a,bec K.

Since we will only refer to semiring homomorphisms here, we will simply call them
homomorphisms for brevity.

Due to the fact that inverse elements need not exist in semirings, condition (2) does
not imply (1). Recall that a K-interpretation is simply a function 7 : Lit4(7) — K,
hence h o m : Lity(7) — L is an L-interpretation.

(2.7) Lemma (Fundamental Property). For two semirings K, L, a K-interpretation
7 @ Lity(7) — K over a finite universe A and a homomorphism h : K — L, we
have h(r [0(Z)]7) = (ho7) [9(x)]° for all 9(Z) € FO(r) and suitable assignments
£ : X — A. In other words, the following diagram commutes.

7 [¥(a)

N

(hom) [¥(a)

Proof.  Since definition (2.4) of semiring semantics only applies to formulas in
negation normal form, we may assume that ¥(7) is in negation normal form and
proceed by induction as in the definition.

(1) If 9(T) € {1 = x2, "1 = 22} With z1, 29 € V| then

TN (1KY =18 if B(xy) = Blaa), _(ho Y
(7 [x1 = 22]") = {h(OK) 20l otherwise } = (hom) [z, = z4]
- 8 h(lK) =15 if ﬁ(%) # 5(%); . ° . B
(7 [-x1 = x2]7) {h(OK) * 0L otherwise } = (hon) [~z = 25]".

(2) Ford(z) € {Rxy, ...x;,,~Rx;, ...x;,} with R € 7 l-ary and {z;,,...,2;,} C X,
the corresponding literal is L == Rf3(x;,) ... B(x;,) or L = —~RpB(xy) ... B(z;,)
respectively, with that, we have

h(r [9(@)]°) = h(x(L)) = (hom)(L) = (hom) [0(@)]".
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(4) If 9(Z) = p(T) o (T) with o € {V, A}, then

[e@]° + = [v(@)]°)

7 [e@)]°) + h(x [v(@)]°)

™) [e@]° + (ho ) [¢(@)]°
p(@) V(@] and
)77 [v(@)]°)

7)]%) - h(x [$(@)]°)
)]’ - (hom) [¢(@)]°
7) Ap(@)])’

h(r [p(@) VU (@)]7) = hix

3S)

(5) If 9(z) = Qup(T, x) with Q € {3,V}, then

hr Bao(@, o)) = b (z r (@, mmw)

acA

SDILICIPERD) )

acA
= 3 (hom) et

= (hon) [Jze(z,2)]” and

h(r Vzo(T, 2)]°) = h (H ™ [o(z, x)]]ﬁ[w'—m}>

a€A

= 11 wr [p(@, o))"

= HA(h o) [p(@, )"

= (hom) [Vzp(T, :13)]]6 .

Steps where the induction hypothesis is required are marked with (x), whereas (x)
indicates that properties of homomorphisms from definition (2.6) were used. This
ends the induction and concludes the proof. U

In order to eliminate the condition that the universe A must be finite, it would be
sufficient to require that K and L admit infinitary operations and the homomorphism
h is compatible with those operations as well, that is,

h (Z ai> Y h(a) and A (H ai> [ h(a)

iel il il il

for all index sets I and (a;);e; € K. This would enable the proof of step (5) for
infinite universes A. Although we will not use homomorphisms that preserve infinitary
operations here, they may be required for stronger logics, such as fixed-point logics,
thus they are used, for example, in [Naal9] and [DGNT19].

10
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2.3 Categorization of Semirings

Many of the semirings mentioned above have significantly different properties from
(B, V,A, L, T), the standard semiring in logic. Due to the diversity of semirings, it
is difficult to make general statements in semiring model theory. Therefore, we will
often impose additional requirements on semirings. One example is idempotence of
+ and -.

(2.8) Definition (Idempotence). A semiring (K, +,-,0,1) is idempotent if a+a = a
for all a € A, that is, if + is idempotent. It is multiplicatively idempotent if a - a = a
for all a € A.

Informally speaking, idempotence makes a semiring more similar to B, since V and A
in B are idempotent. The consequence for semiring semantics is that the well-known
equivalence ¢ V ¢ = ¢ in standard semantics still holds in a semiring K if and
only if K is idempotent, while ¢ A ¢ = ¢ holds if and only if K is multiplicatively
idempotent.

Another striking difference between standard and semiring semantics is that the
potential presence of more than two elements in general semirings K requires semi-
ring semantics to be restricted to negation normal form and K-interpretations to
assign values to both positive and negative literals. So far, we have not imposed any
restrictions on this, hence, a K-interpretation 7 : Lit4(7) — K may assign seemingly
contradictory values to literals. If L € Lit}(7) is a positive literals and —L is the
corresponding negative literal, we may have n(L) = n(—=L) =0 or (L) = 7(—=L) = 1.
This is even permitted when 7 is a B-interpretation. However, these counter-intuitive
K-interpretations may be removed by imposing restrictions as suggested by Gréadel
and Tannen.

(2.9) Definition (Model-Defining). A K-interpretation 7 : Lita(7) — K is called
model-defining if for each pair of complementary literals L, ~L with L € Lit}(7),
exactly one of the values m(L) and w(—L) is 0.

In that case, the model defined by 7 is the structure A = (A, 7) with 2 = L for
precisely the literals L with m(L) # 0, hence, we interpret 0 as “false” and nonzero
values as “true”. More formally, let 1, : K — B be defined as

Tr(a) = for all @ € K.

1 otherwise

{T ifa#0

If 7 is model-defining, then f, o7 is a B-interpretation with (fom)(L) # (fom)(—L)
for all L € Lit}(7), therefore it induces a model 2 in the classical sense.

Unfortunately, the property that (f, o 7)(L) # (15 o m)(—L) does not extend to all
FO-formulas. As an example, consider any ring K with a nonzero element a # 0.
Then, the additive inverse (—a) € K exists and is nonzero as well. Now, we pick
A = {e, f} with two elements and 7 = { R} with one unary relation symbol and set

m(Re) :
m(Rf) :

a, (= Re)
(—a) and 7(=Rf)

0,
0.

11
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Finally, choose ¥(z,y) := Rz V Ry and interpret the variables with 5 : z — e,y — f.
We obtain

7 [9(z,y)]” = 7(Re) + 7(Rf) = a + (—a) = 0,

but the negation normal form of —(x,y) is =Rz A =Ry, so it is immediately clear
that 7 [-9(z,4)]” = 0 as well. Although 7 is model-defining and does not contain
any unreasonable assignments, the interpretation yields a possibly undesirable result
of 7 [z, y)]” = 0 =7 [-V(x,y)]".

This suggests that rings are unsuitable if we expect that a formula does not have the
same interpretation as its negation. Gréadel and Tannen have suggested the following
definition to classify the semirings where we can expect exactly one of 7 [[19]]’3 and
7 [-9]” to be zero whenever 7 is model-defining.

(2.10) Definition (Positive Semiring). A semiring K is positive if t, : K — B
defined as above is a homomorphism.

In order to verify the claim preceding the definition, it is sufficient to show that
(T [9]°) # 15 (7 [-9]7). By the fundamental property and with the fact that 1
is a homomorphism, this is equivalent to (1 o 7) [9]” # (tx o 7) [-9]°. Since 7
was model-defining by assumption, (f, o 7) defines a model 2 in the classical sense,
hence the two interpretations must be distinct, since 2 surely satisfies exactly one
of the formulas ¥ and —¢.

)

In conclusion, positive semirings enforce the convention that 0 corresponds to “false’
and the remaining semiring elements represent different “levels” of truth. However,
we would like to introduce even more structure to semirings by defining an order on
the elements.

2.4 Natural Order

Order theory plays a crucial role in fixed-point logics due to the fact that least and
greatest fixed points are defined with respect to an order. Moreover, as hinted above,
infinitary operations are often defined via suprema and infima with respect to some
order, hence order theory was brought to semiring semantics by Gradel and Tannen
in order to perform provenance analysis on infinite games [GT19]. Their results are
used and extended in [Naal9] and [DGNT19] for fixed-point logics. However, an order
is also useful for model theory of first-order logic, since it may provide a meaning
for semantic implication on semiring semantics that is parallel to the definition for
classical semantics, where we say that o = ¢ if [¢]* < [¢]* for all suitable structures
2(. Hence, this section summarizes some of the order-theoretic results from [GT19],
[Naal9] and [DGNT19] that are particularly useful for model theory.

Intuitively, an order on a semiring may be interpreted as “b is more true than a
if a < b”. This suggests that the order should be compatible with the semiring
operations. Surely, we would expect that ¢ V ¢ is “at least as true as” ¢ under
any K-interpretation, which motivates the following definition, considering that the
disjunction is interpreted by addition in K.

(2.11) Definition (Natural Order). A semiring K is naturally ordered if the order

12
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on K defined by
a<b <« thereisace Kwitha+c=10

is a partial order. In that case, the aforementioned order is called the natural order
on K and the symbols < and < refer to this order.

By defining the natural order via semiring addition, it is guaranteed that the above in-
tuition is upheld and the order is compatible with addition. Moreover, multiplication
is also monotone thanks to distributivity, as stated in the following lemma.

(2.12) Lemma. On each naturally ordered semiring K, both addition and multipli-
cation are monotone in each argument.

Proof. Thanks to commutativity, it suffices to prove the claim for the second argument
of addition and multiplication respectively, that is

a < b implies c+a<c+b and c-a<c-b foralla,bce K.

Since a < b, there is a d € K with a+d = b, hence (c+a)+d=c+ (a+d) =c+D,
which proves the first part. For multiplication, we have c-a+c¢-d =c-(a+d) = c-b,
which ends the proof. OJ

Notice that once again, rings do not play along well with the definition of natural
orders, since any ring K with a nonzero element a # 0 has 0 + a = a, but also
a + (—a) = 0, which would imply 0 < a and a < 0 if K was naturally ordered, a
contradiction.

With addition increasing elements, we may also require that multiplication decreases
elements, which corresponds to the intuition that ¢ A 1) is “at most as true as” ¢
under any K-interpretation. In fact, we will see that on naturally ordered semirings,
this is equivalent to the idea that every a € K “absorbs” the product ab for all
be K.

(2.13) Definition (Absorption). A semiring K is absorptive if a + ab = a for all
a,be K.

Clearly, multiplication decreases elements with respect to the natural order in any
absorptive semiring, since ab+ a = a and ab+ b = b, so ab < a, b. For the converse,
notice that in a naturally ordered semiring, a 4+ ab > a by definition. If we assume
that multiplication decreases elements, then a + ab=a - (1 +b) < a as well, hence
K is absorptive. Absorptive semirings have many useful properties summarized in
the following lemma.

(2.14) Lemma (Properties of Absorptive Semirings). Any absorptive semiring K
satisfies the following properties.

(1) K is idempotent.
(2) K is naturally ordered.
(3) a-b<a,bforal abe K.
(4) 1 is the greatest element.
(5)

5) a+b=sup{a,b} for all a,b € K.

13
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Proof. (1) immediately follows from absorption (%) with a +a=a+a-1 = a.

(2) is important since (3), (4) and (5) rely on the natural order on K. Observe that
the natural order is trivially reflexive and transitive, so it only remains to show that
it is antisymmetric, that is, for a,b € K, if ¢,d € K exist witha+c=0band b+d = a,
then a = b. We see that

a+b:a+(a—|—c):(a—l—a)—l—cgajtc:b and
atb=(b+d) +b=0b+b)+d Zb+d=a,

hence a = b and K is indeed naturally ordered.

(3) was already shown above as the motivation for considering absorptive semirings.

®3)
(4) is implied by (3) witha=a-1 < 1.

(5) follows by two observations. First, a + b > a, b by definition of the natural order,
hence a + b is an upper bound on {a, b}. Then, for any upper bound ¢ > a,b in K,
there are d,e € K such that a +d = b+ e = ¢ by definition. Using (1), we obtain

(a+b)+(d+e)=(a+d)+(b+e)= cted ¢, which shows that a + b < ¢ and
a + b is the least upper bound on {a,b}. O

Property (5) from the previous lemma relates absorptive semirings with distributive
lattices. Indeed, each bounded distributive lattice (K, <) can be viewed algebraically
as a semiring (K, sup,inf, L, T), where addition is defined as the supremum of two
elements, multiplication is defined as the infimum of two elements and the neutral
elements 0, 1 are the bottom and top elements of the lattice respectively. Clearly, K
is absorptive due to sup{a,inf{a,b}} = a for all a € K and the natural order on K
is defined by the supremum of the lattice order, so it coincides with the lattice order.

Hence, a bounded distributive lattice satisfies all the properties (1) to (5) from
lemma (2.14). This raises the question how absorptive semirings relate to lattices,
which is answered by the following proposition.

(2.15) Proposition. The natural order of an absorptive semiring (K, +,-,0,1) is
a bounded, distributive lattice and the operations 4+ and - on K coincide with the
lattice operations sup and inf if and only if multiplication is idempotent.

Proof. Suppose for “<” that multiplication is idempotent. Thanks to (5) from
lemma (2.14), we already know that the natural order on K admits suprema and +
coincides with the supremum of two elements. Additionally, thanks to (3), a- b is a
lower bound on {a, b}. It remains to show a - b = inf{a, b} by proving that it is the
greatest lower bound. Suppose ¢ < a, b is a lower bound on {a, b}. With idempotence
of multiplication (%) and lemma (2.12), which states that multiplication is monotone
(%), we have

%« *
c=c-c<a-b,
hence a - b = inf{a, b} is the greatest lower bound of {a, b}. Thus, the natural order
is a lattice and the semiring operations coincide with suprema and infima, so the

lattice is distributive as well. Moreover, 0 is clearly the least element and 1 is the
greatest element thanks to (4) from lemma (2.14).

14



CHAPTER 2. FOUNDATIONS

The direction “=" is easy, since a-a = inf{a,a} = a for all a € A follows immediately
from the assumption that - coincides with inf. 0

With these definitions and observations, it is possible to define reasonable orders
on semirings that are compatible with addition and multiplication to some degree,
with the drawback that additional conditions must be satisfied by the semiring in
question. For example, (N, +,-,0,1) is naturally ordered, but not absorptive, hence
multiplication does not decrease elements. Unfortunately, this is the case for the
polynomial semiring N[X] as well. In the next chapter, we will focus on polynomials
and show how absorption can be brought to them, as was done by Gradel and Tannen
for provenance analysis on infinite games [GT19].

15



Chapter 3

Polynomials

In order to demonstrate the usefulness of polynomials in semiring semantics, we
can pick up on the motivating idea from the introduction, where polynomials were
used for provenance analysis in first-order logic, as suggested by Gradel and Tannen
[GT17]. Let A :={c,d, e} be a universe with three elements, 7 := { R} consist of one
unary relation and ¥(a) := (Rc A Rd) V = Re V = Rc. We assume that the facts Rc
and Rd are true while Re is false. From that, we construct the N[X]-interpretation
7 with X = {z,y, 2z} as

7(Re) =z, m(—-Rc) =0,

m(Rd) =y, m(—Rd) =0,

m(Re) =0 and =(—Re) = z.
Each true literal is mapped to its own variable from X. Now, we obtain the polyno-
mial 7 [¥(a)] = zy + z. We might want to interpret the same formula under different

K-interpretations, such as the usual Boolean interpretation 7 or the counting inter-
pretation 7y given by

mg(Re) =T, m(—Re) = L, m(Re) =1, mn(—Re) =0,
7T]B<Rd) = T, 7T15;(_|Rd) = J_, FN(Rd) = 1, 7TN(_|Rd) = 0,
mp(Re) = L, mg(—Re) =T, mn(Re) =0, m(—Re) = 1.

Thanks to the fundamental property, there is no need to interpret the formula again,
instead, we can simply plug the values into the polynomial zy + 2z to obtain the

desired results 7 [J(@)] = (TAT)VT =T and ny[d(@)] =1-1+1=2.

This indicates that polynomials, or more specifically, N[X] constitutes the “most
general” semiring, which was already observed by Green, Karvounarakis and Tannen
in 2007, where they used polynomials to track provenance in databases [GKTO07]. In
order to capture the universality of N[X] formally, some algebraic observations are
required.

3.1 Algebraic Basics

Intuitively, it is immediately clear that N[X] is “generated” by X. This means that
we start from the variables in X and each polynomial p € N[X] can be constructed

16
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from the elements in X by applying the semiring operations + and - finitely many
times. The goal of this section is to define this notion formally. In fact, any set of
elements G C K from a semiring K generates some subset of S C K in this manner
and “generated” subsets have closure properties as shown below.

(3.1) Definition (Subsemiring). A subset S C K of a semiring (K,+,-,0,1) is
a subsemiring of K if (S,+|g,|s,0,1) is a semiring, that is, S equipped with the
operations of K restricted to S is a semiring that shares the same neutral elements
as K.

A simple way to check if S is a subsemiring of K is given by the following lemma.

(3.2) Lemma (Subsemiring Criteria). S C K for a semiring (K, +,-,0,1) is a sub-
semiring of K if and only if 0,1 € S and S is closed under addition and multiplication
of K.

Proof. For “=". (S, +|s, ‘|s,0, 1) being a semiring clearly implies 0, 1 € S and S being
closed under + and -. The direction “<" can be verified by applying associativity
and commutativity of + and -, distributivity of - over + and the properties of the
elements 0 and 1 from K. OJ

We can use the lemma immediately to prove that subsemirings are closed under
intersection.

(3.3) Lemma (Closure of Subsemirings under Intersection). If (S;);e;r with S; C K
for all ¢ € I are subsemirings of a semiring (K, +,-,0,1), then S :=N;c; 5 € K is a
subsemiring of K as well.

Proof. Since 0,1 € §; for all ¢ € I implies that 0,1 € S and for all a,b € S, we
have a,b € S; for all ¢ € I and therefore a + b,a-b € S; for all ¢ € I, which implies
a+b,a-be S, wecan apply the subsemiring criteria above to conclude the proof. [J

This allows us to precisely define the span of a set of generators G C K, which is,
intuitively speaking, the set of elements from K that can be expressed using elements
from G and finitely many semiring operations + and -.

(3.4) Definition (Span). Let K be a semiring and G C K. The span of G on K,
denoted by (G), is defined as
(G)k = {S C K|S is a subsemiring of K with S O G} C K.

It is the smallest subsemiring of K that contains GG. The set G is called a generator
of S. We may omit K if it is clear from the context.

Notice that semiring homomorphisms are also related to subsemirings. The following
lemma shows that, unsurprisingly, semiring homomorphisms fulfill many proper-
ties that are parallel to the properties of homomorphisms between other algebraic
structures such as rings.

(3.5) Lemma (Properties of Semiring Homomorphisms). For two semirings K and
L, any semiring homomorphism h : K — L satisfies the following properties.

(1) If ¥ : L — L' is a semiring homomorphism into another semiring L', then
h oh: K — L'is a semiring homomorphism as well.

17
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(2) If h is bijective, the inverse h™! : L — K is also a semiring homomorphism.
(3) The image h(K) C L of h is a subsemiring of L.
Proof. (1) follows immediately from the properties of h and A/, that is,

(W o h)(eX) = b (h(e®)) = W' (e*) = e~
for the neutral elements e € {0, 1}, and for a,b € K and x € {+, -}, we have
(W oh)(axb) = ' (h(axb)) = W (h(a)xh(b)) = W' (h(a))xh (h(b)) = (h'oh)(a)x(h'oh)(D).

(2) Clearly, h=(e!) = e for the neutral elements e € {0, 1}. The compatibility with
the operations o € {+,-} is shown by observing that for all a,b € L,

h~*aob) = h~ (h(h*(a))oh(R™ (b)) = h  (h(h" (a) o h™ (b)) = R~ (a) o h (D).

(3) Since h(eX) = el for the neutral elements e € {0,1}, e € h(K) holds for both.
In order to invoke the subsemiring criteria, it only remains to show that h(K) is
closed under o € {+,-}. For a,b € h(K), there are ',/ € K with a = h(a’) and
b=h(l), hence aob = h(a') o h(b') = h(a’ o b') is in h(K) as well, which proves the
required closure properties. Il

Clearly, a polynomial semiring such as N[X] is generated by X according to the
above definitions. However, we are still missing a formal proof for the universality
of N[.X].

3.2 Universal Property

First, we will formally define N[X] along with various kinds of polynomials.

(3.6) Definition (Monomial). Let X be a finite set of variables and (E,+,0) a
commutative monoid of exponents. A monomial m : X — FE is a function that
assigns an exponent to each variable. If X = {z,...,x,}, we may informally write
mas x7' ... z¢. The set of all monomials with variables X and exponents E is denoted
by Mon[FE, X]|. The product of two monomials my, my € Mon[E, X] is defined by
addition of exponents, that is (my - mo)(z) = my(z) + mo(z) for all x € X.

For the set of exponents, the most common choice is F := N. However, we keep
this general definition because in some contexts, we may allow infinite exponents or
collapse the exponents to B, in that case, a monomial is essentially a subset of X
and monomial multiplication corresponds to union.

Informally, a polynomial is simply a sum of monomials with coefficients.

(3.7) Definition (Polynomial). For a finite set X of variables, a commutative monoid
(E,+,0) of exponents and a commutative semiring (C, +, -, 0, 1) of coefficients, a poly-
nomial p : Mon[E, X| — C'is a function that assigns coefficients to each monomial
such that p(m) # 0 for only finitely many monomials. The set of monomials with
nonzero coefficient is called the support supp(p) of p. If supp(p) = {m,...,m,}, we
may informally write p as a sum ¢;my + ... 4+ ¢,m,. The set of all polynomials with
variables X, exponents E and coefficients C' is denoted by Poly[C, E, X].
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For two polynomials py, ps € Poly[C, E, X], the sum is defined by addition of coeffi-
cients, that is (p; + p2)(m) = p1(m) + pa(m) for all m € Mon[E, X]. The product is
defined as

(p1 - p2)(m) = Z p1(ma) - p2(ma).

my-ma=m,miEsupp(p1),ma€supp(p2)

Note that the finiteness of polynomials is preserved by both operations.

Formal power series are defined the same way as polynomials, but we drop the
finiteness condition. The set of formal power series with variables X, exponents F
and coefficients C' is denoted by Poly [C, E, X].

Now, we have formally defined polynomials and set N[.X| := Poly[N, N, X]. We can
finally provide the proof that N[X] is the “most general” semiring and can therefore
be used for provenance tracking as in [GKTO07] or [GT17].

(3.8) Theorem (Polynomial Evaluation). Let X be a set of variables and K a
semiring. Every function e : X — K that assigns values in K to the variables
induces a unique homomorphism h, : N[X| — K with h(z) = e(x) for all x € X.
Moreover, the image of h, is precisely the span of the image of e in K, that is

he(N[X]) = (e(X)) k-

Proof. We can explicitly provide the definition

he(p) = > p(m) N [] e(x)™® for all p € N[X].

mesupp(p) reX

Multiplication of elements of K with natural numbers, denoted by -N above, is de-
fined as usual by iterating the addition in K, a factor of 0 yields 0%. Similarly,
exponentiation in K with a natural number is defined as usual by iterating the
multiplication in K, an exponent of 0 yields 1%. It is important to note that the
intuitive multiplication and exponentiation laws still hold for those operations.

First, we prove that h,. is indeed a homomorphism. Let p;, p, € N[X], then

he(p1 + p2) = Z (p1(m) + pa(m)) N H e(x)m(a:)

mesupp(p1)Usupp(p2) reX

N 2 pr(m) N T e(@)™™ + pa(m) N ] e(x)™™

mesupp(p1)Usupp(pz) zeX zeX

= Y pm) N [e@™@+ 3 pa(m) N ] e(x)m™

mesupp(p1) zeX mesupp(pz) zeX

= he(pl) + he<p2)7
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which proves compatibility with addition and h.(p; - p2)

- Z ( Z pi(ma) '292(7”2)) : H e(x)m(x)

mesupp(p1-pz) \M1M2=M zeX

= > 5 () palma)) T e )

mesupp(p1-p2) m1-ma=m zeX

=X () patma)) T el )

m1 Esupp(p1),maEsupp(p2) reX

B 2 <(p1(m1) -pa(my)) N T e(z)™ -e(x)mﬂ))

ma €supp(p1),m2Esupp(p2) zeX

T el ) - (ome) * T el

(Pl
m1 Esupp(pl ;ma2Esupp(p2) zeX

:( > e )( 2 mmNHd”M)
mEsupp(pl) reX mesupp(p2) reX

= he( 1) : he(pQ)

proves compatibility with multiplication. Finally, 0N/ assigns the coefficient 0 to all
monomials, hence h,(0NX]) = 0K is the empty sum and 1N assigns the coefficient 1
to the monomial m where all exponents are zero and 0 to all other monomials, hence

he(INED) = 1.8 T e(2)® = 1%,

rzeX

Now, the uniqueness of h. is easy to prove. Suppose that h : N[X|] — K is a
homomorphism with h(z) = e(z) for all z € X. Clearly, we can rewrite each p € N[X]

p= 3 pm) N[ 2@

méesupp(p) zeX

and since h is compatible with addition and multiplication (x), we obtain

h(p) = h ( S pm) N ] xm(x))

méesupp(p) rzeX
= > pm) ] Aa)™
meéesupp(p) rzeX
= X plm) T e
méesupp(p) zeX
= he(p).

Recall that - and exponentiation can be expressed by iterated addition and multi-
plication. This concludes the proof for the first part. Now, we move on to the second

claim ho(N[X]) = (e(X)) k-
“C”: The definition

hep) = > p(m) " ] e(a)™®

mesupp(p) reX
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makes it clear that h.(p) can be expressed by finitely many additions and multipli-
cations involving only the elements from e(X), hence each subsemiring of K that
contains e(X ), being closed under addition and multiplication by lemma (3.2), must
contain h(p), thus h.(N[X]) C (e(X)) k.

“D7”: According to definition (3.4), it suffices to show that h.(N[X]) is a subsemiring
of K and contains e(X). Clearly, h.(N[X]) contains h.(X) = e(X). With observation
(3) from lemma (3.5), h.(N[X]) is also a subsemiring of K, which ends the proof. OJ

The property that each e : X — K induces a unique homomorphism N[X] — K was
crucial in the motivating example. This is called the universal property of N[X]. In
fact, N[X] has this property, because it is “freely generated” by X. Intuitively, this
means that N[X] is generated by X, but two distinct representations only denote
the same element if their equality follows from the commutative semiring axioms. As
an example, consider the polynomial x + y + x = 2z + y, where the equality follows
directly from associativity and commutativity of addition, whereas 2z # 2, because
the semiring axioms do not imply the equality of 2z and y? directly. If we would
map z and y to elements from a semiring such as N, the induced values of 2x and
y? may or may not be equal depending on the assignment, for example z — 8 and
y — 4 would yield the value 16 for both polynomials, whereas z — 3,y — 3 would
induce distinct values.

In fact, the universal property is the defining property for freely generated semirings.
This means that we consider a semiring K = (G)k to be freely generated if and only
if it is possible to assign values from another semiring L to the generators and lift
this assignment to a homomorphism h : K — L, which is similar to the evaluation
of polynomials as functions shown above.

(3.9) Definition (Free Semiring). Let G be a set and (K,+,-,0,1) a semiring
generated by G with K = (G). We say that K is freely generated by G if for
every semiring L and every function e : G — L, there is a unique homomorphism
he : K — L. In that case, the set GG is a set of free generators of K. We may refer to
K as a free semiring over G.

Clearly, N[X] is freely generated by X according to theorem (3.8). Thanks to this
insight, if we want to show that another semiring K is freely generated by a finite
set GG, we do not need to go through the trouble of proving it directly, we can just
use the following lemma, motivated by theorem (3.8).

(3.10) Lemma (Criteria for Free Semirings). Let G = {g¢1,..., 9.} be a finite set
and (K, +,-,0,1) a semiring with K = (G) k. Define the variables X = {xy,...,2,}
and the assignment e : X — G with e(z;) = g; for j € {1,...,n}. Then, K is freely
generated by G if and only if the unique homomorphism A, : N[X] — K induced by
e is injective. In that case, h. : N[X| = K is an isomorphism.

Proof. According to theorem (3.8), h. : N[X] — K is already a surjective homomor-
phism, since K = (G)k and e(X) = G. Thus, h, is an isomorphism if and only if it
is injective, which proves the second part of the lemma.

“<”: If h, is injective, it is an isomorphism from N[X] into K, hence there is an
inverse isomorphism i : K — N[X]. Consider a semiring L and a function f : G — L,
which induces a variable assignment (foe) : X — L. Hence, there is a unique
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homomorphism Aoy : N[ X] — L with h(oey(x) = (foe)(x) for all z € X by
theorem (3.8). Now, we construct (h(soe) © ) : K — L, which is a homomorphism
from K to L such that

(h(goe) © 1)(95) = Pigoe) (i(95)) = higoe)(5) = (f 0 €)(x;) = f(e(x;)) = f(g))

holds for all g; € G. (x) is due to h.(z;) = e(x;) = g; and ¢ being the inverse of h,.
Now, we show that any homomorphism h : K — L with this property is equal to
h(foey © . Construct the homomorphism & o h, : NIX| — L. Since

(h o he)(x;) = hhe(z;)) = hle(z;)) = h(g;) = f(g;)

for all j € {1,...,n}, we have h o he = h(see). Hence, (h o he) 0 = hsoe) © 4, which
yields i = h(foe) 0% due to (hohe) oi = ho(heoi) = h and i being the inverse of h,.

“=7:If K is freely generated by G, then f : G — X with f(g;) =z, forj € {1,...,n}
induces a unique homomorphism hy : K — N[X]. Now, for each i € {1,...,n},

(hyohe)(xi) = hy(he(z:)) = hyle(x:)) = hy(g:) = f(9:) = @,

Hence, hys o h. : N[.X] — N[X] is the unique homomorphism induced by idx. Clearly,
idy(x) itself is the homomorphism induced by idx, hence we have hy o h, = idy(x],
therefore h, is left-invertible and thus injective. O

In conclusion, any semiring K which is freely generated by a finite set G is isomorphic
to N[X] for a set X with |X| = |G|. Note that we could write N[G| directly, but we
avoid this to prevent confusion between polynomials and terms in K. In semiring
semantics, this property of polynomials allows us to make general statements about
semirings by examining N[X].

3.3 Polynomials for Restricted Semirings

Unfortunately, we will see that N[X] does not always lend itself to provide model-
theoretic results for semiring semantics. For example, as hinted before, it is not
absorptive, which means that multiplication does not decrease elements, contrary to
the expectation in semiring semantics. In order to introduce absorption while still
keeping the generality results from the previous section, we will move to “absorptive
polynomials” by adding absorption to N[X].

Absorptive polynomials were studied for provenance analysis in various settings in
[GT19], [Naal9] and [DGNT19] and we will define them based on those papers.
The idea is that while N[X] contains all polynomials generated by X, many of
those polynomials would be equivalent in an absorptive setting. Since absorptive
semirings are idempotent, the coefficients clearly collapse to {0,1}, or B to be more
precise. More importantly, “longer” monomials like 27y” are absorbed by “shorter”
monomials zty, since zty + 27y = 2ty + 2ty - 23y® = 2y by absorption law.

The easiest way to formally define this is by using homomorphisms. We start from
polynomials B[ X] := Poly[B, N, X| with Boolean coefficients and then apply a prun-
ing operator s : B[X] — B[X] that eliminates the monomials that are absorbed as
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described above. More formally, we introduce an order on monomials Mon[N, X]|
where we set m; < my if and only if m(z) > ma(x) for all x € X. Then, we can
view a polynomial p € B[X]| with Boolean coefficients as a subset p C Mon|N, X]|
and simply define

s(p) = {m € p | m is maximal in p with respect to the monomial order},

which prunes all the monomials that are unnecessarily long and absorbed by others.

(3.11) Definition (Absorptive Polynomial). For a set of variables X, the absorptive
polynomials S| X| are defined as the image of B[.X] under the pruning operation s, that
is (s(B[X]), +, -, 0, 1), where the pruning s is applied after addition and multiplication,
that is p +5X1 ¢ = s(p +BX ¢) and p SX] g = s(p -BlX] ¢).

Notice that from this definition, it is immediately clear that s is a surjective homo-
morphism s : B[X] — S[X]. Since dropping the coefficients from N[X| constitutes a
surjective homomorphism h. : N[X| — B[X] with h.(p) := fyop for all p € N[X], the
concatenation s o h, : N[X] — S[X] is a surjective homomorphism as well according
to lemma (3.5) and S[X] is indeed a semiring. Clearly, S[X] is absorptive. [GT19]

Originally, Gréddel and Tannen defined absorptive polynomials to allow infinite expo-
nents on monomials in order to find a general semiring for infinite games. This yields
the semiring S*[X], which has the advantage over S[X]| that it admits infinitary
operations [GT19]. However, since we focus on finite interpretations, we will mostly
use S[X] instead.

Unsurprisingly, S[X] is constructed with the purpose to have the universal property
with respect to absorptive semirings [GT19]. The notion of free semirings for smaller
classes of semirings is defined below in order to formally capture the idea that S[X]
is a “free, absorptive semiring”.

(3.12) Definition (Free Semiring in Restricted Class). Let C be a class of semirings,
G a set and K = (G)x € C. We say that K is a freely generated C-semiring with
the free generators G if for every semiring L € C, every function e : G — L induces
a unique homomorphism A, : K — L. We may omit mentioning C if it is clear from
the context.

Now, it remains to show that S[X] indeed has the universal property. We can prove
this by starting from theorem (3.8) and following the definition of S[X] via B[X]
and the homomorphisms h. : N[X] — B[X] and s : B[X] — S[X] mentioned above.

(3.13) Proposition. B[X] is a free idempotent semiring generated by X.

Proof. Clearly, B[ X] is idempotent. Let K be an idempotent semiring. Recall from
theorem (3.8) that each assignment e : X — K induces the unique homomorphism
Al N[X] — K with

p) = > pm)N]] e)™ forall pe NX].

méesupp(p) reX

Idempotence of K immediately yields

Wp) = Y ] el@™® forall pe NX].

méesupp(p) z€X
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We can now claim that the unique homomorphism h? : B[X] — K that we are
looking for is

()= > [ e@)™® forallpeBX]

méesupp(p) z€X

Recall that dropping coefficients h. : N[X] — B[X] is a surjective homomorphism.
Since hY(p) = hE(h.(p)) for all p € N[X] and h, is surjective, we can immediately
conclude for p, ¢ € B[X] that p/, ¢’ € N[X] exist with h.(p’) = p and h.(¢') = g, hence

he(pogq) =he(he(p') o he(q)) = he(he(p' o q))
=he(p' o) = he (p) o he'()
= e (he(®)) © b (he(q)) = BE(p) © hi(q)
for o € {+,-}. With hB(r) = r for r € {0, 1}, we conclude that hZ is a homomorphism.

For the uniqueness, suppose h : B[X] — K is a homomorphism with h(x) = e(z) for
all x € X. Clearly, each p € B[X] can be expressed as

p= > I«
meéesupp(p) z€X

hence we obtain the equality

h(p) =h ( Z H xm(‘”))

mesupp(p) z€X

- > Lk

mesupp(p) T€X

= > Ile@™

méesupp(p) z€X

= h (p).

This concludes the proof. With a similar argument as in theorem (3.8), we can also
show that h2(B[X]) = (e(X))k. O

(3.14) Proposition. S[X] is a free absorptive semiring generated by X.

Proof sketch. We can use a similar approach as above. Use the fact that the function
s : B[X] — S[X] from above that eliminates unnecessary monomials is a surjective
homomorphism. Then, observe that each absorptive semiring K is idempotent, hence
e: X — K induces the homomorphism hZ : B[X] — K defined as

he(p) = > 11 e(x)™®  for all p € B[X]
mesupp(p) r€X
from above. Now, set

hS(p) = > [T (@)™ for all p € B[X]

méesupp(p) maximal z€X

and observe that hS(p) = hB(s(p)), since the products from non-maximal monomials
are absorbed in K. Proceed as above to show that hS is indeed a semiring homo-
morphism. Finally, for uniqueness, observe that any absorptive polynomial can be

written as
p= > I 2™,

meéesupp(p) maximal z€X
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since all its monomials are maximal. Proceed as above to conclude the proof. 0

To conclude the section, we would like to mention multiplicatively idempotent semi-
rings as well, since they play a crucial role in the next chapter. The corresponding
polynomial semirings are constructed by simply collapsing exponents to B. The
non-absorptive version of a multiplicatively idempotent semiring is the why-semiring
W[X] := Poly[B, B, X], which can be obtained from B[ X] by dropping exponents. For
absorptive semirings, we use PosBool[X], which is obtained from S[X] by dropping
exponents. Note that in both cases, dropping exponents is a homomorphism. Thus,
we can derive the following propositions.

(3.15) Proposition. W[X] is freely generated by X in the class of all semirings
that are both idempotent and multiplicatively idempotent.

(3.16) Proposition. PosBool[X] is freely generated by X in the class of all semirings
that are absorptive and multiplicatively idempotent.

The proof for both statements is derived from theorem (3.8) similarly to the proof
of proposition (3.13). Hence, both W[X] and PosBool[X| are universal in their
respective classes of semirings. Note that due to proposition (2.15), we may also say
that PosBool[X] represents semirings induced by bounded distributive lattices.

Note that all polynomial semirings from this section were studied before as can-
didates for provenance semirings by Naaf, who also provides an overview of the
homomorphisms that relate them to each other [Naal9].
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Chapter 4

Characterization of Elementary
Equivalence

With the algebraic foundations for semirings being established, we would like to
return to model theory. One of the core concepts of model theory is elementary
equivalence between structures. In classical semantics, characterizing elementary
equivalence for a logic provides an indicator of its expressive power. Intuitively, a
logic is more expressive the “closer” elementary equivalence comes to isomorphism
and the “most powerful” logic would be a logic that is able to express anything up
to isomorphism, since it would be undesirable for a logic to differentiate between
isomorphic structures, which are the same up to “renaming”. If two structures 2, 5
are not isomorphic, but elementarily equivalent in some logic L, denoted as 2 = ‘B,
then the logic can be thought of as “too weak” to separate them. Of course, logics
are limited by the fact that we often impose algorithmic requirements on them, such
as the decidability of model checking, that is, 2 = ¢ or 2 [~ ¢ for any sentence
. Therefore, it would be unreasonable to define a logic with unlimited expressive
power and we usually have a trade-off between expressive power and algorithmic
properties.

Focusing on first-order logic, it is well-known that it lacks the capability of describing
infinite structures up to isomorphism thanks to the Léwenheim-Skolem theorems.
We can provide two concrete examples, for an empty signature, we have N = R and
for the signature 7 = {<}, (Q, <) = (R, <), where < denotes the usual orders on
Q and R respectively. However, for finite structures 2 .= (A = {aq,...,a,},7), it is
possible to define the characteristic sentence

gogl:zﬂxl...ﬂxn( /\ xi%xj/\‘v’y(\/ y:x,)/\ /\ L[a/x]),

1<i<j<n 1<i<n LeLit (1), AEL

which describes 2 up to isomorphism. The first part of the formula requires the
existence of exactly n elements and in the last part, we simply use a conjunction of
all true literals in 2 and replace a; with z; for all i € {1,...,n}. Clearly, 2 = ¢q
with the assignment 5 : x; — a; for i € {1,...,n}, and any structure B = (B, )
with B = g is isomorphic to 2, since the assignment ~ : {z1,...,x,} — B used to
satisfy oy induces an isomorphism o 371 : A = B,
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As a consequence, any two finite structures with 21 = B are also isomorphic due
to B | . This raises the question whether the same statement holds for finite
K-interpretations m4 and 7. Of course, we first need to update the definitions of
isomorphism and elementary equivalence to accommodate K-interpretations.

(4.1) Definition (Isomorphism). Two K-interpretations over the same signature
74 @ Lita(7) = K, mp : Litg(1) — K are isomorphic, denotes as m4 = mp, if there is a
bijective function o : A — B such that for all k-ary R € 7 and @ = (ay, ..., a;) € AF,

ma(Ray ...ax) = m(Ro(ay)...0(a;)) and

ma(mRay . ..ap) = mp(—Ro(ay)...o(ax)).
We may informally write the condition as m4 = 7p o 0. A function o with this

property is called an isomorphism and we denote it by o : 74 = 7p.

Isomorphic K-interpretations are essentially the same up to “renaming” of elements,
hence no logic should distinguish between them. The isomorphism lemma states this
formally.

(4.2) Lemma (Isomorphism Lemma). Let w4 : Lit4(7) — K and 7p : Litg(7) — K
be two isomorphic K-interpretations and o : m4 — 7p an isomorphism. For any
FO(7)-formula ¥(Z) with free variables T = (xy,..., ), we have

ma [0(@)]" = 75 [9()]"”

for all B : {x1,..., 2} — A. Informally, 3 corresponds to @ = (ay, ..., a;) € A* with
B(x;) =a; € Aand (00 B)(z;) =o(B(x;)) =0(a;) € Bforie{l,...,k}.

Proof. We prove the statement by induction on (%), assuming that it is in negation
normal form. It is sufficient to follow the semiring semantics from definition (2.4).

(1) If 9(T) € {x1 = x2, "1 = 22} With x1, 29 € V, then

1 if o(B(21)) = o(B(x2)),

0 otherwise

and

mp [z1 = 552]]005 = {
S E—— {1 if o (B(m) # 0(5(22)),

0 otherwise.
Since o is bijective, o(5(z1)) = o(B(x2)) is equivalent to B(x1) = [(z2), hence

1 if B(xq) = B(x2),

0 otherwise

if B(x1) # B(x2),

0 otherwise

g = :cg]]aoﬁ = { } =7y [z = :cz]]ﬂ

—_

B [[—|:1;‘1 = :1;‘2]]0-06 = { } =TA [[_‘$1 = x?]]ﬂ :

(2) Ford(z) € {Rxy, ...x;,,~Rx;, ...x;,} with R € 7 f-ary and {z;,,...,2;,} C X,
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we have

7 [Rx, .. .xie]]ﬁ =ma(RB(z4)), ..., B(zi,))
= 1p(Ro(B(zy)), - .., o(B(xi,))
=g [Rxsy ... 24,

wa Rz, ... 7,]" = ma(=RB(xs,), - .., B(xi,))
= mp(~Ro(B(zi,)), - .. o(B(wi,)))

=g [- Rz, .. x”]]goﬂ

(4) If 9(Z) = p(T) o (T) with o € {V, A}, then

alo(@) V@] =14 lp@)]” + 7a [0(@)]
mp [p@)]7 +mp [ ()]
=15 [p(@) V@] and
w4 [o(@) A @] = 74 @] - 7a [0(@)]

= g [p@]"" - 7p V(@]
=15 [p(T) A @]

*

8 8§

8|

(5) If 9(z) = Qrp(T, x) with @ € {3,V}, then

TA [[Eu‘gp(f7 m)]]ﬁ — Z A H¢(T7 m)]],é’[x»—)a]

acA

> wp [p(@, )]

acA

_ Z 5 [[(P(T, x)]](aoﬁ)[xHU(a)]
a€A

LS 7 [, x)] P
beB

= 75 [Fre(z, 2)]”"  and

TA [[ngp(f’ :L‘)]]B _ H A [[QD(T, :L_)]]B[x»—m]

acA

= 7 [e(x, 2)]7° Pl
acA

_ H 75 [o(T, x)]](UOB)[IHO(a)]

a€A

L I 75 [, x)] Pl
beB

= mp [Vap(®, 2))7.

Since o is bijective, we merely rearrange the sum or product in the steps marked
with (r), which does not change the value.

Steps with (x) use the isomorphism property m4 = 7 o ¢ of ¢ from definition (4.1)
and steps marked with (x) require the induction hypothesis. O
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Note that the isomorphism lemma also works for infinite K-interpretations, since we
assume that infinitary operations respect bijections. If two K-interpretations m; = my
are isomorphic, no FO(7)-sentence can distinguish those K-interpretations. However,
we will show later that the converse does not hold. For that, we formally define the
notion of K-interpretations that are “indistinguishable” by FO(7).

(4.3) Definition (Elementary Equivalence). For two K-interpretations over the
same signature 7 74 : Lita(7) — K and 7p : Litg(r) — K with £ € N fixed
elements @ = (a1,...,a;) € A¥ and b = (by,...,b,) € B*, we say that 74,a and
7, b are elementarily equivalent, denoted by 74,a@ = mp, b, if

A [P@)] = 75 [90)]

holds for all ¥(z) € FO(r) with k free variables. Often, k will be 0, then we omit @
and b. We may also simply say “equivalent” instead of “elementarily equivalent”.

For m € N, we say that 74, a and 7, b are m-equivalent, denoted as m4,@ =, 75, b,
if

ma[9(@)] = 75 [9(0)]
for all ¥(z) € FO(7) with k free variables and quantifier rank qr(9(7)) at most m.

(4.4) Corollary (to the Isomorphism Lemma). If 74 = 7p for two K-interpretations
7 : Lita(t) — K and 7 : Litg(7) — K, then m4 = mg. Moreover, if 0 : 14 — 7p
is an isomorphism, then 74,@ = 7p, b for all pairs of k-tuples @ = (ay, .. .,a;) € A*
and b= (by,...,b,) € B* with o(a;) = b; for all i € {1,... k}.

Before we move on to the attempt to characterize elementary equivalence, we will
justify these definitions of isomorphism and elementary equivalence. Unlike B, general
semirings K usually contain more than two elements. Therefore, we may consider
weaker definitions of isomorphism and equivalence.

4.1 Congruence Relations

As an example for a weaker definition of equivalence, consider two N-interpretations
T, s and a sentence ¥ € FO(7) such that my [¢] = 42 and 7y [¢0] = 43. The
concrete definitions of my, 7 and 1 are not important, for example, we may use
N-interpretations for proof counting as in the introduction. The conclusion would be
that ¢ has 42 proofs in 2 and 43 proofs in B. Now, our strict definition of equivalence
would require equality of my [¢0] and 7 [¢]], hence my and 7e are not equivalent.
However, 1 is still “true” in both K-interpretations if we disregard the exact number
of proofs.

Generally speaking, we might define equivalence in a way that merges certain elements
of K into an equivalence class. In the above example, we may regard all nonzero
elements of N as equivalent. More formally, we will introduce a congruence relation
~ C K x K on K and consider congruent elements as equal for the purpose of
elementary equivalence.

(4.5) Definition (Congruence Relation). A congruence relation on a semiring K is
an equivalence relation ~ C K x K such that for all aq, b1, as, by € K with a; ~ as
and b1 ~ bg, we have (a1 + bl) ~ (CLQ + bg) and ((11 : bl) ~ (CLQ . bg)
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Since ~ respects the semiring operations, if 0 % 1 holds as well, the quotient structure
K/~ = {[a]~ | @ € K} is a semiring with the operations on equivalence classes
defined in the obvious manner. If we look back at the introductory example and
choose ~ C N x Nas ~:={(a,b) e NxN|a=b=0ora,b> 0}, we obtain the
equivalence classes [0].. and [1]., hence N/~ = B and we only distinguish the natural
numbers based on their “truth”. This intuition allows us to provide an alternative
definition of elementary equivalence.

(4.6) Definition (~-equivalence). Consider two K-interpretations m4, mp over 7
and a congruence relation ~ C K x K on K. We say that m4, mp are ~-equivalent,
denoted by w4 =. g if for all sentences ¥ € FO(7), 74 [¢] ~ 7p [¢].

This enables us to use a notion of equivalence that is as coarse or as fine-grained as
needed. Choosing the trivial congruence relation ~ = {(a,a) € K x K | a € K}
yields the usual notion of equivalence where ~ is equality. For positive semirings,
~ = {(a,b) € K x K | Tx(a) = tx(b)} is also a congruence relation. This con-
gruence relation is the “most coarse”, since it only distinguishes between zero and
nonzero elements. Interestingly, the use of the homomorphism 1, demonstrates that
congruence relations are strongly related to homomorphisms.

(4.7) Proposition. For a semiring K, every congruence relation ~ C K x K with
0 % 1 induces a homomorphism h. : K — K/~ with h.(a) = [a]. for all a« € K
and every homomorphism h : K — L into another semiring induces a congruence
relation ~;, C K x K with a ~p, b:< h(a) = h(b) so that 0 ¢y, 1 and K/~ = h(K).

Proof. The first statement follows from the definition of K /~, which already yields
h(aob) =laob]. = [a].o[bl. = h(a)oh.(b) for o € {+,-}.

For the second part, it is clear that ~, is an equivalence relation, since it is based on an
equality. Now, if a1, by, ag, bs € K such that a; ~ ap and by ~ by, then h(a;) = h(az)
and h(by) = h(by), so h(ay o by) = h(ay) o h(by) = h(ay) o h(by) = h(ag o by), which
implies (a; 0 by) ~p, (ag 0 by) for o € {+,-}. Since h(0) # (1), we have 0 %, 1.

K/~ = h(K) holds, since i : K/~ — h(K) with i([a].,) = h(a) for all a € K is
an isomorphism. Due to the definition of ~,, i is clearly well-defined and injective,
surjectivity is trivial. Moreover, i([0].,) = h(0) = 0 and i([1].,) = h(1) = 1 and
i(la]~, o[b]~,) = i([aob].,) = h(aob) = h(a)oh(b) = i(la],) oi([b]~,) for o € {+,},
which ends the proof. U

Using the fundamental property, this justifies our definition (4.3) of elementary
equivalence and eliminates the need to consider ~-equivalence separately. Instead
of considering ~-equivalence of m4, 75 on K, we can simply apply the induced
homomorphism h. and consider the usual equivalence of (h. o 74),(h~ o mg) on
K/~ which is formalized by the following lemma.

(4.8) Lemma (Characterization of ~-equivalence). Let w4, 75 be K-interpretations
over the signature 7 and ~ a congruence relation on K with the induced homomor-
phism h. : K — K/~. Then, 74 =. g on K if and only if (h. om4) = (h o 7p)
on K/r~.

Proof. By definition, 74 =. 7p holds if and only if 74 [¢] ~ 7p [¢] for all FO(7)-
sentences 1. Clearly, this is equivalent to h.(ma [¢]) = ho(7p [¢]). Applying the
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fundamental property yields that this is equivalent to (h. o m4) [¢)] = (he o 7g) [¢]
for all sentences 1) € FO(7), which is the definition of (h. o7ms) = (h. o 7mp). O

Obviously, we can apply the idea of using congruences to the variations of equivalence
given in definition (4.3), such as m-equivalence or elementary equivalence with fixed
elements from the universes A and B. However, the previous lemma can easily
be adapted to these variations and shows that ~-equivalence collapses to the usual
equivalence anyway, thus, we do not need to bother pursuing this approach. A similar
observation can be made if we define isomorphism via a congruence relation. Hence,
our definitions of isomorphism and elementary equivalence are reasonable and we
can move on to the attempt to relate them.

4.2 Approach with a Single Unary Relation

With the adapted definitions from the previous section, we can return to the question
of whether elementary equivalence in first-order logic implies isomorphism over finite
universes under semiring semantics, as is the case in classical semantics. In other
words, the remainder of this chapter is dedicated to the following problem. For two
K -interpretations mwa : Lita(t) — K and 7p : Litg(r) — K over finite universes
A, B with the same, finite signature 7, does ma = g imply 74 = g ¥

Surely, we would not expect that first-order logic “loses” expressive power in the
setting of semiring semantics compared to classical semantics, however, our notion
of isomorphism of K-interpretations is stronger than the classical notion due to
K usually having more than two elements. Hence, we would like to know whether
elementary equivalence on K-interpretations is able to “keep up”. Our intuition is
that this is not the case and we will therefore attempt to construct a counterexample
in a very simple class of semirings.

(4.9) Definition (Min-Max-Semiring). A finite set K equipped with a linear order
< and |K| > 2 induces a min-max-semiring (K,+,-,0,1) where the operations
+ = max. and - = min. are defined via maxima and minima with respect to <
and the constants are 0 := min. K and 1 := max_ K.

It is easy to see that (K, +,-,0,1) is indeed a semiring. Moreover, we observe that
it is naturally ordered by <, absorptive and both + and - are idempotent. Min-
max-semirings are a very straightforward generalization of B, in fact, for |K| = 2,
the min-max-semiring (K, +,-,0,1) is isomorphic to (B, V,A, L, T). Additionally,
for a min-max-semiring (K, max, min, 0, 1), we can reverse the underlying order and
obtain (K, max, min,0,1) = (K, min, max, 1,0). However, (K, min, max, 1,0) is not
naturally ordered by its underlying order anymore. Hence, for example, the access
control semiring A = ({P,C, S, T, 0}, min, max, 0, P) that was briefly mentioned in
the second chapter is isomorphic to a min-max-semiring with 5 elements, but its
natural order is the reverse of the access token order P < C' < S < T < 0.

The first idea for a possible counterexample is to use the fact that existential and
universal quantifiers in min-max-semirings are interpreted by maxima and minima
respectively. Hence, if we use the min-max-semiring K3 := ({0, 1,2, 3}, max, min, 0, 3)
with a sufficient number of elements, we suspect that the element 2 might be inac-
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cessible to FO-formulas, because it is “in between” 1 and 3. Formally, we construct
two Ks-interpretations my, o : Lita(7) — K3 over a simple signature 7 = { R} with
one unary relation symbol and the same universe A = {a, b, c} as follows.

We will often write K-interpretations 7 as tables, the columns represent the relations
R with arity k& and their negated counterparts =R while each row represents one
tuple @ € A*. Clearly, the cells represent the values 7((—)Ra). This provides a very
intuitive representation of w. Note that we may group relations with the same arity k
in the same table, but if 7 contains relations with varying arities, we must represent
7 with multiple tables, one for each arity.

Returning to our example of 7y, m, it is immediately clear that m; 2 mo, but the
simple formulas dxr Rz and Vz Rx with one quantifier cannot separate them, since

m [FrRz] = max{1,1,3} = 3 = max{1,2,3} = my [JrRz] and
m [VxRz] = min{1,1,3} =1 =min{l,2,3} = m [VzRz].

However, once we use two quantifiers, we can find a sentence ¢ with mo [)] = 2
that separates the two K-interpretations. Pick ¢ := Jz3y(x # y A Rx A Ry). The
maximum is achieved by picking = and y so that 7 [Rz] and 7 [Ry] are maximized,
but we have to choose distinct elements, otherwise 7 [z # y] = 0 for 7 € {m, ma}.
Hence,

7 [¢] = min{1,3} =1 # 2 = min{2, 3} = m [¢]

and we have m; #Z my. More importantly, we have found a way to construct a formula
that “picks out” the second largest value of 7 [Rz] for any Kjz-interpretation m. We
aim to generalize this idea in order to prove that a counterexample with one unary
relation symbol is not possible.

(4.10) Definition (7-Distribution). Let 7 : Lita(7) — K be a K-interpretation
over a finite universe A with |A| = n and ¢(7) € FO(7) a formula with || = & free
variables. The m-distribution of ¢ is a function df, : K — N defined as

di(k) =|{a e A* | 7 [p(@)] = k}| forall k€ K.

We omit 7 when it is clear from the context. The support of the w-distribution is
defined as usual with supp(d,) = {k € K | d,(k) # 0} and always finite, since A is
finite.

If K is naturally ordered and the natural order is linear, we additionally define the
m-series of p as s : {1,...,n*} - K with

s5(i) = min {k: € supp(dy) | > dy(l) < z}

lesupp(dy),I>k

for all 1 < i < nk.
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Informally, the 7-series is simply the set of values {r [p(a)] | @ € A*} sorted in
descending order and taking multiplicity into account. Unsurprisingly, the m-series
of a formula exactly characterizes its w-distribution.

(4.11) Lemma. For two K-interpretations w4, 7g over universes with n elements
and a formula ¢(7) with k free variables, d7* = d7? if and only if s74 = s72.

Proof. 'The direction “=-"is clear by definition. For “<=", assume d;* # d7”. Then,
since both distributions have finite support, there is a maximal £ € K such that
diA (k) # d? (k). Assume without loss of generality that d74 (k) < d7?(k) and thus
k € supp(d}?). Now, pick

i= > dg? (1).
lesupp(dP), 1>k
Clearly, since d72(k) > 0, we have
> dy? (1) < i.
lEsupp(dZ;B),l>k
Therefore, s77 (i) = k, since for any k' < k,
> diP (1) > > dg? (1) = i.
lesupp(dyP) 1>k lesupp(diP), 1>k

For 74, the value of s74 (i) is at most k., which is defined as the largest &' < k in
supp(d7*). Note that such an element must exist, since dj* and d7? are equal for
all elements greater than k and d4 (k) < d72(k), but the sums of both distributions
are equal to n¥, so d7* must have a smaller element in supp(d7#) than k. Now, we

obtain
Z dgf‘(l) = Z dZ;A(l) < Z ng(l) =1,
lesupp(do?) >k lesupp(dy ), 1>k lesupp(d,P), 1>k
hence s74(i) < k< < k = s7P(i), which ends the proof. O

Informally speaking, s7(7) is the i-th largest value in the 7-distribution of (7). Now,
similarly to the example above where we used ¢ := Jz3y(z # y A Rx A Ry) to pick
out the second largest value of 7 [Rx] in our K-interpretations = € {m,m}, we can
attempt to construct a formula that picks out sg(i) generally.

Since we are dealing with k-tuples instead of a unary relation, it is useful to introduce
some notation for more clarity. For k-tuples of FO-variables T = (x1,..., ;) and
y= (yla s 7?Jk:), we define

dzp = dry...dxpe,
T=7 = /\ r; =1y; and
1<i<k
THEY = \V oz #y
1<i<k

as shorthands for formulas. In any semiring with 1 + 1 = 1, in particular in any
idempotent semiring, the formulas for equality or inequality have the intended mean-
ing, that is, 7 [Z = 7]” € {0,1} and it is 1 if and only if the tuples assigned to T
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and 7 by [ are equal and 7 [T # @]]ﬁ € {0,1} and it is 1 if and only if the tuples
are distinct. The condition 1 + 1 = 1 is required for the disjunction in T # 7, the
remaining claims are directly implied by the semiring axioms. Now, we are ready to
construct the desired formula.

(4.12) Lemma (Sorting Lemma). Let £ € N and ¢(Z) be any FO(7)-formula with
k free variables. Then, there is a series of sentences (¢;);en., € FO(7) such that for
all K-interpretations 7 : Lit4(7) — K over a finite universe with |A| = n,

[T-y sp() if1<i<nb,

0 otherwise,

7 [¢i] = {

provided that K is absorptive and naturally ordered by a linear order. The sentences
are given by

%:zﬂxl...ﬂxi( N T #T A N gp(xj)> for all i € N,

1< <I<i 1<j<i
where we implicitly assume all tuples 7y, ...T; to be k-tuples.

Proof. For i > nF, i pairwise distinct k-tuples over A do not exist, hence any
assignment of Ty, ..., 7; yields 0, since at least one subformula in the conjunction
yields 0. Thus, 7 [¢] = 0. Now, assume 1 < i < nk.

The existential quantifiers are interpreted by summation in K. Recall from lemma
(2.14) that a+b = sup{a, b} in any naturally ordered, absorptive semiring. Since the
natural order on K is also linear, we even have a + b = max{a, b} for all a,b € K.
Thus, summation is simply a maximum and we obtain

W[[wi]]:max{ﬂ-ﬁ /\ dj#al/\ /\ QO(CL]')]]|CL1,...,(IZ'€AIC}.
1<5<i<i 1<5<e

Choose a3, ...,a; € AF pairwise distinct such that for all 1 < j < i, 7 [o(a})]
is maximal among the remaining values {7 [¢(a)] | @ € A"\ {a},...,@;_,}}. By
definition of s7 as the “sorted distribution” df, we have 7 [e@)] = si (7). With
this choice, we obtain

WNA @#WA/\ﬂ@ﬂzllﬂh@ﬂ-
1<j<i<i 1<5<i 1<j<i
We argue that this choice is maximal and therefore yields the value of 7 [¢;].

For any other choice @i,...,a; € A*, if the tuples are not pairwise distinct, then
we obtain 0, which is the minimal element in K. Thus, assume they are pairwise
distinct. Since their order is not important, assume without loss of generality that
they are sorted descendingly so that

mle@)] = ... = me@)] .

This choice of tuples yields the value

7T|l N @ #an A\ SO(Gj)m = [I 7le@;)].

1<j<I<i 1<j<i 1<j<i
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Now, since each @ was chosen to maximize 7 [¢(@;)], we have 7 [ (a;)] < 7 [¢(a})]
for all 1 < 5 <. We obtain

II mle@)l < I = [e@)]

1<yj<i 1<yj<i

by inductively applying the fact that multiplication is monotone from lemma (2.12).

In conclusion, @j, ..., a; is indeed the maximal choice and we have
Wl = 11 = [e@)] = I s30).
1<5<i 1<5<i
which ends the proof. O

Unfortunately, the sentences 1; do not quite capture sg(i) yet, but rather, the product
of all s7(j) for 1 < j <. In order to remedy this, we can impose even more conditions
on the semiring K. For example, this is not a problem on min-max-semirings, where
products correspond to minima, so

IT s;0) = sp()
1<5<i
holds anyway due to s, being non-increasing. In fact, min-max-semirings are linearly
ordered lattices and the above equation holds in all linearly ordered lattices, because
products always coincide with minima in such lattices.

(4.13) Corollary (to the Sorting Lemma). If K is a linearly ordered lattice, then for
all K-interpretations 7 : Lity(7) — K with |U| = n and ¢(T) with k free variables
and the corresponding 1; defined above, 7 [;] = s7(i) for 1 <i < n*. In particular,
for two K-interpretations w4 and mp over finite universes A, B, m4 = mp implies
dir = d7p.

Proof. The first part immediately follows from the above observations. For the second
part, notice that m4 = mp implies that their underlying universes A, B have the same
number of elements, otherwise, they would be easily separated by the formula

Hxl...ﬂxn( /\ xj%xl)

1<j<i<n

with n = max{[A[, |B|}. Now, due to s7A(i) = 7a [ti] = 7 [1] = s72(i) for all
1 <i < n* and lemma (4.11), we obtain dir = djP. O

The statement that w4 = 7p implies dZ4 = d7P for all ¢ is very interesting to
us, because it brings us closer to isomorphism. It already shows that our previous
attempt on a counterexample of Kjs-interpretations 7y, T with one unary relation
symbol is futile. The intuition behind this is indicated in the following graphics.

VI T @

If we choose ¢(r) = Rz, then the columns that constitute the distributions d7! and
d7? are highlighted bold. Since we want 7; = my, the distributions of values in those

35



CHAPTER 4. CHARACTERIZATION OF ELEMENTARY EQUIVALENCE

columns must be equal by the above corollary and 7 = w5 follows immediately.
Hence, we cannot hope to construct a counterexample with m; = w9 and m; 2 w5 in
this manner.

(4.14) Proposition. For two model-defining K-interpretations m4 : Lita(1) — K
and 7p : Litg(7) — K over finite universes A, B with |A| = |B| = n and a signature
7 = {R} with one unary relation symbol, d7* = d7? for all () implies 74 = 7p.

Proof. Recall that for a model-defining K-interpretation, exactly one out of two
complementary literals has a nonzero value. Let AT = {a € A | ma(Ra) # 0},
A7 = {a € A | ma(—Ra) # 0} and BT, B~ be defined in a similar way for 7p.
Clearly, those sets partition A and B respectively.

Pick ¢(z) == Rz, then dj* = d7?. In particular, |A™| = d7A(0) = d7,?(0) = |B~| and
therefore, |A"| = |B*| as well.

Now, thanks to d7* = d7?, we can construct a bijection 0™ : A* — BT such that
7a[p(a)] = 7 [p(c™(a))] holds for all @ € AT by mapping a to an element of Bt
according to the value w4 [p(a)] = ma(Ra) > 0. The equality of the distributions
guarantees that there are sufficiently many appropriate elements in B for each value
7wa(Ra). Note that since p(z) = Rz, we have m4(Ra) = np(Ro™(a)) for all a € A*.
By definition, we also have m4(—~Ra) = 0 = ng(—Ro*(a)) for a € AT.

The same approach can be used for the negation. Let ¢(z) := =Rz and observe
that dj* = d” as well. From that, we obtain a bijection 0= : A~ — B~ with
ma(—Ra) = mp(—Ro~(a)) for all a € A~. By definition, m4(Ra) = 0 = mg(Ro (a))

for all @ € A~. Putting ¢ and o~ together yields an isomorphism ¢ : 74 — 7. [

Our suspicion that a counterexample in a min-max-semiring over a signature with one
unary relation is not possible is confirmed by applying the sorting lemma (4.12), its
corollary (4.13) for lattices and finally proposition (4.14). Since the preconditions on
the semiring K imposed by the sorting lemma (4.12) are very strict, we may wonder
if any semirings other than min-max-semirings, that is, linearly ordered lattices, meet
them as well.

Recall the Viterbi semiring V = ([0, 1|z, max, -, 0, 1), which is naturally ordered by
the usual order on [0, 1]g. Clearly, this is a linear order. Moreover, V is absorptive,
since max{a, ab} = a for all a,b € [0, 1]g. Therefore, the sorting lemma also applies
to V-interpretations. However, multiplication on V is not idempotent, hence it is
not a lattice and we cannot use corollary (4.13). Nevertheless, we can still arrive at
proposition (4.14) using the property of V that multiplication with nonzero elements
allows cancellation.

(4.15) Definition (Cancellation). For a semiring K, we say that K allows cancel-
lation if for all a € K \ {0}, ab = ac implies b = ¢ for all b,c € K.

(4.16) Lemma. For a semiring K that is naturally ordered by a linear order, absorp-
tive and allows cancellation, if 74, 7g are two K-interpretations over finite universes
A, B, then 74 = g implies d7A = d7? for all p(T) with k free variables.

Proof. We have already established that 74 = 7wp implies |A| = |B| =: n in the proof
of corollary (4.13). Now, it only remains to show s74 = s7% due to lemma (4.11).
We will prove s74(i) = s77(i) for 1 < i < n* by induction on i.

36



CHAPTER 4. CHARACTERIZATION OF ELEMENTARY EQUIVALENCE

The case i = 1 follows directly from the sorting lemma (4.12). We take the sentences
1; as defined in the sorting lemma and use elementary equivalence of 74 and 7g to
obtain

spt (1) = ma [] = 7 [¥] = s3P(1).

Now, for the induction step, assume 1 < i < n*. The sorting lemma yields
H SZA(j) =ma [i] = 7B [i] = H SZB(j)-
j=1 j=1
By induction, we know that the first (i — 1) factors are equal, hence
i—1 i—1
I1s52G) =11 s520) = a.
j=1 j=1

This already yields a - s7A(i) = a - s72(i). If a # 0, then s74 (i) = s77 (i) follows by
cancellation. For the other case that a = 0, observe that K does not have divisors
of zero, since bc = 0 for b,c € K\ {0} would imply b-c¢ = b-0 = 0, which would
yield ¢ = 0 with cancellation, a contradiction. Hence, a = 0 implies that one of the

factors s7A(j) = s72(j) for some 1 < j < i is already 0. Now, with s74 and s7?

being non-ascending chains and 0 the minimal element of K, this already implies
s3A(i) = 3P (i) = 0, which ends the induction and the proof. O

This shows that the sorting lemma is also useful in semirings where H§:1 si(d) # si(i),
as long as cancellation of - is available, as is the case in the Viterbi semiring V. The
conclusion of this section is formally stated in the following theorem.

(4.17) Theorem. Consider an absorptive semiring K that is naturally ordered
by a linear order. If multiplication on K is idempotent or allows cancellation, then
w4 = mp implies m4 = 7p for all model-defining K-interpretations 74 : Lita(7) — K,
7p : Litg(r) — K with finite universes A, B over a signature 7 = {R} with one
unary relation symbol.

Proof. Recall that ma = 7mp implies |A| = |B|. Now, we claim d7# = d7? for all (7).
If - on K is idempotent, then K is a lattice thanks to proposition (2.15) and the
claim follows by corollary (4.13), if K allows cancellation, then it is derived from
lemma (4.16). Note that in both cases, the sorting lemma is the core of the proof.
We simply apply proposition (4.14) to conclude 74 = 7p. O

The takeaway is that the desired counterexample must be more complex than a pair of
K-interpretations with a unary relation, as long as K is a “simple” min-max-semiring.
As a side product, we have additionally established that such a counterexample is
not possible on the “more complex” Viterbi semiring V.

4.3 Counterexample for Min-Max-Semirings

The theorem (4.17) from the previous section cannot be extended to signatures
with multiple relation symbols, or even to signatures with a binary relation. While
proposition (4.14) informally states that if 74 = g, all relations R € 7 follow the
same distribution under 74 and 7p, this only yields isomorphisms o : T4|r — 7B|r
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if we restrict w4, 7 to R and R is unary. If R is binary, such an isomorphism may
not exist because we are not allowed to permute the tuples freely, for example, a pair
(a,a) must always be mapped to a pair (b, b) by an isomorphism. In case of multiple
unary relation symbols, the individual isomorphisms oz may not be compatible with
each other, hence we cannot combine them to construct an isomorphism o : 74 — g
in general.

We will exploit this fact to create a counterexample with two unary relations over
K3. Consider two Kj-interpretations mpg, mgp @ Lita(7) — K3 on the universe
A ={a,b, c} over the signature 7 = {P,Q} where P, () are unary, as depicted in the
following table.

AlP|Q]|-P|-Q ] AlP|Q]|-P|-Q ]
 al1(3[o0 o0 a3 ]1lo0]o0
TPQ: 9 l1l 0| 0 TR plq1l2 0| 0
cl3l2 010 cl2013 010

We claim that mpg = mgp, but mpg 2 mgp. It is easy to see that mpg 2 mop. If an
isomorphism o : Tpg — Top existed, then we would have

mpg(Pa) =1=mgp(Po(a)) and
mpe(Qa) = 3 = mop(Qo(a)).
However, there is no suitable o(a) € A with mop(Po(a)) =1 and mgp(Qo(a)) = 3.

The difficult part is proving that mpg = mgp. Before we can state the formal proof,
notice that the distributions of values in both P-columns and ()-columns are equal.
Hence, we cannot use a formula that only involves one of the relations as in theo-
rem (4.17) to separate the two K-interpretations. However, if we want to use both
relations, we have to somehow combine P-values with @)-values. Over a min-max-
semiring, only max and min are available for use via disjunctions and conjunctions.
Note that

{mpq(Pa), mpq(Qa)} = {1,3} = {rqr(Pa), mqp(Qa)},
{mpq(Pb), mpq(Qb)} = {1,2} = {mqp(Pb), mp(Qb)} and
{mpq(Pc), mpq(Qc)} = {2,3} = {mqr(Pc), mer(Qc)},

therefore, any formula Pz oQu yields the same value wpg [Pe o Qe] = mgp [Pe o Q€]
for e € A with o € {V, A}. More intuitively, mgp is obtained from 7pg by swapping
the P-column and the ()-column, which also explains the naming of the two inter-
pretations. Graphically, this corresponds to a “horizontal” permutation and since P
and () follow the same distribution, we can also obtain mgp from 7pg by two distinct
“vertical permutations” in the P-column and the @)-column. It is crucial that those
permutations are distinct, otherwise our interpretations would be isomorphic.

Unfortunately, this does not prove mpg = mgp and our toolbox for proving elementary
equivalence in general semirings K is empty, except for the isomorphism lemma, which
states that isomorphic K-interpretations are elementarily equivalent. Of course, we
cannot use this directly for our counterexample, since we must insist on mpg 2 mgp.
However, we can “reduce” mpg and mgp to smaller semirings via homomorphisms A
and then show that h o mpg = h o mgp. With a little more effort, we can then use
the fundamental property to prove mpg = mgp.
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Firstly, it is clear that hompg = homgp under a single homomorphism is not enough
to prove mpg = mgop, but multiple homomorphisms may do the trick. Luckily, it is
easy to find homomorphisms h : K,, — B for min-max-semirings K, as follows.

(4.18) Lemma (Homomorphisms for Min-Max-Semirings). For a min-max-semiring
K, = ({0,...,n}, max, min, 0,n) with (n 4+ 1) elements and 0 < i < n, the function
h; : K,, — B defined as
, T if 1 <,
hi(j) = .
1 otherwise
is a homomorphism.

Proof. h(n) = T is clearly true and since i > 0, h(0) = L. Moreover, we have
h(max{j,(}) = T if and only if i < max{j,[}, which holds if and only if i < j or
i <1, which is true if and only if A(j) = T or h(l) = T, so h(max{j,(}) = h(j) VvV h(l).
Similarly, h(min{j,{}) = T if and only if both ¢ < 7 and i <[, hence we conclude
that A(min{j,{}) = h(j) A h(l). O

For Ks, this yields three homomorphisms h, hy and hs, which we can apply on 7pg
and mop, as depicted in the following tables.

AP Q| -P|-Q AlP|lQ|-P]|-Q
al1]31 0] 0 al311] 0| 0
TPQ: i1l 0] 0 TRP 12l 0| 0
cl3l2] 010 cl213] 01 o0
AlP|Q]|-P|-0Q Al P|Q]|-P|-0Q
o re a | T 1T L | L o mop a | T 1T L] L
b TIT| L | L b TIT| L | L
c|TITl L] L c|TITl L | L
AlP|lQ]|-P|-0Q AlP|lQ]|-P|-0Q
a | LT L] L a | TI1L| L] L
haompe: Nl | L | L haomor:y\ 7| L | L
c|TITl L] L c|TITl L] L
AlP|Q|-P|-Q AlP|lQ|-P|-Q
a |l LT L] L a | T1L| L | L
hsompo: 1] | L hsomor: 1 | | L
c|lT|lL]| L | L cll|T| L | L

Clearly, we have h; ompg = h;omgp for i € {1,2,3} via the respective isomorphisms

o1: ar—a, bbb c—c (o =ida),
oy a—b b—a,c—c (09 swapsa,b) and

o3: arrc, b—=b c—a (o3 swaps a,c).

Hence, the isomorphism lemma yields h; o mpg = h; o mgp for i € {1,2,3} and it
only remains to show that this is “enough” to prove mpg = mgp, which is captured
by the following definition and theorem.

(4.19) Definition (Separating Homomorphisms). Let K, L be semirings. A set S of
homomorphisms h : K — L is called separating if for all a,b € K with a # b, there
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is a homomorphism h € S such that h(a) # h(b) in L.

(4.20) Theorem (Reduction Theorem). Let K, L be semirings and S a separating
set of homomorphisms K — L. For two K-interpretations 74, 7, m4 = wg holds if
and only if homy =homp forall h € S.

Proof. The easy direction is “=". If 14 = g, then for ally) € FO(7), 74 [¢] = 7p [¢],
which implies h(ma [¢]) = h(mg [¢]) for any h € S. Using the fundamental property,
we obtain (homy) [¢] = (howp) [¢].

For the converse direction “<”, we show the contraposition by exploiting that S
is separating. Suppose that m4 # 7p, then there is a sentence ¢ € FO(7) with
7a [¥] # 7w [¢]. Hence, there must be a homomorphism h € S that keeps these
two values separate, that is h(ma [0]) # h(wp [¢]). The fundamental property yields
(homa)[t] # (homp)[[¢], which concludes the proof. O

It is easy to see that {hq, ho, h3} is a separating set of homomorphisms for Kj3. For
i # j in K, we can assume without loss of generality that ¢ < j, but then j € {1,2,3}
and h;(i) = L # T = h;(j), so h; separates the two values. With the reduction
theorem and the observation that h;ompg = h;omgp fori € {1,2,3}, we can conclude
that mpg = mgp and our counterexample is indeed correct.

(4.21) Theorem. 74 = mp does not imply 74 = 7p for all semirings K and all
K-interpretations 74, mp over finite universes A, B. In particular, there are two
Ks-interpretations mpg and mgp over a universe with three elements in the finite
min-max-semiring K3 with mpg = mop and mpg Z mop.

Unfortunately, this result cannot be lifted to all semirings K, in other words, we
do not know if a counterexample can be found for any semiring K or whether a
semiring must have very specific properties, such as a min-max-semiring, to be able to
produce a counterexample. Hence, the search for counterexamples in other semirings
continues.

4.4 'The Viterbi Semiring

The well-known fact that elementary equivalence implies isomorphism on finite
structures in the “most simple” semiring B due to the possibility of constructing
characteristic sentences together with the observation from the previous section that
this does not hold in the “slightly more complex” min-max-semiring K3 suggests that
generally, elementary equivalence does not imply isomorphism in more “complex’
semirings. This is not a formal statement, since our idea of “complexity” of semirings
is purely intuitive and based on how much they “differ” from B in terms of their
number of elements and operations. From this point of view, a min-max-semiring
has more elements than B, but the operations are essentially the same, since B is
a special min-max-semiring. The Viterbi semiring V is “more complex” than finite
min-max-semirings, because it contains more elements and its multiplication does
not coincide with the minimum of two elements, as in B or min-max-semirings.

Y

In this section, we will show that 74 = 7 implies 74 = 7p for finite V-interpretations,
which unfortunately means that our intuition of “more complex” semirings allowing

40



CHAPTER 4. CHARACTERIZATION OF ELEMENTARY EQUIVALENCE

counterexamples is wrong. Recall that in B, we use the characteristic sentence

oy = Jxy ... 3w, N zi#zAVy|l \ y=a| A N Lla/z]
1<i<j<n 1<i<n LELit 4 (1), AL
to describe a structure 2 up to isomorphism. The main reason why this does not
work for general K-interpretations 7 is the conjunction

/\ L [a/T] )
LeLita(r),A=L

which essentially just enumerates all literals that are true in 2. In B, if B has the
same number of elements as 2 and satisfies these literals, then 2 = 5. However, in
a semiring K with more than two elements, there is more than one nonzero element
and the conjunction evaluates to the product of the values for the “true” literals.
This is a problem, because we can permute the factors of a product without changing
its value. B avoids this problem, because only one nonzero value exists, so permuting
the factors does not have an effect if they are all T. However, as our counterexample
from the previous section, which is depicted below, suggests, semirings with more
elements are vulnerable to this.

A|lP|Q]|-P|-Q | AlP|Q|-P|-Q ]
 al1]3l0] o0 a3 1]lo0]o0
TPQ: o1l 0| 0 TP pl1l2 0 | 0
cl3l2/ 010 cl2131 01 0

More intuitively, K3 is vulnerable to “horizontal permutations” of the relations P, (),
since a formula Px o Qz for o € {V, A} cannot distinguish whether its value comes
from P or (). However, this is where the “complexity” of V provides an advantage
that gives more power to formulas. Since multiplication is not idempotent, if we
repeat one of the literals, as in Pz A Qx A Qx, we can no longer exchange P and @)
and preserve the interpretation of the formula. In fact, this simple idea is enough to
prove that m4 = mg implies m4 = w5 on V-interpretations.

(4.22) Proposition (e-characteristic Sentence). Consider two model-defining V-
interpretations 74 : Lita(7) — V and 7p : Litg(7) — V over finite universes with
|A| = n. Define the finite set of nonzero values

V= ({ma(L) | L € Lita(7)} U{mp(L) | L € Litg(7)}) \ {0} C (0, 1]r.
Choose the minimum value m = min V' > 0 and the minimum ratio
r ::min{z | a,b e Vwitha>b} > 1.
Finally, choose a rational number € € Q with 0 < ¢ < min{m,r — 1} so that e <m
and (1 + ¢) < r, which exists since Q is dense in R.

Then, a FO(7)-sentence 9. exists such that 74 [¢.] = 7p [¢c] if and only if 74 = 7p
and 1. only depends on 74 and . This sentence is called the e-characteristic sentence
of TA.

Proof. We will construct . by adapting the “standard” sentence

@mszﬂxl...ﬂxn( A a:i#xj/\Vy(\/ y:xi)/\ N L[a/m]).

1<i<j<n 1<i<n LeLita(7)2AEL
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In order to ensure that the values of the literals cannot be permuted, we will repeat
the literals “sufficiently often” so that permuting factors surely changes the value of
the product. This is why we require the previous computation of ¢.

Now, enumerate A := {ay,...,a,} arbitrarily and sort the set of “true” literals

{L € LitA(T) ’ WA(L) 7& O} = {Ll,...,Lk}

non-decreasingly so that 0 < w4(Ly) < ... < wa(Lg). Since A and 7 are finite, so
is Lit4(7). Moreover, w4 is model-defining, so k is finite and exactly one half of
| Lit4(7)|, only depending on |A| and 7.

Now, we will repeat the literal L; with the smallest value only once, that is f(1) = 1.
The remaining literals L; will be repeated f(i) € N times, where the values f(7)
constitute an increasing sequence that depends on € and each f(i) is “large enough”
so that the value of L; is distinguishable. We will clarify the exact definition of f(7)
later, for now, we can state the formula ). as

E f(3)
gba:zﬂxl...ﬂxn( /\ xi%xj/\Vy(\/ y-m,)/\/\/\L a/:z:).

1<i<j<n 1<i<n i=1j=1

Before thinking about 7, we observe that existential quantifiers in V are interpreted
by maxima. Hence, for 74, the maximum 74 [¢.] is achieved by the straightforward
assignment 5 : 7 — A with G(z;) = a; for i € {1,...,n} due to the construction of
1., where literals are repeated more if their value under f is larger. Since A has n
elements and the first part of the formula clearly evaluates to 1 in V, we obtain

WA[[l/Ja]]—HWA f()>0

Now, we can move on to mp. Assume that m4 [¢.] = 7p [¢c]. The value 7 [1.] is

achieved by an assignment b = (by,...,b,), or more formally, v : {zy,...,2,} — B
with vy(z;) = b; for i € {1,...,n}. Since 74 [1c] is nonzero, v must be a bijection,
otherwise 7p [1).] would be zero. Hence, B = {by,...,b,} and

k

w5 [Ye] = H?TB ifa/z)[z/0)"® = [ 7p(Lifa/b)’® > 0.
i=1

We claim that v o 87! : 74 = mp is an isomorphism, written more simply as
@ +— b. Since we have already argued that it is bijective, it only remains to show
7a(L;) = wp(Li[a/b]) for the “true” literals in 74. The reason why we do not need
to consider “false” literals L with m4(L) = 0 is that 75 [[¢).] > 0 already implies that
all the literals involved in the product must have nonzero values in 7wg, and since
both 74 and mp are model-defining, share the same signature and the size of their
universes, they have an equal amount of “true” literals, which indicates that the
other literals must be “false” in 7g, so wg(L[a/b]) = 0 = wa(L) = 0 automatically
holds for false literals.

We conclude the proof by showing m4(L;) = mg(L;[a/b]) for j € {1,...,k} by
induction on j in reverse order from k to 1. Assume the statement has been shown
for all £ > [ > j already, then, by cancellation

k ; ;
[I7a HWB (@)’ implies [ 7a(L:)'? =[] np(Lifa/o])’®.
i=1 bl a
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If j = 1, then we are done, since we have f(1) = 1 and ma(L1) = mg(Li[a/b]).
Otherwise, assume for a contradiction that m4(L;) # m(L;[a/b]). Without loss of

generality, we can say ma(L;) < mg(L;[a/b]).

Recall that we have defined the set of all possible nonzero values V' under 74 or mp,
its minimum m and the “minimum ratio” r. Thus, we have

mp(L;a/b))
ma(Lj)

Observe that the value of the product

>r>(1+4e¢).

J ' |
HWA(Li)f(Z) is at most WA(Lj>f(J)7
i=1

since the omitted factors can be at most 1 € V. On the other side, the value of the
product

d ; i=1 o

1 75(Li[@/8)’® s at least m (5 10) -7p(L;[a/b)’ 9,

=1

due to m being the minimal possible nonzero value in V. Now, we claim

. . J— . — . J _ .
[L7a(L)® < ma(L,)/0) < mEaSO) e (1, fafB)0) < [Lwa(Lifa/B)Y,
: i=1

which is obviously a contradiction to the fact that the products on the left and right
side must be equal. However, we first have to show (%), which translates to

wa(Ly)f D £ (5 0) Ly (Li[a/) 0

(9 pay) . TB(Ls[a/B])7 )
Ta(L;)70)

>rf()

& l<m

Now, since m > ¢ and r > (1 + ¢), it is sufficient to prove
1< (25 70) (1+¢)70),

At this point, we can finally provide the definition of f(j). It is recursively defined
as f(1) =1 and

£G) = min {£ € N| 1 < eDE0) (14 o)

This is clearly well-defined, since the corresponding exponential function is un-
bounded, that is

lim (i1 7). (1+¢) = 0.

{—00

Moreover, the definition only depends on e and, of course, the previous values of f,
so the sentence 1); indeed only depends on € and 7 4. 0
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If we consider the countable set ®4 = {1, | ¢ € Q} of all e-characteristic sentences
for a V-interpretation w4 over a finite universe, then clearly, for all V-interpretations

mp over finite universes, 74 [p] = 7 [¢] for all ¢ € &, implies T4 = 7p, since
7a [te+] = mp [te+] holds in particular for the £* from the above proposition.

Hence, we can say that ® 4 is a characteristic set of sentences for m4. Of course, this
trivially implies the fact that elementary equivalence and isomorphism coincide on
V for finite universes.

(4.23) Theorem. For two V-interpretations w4, 7p over finite universes, 74 = 7p
implies m4 = 7p.

Unfortunately, this means that we are still far from answering the question which
semirings K have coinciding notions of isomorphism and elementary equivalence for
finite K-interpretations. Since it is impossible to go through all possible semirings,
we would like to make more general statements in the next section about classes of
semirings instead of single semirings.

4.5 Counterexample for Distributive Lattices

The most straightforward way to obtain general results is using polynomials and the
fundamental property. For example, we could translate the counterexample of 7mpg
and mgp over K3 to a polynomial semiring with variables X’ = {xz,y, z} as follows.

Al P|Q[-P|-Q| Al P|Q|-P|-Q|

. all]3] 0 0 . al3]1] 0 0
L O I I O R erE i1 2] 0] 0
c|312] 0 0 c| 23] 0 0

translates to

AlP|Q|-P|-Q| AlP|Q|-P|-Q|

o alx|z| 0 0 S alz|xz| 0 0
PR blylxz| 0] 0 QP blaxzl|ly| 0] 0
clz|ly| O 0 cly|z| O 0

Each nonzero element of K3 is identified with its own variable. Of course, we cannot
use N[X] as our polynomial semiring, because we relied heavily on the idempotence
of both + and - in K3 for the proof that mpg = mop, but N[X] is not idempotent.
In fact, we will later see that absorption is also required. Hence, we translate the
counterexample to PosBool[X], which is the set of absorptive polynomials with
exponents in B, so it is absorptive and multiplication is idempotent.

Before moving on to prove that the counterexample is still valid, we will adapt it by
reducing the number of variables and making use of the negative literals to make
the result as general as possible. We will use the two PosBool[X]-interpretations
Tay @ Lita(7) — PosBool[X] and my, : Lits(7) — PosBool[X] with two variables
X = {z,y}, four elements A = {a,b,c,d} and a signature 7 = {P,Q} with two
unary relation symbols depicted in the following tables.
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AP |Q|—-P|—-Q AP |Q|—-P|—-Q
a| 0|y | x 0 al|ly |0 0 T
Ty blz|0] 0 Yy Ty bl0|x]| vy 0
cly|x| O 0 clx|y| O 0
dl0]0| y x d|0]|0| x Y

The proof for m,, 2 m,, is easy, since m,,(Pa) = 0 and m,,(Qa) = y, but there is no
appropriate element e € A with 7, (Pe) = 0 and 7, (Qe) = y, hence an isomorphism
O @ Mgy — Ty, CANNOL exist.

For the proof that m,, = m,,, we intend to use the reduction theorem (4.20) again,
which is why we require a separating set of homomorphisms h : PosBool[X]| — B. In
order to construct those homomorphisms, it is useful to think of PosBool[X] from the
perspective of sets. Since the exponents of the monomials are in B, we can think of the
monomials in PosBool[X] as subsets of X. Moreover, a polynomial p € PosBool[X]
can be thought of as a set of such monomials, since the coefficients are in B as well.
In the following, we will use set notation on polynomials and monomials for more
clarity.

(4.24) Lemma (Homomorphisms for PosBool[X]). For each subset S C X, the
function hg : PosBool[X| — B defined as

L ifp=3,e57 - py for (ps)zes € PosBool[X],

hs(p) = .
T otherwise

is a homomorphism. In other words, hg maps p to L if and only if each monomial

m in p contains a variable x from S.

Proof. Clearly, hg(0) = 0, since 0 is the empty polynomial that does not contain any
monomials, it can be expressed by choosing p, = 0 for € S. Note that for S = (),
the empty sum is 0 by definition. Also, h(1) = 1, because 1 contains only one empty
monomial, which does not contain any variables.

For p,q € PosBool[X], we must show that hs(p + q) = hs(p) V hs(q), that is,
hs(p+ q) = T if and only if at least one of hg(p) or hg(q) is T.

“=".1f hg(p+q) = T, then p + ¢ contains monomials m that contain no variable
from S. Since p + ¢ is a subset of p U ¢, either p or ¢ or both must already contain
such a monomial, so hg(p) =T or hg(q) = T.

“<«=": Suppose p or ¢ contain monomials m with no variables from .S. Note that p+ ¢
is obtained from p U ¢ with absorption. However, it is impossible that all monomials
m with no variables from S are absorbed from p U ¢, because a monomial m, that
does contain an x € S can never absorb a monomial m that does not contain x due
to mz(x) = 1 > 0 = m(z). Thus, p + ¢ contains at least one monomial with no
variables from S and hg(p+q) = T.

Now, it remains to show hg(p - q) = hs(p) A hs(q), that is, hs(p - q) = L if and only
if at least one of hg(p) or hg(q) is L.

“<”: Assume without loss of generality that hg(p) = L. Then, p =3, cqx - p, for
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some polynomials (p;).ecs € PosBool[X]. Obviously,

p-t]z(Zx-px)-q:Zx-(pz-Q),

zeS zeS

which yields hg(p-q) = L.

“=": We show the contraposition, assume hg(p), hs(q) are both T, hence they contain
monomials m,, m, without variables in S respectively. Now, the product p - ¢ prior
to absorption contains m, - m, = m, U m,, which does not contain a variable in S.
As argued above, at least one such monomial is preserved in p - q after absorption,
so hg(p-q) = T, which ends the proof. d

It is not obvious that the homomorphisms defined in the lemma are in fact separating
for PosBool[X]. In order to prove this, we require absorption. This explains why we
use the absorptive version PosBool| X] of polynomials that are idempotent in both
operations, instead of the non-absorptive version W[X].

(4.25) Lemma. The set of homomorphisms {hg | S C X} defined in the previous
lemma is separating for PosBool[X].

Proof. According to definition (4.19), we must show that for all pairs p, ¢ € PosBool[X]
with p # g, there is an S C X such that hg(p) # hs(q). Instead, we show the contra-
position, that is, we assume hg(p) = hg(q) for all S C X and prove that p = ¢ follows
for all p, ¢ € PosBool[ X]. Since we can view polynomials in PosBool[X] as sets, we
have to show that m € p if and only if m € ¢ for all monomials m € Mon[B, X]. The
monomials can be seen as sets of variables themselves, so we show this by induction
on the size |m| € N of the monomials.

Consider a monomial m with |m| € N and assume by induction that we have shown
m' € p< m’ € q for all smaller monomials m’ with |m’| < |m|. For a contradiction,
assume m € p and m ¢ ¢ without loss of generality. Pick S := X \ m as the set of all
variables not contained in m. Clearly, hg(p) = T, since p contains m, which contains
no variables in S. By assumption, hg(q) = T must hold as well, thus, ¢ contains a
monomial m, that does not contain any variables from X \ m, which implies m, C m.
Since m ¢ ¢, we have m, C m, but then, m, is smaller than m, so by induction,
mg € p as well. However, this is not possible, as m, would absorb m, which would
imply m ¢ p, a contradiction. We conclude that m € p if and only if m € ¢. This
ends the induction and the proof. O

Now that we have a separating set of homomorphisms, we can apply the reduction
theorem (4.20) to show that m,, = m,,. All that remains to show before applying
the theorem is that (hg o m,,) = (hg o my,) for all S C {z,y}, which is easy to see
from the following tables.

AlP|Q|—-P|Q AlP|Q|—-P|Q
a0y | 0 aly |0 0 T
Ty blxz|0] 0 Y Ty bl 0|z | vy 0
cly|lx| O 0 clx|y| O 0
d|0]0| y x d|0]0| x Y
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AP |Q|-P|-Q AlP|Q|-P|—Q

a | L|T| T | L a | T|L| L | T

hy o Ty b|T|L| L | T hy o Ty, b|L|T| T | 1L
c | T|T|] L | L c | T|T|] L | L

d|L|L| T | T d|L|L|] T | T

AP |Q|—-P|-Q AP |Q|-P|-Q

al| L|T| L | L a | T|L| L | L

Pigy © Ty b|Ll| L] L T higy © Tys b|L|L]| T 1
c| T|]L|] L | L c | L|T]| L 1

d| L] L] T ]| L d|L|L] L T

AP |Q|—-P|—Q AlP|Q|—-P|—Q

al| L|L| T | L a | L|L| L | T

hiyy © Ty b|T|L]| L 1 hiyy 0 mye b|L|T]| L 1
c|L|T|] L | L c | T|L]| L il

d| L] L] L | T d|L|L] T 1

AP |Q | P |—Q AP |Q|-P|Q

a|L|L| L | L a | L] L| L 1

hx omyy : b|L| L] L 1L hx omyg : b|L|L]| L L
c| L] L] L | L c|L| L] L | L

d|L|L] L | L d|L| L] L | L

The pairs of corresponding B-interpretations are isomorphic. As a formality, the
isomorphisms are given by

op: a—b b—ac—c d—d (opswaps a,b),

oy arrd,b—=c,c—b d—a

(

oy a—=c,b—=d c—a,d—b (o) swaps a,c and b, d),
(0 swaps a,d and b,c) and
(

ox: a—a,b=b e, d—d (ox =ida).

By the reduction theorem (4.20), 7,, = m,,. Unlike our counterexample on K3, due
to the universal property of PosBool[X] stated in proposition (3.16), this counterex-
ample is valid for a whole class of semirings, as stated in the following theorem.

(4.26) Theorem. For any absorptive, multiplicatively idempotent semiring K with
at least three elements, 714 = mp does not imply 74 = 7w for all pairs of model-
defining K-interpretations 74, mp over finite universes. In particular, there is a coun-
terexample over a universe with four elements and a signature with two unary
relations.

Proof. Pick A = {a,b,c,d} and 7 = {P,Q} as before. Now, choose two nonzero
elements r, s € K with r # s, which exist by assumption. The counterexample is
given as follows.

Al P|Q|-P|-Q AlP|Q|—-P|—Q
al|0]|s T 0 a|ls |0 0 T
s . blr |0 0 s Mg b|O0|r s 0
cls|r 0 0 clr|s 0 0
d|0]0 s T d|0]O0 r s
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For m,s 2 s, observe that s has the element a with 7,.5(Pa) = 0,m.5(Qa) = s,
while 7. has no such element, since {0,r, s} are pairwise distinct. Therefore, no
isomorphism o : 7, — T, exists.

From proposition (3.16), we infer that for X = {z,y}, the assignment e : X — K
with = — r,y — s induces a unique homomorphism h, : PosBool[X] — K with
he(z) = r and he(y) = s. Clearly, this means (h. o m,y) = 7.5 and (he 0 Ty,) = T
Now, consider any sentence i) € FO(7). By the fundamental property (%) and the
equivalence m,, = m,,, marked with (%), we have

s [V] = (he © Tay) [¥] = he(Tay [¥]) = he(mye [¥]) = (he 0 7ye) [¥] = 7o [¥1],

hence 7, = 7., which ends the proof. ]

(4.27) Remark (Binary Relations). The above counterexample for PosBool[ X | can
also be transformed into a counterexample with one binary relation R instead of two
unary relations P and () as depicted below.

Al P|Q|-P|—-Q A|lP|Q|—-P|-Q
al 0|y | =z 0 aly 0] 0 x
Ty blx | 0| 0 Y Ty b|O0|z| vy 0
clyl|lx]| O 0 clxz|y| O 0
d|0]|0| vy x d|0]|0| x Y
AxA|] R | -R AxA| R | -R
(a,a) | O x (a,a) | y 0
(a,b) | = 0 (a,b) | 0 Yy
(a,c) | y 0 P (a,c) | =« 0 P
(a,d) | O y (a,d) | 0O x
(a,e) | =« 0 (a,e) | x 0
(b,a) | 0 x (b,a) | vy 0
(b,b) | = 0 (b,b) | 0 Y
(b,c) | y 0 P (b,c) | =« 0 P
(b,d) | 0 Y (b,d) | 0 x
(bye) | =z 0 (bye) | =z 0
(c,a) 0 x (c,a) | vy 0
N () I A : (¢,b) | 0 | y
May * (c,e) | vy 0 P My (c,c) | = 0 P
(c,d) | O Y (c,d) | O x
(c,e) | =z 0 (c,e) | =« 0
(d,a) | 0O x (d,a) | vy 0
(d,b) | =z 0 (d,b) | 0O Yy
(d,c) Y 0 P (d,c) x 0 P
(d,d) | 0 Y (d,d) | 0O x
(dye) | =z 0 (dye) | =z 0
(e;a) | y 0 (e;a) | 0 x
(e,b) | O y (e,b) | =z 0
(e,c) | = 0 @ (e,c) Yy 0 ¢
(e,d) | O x (e,d) | O Y
(ee) | y | O (ee) |y | 0
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The idea behind this construction is that the elements {a, b, ¢, d} may be swapped

around by isomorphisms, while the element e is a “special”, fixed element. This

allows us to “split” the previous counterexample 7., 7y, by P and ) and encode it

into a single relation as indicated by the labels in the picture. The formal proof of
/

— / / / : :
Ty = Ty and m, F . will be omitted.

Of course, this counterexample also lifts to all absorptive, multiplicatively idempotent
semirings with at least three elements in the same manner as 7, my,.

For now, the question of isomorphism versus elementary equivalence has been suf-
ficiently answered for absorptive, multiplicatively idempotent semirings. Note that
according to proposition (2.15), those are precisely the semirings induced by bounded
distributive lattices. Of course, this is a very restricted class of semirings, and we
would like to lift some of the restrictions in the following.

4.6 General Polynomials

If we lift all the restrictions, we obtain N[X] as the most general semiring according
to theorem (3.8). In the following, we are going to prove that elementary equivalence
implies isomorphism on N[X]. To simplify the approach, we can start with N and
later lift the result to N[X].

Thanks to addition and multiplication not being idempotent in N, we can imagine
that a similar approach as proposition (4.22) for the Viterbi semiring might be viable.
That is, we take the characteristic formula

@m:zﬂxl...ﬂxn( A :ci;éxj/\‘v’y(\/ y:xi)/\ N L[a/x])
1<i<j<n 1<i<n LeLit4(7),AEL

for the structure 2 in the standard B-semiring and adapt it by repeating literals in
order to make their values distinguishable and prevent “permutations of relations”.
The first major problem with this approach over N is that the sum of two elements
a,b € N is not their maximum as in the Viterbi semiring. Hence, the existential
quantifiers are not interpreted by maxima and the final interpretation of the char-
acteristic formula takes multiple permutations of the same structure into account.
Luckily, we can remedy this problem using the following lemma.

(4.28) Lemma. Let @ = (ay,...,a;),b = (by,...,b) € N¥ be two k-tuples and
a;,b; < c € N forall 1 <7< k. Then, an exponent e € N exists such that

k k
>_ai =20
i=1 i=1
implies that there is a permutation o : {1,...,k} — {1,...,k} with a; = b, for all
1 <17 < k and the exponent only depends on k and the bound c.

Proof. Sort the tuples in non-decreasing order, or more formally, pick permutations
04,0 {1,...,k} — {1,...,k} such that

aaa(l) S S aga(k) and
boy1) < -0 < oy (k)
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We will provide the value of e later, for now, assume e € N and

Of course, since g, 0, are permutations, we can rearrange the sums to

k
> G, = 2o
i=1 =1

We want to prove that () Ug,(i) = bgy (i) forall 1 <@ < k. For a contradiction, assume
this is not the case and pick the largest 1 < j < & such that a,,(j) # bs,(;)- Without
loss of generality, we may say ae,(j) < bo,(;)- Now, we will show that

k k
2 g, (i) < ; by i)-

Of course, we can leave the summands with ¢ > j out of the consideration, so it

remains to show A .

J J

Z aia(i) < Z bib(i) .

i=1 i=1
Since the sequences are sorted, a,, ;) < ag,(;j) for all i < j and in the worst case, all
bo, i) With j < are zero, so it suffices to show

e

J g,y <bg orjust k-ag .y <b ), duetoj <k

If as,(jy = 0, we are done, otherwise, consider the ratio

boi) o Vo) ¢

Uoo() ~ boy) =1 c—1

Notice that ¢ > 1, otherwise all values would have to be zero. Obviously,

1m = 0
n—oo \ c — 1 !

e::min{n€N|k< <C> }
c—1
c \¢ bo, (5 ‘
k b (4)
<(50) < (o)

) < 05, ;) and yields the desired contradiction. Note that e only

so we can simply pick

Then, we have

which implies & - ag.(;
depends on ¢ and k.

Finally, we choose ¢ = o}, 0 aa_l, then a; = ) = bob((,a—l(i)) = by (;y with (%)
from above, which ends the proof. O

This lemma is very useful for “separating” the values of sums. We can use it in our
characteristic formula as follows. Pick e “large enough” and use the formula

@g:zﬂxl...ﬂxn( A xi;é:cj/\Vy< \/ y:x,-)/\ A L[a/x]) ;

1<i<j<n 1<i<n LeLita(7) AL
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where “exponentiation” simply means that we combine the same formula e times
with A into a conjunction. Now, the summands in the sum induced by the exis-
tential quantifiers Jx; ... dx, are exponentiated with e, so if two N-interpretations
with “small enough” values yield the same sum, then there must be a permuta-
tion between the summands. We can formalize the assertions that the values of an
N-interpretations are “small enough” as follows.

(4.29) Definition (Bounded N-interpretation). For ¢ € N, an N-interpretation
7 : Lita(7) — N is bounded by ¢ if 7(L) < ¢ for all L € Lit4(7).

Before we are ready to define characteristic formulas for N-interpretations, we have
to clarify how the literals should be repeated. In V| this was done by a conjunction,
but for N it is easier to use a disjunction, as indicated by the following simple lemma.

(4.30) Lemma (Digit Lemma). Let @ = (ay,...,ax),b = (b1,...,br) € N*¥ be two
k-tuples with k € Nyg and a;,b; < ¢ € N for all 1 < < k. Then,

k k
Zaz &t Z b -7t < F
i=1 i=1
always holds and
Zai . Cz—l — sz X Cz—l
i=1 i=1

implies a; = b; for all 1 <17 < k.

Proof. 'We prove the lemma by induction on k. For k£ = 1, the first claim holds by
assumption and the second claim is trivially true.

Now, consider k£ > 1, then

where (*) holds by induction. The proof for b is similar.

For the second part, assume

This implies

and since
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by induction, we have
k-1 ' k-1 ‘
Z a; -t = Z b; - L.
i=1 i=1
k—1 k-1

Then, a; = b; for all 1 < ¢ < k by induction, so a; - ¢ = b - """ remains after
cancellation of equal summands, hence a, = b, as well. Il

This lemma is very straightforward and its name comes from the fact that the numbers
a;, b; can be seen as the i-th digit of the numbers @, b in a numeral system with radix
c. We will use it for the literals in our characteristic formula for N-interpretations,
which will be defined as follows.

(4.31) Proposition (c-characteristic Sentence). Let w4 : Lit4(7) — N be a model-
defining N-interpretation over a finite universe A with |A] = n. Then, for each
¢ € N such that 74 is bounded by ¢, there is a sentence ¥, € FO(7) such that
for all model-defining N-interpretations 7p : Litg(7) — N that are bounded by c,

7 [¥e] = 7g [¢e] implies m4 = 7p.

Proof. Fix arbitrary orders A = {ay,...,a,} and Lita(7) = {L4,..., Ly}, where
k = | Lit4(7)]| is finite and only depends on n and 7. We construct the formula

¢C::3x1...3xn( A a:,-;éxj/\vy< \V y:xi>A(i\]Zci_l-Li[a/I]>>ea

1<i<j<n 1<i<n

where exponentiation with e € N means that we repeat the formula e times in a
conjunction and multiplication with ¢'~! € N means that we repeat the formula ¢!
times in a disjunction. We will clarify the value of e later and subdivide the formula
into

1<i<j<n 1<i<n
the part that asserts that there are n elements, and

or(®) =\ ¢ Lifa/7],

=1

the part with the literals, so that we can write

Ve = Fxy ... A, (0n(T) A 0L (T))C.

Also, let ¢(T) = (vn(T) A @ (T))¢ so that . = Ty ... Jz,p(T).

Our first observation is that m4 [i).] > 0, because 74 [p(@)] > 0. This is explained
by the fact that 74 [¢n(a)] = 1 clearly holds and 74 [¢L(@)] > 0 as well, since 74 is
model-defining, so it must assign a nonzero value to at least one of the literals.

Now, assume 7 is defined as above with 7 [¢.] = 7a [1.] > 0. This implies |B| = n,
because 7 [, (t)] € {0,1} evaluates to 1 for any N-interpretation =« if and only if

the n elements ¢ assigned to T are pairwise distinct and there are no more elements
in the universe of 7. We write B = {by,...,b,} and b = (by,...,b,).
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Since ¢, () filters out assignments where the values of Z are not pairwise distinct
and otherwise evaluates to 1, we can conclude

male] = > malen(o(@)]” and

O'ESn
mewd = Y 75 [erlc®)]",
UESn
where S, denotes the group of permutations o : {1,...,n} — {1,...,n} and o(f)

for an n-tuple ¢ = (t,...,t,) simply denotes the permuted tuple by o, that is,
O'(t) = (to(l)a - ,ng(n)).

Before we continue, we must choose an appropriate value of e. For that, we observe
that w4 [pr(0(a))] and 75 [pr(o(b))] are bounded by ¢* due to lemma (4.30), since
both m4 and 7p are bounded by c¢. Moreover, |S,,| = n!l, so we can apply lemma
(4.28) and choose e € N so that

> malelo@)]” = malved = mp [ = > 75 [er(c®)]

0ESRH oESH

implies that there is a permutation p between the summands. Note that e only
depends on n! and ¢*, so the formula is well-defined.

Now, the existence of a permutation p between the above summands implies in
particular that two of them are equal, hence there are 4,05 € S,, such that

4 ler(oa@)] =75 [r(o(0))] -

Looking at ¢, (T) yields the observation that

"“aa(Lifa/oa(@)]) and

3
S
=
S

S

Q

N

Qf
S~—
S~—
|—]

|

]~

Q

g (Lia/op(D))).

3
8y
=
AS)
h
Q
Sy}
=
=
I
[~
o

Again, recall that the values of 74 and 7 are bounded by ¢. Applying lemma (4.30)

yields that
k

Y cima(Lifa/oa@)]) =Y rp(Lifa/op()))

i=1 =1
implies 74 (L;[a/o4(@)]) = np(Lsa/op(b)]) for all 1 <i < k.
We claim that ¢ : 74 = 7p defined as o(a;) == 603(021(1)) foralll <i<nisan
isomorphism. Due to |A| = |B| = n and 04,05 being permutations, ¢ is clearly
bijective. Now, for L € Lita(7), let j be the index of L so that L = L;. Then,

ma(Ly) = ma(Lla/oalox' (@) = ma(Lyla/op(oq' (1)) = ms(Ls[a/o(@)]),
which concludes the proof, since it shows 74 = g oo. O

(4.32) Corollary. For two model-defining N-interpretations 74, 7 over finite uni-
verses with the same signature, 74 = wp implies 74 = 7p.
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Proof. Since w4, mp are finite, there is a ¢ € N so that both are bounded by c. Now,
construct v, for m4 or mp according to the above proposition. Then, 74 = 7w implies
7 [¥e] = mp [We], which yields 74 = 7p. O

Similarly to V, an N-interpretation is characterized up to isomorphism by a countably
infinite set of formulas ®4 = {¢. | ¢ € N, 7,4 is bounded by c}. Unfortunately, the
N-semiring by itself is not particularly interesting, since it does not immediately
provide any insights for other semirings. However, with a little more work and the
beloved fundamental property, we can lift this result to N[X].

Suppose X = {x1,...,x}. By theorem (3.8), each assignment ¢ : X — N in-
duces a unique homomorphism h, : N[X] — N. Now, suppose we have two finite
N[X]-interpretations 74, 75 and the corresponding N-interpretations induced by the
assignment 7'y = h, o0 m4, Ty = h. o mp. By the fundamental property, if 74 = 7p,
then 7y = 75 as well, and since they are N-interpretations, this implies 7’y = 7/5.
We would like to infer that m4 = 75, however, we can only do this if h, is injective.

Of course, h,, which corresponds to evaluating a polynomial, is never injective unless
X = 0. If we take the value ¢ € N assigned to z1, that is e(x;) = ¢, then, we can
already provide two distinct polynomials that map to ¢, the constant polynomial ¢
and the polynomial x; that only contains one variable both clearly map to

he(c) = ¢ = he(x).

Therefore, we cannot hope to find an injective h, that would allow us to lift our
result from N to N[X] directly.

However, any polynomial in N[X] is finite, which implies that it is bounded in the
sense that both coefficients and exponents cannot exceed a certain value, as formalized
in the following definition.

(4.33) Definition (Bounded Polynomial). A polynomial p € N[X] is bounded by
(¢,n) € Nx Nif all its coefficients are smaller than ¢ and all its exponents are smaller
than n. More formally, recall the definition of polynomials in N[X] as functions
p: Mon|[N, X| — N, now, p is bounded by (¢, n) if

p(m) < c¢ for all m € Mon|N, X| and
m(z) <n for all m € supp(p) and = € X.

Any polynomial is bounded due to the finiteness of supp(p). In the following, the set
of (¢,n)-bounded polynomials in N[X] is denoted as N[X]|(¢c,n).

A N[X]-interpretation 7 : Lit4(7) — N[X] is bounded by (¢, n) if every polynomial
7(L) for L € Lit4(7) is bounded by (¢, n), or more concisely, w(Lit4(7)) € N[X]|(¢,n).
If A is finite, then 7 must be bounded.

With the insight that any finite N[X]-interpretation is bounded, our next goal is to
produce an assignment of variables e : X — N such that the induced homomorphism
he : N[X| — Nis at least injective when restricted to bounded polynomials N[X]|(¢, n).
This can be done by a series e(x1), ..., e(xy) of increasingly “large” values, as shown
in the following lemma.

(4.34) Lemma. Let X = {z;,...,2;}. Consider the assignment e : X — N with
e(z;) =" forallie{l,... k}
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Then, the induced homomorphism A, : N[X] — N has the properties

(1) he|nx(en) is injective and

(2) he(N[X](¢,n)) ={i e N|i< ™}

In other words, he|nx](en) is a bijection between N[X|(c,n) and [0, C)y with C' := e

Proof. We prove the claim via induction on the number of variables k € N. For k = 0,
we have N[()] = N and e is the empty assignment. Of course, N[(](c,n) = {0,...,c—1}
and clearly, h, maps all of these constant polynomials to their respective constant,
so he is a bijection between N[X](¢,n) and [0, ¢)y. Note that ¢ = ¢! = ¢ = C, so
the base case is covered.

Now, assume k > 0. It is useful to observe that a polynomial N[X] can be seen as
a polynomial in N[{xy,... 251 }|[{xx}] with “coefficients” being other polynomials
in N{z1,...,2,1}] = N[X \ {zx}] and a single variable x;. We can write any
p € N[X](¢,n) uniquely as

n—1 )
o 7
p=>_pi-},
=0

where the “coefficients” (p;)o<i<n are in fact polynomials in N[X \ {zx}](c,n). The
converse also holds, that is, any p with such a representation is in N[X](c, n).

Notice that on N[X \{xy}], he coincides with the homomorphism A’ : N[X\{z}] = N
induced by the restricted assignment e| x\ 12,3 Moreover, by induction, &’ is a bijection

between N[X \ {z)}](c,n) and [0,¢” ")y. Now, pick p,q € N[X](c,n) with their

representations
n—1 n—1

pzzpi'l’;@ and QIZ%"?U;@,

=0 i=0

where (p;)o<i<n and (¢;)o<i<n are all in N[X \ {zx}](c,n). We observe that

he(p) = he (i D xi) - i he(pi) - he(e)" = 2 Wp)- (") and

=0 =0

n—1 n—1 n—1 .
he(q) = he (z 0 x;) =S hula) o) = S W) ()

1=0 1=0 1=0

Since the values of h'(p;), h'(¢;) are bounded by ' by induction, we can apply the
“digit” lemma (4.30) and obtain that

k—1

he(p), he(q) < (c"k_l)n =" "= =C,

in particular, h.(N[X](c,n)) C [0, C)y, since p, g were arbitrary in N[X](c, n).

Moreover, if h.(p) = he(q), this implies h'(p;) = h'(¢;) for all 0 < i < n. By induction,
h' is injective on N[X \ {zx}](c,n), hence this would yield p; = ¢; for 0 < i < n
and therefore p = ¢. Thus, we have shown that he|nxcqn) : N[X](c,n) = [0,C)y is
injective.

Since both sets are finite, we can conclude the proof by counting [N[X](¢, n)|. Consider
a polynomial p € N[X] and a monomial m € supp(p) that occurs in p. There are k
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variables and each of them may only be assigned with any of the n possible exponents
by m due to the bound n on the exponents, so there are exactly n* distinct monomials
that may occur in p. The polynomial p may assign any of the ¢ possible coefficients
to each of the monomials, so there are exactly ¢** = C' polynomials in N[X](¢,n),
hence

IN[X](e,n)| = € = [0, C)ul.

An injective function between two finite universes is always surjective, thus, he|njxi(e,n)
is a bijection between N[X](¢,n) and [0, C')y, which ends the proof. O

Now, as announced earlier, we can lift the result that elementary equivalence implies
isomorphism for N-interpretations to N[X| by invoking the fundamental property.

(4.35) Proposition ((c, n)-characteristic Sentence). Let w4 : Lita(7) — N[X] be a
model-defining N[X|-interpretation over a finite universe A. For each (¢,n) € N x N
such that 7,4 is bounded by (c,n), there is a sentence 9.,y € FO(7) such that for all
model-defining N[ X]-interpretations 7p : Litg(7) — N that are bounded by (¢, n),

A [W(c,n)]] =TB M}(C»n)]] implies m4 = 7p.

Proof. Observe that this statement is very similar to proposition (4.31). First of
all, choose C' = ¢ and invoke the previous lemma (4.34), which provides a
homomorphism h : N[X] — N so that h|npxjcn) is injective and h(p) < C for all
p € N[X](¢,n).

Construct the N-interpretations 7’y :== h o m4 and 7z := h o mp. Since both 74 and
np are bounded by (c,n), that is 7y (Lity (7)) € N[X](¢,n) for U € {A, B}, we have

o (Lity (1)) € h(my (Lity (7)) € A(N[X](c,n)) C [0,C)y  for U € {A, BY.

Thus, both 7’y and 7 are bounded by C. Moreover, 7’y has a finite universe and is
clearly still model-defining, since h(p) = 0 if and only if p = 0. Thus, we can invoke
proposition (4.31) and define 1, = 9¢ for 7’y from proposition (4.31).

To show that this sentence has the required property, assume 74 [c] = 75 [¢c] (*).
With the fundamental property (x), we have

my [Wel = (homa) [Ye] = h(ma[e]) = hmp [vel) = (hows) [ve] = 7 [¥e],

hence, due to the properties of 1¢ described in proposition (4.31), we can conclude
that 7y = 7z and a corresponding isomorphism o : A — B exists.

Since ¢ is an isomorphism, for all literals L € Lita(7), 74(L) = mg(c(L)) holds,
where o(L) € Litg(7) is defined straightforwardly by replacing any a € A that
occurs in L with o(a) € B. We claim that o : 74 = 7p is even an isomorphism
between m4 and mp.

Clearly, o is bijective. Assume for a contradiction that ma(L) # mp(c(L)) for
some literal L € Lity(7). Since ma(L),m5(0(L)) € N[X](¢,n) and h is injective
on N[X]|(e,n), this implies h(m4(L)) # h(mp(c(L)). By definition, 7’y (L) = h(ma(L))
and 75(c (L)) = h(mg(o(L)), so we would obtain 7y (L) # 7z(c(L)), a contradiction.
This ends the proof. U

Intuitively, we have lifted the result that 74 = 7 implies 74 = 75 to N[X] by simply
evaluating the polynomials in N with a suitable assignment so that each polynomial
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that occurs in the image of w4 or mg can be identified by its result. We conclude the
section with the corresponding theorem.

(4.36) Theorem. Let 74, 75 be two model-defining N[ X]-interpretations over finite
universes with the same signature. Then, 74 = 7w implies 74 = 7g. In particular,
there is a countable set of sentences

Py = {Yn | (c,n) € Nx N, 7, is bounded by (c,n)}

such that w4 & g if w4 [¢] = 75 [¢] for all p € D 4.

Proof. Construct ®,4 according to the above proposition (4.35). Clearly, since 4
and mp are both defined over finite universes, there is a (¢,n) € N x N so that they
are both bounded by (c,n). Then, by proposition (4.35), ¥(.n) € ®a already has the

property that w4 ﬂ1/1(c7n)]] =Tpg [[w(w)]] implies m4 = 7p. O

(4.37) Corollary (Equivalence on Free Semirings). Let 74 : Lits(7) — K and
7 : Litg(7) — K be model-defining K-interpretations over finite universes A, B. If
the subsemiring

L = (ma(Lita(7)) Unp(Litg(7)))x

generated by all values in the images of w4 and 7p is freely generated by a finite set
G=A{g,...,9x} C K, then m4 = 7p implies 74 = 7p.

Proof sketch. The proof is a simple reduction to N[X] with X = {xy,...,x}. By
theorem (3.8), the assignment e : X — G with e(z;) = ¢g; for ¢ € {1,...,k} induces
the homomorphism A, : N[ X| — K with h(N[X]) = (e(X))x = (G)x = L. We can
see h, as a surjective function h. : N[X| — L. Moreover, since L is freely generated
by G, h. is injective according to lemma (3.10), therefore, it is an isomorphism and
there is an inverse isomorphism h : L — N[X].

Now, by the fundamental property, 74 = mp implies (homs) = (homg). Since h is
injective, h(a) = 0 if and only if a = 0, hence the two N[ X]-interpretations (h o m,)
and (h o mp) are model-defining and finite, which implies (h o m4) = (h o 7p) by
the above theorem (4.36). This yields 74 = mp due to injectivity of h. We omit the
formal argument, since it is similar to the proof of proposition (4.35). 0

Corollary (4.37) appears to be a very strong result for general semirings, however,
we have to keep in mind that due to lemma (3.10), a semiring K that is freely
generated by a finite set of generators is already isomorphic to N[X]. Hence, for
“most” semirings K, we cannot expect the values of K-interpretations to be freely
generated. Therefore, it is still worth asking whether elementary equivalence implies
isomorphism on more restricted semirings.

4.7 Absorptive Semirings

The first class of semirings that comes to mind is the class of absorptive semirings. As
an introductory example, consider the absorptive polynomials with infinite exponents
S*>°[X]. As mentioned before, this semiring is extensively used by in [GT19], [Naal9]
and [DGNT19] thanks to the fact that it admits infinitary operations, which makes
it suitable for semiring interpretations in logics that are stronger than FO, such as

57



CHAPTER 4. CHARACTERIZATION OF ELEMENTARY EQUIVALENCE

fixed-point logics, or semiring interpretations over infinite universes. For example,

we have
oo o0

Zmi =z and sz =™
i=1 i=1

In fact, even infinite sums and products of polynomials in S®[X] are finite, since
only finitely many monomials can survive absorption, as observed by Gradel and
Tannen, which means that the polynomials can be finitely represented without effort.
[GT19]

However, we observe that x°° - 2> = x> for all x € X. Hence, if we use the set

X = {2z | z € X}, the subsemiring of S®[X] generated by X is multiplicatively
idempotent and the exponents are either 0 or co. In fact, (X°)gec(x] is isomorphic to
PosBool[X]. Now, we can simply translate our PosBool[ X]-interpretations ,, and
Ty from before to (X*°)s~(x] and obtain the two S*[X]-interpretations 72y, 7y% as
follows.

A|P|Q|-P|—Q A|P|Q|-P|—Q
al| 0|y | x 0 aly |0 0 x
Ty blxz |0 0 Y Tyg b0 |z | y 0
clylx| O 0 clxz|y| O 0
d|0]0| vy x d|0]0| x Y
translates to
Al P | Q | -P|—-Q Al P | Q | -P|—-Q
al|l 0 |y |z 0 aly>*| 0 0 | %
Ty blx>*| 0 0 | y*° Mo b| 0 |z®|y>®| O
cly® x> | 0 0 clz®|y>*| 0 0
d| 0 0 | y>= | z* d| 0 x> |y
Clearly, mpy = w2, but 727 % 7.7, as stated in the following proposition.

(4.38) Proposition. For two S°°[X]-interpretations w4, 7p over finite universes,
w4 = mp does not imply m4 = wg. There is a counterexample over a universe with
four elements and a signature with two unary relation symbols.

Unfortunately, this counterexample is not particularly useful for two reasons. First
of all, since only elements of (X*)gec[x] € S™[X] are used, most elements of S*[X]
do not “take part” in the counterexample, hence it does not provide much insight
into S*[X], but rather restates the result for PosBool[ X | = (X *)gw(x].

Secondly, the use of elements in X makes it difficult to translate this counterexample
to other absorptive semirings. For example, one absorptive semiring that would allow
infinitary operations is the Viterbi semiring V. Since S*°[X] is, informally speaking,
the “general” absorptive semiring with infinitary operations, we might expect at first
glance that a counterexample in S*°[X| contradicts our previous result from theorem
(4.23) that m4 = mp implies 74 = 7p for finite V-interpretations, because we could
try to construct a counterexample in V from 72y and 7.

However, this is not the case. Surely, we could pick elements r,s € V and the
assignment e : x — r,y — s. For the sake of this argument, just assume that this
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would induce a “sensible” homomorphism h2° : S*[X] — V that preserves infinitary
operations. Now, construct two V-interpretations as follows.

Al P | Q | -P|-Q Al P | Q | -P|-Q
a| 0 | s®|r® 0 a|s*| 0 0 | r=
heeomyy b{r*| 0| 0 | s heeomps b| 0 [r®|s*| 0
c|s*®|r*] 0 0 c|r*|s®| 0 0
d| 0 0 | s® | re d| 0 0 | re | s®

Surely, mzy = 7,5 and an “infinitary” fundamental property would also imply that
(he° o moy) = (hg® o myg). Still, this is not a counterexample on V, because in order
for (h® omge) % (he° o mpe) to hold, {0,7°°, s>} would have to be pairwise distinct,
but on V, the only “sensible” definition of infinitary exponentiation is

1 ifa=1,
a>® = . for a € [0, 1]r.
0 otherwise

Hence, only one nonzero element a* exists and the argument fails, as it should.

This suggests that we should turn to S[X]| for more insights on general absorptive
semirings and leave out X, since these elements induce a multiplicatively idempo-
tent subsemiring. Not knowing whether elementary equivalence implies isomorphism
on S[X] or not, we could turn to the absorptive semiring V for inspiration and re-
call the e-characteristic formulas from proposition (4.22). We managed to construct
characteristic formulas for V-interpretations by creating a conjunction of literals and
repeating them for a varying number of times.

However, this approach relies heavily on the cancellation property of multiplication
in V. Intuitively speaking, cancellation makes sure that factors in a product do not
“get lost”. Unfortunately, S[X] does not admit cancellation, as shown by

(@ +ay+97) - (w+y) =s(a® + 2% + 22y° +°) = 2° + 2Py + 2y +°  and
(22 + ) - (w+y) =s(® + 2%y +ay® +9°) =23+ 2%y +ay? + P,
where s denotes the “pruning” operator for absorption. We have
(@ +ay+y°) - (x+y) =@ +y°) - (x+y), but (¥ +azy+y°) # (2 +9°).

Informally, this is due to the fact that all contributions of zy to the product are
redundant.

In fact, we can immediately derive a counterexample for S[X]| as follows. Define the
S[X]-interpretations m,. : Lita(7) and 7, : Lita(7) with X = {x,y}, A = {a,b} and
7 = {R} with one unary relation symbol as shown below.

Al R | -R Al R |-R
Ty a T+y 0 T a | r+vy 0
b|z?+zy+y*| 0 blz2+y*>| 0

Clearly, m, 2 m,,. The difficult part is to prove 7w, = m,,. To explain the idea of the
proof, define

pr = ax® + a2y +y* with the redundant monomial zy,
P = 2% + 1) with no redundant monomials and

q=x+y.
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As shown above, we have p,.q = p,,q, which inductively lifts to p'q’ = pi ¢/, as long
as j > 0. Now, if we interpret a sentence v, we informally obtain that =, [¢] is
polynomial in p, and ¢ and 7, [¢'] is polynomial in p,, and ¢. In fact, both should
yield the same polynomial, except that m,. uses p, and 7, uses p,,. Since p.¢’ = p! ¢’
for 5 > 0, most monomials should have equal values.

In order to capture this idea formally, consider N[V] with the variables V' := {v, w}
and the N[V]-interpretation 7 : Lit4(7) — N[V] given below.

Al R|-R
T a | w 0
blw]| O

The two assignments e, : v +— q,w — p, and e,, : v — g, w > p,, induce homomor-
phisms h,., h,, : N[V] — S[X] such that obviously,

h,om=m, and h,,onm = m,,.
For any sentence ¢ € FO(7), we can use the fundamental property (*) and obtain

m [ = (b om) [8] = ho(x [¥]) = he(py) and
T 161 = (i 0 7) [0 = o (7 [61) = om0,

where py, = 7 [¢)] € N[X]is a polynomial that is fixed for ¢. Intuitively, 7, and 7, are
interpreted by evaluating the same polynomial with different variable assignments.

Since we wanted to show 7, [¢] = 7, [¢], it only remains to show h,(py) = b (py).
As hinted before, since multiplication absorbs the redundant monomial in p,., we can
throw away all monomials from p, where both variables v and w occur together.
More formally let n be a number so that all exponents in p, are less than n, then
we can write py, as

n—1

n—1
pd,:Zcf-v’—i-Zc;”-w’—i— Z i v'w’.
i=0 =0 (i,)€{1,....n—1}2

=iqy

We will show that the important part is gy, the remaining part of p, can be ignored,
since we have

he(pe) = hola) + S0 & N () - hy(w)
(iv.j)e{l ..... n—1}2
- hr(qw) - Z C;)Jw N qi r and
(i,5)€{1,...,n—1}2
im(Py) = Bmay) + > N B (0)" - B (w)?
(i,5)€{1,...,n—1}2
= hm(qd)) + Z C;)J"w .N qz i
(i,5)€{1,....n—1}2

But if 7,5 > 0, then ¢'pl = ¢'p/ , as argued above, since a single factor ¢ can
inductively annihilate the redundant monomial from p’. Thus, it only remains to
show that h.(gy) = hm(gqy) to complete the proof.
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Unfortunately, this is the difficult part. The intuition is that, when looking at T,
we see that v and w are interchangeable. Thus, they should be interchangeable in
the polynomial g, as well, that is, v* and w’ should have the same coefficient. Since
h, and h,, assign ¢ to v and ¢ absorbs both p, and ¢,, this would imply that the
values of w' would be absorbed by the values of v'. In order to prove this formally,
we require the following lemma.

(4.39) Lemma (Variable Permutation Lemma). Let 0 : X — X be a permutation on
a finite set, then, permuting the variables on polynomials in N[X] is an isomorphism.

Proof. By theorem (3.8), ¢ induces a homomorphism h, : N[X| — N[X]. Moreover,
he(N[X]) = (0(X))nx) = (X)nx) = N[X], and since N[X] is freely generated by X,
h, is also injective by lemma (3.10).

Now, according to the definition of h, from theorem (3.8),

ho)= > pim)- ] o(a)™®

mesupp(p) reX
for all p € N[X], hence h, indeed permutes the variables on all monomials with . [J

Now, consider A, : N[V] — N[V], the isomorphism induced by swapping v and w.
If we apply it to the above N[V]-interpretation 7, we obtain

A|R|-R Al R|-R
T alv| 0 Ryesw © T alw]| 0
blw]| 0 blv]| 0

Obviously, T = (hye © ) with the isomorphism p : a — b,b — a. Hence, for all
¥ € FO(7), we have

7 [¥] = (hoesw 0 7) [Y] = hoow(m [¥])

with the fundamental property (x). In particular, py = hyew(py) for the polynomial
py from above. Recall that

n—1 n—1
_ v 7 w 7 vw Q.7
pp= ¢ v+ el w > Cij W,
i=0 =0 (i,5)€{1,....n—1}2

=iqy

so by applying the permutation h, .., we obtain

n—1 n—1
hUHw(pw) = thw (Z C;] : Ui + Z C;U . wi + Z C;};U . ’inj>

i=0 =0 (i,)€{1,....n—1}2

i
L

I
' M

i
o

C | hm—}w + Z C W_}w i * Z C?]w ’ thw(inj)
(i,5)€{1,....n—1}2

7
—
3
|

—

w4 ) vt > e w't.
(i) {1 m—1}2

I
I
o

o
.
I
o

i

We are mainly interested in gy, thus, by comparing coefficients of py, and hyew (Py),
we obtain ¢} = ¢’ =: ¢; for all 0 <7 < n. Therefore,



CHAPTER 4. CHARACTERIZATION OF ELEMENTARY EQUIVALENCE

With this insight, we are ready to prove h,(qy) = hm(qy), which was the last missing
step to show m,. = m,,. This is done by calculating

o) = 3 i ¥ (e (o) + B (w))

n—1

= Z i (¢ +pl)
= Z ¢ N g'  and similarly
hm(Qlﬁ) = Z G N (hm(v)z + hm(w)z)

=> (' + )

The steps () use the fact that ¢ = (z + y) absorbs both p, = (2% + 2y + y?) and
Pm = (2% + y?). Of course, this implies that ¢* > p’, p! as well due to monotonicity
of multiplication.

This ends the proof for n. = m,,, and with 7, 2 7,,, we have constructed a coun-
terexample in S[X]. Notice that instead of p,, p,, and ¢, we could have used other
polynomials as well, the only properties that we used in the proof are

(1) q¢>prpm,
(2) ¢pr=qpm and
(3) Dr 7 Dm-

This yields the following theorem.

(4.40) Theorem. In S[X], 74 = 7p does not imply 74 = 7 for all finite S[X]-
interpretations w4, mg over the same signature. There is a counterexample over a
universe with two elements and a signature with one unary relation.

In particular, for any py, pa, ¢ € S[X| with ¢ > py, ps such that g does not cancel over
p1 and po, that is

qp1 = qp2, but pi # po,
the following two S[X]-interpretations m : Lit(7) — S[X],me : Litg(r) — S[X]
over A = {a,b} and 7 = { R} defined as

A‘R‘ﬂR A‘R‘ﬂR
Tt al| q 0 Ty - a | q 0
b P1 0 bpg 0

are elementarily equivalent, but not isomorphic.

(4.41) Remark (Choice of py, po and ¢). The above theorem yields an entire set of
counterexamples for S[X]. This raises the question of how to find p;, p2 and ¢ that
satisfy the conditions from the theorem and yield a valid counterexample.
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We believe that such a counterexample can be constructed from any absorptive poly-
nomial p, € S[X] that contains an “obscured” monomial m. Recall that monomials
in S[X] are functions m : X — N, which we can see as vectors of exponents m € NF
for k = | X|. A monomial m in a polynomial p € S[X] is called obscured if there is no
positive direction ¢ € R%\ {0} such that the exponents of m are uniquely minimal
in that direction, that is,

T

' m<clom!

for all m’ € p\ {m},

where - denotes the dot product on R¥. While this definition may be surprising, note
that we used the polynomial p, = 22 + xy + y? in the proof above. The monomials
of p, can be represented graphically as follows.

1‘2

Obviously, the monomial z? is minimal in y-direction ¢, = (0,1) and y? is minimal
in z-direction ¢, = (1,0), but crucially, zy is not uniquely minimal in any direction,
hence it is obscured. In fact, all monomials in the highlighted area, including the
edges but excluding the nodes, are obscured, while xy is the only one of them that
is not absorbed by 22 or y?. Note that this graphical representation is similar to
solution spaces of linear programs.

Recall that we used p,, = 22 +%? in the proof before, which corresponds to p, without
the obscured monomial xy. This means that our counterexample was constructed by
taking a polynomial with an obscured monomial and removing it. More formally, we
believe that for any p, € S[X]| with at least one obscured monomial, we can simply
prune the obscured monomials by setting

pp = {m € p, | m is not obscured}

and then find a ¢ with ¢ > p,, p, and gp, = qp,, which delivers a counterexample,
since p, # p, surely holds due to the removal of the obscured monomials.

This assumption is reaffirmed by constructing many examples. We will present one
more example here, that is p, == 2® + 22y + 93, where the monomial z2y? is obscured
as depicted in the following picture.

63



CHAPTER 4. CHARACTERIZATION OF ELEMENTARY EQUIVALENCE

1'3

The corresponding pruncd polynomial is p, = o* + y*. Surc enough, if we pick
q = = + y as before, we have

q-po=(x+y)(z’ + 2%y +y°)

s(z* 4+ 2%y + 2y + 2%y + 2%y + o)
=z +ay’ + 2%+

= (z+y)(«® +9°)

= (- Dp,

thus, a counterexample can be constructed using p,, p, and g, since ¢ > p,, p, holds
as well.

We even believe that the condition of obscured monomials may be necessary for the
construction of a counterexample and absorptive semirings K that “do not admit
obscured elements” allow the construction of characteristic sentences and therefore
do not admit a counterexample. Formally, a semiring K does not admit obscured
elements if for any p, € S[X] and the corresponding pruned polynomial p, € S[X],
the induced homomorphism h, : S[X| — K by any assignment e : X — K has the
property that h.(p,) = he(pp), in other words, the obscured monomials from p, do
not matter in K.

In fact, the Viterbi semiring is a good example of an absorptive semiring where
obscured monomials do not matter. If we choose r,s € V arbitrarily and assign
T — 1,y s, the value of p, = 22 + zy +y? is r? if r > s and s® if r < s, hence the
obscured monomial zy is not used in any case. A similar observation can be made
for p, = 2% + 2%y? + 1.

In conclusion, the question remains open for which absorptive semirings the coun-
terexamples from theorem (4.40) can be lifted, however, it is clear that they are valid
for the free absorptive semiring S[X] itself, but not applicable to some absorptive
semirings, such as V.
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4.8 Summary

Unfortunately, the central question of this chapter still remains open, that is, we do not
have an exact characterization of the semirings K where 74 = 7 implies 74 = 7p
for finite K-interpretations 74 and wg. However, we have encountered a useful proof
technique for elementary equivalence on K, namely the reduction theorem, which
allows us to reduce elementary equivalence on K to elementary equivalence on a
different semiring. This was used, for example, in our first counterexample on the
four-element min-max-semiring K3. Moreover, we have refined the characteristic
sentences from classical model theory to show that elementary equivalence does
imply isomorphism on finite K-interpretations for some semirings, such as V or N.

More importantly, we observed that polynomial semirings may provide insight into
an entire class of semirings, as was successfully demonstrated on PosBool[X], which
allowed us to construct a counterexample on all lattice semirings except for the
two-element semiring B itself. Also, a counterexample on S[X] exists, but it is not
easily lifted to all absorptive semirings.

In the future, we may clarify the situation for absorptive semirings and look to other
polynomial semirings such as B[X] and W[X] in an effort to find counterexamples
for other interesting classes of semirings or prove that they do not exist. However,
in the next chapter, we will approach model theory for semiring semantics from a
different perspective.
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Chapter 5

Two-Sorted Approach

Instead of accepting the limitations of first-order logic “as-is” and attempting to
prove or disprove classical theorems under semiring semantics, we may also extend
the syntax of first-order logic to provide more expressive power. As a motivating
example, recall the following two Kjs-interpretations from the previous chapter.

The most obvious issue is that first-order logic lacks the power to “pick out” the value
2 in 7o, in other words, there is no obvious way to distinguish the two interpretations
with one quantifier as in the hypothetical formula “3z(Rz = 2)”, which is obviously
not syntactically correct.

However, we can remedy this by making it syntactically correct. All that is required
are constants for semiring elements and a new equality operator that allows the
comparison of those constants to formulas as shown above.

(5.1) Definition (Syntax and Semantics of Two-Sorted FO). The syntax and se-
mantics of FO(K, 7) are the same as the syntax and semantics of FO(7) provided
in definition (2.3) and definition (2.4) with the following extension to the formula
building rules.

For each a € K and each literal ¢ € FO(K, 7), there is a formula (¢ £ a) € FO(K, 7)
with the semantics
[[ K ]]B 1 ifﬂ—[[so]]ﬂ:a'a
Tlle=al| = ]
0 otherwise
for all K-interpretations m and suitable variable assignments .

The formula (¢ S a) € FO(K, ) is considered to be atomic, hence, in negation

normal form, the corresponding negated formula is =(¢ £ a) € FO(K, 7), which is

interpreted as
Fosd = {! it 7 [¢]” # a.
T =all = }
0 otherwise
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We may write ¢ = a and ¢ # a for the new equality operator and its negation
respectively if there is no risk of confusion with the usual equality operator in FO(r).
Notice that the syntax of FO(K,7) now depends on the semiring K where the
formulas are interpreted.

The reason why we informally call this extended logic FO(K, 7) “two-sorted FO” is
its similarity to Gradel and Gurevich’s logics on metafinite structures. Metafinite
structures essentially consist of a primary, finite structure 2f in the usual sense and a
secondary structure, for example R, whose elements serve as weights for tuples in 2.
Indeed, looking at our definition of FO(K, 7), we may view it as an extension of the
K-interpretation m with the secondary structure K and constants for each a € K as
well as the ability to compare the interpretations 7 [[cp]]ﬁ of literals to those constants.
Note that there are formal differences to metafinite structures, since m need not be
finite and formulas are still interpreted in K rather than in B, but the intuition of
describing FO(K, 7) as two-sorted FO is still justified. [GGIS]

Now, the formula Jz(Rx = 2) becomes syntactically correct on K3 and indeed sepa-
rates the two Ks-interpretations m; and my from the motivating example. However,
FO(K, 7) opens up even more possibilities.

5.1 Ehrenfeucht-Fraissé Theorem

The Ehrenfeucht-Fraissé theorem is a powerful tool from classical model theory that
characterizes elementary equivalence. In fact, it even characterizes m-equivalence =,
for bounded quantifier ranks by relating it to other concepts, such as back-and-forth
systems and Ehrenfeucht-Fraissé games, which we will present in this chapter. An
overview on the classical Ehrenfeucht-Fraissé theorem was given by Thomas in 1993
[Tho93]. Our goal is to translate this to K-interpretations.

(5.2) Theorem (Classical Ehrenfeucht-Fraissé Theorem). For a finite, relational
signature 7 and two T-structures 2% = (A, 7) and B = (B, 7) with fixed k-tuples
a € A¥ and b € B*, the following statements are equivalent.

)
o
=3
£
@
-+
@)
=
=,
=
»n
D)
3
R
<
L
S\

The symbol =,,, denotes m-equivalence, while =,, stands for m-isomorphism, a con-
cept related to back-and-forth systems, x4 5(T) is the m-characteristic formula for
2, @ and G,,(™A,a,B,b) denotes the Ehrenfeucht-Fraissé game between the Spoiler
and the Duplicator on A, @ and B, b for m turns.

Apart from m-equivalence for formulas with bounded quantifiers, which was straight-
forwardly adapted to K-interpretations in definition (4.3), we have not introduced
any of the concepts from the theorem yet. In the following, we will refer to [Tho93]
to introduce the remaining concepts and simultaneously try to adapt them to K-
interpretations.
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We will start with the m-characteristic formulas xg';(7), since we have already seen
some adaptations of characteristic sentences to semiring semantics in the previous
chapter. However, while the construction of characteristic sentences in the previous
chapter was usually very difficult compared to the classical characteristic sentences,
FO(K, ) makes it very easy.

As an example for this, observe that the question if 74 = wg implies 74 = 7 for
finite K-interpretations is trivial in FO(K, 7) for positive semirings K. For any finite

74 ¢ Lita(1) — K with A = {a4,...,a,}, we can simply adapt the characteristic

sentence

X = Jzy... 3z, N w#zAVy| \V y=z | A A Lla/z) £ m4(L) ) |
1<i<j<n 1<i<n LELit 4 ()

which clearly describes m4 up to isomorphism thanks to the new equality operator,
hence m4 = wp implies m4 = 7wp. Note that this characteristic sentence behaves
almost like a classical formula, since the interpretations of all its atomic subformulas
are either 0 or 1, hence a non-classical value can only be obtained in K if 1+ 1 # 1.

Contrary to characteristic sentences, which describe a structure or K-interpretation
completely, m-characteristic formulas yy'5(Z) are intended to describe the structure
2A = (A, 7) with the designated tuple @ only up to quantifier rank m”. Thus, they
are inductively defined in [Tho93] as follows.

Xgla /\{gp | (Z) € FO(7) is a literal and A = ¢(a)} and
= N\ Joxya. (@ x) AVz \/ X§ao(T x)  formeN.
acA acA

For the case m = 0, it is immediately clear why this characteristic formula works
as intended. If B ): Xaa(), then 9B, b coincides on 24, @ on all literals, that is,
atomic formulas or negated atoms using variables from Z. Thus, no formula without
quantifiers can separate 2A,@ from B,b. Before we continue with the argument,
observe that we can straightforwardly translate this to FO(K, 7).

(5.3) Definition (m-characteristic sentence). Let w4 : Lita(7) — K be a K-
interpretation and @ € A, then the m-characteristic sentence x7, +(T) € FO(K, )
is defined inductively by

ol /\{90 K ¢| o(x) € FO(7) is a literal and 74 [p(@)] =c}  and
meAJfl (@) = A\ Xy, 6T, ) AV \V Xy a.a(T,T) for m € N,
acA a€A

provided that 7 is relational and finite and either A or K is finite.

Clearly, X,, (%) works exactly like the corresponding classical formula Xm =(T). Also,
it is well-defined thanks to the new operator of FO(K,7) and the fact that there
are only finitely many distinct literals ¢(Z) over Z. However, the conjunctions and
disjunctions over all a € A in the recursive part x;"' *1(Z) may cause a problem with
the finiteness of the formula, which is why we assume that A or K is finite. If A
is finite, then there is obviously no problem. If K is finite, then, much like in the
classical case, we can observe that for each m € N, there are only finitely many
possible characteristic formulas x7', 5(Z), only depending on m, 7, the size of the
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tuple @ and the size of the semiring |K|, hence the formula x7'*2() is well-defined
even if A is infinite, provided that we skip repetitions in conjunctions and disjunctions
over a € A. Unfortunately, this is clearly not the case if both K and A are infinite,

so we implicitly assume that one of them is finite in the following.

Now, it only remains to prove that the inductively constructed formulas X?Afal (7)
actually fulfill their purpose, which is characterizing 74, @ up to quantifier rank m+1.

This is done by introducing more concepts from the Ehrenfeucht-Fraissé theorem.

5.2 Back-and-Forth Systems

Recall that B |= xjy5(b) implies that @ satisfies the same literals in 2 as b does in
B. We can formalize this by saying that o : @ ~ b is a “local isomorphism” between
2l and B, meaning that it is an isomorphism between 2l and B if we only consider
the substructure induced by the domain @ of ¢ in 2 and the substructure induced
by the image b of o in B. Of course, this definition easily lifts to K-interpretations.

(5.4) Definition (Local Isomorphism). For two K-interpretations w4 : Lit4(7) — K
and mp : Litg(7) — K, a partial function o : A — B is a local isomorphism if it
is an isomorphism between 7 4|p dom(en (7) and WB‘Litimg(d)(T). In other words, o must
be injective so that it is a bijection between dom(o) and img(o) and preserve the
values of all the literals between 74 and 7g, provided that it is actually defined for
the elements occurring in those literals.

Clearly, if o : @ — b is a local isomorphism, then 74 [¢(a)] = 75 [¢(b)] on all formu-
las ¢(Z) without quantifiers, since formulas without quantifiers are only constructed
from literals over T, but w4 and 7w coincide on those literals if we assign @ to T for
w4 and b to T for mg.

Before introducing quantifiers, we draw inspiration from the inductive parts of the
m-~characteristic formulas, that is,

Xg‘n%rl (T) = /\ Elxngﬁ,a(fa .’L’) /\Vl’ \/ Xgnl,a,a(fa 56') and

a€EA acA
X2 (@) = N Faxy, 2.(T,2) AVe \ X7, 4.4(T, ©)
acA acA

for m € N. Notice that both are very similar and if we look at the classical formula
Xa.a(T), then B |= xy 4(b) basically states that for each a € A there is a b € B (the
element assigned to z) so that B |= x§5,(b,b) and for each b € B, thereis an a € A
with this property. In other words, @ — b can be extended to a local isomorphism
@,a — b, b in either “direction”, that is, we may choose a or b first. This concept is
formally captured by “back-and-forth systems” in [Tho93] for the classical case, and

we will straightforwardly adapt it to semiring interpretations.

(5.5) Definition (Back-and-Forth System). Consider any two K-interpretations
74 : Lity(7) — K and 7p : Litg(r) — K. Denote the set of local isomorphisms
between 74 and 7 as Loc(ma, mp). We say that a local isomorphism o € Loc(ma, 7p)
satisfies the back-and-forth property (BFP) with respect to a set of local isomorphisms
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I C Loc(ma, 7p) if it satisfies the two conditions that

(forth) for all a € A, there is an element b € B such that o U {(a,b)} € I and
(back) for all b € B, there is an element a € A such that o U{(a,b)} € I,

where o U {(a,b)} denotes the partial function o extended by the assignment a — b.

Consequently, the back-and-forth system (I, (7a,7p))men between w4 and 7p is
defined inductively by

Iy(ma, ) = Loc(ma, mp) and
Lyi1(ma,mp) = {0 € Loc(ma, mp) | o satisfies the BFP w.r.t. I,,,} for m € N.

Given some k-tuples @ € A* and b € B*, we say that w4, @ and 75, b are m-isomorphic,
denoted as ma,a@ =, mp,b, if @ — b € I, (74,75). In other words, the mapping
o : @+ b must be a local isomorphism and it must be possible to extend it at least
m times via the back-and-forth property.

Note that the only difference between our definition of back-and-forth systems
and the classical definition is the fact that we use local isomorphisms between K-
interpretations, as defined in definition (5.4), instead of local isomorphisms between
classical structures A, B. Now, we are finally able to explain the meaning of the in-
ductive definition of Xm+1( ), which essentially captures the back-and-forth property,
as formalized by the following lemma.

(5.6) Lemma (Back-and-Forth Lemma). Let K be a positive semiring. For two
K-interpretations 74 : Lit4(7) — K and ng : Litg(7) — K,

B [[leﬁ(g)]] #0 if and only if 74, a =, 15,0

holds for all k-tuples @ € A* and b € B*.

Proof. We will prove the claim by induction on m, and the base case m = 0 was
already explained above. More formally, we observe that mp [[Xg A,E(B)]] € {0,1}
thanks to the construction of x? A@(T) as a conjunction of equality formulas that
only yield the values 0 or 1. It is also clear that 75 [x>, 5(b)] =1 if and only if the
mapping a — b respects all literals, that is @ — b € Loc(ma, 75) = Io(ma, 75), which
shows m4,a@ =y 75, b.

For the induction step, consider the formula X?:;( ) and assume the claim was al-

ready shown for ¢ < m. Thanks to the assumption that K is positive, we know that the
mapping T, : K — B that maps zero to false and nonzero values to true is a semiring

homomorphism. Also, mp [x2"2(b)] # 0 is equivalent to (71'3 [ )]]) =T.
We compute the value

(7r [[XTT:; ]]) =Tk (WB |l/\ HIX;nA,a,a(Ba r) ANV \/ XTT:LA,E@(E? $)]])

a€A acA

= fx (HA > 75 [Xrwab:0)] - 1 X%WB X7 7a b)ﬂ)
= AV txe Fz.0:0D A AV 15 [X7, 240, 0)])-

acAbeB beB acA
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By induction, {(mp [X7, 74(b,0)]) is true if and only if @,a — b,b € Ly(ma,75).
With this observation, it is clear that <7TB [[X?;al (5)]]) is true if and only if for each
a € A, thereis a b € B such that @,a +— b,b € I,,(ma, ) (forth) and for each b € B,
there is an a € A with @,a +— b,b € I,,(m4,7g) (back), meaning that @ — b satisfies

the BFP with respect to I, (74, mp), which is equivalent to @+ b € I, 41(74,7B).

Hence, mp [[Xm“(g)]] # 0 if and only if 74,a =,,1 7, b. O

TA,Q

This relates m-characteristic formulas to back-and-forth systems. Before moving
on to m-equivalence, we will present a game-theoretic view on the back-and-forth

property.

5.3 Ehrenfeucht-Fraissé Games

Similarly to back-and-forth systems, classical Ehrenfeucht-Fraissé games, as presented
in [Tho93], can be adapted to semiring semantics without effort as follows.

(5.7) Definition (Ehrenfeucht-Fraissé Game). Let m4 : Lit4(7) — K as well as
7 @ Litg(r) — K be K-interpretations with k-tuples @ € A* and b € B*. The
Ehrenfeucht-Fraissé game G,, (7, @, g, b) is played between two players for m turns.
We will call the players Spoiler and Duplicator. The starting position of the game is
o : @+ b and the Duplicator loses as soon as o is not a local isomorphism between

the interpretations m4 and 7p.

In each turn, the Spoiler first chooses an element a € A or b € B, and the Duplicator
must respond with b € B or a € A from the other interpretation respectively. Then,
the position ¢ is updated to o := o U {(a,b)}, that is, the mapping is extended by
a — b. If the Duplicator manages to uphold the local isomorphism property for all
the m turns, they win the game, otherwise, the Spoiler wins.

As an example, consider the two Kjz-interpretations from the beginning of the chapter.

- 9 ©

The Spoiler wins G (7, ) in one turn by picking b from 79, since mo(Rb) = 2 and
the Duplicator cannot choose any corresponding element e € {a,b, c} for m; such
that m1(Re) = 2. It is easy to construct a slightly more complex example by adding
an element as follows.

Al R| R Al R|-R
a |l 0 a |l 0
1 b1 O h b|2] 0
c| 2 0 c| 2 0
d| 3] 0 d|{3] 0

Here, the Duplicator wins the one-turn game G4 (7}, 7}), since for any e € {a, b, ¢, d},
the value of 7/(Re) can be mirrored in the other Kjz-interpretation. However, the
Spoiler still wins G(7], 75) in two turns, for example by choosing b and ¢ from 7). In
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order to uphold the local isomorphism property, the Duplicator would have to answer
with two distinct elements e, f € {a, b, ¢, d} from 7] with 7} (Re) = 7] (Rf) = 2, which
is not possible, as ¢ is the only element with 7} (Rc) = 2.

There is an obvious similarity between back-and-forth systems and Ehrenfeucht-
Fraissé games. Intuitively, if @ — b € I,,,(74,7p), then the Duplicator can play for
at least m turns by simply exploiting the BFP, as stated in the following lemma.

(5.8) Lemma (Winning Strategy for Duplicator). For any two K-interpretations m4
and mp with k-tuples @ € A¥ and b € B*, n4,a@ =, 7, b implies that the Duplicator
can win G,,(wa,a, g, b).

Proof. We show the claim by induction on m. For m = 0, it m4,a = 7g, b, then
a — b € Loc(ma, mp), hence the Duplicator wins Gy(ma, @, g, b) automatically by
definition.

For m + 1, the Duplicator plays G,,+1(74,a, 75, b) as follows. If the Spoiler chooses
a € A, respond with b € B such that @, a + b,b € I,,(74, 7). This is possible thanks
to the assumption that @ — b € I,,,11(ma, mg) and the forth property. Similarly, if the
Spoiler picks b € B, respond with a € A such that @, a +— b,b € I,,,(7 4, 7p), which is
possible with the back property. By induction, the Duplicator wins the “remaining”
game G,,(7a, @, a,7p,b,b) due to 74,a,a =, 75,0b,b. O

Now, we can attempt to put all those concepts together and arrive at an Ehrenfeucht-
Fraissé theorem for semiring semantics.

5.4 Resulting Theorem

Unfortunately, we will see that we cannot prove the full Ehrenfeucht-Fraissé theo-
rem for all positive semirings K. We start by stating the desired theorem without
specifying the conditions on K.

(5.9) Theorem (Ehrenfeucht-Fraissé Theorem for Semiring Semantics). Let K be
a suitable semiring and 74 : Lit(7) — K, mp : Litp(7) — K two K-interpretations
with k-tuples @ € A* and b € B*. Then, the statements

(1) m4,@ = 75, b
(2) ma,a =, 75, b
(3) 75 HXWA, ]] # 0
(4)

are equivalent for all m € N.

Most of the work has already been done in the previous sections. For example,
“(2) < (3)” was shown for positive semirings K in the back-and-forth lemma (5.6)
and “(2) = (4)” holds by lemma (5.8).

“(1) = (3)” is very casy to show on positive semirings, since 74 [x7, z(@)] #0 holds
by construction of characteristic formulas, which describe w4, @, hence 74,a@ =, 75, b
implies that 75 [x7, 4(b)] # 0 as well, since X7, z(Z) has quantifier rank m.
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In order to complete the proof, it would suffice to show “(4) = (1)”, or alternatively,
the contraposition, that is

A, G Zm Tp,b implies that Spoiler wins G, (74, @, 7p,b).

We can attempt to prove this statement by deriving a winning strategy for the Spoiler

in Gy, (ma,@,7p,b) from a separating formula ¢(7) with quantifier rank at most m
and w4 [p(@)] # 7B [[go(b)]], which exists by the assumption 74,a #,, 75, b.

Assuming that ¢(T) is in negation normal form, the Spoiler proceeds by induction on
the formula and “moves” to its subformulas whenever required, while upholding the
invariant that ¢(T) is a separating formula for the currently selected tuples @~ b.
For the induction on ¢(7), recall the syntax of first-order logic from definition (2.3)
and the corresponding semantics in definition (2.4) as well as the additional operator
in FO(K, 7) introduced in definition (5.1).

e If ©(7) is a literal, then @ — b is not a local isomorphism and the Spoiler wins.

Note that this also applies to the new equality operator ¢(Z) = (¢(7) LS c),
since the new operator only accepts literals (T) and 74, @ may not differ from
7, b on any literal if @ — b is a local isomorphism.

o If p(T) = Y(T) 0¥ (T) for o € {V, A}, then pick ¢)(T) or ¥(T) as the next formula.
Due to the invariant 74 [¢(@)] # 75 [¢(b)], it is obvious that for at least one
of the two formulas, 4 [1(@)] # 7p [¢(b)] or ma [¥(a)] # 75 [9(b)] holds, so
it is always possible to find a suitable choice p(Z) = ¥(T) or ¢(T) = ¥(T) that
upholds the desired invariant.

o If ¢(T) = Quip(7,y) for Q € {3,V}, then (x) find an element a € A (or b € B)
such that 4 [1(@,a)] # 75 [¢(b,b)] for all b € B (or for all a € A), pick this
element in the Ehrenfeucht-Fraissé game and move to the new formula ¢(Z, y).
Note that after this move, the Spoiler has “expended” one turn in the game,
the new position is @, a — b, b and the formula (7, y) separates those tuples,
hence the invariant is upheld.

Since the initial formula’s quantifier rank was at most m, we can see that the Spoiler
wins G, (74, @, 7, b) after at most m turns, due to the fact that each turn “removes”
one quantifier. However, an issue arises due to (*), because we have not clarified
how a suitable element can be found. As an example, consider the following two

N-interpretations.

Ty .

Clearly, the sentence ¢ := drRx with quantifier rank 1 separates them, since
el =14+142=4 and mp]=1+2+2=05

Thus, the Spoiler should be able to win G (w4, 75) in one turn, but it is obvious that
the Duplicator can respond adequately to any move, hence the Spoiler loses.

This shows that our proof of the Ehrenfeucht-Fraissé theorem does not work on
all positive semirings, in particular, it does not work on N, because the step (%) is
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problematic. Note that quantifiers are interpreted as sums and products, so the step
(%) operates under the assumption that if two sums or products are distinct, then
the set of the summands or factors is distinct as well, which would allow us to find
a or b as suggested in (). More formally, the choice in (x) is possible, if and only if
the conditions

(5) Ya#Yb = {aliel}#{b|jcJ} and

i€l jeJ
(P) [lai# 11t = f{aliel}y#{bljicJ}
i€l =

are satisfied for all index sets I, J and (a;)ier, (bj)jes C K. Of course, when dealing
with finite K-interpretations, we can assume that [, J are finite.

Interestingly, condition () is equivalent to idempotence of + on K. Note that the
contraposition of S is

(S) {(Iz‘ZGI}:{b]‘]GJ} = Z&i:ij,

which clearly implies idempotence of +, since {a} = {a,a} for all a € K, hence
a=a+ a by (5). We can also prove (S) from the idempotence of + as follows.

Suppose that I, J are index sets and we have families (a;)ier, (bj)jes € K of sum-
mands such that the sets of their values are equal, that is,

{a;]ie} =V ={b,|je ]}

Since summation is invariant under partition (x) of the index set, we can group the
summands by their values to obtain

D= > a

i€l ceViel,a;=c

=2 > o«

ceViel,a;=c

L Zc and

ceV

SUES D Sl

jed ceV jedbj=c

=2 >

ceV jebj=c

=Y ¢

ceV

which implies that the sums are equal as well. The steps marked with (i) use the
idempotence of addition. It is worth mentioning that this also works for infinitary
sums, provided that the reasonable assumption of “infinitary idempotence”, that is,
>ier ¢ = c for infinite I, holds as well. As seen in definition (2.5), we usually assume
partition-invariance of infinitary operations in any case.

The same technique can be used to show that the property (P) is equivalent to
idempotence of - in K with similar assumptions in case of infinitary products. There-
fore, we conclude that the full proof of the Ehrenfeucht-Fraissé theorem in semiring
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semantics works on positive semirings K that are idempotent in both addition and
multiplication, which can be summarized as follows.

(5.10) Theorem (Conditions for the Ehrenfeucht-Fraissé Theorem). Let K be a
semiring and 74 : Lita(r) — K, 7p : Litp(r) — K two K-interpretations with
k-tuples @ € A* and b € B*. Consider the four statements
(1)
(2) a =, 7B, b
(3) 75 [[Xma )] #0
(4)

4) Duplicator wins G, (74, @, 75, b)

=m 7TB,b

SRS

from the Ehrenfeucht-Fraissé theorem. The proofs for the implications between those
statements that we presented in this chapter and the corresponding requirements on
K are illustrated in the following picture.

Solid arrows indicate that the implication holds for all semirings K. Dashed arrows
indicate that K must be positive, while dotted arrows require K to be idempotent
in both operations. In particular, all statements are equivalent in positive semirings
that are idempotent in both operations.

Note that we do not claim the “minimality” of the conditions we imposed for our
proofs and we only included arrows in the picture for implications that we mentioned
directly. However, it is worth pointing out that, unfortunately, the “strict” condition
of idempotence in both operations is necessary for the Ehrenfeucht-Fraissé theorem.
Suppose that a semiring K is not idempotent in one of the operations, then we
can pick an element e € K with e +¢e # e or e - e # e to construct the following
counterexample on K.

A|lR|-R A R| SR
T - o 0 Tee al|e 0
bl e 0

By the choice of e, one of the sentences dx Rx or Va Rz of quantifier rank 1 separates
Te and T, however, the Spoiler clearly does not win Gy (7., Tee) in one turn.

In spite of that, we can conclude that the two-sorted approach via FO(K,7) comes
much closer to the classical Ehrenfeucht-Fraissé theorem than “pure” first-order logic
from the previous chapter. In fact, the Ehrenfeucht-Fraissé theorem “almost” holds
for all positive semirings K under FO(K, 7) and holds with the additional condition
of idempotence in both operations, for example, in PosBool[X]. Hence, it may pay
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off to consider FO(K, 7) for semiring model theory in the future in order to adapt
more classical results to semiring semantics.
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Conclusion

In the previous chapters, we mainly gained insights about the meaning of elementary
equivalence between K-interpretations. The first surprising result that we presented
is the elementary equivalence of the two Kj-interpretations below.

A\P\Q\ﬁp\ﬁQ\ A\P\Q\ﬁp\ﬁg\
 alll3]o0]o0 a3 [1]lo0]o0
TPQ: o l1l 0] 0 TP pl1l2 0 | 0
cl3l2/ 010 cl213] 01 0

The reason why this equivalence is surprising is that we can derive the fact that first-
order logic, without any additions to its syntax, is not even able to distinguish two
finite interpretations over a finite semiring K3. Thus, it does not nearly have enough
expressive power to adapt the Ehrenfeucht-Fraissé theorem to semiring semantics, as
illustrated by the fact that the Spoiler wins the Ehrenfeucht-Fraissé game between
mpg and mgp in a single turn.

In fact, the expressive power of first-order logic, especially the power to separate
non-isomorphic K-interpretations, depends heavily on the algebraic properties of
K, which is why the relationship of elementary equivalence and isomorphism is
difficult to capture generally. As a consequence, the question on which semirings K
elementary equivalence implies isomorphism for finite K-interpretations still remains
open and our attempts to solve it have shown that polynomial semirings with varying
restrictions are the best starting point to search for counterexamples.

In order for semiring semantics to behave more similarly to classical semantics, we
proposed the two-sorted extension of first-order logic, which eases the construction of
m-characteristic formulas and therefore enables the re-introduction of Ehrenfeucht-
Fraissé methods to semiring semantics. Interestingly, it appears that first-order logic
may have too much expressive power for some aspects of the Ehrenfeucht-Fraissé
theorem, as was illustrated by the following N-interpretations.

75 ©

First-order logic is able to separate my and 75 with only one quantifier, but we may
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say that it should not be able to do so, considering that the Duplicator wins the
corresponding one-turn Ehrenfeucht-Fraissé game.

These results suggest that we should work on defining new games to capture m-
equivalence under semiring semantics in the future. While adapting model-theoretic
results to semiring semantics, we may follow the philosophy of leaving first-order
logic as-is and observing its properties, as we have done for the most part of this
thesis, or we may try to modify it in order to gain stronger results, similarly to the
approach from the previous chapter.

In conclusion, we have provided some model-theoretic tools and insights into elemen-
tary equivalence of finite K-interpretations under first-order logic, but, as suggested
by the open problem mentioned before, there is still room for future research.

Another area left open for future research is infinite model theory for semiring
semantics. Although many definitions in this thesis have touched on the possibility of
considering infinite semiring interpretations, they were mostly left out. Also, we may
look at algorithmic aspects of semiring semantics and attempt to adapt the classical
compactness and completeness theorems in the future. As a final suggestion for future
research, we would like to mention that semiring model theory can be extended to
more logics with varying expressive power, for example, it may be interesting to
characterize the meaning of elementary equivalence of semiring interpretations under
fixed-point logics.
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