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Abstract

We prove a weighted Feferman-Vaught decomposition theorem for disjoint unions and products of
finite structures. The classical Feferman-Vaught Theorem describes how the evaluation of a first
order sentence in a generalized product of relational structures can be reduced to the evaluation of
sentences in the contributing structures and the index structure. The logic we employ for our weighted
extension is based on the weighted MSO logic introduced by Droste and Gastin to obtain a Biichi-
type result for weighted automata. We show that for disjoint unions and products of structures, the
evaluation of formulas from two respective fragments of the logic can be reduced to the evaluation of
formulas in the contributing structures. We also prove that the respective restrictions are necessary.
Surprisingly, for the case of disjoint unions, the fragment is the same as the one used in the Biichi-
type result of weighted automata. In fact, even the formulas used to show that the respective
restrictions are necessary are the same in both cases. However, here proving that they do not allow
for a Feferman-Vaught-like decomposition is more complex and employs Ramsey’s Theorem. We also
show how translation schemes can be applied to go beyond disjoint unions and products.

1 Introduction

The Feferman-Vaught Theorem [10] is one of the fundamental theorems in model theory. The theorem
describes how the computation of the truth value of a first order sentence in a generalized product of
relational structures can be reduced to the computation of truth values of first order sentences in the
contributing structures and the evaluation of a monadic second order sentence in the index structure.
The theorem itself has a long-standing history. It builds upon work of Mostowski [22], and was later
shown to hold true for monadic second order logic (MSO logic) as well 7, 12, 13, 17, 27]. For a survey
and more background information, see [18].

In this paper, we show that under appropriate assumptions, the Feferman-Vaught Theorem also
holds true for a weighted MSO logic with arbitrary commutative semirings as weight structure. The
logic we employ is based on the weighted logic by Droste and Gastin [4]. In this logic, formulas can
take values which convey a quantitative meaning. The logic’s connectives and quantifiers hence also
adopt quantitative roles. The disjunction becomes a sum, the conjunction a product. The existential
quantifier, instead of only verifying whether some element with a certain property exists, now takes
the truth value of this property for every element in the universe and sums over these values. Under
appropriate assumptions, the result of this summation can for instance be the exact number of elements
that satisfy the given property. One example of a property which can be expressed using this logic is the
number of cliques of a given size in an undirected graph. In [4], the authors prove a Biichi-like result for a
specific fragment of the MSO logic, showing that for finite and infinite words, this fragment is expressively
equivalent to semiring-weighted automata [26]. The study of a weighted Feferman-Vaught Theorem for
disjoint unions, employing the same logic as we do, was initiated by Ravve et al. in [25], where the
authors also point out several algorithmic uses and possible applications of a weighted Feferman-Vaught
Theorem.

The classical Feferman-Vaught Theorem considers finite and infinite structures without any need for
distinction between them. This results from the fact that, in the Boolean setting, infinite joins and meets
are well-defined. In particular, existential and universal quantification, which are essentially joins and
meets ranging over the whole universe of a structure, are well-defined for finite and infinite structures
alike. However, for arbitrary semirings, infinite sums and products are usually not defined. To allow for
infinite structures, we therefore also consider bicomplete semirings, which are equipped with infinite sum
and product operations. Our main results are the following.



e We provide a Feferman-Vaught Theorem for disjoint unions of structures with our weighted MSO
logic, where the first order product quantifier is restricted to quantify only over formulas which
do not contain any sum or product quantifier themselves. Surprisingly, this restriction and the
resulting fragment are the same as the one working for the Biichi-like result of [4].

e We show that no similar theorem can hold for disjoint unions if the first order product quantifier
is not restricted. The formulas we employ for this in fact also occurred in [4] and [5] as examples
of weighted formulas whose semantics cannot be described by weighted automata. While in these
papers, it was elementary to show that the formulas given define weighted languages not recog-
nizable by weighted automata, here proving that they do not allow for a Feferman-Vaught-like
decomposition is more complex and employs a weak version of Ramsey’s Theorem [24].

e We show that a Feferman-Vaught Theorem also holds for products of structures for the product-
quantifier-free first order fragment of our logic.

e We show that no similar theorem can hold for products if we include the first order product
quantifier.

e We show that our theorems are also true for more general disjoint unions and products defined by
translation schemes [18, 23, 3].

With respect to our proofs, here we just note that in comparison to the universal quantifier of the Boolean
setting, the product quantifier requires a separate and new consideration. While universal quantification
can simply be expressed using negation and existential quantification, it is in general not possible to
express multiplication by addition.

Translation schemes are a model theoretic tool to “translate” structures over one logical signature
into structures over another signature in a well behaved fashion, namely in an MSO-defined fashion.
They can be applied, for example, to translate between texts and trees [15], and between nested words,
alternating texts, and hedges [21, 20, 19]. These particular translations were employed in [19] to prove
that weighted automata over texts, hedges, and nested words are expressively equivalent to weighted
logics over these structures. Translation schemes are a rather natural concept and therefore they have
been frequently rediscovered and named differently [18, 23, 3]. Our notion of a translation scheme is
mostly due to [18].

Related work. A concept related to weighted logics is that of many-valued logics. In both models the
evaluation of a formula on a structure produces a quantitative piece of information. In many approaches
to many-valued logics, values are taken in the interval [0, 1], cf. [14, 11]. In contrast to this, weights in
weighted logics are taken from a semiring and may occur as atomic formulas which enables the modeling
of quantitative properties.

2 Preliminaries

Let N={0,1,2,...} and Ny = {1,2,3,...}. For a set X, we denote the power set of X by P(X) and
the cardinality of X by |X|. For two sets X and Y and a mapping f: X — Y, we call X the domain of
f, denoted by dom(f), and Y the range of f, denoted by range(f). For a subset X’ C X, we call the
set f(X'):={yeY |Txe X f(x) =y} the image or range of X' under f. The restriction of f to
X', denoted by f[y., is the mapping f[x,: X’ — Y defined by f|y. (x) := f(z) for every z € X’. We
also call a mapping ¢g: X’ — Y a partial mapping from X to Y, denoted by ¢g: X - Y. For a subset
Y’ C Y, we call the set f~1(Y') := {z € X | f(z) € Y'} the preimage of Y’ under f. For an element
y € Y, we define the preimage of y under f by f~'(y) := f~1({y}). For a second mapping h: X — Y,
we write f = h if for all € X we have f(z) = h(z).

A signature o is a pair (Rel,,ar,) where Rel, is a set of relation symbols and ar,: Rel, — N the
arity function. A o-structure A is a pair (Us, Zo) where Uy is a set, called the universe of 2, and Ty is
an interpretation, which maps every symbol R € Rel, to a set R* C Z/{;r“(R). A structure is called finite
if its universe is a finite set. By Str(c) we denote the class of all o-structures.

For two o-structures 2 = (A,Zy) and B = (B,Zy), we define the product A x B € Str(o) of
A and B and the disjoint union AU B € Str(o) of A and B as follows. For the product, we let
AxB = (Ax B, Tyxsp) with R**® = {((ay,b1), ..., (ar, b)) | (a1,...,a;) € R* and (by,...,by) € R}
For the disjoint union, we let A LI B be the disjoint union (i.e., the set theoretic coproduct) of A and B
with inclusions ¢4 and ¢g. Then we define 2B := (AU B, Zyus) by R*® := {(ta(a1),...,talar)) |



(a1,...,ar) € R*}YU{(tg(b1),...,ta(br)) | (b1,...,bx) € R®}. Throughout the paper, we identify a € A
with t4(a) € AUB and b € B with ¢tp(b) € AU B.

A commutative semiring is a tuple (K,+,-,0,1), abbreviated by K, with operations sum + and
product - and constants 0 and 1 such that (K, +,0) and (K, -, 1) are commutative monoids, multiplication
distributes over addition, and -0 = O for every x € K.

Next, assume that the semiring K is equipped, for every index set I, with an infinitary sum operation
DR KT — K such that for every family (ki)ier of elements of K and k € K we have

ZK/Z.:O’ Zﬁi:ﬁj7 Z /ﬁi:ﬁ}j—f—lﬁll fOI‘j?él, (21)

i€ i€{j} i€{4,l}

Z (Zm) = Zf{i, if Ujey ;=1 and I; N1 =0 for j # 3, (2.2)
jEJ i€l icl

Z(K'Hi)zl‘i' (ZRZ), Z(Iii'ﬁ)z (Z/@i)-ﬁs. (2.3)
el iel iel iel

Then the semiring K together with the operations )", is called complete [8, 16].
If in addition, K is endowed, for every index set I, with an infinitary product operation [[,: K '3 K
such that for every family (k;);cs of elements of K we have

Hlii:]-, Hﬁi:ﬁja H Hi:"ij.ﬁlforj#l’ H]':l’ (24)

€0 i€{j} ie{j,l} i€l
H(HKJ7;>:HKZ,', if UjeJIj:Iand Ijﬂlj/:@forj;éj’, (25)
jeJ i€l i€l

then we call K bicomplete. We just want to mention here that there exists a different notion of semirings
with infinite sums and products, namely the notion of totally complete semirings [9]. The main difference
between these two notions lies in the definition of infinite products. For totally complete semirings, only
products over countable index sets need to be defined, but the infinite products are required to be
completely distributive over the infinite sums. We do not require this infinitary distributivity here.

Example 1. Examples of bicomplete semirings include
e the Boolean semiring B = ({0,1},V,A,0,1),

e the maz-plus or arctic semiring Arct = (R U {—o0}, max, +,—00,0) and the min-plus or tropical
semiring Trop = (R U {oco}, min, +, 00, 0), where R denotes the set of real numbers,

e the semiring of extended natural numbers (N U {oco}, +,-,0,1) where 0 - oo = 0,

e any complete distributive lattice (L,V,A,0,1) which satisfies the distributivity law (2.3). For
instance, every complete Boolean algebra B satisfies (2.3) (see [1, page 167]), so then B is bicomplete
but may not be completely distributive and therefore not totally complete.

The following definitions are due to [4] in the form of [2]. We provide a countable set V of first
and second order variables, where lower case letters like  and y denote first order variables and capital
letters like X and Y denote second order variables. We define first order formulas S over a signature o
and weighted first order formulas ¢ over ¢ and a semiring K, respectively, by the grammars

B = false | R(z1,...,xn) | "B | BV S| Tz.p
pri=PBlrlodele@p| Dy | Qo
where R € Rel,, n = ar,(R), x,21,...,2, € V are first order variables, and k € K. Likewise, we define
monadic second order formulas 8 over o and weighted monadic second order formulas ¢ over ¢ and K
through
B =false | R(x1,...,zy) |z € X | =8| BV E|Tx.f]3X.5
pu=flrle@ele0e|@re| Qe BXe| QX

with R € Rel,, n = ar,(R), x,21,...,2, € V first order variables, X € V a second order variable, and
k € K. We also allow the usual abbreviations A, V, —, +—, and true. By FO(o) and wFO(o, K) we



denote the sets of all first order formulas over o and all weighted first order formulas over ¢ and K,
respectively, and by MSO(o) and wMSO(o, K) we denote the sets of all monadic second order formulas
over ¢ and all weighted monadic second order formulas over ¢ and K, respectively.

The notion of free variables is defined as usual, i.e., the operators 3,V, @, and ) bind variables.
We let Free(p) be the set of all free variables of . A formula ¢ with Free(p) = 0 is called a sentence.
For a tuple ¢ = (¢1,...,¢n) € wWMSO(o, K)", we define the set of free variables of ¢ as Free(p) =
UL, Free(s,).

We define the semantics of MSO and wMSO as follows. Let o be a signature, A = (A,Zy) a o-
structure, and V a set of first and second order variables. A (V,%)-assignment p is a partial function
p:V -+ AUP(A) such that, whenever x € V is a first order variable and p(x) is defined, we have
p(x) € A, and whenever X € V is a second order variable and p(X) is defined, we have p(X) C A. The
reason we consider partial functions is that in our Feferman-Vaught theorems for the disjoint union of
structures we want to be able to restrict the range of a variable assignment to a subset of the universe.
For a first order variable, this restriction may cause the variable to become undefined. Let dom(p) be
the domain of p. For a first order variable x € V and an element a € A, the update p[x — a] is defined
through dom(p[xr — a]) = dom(p) U {z}, p[z — a](X) = p(X) for all X € V\ {z}, and p[z — a](z) = a.
For a second order variable X € V and a set I C A, the update p[X — I] is defined in a similar fashion.
By 2y, we denote the set of all (V,2)-assignments.

For p € 2y and a formula 8 € MSO(o) the relation “(2, p) satisfies 57, denoted by (2, p) = B, is
defined as

E false never holds

T1,..., 2, € dom(p) and (p(z1),...,p(z,)) € R*
x, X € dom(p) and p(x) € p(X)

(2, p) = B does not hold

(2, p) = Bror (A, p) = B2

(A, plr — a]) = B for some a € A

(A, p[X — I]) £ S for some I C A.

rreeee

Example 2. Let o is the signature of a graph, i.e., Rel, = {edge} with edge binary. We call a graph
& € Str(o) undirected if its interpretation of edge is a symmetric relation on the universe of &. For every
undirected graph ® € Str(o) and a subset I of its universe, we can check whether the nodes from I form
a clique in & using the MSO formula

clique(X) := VxVy((:E eXNyeXNhx# y) — edge(:ﬂ,y)).
Here, the formula z # y is an abbreviation for Y (y € Y A =(z € Y)). We have that (&,[X — I])
satisfies clique(X) if and only if I is a clique in &.

In the following, for all sums and products to be well-defined, we assume that either the universe
A is finite, or that K is bicomplete. For a formula ¢ € wMSO(o, K) and a structure 2 € Str(o), the
(weighted) semantics of ¢ is a mapping [¢] (%, ): Ay — K inductively defined as

181, ) :{1ﬁ“MF5

0 otherwise

[[H]](le p) = K

[er @ 2] (A,p) = [l p) + [@2] (2, p)

[er @ @2, p) = [pi](RAp) - [2](, p)

[Brel@,p) = D [el@,plz — a))
acA

[zl p) = []lel plz — a)
a€A

[BXel@p) = D el plX — 1))
ICA

[RX.el(@A,p) = [l plX — 1)).
ICA



We will usually identify a pair (2(,0) with 2. For a tuple of formulas g € wMSO(o, K)", we define

[[@]](Ql’ p) = ([[Lplﬂ(mv p)7 EERR [[(pn]](gl’ p)) € K"
We give some examples of how weighted formulas can be interpreted. For more examples, see also

[25].
Example 3. If K = B is the Boolean semiring, we obtain the classical Boolean logic.

Example 4. Using the arctic semiring Arct = (R U {—o0}, max, 4+, —00,0), we can describe the size
of the largest clique in a graph as follows. We reuse the signature o of a graph and the MSO formula
clique(X) from Example 2 and define a wMSO formula as follows.

o =Px. (chque(X) oRe. (0 (1ore X)))
Then for every undirected graph & € Str(c), we have that [¢]](®) is the size of the largest clique in &.

Example 5. Assume that K = (Q, +,-,0,1) is the field of rational numbers and that ¢ is the signature
from the previous example. Then for every fixed n € N, we can count the number of n-cliques of an
undirected graph & € Str(o) using the wMSO formula

On = % ® Pr1... Py /\ ((ac2 #x;) A edge(mi,mj)).
i#]

Here, x; # x; again is an abbreviation for 3Y (z; € Y A =(z; € Y)).

Example 6. We consider the minimum cut of directed acyclic graphs. For this, we interpret these graphs
as flow networks in the following way. Every vertex which does not have a predecessor is considered
a source, every vertex without successors is considered a drain, and every edge is assumed to have a
capacity of 1. Let G = (V, E) be a directed acyclic graph where V is the set of vertices and E CV x V
the set of edges. A cut (S, D) of G is a partition of V, i.e., SUD =V and SN D = (), such that all
sources of G are in S, and all drains of G are in D. The minimum cut of G is the smallest number
|E N (S x D)| such that (S, D) is a cut of G.

We can express the minimum cut of directed acyclic graphs by a weighted formula as follows. We let
o be the signature from the previous two examples and as our semiring, we choose the tropical semiring
Trop = (R U {00}, min, +, 00, 0). Then using the abbreviation

cut(X,Y) := Vx((x €EX < (xeYY)) A (Jyedge(y,z) Ve e X)A (Jy.edge(z,y) Va e Y))
we can express the minimum cut of a directed acyclic graph & € Str(o) using the formula

¢ = BXDY.(cut(X,Y) © ®2.Qu.(13 ~(z € X Ay €Y Aedge(r,y))).

Example 7 ([4]). Let K = (N,+,-,0,1) be the semiring of natural numbers and let ¢ € wMSO(c, K)
be a formula which does not contain any constants x € K. Then we may understand [¢](2, p) as the
number of proofs we have that (2, p) satisfies ¢ assuming that we interpret the weighted operators in the
following way. For Boolean formulas, we simply consider satisfaction to give us one proof, and otherwise
we have no proof. The sum [p; @ @2] is the number of proofs we have that ¢1 V ¢ is true. This says
that, if we have n proofs for ¢; and m proofs for @9, then we interpret this as having n 4+ m proofs for
the fact that ;1 V @9 is true. Likewise, we interpret the product [p; ® ¢2] as the number of proofs we
have that @1 A @9 is true. Similar interpretations apply for the weighted quantifiers.

For ¢ € wMSO(o, K) and a first order variable 2 which does not appear in ¢ as a bound variable,
we define ™% as the formula obtained from ¢ by replacing all atomic subformulas containing z, i.e., all
subformulas of the form x € X and R(...,x,...) for R € Rel,, by false. It is easy to show by induction
that for all o-structures A = (A4, Zy) and (V,A)-assignments p with = ¢ dom(p) we have

el p) = [ 1(A, p).

As in the sequel we will deal with disjoint unions and products of structures, we need to define the
restrictions of a variable assignment to the contributing structures of the disjoint union or product. Fix



two structures 2, B € Str(c) with universes A and B. For a (V,20 U 9B)-assignment p, we define the
restriction plg: V - A as

p(X)NA if X is a second order variable
pla(X) = < p(X) if X is a first order variable and p(X’) € A
undefined if X is a first order variable and p(X) ¢ A.

The restriction ply is defined similarly.

For a (V,2 x B)-assignment p, we define the restrictions ply and plg by projection on the corre-
sponding entries. That is, we let w4 be the projection on the first and 7z be the projection on the second
entry of A x B and let plg =740 p and plgy =7p o p.

The union of two assignments p and ¢ with dom(p) N dom(s) = (), denoted by p U, is defined by
dom(pUg) = dom(p) Udom(s), (pUs)(X) = p(X) for X € dom(p) and (pUg)(X) = ¢(X) for X € dom(s).

Fix two disjoint sets of variables (z;);eny and (y;)ien. For n € Ny, we define the set of expressions
Exp,,(K) over a semiring K by the grammar

E:=uz; |y, | E®F|EQE,

where i € {1,...,n}. The (weighted) semantics of an expression E € Exp,,(K) is a mapping (E)): K™ x
K" — K defined for g, A € K" inductively by

For expressions over the Boolean semiring B = ({false,true}, V, A, false, true) we will usually write
V instead of @ and A instead of ®.

Construction 8. We call an expression F € Exp,, (K) a pure product if
F=x1®..0Xy1®...0Vm

withx; € {z1,...,zp}fori e {1,...,l}andy; € {y1,...,yn} forj € {1,...,m}. We define a substitution
procedure as follows. Let @, ¢ € wMSO(o, K)™ be given. Let i € {1,...,l} and assume x; = x, for
some k, then we define & = ¢}. Likewise, for j € {1,...,m} and y; = yi, we define 0; = p2. We let
E=6®..0&and 0 =60, ®...®0,. Then for A,B € Str(o), every (V,2A)-assignment p, and every
(V, B)-assignment ¢ we have

(EN[21, 0), [£°1(B, <))
= [&]®@p) - [&D (A, p) - [6:](B<) - - - [0m] (B, <)
= [€](, p) - [01(B, <)
We define PRDY(E, @1, 32) = ¢ and PRD?(E, @', 32) = 6.
Pure products B € Exp,,(B) are also called pure conjunctions. For a pure conjunction B € Exp,,(B),

formulas ¢, 32 € MSO(c) and fz, 0; as above, we define the MSO()-formulas CON*(B, @*, ¢?) = € =
SN ANE and CONz( el %) = 9 =601 A...N\0,,. We then have

(BY[2'1(, p), [9°)(B, ) = true iff (A, p) [= € and (B,<) | 6. %
We say that an expression E € Exp,,(K) is in normal form if
E=FE®.. oFE,

for some m > 1 and pure products F;. By applying the laws of distributivity of the semiring K, every
expression F € Exp,,(K) can be transformed into normal form. More precisely, we have the following
lemma.

Lemma 9. For every E € Exp,,(K) there exists an expression E' € Exp,,(K) in normal form with the
same semantics as I.



Proof. We proceed by induction. Let E € Exp, (K). If E = z; or E = y; for some i € {1,...,n}, then
E is in normal form. If F is of the form E; @ Fy or Ey ® Ey for two expressions Ey, Fy € Exp,,(K),
we can find by induction two expressions Ef, Ef € Exp,,(K) in normal form with (E;)) = {(E)) and
(E2) = (F%). In the first case, we see that E' := E} & EJ} is also in normal form and we have
(E) = (E).

For the case that E = E) @ Ey, we write B} = EY @ ® EY and By = E? @ ... @ EY with
Efl), e 7El(1) and E£2), e ,E,(ﬁ) pure products. Then we see that B’ := @izl@T:lEi(l) ® E](»Z) is in
normal form and due to the distributivity of K, we have (E)) = {(E'). O

3 The classical Feferman-Vaught Theorem

For convenience, we recall the Feferman-Vaught Theorem for disjoint unions and products of two struc-
tures and prove both cases. For this section, let ¢ be a signature.

3.1 A Feferman-Vaught Decomposition Theorem for disjoint unions

First, we state and prove the classical Feferman-Vaught Theorem for disjoint unions in the framework
we will also employ for our weighted extension.

Theorem 10 ([10]). Let V be a set of first and second order variables and 5 € MSO(o) with variables
from V. Then there exist n > 1, tuples of formulas B, 3% € MSO(c)", and an expression Bg €
Exp,,(B) such that Free(3) UFree(3?) C Free(B3) and for all structures A, B € Str(c) and all (V,A1LDB)-
assignments p:

(AUB, p) B iff (Bs)([B1(R, pla). [F°](B, play)) = true.

Proof. We proceed by induction.

B 3= R(z1,...,x) for a relation symbol R € Rel, of arity &k
Set n =1, f = 2 = R(21,...,7%), and Bg = 11 V y1.

mS=(zeX)
Setn=1, 1 =82 =(zx € X),and Bg =21 Vy;.

mS= -«

Assume the theorem is true for a with at,a? € MSO(o)! and B, € Exp;(B). We may assume that
B, = By V...V B, is in normal form with all B; pure conjunctions. We let 7; = CON*(B;, @', @2) and
6; = CON?(B;,at,a?) (see Construction 8) and set

Bl = (_"yl,"'a_"Ym)
B% = (=61,...,70m)

m

B = /\(Jii Vi)

i=1

Then we have

(RAUDB,p) =L < (AUDB, p) = « does not hold

54
& (Ba)([a'](2, pln), [6°)(B, plas)) = false

s (B)[a (L, ply), [a2](B, ply)) = false for all i € {1,...,m}

< (A, ply) E i does not hold or (B, ply) E J§; does not hold for allie{l,...,m}
4

(Ba) ([ 1A, pla), [B21(B, plg)) = true.

Furthermore,
Free(3') U Free(3?) C Free(a) U Free(@?) C Free(a) = Free(f).

BS=aVy
Assume the theorem is true for o with at,a? € MSO(o)! and B, € Exp;(B), and for v with 1,5% €



MSO(o)™ and B, € Exp,,(B). Then weset 31 = (al,...,al,41,...,9%), B2 = (a2,...,a2,72,...,2),
and Bg = Ba\/B’w where B'7 is obtained from B, by replacing every variable z; by x;,; and every variable
yi by yit;. Then we have

(AUB,p) =
RAUB,p) =aor (AUDB,p) =7
{

= (
& (Ba)([@*(, plo), [a2](B, plg)) = true or (B,) ([, pla), [721(B, ply)) = true
& (Ba) ([ p12). [F1(B, pla)) = true or (B[] pla). [B21(B, pla)) = true
g <<BB>>([[51H(QLP fat)s [[52]](%,;7[%)) = true.
Also,
Free(al) U Free(a@?) U Free(5) U Free(52) C Free(a) U Free(y) = Free().
m5=3dr.a

Assume the theorem is true for a with at,a? € MSO(¢)! and B, € Exp,(B). We may assume that
B, = By V...V B,, is in normal form with all B; pure conjunctions and that = does no occur as a bound
variable in any of the al or a2. We let 7; = CONY(B;,at, a?) and §; = CONZ(Bi, al,a?) and set

Bl = (3[[:.")/1, ey Hmey’V;x; .. 7777_'133)
B% = (Fz.01, ..., 3200, 077, ...,0,.7)

Bg = \/((%‘ A Ymti) V (Tmgi N Yi))-
i=1
Then we have
(ALB,p) =
(RAUB, plr — ¢]) = « for some c € AUB let p. = plx — |
(BN ([@*] (2L, pela), [@2](B, pelag)) = true for some c € AL B

(B >>([[o¢l]](9l pela), [@2](B, pelas)) = true for some ¢ € AUB and i € {1,...,m}
clo) E v and (B, pelg) = 6; for some c € AUB and i € {1,...,m}

[z — a]) E v and (B, p] )Iz&mforsomeaeAandze{l .,m} or
o) E ;7 and (B, ply [z%b])):(;iforsomebEBande{l,...,m}

o) FE Jz.y; and (B, ply) = 9, ° for some i € {1,...,m} or
)

re ot

(2, el
(R, plo
(2, pl
(= pl
(=L pl

@ )
,ply) E v and (B, ply) | J.0; for some ¢ € {1,...,m}
& (Ba)([B*T(, pla), [B21(B, ply)) = true.
Furthermore,
Free(3') U Free(5?) C (Free(a') U Free(a?)) \ {z}
C Free(a) \ {z}
= Free(f).

m5=3X.«a
We reuse the notation from first order existential quantification and set

Bt =(3XA1,...,3X )
% =(3X.01,...,3X.0,)

m

Bg = \/(Jﬁz‘ A yi).

=1

Then we have

(AUDB,p) B



AUB, p[X — I]) E « for some ] C AUB let p;y = p[X — 1]
(B Y([@] (A, prlg), [@2] (B, prlss)) = true for some I € AU B
(B:) ([&*] (2, prla), [@®](B, prle)) = true for some I C AUB and i € {1,...,m}
A, prlg) E vi and (B, prlg) E 6; for some I CAUB and i € {1,...,m}
A, plylX — I]) E v and (B, ply[X — J]) E J; for some I C A, JC B,and i € {1,...,m}
A, ply) E IXv; and (B, ply) E IX.6; for some i € {1,...,m}
& (Ba)([5' 1A, play), [B](B, pls)) = true.

In the same way as for first order existential quantification, we obtain Free(3!) UFree(3?) C Free(3). O

3.2 A Feferman-Vaught Decomposition Theorem for products

Here, we state and prove the classical Feferman-Vaught Theorem for products in the framework we will
also employ for our weighted extension.

Theorem 11 ([10]). LetV be a set of first and second order variables and 8 € FO(o) with variables from
V. Then there exist n > 1, tuples of formulas B, 3% € FO(0)", and an expression Bg € Exp,,(B) such
that Free(51) U Free(32) C Free() and for all structures A, B € Str(o) and all (V,2A x B)-assignments

p:
(2 x B, p) b= 8 iff (B)(IB1, pla), [B1(B, pls)) = true.

Proof. We proceed by induction.

B 5= R(x1,...,x%) for a relation symbol R € Rel, of arity k
Set n =1, B = 2 = R(z1,...,7%), and Bg = x1 A y1.

B The proofs for 8 = -a and § = a V 7 are the same as in Theorem 10.

B 5 =dr.a
We reuse the notation from first order existential quantification of Theorem 10 and set

Bl = (Elx")/lv B Ell"}/m)
B% = (3x.6y,...,3x.6,,)

m

=1

Then we have

(Ax B, p) =B
< (A x B, plx — ¢]) E « for some c € A x B let p. = plz — (]
& (Bo) (@R, pelg), [@2](B, pelag)) = true for some c € A x B
< (B)([aM (A, pely), [@2](B, pelss)) = true for some ¢ € Ax Band i€ {1,...,m}
@(lec ) E v and (8B, pel) = 6; for some c € A x Band i€ {1,...,m}
< (U plylr — a]) =vi and (B, plglr — b]) = d; for some a € A, bGB, and i € {1,...,m}
<:>(,p o) E Jx.y; and (B, ply) = Jz.0; for some i € {1,...,m}
< (Bah(IB*1(%, plat). [5°)(B. plop)) = true.
Again, we easily obtain Free(3!) U Free(32) C Free(f). O

4 Translation schemes

Theorems 10 and 11 consider disjoint unions and products only. So far, there is no interaction between the
two constituting structures. Translation schemes allow us to create such interactions in an MSO-defined
manner. More precisely, translation schemes “translate” structures over one signature into structures



over another signature. Applying this to disjoint unions and products, we can extend Theorems 10 and
11 to more complex constructs. The usefulness of such extensions by translation schemes was discussed
in [18], which we follow here.

Let o and 7 be two signatures, Z = {z, 21, 22, ...} be a set of distinguished first order variables, and
W be a set of first and second order variables with W N Z = (). A o-7-translation scheme ® over W
and Z is a pair (dy, (¢1)TeRrel, ) Where ¢y, o7 € MSO(0), ¢y has variables from WU {z}, and ¢r has
variables from WU {z1,..., Za (1) }. The variables from Z may not be used for quantification, i.e., all
variables from Z must be free.

Intuitively, the formula ¢, is a filter for the new universe, i.e., the universe of our new 7-structure
will contain all elements a of our o-structure which satisfy ¢;; when z is mapped to a. Likewise, every
formula ¢ defines the relation T of our new T-structure, i.e., the interpretation of 7" will contain all
tuples (a1, ..., @ar, (7)) Which satisfy ¢ when each z; is mapped to a;.

We set Free(®) = Free(¢u) U Upcre, Free(ér). The formulas ¢y and (¢1)rerel, depend on Z in
the following way. For a first order variable z not occurring in ¢y, the formula ¢y, (z) is obtained from
¢u by replacing all occurrences of z by x. Similarly, for T € Rel, and first order variables x1,. .., s (1)
not occurring in ¢, the formula ¢7(x1,...,Ta (7)) is obtained from ¢r by replacing all occurrences of
zi by x; fori € {1,...,ar (T)}.

For a o-structure A = (A, Zy) and a (W, A)-assignment ¢, we define the ®-induced 7-structure of A
and ¢, denoted by ®*(2, ), as a 7-structure with universe Ue and interpretation Z¢ as follows.

Ue ={a€ A| (A<[z —d]) = du}
Te(T) = {eete™ ™) | (U5l = d) = o)
Example 12. We can use a translation scheme to connect a specified vertex in a graph to a set of

vertices of the graph. For this let 0 = 7 = ({edge}, edge — 2) be the signature of a directed graph like
in Example 2. We define a o-o-translation scheme ® = (¢, Pedge) through

¢y = true
Pedge = edge(z1,22) V (21 =2 A 20 € X),
where z; = z is an abbreviation for VY (21 € Y — 2z €Y). Let & = (V,edge — E) € Str(o) be a graph,

v € V avertex, and I CV a set of vertices. Then the graph ®*(&, {x — v, X — I}) is exactly the graph
® with an edge added between v and every vertex v’ € I.

Example 13. A translation scheme can also be used to cut a subtree from a given tree at a specified
vertex in the tree. As in the previous example, let o be the signature of a directed graph. For a graph
® = (V,edge — E) € Str(o), let E’ be the transitive closure of the relation E CV x V. We say that &
is a directed rooted tree with root r € V if (1) E’ is irreflexive, (2) (r,v) € £’ for all v € V' \ {r} and
(3) for all v € V'\ {r} there is exactly one v’ € V with (v/,v) € E. We define the following abbreviation
which describes the reflexive transitive closure of F.

(x<y)=VX(r e XA(Vz(F2'2' € X Nedge(2',2)) > 2€ X)) »ye X
We define a o-o-translation scheme ® = (¢, Pedge) through
u = (v < z)
¢edge = edge(Zh Z2)-

Then with & as above and v € V, the graph € = ®*(&, x — v) is the subtree of & at the vertex v, i.e.,
Ue = {v}U{v €V | (v,0) € E'}
I¢ =FEnN (UC X U@)

We have the following fundamental property of translation schemes [18].

Lemma 14 ([18]). Let ® = (¢, (¢17)TeRrel,) be a o-T-translation scheme over W and Z, V be a set
of first and second order variables such that V, W, and Z are pairwise disjoint, and 8 € MSO(7) with
variables from V. Then there exists a formula oo € MSO(o) such that Free(a) C Free(S) U Free(®) and
for all structures A € Str(o), all (W, 20)-assignments ¢, and all (V,P*(2, <))-assignments p:

(*(A,),p) = B iff (A, Up) = a.

10



Proof. We indicate the proof for the convenience of the reader. We proceed by induction. In the follow-
ing, we will assume that for formulas ', 81, and 33, the theorem holds by induction with the formulas
o', a1 and as, respectively.

For f = (z € X), welet @« = (z € X). For B = T(xy,...,zx) for some T € Rel,, we let a =
or(x1,...,28). For f=-p" welet « = —=a/. For § = 1V 3, we let @« = a1 V aa. For g =3x.5', we
let a = Jz.(a/ A dyy(x)) and for § =3IX.0, we let a = IX.(/ AVz.(z € X = ¢y(x))). O

Together with Theorems 10 and 11, this gives us the following Feferman-Vaught decomposition the-
orems for disjoint unions and products with translations schemes.

Theorem 15 ([18]). Let ® = (¢, (¢1)1TeRrel,) be a o-T-translation scheme over W and Z, V be a set
of first and second order variables such that V, W, and Z are pairwise disjoint, and 8 € MSO(7) with
variables from V. Then there exist n > 1, tuples of formulas B*, 52 € MSO(c)", and an expression
Bg € Exp,,(B) such that Free(3) U Free(3?) C Free(3) U Free(®) and for all structures 2,8 € Str(o),
all (W, 20U B)-assignments s, and all (V,D* (AU B,))-assignments p:

(D" (AUB,<),p) = B if (Ba) (B, (U p)In), [B2)(B, (< U p) 1)) = true.

Proof. By Lemma 14 we know that there is a formula o € MSO(o) such that
(P*(ALDB,<),p) F B iff (AUB,cUp) = a.

We then use Theorem 10 for the formula « to obtain n > 1, tuples of formulas 3%, 32 € MSO(o)", and
an expression Bg € Exp,,(B) as required. O

Theorem 16 ([18]). Let ® = (¢u, (¢1)rerel.) be a o-T-translation scheme over W and Z, V be a
set of first and second order variables such that V, W, and Z are pairwise disjoint, and § € FO(r)
with variables from V. Then there exist n > 1, tuples of formulas B, 3% € FO(c)", and an expression
Bg € Exp,,(B) such that Free(3) U Free(3?) C Free(B3) U Free(®) and for all structures A, B € Str(o),
all (W, AU B)-assignments s, and all (V, 2*(A x B,<))-assignments p:

(@ (A x B,<),p) | B iff (Be)([BTIRA, (s Up)la), [B2)(B, (Up)lag)) = true.
Proof. We proceed as in the proof of Theorem 15 and combine Lemma 14 and Theorem 11. O

Example 17. We consider the signature o of a labeled graph, i.e., Rel, = {edge, label,, label,} where
edge has arity 2 and label,, label, both have arity 1. Given two directed rooted labeled trees &1, ®5 in
this signature (see Example 13), we can use a translation scheme to add edges between all leaves of &,
and the root of &5 in & U B,. For this scenario, we have to distinguish between the vertices from the
first and the second graph, so the use of an intermediate signature is necessary. We define the signature
o’ to be o extended by the relation symbols G; and Gg of arity 1. Then for ¢ € {1,2}, we define a
o-o’-translation scheme ®; = (¢y, (/)gdge, Dlabel, s Plabely s ¢iGl7¢iG2) as

¢y = true
¢/edge = edge(21, 22)
Prabel, = label,(z1)
Prabel, = labely(21)

. true ifi=j

false otherwise.
With the abbreviations

root(z) = —Jy.edge(y, x)
leaf(x) = —Jy.edge(x,y)

we then define the ¢’-o-translation scheme ® = (@u/, Pedge; Plabel, s Plabel, ) through

¢edge = edge(21, 22) V (G1 (2’1) A GQ(ZQ) A\ leaf(zl) A\ I‘OOt(Zg)).

11



Then & = &*(P;(&1) U 5(B2)) is exactly &1 U B2 with the leaves of &1 connected to the root of .
We now consider the formula

B = 3x.3y.(edge(x, y) A label, (z) Alabely(y))

which asks whether there is some edge between an a-labeled and a b-labeled vertex. We can apply Lemma
14 and Theorem 15 to obtain the following decomposition of 5. Let

Bt = (B,3z.]abel, (x) A leaf(z))

5% = (B, 3y.label, (y) A root(y))
Bﬂ =r1Vy1 vV (1‘2 /\yg).

Then we have

® = B iff {(Bs) ([3'1(®1), [F](82)) = true.

5 Weighted Feferman-Vaught Decomposition Theorems

Our goal is to prove weighted versions of Theorems 15 and 16. That is, we would like to replace FO by
wFO and MSO by wMSO in those theorems. This, however, is not possible as we will see in Sections 5.2
and 5.3. For disjoint unions, we have to restrict the use of the first order product quantifier and entirely
remove the second order product quantifier in wMSO. For products, it is not possible to include the first
order product quantifier at all.

5.1 Formulation of the theorems

Let o be a signature and K a commutative semiring. We define two fragments of our logic and formulate
our weighted versions of Theorems 15 and 16 for these fragments.

Definition 18 (Product-free weighted first order logic). We define the product-free first order fragment
of our logic through the grammar

pu=Blrle@o|e@e| Dy,

where 8 € FO(o0) is a first order formula, x € K, and x is a first order variable. By WFO®'ﬁee(a, K), we
denote the set of all such formulas. In fact, wFO® (5. K) is the set of all formulas from wFO(o, K)
which do not contain any first order product quantifier. Using this fragment, we will formulate a weighted
Feferman-Vaught decomposition theorem for products of structures.

Definition 19 (Product-restricted weighted monadic second order logic). In order to define the product-
restricted fragment of our weighted monadic second order logic, we first define the fragment of so-called
almost-Boolean formulas through the grammar

Ypiu=F K| | Y@,

where 8 € MSO(o) is a monadic second order formula and x € K. This fragment, which we denote by
wMSO*Po°l (g, K ), already appeared in [4] in the form of recognizable step functions. To obtain the main
theorem of [4], the product quantifier was restricted to quantify only over recognizable step functions.
We employ the same restriction and define the product-restricted fragment of our logic through the
grammar

pu=Blrlede|e@e|Pry| Rz | PX.e,

where § € MSO(o) is a monadic second order formula, x € K, x is a first order variable, X is a second
order variable, and 1 € wMSO*"*°!(s, K) is an almost-Boolean formula. By wMSO® ™ (s, K) we
denote the set of all such formulas. The set wMSO® (g, K) contains all formulas from wMSO(o, K)
which do not contain any second order quantifier and where for every subformula of the form @uz.¢) we
have that i is an almost-Boolean formula. Our weighted Feferman-Vaught decomposition theorem for
disjoint unions of structures will be formulated for this fragment. In [4] it was shown that for finite and
infinite words, this fragment is expressively equivalent to weighted finite automata.

12



We note that the restrictions we impose on the product quantifier are necessary as we will show in
Sections 5.2 and 5.3. We formulate the weighted versions of Theorems 15 and 16 as follows.! Let 7, W,
and Z be as in Section 4.

Theorem 20. Let K be a commutative semiring. Let ® = (duy, (1) 1eRrel, ) be a o-T-translation scheme
over W and Z,V be a set of first and second order variables such that V, W, and Z are pairwise disjoint,
and ¢ € wMSO® (7, K) with variables from V. Then there exist n > 1, tuples of formulas @, g% €
wMSO® (5, K)™ with Free(@t) U Free(@2) C Free(yp) U Free(®), and an expression E, € Exp,(K)
such that the following holds. For all finite structures A, B € Str(o), or, for all structures A, B € Str(o)
if K is bicomplete, all (W, 24U B)-assignments <, and all (V,P*(A L B,<))-assignments p we have

[e](@* (A LB, <), p) = (EN ([ 1, (s U p) ), [P*D(B, (< U p)3))-

Theorem 21. Let K be a commutative semiring. Let ® = (¢, (¢1)TeRel, ) be a o-T-translation scheme
over W and Z,V be a set of first and second order variables such that V, W, and Z are pairwise disjoint,
and ¢ € wFO® (7. K) with variables from V. Then there exist n > 1, tuples of formulas @*, 3% €
wFO® e (5 K)™ with Free(p') UFree(3?) C Free(p) UFree(®), and an expression E,, € Exp,, (K) such
that the following holds. For all finite structures A,B € Str(c), or, for all structures A, B € Str(o) if K
is bicomplete, all (W, 2 x B)-assignments s, and all (V,P*(2A x B,))-assignments p we have

L) (2" (2 x B, <), p) = (EN ([ 12, (s U p) ), [$*D(B, (< U p) o))

The proofs of both theorems are deferred to Section 5.4. For formulas without free variables and a
trivial translation scheme, ie., 0 = 7, ¢y = true, and ¢r = T(z1,..., 2, (1)) for all T" € Rel,, the
theorems reduce to the following, simplified versions.

Theorem 22. Let K be a commutative semiring and ¢ € WMSO®'T€S(U, K) be a sentence. Then there
exist n > 1, tuples of sentences @*, p% € wMSO® T, K)", and an expression E, € Exp,(K) such
that the following holds. For all finite structures A,B € Str(o), or, for all structures A, B € Str(o) if K
is bicomplete, we have

[e)(AuB) = (EN([01Q), [°](B)).

Theorem 23. Let K be a commutative semiring and ¢ € wFO® (g, K) be a sentence. Then there
exist n > 1, tuples of sentences g%, @? € wFO® ’free(a, K)", and an expression E, € Exp, (K) such that
the following holds. For all finite structures 2,B € Str(o), or, for all structures A,B € Str(o) if K is
bicomplete, we have

[e)(A x B) = (E)([9 1), [£°](B)).

Example 24. To illustrate Theorem 22, we consider the semiring of natural numbers (N, +,-,0,1) and
the signature o of a labeled graph, i.e., Rel, = {edge, label,, label,} with edge binary and label,, label,
both unary. Consider the following formula which multiplies the number of vertices labeled a with the
number of edges between two vertices labeled b.

@Pax.label,(z) | @ | Pr.Py.edge(x,y) Alabely(x) Alabely(y)
—_——

=®Pa =®b

The formula can be decomposed as follows. Let

7' =% = (¢a, 1)
E, = (21 ©y1) ® (v2 © y2).
Then for every two o-structures &1, &5 we have

[£](81 U &s) = (E ) ([2"](&1), [#°](®2)).

Mn [25] a weighted version of Theorem 15 similar to ours is stated (without proof) to hold without any restriction on the
first order product quantifier. However, in Subsection 5.2 we show that a restriction on the product quantifier is necessary.
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Example 25. In Example 7, we interpreted [¢](2(, p) as the number of proofs we have that (2L, p)
satisfies ¢, assuming that ¢ does not contain constants. Applying Theorem 20 in this scenario means
that the number of proofs that (2( U 9B, p) satisfies a formula ¢ can be computed from the number of
proofs we have that (2, ply) satisfies some formulas o1, ..., and the number of proofs we have that
(B, ply) satisfies some formulas ©?,..., 2 by combining these numbers only through an expression.

Example 26. In [25], it is discussed how translation schemes can be applied for Feferman-Vaught-like
decompositions of weighted properties. Theorems 20 and 21 show that this is possible for all properties
which can be expressed by formulas in our weighted logic fragments.

5.2 Necessity of restricting the logic for disjoint unions

In this section, we show that the restrictions we impose on the product quantifiers are indeed necessary.
For disjoint unions, we will prove that already Theorem 22 does not hold over the tropical semiring
Trop = (RU {oo}, min, +, 00,0) and over the arctic semiring Arct = (RU {—o0}, max, +, —00,0) for the
formulas ®z.Qy.1 and ®X.1. To prove this, we employ Ramsey’s Theorem. Then we show that for
the formula @z.Py.1, Theorem 22 does not hold over the semiring (N, +,-,0,1). We note that these
types of formulas also occurred in [4] and [5] as examples of weighted formulas whose semantics could
not be described by weighted automata.

We will employ the following version of Ramsey’s Theorem. For a set X, we denote by [%] the set
of all subsets of X of size 2.

Theorem 27 ([24]). Let X be an infinite set, k > 1 a positive integer, and f: [§] — {1,...,k} a

mapping. Then there exists an infinite subset E C N such that f{[g] =1 for somei € {1,...,k}.
2

Theorem 28. Let K € {Trop, Arct}, o = (0,0) be the empty signature, and for | € N, consider
the o-structures &, = ({1,...,1},0). Then for ¢ = @z.Qy.1 there do not exist n > 1, 1, 3% €
(wMSO(o, K))™, and E,, € Exp,,(K) such that for all l,m € Ny we have

[2)(&1 U Gm) = (EN[#1(81), [#°)(Sm))- (5.1)

Proof. First, consider K = Trop. For contradiction, suppose that n, @', 2, and E, as above satisfying
(5.1) exist. We may assume that E, = F1 @ ... @ Ej is in normal form with all E; pure products. For
I>1andie {1,...,k} we let a;; = [PRD*(E;, 3%, #)](&;) and b;; = [PRD?(E;, 3%, 32)](&;). Then
by assumption we have

(14 m)? = [](1 U S,n) = min(ag; + by (5.2)

Given [ > 1 and m > 1, for at least one index j € {1,...,k} we have (I +m)? = a;j + by,,;. We define

2
I < m. Then we take E C N, according to Ramsey’s Theorem. As F is infinite, there are I, \,m,u € E
with [ < A <m < pu. With 5 = jj,,,, we thus have

Jim as the smallest such index. Then we define a function f: [N—*} —={1,...,k} by f({l,m}) = jim for

(L+m)? = ayj + bm;
(A +m)? = axj + by
U+ p)? = aij +by;
(A + 1)* = axj + by
This implies that
A+ w)?=A+m?+ 4+ p)? - (1 +m)?
=N+ 2+ 2 m + 2lp — 2lm
=+’ =20 =) (p—m)
< (A4 p)?,
a contradiction. Therefore, n, ¢*, @2, and E, as chosen cannot exist.

The proof for the arctic semiring is in fact identical, the only difference is that equations (5.2) become

(1+m)” = [P](&1 U &) = miax(ag; + by).
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Theorem 29. Let K € {Trop, Arct}, o = (0,0) be the empty signature, and for | € Ny consider the o-
structures &, = ({1,...,1},0). Then for ¢ = @X.1 there do not exist n > 1, ¢, p? € (WMSO(o, K)),
and E, € Exp,,(K) such that for all I,m € N we have

[£)(61 U Gm) = (EN([9'1(60), [$°)(Gm)).-

Proof. We proceed as in the proof of Theorem 28 and by contradiction obtain a system of equations
k
oltm — [[QOH(GZ U Gm) = Iln:l{l(alz + bmi).

Also employing Ramsey’s Theorem in the same way, we obtain [ < A <m < p and j € {1,...,k} such
that

2l+m = ay; + bmj
2>\+m = ay; + bm]
2 =y + by

AFH — ax; + by,
which gives us the equality

2)\+,u — 2)\+m _|_ 2l+p, _ 2l+m.

By dividing by 2"t™ we obtain
2D Hlumm) < A=l g gumm g, (5.3)
However, we have
2=+ (u=m) > A=l | gu—m
> ormm
which contradicts equation (5.3). O

Theorem 30. Let K = (N,+,-,0,1), o = (0,0) be the empty signature, and for | € N, consider
the o-structures &, = ({1,...,1},0). Then for ¢ = @z.@y.1 there do not exist n > 1, p*, 3% €
(wMSO(o,N))"™, and E, € Exp,,(N) such that for all I,m € N we have

[)(61 U Gm) = (EN([£1(60), [$°)(Gm)).- (5-4)

Proof. We proceed by contradiction and assume n, 1, 2, and E,, as above satisfying (5.4) exist. We may
assume that E, = E1 &...$ Ej is in normal form with all E; pure products. For [ > 1and ¢ € {1,...,k}
we let a; = [PRDY(E;, @*, 3®)](&;) and by; = [PRD?(E;, @, 3)](&;). Then by assumption we have

k

1 +m) ™ = [p)(&USm) =D (- bmi)- (5.5)
i=1

For every j € {1,...,k} we choose L; > 1 such that ar,; # 0, or let L; := 0 if for all [ > 1 we have
ajj = 0. Assume m > 1 and j € {1,...,k} with L; # 0, then az,; > 1, hence

k
(Lj + m)(Ljer) == Z(aLji ° bmz) Z (aij : anj) Z bmj-

i=1
In particular, with L := max{L; | i € {1,...,k}}, we have that for every j € {1,...,k} either (i)
bmj < (L +m)E+™) for all m > 1 or (i) a; = 0 for all [ > 1. Note that from equation (5.5) it follows
that L = 0 is impossible. In the same fashion, we can find M > 1 such that for every [ > 1 and every
§€{1,...,k} either (i) a;; < (I 4+ M)FM) for all 1 > 1 or (ii) by,; = 0 for all m > 1.

Now, for arbitrary [ > 1, consider the special case

k

(1+ 1) = Z(a” “bui)-

i=1
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If j € {1,...,k} such that either a;; = 0 for all { > 1 or by,; = 0 for all m > 1, then clearly also
(aij - bi;) = 0. If j is not like this, we have

(ayj - biy) < (L4 M) (L4 1)EFD < (14 €)20+C)
for C':= max{L, M}. In summary, we have
(20)% < k(1 + C)*1F)
for every [ > 1. Now if [ is of the form NC for some N € N, we have

(2l)2l S k(l + C)Z(Z+C)

& 2NC)NC < VE((N 4 1)0)N+De
& 2NN < VEkC(N 4+ 1)NV+D
2N /N Y _
—(——) < :
< N+1 <N T 1) < Whe

However, this inequality cannot hold for all N € N, as

2N o
Niﬂ N;> +OO and (

N N N —o0 6_1
N+1 '

5.3 Necessity of restricting the logic for products

The proof of Theorem 28 can also be used to show that no Feferman-Vaught-like theorem holds for
products if the first order product quantifier is included in the weighted logic. More precisely, already
Theorem 23 does not hold over the tropical and arctic semirings for the formula ¢ = @z.1 even if !
and @2 are allowed to be from wMSO (o, K).

Theorem 31. Let K € {Trop, Arct}, o = (0,0) be the empty signature, and for | € Ny consider the
o-structures &; = ({1,...,1},0). Then for p = Q.1 there do not existn > 1, ¢*, % € (WMSO(a, K))",
and E, € Exp, (K) such that for all I,m € Ny we have

[£)(&1 % &m) = (EN([#1(&1), [£°](Sm)).-

Proof. Like in the proof of Theorem 28, for K = Trop we reduce the problem to a system of equations
k
Im=[p](6; x &) = mi{l(a“ + b))
i—

Employing Ramsey’s Theorem, we again obtain | < A < m < g and j € {1,...,k} such that

Im = agj + by
Am = axj + bm;
lp=ap + by
A= ax; +by;.

Thus, we have

A =2Im+Ilp—Im
= A=A =D)(p—m)
< A,

which is a contradiction. For K = Arct, the proof is again analogous. O
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5.4 Proofs of Theorems 20 and 21

We now turn to the proof of Theorems 20 and 21. We can reduce the proofs to the case where the
translation scheme is the identity.

Lemma 32. Let ® = (¢y, (¢1)Terel.) be a o-T-translation scheme over W and Z, V be a set of first
and second order variables such that V, W, and Z are pairwise disjoint, and ¢ € wMSO(r, K) with
variables from V. Then there exists a formula ¢ € wMSO(o, K) with Free(y) C Free(yp) U Free(®) such
that the following holds. For all finite structures 2 € Str(c), or, for all structures A € Str(o) if K is
bicomplete, all (W, 2l)-assignments s, and all (V,®* (2, <))-assignments p we have

[l (2% (A, 6), p) = [¥](A, s U p).

If ¢ is from wMSO® (7, K) or wFO®(r K then ¢ can also be chosen as a formula from
wMSO® (5, K) or wFO® (5, K), respectively.

Proof. We proceed by induction. In the sequel we will assume that for formulas ¢’, ¢1, and ¢, the
lemma holds by induction with the formulas 1/, 11, and 5, respectively.
For ¢ = 8 € MSO(7), we obtain ¢ by applying Lemma 14 to 3. For ¢ = k € K, we let ¢ = k. For
=1 P s Or Y = 1 ® g, we define ¥ = Y1 B Yy or Y = Y1 ® Pg, respectively.
For o = @Pz.¢’, we let v = Px.(¥' & dy(x)).
For ¢ = PX.¢', we let v = PX.(¢Y @Vz.(z € X — du(x))).
For ¢ = Qu.¢', we let ¢ = Qu.(¢' ® ¢u(x)) © ~¢u(x)).
For ¢ = ®@X.¢, we define 8 =Vz.(x € X — ¢y (z)) and let v = QX.((v' ® 8) ® —5).

Note that for the cases of infinite sums and products, we need that [[,1 =1 and ) ; 0 = O for every
index set I. The first is an axiom of our infinite products, the latter follows from the distributivity of
the infinite sum. O

Proof of Theorem 20. We proceed by induction. By Lemma 32, it suffices to prove the case 7 = ¢ and
O (AL B, ¢) =ALDB.

B ¢ = (3 for some 8 € MSO(0) o
We apply Theorem 10 to the formula 3 and obtain [ > 1, tuples of formulas 3%, 32 € MSO(c)!, and an
expression Bg € Exp;(B) such that

(AUB, p) | Biff (B)([B1(2, pla), [B7)(B, play)) = true.

We may assume that Bg = By V...V By, is in normal form with all B; pure conjunctions. We let
vi = CONY(B;, 8%, 3?) and &; = CON?(B;, 3, 3?) for i € {1,...,m} (see Construction 8). We set
n = 2m and define

@1 = (’yl""?’ymv_"yla"'v_"Ym)
@2 = (617~ .. )5’"”_'61’ .. -7_'57n)~

Intuitively, we would now define the expression E, as (1 @ y1) ® ... ® (Tm @ ym), but this expression
is not necessarily evaluated to 1 in K if v; A ¢; is true for more than one index i. Instead, we define
expressions Ey, € Exp,,(K) for k € {1,...,m} inductively by E; = z; ® y; and

Er = (Er—1® ((Tham @ Yk) @ Yktm)) B (Tk @ yi)

for k > 2 and set E, = E,,. The expression Ej, is evaluated to 1 if 4 A d; holds, and otherwise, if either
vk or O does not hold, it is evaluated to Eyx_;. We show by induction that for all k € {1,...,m} we
have

(BN TR T, pla), [821(B, pls)) =
{1 if (B[], plao), [B21(B, ply)) = true for some i € {1,....k}

0 otherwise.
Let & = [@Y](A, plg) and X = [@?](B, ples). For k = 1 we have, due to the fact that &, A € {0,1}%™,

(w1 @y )R, A) =1
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@mzland)\lzl
< (A, pla) E 1 and (B, ply) =0
< (B >>([[ﬁ 1(21, play), [52](B, pl)) = true

and ((E1))(%,A) = 0 otherwise. For k > 1 and (B;))([3*](2, ply). [8%](B, plw)) = false for all i €
{1,...,k}, we have (Ex—1))(%, A) = 0 by induction and at least one of iy, Ax is 0. It is easy to see that in
this case (Ek))(%,A) = 0. Otherwise either (E,_1))(R, ) = 1 by induction or k; = A\ = 1. Taking into
account that the values fqr Tk, Thtm and Yk, Yu+m are always “dual”, a simple case distinction shows
that in this case (Ex)) (%, A) = 1. In conclusion, we have [¢](2U B, p) € {0,1} and

[P](ALDB,p) =1

(AUDB,p) B

(Bs) (IB*1(, pla), [B21(B, plas)) = true

(BN (1B, pla), [B?1(B, plg)) = true for some i € {1,...,m}
(BN [L 1A pla), [°](B, plw)) = 1,

hence [@] (AU B, p) = (EN ([P 1, pla), [£°1(B, pln))-

54
=
=
4

B p =k for some Kk € K
We let n =1, p} = p? =k and E, = ;.

Wo=(D7

We assume the theorem is true for ¢ with ¢t,(2 € wMSO® (4, K)! and E; € Exp,(K), and for n
with 7,72 € wMSO® ™ (5, K)™ and E, € Exp,,(K). We let ¢* = (¢t,....¢tnt, ... nk), % =
(¢2,...,¢8n2,...,n2), and E, = E; & E;, where Ej is obtained from E, by replacing every variable
x; by x;4; and every variable y; by y;4+;. We have

[el(ALB, p)
= [JA LB, p) + [n](AUB, p)
= (BN, pla), [CP1(B, pls))
= (EN([# T, plo), [2°1(B, plas))
= (B )([@ 13, pl9), [2°1(B, plg))-

+ (BN ([T 1A, plo), [1°1 (B, plas))
+ (BN ([T, pla), [2°] (B, plas))

Wo=(®7
The proof is the same as for the previous case, only that here we define £, = E¢ ® E,/7

myp=>@xC

We assume the theorem is true for ¢ with ¢t,¢? € wMSO®'rES(U, K)! and E; € Exp,(K). We may
assume that Ec = £ @ ... @ E,, is in normal form with all E pure products and that x does no occur
as a bound variable in any of the ¢} or ¢?. We let & = PRD? (E;,¢*, ¢?) and 0; = PRDZ(EZ, ¢t C%). W

set n = 2m and define

= (Bz&,. . Do, &, €T
= (Pz.b1,...,Px.0,,07%,...,0,7%)

@
E, =@ (% @ Ymyi) ® (Tmri @ Ys))-
Then we have
[l (AL B, p)
> [CIAUB, ple — d)
ceAUB
= Y (BENICTE, ple — dTa), [CP1(B, plz — )
ceEAUB
= > Z WIS, ple — 19, [21(B, plz — Jly))
cEAUB i=1
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Z 51 Q[ pac - C] )[[91]](%7p[.%' - CH%)

= Z fale = al) - [072108, pla) + 3 S L6 1 pla) - 1B, ol — )
€A i=1 beB i=1
=Z< [[fz‘]](%ﬁm[xea]o 10718, plsg) + € 1A, pla (Z[W 1B, plas x—)b]))
i=1 \a€A beB

3

=Z[[eawszﬂ<mp o) - [0 1B, plas) + [& 1, play) - [D-0:)(B, plss)

(BN 1A, plar), [2°1(B, plos))-

mo=@PX(

As for the first order sum quantifier, we assume that the theorem is true for ¢ with ¢, (2 € wMSO® ™ (g, K)!
and E. € Expl(K ) such that E; = Ey & ... & E,, is in normal form with all E; pure products. We let

& =PRD (E“C1 ¢?) and 0; = PRDZ(EZ,C1 ¢?). We set n = m and define

ot = (BXE,. .., DXL
@2 = (@Xﬁl, ceey @Xem)
E,=®", (z; @ ;).

—_

Then we have

[e](AUDB, p)
> KI@AUB, p[X — 1)

ICAUB

Y (BN, plX = Lln), [CC)(B, plX = 1)]5))

ICAUB

m

= > D [GIE, X = ITy) - [0:(B, p[X — 1)

ICAUB i=1

=3 > D IEI@ plulX = 1)) - [6:](B, plop [ X — J))

i=1 ICAJCB

(Z[[gz (A, pla X—>I) (Z[[e]]%p X—>J]))

‘P“ﬂg

i=1 \ICA JCB

M-

(DXL, ply) - [DX-0:](B, plys)
(E N[22, pla), [2°1(B, pls))-

B o = ®z.¢ with ¢ € wMSO*"°°! (¢, K) almost Boolean
Using the laws of distributivity in K and the fact that for two MSO formulas «, 5 € MSO(c) we have
[a ® B8] = [a A B], we may assume that ( = (k1 ® 1) B ... D (k; ® §;) for some | > 1, k; € K, and
Bi € MSO(o). First, we will show that we may even assume that Si,...,5; form a partition, i.e., that
for every (V,2 L B)-assignment p’ there is exactly one i € {1,...,1} with (AU B, ) = ;.

For this, let Q = {81,681} x ... x {Bi,~8}. For every @ = (w1, ...,w;) € Q we define a formula ag
and kg € K as follows.

-
Il

|
_

l
Ay = /\ Wy Ry = E Kj
i=1 1<i<l
w; =P

The empty sum is 0 by convention. It is clear that for every (V,2 U 9B)-assignment p’ there exists a
unique @ € Q with (AUB, p') = ag. Moreover, for i € {1,...,1} we have (AU B, p') = §; if and only if
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(AU B, ") E ay for some @ € Q with w; = §;, and in this case @ is unique. We therefore have

l
[CIRAUB, p) =D ki [B]AUB, )

i=1

!
= Z/‘% : Z [aa](RUB, o)

weN
w;=P;

l
S Y ki fas]@UB, )

i=1 weN
w;i=P4

S | leel@us,p)

@en | 1<i<i
wi=pB;
= Z K - o] (A LB, p').

weEN

Thus, [(] = [Bycqre ® az] and the family (ag)seq forms a partition in the above sense. In the
following, we simply assume that ( = (k1 ® 51) ® ... ® (k; ® 5;) and that 5q,..., 5 form a partition.

For every i € {1,...,1}, let X; € V be a second order variable not occurring in . We define the
abbreviation

((x e X;) > ki) = ((z € X;) @ Ki) ® ~(x € X;).

We write all of the X; into a tuple X and for sets I; C AUB (i € {1,...,1}), we let I be the corresponding
tuple of sets. Then for ¢ € AU B and sets I; C A LI B we have

ki ifcel;

1 otherwise.

[(z € Xi) > w]J(AUDB, p[X — I,z — ¢])

Now consider the formula

i=1

l !
(/\ Ve.(z € X; < ﬂl)> ® ®®x((m € X;) > Ki).

For sets I; CAUB (i € {1,...,1}) we have

l
[\ Va.(z € Xi + B))(AUB, p[X — 1)

i=1

1 ifforallce AUBandallie {1,...,1}:ce L iff (AUDB,p[lz — ) = B
0 otherwise.

Hence, the above is evaluated to 1 if and only if I; = {c € AUB | (AU B, plx — ¢]) E Bi} for all
i€ {1,...,1}. In this case, the family (I;)1<;<; is a partition of AU B, since the family (8;)1<i<; forms
a partition. Therefore, in this case we have

l
[Q) Ra.((x € X,) > ki) |(AUB, p[X — 1)

i=1

Sine

i=1cel;

1
H Zni 8] U B, plz — ])

ceAUB i=1

1T Ih@aus, plz — d)

ceAUB
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= [l (A LB, p).

In conclusion, we have

l

l

i=1

Therefore, it suffices to show this case of the induction for formulas of the form

v =Quz.((x € X)> k).
We let n =1 and define ¢! = ¢? = (Qz.((z € X) > k)) and E, = 21 ® y1. Then we have

[&a.((z € X) > H)H(QUJ B, p)
= [Q=.((z € X) > £)[(A, pla) - [Qz.((z € X) > £)[(B, pls)
= (BN ([#' 1, pl), [[802]](%70[%))-

O

Proof of Theorem 21. Again we proceed by induction and assume that 7 = o and ®* (A x B,¢) = A x B.
The proofs for the cases p = 8, p =k, p = (& n, and ¢ = ( ® n are identical to the ones used in the
proof of Theorem 20 for the corresponding cases.

For the case ¢ = @x.¢ we proceed as for the case ¢ = @X.(¢ in the proof of Theorem 20 as follows.
We assume that the theorem is true for ¢ with ¢*,¢? € WMSO(XHES(U, K)Yand E; =E1®...® E,, is
in normal form with all E; pure products. We let &; = PRD*(E;, Y, ¢?) and 6; = PRD?(E;, gl, C?). We
set n = m and define

(ﬁl = (@Jf.fl, ey @mgm)
- = (@xﬂl, ceey @mem)
E,=®",(zi®y).

Then we have

[el (3 x B, p)

= > [l x B, plx — )
ceEAXB

= > (BENICTE, plz = dTa), [$P1(B, pla — ] 1))
cEAXB

> D IENE plz = i) - [0:1(B, plr — c]lss)

ceAxB i=1

=33 > LGN plglz — al) - [0:1(B, plol — b))
i=1 a€AbEB

= Z (Z[[{Z 1 plylz — a > . (Z[[Hi]](%7pfs3[$—> b]))
i=1 \a€A beB

= 3 (@@ ply) - [Deb)(B. pla)

=1

= (BN [£ 1A, pla), [9°1(B. plow))-

This concludes the proofs of Theorems 20 and 21.
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5.5 De Morgan algebras

In this section, we want to consider the special case where our semiring can be extended by a unary
operation — to form a De Morgan algebra (L,V,A,—,0,1). A tuple (L,V,A,—,0,1) is called a De Morgan
algebra if (L,V,A,0,1) is a bounded distributive lattice and —: L — L is an involution satisfying De
Morgan’s laws, i.e., we have =(zVy) = ~zA—-y, ~(zAy) = ~zV-y, and ~—x =z for all z,y € L. If <isthe
induced order of the lattice (L, V, A, 0, 1), it follows that —: (L, <) — (L, <) is an order-antiisomorphism.
In particular, -0 = 1 and =1 = 0. A De Morgan algebra is called complete if (L,V, A,0,1) is a complete
lattice. Since — is an order-antiisomorphism, it follows that the equalities = A .y * = V_cx == and
“Vaex = Ngex —v hold for every subset X C L of a complete lattice L.

Example 33. Examples of De Morgan algebras include
e all Boolean algebras, in particular, the two element Boolean algebra B,

e Kleene or Priest logic, i.e., the three element Kleene algebra ({F,I,T},V,A,—, F,T) where F' <
I < T describes the lattice and =1 = I, —=F = T the negation,

e Belnap or Dunn logic ({F,B,N,T},V,A,—, F,T) where F < B<T,F <N <T, and B and N
are incomparable, and the negation is given by =B = B, =N = N, =F =T, and

e the Lukasiewicz logics, for example Lo, = ([0, 1], max, min, —,0,1) where —z =1 — z.

Whenever we are dealing with a De Morgan algebra, we can include the operator — into our weighted
logic.

Definition 34 (De Morgan-extension). Let o be a signature. We define the De Morgan-extensions of
our weighted first order and monadic second order logics through the grammars

pu=Blrlpledplep|Bre| Q.0

where 8 € FO(o) is a first order formula, k € L, and z is a first order variable, and

pu=Blrl-ple@e|lep|Pre| Q| PX.p| X0,

where 8 € MSO(o) is a monadic second order formula, x € L, z is a first order variable, and X is a
second order variable, respectively. The semantics of - is defined by [-¢](2, p) = —[e](A, p) for a
o-structure 2 and a variable assignment p. By wFO™ (¢, L) and wMSO ™ (0, L), we denote the sets of all
such formulas, respectively. Weighted logics for words over bounded lattices were also considered in [6],
where the authors showed that Kleene-type and Biichi-like results hold for these logics.

Since L is a De Morgan algebra, it is easy to see that for every formula ¢ € wMSO™ (0, L) the
formulas @z. and -@Px.—p are semantically equivalent. The same holds true for the formulas @ X.p
and =@ X.—p. Therefore, in this scenario we do not need any restriction to formulate weighted Feferman-
Vaught decomposition theorems. Let 7, W, and Z be as in Section 4.

Theorem 35. Let L be a De Morgan algebra, ® = (¢y, (¢1)Terel,) be a o-T-translation scheme over
W and Z,V be a set of first and second order variables such that V, W, and Z are pairwise disjoint,
and p € wMSO™ (7, L) with variables from V. Then there exist n > 1, tuples of formulas @*,p* €
wMSO ™ (o, L) with Free(gt) U Free(¢?) C Free(p) U Free(®), and an expression E, € Exp,, (L) such
that the following holds. For all finite structures 2,B € Str(o), or, for all structures A, B € Str(o) if L
is complete, all (W, A U B)-assignments ¢, and all (V, P* (AL B, <))-assignments p we have

[e)(@*(AUB, <), p) = (EN ([ (2, (s U p) ), [P*D(B, (< U p)3))-

Theorem 36. Let L be a De Morgan algebra, ® = (¢u, (¢1)1eRrel, ) be a o-T-translation scheme over W
and Z,V be a set of first and second order variables such that V, W, and Z are pairwise disjoint, and
o € wFO™ (7, L) with variables from V. Then there exist n > 1, tuples of formulas ¢*, p*> € wFO™ (o, L)"
with Free(@) U Free(¢?) C Free(p) U Free(®), and an expression E, € Exp,,(L) such that the following
holds. For all finite structures A,B € Str(o), or, for all structures A, B € Str(o) if L is complete, all
(W, 2 x B)-assignments ¢, and all (V, P* (A x B, ))-assignments p we have

L) (@ (2 x B, <), p) = (EN ([ 12, (s U p) ), [P*D(B, (< U p)an))-
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Proof. We proceed as in the proofs of Theorems 20 and 21. To see that we can assume the translation
scheme to be trivial, note that the inductive proof of Lemma 32 can easily be extended to wMSO™ (o, L):
if o = =’ and the lemma is true for ¢’ with the formula v)’, then we can choose 1) = —)’.

Using the inductive steps of the proofs for Theorems 20 and 21 and the above rewriting of product
quantifiers into sum quantifiers through a double weighted negation, we see that it only remains to show
the inductive step for the weighted negation ¢ = —( as follows.

We proceed as in the proof for the Boolean case. Also, the proofs for the disjoint union and the
product are the same, so in the following let € = A 1LIB or € = A x B. We assume the theorem is true
for ¢ with E; € Exp;(L) and ¢*,(? from wFO (o, L)! or from wMSO ™ (0, L)!. We may assume that
E:=FE @...0 Ey,, is in normal form with all E; pure products. We let & = PRDl(Ei,El,Ez) and
0; = PRDz(EZ,Cl ¢?) and define

_‘617 .. 7_‘§m)
Cla"w"Cﬂ’L)

ELP = /\(1‘z V yi)~
=1

=(
=(=

Then we have
[¢](€, p) =ﬁ<<Ec>>([[C 12, pla), [CP1(B, pls))
=ﬁ\/ NICT(R, pla0), [C1(B, plag)

:ﬂ\/usz 12, pla) A 1618, play)

/\[[ﬂfz (3 plo) V [-0:](B, plp)

=1

= (E N[, plo0), [2°1(B, pls))-

5.6 Weakly biaperiodic semirings

In this section, we show that Theorems 20 and 21 hold true without the need for any restriction whenever
our weights are taken from a weakly biaperiodic commutative semiring. A monoid is called weakly
aperiodic if for every element x there exists a positive integer n such that ™ = 2"*!. We call a semiring
(K,4+,-,0,1) weakly biaperiodic if both its additive monoid (K,+,0) and its multiplicative monoid
(K,-,1) are weakly aperiodic. Weighted logics for words over weakly biaperiodic semirings were also
considered in [4, 6].

Example 37. Examples of weakly biaperiodic semirings include
e Every De Morgan algebra, in particular, all semirings from Example 33,
e the Lukasiewicz semiring ([0, 1], max, ®,0,1) where  ® y = max{0,z +y — 1},

e the truncated min-plus semiring ([0, d], min, 44, d,0) for a real number d > 0, where = +4y =
min{d, z + y}.

For weakly biaperiodic semirings, we can show that every quantifier, when quantifying over an almost
Boolean formula, again models an almost Boolean formula. The proof for this employs explicit case dis-
tinctions to compute the outcomes of the quantifiers. By induction, it follows that for weakly biaperiodic
semirings, every wMSO formula is semantically equivalent to an almost Boolean formula, i.e., a formula
containing no weighted quantifiers. We thus have the following lemma.

Lemma 38. Let K be a weakly biaperiodic commutative semiring and o a signature. Then for every
formula ¢ € wMSO (0, K), there exists a formula ¢ € wMSO* (o, K) with [p] = [¢].
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Proof. We proceed by induction. For the cases ¢ = 8 € MSO(0,K), ¢ = k € K, ¢ = 11 @ 12, and
© = 11 @ by with ¥y, 1hy € wMSO*P° (g, K), the statement is clear.

For the cases ¢ = Pr.¢’, ¢ = PX.¢, ¢ = Qu.¢', and ¢ = RX.¢' with ¢’ € wMSO(o, K),
we proceed as follows. By induction, we assume that there exists an almost Boolean formula v’ €
wMSO0*P°°! (¢ K') such that ['] = [¢']. We assume that ¢ is of the form ¢/ = (k1 ®81)®...® (k@ F),
where (1,..., 5 form a partition like in the proof of Theorem 20. By the assumption that K is weakly
biaperiodic, there exists for every i € {1,...,l} a number n; € N such that Z;”Zl Ki = Z;f{l K.
We let Ny := max!_, n;. Likewise, there exist n; € N, such that H?;l K = H;“:l'l k; for every
i€{l,...,1}. Welet Ny := max!_, n;,. Then with N = max{N;, No} we have Z;\Ll Ky = j\;l
Hé\lzl Ki = H;y:tl ki for all i € {1,...,1}. Furthermore, we define abbreviations as follows. For first order
variables y; and y, and second order variables Y7 and Y3, we let

k; and

(1 =y2) =VZ.(y1 € Z < y2 € Z)
(}/1 = }/2) = VZ(Z € Y1 >z e YQ)

Now let 8 € MSO(o, K) be a monadic second order formula. For a first order variable y, we denote by
B(y) the formula which results from S by renaming every free occurrence of the first order variable x
to y. For a second order variable Y, we denote by B(Y") the formula which results from 8 by renaming
every free occurrence of the second order variable X to Y. Then for m € Ny and X € {x, X}, we define
the abbreviations

my g.— 3, . .. axm.( A Bx) A N (X = Xj))
i=1 i#j
ImX.B = FEMX B A(FEMTIX )
X3 ifm<N

Imx g =
p {HZNX.B if m> N,

where X, ..., X, ¢ Free(y’) are first order variables if X = z, and they are second order variables if
X = X. For every v € {0,..., N}, we define the constants

I v I v
K ::ZZ/@- Ao ::HH;{,».

i=1j=1 i=1j=1

Again, the empty sum is defined as 0 and the empty product as 1. Then for the case ¢ = PX.¢" with
X € {z, X}, we define the formula

l
1/} = @ Ky ® /\ aUZXBZ

5€{0,....N}! i=1

By the definition of x; and the choice of N, we have [¢] = [¢] and ¢ is almost Boolean. For the case
©=QX.¢ with X € {x, X}, we define

l

v€{0,...,N}! =1
Again, we have [¢] = [¢¢] and v is almost Boolean. O
We let 7, W, and Z be as in Section 4. Then we have the following theorems.

Theorem 39. Let K be a weakly biaperiodic commutative semiring. Let ® = (du, (p1)TeRrel,) be a
o-T-translation scheme over W and Z, V be a set of first and second order variables such that V, W,
and Z are pairwise disjoint, and ¢ € wMSO(7, K) with variables from V. Then there exist n > 1, tuples
of formulas @, @?> € wMSO(o, K)" with Free(¢t) U Free(¢?) C Free(¢) U Free(®), and an expression
E, € Exp,,(K) such that the following holds. For all structures A, B € Str(c), all (W, AUB)-assignments
s, and all (V, ®*(A U B,<))-assignments p we have

[e)(@*(AUB, <), p) = (EN ([ T2, (s U p) ), [P*](B, (< U p)13))-
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Theorem 40. Let K be a weakly biaperiodic commutative semiring. Let ® = (¢y, (d7)TeRel,) be a o-T-
translation scheme over W and Z,V be a set of first and second order variables such thatV, W, and Z are
pairwise disjoint, and ¢ € wFO(7, K) with variables from V. Then there exist n > 1, tuples of formulas
¢t 9% € wFO(o, K)™ with Free(p') U Free(¢?) C Free(p) U Free(®), and an expression E, € Exp,, (K)
such that the following holds. For all structures 2,8 € Str(o), all W, 2 x B)-assignments ¢, and all
(V, 2* (A x B, ))-assignments p we have

[e)(@* (A x B,<), p) = (E N ([P ], (s U p) o), [$71(B, (s U p) 1))

Proof. This can be shown using the exact same methods as in the proofs of Lemma 32 and Theorems 20
and 21. Note that, since every formula ¢ € wMSO(o, K) is equivalent to some almost Boolean formula,
we do not need any assumptions on the finiteness of our structures. O

5.7 Beyond disjoint unions and products of two structures

So far, we considered induced disjoint unions and products of only two structures. Here, we shortly point
out an extension of Theorems 20 and 21 to disjoint unions and products of more than two structures.
For m,n > 1 we define the set of expressions Exp,,,,(K) similar to Exp,, (K) but with variables

from {z? | i € {1,...,n},j € {1,...,m}} and the semantics extended in the obvious fashion. Then we
have the following theorem for disjoint unions.

Theorem 41. Letm > 2, ® = (¢y, (d1)TeRel, ) be a o-T-translation scheme over W and Z, V be a set of
first and second order variables such that V, W, and Z are pairwise disjoint, and ¢ € wMSO® (1, K)
with variables from V. Then there exist n > 1, tuples of formulas @*,..., 3™ € wMSO® (g, K)"
with |J;~, Free(@") C Free(p) U Free(®), and an expression E, € Exp,,,(K) such that the following
holds. For all finite structures Ay, ..., A, € Str(o), or, for all structures A, ..., A, € Str(o) if K is
bicomplete, all WV, A1 U. ..Uy, )-assignments s, and all (V, ®* (A1 U...U™Ay,<))-assignments p we have

[l (@ (A1 U ... U, 6), 0) = (BN TR, (U P Tar)s -+ [871 (R, (S U p) lay,,))-

Proof. We proceed by induction. For m = 2 the theorem follows from Theorem 20. Let m > 2. By
Theorem 20, we we can find [ > 1, (,7] € WMSO®'rES(U, K)!, and Ey € Exp;(K) such that

[e] (@* (A1 U ... LAy U1, <), p) =
<<EO>>(K]] (R U U=, (SUP) oy u oy, ) [0 (Rms1, (S U p) fmm+1))~

By induction, for every i € {1,...,1}, we can find n; > 1, tuples of formulas (},...,(™ € \7VMSO‘X"“°‘S(<77 K)™i,
and an expression F¢, € Exp,, ., (K) such that

[CI(@* (AU U, ), p) = (E NG TR, (U Ty, - [G T, (SU )y, ))-

For j € {1,...,m} we define

= (.. q)
and with n = 22:1 n; we define ™1 € wMSO® ™ (5, K)" as
@™ = (7, true, ..., true).
For every i € {1,...,1 } we define the expression Ef, as the expression obtained from E, by replacing
every variable xJ by x i . We define E, € Exp,, 1, (/) as the expression obtained from Ey by
replacing every variable x; by the expression E’ ~and every variable y; by the variable me With these
definitions, the theorem holds. O

With an essentially identical proof, we have the following theorem for induced products of more than
two structures.

Theorem 42. Letm > 2, ® = (¢y, (d1)TeRel, ) be a o-T-translation scheme over W and Z, V be a set of
first and second order variables such that V, W, and Z are pairwise disjoint, and ¢ € wFO® ’free(T, K)
with variables from V. Then there exist n > 1, tuples of formulas @*,...,¢™ € wFO® 'free(o, K)”
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with |J;~, Free(p') C Free(p) U Free(®), and an expression E, € Exp,,,(K) such that the following
holds. For all finite structures 2y, ..., A, € Str(c), or, for all structures Ay, ..., Ay, € Str(o) if K is
bicomplete, all (W, 41 X ... x Up,)-assignments ¢, and all (V,P*(Ay x ... X Ay, <))-assignments p we
have

[l (@ (A1 x ... % W, <), p) = (BN (2 D1, (SUPTa, ) - [87 ] (U ) Iy,,)-

5.8 Translation schemes and Courcelle’s transductions

Like translation schemes, transductions provide a tool to translate structures over one signature into
structures over another signature. Transductions extend our notion of translation scheme by allowing
multiple copies of the given universe. More precisely, a o-7-translation scheme is a 1-o-7 transduction in
the sense defined below. In the following, we show that, with some adjustments, our weighted Feferman-
Vaught Theorems can also be applied to transductions. For a survey on transductions, see [3].

Definition 43 ([3]). Let £ > 0 be a natural number, [k] = {1,...,k}, and
sk ={(T,7) | T € Rel, and 7 € [k]*~ (T}

A k-o-r-transduction ¥ over W and Z is a tuple (¢}, ..., V8, (Yu)wer«k) where 1}, 1, € MSO(0) are
formulas with variables from W U Z. The variables from Z may not be used for quantification, i.e., all
variables from Z must be free.

Intuitively, the formulas ;... ,wz’f, are filters for the copies of the universe, i.e., for an element a
from the universe of the o-structure, there will be one copy of a in the universe of the new 7-structure
for each 1, which is satisfied when the free variable z is mapped to a. Likewise, the formulas (1) are
used to define the interpretation of 1" for the new 7-structure, where 7 determines from which copy of
the universe each entry of the new tuple has to be.

For a o-structure 2 = (A,Zy) and a W, 2)-assignment ¢, the U-induced 7-structure of A and g,
denoted by ¥*(2, <), is defined as a T-structure with universe Us and interpretation Zg as follows. For
i€{1,...,k} we define

Ai={ae Al (A sz —d)) =i}
and let ¢;: A; — Ay U...U A, be the inclusions. Then we let
Ue = A1 LU ... U A

IQ(T) = U {(Lh (a1)7 s b o (aarT(T))) | ((117 cee 7aar7(T)) € Ail XX Aiar,.(T) and (Q[a g[g - (_ID ): 77Z)(T,i)}
1€[k]2rr(T)

where 7 = (il, S aiar,(T)) and a = (al,. .. ,aarT(T)).

We refrain from restricting the domain of the transduction, as it does not make any difference for
our purpose.

We can prove an analogue of Lemma 32 for transductions. Therefore, Theorems 20 and 21 are true
for transductions as well. However, we have to make two small concessions. First, for the Boolean
fragment of our first order logic, we need a new atomic formula def(z), where z is a first order variable.
This formula is evaluated to true if the variable = is defined, and to false otherwise. For our second
order logic, we use def(z) as an abbreviation for the formula 3X.(z € X). We denote by def-wFO(o, K)
the first order logic where def(x) is allowed as an atomic formula. Second, the variables of the formula
we want to “translate” do usually not suffice for the translated formula. In particular, the translated
formula potentially has more free variables than the formula to translate.

For a set of first and second order variables V and k > 0, we let V2% = {X' | X € V,i € {1,...,k}}
be the set of variables containing k copies of every variable from V. Then, with the above notation, we
define for a (V, U*(A, c))-assignment p the (V=¥ A)-assignment p* by

17 (p(X) N1 (A)) if X is a second order variable
pT(XY) = {7 (p(X)) if X' is a first order variable and p(X) € ¢;(A)

?

undefined if X is a first order variable and p(&X') & ¢;(A).

Then we have the following lemma.
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Lemma 44. Let K be a commutative semiring. Let U = (wita . ,w;} (V) wersk) be a k-o-T-transduction
over W and Z,V be a set of first and second order variables such that V, W, and Z are pairwise dis-
joint, and p € def-wFO(T, K) or ¢ € wMSO(7, K) with variables from V. Then there exists a formula
Y € def-wFO(0, K) or € wMSO(a, K), respectively, with Free(y)) C Free(p)"* UFree(¥) such that the
following holds. For all structures A € Str(o), or, for all structures A € Str(o) if K is bicomplete, all
W, ) -assignments s, and all (V, U*(2,<))-assignments p we have

[l (" (A, <), p) = [](A, 5 U p7).

If ¢ is from WMSO®'reS(T, K) or def-wFO® 'free(T, K), then v can also be chosen as a formula from
WMSO®'T€S(0, K) or def-wFO® ree( g, K), respectively. Furthermore, if ¢ does not contain free vari-
ables, 1 can be chosen to not contain any subformula of the form def(x).

Proof. We proceed by induction and first cover the Boolean case.
If ¢ = T(21,...,2) for some T' € Rel;, we let ¢ = V;cpn (LZJ(TJ)(:U?,...,:UQL) A /\?:1 def(x;?)), If
@ =(xeX), welet =\ ai € X If o = def(x) we let ¢ = \/*_, def ().

Now we assume that by induction, the theorem holds for the formulas 1, 2, and ¢’ with the formulas
Y1, o, and Y. If o = 1 V o, we let ¥ = 1)1 V 1ba, and if p = —¢’, we let ¢ = =)',

If ¢ = Jz.¢', we define for i € {1,...,k} the formula ¢'* as the formula obtained by replac-
ing all atomic subformulas in v’ that contain a variable 27 with j # i by false. Then we let
b= Vis 32 (g (@) A9,

If ¢ = 3X.¢, we let o = 3X'.. . IXF (w’/\/\f:1 Va.(vr € X' — w&(x))), where x is a new first
order variable.

We now turn to the weighted case.

If p=re K, welet ¢ =x.

If o = 1 B 2 or Y = 1 ® Pa, we let PP =P B s or Y = Y1 ® Pa, respectively.

If o = Pr.¢’, we let o = Eszl Dzt (v (a") @ '*).

If p = PX.¢, welet v = PXL...PXF. (1/)’ &N Va.(z € X — 1/)il(x))), where z is a new first
order variable.

If o = @u.¢', we let ¢ = @iy @a'('+ @ f(x7)) & ~¢f,(+7)).

If o = ®X." we define § = /\f:1 Vo.(z € X' — },(z)), where z is a new first order variable, and
let p = @X'...QX*.(v' ® B) ® —B).

To see that all atomic subformulas def(z) in ¢ can be removed if ¢ does not contain free variables,
note that every subformula def(z) can be replaced by true without changing the semantics of ¢ if x is
a bound variable. O

With this, we have the following versions of Theorems 20 and 21 for transductions.

Theorem 45. Let K be a commutative semiring. Let W = (¢, ..., 08, (Yw)wersk) be a k-o-7-
transduction over W and Z, V be a set of first and second order variables such that V, W, and Z
are pairwise disjoint, and @ € def-wMSO® TS(7, K) with variables from V. Then there exist n > 1,
tuples of formulas ¢t, 3% € def-wMSO® (g, K)™ with Free(@t) UFree(p?) C Free(p)~* UFree(V), and
an expression E, € Exp,, (K) such that the following holds. For all finite structures A, B € Str(o), or, for
all structures A, B € Str(o) if K is bicomplete, all (W, AU B)-assignments s, and all (V, T*(AUB,<))-
assignments p we have

[e) (2" (AUB,<), p) = (BN [L T, (s U p#) o), [92)(B, (s Up*)1s)).

Theorem 46. Let K be a commutative semiring. Let W = (v, ..., 08, (bw)wersk) be a k-o-7-
transduction over W and Z, V be a set of first and second order variables such that V, W, and Z
are pairwise disjoint, and @ € def-wFO® ‘fmc(T, K) with variables from V. Then there exist n > 1, tu-
ples of formulas 3%, 32 € def-wFO® (5, ) with Free(pl) UFree(@?) C Free(p)* UFree(¥), and an
expression E, € Exp, (K) such that the following holds. For all finite structures 2,8 € Str(o), or, for
all structures A, B € Str(o) if K is bicomplete, all W, x B)-assignments s, and all (V, T*(A x B, <))-
assignments p we have

[l (W (A x B,<), p) = (B ) ([ 1R, (c Up™) 9, [71(B. (< U p7)15))-

Proof. Theorems 45 and 46 are immediate by first applying Lemma 44 and then Theorem 20 or Theo-
rem 21, respectively, while treating def as a relation symbol. O
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