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Summary

We first study the concept of “Combinatorial Interpretations”, i.e. the question of which
quantities “count something”. We start by showing that counting using finite automata
is precisely closed under functions that ultimately are polynomial on residue classes and
sums/products thereof. Following this, we show that graph motif parameters f(G) =
> i#Ind(H; — G), where all pattern graphs H; are without isolated vertices, can be
counted by nondeterministic Turing machines in a local way exactly when all coefficients
«; are non-negative integers. The result is then generalized to other forms of subobject
counts such as more general relational structures, colored graphs, finite vector spaces
over finite fields, and parameter sets using category theory.

Secondly, we study the complexity theoretic impact of adding unary summation primi-
tives to the existential theory of the reals. We observe an exponential jump in complexity
when the summation variables are allowed to be used to index variables, thus allowing
for an exponential number of variables. This jump is characterized by the machine model
of nondeterministic real word RAMs using exponential time, versus the polynomial time
required for the standard existential theory of the reals. However, if the summation vari-
ables cannot be used for variable indexing, then we only observe NPYe':lP B_completeness.
It is thus likely a weaker model than the additional models compressing the input formula
that we investigate: both an additional unary product primitive and a succinct encoding
allowing only for polynomially many variables each lead to PSPACE-completeness.

Next, we add unary summation primitives to the logic for reasoning about probabilities
introduced by Fagin et al. [FHMO90| — extended by Ibeling and Icard [II20] to reason
about Pearl’s causal hierarchy. We fully investigate the changing landscape of complexity
classes, depending on the arithmetic power of the terms, the level of the causal hierarchy,
and varying constraints on the model. Many of these variations form natural complete
problems for the complexity classes we observe by augmenting the existential theory of
the reals.

Lastly, we study the complexity of the identification problem on linear structural causal
models. We are both interested in the complexity of numerically determining the pa-
rameters of the model uniquely, given the covariance matrix of the random variables,
and the complexity of the generic problem of determining, for a given causal diagram,
whether it is possible to reconstruct the parameters uniquely in almost all cases.



Zusammenfassung

Wir betrachten zuerst das Konzept der “kombinatorischen Interpretierbarkeit”, d.h. die
Frage, welche Groflen “etwas zdhlen”. Wir beginnen damit zu zeigen, dass Zahlen
mithilfe von endlichen Automaten abgeschlossen ist unter genau solchen Funktionen,
die letztendlich PORC-Funktionen sind und Summen/Produkte davon. Anschlieend
zeigen wir, dass Graph Motif Parameter f(G) = >, a;#Ind(H; — G), bei denen alle
Mustergraphen H; frei von isolierten Knoten sind, von einer nichtdeterministischen
Turingmaschine genau dann lokal gezadhlt werden konnen, wenn alle Koeffizienten «;
nicht-negative Ganzzahlen sind. Dieses Ergebnis verallgemeinert sich zu anderen Arten
von Subobjekten wie allgemeinen relationalen Strukturen, gefarbten Graphen, endlichen
Vektorraumen iiber endlichen Korpern und Parametermengen durch die Verwendung von
Kategorientheorie.

Des Weiteren studieren wir den komplexitatstheoretischen Einfluss eines uniren Sum-
mensymbols, zuerst zur existenziellen Theorie der reellen Zahlen. Wir beobachten einen
exponentiellen Sprung in der Komplexitit, wenn die Summationsvariablen verwendet
werden diirfen, um Variablen zu indizieren, was eine Verwendung von exponentiell vielen
Variablen erlaubt. Dieser Sprung lasst sich charakterisieren durch das Maschinenmod-
ell der nichtdeterministischen reellen Wort-RAM mit exponentieller Zeit im Vergleich
zur polynomiellen Zeit, die fiir die normale existenzielle Theorie der reellen Zahlen
notig ist. Falls jedoch die Summationsvariablen nicht zum Indizieren von Variablen
verwendet werden diirfen, dann erhalten wir NP;Q:lP E_Vollstandigkeit. Es handelt sich
daher wahrscheinlich um ein schwacheres Modell als die anderen Kompressionsarten,
die wir betrachten: ein unires Produktsymbol, sowie kompakte Kodierungen, bei denen
nur polynomiell viele Variablen verwendet werden diirfen, fiithren beide zu PSPACE-
Vollstandigkeit.

Als néachstes fligen wir das Summensymbol in die Logik zum Schlussfolgern iiber Wahr-
scheinlichkeiten von Fagin et al. [FHM90] — erweitert von Ibeling and Icard [II120] fiir
Pearls kausale Hierarchie — ein. Wir analysieren die Landschaft der Komplexitéatsklassen,
die sich durch verschieden starke Arithmetik, die kausale Ebene und verschiedener
Beschrankungen des Modells ergibt, vollstdndig. Viele dieser Variationen formen na-
turliche vollstdndige Probleme fiir die Komplexitatsklassen, die wir auch durch unsere
Veranderungen der existenziellen Theorie der reellen Zahlen beobachten.

Zuletzt betrachten wir die Komplexitidt des Identifikationsproblems auf linearen struk-
turellen Kausalmodellen. Wir interessieren uns sowohl fiir die Komplexitéit, um, gegeben
die Kovarianzmatrix der Zufallsvariablen, numerisch die Parameter des Modells eindeutig
zu bestimmen, als auch die Komplexitat, um zu entscheiden, gegeben ein kausales Dia-
gramm, ob sich die Parameter in fast allen Féllen eindeutig rekonstruieren lassen.



Outline of this Thesis

Publications and Collaborators

This thesis is based on the publications [DI24; BDLZ24; DZBL24; DZBL25; BDLZ25;
BCDI25|. Moreover, Chapters (1] to and are exclusively meant to aid the under-
standing of the reader, while Chapters [4] to [6] [§] and [9] are to be considered the main
contributions of this thesis. The precise publications each chapter are based on are as
follows:

Chapter [I] An informal introduction to the topics of this thesis.

Chapter 2] A grouping of shared preliminaries for this thesis, in particular containing
the relevant complexity classes. Some of these preliminaries are taken from various of
the papers listed above.

Chapter 3] An introduction to the ideas of “Combinatorial Interpretations”. Contains
some paragraphs from |[DI24; [BCDI25|.

Chapter [ An analysis of the functional closure properties of #FA, closely based on
[DI24]. This work is joint work with Christian Ikenmeyer: the main contributions are
those of the author, while Christian Ikenmeyer held a supervisional role, contributing
primarily to the background on combinatorial interpretations and some presentation.

Chapter [5] This chapter introduces a dichotomy about which graph motif parameters
can be considered as local combinatorial interpretations, closely based on [BCDI25]. This
work is joint work with Markus Bléaser, Radu Curticapean and Christian Ikenmeyer: the
main contributions are those of the author, while Markus Blaser, Radu Curticapean
and Christian Tkenmeyer held a supervisional role, contributing primarily to presenta-
tion and background on Type-2 complexity, graph motif parameters and combinatorial
interpretations respectively.

Chapter[6] This chapter investigates variations of the existential theory of the reals with
the addition of summation operators and other succinct representations. It is based on
[BDLZ24]. This work is joint work with Markus Bléser, Maciej Liskiewicz and Benito
van der Zander: the main contributions that are part of this chapter are those of the
author, while Benito van der Zander did a lot of editing and reviewing and Markus Blaser
and Maciej Ligkiewicz held a supervisional role, contributing primarily to presentation
and background on topics regarding algebraic complexity and causality respectively.



Chapter[7| This chapter introduces the well known concepts of structural causal models
and Pearl’s causal hierarchy. Some of the text and the example are based on [BDLZ25]
and [DZBL25]|.

Chapter [8) This chapter investigates the complexity of satisfiability problems over
structural causal models with many different parameters. It is based on results from
[BDLZ24|, [DZBL25|] and [BDLZ25|. This chapter majorly restructures and unifies these
results and extends them in multiple ways: Firstly, it completes the picture of the im-
pact of small models as a constraint on the model. Secondly, it adds multiple different
interpretations of causal diagrams, the semi-Markovian and full interpretations, while
completing the picture for the Markovian interpretation. The original works are joint
work with Markus Blaser, Maciej Liskiewicz and Benito van der Zander: the main con-
tributions are equal contributions between the author and Benito van der Zander, while
Markus Blaser and Maciej Ligkiewicz held a supervisional role, contributing primarily
to presentation and background on topics regarding algebraic complexity and causality
respectively.

Chapter[9] This chapter analyzes the complexity of the identification problem for linear
structural causal models. It is based on [DZBL24]. The original work is joint work with
Markus Bléser, Maciej Liskiewicz and Benito van der Zander: the main contributions are
equal contributions between the author and Benito van der Zander, while Markus Blaser
and Maciej Ligkiewicz held a supervisional role, contributing primarily to presentation
and background on topics regarding algebraic complexity and causality respectively.
However, this chapter primarily focuses on the results that are a contribution of the
author, i.e. numeric and generic identifiability. The results on cyclic graphs and edge
identifiability are not part of this thesis.

Chapter [I0] This chapter gives a very short overview over the results shown in this
thesis and some potential directions for further research.

Recommended Reading Order

While I would of course recommend you, the reader, to read this entire thesisE] front
to back, I understand if you prefer to only look at some chapters. To aid you in your
endeavors and avoid missing some prerequisites, I am providing you with the rough
dependencies of the chapters on each other. Note that some of these are not hard
dependencies and depending on your level of prior knowledge about these topics might
be redundant. For convenience, this dependency chart will reappear at the start of each
chapter, with the relevant dependencies highlighted.

! After all, all
topics in this thesis
are interesting! But I
might be a bit biased
as the author.
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LOf course there
are problems like
fluctuations in the
amount of people
that would occur
during your counting,
but if you were fast
enough, in theory,
you could count the
exact amount of
humans alive at any
given moment.

2We consider
water to be
non-discrete here, but
if you really wanted
to count something
you could count the
number of water
molecules instead.

1 Introduction
1.1 What is Counting?

In simplest terms, counting is the process of determining the quantity of finitely many
discrete objects. We can count sheep, we can count people on earthﬂ however we cannot
count the water on earth?] but what about some more abstract quantities?

Given a finite set S with n elements, can we count the number of elements in S7 Of
course we can, it’s just n. While this question seems obvious, how about the number of
singleton subsets of S7 This is just the same question rephrased, so the answer clearly is
still n. Once we generalize to subsets of size k, we get that there are (Z) subsets of size
k in S. What does this tell us about (})? It tells us (}) = [{S" € S | |S"| = k}| denotes
the size of a “natural” set, so in particular it counts something. In a similar way, if
we have another set 1" with m elements, then n 4+ m counts the number of elements in
the disjoint union S W T, n - m counts the number of elements in the cartesian product
S x T, and 2" counts the number of subsets of S of arbitrary size. Inductively repeating
these constructions, we see that ("km) also counts the size of a set, namely, the size of
{ACSXT]||A|l =k}

While this view is great it also has its limits: It allows us to consider any non-negative
integer quantity as counting! To justify some expression x to count something we could
try and argue that it is simply the size of the set {n € N | n < x}. We need some way of
restricting what kinds of conditions we consider as “natural“ or “simple”. The currently
best attempt for formalizing this, pioneered by Igor Pak, argues that the answer should
be any condition that can be verified in polynomial time by a Turing machine, i.e. the
complexity class #P. See his survey [Pak23| for his arguments of why this captures
combinatorial interpretability.

But let us back up first, how did we arrive at a complexity class of functions instead of just
a single quantity? Our considered quantities are not just a single number, but instead
an indexed family of numbers. In our examples above, they are indexed by the natural
numbers n and m, however we also allow more complicated indexing, for example indexed
by graphs. We then want to compute f(z) = |A;| for some set A, = {y | P(x,y)} with
a predicate/condition P. If we quantify x,y € {0, 1}* and require P to be computable in
time polynomial in x, then f is combinatorial iff f € #P. Thus, equivalently, we can also
consider A, to be the set of accepting paths of a fixed nondeterministic Turing machine
running in polynomial time in |z|. While this definition of combinatorial interpretations
seems natural and is the most studied one, it is not without flaws: On one hand, it is too
broad: Any counting function f € FP, i.e. a function computable in polynomial time, is
also in #P. However, the resulting interpretation f(x) = |A;| = {y € N |y < f(2)}]
arguably does not tell us how to interpret f in any combinatorial way, even though
everything is computable in polynomial time. On the other hand, it is too restrictive:
The power set P(S) = {S’ C S}, corresponding to the function n +— 2", is an important
primitive in combinatorics. However n +— 2" is not computable in #P, if n is given
in binary. Even if n is given in unary, n +— 22", corresponding to P(P(S)), is not
computable in #P.

16



1.2 Exponential Sums

In Chapter [3| we go into a bit more detail about combinatorial interpretations and intro-
duce the term local combinatorial interpretations. In a local combinatorial interpretation
the predicate above is forbidden from observing all of z and instead is only allowed to see
a poly-logarithmic fragment of it. We then use this definition in Chapter [5|to investigate
which “subobject counts” have a local combinatorial interpretation.

A second important primitive in the context of combinatorial interpretations are func-
tional closure properties of complexity classes C, i.e. the functions ¢ : N — N with
©(C™) C C. They often directly correspond to combinatorial proofs (see Section for
the connection). In Chapter 4| we fully characterize the functional closure properties of
#FA, the class of all counting functions f such that a nondeterministic finite automaton
M has exactly f(w) accepting paths on input w.

1.2 Exponential Sums

The second main topic of this thesis is exponential sums. Consider the term T =
20,0 + 20,1 + 21,0 + x1,1. We can write 7" more compactly as Z}I:O Zzﬁ:o Zqp. Allowing
for this unary sum operator allows us to write some terms that would require exponential
size much more compactly, inspiring the name ezponential sums.

They form a natural generalization of counting: If we have some predicate P(z,y) and
would like to know the number of y € {0,1}?( st. P(z,y) = 1, this is equivalent to

calculating 231/1:0 e Zzl/p<n):0 P(x,91° Yp(n)), if we assume P(z,y) € {0, 1}.

Counting solutions is generally assumed to be much harder than just checking for the
existence of a single solution. As such Toda’s theorem [Tod91] informally states that
if you have an oracle that can give you the number of solutions to some polynomial
time predicate, you can efficiently decide the entire polynomial time hierarchy. The
polynomial time hierarchy is believed to strictly contain checking for the existence of
single solutions.

Thus, a natural question is, how do exponential sums influence the complexity of prob-
lems that take as input some terms? The biggest increase in complexity possible is an
exponential jump: An algorithm aiming to solve the problem with exponential sums can
always remove the exponential sums by just expanding the input explicitly and then
using the algorithm designed for the problem without exponential sums. On the other
hand, it is possible that exponential sums do not increase the complexity. One such
example we will see has terms that are allowed to contain exponential products. Addi-
tionally adding in exponential sums, however, does not increase the complexity further

(see Section [6.5)).

It turns out that, probably not too surprisingly, the precise change in complexity heavily
depends on the specific problem and the allowed terms, but in most cases we investigate
the complexity does indeed increase.
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1 Introduction

The first type of terms we are interested in are Boolean combinations of polynomial
(in-)equalities in some real variables x1, ..., z,. The corresponding problem is then the
question whether there is any assignment of real values to z1,...,x,, s.t. the resulting
sentence is true, known as the existential theory of the reals (ETR). We introduce the
theory of the reals in more detail in Section [2.5.5

In Chapter [6] we then see how different ways of compactly representing ETR formu-
las influence the complexity and investigate the complexity classes resulting from this.
Among others, we look at

e using exponential sums where summation variables are allowed to index variables
(one such example of variable indexing is the formula at the start of this section),

e using exponential sums where summation variables are not allowed to index vari-
ables,

e using exponential products, and
e compressing the formula using Boolean circuits.

The second type of terms we investigate are Boolean combinations of arithmetic com-
binations of discrete probabilistic terms P(X=3), P(X=2 Vv Y=1), P(X=2 A Y=1),
etc. Here, exponential sums allow marginalizing variables. For example, P(X=3) =
>y P(X=3 AY=y) allows to calculate the probability P(X=3) when only access to the
joint probability distribution of X and Y is given. The corresponding problems are then
generally of the form “Is there a probability distribution such that the resulting sentence
is true?”

While basic probabilities are great at describing correlations between different events,
they are unable to explain why. Using them can tell us that “The grass is wet” and
“It is raining” will certainly be correlated, however it can never tell us which of these
influences the other. Human intuition tells us that it must be the rain making the grass
wet instead of wet grass causing rain, but not in every case the causal relationships are
clear. One common example is the following situation: If I ask you, what is the causal
relationship between “There are more ice cream sales” and “There is more theft”, you
would most likely say “None of these influences the other” and you would be correct.
Yet there is a correlation between the two. The causal relationships only become clear
once we introduce a third random variable “The weather is good”: Now, good weather
increases ice cream sales and it increases theft by virtue of more people being outside.

Pearl’s causal hierarchy [Pea09] introduces ways to formally talk about such causal
relationships and how to model processes that have causal information via structural
causal models. We introduce both of these in Chapter [7}

In Chapter [§ we then investigate how the different levels of Pearl’s causal hierarchy, com-
bined with different arithmetic operations (sometimes including and sometimes excluding
exponential sums) and further restrictions on the models influences the complexity of
the question “Is there a probability distribution that fulfills our input formula?”
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1.2 Exponential Sums

Finally, in Chapter [9]we look at the question “Given the causal structure of a process and
observational data, can we uniquely recover the exact strengths of the causal influences?”
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2 Preliminaries

In this chapter we give a brief overview over the common notations and complexity
classes we will need throughout this work. To get a more detailed overview over the
computational models and complexity classes we recommend [HO02].

2.1 Terminology

Throughout we have N = {0, 1,2,...} and use [n] to denote the set {1,2,...,n}.

Fix some finite alphabet ¥. The elements of ¥ are called symbols. A word (or string)
w = (wy,...,wy) is then a finite sequence of symbols from ¥. Usually it is abbreviated
as w = wi ...wy, so for example 0000, 101010 and 1 are words over the binary alphabet
¥ ={0,1}. The length of w is denoted as |w| = ¢ and the set of all words of that size are
denoted ©f. The unique word of length zero is denoted e. The set of all words is denoted
Y = Uien Y. The set of all words with length at most j is denoted X7 = [ J/_, 2%

A language L C ¥* is then some subset of words, while counting functions f : ¥* — N
assign each individual word a nonnegative integer. The complement L of a language L
is the set of all words that are not part of L, i.e. L = ¥*\ L. A complexity class then
usually consists of either a set of languages or a set of counting functions. We sometimes
use the umbrella term problem for languages, counting functions and functions in general
we’d like to know whether they can be computed by certain models.

2.2 Models of Computation

Most of our complexity classes are defined using a couple of different machine models:
finite automata, Turing machines (TMs), real word random access machines (real word
RAMSs) and circuits/formulas. We give a brief introduction and explanation of each of
them.

2.2.1 Finite Automata

We start with the simplest of our models. Imagine you want to determine whether a
number given in binaryE] is even, by only iterating through the input word exactly once
from left to right. Further you only have finite storage space available. In the end your
answer may only depend on what is stored in said storage space.

There is of course a simple algorithm that fits this description, based on the fact that
a binary number is even iff the last digit is 0: Initially the storage contains 0. Then
iterate through the input word and always store the last symbol you have seen. At the
end, you return “YES” if your stored digit is a 0 and “NO” otherwise.

What do we need to specify to define such an algorithm?

22



2.2 Models of Computation

The possible contents of our finite storage space.

The possible symbols appearing in the input.

A procedure that, given a symbol and the content of the storage space, returns the
new content of the storage space.

e The initial content of the storage space.
e A translation from the content of the storage space to acceptance.

From now on we call the finite storage space the finite state space. This gives rise to the
following definition of a deterministic finite automaton:

2.1 Definition. A deterministic finite automaton (DFA) M is a tuple (Q, X%, 6, g0, Qacc)
consisting of

e a finite set of states @,

e a finite alphabet 3,

e a partial transition function § : Q x ¥ — @,
e an initial state g € Q and

e a set of accepting states Qacc C Q.

A computation (sometimes also called computation path or just path) of M on some
word w € X* is then a sequence of states qo, .. ., g, € @, such that go is the initial state
and ¢; = 0(gi—1,w;) for all i € {1,...,|w|}. We call such a computation accepting if
Q| € Qacc and rejecting otherwise.

Further we say M accepts w if the computation of M on w is accepting, otherwise M
rejects w. Remember that ¢ can be partial, so it is possible there is no computation of
M on w, in that case we also say that M rejects w. This way M recognizes a language

L(M) :={w € X* | M accepts w} .

To simplify the presentation of finite automata we often use a graphical approach. The
different states are drawn as circles, the initial state is marked with an incoming arrow
and accepting states are circled twice. Transitions are drawn as arrows between the
states, each marked with the corresponding symbol that was read during the transition,
potentially comma separated if there are multiple transitions between the same two
states, i.e. states ¢, ¢’ have an arrow q = ¢ if 6(q, o) = ¢’. The algorithm from the start
of the section would then be visualized as in Figure 2.1}

In a deterministic finite automaton, all transitions are deterministic, i.e. given a symbol
to be read and a state the DFA is in, there is a unique successor state (if any). This,
however, is a problem when we want to use finite automata for counting. A natural way
for counting (as is the case for #P, see Section is to count the number of accepting
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2 Preliminaries

Figure 2.2: NFA counting the number of occurrences of the symbol a: Any accepting
computation has to transition from state S to state A at some point. This
is only possible by reading one of the as of the input and each possible a
results in a different computation.

paths for an input word w. In a DFA any accepting computations are unique, which
restricts us to counting functions ¥* — {0, 1}.

By allowing multiple successors per symbol, we instead obtain a non-deterministic fi-
nite automaton (NFA). Since we instead define our NFAs in a different (but mostly
equivalent) way via so called N-weighted automata, we postpone a formal definition to
Section A computation of an NFA M on some word w is a path in M labeled with
w from some initial state to some other state. It is accepting if it ends in an accepting
state and rejecting otherwise. Often there are now multiple computations of M on w,
so M accepts w if any computation of M on w accepts. Similarly to DFAs, this allows
an NFA M to recognize a language

L(M) :={w € X* | M accepts w} .

Note that both DFAs and NFAs recognize the same set of languages, the reqular lan-
guages. To construct an equivalent DFA to some NFA M one can use the well known
power-set construction where the DFA tracks inside its state space the set of all states
any partial computation of M could be in.

The main power of NFAs, however, that we are interested in, comes with their ability to
also represent counting functions: An NFA M computes a function f : ¥* — N, if the
number of accepting computations of M on input w is exactly f(w).

As one of the simplest examples, it can count the number of occurrences of some symbol
o € ¥. We give the NFA computing f : {a,b}* — N where f(w) is number of occurrences
of the symbol a in w in Figure
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2.2 Models of Computation

There is an obvious limit to the functions that any NFA M can compute: The number
of computations of M on some word of length n is always bounded by ¢ where c is a
constant only depending on M.

2.2.2 Turing Machines

Finite automata clearly are limited by the size of their memory (which is just their
state space). To expand the power of our model and obtain a (deterministic) Turing
machine (DTM or just TM) we add an infinite storage, a sequence of cells (called a tape),
each containing a single symbol from a separate finite tape alphabet I' O 3, together
with a marker at one cell (called a head). Initially this tape contains the input word,
surrounded on both sides by an infinite amount of some symbol O € T'\ ¥ called an
empty. At each step, the Turing machine reads the symbol at the head and uses its
state space to determine what symbol it should write at the head, which state it should
transition into and whether to leave the head where it is or move it one position to the
left or right. If the Turing machine has no next state, it terminates and either accepts
or rejects, depending on the state it terminated in.

Similarly to finite automata, a DTM decides a language

L(M) :={w € X* | M accepts w} .

If, instead, we want to use a DTM to compute an arbitrary function ¥* — (T'\ {O})*
we can take the output of the DTM M on input w to be the content of the tape once
M terminates (after removing all [J symbols).

We can visualize Turing machines in a graphical way similarly to finite automata, how-
ever even describing a simple program this way quickly becomes unwieldy. Instead we
will usually resort to describing the behavior of a TM using high level pseudocode.

We generalized deterministic finite automata to non-deterministic finite automata by
allowing transitions to choose among multiple options. We can do the same with our
deterministic Turing machines to obtain the non-deterministic Turing machine (NTM).
When talking about these options in a high level description, we say the NTM non-
deterministically guesses or just guesses. For example given a graph G = (V, E), an
NTM could non-deterministically guess a subset V' C V of the vertices. The NTM
would then use multiple non-deterministic choices to branch each computation into 2!V
computations: one for each subset V' C V.

As usual, an NTM M accepts a word w if any computation of M on w accepts, allowing
M to decide a language

L(M) :={w e X* | M accepts w} .

On the other hand M computes a natural counting function f : ¥* — N, where f(w) is
the number of accepting computations of M on input w.
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2 Preliminaries

In the context of complexity classes we regularly constraint either the running time or
the space usage of a deterministic or non-deterministic Turing machine M. On a fixed
input w, the running time of M is the maximum number of steps until termination in
any computation of M on w, while the space usage of M is the maximum number of
cells on the tape the head has been on during any computation.

As a dependence on the input length, M is said to have running time ¢(n) if it has a
running time of at most ¢(n) on any word of length n. Similarly, M has space usage
s(n) if it uses at most s(n) space on any word of length n.

2.2.3 Real Word RAMs

Turing machines can only do discrete computations due to their dependence on a finite
alphabet. In particular Turing machines are unable to store arbitrary real numbers.

The real word random access machine (real word RAM) was introduced by Erickson
et al. [EHM24] and is an extension to the word RAM. In comparison to Turing machines
a (real) word RAM consists of a list of instructions (similar to assembler languages) and
memory partitioned into registers. The real word RAM itself is a model that has both
real registers R[i] and integer registers W[i]. The RJ[i] contain arbitrary real numbers
while the W[i] contain a word?| i.e. an integer between 0 and 2% — 1 for some fixed word
size w. The two different types of registers allow for different operations. As such, the
word registers W [i] support

e arithmetic and bitwise Boolean operations (addition, subtraction, multiplication
(including double precision), rounded division, remainder and bitwise nand),

e comparisons between word registers with conditional jumps, and, most impor-
tantly,

e indirect memory access to both types of registers, i.e. operations of the forms

WWTi]] <= W{j] or R[i] - R[W[j]] and similar.
The real registers R[i] are much more restricted and only support

e exact arithmetic operations (addition, subtraction, multiplication and division),
and

e comparing a real register to 0 (both = 0 and > 0) for conditional jumps.

Moreover, we can cast word registers into real registers (R[i] <— W[j]), but there is no
way to extract any information from a real register except by comparison to zero.

Note that this model is similar to the so-called BSS model of real computation [BSS89),
but distinctly different by virtue of having both real and word registers.

To extend real word RAMs to non-deterministic real word RAMs, we add a non-
deterministic guessing operation where the machine can fill any chosen register with
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2.3 Reductions and Completeness

an arbitrary value. In case of a word register this branches the computation into 2%
computations, while for real registers it branches into uncountably many computations,
one for each real number. Acceptance on some input (a sequence of integers and a se-
quence of real numbers) is then as usual defined as the acceptance of any computation.

2.2.4 Circuits and Formulas

A circuit is a directed, acyclic graph where every node is labeled with either an operation,
an input variable or a constant. The nodes are called computation node, input node
or constant node respectively. The in-degree of each node is called its arity. Input
and constant nodes always have arity 0, while computation node arities depend on the
operation. If the operation is not commutative, then the order of the incoming edges
matters. Output nodes are nodes with out-degree 0 and they have a fixed order among
each other.

Depending on the type of circuit, the allowed operations for the computation nodes vary.
For a Boolean circuit they can be the logical operations A (arity 2), V (arity 2), and —
(arity 1), while for an arithmetic (sometimes also called algebraic) circuit they are the
operations + and - (both arity 2).

A circuit then computes values for all nodes inductively, starting from the input and
constant nodes and for each computation node, labeled with some operation, applying
said operation to the values of its parents to obtain its own value. The output of the
circuit is then the tuple (or concatenation, whichever is convenient) of values at the
output nodes in order.

A circuit is called a formula if no node has an out-degree bigger than one.

There are two primary complexity measures associated with circuits and formulas: size
and depth. The size of a circuit is the number of nodes within the circuit, while the
depth of a circuit is the length of (i.e. the number of edges on) the longest path from
any input to any output node.

2.3 Reductions and Completeness

Given two languages L, L’ C ¥*, we say that L is polynomial time (many-one) reducible
to L' (written L <p L') if there is a polynomial time computable function f : ¥* — X*,
st.x € L < f(x) € L. If we have both L <p L’ and L' <p L, we write L =p L’.

A complexity class C is said to be closed under polynomial time reductions, if, whenever
L eCand L' <p L, then L' € C. A language L C ¥* is said to be C-hard (under
polynomial time reductions), if we have L' <p L for all L’ € C. Moreover, L is said to
be C-complete (under polynomial time reductions) if it is C-hard and additionally L € C.
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2 Preliminaries

Intuitively, if some L is C-hard, then it is at least as difficult as all languages in C and if
it is C-complete, it is among the hardest problems in C.

Similarly we also define closure of complexity classes under other types of reductions, as
well as hardness and completeness. For example we will see so called p-projections, as a
rather weak type of reductions between families of polynomials in Section [2.5.4]

2.4 Oracles

“What if some model could efficiently answer question X?” This natural question can
be answered by adding a separate oracle tape to a Turing machines and a special state
that, whenever reached, takes the content of the oracle tape, computes the answer to
question X on it and then replaces the content of the oracle tape with the answer in a
single step. For a (real) word RAM we can similarly add some additional special oracle
registers and an oracle instruction with the same behavior.

For a complexity class C defined via one of these models and a language L, we write C*
for the set of all languages decidable in the same way, but the model is augmented with
an L-oracle. Usually we don’t care about the precise problem used as an oracle and only
about its complexity. We then write C? for a complexity class D to mean |J LeD cr.
Generally, if C at least allows for polynomial time computations, this is then equivalent
to C* for any D-complete (under polynomial time reductions) problem L.

2.5 Complexity Classes

For the readers convenience we give a quick overview over the complexity classes we use
throughout this work.

2.5.1 Classical Complexity Classes

All the classes mentioned in this section are closed under polynomial time reductions.
Thus, when we talk about hardness/completeness for these classes in this work, unless
noted differently, we mean hardness/completeness under polynomial time reductions.

P: The set of all languages L that can be decided by a deterministic Turing machine in
time polynomial in the input length. Generally considered to be the class of “efficiently
solvable problems”.
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2.5 Complexity Classes

NP: The set of all languages L that can be decided by a non-deterministic Turing
machine in time polynomial in the input length, i.e. x € L iff there is an accepting path
on input z. Equivalently, it is the set of languages L, s.t. there is a (deterministically)
polynomial time computable relation R and a polynomial p with

releIyex<rll): R, y).

Thus these are the class of “efficiently verifiable problems”, also motivating the name
dP for NP.

The classical NP-complete problem is SAT, the problem of deciding Boolean satisfiability.

co-NP: The co-class of NP, i.e. co-NP = {L | L € NP}. Phrasing it in terms of non-
deterministic Turing machines, a language L is in co-NP if there is a non-deterministic
Turing machine M, s.t. x € L iff all paths of M on input = accept. Equivalently, it is
the set of languages L, s.t. there is a (deterministically) polynomial time computable
relation R and a polynomial p with

zeLevVyenlD . Rz y).

Thus these are the class of “efficiently falsifiable problems”, also motivating the name
VP for co-NP.

PH: Extending the ideas of 3P and VP further, we can also allow for multiple quantifiers.
For example 3VP is the set of languages L, s.t. there is a (deterministically) polynomial
time computable relation R and a polynomial p with

The polynomial time hierarchy PH is then the union of all classes of this form with a
finite number of quantifiers.

PP: The set of all languages L where a non-deterministic polynomial time Turing ma-
chine M exists, s.t. x € L iff at least half the paths of M on input x accept.

NPPP:  The set of all languages decidable by a non-deterministic polynomial time Turing
machine, when provided with a PP oracle.

We have NPPP = NP#P (a definition of #P will follow in Section [2.5.2). The PP oracle
can simulate the #P oracle by binary search.

The canonical complete problem for NPPP is E-MajSat: Given a Boolean formula ¢ in

the variables z1,...,2, and y1, ..., Yyn, decide whether there is an assignment to the x;,
s.t. at least half the assignments to the y; satisfy ¢ [LGM9S|.
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2 Preliminaries

PSPACE: The set of all languages L that can be decided by a deterministic Turing
machine in polynomial space in the input length. Equivalently, it is the set of languages
L decidable in parallel polynomial time (with an exponential number of processors) on

a PRAMP| [FW78)].

The canonical PSPACE-complete problem is QBF: given a quantified Boolean formula
Q17 Qoxa ... Qnry ¢ with Q; € {3,V}, decide whether it is a true sentence.

NEXP: The set of all languages L that can be decided by a non-deterministic Turing
machine in time exponential in the input length, i.e. x € L iff there is an accepting path
on input z.

Often, when some problem is NP-complete, a succinct version of the same problem is
NEXP-complete. For example, take the NP-complete problem SAT of deciding Boolean
satisfiability: A formula ¢ with n = 2V nodes is succinctly encoded as a circuit C :
{0,1}V — {0,1}™. On input of some node z, C(x) outputs

e The label of z, i.e. whether it is a an input or computation node and the corre-
sponding variable or operation respectively.

e The children of x if applicable.

The succinct variant of SAT, which has as input only the circuit C is then NEXP-
complete.

2.5.2 Counting Complexity Classes

FP: The set of all functions f that can be computed by a deterministic Turing machine
in time polynomial in the input length. Not strictly a counting class and rather a general
function complexity class, however, we can interpret binary outputs as counting.

#P:  The set of all counting functions f where a non-deterministic polynomial time
Turing machine M exists, s.t. on input x, exactly f(z) paths of M accept. Equivalently,
the set of all counting functions f, s.t. there is a (deterministically) polynomial time
computable relation R and a polynomial p with

f(x) = Hy € =70 | Rz, )}

#FA: The set of all counting functions f where a non-deterministic finite automaton
M exists, s.t. on input x, exactly f(x) paths of M accept. In the literature also known
as the set of recognizable series N'((3*)), but we use the name #FA to highlight the
similarities to #P.
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#P"“"': Similar to #P, however the main part of the input is given via an oracle (symbol-
ized by the dotted circle), while the running time is only counted in terms of the classical
input (usually a binary encoding of the instance size). Defined formally in Definition 5.6}

2.5.3 Search Problems

So far we have considered decision and counting problems. Search problems are of a
different flavor: Instead of determining whether there is some solution, they require you
to find a solution.

TENP: The class of functions f of the following form:

Given an input x and polynomial-time relation R represented as an oracle O, output
any y, s.t. R(x,y).

Importantly, the relation R is syntactically guaranteed to have such a y for every choice
of x.

PPA, PPAD, PPADS, PPP and PLS: These are all subclasses of TFNP, with different
reasons for why the existence of y is guaranteed. Going into detail here is out of scope of
this work and not required for understanding it. To the interested reader, we recommend
the Complexity Zoo |AKH] for a quick overview and further references.

2.5.4 Algebraic Complexity Classes
These classes are no longer sets of languages or counting functions, but instead are sets
of p-families as defined below.

Let X = (X4, Xo,...) be an infinite family of indeterminates over some field F.

2.2 Definition. A sequence of polynomials (f,) € F[X] is called a p-family if for all n,
L. fn € F[X1,..., Xp()] for some polynomially bounded function p and
2. deg f,, < q(n) for some polynomially bounded function gq.

Let f € F[X] be a polynomial and s : X — F[X] be a mapping that maps indeterminates
to polynomials. s can be extended in a unique way to an algebra endomorphism F[X] —
F[X]. We call s a substitution. (Think of the variables replaced by polynomials.)

2.3 Definition. 1. Let f,g € F[X]. f is called a projection of g if there is a substi-
tution r : X — X U F such that f =r(g). We write f <p ¢ in this case. (Since g
is a polynomial, it only depends on a finite number of indeterminates. Therefore,
we only need to specify a finite part of r.)
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2. Let (f,) and (gn) be p-families. (fy,) is a p-projection of (gy) if there is a polyno-
mially bounded function ¢ : N — N such that f,, <p gg(). We write (f5) <p (gn).

Projections are very simple reductions. Therefore, we can also use them to define hard-
ness for “small” complexity classes like VP.

For any p-family (f,), the circuit complexity of f, is the size of the smallest arithmetic
circuit computing f,, as a function in n.

VPr: Valiant’s P. The set of all p-families (f,,) with polynomially bounded circuit
complexity. Considered to be an algebraic equivalent to P.

VNPp: Valiant’s NP. The set of all p-families (f,,), s.t. there are polynomially bounded
functions p and ¢ and a sequence (g,,) € VP of polynomials in the variables X7, ..., X

p(n)
and Y1, ..., Yy) such that

fn: Z gn(Xl,...,Xp(n),el,...,eq(n)).
ec{0,1}4(n)

One can think of the X-variables representing the input and the Y-variables the witness.
With this interpretation, VNP is more like #P. Also considered to be an algebraic
equivalent to NP.

Whenever F has a characteristic different from 2, then the permanent

per, = Z Xl,a(l) T Xn,a(n)
O'EGn

is VNPp-complete under p-projections.

In the above example, the indeterminates have two indices instead of one. Of course
we could write per,, as a polynomial in X1, Xs,... by using a bijection between N2 and
N. However, we prefer the natural naming of the variables (and will do so with other
polynomials).

2.5.5 The (Existential) Theory of the Reals

The theory of the reals forms a hierarchy, similar to the polynomial time hierarchy PH,
see [SS24]. While technically classical complexity classes, due to our focus on (variations
of) the theory of the reals in Chapter @ and some applications in Chapters |8 and @], we
go into a bit more detail about this hierarchy here, even including some common results
we will need.

We will start by describing the first level of this hierarchy and afterwards continue by
showing how to extend this definition to the remaining levels.
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First Level

The existential theory of the reals (ETR) is the set of true sentences of the form
Jzy ... Fzy, o(x1, .. Ty), (2.4)

where ¢ is a quantifier-free Boolean formula over the basis {V, A, =} and a signature
consisting of the constants 0 and 1, the functional symbols + and -, and the relational
symbols <, <, and =. The sentence is interpreted over the real numbers in the standard
way. The theory forms its own complexity class IR which is defined as the closure of
ETR under polynomial-time many-one reductions. Many natural problems have been
shown to be complete for ETR, for instance the computation of Nash equilibria [SS17],
the famous art gallery problem |[AAM18], or training neural networks [Ber+23|, just to
mention a few. See the recent compendium [SCM24] for a complete overview.

It turns out that one can simplify the form of an ETR-instance. We can get rid of the
relations < and < and it is sufficient to consider only Boolean conjunctions. More pre-
cisely, the following problem is dR-complete: Given polynomials pq, ..., p, in variables
Z1,...,Tn, decide whether there is a & € R™ such that

pi(€) = =pm(€) = 0. (2.5)
By Tseitin’s trick, we can assume that all polynomials are of one of the forms
ab—c, a+b—c, a—b, a—1, a (2.6)

and all variables in each of the polynomials are distinct. Note that all polynomials in
(2.6) have degree at most two. Therefore, this problem is also called the feasibility
problem of quadratic equations QUAD.

2.7 Lemma (Variation of the proof from [SS17]). QUAD is IR-complete.

Proof. Let 3z ... 3z, @(z1,...,2,) be a sentence with ¢ being a quantifier free Boolean
formula as above. W.l.o.g. assume that ¢ is monotone relative to all the occurring
relations, i.e. that ¢ contains no negations —. We can always achieve this by pushing
negations inwards using De Morgan’s law and then absorbing them into the relations.
If this creates a relation f # g, replace it by (f < g) V (f > g). First, replace all
occurrences of relations f < g by (f < g) V (f = g). Next, we show how to eliminate
the relational symbol <. Let f < g be one such relation. Introduce a fresh existentially
quantified slack variable s and replace this relation by f + s = g. This is equivalent to
f < g whenever s # 0, which we enforce by additionally adding the requirement s-s’ = 1
for another fresh variable s’.

Repeating this procedure we obtain a quantifier free Boolean formula ¢’ over the basis
{V, A}, only containing equality relations. Remains to show how to transform ¢’ into a
conjunction of polynomials as in (2.6)) using Tseitin’s trick: We proceed inductively over
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2 Preliminaries

the structure of ¢, adding a fresh variable ¢, for each gate g, computing the value of
the subtree of ¢’ rooted at g whenever g computes an arithmetic expression, otherwise
ty = 0 iff the value computed at g is true.

Constant 0 gate: Add the equation ¢, = 0.

Constant 1 gate: Add the equation t, —1 = 0.

Variable gate with variable z;: Add the equation x; —t, = 0.

Addition gate with children a,b: Add the equation ¢, +t, —t, = 0.
Multiplication gate with children a,b: Add the equation t, - t, —t4 = 0.
Equality gate with children a,b: Add the equation t, +t, —t; = 0.

Conjunction gate with children a,b: Add the equation 2 + 2 —t, = 0.
Disjunction gate with children a,b: Add the equation ¢, - ¢, —t, = 0.

Finally, for the root gate r, add the equation ¢, = 0.

It is easy to verify that each of these constructions fulfills the inductive invariant.

Note that the replacements for conjunctions are not of the form (2.6) yet and contain
some variables twice. However, applying the above transformation a second time will
ensure those requirements. ]

Universal Quantification. If, instead of considering existentially quantified true sen-
tences, we consider universally quantified true sentences of the form

Vry.. Ve, o(xr,. .., 2p), (2.8)

where ¢ is again a quantifier-free Boolean formula, and form the closure under polyno-
mial-time many-one reductions, we obtain the complexity class VR. Using De Morgan’s
law, it is easy to see the well-known fact that VR = co-dR, i.e. it is the complement class
of JR.

Higher Levels

By allowing a finite amount of quantifier alternations, we obtain a whole hierarchy,
comparable to the well-known polynomial time hierarchy, see [SS24]. For example when
considering true sentences of the form Jzq,.... 2, VY1, ..., Um ©(T1, -, Tny Y1y -+ Ym)
and forming the closure under polynomial-time many one reductions we obtain the class
JVR. Similarly, we obtain the classes VAR, IVdR, VaVR, ....
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2.5 Complexity Classes

Complexity

It is easy to see that quantification over real variables can be used to simulate quantifi-
cation over Boolean variables by adding the constraint x(z — 1) = 0. This way we can
convert 3SAT-formulas to ETR-formulas, proving the well-known containment NP C JR.

An upper bound is given by Renegar’s celebrated result about quantifier elimination:

2.9 Lemma (Theorem 1.1 in [Ren92|). Let p1,...,pm be polynomials in n variables
T1,...,T, and of degree at most d > 2 where all coefficients are given as integers of
bit length L. Additionally let oy,...,0, € {>,<,=} be comparison operators, let P

be a Boolean function with m inputs and let Q1,...,Q, € {3,V} be quantifiers with w
blocks of quantifiers with sizes n1, ... ,nﬂ. Then there is an algorithm deciding whether

lel Q2x2 e ann P(pl(xla ey xn)ol(), N 7pm($1, . 7xn)om0) — 1 is a true sentence
(when all variables are quantified over the real numbers) in time
Llog(L) loglog(L) (md)*”" Tl

)

using (md)°"™ evaluations of P.

Furthermore there is a parallel algorithm deciding the same in time

o(1)
log(L) <2w <H n> log(md)> + Time(P, k)

7

using LQ(md)zoM ILini processors and requiring (md)?2:™) evaluations of P. Here
Time(P, k) is the parallel time needed for the evaluations of P when using k(md)©=i™)
processors (for any k > 1).

In particular, whenever the number w of quantifier blocks is constant, this is a parallel
algorithm running in polynomial time, implying decidability in PSPACE [FW78] and
leading to the inclusions

NP C JR C PSPACE and co-NP C VR C PSPACE. (2.10)

While all these inclusions are believed to be strict, it is unknown for all of them.

Related Complexity Classes

There are many complexity classes related to the theory of the reals. All of these are
covered and defined in more detail in Chapter [6]

succ-dR: The succinctly encoded variant of R, similar to how NEXP can be viewed as
a succinctly encoded variant of NP. Recently introduced in [ZBL23].
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2 Preliminaries

succ-dRpory:  Defined in the same way as succ-IR, however the succinctly encoded ETR

formulas are only allowed to use polynomially many different variables. This class is
equal to PSPACE.

JR*: Defined as the closure of a variant of ETR under polynomial time reductions
where we augment ETR by adding a unary summation symbol Zizo-

JR!:  Defined as the closure of a variant of ETR under polynomial time reductions
where we augment ETR by adding a unary product symbol Hi:o- This class is equal
to PSPACE.

NPreai:  The set of all languages L that can be decided by a non-deterministic word RAM
in time polynomial in the input length. This class is equal to 3R and gives a machine
model characterization rather than a definition via a complete problem [EHM24].

NEXPeai: The set of all languages L that can be decided by a non-deterministic word
RAM in time exponential in the input length. This class is equal to succ-dR and gives
a machine model characterization rather than a definition via a complete problem.

NP:Q:,P E: The set of all languages L that can be decided by a non-deterministic word

RAM in time polynomial in the input length when given access to a VNPg oracle. This
class is equal to IR and gives a machine model characterization rather than a definition
via a complete problem.

2.6 Promise Problems

In a classical decision problem L, we are given an input and we have to decide whether
x € L (the so-called yes-instances) or « ¢ L (the no-instances). For instance, in the
classical SAT problem, we are given a Boolean formula F' in CNF. The yes-instances are
the satisfiable formulas and the no-instances are the unsatisfiable one.

Promise problems have a third type of instances, the so-called do-not-care-instances. On
these instances, an algorithm can do what it wants and give any output. For instance,
consider the problem SATTT, where we ask the question of whether a satisfiable formula
in CNF has another satisfying assignment. The yes-instances are all F' with at least two
satisfying assignments, the no-instances are all F' with exactly one satisfying assignment,
and the do-not-care-instances are all unsatisfiable F. An algorithm solving SAT** has
to output “yes” on every F' with at least two satisfying assignments and “no” on every
F with exactly one satisfying assignment. On unsatisfiable formulas, it can output
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whatever it wants. Note that every classical decision problem is also a promise problem
with the do-not-care-instances being the empty set.

We can also define many-one reductions for promise problems: A function f :{0,1}* —
{0,1}* is called a many-one reduction from a promise problem L to another promise
problem L', if f maps yes-instances of L to yes-instances of L’ and no-instances of L to
no-instances of L’. f can map do-not-care-instances of L to any instance of L'.

One can show that SAT*T is NP-hard, since we can reduce SAT to it. This reduction
maps the unsatisfiable formulas (no-instances of SAT) to formulas with one satisfying
assignment (no-instances of SAT*™) and satisfiable formulas (yes-instances of SAT) to
formulas with two or more satisfying assignments (yes-instances of SAT*T). Since SAT
is a classical decision problem, there are no do-not-care-instances. SATTT is, however,
not contained in NP for formal reasons, because NP only contains classical decision
problems.

2.7 (Semi)algebraic Sets

Directly related to the existential theory of the reals, we give a brief introduction to
(semi)algebraic sets and discuss the notations important for this work. For details and
proofs, we refer to the book [BPRO3].

An algebraic set (sometimes also called an algebraic vam’et@,ﬂ) in R™ is a set of the form
{(x1,...,2n) | filzr, . 2n) = ... = fm(x1,...,2n) = 0} where fi,..., fi, are real
polynomials in n variables. It is called irreducible if it cannot be written as the union of
two smaller algebraic sets.

A semialgebraic set in R™ is a finite Boolean combination (finite number of unions and
intersections) of sets of the form {(x1,...,zy,) | f(z1,...,2,) > 0} and {(z1,...,2,) |
g(z1,...,2y) > 0}. Here f and g are real polynomials in n variables.

A semialgebraic function is a function R" — R™ with a semialgebraic graph, that is,
the set of all {(z, f(x)) | x € R"} is a semialgebraic set.

From this definition of semialgebraic sets, it is easy to see that semialgebraic sets are the
solutions of ETR-instances, that is, all (x1,...,z,) satisfying ¢(z1,...,zy,) in form
a semialgebraic set. From Tarski’s theorem (see [BPRO3|), it follows that semialgebraic
sets allow quantifier elimination, that is, all (z1,...,z,) satisfying

Elyl~--Elytd)(:pla---a$n7ylv"'7yt)

form a semialgebraic set, where ¢ (like ) is a quantifier-free Boolean formula over
the basis {V,A, -} and a signature consisting of the constants 0 and 1, the functional
symbols + and -, and the relational symbols <, <, and =. 1 depends on two sets of
variables. It is clear that all (z1,...,2n,y1,...,y:) satisfying ¢ form a semialgebraic set.
Tarski’s theorem tells us that we still get a semialgebraic set when we are projecting the
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2 Preliminaries

Y1, - -,y away using the existential quantifiers. Combined with the FR-completeness of
QUAD, the semialgebraic sets are precisely projections of algebraic sets. These facts are
used frequently in our proofs.

2.11 Definition. A semialgebraic set S has dimension d if there exists a d-dimensional
coordinate subspace such that the image of S under the canonical projection onto this
subspace has a nonempty interior and there is no such subspace of dimension d + 1.

Above, by a d-dimensional coordinate subspace, we mean the subspace of R™ of all points
x such that x; = 0 for ¢ ¢ I for some subset I C {1,...,n} and || =d.

2.12 Definition. An algebraic set S has dimension d if there is a chain ) C Sy C S; C Sy
of irreducible algebraic subsets of S and there is no larger d with this property.

The notions of dimensions for algebraic and semialgebraic sets are closely related:

2.13 Theorem (see e.g. [BCR13|). Let S be a semialgebraic set. Then its dimension

as a semialgebraic set (as in Definition equals the dimension of its Zariski closure
as an algebraic set.

The Zariski topology has precisely the algebraic sets as its closed sets.
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3 Combinatorial Interpretations
3.1 Positivity in Combinatorics

A fundamental task in combinatorics is to assign combinatorial meanings to quantities:
For example, the binomial coefficient (Z) has the combinatorial interpretation of counting
k-element subsets of {1,...,n}, which may not be obvious from the algebraic formula
ﬁlk), In fact, this is a nonnegative combinatorial interpretation, i.e., the binomial
coefficient is equal to the cardinality of a naturally defined set. This is stronger than
just having a signed combinatorial interpretation, such as for example the determinant
of zero-one matrices A = (a;)1<i j<n, Which can be expressed as the difference of the
number of even versus odd permutations 7 with a; ;) = 1 for all 1 < ¢ < n. In the

following, when we speak of combinatorial interpretations, we mean nonnegative ones.

In algebraic combinatorics, there are several nonnegative integer quantities for which
finding such a combinatorial interpretation is a major open problem, e.g., problems 9,
10, 11, and 12 in [Sta00]. This begs the question whether these quantities actually
have combinatorial interpretations, but without a formal definition of this notion, their
existence is hard to rule out. Indeed, Stanley [Stall, Ch. 1] writes that “only through
experience does one develop an idea of what is meant by a “determination” of a counting
function”.

3.2 Formalized Approaches

3.2.1 Counting with Turing Machines

In many settings however, combinatorial interpretations of a nonnegative quantity can
be defined (or at least subsumed) formally in terms of containment of the quantity in the
counting complexity class #P, see [[P22} Pak23; |[Pan24]. This means that the quantity
can be interpreted as counting accepting paths of some nondeterministic polynomial-
time Turing machine. While “containment in #P” is a coarse over-approximation of
what some mathematicians would consider “combinatorial interpretations” and even fails
to include some operations like repeated power sets, this working definition is formal,
robust, and arguably natural. Most importantly, it enables us to prove that some very
natural quantities indeed do not have a combinatorial interpretation (or at the very least
cannot have one without resorting to operations that #P is not closed under).

For example, if PH does not collapse, then the squares of the symmetric group characters
are not in #P and hence do not have a combinatorial interpretation, see [IPP23]. Other
fruitful separations from #P are proved in [IP22], where the counting versions of several
TFNP search problems are studied: For example, given oracle access to an exponentially
large graph with degree at most two (i.e., a disjoint union of isolated vertices, paths, and
cycles), and given the end of a path, it follows that there is at least one other end of a
path. But the task of finding a combinatorial interpretation for the nonnegative quantity
“number of other path endpoints —1” fails due to the oracle separation in [IP22].

40



3.2 Formalized Approaches
3.2.2 Local Combinatorial Interpretations

The previous approach of characterizing combinatorial interpretations as precisely the
problems in #P has the problem of both under- and over-approximating what could be
reasonably considered as “combinatorial”: One one hand, for example, the determinant
is computable in polynomial time and thus trivially in #P, yet the only known represen-
tation close to a combinatorial one is as a difference between two combinatorial functions:
one for the even permutations and one for the odd permutations. On the other hand,
the power set operation cannot be represented in #P: If an NTM takes time p(|z|) and
branches by at most a factor of ¢ each step, the number of accepting paths is bounded
by () Even applying the power set operation twice, however, already maps a set S
to a set of size 22‘S|, making a polynomial running time impossible.

Both of these counterexamples have one thing in common: they are inherently global.
Even changing the input just slightly vastly changes the output. This motivates looking
only at local combinatorial interpretations where we explicitly forbid global properties.
Formally we achieve this by giving the NTM only oracle access to the input, while the
classical input only contains the “input size”, encoded in binary. The running time of
such a machine is, however, still counted in terms of the classical input, thus making
it impossible to read the full input in polynomial time. Each computation of the NTM
can (and often should) still look at different parts of the inputs, but each individual
computation can only look at a poly-logarithmic chunk of the input. This results in the
type-2 complexity class #P defined in detail in Definition

Going back to the example of (the absolute value of) a determinant of a zero-one matrix.
An NTM where every computation can only look at a poly-logarithmic number of entries
of the matrix is unable to distinguish between the identity matrix and the identity matrix
where just a single entry on the diagonal is set to zero, even though the first one has
determinant 1 and the latter has determinant 0: For the sake of contradiction, assume
there is some computation that accepts the identity matrix. Then there are some entries
on the diagonal this computation has never observed. Changing any of them to zero does
not impact this computation, but the NTM is no longer allowed to have any accepting
computations, a contradiction, proving that the determinant indeed does not have a
local combinatorial interpretation.

While this work is the first time the concept of a local combinatorial interpretation is
introduced explicitly, many of the results by Ikenmeyer and Pak [IP22] already implicitly
use this class. They were proven for relativized #P, i.e. essentially #P™. Addltlonally,
Hertrampf et al. [HVWO95] have proven that the multi-variate closure properties of #P**
are precisely all functions that can be formed from addition, multiplication and binomial
coefficients with fixed lower index, something that is conjectured for #P as well, but
proving this would directly imply P # NP [IP22], perhaps the most famous open problem
in computer science.

By not being able to observe the whole input at once there is a new problem though:
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3 Combinatorial Interpretations

An NTM is now unable to verify that the input even has the correct format. For
example, when the input is supposed to be a tree, given as an oracle via the edge
relation, connectedness and the lack of cycles are both global properties. There are two
options here:

Syntactical Fixes: As is common in search classes like TFNP, one can choose a different
encoding for the input that guarantees that any possible input is valid. In the example
of our trees, giving the tree as an oracle representing the parent relation and requiring
the parent of each vertex to have a smaller id than itself (defaulting to the root vertex
with id 0 otherwise) always encodes a tree. This is also the primary method used in
[[P22], but it is not clear that such a fix is always possible.

Promise Problems: The other, and in the eyes of the author the more natural, option is
to consider the promise variant Pr-# p* (see Section for an introduction to promise
problems). Here we only require the NTM to behave correctly when the oracle actually
encodes a valid instance. This is our method of choice throughout this work.

In Chapter [5| we use this definition to show which motif parametersE] allow for local
combinatorial interpretations.

3.3 Functional Closure Properties

We say a function ¢ : N — N is a univariate functional closure property of a complexity
class C if ¢(C) C C, i.e. if for every function f € C the composition ¢ o f is also in C. A
multivariate function ¢ : N™ — N is then a functional closure property of C if o(C™) C C,
i.e. if for every m-tuple of functions fi,..., f,, € C the composition ¢ o (f1,..., fim) is
also in C.

Functional closure properties can be studied for many different counting machine models
(also for example with different types of oracle access) and different types of input
sets. The first study of this type was done for nondeterministic polynomial-time Turing
machines, i.e., the class #P, see [HVW95], [Bei97], and the recent [IP22]. The papers
mentioned above prove that the relativizing multivariate polynomial closure properties
are exactly those polynomials that have nonnegative integers in their expansion over
the binomial basis, see [IP22]. A functional closure property ¢ : N™ — N of #P is
relativizing if ¢ is a closure property for all P4, where A C ¥* is some oracle.

Functional closure properties can be used directly to construct combinatorial proofs of
equalities and inequalities. For example, Fermat’s little theorem states that p divides
a? —a. The quantity %(ap —a) has a combinatorial interpretation, which can be deduced

from the fact that %(( f1)? — f1) is a univariate functional closure property of #P, see
[IP22| Prop.7.3.1], which coincides with the original proof [Pet72|, see also [Pak23,
eq.(5)]). On the other hand, if a function is not a functional closure property, then

this means in a very strong sense that there is no combinatorial interpretation for the
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3.3 Functional Closure Properties

quantity it describes. For example, the Hadamard inequality ([HLP52, §2.13], |[BB61,
§2.11], [IP22} eq. (2)]) states that

aiir - aid 2 d
det( Do ) < ITmi(ady + - +afy).

ad1 -+ Qdd

One could try to prove this by finding a combinatorial interpretation of the difference
H > 0 of the right-hand side and the left-hand side, but even for d = 3 we have that

fif2fs

O(fi,.s fo) = (f%+f§+f§’)-(f§+f§+f§’)-(f%+f§+f§’)—det(;ﬁz ;g)

is not a 9-variate relativizing functional closure property of #P, see [IP22, §7.2]. In
particular, if the function is not a closure property of #P, then there are instantiations
fi,..., fo € #P such that o(f1,..., fo) is not in #P, whereas a combinatorial interpre-
tation of ‘H should yield ¢(fi,..., f9) € #P. This, however, does not rule out a more
indirect combinatorial proof for the inequality: For example, for proving combinatorially
that (a — 1)2 > 0 one could try to interpret the quantity (a — 1)? combinatorially, but
(f1—1)? is not a relativizing closure property of #P. However, f1-(f1—1)? = 6(’;1) +2(f21)
is a relativizing closure property of #P (see [[P22] §2.4]). There is an obvious combina-
torial interpretation of 6(%) + 2(;) as counting size 2 and 3 subsets with multiplicity 6
and 2, respectively. Hence this gives an indirect combinatorial proof for the inequality
(a — 1) > 0 by providing a combinatorial interpretation for a(a — 1)2.

We extend this line of research in Chapter [d by determining the functional closure
properties of #FA, i.e. counting the number of accepting paths of a nondeterministic
finite automaton.

43






Chapter 1:

Introduction

Chapter 2:

Preliminaries

Chapter 3:

Combinatorial
Interpretations

Chapter 4:

Functional Closure
Properties of #FA

Which Graph Motif

Parameters Count?

Chapter 6:

The Existential
Theory of the Reals
with Summation
Operators

Chapter 8:

A Multi-Parametric
View on Reasoning
about Probabilities

Chapter 10:

Conclusion

Functional Closure Properties of #FA

Chapter 7:

Structural Causal
Models and Pearl’s
Causal Hierarchy

Chapter 9:

Identification in
Structural Causal
Models

45



'We use the
equality of the
number of accepting
paths of an NFA and
the output of the
corresponding
N-weighted
automaton, see

[DK21| Exa. 2.2].

2A series with
finite support is
called a polynomial,
but we will not be
concerned with the
support of series in
this work. Instead,
we use the term
polynomial as it is
used in commutative
algebra, and we mean
multivariate
polynomials with
rational coefficients.

3See [HVW93),
Sec. 1] for the naming
functional closure
property. A different
reasonable name
would be pointwise
closure property.

4 Functional Closure Properties of #FA

4.1 Finite N-Weighted Automata and Functional Closure
Properties

Let 3 be a finite set, for example ¥ = {0,1}. A finite N-weighted automaton with
all weights 1 is a nondeterministic finite automaton that on input w € X* outputs the
number of accepting computation paths on input w, instead of just outputting whether
or not an accepting computation path exists, see Def. for the formal deﬁnitionﬂ
While every nondeterministic finite automaton determines a subset of >*, a finite N-
weighted automaton computes a function ¥* — N. A function f : ¥* — N can be
presented as the series ) 5. f(w)w, and the set of series is denoted by N{(¥*)) in the
automata literature, see e.g. [DK21|ﬂ The natural way of adding two functions ¥* — N
and adding two series in N((¥*)) coincides, but in both presentations we have a natural
way of taking the product, and those do not coincide:

1. Pointwise product of functions ¥* — N. This is called the Hadamard product.
2. Convolution of series, called the Cauchy product.

A series f is called recognizable if there is a finite N-weighted automaton that computes f.
The set of recognizable series is denoted by N'¢(¥*)) in [DK21], but we denote it by
#FA, to emphasise that we undertake a study similar to #P in [HVW95, Thm 3.13],
[Bei97, Thm 6], and recently [[P22], but instead of polynomial-time Turing machines
we study finite automata. The Kleene-Schiitzenberger theorem states that #FA is the
smallest set that contains all support 1 series and is closed under sums, Cauchy products,
and Kleene-iterations (whenever well-defined, a Kleene-iteration is the sum of all Cauchy
powers), see [DK21}, §4], but we will not need this insight.

In this paper we study the functional closure propertieﬂ of #FA. A function ¢ : N™ — N
is called a functional closure property of #FA if for all fi € #FA, fo € #FA, ..
fm € #FA we have that ¢(f1,..., fm) € #FA. By ©(f1,..., fm) we mean the function
that on input w € ¥* outputs ¢(fi(w), ..., fm(w)).

Classically, one of the simplest functional closure properties of #FA is ¢ : N2 — N,
©(f1, f2) = f1+ f2. This is a functional closure property of #FA, because given f; € #FA
and fao € #FA, we can show ¢(f1, f2) = f1+ f2 € #FA by an easy construction: The new
NFA consists of a copy of the NFA for f; and a copy of the NFA for f, and makes an
initial nondeterministic choice as to which NFA to run, see Lemma for the details.

Another classical simple functional closure property of #FA is ¢ : N2 — N, ¢(f1, f2) =
f1- fo. This corresponds to the Hadamard product. This is a functional closure property
of #FA, because given f; € #FA and fo € #FA, we can show ¢(f1, f2) = f1-f2 € #FA by
the following construction: The new NFA consists of the product NFA of the NFAs for f;
and fo, and the accepting states correspond to pairs of accepting states, see Lemma (4.5
for the details.
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4.1 Finite N-Weighted Automata and Functional Closure Properties

The Cauchy product is also a product on the set #FA, but we explain now that the
Cauchy product is not “functional”, and hence it is out of scope for this type of studies. If
¢ : N™ — N is a functional closure property of #FA, then we can study the corresponding
map @ : #FA X #FA x - x #FA — #FA. Observe that if ¢ is a functional closure

m times

property of #FA, then, by definition, we have that for all pairs (w,w’) € 3* x ¥*:

(fr(w), ., fm(w)) = (fr(w'), .o fm(w)) == B(f1,. -0 ) (w) = G(f1,- ., fin) (W) -

Let ¢ : #FA — #FA denote the Cauchy square. We use the observation above to show
that ¢ is not equal to @ for any ¢ : N — N. Let m = 1 and f(w) = 1 if w = 1,
f(w) = 0 otherwise. Clearly, f € #FA. Then ((f)(11) = 1, and {(f)(w) = 0 for all

w # 11. In particular {(f)(0) # ¢((f)(11), even though f(0) = f(11). Hence, { # ¢ for
all p : N — N.

Numerous functional closure properties of #FA exist, for example the safe decrementa-
tion max{0, fi —1}, and the binomial coefficient (];1) But not all non-negative functions
are functional closure properties of #FA, for example (f; — f2)? is not, which can be
shown using the Pumping Lemma. In this paper, we determine all functional closure
properties of #FA, see Section for the detailed statement.

4.1.1 Our Results

Let nremp € {0,...,p — 1} denote the smallest nonnegative r such that n =, r. A
function ¢ : N — N is called wltimately PORC (Polynomial On Residue ClassesEI) if
dp, N € N and there exist polynomials ¢, ...,pp—1 : N = Q such that for every n > N

we have ¢(n) = ©premp(n) H

We first classify the univariate functional closure properties of #FA:

e Theorem (see Theorem [4.27). A function ¢ : N — N is a functional closure
property of #FA if and only if ¢ is an ultimately PORC function.

More generally, we classify the multivariate functional closure properties of #FA:

e Theorem (see Theorem [4.28)). A function ¢ : N — N is a functional closure
property of #FA if and only if ¢ can be written as a finite sum of finite products
of univariate ultimately PORC functions.

We analyze the special case of multivariate polynomials:

e Theorem (see Lemma . A multivariate polynomial ¢ : N — N with rational
coefficients is a functional closure property of #FA iff for every v that can be
formed from ¢ by replacing any subset of variables — including the empty set —
by constants from N, then all dominating terms of ¢ in the binomial basis have
positive coefficients.

47

4PORC functions
are also known as
quasipolynomials or
pseudopolynomials,
but we want to avoid
those names for the
potential confusion to
quasipolynomial
growth and
pseudopolynomial
running times.

5Note that each ¢
in this paper is
defined on the natural
numbers and maps to
the natural numbers,
which is a subtle
restriction. For
example, a univariate
polynomial ¢ : Q — Q
maps integers to
integers if and only if
its coefficients in the
binomial basis are
integers, see
Section [£:2] However,
non-negativity is not
an algebraic property.
Also note that for the
case of ¢ being just a
univariate
polynomial, the
corresponding linear
recursive sequence
can have negative
entries in the matrix.



5Note that in
definitions by other
authors one can find
simpler versions of
NFAs, in particular
unweighted initial
and accepting states
and unweighted edges
while also restricting
to a single initial
state. We will see
soon that working
with unweighted
NFAs is not a
restriction, but
additionally
restricting the model
to have a single initial
state is strictly
weaker, since this
model could not
compute any function
f with f(g) > 1. To
obtain the same
expressiveness one
would have to
additionally allow for
e-transitions, while
disallowing cycles of
e-transitions to
prevent infinite values

for f.

"We will use both
of these terms
interchangeably. For
a weighted
automaton, calling
this weight is more
natural, while when
looking at the
underlying graph as a
multigraph,
multiplicity of paths
and walks is more
natural.

4 Functional Closure Properties of #FA

We lift this result to monotone graph varieties (and to more general sets, see Theo-
rem [4.38)), where we get exactly the desirable classification given by the vanishing ideal:

e Theorem (see Theorem. Let S be a monotone graph variety and let I = I1(S)
be its vanishing ideal. A multivariate polynomial ¢ : S — N is a functional promise
closure property of #FA with regard to S if and only if there exists ¢ € I such that
w + Y is a multivariate functional closure property of #FA.

4.2 Notation

The vector space of multivariate polynomials Q[f1, ..., fi,] in variables f1,..., f,, has a
basis given by products of binomial coefficients: { I, (Z:) }q,...,cm’ where each ¢; € N.
Here we used (¥) = Jz-(z—1)-... - (z — c+1) as a polynomial. This is called the
binomial basis. A multivariate polynomial ¢ is called integer valued if p(Z™) C Z, which
is equivalent to p(N™) C Z, and which is also equivalent to all coefficients in the binomial
basis being integers, see for example [IP22, Prop. 4.2.1] for a short proof of this classical

fact.

We now recall (see |[DK21, Def. 2.1]) our main model of computation, the finite N-
weighted automaton, which we just call non-deterministic finite automaton (NFA) for
brevity.

4.1 Definition. An NFA M is a tuple (Q, X, wt, in, out) where the set of states @) and
the alphabet X are finite sets and wt : Q x 3 x () — N is the weighted transition function,
in : @ — N are the weighted initial states and out : Q — N are the weighted accepting
stated’] A computation P for a word w = w;...w, € ¥* of length n is a sequence
q0q1 - - - qn € Q"L It has multiplicity or wez’ghiﬂ w(P) = in(qo) - [[i~; wt(gi—1, ws, q) -
out(gy) and partial weight w(P) = in(qo)-[ [ wt(gi—1, wi, ¢;). We say that M computes
f:X* — N where f(w) is the sum of the weights over all computations of M on w. The
class #FA is defined as the set of all functions f : ¥* — N that are computed by NFAs.

If needed to distinguish these for different automata, we use a corresponding subscript,
for example the weights of computations in My would be denoted by w, etc.

4.2 Definition (Simple NFA). We say an NFA M = (Q, X, wt,in,out) is simple if
imwt,imin, imout C {0,1}.

The notion of a simple NFA also motivates our use of the term NFA opposed to N-
weighted automaton: We simply count the number of accepting paths of M on a word

w. This is in line with #P counting the number of accepting paths on a polynomial time
non-deterministic Turing machine.

4.3 Lemma (Folklore). For every NFA M there exists a simple NFA M’ computing the
same function.

48



4.3 Functional Closure Properties

Proof. Let My = (Q, ¥, wty,ins,outy) be an NFA computing f. We construct M =
(Q, %, wt, in, out) with
Q = Q¢ x max(imwts Uiming)] x [max(im outy)]
1 ifd <wtr(g,0,¢)and =1
Wt((Q7a75)70—7 (q',o/,ﬁ')) = . f( )

0 otherwise
1 ifa <ing(q)
0 otherwise
1 if B <outy(q)
0 otherwise

in((¢q,a,B)) = {

out((g, o, 8)) = {

Intuitively M consists of multiple identical copies of My, where all the weights are
handled explicitly as separate computations.

Fix any word w = wy...w, € ¥*. Let P = qoq1 ...g, be a computation of M; on w.
Then for ag € [inf(qo)] and a; € [wt(gi—1,w;, q;)] fori € [n] and fo =pB1 = ... = Br_1 =
1 and B, € [outs(gn)] we have that P’ := (qo, o, B0)(q1, 01, 51) - - - (qn, o, Bp) is a com-
putation of M on w of weight exactly 1 while any other choices of the «; and ; would
lead to a computation of weight 0. In particular there are ing(qo)-[[;—; wtr(gi—1, wi, g;)-
outs(go) non-zero computations in M corresponding to P, which coincides with the
weight of P in My. Additionally every computation on M can be projected onto a
computation on My via (q,1,7) — ¢ and thus M computes f. ]

We denote by a =, b that @ € N and b € N are congruent modulo p € N\ {0}. The

indicator function 1,—. : N — N is defined as n — L ifn=c and analogously for
0 otherwise

different conditions. By abuse of notation, if we have a function f : ¥* — N and an

expression ¢ : N — N in n, we replace n by f in the expression to denote ¢ o f. For

example we use 1y—. to denote the function w +— 1y(,)—, similarly (J;) denotes the

function w (f(zw)).

4.3 Functional Closure Properties

4.3.1 Univariate Functional Closure Properties

We say a function ¢ : N — N is a functional closure property of #FA if p(#FA) C #FA,
i.e. if for every function f € #FA the function ¢ o f is also in #FA. Our goal in this
section is to classify all functional closure properties of #FA. They will be precisely the
ultimately PORC functions.
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4 Functional Closure Properties of #FA

We call a function ¢ : N — N an wultimately almost PORC function if there is a
quasiperiod p, an offset N € N and constituents ¢o,...,op—1 : N = Q, where each
; is either a polynomial with rational coefficients or a function in 220" and for every
n > N we have ¢(n) = @premp(n). If all the constituents are polynomials, we call ¢ an
ultimately PORC function. The smallest representative of each constituent and of the
finite cases before the periodic behavior is captured by the shifted remainder operator
nsremy p, defined via

n ifn<N
nsremy p =
NP min{k > N |k=,n} ifn>N

The first half of the section is dedicated to proving that every ultimately PORC function
is a functional closure property of #FA, see Lemma In order to prove this we show
that #FA is closed under

4.4 Lemma (Addition). If f,g € #FA, then f + g € #FA.
4.5 Lemma (Multiplication). If f,g € #FA, then f - g € #FA.

4.12 Lemma (Subtraction of constants). If f € #FA, then max(f — ¢,0) € #FA for
any constant ¢ € N.

4.13 Lemma (Clamping). If f € #FA, then min(f,c) € #FA for any constant ¢ € N.

4.14 Lemma (Comparison with constants). If f € #FA, then the functions 1—., 1<,
Lt>. are in #FA for any constant c € N.

4.16 Lemma (Division by constants). If f € #FA, then | f/c| € #FA for any constant
c e N\ {0}.

4.17 Lemma (Modular arithmetic). If f € #FA, then the function Ly=_q is in #FA for
any constants ¢ € N\ {0} and d € Z,.

4.18 Lemma (Binomial coefficients). If f € #FA, then (];) € #FA for any constant
ceN.

While addition and multiplication are technically bivariate functional closure properties,
we list them here already since they are abundantly used throughout the proofs of the
univariate functional closure properties. Proofs of those two classical results can be
found in [DKV09, Ch. 4.1 and 4.2.2], but for the sake of completeness we will also give
a proof for them here:

50



4.3 Functional Closure Properties

Proof of Lemma[].4 Let My = (Qf, %, wtys,ing, outy) and My = (Qg, X, wty, ing, outy)
be NFAs computing f and g respectively.

We construct the direct union NFA M = (Q, X, wt, in, out) with

Q = QrUQ,
wtr(q,0,¢) ¢,¢ € Qy

Wt(q7 07 q/) - th ((L 0-7 q,) (L q/ E Qg
0 otherwise

in(g) = in¢(q) if g€ Qy
? ing(q) ifqgeQy

out(g) = outr(q) ifqgeQy
outg(q) ifqgeQq

Any computation with non-zero weight in M is now fully contained in exactly one of
the sub-NFA equivalent to My or M, and any computation path on My or M, naturally
embeds into M and thus M computes f + g. O

Proof of Lemma[4.8 Let My = (Qf, X, wtg,ing,outy) and wty = (Qg, X, wtg, ing, outy)
be NFAs computing f and g respectively. We use the product automaton construction
to construct the NFA M = (Q, X, wt, in, out):

Q=Qf xQy
wt((q1,42), 0 (91, 42)) = wty(q1,0,¢1) - Wte(g2, 0, ¢3)
in((q1,q2)) = inyg(q1) - ing(g2)
out((q1,¢2)) = outs(q1) - outg(gz)

Fix some w = wy ... w, € ¥*. Let Py = Q?H be all computations of My on w and
let Py, = QZH be all computations of M, on w. Then Py x Py, = (Qf x Q)" are
precisely the computations of M on x by identifying ((¢f0-.-qfn), (49,0 - - -g,n)) With the
computation (¢f.0,4g,0) - - - (4f,n,qgn)- Additionally the computation (Py, Py) € Py x Py
has weight w((Py, Py)) = ws(Ps) - wy(Py) where wy and w, denote the weights of
computations of My and M, respectively. Thus we have

(0 wi@n) - (32 wolB)) = 32 30 wiPy) - wy(hy)

PyePy PyePy PyePy PyePy

= Y wi(P,Py))

(Pg,Py)EPsxPy

and M computes f - g. O
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4 Functional Closure Properties of #FA

With the exception of binomial coefficients all the other closure properties need to be
able to “remove” some of the possible computations. For example, consider decremen-
tation, the special case of truncated subtraction by one, and consider some simple NFA
M computing some strictly positive function f. We now want to construct an NFA M’
that computes f — 1, i.e. an NFA that has exactly one non-zero computation less than
M (assuming computations of weights zero or one). For this we want a procedure to
single out one non-zero computation of M to then change its weight to zero. For stronger
models of computation — like polynomial time non-deterministic Turing machines — this
approach seems hopeless. Already deciding the existence of one such computation is
NP-hard. However for NFAs, deciding the existence of a non-zero computation can be
decided by a deterministic finite automaton, namely the powerset automaton. Adjust-
ing the powerset construction to filter out a single non-zero computation, namely the
lexicographically minimal one can then be used to show that decrementation is a closure
property of #FA.

Generalizing this approach to more general properties about the computations gives us
the framework of stepwise computation properties:

4.6 Definition (Stepwise computation property). Let M = (Q, X, wt,in,out) be an
NFA. A stepwise computation property prop is defined as prop = (S, init, step, cond)
where S is a finite set and init : Q — S, step: Q@ x ¥ xQ x S — S and cond : S — {0,1}
are functions. For w = wy ... w, € ¥* and a computation P = ¢y ...q, of M on w we
define a step sequence sp := init(qo) and s; := step(qi—1, w;, ¢i, si—1) for i € [n]. We also
write prop(w, P) := cond(sy) to be the evaluation of the property.

These stepwise computation properties now enable us, given a simple NFA, to construct

NFAs computing both of the following:

4.7 Lemma. Let My be a simple NFA computing a function f and let prop be a step-
wise computation property. Then there is an NFA M computing g(w) = > pwy(P) -
prop(w, P), where the sum is over all computations P of My on w.

Proof. Let My = (Q¢, %, wty,ing,outy). We construct the NFA M = (Q, X, wt, in, out)
with Q = Q7 x S and

0 otherwise

in((q, 5)) = {inf(q) if s = init(q)

out((q, s)) = outs(q) - cond(s)

wtr(q,0,q) if & =step(q,0,q,s)
wt((q, 8)707 (q/’S/)) = { ! .
0 otherwise

Fix some w = wy...w, € ¥*. Any computation P = (qo, S0) - .- (qn, Sn) of M on w
directly corresponds to the computation qo...q, of My. If so # init(qo) or if s; #
step(qi—1, w;, Gi, si—1) for any ¢ € [n] then P has weight 0. Otherwise P has weight
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4.3 Functional Closure Properties

w(P) = ws(qo-..qn) - cond(s,) = Wg(qo---qn) - prop(w,qo . ..¢qn). The claim on the
function computed by M directly follows. O

4.8 Lemma. Let My be a simple NFA computing a function f and let prop be a stepwise
computation property. Then there is an NFA M computing g(w) = ) pprop(w, P),
where the sum is over all computations P of My on w.

Proof. Let My = (Qy, %, wty,ing, outy). We construct the NFA M = (Q, %, wt, in, out)
with @ = Qf x S and

1 if s = init(q)

0 otherwise

in((q,s)) = {

out((q, s)) = cond(s)

wt((q,5),0,(¢,5") = {

1 if s = step(q,0,q,s)

0 otherwise

Any computation P = (qo, So) - - - (qn, sn) of M directly corresponds to the computation
qo-..qn of My. If so # init(qo) or if s; # step(gi—1,w;, gi, si—1) for any i € [n| then P
has weight 0. Otherwise P has weight w(P) = cond(s,) = prop(w, qo - .. ¢n). The claim
on the function computed by M directly follows. O

In other words, stepwise computation properties allow us to either “disable” specific
computations of My or they allow us to directly extract information about the com-
putations of M;. Note that the restriction on the finiteness of S is necessary, as the
elements of S are hard-coded into the state space of the NFA in Lemmas [£.7) and [£.8]
In particular, these lemmas do not hold for even countably infinite S, which can be seen
with the example S = N when we define the stepwise computation property in such a
way that prop(w, P) = 1 iff |w]| is prime, leading to an NFA recognizing the language of
all words of prime length, a well known contradiction.

Further note that these two constructions do not incur exponential blowups themselves,
however for most of our applications the set S will be of exponential size in the number
of states of M.

Returning to our decrementation example, to use Lemma [4.7] we want to construct a
stepwise computation property prop with prop(w, P) = 0 iff P is the lexicographically
smallest non-zero weight computation on w. For this we can set S = P(Q) to be the
set of all subsets of states (), denoting the set of states that currently are the endpoints
of lexicographically smaller partial computations of non-zero weight than the partial
computation P we are on. We need to store all such potential states, since some current
partial non-zero weight computations might not be possible to be completed to a full
non-zero weight computation. Initially this set contains all states that are smaller than
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4 Functional Closure Properties of #FA

the start state of P, the step function then checks which lexicographically smaller partial
computations can be extended and whether any new partial computations that agreed
with P up to this state can be lexicographically smaller than P. Finally the cond function
then checks whether there are any such lexicographically smaller partial computations
left that can be completed to a non-zero weight computation, i.e. that end on a state
q € @ with out(q) = 1.

We want to generalize this idea to be able to generally create stepwise computation
properties that argue about the number of non-zero computations, either in total or
lexicographically smaller than a given computation. However doing this in general would
require choosing the set S as the set of functions ) — N, which is infinite. As a result
we embed the number of computations into finite semirings first to then extract the
relevant information. For this purpose we only consider semirings with both additive
and multiplicative identities. Homomorphisms h from a semiring R into another semiring
R’ need to fulfill h(a+b) = h(a)+h(b), h(a-b) = h(a)-h(b), h(lg)=1r/, h(0r) = Og.
Since every element of N is either 0 or can be formed by repeated addition of 1, any
homomorphism from N into any other semiring is uniquely defined.

We can then use R to construct stepwise computation properties. Together with Lem-
mas |4.7| and these use similar ideas to [KLMP04].

4.9 Lemma. Let N = (Q, X, wt,in,out) be a simple NFA and let R be a finite semir-
ing and let 7 : N — R be the unique homomorphism from N to R. For any func-
tion m : R — {0,1} there is a stepwise computation property prop with prop(w,P) =
w(t(>°p W(P"))), where the sum is over all computations P’ of N on w, independent of
P.

Proof. We construct prop = (.5, init, step, cond) as follows:

S=0Q—R
init(q) = r — 7(in(r))
step(q, 0,q/,5) = 1 Yy (") - T(WH(, 0,7))

cond(s) = ’/T(ZTEQ s(r) - T(out(?”)))

Note that step and init depend on neither ¢ nor ¢’. So for a fixed w = wy ... w, € X*
the step sequence s, .. ., s, collapses to so = r — 7(in(r)) and s; =7+ 3" o si-1(r") -
T(wt(r’',w;, 7)) for i € [n], independent of the specific computation of N on z.

We first prove that for all w = wy ... w, € ¥* and ¢ € Q we have s,(r) = 7(3>_p W(F}))
where the sum is over all computations P, = ¢qq . ..¢q, of N on w with ¢, = r. We prove
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4.3 Functional Closure Properties

this by induction over n. For n = 0 this holds directly. For n > 0 we have

)= St (@ner) - T(Wt(gu1, wa )

Gn—1€Q

=Y (Y W) T(wtlganr wn,r)

Gn—1€Q 40+, qn—2€Q

:r( Z Z E(QO---qn—l)'Wt(%—l’w"’r))

Gn—1€Q q0,---,Gn—2€Q

= T( Z w(qo- .. qn_lr)> )

q0;--dn—1€Q
We can thus finish the proof with

prop(w, P) = cond(sy,)
- Tr( 3 salr) -T(out(qn))>
qnGQ
(X (Y wla.a) rlout(an))

n€Q  qos-qn—1€Q
= 7r< (Z Z w(qo...qn) - out(qn)))
an€Q q0,--,qn—1€Q

=T

(Y W) =

q0,--,gn€Q

4.10 Lemma. Let N = (Q, X, wt,in,out) be a simple NFA with some ordering < of Q,
let R be a finite semiring and let 7 : N — R be the unique homomorphism from N to
R. For any function 7w : R — {0,1} there is a stepwise computation property prop with
prop(w, P) = w(7(3>_ pr w(P"))) for all non-zero computations P of N on w, where the
sum is over all computations P’ of N on w that are lexicographically smaller than P.

Proof. We construct prop = (S, init, step, cond) as follows:

S=Q—R
init(¢) = r — 7(1,<q - in(r))
step(q,0,¢',8) =1, QS s(r') - T(wt(r',o,1)) + T(Lr<y - wt(q,0,7))
) =

7 (Sreqs(r) - 7lout(r))

cond(s
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4 Functional Closure Properties of #FA

Fix some w = w1y ... w, € ¥* and some computation P = ¢y...q, of N on w of non-
zero weight. This fixes the step sequence sg, ..., s,. We now prove by induction over
that s;(r) = > p 7(w(P’)) for all i € {0,...,n} and r € @, where the sum is over all
computations P’ = ¢(,...q} of wy...w; with ¢} = r that are lexicographically smaller
than go...q. For ¢ = 0 this is trivially the case since the only computations P’ = g
that are lexicographically smaller than the computation go are the ones with ¢ < go.
For i > 0 for a computation P’ = ¢, ...q, to be lexicographically smaller than gq...¢;
there are two possibilities. Either ¢;...¢,_; is already lexicographically smaller than
q0---Gi—1 Or ¢...q}_1 = qo-..gi—1 and ¢} < g;. In the second case the weight of P’ is
precisely wt(gi—1,w;, ¢}) since P is a computation of non-zero weight and thus weight
exactly 1. Combining all of this we can finish the proof of the claim with a similar
argument to Lemma [£.9}

si(r)= Y sia(gig) - T(wt(gi_y, wi, ) + T(Lrag, - Wh(gio1, 0,7))

7;_,1€Q
— / / /
= T( Yoo wlghgin)) - wilgi_g, wi, 7“)) +7(Lyeg, - W(go .- - gim17))
19-+-4; 1
lex. smaller than
q0---qi—1
= T< Z w(qy---gi_17) + Lreq, - w(qo - - - qi_lr))>
90---4; 1
lex. smaller than
q90---qi—1
(Y whdan)
q0--q;_1T
lex. smaller than
q0---9i—19;
The statement of this lemma then follows analogously to Lemma [£.9] O

Note that the previous lemma makes no statement about the value of prop(w, P) for
any computations P of weight zero. However, this is enough for our uses, since we only
combine it with Lemma i.e., prop(w, P) gets weighted by w(P).

Most commonly, as is the case for decrementation, we want to be able to exactly dis-
tinguish the number of non-zero computations if it is less than k£ and otherwise be able
to tell that the number is at least k. This is achieved by using the following capped
semiring;:

4.11 Definition (Capped semiring). For £ € N we call the semiring Ry, = {0,...,k}
with the operations a+g b := min(a+b, k) and a-g b := min(a-b, k) the capped semiring.

We can now show that decrementation is a functional closure property by simply using
Lemmausing the capped semiring R and 7(a) = a to construct our wanted stepwise
computation property computing prop(w, P) = 0 iff P is the lexicographically smallest
non-zero weight computation on w.
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4.3 Functional Closure Properties

Most of the remaining closure properties are now proven by using the capped semiring
of a specific size and choosing the function 7 accordingly.

4.12 Lemma (Subtraction of constants). If f € #FA, then max(f — ¢,0) € #FA for
any constant ¢ € N.

Proof. Let My = (Q¢, %, wty,ing, outy) be a simple NFA computing f with an arbitrary
ordering < on @y. Lemma on the capped semiring R, with 7(a) = 14> for all
a € R constructs a stepwise computation property prop with

if the number of non-zero computations P’ on w that are lex.
prop(w, P) = smaller than P is at least ¢
0 otherwise

for all computations P on w of non-zero weight, i.e., prop(w, P) = 0 iff P is one of the ¢
lexicographically smallest computations on w with non-zero weight. It follows that the
NFA M constructed by Lemma |4.7| computes g(w) = max(f(w) — ¢,0). O

If instead of rejecting the ¢ lexicographically smallest computations, we accept only those
computations, we compute the minimum of f and c.

4.13 Lemma (Clamping). If f € #FA, then min(f,c) € #FA for any constant ¢ € N.

Proof. Let My = (Qy, 3, wty,iny,outy) be a simple NFA computing f with an arbitrary
ordering < on ;. Lemma on the capped semiring R, with 7(a) = 14, for all
a € R constructs a stepwise computation property prop with

if the number of non-zero computations P’ on w that are lex.
prop(w, P) = smaller than P is at most ¢ — 1

0 otherwise

for all computations P of My on w of non-zero weight, i.e. prop(w, P) = 1 iff P is one
of the ¢ lexicographically smallest computations on w with non-zero weight. It follows
that the NFA M constructed by Lemma [4.7| computes g(w) = min(f(w), ). O

By using the capped semiring R.41 with 7=(a) = Lo=¢, 7<(a) = lg<. and 7>(a) = Lg>c,
we can compute the indicator functions 1;_., 1<, and 17>, respectively.

4.14 Lemma (Comparison with constants). If f € #FA, then the functions 1—., 1<,
Lt>. are in #FA for any constant c € N.
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4 Functional Closure Properties of #FA

Proof. Let My = (Q¢, %, wty,ing, outy) be a simple NFA computing f with an arbitrary
ordering < on Q. Lemma[d.9 on the capped semiring Re11 with 7—(a) = Lo—, 7<(a) =
Lo<c and 7> (a) = 1> for all a € R constructs stepwise computation properties prop_,
prop< and props respectively with

1 if the number of non-zero computations P’ on w is exactly ¢

pov-(.) = {

0 otherwise

1 if the number of non-zero computations P’ on w is at most ¢

rop<(w, P) =
P pg( ) {0 otherwise

1 if the number of non-zero computations P’ on w is at least ¢

rops (w, P) =
P pz( ) {0 otherwise

for all computations P of My on w. It follows that the NFAs M_, M< and M>
constructed by Lemma compute g—(w) = Lpgy)—c - QWL g (w) = 1 f(w)<e -

\Qf“w'“ and g>(w) = 1 p(yp)>c- \QH‘“"H respectively. Since ]Qfﬂw'*l

Lemma finishes the proof with

is always positive

min(g-(w),1) = 1 f(w)=c min(g<(w), 1) = lfu)<. min(g>(w),1) = Lfwyse- O
The previous lemma in particular also implies the following;:

4.15 Lemma. If ¢ : N — N is a functional closure property of #FA and ¢ : N — N is
an arbitrary function with p(n) = ¥(n) for all but finitely many n € N, then 1 is also a
functional closure property of #FA.

Proof. Let f € #FA be arbitrary. Further let N € N be such that ¢(n) = ¢(n) for all

n > N. Then (¢ o f)(w) = Zﬁi?)l L= (1) + Lpy>ne(f(w)) for all w € ¥*. In
particular ¢ o f € #FA since the (i) are constants and @ o f € #FA. O

Division and modular arithmetic however use a different semiring: they use the finite
cyclic semiring Z. = {0, ...,c — 1} with m(a) = lg=c—1 and 7(a) = 1,—4 respectively.

4.16 Lemma (Division by constants). If f € #FA, then | f/c|] € #FA for any constant
ce N\ {0}.

Proof. For ¢ =1 the statement is trivially true, so let ¢ > 2.

Let My = (Qy, %, wty,ing,outy) be a simple NFA computing f with an arbitrary or-
dering < on (5. We use the finite cyclic semiring R = Z. with the usual addition and
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multiplication. Lemma with m(a) = l4—c—1 for all @ € R constructs a stepwise
computation property prop with

1 if the number of non-zero computations P’ on w that are
prop(w, P) = lex. smaller than P is one less than a multiple of ¢

0 otherwise

for all computations P of M; on w of non-zero weight. It follows that the NFA M
constructed by Lemma computes g(w) = [@J O

4.17 Lemma (Modular arithmetic). If f € #FA, then the function 1= _q is in #FA for
any constants ¢ € N\ {0} and d € Z,.

Proof. For ¢ =1 the statement is trivially true, so let ¢ > 2.

Let My = (Qf, X, wty,ing,outy) be a simple NFA computing f with an arbitrary or-
dering < on ()y. We use the finite cyclic semiring R = Z. with the usual addition
and multiplication. Lemma with m(a) = 1,—4 for all a € R constructs a stepwise
computation property prop with

1 if the number of non-zero computations P’ on w
prop(w, P) = is d more than a multiple of ¢

0 otherwise

for all computations P of My on w of non-zero weight. It follows that the NFA M

constructed by Lemma computes g(w) = Lyy)=.q - |Qf||w|+1. Since |Qf|‘“"Jrl is
always positive Lemma finishes the proof with min(g(w), 1) = 1 ¢(y)=.4- O

The previous closure properties turn out to already be sufficient to generate all functional
closure properties, so in particular they are sufficient to generate binomial coefficients
by using subtraction of constants, multiplication and division by constants by using the
definition of binomial coefficients as a polynomial: (£) = %ZL’ (x=1)-...-(z—c+1).
Nonetheless, we give an additional proof for binomial coefficients as a different interesting

application of the stepwise computation property framework.

4.18 Lemma (Binomial coefficients). If f € #FA, then (J;) € #FA for any constant
ceN.

Proof. Let My = (Qy, 3, wts,ing,outy) be a simple NFA computing f and let ¢ € N.
For ¢ < 2 the statement of this lemma is trivially true, so assume ¢ > 2.

We construct the c-fold product automaton Mf = (Q;, X, wt, in%, outic) with
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lexicographical order
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4 Functional Closure Properties of #FA

wtG((q1, -5 4e), 0, (1, - -+, 1) = TTimy Wty (i 0, qf)
in((q1,---,q)) = [i=; ing(a:)
out((q1,---,4qc)) = [[i=; outy(ai)

M5 is a simple NFA and every computation on MJ? is the cartesian product of ¢ com-
putations on M. Our aim is to now construct a stepwise computation property prop =
S, init, step, cond) such that prop(w,P) = 1 iff P is composed of ¢ pairwise distinct

% propl\w, p p
computationsﬂ on Ny.

For this let S be the set of all equivalence relations on the set [¢]. =~ We then define
init((qo, - --,qc)) to be the equivalence relation Ry with (a,b) € Ry iff ¢, = q». Addi-
tionally we define cond(R) = 1 iff R is the equivalence relation where every element is
only equivalent to itself, i.e. a computation gets accepted iff all its constituent compu-
tations are pairwise distinct. Finally we define step((qi,...,4.),0, (¢}, ..,q.), R) to be
the equivalence relation R’ defined via (a,b) € R’ iff (a,b) € R and ¢, = ¢;. With a
simple induction we can prove that for a computation P = P; X ... x P. and the step
sequence Ry,..., R, we have (a,b) € R; iff the computations P, and P, are identical
for the first i steps. It follows that the NFA M constructed by Lemma computes
g(w) = (f(:’)) -c!l. Now, (J:) € #FA by Lemma O

While the combination of the previous lemmas can be used to show that any polynomial
written in the binomial basis with non-negative integer coefficients is a functional closure
property of #FA, we can do better by considering a shifted binomial basis. For example,
consider the polynomial ¢(z) = %2 — =£ 4 1. This polynomial is non-negative for all
x € N. Writing ¢ in the binomial basis we get p(z) = (5) — (}) + 1. If however we allow
the upper indices of the binomial basis to be shifted, we can write ¢ without the use
of negative coefficients as ¢(x) = (”‘;1) While z — 1 itself is not a functional closure
property of #FA the function max(x — 1,0) is a functional closure property of #FA and
is different from x — 1 for only finitely many x € N. In the same way, we see that
o(x) = (max(éfl’o)) only differs from ¢ for finitely many = € N, namely x = 0. Using
Lemma to change those finitely many values, we see that ¢ is indeed a functional
closure property of #FA.

Generalizing this idea we will show with the next two lemmas that this is possible for any
o with integer coefficients in the binomial basis, with a small restriction: We don’t show
that ¢ itself is a functional closure property of #FA, but rather that = — max(y(z),0)
is one. Note that this restriction is the best we can hope for, since no computation in
an NFA can ever have negative weight.

4.19 Lemma. Let () = Y ; (a; - (”f) ith a; € Z and a, > 0. Then there are
bo,...,br € N and cg,...,c, € N with ¢(x) Z i (5.
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Proof. We prove this via induction on r. For r = 0 we can choose by = ag and ¢y = 0 to
see that ¢ is of the required form. For r > 0 we choose b, = a, and ¢, = max{—a,_1 +
1,0}.

We define the polynomial ¢'(z) := ¢(x) — b, - (*7°) and analyze the leading binomial

T

(*.°"). Using the Chu-Vandermonde identity [Spil6] we see (“7) =37 (%) (5) =
OAICS Vil (i Y91
Combining this with ¢(z) = Y7_a; - (§) we see that ¢(z) — by (I y=3rga (%)

s (2
with a] = a; — b, - (—1)"" - (TﬁHCT*l). Furthermore we have a/._; > 0 due to b, -

(—1)7_(“1)(T_(::(lgff)”_l) = —by¢; < ar—1. By induction there are b, ...,0._; € N and
hyooycy € Nsit. @f(x) = S0 0 b - (* lc) Thus by choosing ¢; = ¢; and b; = b for
i€{0,...,7r— 1} we get p(z) = >1_ b - (°5). O

4.20 Lemma (Integer-valued polynomials). Let f € #FA and let ¢ : Q — Q be an
integer-valued polynomial, then max(p o f,0) € #FA.

Proof. We can assume the leading coefficient of ¢ to be positive. Otherwise max(po f,0)
can be directly written as a finite sum ), ¢; - 1y—; which is in #FA by Lemmas H -
and- Write ¢ in the binomial basis as ¢(x) = ag- ( )+ +a,- (r) with a, > 0. Since
¢ is integer-valued, all of the a; are integers, see [IP22, Prop. 4.2.1]. Using Lemma
we get a representation ¢(x) = >, b; - (x_zcl) with bg,...,b. € Nand cg,...,c, € N.
For © > max{c; | 0 < i < r} = N we have that (*7%) = (maX(Ii_ci’O)) and thus
Plx) = > gbi- (max(x;c"’o)) only differs from =z — max(p(z),0) on finitely many
inputs and is a functional closure property of #FA by Lemmas [£.4] [4.5] [£.12] and [4.1§ -
Lemma [£.15] then finishes off the claim.

We now have the tools available to show our claim that every ultimately PORC function
is a functional closure property of #FA.

4.21 Lemma. Fvery ultimately PORC function is a functional closure property of #FA.

Proof. Let ¢ : N — N be an ultimately PORC function with period p comprised of the
polynomial constituents ¢o,...,pp—1 : N = Q and N € N, s.t. for all n > N we have
©(n) = @nremp(n). Additionally let f € #FA. We can write

pof =200 1m0 + Lpzn - (S0 1y=,i - [max(p; 0 £,0)]).

Combining Lemmas [£.4] [£.5] [£.14] and [£.17] this shows ¢ o f € #FA, if we can show
|max(p; o f,0)] € #FA for all i € {0,...,p — 1}. To show this let «; be the common
denominator of the coefficients of ;. Then «;-¢; is a polynomial with integer coefficients,
so it in particular is an integer-valued polynomial and by Lemma we have that
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Qg

|max(p; o f,0)] € #FA. O

max(c;-p;of,0) € #FA. Combining this with Lemma |4.16{we get that {MJ =

The remainder of this section is dedicated to showing that no other functional closure
properties of #FA exist. This will make use of the following well known algebraic inter-
pretation of NFAs:

4.22 Lemma (see [Sch61)). If M = (Q, X, wt, in, out) is an NFA, then there are matrices
A, € NIRIXIQl for each symbol o € ¥ and vectors a,b € N9l s.t. M computes a”

(Hljﬂl ij> b for all w € ¥*.

Proof. We index Ay, a and b using states ¢,¢ € Q. Choose (As)qqy = Wt(q,0,¢),
ag = in(g) and b, = out(g). It is now easy to see that M computes exactly a’

(I, Au,) b -

When restricting to a unary alphabet ¥ = {o}, this degenerates the computed function

to a’ - Al;” b, In order to analyze the behavior of these functions we first analyze
the behavior of the matrix power as a function in |w| in the next two rather technical
lemmas.

4.23 Lemma. Let A € N¥*k. Then any diagonal entry of A™ is a function f : N — N
with one of the following properties:

1. f(n) =0 for alln € N\ {0} and f(0) =

2. There is a p € N\ {0}, such that for all n € N we have f(n) = L,=0.

3. Thereis a p € N\ {0} and a function g € 290 such that for all n € N we have
f(n) = Lu=,0 - g(n).

These naturally correspond to vertices v in the multigraph defined by the adjacency
matrix A with

1. no paths from v to v.
2. exactly one path from v to v of length p.

3. multiple walks from v to v where the lengths of all the walks from v to v have ged
p.

Proof. To prove the lemma, let v be arbitrary and let f,(n) = (A™)y,. Note that we
always have f,(0) = 1 since A° is the identity matrix. We split into three cases:

fo(n) =0 for all n > 0: In this case we are done.
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fu(n) € {0,1} for all n € N and there is some ¢ > 0 with f,(¢) = 1: Let p > 1 be min-
imal with f,(p) . Then we directly know that for any multiple i - p we have

=1
fo(ip) = (AP)yy > ((AP)y)! = fo(p)? = 1. In the setting if A is interpreted as the

adjacency matrix of a multigraph, this corresponds to a walk consisting of repeating
the same path of length p from v to itself ¢ times.

Assume for the sake of contradiction there is any other m that is not a multiple
of p with f,(n) = 1. Then we have that f,(n-p) = (A"),, > (AP)", + (A"}, =
fo(p)"+ fu(n)P = 2, a contradiction. Going back to the graph setting, this corresponds
to the choice of either repeating a walk from v to v of length n a total of p times or
repeating a walk from v to v of length p a total of n times, leading to two different
walks of length n - p from v to v since neither does p divide n nor vice-versa.

There is some ¢ € N with f,(¢) > 2: Let p be the ged of the set Z ={n € N| f,(n) >
1}. If n € N is not divisible by p we directly have f,(n) = 0 since this implies n ¢ Z.

Additionally there is some finite subset Z’ C Z with the same ged p. By Bézout’s
lemma there is some N € N which is a multiple of p s.t. that every number of the form
N +i-p with ¢ € N can be written as a non-negative linear combination of elements
from Z'. Let n = N +i-p for any ¢ € N. We can write

—N—an_g J-E.er V—NJ n

n=N+ 2 (4.24)

l
o= ﬁ;:
since £ € Z implies that p divides ¢. Furthermore both « and 5 are non-negative
integers and § is maximal with this property. In particular we can write N + a - p
as a non-negative linear combination with elements from Z’. This gives N +« - p =
ijeZ’ ;- pj for k; € N. Putting this together we have

p;€Z’
> (4%, TT ()i
p;€Z’

= L0° - ] folp)

p;€Z!
> f,(0)°
> 98

> 2" 1 e 2m)
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4 Functional Closure Properties of #FA

Note that no entry in A™ can grow faster than linearly exponential, so this lower bound
directly induces a function g, € 2™ rather than a function g, € 22,

In the graph setting this corresponds to repeating different walks from v to v of length
¢ for most of the walk, thus accumulating a linearly exponential amount of different
walks and then finishing with some bounded amount of walks from v to v with lengths
in 7'

O]

We can then lift this result to all entries of A™.

4.25 Lemma. If A € N¥¥k_ then each entry of A™ is an ultimately almost PORC
function.

Proof. We use the description of the diagonal entries of the matrices A% given by
Lemma[4.23|for all sets S C [k] where Ag is the matrix A obtained by removing the rows
and columns given by S. These correspond to the number of walks of length n from a
vertex v to itself in the multigraph associated with the adjacency matrix A, restricted to
the induced subgraph spanned by all the vertices not in S. For any S C [k] we will index
Ag the same way as we index A, i.e. (Ag)i; = A;; whenever 4,5 € [k] \ S. Lemma
in particular already proves this lemma for the diagonal entries.

Let G = (V, E) with V' = [k] be the multigraph defined by the adjacency matrix A. Let
W be any walk on G. Then we can obtain a unique simple path Py from W by repeatedly
contracting cycles in W. We call two walks W; and Wy equivalent if Py, = Py,. Note
that this forms an equivalence relation on the walks on G and there is a bijection between
paths on G and equivalence classes of walks on G and we can construct every walk in
the equivalence class Wp corresponding to a pathlﬂ P =uvy — ... = v, as follows: At
every vertex v; we can add any walk from v; back to v; of any length /;, given that it
doesn’t pass through any of the vertices vi,...,v;_1. Note that this restriction is not
necessary in general, but it ensures that every walk is uniquely constructed, a necessity
for our proof. This construction gives a walk of length r — 1+ "7, ¢;.

Fix some u # v € V and let P = v; — ... — v, be any path from u to v, i.e. v1 = u and
v, = v. Then the class Wp contains exactly

fP(n) = Z H(Agl)vwz

(€1l =1

walks of length n € N where the sum is over all (¢1,...,¢,) e N" withn=r—1+>_,
and we define S; = {v1,...,v;1}. By Lemma we know the structure of each
of the (Agii)vm as a function in ¢;. Call the v; either O-vertices, 1-vertices or exp-
vertices respectively for each of the three cases of Lemma Additionally denote by
p; the corresponding period for the 1-vertices and exp-vertices and in case of exp-vertices
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denote by N; the smallest multiple of p;, s.t. (AN TP Yooy > 0 for all j € N. Define
Io:={i€[r]| v is a O-vertex} and let I1 and Iexp ‘be defined analogously.

We first look at the case Iexp = (). Then H;:l(AESii)UiUi =1iff ¢, =0 for all i € Iy and
¢; is a multiple of p; for all i € I, otherwise H::1(Agi)vm = 0. Thus fp(n) is given as
the number of integer points in the polytope defined by Zieh l;-pi =n—1r—+1 and
¢; > 0 for all i € I;. This is a scaled polytope with rational vertices and thus fp(n)

is the Ehrhart quasi-polynomial (see [BRO7, Chapter 3] for an introduction to Ehrhart
Theory).

We now look at the case Iy, # 0. Let v, be one vertex with e € Iexp and let p be the
ged of all p; with @ € Iy U Ixp. This implies that ngl(Agii)vm = 0 whenever any of the
¢; with ¢ € [r] are not a multiple of p and thus fp(n) = 0 if n #, » — 1. Additionally
by Bézout’s lemma there is some N € N which is a multiple of p s.t. that every number
of the form N + j - p with j € N can be written as a non-negative linear combination of
the p; with ¢ € I} U Ixp. Define N := N+r—1 +Zielexp N;. Let n = N’ +j - p for any
7 € N. We can write

n=N+

n—N— 28] p, - V—N'J Do (4.26)

p DPe
O?Z,: IB;:

since e € loxp implies that p divides p.. Furthermore both a and § are non-negative
integers and [ is maximal with this property. In particular we can write N + a - p
as a non-negative linear combination with elements p; with ¢ € Iy U Ioxp. This gives
N +a-p=r— 1+Zielexp Ni+zielluAexp ki - p; for k; € N. We choose £; = 0 for i € I
and ¢; = k;-p; for i € I1 and ¢; = N;+k;-p; for i € Iy \{e} and e = Ne+ ke pe+ - pe.
This describes a subset of the walks of length

T—1+Zfizr—1+ZNi+ Z Ki-Di+B-pe=N+a-p+B-p.=n.
i€]r] 1€ exp 1€ U exp
In particular we have (Ag Jor; > 1 for all i € [r] and (A% Jveve € 20(te) = 29(") and thus

fp(n) > 290 for any n > N’ with n =, r — 1. Note again that fp(n) can never grow
faster than linearly exponential as it is bounded by the total number of walks through
G, so fp(n) is of the form required by the statement of this lemma.

To finish the proof note that the class of ultimately almost PORC functions is closed
under addition and multiplication. If we multiply a polynomial constituent with an
exponential constituent, then either the polynomial constituent is identical to 0 or there
is some N € N; s.t. the polynomial is strictly positive for every n > N. We have

(A" )uo = Z fr(n)
P

where the sum is over all paths P starting at u and ending at v. For any fixed u,v € V
this is a sum of constantly many elements, bounded by (k - max(A))¥~!, where max(A)
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1,1

Figure 4.1: NFAs computing the functions 1™ +— n and 1™ — 2" respectively. Edges
with a multiplicity of 2 are denoted by listing the edge label twice.

denotes the maximum entry of A. We conclude that (A™),, is an ultimately almost
PORC function. O

4.27 Theorem (Classification of univariate functional closure properties of #FA). A
function ¢ : N — N is a functional closure property of #FA iff © is an ultimately PORC
function. This even holds when #FA is restricted to unary languages.

Proof. Lemma already shows that every ultimately PORC function is a closure
property of #FA. It remains to show that all functional closure properties of #FA are
ultimately PORC functions. For this let ¢ : N — N be a functional closure property of
#FA. The function f : {1}* — N defined by f(1") = n is computed by the left NFA in
Figure and thus in #FA. Consequently ¢ o f € #FA. Let M = (Q, {1}, wt, in, out)
be an NFA computing ¢ o f. By Lemma this NFA induces a transition matrix
A € NIQIXIQl and vectors a,b € N9l st. aT A = o(f(1")) = ¢(n) for all n € N.
Every entry of A™ is an ultimately almost PORC function by Lemma and thus
a’ A"b = p(n) is one as well. Let p be the quasiperiod of ¢ and let ¢; be one of the
constituents of ¢ corresponding to some residue class i € {0,...,p — 1}. Assume for the
sake of contradiction that ¢; grows in 22 i.e. there is a constant v € RT and N € N,
s.t. for every n > N we have p;(n) > 27". Consider the function f,; : {1}* — N defined
by fpi(1") =p-(2"+N)+i. We claim f,; is in #FA. The function 1™ — 2" is computed
by the right NFA in Figure [4.1 and thus in #FA. The remainder of the claim follows by
Lemma[4.4and Lemma[d.5] Note that f,;(1") =p i, 50 @o fp; = ;0 fp,i has to be in #FA
as well. However ¢(f,:(1") = @i(fp:(1")) = @i(p - (2" + N) 4 i) > 207"+ N+ for a]]
n € N which is larger than any NFA can compute, since NFAs can only compute functions
that are at most linearly exponential in the length of the input. We conclude that none of
the constituents ¢; of ¢ can be exponential, so they are instead all polynomials, making
© an ultimately PORC function. O

4.3.2 Multivariate Functional Closure Properties

4.28 Theorem (Classification of multivariate functional closure properties of #FA). A
function ¢ : N™ — N is a functional closure property of #FA iff ¢ can be written as a
finite sum of finite products of univariate ultimately PORC functions.
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Proof. By Theorem any univariate ultimately PORC function is a closure property
of #FA. As such any finite sum or finite product of them is also a closure property of

#FA by Lemmas [4.4] and

It remains to show that all functional closure properties of #FA are of this form. For
this let ¢ : N™ — N be a functional closure property of #FA. Define the alphabet
Y = {o1,...,0n} and the functions f; : ¥* — N where f;(w) := #;(w) is defined as
the number of occurences #;(w) of the symbol o; in w. Applying the closure prop-
erty to fi,..., fm gives that ¢ o (f1,..., fm) € #FA and thus is computed by an NFA

M = (Q,%, wt,in,out). This induces transition matrices A, € NIQIXIQl for each sym-
bol ¢ € ¥ and vectors a,b € N9 st. o H‘J:‘l Aw;b = o(fi(w),..., fm(w)) for all
w € ¥*. Restricting to words of the form w = o7'05%--- o™ for ny,...,n, € N gives
o’ (TT2, A) b= @(ni,...,ny). Using Lemma on each of the A7? we see that ev-
ery entry of A7 is an ultimately almost PORC function in n;. Consequently, every entry
of [T, At is a finite sum of products of different ultimately almost PORC functions

and the same holds for a” (T2, A%) b= @(n1,..., ).

We now look at the individual summands of ¢ and prove that we can rewrite each one
as a product of ultimately PORC functions by one-by-one rewriting the exponential
constituents. For this let ¢ (ny)---¢™(n,,) be one of the summands of ¢ where

oM o™ are all ultimately almost PORC functions, with periods pi, . . ., pm, offsets

Ni,..., N, and constituents go[()i), ... 7901(;")71 for each i € [m]. If none of the constituents
(4)
] J

let v € R and let N € N, s.t. wgz)(ni) > 27" for n; > N. We claim we can set
@éi) (n;) = 0 without changing the product ¢ (ny)--- ™ (n,,) for any ni,...,n, € N.

(3

are exponential we are done. Otherwise let ¢’ be one of the exponential constituents,

Call the resulting functions ¥ and @b](-i). Assume for the sake of contradiction, that
there are some cq, ..., ¢, € N where

PV (er) o™ em) # 6V (er) - D (er1) - 6O (e) - ¢ D cin) - 0™ em)

This implies that (M (cy) -+ D (c; 1) - D (ciy1) - ™ () # 0 and ¢; > N; as

we didn’t change any other functions except ¢® for n; > Nj.

Construct the constant functions fi(w) = c for k # i and the function f!(w) = p;-(21"I+
max(N;, N))+j which are all in #FA. We see that po(f],..., f},) € #FA. Note that for
any w € ¥* we have f/(w) > max(N;, N) and f/(w) =p, j and thus ¢ o f! = wj(.z) o fl.
Combining all of this we again reach a contradiction to the fact that NFAs can only
compute at most linearly exponential functions via
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P(f1(), s frn(w) = D (er) - 0D (i) - oD (i (w)) - @ (i) - 0™ (em)

> o0 (fl(w)) = ¢§i>(f;(w)) = go?(pi-(zlw‘+max(Ni,N)>+j)
Z 2'ypi~(2|w‘+maX(Ni,N))+'Yj X

Note that the first inequality holds due to all summands of ¢ being non-negative. [

Deciding whether a function ¢ has such a representation may not always be directly
visible, however if ¢ is a multivariate polynomial we can be more explicit. Every integer-
valued multivariate polynomial has integer coefficients when represented in the binomial
basis (see [IP22, Prop. 4.2.1] for a proof of this fact). We say a term a - (21) (2::)
dominates another term a’- (2,1) -+ (4m) if dj > dj for all i € [m]. A term is a dominating
term of ¢ if it has a non-zero coefficient and it is not dominated by any other term with
non-zero coefficient. We can use a similar approach to Lemma to rewrite ¢ as a

positive integer linear combination of products of shifted binomials.

4.29 Lemma. Let p(v1,...,2m) = > iy ai-[[12, (;7) with a; € Z and the coefficients
57

of the dominating terms being positive. Then there are a’,...,a., € Nandci,...,cv €N
with (w1, ... om) = iy af - [T (m({l;cl)

Proof. Let D, be the set of dominating terms of ¢. We consider a set of dominating
terms D to be smaller than another set of dominating terms D’, whenever D # D’ and
all terms in D are dominated by terms in D’. We prove the statement via induction over
D. In case D, = () we have ¢ = 0 and are done. So let D, # () and let a- (51) e (5:) be
any term from D,. We use a similar idea to Lemma and replace the binomial basis
by a shifted binomial basis. Consider the terms a; - (Si) e (‘flzj) (dix—il) (ZZE) e (flz) in
@ for all ¢ € [m] with d; > 1. These are precisely the potential new dominating terms
of p —a- (fli) e (fl:) In order to ensure the positivity of the a; we instead consider

vi=p—a- (") (m’;l“ch) for some ¢ € N with ¢ > —% for all i € [m] with d; > 1. We

dy a :
recall that the Chu-Vandermonde identity gives us (*¢) = >°7_,(=1)"" (T_Zi?_l) ()
Thus the new coefficient a; of (31) e (22:1) (dfjl) (ZZE) e (fl:) inyisa;+a-(—c)>0.

The new coefficient of (‘31) ‘e (le) in ¢ is zero and thus D, is smaller than D,. By
induction we know that v can be written as a positive linear combination of products

of shifted binomials and thus ¢ =¥ + a - (IZC) o, (xz’;:) has the same property. O

We can then use a generalization of Lemma and replace subtractions z; — ¢ by
max(z; —¢’,0). However special care has to be taken for x; < ¢, in which case x; has to
be replaced by the corresponding constants first. This adds the additional condition on

®.
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4.3 Functional Closure Properties

4.30 Lemma. Let ¢ : N™ — N be a multivariate polynomial with rational coefficients,
such that whenever v is formed from @ by replacing any set of variables — including
the empty subset — by constants from N, then all dominating terms of 1 have positive
coefficients. Then ¢ is a functional closure property of #FA.

Proof. We prove the statement via induction over the number of variables m. If m <1,
then ¢ is a constant polynomial and thus a functional closure property of #FA by
Lemma For m > 2, let f1,...,fm € #FA. Write ¢ as a positive integer linear
comblnatlon of products of shifted binomials using Lemma and let ¢ € N be the
maximum occurring shift. We now distinguish between the fz taking on values from
{0,...,¢— 1} and them taking on values of at least ¢ and all combinations thereof for
the different f;. Using the fact that all subtractions subtract at most a value of ¢ we can
replace the subtractions x; — ¢’ by max(x; — ¢/, 0) without changing the value for z; > ¢
and get the following:

e(fi(w), . )= ( H Lpwyze) * Pamped(F1(w); -, frn(0))
ZG
- Z(H Lw=ot) (T Trawze) - @rolfi(@).. s fnlw))
0CIC[m] p i€l i€[m]\1
where p sums over all functions I — {0,...,c—1}, @clamped is ¢, but with all subtractions

x;—c replaced by max(z; —c’,0) and @7, is ¢, but all variables x; with ¢ € I are replaced
by the constants p(i). The ¢y , are non-negative integer-valued multivariate polynomials
in fewer variables and when replacing any variables by further constants we only obtain
polynomials that can also be obtained by replacing variables directly in ¢. Thus by
induction the ¢r , are a functional closure property of #FA and ¢(fi,..., fm) € #FA by

Lemmas [, L5} (.12, (LT3, and 18 0

Indeed, this property precisely characterizes the multivariate polynomials that are func-
tional closure properties of #FA.

4.31 Lemma. A multivariate polynomial ¢ : N™ — N with rational coefficients is a
functional closure property of #FA iff for every o that can be formed from @ by replac-
ing any subset of variables — including the empty set — by constants from N, then all
dominating terms of v have positive coefficients.

Proof. Lemma [4.30] already proves that all multivariate polynomials of this form are
functional closure properties of #FA.

Now let ¢ : N™ — N be a multivariate polynomial with rational coefficient and a
functional closure property of #FA. By Theorem  can be written as a finite sum
of finite products of ultimately PORC functions. W.l.0.g. let all quasiperiods be the same
p € N and all offsets be the same N € N and a multiple of p, for example by choosing
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4 Functional Closure Properties of #FA

the lowest common multiple of the quasiperiods and choosing the lowest multiple of p
that is bigger than all offsets. Then

(e, xm) = Y T o9 (25) (4.32)
where ¢(*7) is an ultimately PORC function with constituents @éi’j ), R cpz(ijl) . Consider
inputs on a grid of the form (N +iy-p, N+io-p,..., N+ip p) foriy,..., iy, € N. For all
these inputs each of the ultimately PORC functions always uses the same constituents,
namely the goéw). Thus ¢ agrees with ¢'(21,...,2n) = > [[1L, gog’])(a:j) on all
inputs from this grid. Furthermore the grid is infinite in all dimensions and thus ¢ = ¢
by multivariate polynomial interpolation (see [GS00] for an exposition of multivariate
polynomial interpolation).

Remains to look at the dominating terms: W.l.o.g. assume that each gp[()i’j ) is not the
constant zero function. Then it has a positive leading coefficient, otherwise p(#7) would
not be a PORC function. Combined with the fact that each of the gpt()w ) is univariate, the

product [T, gpt()w )(xj) for a fixed ¢ € [r] has exactly one dominating term when written
in the binomial basis. Its coefficient is precisely the product of the leading coefficients
of the cp(()w ) and thus positive. As a result all dominating terms in the binomial basis
of ¢’ (and thus ¢) have positive coefficients, since no cancellations can occur unless the
dominating term of a summand dominates the dominating term of another summand,
in which case the smaller term would no longer be a dominating term.

Note that whenever any variable, for example x;, in ¢ is replaced by a constant ¢, then
this only changes each function (") (z;) and thus go(()l’j)(xj) to be the constant (%7 (c)
which is non-negative. O

4.4 Promise Closure Properties

As already mentioned in the introduction, (f; — f2)? can be proven to not be a functional
closure property of #FA using the Pumping Lemma. However, what happens if fi and fs
are not entirely arbitrary, but are potentially related, for example if we know f; = 3- f27
Under this assumption, we can rewrite (f; — f2)? as 4f2, clearly a functional closure
property of #FA. To answer this type of questions we introduce the concept of functional
promise closure properties:

4.33 Definition. Let S C N™ and let ¢ : N — N be a function. We call ¢ a functional
promise closure property of #FA with regard to S if for every fi,..., fm € #FA defined
on some shared alphabet ¥ there is a function g € #FA with g(w) = ¢o(fi(w), ..., fm(w))
for every w € ¥* with (fi(w),..., fm(w)) € S.
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4.4 Promise Closure Properties

While one could also look at a variation where we are guaranteed (fi(w),..., fm(w)) € S
for every w € ¥*, it is natural to phrase these requirements as a promise problem: NFAs
are unable to even verify many easy constraints, like fi = 3 - fo from our example.

We now want to show that, if S fulfills some property, namely admitting polynomial
cluster sequences (we postpone the definition to Definition , then for every func-
tional promise closure property with regard to S there is a functional closure property
of #FA that agrees with it on all tuples in S. In other words we can interpolate the
functional promise closure property ¢ on all values of S to obtain a functional closure
property ¢ for all of #FA. The proof for this follows along the following ideas: First,
similar to Theorem [4.28] use the functional closure property ¢ on the unary counting
functions to find an equivalent function ¢’ that is almost a functional closure property.
However after this step some of the constituents of the ultimately almost PORC func-
tions might still be exponential. Theorem then proceeded by showing that we can
replace all these exponential constituents by the constant zero function, as otherwise we
were able to reach a contradiction by constructing functions f1,..., f/, and an infinite
sequence of inputs w(®, such that ¢(f1(w®),..., f’ (w®)) grows doubly exponential in
the length of the inputs. However when dealing with functional promise closure proper-
ties we have to be more careful when choosing f7,..., f/, and the w®, because we need
(fL(w®), ..., f (w®)) € S to reach a contradiction. Additionally we don’t replace the
exponential constituents by the constant zero-function but rather a polynomial that
behaves the same for small inputs. For this we need a special variant of univariate poly-
nomial interpolation that yields integer-valued polynomials that are non-negative for all
inputs from N:

4.34 Lemma. Letcg,...,cy € N. Then there is an integer-valued polynomial ¢ : Q — Q
with g(n) = ¢, for allm € {0,...,N} and q(n’) > 0 for all n' € N.

Proof. We inductively construct integer-valued polynomials qo, ..., gy, that each inter-
polate one value more. We start by setting go(z) := co - (g) Clearly qo(0) = co. We
proceed inductively by setting ¢;1+1(z) = qi(x) + (civ1 — qi(i + 1)) - (Zil) Note that
(131) =0 for n € {0,...,i} and thus ¢;+1 and ¢; agree on all such n. The final ¢ is then
constructed as ¢(z) := qn(z) + o - (Nﬁl), for some big enough a € N; s.t. g(n’) > 0 for

x

N+1) has higher degree than gy . O

all n’ € N. Such an a always exists since (

To be able to hit all of S consistently we use independent binary encodings, that allow
us to hit all of N,

4.35 Lemma (Folklore). The function f : {0,1}* — N defined by being the value of
w € {0,1}* interpreted as a binary number is in #FA. Additionally it is possible to
extend the domain of f to any alphabet X O {0,1} where the value of f is determined
while ignoring any symbols not in {0,1}.
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4 Functional Closure Properties of #FA

0,1 0,0,1,1

~()—
Figure 4.2: NFA computing the binary the value of its input interpreted as a binary

number. Edges with a multiplicity of 2 are denoted by listing the edge label
twice.

Proof. We define

N N}

A visualization of the corresponding NFA M via Lemma [£.22] can be found in Figure[£.2]
We prove that M computes f by showing via induction that for every w € {0,1}* with

|w| = n we have
Hn 1 f(w)
i=1 o = <0 2" > '

For n = 0 this is obviously correct as f(¢) = 0. For the induction step consider the word
wo of length n+ 1 for o € {0,1}. Then

(fLn) o (3 780) = (3 7380 - 2 )

and we are done. Extending the alphabet and ignoring those new symbols can be done
by adding a self-loop to each state of M. This corresponds to an identity matrix and
thus doesn’t influence the result. O

For any n € N we denote by bin(n) the unique binary representation of n without leading
zeros. We first show the methodology in detail by proving the univariate case.

4.36 Theorem. Let S C N. Then any function ¢ : N — N is a functional promise
closure property of #FA with regard to S iff there is a functional closure property v :
N = N of #FA with ¢|5 = ¢|s.

Proof. If such a v exists, we directly see that ¢ is a functional promise closure property
of #FA with respect to S. Indeed for any f € #FA we construct g = ¢ o f € #FA and
see g(w) = ¢(f(w)) for every w € ¥* with f(w) € S.

Now on the other hand let ¢ be any functional promise closure property of #FA with
regard to S. Again define the alphabet ¥ = {1} and the function f : ¥* — N with

72



4.4 Promise Closure Properties

f(™) := n. Applying the closure property to f gives that there is some g € #FA
with g(1") = ¢(f(1")) = ¢(n) for all n € S. Let M = (Q, %, wt,in, out) be an NFA
computing ¢g. This induces a transition matrix A € NIQIXIQl and vectors a,b € N9l s.t.
al A"b = g(1") for all n € N by Lemma We now define x(n) := a’ A"b and see
X|s = ¥|s- Using Lemma on A" we see that every entry of A" is an ultimately
almost PORC function in n and as such v is also an ultimately almost PORC function.
Let p be the quasiperiod of x and let xo,. .., xp—1 be the constituents of x and let N € N
be the offset after which y is defined by the constituents.

We claim that we can now replace every exponential constituent by a polynomial without
changing the value of x for any n € S. For each i € {0,...,p — 1} we distinguish two
cases, depending on whether S; := S N (pZ + i) is finite or it is infinite. If S; is a
finite set, we replace x; with a polynomial that interpolates the same values as x; on S;.
Lemma ensures that this polynomial is integer-valued and non-negative for all of
N. If S; is an infinite set, we replace x; by the constant zero function. Call the resulting
ultimately PORC function 1 with constituents ;. Assume for the sake of contradiction
there is a ¢ € S, s.t. x(c) # ¥(c). Clearly such a ¢ would have to be at least N. Now
let ¢ be, s.t. ¢ € S;. It must hold that x;(c) # ¥i(c). Hence S; cannot be a finite set,
since x; and ; agree on S;. Therefore S; must be infinite. Since x; is exponential there
isay€RT and N’ € N, s.t. x;(n) > 27" for all n > N’. Let f' € #FA be the function
of binary evaluation from Lemma over the alphabet ¥’ = {0,1}. Then there is a
g € #FA with ¢/(bin(n)) = ¢(f'(bin(n))) = x(f'(bin(n))) for all n € S. Since S; is
infinite, in particular S; must contain infinitely many values bigger than max(N, N’).
For n € S; with n > max(N, N') we now have

g/ (bin(m)) = x(/'(bin(n)) = x(n) = xi(n) = 27" = 272",

which is a contradiction to NFAs only being able to only compute functions that are at
most linearly exponential in the input length. In conclusion S; cannot be infinite either
and thus c itself cannot exist. O

4.37 Definition. A set S C N™ admits polynomial cluster sequences if for every
Ni,...,N, € N, and p1,...,pm € N the projection 7 : S — {0,...,N; +p; — 1} x
... x{0,..., Ny + pm — 1} defined by 7(n1,...ny) = (n1srempy, pi, . .., Ny STEMN,, Din)
has the following property: Any preimage 7" of a singleton set under 7 for every i € [m)]
has either bounded i-th coordinate or there is a polynomial ¢ : N — N and an infi-
nite subset 7" C T’ with unbounded i-th coordinatq'”| and with » ", n; < g(n;) for all
(n1,...,nm) € T'. We call such an infinite subset a polynomial cluster sequence with
regards to dimension 3.

We call 7 the shifted grid projection of S with respect to offsets IVy, ..., N,, and quasiperi-
ods p1,...,Pm-
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4 Functional Closure Properties of #FA

Intuitively this definition requires that each dimension is either bounded or can grow
reasonably quickly together with the other dimensions, even when restricted to inputs
from specific shifted residue classes. For example {(n? n3) | n € N} admits polynomial
cluster sequences, while {(n,2") | n € N} does not.

4.38 Theorem. Let S C N admit polynomial cluster sequences. Then any function
@ : N™ — N is a functional promise closure property of #FA with regard to S iff there
is a functional closure property v : N™ — N of #FA with |5 = ¢|g.

Proof. If such a v exists, we directly see that ¢ is a functional promise closure prop-
erty of #FA with respect to S. Indeed for any fi,...,f, € #FA we construct g =
Yo (fiy...,fm) € #FA and see g(w) = @(fi(w),..., fm(w)) for every w € ¥* with
(fl(w)v s 7fm(w)) €s.

Now on the other hand let ¢ be any functional promise closure property of #FA with
regard to S. Again define the alphabet ¥ = {o1,...,0,,} and the functions f; : ¥* - N
where fi(w) := #;(w) is defined as the number of occurences #;(w) of the symbol o;
in w. Applying the closure property to fi,..., i gives that there is some g € #FA
with g(w) = o(fi(w),..., fm(w)) for all w € ¥* with (fi(w),..., fm(w)) € S. Let
M = (Q, X, wt,in,out) be an NFA computing g. This induces transition matrices A, €
NIQIXIQl for each symbol ¢ € ¥ and vectors a,b € N9l s.t. a7 H!ﬂl Ay;b = g(z) for

all w € ¥*. Restricting to words of the form w = o]'05?---opm for ny,...,ny, € S
gives a” (T2 A%) b = @(n1,...,ny). Using Lemma on each of the A" we see
that every entry of A" is an ultimately almost PORC function in n;. Consequently
every entry of [, Api is a finite sum of products of different ultimately almost PORC

functions and the same holds for x(n1,...,ny) = o’ ([T, A%i) b. Note that X|s = ¢|s-

Remains to show that we can rewrite x as some ¢ with ¢ = x|g, s.t. none of the
constituents are exponential. Again we do this by looking at each summand individually
and replacing one exponential constituent at a time. For this let ™) (ny)--- x)(n,,)
be one of the summands of y where x(!), ..., x(™ are all ultimately almost PORC
functions, with periods p1, ..., pm, offsets N1,...,N,, and constituents X[()Z), e ,X;Zi)_l
be one of the

for each i € [m]. W.l.o.g. choose the offsets big enough, such that every constituent x
(4)
, J

exponential constituents and let v € RT and N € N be, s.t. ng) (n;) > 27 for n; > N.
Let Bmax,i be the maximum the i-th coordinate assumes in any preimage of a singleton
(@)
J

that interpolates X(i) for all values of at most Bpax,i- Lemmaensures this is possible
with an integer-valued polynomial that is non-negative for all of N. Call the resulting

is either constant zero for n; > N; or never zero for any n; > N;. Let x

set under 7 where the i-th coordinate is bounded. We replace x;’ with a polynomial

functions after replacement 1(® and wj(.i). We claim that this does not affect the value
of the product for any (ni,...,ny,) € S. For the sake of contradiction assume the value
of the product did change for some (cy,...,¢,) € S. We thus have

X(l)(cl) e X(m)(cm) 4 X(l)(01) .. 'X(i_l)(ciq) . ¢(i) (ci) 'X(Hl)(C@'H) .. 'X(m)(cm)
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4.4 Promise Closure Properties

which implies Y™ (c1) -+ X (eim1) - xO D (cig1) - X" (em) # 0 and ¢; > N; as no
function except X@ for inputs at least as big as N; has been changed. By the same
reason we know Xg.z)(ci) # %(‘Z) (ci) and ¢; =, j.

Consider the preimage T' = 77! (¢; sremp;, p1, . . ., ¢ sremy,, pr). Clearly (ci1,...,cn) €
T. The i-th coordinate of T has to be unbounded, because ¢; < Bpax,; would imply
1/13(-2) (ci) = xW(¢;) = Xg.z)(ci) by the construction of wj(.l). Furthermore the behavior of
each of the y*) is only dictated by at most one of the constituents each. By our choice
of the offsets we have x(¥)(ny,) # 0 for all k # i and all (ny,...,ny,) € T. Since S admits
polynomial cluster sequences there is a polynomial cluster sequence TV C T with regards
to dimension ¢ with polynomial ¢ : N — N.

We construct m functions f;, € #FA over the alphabet ¥ = {010,011,...,0m,0,0m,1}
with 2m symbols, by using Lemma on the symbols oy o and o, 1 each while ignoring
any of the other symbols. This allows us to encode any (ni,...,n,,) € T” as independent

binary representations without leading zeros for each nj into a string of total length
> oreq ogy(ng) + 1] < m - [logy(g(ni)) + 1] which is in O(log(n;)) for fixed m and gq.

Now let w € ¥* be any such string corresponding to a value (nq,...,n,;,) € T". Combin-
ing all of this we again reach a contradiction to the fact that NFAs can only compute at
most linearly exponential functions via

e(f1w), .., fr ) > xW(er) - X (eima) - XD (f (w)) - X (eign) -+ x ™ (em)

Note that |w| € O(log(n;)) implies 27" is doubly exponential in the input length. [

There are multiple natural families for the set S such that S admits polynomial cluster
sequences which we describe in the following.

4.39 Lemma. Any finite set S C N™ admits polynomial cluster sequences.

Proof. Independent of the offsets, quasiperiods, and i € [m], all subsets of S are finite
and thus bounded in every dimension. O

An affine variety is defined as the zero set of a finite number of multivariate polynomials.
A special case of affine varieties are graph varieties (also just called graphs, see [Shal3|
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4 Functional Closure Properties of #FA

§2.4, Exe. 12]). An affine variety S is a graph variety if there exist a finite number of
j-variate polynomials p1, ..., ui such that

S:{(31,...,sj,,ul(sl,...,sj),...,,uk(sl,...,sj)) | (81,...,8]‘) GQj}ngJrk.

We call s1,...,s; the free variables, and the remaining variables the dependent variables.
We call S a monotone graph variety if w1, ..., ur are all monotone.

4.40 Lemma. Let S C Q™ = Q7** be a monotone graph variety. Then the set SNN™ =
S NNk admits polynomial cluster sequences.

Proof. Let N1,...,N,, € Nand p1,...,pm € N be fixed and consider the preimage T' of
any singleton (c1,...,¢n) € {0,..., Ny +p1 — 1} x ... x{0,..., Ny, + pp, — 1} under the
corresponding shifted grid projection 7 of S. Let (n1,...,ny) € T and let ¢ € [m] be
arbitrary. If the i-th coordinate in T is bounded then we are done. If the i-th coordinate
in T' is unbounded we distinguish two cases.

In case 1 < i < j, we choose the 7" to be the part of S spanned by choosing the
values of the free variables as {(n1,...,ni—1,n; + £ -pd,niy1,...,n;) | kK € N} where p
is the lowest common multiple of p1,...,p,n and d is the common denominator of all
of the puy,...,ug. Clearly the i-th coordinate of 7" is unbounded and 7" is infinite.
Further, since all other free variables are constant, each dependent variable is a monotone
univariate polynomial in the i-th coordinate and thus the sum of all coordinates is
bounded by some polynomial in the i-th coordinate. Remains to show 77 C T'. For this
let (nf,...,n;,) € T'. Clearly njsremy, p; = ngsrempy, pg for £ € [5]\ {i}, since nj = ny.
Additionally n} sremy, p; = n; sremy;, p;, since n, = n; + - pd and n; > N;. Furthermore
nysremy, py = ny sremy, pe for £ € [m]\ 4], because either nj = n, or the ¢-th coordinate
is unbounded and thus n;, > ny > Ny and nj, =p,, ns since n is dependent on n as a
univariate polynomials and for any univariate polynomial ¢(x) we have ¢(z) =,, ¢(x+0)
if 0 is a multiple of p; - d. Thus (n},...,n},) € T.

Remains to consider the case where ¢ > j. Since the i-th coordinate in T is unbounded,
n; is a function depending on at least one of the free variables n;;. We repeat the previous
argument by continuing with ¢’ instead of ¢ which finishes the proof, since n; > « - ny
for some a € RT. O

All in all this combines to the following theorem which characterizes the special case of
multivariate polynomial functional promise closure properties.

4.41 Theorem. Let S C Q™ = Q% be a monotone graph variety and let I = I(S) be
its vanishing ideal. A multivariate polynomial ¢ : S — N is a functional promise closure
property of #FA with regard to S if and only if there exists a 1 € I such that o+ is a
multivariate functional closure property of #FA.
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4.5 Conclusion

Proof. If there exists a ¢ € I such that ¢+ is a multivariate functional closure property
of #FA, then (¢ +v)5 = ¢|s and thus ¢ is a functional promise closure property of #FA
with regard to S by definition. On the other hand if ¢ is a functional promise closure
property of #FA with regard to S, then there is a functional closure property ¢’ of #FA
with ¢)g = <p1 g- Note that a priori ¢’ might not be a polynomial, but just a finite sum
of finite products of univariate ultimately PORC functions.

W.lo.g. let all thresholds N and quasiperiods p of ¢’ coincide. Let S’ C N/ be the
projection of S to the free variables, i.e. all points s € N/ with y;(s) € N for all i € [k].
Our first goal is now to find an infinite full-dimensional grid B’ within S’, that, after
adding back the dependent variables using the p;, ends up constant under the shifted
grid projection 7.

Due to the monotonicity of the u;, choosing larger and larger points s € S’, eventually
every p;(s) will either be always > N or be constant. Let o = (o1,...,0;) € S’ be a
point where this behavior has stabilized and where all 0o; > N. Moreover, let d be the
common denominator of p1,..., ug. Then

7(0,1(0), ..., ux(0)) = 7(0 + pda, p1 (o + pda), . .., u(o + pda))

for all a € N7, i.e. we have found our infinite full-dimensional grid B = {o + pda | a €
N/} C 8. Let B C S be the lifting of @ to N™ by adding in the dependent variables
using the p;. Since 7 is constant for B, the constituents of ¢/ corresponding to B form
a multivariate polynomial ¢® with QOEE = ‘P\,Ba = ¢@. Due to multivariate polynomial
interpolation on EE‘j we also have go% = |g. Their difference ©® — ¢ is the desired

polynomial ) € I. It remains to show that ¢ itself is a multivariate closure property
of #FA. Repeating the same argument as in Lemma proves that the dominating
terms of ¢® have positive coefficients, even after replacing some variables by constants.
Using Lemma again, shows that ©® is a multivariate closure property of #FA.

d

4.5 Conclusion

We characterized the functional closure properties of #FA to be precisely the ultimately
PORC functions in the univariate case and combinations of ultimately PORC functions
in the multivariate case. Additionally we characterize promise functional closure prop-
erties of #FA with regard to some natural families of sets S. Natural further directions
of research are now whether we can characterize the promise functional closure prop-
erties of #FA for more sets S and whether our methods can be applied to characterize
functional closure properties for more powerful models of computation.
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'This holds
because #K12 counts
the pairs
(u,v) € V(G)?, and
so does the linear
combination
2# Ko + 2#1> + #K;,
whose summands
correspond to the
isomorphism type of
G[{u,v}], which is
either Ka, I, or K;.
As we will elaborate
later, graph motif
parameters enjoy a
general linearization
property: Any
polynomial
combination of
induced subgraph
counts can be
expressed as a unique
linear combination.
This holds even for
“subobject” counts
under more general
notions of objects; see
Lemma [5.44] and
Corollary This
motivates our focus
on linear
combinations.

5 Which Graph Motif Parameters Count?

5.1 Introduction

5.1.1 Do Nonnegative Graph Motif Parameters Count?

A graph F'is an induced subgraph of G if F' can be obtained from G by deleting vertices.
An induced copy of a graph H in G is an induced subgraph F of G that is isomorphic to H.
For two graphs H and G, write #Ind(H — G) for the number of induced copies of H in G,
and when H is fixed, write #Ind(H — *) for the function mapping G — #Ind(H — G).
As defined by Curticapean, Dell, and Marx [CDM17|, a graph motif parameter is a
rational linear combination of such functions; see Section for formal definitions.
The step from individual counts to linear combinations turns graph motif parameters
into a rich function space that captures interesting counting problems related to small
patterns. For example, the number of (not necessarily induced) subgraphs isomorphic
to a fixed k-vertex graph H is a nonnegative linear combination of induced subgraph
counts from all k-vertex supergraphs H' O H. This means that (not necessarily induced)
subgraph counts from fixed graphs are graph motif parameters. The same holds for the
number of homomorphisms from a fixed graph H. Moreover, the coefficients of a graph
motif parameter in its linear combination over #Ind(H — * ) are unique.

Graph motif parameters have been studied thoroughly before, mostly from a complexity-
theoretic view [JM15b; JM15a; [JM17; |(CDM17; Rot19; RSW20; RSW21b; DRSW22;
DMW24]: Each fixed graph motif parameter f can be evaluated in polynomial time on
n-vertex input graphs, as it involves a linear combination of induced subgraph counts
from fixed graphs. Under complexity-theoretic assumptions, the above works give lower
bounds on the exponent of this polynomial. We focus on the separate question which
graph motif parameters have local combinatorial interpretations.

For example, most of the above papers consider unweighted sums (i.e., linear combi-
nations with coefficients 0 or 1) of induced subgraph counts from a set X of k-vertex
graphs. This has the evident local combinatorial interpretation of counting k-vertex
subsets S of a graph G that induce a graph G[S] from X. More generally, we can allow
arbitrary integers as coefficients; as we show in Lemma all integer-valued graph
motif parameters f can be obtained this way. In this setting, it is possible for f to have
negative integer coefficients but still satisfy f(G) > 0 on all graphs G.

5.1 Example. Consider the quantity (|[V(G)| —1)? = (n — 1)? > 0 for n-vertex graphs
G. This is nonnegative and, in fact, a graph motif parameter: Abbreviating #H =
#Ind(H — G), we have n = #K; and 1 = #Ko, and (n — 1)? = # K12 — 24K, + #K,.
Moreover, the quadratic term #K;? can be hnearize , i.e., expressed as the linear
combination #K12 = 2# Ko + 2#15 + #K,. Thus, we have

0 < (#K1 —1)> = 24K + 241, — #K; + #Ko,
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and have constructed a linear combination of induced subgraph counts evaluating to a
nonnegative value for every graph G, even though the term #Ind(K; — ) appears with
coefficient —1.

This example in fact has a very simple local combinatorial interpretation for graphs G
with n > 1 vertices: After fixing an arbitrary vertex zp, the quantity (n — 1) simply
counts the pairs (u,v) € V(G)? with u # 2o and v # 2z9. Let us consider a example
where finding such an interpretation seems trickier:

5.2 Example. Consider the graph motif parameter

F(G) = #]—#D+#Dre+ 24>+ 445> > 0.

We postpone the proof of its non-negativity to Section for the interested reader.
Contrary to our previous example, the graphs in this linear combination feature no
isolated vertices. Does f have a local combinatorial interpretation?

Our main result in Theorem gives a formal argument against f having a local com-
binatorial interpretation: In a nutshell, a nonnegative graph motif parameter involving
only patterns without isolated vertices has a local combinatorial interpretation if and
only if all its coefficients are nonnegative. (The “if” part of this result is trivial.) In the
next section, we will give the relevant formal definitions to state our results in Section [5.3]
and compare them to related work in Section

5.2 Preliminaries

5.2.1 Type-2 Counting Complexity

We study computational problems on inputs given by concise descriptions. Such prob-
lems have been studied by Johnson, Papadimitrou, and Yanakakis [JPY88; Pap94], who
introduced subclasses of the complexity class TFNP, such as PLS or PPAD, to capture
search problems in exponentially large objects. The problems in these subclasses of
TENP all have a similar structure: Each input x implicitly encodes an exponentially
large structure, e.g., a graph G via a Boolean circuit « that computes the edge relation
of the graph G. The witness sought in the search problem is however still polynomially
large in |z|, which is tiny compared to the size of the encoded input instance. The guid-
ing examples in our paper are induced subgraphs H of a fixed size in an exponentially
large graph G. In this problem, the O(1) labels of the vertices in G that induce H
constitute a witness.

A natural abstraction of this setting is obtained by providing the input as an oracle,
rather than via a succinct encoding, see e.g. [BIP95]. In this setting, which is denoted as
type-2 complexity, we can only query the given structure, for instance by making queries
to the edge relation of the graph, but we do not have access to a circuit computing the
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edge relation. Type-2 problems also arise naturally in computability and complexity
studies of real functions, see e.g. [Wei00; Ko91|. Since a real number is an infinite
object, it is given as an oracle which one can query to get better and better rational
approximations.

To define the type-2 framework formally, fix some alphabet ¥. We assume that 0,1 € X,
which are interpreted as false and true, respectively. An oracle is a total function of
type ©* — {0,1}. The computational model in the type-2 framework is an oracle
Turing machine, which gets an input string x together with access to an oracle O.

5.3 Example. For a fixed graph H, we consider the problem of finding an induced
H-copy in a large graph G. The graph G is given as (x,0) where O : ¥* — {0,1} is an
oracle encoding the edge relation and x is the number of nodes of G written in binary.
The nodes of G are 0, ...,x — 1, written as bit strings of fixed length n. Given two nodes
u and v of G, there is an edge between u and v iff O(uv) = 1. (Since we consider strings
of fixed length n, no separation symbol is needed.) In this representation, most of the
information about G is stored in the oracle; the input x only encodes the size of the
graph, and the running time of oracle Turing machines is measured in terms of x.

A consistency issue can arise in this definition: Since the graph G is exponentially large,
the oracle Turing machine might not be able to check whether the encoding is consistent.
For instance, one might wish to encode an undirected graph G but have O(uv) # O(vu).
In the case of graphs, such inconsistencies can be “repaired” by avoiding observing
them, e.g., by only querying strings uv with v < v. In the context of TFNP and its
subclasses, such issues are often elegantly repaired by interpreting any oracle as a graph
with the desired properties. In general however, such a fix may not be possible for more
complicated structures, in particular in the abstract setting of category theory that we
will also study. Therefore, we will also resort to promise problems, in which a Turing
machine is only required to work properly on inputs (x,O) that are a proper encoding
of an input object; see Definition for more details. Note that this also encompasses
the previous solutions. If we can repair the oracle or choose an interpretation such that
every oracle encodes a valid instance, then we simply choose the set of “don’t care”
instances to be the empty set.

A k-ary type-2 relation R gets a tuple of k strings x as an input, has access to an
oracle O, and outputs a value R(z,0) € {0,1}. Typically, we will consider unary type-2
relations, but relations with higher arity naturally occur when one considers witnesses,
see below, when we define the existential and counting operators. A type-2 relation R is
polynomial-time computable if there is an oracle Turing machine M that given input x
and oracle access to O computes R(z,O) in polynomial-time in the length of the input
x. Oracle queries have unit costs, but M has to write the query strings on the oracle
tape. Note that all time bounds we consider depend only on the length |z| of z, but not
on z itself and, more importantly, not on the oracle.
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If there is a polynomial-time computable (k + 1)-ary type-2 relation S, we define the
k-ary type-2 relation 35 by 3S(x,O) = 1 iff there is a polynomially long y (in the length
|z|) such that S(z,y,0) = 1.

5.4 Example. In our example of finding an induced copy of H in the graph G, we
start with a binary type-2 relation IsIndSubg (z,y, O). The relation interprets y as an
encoding of a set Y of k distinct nodes of G with k£ being the number of nodes of H.
The relation then queries the oracle O to obtain the induced subgraph G[Y]. It then
checks by brute force whether G[Y] and H are isomorphic. If yes, it returns the value
1 and otherwise 0. This is clearly polynomial-time computable in |z|. The relation
dlsIndSubg (x, O) now returns 1 if G contains an induced copy of H somewhere, and 0
if G does not contain such a copy. See also Lemma for a more formal proof.

As in classical type-1 complexity, we can also introduce a counting operator # to type-2
complexity, similar to the existential operator 3: A polynomial-time computable (k4 1)-
ary type-2 relation S defines a k-ary type-2 counting problem by #S(z,0) = #{y |
S(z,y,0) = 1}, where y is polynomially long.

5.5 Example. Continuing the example above, #IsIndSuby now counts the number
of induced subgraphs in G that are isomorphic to H, that is, #IsIndSuby(z,0) =
#Ind(H — G), where (z,0) is the oracle encoding of G.

The goal of this paper is to characterize those integer valued nonnegative graph motif
parameters that have a local combinatorial interpretation. In other words, we ask which
nonnegative graph motif parameters count something. The informal notion of “local
combinatorial interpretation” is formalized below as follows:

5.6 Definition. #P~ = {#R | R is a polytime computable binary type-2 relation}.

In the notation #P'::', the dotted circle represents a placeholder for the input oracle.

5.7 Definition. For a graph motif parameter ¢, we denote by Eval, the corresponding
type-2 function, which gets the graph G given in the form (z,0). An integer valued
nonnegative graph motif parameter ¢ is called locally combmatomally interpretable if
Eval, € #P* (depending on context also Eval, € Pr- #P* see later for an explanation).

It is open for discussion whether #P"‘: exactly captures “nonnegative combinatorial in-
terpretation” in the informal sense used by combinatorists. If a problem is however not
in #P"": then it at the very least requires some global operations. Our dichotomy result
for integer-valued nonnegative graph motif parameters is particularly clean-cut in this
regard: Such a parameter is in #P* iff all its coefficients are nonnegative integers, so it
indeed counts induced subgraphs.

To study more complicated structures, we consider promise problems, since the oracle
TM might not be able to check whether an oracle is a legal encoding. Hence, we will
have a set of “don’t care” inputs (z,O), which will correspond to illegal encodings of
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input objects in our setting. Our oracle TM only needs to compute the correct result on
inputs which are not “don’t care” inputs. One such example are vector spaces, where we
interpret the oracle as the characteristic function of the given vector space and it is not
immediate how to check whether the oracle indeed describes a vector space. In this case
our oracle Turing machine only has to work properly if the given oracle indeed encodes
a vector space.

5.8 Definition. A counting function F' together with a set D of “don’t care” inputs is
in Pr-#P* if there is a polynomial-time computable binary type-2 relation R such that
#R and F coincide on all inputs (except potentially D).

Every function in #P""" is also in Pr—#P"“E with the empty set of “don’t care” inputs.

5.2.2 What is a Local Combinatorial Interpretation—and What is Not?

Intuitively, a local combinatorial interpretation should mean “counting something”. But
that is not enough. Even the graph motif parameter f from Example counts some-
thing: For a given graph G, we consider the set of witnesses for each pattern in f. So
W(]) are all (induced) occurrences of an edge in G, W ([>) are all (induced) occurrences
of a triangle in G and so on. The sets W (3») and W (>») will be multi-sets contain-
ing two and four copies of the witnesses, respectively, due to the coefficients. Let W
be the union of all witness sets that correspond to a term with positive coefficient and
W_ = W(I)-) be all witnesses that correspond to a term with negative coefficient. Since
f is nonnegative, |Wy| > |W_|. Thus there is an injective map i : W_ — W,. So we
could say that f counts all elements in W that are not in im(i). However, this “cheating
away” of the difference |W, | — |W_| is unsatisfactory, because it is (computationally)
hard to decide whether a given element in W, should be counted or not.

Counting complexity gives a way to define local combinatorial interpretations: We are
given a set of small witnesses W C {0,1}*, encoded as binary strings, and for each
x € {0,1}* we can decide in polynomial time whether it is in W or not. This rules out
the construction above, since constructing the embedding i is infeasible. Computing the
size |W| is a problem in the complexity class #P: A nondeterministic Turing machine
guesses a witness x and then deterministically verifies whether it is in W. The number
of accepting paths is precisely |W|.

In the case of graph motif parameters, the witnesses are given as ordered lists of nodes
having constant length, say k, since only the target graph G varies. If G has N nodes,
each node can be encoded by a bitstring of length log N and the total witness size is
klog N. When the running time should be polynomial, then the Turing machine M for
checking the witness needs random access to the graph, because it cannot inspect the
whole graph. This is modeled using oracles and type-2 complexity.
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5.2.3 Induced Subgraph Numbers

Graphs in this paper are finite, undirected, and simple, i.e., they do not contain multi-
edges or self-loops. Given a graph G, we write V(G) and E(Q) for its vertex and edge set,
respectively. We write G for the class of all graphs. Towards applying a Ramsey theorem,
we will also consider ordered graphs: These are graphs G = (V, E, <) where (V| E) is
a graph and < is a total order on V. We write OG for the class of these graphs. When
ordered graphs are represented by an oracle, we always assume the natural lexicographic
order on the vertices.

Given graphs H and G, we say that H is a subgraph H C G of G if V(H) C V(G) and
E(H) C E(G). In the case of ordered graphs H = (V, E,<p) and G = (V', E',<g), we
additionally require that <y is the restriction of < to V. Given a vertex set X C V(G),
write G[X| = (X,{vw € E(G) | v,w € X}) for the subgraph of G induced by X. We
write H C G to denote that H is an induced subgraph of G, and we write P(G) for the
poset of induced subgraphs of a graph G, ordered by C. We call H pure if it contains
no isolated vertices, i.e., no connected components isomorphic to K7, and we write GP"*
for the class of pure graphs and OGP"™® for the pure ordered graphs.

A homomorphism from a graph H into a graph G is a function f : V(H) — V(G)
such that wv € E(H) implies f(u)f(v) € E(G); we write #Hom(H — G) for their
number. A homomorphism is an embedding if it is injective; we write #InjHom(H — G)
for their number. A strong embedding is an embedding with the additional condition
that wv ¢ E(H) also implies f(u)f(v) ¢ E(G); we write #StrInjHom(H — G) for their
number. An isomorphism is a strong embedding that is bijective; two graphs H and G
are isomorphic if there is an isomorphism from H to G. For isomorphic graphs H, G we
write H = G. All of these definitions apply to ordered graphs as well; in this setting,
homomorphisms f must additionally preserve the orderings of H and G, i.e., if u <y v,

then f(u) <g f(v).

An automorphism of H is a strong embedding from H into H; we write #Aut(H) for the
numbers of automorphisms of H. The numbers of embeddings and strong embeddings
from a graph H into some graph G are multiples of #Aut(H). We obtain the number
of subgraphs isomorphic to H as

#Sub(H — G) = #InjHom(H — G)/#Aut(H)
and the number of induced subgraphs isomorphic to H as
#Ind(H — G) = #StrInjHom(H — G)/#Aut(H) .
Note that for ordered graphs H, we have #Aut(H) = 1. For a graph H, we write
#Ind(H — ) for the function that maps G — #Ind(H — G). We use that these func-

tions are linearly independent for non-isomorphic graphs H, even when restricted to
particular domains:
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5.9 Fact. Let G’ C G be a finite set of pairwise non-isomorphic graphs. For H € G’, write
fr : G — Q for the restriction of #Ind(H — %) to G’. Then the functions {fy | H € G’}
are linearly independent. The same applies for ordered graphs.

Proof. We show the fact for unordered graphs; the version for ordered graphs is shown
along the same lines. Let {G1,...,G¢} for t € N be an enumeration of G’ such that
[V (G;)| < |V(G))| implies ¢ < j. Consider the matrix A whose rows and columns are
indexed by G4, ..., Gy, with entries #Ind(G; — Gj).

We show that this matrix is lower triangular with all diagonal entries equal to 1, implying
full rank and thus linear independence of the functions fg: Consider indices i,j with
i > j: First, we have |V (G;)| > |V(G})| by the choice of enumeration. If A(i,j) # 0
holds, it must follow that |V (G;)| = |V(G))|, as otherwise G; has too many vertices
to be an induced subgraph of G;. But then A(i,j) # 0 only for j = 4. In this case,
A(i,§) = 1. O

Having established that the functions #Ind(H — ) are linearly independent, we con-
sider linear combinations of these basis functions. The following term was coined

in [CDMTI7]:

5.10 Definition. A graph motif parameter is a function ¢ : G — Q that admits pairwise
non-isomorphic pattern graphs Hi, ..., Hs; and coefficients aq,...,as; € Q such that, for
all graphs G,

s

p(G) = a;- #Ind(H; - G). (5.11)

i=1

We say that ¢ is pure if every graph H; with non-zero coefficient is pure. An ordered
graph motif parameter similarly is a linear combination of induced subgraph counts from
pairwise non-isomorphic ordered graphs. The support supp(y) is the set of all H;, s.t.

Odi%().

Note that ¢ being pure is well-defined, as the linear combination is unique by
Fact The (isomorphism types of) graphs and coefficients appearing in the linear
combination are uniquely determined; we therefore speak of the coefficients and the
patterns of . Since we investigate whether or not a graph motif parameter ¢ has a local
combinatorial description, i.e., whether ¢ counts a set of objects, we will restrict ourselves
to graph motif parameters with image N, as all others can clearly not count anything.
By the following lemma, this implies that the coefficients in the linear combination
can be assumed to be integers.

5.12 Lemma. Let ¢ be an (ordered) graph motif parameter. Then o(G) € Z for every
(ordered) graph G if and only if all coefficients of ¢ are integers.
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Proof. The “if” is obvious, since #Ind(H — G) € Z for any H,G. For the “only if”, let
H be a pattern in ¢ with a coefficient oy € Q \ Z, such that |V (H)| is minimal among
all such patterns. Then #Ind(H - H) = 1 and ¢p(H) = ag + ¢ Z for some (3 € Z,
since all other basis functions with non-integer rational coefficients evaluate to 0 on H,
as their pattern has at least |V (H)| vertices and is not isomorphic to H. O

5.13 Lemma. Let o(G) =7 ; a;-#Ind(H; — G) with all o; € N. Then Eval, € #P""".
This holds for unordered and ordered graph motif parameters.

Proof. Since ¢ is a positive integer linear combination of finitely many induced sub-
graph numbers, and #P"?’ is closed under such linear combinations, it suffices to consider
»(G) = #Ind(H — G) for H € G. We show the statement for unordered graphs, the
proof for ordered graphs is analogous.

A nondeterministic Turing machine for Eval, proceeds as follows, for hardcoded H
with |V(H)| = k: Given (x,0) encoding a graph G, nondeterministically guess strings
1 < ... <z <z of length |z|, where < denotes the lexicographic ordering on strings.
Then, for every {i,j} € (g), write 2;x; on the oracle tape and query O to obtain a bit
a; ;. Finally, test by brute-force whether the graph with adjacency matrix given by a; ; is
isomorphic to H; this only requires constant time, as H is fixed. If the test succeeds, then
this branch accepts, otherwise it rejects. This nondeterministic Turing machine clearly
runs in polynomial-time on every branch, and the number of accepting computation
paths equals the number of vertex-subsets S of G such that G[S] is isomorphic to H. [

5.3 Our Results

5.3.1 Graphs

We characterize the pure graph motif parameters ¢ with a local combinatorial interpre-
tation as those whose coefficients are nonnegative integers. Such graph motif parameters
 clearly have a local combinatorial interpretation, as they count all induced occurrences
of pattern graphs, possibly with multiplicities (see Lemma ) On the other hand,
if ¢ has a negative coefficient, then we show that ¢ is not in Pr-#P"": and thus does
not admit a local combinatorial interpretation. Formally we prove (recall Def. about
local combinatorial interpretability):

5.14 Theorem. Let ¢ be a pure graph motif parameter, i.e., we have (G) = ;_; ;-

#Ind(H; — G) for pairwise non-isomorphic pure Hy, . .., Hys and coefficients aq, ..., a5 €
QH Then ¢ is locally combinatorially interpretable iff all aq, ..., as € Q are nonnegative
integers.
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We show Theorem [5.14] in Section [5.5| with a delicate and technically demanding proof.
The intuition is however rather easy to explain, and we illustrate it on the Example
An NTM M is supposed to output f(G), but it can only query a small part of G. Assume
that G is either the union of a triangle and exponentially many singletons, or the union
of an edge with exponentially many singletons, or GG is the graph that consists of only
exponentially many singletons. If G is an edge and singletons, then one computation
path of M must accept and must have queried the oracle at the edge, because otherwise
this computation path would lead to an accepting path even if G has no edges, which
would be the wrong answer. Now, in the case that G is a triangle and singletons, it
turns out (which is delicate) that such an accepting path exists for each of the triangle
edges, so we get 3 accepting computation paths, but f(G) = 2, so the NTM has too
many accepting paths.

5.3.2 More General Structures

The methodology used to prove Theorem [5.14| can be generalized to more general struc-
tures, provided that they satisfy the following conditions:

e Ramsey property: We require Ramsey-type theorems for the structures, which
assert—roughly speaking—that for given objects A, B, there exists an object C
which contains enough B-copies such that, by partitioning the set of all A-copies
in C into a small number of parts, there is some part that contains a full B-copy. In
the case of pure graph motif parameters, for instance, this is Lemma For any
ordered graphs F, G, there is an ordered graph H such that for any partitioning
of the induced subgraphs of H that are isomorphic to F', we can find an induced
copy of G in H such that all induced copies of F' in this copy of G are in the same
part.

e A neutral padding operation: We require an operation to enlarge a given object
without increasing the number of induced subobjects. In the case of pure graph
motif parameters, this can be achieved by adding isolated vertices, however we
introduce different possible ways of achieving this for different objects, leading to
different definitions of “pure”.

Relational Structures

For instance, we can prove results similar to Theorem for various variants of rela-
tional structures, which generalize graphs. In graphs, we consider exactly one binary
relation on a set V', the edge relation. In a relational structure, we can have multiple re-
lations of various arities. A relational structure A is an induced substructure of another
relational structure B, if we can obtain A by restricting the relations of S to the vertices
of A. Similarly to graphs, we can now define motif parameters as linear combinations of
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induced substructure numbers. Formal definitions are given in Section We get the
following classification for motif parameters of relational structures.

5.15 Theorem (informal, see Theorem for a precise statement). The evaluation
function of a pure motif parameter of relational structures is locally combinatorially
interpretable (i.e., it is in Pr-#P™ ) iff all its coefficients are nonnegative integers.

We also consider further types of relations, namely multiset relations (each relation is a
multiset and can have repetitions), and list relations (which is the equivalent to directed
graphs in the relational setting) with and without repetitions. We call these relational
structures mized. Precise definitions are again given in Section For such mixed
relational structures, we get similar dichotomies, which we first prove in the ordered
setting (Theorem , since the corresponding Ramsey property only holds for ordered
mixed relational structures. Then we transfer this theorem to the unordered setting in
Theorem [5.37—a similar detour into the ordered setting is in fact already needed for the
case of graphs.

An application of mixed relational structures are colored graphs, where nodes are colored
and isomorphisms have to respect the colors. Theorem shows a dichotomy result
for colored graphs.

Category Theory

Ramsey-type theorems have even been established within category theory [GLRT72;
NR77]. Since Ramsey arguments are crucial in our method, this raises the interest-
ing question whether we can also transfer our results into this realm. Indeed, we achieve
this in Section Our objects of consideration are now objects of some category C,
and the subobjects we consider are now specified using a class of morphisms M from
C. For two objects a and b of C, we call the morphisms a — b in M, identified if
they only differ by an isomorphism of a, the M-subobjects of a under b. In the case of
undirected graphs, we choose M to be the class of all strong graph embeddings. An
important concept in our construction will be so-called factorization systems, used also
by Lagodzinski |[Lag24] and Isbell [Isb91] in the context of counting problems. We have
a second class of morphisms £ and we require that every morphism f : a — b factors
(essentially uniquely) as f = me with m € M and e € £. In our running example of
unordered graphs, we can take £ to be the class of surjective graph homomorphisms
and M the above class of strong graph embeddings. Then every graph homomorphism
f+ H — G factors through the subgraph G[f(V (H))] of G that is induced by the image
of V(H).

Recall that for graph motif parameters, we had a notion of pure graphs. We will have
the same here: We will have two categories, a category C' of objects that we consider and
a category P of pure objects that we want to count. In Lemma[5.54] we collect a number
of natural and rather mild requirements on C' and P (maybe except for the property of
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being Ramsey) in order to prove our main result that P-pure motif parameters can only
have a local combinatorial interpretation if the coefficients are all nonnegative.

5.16 Theorem (informal, see Theorem [5.5§ for the precise statement) Let ¢ be a
P-pure motif pammeter Then under the conditions specified in Lemma we have
Eval, ¢ Pr-#P* unless all its coefficients are nonnegative integers.

The theorem does not automatically give a dichotomy, since we do not have a corre-
sponding upper bound when the coefficients are all nonnegative integers. However, our
concrete applications in fact do admit corresponding upper bounds:

e First we consider finite dimensional vector spaces over finite fields, which were
shown to have the Ramsey property in |[GLRT72] using methods from category
theory. In particular, we show that the evaluation function of a motif parameter
over a finite vector space is in Pr-# P iff all its coefficients are nonnegative integers

(Theorem [5.60)).

e Then we consider so-called parameter sets, which are subsets of A™ for some fixed
alphabet A where we may set a coordinate to constant or identify any number of co-
ordinates. They are also known to satisfy a Ramsey property, see [Nes95, Theorem
10.4]. As a consequence of our general theorem, a motif parameter over parameter
sets is in Pr—#P"“E iff all its coefficients are nonnegative integers (Theorem .

5.3.3 Linearization

As shown examplarily on the first pages, graph motif parameters enjoy a useful lineariza-
tion property: Any polynomial in induced subgraph counts is a graph motif parameter,
that is, a linear combination of induced subgraph numbers. Linearization motivates our
focus on linear combinations of subobject counts.

In Lemma [5.44] and Corollary [5.45, we establish conditions for subobject numbers of a
category C to enjoy similar linearization properties. We obtain that the coefficients in
the linearized version are positive and have a local combinatorial interpretation if the
polynomial we started with has positive coefficients in the binomial basis; see the next
section.

5.4 Related Work

Searching for combinatorial interpretations for nonnegative integer quantities has a long
tradition in combinatorics dating back to Cayley, Littlewood, Richardson, Schiitzenber-
ger, Macdonald, Schensted, Knuth, Stanley, and others, e.g., [Kos82; |Sch77; |Sta00], and
has recently been studied from the perspective of #P containment and functional #P
closure properties |[Pakl19; TP22; TPP23; |CP24]. The univariate relativizing functional
closure properties of #P (and thus the functional closure properties of #P':::) have been
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characterized in [Cai+89, Thm 3.1.1(b)]: Consider the binomial coefficient (%) = Ja(z—
1)(x—2)---(x—1+41) for i € N as a polynomial in z, and let ¢ : N — N be a univariate
polynomial with expansion ¢(x) = Zle ; (%) for o; € Q. This expansion is called the
binomial basis expansion of ¢. It is known that p(#P™) C #P™ iff all a; € N (see [IP22]
for a proof).

In the language of graphs, the construction in [Cai+89] can be phrased as follows. Let G’
denote the graphs on {1,2, ..., 3k} whose vertices {3i,3i+1, 3i+2} either form a triangle
or a path eee on 3 vertices. Consider graph motif parameters for which all patterns are
disjoint unions of triangles, i.e., (G) = >, c;#Ind(H; — G), where H; is a union of i
disjoint triangles. For G € G’ with  many triangles, we have ¢(G) = 3, o;(%). Their
construction can be interpreted as oracle graphs G € G’ showing that ¢ is not locally
combinatorial.

The non-oracle implications in the univariate case were studied in [OH93, p. 307], which
shows that GapP N {f : {0,1}* — N | Vw : f(w) > 0} = #P implies C_.P = co-NP
and SPP = UPP| The multivariate case was resolved in [HVW95, Thm 3.14], cf. [Her95|
Thm 23], based on a Ramsey theorem [Her95, Thm 12]. As in the univariate case,
one gets small variants of our main theorem, whereas we consider a larger set of non-
isomorphic graphs of the same cardinality, each without isolated vertices. The functional
closure properties of other counting classes are mainly unknown, with the exception of
GapP [Bei97, Thm 6] and finite automata (see Chapter 4)).

While search versions of type-2 problems have been studied already in [Bea+95] and later
works on TFNP, the counting versions have only recently been studied to understand
whether their nonnegative transformations still have local combinatorial interpretations’]
[IP22]. We improve on the work [IP22] in various ways. First, we show much more general
results due to our general theorem in the categorial framework. Second, our results are
also valid for unordered objects, like unordered graphs, which do not have the required
Ramsey property per se. We overcome this technical difficulty by carefully reducing the
unordered case to the ordered one. All graph problems in [[P22] are on ordered graphs
only.

5.5 Results for Graphs

5.5.1 Reduction to Ordered Graphs

To prove Theorem we first prove the following result about ordered graphs:

5.17 Theorem. Let ¢ : OG — N be a pure ordered graph motif parameter. Then

Eval, € Pr-#P"“E iff all coefficients of ¢ are nonnegative integers.
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Theorem then follows by the simple observation that

#Ind((V;, Bi) »(V, E)) = Y #Ind((V;, Ei, <v;) =(V, E, <v)) (5.18)

< Vi

where <y is any arbitrary linear ordering of V' and <y; sums over all linear orders of V;
that result in non-isomorphic ordered graphs. Note that all the pattern graphs occurring
on the right-hand side are non-isomorphic pure ordered graphs. Even more, for different
patterns on the left hand side, all possible occuring patterns on the right hand side are
non-isomorphic. Now let ¢ : G — N be a pure graph motif parameter with a negative
coefficient. Then the pure ordered graph motif parameter ¢’ : OG — N obtained by
applying to each of the basis functions has a negative coefficient and thus Eval,/ ¢
Pr—#P"“E by Theorem Assume for the sake of contradiction that Eval, € Pr—#P':::,
then we can compute Eval, by simulating the unordered oracle in polynomial time (by
forgetting the order) and running the corresponding NTM computing Eval,. This places
Evaly in Pr-#P" a contradiction.

While this only proves that pure graph motif parameters with some negative coeflicients
are not locally combinatorially interpretable, Lemmas and complete the proof
by proving the reverse direction.

5.5.2 Ordered Graphs

For some subset D C OG, we say that an ordered graph motif parameter ¥ : D — N is
D-good if all its coefficients are nonnegative integers and all its patterns are from D. If
any such coefficient is negative, it is instead called D-bad. If the domain D is clear from
the context, we will also simply call them good and bad respectively.

The proof of the hardness in Theorem [5.17 roughly proceeds in two parts:

The first part of the proof finds a target graph G such that, if there is any counterex-
ample where any (restricted) good function would disagree with our bad ¢, it must
already occur on some induced subgraph of G. For a fixed bad pure ordered graph motif
parameter ¢ : OG — N such a counterexample will always exist.

The second part of the proof then turns P(G) into oracle graphs. We cannot do this
directly however, since these instantiations would not all have the same size, allowing
the Turing machine to infer (through the number of vertices) possibly useful information
about an instantiation without explicitly querying the oracle.

Simply padding all graphs of P(G) to the same size is still not enough. The main goal
here is that acceptance of a computation path is monotone relative to which part of
the graph is observed by a computation, i.e., if we embed H T G, then all previously
accepting paths that accept on oracle input H should still be accepting when the oracle
input is G.
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Our proof follows the structure of [IP22]. We start by formalizing computation paths,
leading towards the second part of the proof:

5.19 Definition. A computation path T of a nondeterministic Turing machine on some
input is defined as the sequence of its nondeterministic choice bits and the answers to
its oracle queries (both types of bits appear in the same list, ordered chronologically).
Formally, it is an element of {0,1}*.

The same Turing machine can yield the same computation path on different inputs, for
example, when not the whole input is read, or when having access to different oracles,
because the oracles can differ in positions that are not queried.

Given a nondeterministic Turing machine M and an oracle graph G, we are interested
in the number of accepting paths of M when given oracle access to G. We define the
number of accepting paths of M on input j € N (given in binary) with oracle access to G
as #accyc(j). | Further we will also call #accyc(j) a computation. In the following,
write OG_; to denote those graphs in OG that contain exactly j vertices, 0,...,7 — 1
with the natural order on them, for j € N.

5.20 Definition (Set-instantiator against (M, G, ¢)). Let M be a nondeterministic
Turing machine, let G € OG and let ¢ be an ordered pure graph motif parameter. Let
T be a symbolic top element above the induced subgraph poset P(G), i.e., T [Z H for
all induced subgraphs H C G. A set-instantiator SI is a triple of

o some j € N,

o an instantiation function insts; : P(G) — OG—;, and

o a perception function percg : {0,1}* — P(G)U{T},

such that both of the following properties hold for all induced subgraphs H C G:

e 7¢c{0,1}" is an accepting path in computation #acc st ) (j) iff percg (1) E H,

o p(insts;(H))) = p(H).

In the above definition, we think of the perception of an accepting computation path of
M to be the induced subgraph of G that is observed by M through oracle queries, while
computation paths that do not accept are given perception T.

We can now prove by a randomized construction that set-instantiators always exist for

polynomial-time NTMs:

5.21 Lemma. Let ¢ : OG — N be a pure ordered graph motif parameter, let M be a
polynomial-time NTM computing Eval, and let G € OG. Then there is a set-instantiator
against (M, G, ).
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Proof. For now let n € N be undetermined, we will choose it accordingly later. Uniformly
at random choose a function € : V(G) — {0,...,n — 1} and let it induce a monotone
function £ : V(G) — {0,...,|V(G)|-n—1} by mapping the i-th smallest vertex v € V(G)
to (i — 1) - n+ &(v). We then set j = [V(G)| - n.

For an ordered graph H C G, we denote by £(H) the graph on the vertices {0, ..., |V(G)|-
n — 1}, where the edges are given as the images of the edges of H under . Any vertex
that is not in the image of {(V(H)) is thus an isolated vertex. We are trying to find
some &, s.t. for all H C G, all accepting paths of the computation #acc e (j) do not
access the oracle for any edges incident to vertices in £(V(G)) \ {(V(H)). By the union
bound, if we can show this happening with high probability for each of the finitely many
individual H C G, then there is such a &, so for now fix some H C G.

Now group the functions £ by their image of V(H) and fix one such group I. Note
that the image of the remaining vertices V(G) \ V(H) under ¢ is still independently and
uniformly distributed from n possible choices each by the choice of é . Consider the set
St of all vertices queried by all accepting paths of the computation #acc, e (j). Let
ta(j) be the worst-case running-time of M on input j. Each oracle query can query
at most two vertices, there are at most ¢(H) many accepting paths and each accepting
path can query the oracle at most ¢37(j) many times and as such the size |S7| is bounded
by 2 - p(H) - tpr(j), which is polynomial in log(j) due to M being polynomial-time and
H being fixed. As a rough estimate using the Bernoulli inequality, this means that for

_ @)‘V(G” S 81V©)

a fraction of at least (1 choices of é resulting in £ € I,

none of the accepting paths queries any edges incident to vertices in £(V(G))\ &(V(H)).

By averaging across all possible & (no longer restricted to I), we see that a fraction of

1- w choices have our desired property.

polylog(j)-|V(G)|-21V(Y)]
n

Using the union bound over all H C G, we get that a fraction of 1 —

choices of é lead to the desired property for all H C G simultaneously. By choosing n
large enough (remember that j and n are polynomially related, so this is always possible),
this guarantees the existence of our desired &, s.t. for all H C G, all accepting paths of
the computation #acc,ex)(j) do not access the oracle for any edges incident to vertices

in {(V(G)) \ &(V(H)).
We can now construct our set-instantiator with j chosen as above. The instantiation
function for H C G is instgr(H) = £(H). For any computation path 7 € {0,1}* of a

computation #acc e (j), denote by Sy C {0,...,7 — 1} the set of vertices that are
queried by the computation. We set

G[¢71(S;)] if 7 is an accepting path of the computation #acc e (j),

percg (7) = {

T otherwise

Note that the preimage £¢~1(S,) is defined to be simply the set {v € V(G) | £(v) € S, },
even if S; is not entirely contained in the image of &.

94



5.5 Results for Graphs

We check the properties of a set-instantiator. Clearly ¢(insts/(H)) = ¢(H) for all
H C @G, since the two graphs are identical except isolated vertices and no pattern in
o contains any isolated vertices. Further we need that for all H C G we have that
7 € {0,1}* is an accepting path for the computation #acc, st ) (j) iff percg (1) C H.
For this fix H C G and let 7 be an accepting path for the computation #accinsts () (j)-
By our choice of £ we know that no other vertices of £(V(G))\&(V (H)) are queried, or in
other words, £71(S,) C V(H) and thus 7 is also an accepting path for the computation
#acc st (o) (7). This directly implies percg (1) = G[€7!(S;)] T H. On the other hand,
let percg(7) C H, then percg(7) # T and 7 is an accepting path of the computation
#acc sty () (4), since percg (1) = G[E€71(S;)] C H, 7 is also an accepting path of the
computation #acc st () (J)- O]

If Hy and Hj are isomorphic, then it can still be the case that #accinstg ) (j) #
#acc  jinstg; (11 (J), which we do not want to happen in a good function. For example if G
is any graph containing some triangles, then we want the instantiation of every induced
triangle of G to have the same number of accepting paths. We thus want to construct
an instantiation function that no longer has this problem. We achieve this by creating
a very large set-instantiator and then restricting ourselves to some small part of the
set-instantiator where we can enforce this property.

Ensuring this structure is achieved by usage of a Ramsey theorem. For two graphs H
and G we denote by (f]) the subset of induced subgraphs of G that are isomorphic to
H.

5.22 Lemma (Main Theorem in [NR77|). Let F,G € OG and let t € N be fized. Then
there is a H € OG, such that for every & : (I;) — {0,...,t}, there is a G = H with

Go =G and ]CI)((%I’))\ =1

Note that Lemma [5.22] is the reason why we need to generalize our result to ordered
graphs first instead of being able to prove it directly for unordered graphs. It is known
that this type of Ramsey theorem does not hold for unordered graphs |[Nes95, Theorem
5.1].

By repeatedly applying Lemma [5.22| we get

5.23 Proposition (Ramsey Theorem). Let G € OG and let t € N be fized. Then there
is an H € OG, such that for every ® : P(H) — {0,...,t} there is a Go T H with
Go = G and, for all A, BC Gg with A= B, we have ®(A) = ®(B).

This theorem can now be used to ensure that for every polynomial-time NTM there
must be some small set of inputs where the NTM behaves like a good function.

5.24 Lemma. Let ¢ be a pure ordered graph motif parameter, let M be any nonde-
terministic polynomial-time Turing machine computing Eval, and let G € OG. Then
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there is some j € N, a function inst : P(G) — OG—; and a P(G)-good function ¥ with
#Haccypinser) (J) = Y(F) and p(inst(F)) = p(F) for every F T G.

Proof. We invoke Proposition for G and t := max{¢p(H) : H C G} to obtain
G € OG. We now want to color P(G) according to the behaviour of M on the elements
of it, in particular how many accepting paths query each specific induced subgraph of G.
Before we can do this we have to first embed all potential elements of P(G) as oracles. In
order to do this we use Lemma to construct a set-instantiator SI against (M, G, ®)
to obtain a j € N, insts; and percg; as in Definition [5.20

For H € P(G) define ®(H) := #acc, instg 1) (j). Note that

®(H) = |[{r €{0,1}" : percg(r) EH}| = Z {7 €{0,1}* : percg(r) = F}|.
- (5.25)

Using ® as a coloring for Proposition we obtain Gg. Note that ®(H) now only
depends on the isomorphism type [H] of H for all H C Gg. By induction we see that
the number

HT € {0,1}* : percg(1) = H}‘

also depends only on the isomorphism type of H, whenever H T Gg. Denote this
number by a(g) and set W([H]) := ®(H). This is only well-defined for H C G'¢, thus we
consider the domain of ¥ to be P([Gs]) = P([G]). This means that ([5.25) simplifies:

U([H]) = Y #Ind([F] —[H])ap (5.26)
[F]

where the sum is over all isomorphism classes [F| of induced subgraphs F' T H. This
implies that ¥ is P(G)-good.

It remains to define the function inst : P(G) — OG—;. Let H C G, then inst(H) :=
instsr(Hg) for some Hp T Gg with H = Hg. The property ¢(inst(H)) = ¢(H) now
directly follows from SI being a set-instantiator. O

Note that Lemma only guarantees the local behaviour of M to be P(G)-good. This
leaves two possibilities for contradictions: Either the local behaviour is even (P(G) N
OGP )-good, or the function grows too quickly for inputs with many isolated vertices.
This next Witness Theorem shows that in the first case we can always find an ordered
graph that proves that M does not compute the correct function using a simple linear
algebra argument.

5.27 Theorem (The Witness Theorem). Fiz a bad ¢ : OGP"® — N. Then there exists
G € OGP such that for every (P(G)NOGPY?)-good function ¥ : (P(G)NOGP**) — N,
there exists W € P(G) N OGP with ¥(W') # o(W).
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Proof. Choose G to be the disjoint union of the graphs in supp(¢) and let OG' :=
P(G) N OGP"™, keeping only one representative per isomorphism class. By Fact
the functions #Ind(H — %) for H € OG’ are linearly independent. Thus the patterns
and coefficients of any function ¥ with support supp(¥) C P(G) N OGP are uniquely
determined by the evaluations ¥ on P(G) N OGP™*, and there exists a witness W €
P(G) N OGP with U(W) # p(W), since ¥ is good while ¢ is bad (thus, in particular,
U and ¢ are not the same function). d

With this last tool we are finally able to lead the existence of polynomial-time NTMs
computing bad ordered graph motif parameters to a contradiction.

5.28 Lemma. Let M be any nondeterministic polynomial-time Turing machine com-
puting Eval, for some bad pure ordered graph motif parameter . Then there is a j € N
and W € OG—; such that #accyw (j) # o(W).

Proof. We invoke the Witness Theorem [5.27] with our ¢ to obtain an G; € OGP"™® as in
the theorem. Construct Gy such that

#Ind(H — G2) > max {@(F) : F € P(G1) NOGP"} for every H € P(G1) \ OGP
(5.29)

#Ind(H — G2) = #Ind(H — G1) for every H € OGP"™  (5.30)

by adding sufficiently many isolated vertices to Gy. For this it is sufficient to add
14 max {p(F) : F € P(G1) N OGP™} isolated vertices between every pair of adjacent
vertices in G, relative to <g,.

We now use Lemma [5.24] to obtain j € N, a function inst : P(G2) — OG_; and a P(Ga)-
good function ¥ with #acc s (j) = V(H) and ¢(inst(H)) = ¢(H) for every H C Gs.
There are now two possibilities to find the required counterexample W: If there are no
basis functions present in ¥ with a pattern in P(G1)\ OGP, we can invoke the Witness
Theorem again, however if any of these basis functions are present we can construct a
direct counterexample.

We first handle the case where such a basis function is present, so let the coefficient of
#Ind(H — %) in ¥ be positive for some H € P(G1) \ OGP, Then

U(Ga) > #Ind(H — G2) > max {¢(F) : F € P(G1) N OGP} > o(G1) = ¢(Ga)

by (5.29) and ([5.30)), combined with the fact that ¢ is pure, and our counterexample is
W .= Gg.

Otherwise assume that no such basis function is present. Then ¥ obtained from ¥ by
restricting to P(G1) (i.e. setting all coefficients of P(G2) \ P(G1) to zero), is (P(G1) N
OGP"¢)-good, which is a requirement for the second part of the Witness Theorem
(we already used it to obtain Gp). Furthermore \I/|p(Gl) = Up(,)- We invoke the
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second part of the Witness Theorem to find a point W € P(G1) N OGP with
V(W) = ¥ (W) # o(W) which is our counterexample.

Independent of how we have obtained our W we observe #accmsw)(j) = ¥ (W) #
©(W) = p(inst(W)), which completes the proof for W’ = inst(W). O

This proves the separation in Theorem which together with Lemmas [5.12] and
finishes the proof of the theorem.

5.6 Overview of Results for Relational Structures and
Categories

Induced subgraph counts can also be considered in a colored setting, where each vertex
has a color and colored graphs are considered isomorphic if the colors of the vertices that
are mapped to each other by the isomorphism agree. Such colored patterns occur, e.g.,
within the proofs of some parameterized hardness results [DRSW22; |Cur24], as access
to vertex-colors gives more versatility in the reduction. It is natural to ask whether
our main theorem generalizes from graphs to colored graphs and to other more general
versions of graphs, such as hypergraphs of bounded edge-cardinality. We answer this
question positively for general relational structures in Section The proof proceeds
along the same lines as Theorem our main theorem about graphs.

Generalizing further from relational structures, we consider the vastly more general set-
ting of category theory in Section and show a variant of Theorem for motif
parameters defined over categories. It turns out that the arguments from the main proof
can be adapted for this purpose, but only after significant technical effort: While ho-
momorphisms and embeddings naturally generalize from graphs to categories, nontrivial
concepts from category theory are needed to formulate the proper requirements on cat-
egories that allow us to handle subobjects similarly to induced subgraphs. Among other
such requirements, we require well-powered categories (where every subobject itself has
only finitely many isomorphism types of subobjects) and proper factorization systems
(that decompose morphisms into compositions of epimorphisms and monomorphisms).
We then use the general category-theoretic framework to study local combinatorial inter-
pretations of counting problems related to finite vector spaces and to so-called parameter
sets, which play a role in enumerative combinatorics.

5.7 Relational Structures

First, we need to transfer some terminology from graphs to relational structures and
introduce some additional notions that are specific for relational structures.
Let k1,...,k¢ > 0. A finite relational structure of type A := (kq,...,ky) consists of a
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finite universe V of individuals (which we call vertices, in analogy to our terminology for
graphs) and relations Ry, ..., Ry with R; C (,‘;) Denote the class of all finite relational
structures of type A as Rel(A). From now on, we will refer to finite relational structures
simply as relational structures. For any relational structure A = (V, Ry,..., Ry), we
write V(A) :=V and R;(A) = R; fori=1...¢.

A relational structure A is an induced substructure of B, written as A T B, if V(A) C
V(B) and R;(A) = R;(B)N (Vlgf)) for all 1 <14 < /. Furthermore A is a substructure of
B, written as A C B, if V(A) C V(B) and R;(4) € Ry(B)n (YY) forall 1 <i < £,
A function f : V(A) — V(B) is called a strong embedding if f is injective and X €
Ri(A) & f(X) e Ri(B) forall 1 <i</and X CV(A).

A relational structure A is called irreducible if for all different u,v € V(A) there is some
1<i</land X € R;(A) with u,v € X.

A vertex v € V(A) is called P-padding for P = (p1,...,p;) € {0,1}¢ if for all p; = 0 we
have {X € R;(A):v € X} =0 and for all p, =1 we have {X € R;(A):ve X} ={X €
(V]E:‘)) :v € X}, i.e., vis not in a relation with any other vertices for p; = 0 and in all
possible relations with other vertices for p; = 1. A relational structure A is now called
P-pure if it does not contain any P-padding vertices.

A subset F' C Rel(A) is called upwards closed if for every A € F' and all B € Rel(A)
with V(A) = V(B) and A C B we have B € F. Let F C Rel(A) be a (potentially
empty) upwards closed set of P-pure irreducible relational structures of type A. Now
let U = Forb(F') be the set of all relational structures of type A that do not contain any
substructure isomorphic to any element in F. This is equivalent to U not containing
any induced substructures isomorphic to elements in F', due to F' being upwards closed.
Restricting U to only the P-pure relational structures yields UF-pure,

As was the case for graphs, the Ramsey theorem only holds for an ordered version of
relational structures. We say ORel(A) is the class of all ordered relational structures
of type A. Ordered relational structures are defined, as in the graph case, by incor-
porating a linear order <y on the universe into the structure and extending notions of
homomorphisms, (strong) embeddings, and isomorphisms to respect the ordering, which
also yields notions of (induced) substructures for ordered structures. For a relational
structure A and X C V(A), write A[X] for the substructure induced by X. Parallel to
Deﬁnition define (ordered) motif parameters ¢ to be linear combinations of induced
substructure counts #Ind(A — x) for fixed (ordered) relational structures A. We call ¢
P-pure if all its patterns are P-pure. For a class of relational structures U, we speak of
a U motif parameter if its domain is restricted to U.

Relational structures A with V(A) = {0,...,j — 1} are encoded as oracles (z,0) by
choosing x = j (encoded in binary), and by querying O with (¢, (vy,...,vg,)), a Turing
machine can ask whether {v1,..., v, } € Ri(A).

We can now state our main theorem, in analogy to Theorem [5.1
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5.31 Theorem. Let A be a type, let P € {0,1}¢ and let F € ORel(A) be an upwards
closed subset of P-pure irreducible ordered relational structures.

Let ¢ : Forb(F) — N be a P-pure ordered Forb(F') motif parameter. Then Eval, €
Pr-#P™ iff all coefficients of ¢ in the #Ind(A; — x) basis are nonnegative integers.

We remind that Eval, is a promise problem. As such the NTM only has to count
correctly whenever the pair (x, O) correctly encodes an ordered relational structure from
the domain of ¢, in this case U = Forb(F'). This for example implies that for A = (2),
P = (0) and F = {K3} (the clique on 3 vertices), the counter example oracle input for
each NTM will itself be a graph without any triangles.

In the following, fix A, P, F and U = Forb(F) as in Theorem [5.31]

The proof of Theorem [5.31]is almost identical to that of Theorem [5.17] so we will only
point out some specific modifications required in the proof:

e The Ramsey theorem: Lemma was shown in [NR77] not only for the class of
all finite graphs, but more generally for the class of all relational structures defined
via a set of irreducible forbidden substructures, such as U.

e The value of a P-pure ordered motif parameter ¢ does not change by adding or
removing P-padding vertices, since any P-padding vertex v in an ordered rela-
tional structure stays a P-padding vertex in any induced substructure containing
v. Anywhere we were filling up a graph with isolated vertices, we instead add
P-padding vertices. (Note that isolated vertices are simply (0)-padding vertices.)

e Since all elements of F' are P-pure, it is impossible to leave U by adding P-padding
vertices to a relational structure that was in U.

e Due to the changes of the way we store an ordered relational structure as an oracle,
we will be showing the existence of set-instantiators explicitly again.

The notion of a set-instantiator is generalized as follows. We write U—; for the ordered
relational structures in U whose universes are exactly the vertices {0,...,j — 1} with
the natural order on them.

5.32 Definition (Set-instantiator against (M, A,¢)). Let M be a nondeterministic
Turing machine, let A € U—; and let ¢ be an ordered P-pure motif parameter.

Let T be a symbolic top element above the induced substructure poset P(A), i.e., T £ B
for all induced substructures B C A. A set-instantiator SI is a triple of

o some j € N,
o an instantiation function instsy : P(A) — U—;, and
o a perception function percg : {0,1}* — P(A) U{T},

such that the following property holds for all induced substructures B C A:
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e 7 c {0,1}* is an accepting path for the computation #accinsg ) (j) if and only if
percg (7) C B, and

o o(insts(B))) = (B).

5.33 Lemma. Let ¢ : U — N be a P-pure ordered U motif parameter, let M be a
polynomial-time NTM computing Eval, and let A € U. Then there is a set-instantiator
against (M, A, p).

Proof. For now let n € N be ungetermined, we will choose it accordingly later. Uniformly
at random choose a function £ : V(A) — {0,...,n — 1} and let it induce a monotone
function  : V(A) — {0,...,|V(A)|-n—1} by mapping the i-th smallest vertex v € V(A)

to (i —1)-n+&(v). We then set j = |V (A)] - n.

For an ordered relational structure B C A, we denote by &(B) the relational structure
on the vertices {0,...,|V(G)| - n — 1}, where the relations are given as the images of
the relations of B under £. Furthermore, for every vertex v that is not in the image of
&(V(A)), make v a P-padding vertex. We are trying to find some &, s.t. for all B C A,
all accepting paths of the computation #acc,es)(j) do not access the oracle for any
relations incident to vertices in {(V(A)) \ £(V(B)). By the union bound, if we can show
this happening with high probability for each of the finitely many individual B C A,
then there is such a &, so for now fix some B C A.

Now group the functions ¢ by their image of V(B) and fix one such group I. Note
that the image of the remaining vertices V(A) \ V(B) under £ is still independently and
uniformly distributed from n possible choices each by the choice of é . Consider the set
St of all vertices queried by all accepting paths of the computation #accyes)(j). Let
tar(j) is the worst-case running-time of M on input j. Each oracle query queries one
of the relations at a time and thus at most max(ky,...,ky) vertices, there are at most
©(B) many accepting paths and each accepting path can query the oracle at most ¢y (j)
many times and as such the size |S7| is bounded by max(ki, ..., k¢)-@(B) -t (j), which
is polynomial in log(j) due to M being polynomial-time and B and ki,...,k; being
fixed. As a rough estimate using the Bernoulli inequality and |V (A) \ V(B)| < |V(A4)],

VAl ISV ()

this means that for a fraction of at least (1 — % choices of &

resulting in & € I, none of the accepting paths queries any edges incident to vertices in
E(V(A))\&(V(B)). By averaging across all possible £ (no longer restricted to I), we see

polylog(5)-|V (4)|

that a fraction of 1 — choices have our desired property.

Using the union bound over all B C A, we get that a fraction of 1—|P(A)|- M
choices of £ lead to the desired property for all B T A simultaneously. By choosing n
large enough (remember that j and n are polynomially related, so this is always possible),
this guarantees the existence of our desired &, s.t. for all B C A, all accepting paths of
the computation #acc ¢z (j) do not access the oracle for any edges incident to vertices

in (V(A)\E(V(B)).
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We can now construct our set-instantiator with j chosen as above. The instantiation
function for B C A is

insts; (B) == &(B).

For any computation path 7 € {0,1}* of a computation #acc,e)(j), denote by Sr C
{0,...,7 — 1} the set of vertices that are queried by the computation. We set

A[67Y(S;)] if T is an accepting path of the computation #acc e (j),

T otherwise

percg(7) := {

It remains to check the properties of a set-instantiator. Clearly ¢(instsr(B)) = ¢(B) for
all B C @G, since the two relational structures are identical except P-padding vertices
and no pattern in ¢ contains any P-padding vertices. Further we need that for all B C A
we have that 7 € {0,1}* is an accepting path for the computation #accinstg (5 (j) iff
percg;(7) C B. For this fix B C A and let 7 be an accepting path for the computation
#acc instg; (3) (). By our choice of £ we know that no other vertices of £(V(A))\&(V(B))
are queried, or in other words, £~1(S,;) C V(B) and thus 7 is also an accepting path for
the computation #acc g (4)(j). This directly implies percg (1) = A[E71(S;)] T B.
On the other hand, let percg(7) C B, then percg/(7) # T and 7 is an accepting path
of the computation #acc st (4)(j). Since percg (1) = A[¢7(S;)] T B, 7 is also an
accepting path of the computation #acc st (5)(J)- O

5.7.1 Directed Relational Structures

So far, for all of our graphs and relational structures we have assumed that they are
undirected and have no self-loops or relations with duplicate vertices.

We study two further generalizations to ordered and unordered relational structures A,
where each relation R; can now be one of following different variants:

1. Set relations, i.e. R; C (XZ) which is the kind of relational structures we have
studied so far.

2. Multiset relations, i.e. R; is a set of multiset of vertices from V' with k; total (not
necessarily distinct) elements each. These for example would allow us to express
undirected self-loops in the graph setting.

3. List relations without repetitions, i.e. R; is a tuple of k; vertices from V', but
without repetitions. Directed graphs without self-loops fall under this category.

4. List relations with repetitions, i.e. R; is a tuple of k; elements from V' with repe-
titions. Directed graphs with self-loops fall under this category.
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We can even allow different relations to be of different variants. We call such an (ordered)
relational structure a mixed (ordered) relational structure. A mized type A is now a
type A, combined with the information about which variant each relation uses. The
class MORel(A) is then the class of all mixed ordered relational structures of type A.
The induced substructures of a mixed (ordered) relational structure are now defined in
the natural way and homomorphisms and (strong) embeddings preserve the order and
multiplicities of the mixed relations. We call a mixed (ordered) relational structure A
irreducible if for every different u,v € V(A) there is some 1 < i < ¢ and X € R;(A),
such that X contains both v and v (as a set, multiset, or list, depending on the variant
of R;). For a vertex v to be a P-padding vertex the relation R; needs to contain all
possible entries including v if p; = 1 and for p; = 0 it has to contain none of the entries
including v. As usual A is called P-pure if it contains no P-padding vertices.

In an ordered relational structure, each of these types of relations can be expressed by
using one or more set relations in the following way.

Multiset relation: Replace R; by one set relation (R;)c of arity |C| for every composi-
tion C' of k;. Let e be a hyperedge in R; with vertices vy, ..., v, with multiplicities
AL, ..., Ay, W.lo.g. assume that v; < wve < ... < w, according to the linear order on
V. Then {v1,...,v,} is added to (R;)(x,,.. 1)

List relation without repetition: Replace R; by one set relation (R;)< of arity k; for
every possible total order < of {1,...,k;}. Let (vi,...,v,) € R;. Define the order
= (v1,.0y0,) ONL {1,... k} viai < j:=v; <wv; and add {vy,..., v} to (Ri)<<u1

List relation with repetition: Same as above, however < is now a total preorder, i.e.
it does not have to be anti-symmetric. This also implies that not all of the added
relations have arity exactly k;, but rather arity < k;, similarly to the multiset relation
case.

Denote the resulting type of the ordered relational structures as A’. Note that A’
only depends on A. We call the function applying the above conversion rules conv :

MORel(A) — ORel(A).

5.34 Fact. This construction is bijective, i.e. the conversion mapping conv is bijective.
Furthermore, both conv and conv™! are efficiently computable in the sense that it is
possible, in polynomial time in log(|V(A)|), to compute the image (or preimage) of any
possible entry of the relations under conv.

5.35 Fact. Moreover conv commutes with (strong) embeddings and thus induced sub-
graphs and isomorphisms. In particular this directly implies that #Ind(B— A) =
#Ind(conv(B) — conv(A)).

These two facts also imply a further generalization of the Ramsey theorem in [NR77] to
mixed ordered relational structures by applying conv before using the Ramsey theorem on
ordered relational structures and then applying conv™! to convert the resulting relational
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structure back to a mixed ordered relational structure. However we do not use this
variant of the Ramsey theorem here and instead do a direct reduction.

5.36 Theorem. Let A be a mized type with ¢ relations, let P € {0,1}¢ and let F C

MORel(A) be an upwards closed subset of P-pure irreducible mized ordered relational
structures.

Let ¢ : Forb(F) — N be a P-pure ordered Forb(F') motif parameter, i.e., o(B) =
>l - #Ind(A; — B) for pairwise non-isomorphic P-pure Ay, ..., Ay and coefficients
al,...,os € Q. Then the evaluation problem Eval, is in Pr—#P".'." iff all coefficients
ai,...,as € Q are nonnegative integers.

Proof. Let I' = {conv(A) : A € I'} and let P’ be obtained from P by setting pj, = p;
where j; ranges over all the relations added by the conversion from relation . Then F’ is
upwards closed and only contains P’-pure ordered relational structures. We now define
¢’ : Forb(F') — N as ¢/(B’) = >_7_; o - #Ind(conv(A4;) — B’). All the conv(4;) are
pairwise non-isomorphic and P’-pure. By Theorem we know that Eval, € Pr—#P"“.=
iff aq,..., as are nonnegative integers. Given an oracle encoding some B € Forb(F') we
can now in polynomial time simulate an oracle encoding conv(B) € Forb(F”) by using
Fact Moreover by Fact [5.35( ¢(B) = ¢'(conv(B)), thus if Eval, € Pr-#P* then
also Eval, € Pr-#P™,

Since conv is bijective and efficiently computable in both directions this argument also
reverses and proves Eval, € Pr-#P* < Eval, € Pr-#P™. O

In the same way that we have proven Theorem from Theorem [5.17], we also get a
variant with unordered mixed relational structures.

5.37 Theorem. Let A be a mized type with ¢ relations, let P € {0,1}¢ and let F C

MRel(A) be an upwards closed subset of P-pure irreducible mized relational structures.

Let ¢ : Forb(F) — N be a P-pure Forb(F) motif parameter, i.e., ¢(B) = Y i_; o5 -
#Ind(A; — B) for pairwise non-isomorphic P-pure Ay, ..., As and some coefficients
ai,...,os € Q. Then the evaluation problem Eval, is in Pr—#P".'." iff all the coefficients
ag, ..., 05 are nonnegative integers.

Proof. We observe

#Ind((Vi, Ri, ..., Rig) =(V,R1,...,Ry))
= #Ind((Vi, Rix,.. ., Rig, <v,)) »(V, Ry,..., Ry, <v))

<v,

where <y is any arbitrary linear ordering of V' and <y, sums over all linear orders of V;

that result in non-isomorphic ordered relational structures. Further let F” C MORel(A)
be obtained from the elements of F' combined with all possible linear orders of their
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vertices. Note that all elements of F’ are irreducible and P-pure and F” is still upwards
closed, we can thus invoke Theorem [5.36]

The same argument as for Theorem finishes the proof. O

5.7.2 Applications

For colored graphs, a special case of relational structures, we get a particularly clean
dichotomy, here we do not rely on the patterns not containing any isolated vertices, we
only require that there is some color that can be used as a color in the target graph
that does not appear in any of the pattern graphs. Let ColG(c + 1) to be the set of all
colored graphs on ¢ + 1 colors. We rephrase ColG(c + 1) as relational structures with

A = (2,1,...,1), by adding a unary relation for every color, except the color 0. By
H"—/
c times

choosing P = (0,...,0) we set P-padding vertices to be exactly those vertices using

the color 0. A colored graph is thus P-pure iff it contains no vertices with color 0.
Furthermore we set F' to be the set of relational structures on a single vertex, where at
least two different of the unary relations are set. These correspond to vertices that are
assigned more than one color, turning Forb(F') into exactly the set of colored graphs
where each vertex has exactly one color, either one of 1, ..., c or the color 0 by absence
of any other color.

By using Theorem we thus get

5.38 Theorem. Let ¢ : ColG(c+ 1) — N be a colored graph motif parameter, i.e.,
©(G) = >0 a; - #Ind(H; — G) for pairwise non-isomorphic graphs Hi, ..., Hs using
the colors {1,...,c} and coefficients a1, ..., as € Q. Then the evaluation problem Eval,

s in Pr—#l:":‘= iff all coefficients a,...,as € Q are nonnegative integers.

Note that while we restrict the number of colors within the theorem itself, the same
result holds true if the number of colors is allowed to grow with ¢, by simply choosing
the number of colors for the target graph to be one bigger than the fixed number of
colors used in the patterns of ¢.

5.8 Categorical Generalization

In the proofs of Section we didn’t use particularly many properties of ordered graphs
to show our lower bound, except some structure of (induced) subobjects, a Ramsey prop-
erty and the existence of set-instantiators. The goal of this section is now to generalize
the proof and make it more explicit which properties in detail are needed for our proof
to work.
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5 Which Graph Motif Parameters Count?

5.8.1 Basic Category Theory

We follow the definitions of [Riel7] and refer the reader to it should they want more
than just these basic definitions. A category C' consists of two collections:

e A collection of objects.
e A collection of morphisms between objects.
such that:

e Every morphism f has a specified domain and a codomain object. We write
f :a — bif f has domain ¢ and codomain b. Additionally we write dom f = a
and cod f = b.

e For every object a there is an identity morphism id, : a — a.

e For every two morphisms f : a — b and g : b — ¢, there is a specific composite
morphism gf : a — c.

e For every morphism f : a — b both fid, and idyf are identical to f, i.e. the
identity morphisms are the neutral elements of composition.

e For every triple of morphisms f :a — b, g : b — c and h : ¢ — d we have that
h(gf) and (hg)f are identical, i.e. composition is associative.

A morphism f : b — cis called

e a monomorphism, if for any morphisms g, h : a — b with fg = fh we already have
g = h. We also say that f is monic or a mono.

e an epimorphism, if for any morphisms g,h : ¢ — d with gf = hf we already have
g = h. We also say that f is epic or an epi.

e an isomorphism, if there is a morphism ¢ : ¢ — b with fg = id. and ¢gf = id,. In
this case we call b and ¢ isomorphic, also written as b = c.

If for every two objects a, b the collection of all morphisms from a to b is a setﬁ7 then C
is called locally small. If this collection is even finite, then it is called locally finite.

We call some category D a subcategory of C' if the objects of D are a subcollection of
the objects of C' and the morphisms of D are a subcollection of the morphisms of C.
Note that this includes all relevant identity and composite morphisms in order for D to
be a category. We say D is a full subcategory of C' if, additionally, for every two objects
a,b in D, it contains all morphisms with domain a and codomain b from C.

The last basic concept we need is the concept of finite coproducts. For objects a1, ..., ax
we say that an object b, together with morphisms ¢1, ..., ¢ where ¢; : a; — b, called the
coproduct mjectiomﬂ7 is the coproduct of a1, ..., a, if for all objects ¢ and all morphisms
fi,-.., fr with f; : a; = c there is a unique morphism f : b — ¢ such that the following
diagram commutes:
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Cc

AN

f1 fr

b
L1 Lk
e N
ce Qg

ai

One can show that the object b is unique up to isomorphism, so we write |_|f:1 a; for it.
We also write |_|?:1 fi for the morphism f.

5.8.2 Counting in Categories

Our objects of consideration are now objects of some category C. To specify the subob-
jects we are counting, we designate a class of morphisms from C"

5.39 Definition. Let C' be a locally small category and let M be some class of mor-
phisms in C' that contains all isomorphisms and is closed under composition. For any
objects a,b we call morphisms a — b from M the M-subobjects of a under b. We
identify morphisms f, f' : a — b if there is an isomorphism ¢ : a — a with f' = fg. The
set of all M-subobjects of a under b is denoted by Suba(a — b), while the class of all
M-subobjects under b is denoted by P(b). If all such P(b) are small (i.e. a set), then
we call C' M-well-powered and if they are all finite C is called finitely M-well-powered.
For notational convenience, we write dom P (b) := {dom f : f € P(b)}.

Let f:a — band f':a’ — b be M-subobjects under b. We write f’ < f if there is some
morphism g with f' = fg.

The class M in here should be thought of as some class of special monomorphisms. In the
example of undirected graphs, M is the set of strong graph embeddings, i.e. injective
graph homomorphisms that preserve both edges and non-edges. The poset P(G) is
then the set of all induced subgraphs of G (represented via their graph embeddings),
while dom P(G) contains all graphs with isomorphism types that are among the induced
subgraphs of G.

Combined with a second class of morphisms &, we obtain a factorization system:
5.40 Definition. Let C be a category and let £ and M be some classes of morphisms
in C. We call (£, M) a factorization system if they fulfil the following properties:

1. Every morphism f : a — b factors as f = me with e € £ and m € M. This
factorization is unique, up to a unique isomorphism, i.e. if there is some other
factorization f = m’e’ with ¢/ € £ and m’ € M, then there is a unique isomorphism
g such that the following diagram commutes:
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2. Both £ and M contain all isomorphisms and are closed under composition.

A factorization system is called proper, if all morphisms in £ are epi and all morphisms
in M are mono.

One example of such a factorization system in the category of finite undirected graphs
is given by choosing £ as the (vertex) surjective graph homomorphisms, and M as
the strong graph embeddings. The M-subobjects of H in G are precisely the induced
subgraphs of G that are isomorphic to H. See Section for more details on this.

Except the properties directly visible in Definition |[5.40, we need one derived property
(see |Rie08][Lemma 1.13] for a proof):

5.41 Fact (Cancellation Properties). Let (£, M) be a factorization system and f :a — b
and ¢ : b — ¢ be morphisms. Then we have the following two implications:

e Ifgf e and fe&, thengel.
o If gf € M and g € M, then f € M.

Note that this implies that in a (£, M) factorization system, for M-subobjects f and
/!, whenever f < f, i.e. if there is some morphism g with f' = fg, then g is already
in M. In other words: Being a M-subobject is well-behaved under composition and
cancellation.

Further, in the cases that interest us, there are no non-trivial morphisms f : ¢ — a in

M:

5.42 Lemma. Let C be a locally small, finitely M-well-powered category with a proper
(€, M )-factorization system. Then any morphism f : a — a in M is already an
isomorphism.

Proof. We consider the set of morphisms {f™ : n € N}. Since M is closed under
composition, all these morphisms are in M and thus are M-subobjects of a. By the
pigeonhole principle, combined with C being finitely M-well-powered, there must be
some n < m € N with f™ and f™ being the same M-subobject, i.e. f* = f™g with
some isomorphism g : a — a. This leads to the following diagram with f"id, = f™g:

fm—n Iz
a a——a
idg
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Due to f™ € M and the factorization system being proper, we conclude that f™ is a
monomorphism and f™ "¢ = id,, which is equivalent to f™ " = ¢~'. It is now obvious
that f™ " 1g = gf™ " ! is the inverse of f. O

Formally, it is not clear how to attach an object from some category C as an oracle to
an NTM. In order to do so, we denote by C—; some set of objects from C' that can be
encoded as a polylog(j)-bit oracle, i.e. as a subset of {0, 1}P1%0) for some efficiently
computable function bitsize € polylog(j). We require that for every object ¢ in C, there
is some j € N and a ¢ € C—;, such that ¢ and ¢ are isomorphic.

Given a nondeterministic Turing machine M and an oracle object ¢ € C—;, we are
interested in the number of accepting paths of M when given oracle access to the j-bit
oracle encoding c¢. We define the number of accepting paths of M on input j € N (given
in binaryEI) with oracle access to ¢ as #accpse(j). Further we will also call #accpse(j) a
computation.

Our setup has two categories C' and P, the ambient category and the category of pure
objects respectively. While we list here most of the general properties of both categories
we assume in general, each lemma still explicitly lists the properties it uses to make
them easier to follow. Both categories are locally small and P is a full subcategoryﬂ
of (', closed under isomorphisms, i.e. if a and b are isomorphic objects in C, they are
either both included in P or neither of them is. Moreover there is a compatible proper
(€, M)-factorization system of C' and P. By compatible we mean some slight abuse
of notation: Not all morphisms in M need to be part of P, however the restrictions of
&£ and M to the morphisms in P form themselves a proper factorization system of P.
To simplify notation we also call this restriction a proper (£, M)-factorization system
of P. Furthermore C' and P are both finitely M-well-powered and both have the joint
M-embedding property:

5.43 Definition. A locally small category C with an (£, M)-factorization system has
the joint M-embedding property if for every two objects a and b, there is an object ¢
such that there are M-subobjects f:a — cand g: b — c.

Note that the resulting objects for the joint M-embedding property of P also have to
be contained in P.

The M-well-poweredness now allows us to define motif parameters ¢ parallel to Defi-
nition as linear combinations of M-subobject counting functions #Suba(c— )
for fixed objects ¢ in C. Note that whenever ¢ = ¢/, then clearly #Suby(c— *) =
#Subpq(¢/ — %), so the different patterns in the linear combination are again always
assumed to be pairwise non-isomorphic. We call a pattern P-pure if they are in P and
consequently we call ¢ P-pure if all its patterns are P-pure. As usual Eval, denotes the

counting function lifting ¢ to the corresponding promise type-2 function.

As usual, for some subclass D of objects from C that is closed under isomorphisms, we
say that a motif parameter ¢ is D-good if all its coefficients are nonnegative integers
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and all its patterns are from D. If any such coefficient is negative it is instead called
D-bad. If the domain D is clear from the context, we will simply call them good and bad
respectively.

Before we get into the proof of our separation, we want to explain why we are restrict-
ing our motif parameters to be linear combinations. If there are only finitely many
morphisms in £ out of every object, then every monomial Hle #Subpq(a; —t) can be
written as a linear combination with non-negative integer coefficients. By extension,
every polynomial over M-subobject counting functions can be written as a linear com-
bination. We prove the statement for monomials by giving a characterization as sets,
the wanted linearization then follows by taking the cardinality of all sets involved.

5.44 Lemma. Let C be a locally small category with finite coproducts and an (€, M )-
factorization system. Then, assuming the axiom of choice, for any objects aq,...,a,t
from C'" we have

k k k
X Subq(a; 1) 2| |Subp(b—1) x {(ha,..., hi) € X Subpq(a; —=b) | | | i € £}
i=1 b i=1 i=1

where b ranges over all non-isomorphic objects in C.

Proof. For each isomorphism class pick one designated object b and for each M-sub-
object of b in ¢, choose one designated morphism from M, both using the axiom of
choice.

We now directly give the bijection

k k k
¢ X Suby(a; 1) = | |Subpg(d—t) x {(h1,..., hi) € X Subp(a; —b) | | |hi € E}.
=1 b =1 i=1

Given M-subobjects fi, ..., fr with f; € Subp(a; — t) for each i, construct f = |_|§:1 fi.
Using the (£, M)-factorization, factorize f through some object b via e : L]le ap — b
from £ and m : b — t from M. W.l.o.gE we can assume both b and m to be the
corresponding designated object and morphism chosen by the axiom of choice. Since the
factorization is unique up to isomorphism, this makes (b, m) unique. This leads to the
following commutative diagram for each i:

t

b < =y fi a;

e

AN
U§:1 a;

L
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Since f; and m are both in M, this implies that h; := et; is in M by the cancellation
property of a factorization system. Due to e = |_|f:1 h;, we see that |_|i7€:1 h; isin €. Our
bijection thus maps (fi,..., fx) to (m, (hi,...,hx)). Note that this is well-defined: if
there are morphisms fi, ..., f; from M and isomorphism g1, ..., g with f/ = fig;, then
we get h, = h;g; and thus output the same M-subobjects.

To define ®~1, let b be some designated object in C, let m be the designated morphism of
some M-subobject of b in t and let (hqy,...,hy) € szl Subp(a; — b) with |_|f.‘“':1 h; € £.
Since M is closed under composition, we see that each of the mh; is in M. The bijection

then outputs (mhy,...,mhg). This function is well-defined by the same argument as
above.
Bijectivity now follows from the fact that |_|£-€:1 fi=m |_|£-€:1 h;. O

Even more, we can even prove that the coefficients in the linear combination are non-
negative integers if the polynomial, given in the binomial basis, has non-negative integer

coefficients (potentially leading to negative coefficients in front of the polynomial in
(#SubM(a%t)) _ (#Subp(a—1t))? #SubM(aHt)
2

monomial basis). For example ¢(t) =
can be written as a linear combination of M-subobject counting functions Wlth non-
negative integer coefficients.

5.45 Corollary. Let C' be a locally small category with finite coproducts and a proper
(€, M)-factorization system. Then, assuming the axiom of choice, for any objects a and
t from C we have

<Suleia—>t)> gl_lSubM(b—)t) x {(hl,,,,jh,-) € <SubM a—>b> |_|h 65}
b

where b ranges over all non-isomorphic objects in C.

Proof. In the proof of Lemma [5.44] in the construction of the bijection, whenever M
only contains monos, from f; = f;, we automatically obtain h; = h; and vice-versa.
Restricting to only the cases where the morphisms are pairwise disjoint gives the wanted
bijection. O

We now continue on to the proof of our separation by first generalizing the notion of
set-instantiators:

5.46 Definition (Set-instantiator against (M, c,¢)). Let C' and P be locally small,
finitely M-well-powered categories with a compatible (£, M)-factorization system and
where P is a full subcategory of C' that is closed under isomorphism.

Let M be a nondeterministic Turing machine, let ¢ € C' and let ¢ be a P-pure motif
parameter.
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Let T be a symbolic top element above the M-subobject poset P(c), i.e., T A f for all
M-subobjects f € P(c). A set-instantiator SI is a triple of

o some j € N,

o an instantiation function insts; : P(c) — C—;, and

o a perception function percg : {0,1}* — P(c) U{T},

such that the following property holds for all M-subobjects f € P(c).

o 7 € {0,1}" is an accepting path for the computation #acc s ) (j) iff percg (1) < f,
and

* ¢(instsi(f))) = ¢(dom f).

Again, we think of the perception of an accepting computation path of M to be the
M-subobject of ¢ that is observed by M through the oracle queries, while computation
paths that do not accept are given perception T. Unfortunately there is no generalized
construction for set-instantiators as this has to heavily depend on the actual encoding
of the objects as oracle layers. For example consider an encoding where every object
is encoded as an oracle layer containing exactly one 1. Then M can determine all
information about the object by guessing the position of that single 1 and then querying
the oracle once. However, this encoding is not particularly natural and set-instantiators
often do exist when encoded naturally. See Sections [5.8.4] and [5.8.5] for two more set-
instantiators.

Again, we have the problem that for M-subobjects f and g with dom f = domg we
could have #acc s (r)(J) 7 Facc, instg (o) (j), Which we do not want to happen in
a good function. We thus want to construct an instantiation function that no longer
has this problem. We achieve this by creating a very large set-instantiator and then
restricting ourselves to some small part of the set-instantiator where we can enforce this

property.

Ensuring this structure is achieved by requiring C to have the Ramsey property, relative
to M-subobjects.

5.47 Definition. A locally small category C' with a (£, M)-factorization system is
called M-Ramsey, if for every a,b € C and t € N, there is some ¢ € C, such that for
every ® : Subap(a—¢) — {0,...,t}, there is a fo € Subp(b— ¢) with the property
that @ is constant when restricted to inputs from {g € Subp(a—¢) : g < fa}.

See [GLR72] for some categorical conditions that imply the Ramsey property.

We extend this to colorings of all M-subobjects of b, not just those with their domain
being a:
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5.48 Proposition (Ramsey Theorem). Let C' be an M-Ramsey, locally small and
finitely M-well-powered category with a (£, M )-factorization system.

Let b € C and let t € N be fivzed. Then there is a ¢ € C, such that for every @ :
P(c) — {0,...,t} there is a fo € Subp(b— c) with the property, if g,h < fo with
dom g = dom h, then ®(g) = ®(h).

Proof. The P(b) is finite due to C being finitely M-well-powered. Now inductively apply
the property that C' is M-Ramsey on dom P(b). O

This proposition can now be used to ensure that for every polynomial-time NTM there
must be some smalﬂ set, of inputs where the NTM behaves like a good function. The
instantiation function for the inputs where the NTM behaves like a good function now
doesn’t instantiate individual subobjects anymore, but instead only instantiates objects
(the domains of the subobjects). This change is natural since the computed function is
now locally a motif parameter and thus invariant under isomorphisms, i.e. the precise
subobject doesn’t matter, only the isomorphism type of its domain.

5.49 Lemma. Let C' and P be locally small and finitely M-well-powered categories with
a compatible (£, M )-factorization system, where P is a full subcategory of C that is
closed under isomorphisms and where C is M-Ramsey.

Let ¢ be a P-pure motif parameter, let M be any nondeterministic polynomial-time
Turing machine computing Eval, and let b € C. If for every ¢ € C there are set-
instantiators against (M, c, ), then there is some j € N, a function inst : dom P(b) —
C—; and a dom P (b)-good function VU with #accyinst(a) () = ¥(a) and (inst(a)) = ¢(a)
for every a € domP(b).

Proof. We invoke Proposition for b and ¢ := max{p(a) : @ € domP(b)} to obtain
c € C. We now want to color P(c) according to the behaviour of M on the elements of
it, in particular how many accepting paths query each specific M-subobject of c. Before
we can do this we have to first embed all potential M-subobjects in P(c) as oracles. In
order to do this we construct a set-instantiator SI against (M, ¢, ) to obtain a j € N,
instsr and percgy as in Definition [5.46

For g € P(c) define ®(g) := #acc instg (o) (j). Note that

O(g) = |{7' € {0,1}* : percg(7) < g}‘ = Z ‘{T € {0,1}* : percg (1) = h}} (5.50)

h<g

Using @ as a coloring for Proposition [5.48) we obtain fg with dom fe = b. Note that
®(g) now only depends on the isomorphism type of the domain of g for all g < fe. By
induction we see that the number

{7 € {0,1}* : percg (1) = g}|
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also depends only on the isomorphism type of dom g, whenever g < fg. Denote this
number by tqom g and set ¥(dom g) := ®(g). The function ® is well-defined and invariant
under isomorphisms of dom g only for g < fg, thus we consider the domain of ¥ to be
{domg : g < fo} = domP(b). This means that simplifies:

U(domyg) = Z #Sub(dom h — dom g)qom (5.51)
dom h

where the sum is over all non-isomorphic domains dom h for h € P(b). This implies that
® is dom P(b)-good.

Remains to define the function inst : dom P(b) — C—;. Let a € dom P(b), then inst(a )
instsr(ge) for some go < fo with domge = a. The property ¢(inst(a )) ( ) n
directly follows from SI being a set-instantiator. D

Note that Lemma only guarantees the local behaviour of M to be domP(b)-
good. This leaves two possibilities for contradictions: Either the local behaviour is
even (domP(b) N P)-good, or the function grows too quickly for non P-pure inputs.
This next Witness Theorem shows that in the first case we can always find an object
that proves that M does not compute the correct function using a simple linear algebra
argument.

5.52 Theorem (The Witness Theorem). Let P be a locally small, finitely M-well-
powered category with a proper (£, M )-factorization system and the joint M-embedding

property.

Fiz a bad ¢ : P — N. Then there exists b € P such that for every (dom P(b) N P)-good
function U : (domP(b) N P) — N, there ezists w € (domP(b) N P) with ¥(w) # p(w).

Proof. Use the joint embedding property of P on supp(y) to obtain an object b € P,
such that there are morphisms a — b in M for all a € supp(p). We now consider
P’ := domP(b) N P, keeping only one representative per isomorphism class. We now
prove that the functions #Subp(a — x) for a € P’ are linearly independent: Consider
the evaluation matrix A with rows and columns indexed by objects from P’, sorted by a
total extension of the poset P(b) and values A;j := #Subp(i — j). This is well-defined
by Lemma if there are morphisms from M, f:a — a’ and g : a’ — a, then a and
a’ are isomorphic and thus only one of them is part of P’. If this matrix is invertible
this directly implies that the #Suba(a — *) (i.e. the rows) are linearly independent.

We now prove that A is an upper-diagonal matrix with a 1s on the diagonal and thus
invertible. The matrix A is upper-diagonal since we’ve ordered the rows and columns
accordingly, combined with Lemma [5.42] Remaining are the 1s on the diagonal: For
any object a, the identity morphisms id, is contained in M and thus there is at least
one M-subobject in Sub M(a% a). Furthermore every morphism f :a — a in M is an
isomorphism by Lemma [5.42] and thus the same M-subobject as id,.
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We finish the proof of the Witness Theorem by noticing that the linear independence
implies that the patterns and coefficients of any function ¥ with support supp(¥) C P’
are uniquely determined by the evaluations ¥ on P’. Thus there exists a witness a € P’
with U(a) # ¢(a), since ¥ is good while ¢ is bad (thus, in particular, ¥ and ¢ are not
the same function). O

We need one last condition on C' and P: A procedure that, given some ¢ and some k € N
allows to construct a “bigger” object ¢’ that cannot be distinguished by any P-pure motif
parameters, but every non P-pure basis function with patterns from dom P(c) evaluates
to a value bigger than k. Formally:

5.53 Definition. Let C' and P be locally small and finitely M-well-powered categories
with a compatible (£, M)-factorization system, where P is a full subcategory of C' that
is closed under isomorphisms.

We say that C' and P fulfill the blowup property, if for every object ¢ in C' and k € N
there is some ¢’ in C, such that

#Subp(a— ) >k for every a € domP(c) \ P
#Subpy(a— ') = #Subp(a— c) for every a € P

In the case of graphs, this was achieved by adding isolated vertices.

With this last tool we are finally able to lead the existence of polynomial-time NTMs
computing bad ordered graph motif parameters to a contradiction.

5.54 Lemma. Let C and P be two categories with the following properties:

P is a full subcategory of C, closed under isomorphism.

C and P have a compatible proper (£, M )-factorization system.

C and P are both locally small.

C and P are both finitely M-well-powered.

C and P both have the joint M-embedding property.

C is M-Ramsey.

C and P fulfill the blowup property.

Let M be any nondeterministic polynomial-time Turing machine computing Eval, for
some bad P-pure motif parameter . If for every ¢ € C there are set-instantiators against
(M, c,p), then there is a j € N and c € C—; such that #accare(§) # ¢(c).
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Proof. We invoke the Witness Theorem [5.52] with our ¢ to obtain a ¢; € P as in the
theorem. Using the blowup property, construct co such that

5)

#Subr(a— cz) > max {p(b) : b€ domP(c1) NP} for every a € domP(cy) \ P
(5.5
(5.56)

#Sub(a— c2) = #Subpy(a— 1) for every a € P.

We now use Lemma to obtain a j € N, a function inst : dom P(c2) = C—; and a
dom P(c2)-good function W with #accy i) (j) = ¥(a) and ¢(inst(a)) = ¢(a) for every
a € dom P(cg).

There are now two possibilities to find the required counterexample w: If there are no
basis functions present in ¥ with a pattern in dom P(¢1) \ P, we can invoke the Witness
Theorem again, however if any of these basis functions are present we can construct a
direct counterexample.

We first handle the case where such a basis function is present, so let the coefficient of
#Subp(a— x) in ¥ be positive for some a € dom P(c;) \ P. Then

U(cy) > #Subp(a— c2) > max {p(b) : b€ domP(c1) NP} > pe1) = ¢(c2)

by (5.55) and (5.56]), combined with the fact that ¢ is P-pure and thus only has patterns
from P. Our counterexample in this case is w := co.

Otherwise assume that no such basis function is present. Then ¥ obtained from ¥ by
restricting to dom P(c;) (i.e. setting all coefficients of dom P(c2) \ domP(c1) to zero),
is (domP(c1) N P)-good, which is a requirement for the second part of the Witness
Theorem m (we already used it to obtain ¢;). Furthermore for the restriction to
dom P(c1) we have \i]‘domp(cl) = V| domP(c;)- We invoke the second part of the Witness
Theorem m to find a point w € domP(c;) N P with ¥(w) = ¥(w) # ¢(w) which is

our counterexample.

Independent of how we have obtained our w we observe

Frace s (7) = U(w) # p(w), (5.57)

which completes the proof. O

Diagonalizing over all polynomial-time NTMs computing Eval, now leads to our general
hardness result:

5.58 Theorem. Let C and P be as in Lemmal5.54] and let ¢ be a P-pure motif param-
eter. If set-instatiators against (M,c, o) exist for all nondeterministic polynomial-time
Turing machines M computing Eval, and objects ¢ € C, then Evaly, ¢ Pr-#P™ unless ¢
18 good.

116



5.8 Categorical Generalization

Proof. There are two possibilities for ¢ to not be good: Either ¢ is bad or ¢ has a
non-integer coefficient.

We first treat the case where ¢ is bad. Assume for the sake of contradiction Eval, €
Pr—#P".'.". Then there is a polynomial-time NTM M computing Eval,. Due to the
existence of set-instantiators we can invoke Lemma and obtain j € N and w € C—;
with #accprw (j) # ¢(w). This however, means that M in fact does not compute Eval,,
a contradiction.

Second we treat the case where ¢ has a non-integer coefficient. Similarly to the proof
of Theorem using the joint M-embedding property of C' on supp(p) to obtain an
object b € C, such that there are morphisms a — b in M for all a € supp(¢). Using
the < order, find some minimal element f in P(b), such that the pattern dom f has a
non-integer coefficient «. Consider ¢(dom f). Recall the evaluation matrix A from the
proof of Theorem Since it is upper-diagonal with 1s on the diagonal, we see that
the only patterns affecting ¢(dom f) are the ones with patterns dom g, for g < f. All
of them have integer coefficients and thus ¢(dom f) = n + a - #Suby(dom f — dom f)
for some n € Z. The 1s on the diagonal correspond to #Suby(dom f —dom f) = 1,
so p(dom f) = n+ «a ¢ Z. We conclude, ¢ does not only output integers and thus
Eval, ¢ Pr-#P%. O

In our general theorem above, we do not get a dichotomy, since we do not need to have
an upper bound. It might be the case that the evaluation of the motif parameter is not
contained in Pr—#P"“E even when the coefficients are all non-negative integers. However,
in our applications below it is easy to show that this does not happen.

5.8.3 Ordered Graphs

To show how this generalization compares to the proof of Theorem [5.17], we first show
how this categorical generalization can be used to reprove the separation of Theo-

rem B.I7k

We consider C' = FinOrdGraphs to be the category of all finite ordered graphs. The
objects of this category are the ﬁniteE| ordered graphs while the morphisms are the
monotone graph homomorphisms. The monomorphisms of FinOrdGraphs are the in-
jective monotone graph homomorphisms, i.e. (not necessarily strong) monotone graph
embeddings. The epimorphism are the vertex surjective monotone graph homomor-
phisms, i.e. f: H — G is epi, if for every v € V(G) there is some v' € V(H) such
that f(v) = v'. The category P of pure objects is obtained by restricting C' to those or-
dered graphs without isolated vertices and keeping all morphisms between such ordered
graphs, making P a full subcategory of C'. Clearly P is closed under isomorphisms, the
property of having isolated vertices is preserved by isomorphisms. Both categories are
locally finite, there are only finitely many monotone graph homomorphisms between two
fixed graphs, and thus locally small.
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Next we describe the proper (€, M)-factorization system: We choose £ as the epimor-
phisms and we choose M as the strong monotone graph embeddings. This makes the
M-subobjects of some monotone graph G precisely the induced subgraphs of G (or
rather an equivalence class, represented by each of the induced subgraphs). We prove
this indeed forms a factorization system:

For that let f : H — G be an monotone graph homomorphism. Consider G[f(V (H))],
the subgraph of G induced by the image of the vertices of H under f. Let m :
G[f(V(H))] — G be the canonical strong monotone graph embedding (the identity)
and let e : H — G[f(V(H))] be obtained from f by restricting its codomain. Then e is
surjective on the vertices and thus e € £ and m € M with f = me. On the other hand,
let f = m’e’ be a different factorization with ¢/ : H — F in £ and m’ : F — G in M
through some ordered graph F. Due to m’ € M, F is isomorphic to some induced sub-
graph of G, say F' = G[X] with isomorphism g : ' — G[X] for some X C V(G). W.lLo.g.
assume the strong monotone graph embedding G[X]| — G to be the identity (extended
to all of G as a codomain). Then X = ge/(V(H)) = f(V(H)) and thus mge’ = me.

Compatibility of the factorization system between C' and P is given by the following
fact: Let f: H — G factor as f = me withe: H - Fin £ and m: F — G in M and
let v € V(F) be an isolated vertex in F. Then there is a v' € V(H) with e(v") = v due
to vertex surjectivity of e. The images of all neighbors of v/ in H under e are neighbors
of v in F, due to e being a homomorphism. Thus v’ has to be an isolated vertex in H.
Together this implies that F' is pure if H is pure.

There are only finitely many induced subgraphs for any ordered graph G, making C' and
P both M-well-powered. The joint M-embedding property for ordered graphs G, H is
given by the disjoint union of G and H with the obvious inlusions. The category C being
M-Ramsey is given by Lemma The blowup property is fulfilled by adding isolated
vertices to the ordered graph we are trying to blow up.

The sets C—; are precisely the ordered graphs G with V(G) = {1,...,j}, represented
as oracles as before. The corresponding set-instantiators have been constructed in

Lemma [5.21]
Theorem then reproves the separation of Theorem [5.17

5.8.4 Finite Vector Spaces over Finite Fields

Our first new example is the category C' := FinVectp, of finite vector spaces over a fixed
finite field F,. Here, an NTM is given the size p? of an ambient vector space Fg and
some vector space V' C IFZ. It can query V' by querying the oracle for individual vectors,
i.e. it can ask whether (vy,...,vq) € V for vq,...,v4 € Fp. The vector (v1,...,vq) is
suitably encoded as a binary string of some fixed length bitsize(d), only depending on p
and d, and thus V itself can be encoded as a subset of {0, 1}P1*7¢(d)  Our sets C_,q are
then precisely all the vector spaces V' C Fg and bitsize(d) is poly-logarithmic in p?.
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Due to the ambient space we can already pad a vector space by embedding it into a larger
ambient space. This allows us to choose P and C to be the same category FinVectp,
that we now describe: Let I, be some fixed finite field. The objects of FinVecty, are
all the finite vector spaces over F, and the morphisms between them are the vector
space homomorphisms. This makes the epimorphisms the surjective homomorphisms,
while the monomorphisms are the injective homomorphisms. For some vector spaces
V,W € FinVecty,, the homomorphisms from V' to W can be represented by the dim W x
dim V' matrices over ;. We thus conclude that FinVecty, is locally small and even
locally finite. The proper (£, M) factorization system is given by choosing £ to be all
epimorphisms and M to be all monomorphisms. That this indeed forms a factorization
system follows from FinVecty, being an abelian category, we refer the interested reader
to [Mac98|[Chapter VIII, Section 3, Proposition 1] for the details. The M-subobjects
of some vector space V are represented precisely by the subspaces W C V| making

FinVecty, finitely M-well-powered. We thus have #Suby (W —V) = (gii;ln((v‘[//))) , the
P

Gaussian binomial coefficient (see [KC02][Theorem 7.1] for details on this). As such the
motif parameters ¢ : FinVecty, — Q simply depend on the dimension of the input.
Furthermore P = C' implies that the P-pure motif parameters are precisely the motif
parameters. We will thus only deal with motif parameters in the following. The category
FinVecty, is well known to admit finite coproducts: the direct sum of vector spaces.
The coproduct injections for coproducts in FinVecty, are always mono, implying the
joint M-embedding property. The Graham-Leeb-Rothschild Theorem |GLRT72] states
that FinVecty, is M-Ramsey. The blowup property for C' and P is vacuously true due
to P =C.

The only thing left to apply Theorem is to prove the existence of set-instantiators:

5.59 Lemma. Let ¢ : FinVecty, — N be a motif parameter, let M be a polynomial-
time NTM computing Eval, and let V' € FinVectg,. Then there is a set-instantiator
against (M, V, ).

Proof. For now let the dimension d of the ambient space be undetermined, we will
choose it accordingly later. Consider uniformly chosen vector space homomorphisms
h:V — Fg. Our goal is to use the union bound to show that there is a choice for A such
that:

1. h is injective.

2. For each subspace W C V, all accepting paths of the computation #accnw) (p%)
do not query the oracle for any vectors in h(V \ W).

If each of these events (we count property [2| individually for each of the finitely many
subspaces) happens with high probability with growing d, then eventually there is an h
fulfilling all of them.

For now, fix some subspace W C V. Further group the homomorphisms, by their image
of W. Call one such group H. Then the set Sy of all vectors queried by all accepting
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paths of the computation #acc Mh(w)(pd) is the same for all h € H. Choose a basis
wi,...,w, of W and extend it with vectors wvi,...,v,, to a basis of V. The images
h(v1),...,h(vy) are now independently and uniformly distributed in FZ. Any fixed
vector v € V' \ W can be written as > ", a;w; + > .0y Biv; with some 3; # 0 and thus
h(v) is also uniformly distributed in F4. We thus have

_|1Su
hl:e’ll“{[h(v) € Syl = Pk

Combining this using the union bound and |V \ W| < |V| we get

|SH|

[Fv e V\ W with h(v) € Sy| < |V]- o

Pr

heH
Remains to estimate |Sg|. Let ty/(p?) be the worst-case running-time of M on input
p?. Each oracle query can query exactly one vector, there are at most o(h(1)) many
accepting paths and each accepting path can query the oracle at most t;(p?) many
times. This gives the bound |Sy| < @(h(W)) - tar(p?) on the size of Sy. This bound
is polynomial in d: M is polynomial-time and ¢(h(W)) is bounded by the constant
maxyycy @(W') due to ¢ being a motif parameter.

Across all homomorphisms h : V — Fg (not just those from H) we thus get that all
accepting paths of the computation #achh(W)(pd) do not query the oracle for any

vectors in h(V \ W) with a probability of at least 1 — |V - %d(d).

Remains to show that h is also injective with high probability: Conversely, if h is not
injective, then there is some non-zero v € V with h(v) = 0. For a fixed v € V, h(v)
is again uniformly distributed, so the chance of this happening for this specific v is z%'
Using the union bound yet again, we get that the chance that h is injective is at least

1—|V|-ﬁ.

Since |V| is constant, a final union bound proves that there is a large enough d, such
that there is a homomorphism h fulfilling properties [1] and

We now construct our set-instantiator with j = p? for the d chosen above. The instan-
tiation function for a subspace W C V is instgy(WW) = h(W). For any computation
path 7 € {0, 1}* of a computation #acc,;nw)(j) denote by S; C Fg the vectors that are
queried by the computation. We set

if 7 is an accepting path of the
computation #accynwv)(5),
T otherwise

an(h~! -
percg () = Span(h™(5-))

We check the properties of a set-instantiator. Clearly, p(insts/(W)) = @(W) for all
subspaces W C V due to h being injective, making h(W) and W isomorphic. Further, we
need that for all subspaces W C V' we have that 7 € {0,1}* is an accepting path for the
computation #accynw)(j) iff percg;(7) € W. For this, fix some subspace W C V and
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let 7 be an accepting computation of the computation #acc,w)(j). By our choice of h
we know that no other vertices of h(V \ W) are queried, or in other words, h=1(S;) C W
and thus 7 is also an accepting path for the computation #acc,mv)(j). This directly
implies percg (1) = Span(h~1(S;)) € W. On the other hand, let percg(r) C W,
then percg(7) # T and 7 is an accepting path of the computation #accnv)(j). We
conclude that 7 is also an accepting path of the computation #accmw)(j) due to
percg (7) = Span(h~1(S;)) C W. O

Applying Theorem now proves the main result for FinVectr,.

5.60 Theorem. Let ¢ : FinVecty, — N be a motif parameter. Then Eval, € Pr—#P'::=
iff ¢ is good.

Proof. Theorem [5.58] gives the lower bound.

For the upper bound, since ¢ is a positive integer linear combination of finitely many
basis functions and Pr-# P** is closed under such linear combinations it suffices to consider
o(V)) = #Suby (W — V) for some vector space W. We thus need to count the number
of dim(W)-dimensional subspaces of V' € ]Fg, given p? and oracle access to V as an input.
For this, guess p@™ W) many vectors in Fg that form a dim(W')-dimensional vector space
(sorted in some way, such that the same vector space is only guessable in one way) and
query the oracle whether all of them are part of V. If this is the case, accept, otherwise
reject. Clearly this counts the number of dim(7')-dimensional subspaces of V' and runs
in time polynomial in d (dim(W) is a fixed constant). We conclude Eval, € Pr-# P¥. O

Note that the upper bound in the previous algorithm is only a Pr—#P".'." upper bound.
The NTM M is unable to verify whether the oracle indeed encodes a valid vector space.

5.8.5 Parameter Sets

Our final example are the so called parameter sets. Fix some finite alphabet A. An
n-parameter set X is determined by a point 2 € AN and disjoint non-empty sets
Aq,...,A, C{1,...,N}. It contains all points f € AV with

B {x? it i ¢ Ul Ay,

i = e .
zy if i,7" € Aj for some j =1,...,n.

Note that different choices of 2° or orderings of the A; can lead to the same parameter
set and we do not distinguish between them, two parameter sets are the same if the
underlying set is the same. A p-parameter subset Y C X is simply a p-parameter set Y
with Y C X as sets. One can think of parameter sets as special affine vector spaces.

We choose C' = P to be the same category ParSetss. The category ParSets 4 is the
category of all parameter sets over A. A morphism f : X — Y between parameter sets
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X C AN and Y C AV, is now a function between the underlying sets of X and Y, such
that for any parameter set X’ C X, we have that f(X’) C Y is a parameter set. Such
a morphism f is mono if the underlying function is injective and epi if it is surjective.
Furthermore f is an isomorphism if the underlying function is an isomorphism. This is
only possible if X and Y have the same number of parameters. But also conversely, if X
and Y have the same number of parameters, then there is an isomorphism between them.
Since the morphisms f : X — Y are always a subset of the functions X — Y (as finite
sets), we conclude that ParSets 4 is locally small and even locally finite. The proper (€,
M)-factorization system is now given by choosing £ to be the set of all epimorphisms
and M to be the set of all monomorphisms. Any morphism f : X — Y then uniquely
factors through im(f) in a natural way. The M-subobjects of some parameter set X
are canonically represented by the parameter sets Y C X, implying that ParSets, is
finitely M-well-powered.

Furthermore the category has finite coproducts: Remember that there is essentially
(i.e. up to isomorphisms) only one parameter set for each number of parameters. The
coproduct of “the” n-parameter set A™ and “the” m-parameter set A" is then “the”
n+m-parameter set A”T™. The corresponding coproduct injections f : A" — A" and
g: A™ — A" simply map their inputs to either the first n or the last m parameters of
A" respectively. Both f and g are mono, implying the joint M-embedding property.

Using the canonical n-parameter set A™, we see that the number of m-parameter sets
Y C A" is given as the number of ways to partition |A|U{1,...,n} into |A| +m disjoint
non-empty subsets, such that the elements from A are mapped into distinct subsets,
w.l.o.g. the first |A| ones. These first |A| subsets represent the parameters replaced by
individual constants from A. Thus, for an m-parameter set X and an n-parameter set
Y we have

|A] +n
#SubM(X%Y):{ ,
|A| +m Al

an |A[|-Stirling number of the second kind (see |[Bro84] for details on |A|-Stirling num-
bers). Similarly to the category FinVectp,, the motif parameters ParSetsy, — Q
simply depend on the number of parameters of the input. The Graham-Rothschild The-
orem (see |Nes95, Theorem 10.4] for a proof) states that ParSetsy is M-Ramsey. The
blowup property for C' and P is vacuously true due to P = C.

The way we attach parameter sets as oracles to an NTM is as follows: The NTM is given
the size |A|Y of an ambient space AV and some parameter set X C AN, It can query
X by asking the oracle, whether (x1,...,zx) € X for some x1,...,xx € A. The tuple
(x1,...,2zN) is suitably encoded as a binary string of some fixed length bitsize(/N), only
depending on N and A, and thus X itself can be encoded as a subset of {0, 1}bitSize(N ).
Our sets C| 4~ are then precisely all the parameter sets X C AN and bitsize(N) is
poly-logarithmic in |A|V.

The only thing left to apply Theorem [5.58|is to prove the existence of set-instantiators:
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5.8 Categorical Generalization

5.61 Lemma. Let ¢ : ParSets4 — N be a motif parameter, let M be a polynomial-time
NTM computing Eval, and let X € ParSetss. Then there is a set-instantiator against
(M, X, ¢).

Proof. Let X € ParSetsy be an n-parameter set with sets Aq,..., Ay,.

For now let the dimension N of the ambient space be undetermined, we will choose it
accordingly later. Fix some 2’0 € AYN. Uniformly at random choose non-empty sets
A C {1,...,% R {1+";N,...,N}. This defines an n-parameter set Z C AV,
This directly defines a bijection h from parameter sets Y C X to parameter sets Y/ C Z:
Whenever a parameter from X is replaced by a constant to obtain Y, we replace the
same parameter in Z by the same constant and whenever some parameters of X are
merged to obtain Y, we merge the same parameters of Z to obtain Y’. This naturally
also extends to a bijection between elements x € X and z € Z (they are 0-parameter

sets). Note that Z = h(X).

As usual we want to use the union bound to show that there is a choice of the A} (and
thus h), such that for every parameter set Y C X, all accepting paths of the computation
#ace o (|A[Y) do not query the oracle for any elements in h(Z) \ h(Y).

If this happens with high probability with growing N for all of the finitely many pa-
rameter sets Y C X, then eventually such an h exists. For now fix some parameter
set Y C X. Further group the possible A by the image of Y. Call one such group
H. Then the set Sy of all elements queried by all accepting paths of the computation
#accymr) (JA[Y) is the same for all h € H. Let € h(X) \ h(Y) be fixed. Split = into
the natural blocks of % coordinates. Then there is at least one block, say the i-th block,
where z needs to be changed to be in h(Y’). In particular, only one choice of entries in
that block works. However, since A} is uniformly distributed, those entries vary across
the h. We conclude

|SH|
< 281
h}e)fq[x €Su] <%

n

Combining this using the union bound and |h(X) \ A(Y)| < |h(X)| = | X| we get

Pr [3z € h(X) \ h(Y) with x € Sy] < |X]- %

heH 9N
It remains to estimate |Sg|. Let t37(]A["Y) be the worst-case running time of M on input
|A|N. Each oracle query can query exactly one element, there are at most p(h(X)) =
©(X) many accepting paths and each accepting path can query the oracle at most
tar(JA/Y) times. This gives the bound of |Sy| < ¢(X) - ta(JA[Y). This bound is
polynomial in N: M is polynomial-time and ¢(X) is constant, due to X being fixed.
Across all possible functions h (not just those from H), we thus get that all accepting
paths of the computation #accyne)(|A|Y) do not query the oracle for elements in

h(X) \ h(Y) with a probability of at least 1 — | X]| - %ﬂ(m.
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5 Which Graph Motif Parameters Count?

Since | X| and n are constant, a final union bound proves that there is some large enough
N, such that there is some h that has our required property.

We now construct our set-instantiator with j = |A|" for the N above. This instantiation
function for some parameter set Y C X is instg;(Y) = h(Y). For any computation path
7 € {0,1}* of a computation #accyne)(|A|YN) denote by S, C h(X) the elements that
are queried by the computation. We set

Span(h=(S,)) if 7 is an accepting path of the

percg (1) := computation #accnx)(7),
T otherwise

where Span(U) denotes the parameter set with the lowest amount of parameters contain-
ing U. We check the properties of a set-instantiator. Clearly p(instss(Y)) = ¢(Y") for all
parameter sets Y C X due to Y and h(Y) having the same number of parameters and
thus being isomorphic. Further we need that for all parameter sets Y C X we have that
7 € {0, 1}* is an accepting path for the computation #acc,nx)(j) iff percg (1) C Y. For
this, fix some parameter set Y C X and let 7 be an accepting computation of the compu-
tation #acc,nv)(j). By our choice of h we know that no other elements of h(X)\ h(Y)
are queried, or in other words, h™1(S;) C Y and thus 7 is also an accepting path for
the computation #accnx)(j). This directly implies percg (1) = Span(h~1(S;)) C Y.
On the other hand, if percg(7) C Y, then percg(7) # T and 7 is an accepting path
of the computation #accynx)(j). We conclude that 7 is also an accepting path of the
computation #acc ) (j) due to percg (1) = Span(h~1(S,)) C Y. O

Applying Theorem [5.58 now proves the main result for ParSets 4.

5.62 Theorem. Let ¢ : ParSets, — N be a motif parameter. Then Eval, € Pr—#P"“E
iff ¢ is good.

Proof. Theorem [5.58] gives the lower bound.

For the upper bound, since ¢ is a positive integer linear combination of finitely many
basis functions and Pr-# P* is closed under such linear combinations it suffices to consider
o(X) = #Subup (Y — X)) for some n-parameter set Y. We thus need to count the number
of n-parameter sets of Y C X C AN given |A|" and oracle access to X as an input. For
this now guess |A|” many elements in AV that form a n-parameter set (sorted in some
way, such that the same parameter set is only guessable in one way) and query the oracle
whether all of them are part of X. If this is the case, accept, otherwise reject. Clearly
this counts the number of n-parameter subsets of X and runs in time polynomial in N
(n is a fixed constant). We conclude Eval, € Pr-#P™. O

Again, the upper bound in the previous algorithm is only a Pr—#P{:= upper bound. The
NTM M is unable to verify whether the oracle indeed encodes a valid parameter set.
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5.9 Non-negativity of the Example
5.9 Non-negativity of the Example

Recall from Example the graph motif parameter

£(Q) = #Ind(]— @) — #Ind(P»— @) + #Ind(Prs— G)
+2#d(S>— Q) + 4#Ind(>> - G).

We claim that f(G) > 0 for every G. It is easy to see that f(G) =Y . f(C), where the
sum is over all connected components C' of G. It remains to prove that f(C) > 0 for
each connected component C'. This is obvious for connected components with at most 2
vertices. For every connected component C' that is a triangle, we have f(C) =3 -1 =
2 > 0. For every other connected component, for each triangle T" we choose an induced
subgraph F(T') of C that contains 7" and that is isomorphic to D-—o, @, or @ These
(not necessarily unique) choices partition the set of triangles of C into three disjoint sets

T(Dee), T(S>) and T(5») with #Ind([>»— C) = |T(Dse)| + [T ()| + [T ()]

For an induced subgraph H of C, if H = I>~, then there is at most 1 triangle T" with
F(T) = H. 1f H = [, then there are at most 2 triangles T with F(T) = H. If
H = >, then there are at most 4 triangles T’ with F(T') = H. Hence,

F(C) > #Ind(Pre—C) +2#Ind(S>— C) + 4 #Ind(5>— C) — #Ind(P»— O)
= (#nd(Pee—C) — [T(De))) + 2#d(S>—C) — [T(>)))
+@#nd(S>>—C) — |T(>>)))
0.

v
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6 The Existential Theory of the Reals with Summation Operators
6.1 Introduction

This chapter focuses on extending the syntax of ETR—formulaﬂ to allow the use of sum-
mation operators in addition to the functional symbols 4+ and -. This research direction,
initiated in [ZBL23], was motivated by an attempt to accurately characterize the com-
putational complexity of satisfiability problems for probabilistic and causal reasoning
across “Pearl’s Causal Hierarchy” (PCH) [SPO08; Pea09; BCII22]. We will cover and
extend this motivating example in more detail in Chapter [§] while for now we will focus
on the complexity class they introduce: succ-dR.

The new natural class succ-dR can be viewed as a succinct variant of GR. Perhaps, one
of the most notable complete problems for the new class is the problem called ¥,,-ETR
(“vi” stands for variable indexing). It is defined as an extension of ETR by adding to
the signature an additional summation operato Zi _o Which can be used to indez the
quantified variables. To this end, the authors define variables of the form L5 1)
which represent indexed variables with the index given by z;,,...,z;,, interpreted as a
number in binary. They can only be used when variables x;,,...,z;, occur in the scope
of summation operators with range {0, 1}.

E.g., 3xg ... Jxon_4 26131:0 . ZelzNzo(x<el,--.,eN>)2 =1lisa X,~-ETR sentenc encoding a

unit vector in R2". Note that sentences of >»-ETR allow the use of exponentially many
variables. Another example sentence is Zilzo Zigzo(ﬂvl +xzo)(z1+(1—22))(1—21) =0
that models the UNSAT instance (p V ¢) A (p V@) Ap. It shows that the summation

operator can also be used in ¥,,-ETR formulas in a standard way.

Analogously to IR, succ-dR is an intermediate class between the exponential versions of
NP and PSPACE:

NP C dR C PSPACE C NEXP C succ-dR € EXPSPACE. (6.1)

An interesting challenge, in view of the new class, is to determine whether it contains
harder problems than NEXP and to examine the usefulness of succ-dR-completeness as
a tool for understanding the apparent intractability of natural problems. A step in these
directions, that we take in this chapter, is to express succ-JR in terms of machine models
over the reals, which in the case of AR yield an elegant and useful characterization by
NPycar [EHM24].

Additionally we study the different restrictions on which the summation operators in
ETR are allowed to be used and the computational complexity of deciding the resulting
problems. In particular, we investigate JR> — the class based on ETR enriched with
a standard summation operator (without variable indexing), and succ-dR;.1, which is
based on ¥,-ETR with the restriction that only polynomially many variables can be
used.

Later, in Chapter [8] we will employ a family of satisfiability problems for probabilistic
reasoning, which nicely demonstrates the expressiveness of the ETR, variants under con-
sideration and illustrates the natural necessity of introducing the summation operator.
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6.2 Preliminaries

Thus, succ-dR-completeness seems to be a meaningful yardstick for measuring compu-
tational complexity of decision problems. An interesting task would be to investigate
problems involving the reals that have been shown to be in EXPSPACE, but not to be
EXPSPACE-complete, which are natural candidates for succ-dR-complete problems.

Contributions and Structure of this Chapter Below we highlight the main contribu-
tions of this chapter.

e We provide the characterization of succ-ETR in terms of nondeterministic real
RAMs of exponential time respectively (Section [6.3)). Moreover, for the classes
over the reals in the sequence of inclusions , an upward translation result
applies, which implies, e.g., NEXP C succ-JR unless NP = JR which is widely
disbelieved (Section [6.4)).

e PSPACE has natural characterizations in terms of ETR; It coincides both with IR
— the class based on ETR enriched with a standard unary product operator, and
with succ-IR 01y, defined in terms of the succinct variant of ETR with polynomially

many variables (Section [6.5)).

e JR* — defined similar to IR, but with the addition of a unary summation operator
instead — is contained in PSPACE = JR. We conjecture that this inclusion is
strict, as the class is equivalent to NPYQIP R i.e. an NP, machine model with
access to a VNPg oracle (Section [6.6.1]).

6.2 Preliminaries

Complexity Classes Based on the ETR The problem succ-ETR and the corresponding
class succ-dR are defined in [ZBL23|] as follows: succ-ETR is the set of all Boolean
circuits C' that encode a true sentence ¢ as follows: Assume that C' computes a function
{0,1}Y — {0,1}™. Then ¢ is a tree consisting of 2/ nodes, each node being labeled
with a symbol of {V, A, =, +, -, <, <,=}, a constant 0 or 1, or a variable xg, ... 2zov_;. For
the node i € {0,1}", the circuit computes an encoding C(i) of the description of node
1, consisting of the label of 4, its parent, and its two children. The tree represents a true
sentence, if the value at the root node would become true after applying the operator of
each node to the value of its children, whereby the value of constants and variables are
given in the obvious way. As is the case for dR, the class succ-dR is then defined as the
set of all languages which are polynomial time many-one reducible to succ-ETR.

Besides succ-ETR, [ZBL23| introduce more complete problems for succ-3R as interme-
diate problems in the hardness proof. Of particular importance is the problem ¥,-ETR
that we already discussed in the introduction. Formally, the problem is defined as an
extension of ETR by adding to the signature an additional summation operator Zij:o
with the following semantics: If an arithmetic term is given by a tree with the top gate
Zij:o and t(z1,...,2,) is the term computed at the child of the top gate, then the new
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6 The Existential Theory of the Reals with Summation Operators

term computes Zizo t(x1,...,2j-1,€,Zj41,...,%y), that is, we replace the variable z;
by a summation variable e, which then runs from 0 to 1. By nesting the summation
operator, we are able to produce a sum with an exponential number of summands. The
main reason why the new summation variables are introduced is due to the fact they
can be used to index the quantified variables x;. Similarly as in succ-ETR, sentences of
3,~ETR allow the use of exponentially many variables, however, the formulas are given
directly and do not require any succinct encoding.

6.3 NEXP over the Reals

In [EHM?24), Erickson, van Der Hoog, and Miltzow extend the definition of word RAMs to
real computations. In contrast to the so-called BSS model of real computation [BSS89],
the real RAMs of Erickson et al. provide integer and real computations at the same time,
allowing for instance indirect memory access to the real registers and other features that
are important to implement algorithms over the reals. The input to a real RAM is a pair
of vectors, the first one is a vector of real numbers, the second is a vector of integers.
Real RAMs have two types of registers, word registers and real registers. The word
registers can store integers with w bits, where w is the word size. The total number
of registers is 2% for each of the two types. Real RAMs perform arithmetic operations
on the word registers, where words are interpreted as integers between 0 and 2% — 1,
and bitwise Boolean operations. On the real registers, only arithmetic operations are
allowed. Word registers can be used for indirect addressing on both types of registers
and the control flow is established by conditional jumps that depend on the result of a
comparison of two word registers or of a real register with the constant 0. For further
details we refer to the original paper [EHM24].

The real RAMs of [EHM24] characterize the existential theory of the reals. The authors
prove that a problem is in IR iff there is a polynomial time real verification algorithm
for it. In this way, real RAMs are an “easy to program” mechanism to prove that a
problem is contained in JR. Beside the input I, which is a sequence of words, the real
verification algorithm also gets a certificate consisting of a sequence of real numbers x
and a further sequence of words z. I is in the language if there is a pair (z, z) that makes
the real verification algorithm accept. I is not in the language if for all pairs (z, z), the
real verification rejects.

Instead of using certificates and verifiers, we can also define nondeterministic real RAMs
that can guess words and real numbers on the fly. Like for classical Turing machines, it
is easy to see that these two definitions are equivalent (when dealing with time bounded
computations).

6.2 Definition. Let ¢t : N — N be a function. We define NTime,c,1(¢) to be the set of all
languages L C {0, 1}*, such that there is a constant ¢ € N and a nondeterministic real
word-RAM M that recognizes L in time ¢ for all word-sizes w > ¢ - log(t(n)) + c.
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6.3 NEXP over the Reals

For any set of functions T', we define NTime,ea1(T') = Uyep NTimeyea1(t). We define our
two main classes of interest, NP,e, and NEXP,¢, as follows:

NPeal = NTimegear (poly(n)), NEXP, a1 = NTimeea (2P°Y (™).

Note that the word size needs to be at least logarithmic in the running time, to be able
to address a new register in each step.

One of the main results of Erickson et al. (Theorem 2 in their paper) can be rephrased
as dR = NP,ca. Their techniques can be extended to prove that succ-dR = NEXP,¢a1.

For completeness sake we will first give a brief overview over their construction for
NP1 € JR and then expand on it afterwards. Note that while they phrase their
result in terms of real verification algorithms, it makes no difference whether we have an
additional certificate input — consisting of an integer part and a real part — or whether
we can nondeterministically guess both integers and real numbers on the fly. We will
highlight this difference in the proof overview when it occurs.

6.3 Lemma ([EHM24, Lemma 11]). NP, C 3R.

Proof idea. The construction is similar to standard textbook proofs of Cook’s Theorem.

Let M be a nondeterministic real word-RAM M, recognizing some language L € NPyq
in time ¢(n) and let ¢ € N be the constant from the definition of NTime,e,). Further, fix
some input I € {0, 1}"E| We will now construct an ETR formula F' that is true iff M
with word-size w := [clog(t(n)) + ¢] accepts input I in time T := t(n).

In the following, anything denoted [-] is considered a variable. The following variables
store the state of M at each point in time for 0 <¢ <T.

e For each address i, variable [IW (i, t)] stores the value of word register W{i] at time
t.

e For each address i, variable [R(7,t)] stores the value of real register R[i] at time ¢.
e The variable [pc(t)] stores the program counter at time ¢.
There are now multiple components to the formula F':

Ensuring variables [/ (i,%)] only ever store words. Remember that any word register
can only ever store values between 0 and 2 —1. Checking that some variable contains
a word can thus be done by decomposing the value into its w bits and checking whether
each such bit is 0 or 1. To allow for the decomposition we introduce global variables

[27] for all i € {0,...,w}]]

w

Powers0f2 := ([2°] = 1) A /\(ﬂQb]] =[2°71] + 2]
b=1
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6 The Existential Theory of the Reals with Summation Operators

Using fresh variables for each decomposition, we can now implement the ETR formula
IsWord(X) to constrain a real variable to integers between 0 and 2% — 1:

w—1 w—1
IsWord(X) := 3xg,...,Ty_1 (X =) xb[[2b]]> A (/\ (zp(zp — 1) = 0))

b=0 b=0
Using this we can ensure every variable corresponding to a word register contains a
word at all times[f]

2v_1 T
WordsAreWords := /\ /\ IsWord([W (i, t)])
1=0 t=0

Ensuring the input is stored in the word registers at time 0. We directly hardcode

the input I € {0,1}" into our formula:

n—1

FixInput := /\ ([W(i,0)] = L)
=0

All other variables corresponding to registers at time 0 are left unconstrained to allow
for an initial non-deterministic value on each of them/[]

Executing a single step of M. Let L denote the number of instructions of M, where

line 0 will denote the halting statel|

T L
Execute := /\ /\ (([pc(t)] =€) = Update(t,¥))
t=1/¢=1

This is where we this description will be quite brief and we refer to [EHM24] for the full
details of how to implement Update for each operation of a real word-RAM. In general
Update(t,¢) will include [W(i,t)] = [W(i,t — 1)] and [R(3,t)] = [R(i,t — 1)] for all
registers that are not changed by instruction ¢ and they will advance the program
counter by one unless they are a control flow instruction.

We will call specific attention to two kinds of instructions: nondeterministic guess-
ing instructions and indirect memory instructions. To implement a nondeterministic
guessing instruction we simply leave the value of the corresponding variable uncon-
strained.

For the indirect memory instructions we will pick the example of W[W[i]] - W[j], all
other types of indirect access work analogously (note, we can only use word registers
to index registers). The important part here is that while we don’t have an indirection
mechanism in ETR, we can simply enumerate through all registers and check for the
correct one:

2w —1

V (WGt =] = k) A (W (k)] = [W(j,t - 1)]))

k=0
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6.3 NEXP over the Reals

The final ETR formula F' then has the form:

3...: Powers0f2 A FixInput A WordsAreWords A Execute
A (lpe(0)] = 1) A ([pe(T)] = 0).

Note that all indexed \/, and /\, are explicitly expanded for this result. O

If, instead of explicitly expanding the formula at the last step, we encode it succinctly,
we get the following simulation result:

6.4 Lemma. Given a non-deterministic real word-RAM M, an input I, and w,t € N
with |I| <t, we can compute a succinct circuit C' of size poly(|M]-|I|-w) - polylog(t) in
time poly(|M| - |I| - w) - polylog(t) encoding an existential formula F over the reals such
that F is true iff M with word size w accepts I within t steps.

Proof. This follows by analyzing Lemma [6.3] carefully. In particular, if we leave out
the very last step of expanding the concise \/, and A;, we still have a polynomial sized
description of F'. This description can directly be translated into a circuit C' that repre-
sents I’ succinctly as follows: Each node is a long bitstring and encodes the path taken
through F: For example the tuple (1,50) (encoded as a bitstring) denotes the 50-th
child of the 1-st child of the root of F'. The children/parents and operation of each node
can be directly read off from F. Note that while technically a succ-ETR formula can
only contain unary and binary operations, we can always replace a k-ary operation by a
binary tree of binary operations. O

Here, for any real RAM M, let |M| denote the size of the encoding of M (“Gdodel
number”) with respect to some standard encoding.

We get the following in analogy to the well-known results that the succinct version of
SAT is NEXP-complete.

6.5 Lemma. succ-ETR is NEXP,o-complete and thus NEXP ., = succ-dR.

Proof. Lemma [6.4] proves that succ-ETR is NEXP,ea-hard. Containment of succ-ETR
in NEXP e, follows from expanding the succinct ETR, instance and using the fact that
nondeterministic real word-RAMs can solve ETR in polynomial time. O

For some of their proofs, Van der Zander et al. [ZBL23| require a useful normal form:
They assume that formulas in succ-ETR have contain no negations in the Boolean part
and only contain comparison operators < and :ﬂ For non-succinct instances in ETR,
this does not make a difference, since we can push down the negations explicitly using
De Morgan’s law. For succinct instances, it is not immediately clear how to achieve this,
since a path in the Boolean part can be exponentially long. We here show that given a
circuit C', an instance of succ-ETR with negations in arbitrary places, we can transform
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6 The Existential Theory of the Reals with Summation Operators

it into a circuit C’ encoding an equivalent succ-ETR instance in polynomial time, that
encodes an equivalent instance of succ-ETR with all negations pushed to the bottom.

6.6 Lemma. succ-ETR is equivalent to succ-ETR, where the Boolean formula part of the
circuit does not contain negations and only contains the comparison operators < and =.
Additionally the number of variables in the formula is not affected by this transformation.

Proof. Let C be a circuit succinctly encoding a formula. We show how we can locally
change the structure of the formula encoded by C' to not contain negations or different
comparison operators than < or =. Each replacement gadget has a constant size, so
formally we use a constant amount of bits to address which node inside the gadget we
are addressing and the remaining bits are used to identify the original node. Since the
gadgets are of differing sizes some of those nodes may be unused.

The nodes w computing arithmetic values are replaced by 3 identical copies wi,...ws
of w where every usage of a child ¢ of w is replaced by a usage of ¢; in w;. This step
is needed to ensure that the resulting circuit encodes formulas as trees. Every node v
computing a Boolean value is replaced by two new nodes v* and v~ representing the
positive and the negated value of v respectively. We define the construction as follows:
Let v be a node computing an atomic Boolean value. We consider three cases:

v computes s = t: We compute v as s = t; and v~ as (s3 < t2) V (t3 < s3).

v computes s < t: We compute v' as (s; < t1) V (s2 = t2) and v~ as (t3 < s3).

v computes s < t: We compute v as s1 < t1 and v~ as (t2 < s2) V (s3 = t3).

Now, let v be a node labeled with a Boolean operator, with children s and possibly t.
We distinguish between the different operator labeling of v:

v computes sV t: We compute v as s™ V¢t and v~ as s~ At~ via De Morgan’s law.

v computes s A t: We compute v as sT AtT and v~ as s~ V¢~ via De Morgan’s law.

v computes —s: We compute v as s~ A (0 = 0) and v~ as st A (0 = 0). Note that
both the 0 = 0 computations are separate fresh formulas in order to ensure that the
result is a formula.

In all cases it is easy to inductively check that v has the same Boolean value as v and

v~ computes —v. Furthermore every node only has one parent, making the construction

a formula. All these constructions are local and thus can easily be succinctly encoded
by using the original circuit C. O
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6.4 The Relationships between the Boolean Classes and
Classes over the Reals

Now we study the new class NEXP,¢, = succ-dR from a complexity theoretic point of
view.

NP C dR C PSPACE; NEXP C succ-dR C EXPSPACE. (6.7)

The left side of is well-known (see Section [2.5.5). The first inclusion on the right
side is obvious, since a real RAM simply can ignore the real part. The second inclusion
follows from expanding the succinct instance into an explicit formula (which now has
exponential size) and simply using the known PSPACE-algorithm.

We prove two translation results, that is, equality of one of the inclusion in the left
equation of (6.7)) implies the equality of the corresponding inclusion in the right equation

of (6.
6.8 Theorem. If dR = NP, then succ-dR = NEXP.

Proof. We always have succ-dR O NEXP.

Now we show succ-ETR € NEXP assuming IR = NP which implies succ-dR = NEXP.
JR = NP implies that there is a polytime NTM N deciding ETR. We construct an NTM
N’ as follows:

Given a circuit C' representing a succinct representation of an existential formula ¢ over
the reals, reconstruct ¢ by evaluating C' at all possible inputs. Then check if ¢ € ETR
by using N.

Note that ¢ has size at most exponential in |C| and as such the usage of N incurs at
most a running time exponential in [C|. Thus N’ nondeterministically decides succ-ETR
in time exponential in |C| and we have succ-ETR € NEXP. O

6.9 Theorem. If AR = PSPACE, then succ-dR = EXPSPACE.

Proof. We always have succ-dR C EXPSPACE.

Let A be any language in EXPSPACE decidable in space s(n). Then the padded language
A" = {2$1°(2) | 2 € A} is in PSPACE, where $ is a symbol not used in A. Under the
assumption IR = PSPACE there thus is a polytime reduction f from A’ to ETR.

We construct a nondeterministic real RAM M as follows:

On input z, construct the formula ¢ = f (:c$13(‘””|)). Then nondeterministically guess
an assignment to all the existentially quantified variables and verify if ¢ is satisfied.

M uses space polynomial in |2$1°(#)| which is exponential in |z| and decides A. Thus
we have shown that A € NEXP,e,1. Now the claim follows by Lemma [6.5] and the fact
that A was arbitrary. O
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The remainder of this section is dedicated to proving a nondeterministic time hierarchy
theorem for real word RAMs. Using the characterization of 4R and succ-dR in terms of
real word RAMs, in particular, we get that succ-ETR is strictly more expressive than
ETR:

6.10 Corollary. 3R = NP, C NEXP,q = succ-IR.

Let My, Ms, ... be a fixed efficiently computable enumeration of all nondeterministic
real word RAMs. Efficient here means that we can in time O(i) construct a list of all
instructions of M; and store each instruction in O(1) cells of word size O(logi). We can
then access the j-th instruction in constant time.

6.11 Lemma. There is a nondeterministic real word-RAM Uy that given i,w,t € N
and a binary input x € {0,1}* can simulate running M; on x with word-size w for t
steps in time Ty € O(i +t + |z|) using any word-size wy > w + O(logi + logt).

Proof. We construct Uy by splitting the memory into two sections, a section A con-
taining 2% uninitialized real cells and word cells each to store the memory of M; and
a section B of size O(i + logt) to store the instructions of M;, the index of the next
instruction to be simulated and a counter storing the number of steps left to be sim-
ulated, as well as any temporary variables needed to simulate the operations. At the
start Un copies  into the first || word cells of section A of the memory and initializes
section B to contain the instructions of M;, the index of the first instruction and the
number of steps left as ¢. This initialization takes time O(|z| + i + logt). Then Uy
simulates M; step by step as long as there are any steps left. It takes time O(1) to find
the next instruction to be simulated. Any access to memory that M; uses is translated
to address into section A instead and every operation is modified to behave as if the cell
had word-size w. Afterwards the counter for the steps remaining is decremented. All of
this is possible in time O(1), so in total the simulation itself takes O(t) steps.

The only time any of the cells need a word-size (potentially) larger than w is to address
both sections A and B of the memory, to store the instructions of M; or to store the
step-counter. For all of these a word-size of w + O(logi + logt) is sufficient.

There is no need for any special treatment of nondeterminism, since in this model unini-
tialized cells automatically are treated as nondeterministically initialized cells. O

We also need to simulate nondeterministic real RAMs using a deterministic real RAM.
In the Boolean case, we could simply iterate over all proof strings. This does not work
in the real case, since we cannot iterate over all real proof strings. We use an algorithm
of Renegar instead (see Lemma[2.9)), which is a Boolean algorithm to decide whether an
instance of ETR is true. The algorithm is stated as a parallel algorithm, since Renegar
used it to show that ETR € PSPACE (using the fact that parallel polynomial time is
polynomial space). It can be transformed into a sequential algorithm using standard
methods.
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6.12 Lemma. There is a deterministic real word-RAM Up that given i,w,t € N and a
binary input © € {0,1}* can simulate running M; on x with word-size w for t steps in
time Tp € 2PV (22" ysing any word-size wp > poly(log ||, log i, 2%, logt).

Proof. We use Lemma [6.3] to construct an existential formula F' over the reals for M;
with input = being simulated with word-size w for ¢ steps of size poly(|x|,i,2%,t). We
can then use Renegar’s algorithm (see Lemma to deterministically check whether
F is satisfiable in time 2P°W(I2i:2*.0) for any word-size wp > poly(log |z|,log i, 2%, logt).
Note that Renegar’s algorithm does not need any of the real cells whatsoever and only
needs the word-size to address its memory. O

We call a function ¢t : N — N time constructible if there is a deterministic real RAM
that, on every input of length n, outputs t(n) in time O(t(n)) with word size O(logt(n)).

Note that the following nondeterministic time hierarchy for the real word-RAMs requires
the use of O-Notation for both classes due to a lack of acceleration theorems for word-
RAMs.

6.13 Lemma. Let t1,to : N = N be monotone and time-constructible functions with
ti(n+1) € o(ta(n)) and ta(n) € Q(n). Then NTime,eq(O(t1(n))) C NTime,eq(O(t2(n))).

Proof. Note that NTimeea(O(t1(n))) € NTimegea(O(t2(n))) holds directly due to the
monotonicity of t1]'"| To show non-equality we use a modification of the diagonalization
in |Z4k83]. Special care has to be taken in dealing with the word-sizes.

Construct a nondeterministic real word-RAM M as follows:

On input 1°01™01% of length n = 2 + i + m + k compute upper bounds T := Tp
and W := wp for Lemma [6.12] with |z| =2+ i+ m,i = i,w = log(t2(2 + i +m))
and t = t2(2 + 7 + m). Should these values be too big to compute in time ta(n)
and with word-size log(t2(n)), abort the computation and assume we are always
in the first case of what follows.

if £ < T or log(ta(n)) < W, then simulate M; nondeterministically on 1°01™01%+!
for to(n) steps and word-size log(t2(n)) using Uy from Lemma Then return
the same result as that simulation.

if k> T and log(ta(n)) > W, then simulate M; deterministically on 1°01™0 for
t2(2+ 1+ m) steps and word-size log(t2(2 + i+ m)) using Up from Lemma
Then invert the result of that simulation.

We see that M uses time O(t2(n)) in both cases. In the first case this follows directly
from the time-constructability of to and for the second case it follows from the fact that
we only run this case if we can guarantee it will finish in time O(t2(n)). Furthermore
M uses a word-size of O(log(t2(n))) and will produce the same outputs for any higher
word-size. For the first case this follows directly from Lemma and (log(ta2(n)) +
O(logi + log(ta(n))) = O(log(t2(n))) due to i € O(n) and ta(n) € Q(n). For the second
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case it follows from the fact that we only run this case if we can guarantee that Up uses
a word-size of at most W < log(t2(n)) and at most T < k < n € O(t2(n)) steps. Thus
the language L decided by M is contained in NTimeea1(O(t2(n))).

If we assume NTimeya(O(t1(n))) = NTimeyea(O(t2(n))), there is also an equivalent
nondeterministic real word-RAM M’ running in time ¢; - t1(n) + ¢; for some ¢; € N,
being correct for every word-size w > calog(cy - t1(n) + ¢1) + ¢2 for some co € N. Let
1 € N be such that M; = M’ and let m € N be such that

- t124+i+m+k+1)+ce <ta22+i+m+k) (6.14)

and colog(ci-t1i(2+i+m—+k+1)4c1)+co <log(ta(2+i+m+k)) (6.15)
hold for all £ € N. Such an m exists since t1(n + 1) € o(ta(n)). (6.14]) ensures that the
nondeterministic simulation of M; is run to completion and (6.15) ensures its result is
correct by running the simulation with a big enough word-size. Let T and W be defined
asin M and let K € N be the smallest integer with K > T and log(t2(2+i+m+K)) > W

and such that the computations of 7' and W succeed in time t2(n) and with word-size
log(t2(n)). Then we get a contradiction via

1°01™0 is accepted by M; with word-size log(t2(2 4 i 4+ m))
&1'01™01 is accepted by M; with word-size log(t2(2 + i+ m + 1))
<1%01™011 is accepted by M; with word-size log(ta(2 4+ + m + 2))

&1901™01% is accepted by M; with word-size log(t2(2 4 i +m + K)) > W
&1%01™0 is not accepted by M; with word-size log(t2(2 + i + m))

Thus the inclusion has to be strict. O

Corollary then directly follows.

6.5 Succinct ETR of Polynomially Many Variables

The key feature that makes the language >,;-ETR defined in |[ZBL23| very powerful is
the ability to index the quantified variables in the scope of summation. Nesting the
summations allows handling an exponential number of variables. Thus, similarly as in
succ-ETR, sentences of 3,-ETR allow the use of exponentially many variables, however,
the formulas are given directly and do not require any succinct encoding. Due to the
fact that variable indexing is possible, [ZBL23| show that ¥,-ETR is polynomial time
equivalent to succ-ETR.

Valiant’s class VNP [Biir00; Mah14] is also defined in terms of exponential sums (we
recall the definition of VNP and related concepts in Section [2.5.4]). However, we cannot
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index variables as above, therefore, the overall number of variables is always bounded
by the length of the defining expression. It is natural to extend ETR with a summation
operator, but without variable indexing as was allowed in ¥,-ETR. In this way, we
can have exponential sums, but the number of variables is bounded by the length of the
formula. Instead of a summation operator, we can also add a product operator, or both.

6.16 Definition.
1. 3-ETR is defined as ETR with the addition of a unary summation operator Zgch:O'

2. II-ETR is defined similar to X-ETR, but with the addition of a unary product
operator H}CZ_:O instead.

3. YXII-ETR is defined similar to 3-ETR or II-ETR, but including both unary sum-
mation and product operators.

In the three problems above, the number of variables is naturally bounded by the
length of the instance, since the problems are not succinct. The example formula
Zilzo Z}CQ:O(:Q +x9)(x1+ (1 —22))(1 —21) = 0 explained in the introduction is also in
S-ETR and SI-ETR, but not in T-ETR. The formula 370 ... 320 _(@(er,.eny)? = 1
is in neither of these three languages since it uses variable indexing.

We also consider the succinct version of ETR with only a polynomial number of variables.

6.17 Definition. succ-ETRp1y is defined similar to succ-ETR, but variables are en-
coded in unary instead of binary, thus limiting the amount of variables to a polynomial
amount of variables. (Note that the given input circuit succinctly encodes an ETR
formula and not an arbitrary circuit.)

For succ-ETR, it does not matter whether the underlying structure of the given instance
is a formula or an arbitrary circuit, since we can transform the circuit into a formula using
Tseitin’s trick. This, however, requires a number of new variables that is proportional
to the size of the circuit, which is exponential.

Like for ETR, we can now define corresponding classes by taking the closure of the
problems defined above. It turns out that we get meaningful classes in this way, however,
for some unexpected reason. FExcept for X-ETR, all classes coincide with PSPACE,
which we will see below. By restricting the number of variables to be polynomial,
the complexity of succ-ETR reduces considerably, from being NEXP,..,1-complete, which
contains NEXP, to PSPACE. On the other hand, the problems are most likely more
powerful than ETR, assuming that IR is a proper subset of PSPACE, which is believed
by at least some researchers.

6.18 Definition. Let succ-IR,1, be the closure of succ-ETR 01y under polynomial time
many one reductions.
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6 The Existential Theory of the Reals with Summation Operators

It turns out that the product operator is responsible for bringing the complexity of ETR
up to PSPACE. It allows to reduce the PSPACE-complete problem QBF to II-ETR:

6.19 Lemma. QBF <pII-ETR.

Proof. Let Q121 Qoxa ... Qnxy @(1, ..., x,) be a quantified Boolean formula with quan-
tifiers Q1,...,Q, € {3,V}. We arithmetize ¢ as A(p) inductively using the following
rules:

@ is a variable z;: We construct A(y) = x;.
@ is 7p1: We construct A(p) as 1 — A(pq).
@ is p1 A po: We construct A(p) as A(p1) - A(p2).

@ is p1 V o We construct A(p) as 1 — (1 — A(¢1)) - (1 — A(p2)) via De Morgan’s law
and the previous two cases.

The special treatment of the V operator ensures that whenever z1,...,x, € {0,1}, then
A(p) evaluates to 1 iff xy,...,z, satisfy ¢ and 0 otherwise. We then arithmetize the
quantifiers Q1,...,Q, in a similar way, but using the unary product operator.

Q; =V: We construct A(Ve; Qitr1%it1 ... QnTn ) as H}BFO A(Qit1Tit1 - - - Qnxn @)

Q; = 3: We construct A(3x; Qit1%it1 ... QnTn ) as

1— H}Ei:o(l — A(Qi+1%it1 - - - Qnxn p)), again using De Morgan’s law.
The final II-ETR formula is then just A(Q1z1 Q2z2...Qnry @) = 1.
The correctness of the construction follows because a formula of the form Vi (z) is true
over the Boolean domain iff 1(0) A ¢(1) is true. The unary product together with
arithmetization allows us to write the whole formula down without an exponential blow-
up. ]

In the rest of this section, we prove that II-ETR and the remaining problems discussed
above are in PSPACE. We first reduce the problems to succ-ETRjq, starting with
obvious relations:

6.20 Lemma. ¥-ETR <p ¥II-ETR and II-ETR <p ¥II-ETR.

Showing that succ-ETR,q1y is at least as expressive as XII-ETR is done using the usual
succinct encoding of the formula, included here for the sake of completeness.

6.21 Lemma. XII-ETR <p succ-ETR o1y
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6.5 Succinct ETR of Polynomially Many Variables

Proof. Let ¢ be a XII-ETR instance, encoded as a tree 1. We construct a circuit C
encoding ¢ by expanding the summation and product operators explicitly, i.e., for a
node v € T on depth /£, we construct 2¢ copies of v, indexed as V(ey,...er) With e; € {0, 1}.
Only summation and product operators are counted for the depth ¢, thus the root node
and all nodes in an instance without summation or product operators would have depth
0, and an index vy).

If v is a leaf, then v, ., retains the labeling of v, unless the labeling is one of the
summation variables of its ancestors. In that case it is replaced by the e; corresponding
to the summation variable. Otherwise if v is an inner node with children s (and possibly
t) has any labeling other than the unary sum or product, then v, . ., has children

S(et,...,er) (and t(el,...,eg))'

It remains to construct the case when v is a unary sum or product. If v is a sum gate,
then we construct v, ., as the sum of v, ., 0) and v(e,, . ¢, 1)- If v is a product

gate, then we construct v, .,) as the product of v(e, . 0y and v, . e, 1)-

The node v() where v is the root of 1" is the root of the constructed succ-ETR 1y instance.
All of this can easily be computed by a circuit C' taking as input an encoding of v and
an encoding of (ey,...,ep). All of these can be encoded with polynomially many bits in
the size of T'. O

To show that succ-ETRpq1y is in PSPACE, we can again use Renegar’s algorithm. It
shows more than simply ETR € PSPACE, because it can handle an exponential number
of arithmetic terms of exponential size with exponential degree as long as the number
of variables is polynomially bounded. For convenience we will state the exact result by
Renegar again:

2.9 Lemma (Theorem 1.1 in [Ren92|). Let p1,...,pm be polynomials in n variables
T1,...,T, and of degree at most d > 2 where all coefficients are given as integers of
bit length L. Additionally let oy,...,0, € {>,<,=} be comparison operators, let P
be a Boolean function with m inputs and let Q1,...,Q, € {3,V} be quantifiers with w
blocks of quantifiers with sizes n1, ... ,nﬂ. Then there is an algorithm deciding whether
Q111 Q222 ... Qury P(p1(21,...,25)010,. ... pm(21, ..., 2n)0m,0) = 1 is a true sentence
(when all variables are quantified over the real numbers) in time

Llog(L) loglog(L) (md)*” Tl

using (md)o(n) evaluations of P.

Furthermore there is a parallel algorithm deciding the same in time

o)
log(L) <2w <H n> log(md)> + Time(P, k)
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using LQ(md)QO(w) Il processors and requiring (md)©2=i™) evaluations of P. Here
Time(P, k) is the parallel time needed for the evaluations of P when using k(md)©(2: ™)
processors (for any k > 1).

Renegar states his results in terms of parallel algorithms. However, it is well-known that
parallel polynomial time equals polynomial space [FWT7§].

6.22 Lemma. succ-ETR;,, € PSPACE.

Proof. We construct a parallel polynomial time algorithm for succ-ETRpo1y: Let C' be
a circuit computing a function f : {0,1}¥ — {0,1}™ succinctly encoding an ETR-
formula ¢ containing the variables x1,...,z,. Construct ¢ explicitly in parallel using
2N processors by evaluating f at each possible input. During this construction also check
that f encodes a valid ETR-formula, i.e., that all nodes agree with their parents and
children, are connected to the root (unless marked as disabled) and there is no Boolean
node as a child of an arithmetic node. All checks can be done locally in parallel. The
only check here that requires some care is the connectivity to the root, but we can use
standard skip list techniques to do this in parallel.

W.l.o.g. we may assume that all comparisons in ¢ are comparisons with 0 and only use
the comparison operators < and =. If this is not the case, then we can obtain a formula
of this form by using Lemma and replacing aob by a —bo0 for o € {<,=}.

Consider the forest obtained by ignoring all Boolean nodes. Each root in this forest
corresponds to one of the polynomials in ¢. Use the tree contraction algorithm described
in [KR90| to compute each of the polynomials in parallel. We apply the tree contraction
over the semi-ring of multivariate polynomials, given as lists of coefficients, and compute
additions and multiplications of elements using the respective parallel algorithms. We
finish the algorithm off by using the parallel algorithm from Lemma [2.9] Whenever this
algorithm needs to evaluate the Boolean part of the formula, we again use the standard
parallel expression evaluation algorithm using k = 2°) processors each.

Note that due to the exponential size of ¢ we have m, d, L < 2. These bounds require
¢ to be a formula and not an arbitrary circuit. Additionally in succ-ETRpq1, we have

n € poly (V) and thus the overall algorithm has a parallel running time of poly(/N) using
2roly(N) processors, implying succ-ETR 1y € PSPACE. O

Now Lemmas [6.19] to [6.22] together prove:

6.23 Theorem. PSPACE = succ-3R,q, and all the problems II-ETR, XII-ETR, and
succ-ETR 01y are PSPACE-complete.
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6.6 ETR with the Standard Summation Operator

In the previous section, we have seen that ETR with a unary product operator (II-ETR)
is PSPACE-complete. Moreover, allowing both unary summation and product operators
does not lead to an increase in complexity. In this section, we investigate the complexity
of 3-ETR, ETR with only unary summation operators.

6.24 Definition. Let IR” be the closure of ¥-ETR under polynomial time many one
reductions. Moreover, for completeness, let IRY be the closure of II-ETR under poly-
nomial time many one reductions.

6.6.1 Machine Characterization of JR™

By Theorem we have IR = PSPACE. For IR*, we can conclude: NP,q = IR C
JR* C PSPACE. We conjecture that all inclusions are strict. In this section, we will
provide some arguments in favor of this.

As a warmup, we first observe that using summations we can quite easily solve PP-
problems. Even more, we have:
6.25 Lemma. NPPP C 3R> .

PPP

Proof. The canonical NP™"-complete problem E-MajSat is deciding the satisfiability of

a formula

W 3ry, . #H{ (Y1, yn) € {0,137 | Oz, y) =1} > on—1

i.e., deciding whether there is an assignment to the x-variables such that the resulting
formula is satisfied by at least half of the assignments to the y-variables [LGMO9S].

Let X;...X,,Y1...Y, be real variables and ¢® the arithmetization of ¢. We build an
equivalent IR” instance as follows:

1. X;=0VX;=1,1<i<n,and
1 1
2. ) ) Yy =2nh
Y1=0 Yn=0

Then this instance is satisfiable iff ¢ is satisfiable because the X; are existentially chosen
and constraint to be Boolean and Z%ﬁ:o e Z%/nzo #*(X,Y) is exactly the number of
satisfying assignments to the Y-variables. O
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Similarly to IR = NP,.,, we can also characterize JR> using a machine model instead
of a closure of a complete problem under polynomial time many one reductions. For
this we define a NP;Q:IP R machine to be an NP,, machine with a VNPg oracle, where
VNPR denotes the families of polynomials in VNP over the reals. Since VNP is a set of
polynomials, the oracle allows us to evaluate a family of polynomials, for example the
permanent, at any real inpu@ In order to do so, we add the following operation to a
real word-RAM:

R[i] <~ O(R[Wj]] ... R[WIk]]).

Recall that for a real word-RAM R][i] denotes a real register, while W[i] denotes a word
register. The values i, j, k are assumed to be constant indices. This call evaluates the
oracle O by choosing the polynomial in the family with W [k] — W[j] + 1 variables and
evaluating it with the values of R[W[j]] up to R[Wk]]. The result is stored in R[i]. In
case W k] > W{j] or the oracle family doesn’t contain a polynomial with W[k]—W[j]+1
Variablesiﬁ7 the machine rejects.

The rest of the section is now dedicated to proving

Thus, 3R> = NPVNP=

real

6.26 Theorem. X-ETR is complete for NPVNPz

real

In some sense, NP;Q:IP R is the fully real equivalent to N

Lemma We start by showing

PPP yielding a strengthening of

6.27 Lemma. Y-ETR € NPVNPr,

real

This also holds if the NP .oy machine is only allowed
to call its oracle once.

Proof. This proof proceeds in two stages:

1. We normalize the >-ETR formula such that all polynomials contained in it have
the form ZYE{O,l}m p(X,Y) where p does not contain any unary sums, then

2. translate the formula into a real word-RAM with oracle access.

To normalize the formula we introduce variables Z; = % (computed by the real RAM)
and iteratively move the unary sums outwards by using the following replacements:

>, pEY)- ) PN

Ye{0,1}m™ y’ef{o,1}m’ Ye{0,1}™ yre{o,1}/

Y opX )+ > > >

Ye{0,1}™ Y’e{0,1} Ye{0,1}™ yref{o,1}

p/(X, Y,) = p(X,Y) 'p/(val)

p/(X, Y,) = (p(X,Y)Zm/ —I—p/(X, Y,)Zm)

Note that we choose to introduce the Z; as variables to reduce the final size of the
formulas. A real word-RAM can now simply guess the values X and evaluate the formula.
Whenever it needs to evaluate some sum - {0.1}m p(X,Y) it queries the oracleiﬂ Since
p doesn’t contain any unary sums anymore, this polynomial is in VNPp.

To reduce the number of oracle queries we add another two steps before step 1, first
turning the formula into a collection of polynomials that has a common zero iff the
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6.6 ETR with the Standard Summation Operator

formula is satisfiable and then turning this collection of polynomials back into a 3-ETR-
formula with one polynomial, thus only requiring a single oracle call. This is achieved
in the same way as Lemma (a construction by [SS17]) with the difference that we
cannot use Tseitin’s trick within any of the unary sums. Instead we only use that
construction on all nodes in the formula with a Boolean result. We obtain a set of
polynomials p1,...,p,, that still contain unary sums, that have a common zero iff the
original formula was satisfiable.

Proceeding with another trick from [SS17], p? + ... + p2 = 0 is satisfiable iff p,...,p,
have a common zero. Continuing with steps [l and [2| from here on out will then result
in a single oracle query containing the entire formula. O

PVNPR

real machine:

Remains to show that X-ETR can simulate any N
6.28 Lemma. Y-ETR is hard for NPYQ?R.

Pper

Proof. Since the permanent is VNPr complete we w.l.o.g. restrict ourselves to NP _,.

We show how to expand on Lemmal6.3] (the construction by [EHM24] showing that ETR
is NP ea-hard). In particular, we show how to implement the main part of Update(t, £)
for an oracle query instruction R[i] < O(R[W[j]]... RWk]]):

\/ (WG, t—=1)] =a) A ([W(k,t —1)] =0b) A[R(i,t)] = Perm(t,a,b))
a,b

where the big or is going over all a,b € {0,...,2% — 1} such that a < b and b —a + 1 is
a square number, and Perm(¢,a,b) denotes an expression that evaluates the permanent
on [R(a,t —1)],...,[R(b,t —1)].

Let m = v/b—a+ 1, then we can evaluate the permanent using
m m
Perm(t,a,b) := Z (5(M)-HZMW-[[R(a—i-u-m—&-z/,t—l)]]
Me{0,1}mxm pu=1v=1

where §(M) is a polynomial that is 1 iff M is a permutation matrix and 0 otherwise.
Given a polynomial p(z) that is 1 if z = 1 and 0 for z € {0,...,m}\ {1}, we can use the
characterization that a Boolean matrix is a permutation matrix iff each row and each
column contains exactly one 1:

5(M) = Hp (ZM/U/> : Hp ZM;W
pn=1 v=1 v=1 pn=1
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LA common and
popular notation for
the
post-interventional
probability is
P(Y=y | do(X=x)).
In this work, however,
we use the notation
P([X=z]Y=y) since
it is more convenient
for the analysis of
counterfactuals.

7 Structural Causal Models and Pearl’s Causal Hierarchy

7.1 Pearl’s Causal Hierarchy

The development of the modern causal theory in Al and empirical sciences has greatly
benefited from an influential structured approach to inference about causal phenomena,
which is based on a reasoning hierarchy named “Ladder of Causation”, also often referred
to as the “Pearl’s Causal Hierarchy” (PCH) (|[SP08; Pea09; BCII22], see also [PM18]
for a gentle introduction to the topic). This three-level framework formalizes various
types of reasoning that reflect the progressive sophistication of human thought regarding
causation. It arises from a collection of causal mechanisms that model the “ground
truth” of unobserved nature formalized within a Structural Causal Model (SCM). These
mechanisms are then combined with three patterns of reasoning concerning observed
phenomena expressed at the corresponding layers of the hierarchy, known as probabilistic
(also called associational in the Al literature), interventional, and counterfactual. This
chapter’s main goal is to give an informal overview of the concepts and languages used
to describe these phenomena, see Section for a more formal definition. For simplicity
we will restrict our random variables to discrete, finite domains for this exposition.

A basic term at the probabilistic/associational layer is expressed as a common proba-
bility, such as P(X=x A Y=y) (often abbreviated as P(Y'=y, X=x) or even just P(x,y)
if the corresponding random variables are clear from the context). This may represent
queries like “How likely does a patient have both diabetes (X=x) and high blood pres-
sure (Y=y)?” Here we use the usual notation with capital letters and lowercase letters,
where the uppercase letters are variables and lowercase letters are an assignment of
values to those variables.

The interventional patterns extend the basic probability terms by allowing the use of
Pearl’s do-operator [Pea09] which models an experiment like a Randomized Controlled
Trial [Fis36]. For instance, P([z]y) WhichH7 allows to ask hypothetical questions such
as, e.g., “How likely is it that a patient’s headache will be cured (Y=y) if they take
aspirin (X=x)?". An example formula at this layer is P([z]y) = >, P(y | =z, 2)P(2)
which estimates the causal effect of the intervention do(X=x) (all patients take aspirin)
on the outcome variable Y=y (headache cure). This formula, the prominent back-
door adjustment, allows to estimate a causal effect by computing purely observational
probabilities and can be used whenever the so-called back-door criterion is fulfilled by
the variable Z [Pea09]. Note that an intervention P([x]y), in general, is a very different
concept from the conditional probability P(y | z): The conditional probability only looks
at the cases where X=x occurred “naturally”, while the intervention “forces” X=x and
observes the causal changes of this change. Coming back to the interventional question
“How likely is it that a patient’s headache will be cured if they take aspirin?” versus
the conditional question “How likely is it that a patient’s headache will be cured given
that they take aspirin?”, in the latter we only aggregate over all cases where patients
have taken aspirin, but in the former instead we enforce it for everyone and then look
at how this influences the patients’ headaches. This distinction will become much more
clear once we introduce the underlying structural causal models in Section
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7.2 Structural Causal Models

The basic terms at the highest level of the hierarchy enable us to formulate queries related
to counterfactual situations. For example, P([X=z]Y=y | (X=2',Y=y')) expresses the
probability that, for instance, a patient who did not receive a vaccine (X=z') and died
(Y=y') would have lived (Y=y) if he or she had been vaccinated (X=z). In particular,
at this level we are able to not just observe the effects of a single intervention, but instead
can compare the outcomes of different interventions.

7.2 Structural Causal Models

A classical probability space consists of a sampling space (the set of all possible atomic
events), an event space (all combined events we want to be able to consider), and a
probability function (a measure assigning each event a probability between 0 and 1). In
case of discrete and finite random variables this simplifies to just an exponential sized
table, representing the joint probability distribution over the random variables.

While this definition gives us models that can describe correlations between random
variables it is unable to describe any causal effects. To model causal effects we need
functional dependencies between the random variables. For example, the random vari-
able X denoting whether a person has lung cancer would depend on the random variable
Y denoting whether that same person is smoking. Of course this isn’t a deterministic
process, so the process determining the value of X would also have its own source of
randomness available, additionally to the value of Y.

A Structural Causal Model (SCM) as in [Pea09 Sec. 3.2] is a tuple (F,P,U,X). It
consists of

e the exogenous random variables U = (Uy,...,U,,) — these are unobservable ran-
dom variables,

e the endogenous random variables X = (Xj,...,X,) — these are the observable
random variables,

e a probability distribution P over the exogenous variables, and

e deterministic functional dependencies F = (F1,..., F,), expressing each endoge-
nous random variable as a function of a subset of the other random variables —
both exogenous and endogenous. Formally, this means that for each i =1...n we
compute the value x; of variable X; as x; = F;(pa;) with Pa;, C X U U. The set
Pa; is called the parents of X;.

In all cases we will assume our models to be recursive (also called semi-Markovian), i.e.
there is some total order < of the endogenous variables, s.t. whenever X; A X, then
the value of X; does not depend on the value of X;.

As long as the deterministic functional dependencies behave “nicely” they naturally lift
the probability distribution P from the exogenous variables to the endogenous variables.
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7 Structural Causal Models and Pearl’s Causal Hierarchy

As a consequence we write Py(X1,...,X,) to denote the lifted observable probability
distribution, or just P(Xj, ..., X,) if the SCM in question is clear. We will not be going
into details about what “nicely” means precisely, however we only concern ourselves with
two families of functional dependencies throughout this work where this lifting is clear:

Discrete dependencies: Whenever our random variables are discrete and finite, we rep-
resent the functional dependencies by listing the value for each input explicitly. This
setting is the focus in Chapter

Notably, while it might not be immediately clear, [ZTB22| have recently proven that
whenever all the endogenous variables are discrete and finite, we can w.l.o.g. also
assume the exogenous variables to be discrete and finite, albeit with a much larger
domain than the endogenous variables.

Linear dependencies: The second setting, the focus of Chapter [0 has real valued vari-
ables, gaussian distributed exogenous variables and linear functional dependencies.

The main benefit of structural causal models is their ability to model causal effects:
We can override the values of some endogenous variables — independent of their true
values — and then recalculate the remaining endogenous variables using the functional
dependencies.

7.2.1 The Graph Structure

While the precise SCM and in particular its functional dependencies are unobservable,
a researcher might have some prior knowledge about what random variables influence
which other random variables. This notion of influence is captured by a directed graph
structure on the random variables, also called the causal diagram, induced by the func-
tions Fj;: there is an edge from A to B if B depends on A. As long as our model is
recursive, this dependency graph is acyclic.

There are a couple variations of this graph structure, depending on the amount of knowl-
edge or assumptions one has about the model:

All Random Variables: This is the most versatile model, the graph structure contains
both the exogenous and endogenous variables. We highlight dependencies of endoge-
nous variables on exogenous variables as dashed to emphasize that these are influences
from unobserved variables. An example structure of an SCM with this representation
would be:

’
’
’
v
’
’

Ux Xy Uz

4
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7.3 A Full Example

In this representation we generally assume the exogenous variables to be independent
and thus all potentia]EI (conditional) dependencies can be read off the graph structure
using a property called d-separation |[Pea09).

Endogenous Variables Only: We use this representation in two cases: Either we assume
that we know nothing about the exogenous variables and in particular their interac-
tions, or — the complete opposite — we assume that each endogenous variable has their
own exogenous variable and all exogenous random variables are independent. The
latter setting is also called Markovian. The structure

2The
dependencies in the
graph are purely
syntactical
dependencies. For
example
X=Fx(2)=Z-7
would be a
syntactical, albeit

degenerate,
dependence of X on
Z that would still be
represented in the
graph. The property
that all structural
(conditional)
dependencies (explicit
and implicit via
d-separation) are true
dependencies is called
faithfulness, which
however is not
studied in this work.

can thus imply two different fully specified graphs, depending on the setting:
Uy

’
’
.
v
’
.

. y L.l

Markovian

N
N
S
N
N
S

y Ux

semi-Markovian

Endogenous Variables With Correlation: This last representation is used in Chapter [9}
Similarly to Markovian models, we assume each endogenous random variable X; to
have its own exogenous random variable U;. Additionally we have bidirectional edges
between X; and X; signifying a potential correlation between U; and U;. An example
is:

v~
X % s 7

Here the exogenous variable Ux influencing X is independent of the exogenous vari-
ables Uy and Uy influencing Y and Z respectively, while Uy and Uy are allowed to
be correlated.

7.3 A Full Example

To illustrate the main ideas behind the causality notions, we present in this section a
full example that, we hope, will make it easier to understand the formal definitions. In
this example, we consider a hypothetical scenario involving three attributes represented
by binary random variables: Age, modeled by Z=1 (young) and Z=0 (old), (COVID-
19) Vaccination represented by X =1, if yes, and X =0 if not vaccinated, and Recovery,
represented by Y=1 (and Y=0 meaning mortality). Below, we describe an SCM that
represents an unobserved true mechanism underlying this scenario and illustrates the
canonical patterns of reasoning expressible at different levels of the PCH.
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7 Structural Causal Models and Pearl’s Causal Hierarchy

Uy Uy Us| Pu) | ZXY Z X Y| P(z,z,y) Pw | ZXY ZY|P(X=1]zy)
0 0 0]00474]0 1 0 00 0] 01134 00474010 00 0.06

0 0 1]|04266|0 1 1 00 1| 00126 04266 | 01 1 01 0.54

0 1 0/00126|0 0 1 01 0| 00474 00126/ 010 10 0.00

0 1 1]/01134|/0 0 0 01 1| 04266 01134011 11 0.40

1 0 01]00316[10 1 10 0| 0.2844 00316 |1 1 1

1 0 1]02844 |10 0 10 1| 0.0316 02844 | 1 1 1

1 1 0]00084|1 11 11 1| 0.0840 0.0084 | 1 1 1

1 1 1]0076[1 11 00756 | 1 1 1

(a) Hidden (b) Observed P (c) do(X=1) (d) Post-int. P

Figure 7.1: (a) Unobserved true nature: Probabilities of the unobserved variables and
the outcomes of the observed variables induced by the mechanism F. (b)
Observational layer: Probability distribution P(z,x,y) of the observed vari-
ables. (c¢) Interventional layer: The modified mechanism F by using the
operator do(X=1) (shown in (c)) leads to the post-interventional distribu-
tion (d), denoted as P([X=1]z,y), for z,y € {0,1}. A challenging task here
is to compute the post-interventional distribution (d) from the observed dis-
tribution (b).

The Structural Causal Model: In our example, the model assumes three independent
binary random variables U = {Uj, Us, Us}, with probabilities:

P(U;=1)=0.4
P(Uy=1) = 0.21
P(Us=1) = 0.9

They affect the endogenous (observed) random variables Z, X,Y via the mechanism
F = {F, F», F3} specified as follows:

7 = Fl(Ul) = U1
X = Fy(Z,Uy) = ZUs + (1 — Z)(1 — U)
Y = F(Z,X,Us) = XZ + (1 — X)(1 —Us) + X(1 — Z)Us

Thus, the model determines the distribution P(u), for u = (u1, u2,us3), and the values
for the observed variables, as can be seen in Fig. [7.1]a).

The unobserved random variable U reflects the age of the population and Z is a function
of Uy (which may be more complex in a real population). Getting COVID-19 vaccination
depends on age but also on other circumstances (severe allergic reaction to a component
of the COVID-19 vaccine, moderate or severe acute illness, etc.) and this is modeled by
U,. So X is a function of Z and Us. Finally, Y depends on age, being vaccinated, and
on further circumstances like having other diseases, which are modeled by Us. So Y is a
function of Z, X, and Us. Since we assumed the exogenous variables to be independent,
this is an example of a Markovian model with the following graph structure:
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7.3 A Full Example

Layer 1 (probabilistic) Empirical sciences primarily rely on observed data, typically
represented as probability distributions over measurable variables. In our example, this
corresponds to the distribution P(Z, X,Y). The unobserved variables Uy, Us, Us along
with the causal mechanism F, remain hidden from direct observation. A researcher
thus receives the probabilities (shown in Fig.[7.1(b)) P(z,z,y) = Y., 07 u(z, z,y) - P(u),
where vectors u = (u1,ug,u3) € {0,1}3 and dru(z,z,y) = 1 if Fi(u1)=2, Fa(z,uz)=2,
and F3(z,x,us3)=y; otherwise dr (2, z,y) = 0. The relevant query in our scenario “How
likely did vaccinated people recover?”, written as the probability P(Y=1 | X=1), can
be evaluated as P(Y=1 | X=1) = P(Y=1,X=1)/P(X=1) = 0.5106/0.558 ~ 0.915
which says that the probability for recovery (Y'=1) is high given that the patient was
vaccinated (X=1). On the other hand, the query for X=0 can be evaluated as P(Y=1 |
X=0) = 0.0442/0.442 = 0.1, which may lead to the opinion that the vaccine is relevant
to recovery. However, these results do not reflect a randomized controlled trial [Fis36]
that could establish the differences between a COVID-19 vaccination and a placebo
vaccination.

Layer 2 (interventional) Consider a randomized trial in which each patient is vacci-
nated, denoted as do(X=1), regardless of age (Z) and other conditions (Usz). We model
this by performing a hypothetical intervention in which we replace in F the mechanism
F5(Z,Us) by the constant function 1 and leaving the remaining functions unchanged
(see, Fig. [T1]c)). If Fx—1 = {F{=F, F,=1,Fj=F3} denotes the new mechanism,
then the post-interventional distribution P([X=1]|Z,Y) is specified as P([X=1]z,y) =
Y u0Fx_1u(z,y) - P(u), where £, _, 4 denotes the function ¢ as above, but for the new
mechanism Fx—; (the distribution is shown in Fig.[7.1}(d)).To determine the causal effect
of the COVID-19 vaccination on recovery, we compute, in an analogous way, the dis-
tribution P([X=0]Z,Y") after the intervention do(X=0), which means that all patients
receive a placebo vaccination. Then, comparing the value P([X=1]Y'=1) = 0.95 with
P([X=0]Y=1) = 0.0874, we can conclude that P([X=1]Y=1) — P([X=0]Y=1) > 0.
This can be interpreted as a positive (average) effect of the vaccine in the population.
Note that it is not obvious how to compute the post-interventional distributions from
the observed probability P(Z, X,Y’); Indeed, this is a challenging task in the field of
causality.

Layer 3 (counterfactual) The key phenomena that can be modeled and analyzed at
this level are counterfactual situations. Imagine, e.g., in our scenario, there is a group
of patients who have not been vaccinated and died (X=0,Y=0). One may ask, what
the outcome (Y') would be had they been vaccinated (X=1). In particular, one can
ask what the probability of recovery would be if we had vaccinated patients in this
group. Using the formalism of Layer 3, we can express this as a counterfactual query:
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7 Structural Causal Models and Pearl’s Causal Hierarchy

P([X=1]Y=1| X=0,Y=0) = P([X=1}(Y=1)A(X=0,Y=0))/P(X=0,Y=0). Note that
the event [X=1](Y=1) A (X=0,Y=0) incorporates simultaneously two counterfactual
mechanisms: Fx—1 and F. This is the key difference to Layer 2, where we can only have
one. Finally, to resolve our question posed at this layer, P([X=1]Y=1 | X=0,Y=0) =
(0.1134 + 0.2844)/(0.1134 + 0.2844) = 1, so in our hypothetical scenario every single
unvaccinated patient that died would have been saved by the vaccine.
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8 A Multi-Parametric View on Reasoning about Probabilities

8.1 Introduction

Reasoning about probability is essential in many research fields. In computer science,
it plays a crucial role in analyzing probabilistic programs, understanding a program’s
behavior under probabilistic input assumptions, and handling uncertain information
in expert systems. In a seminal paper, Fagin et al. [FHM90|, introduce a logic to
reason about probabilities. Their aim was to formulate a calculus that allows to phrase
statements like “P(X=z) = 1/2” or “P(X=z) < P(Y=y)”. They study (among other
things) the satisfiability problem for Boolean combinations of such terms, i.e., is there a
probability distribution that satisfies all the terms. It turns out that the expressiveness
of the underlying calculus has a great influence on the complexity of such satisfiability
problems. For instance, in their original work, Fagin et al. investigated three types of
terms in the (in)equalities: basic ones, like the one above, which consist of only single
basic probabilities, linear combinations of basic probabilities, and polynomial expressions
in basic probabilities. This choice parametrizes the satisfiability problem and it turns
out that the type of equations has an impact on the complexity of the corresponding
satisfiability problem.

We will study the satisfiability of such formulas from a multi-parametric view: there
are several parameters in the underlying calculus, like the type of equations mentioned
above, and by adjusting these parameters, we get a large family of satisfiability of varying
complexities, depending on the choice of our parameters. There has been a lot of work
along these lines, see e.g. [FHM90; 11205 MII22} TIM24; ZBL23} TIMM?24], and the main
contribution of this chapter is that we complete the whole picture.

Another dimension is that we can enhance the basic probability terms. This is inspired by
the causal theory in AI. The development of the modern causal theory in Al and empirical
sciences has greatly benefited from an influential structured approach to inference about
causal phenomena, which is based on Pearl’s Causal Hierarchy (PCH) we got to know
in Chapter

The computational complexity aspects of reasoning about uncertainty in this framework
have been the subject of intensive studies in the past decades. The research has resulted
in a large number of significant achievements, especially in the case of probabilistic
inference with the input probability distributions encoded by Bayesian networks [Pea88|.
These problems are of great interest in Al and important results from this perspective
include |[Co090; DL93; Rot96; PD04; | KF09]. However, despite intensive research, many
fundamental problems in the field remain open.

The main interest of our research is focused on the precise characterization of the compu-
tational complexity of satisfiability problems for languages of all PCH layers, combined
with increasing the expressiveness of (in)equalities by enabling the use of more complex
operators. Additionally we investigate the effect of constraining the model in these sat-
isfiability problems, on one hand by fixing the graph structure of the model, and on the
other by bounding the model size to be polynomial.
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8.1 Introduction

8.1.1 Reasoning about Probabilities: A Multi-Parametric View

One starting point for our investigations is a pioneering paper work by Fagin et al.
[FHM90|, who introduce a logic to reason about probabilities. We are given a set of
random variables over some fixed finite domain D, often {0,1}. They consider formu-
las consisting of Boolean combinations of (in)equalities of basic and linear terms, like
P((X=0VY=1)A(X=0VY=0))=1A(P(X=0)=0VP(X=0)=1)A(P(Y=0)=0VP(Y=0)=1)
with binary variables X, Y. The authors provide a complete axiomatization for the used
logic, which is essentially a formalization of Nilsson’s probabilistic logic [Nil86] and they
show that the problem of deciding satisfiability is NP-complete. Thus, surprisingly, the
complexity is no worse than that of propositional logic. Fagin et al. then extend the lan-
guage to (in)equalities of polynomial terms, with the goal of reasoning about conditional
probabilities. They prove that the latter variant is NP-hard and contained in PSPACE.
Recently, Mossé et al. [MII22] have given the exact complexity of this problem, showing
that deciding the satisfiability is dR-complete.

In this chapter, we study the satisfiability problem for such formulas involving probabil-
ities. As already seen above, the choice of the admissible operations have an impact on
the complexity. There are further choices, which we can make and which we will discuss
in the following. All these choices have an impact on the complexity. Therefore, we will
phrase these satisfiability problems as multi-parametric or multi-dimensional problems.
The first dimension is the expressiveness of the underlying arithmetic:

e Arithmetic: Basic, linear, or polynomial.

The second dimension will be the layer in Pearl’s Causal Hierarchy. The setting is of
great interest in Al since it allows one not only to reason about observations, but also
about causality, and even counterfactuals, which is for instance important in fairness
considerations. These three layers form a hierarchy of increasing expressiveness:

e PCH layer: Probabilistic (observational), causal (interventional), or counterfactual.

The languages used in [FHM90; MII22| are capable of fully expressing probabilistic rea-
soning, in particular, they allow to express marginalization, which is a common paradigm
in this field. However, in the frameworks discussed above, this ability is very limited
since the languages do not allow the use of a unary summation operator . Thus, for
instanceﬂ to express the marginal distribution of a random variable Y over a subset of
(binary) variables {Z1,...,Z,} as > P(y,21,...,25), an encoding without sum-
mation requires an expansion into P(y, Z1=0,...,7Z,=0) + ...+ P(y, Z1=1, ..., Z,=1),
which is of exponential size in n. Consequently, to analyze the complexity aspects of the
studied problems, languages that exploit the standard notation of probability theory and
statistics, one requires an encoding that represents marginalization via the sum operator
Y. In the recent paper [ZBL23|, the authors present the first systematic study in this
setting. They introduce a new natural class, named succ-dR, which can be viewed as
a succinct variant of JR. Alternatively, as we investigated in Chapter [ succ-IR can
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2To each of our
satisfiability problems
there is the
corresponding validity
problem of whether a
given formula is valid
for all models
(potentially of a given
graph structure).
Each validity problem
is thus complete for
the co-complexity
class of the
corresponding
satisfiability problem.

8 A Multi-Parametric View on Reasoning about Probabilities

be interpreted as the set of problems solvable by non-deterministic real word-RAMs in
exponential time, i.e. succ-dR = NEXP,, in analogy to AR = NP, proven by Erickson
et al. [EHM24].

Given the impact of the compact marginalization operator, the way we can perform
marginalization will be the third dimension:

¢ Marginalization: Expanded or compact.

The fact that the decision problem for basic and linear arithmetic without summation is
in NP is not obvious. A model for a formula is a joint probability distribution of n, say,
binary variables, which is a table with 2" entries. Furthermore, it is apriori not clear
that the bit size of the entries is polynomial. It turns out, that these problems have
what is called a small model property. If there is a model, that is, a joint probability
distribution satisfying the expression, then there is one which has only polynomially
many non-zero entries. Moreover, if the available arithmetic is at most linear we only
need a polynomial number of bits to represent each entry. This follows by linear algebra
arguments. If the model has both these properties, then it can be guessed efficiently in
NP. In the case of polynomial arithmetic, we still have the small model property, but
one cannot guarantee that the entries have polynomial size. Furthermore, for polynomial
arithmetic, the compact marginalization operator destroys the small model property that
was crucial in the work of [FHM90| and [MII22] and in fact increases the complexity
of the satisfiability problems dramatically [ZBL23]. So the next dimension is the model
size, which can either be polynomially bounded or arbitrary:

e Model size: Small (polynomially many entries) or unbounded.

Causal models are often represented as a graph or Bayesian network where all random
variables are represented as nodes and the edges encode which variables influence each
other. E.g., at the probabilistic level, the graph would encode which variables are con-
ditionally independent of each other. In the satisfiability problems described so far, the
graph was not mentioned, so the task was to decide whether there exists any model with
any graph structure that satisfies the formula. In many studies, a researcher can infer
information about the graph structure, combining observed and experimental data with
existing knowledge. Indeed, learning graphical, causal structures from data has been
the subject of a considerable amount of research (see, e.g., [Mei+16; [DM17; |GZS19;
SU22| for recent research). Thus, we will study the satisfiability of formulas with the
additional requirement that the graph structure G is also given in the input. The goal
is to determine whether the formula is satisfied in a model having the structure G.

In fact, such a constraint validity problemE] is one of the central problems of causality.
E.g., given a graph structure, Pearl’s prominent do-calculus [Pea09| is often applied to
show the validity of the equivalence between causal and probabilistic expressions. Here
we have multiple choices: We can constrain the graph on both the endogenous and the
exogenous variables or only the endogenous variables. In case we only give the structure
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of the endogenous variables there are two natural interpretations, the Markovian inter-
pretation where each each endogenous variable has their own independent exogenous
variable, and the semi-Markovian interpretation where they might depend arbitrarily on
the exogenous variables (however, all the exogenous variables are still independent of
each other). Thus, as a fifth dimension, we study the model structure:

e Model structure: Specified by a graph as a part of the input or unconstrained.

Due to the sheer amount of potential combinations of these parameters we will not be
giving a summary of our results here, see Section for a detailed list of all results.

8.2 Preliminaries

In this section, we describe the underlying formalism of the satisfiability problems that we
consider. This will cover the first three parameter dimensions: the underlying arithmetic,
with or without compact marginalization, and the PCH level. The other two dimensions
then naturally follow since they are obtained by restricting the underlying model.

We always consider discrete distributions in the probabilistic and causal languages
studied in this paper. We represent the values of the random variables as Val =
{0,1,...,c— 1} and denote by X the set of random variables used in a system. Here,
we use bold letters for sets of variables or sets of values. By capital letters X1, Xo, ...,
we denote the individual variables and assume, w.l.o.g., that they all share the same
domain ValE| A value of X; is often denoted by the corresponding lowercase letter x; or
a natural number. In this section, we describe the syntax and semantics of the languages
starting with probabilistic ones and then we provide extensions to the causal systems.

By an atomic event, we mean an event of the form X=x, where X is a random variable
and z is a value in the domain of X. The language &, of propositional formulas over
atomic events is defined as the closure of such events under the Boolean operators A
and —. To specify the syntax of interventional and counterfactual events, we define the
intervention and extend the syntax of &pop t0 Epost-int aNd Ecounterfact, respectively, using
the following grammars:

Eprop 1s defined by p =
Eint is defined by i
Epost-int 1s defined by pj

X=z|-p|pAp
T X=x]|iNi
[ilp
pi|clcAc.

gcounterfact is defined by c =

Note that since T means that no intervention has been applied, we can assume that
gprop - gpost—int-

The PCH consists of three languages L1, Lo, L3, each of which is based on terms of the
form P(0). For the (observational or associational) language £, we have 0 € Epyop, for the
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8 A Multi-Parametric View on Reasoning about Probabilities

(interventional) language Lo, we have § € Eppgrins and for the (counterfactual) language
L3, 0 € Ecounterfact- The expressive power and computational complexity properties of
the languages depend largely on the operations that we are allowed to apply to the basic
terms. Allowing gradually more complex operators, we describe the languages which are
the subject of our studies below. We start with the description of the languages 7,* of
terms, with ¢ = 1, 2, 3, using the following grammarﬂ

e ¢ P(5) Tt a= P | X, t
Thn 4 am P(5;) | £+t T =P [ttt
TP b =P [ b+t ]ttt | TPV =P [ttt t-t] 3,

where 41 are formulas in Eprop, 02 € Epost-ints 93 € Ecounterfact-

The probabilities of the form P(4;) are called primitives or basic terms. In the summation
operator ), we have a dummy variable = which ranges over all values 0,1,...,¢c — 1.
The summation )t is a purely syntactical concept which represents the sum t[0/z] 4+
t[1/z] + ... + t[c—1/z], whereby with t[v/z], we mean the expression in which all occur-
rences of x are replaced with value v. For example, for Val = {0, 1}, the expression
> . P(Y=1, X=x) semantically represents P(Y=1, X=0) + P(Y=1, X=1).

We note that the dummy variable x is not a (random) variable in the usual sense and
that its scope is defined in the standard way.

In the table above, the terms in 7;%**¢ are just basic probabilities with the events given
by the corresponding languages Eprop, Epost-ints OF Ecounterfact- Next, we extend terms by
being able to compute sums of probabilities and by adding the same term several times,
we also allow for weighted sums with weights given in unary. Note that this is enough to
state all our hardness results. All matching upper bounds also work when we allow for
explicit weights given in binary. In the case of 7" °W we are allowed to build polynomial
terms in the primitives. On the right-hand side of the table, we have the same three
kinds of terms, but to each of them, we add a marginalization operator as a building
block.

The polynomial calculus 7. °W was originally introduced by Fagin, Halpern, and Megiddo
[FHM90| (for i = 1) to be able to express conditional probabilities by clearing denom-
inators. While this works for 7. ° this does not work in the case of 7" W) gince
clearing denominators with exponential sums creates expressions that are too large. But
we could introduce basic terms of the form P(d; | §) with 6 € & explicitly. All our
hardness proofs work without conditional probabilities but many of our matching upper
bounds are still true with explicit conditional probabilities.

Expressions like P(X=1)+P(Y=2)-P(Y =3) are valid terms in T°" and expressions liks
> P((X=0](Y=1,Z=z)) and ), P(([X=0]Y'=1), Z=z) are valid terms in the language

TS oly() , for example.
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Now, let Lab = {base, base(X), lin, lin(2), poly, poly(X) } denote the labels of all variants
of languages. Then for each * € Lab and 7 = 1,2,3, we define the languages L] of
Boolean combinations of inequalities in a standard way:

L; is defined by f:u=t<t'|-f|fAf, wheret,t aretermsin 7;*.

Although the language and its operations can appear rather restricted, all the usual ele-
ments of probabilistic and causal formulas can be encoded. Namely, equality is encoded
as greater-or-equal in both directions, e.g. P(xz) = P(y) means P(z) > P(y)AP(y) > P(x).

The number 0 can be encoded as an inconsistent probability, i.e., P(X=1 A X=2). In a
language allowing addition and multiplication, any positive integer can be easily encoded
from the fact P(T) =1,eg. 4= 1+ 1)1+ 1) = (P(T)+P(T))(P(T) +P(T)) while
only barely changing the size of the expressions. In languages allowing marginalization
we can use a similar trick to generate any powers of ¢, e.g. ¢* =37 3 > 37 P(T).
Using addition we can then encode any positive integer again.

To define the semantics of the languages, we use structural causal models (see Sec-
tion for the basic notions). Throughout this chapter, an SCM is always a tuple
M = (F, P,U,X), such that V.= UUX is a set of variables partitioned into exogenous
(unobserved) variables U = {Uy,...,U,,} and endogenous variables X = {X1,..., X, }.

The tuple F = {F},...,F,} consists of arbitrary functions — often represented as a
table of outputs — such that function F; calculates the value of variable X; from the
values (x,u) of other variables in V as Fj(pa;). Remember that we assume the domains
of endogenous variables X to be {0,1,...,¢ — 1} and thus to be discrete and finite.
In this setting, a priori, the exogenous variables U could take values in any domain,
including infinite and continuous ones. A recent paper [ZTB22] shows, however, that any
SCM over discrete endogenous variables is equivalent for evaluating post-interventional
probabilities to an SCM where all exogenous variables are discrete with finite domains.

As a consequence, throughout this paper, we assume that domains of exogenous variables
U are discrete and finite, too. Note, however, that this does not imply that the exogenous
variables have the same domains as the endogenous variables. In fact, their domains can
have sizes up to double exponential in n and c.

For any basic &;,-formula X;=z; (which, in our notation, means do(X;=z;)), we denote
by Fx,—s, the function obtained from F by replacing F; with the constant function
F;(v) := z;. We generalize this definition for all interventions specified by o € &y in
the natural way and denote as F, the resulting functions. For any ¢ € &,,,,, we write
F,u = ¢ if ¢ is satisfied for values of X calculated from the values u. For a € &y,
we write F,u = [a]p if Fy,u = ¢. And for all ¢, 91,02 € Ecounterfact, We write (i)
F,ulE Y if Fou e and (i) F,u | ¢q Ae if Fou =1 and F,u = 1o, Finally, for
1/) € gcounterfact» let 59)1@’) = {u ‘ ]:? u ): T,Z)}
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We define [e]on, for some expression e, recursively in a natural way, starting with basic
terms as follows [P(¢)Jom = > eqy,(p) P(w) and, for 6 € &,yyp, the conditional proba-
bility [P(¢ | 0)Jon = [P(¥» A 0)]on/[P(6)]am, assuming that the expression is undefined
if [P(6)]om = 0E| For two expressions e; and ey, we define MM = e; < e, if and only
if, [e1]om < [e2]am. The semantics for addition, multiplication, negation and conjunction
are defined in the usual way, giving the semantics for 9 |= ¢ for any formula ¢ in C3.

8.2.1 Probabilistic and Causal Satisfiability Problems

The (decision) satisfiability problems for languages of the PCH, denoted by SAT;7 with
1 =1,2,3 and * € Lab, take as input a formula ¢ in £} and ask whether there exists a
model 9 such that M = .

From the definitions, it is obvious that variants of the problems for any level ¢ are at
least as hard as their counterparts at lower levels.

In many studies, a researcher can infer information about the graph structure of the
SCM, combining observed and experimental data with existing knowledge. Indeed,
learning causal structures from data has been the subject of a considerable amount
of research (see, e.g., [DM17; |GZS19; |SU22| for recent reviews and [RSW21la; NZZZ21;
LZY21; Rol+22; |Rei+23] for current achievements). Thus, the problem of interest in
this setting, which is a subject of this section, is to determine the satisfiability of formu-
las in SCMs with the additional requirement on the graph structure of the models, also
called the causal diagram.

The satisfiability problems with an additional requirement on the causal diagram, take
as input a formula ¢ and a DAG G with the task of deciding whether there exists an
SCM with the structure G for . In this way, for problems SATZi with * € Lab, we
get the corresponding problems denoted as SATT, AG.L;0 SATy, ARKOV.C; OT SAT ARKOV,L; 9
respectively depending on whether the causal diagram incorporates all variables or just
the endogenous variables (either interpreted as Markovian or as semi-Markovian, see

Section [7.2.1)).

An important feature of SAT ’E’ily instances, over all levels 7 = 1,2, 3, is the small model
property which says that, for every satisfiable formula, there is a model whose size is
bounded polynomially with respect to the length of the input. This property was used
to prove the memberships of SATZly in NP and in 3R [FHM90; 1120; MII22].

On the other hand, SAT’Z_M“’(E> never allows for a small model, regardless of level. The
formula - (& —P(21,...,2,))* = 0 is only satisfiable by the uniform distribution
on the n variables and thus forces a large model. This motivates investigating what
happens if we require a small model regardless. We achieve this by extending an instance
with an additional unary input p € N and requiring that the satisfying distribution has

a support of size at most p. Formally, we use the following:
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*

8.1 Definition (Small Models). The decision problems SAT,,, c,» with ¢ = 1,2,3 and
* € Lab, take as input a formula ¢ € £ and a unary encoded number p € N and ask
whether there exists a model MM = (F, P, U = {Uy,...,U,},X) such that 9 = ¢ and
#H#{(u1,...,up) : PU1=u1,...,Upn =uy) >0} <p.

Combinations of small models and constraints on the causal graph are then defined in
the natural way.

Note the subtle difference here to the small model properties that we will see throughout
many algorithms: They only show there is some model size polynomially bounded with
respect to the input length, while our SAT :m’ ¢, variations require an algorithm to be able
to deal with any specific model size. However, as it turns out, this subtle difference does
not impact the complexity of SAT :m’ ¢, In any variation we study, although it sometimes
requires a separate proof.

8.3 The Complexity of Satisfiability in the PCH: The Base
Case

The expressive power of the languages L£f, with x € {base, lin, poly} and the layers
i = 1,2,3 has been the subject of intensive research. It is well known, see e.g. [Pea09;
BCII22; MI122; SZ81], that they form strict hierarchies along two dimensions: First, on
each layer 7, the languages £°¢, £l" and cr ° have increasing expressiveness; Second,
for every x € {base, lin, poly}

LiCLyc L (8.2)

where the proper inclusion means that the language L7 is less expressive than £7, ;. Note
that since adding marginalization does not change the expressiveness of the language L7,
the strict inclusions in (8.2)) hold also for * € {base(X), lin(X), poly(X)}.

To prove such a proper inclusion, it suffices to show two SCMs that are indistinguishable
in the less expressive language, but that can be distinguished by some formula in the
more expressive language. E.g., the SCMs 9 = (F, P,U,X) and M = (F', P,U, X),
with binary variables U = {U;, Uz}, X = { X3, X}, probabilities P(U; = 0) = 1/2, and

mechanism F:
Xi = Ui7
respectively F':

X, =UU; + (1 — Ul)(l — UQ)
Xo:=U1+X1(1 - Uh)Us,

have the same observable distributions Py (X7, X2) = Py (X1, X3). Thus, 9t and 9V
are indistinguishable in any language of the probabilistic layer. On the other hand, after
the intervention X; = 1, we get Pyp([X1=1]X2=1) = 1/2 and Py ([X;1=1]X2=1) = 3/4.
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Then, e.g., for the £5%¢ formula ¢ : P([X;=1]X5=1) = P([X;=1]X»=0), we have M |= ¢,
but 9’ ~ ¢ which means that ¢ distinguishes 9t from 97'.

As mentioned in the introduction, a comparison of these languages from the perspective
of computational complexity reveals surprisingly different properties than the ones de-
scribed above. Starting with the base case, i.e. languages without marginalization and
no restrictions on the model, it turns out that the complexity depends exclusively on
the allowed arithmetic: The satisfiability for the counterfactual level remains the same
as for the probabilistic and interventional levels: problems SATZ‘ESE and SAT%’Z for all
i =1,2,3 are NP-complete, i.e., as hard as reasoning about propositional logic formulas
[FHMO0; [MI122], while SATf;oily is IR-complete [MII22|. Both of these are summarized
in Table

Terms Probabilistic Interventional Counterfactual
basic

™ NP (a)

poly IR = NPyear (b)

Table 8.1: Completeness results for the base satisfiability problems (a) for £, [FHM90]
(also see Theorem [8.4)), for £5 and L3 [MII22] (also see Lemma[3.5)), (b) [MII22]

(also see Theorem [8.9). The same results hold if we require all models to be
small (Theorem .

We start by including sketched versions of the proofs by [FHM90| and [MII22] here
for multiple reasons. First of all: completeness. Our goal is to make this chapter be
able to be read in a mostly self-contained manner. Secondly, while they make use of a
small model property inside their proofs they don’t formally consider the small model
as a separate dimension. We will be adding those considerations here. Lastly, they use
slightly different models. While [FHM90| doesn’t use SCMs at all, [MII22] uses a slightly
different version of the calculus with the following differences:

e Their polynomial languages £7°" do not allow for subtractions. While at first
glance it might seem that simple algebraic modifications could remove subtractions,
this is not — at least not obviously — the case for polynomial languages. Consider
the expansion of the product [],(P(5;) —P(6})). This expands to a sum of 2° terms
before we are able to move the negative terms to the other side of the (in-)equalities.

e Their endogenous random variables have per-variable domains, while we consider

all endogenous domains to be the same set {0,...,c—1}. This does not effect the
expressiveness of the calculus, but it simplifies the usage of the marginalization
operator.
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e They do not require exogenous variables to be necessarily independent. However,
as we will see in Lemma this makes no difference until we start restricting the
graph structure in Section

We adjust the proofs accordingly, also adding in some ideas already that we will be
needing later for the consideration of other dimensions.

As a first simplification, we can w.l.o.g. assume all of our SCMs to only have a single
exogenous variable.

8.3 Lemma. Let ¢ € L for i = 1,2,3 and » € Lab. If there is an SCM M =
(F,P,U,X) with M |= ¢, then there is also an SCM M = (F', P, U, X) with M |= ¢,
s.t. |U'| = 1. Moreover, the endogenous parents of each variable in MM and ' are
identical.

Proof. Let M = (F, P,U,X) be, s.t. M |= ¢. We choose U’ = {U’} to contain a single
random variable with domain being the cartesian product of the domains of the U with
probability distribution P'((uy, ..., uy)) := P(uy, ..., uy). Writing pa; x for the vector
of values pa; restricted to the variables X, the functional dependencies

Fz‘/(Paux? (w1, up)) o= Fz‘(Paz‘po pai|U)

induce the same (counterfactual) distribution for both 9" and 9t and thus MM’ = . O

Lemma has a second important function: it allows us to ignore the independence of
the exogenous variables by virtue of restriction to single exogenous variables.

8.4 Theorem (Theorem 2.9 in [FHMO90)). SAT%‘T@, SATZ? are NP-complete.

Proof idea. To show NP-hardness, in a 3-CNF formula ¢, replace each positive literal x;
by X;=1 and each negative literal Z; by X; = 0 to obtain ¢’. It is now easy to see that
P(¢’) > 0 has a model with binary random variables X; iff ¢ is satisfiable.

Showing containment in NP proceeds in two stages. Let ¢ € LY. First we show
that if there is any SCM I = (F, P,U,X) with 9 = ¢, then there is also an SCM
M = (F,P, U X) with ' E ¢ where 9 only has a single exogenous variable
U’ = {U’} with domain size at most polynomial in the size of ¢. Moreover, all func-
tional dependencies only depend on U’ and all probabilities occurring in P’ are rational
numbers with binary representation of polynomial size. Overall, this implies that 9
only takes polynomially many bits to be represented. This allows to simply guess 9
non-deterministically as a second stage and to then verify I = .

By Lemma we can construct a first version of 9 with |U’| = 1. Remains to show
how to limit the domain of U’ and the representation of P’ to polynomial size. In ¢,
replace each basic term P(5) by the sum >, _; P(u’). Considering all the different P(u’)
as variables and adding the constraints ), P(v') = 1 and 0 < P(u’) < 1 for all values «/,
we get a linear system with a polynomial amount of (in-)equalities. Thus if there is any
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solution (which we initially assumed to exist with 9 = ¢), there is also a solution where
only polynomially many values v’ have P(u') > 0 and all P(u') are rational numbers with
polynomially sized binary representations. For the precise bounds on the bit-lengths,
see Lemma 4.10 in [FHMO90]. O

Mossé et al. |[MII22], as a first result, build on top of this result by lifting it across
the PCH. Note that while their result uses — a bit unconventionally — non-deterministic
polynomial time reductions, both NP and 3R are closed under them (see Theorem 4.11
in [TKO13]| for this result about JR).

8.5 Lemma (Proposition 4.2 in [MI122]). SATZ3 <wp SATZl for x € {base, lin, poly}.

Proof idea. This reduction heavily builds on the concept of complete state descriptions:
A complete state description e contains for all possible interventions and variables what
value those variables take on with that intervention.

Let ¢ € £3. We define the set of relevant state descriptions A, where all interventions
are restricted to those actually appearing in <pE| Let 7 be the set of all interventions
appearing in . Then

A, = {/\ ([a] ;\1(Xi=x?)>

acl 1=

xf‘E{O,...,c—l}}.

Any distinct €1, €z in A, are disjoint events. Denote the subset of A, compatible with
a variable ordering < of the endogenous variables as A, -. This compatibility can be
checked in polynomial time by Lemma 4.5 in [MII22].

The reduction now proceeds as follows:
1. Guess a variable ordering < of the endogenous variables X.
2. Guess a subset of state descriptions A" C A,  of size |¢|.

3. Replace each event P(0) in ¢ by > .car P(e).
e=o

4. Replace all occurring state descriptions e by disjoint probabilistic events.

To argue the correctness consider an SCM 9 = (F, P,U,X) with 9 = ¢ and the
following system of equations in the non-negative unknowns P(e) for e € A, < }:

> Ple) =1 (8.6)
EEA¢,<

Z P(e) = Pon(0) for all § occurring in ¢ (8.7)
EEAwy<

e=o

This system has at most || equations and thus a solution with P(e) > 0 for at most ||
many € by Lemma 4.8 in [FHM90). O
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Mossé et al. then finish the proof by showing that SAT]Zly is IR complete. It uses the
characterization IR = NP, (see Chapter@ and [EHM24|) to simplify the upper bound.

8.8 Theorem (Theorem 1 in [MII22]). SATZZy is AR-complete.

Proof idea. We start with IR containment. This is done by giving an NP, algorithm
deciding SATIZZ‘U. Let ¢ € £, By the proof of Lemma we can w.l.o.g. assume
that ¢ contains at most |p| many different events 1, ..., ¢, all of which are disjoint.
A non-deterministic real word RAM can now guess the real values of P(g;), verify their
non-negativity and ), P(e;) = 1 and check whether they fulfill cpm

To prove the IR-hardness of SATIZOIZ‘I/, consider the IR-complete problem ETR-INV (see
[AAMI1§| a completeness proof): For variables x1,...,z, and equations of the form
xi + x; = o} or x;x; = 1, decide whether there are reals z1,...,z, € [1/2,2] satisfying
the equations.

The polynomial time reduction from ETR-INV to SATZOIly constructs the constraints

1
EEIP)((SZ-):IF’(&)ZZM fori=1,...,n
P((SZ/\(SJ) :IP)((SZ) P(éj) for ’L,j: 1,...,TL
1
P(0; A 6j) = e for each equation z;z; =1
P(5; v 87) = P(0%) for each equation x; + x; = xy

where the ¢; and ¢, are each fresh events, corresponding to the variable x;, with the ¢;
being disjoint from each other (and the d; being pairwise independent by the second set
of equations).

To implement the constants %, replace each of them by P(e%v)) for some fresh disjoint

events egN), . ,eg\],V) with P(A, GEN)) =1 and IP(GEN)) = ]P’(eg»N)) fori,j=1,...,N.

The correspondence P(0;) = P(d;) = 5- allows to transfer solutions between the two
instances. O

In conclusion, combining Theorems [8.4] and [8.8] with Lemma [8.5] gives us

8.9 Theorem. For any i =1,2,3, SATY** and SAT}" are NP-complete and SAT’;ZZ‘” is
dR-complete.

Mossé et al. only consider conditional probabilities as a restricted version of polynomial
terms and as a motivation for then considering polynomial terms. As a final strengthened
upper bound we show that combining both is also possible and does not change the
computational complexity.

8.10 Lemma. SAT%;Z?’ € IR is also true if the basic terms are allowed to contain
conditional probabilities.
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Proof. We define conditional probabilities P(4|d") to be undefined if P(6") = 0 (this proof

works similarly for other definitions). In the input formula ¢, replace P(§]¢') by PI(P(S@?)/).

Again, we use the ideas from Lemma[8.5] and Theorem to w.l.o.g. assume that ¢ con-
tains at most |p| many different events 1, ..., e, all of which are disjoint. Additionally
to the checks in Theorem [8.8] the non-deterministic real word RAM can now also verify
that all of the resulting divisions have non-zero dividends.

Even more, this way we could also add arbitrary divisions to our formulas. O

8.3.1 Small Models

As we have seen, all upper bounds of the previous section crucially depend on the small-
model property. In fact, the proof of Lemma shows, if there is any model satisfying
¢, then there is always also a model satisfying ¢ with size bounded by |p|. This gives
rise to a deterministic polynomial time reduction to the small model variant of each
problem.

8.11 Corollary. SATZZ, <p SAT:m,ﬁi for any i =1,2,3 and x € {base, lin, poly}.

The proof of Lemma then proceeds and converts causal terms to purely probabilistic
ones. However, the small model property also allows us to decide SAT%Z and SATZZ;Zy
more directly. As an added benefit, this algorithm works for arbitrary bounds on the
model size.

8.12 Lemma. SATY . s in NP and SAT?Y. s in 3R.

sm,L3 sm,L3

Proof. Lemma [8.3] does not change the size of the model, so we can w.l.o.g. assume
that there is only a single exogenous variable U with domain size bounded by the size
of the model p. The algorithm starts by guessing a causal order X; < ... < X, of
the endogenous random variables and a probability distribution on U with polynomial
bit—lengt for each probability in the case of SATZ;'T’}L, £, and as real numbers in the case
of SATf;l?LS. It then evaluates the input formula ¢ by summing over all values of U at
each term. Throughout this evaluation it incrementally builds a partial model of the
deterministic dependencies, respecting the causal order <. Whenever it encounters any
atomic event under an intervention that cannot be answered by this partial model yet,

it non-deterministically guesses the corresponding entries and stores them.

Since ¢ only contains polynomially many different interventions and atomic events, this
partial model remains polynomially sized. O

Finally, Corollary together with Theorem prove the corresponding hardness for
our small model variants and we get:
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Terms Probabilistic Interventional Counterfactual

basic & marg.
lin & marg.

NPPP PSPACE NEXP

Table 8.2: Completeness results for the linear satisfiability problems with added mar-
ginalization. All these results apply to both, the unconstrained model and
the small model variants. See Theorem (L1), Theorem (L2), and
Theorem (L3) for the results on unconstrained models and Theorem
(£1), Theorem (L2), and Theorem (L3) for the results on small

models.

8.13 Theorem. For any i = 1,2,3, SATgf,fZ and SATZ’,;Q are NP-complete and
SAT™Y. is IR-complete.

sm,L;

8.4 The Impact of Marginalization on Linear Languages

In Section we have seen that the level of the PCH does not impact the computational
complexity of satisfiability problems without marginalization. In this section, we show
that the situation Chanéges drastlcally once we introduce marginalization: The satisfia-
bility problems SATbase and SATZm *) become NPPP- , PSPACE-, resp. NEXP-complete
depending on the level i (see Table . This demonstrates the first strictly increasing
complexity of reasoning across the PCH, assuming the widely accepted assumption that
the inclusions NPPP € PSPACE C NEXP are proper. This section focuses on the basic
and linear languages across the PCH, while the case of polynomial languages will be
discussed in Section separately.

8.4.1 The Probabilistic (Observational) Level

Marginalization via the summation operator, combined with the language expressing
events ¢ on a specific level of the PCH, increases the complexity of reasoning to vary-
ing degrees, depending on the level. In the probabilistic case, it jumps from NP to
NPPP-completeness since the atomic terms P(d) can contain Boolean formulas , which,
combined with the summation operator, allows to count the number of all satisfying
assignments of a Boolean formula by summing over all possible values for the random
variables in the formula. Determining this count is the canonical #P-complete problem,
so evaluating the equations given a model is #P-hard. From this, together with the
need of finding a model, we will conclude in this section that SAT?ISE<2 and SATZL<E>

are NPPP-complete, which is the same as NP#P-completeness.
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8 A Multi-Parametric View on Reasoning about Probabilities

As a reminder, NPPP is the class of problems decidable by polynomial time non-deter-
ministic Turing machines that have access to a PP oracle.

We start with a technical but useful fact that a sum in the probabilistic language can
be partitioned into a sum over probabilities and a sum over purely logical terms. This
generalizes the property shown by [FHM90| in Lemma 2.3 for languages without the
summation operator.

8.14 Fact. Let 6 € £pp be a propositional formula over variables X ,..., X;,. A sum
Zwil . 'Zmil P(d) isequalto Y 5 ... > 5 Diy. i inl . ZI” Oay . i (Tiy, ..., x;,) where
the range of the sums is the entire domain, p;, z, is the probability of P(X;=%; A

N Xp=2%,) and 0z, 4,(zi,,...,x;) is a function that returns 1 if the implication
(Xi=21 A .. A Xp=2p) — 6(xi,..., ;) is a tautology and 0 otherwise.

Proof. >~ ...> . P(6) is equivalent to
1 U

2o e 2R N A X))

_gj g:g: ZIP’ (X1=31 A ... A Xp=0p) AD)
En T z;
_Z Z; gl:pml Oy (Tiys -4
—Z Zn:p: Zl: S Gy (@i ), (8.15)
i, a,
which completes the proof. ]

The canonical satisfiability problem SAT, where instances consist of Boolean formulas in
propositional logic, plays a key role in a broad range of research fields, since all problems
in NP, including many real-world tasks can be naturally reduced to it. As discussed
earlier, SATb“se and SATlm do not provide greater modeling power than SAT. Enabling
the use of summatlon 81%n1ﬁcantly changes this situation: below we demonstrate the
expressiveness of SATbas , showing that any problem in NPP can be reduced to it in
polynomial time.

8.16 Lemma. SAT**™ is NP?P-hard.

Proof. The canonical NPPP-complete problem E-MajSat is deciding the satisfiability of
a formula ¢ : 31 ...2, : #y1 ... Y0 > 2771, ie. deciding whether the Boolean formula
¢ has a majority of satisfying assignments to Boolean variables y; after choosing Boolean
variables z; existentially [LGM98|. We will reduce this to SATbase(2>. Let there be 2n
random variables X1,..., X, Y1,...,Y, associated with the Boolean variables. Assume
w.lo.g. that these random Variables have domain {0,1}. Let ¢ be the formula ¢
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8.4 The Impact of Marginalization on Linear Languages

after replacing Boolean variable xz; with X; = 0 and y; with Y; = y;. Note that this
is not representing an assignment directly, but rather an “xor-mask” modifying what
assignment the X; and Y represent.

Consider the probabilistic inequality ¢ : >° ...> P(¢) > 2"~! whereby 2"~ is
encoded as 3, ...> . P(T). The left hand side equals

Z e Z Z . Zpizl...gzn,gl...gn Z o Z Oyt grdin (Y15 - -+ Yn)
1 Zn 01 In Y1 Yn

according to Fact Since the last sum ranges over all values of y;, it counts the
number of satisfying assignments to ¢ given &;. Writing this count as #,(¢(Z1 ... 2y)),
the expression becomes:

ST b (D1 )
Z1 Zn G Un
Since #,(¢(21 ... 2,)) does not depend on g, we can write the expression as

Z - Zml.@n#y(cb(@ c - dn))

whereby pa, .z, = 325, - 22y, Pir.inin.im-

If 1 is satisfiable, there is an assignment @1, ..., 2, with #,(4(21...2,)) > 2" If we
set pz,..2, = 1 and every other probability Pa.a, =0, @ is satisfied. The value of the
variables Y; can be chosen arbitrarily and in particular deterministic. The “xor-mask”
described earlier ensures that the marginalization iterates over all assignments.

If ¢ is satisfiable, consider the assignment z"®*, ... 6 z%*

#,(P(aP* .. 2®)). Then "

on—1 < Z . Zpi:l.‘.in#y(qs(il .- jn))

that maximizes the quantity

< Z " ijl...in#y(cb(wi“a" ™))

= #y(P(at™ . ™))

Hence 1 is satisfied for " ... z)'**. O]

To show containment in NPPP, we again use a small model property.

8.17 Lemma. SATZZ<E> is in NPPP.
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8 A Multi-Parametric View on Reasoning about Probabilities

Proof. First we show that satisfiable instances have solutions of polynomial size.

We write each (sum of a) primitive in the arithmetic expressions as

Z e prl..@n Z e 2511...97:”(1‘11, e Tyy)
gzl n

Tiq Ty,

according to Fact

The value of all p;, .z, can be encoded as a vector p € R<". For each X1,...,%n, the sum
Yowr o Dow 02w (Tiy, ..., 24,) IS a constant integer < c'. Suppose there are k such
1 1

sums or primitives in the instance, whose values can be encoded as a matrix A € RF*<",
Then the value of every sum in the instance is given by the vector Ap € RF.

There exists a non-negative vector § € Q°" containing at most k non-zero entries with
Aq = Ap (Lemma 2.5 in [FHM90]). By including a constraint ) ; ...> ; pi ., =1
when constructing the matrix A, we can ensure that all values in ¢ are valid probabilities.
¢ is a polynomial sized solution with polynomial bit-sizes (Lemma 4.10 in [FHM90]) and
can be guessed non-deterministically.

For this solution, the sum »; ...> ; ps, s, can then be evaluated (over all non-zero
entries pz, .z,) in polynomial time. Each sum Z% Zx” Os1..in(Tiy, .., ;) can be
evaluated using the PP oracle because a PP oracle is equivalent to a #P oracle which
can count the number of satisfying assignments of 4. O

Combining Lemmas and we get

8.18 Theorem. SATZ“ISE<E> and SATZL<E> are NPPP_complete.

The lower bound in Lemma [8.16] only requires a deterministic model while the upper
bound in Lemma ends up explicitly guessing a model of a specific size. Thus we
directly get

8.19 Theorem. SAT > SATlSm<E> are NPPP-complete.

sm,Lq m, L1

8.4.2 The Interventional (Causal) Level

In causal formulas, one can perform interventions to set the value of a variable, which
can recursively affect the value of all endogenous variables that depend on the intervened
variable. This naturally corresponds to the choice of a variable value by an existential
or universal quantifier in a Boolean formula, since in a Boolean formula with multiple
quantifiers, the value chosen by each quantifier can depend on the values chosen by earlier
quantifiers. Thus, an interventional equation can encode a quantified Boolean formula.
This makes SATZZZ<Z> PSPACE-hard. As we will show below, it is even PSPACE-complete.
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8.4 The Impact of Marginalization on Linear Languages

As a first tool, we see that interventional queries are the first to be able to ensure a
causal ordering on the exogenous variables.

8.20 Lemma. In L5 one can encode a causal ordering for any * € Lab.

Proof. Given a formula in £3, we add a new variable C' and add to each primitive the
intervention [C'=0]. This does not change the satisfiability of (in-)equalities.

Given a causal order V;; <V, < ..., we add c equations for each variable V;, j > 1

P([C=1,V;,_,=k]Vi,;=k) =1 fork=1,...,c.
The equations ensure, that if one variable is changed, and C' = 1 is set, the next variable
in the causal ordering has the same value, thus fixing an order from the first to the last
variable. O
This insight is the crucial component in proving the PSPACE-hardness of SAT?;E(E>7 it
allows us to encode the order of the quantifiers.

8.21 Lemma. SATZ“’<E> 1s PSPACE-hard.

Proof. We reduce from the canonical PSPACE-complete problem QBF of deciding wheth-
er a quantified Boolean formula Qixy Q222 - -+ Qnx, 1 with quantifiers Qq,...,Q, €
{3,V} is a true sentence. We introduce Boolean random variables X = {X7,..., X} to
represent the values of the variables and denote by Y = {Y7,...Y;} C X the universally
quantified variables. By we can enforce an ordering X; < Xy < ... < X, of
variables, i.e. variable X; can only depend on variables X; with j < i. Our only further
constraint is

> B(lyly) =2 (8.22)

where 1)/ is obtained from ¢ by replacing positive literals z; by X; = 1 and negative
literals =; by X; = 0.

Suppose the constructed SATZS‘B(Z) formula is satisfied by a model 91. We show that
Q171 Qaxo -+ Qnx, ¢ is satisfiable. Each probability implicitly sums over all possible
values u of the exogenous variables. Fix one such u with positive probability. Combined
with X7 < ... < X, this implies all random variables now deterministically depend only
on the previous variables. Equation enforces P([y|y’) = 1 for every choice of y
and thus simulates the Y being universally quantified. As the existential variables x;,
we then choose the value z; of X; which can only depend on X; with j < i. The formula
¢ and thus 9 is then satisfied due to P([y]¢’) = 1.

On the other hand, suppose Q121 Q222 - - - Qnxy v is satisfiable, We create a determinis-
tic model 9 as follows: The value of existentially quantified variables X; is computed by
the function F;(x1,...,2;_1) defined as the existentially chosen value when the previous
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8 A Multi-Parametric View on Reasoning about Probabilities

variables are set to x1,...,x;_1. The values of the universally quantified variables do not
matter since we intervene on them before every occurrence. This satisfies the required
order of variables and, since v is satisfied, we have P([y]y)') = 1 for every choice of the
universally quantified variables y, thus satisfying equation . O

To show SATZZ<E> € PSPACE we give an explicit algorithm: Algorithm This algorithm
uses two major ideas: First, instead of guessing a model with dependencies including
the exogenous variable, we consider separate models for each choice of the exogenous
variableﬂ The basic idea of the algorithm is that rather than guessing a model and
evaluating each sum with its interventions, we enumerate all possible interventions (and
resulting values) and increment each sum that includes the intervention. Thereby, rather
than storing the functions and interventions, we only need to store and update the value
of the sums.

8.23 Lemma. SAT"™ is in PSPACE.

Proof. We only need to show the correctness of Algorithm [If and that it runs in polyno-
mial space.

By definition, each sum »  P([c;]d;) in the input can be written as a linear combination
Youlud oy Foub(add: 1, where the second sum does not depend on p,. Similarly as in
Lemma these sums form a system of linear (in-)equalities in p,. By the same
argument, a small model property follows that there are only polynomially many, rational
probabilities p,, of polynomial bit-size. These can be guessed non-deterministically.

Next, we combine the terms ) py of all sums (implicitly). For example, two sums
>y, P[ea]di) + 22y P([a]0;) can be rewritten as

D P(il) +> P(es16) =D pa Y, 1+ pa Y. 1

virFuE[e)d; yj:Fuk(agld;

:gpu Z 1+ Z 1

yi:F uE[ag)d; v F,uE(ag]d;

The algorithm performs this sum over u in line 5| and calculates the next sums in the
subfunction. We can and will ignore the actual values u. Relevant is only that the value
of the sums is multiplied by p, and that the functions F might change in each iteration.

Recall that the functions F = (Fy,...,F),) determine the values of the endogenous
variables, that is the value of variable X; is given by x; = F;(u,z1,...,x;—1). Thereby
the functions (i.e. variables) have a causal order X; < ... < X,,, such that the value z;
only depends on variables X; with j < 7. In reverse, this means that each intervention
on a variable X; can only change variables X; with j > 1.
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8.4 The Impact of Marginalization on Linear Languages

Input: SATZL<E> instance
Output: Is the instance satisfiable?
Guess small model probabilities py;
Guess a causal order X1,..., X,;
Rewrite each sum »_ P([e;]d;) in the input as >, pu
Initialize a counter ¢; to zero for each such sum;
for py, > 0 do
Guess values 1, .., Ty;
Simulate-Interventions(1, {}, z1, ...,y );

virFuE[eg)d; L;

end
Replace the sums by ¢; and verify whether the (in-)equalities are satisfied;

Function Simulate-Interventions(i,Z, z1,. .., Ty)
Input: Current variable X;; set of intervened variables Z; values x1,...,x,
if i > n then
for each sum counter c; do
for all possible values y; of the sum do
if a; (after inserting y;) is [{Xi=xz; for i € I} and x4, .., 2z,
satisfy 6; (after inserting y;) then
‘ increment c¢; by py;
end
end

end

else

Simulate-Interventions(i + 1,7, x1, ..., x,);
for value v do

/ /o .
Let 2%, ....,2,, == 21, ..., Tp;
.
xh = v;
if v # x; then
/ /.
| guess new values ., ..., ¥);
end
. . . o N
Simulate-Interventions(i + 1,Z U {i}, 2}, ..., z},);
end

end
Algorithm 1: Solving SAT}"™

175



PRather than
incrementing the
counter c; by 1 and
then multiplying the
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8 A Multi-Parametric View on Reasoning about Probabilities

Rather than storing the functions F = (Fy,..., F},), the algorithm only stores the values
x; = Fj(u,zq,...,2;_1),1.e. the values of the endogenous variables. The algorithm knows
these values as well as the causal order, since they can be guessed non-deterministically.

The subfunction Simulate-Interventions then performs all possible interventions recur-

sively, intervening first on variable X7, then X, ..., until X,,. The parameter i means
an intervention on variable X;, Z is the set of all variables that have been explicitly
intervened on, and x1,...,x, are the current values.

In line it proceeds to the next variable, without changing the current variable X;
(simulating all possible interventions includes intervening on only a subset of variables).
In line it enumerates all values z/ for variable X;. If z; = 2, then the intervention
does nothing. If x; # z}, then the intervention might change all variables X; with j > i
(because the function F; might depend on X; and change its value). This is simulated
by guessing the new values :L'; Thereby, we get the new values without considering the
functions.

In the last call, line it has completed a set of interventions Z. The function then

searches every occurrence of the interventions Z in the (implicitly expanded) input for-

mula. That is, for each sum ) _ . 1. 1, it counts how often a; = « occurs in the
yj:FuEle;ld; J

sum while the values z; satisfy J;.

Since each intervention is enumerated only once, in the end, it obtains for all sums their
exact value. It can then verify whether the values satisfy the (in-)equalities of the input.

If a satisfying model exists, the algorithm confirms it, since it can guess the probabilities
and the values of the functions. In reverse, if the algorithm returns true, a satisfying
model can be constructed. The probabilities directly give a probability distribution P(u).
The functions F; can be constructed because, for each set of values u, x1,...,x;_1, only
a single value for x; is guessed, which becomes the value of the function.

Algorithm [I] runs in non-deterministic polynomial space and thus in PSPACE. O

Combining Lemmas and we get

8.24 Theorem. SATZ“;“E> and SATZL<E> are PSPACE-complete.
Since Lemma [8:21] constructs a deterministic model and Lemma [8:23] explicitly guesses

the probabilities py, it is easy to adapt both of these proofs to also show PSPACE-
completeness of the corresponding small model variants:

8.25 Theorem. SAT"*“® and SATiZ;fiZ are PSPACE-complete.

sm, Lo
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8.4 The Impact of Marginalization on Linear Languages

8.4.3 The Counterfactual Level

On the counterfactual level, one can perform multiple interventions, and thus compare
different functional dependencies within the model to each other. Moreover, adding in
marginalizations allows to compactly combine exponentially many constraints into just a
few equations. Hence, the formulas can only be evaluated if the entire — exponential-sized
— deterministic part of the model is known. Thus deciding the satisfiability requires expo-
nential time and non-determinism to find the model, making SATZZZ<E> NEXP-complete.

The containment of SATZ:<E> in NEXP immediately follows from Theorem by ex-

panding all sums of a SATZZ(E> instance explicitly. This creates a SATZ‘ instance of

exponential size, which can be solved non-deterministically in polynomial time in the
expanded size.

8.26 Corollary. SAT;"™ € NEXP.

To prove the NEXP-hardness of SATZSE<E> we use the satisfiability problem of Schénfin-
kel-Bernays sentences. The class of Schonfinkel-Bernays sentences (also called Effectively
Propositional Logic, EPR) is a fragment of first-order logic formulas where satisfiability is
decidable. Each sentence in the class is of the form Ix Vy ¢ whereby v can contain logical
operations A, V, -, variables x and y, equalities, and relations R;(x,y) which depend on a
set of variables, but v cannot contain any quantifiers or functions. Determining whether
a Schonfinkel-Bernays sentence is satisfiable is an NEXP-complete problem [Lew80] even
if all variables are restricted to binary values |[Achl5].

To simplify the notation in the proof a bit, we introduce some syntactic sugar: We will
represent Boolean values as the value of the random variables, with 0 meaning FALSE
and 1 meaning TRUE. We will assume that ¢ = 2, so that all random variables are binary,
i.e. Val ={0,1}. We write (in)equalities between random variables as = and #. In the
binary setting, X=Y" is an abbreviation for (X=0AY=0)V (X=1AY=1), and X#Y is
an abbreviation for =(X=Y"). To abbreviate interventions, we will write [w] for [W=uw],
[w] for interventions on multiple variables [W=w|, and [v \ w] for interventions on all
variables V except W.

8.27 Lemma. SAT**™ is NEXP-hard.

Proof. We reduce from the satisfiability of Schonfinkel-Bernays sentences with binary
variables.

We use random variables X = {X;,...X,,} and Y = {V¥3,...Y,,} for the quantified
Boolean variables x,y in the Schonfinkel-Bernays sentence 3Ix Vy 1. For each distinct k-

ary relation R;(z1,...,2x) in the formula, we define a random variable R; and variables
Z}, ..., ZF for the arguments. For the j-th occurrence of that relation Ri(tilj, . ,tfj)
with tfj e{x1,...,Tn,Y1,--.,Yn}, we define another random variable R’.
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We use the following constraint to ensure that R; only depends on its arguments:

Z]P’ v 2R RiA#V \ 1]R) = 0 (8.28)

Here, ), refers to summing over all values of all endogenous variableﬂ in the model
and the constraint says that an intervention on Z},..., ZF gives the same result for R;

as an intervention on Zil, ey Zf and the remaining variables, excluding R;.

Similarly, we ensure that Rg only depends on its arguments:

ZP Lo tEIRIAV\ )R] = 0 (8.29)

and that R{ and R; have an equal value for equal arguments:

> P(Th=ty, ... TE=th|RIA(Z=t};, ..., ZF=t}|R;) = 0. (8.30)

iJ (YR y g R
1 k
tz‘j""vtij

We add the following constraint for each X; to ensure that the values of X are not
affected by the values of Y:

ZZP \ 2] Xi# (v \ (25, y), Y=y]X;) = 0 (8.31)

Here the outer sum sums over all values v of all endogenous variables V (including
X; and Y), and the inner sum sums over all possible values for the variables Y. The
intervention [v \ z;] intervenes on all variables except X; and sets the values y to the
values of the outer sum. The intervention [v \ (z;,y), Y=y'| intervenes on all variables
except X; and sets the values y to the values y’ of the inner sum. The constraint thus
ensures that the value of X; does not change when changing Y from y to y’.

Let v’ be obtained from v by replacing equality and relations on the Boolean values
with the corresponding definitions for the random variables:

Z P(| =" (8.32)

Suppose the SATZSE<E> instance is satisfied by a model 9. We need to show dx Vy 1
is satisfiable. Each probability P(...) implicitly sums over all possible values u of the
exogenous variables. The values x of the variables X might change together with the
values u, however, any values x that are taken at least once can be used to satisfy
dx Vy ¢: If there was any x that would not satisfy ¢ for all values of y, P([y]y’) would
be less than 1 for these values of x (determined by u) and y, and equation would
not be satisfied. From now on, fix one such u and the resulting values x.
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8.5 The Impact of Marginalization on Polynomial Languages

For each relation R;, we choose the values given by the random variable R;. Each
occurrence R} (t}, ... ) has a value that is given by [Z} =t};, ..., ZF=t},]R; in the model
M. Due to equations (8.29) and (8.30), that is the same value as [T} =t},, . .. ,ﬂ?ztfj]Rg,
which is the value used in [y]¢’. Since [y]¢)’ is satisfied, so is ¢ and Ix Vy ).
Suppose Ix Vy 1 is satisfiable. We create a deterministic model 91 as follows: The values
of the random variables X are set to the values chosen by dx. The relation random
variables R; are functions depending on random variables Z}, ..., ZF that return the
value of the relation R;(z1,...,2;). The relation random variables R} on arguments

Tilj7 .. szI; return the value of the relation Ri(t}j, e ,tfj). This satisfies equations (|8.28
and (8.29)) because the functions only depend on their arguments, and equation (8.30

because the functions result from the same relation. All other random variables can
be kept constant, which satisfies equation (despite being constant in the model,
the causal interventions can still change their values). Finally, equation holds,
because 1 is satisfied for all Y. O

Combining Corollary and Lemma [8.27| we get

8.33 Theorem. SAT?;e(Z> and SATZZ<E> are NEXP-complete.

In Corollary we expanded the marginalization explicitly and then used Theorem
to solve the resulting instance (of now exponential size) in NP, resulting in a NEXP

upper bound for SAT?;(E). By using Lemma instead of Theorem we can use
the same idea to show SAT"™) ¢ NEX Additionally, the NEXP-hardness reduction

sm, L3
of Lemma, always creates a deterministic model and thus also shows NEXP-hardness

of SATbase */ " Combined:

sm,L3

8.34 Theorem. SATbase<E>

sm,L3

and SATim<E>

m,L3

are NEXP-complete.

8.5 The Impact of Marginalization on Polynomial Languages

Van der Zander, Bliser and Liskiewicz [ZBL23| prove that SATZEwly<E> and SATIZ(;ly<E> are
complete for succ-dR (which is the same as NEXP .1, see Lemma [6.5) whenever the basic
terms are allowed to also contain conditional probabilities. They, however, leave open
the exact complexity status of SATZly(E>. In this section we both resolve this question by
proving that all of the SATZME) are succ-JR-complete and strengthen the lower bounds
to no longer require conditional probabilities.

Moreover, these are the first languages that do not have the small model property (more
on that in Section [8.5.2)). Indeed, enforcing the small model property vastly reduces the
complexity, see Table for a summary of the results.
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Terms Probabilistic Interventional Counterfactual
poly & marg. succ-IR = NEXP,cal

Terms Probabilistic Interventional Counterfactual
poly & marg. | 3R® = NPY\P® NEXP

Table 8.3: The first table contains the completeness results for the languages SATp oly ()

(originally by [ZBL23| for i = 1,2, expanded in Theoremsand- The

poly(=)

second table contains the completeness results for the languages SATsm, L

(Lemmas and for i = 1 and Theorem for i = 2,3).

8.5.1 Unconstrained Models

We start by showing that SATZZy(g) is in NEXP,ea1, with and without conditional prob-
abilities.

8.35 Theorem. SATIZOSZ‘U<E> € NEXP,cqi. This also holds true if we allow the basic terms
to contain conditional probabilities.

Proof. By Lemma we have SAT’Z:O;?’ € 3R (both with and without conditional prob-

abilities). Thus, by Lemma SAT%:y can be solved by a non-deterministic real word
RAM in polynomial time.

As a result, a non-deterministic real word RAM for SATZZZ’<2> can first expand all

marginalizations explicitly, and then solve the resulting (exponential size) SATZZy in-
stance in exponential time. ]

We note that Ibeling et al. [IIM24, Theorem 3] independently obtained a variant of the
above result, also using our machine characterization of succ-dR = NEXP,e, given in
Lemma [6.5]

To prove that SATiolly<Z> is succ-IR-complete, van der Zander et al. [ZBL23| show the
hardness part for the variant of the probabilistic language where the primitives are also
allowed to be conditional probabilities. A novel contribution of our work is to extend this
completeness result to our version for languages which disallow conditional probabilities:

8.36 Theorem. The problem SATZZZZ’<2> remains succ-IR-complete even without condi-
tional probabilities.

180



8.5 The Impact of Marginalization on Polynomial Languages

In the rest of this section, we will give the proof of the theorem. In their hardness proof,
[ZBL23| use and show the succ-IR-completeness of X,,-ETR (see Chapter [6] for more
info). We define the intermediate problem ,,-ETR; in the same way as ¥,-ETR, but
asking the question whether there is a solution where the sum of the absolute values (¢;
norm) is bounded by 1. Then we can reduce ¥,,-ETR; to SATiolly<2> without the need
for conditional probabilities.

To reduce X,;-ETR to ¥,-ETR;, we use a result by Grigoriev and Vorobjov [GV88] who
showed that the solution to an ETR instance can be bounded by a constant that only
depends on the bit-size of the instance.

8.37 Theorem (Grigoriev and Vorobjov |GV88|). Let fi,...,fr € R[Xy,...,X,] be
polynomials of total degree < d with coefficients of bit size < L. Then every connected
component of {x € R™ | fi(x) > 0A--- A fr(x) > 0} contains a point of distance less
than 257" from the origin for some absolute constant c. The same is true if some of the
mequalities are replaced by strict inequalities.

Knowing a bound on the size of our solutions allows us to scale down the solutions to
our desired size.

8.38 Lemma. >,,-ETR <p >,;,-ETR,.

Proof. Let ¢ be an instance of %.,-ETR. We will transform it into a formula ¢ such that
© has a solution with ¢; norm bounded by 1 iff ¢ has any solution.

Let S be the bit length of ¢. The number n of variables in ¢ is bounded by 2°. The degree
of all polynomials is bounded by S. Note that the exponential sums do not increase the
degree at all. Finally, all coefficients have bit size O(S). Note that one summation
operator doubles the coefficients at most. By Theorem if ¢ is satisfiable, there is

c: S . . cS
a solution with entries bounded by 20(5)-3 ’ , which is bounded by T := 22" for some
constant c.

In our new instance ¢ first create a small constant d < 1/((1 + 2™ + n)T') for some m
polynomial in S defined below. This can be done using Tseitin’s trick: We take 2™ + 1
many fresh variables ¢; and start with (1+2™ +2%)t; = 1 and then iterate by adding the
equation Z?:O_l(t? —ti11)? = 0, i.e. forcing t;.1 = t2. To implement the first equation

we replace 2™ by Z;:o e Zimzo 1 and similarly replace 2°. To implement the second

. om_1 1 1 1 1
equation we replace Zi:o (t? - ti+1)2 by Zelzo T Zem:O Zflzo T mezo(té,...,em -

tro )t Aler, ... emy f1,..., fm) where A is an arithmetic formula returning 1 iff
the binary number represented by f1,..., fin is the successor of the binary number
represented by ej,...,e,. The unique satisfying assignment to the t; has its entries

bounded by 1/(1+2™+25)2 < 1/(1+2™+n)?". Let d := tym be the last variable. The
number m to reach d < 1/((1 + 2™ +n)T') is polynomial in S.

Now in ¢ we replace every occurrence of x; by #i/d and then multiple each (in-)equality
by an appropriate power of d to remove the divisions in order to obtain (. In this way,
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from every solution to ¢, we obtain a solution to ¢ by multiplying the entries by d and
vice versa. Whenever ¢ has a solution, then it has one with entries bounded by 7. By
construction ¢ then has a solution with entries bounded by 1/(1 + 2™ + n). Since each
entry of the solution is bounded by 1/(1 + 2™ 4 n) and there are 1 + 2™ + n variables,
the /1 norm is bounded by 1. O

This intermediate problem allows us to represent the 3,,-ETR-formula exclusively using
disjoint events.

8.39 Lemma. X ,-ETR; <p SATZM@)'

Proof. Let X, be a random variable with range {—1,0,1} and let Xi,..., Xx be binary
random variablesEl We replace each real variable z., . ., in the ¥,-ETR; formula as
follows:

Teq,.eny ‘= P(X[):l ANXi=er AL A XNZSN) — P(XOZ —1AXi=e1 AL A XNZQN)

This guarantees that z., ., € [—1,1]. The existential quantifiers now directly corre-
spond to the existence of a probability distribution P(Xj, ..., Xy), where each variable
corresponds to a different set of two entries of P.

Let P(Xy,...,Xn) be a solution to the constructed SATZ@<Z> instance. Then clearly
setting ¢, .y = P(l,e1,...,en) — P(—1,eq,...,en) satisfies the original ¥,-ETR;
instance. Furthermore it has an ¢; norm bounded by 1:

1 1 1 1
DT> Tepen =D Y IP(Len, . en) = P(=Lie, ... en))|
e1=0 en=0

e1=0 en=0

1 1
<> > (P(Lers...en) + P(—1e1,... en))

e1=0 en=0

<1.

Vice-versa, let the original ¥,;-ETR; be satisfied by some choice of the z, .
norm « bounded by 1. We define the probability distribution

with El

HEN

L if Xo=0
P(Xo,X1,...,Xn) = ¢ max(zx,. xy,0) ifXo=1
max(_anl,...,XN,O) if XO = -1

Every entry of P is non-negative since o < 1. Furthermore the sum of all entries is exactly
1, the entries with X, € {—1,1} contribute exactly « total and the 2V entries with
Xo = 0 contribute 1 — « total. Since P fulfills the equation z., ., = P(1,e1,...,en) —

P(—1,e1,...,en), it is a solution to the constructed SAT%;ME) instance. O

Combining both of these reductions with the NEXP,c,-hardness of ¥,,-ETR completes
the proof of Theorem [8.36
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8.5.2 Small Models

In this section, we employ the satisfiability problems for languages of the causal hierar-
chy. The problem SAT‘SZf%? is defined like SAT’Z?Zy(E), but in addition we require that
a satisfying distribution has only polynomially large support, that is, only polynomi-
ally many entries in the exponentially large table of probabilities are nonzero. Formally
we can achieve this by extending an instance with an additional unary input p € N
and requiring that the satisfying distribution has a support of size at most p. As we
have seen in the previous sections, the upper bounds for SATZi for ¢+ = 1,2,3 and
« € {base, base(X), lin, lin(X), poly} crucially rely on the fact that the considered formu-
las have the small model property: If the instance is satisfiable, then it is satisfiable
by a small model. For SATZME), this does not seem to be true because we can di-
rectly force any model to be arbitrarily large, e.g., by enforcing a uniform distribution
using Y, ... >, (P(Xi=x1,..., X,=2,) — P(X1=0,...,X,=0))> = 0 Thus, we have

poly(s)
sm,L1 °

to explicitly require that the models are small, yielding the problem SAT

It turns out that SATfo%? is a natural complete problem for the class IR* we introduced

in Section [6.6.1] We start by showing that SAT**“™ is contained in JRZ.

sm, L1

8.40 Lemma. SATpOly(Z> € IR>.

sm, L1

Proof. Given a SAT?Z%? instance ¢, we first want to ensure that all primitives are
of the form P(X;=¢;, ..., Xn=E,), that is, every variable occurs in the primitive and

everything is connected by conjunctions.

We proceed inductively, so let P(J) be given. We define the arithmetization As(&1, ..., &)
of 0 to be 1, if P(X;=¢£,...,Xn=E,) contributes to P(J), and 0 otherwise. Note that
this is similar to Fact however we require As(&,...,&,) to be a polynomial in
&1,...,&,. As can be easily derived from § by following the logical structure of 6. We
first present the construction for the Boolean domain for simplicity.

e In the base case § equals X; = £. The corresponding arithmetization is 1—(X;—¢)?2.
o If § = §; A Jo, then A5 = A51A52.
o If 6 =4, then A5 =1— A;,

Since we implement Aj as a polynomial, it is also easy to implement the starting predi-
cates “X; = &” over larger domains D. It is simply a polynomial of degree |D| that is 1
on ¢ and 0 everywhere else. Then we have

PO) = > A, &)P(X1=E1,. .., X=E,)
&1 én

For the reduction, we now want to replace the primitives P(X;=¢£;,..., Xn=E,) by
variables. There are exponentially many primitives, but we only have polynomially
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8 A Multi-Parametric View on Reasoning about Probabilities

many variables. However, we are only interested in small models, so we only need to
simulate exponentially many variables with small support, say of size p. The variables
Xi,...,Xp, will store the values. Selector variables e; ;, 1 <7 < p, 1 < j < n, will assign
them to places in our big array. We quantify as follows:

E|X1,...,sz|61)1,...,€p7n /\H(em-fd) =0...
i,j deD

This constraints the e; ; to have values in D. Then the expression

X(frseoon fn) = ZXiH(l — (fj—€i)?)

=1 j=1

with f; € D simulate exponentially many variables with support size p. We can replace
the P(X1=£1, ..., Xo=E) by X(&1,...,&,) and get that SATP*™ is in JR”.

sm,L1

For larger domains D, we just have to replace the expressions 1—(X;—&)? or 1—(f;—e; ;)?
by a polynomial, that is exactly 1 on the element £ or e; ; and 0 on all other elements of
D. Such a polynomial can be easily found using Lagrange interpolation. O

The second half of the completeness result for SATZ,‘\:’TOTfl’él> is given in the following lemma.

8.41 Lemma. Y-ETR <p SATPW>)

sm, L1

Like before, let 3-ETR;/, denote the following problem: Instances are the same as for
>-ETR. However, we ask the question whether there is a solution with the sum of the
absolute values (¢; norm) being bounded by 1/2. We prove that the general ¥-ETR can
be reduced to this problem.

Using this intermediate problem we prove X-ETR <p SAszfyém, i.e. Lemma [8.41] in
two steps.

8.42 Lemma. Y-ETR <p X-ETR; 5.

The proof of the first lemma is almost identical to the proof of Lemma and therefore
omitted.

8.43 Lemma. S-ETR;, <p SAT">).

sm, L1
Proof. Assume that our X-ETR, /5 instance ¢ uses variables x1,...,z, and summation
variables eq, ..., en,.
In the SATY” Oly(z) instance, we will have binary random variables X, ..., X,, X1,..., X,

and E Wlth domam {0,1}. Variables x; will be represented by the term

p; =P(X1=0,..., X;=1,..., X,=0,X;=0,..., X,,=
—P(X,=0,...,X,=0,X,=0,..., X;=1,..., X,=
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8.5 The Impact of Marginalization on Polynomial Languages

Note that each atomic term has exactly one variable set to 1 (either X; or X;, representing
the positive and negative components of p; respectively) and all others to 0. Summation
variables e; will be represented using the term

e, = P(X1=0,...,X,,=0, X;=0,...,X,=0, E=¢;) .

First, we enforce ¢o = 0 and ¢; = 1/2. (We use fractions for convenience. We can always
multiply by the common denominator.) This places total mass 1/2 on one entry in the
distribution. Now a summation Z;:o in ¢ can be simulated by the summation operator

Ziizo of SATZS’Z%?. Inside the summation, the term 2 - ¢., simulates the term e; in the

summation of ¢.

The variables x; will be simulated by the expressions p;. Now we can simply translate
p step by step into a SAT%%? instance using the transformation above. If the new
instance is satisfiable, then it has a model with support < n + 2: Let a denote the slack
of ¢ € ¥-ETR; 5, i.e. 1/2 minus the /; norm of some solution bounded by 1/2. By

choosing

P(X,=0,...,X=1,...,X,=0,X,=0, ..., X,=0, E=0) = min(0, z;) + %

and

P(X,=0, ..., X,=0,X1=0, ..., X;=1,..., Xn=0, E=0) = min(0, —z;) + 23

n
exactly 1/2 of the probability mass are placed on the p; in total. Vice-versa to express
any solution with ¢; norm bigger than 1/2 would require more than 1/2 probability mass
being put on the p;, in turn making it not a valid probability distribution when added
to the 1/2 probability mass on ¢;. O

Note that technically the previous proof shows a different small model property, where
s$m means

#{(x1,...,2m) : P(Xy =21,..., X, =2,) >0}
is small, i.e., is polynomially bounded in the input size. This however, implies Defini-
tion R.1] where

#{(ul,...,um) IP(Ul :ul,...,Um:um) >0}
is small (we cannot generally use this alternative definition, as it is not meaningful to give

constraints on the distribution P(X) for causal models where interventions can change
this distribution in various ways).

8.44 Fact. For a given model M, let #5 (M) = #{(x1,...,7,) : P(Xi=21, ..., X=2,) >
0} be the number of assignments to the observed variables with positive probability
and #5(M) = #{(u1,...,un) : P(U1 = wi,...,Uy = uy) > 0} be the number of
assignments to the unobserved variables with positive probability.

Then #% () < #¢(M).
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8 A Multi-Parametric View on Reasoning about Probabilities

Proof. The functions F map an unobserved assignment u to an observed assignment x
deterministically. Thus any assignment u with positive probability P(u) can only make
at most a single value P(x) non-zero. O

The reverse does not hold. All functions in the model might be constant, in which case
#;E = 1, regardless of #E. Still:

8.45 Fuact. For a given probabilistic formula ¢ € Eszly(E) and a number p € N, there

exists a model M = (F, P, U, X) such that 9 = ¢ and #§(9M) < p if and only if there
exists a model M = (F/, P/, U’, X) such that 9 = ¢ and #%(9) < p.

Proof. 7= ": If there exists a model M, we can set M’ = M due to Fact

7« 7 If there exists a model 9V, we define the model 90t as follows:

e U consists of a single variable U, with its domain being the cartesian product of
the domains of all X; € X,

d E((ulv s 7un)) = Uy,
o P(U=(u1,...,up)) =P (Xi=uy,..., Xp=uy,).

Then P = P’ due to identifying the components of U with X;. Thus 9t and 9 are
indistinguishable for all probabilistic formulas. O

Thus, the proof of Lemma |8.43|indeed proves IR*-hardness for for SAT?Ef,yg). Combined
with Lemma we get:

8.46 Theorem. SATPY) s JR>-complete.

sm, L1

Starting with the second (interventional) level, however, the complexity increases to
NEXP-completeness. Note that this is likely still weaker than the NEXP ¢, -completeness
of SAT?M™ and SAT®™.

8.47 Theorem. SATfoyﬁ and SATfleyéE> are NEXP-complete.
Proof. We first show that SATp dy(z) is NEXP-hard. This is done similarly as in the proof
of Lemma [8.27] again reducmg from the satisfiability of Schonfinkel-Bernays sentences
IxVy . The setup of all random variables is identical, however, this time we have to
use the polynomial arithmetic to encode our constraints.

Using Lemma [8.20] we require that each model has the variable ordering X; < ... <
X, <Y, <... <Y, and then the variables R; and R{ in some arbitrary, but fixed order.
This allows to enforce a deterministic model by adding the constraint >, > (P([t]v)? —
P([t]v))? = 0 for each subset T of variables containing a (possibly empty) consecutive
subset of variables starting at X7 in our variable ordering. This enforces every probability
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8.5 The Impact of Marginalization on Polynomial Languages

in this model to be either 0 or 1, and it further enforces that no variable depends on any
exogenous variables but only on the endogenous variables. This determinism allows us
to rephrase the additional equations using purely interventional terms:

We use the following constraint to ensure that R; only depends on its arguments:

> (P([2, ..., 2 Ri=r;) = P([v \ ri] Ri=r;))* = 0 (8.48)

v

Here ), refers to summing over all values of all endogenous variables in the model and
the constraint says that an intervention on Z}, ..., ZF gives the same result for R; as an
intervention on Z},..., Z¥ and the remaining variables, excluding R;.

We use the following constraint to ensure that R{ only depends on its arguments:

> (P([tr, ... .t RI=r]) = P([v \ r]]RI=1]))* =0 (8.49)

v

and that R{ and R; have an equal value for equal arguments:

> @(=tr,..., Thi=t|Rl=r;) = P([Z}=t1,..., ZF=t|Ry=r;))* = 0.  (8.50)

t1,.0tk

We don’t need to add any further constraints to ensure that the values of X are not
affected by the values of Y, as this is already taken care of using our variable ordering.

Let v’ be obtained from v by replacing equality and relations on the Boolean values
with the corresponding definitions for the random variables:

> B(lyly) =2 (8.51)

The correctness now follows by the same argument as in Lemma On one hand,
the model 9 constructed there if 3x Vy 1) is satisfiable is already deterministic and thus
fulfills all the above constraints. On the other hand, if there is a model 9 satisfying
the above constraints, all possible values u of the exogenous variables result in the exact
same probabilities which, following the original proof, lead to Ix Vy ¥ being satisfiable.

Furthermore SAszﬁf’é? € NEXP. We adapt the trick from Lemma [8.23 Instead of
viewing the model as changing with u, we instead consider for each value u a separate
(deterministic) model. Due to the small-model property, we then only have to consider
polynomially many models and each model has a straight-forward representation using
exponentially many bits, directly encoding all the functions in F as explicit tables. Al-
gorithm [2| uses this observation to solve SATfo’é? non-deterministically in exponential
time. It constructs an ETR-formula with polynomially many variables, polynomially

187



8 A Multi-Parametric View on Reasoning about Probabilities

many polynomials of polynomial degree, but potentially exponentially many monomi-
als. Each coefficient of the formula can be represented using a polynomial bit length.
Renegar’s algorithm (Lemma can thus solve the ETR-formula deterministically in
time O(poly(|¢|)°®)), which is exponential in the input length. O

Input: Egozy(z) formula ¢ and a unary number p € N
Output: Is the instance satisfiable with a model of size at most p?
1 Guess a causal order X7,..., Xy;
2 Explicitly expand all exponential sums in ;
3 For each probability P(4;) occurring in ¢ introduce a variable P;, initialized to
0;
4 Introduce symbolic variables z1,. .., 2p;
5 fori e {1,...,p} do
6 Guess a deterministic SCM 9t = (F, P,U = (), X) using the causal order
Xl, ey Xn,
for each P(6;) with F |= 0, do
‘ Symbolically increment P; by z;.

end
10 end
11 Replace all probabilities IP(¢;) by the values of P; and check whether the
resulting ETR-formula (in the variables z1, ..., z,) is satisfiable using

Renegar’s algorithm;
Algorithm 2: Solving SAT”"*” in NEXP

This follows because a causal model consists of a probabilistic part P and a deterministic,
causal part F. In the small model, P is restricted to have polynomial size, but F can

still have exponential size. In SATfES’g% one cannot reason about JF, but SAT?Z%? and

SATf;l;yg) can access the full power of F. Since NEXP subsumes dR, reasoning about
polynomially many real numbers (probabilities) cannot increase the complexity.

8.6 Constraining the Graph Structure

So far we have looked at SCMs with arbitrary dependencies. However, in a lot of cases
during causal reasoning a researcher might already know (or have a guess at) the parents
of each endogenous variable. This motivates the introduction of the problems we will be
considering throughout this section: Given a DAG G and some formula ¢ € L7, is there
an SCM 9 with the dependency structure given by G and I = ?

Specifying this graph in full requires knowledge about the exogenous variables and which
exogenous variables influence which endogenous variables. In general this is a difficult
question; by their nature, exogenous variables are unobserved.
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8.6 Constraining the Graph Structure

Thus we will also consider two special cases. The first special case focuses on Markovian
models. Here, every endogenous variable has their own independent exogenous variable.
As an example, consider the following DAG G:

Interpreted as a Markovian model, this is considered shorthand for the following fully
specified graph structure:

=
S

<k<<
N4 ----

Further motivating this interpretation, in the purely probabilistic case, an SCM 9t with
this graph structure is equivalent to a Bayesian networkﬂ with graph structure G. We
will see more of this correspondence in the proof of Proposition [8.68

The second special case is motivated by going the opposite direction and follows the idea
of “the exogenous variables are unobserved, so we should not assume anything about
them or their relationships”. By our arguments in Lemma [8.3] this implies that we can
always restrict ourselves to a single exogenous variable that can influence everything.
Going back to our previous example, interpreted as a semi-Markovian model, the DAG
G is considered shorthand for the following fully specified graph structure:

U

201N
’ N
v
.
’

7’
|4 M
\

Remarkably, the complexity between these two special cases is vastly different. On
one hand, the satisfiability problems with a semi-Markovian interpretation mostly in-
herit the complexity of the corresponding satisfiability problem with no constraints on

S
N
N
S

the model, with one notable exception: SAT:ﬁiﬁzOV , and SAT?@AEQ{KOV r, are NEXP-
complete, an increase in complexity from the PSPACE-completeness of SATZS6<E> and

SATZZ<E>. On the other hand, the satisfiability problems with a Markovian interpretation
exhibit a complexity jump over many of their unconstrained counterparts, with already
SATK,‘ﬁ%KOV’ ¢, being NEXP-complete. This same complexity jump is also mirrored for
the general case where the input is a fully specified graph structure, however there are
no further complexity increases on top of the Markovian interpretation. See Tables [8.4]

and for an overview of the completeness results we show throughout this section.
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Terms Probabilistic Interventional Counterfactual
basic
lin NEXP (a)
poly
basic & marg.
lin & marg. NEXP (a)
poly & marg. succ-dR = NEXP,ca1 (b)

Table 8.4: Completeness results for the satisfiability problems with given graph structure
for the model (Markovian interpretation or fully specified graph structure).

(a) Theorem m (b) Theorem m

Terms Probabilistic Interventional Counterfactual
basic
lin NP (a)
pOIY IR = NPreal (a)
basic & marg. PP
lin & marg. NP™ (a) NEXP (a+b)
poly & marg. succ-dR = NEXP¢q (a)

Table 8.5: Completeness results for the satisfiability problems with given graph struc-
ture for the model (semi-Markovian interpretation). (a) Corollary (b)
Theorem m
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8.6.1 Markovian Models

We first focus on the case of Markovian models. The crucial property for most upper
bounds in the previous sections was the small model property. However small models
are only ever possible if the number of exogenous variables with a domain size of at least
two is very small: due to our assumption that all exogenous variables are independent,
even with just m = log? (n) binary non-degenerate exogenous variables we already have
H{(u1, ... up) : P(Ur=uq,...,Upn=up) > 0} = n'°e(™ and thus a super-polynomially
sized model. For Markovian models we have m = n which implies an exponentially sized
model. However, the entries of the joint probability distribution — when interpreted
as an exponentially large table — are not independent of each other. They naturally
decompose as the product of the distributions of the individual exogenous variables:

P(Uy=uy, ..., Un=up) = [ [ PU=u)

i=1

This motivates the relaxed notion of locally small models, where we only require the
degrees of freedom, or more explicitly, the size of the domains of the individual exogenous
variables, to be small.

8.52 Definition (Locally Small Models). The decision problems SAT;m’ £ With i =
1,2,3, take as input a formula ¢ € £ and a unary encoded number p € N and ask
whether there exists a model MM = (F, P, U = {Uy,...,U,},X) such that 9 = ¢ and

> #uy s P(Uj = uy) > 0} < p.

The variants with added constraints on the graph structure are defined in the natural
way.

With a locally small model, the “biggest” part of the description of a model is the
functional dependencies. Indeed, all satisfiability problems that exhibit a local small
model propertyEL can be solved in NEXP by guessing the functional dependencies and
using Renegar’s algorithm to check whether the resulting formula (in the P(U;=u;) as
variables) is satisfied.

8.53 Lemma. SATpxq .z, € NEXP for any i =1,2,3 and € Lab.

Proof. The claim is achieved by Algorithm

Assume the ETR~formula constructed by Algorithm [3]is satisfiable. Then, the SCM 9t
constructed in the algorithm, together with P(Ur=u1,...,Upn=tm) = Z1u; - - * Znoun
follows the graph structure G and clearly has a locally small model of size at most p.
Furthermore we have P(6;) = }_,,.,—5, P’(u) by construction, so M [= ¢. Using the same
correspondence we see that these are all equivalences.

Remains to consider the running time of the algorithm: The functional dependencies
are tables of exponential size and can be guessed in non-deterministic exponential time.
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Input: £} formula ¢, a DAG G and a unary number p € N
Output: Is the instance satisfiable by a model
M= (F,P,U=(Uy,...,U,),X) with fully specified graph structure
G and 370 #{u; : P(Uj = u;) > 0} <p?
Explicitly expand all exponential sums in ;
Guess the functional dependencies F of an SCM N abiding the graph structure
G where the domains of the exogenous variables U are of total size at most p;
For each probability P(J;) occurring in ¢ introduce a variable P;, initialized to
0;
Introduce symbolic variables z;;, for 1 < j < m and each possible value £ of Uj;
for each assignment u to the exogenous variables do
for each P(6;) with M,u = ¢; do
‘ Symbolically increment P; by 214, -+ Zm,um;
end

N =

w

© 0 g o o s

end
10 Construct an ETR-formula (in the variables z; ) as follows: Replace all
probabilities P(d;) by the values of P;. Add constraints for each z;; to be
non-negative and ), z;; = 1 for each j;
11 Then check whether the resulting ETR-formula is satisfiable using Renegar’s
algorithm;
Algorithm 3: Solving SAT A jom.z, in NEXP

The constructed ETR formula has exponential size, however it has at most p variables.
Renegar’s algorithm (Lemma [2.9)) can thus solve the satisfiability of that ETR-formula
in exponential time. O

Notably, Lemma works for any fully specified graph structure, not just Markovian
ones. Indeed, all of the upper bounds in this section work for the general case, while we
only use Markovian models for lower bounds.

To show all the NEXP upper bounds of Table it remains to show that SAT%%Q s

and SATYy f’a Ls both admit locally small models. The main ingredient in proving this is
the following technical lemma about systems of equations of set-multilinear polynomials,
enabling us to restrict the domains of the exogenous variables. It’s a generalization of
Lemma 2.5 in [FHM90], the main ingredient in showing small model properties before

(see Theorem and Lemmas and [8.23)).

8.54 Lemma. Let X; = {z;1,...,%ix} for i = 1,...,n be sets of real non-negative
variables. Furthermore let pj(X1,...,X,) for j =1,...,m be polynomials, such that no
monomial contains two variables from the same sem X;. Then, if there is a solution to
the system of equations p;(X1,...,X,) = o with a; € R for all j =1,...,m, then there
1s also a solution where at most m wvariables from each set X; have a non-zero value.
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8.6 Constraining the Graph Structure

Proof. This is essentially a repeated application of Carathéodory’s theorem, but we will
do the proof explicitly for ease of understanding by giving an iterative procedure that
takes a solution to a system of m equations and eliminates a variable from a set X; with
more than m variables, i.e. sets this variable to 0. Repeatedly applying this procedure
leads to the statement of this lemma.

Let {& x}ir be a solution with non-negative entries to the system of equations where
more than m variables from some X, are assigned a non-zero value by this solution.
W.lo.g. let this set be X;. By considering the polynomials p; as affine linear forms in

R[X3,...,X,][X1] we obtain an equivalent linear system
1
ai
x1,1
P =
Am
xl,lﬂ

with P € R[Xy,..., X,,]™*"1+1), Now replace the values of all variables X, ..., X,, by
their respective values from the solution {&; i }; to obtain the matrix P;. The resulting
affine linear system in the variables X; has k; unknowns, but only m < k; equations.
Thus let v # 0 with vg = 0 be in the kernel of P¢. Additionally the system has a solution,

namely 1,&11,...,&14,. We conclude that the entire affine subspace
1
A= 51:’1 v
i

is a solution. Note that A cannot only contain solutions with non-negative entries and
thus by continuity must contain at least one solution where all variables are non-negative
and at least one variable is set to 0, for example achieved by choosing A\ = max{% |
1 <k < ky and v, # 0}.

We then iterate by removing the variables that have just been set to zero and all mono-
mials containing them. O

With Eh)is tool in ha(n)d we first start with the rather direct application of reducing
lin(= lin(=
SATpAG £, 10 SATHAG s -
lin(=) lin(=)
8.55 Lemma. SATp s < SATHAC 1sm L

Proof. This reduction is given by outputting the input formula ¢, input graph G and
p = km + m? where k is the number of arithmetic terms in ¢ and m is the number of
exogenous variables.
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8 A Multi-Parametric View on Reasoning about Probabilities

Let ¢ be satisfied by some Markovian SCM 9 = (F,P,U = (Uy,...,Up),X) with
graph structure G. By [ZTB22] we know that w.l.o.g. we can assume 9t to have finite
domains for all exogenous variables. Furthermore, by independence of the U;, we know
that P decomposes as

m

P(Ui=uy,...,.Upn=1y) = HP(Ui:ui)

i=1

Now consider the system of equations

Zai,ij(&-,j) = Z Z P(u) for each arithmetic term Zai,j]P’((Si,j) (8.56)

% u:f)ﬁ,ul:&m 7

> PU=t)=1 for 1<j<m. (8.57)
l

This system has k + m equations, each of which is set-multilinear (considering the
P(U;=() as variables after decomposing P). Thus, by Lemma [8.54] there is another non-
negative solution where for each variable exogenous variable U; at most m + k values u
exist with P(U;=u) > 0. Equation , together with the non-negativity guarantees
that we obtain a valid probability distribution P’, while Equation ensures that
the resulting model 9 = (F, P/, U, X) evaluates every arithmetic term identically to
M and thus M’ = ¢. Summing over all exogenous variables, M is locally small of size
at most m(k +m) = p. O

For SAT %OEG’ , We have to be a bit more careful. We cannot directly use Lemma
because the arithmetic terms might contain multiplications and are thus no longer set-
multilinear. However, using ideas similar to Lemma [8.5] without marginalization, there
are only few basic terms. Applying the set-multilinear reasoning to the basic terms
directly instead of the arithmetic terms then yields the local small model property.

0l 0l
8.58 Lemma. SAT%AZ’G’L3 < SAT{’)A?’GJSWL3

Proof. This reduction is given by outputting the input formula ¢, input graph G and
p = km+m? where k is the number of basic terms in ¢ and m is the number of exogenous
variables.

Let the setup be as in Lemma however, replace Equation (8.56) by

Pon(0;) = Z Z P(u) for each basic term P(6;) (8.59)
T wMu=d;

The resulting system has k + m equations, each of which is again set-multilinear in the
P(U;={) as variables, allowing us to finish the proof identically to Lemma with
each basic term preserving its evaluation by Equation (8.59)). ]

Indeed, the NEXP upper bounds implied by these two reductions are tight.
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8.6 Constraining the Graph Structure

8.60 Lemma. SATIZ’V‘ﬁeRKOV,ﬁl is NEXP-hard.

Proof. We reduce from the satisfiability of Schonfinkel-Bernays sentences over binary
values with the same setup of random variables as in Lemma [8.27] with one difference:
Instead of having just one random variable R; for each k-ary relation, we add a second
random variable R and random variables Z}, ..., Z¥ for its k inputs (the random vari-
ables Rg for the occurrences of the relation are not impacted by this and still exist as
usual). We use them to make the relations deterministic.

We start by modeling the existential and universal quantifications of x and y respectively.
This is achieved by ensuring none of the X; or Y; have any parents in our graph — resulting
in their independence — and the following constraints:
P(X;,=0)=1VP(X;=1)=1 foralli=1,...,n (8.61)
1 1
P(Y;=0) = B ANP(Yi=1) = B foralli=1,...,n (8.62)
As a result, the values of the X; are deterministic, while all combinations of values for
the Y; have equal probability.

To deal with the relations we first add the constraintd’]

P(R;#R;) =0 (8.63)

and
P(Zf=0) = P(Z{=1) = % forall £=1,...,k (8.64)
for each relation R;. Furthermore, in our graph we make Z},..., Zf the only parents

of R; and R;. This enforces that the value of R; depends deterministically only on its
parents, i.e. its inputs.

As a next step, we ensure that R; and each of the R{ behave consistently, i.e. produce
the same output for the same inputs. We achieve this by adding the following constraint
for each occurrence R’. For simplicity we denote the list of inputs of R} as T and the
list of inputs of R; as Z;.

P(Z;=T! A Ri#R]) =0 (8.65)

Finally, let v/’ be obtained from ¢ by replacing equality and relations on the Boolean
values with the corresponding definitions for the random variables:

P(y) =1 (8.66)

Let dx Vy v be a true sentence. We construct an SCM 91 with the graph structure de-
scribed above, satisfying all the equations. First, the values for the X are deterministic
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8 A Multi-Parametric View on Reasoning about Probabilities

according to the choice of x that satisfies the formula, while the Y are uniformly dis-
tributed. This way Equations and are satisfied. All R;, R} and R{ variables
are deterministic (i.e. ignoring their own exogenous variable), depending only on the
values of their parameters in the way specified by the respective relation. Since R; and
R; share the same inputs, Equation is satisfied. Similarly, whenever some R; and
R! have the same inputs, their outputs agree, which satisfies Equation . Further,
by choosing all Z{ as independent uniform variables, Equation is satisfied. Lastly,
no matter the choice of y, 9 is valid and thus v’ is valid for any choice of the values for

Y, satisfying Equation (8.66)).

For the other direction, let 9t be an SCM satisfying the constructed equations and
graph structure. Clearly Equation ensures that the X have a fixed value. By
Equation , no matter the value of the Y (all combinations thereof exist by Equa-
tion ), ' is valid. If we can now show that the relations are consistently represented
in 1)/, we are in the same situation as above and can reverse the process to obtain x and
the relations that satisfy our Schonfinkel-Bernays sentence. Firstly, both R; and R} share
all their parents, except for their exogenous variables Ug, and UR/ Since Ug, and UR/
are independent of each other, Equation (8.63]) forces R; and R; to be independent of the
values of Ug, and Uy, ie. determlnlstlcally determlned by their parents. Second, if there

were two variables R{ and Rg/ with different values, even though their inputs are equal
(Tg = Tg/), then, for Z; = Tg = Tf/, Equation is violated. Note that this requires
the probability for Z; = Tg to be positive, which is achieved by Equation com-
bined with the fact that the Z; exclusively depend on their own independent exogenous
variables. O

Combining Lemmas [8.55] [8:58 and [8.60] we get the first set of completeness results:

8.67 Theorem. SAT]SAG@ and SAT&ARKOV’& are NEXP-complete for i = 1,2,3 and
x € {base, base(X), lin, lin(2), poly}.

It is perhaps a bit surprising that we have the same complexity for all of these. This is
the only case where we observe the exponential sums to not increase the complexity of
the linear languages.

Once we go on further to the languages SAT%OEG z, / SATi?iyRKév ;> We no longer have
either of the small model properties: there are potentlally exponentially many differ-
ent probabilistic terms and the arithmetic terms are no longer set-multilinear in the
exogenous probabilities. Indeed, these languages no longer have the local small model
property and thus their complexity jumps up to NEXP,,.

We start with the observation that SAT 1*11 is not harder than SAT); ARKOV,L, 1OT any

+ € Lab and thus in particular all of SATY ™ . inherit the NEXPe-hardness of
Iy(=)
SATZ
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8.6 Constraining the Graph Structure

8.68 Proposition. For all * € Lab and for any ¢ € L] over variables X1, ..., X,, it is
true that p € SATZ1 if and only if (v, Gy) € SAT;’IARKOV,LN where G, denotes a complete
DAG over nodes Xi,...,X,, with edges X; — X; for all1 <i < j <n.

Proof. Assume that ¢ is satisfiable by an arbitrary SCM 91. Using the chain rule of
probability we can factor the joint probability distribution over the endogenous variables
Xq,..., X, as

n

P(wl,...,xn) :HP({L‘Z | .7317...,.T¢,1).

i=1

In particular this directly gives rise to an SCM 9" with identical joint probability distri-
bution over the endogenous variables where every X; only depends on Xi,...,X;_; and
its own independent exogenous random variable U;. Since ¢ € L7, it will thus evaluate
identically on 99t and 2.

The reverse implication is obvious. O

Note that this proof in essence just converts the probability distribution over the en-
dogenous variables to a Bayesian network, a different model that represents Markovian
SCMs over some DAG G as conditional probability tables. They, however, are weaker
in the sense that they often can’t answer interventional queries in the absence of specific
criteria, for example the back-door criterion [Pea09].

For an upper bound, we observe that any of our formulas reference at most exponen-
tially many basic terms, allowing us to restrict ourselves to SCMs 9t only consisting
of exponentially many values: Discrete values for the functional dependencies and real
values for the joint probability distribution of the exogenous variables. This allows a
NEXP,ca machine to simply guess the entire model 9t and check M = .

8.69 Theorem. SAT%OXJSL and SATPOVE) are NEXP cqi-complete for anyi = 1,2, 3.

MARKOV,L;

Proof. NEXP,.-hardness follows from Proposition We continue with containment
in NEXP,ea: By |[ZTB22, Theorem 1], for any SCM 9t we can, w.l.o.g. assume the size of
the domain of each exogenous variable to be bounded by ¢¢". Using the same argument
as in Lemma [8.58| we can strengthen this bound using Lemma After expanding all
exponential sums, there are only single-exponentially (in ¢ and n) many different basic
terms, each set-multilinear in the probabilities of the exogenous variables. Thus we can
assume, by Lemma [8.54] each exogenous variable to have a single-exponentially sized
domain.

A NEXP,¢, machine can now simply guess the probability distribution of each exogenous
variable (as real values), guess the functional dependencies representing the input DAG
(as discrete values) and explicitly verify 9 |= ¢ after expanding all exponential sums. [
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8 A Multi-Parametric View on Reasoning about Probabilities

8.6.2 Semi-Markovian Models

If, instead of Markovian models, we consider just semi-Markovian models with required
graph structures, we get a different picture. As a reminder, the difference between
Markovian and semi-Markovian here is that the functions F can depend on all exogenous
random variables for semi-Markovian models. In particular we can, by Lemma [3.3
assume that semi-Markovian models only have a single exogenous random variable.

As a first observation, the versions of our satisfiability problems with constrained semi-
Markovian graph structures are always at least as hard as their unconstrained variants.
All reductions in Sections[8:3]to 8.5 either don’t care about the ordering of the exogenous
variables or explicitly enforce a specific ordering. In either case, the dependencies can
be chosen as a complete graph, compatible with the required ordering if needed.

Additionally, the upper bounds in Section (as can be best seen applying the ideas
from Lemma for the languages without marginalization can check at every step
whether the guesses of the model violate the graph structure. Combined with Lem-
mas [8.70] and we will see that this is not an isolated phenomenon, but we always
have SATZi =p SAT;M arkov,z; tor ¢ = 1,3 and any x € Lab, leaving the interventional
case as the only open question. And indeed, this is where the only difference in complex-
ity appears: SATSK;?%&OV’ r, and SAT?;&Z‘KOV’ ¢, increase from the PSPACE-completeness
of their unconstrained variants all the way to NEXP-completeness.

We start proving the marginalization cases by first observing that purely probabilistic
languages are not powerful enough to distinguish between different underlying graph
structures:

8.70 Lemma. SAT;I\"IARKOV,L'l =p SATZ1 for any % € Lab.

Proof. Let M = (F, P, U, X) be any semi-Markovian SCM. W.lL.o.g. we can assume U =
{U} by Lemma and X7 < ... < X,,. We now construct a probabilistically equivalent
SCM M = (F, P, U, X) that agrees with every graph structure. We recursively express
each of the F; only as a dependence on the exogenous variable. Start with F| := Fj.
Then F}(u) := F;(F{(u), ..., F{_;(u),u), ignoring F} corresponding to non-parents of X;
in M. Now clearly 9t and 9 induce the same joint probability distribution over the
endogenous variables and thus both satisfy the same purely probabilistic formulas. [

Counterfactual languages on the other hand are strong enough to be able to enforce
an explicit graph structure directly in the formula using the marginalization. That is,
for each variable X;, the formula can encode which variables are the parents of X; by
requiring that, for fixed values of the exogenous variables, X; remains constant if the
parents remain constant. This condition is checked by comparing an intervention on just
the parents against an intervention on all variables. A marginalization can repeat this
for all possible interventions.
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8.6 Constraining the Graph Structure

8.71 Lemma. SATS,*IVIMI<()\,7E3 <p SATZ3 for any * € {base(X), lin(3), poly(X) }.

Proof. We encode the structure of the graph G directly into the formula.

Let X; be an endogenous variable and let Pa; be all the endogenous variables that are
direct predecessors of X; in G. We then add the constraint

> P([pay) XiA v \ 2] Xi) = 0

to ensure that X; only depends on Pa;. The sum iterates over all possible values v of
the endogenous variables. O

As a consequence of the discussion in this section thus far, combined with the trivial
inclusions SAT gy ARKOV.C; <P SAT ARKOV, Ly P SAT ARKoOv £ fOT any x € Lab, we have

8.72 Corollary. Fori=1,2,3,

° SATgiﬁRKov,ﬁ and SATSNIARKOVE are NP-complete,

o SATPW 18 NP eqi-complete, and

SMARKOV,L;

o SATPOW™) s NEXP eqi-complete.

SMARKOV,L;

Furthermore

o SATglﬁiRKov,ﬁl and SATH , vvov L, ore NPPP_complete, and

o SATue and SAT?EIARKOV,L?, are NEXP-complete.

SMARKOV,L3

Remains to analyze the complexity of SAT:%ZZ%IZO\, r, and SAT?SS&KOV r,- They are
neither weak enough to be independent of the graph structure nor strong enough to be
able to distinguish graph structures exactly, which leads to a complexity jump to NEXP

compared to the PSPACE-complexity of SATZS€<E> and SATZZ@).

8.73 Theorem. SAT ™) and SAT") are NEXP-complete.

SMARKOV, Lo SMARKOV, Lo

Proof. We again reduce from the satisfiability of Schonfinkel-Bernays sentences, reusing
the same random variable setup from Lemma Additionally, for each k-ary relation
Ri(z1,...,2), we add random variables Z}, ..., Zi'C for the inputs.

We use the graph G to ensure that R; only depends on its arguments. For this, the
incoming edges to R; are exactly the edges from Z}, ..., ZF. In the same way we ensure

that RJ only depends on its arguments by making the only incoming edges to R] exactly
the edges from T1,..., T} (the inputs used for the j-th occurrence of the i-th relatlon).
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8 A Multi-Parametric View on Reasoning about Probabilities

We add the following constraint to ensure that Rg and R; have an equal value for equal
arguments:

> P(Di=ty,..., Te=ty, Z}=t1,..., ZF =t](RI#R;)) = 0. (8.74)

t1,.0tk

We continue by ensuring that the values of X are not affected by the values of Y by
making the X have no predecessors in G.

Let v’ be obtained from v by replacing equality and relations on the Boolean values
with the corresponding definitions for the random variables:

> P(lyly) =2 (8.75)

Suppose the SAT:KZZ%ZOV’ ¢, instance is satisfied by some model 9. We need to show that
Jx Vy ) is satisfiable. First note that the values x of the variables X deterministically
depend only on the values u of the exogenous variables. Choose any value u (and
thus corresponding x) that contributes a positive probability to any of the P([y]y)’) in
Equation . If there was any x chosen this way that would not satisfy v for all values
of y, P([y]y’) would be less than 1 for these values of x (determined by u) and y, and
Equation would not be satisfied. The relations R; are chosen as the values of the
random variables R;. Equation now enforces two things, together with the graph
structure. First of all, the R{ and R; depend deterministically only on their parameters
and possibly the u values. Since we have fixed the values u, they only depend on their
parameters for the rest of this proof. Secondly, all occurrences of R; are given the same
value. Thus, P([y]¢’) = 1 implies ¥ that x and y satisfy ¢ and we conclude that Ix Vy
is a true sentence.

Suppose Jx Vy ¢ is satisfiable. Create a deterministic model 9t by choosing the values
of the random variables X to the values chosen by 3x. The random variables R; (and
R!) are chosen as functions depending on their parameters, behaving exactly like the
relation R;. These are allowed dependencies according to our constructed graph struc-
ture. Clearly Equation is satisfied by this. The remaining random variables (the
y) can be chosen arbitrarily as constants. Their values do not matter since they are
overridden by interventions whenever their value would become relevant. It remains to
consider Equation , but this one is satisfied because 1) is satisfied for all values of

y.

Finally, SAT?@ZZKOV c, 18 a special case of SAT?;&B{KOV s and thus can be solved in
NEXP by Corollary 0
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8.7 Summary

Small Models

In contrast to Markovian models, for semi-Markovian models we were able to use
Lemma to assume there is always just a single exogenous variable. Due to this
we investigate the complexity of the combination of semi-Markovian models and small
models here.

We can use the exact same arguments as in Section to see that the complexity
for SAT;MARKOV,SW[:Z_ for i+ = 1,3 remains precisely the same as the variants with a
small model restriction, but no restriction on the causal diagram. Furthermore, the
reductions in Theorems and both build a deterministic, and thus small, model.
This immediately gives us the full classification, also seen in Table
8.76 Corollary. Fori=1,2,3,

° SATSﬁiRKOV,Sm’Li and SATéﬁ’CIARKOV’m’Li are NP-complete, and

. SATgKﬁRKOV’m’Ei 18 NP eqi-complete.

Furthermore, fori= 2,3,

° SATSﬁiRKOV’m’Li and SATéZﬂIARKO\,’m’Li are NEXP-complete

o SATgK,%fI)(OV,Sm ¢, is NEXP-complete.

Finally
o SAT! and SAT") are NPPP-complete, and

SMARKOV,sm,L1 SMARKOV,sm, L1

o SATPOWE) 18 NPVNPR—complete.

SMARKOV,sm,L1 real

8.7 Summary

For the readers convenience we give a summary over the complexity of all variations,
grouped by their constraints on the model. See

e Table for fully unconstrained models (SAT;)7

o Table[8.7] for small models (SAT}, ),

e Table for explicit arbitrary causal diagrams (SATB AG.L;)s

e Table for explicit Markovian causal diagrams (SAT), ARKOV.L; )5

e Table for explicit semi-Markovian causal diagrams (SATS*M ArKov.c, ), and

e Table for explicit semi-Markovian causal diagrams combined with small mod-
els (SATSI\r'TARKOV,sm,Ei )-
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8 A Multi-Parametric View on Reasoning about Probabilities

Terms Probabilistic Interventional Counterfactual
basic
T NP
in
poly AR = NPyea
basic & marg.
ol RaTs NPPP PSPACE NEXP
lin & marg.
poly & marg. succ-dR = NEXP,ca1

Table 8.6: Completeness results for the satisfiability problems with a fully unconstrained

model (SAT Zl) Summarizes the results of Sections to

Terms Probabilistic Interventional Counterfactual
basic
T NP
in
poly AR = NPyea
basic & marg.
T NPPP PSPACE NEXP
lin & marg.
poly & marg. | IR® = NPYNF= NEXP

Table 8.7: Completeness results for the satisfiability problems with a small model
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8.7 Summary

Terms Probabilistic Interventional Counterfactual
basic
lin NEXP
poly
basic & marg.
- NEXP
lin & marg.
poly & marg. succ-dR = NEXP,ca1

Table 8.8: Completeness results for the satisfiability problems with given full graph struc-
ture for the model (SATp, AG.c;)- Summarizes the results of Section m

Terms Probabilistic Interventional Counterfactual
basic
lin NEXP
poly
basic & marg.
- NEXP
lin & marg.
poly & marg. succ-dR = NEXP,ca1

Table 8.9: Completeness results for the satisfiability problems with given Markovian

graph structure for the model (SAT;C,IARKOV’&). Summarizes the results of

Section m
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8 A Multi-Parametric View on Reasoning about Probabilities

Terms Probabilistic Interventional Counterfactual

basic

NP

lin

poly dR = NP.ea

basic & marg.
lin & marg.

NPPP NEXP

poly & marg. succ-dR = NEXP,.ca1

Table 8.10: Completeness results for the satisfiability problems with given semi-Marko-
vian graph structure for the model (SAT Arkov,2;)- Summarizes the results

of Section W

Terms Probabilistic Interventional Counterfactual

basic
lin

poly AR = NPeal

NP

basic & marg.
lin & marg.

poly & marg. | JIR* = NPY\P= NEXP

real

NPFP NEXP

Table 8.11: Completeness results for the satisfiability problems with given semi-Mar-
kovian graph structure for the model, combined with a small model
(SAT ARKOV,sm,£; ) Summarizes the results of Section W
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8.7 Summary

We leave open the precise complexity of combining an explicit arbitrary or Markovian
causal diagram with a small model, however, as discussed at the start of Section [8.6.1

this enforces very few (non-trivial) exogenous variables (and thus very few endogenous
variables in the Markovian case). A further open question is the complexity of more of
the locally small model variants, introduced in Section [8.6.1
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9 Identification in Structural Causal Models

0.1 Introduction

Recognizing and predicting the causal effects and distinguishing them from purely sta-
tistical correlations is an important task of empirical sciences. For example, identifying
the causes of disease and health outcomes is of great significance in developing new dis-
ease prevention and treatment strategies. A common approach for establishing causal
effects is through randomized controlled trials [Fis36] — called the gold standard of ex-
perimentation — which, however, requires physical intervention in the examined system.
Therefore, in many practical applications, experimentation is not always possible due to
cost, ethical constraints, or technical feasibility. E.g., to learn the effects of radiation on
human health one cannot conduct interventional studies involving human participants.
In such cases, a researcher may use an alternative approach and establish cause-effect
relationships by combining existing observed data with the knowledge of the structure of
the system under study. This is called the problem of identification in causal inference
[Pea09] and the approach is commonly used in various fields, including modern ML.

A key ingredient of this framework is the way the underlying structure models the true
mechanism behind the system. In general, this is done using structural causal mod-
els (SCMs) [Pea09; BCII22], as introduced in Chapter m In this chapter, we focus on
the problem of identification in linear SCMs, known also as structural equation models
(SEMs) [Bol89; Dun75|. They represent the causal relationships between observed ran-
dom variables assuming that each variable X;, with ¢ = 1,...,n is linearly dependent
on the remaining variables and an unobserved error term ¢; of normal distribution with
zero mean: X; = » .\ jX; + ;. The model implies the existence of some covariance
matrix 2 = (w; ;) between the error terms. In this paper, we consider recursive models,
i.e., we assume that, for all 7 > j, we have A; ; = 0.

Linear SCMs can be represented as a graph with nodes {1,...,n} corresponding to
variables X1,..., X, and with directed and bidirected edges. A directed edge i — j
represents a linear influence \; ; # 0 of a parent node 7 on its child j. A bidirected edge
i > j represents a correlation w; j # 0 between error terms ¢; and ¢; (cf. Figure .

Writing the coefficients of all directed edges as an adjacency matrix A = (); ;) and the
coefficients of all bidirected edges as an adjacency matrix = (w;;), the covariances
0;; between each pair of observed variables X; and X; can be calculated as the matrix
Y= (0i;):

Y=I-ANTQU-N", (9.1)

w23
O )\172 ,U )\2,3

Figure 9.1: An IV example.
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9.1 Introduction

where I is the identity matrix [FDD12|. Knowledge of the parameters ), ; allows for
the prediction of all causal effects in the system. The key task here is to learn A from
the observed covariances Y. assuming €2 remains unknown. This leads to the formula-
tion of the identification problem in linear SCMs as solving for the parameter A using
equation . If the problem asks to find symbolic solutions involving only symbols
0;j, we call it the problem of symbolic identification. In the case when the parameter
can be determined uniquely almost everywhere using ¥ alone, we call the instance to
be generically identifiable (for a formal definition, see Section [9.2)). If the goal is to
find, for a given X of rational numbers, the numerical solutions, we call it the problem
of numerical identification. In this chapter, we study the computational complexity of
both generic and numerical identification.

Previous Work. The identification in linear SCMs and its applications have been a
subject of research interest for many decades, including the early work in econometrics
and agricultural sciences [Wri21} Wri28; Fis66; BT84|. Currently, it seems, that one of
the most challenging tasks in this field is providing efficient computational methods to
find solutions, both for symbolic and for numeric variants, or providing evidence that
the problems are computationally intractable.

The generic identification can be computed using standard algebraic tools for solving
symbolic polynomial equations . Such an approach provides a sound and complete
method, i.e., it is guaranteed to identify all identifiable instances. However, common
algorithms for solving such equations usually use Grobner basis computation, whose
time complexity is doubly exponential in the worst case [GSS10]. So far, it has remained
widely open whether the double exponential function is a sharp upper bound on the
computational complexity of the generic identifiability.

Most approaches to solving the problem in practice are based on instrumental variables,
in which the causal direct effect is identified as a fraction of two covariances |[Wri28;
BT84|]. For example, in the linear model shown in Figure one can calculate first
A2 =012 and then Ay 3 = Alfl’\;’?’ = % The variable X is then called an instrumental
variable (IV). This method is sound but not complete, that is, when it identifies a
parameter, then it is always correct. However, when the method fails due to a missing
IV, then the parameter might still be identified by other means. This approach has
inspired intensive research aimed at providing computational methods that may not
be complete but enable efficient algorithms and identify a significantly large number of

cases.

Conditional IVs (cIVs) are one of the most natural extensions of simple IVs |[BT84;
Pea0l]. The corresponding identification method is based on an efficient, polynomial
time algorithm for finding conditional IVs [ZTL15]. More complex criteria and methods
proposed in the literature, which are also accompanied by polynomial time algorithms,
involve instrumental sets (IS) [BP02b| half-treks (HTC) [FDD12|, instrumental cutsets
(ICs) [KCB1Y|, auxiliary instrumental variables (alIVs) [CPB15|. The generalized HTC
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IV [Wri2g)

IS, HTC, AVS, gHTC [BP02b:
|15, scIS | |FODIZ CKBIT [Chets; Wert 19 [cIV, alV |

1
gAVS [CKB17] IC cAV [CKBL17]
[TreelD | Tacm (kB0 [

Complete Methods

o« 2-EXP Grobner [GSS10|
« PSPACE this work

Figure 9.2: Methods for generic identification in linear SCMs. An arrow from methods
A — B means that B subsume all methods A, i.e., any instance that can be
identified by any of methods A can be identified by method B and this in-
clusion is proper. Green boxes mean there exist polynomial-time algorithms
to apply the method, a red box means no such algorithm is known or the
method has been proven to be NP-hard. The blue box includes the complete
methods.

(gHTC) |Chel6; Wei+18] and auxiliary variables (AVS) [Chel6; |CKB17] can be imple-
mented in polynomial time provided that the number of incoming edges to each node in
the causal graph is bounded. The methods based on generalized IS (gIS), a simplified
version of the criterion (scIS), and generalized AVS (gAVS) appeared to be computation-
ally intractable [BP02b; Bril0; BP02a; |ZL16; CKB17|. The auxiliary cutsets (ACID)
algorithm subsumes all the above methods in the sense that it covers all the in-
stances identified by them. Recently [ZWBL22; GB24] provide the TreelD algorithm for
identification in tree-shaped linear models. TreelD is incomparable since it is complete
for the subclass of tree-like SCMs. However, TreelD does not work for general SCMs,
which is the focus of our work. Figure (9.2 summarizes these results.

Numerical parameter identification, known in the literature as the estimation of the pa-
rameters of structural equation models, has been the subject of a considerable amount
of research, which has resulted in significant progress in theoretical understanding and
development of estimation methods [AR56; Jor69; Bro74; [Mut83; Bol89; HBK92|. Cur-
rently, in practical applications (e.g. in econometrics, psychometrics, or biometrics),
methods based on maximum likelihood (ML) or generalized least squares estimator
(GLS) are commonly used to find model parameters. However, despite the great impor-
tance of this problem and considerable effort in method development, the computational
complexity of the parameter estimation problem remains unexplored. In our work, we
provide, to our knowledge, the first hardness result for a very basic variant of the SEM
parameter estimation problem, which we call numerical identification.
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9.2 Preliminaries

Our Contribution. We improve significantly the best-known upper bound on the com-
putational complexity for generic identification and provide evidence that parameter
identification is computationally hard in general. In more detail, our contributions are
as follows:

e We provide a polynomial-space algorithm for sound and complete generic param-
eter identification in linear models. This gives an exponential running time which
vastly improves the state-of-the-art double exponential time method using Grobner
basis. In our approach, we formulate generic identifiability as a formula over real
variables with universal quantifiers and then use Renegar’s algorithm |[Ren92].

e Our constructive technique allows us to prove an VR upper bound for generic
identifiability.

e We prove that numerical identification is hard for the complexity class VR. In
particular, the problem is co-NP-hard. Our complexity characterization is quite
precise since we show a (promise) VR upper bound for numerical identification.
To the best of our knowledge, this is the first hardness result for some notion of
identifiability.

This implies that numerical identifiability can be decided in polynomial space.

9.2 Preliminaries

9.2.1 The Problems of ldentification in Linear Causal Models

A mixed graph is a triple G = (V, D, B) where V := {1,...,n} is a finite set of nodes
and D CV xV and B C (‘;) are two sets of directed and bidirected edges, respectively.
Let R” be the set of matrices A = (\;;) € R™" with \;; = 0 if i — j is not in D and
let PD(n) denote the cone of positive definite n x n matrices. Let PD(B) be the set of
matrices Q = (w; ;) € PD(n) with w;; = 0if ¢ # j and 7 <> j is not an edge in B. We
will only consider recursive models, i.e. we assume that, for all ¢ > j, we have \; ; = 0.
Thus, the directed graph (V, D) accompanied with the model is acyclic. We will assume
w.l.o.g. that the nodes are topologically sorted, i.e., there are no edges ?+ — 7 with i > j.

Denote by N, (i, ¥) the multivariate normal distribution with mean p € R™ and covari-
ance matrix ¥. The linear SCMs M(G) associated with G = (V, D, B) is the family of
multivariate normal distributions N, (0, X) with ¥ satisfying equation (9.1)), for A € R”
and 2 € PD(B). A model in M(G) is specified in a natural way in terms of a system
of linear structural equations: X; = ziepa(j) XijXi +¢j, for j = 1,...,n, where pa(j)
denotes the parents of j in G. If € = (£4,...,¢&,) is a random vector with the multivariate
normal distribution N, (0,%) and A € RP| then the random vector X = (Xi,...,X,)
is well defined as a solution to the equation system and follows a centered multivariate
normal distribution with covariance matrix (I — A)~TQ(I — A)~! (see, e.g. [DFS11]).
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For a given (acyclic) mixed graph G = (V, D, B), define the parametrization map
bc: (A,Q) = (I —AN)TQUI—A)!

and let © := R? x PD(B). We say that G is globally identifiable if ¢ is injective on ©
IDFS11].

Global identification can be decided easily, see [DFS11, Theorem 2]. However, it is a very
strong property. For instance, as seen in the introduction, in Figure we can recover
the parameter A3 as Zi—i If 012 = 0, then the identification fails, so the instance is
not globally identifiable. But identification fails only in the (very unlikely) case that
012 = 0. This leads to the concept of generic identifiability:

9.2 Definition (Generic Identifiability, [FDD12]). The mixed graph G is said to be
generically identifiable if ¢¢ is injective on the complement © \ V of a proper (i.e.,
strict) algebraic subset V C ©.

Any proper algebraic subset V C © has a lower dimension than © and is consequently
of measure zero.

Given matrices Ag € R and €y € PD(B), the corresponding fiber is defined by
fG(A(),QO) = {(A7Q) ‘ ¢G(A7 Q) = ¢G(A07Q0)7A € RD’Q € PD(B)}

A fiber contains all pairs of matrices that induce the same observed covariance matrix
Y. For ¥ € im ¢¢g, we also write F(2) for the fiber belonging to ¥. We can phrase
identifiability in terms of fibers:

e G is globally identifiable, if | Fg(Ag, Q0)| = 1 for all Ay € RP and Qg € PD(B).

e G is generically identifiable, if |Fg(Ag, Q)| = 1 for Zariski almost all Ag € RP and
Q, € PD(B).

Generic identifiability asks whether all parameters are almost always identifiable in the
Zariski sense, that is, everywhere except for a lower dimensional algebraic set. For
generic identifiability, we only consider the parameters J\; ; since the parameters wy; can
be recovered from the X; ; and o, ; using (9.1]), see also [Drt18].

Global and generic identifiability are properties of the given mixed graph. In this work,
we also study identification as a property of the observed numerical data, i.e., of the
observed covariance matrix X.

9.3 Definition (Numerical Identifiability). Given an acyclic mixed graph G = (V, D, B)
and a feasible matrix 3, decide whether the parameters are uniquely identifiable, i.e. if
[Fa(X)| =17

Note that this is a promise problem. We assume that ¥ is feasible, i.e., in the image of
¢a. Therefore, we shall also study the feasibility problem: Given ¥, is it contained in

imog?
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9.3 Finding Another Solution

9.3 Finding Another Solution

Numerical identification is a promise problem, i.e., we assume that the given input is
feasible. Being a promise problem means that an algorithm for numerical identification
should output the correct answer whenever the input is feasible. But it can output
anything when the input is not feasible. See Section [2.6] for some further information
about promise problems.

For our hardness proof, we need to look at instances of ETR or QUAD that are satisfiable.
Of course, deciding whether a satisfiable instance is satisfiable is a trivial task. So the
task will be to decide whether the satisfiable instance has another solution. We call the
corresponding promise problems ETR* and QUAD™ .

It turns out that these promise problems are IR-hard. Since QUAD™™ is a special case
of ETR™T, it suffices to prove this for QUAD™ . Let p1,...,p,n be a QUAD instance in
the variables x1,...,x, and let y be an extra variable. We will plant an extra solution
into the system:

yly—1) =0
yr; =0 i=1,...,n (9.5)
(y—1)p; =0 j=1...,m

9.7 Lemma. The system above has the following solutions:
lLy=1l2=---=2,=0
2.y=0, 21 =¢&,...,2, = &,, where & € R" is any solution to the original instance.

In particular, the system always has a solution. It has more than one solution iff the
original QUAD-instance is satisfiable.

Proof. The first equation (9.4) constrains y to be {0,1}-valued. If y = 0, then the
equations (9.5 are trivially satisfied and reduces to the original instance ({2.5)). If
y = 1, then the equations are trivially satisfied and (9.5)) reduces to 1 = --- =

z, = 0. Note that in both cases we always get different solutions since the y-value

differs. O

While the resulting instance has polynomials of degree 3, we bring all polynomials back
to degree 2 and the special form required in the definition of QUAD (see Equation )
by using the same trick due to Tseitin used in Lemma Tseitin’s trick preserves the
number of solutions exactly: all added variables are uniquely determined once 1, ..., T,
and y are fixed. Using the transformation in the lemma above, together with Tseitin’s
trick, we can map any QUAD-instance into a QUAD ™ T-instance and obtain

9.8 Corollary. ETR™ and QUAD ™ are IR-hard.
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9 Identification in Structural Causal Models

Figure 9.3: Left: A single missing edge on the top layer. Right: The gadget storing the
value of each variable. \;, corresponds to z;.

9.4 Hardness of Numerical Identifiability

This section is dedicated to proving:

9.9 Theorem. Numerical identifiability is VR-hard.

The proof consists of building a polynomial-time reduction from the complement of
QUAD™T to numerical identifiability, i.e., we construct an acyclic mixed graph G and a
¥ € im ¢¢, such that the fiber F¢(X) has size 1 iff the given QUAD™ T-instance has only
one solution. For this, we use the following characterization of fibers due to [Drt18|:

9.10 Lemma. Let G = (V, D, B) be an acyclic mized graph, and let ¥ € im ¢. The
fiber Fo(X) is isomorphic to the set of matrices A € RP that solve the equation system

(I — AT - AN)];; =0, i#ji<jé¢B (9.11)

We construct G as follows: The directed edges form a bipartite graph with edges going
from the bottom layer to the top layer. Every node at the bottom layer has outdegree
one. Moreover bidirected edges exist between all pairs of nodes, except for certain pairs
of nodes of the top layer. See Figure (left-hand side) for an illustration.

This missing edge in Figure [9.3| corresponds to the equation

n m n m
0=0i;— Z TapjNagi = Z Oby,iNoy,j + Z Z Tag by, Nag,iNby,j (9.12)
(=1 k=1

=1 k=1

in Lemma [0.10

9.18 Observation. All o values that appear in (9.12) cannot appear in any other missing
edge equation of missing edges in the top layer. Parameters o,, ; can only appear in an
equation of a missing edge that contains the node j and another node h such that there
is a directed edge from a; to h. However, (as, i) is the only such edge, since the nodes
in the bottom layer only have outdegree one. The same is true for oy, ;. 04,5, can only
appear in an equation of a missing edge h <> h' if there are directed edges (as, h) and
(bg, h'). By the same argument, i <+ j is the only such missing edge. Furthermore o; ;
can obviously only appear in this equation.
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missing

Figure 9.4: Left: Gadget for affine linear constraints. Right: Gadget for multiplicative
constraints.

The above observation means that we can freely “program” the equations, that is, we
can freely choose the o-values in each missing edge equation without interfering with
any other missing edge equation.

We start with a gadget with one node r in the top layer and n nodes in the bottom layer
connected to it. It is used to store the value of each variable of our ETR instance, A;
corresponds to x1, A2, corresponds to x, etc, see Figure (right-hand side) for an
illustration.

By assuming all polynomials in our QUAD™ *-instance are of the forms ([2.6), we need to
be able to encode products and affine linear forms. We start by showing how to encode
an arbitrary affine linear constraint » ,_; ayx; = [ using a single additional node 7 in
the top layer, “connected” to r via a missing edge as in Figure [9.4]

Setting o,; =  and oy; = o, 1 < ¢ < n, makes (9.12)) together with \¢, = x, directly
equivalent to >, ; apxy = B.

Encoding a product x, = xp - . requires two additional nodes ¢ and j in the top layer,
with missing bidirectional edges between them and r. Furthermore we introduce two
nodes i’ and j' in the bottom layer, connected to ¢ and j respectively, see Figure
(right-hand side). This introduces three equations. The missing edge r <> i enforces
Airi = ey by setting o, = 010 = ... =0opy =0, 0y = =1, 0.; = 1, and op; = 0,
for all £ € {1,...,n}\ {c} in (9.12). We use the missing edge i <> j to further ensure
Ajrj = Airi = Ay, for which we set 055 = 0y = 0, 0y ; = 1, and 0; 7 = —1. After
having copied A, twice, we are finally able to enforce the multiplication itself using
the missing edge 7 <» j. We set 0,; = 0,y = 0, 0,j = 1, opj» = 1, 045 = 0, for all
¢e{l,...,n}\ {a}, and oy = 0, for all £ € {1,...,n}\ {b}. We need to copy the
parameter )., twice to be able to “program” the equation corresponding to the missing
edge r < j.

Proof of Theorem[9.9. Let polynomials p1, ..., p,, in variables z1, ..., x, be a QUAD -
instance with all polynomials being one of the forms in . Let the number of affine
linear polynomials among py,...,p, be k. Then the graph G = (V, D, B) constructed
above has { := 1+n+k+4(m—k) = 1+n+4m — 3k nodes. Using Observation we
see that the construction induces a well-defined partial matrix ¥ € R, Every entry
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of ¥ not defined by the construction is set to 0 if it is off-diagonal and ¢ if it is on
the diagonal. Since all o, ; set in the construction are from {—1,0,1} and off-diagonal,
Y is strictly diagonally dominant by our choice of ¢ and thus positive definite by the
Gershgorin circle theorem [Ger31].

Remains to prove ¥ € im ¢¢. Let & € R™ be any solution with pi(§) = -+ = p,(§) = 0.
The existence of ¢ is guaranteed by the promise of QUAD**. Create A € R*¢ as follows:
Xir =& fori e {1,...,n} and A\y; = \js; = & whenever the vertices 4,7, j, j’ are the

vertices added by the construction due to a multiplication. All other entries of A are
0. Then I — A is invertible and we have ¥ = ¢g(A, Q) for Q = (I — A)TE(I — A).
Furthermore € is positive definite due to ¥ being positive definite and 2 € PD(B).

By Lemma this implies that |Fg(X)| is precisely the number of solutions of our
QUAD ™ -instance. So if the QUAD " -instance is a yes-instance, that is, has more
than one solution, then our constructed instance is not numerically identifiable. If the
QUAD™ "-instance is a no-instance, that is, has only one solution, then our constructed
instance is numerically identifiable. So we have a reduction from the complement of

QUADT™. The theorem now follows, since by Corollary QUAD™™ is IR-hard and
the complement of an 3R-hard problem is VR-hard. O

9.5 Upper Bound for Numerical Identifiability

In this section, we show a VR upper bound for numerical identifiability and thus, com-
bined with Theorem prove an almostE] matching lower and upper bound. We start
with the following lemma. The 3R part will be needed in the next section.

9.14 Lemma. Membership in PD(n) and PD(B) can be ezpressed in IR and VR. []

Proof. For the dR expression, we use the fact that every real positive definite matrix
A € R™" has a Cholesky decomposition A = LL” where L is a real lower triangular
matrix with positive diagonal entries. We can thus express A € PD(n) as

ALeR™: A=LL"A N (Lii>0 A N\ Li;=0). (9.15)
i€{1,...,n} jefi+1,...,n}

We quantify over matrices and consider matrix equations in (9.15). But this can be
easily rewritten as an ETR-instance by quantifying over all entries of the matrix and
having one individual equation for each entry of the matrix equation.

For the VR expression, we directly use the definition of positive definite matrices to
express A € PD(n) as

VeeR": 240 = 2T Az > 0. (9.16)
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9.5 Upper Bound for Numerical Identifiability
For membership A € PD(B), in both dR and VR, we add the constraint

N Ai;=0 (9.17)
()£ BAI£]

to (9.15) and (9.16]), respectively. O

We remind the reader that numerical identifiability is a promise problem with the
promise that the input ¥ € im ¢¢, so it suffices to check whether all elements in the
fiber F¢(X) are identical.

VA1, Ay € RP 1, Q, € PD(B) :
(A1, Q1) = da(A2,22) =B = (A1 = A2 Ay = ). (9.18)

The checks ¢g(A;, ;) = ¥ are implemented using Q; = (I — A;)TX(I — A;), which is
equivalent due to I — A; being invertible for any A; € R”. This proves the following:

9.19 Theorem. Numerical identifiability is in (the promise version of) VR.

9.20 Remark. Strictly speaking, numerical identifiability is not contained in VR, since it
is a promise problem, that is, the outcome is not specified for 3 that are not feasible. VR
consists by definition only of classical decision problems, where the outcome is specified
for all inputs. So the corresponding complexity class is Pr-VR.

However, we can express feasibility in dR:

9.21 Lemma. Membership in im ¢g can be expressed in JR.
Proof. We use the expression A € RP Q € PD(B) : (I — A)TS(I — A) = Q, where we
use Lemma to express 2 € PD(B) in JR, that is, we quantify over an arbitrary

matrix  first and add the ETR expression from Lemma to ensure that €2 is in
PD(B). O

Hence, we can check in R whether the input X is feasible and then in VR whether the
fiber has only one element. Using Renegar’s algorithm, we get:

9.22 Corollary. Numerical identifiability can be decided in polynomial space.
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9.6 Generic ldentifiability is in PSPACE

Let DIM denote the following problem: Given an encoding of a semi-algebraic set S and
a number d, decide whether dim S > d.

9.23 Lemma (Koiran [Koi99[). The problem DIM is IR-complete. Moreover, this is
even true when the set is given by an existentially quantified formula as in .

We use the same notation as in Section Let G = (V, D, B) be a mixed graph. Let
Se ={(A,Q) | |Fa(A, Q)| > 1,A € RP,Q € PD(B)}.

9.24 Observation. G is generically identifiable iff dim R” + dim PD(B) > dim Sg.

Proof. As Sg C RP x PD(B) and dim(R” x PD(B)) = dim R” + dim PD(B), the right-
hand side is just the definition of being generically identifiable. O

The dimensions of R” and PD(B) are easy to calculate:

9.25 Lemma. dimR” = |D| and dim PD(B) = n + |B|.

Proof. By definition, R” are just matrices with |D| degrees of freedom, directly giving
dimR? = |D|. For the dimension of PD(B), remember that real positive definite ma-
trices are always symmetric. The bidirected edges in B thus allow for |B| degrees of
freedom. Furthermore, the Gershgorin circle theorem |Ger31] implies that, no matter
the values off the diagonal, choosing the diagonal values large enough makes a matrix
positive definite, allowing for an additional n degrees of freedom. O

We postpone the proof that membership in S (and thus its dimension) can be ex-
pressed in dR, in favor of first giving our algorithm to decide generic identifiability,
using Observation

9.26 Theorem. Generic identifiability is in VR.

Proof. Let G be the given mixed graph. Formulate membership in Sg as an instance of
ETR using Lemma[0.28] Note that the number of variables and the size of this instance
is polynomial in the size of G. Now we can check whether G is generically identifiable by
checking the condition in Observation by using Koiran’s algorithm (see Lemma
to check if dimR” + dim PD(B) = |B| + |D| + n > dim Sg and accepting if this is the
case and rejecting otherwise.

Note that the check dimSg < |B| + |D| + n needs to be implemented as —(dim Sg >
|B| 4+ |D| + n), thus being in VR by De Morgan’s laws. O

Using Renegar’s algorithm this implies:
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9.6 Generic Identifiability is in PSPACE

9.27 Corollary. Generic identifiability can be decided in PSPACE.

It only remains to show how to express membership in Sg as an ETR-formula.

9.28 Lemma. Membership in Sg can be expressed in JR.

Proof. The membership of some (A, Q) in Sg can be expressed as

AeRPAQePD(B)ATL e R AN e RP, Ve PD(B): (I - AN)TS(I—A) =0
ANI—-AN)S(T-N)=9
ANA#ANVQ#QD). O
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10 Conclusion

On our quest to find the correct machine model for combinatorial interpretability, we
have seen in Chapter [ that the univariate functional closure properties of #FA are
precisely the ultimately PORC functions and the multivariate functional closures are
just sums and products thereof. Unfortunately, since this includes some modular arith-
metic, divisions and subtractions, it allows for operations generally considered to not
be combinatorial. The likely next models to investigate would be pushdown automata
or linear bounded automata. On the other hand, we’ve seen in Chapter l 5| that local
combinatorial interpretations play nicely with (the promise version of) #P* opening up
future research to treat oracle inputs as first class citizens in the pursuit of combinatorial
interpretability instead of just an unwanted artifact.

Then, in Chapter [6] we saw that augmenting the existential theory of the reals with
unary summations increases the complexity of deciding whether a given sentence is true
from NP, without unary summations to NPXQF R for unary summations without vari-
able indexing and all the way to NEXP,e, when the summation variables can be used to
index variables. Natural complete problems for NP ., are ubiquitous (see [SCM24]) and
we have seen some complete problems for NPre'!lP B and NEXP,., in Chapter @ A natural
question for further research is now, how common are these complexity classes? Candi-
dates for NEXP,.,-completeness are problems where there is a known gap in knowledge
between NEXP-hardness and containment in EXPSPACE. On the other hand, candi-
dates for NPYNP® are problems that are between the polynomial time hierarchy PH and

real
PSPACE.

Moreover, the precise relationships of these classes compared to more “classical” com-
plexity classes, defined on Turing machines, remains wide open. While we expect all
inclusions NP € NP,e.1 € PSPACE and NEXP C NEXP,.. € EXPSPACE to be strict, it is
unclear when exactly real computations can be replaced by Boolean ones. For example
we observed that II-ETR (the existential theory of the reals with an added unary prod-
uct, but without variable indexing) is PSPACE-complete in Chapter |§| and the complex
landscape in Chapter [8| regularly switches between Boolean and real classes.

In Chapter 9] we learned that numerical identification is VR-hard and can be solved in
the promise version of VR. While this rules out efficient general complete and sound
algorithms, the reduction only shows hardness for mixed graphs with two layers (rela-
tive to the directed edges) and very dense (|[V|?> — O(|V'|) many) bidirectional edges. In
particular, mixed graphs of this form don’t really occur in real data, leaving open the
question of which graph classes still allow for efficient identification algorithms. There
has been some progress on this, with [ZWBL22; (GB24] showing identification for mixed
graphs where the directed edges form a rooted tree can be solved in randomized polyno-
mial time, although only generically. Even though we have only shown VR-hardness for
numerical identification, we also conjecture the same hardness for generic identification,
matching the VR upper bound we’ve shown.
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