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Abstract

The complexity class Unique End of Potential Line (UniqueEOPL) was introduced in
2018 by [Fea+18] and captures total search problems that are promised to have a unique
solution. Therefore, the original promise version of each problem is transformed to
a total search version. UniqueEOPL contains some interesting problems like P-LCP,
CUBE-USO and ARRIVAL. It is an especially interesting class because it has a "natural”
complete problem: ONE PERMUTATION DISCRETE CONTRACTION (OPDC).

The goal of this work is to give a comprehensive introduction to the complexity theory
of search problems with a focus on the class UniqueEOPL. A list of all currently known
problems in UniqueEOPL is presented and for each problem, a definition and examples
are given. Some selected reductions are shown in full detail and with corrections.

The main contribution is the new containment result of GRID-USO in UniqueEOPL,
which is proven via a reduction from GRID-USO to UNIQUE FORWARD EOPL. From
that result it also follows that P-GLCP is contained in UniqueEOPL too.
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GLOSSARY OF NOTATION

A decision problem

A search problem

An optimization problem
A promise problem

SR o)

B The set of instances of a problem B

An instance I € ZB

SB The set of solutions to a problem B
A solution s € SB

An algorithm

~ N

:BCIU

Successor function

Predecessor function

Cost (also called potential) function
The dimension

The start node

O A0 Ny

f A function

const A constant

) A metric

TM A Turing Machine
€ A very small number
by An alphabet

L A language

i An index

j Another index

k Another index

l Another index

Graphs

A graph

Set of vertices

A single vertex v € V
Another vertex u € V

Set of edges

The set of outgoing edges
The set of incoming edges
e A single edge e € E

+

SEoEmE = IQ



Matrices

A square matrix

A vertical block matrix

A vector

Another vector

Another vector

The identity matrix

The unit vector

A set of positive integers (usually indices)

The submatrix of M is the matrix whose entries lie in the rows of M indexed
by a and the columns indexed by .

=0 0 ~E R =

L
sy

Boolean formulas

% A Boolean formula

C A clause in a Boolean formula
Grids

r A grid

P A point in the grid

q Another point

w The grid width

C A cube - a special case of a grid with grid width 2 in every dimension.

K A partition

K A single block of a partition k € K

f A face

S A slice

vy A subgrid
Sets

N A set

M Another set

Problem specific variables

A family of direction functions in OPDC

A single direction function D € D in OPDC

An orientation function from CUBE-USO and GRID-USO
An outmap function from CUBE-USO and GRrRID-USO

A strategy of a probabilistic game

The discount used in DISCOUNTED GAME

> e 99



1. Introduction and Motivation

Complexity theory is the idea of clustering problems that are equally hard or easy to
solve.

Such results are generally proven by showing that a given problem A can be reduced to
a problem B whose complexity is known, thereby showing that A can be solved at least
as fast as B. This also works the other way around. If we know that Problem A is hard
to solve and we can reduce it to problem B, then it is very likely that B is hard to solve
as well. Two problems are polynomial time equivalent if both of them can be reduced
to one another in polynomial time.

For a given problem A, there are infinitely many possible algorithms, so how can it be
proven that there does not exist an algorithm better than a given one? In this case, it
can’t. But it can be proven by reductions that if A is as hard to solve as many well-
known problems to which no efficient solution has been found yet, it is very unlikely that
A can be solved more efficiently. Ok, so finding a solution for A is hard. But is it still
hard if randomness is used, or is it faster if we don’t want the exact result but only an
approximation, or is it easier to find the solution if we know that it is unique?

In computer science, there are many problems that are naturally formulated as search
problems where the task is to find a solution. Promise problems, where a certain prop-
erty is promised to hold, are also an intuitive approach to formulate certain problems.
Nonetheless, classical complexity theory works with decision problems and it may happen
that the decision and the search problem are not computationally equivalent [Bea+98].
Particularly this is the case if it is guaranteed that there exists a solution. Research
about the complexity of search problems that always have a solution has been done
since 1991 when [MP91] defined the class TFNP, which contains total search problems.
But TFENP is a semantic class and therefore it is unlikely to have any complete problems.
Since then, many subclasses of TFNP have been defined such as PPAD, PLS, CLS, EOPL
and UniqueEOPL, some of which do indeed have complete problems.

UniqueEOPL, which is short for "unique end of potential line”, was introduced in 2018
by [Fea+18]. It captures search problems that can be solved by local search, i.e. it is
possible to jump from one candidate solution to the next one in polynomial time. Fur-
thermore, problems in UniqueEOPL are promised to have a unique solution. A problem in
UniqueEOPL can be interpreted as an exponentially large, directed, acyclic graph where
each node is a candidate solution and has a cost (or potential). The in- and out-degree
of each node is at most one which means that the nodes form an exponentially long line.
The unique solution, the node with the highest cost, is at the end of that unique line. It
is a subclass of CLS, which is equal to PPAD N PLS. UniqueEOPL has, besides UNIQUE
END OF POTENTIAL LINE itself and some variants of the problem, currently only one
"natural” complete problem: OPDC.

Since the class has been introduced only recently, the knowledge about it is still very
limited. There aren’t many problems proven to be in UniqueEOPL yet, though there



surely are more problems that fulfill the necessary conditions. Furthermore, it is likely
that there are more UniqueEOPL-complete problems as well.

For the relationship between EOPL, UniqueEOPL and the other complexity classes there
are still some open questions. In [Fea+18] it was already asked whether CLS = EOPL or
not, but since [Fea+20a] proved that CLS = PPAD N PLS, this question becomes even
more interesting.

The intention of defining a class for problems with unique solutions is that it might be
easier to solve these than the version with multiple solutions. Since UniqueEOPL is a
real subset of CLS, TENP and PLS, there certainly is a difference between the problems.

The aim of this work is to give an easy to understand introduction to the complexity
theory of search problems with focus on the class UniqueEOPL. A list of all (to the
best of my knowledge) currently known problems in UniqueEOPL is presented, as well
as some selected proofs with the most interesting proof strategies in detail and with
examples. This shall make it easier for future researchers to prove more problems to be in
UniqueEOPL or to be UniqueEOPL-complete and to further investigate the characteristics
of EOPL and UniqueEOPL.



2. Types of Problems

There are different kinds of problems that are analyzed and sorted into several complexity
classes. In the following, we will take a closer look at decision problems, search problems,
optimization problems and promise problems.

Let ¥ := {0, 1} be an alphabet. ZB C ¥* denotes a set of all problem instances encoded
as bit strings of a problem B. Let SB(I) C ¥* be the set of solutions to an instance
Ie1b.

2.1. Decision Problems

Definition 2.1.1 (Decision Problem [SY82]). A decision problem @) = (I%:S,Igo) where
IgES,Igo C 79 are defined as

e T€Z9:89I) #0) and
e TeIl,: S =0.
It follows that 79  NZE, =0 and T  UZY =19.

The goal of the decision problem is to tell whether a given instance I € Z? is in I%:s or
Igo, i.e. whether I has a solution or not. At this point it is not of interest what this
solution is, only its existence is important.

An algorithm Ag : 79 — {0,1} solves a decision problem if
VI € I9 : Ag(I) terminates A (Ag(I) =11 € I%:S).

The algorithm returns 1 if the given instance I has a solution. Analogously if Ag(I) =0,
this means that I € Igo and the instance I has no solution.

Example 2.1.2. Let Q be CIRCUIT-SAT (C-SAT). In an instance I € ZO~CSAT e
are given a boolean combinational circuit ¢ composed of arbitrary n boolean variables
x1,...,xy, connected with A, V, and — gates. The decision to make is whether I is
satisfiable or not [Cor+09, p.1072].

TQ—C-SAT TQ-C-SAT

The set of all instances is the set of all boolean formulas ¢. Zy ¢ is the
set of all satisfiable boolean circuits and If\?o_ C-SAT ontains all not satisfiable ones. For

example:

(@1 Vo) ATV T) =t 1 € Ty o0
__ S —C-SAT
(21 VE) A (21 V 22) A (FTV T5) = 03 € T80

T1 NT1L N\ X9 =: @3 € If\?O_C_SAT.



2.2. Search Problems

Definition 2.2.1 (Search Problem). A search problem (or sometimes called function
problem) R is a relation

RCTIMxSM.={(I,s)| eIl seSRI))}.

A pair (I,s) € R represents an input instance I and a solution s of instance I.

I@ES and Iﬁo are defined as in the decision problem in Definition 2.1.1 on the preceding
page.
An algorithm Ag : TF — SEU {1} solves R if

o VI €T 3s e SE(I): (Ag(I) terminates and Ag(I) = s) and
o VI €T : (Ar(I) terminates and Ag(I) = L1).

If the given instance has at least one solution, the algorithm returns it. If the instance
does not have a solution, the algorithm correctly states that by returning 1.

Example 2.2.2. Recall CIRCUIT-SAT from Example 2.1.2 on the previous page. As a
search problem, the question is "What is an assignment of the variables such that the
boolean formula ¢ is satisfied?”

SO (o) = (a1 V ) A (71 V T3)) ={(a1 = true,zz = false),

(x1 = false,x9 = true)}

SHCSAT (g 1= (21 VTR) A (21 V 2) A (T V T2)) ={(21 = true, x5 = false)}

SHCSM (g = (1 ATT A 23)) =0

2.2.1. Reductions between Search Problems

Definition 2.2.3 (Polynomial time reduction for search problems). A search problem
R is reducible in polynomial time to a search problem R’ if there exist two polynomial
time functions f : T — Z% and ¢ : Z% x S® (f(I)) — SE(I) such that

o if I is an instance of R, f(I) is an instance of R/,
o if ¢’ is a solution to f(I), then g(I,s’) is a solution to I of R.

The function f transforms instances from the first problem to instances of the second
problem. The function g transforms solutions that are found in the second problem back
to solutions of the first problem. The idea is that instead of solving R, we reduce it to
R/, solve that one instead and transform its solution back to R.



2.3. Optimization Problems

Definition 2.3.1 (Optimization Problem). An optimization problem IT is a search prob-
lem with specific properties. Let ¢ : S(I) — R be the function that assigns each solution
a certain cost (or potential). For a particular problem instance I € Z' the goal is to
find a globally optimal solution s* € S™(I) such that

(i) Vs € SI(I) : ¢(s*) < ¢(s) if IT is a minimization problem or
(ii) Vs € S™(I) : ¢(s*) > ¢(s) if II is a maximization problem.

Let ZgES,Igo C 7" such that for a minimization problem (and respectively with > for
a maximization problem) it holds that

o Tl 35" € SN(I) Vs € ST(I) c(s*) < ¢(s)
o I €Tl :Ps* € SU(I) Vs € SN(I) c(s*) < c(s).
It follows that 7V N ZN = 0 and 73} U T}, = 7.

Note that the set S'(I) in an optimization problem might be differently defined here
than S(I) in a decision or search problem. For example, S can contain all possible
assignments of variables in a C-SAT formula to true or false, not just the ones that
satisfy the formula. Searching for an optimal solution s* doesn’t necessarily mean that
s* solves the decision version of the problem. One might have a not satisfiable formula
and still search for the best possible assignment as an approximation.

Therefore, Z3L , and Tl are differently defined as well. Z4  contains all instances that
have at least one optimum. Ill\}o contains instances that do not have an optimum, for
example an asymptotic function.

An algorithm Ay : I — S™ solves II if
o VI €T : (An(I) terminates A Ay (I) = s*) and

o VI €Zl : (An(I) terminates A Ap(1) = L).

Example 2.3.2. Recall CIRCUIT-SAT from Example 2.2.2 on the preceding page. Let
the cost function return the number of satisfied clauses of ¢ in its conjunctive normal
form. As a maximization problem, CIRCUIT-SAT searches for the solution s* with the
highest cost, i.e. the highest number of satisfied clauses, independent of the overall
satisfiability of the formula.

This problem always has an optimal solution. It might happen that all solutions are
optimal, but it cannot happen that there does not exist an optimal solution.

SU-CSAT(Ty = {All possible assignments of z1 and z2 to true or false}

IH—C-SAT — IC-SAT
YES

- C-SAT _
Tno =0

p3: =21 ANT1 N\ XT3



Solutions STT-C-SAT Cost
T r2 | c(w1,72)
true true 2
true false 1
false true 2
false false 1

(3 is not satisfiable at all, but it has still more than one optimal solution with maxi-
mal cost. An algorithm Ap_c.saT(p3) returns either (x1 = true, xo = true) or (x; =
false, x9 = true).

The polynomial time reduction defined in Chapter 2.2.1 on page 6 also applies to opti-
mization problems. Additionally, it must be ensured that the optimal solution for one
problem is mapped to the optimal solution of the other problem.

2.4. Promise Problems

A promise problem is a partial decision problem. Just like in a decision problem, the task
is to distinguish between strings that represent YEs-instances and strings that represent
No-instances, but additionally it is promised that all input instances fulfill a certain
property. This might be a property that is easy to check, for example: ”Given an acyclic
graph, decide whether or not ..”, or a property that is hard to check, for example:
"Given a graph with a hamilton cycle, decide whether or not ...”. If it is easy to recognize
disallowed strings (strings that do not fulfill the promise), the promise is called trivial
and the problem is a regular decision problem [Gol06, p. 255].

Definition 2.4.1 (Promise Problem). Let Z¢, , I, € Z% where Iy, N Iy, = 0. The
set Ty UZn, =t I ounsp 18 called promise [Gol06, Definition 1].

A promise problem W is either represented by the tuple ¥ := (Iy,, Zn,) [Gol06, Defini-
tion 1] or alternatively by the tuple ¥ := (Z¥., T o \usp) [SY82]. The third set can be
calculated respectively.

An algorithm Ay : Z% — {0,1} solves ¥ if

VIeTV: (Ie ¥ s = (Au(I) terminates A (Ag(I) =1 < T € Ty))).

Note that any algorithm Ay that solves such a promise problem still only needs to
distinguish YES from NO instances. If given a NON-PROMISE instance, Ay will not give
a correct answer and might not even halt [Gol06, p. 255], [HMS89, p. 95].

For a promise problem where I{I,’ES U Il‘\lfo = TV, the promise is called trivial. It then is
equivalent to a decision problem [Gol06, p. 256].

Example 2.4.2. An example of a promise is "there is a unique or no solution”. The
sets I{I(’ES,II‘\II’O and Ig’ROMISE can be characterized as follows:

Ty, = {All instances that have a unique solution }
In, := {All instances that have no solution }
g = Typs U Ino = {All instances that have a unique or no solution }.

>ROMISE



The instances in the white area in Figure 2.1 are instances that do not fulfill the promise.

7% = {All instances }

v
IYES —

{Instances with a unique solution}

{Instances with a solution}

Z¥. = {Instances with no solution}

Figure 2.1.: Venn diagram of the sets Zy,, In,, and I (colored in blue).

Example 2.4.3. Recall CIRCUIT-SAT from Example 2.1.2 on page 5. When adding
the promise that "there is a unique or no solution”, which is hard to verify, the problem

is called UNIQUE-SAT [Cal+08], [VV8&6].

(551 V. 952) A (Tl V. @) = ¢ IEESIQUE-SAT U IIEIIgIQUE-SAT

(21 VT2) A (21 V 22) A (TT V T3) = g € TynQuesAT

— . UNIQUE-SAT
1 NT1 =: gOgEINO .

1 has multiple solutions. The promise does not hold. It is neither in Igg;QUE_SAT nor

. UNIQUE-SAT
in Zyg, .

2 has exactly one solution, which is z; = true and xy = false. Therefore, @2 is in
IUNIQUE—SAT
YES :

(3 has no solutions and is therefore in ZII\IJSIQUE'SAT.

What would happen if ¢y is given to Ayxque-saT? Nothing defined happens. Ayyique-SAT
might go berserk and answer "42” or just hang itself. It does not check if the promise
holds.

2.4.1. Turning Promise Problems into Search Problems

Promise problems are of historic importance. The problems whose complexity is studied
here are naturally formulated as promise problems, since there is often no efficient way
to verify the promise. For example, it is as hard to check whether a matrix is a P-matrix
as it is to solve the linear complementarity problem based on this matrix.

For problems studied in this work the promise is "there exists a unique solution” or some
property that implies the uniqueness of the solution.

For an introduction to some basic promise problem complexity classes see for example
[Gol06, Definition 2]. The problems studied in this work can all be sorted into the
promise complexity class PromiseUEOPL (see Section 3.4.3 on page 22).



In this work we are also interested in the search problem complexity of these problems.
Therefore, all of these promise problems are transformed to a total search version and
sorted into search problem complexity classes. This works because for each problem
studied here there exists a short certificate proving that the promise does not hold
[Fea+18, p.2].

Informally, a problem of the structure ”Given promise A, find a solution for B” is
translated to: "Find either a solution for B or a violation against A.”

Formally, all instances of a promise problem ¥ that do not fulfill the promise are sorted
from II\DIJROMISE into I@ES of the respective search problem R. Therefore in the search

problem they now have a valid solution: a violation-solution.
Transforming promise problem ¥ to search problem R:

¢ I\I}'Es = I%!ES u(z¥ \IgJROMISE)v

. Iﬁo = II‘\II’O.
There are four possible outcomes for these transformed problems:

1) The promise holds and we find a solution.

2) The promise holds and we find no solution.

3) The promise doesn’t hold and we find a violation.

4) The promise doesn’t hold but we find a solution anyway.

The fourth case is the most confusing one. If we continued to search, at some point a
violation would be found. But since we are interested in a solution, we are happy as
soon as one is found. Note that if we are in case 4 and the promise is "there is a unique
solution”, the found solution isn’t necessarily unique. If the promise doesn’t hold, there
might be several solutions and maybe we just found one of them before we could find a
violation.

The point is that we want to find a result under any circumstances. If we find a solution,
that’s nice. If we can’t find one, we want to know why. This reason we are told by the
violation solutions. All transformed problems are total, i.e. they are always guaranteed
to have a result. Therefore, they are contained in TFNP (see Section 3.3.3 on page 15).

This kind of transformation cannot be done for all promise problems. For example, if
the promise does not have a certificate that proves them wrong in polynomial time, then
we cannot formulate a proper violation. The violations need to be constructed carefully
and a proof is needed that they accurately represent the promise.

[Fea+20b] conjectures that allowing different sets of violations might change the com-
plexity of the problem. For example, for P-LCP (see Section 5.3 on page 74) there are
two violations stated even though only one would be enough to make the problem total.
There doesn’t seem to be a polynomial time algorithm to convert one violation to the
other. It is left open whether this is a general true statement or not.

The natural promise version of any problem with violations is: Under the promise that
there exists no violation, find a valid solution [Fea+20b, p. 2].

10



2.4.2. Promise Preserving Reductions

In order to analyze the complexity of promise problems, some kind of reduction is needed
that preserves the promise (similar to preserving the number of solutions in parsimonious
reductions). An instance that satisfies the promise in ¥ needs to satisfy the promise in
the reduced promise problem ¥’ as well.

Definition 2.4.4 (Promise preserving reduction for promise problems [Gol06]). A promise
problem ¥ = (IY¥.,Zx,) is promise Karp reducible to the promise problem ¥/ =
(I%’P;S,If\lfé) if there exists a polynomial time computable function f : Z% — Z% such

that
e VI€TY, : f(I) € TY,
e VIETY, : f(I) e TY.
For all instances that do not fulfill the promise in ¥ it is not defined what happens to

them in the reduced problem W¥’. There might be a violating instance I in ¥ which
reduced variant f(I) is not a violation in W', since f(Ze. ) U f(I¥,) C T¥. UTY. .

It holds that if an instance I of ¥ fulfills the promise, then the resulting instance f(I)
of W’ fulfills the promise as well. For the transformed search problem it follows that if
an instance I of the original problem ¥ has no violations, then f(I) has no violations
[Fea+18, p. 14].

If the original instance has a valid solution, the transformed instance must have a valid
solution. If the transformed instance has a violation, the original instance must have
had a violation. If the original instance has a violation, it doesn’t matter what happens
in the transformed instance. It might end in a violation or in a valid solution.

Promise preserving reductions are transitive [SY82, Lemma 1 (i)].

Definition 2.4.5 (Promise preserving polynomial time reduction for search problems
[Fea+20b]). A search problem R is reducible in polynomial time to a search problem
R’ under promise preserving reduction if there exist two polynomial time functions f :
IR = T and g : I8 x S®(f(I)) — SB(I) such that

o if I is an instance of R, f(I) is an instance of R/,
o if &' is a solution to f(I), then g(I,s’) is a solution to I of R,
o if ¢ is a violation of f([I), then g(I,s’) is a violation of I of R.

In the following, if a problem ¥ is reducible to ¥’ under promise preserving reduction,
it iS Written as \Ij jPROI\HSE \III.

11



If a promise problem is made total in the way that is described in Section 2.4.1 on page 9
and reduced via promise preserving reduction to another total search problem of that
kind, their promise versions are reducible to one another as well.

A reduction between two common search problems without violations is always promise
preserving. The specification only becomes relevant whenever one of the two involved
problems has violations. A promise preserving reduction is stronger than the common
search problem reduction, but not at all necessary to place search versions of promise
problems (a "transformed promise problem”) in search problem complexity classes. For
example, it is possible to reduce a search problem to a transformed promise problem that
will only have violations. Or the other way around, it is possible to reduce a transformed
promise problem to a search problem that has only valid solutions.
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3. Complexity Classes

It is important to distinguish complexity classes for decision, search (also called func-
tional) and promise problems. Optimization problems are sorted into search problem
complexity classes, since they are a special kind of search problems. When talking
about complexity classes, usually complexity of decision problems is meant. P and NP
for example are decision problem classes. FP and FNP are equivalent versions for search
problems. They are written with an "F” because search problems sometimes are called
functional problems. Promise-P and Promise-NP are for promise problems.

Solving a decision problem is not harder than solving the corresponding search or opti-
mization problem. Imagine it was easy to solve a certain search problem. To solve the
corresponding decision problem one could run an algorithm for the search problem and
return "yes” if it returns a result, or "no” if it doesn’t [Cor+09, p. 1054].

The other direction is the more interesting one. Is the search problem harder than
its corresponding decision problem? There are cases where both search and decision
problems are easy, for example all problems that are in P. Then again there are cases
where both search and decision problems are hard, for example SAT and its search
version [Pap95, p. 228].

But sometimes the decision problem is easy (or even trivial) whereas the search problem
is still hard and unknown or believed to be in FP. The best example for that are total
problems, i.e. problems that always have a solution. The answer to the decision problem
is by definition always ”yes”. Nonetheless for many of them it is still hard to actually
find that solution [Pap95, p. 230].

Even total problems seem to have different complexities, based on properties like unique-
ness of the solution. There are several sub-classes for total problems that are examined
in the following.

3.1. Semantic vs. Syntactic Classes

One can distinguish between semantic and syntactic complexity classes.

A complexity class is called a semantic class if the Turing Machine (TM) defining this
class has a property that is undecidable. For example BPP which stands for Bounded-
Error Probabilistic Polynomial-Time is a semantic class. It accepts each string with
probability at least 2/3 and at most 1/3. Testing whether a given TM has this property
is undecidable [AB09, p. 137]. The same holds for problems in TFNP, whose defining
Turing Machine accepts problems that always have a solution. Semantic classes tend to
have no complete problems.

A syntactic complexity class is a class for which we can check whether a given TM
defines the language of the class [Pap95, p. 255]. For example, given a string, it is easy
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to determine if it is a valid encoding of a non deterministic Turing Machine which defines
NP [ABO09, p. 137]. Any syntactic class has a standard complete language, namely

{M,z) | M € M and M(z) = "yes”}

where M is the class of all machines of the variant that define the class [Pap95, p. 255].

3.2. Complexity Classes for Decision Problems

The following two classes are well known to anyone who has heard of complexity theory.
They are included here for the purpose of a more complete overview. The question
whether P = NP or P # NP is one of the best known open problems today.

321. P

A decision problem @ = (I%:S,Igo) is in P if and only if there exists a deterministic

Turing machine that decides in polynomial time for any given instance I whether or not

1e19..

3.2.2. NP

A decision problem @ = (I%:S,Igo) is in NP if and only if there exists a deterministic
Turing machine TM and a constant const € R* so that I%:s = {I € I9 | there exists a
certificate s € S?(I) with |s| = O(]I|°"!) such that TM(I,s) = 1}.

3.3. Complexity Classes for Search Problems

3.3.1. FP

A search problem R is in FP if it is in FNP and if there exists a deterministic polynomial
time algorithm that solves it, i.e. finds a solution s to a given instance I such that
(I,s) € R or it states correctly that such a solution s does not exist [Yan88, p.28],
[MPOI1].

FP is for search problems what P is for decision problems. The question whether FNP =
FP is equivalent to the question if NP = P [Yan88].

3.3.2. FNP

A search problem R is in FNP

o if there is a polynomial time algorithm A that, given a pair (I, s), determines in
deterministic polynomial time whether or not (I, s) is in R, and
o if (I,s) € R, then |s| is polynomially bounded in |].

FNP is the equivalent of NP is for search problems[MP91; Yan88, p. 28].
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3.3.3. TFNP

The class TFNP was first defined by [MP91] to capture total search problems. A problem
is called total if there always exist a solution, i.e. VI € Z% 3s € SB(I): (I,s) € R.

TFENP is a subclass of FNP, containing only the total problems of FNP. TFNP is a
semantic class which means that it is unlikely to have any complete problems.

3.3.4. PLS

The complexity class PLS (Polynomial Local Search) was first defined by [JPY88] to
capture problems that can be solved by local search. The goal is to find a local minimum
of function ¢, in a context where each candidate solution s has a local neighborhood in
which the best neighbor can be calculated in polynomial time.

Definition 3.3.1 (The search problem SINK OF DAG). Given a Boolean circuit
S :{0,1}¢ — {0,1}% such that S(0%) # 0¢ and a circuit ¢ : {0,1}¢ — {0,1,..2™ — 1},
find a vertex s € {0,1}? such that S(s) # s and either S(S(s)) = s or ¢(S(s)) < c(s).

PLS is the class of all problems that can be reduced in polynomial time to SINK OF
DAG [Fea+20b).

A problem in PLS can be interpreted as a possibly exponentially large directed acyclic
graph where each node has an out-degree of at most one. Every sink is a local optimum
of ¢, since it has by definition no better neighbor. The problems in PLS are total (and
PLS is therefore in TENP) because every finite directed acyclic graph has a sink [Pap94,
p. 499].

3.3.5. PPAD

Definition 3.3.2 (The search problem END OF LINE). [Pap94, p. 506], [Fea+18, Defi-
nition 7] Given Boolean circuits S, P : {0,1}¢ — {0,1}% such that P(0%) = 0¢ # S(09),
find one of the following;:

(U1) A point z € {0,1}% such that P(S(z)) # =.
(U2) A point = € {0,1}¢ such that S(P(z)) # = and z # 0%

S stands for successor and P for predecessor function. The problem can be interpreted
as possibly exponentially large directed graph G' = ({0,1}¢, E) with (v,u) € E < (v #
uAS(v) =uA P(u) =v). Each vertex has an in- and out-degree of at most one. Each
connected component of the graph forms a line of vertices.

The parity argument states that any finite graph has an even number of odd-degree
nodes [Pap94, p. 500]. 07 is the standard start point and therefore a leaf, and since each
node has in- and out-degree at most one, there must by the application of the parity
argument exist at least one other leaf. This leaf is searched for as a solution to the
problem. A solution of type (UI) describes the end of such a line. A solution of type
(U2) describe the start of another line. For every node in the middle of the line it holds
that P(S(z)) = =.
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The class PPAD (which stands for polynomial parity argument in a directed graph)
contains every problem that can be reduced in polynomial time to END OF LINE [Pap94,
p. 506], [Fea+18].

PPAD contains several complete problems such as computing a Nash-equilibirum in two
player games [DGPO06] or the Brouwer fixpoint theorem [Pap94, p. 526].

There is no polynomial time algorithm known for PPAD-complete problems [Fea+20b].

3.3.6. CLS

The class CLS (Continous Local Search) was first introduced in [DP11] and captures local
search problems whose neighborhood function S and the cost (or potential) function ¢
both have a continuous domain.

Definition 3.3.3 (The search problem KD-CONTINUOUS LOCAL OPT [Fea+20a]). Let
S :[0,1)% — [0,1]* and ¢ : [0,1]* — [0,1] be two well behaved arithmetic circuits and
let €, A > 0 be two real constants. Find a local minimum (or maximum) s € [0, 1]¥ such
that

(C1) ¢(S(s)) > c(s) — € for a minimization problem
(c(S(s)) < c(s) + € for the respective maximization problem)
(C2) or two points s, s’ € [0,1]* that violate the A\-Lipschitz continuity of either S or c:
(C2a) ||S(s) = S(s)| > Alls = &
(C2b) llc(s) = e(s)I > Alls = &'l

CLS is the class of all problems that can be reduced in polynomial time to KD-CONTINUOUS
LocaL Opt. [DP11] first defined the problem for k = 3, [Fea+20a] defined the more
general variant and proved their equivalence.

The class contains all problems that seek an approximate local optimum (or in other
words an approximate stationary or Karush-Kuhn-Tucker (KKT) point) [DP11].

There are several known CLS-complete problems, for example META METRIC CONTRAC-
TION [Fea+17, Theorem 9.] and BANAcH [DTZ17, Theorem 2].

CLS is in (PPAD N PLS) as shown by a reduction from 3D-CoONTINUOUS LOCAL OPT
to the PPAD-complete problem BROUWERFIXPOINT and the fact that 3D-CONTINUOUS
LocAL OPT is a special case of REALLOCALOPT, which is PLS-complete [DP11, The-
orem 2.3|. [Fea+20a] proved recently that CLS = PPAD N PLS by showing that the
unnatural but (PPAD N PLS)-complete problem EITHER-(END OF LINE, ITER) can be
reduced to KK'T. KKT on the other hand can be reduced to another generalized version
of GENERAL CONTINUOUS LOCAL OPT which is equivalent to 3D-CONTINUOUS LOCAL
Op1. KKT, BANACH and META METRIC CONTRACTION therefore all are complete for
CLS.
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EITHER-(END OF LINE, ITER)
((PPAD N PLS)-complete) KKT

GENERAL ConNTINUOUS LocAL OrT GD-LOCALSEARCH GD-FixpoINT
3D-CoNnTINUOUS LocAaL OrPT
GENERAL CONTRACTION BaNACH

META METRIC CONTRACTION

Figure 3.1.: Overview of reductions

3.3.7. EOPL

The class EOPL (End of potential line) describes problems in which it is possible to
calculate the next solution as well as the previous solution from a given candidate solution
in polynomial time. These calculations form a sequence of possible solutions, a line in
which the solutions are ordered. Each solution also has a certain cost (or potential)
which must be strictly increasing along the line.

Definition 3.3.4 (The search problem END OF POTENTIAL LINE [Fea+20b]). Given
the following Boolean circuits:

e S,P:{0,1}% — {0,1}% such that P(0%) = 0¢ # S(04),
e ¢:{0,1}* - {0,1,...,2™ — 1} such that ¢(0¢) = 0.

The task is to find one of the following;:

(U1) A point z € {0,1}? such that P(S(z)) # .
x is the end of the line and therefore a valid solution. In this case, the structure
of § and P might look like this:

DD @50e @D
(U2) A point z € {0,1}? such that S(P(z)) # = # 0.

x is the beginning of a different line which does not start at 0¢. It is a valid solution.
In this case, the structure of S and P might look like this:

O WD @D
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(U3) A point z € {0,1}? such that P(S(z)) = z,S(z) # = and ¢(S(z)) — c(x) < 0.
x is in the middle of a line, but the following vertex has lower cost. Therefore it is
the end of the increasing line and a valid solution.

The problem can be interpreted as a possibly exponentially large directed graph G =
(V, E) with

e veVeuvec{0,1}A(SW) #vV P(v)#wv) and
e (vyu) e ES (v#FuNS(w)=uAP(u)=").

Each vertex has an in- and out-degree of at most one. Each connected component of the
graph forms a line of vertices. (U1) describes the end of such a line. For every node in
the middle of the line it holds that P(S(x)) = x. The graph is acyclic. In comparison
to UNIQUE END OF POTENTIAL LINE, there can be several lines with several endings in
an END OF POTENTIAL LINE instance.

The problem combines the SINK OF DAG and END OF LINE problem. A solution is
a sink, either because of increasing potential (like in SINK OF DAG) or because the
successor and predecessor circuits don’t form a valid edge for two nodes (like in END OF
LINE).

The class EOPL contains all problems that can be reduced in polynomial time to END
OF POTENTIAL LINE [Fea+18]. There are no known problems that are in EOPL but
not in UniqueEOPL [Fea+20b, p. 3], the usefulness of the class EOPL is therefore still an
open question.

Definition 3.3.5 (The search problem END OF METERED LINE [HY17]). Given the
following Boolean circuits:

e S,P:{0,1}% — {0,1}4 such that P(0%) = 0¢ # S(04),
e ¢:{0,1}* = {0,1,...,2™} such that ¢(0¢) = 1.

The task is to find one of the following:

(U1) A point z € {0,1}% such that P(S(z)) # = .
x is the end of the line and therefore a valid solution.

(U2) A point z € {0,1}? such that S(P(z)) # = # 0.
x is the beginning of a different line which does not start at 0¢. It is a valid
solution.

(U3) A point z € {0,1}% such that = # 0¢ and c(z) = 1.
r is the beginning of a different line which does not start at 0¢. It is a valid
solution.

(U4) A point z € {0,1}? such that c(z) > 0 and ¢(S(x)) — c(x) # 1.

(U5) A point z € {0,1}% such that c¢(x) > 1 and ¢(z) — ¢(P(z)) # 1.

[HY17] proved that END OF METERED LINE is in CLS.

The main difference from END OF POTENTIAL LINE and END OF METERED LINE is
that in END OoF METERED LINE the potential is increasing exactly by one. [Fea+18,
Theorem 10] proved that END OF POTENTIAL LINE is polynomial time equivalent to
END oF METERED LINE with the help of Lemma 4.1.26 on page 43.

It follows that END OF POTENTIAL LINE is in CLS and EOPL is a subclass of it. It is
unknown whether CLS = EOPL.
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3.3.8. UniqueEOPL

Like EOPL, the class UniqueEOPL (Unique End of Potential Line) captures search prob-
lems with the property that their solution space forms an exponentially large line with
increasing cost. From one candidate solution we can calculate another candidate solution
in polynomial time. The end of that line is the solution of the search problem. If the
above properties hold as promised, this solution is unique. This is a promise problem
that can be transformed into a total problem as described in Section 2.4.1 on page 9.
For the cases where the cost are not increasing or the solution space does not form a
single line, violations are introduced. This problem is therefore total.

Definition 3.3.6 (The search problem UNIQUE END OF POTENTIAL LINE [Fea+18]).
d,m € NT,m >d.

Given the following Boolean circuits:

e S,P:{0,1}% — {0,1}¢ such that P(0) = 0¢ # S(0%) and
e ¢:{0,1}* — {0,1,...,2™ — 1} such that ¢(0%) = 0.

The task is to find one of the following:

(U1) A point z € {0,1}? such that P(S(z)) # .
x is the end of the line and therefore a valid solution. In this case, the structure
of § and P might look like this:
DEDB @0 @050)
(V1) A point = € {0,1}? such that S(P(z)) # = # 0%
x is the beginning of a different line which does not start at 0%. In this case, the
structure of S and P might look like this:
OO OLOIOE0SO
(V2) A point z € {0,1}% such that P(S(z)) =z, x # S(z) and ¢(S(x)) — c¢(x) < 0.
x is in the middle of a line, but the following vertex has lower cost. It is a violation

of the increasing potential.
(V8) Two points z,y € {0,1}¢ such that = # y, z # S(x), y # S(y) and either

a) c(x) = c(y) or

b) c(x) < c(y) < c(S(x)).
x and y are two different nodes that either have the same potential or that violate
the increasing potential. Both cases imply that the instance has more than one
line.

The problem intuitively defines a directed graph G = (V, E), with

e veVeve{0,1}¥A(SW) #vV P(v)#wv) and

e (Vyu) e E< (v#uNS(w)=uAP(u)=").
Each vertex has an in- and out-degree of at most one. Each connected component of the
graph forms a line of vertices. (U1) describes the end of such a line. For every node in

the middle of the line it holds that P(S(x)) = z, i.e. the structure of S and P look like
this:
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The given problem is a maximization problem, as well as all other problems examined
in this thesis. An equivalent minimization problem can be constructed by defining
d(s) :== 2™ — ¢(s) and inverting the above conditions respectively.

Example 3.3.7. A UNIQUE END OF POTENTIAL LINE instance with violations [Fea+18,
Figure 2.].

() =T clsh) =5 clsh) =4 cs))=3 c(sh) =2
() =9 () = 8

There are two lines in this picture, therefore it contains several violations. The first line
starts at s and the second line starts at s(.

s{ is a solution of type (Ul), as well as /.

s5 is a violation of type (V2). The successor of s5 is sj,, which has a lower potential than
s5. Even though S(s5) = s, and P(s{;) = s, it does not hold that ¢(s5) < c(s).

sq is a violation of type (V1).
sy and s(, are a violation of type (V3a) since c(s() = 2 = ¢(s2).

s3 and s are a violation of type (V3b). S(s3) = s4 and c¢(s3) =3 < ¢(sh) =4 < ¢(s4) =
5.

The complexity class UniqueEOPL contains all problems that can be reduced in polyno-
mial time to UNIQUE END OF POTENTIAL LINE [Fea+20b].

Note that the reduction does not need to be promise preserving. It could happen that
a problem can be reduced to UNIQUE END OF POTENTIAL LINE with a simple search
problem reduction, which is sufficient to show that the problem is in UniqueEOPL. All
problems in this thesis (except P-GLCP) can be reduced under promise preserving
reductions though, which implies that their promise versions are in PromiseUEOPL.

In contrast to the class EOPL it follows from the uniqueness that only one line is allowed
here. The goal is to find the end of that unique line or a violation of the line-structure
or the increasing cost. Circles are not allowed and the start of the line is always 0%
UniqueEOPL is by definition a subclass of EOPL, they are considered unlikely to be
equal [Fea+20b].

20



3.3.9. Relationships between Classes

IMPO1, p. 319): PLS C TFNP

[Papo4] PPAD C TFNP
[DP11, Theorem 4.1]: CLS C PLS n PPAD
[Fea-+20a]: CLS = PLS N PPAD
[Fea+18, Corollary 11.]: EOPL C CLS
[Fea+18, p.14]: UniqueEOPL C EOPL

EOPL

UniqueEOPL

Figure 3.2.: Relationships between classes
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3.4. Complexity Classes for Promise Problems

3.4.1. Promise-P

Promise-P is the class of promise problems that are solvable in deterministic polynomial
time. It is the promise problem equivalent of the decision problem class P.

Definition 3.4.1 (Promise-P [Gol06]). A promise problem ¥ = (74, Z,,) is in Promise-
P if there exists a polynomial time algorithm A such that:

o VIETY, : A(I) =1,

o VIETY, : A(I)=0.

3.4.2. Promise-NP

Promise-NP is the class of promise problems that have polynomial long proofs of mem-
bership that are verifiable in polynomial deterministic time. It is the promise problem
equivalent of the decision problem class NP.

Definition 3.4.2 (Promise-NP [Gol06]). A promise problem ¥ = (Zy,.,Zx,) is in
Promise-NP if there exists a polynomial bounded relation R: {0,1}* — {0,1}* that
is recognized by a polynomial time algorithm such that:

o VI € I¥, : there exists a solution s such that (I,s) € R.
o VI € Y, : there exists no solution s such that (I, s) € R.

We say that R is polynomial time recognizable if there exists a polynomial p such that
for every (I,s) € R it holds that |s| < p(|I|) and R is recognized by an algorithm A if
A(l,s) =1« (I,s) € R.

3.4.3. PromiseUEQOPL

Definition 3.4.3 (PROMISE UNIQUE END OF POTENTIAL LINE). Recall the Defini-
tion 3.3.6 on page 19 of UNIQUE END OF POTENTIAL LINE. The problem PROMISE
UNIQUE END OF POTENTIAL LINE is defined as: Under the promise that there is no
violation of type (V1), (V2) and (V3), find a solution of type (UI).

The class PromiseUEOPL contains all promise problems that can be reduced in polyno-
mial time to PROMISE UNIQUE END OF POTENTIAL LINE [Fea+18, p. 3].

Problems in UniqueEOPL are not guaranteed to have unique solutions since there might
be violations. Problems in PromiseUEOPL have a unique solution, since they are promised
not to have violations.

PromiseUEOPL is the promise problem equivalent of the decision problem class UniqueEOPL.
The promise version of the problems that are proven to be in UniqueEOPL via a promise
preserving reduction are in PromiseUEOPL.
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4. UniqueEOPL-complete Problems

UNIQUE END OF POTENTIAL LINE is trivially complete for UniqueEOPL. There is cur-
rently only one "natural” complete problem known for UniqueEOPL, which is ONE PER-
MUTATION DISCRETE CONTRACTION (OPDC). Several variations of UniqueEOPL that
are used for proving OPDC to be UniqueEOPL-complete are also UniqueEOPL-complete.
To prove a problem to be UniqueEOPL-complete, it needs to be shown that it is in
UniqueEOPL and that another complete problem can be reduced to the new one.

Complete Problem Proven by Reference
UNIQUE END OF POTENTIAL | definition
LINE
UNIQUE FORWARD EOPL “promse ONE ~ PERMUTATION  Dis- | [Fea+20Db,
CRETE CONTRACTION | Lemma 11]
(OPDC)
UNIQUE EOPL+1 “promise UNIQUE END OF POTENTIAL | [Fea+20Db,
LINE Lemma 17]
OPDC >pProvise UNIQUE EOPL+1 [Fea+20b,
Lemma 19]
UNIQUE FOrRwWARD EOPL+1 >pPromise  UNIQUE FORWARD EOPL [Fea+20Db,
Lemma 13]

4.1. One Permutation Discrete Contraction (OPDC)

Definition 4.1.1 (CONTRACTION [Fea+18]) = [0,1]% ¢ R? is a hyper cube. A
contraction map is a function f : [0,1]% — [0, ]d It is contracting under a metric § if
Va,y € [0,1]%: 6(f(x), f(y)) < const - 5(x,y) for some constant 0 < const < 1.

The Banach fixed point theorem states that for a function f that is contracting under a
metric d, there exists a unique fixpoint of f, i.e. f(z) = [Barll, p. 146].

The contraction map is defined on a continuous space and [DTZ17] proved that finding
the fixpoint whose existence is guaranteed by the Banach fixed point theorem, is CLS-
complete. Therefore the problem is unlikely to be in UniqueEOPL since this would imply
that CLS = UniqueEOPL. In the following, a discrete (and rather specific) version of the
contraction problem is examined.

The cube C is discretized with an overlying grid I' with grid widths (w1, ...,wq) where
w; € N:

I'=10,1,...,w1] X [0,1,...;wa] X ... x [0, 1, ..., wql.

A point in the grid p € I is matched to the cube by dividing each dimension p; by the
corresponding grid width w;:

q = (p1/w1,p2/wa, ..., pawa) € [0,1]%
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Definition 4.1.2 (Direction functions). Let D := {D; | i = 1,...,d} be a set of direction
functions given as circuit with D; : T' — {Up, Down, Zero} so that for every point p € I":

« Di(p) =Up < f(q)i > ¢,
e D;(p) =Down < f(q); < qi,
e Di(p) = Zero < f(q)i = qi-

The goal of the modified problem is to find a point p € T' that is a fixpoint for each
direction function: Vi =1, ...,d : D;(p) = Zero.

Example 4.1.3. d =1

e Dimension d =1
d
f(d) e Cube C =10,1]
e Grid width wy :=4
1y fl@)=1-x e Grid I' = {0,1,2,3,4}
o Direction function (represented by the
arrows):
Fixpoint — f(0)=1>0= Dy(0) =Up
- f§)=3>1=Di(1)=Up
e T | I N — f(3)=1=1%= Di(2) = Zero
Cube C = [0,1] - f(%):% < %:>D1(3):Down
00 ‘ ‘ ! — f(1)=0< 1= D;(4) = Down

Example 4.1.4. d =2

f:10,1)2 = [0,1)

d; (d1+d2+2)
_ 4
f <d2) - (d?;rdé)

(d1+d2+2)
4

0 o .
0.2 y
0.4
0.6 o

10 d
4 ?

The goal is to find a point (p1,p2) that is fixpoint in both of the above plots. The
solution is obviously (1,1).
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d di\ _ di+da+2 d> di) d3+d3
(1) - 2 () - 852

1 10.75/0.810.88 0.94 1 1 10.50.530.630.78 1
3 10.69/0.75/0.81 0.88 0.94 310.28/0.31 0.41 0.56 0.78
2 10.630.69 0.75 0.81 0.88 2 10.13/0.16 0.25 0.41 0.63
1 10.56 0.63 0.690.75 0.81 1 10.030.06 0.16 0.31 0.53
0 |0.50.56 0.630.69 0.75 0 | 0 0.030.130.28 0.5
d1 dl
1 2 3 1 2 3
0 7 1 1 1 0 3z 1 1 1
d d
’ Dy ’ Dy
1 1= = = =10 | R A A
3 3
T =0« <« - R R S B
2 15 = 5 o e E S I S B A
1= = =0« R R
0 |—= | = | = | « 0 ol 1t 1t 7
d1 dl
1 2 3 1 2 3
0 7 7 1 1 0 7z 7 1 1

Note that up until now there might not be a unique fixpoint in the grid. It can happen
that the cube is discretized in an unfortunate way so that the fixpoint is not captured.
To ensure that there is a fixpoint, extra conditions need to be formulated. In order to
do so, we need the following definitions first.

Definition 4.1.5 (Slice s [Fea+18]). Let Slicesy :== [0,1,...,w;] U {*x} x [0,1,...,w2] U
{#} x ... x[0,1,...,wq] U {x}.

A slice is a vector s = (s1,89,...,84) € Slicesy with s; € [0,1,...,w;] U {x} . If s5; €
[0,1,...,w;], this means that dimension i is fixed, if s; = %, dimension i is free to vary.

For s € Slicesglet I's = {pe T |Vi=1,..,d:s; # x = p; = s;} be the set of grid
points in the slice s.

Definition 4.1.6 (Sub-Slices [Fea+18]). A slice s’ € Slicesy is a sub slice of
s € Slicesy if

Vi=1,..,d:s;#*x= s;- = s;.
Definition 4.1.7 (i — Slice [Fea+18]). An i — Slice is a slice s for which holds:

Vi=1,.,d:(j<i=s;j=%x)A(J>i=s;#x*).
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Example 4.1.8. Recall Example 4.1.4 on the previous page. There are 3 ¢ — Slice
types:

o one 2 — Slice, which is (x, %),

o for each y € [0,1,...,ws] there is one 1 — Slice (x,y),

o for each z € [0,1,...,w1], y € [0,1,...,ws] there is one 0 — Slice (x,y), which is
exactly one point in the grid.

do
Slice (%,+) =T
4 - Slice (4,4) = {(4,4))
3
2
1 Slice (x,1) = {(0,1),(1,1),(2,1),(3,1), (4,1)}
0

dy

Definition 4.1.9 (One-permutation discrete contraction map [Fea+18]). Let I" be a
grid and let D := {D; | i = 1,...,d} be a family of direction functions. D and I' form
a one-permutation discrete contraction map if for every i — Slice s the following two
conditions hold:

(i) There is a unique fixpoint of s in all dimensions smaller than i (i.e. a point p* € I'g
is fixpoint of slice s if D;(p*) = Zero for all dimensions i where s; = ).
(i) Let s’ € Slicesy be a sub-slice of s where the coordinate ¢ for which s; =
has been fixed to some value and all other coordinates are unchanged. s’ is an
(1 — 1) — Slice. If p* is the unique fixpoint of s, and ¢* is the unique fixpoint of
s’, then
e ¢ <p; = D;(¢*) =Up and
e ¢ >p’ = D;(¢*) = Down.

Since (, ..., *) is an i — Slice, the first condition promises that there is a unique fixpoint
for the overall problem. The second condition promises that if we have found a unique
fixpoint for a sub-slice s, then the direction function will tell us where to go to find the
unique fixpoint of s.

Note that these two conditions are rather specific and not really relevant in practice.

It is hard to check whether a given instance fulfills the conditions or not. These conditions
are the promise. In the search version of the problem they are formulated as violations.

Example 4.1.10. (First condition)

Recall Example 4.1.4 on page 24. It does not satisfy the first condition. Not every
i — Slice has a unique fixpoint, the slice (x,2) for example has none.

The following image shows a function which does satisfy the first condition. The 1—Slice
(*,1) has a unique fixpoint in dimension dy (picture on the left) at (3,1). For the second
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dimension dy (picture on the right) there are two fixpoints of Dy in that slice, but so # x*
and therefore there doesn’t need to be a unique fixpoint for Ds.

D D
ds ! ds ?
4 |- = = =lo0 Overall fixpoint 4 1Ll o Overall fixpoint
o i R el Al Slice (x,1) sy ot
2 |= = = 0 2 (4 4t
1= = = 0|«| Di(@B1)=2er0 1], 0 0 t ¢t Do((3,1)) =Up
0 |— — 0|« « ojo Tt T|1 71
di di
01 2 3 4 01 2 3 4
Example 4.1.11. (Second condition)
Let s := (x,%) and let s’ be sub-slice of s which is fixed in the coordinate i = 2:

s’ = (x,1).
p* = (4,4) is a unique fixpoint of s and ¢* = (3, 1) is a unique fixpoint of s’.

Given the second condition, the following should hold:

¢ =1<4=p;5= Dy(q*) = Up.

In Example 4.1.10 on the previous page, this is the case. The orange colored box points
upwards in the direction of the overall fixpoint of the problem.

Consider the following image. Here, Dy(¢*) doesn’t point towards the overall fixpoint.
This simply means that the given example is no valid one-permutation discrete contrac-
tion map.

D D
ds ! ds ?
1 |—= —|= —=|0]| Overalfixpoint 1 || || || ] [0]| Overal fixpoint
3 3
1|70 e Slice (x,1) bbbt
2= = = 0 « 2104 4L
s D1((3,1)) = Zero Lltlolod]t D5((3,1)) = Down
0= = 0 « « SEEENE
1 2 3 d 1 2 3 d
0 7 1 1 1 0 7z 1 1 1
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Definition 4.1.12 (The search problem ONE PERMUTATION DISCRETE CONTRACTION
(OPDCQ)). Let I be a discrete grid points over [0, 1]¢ and let D be a family of direction
functions as defined in Definition 4.1.2 on page 24.

Find one of the following:
(0O1) A point p € I" such that Vi = 1,...,d : D;(p) = Zero.

(OV1) An i — Slice s with two fixpoints p,q € I's with p # ¢ such that
Vj <i:Dj(p) = Dj(q) = Zero.

(OV2) An i — Slice s and two points p, g € I's such that

— Vj <i:Dj(p) = Dj(q) = Zero, di D di
— p; and ¢; are adjacent to each J D
other in dimension ¢:
pi=qi+1, 0 1
— D;(p) = Down and D;(q) = Up. 0 )
d; d;
(OV3) An i — Slice s and a point p € I's such that
— Vj <i:Dj(p) = Zero and either 5 D; T D;
— pi =0 and D;(p) = Down or
— pi = w; and D;(p) = Up.
0L 1 g L g

Solution (O1) describes a fixpoint.

Violation (OV1) is clearly a violation of condition (7)) of the one permutation discrete
contraction map from Definition 4.1.9 on page 26.

Violation (OV2) is a violation of condition (%) of the one permutation discrete contrac-
tion map. By condition (i) both arrows should point towards the fixpoint of the next
higher dimension. But when they are pointing in disagreeing directions, they cannot
both point to the fixpoint.

Violation (OV3) is also a violation of condition (7) of the one permutation discrete
contraction map. By condition (7i) the arrow should point towards the fixpoint of the
next higher dimension, but this fixpoint cannot be somewhere out of the grid, therefore
the arrow must be wrong.

The conditions of the one-permutation discrete contraction map as defined in Defini-
tion 4.1.9 on page 26 are here formulated as violations. They are the reason why this
problem is called one permutation discrete contraction. The order of the dimensions we
chose is relevant to the validity of the instance. If we chose a different order, it is a
different problem.
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Example 4.1.13. The following example is a perfectly valid OPDC instance:

do
D, Do
Ee ¢
1 — ||
0 — ||
0 1 2 3 & 01 2 3 N

If the two dimensions are flipped, the points (0,1) and (2,0) violate of type (OV2).

do 5 do D,
1
314144
20411
L[]
0 )
01 2 N 012 &

The problem has no natural cost or potential function. Also the points of the grid don’t
have an intuitive neighborhood or successor as needed for a UNIQUE END OF POTENTIAL
LINE instance. Nonetheless, there exists a reduction from OPDC to UNIQUE END OF
POTENTIAL LINE which proves that OPDC is in UniqueEOPL.

The two conditions defined for a one-permutation discrete contraction map in defini-
tion 4.1.9 on page 26 allow us to define a line-following algorithm along which we can
walk through an OPDC instance. We start with 0% - the grid cell in the bottom left
corner. From there, the direction function shows us the way to the fixpoint of dimension
i. When reached, we can check with the direction function of dimension ¢ + 1 which
direction to go in the next dimension. So we reset dimension ¢ to 0, move along the told
direction and start increasing the coordinates in dimension ¢ again. When the mutual
fixpoint of dimension ¢ and ¢ + 1 is found, the direction function of i + 2 shows us the
way to go, and so on, until the overall fixpoint is found.

4.1.1. OPDC is in UniqueEOPL

Theorem 4.1.14. ONE PERMUTATION DISCRETE CONTRACTION (OPDC) s in UniqueEOPL.

It is not proven directly that OPDC <prouise UNIQUE END OF POTENTIAL LINE, but
instead a sequence of reductions is performed:

OPDC =<promise UNIQUE FORWARD EOPL
=<promise UNIQUE FORWARD EOPL+1
=<Promise UNIQUE END OF POTENTIAL LINE.
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4.1.1.1. OPDC to Unique Forward EOPL

Definition 4.1.15 (UNIQUE FORWARD END OF POTENTIAL LINE [Fea+20b]). Given
a Boolean circuit S : {0,1}¢ — {0,1}¢ such that S(0%) # 0% and a Boolean circuit
c:{0,1}% = {0,1,...,2™ — 1} such that ¢(0¢) = 0, find one of the following:

(UF1) A point z € {0,1}? such that S(z) # = and either S(S(x)) = S(z) or
c(S(x)) < ¢(x).
x is a sink and a valid solution.
(UFV1) Two points z,y € {0,1}% such that = # y, S(x) # x, S(y) # y and either

a) c(x) =c(y) or
b) c(z) < c(y) < c(S(z)).

x and y are two different nodes that either have the same potential, or that
violate the increasing potential. Both cases imply that the instance does not
have the form of an increasing line.

(UFV2) Two points z,y € {0,1}¢ such that = is a solution of type (UF1), = # y,
S(y) #y and e(x) < c(y).
This encodes a break in the line. z is the end of one line, but there exists a
different line with a node y that has higher cost than zx.

Again, this problem can be interpreted as a directed acyclic graph G = (V, E) with
Vi={v|ve{0,1}¢ASw) #v}and (v,u) € E< (v#uASW) =uAcl)<c(u). A
bit string v only encodes a vertex if S(v) # v. Each vertex has out-degree at most one.
(UF1) describes a sink of the graph. If no violation of type (UFV1) is found, it implies
that the graph actually has the form of a line. So if a sink is found and if there exists
no violation, the sink is the end of a line.

(UFV2) implies that there is another line with a node that has bigger cost than the end
of the first line. This type of solution might seem a bit pointless at first, since when any
algorithm finds a solution of type (UF1), it is happy and stops searching for violations.
This type of solution is needed to make the reductions promise preserving. UNIQUE
FOrRwARD EOPL+1 has a violation of that type as well. It becomes important in the
reduction from UNIQUE FORWARD EOPL-+1 to UNIQUE END OF POTENTIAL LINE,
when there is a violation found in the UNIQUE END OF POTENTIAL LINE instance, it
must be matched back to a violation in the UNIQUE FORWARD EOPL-+1 instance. This
can be seen in detail in [Fea+20b, Proof of Lemma 27, p. 28|.

Example 4.1.16. Consider the following UNIQUE FORWARD EOPL instance for d = 2.
The arrows represent function S, not the edges of the graph. The vertices (10) and (01)
aren’t actual vertices. V ={00,11}, E = {(00,11)}. (11) is a solution of type (UF1).

c(00) =0 ¢(11)=3 ¢(10)=2 ¢(01)=1

Theorem 4.1.17. There exists a promise preserving polynomial time reduction from
OPDC to UNIQUE FORwWARD EOPL.

Proof. Given an OPDC instance I = (I', D), construct a UNIQUE FORWARD EOPL
instance I' = (S, ¢).
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The idea of the reduction is to find a line following algorithm through the OPDC grid as
described in Example 4.1.13 on page 29, which ends in the unique fixpoint. The algorithm
works recursively. The states of this local search line following algorithm are represented
as vertices of UNIQUE FORWARD EOPL. The nodes of the UNIQUE FORWARD EOPL
instance are tuples with certain properties in which the unique fixpoint of all ¢ dimensions
is saved, before we start searching for the fixpoint of 44 1 dimensions. This ensures that
every point after the unique fixpoint is not a valid vertex. Furthermore it also allows
us to define an order on the vertices, which is needed to define the cost function. Every
tuple can be evaluated by a set of polynomial time verifiable conditions.

For the correctness of the reduction it must be proven that valid solutions of OPDC are
only mapped to valid solutions of UNIQUE FORWARD EOPL, and that every violation
in the constructed UNIQUE FORWARD EOPL instance was a violation in the original
OPDC instance in the first place.

A point p € T' is on the ¢ — surface if Vj = 1,...,i: D;(p) = Zero.
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The vertices The dimension of the grid I' is d. Let V := (I' U {L})4*! be the set of
vertices for the UNIQUE FORWARD EOPL instance. Since I' = [0, 1, ...,w1] X [0, 1, ..., wa] X
.. X [0,1,...,wy] does not consist of 0-1-bit strings, this is actually not a set that can
be used for the construction of S. Let k; be the number of bits needed to represent
pi €[0,1,...,w;] and let k :== max k;. Let TV := {0, 1}**? and V' := (I U { L})4*+1.

i=1,...,

To make it easier to understand, the rest of the reduction will work with V. But it is
important to note that all the intervals can be represented as 0-1-bit Strings.

A vertex v on the line of I’ is a vector v = (pg, p1,...,pq) With each p; e TU{L}. If a
point p; = L, it indicates that we have not encountered a point on the i — surface yet.
If point p; # L, p; is the value of the most recent visited point on the ¢ — surface.

Only some of the vectors are valid vertices. To be valid, a vertex v = (po, p1, ..., pg) must
fulfill all of the following conditions:
e fori=1,...,d:

(a) pi # L =Vj=1,..i: Dj(p;) = Zero.
This means that if p; is not bottom, p; has to be on the i — surface of the
OPDC instance.

e fori=0,..,d—1:
(b) pi # L = Dji1(pi) # Down.
(¢c) pi# LApj=LANi<j= (pi)j+1=0.
(d) pi # LApj# LANi<j= (pi)jr1=(pjj+1+ L
The function isVertex : V — {true, false} returns whether or not v fulfills all these
conditions. The function can be calculated in polynomial time.

Example 4.1.18. d =6

=0 = (ps)s + 1
(Po)1 (Po)2 (Po)s | (Po)a | (Po)s | (Po)e
(p1)1 (p1)2 (P1)s| (p1)a | (P1)s | (P1)s
(p2)1 (p2)2 (P2)3 | (P2)a | (P2)5 | (P2)6
ps=L| |(p3)1 (p3)2 (P3)3 (P3)a (p3)s| (P3)e
(pa)1 (pa)2 (pa)s (pa)a (pa)s | (pa)s
ps# L| ()1 (ps)2 (P5)3 (Ps)a (ps)s (Ps)e
(ps)1 (pe)2 (p6)s (Pe)a (pe)s (Pe)e

The above matrix represents a vertex v € V. The column colored in blue is an example
of condition (¢): ps = L, therefore all points above which are not L are 0 at index 4.
The column in red is an example of condition (d): Since ps # L, all points above which
are not L are (ps)s + 1 at index 6.

The start vertex o is defined as o :== (04, 1, ..., ).
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Construction of the successor function S Let S: V — V.

Given a vertex v = (pg, p1, ..., P4), construct S(v):

(1) If isVertex(v) = false then S(v) := v to indicate that v is not a valid vertex.

(2) If isVertex(v) = true, let ¢ be the smallest index such that p; # L.

(2.1)

(2.2)

(2.3)

(2.4)

If i = d then v = (L, ..., L, pg). Furthermore, pg is on the d — surface which
means that Vj < d: D;(p) = Zero. Therefore, p, is a solution to the discrete
contraction map. We set S(v) := v to indicate that the point before v is the
end of the line.

If Dit1(pi) = Zero and i < d then S(v) := u where

1 oifj<i+1
uj=+<p; ifj=i+1
p; ifj>i+1
This overwrites the point at position ¢ + 1 with p; and sets the position ¢ to

L. All other components are unchanged.

S(Ly s Lypis Pi1, Piv2, -, 0a) = (L ooy Ly L iy Di2s vy Pa)-

This case describes the situation when a point is reached which is Zero in
all dimensions j < i+ 1. In the next step we want to check the next higher
dimension.

If Diy1(pi) # Zero and 0 < i < d then let ¢ be the point

0 ifj<i+1
(@; =19 Pi)it1+1 ifj=i+1
(pi); ifj>i+1.

(a) If q is a point in I" then S(v) = (¢, p1, ..., Pd)-
In this case we follow the direction which tells us where the overall fixpoint
is and reset the lower dimensions.

(b) Otherwise it holds that (p;)it1 = wit1. p; is the last point on the
grid in dimension ¢ + 1.  This implies a solution of type (OV3) since
isVertex(v) = true implies that D;11(p;) = Up. We set S(v) = v.

If Diy1(vi) # Zero and i = 0 then let ¢ be the point such that (¢); = (po);
for all j > 1 and (¢)1 = (po)1 + 1.

(a) If ¢ is a point in I" then S(v) = (¢, p1, ..., Pd)-
We follow the direction of dimension 1 to find the fixpoint of this slice.

(b) Otherwise we have another solution of type (OV3), since (pg)1 = wi. We
set S(v) = wv.

Case (2.4) actually behaves the same as case (2.3) when it is called with
1 = 0, but when we prove the correctness of the reduction the two cases lead
to different violations. Therefore they are kept separate.
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Example 4.1.19. Consider the following OPDC instance for d = 2 from [Fea+18]. The
table below shows the repeated call of S on the start node o. It contains the case that

is entered to determine the successor and the result.

Do

do Dy do

71—=]— | 7

6|—|—|— | 6

5= |—=|—=|— | 5

4= | === — | 4

3= === — | 3

2= | === — | 2

1=|—= =~ | 1

0|—=|—=|—=|— | 0

012345675809 ©

Vertex v i | Dit1(pi) Case | S(v)
00,1,1) | 0 | Di(00)=Up | (4a) | (10,1, 1)
(10,1,1) | 0 | Dy(10) =Up | (4a) | (20, 1, 1)
(20,1,1) | 0 | D1(20)=Up | (4a) | (30, L, 1)
(30,L,1) | 0 | Di(30)=Up | (4a) | (40, L, 1)
(40, L, 1) | 0 | D1(40) = Zero | (2) | (L,40,1)
(1,40, 1) | 1 | D2(40)=Up | (3a) | (01,40, 1)
(01,40, L) | 0 | D1(01) =Up (4a) | (11,40, 1)
(11,40, 1) | 0 | Di(11) =Up | (4a) | (21,40, 1)
(51,40, 1) | 0 | D1(51) = zero | (2) | (L,51,1)
(L5L, 1) | 1| Do(51)=Up | (3a) | (02,51,1)
(02,51,1) | 0 | D1(02)=Up | (4a) | (12,51, 1)
(62,51, 1) | 0 | D1(62) = Zero | (2) | (L,62,1)
(1,62, 1) | 1 | Do(62) = zero | (2) | (L,L,62)
(L,L1,62) |2 |i=d (1) [ (L, L,62)

The end of the line is (L,62,L).

Cost function ¢ First, the help function g: (TU{L}) x {0,1, ...

as follows:

0

MMO:{@M1+

h:V — N¢
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ifp#£ 1
otherwise

h(’l)) = (g(p070)7g(p171)7 "'7g(pd—1,d_ 1)) = (lﬂall)'--yld—l)

dy

,d—1} — N is defined



Recall Example 4.1.18 on page 32. Function g, with the parameters that A calls it with,
returns the same value that condition (¢) and (d) of isVertex enforce for all smaller
points at that index.

Let < be a relation between two elements of N such that it orders them lexicographically

from the right.

<= {(Jc,y)\x,y € Ndaj = igaxd{i’xi 7£ yi}vxj < yj}

Let w € N be a variable larger than any grid width used in any dimension such that
Vi=1,...d: w; +1 <w. With these two help functions, ¢ is defined as follows:

d—1 .
- 0 ifpg=_L1
= ;] +
o= (Sen) il s

If (pg =L =gqq)or (pa# LANgq# L), and c(v) < c(u), it holds that h(v) < h(u) with
u=(qo,---,94d)-
Example 4.1.20. Consider Example 4.1.19 on the preceding page. Let w = 12 because

the largest grid width in this example is w; = 10. The following table shows the cost of
each node that is visited during the line-following algorithm.

Vertex v = (p07p17p2) g(pOa 0) g(plv 1) c (U)
(00,1, 1) 1 0 1
(10, L, 1) 2 0 2
(20, L, 1) 3 0 3
(30, L, 1) 1 0 1
40,1, 1) 5 0 5
(1,40, 1) 0 1 12
(01,40, 1) 1 1 13
(11,40, 1) 2 1 14
(51,40, 1) 6 1 18
(L,51, 1) 0 2 21
(02,51, 1) 1 2 %
(62,51, 1) 7 2 31
(1,62, 1) 0 3 36
(L, 1,62) 0 0 144

Originally, [Fea+20b] defined the cost function without the possible +w? at the end. This
definition is not sufficient because there are always two nodes that define a violation of
type (UF'V1) even though the OPDC instance is correct. By the definition of a promise
preserving reduction, this is not allowed.

Example 4.1.21. Let ¢ be the cost function as defined in [Fea+20b]:
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Consider an OPDC instance for dimension d = 3 that has a unique fixpoint at (1,2, 3).
Let

,0) (0,0,0)

(1,2,3)

Since the cost function ignores the last element, it holds that ¢/(v) = ¢/(u). Furthermore
isVertex(v) = isVertex(u) = true, since (1,2, 3) is the unique fixpoint. Also S(v) # v
and S(u) # u. Therefore, v and u are a violation of (UFV1).

Such an example can be constructed for every OPDC instance with a unique fixpoint.
In order to prevent that, the cost function is defined differently here.

Correctness In order to prove the correctness of this construction, it must be shown
that each solution to the constructed UNIQUE FORWARD EOPL instance matches back
to the correct OPDC instance.

The general idea of the proof done here is the same as in [Fea+20b]: We will take a look
at each type of solution of UNIQUE FORWARD EOPL and argue why and which solution
of OPDC is represented by it. The argumentation of the single steps might vary from
the original paper in order to make them easier to understand.

A solution of type (UF1) Let v = (po,p1,...,pq) be a solution of type (UF1) and
u = S(v). This means that S(v) # v and either S(u) = u or c(u) < ¢(v).

Assume S(v) # v and S(u) = w with u = (qo, . ..,qq). We now take a look at the rules
that were used to determine S(u). We can check that in polynomial time.

First we consider the case that isVertex(u) = true.

2.1. If S(u) = uis determined by rule (2.1), it follows that g4 # L. Since isVertex(u) =
true, it holds that D;(qq) = Zero for all ¢, which means that ¢4 is a solution of

type (O1).

2.2. S(u) = u cannot be determined by rule (2.2), (2.3a) or (2.4a) since by the defini-
tion of these rules the created successor is unequal to the input.

2.3. If S(u) = u is determined by rule (2.3b), we found a solution of type (OV3), as
already argued in the construction.

2.4. If S(u) is determined by rule (2.4b), we found a solution of type (OV3), as already
argued in the construction.

In case (1) it holds that S(u) = u because isVertex(u) = false. In this case we have
to take a closer look at how S(v) was determined.

2.1. S(v) cannot be determined by rule (2.1), since then it would hold that S(v) = v,
which is a contradiction to our assumption.
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2.2. If S(v) is determined by rule (2.2), let i be the smallest index of v such that p; # L.

Vertex Index
Of..le—1|7¢ |i+1]i+2
v 1 ... 1 T Y z
S) | L 1L | L] =z z

v and S(v) differ only in the two points at position i and i+1. Since isVertex(v) =
true, one of these two points of S(v) must violate the conditions of isVertex.
More specifically it is = at position i+ 1 that must violate a condition of isVertex
because position ¢ is set to L and therefore it is irrelevant for all conditions of
isVertex.

(a) (S(v))i+1 cannot break condition (a) of isVertex since D;y1((S(v))i+1) =
D;y1(x) = Zero because we are in case (2.2) of the construction.

(b) If (S(v));+1 violates condition (b) of isVertex, then D;2((S(v))i+1) = Diya(z) =
Down.

Let’s take a look at y.

(i) y# L

It holds that D;;2(y) = Up: At some point there was a node w =
(L,...,L,y,...) with y at position (i + 1). The successor of w was not
determined by rule (2.1), nor was it pushed any further by rule (2.2).
Therefore, it holds that D;;2(y) # Zero and since isVertex(v) = true,
it also holds that D;i9(y) # Down. Therefore, Up is the only direction
left.

Since isVertex(v) = true, it also holds by condition (d) that (z);12 =
(Y)it2 + 1.

Moreover Vj < i+ 1: Dj(x) = D;(y) = Zero. In particular D;yq(x) =
Zero holds because we are in case (2.2) of the construction.

This means that we found a violation of type (OV2).
(i) y=L

Because isVertex(v) = true and condition (¢), it holds that (z);42 = 0.
Since Djt2(x) = Down, we found a violation of type (OV3).

(¢) If conditions (¢) or (d) do not hold for S(v), it follows that it could not have
been true for v either. Therefore S(v) cannot break these conditions.

2.3. S(v) is determined by rule (2.3a). Since S(v) # v, it could not have been case
(2.3b).

S(v) = (¢,p1, ..., pa) must violate one of the conditions of isVertex. Specifically
q must cause a violation, since all the other points stayed the same.

(a) Condition (a) cannot be violated, since i = 0.

(b) If ¢ violates condition (b) of isVertex then D;(q) = Down. This means that
we found a violation of type (OV3), since ¢; = 0 by definition.
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(¢) S(v) fulfills condition (¢) by definition: Let i be the smallest index of v such
that p; # L.

For j =0,...,4 — 1 it holds that g;+1 = 0 by definition.

For j =i it holds p; # L and the condition is skipped.

For j =i+ 1,...,d — 1 it holds that ¢j4+1 = (ps);j+1 for which the condition
holds since isVertex(v) = true. Therefore, it holds for ¢;41 as well.

Example 4.1.22. Consider S(v) represented as matrix. Here it is easier to
see why condition (¢) holds for j =i+ 1,...,d — 1.

= (pi)j+1 =0
(@1 - (@j [(@j+1| - (@)
1
S(v):
1 =0

Holds because
isVertex(v) = true

(Pi)1 o (Pi)j | Pi)jer | (Pi)a )

pi=L| | - @i Wi)j+1 - (Pj)a

(Pa)t - (Pa)j (Pa)j+1 - (Pa)d

(d) S(v) fulfills condition (d) by definition: Let i be the smallest index of v such
that p; £ L.

For j =0,...,i —1 p; = L, since i is by definition the smallest and therefore
this condition is skipped.

For j =i it holds that ¢;+1 = (pj);j+1 + 1 by definition.

For j =i+ 1,...,d — 1 it holds that ¢j4+1 = (p;)j+1 for which the condition
holds, since isVertex(v) = true. Therefore it holds for ¢j;1 as well.
Example 4.1.23. Consider S(v) represented as matrix. Here it is easier to
see why condition (d) holds for j =14,...,d — 1.

= (pi)jr1 = (pj)j+1+1
(@1 - (@ [(@j+1| - (@a
1

l=(pj)j+1+1
(Pi)1 o (Pi)j | (Pi)jer | (Pi)a )

Holds because
isVertex(v) = true

pi#F L] [ o (pj); Pi)j+1 - (Pj)a

(pa)1 - (Pa)j (Pa)j+1 - (Pa)d

2.4. S(v) is determined by rule (2.4a). Since S(v) # v it could not have been case
(2.4b).

S(v) = ((po)1 + 1, (po)2, ---s (P0)d)s P15 ---, Pa) Must violate one of the conditions of
isVertex. Specifically ((pp)1+ 1) must cause a violation, since all the other points
stayed the same.
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(a) Condition (a) cannot be violated since i = 0.
(b) If (S(v))o violates condition (b) of isVertex, then D;((S(v))o) = Down.

Di(pg) = Up because it is not Zero since we are in case (2.4) and it is not
Down because isVertex(v) = true.

This means that we found a violation of type (OV2).

(c) S(v) fulfills condition (¢) and (d) by definition. Since only (pg)1 is changed,
all other points must have fulfilled the condition already before. For (pp)1
itself the condition never is relevant.

In conclusion, every case leads to a solution, a violation or the case is impossible to
reach.

Second, assume S(v) # v and ¢(u) < ¢(v). Note that S(u) # u. Based on the rules that

are used to calculate S(v) we can argue that this is impossible:

1. S(v) cannot be determined by rule (1), since then it would hold that S(v) = v,
which is a contradiction to our assumption.

2.1. S(v) cannot be determined by rule (2.1), since then it would hold that S(v) = v,
which is a contradiction to our assumption.

2.2. If S(v) was determined by the second rule, it can be proven that c¢(v) < c(u):

v and u differ only in the two points at position ¢ and (i 4+ 1). The cost of v and u
differs only in the terms of the sum of ¢ and (i + 1).

If pir1 # L, it holds that (p;)it+2 = ((pi+1)i+2 + 1) because of condition (d) of
isVertex and isVertex(v) = true.

c(u) ; c(v)
-1 -1
ijlj > Zuﬂlg
=0 j:()
Wg(Lod) +w T hg(piyi+1) > wig(pi i) + W g(pipr,i+ 1)

W (p)iv2 +1) > W' ((pi)ir1 + 1) + W T ((pig1)igz + 1)
w((Pi)i+2 +1) > ((Pi)i+1 + 1) + w((Pit1)i+2 + 1)
w((Pi)i+2 +1) > ((Pi)i+1 + 1) + w((pi)i+2)
w((pi)it2) +w > ((Pi)i+1 + 1) + w((pi)i+2)

w > ((pi)i+1 +1)

This holds because w is by definition larger than any grid width plus one.

If piy1 = L then (p;)i+2 = 0 because of condition (¢)of isVertex and isVertex(v) =
true.
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e(u) > c(v)

d—

Zw’l > ijl;»
J

=0

>—‘

MMLJ%Hf“ﬁmw+i) w'g(pi, i) + W g(piy1,i+ 1)

T (Di)ir2 + 1) > O ((pi)iv1 + 1)
W > Wi ((pg)igr + 1)

This holds because ((p;)i+1 +1) < w.

2.3. If S(v) was determined by the third rule, it can be proven again that c(v) < c(u).
v and u only differ in the first position. Furthermore we know that pg = L and
(¢)1 = 0 since i > 0.

9(q,0) > g(po,0)
(@)14+1>0
1>0

2.4. If S(v) was determined by the fourth rule, it can be proven again that c(v) < c(u).
v and u only differ in the first position. We know that (¢); = ((po)1 + 1).

!

c(u) > c(v)
d-1 d-1
Zw]lj > Zw’l;
=0 §=0

9(q,0) > g(po,0)

(@)1 +1>(po)1+1

((po)1+1)+1>(po)1 +1
1>0

In conclusion, it can never happen that S(v) # v and c(u) < ¢(v).

A violation of type (UFV1) Consider the case that for the transformed instance a
violation solution of type (UFV1) is found. It needs to be proven that the original
instance is violated too.

Given v = (po,...,pqd) and v = (qo,...,qq) With v # u, v # S(v), u # S(u) and
isVertex(v) = isVertex(u) = true. For a violation of type (UFV1) it holds that
either

(a) c(v) = c(u) or

40



(b) c(v) < c(u) < c(S(v)).
If we are in case (a) it follows that there is a violation of (OV1):

If ¢(v) = ¢(u) then, if you imagine the cost as matrix again, the entries on the diagonal
are equal, i.e. for allm =0,...,d—1: (pm)m+1 = (@m)m+1. This implies that the entries
above the diagonal are equal as well because of condition (¢) and (d) of isVertex.

Let j be the largest index in which v and w differ, i.e. p; # ¢;. It cannot happen that
pj = L or gj = L since this would imply that c(v) # c(u). For m > j it holds that
(j)m = (¢j)m- This means, p; and ¢; are in the same j—Slice. Because of condition (a)
of isVertex it must hold for p; and ¢; that Vn < j: Dy, (p;) = Zero and D,,(¢;) = Zero.
pj and ¢; are two fixpoints for the j — Slice. It follows that p; and ¢; form a violation
of type (OV1).

If we are in case (), we take a look at how S(v) was determined in order to show that
the original OPDC instance had a violation as well or that the case cannot possibly be
reached by the construction.

2.1. S(v) cannot be determined by rule (2.1), since then it would hold that S(v) = v,
which is a contradiction to our assumption.

2.2. If S(v) was determined by the second rule, let ¢ be the smallest index of v such
that p; £ L.

Since pg = S(v)q and c(v) < c(u) < ¢(S(v)), it follows that g4 = L if p; = L or
qq # L if pg # L. Therefore h(v) < h(u) < h(S(v)):

Vertex Index
0]..]i—1 i 1+1 d-1
h(v) 01.. 0 (pi)iy1 +1 (Pi+1)iv2 +1 (Pa—1)a+1
h(u) o] ... | li—1 l; (Git1)it2 + 1 (qa—1)a+1
= (Pi+1)i+2 +1 = (pPa—1)a +1
h(S(U)) 01... 0 0 (pi)i+2 +1 (pdfl)d +1

Because of isVertex(v) = true, if p;y1 # L it holds that (p;)it2 = (Pi+1)i+e + 1.
h(v); and h(S(v)); differ only by 1 and the values at index greater than i 4+ 1 are
all equal, it must hold that h(v);+1 = h(u)iy1.

Let j be the largest index such that h(v); # h(u);. We now show that p; and g;
form a violation of type (OV1) like in case (a).

Let s be the 7 — Slice such that:

Slice Index
j—=11]j| 7+1 |...| d
s | k|| x|k @)1 | | (0j)a

p; lies within the slice s. In order to prove that g; lies in slice s as well, we need
to show that Vm > j: (pj)m = (¢j)m.-
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For all m > j it holds that the elements on the diagonal are the same:

h(V)m = h(u)m
9(pm, m) = g(qGm,m)
(Pm)ma1 + 1= (gm)m+1 +1
(Pm)m+1 = (@Gm)m+1

Since isVertex(v) = isVertex(u) = true it follows that all elements above the
diagonal are equal as well. Condition (d) enforces that for j < m if p,, # L and

gm # L that (pj)m+1 = Om)m+1 +1 = (@m)m+1 + 1 = (¢j)m+1 and condition (c)
enforces that if p,, = L and ¢ = L, (pj)m+1 = 0= (¢j)m+1-

Therefore g; is in slice s as well.

Furthermore, condition (a) of isVertex implies that Vn < j: D,(p;) = Zero and
Dy (q;) = Zero. So p; and ¢; are two distinct fixpoints in the same slice which is
a violation of type (OV1).

2.3. It will be proven that S(v) cannot be determined by the third rule.

If S(v) was determined by the third rule, h(v) = (0,l1,...,lq) and h(S(v)) =
(1,01,...,1g). There doesn’t exist a tuple t = (Ij,1],...,1) such that h(v) <t <
h(5(v)).

2.4. Similar to case 2.3. it will be proven that S(v) cannot be determined by the fourth
rule.

If S(v) was determined by the fourth rule, h(v) = (lo,l1,...,lq) and h(S(v)) =
(lo+ 1,11, ...,1q). Again there cannot exist a tuple ¢ such that h(v) <t < h(S(v)).

A violation of type (UFV2) Let v and x be the given vertices of the violation (UFV2)
with v # x, S(x) # = and ¢(v) < ¢(x). Since v is also a solution of type (UF1), it holds
that S(v) = u, v # u and either S(u) = u or ¢(u) < ¢(v).

If S(u) is determined by anything other than rule (2.1), there is a violation in the OPDC
instance as shown in case (UF'1).

So if S(u) is indeed determined by rule (2.1), we must show that this, in combination
with x, leads to another violation. Since z is a node on a line, there must exist an end
of that line somewhere. Let y be that end.

It holds that ¢(y) > c(z). Therefore it must hold that v # y because c¢(x) > ¢(v).

If S(S(y)) = S(y) is determined by anything other than rule (2.1), we found a violation.
Otherwise v and y are two distinct fixpoints and therefore two solutions of type (01),
which together form a violation of type (OV1).

Conclusion All in all, every solution that is found in the constructed UNIQUE FORWARD
EOPL instance can be mapped back to the corresponding OPDC instance in polynomial
time.
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The reduction is promise preserving. Every solution of type (0O1) is only mapped
to solutions of type (UF1). Every violation of the created UNIQUE FORWARD EOPL
instance is mapped back to a violation of the OPDC instance.

O

4.1.1.2. Unique Forward EOPL to Unique Forward EOPL+1

Definition 4.1.24 (UNIQUE FORWARD EOPL+1). Given a Boolean circuit S : {0,1}¢ —
{0,1}¢ such that S(0%) # 0¢ and a Boolean circuit ¢ : {0,1}¢ — {0,1,...,2" — 1} such
that ¢(0%) = 0, find one of the following:

(UFP1) A point z € {0,1}¢ such that S(z) # = and either S(S(z)) = S(z) or

((S(x)) # e(z) + 1.
x is a sink and a valid solution.

(UFVP1) Two points x,y € {0,1}% such that = # y,S(z) # =, S(y) # y and c(x) =
c(y).
x and y are two different nodes that have the same potential, which implies
that the instance has not the form of an increasing line.

(UFVP2) Two points x,y € {0,1}? such that z is a solution of type (UFP1), x # v,
S(y) # y and c(z) < c(y).
This encodes a break in the line. x is the end of one line, but there exists a
different line with a node y that has larger cost than =x.

This problem can be interpreted as a directed acyclic graph G = (V, E) with V := {v |
v € {0,1} A S(v) # v} and (v,u) € E< (v#uASW) =uAc(u)=cl)+1).

Example 4.1.25. Consider the following UNIQUE FORWARD EOPL+1 instance for
d = 2. The arrows represent function S, not the edges of the graph. The vertices (10)
and (01) aren’t actual vertices. V' = {00,11}, E' = {(00,11)}. (11) is a solution of type
(UFP1).

c(00) =0 c(11)=1 ¢(10)=2 ¢(01)=3

Lemma 4.1.26. Given an END OF POTENTIAL LINE instance I = (S, P, c), it is possible

to promise reduce it in polynomial time to another END OF POTENTIAL LINE instance
I'= (5", P, ) such that ¢(S'(v)) = ¢ (v) + 1 [Fea+18, Lemma 22].

Proof. A node of instance I’ is defined as tuple (v,i) with v being a node from instance
Iandie€ {1,...,2%}.

Let v and u be two nodes of instance I such that S(v) = u. If ¢(u) > ¢(v) + 1, they will
be replaced by the following sequence of nodes in I':

(v,0) = (v,1) = ... =» (v,c(u) —c(v) — 1) — (u,0)
Formally, S’(v, 1) is defined as in [Fea+18]:

(1) If S(v) = v then for all i: S'(v,i) = (v,1).
If v is not a vertex in I, then for all 4, (v,4) is not a vertex in I’.
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(2) 1f S(v) # v and P(S(v)) # v then for all i: S'(v,i) = (v,1).
v is the end of the original line, therefore (v,0) is the end of I’ and for all other
i: (v,1) is not a valid vertex.

(3) If S(v) # v = P(S(v)) and ¢(S(v)) < ¢(v) + i+ 1 then S'(v,4) = (v,1).

(4) It S(v) # v = P(S(v)) and ¢(S(v)) = ¢(v) + i+ 1 then S’ (v,i) = (S(v),0).

(5) If S(v) # v = P(S(v)) and ¢(S(v)) > ¢(v) + i+ 1 then S"(v,i) = (v,i+ 1).

The predecessor P’(v,i) can be constructed analogously:

(1) If P(v) = v then for all i: P'(v,i) = (v,1).

(2) It S(v) # v = P(S(v)) and ¢(S(v)) < ¢(v) + i+ 1 then P'(v,i) = (v,4).

(3) If S(v) # v = P(S(v)) and i # 0 then P'(v,i) = (v,i —1).

(4) It S(v) # v = P(S(v)) and i = 0 then P'(v,0) = (P(v), c(v) — c¢(P(v)) — 1).
(5) If P(S(v)) # v and i = 0 then P'(v,0) = (P(v),c(v) — ¢(P(v)) — 1).

(6) If P(S(v)) # v and i # 0 then P'(v,i) = (v,1).

The cost function ¢ is defined as follows:

d(v,i) = c(v) +i.

These functions can be computed in polynomial time.

The correctness of this construction holds since all types of solution of I’ can be mapped
back to the same type of solution in I.

O]

Lemma 4.1.26 on the previous page holds as well when considering instances with a
unique line and instances without a predecessor circuit. It follows that there exists
a promise preserving polynomial time reduction from UNIQUE FORWARD EOPL to
UNIQUE FORWARD EOPL+1.

4.1.1.3. Unique Forward EOPL+1 to Unique End of Potential Line

This reduction is mainly inspired by the reduction from SINK OF VERIFIABLE LINE to
END oF LINE [BPR15] and to END OF METERED LINE [HY17]. SINK OF VERIFIABLE
LINE is very similar to UNIQUE FORWARD EOPL+41. The instances created by the
reduction consist of a single line, which is why the reduction can be easily adapted to
UNIQUE END OF POTENTIAL LINE.

Theorem 4.1.27. There exists a promise preserving polynomial time reduction from
UNIQUE FORWARD EOPL+1 to UNIQUE END OF POTENTIAL LINE [Fea+20b, Lemma 15].

Proof sketch. Given an instance I = (S, ¢) of UNIQUE FORWARD EOPL+1, construct
an instance I’ = (S’, P’, ) of UNIQUE END OF POTENTIAL LINE.

The hard part of the reduction is to create the predecessor circuit which is not given in
UNIQUE FORWARD EOPL+1. The idea of the reduction is based on the pebbling game
technique. The pebbling game is played by placing d pebbles on the vertices of a line
based on the following rules:

(i) A pebble may be put or removed from the starting vertex o at any time.
(ii) A pebble may be put or removed on a vertex v # o if and only if there is a pebble
an the vertex u with S(u) = v.
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Given d pebbles, the goal is to place a pebble at position 2¢ — 1 of the line by following
these rules.

There exists a recursive optimal strategy to do that:

(1) Use b — 1 many pebbles to place a pebble at position 20~ — 1.

(2) Place the b'th pebble at position 20~1.

3) Retrieve the first b — 1 pebbles by reversing the sequence used to place them.

(; P y g q D

(4) Use the same strategy from step (1) again to place the pebbles behind the pebble
at position 2! to reach 2° — 1.

Example 4.1.28. d = 3. We have 3 pebbles which we can use and want to place a
pebble on node at 2¢ — 1 = 7 which is the node (010).

—~

Rule (i) put

Rule (ii) put

(1)<

Rule (i) remove

Rule (ii) put

(2)

Rule (ii) put

Rule (ii) remove

Rule (i) put
(3)1

Rule (ii) remove

Rule (i) remove

Rule (ii) put

Rule (ii) put

(4)<

Rule (ii) remove

Rule (ii) put

Let a vertex g of I’ be a tuple of pairs that encode the state of the pebble game. t =
((u1,b1), ..., (ug, bg)) with u; € {0,1}% and b; = c(u;). b; tells us that the i’th pebble is
at position b;. If a pebble is not in the game at all, the tuple is 1.



Example 4.1.29. Recall Example 4.1.28 on the preceding page. This is how the vertices
look like.

((000,0),L,1)

((000,0), (011,1), 1)

(L,(011,1),1)

((100,2), (011,1), 1)

((100,2),(011,1), (110, 3))

(L, (011,1),(110,3))

((000,0),(011,1),(110,3))

((000,0), L,(110,3))

(L, L, (110,3))

((111,4), L, (110,3))

((111,4), (101,5), (110, 3))

(L, (101,5),(110,3))

((010,6), (101, 5), (110, 3))

The functions S” and P’ are defined recursively by deciding in which of the four steps of
the optimal strategy we currently are [BPR15].

Given a state, it is possible to determine how far the execution of the optimal strategy
is. This value is returned by the cost function [HY17].

[Fea4-20b] shows that every violation of UNIQUE END OF POTENTIAL LINE can be
mapped back to a violation of UNIQUE FORWARD EOPL+1 and that the reduction is
promise preserving.

O]
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4.1.2. OPDC is UniqueEOPL-hard
Theorem 4.1.30. OPDC is UniqueEOPL-hard.

The proof is done in two steps:

UNIQUE END OF POTENTIAL LINE <provise UNIQUE EOPL+1
ﬁPROMISE OPDC.

From Theorem 4.1.14 on page 29 and Theorem 4.1.30 it follows that OPDC is UniqueEOPL-
complete.

4.1.2.1. Unique End of Potential Line to Unique EOPL+1

UNIQUE EOPL+1 describes a UNIQUE END OF POTENTIAL LINE instance in which the
line has length 2" and the costs are increasing strictly by 1. It follows that the end of
the line v must have cost c¢(v) = 2" — 1.

Definition 4.1.31 (UNIQUE EOPL+1). Given:

« 0¢€{0,1}% as start node of the line.

e S,P:{0,1}% — {0,1}¢ two Boolean circuits such that P(0) = o # S(o).
e ¢:{0,1}% = {0,1,...,2" — 1} a Boolean circuit such that c(o) = 0.

e n € N is the logarithm of the length of the line.

The task is to find one of the following:

(U1.1) A point z € {0,1}¢ such that P(S(x)) # = and c(z) = 2" — 1.
x is the end of the line and therefore a valid solution.

(V1.1) A point x € {0,1}¢ such that P(S(x)) =z, x # S(x) and c(S(z)) — c(x) # 1.
x is in the middle of a line, but the costs of the following vertex are not
increasing exactly by one.

(V1.2) A point x € {0,1}¢ such that S(P(z)) # = # o.

x is the beginning of a different line which does not start at o.
(V1.3) Two points z,y € {0,1}% such that = # y, x # S(x), y # S(y) and either

a) c(z) = c(y) or
b) c(z) < c(y) < c(S(x)).
x and y are two different nodes that either have the same potential, or that
violate the increasing potential. Both cases imply that the instance has more
than one line.
Theorem 4.1.32. There exists a promise preserving polynomial time reduction from
UNIQUE END OF POTENTIAL LINE to UNIQUE EOPL+1.

Proof sketch. The idea is again that every UNIQUE END OF POTENTIAL LINE instance
can be filled up with dummy nodes, as proven in Lemma 4.1.26 on page 43.

Additionally, some more dummy vertices need to be introduced at the end of the line to
ensure the correct cost of the last node.

The solutions of the UNIQUE EOPL+1 instance map back one to one to the solutions
of the UNIQUE END OF POTENTIAL LINE instance.

O]
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4.1.2.2. Unique EOPL+1 to OPDC

Theorem 4.1.33. There exists a polynomial time reduction from UNIQUE EOPL41 to
ONE PERMUTATION DISCRETE CONTRACTION (OPDC).

Proof. Given a UNIQUE EOPL+1 instance I = (0,5, P,c,n) with S,P : {0,1}¢ —
{0,1}%, ¢: {0,1}¢ = {0,1,...,2"—1} and n € N, construct an OPDC instance I’ = (T, D)
where I' is a discrete grid of points over [0, 1]‘1/ and D is a family of direction functions.

First, it is important to know that we are able to split a UNIQUE EOPL~+1 instance
I = (0,5, P, c,n) at a certain node z into two halves I1 and Iy in polynomial time. This
can simply be done by creating Iy = (o, S1, P, c1,n1) and Ity = (or1, St1, Pir, cir, nip) that
check whether for any node v ¢(v) > ¢(x) or not.

An instance can be split at any arbitrary node x. If ¢(z) = 2"~ ! then the instance is
split exactly in the middle. In the following reduction the line is always split in the
middle. firstHalf is given the cost of the node at which the line should be split whereas
secondHalf is given the node itself. This is because secondHalf needs the concrete node
as a new start point of the line. When we call firstHalf later, we might not know which
node is the one in the middle of the line, but we know its cost. The functions firstHalf
and secondHalf are defined as follows:

v if c(v) >t v if c(v) >t

Si(v) = {S(v) if e(v) <t Pi(v) = {P(v) if e(v) <t

. {0, 1}n « IUNIQUE EOPL+1 - IUNIQUE EOPL+1

It := firstHalf(t,I) = (o, St1, P, c1, logt)

o if ¢(v) < ¢(x) K if ¢(v) < ¢(x)
o) = {S(U) ite(w) > ce) T {P(v) i) 2 efp) M)A 7 AD

III: {0’ 1}d % IUNIQUE EOPL+1 N IUNIQUE EOPL+1

It == secondHalf(x,I) = (x, St, P, e, log (2" — ¢(x)))

Example 4.1.34. Consider the following line. In this example the line is split at the
node (10). Therefore firstHalf and secondHalf actually represent one half of the original
line.

¢(00) = =1 =3

=2

%/—/%/—/

It Iy
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Table 4.2.: First and second half of the above instance split at « = (10)

Vertex v || S(v) | P(v) | c(v) || Si(v) | Pi(v) | c(v) || Su(v) | Pu(v) | en(v)
00 11 00 0 11 00 0 00 00 -2
11 10 00 1 10 11 1 11 11 -1
10 01 11 2 10 10 2 01 11 0
01 01 10 3 01 01 3 01 10 1

I =((00),S,P,c,2) | Iy = ((00), Sy, Pr,c1,1) | It = ((10), Str, P, e, 1)

I1 acts like the original instance I as long as the functions are called with a node of
the actual first half of the instance. If a node of the second half is put into one of the
functions, they still are defined, but they just return what was put in as a dummy result.
This can be seen in the gray boxes in Table 4.2. The same holds for the second half.

Figure 4.1.: 1
1(00) =0 ¢1(11) =1 ¢1(10) =2

sl

Figure 4.2.: Iy
crr(00) = =2 ¢p(11) = =1 ¢r(10) =0 ¢ (01) =1

With this we are able to split an instance into two halves in polynomial time, since we
can redefine the functions without actually knowing which node is the one in the middle.
This process can be done recursively until there are only instances with one node on the
line left.

Note that this works even if the nodes don’t form a correct line or if the cost of the nodes
are shuffled and not increasing. firstHalf and secondHalf work with the cost of the node,
firstHalf returns valid functions for all nodes with cost less than 2/~ and secondHalf
does the same for nodes with cost greater or equal than 2/~!. For doing that, it doesn’t
matter where the nodes are on the line.

The grid Let d' := d-n and T := {0,1}%. T is a hypercube. Each point p € T' can
be seen as a vector (vq,vs, ..., v,) where v; € {0,1}? is a node in the UNIQUE EOPL+1
instance.

The subline function takes an UNIQUE EOPL+1 line of length j and splits it in half.
If v; of the given point p is the middle node of the line, the second half is returned.
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Otherwise the first half is returned.

subline: {0, 1}dn « 7UNiQuE EOPL+1 _, 7UNIQUE EOPL+1

tHalf(2771,1), if c(vj) #2971
subline(p = (v1,...,vn), I = (0,5, P, ¢,j)) = firstHalfl 1), 1 e(vy) 7 .
secondHalf(v;, I), if c(v;) = 2771

Each point p = (v1,vg,...,v,) of the hypercube I' can be interpreted as node of the
original instance I. The decode function takes a point of the hypercube C' and constructs
the corresponding node on the line of the UNIQUE EOPL+-1 instance I. To do so, subline
is called recursively n times and the line is split into halves until only one node is left.
This node is returned as the node that was decoded by p.

decode: {0,114 x ZUNQUE EOPL+L _, () 11d
I'=(d,8, P d n') = subline(p, subline(p, ...subline(p, I)...))

n times

decode(p, I) :== o

Note that the second half of the (sub)line in the j’th step is only returned if v; is the
middle of the line. For all other nodes the first half is returned. Therefore, the first half
is returned much more often while the second half is only returned once.

Only if a point consists (from the back to front) always of the middle node of the
remaining line, it encodes the end of the original line.

Example 4.1.35. d = 2
Let S, P :{0,1}2 — {0,1}? be defined such that they form the following line:

c(00) =0 ¢(11) =1 ¢(10) =2 ¢(01) = 3
0 N
00 A 11 » 10 3 01
\_/ \_/
\/_/ \/_/
I I

It

n = 2, since (01) is the end of the line and therefore a solution with ¢(01) = 22 — 1. It
follows that I' = {0, 1}*.
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Ity
I 0110 1110 ) /111
0100 //

N\
\ 0111 ——— 111
~ /
0101 ——— 1101 /-
It11( 0010 | 1010 ) /111
0011 —— 1011 — |
/ —
0000 1000

The node (vi,v2) = (1110) can be interpreted as follows: vy = (10) with ¢(10) = 2 =
27~1 Therefore (10) marks the beginning of the second half of the original line. v; = (11)
with ¢p(11) = —1 # 271, This means that (11) is not the beginning of the second half
of the second half of the line ((01) is). It isn’t even the first half of the second half
of the line (which is (10)) but still (10) is the node which is represented by (1110):
decode(1110) = (10).

crr(10) = 0 e (01) =1

Itt = subline(1110, I) is the instance: ‘ ‘

subline(lllO,IH) = (10) = III,I-
decode(1110, I) = (10).

The following point encodes the last node on the line. It is the only point that encodes
that node.

subline(0110, Iyr) = (01) = Irp 1.
decode(0110,I) = (01).

The direction functions D : {0,1}%" — {Up, Down, Zero}%".

There is only one node in I' that corresponds to the end of the line in /. The direction
functions of the other nodes need to point towards that node.

For p = (v1,...,v), i =1,....,nand j =1,...,d, let be

I,(p) =1
Ii(p) = (04, Si, By, ¢;, 1) :== subline(p, subline(p, ...subline(p, I)...)) .

(n—1) times
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I; is the instance that results in calling subline for the elements v, to v;.
Construction of Dy(;_1)4;(p):

1. If ¢;(v;) # 2071, it is the case that v; is not the first node on the second half of
I;(p) and therefore decode((vy,...,v,),I) is a vertex in the first half of I;(p).

(a) ¢;(decode((v1,...,vy),I)) = 271 — 1 means that decode(p, I) is the last vertex
on the first half of the line I;(p). Then we want the direction function to point
towards S(decode((v1, ..., vn),I)):

Up if (vi); = 0 A S(decode((v1,...,vn),1)); =1
Dy(i—1)4j(p) = { Down if (v;); = 1 A S(decode((v1,...,v,),1)); =0

Zero otherwise.

(b) ci(decode((v1,...,vn), I)) # 201 —1. This means that decode(p, I) is in the first
half of I;(p) and specifically it is not the last node in that half. Everything is
oriented towards 0.

Down if (v;);

1
Dy(i-1)+;(p) = { 0

Zero if (v;);

2. If ¢;(v;) = 2071, then v; is the first node on the second half of I;(p) and therefore
decode((v1, ...,vy), I) is on the second half of the line I;(p). For all j =1,...,d, set

Dg(i—1)4j(p) = Zero.
Example 4.1.36. d = 2

Recall the UNIQUE EOPL++1 instance from Example 4.1.35 on page 50. Let S, P :
{0,1}2 — {0,1}? be defined such that they form the following line:

c(00)=0 c(11)=1 ¢(10)=2 ¢(01)=3

(11) (10)
00 5(11 5( 10 »( 01
N N

Let’s take a closer look at (1110) and i = 1.

c1(11) = ¢(11) — 2271 = —1 £ 2171 = case 1, decode(1110,1) = (10) is a vertex in the
first half of 7;(1110). Note that I;(1110) is the second half of the line of I.

c1(decode(1110,1)) = ¢1(10) = ¢(10) — 2271 = 0 = 201 — 1 = case la. This means that
decode(1110) = (10) is the last vertex of the first half of the line [;(1110).

(v1)1 =1 and S(decode(1110,1)); = S(10); = (01); =0 = D;(1110) = Down.
(v1)2 = 1 and S(decode(1110, 1)) = S(10)2 = (01)2 = 1 = D2(1110) = Zero.

For (1110) and ¢ = 2 case 2 holds. The node (10) is the first node in the second half of
the line Iy, therefore D3(1110) = D4(1110) = Zero.
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Here is a complete overview of the direction function for this example:

D(0000) = [Up, Up, Zero, Zero] decode(0000) = 00
D(0001) = [Up, Up, Zero, Down)| decode(0001) = 00
D(0010) = [Zero, Up, Zero, Zero] decode(0010) = 10
D(0011) = [Up, Up, Down, Down] decode(0011) = 00
D(0100) = [Up, Zero, Zero, Zero] decode(0100) = 00
D(0101) = [Up, Zero, Zero, Down)] decode(0101) = 00
D(0110) = [Zero, Zero, Zero, Zero| decode(0110) = 01
D(0111) = [Up, Zero, Down, Down) decode(0111) = 00
D(1000) = [Zero, Up, Zero, Zero] decode(1000) = 00
D(1001) = [Zero, Up, Zero, Down)] decode(1001) = 00
D(1010) = [Down, Up, Zero, Zero] decode(1010) = 10
D(1011) = [Zero, Up, Down, Down)] decode(1011) = 00
D(1100) = [Zero, Zero, Up, Zero] decode(1100) = 11
D(1101) = [Zero, Zero, Up, Down) decode(1101) = 11
D(1110) = [Down, Zero, Zero, Zero| decode(1110) = 10
D(1111) = [Zero, Zero, Zero, Down] decode(1111) = 11

For the construction of Dy(;_1)4;(p), the line is always split exactly at the middle. If
the line was valid at the beginning, there will be no problems during the construction.
If the line wasn’t valid, for example due to shuffled cost of the node, this construction
will run into some problems. In the following it will be proven that these problems can
always be traced back to a violation in the UNIQUE EOPL+1 instance.

Correctness In order to prove the correctness of this construction, it must be shown
that each solution to the constructed OPDC instance matches back to the correct solu-
tion of the UNIQUE EOPL+1 instance.

A solution of type (01) Assume p = (vy,...,vy,) is a solution of type (O1). This means,
D(p) = (Zero)?". We will now prove that decode(p, I) is a solution of type (U1.1) in the
original UNIQUE EOPL+1 problem.

The argumentation in [Fea+18] is slightly wrong though. They state:

Since the dimensions corresponding to v,, are all zero, we know that decode(p)
is in the second half of the line [Fea+18, p.59, 1.5f].

This is not true: It can happen that the direction function in the dimensions corre-
sponding to v, is Zero because of case (1b) and not because of case (2). Consider
the line from Example 4.1.36 on the previous page. D3(0000) = D4(0000) = Zero but
decode(0000) = (00) is not on the second half of the line, it is the start node.

In [Fea+20b] they correct this statement, but here an alternative proof will be given.

Lemma 4.1.37. If for v; case (1a) is entered, 3j € {1,...,d} : Dyi;—1)1;(p) # Zero.
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Proof. For v; case (1a) is entered, therefore c;(v;) # 2! and decode((v1, ..., vp), ) is
the last vertex on the first half of the line I;(p). It follows that S(decode(p,I)) is the
first node on the second half of the line of I;(p). It must hold that S(decode(p,I)) # v;
since v; cannot be the first node on the second half of I;(p). If it was, case (2) would
have been entered instead of case (1a). Hence there exists a j € {1,...,d} such that
S(decode(p, I)); # (vi); and therefore Dgy;_1)1;(p) # Zero.

O]

Lemma 4.1.38. If for any v; case (1) is entered, there exists a vy, with k < i for which
case (la) is entered.

Proof. This will be proven by induction. Let v; be the node with the highest index that
enters case (1).
Base: 1 =1
I (p) is an instance with line length 2. Since decode(p, I) is on the first half
of the line I;(p), which only consists of just one node, it is automatically
the last node on the first half of the line. This implies that case (1a) is
entered for k = i.

Assumption: If for any v; case (1) is entered, there exists a vy with & < ¢ for which case
(1a) is entered.

Induction: ¢ =i+ 1. v;41 enters case (1).
(a) v;i+1 enters case (1a). Then we are done.
(b) viy1 enters case (1b).

- v; enters case (1). By the induction assumption there exists
a k < i so that vy enters case (1a). Therefore, there exists a
k <i+ 1 for which vy, enters case (1a).

- v; enters case (2). We know that decode(p, I) is in the first half of
I;i11(p) and specifically is not the last node in that half. There-
fore vi,...,v;—1 cannot always enter case (2) since this would
imply that decode(p,I) is the last node on the line I;;;(p). So
there is a k < ¢ for which vy doesn’t enter case (2) but case
(1). It can’t happen that for all vq,...,v;_1 case (1b) is entered
because by the induction assumption there there exists a k for
which case (1a) is entered.

O

Lemma 4.1.39. If D(p) = (Zero)®™, only case (2) is entered.

Proof. Given D(p) = (Zero)?.

Assume for some v; case (1a) was entered. By Lemma 4.1.2.2 this implies that there
exists a j € {1,...,d} : Dg;—1)4j(p) # Zero. This is a contradiction to the assumption
that D(p) = (Zero)?".

Assume case (1b) was entered. By Lemma 4.1.2.2 this implies that case (1a) is entered
as well which implies the same contradiction as the previous case.

It follows that only case (2) is entered. O
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Since only case (2) is entered this implies that decode(p, I) is in the second half of the
second half of the second half ... of the line, which is the last node of the line. It also
implies that decode((v1,...,v),I) = v1. Since case (2) implies that ¢1(v;) = 1 and by
the definition of secondHalf:

cn(u) = c(u) — 271

cno1(u) = cp(u) — 2772 = ¢(u) — 2" — 2" 2

c1(u) =c(u) =271 —2n 2 — 2
=—2n42

It follows that c(decode(p,I)) = 2™ — 1.

The construction allows us to find the node with the correct cost. This doesn’t mean that
the node is the last one on the line though. Consider for example a UNIQUE EOPL+1

instance in which the nodes form a line and all costs only exist once, but the costs are
shuffled.

Example 4.1.40. An instance with shuffled costs:

c(00)=0 ¢(11)=3 ¢(10)=2 ¢(01)=1

(10)
5( 10 »( 01
N

00 (11
—/

In this case a solution of type (O1) would be s = decode(1110) = (11) since it has the
appropriate cost. Also it holds that D(1110) = Zero* because the construction of the
direction function works only with the cost and not the position of the node on the
line. But (11) it is not the end of the line. To fix that issue, one must check for every
found type (O1) solution whether P(S(s)) # s or not. If yes, then it truly is a (U1.1)
solution. If not we found a violation of type (VI.1) or (V1.8) because it must hold that
c(S(s)) < c(s), since s has the highest possible cost.

A solution of type (OV1) When we are given a solution of type (OV1), there are two
points p = (vy,...,v,) and ¢ = (uy, ..., u,) that are both fixpoints in the same ¢ — Slice
s:

« p#qand
e Vj<i:Dj(p) =Dj(q) = Zero.

Consider vy with k = [ﬂ to be the string that contains bit ¢. Because p and ¢ are in
the same i — Slice, it holds that p; = ¢; for j > ¢ and

I (p) := subline(p, subline(...subline(p, I)))

(n—k) times

= subline(q, subline(...subline(q, I)))

(n—k) times

= I;(q).

95



V-1, Uk—1 Vg, Uk Vk+1, Uk4+1

mmﬁﬁfﬁ

V"f
V

Dj;(p) = Dj(q) = Zero for j <i Bltp Pj = qj fOI‘j>’L

v to vk_1 encode the last vertex on the subline Ix_1(p). u; to ug_1 encode the last
vertex on the subline I;,_1(q).

The important difference of p and ¢ is their difference in v; and uy.

(a)

(b)

(¢)

(d)

Vi — Ug.

This implies that Iy_1(p) = Ix_1(q). Since p # g there exists a j < i such that
pj # q; and hence, there is a [ < k with v; # ;. It holds ¢ (v;) = 211 = ¢ ()
because of Lemma 4.1.39 on page 54 we know that for v; and v; case (2) is entered.
This implies that ¢(v;) = ¢(u;) which is a violation-solution of type (V1.3).

vp #up and VI =d(k — 1) +1,...,dk: D;(p) = Zero.

This means that the direction function for each bit in vy, is Zero. This and the fact
that D;(p) = Zero for all j < i combined with Lemma 4.1.39 on page 54, means
that Ij_;(p) is the second half of Ij(p) and ¢ (vx) = 2871, I;_1(q) cannot be on
the second half of I;(p) as well because there is only one bit string v; for which
the second half is entered and v # uy.

decode(q, I) represents the last vertex on the first half of the line of Ij(q) because,
as argued before, decode(q,I) is in the first half of the line and furthermore all
direction functions D;(q) = Zero for all j < i. Therefore for uj case (1a) is
entered.

S(decode(q, I)) then should be the first node on the second half of line I (g, I). If
cr(S(decode(q,I))) # 2F~1 this means that S(decode(q, I)) is not the first node on
the second half of the line. Therefore we found a (V1.1) violation.

If ¢ (S(decode(q,I))) = 281 = ¢;.(vy), we found a violation of type (V1.3) as long
as S(decode(q,I))) # vg, which will be proved in the following:

AN:dk—1)+1<1<iAp # q A Dip) = Di(q) = Zero. Because for uy case
(1a) is entered and D;(q) = Zero, we know that (uy); = S(decode(q,I));. Since
(vg)1 # (ug); it follows that vy # S(decode(q, I))).

v #ug and Vi =d(k — 1)+ 1,...,dk: Di(q) = Zero.
This case is symmetric to case (b).

v # ug, 3 € {d(k — 1)+ 1,...,dk}: D;,(p) # Zero and Jlp € {d(k — 1) +
1,...,dk}: Dy, (q) # Zero.

It holds that I; > i and Iy > i. Furthermore I;_1(p) = Ix_1(q) because for both
v and uy case (1) is entered because there is a direction which is not Zero. More
specifically for both nodes case (1a) is entered since Dj(q) = Zero for all j < ¢
and Lemma 4.1.39 on page 54. Thus, the direction function for point v; points
towards S(decode(p, I)) and for point wy it points towards S(decode(q,I)). It also
holds that cx(decode(p, I)) = cx(decode(q, I')) which is a violation of type (V1.3) if
decode(p, I) # decode(q, I) which will be proven in the following:

There exists an | € {d(k—1)+1,...,i} such that p; # ¢; and D;(p) = D;(q) = Zero.
Let I’ be the position of p; in vg. It follows that (vg)y = S(decode(p,I)); and
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(ug)y = S(decode(q,I))y. Therefore S(decode(p,I)) # S(decode(q,I)) and hence
decode(p, I) # decode(q, ).

A solution of type (OV2) Given two solutions p = (v1,...,v,) and ¢ = (uq,...,uy) in
an ¢ — Slice s with the following properties:

e Vj<i:Dj(p) =D;(q) = Zero,
e p; and ¢; are adjacent in the grid: p; = ¢; + 1,
e D;(p) = Down and D;(q) = Up.

Consider v; with k = [%] to be the string that contains bit i.

Because p and ¢ are in the same ¢ — Slice, it holds that p; = ¢; for j > 7 and

I (p) == subline(p, subline(...subline(p, I)))

(n—k) times

= subline(q, subline(...subline(q, I)))

(n—k) times

=: I(q)

Since D;(p) # Zero and D;(q) # Zero, both decode(p,I) and decode(q,I) are points on
the first half of the line of I(p). Furthermore, decode(p,I) and decode(q,I) must be
at the end of the first half of line Ij(p) because Vj < i : D;j(p) = Dj(q) = Zero and
Lemma 4.1.39 on page 54.

It follows that ci,(decode(p, I)) = ci(decode(q, I)) = 28~1—1 and therefore c(decode(p, I)) =
c(decode(q, I)). If we prove now that decode(p, I) # decode(q,I) we found a (V1.3) solu-
tion:

We know that for both p; and ¢; the construction uses case (1a). D;(p) points towards
S(decode(p,I)) and D;(q) points towards S(decode(q,I)). But they both point into
different directions because it is given that D;(p) = Up and D;(q) = Down. Therefore
S(decode(p, I)) # S(decode(q, I)) which implies that decode(p,I) # decode(q,I).

A solution of type (OV3) A solution p € {0,1}%" of type (OV3) requires that there
exists an i € {1,2,...,dn} with either

e p; =0 and D;(p) = Down or
e p;=1and Dl(p) = Up.

But the construction never sets D;(p) to Down when p; = 0 and it never sets D;(p) to Up
when p; = 1. Therefore solutions of type (OV3) are by the definition of the construction
impossible.

Conclusion Every solution that is found in the constructed OPDC instance can be
mapped back to the corresponding UNIQUE EOPL+4-1 instance in polynomial time.

The reduction is promise preserving because all end-of-line solutions (U1.1) are only
mapped to (O1) solutions and all violations of the OPDC instance can be mapped back
to a violation of the original UNIQUE EOPL+1 instance. O
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5. Problems in UniqueEOPL

To prove that a problem is in UniqueEOPL, it needs to be shown that it can be reduced
to a problem that already is in UniqueEOPL.

In this chapter an overview over all currently known problems that are in UniqueEOPL is
presented. For each problem a definition and an example is given, as well as a reference
to the reduction that proves it to be in UniqueEOPL. For S-ARRIVAL, CUBE-USO and
P-LCP, detailed proves are given.

For none of the problems listed below there is a polynomial time algorithm known. Every
problem can be trivially solved by exhaustive search, which is of course not very efficient.
Some of the problems can be solved by subexponential algorithms. [Ald83] introduced
an algorithm to solve LocaL OPT in O(1,4143%) = O((v/2)?) time. The algorithm picks
2%2 random nodes, chooses the one with maximal cost and starts to follow the line from
there on. This algorithm can solve any problem in PLS and therefore any problem in
UniqueEOPL [Fea+18, Section 5.2].

Problem in UniqueEOPL Proven by reduction to Reference
a-HAM SANDWICH =promise UNIQUE END OF POTENTIAL | [CCM20, The-
LINE orem 10]
BINARY SIMPLE STOCHASTIC | =<prowise P-LCP [GRO5]
GAME (BINARY-SSG)
BIPARTITE-MPG =promse MEAN PAYOFF GAME (MPG) | [ZP96, Sec-
tion 1]
CuBe-USO =provise OPDC Theorem 5.2.12
on page 72
CuBE-USO-_L =promse OPDC [Fea+20b,
Lemma 23]
=promise CUBE-USO [Fea+20b,
Lemma 22]
DI1SCOUNTED GAME <provise SOG [ZP96, Sec-
tion 6]
FINITE-MPG =promse MEAN PAYOFF GAME (MPG) | [EM79]
GRID-USO <promse UNIQUE FORWARD EOPL Theorem 6.3
on page 108
MEAN PAYOFF GAME (MPG) =promise DISCOUNTED GAME [ZP96, Sec-
tion 5]
ONE PERMUTATION DISCRETE | =<promise UNIQUE FORWARD EOPL [Fea+20b,
CoNTRACTION (OPDC) Lemma 11]
PAIRWISE LINEAR CONTRACTION | =promise OPDC [Fea+20b,
(PL-CONTRACTION) Lemma 29
PARITY GAME =promise MEAN PAYOFF GAME (MPG) | [Pur95, Sec-
tion 5.5]
jPROMISE SSG [CFll]
P-MATRIX LINEAR COMPLEMEN- | <promise CUBE-USO-_L [Fea+20b,
TARITY PROBLEM (P-LCP) Theorem 33|

o8




P-GENERAL-LCP (P-GLCP) = GRID-USO [Riis07, Theo-
rem 3.5
S-ARRIVAL =Promise TEND OF METERED LINE [Gar+18, The-
orem 20]
(And the fact that the problem | [Fea+20b,
has by definition a unique solu- | p.3]
tion)
<provise UNIQUE FORWARD EOPL+1 | Theorem 5.1.13
on page 64
SIMPLE  STOCHASTIC GAME | =pgrowise BINARY-SSG [ZP96, p. 12]
(SSG)
=promise PL-CONTRACTION [EY10, Corol-
lary 5.3
UNIQUE END OF POTENTIAL | =<promise UNIQUE EOPL+1 [Fea+20b,
LINE Lemma 17]
UNIQUE EOPL+1 <provise OPDC [Fea+20b,
Lemma 19]
UNIQUE ForwAarRD EOPL =<pPromise UNIQUE FORWARD EOPL+1 [Fea+20b,
Lemma 13]
UNIQUE FORWARD EOPL+1 =promise UNIQUE END OF POTENTIAL | [Fea+20b,
LINE Lemma 15]
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[UNIQUE END OF POTENTIAL LINE](— a-HAM SANDWICH

A~

[UNIQUE FORWARD EOPL—|—1}<— S-ARRIVAL

[UNIQUE EOPL—i—l]

[UNIQUE FORWARD EOPL GRID USO

N

PL-CONTRACTION CUBE-USO-L1 = CuBE-USO

A

SSG BINARY-SSG — P-LCP — P-GLCP

D1SCOUNTED GAME
BIPARTITE-MPG
MEAN PaYorr GAME (MPG)

FINITE-MPG

PARITY GAME

Figure 5.1.: Overview of reductions for problems in UniqueEOPL. The problems in the
boxes are UniqueEOPL-complete. A solid arrow means there exists a promise
preserving reduction from problem L to problem Q: . — @. A dashed arrow
means there exists a reduction, but it is not promise preserving.
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5.1. S-Arrival

The ARRIVAL Problem was first introduced in [Doh+16]. It works on a directed switch
graph in which each vertex has two outgoing edges. While traversing the graph, each of
the outgoing edges is used in turns. The question for a given start node is whether a
certain end node can be reached or not.

The idea was originally inspired by a railway network, in which each switch changes its
position immediately after the train passed it. The question is whether or not the train
reaches its destination.

ARRIVAL can be viewed as a deterministic version of a random walk, similar to the
Rotor-Router model (also called Eulerian Walk [Pri+96]). In a random walk on a graph
one chooses randomly the edge along which to move. The question whether (and after
what expected time) a node § is reached starting at a node « is called the hitting time
or access time [Lov+93]. In the Rotor-Router model, for each node the outgoing edges
are ordered in a sequence in which they are traversed deterministically during the walk
[F'S10]. ARRIVAL is therefore a Rotor-Router model in which each node has exactly two
outgoing edges.

Definition 5.1.1 (Switch graph). A switch graph is a 4-tuple G = (V, E, Sy, S1) with
V| =d, So,51:V =V and E := {(v,5 () | ve V}U{(v,S1(v)) | v eV} It might
be that Sy(v) = S1(v). Cycles are allowed.

(v, Sp(v)) are called even edges and represented by a solid line in the examples, whereas
(v, S1(v)) are called odd edges and drawn as a dashed line.

Definition 5.1.2 (ARRIVAL (Decision problem)). Given a switch graph G = (V, E, S, S1),
an origin a € V and a destination 8 € V, find out if the following procedure terminates,
i.e. if there is a path from « to §.

Algorithm 1: RUN-ARRIVAL
Data: G,a, 8
Vv e V: s_currfv] :
Vv € V: s_next[y] :
Ve € E: countle] =
X=a;
while z # 5 do
y = s_curr(x];
count((z, y)]++;
swap(s_curr[x|, s_next[x]) ;

X = y;

= So(v) ;
= S1(v) ;
0;

Example 5.1.3. In the following, we are given two switch graphs, G and G’. They differ
only slightly: Sy(v1) = v3 whereas S{j(v1) = v, and Sy (v1) = ve whereas S} (v1) = vs. For
G, the algorithm RUN-ARRIVAL terminates, but for G’ it doesn’t. In G’, the algorithm
is caught in an endless loop in vy.
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Figure 5.2.: Switch graph G Figure 5.3.: Switch graph G’

Lemma 5.1.4. ARRIVAL is decidable [Doh+16, Theorem 1].

Proof. RUN-ARRIVAL is deterministic. Let a state of a graph G be the current position
of the train and the state of all switches: state = (x,s_curr,s_next). There are at
most d2¢ many different states. Either RUN-ARRIVAL terminates after at most that many
steps or if it doesn’t, there must be a state that occurred at least twice, which means
RUN-ARRIVAL entered an infinite loop. Hence, after d27 iterations of RUN-ARRIVAL we
know whether there is a path from « to 8 or not [Doh+16].

O

The following graph has exponentially many states:

Note that if an instance of the ARRIVAL problem has a solution (i.e. a path from « to
B) that solution is unique.

ARRIVAL is in NP [Doh+16, Theorem 2] and also in co-NP [Doh+16, Theorem 3].

Definition 5.1.5 (Switching flow [Doh+16]). Let G = (V, E, Sp, S1) be a switch graph
and E*(v) denote the outgoing edges of vertex v and £~ (v) the incoming edges.

For start node o and an end node 3, let s, g € NgEl be a vector where each entry assigns

a value to each edge. Let s, g(v,u) reference the entry of s that represents the value
assigned to the edge (v,u). The vector s, g is called switching flow if for all entries and
all nodes the following two conditions hold:

()

1 V=«
Y saple)= D saple)=4-1 v=4
ecE+(v) e€E~ (v) 0 otherwise.

This condition essentially states that each node that is entered also is left again,
except for the origin node « (which is left once more than any other node) and the
destination node B (which is entered once more than any other node).
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(i) Yo € V : 0 < 54.8(v,51(v)) < 5q.8(v,50(v)) < sq.5(v,51(v)) +1

This condition ensures that the number of times that the even and the odd edges
of one node were traversed, differs at most by 1.

For two arbitrary nodes a and b that are not necessarily o and (3, s,y is called an
intermediate switching flow [Gar+18, Definition 3, also called partial switching flow].

Note that there are infinitely many (intermediate) switching flows for two vertices a and
b. Given any switching flow, adding the vector n - 1/Zl for an arbitrary n € NT to Sab
preserves the two conditions.

It is easy to verify whether or not a vector s, € N'OE‘ is a valid switching flow for a
given graph: Simply test these two conditions. This can be done in polynomial time
[Doh+16]. The end vertex of a switching flow can be calculated in polynomial time by
checking which edge is the one for which condition (7) is —1 [Gar+18, Oservation 6].

Definition 5.1.6 (Run profile [Doh+16]). A run profile r € NloEl is the count array
returned by RUN-ARRIVAL upon termination. It assigns to each edge of a switch graph
the number of times it has been traversed during the RUN-ARRIVAL procedure.

An intermediate run profile ¥ corresponds to some intermediate value of the count
array after a completed run of the while loop of the RUN-ARRIVAL algorithm [Géar+18,
Definition 4, also called partial run profile]. The end vertex b of an intermediate run
profile can be calculated in polynomial time.

Lemma 5.1.7. Every (intermediate) run profile is an (intermediate) switching flow
[Doh+16, Observation 1]. Not every (intermediate) switching flow is an (intermediate)
run profile.

Example 5.1.8. Consider the following example from [Doh+16].

Figure 5.4.: Valid switching flow and Figure 5.5.: Valid switching flow but
run profile not run profile

Lemma 5.1.9. For a switch graph G = (V, E, Sy, S1) and an origin and a destination
node o, B € V with o # 3, if there exists a valid switching flow s, g then RUN-ARRIVAL
terminates. For the run profile v returned upon termination it holds that r < s,
component wise [Doh+16, Lemma 1].

Proof. Imagine we put on each edge as many pebbles as s, g tells us to. During the run
of RUN-ARRIVAL we collect a pebble whenever traversing an edge. It is claimed that we
never run out of pebbles, which would prove the above Lemma.

First observe that during a run when we are at a vertex x, condition (i) and (7i) of the
intermediate switching flow s, , with origin o and destination x hold. Starting with the
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even successor we take a pebble from each edge in turns, so the number of pebbles on
them never differs by more than 1.

The claim is proven by contradiction. Assume e = (v,u) is the first edge at which we
run out of pebbles, i.e. e now has —1 pebbles left on it. By the observation above, the
other outgoing edge of v must have 0 pebbles left. Since condition (i) held before v was
entered and both outgoing edges had 0 pebbles, this means that the incoming edge of v
must have had 0 pebbles as well. This is a contradiction because if the incoming edge
has 0 pebbles, we could have never entered node v [Doh+16]. O

Lemma 5.1.10. It is possible to verify in polynomial time whether a given (intermediate)
switching flow s is an (intermediate) run profile [Gar+18, Lemma 11].

Definition 5.1.11 (S-ARRIVAL (Search problem) [Gér+18]). Given a switch graph
G = (V,E, Sy, S1), an origin « € V and a destination 8 € V, find one of the following:

(A1) A run profile r from « to 3.

(A2) An intermediate run profile 7 from « to any vertex b such that there exists an edge
e that was traversed too often: 7(e) = 2¢ + 1. The current state of the switches
must have existed already.

There is no polynomial time algorithm known for S-ARRIVAL. [Gér+18] proved that the
Aldous algorithm from [A1d83] can be used to solve S-ARRIVAL. Its runtime is O((v/2)%).

5.1.1. S-Arrival to Unique Forward EOPL+1

Theorem 5.1.12. S-ARRIVAL can be reduced to END OF METERED LINE and is thus
in CLS [Gdr+18, Theorem 20).

For a definition of END OF METERED LINE see 3.3.5 on page 18.

Since END OF METERED LINE and END OF POTENTIAL LINE are polynomial time
equivalent, S-ARRIVAL is in EOPL [Fea+18, Theorem 10]. Furthermore, S-ARRIVAL has
by definition a unique solution and is therefore in UniqueEOPL [Fea+18, Theorem 4].
Nonetheless, it is possible to reduce S-ARRIVAL to UNIQUE FORWARD EOPL+1 by a
very similar but easier construction than done in [Gar+18]. Basically it is the same
construction without the need to construct a predecessor circuit.

For a definition of UNIQUE FORWARD EOPL+1, see Definition 4.1.24 on page 43.

Theorem 5.1.13. S-ARRIVAL can be reduced to UNIQUE FORWARD EOPL+1 in poly-
nomial time and is thus in UniqueEOPL.

Proof. Given an S-ARRIVAL instance [ = (G = (V, E, Sy, S1), a, B), create in polynomial
time an instance of UNIQUE FORWARD EOPL+1 I' = (S, ¢).

The nodes Let be d' = |E| = 2|V| = 2d. A node s, of the UNIQUE FORWARD
EOPL+1 will be an intermediate switching flow with s, € {0,1,...,2¢ + 1}%. The
start node of I’ is 07'.
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The successor function S By Lemma 5.1.10 on the previous page, there is a polynomial
time function isRunProfile: {0,1,...,2¢ + 1}% — {true, false}.

S(sa,p) is defined as follows:

(1) If isRunProfile(s,yp) = false then S(sqp) = Sap-
If the given point is not a valid run profile, it will be a self loop.

(2) If isRunProfile(s, ;) = true and there de € E: sqp(e) = 29+ 1 then S(sqap) =
Sa,b-
If this is the case, the RUN-ARRIVAL procedure took too many steps, by Lemma 5.1.4
on page 62 this means there is no way from « to .

(3) If isRunProfile(s, ) = true then let b be the end vertex of the current switching
flow.

(1) If b= (3 then S(sqp) = Sab-
We reached the destination. Therefore this is a valid end of the line in UNIQUE
ForwArD EOPL+1.

(2) If b # B then let n € {0, 1} be the variable that defines if the even or the odd
successor is supposed to be traversed next: n = s45(b, So(b)) — sa.,5(b, S1(D)).
Let u be the next node that RUN-ARRIVAL traverses: u = Sp(b). Increase
the vector s,p at the position that stands for the edge (b,u) by one and
leave everything else unchanged. Now u is the new end vertex of the current
switching flow sq 4.

The cost function ¢ The cost function returns 0 if the given point is no valid run
profile. Otherwise it returns the number of steps plus 1 that RUN-ARRIVAL made so far
to reach the end node b of s,3. The costs are calculated by summing up all entries of
Sq,b plus 1, so that we can differ 0% from invalid run profiles.

e(50s) = 0 if isRunProfile(s,) = false
“ 1+ Zgzl(sa,b)i if isRunProfile(s, ) = true.

The circuits S and ¢ can be constructed in polynomial time.

Correctness In order to prove the correctness of this construction, it must be shown
that each solution to the constructed UNIQUE FORWARD EOPL+1 instance matches
back to the correct S-ARRIVAL solution.

A solution of type (UFP1) Let s, € {0,1,..., 2¢ + 114 be a solution of type (UFP1)
and Sqp = S(Sq,p). This means that S(sqp) # Sap and either S(sqp) = Sap O ¢(Sap) #
c(sa,p) + 1.

First, assume that S(sqp) # Sap and S(sq,p) = Sa,p- It must hold that isRunProfile(s, ) =
true. Let’s take a look at the rules that could have been used to set S(Sqa,p) = Sa,p-

(1) If isRunProfile(s,) = false this means s, ) is not a valid run profile. This case
cannot happen, since isRunProfile(s,p) = true and the construction of S(sqp)
follows the same rules as RUN-ARRIVAL. Therefore s, , must be a valid run profile.
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(2) If 3e € E: sqp(e) = 27 + 1 then we found a valid solution of type (A2): There is
no path from o to j.

(3.1) If isRunProfile(s,,p) = true, it must hold that the end node of the switching flow
p is equal to 8. Therefore s, is a valid solution of type (A1).

Second, assume that S(sqp) # Sap and c(sap) # c(Sqp) + 1. This cannot happen.
S(5a,p) = Sa,p Was constructed by case (3.2), which means the potential increases by
one.

A violation of type (UFVP1) If a violation of type (UFVP1) is found, there exist
two points sap € {0,1,...,2¢ + 1}d, and so, € {0,1,...,2¢ + 1}d/ with sap # Sap,
Sap 7 S(Sab)s Sap # S(Sap) and isRunProfile(s,p) = isRunProfile(sy,) = true
and c(sq,p) = c(5a,p)-

This cannot happen. Because isRunProfile(s,;) = isRunProfile(s,,) = true it
holds that ¢(sqp) = ¢(sq,p) > 0. It will be proven by induction over the cost that if
c(8a,p) = c(sq,p) it follows that s, p = sqa,p.

Base: n =1, i.e. ¢(sqp) = ¢(Sqa,p) = 1 This means that s, = 04 = Sa,p-
Assumption: If ¢(sqp) = ¢(sq,p) = n then sqp = Sqp-
Induction: n = n+1

Since isRunProfile(s,p) = isRunProfile(s,,) = true, this means that
there is a point s, such that S(sa.z) = Sa,p and a point s, such that
S(Say) = Sa,p- 1t holds that sq 5 # sap and sqy # Sa,p because otherwise
it would be a contradiction to the assumption S(sqp) # Sap and Sqp #

S(Sap)-

S(8a,z) and S(sq,y) must have been constructed by rule (3.2.). It follows
that c(saz) — 1 = ¢(Sap) = ¢(Sa,p) = c(Say) — 1 and by the assumption
of the induction that means that s, ; = s4,. This again implies that the
same successor edge is chosen and therefore it follows that so, = Sap-

This induction might seem trivial, but it is important to exclude the case that an arbi-
trary chosen switching flow does belong to another line.

A violation of type (UFVP2) Let s,; and so4 be the given vertices of the violation
(UFVP2) with sqp # Sa,qs S(Saq) # Sa,q and c(sqap) < ¢(Saq). Since sqp is also a
solution of type (UFP1), it holds that S(sap) = Saps Sab # Sap and S(sap) = Sap-

This cannot happen: Since S(sqa,q) 7# Sa,q, it must hold that isRunProfile(sq,q) = true.
This again means that there exists a point s, with S(sq ) = Sa,q Which has exactly one
cost less than s, 4. This argument can be repeated recursively until there is a predecessor
Sa,y Of Sqq With ¢(say) = ¢(sqp). By the induction proof from the previous case, this
implies that s, is a predecessor of s, 4. This is a contradiction to the fact that s, is
the end of the line.

Conclusion All in all, every solution that is found in the constructed UNIQUE FORWARD
EOPL+1 instance can be mapped back to a solution of the corresponding S-ARRIVAL
instance in polynomial time.
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The reduction is promise preserving. Every solution of the S-ARRIVAL instance is
only mapped to solutions of type (UFP1). For every violation of the created UNIQUE
FORwWARD EOPL+1 instance it can be shown that this cannot possibly be constructed
from an S-ARRIVAL instance.

It follows that the promise version of S-ARRIVAL is in PromiseUEOPL.
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5.2. Unique Sink Orientation of Cubes (Cube-USO)

Let C = {0,1}% be a d-dimensional hyper cube, where each bit-string represents one
vertex of the cube.

Definition 5.2.1 (Face of a hypercube). A face (or a subcube) C, of a hypercube
C = {0,1}¢ is defined by a tuple C, = (f1,fo,...,f4) with £; € {0,1,*} for i = 1,...,d.
« is the set containing all indices at which C, is not *: a = {i | £; # *}. If £; € {0,1},
this means that dimension 7 is fixed. If £; = %, dimension i is free to vary.

v € C is in face C, if and only if Vi € a: v; = £;.

The face of a hypercube is a hypercube itself with a smaller dimension. The faces of
dimension 0, 1, (d-1) are called vertices, edges and facets [SWO1].

Example 5.2.2. Let d = 3 and C = {0,1}3.

Figure 5.2.2 shows examples of a 0O-face (face (1,1,1) in green), a 1-face (face (1,x*,1)
in blue) and a 2-face (face (*,#,0) in yellow). The whole cube itself is a 3-face. Note
that since C is not defined on an interval but a set, the points between the vertices are
actually not part of the face. Only the vertices themselves are a face. So the 2-face is
not the whole colored area but (x,*,0) = {(000), (010), (110), (100)}.

011 Face (1,1,1) = {(111)}

v

—— 100 Face (x,%,0) = {(000), (010), (110), (100)}

Face (1,*,1) = {(101), (111)}

Definition 5.2.3 (Orientation function ¢). [Fea+18, p. 25] Let ¢ : C — {0,1}¢ be a
direction function that assigns each edge of C' a direction. The i’th component of ¢(v)
represents the direction of the edge in dimension .

e p(v); =0« @(_ the edge points towards v.
e p(v);=1% @_) the edge points away from v.

Two nodes v and u that are adjacent to each other in dimension ¢ are said to agree on
their orientation in dimension i if ¢(v); # ¢(u);. This definition does not necessarily
imply that all nodes agree to their orientation. Later on, this property will be ensured
by a violation that forbids such constellations.

The cube C' and the orientation function ¢ can be viewed as a directed graph if all nodes
agree on their directions. Note that it is not necessarily an acyclic graph. A vertex
v € C is called a sink if v only has incoming edges, i.e. Vi =1,...,d : ¢(v); = 0.
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An orientation ¢ is called unique sink orientation of C' if all subgraphs induced by
nonempty faces of C' have a unique sink. Since the whole cube is a face as well, this
implies that the cube has a unique, global sink [SWO01, p. 1], [GS06, Definition 2.1].

The problem UNIQUE SINK ORIENTATION OF CUBES (CUBE-USO) is to find the unique
sink of that graph formed by C and ¢ under the promise that the given orientation fulfills
the properties of a unique sink orientation.

Since a d-hypercube has 2¢ many vertices and 2¢71d edges, it is hard to check whether
a given direction function fulfills the promise and really is a unique sink orientation.

Example 5.2.4. Let d = 3 and C = {0,1}3. The orientation function ¢ is represented
by the arrows.

d
g 011
010 110
001 101

e

000 =— 100
ds

dq

Figure 5.6.: Example of a d = 3 cube with a unique sink orientation

In this example, the edges form a unique sink orientation. The sink is (111). ¢(111) =
(000), since the node has only incoming edges. Note that even when every face of the
cube has a unique sink, it is not necessarily an acyclic graph. The cycle in the example
is colored in blue.

This promise problem can be transformed into a total search problem by adding viola-
tions. The property that is used as violation originally comes from [SWO01, Lemma 2.3]
but I find it better explained in [Sch04]. To give a better understanding of why the
condition that is used in the end actually works, we will now take a closer look at the
relevant properties of ¢.

Lemma 5.2.5. ([SW01, Lemma 2.1], [Sch04, Lemma 4.1]) If ¢ is a unique sink orien-
tation it follows that ¢ with all its edges in one dimension flipped is still a unique sink
orientation.

Proof. Let C € {0,1}%. Let dimension i be arbitrary but fix. The edges of dimension
1 connect two subcubes of C' with one another. These edges are colored in red in Ex-
ample 5.2.6 on the following page. Since ¢ is a unique sink orientation, each of both
subcubes has a unique sink, s; and ss. One of these two sinks is the global unique sink,
without loss of generality let that be s;. It follows that ¢(s1); = 0 because it is the
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unique sink, and ¢(s2); = 1 because it is not the unique sink. If all edges in dimension
i are flipped then ss is the new global unique sink.

For the faces that do contain two or more red edges, the argument above can be applied
recursively. Therefore each subcube still is a unique sink orientation after flipping the
edges as well.

The faces that do not contain a red edge were valid unique sink orientations beforehand.
Nothing has changed for them so they still are a valid unique sink orientation.

Example 5.2.6. d =3 and i = 2.

011 011 ————> 111 :
010 110 010 110

F001 101 @ 101

000 =—— 100 000 ———— 100
ds ds

d1 dl
O

Lemma 5.2.7. ([SW01, Lemma 2.2/, [Sch04, Corollary 4.2]) ¢ is a unique sink orien-
tation if and only if ¢ is a bijection in every subcube.

Proof. ”=" Let ¢ be a unique sink orientation. Assume ¢ is not a bijection in every
subcube. This means there exist two nodes v and u with ¢(v) = ¢(u). By Lemma 5.2.5
on the previous page all dimensions i for which ¢(v); = 1 can be flipped and ¢’ is
still a unique sink orientation. So after flipping all of these dimensions, it holds that
#'(v) = ¢'(u) = 0, which means that v and u both are a sink. Therefore ¢ could not
have been a unique sink orientation in the first place.

»<” If ¢ is a bijection in every subcube then for every subcube C, = {0, 1,*}¢ with
a C {1,...,d} it holds that there is exactly one node v for which holds Vi € a: ¢(v); = 0.
Since this includes a = {1, ..., d}, ¢ is a unique sink orientation.

O]

Lemma 5.2.8. ([SW01, Lemma 2.3/, [Sch04, Proposition 4.3]) ¢ is a unique sink
orientation if and only if for all v,u € C with v # u it holds that

(v @ u) A (d(v) ® B(u)) # 0, (5.1)

where @ is the bit wise xor operation and A is the bit wise and operation.
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(v@®u) is a vector that has a 1 at each index of the smallest subcube that contains both
v and u. For example, for C' € {0,1}?, the smallest subcube containing (000) and (111)
is the whole cube. The smallest subcube containing (000) and (110) is the face (x, *,0).
In this case ((000) & (110)) = (110). The vector has a 1 at every index where the face
has a *.

In addition with (¢(v) @ ¢(u)), this ensures that the orientation function is a bijection.

Proof. ”=" Assume condition (5.1) does not hold. Then there exists some subcube
Cy with a C {1,...,d} which contains two different nodes v and u that have the same
orientation in all dimensions of that subcube Vi € a: ¢;(v) = ¢;(u), since otherwise the
result of the condition would not be 0 in each component.

This is a contradiction to Lemma 5.2.7 on the preceding page which means that ¢ is not
a unique sink orientation.

”<” Assume ¢ is not a unique sink orientation and therefore, by Lemma 5.2.7 on the
previous page, not a bijection in every subcube.

Let C be the subcube with the smallest dimension in which ¢ is not a bijection and let
v and u be the nodes that violate the bijectivity, i.e. Vi € a: ¢;(v) = ¢;(u). Therefore,
for all ¢ € « the right side of the condition is 0.

For all i ¢ « the left side of the condition is 0 since v and w are in the same subcube.

In conclusion, if ¢ is not a unique sink orientation, then condition (5.1) does not hold.
This condition also ensures that all two nodes agree on their orientation. O

Definition 5.2.9 (L-UNIQUE SINK ORIENTATION OF CUBES (CUBE-USO-_1)). [Fea+20b,
Definition 21] Given an orientation function ¢ : {0,1}¢ — {0,1}¢ U {1} find one of the
following:

(UL1) A point v € {0,1}¢ such that Vi = 1, ...,d : ¢(v); = 0.
v is a sink.
(ULV1) Two points v, u € {0,1}¢ such that v # u and (v ® u) A (¢(v) ® ¢(u)) = 0%
¢ does not fulfill the unique sink orientation property. Note that ¢(v) # L #
¢(u), since then it is a violation of type (UL V2).
(ULV2) A point v € {0,1}¢ such that ¢(v) = L.
¢ is no valid orientation function at all.

(UL1) describes a unique sink. (UL V1) certifies, as explained before, that ¢ is not a
unique sink orientation.

(UL V2) might seem ridiculous at first, and it is indeed not necessary to define a valid
total version of CUBE-USQO. But later on, the problem P-LCP will be reduced to CUBE-
USO and the reduction is more convenient if violation (UL V2) is included here. The
violation does not alter the problem in any significant way. Omne can formulate an
equivalent version of CUBE-USO without (UL V2).

Definition 5.2.10 (UNIQUE SINK ORIENTATION OF CUBES (CUBE-USQO)). Given an
orientation function ¢ : {0,1}% — {0,1}¢ find one of the following:

(U1) A point v € {0,1}¢ such that Vi = 1,...,d : ¢(v); = 0.
v is a sink.

(UV1) Two points v,u € {0,1}% such that v # u and (v @ u) A (¢(v) @ ¢(u)) = 0%
¢ does not fulfill the unique sink orientation property.
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Lemma 5.2.11. There exists a promise preserving polynomial time reduction from
CuUBE-USO-_L to CuBe-USO [Fea+20b, Lemma 22].

Proof. Given an instance I of CUBE-USO- L, create an instance I’ of CUBE-USQO. Let
C':=C. If ¢(v) # L, let ¢'(v) = ¢(v) and ¢'(v) = 0¢ otherwise.

Given a solution v of type (U1) for ¢/, then either ¢(v) = 0¢ and therefore v is a solution
of type (UL1), or ¢(v) = L and v is a violation of type (UL V2). Given a solution v, u
of type (UV1) for ¢/, either ¢(v) = L or ¢(u) = L which results in a violation of type
(ULV2), or otherwise the nodes are a solution of type (ULV1).

The reduction is promise preserving, since every valid solution of type (UL1) is also a
valid solution of type (UI) in the transformed instance. Every violation in the CUBE-
USO instance are mapped back to a violation in the CUBE-USO-_L instance.

O]

The other direction is trivial: An instance of CUBE-USO-_L created from an CUBE-USO
instance can never have a violation of type (UL V2) by definition. Therefore, CUBE-USO
and CUBE-USO-_L are polynomial time equivalent.

There is no polynomial time algorithm known for CUBE-USO. [SWO01] proved that there
is a deterministic algorithm with runtime O(1,61%) and a randomized algorithm with
runtime O(1,47%).

5.2.1. Cube-USO to OPDC

The problem CUBE-USO has naturally no cost or potential function. Neither do the
points of the hypercube have an intuitive neighborhood or successor as needed for a
UNIQUE END OF POTENTIAL LINE instance. Nonetheless, there exists a reduction from
CUBE-USO to OPDC which proves that CUBE-USO is in UniqueEOPL. In [Fea+20b]
the reduction is done from CUBE-USO-_1 to OPDC, the reduction from CUBE-USO to
OPDOC is basically the same but without the special cases for ¢(v) = L. For a definition
and examples of OPDC, see Section 4.1 on page 23.

Theorem 5.2.12. There exists a promise preserving polynomial time reduction from
CuBE-USO to OPDC.

Proof. Given an instance I = (C, ¢) of CUBE-USOQO, create an instance I’ = (I, D) of
OPDC. Let I := C. The direction function D is defined as follows:

Zero if ¢(v); =0
D;(v) = < Up if p(v); =1 and v; =0
Down if ¢(v); =1 and v; = 1.

Correctness In order to prove the correctness of this construction, it must be shown
that each solution of the constructed OPDC instance I’ matches back to the correct
solution of the CUBE-USO instance I.
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A solution of type (O1) Let point p € I' be a solution of type (O1). It holds that
Vi =1,...,d: Di(p) = Zero. This implies that ¢;(p) = 0 for all ¢ which means that p is
a sink and a solution of type (U1).

A solution of type (OV1) For an i —Slice s a solution of type (OV1) consists of two
fixpoints p,q € I's with p # ¢ such that Vj < i : D;(p) = Dj(q) = Zero. This implies
that p and ¢ are both sinks on the same i-face, which is a violation of type (UV1).

A solution of type (OV2) If there is a violation of type (OV2), then there is an
i — Slice s and two points p, q € I's such that

e Vj<i:Dj(p) = Dj(q) = Zero
e p; and ¢; are adjacent to each other in dimension ¢: p; = ¢; + 1
e D;(p) = Down and D;(q) = Up.

For all j < i, ¢;(p) = ¢j(¢q) = 0. For all j =14, ¢j(p) = ¢;(q) = 1. Therefore p and
q have the same orientation in the face described by s. They form a violation of type
(UV1).

A solution of type (OV3) A violation of type (OV3) is never produced by the con-
struction. By definition of D, for a point p; = 0 the direction is never Down and for a
point p; = 1 the direction is never Up.

Conclusion The reduction is promise preserving: Solutions of type (U!) of the CUBE-
USO instance are only mapped to solutions of type (O1) of the OPDC instance. If the
CUBE-USO instance has no violations, then the OPDC instance has no violations. [
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5.3. P-Matrix Linear Complementarity Problem (P-LCP)

Definition 5.3.1 (LINEAR COMPLEMENTARITY PROBLEM (LCP)). [DP11, p. 794]
Given a matrix M € R?*4 and a vector ¢ € R%!, find two vectors z, w € R®! such that
(1) w=Mz+gq,
(2) z,w > 0 component wise and
(8a) zTw =0 or
(3b) Vi e {l,...,d}: z - w; = 0.

Conditions (%a) and (3b) are equivalent if condition (2) is satisfied. For each ¢ either z;
or w; must be 0, since none of the entries are allowed to be negative.

Condition (1) of the LCP can be stated alternatively: Jw — Mz = q.
If ¢ > 0 in each component, then there exists the trivial solution z := 0¢ and w := .

Deciding if a given LCP has a solution is NP-complete [Chu89]. For an approach on
how to solve an LCP, see Appendix A.1 on page 134.

Definition 5.3.2 (P-Matrix). A matrix M € R™*" is called P-Matrix if all its principal
minors are positive [CPS92, Definition 3.3.1].

For each n x n matrix M and for each «, 8 C {1, ...,n}, the submatrix M, g of M is the
matrix whose entries lie in the rows of M indexed by a and the columns indexed by .
If o = 8, the matrix M, is called principal submatriz of M. The determinant of M, o
is called principal minor [CPS92, Definition 2.2.1]. For 1 < k < d and o = {1,...,k},
M, « is called leading principal submatriz and its determinant is called leading principal
minor [CPS92, Definition 2.2.2]:

m m mi1 Mmiz2 Mi3 mi ... Mg
H(mn)H, H 2 ) ma21 Ma22 M23 LY
M1 M22
m31 M3z MM33 mqr ... Mdd
Example 5.3.3. d =3

1 -1 0

M=11 3 1

0 —-10 2

IG5l

(o 2)]=>

(o 3)] =

1 -1 0
1 3 1 =18
0 —-10 2
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Since they are all positive, M is a P-Matrix.

A P-Matrix is not necessarily positive (semi) definite. The matrix in the above example
is not positive definite.

For example, there exists a vector = such that 27 Mz < 0:

1 -1 0 0
(0,1,1)- 11 3 1] -[1]=-4
0 —10 2 1

Every positive definite matrix is a P-Matrix [CPS92, p. 147]. A symmetric real matrix
M € R¥? is positive definite if and only if all its principal minors are greater than 0
[KS, p. 349, Sylvester’s Criterion]. If M € R%*? is positive definite, then the LCP (g, M)
has a unique solution for all ¢ € R? [CPS92, Theorem 3.1.6.]. If M is positive definite,
LCP can be solved in polynomial time [MY88].

Checking if a matrix is a P-Matrix is co-NP-complete [Cox94]. A matrix M is a P-
Matrix if and only if the LCP (¢, M) has a unique solution for every ¢ € R? [CPS92,
Theorem 3.3.7]. If ¢ > 0 component wise, the unique solution is the trivial solution.

Example 5.3.4. (Trivial solution)
Let be d = 2 and the P-LCP problem (g, M) be

et ) ()

M is a P-Matrix. The only and unique solution to the given P-LCP is the trivial solution:

wy =21 —22+1 (0> <1)
z= LW = =q.
wo = 21 + 329 + 2 0 2
Example 5.3.5. (M is not a P-Matrix)
Let be d = 2 and the LCP problem (g, M) be

- (e )

M is not a P-Matrix. There are multiple solutions for the given LCP:

z = LW = = ¢ and
wy=-—21+22+1 0 2

wo = 21 + 329 + 2 B 1 . 0
z—<0>,w—<3 .

Example 5.3.6. (Non-trivial solution)
Let be d = 2 and the P-LCP problem (g, M) be

et ) (3)
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M is a P-Matrix. Not all components of ¢ are positive, therefore the trivial solution is
not a valid solution. The following is the unique solution:

wy =21 — 29+ 1 (0> <1/3)
2=y w=1¢)-
we = 21 + 320 — 2 /3
For the search problem definition of P-LCP that will be shown to be in UniqueEOPL, a
different representation of a solution (z,w) is used: For a given candidate solution (z, w)

we can construct the set a == {i | i € {1,...,d},z; > 0} containing all indices of z that
are not 0.

The other way around, for any given o C {1,...,d} it is possible to check whether this
is a set that was constructed from a valid solution. How to check that is shown in the
following.

An LCP can be viewed in terms of complementary cones [CPS92, Section 1.3]. A
nonempty set X is a cone in R? if for any « € X and any ¢ > 0 it holds that zt € X. For
a matrix A € R¥™" let C(A) = {q € R?: ¢ = Ay for some y € R } be a convex cone
obtained by nonnegative linear combinations of the columns of A.

Let M € R?*? be the matrix of an LCP. Consider the matrix (I, —M) € R¥2?, When
solving the linear complementarity problem (g, M), we are searching for (w,z) € R2d
such that

(1) ITw — Mz =q.
(2) z,w > 0 component wise and
(3) Yie{l,...,d}: z -w; = 0.

We want to know if ¢ is an element of C(I,—M) so that for every ¢ not both I.; and
M. ; are used because of condition (3) of LCP. To formalize this additional condition,
we define the following matrix: For any a C {1,...,d} let (A,) € R¥9 be the matrix
whose columns are for all ¢ in « equal to the negative i’th column of matrix M and the
7’th unit column vector e; otherwise:

—M.,; ificao
(Aa)~,i = { ’

e ifi ¢ a

(Aq) is called complementary basis of M, C(A,) is called complementary cone. (4,) can
be constructed in polynomial time. For a d x d matrix, there are 2¢ many different sets
« and therefore complementary cones.

Given a vector ¢, to decide whether the LCP (g, M) has a solution, it suffices to check
whether ¢ belongs to one of the complementary cones, i.e. if there exists an « such that
q € C(Ay). If ¢ is in C(A,), it holds that y = w + z, where all o components of y
belong to z and all the others belong to w because of condition (3) of the LCP. All «
components of w and all non o components of z are 0.

This is equivalent to testing if there exists a solution to the system (A,)y = ¢ with y > 0
for some o C {1,...,d}. If (A,) is nonsingular (which it always is if M is a P-Matrix),
then this is equivalent to testing whether (A,)~'q > 0 component wise.

In conclusion, we can check in polynomial time for any given « if ¢ is in the cone C(A4,),
i.e. if (A,) is nonsingular and (A4,)~! - ¢ is non negative in each component. Then we
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know that « corresponds to a valid solution. Since (A,)y = ¢ is a linear program, its
solution and thereby the solution represented by a can be calculated in polynomial time.

Example 5.3.7. Recall the LCP from Example 5.3.6 on page 75. Let o = {1}. Note
that this is not the « of the unique solution. (A,) is nonsingular, but the components
of (Ay)~! - q are negative.

R

(Aa) o q= <_é>

If « = {2}, which is the correct a for the unique solution, the (A,) is nonsingular and
the components of (A,)~! - ¢ are all positive:

-0 ) e
(Aa)™! g = G)

We define the function out: P({1,...,d}) — {0,1}¢U{L} as out(a) = L if det(A,) =0
and otherwise

a corresponds to a valid solution if and only if out(a) = 0.
We define the function char: P({1,...,d}) — {0,1}% as characteristic vector of a:

1 ificea

(char(a)); = {0 ifi ¢ a.

P-LCP is a special case of LCP with the promise that M is a P-Matrix. In order to
define a total search problem, a violation solution is needed for the case that M is not
a P-Matrix.
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Definition 5.3.8 (P-MATRIX LINEAR COMPLEMENTARITY PROBLEM (P-LCP) [Fea+20b]).
Given a matrix M € R%? and a vector ¢ € R**!, find one of the following:

(P1) Two vectors z,w € R that are a valid solution for the LCP:
(1) w=Mz+q,
(2) z,w > 0 component wise and
(3a) zTw =0 or

(3b) Vi€ {1,....d}: z-w; = 0.

(PV1) A set o C {1,...,d} such that the corresponding principal minor of matrix M
is not positive: det(Mq,q) < 0.

(PV2) Two distinct sets a, 8 C {1,...,d} with (char(a) @ char(8)) A (out(a) B
out(B)) = 0%, where @ is the bit wise zor and A is the bit wise and func-
tion of two vectors.

(Note that in this case out does not return L, since this already implies a
violation of type (PV1).)

One of the two violations would be enough to make the problem total. Both violations
are needed to make the reduction easier that proves that P-LCP is in UniqueEOPL.

(PV1)is a certificate for M not being a P-Matrix because there exists a principal minor
that is not greater than 0.

(PV?2) corresponds to the properties of the complementary cone that are fulfilled by
definition if M is a P-Matrix. For more detailed proofs see [SW78, Proof of Property 2]
and [SWT78, Property 5]. Therefore, if this condition is fulfilled, it is a sufficient proof of
M not being a P-Matrix.

There is no polynomial time algorithm known for solving P-L.CP. [Fea+18, Corollary 42]
states that Aldous Algorithm that was introduced in [Ald83] can be applied to P-LCP
too, thus providing an algorithm that runs in O((v/2)?) time. Since P-LCP can be
reduced to CUBE-USO, the algorithms of CUBE-USO can also be applied to solve this
problem.

5.3.1. P-LCP to Cube-USO

[AV11] proved P-LCP to be in PPAD and [DP11] showed that P-LCP is in CLS. It is
not proven complete for either of these classes.

Theorem 5.3.9. There exists a promise preserving polynomial time reduction from
P-LCP to CUBE-USO-L, which proves that P-LCP is in UniqueEOPL.

Proof. Given a P-LCP instance I = (g, M) with ¢ € R% and M € R?*?  construct a
CUBE-USO- L instance I’ = (C, ¢) with C = {0,1}% and ¢ : {0,1}¢ — {0, 1}

Construction For each subset o C {1,...,d}, v := char(«) is a node of C'. Every node
of C' can be distinctly mapped back to a. The orientation function ¢ behaves exactly
like the out function: ¢(v) := out(char—1(v)).
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Handling degeneracy There are different types of degeneracy of an LCP:

o A degenerate matrix M: M is degenerate if there exists a principal minor of M
which is 0. In case of a P-LCP instance, this case is already covered as violation
(PV1).

o A degenerate vector ¢ (sometimes also called a degenerate solution (w,z)): An
LCP instance has a degenerate ¢ if ¢ is a linear combination of d — 1 or less
columns of (I,—M) [SW78], i.e. (A,) 'q has a zero entry for some o C {1, ...,d}
[Fea+20b]. This implies that if ¢ is degenerate, in the valid solution (z,w) there
exists an index ¢ such that z; = w; = 0.

Nondegeneracy is important for the bard type algorithm to terminate and not to cycle
[CPS92, Section 4.2], but it also needs to be eliminated to make the reduction work.

Example 5.3.10. (Degenerate q)

w3 D (0)

M is a P-Matrix, q is degenerate. It can be represented as a linear combination of the
second column M. 5. Nonetheless, the given LCP has a unique solution:

()=

For oy = {2} it holds that (4g,) = <(1) _01> and (Aq,) " 'q = <(1)> out(aq) = <8)

and therefore o is a sink in the constructed CUBE-USO-_L instance.

For ay = {1, 2} it holds that (Aa,) = (_01 _01> and (An,) lqg= <(1)> out(ag) = <8)

as well and therefore s is a second sink in the constructed CUBE-USO-_L instance.

There are multiple sets a for which the condition ((44) tq) > 0 holds. For oy = {2}
and for ag = {1,2} this yields in an equivalent output of out, which results in an
invalid CUBE-USO-_L instance. This is a problem because we created an CUBE-USO-_L
instance with a violation from a valid LCP instance, which contradicts the idea of a
promise preserving reduction.

To avoid problems caused by degenerate LCP’s, a strategy called perturbation, which is
usually used in linear programming, is applied to (g, M) before doing the actual reduction
in order do dissolve its degeneracy.

A linear program is degenerate if and only if for the given constraints Ax = b,z > 0 it
holds that b can be expressed as a linear combination of d — 1 or less column vectors of
A, i.e. that for a basis B there exists a component in B~'b that is 0 [Mur83, p. 323].

The idea of perturbation is to slightly modify b of the given linear program such that &’
cannot be represented by a linear combination of d — 1 columns anymore. By shifting b
slightly, the intersection of the constraints shifts apart.

We can use this technique here because we can represent the part of the LCP that causes
the degeneracy as a linear program:

(Aa)"tqg > 0 & (Aq)y = ¢ with y > 0 component wise. (5.2)

Let € be an arbitrarily small positive number and g(e) = q + (¢, €2, ..., )T,
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Lemma 5.3.11. [Mur83, Theorem 10.1]

Given any q € R?, there exists a positive number € > 0 such that whenever 0 < € < €,
the following perturbed problem is nondegenerate:

(Aa)y = q(e) (5-3)
y > 0 component wise.

For a proof see [Mur83, p. 324] or Appendix A.3 on page 137.

Lemma 5.3.12. [Mur83, Theorem 10.5]

If B is a feasible basis for the perturbed LCP 5.3 with € being arbitrarily small, then B
s a feasible basis for the original un-perturbed LCP 5.2.

For a proof see either [Mur83, p. 326] or Appendix A.3 on page 137.

So if (A4) 7! is a feasible solution for 5.3, then it is a solution for 5.2 as well. Therefore
if  and (A, ) represent a valid solution to (g(e), M), they also represent a valid solution
to (¢, M).

Example 5.3.13. (Perturbation) Recall Example 5.3.10 on the previous page. The
following LLCP is its perturbed version:

e b o= (475)

M is a P-Matrix, the given LCP has a unique solution:

wy =zt € w_(e) z—( 0 >
= ,z = 5 ).
wo =29 —1+¢€ 0 L—e
Note that the solution of the perturbed LCP is different, but not the corresponding «

and (A,). There is only one set a that represents that solution: a = {2}. (4,)7! = (Aa)
is a feasible basis for (4,)y = q(€) and (A,)y = q.

The construction for the reduction explained above is not applied to the original P-LCP
but on the perturbed one.

Correctness

o A solution of (UL1) of I' maps back to a solution (P1) of I.
o A solution of (ULV2) of I' maps back to a solution (PV1) of I.
o A solution of (ULV1) of I' maps back to a solution (PV2) of I.

The reduction is promise preserving.
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5.4. P-General-LCP (P-GLCP)

GENERAL-LCP (GLCP) was first introduced by [CD70] (in [CPS92, p. 32] it is also
called vertical LCP). It is like a usual LCP with the exception that the matrix M is
not necessarily a square matrix.

Definition 5.4.1 (Vertical Block Matrix). [Riis07, Definition 2.1]

Let (w1, ...,wq) be d many block-sizes with w; € NT. Let n be the sum of all block sizes:
d
ni= )i Wi

The Matrix N € R"*4 ig called vertical block matriz if it has the form
Nl
N = :
Nd
with N € R¥i*4 N7 is called the i’th block of the matrix.

Analogously a vertical block vector can be defined.

Definition 5.4.2 (GENERAL-LCP (GLCP)). [Riis07, p. 22] Given a vertical block
matrix N € R"*?% and a vertical block vector ¢ € R", both with block sizes (w1, ..., waq),
find two vectors z € R% and w € R” such that

(2) z,w > 0 component wise and

(3) zi- ﬁwézoforallizl,...,d.

j=1

In comparison to the LCP defined in Definition 5.3.1 on page 74, the third condition
differs here. The complementarity of z and w holds block wise, i.e. if for some index i
it holds that z; # 0 then at least one entry of block w® is 0: 35 € {1,...,w;}: wj- = 0.
The other way around it must hold that if there doesn’t exist a zero entry in a block w?,
then z; = 0.

An d-square submatrix M of N is called a representative submatriz if its 7°th row is taken
from the j’th block N; [HS95, Definition 2.2]. There are H’;Zl w; many representative
submatrices for a vertical block matrix. A vertical block matrix is a P-Matrix if and only
if all principal minors of all representative submatrices are positive [HS95, Definition 2.6].

The GLCP = (N, ¢) has a unique solution for each ¢ € R? if and only if N is a P-Matrix
[HS95, Theorem 4.3].

Definition 5.4.3 (P-GENERAL-LCP (P-GLCP)). Given a vertical block matrix N €
R™ 4 and a vertical block vector ¢ € R™, both with block sizes (w1, .. .,wy), find one of
the following:
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(GP1) Two vectors z € R? and w € R” that are a valid solution for the LCP:

(2) z,w > 0 component wise and

wj .
(3) zi- [[w;=0forali=1,...,d
j=1
(GPV1) A representative submatrix M of N and a set a C {1,...,d} such that the
corresponding principal minor of M is not positive: det(Myq) < 0.

Theorem 5.4.4. P-GLCP can be reduced in polynomial time to GRID-USO [Riis07,
Theorem 3.5].

The definitions of GRID-USO and P-GLCP in [Riis07] do not work with violations.
They state that the grid orientation induced by a valid P-GLCP is a unique sink orien-
tation. There is no statement about what happens if IV of the P-GLCP was not a valid
P-Matrix. All in all, their reduction is not promise preserving. It is not necessary to
prove containment in UniqueEOPL via a promise preserving reduction. Thus, P-GLCP
is in UniqueEOPL.

That the reduction is not promise preserving implies that P-GLCP is not necessarily
in PromiseUEOPL. For example, it can happen that the reduction creates a valid GRID-
USO instance from a broken P-GLCP instance. Nevertheless, I think that the reduction
easily could be altered to be promise preserving, similar as it has been done from P-LCP
to CUBE-USO.
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5.5. Simple Stochastic Game (SSG)

A simple stochastic game is a 2-player game played on a directed graph with some edges
having a transition probability. Therefore, this game is not deterministic. Stochastic
games were first introduced by [Shab3] but more extensively studied by [Con90] and
[Con92].

Definition 5.5.1 (Simple Stochastic Game [Con92; GR05]). Let G = (V, E) be a di-
rected graph with a partition of the vertices such that V' = {Bnaz, Bmin }UVimaz U Vinin UV,
Each vertex other than B, and B, is either a min-vertex v € Vyn, a maz-vertex
V € Vipae O a neutral-vertex v € V,,.

There is one start vertex @ € V and an end vertex for each of the two players 3,4, and
Bmin- Let ET(v) be the set of outgoing edges of a vertex v.

In the game, a token is placed on the start vertex. The players move the token from a
vertex v to another by the following rules:

e If v = Bihae, the game is over and Player Max wins.
o If v = Bin, the game is over and Player Min wins.
o If v € Vipaa, player Max can choose to which neighbor of v the token is moved.
o If v € Vipin, player Min can choose to which neighbor of v the token is moved.
o If v € V},, an outgoing edge e € E*(v) is chosen with probability P,[e] > 0, where
Yeept Prle] =1.
The game ends when the token reaches either B4 O Bmin.

The players are called Maz and Min because Max decides to move the token such that
the probability of reaching B4 is maximized and Min tries to minimize the probability
of reaching B4, [Con92|.

Example 5.5.2. Let the following graph be an SSG. Nodes from V,,,, = {a} are drawn
with a square around them, vertices from Vj,,;, = {ve} are drawn with a diamond and
neutral nodes V;, = {v;} are round.

1/3

V1 Bmin

o 2/3

2 —) /Bmaa:

Player Max begins. When he chooses to go to node vy it is Player Min’s turn. In this
case, Player Min would got to v1, since otherwise Player Maz would win. From v, Player
Mazx wins with probability 2/3 and Player Min wins with probability 1/3.

Definition 5.5.3 (BINARY-SSG [Con92]). An SSG where each node, except fpq, and
Bmin has exactly two outgoing edges is called BINARY SIMPLE STOCHASTIC GAME
(BINARY-SSG).

Theorem 5.5.4. Every non-binary SSG can be reduced in polynomial time to a BINARY-
SSG [ZP96, p. 12].
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Proof sketch. As described in [ZP96, p. 12|, the idea is to replace a node with k > 2
outgoing edges by a binary tree with k leaves. The probabilities can be adjusted such that
the two outgoing edges of the leaf node have the same probability as their corresponding
outgoing edges in the original node. This increases the number of nodes and edges of the
resulting BINARY-SSG, but only by a constant. Vertices with only one outgoing edge
can be removed from the game without affecting the result [GRO5, p. 214].

O]

A strategy is a rule that tells the player how to play. It is called pure (or positional) if
the strategy does not depend on the history of moves that have been made so far and
no probabilistic choices are made. A strategy of a player is optimal if it results in the
maximal (or minimal) possible value for that player. In SSG’s, the optimal strategy for
both players is a pure strategy [Con92].

An SSG (or BINARY-SSQG) is called stopping if, no matter what the players do, with
probability 1 the token eventually reaches either 3,,4: Or Bmin starting from any arbitrary
node [GRO5]. Recall Example 5.5.2 on the previous page. It is a stopping game.

Example 5.5.5. Let the following graph be an SSG. This game is non-stopping. It
would stop if Player Min went to S,,4; which will never happen and analogously Player
Maz will never go to vy since then it might end in S5,,;,. Therefore the game never ends.

2/3

— /Bmax

Lemma 5.5.6. Every non-stopping SSG (or BINARY-SSG ) can be transformed in poly-
nomial time to a stopping SSG (or BINARY-SSG respectively) [Con90)].

Proof sketch. This can be achieved by adding a transition from every non-sink node to
Bmin With a suitable small probability e. With probability (1 — €), the original path is
followed. For each outgoing edge of a maz-vertex and a min-vertex, a neutral-vertex is
inserted with the behavior described above. Let SSG’ be an SSG modified as described
above. If € is a small rational of size polynomial in the size of SSG, SSG’ and SSG have
the same optimal strategy [EY10, p. 2582].

O]
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For a stopping SSG a value ¢: V' — [0, 1] can be assigned to each vertex:

1 if v = Baz
0 ifv= /Bmzn

max U ifve Vinaz

(p(v) — (v,u)GE*(v)(p( )

min U ifve Vinin
(v,u)eE*(v)(P( )

> Pl(v,u)]-p(u) ifveV,.
(v,u)EE*(v)

The value corresponds to the probability of reaching 3,4, from the current node when
both players play optimal [GR05, Lemma 1]. This optimal strategy can be obtained
by following the sequence of nodes defined by (. Calculating this function may take
exponential time.

The decision versions of SSG and BINARY-SSG ask whether the probability that player
Mazx wins is higher than some probability p (usually p = 1/2) if both players play optimal.
This problem is in NP N co-NP [Con92].

There is no polynomial time algorithm known to solve that problem. There are different
strategies for solving an SSG (or BINARY-SSG), for example value iteration, strategy
iteration (or policy iteration), and quadratic programming. For an overview of these
strategies see for example [Ki+-20] or [Con90]. [Lud95] presented a randomized back-

tracking algorithm that solves the problem in expected subexponential time 20(VIVD),

The search problem asks for the highest probability that B4, is reached, i.e. for the
maximum possible value of ¢(«).

This problem has, as opposed to the problems inspected so far, no violations. There
always exists a unique solution unconditionally.

Theorem 5.5.7. There exists a promise preserving polynomial time reduction from

BINARY-SSG to P-LCP [GRO05, p. 211].

Theorem 5.5.8. There exists a promise preserving polynomial time reduction from SSG
to PL-CONTRACTION [EY10, Corollary 5.5].

Theorem 5.5.9. Because of Theorem 5.5.7 or 5.5.8, BINARY-SSG is in UniqueEOPL.
By Theorem 5.5.4 on page 83, SSG is also in UniqueEOPL.
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5.6. Discounted Game

Discounted games are another version of the MEAN PAYOFF GAME (MPG) (see Sec-
tion 5.7 on the next page). They were first introduced by [ZP96] as intermediate step of
the reduction from MPG to SSG.

Definition 5.6.1 (DISCOUNTED GAME). Let G = (V, E) be a finite directed graph
where each vertex has at least one outgoing edge and let o € V' be the start node. The
vertices are partitioned into two sets Viu. and V., such that Ve, U Vi = V oand
Vinaz N Vipin = 0. Let ¢: E — {—w,...,0,...,w} be a function that assigns an integer
weight to each edge.

There are two players, Player Maz and Player Min. A token is placed on the start node
o. Player Max starts to choose an edge along which the token is moved. Then it is
Player Min’s turn to choose the next edge, and so on, indefinitely. The chosen edges are
numbered: (eg,eq,...).

Let 0 < A < 1 be a real value, called discounting factor. For each edge in the sequence
of chosen edges, the weight of the i’th edges is multiplied by (1 — A\)A’. The outcome of
the game is defined as

oo
(1= Nuw(e).
i=0
Player Maz tries to maximize this outcome, while Player Min tries to minimizes it.

The unique value ¢(v) of the game starting at v can be calculated by the following
equation [ZP96, Theorem 5.1]:

(m?xE(l —MNw(v,u) + Ap(u)  if v € Vg
v,u)€

min (1 — Nw(v,u) + Ap(u) if v € Vipn.
(v,u)EE

p(v) =

The decision version of the problem asks whether (o) is smaller than some value k. The
goal of the search problem is to calculate the value of ¢(0).

There is no polynomial time algorithm known for that problem [ZP96]. Since there is a
reduction to SSG, the subexponential algorithms that can be used to solve an SSG can
also be used to solve the DISCOUNTED GAME.

Theorem 5.6.2. There exists a polynomial time reduction from DISCOUNTED GAME
to SIMPLE STOCHASTIC GAME (SSG) [ZP96].

Thus, the decision version of DISCOUNTED GAME’s is in NP N co-NP and the search
version is in UniqueEOPL.
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5.7. Mean Payoff Game (MPG)

A mean payoff game is a deterministic 2-player game played on a directed, weighted
graph and was first introduced by [EM79]. For a good summary and proofs for the
complexity of this problem see [ZP96].

Definition 5.7.1 (MEAN PAYOFF GAME (MPG) [ZP96]). Let G = (V, E) be a finite
directed graph where each vertex has at least one outgoing edge and let o € V' be the
start node. Let ¢: E — {—w,...,0,...,w} be a function that assigns an integer weight
to each edge.

As in D1SCOUNTED GAME’s, there are two players, Player Max and Player Min. A token
is placed on the start node o. Player Maz starts to choose an edge along which the token
is moved. Then its Player Min’s turn to choose the next edge, and so on, indefinitely.
The chosen edges are numbered: (e, ea,...).

Player Maz tries to maximize the sum of edge weights along which the token is moved,
while Player Min tries to minimizes it. More formally, Player Maz tries to maximize
liminf, e 2 37 c(e;) and Player Min tries to minimize limsup,, o, + 37, c(e;).

[EMT79, Theorem 1] shows that there exists a value ¢ with

n n

1 1
im inf — ) > > — ;
hmnglgo - Zc(ez) > > 1mnsll)go - Zc(ez)
i=1 i=1
when both players use an optimal strategy that only depends on the node on which the
token currently is and not on what happened previously in the game.

The decision version of the problem asks whether ¢ is smaller than some value k. The
goal of the search problem is to calculate this value.

There are different versions of this game:

e BIPARTITE-MPG : The vertices are partitioned into two sets V4, and Vi, such
that Vipez U Vinin = V and Vipge 0 Vinin = 0. Whenever the token is on a vertex
in Vinae, Player V4. chooses the next edge and when the token is on a vertex
in Vinin, Player Min is allowed to choose. Any MPG can be transformed to an
BrrARTITE-MPG with a bipartite graph by duplicating all vertices and adjusting
the edges properly [ZP96].

o FINITE-MPG : [EMT79] proposes a version in which the game stops as soon as the
chosen edges form a cycle. The value of the finite MPG is equivalent to infinite
MPG [EM79, Theorem 2].

There is no polynomial time algorithm known to solve a MEAN PAYOFF GAME (MPG).
It exists an algorithm to find the optimal strategies that runs in O(|V|*- |E|log(IEl/|v]) -
w) pseudo-polynomial time in w [ZP96, Theorem 3.1] and an algorithm that runs in
O(|V|? - |E| - w) pseudo-polynomial time in w to find the optimal value of the game
[ZP96, Theorem 2.3]. Furthermore, since there is a reduction to DISCOUNTED GAME
and by extension to SSG, the subexponential algorithms that can be used to solve an
SSG can also be used to solve the MEAN PAYOFF GAME (MPG).

Theorem 5.7.2. There exists a polynomial time reduction from MEAN PAYOFF GAME
(MPG) to DISCOUNTED GAME [ZP96, Section 5].

87



By that Theorem it follows that the decision version of MEAN PAYOFF GAME (MPQG) is
in NP Nco-NP and the search version is in UniqueEOPL. The same holds for BIPARTITE-
MPG and FINITE-MPG .
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5.8. Parity Game

A w-Automata (also called Church’s problem) consists of a transition structure 7 and
an objective function o.

The transition structure 7 consists of 7 = (V,0,%,.S), with a set of vertices V', a start
node o € V, an alphabet X and a transition function S: V x ¥ — V. If the game is
deterministic, the transition function S is total [Kri+95, Section 2.1], i.e. for each node
and for each element of the alphabet, there is a successor node.

Example 5.8.1. Let ¥ = {0,1}, V = {v1,...,v5} and 0 = v;. The transition function
is indicated by the arrows.

(L9}
—_

A run r is the infinite sequence of nodes visited during an infinite game with r(0) = o.
inf(r) C V is the set of vertices that are visited infinitely often during a run r.

The objective function o gets a run and returns either 0 if it rejects it or 1 if it accepts
it. o is a boolean formula where the nodes in V are interpreted as boolean variables. A
variable v; is assigned the value 1 if and only if v; € inf(r) and 0 otherwise. There are
different classical examples of objective functions [Pur95, Definition 5.3.4]:

o A disjunctive formula (or Buchi formula): For A = {Ay,..., Ax} C V,o(inf(r)) =
\/?:1 A;. The objective function accepts if and only if A Ninf(r) # 0.

o A Rabin formula of the form o(inf(r)) = \/le(Ai A —B;), where A;, B; for i =
1,...,k are disjunctive formulas. The objective function accepts if and only if there
exists a pair (A;, B;) with 4; C inf(r) and B; € inf(r). It still might happen that
B; has been visited once by the run, but not infinitely many times.

o A Streett formula of the form o(inf(r)) = /\f:l(Ai V —B;), where A;, B; for i =
1,...,k are disjunctive formulas. The objective function accepts a run if and only
ifforalli=1,...,k: A; Cinf(r) or B; € inf(r).

e A Chain formula: Let Ap C By C Agx_1 C --- C A1 C By C V where each A;
and B; are disjunctive formulas. The objective function is defined as o(inf(r)) ==
\/le(Bi A =A;). Intuitively, the w-Automata accepts, if and only if there exists
some pair (A;, B;) for which A; is visited only finitely often and B; infinitely often.

The chain formula can be stated equivalently as described in [Tho97, Definition 6.2]:
For eachi =1,...,k, assign the index (or priority) 2i — 1 to the elements of the set
A; \ Bi—1 and the index 2i to the set B; \ A;. Then look at all elements in inf(r)
and their corresponding set indices. If the smallest index in the set is even, then
the run is accepted.
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Example 5.8.2. Recall the transition structure from Example 5.8.1 on the preceding
page. V ={vy,...,v5} and

o By = {v,v3,v4,v5}
o Ay = {v2,v3,v4}

e By = {v2,v3}

o A ={uvs}.

It holds that A1 C By C Ay C Bs.
The Chain formula then is
o= ((1}2 Vg VaogV 1)5) A —|('UQ Vg V 1)4)) V ((1)2 V 1)3) A —|(1)2)).

For i =2

o all elements of the set Ay \ By = {v4} are indexed with 3 and
o all elements of the set By \ Ay = {vs} are indexed with 4.

Fori=1

o all elements of the set A; = {v2} are indexed with 1 and
o all elements of the set By \ A; = {v3} are indexed with 2.

If inf(r) = {vi,vs3,v4}, then the v;i = v3 = v4 = 1 and vy = v5 = 0. With this
assignment, the formula s satisfied. Equivalently, the smallest index assigned to the
elements in inf(r) is 2, which is assigned to v3. This index is even, hence this run is
accepted.

If inf(r) = {vi,v9,vs5}, then the v; = v9 = v5 = 1 and v3 = vy = 0. With this
assignment, the Chain formula is not satisfied. Equivalently, the smallest index assigned
to the elements in in f(r) is 1, which is assigned to vy. This index is not even, hence this
run is not accepted.

A game with any of the above mentioned formulas as objective function can be translated
to a Chain formula, i.e. a Chain game [Pur95, Theorem 5.3.2].

A PARITY GAME is a Chain game with two players, where Player Maz tries to play such
that that o accepts the resulting run, Player Min tries to play such that the result is
rejected.

Deciding a PARITY GAME means, given a start node, decide which player wins. The
search version asks for the strategy with which the player can win. Solving a chain
game is polynomial time equivalent to the model checking problem for u-calculus [Pur95,
Theorem 5.3.6, Theorem 5.3.7]. The decision problem of the Chain game is in NPNco-NP
[Pur95, p. 72].

There is no polynomial time algorithm known for that problem [Pur95]. Since there is
a reduction to MEAN PAYOFF GAME (MPG) and by extension to DISCOUNTED GAME
and SSG, the sub-exponential algorithms that can be used to solve an SSG can also be
used to solve the PARITY GAME.

Theorem 5.8.3. There exists a polynomial time reduction from PARITY GAME to MEAN
PAYOFF GAME (MPG) [Pur95, Section 5.5].

Theorem 5.8.4. There exists a polynomial time reduction from PARITY GAME to
SIMPLE STOCHASTIC GAME (SSG) [CF11].

Thus, the search version of the parity game is in UniqueEOPL.
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5.9. a-Ham Sandwich

The a-HAM SANDWICH problem is a discrete version based on the Ham-Sandwich The-
orem [ST42] as introduced by [SZ10].

Let k1,...,kq be a collection of d finite point sets in R?. Each set is interpreted as
representation of one color. The set N = k1 U --- U kg is the union of all points.

A set {p1,...,pm} € N is called colorful if no two points p;, p; have the same color, i.e.
if foralli,j=1,...,m:i%# jAp; € kg = pj ¢ K.

As defined in [SZ10], a set N has a very weak general position if for every choice C' of
points p; € K1, ...,pq € Kq the affine hull of the set C' = {p1,...,pq} is (d — 1)-flat and
does not contain any other point of N.

[CCM20] extended the definition as follows: Let C' C N be a set with |C| = d and C
contains points with exactly d — 1 different colors, i.e. one color is in the set twice. If for
every choice of C' the affine hull of C' is (d — 1)-flat and does not contain any other point
of N, C has a weak general position. Checking if a planar point set is in weak general
position is NP-hard [CCM20, p. 5].

An affine set is a set A that contains for each two points z,y € A also all points on the
line between x and y. The affine hull of a set N is the smallest affine set containing
N [JS19, Definition 7.1.8.]. For example, the affine hull of three points in 3 dimensions
is the plane that contains all three points. If they are on a line, then the affine hull is
the line segment that goes through all of them. If all points are equal, the affine hull is
the set of the point itself. The d in the name d-flat corresponds to the dimension of the
affine hull. A plane is 2-flat, a line is 1-flat and a point is 0-flat. Analogously this works
for higher dimensions.

Example 5.9.1. Let d = 3, k1 = { {(8,8,8),(1,6,8)} and k3 = {(4,4,4)}.

(17 17 ) y K2 =
It follows that N = {(1,1,1),(8,8,8),(1,6,8),(4,4,4)}.
The set {(1,1,1),(8,8,8),(4,4,4)}
is  colorful, as well as the set

{(1,1,1),(1,6,8), (4,4,4)}.

The set N is not in weak general position.
The affine hull of {(1,1,1),(1,6,8),(4,4,4)}
is a plane (colored in yellow) and
therefore 2-flat, but the affine hull of
{(1,1,1),(8,8,8),(4,4,4)} is a line (colored
in red) and only 1-flat.

A point set N is well separated if for every choice of points from the convex hull of each
color q1 € conv(ki,),...,qr € conv(k, ), where iq,...,4; € {1,...,d} are distinct indices
and 1 < k < d+ 1, the affine hull of {q1,...,q;} is (k — 1)-flat.

Equivalently, N is well separated if for every two index sets I, J C {1,...,d} there exists
a hyperplane that strictly separates the sets conv({U;¢; xi}) and conv({U;e s £;})-

Intuitively this means that no two convex hulls of the different colors (or union of several
colors) are allowed to intersect. There must exist a hyperplane that strictly separates
them.

The complexity of testing well-separation is unknown [CCM20, p. 5.
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Example 5.9.2. Let d = 2, k; = {(2,1)

(2,1),(2,4),(6,1),(6,4)} and k2 = {(3,0), (5,0), (3,4), (5,5)}.
It follows that N = {(2,1),(2,4),(6,1), (6,4)

(
6,4),(3,0),(5,0),(3,4), (5,5)}-

The convex hull of x; is the square colored
in blue. The convex hull of ko is the square
colored in orange.

This example is not well separated. The con-
vex hulls intersect each other (colored in yel-
low).

The point (4, 3) is in both convex hulls. The
affine hull of the choice ¢ = ¢2 = (4,3) is
0-flat since it is only a single point.

For any set of positive integers {1, ...,aq} with ; € {1,...,|k;|} for every i =1,...,d,
a (o, ..., aq)-cut is an oriented hyperplane H that contains at least one point from each
color, i.e. HNk; # () and satisfied |H T Nk;| = a; for every i = 1,...,d. H* is the closed
positive half space defined by H [SZ10, Definition 4].

Intuitively, an a-cut is a hyperplane going through at least one point of each color and
that cuts the points in half such that there are exactly a; many points of color k; on one
side of the plane.

Theorem 5.9.3. (a-Ham-Sandwich Theorem [SZ10, Theorem 1])

Let k1, ..., kq be finite, well-separated point sets in RY. Let a = (o, ..., aq) be a vector
with o € {1,..., |k} foralli=1,...,d.

1. If an a-cut exists, then it is unique.

2. If N has a weak general position, then a cut exists for each choice of o with
o5 € {17 SRRE) |/€z|}
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Example 5.9.4. Let d = 2, k1 = {(3,4),(5,5))} and k2 = {(3,2),(5,2)}. It follows
that N = {(3,4), (5,5), (3,2),(5,2)}.

The given example is well-separated and the
points are in weak general position. By The-
orem 5.9.3 on the previous page, for each
choice of @ with «; € {1,...,|k;|}, there ex-
ists a unique a-cut.

Let for example @ = (1,1). There are in-
finitely many hyperplanes that divide the
points such that there is one point of each
color on its side, but only one line that also
contains a point of each color. It is the line
that is defined by (5,5) and (5,2) (colored
in red).

Definition 5.9.5 (The search problem a-HAM SanDwIcH [CCM20]). Given d many
finite sets of points N = k1 U---U#kg in R and a vector (ay, ..., aq) of positive integers
with a; < |k;| for all i = 1,...,d, find one of the following:

(HSS) A (aq,...,aq)-cut.
(HSV1) A subset of N of size (d+1) and at least (d—1) colors that lie on a hyperplane.

(HSV?2) A disjoint pair of sets A, B C {1,...d} such that:
conv(Uzea Ka) N conv(Upep ko) 7 0.

There is no polynomial time algorithm known that solves a-HAM SANDWICH [CCM20,
p. 2]. Since it can be reduced to UniqueEOPL, it can be solved by Aldous algorithm in
O(1,4143%) time.

Theorem 5.9.6. There exists a promise preserving polynimial time reduction from a-
HAM SANDWICH to UNIQUE END OF POTENTIAL LINE and thus, a-HAM SANDWICH is
in UniqueEOPL [CCMZ20, Section 3, Lemma 17, Theorem 10).
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5.10. Pairwise Linear Contraction (PL-Contraction)

A pairwise linear function is a function that is composed of linear segments.

Example 5.10.1. Example of a pairwise linear function:

f(x)

z+3 ifz<—1
f(z) =1 —2z if —1<2<2
T

3r—10 if2< .

The function f is given as an arithmetic circuit (also called LinearFIXP circuit) consist-
ing of the operations min, max, 4+, — and xb (which is the multiplication by a constant

b).

The function f : [0,1]¢ — [0,1]¢ is contracting under the £, norm with p € N U {oc}
if Vo,y € [0,1]7 : |f(z) — f(y)|p < const - |z — y|, for some constant 0 < const < 1.
The Banach fixed point theorem states that for a function f that is contracting under a
metric J, there exists a unique fixpoint of f, i.e. f(z) =z [Barll, p. 146].

The problem PL-CONTRACTION is the problem of finding a fixpoint of a pairwise linear
contraction map [Fea+20b, Section 5.2]. The definition of the actual search problem
however is strongly shaped by the reduction that is done later from PL-CONTRACTION
to OPDC. There are a few preliminaries needed.

Definition 5.10.2 (Continuous i — Slice). Recall Definition 4.1.5 on page 25 of a slice
and Definition 4.1.7 on page 25 of an ¢ — Slice for a discrete grid. Let an ¢ — Slice for
a continuous function be the following:

A slice is a vector s = (s1, S2,...,84) € Slicesy with s; € [0,1] U {x} . If s; € [0, 1], this
means that dimension i is fixed. If s; = *, dimension ¢ is free to vary. An ¢ — Slice is a
slice s for which holds:

A point z € [0,1]% is a fixpoint of a slice s if (z — f(x)); = 0 for all i where s; = *.

Since OPDC works with a discrete grid, the continuous space on which the function
f operates needs to be discretised. For a valid PL-CONTRACTION instance it must be
possible to discretise the space such that all fixpoints of f in all i —S1lice’s are contained
within the grid.

Lemma 5.10.3. [Fea+20b, Lemma 26] There exist integers w = (w1, ...,wq) such that
for every i — Slice s it holds that if x € [0,1]? is a fizxpoint of s according to f, then
there exists a point p € [0,1,...,w1] X [0,1,...,wa] X ... X [0,1,...,wq] such that for all i
where s; = %

L f(pl/wl, Ce ,pd/wd)i = pi/wi and

e Pi = Wi Ty
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Definition 5.10.4 (PL-CONTRACTION [Fea+20b]). Given a LinearFIXP circuit com-
puting f : [0,1]¢ — [0,1]%, a constant a € (0,1) and p € N U {occ}, find one of the
following:

(PLCS) A point z € [0,1]¢ such that f(z) = =.

(PLCV1) Two points z,y € [0,1]¢ such that |f(x) — f(y)|, > a - |z — y|,. This violation
proves that f is not contracting.

(PLCV2) A point x € [0,1]¢ such that f(x) ¢ [0,1]?. This violation is necessary to
make the problem total, since f might be contracting, but its fixpoint is not
in [0, 1]¢.

PLCV3) An i — Slice s and two points z,y € [0,1]¢ in s such that:
(

= (f(z) —z); = (f(y) —y); for all j <,

— wj - T; = w; - y; + 1 where w; is the integer given by Lemma 5.10.3 on the
preceding page, and

— f(x)i <z and f(y)i > vi-

This violation is needed for the reduction to OPDC, more precisely to map
the violation (OV2) back to a violation in PL-CONTRACTION.

There is no polynomial time algorithm known to solve that problem. [Fea+18, The-
orem 40] states that there exists an algorithm that is polynomial in the size of the
LinearFIXP circuit f and exponential in the size of d.

Theorem 5.10.5. There exists a promise preserving polynomial time reduction from
PL-CONTRACTION to OPDC [Fea+20b, Lemma 29]. Thus, PL-CONTRACTION is in
UniqueEOPL.
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6. Trying to prove Grid-USO to be in
UniqueEOPL

[GWJR+08] introduced the problem of finding a unique sink orientation on grids. Since
it is very similar to unique sink orientations of cubes and also has a unique solution, it
seemed a reasonable suggestion that GRID-USO might be in UniqueEOPL as well. This
result also proves the general version of the P-Matrix linear complementarity problem
to be in UniqueEOPL, since [GWJR+08; Riis07] showed that there is a polynomial time
reduction from GLCP to GRID-USO.

It took several attempts to prove that GRID-USO actually is in UniqueEOPL. Since the
failed reduction is part of what I did for this master thesis, I will include it in this chapter
as well as the reason why it did not work. Hopefully this has some educational value for
the reader and deepens the understanding of these types of reductions.

6.1. Grid-USO

Definition 6.1.1 (d-dimensional grid [Riis07]). Let N = {1,...,n} be a well-ordered
set and K = (k1,...,kq) be a partition of N with |x;| > 2. Every block k; is well-ordered.
The d-dimensional grid I' = (N, K, V, E) is the undirected graph with
V={vCN|i=1,...,d,|JvNk)| =1}
E = {(v,0) | Jo® ul = 2}.

The vertices correspond to the Cartesian product of K. A node v € V' contains d many
elements, exactly one of each block: |v| = d.

There is an edge between two nodes whenever they differ in exactly one value. We refer
to each block as one dimension. All vertices in one dimension are a clique, i.e. their
induced subgraph is complete. Every vertex has (n — d) many edges.

Example 6.1.2. A d-dimensional grid for d = 3 [Riis07, Figure 3.1].
Let N ={1,...,7} and k1 = {1,2,3}, k2 = {4,5} and k3 = {6, 7}.

K /\
¥ 57 357

157 2
A/
7T 147 | 24|L7 | 347

156 256 | 356
/
3

/
6+ 57 146 246 46
4 \/

|
T

1 2 3

K2

aat
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All the sets we are talking about in this section are well-ordered sets. This means that
we can refer to the i’th element of a set, e.g. for a node v € V, v; is the element for
which holds that |v N k;| =1, i.e. v; is an element in k;.

Let v, p = {v | a < k < b} be the subset of elements of a point from index a to index b.

Lemma 6.1.3. Yv,u € V,a,b € {1,...,d} it holds that a # b = v, # up. For each node
it holds that if we look at two different indices of a node, their values cannot be the same.

Proof. Intuitively this holds because we constructed the nodes such that each entry ¢
only contains an element of k;.

Let v,u € V and a,b € {1,...,d} with a # b. It holds that v, € Kk, and vy € Kp. Since
ka N kp = 0, this implies that v, # vp.

O]

Definition 6.1.4 (Subgrid). Every subset N’ C N defines a subgrid I = (N, K/, V' | E")
of I' with k) = r; NN’ foralli=1,...,d.

Note that in a subgrid it is not necessary that for each block i |k;| > 2. In a subgrid it
holds that |k;| > 1. There must be at least one element of each block contained in the
subgrid since otherwise the subgrid would not be distinctly defined.

Example 6.1.5. Recall Example 6.1.2 on the previous page. Here are a few examples
of subgrids.

(i) Let N' ={1,2,3,4,6}. It follows that x| = k1, 146 246 346

ky = {4} and k% = {6}. \/

(i) Let N’ = {1,2,3,4,5,6}. It follows that x| = 156 256 356

K1, K = ko and Ky = {6}. / / /

(iii) Let N = {1,2,4,5,6}. It follows that x| = 156 256
1
{1,2}, K = ko and K% = {6}. / /
146 246
157 257
(iv) Let N' = {1,2,4,5,6,7}. It follows that s} = 147 247
{1,2}, K = Ko and K = k3.
156 256
146 246
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A node has neighbors in (n — d) many directions. They are not called dimensions on
purpose because they aren’t really dimensions. For every block «; the node has |x;| — 1
many directions in the dimension 4. If the grid was a cube, the directions are the same
as the dimensions.

Let N (v) be the set of all neighboring nodes of a given node v: N(v) := {u € V|(v,u) €

Let D(v) :=={i € N|lu € N(v) A{i} =u\ v} = N \ v be the set of the numbers which
the neighbors of v contain, but not v. One element of this set is the direction in which
v and one of its neighbors differ. The set is well-ordered.

For vy p, D(vap) = {i € Uj=q, phjlu € N(v) A{i} = u\v}=U,_, ,#;\v. Hereonly
the directions for dimensions a to b are returned.
Let N (v,4) == u with (v,u) € F and {i} = v\ v. If i € v, then N(v,i) := 0. The
function returns the neighbor of v in direction i.
Definition 6.1.6 (Orientation function). Let ¢: V' — {0,1}" be an orientation function

that assigns each edge a direction such that

e ¢;(v) =1 < v has an outgoing edge in direction ¢ € D(v), i.e. v points towards
N (v,1).

e ¢i(v) =0 < i € vor v has an incoming edge in direction ¢ € D(v), i.e. N (v,1)
points towards v.

Definition 6.1.7 (Outmap function). The outmap function returns a subset of D(v)
containing all numbers of the neighboring nodes to which v points.

o4(v) = {j € D(v) | $j(v) =1}
04(vap) = {j € D(vap) | ¢j(v) = 1}.

In the following, for shortness the ¢ in the index will be omitted whenever it is clear
which orientation function is meant and o, will be just written as o.

For a subgrid I let ¢’ be the outmap function on that subgrid, i.e. for v € I': ¢'(v) =
o(v) NN’

Definition 6.1.8 (Unique sink orientation on grids). An orientation ¢ is called unique
sink orientation if all nonempty subgrids have a unique sink [Riis07, Definition 2.3].
As with cubes, a unique sink orientation of grids may contain cycles.

Example 6.1.9. A d-dimensional grid for d = 3 and a unique sink orientation with a
cycle colored in red [Riis07, Figure 3.1].

Let N ={1,...,7} and k1 = {1,2,3}, ke = {4,5} and k3 = {6, 7}.

K3
157 R 257 > 357

4
7 T 147 < 247 L4 347

@] 156'T 256 T>356
/o Tt
61 O 146 > 246 — 346
4

|
T

1 2 3

aat
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6.1.1. Grid-USO- Failed definition

Definition 6.1.10 (h-vector [GWJR+08]). Let h(o) = (ho(0),...,hn—q(c)) be the
vector that contains at position r the number of nodes that have r outgoing edges:

hr(o) =[{v eV [|o(v)] =r}.

Lemma 6.1.11. For any two unique sink orientations ¢ and ¢' of a grid T', it holds
that h(oy) = h(oy) [GWJIR+08, Theorem 2.6].

It immediately follows that all unique sink orientations of a grid have the same h-vector.
For a given grid this vector is called h(T).

The h-vector is symmetric, i.e. A(I"), = h(I')p—q—r.

Lemma 6.1.12. The h-vector of a given grid I' can be calculated by the following
recursive formula in polynomial time:

h,(T) :== count(r,d)
|re| -1
count(r,t) :== Z count(r —a,t —1)
a=0
{1 if0<r< |k

count(r,1) ==
(r,1) 0 otherwise.

Proof. We construct the orientation gz~$ as:

~ 0 if N(v,i); >v;ori€wv
¢i(v) = . :
1 if N(v,1); < vj.

5 points in each direction i from the larger to the smaller node, i.e. an edge (v,u)
in direction ¢ points from v towards u if v; > wu;. It is easy to see that the result is
always a unique sink orientation. The bottom left node is then the unique sink. In the
CUBE-USO case, this is equivalent to the orientation function being the identity.

Since by Lemma 6.1.11 all h-vectors for a given grid are identical, h(a(;) is equal to h(T).
h(T") can therefore be calculated by counting the nodes and their outgoing edges in 5
Definition 6.1.13 (Mapping the grid). Let f: V — {0,...,|rk1|—1}x---x{0,...,|kq|—
1} be a function that maps v € V of a grid I to a vector. f;(v) is defined as the number
of elements in ; that are smaller than v;. f is bijective. Let f~! be the reverse function

of f.

In qz, the number of outgoing edges of each node v is the sum of all entries of f(v):
d
o50) = 3 £iw).
i=1

This is due to the fact that 5 always points to the smaller nodes, and for each node, in
dimension 7 there are f;(v) many smaller nodes it points to.
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Example 6.1.14. Recall the grid from the previous examples. The following shows this
grid with the alternative node names mapped by f and the orientation function ¢. The
number in red under each node is the number of this nodes outgoing edges. Observe
that this numbers is always equal to the sum of the nodes entries.

/\4

2 3
011 < 11 ¢ 211

1
A TS
7 001 l 101 < l 201

K3

K2

| | |
T T T K1

To calculate the r’th entry of the h-vector, we have to calculate how many vectors in
{0,...,|k1| =1} x -+ x{0,...,|kq| — 1} there are, whose sum of the entries is exactly r.

The recursive step in count is doing the following: The value of the last dimension ¢
gets fixed to the value a. Then it is asked how many nodes exist which sum up to (r —a)
without using dimension ¢, i.e. using one dimension less. So for each a we are looking at
a different subcube of the original cube and count the occurrences of a node with (r —a)
outgoing edges in this subcube. This is done for any possible value that a can take in
dimension t, i.e. all values from 0 to |k¢| — 1.

When there is only one dimension left, i.e. d — 1 dimensions are fixed, we have a single
line left.

Example 6.1.15. For example if dimension 3 is fixed to 1 and dimension 2 is fixed to
0, then the following line is left in which the nodes differ only in the first entry:

001 < 101 < 201

The number of nodes with r outgoing edges is always 1 if r is within the domain of the
respective dimension, and 0 otherwise.

When using dynamic programming and saving for r = 0,...,(n —d) and t = 1,...,d
each result of count(r,t) in a table, then the h-vector can be calculated in polynomial
time in d and n.

O
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Corresponding to Lemma 5.2.8 on page 70 that holds for unique sink orientations of
cubes, similar properties for unique sink orientations of grids can be proven.

Lemma 6.1.16. [GWJR+08, Lemma 2.8] Let o be an outmap. It is the outmap of
a unique sink orientation ¢ for a grid I' = (N,K,V,E) if and only if it satisfies the
following conditions:

(i) YoeV:vno(v) =0

(7i) Yv,u € V with v # u it holds that (v@®u) N (o(v) Bo(u)) #0
(iii) h(o) = h(T).
[GWJR4-08, Lemma 2.8] remarks that unlike in the cube USO case, condition (7ii) is not
implied by the other two conditions as in CUBE-USO and therefore needs to be stated

explicitly. Subgrids that have no unique sink but a cycle for example are not covered by
the second condition, they are however covered by the third one.

Example 6.1.17. Let N = {1,2,3,4}, k; = {1,2} and ko = {3,4}.

Condition (%) is true. For all combinations of nodes the resulting set is nonempty.

({13} @ {23)) N ({4} @ {1}) = {1}
@ @ ({13} @ {14}) N ({4} @ {2}) = {4}

({13} @ {24}) N ({4} @ {3}) = (3,4}

({23} @ {14}) N ({1} @ {2}) = {1,2}
@ @ ({23} @ {24)) N ({1} @ {3}) = {3}

(

{4t e{24}) N ({2} @ {3}) = {2}
Condition (7) does not hold. The h-vector does not correspond to the correct h-vector

of that grid: h(o) = (0,4,0) # (1,2,1) = h(I).

Definition 6.1.18 (GRID-USO (wrong definition)). Given a d-dimensional grid I' =
(N, K,V, E) and an orientation function ¢: V' — {0, 1}", find one of the following:

(GU1) A node v € T with o4(v) = 0.
(GUV1) A node v € I' with v Noy(v) # 0
(GUV2) Two nodes v,u € I' with (v & u) N (o4(v) & og(u)) =0
(GUVS3) A subgrid IV and an index i for which h;(o7) # hi(I7).

The problem with this definition The problem with this definition is (GUV3). We
can calculate h;(I”) in polynomial time, we can compare two vectors in polynomial time,
but we can not verify in polynomial time, whether hi(a;)) is actually a valid h-vector for
the given orientation. In order to do that, we would have to check every node in the
subgrid and count their outgoing edges. This might take exponential time. So it is not
possible to guess an h-vector and see if this is a violation, because we cannot verify, if
the guessed h-vector actually is a valid h-vector for the given orientation function.
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6.1.2. Grid-USO- Correct definition

The refined index as defined by [GWJR+08] assigns each node a d-tuple containing at
index ¢ the number of outgoing edges in dimension 1.

If the orientation always points towards the smaller node (as in Example 6.1.14 on
page 100), then the refined index equals the nodes in Example 6.1.14 on page 100. For
any other orientation, the node names from Example 6.1.14 on page 100 are still the
same, but they might be shuffled through out the grid.

Definition 6.1.19 (Refined Index). The refined index r, of an outmap oy with r,: V' —
{0,... k1| =1} x -+ x{0,...,|kq| — 1} is defined as:

e (V) = (lo(v) N K1l,...,|o(v) N Kyl|).

Example 6.1.20. Recall Example 6.1.9 on page 98. Let N = {1,...,7} and k; =
{1,2,3}, k2 = {4,5} and k3 = {6,7}. The nodes in the figure below are labeled by the
refined index.

K3

KR1

Theorem 6.1.21. If 0 is a unique sink orientation, then r, is a bijection [GWJR+08,
Theorem 2.14].

This Theorem alone is not enough to define a total problem. For example it might
happen, that there is an orientation, which is not a unique sink orientation, but still its
refined index is a bijection. This is why we need the following Theorem:

Theorem 6.1.22. o is a unique sink orientation, if and only if for every subgrid I it
holds that v, is a bijection.

Proof. If ¢ is a unique sink orientation, then all its subgrids are unique sink orientations
as well. By Theorem 6.1.21 this means that for each subgrid I, r,/ is a bijection as well.

If for some subgrid I r,s is a bijection, this means that there exists a unique node v
with ro/(v) = (0,...,0). This implies, that v is a unique sink. Therefore, every subgrid
has a unique sink, which means that the orientation is a unique sink orientation.

O]
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Definition 6.1.23 (GRID-USO). Given a d-dimensional grid I' = (N, K, V, E) and an
orientation function ¢: V' — {0,1}" U { L}, find one of the following:

(GU1) A node v € T with oy4(v) = 0.
(GUV1) A node v € I with v N oy(v) # 0.
(GUV4) A subgrid I and two nodes v,u € I'" with v # u and 7,/ (v) = 7,7 (u).

By Theorem 6.1.22 on the previous page, (GUV/) is sufficient to make the problem total.

In comparison to the h-vector, we just need two nodes with the same refined index to
proof a violation and not the h-vector for the orientation. The refined index can be
checked for any given node in polynomial time.

Furthermore, condition (GUV2) can be removed as well, since it is covered by condition

(GUV}4) too.

Example 6.1.24. Let N = {1,2,3,4}, k1 = {1,2} and ko = {3,4}.

(14 )y—(21) o(13) = (01)
rs(14) = (10)
ry(24) = (01)
r+(23) = (10)

The above example is no unique sink orientation. There are several nodes that have the
same refined index. Therefore the refined index is not a bijection, which proves that the
orientation is no unique sink orientation.
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6.2. Grid-USO to OPDC - Failed Construction

Given an instance I = (I', ¢) of GRID-USO as defined in Definition 6.1.18 on page 101,
create an instance I’ = (I, D) of OPDC.

The reduction is similar to the reduction from CUBE-USO to OPDC, with the exception
that we need more information to decide whether a direction in OPDC should point
upwards or downwards.

The idea is that the grid of the GRID-USO instance can be used as grid for the OPDC
instance as well. A sink is encoded by setting the direction to Zero. The directions of
the other grid-cells are then defined to point towards the sink.

The grid Since both problems work with a grid, the GRID-USO grid can be just reused
for OPDC. Let IV := {0, ..., |x1| =1} x---x{0, ..., |kq|—1}. A grid cell can be converted
from one grid to the other in polynomial time by f and f~! as defined in Definition 6.1.13
on page 99.

The direction functions The function sinkIsRight0f: {(v,i) |v € Vi€ {1,...,d} —
{true, false} returns true if the sink is right of given node v in dimension i and false
otherwise.

Algorithm 2: sinkIsRight0f
Data: v,1
for u e {N(v,j)|j €Ki} do; // For all neighbors of v in dimension i

if o(u) Nk; =0 then ; // u is sink

if v; < u; then

‘ return true;
else

L return false;

Otherwise there exists no unique fixpoint in this subgrid. ¢ is not a unique sink
orientation.

Example 6.2.1. Recall Example 6.1.9 on page 98.

K3

6+ 9 146 > 246 > 346

| | |
i i t K1
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Given the node v = (246) and the direction ¢ = 1, sinkIsRight0f(v,4) looks at the
following subgrid:

146 > 246 > 346

\/

The algorithm iterates over each node and checks whether it is the sink of this subgrid.
In this example the sink is (346). It then is checked whether the given node is before
the sink or not. In this case the sink is right of (146) (hence the name of the function)
and sinkIsRight0£f(146,1) = true.

If called with v = (247) and ¢ = 1, sinkIsRight0f(247,1) = false since the sink in this
subgrid is (147), which is left of (247).

sinkIsRightOf can be calculated in polynomial time in d and n. Therefore, the direction
function D can be calculated in polynomial time for a given node p € I as follows: For
alli=1,...,d

Zero if og(f~1(p)) Nki=10
D;(p) = { Up if o45(f~1(p)) N k; # 0 and sinkIsRight0f(f~1(p),1)
Down if o4(f~1(p)) Nk; # 0 and not sinkIsRight0f(f 1 (p), ).

Correctness In order to prove the correctness of this construction, it must be shown
that each solution to the constructed OPDC instance matches back to the correct solu-
tion of the GRID-USO instance.

Unfortunately, the construction is not correct. Though the correctness can be proven for
solutions of type (01), (OV1) and (OV3), the reduction has a major flaw for solutions
of type (OV2). For interested readers, the prove for the other solution types is given in
Appendix B on page 138.

A solution of type (OV2) If there is a violation of type (OV2), there is an ¢ — Slice
s and two points p,q € I's such that

e Vj<i:Dj(p) =Dj(q) = Zero
e pi=q +1
e D;(p) =Down and D;(q) = Up

We will look at the subsets of the first (1,...,7—1), (¢) and the last (i+1,...d) elements
separately. Let v := f~1(p) and u := f~1(q).

Since p and ¢ are on the same ¢ — Slice, their last d — ¢ elements are equal. This also
means that the last d — i elements of v and u are equal and therefore v; 414 = w14
Hence (vit1,4 @ tit1,4) = 0. Therefore, if (v @ u) N (04(v) & o4(u)) # 0, it must be due
to the first 1,...,7 elements of v, u and their orientation functions.

Now let’s take a closer look at the first 1 to ¢ — 1 elements. Because of the first condition
of the (OV2) violation, it holds that Vj < i: 04(v) Nk;j = 0y(u) N k; = @ which implies
that O'¢(’ULZ',1) = O’¢(U1ﬂ;1) = 0.

So for the whole condition to be nonempty, dimension ¢ must make the difference.
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A dimension < ¢

This diagram shows the current situation.
We know that for all dimensions smaller
than ¢, v and u are sinks. Here this
is indicated by the blue edges. We also
know that sinkIsRightOf(v,i) = true
(which is equivalent to D;(v) = Down)
and sinkIsRightOf(u,i) = false (which is
equivalent to D;(u) = Up). This does not
mean though that their direct neighbor in
dimension ¢ is the sink. So we know nothing
about the edges that are colored in red.

In CuUBE-USO this construction works,
because there are only two nodes in
each dimension and there the value of
sinkIsRightOf tells us something about the
orientation of the red edges. In the grid case
it does not.

We know that p; = ¢; + 1, and therefore v; > u; from which follows that ({v;} ® {w;}) =
{vi,u;} and therefore {v;,u;} C ({v} @ {u}) # 0.

There are three cases that we need to look at, which are the possible directions of the

red edges:

1) The edges point towards v and u: i.e. u; € (04(v) Nk;) and v; € (04(u) N k;). This
implies that there is a subcube with two sinks and therefore a violation of type
(GUV3) of that subcube and by extension of the whole instance.

2) The edges point away from v and u: i.e. u; ¢ (04(v) Nk;) and v; & (op(w) N K;).
This means that in that subcube formed by v and wu, the orientation function is
not a bijection. It holds that (vi; ® ui;) N (o(v1,;) & o(uiy)) = {vi,uw;i} N0 = 0.

We found a solution of type (GUV2).

One edge points away from v but the other
one points towards u. The case works
symmetrically for the one edge pointing
towards v and the other one pointing
away from u. Without loss of generality,
u; € (04(v) NK;) and v; & (04(u) N k).

This is not a (GUV2) violation, since (v, &

u,i) N (o(v1,:)®o(u1,)) = {vi, ui fN{u; } # 0.

Furthermore, it is not necessarily a violation
of type (GUV3).

This case does not lead to a violation of
GRID-USO. It might happen that this is a
valid GRID-USO instance that is recognized
as an OPDC violation.

Therefore, this reduction does not work.
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Example 6.2.2. The following is an example of a valid GRID-USO instance. Its unique
sink is the node (248). When using the construction to build an OPDC instance from
this GRID-USO instance, the nodes (137) and (246) colored in yellow form a (OV2)
violation.

Conclusion This construction is not a valid reduction.

The general problem of this construction is that knowing where the sink of a one di-
mensional subgrid is has no influence on where the fixpoint of the higher dimensions

1S.
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6.3. Grid-USO to Unique Forward EOPL

Theorem 6.3.1. There exists a promise preserving polynomial time reduction from
GRID-USO to UNIQUE FORWARD EOPL, and thus GRID-USO is in UniqueEOPL.

Proof. Given an instance I = (I',¢) of GRID-USO as defined in Definition 6.1.23 on
page 103 with N = {1,...,n} being a well-ordered set and a partition of that set
K = (k1,...,Kq), construct a UNIQUE FORWARD EOPL instance I’ = (S, ¢).

For a formal definition of UNIQUE FORWARD EOPL, see Definition 4.1.15 on page 30.

The idea for this reduction is based on the reduction from OPDC to UNIQUE FORWARD
EOPL. [GWJR408, Section 3.1] presented a line following algorithm to solve GRID-
USO (called the Product algorithm) but here a slightly different algorithm is used. It
is an algorithm that follows a line of nodes of the GRID-USO instance until it reaches
the unique sink. In the OPDC case we look at ¢ dimensions and find the unique sink
before looking at 7 + 1 dimensions. Here, we look at 7 directions and find the sink of
these before we search for the unique sink of 7 + 1 directions.

The line following algorithm works with the fact, that if we have the unique sink of
some subgrid and add the next direction (and therefore another subgrid), the unique
sink of the overall grid is either the sink of the first subgrid or the added subgrid. The
states of this local search line following algorithm are represented as vertices of UNIQUE
ForwARrRD EOPL.

First, let’s reassign the elements in the blocks so that they are strictly increasing by 1,
ie. k1 ={1,2,...,a},ke = {a+1,...,b} and so on. We can simply rename the elements,
the grid afterwards is the same. This can be done with any grid in polynomial time. For
the rest of the proof we assume that the grid has this structure.

Definition 6.3.2 (subgrid 7). Let v be a function that gets an integer i and a set
M C N and returns the following subgrid: (i, M) := (N’, K') where

{(Kj)l} ifMﬁHj:(Z)/\Kujﬂ{l,...,i}:@
N= |J qrn{l....d} EM0rj=0AkN0{L... .0} #0
J=Led | M N K it MNk; #0

and K’ = {K],..., K5y} with ) == r; NN forall j =1,...,d.

In the following we will use (i, M) equivalently with N'.

Intuitively, if for (i, M) M contains only one element j of block kj, then the directions
{1,...,i} \ ki are free to vary. For dimension k we fix it to the value j. All higher
dimensions are fixed to the first value of their corresponding block.

If M contains more elements, then the directions {1,...,i} that are not contained in
the fixed blocks are still free to vary. But several dimensions are fixed to a certain value,
namely to the values given by M. Again, all higher dimensions are fixed to the first
value of their corresponding block.
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Example 6.3.3. Here are a few examples of subgrids for the grid I with N = {1,..., 7},
k1 ={1,2}, ke = {3,4} and k3 = {5,6,7}.

Figure 6.8.: v(6,{6}) Figure 6.9.: v(7,{6,7})
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Whenever M is empty, the subgrid starts at the bottom left corner and expands from
there depending in ¢. If M is not empty, the subgrid only consists of nodes which contain
the fixed elements.

Later on, we will only inspect subgrids whose set M contains at most one element of
each block k; for each ¢ = 1,...,d. This excludes Figure 6.6 on the preceding page and
Figure 6.9 on the previous page.

Example 6.3.4. The following is an example of a valid GRID-USO instance. The blue
colored area is the subgrid (6, (). The yellow colored area is the subgrid ~(7,{7})

Since it is a valid unique sink orientation, both subgrids have a unique sink, (245) and
(147), colored in orange. The unique sink of the subgrid combined by both subgrids is
either (245) or (147). In this case, it is (147). None of the other nodes can be the unique
sink.

Lemma 6.3.5. If o is the outmap of a unique sink orientation, the unique sink of a
subgrid (i, M) with |[M Nk;j| <1 forallj=1,...,d is:

(i) If M Nky # 0 with i € kg, the unique sink of subgrid (i, M) is equal to the unique
sink of the subgrid v(i — 1, M).

(ii) If M Nk = O the unique sink of subgrid (i, M) is either equal to the unique sink
of the subgrid v(i — 1, M) or (i, M U {i}).

The first condition ensures that we look at one direction after another, like the line-
following algorithm intends. If M Nk # ), this means that we are in some kind of
yellow subgrid, one where one direction of block k is fixed. Even though we could
technically fix a subgrid like (5, {6,7}) (which is the top cube in Example 6.3.4), this
is omitted by this condition.

The second condition describes that if ¢ is a unique sink orientation, either the unique
sink of the blue subgrid or the unique sink of the yellow subgrid is the unique sink of
the overall subgrid.

When a subgrid only contains one node, this node is the sink.
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Proof. Intuitively, the idea of the proof is that either one of the two sinks of the subgrids
is the the sink of the overall grid or we can prove a (GUV}) violation. It will be proven
via induction.

Base: 1 =2

M can contain an arbitrary number of elements but at most one of each
block, specifying the subgrid we are in. Since ¢ = 2, we know that ¢ € k1,
because each partition must contain at most 2 elements.

If M Nk # 0 (case (7)), one dimension of
the first block is fixed and the subgrid con-
tains only one node. In the image on the
left for example, for i’ = 1,2, 3, the subgrid
M (i',{3}) contains only the node (34). It is
clearly the unique sink.

For M Nk = 0 (case (ii)), there are the following cases.

The overall grid (2, M) contains two nodes, one that contains direction
71”7 at the first position and one that contains a ”2” at the first position,
for example (1...) and (2...).

The blue subgrid (1, M) consists of one node that contains direction ”1”.

The yellow subgrid (2, M U{2}) consists of one node that contains direc-
tion 72"

Since both the yellow and the blue subgrid contain only one node, they
both are the unique sink of their respective subgrid.

If M = (), the nodes actually are the bottom left node and its neighbor
in direction 72”. If M # (), then some higher dimensions are fixed by the
elements in M. Later on, this means we are recursively searching for a
unique sink in a subgrid which has some dimensions fixed by M.

There are four cases that can occur:
If the edge points towards (1...), (1...) is the unique
sink of the overall grid.

If the edge points towards (2...), (2...) is the unique
sink of the overall grid.

If both nodes have an outgoing edge, both of
them have refined index of the subgrid ry/(1...) =
r/(2...) = (1). Therefore we found a violation of

type (GUV4).

If both nodes have no outgoing edge and therefore
claim to be the sink, both of them have refined index
of the subgrid r,/(1...) = 7,/(2...) = (0). Therefore
we found a violation of type (GUV4).

5 L
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Assumption:

Induction:

Let ¢ is the unique sink of v(i — 1, M) (the blue subgrid). Let p is the
unique sink of (i, MU{i}) (the yellow subgrid), provided that M Nky = ()
with 7 € kg, since otherwise this subgrid violates the assumption that M
must only contain at most one element of each block. Then no other node
in the respective subgrids can be a sink, since this would be a refined index
violation.

Let (N, K) = ~(i, M) (the overall grid), (N, K') = (i — 1, M) (the blue
subgrid) and (N”, K") = ~(i, M U {i}) (the yellow subgrid).

First assume M Nk, # 0 for i € K.

This means that both (i, M) and (i — 1, M) are fixed in some directions,
namely the directions M N k. We are recursively searching for a unique
sink in a yellow subgrid. This is like imagining that the example above is
itself the yellow subrgid of an even bigger grid.

In this case, the first two subgrids are equal and N = N’: For all j < k,
k;N{1,...,i} = k;N{1,...,i—1} because the only element in which they
differ is < and we already know that ¢ is in no «;, since it already is in s.
For all j > k, N and N’ either both contain (x;)1 or both contain x; N M.
For ki, N and N’ both contain exactly ki N M.

Therefore, their unique sink is also the same.

We don’t have to consider (i, M U {i}), because M is only allowed to
contain at most one element of xj, which already does.

Second, assume it holds that M Nk = 0 for ¢ € Ky.

This means that for both (i, M) and v(i — 1, M) there is no direction
fixed in dimension k.

Let p be the unique sink of the blue subgrid v(i — 1, M). We know that
o(p)NN" = (. Analogously, let ¢ be the unique sink of the yellow subgrid
(i, M U {i}) with o(q) " N" = 0.

N’ and N” differ only in the elements of kj, where i € k: (N'G&N") C ky.
The union of v(i — 1, M) and (i, M U {i}) equals the grid (i, M): Since
M Nk =0, N contains all elements {z | z € kg, z < i} U{(kk)1}. N’
contains all elements {x | x € ki, z <i—1}U{(kk)1}. N” contains exactly
one element of ki, namely 3.

Therefore, N' U N” = N. This means that v(i — 1, M) and (i, M U {i})
together actually result in the subgrid (i, M).

By induction assumption, there is only one node with 0 outgoing edges
in y(i — 1,M) as well as in (i, M U {¢}). None of the other points in
either subgrid can have 0 outgoing edges for all N’ (and N” respectively)
directions. Therefore, none of the other points can be the unique sink of

v(i, M).
If o(p) NN =0 and o(q) N N # 0, p is the overall sink.
If o(p) NN # 0 and o(q) N N = (), q is the overall sink.

If o(p) NN =0 and o(q) NN = (), this is a proof for two sinks in the grid,
which is a refined index violation: 7,(p) = (0,...,0) = r,(q).
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If o(p) NN # 0 and o(q) N N # 0, none of them is the sink of v(i, M).

If z =0, ¢ would be the unique sink.

The refined index of p must be
re(p) = (0,...,0,1). It is the sink
of i — 1 directions, therefore it has
0 outgoing edges for all other direc-
tions, but since it is not the over-
all sink, it must have one outgoing
edge in direction 1.

The refined index of ¢ is 0 for
all dimensions except the last one:

re(q) = (0,...,0,z)

If x = 1, there is clearly a refined index violation of type (GUV4) since

ro(p) = (0,...,0,1) = r,(q).

If z > 1, g has some outgoing edges.
In this case we can construct a sub-
grid which has a refined inedx vio-
lation of type (GUVJ), by remov-
ing some of the middle directions.
Whenever we remove a direction
(kp) < 1 < i with I € o(q), we re-
duce z of the refined index of g by
1, while the refined index of p stays
the same.

We can remove middle directions (for example the ones colored in red)
until we reach a subgrid in which the refined index of ¢ is the same as
the refined index of p, i.e. ry(q) = (0,...,0,1). Therefore we found a

violation of type (GUV/).

In conclusion, either p or ¢ is the unique sink, or there is a violation of

type (GUVY).

O]

This Lemma can be applied recursively on any grid whose unique sink shall be found.
For an instance of GRID-USO the grid whose sink we want to calculate is v(n, (). The
unique sink of y(n, () is either the unique sink of the subgrid v(n,{n})) or v(n — 1,0).
The unique sink of these subgrids can be calculated by the same rule until a subgrid
~v(1, M) is reached, for which the unique sink is trivially the one node it contains.

It can be done in a bottom up manner as well: We can start with the subgrid (1, 0) and
use the Lemma to calculate the unique sink of (2, %) and so on until we reach y(n, 0).

This results in a line-following algorithm: For a given (i — 1, M) with ¢ > 1 and its

unique sink p:

(i) check if p is also the unique sink of v(i, M) and continue with p and (i, M),
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(7i) otherwise start calculating the unique sink of (1, M U{i}) and continue to increase

the directions there since that will eventually lead to the unique sink of (i, MU{i}).
This is then, by Lemma 6.3.5 on page 110, also the unique sink of ~(i, M). M
cannot contain any other element of xj with i € kg, since then by the first case of
Lemma 6.3.5 on page 110 p would already have been the sink of (i, M).

Example 6.3.6. Recall Example 6.3.4 on page 110.

To calculate the unique sink of the grid (7,0), we start with the subgrid v(1,0) =
{1,3,5}, which contains only the node (135). This node is trivially the unique sink of
that subgrid.

1

1.ii

. Now step (%) checks, whether (135) is also the unique sink of v(2,0) = {1,2,3,5}.

It is not, because o(135) N {1,2,3,5} = {2}.

. Therefore, step (i) looks at v(1,{2}) = {2,3,5} which again contains only one

node: (235).

1.ii.1. Now, step (i) is executed again: (2,{2}) = {2,3,5} and still (235) is the
unique sink of that subgrid.

. It is also the unique sink of : v(2,0) = {1,2,3,5}.
. Step (i) is executed again: (3,0) = {1,2,3,5} and still (235) is the unique sink

of that subgrid.

. Step (i) is executed again: v(4,0) = {1,2,3,4,5} but now ¢(235)N{1,2,3,4,5} =

{4}.

ii. Therefore, step (7i) looks at v(1,{4}) = {1,4,5} which again contains only one

node: (145).
And so on ...

Note that v(i, M) and v(i—1, M) might describe the same set. This happens for example
when (i—1) € Ky and i is the first element in kj;. Lemma 6.3.5 on page 110 still applies
though. It adds an unnecessary step to the algorithm (as can be seen in step 2 and 3 of
Example 6.3.6), but it simplifies the reduction since we don’t have to make distinctions
of (i —1) and ¢ being in the same or in different blocks. We can treat both cases equally.

This line following algorithm is the basis of our reduction. The idea of this algorithm is
used to implement the successor function.
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The vertices For a given grid I' = (N, K, V', E’), let the vertices V of the UNIQUE
FORWARD EOPL instance be V := (V' U { L})"+1.

A node can be viewed as vector of either points in V' or L: v = (p1,...,pn, Pnt1), With
each p; € V' U{L}. Whenever a point p; # L, this shall encode that p; is a unique sink
of y(i — 1, M), where M is determined by the indices of v bigger than ¢ that are not L:
M(v,i):={jlj>inp;# L}

The idea is that each node represents a step of the line following algorithm which contains
all unique sinks of subgrids that were already visited.

Only some of the vectors are valid vertices. Formally, a vertex v = (p1,...,Pn, Pnt1) is
valid if and only if it fulfills all of the following conditions:

o fori=1,...n+1:

(a) fi=1:p; # L =0o(p;) N{1} =0,
fori>1:pi#L=0o(p)N{l,...;i—1}=10

e fori=1,...,n:

(b) Let p; be the first point in v that is not L.
pi#J_/\’L'>l:>0'(pi)ﬂ{1,...,i}7é®.

(¢c) pi# LApj=1LANi<j=j¢(pi)orjis the first of the block that contains
J,ie. (pi)r = (Kgk)1 with j € K.

(d) pi # L Apj# LANi<j=je (pi),ie (p)r=7withj€ k.

(e) pi # LAp; # LANi < j= p;is from right to left lexicographically bigger
than p;.

Condition (a) ensures that each point at a position ¢ is a sink for all directions smaller
than <.

Recall Example 6.3.4 on page 110. The node (L, 1,135, L,..., 1) is not a valid node,
because (135) is not the unique sink of the subgrid v(2,0) = {1,2,3,5}. o(135)N{1,2} =
{2}. (L,L,235,1,..., 1) on the other hand is a valid vertex, since (235) is the sink of
that subgrid.

Condition (b) ensures that we push a point through as long as it is the unique sink
for the next higher dimension as well, i.e. it ensures that rule (7) of the line following
algorithm is always applied if possible. We only start searching for the other sink in a
new subgrid, if p; is not the unique sink of (i, M (v,4)), even though it is the unique
sink of v(i — 1, M(v,1)).

Condition (¢) ensures two things. First, it ensures that for each ¢ the blocks whose value
is not fixed by M (v,14), (p;)r is set to the first value of the respective block k. Second, it
ensures that if a value for a block is fixed, none of the other values of the block which
are not fixed by M (v,i) appear in p;.

Recall Example 6.3.4 on page 110. The node (235, L1,..., 1) is not a valid node. All
other points of the node are L, therefore p; should only contain the first elements of
each block, but 2 is not the first element of any block. The node (135, L,..., L) on the
other hand is a valid vertex.

Condition (d) ensures that for each 7 if the value of a certain block is fixed by M (v, 1),
this value is actually contained in the point p;.
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Recall Example 6.3.4 on page 110. The node (135,235, L, ..., 1) is not a valid node. For
i =1, M((135,235, L,...,1),1) = {2} because p» = (235) # L, but (135) does not
contain the 2. The node (235,135, L, ..., L) on the other hand is a valid vertex.

Condition (e) ensures the property stated by Lemma 6.3.5 on page 110. This will be
explained in more detail later on when it is described what happens if this condition is
violated.

The function isVertex : V = {true, false} returns whether v fulfills all these conditions
or not. The function can be calculated in polynomial time.

The start vertex o is defined as o == (((K1)1,-- -, (Ka)1), L, ..., L).

Note that V must be encoded by 0-1-bit strings in order to actually be a valid set of
vertices for the UNIQUE FORWARD EOPL instance. For convenience and the sake of
better understanding we will continue to use V' as defined above in the reduction.
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Construction of the successor function S Let S: V — V. Given a vertex v =
(P1, ey Py Pnt1), let S(v) be constructed as follows:

(1) If isVertex(v) = false then S(v) := v to indicate that v is not a valid vertex.

(2) If isVertex(v) = true, let i be the smallest index such that p; # L. This means
we are in a subgrid y(i — 1, M (v,)) with M (v,i) ={j | j > iAp; # L} and p; is
its unique sink.

(2.1)

(2.2)

(2.3)

Ifi=n+1then v=(L,.., L, pyy1). Furthermore, o(pp+1) N{1,...,n} =0,
which means that p,1; is a unique sink in all n directions. We set S(v) == v
to indicate that the point before v is the end of the line.

Ifo(p))N{l,...,i} =0 and i < n+ 1 then S(v) := u where

1 ifj<i+1
Uj = § Di ifj =1+1
Dj ifj>i+1
This operation overwrites the point at position 7+ 1 with p; and sets position

7 to L. All other components are unchanged.

S(—La ey J—vpiupi+17pi+27 ...,pn) = (J—’ ) J—a J—vpivpi+27 "'7pn)‘
This means that p; is also the unique sink of (i, M (v, 1)), equivalently to case
() of the line-following algorithm.

If o(p;)) N{1,...,i} # 0 and i < n+ 1, it holds that o(p;) N {1,...,i} = {i}:

Since isVertex is true, we know that o(p;) N {1,...,i — 1} = 0. So if the
intersection is nonempty, then it must contain i.

Let S(U) = (Q7p2a "'7pn+1) with

(kj)1 ifi€rgand j <k
(q)j =1 if i € r;
(pi); ifi€ ryandj>k.

This case is equivalent to step (7) of the line following algorithm. We continue
to search in (1, M (v,i)U{i}) = v(1, M (v, 1)U{i}) in order to find the unique
sink of v(i, M (v,i) U{i}). 7 is automatically added to M (v,) by p; being at
position i. Condition (¢) and (d) of isVertex ensure that 7 is contained in
all points below index 3.
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{1,...,6}. There are d =2

blocks k1 = {1,2,3} and ke = {4,5,6}. The outmap is given by the arrows in the figure

below. It is a unique sink orientation. The unique sink is (16).

Example 6.3.7. In this example n = 6 and therefore N

The vertices for this example have 7 entries. The start node is (14, L, 1, L, 1, 1 1).

— ~~ A~ A~ ~~ A~~~
P o i S s o e S P O o o e S Y
I_:IAI_aI_:IA7I_7I_IA\A%I_IA\A%M..nlAI_I_aIA:\,D/ﬂO/@/\,D/ﬂD/I_:W/W/
AHTA SR SRR E T RIEEEEEE
SHHHEHEEEHEEEHE SR R R R
ALAA%%AALAAW&AW%AAAAW%AA@
AM#%A@AA&AM&&W%AAAAW%A#A#
W/ﬂn\%ﬁ/AIAyI_7I_7\_P|U/H.n\%)/AI_,\%)/ﬂl_al_aIAal_a\NW/ﬂI_7I_aI_:I_7I_a
\WIIIM\Alz//IML./|A7|_7\rw/(.wm/(ﬂ|‘7m/(M|A7|_7|_5|A7\nm//lﬂ|_7|_7|_7|_7|_7|_7
el Selt ulel S ululwlulwliSullul ul wlul el
%o o2 oy o o ou|en v jon fou fow oo ou |ov | oy fow oo o0 o0 oy o fou |
%2222222222222222222222222
]I i e
|| A A A A A A A s A A A [ A A s A s A A s A s A
N [H NN FIO[H|N|H N[N [H|N[MN[FNO O | [N | O[O |~
o T P O T T T PR T T T R
2o IS e e e I e R I e e e I B B B S
”17171?17171?1717171717171717171717L1717L1’17171’
_I.’{{{{{{{{{{{{{{{{{{{{{{{{{
—~—|C|C|C|C|C|C|C|C|Cc|C|Cc|c|Ccic|jcic|Cc|cicic|cicic|c|c
clalarERERRRRRRRRRRRRRRRRRRRRR
AT 0 D D [0 1D 1O 1D 1D (1D 1D (O [© |© [© |© |© [©
Detisr QU ol el fed ki) Kol o ach ek iach kach ook i Al A A P P A
T|5|5|e|e |5 |5|T|5|5|s|e|t |5 |5|5|5|5|e|5|8|5|T |5 |58
OB RN IR (a\ B [aal Rl ol Eol Ia B Rl [aN N Ina R Rl [Vl Inal AUl ol Nol Lol [n\ B [nall Al ol NoR § ol
—~ P o | R ] | B N~~~
Py i i G e e e e P P s s o el e P P
I_’IA7LI.3IA7I_7I.aLLMA%LL@n@nLLJ@&&(@&@#@
e e e R e e R e e R Y R R e R e I
AALA@A%@&L@@LL@@%%AAAAW%@
|G HH = H A [ S H 2= E A e =
HHlH SIS HH @A R = H H e =
2|72 = |1 = N N Pl
XLMH.\M/.ML?L7Lr_mu%(ﬂ\_%(ﬂL7|A7|_7\_M(ﬂ|_7|_7|_7|_7
Q=< ~ —~ —~ —~ —
SR R EER A A A A SR A A
Al ululululs i ululSulul sl ulul Sa) ul wlul ala)

Cost function ¢ The requirements for the cost function are that the cost increases the

Furthermore it needs to be represented that two sinks of

the same subgrid in an invalid GRID-USO instance result in the same cost. The nodes

further on the line we are.
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of the line following algorithm result in a sequence of nodes that are lexicographically
increasing from right to left. This property is used to define the cost function.

Let w:i=n+ 2.

First, the help function g: (V' U{L}) x {1,..,n} x {1,...,d} = {0,...,w — 1} will be
called with a point p from a vertex and the index ¢ at which p is at the vertex, i.e. p = p;.
Jj stands for the element of p we are looking at, i.e. (p;);. It is defined as follows:

0 ifp=_1
9g(p,i,j) =qw—1 ifo(p)N{l,...,i} =0
Dj otherwise.

In the first case, if p; = 1, 0 is returned which will result in p; not being relevant in the
cost later. If o(p) N {1,...,i} = (), this means that p; will be pushed through by case
2.2 in the next step. This means p; is more valuable than any other point which is not a
sink of ¢ directions. Therefore it returns w — 1, which is the highest possible value that ¢
can return. In particular it is bigger than any value returned by the third case, in which
the value of p; at position j is returned. The third case enforces that if given two points
which are both not the sink of direction 4, the lexicographically bigger point is valued
more. If there are two points that both are the sink of all directions {1,...,i}, then g
returns the same value for both of them, which is (w — 1).

The function L calls g for each point of v as well as for each index of each node.

L:V — N
L(U) :: (g(p1717 1)7"' 7g(p1717d)7g(p2727 1) "‘7g(p272?d)7"‘7g(pn7n7 1)7‘ M '7g(pn7n7d))
= (ll,.. . ,lnd).

Example 6.3.8. Recall Example 6.3.7 on the preceding page. If we are given for example
the node v = (L, (35),(25), L, (24), L, 1) with o(35) N {1,2} = 0, L(v) is:

v 1 3 5 2 5 1 2 4 1 1
i 1 2 3 4 5 6 7
j 1 2 1 2 1 21 2|1 21 2
9pi,i,) |0 0lw—-1 w—-11]2 5[0 0[2 40 0[]0 0O

With these two helper functions, ¢ is defined as follows:

nd .
; 0 if ppy1 =1
c(v) = W'l | +
o= (S]]
n d .
. . o 0 if ppa1 =1
= Wy Wgpsing) ||+ ,

Example 6.3.9. Recall Example 6.3.7 on the previous page. n =6, d =2 and w = 8.
Here are the costs of the nodes:
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Node v L(v) c(v)

(14), L, L, L, 1,1, 1) (77,00,00,00,00,00,00) 504
(L,(14),1,1,1,1,1) | (00,14,00,00,00,00,00) 16896
((24),(14), L, L, 1, 1,1) |[(77,14,00,00,00,00,00) 17400
(L,(24),L,L,L,1,1) |(00,77,00,00,00,00,00) 32256
(L, L,(24),L,1,1,1) | (00,00,77,00,00,00,00) 2064384
(L,L,L,(24),1,1,1) |(00,00,00,77,00,00,00) 132120576
(L, L, L, L, (24),L,1) |(00,00,00,00,24,00,00) | 4563402752
((15), L, L, L,(24),L,1) | (77,00,00,00,24,00,00) | 4563403256
(L,(15),L,L,(24),L,1) [(00,15,00,00,24,00,00) | 4563423744
((25),(15), L, L, (24), L, 1) | (77,15,00,00,24,00,00) | 4563424248
(L,(25),L,1,(24),L,1) | (00,77,00,00,24,00,00) | 4563435008
(L, L,(25),L,(24),L,1) | (00,00,25,00,24,00,00) | 4564779008
((35),L,(25), L, (24), L, 1) | (77,00,25,00,24,00,00) | 4564779512
(L,(35),(25),1,(24),1,1) | (00,77,25,00,24,00,00) | 4564811264
(L, L,(35),L,(24),L,1) |(00,00,77,00,24,00,00) | 4565467136
(L,L,L,(35),(24),1,1) | (00,00,00,77,24,00,00) | 4695523328
(L, L, 1,1,(35),L,10) (00,00,00,00,77,00,00) 8455716864
(L, L,L,L,L,(35),L) | (00,00,00,00,00,35,00) | 369367187456
((16), L, 1,1, 1,(35),L) | (77,00,00,00,00,35,00) | 369367187960
(L,(16),L,1,1,(35),1) | (00,77,00,00,00,35,00) | 369367219712
(L, L,(16),L,1,(35),1) | (00,00,77,00,00,35,00) | 369369251840
(L, L, L,(16),1,(35),1) | (00,00,00,77,00,35,00) | 369499308032
(L,L,1,1,(16),(35),1) | (00,00,00,00,77,35,00) | 377822904320
(1,1, 1,1,1,(16),1) | (00,00,00,00,00,77,00) | 541165879296
(L,L,L,L,1,1,(16) | (00,00,00,00,00,00,77) | 34634616274944

Correctness To prove the correctness of this construction, it must be shown that each
solution of the constructed UNIQUE FORWARD EOPL instance matches back to the
correct solution of the GRID-USO instance.

In order to prove that the reduction is also promise preserving, it will be shown that every
solution of type (GU!) is only mapped to solutions of type (UF1) and every violation
of the created UNIQUE FORWARD EOPL instance is mapped back to a violation of the
GRID-USO instance.

A solution of type (UF1) a Let v = (pi1,...,pn,Pn+1) be a solution of type (UF1) and
u = S(v). This means that S(v) # v and either

(a) S(u) =wu or
(b) c(u) < c(v).
Assume it holds that S(u) = u.

First we consider the case that isVertex(u) = true.

2.1. In this case we have a point p,+1 for which it holds that o(p,4+1) N {1,...,n} =
0(pn+1) = 0. Therefore it is a sink and a solution of type (GU1).

2.2. In this case it cannot happen that for a given u, .S returns the same u.

2.3. In this case it might happen that S(u) = w if i = 1 and o(p;) N {1} = {1}. It must
hold that p; = ¢ because otherwise S(u) wouldn’t be u again. This means that
1 € p1, which results in a self loop in the grid and a violation of type (GUV1).
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Second we consider the case that isVertex(u) = false. In this case we have to take a
closer look at how S(v) was determined.

1. Since S(v) = u and v # u, this rule was not used to determine S(v).
2.1. Since S(v) = w and v # u, this rule was not used to determine S(v).

2.2. If S(v) is determined by rule 2.2, let i be the smallest index of v such that p; # L.

Vertex Index
1. ]e—=11]3¢ |i14+1|¢+2
v .. 1 x Y z
Sw) |L]|..] L |L| =z z

v and S(v) differ only in the two points at position i and i+1. Since isVertex(v) =
true, one of these two points of S(v) must violate the conditions of isVertex. More
specifically, it is « at position 7 4+ 1 that makes the difference because position i is
set to L and therefore none of the conditions of isVertex are interested in it.

(a) It holds that o(z) N{1,...,i— 1} = (). Since we only enter case 2.2 if o(x) N
{1,...,4} = 0, this condition is also satisfied for S(v).

(b) Since this condition is only relevant for all p;, that are not the first non-bottom
point in v, and since we only remove one non-bottom point and no new non-
bottom point is added, this condition holds trivially for S(v) as well.

— If conditions (¢), (d) or (e) do not hold for S(v) it follows that it could not
have been true for v either. Therefore, S(v) cannot break these conditions.

It follows that if isVertex(v) is true, after applying rule 2.2 it holds that isVertex(S(v))
is true. Therefore this rule could not have been used to determine S(v).

23. Ifu=1(q,L,...,L,p;...), isVertex(v) = true and isVertex(u) = false, then ¢
must violate one of the conditions of isVertex, since nothing else changed from v
to u. Let ¢ be the first index of v that is not L.

We want to show in the following for each condition of isVertex that it either
always holds, or if it doesn’t, that there is a violation in the GRID-USO instance.

(a) Since q # L, if the first condition is violated, it holds that o(q) N {1} # 0, i.e.
o(g) N {1} = {1}.
If 1 € g we found a self loop and therefore a violation of type (GUV1).

If 1 ¢ g, there must be another element [ € k1 with [ € ¢ instead. Furthermore,
it must hold that [ = 7 and also ¢ € k1. There is a cycle in the grid: From ¢
to (¢ \ k1) U {1} to p; back to gq.

e From ¢ to (¢ \ x1) U{1}: This clearly holds since 1 € o(q).

e From (¢ \ k1) U {1} to p;: For p; it holds that o(p;) N {1,...,i — 1} =0,
therefore p; has an incoming edge from direction 1. Since ¢; = (p;); for
all 7 > 1, (¢ \ k1) U {1} points towards p;.

e From p; to ¢: It holds that o(p;) N {1,...,i} = {i} and g; = (ps); for all
j > 1. Therefore, p; points towards q.
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(b)

(c)

(d)

q— (¢\ k) U{l} ——— i

This results in an refined index violation (GUV/) of the subgrid I': r,/(q) =
(1) = 7o (pi). So if this condition is broken, there is a violation in the GRID-
USO instance.

q is now the first point in S(v) that is not L, whereas it was p; before. So
if this condition is broken now, it must be due to p;. But we entered case
2.3 under the condition that o(p;) N {1,...,i} # 0, therefore this condition
cannot be violated and also holds for S(v).

Let k be the index of the block that contains i: i € kj.

v has the form (L,..., L, L ....p;...,L,...).
—_————
Kk

S(v) has the form (¢, L,..., L, L ,....p;i,...,L,...) with i € ¢. We now look
at each element of ¢ individually.

For j < k it holds that g; is the first element of block ; because we are in the
construction case 2.3. Therefore condition (¢) holds for S(v) for all j < k.

For j > k, g; is set to (p;);. Since isVertex(v) is true, this condition holds
for S(v) for all j > k.

So if this condition is broken it must be due to j = k. We know that g = 1.
Either (¢) holds, or (¢) and (d) are both broken.

Assume condition (d) is not broken (since otherwise this leads to a violation
as described in the next case (d)). Then all indices of S(v) associated with
K must be L except for p;.

Since g already contains i, it cannot contain any other element of ky.

Therefore, if this condition holds for v, it also holds for S(v), or there is also
a violation of condition (d), which will be dealt with in the next case.

If p; is the only non-bottom element of the points representing k in v, then
condition (d) trivially also holds for S(v) by the construction of 2.3.

Let [ be the smallest index of v after ¢ which is not L. There must exist one
because otherwise this condition would not be broken.

v must have the form (L,..., L, ..., Lpi..c,Dlyeeey.nt).

Kk
S(v) has the form (¢, L,..., L,pi...,p1,...) with i € q.
p; is the smallest index of v which is not L. Let k be the index of the block
that contains i: ¢ € k. For 1 < j < k, all elements in S(v); are L. Therefore

this case is irrelevant and this condition holds for all 1 < j < k. For j > k, ¢;
is set to (p;);. Since isVertex(v) is true, this condition holds for all j > k.

So if this condition is broken it must be due to j = k and the elements
associated with k.
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For j = k and i € k; we set g to ¢. Since p; is unchanged, it holds that i € q.

There is a problem though if there exists another node p; with [ > i and [ € ky.
In this case, this condition asks for [ to be in ¢ as well, which is not possible
since it contains only one element from each block and it already contains 3.

We want to show that then Lemma 6.3.5 on page 110 is violated.

The most simple example of this case is a cycle:
Example 6.3.10. Consider the following example with a cycle. The relevant
case is the last entry of the table. 1 = 3 and k = 2.

Vertex v i | olps)N{l,... i} Case | S(v)
((13),L,1,1,1) 1] o((13)n{L,...,1} =() 2.2 | (L,(13),L,L,1)
(L, (13), L, L, 1) 2 [ o((1B)N4L...21 =0 | 22 | (L, L (13),L1L)

(L, L,(13),L,1) 3| o((13))N{L,...,3}=0() 2.2 | (L,1,1,(13),1)

(L, L,1,(13),1) 4| o((13))N{1,...,4} =) | 2.3 | ((14),L,L,(13),1)
((14), L, L,(13),1) 1] o((14)Nn{1,...,1} = () 2.2 (L,(14), L,(13), 1)
(L,(14), 1,(13), 1) 2 | o((14))N{L,...,2} =(2) | 2.3 | ((24),(14), L,(13), 1)
((24),(14), L,(13), L) | 1 | o((24))n{L,..., 1} =() 2.2 | (L,(24),L,(13),1)
(L, (24),1,(13), L) 2| o((24))Nn{1,...,2} =() 2.2 | (L,1,(24),(13),1)
(L, L,(24),(13), 1) |3 | o(4)n{1,...,3} =(3) | 23 | ((13),1,(24),(13), 1)
((13),1,(24),(13), L) | 1 | o((13))Nn{L,..., 1} =() 1 ((13), L, (24),(13), 1)

This describes the case, where we are given the unique sink of (I —1, M (v,1))
(e.g. the blue area in Example 6.3.4 on page 110): p;. It is the sink of
[ — 1 directions but not of [ directions, since then it would have been pushed
further through. But it hasn’t, there are elements unequal to | with a smaller
index than [ (i.e. p;). Therefore by condition () of isVertex, it holds that
o(p) N{1,...,1} # 0. It follows that p; is not the sink of v(I, M (v,1)).

By Lemma 6.3.5 on page 110 it must then hold that the unique sink of
(I, M (v,1)) must be equal to the sink of (I, M (v,1) U{l}) (e.g. the yellow
area in Example 6.3.4 on page 110).

p; was not pushed further through by rule 2.2, therefore for all elements
before p; (including p;), | € M(v,1). This means that p; is actually the sink
of v(I, M(v,1) U{l}):

By (a) of isVertex it holds that o(p;) N {1,...,4 — 1} = 0. Since I € p;
it holds that o(p;) N {I} = 0 because otherwise there would be a self loop.
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Remember that ¢, € k.

alp)N{l,....i—1}=0=0cp)N{1,...,i —1}\ Kg) =10
=op)N{1,...,i =1} \ ke) U{l} =0
=op)N{L,..., [} \ k) U{l} =0
= o(pi) Ny, M (v, ) U{l}) =0

= p; is the sink of v(I, M (v,1) U{l}).

But p; is not the sink of (I, M(v,1)), since we are in case 2.3:
o(pi) N{1,....i} # 0= o(p:) Ny, M(v,1)) # 0.

Therefore, neither the unique sink of v({, M (v,1) U{l}) nor the unique sink of
v(l =1, M (v,1)) is the sink of v(I, M (v,l)). o is not a unique sink orientation.
This results in a violation of type (GUV/) as described in the proof of the
Lemma 6.3.5 on page 110.

(e) If (e)is broken, there must be a point that is equal or lexicographically bigger
than g. Let p; be that point.

If ¢ = p;j, we know that p; is not pushed further through and there is no
violation of condition (b), therefore it must hold that o(p;)N{1,...,5} = {j}.
Since there is no violation of (d), it must hold that j € ¢. But we assumed
that ¢ = pj, therefore j € p;. Thus we found a self loop violation of type
(GUV1).

If g # pj, let [ be the largest index at which (p;); > ¢;. For all k£ > [ it holds
that (pj)r = qx. There are four cases we have to take a closer look at.

First: (q,..., .., Pjsovyeeo).
——
K1
In this case, (¢); # (pj)i, this means either ¢ or p; violates (c) or (d) of
isVertex.

Second: (q,...,...,Pjy-vey..).
—_———
Ky

In this case we know by condition (d) of isVertex that (¢); = j. It follows
that for all £ with £ > j and k € k;, it must hold that p, = L. Otherwise
there would be a violation of condition (d), since then ¢ would have to contain
j as well as k, which is not possible. Condition (c) therefore enforces, that
(pj)i # k. So ((pj)i) < j, which is a contradiction to the assumption that g is
lexicographically bigger than p;.

Third: (q,...,...,pj,...,...) and fourth : (¢,...,...,pj,...,...).
N—— \ v SN |
Rl Kk a7) Kk

Let k£ be the block which contains j, i.e. j € kg. If there is no violation of
condition (d) of isVertex, it must hold that gy = j. Furthermore, it must
hold that (pj)r = j, because [ is by assumption the largest index at which ¢
and p; differ. Since there is no violation of (b) it must hold that o(p;) = {j}.
Thus, we found a self loop violation of type (GUV1).

All in all, whenever S(u) = u and isVertex(u) = false, there is a violation in the
GRID-USO instance.
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A solution of type (UF1) b Let v = (p1,...,Pn,Pn+1) be a solution of type (UF1) and
u = S(v). This means that S(v) # v and either

(a) S(u) =wu or
(b) c(u) < c(v).

Assume it holds that c(u) < ¢(v). Note that S(u) # u. Based on the rules that are used
to calculate S(v) we can argue that this is impossible:

1. S(v) cannot be determined by rule (1), since then it would hold that S(v) = v,
which is a contradiction to our assumption.

2.1. S(v) cannot be determined by rule (2.1), since then it would hold that S(v) = v,
which is a contradiction to our assumption.

2.2. If S(v) was determined by the second rule, it can be proven that c¢(u) > ¢(v).

v and u differ only in the two points at position ¢ and ¢ + 1. The cost of v and u
differs only in the terms of the sum of ¢ and (i + 1).

c(u) > c(v)
nd nd
& ijlj > ijl;-
i=1 i=1
i-d (i+1)-d i-d (i+1)-d
& Z Wil + Z Wiy > Z wjl;—i— Z wjl;
j=(i—1)-d+1 j=i-d+1 j=(i—1)-d+1 j=i-d+1
i-d (i+1)-d
& Y Wellig-G-1)-d+ > wglpnitl,j—i-d)
j=(i—1)-d+1 j=i-d+1
id (i+1)-d
> Z wjg(plvlvji(zil)d)+ Z wjg(pﬂ-l:i‘i’l?j*i'd)
j=(i—1)-d+1 j=i-d+1
(i4+1)-d i-d (i4+1)-d
e Y Wglpnitli—i-d)> Y Ww-1D+ > wgpir,it1,j—i-d).
j=i-d+1 j=(i—1)-d+1 j=i-d+1

There are 4 cases that need to be inspected now. First, g(p;, i + 1,7 —i - d) might
either be (w—1) or (p;)j—i.q- Second, g(piy1,i+1,j—i-d) might either be (pi+1);—i.q
or 0 if p;41 = L. We need to check all four combinations of them to make sure the
inequality holds every time.

First, let g(pj,i+ 1,7 —i-d) = (w—1) and g(piy1,i+ 1,5 —i-d) =0:

(i+1)-d \ i-d (i+1)d

Z W (w—1) > Z W (w—1) + Z wl -0
j=i-d+1 j=(i—1)-d+1 j=i-d+1
(i+1)-d i-d

Z Wl (w—1) > Z Wl (w—1)
j=i-d+1 j=(i—1)-d+1

d d
w'd ij(w -1)> w(ifl)dij(w -1)
j=1 j=1
Wi > i=1d.
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This is obviously true.

It holds that:
d .
Z ww—1)=
=1

Second, let g(p;,i+1,j —i-d) = (w—1) and g(pi+1,i+ 1,5 —i-d) = (pit1)j—i-a:

(i+1)d ' id _ (i+1)d
dYooWw-1)> Y Ww-D+ Y W (pir1)jia
j=ird+1 j=(i—1)-d+1 j=ird+1

d d d
w'd ij(w —1) > wli-bd ij(w —1) +w ij(pi+1)j
j=1 j=1 j=1
d d d
w'd ij (w—1) —w Zoﬂ (pit1); > wli—D Zoﬂ (w—1)
i=1 j=1 i=1

d d
WD W (w—1) =Y W (pin); | > W —w)
j=1 j=1
d d
wid ij(w _ 1) _ ij(pi-l—l)j > wid+1w7(d+1)<wd+1 _ w)
j=1 j=1

d d
wid+1 ijfl(w _ 1) ijil(pi-i-l)j > widJrl(l _ wfd)
— =

d
Zoﬂ Hw—1) Zoﬂ Ypis1); | > (1 —w™?).
j=l1 <1

>1

Thirdv let g(pla l + 17] — - d) = (pl)]—zd and g(pi-i-l)i + 17] — - d) - (pi-‘rl)j—i-d:

(i+1)-d ' i (i41)d
Yo Whi)i—a> Y Www-D+ Y @ (pir)jmia
j=idtl J‘*(i—l)-d+1 j=i-d+1
d
Zdzwj ); > wli=hd ijw—l —i—wdewJpH)
Jj=1 j=1
d d
wid ij (pi)j _ ij(pi—i-l)j > w(i—1)d(wd+1 —w)
Jj=1 j=1

zd+1 Zw] 1 pz Zw] 1 pz+1 > wid+1(1 _w—d)

Zoﬂ ! Zuﬂ (pit1)j | > (1 —w™).
<1

>1
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The left side of the inequality is larger than 1 because of condition (e) of isVertex
we know that p; 1 is lexicographically smaller from right to left than p;. Therefore
this inequality holds.

Fourth, let g(p;,i+ 1,5 —i-d) = (pi)j—iqd and g(pit1,i+ 1,5 —i-d) =0:

(i+1)-d ' id (i+1)-d
Z W (p)j—ia > Z wl(w—1)+ Z w0
j=i-d+1 j=(i—1)-d+1 j=i-d+1
(i+1)-d id
S W) > ww-)
j=i-d+1 j=(i—1)-d+1
d d
w'd ij (pi)j > w14 ij (w—1)
Jj=1 Jj=1

d
wid+1 ij_l(pi)j > w(z’—l)d(wd+1 _ w)
j=1
d
wid+1 ijfl(pi)j > wid+1w7(d+1)(wd+1 - w)
j=1

d
wid+1 ij_l(pi)j > wid+1(1 _ w—d)
j=1

d

ij_l(pi)j > (1 — w_d) .
J=1 <1

>1
In conclusion, every inequality holds.
2.3. If S(v) was determined by the third rule, it can be proven again that c¢(v) < c(u).
v and v only differ in the first position. Furthermore we know that p; = L. If

it wasn’t and 7 was equal to 1, then this is proof of a self loop and we found a
violation of type (GUV1).

!
c(u) > ¢(v)
nd nd
ijlj > ijl;-
j=1 j=1
d d
Sy > Y w
j=1 j=1
d d )
> wWgla, 1,4) > > wg(p,1,5)
j=1 j=1
d d
> wlglg1,5) > > wg(L,1,5)
j=1 j=1

d
> wglg,1,5) > 0.
=1

Since g # 1, this inequality is clearly true.

In conclusion, it can never happen that S(v) # v and c(u) < ¢(v).
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A violation of type (UFV1) a Given v = (p1,...,pn) and u = (q1, ..., qn) with v # u,
v # S(v), u # S(u) and isVertex(v) = isVertex(u) = true, for a violation of type
(UFV1) it holds that either

(a) c(v) = c(u) or

(b) c(v) < c(u) < c(S(v)).
If we are in case (a) it follows that there are two unique sinks in a subcube and it follows
a violation of type (GUV/):

If the cost of v and w are equal but v # u, there must be one or more points in the
nodes for which it holds that p; # ¢; but g(pi,4,j) = g(qi,i,7) for all 7 = 1,...,d. This
can only be true if g(p;,4,5) = g(qi,i,j) = w — 1. Therefore o(p;) N {1,...,i} = () and
o(qg)N{l,...,i} = 0. Let p; € v, ¢; € u be the ones with the largest index 7 for which
that holds. Therefore for all points [ > ¢ it holds that they are equal: p; = ¢;.

Let k be the index of the block that contains i, i.e. i € k. By condition (¢) and (d) of
isVertex it holds that for all [ > k, it holds that (p;); = (¢:);-

It follows that v and u are both in the subgrid (¢, M (v,)). Since they are both sinks,
this is a (GUV/) violation. Both have the same refined index of (0, ...,0) in the subgrid

(i, M(v,1)).

A violation of type (UFV1) b If we are in case (b), we take a look at how S(v) is
determined in order to show that the original GRID-USO instance had a violation as
well or that the case cannot possibly be reached by the construction.

1. S(v) cannot be determined by rule 1, since then it would hold that S(v) = v, which is
a contradiction to our assumption.

2.1. S(v) cannot be determined by rule 2.1, since then it would hold that S(v) = v, which
is a contradiction to our assumption.

2.2. If S(v) was determined by the second rule, let i be the smallest index of v such that
pi # L.

Since ¢(v) < ¢(u) < ¢(S(v)) and v and S(v) only differ in positions ¢ and i + 1, it must
hold:

Vertex Index
1 t—1 |4 |t+1]24+2
v 1 1 T Y z
U ? ? a b
S(w) | L L L] =z

For all indices k > i+ 1, v, u and S(v) have the same entries because if they hadn’t it
would imply that for some k g(pg, k,7) = 9(qx, k, j) = w — 1 which results in a violation
of isVertex (b), since both nodes have an element unequal to L with an index smaller
than k.

There are several cases in which it might hold that c(v) < c(u) < ¢(S(v)). In the
following it will be shown that each case leads to a violation in the GRID-USO instance.

In order to fulfill ¢(v) < ¢(u) < ¢(S(v)) one of the following three cases must hold:
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Note that this does not mean that y = b and a = x. It can happen that they are

two different nodes for which g returns the same value w — 1.

(/I:/I:) \v/-] = 17"'7d: g(b77/+]"]) :g(y71/+]‘7]) and 3] 6 {17"'?d}: g(a71/7.]) > g(x7i7j)
and g(a,i, k) = g(x,i,k) for j <k < d.
(i) 35 € {1,...,d}: g(b,i +1,7) > g(y,i +1,j) and g(b,i + 1,k) = g(y,i + 1, k) for
Jj<k<d.
Case (i): Since we are in case 2.2, it holds that Vj = 1,...,d: g(x,i,j) = w — 1. Tt
follows that also Vj = 1,...,d: g(a,i,j) = w — 1, but not all elements below i are L.
Thus there is a violation against (b) of isVertex.

Case (ii): Since Vj =1,...,d: g(z,i,7) = w — 1, there is no possibility that there exists
aje€{l,...,d} for which g(a,i,j) > g(x,i,7). Therefore this case cannot happen.

Case (77): It must hold that b # L, otherwise its cost could not be bigger than the cost
of y.

In this case we have to take a closer look at some predecessor w of u that must exist,
which is equal to u for all indices bigger than i+ 1 and otherwise looks like the following:

Vertex Index
1]...]171—=1 7 |24+1|14+2
w 1 ... L b r z
Swy | L. L L] b z
w 7] 7 Jal b [ = |

We compare w to v: We know that for all j =1,...,d: g(b,i,j) = w—1 and g(z,,j) =
w— 1.

Vertex Index
1| ..]i—1|4d|i+1]i+4+2
v L. 1 T Y z
.. 1L b r z

Ifr=y=_lorr# Landy # 1, M is equal for both x and b: M(v,i) = M(w,1).
Furthermore, since both z and b are pushed through in the next step, they are both
sinks of the same subcube 7(i, M). By Lemma 6.3.5 on page 110 This is an refined
index violation of type (GUV/) for that subcube.

Ifr# 1L andy = L, M is different for x and b: M (v,i) # M(w,i). They differ in exactly
one element: M(v,i)U{i+ 1} = M(w,i). r is the sink of the subcube ~(i, M (w,i + 1))
and b is the sink of subcube (i + 1, M(w,i + 1) U {i + 1}) = (i + 1, M(w,i)). By
Lemma 6.3.5 on page 110 one of them must be the sink for (i + 1, M (w,i+1)). Since r
was not pushed through, r is not the unique sink of (i + 1, M (w, i+ 1)). b is the sink of
v(i+1, M(w,i+ 1)), which implies that Vj = 1,...,d: g(b,i+1,7) = w— 1. This means
that S(v) cannot possibly have bigger cost than u, which is a contradiction against our
assumption. This case cannot happen.
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If r=_1 and y # L, M is different for z and b: M(v,i) # M(w,i). We know that y
is not the unique sink of (i + 1, M(v,i + 1)), since x is that sink. =z is also the sink
of v(i+1,M(v,i+ 1) U{i+ 1}). Therefore y must be the sink of v(i, M (v,i + 1)). It
follows that there exists a predecessor s of v with the following form:

Vertex Index
1| ..]i—=1|47|i+1]i+4+2
] L. 1 Y 1 z
... 1 T Y z
We compare w to s:
Vertex Index
1|..]i—=1]2|i+1|2+4+2
] .. 1 Y 1 z
w .. 1 b L z

M is equal for y and b: M (s,i) = M(w,4). It holds that for all j =1,...,d: ¢g(y,i,j) =
w—1and g(b,7,7) = w — 1. b and y are both sinks of the same subcube ~y(i, M (w,1)).
By Lemma 6.3.5 on page 110 This is an refined index violation of type (GUV/) for that
subcube.

In conclusion, every possible case either let to a violation or it was proven that it is
impossible to reach.

2.3. v and S(v) only differ in the first element. Therefore v must only differ from them
in the first element as well.

Vertex Index
112 .. |e—=1|4¢]i+1
v L. 1L T Y
z | L] .. 1 T Y
Sw) |q|L]..] L |z| vy

It holds that ¢ # 1, since otherwise we have a self loop. Therefore, g(p1, 1,7) = 0 for all
j=1,...,d. It follows that u; # L because otherwise c(v) = c(u).

Since all other elements of u and S(v) are equal, they enforce the same value of each
element of the first point by rule (¢) and (d) of isVertex. Therefore z must be equal
to ¢ and u = S(v).

As in case (UFV1 a) it follows a violation of type (GUV4).

A violation of type (UFV2) If there is a violation of type (UFV2), there are two points
v and z such that v is a solution of type (UF1), v # z,S(z) # = and c¢(v) < ¢(z). Since
v is also a solution of type (UF1), it holds that S(v) = u, v # u and either S(u) = u or

c(u) < e(v).

If S(u) is determined by anything other than rule (2.1), there is a violation in the
GRID-USO instance as shown in case (UF1).
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So if S(u) is indeed determined by rule (2.1), we must show that this, in combination
with z, leads to another violation.

Since x is a node on a line, there must exist an end of that line somewhere. Let y be that
end. It holds that ¢(y) > ¢(x). Therefore it must hold that v # y because ¢(z) > ¢(v).

If y is not a violation, it was also determined by rule (2.1). Then u and y have the
following form: v = (L,..., L;p)and y = (L,..., L, q).

This means that both p and ¢ are a sink of the whole grid, which is a clear refined
index violation of type (GUVJ), since these are two nodes with 0 outgoing edges and

re(p) = (0,...,0) =7rs(q).

Conclusion All in all, every solution that is found in the constructed UNIQUE FOR-
WARD EOPL instance can be mapped back to the corresponding GRID-USO instance
in polynomial time.

Every solution of type (GU1) is only mapped to solutions of type (UF'1). Every violation
of the created UNIQUE FORWARD EOPL instance is mapped back to a violation of the
GRID-USO instance. Therefore this reduction is promise preserving.

O
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7. Conclusion and Future Directions

In this thesis, in Chapter 3 on page 13 an overview over several complexity classes for
search problems was given. In Chapter 4 on page 23 a detailed prove of OPDC being
UniqueEOPL-hard was presented. An overview over all currently known problems in
UniqueEOPL was given in Chapter 5 on page 58. We were able to prove that GRID-USO
is in UniqueEOPL as well, as shown in Chapter 6 on page 96.

The complexity of many problems that were proven to be in UniqueEOPL is still unknown
though, i.e. it is not known whether they are complete for UniqueEOPL, any other class
or maybe even solvable in polynomial time. One objective for future research clearly is to
find more problems contained in UniqueEOPL and more UniqueEOPL-complete problems.

As a summary, here is a checklist of properties that any new problem for UniqueEOPL
must fulfill:

o The problem needs to have a unique solution under certain circumstances (i.e. the
promise).

e There must be a polynomial time verifiable certificate that proves that the promise
does not hold.

e It is not necessary that the promise can be checked in polynomial time.

e The problem must be solvable by local search, i.e. there must exist an algorithm
that allows us to get monotonically nearer to the solution. Each step must be
calculated in polynomial time, even if it takes more than polynomial many steps
to reach the end.

e The problem must have a unique start node and a line-following algorithm that
solves the problem.

o Any problem that is complete for another complexity class (e.g. PLS, PPAD, CLS)
is unlikely to be in UniqueEOPL, since this would imply that UniqueEOPL is equal
to that other class [Fea+17, p.2].

e Problems that are in CLS and have unique solutions but that are not CLS-complete
are good candidates to be in UniqueEOPL.

[Fea+4-20b] considers CUBE-USO and PL-CONTRACTION likely to be UniqueEOPL-complete.
If CuBE-USO was UniqueEOPL-complete, so would GRID-USQ. There is also a relation
between PARITY GAME and model checking propositional p-calculus [Pur95, p. 60],
maybe some problems from that area can be proven to be in UniqueEOPL as well. There
are also other versions of P-LCP which might be proven to be in UniqueEOPL. For
example, [AV11] suggests that every Py N Qo-Matrix in a perturbed LCP is a P-Matrix.

[Fea4-20b] believes that there are more interesting subclasses of UniqueEOPL, since there
are problems with a unique solution under a certain promise and problems that have a
unique solution unconditionally (like SSG).

The question whether EOPL = CLS is still unresolved. Since [Fea+20a] proved that
CLS = PPAD N PLS, this question is even more interesting. [Fea+20a] conjectures that
EOPL # CLS and suggests to provide an oracle separation similar to the ones done in
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[Bea+98]. To prove that EOPL = CLS, one could try to reduce a CLS-complete problem
(like META METRIC CONTRACTION, KKT or GD-LOCALSEARCH) to a problem in
EOPL. There is currently no problem known that is in EOPL but not in UniqueEOPL.
Finding one is of great interest.

All in all, there are many possibilities to continue the research on this topic with the
help of the basics presented in this work.
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Appendix

A. Background Information on LCP’s

A.1. Solving an LCP

One can solve an LCP by a Bard-type algorithm [SWT8]:

Algorithm 3: SOLvE-LCP
Data: N, M,q
if 3k: g, < 0 then
choose a pivot row k;
(N', M',q') == exchange z; and wy by a principal pivot transformation;
return SOLVE — LCP(N', M, ¢');

return (0, q);

Calling SOLVE—LCP(I, —M, q), this algorithm solves the LCP (g, M). The termination
of the algorithm depends on the rule by which k is chosen and if the LCP is degenerate
or not.

For example when k is chosen such that ¢ is the smallest entry of ¢, it is possible that
the algorithm cycles in an endless loop. There are different strategies to prevent that,
for example lexicographic perturbation. If M is a P-Matrix, a different rule for choosing
k was proposed by Murty: k := min{i: ¢; < 0} [CPS92, p. 244].

The algorithm may take exponential time before it terminates [Fat79, Theorem 2.3].

There are other algorithms to solve an LCP, for example Lemkes algorithm [CPS92,
Chapter 4.4].

A.2. Principal Pivot Transformation

For a good introduction, see [CPS92, p. T1ff.].

The basic idea of principal pivot transformation is to rewrite a given LCP to an equiv-
alent LCP so that it might be simpler to solve. Ideally, after some transformation the
result to the LCP is the trivial solution.

Given an LCP with M € R%9 and ¢ € R™! let i .= {1,...,k} and j :== {k + 1,...,d}
such that M;; is the ¢’th principal submatrix of M. Assume M;; is nonsingular, i.e. it
can be inverted.

M; ;, M;; and M; ; are the other rectangular parts of M:
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M. M;

m171, ml,k m17k+1, mlyd
Wit o Mk | Mhgn e Mk
M = Me+1,15 - ME+1,k \ME+1,k+15 -+ TMk41d
Mat, o Mag | | Magsts o Mag
M;, M;,

Zi) and analogously w and gq.

Furthermore one can write z as z = <
2
J

Note that it is always possible to rearrange M such that for any set o C {1,...,d}, Mgy
is the leading principal submatrix [CPS92, p. 59f]. So if we want to swap only two
variables z; and wy, we can rearrange the LCP such that the k’th line is the first one
and the principal pivot transformation is done for the 1’st leading principal submatrix.

The LCP w = Mz + ¢q can be written as:
wi=M;;-zi+ M z+q (7.1)
wj = Mji - zi + Mjj - 2 + g (7.2)
z; and w; can now be exchanged which results in the following system:

zi= M ;-wi+ M -z + g (7.3)
wj = Mj; - wi+ Mj; - 2+ qf

where
QZ/' = _Mi,_il g
qj = qj — My - M;;' - q; (7.6)
and
M, = M} (77) M, =—M ' M (7.9)
Mj; = Mj,; - Mijil (7.8)  Mj,; = M;;— Mj;- Mijil - M; ;. (7.10)

The resulting matrix and vector

M. M. 4
M = ( ! 3»2) (7.11) q = (g,) (7.12)
5t J5J J

are called principal pivot transform of M and ¢ with respect to the index ¢. The LCP
with the rearranged matrix is equivalent to the original one.

Example A.1. Recall Example 5.3.6 on page 75. Let d = 2 and the P-LCP problem
(g, M) be

al (1 -1\ [z n 1

b) \1 3 Y -2/
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We want to exchange b and y. As a first step, we need to rearrange the LCP, since we
need to be the line index k for which g < 0 to be 1.

(o) =G () (7)

In this example £k = 1. The LCP split apart is:

b=3-y+1-2—2
a=—-1-y+1.- 241

G =15 —2=2s
dh=1— (1Y (=2)) = s

M{,l =1/3
Miy= Vs 1= 13
My, =—1-1/3=—1/3
Myy=1—(-1-13-1)=4/3

;Y3 =13
M= <_1/3 10/3
The transformed LCP is:

W\ _ (s =S\ (VY (%

a)  \-1Y3z 43 ) \x 1/3)"
The solution for this LCP is the trivial solution. Since the principal pivot transformation
creates an equivalent LCP, it is also the solution to the original LCP.

r=0,y=2/3,a=13b=0.

A.3. Perturbation

The most common application of solving degeneracy is to prevent the simplex algorithm
from cycling. Many methods are directly applied to the algorithm instead of the original
linear program. Since we are not using the simplex algorithm in any way, we use a
strategy called perturbation instead, which augments a given linear program so that it
is nondegenerate.

For a good introduction to perturbation, see [Mur83, Chapter 10]. As this book is very
hard to find online, the relevant Lemmata and their proofs will be given in the following.

Recall Lemma 5.3.11 on page 80 [Mur83, Theorem 10.1]:

Given any ¢ € R?, there exists a positive number € > 0 such that whenever 0 < € < &,
the following perturbed problem is nondegenerate:

(Aa)y = q(e) (7.13)
y > 0 component wise.
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Proof. (As done in [Mur83])

Let By, ..., Bk be all the bases to 7.13, i.e. each B is nonsingular and consists of m =
rank((Ay)) many linear independent columns of (A4,).

Let By be one of these bases. We name the element of By, at row ¢ and column j by ﬁzk,]
Since kal is nonsingular, it holds that (551, e ,Bfm) %0 foreachi=1,...,m.

Let p := Bk_lq. Then

p1 + ﬁfle +..+ ﬁfmem
B lq(e) =
P+ B 1€+ o+ B ™

For ¢+ = 1,...,m, each polynomial p; + 5519 + ...+ 5ﬁfm9m has at most m roots, i.e. m
assignments of § such that the polynomial is 0. If € is chosen to be a number that is not
a root, the polynomial is non-zero as required.

Let R be the set of roots of all polynomials for k =1,..., K and i = 1,...,m. R is a finite
set consisting of at most Km? real numbers. Hence it is possible to pick an € such that
R contains no element belonging to the open interval 0 < e < €.

In any basic solution of 7.13 all basic variables are nonzero whenever 0 < ¢ < € and
hence 7.13 is nondegenerate.

O

Recall Lemma 5.3.12 on page 80 [Mur83, Theorem 10.5]:

If B is a feasible basis for the perturbed LCP 7.13 with € being arbitrarily small, then
B is a feasible basis for the original un-perturbed LCP 5.2.

Proof. Again, we name the element of B at row 7 and column j by 3; ;. Let p := B 1.
Then

p1+ Brae+ ..+ Brme™
B~ lq(e) =
Pm + Bm,l6 + ...+ ﬁm,mem

If for some ¢ it holds that p; < 0, then p; + B; 1€ + ... + Bi.m€e™ < 0 when € is arbitrarily
small. This is a contradiction to B being a feasible basis to the perturbed LCP 7.13.
Hence p; > 0 for all ¢ = 1,...,m, which implies that B is a feasible solution for the
original LCP 5.2. O

137



B. Grid-USO to OPDC - Working Solution Types

A solution of type (0O1) Let point p € I be a solution of (O1). It holds that Vi =
1,...,d: D;(p) = Zero. This implies that o4(f~!(p)) N k; = 0 for all i which means that
os(f71(p)) = 0 and therefore f~!(p) is a sink and a solution of type (GUI).

A solution of type (OV1) For an i —Slice s, a solution of type (OV1) consists of two
fixpoints p, g € I'; with p # ¢ such that Vj <i: D;(p) = D;(q) = Zero.

Let v :== f~1(p) and let u = f~1(q).

This implies that Vj < i : 04(v) N kj = 04(u) N k; = ) which means that v and u are
both sinks on the same subgrid j, which is a violation of type (GUV?2):

Let vyp = v N ke N--- N ky. To formally prove this, we will look at the subsets of the
first 1 to ¢ and the last ¢ + 1 to d elements separately. This can be done because of
Lemma 6.1.3 on page 97.

First, we take a closer look at the last ¢ + 1 to d elements. Since p and ¢ are on the
same ¢ — Slice, their last d — ¢ elements are equal. This also means that the last d — i
elements of v and u are equal and therefore v;y1 4 = ;11 4. Hence (vip1,4® wiz1,4) = 0.
Therefore, if (v @& u) N (04(v) B op(u)) # 0, it must be due to the first 1,...,7 elements
of v, u and their orientation functions.

Now let’s take a closer look at the first 1 to ¢ elements. It holds that v{; # w1, and
hence (v1; @ u1;) # (0. Since we have a (OV1) violation, it also holds that Vj < i :
04(v) NKj = 04(u) N k;j = 0 which implies that o4(v1,;) = op(u1,:) = 0.

It follows that (v @ u) N (04(v) ® og(u)) = 0. Therefore, we found a (GUV?2) violation.

A solution of type (OV3) If there is a violation of type (OV3), there is an ¢ — Slice
s and two points p,q € I's such that

e Vj <i:Dj(p) = Zero and either
e p; =0 and D;(p) = Down or
e p; = w; and D;(p) = Up.

If this happens, it implies that the subgrid that is represented by the ¢ — Slice does not
have a sink. This immediately implies a violation of type (GUVS) for that subgrid and
by extension a violation for the whole instance.
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