Mathematical Programming (2023) 199:865-936
https://doi.org/10.1007/s10107-022-01848-x

FULL LENGTH PAPER

Series A ")

Check for
updates

An exponential lower bound for Zadeh’s pivot rule

Yann Disser' @ - Oliver Friedmann? - Alexander V. Hopp?

Received: 16 April 2021 / Accepted: 10 June 2022 / Published online: 19 July 2022
© The Author(s) 2022

Abstract

The question whether the Simplex Algorithm admits an efficient pivot rule remains one
of the most important open questions in discrete optimization. While many natural,
deterministic pivot rules are known to yield exponential running times, the random-
facet rule was shown to have a subexponential running time. For a long time, Zadeh’s
rule remained the most prominent candidate for the first deterministic pivot rule with
subexponential running time. We present a lower bound construction that shows that
Zadeh’s rule is in fact exponential in the worst case. Our construction is based on a
close relation to the Strategy Improvement Algorithm for Parity Games and the Policy
Iteration Algorithm for Markov Decision Processes, and we also obtain exponential
lower bounds for Zadeh’s rule in these contexts.
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1 Introduction

The quest for discovering the best pivot rule for the Simplex Algorithm [5] remains
one of the most important challenges in discrete optimization. In particular, while
several other weakly polynomial algorithms for solving Linear Programs have been
proposed in the past [3, 9, 27-29], no fully “combinatorial” algorithm with strongly
polynomial running time is known to date — in fact, the question whether such an
algorithm exists is contained in Smale’s list of 18 mathematical problems for the
century, among other famous unsolved problems like the Riemann hypothesis and the
P versus NP problem [36]. The Simplex Algorithm is inherently combinatorial and may
yield a strongly polynomial algorithm if a suitable pivot rule exists. The question what
theoretical worst-case running time can be achieved with a pivot rule for the Simplex
Algorithm is closely related to the question what the largest possible (combinatorial)
diameter of a polytope is, and, in particular, to the weak Hirsch conjecture which states
that the diameter is polynomially bounded [5, 35, 41].

For a variety of natural pivot rules, exponential worst-case examples were found
soon after the Simplex Algorithm was proposed [1, 20, 30]. These examples are highly
imbalanced in the sense that they cause some improving directions to be selected by
the pivot rule only rarely, while others are selected often. Randomized pivot rules were
proposed as a way to average out the behavior of the Simplex Algorithm and to thus
avoid imbalanced behavior. The hope that this may lead to a better worst-case perfor-
mance was met when subexponential upper bounds were eventually established for
the random-facet pivot rule [22, 25, 32]. Other promising candidates for efficient pivot
rules were deterministic “pseudo-random” rules that balance the behavior of the algo-
rithm explicitly by considering all past decisions in each step, instead of obliviously
deciding for improvements independently. The two most prominent examples of such
pivot rules are Cunningham’s rule [4] which fixes an order of all possible improvement
directions at the start and, in each step, picks the next improving direction in this order
in round robin fashion, and Zadeh’s rule [43] which picks an improving direction cho-
sen least often so far in each step. By design, bad examples are much more difficult to
construct for these more balanced pivoting rules, and it took more than 30 years until
the first lower bounds were established. Eventually, a subexponential lower bound
was shown for the random-facet rule [17, 18, 21] and the random-edge rule [17, 33].
Most recently, a subexponential lower bound was shown for Zadeh’s rule [7, 15], and
an exponential lower bound for Cunningham’s rule [2]. An exponential lower bound
for Zadeh’s rule is known on Acyclic Unique Sink Orientations [39], but it is unclear
whether the corresponding construction can be realized as a Linear Program. This
means that Zadeh’s rule remained the only promising candidate for a deterministic
pivot rule to match the subexponential running time of the random-facet rule.

Local search algorithms similar to the Simplex Algorithm are important in other
domains, like Voge and Jurdzifiski’s Strategy Improvement Algorithm for Parity
Games [42] and Howard’s Policy Iteration Algorithm for Markov Decision Pro-
cesses [23]. Much like the Simplex Algorithm, these algorithms rely on a pivot rule
that determines which local improvement to perform in each step. And much like for
the Simplex Algorithm, many natural deterministic pivot rules for these algorithms
have been shown to be exponential [2, 10, 12, 13], while a subexponential upper bound
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has been shown for the random-facet rule [16, 18, 25, 26, 32]. Again, Zadeh’s rule
remained as a promising candidate for a deterministic subexponential pivot rule.
Our results and techniques. In this paper, we give the first exponential lower bound
for Zadeh’s pivot rule for the Strategy Improvement Algorithm for Parity Games, for
the Policy Iteration Algorithm for Markov Decision Processes, and for the Simplex
Algorithm. This closes a long-standing open problem by eliminating Zadeh’s pivot rule
as a candidate for a deterministic, subexponential pivot rule in each of these three areas
(up to tie-breaking). We note that while the lower bound for the Simplex Algorithm is
arguably our most important result, the lower bounds for Parity Games and Markov
Decision Processes are important in their own right and complement previous results
in these areas [10, 12, 13, 16].

Our lower bound construction is based on the technique used in [2, 15] (among
others). In particular, we construct a Parity Game that forces the Strategy Improvement
Algorithm to emulate a binary counter by enumerating strategies corresponding to
the natural numbers 0 to 2"~!. The construction is then converted into a Markov
Decision Process that behaves similarly (but not identically) regarding the Policy
Iteration Algorithm. Finally, using a well-known transformation, the Markov Decision
Process can be turned into a Linear Program for which the Simplex Algorithm mimics
the behavior of the Policy Iteration Algorithm. We remark that we use an artificial,
but systematic and polynomial time computable, tie-breaking rule for the pivot step
whenever Zadeh’s rule does not yield a unique improvement direction. Importantly,
while the tie-breaking rule is carefully crafted to simplify the analysis, conceptually,
our construction is not based on exploiting the tie-breaking rule. Note that it cannot be
avoided to fix a tie-breaking rule when analyzing Zadeh’s pivot rule, in the sense that,
for every Markov Decision Process of size n, a tie-breaking rule tailored to this instance
exists, such that the Policy Iteration Algorithm takes at most n steps [14, Cor. 4.79].

Roughly speaking, much like the subexponential construction in [15], our construc-
tion consists of multiple levels, one for each bit of the counter. The subexponential
construction of [15] requires each level to connect to the level of the least significant
set bit of the currently represented number, which yields a quadratic number m of
edges in the construction, which in turn leads to a lower bound of 282(n) — 92 (‘/@,
i.e., a subexponential bound in the size ®@(m) of the construction. In contrast, our
construction only needs each level to connect to one of the first two levels, depending
on whether the currently represented number is even or odd. Very roughly, this is
the key idea of our result, since it allows us to reduce the size of the construction to
©® (n), which leads to an exponential lower bound. However, to make this change pos-
sible, many other technical details have to be addressed, and, in particular, we are no
longer able to carry the construction for Parity Games over as-is to Markov Decision
Processes.

A challenge when constructing a lower bound for Zadeh’s rule is to keep track
not only of the exact sets of improving directions in each step, but also of the exact
number of times every improving direction was selected in the past. In contrast, the
exponential lower bound construction for Cunningham’s rule [2] “only” needs to keep
track of the next improving direction in the fixed cyclic order. As a consequence,
the full proof of our result is very technical, because it requires us to consider all
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possible improvements in every step, and there are many transitional steps between
configurations representing natural numbers. In this paper, we give an exact description
of our construction and an outline of our proof. A complete and detailed proof can be
found in the full version [6]. Importantly, our construction has been implemented and
tested empirically for consistency with our formal treatment, see Appendix A.! The
resulting animations of the execution for n = 3 resp. n = 4, which take 160 resp. 466
steps, are available online [24].

2 Parity games and strategy improvement

A Parity Game (PG) is a two player game that is played on a directed graph where
every vertex has at least one outgoing edge. Formally, it is defined as a tuple G =
Vo, V1, E, §2), where VoN V| = 0, (VoUV], E)isadirected graphand £2: VyUV| —
N is the priority function. The set V), is the set of vertices of player p € {0, 1} and
the set E,:={(v,w) € E: v € V,} is the set of edges of player p € {0, 1}. We let
V:=Vp U Vi. A play in G is an infinite walk in the graph. The winner of a play is
determined by the highest priority that occurs infinitely often along the walk. If this
priority is even, player O wins, otherwise, player 1 wins.

Formally, a play in G can be described by a pair of strategies. A strategy for player
p is a function that chooses one outgoing edge for each vertex of player p. To be
precise, a (deterministic positional) strategy for player p is a functiono: V,, — V
that selects for each vertex v € V), a target vertex o (v) such that (v, o (v)) € E, forall
v € V). Throughout this paper we only consider deterministic positional strategies and
henceforth simply refer to them as strategies. Two strategies o, t for players 0,1 and
a starting vertex v then define a unique play starting at v with the corresponding walk
being determined by the strategies of the players. A play can thus fully be described by
atuple (o, 7, v) and is denoted by 7, - ,,. A player O strategy o is winning for player
0 at vertex v, if player O is the winner of every game 7, 1 o, regardless of 7. Winning
strategies for player 1 are defined analogously. A fundamental result in the theory of
Parity Games is that, for every starting vertex, there always is a winning strategy for
exactly one of the two players. The computational problem of solving a parity game
consists in finding the corresponding partition of V.

Theorem 1 (e.g. [11, 31]) In every Parity Game, V can be partitioned into winning
sets (Wo, W1), where player p has a positional winning strategy for each starting
vertex v € W),

2.1 Vertex valuations, the strategy improvement algorithm, and sink games

We now discuss the Strategy Improvement Algorithm of Voge and Jurdzifiski [42] and
its theoretical background. We discuss the concept of vertex valuations and define a

I We used two separate implementations to double-check our construction. Firstly, we used the PGSOLVER
library [19] as a black box with our construction as input. Secondly, a new policy iteration tool for sink
games was implemented from scratch [37], again using our concrete construction only as an input. Both
implementations confirm the intended behavior, including quantitative details, for instances up tosizen = 5.
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special class of games that our construction belongs to, called sink games, and define
vertex valuations for this class of games. We refer to [2, 14] for a more in-depth and
general discussion of these topics.

Fix apair o, 7 of strategies for players 0,1, respectively. The idea of vertex valuations
is to assign a valuation to every v € V that encodes how “profitable” vertex v is
for player 0. By defining a suitable pre-order on these valuations, this enables us to
compare the valuations of vertices and “improve” the strategy o by changing the target
o (v) of a vertex v to a more “profitable” vertex w # o (v) with (v, w) € E. Since
there are only finitely many strategies and vertices, the strategy of player O can only be
improved a finite number of times, eventually resulting in a so-called optimal strategy
for player 0. It is known (e.g., [14, 42]) that an optimal strategy can then be used to
determine the winning sets Wy, W of the Parity Game and thus to solve the game.

Formally, vertex valuations are given as a totally ordered set (U, <). For every pair
of strategies o, T, we are given a function &, ;: V — U assigning vertex valuations
to vertices. Since U is totally ordered, this induces a preorder of the vertices for fixed
strategies o, t. To eliminate the dependency on the player 1 strategy, we define the
vertex valuation of v with respect to o by & (v):=min Z, ; (v) where the minimum
is taken over all player 1 strategies 7. Formally, if &5 (7 (v)) < &4 (v) forall (v, u) €
E1, then the player 1 strategy t is called counterstrategy for o. It is well-known that
counterstrategies exist and can be computed efficiently [42]. For a strategy o, an
arbitrary but fixed counterstrategy is denoted by 7°.

We can extend this ordering to a partial ordering of strategies by defining o < o’
if and only if &, (v) < E,/(v) forallv € V. We write 0 <lo’ if 0 <o’ and o # o’.
Given a strategy o, a strategy o’ with o <i¢’ can be obtained by applying an improving
switch. Intuitively, an improving switch is an edge such that including e in o improves
the strategy with respect to <. Formally, let e = (v, u) € Ep and o (v) # u. We define
the strategy oe via oe(v'):=0 (v) if v/ # v and oe(v):=u. The edge e is improving for
o if 0 <1 oe and we denote the set of improving switches for o by /.

The Strategy Improvement Algorithm now operates as follows. Given an initial
strategy ¢, apply improving switches until a strategy o™ with I+ = {J is reached. Such
a strategy is called optimal and a strategy is optimal if and only if o <o * for all player
0 strategies [42]. The running time of this algorithm highly depends on the order in
which improving switches are applied — a point that we discuss in more detail later.

This terminology allows us to introduce a special class of Parity Games, called sink
games. This class allows for an easy definition of the vertex valuations as discussed
after the definition.

Definition 1 A Parity Game G = (Vy, Vi, E, §2) together with an initial player O
strategy ¢ is a Sink Game if the following two statements hold.

1. Thereis avertex t € V| with (¢, 1) € E and £2(¢) = 1 reachable from all vertices.
In addition, £2(v) > £2(¢) for all v € V\{z}. This unique vertex ¢ is called the sink
of the sink game.

2. For each player O strategy o with ¢ <o and each vertex v, every play 74, o, ends
in t.

Let G = (W, V1, E, §2) and ¢ define a Sink Game. To simplify the presentation,
assume that §2 is injective. Since G is a Sink Game, every play 7, ;o , in G can be
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870 Y. Disser et al.

represented as the walk 75 0, = v, V2, ..., U, (1)°°. In particular, a play can be
identified with its path component v, va, ..., vr. Now, defining Z,(v) as the path
component of 74 o, is a well-studied choice of vertex valuations. To give a total
ordering of the vertex valuations, it thus suffices to give a ordering of all subsets of V.

Let M, N C V, M # N. Intuitively, M is better than N for player O if it contains
a vertex with large even priority not contained in N, or if it there is a vertex with
large odd priority contained in N but not in M. Formally, v € M AN is called most
significant difference of M and N if 2(v) > 2(w) forall w € MAN, w # v. The
most significant difference of M and N is denoted by A(M, N) and allows us to define
an ordering < on the subsets of V. For M, N C V, M # N we define

N <M< [AMM,N)e M ANA(M, N)iseven]V[AM,N) e N AN AM, N) is odd].

Note that < is a total ordering as we assume §2 to be injective. We mention here
that injectivity is not necessary — the most significant difference of any two vertex
valuations being unique suffices.

The following theorem summarizes the most important aspects related to Parity
Games, vertex valuations and improving switches. Note that the construction of vertex
valuations given here is a simplified version of the general concept of vertex valuations
used for Parity Games. It is, however, in accordance with the general construction and
we refer to [14] for a more detailed discussion.

Theorem 2 [42] Let G = (Vy, Vi, E, §2) be a Sink Game and o be a player 0 strategy.

. The vertex valuations of a player 0 strategy are polynomial-time computable.

. There is an optimal player 0 strategy o* with respect to the ordering <.

. If 1, = 0, then o is optimal.

. We have I, = {(v,w) € Ep: E5(0(v)) < Ey(w)} and o < oe forall e € I,.

. Given an optimal player 0 strategy, the winning sets Wy and W1 of player 0 and
player I can be computed in polynomial time.

| O R S

3 Lower bound construction

In this section, we describe a PG S,, = (Vy, Vi, E, §2) such that the Strategy Improve-
ment Algorithm performs at least 2" iterations when using Zadeh’s pivot rule and a
specific tie-breaking rule. Before giving a formal definition, we give a high-level intu-
ition of the main idea of the construction. A simplified visualization of the construction
is given in Fig. 1.

The key idea is that S, simulates an n-digit binary counter. We thus introduce
notation related to binary counting. It will be convenient to consider counter configu-
rations with more than n bits, where unused bits are zero. In particular, we always
interpret bit n 4+ 1 as 0. Formally, we denote the set of n-bit configurations by
B,:={b € {0,1}*°:b; = 0 Vi > n}. We start with index one, hence a counter
configuration b € B, isatuple (b,, ..., by). Here, b is the least and b,, is the most sig-
nificant bit. The integer value of b € By is Y 7, b;2~!. We identify the integer value
of b with its counter configuration and use the natural ordering of N to order counter
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Level 4 1 @2 of Q2
Level 3 0| + :: O 0 O :..:
Level 2 @ @ 1 . ::: 1 . ::: v} Open & inactive

O Open & active

1 4 1 4
Level 1 @ 1 :. . . 1 :. by . @ Closed & active

Fig. 1 Visualization of the general structure of the binary counter for n = 4. Level 1 encodes the least
significant bit and level 4 encodes the most significant bit. The left picture shows the cycle centers and their
distribution in the levels. The two figures on the right give examples for settings of the cycles representing
the numbers 11 and 3, respectively

configurations. For b € B,,, b # 0, we define v(b):=min{i € {1,...,n}: b; = 1} to
be the least significant set bit of b.

The PG S, consists of n (nearly) identical levels and each level encodes one bit
of the counter. Certain strategies and corresponding counterstrategies in S, are then
interpreted as binary numbers. If the Strategy Improvement Algorithm enumerates at
least one player O strategy per b € B, before finding the optimal strategy, it enumerates
at least 2" strategies. Since the game has size linear in n, this then establishes the
exponential lower bound.

The main challenge is to obey Zadeh’s pivot rule as it forces the algorithm to only
use improving switches used least often during the execution. Intuitively, a counter
obeying this rule needs to switch bits in a “balanced” way. However, counting from
0to 2" — 1 in binary does not switch individual bits equally often. For example, the
least significant bit is switched every time and the most significant bit is switched only
once. The key idea to overcome this obstacle is to have a substructure in each level
that contains two gadgets. These gadgets are called cycle centers. In every iteration
of the algorithm, only one of the cycle centers is interpreted as encoding the bit of
the current level. This enables us to perform operations within the other cycle center
without losing the interpretation of the bit being equal to 0 or 1. This is achieved by
an alternating encoding of the bit by the two cycle centers.

We now provide more details. Consider some level i, some b € B, and denote
the cycle centers of level i by F; o and F; 1. One of them now encodes b;. Which of
them represents b; depends on b; 11, since we always consider F; p,,, to encode b;.
This cycle center is called the active cycle center of level i, while F; 1 _p,,, is called
inactive. A cycle center can additionally be closed or open. These terms are used to
formalize when a bit is interpreted as O or 1. To be precise, b; is interpreted as 1 if and
only if F; p,,, is closed. In this way, cycle centers encode binary numbers. Since bit
i + 1 switches every second time bit i switches, counting from 0 to 2" — 1 in binary
then results in an alternating and balanced usage of both cycle centers of any level as
required by Zadeh’s pivot rule.

@ Springer



872 Y. Disser et al.

Table 1 Edges and vertex

priotities of Sy Vertex Successors Priority
b; 8i»bit1 3
€ jk by, g1 3
8i Fio. Fi1 2i+9
hi o bito 2i + 10
Si,j hi,j, by 10-2-j
di,jk Fi joeijk 3
Fij dij.0:di j 15 i 6-2-j
hi 1 8i+1 2i +10

We now describe the construction of a parity game that implements this idea in
detail. Fix some n € N. The vertex sets Vp, V; of the underlying graph are composed
as follows:

Vo:={bi,gi:ie{l,....n}}U{d; jr.eijr.sij:i€{l,....n—j}, j,kef{01}}
Vics{Fjrie{l,....,n—j}jel0, 1} Ulh j:ie{l,...,n—j},je{0, 1}}U{t}

The priorities of the vertices and their sets of outgoing edges are given by Table 1.
Note that every vertex v € Vp has at most two outgoing edges. For convenience of
notation, we henceforth identify the node names b; and g; fori > n with ¢. The graph
can be separated into n levels, where the levels i < n — 1 are structurally identical
and the levels n — 1 and n differ slightly from the other levels. The i-th level is shown
in Fig. 2, the complete graph of S3 is shown in Fig. 3.

The general idea of the construction is the following. Certain pairs of player O
strategies o and counterstrategies v are interpreted as representing anumber b € 3,,.
Such a pair of strategies induces a path starting at b and ending at ¢, traversing the

Fig.2 Leveli of S, fori € {1, ..., n — 2}. Circular vertices are player O vertices, rectangular vertices are
player 1 vertices. Labels below vertex names denote their priorities. Dashed vertices do not (necessarily)
belong to level i
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An exponential lower bound for Zadeh's pivot rule 873

Fig. 3 The graph S3 together with a canonical strategy representing the number 3 in the graph S3. The
dashed copies of the vertices g1, b; and b all refer to the corresponding vertices of levels 1 and 2. Red
edges belong to the strategy of player 0, blue edges belong to the counterstrategy of player 1. The dashed
edges indicate the spinal path

levelsi € {1, ..., n}with b; = 1 while ignoring levels with b; = 0. This path is called
the spinal path with respect to b € B,,. Ignoring and including levels in the spinal path
is controlled by the entry vertex b; of each level i € {1, ..., n}. To be precise, when
b is represented, the entry vertex of level i is intended to point towards the selector
vertex g; of level i if and only if b; = 1. Otherwise, i.e., when b; = 0, level i is ignored
and the entry vertex b; points towards the entry vertex of the next level.

Consider a level i € {1,...,n — 2}. Attached to the selector vertex g; are the
cycle centers F; o and F; 1 of level i. As described at the beginning of this section,
these player 1 vertices are the main structures used for interpreting whether the bit i
is equal to one. They alternate in encoding bit i. As discussed before, this is achieved
by interpreting the active cycle center F; ., as encoding b; while the inactive cycle
center Fj 1_p, , does not interfere with the encoding. This enables us to manipulate
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diga dija o
dl)J‘n 0 o

Fig.4 A closed, a halfopen and an open cycle center. Edges of the strategy of player 0 are marked in red.
Choices of player 1 are not depicted. Dots represent that the cycle vertices point to some unspecified vertex

the inactive part of a level without losing the encoded value of b;. To this end, the
selector vertex g; is used to ensure that the active cycle center is contained in the spinal
path.

As discussed previously, a cycle center F; ; can have different configurations. To be
precise, it can be closed, halfopen, or open. The configuration of F; ; is defined via the
cycle vertices d; j o and d; ;1 of the cycle center and the two cycle edges (d; j 0, Fi, j)
and (d; j 1, F; j). More precisely, F; ; is closed with respect to a player O strategy o if
both cycle vertices point towards the cycle center, i.e., when o (d; j o) = o(d; j1) =
F; ;. If this is the case for exactly one of the two edges, the cycle center F; ; is called
halfopen. A cycle that is neither closed nor halfopen is called open. An example of
the different configurations is given in Fig. 4.

In addition, the cycle center is connected to its upper selection vertex s; ;. It connects
the cycle center F; ; with the first level via (s; j, b1) and with either level i + 1 or
i +2via(s; j, h; ;) via the respective edge (h; 0, bi42) or (h; 1, gi+1) (depending on
J). This vertex is thus central in allowing F; ; to get access to either the beginning of
the spinal path or the next level of the spinal path.

We next discuss the cycle vertices. If their cycle centers are not closed, these vertices
still need to be able to access the spinal path. The valuation of vertices along this path
is usually very high and it is almost always very profitable for player O vertices to get
access to this path. Since the cycle vertices cannot obtain access via the cycle center
(as this would, by definition, close the cycle center) they need to “escape” the level
in another way. This is handled by the escape vertices e; j o and e; ;1. The escape
vertices are used to connect the levels with higher indices to the first two levels and
thus enable each vertex to access the spinal path. To be precise, they are connected
with the entry vertex of level 2 and the selector vertex of level 1. In principle, the
escape vertices will point towards g1 when the least significant set bit of the currently
represented number has the index 1 and towards b otherwise.

We now formalize the idea of a strategy encoding a binary number by defining the
notion of a canonical strategy. Note that the definition also includes some aspects
that are purely technical, i.e., solely required for some proofs, and do not have an
immediate intuitive interpretation.

Definition2 Let b € B,. A player O strategy o for the Parity Game S, is called a
canonical strategy for b if it has the following properties.

1. All escape vertices point to g1 if by = 1 and to by if by = 0.
2. The following hold for all levels i € {1, ...,n} with b; = 1:
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An exponential lower bound for Zadeh's pivot rule 875

(a) Level i needs to be accessible, i.e., 0 (b;) = g;.
(b) The cycle center F; p, , needs to be closed while F; 1y, , must not be closed.
(c) The selector vertex of level i needs to select the active cycle center, i.e.,0(g;) =
Fibiy-
3. The following hold for all levels i € {1, ..., n} with b; = 0:

(a) Level i must not be accessible and needs to be “avoided”, i.e., o (b;) = bj+1.
(b) The cycle center F; p,,, must not be closed.

(c) If the cycle center F; |y, is closed, then o (g;) = F; 1-p,,,-

(d) If neither of the cycle centers F; o, F; 1 is closed, then o (g;) = F; 0.

4. Let b;+1 = 0. Then, level i + 1 is not accessible from level i, i.e., 0 (s;.0) = hi0
and o (s;,1) = by.

5. Let bj11 = 1. Then, level i 4 1 is accessible from level i, i.e., o (s; o) = b1 and
o(si,1) =hi1.

6. If b < 2" — 1, then both cycle centers of level v(b + 1) are open.

We use oy to denote a canonical strategy for b € B,,. A canonical strategy repre-
senting (0, 1, 1) in S3 is shown in Fig. 3.

As mentioned before, the main structure that is used to determine whether a bit is
interpreted as being set are the cycle centers. In fact, any configuration of the cycle
centers can be interpreted as an encoded number in the following way.

Definition 3 Let o be a player O strategy for S,. Then, the induced bit state B° =
(By, ..., BY) is defined inductively as follows. We define 8; = 1 if and only if
0 (dn,0,0) = 0 (dn,0,1) = Fyp0and B = 1if and only ifa(di,/glsrﬂ,o) = U(di,ﬁ;fHJ) =
Fi'ﬂzzrl fori <n

This definition is in accordance with our interpretation of encoding a number as
B = b if oy is a canonical strategy for b.

4 Lower bound for policy iteration on MDPs

In this section we discuss the Markov Decision Process (MDP) that is constructed
analogously to the PG §,. We discuss how this MDP allows the construction of a
Linear Program (LP) such that the results obtained for the MDP carry over to the LP
formulation. The main idea is to replace player 1 by the “random player” and to choose
the probabilities in such a way that applying improving switches in the MDP behaves
nearly the same way as in the PG. Note that we continue to use the same language for
valuations, strategies and so on in MDP context, although other notions (like policy
instead of strategy) are more common.

We give a brief introduction to the theory of MDPs (see also [2]). Similarly to a
PG, an MDP is formally defined by its underlying graph (Vp, Vg, E, r, p). Here, Vj
is the set of vertices controlled by player O and Vg is the set of randomization vertices.
We let V:=Vy U Vg. For p € {0, R}, we define E,:={(v, w): v € V,}. The set Ey
then corresponds to possible choices that player O can make, and each such choice
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is assigned a reward by the reward function r: Ey — R. The set Er corresponds
to probabilistic transitions and transition probabilities are specified by the function
piEg — [0, 1] with 3., yep, PV, u) = 1.

As for S, a (player 0) strategy is a function o : Vy — V that selects for each
vertex v € V) a target corresponding to an edge, i.e., such that (v, o (v)) € Eg. There
are several computational tasks that can be investigated for MDPs. They are typically
described via an objective. We consider the expected total reward objective for MDPs
which can be formulated using vertex valuations in the following sense. Given an MDP,
we define the vertex valuations EM () with respect to a strategy o as the solution (if

o
it exists) of the following set of equations:

" ru, o)+ EMow), ueW,
o =1 pv) EMw). ue Vg
v: (u,v)eEp

We also impose the condition that the values sum up to 0 on each irreducible recurrent
class of the Markov chain defined by o, yielding uniqueness [2]. We intentionally use
very similar notation as for vertex valuations in the context of Parity Games since this
allows for a unified treatment.

We now discuss the Policy Iteration Algorithm and refer to [23] for further details.
Similarly to the Strategy Improvement Algorithm for PGs, this algorithm starts with
some initial policy ¢t = oy. In each step i, it generates a strategy o; by changing
the target vertex o;_1(v) of some vertex v € Vj to some vertex w with Eé” (w) >
Eé"l(a,-_l(v)). For an arbitrary strategy o, such an edge (v, w) € Eg with w # o (v)
but E},VI (w) > E;w (o (v)) is called improving switch and the set of improving switches
is denoted by ;. The term optimal strategy is defined as in PG context. In particular,
a strategy o is optimal if and only if I, = {. Moreover, applying an improving switch
cannot decrease the valuation of any vertex. Thatis, if e = (v, w) € I, and oe denotes
the strategy obtained after applying e to o, then EM(v) > EM(v') forall v’ € V and
EM@w) > EM(v). Since there are only finitely many strategies, the algorithm thus
generates a finite sequence oy, o1, ..., oy with I, = @.

We now discuss how the counter introduced in Sect. 3 is altered to obtain an MDP
M,,. A sketch of level i of M, can be found in Fig. 5. First, all player 1 vertices are
replaced by randomization vertices. This is a common technique used for obtaining
MDPs that behave similarly to given PGs and was used before (e.g., [2, 10]). While
the ideas used in the transformations are similar, there is no standard reduction from
PGs to MDPs preserving all properties.

In our construction, all cycle centers F; ; and all vertices /; ; are now randomization
vertices. As vertices of the type /; ; have only one outgoing edge, the probability of
this edge is set to 1. For defining the probabilities of the cycle edges, we introduce a
small parameter ¢ > 0 and defer its exact definition to later. The idea is to use ¢ to
make the probabilities of edges (F; ;, s;, ;) very small by setting p(F; j, s; j) = € and
p(Fij,dijx) = 1%5 for k € {0, 1}. Then, the valuation of s; ; can only contribute
significantly to the valuation of F; ; if the cycle center is closed. If the cycle center is
not closed, then the contribution of this vertex can often be neglected. However, there
are situations in which even this very low contribution has a significant impact on the
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Fig.5 Leveli of the MDP. Circular vertices are vertices of the player, rectangular vertices are randomization
vertices. Numbers below vertex names, if present, encode priorities §2. If a vertex has priority §2(v), then
areward of (v):=(—N )'(2 ) is associated with every edge leaving this vertex

valuation of the cycle center. For example, if F; ¢ and F; ; are both open for o, then
EM(F; o) > EM(F; ) if and only if EM(s;.0) > EM(si.1). This sometimes results
in a different behavior of the MDP when compared to the PG. We discuss this later in
more detail.

Second, all player O vertices remain player O vertices. Each player O vertex is
assigned the same priority as in S,,. This priority is now used to define the rewards of
the edges leaving a vertex. More precisely, if we denote the priority of v € Vjy by £2(v),
then we define the reward of any edge leaving v as (v):=(—N)¥® where N > 7n
is a large and fixed parameter. Note that the reward of an edge thus only depends on
its starting vertex. The reward function that is defined in that way then has the effect
that vertices with an even priority are profitable while vertices with an odd priority
are not profitable. In addition, the profitability of a vertex is better (resp. worse) the
higher its priority is. By choosing a sufficiently large parameter N, it is also ensured
that rewards are sufficiently separated. For example, the profitability of some vertex
v with even priority cannot be dominated by traversing many vertices with lower but
odd priorities. In principle, this ensures that the MDP behaves very similarly to the
PG.

Having introduced the parameter N, we now fix the parameter ¢ such that ¢ <
(N?+11)~1 Note that both parameters can be encoded by a polynomial number of
bits with respect to the parameter n. By defining the reward of the edge (¢, t) as 0, this
completely describes the MDP.

We now provide more details on the aspects where the PG and the MDP differ.
One of the main differences between the PG and the MDP is the set of canonical
strategies. Consider a strategy o representing some b € 3, some level i and the two
cycle centers F; o, F; 1. In PG context, both vertices have an even priority and the
priority of F; ¢ is larger than the priority of F; ;. Thus, if both cycle centers escape
the level, the valuation of F; ¢ is better than the valuation of F; ;. Consequently, if
o(gi) # Fio,then (g;, Fi o) is improving for o. In some sense, this can be interpreted
as the PG “preferring” F; o over F; 1. A similar, but not the same, phenomenon occurs
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in MDP context. If both cycle centers F; o and F; j are in the same “state”, then the
valuation of the two upper selection vertices s; o, s;,1 determines which cycle center
has the better valuation. It turns out that the valuation of s; p,,, is typically better
than the valuation of s; 1y, . It is in particular not true that the valuation of s; ¢ is
typically better than the valuation of s; 1. Hence, the MDP “prefers” vertices Fj p,,,
over vertices F; 1_p, . We thus adjust the definition of a canonical strategy in MDP
context in the following way.

Definition 4 Let b € 15,. A player O strategy o for the MDP M,, is called a canonical
strategy for b if it has the properties defined in Definition 2 where Property 3.(d)
is replaced by the following: If neither of the cycle centers F; o, F; 1 is closed, then

U(gi) - Fi,hi+1~

5 Lower bound for the simplex algorithm and linear programs

Following the arguments of [2, 15], we now discuss how the MDP can be transformed
into an LP such that the results obtained for the Policy Iteration Algorithm may be
transferred to the Simplex Algorithm. This transformation makes use of the unichain
condition. This condition (see [34]) states that the Markov Chain obtained from each
strategy o has a single irreducible recurrent class. Unfortunately, the MDP constructed
previously does not fulfill the unichain condition. As we prove in Lemma 1, it however
fulfills a weak version of the unichain condition. This weak version states that the
optimal policy has a single irreducible recurrent class and does not demand this to
be true for every strategy. This implies that the same LP which can be obtained by
transforming an MDP fulfilling the unichain condition can be used. We refer to [14,
40] for more details.

We thus return to the discussion for MDPs fulfilling the unichain condition. Optimal
policies for MDPs fulfilling this condition can be found by solving the following Linear
Program:

max Z r(u,v)-x(u,v)

(u,v)EEy
s.t. Z x(u, v) — Z pw,u) - x(v,w)=1 Vue Vy P)
(u,v)EE (v,w)eEy
(w,u)eEp
x(u,v) >0 Y(u,v) € Eg

The variable x (u, v) for (u, v) € Ey represents the probability (or frequency) of
using the edge (u, v). The constraints of (P) ensure that the probability of entering
a vertex u is equal to the probability of exiting u. It is not difficult to see that the
basic feasible solutions of (P) correspond directly to strategies of the MDP, see, e.g.,
[2]. For each strategy o we can define a feasible setting of the variables x («, v) with
(u,v) € Ep such that x(u, v) > 0 only if o(u) = v. Conversely, for every basic
feasible solution of (P), we can define a corresponding policy o. It is well-known that
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the policy corresponding to an optimal basic feasible solution of (P) is an optimal
policy for the MDP (see, e.g., [2, 34]).

Our MDP only fulfills the weak unichain condition. If it is provided an initial
strategy that has the same single irreducible recurrent class as the optimal policy, then
the same Linear Program introduced above can be used [14]. This follows since all
considered basic feasible solutions will have the same irreducible recurrent class by
monotonicity. We refer to [40] for more details.

6 Lower bound proof
6.1 The approach and basic definitions

In this section we outline the proof for the exponential lower bound on the running
time of the Strategy Improvement resp. Policy Iteration Algorithm using Zadeh’s pivot
rule and a strategy-based tie-breaking rule. We discuss the following key components
separately before combining them into our main result.” In the following, we use the
notation G, to simultaneously refer to S,, and M,,. If a statement or definition only
holds for either S, or M,,, we explicitly state this.

1. We first define an initial strategy ¢ such that the pair (G, ) defines a sink game
in PG context resp. has the weak unichain condition in MDP context. We also
formalize the idea of counting how often an edge has been applied as improving
switch.

2. We then state and discuss the tie-breaking rule. Together with the initial strategy,
this completely describes the application of the improving switches performed by
the Strategy Improvement resp. Policy Iteration Algorithm. Further statements,
proofs and explanations that are provided in Appendix C thus only serve to prove
that the algorithms and the tie-breaking rule indeed behave as intended.

3. We then focus on a single transition from a canonical strategy oy to the next canon-
ical strategy op41. During such a transition, many improving switches need to be
applied and thus many intermediate strategies need to be considered. These strate-
gies are divided into five phases, depending on the configuration of G,, induced
by the encountered strategies.

4. To prove that the tie-breaking rule indeed proceeds along the described phases,
we need to specify how often player O edges are applied as improving switches,
which is formalized by an occurrence record. We explicitly describe the occurrence
records for canonical strategies.

5. Finally, we combine the previous aspects to prove that applying the respective
algorithms with Zadeh’s pivot rule and our tie-breaking rule yields an exponential
number of iterations.

We begin by providing the initial strategy ¢ for G,,. In principle, the initial strategy
is a canonical strategy for O in the sense of Definition 2 resp. 4.

2 Formal proofs can be found in Appendix C and the full version [6].
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Definition 5 The initial player O strategy ¢: Vo > V is defined as follows:

v bi(i <n) bn 8i di jk € jk 5i,0 si, 1@ <n)

t(v) biy1 t Fio €, jk by hi0 by

We further introduce the notion of a reachable strategy. A strategy o’ is reachable
from some strategy o if it can be produced by the Strategy Improvement Algorithm
starting from o and applying a finite number of improving switches. Note that the
notion of reachability does not depend on the pivot rule or the tie-breaking rule and that
every strategy calculated by the Strategy Improvement resp. Policy Iteration Algorithm
is reachable by definition.

Definition 6 Let o be a player O strategy for G,,. The set of all strategies that can be
obtained from o by applying an arbitrary sequence of improving switches is denoted
by A,. A strategy o’ is reachable from o if 6’ € A,.

Note that reachability is a transitive property and that we include 0 € A, for
convenience. The i-th level of the initial strategy is shown in Fig. 6. The initial strategy
is chosen such that G, and ¢ define a sink game in S, resp. have the weak unichain
condition in M,,.

Lemma1 For all n € N, the game G, and the initial player 0 strategy i define a
Sink Game with sink t in PG context, resp. have the weak unichain condition in MDP
context.

As Zadeh’s pivot rule is a memorizing pivot rule, the algorithms need to maintain
information about how often edges have been applied as improving switches. During
the execution of the algorithms, we thus maintain an occurrence record ¢° : Eg — R
that specifies how often an improving switch was applied since the beginning of the

hio
10 +2i
0

Fig
6
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algorithms. Formally, we define ¢‘(e) :=0 for every edge e € E), i.e., the occurrence
record with respect to the initial strategy is equal to 0. Then, whenever the algorithms
apply an edge e, the occurrence record of e is increased by 1.

6.2 The tie-breaking rule

We now discuss the tie-breaking rule. It specifies which edge to apply if there are
multiple improving switches that minimize the occurrence record for the current strat-
egy. Note that, in contrast to many classical pivot rules, fixing a specific tie-breaking
rule cannot easily be avoided for Zadeh’s pivot rule, since it is unavoidable that occur-
rence records occasionally coincide between multiple improving switches. Intuitively,
asking for a lower bound construction to work for all tie-breaking rules might be com-
parably difficult to asking for a construction that works for all pivot rules in the first
place.

We rely on a structurally simple tie-breaking rule that is in principle implemented
as an ordering of the set Ey and depends on the current strategy o as well as the
occurrence records. In fact, it turns out to be sufficient to specify a pre-order of Ej
that can be extended to a total order arbitrarily. Whenever the algorithms have to break
ties, they then choose the first edge according to this ordering. For convenience, there
is one small exception from this behavior. During the transition from the canonical
strategy representing 1 towards the canonical strategy representing 2, one improving
switch e (which we do not specify yet) has to be applied earlier than during other
transitions. The reason is that the occurrence records of several edges, including e, are
still zero at this point in time, which leads to unwanted behavior. In later iterations, e
is the unique improving switch minimizing the occurrence record whenever it has to
be applied, so no special treatment is necessary.

Let o be a player 0 strategy for G,,. Henceforth, we use the symbol  as a wildcard.
More precisely, when using the symbol *, this means any suitable index or vertex
(depending on the context) can be inserted for * such that the corresponding edge
exists. For example, the set {(e « «, *)} would then denote the set of all edges starting
in escape vertices. Using this notation, we define the following sets of edges.

— G:={(gi, F; «)} is the set of all edges leaving selector vertices.

- Eo:z{(ei,j,k, x): o(di jx) # Fij} is the set of edges leaving escape ver-
tices whose cycle vertices do not point towards their cycle center. Similarly,
El:z{(ei,j,k, x): o(d; jx) = F;j} is the set of edges leaving escape vertices
whose cycle vertices point towards their cycle center.

- Dlzz{(d*,*,*, F +)} is the set of cycle edges and ID)0:={(d*,*,*, €x.x,x)} 15 the set
of the other edges leaving cycle vertices.

- BY:= Ul’.’z_ll{(b,', biy+1)} U {(by, 1)} is the set of all edges between entry vertices.
The set B':={(by, g+)} of all edges leaving entry vertices and entering selection
vertices is defined analogously and B:=B° UB! is the set of all edges leaving entry
vertices.

— S:={(sx ., %)} is the set of all edges leaving upper selection vertices.

We next define two pre-orders based on these sets. However, we need to define finer
pre-orders for the sets E?, E!, S and D! first.
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Informally, the pre-order on E° forces the algorithms to favor switches of higher
levels and to favor (e; 0.k, *) over (e; 1k, *) in S, and (e,-,ﬁiaﬂyk, *) over (ei,l_,gﬂl,k, *)
in M. For a formal description let (e; j x,*), (€k,1,y, *) € E°. In S,, we define
(ei,jx,*) <o (er,y,*) if eitheri > k,ori = kand j < [. In M,, we define
(€i,j.x»*) <o (€x1.y,*) if eitheri > k,ori =k and j = B/, ;.

Similarly, the pre-order on S also forces the algorithm to favor switches of higher
levels. Thus, for (s; j, *), (sx1, *) € S, we define (s; j, *) <o (sk,7, %) if i > k.

We now describe the pre-order for E! Let (€i,j,xs %), (ex1,y, %) € E!.

1. The first criterion encodes that switches contained in higher levels are applied first.
Thus, if i > k, then (e; j x, *) <o (€k1,y, *).

2. If i = k, then we consider the states of the cycle centers F; ;j and Fy; = F;1—;.
If exactly one cycle center of level i is closed, then the improving switches within
this cycle center are applied first.

3. Consider the case where i = k but no cycle center of level i is closed. Let 1~ :=b;
ifv(b+1) > land s~ :=g; if v(b+ 1) = 1. If there is exactly one halfopen cycle
center escaping to ¢ in level i, then switches within this cycle center have to be
applied first.

4. Assume that none of the prior criteria applied. This includes the case where both
cycle centers are in the same state, and i = k holds in this case. Then, the order of
application depends on whether we consider S, or M,,. In §,,, improving switches
within F; o are applied first. In M,,, improving switches within F;, pe,, are applied
first.

We next give a pre-order for Dy. Let (d; j x, Fi j), (dk1,y, Fr,1) € DL

1. The first criterion states that improving switches that are part of open cycles are
applied first. We thus define (d; j x, Fi j) <o (dii,y, Fr1) if o(di1-y) = Fry
buto(d; j1-x) # Fij.

2. The second criterion states the following. Among all halfopen cycle centers,
improving switches contained in cycle centers such that the bit of the level the
cycle center is part of is equal to zero are applied first. If the first criterion does
not apply, we thus define (d; j x, Fi,j) <o (di1.y, Fr0) if B > B .

3. The third criterion states that among all partially closed cycle centers, improving
switches inside cycle centers contained in lower levels are applied first. If none of
the first two criteria apply, we thus define (d; j x, Fi ;) <o (di,1,y, Fr) if k > i.

4. The fourth criterion states that improving switches within the active cycle center
are applied first within one level. If none of the previous criteria apply, we thus
define (d; j x, Fi,j) <o (dk 1.y, Fr,1) if ﬂl(<7+1 # [ and ﬂiﬂ+1 =j.

5. The last criterion states that edges with last index equal to zero are preferred
within one cycle center. That is, if none of the previous criteria apply, we define
(di,jxs Fij) <o (di,y, Fr1) if x < y. If this criterion does not apply either, the
edges are incomparable.

We now define the pre-order <, and the tie-breaking rule, implemented by an
ordering of Ey.
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Definition 7 Let o be a player O strategy for G, and ¢° : E® — N be an occurrence
record. We define the pre-order <, on E( by defining the set-based pre-order

G<GID)0<UE1<UIB<US<(,IEO<GID1

where the sets EC, E!, S and D! are additionally pre-ordered as described before. We
extend the pre-order to an arbitrary but fixed total ordering and denote the correspond-
ing order also by <, . We define the following tie-breaking rule: Let I™" denote the set
of improving switches with respect to o that minimize the occurrence record. Apply the
first improving switch contained in Ig,ni“ with respect to the ordering <, with the fol-
lowing exception: If ¢° (b1, b2) = ¢ (s1.1, h1,1) = 0 and (b1, b2), (s1.1, h1,1) € 15,
apply (s1.1, h1,1) immediately.

We usually just use the notation < to denote the ordering if it is clear from the
context which strategy is considered and whether < is defined via the default or
special pre-order.

Lemma 2 Given a strategy ¢ € A, and an occurrence record ¢°: E° — Ny, the
tie-breaking rule can be evaluated in polynomial time.

6.3 The phases of a transition and the application of improving switches

As explained earlier, the goal is to prove that Zadeh’s pivot rule with our tie-breaking
rule enumerates at least one strategy per number b € 3,,. This is proven in an inductive
fashion. That is, we prove that given a canonical strategy oy, for b € B,,, the algorithms
eventually calculate a canonical strategy op41 for b 4+ 1. This process is called a
transition and each transition is partitioned into up to five phases. In each phase, a
different “task” is performed in order to obtain the strategy op . These tasks are,
for example, the opening and closing of cycle centers, updating the escape vertices or
adjusting some of the selection vertices.

Depending on whether we consider S, or M, and v(b + 1), there can be 3,4 or
5 different phases. Phases 1,3 and 5 always take place while Phase 2 only occurs if
v(b + 1) > 1, as it updates the target vertices of some selection vertices s; ; with
i < v(b + 1). The same holds for Phase 4, although this phase only exists if we
consider §,,. In M,,, we apply the corresponding switches already in Phase 3 and there
is no separate Phase 4.

We now give a detailed description of the phases. For the sake of the presentation
we only describe the main function of each phase and omit switches that are applied
for technical reasons. Furthermore, we abbreviate v:=v(b 4+ 1) whenever b is clear
from the context. See Fig. 7 for a full example of the phases in a transition between
two canonical strategies.

1. During Phase 1, cycle centers are closed such that the induced bit state of the
final strategy is b + 1. Furthermore, several cycle edges are switched such that the
occurrence records of these switches are as balanced as possible. In the end of the
phase, the cycle center F), (p41),., is closed and either Phase 2 or Phase 3 begins.
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TR

‘ i AR/ ‘\\
S

start of phase 4 start of phase 5 Canonical strategy o12

Fig. 7 Visualization of the phases encountered when transitioning from o1 to o2 in S4. Each subfigure
shows the state of the counter at the beginning of a phase. Red and green edges correspond to the strategy
of player 0, blue edges to the strategy of player 1. Green edges show improving switches that were applied
in the preceding phase. The edges of vertices with an outdegree of 1 are not marked as these are chosen in
every strategy. All occurrences of vertices with the same label refer to the same unique vertex

2. During Phase 2, the upper selection vertices s; j fori € {1,...,v—1}and j =
(b + 1);41 change their targets to h; ;. This is necessary as the induced bit state
of the strategy is now equal to b 4 1. Also, the entry vertices of these levels are
switched towards the entry vertex of the next level. Since b; = b; 1 forall i # 1
if v(b 4 1) = 1, these operations only need to be performed if v(b + 1) > 1.
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3. Phase 3 is partly responsible for applying improving switches involving escape
vertices. Since v(b) # v(b + 1), all escape vertices need to change their target
vertices. In Phase 3, some (but not all) escape vertices perform the corresponding
switch. Also, for some of these escape vertices e; j x, the switch (d; ; k. e j k)
is applied. This later enables the application of the switch (d; j «, F;, ;) which is
necessary to balance the occurrence records of the cycle edges. At the end of this
phase, depending on v, either (b1, g1) or (b1, by) is applied. In M,,, the switches
described for Phase 4 are also applied during Phase 3.

4. During Phase 4, the upper selection vertices s; ; fori € {1,...,v—1} and j #
(b + 1);41 change their targets to b;. Updating the upper selection vertices is
necessary since they need to give their cycle centers access to the spinal path.
Similar to Phase 2, these switches are only performed if v(b + 1) > 1.

5. During Phase 5, the remaining escape vertices switch their targets and some of the
cycle vertices switch to their cycle centers. This phase ends once all improving
switches at the escape vertices are performed, yielding a canonical strategy for
b+ 1.

We next give the formal definition of the different phases. For this, we need to
introduce a strategy-based parameter u° € {1,...,n + 1}. This parameter u° is
called the next relevant bit of the strategy o. Before defining this parameter formally,
we briefly explain its importance and how it can be interpreted.

As described in Sect. 3, both cycle centers of level i alternate in encoding bit i.
Therefore, the selection vertex g; needs to select the correct cycle center and the entry
vertex b; should point towards g; if and only if bit i is equal to one (see Definition 2).
In particular, the selection vertex g; 1 of level i — 1 needs to be in accordance with the
entry vertex b; of level i if biti — 1 is equal to one. That is, it should not happen that
o(b;) = gi and o (bj+1) = gi+1 buto(g;) = F; 0. However, we cannot guarantee that
this does not happen for some intermediate strategies. Therefore, we need to perform
some operations within the levels i and i — 1 and define u“ as the lowest level higher
than any level that is set “incorrectly” in that sense. If there are no such levels, the
parameter denotes the index of the lowest level with o (b;) = b;+1. The parameter
can thus be interpreted as an indicator encoding where “work needs to be done next".
As its formal definition is rather complex, we introduce an additional notation &
that somehow "encodes" o using integer numbers. As this notation is however a pure
formal tool, we do not fully introduce it here. The definition is provided in Appendix B.
Formally, the next relevant bit is now defined as follows.

Definition8 Leto € A,. Theset 3%:={i € {1,...,n}: 6(b;) Ao (gi) # &(bi+1)}1is
the set of incorrect levels. The next relevant bit 1° of the strategy o is defined by

o |min(in} Ui > max{i € 39): 6 (by) AG(gi1) = G (byry1))) if I # 0,
T min(i € {1,....n 4+ 1}: o (b;) = bit1)) if 3° = ¢.

Note that we interpret expressions of the form x A y = z as x A (y = z). Using
the next relevant bit ©°, we now give a formal definition of the phases. Formally,
a strategy belongs to one of the five phases if it has a certain set of properties.
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These properties can be partitioned into several categories and are described in Table 5
in Appendix B. Each of these properties depends on either the level or the cycle center.
Properties Bacl, Bac2 and Bac3 involve the entry vertices b, Properties Usv1 and Usv2
involve the Upper Selection Vertices and Properties Esc1, Esc2, Esc3, Esc4 and Esc5
the Escape vertices. In addition, Properties Rell and Rel2 involve the next relevant bit
u?, Properties Ccl, Cc2 the Cycle Centers and Property Sv1 the Selection Vertices.

For most of the phases, there are additional special conditions that need to be ful-
filled. The corresponding conditions simplify the distinction between different phases
and allow for an easier argumentation or description of statements. However, we do
not discuss these here as they are solely needed for technical reasons and we refer to
Appendix B for details. We also provide the table used for the exact definition of the
phases there.

Definition 9 (Phase-k-strategy) Letb € B,,, 0 € A, and k € {1, ..., 5}. The strategy
o is a Phase-k-strategy for b if it has the properties of the k-th column of Table 4 for
the respective indices as well as the special conditions of the respective phase (if there
are any).

6.4 The occurrence records

We next describe the actual occurrence records that occur when applying the Strategy
Improvement resp. Policy Iteration Algorithm. To do so, we need to introduce notation
related to binary counting.

The number of applications of specific edges in level i as improving switches
depends on the last time the corresponding cycle centers were closed or how often
they were closed. We thus define fl(b, i,) as the number of numbers smaller than b
with least significant set bit having index i. To quantify how often a specific cycle
center was closed, we introduce the maximal flip number and the maximal unflip
number. Let b € B,,i € {1,...,n} and j € {0, 1}. Then, we define the maximal
Sflip number mfn(b, i, {(i + 1, j)}) as the largest b < b with U(E) =i and f’i+l =J.
Similarly, we define the maximal unflip number mufn(b, i, {(i + 1, j)}) as the largest
b < b with 51 = ... = E,- = 0 and E,-H = j. If there are no such numbers,
then mfn(b, i, {(i + 1, j)}) :=0, mufn(b, i, {7 + 1, j)}) :=0. If we do not impose the
condition that biti + 1 needs to be equal to j then we omit the term in the notation., i.e.,
mfn(b, i) = max({0} U {6’ < b: v(b") = i}) and mufn(b, i) is defined analogously.

These notations enable us to properly describe the occurrence records. We however
do not describe the occurrence record for every strategy o produced by the considered
algorithms. Instead, we only give a description of the occurrence records for canon-
ical strategies. When discussing the application of the improving switches, we later
prove the following: Assuming that the occurrence records are described correctly for
op, they are also described correctly for oy when improving switches are applied
according to Zadeh’s pivot rule and our tie-breaking rule.

Theorem 3 Let oy be a canonical strategy for b € B, and assume that improving
switches are applied as described in Sect. 6.3. Then Table 2 describes the occurrence
records with respect to op.
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Table 2 Occurrence records for the canonical strategy oy

Edge e @70 (e) Edge e $70 (e)
(€i,5,k,91) [g] (bi, i) fl(b, 7)
(€ijkrb2) 5] (b, bis1) i(b,4) — b;

. . 70 (€ ik, , b1 =0
(sijohig) || B0i+1) = (1 =) -bigr || (dijpseijr) §{¢ (Cigikr91)s b1

70 (€i j,k,b2), b1 =1

(si,5,b1) (b, i +1) — 5 - biy1 (9i, Fi 5) < kerr{lér,ll} #70 (di jk, Fi,j)
Condition @70 (d; j i, Fi 5) Tolerance
by =1Abq = ’(mfn(b,z',{(i;l,j)})qtlfk-‘ 0
{0}, i=1vb; =1
by = OV biyq #j ' (VH*’VJ O3, 5 k) +t ¢ ' -
K i+1 J min P ’ (7’7]7 ) + 1 b € {07 1}7 T :/é 1Ab1 =0
{~1,0,1}, i#£1Ab =1

003, 5, k) = [”‘f“(‘“"{“’gl’”}“"“)W +b—1j—omfn(b,i+ 1) — 1,—;mufn(b,i + 1)

Depending on the edge, we either give the exact occurrence record, give an upper bound, or we give
the occurrence record up to a certain tolerance. A parameter tp fulfilling the assumptions for the case
b; =0V b;1 # jis called feasible for b

We now give some intuition for the occurrence records of parts of Table 2. As
the occurrence records of most of the edges are much more complicated to explain,
we omit an intuitive description of their occurrence records here. Let oy € A, be a
canonical strategy for b € B,,.

Consider some edge (b;, g;). This edge is applied as an improving switch whenever
bit i switches from O to 1. That s, it is applied if and only if we transition towards some
b’ € B, with v(b') =i and b’ < b. Therefore, ¢°t (b;, g;) = fl(b, i). Now consider
(bi, bi41). This edge is only applied as an improving switch when bit i switches from 1
to 0. This can however only happen if biti switched from O to 1 earlier. That is, applying
(bi, bi+1) can only happen when (b;, g;) was applied before. Also, we can only apply
the switch (b;, g;) again after bit i has been switched back to 0 again, i.e., after
(bi, biy1) was applied. Consequently, ¢t (b;, bi+1) = ¢ (b;, gi)—b; = fi(b,i)—b;.

Next, consider some edge (s;. j, h; ;) and fix j = 1 for now. This edge is applied as
an improving switch if and only if bit i 4 1 switches from O to 1. Hence, as discussed
before, ¢ (s; ;, h; ;) = fl(b,i +1). Now let j = 0. The switch (s; o, h; o) is applied
whenever bit i + 1 switches from 1 to 0. This requires the bit to have switched from 0
to 1 before. Therefore, ¢°° (s; 0, hi.0) = ¢ (si.1, hi1) — bip1 = (b, i + 1) — bjyy.
Further note that the switch (s; ;, by) is applied in the same transitions in which the
switch (s; 1—j, hi 1—;) is applied. Hence, ¢ (s; j, h; ;) = fl(b,i+1) = (1 —j)-bi11
and ¢ (s; j, b1) =fl(b,i +1) — j - b;11.

Finally consider some edge (e;, j «, g1). This edge is applied as an improving switch
whenever the first bit switches from 0 to 1. Since 0 is even, this happens once for every

odd number smaller than or equal to b, i.e., ’7%] times. Since the switch (e; ; x, b2) is
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applied during each transition in which the switch (e; j x, g1) is not applied, we have
¢(eijk,81) =b— (%-‘ = L%J asb e N.

6.5 Proving the lower bound

We now sketch our proof that applying the Strategy Improvement resp. Policy Iteration
Algorithm with Zadeh’s pivot rule and our tie-breaking rule introduced in Definition 7
takes an exponential number of iterations. This is shown in an inductive fashion as
follows. Assume that we are given a canonical strategy op for some b € B, that
fulfills a certain set of conditions. Then, applying improving switches according to
Zadeh'’s pivot rule and our tie-breaking rule produces a canonical strategy o4 for
b + 1 that fulfills the same conditions. If we can then show that the initial strategy ¢
is a canonical strategy for 0 having the desired properties, our bound on the number
of iterations follows. Most of these properties are however rather complicated and
are only needed for technical reasons. We thus do not discuss them here and refer to
Appendix B for a detailed overview. These conditions are called canonical conditions
and are the following:

1. The occurrence records ¢°° are described correctly by Table 2.
2. op has Properties (Orl), 4 « to (Or4), . « related to the occurrence records.
3. Any improving switch was applied at most once per previous transition.

As abasis for the following proofs and statements, we give a characterization of the
setof improving switches for canonical strategies. We furthermore prove that canonical
strategies are Phase-1-strategies for the corresponding number. We use the notation
o — o’ todenote the sequence of strategies calculated by the algorithms when starting
with o until they eventually reach o’. Throughout this section let v :=v(b + 1).

Lemma3 Let oy, € A, be a canonical strategy for b € B,. Then oy is a Phase-1-
strategy for b and I, = {(d;,j k. Fi j): 06(di jx) # Fi j}

As claimed, ¢ is in fact a canonical strategy and fulfills the canonical conditions.

Lemma4 The initial strategy t is a canonical strategy for O fulfilling the canonical
conditions.

We now discuss how the main statement is proven. Consider some canonical strategy
op for some b € B,. We prove that applying improving switches to op using Zadeh’s
pivot rule and our tie-breaking rule produces a specific Phase-k-strategy for b for every
k e {1,...,5}. These strategies are typically the first strategy of the corresponding
phase and have several nice properties that help in proving the statement. The properties
of these strategies and the set of improving switches of these strategies are summarized
in Tables 6 and 7 in Appendix B. We finally prove that applying improving switches
to the Phase-5-strategy that is calculated by the Strategy Improvement resp. Policy
Iteration Algorithm then yields a canonical strategy op4 for b + 1 fulfilling the
canonical conditions. Since ¢ is a canonical strategy for O fulfilling the canonical
conditions, we can then apply the statement iteratively to prove the main theorem of
this paper.
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Before formally stating this idea as a theorem, we discuss the individual phases.
Consider Phase 1. In this phase, (mainly) cycle edges (d; j «, F;, ;) are applied. The
last switch of this phase closes the cycle center F), (p41),,,. We will show that after
the application of this switch, the induced bit state of the strategy is b + 1. As a
consequence, the resulting strategy is not a Phase-1-strategy. It then depends on the
parity of b whether this strategy belongs to Phase 2 or Phase 3. If v > 1, then the next
strategy is a Phase 2 strategy. If v = 1, then the next strategy is a Phase-3-strategy.

Now consider the beginning of Phase 2. The properties of the corresponding strategy
we refer to here are given by Tables 6 and 7. Since the induced bit state of the strategy
changed from b to b + 1, the entry vertices of all levels i < v need to be adjusted.
Accordingly, the upper selection vertices of all levels i < v need to be adjusted.
This is reflected by the set of improving switches, containing the edges (b, g,,) and
(Sy—1,1, hy—1,1). Moreover, edges (ds, « x, Fx ) that were improving for op and have
not been applied yet remain improving and these edges have relatively high occurrence
records. Also, Table 2 describes the occurrence records of the edges that were just
applied when interpreted for b + 1. Note that we explicitly exclude the switches
(gi, F;,j) here. The reason is that it is hard to show that the bound on the occurrence
records of these edges is valid by only considering a single transition. We will thus
show that these switches cannot be applied too often during ¢« — oy for any b € B,
after discussing the single phases is detail.

As discussed previously, the targets of the upper selection vertices are not set cor-
rectly for b 4+ 1 if v > 1. This is partly handled during Phase 2. More precisely, the
improving switches (s; (641);,,> /i, (b+1);,,) are applied during Phase 2 for all i < v.
Furthermore, the target vertices of all entry vertices b to b, are updated during Phase
2. After applying all of these switches, we then have a Phase-3-strategy. Since none of
these switches needs to be applied if v = 1, we reach such a Phase-3-strategy directly
after Phase 1 in that case.

The Phase 3 strategy obtained at this point shares several properties with the Phase
2 strategy described earlier. For example, if (dy « «, Fx ) Was improving for oy, it
is still improving at the beginning of Phase 3 and has a “high” occurrence record.
Furthermore, all edges (e« «, b2) resp. (e « «, §1) are improving now. The explana-
tion for this is that the spinal path already contains the correct levels with respect to
b+ 1 (with the exception of the corresponding edge starting at b1) and has thus a very
good valuation. Note that this requires that the vertices s; (p41);,, were updated for
i < v. The vertices by resp. g are thus very profitable, implying that all edges leading
directly towards these vertices become improving.

It turns out that switches (e4 « «, *) then minimize the occurrence record and are
applied next. Due to the tie-breaking rule, the algorithms then only apply switches
(ei,j i, *)witho(d; jx) = F; j. If (b+1); # 1or (b+1);11 # j, applying a switch
(e, j,k, *) can then make the edge (d; ;. €;, j,x) improving. However, the occurrence
record of these edges is bounded from above by the occurrence record of the just
applied switch (e; j x, *). Consequently, such a switch is then applied next.

At this point, there is a major difference between S,, and M,,. In S,,, the application
of such a switch has no influence on the valuation of the corresponding cycle center
F;.j. The reason is that the player 1 controlled cycle center can simply choose the
other cycle vertex (or, in case that the cycle center was closed, s; ;). This is not true
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in M, as the valuation of F; ; is then directly affected if the valuation of the cycle
vertices changes. Thus, the valuation of cycle centers increases in M,,. This might
unlock improving switches involving upper selection in lower levels which will then
be applied directly as they have low occurrence records. The set of switches that will
be applied in that fashion exactly corresponds to the set of switches applied during
Phase 4 in S,, and can also only occur if v > 1.

To summarize Phase 3, all switches (e; j «, *) with o (d; j ) = F; ; are applied. If
such an application makes an edge (d; j «, e;, j ) improving, then this switch is also
applied. After all of these switches are applied, the tie-breaking rule then chooses to
apply (b1, bp) resp. (b1, g1), concluding Phase 3. The application of this final switch
makes many edges (dx « x, Fx «) improving. The exact set of switches that is applied
is rather complicated and depends on b + 1 and whether or not b + 1 is a power
of two. The application of the switch (b1, by) resp. (b1, g1)) then results in either a
Phase-4-strategy or a Phase-5-strategy for b.

If v > 1, then the algorithms produce a Phase-4-strategy in S,,. During Phase 4,
it then applies the improving switches (s; «, b1) for i < v — 1. The final switch that
will be applied is the switch (1 «, b1), resulting in a Phase-5-strategy. In particular,
the algorithms always produce a Phase-5-strategy at some point.

We now discuss Phase 5. To satisfy the definition of a canonical strategy, the
switches (e; j k, *) not applied during Phase 3 need to be applied. However, some
switches of the form (d; j «, F;, ;) will be applied first as they have very low occur-
rence records. Once these switches have been applied, switches of the form (e; j x, *)
minimize the occurrence record and will be applied.

The next statement describes that we in fact encounter these different phases. Note
that we use the term of the “next feasible row” as certain phases may not be present
in certain cases. Thus, the term “the next row” may not always be accurate.

Lemma5 Letoy € A, be acanonical strategy for b fulfilling the canonical conditions.
Let o € Ay, be a strategy obtained by applying a sequence of improving switches to
op. Let o have the properties of row k of Table 6 and let 1, be described by row k
of Table 7 for some k € {1, ...,5}. Then, applying improving switches according to
Zadeh’s pivot rule and our tie-breaking rule produces a strategy o’ that is described
by the next feasible rows of Tables 6 and 7.

The following statement is implied by Lemma 5. It states that applying improving
switches to a canonical strategy fulfilling the canonical conditions yields the next
canonical strategy which then also fulfills the canonical conditions. It also allows us
to prove our main theorem.

Lemma 6 Let oy be a canonical strategy for b € B, fulfilling the canonical conditions.
After applying a finite number of improving switches according to Zadeh’s pivot rule
and our tie-breaking rule, the Strategy Improvement resp. Policy Iteration Algorithm
calculates a strategy oy with the following properties.

L Iy ={(dijk, Fi,j): our1(dij i) # Fij}
2. The occurrence records of all edges are described by Table 2 when interpreted for
b+ 1.
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3. op+1 is a canonical strategy for b 4+ 1 and has Properties (Orl),. 4 s to (Ord), y «.
4. When transitioning from oy to oy, every improving switch was applied at most
once.

Theorem 4 Applying the Strategy Improvement Algorithm with Zadeh’s pivot rule and
the strategy-based tie-breaking rule described in Definition 7 on the game G,, of size
O (n) needs at least 2" iterations when using t as the initial player 0 strategy.

7 Conclusion

In this paper, we have shown that Zadeh’s pivot rule has an exponential worst-case
running time in PG, MDP, and Simplex context. Together with previous results, we
now have a complete picture regarding the worst-case performance of all traditional
pivot rules (up to tie-breaking). This means that new pivot rules will have to be intro-
duced and analyzed in order to make further progress towards the question whether an
efficient pivot rule that is independent of tie-breaking exists. In particular, addressing
the following questions might be the next step:

1. Can the known lower bound constructions for history-based pivot rules be gener-
alized to eliminate a larger class of pivot rules? In particular, can our construction
be generalized to arbitrary tie-breaking in Zadeh’s rule?

2. Can we devise new natural pivot rules that systematically rule out the general ideas
behind the recent lower bound constructions for history-based pivot rules?

Another approach to eliminating pivot rules is the analysis of their inherent com-
plexity. For example, it was shown recently that predicting the behavior of the Simplex
Algorithm with Dantzig’s original pivot rule is computationally intractable [8, 11]. It
would be interesting to investigate whether these results carry over to Zadeh’s pivot
rule, and, in particular, whether a unified approach emerges that encompasses a broader
class of pivot rules with a single construction.
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A Implementations and verification of the results

We briefly discuss two independent implementations that were used to verify the
technical details of our construction quantitatively. Both implementations are publicly
available [19, 37].

The first implementation is based on the PGSolver software developed in OCaml
by Oliver Friedmann [19]. This implementation was developed alongside the theory
and was used to verify our construction for parity games. It was also used to create
the animations of the counter for n = 3 and n = 4 levels [24]. The PGSolver provides
a general framework for solving parity games which was previously used to verify
several lower bound constructions, e.g., [2, 12, 13, 15-17]. The only algorithmic
part of the implementation that was modified for our construction is the definition
of our specific tie-breaking rule. Otherwise, we only implemented some automated
checks, and provided an input file that specifies our parity game as a graph with
vertex priorities and a partition of the vertices into player O and player 1 vertices,
together with the initial strategy. We applied the general solver as a black box to run
the Strategy Improvement Algorithm with Zadeh’s pivot rule and our tie-breaking for
this input to check (by hand) every single step of the algorithm for n € {3, 4} levels
against our theoretical predictions. In particular, we verified every single application
of an improving switch and every occurrence record throughout the execution. We
performed similar manual checks of many steps for n = 5 and some selection of
steps for n € {6, ..., 9}, focusing on potentially critical special cases and canonical
strategies. As the construction already needs 466 iterations for n = 4 levels [24] and
1228 iterations for n = 5, it was not feasible to verify larger examples step-by-step.

In addition, we implemented automated checks of occurrence records, as well as
other technical details. Specifically, we checked “well-behavedness” of strategies (for
adefinition see full version [6]). As the number of iterations becomes very large already
for relatively small values of n, we performed such automated checks for examples
with up to n = 10 levels. For n = 10, the strategy improvement algorithm already
requires more than 80.000 iterations and it was not feasible to perform additional
verifications using this implementation.

The second implementation was developed by Felix Solms in Java as a part of his
Master’s thesis [37]. This implementation executes the Strategy Improvement Algo-
rithm with Zadeh’s pivot rule and our specific tie-breaking for a given sink game. More
precisely, it computes the counter-strategy for player 1 for every strategy of player 0,
uses this to compute the set of improving switches, and computes the improving switch
that Zadeh’s pivot rule would select. Based on this, the implementation allows to nav-
igate step-by-step through the execution of the algorithm and provides a visualization
of the set of improving switches in each step. Importantly, both the algorithms and
the input files (and format) were developed from scratch and altogether independently
from the first implementation. Specifics of our construction (beyond tie-breaking) are
limited to an input file and thus cleanly separated from the implementation of the
Strategy Improvement Algorithm. The implementation was used to manually confirm
our predicted behavior for n € {3, 4, 5}.
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Table 3 Strategy notation and

. . Symbol
expressions. For convenience,

Encoded boolean expression

0 (bp+1):=0 & (b;)
a(si,j)
o (gi)

o (d; k)
o(e,j k)
o (si)

o (d;,j)
o (d;)
a(egi,j)
G(eb; j)
o (eg;)
a(eb;)

o(bj) = gi

o(si,j) =hi

o(gi) =Fi

oldi jr) =Fij
o(ej jk)=b2
(5,5 (g;))

o(dj jo) Noldij1)
o (dig(g))

Vi=o.1[76 i j 1) A =6 (ei 1))
V=01 [70 Wi j 1) Aatei ji)]
(€8 5(g;))

o (ebi g (g;))

B Abbreviations and tables

In this appendix we explain all abbreviations used in the proofs and properties of
strategies introduced in the main part. For all of these explanations let ¢ € A, be
some strategy. Table 3 contains an overview of several boolean expressions. These
expressions are either true (i.e., equal to 1) or false (i.e., equal to 0). They are used to
have a compact representation of the state of the counter and to compare and link the

configurations of different vertices.

We now define the properties used for defining the term ’Phase-k-strategy’. As
discussed in the main part, each property is a boolean expression that might depend on
one or two parameters. Further note that the properties also might depend on whether

we consider PG or MDP context.

o(sipg,,) = hipe, No(sii—ps, )= Db (Usvl)
o (si,j) =hi; (Usv2)

o (sipe.) # hipgr No(si—pe ) # bi (Usv3)
Bi:obio) =gi1 AGDbi) #G(gi-1) (Rell)
r’ =v(B%) (Rel2)

i <p’ = =0(dio)V—0o(di1) (Cel)

o (dy) Ao (gv) = (b+ Dy (Cc2)
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o(dij) = j # B (Ce3)

MDP-context: 6(g;) = 1 — ﬁfﬂr] = 6(d,-,1_,3’_r:+1) (Svl)
PG-context: 6(g;) = 1 = 0(d;.1)

,Bf =0= 0(exsx) =b2 (Escl)
lgf =1= U(e*,*,*) = g1

0 (€x x.5) = 81 (Esc2)

G (egi j) A6 (ebi. ;) (Esc3)
G (ebi j) A6 (egi. ;) (Escd)
G (egi ;) Ao (ebi ) (Esc5)
G(bi) =5(dp, ) (Bacl)

o (bi) = o(gi) = B} (Bac2)
& (bi) = =5 (di1—pg,) (Bac3)

Before giving the definition of the phases, we introduce additional properties. These
properties are not used for the definition of the phases and are related to the occur-
rence records of cycle edges. These properties in particular yield insights regarding
the parameter 7, used in Table 2. The occurrence records of cycle edges are rather
complicated, hence these additional properties that help us in proving that Table 2
describes their occurrence records correctly. They are furthermore part of the canoni-
cal conditions, a set of properties every canonical strategy has. If the considered binary
number b is clear from the context, we let m:= | (b + 1)/2] as this number turns out
to provide a bound on the maximum occurrence record of the improving switches for
Op.

o(diji ) =Fijnbi=0Vbii1 #j) = ¢°dijk Fij) <m (Orl)

BY =0V B, #j = [¢°Wijx, Fi,j) =€°G, j, k) +1 & o(di jx) = Fi j]
(Or2)

(0r3)

.. b+1—k%
¢ (diji, Fij) =€°G, j. k) — LA @ (di j ks Frj) # {TJ
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Table4 Definition of the phases. The entries show for which set of indices the strategy has the corresponding
property resp. whether the strategy has the property at all

[ Property ]| Phasel ] Phase 2 [ Phase 3 [ Phase 4 [ Phase5 |
(Bacl); i € [n] i > pe 1> 1 i € [n] i € [n]
(Bac2); i € [n] > pe i>1 i€ [n] i € [n]
(Bac3); t€n],i#v i > p’ P> 1,0 # p” i € [n] i € [n]
(Usvl); i € [n] P> ul P> p i>v i€ [n
(Usv2); ; - (1 =B )i<p | (Gx):i<p’ | (4,87,)i<v -
(Escl) True - - - False*
(Esc2) - True - - -
(ESC4)¢1_7’ - - - 51 -
(ESCS)Z', j - - - So -
(Rell) True - - True True
(Rel2) - True True False False
(Cel); i € [n] i € [n] i € [n] i € [n] i € [n]

(Cc2) - - - True True
(Sv1); i € [n] i€ [n] - - ¥
B = b b+1 b+1 b+1 b+1
Special Phase 2: Ji < p?: (Usv3); A ~(Bac2); A ~(Bac3);

Phase 3: A Phase 3 strategy that has Property Cc2 is called proper Phase-3-strategy

Phase 4: Ji<wv(b+1): (Usv2)i,1,3ﬁ_l

Phase 5: *If a strategy has Property Escl and there is an index 7 such that

it does not have Property Sv1;, it is defined as a Phase-5-strategy

The last row contains assumptions and further properties used for the definition of the phases. We define
[n]={1,...,n}and vi=v(b+ 1)

= bisodd, e N: b+1=2"i=vb+1),j#bji, k=0.

o(dijx) #F,j = ¢°(di jx Fi,j) € {m—1,m} (Or4)

Table 4 is used to define the five phases, see Definition 9. It contains one column
listing all properties and one column per phase. A strategy is called a Phase-k-strategy
if it has the properties listed in the corresponding column (resp. if it has the property
for the respective indices if the property depends on one or two indices). A ’-’ signifies
that it is not specified whether the strategy has the corresponding property. It thus may
or may not have it.

Table 5 contains sets of pairs of indices (i, j) that are used for defining the phases
or within several later proofs and statements.

The next table gives an overview over the strategies at the beginning of each phase.
More precisely, it contains properties that the strategies at the beginning of the different
phases have. It also gives an overview over the different combinations of phases,
contexts and parameters v that can and cannot occur. We also introduce the following
notation. For strategies o, o’ with o € A,, the sequence of improving switches that
the Strategy Improvement Algorithm applies when starting with o until it reaches o’
is denoted by 2.

The next table gives an overview over the set of improving switches at the beginning
of the different phases. It thus in particular describes the same strategies whose prop-
erties are summarized in 6. It also shows which phases can actually occur depending
on whether we consider PG or MDP context and depending on the least significant set
bit of the next number.
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Table 5 Sets used for the

definition of the phases S1= {(l:-rl =B i< v)—1}U
{(l,l—ﬁﬂrl):ze v,...,m—1} AB7 =0}U
0 JkeN:b+1=2F
{(v,1=B7,.,)}, PkeN:b+1=2F
So= [ {87 ):i<v(o+1)—1}U

{(,1 =87 ) i€ {w(b+1)+1,...,m}ABY =1}U
{6, B7,1): i €{v(b+1),..., m—1} A BT = 0}U
{(i,k): i >m,k e {0,1}}U

{w(+1),1)} FkeN:b+1=2F

0, FeeN:b+1=2F

Ss= | {G1-B7,):i€{1,.. ., uju
{(i»l—ﬁfﬂ):ie{u-‘—l ..... m}ABY =130
{G,87):i€{u+1,...,m—1} AB7 =0}U
{(i,k): i >m,k € {0,1}} U{(u, 85, ,)}
Sy=[{G1-87):ie{utl,...,m—1}ABZ =0}

We use the abbreviations m = max{i : 87 = 1}andu = min{i: g7 =

0} as well as v = v(b + 1) '

C Proofs for the main statements

This appendix contains a selection of proofs and proof sketches for the statements
of the main part of the paper. Throughout this appendix, n € N is a fixed natural
number, b € B, and v:=v(b + 1). Also, if not stated otherwise, we assume i €
{1,...,n}, j, k € {0, 1} to be arbitrary but fixed indices. To further simplify notation,
we define ) (b,i):=) ,_; b,2¢~1. Also, we add an upper index S respectively M
when discussing vertex valuations in order to distinguish whether the argument holds
for the case G, = §, respectively G, = M,,. If an argument is applicable in both
cases, this is marked by an upper index “ * .

We prove that the Strategy Improvement resp. Policy Iteration Algorithm behave
as intended as follows. We begin by stating lemmas that are needed for several proofs.
Then, there is one part for every single phase. In each part, we provide lemmas and,
eventually, tables formalizing the application of single improving switch during the
corresponding phases. We then use these lemmas and tables to prove that applying
improving switches to a canonical strategy oy for b yields a Phase-k-strategy for the
respective k € {1,...,5} as described by Tables 6 and 7. We finally prove that we
obtain a canonical strategy op1 for b 4 1 that fulfills the canonical conditions.

The statements provided here are proven in the full version [6] and marked with
(x). To simplify notation, we also refine the notation for describing the states of cycle
centers.

Definition 10 Let o be a strategy and t— € {g1, b»}. Then, a cycle center F; ; is
t7-openit o(d; j«) = e j«and o(e; ) =t .Itis t™~ -halfopen if o(d; j k) =
e jk-o(eijrx) =1t ando(d; j1-x) = F; j for some k € {0, 1}. Finally, it is mixed
if o (eb; ;) A o (eg;, ;). The corresponding term is called state of F; ;.

The proofs require several additional lemmas. They usually either describe specific

strategies and the application of specific improving switches or terms used for the
description of the occurrence records. We do not prove these lemmas here as their
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An exponential lower bound for Zadeh's pivot rule 897

Table 6 Properties that specific Phase-k-strategies have

Phase v=1 L ___

1 Canonical strategy for b fulfilling the canonical conditions
o(di,jk) # Fij = ¢7(dijk, Fij) =m
(9i,Fij) €AG, = [b; =0Abiys #j]Vi=vand F, ; is closed
2 . 27, CD'UG
o(gy) = Fupg., and o(g;) = Finopg,, foralli < v

i < v = &(d;) and Property Usv3;
o(dijk) # Fijg = ¢7(dijn, Fij) = 670 (di jk, Fij) =m
3 (six) = hiw,0(gi) = Fj1-¢ 7 and 5(d;) for all i < v as well as o(g,) = F),

byl
ngi CD'UGUSUBand (g;, Fy ;) € A7 = [bi =0Ab41 #j]Vi=vand Fj ; is closed
pn =min{i: 87 =0}
o(dijx)=Fije Bl =1AN0+1)iy1 =7
(i,7) € S1 = a(eb; ;) A =5 (egi,j)
4 (i,§) € S2 = (ebj, ;) N(egi,j)
- (9 Fi,j) €AZ, = [0 =0A b1 #j]Vi=v
(9i, Fij) € ngb = F; j is closed
o(ei k) = b2 = ¢ (di .k, Fij) = 670 (di jk, Fi j)
o(ei k) =bz2 = ¢7(dijk, Fij) =m
p7 = min{i: / T = 0}
o(dijr) = Fij & B8] = 1A (04 Dip1 =
(9i, Fi j) € ‘Zlgb =[b; =0Abjy1 #j]Vi=v
_____________ o-_<€l‘7*_k)_: t:}_ﬁ_d’f(_dljvl_”f";i)_:_ S L
(i,5) € Sa = 5(egi,j) A5 (ebi ;) (i,5) € S1 = G(ebi ;) A~ (egi;)
(i,7) € Sz = a(egi ;) A F(ebi ;) (i,7) € S2 = a(eb; ;) A (egi ;)
i<l/:>6(gi):1—ﬁ7‘.’+1

1 Canonical strategy for b + 1 fulfilling the canonical conditions

To simplify notation, we definet ~:=g if v = land ¢t~ :=by if v > 1. A’-" signifies that the corresponding
combination of phase, context and v does not occur during the execution of the algorithm. We do not interpret
the header as the first row of this table

Table 7 Improving switches at the beginning of different phases when starting with a canonical strategy
op for b

v>1
Phase v=1 b DD DL -
PG MDP
1 D7 = {(di,j,k, Fi,j): o(dij ) # Fij}
P B D7 UA{(bu,gv), (Sv—1,1,h—1,1)}
3 D7 U{(b1,91)} U{(es»,.91)} D7 U{(b1,b2)} U{(ex,x,0, b2)}
4 - €7 U {(5-1,0,b0)} U{(si,1,b1): i S v =2} UXoU X
m—1
v—1
¢7y {(di,i—p7 o Fin—pg, )}
5 i:;LL-”J+1 ' w ’ o €7y U {di~1’@g+1'*’ F"'"1’33:y+1)} UXoUXy
57 =0 i=1
1 D7
0, b + 1 is a power of two
m—1
X = {(dv,1-5g ks Fui-pg)}U U ((dz,l—ﬁ‘:’+l,kai,1—6;’+l)}v otherwise
i=v+1
B8i=0
We use vi=v(b + 1) and m:=max{i: o(b;) = g;} to simplify the notation. We fur-
ther define €%:={(d; j ., Fi j). (ei jk-b2): ole;jx) = g} if v > 1 and, analogously,

C7%:={(d; j k- Fi j)- (ei jk»81): o(e; j k) = ba} if v = 1. Note that we do not interpret 1 as a power of
two
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proofs are rather technical and involved and state them prior to the statements using
them.?

Vertex valuations and technical details

Proving our main results requires a lot of technical work. For every intermediate step,
itis necessary to investigate the strategies, improving switches and occurrence records.
As we are fully aware of the length and technical complexity of our proof, we have
decided to omit the investigation of the vertex valuations which can be found in [6,
Appendix A]. Furthermore, we decided to omit straight-forward but tedious technical
details in the proofs presented here. We refer to the full version [6] for all omitted
details.

Basic statements and statements independent of different phases

We begin by showing that the pair (G, t) defines a Sink Game if G, = S, resp. that
it has the weak unichain condition if G,, = M,,.

Lemma 1 For all n € N, the game G, and the initial player 0 strategy i define a
Sink Game with sink t in PG context, resp. have the weak unichain condition in MDP
context.

Proof 1f G, = Sy, it suffices to prove that the game is completely won by player 1 and
that 7w, 7« , ends in ¢ for all v € V (see e.g. [14]). Similarly, if G,, = M,, it suffices to
prove that the single irreducible recurrent class of the initial and the optimal policy is
t. It is easy to verify the conditions related to the initial policy and to verify that the

following strategy is optimal and that it has the desired properties: O
v djjk €i,jk gini<n 8n 8i,0.1 <n 2,0 Si,1 bj
a*(v) F; g1 Fi1 Fu0 by Tn 0 hiy 8

We next show that the tie-breaking rule is computationally tractable.

Lemma 2 Given a strategy o € A, and an occurrence record ¢°: E° — Ny, the
tie-breaking rule can be evaluated in polynomial time.

Proof Let o € A,. Identifying the subsets of E¢ can be done by iterating over Ep and
checking o (v) for all v € Ey. Therefore, the pre-order of the sets can be calculated
in polynomial time. Since expanding the chosen pre-order to a total order is possible
in polynomial time [38], we can compute the tie-breaking rule in polynomial time.
Whenever the tie-breaking rule needs to be considered, the algorithm needs to iterate
over the chosen ordering. Since this can also be done in time polynomial in the input,
the tie-breaking rule can be applied in polynomial time. Also, handling the exception
described in Definition 7 can be done in polynomial time. O

3 The (complete) proof can be found in the full version [6].
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An exponential lower bound for Zadeh's pivot rule 899

The first main lemma states that canonical strategies are Phase- 1-strategies and also
give a characterization of their set of improving switches.

Lemma 3 Let oy, € A, be a canonical strategy for b € B,,. Then oy is a Phase-1-
strategy for b and I, = {(d; j k. Fi j): oo(di jx) # Fi j}.

Proof By the definition of a canonical strategy, o has all of the properties defining
a Phase-1-strategy. It thus suffices to show /I, = ©7. We thus have to prove that
o(d;,j k) # F; jimplies 5 (F; ;) > &% (e; j 1) and that there are no other improving
switches. This can be checked by simple, but tedious calculations (see full version [6,
p.54 ft.] for details). O

We next prove that the initial strategy ¢ fulfills the canonical conditions that we
impose on canonical strategies at the beginning of Sect. 6.5.

Lemma 4 The initial strategy t is a canonical strategy for O fulfilling the canonical
conditions.

Proof As no improving switch was applied yet and it is obvious that ¢ is a canonical
strategy for 0, it suffices to prove that ¢ has Properties (Orl),  « to (Ord), . «. Leti €
{1,...,n}, j, k € {0, 1}. First, ¢ has Property Orl; ; x ast(d; jx) = e;,j k- In addition,
0=¢'d i Fj <1< Zb(i, J»k) + 1, so ¢ has Property Or2; ; x. Moreover,

o' (dijk, Fij) =0 = L%J = #J , hence the premise of Property Or3; ; x

is always incorrect. Thus, ¢ has Property Or3; ; ;. Since it is immediate that ¢ has
Property Or4; ; i, the statement follows. O

Before discussing the application of the improving switches during the individual
phases, we provide several technical lemmas that are used to determine the exact
occurrence records of the cycle vertices. We remind here that m = [ (b 4 1)/2].

Lemma5 Let oy be a canonical strategy for b such that its occurrence records are

described by Table 2. Assume that oy has Properties (Orl), s « to (Ord), 4 «. Then,

the following hold.

l. Let i € {l,...,n},j € {0,1} such that b; = 0 or bjx1 # j. Then
¢ (d; jx, Fij) <m.

2. Let j:="b, 1. It holds that $°* (d,, j 0, Fy, ;) = m. In addition, $°°(d,,; 1, F\ j) =
mifv=1and $°(dy 1, Fyj) =m—1ifv > 1.

3. Ifi = 1, then o (d;i 1-pb;,,.+) # Fi1—6,,, and °°(d; 1-v,,,.0, Fi,1-p,,) = m.

In the following, we use 1,—, as an abbreviation for the function that is equal to
one if x = y and equal to zero otherwise.

Lemma6 Letb € B, andi € {1,...,n}, j € {0, 1} such that b; = 0 or bj4| # J.
Then,

1;—omfn(b,i + 1) — 1;—ymufn(b, i + 1)
=1;—omfn(b+1,i +1) — 1j—ymufn(b + 1,7 + 1).

Moreover, if i # v, then £°(i, j, k) + 1 = £°T1(, j, k).
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Lemma?7 If 1;—omfn(b,7 + 1) + 1;—ymufn(b,i + 1) = 0, then 8@, j, k) > b.
Otherwise, the following hold:

Setting of bits  b; =1 Abj 1 =1— b =0Abjy; = bi=0Abj1=1—j

. b b.i)+1—k b2~ ! b,i)+1—k p—2i~1 b,i)+1—k
oGk = [ERDEk :{%W {#]

Reaching a phase-2-strategy

We begin by providing lemmas and proofs describing the application of improving
switches during Phase 1 for v > 1 as these are the circumstances under which there
is a Phase 2. In this phase, cycle edges (d « «, Fx x) and edges (g«.F ) are applied.

We first provide an overview describing the application of individual improving
switches during Phase 1.3 We interpret each row of this table stating that if a strategy o
fulfills the given conditions, applying the given switch e results in a strategy oe that has
the claimed properties. For convenience, conditions specifying the improving switch,
resp. the level or cycle center corresponding to the switch, are contained in the second
column. Note that we also include one improving switch that technically belongs to
Phase 2. This is included as Table 8 then contains all statements necessary to prove
that applying improving switches to o yields the Phase-2-strategy that is described in
Tables 6 and 7. Henceforth, we let ©%:={(d; jx, Fi j): o(d; j ) # Fi j} to simplify
notation.

The following lemma now describes the application of cycle edges in Phase 1 in
more detail. It in principle summarizes the first three rows of Table 8.

Table 8 Improving switches applied during Phase 1

[ Conditions for & [ Switch e | Properties of oe
| _ _Fujisopenand o =07 | (di gk, Fig) | Phase-l-strategy forband foe =07 |
Gn = Spand I, =97 (diyl,bmﬂ‘k, Fz‘,17h1¢+1) Phase-1-strategy for b
Lol =Faey, | Al | le=2% _ ____________|
I, =97 and 0(g;) = Fio; iy (di,l—hwrl,ka FM,[MH) Phase-1-strategy for b
| oinbin k) =P | bi=0____| Ie =27 U{los, Finvi )t |
I, =9°U {(gi’FisI*[H-%—l )} (g, Fi,lfbﬁl) Phase-1-strategy for b
F; j is closed i #1Nb; = I =15\ {e} =0=

v = 1 = Phase-3-strategy for b
v=1No(gv) = Fyp,,, imply

Iee =D% U{(b1,01)} U {(E*,*,*-,gl)}
v > 1 = Phase-2-strategy for b
v>1No(gy) = Fyp,,, imply

I =9 U{(bv,gv), (sv—1,1,hu—1,1)}
o(gv) # F,,,[,VJr1 implies

I =9°

(du,by g1,k Fobygn)
o(du,v,11,10-k) = Fuo, 14 PRvrLE T v

Phase-2-strategy for b and v > 1 (g0, F, ) Phase-2-strategy for b
I =97 U{(gv; Fru,.,)} V> Enbug I = D% U{(by,gv), (sv—1,1,hv—1,1)}

For convenience, we always assume o € A, and that o is a Phase-1-strategy for b if not stated otherwise.
We thus also always have oe € A,
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Lemma8 Let 0 € Ay, be a Phase-I-strategy for b with I, = D°. Let
e=(dijk Fi,j) € Iy, 1y, with ¢°(e) = ¢°(e) = m — 1. Assume that oy
fulfills the canonical conditions. Then ce € A, is a Phase-1-strategy for b. Fur-
thermore, if o(di j1-«) = Fij,] = 1 —biy10(g;) = Fi1—j and b; = 0, then
Iee = (Us\{e}) U {(gi, Fi,j)}. Otherwise, 1. = I5\{e}. In addition, the occurrence
record of e with respect to oe is described by Table 2 when interpreted for b + 1.

We begin by considering the case v > 1. We prove that the Strategy Improvement
resp. Policy Iteration Algorithm produces a Phase-2-strategy o ®) as described by the
corresponding rows of Tables 6 and 7. We furthermore prove that Table 2 (interpreted
for b+ 1) characterizes the occurrence record of every improving switch that is applied
is when transitioning from o to o®). As analogous statements will be shown for every
phase, this later enables us to simplify the proof of Theorem 3 significantly.

Lemma7 Let oy be a canonical strategy for b € B,, with v > 1 fulfilling the canon-
ical conditions. After applying a finite number of improving switches, the Strategy
Improvement resp. Policy Iteration Algorithm produces a Phase-2-strategy o € A,
as described by the corresponding rows of Tables 7 and 6.

Proof Let j:=b, and observe that b, ; = (b+1),41. Since oy, is a canonical strat-
egy, wehave oy (d,,j «) # F,, j. Moreover, I, = D°® and oy is a Phase-1-strategy for
b by Lemma 3, implying (d,, ; «, F\,j) € Is,. By Lemma 5, (d,, j 0, F\, ;) maximizes
the occurrence record among all improving switches and ¢7*(d,,j 1, Fy j) = m — L.
By Property Or4, 4 «, I5, can be partitioned into /5, = I;bm U I;‘; where ¢ € I;bm if
¢°t(¢) =m—1lande € I;‘Z if % (e) = m.If I;bm # {4, then a switch contained in this
set is applied first due to Zadeh’s pivot rule. By applying Lemma 8 iteratively, we can
apply improving switches e € /7™ until we either reach a strategy o with I7™ = ¢/
or until an edge (g;, F;, ;) becomes improving. By Lemma 8, Table 2 (interpreted for
b + 1) describes the occurrence record of all switches applied in the process. Using
Table 2 and by investigating under which condition an edge (g;, F;, ;) can become
improving, it is easy to verify that such a switch is applied directly after becoming
improving and that Lemma 8 can be applied afterwards.? Note that we do not prove
yet that Table 2 describes its occurrence record, this is done at the end of the appendix
as it requires insights about the other phases.

We observe that (g;, F; j) can only be applied if F; ; was closed by apply-
ing (d; jx, Fi j). This implies that either (d; jo, Fi j), (d; j 1, Fij) € I;bm or
o(di,j1-k) = op(diji1-«x) = F; j. The first case can only happen for i = v
and j = 1 — by41. Thus, if a switch (g;, F; ;) is applied, then either i = v or
Ub(dljl ) = F; i,j and(dljk7 1/) e[<m.

Thus let o be a Phase-1-strategy o w1th I-™ = ) and assume that G N I, = ¢.
Further note that 221" C D' UG and that (g;, F; j) € Ql" implies b; = 0A b4 £ J
and that the prev1ous arguments hold independent of v. In particular, we implicitly
proved the following corollary.

Corollary 1 Let oy be acanonical strategy and oy (d; j k) # Fi j. If¢°° (d; j«, Fi.j) <
m, then (d; j k. Fi, ;) is applied during Phase 1.

We now discuss the application of switches contained in I;‘;, so consider a Phase-
1-strategy o with I, = {e = (d; j, Fi j): ¢7(e) = m} = D, It is easy to verify
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that there are no open cycle centers with respect to o by proving o (ds +.1) = Fix.>
We prove that e:=(dy,p,,,,0, Fv,6,,,) is applied next. By Lemma 5, ¢°®(¢) = m. In
addition, op(dy,p6,,,,0) # Fu,p,,, a8 0p is a canonical strategy for b. As only edges
with an occurrence record less than m were applied so far, this implies e € 1. Since
all improving switches have the same occurrence records, it is sufficient to show that
no other improving switch is ranked lower by the tie-breaking rule. As proven before,
there are no open cycle centers. Hence, the ordering of the edges is based on the bit of
the levels, the index of the levels and whether the cycle center is active. To be precise,
the first switch according to the tie-breaking rule is the improving switch contained in
the active cycle center of the lowest level with a bit equal to 0. This edge is precisely
e = (dy,p,,1,0, Fv,0,,,)- Itis easy to verify that the occurrence record of e is described
by Table 2 when interpreted for b + 1 after the application.?

By row 5 of Table 8, oe is a Phase-2-strategy for b. If o(gy) # Fyp,,,, then
(gv, Fy,p,,,) minimizes the occurrence record among all improving switches. Due to
the tie-breaking rule, this switch is then applied next, and this application is formalized
in row 6 of Table 8.

Let o denote the strategy obtained after applying (gv, Fy.p,.,) ifo(g)) # Fub,.,
resp. after applying (dy,p,,,,0, Fv,0,,,) if 0(g0) = Fyp,,,- Then, I.o) = 9°? U
{(by, gv)} U {(sv=1,1, hv—1,1)} by row 5 resp. 6 of Table 8. Furthermore, 0@ has
Property Usv3; for all i < v since o has Property Usvl; for alli < v and b; =
1— (b+1); fori < v.Inaddition, 0@ (d; j z) # F;.j implies ¢°* (di jx, Fi.j) =m
by Corollary 1. Moreover, since we did not apply any improving switch (ds « «, €x . x)
andb; = 1— g7 foralli < v, wehaveo(g;) =1— B/, as well as c"r(di,l_ﬁirrﬁ)
foralli < v. O

We furthermore implicitly proved the following two corollaries. We later show that
the condition v > 1 can be dropped in the first corollary.

Corollary 2 Let oy be a canonical strategy for b and let v > 1. Then, during Phase 1,
the switch (g;, F; ;) is applied if and only if F; j is closed during Phase 1, op(g;) #
Fi j and i # v. A cycle center can only be closed during Phase 1 if either i = v
orifop(dijx) = Fij, Por (di,j1-k, Fi,j) < m for some k € {0,1}, j # bjy1 and
op(bi) = biy1.

Corollary 3 Let 0® be the Phase-2-strategy calculated by the Strategy Improvement
resp. Policy Iteration Algorithm when starting with a canonical strategy oy fulfilling
the canonical conditions as per Lemma 7. Then, Table 2 specifies the occurrence
record of every improving switch applied so far when interpreted for b + 1, excluding
switches (g«, Fx x), and each switch was applied once.

Reaching a phase-3-strategy

Depending on v, Phase 3 is either reached after applying the improving switches of
Phsae 2 or directly after Phase 1. During Phase 2, the entry vertices b; and some of
the selection vertices s; . of levels i < v are updated. We again provide an overview
describing the application of individual improving switches during Phase 2.3 We also
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include one row that technically does not belong to Phase 2, handling a special case
that might occur at the beginning of Phase 3.

We furthermore need the following lemma that is used to determine the values of
several expressions related to binary counting.

Lemma9 It holds that f1(b, i) = [Y*2°) and i(b + 1,i) = (b, i) + li—y. In

2 i
addition, for indices iy, i € {1,...,n} withiy < iy and b > 2011 imply f1(b, i) >
fl(b, ip). Furthermore, ifk := ;,i_} andx € {1,...,v—1}, thenfl(b,v—x) = k-2

The following lemma now states that we reach a Phase-3-strategy for b under all
circumstances. If v = 1, then this follows by analyzing Phase 1 in a similar fashion as
done when proving Lemma 7. It in fact turns out that nearly the identical arguments can
be applied. If v > 1, then we use that lemma to argue that we obtain a Phase-2-strategy.
We then investigate Phase 2 in detail and prove that we also obtain a Phase-3-strategy.

Lemma8 Let oy, € A, be a canonical strategy for b € B, fulfilling the canonical
conditions. After applying a finite number of improving switches, the Strategy Improve-
ment resp. Policy Iteration Algorithm produces a proper Phase-3-strategy o € A,
as described by the corresponding rows of Tables 6 and 7.

Proof Consider the case v = 1 first. As shown in the proof of Lemma 7, we can
partition Iy, into /7™ and /5. Since Lemma 8 also applies for v = 1, the same
arguments imply that the algorithm calculates a Phase-1-strategy o € A, with I, =
le=(di i Fij): ¢°(e) = m} = D. We can again deduce ngh C D! UG and that
(g, Fi,j) € ngb implies b; = 0Ab; 1| # j ori = v. We can further assume that there
are no indices i, j with (g;, F; ;) € I,. Also, by Lemma 8, the occurrence records of
edges (d;,j k. Fi,j) € g, is described by Table 2 when interpreted for b + 1.

Since all improving switches have the same occurrence records, their order of appli-
cation depends on the tie-breaking rule. Due to the first criterion, improving switches
contained in open cycle centers are applied first. Hence, a sequence of strategies is
produced until a strategy is reached such that there are no more open cycle centers.
Note that all produced strategies are Phase-1-strategies for b, reachable from ¢ by
row 1 of Table 8. Also, by the tie-breaking rule, (d; j 0, F;, ;) is applied as improving
switch in an open cycle center. By the same arguments used when proving Lemma 7,
the second switch of F p,,, is applied next and, possibly, (gv, Fy,p,,,) is applied
afterwards. Let o denote the obtained strategy. We prove that the occurrence records
of edges (d; j k, Fi, ;) applied so far is specified by Table 2 when interpreted for b+ 1.

As argued previously, each such switch is contained in a cycle center open for oy,
Consider such a cycle center. If the occurrence record of one of its cycle edges is
m — 1, then the application of the corresponding switch is described by Lemma 8
and we do not need to consider it here. Also, due to the tie-breaking rule, we do not
apply an improving switch contained in halfopen cycle centers (with the exception of
Fy6,,,) as we only consider switches contained in /5}**. We may thus assume that
F;,j is open with respect to o and that both cycle edges have an occurrence record of
m. We only consider the case i # v ori = v A j # b; 4| here.? By the tie-breaking
rule, e = (d; j 0, Fi,j) is then applied. Let o denote the strategy in which e is applied.
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Since b is even, ¢%(¢) = m+ 1 = L%J It thus suffices to show that there is

a parameter 4| feasible for b + 1 such that L%J +1 < %G, j, k) + tp41. By

the choice of i and j, Lemma 6 implies E[’(i, j.k+1= €b+1(i, J, k). Therefore,
@%(e) + 1 < €%, j, k) 4+t + 1 < €°F1(, j, k) + 1y for some ¢, feasible for b.
Since b is even, Property Or4; ; o implies ¢°°(e) # 2%, j, k) — 1. In addition, by
Property Or2; j o, tp # 1 as this would imply o4 (d; j0) = F; j, contradicting our
assumption. Consequently, #, = 0 and we can thus choose #,+; = 0 as parameter.

Let 0 denote the strategy obtained after closing Fyp,,, resp. after applying
(gv, Fv,p,,,) if it becomes improving. Note that the last row of Table 9 applies to
(gv, Fv,p,,,)- Then, by row 5 of Table 8 resp. the last row of Table 9 and our previous
arguments, o ® has all properties listed in the respective rows of Tables 6 and 7.
Furthermore, as we used the same arguments, Corollary 2 is also valid for v = 1 and
we can drop the assumption v > 1.

Consider the case v > 1, implying b > 1. By Lemma 7, applying improv-
ing switches to o yields a Phase-2-strategy o for b with 0 € A, and I, =
D7 U {(by, gv), (Sv—1.1, hv—1.1)}. By Table 2, it holds that ¢° (b,, g,) = fl(b,v) =
¢° (sv—1.1, hy—1,1). By Lemma 9, fi(b, v) = | %22 | Since v > 1 and b > 1, this
implies fl(b, v) < [22| = %] < | %) By Lemma 7, any (d; j«. F;,)) € I»
has an occurrence record of m. Thus, by the tie-breaking rule, (b,, g,) is applied
next. Let o":=c [(by, g»)]. It is easy to verify that o has the properties of row 1 of
Table 9. Consequently, o’ is a Phase-2-strategy for b with 0’ € A,. By Lemma 9,
¢",(bu, gv) =fl(b,v) + 1 =1l(b+ 1, v), so Table 2 describes the occurrence record
of (b, gy) with respect to b + 1. The set of improving switches for o’ now depends
on v, see row 1 of Table 9.

1. Letv = 2. Then I,y = D% U {(by, b2), (s1.1. h1.1)} U {(€x.5.4. b2)}. By Table 2,
we have ¢ (¢4 4.4, b2) = L%J ,¢% (b1, by) = fl(b, 1) — 1 and ¢ (51,1, h1.1) =
fi(b, 2). Since b is odd, Lemma 9 implies fi(b, 1) — 1 = [gJ Consequently,
¢% (b1, by) = ¢° (ei j k. b2). There are two cases. If b = 1, then fi(b,2) =

Table 9 Improving switches applied during Phase 2

[ Properties of o [ Switche | Properties of ce

v # 2 implies

Ioe = (I5 \ {e})U{(bv—1,bv), (5v—2,0, hu—2,0)}
v = 2 implies

Toe =D U{(b1,b2), (51,1, h1,1)}U{(ex 5,5, b2)}

Io =97 U{(bv,gv), (Sv—1,1, ho—1,1)}
Properties Rell, Cc2 (bu,gv)
Property Usv3; for all i < v

i <p7 = Fir 5(g,,) is closed (81,5, hij) i # 1 = Phase-2-strategy for b
Property Usv3;, for all i' < i i< p’ i = 1 = proper Phase-3-strategy for b
_ Properties (Bacl),», Bacliyy, G2 | j=F7p | le=to Nt ______
] 5 - :
! <p” = Fig(g,) is cosed (biybig1) Phase-2-strategy for b

Property Usv3;, for all i/ <4 X .

i’ > i lg'lopert}; BaCl,r/\(B;CLZ),r > 1 v #22 e = (Io \ {e}) U{(bi-1,bi), (si—2,0, hi—2,0)}
P> 0i £ e :>Pr0pértyBac3: i< p’ i=2= I = (Io \ {e}) U{(b1,b2)} U {(exx,b2)}

_ Lt o ZROPCIY PACSy | L ____

Phase-3-strategy for b and v = 1 (9, F, ) Proper Phase-3-strategy for b
IU:Q”U{(gvaFv,h,/+1)} v Tl IOE:QmU{(blwgl)}u{(e*.*.*q.ql)}

For convenience, we always assume o € A,, that o is a Phase-2-strategy for b and that v > 1 if not stated
otherwise. We thus also always have oe € A,
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L%J =0 = LgJ and ¢% (s1.1. h1.1) = ¢ (b1, by). But then, (s1.1. hy.1) is
applied next as this is the situation in which the exception is applied. If b > 1, then
v = 2 implies b > 5. But this implies ¢% (s1.1, h1.1) < ¢° (b1, b2),50 (s1.1, h1.1)
is applied next. Consequently, e:=(sy,1, /11,1) is applied next in any case. Using
Lemma 7 and our previous arguments, it is easy to verify that the requirements
of row 2 of Table 9 are fulfilled.’ Hence, o0:=c"[e] is a proper Phase-3-strategy
for b with 0 € A, and I, = I,/\{e} = D U {(b1, b2)} U {(ex x.%, b2)}. Since
¢l e) = 1(0,2) + 1 = [2F2] + 1 = [EDE2 | = fi(b + 1, 2) since b is odd,
Table 2 describes the occurrence record of (s1,1, /11,1) with respect to b 4 1. Since
we did not apply any improving switch (g, Fx «) Or (dx « «, €x % %), the conditions
on cycle centers in levels below v hold for o as they held for o ?. Therefore, &
is a strategy as described by the respective rows of Table 6 and 7.

2. Let v > 2, implying b # 1. Then, I, = D' U {(Bv=1,bv), (Sv—1.1, hv—1,1),
(Sv—2.0, hy—2,0)} by the first row of Table 9. By Table 2, we then have
¢ (by_1,by) = fi(b,v — 1) — 1 and ¢° (sy_1.1, hy_1.1) = fi(b, v). In addi-
tion, qb",(sv_z’o, hy—2,0) = fi(b,v — 1) — 1. Hence, both edges (b,_1, b,) and
(Sv—2,0, hy—2,0) minimize the occurrence record. By the tie-breaking rule, the
switch e:=(b,_1, b,) is now applied. It is now easy to verify that the application
of e can be described by row 3 of Table 9.3 Hence, by our previous arguments and
row 3 of Table 9, o:=c"[e] is a Phase-2-strategy for b that has Property Cc2 as
well as Property Bacl; and (Bac2); for alli > v — 1 and Property Bac3; for all
i >v—1,i # v.In addition, o (d;) for all i < v and ¢ has Property Usv3; for
all i < v — 1 Furthermore, Lemma 9 implies ¢ (¢) = fl(b,v — 1) — 1 + 1 =
filb,bv—1) =fi(lb+1,v—1)— (b+ 1),_1, so Table 2 describes the occurrence
record of e with respectto b+ 1. By row 3 of Table 9, v —1 > 2 implies I, = ©° U
{(sv—1,1, hv—1,1), (Sv—2,0, hv—2,0), (by—2, by_1), (5y—-3,0, hv—3,0)}. Similarly, v —
1 = 2 implies I, = D7 U {(e; j k. b2)} U {(b1,b2), (52,1, h2,1), (51,0, h1,0)}.
We prove that e:=(s,—1,1, hv—1,1) € I, is applied next. By the definition of v,
b=k-2""! — 1 for some k € N. By Table 2, Lemma 9 and using v > 2, we
obtain the following:

¢ oot o) = 0, = | & 2 ;l +2HJ _ L’%J

¢ (5v-2.0, hv—2,0) =, v —1) =1 =k- 20— 1=k —1
¢% (sv-3,0, hv—3,0) = ¢7 (by—2,by_1)
=flb,v—2)—1=k-2""'—1=2k—1

% (ei j k. b2) = LEJ = L%J = Lk N %J =2""2k—1.

If £ > 2, then (s,—1,1, hy—1,1) is the uniquely minimized the occurrence records.
If k < 2, then the occurrence records of (s,—1,1, #v—,1) and (sy,—2.0, hy—2,0) are
identical and lower than the occurrence record of any other improving switch.
Since the tie-breaking rule applies improving switches at selection vertices con-
tained in higher levels first, (s,—1,1, #,—1,1) is also applied first then. Consequently,
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e:=(sy—1.1, hy—1,1) is applied next in any case.

We prove that ¢ fulfills the conditions of row 2 of Table 9. By our previous
arguments, it suffices to prove that o has Property Usv3,_i. As B = 1, this
however follows since (sy—1,1, #v—1,1) € I, and since o has Property Usv2; o
by the definition of a Phase-2-strategy. By our previous arguments and row
2 of Table 9, oe then has Properties (Usv2),_1,1, (Cc2), (Bacl), and Prop-
erty USV3iv1*55’il for alli < v — 1. Furthermore, I, = I,\{e}. More precisely,
Ise) = D% U {(sv-2,0, hv—2,0), (by—2,by—1), (5v-3,0, hv—3,0)} if v — 1 > 2 and
v > 2 implies Ioe = D% U {(ex, %, b2)} U {(b1, b2), (51,0, h1,0)}. Also note that
v > 2 implies ¢* (sy—1.1, hv—1.1) = fI(b,v) + 1 = fi(b + 1, v) by Lemma 9, so
Table 2 specifies its occurrence record with respect to b + 1.

Consider the case v — 1 > 2. We argue that applying improving switches accord-
ing to Zadeh’s pivot rule and our tie-breaking rule then results in a sequence of
strategies such that we finally obtain a strategy o’ with I, = D'y {(es, 5,5, D2)}U
{(b1, b2), (51,0, h1,0)}. Forany x € {2, ..., v — 2}, Lemma 9 implies

¢G€ (Svfx,O» hvfx,O) < (bge (by—x, bvf(x+l))
=% (Sy—(x—1),0» hv—(x—1),0) < 9% (€i j k, b2). (1)

Thus, (sy—2,0, hv—2,0) is applied next. It is easy to verify that ce meets the require-
ments of row 2 of Table 9, so it can be used to describe the application of
($v—2,0, hv—2,0)-

Let o’ denote the strategy obtained. Then I, = D% U {(b,—_2, by—1), (sy-3.0,
hy—3.0)}. Also, the occurrence record of the edge (s,—2.0, #,—2.0) is described by
Table 2 with respect to b 4 1. By Eq. (1) and the tie-breaking rule, (b,—2, by,—1)
is applied next. Similar to the previous cases, it is easy to check that row 3 of
Table 9 applies to this switch. We thus obtain a strategy o such v —2 # 2 implies
Iy = ©7U{(sv-3,0, hv—3,0), (by—3, by_2), ($y—4,0, hy—4,0)} and v—2 = 2implies
I = D% U {(es x.x,b2)} U{(b1,b2), (51,0, h1,0)}. In either case, the occurrence
record of (b,_2, b,_1) is described by Table 2 with respect to b + 1.

In the first case, we can now apply the same arguments again iteratively as
Eq. (1) remains valid for ¢’ and x € {2,...,v — 3}. After applying a finite
number of improving switches we thus obtain a Phase-2-strategy o € A, with
Io = D% U {(ex.xx b2)} U {(b1, b2), (51,0, h1,0)}. Furthermore, o has Prop-
erty Bacl;, Property Bac2; and Property Usv2; go = for all i > 1 as well as
Property Bac3; for all i > 1,7 # w° and Property Cc2. In addition, it holds
thato(gi) =1 — ,3;’+1 and 5(‘1131—#3511) for all i < v and the occurrence records
of all edges applied so far (with the exception of switches (gx, Fx x)) is described
by Table 2 with respect to b 4 1. Note that this also holds if v — 1 = 2.
Consequently, o meets the requirements of row 2 of Table 9. As v > 2, we have
B3 = 0. By Table 2, it holds that ¢ (s1,0, h1,0) = fl(b,2) — 1 < fi(b, 1) — 1 =

07 (b1, by) as well as fi(b,2) — | = L%J 1< M = ¢ (ei.j & by). Hence,
the switch e = (51,0, 11,0) is applied next and by row 2 of Table 9, 0®:=ceisa
proper Phase-3-strategy for b with I_3) = ’D”m U{(ei, jk b2)} U{(b1, b2)}.
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We thus always obtain a strategy as described by the corresponding rows of Tables 6
and 7. O

We henceforth use o® to refer to the Phase-3-strategy described by Lemma 8.
Note that we implicitly proved the following corollaries where the second follows by
Corollary 3. Further note that we can drop the condition v > 1 in Corollary 2.

Corollary 4 No cycle center is open with respect to o).

Corollary 5 Let 0@ be the Phase-3-strategy calculated by the Strategy Improvement
resp. Policy Iteration Algorithm when starting with a canonical strategy oy fulfilling
the canonical conditions as per Lemma 8. Then, Table 2 specifies the occurrence
record of every improving switch applied so far when interpreted for b + 1, excluding
switches (g«, Fi x), and each such switch was applied once.

Reaching either phase 4 or phase 5

We now discuss the application of improving switches during Phase 3, which highly
depends on whether we have G, = S, or G, = M, and on the least significant
set bit of b 4 1. In principle, the escape vertices are reset with respect to the new
least significant bit and the targets of several cycle vertices are updated accordingly.
As usual, we provide an overview describing the application of individual improving
switches during Phase 3.> To simplify and unify the arguments, we define 1~ := b, if
v > land ¢t~ :=g; if v = 1. Similarly, let t :=g if v > l and t :=by if v = 1.
We furthermore define €°:={(d; j i, Fi j), (ei jx.t 7)1 o(eijk) =t}
In addition, we make use of the following lemma.

Lemma 10 Let G, = M,. Let o be a proper Phase-3-strategy for b with o € A,. Let
Ji=1—=pB7 . Assume e:=(d; j k. i j k) € lc and o (e; jx) =1~ forsomek € {0, 1}.
Assume that there are no other indices x, y, z with (dy,y ;. ex,y,z) € Iy, that F; j is
closed and that o fulfills the following assumptions:

L. If 7 =0, theno(g;) = F; j and F; 1—j is t = -halfopen.

2. i < p° implies [0 (s; ;) = h; j and o (spr j)) = hyr jy A& (dy) foralli’ <i,j €
{0, 1}] and that the cycle center Fi1_g g, is t= -halfopen for all i’ < i.ln
addition, i < u° — 1 implies 6 (eb;+1).

3. i’ > i implies a(si,l_,ggﬂ) = by.

4. i >iand ,3[9 = 0 imply that either [6(g;)) = /3:'({4-1 and F; o, F; | are mixed] or
[o(gi)=1— ﬂ;’,H, Fi/*l_ﬂfm is t~ -open and F"/'ﬂfm is mixed] and

5.1 >iand B = 1imply that Fi/,lfﬁzﬂ is either mixed or t~ -open.

Then oe is a proper Phase-3-strategy for b with ce € A, and lp = [Iy U

{Gsi,j, bY\e} if i < u° and I = I5\{e} otherwise.

The next lemma descries the application of switches of the type (d; j x. e;, j.x) for
several cases.

Lemma 11 Let 0 € A, i) be a proper Phase-3-strategy for b obtained through the
application of a sequence Q[Zm c E' U DO of improving switches. Assume that the
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Table 10 Improving switches applied during Phase 3

[ Properties of o [ Switche | Properties of oe |

proper Phase-3-strategy for b

o(diji—k) = €ij1—k

(eijt™) Vio(di j1—k)=FijAj # ﬂ;’+1] imply

> I = (Io \ {e}) U{(di j k€i )}

o(dij1—k) = Fij A j = B7,, imply
Ie = 15 \{e}

_________________ T
(’;(; ‘S:’)” >F1 a];c: 1;7161 /\Uai(h i sz)} Phase-4-strategy for b with u® =
7 e S (b1, b2) o = (Io \ {e}) U{(sv—1,0,b1)}
Esc4 Esc5 for all S S: !
st B ol )55 e )< e e
——————————————— mmdloe@s ~ T TS|t T T T T
a(dG";A;'f’ V;;:m_dl]‘;\;, iy Phase-5-strategy for b with u® =
ig k) = g o (b1,b2) Iee = (Is \ {€}) U Xo U X1
(Esc4); ; resp. (EscS)”forall (4, ])6&1 resp (i,5) €S2 U{(d;.—1.50 Fii_ge )ii<wv}
Property Usvl; foralli € {1,...,n} R T

-5 i & =
v=1 and L, — € U{(b1, 1)} Phase-5-strategy with y u

If G, = Sp: Property Usv2;, Vi’ < p°
IfGn = My: o(sy ) = b1 = G(eby ) Ad(egir Vil < p®

) I = (I
olds ) = Fij & B7 = LA BT, = o) | Ty A ) )
(Esc3);,; resp. (ESCS), R for all (i, 7) € Sy resp. (i,7) €Ss /—u+1 di1-87, 4 H1=B7,
____________ G 2_—7\/11_____________(31;;;&,_;5”___H________________
F; j is t* -halfopen, F; 1 is t 7 -open, o(g;) = Fj1—; BT =0 };rop:erIPh\a?&;f strategy for b
o(eijk) =t~ J =Bl e

_______ Gn=Mpando(e )=t ~ " T L Phase-3-surateqy for b

F,, is 1~ -halfopen (di,j,ks€i,5,k) | Proper Phase-3-strategy for b
i : -

___B7=0=alg) = Fug A Fiy st halfopen | PP |2
G = M, (84,5, 01)
Vo1 i Proper Phase-3-strategy for b

i1 | = U\ e

For convenience, we always assume o € A, and that o is a proper Phase-3-strategy for b if not stated
otherwise, implying that always oe € A,. The definition of the sets Xy, S; can be found in Tables 7, 6

conditions of row 1 of Table 10 are fulfilled for each intermediate strategy o'. Let
e = (d; i e jk) € Iy bethe switch applied next and assume o (e; j i) =17, B =
Ov g, #jandl; N DY = {e}. Further assume that either i > v or that G, = S,,.
Then oe is a proper Phase-3-strategy for b with 1, = (I5\{e}).

The next lemma now summarizes the application of improving switches during
Phase 3. Depending on whether we consider PG or M,, and depending on v, we then
either obtain a Phase-4-strategy or a Phase-5-strategy for b.

Lemma 9 Letoy € A, be a canonical strategy for b € B, fulfilling the canonical con-
ditions. After applying a finite number of improving switches, the Strategy Improvement
resp. Policy Iteration Algorithm produces a strategy o with the following properties:
If v > 1, then o is a Phase-k-strategy for b, where k = 4if G, = S, and k =5 if
G, = M,. If v =1, then o is a Phase-5-strategy for b. In any case, 0 € A, and o is
described by the corresponding rows of Tables 6 and 7.

Proof By Lemma 8, applying improving switches according to Zadeh’s pivot rule and
our tie-breaking rule yields a proper Phase-3-strategy o® € A, described by the
corresponding row of Table 6 and 7. We begin by describing Phase 3 informally.

For every cycle vertex, either 0(3)(di,j,k) = F;j or 0(3)(d,‘,j’k) = e¢;,jk and
(d;,jk, Fi,j) € 1,3 .1t will turn out that only switches corresponding to cycle vertices
of the first type are applied during Phase 3. For each such cycle vertex d; ; x, the switch
(ei,j k.t ) will be applied. If (b4 1); = 0 or (b + 1);41 # j, then (d; j . €i k)
becomes improving and is applied next. This then goes on until all such improving
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switches have been applied. During this procedure, it might happen that an edge
(877, b1) with i’ < v becomes improving after applying some switch (di,jk»eijk)
if we consider G,, = M, and if we have v > 1. In this case, the corresponding
switch is applied immediately. Finally, (b1, b>) resp. (b1, g1) is applied, resulting in a
Phase-4-strategy in S, if v > 1 and in a Phase-5-strategy otherwise.

We now formalize this behavior. Using Lemma 8 and Table 2, it is easy to verify that
switches (e « «, ¢~ ) minimize the occurrence record among all improving switches.>.
By the tie-breaking rule, a switch (e; j x, t™) with o® (d;,j k) = Fj j is thus applied
next. Since o ® (i) = hy 4 foralli’ < u"(3) by Lemma 8, the statement of row 1
of Table 10 can be applied.

In addition, it is easy to verify that the characterization given in this row implies
that we have o = (I \{e}) U{(di jk. € j )} if B7 =0V B, # jand e = I5\{e}
else.? Consequently, by the tie-breaking rule and row 1 of Table 10, improving switches
(s 55, 17) € E! are applied until a switch with B7 = 0v g7, # jis applied.
Note that the occurrence record of each applied switch is described by Table 2 when

interpreted for b+ 1 since L%J +1 =mifbisoddand ’7%] +1= ’V%-I if b is even.

Byrow 1 of Table 10, (d; ; k. i, j k) then becomes improving. As (d; j k. €i,j k) & ngb
and since switches of the type (e« « «, ) minimize the occurrence record, Table 2
and the tie-breaking rule imply that (d; j x. e;, jx) is applied next. In particular, an
edge (d; j k., ei,jx) is applied immediately if it becomes improving and this requires
that (e; j x, ™) was applied earlier. Thus, their occurrence record is described by
Table 2 when interpreted for b 4- 1. Therefore, the application of improving switches
(ex.%.%, 1) is described by row 1 of Table 10 and whenever an edge (dx « «, €x % %)
becomes improving, its application is described by Lemma 11.

Let G, = S,. Then, row 1 of Table 10 and Lemma 11 can be applied until a strat-
egy o is reached such that all improving switches (e; j x,t™ ) with o® (di,j k) =Fij
were applied. As (d; j k. e, j.k) was applied if and only if g7 = 0V B7 | = j, this
implies that o (d;, j k) = Fi j is equivalent to 87 = 1 A B7, | = j). Consequently,
every cycle center is closed or escapes towards ¢ . In addition, an edge (d; ; «, Fi ;)
is an improving switch exactly if the switch (e; j x, ¢~ ) was not applied. Conse-
quently, Io = {(di jk, Fij), (ei ji:t7): o(eijk) =t~} U{(b1,t7)}. Now, as
@ (b1,t7) = ¢ (ex 5., t ) and E! = @, the switch e:=(by, 1) is applied next
due to the tie-breaking rule. We prove that we can apply row 2 resp. 4 of Table 10,
implying the statement follows for G, = S, with arbitrary v and for G, = M,, with
v=1.

We thus prove the following. If v > 1, then o (eb; j) A= (eg; ;) forall (i, j) € §;
and, in addition, o (eb; ;) A o (eg;,;) for all (i, j) € S. If v = 1, then o (eg; ;) A
=0 (eb;, ;) forall (i, j) € S4 and o (eb; j) Ao (eg; ;) forall (i, j) € S3. We begin by
observing that the definition of the sets S to Sy implies that 87 = 0 v g7, | # j for
all of the relevant indices. Also, (¢; j x,17) € A7 5, if and only ifo® (di,jx) = Fij.
Thus, (¢;,jk,17) ¢ A%, if and only if 0¥ (d; jx) = e jx. Since ¢; jx has an
outdegree of 2, this implies (o (e; j 1) =17 & o® (d;,j.x) = ei jx). In particular,

due to B7 =0V B | # j, the switch (d; j k. €;,j k) was then also applied. Hence, if
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there is ak € {0, 1} with 0¥ (d; j &) = ei jx, then G (eg; ;) if v > 1 resp. 5 (eb; ;) if
v=1.

Since every cycle center is closed or escapes to t— with respect to o, either
o(eb; j)NG (egi j)ora(eb; j)A—o(egi j)ora(d; ;) forallcyclecenters F; jifv > 1.
Similarly, for v = 1, either o (eb;, ;) Ao (eg;, ;) or o (eg; j) A= (eb; ;) or o (d; ;) for
all cycle centers F; ;. Consequently, the cycle centers F; ; with o (eb; ;) A o (egi, ;)
are exactly the cycle centers that contain a vertex d; j x with op(d; jx) # F; j and
such that (d; j «, F; j) was not applied during Phase 1. By Lemma 8, all improving
switches (d;, ; «, F;, ;) not applied in Phase 1 had ¢°°(d; j «, F; j) = m. By Corol-
lary 4, it thus suffices to prove that there is a k € {0, 1} with ¢°°(d; j «, Fi ;) = m
to prove o (eb; ;) A o(eg;i j). Analogously, to prove o (eb; ;) N —o(eg; ;) Tesp.
o(egi,j) N —o(eb; j), it suffices to show that F; ; was closed at the end of Phase 1.

We now prove the corresponding statements for the case v > 1 and omit the case
v=13Letm = max{i: o(b;) = g;} and u = min{i: o (b;) = bi41}.

1. We prove that ¢°°(d; j o, Fi,j) = mforall (7, j) € S5.

—Leti <v—1andj = B, Then, bjy; # (b + Diy1 = B asi <
v — 1,50 j # b;;1. Thus, there is a feasible f, for b with ¢7°(d; j x, Fi ;) =
min (L%J ,Kb(i, Jj, k) + tb) . However, sincei < v —1, b; = 1 and thus

tp = 0 is the only feasible parameter. It thus suffices to show Al @@,j,0)>m.
Since b; = 1 A j # bj 1, this follows from Lemma 7.

—Leti e {v+1,....m}, 7 =1land j =1-— 7, Sincei > v implies
B7 = b;and B | = biy1, £%@i, j,0) > m follows as in the previous case.
- Leti e{v,...,m =1} AB7 =0and j = g7 ,.Since i + 1 > v implies that

we have ﬂf+1 = bj411,b,_1 = 1 and v > 2, we obtain £°(i, j,0) > m + 1
by an easy calculation. Thus, 00 (@, j, k) + ty > m for every t, feasible for b,
implying ¢ (d; j o, F; j) = m.

— Leti > mand j € {0, 1}. Then, mfn(b,i + 1) = mufn(b,i + 1) = 0 since
b; = 0 for all b’ < b. Hence, by Lemma 7, Eb(i, j, k) > b. Consequently,
¢°v(d; j o, Fij) = m.

— Assume b+ 1 = 2! forsome ! € N. Then v = [ + 1 and b, = 0. This
implies mfn(b, v, {(v, 1)}) = mfn(b, v + 1) = mufn(b, v + 1) = 0, hence
¢°°(d; j0, Fi,j) = m.

2. We prove that either o (d; ;) or ¢°°(d; j x, Fi,j) < m for both k € {0, 1} for all
@, j) € S

—Leti <v—1landj =1-— ;’H.Thenbi =land j = l—ﬁi"Jrl = bi11.
Hence F; ; was closed with respect to op.

- Leti e{v,...,m—1}, 87 =0and j = 1—p7 . Thenb; = g7 =0, 87 | =
bi+1 and B7 = 0 implies i # v. In particular, v < i — 1 and b, = 0. Using

Lemma 7, this implies €° (i, j, k) < LWJ — 1. This implies £°(i, j, k) +

1 < [YH=K ] hence ¢° (d; j k. Fi,j) < €°(i, j, 1) + 1. If this inequality is
strict, the statement follows. If the inequality is tight, then o4 (d; j x) = F;
by Property Or2; ; x and Property Orl; ;  thus implies ¢°°(d; j x, Fi j) < m.
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— Assume that there isno/ € Nwithb4+1 =2 andleti = vand j = 1 —b, ;.
Since b is odd, Property Or3; ; o implies ¢°°(d; o0, F; j) <m.Fork =1,b

being odd implies ¢ (d; ; 1, F; ;) < L%J = L%J < m.

By row 2 of Table 10, the statement follows for G, = S, if v > 1. In addition, by
row 4 of Table 10, the statement follows for v = 1.

It remains to consider the case v > 1if G,, = M,,, implyingt™ = by andt* = g;.
Using the same argumentation as before, row 1 of Table 10 and Lemma 11 imply that
improving switches within levels i > v are applied until we obtain a proper Phase-3-
strategy o for b with

Ie ={(diji, Fij):i <vAoldiji) # Fij}
U{(di jks Fi j), (eijk-b2): i = v Ao(e i) =g} U{(b1, b))}

As no cycle center in any level i’ < v was opened yet, the switch e = (¢; j x, b2)
withi =v—1,j =1— f+1 and k € {0, 1}is applied next. Since o (d; j x) = F;, j,ToW
1 of Table 10 implies I, = (I5\{e}) U {(d; j k., ei,j k)}. Due to the tie-breaking rule,
(di,j k- ei,j k) is applied next. We prove that o meets the requirements of Lemma 10.

There are no other indices i’, j’, k" with (di’ j/ i/, €ir jr k') € Ioe. Also, as no such
switch was applied yet in any level below level i, F; ; is closed for oe as it was closed
for 0 by Lemma 8. As i < vand b; = 1 A b # B, Definition 4 implies
0y (gi) = F;,j. By the same arguments used when discussing the case G, = S, it can
be proven that F; 1 ; was not closed during Phase 1 as (i, 1 — j) € §,. Consequently,
oe(g;) = I, j follows from Corollary 2. By the tie-breaking rule, no improving switch
involving F; _; was applied yet. Therefore, ce(e; 1—; +) = 0(3)(6,',1_‘/,*) =g as
well as oe(d; 1-j «) = o® (di,1—j,+). By Corollary 4, F; 1 ; cannot be open for a®),
so it is not open for oe. Therefore, as 87 = O and 1 — j = it is g1-halfopen.
Thus, the first requirement of Lemma 10 is met.

By Lemma 8 and since (s;7 «, hir «) ¢ 2%, for anyi’ < v,0e(s; ) =0 (siry) =
hjr 4 for all i’ < v. Furthermore, i’ < v implies b;; = 1 and no improving switch
(i 5,55 €x.x.%) below level v was applied yet. Consequently, e(d;) for all i’ < v.
Now consider some cycle center F;/ j» where i’ < i and j = 1 — Ge(g;’). We prove
that Fj/ ;s is gi-halfopen. The cycle center Fjs g is not closed while Fyr j_ge is

oe
i+1°

closed due to 1 — B = b;:. Thus, by Corollary 2'and the same arguments used béfolre,
ce(gi) = op(gir) = 1—B7, | and, in particular, j = B, However, by Corollary 4

and the tie-breaking rule, this implies that F;: ;- is gi-halfopen as before. Thus, the
second requirement of Lemma 10 is met.

The third requirement is met as i’ > i = v — 1 and since oe has Property Usv1;.

Consider the fourth requirement. Let i’ > i and ﬁlf{ = 0. Then, due to the tie-
breaking rule, all improving switches (e;/ j/ x/, b2) with 0(3)(di/’j/,k/) = Fj j have
already been applied. Since 87 = 0, Fir, B, cannot have been closed for ® . If both
cycle centers of level i’ were gi-halfopen for o ®, then they are mixed for o, and
o(gi) =0 (gi) = op(gir) = Firps X Fyry_pg s closed for 0, then Firps.,
can only be g;-halfopen for o). Consequently, by Corollary 2 resp. Definition 4,
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a(gi) =1 —ﬂlf{H . Furthermore, F"”l—ﬁﬁﬂ is then by-open and F"/’ﬁﬁﬂ is b>-halfopen
(for o). Thus, the fourth requirement is met.

By the same argument, if i > i and ,3;{+1 = 1, then F,-/‘l,lgl_a/+1 is by-open if it was
closed for o® and mixed if it was g;-halfopen. Thus, the fifth and final requirement
is met.

Therefore, the application of (d; ; «, e; j ), yields a proper Phase-3-strategy o €

A, for b with Iy = (Ie\{(d; j k. e j0)}) U {(si j, b1)}. We prove ¢°(s; j, b1) <

9% (ei jk,b2) = {%J, implying that (s; ;, b1) is applied next. It is easy to verify

that (s; j,b1) ¢ ngb. Consequently, by Table 2 andasi = v—1land j = | —

o =0, ¢%(si,j, b)) = fl(b,i + 1) — j - by = fl(b,v) < {%J < mif
b > 3sincev > 2. If by = 1, then(s; ;, b1) is also the next switch applied as
the tie-breaking rule then ranks (s; ;, b1) higher than any switch (ey « x, b2). Since
(ei,j ks b2), i jk,eijk) € ngb and since F; ; was closed (e; j x, b2) was applied,
we have o (eb; j) A —o(eg; j). Therefore, the last row of Table 10 describes the
application of e = (s; j, b1). Consequently, oe is a proper Phase-3-strategy with
I = Is\{e}and ¢*(s;,j, by) = fl(b, v)+1 = fl(b+1, v) by Lemma 9. Thus, Table 2
describes the occurrence record of (s;, j, b1) when interpreted for b + 1. Since F; ; is
b>-halfopen for oe whereas F; 1 is g1-halfopen, (e; j 1—«, b2) is applied next. By the
first row of Table 10, this application unlocks (d; j 1—«. €i,j,1—k). Using our previous
arguments and observations, it is easy to verify that (d; ;j 1-«. €;,j,1-«) is applied next
and that its application is described by the second-to-last row of Table 10. The tie-
breaking rule then chooses to apply (e;,1—; x, b2) € E! next. By row 1 of Table 10,
(di,1—jk,ei,1—j k) then becomes improving and is applied next. Its application is
described by row 5 of Table 10. After applying this switch, we then obtain a strategy
o with

Iy ={dijx, Fij):i<v—=1A0dijr) #Fij}
U{di,jk, Fij),(eiji,b2)ii =v—=1A0o(e i) = g1} U{(br, b2)}.

It is easy to verify that the same arguments can be applied iteratively as applying
a switch (si7 j», by) with i’ < v always requires to open the corresponding cycle
center Fj s first. Thus, after finitely many iterations, we obtain a strategy o with
Io = {(d; j k. Fi,j), (ei jk,b2): o(ei j k) = g1} U{(b1, b2)}. By the same arguments
used for the case G, = S,,, the conditions of the third row of Table 10 are met, so we
obtain a strategy as described by the corresponding rows of Tables 6 and 7. O

We henceforth use o ® to refer to the Phase-3-strategy described by Lemma 8. As
before, we implicitly proved the following corollary which follows from Corollary 5.

Corollary 6 Let 0™ be the Phase-4-strategy calculated by the Strategy Improvement
resp. Policy Iteration Algorithm when starting with a canonical strategy oy fulfilling
the canonical conditions as per Lemma 9. Then, Table 2 specifies the occurrence
record of every improving switch applied so far when interpreted for b + 1, excluding
switches (g«, Fi x), and each such switch was applied once.

@ Springer



An exponential lower bound for Zadeh's pivot rule 913

Reaching phase 5 if there is a phase 4

As shown by Lemma 9, we do not always obtain a Phase-5-strategy immediately
after Phase 3 as we have to apply improving switches involving selection vertices s;
in levels i < v if G, = §,. We thus prove that we also reach a Phase 5 strategy
after applying these switches. Consequently, we always reach a Phase 5 strategy. The
application of all of these switches is captured by the following lemma.

Lemma 12 Let G, = S,. Let 0 € A, be a Phase-4-strategy for b € B, withv > 1.
Assume e:= (si’l_,g,gr+l ,b1) € I, for some i < v. Further assume that o has Prop-
erty Usvly for all i' > i and that o(dy j 1) = Fyj < B = 1ABj, = j.
Moreover, assume that i’ < v implies 6(gi) = 1 — ,3;7_,_1 and that i’ < i
implies o (87 x) = hi s If (Si’,l—ﬁl.”,ﬂsbl) € 1, for some i’ < i, then oe is a
Phase-4-strategy for b. Otherwise, it is a Phase-5-strategy for b. In either case,
loe = (Is\{e}) U {(d; j0, Fi,j), (di j1, Fij)}

We now state the lemma describing the application of the improving switches during
Phase 4.

Lemma 10 Let op € A, be a canonical strategy for b € B, fulfilling the canon-
ical conditions. After applying a finite number of improving switches, the Strategy
Improvement resp. Policy Iteration Algorithm produces a Phase-5-strategy o € A,
as described by the corresponding rows of Tables 6 and 7.

Proof By Lemma 9, it suffices to consider the case G,, = S, and v > 1. By Lemma 9,
the Strategy Improvement Algorithm calculates a Phase-4-strategy o for b witho € A,
and

Io ={{di jx, Fij). (ei jk.b2): o(eijr) = g1}
U {(sv—1,0, b} U {(si,1, b)) 1 <v =2} U XoU X

We show that (s,—1,0,b1) is applied next. Assume that b 4+ 1 is a power of two,
implying b = 2Vl 1 Itis easy to verify that (s,—1.0, b1) and (s,—2.1, b1) both
minimize the occurrence record if b > 1.3 If b = 1, then the switches (ei,jksb2)
with o (e;,j.x) = g1 also minimize the occurrence record. Due to the tie-breaking rule,
(sy—1,0, b1) 1s however applied next in any case.

If b 4+ 1 is not a power of two, then b > 2" + 2=l _ 1 and b > 6, implying
L%J < m as well as L%J < L%J It is again easy to verify that this implies
that (s,—1,0, b1) minimizes the occurrence record.? Thus, the switch ¢ = (Sv—1,0, b1)
is applied next in any case. We now prove that Lemma 12 describes the application
of e. Since o is a Phase-4-strategy and since i’ > i = v — 1 implies i’ > v, o has
Property Usvl; for all i’ > i. By Lemma 9, it follows that o also meets the other
requirements of Lemma 12.

Consider the case v = 2 first. Then, applying e = (s1,0, b1) yields a Phase-5-
strategy and ¢ (e) = fi(b,v) + 1 = fl(b + 1, v) by Lemma 9. Hence, Table 2
describes the occurrence record of e with respect to b + 1. In addition, we then have

Ise = (Is\{e}) U {(d1,0,0, F1,0), (d1,0,1, F1,0)})

@ Springer



914 Y. Disser et al.

={(di i Fij), (ei.jk b2):oeleiji) = g1}

Ulldi1—px ks Fii—pz )i = v =11 U Xo U Xy,

Since oe is a Phase-5-strategy, it has Property Rell, implying u® = u = min{i: 8 =
0}. Thus, oe has all properties listed in the corresponding rows of Tables 6 and 7.
Before discussing the case v > 2, we discuss edges (d; j, F;, ;) that become
improving when a switch (s; j,b1) withi < v and j = 1 — g7, is applied, see
Lemma 12. Since i < v implies 1 — ﬂi"H = b1, their cycle centers F; ; were closed
for oy . Therefore, their occurrence record might be very low. However, their occurrence
records are not “too low” in the sense that they interfere with the improving switches
applied during Phase 4. More precisely, it can be shown thati < v and j = b;1

imply ¢ (d;_j 4. Fi.;) > L%J 13
We now consider case v > 2. We obtain ¢*(e) = fl(b + 1, v) as before. Further-
more,

Ioe = {d;,jk, Fi j), (eijk,b2): oe(e; ji) = g1}
U{(si1, b)) i <v =2} U{(dv-1,0,0, Fv—1,0), (dv—1,0,1, Fv—1,0)}

by Lemma 12. We show that the switches (s,—2.1, b1), ..., (51,1, b1) are applied next
and in this order. To simplify notation, we denote the current strategy by o. By Table 2,
it holds that ¢° (s; 1, b1) = fl(b,i + 1) — 1 forall i < v — 2. Hence ¢ (s,—2.1, b1) <

- < ¢ (51,1, b1) by Lemma 9. It thus suffices to show that the occurrence record of
@ (51,1, b1) is smaller than the occurrence record of any switch improving for o and
any improving switch that might be unlocked by applying some switch (s; 1, b1) for
i <v-—2.

The second statement follows since ¢°® (sy 1, b1) = fl(b,2) — 1 = L%J — 1 and

since the occurrence record of any edge that becomes improving is bounded by L%J

as discussed earlier. It thus suffices to show the first statement. Let e:=(d; j x, Fi ;) €
I such that o' (¢; j k) = g1. By Lemma 8 and Lemma 9, this implies ¢° (¢) = m =
fi(b, 1). Then, v > 2 implies fli(b, 1) > fi(b, v—1), hence ¢° (¢) < ¢ (51,1, b1). Next
lete:=(e; jk, by) € I, suchthato (e; j ) = g1. Then, since b is odd, Table 2 implies
¢ (e) = M —m—1="f(b1)— 1, hence ¢° () > ¢°(s1.1, b1). If b + 1 is not
a power of two, we need to show this estimation for some more improving switches.
But this can be shown by the easy calculations similar to the calculations necessary
when discussing the application of (s,—1,0, b1).

Consequently, the switches (s,—1, b1), ..., (51,1, b1) are applied next by the Strat-
egy Improvement Algorithm and in this order. It is easy to verify that the requirements
of Lemma 12 are always met, so this lemma describes the application of these switches.
Itis also easy to check that the occurrence record of these edges is described by Table 2
after applying them. Let o denote the strategy obtained after applying (s1,1, b1). Then
o is a Phase-5-strategy for b with o € A, and u® = min{i: B7 = 0}. This further
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An exponential lower bound for Zadeh's pivot rule 915

implies

I ={(d; j k. Fij), (ei ji,D2): o(eiji) = g1}
U {(di’]f(b+])i+]’*, Fi,lf(b+l),~+1): i<v—1}UXoUX;

Further note that o (¢; j 1) = g1 still implies % (d; j x, Fi j) = ¢°(d; jx, Fi,j) =m
since the corresponding switches are improving since the end of Phase 1. Also, every
improving switch was applied at most once and we proved that the occurrence record
of any improving switch that was applied is described correctly by Table 2 when
interpreted for b+ 1. Since no improving switch involving cycle vertices were applied,
we also still have 0“(d; jx) = F; j if and only of (b +1); = 1and (b + 1); 1 = j.
Hence, all conditions listed in the corresponding rows of Tables 6 and 7 are fulfilled,
proving the statement. O

We henceforth use o to refer to the Phase-3-strategy described by Lemma 8. As
before, we implicitly proved the following corollary which follows from Corollaries 5
and 6.

Corollary 7 Let ¢ be the Phase-5-strategy calculated by the Strategy Improvement
resp. Policy Iteration Algorithm when starting with a canonical strategy oy fulfilling
the canonical conditions as per Lemma 10. Then, Table 2 specifies the occurrence
record of every improving switch applied so far when interpreted for b + 1, excluding
switches (g«, Fi x), and each such switch was applied once.

Reaching a canonical strategy for b + 1

We now prove Lemma 5. It states that applying improving switches according to
Zadeh’s pivot rule and our tie-breaking rule produces the strategies described by
Tables 7 and 6. In particular, it states that we obtain a canonical strategy for b + 1
fulfilling the canonical conditions. We split the proof as follows. First, we observe that
it only remains to prove Lemma 5 for k = 5. We then prove that we obtain a canon-
ical strategy for b 4+ 1 and show that this strategy fulfills the canonical conditions
afterwards. These two statements thus imply Lemma 5 for k = 5.

We first provide an overview describing the application of improving switches
during Phase 5.3

Table 11 Improving switches applied during Phase 5

Properties of o Switch e Properties of oe
o(bi) = bit1 (dijks Fij) Phase-5-strategy for b
_________ o) =By | PFEVNIEA B [ e =N
BT=0 o (€x0) =L ASVD) ;7 Vi €]
v=1=5(egi ;) N—5(egij) (9:, Fi.y) = Phase-1-strategy for b + 1
v>1=a(eb; ;) A—d(egi,j) gir i Else Phase-5-strategy for b
H =1= [ 2i=06(dy.) V((eby ) N0(egir )] Ioe = Io \ {e}

For convenience, we always assume o € A, and that ¢ is a Phase-5-strategy for b. Note that we thus also
always have oe € A,
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The following lemma describes the application if switches (e; j x, ¢t~ ) during Phase
5. As it is rather involved, we state it separately and do not include it into Table 11.

Lemma13 Let o € A, be a Phase-5-strategy for b € B,. Let ex=(e; jx,t7) € I,
and let F; j be mixed. Assume thatv > 1 = —o (egi1—j) andv = 1 = —o (eb; 1- )
if Gy = Sy and j = 1. Similarly, assume that v > 1 = —o(eg;1-j) and v =
1= —o(ebi1—j))ifGp =M, j=1- z?+1~ Moreover, assume that v = 2 implies
0(g1) = F1,0 if G, = Sy. Then the following hold.

1. If there are (i’, j', k') # (i, j, k) with (ey j p, 1) € Iy orif there is an i’ such
that o does not have Property Sv1;:, then oe is a Phase-5-strategy for b.

2. If there are no (i', j', k') # (i, j, k) with (e; jy x,t~) € I, and if o has Prop-
erty Svly, then oe is a Phase-1-strategy for b + 1.

3. IfGn = On,

o(ebj1-j), v>1

@i- Fij) € loe <= B =0n0e(g)) =1Nj=0A]_ .
o(egiji—j), v=1

IfGn =M,
(gis Fij) € loe <= B =0AGe(gi) =1—B7 | N
o(ebi1-j), v>1
=Blany-, :
o(egini—j), v=1

Ifthe corresponding conditions are fulfilled, then I, = (Io\{e})U{(d; j.1-k, Fi ),
(8, Fi,j)}. Otherwise, I, = (Is\{e}) U{(d; j1-k, Fi j)}.

We also use the following statement for comparing valuations of cycle centers.

Lemma 14 Let G, = M,. Let 0 € A, be a Phase-k-strategy, k € {1,...,5}, for
some b € B, having Property Usv1; and Property Bacl; ;| for some i € {1, ..., n}.
If F; o and F; 1 are in the same state and if either i > v or o has Property Rell, then
EMF;, o) > E%(Fi,l_ﬁ;fﬂ)-

We now prove that we obtain a canonical strategy o4 for b + 1.

Lemma 11 Let oy, € A, be a canonical strategy for b fulfilling the canonical con-
ditions. Then, applying improving switches according to Zadeh’s pivot rule and
our tie-breaking rule produces a canonical strategy op+1 € A, for b + 1 with
loy,, = {(dijk Fij): ovt1(dijk) # Fij}

Proof By Lemma 10, applying improving switches according to Zadeh’s pivot rule
and our tie-breaking rule yields a Phase-5-strategy o® for b with ¢® € A, and
/,LU(S) =u = min{i: ,3157(5) = 0}. Let m:=max{i: 87 = 1} and o:=00.

Consider the case v = 1. We first investigate the occurrence record of the improving
switches.
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1. Lete = (d,',j,k, F,j) resp. e = (e,-,j,k, g1) with a(e,‘,j,k) = by. Then d)”(e) =
s
241 ] by Lemma 10 resp. 677 (¢) = ¢7* (¢) = [§] = [ *51 .
2. Lete = (d; j k. Fi,j) with,Blf’ =0,iefu+l,....m—1}and j =1 — ;’H.
Then, b; = 0and j = 1 — bj4y sincei > u+ 1 > 1 and v = 1. In addition,

by = 0and, duetoi > u, thereis atleastone! € {2,...,i — 1} with (b + 1); =
b—2i‘1+2(b,i)+l—k-|
2

b; = 0. Consequently, Lemma 7 yields Eb(i, j, k) =T <

(%1 = L%J — 1. Since there is a t, feasible for b, it holds that ¢°%(e) =

min({%J ,0%@i, j, k) + tp). We thus distinguish the following cases.

(a) Assume@®®(e) = £°(i, j, k)+1.Then, by Property Or2; j x,06(di j 1) = Fi
and e was not applied yet. Consequently, Property Orl; ; x implies ¢ (e) =
P (e) < m.

(b) Assume ¢ (¢) = £°(i, j, k). Then, ¢% (¢) < ¢ (¢) < L%J —1l<mas
well as oy (d;, j k) # Fi j by Property Or2; ; . This implies ¢ (e) = m — 1
by Property Or4; ; . Hence, by Corollary 1, e was applied during Phase 1.
Consequently, ¢ (¢) = ¢ (e) + 1 =m.

(c) The case ¢ (e) = £°(i, j, k) — 1 cannot occur since 1, = —1 is not feasible
as b is even.

(d) Assume ¢ (¢) = LHTH{J and [OE1=K] £ (0, j k) and [SE=K] 2

%G, j, k) + 1. This implies LWJ < €%, j, k) since ¢ (e) =

min(twj ,£%@, j, k) +1p). But this is a contradiction since £° (i, j, k)
b—k

LTJ 1.

Thus, the occurrence records of all improving switches are bounded by L%J and

IA

some switches have an occurrence record of exactly L%J . Consequently, improving
switches (d; jx, Fij) withi € {u +1,...,m —1},f7 =0and j = 1 — ,3f+1
are applied first. Further note that an edge e = (d; ;. Fi,;) can only fulfill these
assumptions if oy (d;, j x) = F; j, implying that e was not applied during Phase 1.
It furthermore implies ¢ (e) = ¢°%(e) = ¢%(i, j, k) + 1. Consider such an edge e
and assume ¢ (¢) < m. We show that row 1 of Table 11 applies to e. We thus prove
o(bj) =biy1,j=1—pB7,0(g)=1—p7 andi # 1. The first two statements
follow directly since o is a Phase-5-strategy and 87 = 0 as well as by the choice of ;.
Also, i # 1 follows fromi > u + 1 > 1. It thus suffices to show o (g;) = 1 — ia+1'

This can be shown by using Corollaries 2 and 1.3 Hence, lete = (dijk, Fij) €1y
be an improving switch minimizing the occurrence record. Then, o[e] is a Phase-5-
strategy for b with oe € A, and I, = I, \{e} by row 1 of Table 11. By Lemma 6 and

the choice of i and j, Kb(i, j, k) +1= El”'l(i, J, k). In particular,

, b+ +1—k
¢ () =G, j. k) +1+1=¢FG jh+1<m< L%J
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Thus, by choosing the parameter 7,41 = 1, which is feasible since i # 1, the occur-
rence record of e is described by Table 2 when interpreted for b + 1.

Now, the same arguments can be used for all improving switches ¢/ € D! N I,/
having an occurrence record smaller than m. All of these switches are thus applied
and their occurrence records are specified by Table 2 when interpreted for b + 1. After
the application of these switches, we obtain a Phase-5-strategy o for b with o € A,
and

Iy = {(di,j k. Fi,j), (ei jx, 81):0 (e jx) = b2}

m—1
U U {e=@ip,m Fiag,): 67 =m}. @
i=u+1

B7=0

In particular, all improving switches have an occurrence record of m. Thus, the tie-
breaking rule now applies a switch of the type (ex « «, g1). Lete = (e; j x, g1) denote
the switch applied next. We prove that Lemma 13 applies to this switch. First, we
show that F; ; is mixed. Since e = (e; j k. &1) € I, implies (d; j, Fi j) € I5, we
have o (eb; ;). In particular, F; j is not closed, so 87 = 0V B7 | # j. Consequently,
(i,j) € S3or (i,j) € S4 By Lemma 10, 5 (eb; ;), and as no improving switch
(€s.%.+» b2) was applied during 0® — o, we need to have (i, j) € S3, implying the
statement. We now prove that j = 1 implies —o (eb; 1—;) if G, = S,. Since j =1,
we need to prove —o (eb; o). If F; o is closed, then the statement follows. If F; g is
not closed, then B = 0V g7 | # j as F;; cannot be closed by the choice of e.

Consequently, (i, 0) € Sz or (i, 0) € S4. In the second case, ﬁ&s(eb,',o) by Lemma 10
and the statement follows as no improving switch (ey « «, b2) was applied during
o® - o.Consider the case (7, 0) € S3. Then, by Lemma 10, F; o and F; | are mixed
with respect to o® . Thus, as we consider the case G, = S, the tie-breaking rule
must have applied the improving switches (e; 0,«, g1) prior to (e; 1.k, g1), implying
the statement. Note that “j = 1 — g7 | = —o(eb;1-;) if G, = M, follows
by the same arguments and since the tie-breaking rule applies improving switches
(ei g7, | % &1) first.

These arguments can be applied for any improving switch (e s x, g1). Thus,
Lemma 13 applies to the switch e. Observe that ¢®(e) is specified by Table 2
when interpreted for b + 1 as v = 1 implies r%} +1 = r%]. If the condi-
tions listed in the fourth case of Lemma 13 are fulfilled, then I, = (Ix\{e}) U
{(di,j1—k, Fi,j), (g, Fi,j)}. If these conditions are not fulfilled, then /o, = (Ige\{e})U
{(d;,j.1-k> Fi,j)}. In particular, e:=(d;  j 1—«, Fi, j) becomes improving in either case.
We prove that ¢ has an occurrence record of m or m + 1.

By the characterization of I, we have (d; j, Fi j) € I, implying o(d; j i),
oe(d; j k) # Fi j.Since o is a Phase-5-strategy for b, this implies g7 = 0V g7, | # j.
Assume that ¢ was applied previously in this transition. It is not possible that ¢ was
applied during Phase 5 since this would imply oe(d; ; 1—x) = F;, j, contradicting that
F;,j is mixed. Consequently, ¢ was applied during Phase 1. Thus, o4 (d; j 1-1) # Fij
and ¢°°(¢) € {m — 1, m} by Property Or4; ; 1_x. This implies ¢*(e) € {m, m +
1} as claimed. Now assume that ¢ was not applied previously, implying ¢ (e)
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= ¢°®(e). Consider the case oy(d; j1—x) # F; j. Then, by Property Or4; ; 1,
¢°(e) € {m — 1, m}. But this implies ¢°®(¢) = m by Corollary 1 as claimed. Thus
assume op(d; j,1—k) = F; j. Then, by Property Orl; ; 1 and Property Or2; ; 1,
we have ¢ (¢) = £°(i, j, 1 — k) + 1 < m. Using Lemma 7 and by distinguishing
between the cases B = 1A B # j, B = 0A BT = jand B =0A B, # j,
it is easy to verify that this always yields a contradiction.> We thus have just proven
the following.

Corollary 8 If the edge (d; j 1k, Fi,j) becomes improving during Phase 5 due to the
application of (e; j i, &1), then the corresponding strategy has Property Ord; ; 1.

Now, assume that (g;, F;, ;) becomes improving when applying (e;,j x, g1). Using
the conditions stated in Lemma 13, Corollary 2 and Lemma 10, it is easy to verify that
(gi, Fi,j) ¢ ngeb~3

Since p*(gi, Fi,j) = ¢°°(gi, Fi,j), wehave ™ (g;, Fi j) < ¢7°(d; j i, Fi j) =m
by Table 2. As argued previously, ¢*(d; j 1, Fi j) = m. Therefore, the occurrence
record of any improving switch except (g;, F; ;) is at least m. Thus, (g;, F; ;) either
uniquely minimizes the occurrence record or has the same occurrence record as all
other improving switches. Consequently, by the tie-breaking rule, (g;, F; ;) is applied
next in either case.

We prove that row 2 of Table 11 applies to this switch. Sincev =1, u* =u > 1
and ﬂ;’e = 0, it suffices to prove ge(eg;, j) A —ce(eb; ;). But this follows as we applied
(ei,jk» g1) earlier and since F; ; was mixed when this switch was applied. Observe
that the following corollary holds due to the conditions which specify when a switch
(gi, F;,j) is unlocked, independent on v.

Corollary 9 If an improving switch (g;, F; ;) is applied during Phase 5, then the cre-
ated strategy has Property Svl;.

Let o denote the strategy obtained after applying (e; j«, g1) and (eventually)
(gi. Fi,j). For now, assume that there are indices i’, j/, k" with (e;s j/ . g1) € Io.
Then, by Lemma 13 resp. row 2 of Table 11, o is a Phase-5-Strategy for b. By
our previous discussion, all improving switches have an occurrence record of at least
m. Among all improving switches with an occurrence record of exactly m, the tie-
breaking rule then decides which switch to apply. There are two types of improving
switches. Each switch is either of the form (d; ; «, F;, ;) or of the form (e; j x, g1) with
o(d;,jx) = ei jk- Since every edges (e; jk, 1) minimizes the occurrence record
among all improving switches, one of these edges is chosen. But then, the same argu-
ments used previously can be used again. More precisely, Lemma 13 applies to this
switch, making the edge (d; j 1—«, F; j) and eventually also (g;, F;, ;) improving. Also,
Corollaries 8 and 9 apply to these switches and another switch of the form (e, «, 1)
is applied afterwards. Thus, inductively, all remaining switches of the form (e; ; «, g1)
are applied.

Each of these applications creates the improving switch (d;_j 1—k, F; ;) and might
make (g;, F;, ;) improving. In the latter case, the corresponding switch is then applied
immediately. Let o denote the strategy that is reached before the last improving switch
of the form (e« «, g1) is applied. We argue that this switch is e := (81,17,32“,/« g1) for
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some k € {0, 1} and that o has Property Svl; for all i € {1,...,n}. As the tie-
breaking rule applies improving switches in higher levels first, it suffices to prove that
there there is a k € {0, 1} such that e € I ). This however follows from Lemma 10
as v = 1 implies (1, B85) € S3. It remains to prove that o has Property Sv1; for all
i€f{l,...,n}. If B7 =1, then this follows from the definition of a Phase-5-strategy.
If 7 =0and (g, F; j) € Ql(‘:m, then this follows from Corollary 9. Thus, let 87 = 0
and (g, Fi j) ¢ QIZ(S), implying i # 1 since v = 1. We now prove the following
statemen. If 6(g;) = 1 (if G, = Sy) resp. 0 (gi) = 1 — B, (if G, = M,) and
=0 (d;,1) (if G, = Sy), resp. ﬁé(di,l—ﬂ;;]) (if G, = M,), then (g;, Fi o) € I, resp.
(gi, Fi,ﬁ,ﬂl) € I, . Note that this proves the statement as [, NG = .

Thus, let j :=0 (if G, = S,) resp. j::,BiC’H (if G, = M,) and assume =& (d;, 1 ;).
It suffices to prove Z5(F; ;) > Ef(F;1—-j). As o (ey j ) = g1 forall (i’, j', k') #
(1,B5,k),i # 1 and u° = u # 1, the cycle centers are either closed or escape only
to g1. Note that a closed cycle center has Z7(F; ;) = E(s; ;) due to Lemma 1. Let
G, = §,. If both cycle centers escape towards g1, then the statement follows since

E3(Fi0) = {Fi,0,di 0,55 €05 b1} U ES(g1) B> {Fi 1, di 1 s, €15, b1} U ES(g1)
_ =S
= EJ(Fi1)

due to the priorities of F;o and F; 1. As 87 = 0, only Fi’l—ﬂf’l can be closed.
Assume that we have j = 0 =1 — B/ ;. Then, by Property Usvl; and since o (b1) =
g1, the statement follows since EE(F,-,O) = {si0,b1} U E(f(gl) and EE(FM) =
{Fi1.di1k €1k b1} U é’g(gl) for some k € {0, 1}. Now assume j = 0 = f’H.
Then, F;1-; = Fj is closed, contradicting the assumption of the statement. Let
G, = M,.Ifboth cycle centers are g-open or gi-halfopen, then the statement follows
by Lemma 14 since i > v. If one of the cycle centers is gj-open and one cycle
center is g;-halfopen, then the statement follows by an easy calculation.® Since only
Fii- e, = Fii—j can be closed in level i, the statement then follows by the same
argument used for the case G, = §j,.

Thus, Lemma 13 applies to (el’ﬂg’k, g1). Let opy1:=0e. Then, by Lemma 13,
0p+1 1s a Phase-1-strategy for b 4+ 1 with 0| € A,. Note that, since every edge was
applied at most once during o, — o ® by Lemma 10 and since no edge applied during
0® — oy, 1 was applied earlier, every edge was applied at most once as improving
switch during oy, — 0p+1. Also note that we implicitly proved the following corollary.

Corollary 10 Letv = 1 and let oy denote the strategy obtained after the application
of the final improving switch (e s x, g1). Then (d; j i, Fi j) € Ql?g)l if and only if
op(dijix) = Fij,¢°°dijx, Fi,j) <mi e{u+1,....,m—1}, ,Biab_*'l = 0 and
j=1- ,Bfﬂ”. In addition, o1 has Property Or2; ; i

We prove that o1 is a canonical strategy for b + 1 with I, , = D%+, To
simplify notation, let 0 :=0p4.1. We first provel, = {(d; j k. Fi,j): o(di jr) # Fi j}.
Consider the strategy o ®. Using the characterization of the strategy that was obtained
after having applied all switches (d; ; «, F;, ;) with an occurrence record smaller than
m (see Eq. (2)), we obtain
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Iy ={(d; j s, Fi.)): 0% (e j ) = b}

m—1
o®

v {e—(dzl —pg o+ Fii-pr, ) @ (e)=m}.

In particular, Iy < {(d; j«k, Fi,j): o(d; jx) # Fi;} and every improving switch
has an occurrence record of at least m. To prove {(d; j«, Fi j): o(d; ji) # Fi j} C
Iy, let e:=(d; jx, F;,j) with o(d; j ) # Fi j. It thus suffices to show E¥(F; ;) >
E¥(ei,j k). Property Escl and v = 1 imply & (eg; ;) A —0 (eb; ;). Furthermore, n° =
min{i’: o(by) = biy1} # 1 as o has Property Rell. It is easy to verify that this
implies 25 (F; ;) = {F; j}UES(e; j k), hence &5 (F; ;) > ES (e j 1). For G, = My,
it suffices to prove E},V[(s,-,j) > E},\’I(gl) as this implies E(I}/[(Fi,j) > E},Vl(gl). Since
o(di,jk) # Fij,either B7 = 0or g7 # j.In the second case, Property Usvl;
implies that we have o (s; ;) = b1 and the statement follows since E},V[(s,-, ji»b1) =
(si,j) + E},VI(gl) due to o (b1) = gi. Thus assume g7 = 0 A B7 | = j. Then, the
statement follows since S (si,j) = (si,j i j)+ E},VI (bi+1) by Property Bacl;4 1 and
since (si,j, i j) > 2 < (8 Se.5(305 M3 (e0))-

We now prove that o is a canonical strategy for b+ 1. Since o is a Phase-1-strategy
for b+ 1, we have b + 1 = 7. Consider the conditions listed in Definition 2 resp. 4.
Condition 1 is fulfilled since o (e, « +) = g1 and v = 1. Condition 2(a) is fulfilled since
B = (b+1); = 1 implies o (b;) = g; by Property Bacl;. Consider condition 2(b). If
(b+1); =1, then F; (p+1),,, is closed by Property Bacl;. Itis easy to verify that (b +
1); = 1implies that F; | (p41);,, cannot be closed, hence Condition 2(b) is fulfilled. 3
Condition 2(c) is fulﬁlled by B° = b + 1 and Property Bac2,.. Conditions 3(a) and
3(b) are fulfilled since o has Property Bacl,. Consider condition 3(c). We prove that
(b+1); =0and o (d; ;) imply o (g;) = F; j where j = 1—(b+1);11. By Lemma 1,
Fi bemgclosedlmphes._,*(Fl i) = S*(s, .j)-Thus, EX(F; ;) = [[s;, j 19 &5 (g1) by
the choice of j and since v = 1.1t can be shown that 1 # 1, 6 (eg; 1-;), =0 (eb; 1)
and 1 — j = B7. | implies 55 (Fi 1-j) = {Fi.1—j, di.1—j k> €i.1-jk b1} U EF(g1) for
some k € {0, 1}.> But this implies o (g;) = F; j since (g;, Fi.1—j) € I, otherwise,
contradicting I, = {(d; jk, Fi j): o(di jx) = Fi j}.

Consider condition 3(d) and let j:=0 if G, = §, and j:=p; g i if G, = M,.
It suffices to prove Z5(F; ;) > &X(F;1-;) if none of the cycle centers is closed.
For G, = M,, this follows from Lemma 14 or an easy calculation if G, = M,
sincei > 1 = v. For G, = S, this follows from §2(F; o) > $2(F; 1) and since both
priorities are even. Conditions 4 and 5 follow as o has Property Usv .. For condition 6,
leti:=v(b + 2), j:=(b+ 1);4+1 and k € {0, 1}. Since v(b + 1) = 1, we have i > 2
andb; = (b+1); =0aswellasb; 1 = (b+ 1); 11 = j. Weprove o (d; j ) # Fi ;.
For the sake of contradiction, let o (d; j ) = F; ;. Then, by the choice of i and j and
Lemma 10, (d; j «, Fi,j) € QLZ(S, . Thus, by Corollary 10 and Property Or2; ; x,itholds

that ¢° ' (d; j 1, Fi.j) < mand ¢° (d;. 1, Fi.;) = €°(i, j, k) + 1. But, by Lemma 7,

i—1 P _ . .
we have €0(i, j, k) = [ ODTIKY o roidoky — | 0322k which is a
contradiction. Hence, o (d; j «) # Fi ;.
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Now consider the case v > 1. Then, b is odd and m = % + 1. By Lemma 10,

applying improving switches according to Zadeh’s pivot rule and our tie-breaking rule
yields a Phase-5-strategy o for b with o € A, and ©° = u. In addition

Io ={(dijx, Fi j), (eijx,b2): oleiji) = g1}
v—1
U UJt@irpr,, o Friopr )YU Xo U X1,

i=1

where, X is defined as in Table 7. We now investigate the occurrence records of
the improving switches. Note that Z5(g1) < &5 (by) since o (e; jx) = g1 implies
(i jk>b2) € Iy

1. Lete = (d;,j ., Fi,j) witho (e; j x) = g1. Then, by Lemma 10, ¢ (¢) = ¢ (e) =
m.
2. Let e = (e;,jx, b2) with o(e; j 1) = g1. Then, by Table 2, ¢ (e) = ¢ (e) =

=t

3. Lete = (dy,jk, Fy,j) with j:=1 — g7, for some k € {0, 1}. This edge is only
improving if b + 1 is not a power of two. Note that this implies 1;—omfn(b, v +
1) +1;—ymufn(b, v +1) # 0. Since b, = 0 A b, 11 # j, Lemma 7 thus implies

m k=20
0w, i k) = ’ )
T O=00 1 k=1
Since b 4 1 is not a power of two, the parameter t, = —1 is not feasible by

Property Or3; ; r. Hence ¢ (d,, j k, Fy,j) = m — k. This implies (d,,j 1, F\,j) €
ngb by Corollary 1. Consequently, ¢ (d,; , Fy,j) = m for both k € {0, 1}.

4. Lete = (djjk, Fi,j) withi e fv+1,....m -1}, 87 =0, j:=1 - ;’H and
k € {0, 1}. This edge is only improving if b 4 1 is not a power of two. Since i > v,
B = 0 implies b; = 0 A b1 # j. Also, i < m implies 1;_omfn(b,i + 1) +
1j=ymufn(b,i + 1) # Osince j = 1 — 7 and b > 1 by the choice of i. It
is easy to verify that b, = 0O then implies Eb(i, j. k) <m-— 1.3 There are two
cases. If oy (d; j k) = F;,j, then ¢°°(d; j i, Fij) = €°(i, j,k) + 1 < m — 1 by
Property Orl; j . If op(d; j k) # Fi,j, then @b i jx, Fij) = Eb(i, Jj, k) <m-—
1. In the first case, e was not applied during Phase 1 and ¢?% (¢) = ¢ (¢) < m—1.
In the second case, ¢“®(e) = m — 1 by Property Or4; ; . Then, e was applied
during Phase 1, implying ¢° (d;, j x, Fi ;) = m.

5. Lete = (d; jk, Fi,j) withi <v(b+1) — I and j:=1 — B ;. Then, bit i and bit
i + 1 switched during oy — ¢®. In particular, F; j was closed with respect to
op and consequently (d; j k, Fi j) ¢ ngb. Hence, by Table 2, ¢ (¢) = ¢t (e) =
L—ble; +3—k J . We now distinguish several cases.

— Fori =1,¢%(e) = L%J = m independent of k.
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~ Fori =2,¢°(e) = L%J,sow(fz) —mifk=0and ¢?(e) = m — 1 if

k=1.

— Fori =3,¢°(¢) = L"—;—"J, 50¢7(e) =m—1ifk =0and ¢ (¢) = m—2
ifk=1.

— Fori > 3, itis easy to see that the occurrence record is always strictly smaller
thanm — 1.

We partition [/, into three subsets. A switch e € [, is called type I switch if
@ (e) = m, type 2 switch if ¢$° (e¢) = m — 1 and type 3 switch if p° (¢) < m — 1. By
Zadeh’s pivot rule, type 3 switches are applied first. Thus, lete € I, be a type 3 switch
and note that this implies e = (d; j x, Fi ;) where eitheri <v —1,j=1- g7 or
ie{vtl,...,m—1}, 87 =0, j:=1-B7 aswellasop(d; j k) = F; j.Inparticular,
by Property Or2; ; x, these switches fulfill ¢°®(e) = b, Jj, k) + 1 We prove that
applying e can be described by row 1 of Table 11. Since it is easy to verify i # 1 and
o (bi) = b;j4+1 using the previous explanations and that any improving switch of type
3has o (b;) = bj4+1, we only show 6 (g;) = 1 — 87, ;. By Lemma 10, this holds for all

i+1°
i <v— 1. It thus suffices to prove this fori € {v+1,...,m — 1} A 7 = 0. This can
be shown by proving that o (g;) = B/, | implies (g;, Fi’l_lg;‘fﬂ) € I, contradicting

the given characterization of I,.3

Thus, all requirements for applying row 1 of Table 11 are met. We next show
that Table 2 specifies the occurrence record of e = (d; j «, F;, ;) its application when
interpreted for b + 1. Firstleti € {v +1,...,m =1}, =0and j = 1 — ;’H.
Since e is a type 3 switch, this implies ¢t (¢) = b, J, k) + 1 as we pointed out in
the previous paragraph. Since e is applied, the statement follows since £°T1(i, j, k) =
20 (i, j,k)+1by Lemma9. Now leti < v — 1. Then, F; ; was closed with respect to
opand j = bjy1 = 1—pB7 . Itis easy to verify that this implies that we have ¢?* (¢) =
(%]. Since (b + 1); =0 A (b + 1);+1 # j and the switch e is applied, it
suffices to prove £°*1 (i, j, k) = (%] as we can then choose %! = 1 as
feasible. This however follows by an easy calculation.? Note that we do not discuss yet

that choosing this parameter is in accordance with Properties (Orl), s « to (Ord), s s.
Note that e being a type 3 switch thus implies p®(e) <m—1 = L%J — 1. Hence,
oe has Property Orl; ; .

Corollary 11 Let v > 1. Every switch e = (d; j i, F; ;) with ¢°?(e) < m — 1 (i.e,
every switch of type 3) is applied during Phase 5, and the obtained strategy has
Property Orl; ; x.

Now, the first row of Table 11 and the corresponding arguments can be applied
for every improving switch of type 3. Thus, we obtain a Phase-5-strategy o € A,
such that any improving switch is of type 1 or 2. The next improving switch that is
applied has an occurrence record of m — 1, i.e., it is of type 2. Since any switch is
either of the form (d; j «, F;, ;) or (e; j k, b2) and since the latter switches are of type 2,
some switch e = (e; j k, b2) is applied next due to the tie-breaking rule. We prove
that Lemma 13 describes the application of this switch. We begin by proving that
F;,j is mixed. Since only improving switches of type 3 were applied, o (e; j k) = &1
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implies o (d; j k) = e;,j k- Consequently, o (eg;, ;). In particular, F; ; is not closed, so
By =0V | = j.Thus,either (i, j) € Syor(i, j) € S2. By Lemma 10,0 (eg;, ;) and
as o switch (e, x.+, g1) was applied during 0® — o, we need to have (i, j) € S5,
implying that F; j is mixed. We go on an prove that j = I resp. j = 1 — 87
(depending on whether G, = S, or G,, = M,,) implies =0 (eg; 1 ;). Consider the case
G, = S, and thus j = 1 first. We prove —o (eg;.0). If F; o is closed, then the statement
follows. If it is not closed, then 7 = 0 v ,3;’+1 # 0. Consequently, either (i, 0) € S}
or (i,0) € Sy. In the first case, —c (eg;i o) follows from Lemma 10 as no improving
switch (ey .4, b2) was applied during 0® — o, so assume (i,0) € S,. Then, by
Lemma 10, both cycle centers F; o, F; 1 were mixed for 0. Thus, as we consider
G, = S, the tie-breaking rule must have applied the improving switches (e; o, «, b2)
prior to (e;,j k, b2), implying —o (eg; 0). If G, = M,, —o(eg; 1—;) follows by the
same arguments as the tie-breaking rule applied the improving switches (e;, B,y %0 b>)
first. Finally, as no improving switch (g, F ) was applied during 6 — o, v =2
implies 0(g1) = Fy 0 if G, = S, by Lemma 10.

Thus, all requirements of Lemma 13 are met. In addition, Table 2 describes the
occurrence record of e when interpreted for b 4 1 since ¢™(e) = ¢ (e) + 1 =

L%J +1 =m.Now, by Lemma 13, (d; j 1—«, Fi,j) € I and (g;, F; j) might become
improving for oe. The strategy oe is now either a Phase-5-strategy for b or a Phase-

1-strategy for b + 1.By similar arguments used for proving Corollary 8, it is easy to
verify the following corollary.?

Corollary 12 If (d; j 1—«, Fi,j) becomes improving during Phase 5 after the appli-
cation of (e;,j k. b2), then the corresponding strategy has Property Ord; ;1 and
mingeo,1y 70 (d; j i, Fij) <m —1.

We now use Corollary 12 to prove that (g;, F; ;) is applied next if it becomes
improving. Note that oe is a Phase-5-strategy for b if such a switch is unlocked since
it does not have Property Svl; then. Let o denote the current strategy and note that
we consider a strategy that was obtained by applying an improving switch (e; j «, b2)
according to Lemma 13.

Due to the tie-breaking rule and Corollary 12, it suffices to show ¢7 (g;, F; ;) < m—
1. Since Table 2 and Corollary 12 yield ¢°° (g;, F; j) < mingeqo,1y ¢7°(d; ji'» Fi,j) <
m — 1, it suffices to prove (g;, Fi ;) ¢ ngb. By Lemma 13, e € [, if and only if
B =0,5(ebi1—j) and [j = 0 A& (gi) = 11if Gy = Sy resp. [j = B, A5 (1) =
1 — g7, 1if G, = M. Let, for the sake of contradiction, (g;, Fi ;) € ngb. The
conditions on j and o (g;) imply (g;, Fi ;) ¢ ng(s). Since B = 0 implies i # v,
also (g;, Fi,j) # (gv, Fy,+). Thus, by Lemma 10, b; = 0 A b; 1 # j. Consequently,
0=0b; = /3;’+1 = (b+ 1)j41 and j = 1 — b;4;. Since all bits below level v have
b; = 1 A(b+1); =0, this implies i > v. Therefore, b;y; = (b+ 1)jy1 =1—
and in particular j = 1 — B | This is a contradiction if G, = M, as j = B |,
hence consider the case G, = S,. Then, j = 1 — g7, = 0, implying g7 | = L.
Thus,i € fv+1,....m — 1}, 87 = 0and j = 1 — 7, implying (i, j) € Si.
Therefore, 65(eb,‘,j) A —-65(eg,~’j), contradicting (e; j k, b2), (d; j k. ei jx) € 1,6.

pE)

Thus, (gi, Fi,j) ¢ A7, implying ¢7(g;, F; j) <m — 1.
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Due to the tie-breaking rule, (g;, F;, ;) is thus applied next. We prove that the row 2
of Table 10 applies to our situation.

First, B7 = 0 follows from the conditions of Lemma 13. Second, & (eb; ;) A
=0 (eg;, ;) follows as the cycle center F; ; was mixed earlier and since we just applied
(€i,j k> b2). To prove that we have o (d;/ ;) Vv [0 (eb;r j/) A —a(egi,j»)] holds for all
i’ >iand j € {0, 1}, fix some i’ > i and j € {0, 1}. If g5 =1 /\,BIFLrl = j/, the
statement follows from Property Bacl;,. We may hence assume 87 = 0V j’ # B ; 1
and that Fjs ; is not closed. Then, by Lemma 10, either o (eb; ;) A 7 (egjr j/) or
o (ebjr, j1) A —o (egr,j). Assume, for the sake of contradiction, that the first case was
true and note that this implies i” # i. Then, for some k € {0, 1}, o(eir jr k) = &1
and o (d;y j ) = ejr, j k. This in particular implies (e;/ j x, b2) € I5. This is however
a contradiction to the fact that we apply improving switches according to the tie-
breaking rule since i’ > i implies that the switch (e;’, k> b2) is applied before the
switch (ei,j’,k’ by).

Hence, all requirements of the second row of Table 10 are met and the statement
can be applied. Further note that the strategy obtained after applying the switch has
Property Sv1; due to the conditions described in Lemma 13. In particular, Corollary 9
also holds for v > 1.

After the application of (e; j «,b2) (or (g;, F; ;) if it becomes improving), the
tie-breaking rule determines which switch is applied next. Since (d;, j 1, F;, ;) has
an occurrence record of at least m — 1, another switch of the type (e« x, b2) is
applied. But then, the same arguments used above can be used again. That is, we can
apply some switch (e;s j x/, b2), making (d;/ jr 1, Fy j») improving, and eventually
making (g;, Fiv j) improving as well. The switch (g7, Fy ;) is applied immediately
(if it becomes improving) whereas the other switch is not applied. Then, inductively,
all remaining switches of the form (e « «, b2) are applied.

Let o denote the strategy that is reached after applying the final improving switch
(ei,j k> b2). We can then show that Property Sv1; holds for all i > 2. Furthermore, if
(g1, F1,;) does not become improving, it is easy to prove that Property Svl; holds at
well.3 The same is true after the application of this switch if it becomes improving.
In any case, we obtain a strategy that has Property Svl; foralli € {1, ..., n}. As the
proof is similar to the case v = 1, we omit it here.’

Thus, by Lemma 13 resp. the row 2 of Table 11, o is a Phase-1-strategy for b + 1
witho € A,.

We now prove that o is a canonical strategy for b + 1 with I, = {(d; j«, Fi j):
o(d; jx) # Fi,j}. We begin by proving Iy = {(d; j i, Fi,j): o(d; j i) # Fi j}. Let
o ® denote the Phase-5-strategy of Lemma 10 with o € A, . Itis easy to verify that
I, can be partitioned as

Io = {(d; j+ Fi j): U(S)(ei,j,*) =g} Uldy1-p7, 5 Fo1-pg, D)
Ufe=@iiopr, e Finopr )i € o Looom =1, 87 = 0,7 (0) =m — 1]

, ®
U ’6 = (i 1-p7, 5 Fi1pe, )i i < v, 9% (&) > m— 1],
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if b+1is nota power of two. A similar partition can be derived if b+ 1 is a power of two.
In particular, I, C {(di,j,k, Fi,j)l G(dl'yj’k) * Fi’j}. We prove that ¢ = (di,j,ky Fl])
implies e € I, if o (d; j k) # Fi,j.

If 0'(5)(61"1"](/) = g1 for some k' € {0, 1}, then e € I, as one of the cycle
edges of F; ; is improving for o ®) while the other becomes improving after applying
(ei,j k> b2). Thus let 0(5)(e,',j,*) = by, implying —-65(eg,~,j). Then, by Lemma 10,
&3(d;,;) or 53(ebi j) A =G (egi ;). In the first case, 87 = 1 A B7, = j by
Lemma 10. But this implies o (d;, ;) since o is a Phase-5-strategy for b and thus
has Property Bacl;. This however contradicts o (d; j «) # F; j. Hence, assume that
&3 (eb;, ;) A—57(egi, ;). Then, by Lemma 10, (i, j) € S;. We distinguish three cases.

1. Let(, j) € {(i, 1-p7,): i <v—1}.1f¢"" () < m—1,then e was an improving
switch of type 3 for 0® and thus applied during Phase 5. But this contradicts
o(d;, j k) # Fi j since no switch (dy s «, €4 x+) is applied during Phase 5. This
implies that we need to have (i, j) € {(i, 1 =87 )i <v—1,0%(e) > m—1},
hence e € I,.

2. Let(i, j) e {G, 1=B7, priefv+1,...,m—1}, B7 = 0} which can only occur
if b+ 1 is not a power of 2. As proved when discussing /), we then either have
oo (di,j k) = Fi j, implying ¢°°(d; j k., Fi,j) < m —1orop(d; ji) # Fi,j and
¢°°(d; j k., Fi j) = m — 1. Consider the first case. If the inequality is strict, the
switch was applied previously during Phase 5, yielding a contradiction. Otherwise,
(d;,jx, Fi,j) € 15.Inthe second case, the switch was applied during Phase 1, hence
it was a switch of type 1 during Phase 5, also implying (d; j x, Fi.j) € Is.

3. Finally, leti = v A j = 1 — 7, ; which only needs to be considered if b + 1 is
not a power of 2. In this case we however have e € 1), implying e € I,,.

Thus, e € I, in all case, proving the statement.

We now prove that o is a canonical strategy for b + 1. Note that we heavily use that
o is a Phase-5-strategy for b. We thus refer to 4 for an overview over all properties
that o has. First, we have 8% = b+ 1. Thus, condition 1 follows since o (e« x x) = b2
and v > 1. This also implies that conditions 2(a), 2(c), 3(a) and 3(b) are fulfilled as
o has Property Bacl,. and Property Bac2,. Consider condition 2(b). Since (b + 1); =
1 implies that F; (p11),,, is closed, we prove that F; 1_(p41),,, 1S not closed. Let
ji=1—(b+ 1);11. Then, by Lemma 10, 0(5)(d,-,j,*) = ¢; j.» and it suffices to prove
(di.j.0, Fi.j) & A% 5. As such a switch is applied during 0® — o if and only if it is
of type 3 by Corollary 11, we prove ¢°>(d; ; o, F; j) = m— 1. This follows directly if
1;—omfn(b, i + 1)+ 1;—ymufn(b, i + 1) = 0 since this implies 20, J, k) > b. Thus

suppose that this term is not 0. Then, Eb(i, j. k) = PJFZ(E';HF]‘—‘ > {h+§—k—| =

L%J + 1 since b; = 1 and by the choice of i and j. But this implies £° (i, j, 0) >

m + 1, hence (PU(S) (di’j,(), Fi,j) >m.

Consider condition 3(c) and let j:=1 — (b + 1);41. It is easy to prove that o has
condition 3(c) by proving that (b 4 1); = 0 and F; ; being closed imply =} (F; ;) >
E5(F; 1—j). The reason is that this implies that we need to have o (g;) = F; ; due to
Iy ={d; jk, Fi j): o(d; i) # Fi ;}. Next, consider condition 3 (d) and consider a
level i with (b + 1); = 0. Let j:=0resp. j := g, ; depending on whether G, = S,
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resp. G, = M,. We prove that E}(F; ;) > E7(F;1—;) if none of the two cycle
centers is closed. In M,,, this either follows from Lemma 14 since o has Property Rell
or by an easy calculation. In S, this follows since §2(F; o) > $2(F; 1) and as these
priorities are even.

Property Usvl implies that o fulfills conditions 4 and 5 for all indices. Finally,
consider condition 6 and let i = v(b +2),j = ,BS(b +2)41- By the same argument
used for condition 3(c), it suffices to prove ¢° (d; jx, Fi,j) > m — 1 for both k €
{0, 1}. This however follows from v(b + 2) = 1. Hence, o is a canonical strategy for
b+ 1. O

Note that we implicitly proved the following corollary.

Corollary 13 Let 011 be the canonical strategy for b + 1 calculated by the Strategy
Improvement resp. Policy Iteration Algorithm when starting with a canonical strategy
op fulfilling the canonical conditions as per Lemma 7. Then, Table 2 specifies the
occurrence record of every improving switch applied until reaching oyp41, excluding
switches (g«, Fx ), when interpreted for b + 1, and each such switch was applied
once.

It remains to prove that the canonical strategy o1 fulfills the canonical conditions.
By Corollary 13, it suffices to prove that it has Properties (Orl), 4 « to (Or4), . . and
that Table 2 specifies the occurrence records of all edges that were not applied.

The following statement is required when discussing Properties (Orl)y s« to
(Ord)4 « . It states that the occurrence record of the cycle edges of Fy(p42),1—(6+2)
are large if b is even and will be used repeatedly.

Lemma 15 Letb € B, beeven, i:=v(b+2) and j:=1—(042); 1. If b+2 is a power of
2, then ¢ (d; j «, F; j) = m. Otherwise, ¢°°(d; j o0, Fi j) = mA Q% (d; j 1, F; ;) =
m — 1. In any case, oy (d; j 1) # F; j for both k € {0, 1}.

We now prove that the canonical strategy o1 for b 4 1 has Properties (Orl), 4 «
to (Ord), « «.

Lemma 12 Let o1 denote the canonical strategy calculated by the Strategy Improve-
ment resp. Policy Iteration Algorithm as described by Lemma 11. Then opy1 has
Properties (Orl)y s x t0 (Ord),  «.

Proof To simplify notation, let o :=0op4;. We first prove that o has Properties

(Orl)4 4,4 to (Or4)y « » and discuss Property Or3, . . at the end. We only prove the

statement for the case v > 1. The case v = 1 follows by using similar arguments.’.
Consider Property Or4; ; ;. We prove that any improving switch has an occurrence

b+1+41
2

record of either morm — 1 asm = L J due to v > 1. Any e € I, was either

improving for ¢® or became improving during Phase 5, i.e., when transitioning
from 0® to o. As in the proof of Lemma 11, all improving switches not applied
during Phase 5 had an occurrence record of at least m — 1. More precisely, this was
shown implicitly when giving the characterization of the improving switches. Also, the
occurrence records of these edges are at most m, proving the statement for these edges.
For improving switches that were unlocked during Phase 5, the statement follows by
Corollary 12. Hence, o has Property Or4; ; ; for all indices.
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We prove that o has Property Or2; ; x and Property Orl; ; . Consider some indices
i,j with g7 = 0V B7 , # j. We prove that 0(d; jx) = Fi; is equivalent to
¢ (dij ks Fioj) = °FGL jok) + 1

Leto(d; j.x) = F;,j. Then, since 0(5)(di,j,k) # F; ;j by the choice of i and j, the
switch was applied during 05 — o. Consequently, it was not applied before Phase
5 as switches are applied at most once by Corollary 13. Thus, ¢°°(d; i, Fi ;) =
qb"(s) (d;,jk, Fi,j) < m— 1. But this implies oy (d; j ) = F;,; since the switch would
have been applied in Phase 1 otherwise. Consequently, by Lemma 9

O (di jxs Fi ) = ¢ (dijis Fr ) +1=€°G, j )+ 1+1
=G 4+ 1 <m—1.

Hence Property Orl; ; x also holds. Now, let ¢ (d; jr, Fi.j) = G, G k) + 1.
We prove that this implies o (d; j «) = F; ;. We first observe that ¢° (d; j «, Fi,j) =

OtG k) 1< Lw implies €21, j, k) < %J By Lemma 7, we

thus need to have g7 ; = 1 — j. Consider the case b; = 0 A bjy; # j. Then,
@7 (d; j i Fij) = min({%J L €8(i, j, k) + 1) for some 7, feasible for b.
Assume ¢°° (d; j k., Fi j) # b, J, k) + tp for all feasible parameters and note that
this implies ¢%¢ (d;.j . F.;) = L%J Then ¢ (di. ;4. Fij) < €0G, j k) + 1,
implying

1—k
G k) =G, j )+ 1 > LHTJ +1
_|bH3 k| _|b+l+T—k
- 2 - 2

which is a contradiction. Consequently, ¢°®(d; j, Fi ;) = %G, j, k) + tp for
some feasible rp. Assume ¢ (d; j«, Fi j) = €%@i, j, k). Then °dijk. Fij) =
G, k) + 1 =%, j, k) +2 = ¢°(d; | x, Fi,j) + 2, implying that the switch
would have been applied twice during o, — o. This is a contradiction. The same
contradiction follows if we assume ¢°°(d; j«, Fi j) = Z[’(i, j, k) — 1. Hence, it
holds that ¢°°(d; j«, Fi,j) = oG, j k) + 1, implying oy (d; j ) = F; j. Since
25, j. k)= TARRY(R J, k) — 1, this also implies that the switch was indeed applied
during the transition. However, op(d; j ) = F; ; implies that the switch was not
applied during Phase 1 of that transition. But then it must have been applied in Phase
5, implying o (d; j k) = Fi ;.

We now show that the same holds if b; = 1 and b;; = j, implying i < v.
It is then easy to calculate that this yields ¢°®(d; j . Fi ;) = go+l a,j, k).3 Since
o°di jk, Fij) = TARSYCR j. k) + 1, this implies that the switch was applied during
Phase 5 of oy — o. Consequently, o (d; j ) = Fi ;.

It remains to prove that o has Property Or3, « «. As a reminder, Property Or3; ; r

states that ¢ (d; ;1. Fij) = o7\, j.k) — 1 A ¢%(di j1. Fij) # L%J if
and only if b + 1 is odd, b 4+ 2 is not a power of 2,i = v(b + 2), j # (b + 2);41
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and k = 0. We first prove the “if”” part. Since b 4 1 is odd, b is even. As b 4 2 is
not a power of by assumption, ¢°®(d; ; o, F;,j) = mand ¢°°(d; j 1, F; ;) =m —1
as well op(d; j k) # F; ; for both k € {0, 1} by Claim 15. Now consider Phase 1
of oy — o.Then, (d; j 1, F; ;) is applied in this phase by Corollary 1. Thus, by the
tie breaking rule, (d;, j 0, F;, ;) is not applied during Phase 1. Since no switch with an
occurrence record of m is applied during Phase 5, the switch is also not applied during

Phase 5. Consequently, ¢° (d; j 0, Fi.j) = ¢°°(di jo, F;j) = m = L%J 1
since b 4 1 is odd. It thus remains to show ¢£°*1(i, j, 0) = %J Since b 4 1 is
odd, v(b+2) # vand b; = 0. Hence, by Lemma 9, £°*1(i, j, 0) = €%, j, 00+ 1 =
L%J +1= L%J . Thus, the “if” part is fulfilled. Now, the “only if” part can be

shown by proving that each of the conditions is necessary by proving the following
five statements:>

1. If j:=(b 4 2);1, then either ¢ (¢) % £21(i, j, k) — 1 or ¢% (¢) = L%J

2. Ifi # v(b+2)and j # (b + 2);;1, then either ¢ (e) # £°F1(i, j, k) — 1 or
¢° (¢) = Lb+l-2kl—kj.

3. Ifb+1 € Byiseven,i = v(b+2)and j # (b+2)i1, then ¢ (¢) = LWJ

4. Ifb+1 € B,isodd, i:=v(b+2), j:=1 — (b +2);j+1,k € {0, 1} and b+ 2 is a
power of two, then ¢ (d; j ., Fi j) = Lw .

5.IfbeB,iseven, i =v(b+2),j#(b+2)it+1,k=1and b+ 2 is not a power
of two, then ¢? (e¢) = L%J .

O

We now prove that Table 2 specifies the occurrence records with respect to the
canonical strategy op4 for b + 1 when it is interpreted for b + 1. Note that this then
in particular implies Theorem 3.

Lemma 13 Let o1 be the canonical strategy for b + 1 calculated by the Strategy
Improvement resp. Policy Iteration Algorithm when starting with a canonical strategy
op fulfilling the canonical conditions as per Lemma 7. Then, Table 2 specifies the
occurrence record of all edges.

Proof There are two types of edges. Each edge was either applied as improving switch
when transitioning from oy to op4| or was not applied as an improving switch. We
already proved that Table 2 specifies the occurrence records of all improving switch
that were applied, with the exception of switches (gx, Fi ). It thus suffices to consider
these switches as well as switches that were not applied when transitioning from oy
0o 0p41.

As usual, we do not always explicitly state that o has certain properties due to being
a Phase-5-strategy and refer to Table 4 for an overview. We begin by identifying the
edges that were not applied as improving switches and prove that their occurrence
record is described by Table 2. We only prove the statement for v > 1 here.> We first
prove the statement for all edges that are not of the type (d; j «. Fi ;).
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1. Consideredges of the type (b;, *).Sincev > 1, (b;, bj41) fori € {1,...,v—1}and
(by, gv) were applied. Let e = (b;, bj+1) andi > v. Then ¢ (¢) = fl(b, i) — b; =
fllb+ 1,i) — (b + 1); since either fl(b, i) = fl(b+ 1,i) and b; = (b + 1);4; (if
i >v)yorfllb+1,i) =fi(b,i)+1and b; = 0,6+ 1); = 1 (fi = v). Let
e = (b;, gi) fori # v. Then, by Lemma 9, ¢ (¢) = fi(b, i) = i(b + 1, i).

2. Consider some edge (g;, F;, ;) that was not applied during oy — o. Then, the
upper bound remains valid as it can only increase.

3. Consider some vertex s; ;. Since v > 1, the edges (sy—1,1, hv—1,1), (Sv—1,0, b1)
as well as the edges (s;.0, h;.0), (si,1,b1) fori € {1,..., v — 2} were switched.
It thus suffices to consider indices i > v. This implies ¢° (s; ;, b1) = fl(b,i +
1) —j-bjyy =f(b+1,i +1) — j - (b + 1);41 by the choice of i. Similarly,
% (sij hi ) = 00,0 +1) = (1= by = A6+ 1,0 +1) = (1= )b+ Dip.

4. Fore = (er.j 4. g1). Table 2 implies ¢ (e; 4. g1) = (ﬂ - (%1 since v > 1.

5. Consider some e = (d; j x, i j k). We need to prove ¢°(e) < ¢ (e; j k. g1)
% = % since b is odd. But this follows since ¢%(e) < ¢%(e) + 1 <

[g]r=2] =]

Consider some e = (d; j «, F;, ;) that was not switched. We distinguish the following
cases.

1. Let (b; =1 Abjy; = j)and (b4 1); = 1 A (b+ 1);41 = j). Then, since any
intermediate strategy had Property Bacl;, F; ; was always closed during op —
0. Thus i # v, implying mfn(b, i, {i + 1, j)}) = mfn(b + 1,4, {G + 1, )}).
Therefore, ¢ (e) is described by Table 2.

2. Let (b; = 1 Abjy1 = j)and (b + 1); = 0, implying i < v. Then biti + 1 also
switched, so (b + 1); = 0 A (b + 1);+1 # j. Consequently, e was not switched
during Phase 1 since F; ; was closed with respect to any intermediate strategy
due to Property Bacl;. It is however possible that such a switch is applied during
Phase 5. Since i < v — 1, this switch is applied if and only if ¢ (e¢) < m — 1.

We may thus assume ¢°t(e) > m — 1 = L%J and only need to consider e if

mfn(b,i,{(i+1,j)})+2—kj - LEJ
2 = 2

. This inequality holds if and only if one of the
following three cases applies:
—mfn,i, {(+1,)H)h+2—-k>b—-1

— mfn(b, i, {i+1, j)})+2—kisevenand mfn(b, i, {(i+1, j))+2—k = b—-2.
— mfn(b, i, {(i + 1, j)}) +2 —kisodd and mfn(b, i, {G + 1, j)}) +2—k = b.

These assumptions can only hold if i € {1,2} v (i = 3 Ak = 0). It thus

suffices to consider three more cases. For i = 1, we obtain E["H(i ,j k) =

"b+l—%+l—k-‘ = |25 = ¢%(e). Similarly, for i = 2, we obtain

G k) = ’VW-‘ = IV%-‘ = L#J = ¢ (e). Finally, for

i =3and k = 0, we obtain £°*1(i, j, k) = [K’H_;Hl_k = | b=2=k ¢° (e).

2 =
Hence, for all three cases, choosing the parameter #,+1 = 0 yields the desired
characterization of ¢ (e).
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3. Let (b; =0ADbj11 # j)and (b+1); =0A (b4 1);41 # j), implyingi > v.
First assume 1;—omfn(b, i + 1) +1;—ymufn(b,7 + 1) = 0. Then Eb(i, j.k)>0
by Lemma 7, implying ¢°® (¢) = LWJ Since b is odd, \‘%J < m. Hence,
(d;,j1, Fi ;) was applied during Phase 1 of 0y — o ande = (d; j 0, Fi,j) ¢ ngh
Thus, since £°7! (i, j, k) = b+ 1 by the choice of i, choosing 7,11 = 0 yields the
desired characterization.

Now assume 1;_omfn(b,i + 1) + 1;—ymufn(b,i + 1) # 0, implyingi < m =
max{i : ,3;’ = 1}. Using i > v > 2, itis easy to verify that this yields Zb(i, Jj k) <

| 4= | — 13 10y (di j.0) # Fi g, this implies 67 (A j ¢, Fij) < €00, . k) <
LWJ —1. Then, by Corollary 1 the switch was applied during Phase 1. We may

hence assume oy (d;,j k) = F;, j, implying that we have ¢°° (¢) = 00, J,k)+1 <

wj as well as ¢°° (e) < m— 1 by Property Orl; ; . As we assume e ¢ ngb,

it suffices to consider the case ¢ (¢) = ¢*(e) = m — 1 since e is applied during

Phase 5 otherwise (see Corollary 12). Since AR @ j, k) = Eb(i, j. k) + 1 by
Lemma 9, choosing #p41 = 0 yields the desired characterization.

4. Let (b; = 0A b4 # j)and (b+1); = 1 A(b+ iy # j),le,i = v.

The statement follows by the same argument used earlier if 1;—omfn(b,i + 1) +

1;—ymufn(b,i+1) = 0. Hence let 1;—omfn(b, i +1) +1;—ymufn(b,i +1) # 0,
implying €% (v, j, k) = LWJ . Since oy is a canonical strategy for b, we have

2
same arguments used in the third case can be used to show the statement. Assume

#%(e) = €°(i, j, k) — 1. Then ¢ (¢) = m — 1 since we need to have k = 0 by
Property Or3; ; «. But this implies that e was switched during Phase 1 and that we
do not need to consider it here.

5. Finally, let (b; = 0 A b;+1 = j). We only need to consider the case (b + 1); =
OA(b+1)j41 = j,implying i > v. If 1;—omfn(b, i + 1) + 1;—ymufn(b, i + 1),
the statement follows by the same arguments made earlier. Otherwise, we can also

ov(dij 1) # Fy.j. Assume ¢ (¢) = £°(i, j, k). Then ¢° () = LMJ and the

use the previous same arguments since £°(i, j, k) > L%J implies ¢ (e) =

]

It remains to investigate edges (g, Fx «). We prove that Table 2 specifies their
occurrence records by inductively proving the following statement: Let oy € A, be
a canonical strategy for b € B, calculated by the Strategy Improvement Algorithm.
Then ¢°°(g;, F; j) < mingeo,1) 9°°(di,j k> Fi j)-

For simplicity, we interpret the improving switch (gy, F, p,,,) that might techni-
cally be applied at the beginning of Phase 2 or 3 as an improving switch that is applied
during Phase 1. We prove the statement via induction on b. We briefly discuss how
the statement can be proven for i # 1 and do not discuss the formal detail or the case
i = 1.3 As we consider several earlier strategies during the inductive step, we show
that the statement holds for all b < 2.

Thus, let b < 2!=:b and consider some edge e:=(g;, F;i j). Then Ei“ =1 and
b; 41 = Oforall b’ < b. We prove that e was applied at most once when transitioning
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from ¢ to oj; and that this application can only happen during oy _, — op. The
statement then follows since it is easy to verify that the occurrence records of the
cycle edges of F; ; are both at least one.

Since t(g;) = 0, e cannot have been applied during Phase 1 of any transition
encountered during the sequence ¢ — oy, as the choice of b implies that there is no
b’ < b with b =1A b’Jrl = 1. It is also easy to show that this implies that it cannot
happen that the cycle center F; ; was closed during Phase 1if j = 1 — b} 41~ The
switch (g;, F; ;) can thus only have been applied during some Phase 5. However,
since (g;) = 0 and due to the choice of b, this can only happen when transitioning
from oy _, to oj.

Thus, the statement holds for op with b < 2. Now, assume that it holds for all
b’ < b where b > 2/. We prove that the statement also holds for op. Fix some edge
e:=(g;, F;,;j) and consider the strategy op,—1. We begin by arguing that several cases
do not need to be considered.

First of all, every improving switch is applied at most once per transition. The
statement thus follows by the induction hypothesis if minge(o, 1y ¢7°(d; j x, Fi ;) >
mingeo, 1) 971 (d;, j k. Fi, ;). We thus assume

kg{lg)nl @7 (di,j i, Fi,j) = H{l(l)n}¢"" '(dj,j ks Fi,j)- 3)

Similarly, if e is not applied during op_1 — 0y, then the statement also follows by
the induction hypothesis. We thus assume e € ngb .

These observations give first structural insights on b — 1 and b. First, if b; =
1 A (b — 1); = 1, then it is not possible to apply e during op_; — op. Second, if
b; = 1A (b —1); =0, theni = v(b). By Definition 2 resp. 4, both cycle centers
of level v(b) are open for o_1. Hence, Corollary 2 implies that F; ; is closed during
0p—1 — op by applying both switches (d; j o, F;,j) and (d; j 1, F;, j). Butthen, Eq. (3)
is not fulfilled and the statement follows. This implies that it suffices to consider the
case b; = 0.

It can then be show that these assumptions imply that the occurrence record of the
edges (d; j «, Fj ;) is “large”. 3 To be precise, that Eq. (3), ¢ € ot and b; = 0 imply

b
b-1(d — -1 4
kI'I{l(l)Il]}(ﬁ (t/k» 1/)> \‘EJ 4)

It then suffices to prove ¢~ (g;, F; ;) < L%J — 1 to complete the proof.

We begin by proving that we cannot have (b — 1); = 1. Let, for the sake of
contradiction, (b — 1); = 1. Then, as b; = 0, we have i < v(b) and consequently
(b — 1)iy1 # bjyq. It further implies that b is even. Then, since e € Ql(,b , by
assumption, it was applied during Phase 5 of 0,1 — 0. This implies j = 0in S,
resp. j = bjy1 =1 — (b — 1);41 in M,,. Consider M, first. Then, since (b — 1); =
LA =1— (b= 1) imply €51, j k) > {%J + 1 by Lemma 7, we obtain

9o (i g Fip) = | 2% |
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In addition, since ¢%v~1(d; j x, Fi.j) # €°71(i, j, k) + 1 forboth k € {0, 1}, F; ; is
then open with respect to 0,1 by Property Or2; ; .. This implies that (d; j 1, Fi 1) is
applied during Phase 1 of op_; — o0p. But then minge(o,1y ¢°°~'(d; j k. Fij) <
mingeo,1) ¢°°(d;, j x, F;,j), contradicting our assumption. Now consider the case
G, =S8, If j =0 =1-—(b— 1)41, then the statement follows by the same
arguments. This is the case if and only if i < v(b) — 1, soleti = v(b) — 1. By
Definition 2, this implies op_1(g;) = Fi . Since F; o is then closed during Phase 1
of the transition op_; — oy and since (g;, F; 1) cannot be applied during Phase 5 if
G, = §,, this is a contradiction.

It thus suffices to consider the case (b — 1); = 0. To simplify notation, we denote
the binary number obtained by subtracting 1 from a binary number (b}, ..., b}) by
[b),,...,b]] — 1. Then, b and b — 1 can be represented as

b = (bn7~~-7bi+1701 bi—h'-'abl)s
b—1=(0b,,...,0i41,0,[bj_1,...,b1]—1)

where bit i is marked in bold. The idea of the proof is now the following. We define
two smaller numbers that are relevant for the application of (g;, F;, ;). We use these
numbers and the induction hypothesis to prove that even if (g;, F; ;) was applied
during (nearly) all of these transitions, the bound that we claim still holds.

We thus define b = ([b,,...,b;41]—1,1,1...,1) and b= ([by, ..., bit1] —
1,1,0,...,0) where bit i is again marked in bold. Note that these numbers are well-
defined since b > 2!.

Consider b. Let 9(b, b — 1) denote the number of applications of (g;, F; j) when
transitioning from o to Op—1. Then, since b; = 1forall b e {E, R B}, we have
‘ﬂ(fa, b—1)= ‘II(E, b — 1). We thus can describe the occurrence record of (g;, F )
as

$%1 (g, Fi.j) = MO0, b — 1) = N, b) + N(b, b — 1)
= ¢ (gi, Fi,j) + (b, b —1).

Our goal is to bound the two terms on the right-hand side. Due to the induction
hypothesis, the first term can be bounded by L%J. Since every improving switch is
applied at most once per transition by Corollary 13, we have M(b,b — 1) < (b —

1) — b. However, this upper bound is not strong enough. It can however be proven
that (g;, F; ;) was not apphed during all transition from b to b — 1. More precisely,
MNb,b—1) < (b—1)—b—1. Combining these results and using b="b— >(b,i)—1
andb=b— Y (b,i)— 2’ ! yields the statement.’

We can now combine the previous arguments to prove Lemma 5. Note that this
implies Lemma 6.

Lemma S Let oy € A, be a canonical strategy for b fulfilling the canonical conditions.
Let o € Ay, be a strategy obtained by applying a sequence of improving switches to
op. Let o have the properties of row k of Table 6 and let 1, be described by row k
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of Table 7 for some k € {1, ...,5}. Then, applying improving switches according to
Zadeh’s pivot rule and our tie-breaking rule produces a strategy o’ that is described
by the next feasible rows of Tables 6 and 7.

Proof By Lemmas 7, 8,9 and 10, it suffices to consider the case k = 5. By Lemma 11,
applying improving switches to a canonical strategy op for b produces a canonical
strategy op41 for b 4 1. It suffices to prove that o4 fulfills the canonical conditions.

By Corollary 13, Table 2 correctly specifies the occurrence record of all edges when
interpreted for b + 1. By Lemma 12, 041 has Properties (Orl),  « to (Or4)4 « «. By
Corollary 13, each improving switch was applied at most once when transitioning
from oy — op+1. Consequently, oy fulfills the canonical conditions. O

This now enables us to prove our final theorem.

Theorem 4 Applying the Strategy Improvement Algorithm with Zadeh’s pivot rule and
the strategy-based tie-breaking rule described in Definition 7 on the game G,, of size
O (n) needs at least 2" iterations when using ¢ as the initial player 0 strategy.

Proof This follows by Lemma 4 and by applying Lemma 6 iteratively. O
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