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Abstract

A method that can be used to find the time complexity of a problem is to reduce it to another problem, or vice
versa. In the book Dynamic logic by David Harel, Dexter Kozen and Jerzy Tiuryn, it is shown that you can find
the lower bound complexity of the satisfiability problem of PDL by using reduction from the membership problem
for polynomial space bound single tape alternating Turing machines (PSST ATM). The proof shown was an informal
high level proof, which only showed the intuition behind their proof and could therefore benefit from a more rigorous
presentation. We will use the definitions of PDL and PSST ATMs to show a more detailed presentation of half their
proof. In this thesis we will show that when a PSST ATM has an accepting computation on some input, then a Kripke
model exists that encodes the workings of the PSST ATM.
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1 INTRODUCTION

When we talk about the complexity of an algorithm, we normally talk about how long it will take to finish, or how much
space the algorithm will use, this is called the computational time or space complexity (or simply, the complexity) of
an algorithm.

The term complexity is also used when talking about different problems, like the traveling salesman problem, to indi-
cate the complexity of all possible algorithms that could solve said problem. For these problems there could be many
(possibly infinitely many) algorithms with different complexities that could solve them, therefore we make a distinction
between the lower bound complexity and upper bound complexity of a problem.

One of the problems of which we know the lower and upper bound complexity is the satisfiability problem of proposi-
tional dynamic logic (PDL). PDL is a dynamic logic of which the syntax consists of propositions and programs. The
formulas of PDL are formed by combining atomic propositions and atomic programs which are then interpreted over
Kripke models. The satisfiability problem of PDL is stated as follows: “Given a PDL formula ¢, is there a Kripke
model K that satisfies ¢”.

In section 8.2 of the book Dynamic Logic by Harel et al [4] it is shown that the lower bound complexity of the satisfi-
ability problem of PDL is EXPTIME, by reducing the membership problem of polynomial space bounded single tape
alternating Turing machines (PSST ATMs) to the satisfiability problem of PDL. The membership problem is stated as:
"Given a PSST ATM M and an input x, will M accept x?"

In this project we will give a detailed mathematical presentation of part of the high-level proof by Harel et al. in [4]].
In their proof Harel et al. constructed a formula ACCEPTS p,x, which has the property that a Kripke model that
satisfies ACCEPTS s, will encode the working of a PSST ATM M on input x. They gave the definition of this
formula, but never showed that an accepting computation of M on input x results in a Kripke model that satisfies
ACCEPTS p x- They also never showed that if there was a Kripke model that satisfies ACCE PT S p x then there is an
accepting computation on a PSST ATM M with input x.

We started this project with the goal of finding the lower bound complexity of the satisfiability problem of another logic,
called Game Logic [7]]. This is a modal logic which is syntactically and semantically similar to PDL, Therefore the first
step will be to understand the proof of the lower bound of SAT-PDL. This however proved to be more challenging than
first expected, and therefore we will focus in this thesis on the following theorem:

For all PSST ATMs M and all inputs x there exists a PDL formula ACCE PT S p x such that if there is an accepting
computation of M on input x then there is a satisfying Kripke model of ACCEPTS p .

The following chapters of the thesis will focus on the following:

In section [2] we will give short background on computational complexity. In section [3] we will describe the syntax,
semantics and axiomatizations of propositional dynamic logic, as well as describe what it means for a formula to be
satisfiable. In section[d we will present the PSST ATMs. We will present the proof of the theorem in section [5]. We
will then conclude the thesis in section E] ,in which we will discuss possible future work.

2  CoMPUTATIONAL COMPLEXITY

A question that is often heard when someone is designing an algorithm, or deciding how difficult a certain task is, is
"how efficiently can this be done". This efficiency is then related to some resource, for example how much time will it
take to solve this problem, or how much space will this algorithm take up. The field concerned with how much resources
a problem or an algorithm uses is called computational complexity theory. In this section we present computational
complexity by first describing what a computational problem is. We will then go over what complexity classes are,
including characteristics.

In this section we encode most objects with their binary string representation. This will allow us to talk about
complexity and computational problems in the general sense without worrying about the type of objects that are used.
We will follow the conventions as described in [3, p. 18], where they define the set of all string of length n, with n
being a natural number, as {0, 1}" and the set of all strings as {0, 1}*. We also use the symbols L and @ to denote false
and the empty set respectively.



2.1 COMPUTATIONAL PROBLEMS

There are many different types of computational problems. In this section we will explain two of those: search problems
and decision problems, together with the definition of solving those problems, but first we will present the general
notion of a computational problem. As stated in [2, p. 1054], a computational problem is defined as a binary relation
R over a set of problem instances /, and a set of problem solutions S. An example would be: "For an integer x, find the
closest prime number y for which x < y". In this example the set I of problem instances would be the set of all integers
Z, the set S of problem solutions would be the set of all prime numbers, and the binary relation R would be the set of
pairs (x,y), for whichx € I,y € S,x < y and for all 7, such that x < i < y,i ¢ S. This is also an example of a search
problem.

2.1.1 SEARCH PROBLEMS

A search problem is a computational problem where, given an instance x, we are tasked to find the, possibly multiple,
corresponding solution(s) from S, or conclude that no such solution exists [3]. These problems could range from finding
the greatest common divisor of two numbers to finding the shortest path (for example the traveling salesman problem).
Solving a search problem requires a solving strategy g : {0,1}* — {0,1}* U {L} , which maps the input instance
x € {0,1}" to a solution y € {0, 1}* if one exists or it maps to L if no solution exists. This leads to the definition of
solving search problems as given in [} p.19]:

Definition 2.1. Let the binary relation R C {0, 1}* x {0, 1}*, x € {0, 1}* be a problem instance and S = {0, 1}* U {L}.

de
We will define R(x) as the set of all problem solutions y € S corresponding to x, so R(X) ¢/ {y| (X,y) € R}. Then

g :{0,1} — {0, 1}* U {L} solves the search problem of R, iff g(x) € R(x), if R(x) # 0, else g(x) = L.

By this definition it should hold that g(x) gives a solution for x if one exists, that is if R(x) is not empty.

2.1.2 DECISION PROBLEMS

Decision problems are problems that can be answered with either yes or no, which we will represent in binary with 1
and 0. A decision problem is defined as follows: "Given an instance x, is x € S" [5]. A simple example of a decision
problem is whether a certain number is odd or even. Just like with search problems, solving a decision problem requires
a solving strategy i : {0, 1}* — {0, 1}, which maps the input instance to either a 0 (no,reject) or 1 (yes,accept). Solving
decision problems has been defined in [, p.20] as follows:

Definition 2.2. Let S be a set with S C {0, 1} and x € {0, 1}* be a problem instance, then g(x) = 1 iffx € S and
gx)=0iffx¢sS.

In complexity theory we mainly consider decision problems, for their simplicity of only having two possible answers [6].
We will only consider decision problems for the remainder of this section.

2.2 COMPLEXITY CLASSES

The complexity of a problem is defined by the amount of a specific resource it is using. When we restrict the amount
of resources that a machine can use to solve a problem, then we get what we call a complexity class [4, p. 38]. A
complexity class is specified by: [6]:

1. The model of computation (a multi-string Turing machine is often chosen).
2. The mode of computation (for example deterministic or nondeterministic).
3. The resources used (we choose to use time and space).

4. A bound function f : N — N.

We often choose to use a multi-string Turing machine (TM) as our model of computation for decision problems. We
often see the set of problem solutions S as a language X, and we say that a TM M decides the language X C {0, 1}*
iff for all x € {0, 1}* M halts at an accepting state if x € X, and halts at an rejecting state if x ¢ X [3]. We say that a
multi-string TM M accepts a problem instance x iff M takes x as input, and halts at an accepting state.



The mode of computation is most often chosen to be deterministic or nondeterministic [0, p.139]. The result of a
deterministic TM is always fixed, while the result of a nondeterministic TM might differ.

The bound function f is a function that maps non-negative integers to non-negative integers and, as the name suggest,
it defines how much resources a multi-string TM uses to determine whether a problem instance x is in its language. We
say a multi-string TM runs in time f(n) if it takes at most f(n) steps to halt, and it runs in space f(n) if from the start
state all reachable configurations us at most f(n) work tape cells [4].

We define a complexity class as follows [6]:

Definition 2.3. A complexity class is the set of all languages decided by some multi-string TM M, operating in some
mode, such that, for any input x, M expends at most f{|x|) units of the chosen resource.

We define the complexity classes DTIME( f (n)) and NTIME( f (n)) as the set of all languages (problems) accepted by
a deterministic multi-string TM, and a nondeterministic TM respectively, that runs in time f(n).

We define the complexity classes DSPACE(f (n)) and NSPACE(f (n)) as the set of all languages (problems) accepted
by a deterministic multi-string TM, and a nondeterministic TM respectively, that runs in space f(n) [4] p.39].

Using this we can define some popular complexity classes:

P ‘Y DTIME(X),

NP ‘¢ NTIME(:%),

EXPTIME “Y DTIME(x").

We say that a problem P is in a certain time complexity class C if the language of P is in C. We say a problem P is hard
for a certain time complexity class C if we can reduce (transform one problem in to another) all problems in C to P.

3  PROPOSITIONAL DyYNAMIC LoGIC

In this section, we present the modal logic propositional dynamic logic (PDL). PDL is a dynamic logic that is used
to reason about nondeterministic programs, which are programs of which the outcome could be different between
executions on the same input.

The models over which PDL formulas are normally interpreted are called Kripke models, named after Saul Kripke.
These models consist of a set of states, a set of binary relations and a valuation function. When PDL is interpreted over
a Kripke model, the programs of PDL language are seen as binary relations over the states of the model. In the next
subsections we define the syntax and semantics of PDL, and lastly the satisfiability problem of PDL.

3.1 SyNTAX

The syntax of PDL is defined in terms of programs and propositions. The set I1j is the set of atomic programs, which
we denote by a, b, c.... ¢ denotes the set of atomic propositions denoted by p, g, r.... In the following, we assume the
sets ITp and @y to be given. PDL is not one language, it is a collection of infinitely many languages. A language of
PDL is a language parameterized by the pair (Il, ®@¢). Using the atomic programs and atomic propositions we are able
to form complex programs and propositions. Complex programs are formed by using program operators and complex
propositions are formed by using propositional operators.

Definition 3.1. Given a finite non-empty set Iy of atomic programs and a finite non-empty set ®q of atomic proposi-
tions, we define the language PDL(I1y, ®¢) as the pair (I1, @), where 11 is the set of all programs and ¢ the set of all
propositions. the programs « and the propositions ¢ are defined inductively as follows:

alaa|laVUala®|e?

Ol1lpl-elenplevele—eleopllale

S
Il

with a € Iy and p € @y.



In definition [3.1] the ; denotes sequential composition, meaning: the program a; S is the program that first executes «
and then immediately executes 8. The nondeterministic choice @ U 8 means to choose either @ or § nondeterministically
and execute it. @* means to execute & a nondeterministically chosen finite number (zero or more) of times. The operator
* 1s also called the iteration operator. The program ¢? is the test program, this program will test ¢, if true then proceed,
fail if false.

The proposition 0 represents propositional falsity, the proposition - is the negation of proposition ¢, which means
that when ¢ is true, —¢ is false and vice versa. The proposition [a]¢ is the proposition that states that after executing
program « it is necessary that ¢ holds. The [ ] operator is called the box operator.

Note that the definitions of IT and @ are intertwined, due to the box and test operator. The box operator is a
propositional construct, but requires a program to execute. And the test operator is a program construct, but it needs a
proposition to test.

The operator () is the dual of [] and defined as:

(@) = -[a]-yp

The formula (@) is true at states where the execution of program « leads to at least one state where ¢ is true.

3.2 SEMANTICS

PDL formulas are interpreted over Kripke models. In a Kripke model atomic programs are interpreted as binary
relations over the set of states.

Definition 3.2. A Kripke model for the language PDL(I1y, ®) is a 3-tuple:
K =(S,R,V),

with S being a set of states, R a mapping from atomic programs to binary relations on S, with R : ITp — P (S x S), and
V being a valuation function, V : ®y — P(S), giving the set of states in which atomic propositions hold.

We write R, for the relation R(a) and uR,w when (u,w) € R,. We also define the set R, (1) = {v e S| (u,v) € R;}
as the set of a-successors of u.

For non-atomic programs and propositions the definition of R and V are given by mutual induction on the structure of
the program or proposition.

Definition 3.3. The definitions of V and R for non-atomic propositions and programs are as follows:
(K1) V() =0
(K2) V(=¢) =S - V(p)
(K3) V(e Ay) =V(p) N V()
(K4) V(e V) =V(p) UV(Y)
(K5) V(g = ) =V(mp) UV ()
(K6) V(g oY) =V(e = y) NV — @)
(KT) V(lalg) ={u | Ra(u) S V(p)}
(K8) Rop = {(u,v) | 3w € S such that w € Ro(u) and v € Rg(w)}
(K9) Ra,u'g =R, U Rﬁ
(K10) Rox = U (Ra)"
0

(K11) Ryo = {(wo10) | u € V(e)}.

We write K, u = ¢ when u € V(¢), meaning that ¢ is true at state u. Similarly we write K, u [ ¢ when u ¢ V(p),
which says that ¢ is not true at state u.

Example 3.4. In figure 1 you can see the graph of the Kripke model K = (S, R, V) with:
H() = {Cl, b}

oy ={X,Y,Z}

S ={S1, 52,53, $4}

R, ={(S1,82),(S2,52),(S1,S3)}



Ry = {(S1,53), (53, 54)
V(X) = {52, 53}
V(Y) = {S2, 54}

V(Z) ={S1}

In this model we can see that:
K,S1 E [a]X
K,S2EXAY

K,S1 E (a; b)Y

K,S1 E (a™)X

K,S4 E [a]X

K, S4 | (a)X.

§1

Figure 1: The graph of a Kripke model

We will show for some of the formulas that they are true by using the statements of definition 3.3}

%, S1 E [a]X
iff S1 e V([a]X)

iff S1 e {u| Ra(u) C V(X))

iff R,(S1) C V(X)
iff {52, 83} C V(X)
iff {S2, 53} C {52,53}

iff true

K, 54 E [a] X
iff S4 € V([a]X)

iff S4 € {u| R,(u) CV(X)}

iff R,(S4) C V(X)

(definition [£)
(K7)

(definition of R, (S1)
(definition V(X))
(definition C)

(definition [)
(K7)



iff 0 C V(X) (value of R, (54))

iff true (0 is a subset of every set)
K, 81 E (@)X
iff S1 € V({a™)X) (definition )
iff S1 € V(=[a*]=X) (definition (a))
iff S1 € {u| Ry (u) € V(=X)} (K7)
iff Sle{u|{veS|(u,v)eR,y}LV(=X)} (definition R+ (u))
iff Sle{u|{veS]|(uv)e U(Ra)"} ¢ V(=X)} (definition R )
n>0
iffSle{ul{veS| (uv)e U(Ra)”} ¢ (S-V(X))} (K2)
n>0
if (v eS| (SLy) e[ J(Ra)"} & (5= V(X))
n>0
iff {S2,83} € (S -V(X)) (definition {v € § | (u,v) € U(Ra)"})
n>0
iff {52, S3} ¢ {S1,54} (definition S-V(X))
iff true (definition ¢)
K, S84 = (@)X
iff S4 ¢ V({a)X) (definition )
iff S4 ¢ V(=[a]-X) (definition {a))
iff S4¢{u|Ry(u) V(=X)} (definition V(=[a] X))
iff Ry (S4) ¢ V(=X)
iff 0 ¢ (S-V (X)) (definition R, (S4)
iff false 0 is a subset of every set

3.3 SATISFIABILITY PROBLEM

A PDL formula ¢ of some language PDL(ITy, @) is satisfiable iff there exists a Kripke model %, for which V (i) # 0.
The problem stating: "For some PDL proposition ¢ of some PDL language PDL(IIp, @), is there a Kripke model K
that satisfies ¢ ?" is called the satisfiability problem of PDL.

Definition 3.5. The satisfiability problem of PDL is defined as:
Given a PDL formula , does a Kripke model K = (S, R, V) exist for which V() # 0? In other words, is there a state
u in some Kripke model K = (S, R, V) for which K, u = .

4 PoOLYNOMIAL SPACE BOUNDED SINGLE TAPE ALTERNATING TURING MACHINES

In this section, we will define polynomial space bounded single tape alternating Turing machines (PSST ATM) [].
Alternating Turing machines (ATM) are an alternating variation of the standard Turing machines. This means that the
states of ATMs can be either universal, existential or negating, on top of being accepting or rejecting. A computation
from configuration a, which is in an existential state ¢ and which can reach configurations 8, w, y is said to lead to
acceptance iff at least one of the configurations 3, w, y leads to acceptance. If for the same configuration «, state g was
universal, then a computation from a will lead to acceptance iff all of the configurations 3, w, y lead to acceptance. If
the state g of @ was negating, however, then @ would only be able to reach one configuration, say S, and a computation



in @ would lead to acceptance iff 5 would lead to rejection.

Two special cases of ATMs are the single tape version, for which there is only one work tape, and the polyno-
mial space bounded ATM, for which the length of the work tape is finite, and the input x, with length n, is directly
written on the work tape, enclosed with special end markers. In this section, we will restrict our discussion of ATMs
to the combination of these two special cases.

Definition 4.1. A PSST ATM is a 7-tuple:
M=(z,0,%,T,6,q0,8).

where:

Z is a fixed constant,

Q is the set of states,

Y is the input alphabet (with [, ] € X being the begin and end markers),
I is the work tape alphabet (including the blank symbol # and £ C T'),
6:(QxTI) —» P(Qx (' = {#}) x {-1,0,+1}) is the next move function,
qo is the start state,

g is the assignment function: Q — {universal, existential}.

As can be seen from this definition, a PSST ATM uses the symbols [ and | as end markers, these will specify the start
and the end of the work tape. These markers make sure that the tape is of finite length (in contrast to standard Turing
machines, for which an infinite tape is assumed). The end markers impose the following restrictions on the PSST ATM:

1. The tape will always contain the end marker [ at tape position 0, and the end marker ] at tape position n + 1.
2. The PSST ATM cannot overwrite the end markers.
3. The PSST can not move to the left of the left end marker, nor to the right of the right end marker.

It has been proven by Chandra et al. [1, Theorem 2.5 on p. 120] that for every ATM G with an accepting computation
on input x, in time ¢ or space s, with 7, s € N, there exists an ATM M without negating states, that also has an accepting
computation on input x, in time ¢ or space s. Therefore for the remainder of this section we will focus on PSST ATMs
without negating states whenever we talk about PSST ATMs.

The PSST ATM M will always be in exactly one state ¢, reading exactly one tape cell at some position i and will have
exactly one symbol on each cell of its work tape, with ¢ € Q and 0 < i < n® + 1 . This is called a configuration of M .

Definition 4.2. Given a PSST ATM M = (z,0,%,T,6, qo,g) and an input string of size n, the set of all possible
configurations of M, C s, is defined as:

Cap =0 x (T —{#)" x {#}" x N(n* +1)

withm < n®+ 1, w = n® + 1 —m and N being the function that takes an integer n as input and returns the set:
{i |i e Nand 0 < i < n* + 1}. A configuration a, with a € Cyy is of the form:

(q’ [’al’ ceey am’#w’],i)’

which represents the configuration that is in state q, has a work tape containing the symbol [ on position 0, m times a
symbol a, with a € T, and blanks until the end of the tape where it is closed by the symbol ].

At the start of a computation of M , the machine will be in the start state, with input x written on the work tape followed
by blanks, and it will be scanning cell 0.

Definition 4.3. The start configuration of M on input x is denoted as:

O-M()C) = (QO’ [,X[, -~~s-xn’#w’]’ 0)7



with x = x1, ..., x,, w = n®* — n and g being the start state of M .

The next move function ¢ : (Q XI') — P (Q x (I' = {#}) x {-1,0,4+1}) is a function mapping the pairs consisting
of states g from Q and a symbol a from the work tape alphabet, to the set of triples (p, b, d) where p is a state from Q,
b a symbol from the work tape alphabet, and d a direction in which the tape head moves.

The way ATMs move along the function ¢ is as follows:

Assume we have some configuration @ of M in state g, which is scanning a symbol a at tape position i. Let us
also assume that there is a triple (p, b, +1) which is in §(q, @), and let us denote configuration 3 as the configuration
reachable from « by the action (p, b,+1). When M moves from « to 8 it will change its state from g to p, overwrite
the currently read symbol a with symbol b and move the tape head by 1 position to the right.

The function ¢ does not always return one triple, it can return multiple, or even none. This makes it possible for every
configuration to have 0 or more successor configurations.

A move of M consists of M going from one configuration to another, this move is represented by the next con-
figuration relation .

Definition 4.4. Given a PSSTATM M on input x, we call a configuration 8 = (p, [, a1, ..., Qi—1, b, Qix1s coes in—is #V, ], i+
d) a successor of the configuration @ = (q, [, ay, ..., an, #",1,0) iff (p, b, d) € 6(q, a). This is denoted as a + 3 and we
refer to + as the next configuration relation.

A computation path of M is a sequence of steps starting from the start configuration, this is written as: o a((x) + a; +
... F a,. The relation + is a set containing pairs of configurations («, 8). We call a configuration S reachable from
some configuration e, if there is a computation path from a to § in 0 or more steps.

We define the computation tree 7 of a PSST ATM M on input x as follows:

The root node of the tree is the start configuration o p((x), from here the tree will create m different branches, one
for each triple in the set returned by 6(qo, [), which are all the successor configurations of o p((x). Remember from
definition that g is the start state, and M is reading the symbol [ on tape position 0. These branches will then
branch out to their successor configurations. This process can result in a tree of infinite depth, however the set of
configurations Cyq does not contain an infinite amount of elements due to the work tape being of finite length. We
define the number of all possible configurations ¢ as: ¢ = |Cp(|. We can be sure that the computation tree of M can
reach all configurations of Cy, that can be reached in ¢ steps, therefore we can truncate the tree at depth ¢. Not all
configurations of Cy( might be reachable from o (x), which means not all configurations of C »( need be in T

Definition 4.5. For all PSST ATMs M and all inputs x of length n, with c being the number of configurations of M,
we define the configurations of the computation tree of M on input x as follows:

Cr ={B | om(x) v* B, in c or fewer steps}.

We will now define acceptance on the computation tree.

Whether a configuration leads to acceptance depends on the state of the configuration and the successor configurations.
A state can be either universal or existential. For an existential configuration (a configuration with an existential state)
to be accepting means that at least one of its successors must lead to acceptance. For a universal configuration (a
configuration with a universal state) to be accepting means that all its successors must lead to acceptance. We denote
a universal configuration with A and an existential configuration with v. We also define an accepting configuration
as a universal configuration with no successors and a rejecting configuration as an existential configuration with no
successors.

After truncating we might have some branches which do not return accepting or rejecting, but instead had successors
which were truncated. We call these branches unfinished, which we denote by L. However we do want an existential
configuration with at least one accepting successor to return accepting even if one or more of its branches did not finish
their computation, and the same goes for the universal states that should return rejecting if at least one of its successors
return rejecting. This is why we extend the domain of A and V to the domain {0, L, 1}, as defined in [1 118]:

Al L 0 Vi L

| | |
Ol ||

1
I |1 0 1
I 0 L
0|0 0 L

S

10



Now a universal state will return reject if one of its successors return reject, even when another successor has not
returned yet, since 0 A L = 0. An existential state returns accepting if one of its successors return 1, since L V 1 = 1.
If the computation returns L for configuration oy (x), then the computation will be considered unfinished.

Proposition 4.6. An accepting configuration is a universal configuration with no successor configurations and a
rejecting configuration is an existential configuration with no successor configurations.

We define acceptance recursively using the labeling function [ : Cy — {0, L, 1} as follows:

iffaeP: L
A (B, PU{a}), if @ isuniversal
atf

l(a,P) = V (B, PU{a}), ifais existential .
else: arB
1 if @ is accepting
0 if ais rejecting

The labeling function [ is recursive, with P denoting the set of configurations that / has already seen in a previous
recursion step. These are the configurations higher up in the computation tree. Intuitively speaking, / goes down along
the branches of the computation tree without assigning any labels until it reaches a configuration with no successors, or
a configuration that is already in P. A configuration with no successors is either universal or existential, and therefore
it is labeled with 1 (accepting) or O (rejecting).

Whether a branch loops can be discovered in less than ¢ steps, as is implemented in /. This is because there is a
maximum of ¢ configurations, meaning that the only way for a PSST ATM to loop is by having a branch in 7" which is
not solely constructed with unique configurations. If in 7' there are two (or more) configurations that are the same, let us
name this configuration «, then these two configurations a will also have the same successors 8, due to ¢, and therefore
these successors 8 will have the same successors vy, until eventually it reaches configuration @ again. Therefore by
adding all configurations to a set P as they are labelled by I, we can give the label L to configurations that were already
labelled before, and therefore avoiding loops. We can now define:

(@) ‘¢ i(a,0).
Definition 4.7. A PSST ATM M accepts an input x iff I" (0 p1(x)) = 1, rejects x iff I* (o p(x)) = 0 and is unfinished for
xiff " (opm(x)) = 0.

The question of whether an input string x will be accepted by a PSST ATM M is called the membership problem for
PSST ATMs.

Definition 4.8. The membership problem for PSST ATMs is defined as follows:
Given a PSST ATM M and an input string x, does M accept x?

It has been proven by Chandra et al. that the complexity of the membership problem for PSST ATMs is
EXPTIME-hard [1 corollary 3.6 p. 122].

5 FroM AcCEPTING COMPUTATION T0O SATISFYING KRIPKE MODEL

A proof of the lower bound complexity of SAT-PDL being EXPTIME has been given by Harel et al. in the book
Dynamic Logic [4, p. 216]. This proof was done by reducing the membership problem for PSST ATMs to SAT-PDL.
They do this by creating a PDL formula called ACCEPT'S p ., for which they state that all satisfying Kripke models
encode the workings of a PSST ATM, we will give the definition of ACCEPTS pq later. The reduction results in a
proof of the following theorem:

Theorem 5.1. For all PSST ATMs M and all inputs x there exists a PDL formula ACCEPTS pm x such that there is an
accepting computation of M on input x iff there is a satisfying Kripke model of ACCEPTS pm -

This theorem can be split into two separate theorems:
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Theorem 5.2. For all PSST ATMs M and all inputs x there exists a PDL formula ACCEPTS p_ such that if there is
an accepting computation of M on input x then there is a satisfying Kripke model for ACCEPT S p .

Theorem 5.3. For all PSST ATMs M and all inputs x there exists a PDL formula ACCEPTS p such that if there is
a satisfying Kripke model for ACCE PT S p x, then there is an accepting computation of M on input x.

The proof as given by Harel et al. is an informal proof since they only described, but did not prove, the formulas of
which ACCEPT S p x is build. It could therefore benefit from a more detailed presentation. In this section we present
a detailed proof of theorem[5.2] and we will give an intuition of how to proof theorem[5.3]in the section [6]

5.0.1 PRELIMINARIES

In this proof it will be necessary to describe PSST ATMs as PDL formulas. For this purpose we introduce PDL o « , a
variant of PDL that is parameterized by a PSST ATM M and an input x.

Definition 5.4. Given a PSST ATM M and some input x of length n, the language PDLy . is the language
PDL(IIM, d)(/)w), where:

nM ={NEXT}

oM = {{STATE! | forallq € QU {l,r}and 0 <i <n*+1},
{SYMBOL? | foralla €T and0Q <i <n®+1},
ACCEPTY}.

The atomic proposition STATE? says that the machine is currently in state ¢ and scanning tape position i, we also
introduce STATE ll and STATE], with [,r ¢ Q. The proposition STATE ll says that the currently scanned cell is to the
left of i, and STATE] says that the currently scanned cell is to the right of i. The atomic proposition SYMBOL{ says
that the symbol a is currently written on cell i. The atomic proposition ACCEPT is a proposition that will always be
true at configurations from which there is an accepting computation of M , and false at configurations from which there
is a rejecting computation of M . We interpret the atomic program NEXT as the next state relation.

We will interpret PDL 5, over a Kripke model K7 = (S, R, V) which represent the computation tree of the PSST
ATM from which PDL ,, . is parameterized, on an input x.

Lemma 5.5. For all ATMs M and all inputs x, the computation tree T of the computation of M on input x can be
represented as a Kripke model Kr .

Proof. Let M be a PSST ATM with some input string x. We can now define a Kripke model K7 as follows:
S is the set of states representing the different configurations in the computation tree of M, given by (definition [4.5):

S ={B| om(x) +* B, in c or fewer steps}.

R is the function R : ITp — P (S x §), since PDL 5, has only one atomic program, NEXT, the set returned by R is
equal to the relation Ry gx7. We define the relation Ry gxr to be equal to the relation F.

The valuation function V takes an atomic proposition as parameter and returns the set of states for which that proposition
holds true. Since every element in S is a configuration, and a configuration of M has the form (definition [4.2)

(q’ [’al’ "'9anza ]si)a

we define the valuation function V : ®y — P (S) on atomic propositions as follows:

V(STATE?) := {u | u € S,u is in state g and u is in position i}

V(STATEE.) :={u|ueS,0<i<jandu isin position i}

V(STATEJ’.) ={u|ues,j<i<n*+1anduisin position i}

V(SYMBOLY) := {u | u € S, u has symbol a written at tape position i}

V(ACCEPT) :={u | u € S,1*(u) = 1} (definition[4.7)). o
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For the remainder of this section we will assume that we have a PSST ATM M with an input x for which M has an
accepting computation. M and x are used to parameterize PDL (. and by lemma the computation tree 7 of the
accepting computation also corresponds to a Kripke model K. The computation on M starts at configuration o (x),
therefore we will prove ACCEPT'S s on the state corresponding to configuration oy (x), that is:

Kr,om(x) E ACCEPTS p . (N
The formula ACCEPTS p  is defined as:
ACCEPTSp.x = START A [NEXT*](CONFIG A MOVE N ACCEPTANCE) AN ACCEPT, 2)
therefore:
Kr,om(x) ESTART A [NEXT*](CONFIG A MOVE AN ACCEPTANCE) AN ACCEPT. 3)

This can be split into three different statements:

Kr,om(x) [ START 4)
Kr,om(x) E ACCEPT (5)
Kr,om(x) |k [NEXT*](CONFIG A MOVE A ACCEPTANCE) ©6)

Equation [5]is true by the definition of V(ACCEPT), since T is an accepting computation tree. START, CONFIG,
MOVE and ACCEPTANCE are short hand notations for formulas, for which we will give the descriptions below,
together with the proof showing that Kr satisfies these formulas.

5.0.2 START
We will start with the formula START:

Definition 5.6. We define the formula START as START = STATE* A\ SYMBOL A A SYMBOLY.

1<i<n n+l1<i<n?

The formula START is true at the start configuration of M where the tape-head reads the left most cell, is in the start
configuration g¢ and the contents of the input string x = xy, ..., x,, are written on the work tape.

Lemma 5.7. K7, 0z (x) E START.

Proof.

Kr,om(x) E START
iff K, o pm(x) | STATES A A SYMBOLY A /\ SYMBOL! (definition START)

1<i<n n+l<i<n?

iff Kr,om(x) E STATEg0 and K7, opm(x) E /\ SYMBOL}" and Kr,opm(x) E /\ SYMBOL? (definition K12)

1<i<n n+l<i<n?

It will suffice to prove these three statements separately. We start by showing that K7, op(x) STATEg 0,
Kr.om(x) E STATE[

iff op((x) € V(STATE] (definition [).

V(STATEg”) returns the set of all configurations which are currently in state g and scanning cell 0. By deﬁnition
configuration oy, (x) is in state g, therefore o-p((x) € V(STATEg") is true, and K, op(x) E STATEg(’ holds.
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Next, we prove that Kr,op(x) E A SYMBOL;'.

1<i<n

Kr,om(x) E A SYMBOLY

1<i<n
iff o pq(x) € V( /\ SYMBOLY) (definition )
1<i<n
iff op(x) € ﬁ V(SYMBOLY) (K3)
1<i<n
iff for all i, such that 1 <i <n:op(x) € V(SYMBOL") (definition N).

V(SYMBOL;") returns the set of all configurations for which their work tape contains symbol x; at tape position i. By
definition [4.3| the work tape of configuration o (x) contains the symbol x; corresponding to the i’th symbol of input
X, with 1 < i < n, on tape cells 1 to n, therefore: op((x) € N V(SYMBOL;"') is true.

1<i<n
Kr.omx) - /\  SYMBOL!
n+l<i<n?
iff o (x) € V( /\ SYMBOLY) (definition )
n+l<i<n?
iff o p(x) € ﬂ V(SYMBOLY) (K3)
n+l<i<n?
iff for all 7, such that n + 1 <i < n® : o p(x) € V(SYMBOLY) (definition N)

V(SYM BOL?) returns a set of all configurations for which the work tape contains the symbol # from position n + 1 up
till, and including n*. By definition [4.3]the work tape of configuration o~y (x) contains the symbol # from the position
n + 1 up till, and including n* therefore: op(x) €  (  V(SYM BOL?) is true.

n+l<i<n?
O

We now need to prove statement [6}
Lemma 5.8. K7, o5 (x) E [NEXT*](CONFIG A MOVE A ACCEPTANCE)

This formula is prefixed with [NEXT*] which means that for all states reachable by u in 0 or more steps CONFIG A
MOVE AN ACCEPTANCE needs to hold. For this we will proof the following for all states « from S:

Kr,a [ECONFIG @)
Kr,a [E MOVE (8)
Kr,a E ACCEPTANCE )
5.0.3 CONFIG
The formula CONFIG is defined as follows:
Definition 5.9. The formula CONFIG=
A v SYMBOLY A /\ ~SYMBOL? (10)
0<i<n®+1 ael bell
b+a
A(SymBoLl asymBoLl.,,) (1)

A v \/STATE;’ (12)

0<i<n®+l qeQ
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AN \/ |STATE{n )\ -STATE! (13)

0<i<n®*+1 qeQU{l,r} peQU{l,r}
p#q
AN N (STATE! - sTaTEL,) (14)
0<i<n® geQU{l}
A N\ (STATE! — STATE],) (15)

1<i<n®+1 geQU{r}

The subformula on line[I0]is interpreted as “every cell contains exactly one symbol”, the subformula on line[TT]states
that the work tape of a configuration is enclosed by the end markers, the subformula on line[I2]states that a configuration
is scanning at least one tape cell and is in atleast one state ¢ from Q, the subformula on line [T3]states that for all tape
cell positions i, the machine is either scanning i while in exactly one state g, with g € Q, or cell i is either to the left or
to the right of the currently scanned cell, and the subformula on line 14{states that when a configuration « is scanning a
tape cell j, then, for alli > j, STATE ll will be true at «. Subformul states that when a configuration « is scanning
a tape cell j, then for all i < j STATE] will be true at a. Subformula (T3) togheter with (14) and (T5) state that a
configuration is scanning at most one tape cell, this means that, togheter with (I2)), a configuration is in exactly one
state and scanning exactly one tape cell.

Lemma 5.10. For all configurations a € S, Kr,a E CONFIG
Proof. Kr,a |=CONFIG

K, o A v SYMBOLY A /\ ~SYMBOL?

0<i<n®+1 ael bell
b+a

A (SYMBOL(E A SYMBOL] z+1)

ano\\/ STATE!

0<i<n®+l qeQ

AN \/ |STATE{n )\ —STATE!

0<i<n*+1 qeQU{l,r} peQU{l,r}
p#q

AN N\ (STATE! - sTaTEL,)
0<i<n? geQU{l}
A N\ (STATE! — STATE] )

1<i<n?+1 geQU{r}

This is a conjunction of multiple subformulas, therefore if we prove that configuration « satisfies every subformula
separately, we will also have proven that K7, E CONFIG.

Proof of Kr,a = A \ | SYMBOLY A \ ~SYMBOL? |:
0<i<n*+1 ael zir
a

%ok N\ \/|SyMBoLI A N\ ~sYMBOLY

0<i<n®+1 ael bel’

b+a
iftecv| A \/|symBoLf A N\ ~sYMBOL? (definition =)
0<i<n®*+1 ael ll;el"
#a
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itee () v|\/|symBoLf A )\ ~sYMBOL? (K3)

0<i<n®+1 aell bell
b+a
iftae () | Jv|symBoLs A J\ ~sYMBOL! (K4)
0<i<n®+1 ael bel’
b+a
iff foralli suchthat0 <i <n®+1 :a € U V|SYMBOL? A A ~SYMBOL? (definition ﬂ)
ael’ bell
b+a
Proving this for an arbitrary i, with0 <i <n®+1:
ael JvisymBoLy n N\ -SYmBOL!
ael’ bell
b+a
iff for some a, such thata € T @ € V| SYMBOL{ A [\ ~SYMBOL? (definition )
bel’
b+a

Let @ be a configuration, and denote the symbol at tape cell i by a, with @ € . 'We now need to prove that

a € V|SYMBOL{ A N\ —-SYMBOLf’ . By definition, we already know that:

bell
b#a

a € V(SYMBOLY) s true. (16)

Since the following equivalences hold:

@ e V|SYMBOLY A [\ ~SYMBOL?
bell
b#a
iff @ € V[ SYMBOL{ 0 [\ ~SYMBOLY (K3)
bell
b#a
iff o« € V (SYMBOLY) anda € V| /\ ~SYMBOLY (definition N),
bell
b+#a

we only need to prove that € V| A —-SYM BOLﬁ’ . This is done as follows:

bell
b+a

aeV| N\ -symBoL!

bell
b+a

ifac(|V (ﬂSYMBOLf’) (K3)

bell
b+a
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iff forall b, such that b € Tand b #a:a €V (ﬂSYMBOLf?) (K3).

Proving this for an arbitrary b € I"and b # a:

o eV (-sympoL?)
iffoes—v (SYMBOLE’) (K2)

SYM BOLf.’ gives the set of all configurations which have symbol b written on work tape cell i. S -V (SYM BOLf’)
therefore gives the set of all configurations which do not have symbol b written on tape cell i. Since we assume a to
contain symbol a, which is not equal to b, on tape cell i, and definition .2 tells us that every work tape cell can only
contain one symbol, it follows that:

veS-V (SYMBOLf’) is true.

We can now conclude that:

Kr,a E A \/ SYMBOL? A A ~SYMBOL? |is true. (17)

0<i<n®+1 ael bell

b+a
H

Proof of %r.a | (SYMBOLY A SYMBOL),.,):

K, a = (SYMBOL([) A SYMBOLLZH) (18)
iffa eV (SYMBOL([) A SYMBOLEMI) (definition k) (19)
iffa e v (sympoLl)nv (sympot). ) (K3) (20)

Vv (S YM BOL([)) gives the set of all configurations which have the symbol [ written on tape cell 0, and V (SY MBoOL! )

n<+1
gives the set of all configurations which have the symbol ] written on tape cell n% +1. By definition[4.2]all configurations
have symbol [ on tape cell 0 and symbol | on tape cell n* + 1, therefore:

%r.a | (SYMBOLY A SYMBOL),,) is true. @1
H
Proof of K, a |= \ \/ STATE]:
0<i<ni+l qeQ
Kr.a \/ \/ STATE]
0<i<n+l geQ
ifaeV \/ \/ STATE!? (definition )
0<i<n®*+1 qeQ
iffa e U 1% \/ STATE? (K4)
0<i<n®+l ge0
itee | ) [ JVv(sTATE]) (K4)

0<i<n*+1 geQ

iff for some i and some q, suchthat0 <i <n*+1 andg € Q : @ € V (STATE]) (definition U)
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Vv (STATE;]) gives the set of all configurations which are in state g and reading cell i, by definition every
configuration is in one state and reading one cell, therefore for some state ¢ from Q and some work tape position i,
a € V (STATE}) holds, and therefore:

Kr,a E \/ \/STATEl.q is true. (22)

0<i<n*+1 geQ

Proof of Kr,a E A V STATE! A N\  —=STATE/ |:
0<i<n*+1 qeQU{lr} peQU{l,r}
P#q

Kr.a b N\ \/ |STATE{n )\ -STATE!

0<i<n*+1 qgeQU{lr} peQU{l,r}
pP#*q

ifa eV /\ v STATE? A /\ ~STATE? (definition )

0<i<n®*+1 qeQU{lr} peQU{l,r}
P#q

ifec () V| \/ |STATEIA )\ -STATE! (K3)

0<i<n®+1 qeQU{l,r} peQU{l,r}
pP*q

ifae ) ) v|srarein )\ -STATE! (K4)

0<i<n*+1 qeQU{l,r} peQU{l,r}
P#q

ifae ) | |vsTaTEf)nv| N -STATE? (K3)
0<i<n®+1 qgeQuil,r} pPEQU{L,r}
pP*q

ifae [ | |v(sTaTEf)n () V(-STATE?) (K3)
0<i<n*+1 qeQU{lr} peQU{l,r}
P#q

iff for all £, such that 0 < i < n® + 1, there is some g, with ¢ € Q U {[, r}, such that:

@ eV (STATE!)n () V(-STATE?)
peQU{l.r}
pP#q
iff for all 7, such that 0 < i < n® + 1, there is some g, with ¢ € Q U {[, r}, such that:
@ eV (STATE]) andae (| V(-STATE}) (23)
peQU{L.r}

P*q

We prove the two statements in (23) separately for some arbitrary i, such that 0 <i <n®*+1 and some g, with
qeQuil.r}

o € V (STATEY) (Splir @3)) 24
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Assume « is in some state y, with y € 0, and scanning an arbitrary work tape cell j, then we will need to proof (24)
fori=jandi < jandi > j.

If i = j then, by definition of V (STATE!), @ € V (STATE]) is true, iff y = g.

If i < j then the currently scanned cell is to the right of i, and therefore, by the definition of V (STATEl.r ) a €
V (STATE]) is true, iff ¢ = r.

Ifi > j then the currently scanned cell is to the left of i, and therefore, by the definition of V (STATE!), @ € V (STATE])
is true, iff g = [.

therefore:

a € V (STATEY) is true. for  in some state g and scanning any work tape cell i (25)

ae ()| VI(-STATE!) (Sptir (23))
PeQU{lr}
pP#q

iff for all p, such that p € QU {l,r} and p # q: @ € V (~STATE?) (definition ﬂ)
We prove this for an arbitrary p, such that p € Q U {l,r} and p # ¢:
a €V (-STATE?)

Assume « is in some state y, with y € Q U {/, r} and scanning an arbitrary work tape cell j, then there are three options
forg:qeQ,g=Ilandg=r.

If g € Q theni = j and, by definition (4.2)), a configuration is always in exactly one state and scanning exactly one work
tape cell, therefore for every p € QU {l,r}and p # q : @ € V (=STATE?) is true.

If ¢ = [ then j < i and therefore, by definition of V (STATE!} and STATE!), a € V (-=STATE?) is true for
peQuU{l,r}andp # I

If g = r then j > i and therefore, by definition of V (STATE!} and STATE!), @ € V (-STATE?) is true for
peQuU{l,rtandp #r

Therefore:

a €V (-STATE?) is true.
From this we can conclude:

ae (| VI(-STATE?) is true. (26)

peQU{lr}
p#q

From and (26) we can conclude:

Kok )\ \/ |STATE{ A /\  =STATE!|is true.
0<i<n®*+1 geQuU{l,r} peQU{l,r}
P#q

Proof of Kr,a E A A (STATE;I - STATE§+]).
1<i<n? geQuU{l}

Krak N\ (STATE! - STATEL,)
0<i<n® geQuU{l}

iffteevl A A (STATE? = STATE§+]) (definition k)
0<i<n® geQU{i}

ifee () V| A (STATE;'—>STATE§+1) (K3)
0<i<n® \geQu{l}
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ifae () () V(STATE! - sTATEL)) (K3)
0<i<n? geQU{l}

iff forall i, such that 0 < i <n®:ae (| V(STATE{ - STATEL)) (definition ("))
qeQuil}

Proving this for any arbitrary work tape cell i, such that 0 < i < n®:

oe () V(STATE! - sTATEL,)) @7)
qeQU{l}

iff forallq,suchthatg e QU {l}:a eV (STATEq - STATEIIH) (definition ﬂ)
Proving this for an arbitrary state q, such thatg € Q or g = I:

o €V (STATE{ — STATEL)) (28)

Assume a € V (STATEY), then: @ € V (STATE{ — STATEL, ) iff: a e V (STATEL,,)

Vv (STATE ll +1) gives the set of all configurations for which the currently scanned work tape cell is to the left of work

tape cell i + 1, by our assumption « is either currently scanning cell i, for g € Q, or scanning a cell to the left of i, for
q = [, Therefore:

o €V (STATEL,, )is true, iff a € V (STATEY)
Therefore:
o € V (STATE] — STATEL, ) is tve.

We have proven (28) for an arbitrary ¢, such that ¢ € Q or g = [, this means that it will hold for all ¢, such that
q € Q U {l}, therefore:

() V/(STATE{ - STATEL, ) is true.
qeQU{l}
This proves for an arbitrary 7, such that 0 < i < %, this means it will hold for all i, such that 0 < i < n?, therefore:

ee () N V(STATEq—>STATEl

l+1) 18 true.
0<i<n? geQU{l}

this proves that:

Kr.ak N\ (STATE{ — STATEL,) holds.
0<i<n? geQU{I}

Proofof Kr,a E A A (STATE! — STATE! ,).

1<i<n?+1 geQU{r}

Kr,a /\ N (STATE] — STATE].,)

1<i<n?+1 qeQU{r}

1<i<n®+l qEQU{r}

[ <n
iffa e V( (STATE]! — STATE!_) (definition )
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ifae () V| /\ (STATE] - STATE] ) (K3)
1<i<n?+1 qeQU{r}

ifae () () V(STATE! — STATE])) (K3)
1<i<n®+1 geQU{r}
iff foralli,suchthat0 <i<n®:a € ﬂ V (STATE! — STATE!_,) (definition ﬂ)
qeQuir}

Proving this for any arbitrary work tape cell i, such that 1 <i < n®+ 1:

ae ()| V(STATE! — STATE] ) (29)
qeQU{r}
iff for all g, such that g € Q U {r} : @ € V (STATE? — STATE] ) (definition ﬂ)

Proving this for an arbitrary state q, such that g € Q or ¢ = r:

@ €V (STATE! — STATE]_)) (30)

Assume o € V (STATEY), then: « € V (STATE] — STATE] ) iff: @ € V (STATE] )

Vv (STATEL.’_I) gives the set of all configurations for which the currently scanned work tape cell is to the right of work
tape cell i — 1, by our assumption « is either currently scanning cell 7, for g € Q, or scanning a cell to the right of 7, for
q = r, Therefore:

a €V (STATE]_)) is true, iff « € V (STATE])
Therefore:
@ €V (STATE! — STATE!_,) is true.

We have proven (30) for an arbitrary ¢, such that ¢ € Q or ¢ = r, this means that it will hold for all ¢, such that
q € Q U {r}, therefore:

ae () V(STATE{! — STATE],) is true.
qeQu{r}

This proves @]) for an arbitrary 7, such that 1 < i < n® + 1, this means it will hold for all i, such that 1 <i < n®+1,
therefore:

ae () () V(STATE{ — STATE[ ) is true.
1<i<n?+1 geQU{r}

this proves that:

Kr.a = N\ /\ (STATE] — STATE] ) holds.

1<i<n?+l geQuU{r}

]

We have now proven that every subformula in the conjunction of CONFIG holds, therefore we have proven that:
Kr,a = CONFIG. 31
]
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5.04 MOVE
Definition 5.11. The formula MOV E=

/\ ((STATE! v STATE}) — /\(SYMBOL? — [NEXT]SYMBOLY))

0<i<n®+1 aell

A /\ /\ ((SYMBOL? A STATE?) —

0<i<n®*+1 aell
q€Q

< NEXT > (SYMBOL? A STATE? )
(p.b.d)eA(g,a)

A [NEXT]( v (SYMBOL? A STATE?, d)))
(p,b,d)eA(q,a)

(32)

(33)

(34)

(35)

The function MOVE is true at all configurations « if the configurations reachable from @ by NEXT are exactly the
same configurations as the configurations reachable from @ by & in one step. Equation [32]says that when a cell i is not
currently being scanned then at the successor states the symbol at i will not be overwritten. Equations [33] [34] and [35]
says that if, for all tape cells i, states q in Q and symbols a in I', the machine is in state q while scanning the symbol a
on tape cell i (equation 33)), then for every element in §(g, a) there is at least one successor state that corresponds to
the successor configuration of the ATM (equation [34), and all successor states will represent a successor configuration
(equation 35). By combining the equations [34] and [35] we make sure that a state has exactly the same successor states

as indicated by 9.
Lemma 5.12. For all configurations a € S, Kr,a E MOVE

Proof.
Kr,a = MOVE

iff Ko, E A ((STATE! v STATE!) — /\(SYMBOL;Z — [NEXT]SYMBOLY))

0<i<n®*+1 aell

A /\ A ((SYMBOL;Z A STATE?) —

0<i<n®*+1 aell
q€Q

< NEXT > (SYMBOL! A STATEY, )
(p.b.d)eA(q,a)

A [INEXT)(\/  (SYMBOL! ASTATE?, )
(p.b.d) €A (q.a)

MOVE is a conjunction of two different statements, therefore it will suffice to prove them separately.

Kr,a E A ((STATE! v STATE}) — A(SYMBOL;‘ — [NEXT]SYMBOLY))

0<i<n®*+1 ael’

ifaeV A ((STATE! v STATE}) — /\(SYMBOL? — [NEXT]SYMBOLY))

0<i<n*+1 ael

22

(definition MOVE)

(36)

(Split (36))

(definition )



iffa e ﬂ 1% ((STATEf v STATE!) — /\(SYMBOL? — [NEXT|SYMBOL?) (K3)
0<i<n®+1

ael’

iff for all i, suchthat0 <i <n®*+1 :

aeV ((STATE{ Vv STATE!) — /\(SYMBOL;‘ — [NEXT]SYMBOLY)

ael’

(definition ﬂ)
We prove this for an arbitrary i, such that 0 <i < n®+1:

aeV ((STATEf V STATE]) — |\ (SYMBOL{ — [NEXT]SYMBOLY)

ael’

Assume @ € V (STATE! v STATEY), then:

aeV| N\ (SYMBOL{ — [NEXT]SYMBOLY)

aell

ifaeV (ﬂ(SYMBOL? — [NEXT]SYMBOL?) (K3)

aell

iff for all a, such thata € I': @ € V ((SYMBOL{ — [NEXT]SYMBOLY)) (definition ﬂ)

Assume @ € V (SYMBOLY), then:

a € V([NEXT|SYMBOLY)
iffo € {u | Ryexr(u) €V (SYMBOLY)} (K7)
iff RNexrt (a/) cVv (SYMBOL?) (definition €)

Vv (SY M BOL?) gives the set of all configurations which have symbol a written on work tape position i, Ry gx7 (@) is
a subset of V (SYM BOL;‘) iff all successor configurations of @ also have symbol a written on work tape position i. By
our assumption of @ € V (STATE ll v STATE? ), @ is currently scanning a work tape position to the left or to the right
of i, and therefore it is, by definition @]), not scanning cell i. this means, by deﬁnition@ that the contents at work
tape cell i will not be overwritten, and so:

Ryext (@) €V (SYMBOLY)holds, for configuration .
We can now conclude that:

Kr,a /\ ((STATE! v STATE!) — /\(SYMBOL:? — [NEXT]SYMBOLY)) is true. (37)

0<i<n®*+1 ael’

Kr.a E A A ((SYMBOL? A STATE?) —

0<i<n*+1 ael
q€0

< NEXT > (SYMBOLY A STATE, ) (Split (36))
(p,b.d)eé(q,a)

A [NEXT]( \/ (SYMBOLﬁ7 A STATEﬁd)))
(p.b,d)eé(q,a)
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iff, for allisuch that 0 < i < n®+1:

Kr,a /\ ((SYMBOL? A STATE?) —
ael

q€Q
< NEXT > (SYMBOLY A STATE, )
(p.b.d)ed(q.a)
A INEXTI( \/  (SYMBOL! A STATE, d)))

(p,b,d)ed(q,a)

We prove this for an arbitrary i, such that 0 <i < n®+1:

Kr,a k= [\ ((SYMBOL? A STATE?) —
ael’

qeQ

< NEXT > (SYMBOLY A STATE, )
(p.b,d)ed(q.a)

A [NEXT]( v (SYMBOL? A STATE?, d)))
(p.b.d)€5(q.a)

iff, for all a and q, such thata e I"'and ¢ € Q:
Kr,a |=((SYMBOL1.“ A STATEiq) -

< NEXT > (SYMBOL? A STATE?,
(p.b.d)€d(q,a)

A [NEXT]( \/ (SYMBOL? A STATE?, d)))
(p.b.d)€5(q.a)

We prove this for an arbitrary a and g, such thata € I'and ¢ € Q:

Kr, |=((SYMBOL? A STATE?) —

< NEXT > (SYMBOLY A STATE,)
(pb.d)es(q.a)

A INEXT)(\/  (SYMBOL! A STATE, d)))
(p.b.d)€b(q.a)

iff
a EV((SYMBOL? A STATE;’) —

< NEXT > (SYMBOLf? A STATE[.‘jrd))
(p.b,d)eé(q,a)

A INEXT)( \/  (SYMBOL! A STATE, d)))
(p.b.d)€d(q,a)
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z+d)) (definition /\)

(definition /\)

(definition [)



Assume @ € V (SYMBOL? A STATEY), then:

1+

a EV( < NEXT > (SYMBOL%7 A STATE?’d))
(p,b,d)eé(q,a)

A [NEXT]( v (SYMBOL? A STATE?, d)))
(p.b.d)e6(q,a)

iff

aeV /\ < NEXT > (SYMBOL! A STATEY, d))

i+
b.d)ed(q,a)
(p,b,d)€d(q.a (K3)

n VIINEXTI( \/  (SYMBOL! A STATE?,)
(p.b.d)€é(q,a)

iff

1+

ae V( A < NEXT > (SYMBOL? A STATE” d))
(p,b,d)eé(q,a)

(definition N)

1+

and «a€ V([NEXT]( v (SYMBOL? A STATE” d)))

(pb.d)e6(g.a)
(38)
We prove the two statements of (38)) separately:
ae v( /\  <NEXT > (SYMBOL! A STATE, d)) (Sptit (38))
(p,b,d)eé(q,a)
iffac () vV (< NEXT > (SYMBOL? A STATE?, d)) (K3)
(pb.d)€d(q.a)
iff for all (p, b, d), such that(p, b, d) € 6(q,a) :a €V (< NEXT > (SYMBOL? A STATEI.’:d)) (definition ﬂ)
(39
We prove for an arbitrary (p, b, d), such that (p, b, d) € 6(q, a):
o €V (< NEXT > (SYMBOLY A STATE, )
iffa eV (ﬁ[NEXT]ﬂ (SYMBOL? A STATE?, d)) (definition (NEXTY))
iffa e {w | Ryexr(w) €V (ﬁ (SYMBOL? A STATEI.’:d))} (K7)
iff o e {w | Ryexr(w) £ S -V (SYMBOLf’ A STATEgd)} (K2)
iff o e {w | Ryexr(w) & S — (v (SYMBOL?) nv (STATEgd))} (K3)
iff Rypxr (@) £ S — (v (SYMBOLf’) nv (STATE;’+ d)) (definition €)
iff Ry xr (@) NV (SYMBOLf?) nv (STATEg d) +0 (definition <)
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For Rygxr (@) NV (SYMBOL%’) nv (STATEfid) # 0 to be true, at least one successor of a needs to be in state p,

scanning work tape cell i + d, and have symbol b written on work tape cell i. Definition (4.4) states that all successor
configurations of a state a are decided by the next move function &, therefore, iff (p, b, d) € 6(q, a) then there is at least
one successor configuration which is in state p while scanning work tape cell i + d and which has symbol b written on
work tape cell i. Therefore:

Ryexr(@) NV (SYMBOL?) nv (STATE;’+ d) + 0 is true.

And so we can conclude that:

aeV /\ < NEXT > (SYMBOL} ASTATE?, ) | is true. (40)
(p,b.d)eé(q,a)

a € V|[NEXT]( v (SYMBOL? A STATE? ) (Sptit (38))

(p,b,d)eé(q,a)

iffa e dw| Ryexr(w) SV \/  (SYMBOL! ASTATE,) (K7)

(p.b.d)ed(q,a)

iff Ryexr (@) CV \/  (SYMBOL! A STATE?, )) (definition €)
(p,b,d)eé(q,a)

iff Ryexr(@)c )V (SYMBOL? A STATE?, d) (K7)

(p.b,d)eé(q,a)
iff Ryexr(@ < | (V (SYMBOLf’) nv (STATEI‘.’: d)) (K3)

(p.b.d)eé(q.a)
Assume « is in state g and currently scanning symbol a. We need to prove that for all configurations w, such that
w € Rygpxr (@), there is some triple (p, b, d) € 6(q, a) for which:
weV(SYMBOLY) v (STATEY,,) (K3)

Definition (4.4) tells us that all successor configurations of a state @ are decided by the next move function §. Since
w € Rygexr (@), this means that it is a successor of @ and therefore there is a corresponding triple (p, b, d) in 6(q, a)
which states that w is in state p, scanning work tape cell i + d and has symbol b written on work tape cell i, therefore:

w eV (SYMBOLY) nV (STATE, ) is true.

From this we can conclude that:

aeV|INEXT)( \/  (SYMBOL! A STATEZ,)) |is true, (41)
(p.b.d)€5(q.a)

By (@0) and (@I)) we can conclude

Kr,a E A /\ ((SYMBOL? A STATE?) —

0<i<n®*+l ael
qeQ

< NEXT > (SYMBOL? A STATE?, d)) (42)
(p.b.d)€6(q.a)

A [NEXT]( v (SYMBOL? A STATE? )) | is true.

(p,b,d)eé(q,a)
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By and ({@2)), we can conclude that:

if Kr,a /\ ((STATE! v STATE!) — /\(SYMBOL;‘ — [NEXT]SYMBOLY))

0<i<n®+l1 ael’

A AN ((SYMBOL? ASTATE?) —

0<i<n®+1 ael
q€Q

< NEXT > (SYMBOL? A STATE?, d))

(p.b.d)eb(q.a)
A [NEXT]( v (SYMBOL? A STATEP )| is true.
(p,b,d)eA(q,a)
And therefore it is true that:
Kr,a E MOVE
O
5.0.5 ACCEPTANCE
Definition 5.13. The formula ACCEPTANCE=
/\ (STATE{ — (ACCEPT & (NEXT)ACCEPT)) (43)
0<i<n®+1 g€E
A /\ A (STATEY — (ACCEPT < [NEXT|ACCEPT)) (44)

0<i<n*+1qgeU

The formula ACCEPTANCE is the formula representing the acceptance conditions of an ATM. In here the sets E and
U are the sets:

U
E

{q | withq € Q, and g(q) = universal}

{q | withq € Q, and g(q) = existential}

Therefore they are the sets representing the existential and universal states. Equation [43] says that an existential
configuration is accepting iff atleast one of its successors is accepting. Equation[#4]says that an universal configurations
is accepting iff all of its successors are accepting

Lemma 5.14. For all configurations a € S, Kr,a E ACCEPTANCE

Proof. Ky,a = ACCEPTANCE
iff Ky,

/\ A (STATE! — (ACCEPT « (NEXT)ACCEPT))

0<i<n®*+1 qg€eE

A /\ A (STATE?! — (ACCEPT < [NEXT]ACCEPT)) (definition ACCEPTANCE)

0<i<n*+1 qeU

iff
#r.ak  /\ )\ (STATE{ — (ACCEPT < (NEXT)ACCEPT)) (45)
0<i<n®+1 g€eE
and Kr,a E /\ /\ (STATE? — (ACCEPT & [NEXT]ACCEPT)) (46)

0<i<n®*+1 qgeU
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We can proof equation 5| and [46| separately, starting with A5}

Kr,a E A A (STATE? — (ACCEPT < (NEXT)ACCEPT))

0<i<n®*+1 q€E

ifaeV )\ (STATE{ — (ACCEPT & (NEXT)ACCEPT))

0<i<n®*+1 qg€E

iffa € ﬂ v( /\ (STATE? — (ACCEPT < (NEXT)ACCEPT))

0<i<n®+1

q€E
iffoe () () V(STATE! - (ACCEPT & (NEXT)ACCEPT)))

0<i<n®*+1 qg€E

(definition |£)

(K3)

(K3)

iff forallisuchthat0 <i<n®+1 :a€ ﬂ V ((STATE! — (ACCEPT < (NEXT)ACCEPT)))

qeE

Proving for an arbitrary i, such that 0 <i < n®+1:

ae (| V((STATE! — (ACCEPT & (NEXT)ACCEPT)))
q€E

(proof for 1)

iff forall qsuchthatg € E: @ € V (STATE! — (ACCEPT < (NEXT)ACCEPT))

Proving for an arbitrary q, such that g € E:

@ €V (STATE! — (ACCEPT < (NEXT)ACCEPT))

(proof for q)

To prove the above, assume @ € V (STATE]). We then have to show that @ € V (ACCEPT < (NEXTYACCEPT),
which by definition of < is equivalent to proving: @« € V (ACCEPT)iffa € V((NEXT)ACCEPT).

We have:

a € V(ACCEPT)

ifae{ulues,"(u)=1}

iff I"(a) =1

iff v I*(w) =1
weRNEXT (@)

iff \/ w €V (ACCEPT)
weRNExT (@)

iff \/ w &V (=ACCEPT)
weRNExT (@)

iff Ryexr (@) € V(=ACCEPT)

iff @ € {u | Ryexr (1) ¢V (~ACCEPT)}
iff « € V (=[NEXT)~ACCEPT)

iff « € (NEXT)ACCEPT

therefore we can now conclude that:

Kr,a A /\ (STATE? — (ACCEPT « (NEXT)ACCEPT))is true.

0<i<n*+1 qg€E

Kr.a A /\ (STATE! — (ACCEPT < [NEXT|ACCEPT))

0<i<n®*+1 qgeU

ifaeV A /\ (STATE? — (ACCEPT < [NEXT]ACCEPT))

0<i<n®+l qeU
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(definition V (ACCEPT))
(definition €)

(definition [* (a))
(definition V (ACCEPT))
(negation)

(definition C)

(definition €)

(K7)
(definition ())

(47)

(definition [)



iffa e ﬂ 1% /\ (STATE? — (ACCEPT < [NEXT]ACCEPT)) (K3)

0<i<n+l geU

iffa e ﬂ ﬂ V (STATE{! — (ACCEPT « [NEXT|ACCEPT)) (K3)

0<i<n*+1 qgeU

iff foralli, suchthat: 0 <i <n®+1 :a € ﬂ V (STATE! — (ACCEPT < [NEXT|ACCEPT)) (definition ﬂ)

qeU
(48)
We prove (@8] for an arbitrary i, such that 0 <i <n®+1:
ae ﬂ V (STATE! — (ACCEPT « [NEXT|ACCEPT)) (49)
qeU
iff for all g, such that:qg € U : @ € V (STATE! — (ACCEPT < [NEXT]ACCEPT)) (definition ﬂ)
(50)

We prove (50) for an arbitrary ¢, such that g € U
« €V (STATE? — (ACCEPT < [NEXT]ACCEPT))

To prove the above, assume a € V (STATE(). We then have to show that @ € V (ACCEPT < [NEXT]ACCEPT),
which by definition of < is equivalent to proving: @« € V (ACCEPT)iffa@ € V([NEXT|ACCEPT).
We have:

a € V(ACCEPT)

iffae{ulues,I*(u)=1} (definition V (ACCEPT))

iff () = 1 (definition €)

iff /\ I*(w) =1 (definition I* (a))
weRNExT (@)

iff N\ weV(ACCEPT) (definition V (ACCEPT))
weRNEXT (@)

iff Rwvgxr (@) SV (ACCEPT) (definition C)

iff o € {u| Rnvgxr(u) SV (ACCEPT)} (definition €)

iff o € V([NEXT]ACCEPT) (K7)

therefore we can now conclude that:

Kr,a E A A (STATEY — (ACCEPT « [NEXT]ACCEPT)) (51)

0<i<n®+l qeU
By and we have proven both statements of ACCEPTANCE, therefore:

Kr,a | ACCEPTANCE is true. (52)

5.0.6 THE FINAL STEP
Now that we have proven lemmas: we can now prove lemma 5.8}
Proof of lemma

Kr,om(x) E [NEXT*](CONFIG A MOVE A ACCEPTANCE)
iff o p(x) € V([NEXT*](CONFIG A MOVE A ACCEPTANCE)) (definition [)
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iff op(x) € {w | Ryexr-(w) €V ((CONFIG A MOVE A ACCEPTANCE))}  (K7)
iff Ryexr+(0m(x)) €V ((CONFIG A MOVE A ACCEPTANCE)) (definition €)

RyExT(0pm(x)) gives the set of all configurations which are reachable by o p((x) in O or more steps (definitions of
the iteration operator and NEXT) By our definition of S in lemma (5.5) we get that all configurations reachable by
o pm(x) are in S, therefore Ry gxr1+ (0 p1(x)) is some subset of S:

RyexT:(0pm(x)) C Sis true. (53)

V((CONFIG A MOVE AN ACCEPTANCE)) gives the set of configurations a for which:
Kr,a E(CONFIGAMOVE ANACCEPTANCE) holds. We have proven with lemmas (5.10), (5.12) and (5.14) that:

Kr,a | (CONFIGANMOVE AN ACCEPTANCE) is true, for all @ € S
therefore: V ((CONFIG A MOVE AN ACCEPTANCE)) =S (54)

By (53) and (54) we get:
RnexT(0pm(x)) CV(CONFIG A MOVE AN ACCEPTANCE)
And so we can conclude:

Kr,om(x) E [NEXT*|(CONFIG A MOVE A ACCEPTANCE)

We can now show that theorem [5.2] holds:

Proof of theorem We have proven that, for all PSST ATMs M and all possible input x, there is a Kripke model Kr
that represents the computation tree T of M on x (5.5).
If there is an accepting computation tree 7 of M on x, then at start configuration o s((x) the following holds by

definition:
Kr,om(x) E ACCEPT (55)

We also proved, by lemma|[5.7] that for an accepting computation the subformula START holds at o-p(x):
Kr,om(x) E START (56)
Taking the conjunction of these two subformulas at o-p(x) gives:
Kr,om(x) ESTART AN ACCEPT (57)
By lemma|5.8| we have proven that at o (x):
Kr,om(x) £ [NEXT*](CONFIG A MOVE N ACCEPTANCE) (58)

The conjunction of subformulas [57]and [58] gives:

Kr,opm(x) £ START A [NEXT*|(CONFIG A MOVE A ACCEPTANCE) A ACCEPT (59)

And by equation|[I}
Ky, opm(x) E ACCEPTS pq (60)
m
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6 CONCLUSION

In this thesis we have given a detailed presentation of the proof showing that when there is an PSST ATM M , that
has an accepting computation for some input x, then there is a Kripke model that satisfies the formula ACCEPTS p x.
This is however only half of the proof of the lower bound time complexity of PDL. The other half shows that if there
is a Kripke model that satisfies ACCEPTS pq ., then there exists an accepting computation of the PSST ATM M on
input x. Intuitively, a detailed presentation of this half of the proof could have been given by showing that the satisfying
Kripke model corresponds to the computation tree of PSST ATM M , which has an accepting computation for input
x. This would have shown the non-triviality of the theorem [5.2] that we proved in this thesis, since one could simply
construct an PDL y , formula, for example the formula ACCEPT S p( x = STATEl.q \% —|STATEiq, and proof that this
formula holds for all accepting computations on any input x at any configuration « in any PSST ATM M, this formula
will of course not hold when we include the other half of the proof.

Other interesting future work would be to show that the lower bound time complexity of the satisfiability problem
of game logic[7]] can be proven with the same method as for the satisfiability problem of PDL, this is due to the
similarities of the syntax and semantics of PDL and game logic. We believe that the biggest challenge for obtaining this
proof for game logic would be the switch from binary relations in PDL to neighbourhood functions in game logic. This
switch would require a reformulation of the subformulas MOVE and ACCEPTANCE, due to the use of the program
NEXT. The subformula START could be used as is. How MOVE and ACCEPTANCE would be reformulated will
of course depend on how the game logic language that takes the PSST ATM M and input x as parameter is defined,
however. the differences (if any) between this game logic language and PDL y4 , will most likely be very small.
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