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Abstract

In the first part of this thesis, we investigate methods for regular expression parsing. The
work is divided into three parts.

The first part is a two-pass algorithm for greedy regular expression parsing in a semi-
streaming fashion. It executes in time O(mn) for expressions of size m and input of
size n. The first pass outputs a compact log of only k bits per input symbol, where
k is the number of alternatives and Kleene stars in the expression. The second pass
processes this log to produce a compact bit-coded parse tree, not requiring the input
symbols at all. This is an improvement upon previous parsing algorithms that either
do not scale linearly in the input or require more working memory for the log and use
three passes instead of two.

The second part is an optimally streaming algorithm: bits of the bit-coded parse
tree are output as soon as it is semantically possible to guarantee what the prefix of the
final parse tree is. This can be done in time O(2™"°8™ + mn) for expressions of
size m and input of size n. To be optimal, a PSPACE-complete preprocessing step is
required: For a fixed regular expression, the algorithm’s run-time scales linearly with the
input length. For inberently non-streamable expressions like a*x + a*y the algorithm
degrades gracefully to a two-pass algorithm.

The third part is a determinization procedure for the optimally streaming algo-
rithm where the preprocessing step has been omitted, along with a surface language,
Kleenex, for expressing general non-deterministic finite transducers. We show how to
compile Kleenex programs into deterministic streaming string transducers (SSTs), and
demonstrate the performance of a Kleenex compiler that translates the SSTs to efficient
C code. The resulting programs are essentially optimally streaming, run in worst-case
linear time in the input size, and show consistent high performance in the 1 Gbps range
on various use cases.

In the second part of this thesis, we present two extensions to Kleene algebra.

Chomsky algebra is an algebra with a structure similar to Kleene algebra, but with
a generalized pi-operator for recursion instead of the Kleene star. We show that the
axioms of idempotent semirings along with continuiry of the p-operator completely
axiomatizes the equational theory of the context-free languages.

KAT +B! is an extension to Kleene algebra with tests (KAT) with mutable state.
We describe a test algebra B! for mutable tests and give a commutative coproduct be-
tween KATs. The axioms of B! together with KAT and a set of commutativity condi-
tions are shown to completely axiomatize the equational theory of an arbitrary KAT
enriched with mutable state. The theory is EXPSPACE-complete. We give some exam-
ples of its use in showing the BShm-Jacopini theorem and the folk theorem that all
WHILE programs can be put into a normal form with only one WHILE loop.



Resumé

I forste del af denne athandling underseger vi metoder til at parse med regulere udtryk.
Dette er yderligere opdelt i tre dele.

Den forste del er en to-fase-algoritme der laver semi-stremmende grddig parsing
med regulere udtryk. Den kerer i tid O(mn) for udtryk af sterrelse m og inddata af
storrelse n. I den forste fase bliver en kompakt log udskrevet, der kun bestér af k bits
per indlest karakter, hvor k er antallet af alternativer og Kleenestjerner i udtrykket. I
den anden fase bliver denne log last for at producere et kompake bit-indkodet parsetre,
hvilket ikke kraver kendskab til den oprindelige inddata. Dette er en forbedring af hid-
tidige algoritmer til gridig parsing, da de enten ikke skalerer linewrt i inddatas sterrelse
eller kraever mere arbejdslager til den midlertidige log-datastruktur og tre faser i stedet
for to.

Den anden del er en optimalt strommende algoritme: dele af det bit-indkodede par-
setrz bliver udskrevet s snart det er semantisk muligt at garantere hvad prafixet af det
endelige parsetrz er. Dette kan gores i tid O (2™ 8™ + mn) for udtryk af sterrelse m
og inddata af sterrelse 1. For at vere optimal kreves der en PSPACE-fuldkommen pre-
beregning: For et specifikt regulert udtryk skalerer algoritmens keretid linert i indda-
tas storrelse. Algoritmen falder trinvist tilbage pa at vare en to-fase-algoritme i tilfldet
af inberent ikke-stremmende udtryk sdsom a*x + a™y.

Den tredje del er en determiniseringsprocedure for den optimalt stremmende algo-
ritme, hvor preberegningsskridtet er undladt, samt et overfladesprog, Kleenex, til at ud-
trykke generelle nondeterministiske endelige transducere. Vi viser hvordan Kleenexpro-
grammer kompileres ned til deterministiske stremmende strengtransducere (SSTer),
og vi demonstrerer ydelsen af en Kleenexoversatter der oversztter SSTer til effektiv C-
kode. De resultererende programmer er i praksis optimalt stremmende, kerer i varste
fald i linezr tid i inddatas sterrelse, og holder et konsistent hejt ydelsesniveau omkring
1 gigabit per sekund pa forskellige eksempelprogrammer.

I anden del af denne athandling prasenterer vi to udvidelser af Kleene algebra.

Chomsky algebra er en algebra med en struktur lig Kleene algebra, men med en ge-
nerel p-operator til rekursion i stedet for Kleenestjernen. Vi viser, at aksiomerne for en
idempotent semiring samt kontinuitet af pi-operatoren aksiomatiserer lighedsteorien
for kontekstfrie sprog fuldstendigt.

KAT + B! er en udvidelse af Kleene algebra med test (KAT) med muterbar tilstand.
Vi beskriver en testalgebra B! for muterbare tests og giver et kommutativt koprodukt
mellem KATer. Det bliver vist at B! og KATs aksiomer sammen med en mangde kom-
mutativitetsbetingelser fuldstzndigt aksiomatiserer lighedsteorien for en arbitrer KAT
beriget med muterbar tilstand. Teorien er EXPSPACE-fuldstzndig. Vi viser nogle ek-
sempler af brugen af aksiomerne ved at vise BShm—Jacopinis sztning samt den klassiske
setning der siger at alle WHILE-programmer kan omskrives til en normalform der kun
har én wHILE-lokke.
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Introduction

This is a PhD thesis about regular expression parsing and extensions to Kleene algebra. These
two seemingly disparate subjects have things in common, as the parsing techniques that we
shall study are based on automata-theoretic methods, which can be reasoned about alge-
braically with Kleene algebra. However, the approaches to the two subjects are different.
For parsing, we have a fairly practical approach—the end goal is to produce programs that
can parse words under a regular expression as fast as possible. This is a more practical goal
than the one in which the algebraic chapters are written. The goal here is not so much to
produce programs that run, but more to study the abstract properties of classes of algebras.

The work presented in this thesis is based on papers that have been previously published
and one paper that is under consideration for publishing. All papers are the result of work
with excellent co-authors who have been humbling to work with.

* In the first part we describe three algorithms for parsing with regular expressions and
a declarative language for specifying string transformations programs, a generaliza-
tion of the parsing problem. We developed a compiler for the language, Kleenex, that
translates Kleenex source to finite state transducers and uses our determinization al-
gorithm to build streaming string transducers, a finite-state deterministic automaton
with registers. The compiler produces efficient C code, as evidenced by the evalua-
tion part of Chapter 7. Chapters in this part are based on two published papers and
one paper under review [64—66].

The second part of the thesis is about two extensions to Kleene algebra [63, 67].

First, we describe a variant of Kleene algebra with a generalized recursion operator, ft.
We call such algebras Chomsky algebras, and we show that the equational theory of
the context-free languages is completely axiomatized by the axioms of yi-continuons

Chomsky algebra.

Second, we present an extension to Kleene algebra with tests (KAT) that add mutable
state. This is accomplished by defining an algebra for mutable tests that s also a KAT,
and combining it with a different KAT using a commutative coproduct construction.
The commutativity in this construction intuitively reflects the fact that only the test
“setters” from the B! algebra may alter the state of variables.

There are thus two overarching routes through this document: the parsing related and
the algebra related. The chapters regarding parsing techniques constitute a fairly straight-
forward narrative, where each chapter describes an advanced improvement upon the former.
For the algebra chapters, this is not so. The two Kleene algebra-related systems that we
introduce and discuss are not really related, and so the two chapters are insulated from each
other. We have tried to alleviate this a bit by writing a common introduction that reviews
some basic notions about Kleene algebra relevant to both chapters. The parsing chapters
have also been equipped with an introduction that reviews some basic notions of automata



2 CHAPTER 1. INTRODUCTION

theory as well as some important concepts about regular expression parsing. Both of these
introduction chapters also provide an overview of the subsequent chapters.

Note that each “contribution chapter” is directly based on a corresponding paper. As
a result, some parts of the chapters can look a bit like spurious restatements of things from
previous chapters, which makes for a poor reading experience We have tried to minimize
this effect by thorough editing, but it is probably still visible.

We start out with a very short preliminary chapter that introduces some concepts that
are generally useful in the following chapters.

Overall, the structure of the thesis is the following:

Chapter 2
Preliminiaries

Chapter 3 Chapter 4
Parsing overview Kleene algebra overview
AN
Chapter 9 [67]
KAT +B!, Kleene algebra
with mutable tests

Chapter 8 [63]

Chapter 5 [64] Chomsky algebra

Two-pass parsing

Chapter 6 [65]
Optimally streaming parsing

Chapter 7 [66]
Determinization and the
Kleenex language



Preliminaries

This chapter introduces some basic notions and definitions that will be of use in later chap-
ters.

Definition 2.1. An alphabet ¥ is a finite, non-empty set of characters.
Definition 2.2. A language L over some alphabet X is a set of words (strings) over X:
LC¥™.

We write wy - wo for the word v = xg...xpYo - - . Ym Where w; = xg...x, and
W2 = Yo - ..Ym. The word consisting of zero symbols is written €. Often we omit the -,
writing wv for w - v.

Definition 2.3. The concatenation of languages A and B is:
A~B:{w1~w2 |w1 EA,U)QEB}.
Definition 2.4. The nth exponentiation of alanguage A is:

A% = {e}
An+1 —A- A"

Definition 2.5. The Kleene asterate of alanguage A is:

[ee]
A=A
n=0
Definition 2.6. The disjoint union, or sum, of sets A and B is:
A®B={inlz |z e A} U{inrz |z € B}.
Definition 2.7. The Cartesian product of sets A and B is:
AxB={(z,y) |z € Ay€ B}.

Definition 2.8 (Prefix). A word w is a prefix of w' if w' = w - w"” for some w”. We write
w C w’ whenever w is a prefix of w’

Definition 2.9 (Longest common prefix). The longest common prefix of a set of words L,
[ 1L, is w such that:

w:|_|L if (Vo' € L.wCw)A

(Vw' € L.yw" € L.w' Cw" = w' Cw).
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The following property is useful:

Lemma 2.1. For two langnages A and B,
ACB = [|BC[]A

Proof. For any word w € A we also have w € B so the longest common prefix of B must
also be a prefix of the longest common prefix of A:

(Vw’ € B.|_|B Ew’) A (Vw’ eBYw' eB.uvw Cuw' = W' LC |_|B) ,
so in particular

(Vw' € A.|_|B Ew’) A (Vw' cAVW €AW Cw = w'C |_|B) )
Since [1A € A, we have [1B C [ A. 0

Definition 2.10 (Prefix-free language). A language S is prefix-free if no prefixes of any words
in S arein S:
veS = {V |V Cu}nS=0.

Lemma2.2. Let X be a prefix-free language over an alphabet ¥ with a lexicographical order
on its elements and a minimum element. Then, for any y € ¥*:

(min X)y = min{zy | z € X}.
Proof: The minimum element 2’ of X exists and is unique. To see
'y =min{zy |z € X},

it suffices to observe that no element in X has @ as prefix, so all words in the set on the
right-hand side are either 2’y or 2y, for some z # ':

y=min({zy | z € X,z £ 2’} U {2'y}).

By definition, for all z, 2’ < z in the lexicographical ordering, so also z’y < zy too. The
minimum element on the right-hand side are therefore 2’y. O

Definition 2.11. An algebra s a pair (A, F) where A is the carrier set and F is the signature,
a list of functions fg', . . ., f,f with different arities such that for each f4

To,...0n € A = fMxo,...,3,) €A, where fis n-ary.

Definition 2.12 (Homomorphism). Two algebras A and B have the same type if they have
the same signature. A homomorphism is a mapping o between two algebras A and B with
the same type such that

a(fA (o, s wn)) = [P (al@o), ..., alzn))
for each n-ary operator fAand fBin Aand B.
Example2.1. Let¥ = {a, b} andlet A and B be monoids (Definition 4.2), structures where:

+ A= (¥* -, ¢)whereforv,w € ¥*,v-w € ¥*,ande- v =v-€e=0.



+ B=(N,+,0) wherefori,j € N,i+j € N,and0+i=1i+0=w.

Then f defined as below is 2 homomorphism from A to B:

fle) =
f@)=1

(b)=2
)






Regular Expression-Based Parsing

Algorithms

In this chapter we give an overview of the work contained in this thesis that relates to pars-
ing techniques for regular expressions and regular expression-like languages. Hence, the con-
tents will be restatements of the points that are outlined in more detail in later chapters, but
put into a context that makes it easier to follow the overall structure of the work as well as
the insights that are gained in the process.

Parts of this chapter are based on contents from the manuscript A Crash-Course in Reg-
ular Expression Parsing and Regular Expressions as Types,' by Rasmussen, Henglein, and
Grathwohl. It is unpublished, but has been used as teaching material both in a summer
school course and in the supervision of several students at the University of Copenhagen.
Other parts are based on the papers that form the basis for later chapters, or on a poster
presented at POPL 2015 [64-66, 68].

Regular Expressions

The notion of regular expressions arose from the field of theoretical computer science, and
was first described in 1956 by Stephen Cole Kleene [85] in his work on finite automata theory.
The most common interpretation of regular expressions is as patterns denoting (possibly
infinite) sets of strings. Under this interpretation, we can formulate the problem of deter-
mining whether a given string is contained in the underlying set specified by some regular
expression. This generalizes the simpler string matching problem of determining whether
a specific string occurs as a substring in a larger text. Concrete text search implementations
emerged a relatively long while after Kleene’s introduction, with one of the earliest appear-
ances being Thompson’s description of a text search algorithm based on regular expressions
from 1968 [141]. The motivation for using regular expressions for simple text search is that
they are computationally weak enough to provide strong guarantees of efficient running
time and memory use, which is not the case for more expressive formalisms such as context
free grammars [43).

Regular expressions are well-known among programmers and power-users, and have
found use in many applications such as text editing, lexical analysis in compilers and script-
ing. Popular implementations include UNIX tools such as sed, grep and awk, text editors
such as emacs, and some programming languages even include them as first-class construc-
tions (Perl [30] being a notable example, although not the only one). What these imple-
mentations have in common is that they all implement the traditional regular expressions
of Kleene, although some choose to add extensions, yielding a much more expressive (and

'http://diku.dk/kmc/documents/AiPL-CrashCourse.pdf
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thus computationally much more complex) formalism. An example is Per] which adds back-
references 73], making the matching problem NP-complete [125]! Additionally, the various
implementations have slightly different conventions for the external syntax, mostly with
regard to escaping. To avoid confusion when talking about regular expressions, we will
therefore not talk about a specific implementation, but instead use a more mathematical
notation.

Definition 3.1. We say that E is a regular expression (RE) if either:

1. Eisan atomic expression, consisting of a single letter a from some set of letters ¥, or
one of the special symbols 0 and 1 which do not occur in 3.

2. Given REs E'y and Es, E is a compound expression of the form Eq + Eo, Ey E», or
E;>

The set 3, called an alphabet, is assumed to be a finite set of “letters”, which varies de-
pending on our application. For example, for text search in a document encoded using
ASCII [11], ¥ will be defined as the set of printable characters in the ASCII table.

The Language Interpretation of Regular Expressions

An RE E can be interpreted as representing a set of strings, this is called the language in-
terpretation. The language of F is denoted by L[E]. L[] can simply be thought of as a
function sending a regular expression to its interpretation as a set of strings. Atomic expres-
sions denote either the language consisting of the single letter that makes up the expression,
the language consisting of only the empty word, denoted €, or the empty language that do
not contain any words at all:

L[a] = {a},
L[1] = {e},
£[o] = 0.

Thus, the RE a (for some a € X)) represents a singleton set containing the one-letter string
a, and the RE 1 represents the singleton set containing just the empty string. Note that this
is not the same as the empty set, which is what the RE 0 denotes!

Compound expressions of the form E; + E are defined in terms of set union:

L[E1 + Es] = LIE1] U L E-].

The + operator represents the merging of the languages of the expressions it combines.
Expressions of the form E; E's denote the language:

L[E\Eo] = L[Ey] - L]E-].

Thus, the interpretation of Iy E is the set of all words that can be formed by prepending
all words from the language of F to all the words from the language of Fs.
Given an RE of the form E7, we then define:

LIET] = LIEA ]

*These compound expressions are often written E|F, EF, E* in actual software implementations, where E
and F are regular expressions.
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Adding a * to an RE therefore corresponds to repetition.
For easy reference, we repeat here the full definition of the syntax and language inter-
pretation of regular expressions:

Definition 3.2 (Regular expression syntax). Regular expressions over an alphabet 2, Expy,,
are described by the grammar:

EIZ=0|1|a|E1+E2|E1E2|EI,
wherea € 3.

The juxtaposition and + operator both associate to the right, so when parentheses are
omitted it is a shorthand:

EFG = E(FG) E+F+G=E+(F+Q).

Kleene star * binds the tightest, follows by juxtaposition, and finally 4. The expression
E*FG + E' + F*G isparsed as ((E*)(FG)) + (E' + ((F™)G)).

Definition 3.3 (Language interpretation of regular expressions). The language interpreta-
tion L[] of a regular expression is:

L[]: Expy — 2%
£[o] = 0
i) = fe}
L[a] = {a}

L[Ey + Es]| = L[E1] U L[ E-]

LIEVEo] = LIEA] - LE5]
L[E*] = L]ET*
The type of problems one can solve with the language interpretation is matching. A

programmer can pose the question “does the string w exist in the language L[E],” and it
can be interpreted as the mathematical query w € L[E]?

Example 3.1. The following regular expression denotes words formed by arbitrary combi-
nations of a and b:

Eup=@+b+a)"

We can verify this by unfolding the definition of the language interpretation:

L[Eu] = L(a+b+a)*]
=L[a+b+a]"
= (Lla] U L[b] U L[a])*
= ({a,b})”
= {e€,a,b,aa,ab, ba, bb, aaa,...}.
Example 3.2. Due to the transcription between the Arabic and the Latin alphabets, there

are many correct ways to spell former Libyan dictator Muammar Gadaffi’s in English orthog-
raphy. The following RE encodes all the possible ways to write the name:

E,=(Q+G+K)(a+u)(d+t)(h+1)(d+ t)(h + 1)af(i +y).

With the language interpretation we can check that Gaddafi € L[E,] and Qutthafy €
L[E,], whereas gardafi & L[E,].
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Non-Deterministic Finite Automata

Regular expressions correspond to a class of abstract machines called finite automata. These
exist in both deterministic and non-deterministic variants; here we briefly review the non-
deterministic kind.

Definition 3.4 (Non-deterministic finite automaton). A non-deterministic finite automaton
(NFA) is a five-tuple
(Q7 E’ I’ F’ A)

consisting of
* aset of states (),
* an input alphabet 3,
* aset of initial states I C Q,
* asetof final states F C Q),
* a transition relation A C Q x (XU {e}) x Q.

We normally depict states as circles, the elements in the transition relation (g, a, ¢’) as
arrows, initial states with an incoming arrow, and final states with a double edge. We also

write ¢ = ¢’ and ¢ = ¢’ if (g,a,¢') € Aor(g,€,q) € A, respectively. Whenever we
write ¢ = ¢/, @ is called the label of the transition.

Example 3.3. The automaton
({1,2,3},{a,b},{1},{2,3},{(1,a,2),(1,¢,3),(2,b,2),(2,a2,3)}) :
can be depicted graphically as:

H

Several methods for constructing finite automata from a regular expressions [59, 106,
141] exist, but we shall discuss Thompson’s algorithm [141] here. Thompson’s algorithm
works by constructing the NFA bortom-up: Atomic expressions are converted first, and com-
pound expressions are converted by combining the automata resulting from converting sub-
expressions. The algorithm yields automata that has a specific form:

* the set of initial states is always a singleton set: I = {qi" },
+ the set of final states is always a singleton set: F' = {¢fi"},

+ all states either have exactly one outgoing transition in Q) X ¥ x @), or either one or
two transitions in @ x {€} X @, or no outgoing transitions at all.

For this reason, we will define a specialized version of NFAs called Thompson NF.As:
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Definition 3.5 (Thompson NFA [141]). A Thompson NFA is a five-tuple
(Q,%,¢", ¢, A)
consisting of:
* aset of states Q,
* an input alphabet ¥,
* an initial state ¢™ € Q,
* afinal state ¢ eqQ,
* a transition relation A C Q x (XU {e}) x Q.
A Thompson NFA is constructed according to the rules specified below.

For any regular expression F, the conversion proceeds inductively on the syntactic struc-
ture of E. When an NFA is constructed from an expression E we call it V. The base cases
for atomic expressions are simple:

+ Case F =1:

~O0
*+ Case E =0:
* Case = a:

~O-0
For compound expressions, we use boxes to denote the automata resulting from converting

sub-expressions.

* Case B = E1 Es:

That is, we merge the final state of the NFA for E; with the initial state for F», and
let the initial state in £'; be our new initial state, and the final state in F5 be our new
final state.

+ Case £ = Eq + Es:
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+ Case E = ET:

Example 3.4. Constructing the Thompson NFA for the expression Egp
Egp=(@+b+a)”

from before yields the automaton N, :
O H@

N ﬁ

@D

3.3.1  Simulation

An automaton specifies how an internal state of some “machine” that recognizes a language
should change for each input symbol in an input word in order to halt in the accepting state
for all words in the language and not for any other words. As NFAs are non-deterministic,
there may be several possibilities for state change at each input symbol. By simulating the
NFA we handle this by taking all possible transitions at the same time. In order to describe
the simulation algorithm, we first need a few definitions.
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Definition 3.6 (Paths). A parbinan NFA (Q, %, I, F, A) is a non-empty list of states

40,91, ---,4qn

where foreach0 < i < nandx; € ¥ U {¢}

z;
qi — Qit1-
If there is a path between qg and ¢, with the sequence of labels g, 21, . . . , T, we write

w
qo ~ Qqn

wherew = x¢ - 21 ... Tp.

Definition 3.7. The language recognized by a Thompson NFA is the set of strings such that
a path from the initial state to the final state exists:

{w ‘ qin %qfin}.

Definition 3.8 (e-closure). Given an NFA (Q, 3, I, F, A), the e-closure of a set of states
SeqQis:

Close: 29 — 29
Close(S) = {q” ' €S.¢ % q"}

The e-closure of a set of states is the set of all states reachable by traversing only edges

labelled with e.
Example 3.5. Recall the NFA from Example 3.4.
Close({0}) = {0,1,2,3,7,8,9,11},

Close({4,10}) = {1,2,3,4,5,6,7,8,9,10,11},
Close({3}) = {3}.

Definition 3.9. Given an NFA (@, X, I, F, A) and an input symbol a € %, the stepping
function takes a set of states ' C () to a new set of states by following transitions labeled a:

Step: 29 x & — 2¢
Step(S,a) = {Q’ lqe S, q> q’}

Example 3.6. Continuing Example 3.s:

Step({0} ,a) =

Step({0,1,2,3,7,8,9,11} ,2) = {4 10},

Step({0,1,2,3,7,8,9,11} ,b) = {5},
Step({3,8,9},a) = {4,10},
Step({3,8,9},b) = {5}.
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The two functions Step and Close provide us with the parts required to implement
NFA simulation. Simulating an NFA is now just a question about executing these two func-
tions interchangeably on each input symbol and checking if a final state is in the resulting
state set.

Definition 3.10 (NFA simulation). GivenanNFA (Q, X, I, F, A) and an input word w €
X*, the function Reach™ computes the set of states reachable from S C @ by alternatively
applying Close and Step on each input symbol:

Reach*: 29 x ¥* — 2¢
Reach™ (S, ¢) = Close(5)
Reach™(S,a - w') = Reach®(Step(Close(59),a), w’).

With this function, deciding whether a word w is in the language of some regular ex-

pression is done simply by checking F' N Reach™ (I, w) # 0.
Example 3.7. Consider the NFA N, of Example 3.4 and the input word aab:

Reach* ({0} ,aab) = Reach™(Step(Close({0}), ), ab)
= Reach”(Step({0,1,2,3,7,8,9,11} ,a), ab)
= Reach* ({4, 10} ,ab)
= Reach™ (Step(Close({4,10}),a),b)
= Reach*(Step({1,2,3,4,5,6,7,8,9,10,11} ,), b)
= Reach™ ({4, 10} ,b)
= Reach™(Step(Close({4,10}),b),€)
= Reach*(Step({1,2,3,4,5,6,7,8,9,10,11} ,b), €)
= Reach™ ({5} ,¢)
= Close{5}
— {1,2,3,5,6,7,8,9,11} .

As the final state 11 is indeed contained in the set, we conclude that aab € L[E,;].

Deterministic Finite Automata

If a finite automaton is deterministic, we call it a deterministic finite antomaton:

Definition 3.11 (Deterministic finite automaton). A deterministic finite automaton (DFA)
is a five-tupe:

(Q7 27 qin7 F7 5)

consisting of:
* aset of states ),
* an input alphaber ¥,
* an initial state ¢" € Q,
* asetof final states F C Q),

* atransition function § 1 Q@ X ¥ — Q.
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Thus, in a DFA there are no e-transitions, and the transitions are encoded as a func-
tion instead of as a relation. DFAs and NFAs are equivalent: a DFA is just a special case
of an NFA, and given an NFA one can obtain an equivalent DFA by using the subset con-
struction. The subset construction works by memoizing the algorithm from Definition 3.10
and recording each encountered set of states as a new state in the DFA, adding transitions
corresponding to the behavior of Step.

The Type Interpretation of Regular Expressions

The language interpretation of REs allow programmers to express queries related to lan-
guage membership, i.e., the programmer receives one bit of information. Thus, the pro-
grammer does not speak of how but of if — the syntactic structure of the regular expression
is forgotten. It turns out that many practical uses of regular expressions actually require
that some degree of structure is preserved. Consider for example the scenario where we
want to rewrite numerals from having the English digit grouping style to the Scandinavian

digit grouping style:
“1,234,567.89”  —  “1.234.567,89”.

Assuming given a regular expression Fy;.:; for matching digits, we can easily formulate
88 £ P g g dig y
expressions for these two styles:

EnumS = ((EdigitEéigit) ')*(EdigitEEigit) > (Edigithigit)
Enume = (Baigit Edigit) »)" (Eaigit Egigit) - (Bdigit B git)

These two expressions reflect the structure that we are interested in; if we apply a matching
algorithm with the above inputs and expressions, however, this information is lost. One ex-
pression will report a match on the first string and fail on the other and vice versa. If instead
the entire structure of the regular expressions was maintained, it would be easy to describe
the transformation. If one thinks of the “meaning” of each regular expression constructor,
the intuition behind this is clear:

+ Concatenation expresses sequence, i.e., that something comes before something else.

+ Alternation expresses a choice between the left hand side and the right hand side of
the +.

* Kleene star expresses any finite number of repetitions of something.

The primitive symbols represent just themselves, and the special expressions 0 and 1 repre-
sent failure and unit in a manner that will be specified later.

This is called the rype interpretation of regular expressions [57, 75, 114]. Informally, a
type can be thought of as an entity representing the “shape” of a regular expression. One
expression has one shape, so each regular expression has exactly one type. We shall write
the types in the same way we write the regular expressions themselves; this reflects the fact
that the only changed thing is how the expressions are interpreted. Instead of denoting
languages, regular expressions under the type interpretation denote set of structured values:

Definition 3.12. The structured values over 33, Valy,, are formed over the following grammar:
viu=()]al| (vi,v2) |inlvy |inrvy | [vo,...,0n]

wherea € 3.
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To each regular expression we associate a set of structured values. This is called the rype
interpretation:

Definition 3.13 (Type interpretation of regular expressions). The type interpretation asso-
ciates to each regular expression E a set of structured values V[ E|:

V[]: Expy — 2V2l=
Vo] =0
v = {0}
V[a] = {a}
V[E\Es] = V[E\1] x V[Es]
V[E: + Es] = V[E1] @ V[E:]
VIET] = {[v1,---,vn] | vi € V[EL],n € N}.

The above definition is similar to Definition 3.3 except that the structure of the com-
pound expressions is reflected in the structured value. As we shall see, changing the interpre-
tation of regular expressions to this lets a programmer ask bow a string matches an expression
instead of if a string matches an expression.

Handling Lists

At first glance it seems like we have three different ways of combining types to form new
types: +, -, and [-]. However, a list is defined to be either an empty list, written (), or an
element combined with the remainder of the list (the head and the tail of the list). Conse-
quently, we can unfold the list type:

E*=FEE* +1, (3.1)

that is, either a designated end symbol of type 1 or an element v of type E along with the
rest of the list of type F2*. This is equivalent to the way lists are defined in functional pro-
gramming languages normally, and it is therefore enough to only define sum and product
types. However, for readability reasons we will keep the “direct” notation for lists.

In Part IT we will see equation 3.1 again in an algebraical setting.

Example 3.8. The type £, = a* denotes the set of lists of as. The element of V[E, ] with
three repetitions can be written:

[a,a,a] = inl {a,inl (a,inl {a,inr ())))

Value Flattening

Note that we do not lose anything by moving from the language interpretation to the type
interpretation. It is always possible to recover the underlying language from a set of struc-
tured values by erasing the structural information — called the flattening
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Definition 3.14. The flattening of a structured value v is denoted | - | and is defined as:

|-|: Valg — X*
10l =€
la] =a
[(v1, v2)| = |va] - e
[inl v1| = |vy]
linrvy| = |vg]
[[voy -y vn]l = |vo| - |vnl.
We lift the flattening function | - | to operate on sets of structured values. It is easily

seen by induction on the structure of E that the language of E is equivalent to the set of
flattened values of E. This is shown in Proposition s.1:

Proposition. For any regular expression E,

LIE] = [VIE]| = {lv] | v € V[E]} .

3.5.3 Structured Values are Parse Trees

One can think of the structured values as parse trees, which is also the reason for the term
“flattening.” Anything that does not take any argumentsis aleaf in the tree, i.¢., the primitive
objects, and anything that takes n > 0 arguments is a node with n children.

Example 3.9. The value
[a,a,a] = inl {a,inl {a,inl {a,inr ())))

from before can be written as the following parse tree:

One obtains the flattening of the value by concatenating all the non-() leaves to get aaa.
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We will use the terms structured value, value, parse, and parse tree interchangeably.
Example 3.10. Continuing Example 3.1, consider again the regular expression
Esp=(a+b+a)".

The structured values in V[ E,p] encode the different ways one can combine a and b in the
pattern Fgp:

V[Euw] =V[(a+b+a)*]
{lto,---»tn] | ti €V][a+b+a]}

vo € V[a],
[to, ..., tn] | t; € < inlwg,inrinlvy,inrinruy | v1 € V[b],
ve € V[a]
vo € {a},
[tos ..., tn] | t; € < inlug,inrinlvy,inrinrug | v1 € {b},
ve € {a}

= {[to,...,tn] | t; € {inla,inrinlb,inrinra}}.

By flattening the values we obtain the language of Example 3.1.

Bit-Coding Structured Values

Notice that in the structured values, some of the information is duplicated from the regular
expression itself. For example, the expression a+b hasas one of its values inl a, but the a itself
is redundant; the only new information encoded in the value is that the leff alternative was
picked. Sometimes the values do not contain any new information at all. The expression
ab has as its only possible value (a, b, but as it is the only possibility it contains zero bits of
new information.

This observation can be used to produce a compact representation of values. As we saw
above, lists can be thought of as repeated sums and products, and products do not introduce
any choice to be encoded, so the only constructors that need to be encoded are inl - and inr -.
Thus, for each occurrence of a + in a regular expression we need one bit to encode the choice,
and for each Kleene star we need one bit for each time the inner expression is repeated, plus
one bit to signal the end of the list—corresponding to picking the right alternative 1.

Definition 3.15 (Bit-coding of values). The bit-coding of a structured value is:
r.7: Valy — {0,1}"

)7

]

Ta

€

€
(v, v9) 7 = Ty 7 Ty
Finlvg '=0-"Twv !
rinrvl—' =1 r’Ulj
Moo, v 7=0-Tp - ... 0T, - 1.
As with the structured values, there may be bit-codes that do not make sense with re-

spect to a specific regular expression—take 001 and the expression a, for example. Bit-codes
that do make sense with a regular expression £ can be decoded to obtain the full value:
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Definition 3.16 (Type-directed decoding [75]). The type-directed decoding of a bit-code is
(where B[ E] is given by Definition 3.18):

Lup: BIE] — V[E]

Lbsag = LET (v,bs’) = Dg(bs) IN1F bs’ = € THEN v ELSE L

where:
Dy (bs) = ((), bs)
D,(bs) = (a,bs)
Dgyr(0-bs) = LET (v,b") = Dg(bs) v (inlv, V)
Dpir(1-bs) =1eT (v,b') = Dg(bs) In (inrv,b)
Dgr(bs) = LeT (v,b') = Dg(bs)

DE'* (bs) = DEE*+1(bS).

Well-formed bit-codes with respect to a regular expression correspond to well-typed val-
ues for that expression.

Definition 3.17. The well-formed bit-codes for a regular expression I are those that corre-
spond to structured values in V[ E]:

{Tv | v e V[E]}.

Alternatively, we can define the well-formed bit-codes directly, in the same manner as
we did with the values:

Definition 3.18. A regular expression F' has an associated set of bit-coded values:
B[]: Expy — 2101
B[O] = 0
B[1] = {e}
B[E, + E3] = {0-v|veB[F]}U{l-v]|veB[E]}
B[E1Es] = {v-w | v e B[E1],w € B[E>]}
BIEf] = {v-1|ve{0-w|weB[E]}*}

It can be shown by straight-forward induction on the structure of the regular expres-
sions that the two definitions of bit-codes are equivalent:

Proposition 3.1. Definitions 3.15 and 3.18 are equivalent:
{"v | v e V[E]} = B[E].
Definition 3.19. The set of bit-codes for values in V[ E] that flatten to the same word w is:

Bu[E]={"t"|t e V[E],|t| =w}.
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Using the bit-coded versions of values can be thought of as splitting the information
contained in a “full” value into the static and the dynamic part. The static part is known
from the regular expression itself, and the dynamic part is what is unique for this particular
value. A consequence of this is that the bit-codes by themselves are useless—if we do not
know which regular expression a bit-code is associated with, we cannot say anything about
it.

Example 3.11. To illustrate why both the bit-string and the RE is needed, consider the bit-
string 0001 again. Given RE Ey = (b +a)(a + b)(b + a)(a + b) this bit-code decodes to
the value:

(inl b, (inl a, {inl b, inrb))),

but given the RE F = a* the value is
[2,a,a] = inl (a,inl (a,inl (a, ())))

Ambiguity in Regular Expressions

In Example 3.1, the language interpretation of (a + b + ¢)*, it does not matter that there
are two possibilities for matching an a in each iteration of the Kleene star; the language
interpretation removes the structure from the expression in the translation to sets of strings.
In the type interpretation this structure is kept, so in Example 3.10 (the type interpretation
of the same expression) there is a difference between the two as in the value set. We notice
that there are multiple values that flatten to the same underlying string, for example,

[[inla,inrinl b,inrinra)| = |[inrinra,inrinl b, inl a]| = aba.
This is an example of an ambignous regular expression:

Definition 3.20. A regular expression F is ambiguous if and only if two or more values of
its values in the type interpretation flatten to the same string:

Jv,w € V[E]. |v| = |w| Av # w.

To parse a word with a regular expression E is to produce a value in V[ E] that flattens
to that word. For ambiguous regular expressions, we must disambigunate between several
possible values. This should happen in a deterministic way, such that a programmer always
gets the same value if she parses the same string under the same regular expression. One such
disambiguation policy is called the greedy policy. Informally, using a greedy disambiguation
policy corresponds to picking the “left-most” possibility whenever more than one is possi-

ble.

Definition 3.21 (Greedy order on values [57]). The binary relation < is defined inductively
on the structure of values as follows:

(v1,v2) < (v, vh) if v <o) V(v =0 Avg <))
inlvg < inly if v <
inrvg < inruy if v <)
inlvg < inry
o] <
[v1,...] < [vi,..] if v <]
<

[v1,v9,...] [v1,05,...] if [ua,...]<[vh,...]



3.5. THE TYPE INTERPRETATION OF REGULAR EXPRESSIONS 21

Now the problem of disambiguation can be formulated in terms of picking a minimum
elementin the greedy ordering <. Of course, the order is not total if one compares elements
from different regular expressions £ and F'. However, if only elements with the same type,
i.e., from the same expression, are compared, it is strict and total (Proposition 5.3). In order
to ensure that a minimum element amongst possible values—and bit-coded values—exists,
we have to define a subset of V[ E] called the non-problematic values. The reason for this is
that for some regular expressions no least element exist in the greedy ordering, and therefore
we cannot pick out the minimum element in the ordering:

Example 3.12. Let E = (1 + a)*. The following are all values in V[ E] that flatten to aa:

to = [inra,inra],
t1 = [inl (),inra,inral,

to = [inl (),inl (),inra,inral,

so no minimum element exists because of the infinite descending chain tg > t1 > 2 > ...

Definition 3.22 (Non-problematic values [57]). The non-problematic values of a regular ex-
pression E are:
V'P[]: Expy — 2V2=
VP[] =0
VP[] = {0}
V'Pa] = {a}
V"P[ELEs] = V™P[EL] x V™P[E2]
VWP[EL + B = V™[E1] @ V"P[Es]
VPIET] = {[v1,.--,vn] | v; € VPIEL] \ {w | w € V™[EL], |w| = €}}.
Note that the only difference between V[-] and VP[] is that the latter do not allow
“empty” elements in lists—elements that flatten to the empty string. This corresponds to
what most programmers probably expect when defining iteration-like structures: programs
should not be allowed to take an arbitrary number of unnecessary iterations between doing
the actual work. Limiting ourselves to the non-problematic values rules out the problem
from Example 3.12.

We refer to regular expressions whose type interpretation do not contain any problem-
atic values as non-problematic regular expressions:

Definition 3.23 (Non-problematic regular expression [57]). A regular expression E is non-
problematic if it does not contain any subterms of the form

Ej
where € € Fj.

With the refined notion of values, we can now formulate the definition of parsing to
ensure that minimum elements do exist:

Definition 3.24 (Parsing). Given regular expression £ and word w € ¥, to parse w under
E is to produce the value ¢ such that:

t e VP[E]AVY e VP[E].t<t' VE=1.
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On bit-codes we can formulate an ordering that is similar to the greedy order <:

Definition 3.25 (Lexicographical ordering). The lexicographical ordering < between two bit
sequences d,d’ € {0, 1}* is the least relation satisfying:

L € <difd#e,

2.0-d<1-d,

3. 0-d=<0-difd=<d,

4 1-d=<1-difd=<d.

The greedy order on non-problematic values correspond exactly to the lexicographical

order on the bit-coded values. This is easily seen by combining the encoding function "™
with the greedy order (Theorem s.2).

Theorem. For any RE E and values v,v' € V[E], v <V’ if and only if v < "o\

Finite State Transducers

Just as we can use finite automata to decide language membership for regular expressions,
we can use a slightly more involved class of automata to generate the set of bit-coded values
of a regular expression. Recall that a structured value in V[ E] corresponds to a parse tree
fora certain word w € L[E]. Thatis, the value specifies how that word is a member of the
language of E. The way we decided whether the word was in L[ E] or not was to follow all
the paths through its corresponding NFA and checking whether one of them led to a final
state. We shall see that a structured value corresponds to one of these paths.

For a given regular expression ' there is a one-to-one correspondence between its struc-
tured values and their bit-codes, so it suffices to compute bit-code for an input string. Note
that in the Thompson construction, whenever a node has more than one outgoing transi-
tions it is always two e-transitions. This happens exactly when there isa + or a Kleene star in
the expression. Uniquely specifying a path through the automaton requires only that each
of these choice points is resolved, so it requires a sequence of bits. This is exactly the same
bit sequence as the bit-codes, so by recording these we get exactly the bit-coded values.

Definition. A finite state transducer (FST) is a six-tuple
(Q,X,T,1I,F,A)
where
* @ is a set of states,
* Yand I are the input alphabet and output alphabet, respectively,
« I C Q is the set of initial states,
* F C Qis the set of final states,
c ACQx(ZU{e}) x (TU{e}) x Q is the transition relation.
Whenever there is a transition (g, a, b, q¢’) € A we write ¢ —ﬂb—> ¢'. The pair (a,b) €

(XU {e}) x (T'U{e}) is called the label of the FST transition. As with the NFAs, we shall

restrict us to a certain class of FSTs that are analogous to the Thompson NFAs.
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Definition 3.26. A Thompson FST is an FST constructed with the procedure shown below,
where:

+ the output alphabet is bits: I' = {¢,0, 1},
* the set of initial states is a singleton: | = {qi” },
* the set of final states is a singleton: F' = {qﬁ" },

+ all states either:

have exactly one outgoing transition labelled ale, a € s

— have exactly one outgoing transition labelled €|e;

have exactly two outgoing transitions labelled €|0 and €|1, respectively, or;
— have zero outgoing transitions.
In the following, we will focus only on Thompson FSTs.

Analogous to the Thompson NFA construction, we construct Thompson FSTs. We
call a Thompson FST constructed from a regular expression £ Fp:

*c Case F =1:

—O—d=~
+ Case £ =0:
+ Case F = a:

* Case B = E1 Es:

* Case F = Eq + Es:

O= 0
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* Case E = Ef:

Example 3.13. Constructing the Thompson FST for the expression g corresponding the
Thompson NFA of Example 3.4 yields the FST Fg,, :

do@&'ﬁ@
o,

W s

6|€

NoR=os o

A path through an FST is defined in the same way as a path through an NFA, except
that the sequence of labels is a sequence of pairs of input/output symbols in:

Definition 3.27 (Thompson FST paths). A pathin a Thompson FST is a non-empty list of
states

qo, 41, ---,4n
where foreach 0 < i < nand (z;,¥;) € (XU {e}) x {¢,0,1}

zilyi
qi > QH-l

If there is a path from o to gy, with the labels (zo, yo), (£1,91), - - -, (Tn, Yn) we write

v|w
q0 qn

wherew =2¢- 21 ...  Tpandv =9y Y1 ... Yn.

Justas we introduced a subset of values called the non-problematic values, we introduce
a subset of paths called the non-problematic paths:

Definition 3.28 (Non-problematic paths [57]). A non-problematic pathina Thompson FST
is a path with no e-cycles:

q0,91y---,4n

such that ~3i. ¢; <, .
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Example 3.14. Recall from Section 3.5.5 that the expression Eqy is ambignons. Thatis, there
exists more than one value that flatten to the same underlying string. In Example 3.13 we
can see that, for the input word aab, the following is a path between ¢ = 0 and ¢ = 11:
0,1,2,3,4,5,6,1,2,3,4,5,6,1,2,7,8,5,6,1,11
with the output labels:
€-0-0-e-e-€-€¢:0:0-€-€-€-€-0-1-0-€-€-€-1=00000101.
This is another path from 0 to 11:
0,1,2,7,9,10,6,1,2,7,9,10,6,1,2,7,8,5,6,1,11
with the output labels:

€-0-1-1-€-€-¢-0-1-1-¢-€-¢-0-1-0-€-¢-€-1=0110110101.

As the above example hints at, there is a correspondence between the output labels on

paths through a Thompson FST Fg and the bit-coded values in V[ E] (Theorem s.1):

Theorem (Representation). Given a Thompson FST Fg, for a regular expression E, for any
word w € L[E]:

in wlb in
B,[E] = {b|q s }
Corollary. The set of outputs of all paths through Fg is the set of bit-codes for E:
BIE] = {b | ¢" A ¢ Aw e EHEH} .

An important property of the bit-codes is that the set of bit-codes for an expression &£
is prefix free (Definition 2.10):

Lemma 3.1 (Bit-codes are prefix free). The set of bit-codes for a regular expression E, B [E],
is prefix free.

Proof. By induction on the structure of the Thompson FST Fg. We illustrate the case for
alternation. Assume that B[E1] and B[ E2] are prefix free and construct the Thompson
FST for E = Eq + Es. Any successful path through Fx must either pass through Fg,
or Fg,. The output of all paths through the formeris By = {0-b|b € B[E4]} and
of all paths through the latteris B, = {1-b | b € B[E>]}. Hence, the outputs of paths
through Fg arein By U By. Itis clearly the case that

Vb1 € B1.Vby € By. by LZ b,

so since we assumed by induction that it holds for the sub-FSTs, B[ E] is prefix free. [
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First Algorithm (CIAA’13)

Analogously to the simulation algorithm for NFAs presented in Definition 3.10, we need a
way to use the FSTs with the embedded bit-code information to produce values. Because
FSTs have different outputs instead of just “success” or “failure”, simulating an FST is more
complicated than simulating an NFA. Furthermore, because of the ambiguity in regular
expressions a simulation algorithm must ensure that the correct output is picked, i.e., the
output that corresponds to the least value as defined in Section 3.5.5. Now the reason for
using the restricted class Thompson FSTs instead of general FSTs becomes apparent: the
complete syntactic structure of the source regular expression is contained in the FST struc-
ture. This means that the lexicographically least bit-code is the one that is output on the
leftmost path, prioritizing transitions labeled €|0 over those labeled €|1 when a path can be
continued by following either one. However, just greedily taking the left alternative every
time results in a backtracking algorithm with a worst-case running time exponential in the
size of the input word! The crux of the NFA simulation algorithm is that it simulates all
paths simultaneously, thereby eliminating the need for backtracking. We mirror this in the
parsing algorithm, but extended to FSTs.

Symmetry of Thompson FSTs

Observe that Thompson FSTs are symmetric: whenever a state has two outgoing edges there
is exactly one corresponding state with two incoming edges. This can easily be verified by
inspecting the cases in construction algorithm in Section 3.6: only two cases introduce states
with two incoming edges, namely the cases for Ey + E5 and E7F, and the one-to-one corre-
spondence is maintained in both. All remaining cases trivially maintain the symmetry. Note
thatin the Kleene star case, one state has both two incoming and two outgoing edges, which
also preserves the one-to-one correspondence. This symmetry was also shown by Giammar-
resi, Ponty, and Wood by associating Dyck languages, languages of well-nested parentheses,
to “Thompson digraphs,” the graph-theoretical counterpart to Thompson-style NFAs [58].

We call states with two outgoing edges choice states, and states with two incoming edges
Jjoin states:

Definition 3.29. Givena Thompson FST F = (Q, %, {€,0,1} , ¢, ¢, A), let |¢|© and
|q|" be the out- and in-degree of a state g, respectively:

- Cr = {q |q €Q, \q|o = 2} is the set of choice statesin F,
- Jr={q| q€Q,|q' =2} is the set of join states in F,

* Sr={q|qe€Q,3¢ € Q.aleq'} is the set of sonrce states.

Ordered FST Simulation

If we maintain an order on the state set while simulating the FST, it becomes possible to
formulate that one alternative should be preferred to another. We can therefore augment
the algorithm of Definition 3.10 to maintain state /ists instead of state sezs. We also alter the
e-closure function to only return a list of source states or the final state, as it unnecessary to
keep track of the entire e-closure when a stepping function is going to discard all states with
no outgoing transitions anyway.

Using ordered variants of the e-closure and the stepping function, the (reversed) lexi-
cographically least bit-code can be obtained by: 1) generating a sequence of states for each
input symbol and 2) using this list of sequences as an oracle to step backwards though the
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FST and emitting the bit-codes on the transitions. This first sketch of the parsing algorithm
is called the far log-algorithm, and we illustrate its operation with the example below:

Example 3.15. The expression
Eompig = (aa+2)*

is ambiguous. Input word aaa can be obtained by flattening either of the following values:

[inl (a,a),inra] (00011),
[inra,inl (a,a)] (01001), or
[inra,inra,inral (0101011).

The least value in the greedy ordering is the first one. Pictured below is the Thompson
FST FE,,.;, along with the list of active source states and final state in each iteration of
the simulation algorithm. The state lists are ordered such that the topmost element at each
instance is the highest prioritized (i.e., leftmost) state:

s W g

\3 ey
R
: O

The final state listis [4, 3,7,9,3,7,9,4, 3,7, 9]. Because the final state 9 occurs three times
in the state list, we know that there are three separate paths from the initial state to the final
state, corresponding to the three different values above. It is only the greedy left-most path
through the FST we are interested in, and due to the fact that the states are ordered using
the lexicographical order on the transition labels we know that the correct accepting path
is the one that ends in the topmost final state in the list, i.c., the first 9. Hence, we follow
this path backwards through the FST (marked with [ ]) and reconstruct the bit-coded by

emitting bits on the traversed edges:

9:]‘\];73‘104&36‘000

yields 11000, the (reversed) correct bit-code. The other two paths correspond to the other
two ways of parsing the input word:

all ale |00 €10

gl o322 7820 (10010)
gl 07200 7 A% (1101010).
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3.7.3 Two-Pass Regular Expression Parsing

A lot of unnecessary information is stored in the fat log in Example 3.15:

1. the final state list contains the final states several times, representing the fact that a//
possible paths through Fg
most path;

is computed, even though we only realize the left-

ambig

2. when walking backwards through Fg

oracle is in the join states;

the only time the log is consulted as an

ambig

3. in the join states the log is always to decide between exactly two possibilities.
These observations lead us to the following:

1. repeated states may be deleted from state lists, keeping only the leftmost states;

2. we only need to store information about the join states in the log;

3. we only need to store one bit of information per join state in the log.

Hence, instead of storing a list of states we only need to store one bit per join state per input
symbol! Now the symmetry of Thompson FSTs can be exploited: because of the one-to-
one correspondence between choice and join states, it suffices to record for each join state
which of its two incoming transitions was used. The symmetry ensures that paths follow-
ing the left-most (right-most) incoming transition to a join state also 7ust have followed
the outgoing transition marked 0 (1) of the corresponding choice state. Consequently, we

decorate the Thompson FSTs with log labels:

Definition 3.30 (Log FST). Given a Thompson FST F = (Q, ¥, {¢,0,1}, q", ¢, A),
the log FST F& = (Q, %, {07 1,0, 1} ,q"™, ¢, A") is obtained by constructing an FST

in the same way as the normal Thompson FST, except for the following cases:

« Case & = Eq + Es:

+ Case E = E}:
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In Grathwohl, Henglein, Nielsen, and Rasmussen [64] alog FST is called an augmented
NF.A (aNFA). In the remainder of this section all definitions refer to an implicit log FST
s

For each input symbol we store an object that maps join states to log labels. Such objects
are called log frames (Definition s.3):

e: {0,117,

i.e., functions from join states J z. in the log FST Flo log labels {6, T}.
In the following we use ® to notate the point-wise operation that concatenates the first
components and unions the second components (Definition 5.4):

([qu v 7QTL]7£0) © ([CI(/)’ s 7Q;n}7£1) = ([qu .. '7q’rL7QE)a .. '7q;n]7€0 Uél)

The final two-phase parsing algorithm can be formulated similarly to the way the NFA
simulation algorithm of Section 3.3.1 is formulated: we enrich the e-closure Close (Defi-
nition s.5) and stepping function Step (Definition 5.6) to preserve the required ordering
information.

Both the closure and the stepping algorithm is described in Chapter 5. Here, we demon-
strate their workings on some examples.

Example 3.16. Applying Close on states 4 and 8 off}:;amhiq from Example 3.15:

Close(4,0) = ([4],0)
8,0) = Close(6, {6 — 1})
= Close(1, {1+ 0,6 > 1})
(2,40) ® Close(9, £o)
= (Close(3, ) ® Close(7,4p)) ® (]9], 4o)
= ([8]:40) © ([7],40)) © ([9], fo)

0)
(3,71, £0) © ([9, fo)
= ([3,7,9], 40)

where we set £y = {1 0,6 I} for notational convenience.

The stepping function respects the order of the state lists and combines the log frames
from each intermediate step.

Example 3.17. We illustrate Step on 'FJI‘_Ea,mm :

Step([3,7,9],a, ([, 0))

=let (S, ¢) = Close(4, ) in Step([7, 9], 2, ([],0) - (S, £))
= Step ([7,9],3, ([4],0))

= let (S, £) = Close(8, 0) in Step ([9], 2, ([4],0) ® (S, ¢))
= Step ([9],, ([4],0) ® ([3,7,9], {1+ 0,6 — 1}))

= Step ([J,a, ([4,3,7,9], {1~ 0,6 — 1}))

= ([4,3,7,9],{1—~ 0,6 — 1})
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The forward pass Fwd of the algorithm is just the combination of Close and Step anal-
ogously to Reach for NFAs (Definition s.7). The output of this pass is a list of log frames
that is read in the backward pass Bwd. Here, it is used as an oracle to walk from the final to
the initial state and reading off the output bits of the log FST (Definition s.8).

Finally, Fwd and Bwd is combined to obtain the rwo-phase parsing algorithm of Grath-
wohl, Henglein, Nielsen, and Rasmussen [64]. We show Definition 5.9 early:

Definition. The complete two-phase parsing algorithm is the composition of the forward
and backward passes of Definitions 5.7 and 5.8:

TwoPhaseParser: ¥* — {0,1}" u {1}
TwoPhaseParser(w) = Bwd (Fwd(w), ¢™) .

Note that the algorithm does not require that the input word is stored between passes;
only the log frame is needed. Furthermore, the log frames are used as a stack: first, all the
log frames are pushed onto the stack, and after the last input symbol the log frames are all
popped from the stack in the backward pass. The working memory requirement is therefore
k - n bits for alog FST with k join states and an input word with length n. Given an FST of
size m, a constant amount of work is performed at each input symbol in the forward pass
and at each log frame in the backward pass, so the worst-case running time is O(mn).

Example 3.18. Consider again the expression from Example 3.15. On the input word w =
aaa the forward pass of the lean log algorithm will produce the log L***:

L** = Fwd(aaa)
= let (S’,¢") = Close(0, []) in Fwd’ (aaa, S’, [¢'])
=lec (8", ¢') = ([3,7,9], {1+ 1}) in Fwd’(aaa, S', ['])
= Fwd’(aaa, [3,7,9], [¢])
= let (5", ¢') = Step([3,7,9],a, ([],0)) in Fwd’ (aa, S’, [¢, ¢0])
= Fwd’(aa, [4,3,7,9], [(1, {))
=let (S',¢') = Step([4,3,7,9],a, ([],0)) in Fwd'(a, S, [¢', ¢1, o))
= Fwd'(a, [3,7,9,4], [l2, 1, lo])
= let (5", ¢') = Step([3,7,9,4],a, ([],0)) in Fwd'(¢, S, [¢, €2, {1, Lo])
= Fwd'(e, [4,3,7,9], [€3, L2, 01, £0])
=[{1—~0,6~1},{1—0,6—0},{1—0,6—1},{1~1}]

where we have used the log frame abbreviations:

ty={1~0,6~1}
= {1~0,6— 0}

ls= {1+ 0,6 — 1}
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The backward pass with L** yields:

Bwd ([{1—0,6—1},{1—0,6—0},{1—0,6—1},{1—1}],9)

=Bwd ([{1—0,6~1},{1—0,6—0},{1—0,6—1},{1—1}],1)-1
=Bwd ([{1—0,6~1},{1—0,6—~0},{1—0,6—1},{1—1}],6)-1
=Bwd ([{1—0,6—~1},{1—0,6—~0},{1—0,6—1},{1—1}],8)-1
=Bwd ([{1—0,6—0},{1—0,6—1},{1—1}],7)-1

=Bwd ([{1—0,6—0},{1—0,6—1},{1—1}],2) 11

=Bwd ([{1—0,6—0},{1—0,6—1},{1~1}],1) 011

=Bwd ([{1—0,6—0},{1~0,6—1},{1~1}],6) 011

=Bwd ([{1—0,6—0},{1—0,6—1},{1~—1}],5) 011

=Bwd ([{1+— 0,6 —1},{1+1}],4)-011

=Bwd ([{1+~1}],3) 011

= Bwd ([{1+ 1}],2)-0011

= Bwd ([{1+ 1}],1) - 00011

= Bwd ([{1+ 1}],0) - 00001

= [] - 00001 = 00001.

Second Algorithm (ICTAC’14)

The algorithm presented in the preceding section uses two passes to produce the bit-coded
value: only after a log frame has been generated for every input symbol can the backward
pass start piecing together the bit-coded value to be output. For a large class of inputs this is
an undesirable behavior. Consider the expression E = (a + b)*: after reading each input
symbol a or b in an input word we are guaranteed that the next element in the list is either
inla orinr b. However, this fact is lost in the two-phase algorithm—even though there can
be no alternative at a specific input symbol, the algorithm soldiers on until the end of the
input word! The straight-forward program that parses fields in a comma separated data
file exhibits the same pattern: every time the newline symbol occurs the structure of the
current line is completely known and can therefore be output. Often, programs that use
extant regular expression libraries are written in a way that makes this pattern very explicit
by having a loop that iterates over each line and treat them separately.

It turns out that the pattern is more general than only handling newline symbols as “cut”
operations. Consider the FST for the expression (aaa + aa)*:
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D@D

6\0

Yoo ﬁ
o=@

In Example 3.15 the entire branching structure of all paths between the initial and final state
of the FST Fg

and including all intermediate states in the tree yields:

was computed. Doing the same for the above FST on input word aaaaa

ambig

a a a a a
0-12223-4——————5-6-7-15223 4 5
829210°7-15223 §—————9°10°7212203
11 8\11 \8
11\4—6»6»7\ 11
9+10°7-15253 15253

N N

8 8
11 11
4
9

There are two things to note about this figure:

1. The tree contains paths that do not continue until the end of input, either because
there is no outgoing transition, as in [0, 1, 11], or because the states that would have
been reached by continuing from a path are already contained in the ordered states
set, as in state 5 at the fifth a.

2. Moreover, consider the possible words that can be read from states 5 and 3: the set
of words that results in a path between 5 and 11 is £[a(aaa + 2a)*] and the words
read on paths between 3 and 11 are in L[aaa(aaa + aa)*]. It is not difficult to see
that £[aaa(aaa + aa)*] C L[a(aaa + aa)*], so every possible word that causes paths
from 3 to reach 11 would also cause paths from 5 to reach it. Since 5 is prioritized
higher in the state list, any path prefixed with [0, 1, 2, 3, 4, 5] will be prioritized above
any path prefixed with [0, 1, 2,8,9,10,7, 1,2, 3].

These two observations mean that we may prune dead paths when:
1. a path ends in a state with no outgoing transitions for the current input symbol;
2. a path ends in a state that is covered by another, higher-prioritized, state.

The idea from the previous section about eliminating repeated states from the state list is a
special case of the second point. We will refer to the language of a state g as L:
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Definition. The language of a state ¢ € @ in some FST, Ly, is the set of words:

Ly = {w lq A8 qﬁn} .
With this, we can formulate coverage (Definition 6.5) as:

Definition (Coverage). A state q is covered by a set of states @)’ if and only if:

Ly U{Ly 14 €@}

Before we discuss the new algorithm, let us follow the construction of the tree where we
cut away dead paths as we go along:

1. First, an ordered e-closure is performed. Any successful path must be prefixed with
the path [0, 1]. Hence, output bits must be prefixed with the output bits on that
path—in this case €. It is not necessary to keep it in the tree, so we prune it away:

1%2<3
8
11
2. After the first a, the path [1, 11] is dead and can be pruned. This means that any
successful path through the FST must be prefixed by [1, 2] (after the prefix [0] from
above), so [1, 2] can also be pruned and its output bits be emitted: 0. The initial part
of the bit-code has been emitted after only one a!

a
233%4
8-9

3. After the second a, the new branch that goes from 2 to 3 may be pruned, as state 3 is
covered by state 5:

L3 = LJaaa(aaa+2a)*] C La(aaa+2a)*] = Ly

a a
22324——5
8%9*10*7%1%2\

8
11

4. After the third a, the dead branch ending in 11 is pruned:

a a a
2ﬁ3ﬁ4—>5ﬁ6ﬁ7ﬁ1ﬁ2<3
899%10%7%1%2\ 8
8 11

~—
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5. At the fourth a, the two paths that end in states 3 and 8 are pruned because they are

covered by states 9 and 4. This can be verified by inspecting the languages associated
with each state:

Ly = LJaaa(aaa+aa)*] C La(aaa+aa)*] = Ly
Ly = Laa(aaa+2a)*] C Laa(aaa+a2a)*] = L4

This leaves only three active states in the state list:

a a a a
22324——5-26-27212223——4
8ﬁ9910?7ﬂ1ﬂ2\ §—9
8

\991097%1

11

6. Atthefifth ain the input, the branch that ends in state 11 is pruned. Because there is
only one path left in the tree between the first 2 and the pruned state 11 we can safely

prune the entire path. State 3 is also pruned because L3 C Ls, as noted previously.
The list of active states now contains three elements:

a a a a a
2%3%44%’)%6%7%1%223 4 5
§— —9>10»7-122
N
8
11

After pruning it becomes clear that any path that continues either of the three possi-

bilities will be prefixed by [2, 3,4, 5,6, 7,1, 2], so the stem may also be pruned and
the output bits 00 emitted:

a a a a a
223 4 5
§——9:10°7-1-2

11
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As this illustrates, pruning stems and dead branches from the tree and emitting output bits
on stems lets us do streaming parsing. In the particular example, one “a” means that at least
one iteration in the Kleene star must be made, so the 0 is guaranteed to prefix any bit-codes.
Reading a second “a” does not let us conclude anything more, because the remainder of
the input word is unknown. The complete input could be “aaa”, in which case the right
alternative does not consume any “a”s, orit could be “aa”, in which case all “a” are consumed
in the right alternative. The same is the case after three and four “a”s. However, when five
“a” have been read, it is guaranteed that no matter how many symbols follow, the first three
must have been consumed by the left alternative, which accounts for the first 0 in the output
atstep 6, and it must also be the case that at least one more iteration is required to consume

at least the remaining two characters. This accounts for the second 0 in the output at step
6.

Optimal Streaming

The algorithm sketched above implements what we shall call optimally streaming parsing.
Intuitively, an optimally streaming parsing function is a function that emits prefixes of the
final bit-code as soon as it is semantically possible or, in case the input word is not in the lan-
guage of the expression being parsed, emits a designated error token as soon as this becomes
apparent.

The idea of the “stems” in the trees above can be formalized as completions of words
(Definition 6.1)

Definition (Completions). The set of completions Cr(w) of w for a regular expression E
is the set of all words in L[ E] that have w as a prefix:

Cp(w) ={w" |wCw" Aw" € L[E]}.

Example 3.19. Let E' = (aaa + aa)*.

[
=

If a word has an empty set of completions under E it means that no words with that pre-
fix exists in L[E]. Prefixes of that may have non-empty completions, though. The longest
of these prefixes is called the reduction of w (Definition 6.3):

Definition (Reduction). If Cg(w) = (), the unique reduction Wg of w under E is the
longest prefix of w with a non-empty completion:

wg = longest w’ such thatw’ = w A Cr(w') # 0.

Example 3.20. Let E = (aaa + aa)*. The word w = aab is not in L[E], so its set of
completions is empty. Its reduction is:
aabp = longest w’ such thatw’ C aab A Cg(w') # 0
= longest w’ € {€,a,2a}

= aa.
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For any parsing function P () : L[E] — B[E] an optimally streaming version can
be constructed (Definition 6.4). If it is semantically impossible to do perform output until
the last input character has been read, the optimally streaming version of the parser will just
be the same function:

Definition (Optimal streaming). The optimally streaming function corresponding to P (+)

[ [HPe (") | w" € Cpw)} #Cr(w) £ 0
Op(w) = { (MOx(@)) ¢ if Cp () = 0.

The symbol § is a failure indicator.

is

Example 3.21. Let E = (aaa + aa)* and Pg (-) be a parsing function that implements
greedy left-most parsing. The example above can be formulated in terms of the optimally
streaming parsing function. Before any input is read, no output is produced:

= |_|{1,0017011,00001,...}

= €.

After the first a the function outputs O:

[Pz (Ce@) = [|Pe (LIET\ {e})
= [ ]{001,011,00001,.. .}
=0.

At the second a, no new output can be produced:

|_|PE (Cg(aa) |—|PE (LIE]\ {€})
- |_|{001,011,00001,...}
=0.

As we saw above, this continues until the fifth a:

[ P2 (Cr(aaaaa)) = [ |Pr (({aaaaa} - L[E]) U {aaaaaa})
= [ {Pe (w) | w € {aaaaa} - L[E] U {aaaaaa}}
= [ |{Pe (w) |w e {a°a%a",a% .. .}}
= [ ]{00011,00001,0001011,000001, ...}
= 000.

Example 3.22. Continuing Example 3.21, consider the output on the word aab. Its set of
completions is empty, so the second case in Definition 6.4 is taken:

(Op(Eab)) = (Op(a)

= (P (Ceta) ¢

= 0f.
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A parsing function is not necessarily streaming. For example, if ' = (aaa + aa)*, the
output on a is:
P E (a) = L,
whereas the output on aa is

P (aa) = 011,

buta C aa. The optimally streaming version of P (-), however, i streaming (Theo-
rem 6.1):

Theorem. For a parsing function Pg (), O is a streaming function:

wEw = Og(w) EOg(w).

Algorithm

The algorithm presented in Grathwohl, Henglein, and Rasmussen [65] implements opti-
mal streaming (Theorem 6.3). It proceeds as illustrated in the example above—in Chapter 6
it is described in more detail. We only sketch the main points here.

Notions related to a path tree 7" (Definition 6.6) are called the following:

* root(T’) is the root node of path tree 7.
* path(n, c) is the path from n to ¢, where ¢ is a descendant of n.

« init(T) is the path from the root to the first binary node reachable or to the unique
leaf of T if it has no binary node.

* leaves(T) is the ordered list of leaf nodes.

After each input symbol, the invariants in Definition 6.7 are established by the algo-
rithm:

Definition. Let T, be a path tree and w a word. Define I(T),) as the proposition that a//
of the following hold:

1. The leaves(T,) have pairwise distinct node labels; all labels are soxrce states or the
accept state.

2. All paths from the root to a leaf read w:
Vn € leaves(T,,). root(T) 2L,

3. For each leaf n € leaves(T,,) there exists w”’ € Cpg(w) such that the bit-coded

. wlb
parse of w'’ starts with b where root(T,) ~ n.

4. Foreachw” € Cg(w) thereexistsn € leaves(Ty,) such that the bit-coded parse of

. wlb
w’ starts with b where root(T},) ~ n.
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These invariants correspond to the observations in the beginning of this section with
the caveat that the coverage relation must be pre-computed to guarantee optimal streaming.
Unfortunately, deciding coverage is PSPACE-hard (Proposition 6.1). Deciding whether a
state ¢ is covered by states ) corresponds to deciding L, C |J{Ly | ¢’ € Q}. Asboth
Lg and all the Ly are regular languages, it requires us to decide language inclusion for two
regular languages, a known PSPACE-complete problem [132].

The algorithm proceeds as follows. For each input character the following steps are
performed:

1. An e-closure is performed and the current path tree extended. This functions in the
same way as the e-closure for the two-phase algorithm.

2. Theinvariants of Definition 6.7 are reestablished by pruning dead leaves and branches.
This makes use of a precomputed coverage relation.

3. After pruning the tree, all bits from the root node to the first binary node is output,
that s, all bits on the path init(7"), where T is the current path tree.

Determinization, Implementation (POPL’16)

Just as NFAs can be determinized to DFAs, the transducers of the previous sections can also
be determinized. However, because they output more than just success/fail the determiniza-
tion requires more structure. In normal determinization of automata, states are combined
into sets of states, representing the fact that each determinized state corresponds to several
non-deterministic states.

To maintain the structure that is encoded in the path trees, states in a determinized
version of the Thompson FSTs are represented as trees themselves. To illustrate the idea we
will focus on the Thompson FST for the expression £ = a*b + (a + b)*:

/@dea&eu»@}bw@

€|0

€|l ele
e

Taking the ordered e-closure from the initial state 0 is and producing a path tree yields the
following, where only choice states are kept as internal nodes. We have labeled the edges of
the tree with the output bits on the FST paths represented by the edges:
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0, Al 01
SEACIFC

The following observations are important:

* the path tree indicates which states are active in the FST simulation and which rela-
tionship they have to each other in the ordering;

* itis not necessary to know the labels of the internal nodes, as the structure of the tree
together with the leaves and the FST determine the labels uniquely.

The contents of the path tree that we need to store therefore only requires the leaves and
the internal structure:

For a determinization algorithm to terminate, we must ensure that only a finite number of
distinct states will be produced. If the trees are identified modulo the labels on their edges
there can only be a finite number of different trees: there is a finite number of states in the
FST, hence there can only be a finite number of trees with different leaves and internal nodes.
Note that this is not true if the labels on the tree edges are kept: the expression (a*b + a*c)
requires an unbounded number of different labeled trees to represent all simulation states.
Since the output bits are relevant, we split up the representation of simulation states into a
static and a dynamic part. The static part is the path tree enhanced with a set of named regis-
ters, and the dynamic part is a valuation of those registers, i.e., a mapping between registers
and bit-codes. The static part of the path tree above is:

i
s

\Un
3 5
$10(/ 101

8
o
i
yA
=
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with the following valuation of the registers:

Te > € z9g +— 0 Ty — 1
oo +— O gy +— 1 r g +— 0
r11 +— 1 100 0 101 +> 1.

If we simulate the FST in the manner described in the previous section with the difference
that the bit-codes are maintained in registers, we quickly see a finite set of trees that are
reached. Whenever a path tree is extended by following a transition and taking the e-closure
on allleaves, we collapse all paths in the tree that do not contain any choice nodes. That way,
the only internal nodes in the tree are choice nodes. The information stored on the edges on
a path that is collapsed is kept in separate registers. After collapsing a path, all the registers
are concatenated and added to the register for the new path.

For illustration, the path tree develops like pictured below when a b is consumed from
the FST states in the path tree above:

e \ T &
zo/&n T%\lz Tl/yll
‘ 1.10/\1101

7 4
e
P/\é ,7;1(1) - 01 10)(T101
119/\14 S - 1

The paths that die are marked with red and a 4. If an a is read, the path tree steps into the
same tree.
We perform one more step, now from the new path tree on an a:

rl/\ m/\m

9/\ Te = (()mﬁ)(:rl)(xu)
: 7 o, T =
119/\4 0, L00 o

Zo1, 21

Had we stepped the tree on a b, the result would be the same. Stepping further from this
tree always results in the same tree.

This forms the basis of our determinization algorithm: there are three distinct possibil-
ities for the path tree to be organized, so the determinized automaton will have three states.
To encode the register updates we associate a set of actions to each edge. The determinized
version of the above FST looks as follows, where the path tree represented by the new states
have been made explicit:
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20 := (z0)(z00)

z1 = (21)(z10)(2100)
200, €100, £10 = 0 o= (T_/f(go)(ﬂﬂoo)
w1, w101, 711 = 1 sei= @ @)(@n) Y 0=

b/ xo,x00 :=0 1, %01 =
1,01 :=1

a

=

0,00, 10, Z100 := 0
xo1,T1,T11,T101 =1

0 := (z0)(wo1)
p) TLI= (z1)(z10)(z101)0 ze i= (we) (1) (w10)
/ 210 :=0 a/ o, 00 :=0 20,00 := 0

21y =1 x1,z01 =1 b/ 1,201 =1
Te := () (w0) (w01)

3.9.1  Streaming String Transducers

This type of automaton is very similar to a class of automata known in the literature as
streaming string transducers (Definition 7.11):

Definition (Streaming string transducers). A deterministic streaming string transducer (SST)
over alphabets ¥ and I' is a structure

(Q,%,T,X,¢", F,6',6%),
where

+ @ isis a finite set of states;

* X is a finite set of register variables;

« ¢ € Q is the initial state;

* F: Q — (TUX)*U{0} isa partial function mapping each final state ¢ € dom(F)
toaword F(q) € (I' U X)* such that for each ¢, each € X occurs at most once
in F(q);

-+ 81 Q x ¥ — Q is the transition function;

+ 5%: QxEx X — (TUX)* is the register update function such that foreach ¢ € Q,
a € Yandz € X, thereisat most oney € X such that x occurs in 6%(q, a, y).

A streaming string transducer is a transducer with a set of registers that may only be
moved, not copied.

Example 3.23. The following is an SST with two registers, 2o and =1, that implements the
transduction

a"bb™ — ba"a™ :

o =
r1 =

a/ b/ To = (Jio)a

where the double arrow going out from state 1 indicates the final output (in this case noth-

ing).
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Note that the streaming string transducers that will be produced by the procedure sketched
above form a subset of all SSTs. Because every register comes from an edge in a path tree,
there is an ordering on registers. Due to the way path trees develop, this ordering specifies
that registers can only ever be appended to the register immediately “above,” i.e., to the reg-
ister on the parent edge. The register x. is special, in that it corresponds to “output” in
the streaming parsing algorithm of Section 3.8: appending bits to that register corresponds
to lengthening the trunk of the path tree, and therefore this “append” action can be imple-
mented by simply outputting the bits. An implementation strategy emerges: the Thomp-
son FSTs can be determinized to SSTs, and these SSTs can easily be compiled into executable
code. The registers of the SSTs can be implemented by variables in generated code.

The Kleenex Language (POPL’16)

The Thompson FSTs allow us to specify regular expression parsers in a straight-forward way.
Transducers, and SSTs, are more general: there is no reason to limit ourselves to only storing
bit-codes in the registers, as Example 3.23 also hints at.

Instead, we wish to be able to specify arbitrary rational functions—i.e., transductions
from one regular language to another. Furthermore, since the underlying algorithm is based
on the optimally streaming parsing algorithm presented earlier, it should be implemented
in a streaming way, allowing for high throughput on large inputs.

A canonical example that we shall come back to is that of syntax highlighting: given as
input a program text, emit the same program text but with color commands embedded.

We designed the language Kleenex as a surface language for specifying transductions [66]
and implemented a compiler for it.> Roughly, the compiler works this way:

1. it translates Kleenex programs to FSTs;
2. those FSTs are determinized into SSTs;

3. the SSTsare represented in an intermediate language capable of expressing the register
updates;

4. theintermediate language is transcribed to C and run through a C compiler (GCC [137]

or Clang [138]).

Kleenex Syntax

Below, a simplified version of the Kleenex syntax is shown. The current version of Kleenex
also supports user-specified actions, but we shall omit them here. They are implemented
and described by Seholm and Terholm in their Master’s thesis [131].

Definition 3.31 (Kleenex syntax). A Kleenex program is a list of declarations of the format
N:=t
where IV ranges over a set of identifiers, s is a an output word, and ¢ is:

tu=1|N|/E/|~t]|"s"|[tolt,
|t0t1 |t* |t+ ‘t?
| t{n} | t{n,} [ t{,m} | t{n,m}

Shttps://github.com/diku-kmc/repg
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The entry point of a Kleenex program is always the identifier named main, unless one
uses the special “pipeline pragma.” This is further discussed in Chapter 7.

Kleenex Semantics

In Chapter 7, we give the semantics of Kleenex programs as compositions of two FSTs. For
a Kleenex program p, we construct a Thompson-style FST that we call the oracle, ]:1(7:, that
outputs the greedy leftmost bit-coded parse tree, implementing the function [[}f]] <. Then
an action machine [[.7:1/,\]] that transduces bits to output words is constructed. Composing
these two FSTs gives us the semantics of a Kleenex program (Definition 7.7):

Definition (Kleenex semantics). Let p be a Kleenex program and let ]:5 and .7:];A be the
oracle and action machine. The program p denotes a partial function [p] : ¥* — I'**U{0}
given by

[Pl = [731 0 [ 7)<

The operations of the Kleenex parts can be described as the following parts:

* Regular expressions, enclosed in / /, act as primitives that copy matching input
strings to output.

* Literal strings, enclosed in " "

transduction € — s.

, act as unconditional output. A literal "s" acts as the

* Terms prefixed with a ~T are suppressed—any output that would otherwise have been

produced by T are discarded.

* Finally, terms can be named and combined using the operators known from normal
regular expressions—XKleene star, alternation, etc.

We specify the construction in detail in Chapter 7; here, we give some examples to establish
intuition.

Example 3.24. Let p be the program that swaps as and bs in its input:
main := (~/a/ "b" | ~/b/ "a")x*

Below, the oracle and the action machine for p are shown. Taking the leftmost path through
the machine on the right corresponds to the composition in Definition 7.7:

! '

Oaf)  @ul) O

/'\

ele 40/.\5\1 de b 0|e/.\1\e cla
/ \ v \
CoN )
e D s ) e
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Note that the syntax definition above does not rule out #l/-formed programs. We con-
sider programs to be ill-formed if they cannot be converted into finite state transducers. For
example, this program satisfies the syntax requirements in Definition 3.31:

main := /a/ main /b/ | 1

This program should copy words in the non-regular language
{a"b" | n € N},

but this cannot be done with a finite state transducer due to the need for an unbounded
counter. Kleenex programs are therefore restricted to be inberently tail-recursive. To en-
sure a clear distinction between valid and invalid Kleenex programs, the syntax is presented
slightly differently in Chapter 7. There, a core Kleenex is defined, which is guaranteed to
always correspond to right-regular grammars enriched with output symbols, and the rest of
the constructors in the language are defined as syntactic sugar on top of this core.

An Example

We illustrate the pipeline of the compiler by studying an example program. Consider the
transduction that translates words over {a, b} as follows: All as are converted into bs if they
are followed by two bs, which are deleted, and the first time a sequence of an uneven number
of 2n + 1 bs is encountered, the first 2n bs are removed and the last one kept. From that
point on, the input is just copied to the output:

(a¥ (bb)™)™ - s s DO BF s
where s is a word over {a, b}. The following are examples of input/output pairs:

aaabb — bbb aaabbaa +— bbbaa
aaabbaab +> bbbaab abbabbbbbbbab ++ bbbab

The Kleenex code below implements this transduction:

main := prim | sec
prim := (~/a/ "b")* ~/bb/ main
sec := (/a/ | /b/)*

Kleenex implements the greedy lefi-most strategy: the left alternative will always be preferred
to the right. Hence, this program can be thought of as trying to execute the prim branch
but keeping the sec branch as a fall-back, in case an uneven number of bs are encountered.

The following two FSTs are the oracle and action machine, respectively:
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@7 O

€l0 Ole

The oracle emits the bit-coded parse tree for the input string, and the right FST converts
this bit-code to the input string.

We illustrate the process of determinizing the oracle into an SST. The path tree after
taking the e-closure from the start state, Ny, qin is:

NWLaiTL
X = €
T TN ‘
Ny Noee Q0§ To,Too,T10,T100 = 0
mo/ o1 9610/ yn 201,21, 2101, L11 1
ao bo . 1
100 \1101
al b
Call this tree Tp. If an a is read, the resulting path tree is again T}
Nmain Nmain
rim Ns c N. rim Ns c
fﬁo/ wm 1:10/ Nn acg/ Zo1 :rm/ g&11
Nprim 4 - 4 ag bo . 1
/x 2100/\51?101 1100/\1101
ao 0 7&< 4 al by
/' 1 xro = (.’170)(3700)
af x2 o z1 = (21)(%10)(T100)
Too,T100 = 0
Zo1,%101,211 = 1

where the right tree is obtained by concatenating all non-splitting paths and turning it into
a register concatenation; this is also reflected in the register update below it.

Reading a b from T yields 77:
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anain anain
L /xu/ \g\]
see b1 see
:co/ Vm :cm/ Nll :cm/ N1
: ¢ : 1
Iloo/kﬂflm 1‘100/\13101
sec

ail bo

/‘ 1 o = (l’o)(fEOl)
N, no= (@1)@0)@0)
(&%)
210,100 = 0
101, T11 1

1

From T we reach a new tree T3 on an a, corresponding to the “mode change” that happens
after an odd number of bs. This results in a trunk in the path tree, which is represented by
the fact that the output buffer, . is appended to. All other buffers are reset:

N7nain Nse
¢ sec : 1
210/ yu ’»%0/&01
. 4 af 2
37100/\00101

Neee 4 Te = (xe)(xl)(xlo)(xloo)

/ ol Qa3 To,Xoo = 0

/X r1,T101 = 1
al 2

The path tree transitions back into Ty from 7' on reading a b. In this this case, the nodes
that would have been reached in the right-hand side of the tree, from x; and down, are
already reached by higher-prioritized paths, and they are therefore all removed from the
tree. This results in the output buffer being appended to This also results in output being
appended to and all other buffers being reset:

Nmain Nmain
N’VYL QL NS&L(‘, NPT?WL sec
\ 931/ &u Toq, Vm :vw/ Nn
Nprim Ngee . 4 ag bo . 1
/\b / \ 113100/\0101 1100/\?101

ao 0 /\b 1 4 ¢ ai 2
ai 2 Te 1= (336)(3}0)

o, Loo = O

ag§ T10,%100 = O

I1,X01 = 1

r11,Z101 = 1

We have now shown all the states in the SST version of the bit-code FST above: tree T,
transitions back into tree 7 on both a and b. Hence, the state T in the SST corresponds
to the situation after an odd number of bs have been read—from that point on the input is

just copied. The SST obtained from the path trees above looks like:
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b/OéQ

where g to a4 are the register updates described above, and a5, ag are the register updates
resulting from stepping from 75 to 1. They have been omitted for brevity. The register
updates 5 and (31 are the final register updates, and as all SST states are accepting because
the accepting FST state 1 is in all the path trees, all SST states have an associated final update:

Bo {ze := (x1)(211)
ﬂl {xe = (.’El)

They ensure that at the end of the input string, the contents of the path from the root to
the final state will be emitted.

The compiler converts this SST to a program in an intermediate language, and this pro-
gram is directly translated to C code. Below, a snippet of the code produced for the oracle
SST on the example program is shown. This part corresponds to the state named T in the
drawing: on reading an a the machine transitions back into Ty (11_2), and on reading a b
it transitions to state 77 (11_1):

11_2: if (!readnext(1l, 1)) // End of input?

{
output (&buf_2) ;
outputarray(const_1_3,8);
goto acceptl;
}
if (((avail >= 1) && ((next[0] == 'a') && 1))) // Transition #1
{
appendarray (&buf_2,const_1_1,16);
appendarray (&buf_1,const_1_0,8);
consume (1) ;
goto 11_2; // Stay in this state.
}
if (((avail >= 1) && ((next[0] == 'b') && 1))) // Transition #2
{
appendarray (&buf_2,const_1_2,16);
appendarray(&buf_1,const_1_3,8);
consume (1) ;
goto 11_1; // Go to state T_1
}
goto faill;

Our example Kleenex program has the semantics of the composition of the oracle and
action machine, as mentioned above. However, note that the output of the oracle is prefix
free. This can be shown exactly like Lemma 3.1. The fact that the input to the action machine
is a prefix free language means that all ambiguity has been resolved: it can never be the case
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that, when simulating an FST with a prefix free input language, the machine is in the final
state but must continue, as this would violate the prefix-freeness of the input language. Asa
result, simulating the action machine is much simpler as there is never any need to maintain
the non-determinism.

The version of Kleenex introduced here does not require that two separate FSTs be gen-
erated. Internally, the compiler can directly generate the composed FST, i.e., for our present
Kleenex program:

The generated C code will look the same as the code shown above, but instead of bits in the
registers it will maintain output words.

Further Work

In this chapter we gave an introduction and overview of the regular expression-based parsing
techniques described in later chapters. There is a clear progression in insight, leading from
an initial two-pass algorithm over a theoretically optimally streaming algorithm to an ac-
tual implementation that runs on commodity hardware and is competitive in performance
when compared to other, similar tools (see Chapter 7). The organization of this chapter
is an attempt to mirror this progression, serving the reader the important intuitions and
insights that are ultimately combined in the Kleenex compiler.
There are many interesting things still to be done:

Multi-striding. Currently, input is read one character at a time and branched upon. The
compiled programs could be made to use multi-striding techniques [112, 147] which
would likely lead to increased throughput if modern CPU’s data-parallel operations
are explored.

FST simulation. One limitation of the current implementation of the compiler is that it
forces all programs to be fully determinized. This causes the generated code size and
the compilation time for some Kleenex programs to be in the tens of thousands of
lines of C and in the order of half an hour, respectively. A classic technique when
implementing regular expression matching engines, however, is to start constructing
the DFA but falling back to an NFA simulation if the size of the DFA exceeds some
threshold [139]. It would be a straight-forward extension to the compiler to have a
FST/SST version of this mechanism: start building the SST but stop and just emit
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code to simulate the FST if the SST is too large. Another optimization from regular
expression matchers that could address the problem of exploding code size would be
to use memoization techniques.

Embedded computations. An interesting and potentially quite useful thing to explore is
to use the oracle/action dichotomy to embed arbitrary computation into the action
machine, e.g., by having a syntax for embedding C code in Kleenex. This is similar to
the way Ragel is used [142], but with the important difference that the oracle machine
of Kleenex takes care of all disambiguation. A programmer therefore does not need to
worry about “undoing” work performed in an ultimately failing branch; the optimal
streaming semantics makes sure that work is only performed if it is guaranteed that it
is on a path that is a prefix of any successful paths.






Kleene Algebra and Extensions

In this chapter we give a brief introduction to the second part of the thesis: extensions to
Kleene algebra. First some basic notions of Kleene algebra will be refreshed, and then two
extensions will be introduced.

The extensions are not related to each other, and the two chapters reserved for the ex-
tensions that are based on published papers are somewhat self-contained. This chapter will
therefore only give general introductions.

Kleene Algebra

The algebra of regular expressions is called Kleene algebra. One of the earliest authors to
study this algebra was John Horton Conway in a 1971 monograph that has recently been re-
published in reprint [36]. Several authors have presented axiomatizations of Kleene algebra
or variants thereof, including Salomaa [127], Grabmayer [62], and Kozen [88].

We present here Kozen’s axiomatization [88]. The structure will be presented through
a succession of algebraic structures that increase in complexity. This is inspired by the ap-
proach taken in Kozen’s course notes on Kleene algebra [o1].

Definition 4.1(Semigroup). A semigroupisastructure (.S, -) where Sisasetand - isa binary
operation that is associative, i.e., where the following holds for all z, y, 2 € S:

- (y-z)=(z-y) 2 (4.1)

Semigroups are objects with a minimal amount of structure. All the examples of semi-
groups we shall encounter here will also be monoids:

Definition 4.2 (Monoid). A monoid is a structure (M, -, 1) where (M, -) is a semigroup
and 1 is the neutral element such that the following holds for any x € M:

lz=z-1==. (4.2)
The standard example of a monoid is the string monoid:

Example 4.1. Let L bealanguage. Thesstructure (L, -, €) isa monoid because concatenation
of words is associative and concatenating € on either side of a word does not change it.

The string monoid is not commutative, however:

Definition 4.3 (Commutative monoid). A commutative monoid isa monoid (M, -, 1) with
a commutative operation:

rT-y=y-x (43)

ST
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Example 4.2. Let N be the set of natural numbers. The structure (N, +, 0) is a commu-
tative monoid because addition is both associative and commutative and adding O to any
natural number results in the same natural number.

For monoids whose operator symbol is - and where there will not be any confusion we
will use the established shorthand:

xy L Y.
Definition 4.4 (Semiring). A semiring is a structure (S, +, -, 0, 1) where:
+ (S, +,0) is a commutative monoid;
+ (5,,1) isamonoid;

+ - distributes over 4- on the left and right:

v (y+z)=z-yt+ta-z (4.4)
(x+y)-z=2 2+y 2 (45)

* 01is an annibilator for -
0-z=x-0=0. (4.6)

Definition 4.5 (Idempotent semiring). An idemporent semiring is a semiring (S, +, -,0, 1)
where, forallz € S,
T+rT=cx (4.7)

Idempotent semirings have a partial order < defined as:
r<y <= z+y=y. (4.8)

With this, the Kleene star * can be introduced to an idempotent semiring, yielding a Kleene

algebra:

Definition 4.6 (Kleene algebra). A Kleene algebra s a structure (K, +, -, *, 0, 1) where
(K7 +, 07 1)

is an idempotent semiring and for any a, b, x, y € K the unary operation * satisfies:

l+z 2" <az* (4.9)
1+z* -z <z* (4.10)
b+a-z<z = a*-b<zx (4.11)
bt+z-a<z = b-a* <z (4.12)

Proposition 4.1. In a Kleene algebra, axioms 4.11 and 4.12 are equivalent ro the following
two alternative axioms [88, 122 ]:

a-rx<z = a-rx<x (4.13)
zra<zx <= z-a" <. (4.14)

We shall use the alternative versions interchangeably with Axioms 4.11 and 4.12 when
appropriate.
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Proof. We show that Axioms 4.11 and 4.13 are equivalent; the other two are shown symmet-
rically.
Assume

bta - z<z = a*-b<uz.
This means that, in particular,

Becausex +y < z <= x + y + z = z this means thatbothz < zand y < z,so we
have that

b+a-b<b = a-b<b = a*-b<b,

which proves 4.1 = 4.13.

For the other direction, assume

a-rz<zr = a"-z<uz.
In particular,
b+a-z<x —= a-z<v = a" -v<u,
but
bta-x<zr = b<ux,
so therefore

bt+a-z<x = a*-b<b,
which proves the other way: 4.13 = 4.11. O

Hence, a Kleene algebra K satisfies the following equations and implications:
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Proposition 4.2 (Monotonicity [88]). In any Kleene algebra K, the operators +, -, and *
are monotone with respect to <. That is, for x,y,z € K:

Sy = c+z<y+z
<y = z+x<z+y
<y = zz<yz
<y = zx <zy
<y = z" <y~ (4.15)

Proof. We show implication 4.15: Assume that < y. By the monotonicity of + and - and
by the assumption we have

1+zy* <14+yy* <y

By Axiom 4.11 this means that
< y*. O

The two axioms that state that 2* is an upper bound on the “unfoldings” 1 + zz* and
1 + x*z may be strengthened to equalities:

Proposition 4.3 ([88, Proposition 2.2]). In any Kleene algebra, the following holds:

l+x-2"=2" (4.16)
l+z* z=2a" (4.17)

The three rules known as bisimulation, sliding, and denesting are used in many proofs
in Kleene algebra:

Proposition 4.4 ([88]). The following all hold in any Kleene algebra:
I the bisimulation rule: ax = b = a*x = xb%,
2. the sliding rule: (ed)*c = ¢(de)*,
3. the denesting rule: (z + y)* = o*(yz*)*.
Proof. 1. Assume axz < xb. Then also, by monotonicity
axb* < zbb*. (4.18)
Axiom 4.9 together with distributivity and monotonicity states that
x4 xbb* = x(1 4 bb*) < zb*.
Combining this with 4.18 gives us
z + axb* < xb+ xbb* < xb*,

which by Axiom 4.11 gives
a*r < zb*.

The other direction is proved symmetrically, which concludes the proof.
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2. This is an instance of the bisimulation rule: set a = ¢d, b = dc, and x = ¢. Then
the premise of the bisimulation rule becomes (cd)c = ¢(dc), and an application of
the rule yields:

(cd)*c = e(de)™.

3. We first show (z + y)* < a*(ya*)*. The following inequalities hold:

1 S z*(yx*)*
xx*(yx*)* S x*(yx*)*
yr*(yo*)* < (ya*)* < a*(ya*),

where the second and third inequalities are a consequence of the fact that zz* < z*.
We then have

L+ (z+y)a*(yz*)" <1+ az™(ya™)" + ba™(ya*)" < 2™ (ya™)",

where the last equality is a consequence of the above three equalities and monotonic-
ity. Applying axiom 4.11 now gives us:

(z+y)* < a*(ya™)”.

The other direction z* (yz*)* < (z+y)* follows by monotonicity. Sincex < z+y

andy < x+y:
w(ya")" < (2 +y)"((z +y) (@ +y)")"
<(@+y)* (@ +y)7)
<((@+y)")”
=@+
In the last inequality we have used the fact (*)* = z*. O

Example 4.3. Let L be alanguage over 3, L C ¥, that is closed under union and concate-
nation. Then the structure

(L7 U, (2)7 {6})

forms an idempotent semiring—the properties in Definition 4.5 obviously hold true for
this choice of operators and elements. Recall that the Kleene asterate (Definition 2.5) of L
is the union of exponentiating L. Extending the structure with the Kleene asterate gives us
a Kleene algebra

(L,U,-, %, 0,{e}).

This example illustrates the connection with regular expressions: the languages L that
satisfy these properties are exactly those languages for which there is some regular expression
FE where

L =L[E].

Example 4.4. A binary relation R on some set X is a set of pairs of elements from X:

RC X x X.
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def . . . .
Let 1 = {(z,2) | * € X} be the identity relation that relates all elements of X to itself.
Define the composition o as the binary operation that combines to relations:

def
Rl OR2 = {(.’IJ,Z) ‘ (xay) € Rl A (y,Z) € RQ}
This operations serves as the concatenation operator, so an exponentiation can be defined:
RO def
RnJrl

df g
& RoR"

This causes the Kleene star to be the reflexive transitive closure of a relation:
R =] R
n>0
The structure (R, U, 0,*, 0, 1) forms a Kleene algebra.

Regular expressions are terms that can be used as syntax to denote elements in some
Kleene algebra. The mapping from expressions to elements in a Kleene algebra is called an
interpretation. The interpretation of regular expressions as regular languages from Chap-
ter 3 is the canonical interpretation:

Definition 4.7 (Canonical interpretation). The canonical interpretation of a term E over an
alphabet ¥ in a Kleene algebra is:

Lz(x) = {.23} Lz(eo + 61) = Lz(eo) U L2(€1)
Ls(0)=10 Ls(eger) = {vw | v € Lx(ep), w € Ly(e1)}
Ly(1) = {e} Ls(e*) = | Ls(eM.

n>0

Note that this definition is exactly the same as the L[] used previously.
An important property of Kleene algebra is that it is complete with respect to equalities
of regular languages:

Theorem 4.1([88, Theorem s.5]). Let E and F' be two regular expressions over X represent-
ing the same regular languages Ls,(E) = Lx.(F). Then E = F is provable from the Kleene

algebra axioms.

Deciding equality of two regular languages is PSPACE-complete [132], so Kleene algebra
is too:

Theorem 4.2. The equational theory of Kleene algebra is PSP ACE-complete.

Star-Continuous Kleene algebra
Most “naturally occurring” Kleene algebras satisfy the property known as star continuity:

Definition 4.8 (Star-continuous Kleene algebra). A Kleene algebra is star-continunons if the
following holds:
xy*z = sup xy"z. (4.19)
n>0
Here, sup refers the the least upper bound with respect to the idempotent semiring or-
der 4.8.
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Both the language and the relation examples above are star-continuous Kleene algebras,
which can easily be seen by how the * operation is defined on both of them. Any star-
continuous idempotent semiring is a Kleene algebra and therefore also a star-continuous
Kleene algebra [o1]. The other way does not hold: there exists Kleene algebras that are not
star-continuous, although they are somewhat artificial.

Example 4.5. We repeat a standard example of a non-star-continuous Kleene algebra from
Kozen’s notes [91]. Write w? for the set of ordered pairs of natural numbers. The elements
of w? are ordered lexicographically, such that, for example,

(4,6) < (5,6) and (1,2) < (1,3).

Add the two special elements L and T to w? and let them be the minimum and maximum
element of the order on w? U {_L, T}, respectively. Let the + operation be the supremum
with respect to this order, so we have

l+z=z+1l =1z,

i.e., L serves as the “zero-element” for addition. Let - be defined as follows:

rz-1l = L-x = 1
2T = T-2 = T (z#1)
(a,b) - (¢,d) = (a+c,b+d).

Hence, (0, 0) is the “one-element” for multiplication:
(0,0)-z==z-(0,0) =2z
If we now define the Kleene star as:

o _{ (0,0), ifa= Lora=(0,0)

T, otherwise,

we get a Kleene algebra (w? U{L, T}, +,-,*, L, (0,0)). This s easily verified; most cases
follow directly from the associativity of addition on natural numbers, the supremum oper-
ation, or by definition. We illustrate two cases for *. First, the * is an upper bound on its

unfolding (Axiom 4.9):

0,0)+L-(0,0) = (0,0), z=1
(0,0)+z-2*=<¢ (0,0)4(0,0)-(0,0) = (0,0), z=(0,0) ="
(0,0)+z-T = T, otherwise

Second, the * is the least of such bounds (Axiom 4.13). Assume thata - z < x. We have

0,0)-z=2, a=1
a*-x=<¢ (0,0)-z=2, a=(0,0)
T-z=T, otherwise.

In the first two cases we are done, as a* - & < x trivially. In the third case, it must be the
case thata = (¢, d) > (0,0), however, this means that

T.l=1, =z=1
(e,d) z=¢ T-T=T, =T
T-(e,f)=T, otherwisex = (e, f).
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In the first two cases, (¢, d)* - & < z and we are done. The third case cannot happen: if

z = (e, f) then
a-x:(c,d)-(e,f)z(c+e,d+f)> <€,f):$,

which contradicts the assumption that a - * < x. The other two cases for * follow symmet-
rically.

This is not a star-continuous Kleene algebra, as Axiom 4.19 is not satisfied:

> (0,1)" = (0,n) = sup(0,n) = (1,0) # (0,1)*.

n n n

Chomsky Algebra (FICS’13 / FI)

Kleene algebra is “the algebra of regular languages.” In this section we briefly outline an
extension to Kleene algebra that can be thought of as the analogue for context-free lan-
guages (77, 89]. This structure is dubbed Chomsky algebra, after the namesake of the hi-
erarchy in which the context-free languages are the next rung on the ladder from regular
languages [28, 29, 77].

The points outlined in this section are presented in greater detail in Chapter 8. Here we
will only sketch the main ideas and motivations.

To provide some intuition for the extension, recall that, because, equations in Kleene
algebra define regular languages, any language that can be specified with a regular expression
can also be specified as the language generated by a right-linear grammar. For example, the
language Ly, (E') where

E=(a+b),

can also be specified as the language generated by the grammar

FEF — aF FE — bFE E — e

Any regular language can be specified as a right-linear grammar—a grammar where all non-
terminals are in the lasz position if they occur in a production rule [77, Theorem 9.2]. If that
restriction is lifted, one can write grammars that recognize the context-free languages [77].

The algebraic restriction corresponding to the right-linearity of the grammar above is
the fact that in regular expressions—terms in a Kleene algebra—the only way to specify
recursion is with the *. Since

¥ =1+ zz*,

this is also tail-recursion. A natural thing to consider is then what happens this restriction
is lifted.

Consider the grammar
S — aSb S — e

This recognizes the context-free language {a"b" | n € N}. By naming elements and refer-
ring to them one can express recursion in non-tail positions. We can think of the language
as the minimal, nonempty solution to the equation

S>aSb+1 (4.20)

where a, b, and 1 are interpreted under the canonical interpretation (extended appropri-
ately). This is an example of a system of polynomial inequalities with one inequality. An-
other system is

S>[S]+55+1 (4.21)
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that corresponds to the grammar
S — [9] S — SS S—e

for the language of balanced brackets. Yet another example ([89, Example 19.2]) is the pair
of the grammar and polynomial inequality for the language of palindromes over {a, b}

S — aSa S — bSh S—a S—b S — e,

and

S>aSa+bSb+a+b+1. (4.22)

We shall formulate polynomials by taking a coproduct of two idempotent semirings:
Definition 4.9. The coproduct of two idempotent semirings
(A, +4,-4,04,14) (B,+B,8,08,15)
where +4 = +p,-4 = 'B,04 = 0p,and 14 = 1p is the idempotent semiring
(A® B,+,-,0,1)

that consists of elements from either A or B and where + = +4 = +p5,- = ‘a4 = "B,
OZOA :OB,andl = ]-A = ]-B-

Definition 4.10. Let X be a finite, non-empty set. The free idempotent semiring generated
by X is the semiring that has as primitive objects all z; € X and where all the equalities of
Definition 4.5, and no other, are satisfied.

Example 4.6. Let X = {a, 8,7}. Thefrecidempotentsemiringis S = ({e, 8,7}, +,-,0,1)
where, for example,

ata=a a+p=F+a a-'l=1l-a a-(H+B)=a-B+a-7,
buta -5 # 8- a.

A polynomial over an idempotent semiring C with coefficientsin a set X is an elementin
C[X], where C[X] is the coproduct of C' and the free idempotent semiring generated by X..
This definition corresponds to the understanding of polynomials from elementary school;
some scalar values (elements in C) and some variables (elements in X') blended together
with some operators.

Example 4.7. The right-hand side of the inequality 4.21is a polynomium over the free idem-
potent semiring B generated by {], [} and the coefficients X = {S}: B[X].

The inequalities 4.20 and 4.22 are a polynomials over the free idempotent semiring gen-
erated by {a, b} and the same set of coefficients.

In general, a system of polynomial equations with 7 inequalities is a set of inequalities
T1 2 P1,T2 2 P2,y Tn 2 Pn

where the z; range over some set of names X and the p; are polynomials in some idempotent
semiring with coefficients in this X. If such systems always have a least solution, that is, a
set of mappings x; — ¢; where ¢; € C' such that for any other mapping that is a soltion
x; — ¢, ¢; < ¢, Ciscalled algebraically closed. When that is the case, we call it a Chomsky
algebra:
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Definition 4.11 (Chomsky algebra). A Chomsky algebrais an algebraically closed idempotent
semirings.

Just as the regular expressions are terms denoting elements in a Kleene algebra, we can
write expressions that denote elements in a Chomsky algebra. These are pi-expressions, and
have been studied before [ 49, 50, 104]s:

Definition 4.12. Let X be a set of variables. The ji-expressions over X, TX, are expressions
formed are described by the grammar:

T:=0|1|z|Th+Te|TL To|pxT,
wherez € X.

The definition of p-expressions is equivalent to the definition of regular expressions,
except that the Kleene star has been replaced by the binding operator 1. With this comes all
the mechanics of scoping, substitution, a-conversion, etc. [14]. Substituting a term ¢’ fora
variable x in another term ¢ is written [z /¢']¢

Regular expressions can be interpreted as objects in a Kleene algebra, and an analogous
interpretation of p-terms in a Chomsky algebra can be defined:

Definition 4.13 (Interpretation of -terms). An interpretation of y-terms over a Chomsky
algebra C, 0: TX — C,is a homomorphism with respect to + and -:

o(0) =0 o(a+b) =o(a)+o(d)
o(l) =1 o(a-b) =o(a)- o(d).

The p-operator is interpreted as the least element a in C' such that replacing the variable
that has been bound by the operator with a is less than a itself:

o(ux.t) = theleasta € C such thatoz/a](t) < a.

Similar to the role exponentiation to nth power plays for Kleene star in star-continuous
Kleene algebras, we have a notation for the n-fold composition of a term pz.t with itself:

O0zt=0 (n+ Dzt = tz/nx.t].
Example 4.8. Lett = px.axb+ 1.

0-fold: Oz.azb+1 = 0

1-fold: lz.azb+1 a(0x.axb+1)b+1
alb+1=1
a(2x.axb+1)b+ 1
ala(lz.axb+1)b+1)b+1
a(alb+1)b+1

aabb + ab+ 1
a(3z.axb+1)b+1

= aaabbb + aabb + ab+ 1.

3-fold: 3w.axb+1

4-fold:  4z.axb+1
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Note that if the p-expression is .1 + ax the (n + 1)-fold composition is the same as the
sum of the Oth to nth power of a:

0-fold: Ozxz.l+ax = 0

1-fold: 1lz.1+ ax 1+ a(0z.1+ ax)
1+a0=1

1+ a(22.1+ ax)
1+a(l+a(lz.l+ax))
1+a(l+al)
1+a+aa

1+ a(3z.1+ ax)
1+a(l+a+aa)

= 14 a+ aa+ aaa.

3-fold:  3x.1+ ax

4-fold:  4z.1 4+ ax

We can now generalize star-continuity to pi-continuity:
Definition 4.14. A Chomsky algebra where

a(pz.t)b = sup a(nx.t)b (423)
n>0

is a p-continuous Chomsky algebra.

The p-continuous Chomsky algebras are the analogue to the star-continous Kleene al-
gebras. Just as there are Kleene algebras that are not star-continuous, there are Chomsky
algebras that are not p-continuous. We give an example in Chapter 8.

There is a canonical interpretation of p-terms as the context-free languages which we
repeat from Chapter 8:

Definition 4.15. The canonical interpretation of ji-terms over variables X is:

Lx(z) = {x} Lx(t+wu)=Lx(t)ULx(u)
Lx(0)=0 Lx(tu) ={zy |z € Lx(t), y € Lx(u)}
Lx(1) ={e} Lx(px.t) = U Lx(nx.t).

n>0

The canonical interpretation of -terms are the context-free languages over the variables
in the term.

Example 4.9. Inequalities 4.20, 4.21, and 4.22 can be written as the pi-terms over setse {a, b, S}

and {], [, S}:
to=pS.aSb+1 t; =pS.[S]+SS+1 t3=pS.aSa+bSb+a+b+1.

The canonical interpretations of tg, t1, and t3 are the context-free languages generated by
the corresponding grammars above.

The main result of [63] that will be discussed in more detail in Chapter 8 is an analogue
to Theorem 4.1: an equation s = t holds in a y-continuous Chomsky algebra if and only if
the canonical interpretations of s and ¢ as context-free languages are equivalent:

s=1 < Lx(s) = Lx(t).
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Note that this is the set of equations provable from the axioms of idempotent semirings, as
in Kleene algebras, plus the axiom of y-continuity above (4.23). This is an infinitary axiom:
it is equivalent to the formulas

a(nz.t)b < a(pz.t)b, n>0
/\ (a(nz.t)b <w) | = a(pz.t)b<w,
n>0
where the validity of the latter requires one to establish infinitely many premises. This is not

surprising in light of the fact that equality of context-free languages is undecidable [89]!

Kleene Algebra with Tests

Before presenting the second paper that forms the basis for this part of the thesis we need
some background on the extension to Kleene algebra known as Kleene algebra with rests.

Definition 4.16 (Boolean algebra). A Boolean algebra s a structure
(B,+,-,7,0,1)
that satisfies the following:
* (B,+,1)and (B, +,0) are both commutative monoids,
*+ (B,+,-,0,1) isaidempotent semiring,

+ the following additional equalities hold:

z-(zty) =2 (4.24)
zt(z-y) = (4.25)
(y z) = (x +y)-(z+2) (4-26)
+1=1 (4.27)

T=0 (4.28)
r+zT=1 (4.29)

Note that, because of equation 4.27, in any Boolean algebra the following inequality
holds for any x:
z <1.

Example 4.10. The power set of a set X, 2% isa Boolean algebra:
(21‘7 U7 077’ w’ X)?
where Y = 2%\ Y.

Example 4.11. Call the set with one element 1 = {x}. The power set of 1is 2t = 2 =
{0, {x}}, so this forms the Boolean algebra with the familiar truth values “false” and “true.”

Proposition 4.5. Any Boolean algebra (B, +,-,7,0, 1) is also a Kleene algebra (B, +,-,*,0, 1)

where the + and - operations are the same and the * is defined as

¥ =1.
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Proof. All axioms pertaining to + and - come for free from the Boolean algebra, so only the
four axioms about * need to be checked. We demonstrate one pair. Axiom 4.9:

l4+zz*=14+zl=14+2=1=2z".

Axiom 4.13:
ar<zr = a'z<z = lz <z < z<uz. O

A Kleene algebra can be extended with a set of special zest symbols. To reflect the differ-
ent meaning of the symbols, we shall call the original symbols of the Kleene algebra action
symbols. Intuitively, a “test” is something that has a truth value, so it should obey the laws of
Boolean algebra. Furthermore, there must be an interplay between action symbols and test
symbols to allow for desirable equations, e.g., that performing a test and then performing
either of two actions is the same as either doing a test and one action, or doing the same test
and the other action. This statement just means that the distributive law should be obeyed,
as in a normal Kleene algebra.

The fact that any Boolean algebra is a Kleene algebra allows us to overload the operators
so they can be used both in their role as Boolean algebra operators and in their role as Kleene
algebra operators. Hence, we can defined a two-sorted algebra:

Definition 4.17 (Kleene algebra with tests [93, 94]). A Kleene algebra with tests (KAT) is a

structure
(K7 B7 +a 'a*77707 1)

where
« (K, +,-,*,0,1) is a Kleene algebra,
* (B,+,-,7,0,1) isaBoolean algebra, and
* the test symbols are a subset of the action symbols: B C K.

Similar formalisms have been studied from early on [4s, 82].

Expressions in KAT are normal regular expressions but extended with the test symbols
and the ~ operator on these. KAT expressions with action symbols in ¥ and test symbols
in B are referred to as Expy;

Definition 4.18. An interpretation of KAT expressions Expy, g ina KAT K isa homomor-
phismo: Expy, p — K:

o(0) = 0 ole+f) = oale)+o(f)
o) = 1 ole ) = ole) o))
o) = teB o) = te

olp) = z€K ole*) = o(e)*,

where the interpretation of the Boolean test symbols b as ¢ are elements of the Boolean alge-
bra (B,+,-,7,0, 1) and the interpretation of the primitive action symbol p is an element

of the Kleene algebra (K, +, -,*, 0, 1).

There is a canonical language interpretation of KAT expressions like the language inter-
pretation of regular expressions. However, the languages of KAT expressions are a gener-
alized version of the usual language, as they must accommodate the notion of tests. This
is done by inserting an arom between each action symbol in the string. Atoms reflect the
global configuration of all test symbols, and can be thought of as a valuation of all test sym-

bols b(), ey bn:
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Definition 4.19 (Atoms). Let B = {bg, ..., by} be a set of test symbols. The atoms over
B, Atp, are strings

Co " Cn, ¢ € {blaa}

that assigns a truth value to each test symbol.

We will usually refer to atoms with lower-case greek letters o, 3, etc. When a test b s set
in an atom a we write @ < b.

Example 4.12. Let B = {bg, b1, b2}. The atoms Atpg correspond to the cells in the Venn
diagram:

bbbz

bob1ba

Here, the < corresponds to set inclusion C. Itis easy to see that, e.g., bob1bs C bobyba, the
atom with only by set.

The guarded strings are the strings with atoms before each symbol. Kaplan used K-
expressions and interpreted them as so-called K-events which he introduced in 1969 [82]. The
K-expressions are closely similar to KAT expressions, and the K-events are what we now call
guarded strings [82, 102]:

Definition 4.20 (Guarded strings). A guarded string over an action alphabet 3 and a test
alphabet B is an elementin B X (X x B)*:

QoP1Qa1 P20 - -+ Pplin,
where the «; are atoms over B.

Guarded strings are thus strings that where all actions are coupled with a “certificate”
that ensures the state of the tests after that action. The first atom can be thought of as the
initial configuration of the tests.

Guarded strings can also be thought of as typed strings. Therefore, some care needs to
be taken when combining strings, such that they “fit together.”
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Definition 4.21. The fusion product of two guarded strings o and By, where o and 3 are
the last and initial atom, respectively, is the partial function defined by:

df [ zay ifa=p
vao By = { undefined otherwise.

Just as with normal string concatenation, we omit the ¢ when the context allows it.

The fusion product can be lifted to operate on sets of guarded strings in the same way
as the normal concatenation, and with it the exponentiation and Kleene asterate of sets of
guarded strings are defined as usual. With these operations, the regular langunages of guarded
strings can be specified. The set of regular languages of guarded strings with action symbols
¥ and test symbols B is called Regy; 5.

Definition 4.22. The canonical interpretation of KAT expressions Expy; p as regular lan-
guages of guarded strings is obtained by interpreting tests as the set of atoms wherein they
hold and actions as the set of guarded strings consisting of that action:

G(p) ¥ {apB | o, B € At}

G) ¥ {a|ae Aty a < B}.

They extend to the homomorphism G': Expy; 5 — Regy, p :

GO) = 0 Gle+f) = Gle)UG)
G(1) = Atp Gle-f) = Gle)oG(f)
Gh) = Atg\GOb)  Gle*) = Gle).

Using only the axioms of Kleene algebra, all equalities of regular languages of guarded
strings can be shown:

Theorem 4.3 ([102, Theorem 8]). Let & and F be two KAT expressions in Expy, p. The
canonical interpretation of E and I as regular languages of guarded strings are the same if
and only of E = F is provable from the axioms of Kleene algebra with tests.

Even though Kleene algebra with test seems more complex than “normal” Kleene alge-
bra, it is just as difficult to decide:

Theorem 4.4 ([34]). The equational theory of Kleene algebra with tests is PSP ACE-complete.

A Folk Theorem—wHILE Programs

A standard demonstration of Kleene algebra with tests is to prove the “folk theorem” that
every WHILE program can be simulated by a WHILE program with at most one WHILE
loop [72, 93]. This program transformation can only be made if some additional state is
introduced that can encode the structure of the deleted WHILE loops. One can use a “trick”
to copy the value of tests. The term

bc + be
is in effect a copy of the value in b into c.

This trick is used along with the introduction of fresh test symbols when needed to
convert any WHILE program to the normal form with one WHILE loop. Intuitively, when
removing WHILE loops, the control structure needs to be stored somewhere else, and this
is the role that the additional variables serve. All WHILE programs can be translated into
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KAT terms representing them, and it can then be shown with the axioms of KAT [93] that
WHILE programs can be put into the normal form.

We will not give the entire proof here but instead illustrate the construction on a simple
example program:

IF @ THEN WHILE b DO p

(4.30)
ELSE WHILE C DO ¢

The symbols a, b, and c are tests, and p and ¢ are actions that may stand for other WHILE
programs. This program can be encoded as the following KAT term:

a(bp)*b + a(cq)*e

To prove the folk theorem for this case, we must show that the program is equivalent to the
following program in normal form:

ae + ae;
WHILE eb + eéc po (4.31)

IF ¢ THEN D ELSE ¢
First, we add the extra variable e to the original program

ae + ae;
IF @ THEN WHILE b DO p (4.32)

ELSE WHILE C DO (.

Note that we assume that e commutes with the programs p and g. Thisisa way of specifying
that neither p nor ¢ can alter the value of e; it is entirely “fresh.” The KAT term for this
program is:

(ae + @e)(a(bp)*b + a(cq)*e) = aca(bp)*b + aea(cq)*c + aea(bp)*b + aea(cq)*e
= aea(bp)*b + aea(cq)*c
= ae(bp)*b + @é(cq)*e. (4.33)

The KAT term for the normalized target program is
(ae +ae)((eb + ec)(ep + €q))*eb + ec,
and we can rewrite it using the axioms of KAT as follows:

= (ae +@e)((eb + ec)(ep + eq))*(eb + ec)

becauseeb +ec = (e +b)(e+c)=e+b+e+c=eb+ec=eb+ec

= (ae + @e)(ebep + ebeq + ecep + eceq)*(eb + ec)
= (ae + @e)(ebp + ecq)*(eb + ec)
= ae(ebp + ecq)*eb + ae(ebp + ecq)*ec

+ @e(ebp + ecq)*eb + ae(ebp + ecq)*ec,
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and, since zy* = y*x if  and y commute [93, Lemma 2.3.2],

= aee(ebp + ecq)*b + aee(ebp + ecq)*
+ @ee(ebp + ecq)*b + aee(ebp + ecq)*c
= ae(ebp + ecq)*b + ae(ebp + ecq)*c

and, since also zy* = x(xy)* if  and y commute [93, Lemma 2.3.2],

= ae(eebp + eecq)*b + ae(eebp + eecq)*c
= ae(ebp)*b + ae(ecq)*c

= aee(bp)*b + @ee(cq)*e

= ae(bp)*b + ae(cq)*c

which is exactly equation 4.33 and hence the normalized program 4.31 with one WHILE loop
is equivalent to the program 4.32, which again is equivalent to the original program 4.30,
modulo the extra book keeping variables introduced.

KAT + B! (LICS’14)

The proofs of the folk theorem requires the introduction of auxiliary variables. Test symbols
areimmutable, but mutability is needed so the mutability is encoded by using “enough” test
symbols—as discussed in Section 4.3.1.

Here we will presentan extension to Kleene algebra with tests thatintroduces the notion
of mutability into the algebra. The present section serves as a brief outline of the work,
highlighting the main ideas and concepts. Details are in Chapter 9.

The mutable objects we are interested in must satisfy a certain set of equalities to capture
our intuitive notion of “program variable.” This is the role of the B! algebra:

Definition 4.23 (B! algebra). A B! algebra over a set of symbols B is a KAT with action
symbols

{b!,g! |be B}
and test symbols
{vb? | b€ B},
satisfying all of the following additional equations:
blb? = bl (4.34)
b?b! = b? (4.35)
bib! = B! (4.36)
to! = blt!, ifb £t (4.37)
to? = b2t!, ift & {b,b}. (4.38)

The b! action symbols should be thought of as mutating the contents of some variable
b: doing b! sets b to “true,” and doing b! sets it to “false.” Setting a variable multiple times
to the same value has no effect:

bl = blb? = bIb?D! = blb, (439)
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where the equalities follow from Axioms 4.34, 4.35, and 4.34, respectively. Also, if a variable
contains the value “true,” it cannot contain the value “false”:

blb? = bIb?b? = b0 = 0, (4.40)

where the first equality comes from Axiom 4.34 and the second from Axiom 4.28 of the
Boolean test algebra.

The “?” symbol is not an operator but a way of syntactically discerning between tests
and actions. As a B! algebra is a KAT, we have the atoms from Definition 9.2.1 over tests
{bg, . ..,bn}. We denote with a[b] the atom avif @ < band if & < b the atom o with b
replaced by b. Thus, the atom a.[b] always has the property a[b] < b.

The tests and actions can be extended to atoms:
a? =co?c1? - en? al =c¢oleg! ey

where o« = ¢peq -+ - ¢, and each ¢; € {bi,bj-}.

Observe that each atom is an n-tuple of valuations of test symbols. Binary relations on
such elements can be represented as n-by-n matrices. Theorem 9.1 ensures that the axioms
of B! do not degenerate, i.e., that the free B! algebra F, with n test symbols, in which no
other equalities hold, does not collapse to a one-element algebra where everything is equiv-
alent to everything. This is done by establishing that F}, is isomorphic to a KAT on binary
relations on a 2"-sized set. There are 2" different atoms, so this property states that the free
B! algebra encodes relations on atoms, i.e., on “full valuations” of test symbols.

The motivation behind extending KAT is to encode state and reason about it equation-
ally. The B! algebra we use to encode state is also a KAT, and one can define the commutative
coproduct of two KATs:

Definition. The commutative coproduct of two KATs
(KaBK7+a'7*777071) (FvBF7+7'7*7770’1)

is the coproduct of K and F', K @ F, in the sense of Definition 4.9 extended with * and —,
and satisfying the set of additional commutativity conditions:

D = {ix(p)ir(s) = ir(s)ix(p) | p € K, s € F},

where i i and i - are the canonical injections into K @ F' from K and F'. This is equivalent
to defining the commutative coproduct as the guotient (K & F)/D.

The commutative coproduct is universal in the sense that for any commutative coprod-
uct H, the injections from K and F' into H are commutative (Lemma 9.1):

wherep € K,s € F,andk: K — Hand f: F' — H are the injections into the
commutative coproduct of K and F'. Furthermore, the commutative coproduct between
KATs K and F' has the property that all elements decompose into a normal form when F
is finite. Itis shown in Lemma 9.2 that any element in (K & F')/ D can be written as a sum
of terms of the form p4s, where p; € K and s € F":

Vee (K@ F)/D.e=Y_p.s.
seF
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The reason for introducing a commutative coproduct comes from the need to com-
bine two KATs: the KAT K of the action language, and a KAT F' that can describe the
mutable tests. For a finite number n of test symbols, the free B! algebra F, is also finite.
Therefore, a consequence of Lemma 9.2 is that any term in the commutative coproduct
(K @ F,)/D is equivalent to a sum of terms where the first part represents the “action”
from the KAT K and the second part represents the “state” of the mutable tests from F'.
Moreover, (K @ F,,)/D is isomorphic to the matrices with indices in At and elements in
K, Mat(At, K') (Theorem 9.2) which formalizes the intuition that the terms containing
mutable tests encode state changes.

Example 4.13. Let ag, a1, at2, and cvg be the atoms over the tests {bg?, b1?}. The term

ap?par! + a1 ?(p+ qr)as! + ax?(r + q)aq! + azrag!

over (K & F,,)/D is by Lemma 9.2 equivalent to
paglar!l + (p+ gr)ar?as! + (r + q@)as?aq! + raza; .

The primitive action symbols p, ¢, and  do not alter the state, this can only be done by o/!.
Hence, the tests a7 can be moved to after the action symbol, and we get the normal form
from Lemma 9.2. By Theorem 9.2, this term corresponds to the matrix

[e74) a1 a2 a3
ap 0 P 0 0
a; 0 0 p+qr 0
as 0 r+gq 0 0
as 0 r 0 0

wehere we represent the elements in K by the reqular expressions for brevity.

Example 4.14. Consider the term
bo?pqbo!by! + by 2qprbo!
over tests {bg?, b1 7} and some KAT K. Let the atoms be:
oo = boby a1 = boby s = boby g = boby.
If we replace each test b with the sum of atoms such that o < we get:

(ao? + a1 ?)pgon! + (ao? 4+ a2 ?)qpr(as! + as!) =
agp?pgan! + a1 ?pgan! + agTgpras! + ag?gpras! + as?qpras! + as?qpras! =
pgag?aq! + pgaq Taq! + gprag?as! + gprag?as! + gpras?as! + gpras?as!

in (K @ F),)/D, which corresponds to the matrix

[e75) aq Q2 a3
a | 0 pg gqpr qpr
ay 0 pg O 0
as 0 0 gpr qpr
as 0 O 0 0
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The set of equations that hold in (K @ F,,)/D are completely axiomatized by the ax-
ioms of KAT and B! along with any additional equations from K, Ag:

KAT+B!'+Ag F el = ey < (K@Fn)/D Fe = €2,

where KAT refers to the axioms of KAT and B! refers to the axioms of B! algebra. This is
the contents of Theorem 9.3. The additional equations of the KAT K are encoded in the
diagram A : the set of equations that hold in K. If K is the free KAT, no such diagram
is needed, as there are no equations that hold except for those that can be proved from the
axioms of KAT. Hence, when K is the free KAT,

KAT+B!F e =6y < (K®F,)/DFe; = e,

which is the contents of Corollary 9.3.

Surprisingly, even though deciding equality in a B! algebra is PSPACE complete (Theo-
rem 9.4), equality in KAT + B! is EXPSPACE-complete (Theorem 9.5).

The folk theorem of Section 4.3.1is shown in full in Chapter 9 using KAT +B!.

Future Work

In this section we have outlined the main points of two extensions to Kleene algebra: Chom-
sky algebra and KAT +B!. There are more interesting questions one could investigate:

* Is there an elegant way of formulating the automata-theoretic model for context-free
languages, pushdown automata, with Chomsky algebra? This would be analogous
to encode the transition relation of finite state machines with matrices over Kleene
algebra terms [88].

* Recent work investigates a probabilistic version of NetKAT [54], an extension to
Kleene algebra that originally motivated the development of KAT +B! [7, 95]. It
would be interesting to investigate a probabilistic KAT +B!.

* In the same vein, one could investigate extending existing coalgebraic decision proce-
dures for NetKAT [s5] to KAT +B!.
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Two-Pass Greedy Regular Expression

Parsing

This chapter is based on the paper “Two-Pass Greedy Regular Expression Parsing” [64].

Introduction

Regular expression parsers can be built using Perl-style backtracking or general context-free
parsing techniques. What the backtracking parser produces is the greedy parse amongst po-
tentially many parses. General context-free parsing and backtracking parsing are not scal-
able since they have cubic, respectively exponential worst-case running times. REs can be
and often are grammatically ambiguous and can require arbitrary long look-ahead, making
limited look-ahead context-free parsing techniques inapplicable. Kearns [84] describes the
first linear-time algorithm for RE parsing. In a streaming context it consists of three passes:
reverse the input, perform backward NFA-simulation, and construct parse tree. Frisch and
Cardelli [57] formalize greedy parsing and use the same strategy to produce a greedy parse.
Dubé and Feeley [42] and Nielsen and Henglein [114] produce parse trees in linear time for
fixed RE, the former producing internal data structures and their serialized forms, the latter
parse trees in bit-coded form; neither produces a greedy parse.
In this chapter we present the following contributions:

1. Specification and construction of symmetric nondeterministic finite automata (NFA)
with maximum in- and out-degree 2, whose paths from initial to final state are in one-
to-one correspondence with the parse trees of the underlying RE; in particular, the
greedy parse for a string corresponds to the lexicographically least path accepting the
string.

2. NFA simulation with ordered state sets, which gives rise to a two-pass greedy parse
algorithm using [ Igm] bits per input symbol and the original input string, with
m the size of the underlying RE. No input reversal is required.

3. NFA simulation optimized to require only k& < [1/3m] bits per input symbol,
where the input string need not be stored at all and the second pass is simplified. Re-
markably, this lean-log algorithm requires fewest log bits, and neither state set nor
even the input string need to be stored.

4. An empirical evaluation, which indicates that our prototype implementation of the
optimized two-pass algorithm outperforms also in practice previous RE parsing tools
and is sometimes even competitive with RE tools performing limited forms of RE
matching.

We first briefly recall key components related to the algorithm:

73
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* the type interpretation of REs;
* the definition of greedy parses and their bit-coding;

* NFAs with bit-labeled transitions, called Thompson FSTs and log FST here, but in
the paper that forms the basis for this chapter they are called augmented Thompson
NFEAs [64].

We then describe NFA simulation with ordered sets for greedy parsing and finally the opti-
mized algorithm, which only logs join state bits.

Finally, we conclude with an empirical evaluation of a straightforward prototype to
gauge the competitiveness of full greedy parsing with regular-expression based tools yielding
less information for Kleene-stars.

Symmetric NFA Representation of Parse Trees

Regular expressions are finite terms of the form 0, 1,a, E1 Ey, E1 + Ep or EY, where
E1, E5 are REs (Definition 3.2). For simplicity and brevity we henceforth assume non-
problematic REs that do not contain sub-REs of the form E*, where E is nullable (Def-
inition 3.23). All results reported here can be and have been extended to such problematic
REs in the style of Frisch and Cardelli [57]. In particular, our implementation BitC handles
problematic REs.

REs can be interpreted as types built from singleton, product, sum, and list type con-
structors (57, 74] (Definition 3.12). They denote structured values, or parse trees, in their
type interpretation V[ E]. For convenience, we repeat the relevant definitions from Chap-
ter 3 here. The type interpretation (Definition 3.13) of a regular expression is:

V[o] =0
vl = {0}
V[a] = {a}
V[E1Es] = V[E1] x V[E2]
V[E:1 + Es]| = V[E1] @ V[E2]
VIES] = {[v1,.--,va] | v; € V[E1],n € N}.

The flattening (Definition 3.14) of a value is:

0] = e

la| =a
[(v1,v2)] = |v1] - |v2]
linlvy| = |vg]
linrvy| = |vq]
l[vo, - svn]l = |vo| - |vnl.

The interpretation as structured values preserves structural information from the RE:

Therefore :

Proposition s.1. For any regular expression E:

LIE] = {Jo] | v € VIET}.
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Proof. By structural induction on E. We demonstrate the case for £y + E;.
+ First we show L[Eo + E1] C {|v| | v € V[Ey + E1]}. Assume
ENS E[[EO + El]] = ,C[[EQ]] @] E[[Elﬂ

Then either s € L[Ey] or s € L]E,]. Without loss of generality, we may assume
that s € L[Ey]. By the induction hypothesis, we also have s € {|v| | v € V[E(]}.
Any v from V[ E] becomes inl v in V[Ey + E1 ], and since |v]| = |inl v| we must
havev € {|v| | v € V[Ey + E1r]}.

* We then have to show {|v| | v € V[Ey + E1]} C L[Eo + E4]. Let
v E V[[EO + El]].

Either v = inl v' where v/ € V[Ejy], or vice versa for F;. Assume without loss
of generality v = inl v'. We then have by the induction hypothesis that v/ €
L[Ey], and therefore also v' € L]Ey + E4]. Since [v| = [inl v'| we also have
v E ,C[[E() + El]] O]

We recall bit-coding from Nielsen and Henglein [114], and presented in the introduc-
tion (Definition 3.15). The bit-code "v™ of a parse tree v € V[E] is a sequence of bits
uniquely identifying v within V[ E]:

()=
I_a—l —¢€
r<,U17v2>‘| =Ty Ty
Finlv; 7'=0-"Tov !
ril'll’l)l—l =1 '_1}11
r i r al r al
[Voy ..y vp]T=0-Typ ... 0T, - 1.

That is, there exists a function -1 such that L"v ", = v. The decoding function L- g
is given in Definition 3.16. It returns the left component of the following auxiliary function
if all bits are consumed:

Dy (bs) = ((), bs)
D,(bs) = (a, bs)
Dgir(0-bs) =1ET (v,b") = Dg(bs) v (inlv, 1)
Dpir(1-bs) =1eT (v,b') = Dg(bs) In (inrv,b)
Dgr(bs) = LeT (v,b') = Dg(bs)

DE* (bS) = DEE*+1(bS).

We write B[E] instead of V[E] whenever we want to refer to the bit-codings of E
rather than the parse trees of E' (Definition 3.18). We use subscripts to discriminate parses
withaspecificflattening: Vs [E] = {v € V[E] | |v| = s}. Weextend the notation B,]. . .]
similarly.

Note that a bit string by itself does not carry enough information to deduce which parse
tree it represents. Indeed this is what makes bit strings a compact representation of strings
where the underlying RE is statically known.
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Figure s.1: Log FST construction schema (Definition 3.30). For simplicity, we have omit-
ted € on the labels: edge labels €|0, €|1, e|0 €|1, and ale are labeled just 0, 1, 0, 1, and a,
respectively. There is a one-to-one correspondence between the output labels {0, 1} and
the log labels {6, I}, as well as between the choice and join states. Therefore, recording the
log label on the transition into each join state indicates which outgoing transition from the
corresponding join state was taken.

The set B[E] for an RE E can be compactly represented by log FST5, a variant of en-
hanced NFAs [114] that has in- and outdegree at most two and carries a label on each transi-
tion. In Figure 5.1, the construction presented in the introduction is recalled. Note that in
the paper that this chapter is based upon we use the term augmented NFA (aNFA) [64].

Recall that a log FST is a Thompson FST with some input alphabet ¥ and the output
alphabet {0 1,0 1} (Definition 3.30). For convenience, the construction is repeated from
the introduction in Figure 5.1. In this chapter we will use a shorthand for the log FST labels:

* €|0and €|1 are referred to as 0 and 1,
* €|0 and €|1 are referred to as 0 and 1, and
* a|eis referred to as a.

We call transition labels in 3 input labels; labels in {0, 1} ontput labels; and labels in {0, 1}
log labels.
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Paths are defined as in Definition 3.27, but we use the shorthand notation here. If there
is a path from p to ¢ that is labeled = we write

p>q.

The sequences read(p), write(p), and log(p) are the subsequences of input labels, output
labels, and log labels of p, respectively.
Foralog FST F L with state set Q and transition relation A we write (Definition 3.29):

. J}t- for the join states {q €Q|3q,q. (¢1,0,q),(q2,1,q) € A};
« SL for the source states {q € Q | 3¢’ € Q,a € £.(q,a,¢') € A};and

. C} for the choice states {q € Q | 3q1,q2- (¢,0,q1), (¢, 1,q2) € A}

If Flisa log FST, then F' is the FST obtained by flipping all transitions and exchanging
the start and finishing states. That is, all transitions are reversed and all output labels have
been interchanged with their corresponding log labels.

Our algorithm for constructing a log FST from an RE is a standard Thompson-style
NFA generation algorithm modified to accomodate output and log labels. Itis described in
the introduction, but we restate it here:

Definition s.. We write M = F&(¢™, ¢") when M is a log FST constructed according
to the rules in Figure 5.1 with initial state ¢" and final state g,

As discussed in Section 3.7.1, log FSTs are dual under reversal; that is, flipping a log FST
produces the log FST for the reverse of the regular language of the original log FST.

Proposition s.2. Let E be canonically constructed from E to denote the reverse of L[ E]. Let
M = Fr(q™, ¢™). Then M = f%(qﬁ”, qm).
Proof. By induction on the structure of E. We illustrate the case for £ = FEgFE,. The
log FST M must have been constructed by combining ]-"1'50 (¢",q') and ]-",';1 (¢', ¢™) (Fig-
ure 5.1). Therefore, the flipped log FST M must be constructed by comb@g fﬁqﬁ" ,q)
and .7:;—0((1 , @) which bﬁhefinduction hypothesis are the log FSTs for /1 and Ey, respec-
tively. As B = EgEy = Ey Ey we are done. O
This is useful since we will be running log FSTs in both forward and backward (reverse)
directions.
Well-formed log FSTs—and Thompson-style NFAs in general—are canonical represen-

tations of regular expressions in the sense that they not only represent their language inter-
pretation, but their type interpretation:

Theorem s.1 (Representation). Given a Thompson FST M = Fg(q", q™), M outputs
the bit-codings of E:

. wlb .
Bw[[Eﬂ _ {b | qqufm}.

Proof. Left to right: by induction on the structure of E. Right to left: by induction on the
structure of Fg. O]

Corollary s.1. The set of outputs of all paths through Fg is the set of bit-codes for F:

B[E] = {b g 2 g A e ,C[[E]]} .
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Corollary s.2. The log FST M = F (g™, ¢ outputs the bit-codings of E:

B,[E] = {write(p) | ¢" 2 g™ A read(p) = w} .

Greedy Parsing

The greedy parse of a string s under an RE E is what a backeracking parser returns that tries
the left operand of an alternative first and backtracks to try the right alternative only if the
left alternative does not yield a successful parse. The name comes from treating the Kleene
star /% as W V* 4-1, which “greedily” matches F against the input as many times as possible.
A “lazy” matching interpretation of E* corresponds to treating 2* as 1+ E E*. (In practice,
multiple Kleene-star operators are allowed to make both interpretations available; e.g. E*
and E** in PCRE.)

Greedy parsing can be formalized by an order < on parse trees, where v; < v means
that vy is “more greedy” than ve. We recall from Definition 3.21 that the binary relation <
is defined inductively on the structure of values as follows [s57]:

(v,v2) < (v, vh) if v <o) V(v =0 Avy <))
inlvg < inly if vy <
inrvg < inruy if v <)
inlvg < inry
o] <
[v1,...] < [vi,..] if v <]
[v1,v9,...] < [u,vh,...] if [va,...]<[vh,..]

The relation < is not a total order; consider for example the incomparable elements
(a,inl ()) and (b, inr ()). The parse trees of any particular RE are totally ordered, however:

Proposition s.3. For each E, the order < is a strict total order on V[ E].

Proof. By induction on the structure of /. We illustrate the case for /' = Eg + Ej. Let
v,v" € V[Ey + E1]. There are four possible possibilities for v and v'. If v = inl w and
v’ = inr w’ or vice versa we are done. Consider the case when v = inl wand v/ = inlw’.
We then must have w € V[Ey] and w’ € V[Ey], so by the induction hypothesis we can
order them w <€ w’ or vice versa. Hence, by the definition of the greedy ordering, we must
either have v < v’ or v’ < v. The case for v = inr wand v’ = inr w’ is symmetric. O

In the following, we will show that there is a correspondence between the structural or-
der on values and the lexicographical ordering on their bit-codings (Definition 3.25). Recall
that the lexicographical ordering of two bit sequences d, d is given by:

L e<difdF#e,
2.0-d=<1-d,
3.0-d=<0-difd=<d,
4.1-d=<1-difd=<d.

Theorem s.2. For any RE E and values v,v' € V[E], v < if and only if "v™ < "v'"\.



54

5.4. NFA-SIMULATION WITH ORDERED STATE SETS 79

Proof. By induction on the structure of E. We illustrate the case for £ = Ey + Fj. Let
v,v" € V[Ey + E1]. Thereare four combinations of v, v'; we consider the case v = inlw,
v’ = inl w’: The bit-codes are

Cinlwl=0-"Tw" Cinlw7=0-Tw' .

Assume w < w': then by the induction hypothesis "w™ < "w’™, but then we also have
Tp7=0-Tw? < 0-"w'™ = "' For the other direction, assume that "w™ < "w’™:
then by the induction hypothesis we have w <€ w’, so therefore v < v’. The other cases for
v, v’ follow similarly. O

Recall that we have limited ourselves to non-problematic REs. We therefore have:

Corollary 5.3. For any RE E with log FST M = F&(q",¢™), and for any string s,
ming V[ E] exists and is the decoding of the minimum bit-code in the lexicograpical or-

der:
m<‘1n V,[E] = |_m<in {Write(p) | ¢ % ¢fin A read(p) = S}JE.

Proof. Follows from Corollary 5.2 and Theorem s.2. O

We can now characterize greedy RE parsing as follows: Given an RE F and string s, find
bit sequence b such that there exists a path p from start to finishing state in the log FST for
FE such that:

1. read(p) = s,
2. write(p) = b,
3. bis lexicographically least among all paths satisfying 1 and 2.

This is easily done by a backtracking algorithm that tries O-labeled transitions before
1-labeled ones. It is atrociously slow in the worst case, however: exponential time. How to
do it faster?

NFA-Simulation with Ordered State Sets

Our first algorithm is basically an NFA-simulation. We only sketch its key idea, which is the
basis for the more efficient algorithm in the following section.

Recall from Definition 3.10 that a standard NFA-simulation consists of computing the
set Reach™ (.S, s), where

Reach* (S, ¢) = Close(9)
Reach®(S,a - w’) = Reach®(Step(Close(5),a), w’).

Checking g™ € Reach®({¢™"}, s) determines whether s is accepted or not. But how to
construct an accepting parh and in particular the one corresponding to the greedy parse?

We can log the set of states reached after each symbol during the NFA-simulation. After
forward NFA-simulation, let S; be the FST-states reached after processing the first ¢ symbols
ofinputs = ay ... ay. Given alist of logged state sets, the input string s and the final state
¢™, the nondeterministic algorithm Path™ constructs a path from q" to ¢fin through the
state sets:
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N .g D@

N f
z x@el

Figure s5.2: The automaton and fat log from Example 3.15. The backwards trace of the lex-
icographical least path is highlighted. Note that we have not abbreviated the labels in this
figure.

Definition s.2 (Path recovery). Given a list of logged state sets that have been active in an
NFA-simulation on an input string s, So, . . . , Sy, we can reconstruct a path through the

FST that reads s:
Path(S;,q) = (¢',p) where ¢’ € S;, ¢ Ly, read(p) = a;

Path*(Sy,q) = p’ - pwhere (¢, p) = Path(So,q), ¢" 2, read(p’) = ¢
Path*(S;,q) = p" - pwhere (¢’, p) = Path(S;,q), p' = Path*(S;_1,q’).

Calling write(Path*(S,,, ¢f")) gives a bit-coded parse tree, though not necessarily the
lexicographically least.

We can adapt the NFA-simulation by keeping each state set .S; in a particular order:
If Reach®({¢®}, a1 ...a;) = {qi1,...qij, } then order the ¢;; according to the lexico-
graphic order of the paths reaching them. Intuitively, the highest ranked state in \S; is on
the greedy path if the remaining input is accepted from this state; if not, the second-highest
ranked is on the greedy path, if the remaining inputis accepted; and so on. Thisisillustrated
in Example 3.15, which we have illustrated again in Figure s.2.

The NFA-simulation can be refined to construct properly ordered state sequences in-
stead of sets without asymptotic slow-down. The log, however, is adversely affected by this.
We need [m lg m| bits per input symbol, for a total of [mn Igm/] bits.

The key property for allowing us to list a state at most once in an order state sequence
is this:

Lemmas.t. Let s, t1, to, and t be states in a log FST M, and let p1, p2, q1, g2 be paths in
M such that

. S*%tl ﬂndS%tQ,
oty Pt andty Lot
where py is not a prefix of pa. If write(p1) < write(pe) then write(p1g1) < write(p2go).

Proof. Application of the lexicographical ordering on paths. O
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5.5 Lean-Log Algorithm

After the ordered forward NFA-simulation with logging, the algorithm Path above can be
refined to always yield the greedy parse whend traversing the log FST in backwards direction.
Since the join states Jps of alog FEST M become the choice states C; of the reverse FST M
we only need to construct one “direction” bit for each join state at each input string position.
It is not necessary to record any states in the log at all, and we do not even have to store the
input string. This results in an algorithm that requires only & bits per input symbol for the
log, where k is the number of Kleene-stars and alternatives occurring in the RE. It can be
shown that k < %m, the size of the log FST; in practice we can observe & << m.
We shall refer to the sequence of bits that is stored per input symbol as the log frame:

Definition 5.3 (Log frame). A log frame € is a map between join states and log labels:
_ L
e: {0,1}77

Definition 5.4. Define ® to be the point-wise operation on two pairs that concatenates the
first components and unions the second components:

([QO7 cee 7Q’n]7£0) © ([Q(Ijv cee 7q:n}7£1) = ([QOa .. 'aQ?’ana .. -aQ;n]aEO Ugl)

Our optimized algorithm is obtained by combining a group of algorithms. We first
augment the e-closure to be ordered and output log frames:

Definition 5.5 (Ordered e-closure). The ordered e-closure of a state is:

Close: @ x {6,I}JF SO x {6,T}J’T
Close(go, ¢) ® Close(g1,¢) ¢ Oy 0.0 9 ¢
Close(q.€) = § Close(¢/. ¢ U{q = 1}) ¢ > ¢t € {0.T}.¢ & dom(L)

([q], 0) otherwise.

Next, the stepping function is extended to respect the ordering of states and combine
log frames with ©:

Definition 5.6 (Ordered step function). The ordered stepping function is:
gt gt
Step: Q* x X x (Q* x {0,1}"7) = Q* x {0,1}"7
Step ([], a, (5,0)) = (S, L)

ale
Step (q - s, a, (S, £)) = 4 OteP(a5,,(5,0) © Close(q’, £)) g = ¢'
Step(gs, a, (S, £)) otherwise.

With these two function, the forward pass of out algorithm is described as:

Definition 5.7 (Forward pass). The forward pass algorithm is:

Fwd: ©* — ({0,1}JLF>* U{L}
Fwd(s) = let (S, £o) = Close(q™, []) in Fwd’ (s, So, [£0])
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1. . /
where we have made use of auxiliary function Fwd':

Fad': 2% x @ x ({0,1}7) = ({8.1}7) u {1}
L ifgnes
1 otherwise

Fwd'(s', 8", ¢ L) if (S',() = Step(S, a, ([],0)), 8" # [

1 otherwise

Fwd'([], S, L) = {

Fwd'(a-s',S,L) = {

The function Fwd yields a list of log frames L. Finally, to produce the parse tree we
must walk backwards through the log FST and use the list of log frames as an oracle. Hence,
in this pass there is no more non-determinism, as it is resolved by the log frames:

Definition 5.8 (Backward pass). The backward pass algorithm is:

Bwd: ({0,1}']5)* x Q= {0,1* U{L}

Bwd(L,)=1
[ ifg = q"
. €lb
Bwd(¢-L,q')-b if¢ — ¢, be {0,1
BWd(EL,q) = ( q) ! ale ! { }
Bwd(L, q") if¢ — q,aeX

Bwd(- L.¢)  ifq 2% g 0(q) € {0,1)
The final parsing algorithm is obtained by combining the forward and the backward
pass:

Definition 5.9 (Two-phase parsing algorithm). The complete two-phase parsing algorithm
is the composition of the forward and backward passes of Definitions 5.7 and 5.8:

TwoPhaseParser: ¥* — {0,1} U {1}
TwoPhaseParser(w) = Bwd (Fwd(w),qﬁ") .

The forward pass keeps the log FST and the current character in memory. This requires
O(m) words of random access memory (RAM). It writes writing 7 - & bits to the log and
discards the each character of the input string after it is read. Finally, the backward pass also
requires O(m) words of RAM and reads from the log in reverse write order. The log is thus
a two-phase stack: In the first pass it is only pushed to, in the second pass popped from.

Both Close and Step run in time O(m) per input symbol, hence the forward pass re-
quires time O(m - n). Likewise, the backward pass requires time O(m - n).

Close keeps track of visited states and returns the states reached ordered lexicographi-
cally according to the paths reaching them. Hence, the following theorem can be proved:

Theorem 5.3. For any regular expression E and symbol sequence s, if L = Fwd(s), and
d = Bwd(Ly;, ¢"), then Ldop = min. V,[E].

Proof. The forward pass maintains the states in the lexicographical order of output strings
on the paths. Because the bit for a join state g is only set the first time g is reached, it is only
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set on the lexicographically least path from ¢ to q. Therefore, the oracle bits used when
tracing backwards with Bwd causes the program to take the greedy leftmost path (in the
non-flipped FST), which has the lexicographically least output bit-code. By Corollary 5.3
this is the value min Vs [ F]. O

Evaluation

We have implemented the optimized algorithms in C and in Haskell and compared the per-
formance of the C implementation with the following existing RE tools:

RE2: Google’s RE implementation [139].
Tcl: The scripting language Tl [119].
Perl: The scripting language Perl [30].
Grep: The UNIX tool grep [136].

Rep: The implementation of the algorithm “DFASIA” [114]. It is based on Dubé and
Feeley’s method [42], but altered to produce a bit-coded parse tree.

FrCa: The implementation of the algorithm“FCa” algorithm used in [114]. It is based on
Frisch and Cardelli’s method [57].

In the subsequent plots, our implementation of the lean-log algorithm is referred to as BizC.
The tests have been performed on an Intel Xeon 2.5 GHz machine running GNU/Linux
2.6.

Note that we use the shorthand E? for the RE E/ + 1.

Pathological Expressions

To get an indication of the “raw” throughput for each tool, a* was run on sequences of
as (Figure 5.3(a)). (Note that the plots use log scales on both axes, so as to accommodate
the dramatically varying running times.) Perl outperforms the rest, likely due to a strategy
where it falls back on a simple scan of the input. FrCa stores each position in the input string
from which a match can be made, which in this case is every position. As a result, FrCa uses
significantly more memory than the rest, causing a dramatic slowdown.

The expression (a+b)*a(a+b)™ with the input (ab)™/? is a worst-case for DFA-based
methods, as it results in a number of states exponential in 7. Perl has been omitted from
the plots, as it was prohibitively slow. Tcl, Rep, and Grep all perform orders of magnitude
slower than FrCa, RE2, and BitC (Figure 5.3(b)), indicating that Tcl and Grep also use a
DFA for this expression. If we fix n to 25, it becomes clear that FrCa is slower than the rest,
likely due to high memory consumption as a result of its storing all positions in the input
string (Figure 5.3(c)). The asymptotic running times of the others appear to be similar to
each other, but with greatly varying constants.

For the backtracking worst-case expression (a?)™a" in Figure 5.4(a), BitC performs rough-
ly like RE2." In contrast to Rep and FrCa, which are both highly sensitive to the direction
of non-determinism, BitC has the same performance for both (a?)™a™ and a™(a?)™ (Fig-

ure 5.4(b)).

"The expression parser in BitC failed for the largest expressions, which is why they are not on the plot.
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Figure s5.3: Comparisons with different REs.
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Figure s5.4: Backtracking worst-case expressions and its reverse.

Practical Examples

We have run the comparisons with various “real-life” examples of REs taken from [145], all
of which deal with expressions matching e-mail addresses. In Figure s5.5(b), BitC is signifi-
cantly slower than in the other examples. This can likely be ascribed to heavy use of bounded
repetitions in this expression, as they are currently just rewritten into concatenations and al-
ternations in our implementation. A more efficient implementation would use a dedicated
construction for repetitions, using a simple counter instead of 2 states for an expression like

a".

In the other two cases, BitC’s performance is roughly like that of Grep. This is promis-
ing for BitC since Grep performs only RE matching, not full parsing. RE2 is consistently
ranked as the fastest program in our benchmarks, presumably due to its aggressive opti-
mizations and ability to dynamically choose between several strategies. Recall that RE2 per-
forms greedy leftmost subgroup matching, not full parsing. Our present prototype of BitC
is coded in less than 1000 lines of C. It uses only standard libraries and performs no optimiza-
tions such as NFA-minimization, DFA-construction, cached or parallel NFA-simulation,
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etc.: this is future work.

Related Work

The known RE parsing algorithms can be divided into four categories.

* The first category is Perl-style backtracking used in many tools and libraries for RE
subgroup matching [39]; it has an exponential worst case running time, but always
produces the greedy parse and enables some extensions to REs such as backreferences.

* Another category consists of context-free parsing methods, where the RE is first trans-
lated to a context-free grammar, before a general context-free parsing algorithm such
as Earley’s [43] using cubic time is applied. An interesting CFG method is derivatives-
based parsing [107]. While efficient parsers exist for subsets of unambiguous context-
free languages, this restriction propagates to REs, and thus these parsers can only be
applied for subsets of unambiguous REs.

* The third category contains RE scalable parsing algorithms that do not always pro-
duce the greedy parse. This includes NFA and DFA based algorithms provided by
Dubé and Feeley [42] and Nielsen and Henglein [114], where the RE is first converted
to an NFA with additional information used to parse strings or to create a DFA pre-
serving the additional information for parsing. While the method presented here uses
a Thompson-style NFA generation in order to exploit the symmetry that enables the
efficient greedy parsing, these algorithms do not necessarily require the same prop-
erties, so other techniques such as e-free automata could in theory be applied. This
category also includes the algorithm by Fischer, Huch and Wilke [52]; it is left out of
our tests since its Haskell-based implementation often turned out not to be compet-
itive with the other tools.

* The last category consists of the algorithms that scale well and always produce greedy
parse trees. Kearns [84] and Frisch and Cardelli [57] reverse the input; perform back-
wards NFA-simulation, building a log of NFA-states reached at each input position;
and construct the greedy parse tree in a final forward pass over the input. They re-
quire storing the input symbol plus m bits per input symbol for the log. This can
be optimized to storing bits proportional to the number of NFA-states reached at a
given input position [114], although the worst case remains the same. Our lean log
algorithm uses only two passes, does not require storing the input symbols and stores
only k£ < %m bits per input symbol in the string.

We observe that the maximal munch tokenization problem [126] corresponds to greedy
parsing for the RET™ where T' is an RE for tokens. Our algorithm solves this in time
O(mn) using two passes and O(m) random access memory, whereas Reps’ solution
solves it in time O(mn) in one pass using O(mn) random access memory [126].
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Optimally Streaming Greedy Regular

Expression Parsing

This chapter is based on the paper “Optimally Streaming Greedy Regular Expression Pars-
ing” [65].

Introduction

In programming, regular expressions are often used to extract information from an input,
which requires an intensional interpretation of regular expressions as denoting parse trees,
and not just their ordinary language-theoretic interpretation as denoting strings.

Thisis a nontrivial change of perspective. We need to deal with grammatical ambiguity—
which parse tree to return, notjust that it has one—and memory requirements become a crit-
ical factor: Deciding whether a string belongs to the language denoted by (ab)* + (a+b)*
can be done in constant space, but outputting the first bit, whether the string matches the
first alternative or only the second, may require buffering the whole input string. This is
an instructive case of deliberate grammatical ambiguity to be resolved by the prefer-the-left-
alternative policy of greedy disambiguation: Try to match the left alternative; if that fails,
return a match according to the right alternative as a fallback. Straight-forward application
of automata-theoretic techniques does not help: (ab)*+(a+b)* denotes the same langnage
as (a + b)*, which is unambiguous and corresponds to a small DFA, but is also useless: it
does not represent any more when a string consists of a sequence of ab-groups. If a program-
mer writes (ab)* + (a+b)*, his/her intention is that a sequence of ab is a special token, but
arbitrary strings over a and b should still be handled. Compiling the expression to a DFA
ignores this intent.

Previous parsing algorithms [42, 57, 83, 114, 135], and the one presented in Chapter s [64],
require at least one full pass over the input string before outputting any output bits repre-
senting the parse tree. This is the case even for regular expressions requiring only bounded
lookahead such as one-unambiguous regular expressions [25].

In this chapter we study the problem of optimally streaming parsing. Consider

(ab)* + (a+b)*,

which is ambiguous and in general requires unbounded input buffering, and consider the
particular input string

ab...abaababababab....

An optimally streaming parsing algorithm needs to buffer the prefixab . . . ab in some form
because the complete parse might match either of the two alternatives in the regular expres-
sion, but once encountering aa, only the right alternative is possible. At this pointit outputs

89
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this information and the output representation for the buffered string as parsed by the sec-
ond alternative. After this, it outputs a bit for each input symbol read, with no internal
buffering: input symbols are discarded before reading the next symbol. Optimality means
that output bits representing the eventual parse tree must be produced earliest possible: as
soon as they are semantically determined by the input processed so far under the assumption
that the parse will succeed.

Outline. In Section 6.2 we recall some notions from Chapter 3 about regular expressions,
their type interpretation, and the bit-coding of parse trees.

The class of Thompson-style machines called Thompson FST5in Chapter 3 are briefly re-
called in Section 6.3. Paths and their output labels in such FSTs naturally represent complete
parse trees, and paths to intermediate states represent partial parse trees for prefixes of an
inputstring. Note that we called these machines augmented NFAs in the original paper that
this chapter is based upon [65]. This is similar to the previous chapter; we have changed the
name to Thompson FST to better normalize naming conventions between Chapters 3, s, 6,
and 7.

The greedy disambiguation strategy is used to specify a deterministic mapping of ac-
cepted strings to paths in the FST; this is recalled in Section 6.4.

We then formally define the concept of optimal streaming parsing in Section 6.5 and
shows some useful properties. A requirement for optimal streaming is the concept of cov-
ering. This has been briefly introduced in the introduction (Section 3.8). In Section 6.6 we
discuss it in more detail and show that it is a computationally hard problem to decide.

Finally, the parsing algorithm is described in Section 6.7. It is based on the path trees
already discussed in Chapter 3, which will be treated more formally in the present chapter.
With these, an optimally streaming parsing algorithm is specified, and its asymptotic run-
time complexity analyzed.

Finally, in Section 6.8, we continue the thread from Section 3.8 and demonstrate the
algorithm by illustrative examples alluding to its expressive power and practical utility.

Preliminaries

In the following section, we recall the definitions of regular expressions and their interpre-
tation as types from Chapter 3. The regular expressions over X are given by the grammar
(Definition 3.2):
co— *
l;‘..—o‘1|21|E‘1—|—E‘2|E‘1E‘2|E‘17

where a € 3. Concatenation (juxtaposition) and alternation (+) associates to the right;
parentheses may be inserted to override associativity. Kleene star (*) binds tightest, followed
by concatenation and alternation.

The standard interpretation of a regular expression E is as a denotation of a regular

language L[E] C ¥* (Definition 3.3):

L[o] =0
L[] = {e}
L[a] = {a}
L[Ey + Es] = L[E1] U L[ E-]
LIE\Es] = L[EA] - L]E-]
L[E*] = LIE]",
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In the remainder of this chapter we shall restrict ourselves to regular expressions £ such that
LIE] # 0.

For regular expression parsing, we are interested in the interpretation of regular expres-
sions as fypes, denoting sets of structured values, or parse trees. The values over 3 are ele-
ments formed over the grammar (Definition 3.12):

va=()]a] (v1,v2) |inlvy |inroy | [vo,...,vn],

where a € X. The regular expressions interpreted as types denote sets of these values (Defi-
nition 3.13):

Vo] =0
VIl = {0}
V[a] = {a}
V[E1E2] = V[E1] x V[E3]
V[E + Eo] = V[E{] @ V[E-]
VIET] = {[v1,...,vn] | vi € V[E1],n € N}.

Recall that |v] is the the flattening of a value v, defined as the word obtained by doing an
in-order traversal of v and writing down all the symbols in the order they are visited (Defi-
nition 3.14). We write V,,[ E'] for the restricted set {v € V[E] | |v| = w}. Regular expres-
sion parsing is a generalization of the acceptance problem of determining whether a word
w belongs to the language of some RE F, where additionally we produce a parse tree from
Vi [E]. We say that an expressoin E is ambignonsiff there exists a w such that |V, [E]| > 1
(Definition 3.20).

Any value can be serialized into a sequence of bits. The bit-code of a value v is written
"v 7 (Definition 3.15):

(=e¢
Ta'l=¢
|—<U17U2>—| =Ty Ty’
Tinloy '=0-To !
Finrvy '=1-To!

vy .oyt 7 =0-Tg 7 -...- 0T, - 1.

Theset {"v™ | v € V[E]} is written B[ E] (Definition 3.18), and the set of bit-codes that
flatten to a string s is written B[ E].

Note that for a fixed regular expression F, bit-coding is an isomorphism when seen
as a function - g : V[E] — B[E]. Its inverse is the decoding L- g : B[E] — V[E]
(Definition 3.16).

Thompson FSTs

In this section we recall the definition of Thompson FST5 from Section 3.6. Our construction
is similar to that of Thompson [141], but augmented with extra annotations on some of
the non-deterministic e-transitions. The resulting automata can are a non-deterministic
transducers which for each accepted input string in the language of the underlying regular
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expression outputs the bit-codes for the corresponding parse trees. Thus, a Thompson FST
is a six-tuple
(Q, E, F7 {qm} , {qﬁn} ,A)

where the output alphabet is fixed to I' = {¢,0,1} and X is the input alphabet (Defini-
tion 3.26). Note that in the paper on which this chapter is based, the augmented NFAs did
not have a formal distinction between input and output alphabets; this was instead accom-
plished by adjoining the special symbols 0 and 1 to the input alphabet of the Thompson
NFA. The end result is equivalent, but we find it cleaner to separate the alphabets, mak-
ing the notation more aligned with standard literature on automata and transducers. A
Thompson FST must have been constructed by the extended Thompson construction from
Section 3.6. We recall it in “cheat-sheet form” here:

£(q", 4" ) |
;
! H @)
&—©®
a
—>* ]:E1(qi"7q/)** Fry(d'sq™) -
FE1Ey
S

AN

- Fry (@, d)- @
B+ Es
- T (el ol - >

@) ei{&
Eg

Here, the notation Fg (g™, ¢i") refers to the Thompson FST constructed for the regular
expression E with inital and final states g™ and ¢"™. Note that, like in Chapter s, we use the
shorthands:

* 0and 1 for the FST label pairs €|0 and €|1, respectively,
+ afor the FST label ale,
* € for the FST label e|e.

Figure 6.1 shows a small example of the construction.
A path an a Thompson FST with states () and transition relation A is a non-empty
sequence of states

qo, 41, ---,4n
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Figure 6.1: The FST F(,41,)+,(0, 9) for the regular expression (a + b)*b.

such that each state in the sequence has a transition in A to the next (Definition 3.27). We
call a path between qg and g,, o and write

qo ~ dn

when such a path exists.
Each path « is associated with a (possibly empty) sequence of input/output label pairs
(Definition 3.27). As in Chapter s, we use the following notation:

+ read(a) is the sequence of input labels for a path «,
* write(a) is the sequence of output labels for a path cv.
With this notation, the fact that an FST accepts a word w can be formulated as
¢" 4™ A read(e) = w,

i.e., that there is a path from initial to final state whose input labels form the word w.
Recall that there is a one-to-one correspondence between bit-codes and accepting paths
(Theorem s.1). We restate this with the syntactic shorthands used in this chapter:

Theorem. Foraregular expression E with Thompson FST F g, we have for eachw € L]E]:

- wlb 3
B.[E] = {b g 2 qu}
= {Wfite(a) | ¢"™ = ¢™ read() = w} :
Determinization.  Given a state set (), define its closure as the set
close(Q) = {q' | g€ QA Jaread(a) = Aqg-> q’} )

For any Thompson FST F = (Q, %, {€,0,1}, {¢"} , {¢™} , A), let

D(]:) = (DStateﬂ Ir, Fr, A]:)
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be the deterministic automaton obtained by applying the standard subset sum construction:
Here, [ = close({q'” }) is the initial state,and DState  C 2€ is the set of states, defined
to be the smallest set containing Iz and closed under the transition function

Ar(Q,a) = dose({q' | (¢,2,¢') € A, g € Q}).
The set of final states F'r is the set {Q € DStatey | ¢ € Q}

Disambiguation

A regular expression parsing algorithm has to produce a parse tree for an input word when-
ever the word is in the language for the underlying RE. In the case of ambiguous REs, the
algorithm has to choose one of several candidates. We do not want the choice to be arbitrary,
but rather a parse tree which is uniquely identified by a disambiguation policy. As thereisa
one-to-one correspondence between words in the language of an RE E and accepting paths
in Fg, a disambiguation policy can be seen as a deterministic choice between paths that
recognize the same words.

We will focus on greedy disambiguation, which corresponds to choosing the first result
that would have been found by a backtracking regular expression parsing algorithm such as
the one found in the Perl programming language [30]. The greedy strategy has successfully
been implemented in previous work [57, 64], and was also the subject of Chapter s. It is
simpler to define and implement than other strategies such as POSIX [56, 80] whose known
parsing algorithms are technically more complicated [116, 134, 135].

Greedy disambiguation can be seen as picking the accepting path with the lexicograph-
ically least bitcode (Chapter s). A well-known problem with backtracking parsing is non-
termination in the case of regular expressions with nullable subexpressions under Kleene
star, which means that the lexicographically least path is not always well-defined (see Exam-
ple 3.12). This problem can easily be solved by not problematic paths, asin [57]. Problematic
paths are paths that contain non-productive loops, i.c., a subpath

dn < g
such thatread(¢’) = € (Definition 3.28). In practice, when implementing NFA simulation
algorithms, such paths are discarded by maintaining a set of previously visited states. This
is sometimes referred to as “black hole detection.”

Optimal Streaming

In this section we specify what it means to be an optimally streaming implementation of a
function from sequences to sequences.

Recall from Definition 2.8 that when a word w is a prefix of another word w’ it means
that there exists a w”’ such that ww” = w'. Whenever w is a prefix of w’ we write:

wCw'.

Note that T is a partial order with greatest lower bounds for nonempty sets L. This is the
longest common prefix [ | L (Definition 2.9), and it is the word w that is a prefix of all words
in L such that, for any other word w’ that s also a prefix of all words in L, w’ C w.

Definition 6.1 (Completions). The set of completions C'g(w) of w for a regular expression
E is the set of all words in L[E] that have w as a prefix:

Cr(w) ={w" |[wCw”" Aw" € L[E]}.
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Note that Cg(w) may be empty.

Lemma 6.1. For words w, w’:
wCw = Cg(w) 2 Cr(w).
Proof. By expanding Definition 6.1:

Crpw)={v|wZvAveL[E]}
D{wlwCw CvAveL[E]} =Cg(w). O

Definition 6.2 (Extension). For Cg(w) # 0, the unique extension g of w under E is the
longest extension of w with a suffix such that all successful extensions of w to an element of
L[ E] are also extensions of @:

g =[|Cr(w).

Word w is extended under E if w = w; otherwise it is unextended.
Extension is a closure operation: @ = @; in particular, extensions are extended.

Example 6.1. Let E' = a(ab + ac + ad). Then,

€ = aa,
Ap = aa,
aabp = aab.

Definition 6.3 (Reduction). If Cg(w) = (), the unique reduction W of w under E is the
longest prefix of w with a non-empty completion:

wg = longest w’ such thatw’ C w A Cp(w') # 0.

Given parse function Pg () : L[E] — B[E] for complete input strings, we can now
define what it means for an implementation of it to be optimally streaming:

Definition 6.4 (Optimal streaming). The optimally streaming function corresponding to

PE () is

TP (") |0 € Caw)} i Crlw) #
ostw) = { {0, T ) =

The first condition expresses that after seeing prefix w the function must output a//
bits that are a common prefix of all bit-coded parse trees of words in L[ E] that w can be
extended to. That is, the partial parse tree for the longest possible word that is guaranteed
to prefix the input word in case of a successful parse. The second condition expresses that
as soon as it is clear that a prefix has no extension to an element of L[E], an indicator § of
failure must be emitted, with no further output after that. The bits in the bit-code for the
prefix string up until it became clear that a successful path to the final state is impossible
will be output, followed by the failure indicator. In this sense OF is optimally streaming: it
produces output bits at the semantically earliest possible time during input processing.

The function OF is always a streaming variant of its corresponding parsing function

Pp():
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Theorem 6.1. For a parsing function Pg (), O is a streaming function:
wCw = Op(w) C Op(w).
Proof. There are four cases to consider.

Ce(w) # 0and Cg(w') # 0: By Lemma 6.1, Cg(w’) C Cg(w), so we must

have:
Pe (Cr(w')) CPe(Cr(w))

and therefore, by Lemma 2.1:

Cp(w) # 0 and Cg(w') = 0: Let v be the unique reduction of w’: v = w’. Then
w C v C w' and Cg(v) # 0, so by the above case we have

Op(w) EOpw)t = ([Pr(Cr(v)) ¢
= (MNP (Cu))) ¢
= (M0x@)) = Op(w).
(w) = nd Cp(w') # 0: If Cg(w) = 0 then it must also be the case that

Cg
Cg(w') = 0, sincew C w’. Consequently, this case cannot happen.

Cp(w) = Pand Cg(w’) = 0: Letv and v’ be the reductions of w and w': v = w,
v = w'. Thenv C w C v C w' and we get Op(w) C Op(w') by combining
the above cases. O

The definition of O has the, at first glance, surprising consequence that O g may out-
put bits for parts of the input it has not even read yet.

Lemma 6.2. The completions of a word w under regular expression E equals the completions

of the extended w:
Cg(w) = Cg(w).

Proof- Follows from the fact that @ is the longest common prefix of Cg(w), so it must
admit the same completions as w. O

Theorem 6.2. For a regular expression E, the optimally streaming output on words w equals
the optimally streaming output on their completions:

Og(w) = Op(w).

Proof. There are two cases: Cp(w) # 0 and Cg(w) = 0. In the latter case @ is not
defined, so nothing needs to be shown. For the first case, we have, by Lemma 6.2:

=[]{Ps (") | w" € Cp(w)}
—I_I{P ) w” € Cp(@)}

Example 6.2. Let E = (a + a)(a + a). We have Og(e) = 00; that is, O outputs 00
off the bat, before reading any input symbols, in anticipation of aa being the only possible
successful extension. Assume the inputisab. After readinga, O does not outputanything,
and after reading b it outputs f to indicate a failed parse, the total output being 00f.
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Coverage

Our algorithm is based on simulating Thompson FSTs in lock-step, maintaining a set of
partial paths reading the prefix w of the input that has been consumed so far. In order to be
optimally streaming, we have to identify partial paths which are guaranteed not be a prefixes
of a greedy parse for a word in C'g (w).

In this section, we define a coverage relation which our parsing algorithm relies on in
order to detect the aforementioned situation. In the following, fix a regular expression £

and its Thompson FST Fg = (Qg, Xk, {€,0,1}, {C]}S} , {q%“} ,AR).

Definition 6.5 (Coverage). Letp € QF beastate and @ € Qg a state set. We say that @)
covers p, written ) = p, if and only if

{read(a) g% q¢™ g€ Q} ) {read(ﬁ) Ip 5 qﬁ"} (6.1)

Coverage can be seen as a slight generalization of language inclusion. Thatis, if @ > p,
then every word suffix read by a path from p to the final state can also be read by a path from
one of the states in () to the final state.

Let F; refer to the automaton obtained by reversing the direction of all transitions and
swapping the initial and final states. It can easily be verified that if (6.1) holds for some Q)

and p, then the following property also holds in the reverse automaton Fg:
{read(a) | ¢" < q,q € Q} > {read(ﬂ) | ¢ wO‘»p} (6.2)

If we consider D(Fg), the deterministic automaton generated from F g, then we see that

(6.2) is satisfied if and only if:

VS € DStater—. pc€ S = QNS #0. (6.3)

This is true since a DFA state S is reachable by reading a word w in D(Fg) if and only
if every ¢ € S is reachable by reading w in Fg, by the subset construction. Since a DFA
accepts the same language as the underlying Thompson FST, this implies that condition
(6.2) holds if and only if () has a non-empty intersection with // DFA states containing p.

The equivalence of (6.1) and (6.3) gives us a method to decide = in 2 Thompson FST
F, provided that we have computed D (.7:7]5) beforehand. Checking(6.3) fora particular

and p can be done by intersecting all states of DStates—with @, using time O(|Q||DStatez_|) =

O(|Q|2°0™)), where m is the size of the regular expression E.
The exponential cost appears to be unavoidable—the problem of deciding coverage is
inherently hard to compute:

Proposition 6.1. The problem of deciding coverage, that is the set
is PSPACE-hard.

Proof. We can reduce regular expression equivalence to coverage: Given regular expressions
E and F, produce a Thompson FST Fg4 r for E + F' and observe that g and Fp are

subautomata. Now observe that there is a path

qLQJr P N q%" (respectively q}ng F ﬂ q%n
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in Fg4+p if and only if there is a path

’
in _a fin
4g 7 4E

with read(a) = read(a) in Fg (respectively ¢'f 2 ¢"" with read(j3) = read(f’) in
MF). Hence, in F, r we have

(¢t} =q <« L[E] CL[F].

Regular expression containment is PSPACE-complete [132], so therefore coverage must be

PSPACE-hard. O

Even after having computed a determinized automaton, the decision version of the cov-
erage problem is still NP-complete, which we show by reduction to and from MIN-COVER,
a well-known NP-complete problem [37, Chapter 35.3]. Let STATE-COVER refer to the
problem of deciding membership for the language

{(F,D(F),p,k) | 3Q. [Ql =k Ap & QAQ>pinF}.

Recall that MIN-COVER is the problem of deciding membership for the language
{(X,H,k) 13c CH. |C] :k/\X:UC}.
Proposition 6.2. STATE-COVER is NP-complete.

Proof. STATE-COVER = MIN-COVER: Let (F, D(F),p, k) be given. Define X =
{S e€DStater |[pe Stand H = {R;|ge JX} where Ry = {S€ X |qe S}

Then any k-sized set cover

C={Ry,.. Ry}

gives a state cover Q = {1, ..., gx } and vice-versa.

MiIN-CovER == STATE-CoOVER: Let (X, #, k) be given, where | X| = m and
|H| = n. Construct a Thompson FST Fx 3 over the alphabet ¥ = X & {$}. Define its
states to be the set

{g" ¢"™ p} U{H\,... ,H,}.
For each H;, add transitions

H; 3 ¢™and ¢" R H;

for each x;; € H;. Finally, add transitions p 3 ¢ and ¢™ 5 pforeachz € X.
Observe that D(Fx 3 ) will have states {{qi“} , {qﬁ” }} U{S; | * € X} where

Se={HeH|xze H}U{p},

and Az, ,, ({qi"} , &) = Sz. The time to compute D(Fx, r) is bounded by O(| X || H]).
Then any k-sized state cover Q = {H7, ..., Hy} is also a set cover. O
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Algorithm

Our parsing algorithm produces a bit-coded parse tree from an input string w for a given
regular expression E. We will simulate Fg in lock-step, reading a symbol from w in each
step. The simulation maintains a set of all partial paths that read the prefix of w that has
been consumed so far; there are always only finitely many paths to consider, since we restrict
ourselves to paths without non-productive loops (non-problematic paths). When a path
reaches a non-deterministic choice, it will “fork” into two paths with the same prefix. Thus,
the path set can be represented as a tree of states, where the root is the initial state, the edges
are transitions between states, and the leaves are the reachable states.

Definition 6.6 (Path trees). A path tree is a rooted, ordered, binary tree with internal nodes
of outdegrees 1 or 2. Nodes are labeled by Thompson FST-states and edges by I' = 3 U
{€,0,1}. Binary nodes have a pair of 0- and 1-labeled edges (in this order only), respectively.

We use the following notation:
* root(T’) is the root node of path tree 7.
+ path(n, ¢) is the path from n to ¢, where ¢ is a descendant of n.

* init(T") is the path from the root to the first binary node reachable or to the unique
leaf of 1" if it has no binary node.

+ leaves(T) is the ordered list of leaf nodes.
* Trempty is the empty tree.

As a notational convenience, the tree with a root node labeled ¢ and no children is written
q(-), where ¢ is a state in a Thompson FST. Similarly, a tree with a root labeled ¢ with
children ! and r is written ¢(0 : [, 1 : ), where ¢ is a state in a Thompson FST and l and r
are path trees and the edges from ¢ to [ and 7 are labeled 0 and 1, respectively. Unary nodes
are labelled by ¥ U {€} and are written ¢(¢ : ¢), denoting a tree rooted at ¢ with only one
{-labelled child c.

In the following we shall use T, to refer to a path tree created after processing input
word w and T to refer to path trees in general, where the input string giving rise to the tree
is irrelevant.

Definition 6.7 (Path tree invariant). Let T}, be a path tree and w a word. Define I(T3,) as
the proposition that 4/l of the following hold:

1. The leaves(T,) have pairwise distinct node labels; all labels are symbol sources, that
is states with a single symbol transition, or the accept state.

2. All paths from the root to a leaf read w:

Vn € leaves(T,,). read(path(root(T},),n)) = w.

3. For each leaf n € leaves(T),) there exists w” € Cg(w) such that the bit-coded
parse of w'’ starts with write(path(root(T,), n)).

4. Foreachw” € Cg(w) there exists n € leaves(T,) such that the bit-coded parse of
w’ starts with write(path(root(Ty, ), n)).
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Require: A Thompson FST F, a coverage relation =, and an input stream S.
Ensure: The greedy leftmost parse tree of S, emitted in an optimally-streaming fashion.
: function STREAM-PARSE(F, =, S)
2: w4 €
(T.,__) + cLosurg(F,0,¢"™) > Initialize path tree as the output of CLOSURE
while S has another input symbol a do
if Cg(wa) = () then
return write(init(7),)) followed by # and exit.
end if
Twa < EsTaBLISH-INVARIANT(T ), a, F, =)
Output new bits on the path to the first binary node in T3, if any.
10: w <— wa

X @ N v Row

I end while

n: if ¢ € leaves(T),) then

13 return write(path(root(75, ), ¢f™))
14 else

1s: return write(init(73,)) followed by #
16: end if

17 end function

Algorithm 1: Optimally streaming greedy regular expression parsing algorithm.

Require: A path tree T, satisfying invariant I(T},), a character @, a Thompson FST F,
and a coverage relation .

Ensure: A path tree T, satisfying invariant I (T, ).
: function ESTABLISH-INVARIANT(Ty, a, F, =)
2 Remove leaves from T, that do not have a transition on a.
3 Extend T, to Ty,q by following all a-transitions.
4 for each leaf n in T, do
5 (T, _) < cLosURE(F, (D, n).
6: Replace the leaf n with the tree 7" in T'yq.
7 end for
8 return PRUNE (Tyyq, =)
9: end function

Algorithm 2: Establishing invariant I (T, ).

The path tree invariant is maintained by Algorithm 2: line 2 establishes part 1; line 3
establishes part 2; and lines 4—7 establish part 3 and 4.

Theorem 6.3 (Optimal streaming property). Assume extended w = w, Cg(w) # 0.
Consider the path tree T, after reading w upon entry into the while-loop of the algorithm in
Algorithm 1. Then write(init(T,,)) = Og(w).

In other words, the initial path from the root of T, to the first binary node in Ty, is the
longest common prefix of all paths that accept words that are prefixed by w. Operationally,
whenever that path gets longer by pruning branches, we output the bits on the extension.

Proof. Assume w extended, that is w = @; assume Cg(w) # 0, that is there exists w”
such thatw C w” and w” € LE].
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Require: A path tree T' and a covering relation .
Ensure: A pruned path tree 7’ where all leaves are alive.
i function PRUNE(T', =)
2 for each [ in reverse(leaves(T')) do
S <= {n | n comes before [ in leaves(T")}

3
4 if S = [ then

5 p < parent(l)

6: Delete I from T

7 T < cut(T,p)

8 end if

9 end for
10: return T’

u: end function

r: function cut(T,n) > Cuts a chain of 1-ary nodes.
13: if |children(n)| = 0 then

14: p < parent(n)

15 T’ < T with n removed

16: return cuT(7T”, p)

17: else

18: return T’

19: end if

20: end function

Algorithm 3: Pruning algorithm.

Claim: |leaves(T,)| > 2 or the unique node in leaves(T},) is labeled by the accept
state. Proof of claim: Assume otherwise, that is |leaves(Ty,)| = 1, but its node is not
the accept state. By (1) of I(T,), this means the node must have a symbol transition on
some symbol a. In this case, all accepting paths Cg(wa) = Cg(w) and thus @ = wa; in
particular @ # w, which, however, is a contradiction to the assumption that w is extended.

This means we have two cases. The case |leaves(T,)| = 1 with the sole node being
labeled by the accept state is easy: It spells a single path from initial to accept state. By (2)
and (3) of I(T,,) we have that this path is correct for w. By (4) and since the accept state has
no outgoing transitions, we have Cg(w) = {w}, and the theorem follows for this case.

Consider the case |leaves(T},)| > 2. Recall that Cg(w) # () by assumption. By (4) of
I(Ty) the accepting path of every w” € Cg(w) starts with path(root(T),), n) for some
n € leaves(T,,), and by (3) each path from the root to a leaf is the start of some accept
path. Since |leaves(T’,)| > 2 we know that there exists a binary node in T},,. Consider the
first binary node on the path from the root to a leaf. It has both 0- and 1-labeled out-edges.
Thus the longest common prefix of

{write(p) | n € leaves(Ty,),p € path(root(Ty,),n)}

is write(init(7,)), the bits on the initial path from the root of T),, to its first binary node.
O

The algorithm as given is only optimally streaming for extended prefixes. It can be made
to work for all prefixes by enclosing it in an outer loop that for each prefix w computes @
and calls the Algorithm 1 with w. The outer loop then checks that subsequent symbols
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Require: A Thompson FST F, a set of visited states V/, and a state ¢
Ensure: A path tree T" and a set of visited states V"
: function cLOSURE(F, V, q)

2: if % gyand ¢ L ¢, then

3: (T',V}) < crosure(F,V U{q},q) > Try left option first.
4 (T, Vi) < cLosure(F, Vi, q,) > Use V] to skip already-visited nodes.
5: recurn (¢{(T" : T"), Vi)

6: end if

7: if ¢ 5 pthen

8 if p € V then > Stop loops.
9: return (Trempty, V')
10: else

e (T", V') - crosure(F,V U {q},p)

12: return (g{e : T"), V")

13: end if
14: else > g is a symbol source or the final state.
1s5: return (g(-), V)
16: end if

17 end function

Algorithm 4: Ordered e-closure with path tree construction.

match until @ is reached. By Theorem 6.2, the resulting algorithm gives the right result for
all input prefixes, not only extended ones.

Theorem 6.4. The optimally streaming algorithm can be implemented to run in time
O(2m logm + mn)7
wherem = |E| and n = |w|.

Proof. Asshown in Section 6.6, we can decide coverage in time O(mQO(m) ). The set of or-
dered lists leaves(T") for any 7" reachable from the initial state can be precomputed and cov-
ered states marked in it. (This requires unit-cost random access since there are O(218™)
such lists.) The e-closure can be computed in time O(m) for each input symbol, and prun-
ing can be amortized over e-closure computation by charging each edge removed to its ad-
dition to a tree path. O

For a fixed regular expression E this is linear time in 72 and thus asymptotically optimal.
An exponential in m as an additive preprocessing cost appears practically unavoidable since
we require the coverage relation, which is inherently hard to compute (Proposition 6.1).

Examples

We revisit the example from Section 3.8. Consider the RE (aaa+aa)*. A simplified version of
its Thompson FST is shown in Figure 6.2. The following two observations are requirements
for an earliest parse of this expression:

* After one ahas been read, the algorithm must outputa 0 to indicate that one iteration
of the Kleene star has been made, but:
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* five consecutive as determine that the leftmost possibility in the Kleene star choice
was taken, meaning that the first #bree as are consumed in that branch.

The first point can be seen by noting that any parse of a non-zero number of as must
follow a path through the Kleene star. This guarantees that #f a successful parse is eventually
performed, it must be the case that at least one iteration was made.

The second point can be seen by considering the situation where only four input as
have been read: it is not known whether these are the only four or more input symbols in
the stream. In the former case, the correct (and only) parse is two iterations with the right
alternative, but in the latter case, the first three symbols are consumed in the left branch
instead.

These observations correspond intuitively to what “earliest” parsing is: as soon as it is
impossible that an iteration was zor made, a bit indicating this fact is emitted, and as soon
as the first three symbols must have been parsed in the left alternative, this fact is output.
Furthermore, a 0-bit is emitted to indicate that (at least) another iteration is performed.

Figure 6.2 shows the evolution of the path tree during execution with the RE (aaa+aa)*
on the input aaaaa.

By similar reasoning as above, after five as it is safe to commit to the left alternative af-
ter every third a. Hence, for the inputs aaaaa(aaa)”, aaaaa(aaa)™a, and aaaaa(aaa)™aa the
“commit points” are placed as follows (- indicates end-of-input):

a | aaaa | (aaa~~|aaa) | - a | aaaa | (aaa~~~aaa> | a:
0 00 00 00 11 0 00 00 00 01
— — — ——
n times n times
a | aaaa | (aaa|~~ |aaa) | aa-
0 00 00 00 1011
— ——
n times

Complex Coverage

The previous example does not exhibit any non-trivial coverage, i.c., situations where a state
niscovered by & > 1 other states. One can constructan expression that contains non-trivial
coverage relations by observing that if each symbol source s in the FST is associated with
the RE representing the language recognized from s, coverage can be expressed as a set of
(in)equations in Kleene algebra (see also Section 4.1). Thus, the coverage {ng,n1} = n
becomes RE(ng) + RE(n1) > RE(n) in Kleene algebra, where RE(-) is the function
that yields the regular expression for the language recognized from a symbol source in a
Thompson FST.

Any expression of the form z12y1 + T22y2 + 232(y1 + y2) satisfies the property
that two subterms cover a third. If the coverage is to play a role in the algorithm, however,
the languages denoted by 1 and z2 must not subsume that of x3, otherwise the subterm
(subautomaton) starting with 23 would never play a role due to the greedy leftmost disam-
biguation.

Choose v1 = 2 = (aa)*, x5 = a*,y1 = a,and y» = b. Figure 6.3 shows the
expression

(aa)*za 4+ aa*zb + a*za + b = (aa)*(za + zb) + a*z(a + b).

The earliest point where any bits can be output is when the z is reached. Then it becomes
known whether there was an even or odd number of as. Due to the coverage {8, 13} *= 20,
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Figure 6.2: Example run of the algorithm on the regular expression ' = (aaa + aa)* and
the input string aaaaa. The dashed edges represent the partial parse trees that can be emitted:
thus, after one a we can emit a 0, and after five as we can emit 00 because the bottom “leg”
of the tree has been removed in the pruning step. The automaton for F and its associated
minimal covering relation are shown in the inset.
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€ a a a z b
1 2—3 4 S—6—3 4 S—
7—8—~ 7—8—~
B— B—
10 17 —18—19—17—18—19 17 —18—19—17—18—
20—~ 20— 20—~ 20—21—22—
25—26—24—12
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Figure 6.3: Example run of the algorithm on £ = (aa)*(za + zb) + a*z(a + b). Note that
state 20 is covered by the combination of states 8 and 13. The earliest time the algorithm
can do a commit is when a z is encountered, which decides whether there is an even or odd
number of as. The topmost figure shows the evolution of the path tree on the input aaazb.
There is a long “trunk” from state 1 to state 21 after reading z, as the rest of the branches
have been pruned (not shown). The desired output, corresponding to taking the rightmost
option in the sum, can be read off the labels on the edges. Likewise in the second figure,
we see that if the z comes after an even number of as, a binary-node-free path from 1 to
7 emerges. Due to the cover {8,13} = 20, the branch starting from 20 is not expanded
further, even though there could be a z-transition on it. This is indicated with 4. Overall,
the resulting parse tree corresponds to the leftmost option in the sum.
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state 20 is pruned away on the input aazb, thereby causing the path tree to have alarge trunk
that can be output.

CSV Files

The expression ((a+b)* (;(a+b)*)*n)* defines the format of a simple semicolon-delimited
data format with data consisting of words over {a,b} and rows separated by the newline
character, n. Our algorithm emits the partial parse trees after each letter has been parsed, as
illustrated on the example input below:
St alsiblalslalnl bl lalnl:
000 10 01 00 10 00 11 001 10 10 00 11 1
Due to the star-height of three, many widespread implementations would not be able
to meaningfully handle this expression using only the RE engine. Capturing groups under
Kleene stars return either the first or last match, but nota /st of matches—and certainly not
alist of lists of matches! Hence, if using an implementation like Perl’s [30], one is forced to
rewrite the expression by removing the iteration in the outer Kleene star and reintroduce it
as a looping construct in Perl.

Related and Future Work

Parsing regular expressions is not new [42, 57, 64, 114, 134], and streaming parsing of XML
documents has been investigated for more than a decade in the context of XQUERY and
XPATH—see, e.g., [41, 70, 152]. However, streaming Vegular expression parsing appears to
be new.

In earlier work [64], presented in Chapter s, we described a compact “lean log” for-
mat for storing intermediate information required for two-pass regular expression parsing.
The algorithm presented here may degenerate to two passes, but requires often just one
pass in the sense being effectively streaming, using only O(m) work space, independent of
n. The preprocessing of the regular expression and the intermediate data structure during
input string processing are more complex, however. It may be possible to merge the two
approaches using a tree of lean log frames with associated counters, observing that edges
in the path tree that are nor labeled 0 or 1 are redundant. This is an area for future work.
In Chapter 7 we shall see a method for determinizing FSTs while getting mostly-optimal
streaming, based on the algorithm presented here.
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Kleenex: Compiling Nondeterministic
Transducers to Deterministic Streaming
Transducers

This chapter is based on the paper “Kleenex: Compiling Nondeterministic Transducers to
Deterministic Streaming Transducers” that has been submitted to POPL 2016 [66].

Introduction

Imagine you want to implement syntax highlighting. This can be thought of as parsing
the input into its tokens and processing each token according to its class. For illustration,
assume we have one keyword, “for,” and alphabeticidentifiers as the only tokens. The lexical
structure of the input is essentially described by the regular expression ((for + [a — 2]*) )%,
where whitespace is, for simplicity, represented by the single blank between the two closing

parentheses. This scenario highlights the following:

Ambiguity by design. The RE is ambiguous. The intended semantics is that the left alter-
native has higher priority than the right. This is greedy disambiguation: Choose the
left alternative if possible, treating * as its unfolding EE* + 1. Accordingly, in our
example “for” matches the left alternative, not the right.

Regular expression parsing. Note that the RE has star height two; in particular, we need to
parse the input under multiple Kleene stars. For our RE the parse of a string is a list of
segments (corresponding to the outer Kleene star), with each segment represented by
a pair, a token and whitespace (corresponding to concatenation), where each token
is tagged (corresponding to the alternation) to indicate that it is either the keyword
“for” or an identifier; an identifier, in turn, consists of a list (corresponding to the
inner Kleene star) of characters.

Output actions. We need to output something, the highlighted tokens, not just accept or
reject a string as is done by finite automara. Note that output actions are not specified
in our RE.

We would like to do the highlighting in a streaming fashion, using as little internal storage as
possible and performing output actions as early as they are determined by the input prefix
read so far, at a high sustained input processing rate, in particular in worst-case linear-time
in the length of the input stream with a low factor depending linearly on the size of the RE.
We would like to accomplish this automatically for arbitrary REs (or similar input format
specification) and output actions, with speeds that in practice adapt to how much output
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actually needs to be produced; in particular, performance should gracefully approach pure
acceptance testing as more and more output actions are removed. How?

Asdiscussed in Chapter 3, it turns out that the set of parses are exactly the elements of the
RE read as a type [57, 75]: Kleene star is the (finite) list type constructor, concatenation the
Cartesian product, alternation the sum type and an individual character the singleton type
containing that character. A Thompson automaton [141] represents an RE in a strong sense:
the complete paths—paths from initial to final state—are in one-to-one correspondence
with the parses (Theorem 5.1) [64]. If a string has four parses (e.g. “for for ), then there are
exactly four complete paths accepting it. Let uslook at bit closer at a Thompson automaton
(Definition 3.5): Itis non-deterministic, with e-transitions, easily constructed, having O(m)
states and transitions from an RE of size m. It has exactly one initial and one accepting state.
Every state is either non-deterministic: it has two outgoing e-transitions (“left” or “right”);
or it is deterministic: it has exactly one outgoing transition labeled by € or an input symbol,
or it is the final state, which has no outgoing transition. Every complete path is determined
by a sequence of bits used as an oracle (Chapter ) [64]. Starting with the initial state, follow
all outgoing transitions from deterministic states; upon arriving at a non-deterministic state
query the oracle to determine whether to go left or right, until the final state is reached. The
bit sequence of query responses yields a prefix-free binary code for the string accepted on
the designated path. This bit-code can also be computed directly from the RE underlying
the Thompson NFA [7s, 114]. The key observation is that only alternation needs to be
coded by a bit; symbols, concatenation and unfolding of Kleene-star expresssions require
zero bits. Since a bit-code represents a particular parse, a string can have multiple bit-codes
if and only if the RE (and thus Thompson automaton) is ambiguous (Definition 3.20): The
greedy parse of a string, which we are interested in, corresponds to the lexicographically least
amongst its bit-codes (Chapter s) [64].

The greedy RE parsing problem is producing this lexicographically least bit-code for a
string matching a given RE. As we saw in Chapter 6, this can be done by an optimally stream-
ing algorithm, running in time linear in the size of the input string for fixed RE [65]: The
bits in the output are produced as soon as they are uniquely determined by the input prefix
read so far, assuming the input string will eventually be accepted. The algorithm maintains
an ordered path tree from the initial state to all the automata states reachable by the input
prefix read so far. A branching node represents both sides of an alternation thatare both still
viable. The (possibly empty) path segment from the initial state to the first branching node
is what can be output based on the input prefix processed so far, without knowing which of
the presently reached states will eventually accept the rest of the input. This works for all reg-
ular expressions and all inputs; e.g., it automatically results in constant memory space con-
sumption for REs that are deterministic modulo finite look-ahead, e.g. one-unambiguous
REs [25].

Let us step back a bit. It is possible to aggressively (“earliest possible”) and efficiently
stream out the bit-code of the greedy parse of an input string under a given regular expres-
sion as the input is streaming in: worst-case linear time in the input string size, no back-
tracking and each input symbol can be processed in time O(m), linear in the size of the
RE and of its Thompson NFA. (Here it is critical that Thompson NFAs have e-transitions
since equivalent e-free automata require £2(m logm) transitions [128] and standard e-free
NFA-constructions [9, 59, 81] even (m?).)

Coming back to our syntax highlighting problem, we can use this algorithm to parse the
input, build the parse tree from the bit-code and recursively descend it to perform the syn-
tax highlighting. We might (correctly) suspect that the highlighting can be done by piping
the bit-code into a separate highlighter process, eliding the materialization of the bit-code.
In this chapter we show that we can do better yet: The algorithm can be generalized to
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simulating arbitrary non-deterministic finite-state transducers, NFAs with output actions.
Furthermore, we can compile their non-determinism away by producing theoretically and
practically very efficient streaming string transducers [3—s5].

7.1 Contributions

We present the following contributions in this chapter:

* Anaggressively streaming algorithm for non-deterministic finite state transducers (FST5)
for ordered output alphabets, which emits the lexicographically least output sequence
generated by all accepting paths of an input string. It runs in O(mn) time, for au-
tomata of size m and inputs of size n.

An effective determinization of FSTs into a subclass of streaming string transducers
(8ST) (3], finite state machines with string registers that are updated linearly when
entering the state upon reading an input symbol. The number of registers required
adapts to the number of output actions in the FST: The fewer output actions the
fewer registers. In particular, without special-casing, no registers are generated—yielding
a deterministic finite automata (DFA).

An expressive declarative language, Kleenex, for specifying FSTs with full support
for and clear semantics of unrestricted nondeterminism by greedy disambiguation.
A basic Kleenex program is a context-free grammar with embedded semantic output
actions, but syntactically restricted to ensure that the input is regular.’ Basic Kleenex
programs can be functionally composed into pipelines. The central technical aspect
of Kleenex is its semantic support for unbridled (regular) non-determinism and its
effective determinization and compilation to SSTs, thus both highlighting and com-
plementing their significance.

Animplementation, including some empirically evaluated optimizations, of Kleenex
that generates SSTs and sequential machines rendered as standard single-threaded C-
code, which is eventually compiled to X86 machine code. The optimizations, which
are neither conclusive nor final, illustrate the design robustness obtained by the un-

derlying theories of ordered FSTs and SST.

Use cases and examples that illustrate the expressive power of Kleenex, and a per-
formance comparison with related tools, including Ragel [142], RE2 [139], and spe-
cialized string processing tools. These document Kleenex’s consistently high perfor-
mance (typically around 1 Gbps, single core, on stock hardware) even when compared
to expressively more specialized tools with special-cased algorithms and tools with no
or limited support for non-determinism.

7.2, Transducers
The semantics of Kleenex will be given by translation to non-deterministic finite state trans-

ducers, which are finite automata extended with output in a free monoid. In this section, we
will recall the standard definition (see also Chapter 3 and the standard work by Berstel [18]).

"This facilitates avoiding the Q(M (n)) lower bound for context-free grammar parsing, where M (n) is the
complexity of multiplying n X n matrices.



110 CHAPTER 7. KLEENEX: DETERMINIZATION OF TRANSDUCERS

Since Kleenex is deterministic, we also need to define a disambiguated semantics which al-
lows us to interpret any non-deterministic transducer as a partial function, even when it
may have more than one possible output for a given input string.

In the following, an alphabet is understood to be a finite subset {0,1,...,n — 1} C N
of consecutive natural numbers with their usual ordering. The alphabets ¥ and I called
the inpur and outpur alphabets, respectively. We recall some definitions about finite state
transducers and paths through them from Chapter 3.

Definition 7.1 (Finite state transducer). A finite state transducer (FST) over ¥ and I is a
six-tuple

F=(Q,=,T,¢", ¢ A)
where
* @ is a finite set of states;
- ¢", ¢ € Q are the initial and final states, respectively;
c ACQx(EU{e}) x (T'U{e}) x Q is the rransition relation.
We write g ﬂ ¢ whenever (¢, x,y,q’) € A.

Definition 7.2. The support of ¢ € @ is:

soppla) = {w € £ | 3¢.0.0 2 ¢ ).

A parhin F is a sequence of transitions (Definition 3.27):

x1|y1 z2|y2 Zn|Yn
q1 ‘e n-

It has input label u = x129...2y, and output label v = y1Ya...yn. We write qo ;&g qn ifa
path from ¢q to ¢, with input label u and output label v exists.

Definition 7.3 (Normalized FST). An FST F is normalized if for every state ¢ € Q) r, either

supp(q) = {¢} or supp(q) C X,
and supp(g¥) C ¥. If supp(q) C ¥ we write q J.

In other words, a g such that g | is a state with no outgoing e-transitions but possibly
with outgoing symbol transitions.

The formulation of our simulation algorithm in Section 7.4 becomes simpler when re-
stricting our attention to normalized transducers, since we can take advantage of the follow-
ing separation property:

Proposition 7.1. If F is normalized, then

uv|z
pw\ rl,

for v # €, if and only if there exists a q such that z = xy and

pi‘*ﬁqiﬂ%ry
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Proof. Let a path in a normalized FST F be given:

pmri

Asv # eitmust be the case that after reading u the state 7 from which the first symbol in
v is read has a character transition. Because F is normalized, if 7 has a character transition
it has only character transitions: 7 . Therefore,

u|x vy
p~rqlrd.
The other direction follows immediately. O
Definition 7.4 (Relational semantics). An FST F denotes a relation

[F] € ©* x I*

with (u,v) € [F] ifand only if g™ BAMA g,

The relations definable as FSTs are the rational relations [18]. In the special case where
for any u € X* there is at most one v € I'* such that (u,v) € [F], the transducer
computes a partial function.

Any FST F can be translated to an equivalent normalized FST: For any state ¢ in F that
has both €- and character-transitions, add an extra state ¢’, move the character transitions
from ¢ to ¢’ and make a new e-transition from ¢ to ¢’. Now ¢ has only e-transitions and ¢/
has only character transitions.

In the following we give a refined semantics which allows us to interpret any FST as de-
notinga partial function, using the assumed ordering on alphabets to disambiguate between
outputs. As usual, our semantics requires restricting paths to be non-problematic [57] (Def-
inition 3.28): If a path contains a non-empty loop

, €,

q ~q
with empty input label, then the path is said to be problematic. If not, it is non-problematic.
If there is a non-problematic path from ¢ to ¢’ with labels u, v, then we write a subscript

on the arrow:
ulv

q ~7np q/-

The output words (elements of I'*) are lexicographically ordered. Thatis, wy < wy if
either:

* wy & wa, wy is a prefix of wa, or

+ there exist words w’, w}, w) and symbols by, bs € I'such thatw; = w'byw], we =
w’b2w§ and by < bs.

We use the ordering on output words to choose a single path from a non-empty set of paths:

Definition 7.5 (Functional semantics). Any transducer F denotes a partial function
[[f]]g: ¥ = TI*uU {@}

[F]<(u) = min { g qﬁn} |
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Why the restriction to non-problematic paths? Consider the following transducer:

<‘6\0
@)

. alv
mm{” | a1 th} =0,

as evidenced by the following infinitely descending chain of outputs: 1 > 01 > 001 >
0001 > .... Operationally, such a chain corresponds to a non-terminating backtracking
search. On the other hand, the number of non-problematic paths with a given input label is
always finite, ensuring well-foundedness of the lexicographic order. Every problematic path
has a corresponding non-problematic path with the same inputlabel. We therefore have the

following property:

Then

Proposition 7.2. dom([F]<) = dom([F]).

Proof. For any input w € dom([F]) the set of paths through F will either only contain
non-problematic paths or it will contain some problematic paths. In the former case we are
done, and in the latter case we can just use the fact that w - € = € - w = w to remove the
non-problematic paths. O

Kleenex

The core syntax of Kleenex is essentially that of right linear grammars extended with ouzpur
actions and choice operators. Semantically, a Kleenex program denotes a function which
transforms an input string from a regular language into a sequence of action symbols, with
the caveat that if the input grammar is ambiguous, then the production rules are chosen
according to a greedy leftmost disambiguation strategy.

We will first present the abstract syntax of core Kleenex, which is given a semantics in
terms of the transducers introduced in Section 7.2.

Definition 7.6 (Kleenex syntax). Let 3 and I" be two alphabets. A Kleenex program is a
non-empty list p = dod; ... d, of definitions d;, each of the form N;:=t;, where ¢; is a
term generated by the grammar:

te=1|N|at]|"b"t|tolt

In the above, IV is assumed to range over some set of non-terminal identifiers { N1, ... , N, },
a € X over input symbols and b € I over output actions.

We restrict the valid Kleenex programs to those where there is at most one definition for
each non-terminal identifier.

Let p be aKleenex program over non-terminals { N1, . . ., N, }. We define a set of states
Qp and two transition relations Eg, EZ(,: as the smallest sets closed under the following rules:

Ni € Qp
Nler tiEQp (Ni,e,e,ti)eE;;\ﬂEg

(Ni = ti)

at €@y
teQy, (at,a,et)€ ES (at e €t)c EN
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e T Zj:n :;zj Niain := Nodd | Neven
odd = ~/aa/ "bb" odd Nogd :=aa"b" "b" Nogd
| e |"c"a1
even T ~/a/ "c" even Nsven c=q e Neven | g
"b"
aje~a/e e/e €/e €/e €/b
€/0 @ 0/6 @*—>0—>

€e/1 .J:@a—/; o 1/e .JZ.JE /e

Figure 7.1: In the top left is a Kleenex program in the surface syntax and on the right is the
desugared version. Below, the oracle transducer and action machine is shown, from left to
right. The transduction realized by the program maps a2 1 t0 b27¢, and a2" 12 to 2",
respectively.

= Qp
te€Q, ("0 teat)eEC (b hebt) € BA
tolts € Qp
{t07t1} g Qp (toltlaG;O,to)» (t0|t1,6717t1) S E;:
(t0|t150767t0)7 (tOItla 1>€7t1) € Eﬁ

The sets are easily seen to be finite. They define two transducers, an oracle
]:;E = (27{071}7621)7]\]17 17E1(J:)
and an action machine
A A
‘/—:p = ({05 l}aFvaaNh 17Ep)a

where ]:1/,\ is easily seen to be deterministic, and .7:15 is non-deterministic and possibly am-
biguous. Intuitively, the oracle translates an input string to a set of codes for the possible
paths through p which reads the given string. The action machine translates a code to a
sequence of actions.

Disambiguating according to the greedy leftmost strategy corresponds to choosing the
lexicographically least code (Chapter s), and we can thus define the semantics as follows:

Definition 7.7 (Kleenex semantics). Let p be a Kleenex program and let ]:]S and .7:;\ be
defined as above. The program p denotes a partial function

[p]: % — T U {0}
[p) = [T, o [T ] <

Figure 7.1 contains a small example of the oracle and action machines. Combining the
machines in the figure corresponds to following the leftmost path through this automaton:
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aje afe €/b
€/e o—>0—>0—>

e/b

Syntactic Sugar

The full syntax of our language is obtained by extending the syntax of core Kleenex with
the following term-level constructors:

tu=...| " | /el | ~t|to -ty |tx]|t+]| 17
| tdn} | t{n,} | t{,m} | t{n,m}

where v € I'", n,m € N, and e is a regular expression. The term "xyz..." is just
shorthand for a sequence of action symbols. The regular expressions are special versions
of Kleenex terms that do not contain identifiers. They always desugar to terms that output
the matched input string: The sugared term /e/ adds a default action "ov(a)" after every
input symbol a in e using a given default action map o: ¥ — I'. For example, the reg-
ular expression /a* | b{n,m}|c?/ becomes the term (a"a")*|(b"b"){n,m}|(c"c")?.
A suppressed subterm is written ~t, and it desugars into ¢ with all action symbols removed.
Composition tg - t1 allows general sequential composition instead of the strict cons-like
form of the core syntax. The operators -*, -+ and -7 desugar to their usual meaning as regu-
lar operators, as do operators -{n2}, -{n,}, -{,m}, and -{n,m}.

By convention, the nonterminal named main is the entry point to a Kleenex program.

The desugaring can be described more precisely by a desugaring operator D[+, -]. The
result of desugaring a program p = dj . . . d,, with initial term N; :=1; is a program with
initial term N1 :=D[t1, 1] which furthermore is a solution to the equations in Figure 7.2.
The system does not always have a well-defined solution: The generalized composition op-
erator of sugared Kleenex allows one to write non-regular grammars, for example:

main := "a" main "b" | 1

A program that does not have a well-defined desugaring is not considered to be well-formed,
and we will not attempt to give it a semantics.

Custom Register Updates

The full Kleenex language as implemented in the Kleenex compiler* also supports register
actions:

tu=...|R@t|!'R

[ LR<(R["0")]
[ LR+=(R [ "0")]

*https://github.com/diku-kmc/repg
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D[1,k] = D[~1,&] = k
D[y .. bp" k] = "by" ... "bu k
D[~("b" t), k] = D[~t, k]
Dlat, k] = a D[t, k]
D[~(at),k] = a D[~t, k]
D[~(tolt1), k] = D[~to, k]I D[~t1, k]

D[N, k] = Npii k] (where N :=t)
D[~N,k] = Np[-t.x] (where N :=1t)
D[/e/, k] = Dlte, k]

D[to - t1, k] = D[to, D[t1, k]]
Dltolt1, k] = D[to, k] 1 D[t1, k]

D[t*, k] = D[t, D[t*, k]] 1 k

D[t+, k] = D[t, D[t=, k]]

D[t?, k] = D[t, k] | k

D[t{n},k] =D[t-...- L, K]

D[tn, 1 k] = Dt - ...t -t% k]
Dlt{in,m¥, k] =Dt ... - t-t7-... - t?, K]

Figure 7.2: Desugaring operator. A non-terminal name N; on the right-hand side of an
equation implies the presence of a definition V¢ := ¢, and the term ¢, corresponds to the
regular expression €.

where R is a lower-case register name. They allow a rudimentary support for expressing
“variables” in Kleenex programs without breaking the semantic link to right-linear gram-
mars: Intuitively, these constructs allow one to store actions and perform them later. Writ-
ing R @t redirects all actions that would have resulted from running ¢ into the register R,
which can be performed later by writing ! R. The register R can be either set to a sequence
of actions (R | "v")* or appended with them, using the <= and += construct, respectively.

Register actions were developed as part of Seholm and Terholm’s Master’s thesis [131].
The semantics of register are specified in detail in their work using what they call ordered fi-
nite action transducers (OFATs)—here we will just outline the general ideas. The main point
with OFAT: is to lay bare the underlying layer of SST registers at the FST stage. As outlined
in Chapter 3 and discussed later in this chapter, Thompson FSTs can be determinized into
streaming string transducers, an automaton model with a concept of register. However, the
registers are introduced only as artefacts of the determinization procedure, notasa reflection
of a programmer’s direct intention. This is the difference to OFATSs: they contain a set of
registers that are carried over into the SST in the SST construction. As a result, the addi-
tion of these custom register updates do not change the underlying mathematical model of
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Kleenex.

An example of a Kleenex program that uses the register actions is the following that
swaps two input lines by storing them in registers a and b and outputting them in reverse
order:

main := a@line b@line !b l!a

/["\n]*\n/

line :

Simulation and Determinization

In this section, we specify an algorithm for simulating FSTs under the functional semantics,
allowing us to efficiently evaluate the oracle transducer defined in Section 7.3. We also show
how the simulation algorithm can be implemented by finite deterministic streaming string
transducers [ 4] whose states are identified by equivalence classes of simulation states. The
latter construction gives a deterministic machine model for Kleenex programs which can be
compiled to efficient code that can be executed on hardware.

We note that non-deterministic transducers are strictly more powerful than their de-
terministic counterparts, and can thus not always be determinized. Determinization pro-
cedures exist [16, 115] which result in a deterministic transducer with an infinite state set
in the general case, and a finite state set if and only if the underlying transduction is sub-
sequential [18, 129], i.e., if it is realized by a subsequential transducer, a transducer without
e-transitions and with final output words associated to the accepting states. The oracle trans-
ducers of Kleenex programs are not subsequential in general—the oracle in Figure 7.1 is an
example of this. Our simulation algorithm is also different from the existing methods for
determinizing transducers by also taking disambiguation into account.

In the following we fix a transducer 7 = (Q, X, T, ¢'", ¢ A). We will assume that
F is normalized, and that it furthermore satisfies the following property:

Definition 7.8 (Prefix-free transducer). A transducer JF is said to be prefix-free if for all
P,q,q € Qr where supp(q), supp(¢’) C X we have thatif

x|y Ily/ /
p~>q and p—~q

theny A /.

It is easy to verify that the oracle transducers constructed Section 7.3 are both normal-
ized and prefix-free. Note that they will always have A = {0, 1}, but our construction
generalizes to oracle alphabets of all sizes.

Generalized State Set Simulation

Let D be a finite and totally ordered set, and write S(D, () for the set of partial functions
@ — D* U{0}. Elements A € S(D, Q) can be seen as generalized subsets of () where
every member ¢ is labeled by some element A(¢q) € D*,and every non-member has A(q) =
(). We extend word concatenation in D* to the set D* U {()} by setting

z2-0=0=0-=x.

Foru,v € D* U {0}, write w T v if u is a prefix of v (Definition 2.8). Write w T v if
u & vand u # v. Let u A v refer to the longest common prefix of u and v:

u/\vdéfﬂ{u,v},
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i.e., the longest p such that u = pu’ and v = pv’ for some v, v’. Note that in view of this
definition, () becomes a neutral element withu A ) = u = 0 A u.
We define a 7ight action on the generalized state sets as follows:

Definition 7.9 (Right action). Let A € S(D,Q) and u € X*. The right action on
S(D, Q) is:

28D, Q) x X - S(DUT,Q)
(40 = min { A |0 01
When D = T therightactionisamap S(I', Q) x £* — S(I', Q). Itis easily seen that
the right action is related to the functional semantics in the following way:
Proposition 7.3. Let A(q) = € if ¢ = q™ and A(q) = 0 otherwise. Then
(4-u)(¢™) = [Fl<(w).

A generalized subset A € S(D, Q) is prefix-free if A(p) € A(g) forallp,q € Q
(Definition 2.10). When F is normalized and prefix-free, the right action preserves prefix-
freeness of generalized subsets and commutes with word concatenation:

Proposition 7.4. If F is normalized and prefix-free and A is prefix-free, then for allu,v €
¥,

1. A - is prefix-free, and
2. (A-u)-v=A uv.

Proof. The first property follows directly by A and J being prefix-free. For the second, we
have forr € Q,

(A0 0)(r) = min { (- )@ | 4=20p 7 1}
= min {min {A(p)x |p an q i} yla an r i}

= min {min {A(p)xy | p wuvlzﬁ*np q i} | q f’}“’y_’np r i} (7.1)

= min {A(p)wy [Py g 4oy i} (72)
= min {A(p)z | p %np r i} (7.3)
= (A - uv)(r).

Equality (7.1) isa consequence of the fact that A and F are prefix-free and Lemma 2.2. Equal-
ity (7.2) is just associativity of minimum, and equality (7.3) follows from Proposition 7.1and
the fact that F is normalized. O

Forz € D*and A € S(D, Q), definexA € S(D,Q) by (zA)(q) = z(A(q)). We
say that x is a prefix of A if A = xA’ for some A’, which is equivalent to  being a prefix
of every A(q). The right action commutes with the prefix operation:
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Proposition 7.5. Let & € D*, then (xA) - u = x(A - u) for allu € ¥*.
Proof. Follows from the fact that lexicographic ordering satisfies

min{zy |y €Y} =2 minY. O

Streaming Simulation Algorithm

A streaming simulation algorithm on JF processes an input from left to right and may write
zero or more symbols to the output in each step.

Definition 7.10 (Streaming FST simulation). Let F be a normalized and prefix-free trans-
ducer, and let the input u = aq1as - - - a, be given. Let Ay € S(I', Q) be defined as in
Proposition 7.3. Reading symbol a;, compute B; = A; - a;41. Appendp; = /\qu B;(q)
to the output stream and set A; 11 = B, where the equality B; = p; B} defines B]. When
there are no more input symbols left, append (A, - €)(¢™") to the outputand return, or fail

if (A, - €)(¢f") = 0.

By Propositions 7.3, 7.4, and 7.5, the algorithm computes [F]<(w). This algorithm
is essentially the same as Algorithm 1 from Chapter 6, with the caveat that no coverage re-
lation is used here. Therefore, it is not optimally streaming in the sense of Definition 6.4,
which Algorithm 1 is. However, the full coverage relation is expensive to compute (Propo-
sition 6.1), and we conjecture that it will only make a difference in pathological cases, such
as the example in Figure 6.3.

A Deterministic Computation Model

We wish to translate Kleenex programs to completely deterministic programs without a sim-
ulation overhead.

As discussed above, the oracle transducers that are constructed from Kleenex programs
are not subsequential in general, and so they cannot be determinized to finite state transduc-
ers [18, 129].

We turn instead to streaming string transducers (4] (SSTs), a deterministic model of com-
putation which generalizes subsequential transducers by allowing copy-free updates to a fi-
nite set of word registers. It turns out that every transducer that can be simulated by our
generalized state set algorithm can be expressed as an SST.

Definition 7.11 (Streaming string transducer [3-6]). A deterministic streaming string trans-
ducer (SST) over alphabets ¥ and I is a structure

(Q,2,1,X,4", F,6',6%),
where
+ @ is s a finite set of states;
* X is a finite set of register variables;
¢ € Qis the initial state;

* F: Q — (TUX)*U{0} isa partial function mapping each final state ¢ € dom(F)
to aword F'(q) € (I' U X)* such that for each g, each € X occurs at most once
in F(q);



7-4-4

7.4. SIMULATION AND DETERMINIZATION 119

-+ 81 Q x ¥ — Q is the transition function;

+ §2: Qx X x X — (TUX)* is the register update function such that foreach g € Q,
a € Yandz € X, thereisat mostoney € X such that x occurs in 62(q, a, y).

The semantics are defined as follows.

Definition 7.12 (Configuration, valuation of SST). A configuration of an SST S is a pair
(q, p) where ¢ € Qs is a state, and

p: XS — T
is a valuation. A valuation extends as a monoid homomorphism to a map
p: (XsUD)* T~

by setting p(z) = z for x € I. The initial configurationis (¢, p™) where p"(x) = e for
alz € Xs.

A configuration steps to a new configuration given an input symbol:

3s((¢,p)sa) £ (65(q. a), p'),

where p'(z) = p(6%(g, a, ). The transition function extends to a transition function 5%
on words by

05((g,p), €) = (g, p)
(5§((q,p), CLU,) = 62‘(58((% P), a)vu)'

With these definitions, we can formulate the semantics of an SST.
Definition 7.13 (SST semantics). The partial function denoted by an SST S is:

[S]: &% = T* U {0}

P (Fs(q)) if6*((g", p"),u) = (¢, p')
[S](u) = and ¢’ € dom(Fs)

undefined  otherwise

Tabulation

We need to come up with a representation of our streaming simulation algorithm as an SST
with a designated register used for streaming output. Our representation needs to satisfy
the property of being finite state as well as the property that the ouzput register contains the
output pipa...p; of the algorithm in Definition 7.10 after reading the ith input symbol a;.
The latter requirement means that we must somehow statically encode the prefix structure
of all potential outputs in the states of the SST, since SSTs cannot access the contents of
registers. It turns out that this is possible by letting the states of the SST be equivalence
classes of generalized state sets, where the equivalence relates state sets that agree on state
ordering and prefix structure.
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Trees

We will call a prefix-free generalized state set A an ordered tree with node set

Na={A(p) NA(q) | p.q € Q,A(p) N Alq) # 0} .

Under this view, the leaves of A seen as a tree is the subset of nodes

La={A(q) |q€Q,A(q) #0} C Na,

and the leaves are labeled by A™': L4 — {0, 1}Q. Because A is assumed prefix-free, we
have for any nodes x,y € N4 that z T y if and only if there isa 2 € N4 such that
x = y A z. In this case x is called an ancestor of y and z, which in turn are called the
descendants of x. Importantly, the root node of any (sub)tree is the longest common prefix
of its descendants.

Example 7.1. We illustrate the tree interpretation as follows. Consider the oracle transducer
from Figure 7.1. Let Ag be the generalized state set that maps Ny,qir to € and every other
state to (). Then the state sets Ag - @ and Ay - aa can be seen as trees in the following way:

Ag-a: Ay -aa:
€ — 00 000 {a1}
NS ?ﬁ} Ge N T o000 )
= 10 — 100 - 1000 {a4}
10 — 100 {a4} ~
~ 1001 {as}
101 {as} 101 {1}

We will consider two generalized state sets to be equivalent if they are indistinguishable
as ordered trees.

Definition 7.14 (Ordered tree isomorphism). Let D1, Dj be totally ordered and let A; €
S(D1,Q)and Az € S(D3, Q) be trees. An ordered tree isomorphism between A and As
is a bijective map h: N4, — Ny, such thatforall p,q € Q:

. h(A1(p) A A1(q)) = Az(p) A Az(q); and
2. A1(p) < Ai(q) ifand only if A3(p) < Az(q).

We write h: A1 = Aj and say that Ay and Ay are equivalent when h is an ordered tree
isomorphism between A; and Aj. Tree equivalence is preserved by the right action:

Proposition 7.6. If A € (D1,Q),B € (D2,Q) and h: A = B then for all a € 3, we
have A-a = B - a.

Proof sketch. Since h is an order isomorphism and since A and B are prefix-free, we have
forall ¢ € Q exists p; € Q and y, € T'™* such that (4 - a)(q) = A(pg)y, and

(B - a)(q) = h(A(pq))Yq-
Observe that for any n € N 4., there exists q1, g2 € @ such that
n=(A-a)(q)A(A-a)(g2)

_ A(QI)(yql A yqz) if A(q1) = A(Qz)
A(q1) N A(g2) otherwise
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Furthermore, there does not exist g1, g2, 71, 72 € @ such that

A(q1)(Ygr N Ygo) = A(r1) A A(r2),

since that would imply that A(gy) is a prefix of A(r1) and A(rz). We define a map such
that forall g1, g2 € Q,

h': Naa— Npa

h(A A if A =A
h’((Aa)(ql)/\(Aa)(qg)) _ ( (ql)(yQI yQ2)) (ql) (q2)
h(A(q1) N Alg)) otherwise.
This is a well-defined function by the previous observations, and a tree isomorphism by the
fact that h is a tree isomorphism. O

Canonical Representatives

Definition 7.15 (Canonical generalized set). A generalized set A € S(D, Q) is canonical if
1. mg(A) is prefix closed: if y € mg(A) and z C y then = € rng(A); and

2. mg(A) is downwards closed: if xb € mg(A) for b’ < bthen zb’ € rg(A) (for
bV €T).

Write S (D, Q) for the subset of canonical trees. The set is finite, as every canonical tree
A has a prefix closed node set, so the longest word in IV 4 is bounded by [dom(A)| — 1 (the
maximum depth of a tree with |dom(A)] leaves).

Any tree has a canonical representative:

Proposition 7.7. For any set D and tree A € S(D, Q), there is a unique C € g(JN, Q)
with A = C.

As a consequence, there is a reduction map

such that A = B if and only if [4] = [B], implying that the quotient set S(D, Q)/=
must be finite. Any A € S(D, Q) is thus canonically represented by a homomorphism
ha: Niaj — Nasuchthat A = ha o [A]

In view of Proposition 7.6, this means that we can statically enumerate all possible trees
up to tree isomorphism by computing with the canonical representatives. Any concrete
tree reachable by the simulation algorithm is an instance of a canonical tree composed with
a suitable homomorphism. An SST implementing the simulation algorithm can thus take
the set of canonical trees as its states, and will then need to maintain the associated homo-
morphism via register updates.

Paths

We need to represent tree homomorphisms using SST registers such that the effect of com-
puting right actions on the underlying tree can be expressed as SST updates.
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Foratee A € S(D,Q), any node z € N4 has a unique maximal decomposition
T = Ty - Ty such thateach zgz; - z; € Ny foral 0 < ¢ < n. Intuitively, this
reflects the full path from the root node to the node x, and we can define the map

path,: Ny — N}

path 4 (z) = (zo, Tox1, ..., Tox1 " Tp),

which maps nodes to their maximal path decomposition (we use the tuple notation to dis-
tinguish between the two levels of monoids). In view of this and the fact that homomor-
phisms must preserve descendants, for any homomorphism h: A = B there is a unique
Kp: Nao — Npsuch that

W) = kn(to)rn(ta) - - rn(tn), (74)

where path 4 (z) = (to,%1,...,tn). Intuitively, k can be seen as a “differential” represen-
tation of h, representing the change of h between a node and its immediate ancestor. By
viewing £, asamap N4 — D which extends uniquely to a monoid homomorphism

—_ * *
Rp NA—>DB’

we obtain h = K}, o path 4. Considering the unique isomorphism h4: [A] = A, write
k 4 for the associated decomposition satisfying (7.4), and we thus have

The path-operator is easily seen to be a tree isomorphism since it preserves node order-
ing and prefix structure. Thatis, for any A € S(D, Q), we have path 4 : A = A* where
A* € S(Np, Q) is defined by A* = path 4 o A. Using this notation, (7.5) becomes

A=FzolA]. (7.6)

SST Construction

We construct an SST implementing the FST simulation algorithm and sketch a proof of its
correctness.

Theorem 7.1. For any normalized prefix-free transducer F = (Q, %, T, ¢", g™, A), there
is an SST S such that [S] = [F<.

Proof. We define S as follows. Let Ag be defined as in Definition 7.10, and observe that
Ap € S(IN, Q). The states are the canonical trees labeled by Q):

Qs = {[A]| A€ S(I,Q)}U{Ap} C S(N,Q),
% (q) = Ao(q)

The registers will be identified by canonical tree nodes:

Xs=|J{Ne | Ceqs).
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The final output and the transition maps are given as follows:

Fs(C) = (C* - €)(¢™),
05(C,a) = [C - dl,

if N,
53(Ca, ) = {“Cﬂ»a@”) ifz € Nicz.a

€ otherwise
We claim that S computes the same function as 7 under the functional semantics.
Foru € ¥* let (Cy, py,) refer to the value 8% ((¢', p™), u) = (C;, p;). We show that

forany u € £*, we have p,, o (CF, - €) = Ag - u. Suppose that this holds. Then for any
u € X*, we have by the above and Proposition 7.3 that

[S1(u) = pu(Fs(Cu)) = pu o (CL - €)(¢™) = (Ao - u)(a) = [Fl<(w).

Our claim follows as a special case of Lemma 7.1. O

Lemmaz.r. Let A € S(T,Q) and p: Xs — U* such that A = p o [A]f. Then for any
u € ST with 65(([A], p),u) = (C, p') we have p o C* = A - u.

Proof. By induction on u. Foru = awehave C = [[A] -a] = [A-a]and p’ = pok[4)s.q-
We can easily verify that P =po R[A]t.q so forany g € Q,

= (min {L4F Gy | 9201}

min {ﬁo ARy | p-0 g ¢}

min {A(p)y 1P q i}
=(4-a)(q).

The second equality follows by observing that A = [A] = [A]*, so by Proposition 7.6, we
have A - a = [A]* - a and thus [A - a] = [[A]* - a]. Therefore,

Riaja © [A-aff = Riapg o [[AF - af = [AF - a

by using the identity (7.6). The fourth equality is justified by the fact that [A]*(p) <
[A)¥(q) if and only if A(p) < A(q).

Foru = au’ whereu' # ¢, wehave (C, p’) = 65(([A-a], pok|aj:.o)- By the previous
argument we can apply the induction hypothesis, and we obtain C' = [(A4 - a) - v/] and
p'oC% = (A-a)-u. The result then follows by Proposition 7.4. O

Example 7.2. We illustrate how the construction works by showing how Example 7.1 is im-
plemented as an SST update between states [Ag - a] and [A - aa]. The register update is
obtained by computing K[ 4,.q]#.q- The tree [Ag - a]? looks as follows:
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(€) - (¢,0) - (€,0,00) {az}
AN (€,0,01) {1}

(a T) < (a T, E) {a4}

(E’ Tv ﬁ) {a5}

Recall that each node is a full path in the canonical tree [Ag - a]. The node names from
N\ 4,-q) are overlined and elements of the path monoid N[’;‘O.a} are written (21, o, . ..).

The tree [Ag - a]® - alooks as follows:

(¢,0,00) ——— (¢,0,00,0){a1}

SO (@000 e

(e.1) — (¢,1,10) - (¢,1,10,0) {as}
(€,1,10,1){as}
(6,1,11) {1}

®

Note that symbols that are not overlined are output symbols from I'. The map
K = Klag-a)t-a’ Niag-aa) = (Nagq) UT)*

gives us the relevant SST update strings:

k' (€) = (¢) x'(0) = (0,00) x'(00) = 0
W/(0T) = 1 W(T) = (1) /(T0) = (T0)
k' (100) = 0 k' (101) =1 k' (11) = (11)

The full construction of an SST from the oracle transducer in Figure 7.1 can be seen in
Figure 7.3.

Implementation

Our implementation compiles a Kleenex program to machine code by implementing the
transducer constructions described in the earlier sections. We have also implemented several
optimizations to decrease the size of the generated SSTs and improve the performance of the
generated code. We will briefly describe these in the following section, and we note that they
are all orthogonal to the underlying principles behind our compilation.

The possible compilation paths of our implementation can be seen in Fig. 7.4.

Transducer Pipeline

It is possible to chain together several Kleenex programs in a pipeline, letting the output of
one serve as the input of the next. This can for example be used to strip unwanted characters
before performing a transformation. By using the optional pipeline pragma:

start: t; >>...>>1t,,

a programmer can specify that the entry point to the program is ¢; (instead of main) and
that the output should be chained together as specified, with the final output being that
of t,,. The current implementation does this by building separate transducers for each ¢;
running them as separate processes connected with UNIX pipes.
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Figure 7.3: Example of SST computing the same function as the oracle transducer in Fig-
ure 7.1. Each transition is tagged by a register update, and the nodes of the canonical tree
identifying the destination state make up the registers. The wide arrows exiting the accept-
ing states indicate the final output string. Note that this always includes the root variable (€)
which thus acts as an interface for streaming output (although for this particular example,
nothing can output until the end of the input).

translace Symbolic Oracle+Action FSTs

clang pipeline LA < > LLA
e
machine code ‘ ’ C code ‘ ’ Symbolic SST+Action FST ‘
gcc

inline (woACT)  constant propagation

Figure 7.4: Compilation paths. 1-LA is symbolic SST construction with single-symbol tran-
sitions; k-LA is construction of SST with up to k symbols of lookahead for some k deter-
mined by the program. The “pipeline” translation path indicates that the resulting program
keeps the oracle SST and action FST separate, with data being piped from the SST to the
FST atruntime. The “inline” path indicates that the action FST is fused into the oracle SST.
Programs compiled with this path have the suffix “woACT” in the performance plots.
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Inlining the Action Transducer

When we have constructed the oracle SST we end up with two deterministic machines
which need to be composed. We can either do this at runtime by piping the output of
the oracle SST into the action FST, or we can apply a form of deforestation to inline the
output of the action FST directly in the SST (this is straightforward since the action FST
is deterministic by construction). The former approach is advantageous if the Kleenex pro-
gram produces a lot of output and is highly nondeterministic. We have implemented both
approaches, and discuss their strengths and weaknesses in Section 7.6.3.

Constant Propagation

The SSTs generated by our construction contains quite a lot of trivial register updates which
can be eliminated in order to achieve better run-time efficiency. Consider the SST in Fig. 7.3,
where all registers but (0) and (1) are easily seen to have a constant known value in each state.
Eliminating the redundant registers means that we only have to maintain two registers at
run-time.

We achieve this by constant propagation: computing reaching definitions by solving a
set of data-flow constraints. As this is a quite standard technique, we will discuss it further
here, but refer to existing text books [10].

Symbolic Representation

Text transformation programs often contain idioms with a very redundant representation as
pure transducers. For example, a program might match against a whole range of characters
and proceed in the same way regardless of which one was matched. This will, however, lead
to a transition for each concrete character in the generated FST, even though all transitions
have the same source and destination states. For large ranges, like all ASCII characters, this
causes poor performance.

A more succinct representation can be obtained by using a symbolic representation
of the transition relation by introducing transitions whose input labels are predicates, and
whose output labels are zerms indexed by input symbols. Replacing input labels with pred-
icates was described by Watson [148]. Such symbolic transducers have been developed fur-
ther and have recently received a lot of attention, with applications in verification and veri-
fiable string transformations [115, 144, 146, 147].

Our implementation of Kleenex uses a symbolic representation for basic ranges of sym-
bols in order to get rid of most redundancies. Both the simulation algorithm and the SST
construction can be generalized in a fairly straight-forward way to the symbolic case with-
out altering the fundamental structure, so we have omitted the details of this optimization.
Instead, we refer the reader to the cited literature for the technical details of symbolic trans-
ducers.

Finite Lookahead
A common pattern in Kleenex programs are definitions of the form

token := ~/abcd/ commonCase | ~/[a-z]+/ fallback

that is, a specific pattern appearing with higher priority than a more general fallback pat-
tern. Patterns of this form will result in (symbolic) SSTs containing the following kind of
structure:
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qral/m\vi[”b]/m\’i[“c]/.“%[‘d]/m

The primary case and the fallback pattern are simulated in lockstep, and in each state there is

a transition for when the common case fails after reading o, 1, 2, etc., symbols. The problem
is that we are effectively specializing the fallback pattern to all of the prefixes a, ab, and abc.
With constant propagation applied, this can result in successively longer output strings from
the fallback case being present in the updates on the transitions along the primary branch,
leading to a quadratic size blow-up.

If the SST was able to look more than one symbol ahead before determining the next
state, we would be able to tabulate a much coarser set of simulation states and do away with
the fine-grained interleaving. For the above example, we would like a transition structure

like the following:
abcd/...
: [a-Zz]/...

If the first four symbols of the input are abcd, the upper transition is taken. If this is not
the case, but the first symbol is a, then the lower transition is taken. The idea is that any
string successfully matched by the primary case will satisfy the test abcd, so if the transition
with [a-z] is taken, then the FST states corresponding to the primary case can be removed
from the generalized state set and tabulation can continue with a simpler simulation state.

The semantics of SSTs with lookahead are still deterministic despite the seeming overlap
of patterns, as the model requires that any pair of tests are either disjoint (no string will
satisfy both at the same time), or one test is completely contained in another (if a string
satisfies the first test, it also satisfies the second). This restriction gives a total order between
tests, specifying their priority—the most specific test must be tried first.

Benchmarks
We have run comparisons with different combinations of the following tools:
RE2, Google’s automata-based regular expression C++ library [139].

RE2], arecent re-implementation of RE2 in Java [140].

GNU AWK, GNU grep, and GNU sed, programminglanguagesand tools for text process-
ing and extraction [136].

Oniglib, a regular expression library written in C++ with support for different character
encodings [86].

Ragel, a finite state machine compiler with multiple language backends [142].
In addition, we implemented test programs using the standard regular expression libraries

in the scripting languages Perl [30], Python [105], and Tcl [149]. Version numbers of the
tested software are shown in Table 7.1.
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Name Version
gec 4.8.4
clang 3.5.0
Perl 5.20.1
Python 2.7.9
Tcl 8.6.3
GNU AWK 4.0.2
GNU grep 2.21
GNU sed 4.2.1

GNU coreutils ~ 8.21
Oniguruma 5.9.6

RE2 GitHub: bdb5058
RE2] Lo

Ragel 6.9

DRex 20150114

Table 7.1: Version numbers of tools, libraries, etc.

Meaning of plot labels.  The plot labels for Kleenex programs indicate the compilation
path. They follow the format [<0[3>[-1a] | woACT] [clanglgccl. 0/3 indicates
whether constant propagation was disabled/enabled. 1a indicates whether lookahead was
enabled. clang/gcc indicates which C compiler was used. The last part woACT indicates
that custom register updates are disabled, in which case we generate a single fused SST as
described in 7.6.3. These are only run with constant propagation and lookahead enabled.

Experimental setup.  The benchmark machine runs Linux, has 32 GB RAM and an eight-
core Intel Xeon E3-1276 3.6 GHz CPU with 256 KB L2 cache and 8 MB L3 cache. Each
benchmark program was run 15 times, after first doing two warm-up rounds. All C and
C++ files have been compiled with -03 on both GCC and Clang.

Difference between Kleenex and the other implementations.  Unless otherwise stated, all
the non-Kleenex implemetations follow the same structure: a loop that reads the input line
by line and applies a regular expression to the line. Hence, in these implementations there
is an interplay between the regular expression library used and the external language. For
instance, in the RE2 programs, C++ control structures are used to achieve the desired behav-
jor. In Kleenex, line breaks do not carry any special significance, so the multi-line programs
can be formulated entirely within Kleenex.

Ragel optimization levels. ~Ragel is a state-machine compiler that generates C code. It im-
plements several different compilation techniques; we have compiled all Ragel programs
with the most optimized versions of each compilation technique. These are called “T1,”
“F1,” and “G2.” “T1” and “F1” causes the generated C code to be based on a lookup-table,
and “G2” means that it should be based on C goto statements.

Kleenex compilation timeout.  Some of the plots do not contain all versions of the Kleenex
implementations. This is because the C compiler has timed out (after 30 seconds). Because
our compiler performs a determinization of a non-deterministic machine, the set of states
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flip_ab (ab_lines_1en1000_250mb.txt 238.42 MB)

1,600~

Mbit/s

Figure 7.5: The program £1ip_ab run on lines with average length rooo.

can be very large in programs with a high degree of overlap. Here, the C code that is gen-
erated becomes very large, which causes the C compiler to spend more time than we have
allowed. This is a an area for future research.

Baseline

The following three programs are intended to give a baseline impression of the performance
of Kleenex programs.

Flipping “a”s and “b”s

The program f1ip_ab swaps “a”sand “b”s on allitsinputlines. Thus, any implementation
of this program is forced to inspect every single input character. In Kleenex it looks like this:

main := ("b" ~/a/ | "a" ~/b/ | /\n/)*

We made a corresponding implementation with Ragel, using a while-loop in C to get
each new input line and feed it to the automaton code generated by Ragel.

Implementing this functionality with regular expression libraries in the other tools would
be an unnatural use of them, so we have not measured those.

The performance of the two implementations run on input with an average line length
of 1000 characters is shown in Figure 7.s.
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patho2 (ab_lines_len1000_250mb.txt 238.42 MB)
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Figure 7.6: The non-streaming program patho2 run on lines with average length rooo.

A Pathological Program

The program patho?2 is inherently non-streaming: for each line of input, output can only
be made after the last character on that line has been read.

main := ((~/[a-z]*a/ | /[a-z]*b/)? /\n/)+

In this benchmark, the constant propagation makes a big difference, as Figure 7.6 shows.
Due to the high degree of interleaving and the lack of keywords, in this program the look-
ahead optimization reduces overall performance.

This benchmark was not run with Ragel because Ragel requires the programmer to do
all disambiguation manually when writing the program; the C code that Ragel generates
does not handle ambiguity in a predictable way. It is very difficult to implement highly
ambiguous text transformations with Ragel because the programmer must play the part
of the disambiguator! This exemplifies one benefit of Kleenex, namely that it is no more
difficult for a programmer point of view to express ambiguous transformations, for example
to express fallback cases.

Rewriting

In this section we study some programs that perform slightly more interesting transforma-
tions than above.
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thousand_sep (numbers_250mb.txt 238.42 MB)

1,200~
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Figure 7.7: Inserting thousand separators on random numbers with average length 1000.

Thousand Separators

The following Kleenex program inserts thousand separators in a sequence of digits:

main := (num /\n/)*
num = digit{1,3} ("," digit{3})*
digit := /[0-9]1/

We evaluated the Kleenex implementation along with two other implementations using Perl
and Python. The performance can be seen in Figure 7.7. Both Perl and Python are signif-
icantly slower than all of the Kleenex implementations; this is a problem that is tricky to
formulate with normal regular expressions. Interestingly, if one reads the input right-to-
left, it becomes trivial to formulate, as a simple greedy strategy would suffice then.

CSV Rewriting

The program csv_project3 deletes all columns except number two and five from a CSV
file. It outputs those two columns with a separating tabulation character:

main := (row /\n/)*

col := /[",\nl*/

row := ~(col /,/) col "\t" ~/,/ ~(col /,/)
~(col /,/) col ~/,/ ~col

Various specialized tools exist that can handle this transformation are included in Figure 7.8;
GNU cut is a command that splits its input on certain characters, and GNU AWK has built-
in support for this type of transformation.
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csv_project3 (csv_formatl_250mb.csv 238.42 MB)

4,000~

3,500

3,000

2,500

2,000

Mbit/s

1,500

1,000

500

Figure 7.8: The program csv_project3 readsin a CSV file with six columns and outputs
columns two and five with a tabulation character as separator. The label “gawk” refers to
GNU AWK. The tool “cut” is a command from GNU coreutils that is designed to split up
lines.

Apart from cut, which is really fast for its own use-case, the Kleenex implementation is
the fastest. The performance of Ragel is slightly lower, but this is likely due to the way the
implementation produces output: In a Kleenex program, output strings are automatically
put in an output buffer which is flushed routinely, whereas a programmer has to manually
handle buffering when writing a Ragel program.

IRC Protocol Handling

The following Kleenex program parses the IRC protocol as specified in RFC 2812.% It fol-
lows roughly the output style described in part 2.3.1 of the RFC. Note that the Kleenex
source code and the BNF grammar in the RFC are almost identical. Figure 7.9 shows the
throughput on 250 MiB data.

main := (message | "Malformed line: " /["\r\nl*\r?\n/)=*
message := (~/:/ "Prefix: " prefix "\n" ~/ /)7
"Command: " command "\n"
"Parameters: " params? "\n"
~crlf
command := letter+ | digit{3}
prefix := servername

3https://tools.ietf.org/html/rfc2812
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450, irc (irc_250mb.txt 238.42 MB)

400
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Figure 7.9: Throughput when parsing 250 MiB random IRC data.

| nickname ((/!/ user)? /@/ host )7
user := /[ \n\r @]/+ // Missing \x00
middle := nospcrlfcl ( /:/ | nospcrlfcl )x*
params := (~/ / middle ", "){,14} ( ~/ :/ trailing )7

| ¢ ~/ / middle ){14} ( / / /:/? +trailing )7
trailing := (/:/ | / / | nospcrlfcl)*
nickname := (letter | special)
(letter | special | digit){,10}
host := hostname | hostaddr
servername := hostname
hostname := shortname ( /\./ shortname)=*

hostaddr := ip4addr

shortname := (letter | digit) (letter | digit | /-/)*
(letter | digit)*

ip4addr := (digit{1,3} /\./ ){3} digit{1,3}

The Effects of Action-Separation

One can choose to use the machine resulting in combining the oracle and the action machine
when compiling Kleenex. Doing so results in only one process doing both the disambigua-
tion and outputting, which in some cases is faster and in other slower. Figures 7.8, 7.11, 7.15,
and 7.17 illustrate both situations. It depends on the structure of the problem whether it
pays oft to split up the work in two processes; if all the work happens in the oracle and
the action machine nearly does not do anything, then the added overhead incurred by the
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process context switches becomes noticeable. On the other hand, in cases where both ma-
chines do much work, the fact that two CPU cores can be utilized speeds up the program.
This would be more likely if Kleenex had support for actions which could perform arbitrary
computation, e.g. in the form of embedded C code.

Furthermore, the fact that two processes communicate over a pipe adds the factor that
the size of the bit-code transferred is not too large. In their current form, the oracle machines
only have a binary sum operator, no )  operator that can range over 7 cases. This means
that in a choice such as

m:=alblcldlelflg

there will be six direction bits per input character that should be parsed by the g case. For
implementation reasons, each direction bit is really a whole byte, so the above causes a six-
fold increase in the size of the transmitted data between oracle and action machine. This is
an effect visible in the rot 13 program (Figure 7.17).

Use Cases and Example Programs

In this section we will briefly touch upon various interesting use cases for Kleenex and show
some example programs.

JSON logs to SQL

We have implemented a Kleenex program that transforms a JSON log file into an SQL in-
sert statement. The program works on the logs provided by Issuu.* The code is shown in
Figure 7.10.

The Ragel version we implemented outperforms Kleenex by about s0% (Figure 7.11),
indicating that further optimizations of our SST construction should be possible.

Apache CLF to JSON

The Kleenex program in Figure 7.12 rewrites Apache CLF log files into a list of JSON
records.

This is a re-implementation of a Ragel program.® Figure 7.13 contains the benchmark
results. The versions compiled with clang are not included, as the compilation timed out
after 30 seconds. Curiously, the non-optimized Kleenex program is the fastest in this case.

ISO Date/Time Objects to JSON

Inspired by a regular expression “cookbook” [61], the program iso_datetime_to_json
converts date and time stamps in an ISO standard format to JSON objects. Its source code is
shown in Figure 7.14 and Figure 7.15 shows the performance compared to other implemen-
tations of the transformations.

+The line-based data set consists of 30 compressed parts and part one is available from http://labs.
issuu.com/anodataset/2014-03-1.json.xz. The script on https://github.com/diku-kmc/
repg/blob/master/test/data/issuu/download. sh can be used to fetch parts of it.

Shttps://httpd.apache.org/docs/trunk/logs.html#common

®https://engineering.emcien.com/2013/04/5-building-tokenizers-with-ragel
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main :=
"INSERT INTO issuu_log (ts, visitor_uuid, "
"visitor_useragent, visitor_country) VALUES\n"
json2sql

json2sql := object ",\n" ws json2sql
| object ";\n" ws

object := "(" ~/\{/ ws keyVals ws ~/}/ ")"
keyVals := (ws keyVal)+

keyVal :=
~/"ts"/ sep somelnt keepComma
~/"visitor_uuid"/ sep stringReplaceQuotes keepComma

I
| ~/"visitor_useragent"/ sep stringReplaceQuotes keepComma
| ~/"visitor_country"/  sep stringReplaceQuotes dropComma
| fb

fb := ~(/"/ someString /"/ sep ( /"/ someString /"/

| someInt

) (dropComma | ""))

stringReplaceQuotes := qt someString qt

qt = "'" ~/"/ // replace double with single quote
sep := ws ~/:/ ws

someString := /[""\nl*/

someInt := /-7[0-9]*/

someNumber := someInt /\./ somelnt

contryCode := /[A-Z]{2}/

// Skip whitespace
ws = ~/[ \nl*/
keepComma := ws /,/
dropComma := ws ~/,/

Figure 7.10: The Kleenex code for the Issuu JSON log file to SQL transformation.

The ROTi13 Text Transformation

The rot13 program shifts letters in the English alphabet by 13 places. In Kleenex it can be
implemented as shown in Figure 7.16.

Figure 7.17 shows a performance comparison of Kleenex and Ragel implementations of
ROT13. The fact that the deforestation optimization (woACT) makes such a big difference
on this plot is caused, as discussed in Section 7.6.3, by the fact that the input data is random,

so for all input characters except “a” the data transferred between oracle and action machine
will be multiple times larger than the input size.

BibIeX Rewriting

DReX is another tool for specifying string rewriting programs based on streaming string
transducers [3]. We have implemented some of the example programs used by the authors



136 CHAPTER 7. KLEENEX: DETERMINIZATION OF TRANSDUCERS

3.000- issuu_json2sql (issuu_140000000bjs.json 7471.78 MB)
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Figure 7.11: The speeds of transforming JSON objects to SQL INSERT statements using
Ragel and Kleenex.

main := "[" loglines? "]\n"
loglines := (logline "," /\n/)* logline /\n/
logline := "{" host ~sep ~userid ~sep ~authuser sep

timestamp sep request sep code sep
bytes sep referer sep useragent "}"

host := "\"host\":\"" ip "\""

userid := "\"user\":\"" rfc1413 "\""
authuser := "\"authuser\":\"" /[~ \n]l+/ "\""
timestamp := "\"date\":\"" ~/\[/ /["\n\11+/ ~/1/ "\""
request := "\'"request\":" quotedString

code := "\"status\":\"" integer "\""

bytes := "\"size\":\"" (integer | /-/) "\""
referer := "\"url\":" quotedString
useragent := "\"agent\":" quotedString

ws := /[\t 1+/

sep := "," ~us

quotedString := /"([""\n] [\\")*"/
integer := /[0-9]+/

ip := integer (/\./ integer){3}
rfc1413 := /-/

Figure 7.12: A Kleenex program that transforms Apache log files into a JSON format.
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apache_log (example_big.log 247.23 MB)
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Figure 7.13: Speed of the conversion from the Apache Common Log Format to JSON.

// Kleenex program to transform datetime corresponding to

// the xml schema "datetime" object. Outputs a JSON-like format.
// More or less completely taken from

// "Regular Expressions Cookbook", p. 237.

start: dateTimes

dateTimes := (dateTime ~/\n/)+
dateTime := "{'year'='" year ~/-/ "'"
" s lmonthl=l n month ,.,/_/ nin
n |dayl=l|l day ~/T/ nmin
n, lhoursl=|u hO'LlI'S ,_/:/ nin
" 'minutes'='" minutes ~/:/ "'"
", 'seconds'='" seconds "'"
n s Itzl=l n timezoue nin
Il}\nll

year := /(7:[1-9]1[0-9]1%)7[0-9]1{4}/

month := /1[0-2]|0[1-9]/

day := /3[0-1]|0[1-9]|[1-2][0-9]/

hours := /2[0-3]|[0-1][0-9]/

minutes := /[0-5][0-9]/

seconds := /[0-5][0-9]/

timezone := /Z|[+-](?:2[0-3]|[0-1][0-9]):[0-5] [0-9]/

Figure 7.14: The Kleenex source for iso_datetime_to_json.
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iso_datetime_to_json (datetimes_250mb.txt 248.55 MB)
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Figure 7.15: The performance of the conversion of ISO time stamps into JSON format.

rotl3

main :

= (roti3 | /.
= ~/a/ "n"
| ~/e/ "x"
| ~/i/ "v"
| ~/m/ "z"
| ~/q/ "d"
| ~/u/ "h"
| ~/y/ "1"

/)*

| ~/v/
| ~/£/
| ~/j/
| ~/n/
| ~/x/
| ~/v/
| ~/z/

ot
ngn
gt
ngn
nat
nyn
"y

~/c/
~/g/
~/k/
~/o/
~/s/
~/w/

Ilpll
ngn
g
np"
nfen
Ilj n

-/a/ "

~/h/
~/1/
~/p/
~/t/
~/x/

qll
"
llyll
nen
llgll
nn

Figure 7.16: An implementation of the ROT13 text tranformation in Kleenex.
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Figure 7.17: The speed of the rot13 program. The choice of C compiler and the constant
propagation make a big difference.

main := (~/\/\// ~line | line)x*
line := /["\nl*\n/

Figure 7.18: A Kleenex program that deletes comments from BibTeX files.

//Concatenate all XML tags, ignore things in between.
main := (tag | ~/./)*
tag = /<[™>]1%>/

Figure 7.19: A Kleenex program that strips tags from an XML file.

of DReX here; Figures 7.18, 7.19, and 7.20 contains the corresponding Kleenex versions of
their examples.

Highlighting Kleenex Code

The Kleenex code examples in this chapter have been highlighted with a Kleenex program
that emits ETEX-commands for coloring. Figure 7.21 contains a variant of this program that
emits ANSI color codes.
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// Moves all title entries up to the previous entry
// in a bibtex file. The last entry is deleted.

// Uncomment to also swap title to the top
//start: align >> swap
start: align
align := head@header field* foot@footer
( 'head head@header put_rest fields
Ititle !foot foot@footer)x*
swap := (header field* !title put_rest footer)x*
field := title@(sp /title/ sp /=/ sp /\{["}1*},7\n/)
| f@(sp word sp /=/ sp /\{["}]1*},?\n/) [ rest += £ ]
header := /@/ word sp /\{/ sp alnum /,\n/
footer := /}/ (spl/\n/)*
put_rest := !rest [ rest <- "" ]
word := /[A-Za-z_]+/
alnum := /[A-Za-z0-9_]+/
sp := /[ \tl/*

Figure 7.20: A Kleenex program that shifts the title field in a BibIeX file to the entry one
position up.

main := ( escape | comment | term

| symbol | ignored | ws* )*
term := black /~/ (constant | match | ident) end

| (teal constant | yellow match | blue ident) end

ignored := /[0OI{},: 01/
ident := (letter | /[0-9_1/)+
symbol  := yellow /<-|\+=|:=[>>|\*|\7|\+/ end
constant := /"/ C /\\./ | /J[°\\"1/ )x /"/
comment := black ( /\/\/["\n]lx*\n/

I /\N/\*["%\/1+\*\// ) end
match = /\// C/I°\/\nl/ | /\\.7 )+ /\//
escape := /\\\\/

| blue /\\x[0-9a-fA-F]{2}/ end
I /\\[tnr]/
sp =/ /*
letter := /[a-zA-Z]/
word := letter+
ws := /[\t\r\n 1/
red := "\xl1b[31m"
green := "\x1b[32m"
yellow:= "\x1b[33m"
blue := "\x1b[34m"
end := "\x1b[39;49m"
black := "\x1b[30m"
teal := "\x1b[36m"

Figure 7.21: A Kleenex program that highlights Kleenex syntax and emits ANSI color codes.
A modified version of this was used to highlight the code in this chapter.
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// Parses a list of RFC1738 generic URLs.
// https://wuw.ietf.org/rfc/rfcl738.txt

main := (genericurl /\n/)*
genericurl := scheme ~/:/ schemepart
scheme := "Scheme: " /[a-z0-9.+-]+/ "\n"
schemepart := ip_schemepart

| "Scheme-part: " xchars "\n"
ip_schemepart := ~/\/\// login (~/\// urlpath)?

login := (user (~/:/ password)? ~/Q@/)?7 hostport
hostport := host (~/:/ port)?

host := "Host: " (hostname | hostnumber) "\n"

hostname := domainlabels toplabel

domainlabels := (domainlabel /\./)*

domainlabel := alphadigit (alphadashdigits alphadigit)?
toplabel := alpha (alphadashdigits alphadigit)?
alphadashdigits := (alphadigit | /-/)*

alphadigit := alpha | digit

hostnumber := digits (/\./ digits){3}

port := "Port: " digits "\n"

user := "User: " userstr "\n"

password := "Password: " userstr "\n"
userstr := (uchar | /[;?7&=]/)*

urlpath := "Path: " xchars "\n"

xchars := xchar*

alpha = /[a-zA-Z1/

digit = /[0-91/

digits = /[0-91+/

safe = /[$_.+-1/

extra = /0% 0,1/

reserved := /[;\/7:0&=]/

escape = /%[0-9A-Fa-£1{2}/
unreserved := alpha | digit | safe | extra
uchar := unreserved | escape

xchar := unreserved | reserved | escape

Figure 7.22: RFCr738 generic URL parser in Kleenex.

URL Parsing

Figure 7.22 contains a Kleenex implementation of a URL parser.

HTML Comments

The Kleenex program in Figure 7.23 finds HTML comments with basic formatting com-
mands and renders them in HTML after the comment. For example,

<!-- doc: *Hello* world —->
becomes

<1-- doc: #*Hello* world --><div> <b>Hello</b> world </div>.
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main := (comment | /./)*
comment := /<!-- doc:/ clear doc* lorig /-->/
"<div>" !render "</div>"
doc := ~/\*/ t@/["x]x/ ~/\x/
[ orig += "x" t "x" ] [ render += "<b>" t "</b>" ]
| t@/./ [ orig += t 1 [ render += t ]
clear := [ orig <- "" ] [ render <- "" ]

Figure 7.23: A Kleenex program that finds and rewrites comments in HTML documents.

Related Work

We discuss related work in the context of current and future work.

Regular Expression Matching

Regular expression matching has different meanings in the literature.

For acceptance testing, which corresponds to classical automata theory, Bille and Tho-
rup [19] improve on Myers’ [111] log-factor improved RE-membership testing of classical
NFA-simulation, based on tabling. They design a O(kn) algorithm [20] with word-level
parallelism, where & < m is number of strings occurring in a regular expression. The
tabling technique may be promising in practice; the algorithms have not been implemented
and evaluated empirically, though.

In subgroup matching as in PCRE [73], an input is not only classified as accepting or
not, but a substring is returned for each sub-RE in an RE designated to be of interest. Sub-
group matching is often implemented by backtracking over alternatives, which yields the
greedy match.” It may result in exponential-time behavior, however. Consequently, con-
siderable human effort is expended to engineer REs to perform well. REs resulting in expo-
nential run-time behavior are used in algorithmic attacks, leading to proposals for counter-
measures to such attacks by classifying REs with slow backtracking performance [124, 133],
where the countermeasures in turn appear to be attackable. Even in the absence of inher-
ently hard matching with backreferences [1], backtracking implementations with avoidable
performance blow-ups are amazingly wide-spread. This may be due to a combination of
their good best-case performance and PCRE-embellishments driven by use cases. Some sub-
match libraries with guaranteed worst-case linear-time performance, notably RE2 [139], are
making inroads, however. Both Myers, Oliva and Guimaraes [110] and Okui, Suzuki [117]
describe POSIX-disambiguated matching algorithms, running in O(mn) and O(m?n), re-
spectively. Sulzmann and Lu [135] use Brzozowski and Antimirov derivatives [9, 27] for
Perl-style subgroup matching for greedy and POSIX disambiguation.

Full RE parsing generalizes submatching: it returns a list of matches for each Kleene-star,
also for nested ones. Kearns [83] and Frisch and Cardelli [57] devise three-pass linear-time
greedy RE parsing; they require two passes over the input, the first consisting of reversing
the entire input, before generating output in the third pass. Grathwohl, Henglein, Nielsen,
Rasmussen devise a two-pass [64] and an optimally streaming [65] greedy regular expres-
sion parsing algorithm, described in Chapers s and 6. Streaming guarantees that line-by-line
RE matching can be coded as a single RE matching problem. Sulzman and Lu [134] remark

7Committing to the left alternative before checking that the remainder of the input is accepted is the essence
of parsing expression grammars [53].
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that POSIX is notoriously difficult to implement correctly and show how to use Brzozowski
derivatives [27] for POSIX RE parsing.

There are specialized RE matching tools and techniques too numerous to review com-
prehensively. We mention a few employing automaton optimization techniques applicable
to Kleenex, but presently unexplored. Yang, Manadhata, Horne, Rao, Ganapathy [153] pro-
pose an OBDD representation for subgroup matching and apply it to intrusion detection
REs; the cycle counts per byte appear a bit high, but are reported to be competitive with
REz. Sidhu and Prasanna [130] implement NFAs directly on an FPGA, essentially perform-
ing NFA-simulation in parallel; it outperforms GNU grep. Brodie, Taylor, Cytron [24]
construct a multistride DFA, which processes multiple input symbols in parallel, and devise
a compressed implementation on stock FPGA, also achieving very high throughput rates.
Likewise, Ziria employs tabled multistriding to achieve high throughput [60]. Navarro and
Raffinot [113] show how to code DFAs compactly for efficient simulation.

Ambiguity

Regular expressions may be ambiguous, which is irrelevant for acceptance testing, but prob-
lematic for submatching and parsing since the output depends on which amongst possibly
multiple matches is to be returned. Briiggemann-Klein [26] provides an efficient O(m?)
RE ambiguity testing algorithm. Vansummeren [143] illustrates differences between POSIX,
first/longest and greedy matches. Colcombet [35] analyzes notions of (non)determinism of
automata.

Transducers

From RE parsing it is a surprisingly short distance to the implementation of arbitrary non-
deterministic finite state transducers (FSTs) [18, 109]. In contrast to the situation for azu-
tomata, non-deterministic transducers are strictly more powerful than deterministic trans-
ducers; this, together with observable ambiguity, highlights why RE parsing is more chal-
lenging than RE acceptance testing.

As we have seen, efficient RE parsing algorithms operate on arbitrary NFAs, not only
those corresponding to REs. Indeed, REs are not a particularly convenient or compact way
of specifying regular languages: they can be represented by cerzain small NFAs with low tree-
width, but may be inherently quadratically bigger even for DFAs [44, Theorem 23]. This
is why Kleenex employs context-free grammars restricted to denote regular languages, with
embedded output actions, to denote FSTs.

We have shown that FSTs, in particular unambiguous FSTs, can be implemented by a
subclass of streaming string transducers (SSTs). SSTs extensionally correspond to regular
transductions, functions implementable by 2-way deterministic finite-state transducers [4],
MSO-definable string transductions [46] and a combinator language analogous to regular
expressions [6]. The implementation techniques used in Kleenex appear to be directly ap-
plicable to all SSTs, not just the ones corresponding to FSTs.

Allender and Mertz [2] show that the functions computable by register automata, which
generalize output strings to arbitrary monoids, are in NC and thus inherently parallelizable.
This is achievable by performing relational FST-composition by matrix multiplication on
the matrix representation of FSTs [18], which can be performed by parallel reduction. This
is tantamount to running an FST from all states, not just the input state, on input string
fragments. Mytkowicz, Musuvathi, Schulte [112] observe that there is often a small set of
cut states sufficient to run each FST. This promises to be an interesting parallel harness for
a suitably adapted Kleenex implementation running on fragments of very large inputs.
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Veanes, Molnar, Mytkowics [147] employ symbolic transducers [21, 40, 146] and a data-
parallel intermediate language in the implementation of BEK for multicore execution.

Conclusions

We have presented Kleenex, a convenient language for specifying (non-deterministic) finite
state transducers; and its compilation to machine code representations of streaming state
transducers, which emit the output.

Kleenex is comparatively expressive and performs consistently well—for complex reg-
ular expressions with nontrivial amounts of output almost always better in the evaluated
use cases—vis-a-vis text processing tools such as RE2, Ragel, grep, AWK, sed and standard
regular expression-libraries in Perl, Python, and Tecl.

We believe that Kleenex’s clean semantics, streaming optimality, algorithmic generality,
worst-case guarantees and absence of tricky code and special casing provide a useful basis for

* extensions to deterministic visible push-down automata, restricted versions of back-
references and approximate/probabilistic matching;

* known, but so far unexplored optimizations, such as multicharacter input processing,
automata minimization and symbolic representation, hybrid FST-simulation/SST-
construction (analogous to NFA-simulation with NFA-state set memoization to im-
plement on-demand DFA-construction);

* massively parallel (log-depth, linear work) input processing.

We thank Issuu for releasing their data set to the research community.
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Infinitary Axiomatization of the
Equational Theory of Context-Free
Languages

This chapter is based on the paper “Infinitary Axiomatization of the Equational Theory
of Context-Free Languages,” published as FICS 2013 and under review for a Fundamenta
Informaticae special issue [63].

Introduction

Algebraic reasoning about programming language constructs has been a popular research
topic for many years. At the propositional level, the theory of flowchart programs and linear
recursion are well handled by such systems as Kleene algebra and iteration theories, systems
that characterize the equational theory of the regular sets. To handle more general forms
of recursion including procedures with recursive calls, one must extend to the context-free
languages, and here the situation is less well understood. One reason for this is that, unlike
the equational theory of the regular sets, the equational theory of the context-free languages
is not recursively enumerable. This has led some researchers to declare its complete axiom-
atization an insurmountable task [104].

Whereas linear recursion can be characterized with the star operator * of Kleene alge-
bra or the dagger operation T of iteration theories [22], the theory of context-free languages
requires a more general fixpoint operator . The characterization of the context-free lan-
guages as least solutions of algebraic inequalities involving 1 goes back to a 1971 paper of
Gruska [69]. More recently, several researchers have given equational axioms for semirings
with p and have developed fragments of the equational theory of context-free languages [38,
49,50, 78, 79, 104].

In this chapter we consider another class of models satisfying a condition called p-con-
tinuity analogous to the star-continuity condition of Kleene algebra:

a(ux.p)b = Z a(nx.p)b,

n>0

where the summation symbol denotes supremum with respect to the natural order in the
semiring, and

0z.p=0 (n+1)z.p = plx/nx.p|.

This infinitary axiom combines the assertions that px.p is the supremum of its finite ap-
y
proximants nx.p and that multiplication in the semiring is continuous with respect to these
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suprema. Analogous to a similar result for star-continuous Kleene algebra, we show that all
context-free languages over a yi-continuous idempotent semiring have suprema. Our main
result is that the p-continuity condition, along with the axioms of idempotent semirings,
completely axiomatize the equational theory of the context-free languages. This is the first
completeness result for the equational theory of the context-free languages, answering a
question of Leif$ [104].

Related Work

Courcelle [38] investigates regular systems, finite systems of fixpoint equations over first-
order terms over a ranked alphabet with a designated symbol + denoting set union, thereby
restricting algebras to power set algebras. He stages their interpretation by first interpreting
recursion over first-order terms as infinite trees, essentially as the final object in the corre-
sponding coalgebra, then interpreting the signature symbols in w-complete algebras. He
provides soundness and completeness for transforming regular systems that preserve all so-
lutions and soundness, but not completeness for preserving their least solutions. Courcelle’s
approach is syntactic since it employs unfolding of terms in fixpoint equations.

Leif [104] investigates three classes of idempotent semirings with a syntactic least fix-
point operator . The three classes are called KAF, KAR, and KAG in increasing order of

specificity. All these classes are assumed to satisfy the fundamental Park axioms

plz/pa.p] < pa.p p<z = prp<uw,

which say that p1x.p is the least solution of the inequality p < x. The classes KAR and KAG
further assume

px.(b+ax) = pr.(1+ za) - b pxr.(b+za) =b- px.(1+ ax)
and

pr.(s+rx) = pr(uy.(L+yr)-s) px.(s+ar)=pz.(s- py.(1+ry)),

respectively. These axioms can be viewed as imposing continuity properties of the semiring
operators with respect to . All standard interpretations, including the context-free lan-
guages over an alphabet X, are continuous and satisfy the KAG axioms. Esik and Leif3 [49,
so] show that conversion to Greibach normal form can be performed purely algebraically
under these assumptions.

Esik and Kuich [48] introduce continuons semirings, which are required to have suprema
for all directed sets, and they employ domain theory to solve polynomial fixpoint equations.

Outline

In Section 8.2 we lay the foundations of our completeness result. In Sections 8.2.1-8.2.3 we
introduce Chomsky algebras, our name for algebraically closed idempotent semirings, and
develop a few of their basic properties. In Sections 8.2.4-8.2.5 we review the p-notation, a
well-known syntax for describing least solutions of systems of polynomial inequalities ex-
plicitly, and recall Bekic’s theorem, which states that the p operator is sufficient to describe
the least solution of a finite system of simultaneous inequalities. In Section 8.2.6 we de-
fine the notion of ji-continuity, which is the cornerstone of our axiomatization. We also
give an example of a Chomsky algebra that is not p-continuous. In Section 8.2.7 we give
several results establishing the relationship of our axiomatization to others in the literature.
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Our main result, that our axiomatization exactly characterizes the equational theory of the
context-free languages, is presented in Section 8.3. Finally, Section 8.4 contains discussion
and conclusions.

Chomsky Algebras

In this section we introduce Chomsky algebras and the notion of p-continuity and develop
some of their properties. Intuitively, a Chomsky algebra is an idempotent semiring in which
all systems of polynomial inequalities have unique least solutions.

Polynomials

Recall that an idempotent semiring (Definition 4.5) is a structure with binary operations +
and - and constants 0 and 1 satisfying the following equations:

a+(b+c)=(a+b)+c a(be) = (ab)c
a+b=b+a la=al=a
a+0=a+a=a a0 =0a=0
a(b+c) =ab+ac (a+b)c=ac+ be.

The adjective idempotent refers to the axiom a + a = a. Every idempotent semiring has a
natural partial ordera < b <= a+b=0>.

Let (C, +, -, 0, 1) be an idempotent semiring and X a fixed set of variables. A poly-
nomial over indeterminates X with coefficients in C is an element of C[X], where C'[X] is
the coproduct of C' and the free idempotent semiring on generators X in the category of
idempotent semirings. For example, if a,b,c € Cand z,y € X, then the following are
polynomials:

0 a axbycx + 1 azbyx + byze 1+z+a2%+23

The elements of C[X] are not purely syntactic, as they satisfy all the equations of idempo-
tent semirings and identities of C. For example, if a? =b? =1in C, then

(aza + byb)? = azx’a + axabyb + bybaxa + by?b.
Every polynomial can be written as a finite sum of monomials of the form
apgrpa1Ty " Ap—1Tn—10n,

where each a; € C' — {0} and x; € X. The free variables of such an expression p are
the elements of X appearing in it and are denoted FV(p). The representation is unique
up to associativity of multiplication and associativity, commutativity, and idempotence of
addition.

Polynomial Functions and Evaluation

Let C[X] be the semiring of polynomials over indeterminates X and let D be an idempo-
tent semiring containing C' as a subalgebra. By general considerations of universal algebra,
any valuation o: X — D extends uniquely to a semiring homomorphism 6 : C[X] — D
preserving C' pointwise. Formally, the functor X +— C[X] is left adjoint to a forgetful
functor that takes an idempotent semiring D to its underlying set:
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C[X] D
cl-) Ji-
X—s— 1D

Intuitively, 6 is the evaluation morphism that evaluates a polynomial at the point o € DX,
Thus each polynomial p € C[X] determines a polynomial function [p]: DX — D, where
[p](o) = 6(p).

The set of all functions DX — D with the pointwise semiring operations is itself an
idempotent semiring with C' as an embedded subalgebra under the embedding ¢ — Ao.c.
The map [-]: C[X]| — (DX — D) isactually 7, where 7(z) = Af.f(x).

For the remainder of this chapter, we write o for &, as there is no longer any need to
distinguish them.

Algebraic Closure and Chomsky Algebras

A system of polynomial inequalities over C'is a set

p1 <21, p2 <2, ..., Ppn < Ty (8.1)

where z; € X andp; € C[X],1 < i < n. A solution of (8.1) in C is a valuation
0: X — Csuchthato(p;) < o(x;),1 < i < n. The solution o is a least solution if
o < 7 pointwise for any other solution 7. If a least solution exists, then it is unique.

Anidempotent semiring C'is said to be algebraically closed if every finite system of poly-
nomial inequalities over C' has a least solution in C.

The category of Chomsky algebras consists of algebraically closed idempotent semirings
along with semiring homomorphisms that preserve least solutions of systems of polynomial
inequalities.

The canonical example of a Chomsky algebra is the family of context-free languages
CF X over an alphabet X. A system of polynomial inequalities (8.1) can be regarded as
a context-free grammar, and the least solution of the system is the context-free language
generated by the grammar. For example, the set of strings in {a, b} with equally many a’s
and b’ is generated by the grammar

S —elaB|bA A —aS|bAA B —bS|aBB, (82)
which corresponds to the system
1+aB+bA<S aS+bAA< A bS +aBB < B, (83)

where the symbols a, b are interpreted as the singleton sets {a} , {b}, the symbols S, A, B
are variables ranging over sets of strings, and the semiring operations +, -, 0, and 1 are inter-
preted as set union, set product AB = {zy} x € A, y € B, ), and {¢}, respectively.

Continuous idempotent semirings are also y-continuous Chomsky algebras. These in-
clude Boolean semirings, the tropical semiring, the powerset of strings over an alphabet X,
and the binary relations Rel X over X [48, p. 44]. Specifically, Rel X consists of all binary
relations R C X x X, where + is set union, - relational composition, 0 the empty set, and
1 the identity relation {(z, z) | z € X}.

Consider for example the relation P = |J,,~.o R"S™, where R* = R - - - R,

> N

n
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RS
P/

Then P is the least solution in Rel X to the system RzS + 1 < .

p-Expressions

Let X beasetof indeterminates. Leif} [104] and Esik and Leif [49, 50] consider yi-expressions
defined by the grammar

tu=a|t+t|t-t]0]1|pxt

where x € X. These expressions provide a syntax with which least solutions of polynomial
systems can be named. Scope, bound and free occurrences of variables, a-conversion, and
safe substitution are defined as usual (see e.g. [14]). We denote by [z /u] the result of sub-
stituting u for all free occurrences of x in ¢, renaming bound variables as necessary to avoid
capture. Let T X denote the set of p-expressions over indeterminates X.

Let C be a Chomsky algebra and X a set of indeterminates. An interpretation over C'is
amapo: TX — C thatisa homomorphism with respect to the semiring operations and
such that

o(px.t) = theleasta € C such thato[z/al(t) < a, (8.4)

where o[z /a] denotes o with  rebound to a. The element a exists and is unique: Infor-
mally, by Beki¢’s theorem, each pi-expression ¢ can be associated with a system of polynomial
inequalities such that o (t) is a designated component of its least solution, which exists by
algebraic closure.

Every set map 0: X — (' extends uniquely to such a homomorphism. An interpre-
tation o satisfies the equation s = tif o(s) = o(t) and satisfies the inequality s < ¢ if
o(s) < o(t). All interpretations over Chomsky algebras satisfy the axioms of idempotent
semirings, o-conversion (renaming of bound variables), and the Park axioms [47, 120]

tlx/px.t] < px.t t<zr = pxt<uzx. (8.5)

Intuitively, the Park axioms say that p12.2 is the least solution of the single inequality ¢ < .
It follows easily form (8.4) and (8.5) that

tlx/px.t] = pa.t. (8.6)

Thus, Chomsky algebras are essentially the ordered Park p-semirings of [49] with the
additional restriction that + is idempotent and the order is the natural orderz < y <=
rT+y=y.

Bekiés Theorem

Iris well known that the ability to name least solutions of single inequalities with p gives the
ability to name least solutions of all finite systems of inequalities. This is known as Beki¢’s
theorem [17]. The construction is analogous to the definition of M™* for a matrix M overa
Kleene algebra.

Beki¢’s theorem can be proved by regarding a system of inequalities as a single inequality
on a Cartesian product, partitioning into two systems of smaller dimension, then applying
the result for the 2 x 2 case inductively. See also [151] or [49] for a comprehensive treatment.
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Proposition 8.1 (Bekié). The 2 X 2 system
p(z,y) <z q9(z,y) <y
bas least solution ag, by, where
a(y) = pa.p(z,y) bo = py-q(aly),y) ao = a(bo).
Proof. From (8.6) we have
a(y) = pla(y),y)  bo = q(albo), bo) = gq(ao, bo)
ag = a(bo) = p(a(bo),bo) = p(ao, bo)-
Thus ag, by is a solution of the system. To show it is the least solution, suppose
ple,d) <c q(c,d) < d.
By definition of a,
plc,d) <e¢ = a(d) = px.p(z,d) <c
By monotonicity, assumptions on ¢, d and definition of bg,
qa(d),d) < q(c,d) <d = by < d.
Again by monotonicity and assumptions on ¢, d and definition of ag,
p(c,bo) <ple,d) <¢ = ag<ec O

For example, in the context-free languages, the set of strings in {a, b}* with equally
many a’s and b’s is represented by the term

wS.1+a-pB.(bS+aBB)+b-uA.(aS+bAA)) (8.7)

obtained from the system (8.2) by this construction.

p-Continuity
Letnz.t be an abbreviation for the n-fold composition of ¢ applied to 0, defined inductively
by
O0zt=0 (n+1)z.t = t{x/nz.t).
A Chomsky algebra is called u-continnouns if it satisfies the p-continuity axiom:
a(pz.t)b = Z a(nz.t)b, (8.8)
n>0

where the summation symbol denotes supremum with respect to the natural order x <
y <= x4y = y. Note that the supremum of ¢ and bis a + b.

The family CF X of context-free languages over an alphabet X forms a ji-continuous
Chomsky algebra. The canonical interpretation over this algebrais Lx: TX — CFX,
where

Lx(z) = {«} Lx(t+u)=Lx(t)ULx(u)
Lx(0)=0 Lx(tu) ={ay}x € Lx(t), y € Lx(u)  (8.9)
Lx(1) ={e} Lx(px.t) = U Lx(nx.t).

n>0
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Under L x, every term in T X represents a context-free language over its free variables (note
that x is not free in nx.t). In the example (8.7) of Section 8.2.5, the free variables are a, band
the bound variables are S, A, B, corresponding to the terminal and nonterminal symbols,
respectively, of the grammar (8.2) of Section 8.2.3.

Notall Chomsky algebras are pi-continuous. As with Kleene algebra [99] (Example 4.5),
we can construct a Chomsky algebra that is not pi-continuous. Consider the set of ordered
pairs of natural numbers ordered lexicographically, extended with adjoined leastand greatest
elements | and T. Define + as supremum and

r-l=1l.z=1
x-T=T-2=T (z#£1)
(a,0) - (¢,d) = (a+ ¢, b+ d).
This is a Chomsky algebra, but it is not yi-continuous. We have
px.(0,1) -2+ (0,1)=T

since (0,1) - T 4+ (0,1) < T and neither | norany (k, [) satisfy the inequality (0,1) - +
0,1) <

(0,1)- L +(0,1) = L+(0,1) = (0,1) Z 1
0,1)- (k,))+(0,1) = (K,I+1)+(0,1) = (ki+1) £ (k1.
On the other hand,
> (na.(0,1) -2+ (0,1)) = sup {(0,n) | n > 1} = (1,0).
n>0

We have px.t # 3 o nx.tfort = (0,1) -z + (0, 1), which shows that this Chomsky
algebra is not Ji-continuous.

Relation to Other Axiomatizations

In this section we show that the axiomatizations considered in [49, 50, 104] are valid in all
pt-continuous Chomsky algebras.

Definition 8.1 (u-semiring [49]). A p-semiring [49] is a semiring (A4, +, -, 0, 1) satisfying
the p-congruence and substitution properties:

t=u = px.t=pxr.u o(tly/u)) = oly/o(w)](t).
Idempotence is not assumed.

Lemma 8.1. Every Chomsky algebra is a pi-semiring.

Proof. The p-congruence property is immediate from the definition of the p operation
(8.4). The substitution property is a general property of systems with variable bindings; see
[14, Lemma 5.1.5]. It can be proved by induction. For the case of px.t, we assume without
loss of generality that y # x (otherwise there is nothing to prove) and that z is not free in
u.

o (1) ly/ul) = o (tly /)
= least a such that o[z /a](t[y/u]) < a
= least a such that o[z /a]y/o(u)](t) < a (8.10)
= least a such that o[y /o (u)][z/a](t) < a

= oly/o(w)](p.1),
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where we have used the induction hypothesis in (8.10). O

We now consider various axioms proposed in [104].
Lemma 8.2. In all ji-continnons Chomsky algebras,
pr. (14 azx) = px.(1+za), x ¢ FV(a).

Proof. By p-continuity, it suffices to show that nz.(1 + ax) = nx.(1 + xa) forall n. We
show by induction that for all n, nz.(1 + az) = naz.(1 + za) = Y ., a’. The basis
n = 0 is trivial:

0
0x.(1+ az) = 0x.(1 + za) = Zai =0.
i=0

For the inductive case,

(n+D)z.(1 4+ azx) =1+ a(nz.(1 + ax))
=1+a(}X]ya")
= Z?:Jrol a’
1 (X0 )
=1+ (nz.(1+ za))a
= (n+1)z.(1 4 za). O

Lemma 8.3. The following two equations hold in all ji-continnons Chomsky algebras:
a(pz.(1+ zb)) = px.(a + xb) (pz.(1 4+ bx))a = pzx.(a + bx).
Proof. We show the first equation only; the second follows from a symmetric argument. By
p-continuity, we need only show that the equation holds for any n. We do this by induction
over . The basis n = 0 is trivial:
a(0x.(1+ b)) = a0 = 0 = 0z.(a + xb).

For the inductive case,

a((n+1)z.(1 4+ xb)) = a + a(nz.(1 4+ xb))b
=a+ (nz.(a+ xb))b
= (n+1)z.(a + xb),

where the induction hypothesis has been used in the second step. O

These properties also show that p-continuous Chomsky algebras are algebraically com-
plete semirings, and therefore also algebraic Conway semirings in the sense of [49, so].

Lemma 8.4. The Greibach inequalities
pr.s(py.(L+ry)) < pa(s+ar)  po(py.(1+yr))s < pz(s +ra)

of KAG [104] hold in all pi-continuous Chomsky algebras.
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Proof. For the left-hand inequality, let w = px.(s 4+ 2r). By the Park axioms, it suffices to
show that s(uy.(1 + ry))[z/u] < u. But

s(py-(L+ry))[@/u] = slz/u](uy.(1 + rlz/uly))
= slz/ul(py.(1 + yrlz/u]))
= py-(slz/u] + yrlz/u])
= px.(s+ zr),

where Lemmas 8.2 and 8.3 have been used.
The right-hand inequality can be proved by a symmetric argument. O

Definition 8.2 (Algebraic Conway semiring [49]). An algebraic Conway semiring is a ji-
semiring satisfying

px.tlx/t'] = tlx/px.t' [x/t]] (8.11)
px.py.t = pa.tly /x| (8.12)
(nx.1+ ax)b = px.b+ ax (8.13)
b(uz.1l+ za) = px.b+ za (8.14)
px.l+ax = px.l+ za (8.15)

Lemma 8.5. Any Chomsky algebra is an algebraic Conway semiring.

Proof. Any Chomsky algebra is a pi-semiring by Lemma 8.1, and (8.13)—(8.15) hold by Lem-
mas 8.2 and 8.3. For (8.11), we have

o(t[x/px.t'[z/t]) = least a such that o (t[x/t' [z /t[z/a]]])
= least a such that o (t[z/t'|[z/t[x/a]])
= least bsuch that o (t[z/t'][z/b]) < b
= o(pa.tlz/t']),

<a
<a

and for (8.12) only need to show nz.puy.t = na.t[y/z| for all n by p-continuity. We use
induction on n. The base case n = 0 is trivial: Oz.uy.t = 0 = 0z.t[y/x], and forn > 0
we have

(n+1D)z.py.t = py.tle/nx.uy.t
= py.t[r/nz.tly/z]]
= (n+1)z.t[y/x]. O

Various other axioms of [49, 50, 104] follow from the Park axioms.

The p-continuity condition (8.8) implies the Park axioms (8.5), but we must defer the
proof of this fact until Section 8.3. For now we just observe a related property of the canon-
ical interpretation L x.

Lemma8.6. Foranys,t € TX andy € X,

Lx(sly/py-t]) = | Lx(sly/ny.1]).

n>0
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Proof. We proceed by induction on the structure of 5. The base cases are straightforward:
Lx (0ly/py-t]) = Lx (0) = | Lx (0ly/ny.t))
Lx(1y/py.t]) = Lx(1) = ULx(l[Zl/ny~t])
Lx (zly/ny-t)) = ULx ly/ny.t]) (z#y)

Lx(yly/pyt]) = Lx(py.t) = ULX [y/ny.t)).

The remaining cases are shown as follows:

Lx((p+q)ly/py-t]) = Lx (ply/py-t]) U Lx (qly/py-t])
= JLx(ply/my1])) U J Lx (aly/ny.t))

= U Lx (ply/ny-t]) U Lx (qly/ny-t])

n

=JLx((p+ q)ly/ny ).

n

Lx((pa)ly/nyt]) = Lx (ply/py-t]) - Lx(qly/py-t])
—ULX y/my.t]) ULX y/ny.t))

— ULX y/ny.t]) - Lx (qly/ny.t])
= ULx (pa)[y/ny-t)).

n

For 1., assume without loss of generality that y # = and  is not free in £.
Lx((u-5)[y/py-t]) = | Lx ((ma.s)[y/py.1])
= YU Lx (mas)ly/my-t)
— U Ex((ma-s)ly/my1)

= J Lx ((u.5)[y/ny.1)). =

n

Main Result

Our main result depends on an analog of a result of [96] (see [99]). It asserts that the supre-
mum of a context-free language over a i-continuous Chomsky algebra K exists, interpret-
ing strings over K as products in K. Moreover, multiplication is continuous with respect
to suprema of context-free languages.
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Lemma8.7. Lero: TX — K be any interpretation over a p-continnons Chomsky algebra
K. Let 7: TX — CFX be any interpretation over the context-free langnages CF X such
that for all x € X and s,u € TX,

o(szu) = Z o(syu).

yET(z)

Then for any s,t,u € TX,

o(stu) = Z o(syu).

yET(t)

In particular,

o(stu) = Z o(syu), (8.16)

yELx (t)

where Lx is the canonical interpretation defined in §8.2.6.

Note carefully that the lemma does not assume « priori knowledge of the existence of
the suprema. The equations should be interpreted as asserting that the supremum on the
right-hand side exists and is equal to the expression on the left-hand side.

Proof. The proof is by induction on the structure of ¢, that is, by induction on the subex-
pression relation t + u > t,t +u > u,t-uw > t,t-u > u,px.t > nz.t, whichis
well-founded [97].

All cases are similar to the proof'in [99, Lemma 7.1] for star-continuous Kleene algebra,
with the exception of the case t = px.p.

For variables t = x € X, the desired property holds by assumption. For the constants
t=0andt =1,

o(s0u) =0 = Z 0= Z o(syu) = Z o(syu)

yeb y € 7(0)
o(slu) = o(su) = Z o(syu) = Z o(syu).
ye{e} yer(1)

Forsumst = p + g,

o(s(p+ q)u) = o(spu) + o(squ)
Z o(sxu) + Z o(syu) (8.17)

z€7(p) y€T(q)

Z o(szu) (8.18)

z €1(p)Ut(q)

= Z o(szu). (8.19)

z€7(p+q)
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Equation (8.17) is by two applications of the induction hypothesis. Equation (8.18) is by the
properties of supremum. Equation (8.19) is by the definition of sum in CF X.
For products ¢ = pg,

o(spqu) = Z Z o(sxyu) (8.20)

z€7(p) yET(q)

= Z o(szu) (8.21)

ze€T(p)T(q)

= Z o(szu). (8.22)

z€7(pq)

m

Equation (8.20) is by two applications of the induction hypothesis. Equations (8.21) and
(8.22) are by the definition of productin CF X.
Finally, fort = px.p,

o(s(pap)u) = 3 a(s(nz.p)u) (823)
Z Z o(syu) (8.24)

n yer(nz.p)
= Z o(syu) (8.25)
yeU,(nz.p)

Z o(syu). (8.26)

y € 7(pz.p)

Equation (8.23) is just the p-continuity property (8.8). Equation (8.24) is by the induction
hypothesis, observing that pz.p > nz.p. Equation (8.25) is a basic property of suprema.
Finally, equation (8.26) is by the definition of 7(px.p) in CF X.

The result (8.16) for the special case of 7 = L x isimmediate, observing that L x satisfies
the assumption of the lemma: for z € X,

o(szu) = Z o(syu) = Z o(syu). O
ye{z} yeLx (x)
At this point we can show that the pi-continuity condition implies the Park axioms.

Theorem 8.1. The pi-continuity condition (8.8) implies the Park axioms (8.5).

Proof. We first showp < & = px.p < z in any idempotent semiring satisfying the
ji-continuity condition. Let o be a valuation such that o (uz.p) = >, o(nx.p). Suppose
that o(p) < o(z). We show by induction that foralln > 0, o(nz.p) < o(z). Thisis
certainly true for 0x.p = 0. Now suppose it is true for nx.p. Using monotonicity,

o((n+1)x.p) = o(ple/nx.p]) < o(plr/z]) = o(p) < o(z).
By p-continuity, o (px.p) = >, o(nz.p) < o(x).

Now we show that pla/uz.p] < px.p. This requires the stronger property that a pi-
expression is chain-continuous with respect to suprema of context-free languages as a func-



83 MAIN RESULT 159

tion of its free variables. Using Lemmas 8.6 and 8.7,

(pla/pa.p)) = {o(y) |y € Lx (plz/pw.p))}

—Z{ HveULxt x/nxpn}
=33 (o) € Lxlplo/nas])

—Z plz/nx.p))
—Z ((n+1)z.p)

= a(ux.p). O
The following is our main theorem.
Theorem 8.2. Let X be a set and let s,t € TX. The following are equivalent:

(i) The equation s =t holds in all p-continuous Chomsky algebras; that is, s = t is a log-
ical consequence of the axioms of idempotent semirings and the i-continuity condition

a(ux.t)b = Z a(nx.t)b, (8.27)

n>0
or equivalently, the universal formulas

a(nz.t)b < a(pz.t)h, n>0 (8.28)

/\ (a(nzt)b <w) | = a(pz.t)b<w. (8.29)
n>0

(ii) The equation s =t holds in the semiring of context-free languages CF'Y over any set
Y.

(iii) Lx(s) = Lx(t), where Lx: TX — CF X is the standard interpretation mapping
a |i-expression to a context-free language of strings over its free variables.

Thus the axioms of idempotent semirings and p-continuity are sound and complete for the
equational theory of the context-free languages.

Proof. The implication (i) = (ii) holds since CF Y is a p-continuous Chomsky algebra.
The implication (ii) == (iii) holds because (iii) is a special case of (ii). Finally, if (iii)
holds, then by two applications of Lemma 8.7, for any interpretation o: TX — K overa
p-continuous Chomsky algebra K,

a(s)= Y ol@)= Y olx)=o(b),
z€Lx (s) x€Lx (t)

which proves (i). O

Corollary 8.1. The context-free languages over the alphaber X form the free p-continunous
Chomsky algebra on generators X.
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Proof. Let K bea pi-continuous Chomsky algebra. Any mapo: X — K extends uniquely

to an interpretation o : TX — K. By Lemma 8.7, this decomposes as

cFx—F7 . crr
S
TX —F——K

where

Lx:TX - CFX
is the canonical interpretation in the context-free languages over X,
CFo: CFX —- CFK
isthemap CFo(A) = {o(z) | z € A}, and

3:CFK - K

takes the supremum of a context-free language over K, which is guaranteed to exist by
Lemma 8.7. The unique morphism CF X — K corresponding to o is 3 o CF o. Thus CF
is left adjoint to the forgetful functor from pi-continuous Chomsky algebras to Set. The
mapsz — {z}: X — CF X and X: CF K — K are the unit and counit, respectively,

of the adjunction.

8.4 Conclusion

O

We have given a natural complete infinitary axiomatization of the equational theory of the

context-free languages:

a+(b+c)=(a+b)+c

at+b=b+a
a+0=a
at+a=a
a(bc) = (ab)c
la=a
al =a

a(b+c) =ab+ ac
(a+b)e=ac+be

O0a=0

a0=0
a(nz.t)b < a(px.t)b, n>0

/\ (a(nzt)b <w) | => a(pz.t)b < w.
n>0

Leif3 [104] states as an open problem:

(8:30)
(831)
(832)
(8:33)
(8.34)
(835)
(8:36)
(8:37)
(838)
(8:39)
(8.40)
(8.41)

(8.42)
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Are there natural equations between pi-regular expressions that are valid in all

continuous models of KAF, but go beyond KAG?

Here we have identified such a system, thereby answering Leif$’s question. He does not state
axiomatization as an open problem, but observes that the set of pairs of equivalent context-
free grammars is not recursively enumerable, then goes on to state:

Since there is an effective translation between context-free grammars and f¢—
regular expressions ..., the equational theory of context-free languages in terms
of pi-regular expressions is not axiomatizable at all.

Nevertheless, we have given an axiomatization. How do we reconcile these two views? Leif$
is apparently using “axiomatization” in the sense of “recursive axiomatization.” But observe
that the axiom (8.42) is an infinitary Horn formula. To use it as a rule of inference, one
needs to establish infinitely many premises of the form z(ny.p)z < w. But thisinitselfisa
H(l)—complete problem. One can show that it is Htl)—complete to determine whether a given
context-free grammar G over a two-letter alphabet generates all strings [89]. By coding G
as a pi-expression w, the problem becomes px.(1 4+ ax + bxr) < w, which by (8.27) is
equivalent to showing that nz.(1 + az + bz) < w foralln.

Acknowledgments

We thank Zoltin Esik, Hans Leif, and the anonymous referees for helpful comments.






KAT+B!

This chapter is based on the paper “KAT +B!” [67].

Introduction

Kleene algebra with tests (KAT) is a propositional equational system that combines Kleene
algebra (KA) with Boolean algebra. It has been shown to be an effective tool for many
low-level program analysis and verification tasks involving communication protocols, safety
analysis, source-to-source program transformation, concurrency control, and compiler opti-
mization [8, 15, 31-33, 93, 101]. A notable recent success is its adoption as a basis for NetKAT,
a foundation for software-defined networks (SDN) [7, 95].

One advantage of KAT is that it allows a clean separation of the theory of the domain
of computation from the program restructuring operations. The former typically involves
first-order reasoning, whereas the latter is typically propositional. It is often advantageous
to separate the two, because the theory of the domain of computation may be highly unde-
cidable. With KAT, one typically isolates the needed properties of the domain as premises
in a Horn formula

S1=U N Ns,=1t, >s5=1,

where the conclusion s = ¢ expresses a more complicated equivalence between, say, an
unoptimized or unannotated version of a program and its optimized or annotated version.
The premises are verified once and for all using the properties of the domain, and the con-
clusion is then verified propositionally in KAT under those assumptions.

Certain premises that arise frequently in practice can be incorporated as part of the the-
ory using a technique known as elimination of hypotheses, in which Horn formulas with
premises of a certain form can be reduced to the equational theory without loss of effi-
ciency [31, 71, 102]. However, there are a few useful ones that cannot. In particular, it
is known that there are certain program transformations that cannot be effected in pure
KAT, but require extra structure. Two paradigmatic examples are the B6hm-Jacopini the-
orem [23] (see also [12, 118, 121, 123, 150]) and the folklore result that all WHILE programs can
be transformed to a program with a single WHILE loop [72, 108].

The Bshm-Jacopini theorem states that every deterministic flowchart can be written as
a while program. The construction is normally done at the first-order level and introduces
auxiliary variables to remember values across computations. It has been shown that the
construction is not possible without some kind of auxiliary structure of this type [12, 87,
103].

Akin to the Bshm-Jacopini theorem, and often erroneously conflated with it, is the
folklore theorem that every while program can be written with a single while loop. Like
the proof of the Bshm-Jacopini theorem, the proofs of [76, 108], as reported in [72], are
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normally done at the first-order level and use auxiliary variables. It was a commonly held
belief that this result had no purely propositional proof [72], but a partial refutation of this
view was given in [93] using a construction that foreshadows the construction we present
here.

One can carry out these constructions in an uninterpreted first-order version of KAT
called schematic KAT (SKAT) [8, 98], but as SKAT is undecidable in general [92], one
would prefer a less radical extension.

In this chapter we investigate the minimal amount of structure that suffices to perform
these transformations and show how to incorporate it in KAT without sacrificing deductive
completeness or decidability. Our main results are:

* We show how to extend KAT with a set of independent mutable tests. The construc-
tion is done axiomatically with generators and additional equational axioms. We for-
mulate the construction as a general commutative coproduct construction that satisfies
a certain universality property. The generators are abstract sezzers of the form b! and
bl and resters b? and b? for a test symbol b. We can think of these intuitively as opera-
tions that set and test the value of a Boolean variable, although we do not introduce
any explicit notion of storage or variable assignment.

* We prove a representation theorem (Theorem 9.2) for the commutative coproduct
of an arbitrary KAT K and a KAT of binary relations on a finite set, namely that it
is isomorphic to a certain matrix algebra over K.

* As a corollary to the representation theorem, we show that the extension is conser-
vative; that is, an arbitrary KAT K can be augmented with mutable tests without
affecting the theory of K. This is captured formally by a general property of the
commutative coproduct, namely njectiviry. It is not known whether the coproduct
of KATs is injective in general, but we show that it is injective if at least one of the two
cofactors is a finite relational KAT, which is the case in our application.

* We show that the free mutable test algebra on generators b;, 1 < i < n, is isomor-
phic to the KAT of all binary relations on a set of 2" states. We also characterize the
primitive operations in terms of a tensor product of 1 copies of a 2-state system. We
show that the equational theory of this algebra is PSPACE-complete, thus no easier
or harder to decide than KAT.

* We show that the equational theory of an arbitrary KAT K augmented with muta-
ble tests is axiomatically reducible to the theory of K. In particular, the free KAT,
augmented with mutable tests, is completely axiomatized by the KAT axioms plus
the axioms for mutable tests.

* We show that the equational theory of KAT with mutable tests, KAT +B!, is EXP-
SPACE-complete.

* We demonstrate that the program transformations mentioned above, namely the
Bohm-Jacopini theorem and the folklore result about WHILE programs, can be car-
ried out in KAT with mutable tests.

Balbiani et al. [13] present a related system, DL-PA, a variant of propositional dynamic
logic (PDL) with mutable tests only. Their system corresponds most closely to our free
mutable test algebra, which is PSPACE-complete. The semantics of DL-PA is restricted
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to relational models, and they show that model checking and satisfiability are EXPTIME-
complete. The added complexity is partly due to the presence of the modal operators in
PDL, which are absent in KAT.

This chapter is organized as follows. In Section 9.2 we introduce the theory of mutable
tests and prove that the free mutable test algebra on n generators is isomorphic to the KAT
of all binary relations on a set of size 2. We also introduce the commutative coproduct
construction and prove our representation theorem for the commutative coproduct of an
arbitrary KAT K and a finite relational KAT. In Section 9.3 we prove our main completeness
and complexity results. In Section 9.4 we apply the theory to give an axiomatic treatment of
two applications involving program transformations. In Section 9.5 we present conclusions
and open problems.

KAT and Mutable Tests

Recall that a Kleene algebra is a structure (K, +, -, *, 0, 1) that is an idempotent semiring
(Definition 4.5) with an iteration operator * satisfying

1+ pp* =p* q+pr<r = pq<r
1+p'p=p* qg+rp<r = qp* <r

where < refers to the natural partial order on K given by (4.8):
r<y &< Tr+y=y.

All KA operations are monotone with respect to < (Proposition 4.2).
The following are some typical KA identities:

() *p*=p+q” (9.1)
p(ap)* = (pg)*p (92)
pr=") 1+p+--+p" ). (9.3)

A Kleene algebra with tests (KAT) is a Kleene algebra with an embedded Boolean sub-
algebra (Definition 4.17). That is, it is a two-sorted structure (K, B, +,-,*,7,0, 1) such
that

* (K,+,-,%,0,1) is a Kleene algebra,
* (B,+,-,7,0,1)is a Boolean algebra, and
* B asasemiring is a subalgebra of K.

The Boolean complementation operator ~ is defined only on B. Elements of B are called
tests. Theletters p, ¢, 7, s denote arbitrary elements of K and a, b, ¢ denote tests. The oper-
ators +, -, 0, 1 each play two roles: applied to arbitrary elements of K, they refer to nonde-
terministic choice, composition, fail, and skip, respectively; and applied to tests, they take
on the additional meaning of Boolean disjunction, conjunction, falsity, and truth, respec-
tively. These two usages do not conflict; for example, sequential testing of b and ¢ is the
same as testing their conjunction.

Conventional imperative programming constructs and Hoare partial correctness asser-
tions can be encoded, and propositional Hoare logic is subsumed. The deductive complete-
ness and complexity results for KA and KAT [34, 88, 102] say that the axioms are complete
for the equational theory of standard language and relational models and that the equational
theory is decidable in PSPACE.
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Mutable Tests

LetT,, = {t1,...,t,} beasetof primitive test symbols. Consider a set of primitive actions
{tI,#! | t € T,,} (note that ¢! = ¢!). We write ¢ for the test ¢ to emphasize the distinction
between ¢? and t!. Let F), be the free KAT over primitive actions {t!,t! | t € T},} and
primitive tests 7, modulo the following equations:

(i) the? = ¢!
(ii) 7t = t?
(iii) ¢! = ¢#!

(iv) slt! = tls!, provided s # t.
(v) slt? = t?s!, provided s & {t,t}.

Intuitively, axiom (i) says that the action ¢! makes a subsequent test ¢? true, (ii) says that if
t? is already true, then the action ¢! is redundant, (iii) says that setting a value overrides a
previous such action on the same value, and (iv) and (v) say that actions and tests on different
values are independent.

The theory B! refers to the equational consequences of (i)—(v) along with the axioms of
KAT on terms over 17, (Definition 4.23). Two immediate such consequences are (4.39) and
(4.40):

(vi) ¢t = ¢!
(vii) t!£? = 0.

Recall that an atom of T, is a sequence $152 - - - $p,, where each s; is either ¢; or ¢; (Defi-
nition ). Atomsare denoted v, 3, . . ., and the set of atoms is denoted At. We write o < tif
tappearsin a. Let «o[t] denote theatom cvif o < t and o with ¢ replaced by t if v < ¢. Each
atom o = §1 - - - 8y, determines a complete test o7 = 517527 -+ - 5,7 € F), and a complete

assignment a! = s1lsa!- - s,! € F),. The following are elementary consequences of B!:
7= alal th=">"a?aft]! (9-4)
a<lt a
ala? =a! a’al=a? alfl=p! a?87=0ifa # S. (9.5)

Mutable Tests and Binary Relations

The following theorem characterizes the free B! algebra F3,. The theorem shows that B! is
sound in the sense that the free model does not trivialize to the one-element algebra.

Theorem 9.1. The algebra F, is isomorphic to the KAT of all binary relations on a set of
size 2™,

Proof. The set At is of size 2. Consider the KAT of binary relations on At. This algebra
is isomorphic to Mat(At, 2), the KAT of At x At matrices over the two-clement KAT
with the usual Boolean matrix operations. We will construct an isomorphism hy, : F;, —

Mat(At, 2).
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For the generators, let by, (t7) and Ay, (£!) be At X At matrices with components

() = {1 if8=a<t (i) = {1 if B = alt]

0 otherwise, 0 otherwise.

One can show without difficulty that the axioms (i)—(v) of B! are satisfied under the inter-
pretation h,,. We show (i) and (ii):

(ha (E) 2 (7)) ap = Z i () ary b (87) 4

0 otherwise

{1 ify=qaftjand =~ <t

0 otherwise

_ {1 if 3 = aft]

= B ().
(hn(t?)hn(t!))aﬁ = Z hn(t?)a“/hn(t!)"rﬂ = hn(t?)aahn(ﬂ)aﬁ

_ {1 ifor < tand B = aft]

0 otherwise

1
0
n(t?)ag.

Since F, is the free B! algebra on generators 1}, hy, extends uniquely to a KAT homomor-
phism h,, : F,, — Mat(At, 2). Under this extension, h,, (a?!) is the matrix with 1 in
location 3 and 0 elsewhere. As every matrix in Mat(At, 2) is a sum of such matrices, h,,
is surjective.

We wish also to show that A, is injective. To do this, we show that every element of
F, is a sum of elements of the form a7 3!. This is true for primitive tests t?7 and primitive
actions t! by (9.4). The constants 1 and 0 are equivalent to ) a?a! and the empty sum,
respectively.

For sums, the conclusion is trivial. For products, we observe using (9.5) that

ifa<tand B =«

otherwise

a?BN?1 =0 if B#~y and a?Bl825! = a?dl.

By distributivity, this allows the product of two sums of elements of the form a7 3! to be
reduced to a sum of the same form. For *, any element of the form e* where e is a sum of
elements of the form a?3! is equivalent to 1 + € + €% + - - - + €™ for some m, since At is
finite.

Now if A C At?, then h,, (D apea @?B) is the matrix with 1 in locations a3 € A
and 0 elsewhere. Thusif A, B C At® and hn (3 apen @18!) = (X pep @?B!), then
A = B, therefore ) 5 4?8 =3 5. pa?Bl. O

The Commutative Coproduct

Let K and F' be KATs. The commutative coproduct of K and F is the coproduct of K
and F' modulo extra commutativity conditions {ps = sp | p € K, s € F'} that say that
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elements of K and F' commute multiplicatively. The commutativity conditions model the
idea that operations in K and F are independent of each other. We will give an explicit
construction below.

The usual coproduct K @ F' comes equipped with canonical coprojections i g : K —
K @ Fandip: F — K @ F. The coprojections are often called injections, although they
need not be injective." The coproduct is said to be injective if i jc and ¢ are injective.

Injectivity is important because it means the extension of an algebra K with extra fea-
tures F' is conservative in the sense that it does not introduce any new equations. The co-
product of KATs is not known to be injective in general; however, we shall show that if
is a finite relational KAT, then the coproduct and commutative coproduct are injective.

Our proofrelies on an explicit coproduct construction from universal algebra that holds
for any variety or quasivariety V' (class of algebras defined by universally quantified equa-
tions or equational implications) over any signature 3. We briefly review the construction
here.

Let T’k be the set of X-terms over K. The identity function K — K extends uniquely
to a canonical homomorphism Tx — K. The diagram of K, denoted A, is the kernel
of thishomomorphism; this is the set of equations between X-terms over K thathold in K.
It follows from general considerations of universal algebra that Tk /A g = K, where T'/E
denotes the quotient of 7" modulo the V-congruence generated by equations F; that s, the
smallest ¥-congruence on 7 containing F and closed under the equations and equational
implications defining V.

Now let T, denote the set of mixed X-terms over the disjoint union of the carriers

of K and F'. The coproduct s
K& F =Ty.r/(AgUAp).

The canonical injection i g : K — K @ Fis obtained from the identity embedding Tx —
Tk r reduced modulo Ak on the left and A g U A g on the right; the map is well-defined
on A g -classes since A i refines A g UA . This construction satisfies the usual universality
property for coproducts, namely that for any pair of homomorphisms k: K — H and
f+ F — H, there is a unique homomorphism (k, f): K & F — H such thatk =

h, f) o and f = (k, f) o ip-
Now let K and F' be KATs, and let D be the set of commutativity conditions

D ={ik(p)ir(s) =ir(s)ix(p) | p € K, s € F}.

on K @ F'. The commutative coproduct is the quotient (K @ F')/D. Composed with the
canonicalmap [-1: K@ F — (K& F)/D, ik and i p inject K and F), respectively, into
(K @ F)/D. The following universality property is satisfied:

Lemma 9.1. For any pair of homomorphisms k: K — H and f: F — H such that

Vp € K'Vs € Fk(p)f(s) = f(s)k(p), (9.6)
there is a unique universal arrow (k, f)p: (K @ F)/D — H such thatk = (k, f)p o
[Joigand f =k, fypo [-]Joip.

Proof. Property (9.6) implies that D refines the kernel of (k, f): K & F — H, therefore
(k, f) factors uniquely as (k, f) p o [-], as shown in Figure 9.1. O

‘For example, Zm @ Zn = Zged(m ,n) in the category of commutative rings.
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K

Figure 9.1: Universality property of the commutative coproduct.

Our main results depend on the following key lemma.

Lemmag.a. Let K and F be KAT. If F is finite, then every element of (K & F)/D can
be expressed as a finite sum ) o psS, where ps € K.

Note that the lemma is not true in general without the assumption of finiteness. For
example, it can be shown that the commutative coproduct of two copies of the free KA on
one generator does not satisfy the lemma.

Proof. The lemma is certainly true of individual elements of K and F'. We show that the
property is preserved under the KAT operations. The cases of + and - are quite easy, using
commutativity and distributivity:

(;Psé) + (Z:P’sS) => (ps +pl)s

(o) (] =50 ()
s s = izspssp'ss
-~ i:i:psp’sss
= i:p:p’ss&

The only difficult case is that of *. We wish to show that (3, > ps5)* is equivalent to
a finite sum of the form ), > ¢st. Let ¥ = {as | s € I'} be a finite alphabet with one
letter for each element of F, and let Regy; be the free KA on generators 3. Consider the
following homomorphisms generated by the indicated actions on X:

[:X = F g: Regy, > K& F h: Regy, = K
f(as) =S g(as) = PsS h(as) = Ps-

Foreacht € F,theset f71(t) = {z € X% | f(x) = t} is a regular se, as it is the set
accepted by the deterministic finite automaton with states F', start state 1, accept state ¢,
and transitions §(s,a) = s - f(a). Itis easily shown by induction that for all z € ¥*,
0(s,x) = s+ f(x). Thus the automaton accepts « exactly when t = §(1,z) = f(z), that
is,whenz € f71(¢).
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Let A be the F' x F' transition matrix of this automaton: Ay = >, a,. Then
(A*)st represents the set of strings « such that s - f(x) = t. Moreover,

(Z as> => (A (9.7)

seF teF

since every string is accepted at some state t.

Let M be the F' x F' diagonal matrix with diagonal elements M, = s and oft-diagonal
elements My, = O for s # t. The homomorphisms g and h lift to F' X F' matrices over
Regy, with

g(A)st = Z brr h(A)st = Z Dr-
sr=t sr=t
Then forany s,t € F,
(M : g(A))st = ZMST'Q(A)rt = Mssg(A)st =S Z Pr7

sr=t

= ZPrST = Zprt = h(A)s My

sr=t sr=t

= h(A) My = (h(A) - M)y

Since s, t were arbitrary, M - g(A) = h(A) - M. By the bisimulation rule of KA (Proposi-
tion 4.4),

M-g(A*) =M -g(A)* = h(A)*- M = h(A") - M,
thus forall s,t € F),

sg(A*)st = Mssg(A*)st = Z Msrg(A*)rt = (M : g(A*))st
rck

= (h(A*) : M)St = Z h(A*)errt

rek
= h(A") st My = h(A*) gt

In particular, setting s = 1 and summing over ¢t € F,
> g(A)1 = h(A*)ut. (9.8)
teF teF

Using (9.7) and (9.8),

(5r) =(o) =o((5) ) = (550)

=Y g(A)u =Y h(A)t.

teF teF
Setting ¢ = h(A*)1s, we have expressed (), o Ps5)* in the desired form. O

Theorem 9.2. If K is a KAT and F is the KAT of all binary relations on a finite set S,
then (K @ F)/D = Mat(S, K).
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Proof. Forp € K, let k(p) € Mat(S, K) be the S x S diagonal matrix with p on the
main diagonal and 0 elsewhere. For s € F, let f(s) be the standard representation of
the binary relation s as an S x S Boolean matrix. The maps k: K — Mat(S, K') and
f: F — Mat(S, K) are injective KAT homomorphisms and embed K and F' isomorphi-
cally in Mat(S, K'). The image of F' under f is Mat(.S, 2), a subalgebra of Mat(S, K). By
the universality property for coproducts, we have that

(k, f): K ® F — Mat(S, K)

and k and f factorask = (k, f) oix and f = (k, f) o ip.

Moreover, because k(p) is a diagonal matrix for p € K and f(s) is a Boolean matrix
for s € F, the commutativity conditions D are satisfied in the sense that k(p) f(s) =
f(s)k(p), thus Lemma 9.1 applies and we have a KAT homomorphism

(k, f)p: (K & F)/D — Max(S, K).

That this homomorphism is an isomorphism follows from Lemma 9.2 by an argument sim-
ilar to that of Theorem 9.1. For v, 8 € S, let nop € F such that h(nag)as = 1andall
other entries are 0. Then forall s € F,

ag ifh(8)asg =1

NaaSNpR = Nes I (S) ’ _ Znaa =1
0 ifh(s)ap =0 -

We have

h<2p55> Zps 8)ap = Z Ds (9:9)
s af

h(s)ap=1

YSED S Dot B D
722735”005”%*2 Z DsNagp (9.10)

,B h(s)ap=1

Ifh(} o pss) = (>, qss), thenforalla, B € S, h(3, psS)as = M(D_, 4sS)ap- By
(9.9) and (9.10),

2ps=D, D pmas=d, D, dstas =) 4

B h(s)ap=1 @B h(s)ap=1
The construction is illustrated in Figure 9.2. O]
Corollary 9.1. If K is a KAT and F is any KAT of binary relations on a finite set S, then
(K @ F)/D is isomorphic to a subalgebra of Mat(S, K).

Proof. Compose an embedding of F'into the KAT of all binary relations on .S with the map
f of Theorem 9.2. O

The following corollary says that the extension of an arbitrary KAT with mutable tests
is conservative.
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1K K@F 1r

(k. f)
k

(K® F)/D
= Mat(S, K)

K

F

f

Figure 9.2: Matrix representation of the commutative coproduct.

Corollary 9.2. If K is a KAT and F' is any KAT of binary relations on a finite set S, then
the commutative coproduct (K & F) /D is injective.

Proof. The mapsk = (k,f)oix: K — Mat(S,K)and f = (k,f)oip: F —
Mat(S, K) are injective. By Theorem 9.2, (K & F')/D = Mat(S, K), and k and f com-
pose with this isomorphism to give the canonical injections from K and F, respectively, to

(K & F)/D. O

Completeness and Complexity

In Section 9.2, we showed that an arbitrary KAT K can be conservatively extended with
a small amount of state in the form of a finite set of mutable tests and their correspond-
ing mutation actions. As shown in Theorem 9.2, the resulting algebra is isomorphic to
Mat(At, K), where At is the set of atoms of the free Boolean algebra generated by the mu-
table tests.

In this section we prove three results. First, the KAT axioms along with the axioms B! for
mutable tests and the commutativity conditions D are complete for the equational theory
of (K & F,)/D relative to the equational theory of K. This is quite a strong result in the
sense that it holds for an arbitrary KAT K, regardless of its nature. In particular, for the
special case in which K is the free KAT on some set of generators, the model (K & F),)/D
is the free KAT with mutable tests 73,. Most of the work for this result has already been
done in Section 9.2.

The second result is that the equational theory B! is complete for PSPACE. This com-
plexity class is characterized by alternating polynomial-time Turing machines [100].

The third result is that the equational theory of a free KAT augmented with mutable
tests is complete for EXPSPACE, deterministic exponential space. This result is quite sur-
prising, as both KAT and B! separately are complete for PSPACE, yet their combination is
exponentially more complex in the worst case.

Completeness

Let K be an arbitrary KAT. Let KAT + B! denote the deductive system consisting of the
axioms of KAT, the axioms for mutable tests B!, and the commutativity conditions D over
alanguage of KAT terms with primitive action and test symbols interpreted in K as well as
a set of mutable tests T5,. Let A g be the diagram of K.

Theorem 9.3. The axioms KAT+ B!+ A are complete for the equational theory of (K &
F,)/D. In other words, the axioms KAT+ B! are complete for the equational theory of
(K @ F,)/D relative to the equational theory of K.
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Proof. Let eq and e be expressions denoting elements of (K & F,)/D. By Theorem 9.1
and Lemma 9.2, we have

KAT+B!+Axg ke = Z Papee?f!
a,BEAL

KAT+B!+ Ak F ey = Z gapa’?Bl.
a,BEAL

If (K@ F,)/D E e1 = e3, we have under the canonical interpretation (k, %) that the
matrices (k, i) (e1) and (k, i) (e2) are equal, thus forall o, 8 € At,

Pap = <kai>(€1)aﬁ = <k7i>(62)o¢[3 = (dap;
and conversely. O

Corollary 9.3. The axioms KAT+ B! are complete for the equational theory of (K ® F),) /D,
where K is the free KAT on some set of generators.

Complexity
Theorem 9.4. The equational theory B!is PSPACE-complete.

We note that neither the upper nor the lower bound follows from previous results. The
upper bound does not follow from results on elimination of hypotheses [31, 71, 102], as
axioms (i) and (ii) can be eliminated by these results, but not the others.

Proof. We first show that the problem of deciding a?3! < e, where a, 8 € At, is in
PSPACE. We give an alternating polynomial-time algorithm that operates inductively on
the structure of e.

To decide a?B! < t7 or a?B! < ¢!, using (9.4) we can ask whethera = 8 < tor
B = alt], respectively.

For addition, we have a?8! < e; + eg ifand only if a?8! < ej ora?p! < ey. We
nondeterministically choose one of these alternatives and check it recursively.

For multiplication, we have a7 8! < e;eg if and only if there exists 7y such that a?v! <
e1 and y78! < es. We guess v nondeterministically using existential branching and check
both conditions recursively using universal branching.

Finally, to check a?8! < e*, by Theorem 9.1 it suffices to check that a?3! < ek for
some 0 < k < 2™. We guess k nondeterministically using existential branching. To check
a?B! < ek, we guess v nondeterministically using existential branching, and for each such
7y, we check recursively using universal branching that a?y! < elk/2] and 4?B! < el*/21,

To decide the equational theory in PSPACE, we note thate; < ep ifforall o, 5 € At,
if a?8! < ey, then a?B! < es. The avand B can be chosen universally and the implication
a?B! <e; = a?B! < es checked in PSPACE.

To show PSPACE-hardness, we encode the membership problem for deterministiclinear-
bounded automata, a well known PSPACE-complete problem. Let M be a deterministic
linear-bounded automaton with states () and tape alphabet I'. Letx = x1 ---x, bean
input string of length n over M’s input alphabet. Fora € I', ¢ € @,and 0 < ¢ <n+1,
introduce mutable tests P and @} with the following intuitive meanings:

P = the symbol currently occupying tape cell i is a,

Q7 = M is currently in state ¢ scanning tape cell 7.
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The operation of the machine is governed by a transition function§: @ x I' = @ x I' x
{+1, —1}. Intuitively, the transition §(p, a) = (g, b, d) means, “When in state p scanning
symbol a, print b on that cell, move the head in direction d, and enter state ¢.” For each
such transition, consider the expressions

PMQUTPAIQYIPIIQY ! (9.11)

for all 7. The part P#?Q¥? tests whether the machine is currently scanning a on cell 7 in
state p. If so, PA1QY !Pib!Qg 4! effects the transition to the new configuration as dictated
by the transition function d. The truth values of variables not mentioned do not change.

Assume that the input is delimited by left and right endmarkers - and -, that M starts
in its start state s scanning the left endmarker I, that M never overwrites the endmarkers,
and that before accepting, M erases its tape by writing a blank symbol 1 on all tape cells
except for the endmarkers, moves its head all the way to the left, and enters state t. The start
and accept configurations are atoms

start = Q3 Py P Py? - P Pl U
accept:Qf)PoFPJfP;"‘P#Prj-s-lv

where U and V' are the negations of the remaining variables. Let e be the sum of all expres-
sions (9.11). Then M accepts z if and only if start?accept! < e*. O

Let K be the free KAT on some set of generators. As shown in Corollary 9.3, the equa-
tional theory of (K & F3,)/D is completely axiomatized by KAT +B!.

Definition 9.1 (Automata on guarded strings [90]). An automaton on guarded strings over
Y and Bisafour-tuple M = (Q, A, start, final) where

+ () is the set of states;
« start C Q) is the set of start states,
+ final C Q is the set of final states;

A C Q % (ZUDB) x Q is the transition relation, where B is the set of composite
tests built from the atomic tests B.

Theorem 9.5. The set of equational consequences of KAT+ B! (that is, the equational theory
of a free KAT angmented with mutable tests) is EXPSPACE-complete.

Proof. Let K be the free KAT on generators ¥ and B. The atomic tests B are ordinary
KAT tests and are not mutable. The set of equational consequences of KAT + B! coincides
with the equational theory of the structure (K & F},)/D (Corollary 9.3). This structure
is isomorphic to the matrix algebra Mat(At, K') (Theorem 9.2), where At is the set of 2"
atoms generated by the mutable tests T}, Every element of Mat(At, K') isan At x At matrix,
each entry of which is a regular set of guarded strings over 3, B. Regular sets of guarded
strings are recognized by non-deterministic automata on guarded strings (Definition 9.1).
In such an automaton, a transition of the form (s, p, t) with p € X is called an action
transition, and one of the form (s, b, t) with b € B is called a rest transition. In particular, a
test transition of the form (s, 1, t) is called an e-transition. We refer the reader to [90] fora
definition of how these automata compute on guarded strings. Let £(s, t) be the set of the
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guarded strings « so that there is some computation on & starting from state s that ends in
state t. The guarded automaton M recognizes the language of guarded strings

U U L(s,t).

sEstart tcfinal

We extend this automaton model so that it recognizes matrices of regular sets of guarded
strings. A matrix automaton is a tuple

M = (Q x At, A, start, final),
where start, final: At — 29 and A C (Q x At) x (X UB) x (Q x At). The automaton

recognizes the At x At matrix L, each entry of which is a regular language of guarded strings:

L(a, B) = U U L((s, ), (t,B))-

s€estart(a) tefinal(B)

We will now describe a construction similar to Kleene’s theorem. Given a KAT + B! expres-
sion e over X2, B, T, we will give a matrix automaton that recognizes the matrix of languages
denoted by e under its standard interpretation in the structure Mat(At, K'). For all base
cases p, b, t7, t! we define the set Q@ = {s1, 2}, the start states start(a)) = {s1}, and
the accepting states final(«) = {s2}, for every @ € At. We give the set A of transitions

separately for each of these base cases:

. . I P,
* Case: action letter p in 3. For every atom ¢, we put a transition (s1, &) —> (s2, @).

. . .. b
* Case: arbitrary test bin B. For every atom v, we have a transition (s1, a) — (s2, ).
. 1
+ Case: mutable test t?. We put the transitions (s1, &) — (s2, ) forevery o < t.

* Case: primitive action ¢!. The automaton has the transitions (s1, &) RN (s2, a[t])
for every .. Recall that a[t] is the modification of « so that ¢ holds.
The remaining base cases are for 1 and 0. We define the corresponding automata as follows:
* For the case of 1, we have the trivial automaton with Q = {s}, start(a)) = {s},
final(a) = {s},and A = ().
* The automaton for 0 is defined as Q = {s}, start(a) = {s}, final(a) = 0, and
A=
Suppose that M7 = (Q1 xAt, Ay, starty, final;) and My = (Q2 X} At, Ag, starty, finaly)
are the matrix automata for the expressions e; and e respectively. Without loss of general-
ity the sets 1 and )7 are disjoint.
* For the expression €1 + e we define the automaton M = (@ x At, A, start, final)
by @ = Q1UQx2,
start(a)) = start; () U starta ()
final(a) = finaly («) U finalz ()
and A = Al @] AQ.

+ For the expression e; - 3 define M = (@ x At, A, start, final) by Q@ = Q1 U Qo,
start(«) = starty (o), final(«) = finala (), and A = Ay U Ay U A’ where

Al = {(s,a) L (t,a) | s € finaly (), t € startg(a)}.

Now, suppose that M = (Q x At, A, start, final) is the matrix automaton for the expres-
sion e. The automaton for - e* results from M by adding e-transitions from the final states
back to the start states:
1
(s,a) = (t,a),
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where s € final(a), t € start(a), and @ € At. Finally, the automaton fore* = 1+e-e*
can be obtained using the constructions for 1 and 4 that we have already described.

Consider now two KAT + B! expressions e1, €2 and the problem of checking whether
they denote the same matrix in the structure Mat(At, K). We can construct effectively the
corresponding matrix automata M; and Ma, as described in the previous paragraph. We
can have an explicit representation of these automata, since exponential space suffices for
this. Let L1 and Ly be the matrices of languages accepted by M7 and M respectively. For
every pair of atoms «, 3 we have to check whether L1 («, 5) = La(a, ). This problem
amounts to checking the equivalence of automata on guarded strings, which can be done
in space polynomial in the size of the automata [90]. It follows that we can decide whether
e1 = ey in exponential space.

For the lower bound, we encode the membership problem for exponential-space bound-
ed Turing machines. Given such amachine M and an input z of length n, we use n mutable
tests to construct an integer counter that can count up to 2" — 1, as illustrated below:

toli 1)y s tno1l;
while t_()? + t_17 + -4 t_nfl? {
if f()? then ty!;
else if £17 then ty!; ¢!
else if EQ? then Eo',fll,tg',
else ...
else if £,_1? then #ol; 1! -+ E_olitn_1!;
else skip;

}

We use the counter as a “yardstick” to construct an expression e that simulates a non-de-
terministic automaton which accepts all strings that are not valid computation histories of
M oninput z. The automaton decides nondeterministically where to look for an incorrect
move of M. It remembers a few symbols of the input string, then starts the counter. With
each iteration of the counter, it skips over an input symbol (not shown above). In this way
it can compare symbols a distance 2" apart to check whether the transition rules of M are
followed. The expression e generates all strings if and only if M does not accept . This
construction is quite standard (see for example [s1, 100, 132]), so we omit further details. [

Applications

The B6hm-Jacopini Theorem

A well-studied problem in program schematology is that of transforming unstructured flow-
graphs to structured form. An early seminal result is the Bshm—Jacopini theorem [23],
which states thatany deterministic flowchart program is equivalent to a deterministic WHILE
program. This theorem has reappeared in many contexts and has been reproved by many
different methods [12, 118, 121, 123, 150].

Like most early work in program schematology, the Bchm-Jacopini theorem is usually
formulated at the first-order level. This allows auxiliary individual or Boolean variables to
be introduced to preserve information across computations. This is an essential ingredient
of the Boshm-Jacopini construction, and they asked whether it was strictly necessary. This
question was answered affirmatively by Ashcroft and Manna [12] and Kosaraju [87].

In [103], a purely propositional account of this negative result was given. A class of
automata called strictly deterministic automata was presented, an abstraction of determin-
istic flowchart schemes. The three-state strictly deterministic automaton of Figure 9.3 was
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Q1p21

Figure 9.3: A strictly deterministic automaton not equivalent to any WHILE program [103].

tolstils ta!l; //start stateis 0
while true {
if to? then
to!; if aq then pgi;t1!; else if ag then poa;ta!; else halt;
else if t17 then
t1!: if cio then pia; ta!; else if a then pio;to!; else halt;
else //must be to
tol: if o then pog; to!; else if vy then poq;tq!; else halt;

Figure 9.4: A WHILE program with mutable tests equivalent to Figure 9.3.

shown not to be equivalent to any deterministic WHILE program, where the cv; are mutually
exclusive and exhaustive tests and the p;; are primitive actions.

With strictly deterministic automata, Boolean values are provided by the environment
in the form of an input string consisting of an infinite sequence of atoms, and the program
responds with actions, including halting or failing. This is the correct propositional seman-
tics: it allows all possible interpretations of the actions that could cause tests to become true
or false. Two strictly deterministic automata are considered equivalent if they generate the
same set of finite guarded strings (see [103] for formal definitions and details).

The Bohm-Jacopini theorem is true in the presence of mutable tests. The technique is
well known, so rather than give a general account, we illustrate with the strictly determin-
istic automaton of Figure 9.3. We introduce mutable tests to, ¢1, and ¢2, which serve as
program counters. An equivalent deterministic while program with mutable tests is shown
in Figure 9.4.

The major difference here is that the mutable tests are under the control of the program
instead of the environment.

We have not given the formal definition of the set of guarded strings generated by a
strictly deterministic automaton with mutable tests, but under the appropriate definition,
it can be shown that this WHILE program and the strictly deterministic automaton of Fig-
ure 9.3 generate the same set of guarded strings.
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A Folk Theorem

In this section we illustrate how KAT + B! can be used in practice. We will show, reasoning
equationally in KAT + B!, a classical result of program schematology: Every WHILE program
can be simulated by a WHILE program with at most one WHILE loop, assuming that we allow
extra Boolean variables. An example of part of the proof done using only KAT is shown in
Section 4.3.1.

We work with a programming language that has atomic programs (written a, b, . . .), the
constant programs skip and fail, atomic tests, as well as the constructs: sequential compo-
sition f; g, conditional test if p then f else g, and iteration while pdo f. These constructs
are modeled in KAT as follows:

skip=1 fail=10 fi9="fg
ifethen felseg = ef + &g whileedo f = (ef)*e

There is a semantic justification for these translations, using the standard relation-theoretic
semantics for the input-output behavior of WHILE programs. Intuitively, to show the re-
sult we introduce extra Boolean variables that encode the control structure of the program.
These variables are modeled in KAT + B! using mutable tests £1, 2, . . ., which are taken to
be disjoint from any mutable tests that might already appear in the program.
Commutativity axioms: KAT +B! has axioms that say that primitive actions commute
with the mutable test symbols, thatis, t?7a = at? and tla = at!. Moreover, tlp = pt!
and t!p = pt! for every atomic KAT test p, since tests commute. The following lemmas
establish that using the axioms of KAT +B! more commutativity equations can be shown.

Lemma 9.3. If the mutable test symbols t,t do not appear in the KAT+ B! test term p, then
we have that t'p = pt! and t!p = ptl.

Proof. By induction on p. If p is an atomic KAT test, then the claim follows directly from
the axioms. The cases for the constants 0 and 1 are trivial. If p is a mutable test s7, then
by our assumption we have that s # t,t and therefore t!s? = s?t! and t!57 = §7t! are
axioms of B!. For the induction step, consider the case p + g¢:

thp+q) = tlp + tlg = pt! + qt! = (p + ¢)t!
tl(p+q) = t'pqg = pt!q = pgt! = (p+ q)t!

The case pq is similar. For the case of p, the equation t!p = pt! follows from the induction
hypothesis for p. Similarly, t!p = tlp = pt! = ptl. O

Lemma 9.4. If the mutable test symbols t,t do not appear in the KAT+ B! term f, then
t?f = ft? and t!f = ft\.

Proof. We only show the part involving ¢!, for t? the proof is essentially the same. We argue
by induction on the structure of f. If f is a test, then the result follows from Lemma 9.3. If
f is an atomic program a, then from the axioms we have that t!a = at!. For composition
and choice we have using the induction hypothesis: t! fg = ftlg = fgt!,and

tNf+g) =tf +tlg= ft! +gt! = (f + g)t!.

It remains to show that ¢! f* = f*t!. By virtue of the bisimulation rule, it suffices to see

thatt! f = ft!, which is the induction hypothesis. O
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The theorem that follows is a normal form theorem, from which the result we want to
show follows immediately. Working in a bottom-up fashion, every WHILE program term is
put into the normal form. That the transformed program in normal form is equivalent to
the original one is shown in KAT +B!.

Theorem 9.6. For any WHILE program f, there are WHILE-free u, p, ¢ and a finite collec-
tionty, ..., ty of extra mutable tests such that

fi;z=wu;whilepdo ¢; z,
where z = 1115 ...t

Proof. In the normal form given above, the pre-computation u, the WHILE-guard p, and the
WHILE-body ¢ may involve the extra mutable test symbols ¢1, ..., ¢, t1,. .., ¢k These
symbols do not appear in f. The post-computation z = #;!;... ;) “zeroes out” all the
extra mutable Boolean variables. Its role is in some sense to simply project out this extra
finite state. The proof proceeds by induction on the structure of the WHILE program term
I
For the base case, suppose that f is a WHILE-free program term, and let ¢ be a fresh
mutable test symbol. Intuitively, t7 holds if f has not been executed yet, and t? holds when
f has been executed. The base case follows from Lemma 9.5.
From the induction hypothesis, we can bring the programs f and g in normal form so
that
f3; 2 =wu;whilepdo ¢; z
and
g; z = v;whilegdov; z,

where 2 sets to zero all the mutable tests that appear in the transformations of f and g. For
the cases of a conditional test if e then f else g and composition f; g, we introduce a fresh
mutable test symbol ¢.

* Case if ethen f else g: The Boolean variable corresponding to the symbol ¢ records
the branch to be taken. So, t? holds when f should be executed, and £? holds when
g should be executed. The case follows from Lemma 9.6.

* Case f; g: The Boolean variable for the symbol ¢ records the current position of exe-
cution. So, t? holds when we are executing f, and 7 when we are executing g. The
case follows from Lemma 9.7.

It remains to handle the case of the WHILE loop while e do f. First, we have by Lemma 9.8
that

whileedo f; z = whileedo (f; 2); .

With this, we can put the program in a more convenient form with Lemma 9.9:
if e then (u; while (e + p) doif pthen ¢ else (z; u)) iz

But we already know how to transform conditional statements, so we apply that transfor-
mation to bring the term in the desired normal form. O

Lemmao.s. f;2z = tl;whilet?do (f;#); 2, where z = t.
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Proof. First, we unravel the expression (f? ft!)* twice and observe that
@7 fe) =1+ 2t fe)”
=1+ t7 001 + 7 fU1(t? fE))Y)
=14 7ft0 4 7 fO07 fT(E7 fT)*
=1+1t?ft!,
because £!t? = t1t7t? = 0. So, we conclude that
RHS = #!(¢? ft)*t 71!
=11+ 7 feh)e?
=7 + 7 fEli7,
which is equal to ¢! ft! = ftlt! = ft! = f; z, since t was chosen to be fresh (Lemma 9.4).
O

Lemma 9.6 (Normal form for conditional). The program (if e then f else g); z; t! is equal
to

if ethen (t!; u) else (! v);

while ((¢? A p) V (£? A q)) do (if 7 then ¢ else ));
2t
Proof. The wHILE-free pre-computation in the normal form translation is equal to et!u +
et!v. The guard of the WHILE loop is t7p + ¢7¢, and the body is t7¢ + £?1). So,
((t? Ap) V (E7 A q)); (ift? then pelsetp) =
(t?7p +12q)(t?¢ + 7)) =
t7pg + t7qp.
The negation of the guard of the loop is =(t?p+17q) = (t7+p)(t?+q) = t?7G+t?p+pq.
First, we claim that t7(¢?7pg)* = t?(pp)*. Since t?7 < 1 and * is monotone, we
have that (t?p@)* < (pg)*, and therefore t?(t7pgp)* < t?(p@)*. In order to show that
t?(pp)* < t7(t7pd)*, it suffices to see that t? < ¢7(t7pgp)*, and that
t2(t7p¢)"pd = t7(1 + (t7pd) "t 7pe)p¢
= 17pg + t2(t7p¢) "t pdpd
— 1247p + (1 7pd) 47t T ppds
= t7pd + t?(t7p) tTpPtTpd
=t?2(1+ (t7pp) t?pd)tpd
=t7(t7pd) tTpod < t?(t7pod)*.
Now, we want to show that t?(t?p¢ + t?qi))* = t7(t?p¢)*. By monotonicity of *,

the right-hand side is less than or equal to the left-hand side. For the other direction, we
need to show that

t2(t2pe)* (t7po + t7q0) =

t2?(t7pg)* (t7po + t2qup) = [prev. claim]
7t (pp)* (tpd + tlqy)) = [t notinp, ¢]
t2(pg)*t?(t7pg + tlqh) =

t?(pg)*t?pd = [prev. claim]

t2(t7pg)*t?pg,
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which is < t?7(t7pg)*.
Let W abbreviate the entire WHILE loop of the normal form translation. We have al-
ready seen that
W = (t7p¢ + 17q)"(£7q + t?p + pq)

and therefore

LW = t2(t7pd)* (7 + t7D + pq)
= t2(pp)* (£7G + t?p + pq)
= (pp)*t?(£7G + t?p + pq)
= (po)*(t7p + 17pq)
= (p)"t7p,

because t7pg < t7p. So, we have

eRHS = e(etlu + etlv)Wzt! = etlulV 21!
= etlt?uW zt! = etlut?W zt!
etlu(pd)*t?pzt! = eu(pgp) pztl,

which is equal to e fz¢! by the induction hypothesis. Similarly, it can be shown eRHS =
egzt!. We thus conclude that

RHS = (e + €)RHS = eRHS + éRHS
=efzt! + egzt! = (ef + eg)zt!,

which is equal to (ifethen f else g); z; !, namely the left-hand size of the equation we
wanted to show. [

Lemma 9.7 (Normal form for composition). The program f; g; z; t! is equal to

thug;
while (t? VV (t? A q)) do
if t? then (if pthen ¢ else (2; !5 v)) else ¢;
z; .
Proof. The negation of the guard of the while loop is =(t? + t?7q) = t?(t? + q) = t?q.

The body of the loop is equal to t?(pg + pztlv) + 179 = t?pd + t?pztlv + t79. So, the
encoding of the WHILE loop is

((t? +2q) (t?pd + t?p2tlo + 7))  £7G
= (t7p¢ + t7pztlv + t7qp)*t7q
= (A+17q)*t?q
— A (PqpA )R,
where we put A = t7p¢ + t?pztlv.
From t7A = t?(t7p¢ + t7pztlv) = 0 < £7 we obtain that #? A* < {7. Moreover,
t? < t?7A and hence t?A* = ¢7. It follows that t7qy A* = qyt?A* = qyt?. Now,

we claim that (qyt?)*t? = t7(q1))*. The inequality (qit?)*t? < t?(q))* follows from
monotonicity of *. For the inequality ¢?(q))* < (qyt?)*t? we need to show that

(qt?)* t?2q = (qt?)*qut? = (qt?)*qupt?t?,
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which is < (qut?)*t?. We have thus shown that the WHILE loop is equal to
A% (qut?)*t7q = A2 (q)*q.
Now, we focus on simplifying the expression t?7A*t? = t?(t7p¢ + t?pztlv)*t?. First,
we observe that unfolding (¢?pzt!v)* twice gives us the equation

(t?pztlo)* =1 + t?pztlv.

Moreover, t?(t?pg)* = t?(1 + t?pg(t?p¢)*) = t7. Therefore, using the denesting rule,
we obtain that t? A*¢7 is equal to

t2(t7pd)* (t7pztlv (E7p@)* ) E7? =

t2(t?pd)* (t7pztlvt? (t7pp)* ) 1?7 =

?(t7pg)* (L7patlvt?) L7 =
)™ (
) (
)

~ o

(
(
?(t7pg)* (t7patlv)*t? =
2(t?pd)* (1 + t7pztlv)i? =

(

(

(

~

t2(t?pd)*t? + t?(t7pd) *t?pztlvt? =
t?(t7pg) t?p2tlvt? =
t?

?(pp)*patlv.
Finally, we can work on the right-hand side of the equation we want to establish:

RHS = tWwA*t? (qp)*qzt! = tlut? A*E? (qup)* gat!
= tlut?(pg)*pztlv(qy)*gzt! = u(pd)*pzv(qy)* gzt

which is equal by the induction hypothesis to fzgzt! = fgzzt! = f;g; 2; tl. O
Lemma 9.8. whileedo f; z = whileedo (f; 2); 2.

Proof. The left-hand side is equal to (e f)*€z, and the right-hand side is equal to (e fz) *ez.
It suffices to show that (ef)*z = (efz)*z.

(efz)"z < (ef)"z <= efz(ef)"z < (ef)"z,

whichholdsbecauseefz(ef)*z = ef(ef)*zz < (ef)*z. Now, we observe that (e fz)*z =
z(efz)* by the bisimulation rule, because e f 2z = ze fz (both are equal to e f ). So,

(ef)"z < (efz)"z «=ef(efz)"z < (ef2)"z,
which holds because e f (ef2)*z = ef(efz2)*zz = efz(efz)*z < (efz)*z. O
Lemma 9.9 (Normal form for loop). The program (while e do f); z is equal to
if e then (u; while (e + p) doif pthen ¢ else (z; u)) 2

Proof. The above program is equal to

ez + eu((e + p)(pd + pzu))”
€z + eu(epd + epzu + pp)*e
ez + eu(po + epzu)*epz,

(e+p)z=



9:5
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because epg < p¢. Using the denesting rule (9.1) and then the sliding rule (9.2), we see that
this is equal to

€z + eu(pd)* (epzu(p)”) epz =

ez + eu(pg)

which is equal to (efz)*€z = whileedo (f; 2); z = (whileedo f); 2. O

Conclusion

We have shown how to axiomatically extend Kleene algebra with tests with a finite amount
of mutable state. This extra feature allows certain program transformations to be effected
at the propositional level without passing to a full first-order system. The extension is con-
servative and deductively complete relative to the theory of the underlying algebra. The full
theory is decidable and complete for EXPSPACE. We have given a representation theorem
of the free models in terms of matrices.

An intriguing open problem is whether the coproduct of two KATs is injective. We
have shown that it is if one of the two cofactors is a KAT of binary relations on a finite set.
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