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Chapter 1

Introduction

In this project “Implementation of a Decision Procedure for MSO Logic over
Trees” I implement a well-known [1], [2] translation from formulas of monadic
second order logic over trees (MSO logic) to bottom-up tree automata in the pro-
gramming language Haskell. What might sound like an exercise in automata
theory actually has practical uses. In [3] a system for generating a syntax-based
editor from a formal specification is introduced. The specification language
that is used there is based on a combination of the specification paradigms of
macro attribute grammars and MSO logic. Both paradigms are extended to
actually enable their combination.

The generator system translates a specification into an executable editor.
One part of this generator builds (extended) bottom-up tree automata for each
(extended) MSO formula, such that each automaton recognizes exactly those
trees that satisfy the formula for which the automaton was built.

Although the formulas in that system are a superset of the formulas with
which I worked in this project, parts of my implementation correspond closely
to constructions that are needed in the generator system and hopefully provide
code or ideas that can be reused in the generator system.

This report will start with an overview of the definitions MSO logic and tree
automata and related concepts as well as the connection between MSO formulas
and tree automata. Then I will show how the relationship can be implemented
naivly. Later I will show data structures with which the relationship can be
implemented more efficiently. Finally I will describe some details of the Haskell
implementation.



Chapter 2

Preliminaries

In this chapter we will define the notions of formulas of monadic second or-
der logic and bottom-up tree automata as well as the connection between the
two. These are built upon the more fundamental concepts of sorted sets, ranked
alphabets, sorted terms and sorted trees. Then we recall Biichi’s Result for tree
languages and the power set construction for bottom-up tree automata

2.1 Sorted Sets

Let K be a non-empty finite set of sorts. A K-sorted set is a pair (€, sort) where Q2
is a set (alphabet) and sort : {3 — K is a mapping which assigns a sort to every
element (symbol) of Q.

We write w* for w € QQ whose sort(w) is k. Similarly, we write Q* = {v* € Q}
to denote the subset of all elements of Q) with sort k. When sort can be inferred
from the context, we abbreviate (Q, sort) to Q.

2.2 Sorted Ranked Alphabets

Let K be a non-empty finite set of sorts. A K-sorted ranked alphabet is a (K*x K)-
sorted set (X, sort).

We define rank : £ — IN to map every o1 %) withk € Nand o, ...,k € K
to rank(o) = k.

If sort(c) = (k1 - - - Kk, ko), then we call kg ¢’s result sort.

For a sorted ranked alphabet X, the maximum rank is denoted by maxrk(X) =
max{rank(c) | ¢ € L}, the subset of k-ary symbols by 0 = (o € X | rank(c) = k}.

2.3 Sorted Terms

Let X be a K-sorted ranked alphabet and M be a K-sorted set. The set of K-sorted
terms over ¥ and M, Tz (M), is defined as the smallest set such that:



e for all sorts x € K, M* C Tx(M)*
e for all sorts x € K, £%) C Ty (M)~

o if £1,..., % € Ty(M) with k > 0 and 0 € ¢, then d(ty,..., ) €
Te (M)

We write Ty as abbreviation for Ty (0)

2.4 Graphs and Sorted Trees

A directed labelled graph over alphabets ¥ and I' is a triple ¢ = (V,, Eg, labg). Vg is a
finite set of nodes, E; C VXTI XV, is a finite set of labelled edges, and lab : V; — ¥
is the node-labelling function. We use GR(Z,T) to denote the set of graphs over =
and .

Let £ be a K-sorted ranked alphabet and I's = {1,..., maxrk(X)}. A tree over
Lisagrapht = (V; E;, lab;) over X and I's such that:

o there is exactly one node which does not have incoming edges (the root,
denoted by root(t))

o for every node n € V; with incoming edges there is exactly one sequence
no,...,ny € Vi such that h > 0, ny = root(t), and n, = n, and for every
j € {1, . .,h}, (n]-_l,i]-,nj) € E; with 1] >0

e for every node n € V;: if laby(n) = 0, 0 € £, then n has k outgoing
edges and for every j € {1,...,k} there is exactly one n; € V; such that
(n,j, nj) € E;.

The sort of a node n € V; is defined as the result sort of its label: sort(n) =
kg & laby(n) = o and sort(c) = (k1 - - - kg, ko).
The set of trees over L is denoted by TR(Z).

2.5 Monadic Second Order Logic — Syntax

Given a K-sorted ranked alphabet X, a P(K)-sorted set of free node variables
(first order variables) V1, a P(K)-sorted set of free node set variables (second order
variables) V,, we can define the set MSOL(X, V1, V) of MSO-Formulas as the
smallest set where:

o trueis an atomic formula.

e label,(x) is an atomic formula for every x € V; and ¢ € L 1"%%0) where
Ko € sort(x)

o fype,(x) is an atomic formula for every x € V; and « € sort(x)
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x € X is an atomic formula for every x € V; and X € V, where sort(x) =
sort(X)

x == y is an atomic formula for every x, y € V; where sort(x) = sort(y)

edgei(x, y) is an atomic formula for every x, y € V; and 1 <i < maxrk(X)

xover y is an atomic formula for every x, y € V;

—1p is a formula for every ¢ € MSOL(Z, V1, V»)

Y1 A Y, is a formula for every ¢1, Y, € MSOL(Z, V1,V>)

dx : ®yisaformulaforeveryx ¢ Vy, & € P(K),and € MSOL(Z, V1 U{x*}, V»)
X : .y isaformulaforevery X ¢ V,, & € P(K),and ) € MSOL(Z, Vy, V,U{XF)).

Monadic Second Order Logic — Semantics

Before we can define the semantics of Monadic Second Order Logic, we must
define trees whose nodes have flags that represent the variables which occur in
MSO formulas.

Let V; and V, be finite sets of first order and second order variables,
respectively, and L a K-sorted ranked alphabet as above. The alphabet extended
by V1 and V, (extended alphabet) is the K-sorted ranked alphabet

L, v, = (0, Uy, Un) ) | g € S0, 1y ¢ v, i e | ] vs)

®3K0 eI

The set of well-marked trees is the set of all trees over the extended alphabet
where each first order variable occurs exactly once:

WTR(Z, Vi, V) = {t € TR(Zy,4,) | Vx € V13Atn € V; : x € lab[* (n)}

where lab}“ (n) = Uy if and only if laby(n) = (o, Uy, Up) for some o, U, and
Us. Similarly we define lab®(n) = o and lab>"(n) = U,.

With these definitions we can define how to interpret a formula over a
well-marked tree. We define the model operator as a relation:

EC WTR(XZ, V1, V,) X MSOL(Z, V1, V>)

inductively over the structure of MSO formulas: Let t € WTR(Z, V1, V»),

then

t E true

t k= label,(x) iff there is anode n € V;, such that lab>(n) = o and x € lab}* (n).



t = type(x) iff there is a node n € V,, such that x € lab}* (n) and sort(n) = «.

t  x € X iff there is anode n € V;, such that x € lab!*!(n) and X € lab*"(n).

t | x == yiff thereis anode n € V;, such that x € lab}*'(n) and y € lab}* (n).

t | edgei(x,y) iff there are nodes ny,n, € V;, such that x € lab}“(nl),
y € lab}*'(ny), and there is an edge (11,1, 1) € E;.

e t = xovery iff there are nodes ni,n; € V;, such that x € lab}“(nl), y €
lab}“(nz), and there is a sequence ay, ..., a, of nodes with n > 1 such that
(ai, ji,ai+1) € E; for every i € {1,...,n — 1} and some j; with a; = n; and
a, = Mny.

o t = —pifft E ¢ isnot true.

° t':lplAIllzifftI:y[Jlandt':ybz.

o t E dx : R iff there is a node n € V;, sort(n) € ® such that t' E ¢
where t' € WTR(Z, V1U{x*},V5) is derived from ¢ by defining labs(n) =
lab}*(n) U {x*} and keeping lab; unchanged for all other nodes in t.

e { = dX : R4 iff there is a set of nodes {ny,...,nt} C V,, sort(n;) € & for all
i€{l,...,k} such that ' | i where ' € WTR(E, V1, VoU{X*}) is derived
from t by defining lab?"(n;) = lab?(n;) U {X*} for all i € {1,...,k} and
keeping lab; unchanged for all other nodes in .

We usually write the model operator in infix notation, as we did in the
preceding definition.

Let ¢ € MSOL(Z,V1,Vs). The tree language defined by ¢ is the set of trees
that are models for ¢:

L, = {t € WTR(Z, V1, Vo) | t E ¢)

Later sections will be easier to understand if we identify the elements of
Ts with the elements of TR(Xgy), and more generally those of Tszvz with the
elements of TR(X, ,).

The term corresponding to a tree can be obtained by traversing the tree
depth-first (observing the edge labels), starting at the root, and at each node
writing down the node label, an opening parenthesis, traversing the child
nodes, and writing a closing parenthesis. In this process, nodes as such disap-
pear and only their labels remain.

For computing the tree corresponding to a term, nodes must be synthesized.
One possible way is to use the paths (in Dewey-Notation) to all subterms of the
term as the set of nodes. Then the label of a node is the leftmost symbol of the
subterm that the node (which is a path to a subterm) points to.

From now on we will use Ty,,, ,, and TR(Z«, v,) interchangeably.

We define the class of MSO- deﬁnable tree languages as:

MSOLs. = {L C Ty, | 3p € MSOL(Z, 0,0) : L = L}



2.7 Bottom-up Tree Automata

The model operator provides the declarative semantics for Monadic Second Or-
der Logic. Operational semantics are specified using bottom-up tree automata.
Here we define bottom-up tree automata.

A deterministic bottom-up tree automaton is a tuple

M=(QL,6F)
with the following elements:
e () is a finite set of states

e ¥ is a ranked alphabet

-5:{5’<

. . PRl . k . k
U}kzo,aeﬂk) is a family of transition functions where 05 : Q* — Q.

e [ C Qisaset of final states

Now we extend 6 to 6 : Ty — Q, the function that computes the run of the
automaton M over a term.

§ is defined by structural induction on t € T

Lett=o(ty,..., k), with £}!,..., 5% € Ty, k 2 0, 0 € L1750, then

5(t) = 65 (t), ..., (k)

With this function § we can define the language accepted by a deterministic
bottom-up tree automaton M = (Q, L, 6, F), L(M), as:

L(M) = {t e Ty | §(t) € F}
Again, we define a class of tree languages:
RECOGy ={LC Ty |AM: L = L(M)},

the class of recognizable tree languages.

Asin the case of word automata, there exists the notion of a nondeterministic
bottom-up tree automaton.

A nondeterministic bottom-up tree automaton is a tuple

M=(Q,L%LF)
where:
e (Jis a finite set of states
e Y is a ranked alphabet

o 5= {6@} is a family of transition functions where &% : Q¥ — P(Q)

oex®



e F C Qisa set of final states.

For nondeterministic bottom-up tree automata, the definition of §5: Ty —
P(Q) to compute the run on a tree t € Ty, by structural induction is as follows:

o t = glexo)
5(t) = &°

o t=0(ty,..., k), witht]',... t* € Ty, k> 0,0 € Tt *ex0)

8ty = J{ok@n, 90 1an € 8(t), .. qu € 8(t0)}

The language accepted by a nondeterministic bottom-up tree automaton M =
(Q,%,8,F), L(M), is defined as

L(M) ={t e Tz | 5(t) N F # 0}

2.8 Power Set Construction

In our work we will compose tree automata to build more complex tree au-
tomata. All of our compositions require deterministic tree automata as input.
The constructions for quantified formulas produce nondeterministic tree au-
tomata. In order to use these automata in later compositions, we want to
transform them into deterministic tree automata.

It has been shown that deterministic bottom-up tree automata are as power-
ful as nondeterministic bottom-up tree automata: For every nondeterministic
bottom-up tree automaton M, there exists a deterministic bottom-up tree au-
tomaton N, such that L(N) = L(M).

The proof for this proposition is constructive and uses the following idea:
Using the power set construction, we construct the deterministic bottom-up tree
automaton N = (P, L, v, G) from the nondeterministic bottom-up tree automaton
M = (Q, %, F) in the following way:

e P=PQ)
o V= {vﬁ}gew) where vk is defined for every k > 0,0 € Z® and py,...,pr € P
as:

Vipr, i) = U{éﬁ(m,.--,qk)lql epl,..-,qupk}
e G={peP|pNF+0}

It is possible to prove by induction over the structure of ¢t € Ty, that for
every such ¢, the run ¥ of the deterministic automaton has the same result has
the run 6 of the nondeterministic automaton. With this fact it can be shown
thatte LM) & {te Tz |§()NF#0} & (teTy|d(t)e G} & teL(NN),
that is M and N recognize the same language.



2.9 Biichi’s Result

Biichi’s Theorem, as applied to tree languages by Thatcher and Wright[2] is the
theoretical background for operational semantics of MSO formulas.
The theorem states, that for every ranked alphabet

RECOGy, = MSOLy,

Note that this does only make sense, because we defined MSOLy, C Tx and
not MSOLsy, C TRy, which would have been more straightforward in section
2.6

To define an operational semantics we will use the technique that is used
for the proof of MSOLy C RECOGs: For every MSO formula ¢, there is a
bottom-up tree automaton M, such that L, = L(M). The automaton M will be
built inductively according to the structure of ¢. During the construction we
will assume that the trees on which M runs are well-marked trees.

To define the actual construction, we will first describe it intuitively, and
then formally. This section is a simplified form of section 6.2.2 in [4]. On
the following pages, let ¢ € MSOL(X, V1, V»). In the inuitive description we
will speak about nodes (as used in the graph representation) even though tree
automata are defined for terms. Additionally the descriptions suggest that
states are assigned to nodes in a particular sequence. These are only tools to
help imagine how the automata work.

@ = true (atomic formula)

Intuition Construct an automaton that accepts all of Ty, ,,. No distinc-
tion between final and non-final states is necessary and one state
suffices. This state is a final state.

Formal Construction Construct a deterministic bottom-up tree automa-
ton M = (Q, X, ,, 6, F) where:

[ ] Q = {1}

e forevery k >0, ()/,Ul,uz)e):g?l%lql —=g=1
61(()/,u1,Uz)(q1’ ceey qk) = 1

e F={1}

@ = label;(x) (atomic formula)

Intuition Construct an automaton with two states, 0 and 1. Start at the
leaves and run upwards. As soon as a node n € V; is reached where
lab*(n) = ¢ and lab}'(n) > x, go to state 1, otherwise stay in state 0.
Propagate 1 to the root of the tree. Accept in state 1.

Formal Construction Construct a deterministic bottom-up tree automa-
ton M = (Q, Z, «v,, 6, F) where:

10



e 0=1{01}
e foreveryk >0, (y, Uy, Up) € Zg?l TGk € Q
if(y=oAxel;)v(@iell,... kl:q=1) then
k p—
6(%111,112)(‘11/ sty qk) =1
else
k p—
6(}/,111,1,[2)(%/ ey Qk) =0
end if
e F= {1}

@ = type,(x) (atomic formula)

Intuition Similar to the previous case, construct an automaton with two
states, 0 and 1. Start at the leaves and run upwards. As soon as
a node n € V; is reached where sort(n) = x and lab}”(n) 3 x, go to
state 1, otherwise stay in state 0. Propagate 1 to the root of the tree.
Accept in state 1.

Formal Construction Construct a deterministic bottom-up tree automa-
ton M = (Q, X, ,, 6, F) where:

e O={0,1}
e forevery k > 0,(y, Uy, Uz) € ZEE';’;,Z"K“), Ko, -, Kk € K, qu,...,qx €
Q

if(ko=xAxel)v(@iell,..., k}:q,=1)then
5]((},,111/“2)(5]1/ ceey Qk) =1
else
k _
5(%U1,u2)(‘h/ ceey ¢7k) =0
end if
o F={1)

¢ =x € X (atomic formula)

Intuition Similar to the previous cases, construct an automaton with two
states, 0 and 1. Start at the leaves and run upwards. As soon as a
node n € V; is reached where lab[*(n) 5 x and lab?(n) 5 X, go to
state 1, otherwise stay in state 0. Propagate 1 to the root of the tree.
Accept in state 1.

Formal Construction Construct a deterministic bottom-up tree automa-
ton M = (Q, L, «v,, 0, F) where:
e Q=101
o foreveryk >0, (y, U, Up) € Zf’;,)l Q- gk €Q
if(xel] AXellh)v(diell,... k}:gi =1) then
k -
6(%u1,u2)(q11 ceey Qk) =1
else

61(()/,U1,U2)(q1’ ey qk) =0

11



end if
o F={1}

@ =x ==y (atomic formula)

Intuition Similar to the previous cases, construct an automaton with two
states, 0 and 1. Start at the leaves and run upwards. As soon as
anode n € V; is reached where lab!*/(n) 5 x and lab!*!(n) > y, go to
state 1, otherwise stay in state 0. Propagate 1 to the root of the tree.
Accept in state 1.

Formal Construction Construct a nondeterministic bottom-up tree au-
tomaton M = (Q, X, «v,, 6, F) where:

e Q0={0,1}
L] fOI‘ eVeryk Z 0/ (V/ ul/ u2) € Zfl‘(/)l (Vz,ql, .. "qk € Q
ifxeUjAyel)V@ie(l,...,k}: g, =1) then
k p—
Oyt iy 17+, q) = 1
else
k p—
6(VrU1,Uz)(q1’ e qr) =0
end if
e F={1}

@ = edge;i(x,y) (atomic formula)

Intuition Construct an automaton with three states, 0, 1, and 2. Start at
the leaves and run upwards. As soon as a node n € V; is reached
where lab}“(n) > y, go to state 1. Go to state 2 if, at node m € V,
lab*!(n) 3 x and the ith component of the tuple of input states is 1.
Propagate 2 up to the root. All other nodes are in state 0. Accept in
state 2

Formal Construction Construct a deterministic bottom-up tree automa-
ton M = (Q, X, ,, 6, F) where:

e 0=1{0,1,2}
o foreveryk >0, (y, Uy, Up) € fo,)l,,vz,ql,...,qk €eQ
if i < k then

if(xeUingi=1)v(dje(l,... k}:q; =2) then
6I(<)/,U1,U2)(q1’ ceey Qk) = 2

else if y € U; then
61(3//1_11/112)([71/ ceey Qk) =1

else

k —
6()/,[,[1,”2)(‘71/ e /ﬂk) =0
end if
else
ifdjefl,... k}: ;= 2 then

6?)/,U1,Uz)(q1’ e ,qk) =2

12



else if y € U; then

k f—
6(%U1,uz)(‘71f v i) =1
else
k f—
6(%U1,uz)(q1r cea k) =0
end if
end if

«F={2)
@ = xovery (atomic formula)

Intuition Similar to the previous case, construct an automaton with three
states, 0, 1, and 2. Start at the leaves and run upwards. As soon as
anode n € V, is reached where lab!*(n) 3 y, go to state 1. Propagate
state 1 up. Go to state 2 if, at node m € V, lab}“’t(n) 5 x and any
component of the tuple of input states is 1. Propagate 2 up to the
root. All other nodes are in state 0. Accept in state 2.

Formal Construction Construct a deterministic bottom-up tree automa-
ton M = (Q, X, ,, 6, F) where:

e Q=1{0,12}

o foreveryk >0, (y, Uy, Up) € fo,)l PYNT/[URRRNY 3= Q
fxelindie(l,... . kt:q=1)v@ie(l,.. . k:q=2)
then

k -
6(;/,u1,u2)(q1' NN ,qk) =2
elseifx¢ Uy Adiefl,..., k}:g; =1 then
k -
6(%u1,u2)(q11 ceey Qk) =1
else if y € U, then
k -
6(;/,u1,u2)(q1' g =1
else

6](()/,U1,Uz)(ql' . qu) =0
end if

o F={1}
@ ==y ( € MSOL(Z, V1,V2))

Intuition Assume that there is a deterministic automaton M’ for the for-
mula 1p. M’ accepts exactly the trees that M should not accept. The
automaton M for —1p then should have the same transition function

as M’, but the non-final states of M’ will become the final states of
M.

Formal Construction LetM’ = (Q’, L, «,, 6", F') be a deterministic bottom-
up tree automaton such that L(M’) = L. Construct a deterministic
bottom-up tree automaton M = (Q, X, «v,, 6, F) where:

e Q=0
[ ] 6 = 6’

13



¢ F=Q\F

P = ¢1 A 1702 (l,[)l, 1102 € MSOL(Z,(Vl,(Vz))

Intuition Assume that there are deterministic automata M; and M, such

that L(M1) = Ly, and L(M>) = Ly,. The automaton M for ¢ should
accept exactly those trees that are accepted by both of M; and M.
The automaton M can be constructed in such a way, that its run
simulates the parallel runs of M; and M, on any well-marked tree:
As states of M, use pairs of states, the first component being a state
of M, the second one of M,. To compute the transition function,
apply the transition function of M; to the first components of the
tuple of input states, and the transition function of M, to the second
component of the tuple of input states. The resulting pair is the new
state. Accept in those states, where the first component is a final
state of M, and the second component is a final state of M.

Formal Construction Let M1 = (er Zryllryz, 61, Fl) and Mz = (Qz, Zryllryz, 62, Fz)

be deterministic automata such that L(M;) = Ly, and L(M) = Ly,.

Construct a deterministic bottom-up tree automaton M = (Q, Z, v,, 6, F)

where:
¢ Q=01 xQ
° foreveryk >0, (]/, U, l,lz) S Zﬁ(’)lfq’z'qll" -, qik € Q1,421,---,6lzk €
Q2

k

6()/,U1,Uz)

((q11,921), - - -, 1k, 92x)) = (51{(),”1”2)(!111, cee 1K), 550,,%112)(!121, )

e F=F; XF,
@ =x: %Y (Y € MSOL(Z, V1U{x"}, Vy))

Intuition Asssume that we have a deterministic automaton M’ such that

for every t' € WTR(E, V1U{x*}, V,), ' e LM') & t' € Ly. Given
a tree t € WITR(X, V1,V»), we guess a node for x in t. M’ can only
run on a well-marked tree. Thus we have to guess x in such a way,
that there is exactly one node with x. We can further restrict where
to guess x: it can only occur at a node whose sort is in €. Now
construct a nondeterministic bottom-up tree automaton M. At each
node, choose nondeterministically if x is at this node (but respect the
restrictions on the positioning of x) and compute the successor state
according to the transition function of M’. To respect the condition
that x may occur exactly once in this tree, extend the states of M’
with a second component that shows whether x has been guessed or
not. Accept in states whose first component is a final state of M’, and
whose second component shows that x has been seen exactly once.

Formal Construction Let M’ = (Q’, Zq,uu,v,,0', F') be a deterministic
bottom-up tree automaton such that forevery ' € WTR(Z, V,U{x*}, V>),

t'" € L(M'") < t € Ly. Construct a nondeterministic bottom-up
tree automaton M = (Q, X, «,, 6, F) where

14



e Q=0 x{0,1}

e foreveryk >0, (y, Uy, Us) € Zf;iuz‘;}’f{),)z,ql, e gk €Q

if 6E§,U1,Uz)(q1, ...,q¢) = gand x ¢ U; then

51((y,u1,u2)((%, 0)/ ey (ri 0)) B (q/ 0)
foreveryie {l,...,k} do
88, 11y 1y (@1,0), -, (4i-1,0), (9, 1), (9341, 0), - .., (4K, 0)) 3 (g, 1)

end for

else if 5f§,u1,u2)(‘71' ..., q%) = g and x € U, then
O\, ) ((q1,0), ..., (9x, 0)) 3 (g,1) {The condition for this
case is written in such a way, that x can only be guessed at a
node whose sort is one of x’s sorts. x € U; can only happen
at exactly such nodes.}

end if

e F=F x{1}
@ =3X: &Y (Y € MSOL(Z, V1, VoU{XT))

Intuition Asssume that we have a deterministic automaton M’ such that
for every t € WTR(Z, Vy, VoUIXM)), ¥ e LM') & t' € Ly. Given
atree t € WTR(E, V1, V»), we guess a set of nodes in ¢ for X. We can
restrict where to guess X: an X can only occur at a node whose sort is
in ®. Now construct a nondeterministic bottom-up tree automaton
M. At each node of a correct sort, choose nondeterministically if
X is at this node and compute the successor state according to the
transition function of M’. Accept in any final state of the automaton
M.

Formal Construction Let M’ = (Q’, Zq,yu,v,,0', F') be a deterministic
bottom-up tree automaton such that forevery t’ € WTR(Z, V;, V,U{X"}),
t" € L(M’") < t € Ly. Construct a nondeterministic bottom-up
tree automaton M = (Q, X, «,, 6, F) where

e Q=0

e foreveryk >0,(y, Uy, W) € Zf’lz',;l’/{zka‘?(},ql, ce gk €Q

if 62$,u1,u2)(q1' ..., qx) = q then
51((;/,u1,u2\{X})(‘71' ...,qx) 3 g {Again, this is written in such a
way, that X is only guessed on nodes of a correct sort. X is
guessed on nodes where X € U,. This can only happen for
nodes n with sort(n) = xg € 8.}

end if

e F=F

15



Chapter 3

Constructive Algorithms

The relationship between MSO formulas and bottom-up tree automata was
stated in a compact, declarative way in section A way that is not easily
implementable in a program. We're going to reformulate them in a less declara-
tive way which translates more easily to a real implementation. Data structures
that represent sets and transition functions will be discussed in chapter @ The
empty_transitions function returns the family of transition functions (the “6” of
a bottom-up tree automaton) that is undefined for all symbols of the extended
alphabet and tuples of states.

3.1 Atomic Formulas

The automaton construction for the formula ¢ = true is very simple:
Q:=1{1)
F:={1}
0 := empty_transitions(Ly, «y,)
for every k € {rank(o) | 0 € L} do
tuple := (1,...,1) € QF
for every o € 2 do
(k1 - - Kk, K0) := sort(o)
for every U; C {v € V1 | kg € sort(v)} do
for every U, C{V € V, | kg € sort(V)} do
bi‘g/ul/uz)(tuple) =1
end for
end for
end for
end for

We know the sets of states Q and final states F for atomic formulas in advance
(this is true for all atomic formulas). We build the transition function pointwise
and start with an empty transition function. We loop over all possible ranks,
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tuples of input symbols and symbols of the extended alphabet L+, 4, and define
0 at each point. In this case there is exactly one tuple of input symbols for each
rank.
The automaton for the formula ¢ = label,(x) is slightly more interesting.
Q:=1{0,1}
F:={1}
0 = empty_transitions(Ly, «,)
for every k € {rank(o) | 0 € L} do
tuple := (0,...,0) € QF
tuples’ :={(1,0,...,0),(0,1,0,...,0),...,(0,...,0,1)} € Q
for every y € Z® do
(k1 - Kk, K0) := sort(o)
for every U; C {v € V1 | ko € sort(v)} do
for every U, C{V € Vy | ko € sort(V)} do
if y = o then
5’(‘}/,U1,u2)(tuple) =1
else
6’(‘)/,U1,u2)(tuple) =0
end if
for every tuple’ € tuples’ do
6’(‘%U1/u2)(tuple’) =1
end for
end for
end for
end for
end for

Here we see that often not all tuples from Q" have to be generated. In this
case we know that there can be at most one 1 in any tuple of input states. More
than one 1 implies more than one x in the input tree. This is not possible in
well-marked trees which was the assumption in section

As a last example of an atomic formula, we show the construction for the
formula x € X.

Q:=1{0,1}
F:= {1}
0 := empty_transitions(Ly, «y,)
for every k € {rank(o) | 0 € L} do
tuple := (0,...,0) € QF
tuples’ == {(1,0,...,0),(0,1,0,...,0),...,(0,...,0,1)} € Q
for every y € Z® do
(11 -k, o) 1= s0rH(y)
if kg € sort(x) A 1o € sort(X) then
for every U; C {v € Vy | kg € sort(v)} do
for every U, C {V € V| ko € sort(V)} do
if x e U; A X € U, then
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(vu u, )(tuple) =1
else
()/U u, )(tuple) =0
end if
for every tuple’ € tuples’ do
(y UL, )(tuple ):=1
end for
end for
end for
else
for every U; C {v € V1 | k¢ € sort(v)} do
for every U, C{V eV, |k €sort(V)} do
(V UL, (tuple) :== 0
for every tuple’ € tuples’ do
6’(‘), iy (tuple) =1
end for
end for
end for
end if
end for
end for

What might seem redundant at this point is “if kg € sort(x) A kg € sort(X).”
The algorithm would behave the same if this test was removed along with its
else branch (U; and U, can contain x and X, resp., only if the sort of y matches).
Here the extra test causes the test in the innermost loop to be skipped in cases
where we know its result without looking at U; and U,. In chapter 4| we will
see that the extra test allows bigger optimisations to be made.

3.2 Negation

There is nothing to be made more constructive than what is already in section
for negation.

3.3 Identifying Unreachable States

Let M = (Q, L, 6, F) be a deterministic bottom-up tree automaton. A state g € Q
is reachable, iff there is a t € Ty such that §(f) = g. The automaton M is connected
iff every state g € Q is reachable.

The constructions for formulas involving conjunction or quantification pro-
duce automata which may contain states that are not reachable. To save space
in the representation of the resulting automata, and to save runtime during later
constructions that build upon these automata, we remove unreachable states.
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We implement this by using a generalisation of the algorithm for removing non-
reachable states from word automata. The input for this algorithm is a deter-
ministic bottom-up tree automaton M = (Q, v, 4,, 0, F).

Qreach := O {states known to be reachable}

Qunew := 0 {states newly discovered to be reachable}

Qrecent 1= 0 {states discovered to be reachable in the previous iteration}

for every (a, Uy, Uy) € 253)1 v, do

Quew = Qnew Y 62){/”1/”2) {*x}
end for
while Q.. # 0 do
Qrecent = Qnew
Qreach = Qreach Y Qnew
Quew =0
for every k € {rank(c) | 0 € X} \ {0} do
for every tuple € (Qyeuen)* do
if tuPle ¢ (Qreach \ Qrecent)k then

for every (o, Uy, Uy) € Zg\kz)l v, do

q:= 6’(‘0,U1/u2)(tuple) {*x}
if g € Qreqen then
Quew := Qew Y {EI}
end if
end for
end if
end for
end for
end while
This algorithm terminates because the range of 6 is finite. In each iteration
at least one different state from the image is added to Q. Thus there will be
an iteration in which Q. must stay empty, and the while loop terminates.
We keep track of three sets of states: states that we found to be “reachable,”
states that we found during the current iteration, and states that we found
during the previous iteration. In “iteration 0” (before the main while loop
begins), we process the nullary symbols to get an initial set of reachable states.
In our main loop we generate tuples of reachable states for every possible
rank (except 0). To save unnecessary recomputations, only those tuples are
processed, that have at least one state which was only discovered in the pre-
vious iteration. Other tuples have been processed earlier. Here, “processing a
tuple” means computing the successor state for this tuple and all possible input
symbols of the correct rank. If this successor state is not in Qyeen, then it is a
“new” state in this iteration.
After termination of the loop, Qyen contains the set of “reachable” states.
This algorithm does not eliminate all unreachable states from an automaton
if there are more sorts than one sort.
In the actual implementation, we use an extended version of the algorithm
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that computes the new transition function simultaneously:
o During initialization, set O,eac, 1= empty_transitions(Ley, «,),

e in line x, update 6, with (5’fﬂ5h)(()a,ul,u2) = 5?a,u1,u2)'

e in line %, update e, With (6r,3[,ch)’(‘(7 u LIZ)(t‘uple) =q

3.4 Complex Product Construction

To build the automaton for the conjunction of two formulas, it is possible to
perform the two steps

1. Compute the complex product automaton as specified in section 2.9}
2. Apply the construction to remove unreachable states.

in sequence. A more efficient way is to perform the two steps in parallel. Let
M = (Q1, 2, v,,01,F1) and My = (Qa, Zy, «1,, 02, F2) be deterministic bottom-
up tree automata.

Before we can show that algorithm, we need another helper function. It is
unzipy : (S X R)* — Sk x Rk, for every k > 1 and arbitrary sets S and R. It is
defined as:

unzipr((q11,921), - - -, (G1x, G2x)) == ((G11, - - -, G1%), (G21, - - -, G2k))

We use unzipy to implement this part of the formal construction:

616,,u1,u2)((q11/ 921), - -+, Gk, 926)) = (51{(),”1,112)(!]11, oo k), 5’5()/“1,112)(%1, ),

where we have to extract two tuples of input states for two subautomata
from one tuple of pairs of input states.

In the previous section we said that the construction can be extended to
build the new transition function at the same time as the set of reachable
states. We introduce a macro to show this for the complex product construction:
record_transition((o, Uy, Ua), k, tuple, successor) :

if successor ¢ Qyencr, then

Qrew := Qnew U {successor}
end if

(Sreach)(, 1, 11, (F1ple) = suiccessor
Finally, the algorithm for the combined construction:

Qreach := 0 {states known to be reachable}

Qunew := 0 {states newly discovered to be reachable}

Qrecent = 0 {states discovered to be reachable in the previous iteration}
Oreach 1= empty_transitions(Zqy, «,) {new family of transition functions}

for every (a, Uy, U>) € Z(qoz)l v, do
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record _transition((«, Uy, Us), 0, (), ((61)
end for
while Q. # 0 do

Qrecent = Qnew

Qrmch = Qreach U Qnew

Qnew =0

for every k € {rank(c) | 0 € X} \ {0} do

for every tuple € (Qyeuen)* do

if f“Ple ¢ (Qreach \ Qrecent)k then
(tupleq, tupley) = unzipy(tuple)

0 0
(@)’ (52)<a,u1,uz>))

for every (o, Uy, Up) € Z(qkz)l,% do
1 = 1)y, 1) (tupler)

02 = (02)(, 1, 1, (tPle2)
record_transition((o, Uy, Ua), k, tuple, (91, q2))
end for
end if
end for
end for
end while

Compared to the previous construction, the lines where 6 is applied to
an input symbol and a tuple of input states have changed. Here we use the
definition of 6 for the formula 11 A ¢, directly.

This construction has to be extended in the same way as the previous con-
struction to build not only the set of states, but also the transition function for
the product automaton.

To compute the set of final states for the product automaton, we start with
the set Q. Those elements where the first component is an element of F;
and the second component is from F, are the new final states. In other words,
compute Qyeen N (F1 X Fy) by filtering elements.

3.5 First Order Quantification

To construct a deterministic tree automaton for a formula Jx : ®.1p, when the
input is the automaton M’ = (Q’, Ly, yx),v,, 0, F’) for the formula 1, the tasks
are:

1. Apply the construction from section
2. Apply the power set construction from section 2.8}
3. Eliminate unreachable states, as explained in section 3.3}

Again, we perform all these tasks in parallel, using an algorithm of the same
structure as the basic algorithm from section[3.3]

Recall that the construction for first order quantification extends the states
of M’ with an additional flag. Additionally the algorithm is an implementation
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of the power set construction. As a result, elements of Qyeaci, Qnew, aNd Qrecent
are subsets of Q" x {0,1}. Then the type of the transition functions looks like
this:

Oreach )1, 1y * (PQ X {0, 1)) = P(Q % {0, 1))

The type of the transition functions of M’ however is simply

O Vo * Q) = Q

As part of the algorithm for first order quantification we use a helper func-
tion decompose_tupley. : (P(Q’ X {0, 1}))F — P(Q")k x {0,1})

decompose_tuple(py, - .., px) == {((q}, ---,q,), flag) |

k
@, flagy) € pr,.., (@}, flag) € pi, flag = ) flagi, flag < 1)

i=1
This combines the following ideas:

o As part of the power set construction we have to compute the union of

all {6’;(q1,...,qk) lqg1 €p1,..., 9k € pk} for every input tuple (p1,...,px) €
Q’r‘mh. You can recognize a part of this construction in decompose_tuple if

you substitute g; with (¢}, flag;).

o We know that our input tree is a well-marked tree. The construction for
first order quantification uses the flags to implement this restriction. We
have to consider only those input tuples with at most one non-zero flag.
This is checked with the sum.

e The construction for first order quantification in section 2.9 only needs to
know if there was exactly on flag. Thus we output only the sum of all
flags.

The complete algorithm for the first order quantification construction with
parallel power set construction follows. The input is the automaton M’ and the
quantified variable x and its type &

Qreach := O {states known to be reachable}
Qpnew := 0 {states newly discovered to be reachable}
Qrecent 1= 0 {states discovered to be reachable in the previous iteration}
Oreach = empty_transitions(Z«y, ) {new family of transition functions)
for every (a, Uy, Up) € Z(q(l)l/% do

(&, Kp) = sort(a)

if sort(a) € © then

record.transition(@, U, Uz),0, 0, (") 1, 11y O (O, 01110y DY)

else
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record _transition((a, Uy, U3), 0, (), {((6’)’(‘&%”2), 0)})
end if
end for
while Q. # 0 do

Qrecent = Qrew
Qreuch = Qreach U Qnew
Qnew =0
for every k € {rank(c) | 0 € L} \ {0} do
for every tuple € (Oreacn)* do
if t”l’le ¢ (Qreach \ Qrecent)k then
for every (o, Uy, Up) € Zf{?l ¥, do
(k1 -+ - kg, ko) := sort(o) /
g:=0
for every (tuple’, flag) € decompose_tupler(tuple) do
15= U LO ), 1, 1 (0PI, flag)
if flag = 0 A ko € % then
g:=quU{(® i‘arulu{x}/uz)(tuple’), 1)}
end if
end for
record_transition((o, Uy, Uy), k, tuple, q)
end for
end if
end for
end for
end while

The structure is the same as that of the previous two algorithms. The
difference lies in the inner loop where we incrementally compute the successor
state (which is a set) for a tuple of input states for the new automaton. Recall
that the components of such a tuple are sets whose elements are pairs of states
from Q" and a flag. We use decompose_tuple to get all tuples for which we have
to compute the successor state in the automaton M’. Together with each such
tuple we get a flag that indicates if x was already guessed.

In every case we compute the successor state with the old transition function
without guessing x at the current node. If the flag indicates that x has not
been guessed yet and the sort of the current node allows guessing of x, we
additionally compute the successor state in M’ with guessing x at the current
node.

The set of final states is computed as F := {7 | § € Qreach, g N (F' X {1}) #
0}. This is the straightforward combination of the construction for first order
quantification from section[2.9and the power set construction from section[2.8|
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3.6 Second Order Quantification

The implementation of second order quantification is very similar to that of
first order quantification. It is simpler than first order quantification because
there is no need for the flag that were needed to check that a first order variable
is guessed exactly once. Second order variables can be guessed any number of
times.

For the formula 3X : ®.1, we use an automaton M’ = (Q’, L, 4,,u1x3, 0, F)
for the formula ¥ as input.

Instead of decompose_tuple we can use a simpler function, sub_tuples; :

(P(Q))k = P((Q)) where
sub_tuplesi(p1, ..., pe) == {(qy,---,9) 1 91 €p1,--., 49, € pr}

Qreach := 0 {states known to be reachable}
Qpew := 0 {states newly discovered to be reachable}
Qrecent := 0 {states discovered to be reachable in the previous iteration}
Oreach 1= empty_transitions(Zqy, «,) {new family of transition functions)
0

for every (a, Uy, Up) € Z(q,)l/% do

(&, o) = sort(a)

if k) € % then

oge k k
record _transition((a, Uy, U3), 0, (), {(6,)(04,111,112)’ () (a,U1,U2)})

else
record _transition((a, Uy, U3), 0, (), {(6/)1((0(,U1,U2)})
end if
end for

while Q. # 0 do
Qrecent = Qnew
Qreuch = Qrmch U Qnew
Qnew =0
for every k € {rank(c) | 0 € L} \ {0} do
for every tuple € (Oreacn)* do
if tuple ¢ (Ql’mch \ Qrecent)k then
for every (o, Uy, Up) € Zg‘}l/% do
(k1 - -+ Kk, ko) := sort(o)
qg:=0
for every (tuple’) € sub_tuplesi(tuple) do
g:=qu {(6’)’(‘0,U1,u2)(tuple’)}
if ko € % then
9:= 4 U0y, o (uple))
end if
end for
record_transition((o, Uy, Uy), k, tuple, q)
end for
end if
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end for
end for
end while
This is exactly the same algorithm as in the previous section, only that all
traces of flags were removed (most notably in the test if guessing X is allowed)
and decompose_tuple was replaced by sub_tuples.
The set of final states is computed as F := {g | § € Qyeacn, g N F # 0).
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Chapter 4

Data Structures

In the previous chapter it became clear which operations on automata, espe-
cially on the transition functions, are the most common. This has an impact on
the choice of data structures.

4.1 Basic Data Structures

We do not implement basic data structures like sets ourselves, but use the types
available in the Haskell Hierarchical Libraries [5], namely:

o Set (a set of values of one type) from the module Data.Set and

e Map (a map from keys to values, sometimes called “dictionary”) from the
module Data.Map

Both types are implemented using binary trees. According to their docu-
mentation, insertion and test for membership (lookup of the value for a key) in
a Set (Map) have time complexity O(logn) where # is the cardinality of the Set
(the cardinality of the set of keys).

We use Maps in the implementation of the transition functions and to map
free variables to their sorts.

4.2 Ranked Alphabet and Sets of Free Variables

A data type for K-sorted ranked alphabets was provided as part of the Input
module, type RankAlph. It is a list of (symbol name, symbol rank, symbol sort)-
triples. We use an opaque type RankedAlphabet that wraps RankAlph, so that the
simple list could be replaced by a different implementation if the need arises.
There is no type for extended ranked alphabets in the Input module. Our
program doesn’t represent the extended ranked alphabet as a single Haskell
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object either, but we always store an extended alphabet L, o, as the K-sorted
ranked alphabet X and the P(K)-sorted set V; U V.
The reason for representing L+, «, as two parts are:

o In the course of constructing a tree automaton, the ranked alphabet =
never changes. Whenever a quantification is translated, the set of free
variables of the automaton for the subformula differs from the set of free
variables of the automaton for the complete formula.

e There is no need to store X, 4, as e.g. one big K-sorted ranked alphabet
with all its symbols. Whenever we have to iterate over all elements of
the extended ranked alphabet, we can use nested loops over X and (V1)
and P(V,) instead. The constructions for atomic formulas in section
are an example where we use such nested loops.

We store V; U V), as one set and not two. There was no construction that
required us to use two separate sets. By using only one set, we cannot tell if
a particular free variable is a first order variable or a second order variable.
Neither can we handle cases where one variable name is used for both a first
order variable and a second order variable. The first issue is not a problem,
because we only need the information first order/second order at the time when
we construct the automaton for a quantified formula. At that time, we can get
this information from the formula itself. The second issue is a special case
that we accept as a limitation for our system. We do not expect that anyone
constructs such an input because it cannot be represented with the formal
notation for MSO formulas either.

4.3 Transition Functions

The most interesting data structure of this project is that for representing the
family of transition functions (0).

The simplest possible way of representing the family of transition functions
is to use a Map that maps every pair of symbols of the extended alphabet and
tuple of input states to an output state.

When you look at the constructions in section 2.9} you see that all construc-
tions for atomic formulas have some state (usually 0, 1 for the true automaton)
that is the successor state for almost all inputs. We exploit this fact by storing
that special state as a default successor state for all transitions. Only for those
inputs where the successor state is different from the default value do we store
an explicit key-value pair in the Map. Using default successor states is one of the
ideas discussed in “Algorithms for Guided Tree Automata” [6].

We define a map with default as a pair f = (faefauit, fexplicit) where faefau; € B is
a constant, the default value of f, and feyicit : A— — B is a non-total function.
Evaluating such a map with default f for input a, compute:

Fla) = fexpiicit(a)  if it is defined,
- fdefault otherwise
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In our pseudocode notation we’ll write f(default) := y to mean fg,fau := y
and f(x) := z for x # default to mean feypicir(x) := z.

The other idea for optimization that we applied is divide-and-conquer. We
are going to store 6 as two halves. The first half maps a tuple of input states
and an input symbol (without the sets U; and U, of variables) to an intermediate
result, the second half maps the sets of first order and second order variables
(Uy and U;) and an intermediate result to a successor state.

Formally, our internal representation of an automaton is different from the
original definition of a bottom-up tree automaton. The original definition was
M = (Q, X, v,,6,F). In our internal representation we use:

N = (Q/ R; Z'(Vl,(Vz/ w,v, F)

where

Q is the set of states, as before

R is a finite set of intermediate results

® Ly, 4, is a K-sorted extended ranked alphabet, as before

U= {p’é}bo ey 152 family of functions pf : Q¥ — R, what we called “first
half of 6”, fepresented as maps with default

v = {V1},er is a family of functions v, : P(V1) X P(V,) — Q, the “second
half of 6”, represented as maps with default

We define L(N) = L(N") where N’ = (Q, X+, ,, 0, F) is a traditional bottom-
up tree automaton where

(6/)1(cglu1,u2)(q1/ sy qk) = Vyk(a,ql,...,qk)(ulr UZ)

Note that the set of states and the set of final states are the same in both
representations N and N’ of the automaton.

When we are constructing automata for an MSO formula, our goal will be
to choose R such that the representations of u and v as Maps with defaults are as
small as possible.

4.3.1 Atomic Formulas

For atomic formulas we can find good sets R of intermediate results if we restate
the constructions from section[2.9in a very generalized informal way:

o label;(x): if the node’s label is (o, Uy, Uy) for some U, U, then inspect Uj,
else ignore U; and U,.

o type,(x): if the node’s sort is «, then inspect Uy, else ignore Uy and U,
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e x € X: if the node’s sort matches one of x and X’s sorts, then inspect U
and Uy, else ignore U; and U,

o x == y: if the node’s sort matches one of x and y’s sorts, then inspect U;,
else ignore U; and U,

e cdgei(x.y): if one of the input states is 2: propagate this state; if the ith
input state is 1: if the node’s sort matches one of x’s sorts, then inspect
Uy ; otherwise: if the node’s sort matches one of y’s sorts, then inspect Uj;.

In all these cases, the function u implements the “if” part of the description,
while the function v implements the “then” and “else” branches.
Finally here is the refined construction for the atomic formula label,(x):

Q:={0,1}
R:=10,1,2)
W= empty_

V= empty_v

for every k € {rank(c) | 0 € X} do
tuples’ := {(1,0,...,0),(0,1,0,...,0),...,(0,...,0,1)} € Q
for every y € 2® do

if y = o then

u (default) == 2
else

15 (default) := 0
end if

for every tuple’ € tuples’ do
b (tuple’) =1
end for
end for
end for
vo(default) :==0
vi(default) =1
vo(default) :== 0
for every U; € V7 do
for every U, € V, do
if x € U; then
Vz(ul, UZ) =1
end if
end for
end for

Compare this to the construction from section 3.1} We are using the same
set of states with the same intuitive idea.

For nodes where the symbol is not 6, we go to intermediate result 0. For
this case, we know that for all possible values of U; and Uy, the successor state
will be 0. Thus all we have to store for vy is the default result 0. For any symbol
and tuple of input states where one input state is 1, we know that the successor
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state will be 1. Again, all we have to store for v; is the default result 1. Finally,
for nodes with symbol o we store 2 as the default value of pX. In v, we have to
test if x is in the set of first order variables U; and in those cases explicitly go to
state 1, otherwise we go to 0.

4.3.2 Conjunction

We want to benefit from the efficient storage of the transition functions not
only when we handle atomic formulas, but also when we handle composite
formulas.

e We would like to compute the new default results for the composed
transition functions from the old default results. We want to process as
few key-value pairs as possible, ideally only those key-value pairs that
have to be stored explicitly in the composed transition function.

e We want to compute u and v for the composed transition from the func-
tions p and v of the input transition function(s). We do not want to first
combine the two halves to get a single representation for 0 then apply a
from the previous chapter construction, then try to split 6 again.

Before we are going to show the refinement of the previous algorithm for
the complex product construction to use u and v, we need two new macros:

o record_u(o, tuple, r) :

rank(o)

ifr#u,  (default) then
1™ (tuple) = r

end if

if 7 € R,pn, then
Riew 1= Ryewp U {1}

end if

o record_v(r,(Uy, Uy),q) :
if q # v,(default) then
ve(Uy, Up) i= ¢
end if
if g & Qreach then

Qnew = Qnew U {r}
end if

These macros have the same role as record_transition in the section 3.4, but
they work with p and v, not with 6. Additionally they make sure that no redun-
dant explicit key-value pairs are stored (when the value equals the default).

This is the algorithm for complex product construction as we have imple-
mented it:

Qreach =0
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Qew = 0
Qrecent =0
Ryeach =0
Riewy =0
p = empty_p
V= empty_v
for every 0 € X do
k := rank(o)
record_u(o, de fault, ((u1)* (de fault), (u2)* (de fault))
end for
for every (r1,12) € Ry do
record_v((r1, r2), default, (v1)r, (de fault), (vo), (de fault))
for every (U;, U) which has an explicit entry in (1), or in (v3),, do
record v((r1, r2), (Uy, Uz), (v1)r, (U1, Uz), (v2)r, (U1, U2)))
end for
end for
while Q. # 0 do
Qrecent = Qnew
Qreuch = Qrmch U Qnew

Qnew =0
Ryeach = Ryeaen U Ryew
Riew :=0

for every k € {rank(c) | 0 € X} \ {0} do
for every tuple € (Qeen)t do
if tuple & (Qyeacn \ Qrecent)k then
(tupley, tupley) = unzipy(tuple)
for every o € ¥ do
record_(o, tuple, ((u1)~ (tupler), (u2)k (tupley)))
end for
end if
end for
end for
for every (r1,72) € Ryer do
record_v((r1, r2), de fault, (v1),, (de fault), (v2),(de fault))
for every (U, U,) which has an explicit entry in (v1),, or (12),, do
record_v((r1, 12), (U1, U2), ((v1)r, (U1, U2), (v2),,(U1, U2)))
end for
end for
end while

The first difference is that we keep track of two more sets: Ryeen and Ryerp.
These are used for computing reachable intermediate results.

Then, instead of processing only nullary symbols, we are able to compute
the new default intermediate results for all symbols. This is possible because
we can always compute the default intermediate results even with an empty set
of reachable states. For the product construction the new default intermediate
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state is simply the pair of the default successors for the two subautomata.

Now we have a set of reachable intermediate results. We compute the
default and explicit successor states for these intermediate results. The de-
fault successor state is again a pair of the defaults from the input automata.
We must store explicit successor states for those sets U; and U, where at
least one of the two input automata has stored an explicit entry. The pair
((11)r, (U1, Up), (v2)r, (U7, Uy)) is different from the default successor state that
we have computed in the previous step exactly in that case.

We are looking only at those (U, U,) which had an explicit entry in one
of the subautomata in order to follow the rule of processing as few key-value
pairs as possible.

Then we come to the main loop of the algorithm. We have to maintain the
sets Reen and Ry in addition to Qyecent, Qreacn, and Q- In the first half of
each iteration we compute intermediate results for tuples of input states with
at least one new input state and keep track of new intermediate results. Then
we compute the default and explicit successor states for those new intermediate
results.

4.3.3 Second Order Quantification

The construction for second order quantification is simpler than the construc-
tion for first order quantification. We show only the pseudo code for second
order for that reason.

For conjunction it was possible to extend the complex product construction
in a straightforward way to our representation with 1 and v. For quantification
we have to do more work.

Assume that we have an automaton N’ = (Q’,R’, X, y,uixy, ', V', F’') for
the subformula ¢ and we want to compute a deterministic automaton N =
(Q,R, Ly, v, 4, v, F) for the formula 3X : ®.1. The states Q that we compute
are sets of states of the subautomaton like in the construction from section 3.6
but the intermediate results R are not simply sets of intermediate results of the
subautomaton. Remember that we have to guess at which nodes the quantified
second order variable occurs. Guessing variable positions is implemented
in v. All quantifications specify a set of sorts which a node must have to
allow that we guess the variable’s position at that node. A node’s sort is the
result sort of its symbol label. But the information about the symbol is only
available in u, not in v. We have to transfer the information “is it allowed
to guess the variable at this node” from u to v. To do this, we extend the
intermediate results of the subautomaton with a flag. Together with the power
set construction this means that intermediate results of the automaton for the
quantified formula are elements of P(R’ X {0,1}) when R’ are the intermediate
results of the subautomaton.

Qrmch =0
Qnew = 0
Qrecent =0
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Ryeach == 0
Ruyew =0
p = empty i
v = empty_v
for every o € X do
(k1 -+ - Kk, ko) := sort(o)
if kg € % then
record_i(o, de fault, {((' )k (de fault), 1)})
else
record_i(o, de fault, {((u' ) (de fault), 0)})
end if
end for
for every r € R, do
record_v(r,default, {v, (default) | (', flag) € r}
V := set of all (U;, Up) which have an explicit entry in v/, for any v’ € {r
(v, flag) e r}.
V7= {(Uy, Uz \ {X}) | (U, Up) € V}
for every (U, Uy) € V' do
g :={v.,(Uy, Up) | (v, flag) € 1}
g:=qU{v, (U, U U{X}) | (7, flag) € 1, flag = 1}
record_v(r, (U1, Uz),q)
end for
end for
while Qe # 0 do
Qrecent := Qnew
Qreach = Qreach Y Qew

"

Qnew =0
Rireach := Ryeach U Ryew
Ryew = 0

for every k € {rank(c) | 0 € X} \ {0} do
for every tuple € (Qreach)* do
if tuple ¢ (Qreach \ Qrecent)k then
for every o € Z® do
(%1 - -+ Kk, K0) := sort(a)
if ko € % then
r = {(ul(tuple’), 1) | tuple’ € sub_tuples(tuple)}
else
= {(ul(tuple’), 0) | tuple’ € sub_tuples(tuple)}
end if
record_p(o, tuple’, 1)
end for
end if
end for
end for
for every r € R, do
record_v(r,default, {v, (default) | (v, flag) € r}
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V := set of all (Uy, U>) which have an explicit entry in v/, for any " € {r" |
(v, flag) € r}.
V"= {(Uy, U2 \{X}) | (U3, Up) € V}
for every (U, Uy) € V' do
g:= (0, (Uy, o) | (7, flag) € 1)
g:=qU{v, (U, U U(X}) | (v, flag) € 1, flag = 1}
record_v(r, (U1, Uz), q)
end for
end for
end while

Asin the construction for the complex product, the first part of the algorithm
processes default intermediate values for all symbols 0. You can see that
we added the flag to indicate if guessing of the variable is allowed for this
intermediate value.

Next we compute v, for all intermediate results r that we have found so far.
For the default successor state of r we compute the default successor state of all
elements of r with the subautomaton’s function v'.

Then we have to define the explicit part of v,. Remember that our goal is to
look at as few explicit entries for v, as possible. We have to look at all explicit
entries of the subautomaton (and store the keys of the explicit key-value pairs
as V). In the subautomaton the variable X is a free variable, in the automaton
that we are constructing now, it is not a free variable, so we have to remove it
where it occurs in V (and store them in V).

Now we compute the value of v, for each pair (U, U;) € V’. This is works
like the standard power set construction: compute the successor state for all
elements of 7 in the subautomaton and use the resulting set as successor state
in the new automaton. At this point we implement the guessing of X: compute
v" of the subautomaton again, but use U, U {X} in place of U, if the flag allows
it.

Finally, the main loop. After updating the sets Qyecents Qreachy Qnews Rreach,
and Ry, we handle explicit entries for y. This works with the helper func-
tion sub_tuples like in the construction from section but adds the flag that
indicates if guessing X is allowed for that particular intermediate result.

The second part of each iteration of the main loop processes new interme-
diate results in the same way as the processing of the initial set of intermediate
results before the main loop.

4.3.4 First Order Quantification

The construction for first order quantification transforms an automaton N’ =
(Q, R, Ly, v, 4 ,nu’, F’) for aformula ¢ into an automaton N = (Q, R, Zv, «,, 4, v, F)
for the formula 3X : ®.1).

To implement first order quantification, we have to extend the construction
from the previous section with code that ensures that a first order variable is
guessed at exactly one node. As in section we add an additional flag to
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states to implement this restriction. We have to add this flag to our intermediate
results, too, that means Q € P(Q’ x{0,1}) and R C P(R’ x{0,1} x {0, 1}). Not that
elements of an intermediate result carry two flags now, the first to indicate if
the quantified variable has already been guessed, the second to indicate if the
current node’s sort allows guessing of the quantified variable.

For details on the construction we refer to the actual Haskell implementation
of the construction.

4.4 Automata

In our implementation, an Automaton consists of
e a set of states, representing Q

e a set of final states, representing F

a K-sorted ranked alphabet representing X.

a P(K)-sorted set of free variables, representing V; UV,

a representation of the transition function, consisting of representations
for yand v.
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Chapter 5

Implementation Details

5.1 Ruby Style Loops

In chapter |3| we saw that many of the constructions involve deeply nested
loops over finite sets. The usual way of implementing this in Haskell is by
using recursion, list comprehension, or nested maps and folds. An earlier
version of the program was using list comprehensions heavily. Although that
version did not have e. g. default results and was not using the approach with
two halves for the transition function, the source code was not very readable.
Now the code is using a variant of map, together with monads which allows
writing loops like those of the imperative programming language Ruby [7].
The name each was taken from Ruby.

each :: (Monad m) => [a] -> (a -=>m b) ->m QO
each = flip mapl_

mapM_ from the Haskell 98 standard library applies a function which has one
parameter and returns an action (i. e. a monadic result) to all elements of a list,
then combines the actions with the monad operator >>. each is simply mapM_
with flipped parameters.

Writing loops with each looks like this:

eachExample :: I0 ()
eachExample =
each [0, 1, 2] $§ \i -> do
let i_squared = i*i
each ["a", "b", "c"] $ \j -> do
putStr (show i_squared)
putStr " "
putStr j
putStr ", "
putStrLn ""

The output of eachExample is:
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b, 0 c,
b, 1 c,
b, 4 c,

L —]
sV T <Y
B —]

This is a form that makes implementing the algorithms from chapter
straightforward.

5.2 Building u and v

We said that the functions y and v that represent transition functions are im-
plemented using Maps from the module Data.Map. We implement it with this
simple Haskell data type:

data MapWithDefault key value = MapWithDefault {
defaultValue :: Maybe value,
explicitMap :: Map key value

Both the data type Map and the data type MapWithDefault are “pure” func-
tional data types, that means there is no way to destructively manipulate a
value of that type.

All constructions that work with p and v are stated in a way that incremen-
tally defines the maps. To use this style of programming in Haskell, we use the
monad type constructor State from the module Control.Monad.State which is
part of the Haskell Hierarchicall Libraries [5]. With this monad and the use of
each and simple wrappers around each, the main part of the construction for
label;(x) looks like this:

transitionDefinition = execTransitionDefinition $ do
eachRank ra § \k -> do
let tuples = tuplesOneDifferent k g® ql
eachConstructorWithRank ra k $ \con -> do
each tuples § \tuple -> do
constructorExplicit con tuple ril
constructorDefault con (if con == sigma
then r2
else r0)

intermediateDefault r® g0
intermediateDefault rl1 ql
eachVariableSubset fv § \varset -> do
when (x ‘elem‘ varset) $
intermediateExplicit r2 varset ql
intermediateDefault iSigma g0

The monad provides the functions constructorDefault, constructorExplicit,
intermediateDefault, and intermediateExplicit which simulate destructive up-
dates of u and v by using the State monad.
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5.3 Stateful Automata Compositions

The algorithms for composing algorithms also require that we keep global,
updatable state. In those cases, the state consists of the sets Qyecent, Qreachs
Quew, Rreacn, and Rye, as well as the representations for the composed u and
v. We wrote a polymorphic type that we use in all constructions that are
based on the construction from section (data type FooState in module
CompositeConstructions.hs).

One of the goals of this project was to produce automata whose states have
as little structure as possible. Therefore all our automata use only integers
as states. Structured states exist only temporarily as long as a composition
of automata runs. We achieve this with a slight extension of the sets Qyecn
and Ry Instead of storing only structured states in these sets, we store a
new integer name along with each structured state. Thus during the run of a
composition algorithm we can already use the future unstructured name of a
state. When the algorithm has finished, we simply drop the structured states
and ouput only the integer states.

5.4 Code Generation

The task was to generate Haskell Code that represents the automaton.

We generate Haskell code using standard string operations. In our output
we represent (i, as a Map for every o € L. We represent v as simple Haskell
functions, because the automata for which we generate code always have one
free variable. That means we do not need the help of Map.

Final states are represented in a list in our output.

To generate code for an MSO formula which is given as fi : :Formulalnfo—
(the data structure was part of the predefined input) and the ranked alphabet
Y is given as ra :: RankAlph, import the module CodeGeneration and use this
Haskell expression:

formulaToHaskell fi ra

This expression returns a string that represents the final states and the
transition function for the computed automaton.

5.5 Unit Tests

We're using the Test.HUnit[8] module to implement xUnit-style [9] unit tests.
HUnit tests are not a complete solution for software testing, and of course they
are not a substitute for verification of the implemented algorithms.

Each unit test tests a single function or a small group of functions that belong
together. The general structure of such a unit test is:

1. Set up input values for the function
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2. Evaluate the function with these input values
3. Compare the result with the expected value.

As an example, here is an HUnit test for the replaceListValue function which
takes a list and two values as input. It returns all possible lists obtained from
the input list by replacing one occurrance or no occurance of the first value by
the second value.

module Main where

import ListFunctions (replacelistValue)
import Test.HUnit

testReplacelListValue :: Test
testReplacelistValue = TestCase §$ do
assertEqual "replacelistValue_empty.List"
[[]1] (replacelListValue [] 1 2)
assertEqual "replacelistValue_multiple._.occurrences'
rc2,2,1,3,431, [1,2,2,3,4], [1,2,1,3,4]]
(replacelistValue [1,2,1,3,4] 1 2)

main = runTestTT testReplacelListValue

In this case, step one is not necessary because the input values for the func-
tions are simple lists and integers. Step two are the replaceListValue [] 1 2
and the replaceListValue [1,2,1,3,4] 1 2 expressions. assertEqual is one of
HUnit’s functions for checking results. Its third argument is the actual result,
the second argument is the expected result. The first argument is a message
that will be printed if the expected and the actual result are not equal. This
example shows, that it is possible to group more than one sequence of the three
steps outlined above in one test. The disadvantage is that a failure in the first
assertEqual leads to skipping the rest of this test, the second assertEqual will
never be checked. The advantage is less (boilerplate) code.

An essential feature of these tests is that they run fully automated. No
human inspection of results is necessary. This means they can be run as often
as after every change to the program. That way, with good coverage, many
programming errors can be found shortly after they have been introduced.

One requirement of this project was, that the program be built in a modular
way, and that single modules of the code be reusable in other programs, e.g.
programs dealing with the more powerful MSO* logic. HUnit tests actually
encourage this code property. To be able to write tests with the three steps
as above, it must be easily possible to set up input values, usually values of
custom data types defined for the program, in few steps. To test a function in
isolation it has to be usable in isolation.
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5.6 Haddock In-Line Documentation

Another requirement of this project was, that the code is extensively docu-
mented. While this report provides information on the implemented algo-
rithms and data structures, it does not document the modules in detail.

We use the Haddock [10] system for in-line code documentation at the
level of individual functions. To use Haddock, Haskell function definitions,
modules, and data structures must be annotated with comments that use a
simple mark-up language. The haddock program extracts type declarations
and these comments from the source code and generates hyperlinked HTML
documentation.

This is the complete definition of replaceListValue, including Haddock
comments:

-- | Takes a list and to values. Returns all possible lists that
-- you get when you replace one (or no) instance of the first
-- value by the second value.

-- @

-- replacelListValue [1,2,1,3,4] 1 2

-- @

- Ylelds [[212111314]1[1721213’4]1[112111374]]
replacelListValue :: (Eq a) => [a] -> a -> a -> [[a]]
replacelListValue [] _ _ = [[]]

replacelistValue (s:rest) q p
| s==q = (p:rest):(map (s:) (replacelListValue rest q p))
| otherwise = map (s:) (replacelListValue rest q p)

Haddock comments start with -- |. Example code is marked up with a.
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Chapter 6

Conclusion and Future Work

With this project we implemented the algorithms to construct bottom-up tree
automata for recognizing trees that are models for MSO formulas. We used
a representation for the transition function that exploits redundancies in the
well-known constructions to derive a space-efficient table representation for the
transition function. We adapted the constructions to benefit from the special
representation of the transition function.

Still, there are some shortcomings and some ideas that were not explored:

6.1 Representation of the Transition Function

Our representation of the transition function with y and v was first developed
as part of the implementation in Haskell and not in a formal way. You can see
that in a lack of formality in section The choice of intermediate results in
the implementation of atomic formulas was made intuitively by looking at the
well-known construction. For composite formulas, intermediate results from
subautomata were naively carried over to intermediate results for composite
automata. It should be investigated if there are ways to compute a set of
intermediate results with which more compact maps with defaults can be used.
The time complexity of the resulting algorithms should be compared to the
current naive algorithms.

6.2 Respecting Sorts in During Reachability Con-
structions

All constructions based on the algorithm from section ignore sort infor-
mation and thus might decide that states are reachable that are in fact not
reachable in any valid tree. It should be investigated how to extend the algo-
rithms to respect sort information and how this extension interacts with our
way of representing transition functions.
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6.3 Minimization

There is an algorithm to minimize bottom-up tree automata, by computing
a special congruence relation on the set of states and then replacing the set
of states by the set of congruence classes. We did not manage to implement
minimization as part of this project. Particularly because of our representation
of transition functions.

6.4 Using BDDs

We believe that it is possible to implement the v part of our transition function
representation by using reduced ordered binary decision diagrams (ROBDDs
or just BDDs) [11]. Using BDDs would lead to more space-efficient storage of
V.
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