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ABSTRACT. The model checking of higher-order recursion schemes has important applications in
the verification of higher-order programs. Ong has previously shown that the modal j-calculus model
checking of trees generated by order-n recursion scheme is n-EXPTIME complete, but his algorithm
and its correctness proof were rather complex. We give an alternative, type-based verification method:
Given a modal mu-calculus formula, we can construct a type system in which a recursion scheme is
typable if, and only if, the (possibly infinite, ranked) tree generated by the scheme satisfies the for-
mula. The model checking problem is thus reduced to a type checking problem. Our type-based ap-
proach yields a simple verification algorithm, and its correctness proof (constructed without recourse
to game semantics) is comparatively easy to understand. Furthermore, the algorithm is polynomial-
time in the size of the recursion scheme, assuming that the formula and the largest order and arity of
non-terminals of the recursion scheme are fixed.

1. INTRODUCTION

The model checking of infinite structures generated by higher-order recursion schemes has
drawn growing attention from both theoretical and practical communities. From a theoretical per-
spective, the recent interest was sparked by the discovery of Knapik et al. that higher-order
recursion schemes satisfying a syntactic constraint called safety generate the same class of (possibly
infinite, ranked) trees as higher-order pushdown automata. Remarkably they also showed that these
trees have decidable monadic second-order (MSO) theories [15], subsuming earlier well-known
MSO decidability results for regular (or order-0) trees [30] and algebraic (or order-1) trees [7].
(MSO logic is a kind of gold standard of expressivity for logics that describe computational proper-
ties: all the standard temporal logics can be embedded into it, and it is hard to extend it meaningfully
without sacrificing decidability where it holds.) Ong has subsequently shown that the modal
p-calculus model checking problem for trees generated by arbitrary order-n recursion schemes is

Received by the editors March 14, 2013.
A preliminary summary of this article appeared in Proceedings of 24th Annual IEEE Symposium on Logic in Com-
puter Science (LICS 2009), pp.179-188, 2009.

LOGICAL METHODS © Naoki Kobayashi and C.-H. Luke Ong
IN COMPUTER SCIENCE DOI:10.2168/LMCS-??? Creative Commons


koba@is.s.u-tokyo.ac.jp
Luke.Ong@cs.ox.ac.uk

2 NAOKI KOBAYASHI AND C.-H. LUKE ONG

n-EXPTIME complete (and hence these trees have decidable MSO theories); further these schemes
are equi-expressive with a new class of automata, called collapsible pushdown automata [10]. On
the practical side, Kobayashi has recently shown that the verification of higher-order programs
can be reduced to that of higher-order recursion schemes. He constructed a transformation of a
higher-order program into a recursion scheme that generates a (possibly infinite) tree represent-
ing all the possible event sequences of the program; thus, temporal properties of the program can
be verified by model-checking the recursion scheme. Following his work, a number of program
verification methods based on the model checking of recursion schemes have been proposed, and
automated verification tools for functional programs have been implemented [36].

Ong’s algorithm for verifying higher-order recursion schemes is rather complex and probably
hard to understand: The algorithm reduces the model-checking problem to a parity game over vari-
able profiles, and its correctness proof relies on game semantics [12]. Hague et al. [10] gave an
alternative proof via a reduction of the model checking of recursion schemes to that of collapsible
pushdown automata; their reduction is also based on game semantics. Kobayashi showed that
given a Biichi tree automaton with a trivial acceptance condition (the class which Aehlig has
called trivial automata), one can construct an intersection type system in which a recursion scheme
is typable if, and only if, the tree generated by the scheme is accepted by the automaton. (Prior to
Kobayashi’s work [[17], Aehlig has also proposed a verification method for the same class of
trivial automata. Kobayashi’s type system is closely related to Aehlig’s, which was not presented in
the form of a type system: See Section[l) The advantages of the type system are that the correctness
of the algorithm is much simpler, and it is easier to optimize the algorithm in a number of special
cases, by standard methods for type inference. Specifically, Kobayashi has shown that, assum-
ing that the automaton and the largest order and arity of non-terminals of the recursion scheme are
fixed, the verification algorithm runs in time linear in the size of the recursion scheme. Based on the
type system, Kobayashi [16} [18] has also constructed practical model checking algorithms, which
work reasonably well for typical inputs despite the extremely high worst-case complexity.

This paper builds on Kobayashi’s type system and extends it to a type system capable
of the modal p-calculus model checking of trees generated by higher-order recursion schemes.
Equivalently (thanks to Emerson and Jutla [8]), given an alternating parity tree automaton .A, one
can construct a type system 74 in which a recursion scheme G is well-typed if, and only if, the tree
generated by G is accepted by .A. Thus, the modal p-calculus model checking problem is reduced
to a type inference problem.

Our type-based verification algorithm has a number of advantages:

e The algorithm is simple: the type system, to which the model checking problem is reduced,
is defined by induction over four rules. The correctness proof is, arguably, considerably easier to
understand than that of Ong’s original approach [27]]. The correctness of the algorithm has two parts:
the correctness of the type system, and that of the type inference algorithm. For both parts, standard
methods (such as proving type soundness via type preservation) remain applicable, although the
reasoning about parity conditions is novel and non-trivial. It is also worth noting that this is the first
proof of Ong’s result without recourse to game semantics]

e It is much easier to discuss the parametrized complexity and possible optimization of the
model-checking algorithm. In fact, our type-based verification algorithm runs in time polynomial
in the size of the recursion scheme, assuming that the automaton and the largest order and arity
of non-terminals of the recursion scheme are fixed. In contrast, Ong’s algorithm runs in time
n-fold exponential in the size of the scheme, under the same assumption. Furthermore, almost all

ISince the first publication of our proof [19]], Salvati and Walukiewicz provided another proof that does not rely
on game semantics.
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the known practical model-checking algorithms [16] (albeit for subclasses of the modal
u-calculus) are based on the type-based approach, although some of them [[I8] 26]] also use game-
semantics. The only exception is Broadbent et al.’s saturation-based algorithm for model checking
of collapsible pushdown systems [2]].

e Framed as a type system, we believe that it is easy to modify the verification algorithm to
deal with various extensions of higher-order recursion schemes. In fact, Kobayashi’s type system for
trivial automaton model checking of higher-order recursion schemes has been extended to deal with
finite data domains (such as booleans) [26]] and untyped higher-order recursion schemes [37].

From a type-theoretic point of view, the type system has a number of novel features which we
think are interesting: (i) variable bindings in a type environment have priorities to express when
the variables can be used, and (ii) the well-typedness of recursive definitions is defined via the
winning condition of a parity game. The latter is a non-trivial generalization of the usual treatment
of recursion in type systems for programming languages.

The rest of this paper is organized as follows. Section 2] gives preliminary definitions. Section[3]
defines the type system equivalent to the model checking of recursion schemes, and SectionE]proves
its correctness. Section[Qldiscusses the type inference algorithm (which serves as a model-checking
algorithm for recursion schemes) and its complexity. Section[@discusses related work and Section [7]
concludes.

A preliminary summary of this article appeared in Proceedings of LICS 2009 [19]]. The main
new contributions compared with the preliminary version are:

e Simplification of the type system: We have removed the flags used in the earlier type sys-
tem [19]], and simplified the type system accordingly.

e More detailed proofs.

e More extensive discussion of related work, including those since 2009.

2. PRELIMINARIES

This section reviews basic definitions used throughout the paper. We first review the definition
of higher-order recursion schemes [[13] in Section[2.11 We then review the definition of alternat-
ing parity tree automata [9]] in Section Alternating parity tree automata are used for expressing
properties of infinite trees, and are equi-expressive with logics such as MSO and modal p-calculus.
Finally, we review the definition of parity games [9]] in Section 23l Parity games are often used in
the context of modal p-calculus model checking; in fact, Ong’s algorithm reduces the model
checking of higher-order recursion schemes to the solvability of a parity game. We shall use it for
defining the type system (more specifically, for typing recursion schemes).

We write {z1 +— v1,...,Z, — vy} or {z1:01,. .. ,xn:vn}ﬁ for the map f such that dom(f) =
{z1,...,2,} and f(x;) = v; fori € {1,...,n}. For a map f, we write dom(f) and codom(f)
for the domain and co-domain of f respectively. We write f{xz — v} for the map f’ such that

dom(f') = dom(f)U{z}, f'(x) = v, and f'(y) = f(y) fory € dom(f) \ {x}.

2.1. Higher-Order Recursion Schemes. A higher-order recursion scheme is a grammar for de-
scribing an infinite tree.

Zwe prefer the latter notation when v; contains a symbol similar to —, like —.



4 NAOKI KOBAYASHI AND C.-H. LUKE ONG

The set of sorts] is defined by:
Ki=o0|K — Ko
Intuitively, o describes trees, while ;1 — ko describes a function that takes an entity of sort x; and
returns an entity of sort 9. The order and arity of k, written ord (k) and arity(x) respectively, are
defined by:
ord(o) :=0 ord(ky — k2) = maz(ord(k1) + 1, ord(k2))
arity(o) :=0 arity(k1 — ko) == arity(k2) + 1
A ranked alphabet ¥ is a map from a finite set of symbols to sorts of order 0 or 1. The sort
Jjudgment is of the form ;3 F t : x, where K is a map from a finite set of variables to sorts, ¢
is a A-term (that may contain elements of dom (X as constants), and « is a sort. The relation is
inductively defined by the following rules.

K(x) =k

K:YXFzx:k

Y(a) =k

K;YXFa:k
IC;El—tltlig—)/i IC;El—tQ:K:Q

IC;El—tltgtli

K{z— r1}; Xt ko
;X F Azt ki — Ko

When K and ¥ are fixed, there is at most one « such that /C; X - ¢ : k. We often call k “the sort of ¢
and say “¢ has sort k. A A-term ¢ that does not contain \-abstractions is called an applicative term.
We often write ~ to indicate a (possibly empty) sequence. For example, AZ.t means Axy. - - - A&y, .t
(where m can be 0). We write || for the length of the sequence s.

Definition 2.1. A (deterministic) higher-order recursion scheme (or recursion scheme, for short) G
is a quadruple (X, NV, R, S), where

e 3 is a ranked alphabet. The elements of 3. are called terminals.

e N is a map from a finite set of symbols called non-terminals to sorts.

e R is a map] from the set of non-terminals (i.e. dom (N)) to A-terms of the form \Z.t, where
t is an applicative term. We require that (i) NV'; 3 = R(F) : N (F), and (i) if R(F) = Az.t and ¢ is
an applicative term, then ¢ must have sort o.

e S is a special non-terminal called the start symbol, such that N'(S) = o.
The order of a non-terminal F is ord (N (F')). The order of a recursion scheme is the highest order
of its non-terminals.

By abuse of notation, we often write @ € ¥ and F' € N for a € dom(X) and F' € dom(N).
Next, we define the tree generated by a recursion scheme. The rewriting relation —¢ is
defined inductively by:

o F'§—g [5/F)tif R(F) = A .

3t is usually called a type [27]. We use the term “sorts” to avoid confusion with the intersection types introduced
later.

“Thus we assume that there is exactly one rewriting rule for each non-terminal symbol, i.e., that recursion schemes
are deterministic in this paper.
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o Ift —¢ t', then ts —¢ t's and st —g st'.

Here, [$/Z]t denotes the term obtained from ¢ by replacing variables in z with the corresponding
terms in ¢ (with the assumption that |3| = |Z|). We omit the subscript G whenever it is clear from
the context.

Let £ be a set of symbols. A L-labelled tree is just a partial function 7" from {1,...,n}* (for
some fixed n > 1) to £ such that mi € dom(t) implies {r}U{7j | j € 1 < j <i} C dom(t). Note
that ¢ is unranked i.e. nodes in ¢ that have the same label are not required to have the same number of
children. When considering the possibly infinite term-trees that are generated by recursion schemes,
we assume a given ranked alphabet X (say). Let n be the largest arity of symbols in X; a Y-labelled
ranked tree is thus a dom(X)-labelled tree such that whenever T'(w) = a and arity(X(a)) = m,
then {i | wi € dom(T")} = {1,...,m}. A (possibly infinite) sequence = over {1,...,n} is a path
of T if every finite prefix of 7 is in dom(T).

We often use the usual term representation for trees. For example, we write a ¢ (b c¢) for the
tree:

{e—>a,l—c,2—b, 21+ c}.

Given a term ¢, we define a (finite) tree - by:

f if ¢ is a terminal f
tt = t1 ot if tis of the form 1ty and ¢+ # L
1 otherwise

For example, (f (F a)b)™ = f L b. Let C be the partial order on dom (%) U {L} defined by
Va € dom(X).L C a. It is extended to a partial order on trees by: ¢ C s iff Vw € dom(t).(w €
dom(s) At(w) C s(w)). Forexample, L C f 1 L C f 1L bC f ab. Foradirected set T of trees,
we write |_| T for the least upper bound of elements of 7" with respect to L.

We are now ready to define the tree generated by a recursion scheme.

Definition 2.2 (value trees). Let G = (X, N, R,S) be a higher-order recursion scheme. The tree
generated by G, or the value tree of G, written [G], is defined by:

[G] = | |{t" | S —g 1)

Note that [G] is well-defined because —¢ is confluent and t — u implies t+ C ut. By
construction, [G] is a possibly infinite, ranked (X{_L — o})-labelled tree (but see Remark 2.T)).
Example 2.1. Consider the order-1 recursion scheme Gy = (X, N, R, S), where:

Y={a:0—0—o0,b:o—o0,c:0}
N={S:0,F:0— o0}
R={S—Fc, Fw Xrazx(F(bx))}
S is reduced as follows.
S — Fc
— ac (F(bc))
— ac(a(bc)
H ..
The value tree [Go] is shown on the left-hand side of Figure [Tl

(F(b(bc))))

Example 2.2. Consider the order-2 recursion scheme G; = (3, N7, R, S), where:
Y={a:0—0—o0,b:o—o0,c:0}
Ni={S:0,F:(0 »0)—0,D:(0—~0)—>0—0}
Ri={S—Fb, F—A.a(fc)(F(DFf)), Dw—AXr.f(fz)}
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a a
PN /\
C a b a
b a c b? a
| |
c b a c b? a
N |
b b - c S ...
. |
C e C

Figure 1: The value trees [Gy] (on the left-hand side) and [G1] (on the right-hand side).

The value tree [G1] is shown on the right-hand side of Figure [lx where b* denotes k repeated
occurrences of b.

2.2. Alternating Parity Tree Automata. Given a finite set X, the set BT (X)) of positive Boolean
formulas over X is defined as follows:

BY(X) 2 == true|false |z | AP |V

where z ranges over X. We say that a subset Y of X satisfies 1) just if assigning true to elements in
Y and false to elements in X \ Y makes 1) true. For example, {(1, qo), (2, q1)} satisfies the formula
((1,90) V (2,490)) A (2,q1), since (true V false) A true is equivalent to true.

Definition 2.3 (alternating parity tree automata). An alternating parity tree automaton (or APT for
short) over X-labelled trees is a tuple A = (X, Q, d, g7, §2) where

- X is a ranked alphabet; let m be the largest arity of the terminal symbols.

- @ is a finite set of states, and ¢; € () is the initial state.

-6:Q x¥ — BY({l,...,m} x Q) is the transition function where, for each f € ¥ and q € Q,
we have §(q, f) € BT ({1,..., arity(f)} x Q).

-0Q:Q —{0,---, M — 1} is the priority function.

A run-tree of an alternating parity tree automaton A over a Y-labelled ranked tree 7' is a

(dom(T) x Q)-labelled unranked tree R satisfying:

- € € dom(R) and R(e) = (e, qr); and

- for every f € dom(R) with R(8) = («,q), the set {(i,¢") | 3j.R(5j) = («i,q')} satisfies
6(¢, T()).

Let m = mme --- be an infinite path in R; for each ¢« > 0, let the state label of the node
my -+ - m; be gy, Where gy, the state label of ¢, is g;. We say that 7 satisfies the parity condition just
if the largest priority that occurs infinitely often in (g, ) 2(gn,) 2(gn,) - - - is even. A run-tree R
is accepting if every infinite path in it satisfies the parity condition. Finally, an alternating parity
tree automaton A accepts a ¥.-labeled ranked tree 7' if there is an accepting run-tree of A over 7.

We use alternating parity tree automata for describing properties of (the value tree of) recursion
schemes, instead of modal p-calculus formulas.

Ong showed that there is a procedure that, given a recursion scheme G and an alternating
parity tree automaton .4, decides whether A accepts the value tree of G.
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//////EELQSZ\\\\\\
(1, q0) ///////E%ngz\\\\\\\
(21]QO) (22,90)
(211’ ql)

(221, qo) (222,q0)

|
(2211,q1) (2221, q0)
| |
(22111, q,) -

Figure 2: An accepting run-tree of .4; over [Go].

Theorem 2.1 (Ong [27]). Let G be a recursion scheme of order n, and A be an alternating parity
tree automaton. The problem of checking whether .4 accepts [G] is n-EXPTIME-complete.

Remark 2.1. In this paper, we only consider recursion schemes whose value trees do not contain L.
Given a recursion scheme G and an alternating parity tree automaton A, one can construct G’ and A’
such that (i) the value tree of G’ does not contain L, and (ii) A’ accepts G’ if, and only if, A accepts
G. LetG = (X,N,R,S) be an arbitrary recursion scheme and A = (3{L — 0},Q, 9, qr,2) be
an alternating parity tree automaton. Define G’ = (X', N, R/, S) and A" = (X', Q’, ¢, q1, ) by:

¥ =3%{loop— 1}

R ={F + A\z.loop(t) | R(F) = A\z.t}

Q' =QU{g|aqc@}

0(g,a) ifge Qanda € dom(X)
5(ga) = d(gi,a) if ¢ =g} with ¢; € Q and a € dom(X)
’ (1,¢") ifge Qanda = loop
(1,q) ifg=gq withqg, € Q and a = loop
24+ Q(q) ifge @
(@) =<0 if g = ¢} with ¢; € Q and 6(q, L) = true
1 if g = ¢} with ¢; € @ and 6(q, L) = false

Then G’ and A’ satisfy the conditions (i) and (ii) above.

Example 2.3. Let 3 be the alphabet used in Example 21l Let A; be the alternating parity tree
automaton (X, {qo, g1}, 61, qo, {qo > 2,q1 — 1}), where, for each ¢ € {qo, q1},

51(Qa a) = (LQ) /\(2’(1) 51(q’b) = (]wch)

91(q,c) = true
Then, A; accepts a X-labelled tree ¢ if, and only if, in every path of ¢, c occurs eventually after b
occurs. Figure Plshows an accepting run-tree of A; over the tree [Go] in Figure[Il Note that it has

the only one infinite path labelled by (¢, qo)(2,q0)(22,q0)(222,qo) - - -, which satisfies the parity
condition.
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(€, q0)

(QJQO)

(QQjQO)
(222|, q0)

Figure 3: An accepting run-tree of .43 over [Go].

Example 2.4. Let ¥ be the same alphabet as above. Let .4, be the alternating parity tree automaton
(2, {q0, a1}, 02, o, 22), where

d2(q,2) = (1,q1) A (2, q) foreach g € {qo,q1}

d2(q,0) = (1,¢) foreach q € {qo,q1} d2(g, c) = true

Q2(q0) =2 Qo) =1
Ajs accepts a X-tree ¢ if, and only if, for every path of ¢, if the path takes the left branch of a node
labeled by a, then the path is finite, ending with c.

Example 2.5. The shape of a run-tree can be different from that of a >-labelled tree. Let X be the
same alphabet as above, and let A3 be the alternating parity tree automaton (X, {qo}, 93, o, 23),
where

d3(q0,2) = (2,90) d3(q,b) = d3(q, c) = false Q3(q0) = 0.

Aj accepts a Y-labelled tree T if and only if its rightmost path is labelled by a“. Figure 3] shows an
accepting run-tree of A3 over the tree [Gy] in Figure[ll

2.3. Parity Games. A parity game is a tuple (V4/, V3, vg, E, ) such that E C V x V is the edge
relation of a directed graph whose node-set V' is the disjoint union of 14 and V3; vy € V is the
start node; and Q : V' — {0,--- , M — 1} assigns a priority to each node. A play consists in the
players, ¥V and 3, taking turns to move a token along the edges of the graph. At a given stage of the
play, suppose the token is on node v € V4 (respectively v € V3), then V (respectively J) chooses
an edge (v,v’) and moves the token onto v’. At the start of a play, the token is placed on vg. Thus
we define a play to be a finite or infinite path @ = v vy, vp, - - - in the graph that starts from vy.
Suppose 7 is a maximal play, i.e. either 7 is infinite, or ends in a node v such that =3v’.(v,v) € FE.
The winner of 7 is determined as follows:

- If 7 is finite, and it ends in a V3-node (respectively V4-node), then V (respectively 3) wins.
- If « is infinite, then 3 wins if 7 satisfies the parity condition i.e. the largest number that occurs
infinitely often in the sequence Q(vg) (v, ) Q(vy,) - - - is even; otherwise V wins.

A J-strategy (or strategy, for short) ¥V is a map from plays that end in a V3-node to a node
that extends the play. We say that a strategy W is winning just if 3 wins every (maximal) play m
that conforms with the strategy (i.e. for every prefix 7 of 7 that ends in a V3-node, mop W(my) is a
prefix of 7). Finally a strategy W is memoryless just if VV’s action is determined by the last node
of the play; formally, for all plays 7 and 79 that conform with W, if their respective last nodes are
the same V3-node, then W(m;) = W(m2). We say that a parity game is solvable just if there is a
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winning strategy (for player 3). It is known that if there is a winning strategy for a parity game, then
there is also a memoryless winning strategy for the game [8]].

3. TYPE SYSTEM

Following Kobayashi’s type system for trivial-automaton model checking of recursion
schemes, for a given APT A, we construct a type system 74 in which a recursion scheme is well-
typed if, and only if, the tree generated by the recursion scheme is accepted by .A. Henceforth we
fix an APT A = (Q, %, 9,qr1,9).

3.1. Types. We first introduce intersection types to capture the shape of trees and tree contexts
represented by terms. Following Bakel [39], we use the normalized form of intersection types,
where intersection type constructors occur only in the lefthand side of function types.

Definition 3.1. Let ¢ and m respectively range over the states and priorities of 4. The sets of atomic
types and types are given by:

Atomic types 0 == q | T — 0
Types 7 o= AN{(01,m1),. .., (O, mi)}

Notations. We write (61, m1)A- - -A(0, my), or simply /\/f:1 (0;, m;), for types A{(01,m1),..., (Ok, my)}.
We write T for the type /\ (). Given a priority §2(g) for each element g of ), we extend it to all atomic
types by Q(7 — 6) := Q(6).

Intuitively, the type ¢ describes a tree that can be accepted from ¢ by A, i.e., accepted by
A = (Q,%,8,¢,9). In other words, ¢ describes a tree that has a run-tree whose root is labeled
by q.

The type (q1,m1) A+ A(qg, mi) — q describes a function (or more accurately a tree context,
as a tree function that can be expressed by higher-order recursion schemes cannot inspect its argu-
ments) that takes a tree that can be accepted from each of the states ¢, . .., g, and returns a tree
that is accepted from state ¢g. To understand the meaning of the priorities m; in the type, we need to
associate (higher-order) tree contexts with corresponding contexts on run-trees. For example, if the
arity of ais 1 and 6(go, a) = (1,90) A (1, q1), then the tree context on the left-hand side of Figure @
(which takes a tree 1" and returns the tree a I’ by filling the hole A with T) has the context on the
right-hand side as an associated context on run-trees. In fact, if a tree 7' (to fill the hole H') has two
run-trees Ry and 27 whose roots are labelled by qo and ¢; respectively, then a run-tree for a7’ is
obtained by filling the holes H( and H; with Ry and R;. In this manner, one can associate a (higher-
order) context on trees with a (higher-order) context on run-trees. The type of a term then describes
the shape of a context on run-trees associated with the tree context represented by the term. Hence-
forth, in illustrations of run-tree contexts, we omit the first component of a label and specify only the
second component (which is a state of the automaton). In the type (q1,m1) A -+ A (qk, mg) — g,
the priority m; describes the largest priority in the path from the root of the run-tree to the hole of
type ¢;. Figure[Slillustrates a tree context of type (q1,m1) A (g2, m2) — g. For example, in Figure[d
if 2(qo) = 0 and ©(q1) = 1, the run-tree (and the corresponding tree context on the left-hand side)
has type (qo,0) A (q1,1) = qo-

More generally, (61, m1) A -+ A (0, my) — 0 describes a higher-order context on trees that
has an associated run-tree context with holes of shapes 61, . . . , 8, where the largest priority from the
root to each hole of type 6; is m;. When discussing the intuitions behind types, we do not explicitly
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a (e, CQ
I tw New

Figure 4: A context on trees and an associated context on run-trees (where only states are shown as
labels). Dashed triangles represent holes to be filled with trees. Hy and H; are holes on
run-trees that correspond to the hole H on trees.

The largest priority in d The largest priority in
this path (including this path (including the
the root and ;) ism, root node and g,) is m,

Figure 5: A context on run-trees described by (q1,m1) A (g2, m2) — ¢

distinguish between a tree and an associated run-tree, but note that when we speak of “the largest
priority in a path”, we mean a path in a run-tree.
The set of “well-formed” types is defined by the relations 7 :: x and 6 ::, , which should be read
“r is a type of sort k” and “f is an atomic type of sort x” respectively. We also impose a condition
on priorities.
Definition 3.2 (Well-formed types). The relations 7 :: x and @ ::, x are the least relations closed
under the following rules:
TRy 0 ::, Ko 0; gk foreachie {1,...,n}
Qi g O T—=0 4 K1 — Ko N{(O1,m1),...,(0n,mp)} = K
A type T (respectively, atomic type ) is well-formed just if (i) 7:: x (respectively, 0::, k) for some x,
and (ii) for each subexpression of the form /\f“‘:1 (0;,m;) — ', we have m; > max(Q2(60"),Q(6;))
foreach 1 < i < k.

For example, g1 A ((g2,1) — ¢3) is not well-formed, as it combines types of different sorts.
(q1,m1) A (g2, ma) — q is well-formed if m; > max(2(q), 2(q1)) and ma > max(€2(q), 2(q2));
this reflects the intuition that m and my are the largest priorities in the paths shown in Figure 3]
including the start and end nodes. Henceforth we consider only well-formed types.

3.2. Typing for Terms. Henceforth we treat non-terminals as variables. A fype judgement has the
form I' -4 t : 6 where t is a A-term, and I', called a type environment, is a set of bindings of the
form x : (60, m). The intuition is that if ' F4 ¢ : ¢ and 2z : (§,m) € T, then x can be used as
the head term in a position where m is the largest priority seen in the path (of the run-tree) from the
root of the tree generated by ¢. Note that I' may contain different bindings of the same variable.
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In the following we shall omit the subscript .4 from - 4 whenever it is clear from the context.

Example 3.1. Suppose the priority €2(g;) of ¢; is i for i € {0, 1}, and the transition rule for a is:
6(q0,2) = (1, q).
(i) The judgement {z : (q1,1)} F ax : qo is valid. The type environment stipulates that = can
only be used at a node such that the largest priority in the path from the root is 1; the path from
the root of a x to x is labelled by goq1, which has largest priority 1.
(ii) The judgement {x:(qo,1)} F z : qo is invalid, because the path from the root to x is gg, which
has largest priority 0.
(iii) The judgement {z : (go0,1),vy : ((q0,1) — q0,0)} F y x : qo is valid, because y uses the
argument x only in a node such that the path from the root has largest priority 1.

Notations. We shall often drop the set braces to save writing. We write I', z : /\f:1 (0;,m;) as a
shorthand for
Tru {1‘ : (Hl,ml), RN A (Hk,mk.)}
where x is assumed not to occur in I'. We write dom(T") for the set {z | 30, m .z : (0, m) € T'}.
The type judgement relation I" - ¢ : 6 is defined by induction over the following rules.

2 (0,900) Faz:0 (T-VAR)

{(i,q55) |1 € {1,...,n},j € J;} satisfies § 4(q, a)
mi; = max(2(g;5), ( )) foreachi € {1,...,n},j € J;

DFaa: /\]EJ1 (Q1]am1]) e /\jejn(%zj’mnj) —4q

(T-CONST)

Ty |—At02/\iel(9i,mi)—>9 I'; Fqty:0; foreachi € 1
PoUUer(Tihmi) Fatots: 0
F,x:/\iel(ﬁi,mi)l—At:H IgJ
Cha .t N\ig s (05,m) — 0

(T-App)

(T-ABS)

Here, I' {} m is defined by:
TCftm:={F:(0,maz(m,m’)) | F:(0,m')eT}

In (T-VAR), x is used at the root, so that the largest priority of the path from the root to z is
Q(#). The rule (T-CONST) is for terminal symbols. The premise means that the automaton A in
state g, upon reading a, spawns a new automaton that reads the i-th subtree in state ¢;;, for each
i€{l,--- ,n}andj € J;. The tree aTy --- T}, and an associated run-tree are shown in Figure [6]
The figure suggests we can view the constant a as a function that takes trees 77,...,7,, as input
such that each T; has types g;1, . . . , gir,, and returns a tree of type g. Furthermore, it uses a run-tree
of type ¢;; in the position where the path from the root is labelled by gg;;. Thus, a can be considered
a function of type

k kn
Njti(aug,mag) = - = N2y (ngy ming) = 4,
where m;; = max(Q(g;;), 2(g)). For example, for the automaton .A; in Example 23] a has types
(90,2) = (q0,2) = qo and (g1, 1) = (q1,1) = qu.
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0 ok

Figure 6: The tree a T - -- T, (on the left-hand side) and a run-tree for it. .S;; is a run-tree for 7,
where the root is given state g;;.

In (T-APP), the first premise requires that the argument of ¢( should have types 6; for every ¢ €
1. Correspondingly the second premise requires that ¢; has these types. We explain the operations
on priorities using Figure[7] which shows the case for I'; = x : (0, m}) (for each ¢ € {0, 1,...,n})
and [ = {1,...,k}. The upper-half corresponds to the premises of the rule. The premise FO I— to :
Nicr(0i,m;) — 0 means that the tree context generated by ¢ has a run-tree of the form Sy shown
on the left-hand side. I'; - ¢; : 6; means that the tree context generated by ¢; has a run-tree of
the form S; (for each ¢ € I = {1,...,k}) shown on the right-hand side. Note that .S; has a hole
of type ¢/ in a position where the largest priority in the path from the root of S; is m/. By filling
the hole of type 6; in Sy with S; (for each i € {1,...,k}), we obtain a run-tree context for the
tree context generated by ¢1t2. Now, the hole x of type ¢} occurs in a position where the largest
priority in the path from the root to the hole is max(m;, m}). Thus, t;t2 should be typed under
x: (00, my), z : (0], maz(my,m})), . (Hl,max(mk,mk)), ie., I'oUU;e;(I'i r m;). The last

premise of T-APP forbids, for example, the following derivation:

Fol—tot(el,ml)—)e Iy Ht: 64 I'obty:0q
Tyu (Flﬂml) U (Fgﬂml) Ftot1: 0

which combines different type environments for the same type (61,m1) of ¢;. Although the re-
striction does not affect the soundness and completeness of the type system, it is necessary for the
discussion of the complexity in Section 5l

The rule (T-ABS) for abstraction is standard, except that weakening on x is allowed. For
technical convenience, this is the (only) place where weakening is introduced.

Remark 3.1. In rule (T-APP), k can be 0. Thus, for example, = : (T — ¢,Q(¢)) F x t : ¢ is
derivable for any ¢, even if ¢ is ill-typed or contains variables other than z.

Example 3.2. Recall the automaton A; in Example 23] By using rule (T-CONST), we obtain the
following types for input symbols.

a: (q,91(q)) = (¢,n(q)) — g for each g € {qo, q1 }

b: (q1,Q(q)) — qforeach q € {qo,q1}

c: qforeachq € {qo,q1}
Let 0 = (q0,2) A (q1,2) = qo, 0a = (90,2) — (g0,2) — qo,and 'y = F': (0,2),2: (¢1,2). The
term Az.a z (F(bx)) is typed as follows.

F:(Q,Q)I—F'H x:(q,2)Fbxr:q x:(q,1)Fbx:qq
DFa:0, x:(q,2)Fz:q F:(0,2),x:(q, )I—F(bx) q
F:(0,2),z:(q0,2),2: (q1,2) Faz (F(bz)):q
F:(0,2)F Ar.az (F(bx)): 6
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Figure 7: A run-tree context for the tree context generated by tgt; (shown on the lower-half). On
the upper-half, Sy is a run-tree context for the tree context generated by tg, and Sy, ..., S,
are run-tree contexts for the tree context generated by ¢;.

Here, z: (q1,2) Fbxz:qoand z: (¢1,1) F bz : g1 are derived by:
OFEb:(q1,2) > q0 z:(q1, ) Fz:qq
(:(q1,1)) 1 2FDbx:q

and
DEb:(q,1) =@ z: (g, 1) Fa:qr

(@: (g, )M 1FEba:q
Note that (z: (q1,1)) 12 =2:(q1,2) and (z: (q1,1)) N 1 =z : (q1,1).

3.3. Typing for recursion schemes. We now define the typing relation - 4 G for recursion schemes.
In type systems for programming languages, a standard rule for recursion F' = ¢t is:

NForkHt:r

(UNSOUND-REC)
I'EF:7T

Kobayashi used essentially the same rule for the restricted class of automata (Biichi automata
with a trivial acceptance condition).

The standard rule for recursion is however insufficient for dealing with the properties described
by alternating parity tree automata (or equivalently, MSO or modal p-calculus formula). For exam-
ple, let A be the alternating parity tree automaton obtained from .4; of Example 23] by replacing
the initial state replaced with g1, and let G be the recursion scheme G = (X, {S: 0}, {S—b(S5)},S).
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Then, () - S : g1 would be derivable by:
DEb: (1,]) 1 S:(q,1)FS:q1
S (ql7 1) F b(S) g1

@I—S:ql

The value tree of G is however not accepted by A].
We shall therefore define the typing relation -4 G : ¢ in terms of parity games.

T-APP
UNSOUND-REC

Definition 3.3. Given an alternating parity tree automaton A = (X, Q, d, g7, 2) and a recursion
scheme G = (X, N, R, S), we define a parity game (V&, V3, (S, q1,Q2(qr)), E, ') as follows.

Vg = {(F,0,m) | F € dom(N),0 ::u N(F),m € dom ()}
Vg = {T'| dom(T') C dom(N)and VF : (0,m) € T.0 ::q N(F)}
E = {((F,0,m),T) | TFAR(F):0yU{(T,(F,0,m))| F:(0,m)eTl}

and the priority function Q" maps (F, 6, m) to m and I to 0. G is well-typed, written - 4 G, if player
J has a winning strategy for the game.

The above definition may be understood intuitively as follows. The player 3 tries to prove that
the recursion scheme is well-typed, and the other player V tries to disprove it. At a node (F, 0, m),
the player 3 has to pick a type environment I' under which R(F') has type 6. The player V then
picks a binding F’ : (6',m’) from T, and asks 3 to show why F” has type ', and then it is again
the player 3’s turn to choose a type environment I under which R(F”) has type 6’. The play
continues indefinitely, or ends when one of the players is unable to move. The player 3 wins a play
if at some point, it chooses the empty type environment (so that V cannot pick a binding), or if the
play is infinite, and the largest priority occurring infinitely often is even. The recursion scheme is
well-typed if the player 3 has a strategy that wins every play, whatever choice is made by the player
V.

The standard typing for recursion (using UNSOUND-REC above) can be considered a degener-
ate case of our definition (using parity games), where all the priorities are 0. In fact, Kobayashi’s
type system is obtained as a special case of our type system 74 where the priorities are re-
stricted to 0.

Example 3.3. Recall the recursion scheme G in Example[2.T]and the automaton .A; in Example[2.3
Let 6 be (qo, 2)A(q1,2) — qo- Then, valid judgements include (recall Example[3.2]for the derivation
of the second judgement):

F:(0,2)FFc:q

F:(0,2)F X xaz (F(bx)): 6
A memoryless winning strategy YV for the parity game is given by:

W(S, qo,2) =F: (9,2)
W(F,0,2) = F: (0,2)

Example 3.4. Recall the recursion scheme Gy in Example[2.2]and the automaton .41 in Example 23]
Let 61 = (¢1,1) — q1 and 03 = (q1,2) — qo. Then, the following type judgments hold:

F: (((91,2) A\ ((92,2) — q0,2) F Rl(S) 1 qo
FF F Rl(F) : ((91,2) A ((92,2) — qo

@ F Rl(D) : (01,1) — (91

0+ Rl(D) : (01,2) A ((92,2) — 05
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where I'f is:
D: ((91) ]-) — 91)2)’D : ((91)2) A (92)2) — 9252)’F : ((91)2) A (92)2) — q0)2)’
A memoryless winning strategy VV for the parity game is given by:

W(S,q0,2) = F: ((01,2) A (62,2) — qo,2)
W(F, (61,2) A (02,2) — q0,2) =T'p
W(D, ((91, 1) — (91,2) = @

W(D, ((91,2) A ((92,2) — 92,2) =0

4. CORRECTNESS OF THE TYPE SYSTEM

This section shows that the type system is sound and complete: a higher-order recursion scheme
G is well-typed if, and only if, the tree generated by G is accepted by the alternating parity tree
automaton.

4.1. Soundness. Suppose that we are given arecursion scheme G = (X, NV, R, S) with dom(N') =
{Fi,...,F,} and S = F}, and an alternating parity tree automaton A such that - 4 G. The goal is
to show that there exists an accepting run-tree of A over [G].

We first note the following type preservation property, which can be proved in a standard man-
ner.

Lemma 4.1 (Type preservation by S-reduction). If I' F 4 (Ax.tg)t; : 6, then there exists I such
that TV b 4 [t1/x]to : @ and TV C T,

Proof. See Appendix[Al O

Now we shall define a rewrite system for generating an accepting run-tree of A over the value
tree of G. The rewrite relation is a binary relation on (finite, unranked) RLab-labelled trees, where
an element of RLab is either of the form («, ¢) or (o, ¢, A,T' =t : q) where I" F ¢ : ¢ holds. Here
¢ is a natural number, A is a partial map from natural numbers to priorities, and « is an element
of {1,..., A}*, where A is the largest arity of the terminal symbols of G. The label ¢ counts the
number of rewriting steps along each path, and A(¢) denotes the largest priority in the path between
the current node and the node where a non-terminal labelled by ¢ has been introduced. By the
assumption 4 G, there exists a (memoryless) winning strategy »V for the parity game associated
with =4 G. W can be considered as a (partial) map from tuples of the form (F, 0, m) to type
environments. We write I (g ..,y for W(F, 6, m) below.

In a type judgment I' - F'{ : ¢, we often annotate the head symbol F with its type, as I" -
F% : q. Tt means that T' - F't : q is derived from the typing F: (6, Q(6)) F F : 0 for the occurrence
of F'as the head symbol, followed by applications of T-APP.

The initial tree of the rewrite system is (e, 1,{0 — Q(qs)}, S°: (qr,2(qr)) = S° : q7). Here,
each non-terminal symbol is annotated with a natural number, to indicate when the symbol was
introduced. The rewrite relation 7 > 7" on RLab-labelled trees is defined by induction over the
following rules:

(i) If T+ F{T: g holds and T' (5, g 5 (), is defined, then
(a, 0, AT F'T:q) o (a0 +1,A{— Q(q)}, T F [t/F]p(t') : ¢)
writing p(—) := [F{/Fy,...,Ft/F,](—) and R(F;) = \z.t'.
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Here, I is determined as follows: Take the derivation of I" - Ffl’ofz q, and replace the
T-VAR instance F': (0, Q(0)) & F : 0 by p(T' (£, 9,a0r))) F p(R(F})) : 0, yielding (a derivation
for) I't U p(T (g 0,a00))) p(R(F;))t : q for T'y such that T'y U {F : (,Q(0))} = I'. By the
type preservation property (Lemma E.T), there exists I' such that I' C T'y U p(T'(g, g, a(e1)))
and T F [t/Z]p(t") : q. Thus, we choose one such T above.

The renaming of F; to Ff is required to state Lemma 4.4l

(i) If {(4,¢i;) | 1 <i<mn,1<j <k} satisfies 04(q,a), and I' - aty - - - t,, : ¢ is derived from
Fi,j Ft;: Qi j» then
(o, 6, N\ T Eaty -ty i q) >
(o, ){al, b+ 1L AN Uqr1), Taa bt cqua), ., (@l 0+ AN Qg1 k1) Tk F 812 q1ey)

oo L+ AN QUgna) T Ftn iqna)s - (an b+ LAY Qg ) Dok Ftn Gk, )
Here, A 1} m is defined by:

(Afrm)(£) = max(A(€), m).

(iii) If T > T" then C[T] > C[T"] for every tree context C. Here, (RLab-labelled) tree contexts
are defined by:
Cu=[][{a,q)T1 - T1-1 CTiyr,- - T,
where 71, ..., T} are RLab-labelled trees, and C'[T'] denotes the tree obtained by replacing
[]in C with T'.

Example 4.1. Recall the recursion scheme G in Example[2.T]and the automaton .A; in Example[2.3
By using the winning strategy ¥V in Example [3.3] we obtain the following rewrite sequence:

<€, 1,A0,SO : (q0,2) F SO : q0>

> {€,2,A1, Ft:(0,2) F Flc: q)

> (6,3, Ao, F?: (0,2) Fac (F?(bc)): qo

> {€,q0) (1,4, Ao, 0 - c: qo){(2,4,Aa, F%:(0,2) - F%(bc) : qo)

>* <€a C]0><1a C]0><2a 5’A3a F4 : (9, 2) Fa (b C) (F4(b (b C))) : QO>

>* <€a C]0><1a C]0>(<2, qo>(<21a C]0><211a Q1>)<2a 6, A3a F4 : (9, 2) t F4(b (b C)) : C]0>

> o
Here, AQ = {0 — 2}, A1 = Ao{l — 2}, A2 = A1{2 — 2}, A3 = A2{4 — 2}, and 0 =
(qo,2)A(q1,2) — qo. The rewrite sequence generates the accepting run-tree in Figure Rlin Section 2l
g

PN

To show the soundness of the type system (Theorem below), we shall prove that there
exists a (possibly infinite) rewrite sequence of (e, 1, {0 +— Q(qs)}, 5% : (qr,2(qr)) F S° : ¢7) that
generates an accepting run-tree of A over [G]. The proof consists of the following three main
lemmas:

(I) Rewrite sequences from (¢, 1,{0 — Q(q7)}, S : (q1,Q(qr)) F SY : q;) never get stuck
(Lemmal[4.2)).
(II) Any maximal] fair rewrite sequence

<€,1, {0 — Q(qj)},SO : (qI,Q(q])) F SO : q]> >Ty > Ty > -

generates a run-tree of A over [G] (Lemmal.6).
(II) Any infinite path of the run-tree mentioned in (II) satisfies parity conditions; the maximal fair
rewrite sequence of (II), therefore, generates an accepting run-tree (Lemma4.7)).

JA rewrite sequence is maximal if it is either infinite or finite and the last tree is irreducible.
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We first prove the first key property (I), stated more formally as follows:

Lemma 4.2. If (¢, 1,{0 — Q(q1)}, 5% : (q1,(qr)) F S° : q1) »* C[la, 6, A, T Ft:q)],
then (o, ¢, A,I' -t : q) > T holds for some T'.

We prepare a few lemmas to prove the above lemma. The following lemma states that typing
is preserved by the rewrite relation > .

Lemma 4.3. If (¢, 1, {0 — Q(qs)}, 5% : (¢1,2(qr)) F S° : ¢1) >* C[{a, ¢,A,T Ft:q)],thenT I
t : ¢ holds.

Proof. This follows by straightforward induction on the length of the rewrite sequence. The induc-
tion step follows immediately from the definition of > . O

Thanks to Lemmal[4.3] the only possibility for a rewrite sequence to get stuck is that INGTRNTA)
is undefined in clause (i) of the definition of > . To deny that possibility, we shall match a rewrite
sequence with a play of the parity game associated with the type system.

By the priority of a (RLab-labelled) tree context C|], (wherein the hole [] is assumed to have
the state ¢), written 2(C[],), we mean the largest priority occurring in the path from the root of
C1]q to its hole [],. Formally, it is defined by:

([]q) = )
Q. d) 1 -+ Tima O] Tiga,s - Tir) = max(Q(q'), (C[]y))

The following lemma confirms that variables in the type environment are used correctly, ac-
cording to the intuition on type environments explained in Section 3]

Lemma 4.4. Suppose (ag, Lo, Ao, To F 50 : qo) >* Cl{a, £, A, T F F% : ¢)], and F is not intro-
duced by renaming (i.e. via p(—)) in any of the intermediate rewriting steps. Then, F:(0, 2(C[],)) €
T.
Proof. The proof proceeds by induction on the length r of the reduction sequence

(00, €0, Mo, To = 50 = qo) * Cllo, £, A,T = F%: q)].

For the base case of = 0, we have ¢ = ¢qo, [’y = I" and the context C[], is []|,. By the
definition of the annotation F?, T' - F% : ¢ must have been derived from F : (§,Q()) - F : 6,
which implies that F': (0,Q(0)) € T.

We show the inductive case by case analysis on the first reduction step.

e Suppose the first reduction step is of the form

(e, Lo, Mo, To F Ff'to = qo) & (a, o+ 1, A, T = [t/Z]p(t) : qo)

where sg = F{'lo with p(—) := [F[°/Fy,...,F%/F,](~) and R(F},) = Ai.t'. Here, by the
assumption that F' is not introduced by the intermediate reduction steps, F' & {Ffo, e ,Ff;O}. By
the induction hypothesis, F': (6, Q(C[],)) € "\ {F{, ..., Fl} holds. (Here, we write I\ S
for the type environment obtained from I' by removing all the bindings on variables in S.) By the
definition of >, we have I\ {F°, ... F%} C Ty. Thus, the required result follows.

e Suppose the first reduction step is of the form

<Oéo,f0,A0,F0 = aty---ty, : q0> >

(@0,q0)({aol, o+ 1, A1 1, Tii Ftyiqua), oo (ol bo+ 1, Ay i, Ty Ftn o qugy)

coAaon, bo+ 1L, A 1, T Bty tana), oo (aon, bo+ L, A i, Dk B i 2 Gnky))

where so = aty---t, and A; j = Ag 1+ ©(qi ;). Then, we have 7' 1, ..., T}, i, such that:
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(i) C[{a, &, A,T = F : q)] = (a0, q0)T11 -~ Ty 1, s and
(ii) there exist ¢, j(1 <7 <n,1 < j < ky,)such that T; ; = C'[(a, £, A, T F%: ¢)] and

<Oéo’i,€0 + 1,Ai,j,1“z~,j Ft;: qi7j> > C,K(X,K,A,F FFO% q>]

Note that Q(C[],) = max(Q(qo), 2C"[]y)) = max(Q(qo), 2gi;), 2C'[]4)). By the induc-
tion hypothesis, we have F': (0,Q(C’[],)) € T';;. Since I'g - aty---t, : go is derived from
Iij b &t gy, it must be the case that Iy = J, ;(I';; 1 max(2(g;,;),2(q0))). Thus, we
have F' : (6, max(Q(g; ), 2(qo), 2C'[]q)) € To. The required result follows from Q(C[],) =

rgaX(Q(q@j), 2(q0), 2C'[1g))-

The following lemma confirms that the A-component keeps the largest priority in the path
between the current node and the node a non-terminal has been introduced.

Lemma 4.5. If (ag, £y, Ao, To F F't: qo) >F C{a, £, A,T I s : q)], then A(£y) = Q(C[],)-
Proof. This follows by straightforward induction on the length of the reduction sequence. For the
base case, by the definition of >, C' = [] and A(¢y) = (q), so that the result follows immedi-
ately. For the induction step, suppose (g, £g, Ag, T = F't : qo) b+ C'[(/, ¢/, N, T'F 5" : ¢)] >
Cl{a, 0, A,T F s:¢q)]. If the last step comes from (i) (with (iii)), C = C’ and ¢ = ¢ with
A = A'{¢— Q(q)}. By the induction hypothesis, we have A(¢y) = A'({y) = Q(C'[]4) = QC[]y)
as required. If the last step comes from (i), C' = C'[{¢/,¢') - - [] - - -] with A = A’ 1+ Q(q). By the
induction hypothesis, we have A(¢y) = max(A'(¢y), 2(q)) = max(Q(C'[]y),2q)) = QC[]y)
as required. O

We are now ready to prove Lemma [£.2]

Proof of LemmaM.2 Suppose (€, 1, {0 — Q(qr)}, S° : (qr, Q(qr)) = S° : q1) p* Cl{a, 6, A, T =t : q)].
By Lemma[4.3] we have ' - ¢ : g. If t is of the form aty - - - t,, then the result follows immedi-
ately from I' - ¢ : ¢ and clause (ii) for . If ¢ is of the form F v '§ then it suffices to show that

L (p,0,a(e)) is well defined. By the assumption (e, 1,{0 — Q(Q[)} SO (q1,Q(qr)) F SY: qp) >
Cl{a, 0, AT F 1 : q)], we have the following rewrite sequence (obtained by possible permutations

of the rewrite sequence above):

(€,1,{0 = Q(qr)}, 5%« (a1, 2ar)) = 5% = a1)
Cil{an, 1, A1, Ty - 2 8 qy)]
C1[Cal(as, la, A9, T - th% t2: qo)]]
01[02[03[(043,63,A3,F3 - F2% 1 Q3>m

C1[CoCs]- - [<04n7€n7/\n7f FE T )] )
= Clla,,A,T+F5: g)]
where C1[C[Cs[- - Cy, - - - ]]] = C and ¢y = 1. For each k > 0, the reduction

o100~ P
(g Oy Mg, T 1= F 5700 0 qr) o Crpr[{her1 Cogts At Thn Fl:ﬂ“ltml C Qit1)]

v Vv Vv Vv
* % ¥

*

must be of the form
O 1,06
(o, b, M, Do = F 5 g o qe)
> (g, Ok + 1, Ap{lp = Qqr) }, T, - [tk/f]P(t') L qr)

C 0417
> O {15 Oty Mt Digr = B0 g+ i)
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whete p 1= [FI¥/Fy, .., Fle /Fy] and R(F,,) = A5t with T € T U p(T, gy anie ) By
Lemmaldd, F* - (Ok+1, 2 Crs1llgpsr)) € T which implies Fj, | 1 (Opy1, QCra1llgs,)) €

k+1
Oy (1)) By LemmaBL3] Ay (Cp—1) = Q(Cy[]g,)-
Now from the preceding infinite > -rewrite sequence, we can extract a sequence

(S,a1,2ar)) T (s.qp.000)) Fir, 01, 2UC1a)) T(ry 01.9(Ci114,)) Fizs 02, 2C2l]g,))
F(FiQ,GQ,Q(CQHqQ))(ES’ 03, Q(C3Hq:3)) F(Figﬁg,Q(Cqu?,)) T (Fln’ Or, Q(Cn[]qn))’

which is a (partial) play for the parity game that conforms to the winning strategy /. Thus,
W(F,,, 0, UChnllg,))(= Tk, 0,a()) must be well defined (since the player would lose otherwise).
This completes the proof of the lemma. U

We now turn to prove the second key lemma (1), formally stated as Lemma [£.6] below. We
write T for the (unranked) tree obtained by replacing each label of the form (o, ¢, A,T' -t : q)
with (a, q).

Lemma 4.6. Let Tj be (¢, 1, {0 — Q(q1)}, 5% : (q1,Qqr)) F SC:qp). Ty > Ty > Ty > ---is
a maximal fair rewrite sequence, then T := | J,_ T;* is a run-tree of A over the value tree of [G].

NG

IS
Proof. We first note that {Tiﬁ}iew is a monotonically increasing sequence (with respect to the sub-
set relation) and that each T;* is a (dom([G]) x Q)-labelled (unranked) tree, so that 7' is also
a (dom([G]) x @)-labelled tree. We check the two conditions for 7" being a run-tree. First, as
To* = (e,q1), T(e) = (e, qr) holds. To check the second property, suppose T(3) = (a,q). By
the definition of 7', there exists ¢ such that T;(8) = (a,q) or T;(8) = (o, {,A,T'Ft:q). If
T;(8) = {(«, q), then the node 3 must have been generated by using clause (ii) of > . Thus, the set
{(G,¢) | 3. TF(Bj) = (ai',q')} satisties .4(q, a). Since T# C T, the set {(j,¢') | 3j.T(Bj) =
(ai’,q')} also satisfies § 4(g, a) as required.

If 7;(B) = (a,¢,A,T Ft:q), then by Lemma [4.2] and the assumptions that the rewrite se-
quence is fair and that [G] does not contain L, there exists j(> ) such that T;(5) = («, ¢). Thus,
the required condition follows from the first case above. O

The last key property is stated as follows.

Lemma4.7. Let Ty be (¢, 1, {0 — Q(q1)}, S : (¢, 2qr))F S 1 q). U Ty > Ty > T &> -+ -isa
maximal fair rewrite sequence, then for every infinite path 7 of 7' := T;*, the largest priority
that occurs infinitely often in 7 is even.

1EW

To prove the above lemma, we need the following property.

Lemma 4.8. For any infinite rewrite sequence:
(e,1,{0— Q(ql)},SO (g, 2(qr)) B S0 ar)
= <C¥1, 1,A1,F1 |— tl N Q1>]
> Cl[<042, 2,A2,F2 = to : QQ>]
> C1[Cal{as, 3, A3, '3 = t3 1 g3)]]
> C1[C2[Csl({oug, 4, Ay, Ty bty s q)]]] > -+,

there exists an infinite sequence of indices io(= 0),11,12,... such that ¢;, = F,ff 7157]. for each
E )
j > 1. (In other words, there must be an infinite sequence of non-terminals: SY, Fe L F
1 ]

such that FIZ

has been obtained by unfolding F,z] ' at the i;-th rewriting step.)
J+1 Yj

Proof. See Appendix Bl O
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Proof of Lemmal4.7] By Lemma[4.8] for any infinite path 7 of T, there must exist an infiniterewrite
sequence:
(€. 1,{0 = Q(an)}, S” : (a1, ar) = S° - ar)

> * Cl[<a1,€1,A1,F1|_F tl >]

>* C1[Col(an, b2, Ag, Ty - ! t2 @2)]]

>* C1[Co[Cs[(as, €3, A3, T's - F{2 32 q3)]]]

>* o
such that the holes of C, C1[Ca], C1[C2[Cs]], . . . occur in the path. By using the same argument in
the proof of Lemmal4.2] we can extract an infinite sequence

(S,q1,2ar)) Uis.qr.00r)) (Fir, 01, 2C1[]g)) T (tl,el,n(cluql))
(Fiy, 02, U C2(lg2)) L'y 00,9(Col14y)) (Fig» 03, 2(C5[]g3)) L5, 05,02(C5(103)) 5

which is a winning play. It follows that the largest priority that occurs infinitely often in
Q(C1[]q), 2C2[]g2): 2(C3[]gs), - - - is even. Therefore, the largest priority that occurs in the infi-
nite path 7 of ¢ must also be even. [

We are now ready to prove the soundness of the type system.

Theorem 4.9 (Soundness). Let A be an alternating parity tree automaton, and G be a recursion
scheme. If - 4 G, then the tree generated by G is accepted by A.

Proof. Suppose 4 G. By Lemmal4.2] we can construct a maximal, fair rewrite sequence
(6,1,{0 = Qg S : (qr, Ugr)) S qp) > Ty > Ty > -+

By Lemmas .6 and B7, T := |J,, T;* is an accepting run-tree of A over [G]. Thus, [G] is
accepted by A. O

4.2. Completeness. Let A be an alternating parity tree automaton. Assume an accepting run-tree
of A over the value tree of a recursion scheme G. The goal is to show -4 G. To this end, we first
define a rewrite relation > , similar to >, so that a fair rewrite sequence based on > generates the
accepting run-tree. From the rewrite sequence, we extract a winning strategy for -4 G.

We define the rewrite relation > on (finite, unranked) RLab’-labelled trees as follows, where
an element of RLab' is either of the form («, q) or {3, 4,t,q). Here £ is a natural number, /3 is a
sequence of pairs of natural numbers, and « is an element of {1,..., A}*, where A is the largest
arity of the terminal symbols of G. We use 8 and /¢ to uniquely identify each leaf introduced by
reductions. The initial tree is (¢, 0, S, gr). The rewrite relation > is defined by induction over the
following rules:

(i) If R(F) = Az.t/, then:
(B,6,Ftq) > (B,0+1,[t/2)t',q)
(ii) If fst(8) = o and the children of the node («, g) of the run-tree are

(al,q11),---, (0L, q1 )y (an, Gna), - -, QN G k)
then:
<B,€,at1---tn,q> >
(fst(B), )((B(1,1),€ + 1, t1,q1, 1> ( (Lk1), 0+ 1,01, q1 k)
.. (;8(”’ 1) l+1, tnaQn,1> < ( )a +1 tn,Qn,kn>)

Here fst((m1,n1)(me,ne)(ms,ng)---) = mymaoms - -
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(iii) If t > ¢/, then C[t] > C|[t'] for any RLab'-labelled tree context C. Here, RLab’-labelled
tree contexts are defined by:

C = H | (aaq> Tl e T%,l Cﬂ+la e Tka
where T1, ..., T}, are RLab’-labelled trees.

Example 4.2. Recall the recursion scheme Gy in Example[2.T]and the automaton .41 in Example 23]
Using the accepting run-tree in Figure Plin Section 2] we obtain the following rewrite sequence:

<€’0’ S’ QO>
> (e,1,F c,qo)
> (€,2,ac (F(bc)) : qo)
(E,QO> <( ),3aC,QO <(2’2)’3’F(b C)aqo>
>* (€,q0) (1,90) ((2,2),4,2 (bc) (F(b(bc))), q0)
> (E,QO> <1 QO> ((2,(10> ((2’ 2)(1’ 1)’ 5’ (b C)a QO> ((2’ 2)(2’ 2)’ 5’ (F(b (b C)))a QO>)
> (€,q0) (1, 90) ({2, q0) ((21,40)((2,2)(1,1)(1,1),6,¢,q1)) ((2,2)(2,2),5, (F(b(bc))), q0))
> (€,90) (1,90) ({2,90) ((21,90)(211,q1)) ((2,2)(2,2),5, (F(b(bc))), 0))
It generates the accepting run-tree in Figure 2] O

We write 7% for the (unranked) tree obtained by replacing each label of the form (53,¢,t,q)
with (fst(/3),q). By the definition of the rewrite relation, there is a fair, possibly infinite rewrite
sequence

(6,0,S,q1)(=To) > Th > Tz >
such that | | T;* coincides with the accepting run-tree of A over the value tree of G. We pick one
such infinite rewrite sequence, and extract type information from it, as shown below.

We consider below only the reductions occurring in the sequence Ty > 171 > Tp > ---
(fixed above) and assume that each subterm is implicitly labelled, so that different occurrences of
the same term are distinguished. For example, when we write (3, ¢, tot1,q) >* C[(8', ¥, t1t2,q)],
we assume that T; = Co[(8, 4, tot1,q)] and T; = Co[C[(B', ¢, t1ta,q')]] for some ¢ and j (where
1 < j), and t; in tyto originates from ¢; in the argument position of #yt; (i.e. the former ¢; is a
residual of the latter t; w.r.t. the rewrite sequence). As before, we write Q(C[],) for the largest
priority in the path from the root of the RLab'-tree context C' to the hole [], which is assumed to
have state q.

Type H(to,ﬁ,é) of a prefix tg. A term tg is called a prefix of ¢ if ¢ is of the form ¢gt; - - - t. For each
leaf (3, ¢,t,q) of T; and a prefix ¢( of ¢, we define the type H(tm 3,¢) by induction on the sort x of Zg
as follows, so that 6, 3 /) ::q & holds.

(1) If the sort of ¢q is o, then H(to 3,0 = q (note that the leaf is (3, ¢, o, q)).

(ii) If the sort of ¢ is kK1 — - -+ — Ky, — o, then the leaf is of the form (3, ¢, tot1 - - - ¢y, q). Let S;
be the set of pairs (6, g ¢, 2C[]y)) such that (3, ¢, toty - tn,q) > C[(ﬁ’,ﬁ’,tzt’, .
Note that since the sort of x; is less than that of ¢y, by the induction hypothesis, we can
determine 0;, 3 ). Note also that although the set of trees C[(5', ¢/, t;t',¢')] such that

(ﬂagatotl'”tnagﬁ >* C[(,B/,fl,ti?,q,”

may be infinite, .S; is finite. Thus we can define

O(t0,8,0) = /\51—> —>/\Sn—>q.
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Type environment Iy 3 5y of a prefix tg. Next, we determine a type environment I s ) for each
prefix term g of the leaf (3,¢,tot1 -+ - t,,q) so that Iy ¢y = to : 04 g.¢) holds, by induction on
the structure of the term.

-Iftg=a (E E), then F(to,ﬂ,ﬁ) = 0.

-Iftg=F (€ N), then F(Fﬁ@ = F: (9(F757g), Q(@(Fﬁ,g))).

- If tog = to,1t0,2, then let S be the set of triples

(ﬁlvglvg(c[]q/))
such that (3, ¢, tot1 - - - tn,q) >* C[(8', ¢, t0,2t~’, q')]. Let S” be a subset of .S such that for every

(8", 0", m) € S, there exists exactly one (3, ¢',m) € " such that 0y, , g ) = Oz, 57 ). We
then define I ;) 3.0) as

F(toy1,ﬁ,€) U (U{F(to,g,ﬂ’,f/) TT m | (B/’gl’m) € S/})

Remark 4.1. The typing rule T-APP requires that there is exactly one type environment for each
(0;,m;). Accordingly, by construction S” contains exactly one element for each type (with priority)
((9, m) of toyg.

Example 4.3. Recall the rewrite sequence in Example Then we have:

0(5,e,00 = Q0

Ore1) = (0(c,(1,1),3),2) A (O(c,22)1.1)1,1),6), 2) = OFce) = (90,2) A (q1,2) — qo
Lise0) =95 :0(560 =590

Cipeet) =Liren Ul e, T2UTc22)0,1)0,1),6 2= F:(q0,2)A(q1,2) = qo-

The rest of the proof proceeds by showing the following properties.
(I) The extracted types for non-terminals are correct, in the sense that there exists a type envi-
ronment I such that T' = R(F) : 054y and I C T'(; g ¢) for some ¢, 3, £, for each 055 ¢).
(I) The strategy to choose I' above in the position (F, 0, B,0)> m) is a (memoryless) winning
strategy for the parity game associated with the type system.

The following is the key lemma for showing (I).

Lemma 4.10. If (¢,0,S,qr) >* C[(B,¢,tot1 - tn,q)] where tg = [s1/x1,. .., Sk/x)|u then there
exist Tg, J1, ..., Jg, and 6; j,m; ; (1 <i < k,j € J;) that satisfy:

Fo,xl : /\j€J1 (Hl,jvml,j)7 PN 1) 23 /\jEJk (Hk,jvmkd) - u : H(tO,B,Z) _
{(0i,5,miz) 1§ € Ji}S{(Os, 80,00, AUC[g) | (B, L tota -+ tny @) > C'[(B 0, sit!, )]}
Lo € Dgo,8.0)

Proof. The proof proceeds by induction on the structure of w.

- Case where uisa (€ X) or F (€ N):
The required conditions hold for I'g = T'4, 3¢ and J; = 0 (1 <i < k).

- Case where u is x;:
In this case, ty = s;. The required conditions hold for: 'y = 0, J; = {1} and J;; = () for i’ # i,
with 91‘71 = H(to,ﬂ,ﬁ)a m;1 = Q(q)
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- Case where u is uguy:
In this case, to = tooto,1 Where to o = [s/Z]ug and to1 = [5/T]u;. By the definition of ', 3 ),
we have:
Lio,80 = Lito0,8,0 Y (Unen F(to,hﬁh,{@) T ma)
(B, tot1 -+ tn,q) > Crl{Bn, L, to1tn, qn)l, mp, = Q(Cyl]g,) (foreach h € H)
010,080 = NnerrOtor 810) M) = O0,5.0)
By the induction hypothesis, we have:
Lo0, 21 Ajesy, (o5 m015)s -5k s Njegy, Bokgsmoks) F o : Oy o0
{(00,i,5,m0,i5) | 7 € Joi}C N
{(Os.,8,01: UCTNg)) | (B, £, ([s/Fuo)toty - - tn, q) > C'[(B, 0, st ¢)]}
Lo0 € Lo,
and, foreach h € H,
Lonw1: Njeg,, Onptsmunn)s - mi: Njey,  Onpsmngga) Fua : Oy, 8,0,
{(Onijmnig) |7 € JnitC B N
{(e(si,ﬂ’,f’)’ Q(C,Hq’)) | </8h’ gh’ ([5/‘%1“1)75}1’ Qh> >* C,KB,’ gl’ Sit,’ q/>]}
Lon © F(to,lﬂhafh)'
Let m’h’ivj = max(my,; ;,mp) (for h € H,i e {1,...,k},j € Jp;)and m{),i,j be my,; ;. Let T'g
be T'o,0 U (Upeq Lo,n ft mp). By applying T-APP, we get:
Lo,y : /\he{o}uH,jeJh,1 (eh,l,j’mﬁ,l,j)’ EEREY /\he{o}uH,jeJh,k (eh,k,jam/h,k,j) F w080
Furthermore, we have:
Lo © Liaoo.8.0 Y Unen Lo .00 1 1100)
= Dwo,5.0
and {(On,5,m} ;1) | h € {0} UH,j € Jy;} consists of pairs (6, g ), 2C'[]q)) satisfying
(B, toty -+ tn,q) >* C'[(B,¢,s:t,q')] as required.
OJ
The first property (I) follows as an easy corollary of Lemmad.10/above.

Lemma 4.11. If (¢,0,S,qr) >* C[(8,(,F5s,q) > C[(B,¢+1,[s/z]t,q)], then there exists T
such that I' - A\z.t : H(Fyﬂ’g) and ' C F([?/E]t,ﬂ,ﬁ-i—l)-

Proof. By Lemmald.10l there exists I such that:

Tz /\jeJl (01,5, m15), . Tk : /\jeJk Ok j,mp ;) Ft:g N
{(0s5,miz) [ 5 € Ji} C{(Os,,p,0), UCg)) | (8,6, [5/2t, q) > C'[(B, €, sit", )]}
I'C Fgrane s+
By the second condition and the construction of 6, 5 ¢), it must be the case that
0.0 = Njes (Or5ma5) = - = Nje g Ogomeg) = q
Ji C I, dk C
for some Ji, ..., J; Thus, I' = AZ.t : 0p 34 is obtained by applying T-ABS. O
To show the second property (II), we need to match each priority occurring in a type environ-

ment with the largest priority occurring in a (partial) path in the accepting run-tree. That is carried
out by the following lemma.
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Lemma4.12. If (¢,0, S, qr) >* C[(B,¢,t,q)] and F:(0,m) € I'(; 3 1), then there exist cp et g
such that (8,¢,t,q) >* C'[(8,¢', F¥,¢)] andm = Q(C'[]) with 0 = 0z g7 p1).

Proof. We show the following, slightly strengthened property by induction on the structure of #.
If (¢,0, 5, qr) >* C[(B, ¢, tu, q)] and F:(0,m) € T4 5 4, then there exist C’, ', 0t.q
such that (3, £, tu, q) >* C'[(B', 0/, F't',q')] and m = Q(C'[]y) with & = O 5 ).

- Case t is a terminal @ or a non-terminal F/ # F: This cannot happen by the construction of

L0
- Case t = F': The required properties holds for C' =[] 8’ = 3,¢' = ¢, and ¢’ = q.
- Case t = tot;: By the definition of I'; 5 4), we have:

F(t757‘€) = F(t07ﬁ7£) U F(tlvﬁly‘el) TT my U---u F(tlvﬁkvlk) TT my
where <ﬂ,€, totla, q> >* CZ‘K,@Z',&,tng‘, ql>] and m; = Q(CZH%) If F: (H,m) S F(toﬁ,f)’ then
the result follows immediately from the induction hypothesis. Otherwise, we have F' : (§,m) €
L(t1,8:,¢,) Tt mi for some i. By the definition of - f m, we have F': (6, m') € L4, ;,¢,) for some
m’ such that m = max(m’,m;). By (B, ¢, tot1u,q) >* Ci[(Bi,Li, t15i,qi)] and the induction
hypothesis, we have: N
<BZ') gia tlgi) ql> >* CZIK z{a g;a Ft/a q/>]

with m’ = Q(Cj[]) and 0 = 0, F,.¢)- Thus, the required properties hold for C' = C; (1,
g = p, and ¢/ = ..

We are now ready to prove the completeness.

Theorem 4.13 (Completeness). Let A be an alternating parity tree automaton, and G be a recursion
scheme. If the tree generated by G is accepted by A, then 4 G.

Proof. From an accepting run-tree of A over the value tree of G, we can construct an infinite rewrite
sequence
(e,O,S,q1> >T) > Ty > ---

that converges to the run-tree. We shall construct a winning strategy )V for the parity game
(Vi, V3,09, E, Q) associated with -4 G : ¢r below. We annotate each state I" of 14 occurring
in VW with a label of the form [, ¢, ¢] to indicate the corresponding node in the rewrite sequence
(€,0,S,qr) » Th » Ty > ---. Note that by the construction of WV below, riset ¢ L8,
holds. The winning strategy WV is defined as follows. Consider a play 7 (F, 8, m) € (V3V4)*V3 that
conforms to W. Let T34t be (S : (g7, Q(qr)))©%5 if 7 = ¢; otherwise, let it be the last state of 7
(in V%). It must be the case that F': (§,m) € I'#41 C ['(¢,8,¢)- By Lemma[.12] there must exist
C, 3, ¢ such that

(8,6, t,q) > C[(B', 0, F3,q)] > C[(B", ¢+ 1,[5/7]tr,q)]
with Q(C[]q/) =mand 0 = H(F,ﬁ/7£/) where R(F) = )\?f?fF
By Lemma[4.T1] there exists I such that I = AZ.tp : (g g ¢y and T C T(5/31¢,.,,0041)- We

pick one such I", and define W (7 (F,6,m)) as VB LIs/ae]
To check that W is indeed winning, consider an infinite play:

(Fo,q0,m0) FEBO’EO’“] (F1,01,mq) F[lﬂl’zl’tl] (Fy,02,ma) -
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that conforms to YW where (Fy, qo, mo) = (S, qr,2(qr)). Then the rewrite sequence (¢, 0, S, qr) >
Ty > Ty > --- must be of the form:

<€70757QI> > </307£07R(S)7q0>

>* C1[(B1, 01 — 1, Fis1,q1)) > Ci[(Br, b1t qu))

>* C1[Co[(B2, o — 1, 5589, q2)]] > Ci[Ca[(B2, L2, t2, q2)]]
>*

where Q(C;[]g,) = mi(i > 1). Since the rewrite sequence converges to the accepting run-tree of A
over the value tree of G, the largest priority that occurs infinitely often in mg, m1,mso, ... must be
even. Thus, W is winning, hence - 4 G. O

5. TYPE INFERENCE ALGORITHM

Thanks to the development of the previous sections, the model checking of higher-order re-
cursion schemes is reduced to a type inference problem. The reduction allows us to analyze the
parametrized complexity of model checking higher-order recursion schemes. The main result is
that, assuming that the alternating parity tree automaton and the largest arity and order of non-
terminals are fixed, the time complexity of the type inference problem (hence also the recursion
scheme model checking problem) is polynomial in the size of the recursion scheme.

The type inference algorithm consists of the following two phases:

- Step 1: Construct the parity game (V4, V3, vq, F, Q') associated with the type system.
- Step 2: Decide whether there is a winning strategy for the parity game.

We assume below that recursion schemes are normalized, so that each rule of the recursion
scheme is of the form F' — Az.c (Fy Z1) ---(Fjy Z;), where c is a terminal, a non-terminal,
or a variable, and J may be 0. To get such a normalized recursion scheme, it suffices to replace
each rule of the form F' — AZ.c t; --- t; --- ty (where t; is not of the form F; z;) with F'
At.cty -+ (HZ') --- t; and add the new rule: H — A\Z’'.\y.t; y, where H is a fresh non-
terminal, {2’} is the subset of variables {Z} that occur in ¢;, and ¥ is a sequence of variables added
to ensure that ¢; y has sort o. Let |Gy| and Ay be the size and the largest arity of the original
recursion scheme. Since at most |G| replacements are required to normalize the recursion scheme,
the size and the largest arity of the normalized recursion scheme is O(|Gy|A) and 24, respectively
(the increase of the arity by Ag is due to the extra parameters 7 above). Thus, the complexity result
obtained below is not affected by the normalization.

Below we write A for the largest arity of non-terminal or terminal symbols, N(> 1) for the
order of the recursion scheme, P for the number of rewrite rules, |Q| for the number of states of the
automaton, and M for the number of priorities, i.e., | codom (£2)|. In the discussion of the complexity
below, we fix NV and discuss the asymptotic complexity with respect to P, A, |Q|, and M. For a
sort x of order n, an upper-bound of the number of types of sort «, written K, is given by:

Ko=1Q|  Knpp1 = Q245
We note that K,, = exp,,(O(A|Q|M)) for n > 15 where exp,, () is defined by:
expy(z) =z exp,(z) = 2exp; ()

OWe write f(z) = g(O(h(z))) when f(z) is bounded above by g(ho(z)) for some function ho(x) such that ho(z) =
O(h(x)).
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Forn = 1, K,, = |Q[24MIQI = 2log|QH+AMIQ| — 90(AIRIM) For p, > 1, we have:
K, — |Q[2AMexp, 1 (O(AMIQD) _ glog|@}exp, _ log (AM) +O(AMIQ]) _ gexp, 1 (O(AMIQ])
= exp, (O(AM|Q]))

For step 1, we first compute the set
Sp:={T,0) | TFR(F):0, 0:uN(F), andV(G:(0',m)) e T.0' =, N(G)}

for each non-terminal F'.
Assume that R(F) is of the form AZ.c(F|z1) - - - (Fz 7). We first compute:

Sro:={(To,00) | To - c: 6o, and Op ::4 K}
where k. is the sort of ¢. Since I'y is a singleton set {c : (6p,2(6p))} (if ¢ is a non-terminal or a

variable) or empty (if c is a terminal), |Sg | is at most K . Next, for each (I'g, 74 — --- = 77 —
q) € Spo with 7j = /\ke[j(ej,kamj,k)’ we compute

SF,j,k = {F]"]€ | Fj,k; F f‘jjlf] . 0j,k}~

for each j € {1,...,J},k € I;. Since the number of candidates for the type of FJ’ is at most
K and the types for the variables Z; are uniquely determined from the type of Fj(, |SF .kl is at
most K for each j, k. Note also that since the order of the sort of 0, is at most N — 1, || is
bounded by M K y_1. By choosing one element I'; ;. from each of the sets Sr ; ., we can derive a
judgment o U (U; . Dkt myg) b c(F{Z1) -+ (FjZy) : g. Sp is the set of all pairs (I, #) such
that I' = AZ.c(F{Z1) - - (F}}7) : 0 is obtained by applying T-ABS to I'o U (U, , L'k ft )
c(Fizy)--- (Fjz) : ). Thus, the size |Sp| of Sr is bounded by:

Ky (the number of choices of an element from Sr )
XIjcq1,. 0y ke 1SF ikl (the number of choices of elements from S ; 1)
X Kn (the number of choices for )

S K]2V+AMKN_1

The size of each type environment in Sg is at most 1 + |I;| + -+ + |[I;| < 1+ AMKy_;.
Thus, the number of edges of the parity game (hence also |V U V3| to be considered) is bounded
by:

PM|SF| (abound for [{((F,0,m),T) |T' k4 R(F) : 0}
+PM|Sp|(1+ AMKy_1) (a bound for [{(T', (F,0,m)) | F:(0,m) € T'}|)

= PM(2+ AMKy_q) Kyt v

Here, we have:

K2TAMEo  _ (9log|QI+AMIQI)(2+AMIQ]) = 20((AMIQD?)
K2TAMEN-1 _ (gexpy 1 (O(AMIQD))2+AMexpy 1 (O(AM|QI)

_ gexpr 1 (O(AMIQ])x AMexpy 1 (O(AMIQ)]))
_ ey 1 (0(AMQ])
— expy(O(AM|Q|))  (for N >2)

Therefore, the size of the arena for the parity game is P x 20((AM QD% for N = 1, and P x
expy (O(AM|Q))) for N = 2. The time complexity for constructing the arena is also in the same
order.

In Step 2, we can use Schewe’s algorithm for solving parity games in time O(|V5 U

VA||E|*M) for ¢ ~ 3.
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Thus, the time complexity for the whole algorithm is
O(PMexpy (O(AMIQI)))

for N > 2, and O(P*+eM20@(AMIQD)) for N = 1 where p(x) is a polynomial on z.

If N, A, |Q|, and M are fixed, then the algorithm runs in time O(P***M). Since P is bounded
by the size of the recursion scheme, the time complexity is polynomial in the size of the recursion
scheme, under the assumption that the other parameters (N, A, M, and |Q|) are fixed.

For a restricted class of APT called disjuctive APT [20]], the time complexity is (N — 1)-
EXPTIME complete instead of N-EXPTIME compelte. Appendix [(J and [20] give proofs of the
upper-bound and the lower-bound respectively.

6. RELATED WORK

6.1. Model checking recursion schemes. As summarized in Section[I] studies of model checking
recursion schemes were initiated by Knapik et al. [14}[15]], who showed the decidability of the MSO
theory for safe recursion schemes. Their verification algorithm is based on a reduction of the model-
checking of an order-n recursion scheme to that of a recursion scheme of order n — 1. They
also showed the equi-expressivity of safe recursion schemes and higher-order pushdown automata.
Cachat and Walukiewicz [4, [5]] showed n-EXPTIME completeness of the modal j-calculus model
checking problem over the configuration graph of higher-order pushdown automata. For the full
higher-order recursion schemes (without the safety restriction), there are three other proofs of the
decidability of the modal p-calculus model checking. One is Ong’s original proof [27], and the other
two are due to Hague et al. [10] and Salvati and Walukiewicz respectively. Ong reduces
the model checking problem to parity games over variable profiles, while Hague et al. [10] reduce
it to a parity game over the configuration graph of a collapsible pushdown automaton. Both proofs
use game semantics, and are probably rather hard to understand (at least for readers unfamiliar with
game semantics). Salvati and Walukiewicz reduce the model checking problem to a parity
game over configurations of Krivine machines, and further reduce the latter to a parity game on a
finite game. The notion of residuals used in the second step is similar to our intersection types.

For a restricted class of properties called trivial automata (but for the full recursion schemes),
Aehlig [1]] gave a simpler proof. His approach is based on a novel finite semantics for simply-typed
lambda term-trees: the meaning of an infinite tree is the set of states starting from which the given
automaton has an infinite run. Kobayashi recently showed a simple type-based proof based
on a similar idea. Lester et al. developed a type system for the class of alternating weak tree
automata, as a degenerate case of our type system in the present article. Kobayashi and Ong [20]
studied the complexity of model checking recursion schemes for various fragments of the modal
p-calculus. They use the type-based technique to show upper-bounds of the complexity.

Our type-based approach is a generalization of Kobayashi’s type system [17]]; when priorities
are restricted to 0, our type system coincides with his system. Our type system is also inspired by
Ong’s variable profiles [27]]. In fact, variable bindings (in type environments) in our type system are
similar to Ong’s variable profiles: both are assertions for variables about the state being simulated
and the largest priority encountered for a relevant part of the computation, and both are defined by
recursion over the sort in question. Nevertheless, the details of their constructions are dissimilar,
and they give rise to radically different correctness arguments.

In addition to the advantages discussed in Section [Il a general advantage of the type-based
approach is that, when the verification succeeds, it is easy to understand why the recursion scheme
satisfies the property, by looking at the type of each non-terminal (and the winning strategy).
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Broadbent et al. [3]] considered an extension of the model checking of recursion schemes called
logical reflection, whose goal is, given a recursion scheme G and a property 1, to construct another
recursion scheme that generates the same tree as [G] except that each node is labelled by whether
the node satisfies 1. Carayol and Serre [6] considered a further extension called effective MSO
selection. The proofs of the decidability of those extended problems take a detour to collapsible
higher-order pushdown automata. It is left as future work to see whether our type-based approach
can be extended to solve those problems directly without using collapsible higher-order pushdown
automata.

6.2. Implementations and applications of model checking of higher-order recursion schemes.
Since the development of type systems for model checking recursion schemes [19]], significant
progress has been made on implementations of model checkers for higher-order recursion schemes
and their applications to higher-order program verification. Kobayashi [[16] implemented the first
model checker for higher-order recursion schemes, for the class of deterministic trivial automata.
Lester et al. extended Kobayashi’s algorithm to deal with weak alternating tree automata and
implemented a model checker for that class. Kobayashi [18] and Neatherway et al. [26] imple-
mented radically different algorithms by combining ideas from types and game semantics. Vari-
ous program verification tools have been implemented on top of those model checkers. Unno et
al. [22] [38]] implemented a verification tool for tree-processing higher-order functional programs.
Ong and Ramsay [28] 26] implemented a verification tool for higher-order functional programs
with pattern matching. Kobayashi et al. [21}, [33] also implemented a software model checker for a
small subset of ML. So far those model checkers and program verification tools are mainly for safety
properties (except [23]]) and there are no implementations of full modal p-calculus model checkers.
Many of the algorithms mentioned above can, however, be easily (at least in theory) extended based
on the type system in the present article, so that only engineering problems are left to implement a
full modal p-calculus model checker.

6.3. Other related type systems. Naik and Palsberg [25] constructed an intersection type sys-
tem that is equivalent to model checking of an imperative language and an interrupt calculus. They
consider only the reachability problem, and do not treat higher-order languages. Kobayashi
showed that the model checking of temporal properties of higher-order programs can be (rather
straightforwardly) reduced to that of higher-order recursion schemes. Thus, combined with Kobayashi’s
reduction, our type system can be regarded as an extension of Naik and Palsberg’s scenario to the
full modal p-calculus and higher-order programs.

Type systems for tree-manipulating programs have been studied in the context of programming
languages for XML processing [11]]. There are substantial differences between those type systems
and our type system. On one hand, programming languages for XML processing are concerned
about finite trees, while our type system deals with infinite trees; that is why we need the notion
of priorities and parity games for typing recursion. On the other hand, programming languages for
XML have pattern match constructs on trees and one of the main issues in designing type systems
for XML processing is how to type patterns, while recursion schemes do not have such constructs.

Intersection types have been recently applied to study problems similar to model checking of
recursion schemes [35]]. Among others, Terui [35] used intersection types to study complexity of
deciding whether a given simply-typed A-term normalizes to a member of a fixed regular language.
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7. CONCLUSION

We have presented a novel type system that is equivalent to the modal p-calculus model check-
ing of higher-order recursion schemes. Compared to existing approaches [10], our type-based
method gives a simpler algorithm, and its correctness proof seems easier to understand. Further-
more, our approach yields a polynomial-time algorithm, assuming that the automaton and the largest
order and arity of non-terminals of the recursion scheme are fixed. From a type-theoretic point of
view, our type system introduces a novel approach to typing recursion, via parity games.

Implementation of a full modal p-calculus model checker is left for future work. It is also
interesting future work to see whether the type-based method can be used to solve other problems
on higher-order recursion schemes, such as logical reflection [3] and pumping lemmas [13]].
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APPENDIX

APPENDIX A. TYPE PRESERVATION BY 3-REDUCTION (LEMMA 1)
Lemma A.l. If '+ 4 ¢ : 0, then (I' 1+ 2(0)) =T.

Proof. The proof proceeds by induction on the derivation of I' 4 ¢ : 6, with case analysis on the
last rule used.

Case T-VAR: In this case, we have t = z and I' = z : (0,92(0)). Thus, I' {} 2(0) = T follows
immediately.

Case T-CONST: Trivial, as I' = ().

Case T-APP: In this case, we have ¢ = tyt1, with:

Iyt :/\ZEI(Qi,mZ-) — 0 I'yHty:0;,foreachi € ] F:FOUUZGI(FZﬂml)

By the induction hypothesis, I'g ft €2(¢) = T'g. By the well-formedness of A, ;(0;,m;) — 0,
it must be the case that m; > Q(0). Thus, (I'; ff m;) + Q(0) = T'; f m;. We have therefore
' Q(0) =T as required.

Case T-ABS:

In this case, we have t = \x.t(, with:

HZAieJ(eiami) —)(90 Ig J F,x:/\ie[ (Qi,mi)l—to 2(90
By the induction hypothesis, we have (I',z : ;o (05,m4)) 1 Q(00) = ',z : \;c; (05, m;). Since
Q(0p) = Q(0) and = & dom(I"), we have I' } () = T as required.
g

Lemma A.2 (Substitution). If I'g,z : A
Lo U U, (Ti 1 my) F [t/z]to : 0 holds.

ier (0s,m;) = tg : Oand I'; = ¢ : 0; for each i € I, then

Proof. The proof proceeds by induction on derivation of L'y, x : A, (0;,m;) = to : 6, with case
analysis on the last rule used.

- Cases for T-CONST:
The result follows immediately, as = does not occur in ¢y and {(6;, m;) | ¢ € I} is empty.
- Case for T-VAR:
The case where to # x is trivial. If {5 = x, we have:
[t/x]tozt F0:@ I:{l} 9:91 mi :Q(H)
By applying LemmalAdlto 'y - ¢ : 6, we obtain I'y ff my = I'y. Thus, we have Ty U (I'y fmq) F
[t/xz]to : O as required.
- Case for T-APP:
In this case, we have ty = tqto, with:

FQQ,.T : /\iel’meso’i(ﬂi,m) = ty : /\jEJ (9;,71]) — 0
Logr @ Niermes,, (0i;m) btz : ¢’ foreach j € J
Lo ="To,0UU;jec; o, ny) So,i UUje Amaz(m,n;) [ m € Sj;} = {m;} foreach i € I.
By the induction hypothesis, we have:
FO’O U UZ’EI,mESo,i(Fi ﬂ m) ~ [t/x]tl : /\jEJ ((93,77,]) -0
Lo, U Uie[,mesjyi(ri frm) b [t/x]ty : 0}
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By using T-APP, we obtain:
Lo0UUiermeso, (Ti tm) U (Ujes Toi UUiermes,, L tm)) 1 ny) = [t/alto - 0
Here, we have:
Loo U Uie[,meso,i (i tm) U (UjeJ (Lo, U Uie[,mesj,i(ri Tt m)) it nj)
=To0UU;jes(To; ) U Uief,meso,i (L pm) U UjEJ,iEI,mESjyi(Fi ft maz(m,n;))
by (T UT) frm = (T1tm)U (T2 ftm)and (T my) ff ma =T maz(my, ma))
=TyU UieI(UmeSO,i(Fi f+m) U UjeJ,meSj,i L; f maz(m,n;))
(by I'o = Lo UUje,s (T'oj 1 125))
=To UU;e (T 1 mai) (by So,i UUje {maz(m,n;) | m € S;:} = {mi})
Thus, we have I'o U ;¢ (I'; f# m;) = [t/x]to : 0 as required.
- Case for T-ABS:

In this case, tg = Ay.t;. We can assume without loss of generality that y # x and y does not
occur in t. Thus, we have:

(9:/\]61(0 )—)0/ J/QJ Fo,y:/\jeJ/(H},nj),x:/\ieI(Hi,mi)l—t1 :(9/
By the induction hypothesis, we have:
T'yu U i mz /\ (0;,1”&]) = [to/x]tl 0.
el JjedJ’
The required result is obtained by using T-ABS.
O

We are now ready to show that typing is preserved by S-reduction.

Proof of Lemmal4.]l By the assumption, we have:
Lo, Njep (0, mi) Fitg: 0 Iyt :0;foreachi € J 1CJ
I'=ToU (Ujes L't m)

By Lemmal[A.2] we have:

F()UU ﬂml tl/zl?]to 0.
el
Thus, the required result holds for IV = T'o U |J; (T ft m;). O

APPENDIX B. PROOF OF LEMMA [4.8]

This section provides a proof of Lemmal4.8] which states that every infinite sequence of rewrit-
ing along a path must contain an infinite chain of unfoldings. In Lemmal[4.8] only the components /;
and t; of each label (o, ¢;, A;,T'; F t; : ¢;) are actually important. Thus, we redefine the rewriting
relation > by:

(FUE o (04 1,[t/T)[FE/Fy, ..., FL E) () if R(F) = A&t/
(€,at1, ca ,tn> > <€+ 1,tz‘>

Lemma[4.8]is restated (or strengthened, since we no longer have conditions on typing) as follows.



A TYPE SYSTEM EQUIVALENT TO THE MODAL p-CALCULUS MODEL CHECKING OF HORS 33

Lemma B.1. For every infinite rewriting sequence:
(1,8% = (1,t1) > (2,t2) > (3,t3) > (4,t3) > -~

there exists an infinite sequence of indices io(= 0),11,12,... such that ¢;, = F,f;],'_1§l-vj for each
i
i>1

The proof requires a subtle argument. Let us consider the tree U labelled by indices, whose root
is lablled by 0, and j is a child of 7 if and only if ¢; is of the form F,f;j sj. The existence of an infinite
sequence of indices above means that the tree has an infinite path. By the strong normalization of
the simply-typed A-calculus, it follows that the height of the tree U is unbounded. (If the height
were bounded, then the rewriting sequence would be simulated by a simply-typed A-term obtained
by unfolding non-terminal symbols a finite number of terms, but that is impossible as the rewriting
sequence is infinite.) That does not, however, immediately imply that U has an infinite path; it may
be the case that U has infinite width but each path is finite.

We use a type-based argument to show Lemma [B.Jl We first prepare a type system for char-
acterizing (non-deterministic) recursion schemes that have an infinite reduction sequence in Sec-
tion[B.1l and then use it to prove the required property in Section

B.1. A Type System for Recursion Schemes Generating Infinite Trees. A non-deterministic re-
cursion scheme is a quadruple (X, NV, R, S), which is the same as a deterministic recursion scheme
(Definition 2.1, except that the set of non-terminals may be infinite, and that R maps each non-
terminal to a (possibly empty) ser of terms of the form AZ.t such that N; ¥ + Az.t : N(F). As in
the case for deterministic recursion schemes, we require that ¢ is an applicative term of sort o. We
sometimes write F' — A\Z.t if \Z.t € R(F).

We define the reduction relation > by

FT 5 [f/7)t it \a.t! € R(F)

aty,... .ty > 1

It is the same as > defined at the beginning of this section, except that labels have been dropped.
The syntax of types is given by:

§u=1| N\{o1,....00} =6
We often write A\;.; 6; — 6 for A{d; | i € I} — 0. Intuitively, i describes terms of sort o that
have an infinite reduction sequence. As in the intersection types used in Section 3] we restrict types
by the relation ¢ ::, x, defined inductively by:

i:40

0 iy Ko 0; 1:q k1 forevery i € {1,...,n}
(A {01, 0n} — 0) g (K1 — K2)

The typing rules for recursion schemes are given by:

Axr:dFx:0
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E(G)Zk Slu---USk:{i}
AFa:A\NS1— - = ANSgk—1

AbFty: N0 —0 Aty :8; (foreachi € I)

AFtityg 1 6

el

Az Nigpdib-t:0
ARzt Nigpoi =6

VF:6 € A(0::q N(F)ANTt € Rg(F).AFt:0)
FG:A

FG:A AFt:6
F(G,t):¢
Note that a terminal symbol of arity 0 cannot have type i; if £ = 0 in the rule for constants, the

assumption S; U - -- U S = {i} cannot hold.
We show the following theorem.

Theorem B.2. Let S be the start symbol of a non-deterministic recursion scheme G. Then,
(G,S) : Tinf if, and only if, S has an infinite reduction sequence (by > ).

The “only if” part of the above theorem follows from Lemmas [B.3]and [B.4] below.

Lemma B.3. If - (G, t) : i, then there exists ¢’ such that ¢ >t

Proof. The proof is by contradiction. Suppose that - (G, t) : i but ¢ is irreducible. By - (G, ) : i,
there must exist A such that G : A and A ¢ : i. Since N';0 F ¢ : o, t must be either a terminal
symbol a of arity 0, or of the form F's with R(F) = (. Both cases, however, contradict with the
assumption - (G,t) : i. If ¢ = a, then a cannot have type i. If ¢ = F's, then by the condition
A b t: 1, there must exist § such that F': § € A, but it is impossible as R(F) = @ and - G : A. O

LemmaB.d. If - (G,t) : iand ¢ & ¢, then there exists ¢ such that ¢ & ¢ and - (G, ¢") : i.

Proof. We use the following substitution lemma, proved by straightforward induction on the struc-
ture of ¢:

If Ajx:6p,...,2:0, Ft:0and A+ s: ¢ foreachi € {1,...,k}, then

Ak [s/x]t : ¢ holds.

The proof of the present lemma proceeds by case analysis on the rule used for deriving ¢ > .

Ift & t has been derived from the first rule, t = F' sy ... s and ¢/ = [s1/x1, ..., Sk/xk]u with
Azy. - Azg.u € R(F). By the assumption - (G, ) : i, we have:
FG:A

F:/\jES1617j _>"'_>/\j65k6kaj_>i cA
Al s;:0;5foreachi e {1,...,k},j€S;

By the first two conditions, there must exist a term Azy. - - - Azg.u’ € R(F') such that

A Ary. - Ao /\ S1j = — /\ Sy — 1,
JES JESk
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which implies A, z1 :/\jes1 Ojyens T /\jesk dk,; F o’ : i. By the substitution lemma, we obtain
Al [s1/x1,...,sK/xg]u’ : 1. Thus, the required result holds for t” = [s1/x1, ..., si/xp]u’.

If ¢t & ¢ has been derived from the second rule, t = aty - t, and t/ = t; for some j €
{1,...,n}. By the assumption - (G, t) : i, there exists A suchthat- G : Aand A F aty --- t, : i.
By the latter condition and the typing rules, there must exist k£ such that A - ¢, : i. The required
condition therefore holds for t” = t;,. O

To show the “if” direction of Theorem [B.2] we extract a derivation of - (G, ¢) from an infinite
reduction sequence. The idea of the extraction is similar to (but simpler than) the technique we used
in the completeness theorem (Theorem [£.13)), and also similar to the type inference algorithm in
[16]. Suppose that we are given an infinite reduction sequence:

S(=t1) bty b t3 > -
For each prefix s of ¢; (i.e., t; = su for some w), we shall define the type 5 ; by induction on the
sort of s:
- If s has sort o, we let §; ; := i.
- If s has sort k1 — k9, t; must be of the form s’ @, where « has sort 1 and s« has sort k9 Let
S be the set of indices j such that v’ is a prefix of ¢;. Define d; := /\jeS Ow j = Osuli-

We also define the type environment A, ; by induction on the structure of s:

o If s =a,then Ay, := 0.

o If s = F,then A, ; := F: .

e If s = 5159, then As,i = As1,i U U

a prefix of ;.

jes Ay, j, where S is the set of indices j such that sp is

We show the following lemma.
Lemma B.5. Suppose we have an infinite sequence:
S(=t) 5ty b tg > -
Then, - (G, t;) : 1 holds for every i.

Proof. We first show that for every prefix s of t;, A ; = s : 05 ; is derivable by using only judgments
of the form A ; = u : &, j, by induction on the structure of s. The base cases follow immediately
from the definition of Ay ;. Suppose s = s1s2. By the induction hypothesis, we have

Asl,i Fsyc /\jES (5327]' — 5371' ASQJ F sy 5327]' (for each j € §5),

and their derivations satisfy the required property. By weakening on type environments (which is
admissible by the typing rules) and the rule for application, we have A, ; - 5152 : d,; as required.

Let A = [J;c,, At,,i- We show that for every F': § € A, there exists u € R(F) such that A -
u : §. This completes the proof, as = G : A and A & ¢; : i for every t;. Suppose F': 6 € A. By the
definition of A, we have § = 0p; = /\jES1 Og1j = - — /\jeSk 0spj — i,andt; = F'sp - sp
for some i. Let ' — Axj.--- Axyp.u’ be the rule used for the reduction step ¢; — t; 1. Then
we have tiy1 = [s1/x1,...,s,/xp]u and Ay, i1 F [s1/21, ... sk/2k]u’ ¢ i, and in the type
derivation for the latter, all the judgments for s; must be of the form Ay, ;11 = s; 1 05, 0 Where
¢ € S;. Thus, by replacing those judgments with Ay, | ;11,7 : s, 0 = 2 : J5; ¢ and by weakening
type environments, we obtain a derivation for Ay, | i1, 71: \jeg, 051,55 Tkt Njeg, s 0
i. By using the rule for abstraction, we get Ay, i11 b Azi.--- Azg.u’ @ 6. Thus, the required
condition holds for © = Azq.--- Axg.u/. O
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Theorem [B.2]is an immediate corollary of the lemmas above.

Proof of Theorem[B.2] The “only if” direction follows immediately from Lemmas[B.3]and[B.4l The
“if” direction follows from Lemma|[B.3] O

For the proof of Lemma[B.]in the next subsection, we introduce some notations. We write Ag
for U{A |F G : A}, which is actually the largest A such that - G : A. By abuse of notations, we
often write A(F') for the set {d | F':6 € A}, and write F : S, . .., F): Sy, for the type environment
{F;:6|i€e{l,...,k},d € S;}. By Theorem[B.2] G has an infinite reduction sequence if, and only
if, i € Ag(S )

B.2. Proof of Lemma[B.Il Below, we fix a deterministic recursion scheme G = (N, 3, R, S(=
F1)), where
N:{Fltlil,...,Fm:/im}
R = {Fl '—)tl,...,FmHtm}
Suppose that there is an infinite reduction sequence:
(1,58% = (1,t1) > (2,t2) > (3,t3) > (4,t3) > ---
We write j < ¢if t; = F, lgjé} for some F; i and s~j, i.e., if a non-terminal introduced at the i-th step
is unfolded at the j-th step. We need to show that there is an infinite decreasing sequence:
cee <19 <11 <19 =0.
The proof is by contradiction. Suppose that the relation < is well-founded. We construct the
following non-deterministic recursion scheme G’ = (N’, ¥/, R/, SY):
N ={Fi:k|F:reN,icw}
=3 ‘ ‘
R ={F' = [F]/F,....Fi/F,)t| R(F) =tAj < i}
By the construction of G’, there must be an infinite reduction sequence:
SOU=1t) Dty >ty bty b o
We show that cannot be the case: every reduction sequence of S° in G’ must terminate. To this end,
we define another recursion scheme G” = (N, %" R”, SM)) by:
N'={FO x| F:reN,ic{0,...,N}}
YW=%YU{e— 0}
R = {(FO o [FY ), PV R | R(F)=tnie{l,...,N}}
U{FO 5 \Ze|ke{l,...,n}}
Here, N = Eke{l,...,n}‘{é ‘ 5:ZQN(F]€)}
in the type system of Section[B.1l Since the reduction of S™) can be simulated by the simply-typed
A-term:

Na.e/Fy, ... \a.e/Fy [R(F)/F, ..., R(EW)/En] - [R(FV)/Fi, ..., R(Ep)/Fy] S,

N

, 1.e., the maximal size of type environments for 7, ..., F}

it follows from the strong normalization of the simply-typed A-calculus that G” cannot have an
infinite reduction sequence:

SN S St ot b
By Theorem B2l we have i & Agr(S(™M).
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Now, let us define a function JF on type environments by:
FA)={F:0|0:a N(F)NAFR(F) : 6}
Then, by the monotonicity of F, we have a monotonically-increasing sequence:
0 C FO) CFH0)C--- CFNO)
Since the size of () is at most N, we have FV*1(()) = FN(()). By the construction of G”, we
have FN(0) = {F,:6 |6 € Ag//(ﬂ(N))}.

Now, we shall show that Ag/(F/) C FN(0)(F;)(= Ag//(FZ.(N) ) for every j € wandi €
{1,...,k}. That would finish the proof, since it implies i ¢ Ag/(S?), and by Theorem g
cannot have an infinite reduction sequence.

The proof proceeds by well-founded induction on j (with respect to the well-founded relation
=<).

Let S be the set {5’ | 5/ < j}. Recall that the rules for F7 are:

(Fi 5 [Fi')Fy,... FI'JFJR(F) | j € S}.
We have:
Ag/(F;]) -/ -/ -/ -/ -/ -/
= Uj/eS{5 | 6 g N(F;) ANFY Ag/(Ff ), Fi Ag/(F]g VE [ JFy, .. F) JFLR(E;) < 6}
= Uj’ES{6 | 0 “a N(E) A F1 : Ag/(Flj ), ce ,Fk : Ag/(F]g ) F R(E) : 5}
(by renaming non-terminals)

C Ujrestd [0 ma N(F) A FNO) - R(F;) : 6} (by induction hypothesis)
= {31654 N(F) A FN(O) F R(Fy) : 6)

= FN+L(Q)(F}) (by the definition of F)
— FNO)(F) (by FN(0) = FNHL(D)

as required. This completes the proof.

APPENDIX C. (N — 1)-EXPTIME UPPER BOUND OF DISJUNCTIVE APT MODEL CHECKING

In [20Q], we considered a subclass of alternating parity tree automata called disjunctive APT, and
showed that disjunctive APT model checking of order- N recursion schemes is (N — 1)-EXPTIME
complete. As the proof of the upper-bound relies on the development of the present article, we only
sketched the proof in [20] (as Theorem 4.2), and promised to provide a more elaborate proof here.

A disjunctive APT is an alternating tree automaton whose transition function ¢ is disjunctive,
i.e., the co-domain of J is a subset of the positive Boolean formulas without conjunctions, given by:

¢ o=t f ) [P VY

We claim:

Theorem C.1 ([20], Theorem 4.2). Let G be an order-N recursion scheme (N > 1) and A a
disjunctive APT. It is decidable in (N — 1)-EXPTIME whether .4 accepts the value tree [G].

The proof is easily obtained by modifying the proof of the completeness theorem (Theo-
rem[£.13)) and the complexity argument in Section

Given a disjunctive APT A = (X, Q, §, 1, 2), we define the relations 0::¢ x and 7::¢ k between
types and sorts by:
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qgeqQ |SiU---USg <1 S; € Q x codom(Q) foreachi € {1,...,k}
(ANS1— - = ANSk = q):%(0— -+ —0—0)
k

ord(k1 — -+ — Ky —0) > 2 qgeq 7; %k foreachi € {1,...,0}

(1 = - =7 —q) =3 (kg — - — kg = 0)

0; ::% ks foreach i € T
..d
/\ielei" K
d

The relation 6 ::g k is a restriction of 0 ::, Kk (i.e., ::§ is a strict subset of ::,), where in order-1
types, each argument type is empty or singleton, and only one argument type can have an element.
Thus, we have ((go,1) — T — q1) =% (0 — o — o), but neither ((go,1) A (¢1,2) — T —
@1) =2 (0 = o — o) nor ((g0,1) = (q1,2) = q1) 24 (0 = 0 = o).

We write T =:% NV if 6 ::g N (F) holds for every F': 6 € T'. The following is the key lemma,
which allows us to restrict the search space for a winning strategy for the type system.

Lemma C.2. Let A be a disjunctive APT, and G = (X, NV, R, S) be a recursion scheme. If the tree
generated by G is accepted by A, then there is a winning strategy V for the parity game associated
with -4 G such that codom (W) C {T" | T =:¢ N'}.

Proof. By the definition of disjunctive APT, if [G] is accepted by a disjunctive APT A, then there
is an accepting run-tree that is unary (i.e., there is at most one child for each node of the accepting
run-tree). For such a unary accepting run-tree, we fix a fair rewriting sequence

<€70757QI> > Tl > T2 > e
and obtain a winning strategy YV by using the construction in Theorem {131 We show that W
satisfies the required property. As WV returns a subset of I'; 5 ) =4 N, it suffices to show that
T; = C[(B, 4,15, q)] implies ', 5 ) 24 N To this end, we show that if T; = C[(B, (,t3,q)] and ¢
has sort k, then 9(,; 5,0) ::g  holds, by induction on . Since the other cases are trivial, we discuss
only the case where Kk = 0 — --- — o — o. In this case, ts = tsy --- s, and s; has sort o for
~—_——

n
each i € {1,...,n}. Since the accepting run-tree is unary, there is at most one i, 5, ¢’ such that

(B, 4,t5,q) > C'[(B', 0, 5:,q")]. Thus, 0, g ) is either
T2 =T =, AC)) =T =2 =T =g

i—1 n—i
(if there is such 4, 3/, /"), or T — --- — T — ¢ (if there is no such 4, 5, #'). In both cases, we have

—_————

n
0¢,8,0) ::4 K as required.
Now, by the definition of ', 5 ), T; = C[(8,¢,1s,q)] implies ' 5 ) 4 N/, This completes

the proof. O

We are now ready to prove Theorem
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Proof of Theorem Thanks to Lemma we can restrict type environments © to those that
satisfy ©::2\ in the type inference algorithm of Section[8l Thus, in the discussion of the complexity,
the upper-bound K; of the number of types of a given order-j sort can be replaced by K, where:

K\ =Ky =1Q)|
Kl = {01658 (0= 50— 0)}

A
== =2 T —=dac @}

A
+{T = =T —=(qm)=>T—-—= Tlge Q,m € codom(Q)}|
- QI+ AM|Q)
Kj .,y = |Q2MH5 (for j > 1)

K, is bounded by expy_;(O(A2M?|Q|)) for N > 1. For N > 2, the rest of the discussion re-
mains the same, and the time complexity of the whole algorithm is O(P***Mexpy_; (p(AM|Q|)))
for a polynomial p(x) and ¢ ~ % For N = 1, |[I1| + --- 4+ |Is] < 1 holds in the construction of
S, so that the size of Sp is bounded by K1 x (K;)' x K; = (K1)3. The size of the arena for the
parity game is therefore polynomial in P, A, |Q|, and M. Thus, if M is fixed, the complexity of the
whole algorithm is also polynomial in P, A, and |Q)|. O
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