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Abstract

We introduce type-checking games, which are w-regular games
over Bohm trees, determined by a type of the Kobayashi-Ong in-
tersection type system. These games are a higher-type extension of
parity games over trees, determined by an alternating parity tree
automaton. However, in contrast to these games over trees, the
“game boards” of our type-checking games are composable, using
the composition of Bohm trees. Moreover the winner (and winning
strategies) of a composite game is completely determined by the re-
spective winners (and winning strategies) of the component games.

To our knowledge, type-checking games give the first composi-
tional analysis of higher-order model checking, or the model check-
ing of trees generated by recursion schemes. We study a higher-
type analogue of higher-order model checking, namely, the prob-
lem to decide the winner of a type-checking game over the Bohm
tree generated by an arbitrary AY -term. We introduce a new type-
assignment system and use it to prove that the problem is decidable.

On the semantic side, we develop a novel (two-level) arena
game model for type-checking games, which is a cartesian closed
category equipped with parametric monad and comonad that them-
selves form a parametrised adjunction.

Categories and Subject Descriptors Theory of computation [Se-
mantics and reasoning]: Program constructs—Type structures;
Theory of computation [Semantics and reasoning]: Program se-
mantics

General Terms Theory, Verification

Keywords Higher-order model checking, Intersection type, Game
semantics, Bohm tree

1. Introduction

Higher-order model checking (HOMC), or the model checking
problem for trees generated by recursion schemes, is a widely stud-
ied problem in connection with the verification of higher-order pro-
grams [10, 18]. With respect to monadic second-order (MSO) prop-
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erties, the model checking of trees generated by recursion schemes
was first proved to be decidable in 2006 [15], using game semantics
[9]. A variety of semantic and algorithmic techniques, and models
of computation have since been employed to study HOMC: no-
tably, intersection types [11], collapsible pushdown automata [8]
and Krivine machines [19]. Algorithmic properties that refine and
extend the MSO decidability result have also been introduced, such
as logical reflection [ 1], effective selection [2, 7] and transfer theo-
rem [20].

In both theory and practice, model checking is mainly a whole
program analysis. Perhaps surprisingly, this is also true of HOMC.
There are multiple decision procedures that can model check trees
generated by ground-type functional programs, but not by higher-
type programs, which generate trees with binders i.e. Bohm trees.
Indeed it is open as to what is an appropriate higher-type analogue
of HOMC qua decision problem. It seems natural to consider a
Bohm tree as a graph with additional edges from bound variables
to their binders, but the MSO theory is undecidable even for a XY -
definable Bohm tree [4].

Symptomatic of our limited understanding of HOMC is a lack
of a denotational (i.e. compositional) semantics of higher-order
programs suitable for the direct analysis of model checking algo-
rithms. A precise and abstract formulation of such a compositional
semantics would be a cartesian closed category of parity games.

Our goal, then, is to build a compositional framework for
HOMUC, using the XY -calculus as our programming language. The
primary task is to identify a well-behaved set C of properties T over
Bohm trees U, and a mechanism for a satisfaction relation = U : 7
whose validity is characterised by a system of witnesses 5. We list
some desiderata.

(1) The satisfaction relation = should conservatively extend the
MSO properties of trees (i.e. order-2 Bohm trees).

(2) Decidability of XY -definable Bihm trees: It should be decid-
able, given a XY -term M and 7 € C, whether = BT(M) : 7,
writing BT (M) for the Bshm tree of M.

(3) Two-Level Compositionality: Suppose Bohm trees U and V' are
composable, the set of properties satisfied by U o V' should
be completely determined by those of U and of V. Further, if
EU:rtandEV :oimply E U oV : ¢, the witnesses s7; of
= U : 7 and s¥; of = V : o should be composable, generating
awitness s, 057, of EU oV : 4.

(4) Effective Selection: If = BT (M) : T, then there should exist,
constructively, a XY -definable witness of = BT(M) : 7.

To this end, our choice of C is the set of intersection types of the
Kobayashi-Ong type system [11], as formulas of Bohm trees; we
introduce a new notion of 2-player game over Bohm trees, called
type-checking games, as the mechanism of a satisfaction relation



whose validity is witnessed by P having a winning strategy for the
game in question.

1.1 Contributions of the paper

We start from an algebraic abstraction of the parity conditions,
called left-closed w-monoid. This general notion—every w-regular
winning condition can be expressed by using a finite left-closed
w-monoid—underpins all subsequent developments: our type-
checking games (Sec. 3), the concomitant type system (Sec. 4),
effect arena and two-level games (Sec. 5 and 6) are all parametrised
on a left-closed w-monoids and a finite set of ground types.

We introduce type-checking games, which are a kind of higher-
type property-checking games played over a Bohm tree, the prop-
erty in question being an intersection type of the Kobayashi-Ong
type system [11]. On the one hand, type-checking games gener-
alise the property-checking games (such as parity games) which
are played over trees, to games which are played over trees with
binders; on the other, they may be viewed as an extension of Stir-
ling’s dependency tree automata [21] to infinite (binding) trees with
w-regular conditions. The table below summarises the various as-
pects of types as a higher-order analogue of alternating parity tree
automata (APT).

Trees and APT
Tree constructors

Bohm trees and Types

Order-1 free variables
Trees Order-2 Bohm trees
Recursion schemes XY -terms with order-1 free vars
Bohm tree of a term

Order-2 types

A Bohm tree of a type

Value tree of a grammar
MSO properties / APT
A tree accepted by an automaton

A remarkable feature of type-checking games is their inten-
sional or two-level compositionality. Given two such games of
composable simple types, not only are their underlying “game
boards” composable as Bohm trees, the winning strategies of the
composite game are completely determined by the respective win-
ning strategies of the component games (Theorem 11). A key to
this result is Lemma 10: certain (but enough) winning strategies of
type-checking games are themselves representable as Bohm trees.

We introduce a new intersection type system that characterises
the winner of type-checking games for XY -definable B6hm trees.
Since HOMC can be regarded as the 2nd-order fragment of the
type-checking games, this type system—which is decidable (Theo-
rem 17)—also characterises HOMC, and may be viewed as a con-
servative extension and simplification of the Kobayashi-Ong type
system. Precisely we prove a transfer theorem (Theorem 18): P
wins the type-checking game determined by a given intersection
type 7 over the Bohm tree of a AY-term iff that term is typable
by 7. The second major result is a higher-order version of effective
selection (Theorem 20): given an inhabited intersection type, we
can effectively construct a XY -term whose Bohm tree represents a
P-winning strategy of the type-checking game of that type.

The semantic foundation, and the ultimate basis of the results
mentioned above, is a new category of effect arena games. To our
knowledge, this is the first example of a cartesian closed category
of games and winning strategies of w-regular conditions. We then
construct a two-level game semantics (in the sense of [10]) as an
accurate model of our type system. Our categorical constructions
give HOMC examples of positive and negative actions [14] and of
parametrised adjunction.

1.2 Related work

Salvati and Walukiewicz [20] have established a transfer theorem
for (infinitary) XY -terms: for a fixed vocabulary of terms, the MSO
properties of Bohm trees of terms are effectively MSO properties
of the terms themselves. However their theorem is only applicable

to Bohm trees without binders (i.e. order-2 Bohm trees in our ter-
minology). This restriction seems essential to their development.
Their proof of the transfer theorem relies on the (effective) equiv-
alence between MSOL and non-deterministic parity automata for
defining tree languages. However, no such equi-expressivity results
for defining Bohm-tree languages are known. Moreover, MSOL is
undecidable on the binding structures of XY -definable Bohm trees
[4]. In contrast, our framework, and in particular our type-based
transfer theorem (Theorem 18), work for Bohm trees of all orders
definable by (finitary) XY -terms.

Haddad [7] has given a new proof of effective selection [2]
for recursion schemes, using a notion of shape-preserving scheme
transformation. We (Theorem 20) extend Haddad’s result to all
higher orders, based on a derivation-as-term interpretation of a new
intersection type system. This approach can be found in the work of
van Bakel [22] and of Kobayashi et al. [12], but applied to different
problems.

2. Monoidal-Closed Structure of Priorities

This section introduces the notion of left-closed w-monoid, ab-
stracting the algebraic properties of the parity condition (see Ex-
ample 3). Types and games of this paper are parametrised by a left-
closed w-monoid.

First we review the notion of ordered w-semigroups [17]. We
write (€1, €2,...) or {€;);e. for infinite sequences.

Definition 1 (Ordered w-semigroup). A (partially) ordered w-
semigroup is a pair (E,F), where E and F are partially ordered
sets equipped with the following operations:

- An associative binary operation o : E x E — E.

- Anoperation ® : E x F — T that defines a semigroup action of
EtoF (ie.e1 ® (e2® f) = (e10e2) ® f).

- A surjective mapping 7 : E¥ — T called infinite product.

All the operations must respect the partial orders i.e.

(i) e1 < €} and e3 < e} implies e1 0 e2 < €] o €5,
(i) e < e and f < f impliese® f < e’ ® f, and
(iii) e; =< e} for every i implies w(e;)icw = 7(€})icw.

Furthermore the infinite product must satisfy the following laws:

(i) eo ®m(e1,e2,...) =m(eo,e1,€2,...).
(i) If {ei)icw ~ (€])jecw, then m(es)icw = m(€})jew.
Here ~~ is defined by
(€1, vy Ciyy Cigqly v Cigy CighlyenvyCigyuen) ~
((e10- 064 ),(€iy+1 0 +0€iy), (€igti O+ 0€i5),...)
for every infinite chain 0 < ;1 < 42 < - - - of natural numbers.

An ordered w-monoid is an ordered w-semigroup (E,F) such
that E has an identity element. We write ¢ for the identity element.
We have ¢ ® f = f for every f € F. An ordered monoid E has
left-residuals if there exists a binary operation e\e' s.t. e o d =<
e iff d < e\e'. Then E as the preorder category is a left-closed
(strict) monoidal category.

Definition 2 (Left-closed w-monoid / winning condition). A left-
closed w-monoid is an ordered w-monoid (E, F) with E having left-
residuals. A winning condition is a triple (E, F, Q2), where (E, ) is
a left-closed w-monoid and €2 C [ is a lower-closed subset of F
(i.e. f € Qand f' < f implies ' € Q).

A winning condition (E, F, Q) determines the winner of an in-
finite play associated with an infinite sequence (e;);c., of elements
in E: we say that P wins the play just if w{e;)ic. € Q.



Given a winning condition (E, F, ), we say Q C F is stable if
foreverye € Eand f € F, f € Q <= e® f € Q. A winning
condition is finite if E and [F are finite.

Example 3. The parity condition is a finite and stable winning
condition. Let P = {0,1,2,...,2N} be the set of priorities and
Qparity C P“ be the set of all infinite sequences satisfying the
parity condition (i.e. the largest priority that occurs infinitely of-
ten is even). The priorities have a monoidal product e; o ez =
max(e1, e2) with O as the identity. Consider the sub-priority or-
der [6]:

2N <+ <4<2<0<1<3<---<2N -1

The monoid product respects the sub-priority order. Priorities have
left-residuals, defined by:

e’ ife < € or (e = € and (e is odd or 0))

(e\e'):=q e+1 ife> ¢ andeisodd
e—1 ife>¢e’ andeisevenande > 0.

Consider a winning condition (P, {e, 0}, {e}) with e < o. The in-
finite product is defined as 7(e1, e2, ... ) = ejustif (e1,e2,...) €
Qparity and the mixed product is defined by e ® f = f. It is finite
and = {e} is stable.

It is well-known that finite w-semigroups coincide with w-
regular languages [17]. By a similar argument, every w-regular
winning condition can be viewed as a finite winning condition
and vice versa. In particular, for every finite winning condition
(E,F,Q), the w-language {{€;)icw | m(€i)icw € Q} is w-regular.
See Appendix A.2.

In the sequel, for simplicity, (2 is assumed to be stable. See
Appendix F for the general case.

3. Type-Checking Games

This section introduces formulas describing the properties of
Bohm trees, which may be viewed as a (slight) extension of the
Kobayashi-Ong type system [11]. The main result is composition-
ality (Theorem 11), which will be proved by game semantics in
Section 6.2 (proofs of other results are in the Appendix).

Henceforth we fix a stable winning condition (E,F,Q) and a
finite set Q) of ground types.

3.1 Preliminary: Bohm trees

We briefly review the notion of simply-typed Bohm trees. See
Appendix B.1 for the formal definitions.

First, we define simple types, which we shall refer to as kinds in
order to avoid confusion with (intersection) types to be introduced
later. The set of kinds is defined inductively: k := o | Kk — K,
where o is the unique base kind and k1 — k2 is the kind for
functions from k1 to k2. A kind environment is a finite sequence
of kind bindings of the form z :: . Kind environments are ranged
over by A. We use :: for kind bindings and kind judgements in
order to distinguish them from type bindings and type judgements.

We assume the standard notion of B6hm trees, which are possi-
bly infinite trees with binders, defined co-inductively by the gram-
mar:

To=1|aUr ... Uk

U:=A\z1.... . T
where L (meaning divergence) is a special symbol of kind o. Bohm
trees are required to be well-kinded and 7-long. Kind judgements
AFT :oand A F U :: k have the expected meaning. Bohm

trees of appropriate kinds can compose: for Bohm trees U and V'
of kinds k — &’ and k respectively, we write U @ V for the

application of U to V, which has kind " (see Appendix B.3). It
is well-known [5, 9] that Bohm trees of a given kind corresponds
bijectively to innocent strategies of  the corresponding arena (see
Appendix B.2). This bijection bridges the gap between the Bohm-
tree representation in this section and the game-semantic analysis
in the following sections.

Bohm trees subsume ordinary (node-labelled, ranked) trees. Let
3 = {ai,...,an} be a set of tree constructors and ar(a;) be the
arity of the constructor a;. We write ¥ for ¥ & { L}, where L is
of arity 0. A free over £ is just a Bohm tree of 2nd-order kind
(0™ 5 0) = ... — (0™ 5 6) 0.

3.2 Kobayashi-Ong types

We use types of the Kobayashi-Ong type system [11] as formulas
specifying properties of Bohm trees. Our syntax simplifies the orig-
inal system [11] by removing flags from the type envionments, and
extends it by being parametrised by winning conditions. Further-
more we introduce new operations on types, namely, positive and
negative actions of effects.

There are two classes of types, prime types and intersection
types, defined by the following grammar:

qgla—rT
Nier(Tis €i)

where ¢ € Q,e; € Eand I = 0, wor {1,2,...,k} for some
k € w. Precisely, the set of types is defined by induction on the
structure of kinds. See the refinement relation below.

We use the infix notation for intersection, e.g., (71; 1) A{72; e2)
means /\;; oy (7i; €i). The intersection connective A is neither
associative, commutative nor idempotent (e.g. (715 €1) A (T2; €2) #
(T2;€2) AN(715€1) and (T; ) A(T; e) # (T;e)). However these laws
are true modulo the equivalence induced by the subtyping relation
(defined below). Note that we allow intersection of countably infi-
nite types A, (7i; €:). A type is finite if all the index sets are fi-
nite. We define the projection p,, by px(A;c;(7i;€:)) == (T; ex)
foreach k € I.

We call an element e € E an effect. The effect e of (7;e) is
the summary of effects from a certain point to the call of 7. For
example, e in the judgement U : (7;e) is the summary of effects
from the beginning of the computation to the call of U, and e in
Ax.T : (1;€) — q is the summary of effects from the call of Ax.T
to the call of its argument x.

The Kobayashi-Ong type system considers only types that re-
fine kinds. The judgement 7 :: K (resp. o :: k) means that the
prime type 7 (resp. the intersection type «) refines the kind . The
derivation rules are as follows.

(Prime Types) T,0 @ n=

(Intersection Types) o, ==

otk Tk Vielr kK
Neer(mnen) = m

The subtyping relation is defined by the following mostly stan-
dard rules. Precisely it is a kind-indexed family of relations on

prime types of the same kind and on intersection types of the same
kind. We write 7 ~ 7/ if 7 < 7" and 7’ < 7.

q:o a*)TZIF{/*)I{l

o f=a =7
q=q a—7=d =7
VjEJ.EIiEI.(Tijajandeitdj)
/\ie[<7_i;ei> = /\jeJ(Uﬁdj)

Note that the effect annotation is contravariant. Intuitively this is
because an effect describes a property of the caller (the context)
who is contravariant to the callee (the term).

A type environment T is a finite sequence of intersection type
bindings of the form z : « such that the binding variables are




pairwise distinct. We write I'(z) = a if ¢ : « is in I". The
refinement relation and the subtyping relation for environments are
both defined by point-wise extension.

The positive action [14] of E to intersection types and type
environments is defined by:

e® (N\(riidi)) == \(rseods) (e®T)(x):=e® (N(x)).

iel i€l

Similarly the negative action e\\— can be defined, e.g.,

NN (s d) = N\ (s e\di).

i€l iel
They form a Galois connection by the definition of e\e':

(6\\F1) <TIqiff 'y < (6 ® Fz)

Here e\\— is the left-adjoint since the effect annotation is con-
travariant. The positive action on type environments simplifies and
generalises the flag-updating operation in the original type sys-
tem [11] and the priority-updating operation in the work of Fujima
et al. [6]. Its left adjoint (the negative action) is new, to the best of
our knowledge.

3.3 Type-checking games over Bohm trees

It is well-known that the problem of whether a tree is accepted by a
given parity tree automaton is equivalent to solving a certain parity
game over the tree. This subsection extends such games over trees
to games over Bohm trees. Given a Bohm tree U of kind « and
a type a :: K, we shall define a type-checking game, which is
a game between Proponent and Opponent (henceforth, simply P
and O) over the Bohm tree U. This is a conservative extension of
games over trees, which can be considered as type-checking games
restricted to 2nd-order types.

Definition 4 (Type-checking games). A node of the game graph is
called a position. A position is of the form

FET:q or TEU,...,Un): (01,...,0m)
where n > 0. The former is a P-position and the latter, written
T'E (Ui)i<n : (@i)i<n, is an O-position. Positions must be kind-
respecting: for the former, " :: A for some A, and A - T :: o;
and for the latter, I' :: A and A F U; :: k; and o; :: k; for every
4. In our game, effects (corresponding to priorities or colours in the

standard terminology) are assigned to edges, instead of positions.
There are three kinds of edges. The first kind has the form

TE2zUL.. U :q) = TEU,...,U0): (ca1,...,q1))

where py (I'(z)) = (a1 — -+ — oy — ¢; e) with e > ¢ for some
k. The second kind of edges has the form

(F E (Ui)ign : (ai)ign) Ii> ((G\F),% : B): T: q)
where, for some j < nand k,U; = Az1..... Az T and pi (o) =

(Br— = Bi—qge)and T : Bmeansz:l 2 B, ..o, x B

The third kind of edges is for divergence,
TEL: @)= TFL:q.

So the unique infinite play starting from (I' F L : g) has ef-

fects (g,¢,...). The winner of an infinite play is determined by
the effects of the path: P wins just if 7(e1,ez,...) € Q, where
(e1,e2,...) is the sequence of effects along the path. If a fi-
nite maximal play ends at a P-position (resp. O-position) then O
(resp. P) wins.

Specifying the initial position determines a game. By abuse of
notation, we writte I' F 7" : gand I F U : « for the games starting
from these positions. Further when the game I' E T : ¢ has a
winning P-strategy, we say I' E 1" : g is valid and write ' E T" : q.

We abbreviate ' F (U) : (a)toTF U : aand T F U : (7;¢) to
I'eU:T.

In edges from P-positions, P can use only types annotated by
€ (or greater). This means that variable x is used immediately
without making any effect. The effect ¢ in the first kind of edges is
“meaningless” since m{e1, €, €2, €, €3,€,...) = (€1, €2,€3,...).

The second rule can be understood as a combination of three
moves. First O chooses a component j < n and an index k of the
intersection type o, resulting in

(T E (Ui)icn : ()icn) — (T EUj : pr(ay)).
Let (7;€e) = pr(a;). Then the effect e acts:
(TEU;: (1;e)) —= (e\T'E U; : 7).
Lastly new variables are introduced:
(e\LEU;:7) = ((e\I),Z: BET: q),

where U = \e.TandT =61 — -+ = i = q.

The third rule says that the divergence makes infinitely many &
effects. The ¢ effects here is significant: P wins the play if and only
ifr(e,e,...) € Q.

Example 5. Let A = a :: 0,b : 0 = ((0 - 0) = 0) —
o. Consider the order-4 Bohm tree Up, due to Clairambault and
Murawski [4], as shown in Figure 1. Notice that in Uy, each bound
variable occurs infinitely often, and infinitely many names are
required to represent variable binding. Consider the tree property
@ = “there are only finitely many occurrences of bound variables
in each branch”. Let U be a Bohm tree satisfying A - U
(o — 0) — o. Take the parity winning condition consisting of
effects 2 < 0 < 1, and a single ground type g. Then U satisfies
piff T E U : (1 —- 1) - Owherel’ =a : 1,b: 0 —
((L = 1) = 0) — 1." Observe that, because the effect at each
contravariant position in the typing judgement is 1 and the identity
effect ¢ = 0 =< 1, the typing does not restrict where a bound
variable may occur in the input tree U. Intuitively, the effect 1 (at
the underlined covariant position 1) in the type of b accounts for
each occurrence of a variable introduced by b.

Consider the type-checking game I' E Up : (1 — 1) — 0.
Now (I'E (Up) : (1 = 1) — 0)) v (O\[, 1 : 1 — 1k
b(xz1a)(Ax2.—) : q). Since O\I' = I"'and ¢ = 0 < 1, we have
(C,z1:1 > 1Eb(zia)Aea—) :q) — (D1 : 1 = 1F
(z1a, \z2.—) : (0,(1 — 1) — 0)). Then, with O choosing the
right branch and then the left, we have

T,z1:1—=1E (z1a, z2.—) : (0,(1 = 1) = 0))

L(F,xl,xz 1= 1FEb(z2 (z1a)) (Ax3.—) 1 q)
(T, 1,22 : 1 = 1F (22 (21 a), Az3.—)) : (0, (1 = 1) — 0))

e=x1

V(021,20 1= 1E 29 (210) : q)
s (D,z1,@2: 1= 1E (z1a) : (1))
(I Ezya:q) where TV = 1\ (T, 21,29 : 1 — 1)
(I F (a) : (1))
S (I\IV Fa:q)

(NI E ()2 0)
and P wins the play. Note that P has a winning strategy.

S (INI)(a) =1\1=1lande <1

Remark 6. The game over a tree (i.e. a 2nd-order Bohm tree)
determined by a parity tree automaton is a type-checking game

! Since the ground type is unique, we can abbreviate types « to & whereby
(alj...ﬁan%q;e) =a;] = ... > ap > eandaAB =
anpB.
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Figure 1. The order-4 Béhm tree Uy of Examples 5 and 19

over the same tree. The type corresponding to the automaton is
constructed as follows. For instance, consider the transition rule
(g0, a,{(1,q1),(2,92), (2,¢3)}), which means the tree is accepted
from qo if (i) the root is labelled by a, (ii) the first child of the tree
is accepted from ¢, and (iii) the second child is accepted from both
g2 and g3. This rule can be expressed by the type binding

a:{{qi;e1) = ({g2;e2) A (gs;e3)) — qo; 2N — 1)

where e; is the priority of the state ¢; and 2N — 1 is the maximum
odd priority (meaning that this rule is available at every position).
The type environment corresponding to an APT is just the collec-
tion of all such type bindings.

Remark 7. The type-checking games are closely related to (alter-
nating) dependency tree automata [21], automata for (finite) trees
with binders like the A-abstraction of Bohm trees. As recogniser of
well-kinded finite Bohm trees (i.e. finite terms in $7-normal form),
dependency tree automata are equi-expressive to type-checking
games. From this point of view, type-checking games can be con-
sidered as an w-regular extension of dependency tree automata,
which is new, to the best of our knowledge.

Composition of Béhm trees gives us a way to compose the
“game boards” of the type-checking games. This is a significant
generalisation of the situation of games over trees. The main the-
orem of the paper states that the winner of a game over U Q V is
characterised by the respective winners of the games over its com-
ponents, U and V.

Theorem 8. I'F U, QU; : T ifand only if U F Uy : o — 7 and
I' E Us : afor some a.

This theorem is a consequence of a refined version (Theo-
rem 11) together with Lemma 10 below.

3.4 Bohm tree representation of a winning strategy

As for a parity game over a tree determined by an alternating parity
tree automaton, a winning strategy of the game can be represented
by a tree labelled by the transition rules, known as a run-tree.
Lifting this observation to higher orders, we shall prove that a
winning strategy of a type-checking game over a Bohm tree can
itself be represented by a Bohm tree.

The basic idea of the Bohm-tree representation of a derivation
is similar to our previous work [16], interpreting intersections as

products. For example, consider a type environment
I'=x:(11;e1) A (12;€2) A (T3;€3), y:(Ta5€4) A (T5;€5)

and assume thatI' F 2 U : q. A strategy-describing Bohm tree is a
Bohm tree under the type environment

b(T) = x:(T1;e1) X (T2; e2) X (T35 €3), y:(Ta; €)X (T5; €5).

At the initial position I' = z U : ¢, P has three options, using
(715€1), (T2; €2) or (13; e3). In b(I"), each option corresponds to a
component of the product type for x. A strategy choosing (72; e2)
for the first move is described as (pz ) V, where V describes the
strategy for succeeding plays. For instance, when 72 = ({(o1;d1)A
(02;d2)) = ¢, Ocanmove toI' £ U : (01;d1) and T F U :
(02;d2). Then Vis \71 M ‘72, where ‘2 describes the winning
strategy for I' E U : {(0y; d;) foreachi =1, 2.

In order to formalise the above idea, we need to endow Bohm
trees and types with indexed products. Extended Bohm trees are
(co-inductively) defined by the following grammar:*

V=22 L | AZ.(pey) ([ | V) - ([ ] Vi),
i€l i€l

where T is a possibly empty sequence of variables. In an ex-
tended Bohm tree, the subterm at the head position must be a pro-
jected variable py y, and each argument subterm an indexed tu-
ple [;c; V*. Extended types are closed under indexed products,
which are written [ [, ;(7i; e:), instead of A, (7:; e;). We write
b for the replacement of intersections by products; for example
P(Nier(\jes, (@is; €i5) = qi; €i)) means

TICTT (s eis) = assea)

iel jeJ;

Definition 9. The relation ¥V € U between extended Bohm trees
and (standard) Bohm trees is defined by the following rules (see
Appendix B.7 for details): Az.L € A\z.L, and

3 o) (17 - (] 70)

i€l i€1y

S )\C/i"yUl Un

where XA/,Q € Uy, forevery k < nand i € I. We write Ve TrE
U:7)justif V € U and b(I') E Vo b(7) (this is the natural
extension of type-checking games over extended Bohm trees). In
that case, we say V is a run-Bohm-tree.

The following lemma justifies the Bohm-tree representation of
winning strategies.

Lemma10. TEU : 7 iff V » (T E U : 1) for some V.

As the main contribution of the paper, we show how winning
strategies can be composed and decomposed. This is the “proof-
relevant” version of compositionality (Theorem 8). This theorem
will be proved by game semantics in the sequel.

Theorem 11. (i) Vi » (T £ Ur:a—7) and Vo » (T F Us:a)
implies (V1 Q Vo) » (TEUL QU : 7).
(i) fWw» (CEUL QU : 1), then Vi » (D E UL : a0 — 7)

and Vy » TEU:: a) and W =V, @ Va for some a, Vi
and V5.

2 Extended Bohm trees are similar to non-uniform n-long Bohm trees [13],
but not the same. A non-uniform 7-long Bohm tree is affine in the sense
that pgy has at most one occurrence for each k and y. Affineness plays
an important rdle in its connection to game semantics. In contrast, we
do not assume affineness, i.e., an extended Bohm tree may have multiple
occurrences of pyy.



4. Type System for Model-Checking Bohm Trees

This section studies (decision procedures for) the Model-Checking
Problem for XY -definable Bohm Trees, i.e., whether = BT(M) : 7
for a given XY-term M and type 7, where BT(M) is the Bshm
tree of M. We develop a type assignment system that characterises
the winner of type-checking games for XY -definable Bohm trees.
Since the standard higher-order model-checking can be regarded
as the second-order fragment of the type-checking games, the type
system also characterises higher-order model checking (for tree-
generating Y -terms).

In this section, we assume that (E,F, Q) is finite. Otherwise
some algorithmic results would fail.

4.1 Preliminary: XY -calculus

The set of terms is given by:
M=z |MM| x.M|Ysx

where Y . is the fixed-point combinator of kind (k — k) — k.
The kinding rules are defined as usual. We write M [N/z] for the
standard capture-avoiding substitution. The reduction relation is
given by the following rules

(Az.M) N — M[N/z] Y M — M (Y M),

with the n-expansion rule and the congruence rule: if M — M’,
then M N — M'Nand NM — N M’

A XY-term M generates the Bohm tree BT(M) as the result
of infinite reductions. An important fact is that BT(—) and the
application commute in the following sense.

Proposition 12. Let (M N) be a well-kinded XY -term. Then
BT(M N) = BT(M) @ BT(N).

4.2 Typing rules

Definition 13. Assume a kinded term A - M :: k. There are three
kinds of judgements for M: prime type judgement I' - M : T,
prime effect judgement I' = M : (r;e), and intersection type
judgement I' = M : o, where I :: A, 7 :: Kk and « :: k. The
typing rules are as follows:

(r;e) = pi(T'(z)) forsomeiande ¢ T,z:aFM:T

T'Fx:T 'tXeM:a—rT1
IFM:a—sr I'EN:ig 'S0 TEM:7 77
I'FMN:T 'eM:7
TEM:r Vie L. TFM:(r;e) EBT(Y):7

e®FM:(r;e) TFEM:N\,(T;e) rcY:r
and the subtyping rule for I' = M : (7;e). The variable rule
requires z to have type T with effect ¢, since z is used immediately

without any effects. This rule is equivalent to the rule

x:(rie) a7

followed by the subtyping rule with ' < (z : (7;¢)). The
positive-action rule applies e-action to both sides. This rule would
be unsound or incomplete if 2 were not stable. The rule for Y just
checks if the judgement is true in the Bohm-tree semantics. Without
relying on the type-checking game, we can define an equivalent
game for Y on a finite graph.

Definition 14 (Game for Y). Given a prime type 7 of kind (x —
k) — K, we define the game G(7) as follows. Here types are
considered modulo ~. A P-position has the form o Fp o, where
a i kK = kand o :: K, and an O-position has the form o Fo £,
where o :: kK — Kk and 8 :: k. Recall that o, 7 (resp. «, B) range

over prime (resp. intersection) types. Edges are defined by:
(akp 7)== (aFo B),

whenever py(a) = (8 — 7’;¢e) with e = ¢ and 7/ < 7 for some
k, and

(akFo B) = (e\aFp T)
whenever pi(8) = (r;e) for some k. The initial position of

G(a — 7) is a Ep 7. The winner of an infinite play is determined
by the (infinite sequence of) effects along the play.

Lemma 15. P wins E BT(Y) : 7 iff P wins G(7).

Remark 16. Though our game G(7) has the same flavour as the
game used in the Kobayashi-Ong system [11], it requires careful
effect handling. That is because Y can be applied to an open term,
whereas the recursion of recursion schemes always takes closed
terms. For a closed term M, F M : 7 is equivalent to - M : (;¢€)
for every e, so the effect of this position is not significant. In
contrast, as for open terms, the effect e of ' = M : (7;e€) affects
T". This is handled by the left-residual operation e\\« in edges from
O-positions.

Assuming a finite winning condition, the set of types modulo
~ is finite for each kind. It follows that G(7) is an w-regular
game on a finite graph; hence G(7) is decidable. Further, for every
term A = M :: k, there are only finitely many type judgements
I' = M : 7 modulo ~. Therefore, by an induction on the structure
of the term, the type-checking problem is decidable .

Theorem 17 (Decidability). '+ M : 7 is decidable.

The type system is sound and complete with respect to the type-
checking games. The proof is by induction on the structure of the
term, using Proposition 12 and Theorem 8.

An order-n transfer theorem for a set C of properties says that
the C-definable properties of order-n XY -definable Bohm trees
are effectively the C-definable properties of the term-generators
themselves. See Appendix G for further details.

Theorem 18 (Transfer). ' M : 7 if T E BT(M) : 7.

Proof. (Sketch) If M = Y, both directions are trivial by the
typing rule. Assume M = M; M. If I' = M; Ms : 7, then
' M :a— 7and I' F My : « for some « by the typing
rules. By the induction hypothesis, we have I' = BT (M1) : o — 7
and I' F BT(M2) : a. By Theorem 8, we have I' E BT(M;) @
BT(M;) : 7. By Proposition 12, we have I' E BT(M1 Ma) : 7
as required. The converse is similar. See Appendix C.4 for other
cases. O

Example 19. Recall the Bohm tree Up in Example 5. Set
M =Y (A7 A0 b (v y) (f (zy)) a

with A - M :: (0 - 0) — 0. Then Up = BT(M). By Y :
((1;0) = 7;0) — 7, where T = (g; 1) — ({{¢; 1) = ¢;1)) — g,
we have I' = M : (({(g; 1) — ¢;1) — ¢;0) (which is abbreviated
tol'’ = M : (1 — 1) — 0 in Example 5). The tree BT'(M), due to
Clairambault and Murawski [4], is interesting. When viewed as a
graph, consisting of the tree edges augmented by the binding rela-
tion (so that each bound variable points to its binder), BT(M) has
an undecidable MSO theory [4]. However, thanks to Theorems 17
and 18, problems such as whether BT'(M) satisfies a given type-
describable property (e.g.  in Example 5) are decidable.

Function type with effect-annotated result type

In the current syntax of function types @ — 7, the result part
must be a prime type, which has no effect annotation. However
this is not a real restriction. Actually, one can define another kind



of function types in which the result part has effect annotation, e.g.,
a = (T;€), as a derived form using the negative action of e.
The key observation is

PEM:(r;e) < e\I'FM :7.
Using this fact, it is easy to see that
D,z:ak M: (1;€)
iff (e\I'), z: (e\a) F M : 7
iff e\I'FAz.M : (e\a) > 7
iff TFAXe.M:{(e\a)—T; e).

So by defining o = (r;¢) = ((e\a) — 7; e), we have
Dyz:ab M:(r;e)iff T - Ax.M : o = (7; e) as desired.

A similar construction will appear in the definition of the expo-
nential arena in Section 5.

4.3 Effective selection

As we have seen, if P wins I' E BT(M) : 7, there exists a Bohm
tree representing a winning strategy. It is natural to ask: can we
effectively construct a XY -term D such that BT (D) represents a
winning strategy of the game i.e. BT(D) » (I' F BT(M) : 7)?
This subsection proves that D can easily be constructed from a
derivation of I' = M : 7 by induction on the derivation. This
result extends the effective selection result [2, 7] to higher-order
judgements.

A derivation is finite if all types in it are finite. If ' - M : 7
is derivable and I" and 7 are finite, then it has a finite derivation.
A representation of a finite derivation I' = M : 7 is a AY -term
b(I') = D : b(7) (augmented with finite products), defined by
induction on the derivation. We write D > (I' = M : 7) if D
is a representation of a derivation concluding I' = M : 7. See
Appendix C.5 for the complete list of rules.

BT(D)» (EBT(Y):7) p:(I'(z)) = (r;e) and e = ¢
D> (TFY:7) (pix)>(TFx:7)
Di> (T M :{m;e)) (i=1,2,...,k)
(l_lie{l,.”,k} Di)> T+ M: /\16{1,4.4,1@}(7'1‘; e;))
Do>(THFM:aa—7) Di>(THFN:a) somea«
(DoD1)>(THFMN :7)

The second main theorem states that a representation D actually
generates a winning strategy. The proof is the same as that of the

soundness direction of Theorem 18, but uses the “proof-relevant”
version (Theorem 11) instead of Theorem 8.

Theorem 20. D>(I' = M : 7) implies BT (D) » (I' E BT(M) :
7).

Now what is left is the effective construction of D for the base
case of Y. Since G(7) is an w-regular game, it has a finite-memory
winning strategy. The expected XY -term can be extracted from

this winning strategy, using mutual recursion. For more details, see
Appendix C.5.

Lemma 21. [f P wins = Y : 7, then one can effectively construct
a XY-term D s.t. BT(D) » (FY : 7).

If ' E BT(M) : 7, one can effectively construct a finite
derivation of I' = M : 7 and compute its term representation using
Lemma 21, resulting in a XY -term D such that D> (' F M : 7).
Recall that, if M is of 2nd-order, BT (M) is the value tree and a
winning strategy is an accepting run-tree. So this result gives an
effective construction of an accepting run-tree, which is known as
effective selection [2, 7]. In fact, our result leads to a generalisation
of the previous result to arbitrary higher-order judgement.

5. Effect Arena Games

In order to prove the results in the previous sections, this section
and the next develop innocent game semantics for type-checking
games. Given a winning condition (E,FF,Q) and a finite set Q
of ground types, we construct a category ¥(g r o) of effect arena
games. The category ¥ r o) is cartesian closed and, when
is stable as we have assumed, it is equipped with an adjunction
(=\—) 4 (— ® —) parametrised by E which is considered a pre-
order category. Furthermore (—®—) : E? x¥g 5 0) — Y&,r,0)
is itself a positive action (equivalently, a parametric comonad) [ 14].

An important result of this section is the well-definedness of the
category ¥z r,); the main technical lemmas are concerned with
the preservation of the winning condition by strategy composition.

5.1 Effect arenas

The category 9 r ) is based on Znn, the category of arenas
(consisting of only question moves) and innocent strategies [9].
An object A of ¥ g ) is an arena |A|, called the underlying
arena, equipped with an assignment of an effect for each move.
The hom-set ¥(i 7,0y (A, B) can naturally be viewed as a subset of
Inn(|Al,|B]).

Definition 22 (Effect arena). An effect arena (or arena for short)
Aisatuple (Ma,Fa, 4,94, Ea) where

1. M 4 is a set of moves,

2. Fa € (Ma x M) is an enabling relation,

3. A4 : M4 — {P, O} is the ownership function,
4. 94 : Ma — Q is a ground-type assignment, and
5. E4 : M — Eis an effect assignment.

We write 4 m if there is no m’ such that m’ -4 m. The enabling
relation must satisfy the conditions:

(i) For each m € My, either -4 morm’ 4 m for a unique
m' € Ma.

(ii) If k4 m, then Aa(m) = O.If m F4 m/, then As(m) #
Aa(m').

An effect arena is just a standard arena equipped with effect and
ground-type assignments, which are used to determine the set of
“good” innocent strategies, called consistent strategies.

For an arena A, the set M'}'* C M4 of initial moves of A is
{m € M4 | Fam}. Amove m € My is called an O-move if
Aa(m) = O and a P-move if Aa(m) = P. We often write m”
(resp. m®) to make the owner explicit.

A justified sequence of an arena A is a sequence of moves such
that each element except the first is equipped with a justification
pointer to some earlier move. A play of an arena A is a justified se-
quence s that satisfies: (i) Well-openness, (ii) Alternation, (iii) Jus-
tification, and (iv) Visibility. (The definition of these standard no-
tions can be found in [9].) A P-strategy (or strategy) s of an arena
A is a prefix-closed subset of plays of A that satisfies Determinacy
and Contingent Completeness (see [9] for the definitions). An in-
finite justified sequence is said to be an infinite play if all its finite
prefixes are plays. A strategy contains an infinite play just if it con-
tains all its finite prefixes. An infinite P-view is an infinite play all
of whose finite prefixes are P-views. We use bold symbols such as
s and p for infinite plays and P-views.

Strategies are not required to be total. If a play s € s ending
with an O-move is not answered by s, we write s - L € s. Let us
write " s to mean the P-view [9] of s. A strategy s is innocent just
if for every pair of plays s - m, s’ € s (where s and s’ end with
O-moves and m is a P-move), "s™ = s’ T implies s’ - m’ € s and
Ts-m?="s.m'7 for some m'.

Consistency of innocent strategies has three criteria: Ground-
type Reflection, Correctness of Summary and Winning Condition.



Ground-type Reflection was introduced in our previous work [16]
(called Colour Reflection therein): An innocent strategy is ground-
nype reflecting if s - m§ - m¥ € s implies 9(m{’) = ¥(m?’). This
captures well-typedness in the simple type system with multiple
ground types.

Definition 23 (Correctness of Summary). Let A be an effect arena
and s be a play of the underlying arena |A|. The effect of a P-
move m’ in s is a correct summary if E(m?®) is a summary of
the respective effects of the O-moves between m and its justifier.

Formally, assume s = sg - mP - s1 and let

a o P (0] @] P

r P_
So -m —po'nl TNy "Ng ... Mgy - M

Then the effect E(m?) is a correct summary just if
eoE(nz)o E(ns)o---0E(nk—1) 2 E(m).

A play s is summarising if for every P-move m that occurs in s, the
effect of m is a correct summary. A strategy is summarising just if
every play in the strategy is summarising.

Notice that we only consider P-views in the definition of cor-
rectness of summary (because there may be an irrelevant O-move
outside of the P-view between the moves in question).

We introduce some convenient notations. Given a finite se-
quence of moves s = my - ma - ... - my (not necessarily a play),
we write s for the subsequence consisting of O-moves. When
applied to plays, the resulting subsequence is no longer a play. The
effect map is naturally extended to sequence of moves as

E*(mi-mz2-...-myg) = E(m1) o E(mz) oo E(my)
(and € if £ = 0). Using these notations, the correctness of summary

can be expressed as p - n - s- m € s implies E*(s[?) < E(m).
For an infinite sequence of moves, we define

E“(m1-mo----) :=m(E(m1), E(m2),...).

Definition 24 (Winning Condition). An innocent strategy s of an
effect arena A satisfies the winning condition (or simply ) if the
following conditions hold:

1. Infinite P-views: For every infinite P-view p = m{ - m? -
m;»? - .-+ € s, the sequence of effects of O-moves satisfies €2,

ie. m(E(m?), E(mS), E(m§),...) € Q.

2. Infinite Chattering: For every unanswered finite P-view m§ -
--m$,_,-L € s, considering L as the infinite es, one requires
T(Em9),..., BE(mS,_1),¢,6,¢,...) € Q.

The condition on P-views is rephrased as E* (p [°) € Q.

Remark 25. If w(e,e,...) € , then every unanswered finite P-
views satisfies 2. If not, consistent strategies must be total.

Definition 26 (Consistency). An innocent strategy s of an effect
arena A is consistent if s is ground-type reflecting, summarising
and satisfies the winning condition.

5.2 Products and exponentials

Given two effect arenas A and B, we construct the product A X
B and the exponential A =- B. The underlying arenas of the
product and of the exponential are respectively the product and the
exponential of underlying arenas. Le. |[A X B| = |A| x |B| and
|A = B| = |A| = |B|. Recall that M sxp = M4 + Mp and
Masp = MBI x M 4+ M p. The effect assignments for A x B
and A = B are defined by:

Ea(m)
EB(m)

(ifm € My)

EAXB(m) = { (ifm c MB)

and
Es=p((m,n)) :=FEp(m)\Ea(n) (fnc¢c M?‘f?t)
Easp((m,n)) = Ea(n) (if n ¢ MA™).
Es—p(mp) = Ep(mg) (if mp € Mp)

For an explanation of the effect assignments for the exponential
arena, see the argument at the end of Section 4.2.

5.3 Category of consistent strategies

We say an arena A satisfies the winning condition (or simply (2)
justif mi = mo F - - implies 7(E(m1), E(mz2),...) € Q.

Definition 27. The category ¥ r q) of effect arenas and consis-
tent strategies is defined by the following data.

e Objects: An effect arena that satisfies 2.
® Maps: 9z r.0) (A, B) is the set of all innocent and consistent
strategies of A = B.

The identity maps and composition are inherited from the underly-
ing arena game model.

To prove that g(JEJF, ) is well-defined, it suffices to show () con-
sistency of the identity maps, and (i¢) consistency of the composite
of consistent strategies. The consistency of the identity is rather
straightforward.

Lemma 28. For every effect arena A that satisfies €, the identity
id A of the underlying arena is consistent.

We prove that for every consistent strategies 5 : A = B and
t: B = C, the composite (s;t) : A = C'is consistent.

First we consider correctness of summary. An interaction se-
quence s € Int(A,B,C) is said to generate a P-view just if
s la=c is a P-view. Given an interaction sequence s, we write
s [géc for the subsequence of s [4—c consisting of O-moves.
The first key lemma is about effects on an interaction sequence of
summarising strategies.

Lemma 29. Assume thats : A = B andt: B = C are sum-
marising strategies. Let s € Int(s,t) be an interaction sequence
generating a P-view. Take any move m in s and let

S§S=S81-NnN -S2-- M - S3.
Then E{ s py—c((52-m) [32¢0) = Eamp)=c(m).
Corollary 30. If's and t are summarising, so is s; t.

Now we study an infinite interaction sequence generating an in-
finite P-view, in order to prove the preservation of the winning con-
dition by composition. Let s = m1 - mg - - - - € Int(|A], | B|,|C)
be an infinite interaction sequence. Its sub-view is an infinite sub-
sequence p =ni - N2 - --- of §s.t.

§=S81-N1 - N2 83 N3 + N4 S5 N5 *+ Ng *S7* N7 ...,

where n1 is an initial C-move or an initial B-move. A sub-view
starting from an initial C'-move is a P-view of B = C, and a sub-
view starting from an initial B-move can be viewed as a P-view of
A = B. The second key lemma says that every infinite interaction
sequence has an infinite sub-view. The proof relies on a result of
Clairambault and Harmer [3].

Lemma 31. Lets : |A| = |B|and t : |B| = |C| be innocent
strategies and s € Int(s,t) be an infinite interaction sequence
generating a P-view. Then s has an infinite P-view of s or t as
its sub-view.

Lemma 32. If s and t are summarising and satisfies §) then s;t
satisfies §Q.



Proof. (Sketch) Here we check that the winning condition holds for
infinite P-views. See Appendix D.6 for more details. Let p € (s;t)
be an infinite P-view in the composite, and s € Int(s,t) be the
interaction sequence such that p = s|a—c. By Lemma 31, s has
an infinite P-view of s or t as its sub-view. Consider the case that it
is an infinite P-view q of s. The other case can be proved similarly.
Assume that s =mi -meo----andqg =ny -ng ----. Since g is a
sub-view of s, we have

S=M1-81°-N1 N2 83 N3 - N4 S5 N5 Ng * " .

Note that nog cannot be an O-move of A = C' and hence
o

pl~ = S[g:C =m1-((s1 'nl)[g:C) “((s3 'n3)rg¢0) Tt
Let us define togr1 = (S2k4+1 - M2kt1)[G=c. Then p[@ =
mi -t -tz - - - -. By Lemma 29, for every k, we have

E(a=py=c(tor+1) 2 Easpy=co(n2rt1).
Evaluating E%_, - (p|©) carefully, we have

ES.c(l®) = m(Easc(mi) o Eisc(th), Easc(ts),...)

=7 Ea=p(n1), Ea=p(ns),...).
The last expression is in 2 because s satisfies €2. Hence by lower-
closedness of Q, we have E%_ ~(p]°) € Q. O

The next theorem follows from Corollary 30 and Lemma 32.
Theorem 33. The composite of consistent strategies is consistent.
Therefore Y r,q) is well-defined.

5.4 Categorical structure of ¥z r )

For simplicity, we write ¢ for %(]EJF,Q). Since an effect arena
is an ordinary arena with additional information, it is natural to

consider the forgetful functor |—| : ¢ — Znn. Because ¥ (A, B)
maps forgetfully to Znn(|A|,|B|) and the identities and strategy
composition are inherited from Znn, |—| surely defines a functor.

Proposition 34. A X B is a cartesian product and A = B is an
exponential in 9. Furthermore |—| is a CCC functor.

For an arena A and effect e, we define e ® A to be an arena that
has the same underlying arena and the same ground-type assign-
ment as A, equipped with the effect assignment

: init
N

Ea(m) (otherwise).

By defining e ® s = s for strategies, e ® — is a functor for every e.
(This follows from the fact that €2 is stable.) Further it is a (strict)
positive action of E°P [14].

Lemma 35. — ® — is a bifunctor E°® x 4 — 4. Furthermore
(e1oe)®(—)=e1®(e2®(—))ande ® (—) = tdy.

For each e € E, e ® — has a left-adjoint e\— : ¥ — ¥.
The arena e\\ A has the same underlying arena as A. The effect
assignment is given by

(if m € MR
(otherwise).

e\Ea(m)
E. =
va(m) { Ea(m)
For strategies, e\\s = s similarly to e ® (—).

Lemma 36. —\— is a bifunctor E x ¢ — 4. It satisfies
(e20e1)\— = e1\(e2\—) and e\ — = idg.

It is easy to see e\— - e ® — for every e € E, and hence they
form an E-parametrised adjunction.

6. Two-Level Games

Based on the effect arena games of Section 5, we shall build a game
model that can interpret intersection types with effect annotations.
The constructions of this section are a straightforward adaptation of
the two-level constructions introduced in our previous work [16].

6.1 Two-level effect arena games

Definition 37 (Two-Level Arenas). A two-level arena is a triple
(A,w, K), where A is an effect arena, K is an arena without
effects, and w : M4 — Mg is a map of moves that preserves
the enabling relation i.e. -4 m implies Fx w(m) and m -4 m’
implies w(m) Fx w@(m’). In case the map w is clear from the
context, we abbreviate (A, w, K)to A :: K.

The map of moves can be extended naturally to a map of plays,
w(mi-ma-...-mg) :=w(mi) w(ms) - ... w(ms). Notice
that the RHS is actually a play of K, since the enabling relations are
preserved by w. Take a two-level arena (A, o, K) and strategies s
of A and t of K. We write s C tjustif s € s implies w(s) € t
for every s. We omit w and simply write s C tif w is clear from
the context.

Definition 38 (Two-Level Strategies). A two-level strategy of a
two-level arena (A, w, K) is just a pair s :: t of innocent strategies
of A and of K respectively such that s C t. It is consistent if s is
a consistent strategy of A. It is relatively total if s - 1 € s implies
w(s) - L € t. A consistent and relatively total two-level strategy is
said to be winning.

The product (resp. exponential) of two-level arenas is defined
as component-wise products (resp. exponentials) equipped with the
obvious map of moves. The category ¢ :: Znn has two-level arenas
as objects and the maps from (A::J) to (B:: K) are the two-level
winning strategies of (A::J) = (B:: K). Composition is defined
component-wise.

Lemma 39. Let s51::t1 and s2::t2 be winning two-level strategies.
Then the composite (s1;62)::(t1; t2) is winning.

The category of two-level games is a CCC by the products and
exponentials introduced in the preceding. Projection on the second
component p : (¢4 ::Znn) — Inn : (A:: K) — K is a strict
CCC functor. This functor is neither a fibration nor an opfibration,
but satisfies a weaker property that suffices for completeness.

Lemma 40 (De-substitution). Let (s::t) : (A1) — (C:: K).
Then for any decomposition of t in Inn, i.e., I S K=1%
J -2 K, we have a decomposition of s::tind ::Inn

(A1) Z5(C:K) = (A1) aiy (B::J) 2 (C:K)
for some B, s1 and s».

Two-level arenas (A1, w1, K) and (Az, w2, K) sharing the
same K have another kind of the product, defined by

(Alzth) A (A27w27K) = (Al X A27W7K)7

where @ := [w1,w2] : Ma, + Ma, — Mx. This two-level
arena is the pull-back of a certain diagram.

Positive action e® — is defined by e® (A :: K) := (e®A) = K
on two-level arenas and e® (s :: t) := s :: t on two-level strategies.
Negative action is defined similarly.

6.2 Connection to type-checking games

The results in Section 3 described by Bohm trees are just a rephras-
ing of results in this section described by the two-level arena game
model, via the bijective correspondence between Bohm trees and
innocent strategies.



The game semantics of types mapping types to arenas is
straightforwardly defined by using the CCC structure, fibred prod-
ucts and effect actions. Given ¢ € @, we define the two-level arena
9y = (A, w, K), where A consists of a unique O-move of effect
€ and ground type ¢, K consists of a unique O-move and w is the
canonical map. The two-level arena interpretation [-] of types is
given by:

[g::0] := 94
[[/\(Ti?ei>:1"€]] = /\(ei @ [ri::k])

(o= 7)i(k = &) i= [ans] = [r:£].

A type environment is interpreted as the product of its components.
We simply write [7] leaving the kind implicit.

Assume the map (-) from kinds to (ordinary) arenas, and
the bijection from the Bohm trees of kind x to the innocent
strategies of the arena (k). By abuse of notation, this bijective
map is also written as {-). The next lemma bridges the gap be-
tween the type-checking games and the two-level game model.
See Appendix E.3 for more details. Theorem 11 is a corollary of
Lemma 39, Lemma 40 and Lemma 41.

Lemmadl. V » (TFU:7)iff ((V)::(U)) : [T] — [7].

Further directions

The type-describable properties seem not to be closed under union
and negation. The introduction of negation to higher-order types
could be of practical significance, since negative ground types
have played a key role in PREFACE, a state-of-the-art model
checker [18]. It would be interesting to understand the general
semantic picture when E is a category, rather than a preorder.

References

[1] C. H. Broadbent, A. Carayol, C.-H. L. Ong, and O. Serre. Recursion
schemes and logical reflection. In Proceedings of the 25th Annual
IEEE Symposium on Logic in Computer Science (LICS 2010), pages
120-129. IEEE Computer Society, 2010.

A. Carayol and O. Serre. Collapsible pushdown automata and labeled
recursion schemes: Equivalence, safety and effective selection. In Pro-
ceedings of the 27th Annual IEEE Symposium on Logic in Computer
Science (LICS 2012), pages 165-174. IEEE Computer Society, 2012.

[3] P. Clairambault and R. Harmer. Totality in arena games. Ann. Pure
Appl. Logic, 161(5):673-689, 2010.

[4] P. Clairambault and A. S. Murawski. Bohm trees as higher-order
recursive schemes. In Proceedings of IARCS Annual Conference
on Foundations of Software Technology and Theoretical Computer
Science (FSTTCS 2013), volume 24 of LIPIcs, pages 91-102. Schloss
Dagstuhl - Leibniz-Zentrum fuer Informatik, 2013.

[2

—

[5] P-L. Curien. Abstract Bohm trees. Mathematical Structures in

Computer Science, 8(6):559-591, 1998.

K. Fujima, S. Ito, and N. Kobayashi. Practical alternating parity
tree automata model checking of higher-order recursion schemes. In
Proceedings of 11th Asian Symposium on Programming Languages
and Systems (APLAS 2013), volume 8301 of LNCS. Springer, 2013.
ISBN 978-3-319-03541-3.

A. Haddad. Model checking and functional program transformations.
In Proceedings of IARCS Annual Conference on Foundations of Soft-
ware Technology and Theoretical Computer Science (FSTTCS 2013),
volume 24 of LIPIcs, pages 115-126. Schloss Dagstuhl - Leibniz-
Zentrum fuer Informatik, 2013.

M. Hague, A. S. Murawski, C.-H. L. Ong, and O. Serre. Collapsible
pushdown automata and recursion schemes. In Proceedings of the
Twenty-Third Annual IEEE Symposium on Logic in Computer Science
(LICS 2008), pages 452-461. IEEE Computer Society, 2008.

=

[6

=

[7

—

[8

[t}

[9] J. M. E. Hyland and C.-H. L. Ong. On full abstraction for PCF: I, II,
and IIL. Inf. Comput., 163(2):285-408, 2000.

[10] N. Kobayashi. Model checking higher-order programs. J. ACM, 60
(3):20, 2013.

[11] N. Kobayashi and C.-H. L. Ong. A type system equivalent to the modal
mu-calculus model checking of higher-order recursion schemes. In
Proceedings of the 24th Annual IEEE Symposium on Logic in Com-
puter Science (LICS 2009), pages 179-188. IEEE Computer Society,
2009.

[12] N. Kobayashi, K. Matsuda, and A. Shinohara. Functional programs
as compressed data. In Proceedings of the ACM SIGPLAN 2012
Workshop on Partial Evaluation and Program Manipulation (PEPM
2012), pages 121-130. ACM, 2012.

[13] P--A. Mellies. Asynchronous games 2: The true concurrency of inno-
cence. Theor. Comput. Sci., 358(2-3):200-228, 2006.

[14] P--A. Mellies. Parametric monads and enriched adjunctions. Preprint,
28 pages, 2012.

[15] C.-H. L. Ong. On model-checking trees generated by higher-order
recursion schemes. In Proceedings of 21th IEEE Symposium on Logic
in Computer Science (LICS 2006), pages 81-90. IEEE Computer
Society, 2006.

[16] C.-H. L. Ong and T. Tsukada. Two-level game semantics, inter-
section types, and recursion schemes. In Proceedings of 39th In-
ternational Colloquium on Automata, Languages, and Programming
(ICALP 2012), volume 7392 of LNCS, pages 325-336. Springer, 2012.

[17] D. Perrin and J. Pin. Infinite Words: Automata, Semigroups, Logic and
Games. Academic Press, 2004.

[18] S. J. Ramsay, R. P. Neatherway, and C.-H. L. Ong. A type-directed
abstraction refinement approach to higher-order model checking. In
Proceedings of the 41st Annual ACM SIGPLAN-SIGACT Symposium
on Principles of Programming Languages (POPL 2014), pages 61-72.
ACM, 2014.

[19] S. Salvati and I. Walukiewicz. Krivine machines and higher-order
schemes. In Proceedings of the 38th International Colloquium on
Automata, Languages and Programming (ICALP 2011), volume 6756
of LNCS, pages 162-173. Springer, 2011.

[20] S. Salvati and 1. Walukiewicz. Evaluation is MSOL-compatible. In
Proceedings of IARCS Annual Conference on Foundations of Soft-
ware Technology and Theoretical Computer Science (FSTTCS 2013),
volume 24 of LIPIcs, pages 103—114. Schloss Dagstuhl - Leibniz-
Zentrum fuer Informatik, 2013.

[21] C. Stirling. Dependency tree automata. In Proceedings of the 12th
International Conference on Foundations of Software Science and
Computational Structures (FoSSaCS 2009), volume 5504 of LNCS,
pages 92—-106. Springer, 2009.

[22] S.van Bakel. The heart of intersection type assignment: Normalisation
proofs revisited. Theor. Comput. Sci., 398(1-3):82-94, 2008.



A. Supplementary Materials for Section 2

This section proves the claims in Section 2.

A.1 Parity condition as a winning condition

This subsection proves the properties of the parity condition
claimed in Section 2. Assume the maximum priority 2N € w.
LetP = {0,1,2,...,2N} be the set of priorities. The operation o
on PP is defined by e; o ez = max(e1, e2). The order < is define
by:

2N <+ <6<4<2<0<1<3<5<---<2N—1.

Let Qparity be the parity condition, i.e. the set of all infinite sequence
in which the maximum priority found infinitely often is even.

Proposition 42. Assume that (e;)ic. ~ {(€})icw. Then m(e;)icw =
7T<€;>i€w-

Proof. 1t suffices to prove that {(€;)iccy € parity iff {(€j)icwy €
Qparity-

(e1,€2,...) € Qpariy if and only if there exists a natural number
| € w and an even priority p € P such that

e Forevery j > l,e; < p, and
e For every j € w, there exists j' > j such thate;; = p.

Assume that (e1,e2,...) € Qpaity and an infinite sequence
0 < k1 < k2 < ---. We prove that

{(10---0eky), (eky110---0ery), ) = (€h, b, ) € .

Since (e1, e2,...) € Qparity, we have [ and p that satisfy the above
conditions. Since lim;_, . k; = oo, we have [ < k; for some .
Then I’ 4 1 and p satisfy the above conditions for (€], e, ... ).

To prove the converse, assume an infinite sequence 0 < k1 <
k2 < --- and an infinite sequence of priorities (e;);c.,. Let

(eidicw = ((e10- - 0e,), (er+10- - 0en,),...)
and suppose that (€} )icw € Qparity- S0 we have I’ and p that satisfies
the above condition for {e});c.,. Let | = k. Then [ satisfies the
first condition for (e;)icw. Let j € w. By the second condition for
j and (e});cw, there exists n > j such that

’
€n =€k, _,4+10 " 0€k, = P.

Hence e;s = pforsome j' € {kn—1+1,...,kn}. Sincen —1 <
kni,wehave j <n=(n—-1)+1< kp1+1< 5 as
desired. O

Proposition 43. Ife; < €} and ex < 5, then ey o0 ea < e} o e5.

Proof. Since o is symmetric, it suffices to prove that di < d2
implies e o di X e o dz. Assume that d> is the successor of d.
Then the claim can be proved by case analysis.

e Case d; € {2,4,6,...,2N}: The successor d is d1 — 2.
-Ifegdz,theneocil:dljdgzeOdg.
=Ifdy < e <di,theneod; = dy and e o do = e. In this
cane, e must be an odd number, so d; < e.
s Ifd; <e,theneod; = e =-cods.
e Case di = 0: The successor ds is 1.
sJfe=0,theneod; =0=<1=eods.
=Ife>1,theneod; = e =ecods.
e Cased; € {1,3,...,2N — 3}: The successor dz is dq + 2.
-Ifegdl,theneodlzdl jdzzeodz.
= Ifdi < e <ds,theneod; = eand e o dy = ds. In this
cane, e must be an even number, so e < ds.
" Ifds <e,theneod; = e =eceods.

Since < is transitive, we can prove the general case by induction
on the “distance” between d; and d in the list sorted by <. O

Proposition 44. Assume that € = e; for every i € w. Then
7l'<6;>7;€w j 7T<87j>2‘€w.

Proof. It suffices to prove that (e;)icc € parity implies that
<e{;>i€w € Qparity~

Assume that {eq,e2,...) € Q. Let M be the maximum prior-
ity found in the sequence and L be the maximum priority found
infinitely often in the sequence. Since (e1, ez,...) € €, we know
that L is even. Now we have an infinite sequence of indexes 0 <
11 < 12 < 13 < ... which satisfies

ejo0ex0---0e;; =M
6i1+1o~~06i2:L

6Z~2+1o~~oei3:L

Now by Proposition 43, we have
elloelgo---oegl =M <M
o oc, =4 <L

/ / !
€ip410°-0€; =Lz 2L

Since P is a finite set, there exists L’ that appears infinite times in
L4, LY, ... .Because L' < L and L is even, we know that L' must
be even. Hence we have (€], €5, ... ) € Qpasity- O

Recall that the operation e\e’ on priorities is defined by:
e ife < € or (e = €’ and (e is odd or 0))
(e\e'):=¢ e+1 ife>e andeisodd
e—1 ife>¢e’ andeisevenande > 0.

We prove that this operation surely gives the left-residual.

Lemmad5. eod < €' iffd < e\e'.

Proof. By the case analysis.
(Case e < €’) If €’ is even, then we have:

eod=<¢é
iff eod>e¢ andeodiseven
iff d>e' andeod=diseven
iff d=<¢é€.
If ¢’ is odd, then we have:
eod=<¢e
iff eod<e oreodiseven
iff eod<e or(eodisevenandeod > e')
iff d<e or(disevenandd > ¢')
iff d<e ordiseven
iff d=<é.



(Case e = ¢’ and e is odd)
eod=<eé
iff ¢ od<e ore odiseven
iff e'od<e or(eodisevenande od > e')
iff d<e or(disevenandd > e')
iff d<eé ordiseven
iff d=<eé'.

(Case e = ¢ = 0) It suffices to prove that 0 o d < 0 iff
d < 0\0 = 0. It is trivial.

(Case ¢ > ¢’ and e is odd) Assume that d < e\e’ = e + 1.
Since e 4+ 1 is even, d iseven and d > e + 1. Hence e o d = d. By
d>e+1lande > ¢, wehave d > ¢’ and hence d < ¢’ as desired.

Assume that e o d < ¢’. Note that e = ¢’ by the assumption.
Therefore d > e and d < €', which implies d > e. These
conditions implies that d is even and d > e. Hence d < e + 1.

(Case ¢ > ¢’ and ¢ is even and e > 0) Note thate < ¢’

Assume that d < e\e’ = e — 1. Since e — 1 is odd, either (i)
d<e—1,or(ii))d > e — 1 and d is even. In case (i), we have
eod=-e < ¢  Incase (ii), wehaveeod =d < e < ¢.

Assume that e o d < ¢’. There are three cases:

ed<eTheneod = e =< ¢ always holds. If d = e, we have
d=<e—1sincedisevenand e — 1lisodd. If d < e — 1, then
d < e — 1since e — 1is odd.

ed>canddiseven: Theneod = d < e =< ¢ always holds.
We have d < e — 1 since d is even and e — 1 is odd.

e d > eand disodd: Thend > e > € and d is odd, and hence
d = €. This contradict to the assumptioneod = d < ¢’.

O

A.2 Finite winning condition and w-regularity

This section studies the connection between winning conditions
based on left-closed w-monoids and w-regular languages. Let X
be a finite set and L C X* is an w-language. A winning condition
(E,F,Q) can recognise L when there exists amap h : ¥ — E
such that (a1, az2,...) € L iff n{h(a1),h(az2),...) € Q. A
finite winning condition coincides with an w-regular language in
the following sense.

Proposition 46. Let 3. be a finite set and L C X% is an w-language
over X.. Then L is w-regular iff L can be recognised by a finite
winning condition (here ) is not necessarily stable).

Proof. We start from a well-know result for finite partially-ordered
w-semigroups [17].

Proposition. An w-language L is w-regular if and only if it can
be recognised by a finite partially-ordered w-semigroup (E,T)
equipped with a lower-closed subset Q) C .

The right-to-left direction is an immediate consequence of
this proposition, since a finite winning condition is a finite w-
semigroup.

We prove the left-to-right direction. Assume that L is w-regular.
By the above proposition, there exists an w-semigroup (E,T)
equipped with a lower-closed subset 2 C Fandamap h : ¥ — E
such that (a1, az,...) € L if and only if w(h(a1), h(a2),...) €
Q. We can assume without loss of generality that E is a monoid.
Otherwise add € to E and L to §2. These elements are incomparable
to other elements. Operations for newly added elements are defined
by:

ecoe=ecoc=cforeverye € EW{c}.

e c® f = fforevery f € F.
ee® L =_1foreverye € EW{c}.
e w(e1, e, ...) is defined by the following rules.
= Case that the sequence restricted to [E is infinite: Let
(€}, €5, ...) be the infinite sequence removing all es from

{e1,e2,...). Then (e, e2,...) := w(el, e5,...).
= Case that the sequence restricted to [E is finite: Then
m(ei,ez,...):= L.

Now we have an w-monoid (E, IF) equipped with a lower-closed
subset @ C Fand amap h : ¥ — E such that (a1,az2,...) € L
iff w(h(a1), h(az),...) € Q. It suffices to prove that E has left-
residuals, but it is not the case in general. We shall define an
extension (E',F’, Q) such that E' D E,F’ D Fand ' D Q
(in a certain sense) and prove than E’ has left-residuals. They are
defined by:

e E' = P(E),
o ' = P(F), and
e Q' ={0eP(F)|OCQ}.

Here P(A) means the powerset of A, and E’ and F’ are order by
set-inclusion. By identifying an elements e of E to the singleton
set {e} € E', E can be viewed as a subset of E’. Operations are
defined by:

o FOI‘El,EQ € E’ (1e El,EQ C E), FioFsy := {61 oeg | el €
El, eg € EQ}.

esForEcE and FeF (ie. ECEand FCF),E® F :=
{e® flec E, feF}.

e For <Ai>i€w, 7T<A'L>7l6w = {7T<ei>i€w | <ei>i€w S Hiew Al}v
where [], ., A; is the set of infinite sequences of E such that
ith element is in A; for every i € w.

It is easy to see that E1 o E2 C Ei o Ej if By C Ei and
E> C E). The ordered monoid E has all joins defined by the set
union. Furthermore £ o ) = () C E’ for every E, E’ C E. Now
we define the left-residual by

E\E;:=| {E' CE| E1 0 E' C E>}.

It is easy to prove that 1 o E' C Es iff E' C E;\E>. The map
R ¥ — FE is defined by h'(a) := {h(a)}. Then (E',F", Q)
with k' satisfies all the requirements. O

For example, a Muller condition can be viewed as a finite and
stable winning condition.

Example 47. A Muller condition can be considered as a finite
winning condition as follows. Let @) be a finite set and P C P(Q).
We define E = P(P(Q)) with product e; 0 e2 = {A; U Az |
A; € e1 and Az € ex}. The order is given by e; < e if and only
if e; C e2. The left-residuals can be defined by

ei1\ez := U{e' € P(P(Q)) | er1oe Cea}.
For an infinite sequence (A;)ic., of subsets of @, we define
inf(Ai)icw C Q by
q € inf(As)icw iff #{i | ¢ € A;} = 0.
Now we write (B;)ico € 2 C P(P(Q))” when
Vo :w — P(Q).(Fi.p(i) ¢ B;) or (inf(p(1),¢(2),...) € P).

We define F = {t,f} witht < f and Q = {t}. The infinite prod-
uct is defined as w(B1, Ba,...) = tifand only if (B1, Ba,...) €
Q. A state ¢ € @ can be embedded into E = P(P(Q)) by
h: ¢ — {{q} } This winning condition with the map h recognises
the Muller condition, i.e. (g1, g2, . . . ) satisfies the Muller condition



determined by P if and only if w(h(q1), h(g2), . ..) = t. This win-
ning condition is finite and stable.

B. Supplementary Materials for Section 3
B.1 Definition of Bohm trees

This subsection gives the definition of Bohm trees, which are fairly
standard.

We call the simple types kinds in order to avoid confusion with
(intersection) types. The set of kinds is defined by the following
grammar:

Ku=o0|k— K.
The unique ground kind o is the kind of , and x — &’ is the kind of
functions from « to ' as usual.

A Bohm tree is a possibly infinite tree, each node of which
has a label of the form Az ... Azxk.y, which we abbreviate to
AZ1...Zk.Y, OF AT1 ...Zk.L. Bohm trees are co-inductively de-
fined by the grammar:

Tu=1|zUs ... Uk

U:i:=Ary...zx.T
where £ > 0. We consider only well-kinded Bohm trees in n-long
form. A judgement is of the form A |- T :: oor A I+ U :: k. Here
I is used to distinguish between judgements for terms and Bohm
trees. We write A(z) = kif A = Ao,z :: K, A1. The kinding
rules are given by:

AlF1l:o

Alx)=kK1 =+ > K =0 Vi <k.AEU; : kK
AlrzU; ...U; 10

A,x1 iK1, 2k ke lET i o
AlFdz1... .2 T k1 — - = K — 0

Here the rules should be interpreted co-inductively, and thus a
derivation tree can be infinite. Note that, even though 7" may be
an infinite tree having infinitely many lambda abstractions, each
subterm of 7" is equipped with a finite kind environment.

For the definition of composition, see Appendix B.3.

B.2 Bohm trees are innocent strategies

In this subsection, we give the well-known bijective correspon-
dence between Bohm trees of a given kind and innocent strategies
of the corresponding arena [5, 9]. There is an obvious bijection be-
tween kinds and finite tree arenas. Henceforth we shall use kinds
and arenas interchangeably.

Notation. In the following, we use A, B, C, etc., to range over
kinds. For ease of type-setting, we abbreviate A1 — ... — A, —
oto (A1,...,An,0).

Recall that innocent strategies s can be represented as prefix-
closed, P-deterministic (i.e. whenever P-views p - m® - n! and
p-mC - nf € sthen n?’ = nl)and O-full (i.e. for every P-view
p-mC,ifp € sthenp-m® € s) sets of even-length P-views (here
p- L € sis considered as an even-length P-view).

Lemma 48. Let A = z1 : C1,...,2m : Cn be a kind envi-
ronment. There is a bijective correspondence between Bohm trees
A Ik U :: A and innocent strategies (U)) : [~ Ci — A. Fur-
ther there is a bijective correspondence between finite paths (from
the root) of a given Bohm tree U and even-length P-views of the
strategy (U)).

First we introduce a naming scheme for moves of a given arena.
Since each move m of an arena A is the root of a unique subarena

C (say), we shall name m by referring to C, and say that m has
kind C.

An arena may be viewed as a graph whose edge-set is the
enabling relation. It follows from the definition that this graph is
a forest, whose roots (which are on level 0) are the initial moves;
further, moves on level 0, 2, 4, etc., are O-moves, and those on
levels 1, 3, 5, etc., are P-moves.

Assume a denumerable set of kinded variables. Fix an arena A.
A P-move of A of kind C'is named by a (kinded) variable z : C'. An
O-move of kind (A1, ..., An, o) is named by an expression of the
form Az1 : Ai...xn @ Ay, which we call a lambda, such that its
i-child (in the arena A) is named z; : A;, foreach: € {1,...,n}.

To exhibit their correspondence with innocent strategies, we
present Bohm trees in the style of Stirling, as a kind of node-
labelled trees such that nodes on even (respectively odd) levels are
labelled by lambdas (respectively variables). Formally, Bohm trees,
with free variables from a given kind environment A, are defined
as well-founded, finitely-branching, ranked trees whose nodes are
labelled according to the following rules.

(i) Nodes on levels 0, 2, 4, etc., are labelled by lambdas, and
nodes on levels 1, 3, 5, etc., are labelled by variables or L.

(i) If a node has a lambda label Az; : A;...x, : Ay, then it
has a unique child which is labelled by either L or a variable
y : B. If the latter, then either y : B occurs in A, or it is bound
by the lambda label of one of its ancestors (where necessary,
the bindee-to-binder relationship is indicated by pointers).

(iii) If a node has a variable label y : (B4i,..., Bm,0), then it
has m children; for each ¢ € {1,...,m}, its i-child has
a lambda label of the form Axy : Ai...z, : A, where
Bi = (Al,...,An,O).

(iv) A L-labelled node is a leaf.

Take a Bohm tree A |- U :: A, and let p be a finite path from the
root
El'U1'€2'U2'...~€n~Un

where the ¢; are lambdas, and the v; are variables (except v, may
be a variable or L). Then p corresponds to a P-view of the arena
(IT~, Ci) — A where the £; and v; denote O-moves and P-moves
respectively. In this reading, each ¢, is explicitly justified by v,
and each variable v; is explicitly justified by the ancestor whose
lambda binds it.

B.3 Bohm tree application is strategy composition

We define a tree T to be a prefix-closed and order-closed subset of
(N4)*: formally for every s € (Ny)*andn > 1,ifs-n € T
thens € T,andif s- (n +1) € T'then s-n € T. Let X be
the set of expressions of the form Azi...xr.y or Axy1...xk. L
where £k > 0. We can represent a Bohm tree U as a function
Av : dom(Ay) — X where dom(Ay) is a tree. Given Bohm trees
U and V, we define U C V just if (i) dom(Ay) C dom(Av),
and (ii) modulo renaming of bound variables in U, for each o €
dom(Ay), either Ay (a) = Av(a) or Au(a) = Axy...xp. L. It
is straightforward to see that the set of Bohm trees is a complete
partial order with respect to C.

Given Bohm trees A IF U = k — k" and A IF V :: Kk, we
define their application

U@V :=| {BT(FG)|F,G € BT, FCU,GCV}

where BTsn is the set of finite Bohm trees. Note that BT (F G) is
well-defined because finite Bohm trees are just A\ L-terms (i.e. gen-
erated from a distinguished constant 1) in S-normal n-long form.
It is straightforward to prove that for A l-terms M and N, if
M C Nad M —* Az1...xn.yP1... P, then N —~



At1...x,.yP{... P, and P; T P/ for each i. Here M T N
on \_L-terms is defined by the following rules:

1CcCM
MCM

.M C .M’

My My T M M;

For finite A L-terms in B-normal 7-long form, the two-definitions
of C coincide. It follows that the set of trees, BT (F G), where F’
and G range respectively over finite approximants of U and V, is
directed.

Alternatively, one can define U @V by appealing to the bijective
correspondence between Bohm trees and innocent strategies. Using
the notation of Section B.2, we simply define A IF U Q V :: k' to
be the composite strategy

if MC M
if My C Mjand My C M).

ev

HC lUl v (x —>I£/)><li—>mﬁ/ K.

B.4 Properties of types

Lemma 49. Let « and (3 be intersection types of the same kind and
e be an effect.

e c\a X Bifandonlyifa X e® B.
o a=<e® (e\a)
ec\(le®a)Xa

Similar propositions hold for type environments.

Proof. The second and the third propositions are easy consequence
of the first. We prove the first proposition. Let o« = A, (7i; €i)
and 8 = A, (o5 d;).

Assume e\\a@ < . Then, for every j € J, there exists k; € [
such that 7,; =< o; and e\ex; = d;. Hence ex; = e ® dj.
Therefore o < e ® (. The converse can be proved 51m11arly O

B.5 Properties of type-checking games
Lemma 50 (Identity). P wins for x:a = BT (z): 8 iff o < S.

Proof. By induction on the kind « for x.

(Case k = o): In this case, BT (z) = x. Let o = A, {(qi; €i)
and 8 = A ;(pj; d;). Assume that P wins for the game. For each
J € J, 0 can move to the position z : d;\a F z : p;. Since P wins
for the game, there exists k; such that py; (d;\@) = (p;;€) with
e’ = . By definition of d;\\c, we have qx; = p; and d;\ex; = €,
which implies ey; = d;. Therefore « =< (3. The converse can be
proved similarly.

(Case k = kK1 — -+ — Kk — 0): In this case,

BT(z) =Ay1...yn-zBT(y1) ... BT(yn).
Letao = \;c (misei) and B = A, ;(0;;d;). Assume that P wins

for the game. Let j € J and assume 0; = 61 — -+ — 0n — q.
Then O can move to the position
z: (d\@),y1: 01, ., Yn : 0 FxBT(y1) ... BT(yn) : ¢

Since P wins for the game, there exists k; € I such that px, (d;\«) =

(61 — -+ — 8, — q;€') with ¢’ > e. Further P must win for
yi : 0; E BT (y;) : &; for every 4. By the induction hypothesis, we
have §; =< &, for every i and hence

=m0, g=6— =0y —q.

By d;\ex;, = = ¢’ = ¢, we have ex; = d;. Since this holds for every
j e J we have o =% [ as de51red The converse can be proved
similarly. O

Lemma 51 (Subtyping). If P wins for U= T : gand T <X T, then
he wins for U' = T : q. Similarly, if P wins for U & (Uy,...,Uy) :
(a1,...,ar) and T' X T and o; = o for every i < k, then he
wins for T & (Uy,...,Ux) : (af, ..., ).

Proof. For the notational convenience, we write I' E (U;); @ (ai):
forT' F (Ur,...,Us) : (a1,...,ak). Wewrite (I" ET : q) S
(FPT:q)justifP’ < T, and (I" E (U;); : (o)) S T E
(Us)i + (as)s) justif TY < T and o > «; for every i. The
proposition says that, if P wins for the right-hand-side of S, then
he wins for the left-hand-side.

The key observations are:

e (P-positions): (" T :q) S (T T : q) and

(F ET: q) Di> (E E (Ul)z : (az)z)
implies
(I"ET:q)— (E'F (Ui : (a)s)
for some (2’ F (U;)i : (af)i) S (2 F (Ui): : (cui)i)
E(U)i: (a))i) S (TE (Ui)i : (as)s) and

¢ (O-positions): (T
('E
implies
(T E(U)i: (aw)i) = (EET: q)

forsome EF T :gandesuchthat (E'ET:q) S(EFT :q)
and e’ < e.

It follows from these observations that a strategy for the right-hand-
side of S defines a strategy for the left-hand-side. Furthermore the
condition ¢’ < e in the second observation ensures that, if the
effects for an infinite play for the right-hand-side is {(e1, ez, ...),
then the effects for the corresponding infinite play for the left-
hand-side is (e}, €5, ...) which satisfies e; =< e;. Therefore the
corresponding strategy for the left-hand-side game is winning if
that for the right-hand-side is winning. O

Lemma 52 (Abstraction). I' F AzAyi...yn.T :
Tox:aFE Ay ...yn T : T,

a — T if

Proof. Assume
T=p1— P2 = B —q.

Then both O-positions have the same unique successor position,
namely,

Dz:a,y1: B1,...,yn : B ET 1 q.
Hence the winners of these positions coincide. O

The next lemma relies on the stability of 2.
Lemma 53 (Adjoint). e\'EU : aiff TEU :e® a.

Proof. By the stability of €2, we have

m(e1,e2,...) € Qiff wleg, e1,€2,...) € Q.
Assume U = A\z1...2z,.T and
o= /\(Bu = oo 2 Bin = Gis €4).
i€l

Then, for each ¢ € I, O can move to e;\(e\I'), z1 : Bi1,...,Zn :
Bin E T : ¢;. Recall that e;\\ (e\I") = (e 0 ¢;)\I" and

e@oz:/\(ﬂn—%"

iel

— Bin — qi; (6 ° 61)>

So the two positions in the statement have the same set of positions
that O can reach by the first move. So there exists a bijective



correspondence between plays from e\I' £ U : « and plays from
I' E U : e® a. In particular, a strategy for one position can
be viewed as a strategy for the other. It suffices to check that the
bijection preserves the winning condition for infinite plays.

If the effects along an infinite play from e\I' F U : o is

<6i,d1,d2,. . >

(this means that O choose the ith position as the first move), then
the effects along the corresponding play fromI' E U : e ® «v is

(eoei,di,da,...).
By the stability of 2, we have
m(ei,di,da,...) €Q
iff w(dy,da,...) €Q
iff m(eoe; di,da,...) €Q

as desired. O

Similarly, the next lemma follows from the stability of 2.
Lemma 54 (Positive/negative actions).

e I'FU:aimpliese®TFU :e®T.
e " EU : aimplies e\I' E U : e\I.

Proof. Assume that I' £ U : «. Since e\(e®I') <X T by
Lemma 49, we have e\(e®I') ¥ U : « by Lemma 51. By
Lemma 53, wehavee ® ' FU :e® I.

Assume that ' £ U : «. Since o < e ® (e\\a) by Lemma 49,
wehave ' F U : e® (e\\«v) by Lemma 51. By Lemma 53, we have
e\['E U : e\a. O

B.6 Definitions of extended kinds, types and Bohm trees
An extended kind is defined by the following grammar:
Ru=ol| (J[R) — &
iel
where [ = (), wor {1,2,...,k} for some k € w. Like intersection

types, we only consider extended kinds that refine a simple kind.
The refinement relation is given by:

Ri K ® oK

HiEI Ri > R o

k=K

The set of extended kinds is formally defined by induction on the
structure of the simple kinds. We write p; ([, <:) = & if j € .
The set of extended Bohm trees are defined (co-inductively) by
the following grammar:
(19

T,8 =1 (psx)([ ] U))
iely i€y,
(77\7::: Azt kT
where £ > 0. We consider only well-kinded B6hm trees. An

extended kind environment A is a finite sequence of bindings of
the form

1.~ . Ak
T R, @ I T Ki -

i€l i€ly 1€y,

Kinding rules are given by:

AlFLl:o

VI<kVie L, AEU!' 7/
( :Hiehﬁ_)...

Al (pj) (|_|i611 Uz‘l)

~k
— Hz‘elk R — o

(l—lzelk Uk) -

Azt Hieh Kb
AlF Azt

, T "llielk”i T :o
ko 1 k
.T .T..Hiehni% %HiEIKNi — 0

Similar to Bohm trees, well-kinded extended Bohm trees bijec-
tively correspond to innocent strategies of a certain arena. The only
difference is the number of moves in the arena: an arena corre-
sponds to a kind must have finite moves, but an arena correspond-
ing to an extended kind may have infinite moves.

The composition of extended Bohm trees is defined through the
composition of innocent strategies.

The set of extended types is defined by:

Tu=gqla—rT
Q= H(ﬁ-;ei).
il

Notice that this grammar is the same as that of (usual) types, ex-
pect that the product is used instead of the intersection. It would be
worth emphasising here that extended types do not have intersec-
tion. Similar to types, the set of extended types is formally defined
by induction on the structure of extended kinds (or equivalently, by
induction on the structure of kinds, since extended kinds are defined
by induction on kinds).

~ ~/

anllie fe ToR

gio a—=T:u([[ie ki) =R

VielT R
[Lici (7€) = Tlier i
For an extended type 7, we write |7| for the unique extended kind
® such that 7 :: ®. Intuitively, | - | forgets ground types and effects.
Similarly, || = [],., ki means that & :: [],; %;. The projection
is define by p; ([T;c,(7i; €i)) = (755 €5)-
The map b from types to extended types is defined by:
b(a — 7) =b(a) = b(7)

DN (isen)) = [T ).

i€l i€l

An extended type environment T'is a finite sequence of extended
intersection type bindings of the form:

1, ~1 n . ~n
T A, .,

The type-checking games can naturally be extended to extended
Bohm trees. A position of an extended game is of the form

TET: q
or
CE([]T . [0 (] Eheson T @)
i€l i€l i€ly 1€l,

where n > 0. The former is a P-position and the latter is an O-
position. We write T' &= (Mier, Uk (Hzelk (7F; ey for the
latter position. Positions must be kind-respecting: for the former,
I‘ : A for some A, and A + T :: o; and for the latter, T :: A and
AE UF :: ®F and 7F :: R for every i and k. There are three kinds



of edges. The first kind has the form
TE @) ([0 ([0 :9)

i€l i€ly
s @E ([ U0 ([] GFsebhn
i€l i€y,
where
pi(T(@) = ([ @ei) = -+ = [[ Gsei) = gie)
iely i€y

with e > €. Note that the choice of P is completely determined
by the extended Bohm tree, unlike the type-checking game in Sec-
tion 3. This is because the extended types do not have intersection.
The second kind of edges has the form

. . ok ~ o~ o~
CE )T (J[ @ ef)e— (e\I),Z: BET : q)
i€y, i€l
where, for some k and i € Iy,
fjik = )\1‘1 . .ml.’f

aAnd?f :,31 — —>El —>qand§:§meansx1 231,~~,£rz :
(. The third kind of edges is for divergence,

TEL:q)— TFL:q.

The winner of an infinite play is determined by the effects of the
path: P wins just if w{e1,ez,...) € Q, where (e1, ez, ...) is the
sequence of effects along the path. If a finite maximal play ends at
a P-position (resp. O-position) then O (resp. P) wins.

Specifying the initial position determines a game. We employ
the same convention as in the type-checking games, e.g. ' T' : ¢
means that P wins for the game starting from I' = T": q.

B.7 Proof of Lemma 10

Before the proof, we define some notations. The relation Veu
and S € T is co-inductively defined by the following rules:

. If)\ml...xn.g € Ar1...x,.T,then

1. n’ =n,and

2.8eT

e If | €T, then
1. T=1.

o 1 (p;y) (e, Vi) - (Iiey, Vi) € 4/ U ... U™ then
Ly=y,

2. n=n/,and
3. ‘71’“ € U* for every k <nandi € Ij.

We write ([];c;, V) » (T E (U)F : o) if V¥ € U* and
b(T) E Vi : b(p;a®). Similarly S » (' E T : q) if § € T and
() ES :q.

Note that, if v is a position that P wins and voviv2 ... v, 1S a
play following a winning strategy, then P wins for v; (for every
¢ < n). Furthermore a winning strategy for v; is given by the
restriction of the winning strategy for vg. This observation is a
consequence of stability. We implicitly use this observation in the
proof.

First we prove the right-to-left direction. Let U be a Béhm tree
and V' be an extended Bohm tree. Assume that V » (I' E U : o).
We define the strategy of I' F U : « as follows. Formally it is
defined by induction on the length of the play.

* For O-positions: Assume ([ ], ;, VEY e (DE (U*)k : (0F)r).
A move from the position I' £ (U"), : (a®)y is defined by a
pair [ and j, where o' = Nici{Ti;€i) and j € I. Suppose that

Ul=Xe'...2"T
i=B8"= =B =q
Then the move is illustrated as
(CE U (@)
((ej\\r)ﬁvl (B2t BTET g

The strategy after this transition is defined as follows. Since
ij € U*, we have

VE =2z 2”5
with § € T. By the definition of b(I') F ([]
(b(a®)) &, we have

V)

el

C@E]V: 00w
eIy,
((e\P(D)),z" : b(BY),...,z" :b(B™) E S:q.
By the assumption, the right-hand-side position is P-winning.
Hence
S ((e\T).a": 5",
The strategy for the following plays is determined by S.
e For P-positions: Assume S » TET:q).If S = 1, then we

have T' = L, in which case P has a unique strategy. Otherwise
we have

" M ET  q).

S= (@) ([1V)-([]V"

i€l i€l

T=zU"...U"
Because b(I') S : ¢, we have

pi(D(x)) = (B — -+ = B" = gse)
for some e > ¢ and
p(T)E ([] Vi) 08"k
i€l
So P can move to

PET:q = TEU": (B

Since S T, we have \A/z’c € U* for every k and i € Iy, and

hence R
([ ] Vi (T F Uk = (B%)5).
i€l

The strategy following the P-move is defined by ([, I VF)k.
It is easy to see that P does not get stuck since b(I') E S : ¢ in
every P-positions. The effects for an infinite play of I' F T" : ¢ is
the same as those of b(I") £ S : q. Since the latter is P-winning, we
know that every infinite play following the strategy defined above
is P-winning.

We prove the left-to-right direction. For a pair of a position and
a winning strategy, we define an extended Bohm tree (or a tuple of
extended Bohm trees) as follows.

e O-positions: Assume a winning strategy for I' = (U*)y
(Nier, (tF;eF))x. For each k and i € I, we define an ex-

tended Bohm tree \A/Zk as follows. Suppose

U =xz'.. . 2" T



and
Tik:ﬂl _>_>ﬂn_>qf7
then we have
ek
(TE Uk (@)

((ef\\F),xl g, .,a"BMET: qf.

Now we have a winning strategy for the right-hand-side posi-
tion. Set S¥ be the extended Bohm tree corresponding the win-
ning strategy. Then we have ((e k\\b( )),zt s b(BY),... 2™
b(B™) F Sk . Let V’“ = Az'...z".SF. Then we have
(Mier, Vi) » (F E (U : (o/‘);C as desired.
P-positions: For the game I' F L : ¢, the corresponding
Bohm tree is L. Assume a winning strategy of the position

I' E 2U' ... U™ : q. The winning condition determines a
move

FEzU ... U™ :q

s TE UM : (8.

Then, for some j, we have p; (T'(z)) = (8" —
with ¢ > . Since P wins for the right-hand- 51de position, we
have

([TVE)e > (T E (UF) s (8-
iel
Then we define

= (pyx) ([ ] V... ([T V™).

i€l i€lp

Then S » (T E T : q).

C. Supplementary Materials for Section 4
C.1 Definition of \Y -calculus and Bohm trees

This subsection gives definitions of XY -calculus and of the Bohm
tree of a XY -term, which are fairly standard.

C.1.1 XY-calculus
The syntax of ferms is given by:
M,N:=xz| MM | M| Y.

We allow tacit renaming of bound variables and identify o-
equivalent terms. The kind k of Y, is often omitted.

The calculus is simply typed. A kind environment is a finite
sequence of bindings of the form x :: k. A kind environment can
have at most one type binding for each variable. We use A, A’, A;,
etc., to denote kind environments. A kind judgement is of the form
A M :: k. The kinding rules are given by:

Az, ANFxok

AFM:k - AFM kK
AFMM &k

AxurkkEM:r
AFXe. Mk — K

AFY,:(k—K)—>K

Hereafter we assume that terms are equipped with their kind deriva-
tions. Therefore all terms (including variables) are assumed to have
their kinds.

- B" = gse)

The calculus has three rewriting rules: S-reduction, n-expansion
and expanding the fixed-point combinator. Any subterm can be
rewritten without depending on its context. Formally the (small
step) rewriting relation M — M’ is defined as the smallest
relation that satisfies the following rules:

e Ax.M)N — M][N/x], where M[N/z] is the standard
capture-avoiding substitution.

e M — MAx.M x if M has a function kind and x is a fresh
variable.

oYM —s M (Y M).

e MN — M'Nif M —> M'.
e MN — MN'if N — N’

o o.M —s \a.M'if M —» M.

We write —™ for the reflexive and transitive closure of —.

C.1.2 Bohm trees and value trees

A term M with A + M :: k is associated with a B6hm tree
U = BT(M) with A I+ U :: k as below. Term M is head-
normalisable just if M —" Azi...xk.y N1 ... N;. The map
BT(—) is defined by the following rules.

e If M is not head-normalisable then BT(M) = Az1...xg.L

where k is the arity of K, i.e. Kk = K1 — - -+ — K — o.
e Assume M —* Az1...xk.y N1 ... N;. We can assume
without loss of generality thaty :: k1 — - -- — k; — o (other-

wise apply n-expansion). Then BT(M) =Ax1..
where each U; = BT(1V;).

This is an extension of the notion of value trees of recursion
schemes. From this viewpoint, a tree constructor (or terminal sym-
k

bol) of arity k is just a free variable of kind'o — --- = 0 — o,
which we shall abbreviate as o* — o; thus a ranked alphabet is just
an order-1 kind environment.® Given an order-1 kind environment
A = (a; = 0" — o,...,a = 0”F — o), a possibly-infinite
A | -labelled tree (i.e. ranked tree with node labels taken from the
set A consisting of L and the symbols from A) is just a Bohm tree
T with A I T :: o. For the purpose of generating possibly-infinite
A | -labelled trees, deterministic recursion schemes are equivalent
to order-2 terms, and the value tree of such a term is just its Bohm
tree.

C.2 Basic properties of the type system

The subtyping rule for prime effect judgements, which is omitted
in the main text, is given by:

I'XT Tk M:/{re)
I+ M:(T;e)

Lemma 55. The following rules are admissible:
I"XT TkFM:{(r;e) (r;e) 2 (';¢€)

"= M:(r';¢)
and
I'<T TFM:a a=<d
I'-M:«
Proof. Easy. O

3 The order of kind is defined by: order(o) = 0 and order(k1 — -+ —
Kr — o) = 1 + max{order(k;) | 1 < % < k}. The order of kind
environment is given by order(A) = max{order(x) |  :: k € A}.



The next lemma is used in the (sketch of) the proof of Theo-
rem 18.

Lemma 56 (Inversion).

1. IfT' & x : 7, then there exists an index k such that py(T'(x)) =
(o5e)and o X Tande = e.

2.IfT'F My My : 7, thenl' - My : a — Tand ' = Ms : o for
some .

3 fTFXxM:a— 71, thenl,x:abM:T.

4. IfT= M : /\i€I<n;e¢), thenT' & M : (74; e;) for every i.

5. IfTE M :(r;e), thene\I' - M : 7.

Proof. By induction on the structure of the derivation.

(Proof of 1) If the last rule used to derive I' - x : 7 is the
rule for variables, then the claim is trivial. Assume that the last
rule is the subtyping rule. Then we have I'' - x : 7’ for some
I' < I" and 7" =< 7. By the induction hypothesis, there exists k’
such that py/ (T'(z)) = (o’;€') and ¢’ < 7" and &’ = . We
have I'(z) =< T'(z) by the subtyping rule for type environments,
and hence there exists k£ such that pg(T'(x)) =< pw (I'(x)). Let
pr(T'(z)) = (o;e). Then we have 0 < ¢’ and e = €', hence
o = 7and e > ¢ as desired.

(Proof of 2) If the last rule used to derive I' = M1 M> : 7 1is
the rule for applications, then the claim is trivial. Assume that the
last rule is the subtyping rule. Then we have I'' = M; Mo : 7' for
some I' < I and 7" < 7. By the induction hypothesis, we have
I+ M :a— 7 and I” = M : « for some a. By applying
subtyping rule and Lemma 55, we have I' - M; : @ — 7 and
I' = Ms : « as required.

(Proof of 3) If the last rule used to derive ' F Aae. M : o« — 7
is the rule for abstraction, then the claim is trivial. If the last rule is
the subtyping rule, then we can prove the claim by a way similar to
the above case.

(Proof of 4) If the last rule used to derive ' = M : A\, (7i; €:)
is the rule for intersection, the claim is trivial. Notice that the other
rule cannot conclude the judgement.

(Proof of 5) If the last rule used to derive I' = M : (7;e) is
the rule for positive actions, the claim is trivial. Assume that the
last rule is the subtyping rule. Then we have I = M : (r;e) and
I' < T"”. By the induction hypothesis, we have e\l + M : 7.
Since e\I" < e\I", we have e\I' = M : T as required.

The inversion for I' F z : 7 can be described as I'(z) =< (7;¢).

C.3 Proof of Lemma 15

Assume that Kk = kK1 — — Kn — oand let U =
BT(Y (x—xr)—r)- Then U is given by
U=M\f.V

V=Xt1...2n.f VBT(21) ... BT(zn),

where U is a Bohm tree of kind (x — k) — & and V' is a Bshm
tree of kind « (with the free variable f : K — k. Recall that
x: o F BT(x) : 8 if and only if @ < 3 (Lemma 50). The game
F U : ap — 70, Which is equivalent to f : ap F V' : 79, has the
following edges. An edge from a P-position is

(fra,z1:01,...,2n: B E fVBT(z1)...BT(zn) : q)

£

|_>
(f raF (V,BT(z1),...,BT(zn)) : (v, 51, ..., 6n))

whenever p;(a) = {(y = 81 = -+ = B, — q;€) withe > ¢. To
win this position, P must have a winning strategy for z, : Br F
BT(xx) : By, for each k. Hence By, =< f3j, is required to win. This
implies that

Br— =B =g fr— = B =

This edge corresponds to the edge in G(ao — 7o)
aFp B — - = Bn—q

€

—
akFo .

There is an obvious correspondence between edges from O-
positions. Therefore P wins for F f : a9 F V : 79 if and only
if he wins for G(ao — 70).

C.4 Proof of Theorem 18

We prove:
eT'HFM:7iff T EBT(M) : 7,and
o' M:iff T FBT(M) : a.

Recall that I E BT(M) : 7 is an abbreviation for I' F BT (M) :
(1;€).

Assume that I' = M : 7. We prove I' £ BT(M) : 7 by
induction on the structure of the derivation. We do case analysis
on the last rule used in the derivation.

e Variable rule: It follows from Lemma 50 and Lemma 51.
e Abstraction rule: Then we have M = A\x1.Mj and
T=Q1 > Q2 >+ —>0p —(
and
iz :anEMy:ag — - — an —q.

Assume that BT(Mo) = Az2...z,. 7. Then BT(M) =
Az1 ...xy,.T. From the induction hypothesis, we have I", x1 :
arFAze...xn.T g = -+ — a, — q. By Lemma 52, we
have ' E Az1dx2 ...z T : 1 = a2 — -+ — ap —> qas
desired.

Application rule: Then we have M = My M, I' - My :
a — 7and I' = M, : a. By the induction hypothesis, we have
I'EBT(My) : « - 7and ' E BT(M;) : a. By Theorem 8,
we have I E BT(Mo) @ BT(M;) : 7. By Proposition 12, we
have I' E BT(Mo M) : 7 as required.

e Subtyping rule: A consequence of Lemma 51 and the induction
hypothesis.

e Positive action rule: A consequence of Lemma 54.
e Intersection rule: Easy.
e Recursion: Trivial from the typing rule.

We prove the converse. Assume I' F BT(M) : 7or '
BT(M) : «a. We prove the corresponding type judgement by
induction on M. Here the latter style judgements are considered
“bigger” than the former style if the subjects are the same. First
consider the former style judgements.

e Case M = z: It follows from Lemma 50 and the subtyping
rule.

e Case M = My Mi: By Proposition 12, BT (Mo M1) =
BT (Mo)@QBT(M;).SowehaveI' E BT(Mo)@QBT(M,) : 7.
By Theorem 8, we have I' F BT(Mo) o — 7 and
I' F BT(Mi) : « for some a. By the induction hypothesis,
wehave I' - My : a — 7and I' - M; : o By the application
rule, we have I' = My M : 7.

e Case M = A\z.My: Assume BT(Mo) = Ay1 ... yn.T and 7 =
a — 0. ThenBT(M) = Azy1 ... yn.T. By Lemma 52 and the
assumption, we know that Pwins for Iz : a F Ay ...y T :
o. By the induction hypothesis, we have ',z : o = My : 0. By
applying the application rule, we have I' - Axz. My : o.

e Case M = Y: Trivial from the typing rule.



Assume that ' ¥ BT(M) : a. We prove that T' = M : a.
Note that we can use the induction hypothesis for judgements
of the form I' = BT(M) : 7. Let « = A, {(7i;e:). Since
I' E BT(M) : « is an O-position, we know that P wins for
e;\I' E BT(M) : 7; for all i € I. By the induction hypothesis,
we have e;\I' - M : 7; for every ¢ € I. By applying the positive
action rule, we have e; ® (e;\I') - M : (7s;e;) for every . By
Lemma 49, we have I' < e; ® (e;\I). So by the subtyping rule, we
have I' - M : (7;;e;) for all ¢ € I. By applying the intersection
rule, we have T' = M = A\, (73; €:).

C.5 Rules for term representation and proof of Theorem 20

This subsection defines the representation D of a derivation, where
D is a term of XY -calculus extended to have products. The syntax
of the extended calculus is given by:

D,E,F :=pz | z.D | D([|D:)|Y.
iel
Here [ is a finite set. The construction [ |, c{1} D; is simply written
as D;. Similarly, if the kind of z is Hie{l} R; (i.e. a 1-tuple), the
projection p1x is simply written as . We also write [ ], piz as .
Remark 57. Note that the extended XY -calculus (with finite prod-

ucts) is just a reformulation of AY -calculus. The following table
(informally) shows the correspondence.

Extended term Term

Az — AL1Z2...Tn
pix — X

D(|—|i<IEi) <> DElEQ...En

(where I = {1,2,...,n})

Henceforth, by XY -representation, we means a representation by
an extended \Y -term.

First we give the rules of the representations of subtyping judge-
ments.

Az.x > (g 2 q)

Do > (1=x7)
(l—liEI Ei) > (/\jeJ<5j§dj> = /\ig(Uz‘% ei))
A2z D(f (e, (Bi([ e Piz)))))

>(Aier(osed) =7 2 N\je (05ds) = 7')

Jdp:J = 1VjeJ
Dj > (T¢(¢> j (T]') and €; t dj
(|_|j€J D]'(pw(j)x)) > /\—;e[<7—i§ ei) X /\je]<aj; dj)
Lemma 58. If D > (7 < o), then BT(D) » (F BT(Az.x) :
(r;€) — o). If|_|i€I D> (a =< /\ieI<T;6¢>), then BT(D;) »
(F BT(\z.z) : (e\a) — 7).

Proof. By easy induction on the structure of the kind of types. Note
that to prove £ BT(D) : (r;¢) — o, we can appeal to the
type system by Theorem 18, that means, it suffices to prove that
FD:(re)—o. O

The representation of a type derivation is defined by the follow-
ing rules.
(r;e) = pi(T'(x)) forsome i and e = ¢
pixt> (CFxz:7)

D> T,z:akFM:71)
. D> (TFXeM:a—T)
D>THFM:a—7T) [Nic; BEi>(TEN:q)
D([;e; Ei)>(THEMN :7)

F:x1:a1,,,.

,Tn t Qn
I'=x21:0},...,2, : O
e, E’ > (o} < a;) foreachi < n
D>TkFM:7) Fe(r=x1)

F ((A:L-l o A2n.D) (Myey, Blan)) . (Myey, EZLa:n)>

>(T'FM: 1)
=21 :a1,...,2n: ap
’ o L
IM=x1:0a7,...,2p

MNies, EJ > (o} < a;) foreachi < n
D ('t M: (15e))
(Az1... Azn.D) ([;e s, Eiz1)) - -
>+ M : (r;e))
D> (TkHDM:71)
D (e®'F M : (15€))
Viel.Di>(TFM: (r;e:))
[Mier Di> (D M 2 Ny (7ise)
BT(D)» (0 EBT(Y) : 7)
D>TrY:7)
The following lemma is useful to prove Theorem 20.

Lemma 59. Vi € U, and Vo € Us implies (Vi @ V5) &
(U1 @Us).

(l_ljeJn Eﬁlmn)

Proof. It follows from the game-semantic counterpart of this result.
That is:

51 C t1 and s C to implies (s1;82) C (t1;t2).
It is also possible to prove this lemma syntactically. O

Lemma 60.

e IfD> (' M :7), then BT(D) » (I' E BT(M) : 7).
*If[ e, Di> (T = M : «), then [],.,BT(D;) » (T F
BT(M) : ).

Proof. By (mutual) induction on the derivation of Di>(I' = M : )
and[|,c; Di> (I' M : «).

(Variable rule) Trivial.

(Abstraction rule) By the induction hypothesis, we have
BT(D) » (I',z : a F BT(M) : 7). Hence BT(D) € BT (M)
and b(I'),z : b(a) F BT(D) : b(r). Hence BT (Az.D) =
Az.BT(D) € Az.BT(M) = BT(Az.M) and b(T") E Az.BT(D) :
b(a) — b(7) as desired.

(Subtyping for prime types) By the induction hypothesis, we
have BT(D) » (I' E BT(M) : 7), and hence BT(D) € BT(M)
and b(I') F BT(D) : b(r). By Lemma 58, we have BT(E}) &
BT(Az.2) for every i and j. Hence by Lemma 59,

BT(E!z;) € BT((\z.2)z:) = BT ().
Since BT (Azy ...2zn.D) €@ BT(Az1...2,.M), we have
BT((Az1 ... A\zn.D) ([ | Biz1)) ... ([ ] Eiza))

JEJ1 JE€JIn
EBT((A\z1...xn.M)z1 ... )
—BT(M)



by Lemma 59. Because BT(F) € BT(\z.z), we obtain the
expected €-judgement. To prove that the strategy given by the term
is winning, we can appeal to the type system.

(Subtyping for intersection types) Similar to the above case.

(Positive action) By the induction hypothesis, we have BT'(D) »
(I' E BT(M) : 7). Hence BT(D) € BT(M) and b(I') F
BT(D) : b(7). It suffices to prove that e ® b(I') F BT(D) :
(b(); €). It follows from the proof-relevant version of Lemma 54,
which is easy to prove.

(Intersection rule) Trivial.

(Y) Trivial. O

Theorem 20 is a consequence of the above lemma.

C.6 Proof of Lemma 21

Fix a kind . Since the winning condition is assume to be finite,
there exists finitely many equivalence classes of (prime) types of
kind k. We assume a set K = {71, 72, ..., T} of representatives.
With out loss of generality, we can assume that 7; is finite for every
i.

Definition 61 (Alternative game for Y). Given a prime type 7
of kind (k — k) — K, we define the game H(7) as follows.
Here types are considered modulo the equivalence ~ induced by
the subtyping relation. A P-position has the form o« Fp o, where
a i K — kand o :: K, and an O-position has the form o Fo £,
where o :: kK — kK and B :: k. Recall that o, 7 (resp. a, B) range
over prime (resp. intersection) types. Edges are defined by:

(aEpT) — (aEo B),

whenever py () = (8 — 7;e) with e > ¢ for some k, and

(aFo B) = (e\akp 7)

whenever pi(3) = (r;e) for some k. The initial position of
H(a — 7)is a Ep 7. The winner of an infinite play is determined
by the (infinite sequence of) effects along the play.

The difference between G(—) and H(—) is the moves from P-
positions. The game G(—) requires that py () = (8 — 7’; €) with
e = e and 7" < 7 for some k, but the game H (—) further requires
that 7 = 7'. Hence P-strategies for H (—) is more restrictive than
those for G(—).

If P wins for H(7), then he wins for G(7) by definition. The
converse holds in the following sense.

Lemma 62. P wins for G(7) if and only if P wins for H(t") for

some 7' < T.
Proof. We first define 7’. Let
7= (N (s = 0i)ies)) = 70.
iel
We can assume without loss of generality that o; € K for every <.
Then 7’ is defined by:
7= (/\{((az —0o');e)|i€Tando = 0'}) — To.

(Note that the intersection of a set of types is uniquely determined
modulo the equivalence of the subtyping relation.) Then 7" < 7.
Notice that a P-position of G(7) that is reachable from the initial
position has the form
/\(a,- — oise;) Ep 4.
iel
The game H(7') has a corresponding position, say,

Nl = o'sef) i€ Tandos 20’} F 0.

So every strategy for G(7) has a corresponding strategy for H (7").
O

Lemma 63. Let 7 be a finite prime type of kind (k — k) — K.
Assume that P wins for H (7). Then one can effectively construct a
XY -term D such that BT(D) » (0F Y : 7).

Proof. Let
7= (AN Gigidig) = oizer)) = 7o.

iel jeJ;

We can assume without loss of generality that 79, o; (for every

i € I)and d; ; (forevery ¢ € I and j € J;) are elements of K.
Every position of H (7) reachable from the initial position is of

the form:

d\ /\< /\ (04,55 di,5) — 0isei) | Fp dij

i€l jeJ;
or

A\ [ ACA Gijidig) = oise) | Fo N (8iidiy)

iel jeJ; jeJs

or the initial node

d\\ /\< /\ <5i,j;di7j> — Ui§€i> Ep 10.

i€l jEJ;

Hence a P-position (except for the initial position) can be repre-
sented by (d,¢,j) whered € E,i € I and j € J.

Since H(7) is an w-regular game over a finite graph, one can
effectively construct a finite memory strategy for the game. Since
an edge from a P-position can be specified by + € I, the winning
strategy can be expressed by the pair of functions:

w:(d,i,j,a) — i €1
v:(d,i,j,a) —>a €A
together with the decision on the initial position, say i € [ and
ag € A.
The expected term D is defined using mutual recursion on
variables (4., j,4), Where (d, %, j) indicates a P-position (expect for
the initial position) and a € A is the memory the winning strategy

uses. Note that mutual recursion can be implemented by the unary
recursion.

D :)\f : H< H <6i,j§di,j> — O'i;ei>.
el jeJ;
letrecVd e E,ieI,je Ji,ac A

H L(dyr jrod, .5 ,a’)

j/GJi/

T(d,i ja) = (Pir f)

where i’ = w(d, i,j,a) and o’ = v(d, 1,7, a)

in
(Pio F)( H m(dio,jvi()vjva()))'
J€Jig
Then BT(D)» (0 EY : 7). O

Now we assume that ) = Y : 7. Then by Lemma 15, we know
that P wins for G(7). Then by Lemma 62, P wins for H(7') for
some 7/ < 7. By Lemma 63, one can effectively construct D;
such that BT(D1) » (0 F Y : 7). Since 7/ < T, one can
effectively construct Do such that BT (Do) » (0 E BT(A\z.z) :



(t';€) — 7) by Lemma 58. Let D = Do D;. By Theorem 11 and
Proposition 12, we have BT(D) » (J EY : 7) as desired.

D. Supplementary Materials for Section 5
D.1 Definitions of products and exponentials
Assume arenas A = (Ma, Aa,ba,94,FE4a)and B = (Mp, Ag,F5B
71937 EB)
D.1.1 Product
A x B=(M,\,9, E) is defined by:
e M= Mus+ Ms.
Aa(m)  (fm e Ma)
[ ] )\ =
(m) { As(m)  (fm € Mp).

e mbm justifmbam' ormbpgm'.

. ) Ya(m)  (fme My
v(m) = { 9p(m) (fm e Mp).

Ei(m Gfm e My)
* Blm) = { EBEm; (fm € Mp).
D.1.2 Exponential
A= B=(M,\F, 9, FE)is defined by:
o M = MY x My + Mp.
. A(m) = { Na(ma) (i m = (mo,m1) € ME" x M)
As(m)  (if m € Mp).
e The enabling relation - is defined by the following rules.
s Ifmbtpgn,thenmb n.
s If m € ME*® and n € M, then m - (m, n).
s Ifm € ME*and n 4 n/, then (m,n) - (m,n’).

. ) Y9a(ma) G mo= (mo,ma) € MBT X Ma)
d(m) = { dp(m)  (ifme Mp).

Ep(mo)\Ea(m1)
(if m = (mo,m1) and m1 € Mgty
. _ EA(ml)
E(m) = (f m = (mo, m1) and my ¢ M)
EB(m)
@if m € Mp).

D.2 Proof of Lemma 28

Let A be an effect arena and assume that A is accepted. Consider
the arena A = A. Given a move m of A, we write m' (resp. m")
for the corresponding move in the left (resp. right) component of
A= A

Every (possibly infinite) P-view p € id4 : A" = A" is of the
form

mp - (mfymd) - (m,mb) - mj -y - e
m5n71 ) (m’{7ml2n71) : (m71‘7ml2n) : mgn T,

where m3,, ., and mb,, are O-moves, My, 41 18 justified by my, and
mLH is justified by m!,. (All the moves from the left component
are associated with the initial move of the right component.) It is
easy to see that p has correct summary. Note that, for every initial
A-move m, we have

e 2 Ea(m)\Ea(m) = Eqis 40 ((m,m)).

To prove that p satisfies the winning condition, it suffices to
show that

l

T(Easa(mi),...,Easa(mi,_1), Eama((mi,may)),...) € Q.

By the definition of the effect assignment for A = A, the above
sequence is equivalent to

m(Ea(mi), Ea(mz),..., Ea(man—1), Ea(may),...) € Q.

This condition holds because m1 -4 ma2 F4 m3 a4 ---and A
satisfies 2.
It is easy to prove that id 4 is ground-type reflecting.

D.3 Proof of Lemma 31

Our starting point is the following result proved by Clairambault
and Harmer [3]. An innocent strategy s is said to be rotal if s- | ¢ s
for every s, and Noetherian just if it has no infinite view.

Lemma 64 (Clairambault and Harmer [3]). Let s : |A| = |B|
and t : |B| = |C| be innocent strategies. If s and t are total and
Noetherian, then so is (s;t) : |A| = |C]|.

Assume that s = mq - mo - - - -. We first construct a “linearised”
version of arenas, strategies and the interaction sequence. Let A’ be
the arena having as moves the set of all occurrences of A-moves in
s, formally defined by:

MA/Z{iEw\miEMA}.

For every 4,7 € M4/, i F j if and only if m; points to m; in s.
The arena B’ and C’ are define similarly, e.g. sets of moves are

Mp ={icw|m; e Mg} Mc ={i€w|m; € Mc}.

By abuse of notation, for every i € M p/, we also write ¢ for the
move (j,7) in (A" = B') = C' = Int(A’, B’,C"), where j is the
unique initial C’ move. Similarly, for every i € M 4/, we write
for the move (j, (k,7)) in (A’ = B’) = C’, where j is the unique
initial C’ move and k is the index of the unique initial B move
my, that hereditary justifies m;. Then for every n € w, we have
1-2-...-n € Int(A’, B’,C"), where j points to i just if m; points
tom;ins.Sos =1-2-----n----is a well-defined infinite
interaction sequence. Consider the minimum strategies such that
their interaction sequence contains s’, which is defined by:

s ={7( k) A = B |kecw}
t={7( k) B =C"kew}
Thens’ =1-2---- € Int(s’,t') as expected. Since s | A = C €
(s;t), s; t is non-Noetherian (if s generates an infinite P-view) or

non-total (if s is an infinite chattering). Hence by Lemma 64 and
totality of 5" and t', either s’ or t’ has an infinite P-view, say

1-2
1-2

i dg - TP

Then m;, mi,mi, - - - My - is a subsequence of s that is a P-view
in the strategy. Furthermore, by definition of the strategies, we have
tok+2 = 1 + d2x41 for every k. So the sequence is actually a sub-
view.

D.4 Proof of Lemma 29

By induction on the length of s2. We do the case analysis on m.
If m is an O-move of A = C, then s2 must be the empty play
since s| a=c is a P-view. In this case, the equation trivially holds.
Assume otherwise. Then m is a P-move of A = B or of
B = (. Assume that m is a P-move of A = B. Note that
S FA:>B € s.

e Case s; = e: Then (s1-n-m)[a=p = (s1]a=B) -n-mEs.
Because s has correct summary and m points to n, we have



E*(€) = ¢ X Ea=p(m). Because m is not an initial A = B
move, Ea—p(m) = E(a= p)=c(m). Therefore we have

Elaspysc((s2-m)[9=c) =& 2 Easpy=c(m)

as desired.

Case s2 is not empty: Let s’ = s1-n- sy - m and assume

’

S =81 --Nn1- nz-tz' mng--...- nzl-tzl- nai41 - M.

Here for every k < [, nog41 is an O-move of A = B and
nok is a P-move of A = B (and n1 = n). The P-view of the
A = B component of s’ (thatis, "s'| 4= ) is given by:

"s1la=B'*M1 N2 N3 ... Nay - Naj41 - M.
Because s has correct summary and m points to n, we have
Ei_p(ns-ns-... naut1) X Eazp(m).
Now we have
Eiop(ns ... -n2y1)
= Es=op(ns)o--- 0 Easp(nat1)
= Ea=p)y=c(n3) o -0 Ea—py=c(nat)
= E{azpy=c((t2 n3)19=c)o...
° Efaspysc((ta - narp1) =)
= Elasp)=c((na - ta- n3)[2§0) o...
© E{aspysc((na - tar - nai1)[3=c)
= Elazp)=c(s2 1%=¢)
= E{a=p)=c((s2-m) 19=0)-

For the second equation, note that noryi (for & > 0) is
not an initial move of A = B and thus Ea— p(noky1) =
E(4=B)=c(n2k+1). The inequation in the fourth line come
from the induction hypothesis. Other equations are conse-
quences of the fact that m and nqy, (for k£ < [) are not O-moves
of A = C.In summary, we have

Ela=py=c((s2-m) [9ec) 2 Easp(ns ... nag1)
=X Ea=sp(m) = Easpy=c(m)
as required.
The other case can be proved by a similar way. Note that Eg—.c(m)

E(4= B)=c(m) for every move m in the component B = C.

D.5 Proof of corollary 30

Assume effect arenas A, B and C and summarising innocent strate-
giess : A= Bandt: B= C.Letp € (s;t) be a P-view and
assume

P=po-n -p1-m.
It suffices to prove that E%_ c(p11°) = Easc(m).
Let s € Int(s,t) be the interaction sequence that generates p,
ie.p=sla=c. Let
S=S8-n -S1-Mm.
If m is not an initial move of A, thenn’ = nand p1 = s1]a=c.

By Lemma 29, we have

Efaspsc((s1-m)[%=c) 2 Easpy—c(m).

Since m and moves in (s1 -m)[G_, ¢ are not initial B- or A-moves,
we have

E:AﬁB)ﬁC( (s1-m) fgzc) = Ei=c((s1-m) fgﬁc)
= Eisc(m!©)
and
Es=p)=c(m) = Eamc(m).

Hence E%_ ¢ (p1]°) = Ea=c(m) as required.
If m is an initial A-move, then py is the empty and n is an initial
C-move. Then we have

p=mn-pi-m
/ !
s=mn-S-n'-s1-m,

where n - 8§ = so and n’ is an initial B-move. By Lemma 29, we
have

E{aspy=c((so-n) 19=c) < Espy=c(n)
Efacpy=co((s1-m)[35¢0) 2 Easp)=c(m).
By definition of E(4— py—c, we have
Ea=py=c(n') = Ec(n)\Eg(n)
E(a=p)=c(m) = Eg(n')\Ea(m).

Here we identify an A-move and a move in the A-component of
(A = B) = C and so on. Therefore

Ec(n) o E{aspy=c((so- n')[9=c) X Es(n)
Eg(n') o E{aspyc((s1-m)[95¢) = Ea(m).
By monotonicity of o and the definition of E™*, we have
Ec(n)o Efacspymc((sh -1’ - s1-m)|3=c) < Ea(m)
and hence
Efaspy=c((so-n'-s1-m)[950) X (Be(n)\Ea(m)).

Since (s§ - n' - s1 - m) 4. o dose not contain any initial A-move
nor initial B-move,

Elaspy=c((so-n'-s1-m) 19=0)
= Eioo((so-n' - s1-m)[9%c) = Erne(pi]©).

Hence E%_.c(p1]°) = Ea=c(m) as desired.

D.6 Proof of Lemma 32

Firstly we check that the winning condition for infinite P-views. Let
P € (s;t) be an infinite P-view in the composite, and s € Int(s, t)
be the interaction sequence generating p. By Lemma 31, s has an
infinite P-view of s or t as its sub-view. Consider the case that it is
an infinite P-view q of s. The other case can be proved similarly.

Assume that
S=mi1-Mo---- andq:nl.na.....

Since q is a sub-view of s, we have
S=M1i1:-S1* N1 -MN2:-83*- M3 MN4g-S5* N5°"Ng *....
Note that nog cannot be an O-move of A = C' and hence

(P19) =m1-((s1-n1) [92¢)  ((s3-n3) [G=c) -+ .

Let us define tox 11 = (s2541 - Nakt1) |G- c. By Lemma 29, for
every k, we have

E{a=p)y=c(tas+1) = E(asBy=c(Nak+1)-



By definition of E(4= gy=c(n1),

E(a=p)=c(n1) = Ec(mi1)\Fa=p(ni1).

Therefore

Ec(mi) o E(aspy=c(ni) X Easp(ni).
Now we have

m(Easp(m), Easp(ns), Easp(ns),...)

= m{(Ea=p(n), BEa=By=c(n3), Easpy=c(ns), .. .)
= m(Ec(m1) © E(a=py=c(m), Easp)=c(ns), . ..)
= m(Ec(m1) o Efas py=c(t1), E(aspy=c(t3),...)

Because 71'<EA:>B(’I11)7 EA:>5(n3), Ea=sp(ns),... > € Q by
the assumption and 2 is lower-closed, we have w(Ec(m1) o
Eluspymc(t1), E{aspy=c(ts),...) € Q. By the property of
the infinite product and Ec(mi) = E(aspy=c(ma), this is
equivalent to E¢sy_ - c(p 19) € Q. Observe that p|© does
not contain any initial A-move that must be a P-move of A = C.
Hence ES-c(p1°) = Efa~p)—c(P1?) € Q.

Now we check the winning condition for infinite chattering.
Since p- L € (s; ), the interaction of s and t either goes into infinite
chattering or reaches an unanswered play of s or t. For the farmer
case, an argument similar to above proves the claim. A point is that
there exists | € w such that [ < k implies emptiness of ¢2;+1. The
latter case can be easily proved.

D.7 Proofs of claims in Section 5.4

To prove A X B is a product, it suffices to give a natural bijec-
tion 4(C, A x B) = 4(C,A) x 4(C, B). Recall that we have
a natural bijection ¢ : Znn(|C|, |A| x |B|) = Znn(|C|, |A]) x
Inn(|C|,|B]). It is easy to prove that ¢ maps a consistent strat-
egy to a pair of consistent strategies and vice versa. Similarly,
we can prove that the natural bijection Znn(|A| x |B|,|C|) =
ZInn(|A|,|B| = |C|) maps a consistent strategy of 4(A x B, C)
to a consistent strategy of 4 (A, B = C) and vice versa. Therefore
¥ is a CCC.

To prove — ® — is a bifunctor, it suffices to prove that id |4 :
e® A — e ® A is consistent for every e >= €. First we check
the winning condition for infinite plays. Assume an infinite P-view
S=mi-ma---- € idw. Since A satisfies €2, we have

T(Easa(mi), Easa(ms), Easa(ms),...) € .
By definition of e ® A = ¢’ ® A, we have
T(Bewazme®a(Mi), Eepame'oa(Ms), Bepamcr@a(ms), ... )
= 7r<6/ o EAﬁA(mQ, EA:A(m:;)’ EA:A(mS), .. >

=m(e/, Easa(mi), Eama(ms), Easa(ms),...).

Since 2 is stable, we have 7w(e’, Ea= a(m1), Fa=a(ms), Eas a(ms), . ..

) from 7T<EA:>A(777,1)7 EAiA(mg), EA:5A(m5), A > € Q. Sec-
ond we prove that id| 4| is summarising. The only problematic
case is m - (m,m) € id4 for m € T‘Xlt, which requires
Eepamerwa((m,m)) = . We have

EBewamecoal((m,m)) = Eoga(m)\Eesa(m)
= (¢’ o Ea(m))\(e 0 Ea(m)).

Since ¢/ < e, we have €/ o E4(m) =< e o Es(m) and hence
e = (e o Ea(m))\(eo Ea(m)) as desired.

The fact that —\\— is a bifunctor E X ¢4 — ¢ can be proved
similarly.

To prove that —\\ — and — ® — form an E-parametrised adjunc-
tion, it suffices to prove that (e\—) - (e ® —) for every e € E.
We proves that the identity map Znn(|A|,|B|) = Znn(|A|,|B|)

maps a consistent strategy ¢(e\\A, B) to a consistent strategy
% (A, e® B) and vice versa. The preservation of the winning condi-
tion is a consequence of the stability of 2 as above. We prove that
the preservation of the correctness of summary. Assume a sum-
marising strategy s : (e\A) = B. The only problematic case is
the effect of the initial A move, i.e.,

s=m -so- (m,n)

where m is an initial B move and n is an initial A move (and hence
(m, n)isamove of (e\A) = B). Since s is summarising, we have

Eexa)=5(501°) 2 By ay=5((m,n)) = Ep(m)\Eeya(n).

Since 5[ cannot contain any initial A-move nor initial B-move,
we have

E\a)=5(501°) = Ba=p(501°) = Baz (con) (50]1°).
We write this effect as d. Now we have

d =X Eg(m)\Ec\a(n)

iff Ep(m)od = Eg\a(n)

iff Ep(m)od=<e\Ea(n)

iff eoEg(m)od =< Ea(n)

iff Eegp(m)od <X E4z(n)

iff d = Ecep(m)\Ea(n)
iff d =2 Exs(eon)((m,n)).

E. Supplementary Materials for Section 6
E.1 Proof of Lemma 39

(s1;52) C (t1;t2) follows from 61 C t; and 62 C t2 (by induction
on the length of the interaction sequence). Consistency of s1; 52
follows from Theorem 33. To prove relative totality, a key fact is
that s - L € (s1;62) means that one reaches an unanswered play
of 51 or s or infinite chattering. For the former case one reaches
the corresponding an unanswered play of s1 or s2 and for the latter
case one find infinite chattering of t; and t».

E.2 Proof of Lemma 40
Let (s::t) : (A:: 1) — (C':: K) and assume that

IS K =1"%7 2K

First we construct B :: J from analysis of the interaction
sequence Int(t;, t2). Effect arena B = (M, -, A, 9, E) is defined
as follows.

o M— {(p) ‘ u € Int(t1, t2), u ends with a J-move }

) e w1 pes, "p'=p, w(p) =uli=x

o () ()i
1. pis a prefix of p’,
2. w is a prefix of u’, and

3. the last move of u’ is explicitly justified by the last move of
u.

* A((?)) = As(m) where m is the last move of u.
® J( (7)) := Ya=c(m) where m is the last move of p.
e E((P)) will be defined below.
If (P), then each move m in the (I = K)-component of u has

an unique corresponding move in A = C, say m’. We define
E(m) = Ea=c(m'). The effect for () is defined by:



o If the last move of w is an initial J-move, then Es( (?)) :
E*(UF%K) = Ejc(p)
e Otherwise. Let

U=u-n -uUu2- mMm,
then Ep( (7)) = E* (u2[ P k)-

Intuitively the effect assignments is defined so that it satisfies
Lemma 29. However, note that (i ) is a move, not an interaction
sequence.

Second we define “interaction sequences”. Let p be a P-view
of A = C and u € Int(I,J, K) be an interaction sequence
and assume that @w(p) = ul;= k. We define a justified sequence
(A= B) = Cby:

o If u = up - m withm € J, then [ug - m | p] = [uo | p] - m.
e Otherwise m is in the (I = K)-component. Then p = pg -

m’ such that @(m’) = m. We define [ug - m | po - m'] =

[uo | po] - '

Notice that [u | p] has the same length as u. The pointing structure
of [u | p] inherits from that of w.

Lemma 65. Let p be a P-view of A = C and u € Int(I, J, K)
be an interaction sequence and assume that w(p) = u|r=x. Then
[u]|p] € Int(A, B,C).

Proof. By induction on the length of w. O

We define Z C Int(A, B, C) by
I
I—{[u|p] u € Int(ty, t2), p € s, }

p=p, wp) =uli=x
This should be the set of all interactions between s; and so.

Now we define strategies. Let fi be an view function of the
arena A = B determined by the set of P-views {"s[a=p5" | s €
T} and f> be a view function of an arena B = C' determined by
{"slB=c" | s € Z}. The strategy s: is induced from f; and s
from fo.

We show that 51 and s are well-defined. We need an auxiliary
lemma.

Lemma 66. Let p be a P-view of I = K and u € Int(1, J, K) be
an interaction sequence and assume that @ (p) = ulr= k.

(2) If w ends with an O-move of I = J, then [u | p] can be
determined by "[u | p]l a=B"

() If w ends with an O-move of J = K, [u | p| can be deter-
mined by "[u | p][B=c.

Proof. We prove (4). (i) is shown by a similar way. We prove the
claim by induction on the length of u.

If u ends with a move of J, then the last move contains as much
information as the pair (u, p). Assume that  ends with a move of
I. The last move of u is an O-move of I = .J, and hence an O-
move of I = K. By the assumption, (I = K)-component of w is
a P-view. So w is of the form

/
v=um?i - m9.

(Note that m$ cannot be an initial I-move.) Since
P o
W(P)ZUTI¢K:(u,[1¢K)-m1 cMy ,

there are some moves ni ,nY € Ma—c and a P-view p’ of
A = Csuchthatp = p’' - nf - nf and w(nf) = m! and
w@(ns) = mS. Therefore we have

[w|p]=[u|p] ni-ns.

Since ng is an O-move of A,

ulp] ="l [P0l ng =" | P my - mg

By the induction hypothesis, we can compute [v" | p'] from "[u’ | p']™.
Thus () holds.

Lemma 67. fi and f2 are well-defined view functions.

Proof. We prove that f; is well-defined. Well-definedness of f> is
shown by the same way.

Let s € fi be an play ending with an O-move. It suffices to
show that:

Ifs-m€piands-m’ € p1,thens-m=s-m'.
Assume that s - m € f1 and s - m’ € fi. By definition of f1, we
have u - m, v’ - m’ € Z such that
s -m="(u-m)la=sp"
s-m = '—(u/ . m')FA:>B—'.
Since s ends with an O-move of A = B, by Lemma 66, s

completely determines v and u’. Thus u = v’ and u - m’ € f1. By
determinacy of s, t; and t2, we have u-m = u-m’ asrequired. [J

Hence fi and f> define innocent strategies s1 and so of effect
arenas A = B and B = (. We now prove that 51 :: t; and 52 :: t2
are winning. Trivially, w(s1) C t1 and w(s2) C t2. It is easy to
see that 1 and s are Ground-Type Reflecting.

Lemma 68. si and s3 are summarising.

Proof. Assume a P-view of s1 ending with a P-move. By definition,
it is of the form "[u - m | p]la= 5. Let u be

Ug+ No * Mo *S1* N1 + M2 *Sg- Ng + -+ - mg Sk Nk - M,

where m and m; are P-moves and n; is an O-move (of I =
J). Since this interaction sequence is associated with p such that
w(p) = ulr=k, an effect is assigned for each move.

Then we have

E(n;) = E*((si - ns) [IoéK) (for every 1)
E(m)=E"((mo-s1-ny----- o m) [ 7s k)
So
E(ni)o---0 E(ng) = E(m)
as desired. So s is summarising.
Assume a P-view of s2. Then we have an interaction sequence
u similar to the above case. If m is not an initial J-move, we obtain

the expected result by the same argument as above. Assume that m
is an initial J-move and hence ug is empty. Then

E(ni) = E*((si - 1) 19s i) (for every 17)
Ep(m) = E*((no-mo-s1-n1 - - nk - m) s k)
and hence
E(ni)o-- 0 E(ng) = E(no)\Es(m).
By the definition of the effect assignment for the exponent, we have
Ep=c(m) = Ec(no)\Eg(m),
which implies
E(ni)o---0E(nk) X Ep=c

as expected. O



Lemma 69. s, and s satisfies ().

Proof. We prove that s; satisfies 2. Assume an infinite P-view
of p = s:. By the definition of B and si, we have an infinite
interaction sequence u € Int(ti,t2) such that w(p) = ulr=k.
Hence w(p) is a sub-view of u, i.e.,
u:ml'SI'nl'”2'53'n3'n4'55'n5'n6"",

where @ (p) = n1-n2-- - -. Note that nag11 is an O-move and noy,
is a P-move (of J = K). Since u is associated with p, each move
in u can be considered as having its effect. It suffices to prove that

m{E(n1), E(ns),...) € Q.
By definition,
E(n1) = E*((m1-s1-n1) 7= x)
E(ng) = E*((s3-n3) 75 )
E(ns) = E"((s5 - ns) f?:»K)

Since s satisfies €2, we have
(B ((ma-s1-m)Far), E*((ss - n3)[Far),...) €

Hence we obtain the claim. O
Lemma 70. (s1;s2) = s.

Proof. We first prove that s C (s1;52). Since s is innocent, it
suffices to show that s1;52 contains every P-view p € s. Let
p € s be a P-view. Then w(p) € t = (t1;t2). Thus there
is w € Int(ty,t2) such that w(p) = ulr=xk. By definition,
[u|p] € I. We can prove [u | p] € Int(s1,s2) by induction on
the length of w. Sop = [u | p][a=c € (s1;82).

Second we prove that (s1;62) C s. It suffices to show thatp € s
for every P-view p € (s1;82). Since p € (s1;62), we have its
uncovering u € Int(s1,52) (0 p = ula=c). Then by induction
on the length of u, we can prove that u[a—c € s. O

Lemmas above prove that the strategies s1 and s> satisfy all the
requirements.
E.3 Proof of Lemma 41

First we give a game semantics of extended types. Since extended
types do not have intersections, they can be viewed as effect arenas.

labs = Aq
{@—=7)e ={(ade = (T)e
([IFedde =]]e ® (7ibe
iel i€l
where A, is the arena consisting of the unique O-move of ground-
type ¢ and of effect €. Notice that, since the unique initial move
of ({T)E has effect ¢, the effect assignment for (@ — T)r =
(@) e = (7)) is simply written as:

Blaz)z(m) = Egz) (m) ifm e Mgz,
Egaozyg((myn) = Egay(n) if (m,n) € Mz} x Mya
The game semantics of extended kinds is defined by:

{ob = [Alo
(@ —7h={(a) = {7)

(I[Fsead =[1e @ (7

i€l iel

D E

where | A|, is the arena consisting of the unique O-move. Then we
have

7hel = (71D
where | - | in the left-hand-side is the forgetful functor and | - | is the
map from extended types to their kinds.
Assume a Bohm tree A |F U :: k, a type environment " :: A,

a prime type 7 :: k and an extended Bohm tree |p(T")| I Vo
[b(7)]. The game semantics for extended types gives the effect
arena component of the two-level arena semantics of types.

Lemma 71.

e [7] = ((b(7)) &, @, (K)) for some w.
o [I] = ({b(D)) g, @, {A)) for some w'.

Proof. The first claim can be proved by induction on the structure
of k. The second claim follows from the first one. O

Lemma 41 is a consequence of the following lemmas.
Lemma72. V€U lﬁ‘@ﬂ) C (U).

Lemma 73. Let [70 be an extended Bohm tree. Then T &= ﬁo (THff
(Uo) is a consistent strategy of {U') g = (7] &-

Proof. We first prove that, if P does not get stuck in the game
L'k Up : 7, then (Uo) is ground-type reflecting and summarising,
by defining a bijective correspondence between plays (i.e. finite
sequences of P/O-positions) of T'E Up : 7 and finite P-views in
Qﬁol) that is ground-type reflecting and summarising.

Let [7() =Ax1... xl.f Then the initial P-position is

(T,z1: P81,z : BLET : qo)

which corresponds to the P-view consisting of the initial move of
the effect arena.

Suppose the play s - u corresponds to the P-view p - m. We con-
sider, by a case analysis, the correspondence between the respective
extensions s - u - vand p-m - n.

e Suppose u — v is the following Type-1 transition

Tk () ([1TH...([1UF):a)

i€l i€l
s @TE (U (@)
icI
where p;(T'(z)) = (@' =+ —»af = g;e) and ¢ =< e; fur-

ther I' = d\f’,zl : B1,...,x : [ (as given by the transi-
tion preceding v — v). The O-move m® of the effect arena
that corresponds to w is (81 — ... — i — ¢;d), which lies
over the lambda-move /\£1 b1 . S Tm 51A0f the subtree
Azt @ (P2) ([ier, uh)... (Mier, UF) of Uy (here we ap-
peal to the correspondence between BOohm trees and innocent
strategies as set out in Appendix B.2).

Suppose the variable 2 (via binding = : [, ;(7:; g:)) was intro-

duced to the environment fl of the P-position u; = (I'1 F ﬁ Dq1)

in s; by the induction hypothesis, let m{ = (... — [Tic;Tis90) = ... = d59)

be the O-move in p that corresponds to u;. Then the P-move n’
that corresponds to the O-node v is (7;; g;), which lies over the
variable-move z of the subtree (p;z) (I T;c;, Uuh... (ILier, UkF)

of Up. Notice that n” is explicitly justified by the O-move m? in

D.
We need to show that the effect of the P-move (7;; g;) is a correct
summary. Suppose the effects of the O-moves of the P-view p
after m$ are e1, . . ., e, respectively. By the induction hypothesis,
they correspond to the respective effects of the Type-2 transitions



of s after the P-node 1. Thanks to the cummulative effects of
the Type-2 transitions, we have I'(z) = e,\...\ex\I'1(z) =
[icr(Tis en\. . \e1\gi), and so, e = e, \.. . \e1\g;. Since e < e
by assumption, we have ¢ < e, \...\e1\g;. Since each e;\— is a
left-residual, we have e; o ... 0 e, < g; as desired.
It is easy to prove that the P-move reflects the gourd-type.

e Suppose u — v is the following Type-2 transition

@ F (700 @)

V5 (D), @12 Buy.ey s BLET 2 q)

where, for some k£ and 7 € I, ﬁf = Ari..... /\xl.f and
pi(ar) = (B1 — -+ = B — ¢; e). Suppose the O-node u cor-
responds to the P-move m” = (a1 — ... = ax — qi1; f) which
lies over the variable z of the subtree (p;z) ([']
Then the P-position v corresponds to the O-move n® = (B — -
which lies over the lambda-move )\xl .z of the subtree U
Ay ...x. T of UO Notice that n© is exphcltly justified by the
precedmg move m?’, extending the P-view p - m’.
e In the case of Type-3 transitions

TEL: - TFEL:q

suppose the P-node of the last Type-2 transmon ins-uis (e\F Z1:
Bl, .. : Bl ET q), and let m® = Azy...a2; be the O-
move of the arena-with-effects correspondmg to it. Then the Type-
3 transition corresponds to the P-view p-m® - L which extends the
P-view p - m©. PR

It remains to observe that the (unique) P-strategy of I' F Up : T
is winning if and only if the corresponding innocent strategy (U2|)
satisfies (2. This is obvious because the above bijection of plays
maps

to a P-view
M1 - s - M3 - Mg - M -« - -
such that E(mak+3) = eax+3 (notice that F(m1) = ¢). O

F. Unstable winning conditions

This section discuss the case in which € is not stable. Fix an w-
monoid (E, F) equipped with left-residuals.

F.1 The set of all lower closed set

We write I for the set of all lower-closed subsets of ' (stands for
order Ideals). It is ordered by set-inclusion. An element of I is
written as 2. The positive action to I is defined by:

e®Q:={e®f|feQ},

where A= is the lower closure of A. It is easy to see that e ®
(®Q)=(ece)® Q.
Negative action is defined by:

e\Q:={feF|ed fecQ}.
Another (perhaps more suggestive) definition of the negative action
is:
A= {(e\e)® [l ® f € Q)=

Proposition 74. The two definitions of the negative action are
equivalent.

Proof. Suppose that f € e\ in the first definition. Thene ® f €
Q. So (e\e) ® f € e\ in the second definition. Note that
f=cec®f = (e\e) ® f by ¢ < e\e and the monotonicity of

ier, U-l)»'-(l—hezk up).

the action. Since e\(2 in the second definition is lower-closed by
its definition, we have f € e\ in the definition, as desired.

Suppose that f € e\ in the second definition. Then f =
(e\e)® f' and e’ ® f' € Qfor some ¢’ € Eand f' € F. Now we
have

e®f=em((e\e)®f)
=(eo(e\e) @ f’
< ®f

since e o (e\e') < €’. Because () is lower-closed and €’ ® f’ € (2,
we have e ® f € Q. So f € e\Q in the first definition. O

Stability can be characterised by using positive and negative
actions: €2 is stable just if

_)Oqe;%’()g Q for every e € E, and

e c\Q C Qforevery e € E.
Lemma 75. e ® Q1 C Q2 if and only if 1 C e\ Qoa.

Proof. (=) Assume e ® 1 C Qo and f € Q1. Thene ® f € Q.
So by the definition of the negative action, f € e\ Q2.

(<) Assume Q1 C e\Qoand f € e®Q;. Then f = e® f’ for
some f’ € Q. Then f' € e\{s. By the definition of the negative
action, we know that e ® f' € Qo, as required. O

Q € Lis stable if and only if e ® Q C Q and e\Q C Q for
every e € .

F.2 Type-checking games

There is no change in the definition of the game graph of type-
checking games. A game is now determined by a pair of a position
and a winning condition € I. We write I' = U : « for the game
starting from I" E U : oo whose winning condition is €2.

In the case that €2 is stable, we have

FE® U :e®aiff \['E U : .

This proposition is used in the proof of Theorem 18 to prove
soundness of the effect action rule. This proposition is no longer
true if €2 is not stable. Instead, we have:

PECYU e aiff \T F* U : a.

As we will see, the category ¢ o) can be defined even if {2
is not an idea of the monoid action. So by the same argument as in
Section 6.2, we have the following compositinality result.

Theorem 76.

J V1 > (I E2U :a = 7)and Vo (L E? Uy : ) implies
ViaVy) » (TF2 U, QU; : 7).

oW » U, QU : 7) implies VlA(F F2 U o — 7)
and Vo » (T F9 Uy )andW Vi @ Va for some o, Vi
and ‘72.

F.3 Type system

The sets of types and type environments are the same as in Sec-
tion 3. A type judgement is explicitly annotated by €, like I' F*
M : 7. The typing rules are listed as follows. Notice that the posi-
tive action rule changes the winning condition €.



Lz:abFYM:r
TFY X e M:a—T

(r;e) = pi(I'(z)) forsome i and e > ¢
R

IF2M:a—71 THF2N:a 'L TH'M:7 77
TFYM N :7 =2 M

e M7
e®T He®2 M . (15e)

Vie LT M: (r;e) FEBT(Y):7
TEM:Njcp(mise) re2y:r
Transfer theorem for the extended type system can be proved by
the same way as that for the plain type system.

Theorem 77. ' =% M : a iff T 9 BT(M) : a.

Assume that E and F are finite. Then I is finite. Hence, for every
M, the judgements for M is finite. So inductive enumeration of all
derivable judgements provides a decision procedure.

Theorem 78. If (E, F) is finite, then T' ¢ M : 7 is decidable.

By the same way as in the plain type system, the representation
of a finite derivation can be defined. The next result can be proved
by the same way as in the plain system.

Theorem 79. D > (I' F? M : 1) implies BT(D) » (I' E®
BT(M) : 7).

F.4 Game model

Notice that the definition of the game model in Section 5 does not
rely on the fact that (2 is stable. Hence, for every 2 € I, we have an
arena game model ¥ r o). We abbreviate it to 9. The two-level
construction works well for this setting.

The effect action is no longer be an endofunctor if €2 is not
stable. Instead, it defined a functor

e® — % — Yo
Similarly, the negative action is a functor
e\— : % — Ye\a-

Assume an effect arena A and 21,22 € 1. Let s be a strategy
of |A]. If s satisfies Q1 and Q1 C Qo, then s also satisfies Q.
This means that there is an inclusion %o, — %q, if 21 C Q.
This defines a functor [ — Cat, where Cat is the category of
categories.

G. A remark on transfer theorem

A order-n transfer theorem for a set C of properties asserts the ex-
istence of an effective transformation 7" on C such that for every
order-n tree-generator M and property ¢, BT (M) satisfies prop-
erty o iff M (or some representation thereof) satisfies 7'(). Thus,
such a theorem says that the C-definable properties of order-n XY -
definable Bohm trees are effectively the C-definable properties of
the term-generators themselves.

More formally an order-n transfer theorem for a simply-kinded
language £ w.r.t. a set C of properties is an assertion of the follow-
ing kind. Let ¢ range over C.

There is an effective transformation on C, Te, such that for
every order-n term-in-context of L (i.e. kinding judgement)
T'F M :: k, and for every ¢ in C, we have:

TEBT(M):p < TFE Gu:Te(p)

where G is a suitable representation (e.g. the abstract
syntax graph) of the term M.

Sylvain and Walukiewicz [20] have proved an order-2 transfer
theorem where £ is the infinitary XY -calculus (definable using

a bounded set of kinds) and C is the set of MSO formulas (or
alternating parity automata).

Our result (Theorem 18) is an order-n transfer theorem where
L is the XY -calculus, and C is the set of intersection types; the
transformation 7¢ is the identity operation and Gy = M.

G.1 Typing is MSO-definable
Let us fix a finite set of (kinded) variables as in [20], say

X={z1 11,22 L2,...,2n 3 L},

and consider XY -terms with concrete variable names (i.e. terms
Az1.z1 and Azo.zo are considered as different terms, even if 11 =
t2). We further assume a finite set of kinds /C and requires that
all kinds in a term should be in /C. In this setting, a term can be
considered as a tree over the alphabet

(X, K)={z |z e X}
U{iz |z e X}
U{Qpy iy | K1 — K2 € K}
U{Y: | (k= k) > keEK}

where x and Y, are of arity O (i.e. they are leaves of a tree), \x is
of arity 1 and Q,, , is of arity 2. The first branch of Q,, ., is a
tree representing a term of kind k1 — x2 and the second branch if
of kind k1, and the tree rooted by @y, ., represents a term of kind
k2. Let T (X, K) be the set of XY -terms in this signature.

As observed in [20], T(X,K) is not closed under reduction
since capture-avoiding substitution may require a fresh variable.
The set 7(X,K) is a proper subset of that considered in [20],
since (i) we only focus on the finite XY -terms, whereas [20] studies
the infinite XY -calculus, and (ii) [20] assumes infinite supply of
Y -variables, variables introduced by recursion, but we do not
distinguish them from usual variables (as our syntax suggests).

This subsection proves the following result. Note that, since
M € T(X,K) is just a tree in this setting, we have an established
notion of MSO formulas and the satisfaction relation.

Proposition 80. Assume a finite set of kinded variables X and a
finite set of kinds K. Given a type §, the set {M € T(X,K) |
F M : 0} is effectively MSO-definable, i.e., one can effectively
compute a MSO-formula ps such that = M : § coincides with
M = 5.

Since M is a tree over a finite ranked alphabet, we can appeal
to (effective) equivalence between MSOL and alternating parity
tree automata. So our goal is to construct an alternating parity tree
automata As such that - M : § <= M € L(As), where L(A) is
the language recognised by A.

Assume a finite set () of ground types and a finite and stable
winning condition (E, F, ) as in Section 4. In this subsection, we
consider types modulo ~. Therefore, for every k € K, the set
{7 | 7t Kk} is viewed as a finite set. We regard X = {z1 =
L1y--.y2n i Ln} as a kind environment. Then the set of types
environments {I'" | " :: X'} (modulo =) is also a finite set.

LetT' = (21 : 1y, 2n 1 Q) = X, 2= 2; € X and o :: 14.
We write I'[z; — «] for the type environment

/
210y ooey Zi—10 Qg—1, 24t Oy Zi41: Qlily ooy Bnt Q.

The family of alternating parity tree automata A5 parametrised
on ¢ share the same set of states and the same transition relation. In
other words, they differ only on the initial states. In the following,
we define an alternating parity tree automaton .4 without the initial
state.

The set of states is:

J = U{(F77') [T Xand T :: K}

KEK



We write I' - O : 7 for the state (T, 7). Note that 7 is a finite set.
We write A(I' + O : 7) for the alternating parity tree automaton
with the initial state I' = [J : 7 that has the same states and
transition relation is A.

For the notational convenience, we regard « :: k as a subset of
{7 | 7 :: k} x E and write (7; e) € a if px(a) = (7;€) for some

' We define the transition relation R C P(X x J X P(J X
{1,2})), where P(A) means the powerset of A and {1,2} is the
set of directions.

¢ (2;,(THO:7),0) € Riff T'(z;) = (7;¢).

e (Y,,THO:7),0) € Riff-Y : 7.

e Az, TFO:a—7),{(lzi = o F0O:7,1)}) € R for

every zi, I', a and 7.
¢ (Qpy o, THFO: 1), {TFDO:a— 7, 1) }UlJ{(e\I'+O:
0,2) | (o;€) € a}) € Rforevery I', 7, and v :: k1.

Lemma 81. Let M € T(X,K). Then ' = M : 7 if and only if
Me LIAT FDO:7)).

Proof. By induction on the structure of M, using Lemma 56. [

By the above lemma, we know that {M € T(X,K) |- M : 7}
is the language accepted by As := A(l' + O : §). By effective
equivalence between alternating parity tree automata and MSO-
formulas, we have Proposition 80.
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