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Abstract

We study the relationship between two kinds of higher-order exten-
sions of model checking: HORS model checking, where models are
extended to higher-order recursion schemes, and HFL model check-
ing, where the logic is extended to higher-order modal fixpoint logic.
These extensions have been independently studied until recently, and
the former has been applied to higher-order program verification,
while the latter has been applied to assume-guarantee reasoning
and process equivalence checking. We show that there exist (ar-
guably) natural reductions between the two problems. To prove the
correctness of the translation from HORS to HFL model checking,
we establish a type-based characterization of HFL model checking,
which should be of independent interest. The results reveal a close
relationship between the two problems, enabling cross-fertilization
of the two research threads.

Categories and Subject Descriptors F.4.1 [Mathematical Logic
and Formal Languages]: Mathematical Logic

Keywords higher-order recursion schemes, higher-order modal
fixpoint logic, model checking

1. Introduction

Inspired by the great success of finite state model checking [4], two
kinds of its higher-order extensions have been studied recently. One
is model checking of higher-order recursion schemes (HORS model
checking, for short) [8, 12, 25], which asks, given a higher-order re-
cursion scheme G (which is a kind of a tree grammar) and a formula
o of the modal p-calculus (or equivalently, an alternating parity
tree automaton), whether the tree generated by G satisfies . The
other is higher-order modal fixpoint logic model checking of finite
state systems (HFL model checking, for short) [34], which asks,
given a finite state system £ and a formula ¢ of the higher-order
modal fixpoint logic (which is a higher-order extension of the modal
p-calculus), whether £ satisfies . Thus, in HORS model check-
ing, systems to be verified are higher-order, whereas in HFL model
checking, properties to be checked are higher-order. HORS model
checking has recently been successfully applied to verification of
higher-order programs [9, 16, 18, 19, 23, 26, 33, 35]. HFL model
checking has been applied to assume-guarantee reasoning [34] and
process equivalence checking [20]. In general, HORS model check-
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ing is useful for precisely modeling and verifying certain infinite
state systems, whereas HFL model checking is useful for check-
ing non-regular properties of systems that cannot be expressed in
ordinary modal logics such as LTL, CTL, and modal j:-calculus.

Unfortunately, the two problems (i.e., HORS/HFL model check-
ing) have been studied independently by different research commu-
nities, and little has been known on their relationship. Interestingly,
both problems are k-EXPTIME complete, where k is the largest
type-theoretic order of functions used in HORS or HFL formulas.
Thus, there should exist translations between order-k HORS model
checking problems and order-k£ HFL model checking, but no direct
(i.e., without going via Turing machines) translations were known.

In the present paper, we present direct, mutual translations be-
tween the HORS and HFL model checking problems. Interestingly,
the roles of systems and properties are switched by the translations;
in the HORS-to-HFL translation, a HORS (which is a description
of a system to be verified) is translated to an HFL formula, and an
automaton (which is a description of a property to be checked) is
translated to a transition system, whereas in the converse translation,
an HFL formula is translated to a HORS and a transition system is
translated to an automaton. The translations are non-trivial. For the
HORS-to-HFL translation, we have to replace the parity acceptance
condition on the tree generated by HORS with proper alternation
of least and greatest fixpoint operators of HFL. For the converse
translation, we have to emulate the calculation of least and greatest
fixpoint operators by HORS, which requires a tricky encoding of
numbers.

The correctness of the HORS-to-HFL translation is also non-
trivial.! To this end, we provide a type-based characterization of
HFL model checking, so that an HFL formula is typable in the
type system parameterized by a finite transition system if and only
if the transition system satisfies the formula. We then prove that
a HORS is typable in (a variation of) Kobayashi and Ong’s type
system for characterizing the HORS model checking if and only if
the corresponding HFL formula is typable in the aforementioned
type system. Thus, the correctness of the HORS-to-HFL formula
follows from that of Kobayashi and Ong’s type system.

The type-based characterization of HFL model checking men-
tioned above should be of independent interest. A type-based charac-
terization of HORS model checking is well established [12, 13] and
has been used for studies of practical algorithms [3, 10, 11, 24, 27],
parameterized complexity [13, 14], decidability proofs [13, 32], etc.
of HORS model checking. Our type-based characterization of HFL.
model checking is similar to (and actually simpler than) that for

U1t is necessarily so because the decidability of HORS model checking is
non-trivial (and in fact, it has been the subject of many papers [6, 13, 25, 28])
whereas that of HFL model checking is straightforward; a proof of the
correctness of the HORS-to-HFL translation would therefore serve as an
alternative proof of the decidability of HORS model checking.



HORS model checking. Thus, the type-based characterization clar-
ifies the similarity and difference of HORS/HFL model checking.
We also expect that the type-based approach to HFL will allow us to
develop practical algorithms for HFL model checking, following the
success of the corresponding approach to HORS model checking.

The rest of the paper is structured as follows. Section 2 reviews
the definitions of HORS/HFL model checking problems. Section 3
presents a translation from HORS model checking to HFL model
checking. Section 4 provides a type-based characterization of HFL
model checking, and Section 5 uses it to prove the correctness
of the translation of Section 3. Section 6 presents a translation
from HFL model checking to HORS model checking, and proves
its correctness. Section 7 discusses related work and Section 8
concludes the paper. Proofs omitted in the main text are found in
Appendix.

2. Preliminaries

In this section, we first recall, in Section 2.1, the standard definitions
of (infinite) trees, parity games and tree automata (that are required
for defining HORS and HFL), and then review the definitions of
higher-order recursion schemes (HORS) and higher-order modal
fixpoint logic (HFL), and model checking problems on them in
Sections 2.2 and 2.3.

2.1 Trees, Parity Games, and Alternating Parity Tree
Automata

Let N be the set of positive integers. Given a set L, an L-labeled
tree T is a partial map from N} to L such that Vr € N1.Vi €
Ni.7-i€dom(T) = {m7m-1,...7-(i—1)} C dom(T).
An element of dom(T') is called a node. For n,n’ € dom(T), n' isa
child of n if n is the longest strict prefix of n’.

A ranked alphabet ¥ is a map from a finite set of symbols to the
set of non-negative integers, called arities. A Y¥-labeled tree 1" is a
ranked tree if for every node n € dom(7T"), the number of children
of nis 3(T'(n)).

A parity game is a two player game played by Player and
Opponent and is defined by a tuple G = (Vi, V5, vinit, E, ),
where V4, V3 are disjoint sets of positions, vinir € Vo U V3 is
the initial position, E C (V& U V3)? is a set of moves, and
Q: VUV — {0,...,p— 1} assigns to each position a priority.
Positions in V3 are called Player’s positions, and positions in Vi are
called Opponent’s positions.

A play is a finite or infinite sequence of positions vg, v1, . .. such
that vo = vinit and (vi, vi41) € E for all ¢ > 0. The play is won
by Player if either it is finite and the last position v, € V4 is an
Opponent’s position such that v, E(= {v | (vn,v) € E}) =0, or
the play is infinite and the largest priority occurring infinitely often
(i.e., limsup,_, ., Q(v;)) is even. A memoryless strategy for Player
is W C E such that vW = v E for all v € V5 (Opponent’s moves
remain unchanged), and for all v € V3, there is at most one v’ such
that (v,v") € W (Player’s moves are uniquely determined by the
current position); it is a winning strategy for Player if all plays in
the game (V&, V3, vinit, £ N W, Q) are won by Player.

Given a finite set X, the set BT (X) of positive Boolean formulas
over X is defined by

B+(X)9f::=tt|ff‘1’|f1\/f2|f1/\f2,
where x ranges over X.

Definition 1 (alternating parity tree automata). An alternating parity
tree automaton (APT) is a quintuple A = (Q, 3, 0, ginit, §2) such
that:

® (Q is a finite set of states with a distinguished initial state
Ginit € Q.

® Y is a ranked alphabet.

e 5:QxY — BT({l,...,m} x Q) is a transition function,
where m is the largest arity of symbols in dom(X).

e Q:Q —{0,...,p— 1} assigns a priority to each state.

Given an APT A and a X-labeled ranked tree T, the ac-
ceptance game G(T,A) = (W, Va, tinit, E,Q) is the parity
game defined by Vv U V3 := {(n,f) | n € dom(T), f is a
subformula of §(g,a) for some (¢,a) € Q X dom(X)}, with
(n, f) € V& iff f is a conjunction or tt, vinit := (€, 0(ginit, T'(€))),
E = {((na.fl * f2)7 (nafl)) ‘ n e dom(T)7i € {1>2}7* €
{v. A} u{((n, (i,9)), (ni,6(q, T(n.4)))) | n,n.i € dom(T)},
Q(n, (i,9)) = Qq), and Q(n, f V ') = Q(n, f A f') = 0. The
language of A, written L(.A), is the set of trees T such that Player
has a winning strategy for G(T', A).

Intuitively, a position (n, f) of the game above represents a state
where Player tries to prove that the node n satisfies f, and Opponent
tries to disprove it. If f is a disjunction f; V fa, Player picks ¢ and
tries to show that the node n satisfies f;. If f is a conjunction f1 A fa,
Opponent picks ¢ and tries to disprove that the node n satisfies f;.
If f = (4, q), then Player tries to show that the child n.i satisfies
4(gq,T(n.i)) (i.e., is accepted from ¢ by the automaton). When a
play continues indefinitely, Player wins iff the largest priority of
states visited infinitely often is even.

Example 1. Consider the APT Ay = ({qo,q1},%,0,q0,),
where:

Y={a—2,b—~1,¢— 0}

6(q17 a) = (17 qO) A (27 qO) 6(q17 b) =

Q(Qo) =1 Q(Ql) =2

Let T be the tree where dom(T) = (2.1)" U (2.1)*.1 U (2.1)*.2,
T(n)=aifne (21), T(n)=cifne (2.1)".1,andT(n) =0
ifn € (2.1)".2. (Thus, T is the regular infinite tree defined by
T=ac(bT).Let D be dom(T). The acceptance game G (T, Ao)
is Vo, Va, Vinit, B, Q'), where:

Vo ={(n,(1,90) A (2,90)) | n € D} U{(n,tt) | n € D}

Va={(n,f)|IneD,fe{(l,9)(2q0) (1,q)}}
Vinit = (67 (qu) A (2,QO))

(17(]1) 5(qlac) =tt
(fori € {0,1})

E={((n,(1,90) A (2,90)), (n, (i,q0))) | n € D,i € {1,2}}
U{((TL, (laqi))7 (Tll, (qu) N (27(]0)) |
n € (2.1)".2,i €{0,1}}
U{((r,(2,90)), (n-2,(1,q1))) [ m € (2.1)
U{((n, (1, )) (n.1,tt)) [ n € (2.1)"}
Q'(n,(i,q;)) =j+1forn € D, j€{0,1}, andi € {1,2}

(n f)—OfornED fe{tt, (, qo) (2,90)}

E itself is a winning strategy for G(T, Ao); so, T is accepted by
Ao. In general, a tree is accepted by Ay if and only if every infinite
path of the tree contains infinitely many occurrences of b. O

Remark 1. The acceptance of a tree by an APT can also be
understood as follows, without using parity games. Let A =
(Q, %, 0, ginit, ) be an APT. The automaton has subformulas of
0(q, a) as “intermediate” states. Given a tree T, A runs a thread for
reading the root with the initial state ginir. Whenever a thread visits
a node labeled with a at state q, it transits to an intermediate state
0(q, a). A thread in an intermediate state f performs the following
actions, depending on the shape of f.

e Case f = f1 A fa: the thread splits into two threads with states
f1 and fQ.

e Case f = f1V fa: the thread moves to either state fi or fa.

e Case f = (i,q): the thread visits the i-th child of the current
node with state q.

e Case f = tt: the thread terminates successfully.



e Case f = ff: the thread fails.

An APT A accepts a tree T if there is a run in which no thread fails,
and for every non-terminating thread, the largest priority of states
visited infinitely often is even.

A labeled transition system (LTS) L is a quadruple (U, A, —,
sinit)» Where U is a finite set of states, A is a finite set of actions,
— C U x A x U is a transition relation, and s;n; is the initial
state. We write s — s’ when (s, a,s’) € —.

2.2 Model Checking of HORS

In this section, we review the definition of higher-order recursion
schemes (HORS) and the model checking problem on them [25]. A
HORS is a simply-typed, higher-order tree grammar for generating
a labeled tree, and the model checking problem on it asks whether
the tree generated by a given HORS satisfies a given property
(expressed in terms of an alternating tree automaton or a modal
p-calculus formula). When a tree is viewed as a transition system
(where a node is regarded as a state and an edge as a transition),
a HORS is considered a (possibly infinite) transition system. The
trees generated by order-0 HORS’s are regular, which correspond to
finite state transition systems, whereas the trees generated by order-1
HORS’s are those generated by pushdown systems. In that sense,
the HORS model checking may be considered a strict extension of
finite state model checking and pushdown model checking. Yet, the
model checking problem remains decidable [25].

We first define types and terms. The set of simple types, ranged
over by k, is defined by:

Ku=x | kK1 — Ka.

The base type « is used as the type of trees below. The order
of a type k is defined by: ord(x) = 0 and ord(k1 — k2) =
max(ord(k1) + 1,ord(x2)). The set of (simply-typed) \-terms,
ranged over by e, is defined by:

ex=ux|eez | Az kK.e.

A \-term that does not contain A is called an applicative term. We
often omit the type annotation and just write Az.e for Az : k.e. As
usual, the type judgment relation KC + e : &, where K is a map?
from a finite set of variables to the set of simple types, is defined as
the least relation closed under the following rules:

K,x:k1Fe:ka
KEXMe:K1.€: K1 — Ko

IC I €1 I k1
KFeger: ko

Definition 2 (HORS). A higher-order recursion scheme (HORS,
for short) G is a quadruple (X, N, R, S), where:

® 3 is a ranked alphabet. The elements of X2 are called terminals.

o N is a map from a finite set of symbols (called non-terminals)
to the set of simple types.

e R is a map from the set of non-terminals to the set of \-
terms (where both terminals and non-terminals are treated as
variables). If N'(A) = k1 — -+ — kg — %, then R(A) must
be of the form Ax1 : K1.- - Axg : ke.e, where e is an applicative
term such that ¥' UN,z1:K1,...,T0: ke - e : x. Here, poh
denotes:

K,x:kbax:k

IC|_60:H1*>K32

{a:x—= - =% —>x|acdom(X)}.
—_—
Z(a)

e S is a non-terminal such that N'(S) = x.

2 Following the usual convention, we write 1 : K1, ..., %y : Ky, instead of
{z1 +— K1,...,%n > kn} for a type environment.

a
N
c b
\
a
/\
c b?
|
a
N
c b

Figure 1. The tree generated by Go in Example 2.

The order of a HORS is max({ord(N'(A)) | A € dom(N)}). The
rewriting relation e —s¢g €’ is the least relation closed under the
following rules:

e Aey ...ep —g ler/z1,...,ec/zile if R(A) = Az :
K1.° "+ ATy : Kg.€.
®qge; e e —dgaer € e, epife; —g e; and
Y(a) =L
We often represent R in the form of rewriting rules, writing
Az - x¢g > efor R(A) = Ax1: k1. -+ Axe : Kg.e.

The tree generated by G is the one obtained from S by (possibly)
infinite rewriting. Formally, it is defined as follows.

Definition 3 (T). For an applicative term e of type %, the (X U
{L > 0})-labeled tree ™ is defined by:

(aer - ex)  =aert - ex™ (Aey - ex) =L
We define the relation T on trees by: Th T Ty iff dom(T1) C
dom(T%) and for every n € dom(T1), Ti(n) = L or Ti(n) =
Tx(n). The tree generated by G, written Tg, is | [{e* | S —§ e},
where | |U denotes the least upper bound of the trees in U with
respect to c.}

Example 2. Consider the HORS Go = ({a — 2,b — 1,¢ —
0}, N, R,S), where N = {S:%x,F:(x = %) = %x,B: (x —
x) = * — %}, and R consists of the following rewriting rules:

S—Fb Fg—ac(g(F(Bb)))
S is reduced as follows:

S — Fb— ac(b(F(Bb))) — ac(blac(Bb(F(B(Bb))))))
—s ac(b(ac(d(O(F(B(BH))))))) —s -- - .

Bgx— b(gx).

The tree generated by Gy (i.e., Tg,) is shown in Figure 1, where b’
denotes 1 repetitions of b.

Definition 4 (model checking of HORS). We write G = A if
Tg € L(A). The HORS model checking problem is the problem
of deciding whether G |= A, given a HORS G and an alternating
parity tree automaton A.

Example 3. Consider the APT Ao in Example 1 and the HORS G
in Example 2. Then, Go |= Ao holds. O

Theorem 5 (Ong [25]). The HORS model checking problem is
k-EXPTIME complete for order-k HORS.

As in [13, 25], in the rest of this paper, we assume that T does
not contain L. Given G and A, we can always transform them to
G’ and A’ such that (i) G = A if and only if G’ |= A’ and (ii) T
does not contain L.

3 The least upper bound always exists, as — is confluent.



2.3 HFL Model Checking

In this section we review Higher-Order Modal Fixpoint Logic [34]
(HFL) and its model-checking problem. HFL is an extension of
the modal pi-calculus with higher-order recursive predicates; HFL
formulas ¢ and HFL types 7 are defined by the following grammar

pu=T | L[ X @1 V|1 Aps|(a)e]la]p
| uX" o | vX" @ | AX 1.0 | @1 2
nu=e|n —n

The syntax of the formulas except the last two components (A-
abstractions and applications) is almost identical to that of the modal
p-calculus; in particular, as in the modal p-calculus, we have the
least and great fixpoint operators p and v; the difference is that
they can be over higher-order predicates (created by a A-abstraction
AX :n.¢). In its original formulation [34], HFL includes negations.
In our setting, these are disallowed for simplicity, which is not a
restriction since any closed HFL formula can be transformed to an
equivalent negation-free formula [21].

Each binder (u, v, \) is annotated with the type of the bound
variable (we may sometimes omit this annotation when it is clear
from the context). The type e describes propositions, and the type
m1 — m2 describes functions from 7, to n2. The order of an
HFL type 7 is defined by: ord(e) = 0 and ord(n1 — 12) =
max(ord(n1)+1,ord(n2)). A type judgment relation is of the form
H = ¢ : m, where H is a map from a finite set of variables to the set
of HFL types. Type judgments are derived from the following rules.

HET:e HEL:e H,X:nHX:n
HbEp:o HEp:e HbEpr:o  HEpo:e
HE (a)p: e HElalp:e HEp1Vpa:e

HE@1:0 HE@2: o H,X:nkep:n

HE@p1ANp2:o HEuX" o:n
H,X:nke:n H,X:mbEp:n
HEvX" . p:n HEAX iq@im =2

HEp1:m2 =1 HE @2 :m2
HE @1 p2:n

A closed formula ¢ is well-typed and has type 7 if the type
judgment ) - ¢ : 7 is derivable from the above rules. In the remain-
der, we always implicitly assume that all the (closed) formulas are
well-typed.

The order of a formula ¢ is the largest order of the type of a
subformula occurring in . A formula is said to be a formula of the
modal p-calculus if its order is 0.

Let (U, A, —, sinit) be a fixed LTS. The semantics of a formula
of type 7 is an object of the lattice (D,,L,,M,) defined by
induction on 7: Define D, = P(U) as the complete lattice of
sets of states, and if n = 1 — 12 then define D,, = D,;, — D,,
as the complete lattice of monotone functions from D, to D,,. For
every type 7 and function f € D, _,, f has a unique least fixpoint
LFP,(f) € D, and a unique greatest fixpoint GFP, (f) € D,,
respectively defined as [ [{z € D, | f(z) C z} and | |[{z € D,, |

The interpretation [#] of a type environment is the set of maps p
such that p(X') € Dy (x) for each X € dom(p). The interpretation

[H + o : n] is a map from [H] to D,, defined by induction on ¢ as

follows:

HET:e](p) =

HEL:e](p) =

H, X :nk X :n](p) = p(X)

HE{a)p:e](p) ={s|3s' € [HF ¢:o](p). s s}

H = [a]e - o](p)
€

={s|Vs' €8 (s 2 s impliess’ € [HF ¢:o](p)}
Hi- @1V :e](p) =[HEpi:e](p) UTH @2 :e](p)
HEp1Apa:e](p)=[HFE 1 :e](p) N[HE p2:e](p)
H b pX".0:n(p) = LFP,([H = AX :n. ©](p))
HEvX".p:n](p) = GFPy([H F AX :n. ] (p))
HEAX 1. :m — n2](p)

={Ve[HX:mbFe:n]wX—V])|VeD,}
[H @102 :1](p)
=[HE @0 = nl(p)([HFp2:11(p)

Note that, in the last clause, 1’ is uniquely determined by H and (o.

We often omit % F - : n and just write [¢] for [H F ¢ : 7],
with the understanding that each subformula is implicitly annotated
with its type. For a closed formula ¢ of type e, we simply write [¢]
for [0 - ¢ : ®](py), where py is the empty interpretation. We write
L= ¢ if sinie € [o].

We now review the definition of HFL model checking and the
decidability/complexity result.

Definition 6 (HFL model checking). The HFL model checking
problem is the problem of deciding whether L = ¢, given a closed
HFL formula ¢ of type ® and a labeled transition system L.

Theorem 7 ([2, 34]). The HFL model checking problem is decid-
able [34]. It is k-EXPTIME complete for order-k HFL formulas [2].

Example 4. Consider the following HFL formula o

(uF<(;YH<2>)1</). — o.(a)(X(F(\Y : 0.(b) (X Y)))))

It represents the property that there exists a transition sequence of
the form: abab®ab®ab® - - -. In fact if we replace F with

AX o = o {(a)(X(F(\Y : o.(b)(XY)))) infinitely often and
reduce the (3-redexes, we obtain the formula:

(a) () (@) (b)*(a) (b)) (b)" - - - .
Consider the LTS Lo = ({so, s1}, {a, b}, —, so), where — is
given by:

b b
Soi>81 S1 —>» So S1 — S1.
Then we have Lo = o. O

Example 5. Consider the following formula 1 [20]:
LE*T TS AX t e )Y te (X AY)V E ({a)X) ((B)Y).

The formula o1 X Y means “there exists n > 0 such that (a)" X
and (b)Y holds. For example, o2 := p1 o ([b]L) (Where oo is
the one given in Example 4) means that there exists n > 0 such that
a transition sequence of the form: abab*>ab®ab* - - - is possible after
n steps of a-transitions, and no b-transition is possible after n steps
of b-transitions. The LTS Ly in Example 4 satisfies 2, since the
property is satisfied for n = 0.

For discussing transformations between HFL and HORS, it is
convenient to express HFL formulas in the form of systems of
equations, called HES.

Definition 8 (HES). A hierarchical equation system (HES) is a
sequence of equations of the form X1 =o, @15+ ; X" =a,
©n. where each o is v or p, and for each i = 1,...,n, @; is a
formula without fixpoint binders such that X1 : 11 ..., Xpn 1 p
Pi * N



For an HES £ = (X' =4, @15 ; X" =q, ¢n), We
write £(X;) for ¢;. We often omit the type annotation 7);. The HFL
formula denoted by £ := (X{' =a; 13- ; X7 =a, @n)is
defined inductively by:

toHFL(X" =0 ¢) = aX".p
toHFL(E; X" =4 ¢) = toHFL([aX".p/X]E).

We write £L = £ if L = toHFL(E). We sometimes write
Xy yp =a pfor X =4 Ay1. -+ Ayk..

Example 6. The HFL formula o in Example 4 can be represented
as the following HES.

S =, F(\Y : e.(b)Y);
F =, AX : 0 — o.{a)(X(F (\Y : .(b)(X Y)))).

We can also restrict HES so that A occurs only at the top-level. For
example, the HES above can further be transformed to the following
equivalent HES &.

S=,FB; F=,)X:e—e(a)(X(F(GX)));
G=,2AX:e—5e)Y: :0.(b)(XY); B=,)\Y:e(hY.

O
Example 7. Consider the following HES & :
S=,X; Y=2()(ZANX); X=,{a)(Y X).

Then &, is unsatisfiable. This can be checked by making the
following observations:

o toHFL(E.) is the formula pX.(a)(¢ X) where @ is the HFL
formula vY \Z.{(a)(Z N (uX'(a)(Y X"))).

e since @ Z implies (a)Z, toHFL(E.) implies pX.(a)(a)X,
which is unsatisfiable.

3. From HORS to HFL Model Checking

We introduce a reduction from HORS model checking to HFL model
checking. The reduction proceeds by exchanging the roles of the
model and the specification:

e the alternating parity tree automaton A of an instance of a HORS
model-checking problem is encoded as the labeled transition
system L 4 of an instance of the HFL model-checking problem;
and

e similarly, the HORS G is encoded as a HFL formula ¢g.

Intuitively, £.4 represents the transitions that can be made by
the automaton A (according to the behavior of A described in
Remark 1), and the formula g describes that £ 4 has transitions
corresponding to a successful run of A for the tree generated by
G. We now present these encodings; we prove their soundness in
Section 5.

3.1 Tree Automata Encoded as LTS

Let us fix an APT A = (Q, X, 0, ginit, §2) and construct the labeled
transition system L 4 encoding it. Intuitively, the control graph
of A becomes the LTS, but since the transition relation of A
uses positive Boolean formulas, these must be encoded as states
of the transition system. Formally, the set of states of L4 is
Q U Qy, where Qf := {f | f is a subformula of §(q,a) for
some (g,a) € Q X dom(X)}. The rest of the encoding makes sure
that the transition relation of the automaton and the state priorities
are represented by the labeling of the transitions. The set of labels
of L 4 is the set

{a; |a € don(X),: € {0,1,...,p—1}}
U {d|de{l,...,m}}
U {and,or,true}

Figure 2. The LTS L 4, associated to the APT Ag of Example 1,
where f = (1,q0) A (2, qo), and qo is the initial state.

where p — 1 is the largest priority, and m is the largest arity. The
initial state ginir of the automaton is also the initial state of the
transition system, and the transition relation is defined by

2Q(q) d
g =% 8(q,a)  (dig) S g
AAESESf AVAE S tt S8 ¢t

forq € Q, a € dom(X), and ¢ = 1, 2. Note how the priority of a
state ¢ is determined by the index ¢ on the label of any transition
q starting at g. The positive Boolean formulas are represented
by their syntax tree, with each leaf having an outgoing transition
towards the automaton state associated to it.

Example 8. Let Ao be the APT of Example 1. The LTS L 4 encoding
Ay is depicted on Figure 2.

3.2 The Case of Trivial Automata

In order to get a better intuition of the encoding of G into an
HFL formula g, we first discuss the special case where the
automaton 4 is a trivial tree automaton [1], i.e., an alternating
parity tree automaton where all the states have priority 0. This class
of automata has been used to verify higher-order programs against
safety properties [12].

As explained at the beginning of this section, ¢g expresses
the property that the automaton (or, the corresponding LTS £ 4
constructed above) has a successful run for the tree generated by
G. Let us first consider a special case, namely where G generates
the finite tree a ¢ (b ¢). Then, since the initial state of the automaton
should be able to accept a, the LTS £ 4 should have a transition ao;
hence g should be of the form (ao)¢1, where @1 describes the
property that should be satisfied by the state s = §(ginit, @). The
formula 1 is not aware of the shape of §(ginit, @), but knows that
the state s of the LTS after the a-transition is a positive Boolean
formula. Thus, 1 asserts the following property:

o If s =(1,q),ie.,if thereis a —Lstransition, then the next state
(corresponding to ¢) should have transitions corresponding to an
accepting run of A for the first child c.

o If s = (2,q), i.e., if there is a i>-transition, then the next state
should have transitions corresponding to an accepting run of A
for the second child b c.

o If s = fi1 A fo, then any state after a 2% transition should
satisfy 1 again.

e If s = f1 V fa2, then some state after a s _transition should
satisfy ¢1 again.

o [f s = tt,ie.,if thereisa tlr—“%-transition, then there is no further
requirement.

Thus, 1 can be described as

vX. (1) V(2)ppeV ((and) T Afand] X) V ((or) X) V (true) T,



where . and ¢y . describe the properties that the current state has
transitions corresponding to accepting runs for ¢ and b ¢ respectively,
which can be defined by:

e := {co)vX.({and) T A [and]X) V ({or)X)
Vbe = (bo)vX.(1)pe V ((and) T A [and] X) V
By preparing the following formula L,,:
VX Ay, yne Vi ()Y V ((and) T A fand](X g1 ... yn))
V{or)(X y1...yn) V (true) T
the formula ¢g can be simplified to:

(a0) (L2 ((¢) Lo) ((bo)(L1({co)Lo))))-

In general, for a finite tree 7', the formula @7 that describes the
property “the LTS L 4 has transitions corresponding to a successful
run of A that accepts 7, can be constructed inductively by:

V (true) T
(

Paty 1, = (ao)(Lepry -+ o1y).
In other words, the translation from a tree 7" to the corresponding
formula works as a homomorphism that replaces each tree construc-
tor a of arity £ with Az1. - - - Axg.(ao) (Lex1 -+ ¢). Thus, we can
naturally extend the translation to one from a HORS to a formula,
as given below.

For a given HORS G = (2X,N,R,S), let & be the HES
Ag =, (eo)T; A =y (em)f; Eauz Where (1) Equq is the set of
definitions for L,,:

Ln=0 AYi,- e, Yn-
Vi—i()y; Vv ((and) T A [and] (L y1 - . yn))
V(or)(Ln y1-..Yn) V (true) T

forn € {1,..., k} with k being the largest arity; (i) Ao, ..., Am
are the non-terminals of G with S = Ap; (iii) e; = R(A4;); and (iv)
() is defined by induction on e as follows.
(Ay:r.e)f = Ay (8)" (o)
(e1 e2)" = (e1)" (e2)!
(2)T = zif z is either a non-terminal or a variable
(a)T = >\y1 : . )\yg(a> .o, <a0>(L2<a) Yi... yg<a))
() =
( = (k)" = (k)"
As in the case for the translation from trees to formulas, we just
need to replace each tree constructor a of arity ¢ with
)\yl, e ye.<a()>(Lg Yi... yg).
Example 9. Consider the HORS of Example 2. Then its encoding

as a HFL formula is defined by the following HES (notice that some
[B-reductions have been done to ease readability).

S =, F(Az.(bo)(Lyz));
F= g {a0) (L2 ((eo)Lo) g (F (B (e (b0} (L1 2))))):
B =, Xg.M\x.(bo)(L1(g9x));

LQIV...;Ll I,,..A;LOIVH.

K1 — Kz)T

The following theorem states the correctness of the translation
above. We omit the proof, since it is a special case of Theorem 10
given later.

Theorem 9. For any trivial automaton A and HORS G, Tg € L(A)
ifand only if L4 = Eg.

3.3 The General Case

In the general case where A is an APT with priorities {0, ..., p—1},
we need to take into account the parity acceptance condition and
it must be reflected somehow in the resulting HFL formula. Let us
first examine the case of an order-0 HORS. Assume G is a HORS
where all non-terminals are of type x and all rules are of the form

(or)X) V (true)T.

A — a Ay ... As(,). For each A, we prepare p fixpoint variables
A% AL defined by

AY =, \/ (a

i/=0,...,p—1

) (s AT Auzb)

where «; is v if ¢ is even and p otherwise. As in the case of trivial
automata, A expresses the property that the current state has
transitions corresponding to a accepting run of A over the tree
generated by A; in addition, A*® remembers that the priority of the
previous state is ¢ (this intuition will be refined later). The priority
of the previous state of the automaton is recorded in the subscript
of the transition label a;/, hence the above definition of A*. If a
priority ¢ is visited infinitely often by the automaton, then a fixpoint
variable of the form A*® is unfolded infinitely often. Thus, by letting
Sép ) = (Ep=1;...,&0; Eauz) Where &; contains a declaration for
A* of the above form and &, is as given in the previous section,
we can guarantee that the largest priority visited by A is even if and
only if the largest index of the fixpoint variables expanded infinitely
often is even. We thus obtain £ 4 = Sép ) if and only if Tg € L(A).

In the case of a HORS of an arbitrary order, each rule of the form
A — C[A4,..., Ag] should be replaced by a fixpoint equation of
the form:

A¥ =, C'[AY, L AR,
where each 7; is the largest priority visited since the unfolding
of A before A; is unfolded. The main difficulty arises when A;
occurs as an argument of another non-terminal, as in A — B A;.
In this case, only B knows the largest priority visited before A; is
unfolded. Thus, we replicate the argument of B and translate B A;
to B¥0 A§0 e A’]i.p*l; here, B*° is defined so that it calls the 4-th

argument Agi when the largest priority visited before unfolding A;
inside the body of B is .

Let us present now the general construction of the HES Sép ) en-
coding the HORS G for any alternating parity automaton with prior-
ities in {0, ...,p — 1}. Itis defined by EF := E,—15. .. €03 Eaun
where for each non-terminal A and for each priority i, there is a
definition A* =, (R(A))* in &, with (.)*) to be defined soon,
and again with o;; = v if ¢ is even and p otherwise.

For any term e and for any priority ¢ € {0,...,p— 1}, let the
formula (e)** be defined by induction on e as follows:

Ay :k.e) =My kf o Ny gE eH
(61 ez)ﬁ _ eyjz gmax(o ,1) eﬁzmax(l,i) o eﬁzmax(p—l,i)
()" * if z is either a non-terminal or a variable
i 0 - 0 -1
(a)¥ = Ay” R IRRED VA /\y%@ ) e
Virzo,..p-1(2i >(L2(a) yl : "yzl(a))
() =

(k1 — I~€2)ﬁ = (lil)ﬁ — s (lil)n — (“2)ﬁ

p times

where the L,,’s definitions are as before and introduced in Eauz-
Intuitively, 7 in (e)* denotes the largest priority visited before the
tree generated by e is visited (since the last unfolding of a non-
terminal).

Example 10. Consider the HORS G1 consisting of the rules:
S — FB Fg—ac(g(Fg))
which is a simpler variant of Go in Example 2. It generates the

regular tree T such that T = ac (bT'). The HES 5&3)

S”j sos,Fﬁ2 v o B* =, ¢p;
S”O ws7FO =4 soF,BO = ¥B;
Sﬁ =y @S;Fu =v QOF;Bﬁ =v @B;g(lu$7

Bzx — bz,



where
ps = F*° B*° pi' p#2
7 = AgP0 A AgH2.
(a0) (L2 ({co)Lo V {c1)Lo V {c2)Lo) g(pg))
V{a1) (La ({co)Lo V (c1) Lo V {c2)Lo) ;t);gp

V{az)(La ((co) Lo V (e1) Lo V (c2)Lo) ¢} o)
B = Az Azt Axf2.
<b0>(L1 2*%) v (b1) (L1 2*') V (b2) (L1 %)

ok g) —g iy iy Pry  Pry=F0 g0 g’“g

s0<Fg>*g "oy Py Py so(l) F* g't gt g2

A s
For the LTS L 4, in Figure 2, we can remove irrelevant parts of the
formulas ¢s,pF and ¢ and simplify4 them to:

¢y = F* B*! p*2
(a1) (L2 ((c1)Lo) (g*" (F* g** g*%) (F** g** g*)))
V(az)(L2 ((c1)Lo) ( # (F’j2 9”2 g"%) (F*2 g2 g*Y))
@ = Azt Azt ((b1) (L1 1) V (b2) (L1 2*2)).

The simplified version of S** can be expanded (with some further
simplification) to:

(a1)(L2 ({c1)Lo)
({b1)(L1({az)(L2 ({c1)Lo)
((b1) (L1 (F* B*? B¥))))))))

and F*? B*2 B¥ may further be expanded to

V (a2)(L2 ({c1)Lo)
((ba)(L1(F* B B¥)) v ---)).

The LTS in Figure 2 satisfies this property; note that F*? is defined
by one of the outermost fixpoint operators v.

The correctness of the translation is stated in the theorem
below. We prove it in Section 5, after preparing a type-based
characterization of HFL model checking in Section 4.

Theorem 10. Let A be an APT with priorities in {0, ...,p — 1},
and let G be a HORS. Then Tg € L(A) iff La = Sém.

It might be noticed that the size of e** is in O(p™(¢)|e|), where p
is the number of priorities, and an(e) is the nesting of applications in-
side arguments, defined via an(e1 e2) = max(an(e1), 1+ an(ez2)),
an(Ay.e) = an(e), and an(A) = an(a) = an(y) = 0. This ex-
ponential blow-up might seem prohibitive, but it is easy to avoid.
Indeed, by introducing some extra non-terminals, any HORS can be
rewritten into an equivalent one with a linear blow-up such that for
all non-terminal A, an(R(A)) < 2.

Theorem 11. For every HORS G and every p > 1, there is an HES
& of size linear in the size of G and polynomial in p such that for any
APT A with priorities in {0, ...,p— 1}, Tg € L(A) iff LA E &.
Furthermore, £ can be constructed in time polynomial in the size of
G and p.

4. Intersection Types for HFL Model Checking

Inspired by Kobayashi and Ong’s type system [13] for characteriz-
ing HORS model checking, this section develops a type system for

4 For example, since the priority 0 does not occur, we can eliminate the
first argument g0 of F. Similarly, we can also eliminate (c2) Lo from @
because the co transition cannot be taken at the end of a path labeled with
(ap +21)(1 4+ 2+ and + or)*.

characterizing HFL model checking. It is parameterized by an LTS
L, and an HFL formula ¢ that is typable in the type system if and
only if £ = . We shall use this type-based characterization for
proving the correctness of the translation from HORS model check-
ing to HFL model checking presented in Section 3 (Theorem 10).
We expect that the type-based characterization is also useful for
constructing a practical model checker for HFL.

We fix an LTS £ = (U, A, —, sinit). We define the set of
intersection types by:

= /\{Tl,...,Tk}.

Here, s ranges over the set U of states of £. We often write
TLA - ATk or/\ie{1 ''''' ky Ti for A{71,..., 7}, and T for A\ 0.

Intuitively, the type s describes propositions that are true in
state s, and the type 71 A --- A 7, — 7 describes functions that
take formulas having type 7; for every ¢, and return a formula of
type 7. For example, the logical connective A (when viewed as a
function that takes two propositions and returns a proposition) has
type s — s — s for any s, because given formulas ¢ and o that
are both true in state s, 1 A @2 is also true in state s. Similarly, V
has types s - T — sand T — s — sforevery s € U.

Each intersection type should be regarded as a refinement of a
simple type « (constructed from e and —, as introduced in Sec-
tion 2.3). It does not make sense, for example, to consider an
intersection type like s A (s1 — s2), where the part s describes
propositions whereas the part s; — sz describes functions on
propositions. To exclude such an ill-formed intersection type, we
define the refinement relations 7 :: k (which should be read “7 is a
refinement of k) and o :: k inductively using the following rules:

Tu=s|o—>T

se€U mukforeachi e {l,...,k} ouk Tk
s:e TIAN AT R (c—=71)u(k— k)

Henceforth, we consider only intersection types that are refinements
of some simple types. We assume that each intersection type 7 or o
is implicitly annotated with the corresponding simple type (i.e., &
such that 7 :: & or o :: ) and write Stype(7) or Stype (o) for x.°

We assume below that an HFL formula is given in the form of
an HES

&= (Xl =a; P15 7Xn —ap, SDTL)

A type judgment for (fixpoint-free) HFL formulas is of the form
I' - ¢ : 7, where I, called an (intersection) type environment, is
a set of type bindings of the form X : 7. A type environment may
contain multiple bindings for the same variable. We write I'(X)
formm A Ampif{oc | X:0 € I'(X)} = {mr,..., 7%} The
type judgment relation is inductively defined by the typing rules
in Figure 4. Note that in the rules HFL-T-ABS and HFL-T-ApP
above, k may be 0.

Most of the typing rules should be easy to understand, based
on the intuition that s is the type of a formula that is satisfied by
the state s. For example, the rule HFL-T-SOME says that s satisfies
(a)¢ if there exists a state s” and a transition s — s’ such that s’
satisfies . The rules HFL-T-ABS and HFL-T-APP are the standard
typing rules for abstractions and applications. The subtyping relation
7 < 7/ means, as usual, that a value of type 7 may also be used as a
value of type 7.

Example 11. Consider the HES &y of Example 6 and the LTS Lo
of Example 4. LetI' = {G : (so — s1) = so — $1,G : (s1 —
s1) = s1 = s1, F: ((so — s1) A(s1— 51)) — $0}. Then the
type judgment T+ E(F) : ((so — s1) A (s1 — s1)) — so holds
(see the derivation in Figure 4).

5 Thus, for example, T is actually annotated like T*. Without this assump-
tion on the implicit annotation, Stype(T) cannot be determined.



selU
(HFL-T-TRUE)

I'HT:s
T XrFX:ir (HFL-T-VAR)
s 2 s Fkep:s
BT (HFL-T-SOME)
I'+ ¢ : s forevery s’ such that s - s’
S P (HFL-T-ALL)
'+ : 'k :
L L (HFL-T-AND)
F'FoiApa:s
I't; : sforsomei € {1,2
4 T o Vs s 1.2} (HFL-T-OR)
I X:7m,...,.X:mbop:7 X ¢ dom(T")
7 inforeachi € {1,...,k}
HFL-T-AB
TEFXX nep:m A ATk =T ( S)
I'tpr:m A AT =1
Tk gy :7iforeachi e {1,....k
- TFOFrZaliPzZ‘ 7'{ } (HFL-T-APP)
T'ke:r <7
Tr g (HFL-T-SUB)
= (HFL-SUBT-BASE)
s<s
o' <o <7

e (HFL-SUBT-FUN)
oc—->17<0 =T

Vief{l,... 0t3ie{l,.. kyn<7l
Jed f3i € {1 MTUST gRL-SUBT-INT)
Tl/\"’/\TkSTl/\"'/\Tg

Figure 3. Typing rules for HFL formulas.

For an entire formula (represented in the form of an HES), we
define typability in terms of a parity game.
Let dep(&) be the number of switches between v and p:

dep(e) =0

v | dep(&) if dep(€) is even
dep(F =y ;&) = dep(£) +1 ifdep(€)isodd

v | dep(&) if dep(€) is odd
dep(F =y ;&) = dep(€)+1 ifdep(€)iseven

The priority of F; in &£, written Q¢ (F}) is defined as dep(F; =,
i; E2) if € = (€13 Fi =a,; wi; E2). For example, for the HES £

of Example 7, Q¢ (S) = 3, Q¢, (V) = 2, and Q¢ (X) = 1.

When £ is clear from context, we omit the subscript and just write

Definition 12. Let £ = (F/' =4, @15 F0" =a, ©n)
be a fixpoint-free HES with 1 = e, and L = (U, A, —>, Sinit)
an LTS. The typability game TG(L,E) is the parity game
(Vo Va, Vinit, 2, QQ), where:

e The set Viy of Opponent’s positions is the set of intersection
type environments {I' | dom(I") C {F1,..., Fpo} AV(F;:7) €
Dorngd

® The set V3 of Player’s positions is the set of type bindings that
respect simple types, i.e., {F; : 7| T:m;}.

® Vinit IS the initial position F : Sipt.

e £ = E1 U Ey, where Ei, the set of Player’s moves, is {(F; :
7, T) | T' & @; : 7}, and Es, the set of Opponent’s moves, is
{(F7F¢ ZT) | F;:t¢e F}

e The priority function Q, is defined by: Q(I') = 0 for every
T € V&g, and Q(F; : ) = Qe (F;) for every F; : 7 € V3.

We write L & & when Player wins the parity game TG(L, ).

Intuitively, in the game TG(L, ) Player tries to prove that
L E &, and Opponent tries to disprove it. To this end, Player first
shows that (1, the righthand side of Fi, has type sinit (i.e., the
initial state of £ satisfies 1) under some type environment I", and
Opponent challenges it by picking a type binding F; : T from I', and
asking why Fj has type 7. Player then shows that ¢; has type 7
under some type environment I/, and Opponent again challenges the
assumption I/, etc. Opponent gets stuck when Player’s assumption
I is empty, in which case Player wins; Player gets stuck when
she fails to show why ; has type 7, in which case Opponent
wins. A play may continue indefinitely, in which case the winner is
determined by the largest priority visited infinitely often.

Example 12. Consider again the HES &y of Example 6 and the
LTS Lo of Example 4. Let T" be like in Example 11. Then Player has
a winning strategy by always moving to the type environment I' or
the empty type environment (in which case Player wins).

o [n the first round, Player is in position S : so, but it holds that
' &E(S) : so, so Player can move to T".

e [n any next round, Player is in a successor position of I chosen
by Opponent, i.e. some type binding A : T of T'. If A is either
G or B, Player can respond with the empty type environment,
because ) - E(A) : 7. Otherwise, Player is on position F' : Tp
with e = ((so — s1) A (s1 — s1)) — so. We saw that
'+ F : 7 holds in Example 11, so Player is allowed to move
tol.

Since the only infinite play according to this strategy is the one
where Player’s position (except the initial position) is always F : Tr,
and since F' has priority O, Player’s strategy is a winning one.

Example 13. Consider the HFL formula 2 in Example 5, which
is equivalent to the following HES &:

S=u E(F B)([b]L);
E=, AXXY.(XAY)VE({a)X)((b)Y);
F =, X (a)(X(F(G X))); G=0, AXAY.(b)(XY);
B =, \Y.(b)Y.
Then, we have:

E:50 — s0 — s0, F: ((s0 — s1) A (s1 — 1)) = S0,
B:sy— s1,B:s51 = s1F&(S) : s0

Ok &E(E) : so — so — so

TEE(F): ((so— s1)A(s1 —s1)) = So
@F(‘/‘z(G) : (80 — 51) — S0 — S1
@l—(‘:z(G) : (81 —)31) — S1 — S1

Ok &E(B):so— s1 OF&E(B):s1— s1

where T is the one given in Example 11. These type judgments
determine a winning strategy for Player.

Example 14. Consider the unsatisfiable HES £, of Example 7;
recall that Qs (S) = 3, Qe, (Y) = 2, and Q¢ (X) = 1. Let
L = ({s},{a}, —,s) with s —*> s. A strategy for Player in
TG(L,EL) is to always play T’ = {X : s,Y : s — s}. This
strategy can be seen as a cyclic type derivation that is depicted
in Figure 5. It is not a winning strategy: the dashed cycle has the
largest priority 2, but the self loop on X : s (depicted with a thick
line) has the largest priority 1, hence Opponent can force an infinite
play with the largest priority 1.

‘We now prove that the type-based characterization is sound and
complete.

Theorem 13 (soundness and completeness of the type-based char-
acterization). Let £ be a fixpoint-free HES and L an LTS. Then,
LEEifandonlyif L EE.



I'FG:(so— s1) = so— s1 THG:(s1—s1)—s1—s1
X:sO—>81F S0 — S1 X:S1—>81F 181 — 81

FFF:((Soﬂsl)/\(Slﬁ)sl))HSQ F,X:sOﬁslkGX:Sog)sl F,X:SlﬁleG’Xzslﬁsl

X:sg—>s1HX:s0—s1

INX:s0—>s1,X:81>s1FF(GX):so

X :s0—s1,X:81 =81 FX(F(GX)) :s1

[, X :s0—s1,X :s1 = s1F (a)(X(F(GX))) : so

L FAX. (@) (X(F(GX))): ((s1 — s1) A(so — s1)) = so

Figure 4. Type derivation for I' = £(F) : ((s1 — s1) A (so — s1)) — so in Example 11.

ERRREEEEES :
Y s 55 X:s ! Z:sl—Z:sXs:

Yy xis | | _Z:isF ZAX:s |

X:s (a)(Y X):s :Z'sF(a)(Z/\X) s
£(S) s E(X):s ! EY):s—s :
Pt L S

Figure 5. A Player’s strategy in the typing game of Example 14.

The proof of the above theorem is given in the longer ver-
sion [17]; here we just give an outline. The proof uses a semantic
counterpart SG(L, £) of the typability game, which is obtained
from TG(L, £) by replacing the player’s moves {(F; : 7,T") | ' F
wi T with{(F;:7,I) |T |E @i : 7}, where T |E ¢; : T
is a semantic type judgment relation. Since I' = ¢; : 7 if and
only I' = ¢; : 7, the semantic typability game SG(L, &) is
actually isomorphic to the (syntactic) typability game TG(L, £).
We can then transform the semantic typability game step by step,
preserving the winner, until we get the semantic typability game
for the extended HES (where fixpoint binders may occur in def-
initions) consisting of the single equation F1 = toHFL(E). Be-
cause SG(L, Fi = toHFL(E)) is winning for Player if and only if
L |= &, we have the required result.

As a corollary of Theorem 13, we also have the following
parameterized complexity result.

Theorem 14. Let £ be a HES and L an LTS. Suppose that the

following parameters are bounded above by constants: (i) the depth

of E; (ii) the size of the largest (simple) type in E; and (iii) the size

of L (i.e., the number of states plus the size of the transition relation
?

—). Then, L )= & can be decided in time polynomial in the size of
E.

The theorem follows from the same reasoning as that for the
parameterized complexity result for HORS model checking [13].
Under the assumption above, for each variable of type 7, the number
of intersection types 7 such that 7::7 is bounded above by a constant.
Thus, the size of each type environment in the typability game is
linear in the size of £, hence also is the size of the typability game.
By the assumption that the depth dep(€) is fixed, the game can be
solved in time polynomial in the size of the game, hence also in the
size of £.

5. Correctness of the HORS-to-HFL Reduction
(Proof of Theorem 10)

In this section, we establish the correctness of the HORS-to-HFL
reduction (Theorem 13) we presented in Section 3. The proof relies
on the type-based characterization of HORS model-checking based
on Kobayashi and Ong’s type system [13] (KO type system, for
short). Below we first briefly review KO type system in Section 5.1.
Then we show that the typability of a HORS model-checking

instance in the KO type system is equivalent to the typability of its
HFL translation in the type system of Section 4.

5.1 KO Type System

We review here (a variation of) KO type system for characterizing
HORS model checking [15]. We fix an alternating parity automaton
A =(Q, X%, 6, ginit, ). KO types are defined by the grammar

G = /\{(01,m1), «eny (Gk,mk)}

Here, ¢ ranges over the set () of states of the automaton, and m;

ranges over the set {0, . .., p—1} of priorities of A. As in the case of

intersection types for HFL, we often write (61, m1) A+ -+ A (6k, my)

or Nici,.. xy (05, mq) for A{(61,m1),..., (0k, mr)}, and T for
0

0:=q|lc—0

Intuitively, g is the type of a tree that is accepted by .A when ¢
is taken as the initial state, whereas g1 — ..., — g withg; =
(05,1, m51) A -+ A (85, M5k, ) is the type of an n-ary function
that may use the j-th argument as a value of types 0;,1,...,0;;
and generates a tree of type g. The part m;, (¢ € {1,...,k;})
expresses where the j-th argument may be used as a value of type
0;,¢; intuitively, (6;.¢,m; ¢) specifies that in constructing the output
tree of type ¢, the j-th argument may be used as a value of type
60,,¢ in a node of the tree in which the largest priority visited in the
path from the root to this node is m; (. For the space restriction,
we refer the reader to [15] for more intuitions on KO types. A
slight difference between the original KO type system and the one
presented here is that by “the largest priority visited in the path from
the root”, we exclude the priority of the current node, whereas the
original type system included it. This change is just for technical
convenience for matching the HFL type system in the previous
section with KO type system.

As in the type system of Section 4, we only consider KO types ¢
that are refinements of simple types x (which we write ¢ :: x, defined
in a similar manner as in Section 4), and the empty intersection type
that refines & is written T" or just T when & is not meaningful. A
type environment is a set © of bindings x : (s, m) where z is either
a non-terminal or a term variable, and m is a priority.

The typing rules of KO type system are given in Figure 6.
In the rule KO-T-CONST, the relation Q |= f (where f €
BY({1l,...,n} x Q) and Q = (Q1,...,Qn) with Q; C Q for
each 7) is defined by induction on f: (i) Q | tt, (i) Q }~ £ff,
(i) Q = (i,q)if (¢ € Qi), (V) Q | fV foif Q = fior
QF fo,and M Q FE fih 2if Q | f1and Q = f2. The

operation -1, on type environments is defined by:
Ot := {x: (0, max(m,m")) | z: (§,m) € O}.

The KO typability game KG(G, A) foraHORS G = (3, N, R,
S)andan APT A = (Q, X, 6, ginit, 2) is a parity game (Viy, V3, Vinit,
E,Q'), where:

e The set V& of Opponent’s positions is the set of intersection type
environments {O | V(F; : 0) € ©.0 : N(F;)}.



(KO-T-VAR)

x:(0,0) F* 2. 0

(Qlw . 7Qn) ’: §A(q7a’)

0FR™ a: N, co, (@,29) = - = A, co, (@, 20) = g
(KO-T-CONST)

@0 '_KERS ep : /\iel(ai,mi) -0
©; FS eq : 0; foreachi € I

KO-T-Aprp
Oo U Uzg[(el?mz) F}_}‘?Rs eper : 0 ( )
Ou{z:(0;,m;)|icl} Fe:0
x does not occur in © (KO-T-ABS)
O HiRS Ax.e /\ieI(Gi,mi) — 0
OHM™ e 0 <0
O g (KO-T-SUB)
m (KO-SUBT-BASE)

0<¢  Viel3jeJ(0)<0; Am}=m;)

Nier(0i,mi) — 6 < /\jeJ(eg'vmg') — 0
(KO-SUBT-FUN)

Figure 6. KO type system.

e The set V3 of Player’s positions is the set of type bindings that
respect simple types, i.e., {F; : (0, m) | 7 :: N(F;)}.

® Uinit is the initial position F : (ginit, 2(Ginit))-

e F = FE1 U E», where E1, the set of Player’s moves, is {(F :
(6,m),0) | © F R(F;) : 6}; and Es, the set of Opponent’s
moves, is {(O, F; : (8, m)) | F; : (6,m) € ©}.

e The priority function €', is defined by: Q'(©) = 0 for every
© € Vo, and Q' (F; : (0, m)) = m forevery F; : (8, m) € V3.

We write 1% G if Player has a winning strategy for KG(G, A).
The following theorem states the soundness and completeness
of KO type system.®

Theorem 15 (Kobayashi and Ong [15]). Suppose that Tg does not
contain 1. Then, W* G if and only if Tg € L(A).

5.2 Preservation of the Typability

Fix aHORS G and an APT A with the set {0, . . ., p—1} of priorities.

We want to relate the typing game for KG (G, A) to the typing game
TG(La4, Sg))). To avoid confusion, we write below I' F** ¢ : 7
for the type judgment in HFL.

We first identify types for HFL model-checking (Section 4) and
KO types. We define the translation ()ﬁ of KO types to the types in
Section 4.

(9f =q
(Njes(05,m5) — 0)F =
/\j€J,mj:0(9j)u o Aje],mj:pfl(aj)ﬁ — (0)*

For example, with p = 2, ((¢0,0) A (41,0) A (q1,1) = @)* =
qo A q1 — q1 — q. Note that 0 :: x implies (0)* :: x*, and that for
any HFL intersection type 7, there is a KO type @ such that 7 = (6)*

6 The type system presented in this section is actually a slight variation of the
original one [15], but the proof in [15] can be easily adapted to this variation.

if and only if 7 :: x* for some &, and in that case, 6 is unique. We
write (7)° for this 0. In particular, it holds that

(@) =4 .,
(/\jEIOTj%"'%/\jeIp_l T = T) =
b b
/\ie{o,.“,p—l},jefi((Tj) y8) = (7).

We extend (.)* and (.)” to type environments:

(1")b ={A :_((T)b,i) | A¥ . € r}
(©)F = {A": (6)" | A:(6,i) € O} Ul uus,

where Tawe = {Ln : Njjco, @t = Nyoeq, @ — f |
(Q1,...,Qn) E f} is the type environment for all L,,. Note that
(1")b is well defined for the type environments used in the typing
game of TG(L 4, Sép)) because it only contains bindings A* : 7
for intersection types 7 that refine a type of the form *.

We can show that the transformation preserves typing.

Lemma 16. Let e be a term of a HORS. If © Fi% ¢ . ¢,
then (©)* HFL &30 . (9)4. Conversely, if ' F¥* 0 . 7, then
(1) HIORS ¢ . (7).

The following lemma guarantees that L,, : 7 € I'4y; if and only
if it is a winning position of TG (L 4, Sg’) ).

Lemma 17. Ler f be a subformula of §(q,a) with X(a) = n,
and Q1,...,Qn C Q. Then F™ L,, : /\q€Q1 q— /\qu2 q—=
R /\qun q — f is a winning position of the HFL typability
game if and only if (Q1,...,Qn) = f.

We can now prove that the reduction preserves typability.

Theorem 18. Ler G be a HORS and A be an alternating parity tree
automaton. Then, F5* G if and only if L 4 F*" é’ép ),

Proof. Let G be the parity game obtained from TG (L 4, Sép )) by
removing Player’s positions of the form L,, : 7, and the edges from/to
those positions. By Lemma 17, the winners of TG (L 4, Sép )) and
G are the same.

Notice that (.)* and (.)” are bijections between the positions
of G and the ones of KG(G, A). By Lemma 16, these bijections
are graph isomorphisms between the graphs of the arenas of the
games. Moreover, the priority of every Opponent’s position is 0 in
both games, and for Player’s positions, Q(z*™ : 7) = m = Q(z :
(7, m)) holds. So both games are isomorphic. O

Theorem 10 is an immediate corollary of Theorems 13, 15, and
18.

Remark 2. As mentioned in Section 1, since the decidability of
HFL model checking is straightforward, the decidability of HORS
model checking is an immediate corollary of Theorem 10. Our proof
of Theorem 10 in this section, however, does not qualify as a new
proof of the decidability of HORS model checking, because it relies
on the soundness and completeness of the KO type system.

6. From HFL to HORS Model Checking

In this section, we present a reduction from HFL model checking to
HORS model checking.

Recall that, over a (finite) LTS, by the Kleene Fixpoint Theorem,
any fixpoint formula oF".¢) with o € {p,v} andnp = m —
-+ — ¢ — e isequivalent to F'™ where

F():{ )\13117]1.'-~)\1:[:’r]g.—|—

fa=v
Az Axeine. L ifa=p

FL[FFly



and n is greater than the height of the lattice of D,,. For 7 of order
k, this height is a number k-fold exponential in the number of states
of the LTS. Precise bounds can be found in [2]. Our aim is to create
a HORS that generates the syntax tree of F™ _ and then runs it
against an alternating automaton that encodes the LTS in question.

6.1 Overview of the Translation

We first give an overview of the translation using an example. Let
us consider the following HES &:

S=,F((a)T); FX=,XV{bFX).

It represents the property that the action a may be enabled after
finitely many b transitions. For a sufficiently large number n, £ is
equivalent to the following HES £’, obtained by unfolding F' n
times.

S =, F™ ((a)T);

F™ X =, X Vv ®)(F"Y X);

FO X =, XV ({)(F© X);

FO X =, 1.
The annotations v and . in £ above actually do not matter, because
&’ does not contain any recursion. Now, by replacing each logical
connective with the corresponding tree constructor, we obtain the
following HORS Gg¢, which generates the syntax tree of the formula
obtained by reducing £’

S — F™ ((a)T)
FM™ X 5 v X ((B)(F™ X))

FO X v X (B)(FO X))
FO X - 1.

Let £ = (U, A, —, sinit) be an LTS. To check whether £ = &’
(hence also £ = £) holds, it suffices to run a tree automaton to eval-
uate (the formula represented by) the tree Tg, against £. Such an
automaton A, would be of the form ({¢s | s € U}, %, 9, ¢s;0, ©2)
where g is a state for checking whether s satisfies the formula rep-
resented by the current subtree, the alphabet 3 consists of the tree
constructors corresponding to logical connectives, and the transition
function § is defined by:’

6(QS:T) =tt 6(QS7L) =ff 5(‘13,\/) =
8(gs, (@) = V{(1, s | s = '} :

Then, we have £ = & if and only if G¢ | A.; thus we have
reduced HFL model checking to HORS model checking.

The remaining problem is that G¢ is too large, because the
required number n of unfoldings is in general k-fold exponential
in the size of £ for an order-k£ HES. To address the problem, we
parameterize each non-terminal F) above by the number j, and
encode numbers as terms of HORS. Thus, the resulting HORS is
given by:

S— Fn((a)T)
FjX —if (IsZeroj) L (VX (()(F (1 —1) X))).

Below, we first prepare an encoding of numbers in Section 6.2.

We then present the general translation from HFL model checking
to HORS model checking in Section 6.3.

(1,gs) V (2,95)

6.2 Counting with HORS

As a first step, we show how to implement large numbers in HORS.
Our encoding follows that of Jones [7]. Let exp, (r) denote the k-

fold exponent of 7, defined by expy (r) and exp; (1) = 20%Pi (1)

7 The full definition is given later in Section 6.3.

For our purpose, we need to represent numbers up to exp,, () by
terms of order at most £ — 1 and of size polynomial in r. Prepare
Bit = {0, 1} and let Num; be defined by

Num; = Bit x --- x Bit
—_———

Num;;; = Num; — Bit.

For every 4, let [.]; : {0,...,exp,;(r) — 1} — Num; be the
bijection defined as follows: (i) for every n € {1,...,2" — 1},
[n]1 = (bo,...,br—1), where bg ... b,_1 is the binary representa-
tion of n starting with bg as the least significant bit; (ii) for every
n € {0,...,exp; (r)—1}, foreverym € {0,...,exp;(r)—1}
[n]i+1 maps [m]; to bm, where bo . . . bexp, (r)—1 is the binary rep-
resentation of n.

In order to compute with bits, we represent bit expressions as
Y Bit-labeled (possibly infinite) trees where Ygit = {1 — 0,0 —
0,if — 3}. We define the relation 7" |} b inductively, by: (i) 1 { 1,
(i) 0 Y O, (ii) if To Th T> Y bif Tp Y 1 and 71 | b, and (iv)
if To Th To Y bif Tp | 0 and T3 |} b. We call b the value of T’
when T || b holds. Note that a bit expression 7" may or may not
have a value if T is infinite.

We prepare an automaton to evaluate bit expressions. Let 4B
be the APT ({ql7 90}7 EBit7 (S, qi1, Q), with

8(q,if) = ((1,q1) A (2,9)) V ((1,9) A (3,9))
for every ¢ € {q1,qo}

(q17 ): (CIO, )_tt

(q17 ): (CIo, )_ff

Qq1) = Qqo) =

Lemma 19. AB™ accepts a tree T from state q1 (qo, resp.) if and
onlyif T' |} 1 (T | 0, resp.).

We assume below that other bit operations are represented as
order-1 non-terminals of HORS. For example, the bit complement
Not and {-ary disjunction OR, can be defined by the following
rewriting rules:

Notxz —ifx 01

ORiz —x OR¢ x1 -+ ¢ — if @1 1 (OR¢—1 @2 -+ X¢)

We introduce the HORS types Bit* = x and Num; for all ¢ > 2
as follows: Num3 = x — -+ — % — %, and for all 1 > 2,

Numj,; = Num] — * (note that Numyj is undefined only
because HORS types do not have product).

For the purpose of encoding HFL formulas, we need to prepare
the following terms of HORS:

(which represents exp, (r) — 1)
(decrement function)
(check if the argument is 0)

Max; : Num]
Dec; : Num] — Num]
IsZero; : Num] — Bit*



for all ¢ > 2. They are defined as follows, using the auxiliary
functions ExistsOne; and DecSub;:
Max; = (1,...,1)
Decy (bo, ...

Max;11 9 — 1
7br—1) =
(DecSubg bo, . ..,DecSub,_1 by -+ br_1)
DecSubg by — Not bg
DecSub; by --- bj —
(* Flip b; only if bg, ..., b;_1 are all 0 *)
if (OR]‘ by --- bjfl) bj (Not bj)
Deci+1 f n —
(* Flip the n-th bit of f only if all the lower bits are 0.%)
if (ExistsOne;+1 f n) (f n) (Not(f n))
ExistsOne;+1 fn —
(* Check whether some bit of f lower than the n-th bit is 0 *)
if (IsZero; n) 0
(OR2 (f (Dec; n)) (ExistsOneiy1 f (Dec; n))))
IsZeroy (bo,...,br—1) — Not(OR, by -+ br_1)
IsZero;+1 f — Not(ORz (f Max;) (ExistsOne; 1 f Max;)).

Here, = indicates that the lefthand side is a shorthand (or a macro)
for the righthand side, and — indicates that the head symbol on the
lefthand side is a non-terminal of HORS defined by the rewriting
rule. The meta-variable ¢ ranges over {1, ...,k — 1}, and j ranges
over {1,...,r}. The encodings above should be easy to understand;
Max; represents the number whose bit representationis 11---1,

exp;_1(r)
hence defined as a function that always returns 1.
The following lemma states the correctness of our number
encoding.

Lemma 20. Let T be the tree generated by IsZero;(Deci” Max;).
Then, (i) if m = exp,;(r) — 1, then T |} 1; (ii) if m < exp,(r) —1,
then'T | 0.

6.3 The Translation

Let £ be an LTS (U, A, —, Sinit), and € be an order-k HES
Fn =a, ¢©n; - 3 Fo =ap @o wWhere Fj is of type n; (and thus
7, = ®). We assume that each (; is of the form Az1. - - - Azy; .1);
such that 1); does not contain lambda abstractions.

Let h; be the height of the lattice of Dy, and M the largest arity
of types occurring in 7o, . . . , . By [2], Lemma 3.5, exp, (1) —
1> max(ho, ..., hs) forr > log |U| + |U| - (M + k)*. Let mh
be exp, () — 1 for the least such natural number r. Note that r
is polynomial in |U| and M, assuming that the order k of £ is a
constant.

Let 8 = (Bn,. ..
If 5; > 0, define

B(Z) = (Bn,--- 750

B() = (Bn,...,B3; — 1, mh,...,mh)
——

, B;) be a collection of non-negative integers.

if 0>
ife<j
7 —£ times

Let < be the lexicographic order on f’s, i.e., the least transitive
relation that satisfies: (Bn,...,8j+1) < (Bn,...,Bj+1,06;) and
(57“ ey 6j+17ﬂj) < (,Bn, ey ﬁj+1,ﬁj + 1) We define the HFL
formula ™™™ for each j € {0,...,n},mp,...,m; €
{0, ..., mh} as follows, by well-founded induction on <.

Mgy yeeey M ,0 —
F( n J+1 >:)\LE1"">\-T£J-~OCJ'

J
0 n
FP =R [Fo, .. E]™ [ Fp;
if 8= (Mn,...,m;) withm; > 0.
Here, a; = T if «; = v and a; = L if a; = p. By the Kleene
Fixpoint Theorem, we have:

Lemma 21. [toHFL(E)] = [F{™™].

Since F{™® contains no fixpoint operators, we can reduce it
to a formula in basic modal logic. Below we create a HORS that
generates the syntax tree of this formula.

For each F;(j € {0,...,n}) of £, we prepare a non-terminal
of the same name F; of a HORS, and the following rewriting rule:

Fj yn7-~47yj7x17~--7$éj —

if (IsZerok y]) a; (H¢j]]yn ..... yj+1,Deck(yj))‘

Here, [¢;5], .....y, 1§ defined by induction on formulas:

[e,y,....,, ==

Foyn ... ye
[[Feﬂym“"yj = Foyn ... y; Maxy ... Maxg

[ely...s, =€
ife>j
ife<j
7 —1 times

lereel,, oy, =lerly, .y, L2y,

,,,,,

Here, c ranges over V, A, (a), [a], T, L; so, for example, p1 A @2
is considered as (A 1) ¢2 in the above definition. In the image of
the translation, those constants are treated as tree constructors of the
HORS. The arguments y1, .. ., y; are of type Numj; intuitively,
Fj [n1]lk -+ [n;]x corresponds to Fj(n1 """ "),

We write Ge_® for the HORS consisting of the above rules for
F;, S — F, Max;, (where S is the start symbol), and the rules in
Section 6.2 for encoding numbers.

Example 15. Recall the LTS Lo from Example 4, and the HES &
from Example 6:
S=,FB; F=,)X:e—e(a)(X(F(GX)));
G=,2X:0e—>e)Y: :0(b)(XY); B=,AY:e(h)Y.

We obtain the HORS Gg,, ., with

S — S Maxso
S ys — if (IsZeroz ys) T
(F (Decs ys) Maxs (B ys Maxa Maxz Maxsz))
Fysyrxz—
if (IsZeroz yr) T
((a) (z (F'ys (Dec2 yr) (G ys (Decz yr) Maxs x))))
G ys yr yo x y — if (IsZeroz yg) T ((b) (z y))
Bys yr yoys y — if (IsZeroz ys) T ((b) y)
where the y;’s have been renamed to their respective nonterminal
for ease of understanding and the parameters x; have been renamed

to lower case versions of their HFL correspondents, and the rules
for Deco and IsZeros are as per their definition. O

Let Az be the APT ({gs | s € U} U{q1,q}, 2,9, ¢sine, €2)
where:
Y=Yt U{V—2A—2,T—0,L+—0}
UUqea{(a) = 1, [a] — 1}
8(gs, (a)) = V{(L,qo) | s = s’}

8(qs, [a]) = M{(1,q0) | s == 5’}
0(gs, T) = tt 0(gs, L) = ££
6((]5,\/) = (laqs)\/(27q5) 5(q57/\) = (1aq5)/\(27q5)
0(gs,1) = 6(gs,0) = ££ (for each s € U)

(forevery g € {gs | s € U} U{q1,90})
0(q1,1) = tt 0(q1,a) =ffifa & {1,if}
3(go,0) = tt 0(qo,a) = ffifa & {0,if}
and Q(g) = 1 for every . Note that A is an extension of the
automaton AP in the previous subsection.

Theorem 22. Let L be an LTS and let £ be an HES. Then A
accepts the tree generated by Ge 1 if and only if L |= E. The size

8 The only dependence of Ge,con Lisviar.



of Ge. 1 is polynomial in the size of £ and L; and Az has m + 2
states where m is the number of states of L. Furthermore, they can
be constructed in time polynomial in the size of £ and L (assuming
that the order k of £ is a constant).

By the above theorem, the reduction combined with an optimal
algorithm for HORS model checking yields an k-EXPTIME HFL
model checking algorithm, which is optimal [2].

7. Related Work

The model checking problem for HORS has been studied since
around 2000. Knapik et al. [8] proved the decidability of the problem
for HORS with the safety restriction, and Ong [25] proved the
decidability for arbitrary HORS, without the safety restriction and
showed that the problem is k-EXPTIME complete for order-k
HORS. Since Ong’s proof was complex, a number of alternative
proofs have been developed since then [6, 13, 28, 32]. Among
others, Kobayashi and Ong [12, 13] have provided a type-based
characterization of HORS model checking, which inspired our
type system for HFL model checking in Section 4. The type-based
characterization of HORS model checking has lead to development
of practical algorithms for HORS model checking [3, 10, 11, 24,
27]. We therefore expect that our type-based characterization of
HFL model checking also yields practical algorithms for HFL
model checking. The proof of the correctness of our type-based
characterization (found in the longer version [17]) has been partially
inspired by Salvati and Walukiewicz’s model theoretic approach to
HORS model checking [29]. On the practical side, HORS model
checking has been applied to automated verification of higher-order
programs [9, 16, 18, 19, 23, 26, 33, 35].

Independently of the above line of work, Viswanathan and
Viswanathan [34] introduced HFL, a higher-order extension of
modal p-calculus, and showed that, while model checking remains
decidable for finite state systems, HFL is strictly more expres-
sive than modal p-calculus and FLC (Modal Fixpoint Logic with
Chop) [22], another extension of modal u-calculus. Axelsson et
al. [2] proved that the model checking problem for order-k HFL
formulas is k-EXPTIME complete. The state of the art on prac-
tical algorithms for HFL model checking is much behind that on
HORS model checking algorithms. In [20], the authors sketch a
global model-checking algorithm that does not compute the entire
representation of functions, but relies on neededness analysis in
order to partially represent them. By contrast, the typing game pre-
sented in this paper may be seen as a higher-order extension of local
model-checking [31].

Somewhat surprisingly, despite that both problems are higher-
order extensions of finite state model checking that have been
introduced and studied in the 2000’s, and despite that both are
k-EXPTIME complete for the order-k fragment, we are not aware
of any previous work that studies the connection between HORS
and HFL model checking. The translation from HORS to HFL
in Section 3 has been partially inspired by Kobayashi and Ong’s
type system for HORS model checking [13]. Their type system
statically keeps track of the largest priority of states visited using
types, whereas our translation dynamically keeps that information
by duplicating arguments. This fact is reflected in the translation
from their types to our types for HFL presented in Section 3.
The translation from HORS to HFL model checking may also
have some connection to Salvati and and Walukiewicz’s recent
work [30], which uses a model-theoretic approach to reduce HORS
model checking to nested least/greatest fixpoint computations. In
the translation from HFL to HORS, the key challenge was how to
encode big numbers into order-(k—1) terms of HORS. Our encoding
may be seen as a combination of Jones’ encoding of big numbers
as functions [7], and encoding of Boolean expressions into order-0

terms (with an added automaton to evaluate these expressions); the
latter encoding was used in the benchmark of the HORS model
checker PREFACE [27].

8. Conclusion

We have presented mutual translations between the HORS and HFL
model checking problems, both higher-order extensions of finite
state model checking. We have also proved the correctness of both
translations. These translations preserve complexity, in the sense
that the translation followed by an optimal algorithm for the target
problem yields an optimal (i.e., k-EXPTIME) algorithm for the
source problem. The results reveal the close connection between the
two problems, enabling the cross-fertilization of the two threads of
research. The type-based characterization of HFL model checking
developed in Section 4 may be seen as the first outcome of such
cross-fertilization, which may yield a practical algorithm for HFL
model checking.
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Appendix

A. Proof of Theorem 13

We fix an LTS £ = (U, A, —, sinit) and a HES:
&= (F" =a, ¢ni i 5 =ag ¢0),

where 1, = o.

We assume: (i) ay is v if k is even and p otherwise; and (ii)
F,, occurs in none of o, . .., ¢,. Those assumptions do not lose
generality, because (i) if a; = ai+1 = p (i = @ig1 = p, resp.),
then we can insert a dummy equation F* =, F (F* =, F,
resp.) between the equations for F; and Fj11, without changing
the semantics and typability of &£; and (ii) if F}, occurs in ¢;, we
canadd F},1 =a, ., Fn. By the assumption above, Q(Fy) = k.

As sketched in Section 4, we show Theorem 13 through semantic
typability games. We first define the semantics of types and semantic
typability games in Section A.1. We then introduce in Section A.2
the semantic typability game, a semantic counterpart of the typability
game defined in Section 4, and show that it is equivalent to the
(syntactic) typability game introduced in Section 4. We then show
soundness and completeness of the semantic typability game (with
respect to £ |= £) in Sections A.3 and A.4 respectively.

A.1 Semantics of types

The semantics of types D (C Dgiype(ry) and Do (€ Dgpype(o))
are defined by:

D,={z€ D, |se€xz}
Dq—l/\,u/\-,—k = Dq—l ﬁ e ﬁ D‘rk
DU—)T:

{f € DStype(a)—)Stype(T) | Vr € Do—f(fl') € DT}

Recall that we are assuming that each 7 or ¢ is implicitly annotated
with the corresponding simple type, so that Stype(7) and Stype(c)
are well defined. For each intersection type 7, we define 1, € D,
by:

Lo ={s}
o—T —
e { 1, ifz e D,
"1 Lstype(r) otherwise

J—Tl/\<~/\‘rk = J—Tl uStype(‘rl) te uStype(-rl) J—Tk

When 7 :: ), the restriction of (D, U,, M,) to D, forms a complete
sublattice, having L, as the least element.

Lemma 23. Suppose 7 :: 1. Then, the following conditions hold.

1. Ifx,y € Dy, thenz U, y,x My y € D-.

2. D is upward-closed, i.e., x € D, and x T, y implyy € D-.
3. L. is the least element of D.

4. Ifv € Dy, thenx € Dy ifandonly if 1 T, .

Proof. The first property can be shown by induction on 7.

e lfn = e, thent = /\qEquorsomeQ C U with @ C x,
Q Cy.SoQ CzNy C zUy, henceforth xMe y, zUe y € D-.
e Assume 7 = 11 — 12 and the property 1 holds for 7. Let
2,y € Dy sn,. Forall z € Dy, . Then (x My, 5y, y)(2) =
2(2) My y(2) € D and (2 Uy -, ) (2) = 2(2) Un, y(2) €
D,,, by induction, henceforth @ My, —spy Y, T Upy—ne ¥ €

ni—nz-:

The second and third properties also follow by straightforward
induction on 7. The fourth property follows as an immediate
corollary of the second and third properties. O

Lemma 24. If o < o’ has a derivation then Dy C D,.

Proof. By straightforward induction on the derivation of o < o’
(see the three rules HFL-T-SUBT-BASE, HFL-SUBT-FUN, and
HFL-SUBT-INT of Figure 4). O

Let p be an interpretation (i.e., a map from a finite set of variables
to U, D). We write p |= I'if p(X) € D, for every binding
X:7 € dom(l"). Wewrite I' = ¢ : 7 (I’ = ¢ : o, resp.) if
lel(p) € Dy ([¢l(p) € Do, resp.) holds for every interpretation p
such that p =T

We shall show that, for any formula ¢ that does not contain
fixpoint operators, the syntactic type judgment I' - ¢ : 7 is sound
and complete with respect to the semantic type judgmentI' = : 7

Lemma 25 (soundness of syntactic type judgment). Let o be a
formula without fixpoint operators. Then, I' = ¢ : T implies

FEe:T
Proof. By induction on the derivation of I' - ¢ : 7.

e Case HFL-T-TRUE:since 1 = s € U, ' =T : 7.

e Case HFL-T-VAR:since X : 7 € [, forany p =T, p = X : 7.
e Case HFL-T-SOME: then ¢ = (a)¢’', 7 = s € U, s - &,
and T I ¢ : s for some s’. By induction, T' |= ¢’ : s, and by
HFL semantics, I' |= {(a)¢’ : s.

Case HFL-T-ALL: similar to previous case.

Case HFL-T-AND: then ¢ = o1 A2, T=s € U, ' F 71 : s,
and " - 9 : s. By induction, I' = 1 : s,and ' |= @3 : s, and
by HFL semantics, I' = ¢1 A 2 : s.

e Case HFL-T-OR: similar to previous case.

Case HFL-T-ABS: then ¢ = )\X:n.ap/, T=T1A---AT; = T,
and T, X :7,..., X i1 = ¢ ¢ 7/ for some X ¢ dom(T).
Let p be such that p =T", and let x € D, M-+ D;, . Then
pW{X — z} ET,:7,..., X7k, thus by induction hypothesis
pW{X — x} | ¢ : 7. Since it holds for all such x, and by
definition of D, p = AX : 0.9 : 71 A+ - AT, — 7', and since
this holds for all such p, T EAX : . : i Ao ATy — 7.
Case HFL-T-APP: then ¢ = 1 2, I' F @1 : 7' with
T=m AN Ay = Tand Dk o : 7 foralli = 1,...,k.
Let p be such that p = I'. By induction hypothesis, p | ¢1 :
TIA- AT, = Tand p |E @2 : T foralli = 1,...,k By
definition of D, it holds that p = ¢1 @2 : 7. Since this holds
forall such p, I |= 1 @2 : T.

e Case HFL-T-SUB: straightforward by Lemma 24.

O

To prove the converse (completeness), we need some preparation.
Given a type environment I', we define a canonical interpretation
pr by:

dom(pr) = dom(I)  pr(X) = Lr(x)

We have:
Lemma 26. ' |= ¢ : 7 iff [¢](pr) € D iff L+ T [¢](pr).

Proof. T = ¢ : 7 = [¢](pr) € D-,: This follows
immediately from the definition of I" = ¢ : 7 and the fact
pr ): T.

® [¢](pr) € D = T = ¢ : 7: Suppose p = I'. Then, by the
definition of pr and Lemma 23, we have pr(X) C p(X) for
every X € dom(T"). Thus, by the monotonicity of [¢] and the
upward-closedness of D, (Lemma 23), we have [¢](p) € D-.
e [¢](pr) € D+ iff L, C [¢](pr) follows immediately from

Lemma 23.
O



For each value = € D,,, we define the corresponding type o,y
by:

oze = N{s|s €z}

Ozm—n2 = Nyep,, (Oym = Twyms)

Here, 01 — o2 is defined by:
o1 = (A AT)=(01 = T1)A - A(o1 = Tk).
Lemma 27. Ifx € D,, then x C,, y if and only if y € D

Tx,m*

Proof. We first show that x € D,, implies x = L
on 7.

oxm by induction

e Case 7 = e: In this case, z = {s1,...,sx} and 04,y =
s1 A+-+ Asg. Thus, z € L, , follows immediately.
e Case n = m — m2: In this case, we have:

Do, , = /\ (Oym = Oxy.my)-

y€Dy,
Suppose 3’ € D,;,. We need to show
zy' = I—I”D{J‘Uﬂcy-ﬁz ‘ Loy E y/}~
By the induction hypothesis, the righthand side is equal to:
Un{zy [y Cy'} =2y,

as required.

Now, If x € D, and z &, y, then 1,,, = x C, y. Thus,
by Lemma 23, we have y € D,, ,. Conversely, if z € D,, and
y € Do, ,,thenz = 1, , C; vy, asrequired. O

Lemma 28. If 1, Cgype(r) Lo, then <

Proof. We show that L, Cgiype(r) Lrin-.ar, implies 7 < 7 for
some ¢ € {1,..., k} by induction on the structure of n = Stype (7).
The lemma follows as a special case, where k = 1.

e Case 1 = e: In this case, 7 = s and 7, = s;. Thus, by the
assumption L, T, L, a..arp, we have {s} C {s1,...,sk},
which implies 7 = s = s; = 7; for some 3.

Casen =11 — mo:Inthiscase,7 =0 — 7' and 7; = 0; —
7;. By the condition L. =, L A...ar,, we have

L= 1:(Lo) Cop Loyanr (Lo).

The righthand side is equal to:
ung{Ln_/ lie{l,....,k}, L, C Lo}

Thus, by the induction hypothesis, there must exist ¢ such
that 7; < 7' and L,, C 1,.Letoc = 7/ A--- A7 and
oi=7"N---A7;. Then L,, C L, implies L. C L,
J
foreach j € {1,...,n}. By the induction hypothesis, for each
j» there exists j* € {1,...,m} such that 7/, < 7;". Thus, we

have o < o;. We have, therefore, 7; < 7 as required.
O
We are now ready to prove the completeness of the syntactic
type judgment.

Lemma 29 (completeness of syntactic type judgment). Let ¢ be
a formula without fixpoint operators. Then, T' |= ¢ : T implies
I'Fe:m.

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

e Case ¢ = T: Since [¢](pr) = U, we have U € D, which
implies 7 = s € U. Thus, by using HFL-T-TRUE we obtain
I'Fep:r.

e Case p = L: This cannot happen, since [L](p) = 0.

e Case ¢ = X: By Lemma 28, we have L, T [X](pr) =
pr(X) = Lr(x). By Lemma 28, we have I'(X) < 7. By
using HFL-T-VAR and HFL-T-SUB, we obtain I' - X : 7 as
required.

e Case ¢ = (a)y’: By Lemma 26, we have:

L Co[el(or) = {s | s = s",s" € [¢'I(pr)}-

Thus, 7 = s with s -2+ s’ and s’ € [¢'](pr) for some s, 5.
By s’ € [¢'](pr) and Lemma 26, we have I" = ¢’ : s. By
the induction hypothesis, we have I" - ¢’ : s’. Thus, by using
HFL-T-SOME, we obtain I' F ¢ : 7 as required.

e Case ¢ = [a]y’: By Lemma 26, we have:

L Co [el(or) = {s| s = s" = s" € [¢'](pr)}.

Thus, 7 = s form some s € U, and s' € [¢'](pr) holds
for every s’ € U such that s -+ s’. By Lemma 26 and the
induction hypothesis, we have I' - ¢’ : s for every s’ € U such
that s — s’. Thus, by using HFL-T-ALL, we obtainT' - ¢ : 7
as required.

e Case ¢ = 1 A w2: By Lemma 26, we have:

L7 Ce [l (pr) = [l (pr) N [p2](or)-
Thus, by using Lemma 26 and the induction hypothesis, we get
I't @1 :7and I' - @2 : 7. Thus, by using HFL-T-AND, we
obtain I'' - ¢ : 7 as required.
e Case ¢ = 1 V @2: By Lemma 26, we have:

Lr e [0l(or) = [w1l(pr) U [w2](or)-

Thus, 7 = s forsome s € U, and s € [¢;](pr) fori = 1 or
2. By using Lemma 26 and the induction hypothesis, we get
I'F @1 :7orI' b @2 : 7. Thus, by using HFL-T-OR, we
obtain I - ¢ : 7 as required.

e Case ¢ = ¢1p2: By the assumption I |= 1¢2 : 7, we have:

1] (pr)([@21(pr)) € D

Suppose x € Dawﬂ(pwm, where 72 is the simple type of
2. By Lemma 27, [p2](pr) C z. By the monotonicity of

l1](pr), we have [eal(or) (T2l (pr) T [e1](pr)(x). Since
T loalpr)ins 1S upward-closed (Lemma 23), [¢1](pr)(z) €

. Thus, we have:

[e1](pr) € D"[[«m]](pr),nz -7

By Lemma 26, we have I' |= ©1 @ 0[u,](pr)me — T- By
Lemma 27, we also have: [p2](pr) € D , which
implies

ILe2](pr)in2

LEps: Ole21(pr),m2
by Lemma 26. By the induction hypothesis, we have I' - ¢4 :
Tlea](or)ine — T and I' 2 2 0o (pr) > Which imply
F w192 : T as required.

Case ¢ = AX.¢': In this case, T = 0 — 7’ for some ¢ and
7’. By the assumption ' = AX.¢' : 7 and Lemma 26, we
have [AX.¢'](pr) € D-, which implies [A\X.¢'](por)(Ls) =
[e'1(pr{X — L,}) € D,s. Thus,wehave ', X :0 = ¢’ : T

By the induction hypothesis, we have I', X : 0 + ¢’ : 7
Therefore, we obtain I' - ¢ : 7 as required.

O

A.2 Semantic typability games
We call

M _ . CE = .
Fo" =a, on;oo 5 F7 =a; @;



an extended HES if ¢; may contain fixpoint operators. As for HES,

we assume: (i) oy, is v if k is even and p otherwise; and (ii) F),
occurs in none of ¢y, ..
and Q¢ (F;) =i — j + 1 otherwise.

The advantage of semantic type judgments introduced in the
previous subsection is that we can define a typability game also for
extended HES’s.

The semantic typability game for an extended HES

&= (Fryz]" oy Pnicc ;F;j =aj @j)

and an LTS £ = (U, A, —, sinit), written SG(L, £), is a parity
game (Vi, V3, Vinit, F, Q), where:

e The set V& of Opponent’s positions is the set of intersection type
environments {I' | VF; : 7 € .7 i }.

e The set V3 of Player’s positions is the set of type bindings that
respect simple types, i.e., {F; : 7 | 77}

® Vinit is the initial position F : Sinit.

e ' = FEi U E», where E1, the set of Player’s moves, is
{(F; : ,T) | T |= ¢ : 7}; and E», the set of Opponent’s
moves, is {(I', F;: 1) | Fy : 7 € T}

e The priority function € is defined by: Q(I') = 0 for every
e Vg, and Q(F; : 7) = Qe (F;) forevery F; : 7 € Va.

For an ordinary HES (i.e., HES where fixpoint operators do not
occur on the righthand side), the semantic typability game coincides
with the (syntactic) typability game.

Lemma 30. Let € be an HES. Player wins TG(L, E) if and only
if Player wins SG(L, £).

Proof. By the definition of the games, the sets of Opponent’s
Player’s moves in TG(L,€) and SG(L,E) are identical. By
Lemmas 25 and Lemmas 29, the sets of Player’s moves are also
identical. Thus, the two games are isomorphic. O

A.3 Soundness of the Semantic Typability Game

We shall show that if Player wins the semantic typability game
SG(L,E), then L = £ holds. To this end, we transform the
semantic parity game step by step, until we obtain the trivial
semantic parity game for £’ := (F,, =., toHFL(E)). Player
winning the game means § = toHFL(E) : Sinit, 1.€., Sint €
[toHFL(E)], which implies £ = £.

Fori =0, ..., n, we define an (extended) HES £ as follows.
EO s & = (Fm =a, on;--+ 3 FJ® =aq 90). Given £):
EGHD is defined as

n i i i+1
Fn —ap LP$L+1) : FZZLI o4 (P£+1 )7
where go(ZH) [ F /F] () Thus, £+ is obtained by
removing the last equauon Fl = 4,05'), and replacing F; with

i F7 .oV Note that £ = (Fn =, toHFL(E)) (recall that
we assumed that F3, does not occur on the righthand side of £). We
write ¢, ) below for the righthand side of the equation for F; in
EW,

We shall show that the transformation from £® to £0H+1
preserves the winner of the semantic parity game. To this end,
we construct a winning strategy for SG(L, £ G +1)) from that for
SG(LI7 £W). Let WY be a (memoryless) winning strategy for

G(L,EW). For each winning position F : 7 of SG(L, £Y)), w
deﬁne the closure of F': 7, written clos,,,;) (F':T), as the least type
environment such that:

.y @n. Thus, Qe (F;) =i — 7 if § is even,

e WON(F 1) C closyyi) (F: )
. If)Fj 27" € closyy) (F:7), then WY (Fj:1") C closyy ) (F':
T).
For example, if W) (F:1y) = {F:7o, Fj:m3} and WY (Fjir3) =
{F :74, Fj : 13}, then clos,,) (F :71) = {F : 72, Fj : 13, F : 74 }.
We define Player’s memoryless strategy WY1 for SG(L, & G +1))
by:

WUTD(Fy o) = {Fp: 7' | Fo: 7' € closw(Fy :7),£ > 5}
if & > j and F},:7 is a winning position of ¢9), and WUV (Fy, :7)
is undefined otherwise. We show that wu+h is a valid strategy
(i.e., ((Fr:, T)’W(]H)(F’,“ :7)) € E), and WYY is a winning
strategy. To show that WU s valid, it suffices to prove:

W(J'H)(Fk ) E SD(J—O—l) r
We shall use the following lemma.

Lemma 31 (semantic substitution lemma). If T'o, F': 71,..., F:
T E @ Twith F ¢ dom(To) and Ty |= ' : 7 for each
i€{l,...,k} thenTo,T1,.... Tk E[¢'/Flo: T.

Proof. This follows by straightforward induction on the structure of
. O

Using the lemma above, we show that WUHD s a valid strategy,
by case analysis on «;.

e Case a; =

Let us define clos'’ ( o (Fy:T) by: closw( y(Fr:m) = WO (Ey:
i+1
7) and clasi/vtj))(Fk c7) ={F: 1 (g) closv\f(])(F :7) |
. . J .
F # F;} U UFj:T/Gclosi:\’})“)(Fk:T) WY)(F; : 7'). Since the

set of types is finite, and W) is a winning strategy, we have
closW(J) (Fi,:7) = WU (Fy, : 7) for some m. By repeatedly
applying the semantic substitution lemma to W (Fy : 1) k=

Lp](j) . T, we obtain:

WYD(F 1) e (o /")
Thus, we have
WU (E 1) = (0 [ Fley)

as required.

Case o = v:
Let {71,...,met be {7' | Fj: 7" € closyy) (Fk : 7)}. Then,
we have:

WU (F, 1), Fy:m,..., F
which implies

WUH)(Fk :7T) E AFj. (j) CTLA
foreveryi € {1,...

i = (,O(J)

NTe =Ty
,¢}. By Lemma 26, we have:
Lrinnrg Eny [[)‘Fj~‘P;j)ﬂ(PW(J‘-H)(Fk:r))(lﬁAmATe)-
Thus, we have
Lrinar, B, [VF ]J
from which we obtain
VV(H'I)(F;C :T) E Z/Fj.@;j) TTIA AT
by using Lemma 26. Thus, by Lemma 31, we have:
WYUD(F ) | vEy ) [Fle v

as required.

]](pW(J+1)(Fk 7—))



Finally, to see that WU s a winning strategy, notice that
for each segment (F}, : 7) (WYY (F, : 7)) (F' : 7') of a play that
conforms to the strategy WU+ there is a corresponding segment
(Fr: YOV (Fy : 7)) (Fj = 7" YWD (Fy = 7")) - (F":7") of a
play that conforms to the strategy WY | where the largest priorities
in the segments are the same. Thus, every play that conforms to
WUFY is won by Player.

By the discussion above, we have:

Lemma 32. Let £ be an HES and L be an LTS. If Player wins
SG(L,E), then L = €.

A.4 Completeness of the Semantic Typability Game

We show the converse of Lemma 32: if £ |= £ then Player wins
the semantic typability game SG(E, £). Essentially, we just need
to do the inverse of the argument for the soundness proof. We
start with a winning strategy for the semantic typability game
of £ and construct those for the semantic parity games of
=D O = £ step by step, where £ ... €™ are as
defined in Section A.3.

Actually, we use a slightly different notion of semantic typability
game. The far semantic typability game for an extended £:

Mn . R Nl E )
F, _anﬂpnv"'vFj =a; Pj

(with n, = @) and an LTS L =
FG(L, &) =

(U, A, —, sinit) is a parity game
(W&, V&, Vinit, E, Q), where:

e The set Viy of Opponent’s positions is the set of intersection type
environments {I' | VF; : 7 € T.r 15}

e The set V3 of Player’s positions is the set of type bindings that
respect simple types, i.e., {F;: 0 | o 1m0 # T}

® Vinit is the set of initial positions: {F}, : s1 A -
{81, ey Sk}}

e I = FEyi U FE», where E1, the set of Player’s moves, is
{(F;:0,T) | T |E ¢; : o}; and E», the set of Opponent’s
moves, is {(I', F; : o) | 0 = ['(F;)}.

e The priority function €2, is defined by: Q(I') = 0 for every
I' € Vg, and Q(F; : 0) = Qg (F;) forevery F; : 7 € V3.

A Sk | Sinit €

In the last but one clause, I'(F}) denotes {7 | F}; : 7 € I'}. Player
wins if there is a winning strategy from one of the initial positions.
The difference from the (non-fat) semantic typability game is that
Player’s position is of the form F': o, instead of F': 7.

Assuming £ = &, we construct winning strategies for FG (£, £™),

FG(L,£MY),...,FG(L,E®) in this order. For £, there is a
trivial winning strategy defined by: W™ (F, : J_HtoHFL(g)]] o) =0.

Assume we are given a memoryless winning strategy W J+1)
for FG(£7 g(JJrl)). Recall that 5(]+1) 1S:

Fp =a, 4,0(n]+1) e Fi a1 ‘P;Jﬂl)Fn’
where go“ D = [a;F; ap(J )/F; ]ap(J ). Without loss of generality,

we assume that W‘(J+1)
tions of FG([,,(S'(J+1)).

is defined only for Player’s winning posi-

We define Player’s history-sensitive strategy’ W'\ for FG(L, £))

as the partial function given by:

WO (h(Fy:0)) =
WO (W, Fy:0;)(Fj : 05)) =

W’(j)(h(F7Fj 2050)(Fj:050)) =
ifaj =p,andojp =0

R U[[a F (])ﬂ(ﬂr) n;

1fk>]andW(]+1)(Fk o)=T
(I', Fj : 05)

ifaj =v,ando; =0y i Gy,

(I, Fj:0j.0-1)

g — = 0j,0—
I (ORI

17{"1(or) m;

Here, the formula F]-(i) occurring in the last clause is defined by:

(Thus, [F\(pr) = [uF}".

F(H'l)

F® = \X1,..., Xy, .£f [EY /5o

Lpgj )]](pp) for a sufficiently large ¢.)

W' (h) is undefined if it does not match any of the three clauses
above.

implies " = ¢}’

We show that W'\ is a valid strategy, i.e., W' (h(Fy:0)) =T
@) 5. We perform case analysis on which caluse

has been used for deriving w'd) (h(Fy:0)) =T.

The first clause:
. oo _
In this case, I' = I, F} : a[[aijw;”]](mej,

WUHD(Fy : o) = IV, By the validity of the strategy WY1,
wehave I = U™ g i,

I' [ o F JSDJ /F] 2 0.

with k£ > j and

Thus, we have

I'Fj:o ):Lp(]).

Lo Fy 0§ 1 (or)
as required.

The second clause:
In this case, h = h'Tand T = T, F}; : 0; with a; = v and

oj = . Thus, we have I, F};:0; |= cpjn

E; oY orr)m;
as requlred

The third clause:
In this case, h = b’ (F Fj:oj0)andT =T, Fj :0j— 1,w1th

aj = p,and o0 = i P R P S IS T
0j,0—1, where F(l) [F(Z Y /F)p J). Since [[Fj( Npr) =
IS 1(or { F; HW 5](pr)}), we have

T By 2 Oy ) =) LN ors ) m;
as required.

To check that W) is a winning strategy, it suffices to observe

that (i) for each fragment (Fy:0)h/(Fys:0”) of aplay with k, k' > 7,
there exists a corresponding fragment of a play (consisting of two

moves) (Fy

: 0)T(Fy : o) conforming to WU+, (ii) if there

exists an infinite play that visits only Fj, then a; must be even
(since the third clause in the definition of W) can generate only
finite plays); and (iii) Player never gets stuck (note that in the third
clause, 0,0 = T, and that in the first clause, F}; : o comes from the

CO-

domain of W jH))
Now, by a standard theorem on parity games, there is also a

memoryless winning strategy WV 28

9 Player’s history-sensitive strategy W for a parity game is a partial map
from (Vi U V3)* V3 to Vi, U V3. It is winning if Player wins every play that

conforms to W, i.e., every play vjjtv1ve - - -
Un+4+1 = W(Uinit e

such that Vn.v,, € V3 —
vy ). It is known that if there is a history-sensitive

winning strategy, there also exists a memoryless winning strategy [5].



By repeating the above steps, we obtain a memoryless winning
stragety W for FG(L, ). From W®, we can construct a
history-sensitve winning strategy W' for the non-fat semantic
typability game SG(L, &) as follows.

W/(Fn :Sinit) = W(O>(Fn : 0'0)

where F), : 09 is an initial, winning position of the fat game.

W/ (hD(F : 7)) = WO(F : T(F)).

We can further convert YW’ to a memoryless winning strategy W for
SG(L,¢E).
Thus, we have:

Lemma 33. Let £ be an HES and L be an LTS. If L = &, then
Player wins SG(L, £).

Theorem 13 follows as an immediate corollary of Lemmas 30,
32, and 33.

B. Proofs for Lemmas in Section 5

We show that the KO typing game TG(G, A) is isomorphic to the
HFL typing game TG (L 4, Eg) where positions of the form L., : 7
have been omitted.

Let Toue = {Ln: A
(Q17"'aQn) ':f}

The positions that are omitted precisely are the ones of I"4.;. We
first show that these are winning positions for Player.

meQ iU 7 .../\CInEQn G — f |

Proof of Lemma 17. The claim is that always playing ', is a
winning strategy for Player in the typing game starting at position

HFL .
Y Ly ./\qul q — /\qu2 q = = Nyeq, @ = [
To prove this, we reason by induction on f. Let o7 = /\qul q,
P={yi:01,...,yntand ¢ = (and)tt Aland](L, y1 ...yn))V
(ox)(Ln y1 ... yn) V Vj_, (j)y; V (true) T. By case analysis on
f, we show that I', T e 5 0 1 Fiff (Q1,...,Qn) E f.

o if f = (j,q), then f BEIN ¢ and this is the only transition from
foso FE oo FAff T (5)y; o f, if and only if FT gy, ¢ g, if
and only if ¢ € Qj, if and only if (Q1,...,Q@x) E f.

o if f = fiAfo then f =5 f1, f =5 fo. Then T, Tgup F¥ 0 :
Fiff T, Taue F™ Ly, y1 ... yn ¢ fi for i = 1,2, iff (by induc-
tion) (Q1,...,Qn) | fifori=1,2iff (Q1,...,Qn) E [.

e the case f = f1 V f2 is similar

oif f = tt, then f =3 f, therefore I' H* (true)T : f

and ' F*¥"  : f. Moreover, (Q1,...,Q») E tt, so the
equivalence holds.

Hence I', T g F™° 0 @ fiff (Q1,...,Qn) = f, which ends the
proof. O

We now move to identifying Player’s positions of the KO typing
game with Players’ position of the HFL typing game.

Lemma 34. Let e be a term of a HORS. If T F'* ™ : 1 then
there exists © such that © F% ¢ : (1) with T D (0%1,,)".

Proof. By induction on e:

e if e = z for a variable or a non-terminal x, then by T-VAR
I Daf 7 = (0tm)* with® := {z : ((T)b,O)} such that
© HHORS 4 - (7)°

e if ¢ = a with X(a) = n, then by definition of (.)*™ and by
T-ABS, there are 0 ,,,y = /\q’GQz.m/ q’ and q € @ such that

"T =010 — *** — Olp—1 —> **° — Ono — "*° —
On,p—1 ¢

« D, T HTE Vf{’io(awﬂan Y "'yglm ):q
[V = {y?m DO m/ | (l,m/) S {1,,TL} X {0,...,])-
1}}

By construction of £ 4, fixing m’ := Q(q),
DT F Ly g™ ™ 2 6alg,a),

and by Lemma 17 there is Q € (22)™ such that Q |= 6.4(q, a)
and T, T F¥ yfm" Ao g/ forall L = 1,...,n. So it
holds that (Q1 1/, -+, Qn.m’) | 6.4(q,a), and by T-CONST
in KO type system, 1% a : 9 with

0 — /\ (¢,m)— - — /\ (¢,m") = q.

’ ’
q te,'m’ q eQn.?n’

Finally, (7)" < 6, hence by T-SUB F'%* & : (7).
¢ if e = e e2, then there are types 7.,/ ; such that

L. T F¥E et Njes, T0.5 =+ = /\jer,l To1j — T
and

2. [ HHFE eémax(mm,) : Ty j forallm’ =0,...,p—1and
forall j € J,v

By induction hypothesis

1. there is ©; such that T’ O (©11,,)" and ©; FI%® ¢, :
/\m/:o,‘,‘,prjeJm,((Tm’,j)b7m,) - (7')b

2. there are ©,, ; such that I' D (@m’,]’Tmax(m,m’))u and
@m’,j |-HORS s (Tm’,j)b

Let © := ©1 UU{Om/ jts |m =0,....,p— 1,5 € Jp }.

ThenT' D (©1,,)% and © F'™ ¢; ey : (7)°

O

Lemma 35. Let e be a term of a HORS. If © F'%5 ¢ . 0, then
(Ohn)? H e ()

Proof. By induction on e:

eife =z, then ® D {z: (A,0)},s0 (O1)* D {z*™ : (6)"},
and (O1,,)F FF- 2Fm ; (9)F
e if e = a with X(a) = n then by T-CONST it holds that
0 = Njes (@5,2a) = - = Ny, (@, 20)) = g
for some g, q;; such that {(l,q;) | | € {1,...,n},j €
Ji} E 6(g.a). Letm = Q(q) and T’ = {y?m caqy | L€
{1,...,n},j € Ji}. Then (O1m)* '™ (am) (Ln yi™ ... y&™)
since (@Tm)ﬁ D Tus- Let 01y = T if m' # m, and
Olm = /\jGJL qij, SO that (0)’i = 01,0 — ...01p—1 —>
© = Opot = Opp-1 — q. LetTV = {ylm D OLm |
l € {1,....n},m € {0,....,p — 1}}. Since I' C T,
T, (Oh)f H¥ (a,) (L 4™ .4 4, 50T, (@) P

’

Pl (@m ) (L yi™ oo yE™) ¢ g, and finally (1., )% H*
(a)"™ = (0)".

e if e = ey ez, then by T-APP © = Og U UjeJ @ijj for
some ©; and m;, and © F'%% ¢ : Njes(05,m;) — 6, and
@j |HORS €2 : ‘9J'~Let /\jeJ(gj:mj) = /\fn_/io GET (ejvm/)‘
By definition, (©Tm)* = (O0Tm)* UU,c; O tmas(imj) BY
induction hypothesis, (O7,,)% FI® gim . Njes, (9;)* /—>

S5 Ajes, (6 > (6 and (8;1,)F H e5”
(6;)F for all j € J and for all m/. In particular, for all
m' =0,...,p—1 forall j € Jy, (Ofm)* HO ef <),
(6,)*, so by T-APP and by definition of (.)*™, (©1,,)* HH0s
(61 eg)ﬁm : ((9)”



Proof of Lemma 16. Follows immediately from Lemmas 34 and
35 in the special case m = 0. O

C. Proofs for Section 6

Proof of Lemma 20. Recall that a number n > 0 is decremented
by one by flipping exactly those bits in its binary representation such
that all bits of lesser significance are zero. In particular, the least
significant bit must be flipped.

Note that the order 1 nonterminals representing boolean opera-
tions work as intended: If T is the tree generated by x, and T" is the
tree generated by Not = then 7" || b iff T” |} b, where b € {1,0}
and b is the opposite constant. Moreover, if T} is the tree generated
by z;, for1 < j < ¢, and T is the tree generated by OR; x4, - - - , X,
then 7" | 1iff T; |} 1 for at least one j, and T" |} 0 ift T} |} O for all

The proof of the lemma is by induction on i. Let ¢ = 1. By
the above, if T is the tree generated by IsZeroi (bo,...,br—1)
and 7j is the tree generated by b;, for j with0 < 57 < r — 1,
then 7' | 1if 7; | O for all j and T" |} 1 if there exists j such
that 7; § 1 and T}, |} O for all 5/ < j. Consider Dec]" Max; for
0 < m < exp,(r) — 1 and let T} be the tree generated by the j-th
bit in this tuple. We observe that T); |} 0 if the j-th bit in the binary
representation of exp, (1) —1—m is zero and T; |} 1ifitis one. We
prove this by induction over m. For m = 0 the claim is by definition
since T3 | 1 for all j. Consider the statement proved for m < r —1
and let T; the the tree generated by bit number j in Dec}” m+ Max,.
For j = 0, via DecSubg by — Not b; we obtain that Ty | b iff
T¢ 1) b. Since the least significant bit of exp, (r) — 1 — (m + 1)
must be the opposite of the least significant bit of exp,(r) —1—m
this proves the statement for j = 0. From

DecSub; bg --- bj — if (ORj bg - - bj71) bj (Not bj)
we conclude that, if 7 |} b then TJ{ U biff T, |} 0 for all i<
and T | belse. If T} | b then, by the induction hypothesis,
all bits of lesser significance than j in the binary representation
of exp,(r) — 1 — m are zero, whence the j-th bit must be
flipped in the binary representation of exp,(r) —1 —m — 1 =
exp,(r) — 1 — (m + 1), which it is. Conversely, if 7 |} b then
T; | biff Tj» | 1 for some j° < j. Hence, by the induction
hypothesis, the j’-th bit of m is one and, hence the j-th bit of
exp;(r) —1—m—1=exp,(r) — 1 — (m+ 1) equals the j-th
bit of exp; (r) — 1 — m — 1 = exp, (r) — 1 — (m). This finishes
the induction and yields the claim of the lemma for ¢ = 1.

Assume that the lemma is proved for some 7. Note that the binary
representation of exp,,(r) — 1 has exp,(r) — 1 bits, none of
which are zero.

Consider the trees 7} generated by (Dec}}; Maxi;1) (Decﬁ"/ Max; )
’
and T)7} generated by ExistsOne; 1 (Decj}; Max;11) (Deci” Max;).

We claim that T, | 0 iff the exp,;(r) — 1 — m/-th bit of

exp, (1) — 1 —m is zero and that T, |} 1 if it is one. More-
over we claim that 77 | 1if 7.7, | 1 for some m’" with
exp; 1(r) —1>m"” > m' and that T} |} 0if T, | 0 for all

exp,,,(r) —1 > m"” > m'. The proof is by double induction
on m and m’. For the outer induction, consider the case m = 0.
Clearly Max; {1 (Decl-m/ Max;) generates the tree 7, = 1 for all
m/. Hence, also 7.0, | 1if m’ < exp,(r) — 1 and T2 |} 0 if
m’ = exp,(r) — 1 by induction over m’.

Consider the claim proved for some m < exp, ., (r) — 1. We
have to show that 7' |} 1 if the exp,(r) — 1 — m’-th bit of

exp,,,(r) —1 — (m 4 1) is zero and that TT’:,H | 1if it is one.

Consider

Deciy1 f g — if (ExistsOne; 1 f g) (f g) (Not(f g)).

There are two cases: If the exp,(r) — 1 — m’’-th bit of the binary
representation of exp,_,,(r) — 1 — m is one for some m” with
exp,;(r) — 1 > m” > m/, then, by the induction hypothesis,
7' || 1 and the second clause of the if statement is relevant.
In other words, if 7,7, | b then T7,"' | b, which is as desired
since the exp; (r) — 1 — m/-th bit of exp; ., (r) — 1 — (m + 1)
must equal the same bit of exp, (r) — 1 — m, whence the claim
holds for this case. If the exp,(r) — 1 — m'’-th bit of the binary
representation of exp,,,(r) — 1 — m is zero for all m” with
exp,;(r) — 1 > m” > m/, then the exp,;(r) — 1 — m”-th
bit of exp,; ;(r) — 1 — (m 4+ 1) must be opposite to that of
exp,_ (1) —1—m. By the induction hypothesis, 7,7 |} 0 whence,
it 707 U b, then T/ | b.

It remains to show that /7 ) Lif T 1 for some m”
with exp,,;(r) —1 > m” > m’ and that T;nm“ JoifTm Jo
for all m" with exp, (r) —1 > m” > m/. By the claim of the
lemma for 4, if m' = exp;,(r) — 1, then the clause IsZero; g
in the definition of ExistsOne;; will generate a tree 1" such that
T | 1 and T;”f/"l { 0, which is correct since there is no valid

" > m’. The rest of the claim proceeds by induction over m’'.
Consider it proved for m’ > 0. We show that it holds for m’ — 1. By
definition of ExistsOne; 1, we have that T’ "‘*1 is that generated
by

if (f (Dec; g)) 1 (ExistsOne;y1 f (Deci g)))

!
where f = Dec] ;{ Max;41 and Dec; g = Dec]" —1+1 Max;.

Since """ |l 1 if the exp,(r) — 1 — (m')-th bit of the binary
representation is one, we get that /™! || 1 if the exp, (r)—1—m/'-
th bit of the binary representation of exp;,,(r) — 1 — (m + 1)
is one. Since 77" |} 0 if the exp,(r) — 1 — (m)-th bit of the
binary representation is zero, we get that T' m+1 1 Loiff T’m+1 { b.
By the induction hypothesis, T;nm+1 U1 1ff there is m’ with
0 > m” > m/, such that the exp,(r) — 1 — m”-th bit of the
binary representation of exp,,(r) — 1 — (m + 1) is one, which
finishes the induction.

Putting it all together, we obtain that, if 7" is the tree generated
by IsZero;4+1 Deci}; Max;yi,then T | 1if m = exp,(r) — 1
and T' || 0 if m < exp,(r) — 1, which is the claim for the case
¢ + 1 in the main induction. Hence, the lemma is proved. O

Below we write F'V () for the set of free variables occurring in
®.

Proof of Lemma 21. We define the substitution; (z € {0, ...
1}) by:

Yo =[] (i.e., the empty substitution)
Yit1 = [ Fivyipi/Fi] o v

Note that toHFL(E) = Yn+1Fn = anFrn.Ynpn.

For 8 € {0,...,mh}" 7" we define the HFL formula @f
by:
;mn,...,mj+1,0) _ )\1’1 >\.’Bg]. 6&7
o = [ph™ [ Fa, 009 [ Fie;
ifg= (mn,.. ,mj) with 0 < m; < mh.
n 1
‘P? [¢n ) [Fn, ... hL]1+ )/FH—I]O‘J Fjvjp;
if = (mn,... m])wnhm] = mbh.
‘We shall show that
[7] = [F)]

by well-founded induction on 3. Let 8 = (Bn, ..., 3;).

7n7n+



e Case 3; = 0: The result follows immediately, since

g@f :)\Il."')\xgj.a;:Ff.

e Case 3; > 0: We first show that

4 n j
O =8 [P, D By P (x)
holds for every ¢ < j, by induction on j — ¢ > 0. Since
B(¢) = (B(¢ 4 1), mh), by the definition of cpf, we have:

B _ [sﬁﬁ(n)/an

Pl - Py (Hl)/Ful]OézFe Yewe

(by the definition of ¢, )
= (™ /P, .. 09 F)]
(ViFi—1/Fj-1, - viFer1/Fepa]owFeyepe
(by the induction hypothesis)
= [0 [Fn,. .., 059 [P}y (auFuyepe)
(b)’ dom(ﬂh) N FV(O[ZFZ"YZSOZ) g {FZ+17 sy
= [ ™ [ Fu, ..., 0D | Fj1y; Foe

as required.
Now, if 8; < mh, we have

wal})

B — [Ff(n)/Fn, . Fﬁ(o)/Fo}
o = [soff")/Fn,---,so](”/F 103
= [‘Pg(n)/an B(J)/Fw

Y v Fo/ Fole;
by the definition of F ]{3 and np? , Where

7’7ij—1/ij1, e

v =™ [P, 0D F).

By the induction hypothesis, [Ff (e)]] = [[gaf ([)]] for £ > j. For
{ < j, we have:

[[Ff (&]] = [[apf(e)]] (by the induction hypothesis)

= [vv;Fe] (by property (*) above).

Thus, we have the required result.
The remaining is the case where 8; = mh. For any 8’ =
(Bn, - .-, Bj+1,m) for 0 < m < mh, we have

[FZ] = [[F ™ F,..., Y © o]

T ALY
(by the induction hypothesis)

= [[[@EL (n)/Fm S Py (])/F 1(viei)l
(by property (*) above)
= [le] V/F5)l@R ™ [P 75 [ Fyia) (0]
(since goﬁ (%) are closed )

= [(\Fj. [ /F,, ...
Thus, we have:
Bn _ pmh
[FF] = f™"[Aar. -
for f = ([AFy.[pn™ /P, ..., sofi””/Fm](w]))ﬂ By
the Knaster-Tarski Theorem, we have:
[F7] = o, F5.[on™ /F, ..

as required.

1
:@55-]14— )/FJ+1](’YJ<PJ))]] [[‘Pf (])]]

LI T E ) (raes) = [5]

Finally, the required result follows as a special case of [apf 1= [Fjﬁ 1.
where j = n and 8 = mh. O
We assume below that n; = n;1 — -+ = n;,¢;, — ¢. We de-
fine A-terms ef foreachj € {0,...,n},8 € {0,...,mh}"9+!
by induction on 3 (with respect to the well-founded relation <):

! L~
e; o = /\xlﬁ:(n)j’l. C AL Mj,0;-04
n !
ej =leg " /Go, /Grle;
if 8= (mn,...,m;) withm; > 0.

Here, ()' translates HFL formulas and types to terms and types of
HORS, by simply replacing the proposition type with the tree type,
and every logical connective with the corresponding tree constructor:

(@ = (m—m)=m—mn
! ! ! ! 1 1
() =c (@) =2 (F)=F  (p1p2) = (p1) (p2)"
In the above definition, ¢ ranges over V, A, (a}, [a], T, L, and the
righthand side of (c)! is the corresponding tree constructor of the
same name. Notice that ef is essentially the same as the HFL

formula F’ jﬂ defined in Section 6, except that each logical connective
has been replaced by the corresponding tree constructor. We have:

Lemma 36. s € [F\™™], if and only if T () (i.e., the tree
generated by e(mh>) is accepted by Ar.

Proof. We define the logical relation ~,, between closed (fixpoint-
free) HFL formulas and A-terms by:

e p ~, eif () F ¢ : o, (ii) e : %, and (iii) for every s € U,
s € [] if and only if T¢ is accepted by A, from gs.

vy eif (D F @ — M2, () Fe: (1 — n2)', and
(iii) ¢’ ~r,, ee’ holds for every ¢’, €’ such that ¢’ ~,,, €.

Then, it follows that for every logical connective ¢ (and the corre-
sponding tree constructor), ¢ ~,, c holds (where nn =ny = e —
e — o, 1) =1Naq = — e and nT = 1. = e). By using the
standard argument on logical relations and well-founded induction
on 3, we can prove Ff ~n; € J , from which F,(Lmh) ~e eslmh)
follows as a special case. Thus, we have the required result. O

Now it remains to show that e is essentially equivalent to
Ge,r. For a term e of HORS G¢ -, we just write T, for the tree
generated from e (instead of the start symbol 5).

Lemma 37. T (mn) is accepted by A if and only if so is Tg, ..

Proof. Let N be the second component of Gg¢ » (which is a map
from non-terminals to their simple types). We define another log-
ical relation ~/, between terms of Ge £ (which may contain \-
abstractions) by:

ee~ e if(i)Fe:x (i) N e : %, and (iii) for every s € U,
T. is accepted by A, from ¢, if and only if T, is accepted by
A from gs.

® e, € iF()F et k1 — Ko, ()N F €' : k1 — ko, and

2 /3N / ! !
(iii) ee; ~;, €€} holds for every e1, €7 such that e; ~;, e7.

2 1

Below we write i# for Dec™P~*Maxy. When 8 = (8., ..., 55),
we also write 57 for the sequence 3,7 --- ;7. We show:

e;ﬂnwwﬁj) ~ G B B
J

by well founded induction on 8 = (S, ..., 3;). We need to show

(Bns--B5)
€ Ver--eq, Gy BT BT el e,
forevery ei1, ..., e €, ..., 621- such that e; ~7,. . €}.
e Case 3; = 0:
By the definition of e(B" """ Bj), T (5p,.08) = @;. By
e, 1eg

the definition of Gg ¢,

Ta;p,# By e e T if Trgzero, (5;#) 04 " -



By the assumption 3; = 0 and by Lemma 20, Ty, (8;#) 1 By the induction hypothesis, ef(i) N;{ Gi (,B(z))# Thus, by

accepted frc/)r\n qi. Thus, the whole tree is accepted from g, if the standard logical relation argument, we obtain
and only if o is. Thus, we have the required result.
e Case 3; > 0O: [eg(o)/Go7 ey eg(m/Gn, e1/x,. .., e, /:L’gj]'l/};
egﬁ" """ Filey ... es; is reduced to: ~
J

€0 Gl o0 2 Goerfars ., 20 0 (Go (BON? (o, G (B(n)* (Gl 1, et o, 0

On the other hand, By the condition §; > 0 and Lemma 20, Tigr,, (5, #) i
A # # o ’ accepted from go. Thus, we have the required result.
G Bu? - B el el

is reduced to:

if (IsZerok(B;%) o =
([e1/z1, ... et; /e [¥ilg, %, 5,—1)#)
The el t is actuall ivalent to: . . .
© else part 18 actuatly equivaient to Proof of Theorem 22. This follows immediately from Lemmas 21,

[Go (B(0)* /Go,...,Gn (B(n))* /Gry€l /a1, ... eq, [z ]ib;. 36, and 37. O



