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The alternation hierarchy
for the theory of u-lattices

Luigi Santocanale
luigis@brics.dk

BRICS*

Abstract

The alternation hierarchy problem asks whether every p-term,
that is a term built up using also a least fixed point constructor
as well as a greatest fixed point constructor, is equivalent to a
p-term where the number of nested fixed point of a different type
is bounded by a fixed number.

In this paper we give a proof that the alternation hierarchy
for the theory of p-lattices is strict, meaning that such number
does not exist if p-terms are built up from the basic lattice op-
erations and are interpreted as expected. The proof relies on the
explicit characterization of free p-lattices by means of games and
strategies.

1 Introduction

The alternation hierarchy problem is at the core of the definition of cat-
egories of p-algebras [Niw85, Niw86] which we resume as follows. For
a given equational theory T, we let Ty be the category of its partially
ordered models and order preserving morphisms. Out of Ty we can se-
lect objects and morphisms so that all the “desired” least prefix-points
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exist and are preserved, this process giving rise to a category S;. The
desired least prefix-points are those needed to have models of an itera-
tion theory [BE93] where the dagger operation is interpreted as the least
prefix-point. If we use, as a selection criterion, the existence of greatest
postfix-points and their preservation, we obtain a category P;. If we let
Ty be the intersection of S; and Py, then T, is a quasivariety and the
category of models of a theory T; which is axiomatized by equational
implications. We can repeat the process out of T; and Ty and the itera-
tion of this process leads to construct categories S, P,,T,, for arbitrary
positive numbers n. The category of u-T-algebras is defined to be the
inverse limit of the corresponding diagram of inclusions; the alternation
hierarchy problem asks whether this process stops after a finite number
of steps, i.e. whether the category of u-T-algebras is equivalent to a cate-
gory among S,,, P,,, T,, for some n > 0. The main contribution presented
in this paper is theorem 3.6 stating that the alternation hierarchy for the
theory of p-lattices is strict, i.e. that there is no such number when T is
the theory of lattices.

The alternation hierarchy for the propositional p-calculus has recently
been shown to be strict in several cases [Arn99, Brad8a, Len96]; together
with open problems on fix-point free polynomials in free lattices [FJN95],
these results have challenged us to the hierarchy problem for the theory
of p-lattices; in particular we were interested in understanding whether
the explicit characterization of free p-lattices [San00a, San00b] could be
of help.

It is our opinion that p-algebras are algebraic objects suitable to gener-
alize the role of iteration theories in the context of the theorization of
communication and interactive computation. This statement is exempli-
fied by the consideration of free p-lattices which have been characterized
by means of games and strategies. Games for free p-lattices model bidi-
rectional synchronous communication channels which can be recursively
constructed from a few primitives: left and right choices — the lattice
operations — and left and right iterations — the least and greatest fixed
point operators. If G and H are games for a free p-lattice, we say that
G < H if there exists a winning strategy in a compound game (G, H)
for a player whom we call Mediator. Such a strategy can be understood
as a protocol for letting the left user of the communication channel G
communicate with the right user of H in an asynchronous way. The
order theoretic point of view, which we adopt here, identifies two such
channels G and H if there are protocols in both directions, i.e. winning



strategies for Mediator in both games (G, H) and (H,G). The analy-
sis of different strategies, in the spirit of categorical proof theory and
of the bicompletion of categories [HJ99, Joy95a, Joy95b], is probably a
more appropriate setting in which to understand communication; this
study is under way and suggests a possible characterization of free bi-
complete categories with enough initial algebras and terminal coalgebras
of functors. However, we can still ask whether the order theoretic iden-
tification is degenerate by posing the alternation hierarchy problem; its
translation in the language of communication sounds as follows: is every
channel equivalent to another one where the number of alternations be-
tween left and right iterations is bounded by a fized positive integer? The
negative answer we provide to the order theoretic problem implies also
that a categorical identification is not degenerate; moreover the answer
depends on a coincidence of order theoretic ideas with categorical ideas.
There are games A for which the copycat strategy, which plays the role
of the identity, is the unique strategy in the game (A, A); because of
that, the asynchronous communication, which is the result of a protocol
mediating between the left user of the left channel and the right user
of the right channel, has the same dynamic as the communication along
the single channel A; therefore it happens to be synchronous and we call
these games synchronizing. These games impose strong conditions on
the structure of games H equivalent to A, we show that they hard, i.e.
they are good representatives of their equivalence class as far as we are
concerned with their alternation complexity.

The ideas presented here have originated from Philip Whitman’s proof
that free lattices are not in general complete [Whi42]. It is difficult to
relate these ideas with those contained in previous works on the alterna-
tion hierarchy for the propositional p-calculus [Arn99, Bra98a, Bra98b,
Len96, Niw86]. The main reason is that the traditional models of this
calculus are boolean algebras of sets with modal operators and that the
alternation hierarchy for the class of distributive p-lattices is degenerate,
since every distributive lattice is a u-lattice. In particular, the main theo-
rem presented in this paper cannot be derived from those results, at least
not in a straightforward way. Existing techniques for proving hardness
of a p-calculus formula, as summarized in [Arn99], are diagonalization
arguments and rely on the presence of the boolean complement; they
cannot be applied in the context of p-lattices. However, our technique is
also a sort of a diagonalization argument, but of a categorical flavor. An
analogous technique for the propositional p-calculus would go through



the explicit characterization of the order relation by means of refutations
[Wal95]. Other works [AM99, Bla92, Joy97] have studied the structure of
games as models of linear logic. With respect to those works, the focus
is here on the algebraic structure imposed by fix-points instead of the
algebraic structure imposed by the multiplicative connectives of linear
logic.

The paper is structured as follows. In section 2 we present definitions
of key concepts and introduce the notation we shall use. In section 3
we present p-lattices and the alternation hierarchy problem; we sketch
the general strategy used to answer the problem. In section 4 we review
the structure of free p-lattices in view of the hierarchy; for the sake of
completeness, we present once more the proof that the preorder relation
on games is transitive. In section 5 we define synchronizing games and
prove their hardness. In section 6 we construct synchronizing games of
arbitrary complexity.

2 Notation and useful definitions

2.1 Least and greatest fix-points

Let P be a partially ordered set and let ¢ : P —— P be an order
preserving function. The least prefix-point of ¢, whenever it exists, is an
element p,.¢(z) of P such that ¢(p..¢(2)) < u..¢(z) and such that, if
o(p) < p, then u,.¢(z) < p. The greatest postfiz-point of ¢ is defined
dually and is denoted by v,.¢(z). Least prefix-point and greatest postfix-
point are Conway operators in the sense of [BE93]. A summary of their
properties can be found in [Niw85].

2.2 Pointed graphs and trees with back edges

By a graph G we mean a tuple (Gy, G1,dom,cod), where Gy is a set
(of vertexes or states), Gy is a set (of directed edges or transitions) and
dom,cod : Gy —— Gy are functions. By a morphism of graphs f :
G —— H we mean a pair of functions f; : G; —— H;, © = 0, 1, such that
foodom =dom o f; and fyocod = cod o f;. We often write a graph as
a pair (Go, G1) and leave in the background the functions dom,cod. If
G1 C Gg x G, we assume that dom and cod are the restrictions of the



projections to (.

Let G = (Gy,G1) be a graph, a path v in G is a morphism of graphs
~v : i — G where n is the graph 0 — 1 — ... — n. The length of ~,
denoted |v], is defined to be n. We set dom~y = 7(0) and cody = v(|v|).
Paths 71,72 can be composed in the usual way, provided that cod~y; =
dom 7., and we write v, x 7o for their composition; if g € Gy we write
1, for the unique path « such that |y| = 0 and dom~y = g = cody. A
category F'(G), free over G, is defined in this way. Let G, H be graphs
and let f : G —— F(H) be a morphism of graphs, we say that f is
non-decreasing if | f(7)| < 1 for every 7 € G. The morphism of graphs
f is non-decreasing if and only if its extension f : F(G) —— F(H) to
a functor is convez, i.e. if f(v) = &1 x dy, then we can find vy, 72 such
that f(v;) = 0;, ¢ = 1,2, and v = 3 x 2. We say that a path v in G
wisits a vertex g € Gy, or equivalently that g lies on -, if there exists
i € {0,...,|v|} such that (i) = g. We say that a path ~ is simple if it
does not visit a node twice, i.e. if 7 is injective as a function. We say
that 7 is a cycle if dom~ = cod~y and that v is proper if || > 0.

A pointed graph is a tuple (Go, G1, go) such that (Go, G1) is a graph
and gy € Go; we shall say that go is the root of (Go, G1,g0). A mor-
phism of pointed graphs f : G —— H is a morphism of graphs f :
(Go, G1) — (Hy, Hy) such that fo(go) = ho. An infinite path in G is
a morphism of graphs v : © —— G where @ is the graph 0 — 1 —
... —n — .... Since the pointed graph (@, 0) is the inductive limit of
the pointed graphs (7, 0), we shall often identify an infinite path v with
the set {7, }n>0 of prefixes of v of finite length. On the other hand, if
{Vn}n>0 is a set of paths such that |v,| = n and Y41 = Yn * Tny1, We
shall use that same notation {7, },>0 to denote the infinite path which
associates to the transition n — n+1 of w the transition 7,,,1. A pointed
graph (Gy, G1, go) is said to be reachable if for every g € G there exists
a path v such that dom~y = gy and codvy = g. Let G be a graph and
let gy € Gy, we denote by G, gy the greatest subgraph H of G such that
(H, go) is reachable.

Definition 2.1 A tree with back edges is a pointed graph (Go, G1, go)
such that G; C Gy x Gy and with the property that, for every vertex
g € Gy, there exists a unique simple path v, from gy to g. In this case,
we say that an edge 7: g — ¢ is a forward edge if v, x T = 7, and that
it is a back edge otherwise.



To give a tree with back edges is equivalent to give the pair ((Go, F, go), B),
where F' is the set of forward edges and B is the set of back edges. Then
(Go, F, go) is a tree, i.e. a pointed graph such that, for every vertex
g € Gy, there exists a unique path from gy to g; moreover, if ¢ — ¢
is an edge from B, then ¢’ is an ancestor of g in the tree (Gy, F, go).
We can specify a tree with back edges by giving a pair (T, B), where
T = (Ty, T, to) is a tree and B C T x Ty is a set of pairs with the above
property.

Let (T, B) be a finite tree with back edges. A vertex r € Tj is called a
return if there exists a back edge t — r. Observe that, for an infinite path
vin (T, B), there exists a unique return ., which is visited infinitely often
and which is of minimal height. The height of a vertex in (7', B) is the
length of the unique simple path from the root to the vertex. Similarly,
for every proper cycle v in (7', B), there exists a unique return r., of
minimal height lying on 7. A vertex x € Tj is said to be a leaf if it is
a leaf of T in the usual sense and there are no back edges from x; this
can be summarized by saying that { ¢’ |z — ¢’} is empty. There is an
operation of substitution of a tree with back edges for a leaf induced by
the analogous operations on trees. Let = be a leaf of (17, By), we define:

(Th, B1)[(Ty, By)/x] = (Th[Ty/z], By + By).

If (T, B) is a tree with back edges and ¢ € Ty, we say that ¢ is a complete
vertex if for every descendant ¢’ of ¢ and every back edge t' — r, r is
also a descendant of t. If ¢ is a complete vertex, we can define trees with
back edges T} and T} so that t is a leaf of T}, ¢ is the root of T}, and
moreover T = Ttl [T{/t]. Indeed, let T} = T,t and Ty, = T',t,, where
Ty =Ty and T7 = Ty \ { 7 |dom T = t }; define then T} as (T, B|r,) and
T} as (Ty, B|p,). A return r is said to be minimal if there are no other
returns on the path ~, from the root to r. A minimal return is easily
seen to be a complete vertex.

2.3 Games and strategies

Definition 2.2 A partial game is a tuple G = (G, G1, go, €, W,) where
(Go, G1) is a graph, gy € Gy, € : Go — {0, 0,7} is a coloring, and W,
is a set of infinite paths in (Gg, G1). We require that if €(g) = 0, then
{g'lg—4d} =0



The above data must be interpreted as follows: G is the set of positions
of G, go is the initial position and G is the set of possible moves. For
a position g € Gy, if €(g) = o, then it is player ¢ who must move, if
€(g) = m, it is 7’s turn to move. A position g € G| is final if there are no
possible moves from g, i.e. if {¢'| g — ¢’} = 0. In this case, if €(g) = o,
then player o loses, if €(g) = 7, then player 7 loses, if €(g) = 0, then it is
a draw and we call g a partial final position. We shall write X for the
set {x € Gy |e(x) =0} of partial final positions of G. Finally, W, is the
set of infinite plays which are wins for player . We define W, to be the
complement of W,; we assume that there are no infinite draws so that
W, is meant to be the set of infinite plays which are wins for player m. A
game is a partial game G such that Xg = (). We shall say that a partial
game is bipartite if €(g) # €(g’) for every move g — ¢'.

In the definitions below, G will be a fixed a partial game as defined in
2.2.

Definition 2.3 A winning strategy for player ¢ in GG is a non empty set
S of paths in G satisfying the following properties:

e v € S implies dom vy = gy,
® 7 xv € S implies v; € S,

o if v € S and ¢(cody) = 7, then 7 x 7 € S for every 7 € G} such
that dom 7 = cod 7,

o if v € S and €(cody) = o, then there exists 7 € G such that
dom7 =codvy and yx7 € S,

e if v is an infinite path in G such that for every n > 0 the prefix of
~ of length n belongs to S, then v belongs to W, .

A strategy for player o in G is a nonempty set S of paths in G such that
the first three properties hold. Let v be a path in G, we say that v has
been played according to the strategy S if there exists a path =y such
that yoxv € S.

Definition 2.4 A bounded memory winning strategy for player o in G
is a pair (S,1), where S = (Sy, S1, so) is a finite reachable pointed graph
and ¢ : S —— (G, Gy, go) is a morphism of pointed graphs. The fol-
lowing properties hold:



o If s € Sy and €(¢p(s)) = 7, then for every 7 € G such that dom 7 =

Y(s) there exists a transition 77 € S; such that dom7’ = s and
o) =,

e if s € S and €(¢(s)) = o, then there exists 7/ € S; such that
dom7’ = s,

e if v is an infinite path in S, then ¥ oy € W,.

Lemma 2.5 Let (5, %) be a bounded memory winning strategy for player
o. Then the set of paths

S = {vYo~y|visapathin S and domy = s}

is a winning strategy for player ¢ as defined in 2.3.

3 The theory of p-lattices and
the hierarchy

We begin by defining p-lattices and the hierarchy. We shall later give an
equivalent but more combinatorial definition of p-lattices using partial
games. This approach will allow us to have a combinatorial grasp on the
hierarchy.

Definition 3.1 The set of terms A, and the arity-functiona : A, — N
are defined by induction as follows:

1. Ay € A, and a(A,) =k, for £ > 0.
2.V, €A, and a(V,) =k, for k> 0.

3. If ¢ € Ay, a(¢p) = k, and ¢; € A, for i = 1,... k, then ¢ o
(gbl)' . 7¢k) S Aw and a,(¢0 (¢15 .. agbk)) = Zz‘:l ,,,,,

4. If ¢ € Ay, a(¢p) = k + 1, then ps.¢p € A, and a(ps.¢) = k, for
s=1,....k+ 1

5. If ¢ € Ay, a(¢) = k + 1, then v,.¢p € A, and a(vs.¢) = k, for
s=1,....k+ 1



Definition 3.2 Let L be a lattice, we define a partial interpretation of
terms ¢ € A, a(¢) = k, as order preserving functions |¢| : L¥ —— L.

LAl le) = Ny

2. As in 1, but substituting each symbol A with the symbol \/.

77777

3. Let ¢ € A, a(¢) =k, and let ¢; € A, for i =1,... k. Suppose |9
and |¢;| are defined. In this case we define |¢p o (¢1, ..., dx)| to be:

|¢O (¢1>~~~a¢k)|(l1a~->lh)
= |¢|( ‘(bl‘(lh;a"'vlhf)w'-a‘(bk‘(lh;’"'vlh:) )7

where h, = 1+ 23;11 a(¢;), b = Zj’=1 a(¢;) and h = hi =
Z?Zl a(¢;). Otherwise |p o (¢1, ..., ¢x)| is undefined.

4. Let ¢ € A, be such that a(¢) = k + 1. Suppose that |¢| is defined
and let s € {1,...,k+ 1}. If for each vector (I1,...,l;) € L* the
least prefix-point of the order preserving function |¢|(ly, ..., ls_1, 2,
ls, ..., lx) exists, then we define |u,.¢| to be:

s &Ly -y le) = podlol(lyy o lsor, 20 lsy ooy k) -
Otherwise |us.¢| is undefined.

5. As in 4, but substituting each symbol p with the symbol v, and
the word least prefix-point with the word greatest postfix-point.

Definition 3.3 A lattice L is a u-lattice if the interpretation of terms
¢ € A, is a total function. Let Ly, Ly be two p-lattices. An order
preserving function f : Ly —— L is a u-lattice morphism if the equality
|plo f49) = fol|g| holds for all ¢ € A,,. We shall write Ly, for the category
of u-lattices.

Definition 3.4 We define classes of terms X,,,1L,, A, C A, for n >
0. We set ¥y = Ilg = Ag, where Ay is the least class which contains
V, and A,, & > 0, and which is closed under substitution (rule 3 of
definition 3.1). Suppose that 3, and II,, have been defined. We define
Yin+1 to be the least class of terms which contains ¥, U Il,, and which is
closed under substitution and the p-operation (rule 4 of definition 3.1).
Similarly, we define I, to be the least class of terms which contains



>, UL, and which is closed under substitution and the v-operation
(rule 5 of definition 3.1). We let A,, = II,,;; N A, 41 and observe that

A, = UnZO Yip = UnZO I, = UnZO A,

Definition 3.5 We say that a lattice is a X,,-model if for every ¢ € X,
o] L*9) — [ is defined. Let Ly, Ly be two ¥,-models, an order
preserving function f : Ly —— Lo is a morphism of X, -models if for
every ¢ € ¥, the equality f o|¢| = |¢| o f%®) holds. We let S, be
the category of ¥,,-models and morphisms of >,-models. We define in a
similar way a II,-model, a morphism of II,,-models and the category P,,
a A,-model, a morphism of A,,-models and the category L,,.

Clearly L is the category of lattices and we have inclusion of categories

Sl Sn
RN
Lo Ly -+ <= L, L, - <=1,
v A N
Pl Pn

The alternation hierarchy problem for the theory of u-lattices can
be stated in the following way: s there a number n > 0 and a category
C, among S,, P, L, such that the inclusion functor L, —— C,, is an
equivalence of categories? If such a C,, exists, then C, = L, since if P
is a partially ordered set which is order-isomorphic to a p-lattice, then it
is itself a p-lattice; as a consequence for every m > n all the S,,, P,, and
L, are equal to L.

Theorem 3.6 The alternation hierarchy for the theory of p-lattices is
strict, i.e. there is no positive integer n such that L,, = L.

Proof. For every n > 0, we exhibit in 4.12 a sub-A,-model 7, p of the
free p-lattice Jp over the partially ordered set P. The A,-model 7, p
is the free A,-model over the partially ordered set P, in particular it
is generated by P and the inclusion ¢, p : J, p — Jp preserves the
generators. If L, = L,,, then 4, p has to be an isomorphism; however, we
show in 6.2 that ¢, p is a proper inclusion for every n > 0 if P contains
an antichain of cardinality six. O

10



The alternation hierarchy problem for a class I of p-lattices can be stated
as follows. Let K, be the quasi-variety generated by the class of u-
lattices K in L, by which we mean the closure of the full sub-category
determined by objects in I under products, sub-objects and regular epis.
Similarly let KC,, be the quasi-variety generated by the class K in L,,. The
inclusion functors L, — L,, restrict to inclusions IC, — K,, and
the problem is to determine whether there exists a number n > 0 such
that the above inclusion is an equivalence. The above theorem has the
following consequence.

Theorem 3.7 The alternation hierarchy for the class of complete lat-
tices is strict.

Proof. Let KC be the class of complete lattices. Since every free p-lattice
can be embedded in a complete lattice by a morphism of p-lattices, as
proved in [San00a, San00b], then K, = L,. Similarly K, = L,, since
Jn,p is the free A,-model, so that free A,-models can be embedded into
complete lattices. However L,, # L. O

The theory of p-lattices has an equivalent presentation by means of a
class J of partial games, cf. 2.2, which are a sort of combinatorial terms.
A partial game G in this class comes always with its set of partial final
positions X¢; given a lattice L we can define the partial interpretation of
games G € J as order preserving functions |G| : LX¢ —— L. A lattice
L turns out to be a p-lattice if and only if the interpretation of a partial
game G € J is always defined.

Definition 3.8 A partial game G is in the class £ if and only if (Gg, G1, go)
is a finite tree with back edges and moreover v € W, if and only if
e(ry) = m. If G € L, we denote by R(G) the set of positions which are
returns of (G, G1, go) and by x(G) the number card G + card R(G).

When specifying a partial game G € £ we shall omit to give the set W,
since this is determined by the underlying tree with back edges and the
coloring e.

Definition 3.9 On the class £ the following constants and operations
are defined.

11



0. z is the partial game with just one partial final position, which we
call again x.

1. Let I be a finite set, the partial game A, has starting position
No & I, (No) = m, partial final positions ¢ and moves Ag — i for
every ¢ € I.

2. Let I be a finite set, the partial game \/, is defined in a similar way:
it has starting position Vo & I, €(Vy) = o, partial final positions ¢
and moves Vo — @ for every ¢ € 1.

3. Substitution. Let G and H be partial games in £ and let x € X.
The underlying pointed graph of the game G[H/z] is obtained by
substitution of the tree with back edges underlying H for x in
the tree with back edges underlying G. The coloring € is defined
accordingly, i.e. if g # x is a position coming from Gy, then €(g) is
as in GG, otherwise, for a position h coming from Hy, €(h) is as in
H.

4. p-operation. Let G € L be a partial game and let x € Xg. The
underlying graph of the game p,.G[z] is the same as the underlying
graph of G with one more move x — g¢o. The initial position of
. G[z] is x and we let e(x) = 0.

5. v-operation. Let G € L be a partial game and let x € Xg. The
underlying pointed graph of v,.G|z] is the same as the underlying
graph of u,.G[x], however we let e(x) = 7.

It is useful to have a picture of those operations.

0. The game z is

@

1. 2. Let I ={i1,...,i,} be a finite set. The games A; and \/, are:



3. Let G, H be partial games in £ and let z € X. We represent those
games as:

@

The game G[H /x| can be represented as:

4. 5. Let G be a partial game in £ and let + € X5. This game can be
represented as above. We represent the games p,.G[z] and v,.G|x]

as: @ @
| |

Definition 3.10 We let J be the class of games G € L for which the
following two conditions hold, for every r € R(G):

1. there exists a unique back edge P(r) — r,

2. there exists a unique move r — S(r).

We let K be the class of games G € £ for which only the first of the two
conditions above holds, for any r € R(G).

13



We have the inclusion of classes J C K C L, but those classes are
essentially the same. A more detailed account of the equivalence between
J and K is given in the proof of theorem 5.2.

We shall write G = H if G, H are partial games and there exists an
isomorphism of structure between them. This means that there exists an
isomorphism f of the underlying pointed graphs such that e = e o f, and
such that v € W, if and only if f o~y € W,. Substitution satisfies the
commutativity rule (G[H/x])[K/y] = (G[K/y])[H/z] if z,y € Xg and
x # y. Hence if { H, }.ex, is a collection of games in £, we shall write
by G| H,/% ].ex, for any sequence of substitutions.

Remark 3.11 It is possible to show that the class J is the least subclass
of £ which is closed under the constants and the operations of definition
3.9. Indeed, a stronger result holds: a partial game G € J has a unique
form =, N\;[Hi/ilier, V[Hi/iier, po-H]z], vp.H[z], where H or the H,
satisfy x(H) < x(G) and x(H;) < x(G). Hence, in what follows, we shall
be able to define by induction on the structure of partial games in 7.

In a similar way as we did before, we define a partial interpretation for
games in J.

Definition 3.12 Let L be a lattice. We define an interpretation of par-
tial games G € J as order preserving functions |G| : LX¢ —— L. The
correspondence sending G to |G| is in general only a partial function, i.e.
|G| could sometime be undefined.

0. Let G =z so that X¢ = {z}. We let |G|(\) = A(z).

L. Let G = A\;[Hi/ilics, so that X¢ = >, ; Xg,. If the { |[H] }ics are
defined, then we define
GI(N) = N IHil(An,),
el
where Ag, is the restriction of A to Xp,. Otherwise |G| is undefined.

2. As in 1, but substituting each symbol A with the symbol \/.

4. Let G = p,.H[z| so that Xy = X U {z}. If |H| is defined and if
also for each collection A € LX¢ there exists the least prefix-point
of the unary order preserving function

o(1) = [H|(X),
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where M\ (y) = A(y) if y # 2 and M\ (x) = [, then we define

IGI(A) = p=0(2).
Otherwise |G| is undefined.

5. As in 4, but substituting each symbol p with the symbol v, and
the word least prefix-point with the word greatest postfix-point.

Proposition 3.13 A lattice L is a p-lattice if and only if |G| is defined
on L for every game G € J. An order preserving function f : Ly — Lo
is a p-lattice morphism if for all G € J we have f o |G| = |G|o f¥¢ ie.

FOGIN)) = 1G[(foA),

for every A € Ly‘¢.

Proof. Using the correspondence between the rules of definition 3.1 and
the operations defined in 3.9, inductively define for each ¢ € A, a pair
(Gg, Ag) where Gy € J and Ay : a(¢) — Xg, is a bijection, with the
following property: for each lattice L, G is defined on L if and only if ¢
is defined and moreover

19[(A) = [Ggl(AoAy).

This shows that if L is a lattice such that |G| is defined on L for every
G € J, then L is a p-lattice. The above formula leads to show that if f
preserves the interpretation of games, then it is a p-lattice morphism:

folpl(A) = folGgl(AoAy)
|Gyl(foXoAy)
= |9l(foA).

On the other hand, assign to each G € J a pair (¢, Ag) where ¢¢ € A,
and \g : a(¢pg) — X is a bijection, so that for each lattice L, |¢pg]| is
defined on L if and only if |G| is defined on L; moreover

lpcl(A) = [G|(AoAg).

This is done by induction on the structure of games in 7, cf. 3.11. The
game z is sent to /\ |, the game \;[G/ilicr issent to A, o(da, ), - -5 Py )
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where ¢ : k —— [ is a bijection, and p,.G[z] is sent to ps.¢c where s =
Ag' (). Similar definitions are given for games of the form \/,[G/iicr
and v,.Gz].

The above assignment leads to show that if L is a p-lattice, i.e. if for
each ¢ € A, |¢| is defined on L, then for every G € J |G] is defined on L
too. A morphisms which preserves the interpretation of terms will also
preserve the interpretation of games:

folGI(N) = folGl(AoAg! o)
Jelocl(hers)

= locl(foXroAg)

= |G|(foAoA;' o)g)
= |G|(foN).

O

Definition 3.14 We define by induction classes of partial games S,,, Py,
L,, for n > 0. We set Sg = Py = Ly, where L is the least class which
contains x,\/; and A;, where I is a finite set, and which is closed under
substitution. Suppose that S, and P,, have been defined. We define S,
to be the least class of games which contains S,, UP,, and which is closed
under substitution and the p-operation. Similarly, we define P,,1; to be
the least class of games which contains S, UP,, and which is closed under
substitution and the v-operation. We let £, = S,,11 N P,11 and observe

that j = UnZO Sn = UnZO Pn = UnZO ﬁn

Proposition 3.15 A lattice is a X,,-model if and only if for every G € S,
|G| : L¥¢ —— L is defined. Let L;, Ly be two X,-models, an order
preserving function f : L; —— L is a morphism of ¥,,-models if and only
if for every G € S,, we have f o |G| = |G| o f¥¢. Analogous results hold
for the classes P, and L,, II,-models, and A,-models, II,-morphisms
and A,-morphisms, respectively.

Proof. The transformation of terms into partial games ¢ —— (G, \y),
which we defined in the proof of proposition 3.13, restricts to a transfor-
mation >, — &, so that if G is defined on L for every G € S,,, then L
is a X,-model, and a lattice morphism which preserves the interpretation
of every partial game in §,, is a morphism of X,,-models.
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In a similar way the transformation G —— (¢¢, Ag) carries partial games
in §,, into terms in XJ,,. O

In the rest of this section we give a combinatorial characterization of the

classes S, P, L.,.

Definition 3.16 Let G € L. A chain C in G is a totally ordered subset
{ro < ... <1y} C R(G) such that:

1. €(r;) #€(riz1), fori=0,...,k—1,

2. fori =0,...,k —1, there is a cycle v of G such that r, = r; and
r;y1 lies on 7.

We say that C' is a o-chain if €(rg) = o, otherwise we say that C' is a

m-chain. We shall write C' C G if C is a chain in G, C' C, G if C is
o-chain in G and C . G if C is a w-chain in G.

Definition 3.17 Let G € L, we define

L(G) = max{cardC|C = G},
L,(G) = max{cardC|C C, G},
L.(G) = max{cardC|C C,G}.

For every n > 0, we define the class L, C J by saying that G € L, if
and only if L(G) < n. We let Sy = Py = Lo. For every n > 1 we define
the classes S, P, by saying that

GeS, ifandonlyif L,(G)<n and L.(G)<n-1,
GeP, ifandonlyif L,(G)<n-1 and L.(G)<n.

Proposition 3.18 We have equalities L,, = L, forn > 0 and S,, = S,,,
P,=S,, forn>1.

Proof. We prove the proposition for n = 0. Observe that G € Ly if and
only if every chain has cardinality less or equal to 0, i.e. the only chain
is the empty set. This happens if and only if there are no returns in G,
since a return r gives rise to a chain {r}. It is clear that G € L, if and

only if R(G) = 0.
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Suppose that S, = S,, and that P,, = P,.

We shall show first that S, U P, C S,41 and that S, is closed under
substitution and the p-operation.

It is clear from the definition that S,UP, C S,,11, so that §,,UP,, C S, 11.
The class 5,11 is closed under substitution: every chain in G[H/z] is
either a chain from G|z] or a chain of H, since if g € Gy and h € Hy, then
there is no cycle v of G[H/z| on which both g and h lie. It is also closed
under the p-operation. Let Gx] be in S, 41 and let C' = {rg,..., 7} be
a chain in p,.G[z]. Observe first that if o # = then {ro,..., 7} is also
a chain of G[z]. This is because a cycle 7; such that r,, = r; does not
contain the transition x — S(z), otherwise r,, = x. If C' is a 7-chain,
then 1o # x so that C' is a m-chain of G[z] and cardC < n. If C' is a
o-chain, we distinguish two cases: either ry # z, so that C' is also a chain
of G[z] and cardC' < n+ 1; or ry = z, then {ry,..., 7} is a m-chain in
Glz], so that k < L.(G[z]) <nand cardC =k +1<n+ 1.

We shall now prove that if C C 7 is a class such that S,, UP,, C C which
is also closed under substitution and the p-operation, then S, 1 C C. If
G € Spy1 we let ((G) be the number

card{C C, G|cardC =n + 1},

and prove that G € C by induction on ((G).

Suppose that ((G) = 0. Then all chains of G have cardinality less than
n so that G € L,,.

Lemma 3.19 The class L,, is the closure under substitution of S,, U P,.

Proof. Indeed, given G € L, if we can pick up a return r which is a
complete vertex distinct from the root, then we can write G = G}[G7 /7]
and deduce that G belongs to the closure of S,, U P, under substitution
by the inductive hypothesis that this property holds for both G} and G
If this is not possible, then every return of G lies on the same strongly
connected component. Indeed it suffices to observe that if there is a
return, then there is a unique minimal return; which, being a complete
vertex, is then the root. For every other return, we can find a cycle on
which both r and the root lie. Indeed, a return r is either the root, or else
we can find a path « from r to a return 7’ # r which lies on ~,. In this
way we construct by induction a path from r to the root, and therefore
a cycle on which both r and the root lie.
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To prove the lemma, it is then enough to observe that if G € L is
such that L(G) = n and every return of G lies on the same strongly
connected component, then G € S, U P,. Suppose we can find a o-
chain {ro,...,r,—1} as well as a w-chain {r(,...,r,_;} in G, both of
cardinality n. Choose a cycle vy on which both 7y, r( lie. If e(r,) = ,
then {r., 70, ...,7,—1} is a m-chain of cardinality n+1. If €(r,) = o, then
{ry,r4,...,7m_1} is a o-chain of cardinality n + 1. This contradicts the

hypothesis that G € L,,. O

Using the lemma we conclude that if G € S,,+1 and ((G) = 0, then G € C,
since C contains S,, UP,, = S, U P, and is closed under substitution.

So suppose that ((G) > 1. Consider the following order on o-chains C'
such that cardC' =n + 1:

{ro,...,rn} <A{rg,...,r,} if and only if

{ri,...,rn} ={r,...,r} and rq is an ancestor of 7.

Choose a o-chain C' = {ro, ..., r,} which is minimal with respect to this
order. We claim that r( is a complete vertex, i.e. we can represent G as

G (G0 /o], so that G1° = pu,,.H [ro].

Suppose that ry is not a complete vertex. We can find a return r which
is a proper ancestor of ry and a cycle v on which r,ry lie and such that
ry =r. If €(r) = m then {r,rq,...,r,} is a m-chain in G of cardinality
n + 2, against the assumptions. If €(r) = o, then {r,ry,... 741} is a 0-
chain which is strictly smaller than C'in the previous order, contradicting
again the hypothesis.

Since (G}, [ro]) < ¢(G) and similarly ((H[ro]) < ((G), by the induction
hypothesis, we have G} [ro] € C and H[ro] € C. Since C is closed under
substitution and the p-operation, we see that G = G}, [pr,.H|[ro]/70] € C.

A similar argument shows that P, 1 = P,1.

By definition it is also clear that L, = S, 11 N P,41, so that £, = L,.
This ends the proof of proposition 3.18. 0]

4 Free p-lattices and free A\,-models

The goal of this section is to review the characterization of free p-lattices.
We shall then describe a canonical sub-A,-model of a free p-lattice Jp
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and argue that it is the free A,,-model over the partially ordered set P.

Definition 4.1 Let P be a partially ordered set. A game over P is a
pair (G, \) where G is a game in K and A : Xg —— P is a valuation
of the partial final positions in P. We write IC(P) for the class of games
over P and J(P) for the subclass of pairs (G, A) such that G € J.

We can understand a game over P as a game with complete information
with a payoff function taking values in the partially ordered set P. Player
o is trying to maximize his payoff, while his opponent = is trying to
minimize the payoff; however, we can also adopt the opponent’s view
and think of G as a game over P, so player 7 is also trying to maximize
the payoff but in the dual poset.

We shall use the simplified notation G for a game (G, \) over P, leaving
in the background the valuation A\ : X —— P. In particular, let G € K,
let {(Hy, Az) }zex, be a collection of elements of IC(P), and observe that
the set X, /«],cx. 15 the disjoint union of the sets Xy, for x € Xg; the
notation G[H,/z|.cx, will abbreviate (G[H,/z|.cxs, A), where A(y) =
Az (y) whenever y € Xy .

We describe now a preorder on the class IC(P). This is done by construct-
ing a game (G, H), where G, H € K(P), and by saying that G < H
if one of the players, Mediator, has a winning strategy in this game,
cf. 2.3. This game, which is essentially the same game described in
[Bla92, Joy97], is played on the two boards G and H at the same time.
One player, the one we call Mediator and denote by the letter M, is a
team composed by player m on GG and player o on H; the other player,
whom we call the Opponents and denote by the letter O, is formed out of
player o on G and player m on H. Mediator, in order to choose a move,
must wait for the Opponents to have exhausted their moves on both
boards. Mediator’s goal is to reach a pair of positions (z,y) € X¢g x Xpg,
such that A(z) < A(y); in the case of an infinite play, his goal is to win
on at least one board. We picture the game as follows:
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The frame around Mediator’s team is meant to suggest that Mediator
can behave like a single player, like a master playing on different chess
boards, where the Opponents are indeed two distinct players, since they
do not get any advantage from sharing information. We formally define
the game (G, H) as follows.

Definition 4.2 Let G, H € K(P). The game (G, H) is defined as:

e Positions of (G, H) are pairs of positions from G and H. The initial
position is (go, ho).

e The coloring €(g, h) is calculated as €(g) - e(h) € {?, M, 0}, where
the product is given by the table:

o
s
0

o
O
M

QS Q)=
‘\Jigo

M

If e(z) - e(y) =7, ie. if x € X and y € Xy, then e(z,y) = O if
and only if A(z) < A(y): the pair (x,y) becomes a winning final
position for Mediator exactly when A(x) < A(y).

e Moves of (G, H) are either left moves (g,h) — (¢’,h), where g —

g € Gy, or right moves (g,h) — (g,h'), where h — KW' € Hy;
however, the Opponents can play only with ¢ on G or with 7 on
H. This means that the set of moves is obtained from the set
G1 x Hy+ Go x Hy by removing right moves (g, h) — (g, h') when-
ever (€(g),€e(h)) = (o,0) and left moves (g, h) — (¢’, h) whenever
(elg), e(h)) = (. 7).
A morphism of graphs from (the graph underlying) (G, H) to the
free category on (the graph underlying) G, is defined as follows:
(9,h)e = g and if 7 = (g,h) — (¢',h) is a left move, then 75 =
g—4¢,if 7=1(9,h) — (g,/) is a right move, then 7 = 1,. This
morphism is extended to a convex functor from the free category on
(G, H) to the free category on G and to a correspondence sending
infinite paths in (G, H) to finite or infinite paths in G. We call
all these three correspondences left projection and denote them by
(-)r or (-)g. The right projection, denoted by (-)g or (-)g, is
defined in an analogous way.
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e An infinite play v is a win for Mediator if and only if either its
left projection 7¢ is an infinite play and e(r,,) = o, or its right
projection vy is an infinite play and e(r,, ) = 7.

Definition 4.3 Let G, H € KC(P) be games over P. We declare that
G < H if and only if Mediator has a winning strategy in the game
(G, H).

We remark that if Mediator has a winning strategy in the game (G, H),
then he has also a bounded memory winning strategy, cf. 2.4. This
follows from [San00a,§4] and from well known facts of the theory of
games played on finite graphs [Tho97, Zie98].

Proposition 4.4 Let G, H, K € K(P) be games over P. Then G < G
and if G < H and H < K, then G < K.

Definition 4.5 Let G,H € J(P). We write G = H if G < H and
H < G, so that = is an equivalence relation. We shall denote by [G] the
equivalence class of G and by Jp the set of those equivalence classes.

The following is the main achievement of [San00b].

Theorem 4.6 For every ordered set P, Jp is a p-lattice, where if G € J
and { [H,] }oex, € JC, then

|G Hz] Yeexo = [GlHz/Tleexq] -

The p-lattice Jp is free over P, i.e. it comes with an embedding np :
P —— Jp with the following universal property: if f: P —— L is an
order preserving function from P to a p-lattice L, then there exists a
unique morphism of p-lattices f such that f o np=f.

We shall review here the concepts developed to prove proposition 4.4,
since we will need them later.

We proved that G < G by exhibiting the copycat strategy in (G, G). It
is played as follows. From a position of the form (g, g) it is always the
case that the Opponents have to move just on one board. When they
stop moving, if they do, Mediator will have the opportunity to copy all
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the moves played by the Opponents so far on the other board until the
play again reaches a position of the form (¢, ¢).

We proved that if G < H and H < K then G < K, by describing a game
(G, H, K) with the two following properties: given two winning strategies
R and S on (G, H) and (H, K) there exists a winning strategy R|[S on
(G, H, K); given a winning strategy T on (G, H, K) there exists a winning
strategy T\ m on (G, K). The game (G, H, K) is obtained by gluing the
games (G, H) and (H, K) along the center board H. One player, whom
we call the Mediators and denote by the letter M, is a team composed
by Mediator on (G, H) and Mediator on (H, K); the other player, called
the Opponents and denoted by the letter O, is formed out of player o on
G and player m on K. The Mediators can exchange information through
the center board H. The game can be pictured as follows:

Definition 4.7 Let G, H, K € K(P). The game (G, H, K) is defined as
follows:

e Positions of (G, H, K) are triples of positions (g, h, k) € Gy x Hy X
Ky. The initial position is (go, ho, ko).

e The coloring €(g, h, k) is calculated as €(g)-€(k) € {?,0, M}, where
the product is given by the table of page 21. If e(x) - €(z) =7, i.e.
if © € Xg and z € Xk, then if €(h) # 0, then €(z,h,z) = M,
otherwise, if also h = y € Xy, then e(x,y,z) = O if and only if
Az) < Ay) < Az).

e Moves of (G, H, K) are either left moves (g, h, k) — (¢', h, k), where
g — ¢ € Gy, or central moves (g,h,k) — (g,h', k), where h —
B € Hy, or right moves (g, h, k) — (g,h, k'), where k — k' € K;;
however, the Opponents can play only with ¢ on G or with 7 on
K. Several kind of projections on subsets of the three boards can
be defined as in definition 4.2; they will be denoted (-)g, (-)m,
(ks (D) amy, (D) kys (-)@,k). Observe that for every path v,
finite or infinite, (v(¢.m))e = (V6,x))e = Y¢ and similar equalities
hold in the other cases.
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e An infinite play ~ is a win for the Mediators if and only if its
left projection 7¢ is an infinite play and e(r,,) = o, or its right
projection v is an infinite play and €(r., ) = 7.

Definition 4.8 Let R be a winning strategy for Mediator in (G, H) and
let S be a winning strategy for Mediator in (H, K'). A strategy R||S for
the Mediators in the game (G, H, K) is described by the formula

R[S = {7|7<G,H> € R and YH,K) € S}'

Let T be a winning strategy for the Mediators in the game (G, H, K).
A strategy T\y for Mediator in the game (G, H, K) is defined by the
formula

g = {vex|veT}.

Proposition 4.9 The strategy R||S is a winning strategy for the Medi-
ators in the game (G, H, K).

Proof. We check that all the conditions of definition 2.3 are satisfied.

If v € R||S then v n € R and ypk)y € S, so that domyguy =
(g0, ho) and dom (s gy = (ho, ko). Let dom~y = (g,h, k), then (g,h) =
(dom~)(e,my = domye,my = (go, ho), similarly (h, k) = (ho, ko), so that
domfy = (ga h> k) = (907 hOa kO)

Suppose that v 7 € R[|S. From vy m * Tia,my = (v * 7)c,my € R, we
argue that v, gy € R; similarly vy k) € S, so that v € R||S.

Let v be a path in R||S and let (g, h, k) = cod .

Firstly, let us assume that €(g,h,k) = O. If 7 is a move available to
the Opponents from this position, then it is either a left move or a right
move. Suppose it is a left move, say 7 = (¢,h, k) — (¢',h, k). We
deduce that €(g) = o, which in turn implies that e(g,h) = O. Since
Ye,my € R and cod v my = (g, h), then the path v m *7i¢,my € R. We
deduce that v« 7 € R||S, since (v * 7 )a.n) = Y.nm * Ten € R and
(v* 7)) = Ymk) €S. If 7is a right move, then a similar argument
shows that v x 7 € R||S.

Suppose now that €(g, h,k) = M. If e(h) = 0 then either ¢(g) = 7 or
¢(k) = o, suppose €(g) = 7. In this case €¢(g,h) = M, and we can find a
transition 7 of (G, H) such that vy gy*x7 € R. Since 7 = (g,h) — (¢, h)

24



is a left move, we can lift it to a left move 7" = (g, h, k) — (¢, h, k), so
that v 7" € R||S since (y*7")¢,my = Yia,my * T € R and (v 7' ) uxy =
Y,y € S. We can reason similarly if e(k) = o.

Suppose that e(h) € {0, 7}, say €(h) = 0. In this case €(g,h) = M, and
we can find a transition 7 of (G, H) such that g gy *7 € R. If 7 is a left
move, then we lift it to 7" as before and conclude that yx7’ € R||S. Hence
suppose that 7 = (g,h) — (g,h’) is a right move. Since €(h) = o, we
deduce that e(h, k) = O, so that vy, xy*7T € S, where 7 = (h, k) — (I, k).
If we set 7 = (g, h,k) — (g,1, k), we deduce that v x 7" € S||R, since
(v * ) a,my = Ve, *T € Rand (v x "), x) = Vux)y * T € S. We can
reason similarly if e(h) = .

Suppose now that (gaha k) = (l‘,y,Z), r € Xg,y € Xu,z € Xk. Since
codve,m = (x,y), we deduce that e(x,y) = O, so that A(z) < A(y).
Since cod v,k = (¥, 2), we deduce that €(y, z) = O, so that A(y) < A(z).

Consider an infinite play v in (G, H, K') which is the result of playing in
this way. Either v gy is an infinite play, or vy k) is an infinite play;
we suppose the first. If €(y5) is not an infinite winning play for player
7 in G, then vy is an infinite winning play for ¢ on H: indeed, the pair
(Y@, var) is the left and right projection of the infinite play (g, #)y, which
has been played according to the winning strategy R. We can then argue
that m k) is also an infinite play, moreover it has been played according
to the winning strategy S. Since 7y is not an infinite winning play for
7 on H, and the pair (yg,vx) is the left and right projection of vy Ky,
it follows that v, is an infinite winning play for ¢ on K. A similar
argument is used if vy k) is an infinite play. ([l

Proposition 4.10 The strategy T\ is a winning strategy for Mediator
in the game (G, K).

Proof. Let v € T, then dom~y = (go,ho, ko), so that domygry =
(dom7)(e,kxy = (9o, ko). Similarly, if @ k) = 71 * 7, then we can find a
factorization v = ] x 75 such that (v{),x) = 71 and (v5)@G.x) = 7. It
follows that v; € T\ 5.

Choose a play v € T and suppose that cody = (g, h, k), so that cod v(q xy =
(g, k).

Suppose that €(g, k) = O and let 7 be a move available to the Opponents
from (g, k). If 7 = (g,h) — (¢, h) is a left move, then €(g) = o, and
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therefore €(g, h,k) = O. The transition 7" = (g,h, k) — (¢, h,k) is a
move of (G, H, K), hence v+ 7" € T and yg,x) * T = Ya,K) * TG =
(v*7")ax) € T\a-

Suppose that €(g, k) = M, and observe that €(g, h, k) = M; we must find
a transition 7 such that v ) * 7 € T\g. Suppose also that we have
constructed paths {7;}io,..» with the following properties: |v;| = 7, v
is a prefix of v; if i < j, v* 1 € T and (v * Vi) @c,x) = VK- Since
e(cody x7,) = M, there exists a transition 7 such that v x v, x7 € T.
If 7 is a left or right transition, then 7 k) is a transition of (G, K), so
that @ k) * Tia,x) € T\m, and we are done. If 7 is a central transition,
then we extend the above collection by letting v,.1 = 7, x 7. Since we
cannot build an infinite collection {v,},>0 with the above properties —
the infinite path {7y x,}.>0 is played according to the winning strategy
T, but it is not a win for the Mediators in (G, H, K') — we shall eventually
find n > 0 and a right or left transition 7 such that yx~v, x7 € T.

Finally, consider an infinite path v = {7,},>0 played according to the
strategy T\ . Consider the set of paths
T(v) = {VeTlVgx €{1mnz0}

The set T'(y) is closed under prefixes and it is infinite. Hence, it has the
structure of a finitely branching infinite tree and we can find an infinite
path v' = {7} on this tree, which is a subtree of T', such that 726, Ky ="7-

Since T' is a winning strategy, we have that e(r,;) = €(r,,) = o or
€(ryy) = €(ry ) = 0.
This concludes the proof of proposition 4.4. 0

Definition 4.11 For every [G] € Jp, we define L[G] to be the number
min{n|L(H)=n,H € [G]}

and let
Tnp = {[G][LIG] <n}.

Proposition 4.12 The set J, p is a sub-A,-model of Jp and the em-
bedding np : P ——— Jp restricts to an embedding n, p : P —— T, p.
With this structure 7, p is free over of P, i.e. the above embedding has
the usual universal property with respect to order preserving functions
with codomain a A,,-model.
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Proof. Let G be a game in £,, and { [H,] }.cx, be a collection of elements
in J, p; we must prove that |G|{ [H.] }zex, € Jnp. For cach z € Xg
choose H! € [H,] such that L(H]) < n, so that [H,] = [H.]. The
equalities

G Hal boexe = |G IHL] brexe

= [G[H,/2]zexc]
shows that |G|{ [Hy] }zexy € Tnp, since G € L,,, H, € L,, and L, is
closed under substitution. Since np(p) = [z, \P], where \(z) = p, it is

clear that np(p) € Ty, p-

As a A,-model, J, p is isomorphic to L, p, the antisymmetric quo-
tient of the preordered class L£,,(P) of pairs (G, \) with G € £, and
we shall prove freeness of £, p. Observe first that the correspondence
(G,\) —— (G, f o A\), induced by an ordered preserving function f :
P (), induces an order preserving correspondence L, (f)
L, (P) — L,(Q), and a morphism of A,-models £,, s : L, p — L, 0.
This makes up a functor £,, and 7, is then a natural transformation in
the obvious sense.

On the other hand, if L is a A,,-model, then the correspondence EV,,(L) :
L,(L) —— L, defined by EV,(L)(G,\) = |G|()\), preserves also the
order, so that it induces an morphism of A,-models EVy, : L, —— L
such that EV,, 1 on, = Id,. To prove this, the same argument as in
[San00a, §5.15] is used.

If f: P —— Lisan order preserving function with codomain a A,,-model,
then EV,, 1, o L, ¢ is the desired unique extension of f to a morphism of
A,-models from £, p to L. O

We shall denote by i, p : J, p = Jp the inclusion, so that ¢, p is a
morphism of A,-models and the equality np = i, p o 1, p holds.

5 Synchronizing games
The goal of this section is to give a general criterion by which to prove
that the inclusion i, p : J,,,p —— Jp is proper.

Definition 5.1 Let A € K(P). We say that A is synchronizing if it is
bipartite and the only winning strategy for Mediator in the game (A, A)
is the copycat strategy.
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The intuitions which have induced us to call these games synchronizing
are explained as follows: if Mediator is playing according to a winning
strategy in the game (G, H), then it is impossible for both the Opponents
to win, so that at least one must lose. We can imagine therefore that
there is a sort of asynchronous game going on between player ¢ on G and
player m on H, the asynchrony being induced by the mediating choices
of Mediator. However, if G = H = A and the only winning strategy
for Mediator in (A, A) is the copycat strategy, then there are very few
mediating choices. If moreover the game A is bipartite, then the resulting
game between player ¢ on the left and player 7 on the right is easily
recognized to be equivalent with the game A itself, in which the two
players act on a synchronous base.

Since a strategy in the game (A, A) is morally an endomorphism of A,
and the copycat strategy plays the role of the identity, we may consider
a synchronizing game to be a particular kind of asymmetric object. We
remark that if A € J(P) is such that L(A) = 0, then A can be identified
with a term for the the free lattice over P. In this case, A is synchronizing
if and only if it is in normal form as a free lattice term [FJN95, Whi41].
It is an open problem whether this notion of synchronizing game leads to
a normal form for p-lattice terms. Examples of synchronizing games are
given in section 6. Their remarkable property is stated in the following
proposition.

Theorem 5.2 Let A € IC(P) be a synchronizing game such that L(A) =
n. Then we can construct a game A, € J(P) such that L[A,] = n.

Corollary 5.3 In order to show that the inclusion ¢, p : J, p —— Jp
is proper, it is enough to find a synchronizing game A in IC(P) such that
L(A) > n.

Proof. In the following let A = (Ag, A1, ag, €, \) be such a synchronizing
game.

The game A, is obtained from A by forcing property 2 in definition 3.10
to hold. If we let Ay be (Aen, Ae1, Qa0 €, Aoy, this game is formally
defined as follows.

e The set of positions is
Ao = R(A)x {0} U Agx{1}.
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The initial position aeq is (ag,0) if ag is in R(A), otherwise the
initial position is (ag, 1).

e The set of moves is

A = {(9,1) = (¢ D]g—d €A, d &€ R(A)}
U {(g,1)— (r,0)|g—>re€ A, re R(A)}
U {(r,0)— (r,1)|re R(A) }.

o We let ¢,(g,7) = €(g), and observe that if €,(g,7) = 0, then i = 1
and €(g) = 0; hence, we define \¢(z,7) = () if €,(x,7) = 0.

Observe that this construction preserves the essential structure of cycles
and the color of the returns, from which we deduce that L(A) = L(A,).
It is easily seen that A, € J(P), so that L[A,] < L(A.) = L(A) = n.

In order to argue that L[A,] > n, choose an arbitrary H € [A.]. A
copycat-like strategy can be used by Mediator to win in both the games
(A, A,) and (A,, A), so that, by transitivity, we obtain A < H and
H < A. By the analysis of possible plays in the game (A, H, A), we
shall construct a chain C' in H such that card C' = n; it will follow that
L(H) > n and L[As] > n. If 6 is a path in (A, H, A) or (A, A), we shall
use 0, and Oy for the left and right projections, since the notation 64
would be ambiguous.

The lemma 5.4 below has the following interpretation: if the Opponents
know that the Mediators are playing according to a winning strategy, then
they can choose a path~y of A and force the Mediators to play on (A, H, A)
so that the chosen path is played on the left board as well as on the right
board. In this case, we informally say that the Opponents play along the
path v. We let T' be any winning strategy for the Mediators in the game
(A H, A).

Lemma 5.4 Let v be a path of A and let a = dom~. Suppose that
there is a position h of H such that the position (a, h,a) of (A, H, A) has
been reached using 7. We can lift v to a play 6, of (A, H, A) with the
following properties:

e domé, = (a,h,a),

e the left projection (6, ); as well as the right projection (6, )g are
both equal to 7,
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e the play 6, has been played according to the strategy 7" by the
Mediators.

Proof. Firstly, we prove the lemma in case v = a — a’ is a transition of
A; we also suppose that ¢(a) = o; if €(a) = ™ we can reason by duality.
From position (a, h, a) it is the Opponents’ turn to move, on the left, so
that they can choose the move 7 on the left.

Since A is bipartite, we have €(a’) # €(a), and in position (da’,h,a) it
is the Mediators’ turn to move. From this position, the strategy T' will
suggest to play a finite path on H (o, h,a) —* (a’,h’, a), possibly of zero
length, and then it will suggest to play on an external board. An infinite
path played only on H cannot arise, since 7' is a winning strategy, and
such an infinite path would not be a win for the Mediators. T" cannot
suggest a move on the left board - otherwise the strategy T\ would
not be the copycat strategy - hence it will suggest a move on the right
board. Since T\ is the copycat strategy, the only suggested move will
be (a’, 1, a) — (d, 1, d).

The generalization of the statement to paths is obtained by induction on
the length. If |y| = 0, then we lift v to 14 pe). If v =+ %7, then we
define 0., to be 0, x0,, where 0,/ is obtained by the induction hypothesis
and 0, is obtained as in the previous paragraph from position codf.,
observing that (cod 6, ), = dom7 = (codf, )g. O

Lemma 5.5 Let 6 be a path of (A, H, A), which has been played ac-
cording to the winning strategy 7', such that 8, = 0r. If v = 0, = 0
has a factorization v = 1 xys, then there exists a factorization 6 = 6, x6,

such that (01), = (01)r = 71 and (62) = (02)r = 7o.

Proof. We shall prove that if 0 is a path of (A, A), which has been played
according to the winning strategy T\, i.e according to the copycat strat-
egy, for which the equalities 0, = dr = 7 hold, then we can lift a
factorization v = 1 * 72 to a factorization § = §; * 2 in (A, A) such
that (8;), = (6;))r = Vi, for i@ = 1,2. To obtain the statement of the
lemma, it will be enough to let § = 64 4y, and then lift the factorization
B(a,4) = 01 % 0 to a factorization 6 = ¢, x 05, which is possible since the
functor (- )a,4 is convex.

The statement is proved by induction on the length of ;. If |y, = 0, the
result is obvious; suppose therefore that |y,| > 0. Since |6 = |d.|+|dr| =
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27| > 2, we can write § = ¢’ 7" where |7'| = 2. Since T\ y is the copycat
strategy and A is bipartite, we deduce that 6, = 0% =+, 7, =75 = 7 so
that |7| = 1, and write v = 7/ x 7. Let 79 = 45 %7 and v/ = 3 x 4. Since
[75] < |72|, we can use the induction hypothesis and let &' = §; x5 be such
that (61)r = (61)r = 1 and (65) = (65)r = 75. Then § = &) * (65 * )
is the desired factorization. O

The lifting property of the previous lemma can be generalized: if 0, =
Or = V1 % ... % Y,, where n > 0, then we can find a factorization 6 =
01 % ...x0, such that (6;), = (0;))g =y fori=1,...,n.

We have observed that A < H and H < A, hence we shall fix two
winning bounded memory strategies for Mediator in the games (A, H)

and (H, A), say (R,v) and (S, ¢), respectively. We let
K = max(card Ry, card Sy) ,

and consider the strategy ¥ R||¢S in the game (A, H, A), the definition
of which is found in 2.5 and 4.8.

The following lemma can be interpreted as follows: if the Opponents play
enough time along a cycle v of A, then they can force the Mediators to
play in a cycle of H of the same color as 7.

Lemma 5.6 Let 7 be a proper cycle of A and let § be a path of (A, H, A),
played according to the strategy ¥ R||¢S, such that 0, = 0z = v%. It is
possible to find a factorization

0 = @0*@*@1

such that Oy, Oy and Of are all proper cycles. Moreover, O = O =
¥ with 1 <k < K, and €(re,,) = €(r,).

Proof. Let 6 be a path of (A, H, A), played according to the strategy
Y R||¢S, such that 6, = 0 = v, where v is proper cycle of A such that
€(ry) = m; if €(r,) = o0, a dual argument — with the strategy ¢S instead
of R — can be used. According to lemma 5.5, we can factor 6 as

0 = O1x...%x0k,

so that, for each i = 1,..., K, the relations (6;); = (0;)r = 7 hold.
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By the definition of the strategies 1R and ¥ R||$S, there exists a path p
in R such that ¢ o p = 04 py. Consider the factorization in (A, H)

Yop = Oan
= (‘91*---*9K)(A,H>

= (01)(A7H>*"'*(0K)<A7H>'

Since the functor 1 o _ is convex, we can lift this factorization to a fac-
torization in R

P = pP1L*... %Pk
such that 1 o p; = (0;)(a,my, for i = 1,..., K. Consider also the set
{domp;, codp;|i=1,..., K},

and observe that there exist ig,i; € {1,..., K} such that ig < ¢; and
dom p;, = cod p;,, since card Ry < K. Let

T = Pig * - - - % Piy,
then T is a cycle, and if we let kK =1, — 79 + 1, then

(¢OT)L = (plo <K Piy ))

(¢
= ((wo,om) * (o pi) )L
= ((0ig)(a, x (0)amy )L
= ((0io)(4, )L *oox ((0i)am)
= (‘920) (eil)L

Observe also that r(y.r), = 7+ = r, and that €(r,) = 7. Since YR is
a winning strategy, we argue that (¢ o T )g is a proper cycle and that
€(r(yor)y ) = m. Otherwise T would give rise, by infinite iteration, to the
infinite path T in the graph R such that ¢ o T¥ = (¢ o T )“ is not a
win for Mediator in the game (A, H).

In order to conclude the argument, let

O = Oj,x...%x0;,
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and find ©g, O so that the relation § = Oy x © x O is satisfied. Then
O, = O = 7" with k > 1 by construction. We have also

= (O, )

= ((6 ) o (05) (a1 )
((wopzo) *(@DOpn))H
= (Yo T)H,

so that we can conclude that © is a proper cycle such that €e(rg,,)

= €(r,).

Ol

The following lemma can be interpreted as follows: if the Opponents play
enough time along a chain C' of A, then they can force the Mediators to
play along a chain of H of the same length and color as C.

Lemma 5.7 Let C = {aog,...,a,_1} be a chain in A. For j =0,...,n—
2, let ; be proper cycles such that r,, = a; and a;; lie on ;. Factor
v as ;= 7]1- *7}, where dom 7} = a; and cod 7]1- = a;41. Similarly, let
Yn-1 be a proper cycle of A such that r,, , = a,-1 = dom~,_;. For
j=mn—1,...,0, define cycles I'; in A as follows:

I = 77[571 )

Ljon = (7}—1 * 'y * 7}—1)[(

Let 6 be a path in (A, H, A), played according to the strategy ¥ R||pS,
such that 0;, = 0r = I';. We can find a factorization

0 = OyxO 0,

with the property that ©y is a proper cycle visiting a chain {rg, =
Tjy...yTn—1 t. Moreover €(r;) = €(a;).

Proof. We prove the proposition by induction on j =n —1,...,0.

If 7 =n—1, apply lemma 5.6 to 6 and ~,_;: it is possible to find a
factorization

0 = @0*@*@1

such that O is a proper cycle and €(rg,,) = €(r,,_,) = €(an_1)-
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Suppose that we have proven the assertion for j; we prove it for j — 1.
Let 6 be a path such that 0, = 0 = (fy}_l *I'j % fy}_l)K. Apply lemma
5.6 to 6 and fy}_l *x ' * fy]T._l and find a factorization

0 = @0*@*@1

such that ©p is a proper cycle and €(re,, ) = €(a;_1), since L

Toj_y = Q1. Moreover, there exists £ > 1 such that
OL=0r = (V¥ xyl_ ) *Tixvl,

where v = 7}71 *x ' * 7}71. By lemma 5.5, we can lift the above factor-
ization to a factorization

© = 0yxd*0dy,

so that 6, = 6p =I';. Using the induction hypothesis, there is a factor-
ization

o6 = Ao*A*Al,

such that Ay is a proper cycle visiting a chain {ra, = rj,...,7n_1 };
moreover €(r;) = €(a;). Since

@H = (50*A0)H*AH*(A1 *51)[{,

we deduce that Oy visits r;,...,r,—1. If we let r;_1 = rg,, then the
desired chain visited by O is {rj_1,7;,...,7_1}, since €(r;) = €(a;) #
€(aj—1) = €(r;_1). This concludes the proof of lemma 5.7. O

In order to prove theorem 5.2, choose a chain C' of A, the cardinality of
which is maximal, i.e. it is n. Define I'y as it has been done in lemma
5.7, and let v be the unique simple path from the initial position ay to
domTI'y. Using lemma 5.4, we can lift the path yxI'y of A to a path 0.,
of (A, H, A), played according to the strategy ¥ R||¢S by the Mediators,
such that both (6., )z and (6., ) g are equal to yxI'g. Using lemma 5.5,
we can also lift the given factorization to a factorization 0,,r, = 0, * 6,
so that in particular (6r,);, = (fr,)r = L'o. Using lemma 5.7, the center
projection (fr,)y visits a chain in H of cardinality n which is, moreover,
of the same color of the given chain C' of A. This concludes the proof of
theorem 5.2. O
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6 Generalized Whitman polynomials

In this section we let X = {ao, a1, as, by, b1, ba} be a set of six generators
and define a bunch of synchronizing games W™ € K(X), n > 1, such
that L(W"™) = n. We can argue that [W]'] € J, x if n > m, as in 5.3.

Theorem 6.1 For every n > 1, the inclusion 4, x : Jpx —— Jx is
proper, where X is a set of six generators.

Corollary 6.2 If P contains an antichain {ag, aj, as, by, b1, b2}, then the
inclusion iy, p : Jm,p < Jp is proper.

The strictness of the alternation hierarchy will follow as explained in 3.6.
The construction of the games W™ has been suggested by the Whitman
polynomial

p(x) = aV(bA(cV(aN(bV(cAx))))).

Earlier in Birkhoff’s paper [Bir35], a partition lattice and an infinite chain
of the form p"(a) are exhibited, so that the free lattice on three generators
is shown to be infinite. A more functional interpretation to p(z) is given
in [Whi42]. P. Whitman proved that the free lattice on three generators
is not complete by showing that free lattices are continuous — so that
if the join of the infinite chain p"(a) exists, then it has to be a fixed
point of p(x) — and by proving that this polynomial has no fixed point.
Later, Crawley and Dean [CD59] characterized free lattices with infinite
operations and used the above polynomial to give lower bounds on the
cardinality of those lattices, and a similar technique was used by Hales
[Hal64] to show that the free complete lattices do not exist in general.
Philip Whitman’s result, also documented in the monography [FJN95],
can be used to show that the inclusion 7y x : Jp, x — Jx is proper when
card X > 3, where we recall that Jy x coincides with the free lattice on
the set X.

Definition 6.3 The game W™ is defined as follows:

e The set of position is

{gj,wj|j=0,...,6n—1}

and the initial position is go.
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e The set of forward edges is
{9j = g9jt11j=0,....6n—2} U {gj—>w;|j=0,...,6n—1}
e The set of back edges is
{930n-k-1 = g3 |k=0,...,n—1}.

o c(wj)=0,fori=1,...,6n—1 and €(g;) = Qjmod2, Where Qy =0
and @, = 7.

e Eventually, A(w;) = @jmoas, if j < 3n and AN(w;) = bjmods, if
7 = 3n.

For example, the games W' and W2 are pictured as follows:
/ﬁ@ﬁ ~ @ (@)
Gj)ﬁ Glrv)ﬁ
Qj)ﬁ Q?ﬁ
Gj)ﬁ ﬁ@ﬁ
Qj)ﬁ Q?ﬁ
_o-e o-e

O—®
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We define W (ayg, a1, as)(z) to be
W(ag,a1,a2)(z) = ap A (a1 V (a2 A x)),

and draw this equality by diagrams as

Similarly we let W*(ag, a1, az)(x) be the dual of W (ag, a, az)(z), i.e.
W*(ag, a1,a2)(z) = apV (a1 A (az V x)),

or by diagrams

@ (O—@)
W*(ao,al,ag) @_)
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Using these conventions, the game W™ € K({ao, a1, as, by, by, b2}) can be
pictured as follows:

’ ®

W(;k<a07 ay, a2)
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where we have supposed that n is an odd number. If n is even, W" is
pictured in a similar way.

Theorem 6.4 For each n > 1, the game W" € K(X) is synchronizing
and L(W") = n.

It is easy to see that the game W™ is bipartite. Moreover:

Proposition 6.5 The unique strategy in the game (W™ W™) is the
copycat strategy.

Proof. In the proof, we shall use the following notation: if g is a position
of W™ such that €(g) # 0, we shall write w, for the unique ¢’ such that
g — ¢ and €(¢') = 0. We let S™(g) be the set of elements g’ such that
€(g’) # 0 for which there exists a path of length n from g to ¢’. We shall
use the notation S for any element g’ € S™(g), Sy will stand for S§ and
we shall have g = Sg; with the above notation we must take care that
identities like Si" = S7' do not hold. The following lemma will prove to
be useful.

Lemma 6.6 If n # mmod 3, then Awsgn) # Aws).

Proof. It is enough to observe that if g; — g;» is an edge, then j’

m

j + 1mod3. Hence, if g = g¢;, ¢’ € S"(g) and ¢” € S™(g), then A(w,)

{ai+nmod37 bi+nmod3} and )\(wg”) € {ai+mmod37 bi+mmod3}- However
{ai+nmod37 biJrn mod3} N {ai+mmod37 bi+mmod3} = @7

since ¢ +n # ¢ +mmod 3. O

In order to prove proposition 6.5, we shall suppose that the game has
reached a position of the form (g, g), with €(g) # 0. We shall suppose
that ¢(g) = o, and use a dual argument if €(g) = 7. Depending on the
Opponents’ choice, we shall analyse the moves available to Mediator and
show that the only possible reply is the one suggested by the copycat
strategy. We shall draw trees to represent possible moves as well as
winning strategies for the Opponents. Positions are labeled on the left
by the player who must move. Dotted transitions are used for Mediator’s
moves leading to winning positions for the Opponents.
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From (g, g), the Opponents have the following two types of moves:

O (9,9)

—

M (wgvg) (Sgag)

From position (w,, g), Mediator can play as follows:

M (wq, 9)

—

O (wg, wy) (wg, Sy)

Position (w,,S,) is winning for the Opponents, since they can move
(wg, Sg) — (wq, wg, ), were they win because of lemma 6.6.

From position (S,, g), Mediator can play as follows:

We exhibit a winning strategy for the Opponents from position (wg,, g):

M (nga wg) (nga g)
|

O (wsg7 Sg)
|

M (ws,; wsz) <—— (ws,, S2)
)

0 (ng7 SS)
!

M (ws,; ws3)
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We exhibit a winning strategy for the Opponents from position (592, 9):

O (S2,9)
!

M (wsz, 9) ——— (wsz, wy)
!

O (’wsga Sg)
!

M (wSE,’ ng)

We exhibit a winning strategy for the Opponents from position (S, w,):

M (nga wg) ~— (Sg, wy)
|

O (537 wg)
J

M (wsga wy)

To complete the argument, we must show that if (5,,5,) is a position
such that Sy # Sy, i.e. it is of the form (gsx, g32n—k)) OF (g3(2n—k), g31) With
k€ {1,...,n—1}, then the Opponents have a winning strategy. Suppose
that (Sg, Sg) = (93k> g3(2n—k))> 50 that Awsi) = ag and A(wsen—k)) = bo;
the Opponents have the following strategy:

O (93k> 932n—k))
M (wak, w3(2n—k)) ~— (g3, wi(an))
0 (S5 »lwsg)
M (wss ,iwsg)

Similarly, the Opponents have a winning strategy from position (gs2n—k), g3x)-
This concludes the proof of proposition 6.5 U

Proposition 6.7 The game W" contains a o-chain of cardinality n.
Since card R(W™) = n, we deduce that L( W™ ) = n.
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Proof. Firstly, we observe that R(W™) = {gsx |k =0,...,n— 1}, and
then that R(W™) is itself a chain. For if 0 < k < k' < n — 1, then
3k <3(2n — k') —1<3(2n— k) — 1, so that g lies on the cycle going

from g3 down to g3(2n—x)—1 and back to gay. O
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