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Quantitative Game Semantics for Linear Logic

Ugo Dal Lago* Olivier Laurent!

Abstract

We present a game-based semantic framework into which the time complexity of any IMELL
proof can be read out of its interpretation. This gives a compositional view of the geometry
of interaction framework introduced by the first author. In our model the time measure is
given by means of slots, as introduced by Ghica in a recent paper. The cost associated to
a strategy is polynomially related to the normalization time of the interpreted proof, in the
style of a complexity-theoretical full abstraction result.

1 Introduction

Implicit computational complexity (ICC) is a very active research area lying at the intersection
between mathematical logic, computational complexity and programming language theory. In the
last years, a myriad of systems derived from mathematical logic (often through the Curry-Howard
correspondence) and characterizing complexity classes (e.g. polynomial time, polynomial space or
logarithmic space) have been proposed.

The techniques used to analyze ICC systems are usually ad-hoc and cannot be easily generalized
to other (even similar) systems. Moreover, checking whether extending an existing ICC system
with new constructs or new rules would break the correspondence with a given complexity class
is usually not easy: soundness must be (re)proved from scratch. Take, for example, the case of
subsystems of Girard’s linear logic capturing complexity classes: there are at least three distinct
subsystems of linear logic corresponding to polynomial time, namely bounded linear logic, light
linear logic and soft linear logic. All of them can be obtained by properly restricting the rules
governing the exponential connectives. Even if they have not been introduced independently,
correspondence with polynomial time had to be reproved thrice. Moreover, it is not clear how
robust the correspondence with polynomial time is. In other words, there is not any principled
way to check whether extending one of the above systems with new logical rules would break
(polytime) soundness. We need to understand why certain restrictions on the usual comonoidal
exponential discipline in linear logic lead to characterizations of certain complexity classes.

This is the typical situation where semantics can be useful. And, indeed, some proposals
for semantic frameworks into which some existing ICC systems can be interpreted have already
appeared in the literature. Moreover, there are some proposals for semantic models in which
the interpretation “reveals” quantitative, intensional, properties of proofs and programs. One of
them [5] is due to the first author and is based on context semantics. There, the complexity of a
proof is obtained by a global analysis of its interpretation as a set of paths.

In this paper, we show that the above mentioned context semantics can be put into a more
interactive form by defining a game model for multiplicative and exponential linear logic and
showing a quantitative correspondence between the interpretation of any proof and the time needed
to normalize the proof.

Context semantics is a model of Girard’s geometry of interaction. As a consequence, turning
it into an AJM game model should not be difficult (at least in principle), due to the well-known
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Figure 1: A sequent calculus for IMELL

strong correspondence between the two frameworks (see [3], for example). But there are at least
two problems: first of all, the context semantics framework described in [5] is slightly different
from the original one and, as such, it is not a model of geometry of interaction. This is why we
introduced a lifting construction in our game model.

Moreover, the global analysis needed in [5] to extract the complexity of a proof from its
interpretation cannot be easily turned into a more interactive analysis, in the spirit of game
semantics. The extraction of time bounds from proof interpretations is somehow internalized here
through the notion of time analyzer (see Section 2). One of the key technical lemmas towards
the quantitative correspondence cited above is proved through a game-theoretical reducibility
argument (see Section 4).

Another semantic framework designed with similar goals is Ghica’s slot games [7]. There,
however, the idea is playing slots in correspondence with any potential redex in a program, while
here we focus on exponentials. On the other hand, the idea of using slots to capture intensional
properties of proofs (or programs) in an interactive way is one of the key ingredients of this paper.
In Section 5 the reader can find a more detailed comparison with Ghica’s work. To keep the
presentation simple, we preferred to adopt Ghica’s way of introducing cost into games, rather
than Leperchey’s time monad.

In Baillot and Pedicini’s geometry of interaction model [4], the “cost” of a proof is strongly
related to the length of regular paths in its interpretation. But this way, one can easily define a
family of terms which normalize in linear time but have exponential cost.

2 Syntax

We here introduce multiplicative exponential linear logic as a sequent calculus. It would be more
natural to deal with proof-nets instead of the sequent calculus, but our semantic constructions will
rely on a precise sequentiality in proof constructions that we would have to rebuild in a proof-net
setting.

The language of formulas is defined by the following productions:

Ai=al|A—oA|ARA|IA

where « ranges over a countable set of atoms. A context is a sequence I' = Ay, ..., A, of formulas.
IfT"= Ay,..., A, is a context and ¢ : {1,...,n} — {1,...,n} is a permutation, then ¢(I") stands
for the context Ag(l), R Ag(n)

The rules in Figure 1 define a sequent calculus for (intuitionistic) multiplicative and exponential
linear logic, IMELL, with an exchange rule integrated in the other ones.

Given any proof 7 : I' = A, we can build another proof [7] : ®,T' - A, where ® is a sequence in
the form ¥1(A; — Ay),... %2 (A, — A,). We say that “cuts are exposed” in [r]. It is defined
as follows, by induction on the structure of m:



e If the last rule in 7 is not U and the immediate subproofs of 7 are p1,...,py, then [7] is
obtained from [p1],. .., [pn] in the natural way. For a promotion rule, as an example, 7 and [r]
are given by:

p:A,...,A, B o] : ®,A4,..., A+ B

(A, ayrB 1 3, c(A,, . A) 1B

e For a cut rule, 7 and [r] are given by:

p:I'-B a:A,Bl—AU [p] : ®,T+ B [U]:\I/,A,B}—AL
A F A ©.8B B, V,q[LA) FA 7

If 7: T - Ais a proof and [r] : ®,T A, we can label formulas !*(B — B) in ® with labels
reflecting the rules which introduced the two formula occurrences B. We explain this concept
through an example. If 7 is the following proof:

A al«a A 5)—5?
a—opBFa—p a,a—o B+ -

a—oB,ak g P
(a —B),larp 5rp A
(o — B)®la kg ~® 16F 3 5’

(o — B)Rlat+ B

then [r] will be the following proof:

ara ® 5rp 4
a—Oﬂl—a—OﬁA a,a — BB L
(@=p)=(@=pPa=parp o
(@ — B) — (@ — B)), (@ — B),!aFIB ' BFp
(@ —=f) — (@ —B)(a—<palarp “® igra
(o — B) — (@ — ), 18 —=IB, /(@ = B)@lar s =~

As expected, the conclusion of [n] includes two formulas which are not in the conclusion of ,
namely !((a — ) — (o — 3)) and !5 —o!5. The first one corresponds to the leftmost cut in 7:
there, the two occurrences of « —o 3 are introduced by an axiom and by a L_, rule. So the natural
label for it is A — L_, The second one corresponds to the rightmost cut in 7: the two occurrences
of |5 are introduced by P, and D, respectively. As a consequence, the label for it is P, — D;. We
obtain the following decoration of [r]:

ara ® Brp
a—OBFa—OBA a,a—o B+ L
[(a = B) — (@« = B)a—L_,,a — B,a,F 0 73' .
(@ —B) o (a—opB)]a—rL_,, (e —B),laFB "~ Br3
(o — B) — (& = BN a1 2. (e = B)@laFp ~® 15rp O
(@ = B) = (@ = B)]a—r2. 18 =Bl (@ <Bolars

Cut-elimination The cut-elimination steps m ~~ p are an easy adaptation of the usual ones.
We just have to take care of the exchange parts, but they can be handled without any particular
problem.

Aq, ..., A, F B
Ai,...,A, F B c(l4;1,... 1A, 1B P I,!B,IB+-C
c(14y,... 1A, !B c('A1,... 1A,),0,IBF C
[,1A1,1A41,... 1A, 1A, - C v
1A, T, 1A, 1A;, .., A, A .rc ©
Ay,..., A, B I,1B,|B+ C

¢(lAy,...,!1A,) - B il 9(T),!B+C © :

=(lAy,.. . 1A, T) F C v ~ (A, . a.nrc ©
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where 19(31, weoy B, <A1, .. ,An>) is B19(1)7 ceey qu(kfl), Ay, .. Ay, Bﬂ(k+1), ey Bﬁ(m) ifﬁ_l(m—i—
1) = k. To avoid stupid loops, we allow a cut rule ¢ to commute upwards with another cut rule
d during reduction only if d introduces the left premise of ¢ (and not if d introduces the right
premise of c).

For our complexity analysis to make sense, we will restrict the cut elimination procedure to
a particular strategy of reduction called surface reduction. From a proof-net point of view it
corresponds to reducing cuts at depth O only. In a sequent calculus setting, we only apply a
reduction step to a cut rule if it is not above a promotion rule P;.

For practical reasons, we introduce a particular atomic formula U and we extend the IMELL
system with the following “pseudo”-rules (which are not valid from a logical point of view):

r-A

Fx ¢ (x,mrFa "’

where X is any atomic formula: « or U.

This allows us to define a proof TA4 of A+ U and a proof TA?4 of H A. TA4 is called the time
analyzer of A. They are defined by mutual induction on A:

— a
U0 TA0 . o
TAa:aFU " Tha: Fa
TAp:BFU
TA4:AFU UBFU TAY : A TAY: B
U Rg
A,BFU B TAYgp: FA®B
TAagp : A®BFU ~®
TAY : B
TAY: FA TAg:BFU TAA:AFU UFB "
TAiop A -BFrU = AFB
TAY ,:FA—B
T ¢ o TAY : - A
S e * —4 ____p
TA A :1AFTU TAD, - H1A



3 Game Semantics

The game model we use is based on the constructions presented in [1]. We extend it with the sim-
plest (and well known) exponential construction (by enriching moves with copy indexes) together
with a lifting operation (adding two fresh moves at the beginning of a game).

3.1 Games

A game A consists in:

o A set of moves My. T4 is the prefix relation over M}, ie.,, s T4 riff s is a prefix of r. T
takes the place of C 4 when the underlying game A is clear from the context.

e A function \g4 : M4 — {P,0}. A4 denotes the function from M4 to {P,0} defined by
Aa(m) # Aa(m). MY denotes the subset of M} containing alternated, opponent-initiated
sequences only, i.e., Aa(m) = O whenever ms € M$ and, moreover, A4 (m) # Aa(n) whenever
smnr € M. MY and M9 are subsets of M4 defined in the natural way.

e A set P4 of walid plays such that Py C ME and P, is closed under prefixes.

The language & of exponential signatures is defined by induction from the following set of pro-
ductions:  t,s,u =1 |e|l(t)]|r(t) | p(t) | n(t,t).

3.2 Constructions on Games

To each connective corresponds a game construction. In the particular case of the exponential
connective !, we decompose its interpretation in our model into a “sequentiality construction”
given by lifting and a “copying construction” given by a traditional exponential construction with
copy indexes given by exponential signatures.
e Atomic game «a:
o M, = {a" a%}.
e )\, (aP) =P and \,(a®) = 0.
e P, is {£,a°,a° - af}.
One particular atomic game is called U with moves denoted by a (instead of a”) and q (instead
of a©).
e Tensor game A ® B:
o Magp = Ma+ Mp. If s € M}yp, then sy denotes the subsequence of s consisting of
moves in M 4. Similarly for sg.
® Mg = A4+ AB.
e The elements of Pagp are sequences s € M§®B such that s4 € P4, sp € Pp.
e Arrow game A — B:
o Maop=Mas+ Mp.
e My =Aa+ AB.
e The elements of P4_.p are sequences s € MfwB such that s4 € P4, sp € Pg.
e Lifting game | A:
o M = My + {open,close}.
o Aja(m) = Aag(m) whenever m € M4, A a(open) = O, A| s(close) = P.
o P4 is {e,open} U {open-close-s|s € Pa}.
e Exponential game #A:
® Mya =& xMy. Given any sequence s in M, 4 and any exponential signature ¢, s; denotes
the subsequence of s consisting in moves in the form (¢,m). Given any sequence s in M}
and any exponential signature ¢, ¢ X s denotes the sequence in M , obtained by pairing
each move in s with ¢.
° /\#A(t,m) = )\A(m)
e The elements of Py, are sequences s € MSEA such that for every t € &, sy =t x r with
r € Py.
We will often use the notation A for #| A.



3.3 Strategies

Proofs are interpreted as particular strategies over games. However since we are not looking for
full completeness results (but for complexity full abstraction instead), we are not particularly
restrictive on the kind of strategies we deal with. There is no particular notion of uniformity on
strategies such as history-freeness, innocence, etc. Important properties of strategies coming from
proofs will be recovered through realizability (see Section 4).
A strategy o over a game A is a non-empty set of even-length plays in P4 satisfying the
following conditions:
e o is even-prefiz-closed;
e o is deterministic: if smn € o, smo € o, then n = o.
A strategy o over A is total if s € o and sm € P4 implies smn € o for some n € M 4.
Composition of strategies can be defined in the usual way. Given a strategy o over A — B
and 7 over B —o C, we can first define o || 7 as follows:

UHT:{SE(MAUMBUMc)*|SA7B€J/\SB’CET}.
The composition of o and 7, denoted o; 7 is simply ;7 = {sa,c |s€ o || 7}.

Proposition 1 If o is a strateqy over A — B and 7 is a strategy over B — C, then o;T is a
strategqy over A —o C.

A useful restriction on strategies is given by history-free strategies o satisfying: if sm-next,(m) €
P4 then sm-nect,(m) € o if and only if s € o where next, is the generating partial function from
Mg to M. The composition of two history-free strategies is an history-free strategy generated by
the composition of generating functions. Some of the strategies we use happen to be history-free,
but not all of them are.

The history-free identity strategy id 4 over A —o A is given by the generating function (assume
A—OAiSA1—0A2)2

VmEMg.nextidA(mAQ) = ma,
Vm € M.nextia,(ma,) = ma,

According to [1], games and strategies define a symmetric monoidal closed category (SMCC).

3.4 Constructions on Strategies

We describe elementary constructions on strategies which, once plug together, will allow us to
interpret proofs in the game model.

o Left-lifting Strategy: Given a strategy o over the game A ® B —o C, the subset 11(o) of
P agB—oc is defined as follows:

(o) = {e}U{m-open 4 | Ims € o} U{m open 4 -close s s|mse o}

In the same spirit, we can define llg (o) over A® |B — C (so that ll4(c) = 1l(0)).

o Right-lifting Strategy: Given a strategy o over the game A, the subset rl(c) of P4 is
defined as follows:

rl(o) = {e} U {open 4 -close|4-s|s €}

Using the immediate bijection between M4 _.p)y and Ma .| B, if o is a strategy over A — B,
we will often use rl(o) as a strategy over A — | B.

e Lifting Strategy: Given a strategy o over the game A; ® --- ® A,, — B, the subset 1(c) of
PiA1®~~®lAn—°lB is defined by 1(0’) = 11,41(. . .llAn (rl(a))).

e Dereliction Strategy: The subset d4 of Py 44 is the one induced by the following (assume
#A — Ais #Al —0 Ag):

Ym € Mg.nextdA (ma,) = (e,;m)pa,

Vm € M .nexta, ((e,m)4a,) ma,



o Weakening Strategy: The subset w4 of Py a_o4 is the one induced by the following (assume
#A — Ais #Al —0 AQ)I

Vm € Mg.nea:twA(mAz) = (f,m)ga,
VYm € ME.newtwA((f,m)#Al) = ma,
In spite of their similarity, the d 4 and w4 strategies will be used in a quite different manner

for interpreting proofs.
e Digging Strategy: The subset ng of Pyja o #|#|4 is the one induced by the following

(assume #| A —o |#|#|Ais #|A; —o |#|#]|Ay):

nextn,(open i x 4,) = (f,open)yia,
nextn, ((f,close)y a,) = closejs x4,
nextn, ((t,open) 4 #14,) = (p(t),0pen)x a,
nextn, ((p(t),close)yia,) = (¢ close) y 4 a,
Vm € MS.nextn, ((t, (s,m)) 1 41414,) = (n(t;s),m)% 4,
Vm € Mjj.nextn, ((n(t,s),m)g1a,) = (t,(5,m)) 151414,

e Contraction Strategy: The subset c4 of Pu|a_o|#]ag# |4 is the one induced by the follow-
ing (assume #|A —o [#|A@#|Ais #| A1 — |#| A2 @ #]| A3):

nexte,(open |, 4,) = (f,open)y a,
necte, ((f,close)y a,) = close 4,

Vm € Mg .newte, ((t,m) 1 41a,) = (1(t),m)41a,
Vm € Mjy.nexte, ((t),m)g1a,) = (t,m) 44,

Vm € M3 newte, ((t,m)ya,) = (r(t),m)p 4,
Vm € M% . next., ( r(t), m)gia,) = (E,m)ga,

e Promotion Strategy: Given a strategy o over the game A; ® - --® A,, —o B, the subset p(o)
of Pua,@...@#A,—«B is defined as follows:

p(o) = {S € Pua g -o#A,—#B | Vtadr € 0.5y =t X T}
We use the notation pl(o) for p(1(o)).

Proposition 2 For any game A, da, wa, ng and ca are strategies. Let o be a strategy over
A1 ®---® A, — B. Then rl(c) and p(o) are strategies and, if n > 1, l1(o) is a strategy.

Proof. We can proceed as follows:
e The history-free set of plays o over A inductively generated by a partial function next,:

ge€eo

sm - nexty(m) € o it s € o and sm - nexty(m) € Py

is always a strategy: it is non-empty, it contains only even-length plays in P4, it is even-prefix-
closed, and it is deterministic since next, is a function.
As a consequence, d 4, wa, ng and cy are strategies.

e The lifting constructions rl(o) and 1ll(o) on strategies are coming from those given in [8,
Chapter 3] which induce a structure of strong monad. For example:

0(o) = |41 @ Ay @@ Ay 25 [(4 @ ® 4,) L B

where str is the strength of the monad (or the identity if n = 1).
e p(o) is a strategy as given in the literature [2, 8].



3.5 Properties of Strategies

We give here a list of the key properties we need about the constructions given above.
o If0: Ay — A and 7: A — B then o;rl(7) = rl(o; 7).
e lfo:Ay—~Aand7: A® B —o C then (c ®idp);llp(7) = llB((o® idg); 7).
elfoc: Ay oA 6:By—oBand7:A® B — C then (rl(o) ® §);1l(7) = (0 ® §); 7 (in the

particular case where 7 does not contain any move in A, this is equal to J; 7).
e Ifc:A®B —|C,6:Dy—o D and 7:C®D — E then (1I(c) ® 6);11(7) = 11((c ® §);11(7)).
elfc:A®- - ®A, Aand7: A® A1 ®---® Ay —o B then (p(o) ®idga, , ® - ®
idga,,);p(7) =p((c®ida,,, ®- - ®ida,,); 7).
eIfc:A® --®A, — Bthen p(o);dg =(da, ®---®da,);o (and p(o);wp = (Wa, ® - ®
Wa,);0).

elfo: A ® - ®A, — B then pl(o);cp = (ca, ® - ®ca, );1(pl(c)) ® pl(c) (up to some
permutation in the second composition turning [!4; ® 141 ® ---® |14, ® !4, into !4 ®---®
4, @14, 0 - ®14,).

eIfo: A ® --®A, — Bthen pl(o);ng = (na, ®---@n4,); 1(pl(pl(0))).

3.6 Interpretation of Proofs

We define the strategy [7] interpreting a proof 7.

The multiplicative rules are interpreted according to the symmetric monoidal closed structure
of the category of games and strategies. The interpretation of the exponential rules is based on
the constructions described above.

e Weakening: if o is a strategy over I' —o B, it is also a strategy over A @ I' —o B and we can

build (w4 ® idr);1l(o) as a strategy over !A® I — B.

e Contraction: if ¢ is a strategy over '1A® !A® T — B, we can build (c4 ® idr);1l(c) as a

strategy over !1A®I" — B.

e Promotion: if o is a strategy over 41 ® ---® A4,, — B, we can build pl(o) as a strategy over
4®---®4, —|B.
e Dereliction: if ¢ is a strategy over A®I' — B, we can build (d; 4 ® idr);1l(0) as a strategy

over 'A®T — B.

e Digging: if o is a strategy over !A®T —o B, we can build (ns ®idr);1l(0) as a strategy over

IART — B.

Theorem 1 (Soundness) If m ~ p then [7] = [p].

Proof. The multiplicative steps are given by the SMCC structure. The permutations of formulas
are handled by the symmetry of the SMCC structure. Since the key properties are given in the
previous section, we consider only a few cases:
e Contraction: If 0: A1 ® - ® A, o Band 7:'BR!B®I — C, we have:
(pl(0) ®idr); ((cp ® idr); 11(7))
= ((pl(0); cp) ® idr); 11(7)
= (((ca, ® - ®ca,);1(pl(0)) ® Pl(0)) ®idr); 11(r)
= ((ca; ® -+ ®ca,) ®idr); ((pl(0)) ® pl(o) ® idr); 11(7)
=(ca; ®---®ca, ®idr); (g, (... 14, ((rl(pl(e)) ® pl(s) ® idr); 1(7))))
(ca; ® - ®cy, ®idr); (i, (.- g, ((Pl(e) ® pl(o) ® idr); 7)))
(ca, ®--®ca, , ®idig, Qidr);(idjj4, ®idig, @ - - ®id|14, , ®idig, , ®ca, ®idr);
(Mra, (- Mg, ((Pl(0) ® Pl(o) ® idr); 7)))
=(ca, ® --®cy, , ®idix, ®idr);
(Mg, (- Mg, ((dig,@ra, ® - Qidia, @14, , ®ca, ®idr);1ll4, (pl(c) ® pl(o) ® idr); 7))))
=(ca, ®idia, ® - ®idig, , ®idr);
My, (- (idia, @ra, ® - ®idia, 14, ; ®ca, ®idr);lha, ((Pl(o) ® pl(o) ®idr);7)))



e Promotion-promotion: If 6 : A1 ® -+ ® A, o Band7: BB ®---® B,, - C, we have:

(
(g, (- - Na, ((rl(0) ® id By ©--0 1 B, ); 1(T))))

(M4, (.. Mg, ((rl(o) ®id B, @01 B, ); 1(ls, (... 115, (r1(7)))))))
(L4, (- - N4, ((0 ®id By @@ 1By )i 1B, (- - - 1B, (r1(7))))))
(g, (... My, (Up, (... Np,, ((c ®idp,g...®B,, ); T1(1))))))
(llA1 (.. g, (1131 (... g, (rl((c ® id31®,.,®3m); M)
1((c ®idB,®...® By ); T)

O

We extend the interpretation to the formula U and to pseudo-rules. The pseudo-rule a is
interpreted by the strategy {e, X©- XP}. If o is the interpretation of the premise of an application
of the pseudo-rule w, its conclusion is interpreted by {e}U{m-X© | 3ms € o }u{m-X°-XP.s | ms €
o}. XO denotes a® if X = o and q if X = U. XP denotes of if X = o and a if X = U.

If o is the interpretation of a (pseudo)-proof, then o is total.

4 Realizability

In order to prove properties of the strategies interpreting proofs, we are going to define a notion

of realizability between strategies and formulas.

The relations “o P-realizes A”, o IFT” A, (with o strategy over A) and “r O-realizes A7, 7 IF© A,

(with 7 strategy over A —o U) are defined in a mutually recursive way by induction on A:

e ol aif o = {g,a° - "}

7IFO aif 7 ={e,q-a®,q-a® - af -a}

o lFP Uif o = {¢,q-a}

7IFC U if 7 = idy

oclFP A® BifoaIFY A and op IFF B with 04 = {sa | s € 0}. (We ask in particular that o4

and op are strategies over A and B, respectively.)

o 7IF9 A® B if for any o IF¥ A, ;7 IF9 B and for any o IF¥ B, o;7 IF? A. (Using that, up to
the curryfication isomorphisms, 7 can also be seen as a strategy over A —o (B — U) or over
B — (A —1).)

o 0IF” A — Bif for any 6 IF¥ A, §;0 IF” B and for any 7 IF° B, o;7IF° A

e 7IF9 A —-oBifry IF” A and 75y IF° B

e o IFP 1A if for any exponential signature ¢, of, IF¥ A with o], = {s|, | s € o} and s, is
obtained from s; by replacing any move (¢, m) by m and by then erasing the initial open and
close moves if they appear (we ask in particular that o[, is a strategy over A for any t).

e 7IF9 1A if 7 contains the play q - (e, open) or the play q - (f,open).

Lemma 1 Ifo, IF° A — B and 03 IF° B — C then o305 IFF A — C.

Proof. If § IFP A then §; (01;02) = (§;01);02 IFF C. If 71FO C then (01;02);7 = o1; (02;7) IF©
A. O

We now give an adequacy property relating proofs, strategies and realizability.
Proposition 3 For every proof w, the strategy [r] P-realizes the conclusion of .

Proof. A first remark is that if o IFY A then o contains a non-empty play and if 7 IF9 A then
7 contains a play with a move in A (by induction on A). We now do the proof by induction on
.
e Axiom: [r] =idy4 thus if § IF7 A then 6;[7] = § 7 A and if 7 IF9 A, [7];7 =7 IF9 A.
o Cut: if o1 F' T — A and o9 IF” A — (A — B), if § IFY T, we have §; (01;02) = (6;01); 02
with 0; 07 IFF A thus &; (015 02) IFP A — B. If 71F9 A — B, we have (01;02);7 = 01; (02;7)
with og; 7 IF9 A thus (01;02);7 IF9 T.



e Right tensor: if oy F° ' —o A and o5 IF¥ A — B, and if § IF¥ T' ® A then ér IF” T and
da IFP Aso that or; 01 IFP A and da; 09 IFP B, and finally 6; (01 ®09) IF” A®B. If 7 IFC A®B,
51 IFP T and 85 IFP A, we have: (07 ® ida); (01 ® 02);7 = (61;01) ® 0237 = 02; ((61;01);7),
but 61501 IFF A thus (61;01);7 IF? B and (6; ® ida); (01 ® 02);7 IFO A. In a similar way
(idr ® 62); (01 ® 02); 7 IFO T

e Left tensor: the interpretation of the conclusion of the rule is the same as the interpretation
of the premise.

e Right implication: If o IF” (I' ® A) — B and ¢’ is obtained from o by curryfication, assume
51 IFP T and 3 IFP A then 61; (2;07) = (61 ® 82);0 P B. If 7 IFC A — B, 75 IF9 B thus
o;78 IF9 T'® A. Since 74 IF” A we have 74; (0;7) IF T' and finally o’; 7 IF© T

e Left implication: If oy IF¥ T'— A and 09 IFY (A® B) — C (with o/ : T® A® (A — B) — C
obtained by decurryfication from o1 — o), where o}, : B —o (A —o C) by curryfication of o) and
if § IFP T® A® (A —o B) then §;0’ = (0r;01);04-op; (6a;04) IFF C (with o : A — (B — C)
by curryfication of 03), using o IF¥ A — (B — C) coming from the Right implication
case. If 7 IFC C, 6; IFP T, 65 IF” A and 63 IF¥ A — B then (§; ® 62);(0”;7) = (61;01) —o
(62; (02;7)) IF9 A — B since 01501 IFP A and 82;09;7 IF9 B. Moreover (82 ® 63); (0/;7) =
015633 ((62;02); 7) IFC A and (61 ® 63); (07 7) = (815 01); 035 (093 7) IFO AL

e Weakening: if o IF” I' —o B (with ¢’ obtained from ¢ by interpreting the weakening rule) and
if § IF” T @ !A then dr IFY T and 614 IF7 1A so that (614)f IFT A. Since 014 is thus containing
the play (f,open) - (f,close), we can deduce §;0’ = (6r ® d1a);0’ = ép;0 IF7 B. If 7 IF© B,
81 IFP T and dy IFP 1A then 61; (o/; 7) plays (f, open) as first move in !4 since 7 plays in B, and
85 (0';7) =03 T IFO T

e Contraction: if o IF” T®!A®!A — B (with ¢’ obtained from o by interpreting the contraction
rule) and if § IF” ' ® !4 then ér IFF T and 8§14 IFF A so that we can define 6% I 14 and
82 IFP 1A (by 61 = {(t1,m1) - - - (t2n, m2n) | (I(t1),m1) - - - (I(t2n), may) € 6}, and similarly with
r for 62) with 0;0" = (6r ® 6' ® 62);0 IFP B. If 7 IF9 B, §; IFP T and 6, IF7 1A (allowing us
to define, as above, 63 IF¥ 1A and 62 - 1A) then &;; (0/;7) plays (f, open) as first move in !4
since T plays in B, and d2; (0/;7) = (63 ® 62); 057 IFO T.

e Dereliction: if o IF¥ I'® A — B (with ¢’ obtained from o by interpreting the dereliction
rule) and if § IFY T ® !A then or IF” T and 64 IF” 14 so that (§1a)e IFY A and §;0" =
(6r ® (614)e);0 IFP B. If 7 IFC B, 61 IFP T and 65 IFP 1A then 61; (0/;7) plays (e, open) as first
move in A since 7 plays in B, and d2; (0/;7) = (62)[; 057 IFO T

e Digging: if o IF7 I' ® !A — B (with o’ obtained from o by interpreting the digging rule)
and if § IF” T'®!A then 6r IF” T and &4 IF !4 so that we can define & IFX 1A (by
0" = {(t1, (s1,m1)) - - (tan, (S2n, m2n)) | (n(t1,s1),m1) - - (n(tan, S2n), m2,) € §}) with 50’ =
(r®6);0IFP B. If 7 IFC B, §; IFP T and 65 IFF 1A (allowing us to define, as above, 65 IFF 11A4)
then 61; (¢/; 7) plays (f,open) as first move in !4 since 7 plays in B, and 83; (0/;7) = 84; 037 IFC
T.

e Promotion: if o IF¥ A} ®---® A, — B (with ¢’ obtained from o by interpreting the promotion
rule) and if §; IF7 14; (1 < i < n), for any exponential signature ¢ we have &;[, I[F* A; thus
(61®---®8,);0) = (1], @ ®@6ul,);0 FF B. If 7 IFO 1B and §; IFF 14; (1 <i < n), for
any 1 <i<n, (01 ® - ®§;—1Qidig, ®;41 ® - ®0dy);0"; 7 plays (t,open) witht =eort="f
as first move in !A; since 7 plays such a (¢, open) as first move in !B and each §; contains the
play (¢,open) - (¢, close).

e Pseudo-rule a: o -7 X by definition.

e Pseudo rule w: if o IF¥ T' — B (with o’ obtained from o by interpreting the w pseudo-rule)
and if 6 IF T'® X then 6p IFX T and 6x IF” X. Since éx is thus containing the play X© - XP,
we can deduce §;0’ = (6r ® dx);0’ = or;0 IFP B. If 7 IF9 B, §; IFP T and 63 IFP X then
d1; (03 7) contains X© - XP and 6y; (0/;7) = o; 7 IFO T

(I

As a consequence, [TA] IFF A —o U thus [TA4] IFC A (since idy IF© U).

A complete set of moves for any game A is a subset of M4 defined by induction on the structure
of A:
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e If A = q, the only complete set of moves for A4 is {a”,a®}.

e If A=B®Cor A=DB — C, Cp is a complete set of moves for B and C¢ is a complete set
of moves for C, then C4 = Cp 4+ C¢ is a complete set of moves for A.

o If A =B, then any subset of M4 containing the move (e,close) or the move (f,close) is a
complete set of move for A.

Proposition 4 If o P-realizes A, 7 O-realizes A and o; 7 is total, then the mazximal sequence in
o || T (seen as a set of moves of A) is complete.

Proof. By induction on A:
e If A=q, then o = {¢,a° - o} and 7 = {¢,q9- a®,q - a® - aF - a}. As a consequence, o || 7 is a
complete set of moves.
o If A= B®C, then
ollr=(op®oc) |l T208 | oc;iT.

But both o¢;7 IF® B and op IF¥ B. By IH, o || 7 contains a complete set of moves for B.
Symmetrically:
ol|lT=(cp®oc) || T20c | oB;T

Moreover, op;7 IFY C and o¢ IFP C. By IH, o || 7 contains a complete set of moves for C.
e If A= B — C, then

ol T21E;0 | To—ou-

But 7 IFY B, which implies 75; 0 IF¥ C. Moreover, 7c_oy IF® C and, by IH, ¢ || 7 contains a
complete set of moves for C. Symmetrically:

ollT27p |l o;Tcu

from which it follows that o || 7 contains a complete set of moves for B.

o If A=1IB, o;7 # {e} entails that o || 7 is not empty thus contains the move (¢, open) (with
t =eort=f) played by (player in) 7 in A. Then it also contains the move (¢, close) played by
(player in) o and it is a complete set of moves. Notice we haven’t used the IH here.

This concludes the proof. O

5 Complexity

In this Section, we show how to instrument games with slots, in the same vein as in Ghica’s
framework [7]. The idea is simple: slots are used by the player to communicate some quantitative
properties of the underlying proof to the opponent. But while in Ghica’s work slots are produced
in correspondence with any potential redex, here the player raises a slot in correspondence with
boxes, i.e. instances of the promotion rule. In Ghica’s slot games, the complexity of a program
can be read out of any complete play in its interpretation, while here the process of measuring
the complexity of proofs is internalized through the notion of time analyzer (see Section 2): the
complexity of 7 (with conclusion A) is simply the number of slots produced in the interaction
between [r] and [TA4]. Notice that the definition of TA4 only depends on the formula A.

The symbol e is a special symbol called a slot. In the new setting, the set of moves for A, will
be the usual M4, while the notion of a play should be slightly changed. Given a game A and a
sequence s in (MaU{e})*, we denote by s° the sequence in M7 obtained by deleting any occurrence
of e in s. Analogously, given any subset o of (M4 U {e})*, 0° will denote {s° | s € o} C M}.

A play-with-costs for A is a sequence s in (M4 U{e})* such that s° € P4, whenever s = r e mgq
it holds that A4 (m) = P and the last symbol in s (if any) is a move in M4. A strategy-with-costs
for the game A is a set o of plays-with-costs for A such that o° is a strategy (in the usual sense)
for A and, moreover, o is slot-deterministic: if sm e* n € o and sm e" n € o, then k = h.

Composition of strategies-with-costs needs to be defined in a slightly different way than the
one of usual strategies. In particular, we need two different notions of projections: first of all, if
s € (MaUMpU{e})*, we can construct s ,x (where X C {P,0}) by extracting from s any move
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m € M4 together with the slots immediately before any such m provided A4(m) € X. But we can
even construct s4e, by only considering the slots which precede moves in M 4 but not the moves
themselves. Given strategies-with-costs o over A — B and 7 over B — C, we can first define
o || T as follows:

o|lTr={s€ (MaUMpUDMcU/{®})"[s4p.0pr €0 ASgocro €T}
The composition of o and 7, denoted o; 7 is now simply
0;7 = {54p0 ge cPo | s €T || T}
In other words, we forget the moves in Mp, but we keep all the slots produced by them.

Proposition 5 If o is a strategy-with-costs over A — B and T is a strategy-with-costs over
B — C, then o; 7 is a strategy-with-costs over A — C.

The strategy constructions we have seen so far can be turned into strategy-with-costs con-
structions. In the basic strategies, slots come into play only in rl(c): in particular, rl’(c) =
{e} U {open , - " - close|s - s | s € o}. This way, the interpretation [7]* of any proof = is
parametrized on a natural number 7.

We are in a position to define the complexity C(7) of any proof 7. First, consider the shape
of any non-trivial play-with-costs s in a strategy-with-costs o for U: it must have the following
shape q e a. But observe that this play is the only non-trivial play-with-costs in o, due to (slot)
determinacy. The integer i is called the complezity of o, denoted C(c). This way we can define the
complexity C(r) of any proof 7 with conclusion A as simply the complexity of 7 when composed
with the time analyzer: C([r]';[TA4]°). The complexity of 7 is defined for every m because
[7]; [TAa] P-realizes U (by Proposition 3) and, as a consequence, contains a non-empty play.
Given any play-with-costs s, C(s) is simply the number of occurrences of e in s.

5.1 Dynamics Under Exposed Cuts

In this Section, we will prove some lemmas about the preservation of semantics when cuts are
exposed as in the [] construction (see Section 2). With [7]¢c, we denote the (unique) maximal
(wrt the prefix order) sequence in ¢ || ([7]L.; [TAB]°), where [r] :!¥1(A; —o Ay),..., 1P (A, —o
Ap), T FC, [n]i. = [[7I, ¢ = [*ida, ® - - @!*rid 4, [° and B = @T —o C. *id 4 is the strategy
over ¥(A — A) obtained by applying k times the interpretation of the promotion rule (with an
empty context) to the identity strategy. We are interested in studying how [7] ccq evolves during

cut elimination for any proof 7 : I' = C. This will lead us to full abstraction. Indeed:

Remark 1 Please notice that the strategy from which we obtain the complexity of 7 is
7= [n]' [TAB]® = (4 [7]ee); [TAB] = & ([n]ce; [TABI).

This implies that []eca contains exactly C(w) slots and, moreover, it contains a complete set of
moves for D = "1(A] — A}) ® ---®@!F (A, — A,). This, in particular, is a consequence of
Proposition 4, since 1 IFY D, ([x]L.; [TAB]?) F° D and their composition is total.

The cut-elimination relation ~» can be thought of as the union of nine reduction relations ~
where z ranges over the set R = {7,X,®,—,C,D,N,W,!-!}. They correspond to commuting,
axiom, tensor, linear arrow, contraction, dereliction, digging, weakening and promotion-promotion
cut-elimination steps. If X C R or € R, then % and % have the obvious meaning. We can
consider a reduction relation that postpones !—!-cuts at the very end of the computation. The
X

resulting reduction relation is denoted with <. Again, < and < (where z € R and X C R) have
their natural meaning.

We need to analyze how [p]ecq differs from [7]oeq if ™~ p. Clearly, this crucially depends on
x € R, since cuts are exposed in [7] and [p].
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Lemma 2 (Commuting steps) If = S p, then [7]eca =[] eca-
Proof. Trivial. O
Lemma 3 (Axiom) If 7 % p, then C([7] eca) = C([P] eca)-

Proof. We only consider the case where the cut reduced in 7 is the last rule of 7. The other cases
can be reduced to this one by an easy induction. Moreover, we assume that the right premise of
the cut under consideration is the conclusion of an axiom (the other case is similar). 7 is the proof

o1:AN+FBy ... o,:A,FB,
I - A AFA U
c(IMHEFA
and p is simply
o1:MFBy ... o,:A,F B,
c(EFHA
Moreover, [r] is
[01]2\111,A1|—31 [Un]Z\I/n,Anl—Bn
o9 F A AFA I
D, [A—oAlLg(I)FA -
and [p] is
[01]2\111,A1|—31 [Un]Z\I/n,Anl—Bn

o, (T FA
Observe that:

[7T] : (I)l,[Al—OAg]w,A,Pll—A

[p] : (I)l, Pl FA
Now, consider the maximal sequence [p]ecq in ¢ || ([o]1; [TAD]®) where D is the conclusion of 7,
and the maximal sequence [7]ecq in ¢ || ([7]L.; [TAp]°). The following equation holds:

ec’?
[[p]]eca = [[ﬂ']]eca{'/mA1mA2a '/mA2mA1}
Notice, however, that any slot in [7] e, is preserved. This includes, in particular, slots coming

from any of the o;. O

Lemma 4 (Tensor) If < p, then [7leca = [P]eca-

Proof. We only consider the case where the cut reduced in 7 is the last rule of 7. The other cases
can be reduced to this one by an easy induction. With this hypothesis, 7 is the proof

oM EB o02:0FC 0:ABCFHA
w(,R)FBC ABCFA
TFA v

and p is simply QFC 6:AB,CFA
092 1342 e

Ullgll_B QQ,A,Bl_A U
kA

Moreover, [r] is
[(71]:\:[/1,91|—B [0'2]2\112792'—0 [H]ZE,A,B,OFA
\Ifl,\Ifg,w(Ql,Qg)l—B@C A BCEHA I
\Ifl,\llg,[B@O—OB@C],E,Fl—A -
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and [p] is
[O'Q]I\IJQ,QQFO [9]E7A7B7C|_A

[Ul]I\Ifl,Qll—B \1127[0—00]757Q2,A,B}—A I LHO
V., [B - B|,¥s,[C -C|,ETFA —
Now, consider [p]eca- We can clearly find the same sequence in ¢/ || ([7]3.; [TAp]?). O

Lemma 5 (Linear Arrow) If m ~ p, then [1]cca = [p]eca-

Proof. We only consider the case where the cut reduced in 7 is the last rule of 7. The other cases
can be reduced to this one by an easy induction. With this hypothesis, 7 is the proof

HIA,BFC Uliﬂll—B JQ,QQ,Cl_A

AFB—=C o0 0).B—<CrA
TrA v

and p is simply 0:A.B-C 0, CHA
. , g9 1 3L,

o1:1 B A Qe BFA
TFA v

Moreover, [r] is
92\:[/7A7B}—C (71251,91"3 Ug:Eg,Qg,C"A
\I/,A}—B—OC El,Eg,w(Ql,Qg),B—OCFA
U, [(B—C)— (B—()],21,E5,'F A -

and [p] is
QI\IJ,A,B}—C Ug:Eg,Qg,C"A

0'1251,91"3 \IJ,[O—OC],EQ,A,QQ,B'_AL L_o
E1,[B— B],9,[C - C|,E;,TF A -

Now, consider [p]eca. We can clearly find the same sequence in ¢/ || ([7]L.;[TAp]®), which is

ec’

clearly maximal. (Il

Lemma 6 (Dereliction) If = 2 p, then C([m]leca) = C([p]leca) + 1.

Proof. We only consider the case where the cut reduced in 7 is the last rule in 7. The other cases
can be reduced to this one by an easy induction. With this hypothesis, 7 is

oc:Dy,....,D,-B P 0:T,B-C D
<(!Dy,...,\Dyy) F !B ﬁ(P),!B%CU!
@(Dy,...,' Dy, ) C

and p is
c:Dy,....,.D,-B 60:T,B-C

I',Dy,....,D,, - C
'Dp, T, Dy, . D1 B C

D,

Dy, D..T.D,-C
@w(\Dy,...,\Dpy, D) C "

Moreover, [r] is

(0] : [A1],...,[An], D1,..., Do+ B ’ [9]:<I>71“,BPC’D
1A, ..., [[An],<(!Dy,...,'Dy) FIB 7' @, 9(D),!1BFC
[1A1],...,['A,],|B —!B],®,@(!Dy,...,'D,,, D) FC  7°
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and [p] is
(0] [A), o, [Au], Dy D F B [6): 9,0 BEC
[Ad, o [Au],[B— BT, Dy, . D FC
[A1],...,[An],[B — B],®,!D,,, T, Dy,...,Dp1 +C D’

[A1],...,[An),[B — B],®,!Ds,...,'D,,, T, D, - C g’
[A1],...,[An],[B — B],®,@(\Dy,...,!D,,, T)FC

Observe that:
[ﬂ'] : ['Al], ey [!An], ['Bl —O!BQ]P!_D!,(I)l,Fl FC
[p] : [A1]7'~'7[An]7[Bl_OBQ]aq)larll_C

Now, consider ¢ || ([p]L.; [TAg]) and ¢/ || ([7].; [TA&]), where E is the conclusion of p and «. It
is easy to realize that [p]ecq can be simulated by the [7]ccq, in such a way that

[[p]]eca = [[Tr]]eca{mBi/(e7mBi)7 / ot (ehu)!Bi?mAi/(e’ mAi)’ / o (ehu)!Ai}

where p is a metavariable for either open or close. Observe that a = 1 when p = close and ¢ =1
(a promotion in 7 raises a slot), a = 0 otherwise and b = 0 (¢ does not raise any slot). But there
is exactly one (e, close)ip, in [7]ecq: at most one for obvious reasons (the same move is not played
twice), at least one from Proposition 4 (since strategies interpreting (pseudo)proofs are total).
The thesis easily follows. O

Lemma 7 (Contraction) If S p, then C([7]eca) = C([pl eca) + 1.

Proof. We only consider the case where the cut reduced in 7 is the last rule of 7. The other cases
can be reduced to this one by an easy induction. With this hypothesis, 7 is

c:Dy,....,D,, B P 0:T,!B,'BFC
<(Dy,....\D,)FIB " 9@),\BFC U
w(!Dy,...,!'Dp,T)FC

and p is
Di,....D, + B
o:D1,...,D, - B <(Dy,...,!Dyy)F!B "' 6:T,IB,IBFC
«(Dy.... DB (D, Dy T.BFC
LD Dy, Dy D C__ v

Dy, T 104, 1Dy, - D1, D1 FC

=Dy Dnrc ¢

Moreover, [r] is
(0] [Ad], o [Au]. D1y DB [0]: 9T BB EC
1A1],.... [[4],<(!IDy,...,.\D) FIB ' ®,9(T),!BFC .
Ay],...,['An],['B — |B],®,@(1D1, ..., 1Dy, ) - C -

and [p] is
0] : [A1],...,[An], D1, ..., Dm + B
[0:]:[A1],...,[An],D1,..., Dy - B ['A1],-..,[[An],<(\D1,...,'Dm) - 'B (6] : ®,T,1B,1BF C
A1, [An],<(D1,....\Dm) F 1B 1A, ..., [An], 1B — 1B, ®,<(!D1,...,!Dpm), 1, 1BF C
[[A1], - [[An], [B — 'BJ, [lA1], ..., [[An], !B — B, ®,T,1D1, Dy, ..., Dy, 1D - C
[IA1], .. [[An], [B —o 'B], ['A4], ..., [[An], | B —o B], ®, Dy, T, ID1, D1, ..., !1Dyy—1, D1 F C g

1

—o

—o

AL, [ A ['B — 'B], [ A1), .. [An], [B — 'B],®,=(Dy, ..., D) F C ©
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Observe that:

[7T] : ['Al],,['An],['Bl _O!BQ]P!fC!a(I)laFl - C
[ = [1AL).. . [MALL 1By B3] [1AT), .. [1A7], [IBY —!B3], @1, 1 = C

Now, consider ¢ || ([p]L.; [TAg]) and ¢/ || ([7]i.; [TA&]), where E is the conclusion of p and . It
is easy to realize that [p]ec can be simulated by the [7]ccq, in such a way that

[[p]]eca = [[W]]eca{'/ o¢ (fv N)!Biv (t7 m'B})/(l(t)v m!Bi)7 (tv m!Bf)/(r(t)7 m!Bi)’
/o (£, w)rass (t,mian)/(1(8), mua,), (8 muaz) /(r(t), maa,)}

where p is a metavariable for either open or close. Observe that a = 1 when p = close and ¢ = 1
(a promotion in 7 raises a slot), a = 0 otherwise and b = 0 (¢ does not raise any slot). But there
is exactly one (f, close)ip, in [7]ccq: at most one for obvious reasons (the same move is not played
twice), at least one from Proposition 4 (since strategies interpreting (pseudo)proofs are total).
The thesis easily follows. |

Lemma 8 (Digging) If = 5 p, then C([7] eca) = C([P]leca) + 1.

Proof. We only consider the case where the cut reduced in 7 is the last rule of 7. The other cases
can be reduced to this one by an easy induction. With this hypothesis, 7 is

Di,...DwbB . DUBFC
<(IDy,...,'Dy) F1B ™ 19(F),!B|—CU!
w(!Dy,...,!D,,,T)FC

and p is
Di,....,Dp B P
'Dy,...,'D,, F'B "

ND,...,'D,, F B ILIBFC
L,"Dy,.... "Dy FC N
'D,,,D,'Dy,... "Dy FC "

N

Dy, 1D, TD, -
@(\Dy,...,'Dy,, D) FC

Moreover, [r] is
[A1],....[An], D1,....Dp - B @ T,NBFC

(4, [ A<Dy, D 1B 1 SomBrc ™
(AL, [An], 1B —!BJ,®,=(1Dy,.. . D) F O L=

and [p] is
[A4],...,[An], D1,..., Dy B B

(A1, [ An]. D1, 1Dy F1B
AL, [ A 1Dy, D FIB 1 &1 1B C
A, ["A, ['B — 1B, .1, 1Dy, ... D F C 2=
A, . ["A.['B — 1B],®,1D,,. T, 1Dy, . 1Dy 1 - C x

MA],...,[NA,],["B — !'B],®,!D,,...,'D,,,T,ID; + C M
MA],...,[NA,], "B — 'B],®,@(!Dy,...,!Dp, D) FC

16



Observe that:

[7T] : ['Al],,['An],['Bl —O!Bg]p!,N!,q)l,Fl H C
[p] . [”Al],,[”An],[”Bl —O!!BQ],(I)l,Fl HC

Now, consider ¢ || ([p]L.; [TAg]) and ¢/ || ([7].; [TA&]), where E is the conclusion of p and «. It
is easy to realize that [p]ecq can be simulated by the [7]ccq, in such a way that

[[pﬂ eca = [[T‘—ﬂ eca{'/ ot (f, ﬂ)!Bw (t, (S, mBi))/(n(tV 8)7 mBi)’ (tv /’L)”B'i/(p(t)’ N)!Bw
/ o (fv :LL)!A«H (tv (Sv mAi))/(n(t7 5)7 mAi)’ (t7 N)!!Ai/(p(t)’ /’L)!Ai}

where p is a metavariable for either open or close. Observe that a = 1 when p = close and ¢ = 1
(a promotion in 7 raises a slot), a = 0 otherwise and b = 0 (v does not raise any slot). But there
is exactly one (f, close)ip, in [7]ecq: at most one for obvious reasons (the same move is not played
twice), at least one from Proposition 4 (since strategies interpreting (pseudo)proofs are total).
The thesis easily follows. U

Lemma 9 (Weakening) If 7 % p, then C([7]eca) = C([p]eca) + 1.

Proof. We only consider the case where the cut reduced in 7 is the last rule of 7. The other cases
can be reduced to this one by an easy induction. With this hypothesis, 7 is
Dy,...,D,, - B
Lr--s J2 r-c W
<(!D1,...,!Dp,) 1B II),!BEC
w(!D1,...,!Dp, T)EC

and p is
re=c
'Dp,, T HC w
— W

D, .. D.Trc "V
=(D1,.. D, T)FC

Moreover, [r] is
[A1],....[An), D1,...,Dm + B o,T+C

[1A1],...,['4],<(!\Dy,....\D,)) FIB ' &, 9("),IBFC
A],...,1A,],|B —!B],®,w(!Dy,...,'D,,, ) FC

and [p] is
O,THC

oD, Trc
S me T2y

oD, . D,rrc "V
& (D1, ... D) F C

Observe that:

[7‘(’] : ['Al],,['An],['Bl —O!BQ]H_W!,‘bl,Fl,l_ C
[p] : <I>1,I‘1 FC

Now, consider ¢ || ([p]L.; [TAEg]) and ¢/ || ([7]i.; [TA&]), where E is the conclusion of p and . It
is easy to realize that [p]ecq can be simulated by the [7]ccq, in such a way that

[[p]]eca = [[ﬂ-ﬂﬁca{'/ o (fhu)!Bi’ / o’ (fv /’L)!Ai}
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where g is a metavariable for either open or close. Observe that a = 1 when p = close and ¢ =1
(a promotion in 7 raises a slot), a = 0 otherwise and b = 0 (¢ does not raise any slot). But there
is exactly one (f, close)ip, in [7]ccq: at most one for obvious reasons (the same move is not played
twice), at least one from Proposition 4 (since strategies interpreting (pseudo)proofs are total).
The thesis easily follows. O

Lemma 10 (Box Commutation) If 7 & p, then C([7]eca) = C([P]leca) + 1.

Proof. We only consider the case where the cut reduced in 7 is the last rule of 7. The other cases
can be reduced to this one by an easy induction. (Since we are considering the reduction relation
—, we can assume 7 to contain !—!-cuts, only.) With this hypothesis, 7 is

o:A,..., A, b B P 0:9(B1,...,Bn,B)FC
c(14y,... A F!B "' 1By, 1By, IBFIC
w(lAy, ... 'A,, !By, ...,|Bn) FIC

and p is
oc:A,...,A, B 0:¢(B1,...,B,),BFC

I(Bi,...,Bm, (A1,..., A FC ’
w(1Ay,...,1A,,!By,...,\Bm) F1C

where 19(31, ey Bm, <A1, ce ,An>) is B§—1(1), ey B§—1(k_1), Al, ey An, B,Lg—l(k_;,_l), ey B,Lg—l(,,n) if
d(m + 1) = k. Moreover, [r] is

[U]Z\Ifl,Al,...,ATL'_B P [6‘]2\:[/2,19(31,...737-”,3)'—0
W1,o( AL, AN FIB 'L 10, B.,... . BmBFIC LP!
N0y, [B —o1B], W, w(1Ar, . 1 An 1B, By F 10 2

and [p] is
[U]Z‘Pl,Al,...,ATL'—B [9]\112,()0(31,,Bm)73}_0

U, (B — B, U2, 0(Br,.. . By (A, A FC L
Wy, (B — B)],Wy,w(lAy,...,'Ay, 1By, ..., |By) F1C

Observe that:

[7T] : C(['Bl —O!Bg]p!,p!,q)l),].—‘l FC
[p] + <([(B1 — B2)], ®1),Ih FC

Now, consider ¢ || ([p]L.; [TAg]) and ¢/ || ([7]L.;[TAE]), where E is the conclusion of p and 7.
It is easy to realize that [p]ece can be simulated by the [7]ecq, in such a way that [p]ecq is a
permutation of

[[ﬂ]]em{(mopen)!(qu,Bw/(t,open)g32 (t,open!Bl)7 (t7close)!(31%!32>/ ' (s, close)i B, (s,close)iB, } (1)

where p is a metavariable for either open or close. Observe that a = 1. Moreover, the only s
matching the pattern in (1) is f, since f is the only exponential signature played by [TAg]. But
there is exactly one occurrence of the sequence (s, close)ip, (s,close)ip, in [r]eca: at most one
for obvious reasons (the same move is not played twice), at least one from Proposition 4 (since
strategies interpreting (pseudo)proofs are total). The thesis easily follows. O

5.2 Full Abstraction

We now have all the required material to state and prove our key result: full abstraction of the
game model with respect to the reduction length (Theorems 2 and 3).

Given a proof 7 and any reduction relation —, [7]_. and ||r||—. denote the maximum length
of a reduction sequence starting in 7 (under —) and the maximum size of any reduct of 7 (under
—), respectively. We note || the size of a proof .
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Lemma 11 For every proof 7, [7]. = [7]— and ||7||~ = ||7||—.

-1
Proof. Whenever 7 ~ p ~» ¢ and 2 # !—!, there are 61,...,60, (where n > 1) such that
n Tn . - W
T30, 3.0, o, and Zi+1 = !—! whenever z; = !—!. For example, if m ~ p ~» ¢ and the

box erased in the second step is exactly the one created by the first step, then clearly = Yoo
As a consequence, for any sequence mwp ~> --- ~> 7, there is another sequence p; ~> -+ ~> pp,
such that m = p1, 7, = pm and m > n. This proves the first claim. Now, observe that for any
1 <i < n there is j such that |p;| > |m;|: a simple case analysis suffices. This concludes the proof.
O

{C, DN W,!-1}
SN

Proposition 6 If = p then C(m) = C(p) + 1.

Proof. From Remark 1, we know that C(7) = C([7]eca). But by Lemmas 6, 7, 8,9 we obtain
the thesis. g

T,X7 7—0
Proposition 7 If & .48 }p then C(m) = C(p).

Proof. We can proceed exactly as for Proposition 6. (]
Lemma 12 If 7 is cut-free, then C(mw) < |x|.
Proof. An easy induction on 7. O

Proposition 8 If w rewrites to p in n steps by the T rule, then |r| = |p| and n < 2|r|%.

T
Proof. The equality |r| = |p| can be trivially verified whenever m < p. Now, for any proof ,
define |7 comm as the the sum, over all instances of the U rule inside 7, of |0 ¢yt + o] + 10|, where o
(respectively, 6) is the left (respectively, right) premise of the cut and |o|cys is simply the number

. . . . T
of instances of the cut rule in o. For obvious reasons, 0 < || comm < 2|7|%. Moreover, if m < p,
then |7|comm > |p|comm- For example, consider the following commutative reduction step:

p:AJAFB o0:QFC n:I'FA p:AJAFB
*TFA <AMAQFBoc  © @(,A) B U siarc
0:9(T,A, Q) FB®C ~ £:9(T,A,Q FB®C Re
It is easy to see that |8 = |¢| but that |0]comm > |€]comm. Indeed:
7leut + |7 + ol + o] + 1 > |7|cur + [7] + |-
Another interesting case is the following:
mn:T'HFA p:AJAFB p:AAFB o0:Q,BFEC
s(I',A)+ B v c:Q,BFC m:T'FA w(A,Q),AFC
0:9(T,A, Q) FC v €:9(,A,Q) FC
Again, |0] = |£] but 0] comm > |€|comm. Other cases are similar. This concludes the proof. O
Theorem 2 For every proof w, C(w) < [fT]ws + ||7||~
Proof. An easy consequence of Proposition 6, Proposition 7 and Lemma 12 (]

Theorem 3 There is a polynomial p : N x N — N such that for every proof m, [T]., |||~ <
p(C(m), [x]).
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Proof. By Lemma 11, the thesis easily follows from [r],,||7||< < p(C(x),|r]). Our first task
will be to analyze the shape of any box you can find during the normalization of 7 by — up to
the point where you begin to fire !—! cuts. But it is easy to prove that any such box is just a
subproof of 7, possibly endowed with n promotions rules (where n is less than the total number of
N, cuts fired during normalization). As a consequence, any such box has at most size |7| 4+ C(7).
Now, we can easily bound ||7||—: at any C or N normalization step, the size of the underlying
proof increases by at most || + C(7) (but the complexity strictly decreases), while in any other
case the size decreases. As a consequence, ||7||—, < C(m)(|7| + C(w)). Now, the total number of
non-commuting reduction steps is at most C(m) + C(m)(|m| + C(m)). Between any of them, there
are at most 2||7||2, commuting steps. As a consequence:

Ml < C(m) +C(m) (] +C(m)) + (C(m) + Clm)(Im| + C(m))) 2] 2,
= (C(m) +C(m)(|In| +C(m))) (1 +2||7]|2.)
< (C(m) +C(m) (|| +C(m))) (1 +2(C(m)(|7| + C(m)))?).
This concludes the proof. O

6 Further Work

The main defect of our approach is the strong use of sequentiality information from sequent calculus
proofs in the game interpretation. The two main approaches to get rid of this sequentiality are
the use of non-deterministic strategies or of clusters of moves (when interpreting the promotion
rule). This way we would be able to directly interpret proof-nets. In a similar spirit, we have used
an exponential construction for games based on a grammar of exponential signatures, as usually
done with context semantics. This is known to lead to not-very-satisfactory properties for !: for
example, weakening is not neutral with respect to contraction, contraction is not commutative,
etc. However, an answer to this problem should easily come from the solution proposed in the
AJM setting with the notion of equivalence of strategies [2]. All these ingredients would probably
allow us to turn our game model into a true categorical model of intuitionistic linear logic.

Another weakness is the restriction to surface reduction. We think adaptations to head reduc-
tion or to reduction strategies leading to normal forms should be possible by modifying the time
analyzer in order to interactively access to “deeper” parts of proofs.

The notion of realizability we have introduced is tuned to reach the result we need, namely
Proposition 4. However, it seems possible to modify it in various ways and to use it for very
different applications in the more general context of game semantics.

Very recently, another proposal leading to similar observations but being based on relational
semantics has appeared [6]. Possible correspondences between our game-theoretical analysis and
the analysis done in [6] could come from works about projecting strategies into relations.
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