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Outline of the lecture and preliminary remarks

Theorem (Hauptsatz)

If B T 2s provable in LL, there exists a proof of conclusion 1" which does not contain the cut
inference.
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Outline of the lecture and preliminary remarks

Theorem (Hauptsatz)

If = T 2s provable in LL, there exists a proof of conclusion = 1" which does not contain the cut
inference.

But first, some complements!
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LL sequent calculus
LL Inference Rules

— @ -T,F FFLA -T,G,F,A .
S -T,A feut) T.F.G.A
FEGE  BRD FGA T — @
FFRGT FFRG.LA O LT 1
FF.T G - AT

—— (1)
& i
"F&eT Y Faear @ FT.T

(no rule for 0)

FF,T =F,T T =R F T
™) () W) (c)
-?2F T H\F. T F7F, T =7F. T
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Exponential isomorphisms

I - )
. 1(pgr) F'pe!B holl - 1(AxB)
axr axr axr axr
AL A - BL. B - A, At - B+,B
‘?
- AL 74 D - B+,7B @ ® B, 24 -B-,A® B 2
- AL 74,78 - B+ ?A4,7B < -?(A® B), At ' - B+, ?7(A® B) '
- AL & BL2A7B - ?2(A® B),1AL HBL,?(A@B)('X)
- 1(AL & BY),?A,7B '7? I—!AL®!BL,?(A@B),?(A@B)@
'c
- 1(At & B1),?AR 7B -1A+ ® !B+, ?7(A® B)

¢ [(6oB)|asM pp7a - ?(AeR)
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Positive / Negative LL Formulas

LL Formulas:

F:= a| FF | FOF | 1|0|3dz.F|F
at | FRF| F&F | L|T|Va.F|?F

Positive formulas:
PQ:=FF | FeF | 1|0 | Jz.F | |F
Negative formulas:

NM:=F®F | F&F | L | T | Va.F | ?F
Definition (Reversible inference)

An inference is reversible if one can derive each of its premises from its conclusion.

Proposition

X, &, L, T,V, have reversible inferences. (details about the exponentials to come in the next lecture.)
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Reversibility

Definition (Reversible inference)

An inference is reversible if one can derive each of its premises from its conclusion.

Proposition

X, &, L, T,V, have reversible inferences. (details about the exponentials to come in the next lecture.)

—— (axr) —— (ax)
- A, A - B, B* — (1)
(®) -1 - 1T
- A,B, A+ ® B+ - A®B,T (cut)
(cut) - T
-A B, T
- A AJ_ (az) I_A&B,F
’ (1) —— 1 () T 1 (@)
- A, At @ B - A& B,T - B, 5 B, AGB
’ ’ (cut) " BT (cut)
FAT ’
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Cut elimination and cut admissibility

In many logical frameworks, one can prove cut-admissibility via a semantical argument, composing
a general soundness and a cut-free completeness theorem:

» assume S is a derivable sequent: by soundness every derivable sequent is valid, so is §;
» by cut-free completeness, every valid sequent has a cut-free proof, so has S.

In LK, such a cut-free completeness result is easily obtained by considering a reversible inference for
every connective and applying a contraction together with any use of an existential (right) rule.

By applying a fair proof-search strategy, one can build a derivation which is either an LK proof or
from which one can define a model falsifying the conclusion sequent.

Po-- Fn .
. P oan S
La OZMJ&MO(.’ FE .- Fru in G /Wg‘/{’@v As_ oot ol #70
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Cut elimination and cut admissibility

In many logical frameworks, one can prove cut-admissibility via a semantical argument, composing
a general soundness and a cut-free completeness theorem:

» assume S is a derivable sequent: by soundness every derivable sequent is valid, so is §;
» by cut-free completeness, every valid sequent has a cut-free proof, so has S.

In LK, such a cut-free completeness result is easily obtained by considering a reversible inference for
every connective and applying a contraction together with any use of an existential (right) rule.

By applying a fair proof-search strategy, one can build a derivation which is either an LK proof or
from which one can define a model falsifying the conclusion sequent.

In this lecture we shall instead:

» define a reduction relation ——. on proofs that transforms proofs with cuts into proofs with
“simpler” cuts, such that any proof with cut reduces to proof(s) of the same sequent.

» prove weak-normalization of ——.: there is a sequence of reductions reaching a cut-free proof.

Cut-elimination in Linear Logic



Cut elimination and cut admissibility

In many logical frameworks, one can prove cut-admissibility via a semantical argument, composing
a general soundness and a cut-free completeness theorem:

» assume S is a derivable sequent: by soundness every derivable sequent is valid, so is §;
» by cut-free completeness, every valid sequent has a cut-free proof, so has S.

In LK, such a cut-free completeness result is easily obtained by considering a reversible inference for
every connective and applying a contraction together with any use of an existential (right) rule.

By applying a fair proof-search strategy, one can build a derivation which is either an LK proof or
from which one can define a model falsifying the conclusion sequent.

In this lecture we shall instead:

» define a reduction relation ——. on proofs that transforms proofs with cuts into proofs with
“simpler” cuts, such that any proof with cut reduces to proof(s) of the same sequent.

» prove weak-normalization of —.: there is a sequence of reductions reaching a cut-free proof.

Cut-elimination: proof transformation Cut-admissibility: proof construction
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LL sequent calculus
LL Inference Rules

— @ -T,F FFLA -T,G,F,A .
S -T,A feut) T.F.G.A
FEGE  BRD FGA T — @
FFRGT FFRG.LA O LT 1
FF.T G - AT

—— (1)
& i
"F&eT Y Faear @ FT.T

(no rule for 0)

FF,T =F,T T =R F T
™) () W) (c)
-?2F T H\F. T F7F, T =7F. T
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LL sequent calculus
LL Inference Rules (with ancestor relation)

— (@ FILF FF-A -T,G.F.A o
= F,F SL.A (cur) "T.F.G.A ex
FEGT  FRE_LGA N L — o
FFRGT ret d © FLY -1

- AR, HEF -4 K ™ (o mule for 0
~ & g no rule 10r
- P&oT Y FAeAT 0 FTT
- F.T - P, m . L
? ! w c
Ry F o R T FF
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Cut-Axiom case
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Multiplicative case

oo Mogs s
N N\

-T,,B - Ty, C = B+, C+ A
g @ Grga
- T, T, A (eu

N

. v T, B FBLCLA —
2/ (cut?)
=Ty, C - C+, T, A
(cut?)

F1T'1, 9, A
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Additive case

VV

=T, C; - Cr, A - Cs, A
(&) —
I—F@ W,A(Cw)
FT, A
o8 FITC) HCE Peil2)

(cut?)

-T,A
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Exponential case (1)

- T, B 7/ - Bt A @ N :v ;
@(.) DA 7 - (B) HBY A (cut)

=7, A
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Exponential case (2)

N &7

I—?F,B(!> - A () — ~
-(B)  HIBJA ot /7 A (w*)
=T, A
, N
Tt/ 7, g C o
— /
T |4 Fra <Y
glj‘ [/7[ “- 7)‘/&/’7& Gt

+n4
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Exponential case (3)

- ?B+, 7B+, A
-, 1B - 7BL T, A
-7, 7T, A -
C
=T, A

(cut?)

(cut?)

Cut-elimination in Linear Logic



Commutation cases

-A BT,C )
FAZ® B,
- @ (cut®)
“FA®B.T,A

N A BT,C FCHA 5
comm (%) (cut )

A B1T,A

(%)
FA® B, T,A
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Are those cut transformations really cut simplifications?

Definition (Cut rank, proof rank, size of a cut occurrence) {#F ol e n Gonloun
: ._I_lJ_L)‘T’ O’ Y, @/®/2
Let m: FI' be a proof and r an occurrence of a cut inference of 7. (72 A,

The cut rank of r, rk(r) is the complexity of its cut-formula (ie. fheumberoficonnectives of the
cut formula). The proof rank of 7, rk(7) is the supremum of its cut ranks.

The size of r,@s the size of the proof tree rooted in r neglecting the exchange rules.
A e ﬁl) 2 =S B AR I BNV UN

In previous cases, in the proof resulting from the transformation step, the cut which are involved in
the proof-transformation rule:

» either have disappeared;

» or concern subformulas of the cut-formula of the original proof;

» or if not, they have the same cut-formula but are applied on subtfeesfef—iehemgiial

cut-premise (at least one of which is a strict subtree).

Therefore a natural measure to consider is a lexicographic ordering on the complexity of the
cut-formula and the size of the proof-tree rooted in the cut: that is a well-founded ordering.
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Are those cut transformations really cut simplifications?

Definition (Cut rank, proof rank, size of a cut occurrence)

Let w: I be a proof and r an occurrence of a cut inference of .

The cut rank of r, rk(r) is the complexity of its cut-formula (ie. the number of connectives of the
cut formula). The proof rank of 7, rk(7) is the supremum of its cut ranks.

The size of r, sz(r), is the size of the proof tree rooted in r neglecting the exchange rules.

In previous cases, in the proof resulting from the transformation step, the cut which are involved in
the proof-transformation rule:

» either have disappeared;
» or concern subformulas of the cut-formula of the original proof;

» or if not, they have the same cut-formula but are applied on subtrees of the original
cut-premise (at least one of which is a strict subtree).

Therefore a natural measure to consider is a lexicographic ordering on the complexity of the
cut-formula and the size of the proof-tree rooted in the cut: that is a well-founded ordering.
But does it decrease on each reduction?
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Back to the promotion / contraction case

V o/

? 1 7 1
- 7T, B F?B-,7B—, A (0) 7
F T, !B - ?BL,A (eut) " Llials O Lo,
CUu 0
=T A Mg 52(((>
oS orws, N
- T, B er,!B 7 R?BL 2B A
; ! cut?)
T, !B - ?BL T, A
(cut
- 7T, T, A

—ra )
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Structural cut (1)

To solve this issue, a natural workaround is to postpone the promotion/contraction case as much as
possible by considering, in the case of an exponential cut, not the last rule of the subtree containing

the 7-cut formula, but a branch leaving the cut up and containing only structural rules on the
cut-formula:
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Structural cut (1)

To solve this issue, a natural workaround is to postpone the promotion/contraction case as much as
possible by considering, in the case of an exponential cut, not the last rule of the subtree containing

the 7-cut formula, but a branch leaving the cut up and containing only structural rules on the
cut-formula:

. o

-2BL .. 7BL.A V
V o wr -T.'B  F?BL, ... . 7BL.A
(‘seut)

-T,!B - 7B+ A =LA
(cut)
- 7T, A

vL

-0 A LA @)"

wln oymeNot
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Structural cut (1)

To solve this issue, a natural workaround is to postpone the promotion/contraction case as much as
possible by considering, in the case of an exponential cut, not the last rule of the subtree containing

the 7-cut formula, but a branch leaving the cut up and containing only structural rules on the
cut-formula:

7B+, .. 7BL. A V v
v ¢t w* -T,!B -?B+, ..., 7B+, A
(scut)

-T,!B -7BL A =T A

This abstraction is a specialization of Gentzen’s proof for LK, that he named the miz rule.
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Structural cut (2)

The promotion / contract case is simpler now:

7 Y o Ny

ol g -2BLT A (@ — FMB,

0 C — (-
s Y fepta ! LB -2t A 5
ST (seut?) A rent’)
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Structural cut (2)

The promotion / contract case is simpler now:

7 7 o Ny

- 2Bt A - 2T, B
FB © o By N
|_7F,|B ) |_?BJ_Z,A |_7F,'B 7B ,A ( tﬁ)
T A (scut®) -0, A et

There will be some price to pay though...
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Structural cut (3)

In the following, we shall therefore consider LL extended with the following (derivable) rule:

o N\

-1,B* B A
- T, A

(scut)

Aole vwma dut-
with k,1 € N such that k (resp. [) can differ from 1 only if it labels a ?-formula. io{uﬁ AT - foranfon

DM At LKS\L\U:]_N
Theorem (0«\’&'— A od V\L’Woﬂ Z (vq-r) #

There exists a (contextual) binary relation, — ¢, on LL proofs satisfying:

> if :; and ™ —>c 7, then :; ; —, [P fs colnchmtom P
=T

C
=T
» for any LL proof w, there exists some scut-free < such that m —* 7.

Cut-elimination in Linear Logic
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Contextual proof reductions

In the following, all relations we shall consider will be assumed to have the property that they
relate two proofs only if they have the same conclusion sequents.

Definition (Contextual reduction) [Zo\ wWarpon > UW A conlaks”

A binary relation ~» on proof trees is contextual if for every proofs my, w1, 7, such that mg ~> 71, the
proof 7] obtained by replacing a subtree of 7, equal to my with 7 is a proof such that 7(, ~» m:

AT AR % ,

= A = A

Mg ~r T,
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A sufficient condition for scut-elimination: rank-decreasing reductions

Definition (Rank-decreasing reduction)

o/ N

~r,ck Fota

=T, A
such that rk(my), rk(ms) < rk(7), there exists 7’ such that 7 ~~* 7" and rk(7’) < rk(7).

A contextual reduction ~ is rank-decreasing if for any proof m =
(scut)

Theorem ( AT~ X ‘,\mm)

If ~~ 1is rank-decreasing, then for any sequent I' and for any proof w: = 1", there exists a cut-free
proof @' of + T such that w~*7’.

Proof.
(0,0) if 7 is scut-free ™
By lexicographic induction on w(w) = ¢ (r,n) otherwise, with r = rk(7) and n
the number of scuts of rank r in 7.
applying the rank-decreasing property on a/topmost scut of maximal ranks, []
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Definition of a rank decreasing cut-reduction

We define a rank-decreasing cut-reduction for proofs having a structural cut as a last rule, by case
analysis the cut-formula and on the last rules of 71 and ms.

Without loss of generality, assume that the proofs ends With@being a positive formula):

—

v QW\«AA K=nA
™= : K=A N
-o,p FPLA
(scut)
T, A

1. If both P and P+ are principal in logical rules concluding 71, 72, one defines a %ey logical-step:

2. Otherwise, if P or P+ is principal in an axiom rule, one defines an‘key axiom-step

3. Otherwise, if P is not principal in the last rule of 71, one defines a W of the

last rule of m; below the scut;

4. If P is principal in a logical rule concluding m; and P+ is not principal in the last rule of s,
one defines a com@le of the last rule of m5 below the scut.
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1. Key logical-step

For multiplicative and additive connectives, scut is simply a regular cut: this case is as in the

introduction, that we call >, >, .
®/% 1/L /&

For the exponential connectives, we have the following cases:

v 7 Y 7

F,B o CBLIBTLA -,B o PTBTLA - T, B “IB LA
-0, 1B - 2B A -0, B . F?BHT A -0, 1B - ?BLZ,A
(scut) (scut) (scut)
- T, A - T, A - T, A

We define reduction 7 in the following slides
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1. Key logical-step (2)

Promotion versus dereliction

@%Cﬁj) crke() , A%{(B):A%[oa7~&

» Promotion versus dereliction l — O

VV 5 o

- 7T, B - B+ A N
FT,1B - 7BL A ) 7 ~ 1.5 - B,A (scut?)
L RETOWY (scut®) =T, A
» Promotion versus dereliction (I > 1): V
<: / :: -7, B 0 :;
l T on o U l
- 7T, B - B+, 7B+, (?) — V =78 - B+, 7BL, (scut”)
k0, 1B 9 - ?Bll“,A . -h,B mmBA (scutP)
scut®
RETIN (scut®) SITTA
=70 A
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1. Key logical-step (3)

Promotion versus weakening

7 Vv

l
B - 2B+ A o - - T, B 0
5 O gt A a - 7T, !B P?BLZ,A( )
T ) ) Q SCU
T, A (seut) -, A

Rt ((5) - 22 (&)

A2 ([ﬁ) < O («]
AQ;((L)';/)% (”4)’“/3-
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1. Key logical-step (3)

Promotion versus weakening

7 Vv

l
-, B 7B, A ) — I—?F,B(')
s Y e A AT S
— ‘ ’ @ scu
T, A (seut) -, A
v se I=0 \
Cuno [’?0\/\ L\)CJLQ/\/\ /Q:O optional reduction: =T, B ) v N l—;A
/ -?T,!B - A /7 (w*)
(scut®) T, A
- 7T, A )

K oent oo afunce ola T
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1. Key logical-step (4)

Promotion versus contraction

7 7 o Ny

ot -oBL A (@ ; "B

0 C .
s O Lopll A 7 - T, 1B -eBt A p
BTN (seut®) LA et

rle(() = )
N ((5) Z /3?:(0(“)

pr () = A=A
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\r

9k oeesld

We notice the following relations about the ranks and levels of cuts:
» (1) versus (7) (I =0): rk(8) < rk(a) and sz(8) = sz(«a) — 2.
» (1) versus (7) (I >1): rk(B) < rk(a), rk(y) = rk(a), sz(y) = sz(a) — 1
(but sz() may be larger than the sz(«)).
(1) versus (w): rk(B8) = rk(a), sz(B) = sz(a) — 1.

(1) versus (c): rk(B) = rk(«), sz(8) = sz(a) — 1.

>
>
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2. Key axiom-step

> k=1

> k=0

> k>1

o - N\

- 2CF T FICt 20 o F?2Ck T
~— (scut) (ck=1)

I—F,‘.Zg/ - 20, T

Notice that the scut disappeared.
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3. Commuting the last rule of m with scut

7Y commutation step

7 < 7

FABTLP _ - A BI,P FPLA ;
—axBrr ) kplla (seute) comm(®) - A, B.I.A (seut®)
SCU
~ AR BT, A —AxBT.A )

We notice that rk(8) = rk(a) and sz(f8) < sz(«).

|1 commutation Steg <

-T,P . -0.P +PLA ,
I—J_ F P |_PJ_Z comm(L) <SC’U,t )

FT,A
e =
FLTA et ~Lra
We notice that rk(8) = rk(«) and sz(f8) < sz(«).
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3. Commuting the last rule of m with scut

@ commutation step Without loss of generality, assume that the (only occurrence of the)
cut-formula P goes to the left premise of the ®, we consider the following
commutation relation (the other case is similar):

e, 7

I—A®BFF’ A

FA® B, IT", A

::; - B, F’
com—m(>®) (scutﬁ)

AT - B, r’, A
; (®)
FA®Q B, I',T", A
We notice that(/’frk and sz(f) < sz(«

1 commutation step Impossible as there is (exactly one occurrence of) P in the premlse

scuto‘
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3. Commuting the last rule of m with scut

& commutation step :; :;

- A& B,T(D & PLOA

- A& B,T, A

AT P-‘llllz& - B f}ji ) H(PL) A
cm;;z&) ® (scut?) (
HFAT, A - B, I‘Z&

FA& BT, A

We notice that @aﬂd€ sz(y) < sz(«
T commutation step
: — (T)

(T
I—T,F,P() - Pt A comm(ty P T.TA

(scut®)
-1, A

(scut®)

scut7

We notice that the resulting proof is cut-free.
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3. Commuting the last rule of m with scut

¢ commutation step

D
I—Al@AQ,F@( ) HDL,A( 2
SCU
=A@ Ay, T A

_ - AT /P A
comm(®) @ (scut?)

A @ Ay T, A (@)

F A @ AT A

non C roko wele dstu & "0 " We notice that'rk(8) = rk(«a) and@; sz(a

0 commutation step This case cannot occur.
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3. Commuting the last rule of m with scut

Promotion commutation step This case cannot occur as P is neither a ? formula nor principal in
the sequent.

Dereliction commutation step

R ~AT, P FPYA
comm(?) (scut?)
AT, A
-7A, T, A

We notice tha and@
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3. Commuting the last rule of m with scut

Structural commutation step

For contraction:

N <7 7 Y

SPAATE) . F2A2A,T/P I—‘A y
=24 F@ = (P ,A ( ta) comm(c) n 7A A r A SCU )
scu
- 7A,T, A At
For weakening:
IO 2 @ k@A g
C AP I—@A " comm(w) A (scut”)
(scu
-7A,T,A l—?A,F,A( w)

For both cases, we notice that/rk(5) = rk(« an
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3. Commuting the last rule of m with scut

P & puwalas m oK TPt T

., ax commutation step (similar to the case of 1) it cannot occur since P does occur in the sequent.

. scut commutation step (Similar to the ® commutation) Without loss of generality, assume that P
goes to the right premise of the topmost scut (the other case is similar), one considers
the following commutation relation requiring that the rk(«) is greater that the rk(3) :

-r,0m) OV, P ;; o)
R (scut?) I—@ Pl

’ ’@ scuto‘ v v Lem
il A AN l s

N / DJ_m P/ PJ_ ?.-:\‘L
comm—(c>ut) / (SCUtd) o\nzu@\‘ "

- T. D™ - DL T A
ConLappnm a2k (o) y nke (@) : " (scut?)

T, A
We notice tha, an (whilesz(y) > sz(B)).
& Zomk - AT
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4. Commuting the last rule of my with scut

In this last case,Gwe know that the last rule of 7 is a logicalrulm In particular, in the case of
an exponential cut, that means m; ends with a promotion rule... and the context is of the form 7I",
that is, it can be contracted and weakened at will!

For the multiplicative and additive cuts, the commutation rules are similar as in the previous
section: one can apply them freely (the other premise does not need to have its cut formula
principal) as the only property that we use on the positive cut formula was the fact that it had a
unique occurrence in the premise of the cut rule which holds for non-? formulas.

However, a new situation arises for exponential cuts: indeed, the cut formula being a 7-formula, it
may have [ # 1 occurrences in the conclusion sequent of 7w, which may interfere with the
non-unary mutiplicative rules and the identity rules (the commutation rules are unchanged
for the other).

New cases arise when the last rule of g is
» (1), (ax) for the nullary rules;
» (®), (scut) for the binary rules.
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4. Commuting the last rule of my with scut — new cases for 7C

* ©® commutation step P+ = ?C, one considers the following commutation relation:

V v Q%PWJ/\FJUAM

kM%
- ATGCY  F B, T(2CY) Loyie oo P
- A® B,T,T"(2C" P @/

scut®)
FA® B, T, TV 7A/

- A T2C" I—;Ci;‘?A’ ) - B, F’ @, A (
SCU

comm(®) - A I, TA’ - B,F/, (AN
- A® B.T.T/, 7N 7A -
C
- A® B,T,T. 77/

We notice that(rk(8) = rk(v) = rk(a), and-sz(8),sz(vy) <s
: scut commutation step Similar (possibly restricting to the commutation of smaller-rank cuts only).

scut?)

(®)
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4. Commuting the last rule of my with scut — new cases

1 commutation step This case can only occur in the following case:

N e — )
— (1 N .
- ?A@ -1 o (w*)

- 7A,1

We notice that the resulting proof is cut-free.

ar commutation step Similar.

.
V? /,?— - A AJ_ (aaz)
gD Al = (w)
oA AL (scut®) -7A, A, A+

We notice that the resulting proof is cut-free.
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Definition of ——

Definition (—)

/% B/ 1/L /1 &/& &/

U > U U —> U — U > U >
U

Clemslier J —- U — U — U — U — U — U —

comm(?%) comm(Ll) comm(®) comm(l) comm(&) comm(T) comm(&P)

comm(ax) comm(cut)

@ig‘the contextual closure of(—_>>
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—> 18 rank-decreasing

Lemma

Let ™ be an LL structural proof of the form:

N N\

~T,p  FPLA Ao e T
e (scut)

such that rk(my), rk(me) < rk(m), then there exists ' such that m —* @ and rk(7’") < rk(m).

Proof.
We prove the lemma by induction on the size)of 7.

Base case: Assume that both premises of 7 are or size 1: they are either an axiom, a 1 or a T.
Then 7 reduces to some scut-free 7/, therefore of rank 0.

[]
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—> 18 rank-decreasing

Proof.

Inductive case: We reason by case analysis on the cut-formula and the last inferences of 7 and ms:

If both P and Pt are principal in logical rules concluding 7, 7.

Otherwise, if P or P~ is principal in an axiom rule.

Otherwise, if P is not principal in the last rule of 7.

If P is principal in a logical rule concluding m; and P+ is not principal in the

= B9 =

last rule of m2. sepe principale, allora la regola che la introduce puo essere solo una regola logica
(cioe, ax, promotion, o regole su i connettivi (vedi la definzione di regola logica)

1. If both P and Pt are principal in logical rules concluding 1, 7o, one applied a key logical-step:
(i) in the multiplicative or additive cases, the rank is smaller;
(ii) in the exponential case, either the rank is smaller, or it is equal and the size of the proof is
smaller: by applying the induction hypothesis one expected result. (Notice the order in which
one reduces the promotion/dereliction case which creates two cuts: the bottomost has its rank
greduced, so the inductive hypothesis can indeed be applied on th@. )

Ady 25 ({10(/\,0{‘\'0[/\ Vs Mk(}hﬂ«) ]
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—> 18 rank-decreasing

Proof.

2. Otherwise, if P or P+ is principal in an axiom rule, the scut disappears with a key aziom-step.

3. Otherwise, if P is not principal in the last rule of 71, one applies commutation rule of the last
rule of m; below the scut:

= (1) in the logical /structural cases, if cuts of the maximal rank remain, they are on different
branches and are conclusions of smaller proofs: the induction hypothesis applie () 2 (TR) < (D)
\¥ wﬁm@om\mm@ notice that by hypothesis of the lemma,,/tlrg_s::pl;i;at is
ﬂ%@ commuted down is necessarily of a lower rank (by the maximality condition). The cut of
maximal rank now concludes a smaller proof and the induction hypothesis allows to conclude.

4. If P is principal in a logical rule concluding 7, and P is not principal in the last rule of s,
one defines a commutation rule of the last rule of mo below the scut:
(i) most case are treated as in the previous case;

(ii) the new cases allow the invoke the induction hypothesis and conclude. g %M 58 =33

[]
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—> 18 rank-decreasing

Proof.

2. Otherwise, if P or P+ is principal in an axiom rule, the scut disappears with a key aziom-step.

3. Otherwise, if P is not principal in the last rule of 71, one applies commutation rule of the last
rule of m; below the scut:
(i) in the logical /structural cases, if cuts of the maximal rank remain, they are on different
branches and are conclusions of smaller proofs: the induction hypothesis applies.
(ii) in the scut commutation, notice that by hypothesis of the lemma, the scut that is
commuted down is necessarily of a lower rank (by the maximality condition). The cut of
maximal rank now concludes a smaller proof and the induction hypothesis allows to conclude.

4. If P is principal in a logical rule concluding m; and P is not principal in the last rule of 7y,
one defines a commutation rule of the last rule of mo below the scut:
(i) most case are treated as in the previous case;
(ii) the new cases allow the invoke the induction hypothesis and conclude.

[]

This concludes the cut-elimination proof!
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Additional slides




Consequences of cut-elimination

All LL inferences but the cut rule are such that the premise sequents are made of subformulas of
the conclusion sequent. This extends from inferences to cut-free proofs:

Proposition (Subformula property)

If = T is provable, it can be proved using only subformulas of the conclusion sequent.

Theorem

=, the empty sequent, is not derivable in LL.

Theorem (Consistency of LL)

Neither =0, nor = L is not provable in LL.
For no formula A are both A and A+ provable.

O‘M“M {— O T :' T:
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Consequences of cut-elimination

Proposition (Disjunction and witness property)

» [f A® B is provable, then at least one of A or B s provable;
» (in the FO case) If 3x.A is provable, there exists some term t such that A[t/x| is provable.

ML um‘hrﬁ
Theorem / \\ -
(First-order) MALL is decidable. L MAC L MEC C C L/—)

PropontHonul ers daci\. Jucrd -
Tw;.{’(nou/L Cong el - Jucid .
Rond sl @t
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Some more remarks on cut-elimination

» Cut-elimination holds for both first and second-order quantifiers:

» First-order: 1) take care of genericity / eigenvariable conditions on V quantifier to ensure that
cut-reductions and cut-commutations do not break the side-conditions on the V-inference.
2)weak-normalization follows from embedding the first-order part as a unary-additive connective
for instance.

» Second-order: Beyond the scope of these lectures...

» Contrarily to LK cut-elimination, the weak-normalization can be strengthened into a
strong-normalization result. (see next slide.)

» Despite cut-elimination, even in the propositional case, provability in LL is undecidable.
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—¢ 1s strongly normalizing

The weak-normalization proof can be strengthened into a strong normalization proof as an
immediate corollary of the following lemma:

Lemma

o N\

0,0 Fct A
T, A

such that ™ and mo are

(scut®)

Let w be an LL structural proof of the form:

strongly normalizing, then m 1s strongly normalizing.

Proof.

Since m; and 7o are SN by hypothesis, there is (by Konig’s lemma) a bound on the lengths of the
reduction sequences from 7 which never reduce the bottommost cut (call them root-passive). Let
|(7r) be the supremum of these lengths. The proof is by induction on (rk(«),|(7),sz(7)).

Indeed, every reduction considered on scut reduces this measure: (i) commutative reductions
reduce sz(m), (ii) key cases reduce rk(m) or sz(7) (iii) inner applications of a cut-elimination step
reduce I(7). In the case when two scuts are created one above the other, the inductive step applied
on the topmost scut ensures that the bottommost indeed has premises which are both SN. []
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