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Plan of the Course

P Purpose: Studying proofs and proofs manipulations, with an
evolutionary spirit: rethinking the traditional methodologies from
the computer science perspective;

P Focus is on aspects of design: (of formalisms and systems therein)
how it affects the structure of proofs and the proof theory.
P Scope: this course is limited to intuitionistic and classical logic only
and ultimately addresses
P Analyticity, Cut elimination, Herbrand theorem;
» The move to deep inference and its theorems;
P Activities (and readings supporting them) are proposed throughout
the slides and appear in this colour. These (extensive) slides
are compact but rich enough to qualify as course notes.



Proof Theory for and from Computer Science
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Proof Theory

Proof theory is for computer science

» a foundational tool:
it connects semantics with syntax, it is about consistent formal
system and semantics might be absent

P a means for producing practical results:
it studies finitary systems that in principle are implementable
(e.g. functional and logic programming)

P and it interacts with Category Theory that is the other major
founding tool in computing.



Proof Theory for and from Computer Science

Semantics
Hatismcs Computer Science
Mode| Theary
' Set Theory ‘-‘l
Mathematics L I What are the fundamental
: properties of computation?
1900-1928 Hilbert: ey : e . s computation inherently chaotic?
Can we found mathematics in | .
| Can proof theory help, maybe with
a finitary way? | substructural logics?
: (Example: typed lambda-calculus)
T933.00de: m — : When are two proofs the same?
No... Derivation !
Computtion | " To what extent do formal proof
N ' transformations inform the problem
1935 Centzen: \, J of equality of proofs?

.. but we can ‘tame’ infinit
¥ "Cost" of these transformations?



Re-thinking the Tradition

"Traditional" proof theoretic methods

P ... are essentially linked to sequential computation (notion of main
connective), whereas we probably want to understand distributed
computation;

P ... originated within classical/intuitionistic logics, whereas we may
need different ones, typically linear and substructural logics;

P ... are too rigid when used for linear and substructural logics, for
they hide to the observer the possibility of relevant
transformations of proof theoretic interest.

"Deep inference" methods proposed to address
P linearity, atomicity, locality, sharing, analyticity and
compositionality,
P with a complexity-aware mindset,

P and extends and expands the traditional methods.



Outline for Today

Survey of Traditional Formalisms and Systems
Subformula Property and Cut Rule in Sequent Calculi
Classical as Extension of Intuitionistic

About Cut Elimination



Hilbert-Tarski (or Frege) Style - Classical

(HTy) AD (B> A),
(HT2) (AS(BoC)D((ASB)2(4ADCY),
(HTa) (wBo>-4)o{((-B>4) o B),
(HT4) V. A D Aftfa],
(HT:) Vz.(4D> B) > (ADVe.B),
A A>B A
mp B genm

» Deduction/Proof A (a tree) of theorem C (conclusion), from
hypotheses A; (instances of axioms), built by applying inference

rules (mp and gen):
A - Ag
&
o

> Proof of A D A:

W C & oy 3 [
[A>(TAAID A N[4S Ao (4> A )] As(AsA>A)
jus (AD(ADA)D(ADA) AD(ADA)
i ASA




Axiomatic Systems - Some Interim Activities

> Is Vx.(¥x.A D A) a theorem that can be proven in the given system?

P Another axiomatic system (propositional), with the same inference
rules:

(HTY)

(HT,)
AD>DBDC)D(BD(ADCQ)
(ADB) D (—BD—A)
-—ADA

AD—-—A

Do the two axiomatisations prove the same theorems? Would
more initial axiom schemes be an advantage in finding the proof?



Natural Deduction

P introduction and elimination rules for each logical connective;

P notion of proof quite informal (it will then become "derivability’ in a
given proof system - Gentzen)

» introduction rules: give BHK explanations in terms of direct
provability
> A d.p. of A&B (A V B) consists of proofs of A and B (A or B)
» A d.p of A D B consists of a proof of the B from the assumption that
there is a proof of A (and assumption then discarded, written as [.])
> Ad.p of L isimpossible

4]
A B. A B B
A&B¥ ave" ave'" A-B7”

P> Note: Some rules are just one-step, but the 'dotted’ one traverses
the deduction



Natural Deduction-cont’d

P elimination rules: obtained from introduction rules by an inversion
principle. They have propositions formed by logical constants as
major premiss, and derive their consequences.

P Prawitz’ inversion principle ('65) The conclusion of an elimination
rule with major premiss A x B is already contained in the assumption
used to derive A x B from the x|, together with the minor premiss of
the rule.

> i.e. no gain, by introducing and then eliminating a connective in
providing an explanation
» But the * rule is not uniquely determined.
> Generalised inversion principle Whatever follows from the direct
grounds for deriving a proposition must follow from that proposition.



Natural Deduction-cont’d

rule combine conversion
[4, B (4, B] o
: A B A B
AB € ABY ¢ :
c ’ c C
(4] (8] ; 4] (B] :
P A I A
AvB ¢ ¢, AvB" ¢ C . :
C C C
[A] A
(B] : . B :
: B, B
A>B A ¢, ADB’ A C, ;
o] c c



Natural Deduction - Assumptions Management

Management is needed, when discharging assumptions (and sometimes
we must leave them open even if they could be discharged!)

» ND displays only open assumptions that are active in the rule:

P> When A is part of a larger context of assumptions, passive at this
stage, that context will have to reflect that A has been discharged.




Natural Deduction - Assumptions Management

P Reading top-down, the first inference is justified because we work
with sets of assumptions, i.e. A — B = A. This is a vacuous
discharge of B

A 1
)
BoDA '
D
AD(BDA) ™!
» When B = A the deduction is not even correct. Other principles

may handle this (the unique discharge principle); yet, the design is
not very nice.



Natural Deduction - Assumptions Management

» Multiple discharge of A, at one rule, but there are two separate
assumptions:

[AD(ADB)F [A]
ASB ZE A

)

1
Y

32
(AD{(ADB)D(ADB) ™!

> We have to traverse the deduction to chase those locations
(non-locality in deductions)

The sequent style presentation of natural deduction by Gentzen
addresses all these problems.



Natural Deduction (sequent style presentation)

> [+ Asequent

> T finite set {x| : Aj,...,xp : Ay}, where x; are pairwise disjoint
labels (to keep track of open/closed assumptions); A, A; formulae

P Notation: I, x : A stands for set-union, provided that x is a
pairwise-disjoint label from those in I

» Intuitionistic N,D’/\’V’J‘

Axiom
o AL A
Introduction Rules Elimination Rules
5 I'o:AFB I'A>8 I'A
2TrasB = r'rB
'-A kB I'+AAB r'rAAB
'""I'rAAB BTTrrA T TrrRB
” I'rA y Ir'+~B " I'rAvEB @NzALC NpBRC
“TrAvB "THAVE = I'rcC
FEL

where A # L

LE

rrA



Natural Deduction (sequent style presentation)

> [+ Asequent
» T finite set {x| : Aj,..., X, : Ay}, where x; are pairwise disjoint
labels

P Notation: I, x : A stands for set-union, provided that x is a
pairwise-disjoint label from those in [

> Intuitionistic N,D’A’V’L and classical Ng’A’V’L (FA=AD 1)

Axiom
o AR A
Introduction Rules Elimination Rules
5 I'o:AFB I'A>8 I'A
“'r-AsB 2 r'rB
I'-A B I'FAANB r'rAAB
'""TFAAB =TTrra T reB
” I'rA y Ir'+~B I'rAvEB @NzALC NpBRC
“TrAvB "THAVE = rrc

'yl
@ Lle A whcrf‘:ﬂ;&l



Example: proofs of HT, in

JAV, L
N,

z:A,y:BFA z:A,y:BF B

A
! 2: A,y BFAANB
R g
r: A,y BFA 3,%
'"mAFBOA }jL——;L—
D'——I—AD(BDA) FAD(BDA)
DAV, L
N;
Axiom
oA A

Introduction Rules

Elimination Rules

DnmAFB I'FADE I'HA
'I'-ASB £ I'FB
I'tA F+B T'HFAAB TFAMNB
e - W] AEL ER -
I'-AAB I'-A '8
” I'rA y I'+B " I'tAVEB INmARC ypBrC
“TrAvE "TFAVE = T'EC
=
le where A # L

rrA



Example: proof of HT; in N2/

DEFFﬂBDﬂA I'==B DEFFﬂBDA r+-B
k-4 I'rA
:-B2-A,y-BDOAx-BF L

=B 3-A,y:~BDAFB
l'm~Bj—APﬁBDA}DB
F(-B2-4)D((~B2A)DB)

{4

where I' = {z: =B 3 -A,y: ~B 3 A, 2: B}

O,A,V, L
NC
Axiom
oA A
Introduction Rules Elimination Rules
I'o:AFB I'A>8 I'A
'I'-ASB £ I'vB
I'-A B I'FAANB r'rAAB
'""I'rAAB BT rra T rrm
” I'rA I'+B I'tAVEB INmARC ypBrC
“TrAvE "THAVE = r'rc
1, L h A#L
E ERA where




Some Remarks

P Asymmetric sequents: only one formula on the right, also for
classical logic?

P Vg is the only rule with three premises and contains a spurious C
not related to the disjunction;

> rules Djand Vg require a global view of the context to discharge
the assumptions

P .. and besides negation is treated in an indirect way

Axiom
oA A
Introduction Rules Elimination Rules
I'o:AFB I'A>B I'HA
- .
—=TrA5B = r'rB
'-A kB I'+AAB r'rAAB
e e e EL - fMer .
I'-AAB r-A I'EE
I'+A Bi=-E I''rAVEB INmARC, NypBRLO
i Vir Ve L = 2¥ =
re-AvEB 'AvVE —_— I'r¢

it
I% where A# L



Natural Deduction - Some Interim Activities

P Consider the examples illustrated when discussing assumption
management in natural deduction. Reconstruct those cases using
sequent style presentations.

P All that is provable in N; is provable in N¢c. How to prove it?

P Proving A = B means proving two implications. Can you prove that
(AV —=B) = —(-AAB)in N
> .. andin N¢?

P N, is sufficient to prove the Curry-Howard isomorphism between
Natural Deduction and simply typed lambda-calculus, isn’t?



Sequent Calculus: Intuitionistic
Drop the labelling mechanism of natural deduction, the system becomes
more symmetric
> multiset [ (and A) in sequents: A (and [ - A, classical)
P requires a contraction rule (structural) to handle multisets;
P Left/Right rules rather than Intro/Elim rules

Axiom
ATEFA
Struetural Mule
AATEC
P A TrO
Left Rules Right Rules
r-A Brvc 5, AL
ADBI+C "r'vass
ABI-C A IFA CFB
MANBTFC T AAB
" Ar'rC BTEC W I'Fa . r'rB
FTTAVB. TR " rFAVH ""TFAVB
T E= e Al
R FEaA where

Fig. 6 Intuitionistic Propositional Sequent Caleulus GP ™M+



A Glance at the Design..

Axiom
rzAFA
Introduction Rules Elimination Rules
Ir'cA>B I't4A
) ————————————
I'-A>B IreB
I'A I'tB I'AAB reAnB
""r-AnB =TTrra ="TrB
g, _Fra rFB wIFAVB LzArC LyBrC
“TravBs "TrAvE b Tro
PEL
LEFFA where A# L
Al
A=A
Structural Rale
AATFO
ATFC
Left Hules Tight Rales
-4 BIre o, ALF
“tTASBTRC "TFA2E
ABIEC rrA r'kB
MAABFrE A R ARE
ARG BIFC v EA g TEB
S AVETRC "rEaAve "redAvy
J_-J—'—— whwrs A7 L



A Glance at the Design..

Axiom ¥ .
NoAkA
Elimination ol
IFADE FHA
= I'rB
I'-ANE rrANB
=7TrA ! reB

v T'FAVE LmARC LpBRC
&

re=a

Acxlom
Structural Hule
Left Hules
_ Ir4 BIrC
“t A TRC
ABTI'FC

MAABFrE

ATHC BIFC

T AVE D




A Glance at the Design..

Axiom
NoAkA
TIntroduction Rules Elimination Rules
FxAFB I'-AZHB I'ta
'TFrASE = I'rB
I'tA I'+B I'FANE IrrAnE
A e Mg ——————— Pk i
r-Ang | reA r-B
i, T EA v FEB o PEAVE LeAlLC LyBhc
“TFAVE FTEAVE N rrc
re1
here A s L
*Tra" i
Axdom
AT-A
Strnetnral Hole
Left Hules
_ kA BIrC A8
“CTAETRC "rrasE

A B I'FC

N, iorL RO 59
"rEaAve "redAvy
R ALat PR ]

4



A Glance at the Design..

Axiom
NaeAkA
Intreduction Rules Elimination Raules
FxA-B I-AZB I'bHA
'TFrASE = I'rB
L LFA I I'rAAE rrAnS
"TTEANE =7TrA " TTEB
O y LHB v LFAVE NmARS, NupBRC.
“TFAVE FTEAVE - THC
re1
here A2 L
*Tra" i
Axdom
ATFA
Strnetnral Hole
% AArro
STATED
Laft Hules Right Rules
_ Ir4 BIrC o, A
“CTAETRC "TFA2E
ABIFC r-A reg
“AaaB o i
N v A8
"“rrAva "reAvy

Yol B8
——— where A# L
S Fra 7



Subformula Property and Cut rule

Axiom
oA A
Introduction Rules Elimination Rules
I'FASEB I'tA
= e
I'-A>B I'vg
I'bA I'tEB I'tAAB rAnB
""r-AnB =TTrra ="TrB
v, _Fr4 s g [HAYB LwA-C nyBrc
“TravB "THAVB b TrFC
rEl
LEFFA where A# L
Axdom
Ar-A
Strmetural Hale
AATED
STATED
Laft Hules Right Rules
_ A Birre A8
“CTASBIFC "rrasE
ABIEC r'cA rr8
MAAB IO i
AT-C B v THA van T FB
S AvH, "rEaAve "reAve




Subformula Property and Cut rule

>

| 2

Subformula Property: only subformulae of the conclusion should
be in the premisses of a rule.

Cut rule: no subformula property (not a finitary rule)

Cut

r-4A4 ATIec
r+c

Useful, when dealing with semantics or to relate different systems
for the same logic, possibly in different formalisms; bad for
automated deduction;

Cut-elimination i.e. the cut is admissible: the other rules are
complete for the system (possible, if the system is well designed)

Contraction is needed, or some intuitionistic theorems would not

DO,AV, L
GI

be provable in (also needed in proof of cut-elimination).



Relations among Systems

Natural Deductions Sequent Proofs

‘\\ Deductions in
‘Normal Form

NDU‘\.V,_
|

N*

Cut-elimination holds: G,D’/\’V’L and G,D’A’V’L’N

theorems

prove the same



Natural Deduction in Sequent Presentation -
Some Interim Activities

>

| 2

Let —A be a shorthand for A D L. Try to prove =—(A V —A) in

L. . :
G,D’A’v’ without using contraction.

Full details of the translations N, N*, G and cut elimination are
available in Gallier’s notes. Deductions in normal form correspond
to beta-reductions; now we have cut-elimination as computation.
Can you see such correspondence!?

Cut-free systems better support proof-search as computation
(provided that non-determinism is tamed and there is a nice
operational semantics). We agree on this, don’t we?



Extension to Classical (and Ist order): G_"" ™"~

Introducing more symmetries:

> Multisets also on the right side of the sequent: [ - A
.. at 'fat’ axiom

P Contraction also on the right side.
On the left is not really needed, but brings symmetry and serves to
see the extension ANA=AAVA=A

P Classical: Negation needs a proper treatment

P Additive cut (and in general in all branching rules)



DO,A,V,,Y, 3,
G
C

Axiom Cut
ATFAA I'FAA ATHA
TFa
Structural Rules
L AATEA I'-4,AA
“TATFA TrraA
Left Rules Right Rules
o Traa Br-a L, ArFAB
" ASBTIrA "rra,A>B
ABIFA

|| ————
AANB IEA

AT+FA B.T'rA

W,
T AvBIrrA

reaA
“SATFA

Alt/z],T+ A
" VrATFA

Aly/z).F' - 4

A IrATHA

rea,A r-AaAB

M
r-4a,AAB

r-AARB

L o
"rrAAvB

ArFA
"TFA-A

'+ 4, Aly/z)

v,
"TFAVrA

'+ a4, Alt/z)
"TFA3zA

where in ¥ and 3_ the variable y is not free in the conclusion

Fig. 8 First Order C1

| Sequent Caleulus with C\RG?J\'U'"'Y';'“




DO,A,V,,Y, 3,
G
C

Axiom Cut
“ [4,TrraA| A4 ATFA
TFa
Structural Rules
Extencogthe AATFA I'-4,AA
> >a
ATFA TFAA
Left Rules Right Rules
L THa4a Bria 5, Arras
" ASBrIrAa "r-aA>B
A ABIEA A Lraa reas
“AAB,IFA " I'ra,AANB
o ATrA BIrrA g, LraaAB
Y AVBIrrA "rrAAvB
il g i r'rAA ArrA
L CATEA " TFA-A
Tst ” Altfz},F'H A v, 't A Aly/z)
oder | wr ATFA "THAVzA
5 Azl I'Fa 't A Alt/z]
S dzATEA "TrA3zA
where in ¥s and 3_ the variable y is not free in the ]

Fig. 8 First Order Classical Sequent Caleulus with Cut G2 ™3




DO,A,V,,Y, 3,
G
C

Axiom Cut
ATFAA AT Arta
Additive conte¥l manppement
Structural Rules
L AAIEA | TrAAA
“TATFA TrraA
Left Rules Right Rules
5 AA BTHA 5, Arras
L TAD B, "rra,A>B
ABIFA I'FAA I'AB
A —— Aim
AABIFA ﬁfﬁmﬁ
g AMFREA-B I g, Lraas
L AVB,%F% "rrAAvB
rrAA ATFA
TCZATEA " TFA-A
Alt/z, T4 v TF A Aly/s)
S v ATEA "THAVzA
5, Alw/=h 4 't A Alt/z]
S dzATEA "TrA3zA

where in ¥ and 3_ the variable y is not free in the conclusion

Fig. 8 First Order Classical Sequent Caleul

with Cut ch.n,v,—.v,i,k




GDJ\VfﬂﬂlR
C

Axiom Cut
R e,
Qrrae) GTHAA ATFAY
rea -~
Other symmelries  ———
Structural Rules
AAT-A rea,A,4
> =
ATHA TFAA
Left Rules . Right Rules
\; reaa Ndx 3/1?5“3 \
~_Ad>BTIta S rra,A> B/
AB A A [FaA I'rAB
“AAB,LFA AT AAND
W, M CHfterent from rFaAAB
" AVBTFA intuilonistic "r'rAAvEB
a4 AT A
Y — e e =
“-ATEA "TFA4,-A
Alt/z|, T A § I A, Aly/z)
“VrA kA "TEAYzA
5 Alv/al, 'k 4 '+ A, Alt/x)
“ JATHA "THAZA

where in ¥ and 3_ the variable y is not free in the conclusion

4 Caleul

Fig. 8 First Order Classical Seq with NGE""V'"'V'B'“




LK™

Modify Gg’/\’v’ﬁ’v’a’m and accomodate more symmetries:
> Different Axiom (thin) and Cut (multiplicative), and different A, Vg
» Introduce weakening rules

» Weakening and contraction rules induce idempotency on multisets:
they behave as sets ANA=AAVA=A



LK™

Axiom Cut
Al A re4.4 AA-8
NLAF A8
Structural Rules
L AArEA IrAAA o IEA L, fra
SaArrA "Trraa FATFA "read
Left Rules Right Rules
recaA BIrta 5 ATFAB
S ASBIFA "rraAdB
ATEA BI't A I'eAA I'HARB
AEB I } * IR AANB

“tAANB A AANBIEA
ALFA BI'FA
S AvBTIEA

A A
“CATFA
Alt/z], I+ A

S NmA A

Aly/z|,'F A
Jred ' A

'

raB
" Ir-AAVE

u I'=an
"rEAAVEB

ATFA

"Tr4,-A

v, DF 4 Alyfs]
" I'-AYzA
'+ A Alt/x)

" reAGeA

where in Vs and 3, the variable y is not free in the conclusion

Fie. 0  Firet Order Claggical Seguent Caleulue with Multsobicative Cutl LK



LK™

Axiom Cut
(Al A reaA AA-@
NLAFAG
Structural Rules weakening
AATEA I'rAAA I'-A rea
"ATFA " Traa || arra “"Fraa
Left Rules Right Rules
read Brra ATFAB
S ASBIFA "rraAdB
ATFA BI+A I'tAA I'HAB
“CAABIEA CAABIRA IR AAAE
Ar+-A BIFa v, _Lra.a v Iras
S AvBTIEA "rEAAVEB r-AAVB
: A A ATFA
Negation |-, — ==~ Ll
9 CTATFA "Tra-A
1si Alt/z],T'F A v, 4 Aly/s]
| TR | N R e o
Yo A I F A I'-ANrA
order & i
Aly/=l, I A 5 I 4Alt/]
S e ATFA " r-AZrA

where in %= and . the variable y is not free in the conclusion

Fig. 9  Firet Order Claggical Sequent Caleulue with Multinbicative Cut LK




LK™

Axiom Cut
AF A o i
T — MTNF AT, 6
Multiplicative cut rule i
Structural Rules
AATFA I'rAAA T'FA rra
e ATFA 8 rEaA <‘A,rt—A '("n—A,A
Left Rules Right Rules
reaA Brrd 5, Al B
S ASBIFA "rraAdB
ATFA B,I'+A I'r4AA I'HAB

“tAANB A AANBIEA
ALFA BI'FA
S AvBTIEA

A A
“CATFA
Alt/z], I+ A

" VoA TFA

Aly/z|,'F A
S Gz A TFA

e

I'FAANE

raB
" Ir-AAVE

I'+4,4
r-AAvEB

VrL

_ ArFA
" Tra4,-A
v, DF 4 Alyfs]
" I'-AYzA

'+ A Alt]z)

3
" reAGeA

where in Vs and 3, the variable y is not free in the conclusion

Fir. 0 Firet Order Claggical Seguent Caleulue with Multdsobicative Cutl LK



LK™

Axiom Cat
AF A reAA AA-8
Al A6
Structural Rules
AATEA I'-AAA I'rA rra
e ATFA 8 rEaA <‘A,rt—A '("n—A,A
Left Rules Right Rules
reaA Brrd 5, Al B
S ASBIFA "rraAdB
A, AIFA B,IFA I'tAA I'AR
“CAABIEA AANBIEA " IFAANE
ALFA BI'FA v _Traa '+ AB
" AvBIEA rrAAvVE " Ir-AAVE
IEAA ATEFA
— = sameasin S i
= T i "Tra4,-A
intuitionistic
Alt/z], T+ A . [F 8 Alyfr]
S NmA A " I'-AYzA
_ Alyjsl, IFA g IE A Alt/a)
S Gz A TFA " reAGeA

where in Vs and 3, the variable y is not free in the conclusion

Fir. 0 Firet Order Claggical Seguent Caleulue with Multdsobicative Cutl LK



AFA
MEA A
Vﬂ_‘—-

FAV-A

A A
"I A-A

b T S
FAAV-A

RL

= FAV-A AV -A
O FAV-A

LK: think ahead if contraction is needed.

Examples in G 7" (top) and LK™ (bottom)

A+ B, A
"CASB,A ArA4
3‘ (ADB)D AR A

"F((A>B)DA)DA

A+ A
gDAF&A
"FADB,A AFA

" (ADB)D AR A
D
F{(A>B)2A)D> A

Contraction on any formula



Examples in LK, first order
Bottom-up, more than one rule is applicabile — how to choose!?

> if more than two quantifier rules are applicable, try and apply first
one with a proviso,

P and delay application of quantifier rules otherwise, if possible

e AbA . BrE
"A-AB “"BArB
k A3B,AFB

V e
"Vz(ADB),AFB
24
Yz (A B),AF Ya.B
i ).’ s
Vz.(ADB)F ADVe.B
R S — F—
FY¥z.(AD B};J_(A 2 Vz.B)

where « is not free in A. -

AF A
RAFAB . BrB
"EAASB “AB+-B

"I 4,3z.(ADB) R aAsE
"F¥eA,Jz(ASB) | BrIz.(ADB)
- Vz.ADBF 3z.(ADB)

"+ (v2.AD B) :)EIQ:{ADB)




Equivalence of G "7 and LK™

P> We need two effective procedures, to transform proofs in one

system to equivalent proofs in the other one (by structural
induction)

> E.g., base case and an inductive case to transform a proof I in LK

AF A
o
O=ATFAA fun= “"Arra
o Hlrd
“"ATFAA
W
mw
= A;;T; £1) = AB,TFA
e el ““AAB,B,I'-A
ANBTFA P

TAAB,AANB,IFA
S AABTHA



Equivalence of G_"'""” and LK*

> _and conversely, the base case to transform a proof 1 in LK

IT=AFA gl =AF A

P .. the case of a proof whose lowermost rule is a cut, with auxiliary
functions - <— - and - — - to "pad" the whole subproofs (i.e. all its
sequents, both on the left and the right) that may require some

renaming
O=
TFAA AAFS

FAFAB

=
A—g(ll )8 \“‘HH P—g{Il:)—A

o) = g

. LA-ABG A AT AFAG

TAFAG



About Cut-Elimination

» No cut-elimination means no proof theory — compositionality
> GCD’/\’V’WV’3 and LK™ satisfy cut-elimination: a proof with cut is
transformed into a cut-free one;

> a proof with cut is good for analysis, but a cut-free proof is related
to proof search: both proofs are needed for different purposes;

P Refer to the literature for full details on the proof of cut
elimination, we will just sketch, later on, the general idea only.
> Examples of applications of cut-elimination:

P consistency (useful when no semantics is available), interpolation,
Herbrand theorem, separation property, preservation of sign in a
derivation....

» for proof search (reduced search space), automated deduction
(oracles and interactive theorem proving),..

» Boundaries: What is the cut formula — a generic formula? An
atomic formula? (infinite choices in both cases)



About Cut-Elimination

P Syntactical proofs of c.e.: techniques based on permutability of
rules or Girard-Tait
P Provides an algorithm, and it is a "global" transformation on the
whole proof;
P the cost of the transformation is hyperexponential, sometimes
more efficient than semantical means;
» the transformed cut-free proof is usually not smaller in size;
» the only possibility if semantics is not known or is not
straightforward
P Semantical proofs of c.e. (test the truth of a sequent [ = A: try to
give an evaluation that satisfies [ and falsifies AA; a sequent is
formally derivable by the rules if there is no refuting evaluation)
» not constructive (i.e. no algorithm)
» implies a completeness theorem



Example proof after cut-elimination
Proof with cut, and after cut-elimination

L./ AR . P Fol)
" p(z) - plz), ply) " pl=),p(y) - ply)
" F p(z), p(2) D p(v) " ply) - p(z) O ply)
"k p(2), Yy.(p(2) D ) “Vz.p(z) Fp(z) D ply)
" F p(2), 3z.Yy.(p(z) D p(y)) " Vz.p(z) F Yy.(p(z) D p(v))

CU’: F¥zp(z), 3z.5y.(p(z) D p()) "~ ¥a.plz) - 3z.¥y.(p(z) O ply))
b Jz.¥y.(p(z) > p(y)), 3z.Vy.(p(z) O ply))
cut formula = 3x.¥y.(p(z) 2 p(y))

p(y) F p(y)
“ p(y). p(x) - p(y)
" p(y) - plz) > ply)
" ply) - p(2), plz) D p(Y)
" F p(y) O pl2). p(x) O p(y)
" Vz.(p(y) > p(2)), p(x) > p(y)
" F 3z.¥y.(p(z) O (). p(z) > P(Y)
" 32y (p(z) O p(y)), ¥y-(p(x) O p(y)
. F325y.(p(2) > p(y)), 32-Yy-(p(z) > p(v))
’ +3z.¥y.(p(z)  ply)) '




Example: Consistency via Cut-Elimination

Prove that LK is consistent.
> Suppose LK inconsistent: then there are proofs for - A and - —A4;

> they can be composed with cut as follows, proving F-:

P Cut elimination holds in LK, so there exists a cut-free proof for I-;

P |- is neither an axiom nor a conclusion of any rule: contradiction.



Example: Symmetries and Atomicity
The axiom of LK can be replaced by one in atomic form, a - a
> Induction on the structure of A: the sequent of the form A A'is

replaced by a proof

AR A

> E.g. two inductive cases are

WWVW

B+ B hr B+B i CrC
: “BACFB "BaCHC VBI—BVC "CrBvVC
> BACFBAC ! - BvCEFBVC

and the other cases are similar.

> "Verifying" an axiom requires constant time.

» Similar result for weakening, but not for contraction.

P Reducing cut to atomic form would require to re-do the
cut-elimination theorem from scratch.



LK = Some Interim Activities

» Consider a proof system LK* obtained by modifying LK this way:
» In its sequents, [ and A are sets rather than multisets;
» it does not have any contraction nor weakening rules;
» there is no cut rule.
Can you formally prove that LK* and LK are equivalent proof
system (provability is preserved)? Or can you find a
counterexample?

» Complete the proof to show that the cut rule in LK can be
replaced by a cut rule on atomic formulae.



Proof of Cut Elimination - Intuition

> Study of permutability of instances of cut rules in a proof,
bottom-up, inductively.

P Requires a (complex) induction measure to guarantee termination
of the procedure. The measure takes into account

» how deep in the proof the instance of cut rule is,
» how complex the cut formula is,
» the immediate subproofs/surroundings of the instance of cut

> An easy case, when things work fine.. cut formulais BV C

G N v

'-A,B BAFO C,AFO — o N
v, A, AFE
“TFABVC BVC.AFA Jra.B BAFG
> . T,AFA,©
ILAFAG

P Two nasty cases in the proof will eventually suggest not to work
with the cut rule itself for the proof of cut elimination, rather a
generalisation of the rule.



Proof of Cut Elimination - Intuition

P Nasty one: there is a contraction just above the cut

\_@7 i, _
& 7 TFAAA AAFO
rrasa VO w2 AAFe
CTEAA T TAAFAGE
LAFA© . AT AT
e LAFA®

P .. one extra cut, a much bigger proof, requiring duplication of
contexts..



Proof of Cut Elimination - Intuition

P Nasty two: two contractions just above the cut, repeating the

Left/Right pattern
. S N4 o/ v
Sy N\ rrac,c » oGt o ke
I'FAC,C CCAFO =} ot TUTCARe s, _é"_;'\l_—'é_
"TEAC U CAFG T TARAGC '
- TAFAG - I,AAFA8,0
pip *
LAFA®

P .. the transformed proof would present again a case on contraction
just above a cut (dual of the previous nasty case). No termination.



Proof of Cut Elimination - Intuition

P Solution to handle the two nasty cases: Use a generalised cut rule
for the cut elimination proof

T'FAmA nAAFO

b

TLAFAG
5/ <7 - -
A (m—1)4,4,4 Ly ; X
r‘l—”:ﬁ lv{ = maAke = TEA(m+1)A nA,AFO
3 ML t

e LAFAO
ILAFA©

P [ nA multiset with m 4 n occurrences of A, when [ contains m
occurrences of A (m,n > 0).

» When m = n = | the generalised cut rule coincides with the usual
one (simulated by cut and contractions).

P The cut-elimination proof will then terminate.



Variant of LK - One Sided GSlp

P Only right side of sequents (multisets): halves the number of rules
» Negation pushed to the atoms, formulae in n.n.f (A rather than —A)

P Atomic axiom admissible (as in LK).

o P BA FBA
FAA &%

RY, A v Fd B A—sb,a 2N £

“Fe,AVE "Fa,AVE Fd,AND
rchF®44 . Fe

&, A & A



Variant - Invertible Rules and G3
Invertible Rule: when from the derivability of its conclusion, the
derivability of its premiss(es) follows.
P> E.g. AL is invertible in G¢ but not in LK:

ABI'FA

i bt el el ATFA B, I'+ A
AAB,TFA A

"SAABTEA AANBTFA

P A feature that can be useful for bottom-up proof search;
P G3-style systems (Ketonen '44)

AX—————— THEAA AT FA
a,TFAa ot —————

LA A
1l —
1LTFA
T,A,BFA THFAA THA,B
A A
‘T, AANBFA “ THA,AAB
ATFA BTFA THAAB
v, Vi
AVB,TFA TFAAVB
I'FA BTHA ATFA,B

ZTASBIFA  *TFAASB



Example G3c (classical)

Variant of G¢, negation definedas -A=A D 1;
atomic check on axiom, but in contexts [ and A
additive context in logical rules; multiplicative cut

cut-elimination holds

vVvvyYyyvyy

invertible rules make weakening and contraction admissible

A THEFAA AT HA
a,TFAa Ut ——

I,I'FA,A
4, ——
1LTFA
., T,A,BFA THAA THA,B
x A A
AFA "T,AANBFA * THFAAAB
Drp—————
y FA,-A . ATFA BTHA THAAB
R T LT T 2 Vi
DFAvﬂA -1 AVB,TFA TFAAVB
P e e
~(AV-A)FL IFA BTFA ATFAB

=R o Dr
F-=(AV-4) A>B,TFA TFAADB



Conclusions and Notes

P Gallier’s coursenotes [2] available on the web (in revised version) is
the most suitable reference, for the level of detail, for many topics
presented today.

P Parts on the G3¢ systems may be found in traditional books, such
as Troelstra and Schwichtenberg’s book [3]. A quick tutorial on
proof theory addressing proof search is this [1]. Both references
are anyway departing very quickly from the intended focus and
scope of this specific course.

P These topics are all quite standard to be widely offered, for
example at ESSLLI. Old courses of mine at TU Dresden offer direct
links to some resources, e.g.
http://www.cs.bath.ac.uk/pb/EMCL/2012/SPAL-12/
index.html

P Some of the interim activities proposed would require more time
and are there just for the interested reader.


http://www.cs.bath.ac.uk/pb/EMCL/2012/SPAL-12/index.html
http://www.cs.bath.ac.uk/pb/EMCL/2012/SPAL-12/index.html
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