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Naive Proof Objects do not Scale
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Naive Proof Objects do not Scale

@ Bedrock [Chl15]
e VST [Appll, Appl4]
e Fiat [DPCGCI15]

@ CertiKOS [Shal5]
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Naive Proof Objects do not Scale

Verification Time

150 | [~ Zac | f
e Bedrock [Chl15] -
o VST [Appll, Appld] < oo| /
g

e Fiat [DPCGCI15] E 60
o CertiKOS [Shal5] 304

20 40 60 80

# of lines

Motivation | Extensible and Efficient Automation through Reflective Tactics 2/11



Naive Proof Objects do not Scale

Verification Time

150 7 2 e
o Bedrock [Chl15] -
o VST [Appll, Appld] < %
e Fiat [DPCGCI15] E 60
o CertiKOS [Shal5] 30
20 : 40 60 80
# of lines

Motivation | Extensible and Efficient Automation through Reflective Tactics 2/11



Naive Proof Objects do not Scale

Verification Time

+$ac
PO qed )
+%mc
e Bedrock [Chl15] i
o VST [Appll, Appld] < %
g
e Fiat [DPCGCI15] E 60
@ CertiKOS [Shal5] 30
20 : 40 60 80
# of lines

Motivation | Extensible and Efficient Automation through Reflective Tactics 2/11



Background: Computational Reflection [Bou97]
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Large proof | A®(B&C
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B®C)=Ad (BaC)
)=(A@B)®C

B®C)=Co®(A®B)
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Co(BDA)

Background | Extensible and Efficient Automation through Reflective Tactics

3/11



Background: Computational Reflection [Bou97]

Syntax

Syntactic:Semantic
. AB(B&C)=A® (BaC)
' A®(BOC)=(ADB)HC
’ Denotation function ‘ " A®(B®C)=C®(ADB)
[A&(B&C)=C& (BLA)]prwp - AS(BOC)=Ca(BDA)
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Background: Computational Reflection [Bou97]

Thm check_sound:V g,
check g=true = [ g [prop-
Proof... Qed.

SyntaCtiCESemantic
| A®(BBC)=A® (BaC)
' A®(BOC)=(ADB)HC
check(A®(BHC)=Ch(BoA))=true | A®(BOC)=C®(ADB)
[A©(BEC)=CE (BLA)]prop  AD(BOC)=Ca (BBA)
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Background: Computational Reflection [Bou97]

Syntactic:Semantic

true = true v

[A©(B2C)=Co (BDA)]prop

AD(BDC)=Co(BDA)

check g=true = [ g [prop-

check(A®(BOC)=CDH(BDA))=true |
Proof.... Qed. ;

Thm check_sound:V g, }
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Background: Computational Reflection [Bou97]

Syntactic:Semantic

Small proof, custom algorithm Large proof

true = true v

[A©(B2C)=Co (BDA)]prop

AD(BDC)=Co(BDA)

check g=true = [ g [prop-

check(A®(BOC)=CDH(BDA))=true |
Proof.... Qed. ;

Thm check_sound:V g, }
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Reflection Recipe

1) Syntax

Ind & :=
| e1® e
I 1

=]
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Reflection Recipe

1) Syntax 2) Reason

Ind & = Fix check (e: &) =

|l e1 @G e match e with

[ 1 l e.lde 2=

I x ] checke_1 ..
- checke_2
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Reflection Recipe

1) Syntax 2) Reason 3) Verify
Ind & = Fix check (e: &) = Thm check_ok:Ve,
|l e1 @G e match ewith check e=true —
| 1 l e_1®e 2= [ e ]prop-
I x ] checke_1 .. Proof.
- checke_2 induction e.
| ... (» proof =)
Qed.
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Reflection Recipe

1) Syntax 2) Reason 3) Verify
Ind & := Fix check (e: &) = Thm check_ok :V e,
|l e1 @G e match ewith check e=true —
| 1 l e_1®e 2= [ e ]prop-
| in checke 1 .. Proof.
checke_2 induction e.
.. (* proof x)
Qed.
v" Highly customizable X Cumbersome to write

v" Very efficient X Not extensible
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Reflection with MIRRORCORE

1) Syntax

A(t,0)
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Reflection with MIRRORCORE

1) Syntax
Generic language
w/ binders

A(7,0)
W

Domain-specific
types and symbols
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Reflection with MIRRORCORE

1) Syntax 2) Reason
Def check: rtac:=

REPEAT|g FIRST

A (1-7 G) [ APPLY leml
| REWRITE_STRAT ...

| rtauto].
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Reflection with MIRRORCORE

1) Syntax 2) Reason

Zac-inspired tactic language

Def check: rtac:=
REPEAT o FIRST
A (’L’ ; G) [ APPLY leml N Tactic combinators
| REWRITE_STRAT ...
| rtauto].

Reasoning tactics
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Reflection with MIRRORCORE

1) Syntax 2) Reason 3) Verify
Def check:rtac := Thm check_ ok:
REPEAT g FIRST rtac_sound check.
A (1-7 G) [ APPLY leml Proof.
| REWRITE_STRAT ... rtac auto.
| rtauto]. Qed.
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Reflection with MIRRORCORE

1) Syntax 2) E\Generic “soundness” 3) Verify
Def check :rtac := \ Thm check_ ok:
REPEAT g FIRST rtac_sound check.
A (1-7 G) [ APPLY leml Proof.
| REWRITE_STRAT ... rtac auto.
| rtauto]. Qed.

Automatic proofs’
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Reflection with MIRRORCORE

1) Syntax 2) Reason 3) Verify
Def check:rtac := Thm check_ ok:
REPEAT g FIRST rtac_sound check.
A (1-7 G) [ APPLY leml Proof.
| REWRITE_STRAT ... rtac auto.
| rtauto]. Qed.
v" Highly customizable v" Easy to write
v" Very efficient v Extensible
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Reflection with MIRRORCORE

1) Syntax 2) Reason 3) Verify
Def check:rtac := Thm check_ ok:
REPEAT g FIRST rtac_sound check.
A (’L’, G) [ APPLY leml Proof.
| REWRITE_STRAT ... rtac auto.
| rtauto]. Qed.

%tac

v" Highly customizable v" Easy to write
v" Very efficient v Extensible
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The Soun
of Tactics

dness

Prac: Reflective Building Blocks

Definition rtac_spec ctx (s:CSUBST ctx)gr
. Prop:=
match rwith

Fail _= True
Solveds’ =

WellFormed_Goal (getUVars ctx) (getVars ctx) g —

WellFormed_ctx_subst s —
WellFormed_ctx_subst s’ A
match pctxD s

, goalD (getUVars ctx) (getVars ctx) g

, pctxD s’
with
| None,_, _
Some _, None, _ = True

Some _, Some _, None = False
Some cD, Some gD, Some cD’ =
SubstMorphisms s’ A

VY us vs,cD’ gD us vs

end

More_s' g’ =

WellFormed_Goal (getUVars ctx) (getVars ctx) g —

WellFormed_ctx_subst s —
WellFormed_ctx_subst s’ A

WellFormed_Goal (getUVars ctx) (getVars ctx) g’ A

match pctxD s

, goalD (getUVars ctx) (getVars ctx) g

, pctxD s’

, goalD (getUVars ctx) (getVars ctx) g’
with
None,_, _, _
Some _, None,_, _ = True
Some _, Some _, None, _
Some _, Some _, Some _, None = False
Some cD, Some gD, Some cD’, Some gD’ =
SubstMorphisms s’ A
Y us vs,

cD’ (funus vs = gD’ us vs — gD us vs) us vs

pléegr]ensmle and Efficient Automation through Reflective Tactics

6/11



The Soundness
of Tactics

JVars ctx) (getVars ctx) g —

rtac_sound tac = Vcgc'g',
tac c g = Some(c’,g') —
cCc B

/\[[C/ﬂctx ([[g/]]oal ¢ [[g]]goal

= False
Some gb

» gD us vs) us vs
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nition rtac_spec ctx (s:CSUBST ctx)gr

The Soundness
of Tactics

Goal (getUVars ctx) (getVars ctx) g —
ctx_subst s —

, g

| Contexts and goals

rtac_sound tac = Vcgc' g,
tac c g = Some(c’, g') —
cCc
AT e ([[gl]]goal ¢! [[g]]goal

, goalD (getUVars ctx) (getVars ctx) g’

Some gD’ =

us vs = gD’ us vs — gD us vs) us vs

Piac: Reflective Building Blocks | Extensible and Efficient Automation through Reflective Tactics

6/11



The Soundness
of Tactics

tx) (getVars ctx) g

tac ¢ g = Some(c’,g') —
cCc

A\ [[C/ﬂ ctx (
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The Soundness
of Tactics

rtac_sound tac = Vcgc'g',
tac c g = Some(c’,g') —

Consistent cCc S
gg?;fl)s(iton Ale'Jeex ([¢] ‘_ ¢ [&llgoal o
. goalD (getUVars ctx) (getVars ctx) g’

s — gDus vs)us vs
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The Soundness
of Tactics

rtac_sound tac = Vcgc'g',
tac c g = Some(c’,g') —
cCc

A Tewx ([€] goal —7¢ lgl goal
In the final context, the resulfi‘ \,l,: S
goal implies the input goal |

I so

cD’ ( us vs = gD’ us vs — gD us vs) us vs
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The Soundness
of Tactics

rtac_sound tac = Vcgc'g',
tac c g = Some(c’,g') —

cCc s
/\[[C/ﬂctx ([[gl]]goal gy [[g]]goal) gmm
i Paper contains full details
v of context reasoning.
(' us VS =S G s vs = gD us VS us VS

Piac: Reflective Building Blocks | Extensible and Efficient Automation through Reflective Tactics 6/11



Reflective Reasoning Fully reflective

y:N,y>0F FalseVdx,x=yAx >0
Context Goal
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Reflective Reasoning Fully reflective

ThmvI : VP Q,
O—PVOQ

y:N,y>0F FalseVdx,x=yAx >0
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Reflective Reasoning Fully reflective

o Local reasoning

yNjy>0Fdxx=yAx>0 \/I/
y:N,y>0F FalseVdx,x=yAx >0
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Reflective Reasoning Fully reflective

@ Local reasoning

Existential quantifiers

yv:Ny>0Fdx,x=yAx>0
y:N,y>0F FalseVdx,x=yAx >0

V-1
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Reflective Reasoning Fully reflective

@ Local reasoning

o Unification variables

Fresh unification variables ’
— 71
yv:N,y >0, 2x:N F2x=yA2x>0
yNjy>0Fdxx=yAx>0
y:N,y>0F FalseVdx,x=yAx >0

V-1

Prac: Reflective Building Blocks | Extensible and Efficient Automation through Reflective Tactics 7711



Reflective Reasoning Fully reflective

@ Local reasoning

@ Unification variables

y:N;y > 0,7x:N F2x=yA2x>0
yNjy>0Fdxx=yAx>0
y:N,y>0F FalseVdx,x=yAx >0

V-1
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Reflective Reasoning Fully reflective

@ Local reasoning
@ Unification variables

e Multiple goals

REFL
ey N Fix=y ey >0, 20N F2x >0

y:N;y > 0,7x:N F2x=yA2x>0
yNjy>0Fdxx=yAx>0
y:N,y>0F FalseVdx,x=yAx >0

Local reasoning

V-1
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Reflective Reasoning Fully reflective

@ Local reasoning
o Unification variables & instantiation

@ Multiple goals

Instatiate unification variables Affects parallel goals
REFL \V/
vy N=yF2x=y ... y>0,2cN=yF2Xx>0

v:Ny>0, 2N =yF2Zx=yA?x >0
yv:Ny>0Fdx,x=yAx>0
y:N,y>0F FalseVdx,x=yAx >0

V-1
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Reflective Reasoning Fully reflective

@ Local reasoning
@ Unification variables & instantiation

@ Multiple goals

REFL Y
v, N=yF2Zx=y e,y >0, 2N=yF2x >0

v:Ny>0, 2N =yF2Zx=yA?x >0
yNjy>0Fdxx=yAx>0
y:N,y>0F FalseVdx,x=yAx >0

V-1
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Reflective Reasoning Fully reflective

@ Local reasoning

@ Unification variables & instantiation
@ Multiple goals

@ Assumptions

v v
REFL
v, N =yF2Zx=y e,y >0, 2N=yF2x>0
v:Ny>0, 2N =yF2Zx=yA?x >0
yNjy>0Fdxx=yAx>0
y:N,y>0F FalseVdx,x=yAx >0

V-1
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Reflective Reasoning Fully reflective

@ Local reasoning
@ Unification variables & instantiation
@ Multiple goals

@ Assumptions

Proof expressed by computation
(Small proof term)

v v
Myl—"x— ,y>0,?x:NM
yNy> =yFMx=3*7x >0
X, x = >0

V-1
//):N,y > 0F FalseV3x,x = yAX
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Using Tactics

Thmmy_lem:V P,
{ P} skip{P}.

Proof.
(x Zac proof x)
Qed.
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Using Tactics

Thmmy_lem:V P,

{ P} Skip{P }.
Proof.

(» ZLac proof x)
Qed.

Def APPLY : lemma — rtac.
Thm APPLY_ sound:V 1,

[[ 1 ]]Iemma —
rtac_sound (APPLY 1).
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Using Tactics

Thmmy_lem:V P,

{ P} skip{P}. { vars : list T
Proof. i
; prems : list &
(* Lac proof =) P
. ;concl : &}
ed.

Reify Build Lemma
<.. >
syn_my_lem:my_lem. \

Def APPLY : lemma — rtac.

Thm APPLY_ sound:V 1,

Construct automatically pma —
J' rtac-sound (APPLY 1).
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Using Tactics

Thmmy_lem:V P,

{ P} Skip{P }.
Proof.

(* Liac proof x)
Qed.

Reify Build Lemma
<.. >

syn_my_lem:my_lem.

Def use_it :rtac:=
APPLY syn_my_lem.

Def APPLY : lemma — rtac.

Thm APPLY_ sound:V 1,

[[ 1 ]]Iemma —
rtac_sound (APPLY 1).
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Using Tactics

Thmmy_lem:V P,

{ P} Skip{P }.
Proof.

(* Liac proof x)
Qed.

Reify Build Lemma
<.. >
syn_my_lem:my_lem.

Def APPLY : lemma — rtac.

Thm APPLY_ sound:V 1,
Def use_it :rtac:= —> [ 1 ]iemma —
APPLY syn_my_lemn. rtac_sound (APPLY 1).

Prac: Reflective Building Blocks | Extensible and Efficient Automation through Reflective Tactics 8/11



Case Study: Program Verification

Post-condition calc ) Verification Time

Ltac sp:= 100 - —— ZLac
first i
[ apply skip_rule; sp 5 10;
1o} =
| apply assign_rule;sp | < :
.. ] E I
1e
0.1 Il Il Il Il
Ltac chk := 20 40 60 80

# of lines

repeat eapply ex_1 ;
repeat conj_split;

Liac — naive Zy,e (= 1 day)

Prac: Reflective Building Blocks | Extensible and Efficient Automation through Reflective Tactics 9/11



Case Study: Program Verification

Post-condition calc’ ) Verification Time

Def sp:rtac:= 100 - +§ac »
REC 100 (fun sp = FIRST : tac +Ztac 20x
[ APPLY lem_skip;; sp 5 10;
2 £
| APPLY lem_assign;;sp | <
[ .. ] E I
0.1 L L L |
Ltac chk := 20 40 60 80

# of lines

repeat eapply ex_1 ;
repeat conj_split;

Liac — naive Zy,e (= 1 day)

T “Representative” code
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Case Study: Program Verification

Post-condition calc’ ) Verification Time

Def sp:rtac:= 100 | ~*~Ztac
Fl—2— Prac +Lrac
REC 100 (fun sp = FIRST | 20x
[ APPLY lem_skip;; sp i 10;
o) E “
| APPLY lem_assign;; sp e g 4x
| ] £ i
.1 ) E .
e A&
I T
Def chk:rtac:= .
REPEAT 10 #offines
(APPLY lem_ex_1 ;; INTRO) .
:; APPLY lem_coni ;... Liac = Maive Fiqe (= 1 day)

T “Representative” code
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Case Study: Lifting Quantifiers w/ Rewriting

A (3 x: nat,Qx)
A(dy: nat,Rvy)

dx y: nat,
PAQxA
Ry
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Case Study: Lifting Quantifiers w/ Rewriting

Quantifier Pulling (10 existentials)

——Ztac
F 10 |-
A (3 x: nat,Qx)
A(dy: nat,Ry) S i
Q
Z 1E
Q =
u g
= I
0.1}
dx y: nat, E
PAQXA -
0.01 | | | | | |
Ky 0 50 100 150 200 250

Problem Size (# of As)
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Case Study: Lifting Quantifiers w/ Rewriting

Quantifier Pulling (10 existentials)

——Ztac
P 1oL —e—rewrite_strat —
A (3 x: nat, Qx) g 7.1x
A(Jy: nat,Ry) oy i
Q
Z 1E
Q =
u g
2= i
0.1}
dx y: nat, F
PAQXA -
0.01 | | | | | |
Ky 0 50 100 150 200 250

Problem Size (# of As)
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Case Study: Lifting Quantifiers w/ Rewriting

Quantifier Pulling (10 existentials)

——Ztac
P 10l —e—rewrite_strat —
A (3 x: nat,Qx) | —e—Reflective 7.1x
A(Jy: nat,Rvy) > i
Q
5 16.1x
u g
= L
0.1
dx y: nat, F
PAQxA i
0.01 | | | | | |
Ky 0 50 100 150 200 250

Problem Size (# of As)
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Case Study: Lifting Quantifiers w/ Rewriting

Quantifier Pulling (10 existentials)

+$ac
£ 10l —o—rewrite_strat —
A (3 x: nat,Qx) || —e—Reflective
A(dy: nat,Ry) > |-~ - Reflective-50 [—
Q
Z 1F
Q -
u g
= L
0.11
dx y: nat, g
PAQxA [
0.01 . L ! | | I
By 0 50 100 150 200 250

Problem Size (# of As)
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MIRRORCORE = A(7,0) + %14

o Computational reflection enables scalable proofs
@ MIRRORCORE provides generic, customizable syntax

@ 4 1s areflective tactic language

e Backtracking proof search
e Automatic proofs
o Integration with custom tactics

github.com/gmalecha/mirror—core
S opam install cog-mirror-core
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github.com/gmalecha/mirror-core

“Side-by-Side” Comparison

Definition iter_right (n:nat):rtac:=
REC n (fun rec =
FIRST [ APPLY lem_plus_cancel ;;
ON_EACH [ APPLY lem_refl | IDTAC ]
| APPLY lem_plus_assoc_cl ;; ON_ALL rec
| APPLY lem_plus_assoc_c2;; ON_ALL rec

D
IDTAC.

Ltac iter_right :=
first [ apply plus_cancel; [ apply refllidtac]
| apply plus_assoc_cl;iter_right
| apply plus_assoc_c2;iter_right].
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