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LLVM IR

41 = alloca https://llivm.org/docs/LangRef.html

%acc = alloca
store %n, %1
store 1, %acc
br label %start

loop:

load %1
icmp sgt %3, O
4, label %then, label %else

body: post:

6 = load $%$acc %12 = load %acc
7 = load %1 ret %12

%8 = mul %6, %7
t
9

ore %8, %acc
= load %1
210 = sub %9, 1
store %10, %1
br label %$start
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entry: G+ pc, mem — pc’,mem’

%1 = alloca
%acc = alloca
store %n, %1
store 1, %acc
br label %$start

loop:
load %1

= icmp sgt %3, 0
%4, label %then, label %else

post:

6 = load %acc $12 = load %acc
7 = load %1 ret %212
%8 = mul %6, %7
tore %8, %acc
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Vellvm Legacy: Rough Approximation

=
I ]

entry: - G+ pc, mem — pc’,mem’

%1 = alloca
%acc = alloca
store %n, %1
store 1, %acc
br label %$start

loop:

load %1
icmp sgt %3, O
4, label %then, label %else

post:

load %acc 212 = load $%acc
= load %1 ret %12

6

7

%8 = mul %6, %7
tore %8, %acc
9 = load %1
%10 = sub %9, 1
store %10, %1
br label %$start

P £ b
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G pc, mem — pc’,mem’

body:

%26 = load
%7 = load
%28 =

mul %6,
gacc

store %8,
%9 = load
%210 = sub %9, 1

store %10,
br label %start

34,

gacc

Vellvm Legacy: Rough Approximation

%1 = alloca
%acc = alloca
store %n, %1
store 1, %acc
br label %$start

loop: lV

load %1
icmp sgt %3, O
label %then, label %else

ret
$7

31

%12 = load

312

post:

gacc

P £ b

Program transformations modify G,
INnvariants must relate the pc

Lack of compositionality



Vellvm Legacy: Rough Approximation

/ ;|
& pc, mem — pc’,mem’ |
%1 — alloca o e R A R SR A N S P S A R3S , R AN AR TS
%acc = alloca
store %n, %1

store 1, %acc
br label $%$start

loop: l,

load %1
icmp sgt %3, O
%4, label %then, label %else

Program transformations modify G,
INnvariants must relate the pc

Lack of compositionality

A single relation encompasses
all aspects of the semantics

post: Lack of modularity

load %acc 212 = load $%acc
load %1 ret %12

%38, %acc
%29 = load %1
%10 = sub %9, 1
store %10, %1
br label %$start

P £ b



Vellvm Legacy: Rough Approximation

/ ;o
& pc, mem — pc’,mem’ |
%1 _ alloca e e e e e e e e P S T e s , S M DR S R VNI
%acc = alloca
store %n, %1

store 1, %acc
br label $%$start

loop: l,

load %1
%4 = icmp sgt %3, O
br %4, label %then, label %else

body: / post:

Program transformations modify G,
INnvariants must relate the pc

Lack of compositionality

A single relation encompasses
all aspects of the semantics

Lack of modularity

%6 = load %acc 312 = load %acc
$7 = load %1 ret %12
28 = mul %6, %7

The semantics does not compute,
It 1S a relation

store %8, %acc
%29 = load %1
%210 = sub %9, 1
store %10, %1
br label %$start

Lack of executabllity

P £ b



This Paper: a Redesign for Vellvm

[Xia et al. - POPL 2020]
Interaction Trees (ifrees) o

github.com/DeepSpec/InteractionTrees

[This paper]
(Re)Vellvm Vellvm

|
|
|
|
|
|
: LLVM
|
|
|
|
|
|

github.com/vellvm/vellvm
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A Tree Represents an Interactive Computation

A result
/

Potentially diverging

Silent step / r computation
b_ Read X \2@—@_—@ ............. /
3

Observable .
events R Write Y O

We consider here a computation whose
with the environment are and o a state
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Write X 1
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1tree MemoryE Nat

; 0 Write Y O
Events only specify

the type of effects

tt Write Y 1
Write X 1 Read X

generic, provided
[ by the library

. The tree Is interpreted via
interp  handle an event handler

The semantics of coecif
.. \ peC|f!c,
effects is infroduced St -> itree voidE (St * Nat) user defined

O b X-1) D (X - 1) mam) (X > 1, ) 1

Answer = 1 Y - 1}
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Events only specify
the type of effects

The semantics of
effects is infroduced

represented as l
1tree MemoryE Nat

X =
Y =
ret

1
X
X

)
)

Write X 1

interp handle &

0 Write Y O

Write Y 1

¢
o

generic, provided
[ by the library
The tree Is interpreted via
an event handler

\ specific,

St -> itree voidE (St * Nat) user definea

{ ) (X -1}

) {X — 1}

Answer = 1

8

) (X -1, )
Y = 1}
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Write down the syntax & of your language

Inventory the of your language and
write the corresponding event interface &

Use the itfree combinators fo represem‘ SZ as

non- mferprefed itrees over &

Handle é into an appropriate

Compositionality

Modularity

get an inferprefer for whole programs for free

Executabllity

As d bonus, exiract the result ’ro OCOmI ’ro T

get a definitional inferprefer



y the =/ of your language ¢
| Wn’re the correspondmg event mferfoce % |

Scaling to a Fully Fledged Language

Write down the synfax £ of your Ianguoge
Event intferface for an IR program

Use ’rhe ifree combinators to represent SZ as +'Call, +' Intrinsicsg

non-interpreted itrees over & +'Pick, +' UBy

Handle & into an appropriate

+'Debugy. +' Failurey |
get an interpreter for whole programs for free

AS A bonus, extract the result To OCaml to
get a definitional interpreter

10



' 3. Use the itree combinators to represent &£ as
| non-interpreted itrees over & |

Scaling to a Fully Fledged Language

Write down the syntax & of your language
Event intferface for an IR program

Inventory the of your language and

write the corresponding event interface &

+'Call, +' Intrinsicsy
+'Pick; +" UBy

Handle & into an appropriate
get an interpreter for whole programs for free

As a bonus, extract the result to OCaml to Compositional representation
get a definifional interpreter for [open) IR programs

. +'Debugy +' Failure, |

10



.A Hand % m’ro an Qpproprla’re monad . 4, .

Scaling to a Fully Fledged Language

Write down the syntax & of your language
Event intferface for an IR program

Inventory the of your language and
write the corresponding event interface &

Use the itree combinators to represent &£ as +'Call, +' Intrinsicsg

non- mferprefed itfrees over & +'Pick, +' UBy

' +'Debugy +' Failure, |
9 e’r an in Terpre ter for Wh ole p rograms for fre e e

‘ As Q bonus ex’rrac’r ’rhe resul’r ’ro OCOmI ’ro Compositional representation

for (open) IR programs

get a definitional interpreter

10
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VIR

structural representation

Level 0 itree VellvmE YV,
V intrinsics

ee Ey YV,

Model supports nondeterminism

. : . lobal environment
defines a set of possible behaviors. ‘1' J .
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VIR

i structural representation

Level O itree VellvmE YV,
V intrinsics

Model supports nondeterminism ee‘l'EOI
glok

defines a set of possible behaviors. (itre
— to account for undef and UB g . IOC

Executable reference interpreter
= for debugging and validation

et

L&Re| 3 statel Env, *Env (1tree Ez) (Vu

y memory model

, Mem ory model "i
bqsedon CAV'15 |

executable interpreter

statel mem * Envy * Envg (1tree E4)(Vu

l interpret undef, = 0,

Level 4

propositional model

statel mMem*Env, « Env, (1tree E4)(Vu> \.
model undef ‘L

StateTMem*EnvL*EnvG (1tree Es)(vu’ \_

statel mem *EnvL*EnvG(-i tree ES )V




VIR

i structural representation

Level O itree VellvmE YV,
V intrinsics
ee L,

J glot

(1tre

Model supports nondeterminism
defines a set of possible behaviors.
= O account for undef and UB ¢

Executable reference interpreter
= for debugging and validation

et

J loca
1 9| 3 stateT zu, vz, (itree F.) V.,
Obtain refinement proof_ e
: | Memory model .
Level statel for freel basedonCAV 1 _-,

propositional model executable interpreter

stateT MemsEm, ek, (1tree E) Vo P11 stateT yemszu,«em, (itree )V,
model undef l |9| l interpret undef, = 0;

StatETMem*EnvL*EnvG (1tree Es) Vo | StateTMem*EnvL*EnvG(-itree E5)(Vu




But How Does it Relate to LLVM IR?
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You can play with it yourself!

define 164 @factorial(ié4 %n) 1
%1 = alloca 164

& H"
%acc = alloca ib4 m /)

store 164 %n, i64*% %1

OCaml

store 164 1, 164* %acc . .
br Label ¥start — |Parser] —» | Extracted | 5 |Tiny OCamldriver| 190
S e 164, 164 %1 iINnferpreter to crawl the tree

%3 icmp sgt 164 %2, O
br 11 %3, label %then, label %end

then:

load i64, i64% %acc External calls

% =

%5 = load 164, i64x %1 '

v o hoad Loh e Debuggmg messages
store i64 %6, i64* %acc Fallure

%7 = load 164, 164*% %1
%8 = sub 164 %7, 1
store 164 %8, i64*% %1
br label %start

end:
%9 = load 164, 164* %acc
ret 164 %9

}

define 164 @main(ié4 %argc, i8%* %arcv) o
%1 = alloca 164
store 164 0, 164% %1
%2 = call i64 @factorial(ié4 5)
ret 164 %2

}

13



You can play with it yourself!

define 164 @factorial(ié4 %n) 1
%1 = alloca 164

& H‘
%acc = alloca ib4 m /)

store 164 %n, i64*% %1
store 164 1, 164% %acc

or Lebet Hstart — |Parser] —» | Extracted | 5 |Tiny OCamldriver| 190
L Load 164, 164w %1 iINnferpreter to crawl the tree

%3 icmp sgt 164 %2, O
br 11 %3, label %then, label %end

OCaml

then:

%4 = load 164, ib4* %acc External calls
%5

%6 = moL 164 %y %5 Debugging messages
store i64 %6, ib4* %acc Fallure

%7 = load 164, 164*% %1
%8 = sub 164 %7, 1

or Label wstart Realistic* (sequential) subset, happy to take feature requests!]

br label %start

end:
%9 = load 164, 164* %acc
ret 164 %9

}

define 164 @main(ié4 %argc, i8%* %arcv) o
%1 = alloca 164
store 164 0, 164% %1
%2 = call i64 @factorial(ié4 5)
ret 164 %2

}

* See the paper for the details of the features we cover
13



You can play with it yourself!

define 164 @factorial(ié4 %n) 1
%1 = alloca 164
%acc = alloca 164
store 164 %n, i64*% %1
store 164 1, 164* %acc

br abel ¥start — |Parser] —» | Extracted | 5 |Tiny OCamldriver| 190
e oad 164, 164k %1 iINnferpreter to crawl the tree

%3 = icmp sgt 164 %2, O
br 11 %3, label %then, label %end

then:
% = load 164, 164% %ace External calls
%5 = load 164, 164% %1 I
v o hoad Loh e Debuggmg Mmessages
store 164 %6, 164* %acc F(]||Ure
%7 = load 164, 164% %1 o ———

Realistic* (sequential) subset, happy o take feature requests!]

"% = Load 164, 164 Xac Tested against elang over:
ret 164 %9

! e A collection of unit tests

define 164 @main(ié4 %argc, i8%* %arcv) A1
%1 = alloca 164

Store 164 0, 164 %1 * A handful of significant programs from the HELIX project

%2 = call i64 @factorial(ié4 5)
ret 164 %2

} e Early experiments over randomly generated programs
using QuickChick

13

* See the paper for the details of the features we cover



But Why Would it Be Any Useful?
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A (weak) bisimulation over itrees

Coinductive relation ignoring finite amounts of internal steps

Get us a first (fine) notion of equivalent programs

19




Structural Equational Theory and
Compositional Reasoning

A battery of structural equational lemmas at the VIR level
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—>

cfg;

|/

cfg,

|

Structural Equational Theory and
Compositional Reasoning

A battery of structural equational lemmas at the VIR level

Reasoning about control-flow graph composition

outputs(cfg,) N inputs(cfz,) = & to & Inputs(cfg,)

[cfg; U cfg] (f, 10) = [cfgr1(f, 10)

16

‘Ve”vm
verified
LLVM
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VIR

structural representation

itree VellvmE YV,

V intrinsics

itree Ey V,
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Level O

Level |

Level 2

Level 3

Level 4

VIR

structural representation

itree VellvmE YV,

V intrinsics

itree Ey V,

J global environment

stateTew, (itree E;) V,

\l: local environment

stateT gw, «en, (1tree E,) V,

V' memory model

stateT mem«Env, «Env, (1tree Ey) V,

l propositional model

StateTMem*EnvL*EnvG (1tree E4)(Vu> \.

model undef ‘L

StateTMem*EnvL*EnvG (1tree ES)(Vu> \.

Block-Fusion (proof)

<

Block-Fusion (result)



Instruction level reasoning ‘\/euvm]
To reason about instructions, we could get back down to comparing trees
a
. (S

ﬂ:o/OX — |Oad |64, |64* O/OaCC]]]ng’[r

18



%

Instruction level reasoning ‘VCH\,mW
To reason about instructions, we could get back down to comparing trees
a
. (S

|[°/0X = |oad |64, 164~ O/oaCC]]mSTr

Instead, we reason at the level of VIR through a bafttery of Iemr%os
for each expresmon and Insfruction

|[acc]]exprg I m Ret (M (I’ (g tt))) |
read m a 164 = Iinr uv

|[%x load 164, 164" %acc]].mﬂg | m =~ Ret (m, (Maps.add x uv I, (g, tt)))

‘Representation functions can be made completely opaque

18



Two main reasoning ingredients ‘v@,uvm’

LLVM

Strong equivalences at the VIR level over:
*the syntactic structure of the language

*the conftrol flow

e the Instructions, expressions and terminators.

19




Two main reasoning ingredients ‘

Strong equivalences at the VIR level over:
*the syntactic structure of the language

*the conftrol flow

e the Instructions, expressions and terminators.

A primitive relational program logic:

e Weakening, conjunction, ... over the postcondition
e Sequential composition

19




SPIRAL/HELIX

[PUschel, et al. 2005] [Franchetti et al., 2005, 2018] [Zaliva et al., 2015 2018, 2019]
DSL for high-performance numerical computing.

% X 177 — Polloo >2;+\b (?+1> (?52+5(r,.+l/’)) ]
[ Numerical computations compiled down fo LLVM IR

_ ‘ Safety
SafeDistz : R x (R" X IR") — Zo constraint

Model

SPIRAL [ 3 e s lion [ _HELIX

I e I f o Formalized in Coq, targets Vellvm

3.1
Rd
4.1
5.1

B | el ' ® Bottom of the compilation chain proved* w.r.t. this technique]
oo B store float* %Y, float** %193, align 8 A A L

store float* %X, float** %194, align 8
Code (LLVM) %1 = load float*, float** %194, align 8
<

%2 = bitcast float* %1 to <4 x float>*

e R * Some operators are currently not proved

%3 = load <4 x float>*

HA Robot

SPRAL _,, - SPIRAL ]
f’ el | Verified Compiler |
| viaitrees/vir |

- —>| FHCOL = LIVMIR |
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Vellvm 1s Back!

————————————————————————————————— . A Coqg formal semantics for a large fragment
Inferaction Trees (itrees) \4 of LLVM IR coming with:

e certfified interpreter

github.com/DeepSpec/InteractionTrees e promising modularity

opam install cog-itree ea rich equational theory

e 0N equational style to refinement proofs

A fertile ground is laid!

(Re) Vellvm ‘

Verified analyses  Verified optimizations
github.com/vellvm/vellvm

Soon(ish) in opam! Concurrency Back-ends

——————————————————————————————————
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