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Inspiration : OOPSLA'14 slides:
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http://homepages.dcc.ufmg.br/~fernando/publications/presentations/OOPSLA14.pdf

Goal : Safety

Prove that (some) memory accesses are safe:

int main() {
int v[10];

v[0] = 0;
return v[20]; X

» Fight against bugs and overflow attacks.
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Contributions (OOPSLA'14)

» A technique to prove that (some) memory accesses are
safe :

> Less need for additional guards.
» Based on abstract interpretation.
» Precision and cost compromise.

» Implemented in LLVM-compiler infrastructure :

» Eliminate 50% of the guards inserted by AddressSanitizer
» SPEC CPU 2006 17% faster

ol

5 /47



Our key insight : Symbolic (parametric) Analyses

int main(int argc, char** a) {

char* p = malloc(argc);« =

int i = 0;

while (i < argc) {
plil = 0;  T--o
it+; T T emeee-mT T ~.

} R(i)=[0, argc -1]

return 0;

-~

» R(i) € W(p) thus p[i] is safe.

ol
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A bit on sanitizing memory accesses

Different techniques : but all have an overhead.

Ex : Address Sanitizer

» Shadow every memory allocated : 1 byte — 1 bit
(allocated or not).

» Guard every array access : check if its shadow bit is valid.
» slows down SPEC CPU 2006 by 25%

» We want to remove these guards.

ol
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Green Arrays : overview 1/2

ess
1 int main(int argc, char** argv) { Any dbdd; +
u
2 int size = argc + 1; f\'ot ; Q‘ng
e o0 bu
3 char* buf = malloc(size) hNR ! s safe!
N ’
4 unsigned index = 0; .ol —
5. scanf("%u", &index); _
6 if (index < argc) { ,” b h
-~ .7 ranch index i
7 buf[index] = 0; ~~ Index is
at least 0 and
8 } (—\af most argc-]
9 return index; D

10. }
we o no
have integer
an argc
overflows!
—
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Green Arrays : overview 2/2

Symbolic Range Analysis: --- -~ - N oddress
finds the lower and upper M If’ ] ;:2\:“ puf + 9
values that variables can . / to buf * argc
assume Lot is sofe

Symbolic Region Analysis: - =~ B !
finds the lower and upper

values that a pointer can

address

T Inside the L
branch index is

e at least ¢ and
i "~~._ at most arge-1
Integer Overflow - s N
Analysis: T \ong 85
Which arithmetic | We know that e

_ . i we do nof
operations can arge - 17 is $ nave integer

overflow? (BRSNS overflows!

ol
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A bit on LLVM

LLVM is a compiler infrastructure:

» Open source

» Various frontends (C, C++,
Fortran)

» Various code generators (x86,
Writing optimisations is easier :
» A unique IR (intermediate representation)
» C+-+ iterators (functions, blocks, ...)
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SSA form

LLVM representation :
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LLVM representation: a toy example

void simple_loop_constant () {
for (unsigned i=0; i<10; i++) {
// Do mothing
}

} block %0

block %1
[ block 74 Moo= pm o fo, %1, [, 72
%5 = add %i.0, 1 %2 = icmp ult %i.0, 10
br %1 br %2, %3, %6

o Y
Com )
et

r

ol
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Symbolic Ranges (SRA): Goal

vo=alloca(arge) | = 0_-=-"7"7"°7 > R(i[]) = [argc — 1, arge — 1]
ip=arge-1—-__|_---

va=vo+ip

*y, =0 \

JRG) =1, 1]

A

v2 = $(vo, V1) /

i2= ¢(io, il)\

=

~

ys =0 => R(i,) = [min(1, argc — 1), max(1, argc — 1)]

o~
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SRA on SSA form: a sparse analysis

» An abtract interpretation-based technique.
» Very similar to classic range analysis.
» One abstract value (R) per variable: sparsity.

» Easy to implement (simple algorithm, simple data
structure).
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SRA on SSA form: constraint system

v=e = R(v)=]v,v]

v=vi®w = R(v)=R(v)a R(vn)
v=2¢(wn,vn) = R(v)=R(vi)UR(v)
other instructions = ()

@®': abstract effect of the operation @ on two intervals.
L: convex hull of two intervals. » All these operation are
performed symbolically thanks to GiNaC 0670
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SRA on SSA form: an example

(o]

=0

!

phi(i_O,i_Q)}

randunsigned ()]

<N ?
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Improving precision of SRA : live-range splitting
1/2

io = arge - | io=arge - 1
(io < 10)? /—> (o< 10)?
vi=vo+ip va=vp+ip i1 =1iop N [~o0, 9] ’i_]:i()n[lo,"*ot)]
A -
*vi=0 *yva=10 A1 vi=vot+is i V2=Vt iz
4 ”
e *yvi=0 7 vy =10
s 7
______________ - - ’,
” /,
R(i,) = [arge — 1, max(9, argc — 1)] R(i,) = [min(10, argc — 1), arge — 1]

» e-SSA form. 0670
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Improving precision of SRA : live-range splitting

2/2

Rule for live-range splitting :

t=a<b
br (¢,¢)

=

asy= o(a)
by= o(b)

/ \

a, = o(a)
b, = o(b)

R(a,) = [R(a),, min(R(b),~ 1, R(a),)]
R(b,) = [max(R(a), + 1, R(a),), R(b);]
R(ay) = [max(R(a),, R(a),), R(a);]
R(b,) = [R(D),, min(R(a);, R(D),)]

» All simplications are done by GiNaC.
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SRA + live-range on an example

randunsigned ()

0=0
phi(i_0,i_2)
< N ?

¥

it sigma(i_1)

i2 =it + 1 R(i;) = [R(i) |, min(N — 1, R(i1) 1)]
> R(Io) — [070]

> R(i1) = [0, N]

ol
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Symbolic regions 1/2: Goal

Compute (an underapproximation of) the range of valid
accesses from base pointers:

vi=alloc(n)
wm=v+1

vi=vi+n

n

vi —>]

V2

I
\

v2

W) =1[0,n—1]
Wva)=[-1,n-2]

W(vs)=[—n,—1]

ol
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Symbolic regions 2/2: An example

vo = alloca(arge) |- - - - - - --- -~ ~mT T > W(v,) =10, arge — 1]
ip = arge - 1
vi=votip ———A----"""77" > W(vy) = W(v,) — R(iy) = [-arge + 1, 0]
*V4 =0 \
vi=alloca) ==~~~ > W(vy)=1[0,1]

‘l/ il =1
V2= tf)(Vo, Vl) - 7{

iz = ¢(io, 1)

______________ > W(v,) = [0, min(1, arge — 1)]

vi=vytip——-F=-—-coo_

> W(v3) =W(v,) -R(iy) =
*v3=0 [0, min(1, argc — 1) —max(1, arge — 1)]

ol
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Safety: result

If 0 € W(p), then xp is safe, else DK

vo = alloca(arge) _ » This access is not safe (if argc == 0):
ip=arge - 1 L - W(v,) = W(vy) - R(ip) = [-arge + 1, 0]
v4=vo+ o e -
*V4=0——“’”\
v = alloca(2)
l i] =1
va = ¢(vo, v1)
is = $(io, i1) _ > This access is not safe, because its upper
.~ bound can be negative:
Vi=vytip /’ _ Ly
. W(vy) = W(v,) —R(i,) =
*yy=0 ----|"

[0, min(1, argc — 1) — max(1, arge — 1)]

S
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Overflows 1/2

int main(int argc, char** argv) {

int index = argc + 1; index * in::"
int size = index * index; may W'
around.
char* buf = malloc(size);
return buf[index];
} Do you know

what malloc

will return?
Because we manipulate symbols,

"argc+ 1< (argc+1) * (argc + 1)"
only in the absence of integer
overflows
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Overflows 2/2

* We find every arithmetic operation that may influence
memory allocation or memory indexing.
\ A

\ \
N 1
‘ 1

int main(int argc, \char** argv) { )
int index = argc # 1; / we Ffind them
. . . ‘. ! . ogram
int size = index * ‘index; /[ via Pr
' slicing

¥
char* buf = malloc(size); ,/
4

-
-
-

return buf[index];«--

» We instrument the code to detect overflows. 0670
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Experimental setup

* Implementation: LLVM + AddressSanitizer
* Benchmarks: SPEC CPU 2006 + LLVM test suite

* Machine: Intel(R) Xeon(R) 2.00GHz,with 15,360KB of
cache and 16GB or RAM

* Baseline: Pentagons int i = 0;
unsigned j = read();
— Abstract interpretation if (...)
that combines "less-than" i=29;
and "integer ranges".t if (3 < i)

C
P(3) = (less than {i}, [0, 8])

1: Pentagons: A weakly relational abstract domain for the efficient validation of array accesses,
2010, Science of Computer Programming J
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Percentage of bound checks removed

75% The higher, the better.
Pentagons: 27%.
GreenArrays: 43%

50%

25%

0%

B Pentagon B GreenArrays
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Runtime improvement

1
0.8
0.6 -
0.4
T SN R & & & & & &> S 2
THIF T F T K F &
RO S FUSERN S
+ M Pentagons ™ GreenArrays Unsafe

The lower the bar, the faster. Time is normalized to AddressSanitizer
without bound-check elimination. Average speedup: Pentagons = 9%.
GreenArrays = 16%.

ol
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In the paper (OOPSLA'14)

A complete formalisation of all the analyses :
» Concrete and abstract semantics.
» Safety is proved.
» Interprocedural analysis.

» https://code.google.com/p/ecosoc/

Remaining question : improving precision of the symbolic
range analysis ?

ol
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Credit : M. Maalej. Accepted to CGO'16.
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Goal + Contribution

Goal:
» Optimizing languages with pointers;
» Solving pointer arithmetic, disambiguating pointers;

» Low cost analysis.

Contribution:
» Combine alias analysis with range analysis;

» Speed up;
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Motivating example

void fill_array (char* p) {
inti;
for (i=0;i <4 i++)
pli] =0
for (i=4;i<8;i++)
plil =2 xi;

p PEI PR 7
T T T 11
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Motivating example

void fill_array (char* p) {

inti;
for (i =0;i < 4; i++)
plil =0;
for (i=4;i<8;i++)
pli] =2 x i;
}
p P PEL 7
EEEE CEN
tmpy tmpr
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Range Analysis on e-SSA (recall)

p = malloc(10)

h=1iN [—OO, 3]
tmpo = p+ i
xtmpg = 0
i3 = i2 +1

—G

i = ¢(io, i3)

h <47

2

g = i1 N [4, +0]

[

/

i5 = ¢(i47 16)

/ i5 < 87
N

7 =1Ig N [—OO, 7]
tmpy = p+i7
xtmpy = 2 X Iy

io = i7 +1

ol
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Range Analysis on e-SSA (recall)

p = malloc(10)

’

/

Jdo =1 N [—OO, 3]

tmpo = p+ i
xtmpg = 0

! ,_,I.3:I.2+1

-

i = ¢(io, i3) /

h <47

[

T R(ip) = [0,0]

%” T R(R) = [0,4]

2

g = i1 N [4, +0]

/

I5

\ \

\

“ R(i3) = [0,3]

“R(i2) = [0,3]

-

= ¢(’.4a iﬁ)

i5 <87

/

i7:i5ﬂ[—oo,7]\_’ -

tmpr =p+i7
xtmpy = 2 X Iy
is=1i7+1




Pointer Range Analysis

(pyp,)
Global symbeolic range
/ analysis on pointers \ Global Test ——-"> Do not alias
Original " Glgbal syilbulic range May alias
program analysis on integers

Local symbolic range / Local Test

analysis on pointers

(May/Do not) alias

34 /47



Abstract Analysis

pi ~ loc; + [l . . .
i=jori# i
pj ~ locj + [Ij, uj]

Property (overapprox):

If (loc; = loc; and [, uj] 1 [l;, u;] = 0)
Then p; and p; do not alias Else may alias .
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Global Pointer Range Analysis

Let n be the number of program sites where memory is
allocated. We associate pointers with tuples of size n:
(SymbRanges U 1)": GR(p) = (po, ..., Pa-1)-
Notation

» GR(p) = {loc; + pi, locj + pj, ...}

Constraint System:
Jj:p= malloc (v) = GR(p)=(L,...,[0,0]...)

v=v; = GR(v)= GR(w)

g=p+tc Lifpi= L
qi =

with ¢ scalar pi + R(c) else

a=6(p"p?) > GR(@)=GRPHUGRK?) iy
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Global Pointer Range Analysis

H _ENEE CEENEN
[ 1
Po P3 P1.P2 po = malloc(3) ;
p1 = malloc(5) ;
GR (po) = loco + [0, 0] if (...) p2=p1;
GR (p) = locy + [0, 0] else po =p1 +1;
R (p2) =locs + [0, 1 () o =po+2;
R (ps) = {loco + [2, 2], locy + [3, 3]} | else ps = py + 3

ol
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Global Pointer Range Analysis

Example:

p — malloc(10) % 6R(p) = {loco + [0.0])

/i2 = il N [—0073] . ¢( . )
/ tmpg = p+ i2 lo| g _ 0,13 & i4 = il N [4, +OO]

, B h <47

) , #tmpg = 0 /
:,/ (/ 3=1i+1 . ..
| . is = ¢(ia, i)
\ | i5 < 87

. GR(tmpo) = {loco + [0, 3]}f — >

\ —R(i) = 4,7

i7:i6ﬂ[foo,7]\_‘ N

"~ R(i2) = [0, 3]

tmpy = p+ iz ]
xtmpy = 2 X iz ~-|.

io = iz + 1 GR(tmpy) = {loco + [4,7]}
0(170
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Global Pointer Range Analysis

Example:

p = malloc(10) % \\\GR(p) = {locy + [0, 0]}

dr =11 N [—OO, 3] . ..
/ tmpg = p+ i2 lo| g _ ¢(IO’ 13) & i4 = il N [4, +OO]
, i < 4?
/ / *tmpo = 0 /
:,/ lr/ 3=1i+1 . ..
X Is = ¢(I47I6)
\ is < 87
\\\ (tmpo) = {locy + [0, 3]}/ — >
" _---R(i7) = [4,7]
R(i>) = [0,3] 7 =g N [— oo7] _o-X
tmpr =p+ i7
xtmpy = 2 X f7 -~
e =17 +1




Local Pointer Range Analysis

Motivation:
ap = malloc (N) ;
if (...)
ai=ag +1;
a2 = a1,
else ap = ag ;

a3 =ax +1;

ag =ax+ 2;

[1,2]U[2,3]#0
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Local Pointer Range Analysis

Motivation:
ap = malloc (N) ;
if (...)
a; =ap +1;
a2 = a1,
else ap = ag ;
{loc1+]0, 0]}
a3 =ax +1;
{loc1+(1, 1]}
ag =a+2;
{loc1+[2, 2]}

[1,2]U[2,3]#0

~» LR (az) =
~ LR (33) =

~ LR (34) =
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Local Pointer Range Analysis

Constraint System:

p= malloc (V) LR(P) — NewLOCS() + [0; 0]

with v scalar

Jq=¢(p1, p2)

LR(q) = loc; +[0,0
with locj = NewlLocs() (q) = locj +[0,0]
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Experimental setup

» Implementation : LLVM 3.5

» Benchmarks : LLVM test suite + Micro benchmarks +
PtrDist + Prolangs + MallocBench

» Machine : Intel i7-4770K, 8GB of memory Ubuntu
14.04.2
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Experimental results

#Queries | scev | basic | rbaa | rbaa + basic
Total % | 7,243,418 | 2.8 | 17.8 | 16.9 22.1
» #Queries : number of pair of pointers.

» scev : scalar evolution based alias-analysis.

v

» rbaa:

range based alias analysis.

basic : -O3 LLVM analysis (global + local pointers).

Answering queries: number of pairs that do not alias.

ol
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Experimental results

1.E+05
1.E+04
1.E+03

1.E+02

1.E+01
0 5 10 15 20 25 30 35 40 45 50

X #Instructions O #Pointers A Runtime (ms) OL
170
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Conclusion

This analysis scales well!
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Plan

Static Single Information form (SSI)
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Credit : F. Peirera and Fabrice Rastello. (Acaces 2015)
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Goal + Contribution

Goal:
» Static Analyses that scale.

» Static but precise.

Contribution:
» A generic framework.

» A general way to solve the problem.
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m Data-flow analysis: discover facts (information) that are true about a
program. Bind to Variables x PogramPoints.

m Static Single Information (SSI) property: IR such that information of
a variable invariant along its whole live-range

m ¢-functions split live-ranges where reaching definitions collide: SSA
fulfills SSI property for constant analysis. Not for class inference
(backward from uses).

m Extended SSA: SSI property for forward analysis flowing from
definitions and conditional tests.

m SSU: SSI property for backward analysis flowing from uses

7 enisgoms Universii te TP
&;n/a/- Joseph Fourier

Can we generalize? |

F. Rastello (Inria - LIG) ACACES'15 65 / 85
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Sparse Analysis

Non-relational (dense) analysis: bind information to pairs Variables X
ProgPoints

. prog. point | [] [s]
1=0; 0T T
s=0 10,0 | T
while (Z < 100) 9 [O, ] [070}
i=itl 31[0,100] | [0, +oo]
§=5+1 4| [100,100] | [0, +00]
ret 5| [0,99] [0, +-o0]
6| [0,100] | [0, +oc]
7110,100] | [0, +o0]

nnnnnnn

&7%/27",_ Joseph Eourier

F. Rastello (Inria - LIG) ACACES'15 66 / 85



Range Analysis: [v]P intervals of possible values variable v might assume at
program point p

. prog. point | [] [s]
1=0; 0T T
s=0 10,0 | T
while (Z < 100) 9 [O, ] [070}
i=itl 31[0,100] | [0, +oo]
§=5+1 4| [100,100] | [0, +00]
ret 5| [0,99] [0, +-o0]
6| [0,100] | [0, +oc]
7110,100] | [0, +o0]

nnnnnnn

&7%/27",_ Joseph Eourier

F. Rastello (Inria - LIG) ACACES'15 66 / 85



Redundancies: e.g. [i]' = [i]*; because identity transfer function for [i]
from 1 to 2.

. prog. point | [] [s]
1=0; 0T T
s=0 10,0 | T
while (Z < 100) 9 [O, ] [070}
i=itl 31[0,100] | [0, +oo]
§=5+1 4| [100,100] | [0, +00]
ret 5| [0,99] [0, +-o0]
6| [0,100] | [0, +oc]
7110,100] | [0, +o0]

nnnnnnn

&7%/27",_ Joseph Eourier

F. Rastello (Inria - LIG) ACACES'15 66 / 85



Sparse data-flow analysis: shortcut identity transfer functions by grouping
contiguous program points bound to identities into larger regions

. prog. point | [] [s]
1=0; 0T T
s=0 10,0 | T
while (Z < 100) 9 [O, ] [070}
i=tt; 3[0,100] | [0, +-00]
§=5+1 4 { [100,100] | [0, 00|
ret 5| [0,99] [0, 400
6| [0,100] | [0, +oc]
7110,100] | [0, +o0]

nnnnnnn

&7%/27",_ Joseph Eourier

F. Rastello (Inria - LIG) ACACES'15 66 / 85



Sparse data-flow analysis: replace all [v]P by [v] (Vv, p € live(v)); propagate
along def-use chains.

. prog. point | [] [s]
1=0; 0T T
s=0 10,0 | T
while (Z < 100) 9 [O, ] [070}
i=itl 31[0,100] | [0, +oo]
§=5+1 4| [100,100] | [0, +00]
ret 5| [0,99] [0, +-o0]
6| [0,100] | [0, +oc]
7110,100] | [0, +o0]

nnnnnnn

&7%/27",_ Joseph Eourier

F. Rastello (Inria - LIG) ACACES'15 66 / 85
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Partitioned Lattice pef \ariable Problems

Partitioned Lattice per Variable (PLV) Problem

m program variables: v;; program points: p; lattice: £

m abstract state associated to prog. point p: aP

m transfer function associated with s € preds(p): F*P

m constraint system: aP = 2P A F*P(2®) (or eq. zP T F5P(z%))
The corresponding Max. Fixed Point (MFP) problem is a PLV problem iff
L =Ly x---xL,, where each L,, is the lattice associated with v; i.e.
2% = ([t1]®, ..., [vn]®). Thus F$P = EJP x ... x F,’? and
[P = []P A 5P ([v1]5, .. ., [vn]®).

" s Universi te o
&9 “Z{€%— Joseph Fourier

F. Rastello (Inria - LIG) ACACES'15 67 / 85



Partitioned Lattice pef Variable Data-Flow Problem

68 / 85
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Partitioned Lattice pef Variable Data-Flow Problem

68 / 85
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Partitioned Lattice pef \ariable Data-Flow
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The Static Singlé Ihﬁt)‘rmat‘ioh\,al?roperty

-

SSlfy (forward)

Modify the code (split live-ranges) without modifying its semantic s.t.
fullfils SSI property

(i2 < 100)?

(i3,14)= 0 (i2)

Université

(2576 0seph Fourier I

F. Rastello (Inria - LIG) ACACES'15 69 / 85




® »

The Static Singlé Ihﬁt)‘rm@t‘ioh\,al?roperty

-_— .

SPLIT

if s unique pred. of p € live(v) and such that F,’Y # \z.T is non-trivial,
then s should contain a definition of v

(i < 100)2
(i3,14) = 0 (i2)

7 emisgoes Université p |
67"’0/— Joseph Fourier

F. Rastello (Inria - LIG) ACACES'15 69 / 85
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The Static Singlé Ihﬁt)‘rm@t‘ioh\,al?roperty

SPLIT

if s and ¢ two preds of p such that Fy?(Y) # FiP(Y) (Y a MFP solution),
then there must be a ¢-function at entry of p

(i < 100)2
(i3,14) = 0 (i2)

7 emisgoes Université p |
67"’0/— Joseph Fourier

F. Rastello (Inria - LIG) ACACES'15 69 / 85



»

B A
» »

The Static Singlé Ihﬁt)‘rmat‘ioh\,al?roperty

-

INFO

if B3P £ AT,
then v € live(p)

i =iy, is)

(i < 100)2
(i3,14) = 0(i2)

" oo Université p |
(25725 s0seph Fourier

F. Rastello (Inria - LIG) ACACES'15 69 / 85



® »

The Static Singlé Ihﬁt)‘rm@t‘ioh\,al?roperty

-

VERSION

for each variable v, live(v) is a connected component of the CFG.

(ia < 100)?
(i3,14) = 0 (i2)
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67"’0/— Joseph Fourier
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The Static Singlé Ihﬁt)‘rmat‘ioh\,al?roperty

LINK

if £/t depends on some [u]?,
then inst should contain an use of w live-in at inst.

i2=¢(iy,is)

(iz < 100)?
(i3,14) = 0 (i2)

" oo Université p |
(25725 s0seph Fourier
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, o LA -
Special instructions used, to Split live ranges

Interior nodes (unique predecessor, unique successor)

inst | vi=v} || ... || vm =0,

| v1 < new OX()

| (i%2)?
(v2,v7) =0 (11)

I3:{tmpe—i+1 Is [ v3 —new OY])
Ly ve.mi() || v =1, lo:\vs.-ma() || vs—vs3

Vs — P(va, Us5)
I7:| vs.ma()
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, o LA -
Special instructions used, to Split live ranges

joins (multiple predecessors, one successor)

¢-functions

| v —new OX()

| (i%2)?
(v2,v7) — o(v1)

I3:ftmpe—i+1 Is [ v3 —new OY])
liz{vo.mi() |l vA—v2 ls:(vs.ma() || vs — w3
U6<—¢(V4y1}5)
l72 Us.l’?lg()
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| v —new OX()

| (i%2)?
(v2,v7) — o(v1)

I3:ftmpe—i+1 Is [ v3 —new OY])
Ly v2.m() || v4 =12 s\ v3.-ma() || vs 3
U6<—¢(V4YU5]

17| ve.ms3() L2575 1o baurier

F. Rastello (Inria - LIG) ACACES'15 70 / 85
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Propagating Infor-ma'-t"ibh\Epr\Dgrdly and Backwardly

Dense constrained system

[P = [P A P ([1]?, .- ., [vn]®)

Sparse SSI constrained system

[v] = [v] A Gi(la],...,[z]) where a, ...,z are used (resp. defined) at i

Proof

m coalesce all [v]P such that v € live(p) into [v];
replace all [v]P such that v & live(p) by T

m for each instruction inst with uses a ...z, let
G%([GL cooyg [2]) = Fé([vl]a ceey [Uﬂ])
m remove redundancies Lo W Eouriar P

F. Rastello (Inria - LIG) ACACES'15 71/ 85
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Propagating Infor-ma'-t"i:oh‘Epr\‘\)ardly and Backwardly

Backward propagation engine under SSI
1 function back_propagate(transfer_functions G)
9 worklist = ()
3 foreach ve vars: [v] =T
4 foreach i € insts: worklist += i
5 while worklist # ():
6 let ¢ € worklist; worklist —= i
7 foreach v € i.uses():
8 [Vlnew = [v] A G ([i.defs()])
9 it [v] # [V]new:
10 worklist += v.defs()
11 [U] = [U}new

F. Rastello (Inria - LIG) ACACES'15 72/ 85
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Examples of sparse data-flowhanalyses

Range analysis (forward from defs &
i‘lzg conds)
[22] U=[0,0] 0
ir=P(i1,i4) [31] U= [070] 1)
Rt o] U= [l UG |0
(L,is)= o(i2) [s2] U= [s1] U [s3] 0
[ia] U= ([i2] N]—00,99]) |
[ia] U= ([i3] +1) 0
[s3] U= ([s2] + [i4]) 0
(2572 1050h Fourier
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Examples of sparse data-flowhanalyses

Range analysis (forward from defs &
i‘lzg conds)
[i1] U= [0, 0] 0
ir=P(i1,i4) [31] U= [070] 0
Rt o] U= [l Uf |0
(L,i3)=0(i2) [82] U= [81] U [83] 0
[i] U= ([i2] N]—00,99]) | O
[ia] U= ([i3] +1) 0
[s3] U= ([s2] + [i4]) 0
(2525 sosenh bourier

F. Rastello (Inria - LIG) ACACES'15 73/ 85
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Examples of sparse data-flowhanalyses

Range analysis (forward from defs &
i‘lzg conds)

[ir] U= [0,0] 0,0
iz =¢@(i1,i4) [81] [ ] 0
n=gs i2] U= r] U i 0
(L,is)= o(i2) [s2] U= [s1] U [s3] 0

[i] U= ([iz] N]—00,99]) | 0

[ta] U= ([t3] +1) 0

[s3] U= ([s2] + [1a]) 0

" oo Université p |
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Examples of sparse data-flowhanalyses

Range analysis (forward from defs &
i‘lzg conds)

[22] U= [0, 0] [0,0]
iz =@(ir,i4) [s1] U= [0,0] 0
n=gs i2] U= r] U i 0
(L,is)= o(i2) [s2] U= [s1] U [s3] 0

[i] U= ([iz] N]—00,99]) | 0

[ta] U= ([t3] +1) 0

[s3] U= ([s2] + [1a]) 0

" oo Université p |
(25725 s0seph Fourier

F. Rastello (Inria - LIG) ACACES'15 73/ 85
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Examples of spafse déta—{lpv\)x;nalyses

Range analysis (forward from defs &
i‘lzg conds)

[ia] U= [0, [0,0]
iz = 9(i1, 1) [s1] U= 0, ] [0,0]
n=gs i2] U= r] U i 0
(L,is)= o(i2) [s2] U= [s1] U [s3] 0

[i] U= ([iz] N]—00,99]) | 0

[ta] U= ([t3] +1) 0

[s3] U= ([s2] + [1a]) 0

YA i

ACACES'15 73/ 85
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Examples of sparse data-flowhanalyses

i‘lzg conds)
[Zl] U= [Oa 0] [07 0]
ir= (i1, ia) [s1] U= [0,0] [0,0]
e i U= [l UG |0
(L is)= (i2) [s2] U= [s1] U [s3] 0
[i5] U= ([i2] N ]—00,99]) | 0
[i4] U= ([is] + 1) 0
[s3] U= ([s2] + [i4]) 0
YA i

F. Rastello (Inria - LIG) ACACES'15 73/ 85
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Examples of sparse data-flowhanalyses

Range analysis (forward from defs &
i‘lzg conds)

[i2] U= [0, 0] [0,0]
2= (i1, i4) [Sl] [ ] [070]
a0 [i2] U= [i2] U [ia] 0,0
(L,is)= o(i2) [s2] U= [s1] U [s3] 0

[ia] U= ([i2] N]—00,99]) | 0

[i4] U= ([is] + 1) 0

[s3] U= ([s2] + [1a]) 0

P o .
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Examples of sparse data-flowhanalyses

Range analysis (forward from defs &
i‘lzg conds)

[il] U= [0’ O] [07 0]
i2= (i1, 1a) [s1] U= [0, 0] [0,0]
=floo o U= ] Ul | [0,100]
(L,i3)=0(i2) [32] U= [81] U [83] [0, —|—OO[

[i3] U= ([i2] N]—00,99]) | [0,99]

ia] U= (Jia] + 1) [1,100]

[s3] U= ([s2] + [1a]) [1,+o0]

YA i

F. Rastello (Inria - LIG) ACACES'15 73/ 85
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Examples of sparse data-flowhanalyses

Class inference (backward from uses)
{ v —new OX)) prog. point | [v]
(i%2)2 1 {m1,ms}
2 {m1, ms}
2 5 3 {m1,m3}
I3:{ tmpe—i+1 Is:[ v—new OY() ‘ 4 {m:;}
3: 6:
ly:| v.m() Is s v.my() D T
w78 6 {ma, ms}
(oma ) T | ()

" oo Universit te TP
(25725 s0seph Fourier
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Examples of sparse data-flowhanalyses

I :[ vy —new 0OX() [U?] T
I (i%2)2 [ve] U= {m3} {ms}
(v2,v7) — o (1) [’U5] U= [’Uﬁ] {mg}
I3:ftmpe—i+1 Is{ v; —new OY() [U4] o= [UG] {m3}
3 :(tmp s s [va] U= ({m1} A [v4]) | {m1,m3}
Lislvem() |l va—vy | s wsms) Il vs— vy [vs] U= ({ma} A [v4]) | {ma, ms}
\ [’l}l] U= [7)2] {mlamS}
o g [v1] U= [v7] {m1,ms}
Lorsrirs et e P
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Examples of spafse déta—{lpv\)",analyses

L)l v«foo()

Null pointer (forward from defs & uses)

7 enisgoms Universii te TP
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Examples of sparse data-flowhanalyses

vy — foo()

Null pointer (forward from defs & uses)

Lyfvi.m() || vae—
L vam) || vs o3 [v1] A=0 0
[va] A=H H
vy — @(vs, 1) [7)3] A= EE ]8[
Iy :\va.m() [’1)4] A= ([’Ug] AN [Ul]) 0
Gt Wit P
ACACES'15 76 /85
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Splitting strategy-

Live range splitting strategy P, = I+ U I}

I): set of points ¢ with forward direction
I;: set of points ¢ with backward direction

function SSlfy(var v, Splitting_Strategy P,)
split(v, Py)
rename(v)
clean(v)

[ I
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Splitting strategy-
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Splitting strategy-

2 5
I3:{ tmpe—i+1 I5:| v —new OY()
3: 6:
Iy:| v.my() ls:| v.ma()
4\ 7/
I7:\ vs.m3()

F. Rastello (Inria - LIG)
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Splitting strategy-

Null pointer: PU = {lhlg, Zg, lq}i

L wv.m()
I3: v.m()

" g Université p |
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Splitting strategy-

Client Splitting strategy P

Alias analysis, reaching definitions Defs),

cond. constant propagation

Partial Redundancy Elimination Defs | J LastUses;
ABCD, taint analysis, Defs, |J Out(Conds),
range analysis

Stephenson’s bitwidth analysis Defs, | Out(Conds), | Uses;

Mahlke's bitwidth analysis Defs | Uses;
An'’s type inference, Class inference Uses;
Hochstadt's type inference Usest |J Out(Conds),
Null-pointer analysis Defsy | Uses, Lo s, B

F. Rastello (Inria - LIG) ACACES'15 81/ 85
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Splitting live ranges -

m Split live range of v at each p € P,

m Split live range where the information collide (join set 7(I}) and split
set S(I4))

m lterated dominance frontier DFT(S) = J(S U {r}) can be computed
efficiently (as opposed to J(.5))

m Iterated post dominance frontier pDF*(S) = J(S U {r}) for the
reverse CFG

function split(var v, Splitting_Strategy P, = I, U I;)

[I, UIn(DF*(1}))]

7
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Splitting live ranges -

m Split live range of v at each p € P,

m Split live range where the information collide (join set 7(I}) and split
set S(I4))

m lterated dominance frontier DFT(S) = J(S U {r}) can be computed
efficiently (as opposed to J(.5))

m Iterated post dominance frontier pDF*(S) = J(S U {r}) for the
reverse CFG

function split(var v, Splitting_Strategy P, = I, U I;)

[Z, UIn(DF*(1}))] U [I; U Out(pDF " (1))]

7
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Splitting live ranges -

m Split live range of v at each p € P,

m Split live range where the information collide (join set 7(I}) and split
set S(I4))

m Iterated dominance frontier DFT(S) = J(S U {r}) can be computed
efficiently (as opposed to J(.5))

m Iterated post dominance frontier pDF*(S) = J(S U {r}) for the
reverse CFG

function split(var v, Splitting_Strategy P, = I, U I;)

P, UIn [DF*(I, U [I; U Out(pDF ™ (I;))])]
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function rename(var v)

m traverses the CFG along topological order

B give a unique version to each definition of v

m stack the versions that dominates the current program point
[

rename each use of v with the version of immediately dominating
definition

" g Université p |
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Dead and Undefined Code, Elimination

clean(var v)
m actual instructions: instructions originally in the code
m SSA graph: nodes are instructions; edges are def-use chains
m active instructions: instructions connected to an actual instruction
[

simple traversal of the SSA graph from actual instructions that mark
active ones

® remove non-active instructions (inserted phi and sigma functions)

" g Université p |
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Implementation Details -

-

)

Implementing o-functions SSI destruction

v, —new OX()
(i%2)?

v —new OX()

(i%2)?

vz — ¢ (v1) v7 — (1) tmpe—i+1 v3 —new OY()
tmp — i+ 1 v3 —new OY() vi.mi () v3.m;()
V2. () || v =02 vs.ma() || vs — w3

N N/

Ve < ¢ (va, Us) U6 — @ (v1,v3)
vs.m3() v6.1m3()

" g Université p |
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