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[0 Motivation — an overview of the sfatus quo

O Translating the static single assignment (SSA) form info the
administrative normal form (ANF) of lambda calculus

O Applying the technique to the sparse conditional constant
propagation (SCC) algorithm

THE PLAN



0 We need a verified optimizing compiler
0 Optimization algorithms are:
x complex
x inadequately specified
O People fried and failed in tThe past (IBM Vienna project)
[0 Functional programmers eat and breathe formal methods!

MOTIVATION



THE APPROACH
O Fix the problem, not the tools:

If compilers are hard o verify,
change them to make it easier!

[0 Fix data structures before fixing algorithmes:

In every FORTRAN program hides
a functional program
frying fo break free!

THE APPROACH



0 Formalize the correspondance between the Stafic Single
Assignment form and a direct-style lambda calculus

0 Redefine Wegman-Zadeck's Sparse Conditional Constant
Propagation using our infermediate representation

0 Formally establish soundness of the new algorithm

Also:

Formal operational semantics for the SSA form.

A new flexible data-flow framework.

Solves the multiple-¢ problem of the SSA form (Robert Morgan.)

Received very enthusiastic response from both imperative and
functional compiler communities.

O O O O

CONTRIBUTIONS



Start with the Static Single Assignment (SSA) Form

e Appel showed informally that SSA is in fact a variant of
lambda calculus

e Kelsey demonstrated correspondence between SSA and the
confinuation-passing style (CPS) of lambda calculus

e However, Flanagan et al. showed that CPS is bad for data
flow analysis.

Design an algorithm for translating SSA programs to the
Administrative Normal Form (ANF) of lambda calculus.

Use the correspondence infroduced by the franslation function
tfo implement some fraditional data-flow algorithms on ANFE

Use formal semantics of ANF to prove properties about those
algorithm.

THE PLAN



x < input summary:
r<«1 ,
e Low-level representation
\ e INnformal semantics

ip e 7 — | . e Emphasis on confrol flow

| yes

return r

CONTROL FLOW GRAPHS



CONTROL FLOW GRAPHS

x < input summary:
r<«1 ,
e Low-level representation
\ e INnformal semantics
r—Tr*x ,
o — 7 . e Emphasis on confrol flow
\ However, many (most?)
optimizations require dafa flow
r =07 information:
I e Expensive o compute
yes
e Reusable
return r

CONTROL FLOW GRAPHS

6-A



CONTROL FLOW GRAPHS & DATAFLOW INFORMATION

T «— Input
r 1
Summary:
e Def-Use chains: defs refer to uses

and uses refer to defs

no

e Analyses need a dense mapping
of variables to abstract values

x Expensive to represent
and update!

return r

CONTROL FLOW GRAPHS & DATAFLOW INFORMATION



To < Input
rog < 1

l

L1 < ¢($07$2)
ry < (b(roﬂb)

Qverview:

e Each variable has exactly one
defining occurence

To <= T1 * T o o Values from different control flows
T2 21 —1 merged via ¢ functions
l e ¢ functions placed by

computing the dominaftor free
of the procedure

l yes

return 7o

STATIC SINGLE ASSIGNMENT FORM



STATIC SINGLE ASSIGNMENT FORM — DETAILS

Syntax:

p == proc z(z) {b} p | e
e procedures

STATIC SINGLE ASSIGNMENT FORM — DETAILS



STATIC SINGLE ASSIGNMENT FORM — DETAILS

Syntax:
p == proc z(z) {b} p | e
b :=e | b ze | e procedures
bi; x {b2} e basic blocks

STATIC SINGLE ASSIGNMENT FORM — DETAILS

Q-A



STATIC SINGLE ASSIGNMENT FORM — DETAILS

Syntax:

p == proc z(z) {b} p | e
e procedures

b :=e | b ze |
b, w: {b2} e basic blocks
€ i= <<V, e
e COPY

STATIC SINGLE ASSIGNMENT FORM — DETAILS

Q-B



STATIC SINGLE ASSIGNMENT FORM — DETAILS

Syntax:
p == proc z(z) {b} p | e
b :=e | b ze | e procedures
bi; @i {ba} e basic blocks
e = T+ v, e |
r — v(v); e * COPY
e Calls

STATIC SINGLE ASSIGNMENT FORM — DETAILS

9-C



STATIC SINGLE ASSIGNMENT FORM — DETAILS

Syntax:

p == proc z(z) {b} p | e
bu=¢c | b xie | e procedures

by; @ {ba} o basic blocks
e = T+ v, e |

r«—v(v); e | * COPY

goto z; e calls

e JUMPS

STATIC SINGLE ASSIGNMENT FORM — DETAILS
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STATIC SINGLE ASSIGNMENT FORM — DETAILS

Syntax:
p == proc z(z) {b} p | e
b :=e | b ze | e procedures
b1yt {b2} e basic blocks
e = T+ v, e |
T« v(?); e | e COPY
goto z; | e calls
ret v; | ret v(9); .
e juMpS
e refurns

STATIC SINGLE ASSIGNMENT FORM — DETAILS

Q-E



STATIC SINGLE ASSIGNMENT FORM — DETAILS

Syntax:
p == proc z(z) {b} p | e
bu=¢c | b xie | e procedures
bi; i b2} e basic blocks
e = X<+ UV, e |
T« v(?); e | e COPY
goto z; | e calls
ret v; | ret v(v); | :
: e JUMPS
if vthen e; else es
e returns
e branches

STATIC SINGLE ASSIGNMENT FORM — DETAILS

9-F



p == proc z(x) {b} p | e
b :=e | b ze |

bi: x: {bg}
e = x v, e |

x —v(v); e |
goto z; |
ret v; | ret o(v); |
If vthen e; else ey |
T — ¢(g); e

g == liv

[ == x | start

Syntax:

procedures
basic blocks
copy

calls

jumps
returns
branches

phi nodes

STATIC SINGLE ASSIGNMENT FORM — DETAILS

Q-G



STRUCTURED SSA FORM

proc fac(x) {
goto L ;
Li: {
ro «— o(start:1, L 1:r 1)
Xo « o¢(start:x, L 1:X 1)
If X o then goto L ; else ret r
Lot 1 1 «— mul(r o, X o)
X1 « sub(x o, 1)
goto L ;

0

STRUCTURED SSA FORM

10



To < Input
rog < 1

l

L1 < ¢(3707332)

"“1<—¢(7“0,"“2)
To < T1 %X

$2<—$1—1

l yes

return 7o

Evaluation |
v Sparse representation

v Split variables improve
the accuracy of analyses

_ v Significantly reduces complexity

of optimizations, such as:
e Cconstant propagation
e partfial redundancy elimination

e Value numbering

STATIC SINGLE ASSIGNMENT FORM
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STATIC SINGLE ASSIGNMENT FORM

ZTo < lnput Evaluation II:
rog < 1
| x Still no scoping
71 — ¢(x0, T2) x Still only informal semantics
r1 < ¢(ro,T2) x Difficult to add a type system:
ro <—T1*T1 no

513‘2<—£IZ‘1—1

l yes

return 7o

STATIC SINGLE ASSIGNMENT FORM 12



T < input Evaluation II:

rog < 1
| x Still no scoping
21 — ¢(x0, T2) x Still only informal semantics
r1 < ¢(ro,r2) x Difficult to add a type system:
ro <—T1*T1 no
Xo — x1 — 1 e ¢ parameters out of context
l e ANalysis requires A
large environment
vz = 07 vz However, there are improved
l » versions, such as Gated SSA
return 7o

STATIC SINGLE ASSIGNMENT FORM 12-A



ADMINISTRATIVE NORMAL FORM

Restricted direct-style lambbda calculus:
[0 nonestedlet s
0 no nested function applications
0 no anonymous lambda expressions

ADMINISTRATIVE NORMAL FORM
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ADMINISTRATIVE NORMAL FORM

Syntax:

ADMINISTRATIVE NORMAL FORM
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ADMINISTRATIVE NORMAL FORM

Syntax:

e n=let z=vin e ° Copy

ADMINISTRATIVE NORMAL FORM 14-A



ADMINISTRATIVE NORMAL FORM

Syntax:

e n=let z=vin e | ° Copy
let x=wv(v)in e
e Calls

ADMINISTRATIVE NORMAL FORM 14-B



ADMINISTRATIVE NORMAL FORM

Syntax:
e = let z=vin e | ° Copy
let x=v®)In e |
e Calls
(V)
e retfurns

ADMINISTRATIVE NORMAL FORM 14-C



ADMINISTRATIVE NORMAL FORM

Syntax:
e = let z=wvin e | ° Copy
let x=v®)In e |
e Calls
v
v(D) e returns
e JUMPS

ADMINISTRATIVE NORMAL FORM

14-D



ADMINISTRATIVE NORMAL FORM

Syntax:
e n=let z=vin e | ° Copy

let x=v®)In e |

e Calls
v |
v(v) | e returns
if vthen e else es .

e JUMPS

e branches

ADMINISTRATIVE NORMAL FORM 14-



ADMINISTRATIVE NORMAL FORM

if ovthen e; else e-
letrec  fin e

f = x(x)=e

Syntax:

COopy
calls

returns
jumps
branches

code labels

ADMINISTRATIVE NORMAL FORM

14-F



ADMINISTRATIVE NORMAL FORM — EXAMPLE

letrec fac(x) =
letrec fac’(x 0, I o) =
letrec fac”() =
let r 1 = mul(r o, X o)
let x 1 = sub(x o, 1)
in fac’(r 1, X 1)

if x o fac”() else r 0

fac’(x, 1)
In

ADMINISTRATIVE NORMAL FORM — EXAMPLE

15



If ovthen e; else es
letrec  fin e

f o= z(T) =e¢

Evaluation:
v Natural scoping

v Clean operational
semantics

v Easily type-checked

z Yet still close
tfo assembly language!

ADMINISTRATIVE NORMAL FORM
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ADMINISTRATIVE NORMAL FORM

SO where do | get some?

ADMINISTRATIVE NORMAL FORM
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ADMINISTRATIVE NORMAL FORM

SO where do | get some?

Translate an SSA program!

0 Semi-formal correspondence beftween programs in SSA form
and CPS (Kelsey, 1995)

[0 Semi-formal translation from SSA form intfo lambda calculus
(Appel, 1998)

[0 We present a formal translation from SSA form to ANF
(based on dominator frees)

ADMINISTRATIVE NORMAL FORM
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TRANSLATING STRUCTURED SSA 1O ANF

proc fac(x) { letrec fac(x) =

} In

TRANSLATING STRUCTURED SSA 1O ANF

18



TRANSLATING STRUCTURED SSA 1O ANF

proc fac(x) {

Ll:{

letrec fac(x) =
letrec fac’(
letrec fac”() =

N

TRANSLATING STRUCTURED SSA 1O ANF

18-A



TRANSLATING STRUCTURED SSA 1O ANF

proc fac(x) { letrec fac(x) =

letrec fac’( ) =

Ly letrec fac”() =
let r 1 = mul(r o, X o)
let X 1 = sub(x o, 1)
if X o else ret r in
Lotry «— mul(r o, X o) In
X1 <« Sub(x o, 1) if X o else r o
In
}
} in

TRANSLATING STRUCTURED SSA 1O ANF 18-B



TRANSLATING STRUCTURED SSA 1O ANF

proc fac(x) { letrec fac(x) =
goto L 1 letrec fac'( ) =
L] letrec fac’() =

let r 1 = mul(r o, X o)
let Xx 1 = sub(x o, 1)

If X o goto L ; else ret r in fac’( )
Loiry < mul(r o, X o) n
X1 < sub(x o, 1) if x o fac”() else r o
goto L ; n
) fac’( )
} in

TRANSLATING STRUCTURED SSA 1O ANF 18-C



TRANSLATING STRUCTURED SSA 1O ANF

proc fac(x) { letrec fac(x) =
goto L letrec fac’( Xo, I o) =
Li:{ letrec fac”() =
ro «— ¢ ) let r 1 = mul(r o, X o)
Xo — &( ) let X 1 = sub(x o, 1)
if X o goto L ; else ret r | in fac'( )
Lot r1 «— mulr o, X o) in
X1 «— sub(x o, 1) if x o fac”() else r
goto L in
} fac’( )
} in

TRANSLATING STRUCTURED SSA 1O ANF 18-D



TRANSLATING STRUCTURED SSA 1O ANF

proc fac(x) { letrec fac(x) =
goto L letrec fac’( Xo, I o) =
Li:{ letrec fac”() =
ro « ¢(startt1, L  1ir 1) let r 1 = mul(r o, X o)
Xo < o¢(start:x, L 11X 1) let X 1 = sub(x o, 1)
If X o goto L | else ret r in fac’( ri, X 1)
Lot r1 «— mulr o, X o) in
X1 «— sub(x o, 1) if x o fac”() else r
goto L in
} fac’'( x, 1)
} in

TRANSLATING STRUCTURED SSA 1O ANF 18-E



0 A way of tricking hackers info writing functional programs
O A way of thinking about functional programs as SSA programs

e applying SSA algorithms to functional programs
O A way of thinking about SSA programs as functional programs

e applying formal techniques to SSA programs

S0, let’s have a look at a concrete algorithm. . .

WHAT HAVE WE GAINED?

19



SPARSE CONDITIONAL CONSTANT PROPAGATION

proc seven(x) {
goto L ;
Li:X o « o(start:1, L 1:X 1)
X1 « sub(x o, 1) proc seven(x) {
if x 1 then N ret 7
goto L }
else

ret 7

The original SSA algorithm (Wegman & Zadeck, 1991)
rather informally presented. ..

SPARSE CONDITIONAL CONSTANT PROPAGATION

20



192 . WL N Wegman and F. K. Zadeck
1e=1

af asl Fig. 8. A conditionnl constant definktoe.
twn ] 1
alaa ]+ 3

Many optimizing compilers repeatedly execute constant propagation and
unreachable cole climination since each provides information that improves
the ether. CC solves this problem in an clegant way by combining the two
optimizations. Additionally, the algorithm gets better resulis than are possi-
hle by repented applications of the ssparate algorithms, as deseribed in
Section 5.1,

3.4 Sparas Conditional Gonstant

We wish to derive & version of CC that also improves runnkng time, just as
S50 was derived from 5C to improve running time. In order o do this, we
must wtilize some of the specinl properties of the 554 graph. We eall thea
algorithim Sparse Conditiene! Consdant or SOC.

When the 554 graph was constructed, ¢-functions were inserted at some
Join nodes. The meaning of a ¢-function is that if control reaches the node in
the program flow graph along its ith in-edge, the result of the $funciion i=
thie value of its ith eperand

Im the S3C algorithm, when the meet rule was applied to 8 gfunckion, the
meet pperator was applied to all of the epecands of the ¢function. In the SCC
algorithm, the meet operatar 18 applied only to those operanda of the d-fune-
tion that correspond to the program flow graph edges mierked executable.
Those that are not executable effectively have the valee of 1.

Thiz algorithm wses two worklista: Flow WerkLas? 12 a worklist of program
flow graph ediges and 554 WorkList e o worklist of 854 edges,

SCC works as follows:

{1} Initialize the FlowWorkList to contain the edges exiting the start. node of
the program. The SSAWarkList ls initlally empty.

Each program flow graph edge has sn associated flag, the Execuwtable-
P!'ng, that contrals the evaluation of é-functions in the destination node
of that edge. Thie flag iz initially fal=e for all edges.

Ench LatticeCell is initially 7.

2y Halt execution when both worklists become empty. Execution may pro-
ceed by progeeeing itemes from either worklist.

(3 I the ibem is a program flow graph edge from the FlowWazkList, then
examine the ExecutableFlag of that edge. If the ExceutableFlag is trus
da nuthi.ng: othErwise:

{a} Mark the ExecatableFlag of the edge as troe.

(b} Perform Visit-s for all of the ¢ functions at the destination node.

(&) W only onc of the ExecutableFlags associated with the incoming
program flow graph edges i8 true (e, I this is the first time this

ACH T 1 an Pragr I nnd 5

Wl 18, Ma. 2, April 19901
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ncde hos been evalusbed), then perform VieitExpression for the ax-
prission mm Lhis nodea.

{dy I the node only containg one outpoing dow graph edge, add that edge
to the FlowWorkList.

{4} If the flem is un S84 adge from the SEAWorkList and the destination of
thut edyge i8 & g-lunction, perform Vieit-g,

{5y If the ftem is an 354 edge from the 35AWorkList and the destination of
that edge is nn expression, then examine ExscutableFlags for the pro
gram fow edges reaching that node. If eny of them are true, percform
VigitExpression. Otherwise do nothing,

The value of the LatticeCell aseociated with the ootput of a é-function i=
defined to be the meet of sl arguments whese correeponding in-edge has been
marked executable. It is computed by Visit-g, Visit-g is ealled whenever the
valoe of the LatticeCell ssspciated with one of its operands s lowered or
when the ExerutableFiag associnted with one of the in-edges becomes trua

Visiz iz defined ge folloes The LatticeCells for each operand of the
$-function are defined an the besis of the ExecutableFlag for the correspond.
ing program flow edge,

sxacutabls The LetticeCel] has the same valoe as the LatticeCell at the
definition end of the 554 edge.

net = agecutable  The LatbiceCell has the value 7.

Visii Expression is defined as follows Evaluate the sxpression ohtaining
the values af the eperands from the LatticeCells whore they are defined and
wiing the expression rules defined in Section 2.2, I this changes the value of
the LatticeCell of the outpit of the expresaton, do the following:

(13 If the expresaion s part of an assignment node, add to the SSAWorkList
all 554 edges starting at the definition for thatl node.

(21 If the expression contrals a eonditional beanch, some outgeing Mow graph
cddpen muat be added to the FlowWorkList, If the LatticeCell hos vahoe
1, all exit edres must be néded te (he FlowWorkList, If the value 18 ¥,
anly the flow graph edge axecutod a5 the resulk of the branch iz added to
the FlowWorkList "

.41 Asympioie Complexiry.  As in S88C, each 55A edge con only be
sxpmined twico. Nodes in the program flow graph are visited once for each of
their inedges, The asymplotic running complexity of this algorithm s the
number of edgee in the fiow graph plus the number of 854 adges and shauld
bix linear in practice.

OO may be impractically slow and, consequantly, was ignored for o long
time. Many worlera in code optimization hod tried to derive practical sparse
algurithiie that achisred CC's resulis. However, they started from the sparss

" The valge ennnob ks T, sine the earbior step i VietBxprwaion will hove lowered the valus
ACH T iirms i P Lo L g ard A Val 18, Mo &, April Ll

SPARSE CONDITIONAL CONSTANT PROPAGATION
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A FRAGMENT OF SCC v

Alv] r Q2 = (I'v, I, 2)
A[[f(’l)]_, ....,Un)Il F Q
| f € Prim :8Abs[[f(1"v1,...,[’vn)1|
| otherwise = (I''f, ', if changed then 2 U {f} else )
where
fisdefinedas f(x1, ..., xn)= e
r’ =Inf— L,zq — Tvy,...,zn +— Tvy]
changed = 3i.I'z; T I'v; -- indicates whether I changed
Alletrec  f1,...,fpin eI’ 9] =
let
(a, 1", 2"y = Ale]T'{}
(r'’, 2"y = Aglfr, - - Il (2 U 27
in
if '’ == 1’ then (a, I'", ') else Afletrec  f1,...,fnin e]I"" 2"
Ag [funy, ..., funp T2 | Bif; € 2 = (I, 2)
| otherwise =
let
(a, F,a QI) = Ale]I'{}
r'’ =TI’ nf —
2! — 2uU Q' \ {f}
in
Agy [funqg, . .. ,funn]]l"”(if I'f, C I'a then o' u (Occ f; N Dom I') else Q”)
where
(fi(z1, ..., zm)=e) = fun,

A FRAGMENT OF SCCanF
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Denoted in TeX- ised Haskell

Operates on programs in ANF

Split into “analysis” and “simplification” stages
Operates over the standard lattice N| for constant
propagation:

O O O

T (not a constant)

/a

(no information available)

AN OVERVIEW OF SCC AN F

23



[0 Analysis proceeds by abstract interpretation under an
environment I' mapping variables to lattice values

O Maintains a work list © of functions to visit by

e inspecting call sites and
e fracking free variables for changes to abstract variables
0 Functions added to the work list whenever any of its free
variables is refined in the environment
[0 letrec ’s are processed recursively until the work list is emptied

[1 The resulting abstract environment contains all information
obtained about any constants

O Simplification phase replaces variables by constant values and
eliminates redundant branches

SO, HOW DOES IT WORK? 24



letrec f(x) =

let X’ = sub(x, X)

In
if X’ then
f(x")
else
X

i(7)

SO, HOW DOES IT WORK?

25



letrec f(x) =

let X’ = sub(x, X)

In
if X’ then
f(x')
else
X

f(7)
D= {f La—7}0={f)

SO, HOW DOES IT WORK? 25-A



letrec f(x) =
'={f—1L,z—7}Q={}

let X’ = sub(x, X)

In
if X’ then
f(x')
else
X

£(7)
D= {f La—7}0={f)

SO, HOW DOES IT WORK? 25-B



letrec f(x) =
'={f—1L,z—7}Q={}

let X’ = sub(x, X)
r={f—l,a—72"—0},Q=1{}

In
if X' then
f(x')
else
X

f(7)
D= {f La—7}0={f)

SO, HOW DOES IT WORK? 25-C



letrec f(x) =
'={f—1L,z—7}Q={}

let X’ = sub(x, X)
r={f—l,a—72"—0},Q=1{}

In
if X' then
f(x')
else
X
r={f—72x—72—0},Q={f}

f(7)
D= {f La—7}0={f)

SO, HOW DOES IT WORK? 25-D



letrec f(x) =
'={f—1L,z—7}Q={}

let X’ = sub(x, X)
r={f—l,a—72"—0},Q=1{}

In
if X' then
f(x')
else
X
r={f—72x—72—0},Q={f}

f(7)
I'={f—L1l,2—7},Q={f}
F:{f|—>7,ﬁlﬂ—>7,$/'—>0},Q:{f}

SO, HOW DOES IT WORK? 25-E



letrec f(x) =
F={f—1Lz—7},Q={}
P={f—72—72+—0},Q=/{}
let X’ = sub(X, X)
F={f—1,z2—72—0},Q={}
P={f—=72—72+—0},Q=/{}
In
if X’ then
f(x’)
else
X
F={f—72—712—0},Q={f}
F={f—T7z—72—0},Q={}

f(7)
I={f—L1la2—7},Q={f}
F:{f'_>7:x'_>7axl'_>0}7Q:{f}

SO, HOW DOES IT WORK?

25-F



letrec f(x) =

let X’ = sub(x,

if X’ then

f(x)

else

i(7)

1)

SO, HOW DOES IT WORK?
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letrec f(x) =
'={f—1L,z—7}Q={}

let X’ = sub(x, 1)

if X’ then

£(x')

else

f(7)

SO, HOW DOES IT WORK? 26-A



letrec f(x) =
'={f—1L,z—7}Q={}

let X’ = sub(x, 1)

F={f—Llaz—T2+—6},Q={}

if X’ then

£(x')

else

f(7)

SO, HOW DOES IT WORK? 26-B



letrec f(x) =
'={f—1L,z—7}Q={}

let X’ = sub(x, 1)
r={f—la—72"—6},Q=1{}
In
if X’ then
f(x’)
r={f—laxa—T,2'—6},Q={f}
else
X
In
f(7)

SO, HOW DOES IT WORK? 26-C



letrec f(x) =
'={f—1L,z—7}Q={}
F={f—1lz—T,2—6},Q={}

let X’ = sub(x, 1)
r={f—la—72"—6},Q=1{}
In
if X’ then
f(x’)
r={f—la—T,2'—6},Q={f}
else
X
In
f(7)

SO, HOW DOES IT WORK? 26-D



letrec f(x) =

let X’ = sub(x,

if X’ then

f(x)

else

f(7)

'={f—1L,z—7}Q={}
F={f—1lz—T,2—6},Q={}

1)
F={f—Llaz—T2+—6},Q={}
P={f—Lz—T,2—T}Q={}

F={f—Llz—T2—6},Q={f}

SO, HOW DOES IT WORK?

26-E



letrec f(x) =

let X’ = sub(x,

if X’ then

f(x)

else

f(7)

'={f—1L,z—7}Q={}
F={f—1lz—T,2—6},Q={}

1)
F={f—Llaz—T2+—6},Q={}
P={f—Lz—T,2—T}Q={}

F={f—Llz—T2—6},Q={f}
P={f—Lz—T,2—T}Q={}

F={f—T,z—T,2'—=THQ={f}

SO, HOW DOES IT WORK?

26-F



WORK COMPLEXITY

[0 Each variable updated at most three times
(same as SCCssa)

[0 Each function processed once for each change to ifs free
variables
(in SCCgssa, processed once for each incoming SSA edge)

0 Number of free variables corresponds directly to number of SSA
edges

O Therefore, SCC 4nr has the same work comlexity as SCCgssa.

WORK COMPLEXITY 27



0 SCCanr performs inter-procedural analysis tfransparently,
although alias analysis and performance still a problem

O Vanilla SCC4nr cannot handle higher-order functions
[0 The algorithm does not preserve non-termination
O Optimistic algorithms are difficult to analyze:

e environment invalid unfil fixpoint reached
e vVery complex invariants

OBSERVATIONS

28



Benefits of ANF:
O Simplifies the operational semantics, the environment and
therefore static analysis and formal reasoning

0 Allows us to view imperative programs as encodings of
functional programs

O Allows us to adopt SSA algorithms for compilation of functional
programs

0 Infegrates infra- and inter-procedural analysis
[0 Straight forward extension to higher-order functions

CONCLUSIONS
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THE ANALYSIS FUNCTION: VALUES

AWl 2= (Tv, T, Q)

THE ANALYSIS FUNCTION: VALUES
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THE ANALYSIS FUNCTION: VALUES & APPLICATIONS

AT 2= (T'v, T, Q)

A[[f( V1y « .y ’Un) ]]F _Q

| f € Prim = Eppslf (v, ..., T'vp)]
| ofherwise = (I f, I'", if changed then 2 U {f} else {2)
where

fisdefined as f(x1, ..., x,) = €

I =I'N|f— 1, u— Tv, ..., 2, — ' v,]

changed = 3i. I x; T I v, -- Indicates whether I' changed
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Aflet z=e;in e]I" 2 = let
(a, I, ') = Ale ] I 2

r” = I"M|[z+— a
changed = I'x " I'a
affected = Occ z N Dom I

-- NDom I removes not yet used func
in
Alex] I'" (if changed then {2 U affected else §2)
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THE ANALYSIS FUNCTION: if-then

A[if v then e else

I'v==_1
I' v =="True
I' v == False
['v==T

GQHF (2

= (L, I', 2)

./4[[61]] I
./4[[62]] I

= let

<a,1, Fl, _Ql> — ./4[[61]] I
(a2, I, (25) = Ale2] Il {4
in
<a,1 [ a, FQ) '(22>

THE ANALYSIS FUNCTION: if-then
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Alletrec  fi,....f,in €]l () =
let
(a, ', @) = A[e] T {}
(I, 27 = Aglfr, .-, ] I (20 £2)

1mn
if I'" == I'" then (a, I, 2") else Afletrec  fi, ..., foin e] ' "
Asiclfuny, ..., fun,] I" 2| Bif,e N = (r, 2)
| ofherwise =

let

(a, I, ') = Ale] I' {}

r = I'"M|f; — a

Q" = QU2 \{f;}
1mn

Asixlfuny, ..., fun, ] I Gf I' f; C I' a then 2" U (Occ f; N Dom I') else {
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where

(fz'(flf1,

L Tm) = e) = fun,

THE ANALYSIS FUNCTION: letrec
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