LLVM Compiler Infrastructure

Source: “LLVM: A Compilation Framework for Lifelong Program Analysis & TransformationOby Lattner and Adve
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Figure 4: LLVM system architecture diagram

Goals
- lifelong analysis and optimization
- modular compiler components

IR islow level, control-flow graph and SSA
- language-independent types: 8-26 bit ints, float, double, pointers, arrays,
structures, functions

Status
-Appleis paying main developer (Chris Lattner) to continue devel opment
-built OpenGL JIT compiler with it in two weeks
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Reuse Optimization

Idea
- Eliminate redundant operatioivsthe dynarit execution of inguctions

How do redundanciesarise?
- Loop invariant codee(g., index calculation for arrays
- Sequence ofimilar operationge.g., method lookup)
- Same value be generated iruftiple placesn the code

Typesof reuse ogtimization
- Value nunbering
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Local Value Numbering

Idea
- Each variable, expreisn, and consint isasigned a unique nuber

- When ve encounter a variable, expsies or congant, e if it® already
been asgned a nurher

- If so, ue the value for that nuper
- If not, asign a newnumber
- Same nunber=> sanme value

Example b —p1 #3
|E|:=b+|c| c —>#2
.=; b+ cis#l+#2—#3
| T 0 a — #3
- d —-#l
| :=lar+ie]” a d+ cis #1+#2—>#3
e —»#3
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L ocal Value Numbering (cont)

Temporaries may be necesary

|E|:=b
(2] :-[o
@:=a

— #1

— #2

+ c is#l+#2—#3
— #1
+'cis#l+#2—=#3
— #3

+lqf

+le]

ap bbb

— #1
— #2
+ c is#l+#2—#3
— #3
— #1
+ c is#l+#2—#3
— #3

o}
X
o+
A b ob
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Global Value Numbering

Global Value Numbering (cont)

How do we handle cortrol flow ?

w=25 w=2_8
b 5 x =8
w — #1 /\__‘_1 w = #2
x> # | Y=V x — #2
z = x+1
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Idea [Alpern, Wegman, and Zadeck 1988]
- Partition programvariablesinto congruence clases
- All variablesin a particular congruence cisave the ame value
- SSA formis helpful

Approachesto conputing corgruence clases
- Pessimistic
- Assume no variablegire congruent {art with » clases
- Iteratively coalese clasesthat are deterined to be congruent
- Optimistic
- Assume all variablesare congruent {art with one clas)
- Iteratively partition variablethat contradict asimption
- Slower but better regts

Role of SSA Form

SSA form is helpful
- Allows usto avoid data-flovanalyss
- Variablescorrepond to values

a=b
a not congruent to ~laie
anything R
a=d
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a, =

a, =

as =

Congruence classes:
{a, b}, {a,,c}, {a;d}

Value Numbering

CS553 Lecture Value Numbering 6

Basis

Idea

- If x and y are congruent then f(x) and f(y) are congruent
ta = a
x and y are \ tb =b
congruent x = f(a,b)

y = £(ta,tb)

- Use thisfact to conbine (pesimistic) or lit (optimistic) clases

Problem
‘ a, & b, congruent?

- Thisis not true forp-functions
a, & b, congruent?

‘al = leaz = YI‘ ‘bl = lebz =Y

n m

‘az = ¢ (ai,3,) ‘ ‘b3 = §u(P1/by) ‘\__a3 & b, congruent?

Solution: Label¢-functionswith join point
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Pessimistic Global Value Numbering

Idea
- Initially each variable isn its own congruence clas
- Condder each asgnment $aterrent s(rever® postorderin CFG)
- Update L5 value nunber with ha$ of RHS
- Identical value nuimer=> congruence

Why reverse pogtorder?

- Enauresthat when we congder an asgnment satenent, we have already
consdered definitionghat reach the RS operands

al
2\
. o Pogorder d, c, e, b, f, a
.\/.

d®
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Algorithm

for each asignment of the formGx = £(a,b) O
ValNum[x] <- UniqueValug) // same for a and b

for each asignment of the formGx = £ (a,b) O (in revere pogordes)
ValNum[x] < Hash(f ® ValNum[a] ® ValNum[b])

a, #l
v N b, #
i #3
v = Y2 =& w2
* = by ¥2 = & x, M58
\ ¥ w, 6 #
Wy = O, (W,W,) x, H7 #l
x; = O, (%,%,) w, H8O,H2H#]) —#I2
Yy, = wyti, x, H9O,(H2H]) — #12
Z, = x,+i,; y, HO+HI2H3) —#13
v 2, ATHHI2H3) —H#I3
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Snag!

Problem

- Our algorithmasumesthat we congder operand$&efore variableghat
depend upon it

- Can( deal wth code containing loops

Solution
- Ignore back edges

- Make conervative (Wwrg ca®) asumption for previouly unseen
variable .e., asume itsin it@ own congruence clas
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Optimistic Global Value Numbering

Idea
- Initially all variablesin one congruence clas
- Split congruence classwhen evidence of non-congruence esis
- Variablesthat are computed uig different functions

- Variablesthat are computed usg functionswith non-congruent
operands
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Splitting (cont)

Splitting
Initially
- Variablesconputed ugg the sme function are placed in tharse clas
x, = £(a;,b;) P PO
y: = £(c,,d;) X, Y1/ %

z, = f(e,,£;)

Iteratively
- Split claseswhen corregonding Q
operandsare in different claes
- Exanple: asume a, andc, are congruent,
bute, is congruent to neither

a, ¢
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Definitions
- Suppo® Pand Qare ®tsrepregnting congruence clsss
- Q splits P for each i into tw sets
- P\, Q containsvariablesin Pwhos it operand isn Q
- P/; Q containsvariablesin Pwhos it operand isot in Q
- Qproperly splits P if neither reslting st isenpty

Algorithm

worklist < &
for each function f
C I
for eachassignment of the formtx = f(a,b)0
C<—CU{x}
worklist < worklist U { C}
CC—cCcCcu{Cc}
while worklist ! &
Delete sme D from worklist
for eachclass C properly glit by D (at operand i)
CC< CCbC
worklist < worklist DC
Create newcongruence classC, <{C\ D} and G <{C/, D}
CC< CCUCUC
worklist < worklist U C; U C,

Note: ®e paper for optiimation
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x, = £(a,,b,) P Q
v, = £(c,,d;) X, Y1/ Zy a ¢
z, = f(e,, £;)
! T P,Q P/Q
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Example
SSA code Congruence clags
X, =1 S {0}
v, = 2 s, {vo
x, = x,+1 Y1721
Y1 = Yo+l S {x,, 2}
z, = x,+1 S, {y.}

Worklist: S7t} _S={¥o} . S=lxrryir 2.} Setxr 2., ST

S psplit S;? no S psplit S;? no S, psplit S,? yed
ShWSH={xz,} =
$hS%={vi} =%
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Comparing Optimistic and Pessimistic

Differences
- Handling of loops
- Pessimistic makesworg-cas asumptionson back edges
- Optimistic requiresactual contradiction topdit classes

w, =5

x, =5
W =0 (wy, W,)
=0 (X, X,)
w, = w+1
x, = x,+1
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Role of SSA

Single glokal result
- Single def reachesach us
- No data (flowvalue) at each point

No data flow analysis
- Optimistic: Iterate over congruence ctas not GG nodes
- Pessimistic: Visit each asignment once

¢-functions

- Make data-flonmerging explicit
- Treat like normal functionsafter subscripting themfor eachmerge point
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Next Time

Lecture
- Parallelign and Data Locality, sart reading chapter 11 in dragon book

Suggesed Exercise

- Use anyprogranming language to vite the clas declarationgor the
equivalence clasand variabletsucturesdesribed at the bottorof page
6 in the value nutvering chapter.

- Instantiate the datamicturesfor the snall exanple programs in Fgures
7.2 and 7.6 and perforoptimistic value nunbering. Remenber to
convert to SA first.

- After perforning value nurbering, howwill the programbe
trangormed?

- Now performpesimistic value nurbering on the tw exanples
Trangorm the code asvell.
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