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Sanple nstruction slector run

Assem represent ation

E
novl $2, t7 OPER(Omovi\t$2,do O [, [t7])
movl t7, t11 MOVE( Onovl \t s0, " doO, [t7], [t11])
imull t7, t11 OPER( Oimuli\t's0, “d0 O [t7], [t11])
movl t11, t10 MOVE( Onovl \t “s0, ~d0O, [t11],  [t10])
imull $37, 110 OPER( Oimull\t$37, *d0 (OY A i [t10])
movl t10, t8 MOVE( Onovl \ t *s0, " d0Q, [t10], [t8])
movl t7, t17 MOVE( Onovl \ 't *s0, ~doO, [t7], [ta71)
addl $1, 117 OPER( Oaddit$1,'d0 & [, [t17])
movl $33, t1 OPER( Onovl \ t $33, *d0G, [, [%eax])
cltd OPER( Cel tdO, [% eax], [%edx])
idivl t17 OPER(Q di vl 's00 , [t17], [%eax,%edXx])
E

text mov| %ax, t15
.align 4 nmovl| t7, It
. globl I1main addl t15, t14
| 1mai n: novl t8, t13
pushl %ebp imull t14, t13
movl %esp, Y%ebp novl t113,} t'8
pushl %edi novl $78, t20
pushl Y%ebx negl t 20
pushl %esi nmov| t8, t19
movI| $2, t7 subl t20, t19
mov| i, A t19, %eax
imull L6 A A L popl %esi
nmov| ALt popl %ebx
standard imull $37, t10 popl %edi
prelude mov| t10, t8 novl %ebp, Y%esp
nmov| |8 P/ a7/ popl %ebp
addl It ret
mov/| $33, %eax
cltd
idivi t17  result value stoasrzldaarg
in % eax P Y

- >

represented as

Assume

tempMap: temp -> string
How do we emit assembly

code?

Assem in ML

datatype instr =
OPER of {

| MOVE of {

| DIRECTIVE of {

assem : string,
dst : temp list,
src : temp list}

assem : string,
dst : temp list,
src : temp list}

assem : string}

| COMMENT of string

Assem In Java

abstract public class Instruction {

=

public class Operinstruction extends Instruction {
public Operlinstruction(String a, List d, List s)

e
E
}

public class Movelnstruction extends Instruction {

public Movelnstruction(List d, List s)

e
E
}

E




Register allocat or © view

E E
OPER(Omovi\t$2,'do O [I, [t7]) pamsmcenn(ifg)
MOVE( Omovl \ t *s0, ~doO  [t7], [t11]) =t
OPER( Oimull\t's0, *d0 o [t7], [t11]) 1l < 1 (t7)
MOVE( Onovi\t s0, ~doG,  [t11],  [t10]) t10 :=t11

OPER( Oimull\t$37, *d0 o [1, [t10]) 0 < 1
MOVE( Onovl \ t “s0, *d0O, [t10], [t8]) t8 =110

MOVE( Onovi \ 't *s0, ~doG,  [t7], [t17]) (A L7 e
OPER( Oaddi\t$1, 'd0 O, [I, [t17]) 17 < 1
OPER(OnovI\t$33, “d0O [I, [% eax]) Y%eax <- ! ()
OPER( Ccl t dO, [% eax,[% edx]) %edx <- | (%ax)
OPER( Qi di vl “s00 , [t17], [% eax, %edx] ) Y%eax,%edx <- ! (t17)
E E

.

Register allocator @ view

Register allocator © job

E
Y7 <)
t11 =t7
. t11 < 1(t7)
* Assign each temp to a esgasmgirr
machine register B = t10
t17 =t7
. t17 < 1 ()
* If that fails (de to a %eax <- 1 ()
I %edx <- | (Y%eax)
short_age d registers), W ke e
rewrite the ode ® E
that it can succeed, E
and then try again t7 : Y%bx
t8 : %ecx
t10 : %ax | The
t11 : %ax
t17 : Y%esi kenmpldan
E

A gaph-coloring problem

A small example

t1 < o)
2 < @)
t3 <- ®(t1,t2)
t4 <- ®(t1,t3)
t5 < ®(t1,t2)
t6 <- ®(4,5)

Assume 3 machine registers, {r1,r2,r3}.
Assume t4 may not be in rl.

Then we have the interference graph

A gaph-coloring problem

r < o)
r2 < &)
r3 <- o(rl1,r2)
r3 <- &(ri1r3)
ri <- &(rlr2)
r2 <- &(r3rl)

Assume 3 machine registers, {r1,r2,r3}.
Assume t4 may not be in rl.

Then we have the interference graph




Seps n register allocat ion

* Determinewhat temps are candidates for
register allocation

* (onstruct theinterference gaph

* Allocateregisters by oloring the gaph
with K olors (where K s the rumber of
assignable registers), 0 that no ajjacent
nodes have the ame olor

* Assign each temp to the register
corresponding to its alor

Hstory

* Fao early architectures, ragister allocation
was a theoretical auriosity with negligible
practical importance

* Cockein 1971 proposed register allocation
as a gaph-coloring problem

* Chaitin was the bPrsto mplement t his de,
for the BM 370 R/ 1 compiler, in 1981

* |In 1982, Maitin® dlocator was tsed for the
landmark PL.8 compiler for the BM 801
RISC gstem

Hstory, ont@

* The RSC revolution inspired many people
to think about register allocat ion

* Motivated by he MIPS &chitect ure,
Chow and Hennessy developed priority-
based mloring n 1984

* Today, e d t he nost popular algorithms
Is due toBriggs, in 1992

OEsince | was a mathematician, the register allocation kept
getting simpler and faster as | understood better what was
required. | preferred to base algorithms on a simple, clean ic
that was intellectually understandable rather than write
complicatedad hoccomputer codé

So | regard the success of this approach, which has been tht
for much future work, as a triumph of the power of a simple
mathematical idea over ad hoc hacking. Yes, the real world
messy and complicated, but one should try to base algorithrr
clean, comprehensible mathematical ideas and only complic
them when absolutely necessary. In fact, certain instructions
were omitted from the 801 architecture because they would |
unduly complicated register allocationEO

- G Qaitin, 2004




* Today, register allocation is aguably the
single nost important optimization

% MAaNnory accesses ae expensive

% even with caches and on GSC
machines

* when it doesn®work wdl, the
per formance mpact is noticeable

Live range

* Alive rangefor a temp tis a rode
containing a déof t plus dl other nodes
for which that def is Ive

t1t2t3t4t5t6

t1 <- ()

overlapping live 2 < @)
ranges indicate : t3 < o(t1,12)
interfering values ' t4 < ®(tLt3)
] 5 <- @(tLt2)
' : 6 <- o(t4,15)

Live-in ts and the IG

{}
38
{t1}
{t1,t2}
a2 113}
A2 tiA)
{t4,t5}
{t6}
t1t2t3t4t5t6
t1 < ()
overlapping live 2 < @)
ranges indicate : t3 < o(t1,12)
interfering values ' t4 < ®(tLt3)
] 5 <- @(tLt2)
' : 6 <- o(t4,15)

M aking the IG

* Liveness analysis provides the lasic
information needed to huild the
interference gaph

* The gaph nodes represent t he temps pdus
all of t he nmachine ragisters

* each machine ragister interferes with
all ot her machine registers




Subt lety #: MOME nstructions

* During gaph construction, MOVE
instructions ould ke treated gecially

ti=s

E iEpasn Note thats and tdon @
XE' ! (EsE) really interfere
y<- ! (EtB

Subt lety #: Merging Ive ranges

* If t here ae overlappang ve ranges for the
same emp, they must be meged and
consideed a sngle Ive range

* Ths reguires reaching debihions n
addtion to iveness analysis

a= ... a = ...

e

.= a

Subt lety #3: Solitting ve ranges

* Two lve ranges may may if(P). ..

have unremar kable / \
interferences
b -_—

a =

if(P)...

* Weaddess these sibtleties rext time..




Qaph oloring

* (Once we lave an interference gaph, we
can atempt register allocation by
searching for a kcoloring

* Ths s an NRcomplete poblem (for K>2

* But a linear-time smpliP@tion agorithm
(by Kempe, 1879) tends to wa'k wdl in
practice

Kempe®diser vat ion

* Qven a gaph Gthat contains a roden with
degree kss than K, the gaph is kcolorable
iff Gwith n removed s Kk colorable

* Ths 5 alled the @gree<i tle

* S0, bt@try iteratively removing rodes
with dgree<K

* If all nodes ae ranoved, then Gis debibely
K colorable

Desn®always wok...

This gaph is 3-colorable, kut
has o mdes with deyree < 3

Kempe®adgorit hm

* Hrst, iteratively remove dgree<K ndes,
pushing each mto a $ack

* If all get removed, then pop each node ad
rebuild the gaph, @loring & we @

* If we gt stuck (i.e., no dgree<K ndes),
then remove ay node ad ontinue




Ty it out...

Falure

* |tis pssible (&en probable) that Kempe®
algorithm will fail for some pogranms

* In that case we mst rewrite the ode ad
try again
* The renriting nvolves inserting spill code
* for each node for which we fil to @lor,
rewrite © that its value s fetched from

manory [rior to each wse, and gored to
manory after each de

Soill-code gneration

* The dfect of spill-code gneration is to
turn long ive ranges into bts d small ones

* Ths ntroduces many new temps

* Hence, register allocation must start over
from sratch whenever spill code $
generated

Chaitin® dlocat or

* Build: construct t he nterference gaph
* Smplify: node renoval, a b Kempe

* Spill: if necessary, remove a dgree K node
marking it as apotential spill
* Select: rebuild the gaph, ©loring & we @

* if a potential spill candbe wlored, mark
it as an actual spill and ontinue

* Jart over: if t here ae act ual Fills,
generate ill code ad then gart over




Subt lety #4: oosing ptential soills

* When dhoosing a rode D le a ptential
spill, we want to mnimize ts
per f or mance mpact

* CGan atempt to ompute a gill cost for
each temp

* by estimating performance ost
* or by wsing act ual probé nf ormation

* More o this kater...

Smple exanple

t1
t2
t3
t4
t5
t6

1()
()
1 (t1,t2)
- 1 (t1,13)
1 (t1,t2)
1 (t4,t5)

ANNNNNNAN
L LI B

Assume 2 machine registers, {r1,r2}.
Assume t4 may not be in rl.

Then we have the interference graph

Smplib@tion geps...

More smplipa@ation...

t6
G ) s
= fz
rl

(12) 4




(hoosing potential spills Completing the smpliP@t ion

t6 t6
@ L) t5
r2 r2
rl rl
@ t3 ps t3 ps

t4 ps ta ps
t1
t2

Rebuilding... Act ual spills

6 t6
(1) E D—w 15
r2 ’ r2
rl rl
@ gt s @ ta

t4 ps




Rebulld ommplete! Spill code gneration

tl < 1 ()

2 < 1 ()

t7 < 1 (11,12)
t3 = t7

t8 = t3

19 <- 1 (t1,t8)
t4 = t9

t5 <- 1 (t1,t2)
110 = t4

t6 < 1 (110,t5)

Live ranges for t3 and ¥4
have leen chopped p

Start over! Subtlety #: Allocating il dots

rl <-1 ()

rl <- 1 (r2,rl)
slot0 := rl
rl := slot0

@ . rl <- 1 (r2,rl) * Spill dots may a may ot interfere
H slotl := rl

rl <- 1 (r2,rl) * Hence, they can (and should) ke dlocated
J»rZ := slotl just like registers are
rl <- 1 (r2,rl)
spilled values ae baded

just before sed




Goalescing

* CGompilers generate many temp-temp @pies
* If the pogram ontains a opy d t he form
*t=u

* we try to replace, dobally, t by u e that we
get
*u=u

% which can then be diminated

(Goalescing 5 ot copy propagat ion

* Copy popagation and ded-code
elimination can®eliminate dl
unnecessary copy nstructions

a b

=0 a =
\ / " A candidate for

c = atl coalescing

A comnon aoalescing stuation

| 1mai n:
pushi__ %ebp The @ompiler uses @oailer plateO
nmov| %esp, Y%ebp .
t1 ;= %di copies to savel/ restore @llee
t2 := %bx i
e save rajisters.

| subl $n, Y%esp

e SEsEr
SRR The expectation is that t hese
%ebx =12 save/ restore @erations will be
%di =tl i H :
e ebn e eliminated va _cnalescmg,
popl  %bp whenever pOSSIb'G
ret

Subt lety #6 balescing s ad
(somd imes)
(¥

Which interference gaph is 2colorable?




Next time..

* Subtleties 16
* Register allocation and SSA form




