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L RegisteAllocation

¥ Observation
b Naiwe register allocation arks...

¥ But

b Analysis is intra-block ogl
P No globalOpictueO

b No integration of looping behaor

¥ Need

b A better global technique that

¥ Accounts br loops
¥ Accounts br instruction selection cost

¥ Solution
b Graph coloring based allocation

CSE244 Compilers




@ The Registerinterferencer Graph

t0 = MO;

t1 = 10:

t2 = t0 * t1:

t3 = M1;

t4 = 2 + (3 1K

MO = t4: ]
&
©
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a variable starts
to be live
immediately after
its definition

and terminates
immediately after
its last use.




@ The Registerinterferencer Graph

RO
R1
RO
R1
RO

<
o
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MO;
10;
RO * RI1;
M1;
RO + RI1;
RO:;

LD
ST
MUL
LD
ADD

RO, MO
R1, 10
RO, R1
R1, M1

RO, R1

MOV MO, RO




¥ Second Example
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a variable starts
to be live
immediately after
its definition

and terminates
immediately after
its last use.




¥ Technique
¥ First

P Consider a basic block

¥ Names ae being used in tarways
b Read (Use)
b Write (debPne)

¥ We alrady knev the use/debne iafmation

b For each name
b For each temporay

¥ Example

10 a :
11 c :
12 d :
13 param c
14 param d

:use(T,12),b:use(T,12),c:use(F,-1)]
:use(T,13),c:use(T,13)]
:use(T,14),a:use(F,-1),b:use(F,-1)]
cuse(F,-1)]

:use(F,-1)]
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¥ ConRict

¥ Scan the Basic Block

b For each of a name
¥ Any other name that igive at the time is conf3icting

10 a : [a:use(T,12),b:use(T,12),c:use(F,-1)]
11 c : [c:use(T,13),c:use(T,13)]

12 d : [d:use(T,14),a:use(F,-1),b:use(F,-1)]
13 param c [c:use(F,-1)]

14 param d [d:use(F,-1)]

c is defined here Who is live at instruction 11 ?

a
b
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¥ ConRict Graph

¥ Based on conf3icts among names
P One \ertex for eachname

P One edge betwen \ertices= and
¥ If and ory if a conf3icts with

10 a : [a:use(T,12),b:use(T,12),c:use(F,-1)]
11 c : [c:use(T,13),c:use(T,13)]

12 d : [d:use(T,14),a:use(F,-1),b:use(F,-1)]
13 param c [c:use(F,-1)]

14 param d [d:use(F,-1)]

Because of write to ¢ in instruction 11 we have;:

What about the

0 writestoaand d ?
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¥ Complete ConRict Grph

¥ For this simple block

10 a :=b + c [a:use(T,12),b:use(T,12),c:use(F,-1)]
11 ¢ :=c+ 1 [c:use(T,13),c:use(T,13)]

12 d :=a *b [d:use(T,14),a:use(F,-1),b:use(F,-1)]
13 param c [c:use(F,-1)]

14 param d [d:use(F,-1)]

¥ What hare we achieed ?
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¥ Observation

¥ Names that ag conl3icting
P Must coexist irDfastO mempr

¥ Corollary
b Conlicting names be assigned to samegjister!

¥ Sa..

b Find a wg to the conf3ict grah in

P Purpose

¥ Two vertices shae a patition if they do not conf3ict
¥ Two vertices in the same pé&tion can be hosted in samegister

¥ Quizz
b What is the meaning of this constakt?
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¥ Patitions

¥ Number of patitions is....
P The rumber of egisters ve have!

¥ Two vertices In a paition Iff
P no conliict edge beteen them

¥ Question
b How can we Pnd the pditions?
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¥ Graph Coloring
¥ A Graph G(VE) isk-colaable

P If its wertices can be colad with one of k colors such that
¥ No two adjacent grtices ae assigned the same color

¥ Example
b A 3-colorable grah...
b And its coloring!

¥ Notice

P No edges betwen
same coloed \ertices
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¥ Connection

¥ If a Confict Grah is k-colorable..

P Then a k-coloring yields a k-géron

¥ All blue \ertices to register 1
¥ All green \ertices to register 2
¥...

¥ Bottom line

b Find a k-coloring and evhare soled the register allocation!

P Minimize the nmber of colors and w minimize the amber
of registers?

¥ Key guestions

b How had is k-coloring ?
b How had is min-coloring ?
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¥ Sad Nevs....

¥ Bad Neavs #1

b Graph coloring is NP-complete
¥ Ouch!
b Well....

¥ Yes,but...

P The instance will be small
P k-coloring is god enoughso a heuristic mado the trick

¥ Bad Neavs #2

b What if...The conlict grah isnot k-colorable ?
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¥ Graphs that cannot be k-coled

¥ Meaning
b It i1s not possible to Pnd k colors without conf3ict

P A conf3ict means
¥ Two values cannot sharthe same egister

¥ Is It Impossible to compile ?
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¥ Solution

¥ It Is Impossible to host all values iagisters!

¥ But

b We can host a subset of them shaverstorage
¥ I.e..The Stack (temp zone)

¥ Solution

b Spilling!
¥ Identify names wolved in unsolvable conllicts

¥ Select one of the name and weit to temporary storage
¥ Simplify gnah accodingl and try to k-color it!
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@ Coloring Heuristic

¥ Algorithm

findColoring(G(V,E) : Graph,k : int) {
while CIVI > 1) {
let Good = {1 1n V : deg(1) < k};
if (1Good!| >= 1)
select(1 in Good) {
V=VN\ {1i};
S.push(1);

1
Celse G = spill(G); Spill a name and simplify graph )

}
while (!S.empty()) {
X = S.pop()
select(c 1n 1..n : ¢ notin colors(neighbors(x))
color[x] = c;

CSE244 Compilers



¥ Example

¥ Consider a conf3ict gt

Stack
= {}
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¥ Example

¥ Consider a conf3ict gt

Stack
= {b}
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¥ Example

¥ Consider a conf3ict gt

Stack
= {b,e}
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¥ Example

¥ Consider a conf3ict gt

Stack
={b,e,a}
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¥ Example

¥ Consider a conf3ict gt

Stack
={b,e,a,c}
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¥ Example

¥ Consider a conf3ict gt

Stack
={b,e,a,c,d}
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¥ Example

¥ Consider a conf3ict gt

Stack
={b,e,a,c,d}
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¥ Example

¥ Consider a conf3ict gt

Stack
={b,e,a,c}
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¥ Example

¥ Consider a conf3ict gt

Stack
={b,e,a}
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¥ Example

¥ Consider a conf3ict gt

Stack
= {b,e}
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¥ Example

¥ Consider a conf3ict gt

Stack

Color fore ?
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¥ Example

¥ Consider a conf3ict gt

Stack
= {b}

Pick a Color different from neighboring choices
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¥ Example

¥ Consider a conf3ict gt

Stack
= {}
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¥ Overview

¥ Beyond Basic Blocks
b Function/Method leel anaysis

b Data Flav Analsis
¥ Liveness angsbis
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/
@

¥ Coloring Heuristic mw fail.
¥ Spilling.
¥ allocate memoy location 6r OaO

¥ before each operation that imlvesOaO loddaO dm
memoty location and stag back=> we hae to rewrite
code and ecalculate leness constraints.

¥ What variable is prferable to spill?
¥ heuristics.
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¥ Observation

¥ Technique warks inside basic blocks

¥ But...

b What about loops ?
P What about branches ?

¥ Technigue should ark acoss entg CFG!

¥ What we did so far

P Assumed

¥ names \ere live on exit
¥ temporaries vere dead on exit
¥ No information 3av through register acoss blocks

¥ What we are missing
b Liveness and usageonmation
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¥} A CFG Example

¥ Consider a Contol Flov Graph

P In Blue
¥ Live names on exit

b In Red
¥ Live names on enyr

¥ Armed with this inbrmation

b Apply RegisteAllocation
algrithm over entire CFG

¥ Benept ?

¥ Question
P How to obtain thebludred
bits of lheness data ?
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¥ Data Flav Analysis

¥ Data Flav Analsis =
b A method to compute indrmation Raving through CFG

b Usage
¥ Mary diferent anaysis based on this idea

¥ Our concern

b Liveness angsbis
¥ A DF anajsis to bgug out the names that a&rlive on entry/exit

CSE244 Compilers



¥ LivenessAnalsis

¥ Notation

b in[B]! the set of e names on entr

b out|B]! the set of lie names on exit

b def[B] the set of names dePned be¢ being used (in B)
b use[B] the set of names used in B be¢ being debned
P use[B] subset of in[B]

in&B]

b def[.] and use|.] & def[B] use[B] | Basic Block: B

determined intrablock
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¥ LivenessAnaysis [Idea]

¥ Observation
b def[B] and use|B] ogldepend on the internals of B
b All four sets (in/out/def/use) arrelated thiough equations

¥ ldea
P For each block

¥ Formalize the equation
¥ State the data 3@ equationsdr in/out/def/use
¥ Sole the system of data Bwequation bottom-up style (Pxpoint)
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@deﬂB\

¥ ldea

Therefore x should be dead on entry Therefore x should not be dead on entry
X used here

x debned here X debned here

x ! def [B]
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¥ use[B]

¥ ldea

Therefore x should be dead on entry Therefore x should be not be dead on entry

X used here

x debned here x defined here

X used here

x 1/ use[B] xr € use[B]
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¥ Data Rav Equations
¥ Output Equation

out[B] = | in[S]
S! succ(B)

¥ Input Equation

in|B] = use[B] U (out[B] \ def[B])

¥ Exit condition
in[Exit] =
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¥ Solving the Lieness DF Equations

¥ Algorithm

P Initialization

¥ Statt with an gproximation of infoutUse empty sets!
¥ Create a block queue
¥ Fill block queue with all the CFG basic blocks

b Iterate until gueue Is empty

¥ Select a block &m gqueue
¥ Compute the nev infout pairs

¥ If an in (or out) has changed
b Add afected blocks in queue

¥ |ssue

b How to select the blocks fsm the queue
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¥ Block Selection

¥ Simple anser
b It does not really matter!
b Order will only afect computation timenot correctness

¥ Bottom line
P Use a heuristic

b Process blocks in backwauorder through CFG

¥ Why ?
P Olieness traels backwai?0
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¥ Live VariableAnalsis

In[EXit] = 0;
for (each basic block B other than Exit) in[B] = O;
while (changes to any in[.] occur)
for each basic block B other than EXxit) {
out[B] = Union Iin[S] for all successors S of B;
IN[B] = use[B] union (out[B] - def[B]);
}
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out[Bl=  n[S]
S! succ(B)
in[B] = use[B] U (out[B] \ def[B])




Step 1: consider block B4. Step 7: consider block B2

out[B4] = union of in[EXxit], in[B1] = empty out[B2] = ¢, d, f

def[B4] = b in[B2] = use[B2] + out[B2] - def[B2] =f + ¢, d, f-f=c, d

use[B4] =d,c

in[B4] = use[B4] + (out[B4] - def[B4]) = c, d Step 8 : consider block B1
outlBl]=c,d+a,c,d,f=a,c,d,f

Step 2: consider block B3 in[B1] = use[B1] + out[B1] - def[B1] =b, c,d +a,c,d,f-a,e=b,c, d, f
out[B3] = union of in[Exit], in[B4] = ¢, d

def[B3] = {b, e}
use[B3]={d, f, a, c}
in[B3] = use[B3] + out[B3] - def[B3] =d, f,a,c +d,c-b,e=a,c,d,f

Step 3: consider block B2

out[B2] =in[B4] =c, d

def[B2] = f

use[B2] =a, d

in[B2] = use[B2] + out[B2] - def[B2] =a,d+d,c-f=4a,c,d

Step 4: consider block B1

out[Bl] =in[B2] +in[B3]=a,d,c+d,f,a,c=a,c,d,f

def[Bl] = a, e

use[Bl]=hb, c,d

in[B1] = use[B1] + out[B1] - def[B1] =b,c,d +a,c,d,f-a,e=Db,c,d,f

Step 5 : consider block B4
out[B4] =b, c, d, f
inB4]=d,c+b,c,d, f-b=c,d,f

Step 6: consider block B3
out[B3]=c,d, f
in[B3] = use[B3] + out[B3] - def[B3] =d, f,a,c+d,c,f-b,e=a,c,d,f
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¥ 1t6 awrap

¥ Once Lieness computation isver

P We know what is e

¥ On entry of each block
¥ On exit of each block

¥ Corollary

P Use this inbrmation to do coloring-basedagister allocation
over entire function (whole CFG)

b Temporaries no longer ha to be loaded/stoed on block
boundaries

CSE244 Compilers



