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Co de Scheduling

Instruction Level P a rallelism (ILP)

Architectures capable of simultaneous execution of multiple

instructions

I
issued at the same time ( multiple-issue a rchitectures ) o r

I
issued while p receding instructions still execute ( pip elined

a rchiteture )

I
combination p ossible: multiple-issue a rchitecture with pip elined

functional units

Main distinction b et w een multiple-issue a rchitectures: Who decides

when to issue an instruction:

I
Compiler statically schedules: VLIW

I
Ha rdw a re dynamically issues: Sup erscala r



Co de Scheduling

Structure

1. Architectural classi�cation

2. the scheduling p roblem and dep endence

3. data dep endences in basic blo cks

4. basic-blo ck scheduling fo r a simple pip eline

5. list scheduling fo r basic blo cks and complex a rchitectures

6. scheduling fo r acyclic sequences of basic blo cks

7. soft w a re pip elining fo r lo ops
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The VLIW Architecture

I
Several functional units, ideally homogeneous, in p ractice not,

I
One instruction stream, in each instruction at most 1

op eration p er FU,

I
Jump p rio rit y rule fo r several conditional jumps in 1 instruction,

I
FUs connected to register banks, otherwise to o many p o rts

required.
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Pip elining as Architectural Principle

I
split op eration into a

sequence of

phases/stages of

roughly same duration;

I
execute several

consecutive instances in

an overlapp ed fashion.

I
Principle can b e applied

to the execution of

instructions as w ell as

to the execution of

op erations in functional

units.
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Instruction Pip eline

Several instructions in di�erent stages of execution

P otential structure:

1. instruction fetch and deco de,

2. op erand fetch,

3. instruction execution,

4. write back of the result into ta rget register.
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Pip eline haza rds

I
Data haza rds : Needed op erand not y et available, cf. true

dep endence

I
Structural haza rds : Resource con�icts, several instructions

need same machine resource, e.g. funcional unit, bus,

I
Control haza rds : (Conditional) jumps, condition not y et

evaluated.
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Phases in dynamically scheduled execution

Assuming a load/sto re a rchitecture.

Phase A ctivit y

1. fetch & deco de

instruction

detection of structural haza rds

op erand

detection of data haza rds

2. register op erand fetch

dispatch to functional unit

3. execute execute op eration o r load/sto re

4. write back write to register (o r sto re)
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Exploiting P a rallelism � The Setting

Ha rdw a re o�ers pa rallel execution,

Co de Selecto r p ro duced a sequential instruction stream,

Goal Discover inherent pa rallelism in the sequential

p rogram,

Question: When?

Exploitable P a rallelism based on notion of indep endence .
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P o w er PC Pip eline



Co de Scheduling

ColdFire Pip eline
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Architecture Cha racterization

Scheduling 

- determin. of independence
- fixing time
- binding resources

scheduling

determination of independencesdetermination of dependeces

Frontend + seq. Code Generation

Compiler Hardware

binding resources

Execution

Superscalar

VLIW

global local
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Static and Dynamic Scheduling

Static Dynamic

global dep endence analysis: in each scheduling step:

in each scheduling step: with lo cal dep endence analysis,

check non-dep. of candidates check non-dep. of candidates

on p rev. scheduled instructions; on curr. executing o r dela y ed instructions;

schedule non-dep. instructions dispatch o r dela y non-dep. instructions.

after app rop riate dela y

Scop e can b e: Scop e is a small Windo w ,

Basic Blo ck, 6 - 12 instructions.

Sequence of basic blo cks, supp o rt b y scheduling helpful

Lo ops.
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Instruction Scheduling

I
Reo rders instruction stream as generated b y instruction

selection,

I
Goal: Exploitation of intrap ro cesso r pa rallelism,

I
Filling very long instruction w o rds (VLIW s), o r

I
A voiding pip eline haza rds.

I
Must b e semantics p reserving,

I
Basis: Program dep endences.
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Program Dep endences

Dep endence constrains the p otential fo r reo rdering:

S

2

dep ends on S

1

=) S

1

must b e executed b efo re S

2

.

S

1

; S

2

can b e op erations, instructions, basic blo cks.

T w o t yp es of dep endences:

Data Dep endence:

I
Relation b et w een de�nitions and uses of

resources (p rogram va riables, memo ry cells o r

blo cks, symb olic o r real registers),

I
Here mainly machine resources, i.e. registers,

memo ry cells, status w o rds

I
Alias p roblems:

I
A ddress calculation fo r an index exp ression

I
Dereferencing of a p ointer

Control Dep endence: Conditions dominating statements
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Example

S1: read a

S2: if a > 0

S3: then b := a;

S4: c := b + a

S5: else c := -(a + a);

S6: d := 2 * b;

S2 is data dep endent on S1 � it uses the value computed b y S1 .

S3, S4, S5 a re control dep endent on S2 � they a re only executed

dep ending on the outcome of the test.

du

du

du

du

du

du

S1 S2

S3 S4

S5

S6

control dep endence

data dep endence
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De�nitions and Uses of Machine Resources

De�nitions :

I
mo di�cations of register contents b y loads o r op erations, p re-,

p ostincrement/decrement,

I
setting ca rry , over�o w, condition bits in status w o rds,

I
sto ring values in memo ry cells,

I
mo difying registers as side e�ects of e.g. p op, push.

Uses :

I
Using register contents in op erations and fo r addressing,

I
Sto ring register contents,

I
Loading contents of memo ry cells,

I
T esting the p rogram status w o rd.
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T yp es of Data Dep endences

De�nitions ( X := ) and uses ( := X ) of resource X .

a : X :=
b : X :=
c : := X

d : X :=

Output dep endences (dd, W A W): De�nitions on de�nitions,

e.g., b on a ,

T rue dep endence (du, RA W): Uses on de�nitions,

e.g., c on b ,

Antidep endence (ud, W AR): De�nitions on uses,

e.g., d on c .
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Data Dep endence Graph (DDG) (fo r a basic blo ck)

No des instructions,

Edges

I
a sets a resource, b uses it,

and the path from a to b is de�nition free, o r

I
a uses a resource, b sets it,

and the path from a to b is de�nition free, o r

I
a and b set the same resource

and the path from a to b is use and de�nition free

I
describ es the degree of freedom fo r semantics-p reserving

reo rdering of the instructions.

b:

X :=

X :=

use free

de�nition and

:= X

X :=

de�nition free

X :=

:= X

de�nition free

a:
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Example

DDG

I
contains all direct dep endencies as edges,

I
dep endence is transitive , but do es not need to b e rep resented,

I
transitive closure is an upp er app ro ximation due to aliasing,

I
direct dep endences a re enough to p revent non�semantic

p reserving reo rderings.

Instruction sequence with its DDG

1 : ( CC, D1 ) := M[A1 + 4].W

2 : ( CC, D2 ) := M[A1 + 6].W

3 : ( CC, D1 ) := D1 + D2

4 : M[A1 + 4] := D1.W

du

1

dd

2

ud

du

dd

3

du

4

ud
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Eliminating non-live dep endences

Flags in the condition co de/p rogram status w o rd

I
a re machine resources,

I
on some machine set in each

a rithmetic instruction,

I
used in conditional b ranches.

I
Dep endences w ould p revent

any reo rdering due to

dd-dep endences,

I
should b e eliminated as

sho wn in �gure.

du

(F,...) := 

(F,...) :=

(F,...) :=

(F,...) :=

           := F

(F,...) := 

(F,...) :=

dd

dd

dd

dd

du

ud

dead(F)

dead(F)

dead(F)

dead(F)

live(F)

dead(F)

dd

dd

dd

ud

Before After

ud
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Basic Blo ck with DDG

1: D1 := M[A1+4];

2: D2 := M[A1+6];

3: A1 := A1+2;

4: D1 := D1+A1;

5: M[A1] := A1;

6: D2 := D2+1;

7: D3 := M[A1+12];

8: D3 := D3+D1;

9: M[A1+6] := D3
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Basic Blo ck with DDG
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Algo rithm DDG-Graph

Input : basic blo ck

Output : data dep endence graph of basic blo ck

Metho d : backw a rds traversal

va r �rstDefs, expUses : set of pair ( resource, instrOcc ) ;

actInstr : instruction ;

function con�ict(res,instr

1

,instr

2

) : con�ictT yp ;

(* determ. exist. and t yp e of con�ict b et w. instr

1

and instr

2

on resource res *)

if res is set in instr

1

then

if res is used in instr

2

then con�ictT yp := def-use

else con�ictT yp := def-def �

else if res is used in instr

1

and set in instr

2

then con�ictT yp := use-def �

� ;

p ro cedure dra wEdge ( a ! b ; con�ictT yp )
dra ws a new edge b et w een its a rguments if there is none.
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b egin

actInstr := last instruction of basic blo ck;

�rstDefs := f ( r ; actInstr )j r 2 defs ( actInstr )g;

expUses := f ( r ; actInstr )j r 2 uses ( actInstr )g;

while p red ( actInstr ) de�ned do

Inva riant:

�rstDefs = f ( r ; i )j i con tains �rst def. of r in actInstr ; � }

expUses = f ( r ; i )j i con tains use of r not preceded b y a def. of r }

actInstr := p red ( actInstr ) ;

fo reach resource r set o r used in actInstr do

fo reach ( r ; b ) 2 �rstDefs [ expUses do

case con�ict ( r, actInstr, b ) is

def-def : if exists no pair ( r ; :) in expUses

then dra wEdge ( actInstr ! b ,dd ) � ;

def-use : dra wEdge ( actInstr ! b ,du ) ;

use-def : dra wEdge ( actInstr ! b ,ud ) ;

end case

o d

o d ;



Co de Scheduling

(* Up dating �rstDefs and expUses *)

fo reach resource r

0
set in actInstr do

�rstDefs := �rstDefs � f ( r

0; :) 2 �rstDefs g [ f ( r

0; actInstr )g;

expUses := expUses � f ( r

0; :) 2 expUses g
o d ;

fo reach resource r

0
used in actInstr do

expUses := expUses [f ( r

0; actInstr )g;

o d

Inva riant resto red!

o d

end
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(Simple-) Pip eline Scheduling

Simple pip eline with the follo wing p rop erties:

I
instruction pip eline without haza rd

detection, i.e., no pip eline

interlo cks ,

I
simple resource mo del : instruction

uses 1 resource fo r 1 cycle =)
di�erent instructions scheduled on

di�erent cycles do not interfer,

I
one cycle dela y fo r true-dep endent

instructions,

I
goal: hiding latencies to minimize

p rogram length.

Z:= Y

X:=

Y:= X

Z:= Y

du

du

X:=

NOP

Y:= X

NOP

Later, complex resource mo dels : instruction o ccupies a resource fo r

mo re than 1 cycle.
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Complexit y and Heuristics

I
Optimal Pip eline Scheduling , even

fo r simple pip elines, is an

NP-complete p roblem,

I
use top ological so rting to convert

pa rtial o rder into total o rder

I
In the example, several p ossible

linea r o rder exist, e.g.

f 1 ; 2 ; 6 ; 3 ; 5 ; 9 ; 4 ; 7 ; 8 ; 10 ; 11 g,

f 6 ; 5 ; 1 ; 2 ; 3 ; 7 ; 4 ; 10 ; 11 ; 9 ; 8 g
I

use heuristics fo r the selection of

candidates next to b e scheduled:

I
candidates with most

dep endences,

I
candidates on the longest path.

11

1 2

3

4

5

6

7

8

9

10
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Algo rithm Pip eline Scheduling

(Gibb ons/Muchnick 1986)

Input : Basic blo ck with DDG,

set of schedules fo r p receding basic blo cks.

Output : (P ossibly) reo rdered instruction sequence of

the basic blo ck, p ossibly with inserted NOPs.

Metho d : top ol. so rting constrained b y the pip eline conditions

va r cands, realCands, p otColls : set of instrOcc ;

(* cands : instructions without p redecesso r *)

(* p otColls : already scheduled instructions whose dela y is not over *)

(* realCands : instructions in cands without con�ict with p otColls *)

function colliding ( cand, p otCol ) / : set of instrOcc ;

computes the set of instructions in cand ,

colliding with those in p otColls



Co de Scheduling

b egin

cands := set of minimal elements of the DDG;

p otColls := set of last instructions in schedules of p receding basic blo cks;

rep eat

realCands := cands � colliding ( cands ; p otColls ) ;

if realCands 6= ; then

evaluate candidates acco rding to heuristics;

select a b est candidate b ; schedule b ;

remove b from cands ;

remove b and all outgoing edges from the DDG;

insert new minimal elements into cands ;

p otColls := f b g
else schedule a NOP; p otColls := ;
�

until cands = ;
end
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Example
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Mo re Complex Architectures

I
P a rallel functional units,

I
Complex resource patterns � multi-cycle op erations,

Require mo di�cations of algo rithm Pip eline Scheduling

I
uses resource usage patterns fo r instructions and resource

constraints fo r the a rchitecture,

I
ma y schedule several instructions in the same p osition,

I
k eeps list of data-ready instructions , i.e., instructions whose

(dep endence) p redecesso rs will have p ro duced their results in

time fo r the current instruction,

I
cho oses from the ready list b y a p rio rit y heuristics ,

I
k eeps a global resource table fo r b o okk eeping ab out o ccupied

resources and fo r checking fo r resource con�icts.
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Mo re Complex Architecture � New T erminology

Op eration : Machine Op eration, e.g. Load , Sto re , A dd

generic names: a ; b ; c ; : : :

Instruction : Set of op erations scheduled at the same p osition,

generic names: A ; B ; C ; : : :

Latency : Execution time of an op eration

Dela y : Required distance b et w een the issue of a and the

issue of b if ( a ! b )

Schedule : Mapping from op erations to p ositions (cycles),

generic names: �; �
�at

; �
swp

; : : :
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Dela ys as F unctions of Dep endence T yp e

Dela y fo r ( a ! dt

b ) dep ends on the latencies of a and b and dt .

Assumptions:

I
write -cycle is the last,

I
read -cycles is any cycle but the last,

I
in concurrent read s and write s, read reads old content.

du : latency ( a )

a

b

ud : � 1 + latency ( a ) � latency ( b )
a

b

dd : 1 + latency ( a ) � latency ( b )
a

b



Co de Scheduling

Algo rithm List Scheduling

Input : Basic blo ck with DDG,

set of schedules fo r p receding basic blo cks.

Output : Instruction sequence of the basic blo ck asso ciated with times

(p ositions in the schedule).

Metho d : top ological so rting constrained b y the pip eline conditions

va r time : int ;

va r cands : set of instrOcc ;

a rra y GRT [ R � : : :] of Bo ol ;

(* GRT [ r ; t ] = true i� constructed schedule o ccupies resource r at time t *)

function resCon�ict ( cand, grt ) : b o ol ;

checks whether cand has a resource con�ict with the current schedule;
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The Global Reservation T able, GRT

T i m e

R
e
s
o
u
r
c
e
s
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b egin

time := 0; cands := set of minimal elements of the DDG;

while cands 6= ; then

so rt cands in non-decreasing p rio rit y o rder;

while not all candidates have b een tried do

check next candidate b fo r resource con�icts;

if not resCon�ict( b, GRT ) then schedule b at time ;

up date GRT ;

remove b from cands ;

remove b and all outgoing edges from the DDG;

o d

o d

increment time b y 1; up date cands ;

insert instructions whose dela y is over into cands ;

end



Co de Scheduling

Structure

1. Architectural classi�cation

2. the scheduling p roblem and dep endence

3. data dep endences in basic blo cks

4. basic-blo ck scheduling fo r a simple pip eline

5. list scheduling fo r basic blo cks and complex a rchitectures

6. scheduling fo r acyclic sequences of basic blo cks

7. soft w a re pip elining fo r lo ops



Co de Scheduling

Exp osing mo re Instruction Level P a rallelism

Degree of ILP in basic blo cks is limited � t ypically to 2

A vailable ILP in p ro cesso rs gro ws: b etter exploitation b y

I
Scheduling sequences of consecutive basic blo cks

I
Scheduling lo ops

I
Sp eculation

when what ho w to p reserve the semantics

dynamic ha rdw a re b ranch

p rediction

on a misp redicted b ranch � fo rget-

ting o r undoing e�ects of sp eculatively

executed instructions

static sp eculative co de

motion

comp ensation co de
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Co de Motion

I
moves co de from a source blo ck to a

ta rget blo ck ,

I
up w a rd co de motion : ta rget blo ck is

p redecesso r of source blo ck,

I
do wnw a rd co de motion : ta rget blo ck is

successo r of source blo ck,

I
co de motion is sp eculative if the

moved co de is executed on some

control-�o w path on which it w ould

not have b een executed b efo re.

I
co de motion ma y require the insertion

of duplicates ( comp ensation co de ), if

some moved co de w ere not executed

on some control path.

A

B C

D

I

II

III

IV

KIII

IV KIV



Co de Scheduling

T race-/ Sup er- / Hyp erblo ck Scheduling

What is the total running time of a p rogram?

X

basic blo ck i

t

i

� f

i

where t

i

is the duration and f

i

the frequency of execution of basic

blo ck i .

Do w e kno w t

i

and f

i

? � In general, w e don't!

Pro�ling computes an app ro ximation to them.
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T race- / Sup erblo ck- / Hyp erblo ck-Scheduling

I
Extend scheduling a rea to sequences of consecutive basic

blo cks ( traces, sup erblo cks, hyp erblo cks ),

I
Select frequently tak en paths based on p ro�le data, annotate

p rogram with p ro�ling info rmation: asso ciate each b ranch of a

conditional with a relative frequency ,

I
Optimize and schedule frequently tak en traces at the cost of

less frequently tak en traces.
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T races

T race is a sequence of consecutive basic blo cks not extending

across a lo op b ounda ry

Control �o w graph of a p ro cedure is pa rtitioned into a disjoint set

of traces

I
traces fo rmed in o rder of decreasing frequency:

1. select available basic blo ck with highest frequency

2. join available p redecesso rs and successo rs with highest

frequencies until frequency falls b elo w a given threshold

I
there a re (unlik e in basic blo cks)

side exits out of traces

side entrances into traces
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A P a rtitioning into T races

7

42

1

3

5

6



Co de Scheduling

Example

od

R5 := 0  (* holds  sum *)
R6 := n
R7 := s

R2 := M[ R1 + a ]i1
i2

i3
i4
i5
i6

i7
i8

i9
i10
i11

R3 := M[ R1 + b ]
R4 := R3 + R7
M[ R1 + b ] := R4
BR  i9

R4 := R2
M[ R1 + b ] := R2

R5 := R5 + R4
R1 := R1 + 4

BNE R2 0  i7

BLT  R1 R6  i1

R1 := 0  (* stepping thru A and B *)

B1

B2

B3

B4

B1

B2 B3

B4

for i := 0  upto  n  do

if  A[i] = 0 

then  B[i] := B[i] + s

else  B[i] := A[i]
fi
sum := sum + B[i]



Co de Scheduling

Basic-Blo ck Schedule fo r Example

Assumptions : 2-issue p ro cesso r with 2 integer units,

latency of a rithmetic and of sto re is 1 cycle, of load is 2 cycles, no

stall cycles fo r a b ranch.

4

0 R2 := M[ R1 + a ]

R3 := M[ R1 + b ]i3

i4 R4 := R3 + R7
i5 M[ R1 + b ] := R4

3 i7 i8 M[ R1 + b ] := R2R4 := R2

i5 i66 BR  i9M[ R1 + b ] := R4

i45 R4 := R3 + R7

R5 := 0  (* holds  sum *)
R6 := n
R7 := s

i1
i2

i6

i8

i11

BR  i9

M[ R1 + b ] := R2

BNE R2 0  i7

BLT  R1 R6  i1

R1 := 0  (* stepping thru A and B *)

B1

B2

B3

B4

i3

Time Int. Unit 1 Int. Unit 2

1

3

R2 := M[ R1 + a ]

i7 R4 := R2

i9 R5 := R5 + R4

R1 := R1 + 4i10

i22 BNE R2 0  i7

R3 := M[ R1 + b ]

8 (5) i11 BLT  R1 R6  i1

7 (4) i9 R5 := R5 + R4 R1 := R1 + 4i10

i1



Co de Scheduling

T race Scheduling

List scheduling applied to a trace � Problems:

I
co de motion past side exits

I
co de motion past side entrances

ma y destro y semantics.

Comp ensation co de inserted on o�-trace paths.

Problems:

I
Co de gro wth

I
Exceptions raised b y comp ensation co de moved in front of side

exits



Co de Scheduling

T race Schedule fo r Example

BLT  R1 R6  i1

0 R2 := M[ R1 + a ]

3 i7 i8 M[ R1 + b ] := R2R4 := R2

Trace ScheduleBasic-Block Schedule

i1 R2 := M[ R1 + a ]

i2 BNE R2 0  i7

Time Int. Unit 1 Int. Unit 2
0
1
2

3

4

R3 := M[ R1 + b ]

R4 := R3 + R7

i5 M[ R1 + b ] := R4

i9 R5 := R5 + R44 (5)

i4

i3

i12

i10 R1 := R1 + 4

BR  i9

i3

Time Int. Unit 1 Int. Unit 2

1

3

i22 BNE R2 0  i7

R3 := M[ R1 + b ]

8 (5) i11 BLT  R1 R6  i1

7 (4) i9 R5 := R5 + R4 R1 := R1 + 4i10

4
i4 R4 := R3 + R7

i5 i66 BR  i9M[ R1 + b ] := R4
5

3 i7 R4 := R2 i8 M[ R1 + b ] := R2

6  (7) i12 BR  out

5 (6) i11

i1



Co de Scheduling

Sp eculative Up w a rd Co de Motion

co rrect

	

?

?

?

-

?

-

?

?
if

X :=

e

s

1

s

2

s

2

s

1

e

if

X :=

X not live at s

2

wrong

X live on entry to s

2

?

?

?

-

?

-

?

?
if

X :=

e

s

1

s

2

s

2

s

1

e

if

X :=

Solution: Register renaming



Co de Scheduling

Do wnw a rd Co de Motion with Insertion of Comp ensation

Co de

	

	
-

?

?

? ?

-

?

?

X :=

X not live at s

2

if

e

F

s

2

s

1

T

if

e

F

s

2

T

X :=

s

1

-

-
dep endence

no dep endence

?

?

?

-
?

?

?

-

?
X :=

X live at s

2

if

e

T

s

1

F

s

2

if

e

F

T

X :=

s

1

X :=

s

2



Co de Scheduling

Moving a Statement past a Side Entrance

I
Up w a rds move of a statement over a side entrance in (a) and

(b).

I
rule fo r these moves in (c)

X :=

X := ��

?

?

?

s

2

s

3

s

1

?

�

?

?

s

3

X :=

s

2

s

1

(c)

?

?

�

?

i := l + 1

j := i + 1

(b)

??

?

�

?

?

i := l + 1

j := i + 1

(a)



Co de Scheduling

Sup erblo cks

A voiding co de motion past side entrances b y tail duplication :

cop ying co de sta rting with side entrance and redirecting the

b ranches.

Sup erblo ck fo rmation

I
sta rts with a trace,

I
p ro duces a trace without

side entrances,

I
only one entry , but

p otentially several exits.

B4'

B1

B2 B3

B4

Comp ensation co de only fo r do wnw a rd co de motion past side exits.



Co de Scheduling

Enla rging Sup erblo cks to increase the available ILP

Branch T a rget Expansion: �Expands� the last b ranch of a sup erblo ck b y cop ying and

app ending the ta rget sup erblo ck

Lo op P eeling and Unrolling: Unroll several iterations of the lo op;

I
remove control transfer if safe

I
extend sup erblo ck b y p redecesso rs and/o r successo rs if p ossible

Removal of Dep endencies:

register renaming removes a rti�cial dep endencies

op eration migration moves an op eration from a sup erblo ck which do es not use the

result to another one which do es

induction va riable expansion intro duces a new instance of an induction va riable fo r every

unrolled iteration of a lo op;

removes dep endencies of induction va riables on themselves;

requires initialization and �nalization co de.


