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Code S
hedulingInstru
tion Level Parallelism (ILP)Ar
hite
tures 
apable of simultaneous exe
ution of multipleinstru
tions
◮ issued at the same time (multiple-issue ar
hite
tures) or
◮ issued while pre
eding instru
tions still exe
ute (pipelinedar
hiteture)
◮ 
ombination possible: multiple-issue ar
hite
ture with pipelinedfun
tional unitsMain distin
tion between multiple-issue ar
hite
tures: Who de
ideswhen to issue an instru
tion:
◮ Compiler stati
ally s
hedules: VLIW
◮ Hardware dynami
ally issues: Supers
alar
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heduling for basi
 blo
ks and 
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tures6. s
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y
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hedulingThe VLIW Ar
hite
ture
◮ Several fun
tional units, ideally homogeneous, in pra
ti
e not,
◮ One instru
tion stream, in ea
h instru
tion at most 1operation per FU,
◮ Jump priority rule for several 
onditional jumps in 1 instru
tion,
◮ FUs 
onne
ted to register banks, otherwise too many portsrequired.
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Code S
hedulingPipelining as Ar
hite
tural Prin
iple
◮ split operation into asequen
e ofphases/stages ofroughly same duration;
◮ exe
ute several
onse
utive instan
es inan overlapped fashion.
◮ Prin
iple 
an be appliedto the exe
ution ofinstru
tions as well asto the exe
ution ofoperations in fun
tionalunits.
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hedulingInstru
tion PipelineSeveral instru
tions in di�erent stages of exe
utionPotential stru
ture:1. instru
tion fet
h and de
ode,2. operand fet
h,3. instru
tion exe
ution,4. write ba
k of the result into target register.
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hedulingPipeline hazards
◮ Data hazards: Needed operand not yet available, 
f. truedependen
e
◮ Stru
tural hazards: Resour
e 
on�i
ts, several instru
tionsneed same ma
hine resour
e, e.g. fun
ional unit, bus,
◮ Control hazards: (Conditional) jumps, 
ondition not yetevaluated.
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ally s
heduled exe
utionAssuming a load/store ar
hite
ture.Phase A
tivity1. fet
h & de
odeinstru
tion dete
tion of stru
tural hazardsoperand dete
tion of data hazards2. register operand fet
h dispat
h to fun
tional unit3. exe
ute exe
ute operation or load/store4. write ba
k write to register (or store)
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hedulingPhases in dynami
ally s
heduled exe
utionPhase A
tivity1. fet
h & de
odeinstru
tion dete
tion of stru
tural hazardsoperand dete
tion of data hazards2. register operand fet
h dispat
h to fun
tional unit3. exe
ute exe
ute operation or load/store4. write ba
k write to register (or store)



Code S
hedulingExploiting Parallelism � The Setting
Hardware o�ers parallel exe
ution,Code Sele
tor produ
ed a sequential instru
tion stream,Goal Dis
over inherent parallelism in the sequentialprogram,Question: When?Exploitable Parallelism based on notion of independen
e.
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hedulingAr
hite
ture Chara
terization
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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hedulingStati
 and Dynami
 S
hedulingStati
 Dynami
global dependen
e analysis: in ea
h s
heduling step:in ea
h s
heduling step: with lo
al dependen
e analysis,
he
k non-dep. of 
andidates 
he
k non-dep. of 
andidateson prev. s
heduled instru
tions; on 
urr. exe
uting or delayed instru
tions;s
hedule non-dep. instru
tions dispat
h or delay non-dep. instru
tions.after appropriate delayS
ope 
an be: S
ope is a small Window,Basi
 Blo
k, 6 - 12 instru
tions.Sequen
e of basi
 blo
ks, support by s
heduling helpfulLoops.
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Code S
hedulingInstru
tion S
heduling
◮ Reorders instru
tion stream as generated by instru
tionsele
tion,
◮ Goal: Exploitation of intrapro
essor parallelism,

◮ Filling very long instru
tion words (VLIWs), or
◮ Avoiding pipeline hazards.

◮ Must be semanti
s preserving,
◮ Basis: Program dependen
es.



Code S
hedulingProgram Dependen
esDependen
e 
onstrains the potential for reordering:S2 depends on S1 =⇒ S1 must be exe
uted before S2.S1,S2 
an be operations, instru
tions, basi
 blo
ks.Two types of dependen
es:Data Dependen
e:
◮ Relation between de�nitions and uses ofresour
es (program variables, memory 
ells orblo
ks, symboli
 or real registers),
◮ Here mainly ma
hine resour
es, i.e. registers,memory 
ells, status words
◮ Alias problems:

◮ Address 
al
ulation for an index expression
◮ Dereferen
ing of a pointerControl Dependen
e: Conditions dominating statements



Code S
hedulingExampleS1: read aS2: if a > 0S3: then b := a;S4: 
 := b + aS5: else 
 := -(a + a);S6: d := 2 * b;S2 is data dependent on S1 � it uses the value 
omputed by S1.S3, S4, S5 are 
ontrol dependent on S2 � they are only exe
uteddepending on the out
ome of the test.
du

du

du

du

du

duS1 S2 S3 S4S5 S6 
ontrol dependen
edata dependen
e
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hedulingDe�nitions and Uses of Ma
hine Resour
esDe�nitions :
◮ modi�
ations of register 
ontents by loads or operations, pre-,postin
rement/de
rement,
◮ setting 
arry, over�ow, 
ondition bits in status words,
◮ storing values in memory 
ells,
◮ modifying registers as side e�e
ts of e.g. pop, push.Uses :
◮ Using register 
ontents in operations and for addressing,
◮ Storing register 
ontents,
◮ Loading 
ontents of memory 
ells,
◮ Testing the program status word.
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hedulingTypes of Data Dependen
esDe�nitions (X :=) and uses (:= X ) of resour
e X .a : X :=b : X :=
 : := Xd : X :=Output dependen
es (dd, WAW): De�nitions on de�nitions,e.g., b on a,True dependen
e (du, RAW): Uses on de�nitions,e.g., 
 on b,Antidependen
e (ud, WAR): De�nitions on uses,e.g., d on 
 .
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hedulingData Dependen
e Graph (DDG) (for a basi
 blo
k)Nodes instru
tions,Edges
◮ a sets a resour
e, b uses it,and the path from a to b is de�nition free, or
◮ a uses a resour
e, b sets it,and the path from a to b is de�nition free, or
◮ a and b set the same resour
eand the path from a to b is use and de�nition free

◮ des
ribes the degree of freedom for semanti
s-preservingreordering of the instru
tions.
b:

X :=

X :=

use freede�nition and:= X
X :=

de�nition freeX :=

:= Xde�nition freea:



Code S
hedulingExampleDDG
◮ 
ontains all dire
t dependen
ies as edges,
◮ dependen
e is transitive, but does not need to be represented,
◮ transitive 
losure is an upper approximation due to aliasing,
◮ dire
t dependen
es are enough to prevent non�semanti
preserving reorderings.Instru
tion sequen
e with its DDG1 : (CC, D1) := M[A1 + 4℄.W2 : (CC, D2) := M[A1 + 6℄.W3 : (CC, D1) := D1 + D24 : M[A1 + 4℄ := D1.W du1 dd 2

uddudd3du4
ud



Code S
hedulingEliminating non-live dependen
esFlags in the 
ondition 
ode/program status word
◮ are ma
hine resour
es,
◮ on some ma
hine set in ea
harithmeti
 instru
tion,
◮ used in 
onditional bran
hes.
◮ Dependen
es would preventany reordering due todd-dependen
es,
◮ should be eliminated asshown 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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hedulingBasi
 Blo
k with DDG1: 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 •

•9 6•5
•

•
3

•4 7•

1 2
••

8



Code S
hedulingBasi
 Blo
k with DDG1: 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 •8
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Code S
hedulingAlgorithm DDG-GraphInput: basi
 blo
kOutput: data dependen
e graph of basi
 blo
kMethod: ba
kwards traversalvar �rstDefs, expUses: set of pair (resour
e, instrO

);a
tInstr: instru
tion;fun
tion 
on�i
t(res,instr1,instr2): 
on�i
tTyp;(* determ. exist. and type of 
on�i
t betw. instr1 and instr2 on resour
e res *)if res is set in instr1 thenif res is used in instr2 then 
on�i
tTyp := def-useelse 
on�i
tTyp := def-def �else if res is used in instr1 and set in instr2 then 
on�i
tTyp := use-def ��;pro
edure drawEdge(a → b, 
on�i
tTyp)draws a new edge between its arguments if there is none.



Code S
hedulingbegina
tInstr := last instru
tion of basi
 blo
k;�rstDefs := {(r , a
tInstr)|r ∈ defs(a
tInstr)};expUses := {(r , a
tInstr)|r ∈ uses(a
tInstr)};while pred(a
tInstr) de�ned doInvariant:�rstDefs = {(r , i)|i 
ontains �rst def. of r in a
tInstr ; β}expUses = {(r , i)|i 
ontains use of r not pre
eded by a def. of r }a
tInstr := pred(a
tInstr);forea
h resour
e r set or used in a
tInstr doforea
h (r , b) ∈ �rstDefs ∪ expUses do
ase 
on�i
t(r, a
tInstr, b) isdef-def: if exists no pair (r , .) in expUsesthen drawEdge(a
tInstr → b,dd) �;def-use: drawEdge(a
tInstr → b,du);use-def: drawEdge(a
tInstr → b,ud);end 
aseodod;
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heduling
(* Updating �rstDefs and expUses *)forea
h resour
e r ′ set in a
tInstr do�rstDefs := �rstDefs − {(r ′, .) ∈ �rstDefs} ∪ {(r ′, a
tInstr)};expUses := expUses − {(r ′, .) ∈ expUses}od;forea
h resour
e r ′ used in a
tInstr doexpUses := expUses ∪{(r ′, a
tInstr)};odInvariant restored!odend
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Code S
heduling(Simple-) Pipeline S
hedulingSimple pipeline with the following properties:
◮ instru
tion pipeline without hazarddete
tion, i.e., no pipelineinterlo
ks,
◮ simple resour
e model: instru
tionuses 1 resour
e for 1 
y
le =⇒di�erent instru
tions s
heduled ondi�erent 
y
les do not interfer,
◮ one 
y
le delay for true-dependentinstru
tions,
◮ goal: hiding laten
ies to minimizeprogram length. Z:= Y

X:=

Y:= X

Z:= Y

du

du

X:=

NOP

Y:= X

NOPLater, 
omplex resour
e models: instru
tion o

upies a resour
e formore than 1 
y
le.
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hedulingComplexity and Heuristi
s
◮ Optimal Pipeline S
heduling, evenfor simple pipelines, is anNP-
omplete problem,
◮ use topologi
al sorting to 
onvertpartial order into total order
◮ In the example, several possiblelinear order exist, e.g.

{1, 2, 6, 3, 5, 9, 4, 7, 8, 10, 11},
{6, 5, 1, 2, 3, 7, 4, 10, 11, 9, 8}

◮ use heuristi
s for the sele
tion of
andidates next to be s
heduled:
◮ 
andidates with mostdependen
es,
◮ 
andidates on the longest path. 11

1 2

3

4

5

6

7

8

9

10



Code S
hedulingAlgorithm Pipeline S
heduling (Gibbons/Mu
hni
k 1986)Input: Basi
 blo
k with DDG,set of s
hedules for pre
eding basi
 blo
ks.Output: (Possibly) reordered instru
tion sequen
e ofthe basi
 blo
k, possibly with inserted NOPs.Method: topol. sorting 
onstrained by the pipeline 
onditionsvar 
ands, realCands, potColls: set of instrO

;(* 
ands: instru
tions without prede
essor *)(* potColls: already s
heduled instru
tions whose delay is not over *)(* realCands: instru
tions in 
ands without 
on�i
t with potColls*)fun
tion 
olliding(
and, potCol)/ : set of instrO

;
omputes the set of instru
tions in 
and,
olliding with those in potColls



Code S
hedulingbegin
ands := set of minimal elements of the DDG;potColls := set of last instru
tions in s
hedules of pre
eding basi
 blo
ks;repeatrealCands := 
ands − 
olliding(
ands, potColls);if realCands 6= ∅ thenevaluate 
andidates a

ording to heuristi
s;sele
t a best 
andidate b; s
hedule b;remove b from 
ands;remove b and all outgoing edges from the DDG;insert new minimal elements into 
ands;potColls := {b}else s
hedule a NOP; potColls := ∅�until 
ands = ∅end
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hedulingMore Complex Ar
hite
tures
◮ Parallel fun
tional units,
◮ Complex resour
e patterns � multi-
y
le operations,Require modi�
ations of algorithm Pipeline S
heduling
◮ uses resour
e usage patterns for instru
tions and resour
e
onstraints for the ar
hite
ture,
◮ may s
hedule several instru
tions in the same position,
◮ keeps list of data-ready instru
tions, i.e., instru
tions whose(dependen
e) prede
essors will have produ
ed their results intime for the 
urrent instru
tion,
◮ 
hooses from the ready list by a priority heuristi
s,
◮ keeps a global resour
e table for bookkeeping about o

upiedresour
es and for 
he
king for resour
e 
on�i
ts.



Code S
hedulingMore Complex Ar
hite
ture � New TerminologyOperation: Ma
hine Operation, e.g. Load, Store, Addgeneri
 names: a, b, 
 , . . .Instru
tion: Set of operations s
heduled at the same position,generi
 names: A,B ,C , . . .Laten
y: Exe
ution time of an operationDelay: Required distan
e between the issue of a and theissue of b if (a → b)S
hedule: Mapping from operations to positions (
y
les),generi
 names: σ, σ�at , σswp , . . .
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hedulingDelays as Fun
tions of Dependen
e TypeDelay for (a →dt b) depends on the laten
ies of a and b and dt.Assumptions:
◮ write-
y
le is the last,
◮ read-
y
les is any 
y
le but the last,
◮ in 
on
urrent reads and writes, read reads old 
ontent.du: laten
y(a) a

bud: −1 + laten
y(a) − laten
y(b) a

bdd: 1 + laten
y(a) − laten
y(b) a

b



Code S
hedulingAlgorithm List S
hedulingInput: Basi
 blo
k with DDG,set of s
hedules for pre
eding basi
 blo
ks.Output: Instru
tion sequen
e of the basi
 blo
k asso
iated with times(positions in the s
hedule).Method: topologi
al sorting 
onstrained by the pipeline 
onditionsvar time: int;var 
ands: set of instrO

;array GRT[R × . . .℄ of Bool;(* GRT [r , t] = true i� 
onstru
ted s
hedule o

upies resour
e r at time t *)fun
tion resCon�i
t(
and, grt) : bool;
he
ks whether 
and has a resour
e 
on�i
t with the 
urrent s
hedule;
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hedulingThe Global Reservation Table, GRT
T i m e

R
e
s
o
u
r
c
e
s



Code S
hedulingbegintime := 0; 
ands := set of minimal elements of the DDG;while 
ands 6= ∅ thensort 
ands in non-de
reasing priority order;while not all 
andidates have been tried do
he
k next 
andidate b for resour
e 
on�i
ts;if not resCon�i
t(b, GRT) then s
hedule b at time;update GRT;remove b from 
ands;remove b and all outgoing edges from the DDG;ododin
rement time by 1; update 
ands;insert instru
tions whose delay is over into 
ands;end
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Code S
hedulingExposing more Instru
tion Level ParallelismDegree of ILP in basi
 blo
ks is limited � typi
ally to 2Available ILP in pro
essors grows: better exploitation by
◮ S
heduling sequen
es of 
onse
utive basi
 blo
ks
◮ S
heduling loops
◮ Spe
ulationwhen what how to preserve the semanti
sdynami
 hardware bran
hpredi
tion on a mispredi
ted bran
h � forget-ting or undoing e�e
ts of spe
ulativelyexe
uted instru
tionsstati
 spe
ulative 
odemotion 
ompensation 
ode
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hedulingCode Motion
◮ moves 
ode from a sour
e blo
k to atarget blo
k,
◮ upward 
ode motion: target blo
k isprede
essor of sour
e blo
k,
◮ downward 
ode motion: target blo
k issu

essor of sour
e blo
k,
◮ 
ode motion is spe
ulative if themoved 
ode is exe
uted on some
ontrol-�ow path on whi
h it wouldnot have been exe
uted before.
◮ 
ode motion may require the insertionof dupli
ates (
ompensation 
ode), ifsome moved 
ode were not exe
utedon some 
ontrol path.

A

B C

D

I

II

III

IV

KIII

IV KIV



Code S
hedulingTra
e-/ Super- / Hyperblo
k S
hedulingWhat is the total running time of a program?
∑basi
 blo
k i ti × fiwhere ti is the duration and fi the frequen
y of exe
ution of basi
blo
k i .Do we know ti and fi? � In general, we don't!Pro�ling 
omputes an approximation to them.
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hedulingTra
e- / Superblo
k- / Hyperblo
k-S
heduling
◮ Extend s
heduling area to sequen
es of 
onse
utive basi
blo
ks (tra
es, superblo
ks, hyperblo
ks),
◮ Sele
t frequently taken paths based on pro�le data, annotateprogram with pro�ling information: asso
iate ea
h bran
h of a
onditional with a relative frequen
y,
◮ Optimize and s
hedule frequently taken tra
es at the 
ost ofless frequently taken tra
es.
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hedulingTra
esTra
e is a sequen
e of 
onse
utive basi
 blo
ks not extendinga
ross a loop boundaryControl �ow graph of a pro
edure is partitioned into a disjoint setof tra
es
◮ tra
es formed in order of de
reasing frequen
y:1. sele
t available basi
 blo
k with highest frequen
y2. join available prede
essors and su

essors with highestfrequen
ies until frequen
y falls below a given threshold
◮ there are (unlike in basi
 blo
ks)side exits out of tra
esside entran
es into tra
es
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hedulingA Partitioning into Tra
es

7

42

1

3

5

6
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hedulingExample
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]



Code S
hedulingBasi
-Blo
k S
hedule for ExampleAssumptions: 2-issue pro
essor with 2 integer units,laten
y of arithmeti
 and of store is 1 
y
le, of load is 2 
y
les, nostall 
y
les for a bran
h.
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



Code S
hedulingTra
e S
hedulingList s
heduling applied to a tra
e � Problems:
◮ 
ode motion past side exits
◮ 
ode motion past side entran
esmay destroy semanti
s.Compensation 
ode inserted on o�-tra
e paths.Problems:
◮ Code growth
◮ Ex
eptions raised by 
ompensation 
ode moved in front of sideexits



Code S
hedulingTra
e S
hedule for 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



Code S
hedulingSpe
ulative Upward Code Motion

orre
t 	

?

?

?

-

?

-

?

?
if

X :=

e
s1

s2 s2s1e
ifX :=

X not live at s2

wrong X live on entry to s2
?

?

?

-

?

-

?

?
if

X :=

e
s1

s2 s2s1e
ifX :=Solution: Register renaming



Code S
hedulingDownward Code Motion with Insertion of CompensationCode
	

	
-

?

?

? ?

-

?

?

X := X not live at s2ife F s2s1T
ife F s2TX :=s1-

-
dependen
eno dependen
e

?

?

?

-
?

?

?

-

?X := X live at s2ife Ts1 F s2 ife FTX :=s1
X :=s2



Code S
hedulingMoving a Statement past a Side Entran
e
◮ Upwards move of a statement over a side entran
e in (a) and(b).
◮ rule for these moves in (
)

X := X := ��

?

?

? s2s3
s1

?

�

?

?

s3X :=

s2s1
(
)

?

?

�

?

i := l + 1j := i + 1(b)
??

?

�

?

?

i := l + 1j := i + 1(a)



Code S
hedulingSuperblo
ksAvoiding 
ode motion past side entran
es by tail dupli
ation:
opying 
ode starting with side entran
e and redire
ting thebran
hes.Superblo
k formation
◮ starts with a tra
e,
◮ produ
es a tra
e withoutside entran
es,
◮ only one entry, butpotentially several exits. B4’

B1

B2 B3

B4Compensation 
ode only for downward 
ode motion past side exits.



Code S
hedulingEnlarging Superblo
ks to in
rease the available ILPBran
h Target Expansion: �Expands� the last bran
h of a superblo
k by 
opying andappending the target superblo
kLoop Peeling and Unrolling: Unroll several iterations of the loop;
◮ remove 
ontrol transfer if safe
◮ extend superblo
k by prede
essors and/or su

essors if possibleRemoval of Dependen
ies:register renaming removes arti�
ial dependen
iesoperation migration moves an operation from a superblo
k whi
h does not use theresult to another one whi
h doesindu
tion variable expansion introdu
es a new instan
e of an indu
tion variable for everyunrolled iteration of a loop;removes dependen
ies of indu
tion variables on themselves;requires initialization and �nalization 
ode.


