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o NTIEYIRNRIFARZZETCMURITRTZE15-745:
> Optimizing Compilers for Modern Architectures
o —EETRIK:
> Compilers: Principles, Techniques, & Tools (1)
> Advanced Backend Code Optimization
~ Engineering a compiler
> Optimizing compilers tor modern architectures a dependence based approach

>~ Programming Language Pragmatics
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éﬁi%ﬁ%lp\/é\j:mﬁ Eﬁb ¢

Execution time = Operation count * Machine cycles per operation

o /MUBRIERIE =
- LB BB IRIE, NFAIE]
FREFTMARENE aA8F, BMTE
o A TRMBIEE RN ER/ER (Strength reduction)
> LEAIEEEA N cyclesBURIAR RN ZFE— T cyclel Uiz
e &=/JMtcachefImiss
- FF%Flocality
o JFILIEHITIL
> e.g., Single Instruction Multiple Data (SIMD)
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> Loop unroll
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PRIFAS Lo

Source Code Intermediate Form Intermediate Form Object Code
Sl ”7x86
Ctte LLVM-IR LLVM-IR e > ARM
) .. Back ...~
Javageeeereeeess Optlmlzer .......
......... End U RISC-V
Verilog
SN
SPARC

o ML KRERD ZHEFIEETTRAY
e REEMEE M TEIESHKREIES ZIE

- HIETFEHRES, BSRFIEHEDHHA (EEENSSA)
o FIE]ERYSI AR IFITIZE ENMAIRIRL
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PmiFasLICHIR D

* BHFA{LILI)ER
- KEIBEB AN
* SEHIRT
> HERMARERCENREERNRT
- IZH)AEE (Control-flow graph) . Def/use chains. SSA(Static Single Assignment )...
° AT
> PTEES I MHITZENRZRR, BRESERS
- Control-flow analysis, Dataflow analysis, Pointer analysis:

o (LiYt%R(Code Transformation)
¢ T
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ILACRITPSE

e Peephole

* [ ocal

 Global

* |oop

* [nterprocedural, whole-program or link-time
e Machine code

e Data-flow

e SSA-based

* Functional language
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e Bounds-checking elimination
 Dead code elimination

* [nline expansion or macro expansion
e Jump threading

e Macro compression

e Reduction of cache collisions

e Stack height reduction
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FORHVENL : =1BhERs

o —ilthd (Three-address code) @ TmZB="TI1R1ELX
» A:=BopC
- Left Hand Side (LHS): name of variables, e.g., x, A[t]
- Right Hand Side (RHS) : value
- HBIRYIES:

- Ai=BopC

- A :=unaryop B

- A:=8

- GOTO s

- IF Arelop B GOTO s
- CALLf

- RETURN
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ieeafl+: BRHF

o E)8HEFBubbleSortfl@N—T&NAHAHITHIF:
- ANB T TTRELIENTFTD
> ARYTTRAIZES| FARM1EN
- A[J] £ &A + 4*j - 1]ithit N 1708
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#FhFERAYEES (Pseudo)

t9 |
temp := A[t9] ;tempi=A[7j] |
t10 = j+1 \

1 := n-1 :
S S T T T S S e t11:= t10-1 * : |
}f.i<i goto L2 £12 1= 4*tll |
\ “m tl3 := A[tlZ] JA[J+1]
| t1 = J -1 t14 := J_l |
12 = 4xtl |nner|oop5 tls = 4xtl4 . _
| £3 1= A[t2] A7 ] A[t15] := t13 JA[F]:=A[]+1] |
| Y4 iz 41 ’ t16 := j+1 1
; =) t17 := t16-1 ~
| tS 1= t4-1 |
| t6 = 4%t5 t18 := 4xt17/ | |
“ t7 1= A[t6] A[G+1] A[t18] =temp JA[j+1] :=temp

1f t3< t7 goto L3

L2: i = i-1
goto L5 :
LTEe T

|

L
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FT: BAIR (basic block)

o EZNIR: EZEAY3MHNILAY
> XPUBRATE -G ] UAMIMERIRIR (R IEIRICIS A PT PAS kSR RIS & 70 32

Zl)iX)

> REF—AENIT, BBAZRNERIBUEBSBEZNAT (FERE D
a2k, FRIFEsE—19)

e BB EEFRRRZAMN:
- BRIFMRIREARIREIMER, SNTEBERX
o EEARIRANEHIMABIAARMMNAL (local optimizations)
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FIETIR

BEARR: F—a#HAN, mfie—0H Jump targets start a block, and jumps end a block)

t9 :

temp :

t10 :

tll:= t10-1

t12 := 4xtll

t13 := A[t12] JA[T+1]
t1l4 = j-1

t15 = 4xt14

A[t15] := t13 JA[J]:=A[]+1]
tlo := j+1

tl/7 = tlo-1

4xt1l

A[t2]

j+1

t4-1

4%t5

Alte]  A[j+1]
=t/ goto L3

mn i =1 n i I
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1Z2#7REl (Control Flow Graph)

* TR BRI

* B: B;— B HY)XH B, EFLEHIT FRIREB ZIG

- BABME—FIE<EB&E DRI B R

- BABMERANIREBEHE, EFBABATFRHAHIZERE
o EFE MEUMMENRIUMstartzl Fentry T =
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%Uuu.! (Control Flow Gra oh)

tacee .E....l_f _] >l gOtO LZ ....................................................E J tl@ — J _|_1
t2 1= 4xtl ‘. t12 = 4xtll
t3 1= A[t2]  A[j] ‘. t13 = A[t12]
t4 = j+1 : t14 := j-1
t5 1= t4-1 ; t15 := 4%tl4
t6 := 4xt5 : A[t15] := t13 JA[J]:=A[]j+1]
t7 = A[t6]  ;A[j+1] : t16 := j+1
if t3< t7 goto L3 - tl7 = tle-1

I
mn - =1 1 n 1
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ILACRITPSE

o BIEMAL: BRIEBIEZIBUANSTOC, FOCS...Mpaper, BNRIAETEEEE
ZESNRER, —RMS, BUNBIRmZEFRMNARMALEE

o NEUALM (Algebraic optimization) : 8 A:=B+0 — A:=B
o KRN, T— 1EARIRANHITINM, (across instructions)

e 2RAMMM (Global optimizations) @ FE—TEFHLREIFR (across basic
blocks)

o I B (inter-procedural) : E—1T ERALMA (across procedures, Z1
= HRE)
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AT

* T—TERRAHITIN DI HCIEFRIR
* AEREREHRER
o BRIFGZANHBILIE I+
> RN HFRIXTVERR (Common subexpression elimination)
- DT T T ERRAEZCRENE—TRIAT
- BRI BBmABETENTE
- AiEEITE (Constant folding) & JHIR
- ot RIABSKER ABEEERIZMN ST
- B BKERANEERERANRENEITENS
- JEIS7EFR (dead code elimination)

ol
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_ At

| | :

if i<l goto L1 ] 19 1= 4xtS
j 1= 1 { temp := A[t9]
: t10 := j+1

R Y t1l:= t10-1

£2 1= A%tl A  t12 = 4xtll |

t3 1= A[t2] AT X t13 := A[t12] JA[F+1]

td 1= j+1 : t14 := j-1

t5 : +4-1 : t15 . 4xt14

TR oL e : A[t15 = t13 JA[T]:=A[]+1]
17 1= A[t6]  ;A[j+1] ; tlo = J+1

 f 1f t3< t7 goto L3 f tl/ := tlo-1
0 _ L ey \ t18 := 4xtl7/

A[t18] =temp
r ] = J+1

goto L4

1 = 1-1

|

mn - =1 1 n 1

TLRINITE
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=1

A

i :
1 t9 := 4x%t8
*

= n-1
1f i1i<1 goto L1
=

temp := A[t9] ;tempi=A[7j]
t10 := j+1
tll:= t10-1
t12 = 4%tl1l
t13 := A[t12] sA[T+1]
t14 = j-1
tl15 := 4%xt14
A[t15] := t13 JA[J]:=A[]+1]
tlo = j+1
tl16-1
t18 := 4xtl/
A[t18] :=temp JA[j+1] :=temp
r ] = J+1
goto L4
1 = 1-1

|

tl := j-1
4xt1l
Alt2] ;A[j]
4% ]
A[t6] JA[J+1]
=t/ goto L3

t2 :
3 -
to :

t/7 =
1T t3<

tl/ :

mn - =1 1 n 1
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i 1= n-1 | * - R  temp :

if i<l goto L1 o t10 :
i =1 | tl1l:= t10-1

if j>i goto L2 Bl t12 := 4xtll
. j—l f | t13 : A[tlZ]
4xt1 t1l4 := j-1
ALt2]  GA[]] | o nat
A% | A[t15] := t13  ;A[j]:=A[j+1]
= A[t6]  A[j+1] W tle := J+1
if t3<=t7 goto L3 * el B el
N t18 := 4%t17
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AT

= n-1
: if i<1 goto L1 . :
i1z 1 : temp = A[t9] ytemp:=A[]]
. if ]>l goto L2 B Bl o vy
tl : - t13 := A[t12] JA[]+1]
t2 : Alt9] := t13  ;A[j]:=A[]j+1]
13 : :
t6 :
t7 '

Al[t2] JA[T ]
4% ]
A[t6] JA[T+1]
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(Intraprocedural) £/t

* T/ VS AL
- FRNAEFRIAIVERR
- TRNE=EE
- FEACREIE R

e IBIMAM (Loop optimizations)
- fBIAEFH (Loop unroll) . EMHFEE (Loop fusion)

R —-—

- VB 5) (Code motion) : EEANEHAAZ I IME(Loop-Invariant Code Motion, LICM)

- IR =75FR (Induction variable elimination)
o ELfthizthllz54s
- SERMEE R AT LBERENEIA, BUBMUE

L
=

{2

R
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1 := n-1

=/ (BESTERR) AH-F

1f i1i<1 goto L1

] =1

g
5 o= Az

16 1= 4x]j

7 t= aluE]

]j-1

JA[T]

JA[J+1]

o L3

NHEFRIAT!

= e
tl2 = 4x%]
rilE s Alra2]
A[t9] := t13

» ] = ]+l

goto L4
1 = 1-1

goto L5

ytemp:=A[]]

JA[J+1]
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=/ (BESTERR) AH-F

27 AL T eAT T
A[to] :=t3 JA[J+1]i=0ld_A[]]

1 := n-1
1f i1i<1 goto L1
] =1

]j-1

t2 = 4xtl

t3 1= A[t2]  ;A[j]
to6 1= 4x]

t7 := A[t6] JA[J+1]
o L3

NHEFRIAT!
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)34 E = HFFR(Induction Variable Elimination)

c BV L
- BURSIZIANE=E (BB XERFEINER>BEIEENERE, ATF1ITEIRTRE)
> — PN EANT =L MR IR T SN EANT = (—AxFH T1h01EEE)

o o UMZEITENRYANZ =
o {1t
g
- RERIAEZ RNINASE UFZ
- SEERTEMES
- BAANANTE (—ARE1

E HII55(strength reduction):

L —

B2 IE R BRI EM)TNTE SAINIT)

N
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l i 1= n-1 | i 1= n-1
L5: if 1<1 goto L1 L5: 1f i1<1 goto L1
‘ ] = 1 ‘ E2 =0
‘ el B= =1l L4: t19 := 4x%1
122 == Agael 197 tleEtlls) @lonce L2
t3 := A[t2] JA[T] t3 := A[t2] JA[T]
5 r= Ak t7 := A[t6] JA[j+1]
t7 := A[t6] JA[T+1] if t3<=t7 goto L3
A[t2] := t7 JA[T]:=A[]+1]

1f t3< t/7 goto L3

Alt2] := t7 JA[j]1=A[]+1] ‘ A[t6]:=t3 JA[j+1]:=0ld _A[j]
| A[t6] =t3 JA[j+1]:=0ld A[j] L3: t2 := t2+4
KHE | = * to := to+4
’ goto L4 goto L4
L2: 1 := 1-1

L2: 1 := 1-1
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B AZTNYME(Loop-Invariant Code Motion)

o 5317
- EERAENTE, BERRHTIARE
» Tifh

- X TITE B 2R IR



o AR S TR
E;_.‘r‘ F School qf an[ﬁgent Software and Engineering

R ZIVIMR

n—1

= A[t2]

t7 = A[t6] JA[+1]

1f t3<=t7 goto L3

Alt2] := t7 JA[T]:=A[]+1]

A[t6] :=t3 JA[j+1]:=0ld A[j]
2 1= t2+44

t6 := to+4

goto L4
1 = 1-1

t3 1= A[t2]  ;A[j]

t7 := A[t6] JA[J+1]

1f t3<=t7 goto L3

Alt2] := t7 JA[T]:=A[]+1]

A[t6]:=t3 JA[J+1]:=0ld_A[]]
: t2 1= t2+4

t6 := to+4

goto L4

1 := 1-1
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A2 1CHS

1 := n-1
» 1T 1<1 goto L1
t2 (=0
to (= 4
t19 := 4x1
» 1T t6>t19 goto L2
t3 1= A[t2]  ;A[Jj]
t7 := A[t6] JA[j+1]
1f t3<=t7 goto L3
Alt2] := t7 JA[J]:=A[]+1]
A[t6]:=t3 JA[J+1]:=0ld_A[]]
2 1= t2+44
t6 := to+4
goto L4
1 = 1-1
goto L5
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ma%ﬁ?éﬁl;'ﬂ: (Machine Dependent Optimizations)

o FF23nHEC (Register allocation)
e I5XAE (Instruction scheduling)

e NIFEREHNI (Memory hierarchy optimizations)






