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What is Vector-Width (VW) 7

Wikipedia: In Computer Science a vector is
“A one-dimensional array”

Vector-Width is the size of the vector
Aka Vector Length (VL) or Vector Factor (VF)
VW == VL == VF
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Isn't the Loop Vectorizer (LV) good enough 7

e SPEC 2006, 10 runs, Intel(®R) Core™ i7-4790
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HOW S LP Works Al[i+0]=B[i+0]-(C[i+0]&DI[i+0])
A[i+1]=BJ[i+1]-(CJ[i+1]&D[i+1])
A[i+2]=E[i+0]- F[i+0]
A[i+3]=E[i+1]- F[i+1]

O E[i+0 F[|+O] E[|+<I$F[|+1é>

o

Cli:i+1] D[i:i+1]

=1L L] -L L|-1
Bli:i+1]  E[iti+1] Fli:i+1] Bli:i+1]
+4—>:+4 TEm
\_/

2
Not Vectorizec Vectorized —
S—— —
_ Cost: —6 S S 1 S S
Cost=+2  Alli+3] Afii+1] Afi+2:i+3]
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How SLP Works

Bli:i+1]  E[iti+1] Flisi+1]
+4

2

Not Vectorizec

T O O =4

Cost=+2  A[iii+3]

uint64_t A[l,B[1,C[I.DII.EN,FII
A[i+0]=B[i+0]—(C[i+0]&D[i+0])
A[i+1]=B[i+1]~(C[i+1]&D[i+1])
Ali+2]=E[i+0]~ F[i+0]
Ali+3]=E[i+1]~ F[i+1]

O E[i+0 F[|+O] E[|+(I:j)F[|+]é>

L.

Cli:i+1] D[i:i+1]

- s
B[iti+1] /' E[i+
-1[C O &&-1 [CL]
Vectorized I
Cost=-6 JS S|-1 . I—,S. S
Afiti+1] Ali+2:i+3]
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uint64_t A[],B[],C[1,D[],E[,F[]
HOW S LP Works Al[i+0]=B[i+0]-(C[i+0]&DI[i+0])
A[i+1]=BJ[i+1]-(C[i+1]&D[i+1])
A[i+2]=E[i+0]- F[i+0]
A[i+3]=E[i+1]- F[i+1]

O E[i+0 F[|+O] E[I+(I$F[I+]é)

L.

Cli:i+1] D[i:i+1]

-1[C C][C C]-1
Bli:i+1]  E[iii+1] Fli:i+1] Blisi+1] L L] Efisi+1] Fli-i+1]
HELLD) 4 I[L0 @&-1 [Cr LT
. N/ \ /
Not Vectorized Vectorized —
_ PEme——T T - S S[-1 S S
Cost=+2 A[ii+3] Cost 6A[W A[i+|T+3],
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uinté4_t A[],B[],CI[1.D[1.E[l,F[]
How SLP Works A[i+0]=B[i+0]—(C[i+0]&D[i+0])
A[i+1]=B[i+1]~(C[i+1]&D[i+1])
Ali+2]=E[i+0]- F[i+0]
Ali+3]=E[i+1]- F[i+1]

O E[i+0 F[|+O] E[|+<I$F[|+1é>

L .

Cli:i+1] D[i:i+1]

“C O L L)1
Bli:i+1]  E[iii+1] Fli:i+1] Blisi+1] /4- Efisi+1] Flisi+1
HELLD) 4 1L 0 @&-1-1[C 0 [LL]-1
2

Not Vectorizec Vectorized = =1

= = =/ = ~ — —
— Cost = -6 S S|-1 S S|-1 _
Cost=+2  A[iii+3] Alizi1] Ali+2:+3] Cost=-4
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uint64_t A[,B[1,C[I,DI.EN.FII
How SLP Works A[i+0]=B[i+0]—(C[i+0]&D[i+0])
A[i+1]=B]i+1]~(C[i+1]&DI[i+1])
Ali+2]=E[i+0]- F[i+0]
A[i+3]=E[i+1]- F[i+1]

O _. , o
E[i+0] F[i+0]  E[i+1]F[i+1
O QO

>
@i+1] EZI A[E/

Cli:i+1] Dl[i:i+1]

-[C C][L C]-1
Blii+d] _E[ii+l] __ Flti+l] B[i:i+1] /- E[ii+1]  Fii+l
HELLD) 4 1L 0 @&-1-1[C 0 [LL]-1
2
Not Vectorizeq Vectorized Vectorized
= = =/ = ~ — —
— Cost = -6 S S|-1 S S|-1 _
Cost=+2  AJi:i+3] Ali+] Ali+2:743] Cost=-4
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Scalar IR

uint64_t A[],B[1.C[I.D[.EQ.F[
AJi+0]=BJ[i+0]-(CJ[i+0]&D[i+0
Ali+1]=B[i+1]-(CJi+1]&D[i+1
Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1
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Scalar IR

[Find seed instructions |

uint64_t A[],B[],C[],D[],E[].F[]
A[i+0]=B[i+0]-(C[i+0]&D[i+0
Ali+1]=B|i+1]-(C[i+1]&D[i+1
Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1
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Scar IR uint64_t A[LB[I,C[1,D[1,E[],F[]
[Find seed instructions | A[i+0 =B |+6 _E’C H’-O <D |’+o ;
[ Get next seed chain | Q:I% ;E :Ié - I(::II-;-F(:} &D[i+1

Ali+3]=E[i+1]- F[i+1
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Scalar IR

[Find seed instructions |

[ Get next seed chain |

uint64_t A[],B[],C[],D[],E[].F[]
A[i+0]=B[i+0]-(C[i+0]&D[i+0
Ali+1]=B|i+1]-(C[i+1]&D[i+1
Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1
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Scalar IR

[Find seed instructions |

[ Get next seed chain |

Initialize VF

uint64_t A[],B[],C[],D[],E[].F[]
A[i+0]=B[i+0]-(C[i+0]&D[i+0
Ali+1]=B|i+1]-(C[i+1]&D[i+1
Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1

VF=4
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Scal?r IR X
uint64_t A[],B[],C[],DI[].E[],F
[Find seed instructions | Ali+01=B i_go _[]EC P+Oq&D[|i+0[]g
- Ali+1]=B|i+1]-(CJi+1]&D[i+1
[ Get next seed chain | Ali+21=Ei+01- Flic0

Ali+3|=E[i+1]- F[i+1

Initialize VF

[Get VF-wide group from chain |

VF=4
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Scalar IR

[Find seed instructions |

[ Get next seed chain |

Initialize VF

[Get VF-wide group from chain |

St

VF

uint64_t A[],B[],C[],D[],E[].F[]
A[i+0]=B[i+0]-(C[i+0]&D[i+0
Ali+1]=B|i+1]-(C[i+1]&D[i+1
Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1
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Scalar IR

[Find seed instructions |

[ Get next seed chain |

Initialize VF

[Get VF-wide group from chain |

St

YES
[ Build SLP graph from group |

uint64_t A[],B[],C[],D[],E[].F[]
A[i+0]=B[i+0]-(C[i+0]&D[i+0
Ali+1]=B|i+1]-(C[i+1]&D[i+1
Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1

Blii+d]  Efii+l]  Flii+l)
VF=4 ==
Al3]
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Scalar IR X
uint64_t A[],B[],C[],DI[].E[],F
[Find seed instructions | A[i+0 =B H[-]O _[]EC E]+O[£D[Ii+0[];
[ Get next seed chain | Al+1=B[i+1]-(C[i+1]&D[i+1

Initialize VF

[Get VF-wide group from chain |

e VF=4
YES
[ Build SLP graph from group |
[Calculate cost of vectorization |
slide 7 of 15

Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1

Bli:i+1]  Efi:i+1]
+4 (D

Fli:i+1]
+4

[====1-3
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A3
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Cost = +2
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Scalar IR X
uint64_t A[],B[],C[],DI[].E[],F
[Find seed instructions | A[i+0 =B H[-]O _[]EC E]+O[£D[Ii+0[];
[ Get next seed chain | Al+1=B[i+1]-(C[i+1]&D[i+1

Initialize VF

[Get VF-wide group from chain |

VF=4

St

YES
[ Build SLP graph from group |

[Calculate cost of vectorization |

slide 7 of 15

Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1

Bli:i+1]  E[i:i+1]
+4 (D

Fli:i+1]
+4

[====1-3

S'S'S'S

A3

-3
Cost = +2
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Scalar IR

[Find seed instructions |

[ Get next seed chain |

Initialize VF

[Get VF-wide group from chain |

St

YES
[ Build SLP graph from group |

[Calculate cost of vectorization |

cost<threshold

ES

[Gathers become new seeds]

uint64_t A[],B[],C[],D[],E[].F[]
A[i+0]=B[i+0]-(C[i+0]&D[i+0
Ali+1]=B|i+1]-(C[i+1]&D[i+1
Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1

Bli:i+1]  E[i:i+1] Flisi+1]
+4 (D

+4
VF=4 |
-3
Aliti+3] Cost = +2
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Scalar IR

[Find seed instructions |

[ Get next seed chain |

Initialize VF

[Get VF-wide group from chain |

St

YES
[ Build SLP graph from group |

[Calculate cost of vectorization |

cost<threshold
ES

Code Generation

[Gathers become new seeds]

Remove
seed group

uint64_t A[],B[],C[],D[],E[].F[]
A[i+0]=B[i+0]-(C[i+0]&D[i+0
Ali+1]=B|i+1]-(C[i+1]&D[i+1
Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1

Bli:i+1]  E[i:i+1] Flisi+1]
+4 (D

+4
[E===1-3
SSSS|-3
Aliti+3] Cost = +2
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Scalar IR

[Find seed instructions |

[ Get next seed chain |

Initialize VF

[Get VF-wide group from chain |

St

YES
[ Build SLP graph from group |

[Calculate cost of vectorization |

cost<threshold

ES

[Gathers become new seeds]

Remove
seed group

uint64_t A[],B[],C[],D[],E[].F[]
A[i+0]=B[i+0]-(C[i+0]&D[i+0
Ali+1]=B|i+1]-(C[i+1]&D[i+1
Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1

Bli:i+1]  E[i:i+1] Flii+1]
-1 QD +4

4

Not Vectorized

[S S S 9]
Aliti+3] Cost = +2

slide 7 of 15

http://vporpo.me


http://vporpo.me

Scalar IR

[Find seed instructions |

[ Get next seed chain |

Initialize VF

[Get VF-wide group from chain |

St

YES
[ Build SLP graph from group |

[Calculate cost of vectorization |
NO

cost<threshold
ES

Code Generation

[Gathers become new seeds]

Remove
seed group

uint64_t A[],B[],C[],D[],E[].F[]
A[i+0]=B[i+0]-(C[i+0]&D[i+0
Ali+1]=B|i+1]-(C[i+1]&D[i+1
Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1

Bli:i+1]  Efi:i+1] Flii+1]
-1 QD +4

4

Not Vectorized

[S S S 9]
Aliti+3] Cost = +2
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Scalar IR

[Find seed instructions |

[ Get next seed chain |

Initialize VF

[Get VF-wide group from chain |

St

YES
[ Build SLP graph from group |

[Calculate cost of vectorization |
NO

cost<threshold
ES

Code Generation

[Gathers become new seeds]

Remove
seed group

YES
VF /=2

uint64_t A[],B[],C[],D[],E[].F[]
A[i+0]=B[i+0]—(C[i+0]&D[i+0
Ali+1]=B|i+1]-(C[i+1]&D[i+1
Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1

Flisi+1]

Bli:i+1]  E[i:i+1]
-1 QD +4

VF=4 e -
[SSSST
Aliti+3] Cost = +2
VF=2
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Scalar IR

[Find seed instructions |

[ Get next seed chain |

Initialize VF

[Get VF-wide group from chain |

St

YES
[ Build SLP graph from group |

[Calculate cost of vectorization |
NO

cost<threshold
ES

Code Generation

[Gathers become new seeds]

Remove
seed group

YES
VF /=2

uint64_t A[],B[],C[],D[],E[].F[]
A[i+0]=B[i+0]—(C[i+0]&D[i+0
Ali+1]=B|i+1]-(C[i+1]&D[i+1
Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1

Bli+l]  Efii+l]  Flii+1]
+4 DD +4
Aliti+3] Cost = +2
Cli-+1] Dfi+1]
-L L] -1
VF=2 =ity
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Scalar IR

[Find seed instructions |

[ Get next seed chain |

Initialize VF

[Get VF-wide group from chain |

St

YES
[ Build SLP graph from group |

[Calculate cost of vectorization |
NO

cost<threshold
ES

Code Generation

[Gathers become new seeds]

Remove
seed group

YES
VF /=2

uint64_t A[],B[],C[],D[].E[].F[]
A[i+0]=B[i+0]-(C[i+0]&D[i+0
Ali+1]=B[i+1]-(CJi+1]&DJ[i+1
Ali+2]=E[i+0]- F[iI+0
Ali+3]=E[i+1]- F[i+1

Flisi+1]

Bli:i+1]  Efi:i+1]
-2 QD +4

VF=4

Aliti+3] Cost = +2

C[i:i+1] Disi+1]

-E L] [E L1
Bliii+1] Efii+l]  Flii+1]
1 Eg B

-1 L] [& &f-1

VF=2

Vectorized | J Vectorized

CosT==6 =91 < OST= S S| T
Alizi+1] Ali+2:i+3]
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Scalar IR

[Find seed instructions |

[ Get next seed chain |

RETURN

Initialize VF

[Get VF-wide group from chain |

St

YES
[ Build SLP graph from group |

[Calculate cost of vectorization |
NO

cost<threshold
ES

Code Generation

[Gathers become new seeds]

Remove
seed group

YES
VF /=2

uint64_t A[],B[],C[],D[].E[].F[]
A[i+0]=BJ[i+0]-(C[i+0]&DJ[i+0
Ali+1]=B[i+1]-(CJi+1]&D[i+1
Ali+2]=E[i+0]- F[i+0
Ali+3]=E[i+1]- F[i+1

Flisi+1]

Bli:i+1]  Efi:i+1]
-2 QD +4

VF=4

Aliti+3] Cost = +2

C[i:i+1] Disi+1]

-E L] [E L1
Bliii+1] Efii+l]  Flii+1]
1 Eg B

-1 L] [& &f-1

VF=2

Vectorized | J Vectorized

CosT==6 =91 < OST= S S| T
Alizi+1] Ali+2:i+3]
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Variable Width SLP

uint64_t A[],B[],C[],D[l.E[l.F[]

A[|+0] B[|+0] (C[i+0]&D[i+0])
Ali+1]=B[i+1]- (C |+1 &D[i+1])
Ali+2]=E[i+0]-

A[i+3]=E[i+1]- F[|+1]
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uint64_t A[],B[],C[1,D[.E,F[]

Variable Width SLP A[i+0]=B[i+0]~(C[i+0]&D[i+0])
[II% [l:t%] (C[[|+1]]&D[|+1])
Clvojplivo  Ch+URLi+L Al SIoEfs 1] Flid]
B[i+0 B[i+1 E[|+ F[|+O] E[I+ F[I+1

Q)
(S Afi+0] (B)i+1] A(B)2] E/
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uint64_t A[],B[],C[1,D[.E,F[]

Variable Width SLP A[i+0]=BI[i+0]~(C[i+0]&D[i+0])
FI% [l:t%] (C{|+l]]&D[|+1])
C[i+0][i+0 C[i+1][i+1 A[:+3] E[:+1] Fli+1]
B[i+0 B[i+1 E[|+ F[|+O] E[I+ F[I+1

Q)
(S) Afi+0] (B)i+1] A(B)2] E/

VF=4 VW-SLP

[SSSSAig, .
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uint64_t A[],B[],C[1,D[.E,F[

Variable Width SLP A[i+0]=B[i+0]~(C[i+0]&D[i+0])
[II% [l:t%] (CE|+1]]&D[|+1])
Clvojplivo - Ch+URLi+L Al SIoEf+ 1] Fliet]
B[i+0 B[i+1 E[|+ F[|+O] E[I+ F[I+1

Q)
(S) Afi+0] (B)i+1] A(B)2] E/

VF=4 == VW-SLP
A3
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uint64_t A[l,B[],C[],D[l.E[l.F[]

A[|+0] B[ i+0]&DJi+0])
|+% [ |+1]]&D[|+1])

Cliugliey A[:I3] el ]

O
E[|+ F[|+O] E[i+ [|+1é>

Variable Width SLP

C[i+0]D[i+0
L)

A(B)2] Ali

VF=4 == VW-SLP
A3
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uint64_t A[],B[],C[1,D[.E,F[]

Variable Width SLP Ali+0]=B[i+0]~(C[i+0]&DIi+0])
[II% [II% (CPH]]&D[IHD
Clvojplivo - Ch+URLi+L Al SIoEfe 1] Flid]
B[i+0 B[i+1 E[|+ F[|+O] E[I+ F[I+1
®
(S) Afi+0] (B)i+1] A(B)2] E/
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uint64_t A[],B[],C[1,D[.E,F[]

Variable Width SLP Ali+0]=B[i+0]~(C[i+0]&DIi+0])
[II% [II% (CPH]]&D[IHD
Clvojplivo - Ch+URLi+L Al SIoEfe 1] Flid]
B[i+0 B[i+1 E[|+ F[|+O] E[I+ F[I+1
®
(S Ali+0] (B)i+1] A(B)2] E/
VF=2
VE=4 VW-SLP

SSSS A[||+31 6 of 15
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uint64_t A[],B[],C[1,D[.E.F[]

Variable Width SLP Ali+0]=B[i+0]~(C[i+0]&DIi+0])
[II% [II% (CPH]]&D[IHD
Clvojplivo - Ch+URLi+L Al SIoEfe 1] Flid]
B[i+0 B[i+1 E[|+ F[|+O] E[I+ F[I+1
L)
(S Ali+0] (B)i+1] A(B)2] E/
B[isi+1]
V=
VE=4 VW-SLP

SSSS A[||+31 6 of 15
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uint64_t A[],B[],C[1,D[.E,F[

Variable Width SLP A[i+0]=B[i+0]~(C[i+0]&D[i+0])
[II% [I:é] (C[[|+l]]&D[|+1])
C[i+0][i+0 C[i+1][i+1 A[:+3] E[:+1] Fi+1]
B[i+0 B[i+1 E[|+ F[|+O] E[I+ F[I+1
Q)
(S) Afi+0] (B)i+1] A(B)2] E/
B[isi+1]
V=
VE=4 VW-SLP

SSSS A[||+31 6 of 15
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uint64_t A[],B[],C[1,D[.E[,F[]

Variable Width SLP A[i+0]=B[i+0]~(C[i+0]&D[i+0])
[II% [I:(]).] (C[[|+1]]&D[|+1])
C[i+0][i+0 C[i+1][i+1 A[:+3] E[:+1] Fi+1]
B[i+0 B[i+1 E[|+ F[|+O] E[I+ F[I+1

Q)
(S Afi+0] (B)i+1] A(B)2] E/

Blii+1]  E[iii+1]

VF=2

VW-SLP

SSSS A[||+31 6 of 15
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uinté4_t A[],B[],C[],D[1.E[l,F[I

Ali+0]= B[|+0] (C[i+0]&DJi+0
AII% |1é] (C |+1 &DJi+1
, ) i
C['+1]['+1 A[:+3] E[i+1]- F[|+1

O E[|+© F[i+0 E[I+(I$F[I+
g

VW-SLP

Variable Width SLP

C[i+0]D[i+0
L)

Blii+1]  E[iii+1]

VF=2
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uint64_t A[],B[],C[1,D[.E[,F[]

Variable Width SLP A[i+0]=B[i+0]~(C[i+0]&D[i+0])
[II% [l:t%] (C{|+1]]&D[|+1])
Clvojplivo Ch+URLi+L Al SIoEfe 1] Flid]
B[i+0 B[i+1 E[|+ F[|+O] E[I+ F[I+1

Q)
(S Afi+0] (B)i+1] A(B)2] E/
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Variable Width + Permutations
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Variable Width + Permutations
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A[i+0]=B[i+0]-(C[i+1]&D[i+1])
Afi+1]=B[i+1]- F[i+1)
Ai+2]=E[i+0]-(C[i+0]&D[i+0])
Ali+3]=E[i+1]- F[i+0]

C[i:i+1] D[i:i+1]

EW@? VW-SLP

i ey LHED
o] Fe Bt ) ERy Fl " IEl]l_ Lo-1-f& &F[I T
| Not K/e_ct_origecli | ~Vectorized _1| Vectorlzed

slide 9 of 15

http://vporpo.me


http://vporpo.me

Widening the Vector Width o -~
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Widening the Vector Width

C[i+0
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Widening the Vector Width
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Widening the Vector Width
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Widening the Vector Width

uinté4_t A[],B[],C[1.D[]

uint64_t tmp0=C|[i+0]&DJi+0]
uint64_t tmp1=C[i+1]&DJ[i+1]
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Widening the Vector Width _
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Widening the Vector Width _
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Widening the Vector Width -
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Widening the Vector Width
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Widening the Vector Width .
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Widening the Vector Width
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Widening the Vector Width _
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Implementation

e Modified buildTree_rec () to handle variable-width

e Spawn localized buildTree_rec (NewOp) searches with
shorter/wider /permuted NewOp

e Cap the buildTree_rec () to a maximum exploration depth.

e Evaluate the cost of each new sub-tree using getEntryCost ()
and pick the NewOp with the best cost

e Added scheduler support for roll-back and replay

e Code generation changes in vectorizeTree () for
variable-width support and the shufflevector instructions
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Performance
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® Functions extracted from SPEC'06 and Mediabenchll, Normalized to O3 and tested on a Core™ i5-6440HQ
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Compilation Time
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Performance on SPEC
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® SPEC 2006/2017 SLP(No LV), VW-SLP(No LV), on Core™ i5-6440HQ
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Conclusion

e Presented SLP with variable vector length
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Conclusion

Presented SLP with variable vector length

More effective SLP graph

Better performance and coverage

Very small increase in compilation time
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