Session 7: Vectorisation and data layout
COMP52315: performance engineering/

Lawrence Mitchell’ MJ J/L% \;(@.‘7

“lawrence.mitchell@durham.ac.uk

COMP52315—Session 7: Vectorisation and data layout



al

Current status

Only looked at simple dala structures and loop nests

= Loop unrolling, tiling, and judicious alignment sufficient for

vectorisation &‘V\;AL"‘ n

for (i = 0; i < Nj i++) 7 e -N ..,:,luerﬁ,
for (j = 0; j < K; j++)

ctil = falil, 315 A% W ek Ak

What about more complicated data structures or loops?

= Need to consider data layout transformations in tandem with loop

transformations O Ay gﬂkvdt- Aot—=~
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Motivating problems

Stencil computations

Bijk = Aicijk + Aij—rk T Aijk=1 + Ak T Aijrre +Aijrer — 6Aijk ViR

for (int i = 1; 1 < n-1; i++) . 4/ ’
for (int j = 1; j < n-1; j++) 5
for (int k = 1; k < n-1; k++) ’[‘
B[i, j, kI = (A[i-1, j, k] + A[i, j-1, k] + A[i, j, k-1]
+ A[li+1, 3, k] + A[1, j+1, k] + A[i, j, k+1]

Computation on 3D points

struct point { @M & Y, * (8 9 %) (5,492

double x, y, z; “ N
b (o 5?— civu.dg
for (int i = 0; 1 < n; i++) { H L\J

l1dist[i] = fabs(points[i].x) + fabs(points[i].y) + fabs(points[i].z);
}
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2D \/ y

*—‘?'—e '

t | /,
-loM/

- Typical stencil loop has low ar|thmet|c Intensity

- e.g. five-point stencil does 5 flops on 5 doubles, for a computational
intensity of 5/(5 * 8) = 1/8 FLOPs/byte.

= Relevant machine limit is memory bandwidth
- There is some data locality we can exploit, but not just stride-1 streams

= tiling for locality is worthwhile
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Complications

Mo ook Ci, i) » 2y, ")

- Typewriter (standard loop) iteration has low spatial locality
- Have perfect access pattern for [1, j] indexing

- [i+/-1, 3j] indices miss cache every 8 updates (64 byte cache lines
double precision), similar to matrix-transpose example.

= loop tiling of 1 and j to promote cache reuse.
N=n/b; /+ Tile with block size b */ M
for (ii = 0; i1 < N; ii += b) U:LN‘ ’

for (jj = 0; jj < N; jj += b)
for (i = ii; i < min(n, i + b); i++)

})‘f for (j = jj; J < min(n, j + b); Jj++)
bli, jlL~ ali-1,j]l +~"ali+1,jl »ali,j-1] + ali,j+1] - &=al[i,j];
s Tematic s patrne for BStorsatia
still leaves ufs with proﬁ)lematm afcess pat erns for v ctorlsatlon‘
\/
gfwh"' Vo Ry "*“(9‘ h LJﬁf' _
o d “ (m—’— ((.A
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Layer condition for tile size

Realistic worst case: 4 reads, 1 write per lattice update (LUP)

Byte
= 5.8 =408
Best case: 2 reads, 1 write = 3-8 = 242
\‘ A"" o —
RIS N F
) Y In cache (used in
S codAe previous two update

[i-1, J1 W x[i+1, j1 +
X[il j_l] + X[ir j+1])

/

A Read per update

1 Read, 1 Write per
update
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Worst case: cache not large enough to hold three layers (rows) of grid.

Cached

Miss

i Hit | Hit |Miss

xw Miss

ﬁ! Miss
\;P . i Hit | Hit [Miss|
\Sﬂ Miss|

\ 4

>

WJM—DS‘W
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Layer condition solution

Tile inner loop dimension until layers fit in cache

Cached

Miss

i Hit | Hit | Hit

Hit

Guideline

Choose blocking factor such that = 5 e | ot J%]\
/ 2 Ul
3 - block size - 8Bytes < CacheSize/ 2 (A,Cta-ﬂ*('
(t Safety factor
— Y
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Spatial blocking

for (i = 0; i < imax; i++)
for (j = 0; j < jmax; j++)
yli, j] = (x[i-1,j] + x[i+1,3j] + x[i,j-1]
+ x[1i,j+1]1 - 4=*x[i,j]);

for (jb = 0; jb < jmax; jb += jblock)
for (i = 0; 1 < imax; 1i++)
for (j = jb; j < min(jb + jblock, jmax); j++)
yli, jl = (x[i-1,j] + x[i+1,3] + x[1,7-1]
+ x[i,j+1] - 4=*x[i,j]);

CacheSize
48Bytes

jblock <
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- Measure performance of 5 point stencil. Can you determine when layer
condition is not fulfilled. What does using tiling do to the performance?

= Exercise 10.
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Loop reordering not enough

for (t = 0; t < T; ++t) { for (t = 0; t < T; ++t) {
for (i = 0; i < N; ++i) for (i = 0; 1 < N; ++i)
for (j = 1; j < N+1; ++j) for (j = 0; j < N; ++j)
S1: Clil[j] = A[il (3] + A[i1[j-11; | s8: Clil[j] = A[il(j]1 + BLil[j];
for (i = 0; i < N; ++i) for (i = 0; 1 < N; ++i)
for (j = 1; j < N+1; ++j) for (j = 0; j < N; ++j)
S2: A[i][j] = C[i1[j] + C[i1[j-11; | s4: A[i][j] = B[il[j] + cl[il[j];
} }
AMD Phenom 1.2 GFlop/s AMD Phenom 1.9 GFlop/s
Performance: Core2 3.5 GFlop/s Performance: Core2 6.0 GFlop/s
Core i7 4.1 GFlop/s Core 17 6.7 GFlop/s
(a) Stencil code (b) Non-Stencil code

LIV M&AMAL()‘/"'

From Data Layout Transformation for Stencil Computations on Short-Vector SIMD Architectures (2011)
https://web.cs.uclaJedu/~pouchet/doc/cc-article.11.pdf, doi:10.1007/978-3-642-19861-8_13

s do d’ﬁ“’t“:‘?
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Loop reordering not enough

NI

- Vectorisation in inner loops < operations on streams of contiguous
data in memory.

- C[i, j] = A[i, j] + B[i, j] addsthe stream of data Al[1i,
1:N] to another stream from B[1i, 1:N].

- Incontrast C[i, j] = A[i, j] + A[i, j-1] addsA[i, 1:N]
and A[1, O:N-11].

- These shifted streams necessitate inter-register shuffles (or explicit
load/store operations).

el = @ C|+=— A
~ Vv vl vV <
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Loop reordering not enough

AC RS S for (j = 0; j < W - 1; j++)

A[i][j] = B[i][j] + B[i] [j+1]; ‘-3
A 5 ol
Moy B oxes Y\J‘M
. B “l’MEMORYc NTENT

QWW*\) for (i = 0; i < H; i++4)

0 pu é @ 5

x86 ASSEMBLY 3 r‘ﬁ\‘t'ﬂ 2

movaps B(...), $xmml
movaps 16+B(...),%$xmm2 N

movaps %XmmZ, sxmm3

palignr $4, %$xmml, %xmmBQ %J‘U g o
;; Register state here

xmm(2 M|l N| O | P gf . N *

addps %$xmml, %xmm3

— ) movaps %xmm3, A(...)
xmm3 [ K| L l M
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A helpful observation

- Empirically, most code executes a small number of “hotspots” that
access data over-and-over.

- In stencil codes this might often be an “outer” loop “time” or similar

- Therefore can be worthwhile performing a data layout transformation
beforehand. Wwf v {1 At A e Tary

\}/5 Somew statically, sometimes only dynam|cally (if
other parts of the program want data in a different format).™ mé\fu—,a-(

while (t < T) { ‘ < H‘P (57)& (@3, - —
for (i = 0; i < n; i++) { A'f" w“{5 J n f’l l
for (J = 0; J < n; j++) {\ «< .
bli, j] = ali-1, jl1 + ali+1, j] + ali, j-1] + ali, j+1] - s4=al[i, jl;
}

}} /I—‘WLQ(‘-‘PPul 3«/‘,0—&
) A —-‘vw = _f’—

M~ & Spe
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L. —> Yehialln

- TWO cases 7

1. Single access pattern in program
2. Multiple access patterns in program —>

- One solution <

- Look for transformation of data layout that gives better cache utilisation
and vectorisation opportunities

- At one of two different times

1. Single access pattern = compile-time (static) layout transformation
2. Multiple access patterns = run-time (dynamic) layout transformation

- Latter case has a cost that is amortized over the subsequent accesses.
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Vectorising on “streams”

- Need successive statements to have same access pattern (may be
shifted) for vectorisation.

for (i = 0; i < N+1; ++i) for (i = 0; i < N+1; ++i)
for (j = 0; j < N+1; ++j) { for (j = 0; j < N+1; ++j
S3: A[i1[j] = B[il[j] + C[il[j]; S5: A[i][3] = B[il[j]
s4: D[il[j] = A[i1[3] + CLil[3]; S6: D[] (3] = ALil (5]
} }
(a) No stream alignment conflict (b) Stream alignment conflict exists

for (i = 0; i < N+1; ++i)
for (j = 0; j < N+1; ++j) {
S7: A[i][j] = B[i]l[j] + Clil[j];
S8: Clil[j] = A[i] (3] + D[il[j+1];

: A 40) = B‘;ZM”lﬁ)fdfrj‘ﬂ]'

(c) No stream alignment conflict
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Vectorising on “streams”

- Need successive statements to have same access pattern (may be
shifted) for vectorisation.

for (i =1; i

for (i = 0;
S9: A[i] [3] )
S10: Ali+1][j]|=
}

<. A

N+1; ++1i)

< N+1; ++j) {
Bli-1] [i+j] |+
B[ i ]h+ﬂ\+
B[li+1] [i+j];

B[ i J[i+j+1] +
B[i+1] [i+j+1] +
B[i+2] [i+j+1];

for (i = 1; i < N+1; ++i)

for (j = 0; j < N+1; ++j) {
S11:  A[il[j] B[i-1] [i+j+1]
BL i J[ i+j 1|+
B[i+1] [i+j+1]
S12:  A[i+1]([j] =|B[ i J[i+j+2]|+
B[li+1] [i+j+1] |+
B[i+2] [i+j+2];

+

}

(a) No stream alignment conflict

(b) Stream alignment conflict exists

Fig.4. Illustration of stream alignment conflict with general array indexing expressions
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Data layout transformation

N

A\J_‘L\Lﬂ & veh- &J/tﬂt/

- Adjacent elements in memory map to adjacent slots (or lanes) in the
vector registers.

- Vector operations on these adjacent elements therefore require more
memory movement, or shuffling in registers.

=
|

+ -

COMP52315—Session 7: Vectorisation and data layout 15



Data layout transformation

- relocate adjacent elements such,that they can map to the same vector

__‘,L\sv—
lane. &\'J!E';} W{)ﬂ,

||||||||||||||||||||||||

RN RNNNNNIPERRRIIIN » | = |0 [ {2 [ = ()55 17

R } brellSe
. : i ST f——R—— T

1

|
. " . - AfG|M|s
. b | 1 | (] T A|B |c|D|E|F N\ [ £
. - - == 1. G (H |1 |3|K|L clz o v
~ S oooooos L [ 2 v -

S . I.= M(N|O|RP|Q|R Vi ol |e [v

1 L) M Ly 5l
s T |ufv|w|x
. . E|{K|Q (W

' P [ (-p.-s ol

1 - F{L|R[x

1 1 ransposed

e == = @

R0l s 1o RY0S] . 13 R . 15/NNjeRR] = 19/ NRR] @ 5 g = £

L0 er ”‘J . o rsomsinos
"‘(D lWLUkY\h" W ‘TAUL;‘DO'SJ'TO\.\ ,
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o Ty i) for (1205 2o 1) S
e S S Y[hl]J zt[i, j1 = vtl[i-1,

R}~k fw

. ¢ 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
S RN R PSRRI [ | o [=. | 2 [ el 15 15

e —

A|G |M|S
T A |B.|c [D[E|F Bluln|r
G|H|T|J|K|L clzl|lolu
¥ i

M |N|O[P|Q|R | vi o\ e v
s|T|Uu |V W |Xx E|{K|Q|w
F|{L|R|[X

(b) Dimension Lifted W

0 1 2 3 0 1 2 3 [ 1 2 3 0 1 3]0 1 2 3
RgSRs] e 1o RaeS] w. 15 Nl . 15 1onjele] = 5 i @ {5 Nt = {2

(d) Transformed Layout
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i1 Wi, 31 « i1, jl;

z | 4 s7A J“',
(a) Original Layout "‘
Lt
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Same idea in higher dimensions

(a) Original Layout

0 n0 nl n2 n3
1 w0|c0(e0 wlicllel w2/c2|e2 w3|c3le3
2 s0 sl s2 s3

ke 4%
(b) Transformed Layout

B

wl|wl w2 w3
n0{nl|n2|n3 cOlel|c2(c3 s0|sl|s2|s3
elfel|e2|e3

HI

\N\( 0 —
[/ ¥ L (“W““A ¢
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What about the boundaries?

- This scheme works perfectly in the bulk of the domain

. At the edges, it is a little trickier. (v '
: \wx)'

= Weneedtoadd F+ G+ H,not F+A+B. \ .
]

AlB|C|D|E|F|G|H|I|J | K|LIM|N|O|P|Q|R|S|IT|U|V W/ |X

(a) Original Layout

o

0 1 2 3 0 1 2 3 2 3 0 1 2 3 0 1 2 3 0 1 2 3
A|G|M S I|o|u|D’|lag|P|VI|E|K|Q|W|F|L |R|X

I R ‘ |

(d) Transformed Layout

(A.B.C.D) (E.F.G.H) — (AE,BF,CG,DH) —s (BF C%, DH, AE)

virtual subnode virtyal subnode Packed SIM csh.ft bulk o
{
ANAL (BF, CG,DH, EA)

?/“ (BF, CG,DH,E - (B.C.D.E) (F.G.H.A)
(, QCD F‘\ P ‘er Jm permL:tre face i -

virtual subnode virtual subnode

w
=
=
]
(2]
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What about the boundaries?

- Use vector shuffles and masking to handle (literal) edge cases.

- Performance for these updates is lower but suppressed by

surface-to-volume ratio. 2. N xN f{ﬂl ~N \/

Compute
Boundaries

P sttt D (N> L MM x

TR
of Array Y
+ .
nuun unun ArrgayY of Array Z M ’
AlG|M|s :
3153] e ENKIKIT JEEEE| =, ~
SSgae JEE S X
p|la|p|V I
E({k|o|w R
e e aanE EEEE | <> 0
TR [ | e | —_—
= N .
o
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AoS vs. SOA

Use struct of arrays, not array of structs for data layout

(NVidia)  we ckw lenees

-: thead (D

& adjacent threads access adjacent memory addresses

- Why? “Coales?;d memory access”

- Same principle applies for vectorisation

Array of structs Struct of arrays/
struct Point {/( AO‘D*'JZ struct Points { W J)\/

double x, vy, Z; double #*x, *y, =*z;
b Co b Ve
struct Point #points = ...; struct Points points = ...;

Yyt v (x p|. - - KX R I \

| AR J \AREER G g0y ettt
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Pros and cons

AoS SOA

v/ most obvious (each record has X data structure a little harder to
all its fields together) manage

v/ good cache usage for streaming v/ good cache usage for streaming
access to all fields access to each field

v Minimal memory footprint X higher memory pressure for
(e.g. need one cache line for accessing all fields (e.g. need
each 3D point) three cache lines for each 3D

X bad for vectorising (unless # point)
fields matches vector width), v good for vectorising, since
since natural inner loop is over natural inner loop Is over data
fields. items.
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Best of both worlds

- Dimension-lifted transposition ticks all boxes (presuming your cache is
big enough).
- Can apply to AoS vs. SoA argument by instead having AoSoA (Array of
struct of (short) arrays)
= add extra dimension to data layout and transpose the data.

#define N 4 /* vector width =*/

struct pointN {
double x[N], y[N], z[NI; = k{’ﬂ\s ﬂ— ”\u.cﬁs aq‘

}

“
struct pointN *points = ...; gwl' 17, rm{js
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Evaluation of performance

Phenom SCore2 Quad s Core i7

S
GF/s| Imp. |GF/s| Imp. |GF/s| Imp.

Ref. [ 4.27 [1.00x[3.08 [1.00x | 3.71 [1.00 x
J-1D DLT | 7.68 [1.80x|3.79 |1.23x|9.42 |2.54 %
DLTi|11.38]2.67x|5.71 [1.85x|13.95[3.76

\, Ref. | 6.96 [1.00x[2.71 [1.00x | 3.33 [1.00 x
—_ J-2D-5pt) [DLT | 9.00 {1.29x | 3.75 |1.38x | 8.86 |2.66x
\ DLTi|11.31]1.63x|5.67 |2.09x|11.58|3.48x

N Rel. [448 [T.00x 321 [1.00x| 421 [1.00x
= J-2D-9pt [DLT|7.71 |1.72x|3.81 |1.18x|8.04 |1.91x
/\\ DLTi[12.26[2.74% | 6.11 [1.90%|12.01|2.85x

P Rel. [6.01 [T.00x[2.90 [1.00<[6.07 [T.00X
Z [13D \ |DLT| 684 |1.14x | 373 [129% | 8.07 |133x%
A DLTi|10.08]1.68% | 5.36 |1.85% |10.36|1.71

Ref. [ 6.06 [1.00x[3.02 [1.00x | 6.64 [1.00 x
Heatttut-3D|DLT | 7.12 |1.18 x| 3.36 |1.11x | 8.71 [1.31x
DLTi| 9.59 |1.58x|5.12 [1.70x | 8.86 |1.33 %

Ref. | 5.86 [1.00x[3.26 [1.00x | 6.42 [1.00 x
FDTD-2D |DLT|6.89 |1.18x|3.65|1.12x|7.71 [1.20x
DLTi| 6.64 |1.13x|3.41 [1.05x|8.03 |1.25x

o Ref.[3.29 [1.00x|1.93 [1.00x | 1.87 [1.00x
Rician-2D [DLT | 3.46 |1.05x|2.40 |1.25x|2.59 [1.39x
DLTi| 8.09 |2.46x|2.56 |1.33x| 8.50 |4.55x

Pp~'F Prz:reJ/ %/11\( M‘daﬂvﬂ/
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Evaluation of performance

Performance vs Memory footprint in bytes aC/D

65% peak in cache; saturates streams bound out of cache cf) s,
Aabesy pok ped -
. K odess.

&\oaw’{vu“j Cantv &
vz J Oufwtt«_kcv&(/ ‘u
ﬂ b““AMH‘ A
N I3 2

=

Ivybridge core performance Gflop/s for 3x3 complex multiplies
= o ~
o w o

D't wullie (A Ll LJ'L-U'

e
2.76E+04  553E+04 = 111E+05 = 221E+05 = = 4.42E+05 = = 8.85E+05 = 177e+06 2 3.54E+06 2 7.08E+06 2 1 A2E+07 1.13e+08
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- For regular (stencil-like) array access patterns, can obtain basically
perfect cache usage and vectorisation through data layout

transformations. / | w

- Approach of “dimension-lifting” is generic
- Applies on both CPUs and GPUs (just use differen mner n5|on

lengths)
- Exact details of loop structure not hugely important

- Same ideas can also be applied to unstructured computations with

local stencils — {d‘_ oo A ﬂa.i) e vrens.

N (vt o
— YIM!
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