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Positions and Thoughts

m Autotuning definition
= Search over space of alternatives and
" Parameter-based tuning are very important
= but fails to address some key problems; we need to think about

m Raising the level of abstraction: Enables
= Use of domain knowledge
= Difficult optimizations: parallelization, vectorization, etc.
= Faster porting to new platforms and platform paradigms
= Possibly automatic software development

m We need coarse platform abstractions
m We need more interdisciplinary collaborations
m Metrics

"= Time for code development, porting to new platforms
= Performance
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DFT Plot: Analysis e

Discrete Fourier Transform (DFT) on 2xCore2Duo 3 GHz
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High performance library development has become a nightmare
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m Research Goal: “Teach” computers to write fast libraries
= Complete automation of implementation and optimization
" |Including vectorization, parallelization

m Functionality:

" Linear transforms (discrete Fourier transform, filters, wavelets)
= BLAS

" SAR imaging

= En/decoding (Viterbi, Ebcot in JPEG2000)

= .. more

= Platforms:
= Desktop (vector, SMP), FPGAs, GPUs, distributed, hybrid

m Collaboration with Intel (Kuck, Tang, Sabanin)
= Parts of MKL/IPP generated with Spiral
= |PP 6.0: ippg domain for Spiral generated code
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Vision Behind Spiral e

Current Future
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= C code a singularity: Compiler has = Challenge: conquer the high abstraction
no access to high level information level for complete automation
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Organization

m Spiral’s framework: Example transforms
"= Complete automation achieved

m Beyond transforms

m Conclusions and thoughts
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Linear Transforms

m Mathematically: Matrix-vector multiplication

Yo L0
y = y:l y = Tr Jo— 13:1
Yn—1 1‘ Tn—1
Output vector Transform Input vector
= matrix

m Example: Discrete Fourier transform (DFT)

DFTn — [e—Qk‘EWi/?’L]ng’E<n
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Transform Algorithms: Example 4-point FFT

Cooley/Tukey fast Fourier transform (FFT):

R Y O N
T e O | | B |
S B N R RN LR
e e N A e 1 1 jlL 1 —1L 1]

Fourier transform Diagonal matrix (twiddles)

| |
DFT, — (DFT,®1,)T4(l, @ DFT5) L5
| | |

Kronecker product Identity Permutation

= Algorithms are divide-and-conquer: Breakdown rules
= Mathematical, declarative representation: SPL (signal processing language)
= SPL describes the structure of the dataflow
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Breakdown Rules (>200 for >50 Transforms)

DFT,, — Pg,z_zm (DF T2, ® (12— 1 @i Com tDFTop(i/k))) (RDFT), @1 ),k even,

RDFT, RDFT5,, rDFT5,,(i/k) RDFT’;‘__
RDFT/, - RDFT), _ rDFT>,, (i/k) RDFT)
DHT;; - (P.L'/Q,m @ 12) DHT?T:! @ Ik/?*l @ D2m I'DHTQ-m(?:Xk) DHT;, @Im|, k even,
DHT;, DHTQm rDHT,,,(i/k) DHTk
rDF T, (u) 12| ® rDFTo,, ((i 4 u)/k) rDF Ty (u) @1
rDHT,,, (u) m | Tk rDHT5,,, ((i + u) /k) rDHT 5, (u) mpe

RDFT-3, — (Q) /3, ® I2) (I ® tDFT2,,)(i + 1/2)/k)) (RDFT-3; ®1), k even,
DCT-2, — PB5 5, (DCT-25,, K3™ & (Ij./5—1 ® Noy RDFT-33,,)) Bn@;jg ® 12)(I;m @ RDFT}) Q2 4
DCT-3, — DCT-2,)
DCT-45 = QL5 5, (Ti/2 ® Nom RDFT-3,,) Bi.(L}!)3 @ I2) (I @ RDFT-3;)Qy /2.5

DFT, — R.(I;®DFT,_1)Dy(I ®DFT,_1)Rp, p prime
DCT-3, — (In@Jm) LL(DCT-3,,(1/4) © DCT-3,,(3/4))
Im 0@ —Jp1 N
.(F2®I'm) |: %(Il @QIm)} y n=72m

DCT-4,, — SpaDCT-2pdiagg<p<n(1/(2cos((2k + 1)7/4n)))

1 -1
IMDCT2; — (Jm @ln ©Im & Jm) (GJ ®Im) @ ( 1} ®1m)) Jo DCT-45,,

t
WHTQk — H (12k1+"'+ki—1 ®WHT2]{1 ®12k;§+1+'"+kt)7 k= k]_ + .-+ kL
i=1
Fa

diag(1,1/v2)F5
J2R13/8

DFT,
DCT-2,
DCT-4,

!

!

!

Combining these rules yields many algorithms for every given transform
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SPL construct code

. t[0:1:n-1] = B(x[0:1:n-1]);
y = (AnBn)z y[0:1:n-1] = A(t[0:1:n-1];)
v = (Im ® An)z for (i=0;i<m;i++) Example: tensor product

yli*n:1:i*n+n-1] =
A(x[i*n:1:i*n+n-1]);

for (i=0;i<m;i++) f47l
yliin:i+m-1] = Im ®A’)’L —

A(x[i:n:i+m-1]);

y= (Am Q@ In)zx

— m—1 Aq:) for (i=0;i<mji++) - -
— - T
Yy (GB’L—O n y[i*n:1:i*n+n-1] =
A(i, x[i*n:1:i%*n+n-1]1);
for (i=0;i<m#¥n;i++)

y = Dmnz y[il = Dmn[il*x[il;

for (i=0;i<m;i++)
y= LMy for (j=0;j<n;j++)
y[i+tm*jl=x[n*i+j];

Correct code: easy  fast code: very difficult
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Program Generation in Spiral (Sketched) """

Optimization at all

Transform DFTg

user specified B abstraction levels
Fast algorithm (DF T, ® I4) T5 (Io ® ((DFTo ® o) parallelization
in SPL . T5 (I ® DF T>) L‘Q‘)) L8 vectorization

many choices
y | =
>-SPL: > (S DFT,G; Z (Z (Skgdlag t I) DFT» G;) loop
(

[PLDI 05] ( Sm diag (tm) DF T2 Gy m)) optimizations

- =

void sub(double *y, double *x) {
double fo0, £1, f2, £3, f4, £7, £8, £10, f11;
] -

[0 x[3
f1 = x[0] + x[ ] .
C Code: é - 51 constant folding
Ry scheduling
y[2] = 0.7071067811865476 * f4;

£7 = 0.9238795325112867 * fo; WV eee
£8 = 0.3826834323650898 * f2;

yl1] = £7 + f8;

£10 = 0.3826834323650898 * f0;

£11 = (-0.9238795325112867) * £2;

y[2] = f1o0 + f£11;
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SPL to Shared Memory Code: Basic Idea [SC 06]

= Governing construct: tensor product

y = (Ip ®A){L‘

Processor O

Processor 2

Yyvvyvyvyyvyy

YYyYyvvyvyy

Processor 3

T Y
p-way embarrassingly parallel, load-balanced

= Problematic construct: permutations produce false sharing

yZLE:c »

Task: Rewrite formulas to
extract tensor product + keep contiguous blocks
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Parallelization by Rewriting

DFTyn, — \((DFTm RI) T (Im @ DFTy) L™ )
smp(p,u) smp(p,u)

I - \(DFTm@)In)J I?_n, £1m®DFTn) E?}Tf

smp(p,p)  SMPPA)  smp(pp)  SMP(D1)

coarse
platform ‘-

model (L@ 1,,),) @uly ) (1@ (DFT ®1, 1)) (LI @1, ) @ L)

p—1 _
(@ H T?m) (Ip @)W/ © DFTn) ) (T @) Ly ¥ ) (L5 @ L) @3 )

1=
—

Load-balanced
No false sharing
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Same Approach for Other Parallel Paradigms

Message Passing Vectorization

(DFT,n) — ((DFTu@L) TR (1 @ DFTy,) L™ )

vec(r) vec(r)

DFTmn, — (DFTm®ly) Th" (m@DFTR) Li"
par(p) par(p—q)  par(q) par(q) par(g—p)

— (DFTpely) (T77) (I, @ DFT,) L

o mn/p 2 n
- (Ip Ly ) ( Ly © I“m/l’g) (Iq &y ®Lp ®I"'”/p)) (Iq Bn/g ® DFTm)) vec(v) vec(v) vec(r)
par(p) par(p+q) par(q) par(q)
mn 2 T T
(Lol ®) (L8 @L,,2) (el el,,,)) Tun (1480,,/,© DFT)) . B .
par(y) par(g) par(q) par(q) par(q) = Gy @LI)(OF T ®1,/,8L,)(T5")
mn/; 2 sse sSe
(1500 5L (LF 01y (5505 1) = : o
m m e 2u 2 v 2v = =
par(q) Dar(qw—p) par(p) (I’HI/V ®(LI/®IV)(I’H:/I/ ®(LU ®IV)(:[2 ®%)(L2 ®IV))(DFTH®IV))
((Lj?,:n @ I?)® L, ) (Imn/u ® L%V)
e
L]
[ ] [ ]
Cg/OpenGL for GPUs: Verilog for FPGAs:
L S " ik . (DFT -kf[l L (1o @DFT, ) (L (L@ T ) Ll )| RE
(DFT,) — | [ L (Le1®DFTy ) (Ll (i@ T 0) Ly ) | RS —,—Tk) = (s @DFT )Lk a0 © Thai) L )| 7
gpu(t,c) =0 vec(c) stream(r?) stream(r*)
gpu(t,c)
k1 kf[l " (Ler®DFT,) (L (eeTho DU, )| R
- nio - - . T rk—1 T ph—i—1\dpi ph—i-1 rit1 T
— (H (L; / [o59] 12) ( Ir”*j-/Q % (DFTr @ 12) Lgr ) Ti) i=0 stre\z;n:(rs) stream(rs) stream(r) stre:vnT(rS)
=0 shd(t.c) §
T — n—1 o
(L2 8L) 405 LE )R 81 s
shd(t.c) - I Y (1@ eDFT)) T Rr"
_i:O stream(rs) stream(rs) | stream(r®)
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DCT on 2.66 GHz Core2 (single-precision, 4-way SSE) DFT (16 bit fixed point): Hardware Accelerated Software on
performance [Gflop/s Xilinx Virtex-II Pro FPGA and Embedded PowerPC 405 Processor
12 Performance [Mop/s]

1000
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800

8 — . \/ 700
17 —e—Spiral DCT4 600

—+Spiral DCT3

6 Spiral DCT2

—-FFTW 3.1.2 DCT4 (el11) 500
=+—FFTW 3.1.2 DCT3 (e01)} 400
4 FFTW 3.1.2 DCT2 (el10)
——Intel IPP 5.1 DCT 300
R o >
100
r T T T T T T T T T T ] 0 r r r T T T T T T T T
32 64 96 128 160 192 224 256 288 320 352 384 o - « A o > ~ b o & b o o
- N in 2 o 9 =
input size n problem size - o~ -+ «©
Spiral-generated FFT on 3.2 GHz Cell BE (PlayStation 3)
performance [Gflop/s], single-precision, block-cyclic format, data resident on SPU WHT (single precision) on 3.6 GHz Pentium 4 with Nvidia 7900 GTX
performance [Gilops/s]
30 6
CPU + GPU
25 5
Spiral CPU Spiral GPU
20 4
3
15 — . —
10 2
5 1
0 0w T T T T r T v
’ 0 0 0 0 8 10 12 14 16 18 20 22 24
256 512 1024 2048 4096 log,(input size)

input size
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Summary: Complete Automation for Transforms

m Platform: Off-the-shelf desktop
m Often: generated code faster than competition (if exists)

* Memory hierarchy optimization :
Rewriting and search for algorithm selection : //\/\
Rewriting for loop optimizations  — —

----------------

input size

* Vectorization
Rewriting

* Parallelization
Numerical problem

Rewriting -

algorithm selection

implementation

* Derivation of library structure

Rewriting y %\

Other methods general input size library — computingplatiorm

automated
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Generated Libraries

- IPP5.2 g -%- IPP5.2
-0 FFTW 3.2alpha2 --#-- FFTW 3.2alpha2
L Generaled Ilbrary e Generaled Ilbrary

x-"- 4 B IE 32 64 128 256 512 1k EK 4k Bk 16k 32k 64k 4 8 16 32 64 128 255 512 Wk 2k 4k Bk 16k 32k 64k

2 w3 |PP 5.2
DFT --#-- FFTW 3.2alpha2
mem Generated library 2 ,,
0 T T T T T T T T T T T 1 / = m “x r_/ R s ‘; 7 = Envgvérza\p:az S
- Generated library - = Goneratad library wam Generated library

4 8 16 32 64 128 256 512 1k 2k 4k Sk 16k 32k 64k u4 8 16 32 B4 128 256 512 Tk 2k 4k Bk 16k 32 Mk04 B 16 32 B4 128 256 512 1k 2k 4k Bk 16k 32k s4k 4 8 16 32 64 128 256 512 1k 2k 4k Bk 16k 32k G4k

« 2-way vectorized, 2-threaded o = /’/’v\/\/\/‘\,\ 14 :
. . 14 ¢ t/\/}__:-. bi2 /
* Most are faster than hand-written libs 2

* Recursion steps: 4-17
* Code size: 8-120 kloc or 0.5-5 MIB

P t n
64 ". \ { .
5 T TN 3 B
el E .2, aouble
* Generation time: 1-3 hours . = Soesisdame = Coeied e
(] o . . u]u Generaled double 0 . llu'l Generaled,l double

10 20 30 40 50 6C 10 20 30 40 50 60

- w.-m, .l
- \-'lu.r‘."m 4"-'."‘ o
I'

qunn
Ilm,,,.

B 1)

U
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Organization

m Spiral’s framework: Example transforms

" Complete automation achieved

= Beyond transforms
" QOperator language
= BLAS, Viterbi decoding, SAR imaging, Ebcot encoding

m Conclusions and thoughts
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Going Beyond Transforms

m Transform =
linear operator with one vector input and one vector output

|» linear »l

m Key ideas:

= Generalize to (possibly nonlinear) operators with several inputs and
several outputs

= Generalize SPL (including tensor product) to OL (operator language)
" Generalize rewriting systems for parallelizations

N N
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name

definition

basic operators

projection

linear transform
stride

vector sum
vector minimum
constant vector

operations

addition
multiplication

direct sum

cartesian product
composition

iterative composition
tensor product

mx  CMx C" - C"; (x,y) — X
M:C"— C": x+— Mx

>, Ch— C; XHZ?:_(%:BZ-
min, : C" — C; x +— min(zq, ..
Ce:—-C" (Or—c

-7wn—1)

(M+N)(x,y) = M(x,y) + N(x,y)
(M-N)(x,y) = M(x,y) - N(x,y)
(MeN)(x B u,y ®v) = M(x,y) & N(u,v)
(M x N)(x,y,1,v) = M(x,y) x N(u,v)
(MoN)(x,y) = M(N(x,¥))

(IT7 =g My) (x,¥) = (Mgo---oMy,_1)(x,y)
IQM, M®]I
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Breakdown rules = algorithm knowledge:

capture various forms of blocking
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breakdown rule

description

MMM1 11— ()1
MMMm,n,k - (®)m/mb><1 ® MMMmbanak

MMMy, e — MMM, 0 1 @ (®)1xn/nb

MMank‘ — ((Zk/kb o ( )k/kb) & MMan kb)o
k/k
((ngk Y@ Ip,) X Iiy)

MMM,y e — (L™ ™ @ I, )o

((®)1Xn/nb ® MMMm,nb,k)o

(Ikm X (L

kn/ny
n/ny

® Iny))

base case
horizontal blocking

interleaved blocking
accumulative blocking

vertical blocking
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Parallelization through rewriting

MMM, 1 ke

oy

smp(p,p)

_1( Im ® LE) © ( MMMm,n/Pﬁ ®(®)1Xp_’p) © (Ikm x (I ® Lgf'{p)),

smp(p,u)

_>\( Ln® LD )Jok( Mmmmmfﬁ!k@(@)upﬂ)}oﬁ I, X (I ® Lgf,p))
smp(p,u) smp(p,u1) smp(p.ps)

— (Im ) LE ) o] L;’E?pn o ((@)l){p—s-p '8'” MMMmfpnk ) o (Ikm X Lgn) © (Ikm X (Ik ® Lﬁfp))
—— N — *~ ~~ -~ ~~ ~
smp(p.u)  smp(p.p) smp(p.u) smp(p,u)

— (L @1, /()@ ) © (@) 1xp—p @ MMM, ) © (T B 1) X (LFP ® T, )BT )

Load-balanced
No false sharing
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Speed-up (m x k) times (k x n)
MMM Speedup over MKL, n =32, Core 2 Duo

| | | | | |
example:
— 4
30 -
3.5
3
- 7 2.5
2
20 + - 1.5
k 1
15 + _ 0.5
0
10 + -
5 | _
0 | | | | | |
0 5 10 15 20 25 30 35
m

m Comparison to GotoBLAS similar
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Viterbi Decoding in OL

. . . K-1 K-1
= Operator for Viterbi decoder Vit, ;- y,: NV — N2~ x NV2
m Breakdown rules
Vit k. Np —
2K 1
m3o | ]I (Lix-2 X Lor-1,nor-1) © (Ipx—240K-251 ® Cikc p) ° Ld(1),%i, 5 2
0<z<N

X
vipoIdy — Bl
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Results

Karn’s implementation: hand-written assembly for 4 Viterbi codes

Performance Gain of Various Generated Viterbi Decoders
Speedup over Karn's C implementation

0 Spiral
B 16-way
25 W 8-way
4-way
20 scalar
15 Karn
— M 16-way
— W 8-way
10 4-way
T . scalar
5 R
o i ( mil il il

r=1/2, K=7 "Voyager" r=1/2, K=9 r=1/3, K=9 r=1/6, K=15 "Cassini"
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SC(Xm,-n«. (;r_m?n) : (Eg X Z%] - (N ZQ]

[IXXDI’Q:]D(TSQKI)O(HXL‘IKI)O(L_E}{G;i)D(( 1 ) X (

H V:(Zy xZ)) — N
H: ho(fxf)o(GixC ax Gy xGrxC gxGr)oL%o((
V. f?o(f}{f) (CgKC_QKGQ,><G5KC_Q><G5)DL?IO((
f muls o (I x subg) o (I x Cy x muly)

: ming o (Cy X mam) (C_1 X sumy)

sppCode ( tfm,.n) . 73 . ZQ
ands o (eqz x nez ) o (Gy, ¥ (Go+G1+Ga+G3+ G5+ G+ Gr +Gy)) o ( } )
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Organization

m Spiral’s framework: Example transforms

" Complete automation achieved

m Beyond transforms

m Conclusions and thoughts
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Raising the Abstraction Level R

s Formally describe and structure algorithms/applications
eternally valid

m In Spiral

= Domain-specific, declarative, mathematical language OL
= Difficult optimizations/transformations by rewriting
- What It enableS Numerical problem

= Vectorization, parallelization using '
domain knowledge

algorithm selection

= Efficient retargeting to new platforms and T g
new platform paradigms compilation e
= Complete automation in some cases -
m Other examples SRLTEMTIER
= Libraries

= |dentification and definition of BLAS
= Parameter tuning

= Indispensable tool but cannot achieve the above
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Interdisciplinary Research Needed

Programming languages

Program generation Symbolic Computation
Rewriting
Automating
High-Performance
ot Parallel Library .
o tw? re , Development Algorithms
Scientific Computing Mathematics
Compilers

We Need to Work Together



