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CUDA 8 AND BEYOND

Mark Harris, April 5, 2016

MOTIVATING EXAMPLE

Approximately equal performance to unsafe warp programming

__device__
int warp_reduce(int val) {
extern __shared__ int smem[]; Explicit’ yet safe

const int tid = threadIdx.x;

ingl
#pragna unroll programming:
for (int i = warpSize/2; i_o=Cymimy=niel

smem[tid] = val; ( 0);
val += smem[tid ~ i ( @R
}
return val;

37 nNVIDIA

Source: http://on-demand.gputechconf.com/gtc/2016/presentation/s6224-mark-harris.pdf
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void kernel(int **A, int **B, int *N) {
int tid(threadId.x);
if (tid > N) {
memcpy<<<1l, 4>>>(A[tid], B[tid], N[tid]);
} else {
memcpy<<<l, 4>>>(B[tid], A[tid], N[tid]);
}
}

Kernel for parallel execution (CUDA).
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a) Interlude: The Kernels of Samuel

int idx = threadld.x;
int dimx = threadDim.x;

void F(int *data, int size) {
for (int i = idx; i < size; i += dimx) {
data[i] = size - i + 1;

y \
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void kernel(int **A, int **B, int *N) {
int tid(threadId.x); ‘s\“-
if (tid > N) {
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void memcpy(int *dest, int *src, int N) {
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void memcpy(int *dest, int *src, int N) {
for (int i=threadId.x; i < N; it+=threadDim.x) {
dest[i] = src[i];
}
}

SIMD implementation of memory copy.

Everywhere blocks:
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code...
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void memcpy(int *dest, int *src, int N) {
for (int i=threadId.x; i < N; i+=threadDim.x) {

dest[i] = src[i];
}
}

SIMD implementation of memory copy.

void memcpy wrapper(int **dest, int **src, int *N, int mask) ({

EVERYWHERE {
for (int i=0; i < threadDim.x; ++i) {

if (not (mask & (1 << i))) continue; // skip thread “i”
dest i = shuffle(dest, 1i); // if it is divergent
src = shuffle(src, i);

N p-

N i shuffle(N, 1i);
memcpy(dest i, src i, N 1i);

Warp-synchronous wrapper for SIMD memory copy.



&) Warp-Synchronous Programming: Everywhere blocks

void memcpy(int *dest, int *src, int N) {
for (int i=threadId.x; i < N; it+=threadDim.x) {

dest[i] = src[i];

}

}

SIMD implementation of memory copy.

void memcpy_wriEEEELiat’?iaést, int **src, int *N, int mask) {
EVERYWHERE {

for (int i=0; i < threadDim.x; ++i) {

if (not (mask & (1 << i))) continue; // skip thread “i”
dest i = shuffle(dest, i); // if it is divergent
src_i = shuffle(src, 1);

N i = shuffle(N, 1);

memcpy(dest i, src i, N 1i);

Warp-synchronous wrapper for SIMD memory copy.
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SIMD implementation of m

void memcpy wrapper(int **dest, int **src, inf *N, int mask) {

EVERYWHERE ({
for (int i=0; i < threadDim.x; ++i) {

if (not (mask & (1 << i))) continue; // skip thread “i”
dest i = shuffle(dest, i); // if it is divergent
src_i = shuffle(src, 1);

N i = shuffle(N, 1);

memcpy(dest i, src i, N 1i);

Warp-synchronous wrapper for SIMD memory copy.



&) Warp-Synchronous Programming: Everywhere blocks

void memcpy(int *dest, int *src, int N) {
for (int i=threadId.x; i < N; it+=threadDim.x) {
dest[i] = src[i];
}
}

SIMD implementation of m

void memcpy wrapper(int **dest, int **src, *N, int mask) {

EVERYWHERE {
for (int i=0; i < threadDim.x;
if (not (mask & (1 << i
dest i = shuffle(dest, -
1 = shuffle(src, 1
N i shuffle(N, 1i);
memcpy(dest i, src i, N 1i);

tinue; // skip thread “i”
// if it is divergent

sSrc

ke

Warp-synchronous wrapper for SIMD memory copy.
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void memcpy(int *dest, int *src, int N) {
for (int i=threadId.x; i < N; i+t+=
dest[i] = src[i];
}

}

SIMD implementation

void memcpy wrapper(int **dest, int **s
EVERYWHERE {
for (int i=0; i < threadDim.x; ++1i)
if (not (mask & (1 << i))) continwe; // skip thread “i”
dest i = shuffle(dest, i); // if it is divergent

src_i = shuffle(src, 1);
N i shuffle(N, 1i);
memcpy(dest i, src i, N 1i);
}
}

ke

}

Warp-synchronous wrapper for SIMD memory copy.
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void memcpy(int *dest, int *src, int N) {
for (int i=threadId.x; i < N; i+t+=
dest[i] = src[i];
}

}

SIMD implementation

void memcpy wrapper(int **
EVERYWHERE
for (i

Warp-synchronous wrapper for SIMD memory copy.
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everywhere

temporarily re-enables all threads within the warp

I
I
I
I
v

SPMD — SIMD

handle divergences all threads must be active
at the call site
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We have defined the semantics of EVERYWHERE in the SIMD world:

(SP) P[pc] = stop (SS) P[pc] = 8ync en # 0 (en’ﬁa Ea (pc'190:ls 0) : H,A, Pa l) - (9’, g'a E’)
(@22 0A L) 7 (0:5.2) (6.5, %, (p 0,1,6,) : 11,4, P,pc) + (6, 5. %)

Plpc] = bz vl split(8, 5,v) = (6,¢)

B th(ﬂraspcvl) = ”' (9,6,2, H’,A.PJ) —* (6',;9',2') (SP) P[ml = sync (eﬂyﬂrz:-‘ (_?a-‘ _!60) : ”? A?P!pc + 1) - (9"-8"2’)
(B1) ©.5,5,,4.P.pc) + (0,5, %) (0U 6,8, 5. 1A, P.pc) (0,4, %)
Plp] =bz vl  split(0.5,v) = (0,6) ' (3) Plpe) = jumpl (6,8, X,I1,AP1) - (6',8,%)
(BF) push(@8p) =1 _(6.5.5 1,4 pc+1) + (9,6, F) (6.8,5,11,A,P,pc) -+ (6,5, X)
(653121H)A3Pspc) - (9 1ﬁ'yr)
Plp=bz vl split(O, 8,1) = (B0, On) (E5) P[pe] = everywhere (Ban, 3. X2,0,(0,1T) :'A,IP, pe+1) = (6,58,5)
(Bo) push(I1,8.,pc,l) = II' (60, 8. 5.0 A, P,pc+ 1) (6", 8,5) (6.8,X,11,A,P,pc) - (6, 58,%)
(esﬁvzvnl/‘fpepc) - (e',B"Z') ’ ’ P
- P[pc] = end_everywhere (6.5, X, ILA Ppc+1)— (0,58.X)
Plpe) = brasch_sask T, (Ez) (.B.5.0,(6.11): A, P.pc) - (6,5, %)
B Tw€®  (6,8,X,11,(6,I'): AP~ (0".5,X)
(Ba) (0.8, Z,11,(0', 1) : A, P.pc) =+ (6,5, %)
. # {stop,bnz, bz, branch_mask, sync, jump, everywhere, end_everywhere}
) Plpe] = bz"anc,h_mask Tial R (8, 8, X, Bmask,t) = (ﬂ',E')
(8) Tud® (OAZNLET) 4 Bt ) 21(E,5.5) (6.8, 511, (Omas, IT') : A, pe +1) + (6, 8”, 5")

(6.A.5,11,(6,IT): 4, .ye) + (6,8, F) ) 6.8, 5. 11, (Brno 1) : A, P pc) + (0,5, )
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(Sp)

(BT)

(Br)

(Bp)

(Ba)

(Br)

P[pe] = stop
(6.58,5,0,A, P.pc) — (6,5.5) (Ss)

Plpc] =bz v,1 split(6. 3,v) = (8,§)
push(I1,¢. pe, i) = IT’ (6.8,2, ' A,P,l) - (6',58,5 (Sp)
(6.8,5,11,A,P.pe) - (6", 58, %)

Plpc] = bz v,l split(8.5,v) = (0,6)
push(IT,0,pe,l) = II' (6,8, 5,011 A, P,pc+1) = (6,5,5) (IP)

Ppc] = sync

We have defined the semantics of EVERYWHERE in the SIMD world:

6, %0 (6,85 (pc', 60, 1.0): ITA P~ (6,7.5)

!)pC] = 8ync {9"'.372‘.?(_.-“7 _ve"] : II- "1:])9 pc } 1) » (8,: S’r}-:

(6,8. %, (pc,0,1,8,) : I, A, P,pc) - (0", 2.5

'

\
/

(B0 UB..,B. 5. I1,A, P, pc) » (6,5,5)

Plpe] = juzp I (©,8. 5.1, A, P1) —» (6.5, 5)

(6.8,%,11,A,P,pc) - (6,5, %)

(6.8,X,11,A,P.pc) - (6,58, X)

P[pe] = bz v,1 split(©, 5,v) = (60,6:) (EB)
push(11,8.,pec, 1) = IT’ (60,8. 5. 11" A, P,pc+1) - (6",8,%)
(af‘av"—:vflf""ej’epc] > [819.‘3{:2‘.'}

P[pc] = everywhere (B, 8.2,0,(6,11: A, P,pc+ 1) = (6'.5', 5

(6.8,5,11,A,P,pc) - (6',8, %)

P[pc] = end_everywhere (0.8, X, 11,A,P.pc+1) = (0,8, X

(_8,2,0,(6,1): A, P.pe) - (6,8, %)

P[pe] = branch_mask Tiq, [ (EE)
Twe6 (6.8,3,11,(6',1I' : A, P.l) = (6", 5,5
(6.8,%,11,(6 1) : A, P.pc) + (6", 5, %)
P[pe] = branch_mask T}y, [
Tu@ €  (6,8,5 16,01 : A Ppe+1) » (0, 58,5)
(6,8,5,11,(0" . 1') : A, P.pc) -+ (8,5, %) (IT)

‘:; ) Implemented an abstract SIMD

machine in Prolog, with

SWI Prolog support to everywhere blocks.

Plpe] =

¢ # {stop,bnz, bz, branch_mask, sync, jump, everywhere, end_everywhere}

(6,8, X,Bmask,t) = (8,%")
(6,8, X', ,(Bmask, IT') : A,pc+ 1) = (6",8", ")

(ezﬂr Ee [Iv (ervmai‘s n.} : ‘491)3 pC) 4 (elv ﬂ”eE“)

Extended Intel's SPMD compiler

< lntel) with a new idiom, function call

re-vectorization, that enhances
native dynamic parallelism.
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avoiding kernel allocation and scheduling
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&) Function Call Re-Vectorization

Re-enable all threads within warp,
avoiding kernel allocation and scheduling

Dynamic
Parallelism

Allowing SIMD
functions to be executed,
without diving into
warp-synchronous coding!

Shuffle
Nightmare

Function Call
Re-Vectorization

Programmability

Efficiency



a) Function Call Re-Vectorization: CREV

string T text, P = pattern;

void memcmp(int offset) {
bool m = true;
for (int i=threadId.x; i < |P|; ++i)
if (P[i] != T[i + offset]) m = false;
if (all(m == true)) Found(k);

CREV

}

void StringMatch() { <—
for (int i=threadId.x; i < (|T| - |P|); i+=threadDim.x)

}
void NaiveStringMatch() {
for (int i=threadId.x; i < (|T| - |P|); i+=threadDim.x) {
int j =0, k = i;
while (j < |P| and P[j] == T[k])

j=3+1; k =k + 1;
if (j == |P

}

}
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Text length

8000

6000

4000

2000

=

T B

4

8

12 16

Pattern length

& KMP OPAR A CREV

20

24

28

A

32



@ Function Call Re-Vectorization: CREV

Properties of CREV:

Composability
We are able to nest everywhere blocks: crev can be called recursively!

Multiplicative composition
The target crev function runs once per active thread.
In a warp of W threads, the function may run up to W times.
If the call is recursive, up to WN times.

Commutativity
There is no predefined order between execution of crev’s target function.

Synchronization parity
Synchronization primitives remain correct, regardless of the crev nested level.
crev uses a context stack to keep track of divergences.



&) Function Call Re-Vectorization: CREV

Execution times (in millions of cycles):

BookFilter

String Matching
Bellman-Ford
Depth-First Search

Connected-
Component Leader

Quicksort-bitonic

Mergesort-bitonic

Datasets:

Sequential

not implemented

6649.279
KMP Algorithm
141088.730

3754.101

4054.658

2.871

7.302

Parallel

8530.990

3576.143

493619.688

3786.263

3983.088

not implemented

not implemented

Launch

7857.980

393166.268

not implemented

not implemented

5272.919

204.278

104.985

CREV

7405.

2737.

529856.

3790.

3984.

175

939

065

444

795

.878

.114

- bin-L20K-P16: 10K strings of Os and 1s, each of length 20K, and target pattern of length 16.
- txt-256MB-P16: 256MB in 5bi lines from books from Project Gutenberg; target pattern has length 16.
- erdos-renyi: random Erdos-Renyi graph with 2048 nodes and 80% probability of edges.
- octree-D5: 8-ary complete tree of depth 5 (root + five full levels of nodes).
- int-16K: 16K random integers in the range [0, 100000).

@ Fastest; & 15t runner up; & 2" runner up.

Dataset

bin-L20K-P16

txt-256MB-P16

erdos-renyi

octree-D5

octree-D5

int-16K

int-16K



DEPARTMENT OF COMPUTER SCIENCE
UNIVERSIDADE FEDERAL DE MINAS GERAIS
ompilers FEDERAL UNIVERSITY OF MINAS GERAIS, BRAZIL

aboratory

QUESTIONS?

Sergey Prokofiev — Piano sonata no. 7 op. 83

Email us:

Rubens Emilio Alves Moreira [rubens@dcc.ufmg.br]
Sylvain Collange [sylvain.collange@inria.fr]

Fernando Magno Quintao Pereira [fernando@dcc.ufmg.br]

Check our website:
http://cuda.dcc.ufmg.br/~swan




