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M EEFREI ROOFLINE MODEL

0|0

GPU / #47 % M EH /) HBM # 5% Ridge point
V100 FP32 CUDA core 15.7 TFLOP/s 0.90 TB/s 17
A100 FP32 CUDA core 19.5 TFLOP/s 2.04 TB/s 10
H100 FP32 CUDA core 67 TFLOP/s 3.35 TB/s 20
V100 FP16 tensor core 125 TFLOP/s 0.90 TB/s 139
A100 FP16 tensor core 312 TFLOP/s 2.04 TB/s 153
H100 FP16 tensor core 989 TFLOP/s 3.35 TB/s 295
H100 FP8 tensor core 1979 TFLOP/s 3.35 TB/s 591



M EEFREI ROOFLINE MODEL

Workload FLOP N A HZ (Bytes) I

Elementwise / SAXPY y=a*x+y 2n 12n (% x. ®y. 5y) 1/6~0.17

LayerNorm / Softmax / RMSNorm  O(n) O(n) (x—#. 5—#) O(1)

GEMM (M x K - K x N) SMNK 2(MK + KN +MN) (MNK)/(MK + KN + MN)
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P75 MEMORY BANDWITH 5 | 6

template < typename scalar t >

__global  void axpy naive(scalar t a, const scalar_t * x, scalar t * y, int n) {
int tid = threadIdx.x + blockIdx.x * blockDim.x;
if (tid < n) {

y[tid] = a * x[tid] + y[tid];

}

 5£3Ecoalesced

» & Hdivergence, ¥ BEH

* 100% occupancy

 embarrassingly parallel, ;%75 £ 3Bk &
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MEMORY BANDWITH: Little’s Law
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}T# 5 MEMORY BANDWITH: Little’s Law

T = - R

Throughput (GB/s)

(-

7000 -

A100 80GB H100 SXM B200

6000 -

N % % B 1.94 TB/s 335TB/s 8 TB/s
DRAM iR [ 500 ns 600 ns 650 ns soool

SM # & 108 132 148 E L1 1p8

A GPUA®FH Bx L 1.0 MB 2.0 MB 52MB 4000 Egg
#SM & & 9 KB 15 KB 35 KB f m fp64

# SM & K 33§ &AL 2048 2048 2048 so0er W STREAM
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B EALE 47B 74B 17 B f

1000 -

A100 H200



FT# 52 MEMORY BANDWITH: Little’s Law L%

ECFTH = B v ER

## SM A XFT =329 warp B ox 32 x £G4 F T3 x “MLP¢
occupancy @é‘ﬂ'k‘ J& T
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2. Improve Thread-Level Parallelism (TLP).

- Higher TLP -> more threads -> more independent
instructions per kernel.

1. Improve Instruction-Level Parallelism (ILP).
-+ Higher ILP -> more independent instructions per thread.

Thread
Thread 0 Thread 1
(%]
(%] c
g ,g X = X + a y =y +a
S 9]
§ E Xx=x+bhb y=y+hb
g 2
£

Independent Instructions




}T#% 5 MEMORY BANDWITH: B

__global__

void kernel(const float * __restrict__ a,
const float * __restrict__ b,
float * __restrict__ c)

. {
+ Assumptions int idx = blockIdx.x * blockDim.x + threadIdx.x;
- LDG/STG
c[idx] += a[idx] * b[idx];
- Dependent Issue Rate: 1000 cycles }
- Issue Rate: 1 cycle
- FP32 pipeline
- Dependent Issue Rate: 4 cycles
- Issue Rate: 2 cycles
- 1 available warp per scheduler
load a
load b 12 bytes in-flight
Cycle load ¢

LDG | LDG | LDG |(stall)| FFMA |(stall)| STG

fmac,a,b

store c } (o _fli
Total cycles = 1006 4 bytes in-flight




IT#% 55 MEMORY BANDWITH : &3

__global__

void kernel(const float * __restrict__ a,
const float * __restrict__ b,
float * __restrict__ c)
- Every thread computes 2 elements using a grid stride. {
int tid = blockIdx.x * blockDim.x + threadIdx.x;
int stride = blockDim.x * gridDim.x;

#pragma unroll 2
for (int i = 0; i < 2; i++) {
const int idx = tid + i * stride;
c[idx] += a[idx] * b[idx];
LDG [LDG | LDG | LDG | LDG | (stall)| FFMA |(stall)| STG }

}

Cycle

LDG |(stall)| FFMA |(stall)| STG load a[i1]
load b[i1]

load c[i1] 20 bytes in-flight

Total cycles = 2011

fma c[i1], a[i1], b[i1]
store c[i1]

} 8 bytes in-flight

2x the amount of work in 2x more cycles! } 4 bytes in-flight
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IT#% 55 MEMORY BANDWITH : &3

#define THREAD_BLOCK_DIM 128

__global__
void kernel(const float * __restrict__ a,

- Every thread computes 2 elements using a constant
block stride. {

Cycle

LDG | LDG | LDG | LDG [ LDG | LDG | (stall) | FFMA |(stall)

}
FFMA |(stall)| STG |(stall)| STG

Total cycles = 1008

2x the amount of work in the ~same number
of cycles!

const float * __restrict__ b,
float * __restrict__ c)
int tid
int off

blockIdx.x * blockDim.x + threadIdx.x;
2 * THREAD_BLOCK_DIM * blockIdx.x + threadIdx.x;

#pragma unroll 2

for (int i = 0; 1 < 2; i++) {
const int idx = off + i * THREAD_BLOCK_DIM;
c[idx] += a[idx] * b[idx];

}

load a[i1]
load b[i1]

load c[i1] 24 bytes in-flight

fma c[i1], a[i1], b[i1]

sonslclin] } 8 bytes in-flight




INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32

LD/
ST

INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32
INT32

Lo/
ST

Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP32
FP32
FP32
FP32
FP32
FP32
FP32
TENSOR CORE FP32
4" GENERATION FP32
FP32
FP32
FP32
FP32
FP32
FP32
FP32

LD/ LD/ LDI LD/ LD/ LD/ LD/ LD/
ST s ST ST ST SFU ST

Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP64 INT32 FP32
FP84 INT32
FP64 INT32
INT32
INT32
INT32
INT32
TENSOR CORE INT32
4™ GENERATION INT32
INT32
INT32
INT32
INT32
INT32 FP32
INT32 FP32
FP32 INT32 FP32

LD/ LD/ LD/ LDI LD/ LD/ LD SFU LD/ LDl
ST ST Ken ier ks ST sT

Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 FP64

FP32 FP64

FP32 FPB4

FP32

FP32

FP32

FP32

FP32 TENSOR CORE
FP32 4" GENERATION
FP32

FP32

FP32

FP32

FP32

FP32

FP32

LD/ LD/ LD LD/ LD/ LD
sT ST sT T er SFU

Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 FP84

FP32 FP64

FP32 FP84

FP32 FP64

FP32 FP64

FP32 FP84

FP32 FP64

FP32 TENSOR CORE
FP32 4™ GENERATION
FP32

FP32

FP32

FP32

FP32 FP64

FP32 FP64

FP32 FP64

LD/ LD/ LD/ LD/ LD/ LD/
Sl o G | Bl S ) S SFU

Tensor Memory Accelerato

4/ ~smsp
FAE4E Jh~rwarp scheduler

Psmspix Z I B 16 warp

warp i FE— MR 5

“Neyclefg N scheduler eligiblefy



$T3%%% MEMORY BANDWITH: OCCUPANCY (55) | @)

BR &l Occupancy iy Al 2 -

* Shared memoryXK/\: H/"SM 164KB (A100) 228KB (H100. B200)

- FHEHRNE 5 °SM 65536/ 32bitF 7Ry



}T# 5 MEMORY BANDWITH: Little’s Law

B SM A KF T = 32% warp K x 32 x 454 F 7 4 x “MLP*

-~

occugancy 24k J& FF

Achieved GB/s across occupancy X MLP
anti-diagonal iso-bands are the product law at work

1596
4

16 (64 warps, 100%) 1602 1590 1586

1587

8 (32 warps, 50%) 1599 1585

1584

1601 1584
1594

32

4 (16 warps, 25%) 1577

2 (8 warps, 12%) 1419

blocks/SM (resident warps, occupancy)

1 (4 warps, 6%)

1 2 16

MLP (independent 128-bit loads in flight per thread)



T5#%% MEMORY BANDWITH: 25 &5

’ x and y must be 16-byte aligned (cudaMalloc allocations satisfy this).
__global  void saxpy_vectorized(const float4* _ restrict__ x,
floatd* '
blockIdx.x * blockDim.x + threa
=n / 4;

if (1 < n4) {
const float4 xv x[1i];
const float4 yv = y[i];

y[i] = make_float4(a * xv.x + yv.Xx, a * xv.y + yv.y,

a * xv.z + yv.z, a * Xv.w + yv.w);




FTi#™ 52 MEMORY BANDWITH: coalescing

« Minimum memory access granularity: 32 bytes = 1 sector
« L1 to L2: 1 sector

+ L2 to Global: 2 sectors (default)
- User can set a preferred granularity with cudaDeviceSetLimit () and cudaLimitMaxL2FetchGranularity.
+ Only a hint though!

- Cache line size: 128 bytes = 4 sectors

- Cache "management” granularity = 1 cache line
- Coalescing of requests.
« Evictions.

128-Byte alignment

i

Sector 0 Sector 1 Sector 2 Sector 3

N
128 Byte cache line



T 3 MEMORY BANDWITH: coalescing

SM Reads
Check if datais in L1 (if not, check L2)
el Check if data is in L2 (if not, get from DRAM)

Unit of data moved: 11

Writes
L1 is write-through: update both L1 and L2
L2 is write back: flush data to DRAM only when needed

Unit of data moved:




T 3 MEMORY BANDWITH: coalescing

0 31
4-byte element access WARP

Inm
[ -

0 32 64 96 128 160 192 224 256 288 320 352

Memory Addresses

COALESCED!



T 3 MEMORY BANDWITH: coalescing

0 31
4-byte element access WARP

4 sectors ii ii ii ii ii ii

0 32 64 96 128 160 192 224 256 288 320 352

Memory Addresses

COALESCED!
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5 5e. MEMORY BANDWITH: coalescing

0 31
4-byte element access WARP

T n\;\n\\ﬁ;

0 32 64 96 128 160 192 224 256 288 320 352

Memory Addresses
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5 5e. MEMORY BANDWITH: coalescing

0 31
4-byte element access WARP

T n\;\n\\ﬁ;

0 32 64 96 128 160 192 224 256 288 320 352

Memory Addresses



3T 2 MEMORY BANDWITH: coalescing 3%

0 31
4-byte element access WARP

1 sector W

0 32 64 96 128 160 192 224 256 288 320 352

Memory Addresses



T 3 MEMORY BANDWITH: coalescing

4-byte element access WARP
32 sectors

0 32 64 96 128 160 192 224 256 288 320 352

Memory Addresses



}T5%25 % MEMORY BANDWITH: coalescing €Y | €F)

struct Coefficients
{
float u, v, w;

float x[8], y[8], z;
AoS Memory Layout 3

__global__ void kernel(Coefficients *data)
{
int i = cg::this_grid.thread_rank();

data[i].u = data[i].u + 10.f;
data[i].y[@] = data[i].y[e] + 10.f;
}



1T7%% 32 MEMORY BANDWITH: coalescing 4%

L7,

- When loading coefficients u and y[0]: ?trUCt Coefficients
- Successive threads in a warp read 4 bytes at 80-byte float u, v, w;
stride. float x[8], y[8], z;
s
__global__ void kernel(Coefficients *data)
{

int i = cg::this_grid.thread_rank();
data[i].u = data[i].u + 10.f;

data[i].y[@] = data[i].y[@] + 10.f;
TO T1 T2 T3 }

| | | |
. EmEE . EpEE . SwsE. SpsEk

160 240




}T5%25 % MEMORY BANDWITH: coalescing €Y | €F)

. truct Coefficient
Refactoring from to leads to coalesced ?ruc oerticients
memory accesses foruand y[0]. float *u, *v, *w:
float *x@, .., *x7, *y@, .. *y7, *z;
s

__global__ void kernel(Coefficients data)

{
int i = cg::this_grid.thread_rank();

SoA Memory Layout

data.y@[i] = data.y@[i] + 10.f;
TOT1T2T3T4T5 }

RERN
u

128 bytes

: Load Efficiency  Store Efficiency Main Memory
Implementation

Bandwidth GPU Time (ms)
[+) 0,
(%) (%) Utilization (%)

AoS 125 12.5 13.50 28.497
SoA 100 100 79.47




NEERLE MEMORY HIERARCHY

L7,

Reduce

X KHE N 69#m, Kha:
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NEERLE MEMORY HIERARCHY

L7,

__global__ void

1 O _: _i: * X f)

constT 1

{
int 1 = blockIdx.x

+ threadIdx.x;
if (1 < n)
atomicAdd(out,

Reduce

reduce_vi1(
float* out, int n)

* blockDim. x

x[1]);

197 ms,

1ANE]E @ [TFIEEE e e

-~
‘\‘\

w

+

IN

" "
(3]t —[x] =[]

7N+4-=

1.4 GB/s



NEERLE MEMORY HIERARCHY

L7,

___void reduce_vi(

Reduce

int n)

int 1 = blockIdx.x * blockDim.Xx

+ threadIdx.x;
if (i < n)
atomicAdd(out, x[i]);

197 ms,

1.4 GB/s

81T RMW



NEERLE MEMORY HIERARCHY

L7,

__global _ void reduce_v2(
const float* x,
{
__shared
int tid

threadIdx.x;

int i = blockIdx.x*blockDim.x + tid;
: 0.0f;

s[tid] = (i < n) ? x[i]
__syncthreads();

for (int stride = 1;

stride < blockDim.x; stride *= 2) {

if (tid % (2*stride)

s[tid] += s[tid + stride];

__syncthreads();
}

if (tid == @) atomicAdd(out, s[0]);

float* out, int n)

float s[BLOCK];

== 9)

1.67 ms,

Reduce

2] 2EEEPPIEEEEPIEEE]

blockIdx.x 0
I

Copy host to device 1

|
| | |
e[ Jals[se]o 1 [7 48 4]2]7]cs

4|o|oloio|0|oloio|ololoio|olo|u

Copy to shared

memory

e[nJals[s[8o[1]74]84]2]7]c]s

PPPPP PP

5I1w|s|1o]1 |11|4|12]4|9|7|é]é

v v B

21 Jo]s[2]8]w]1]s8]4]r=]4]s][7]e ]

o~ |o~

s[1[o]sn]e]w] [se]4]2[4]o]7]¢]e

|o

Al Je]s[n]s]wn [n]4awe]4]o7]6]¢

4JoJoJoJoJoJoJoJoJoJoJoJoJoJo]o

ICopy to global memor

nlafoJoJoJoJoJoJoJoJoJo oo o0

Sync

Repeat if more than one elements left

Sync

Sync

Sync

Sync

Done otherwise

75|o|o|o|o|o|olo|o|o|olo|o|o|o]o

1Copydechtohoﬂ

[

160 GB/s,

118x



N7

=2t MEMORY HIERARCHY

v,

blockIdx.x 0

2] T4 sTeT8]o "7 [4]84]2]7]0]¢

[4]

Copy host to device

1

e[ Ja]s[s]e]o 1 [74]e4]2]7]0]¢

4|o|0|0|o]0|0|0|o]o|0|0|o]0|0|0

Copy to shared

memory

e[ J4]s[s[8]o 174842 7]0¢

4JoJoJoJoJoJoJoJoJoJoJoJoJoJo]o

PPPPPP PP

T T T T T T T T

! Sync

s[iJo]s[n]e]oi[n]4]w=]4]o 7 6]

4JoJoJoJoJoJoJoJoJoJoJoJoJoJo o

v v ¥

~

I/

1 Syne

21 o s[a]8]wo]1[8]4]w]4]s[7]6]¢

4JoJoJoJoJoJoJoJoJoJoJoJoJoJo]o

o~ |o~

! Sync

ss[1[o]snefe]rJse]a]2[4]o]7 e ¢

4JoJoJoJoJoJoJoJoJoJoJoJoJoJo o

|e

1 Syne

Ao s[n[so1 [n]4]we]4]o[76]¢

4JoJoJoJoJoJoJoJoJoJoJoJoJoJo]o

Copy to global memorn

7nJaJoJoJoJoJoJoJoJoJoJoJoJoJo o

Sync

Repeat if more than one elements left

Done otherwise

75Jo JoJoJoJoJoJoJoJoJoJo o o o o

1Copy device to host

Reduce



NEERLE MEMORY HIERARCHY

v,

reduce v2(
t¥* out,

__global

__shared s[BLOCK];

tid = threadIdx.x;

i = blockIdx.x*blockDim.x + tid;
s[tld] (i < n) ? x[i] : 0.0f;
__syncthreads();

for (int stride = 1;

stride < blockDim.x; stride *= 2) {

i idx = 2 * stride * tid;
if (idx < blockDim.Xx)

s[idx] += s[idx + stride];
__syncthreads();

1
J

if (tid == @) atomicAdd(out, s[0]);

0.87 ms,

308 GB/s,

Reduce

(0 ] e s sy A R ]

blockIdx.x 0 Copy host to device 1

2] [E]E ||| [T

“Jo]o III [ToieTs III [e]e]o

Copy to shared

memory

2 5 5 e e

[ofoJo]o ofofe e o o o oo o] o

e

PP PP PO PP

81101 (1

[eJoJo]o o o o e e o o o 0

A

21 s sJa]sw]1 [28]4]r]4]s][7]¢]6

[o]ofofo e o e o e e o o]0

i

ss[1]o]s[n]e]o]rJse]4]r2[4]o]7]6]¢

VA
;

[efefeo o o o o oo e oo o e

le

Al Je]s[n]eo]r [n]a]e[4]s]76]¢

4JoJoJoJoJoJoJoJoJoJoJoJoJoJo o

Copy to global memor

7iJ4aJoJoJoJoJoJoJoJoJoJo oo oo

Sync

Repeat if more than one elements left

Sync

Sync

Sync

Sync

Done otherwise

75[o JoJoJoJoJoJoJoJoJoJo oo oo

lCopydechtohog

[7s]

1.9x



}T5%25 % MEMORY BANDWITH: bank conflict £35) | €F)

With 4-Bytes data

Byte-address: 0 4 8 12 16 20 24 28 32 38 40 44 120 124 128
0 1 2 3 4 5 6 7 8 9 | 10 30 | 31
128 132 136 140 144 148 248 252 256
32 | 33
256 260 264 384

Bank-0 Bank-1 Bank-31



}T# 5 MEMORY BANDWITH: bank conflict

Coalesced access
(No bank conflicts)

shmem[threadldx.x] = data[tid]

4-byte data

Threads

ARG

Shared Memory Banks

Broadcast access
(No bank conflicts)

data = shmem[0]

4-byte data

Conflict access

(2-way bank conflicts)

shmem[threadldx.x * 2] = data[tid]

4-byte data

Threads

Threads

L T
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T EERIEE
blockIdx.x 0 | Copy host to device 1 |

[l TelsleTeo [ [7 e e 2] T e [4 o [o[o[o[o[o[o[oJoJo[o [oJo[o [0 | ~——

20| 2|ZI7o][E]2]

Copy to shared memory

2 3 A 2 O A P
LI I I Y B B
L e aa i S L L A A L VY
VAR AR VAV
2 2 32 2 2 2 2 2 o o P
H@ lo” |~ |~ |
52 2 8 2 2 2 2 o R P

[ eTsn]eo]r [n]a]e]4]°]7J6]¢
Copy to global memor

[

[nJaJoJoJoJoJoJoJoJoJoJoJo o o|o|S ne

afofofofefo o o e o o o o o o] °]

Repeat if more than one elements left

Done otherwise

FP TP EEEEEEE O]

lCopy device to host

Reduce

With 4-Bytes data

Byte-address: 0 4 8 12 16 20 24 28 32 38 40 44 120 124 128
[0[1[2[3]a[s5[e6[7[8]510]
128 132 136 140 144 148 248 252 256
[2]s] [ [ T T T T T T 1 - [T 1
256 260 264 384
[ N I A I T 1
\ A [ LN ] \ J
Bank-0 Bank-1 Bank-31

This kernel has uncoalesced shared accesses resulting in a total of 6881280 excessive wavefronts (70% of the total 9830400
wavefronts). Check the L1 Wavefronts Shared Excessive table for the primary source locations. The
an example on optimizing shared memory accesses.

Est. Speedup: 69.17%

» Key Performance Indicators

The memory access pattern for shared loads might not be optimal and causes on average a 3.9 - way bank conflict across all 1638400
shared load requests. This results in 4591055 bank conflicts, which represent 72.13% of the overall 6365184 wavefronts for shared loads.
Check the section for uncoalesced shared loads.

Est. Speedup: 66.67%

» Key Performance Indicators

The memory access pattern for shared stores might not be optimal and causes on average a 2.8 - way bank conflict across all 1310720
shared store requests.This results in 2343646 bank conflicts, which represent 64.13% of the overall 3654624 wavefronts for shared
stores. Check the section for uncoalesced shared stores.

Est. Speedup: 59.28%

» Key Performance Indicators




NEERLE MEMORY HIERARCHY

v,

Reduce

[ EEEE R EEE R mEREE)
blockIdx.x 0 | Copy host to device 1
\ ) \ . \ \
| | | i | |
2|w|4|si3|a|9|1i7 4|s|4iz|7|o|a 4|o|o|0io|0|o|oio|o|o|oio|o|o|o

__global___ id reduce_v4( * _ restrict_ x
__shared s[BLOCK];
tid = threadIdx.x;
i = blockIdx.x * blockDim.x + tid;
s[tid] = (1 < n) ? x[i] : 0.0f;
__syncthreads();

for (i stride = blockDim.x / 2; stride > ©@; stride >>= 1) {
if (tid < stride) s[tid] += s[tid + stride];
__syncthreads();

1
J

if (tid == @) atomicAdd(out, s[@]);

Compute (SM) Throughput [%]
Memory Throughput [%]
L1/TEX Cache Throughput [%]

L2 Cache Throughput [%]
DRAM Throughput [%]

Copy to shared memory

2[1J4]s[s]e]° 1 [7 j|8|412|7|0|6 aJoJoJoJoJoJoJoJoTo oToJo o oo

o s[eloss[o]7]7 [2]e[2]2]7JcJ¢[4JoJoooJoJooo oo o oo o o

[4]ee]afne]s isToJ7]7 [48J4]27JoJe¢[4]ofoJoJoJofooJoJoJo o oo o]0
/

ss[es[2ifis]s[s[o[7[7 48427 o e 4 oofofoJoJoJoJoJeJoJoo o]0 0
¥

nse]ai]re[s [s]e[7[7[4]8[4]2]7JoJe[4ofoJoJoJofooJoJofo oo oo 0

nJaJoJoJoJoJoJoJoJo o o o]

oJoTo Sync

Repeat if more than one elements left

Sync

Sync

Sync

Sync

Done otherwise

75[o JoJoJoJoJoJoJoJoJoJoJoJoJo o

ICopydevmetohoﬁ

0.78 ms, 344 GB/s



NEERLE MEMORY HIERARCHY

Reduce

__global id reduce v5(cons i *  restrict  x,
__shared  float s[BLOCK];
i tid = threadIdx.x;
sum = 0.0f;
for (3 i = blockIdx.x * blockDim.x + tid; i < n; i += gridDim.x * blockDim.x)
sum += x[1];
s[tid] = sum;

__syncthreads();

for (i stride = blockDim.x / 2; stride > 0; stride >>= 1) {
if (tid < stride) s[tid] += s[tid + stride];
__syncthreads();

1
J

if (tid == @) atomicAdd(out, s[@]);

ZH]: gridDim.x = ceil(n / blockDim.x)
IWEE: gridbim.x = SMHFL * 16

0.25ms, 1074 GB/s
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Reduce

P AANE stride < 16 B, SENEREESE—Pwarp A
warp AEY 32 4™ lane T LB ERX R EFFes, ~AFEELT shared memory,

__device__ _ forceinline__ warp_reduce_sum( V) A smem reg —_— shared _— reg
#pragma unroll

for (i off = 16; off > @; off >>= 1) :5 — F;]"‘f — ‘lj-‘

v += _ shfl xor_sync(oxffffffff, v, off);
return v;

shuffle reg > reg

— & 484, JUAS cycle




NEERLE MEMORY HIERARCHY

L7,

Reduce: Warp Shuffle Primitives

P ITANE] stride < 16 B, SE5RNEBREEE—warp A
warp AEY 32 4 lane T U B EX#EF Fas, AHFEL shared memory,

__shfl_sync(unsigned mask, T var, int srclLane, int width);
__shfl_up_sync(unsigned mask, T var, unsigned delta, int width);
__shfl_down_sync(unsigned mask, T var, unsigned delta, int width);

-
T
T
T __shfl_xor_sync(unsigned mask, T var, int laneMask, int width);

B lane i #IX i

__shfl_sync lane: srcLane (TJ#5E) I B

__shfl_up_sync lane: i - delta Prefix sum, stencil
__shfl_down_sync lane: 1 + delta Reduce (to lane 0)
__shfl_xor_sync lane: 1 xor laneMask Butterfly Reduce (to all lanes)



R7%EE% MEMORY HIERARCHY s

Reduce: Warp Shuffle Primitives

P ITANE] stride < 16 B, SE5RNEBREEE—warp A
warp AEY 32 4 lane T U B EX#EF Fas, AHFEL shared memory,

B lane i #IX J=Be
__shfl_sync lane: srcLane (TJ4EE) I B
__shfl_up_sync lane: 1 - delta Prefix sum, stencil
__shfl_down_sync lane: i + delta Reduce (to lane 0)
__shfl_xor_sync lane: i xor laneMask Butterfly Reduce (to all lanes)
shuffle shuffle up shuffle down shuffle xor
cdabghef|
R 4 R _A
Indexed any-to-any Shift right to n'™ Shift left to n'" neighbour Butterfly (XOR)

neighbour exchange
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Reduce: Butterfly Shuffle & Shuffle Down

P ITANE] stride < 16 B, SE5RNEBREEE—warp A
warp AEY 32 4 lane T U B EX#EF Fas, AHFEL shared memory,

+: hfl xor_sync(oxffffffff, ff ) ff 1, 2, 4
Lane 0 1 2 3 4
initial ’ ! ‘ i ’ ! ‘ ! ‘ ! ‘ ! ‘ ! ‘ I 5 O 15 I ) S ) TG T s 1 | unsigned m = OXEffEEEEff;
>< >< >< >< __// v += __shfl_down_sync(m, v, 4);
offset = 1 | 2 ‘ 2 | 2 | 2 ‘ 2 | 2 ‘ 2 ‘ 2 ‘ lane & lane ® 1 2 2 2 2
>§§< >§§< _// v += _ shfl down_sync(m, v, 2);
offset = 2 ‘ a ‘ a ‘ a ‘ a ‘ 4 ‘ a ‘ a ‘ a ‘ lane o lane © 2 4| 4
/ v += _ shfl down_sync(m, v, 1);
offset = 4 ‘ 8 ‘ 8 ‘ 8 ‘ 8 ‘ 8 ‘ 8 ‘ 8 ‘ 8 ‘ lane o lane © 4 8




NEERLE MEMORY HIERARCHY

L7,

T IFAE stride < 16 B, Z5M&EEHE—Pwarp K

warp AEY 32 4 lane T U B EX#EF Fas, AHFEL shared memory,

mask: REZ S shfl flanes

« 5 Oxffffffff RxEHB 32 > lanes

© P XlanesSmask A FFRT: REXITA
e _ activemask()

width: TJ 0 warpFEx, shfl ZEFERREHTT

«  BRIAA32 (waspSize)

* %4 8 Bwarp7 ik 4 B, BE 8 /) lanesTEEx Ashfl
« BlEnEF 8 4 lane LIE—1T
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v,

__global id reduce_v6( loat* _ restrict__ x,

sum = 0.0f;
for (i i = blockIdx.x * blockDim.x + threadIdx.x;
i += gridDim.x * blockDim.x)
sum += x[i];

sum = warp_reduce_sum(sum);

__shared warp_sum[32];

lane = threadIdx.x & 31;

wid = threadIdx.x >> 5;
if (lane == @) warp_sum[wid] = sum;
__syncthreads();

if (wid == 0) {
sum = (lane < blockDim.x / 32) ? warp_sum[lane]
sum = warp_reduce_sum(sum);
if (lane == @) atomicAdd(out, sum);

0.247 ms, 1087 GB/s

: 0.0f;




RN7EEZ% MEMORY HIERARCHY w

__global id reduce_v6( t* _ restrict__ x,
sum = 0.0f;
for ( i = blockIdx.x * blockDim.x + threadIdx.x;
i += gridDim.x * blockDim.x)
sum += x[i];

sum = warp_reduce_sum(sum);
= - ( ) Compute (SM) Throughput [%]

Memory Throughput [%]
L1/TEX Cache Throughput [%]
L2 Cache Throughput [%]
DRAM Throughput [%]

__shared__ warp_sum[32];
lane = threadIdx.x & 31;
wid = threadIdx.x >> 5;
if (lane == @) warp_sum[wid] = sum;

__syncthreads();

if (wid == 0) {
sum = (lane < blockDim.x / 32) ? warp_sum[lane] : 0.0f;
sum = warp_reduce_sum(sum);
if (lane == @) atomicAdd(out, sum);




ok

=2t MEMORY HIERARCHY

v,

__global__ reduce_v7( floatd* _ restrict__ x4

sum = 0.0f;
for ( i = blockIdx.x * blockDim.x + threadIdx.x;
i += gridDim.x * blockDim.x) {
floatd v = x4[i];

sum += V.X + V.Y + V.Z + V.W;

1
J
sum = warp_reduce_sum(sum);

__shared__ it warp_sum[32];
lane = threadIdx.x & 31;
wid = threadIdx.x >> 5;

if (lane == @) warp_sum[wid] = sum;
__syncthreads();

if (wid == 0) {
sum = (lane < blockDim.x / 32) ? warp_sum[lane]
sum = warp_reduce_sum(sum);
if (lane == @) atomicAdd(out, sum);

5 (B(arrR

0.17 ms, 1572 GB/s
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Reduce
BRI B 18] W% vs V1 warp 154
V1 global atomic  197.4 ms 1.4 GB/s 1x —
V2 smem, #FF 1.67ms 161 GB/s  118x 1.55 1
V3 E G &AL 0.87ms 308 GB/s  227x 6167 77
V4 sequential 0.78 ms 344 GB/s  253x 5276 71
V5 grid-stride 0.25ms 1074 GB/s  790x 560 77
V6 warp shuffle  0.247ms 1087 GB/s 799x 460 77
V7 + float4 0.17ms 1572 GB/s 1156« 185 71

61 308 3
1.4 —--

V1

V2

V3

44
V4

A100 Y418 1935 GB/s

——

V5 Vo6
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