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First let's implement the trivial extension of convld to
multiple output channels, based on the
above F=1 version.

@tilelang.jit(
pass_configs={
tilelang.PassConfigKey.TL_DISABLE_WARP_SPECIALIZED: True,
illelang PassConfigKey.TL_DISABLE_TMA_LOWER: True,
)
def)tl_convld_multi_outchannel(X, K, BLOCK_N: int, BLOCK_L:
int):
N, L, KL, F = T.const("N, L, KL, F")
dtype = T.floatl6
accum_dtype = T.float32
X: T.Tensor((N, L), dtype)
K: T.Tensor((KL, F), dtype)
0 = T.empty((N, L, F), dtype)

# TODO: Implement this function

return O
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REHITIHE, BiEFERTE
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IF [ID[ = MEM |WB
; IF[1D| EX|MEM | wWB do_payroll()
IF|ID|EX |MEM |WB]

t l
instructions

emp1_check
emp1_deduc
emp1_rate

emp2_rate

B3E. TR, 17, hFE. 5
IPC48E (Instructions Per Cycle)

IN 3 2

emp3_deduc
emp3_rate
emp2_check
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IF | ID =< MEM [WB

i IF l ID I EX l MEM IWB do_payroll()
IF|ID|EX | MEM |wWB|
t

IF ID | EX MEM] /=

instructions

|7 IF ID | EX =0 WB
1D <~ IMEM| WB
EX |[MEM| WB

7 | ID | EX |[MEM| WB |

emp1_deduc
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emp3_deduc
emp2_check
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emp2_deduc
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IPC48E (Instructions Per Cycle)
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osmsrm compute node

S infiniband switch

_ login / remote partition server node
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AT R HT7?

® ZiEKiR%ZR . Bernstein's Conditions
® =% BHR5

® BESEL

= w N
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: function Dep(a, b)
. Cc = a * b

:d = 3 * cC

: end function

: function NoDep(a, b)

:C = a * b
:d := 3 * Db
e = a + b

: end function
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= Backward propagation
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Blocked GEMM Thread Block Tile Warp Tile Thread Tile Epilogue Epilogue Modify
Tile Functor
Global Memory Shared Memory Register File CUDA/Tensor Cores SMEM CUDA Cores Global Memory
* Transformer
* GemmGloballteratorAb + GemmSharedLoadTile{A,B - fma, dp4a . . + GemmGloballteratorC
* Transformer .83 « WMMA . gemmgﬂaregitozle_;jllellj) GemmGloballteratorD
« GemmSharedStoreTileAb : Fl?r'l]:rtr(])r arcdloadline
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Global Load Stream Shared Load Stream Matrix Multiply Epilogue
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Problem Data Set

A EITRERIT?

BLOCK CYCLIC

BLOCK, * BLOCK BLOCK, BLOCK

task 0

task 1

EEIEIIIII%

CYCLIC, * *, CYCLIC CYCLIC, CYCLIC

Domain Decomposition
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Problem Instruction Set

task 1 | task 2 task 3 l

Functional Decomposition

task 0




HTHILS

PARALLEL)!

TS

Data

ML Model

Dataset

Parallelism

Data
Parallelism

n

w; = w; —yVL(wy) = w; — Z VL;(w;)

j=1

1. Partition dataset into batches

S D EIAR

2. Forward/backward of each
batch on a GPU

Gradients
Aggregation

3. Aggregate gradients
across GPUs
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Data Parallelism for Transformer
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BRIBES ) D BRI B EEIT?

Model Parallelism

 Split a model into multiple subgraphs and assign them to different devices

ML Model Model | Transfer
. ~ intermediate
Parallelism results
, ~ between
"~ devices
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Pipeline Model Parallelism for Transformer

Weights
I.______‘ ______

___________

Forward
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Tensor Model Parallelism for Transformer

 Weights
L______; ______

____________________________________________________________

GPU 2
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3D Parallelism for LLM Training

Pipeline Model Parallelism
A

Data Parallel Rank O
Pipeline Stage 0 Pipeline Stage 1 Pipeline Stage 2 Pipeline Stage 3

Network Layers 0-7 Network Layers 8-15 Network Layers 16-23 Network Layers 24-31

JEEY TRWY §iEy §iin

Data Parallel Rank 1
Pipeline Stage 0 Pipeline Stage 1 Pipeline Stage 2 Pipeline Stage 3

|
Tensor Model Parallelism

Scaling to a Trillion Parameters

Data Parallelism
|

1200 1084B

MP-3 MP-2 MP-1 MP-0

MP-3 MP-2 MP-1 MP-0

{m MP-2 MP-1 MP-0

MP-3 MP-2 MP-1 MP-0

Model parameters (B)
=
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0
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Throughput (PFLOPS)
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AMAHEAITHE? 158<S5EUE (by Flynn)

SISD Instruction Pool

w1}

»|PU |+

Data Pool

Single Instruction Single Data
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ﬁﬂﬁ”ﬁﬁl HMTIE? 15<$5%0E (by Flynn)

- @ X[] II x3 x2 |’ x1 x0 U
SIMD Instruction Pool . ) .
v vo (1 vz v [ ]
*|PU (X+Y [ xp+vyn |Ix3+y3 x2+y2 | x1+y1 x0+yoﬂ
p—{
8 > PU -— prev instruct prev instruct prev instruct
Q; load A(1) load A(2) load A(n)
I
« -
= . PU «— load B(1) load B(2) load B(n) 5
C(1)=A(1)*B(1) C(2)=A(2)*B(2) C(n)=A(n)*B(n)} | ®
~ store C(1) store C(2) store C(n)
|[PU |« )
next instruct next instruct next instruct
P1 P2 Pn

Single Instruction Multiple Data: Ffg NPU
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LGNS

MISD

Instruction Pool

HTITE? 18S9 540E (by Flynn)

prev instruct

load A(1)

prev instruct

C(1)=A(1)"1

load A(1)

prev instruct

Data Pool
|
v
—
C
t
—
(=
T

Multiple Instruction Single Data

store C(1)

delta=A(1)"4

load A(1)

next instruct

P1

B(i)=psi+8

mat(n)=A(1)

next instruct

P2

write(mat(n))

next instruct

Pn

aw
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AMAEFHITITE? 15 35EE (by Flynn)

MIMD Instruction Pool ) ) )
prev instruct prev instruct prev instruct
load A(1 call funcD do 10 i=1,N
—[pul+ L[pul- o
load B(1) X=y*z alpha=w**3 -
'3 — “+— — o+ 3
g PY PU C()=A(1)B(1) sum=x"2 zeta=C(i) | [o
o
g —|pul< Ls|pul« store C(1) call sub1(i,j) 10 continue
Y
next instruct next instruct next instruct
—|PU[~ L=[PU|-
P1 P2 Pn

Multiple Instruction Multiple Data: Z{t&E&E. CPU, (GPU)
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EIEFITITR? FHiT9Ri==EE (by Programmers)

Shared Memory (without threads)

Machine A

Machine B

task 1

Threads S
Distributed Memory / Message Passing

network

-
L

recv()

task 3

Data Parallel / Partitioned Global Address Space P
Hybrid o I
Single Program Multiple Data (SPMD) m—
Multiple Program Multiple Data (MPMD) ———

BitEsTitE, e mAITE

send()
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NEMMFHITITE? HiTREEEL (by Programmers)

ii\/ﬁ/ﬁ
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broadcast
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gather reduction
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87 *SIMT [822 & CUDA (by NVIDIA) 2

Grid with Clusters

Q{aI A

Thread Block Cluster Thread Block Cluster GPU DRAM
Thread Block | | Thread Block Thread Block | | Thread Block H
Memory
Controller Unified
|||||H| |||||H| HHHH |||||||| SYSTEM DRAM Data
Thread Block | | Thread Block Thread Block | | Thread Block O
a
T RO TN T S
Warp Lanes L3 Cache L2 Cache
if(threadIdx.x%2 == 8) |2l b _
{a=rt);} [ ] e .
a
else CPU (G]
NVLINK
y = f(a); 01 2 3 4

AITETRITIHT R, piEFERTR



F1T74mF2 PARALLEL PROGRAMMING

QMAIEFHFITITE? Tile 122 & Block &FZ (by DSLs)

SIMT Model ‘ Tile Model

Kernel Code f Kernel Code
Per-thread logic 5 Per-block logic
g ' i ' \
[ Thread Block i Thread Block 0 %
€5 3 ]
g= | [TofT1(T2| ... g2
55 £
£ 8- operateson | E2
€T o)
c3 fous
S< £ 9
o Tile o=
Data elements 5

SIMT: programmer thinks in threads. Tile: programmer thinks in blocks and tiles.

CUDA Programming Model
(Scalar Program, Blocked Threads)

#pragma parallel
for(int m = @; m < M; m++)
#pragma parallel
for(int n = 0; n < N; n++){
float acc = 0;
for(int k = 0; k < K; k++)
acc += A[m, k1l * B[k, nl;

CIm, n] = acc;
}

Thread Block 1 Thread Block 2

Thread Block 3 Thread Block 4

EiteEnsTite, BfEFmAITE

Triton Programming Model
(Blocked Program, Scalar Threads)

#pragma parallel
for(int m = @; m < M; m += MB)
#pragma parallel
for(int n = @0; n < N; n += NB){
float acc[MB, NB] = 0;
for(int k = 0; k < K; k += KB)
acc += Al[m:m+MB, k:k+KB]
Blk:k+KB, n:n+NB];
C[m:m+MB, n:n+NB] = acc;
}

N (EE
= =

N [=
= [EE
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WN{EMFEITIHE? Perspectives (by Yourself)

F—4RE, B LM TMIETmL
® XFEHENIES: KRS / 14 YA -> SIMD, (SIMT)
o XFufIiEiAITE: fHIEER -> SPMD (MPI, OpenMP), (SIMT), (Tile)
e SIMT EETFmL?
"¢ApY" T FF1T Thread Level Programming
® Tilelang/DSLs EH LM T?
"tr" WFHAT (Tile? CTA?) / Block Level Programming

AT TITE, piEFmRiT®
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AR TITR?
Ss—MERE. B EMmT™IE ™ML ZEirE

U Pe 2GR iRy MauT+EE

AT TITE, piEFmRiT®
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Data Parallelism

TileLang @
TILE LANGUAGE Global Memory

import tilelang.language as T

def Matmul (A: T.Buffer, B: T.Buffer, C: T.Buffer):

Kernel Context

1 [/ [

Shared Memory

Shared

Memory

Global
Memory

(a) Efficient GEMM with Multi-Level Tiling on GPUs

3D Parallelism for LLM Training

Pipeline Model Parallelism

A £
\ @
) Data Parallel Rank 0 \ ©
" Pipeline Stage 0 (" Pipeline Stage 1 ‘ Pipeline Stage 2 (" Pipeline Stage 3 ) (_E
E ()| 2 () ) 3 E:Lv
g ) ) () ¢ =
H () ) () | [)
: pr—p t— | 3 B
1623 ) ayers 2431 J | =
—
o
7]
F_
Data Parallel Rank 1
Pipeline Stage 0 “ Pipeline Stage 1 ( Pipeline Stage 2 Pipeline Stage 3

_12
H (—) H ) () 3 By
H | M‘g ) 5,
H —)| 2 0—0‘; ) g .
L : yers 1623 2yers 2431 3

2

S

t|\

> fzil

with T.Kernel(
ceildiv(N, block_N), ceildiv(M, block M), threads=128
)_as_(bx, by):

[ Buffer Allocation

! A_shared = T.alloc shared((block M, block K))
_shared = T.alloc shared((block K, block N))
T.alloc

ar (C locai)

Main Loop with Pipeline Annotation

for k in T.Pipelined(ceildiv(K, block K), num stages=3):

[ Copy Data from Global to Shared Memory

(B[k * block K, bx * block N], B_shared)

[ GEMM

T

|

1

: '

| | T.copy(alby * block M, k * block K], A_shared)
|

|

|

|

[ Write Back to Global Memory
1 T.copy (C_local, C[by * block M, bx * block NI)

Shared
Memory
Register

(b) Describing Tiled GPU GEMM with TileLang

87

Single Controller RL Trainer

SFT Trainer

T
Model Engine : H
' '
FSDP ] H AgentLoop I LLM Server H
i |
I I
Megatron-Core H ] !
] e | |
I 1
VeOmni | | sweagent | - 1
[ ' ! I
L || O |
| H | :

G A

] L

GPU Memory

I GPU Memory I
DMA Engine DMA Engine
| E—
| PCle Bus I |PCIe Busl |
Proxy Host NIC Host Proxy
Thread Memory Memory Thread

{I-“j}—>—>=®—> =9—->- {I:j}

—> |IB = Socket

SRHB(E

SG
rLL

HETRAELR
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Core Core

L1 Cache L1 Cache

Core Core

L1 Cache L1 Cache

L2 Cache

L3 Cache

L2 Cache

DRAM

CPU GPU

REEH, LEUHE PEESH, KREE



T 4LER GPU?

GPU "

int32 A%, CPU ZERA4 1 MESEFREEA, GPU IR A 4 ETEH/ERA

A aX GPU
FEIR SeR— MES WFFHR RIS SR s AYATE] Tof
HitE BB NBe AV ES H=E )

GPU irffRIENRELE. MY BIBREIR, REFNLENFEERES.
GPU MERFEER, BEiFEEREEEE, GPU RITRARE: "BAL
BEATR, BBERHMEECERBSHES, TR RTTESFEFERENNRES
plRvET. ”



T 4LER GPU?

GPU =}

GPU WEEFEER HBM (High Bandwidth Memory) , —%% HBM3E KU
o] LLixZ| DDR5 By 20 =,
FAE| HBM t1RFREVHIRNEE, W /itinZEsEaIKRiGia (coalesced

access) ., MEH/VRIEILRISREEGTS.
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EBHET GPU
Qni+1 = an/(l + \/ a'n) { ]
An.m = Apn—1,m + Qpn—1,m—1

an = Zi<n 1/(0’2' + n) 3



CUDA E2A47?

In 2006, NVIDIA introduced the Compute Unified Device Architecture (CUDA) to enable any computational
workload to use the throughput capability of GPUs independent of graphics APIs.

ZIDHE = thread C warp C block C SM C grid

« thread RREFIZTHIEARERTT
« 1 warp 2 32 4 thread, 1X 32 4> thread #1THEENIES
« block XY CTA (Cooperative Thread Array) , 2&iEBS{EAEE



CUDA E2A47?

B =

thread C warp C block C SM C grid

« SM (Streaming Multiprocessor) Z#1T block/warp BIBE4

Warp 0

Warp 1

Warp 2

Warp execution
contexts
(max 64)
(256 KB)

Warp Selector

Warp Selector

L1 cache

Warp Selector

O0Oodoodoooooog

O OO CE O
O OO0 CQ O
OO0 OO O
OO OO O
OO OO O
O OO0 OO O

(=]
(=]
(=]
[
(=]
(=]
(=]
(=]

(]| (]
(]| (=]
(]| (=]
(]| (=]
(][] (=]
(| (]
(]| (=]

OO0 OO0 OO O
OO OO oD O
OO OO0 OO0 O
OO0 OO OO0 O

O
O
=]
O
=]
[m]

OO0 OO0 oo g
00 OO0 OO0 OO

Warp Selector

Warp 63

L1 cache

“Shared” memory
(96 KB)




CUDA E2A47?

ZIDHE = thread C warp C block C SM C grid

Grid of

. grld 7?5 bIOCk H{Jﬁé Thread Blocks
- block ERILAIZZT SM #&
* block RYEEIRFZEARENH
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Baioy B e
e [ [
. &/ block SRR HITIIER, L1 1
block 2 QAR
. block TLZARINFEEIERSN M woier | (e
b, 2R (R) REEOMAEEA SM
. FEEBEFEE, FEENRRD oo skt l Hocko Mokt Beck2 Bock
Bok2 Bock3 | ook BockS Boks Block7
[ro—
| e




CUDA E2A47?

G SR I

TR

« CUDAF BT C/C++ H9iEL, RIIE
REFA .cu X, FwmEREH nvcc

 PTX (Parallel Thread eXecution) ‘5

KL, BEEFEBEHEREF
* CUBIN (CUda BINary) =& GPU Ry“dJ
AT

main()
kernel_launcher()

Host Compiler
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4.4 GPU EFF47H1T kernel
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Kernel: £ GPU EIi=fTAYEREL

PSS

2% Execution Space Specifier
CPU z& host, GPU =& device,
«_host__  XERIWEEFTMNREUXEX 7. HRBEH host EHMITAIREL
(__host__) 1M, 7 host Lif7,
«__global__: XERFTTPUMETREEAR, 7 device EHTT,
« device | XEFEREEH device FHITHIFRE (__device =
__global__) M, FF7 device LH117,



https://docs.nvidia.com/cuda/cuda-programming-guide/05-appendices/cpp-language-extensions.html

Kernel: £ GPU Fi=/7H9R %

ENX Kernel

Kernel ¥ F __global &4, REIZEEPINZE void, ATREB~4 N4
CUDA thread F{TiTE@mEINE

_global__ void VvecAdd(float* A, float* B, float* C)

{
int 1 = threadIdx.x;
c[il = A[i] + B[i];
3
int main(Q)
{

VecAdd<<<1l, N>>>(A, B, C);
}



Kernel: £ GPU Fi=/7H9R %

N{ZEIE AP

int main()
{
int n = 1000000;
size_t bytes = n * sizeof(float);
float *h_a = (float*)malloc(bytes);
for (int 1 = 0; i < n; i++) h_a[i] = 1.0f;
float *d_a;
cudamalloc(&d_a, bytes);
cudaMemcpy(d_a, h_a, bytes, cudaMemcpyHostToDevice);
cudaMemcpy (h_a, d_a, bytes, cudaMemcpyDeviceToHost);
cudaFree(d_a);
free(h_a);



Kernel: £ GPU Fi=/7H9R %
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Kernel BE15%X

<<<gridDim, blockDim>>>
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Kernel: £ GPU Fi=/7H9R %

X BEINE

_global__ void MatAdd(float A[N][N], float B[N][N], float C[N][N])

{
int i = threadIdx.x;
int j = threadIdx.y;
c[i1[3] = A[i1[3] + B[i1[3];
}
int main()
{

dim3 threadsPerBlock(N, N);
MatAdd<<<1l, threadsPerBlock>>>(A, B, C);



Kernel: £ GPU Fi={TRIRER

{EF 2 block
XEMANTIAFRLIE, EFFEAXNREAERKNELRGE, SEBEARXmENA if,

__global__ void MatAdd(float A[N][N], float B[N]J[N], float C[N][N])

{
int 1 = blockIdx.x * blockDim.x + threadIdx.x;
int j = blockIdx.y * blockDim.y + threadIdx.y;
if (1 < N& j <N)

ci103] = A[i1[3] + B[i1[31;

}

int main()

{

dim3 threadsPerBlock(16, 16);
dim3 numBlocks(N / threadsPerBlock.x, N / threadsPerBlock.y);
MatAdd<<<numBlocks, threadsPerBlock>>>(A, B, C);



Warp, SIMT 5 SIMD

4 & warp?
Warp Lanes

14 warp 2 32 D threads X 32 jecthreadiax. o2 == o) [IRBEIEIE. . [

thread A ITHEHEINIES . ARHIN {a =r(t); } n
TH¥X, "EXHBRERSETH, EEHE else
IRV REHAUE, REHFIREMNZ {a = q(t); } 3 5

FZHE mask 5, y = f(a); . B

[E— block £#9 thread #4 ZIHBA warp 40 T A9 thread 1D R E:
ID=threadIdx.x+threadIdx.y*blockDim.x+threadIdx.z*blockDim.x*blockDim.y

ID/32 (TELE) HEMZEMER— warp,



Warp, SIMT 5 SIMD

SIMT 5 SIMD

SIMD: Single Instruction Multiple Data

SIMT: Single Instruction Multiple Thread

HIEEWHNN, ZEETHN. MCC70#, E/) thread HEECH program
counter, HELTT I ITAEMIES . T SIMD RE— program counter,

BE, — warp BEEXEUER thread 1ZE MR A program counter, IR %
K%, ¥FE program counter NAREEIEXRZ, A SIMT 2R,
&AM T SIMT KIENENHETT IR 2 SIMD,

-ll N allla [d N




Warp, SIMT 5 SIMD

Warp Divergence E 4

__global__ void badKernel(float* data, int N) {
int i = blockIdx.x * blockDim.x + threadIdx.x;

T %E: REE Ta st

if (i % 2) data[i] = sqrt(datal[i]);

warp Wélgﬁﬁﬁ%%’%% } else data[i] = exp(datal[il);
EHEIND X, Al }

__global__ void betterkernel(float* data, int N) {

ﬂ:éﬁ?}%ﬁ\?ﬁg warp int i = blockIdx.x * blockDim.x + threadIdx.x;
. int half = (N + 1) / 2;
8 {3 F5F if (i < halP) {

int target = 2 * 1i;

data[target] = exp(data[target]);
} else if (3 < N) {

int target = 2 * (i - half) + 1;

datal[target] = sqrt(datal[target]);



Warp, SIMT 5 SIMD

a5,

Warp-Level Primitives

Warp o] U5 RF TR ik #define FULL_MASK Oxffffffff
- . for (int offset = 16; offset > 0; offset /= 2)
NE4. XSS T reduce ’ ’

HES LEX{‘HE} < val += __shfl_down_sync(FULL_MASK, val, offset);

B®I1E,

B1ER lane 0By val 231EB] Lane 0 1 2 3 4 5 6 7

32 /l\ lane E/\] val ZEF[]’ ;E\:? 1 1 1l 1 1 1 1 1 unsigned m = Oxffffffff;

. v += _ shfl down_sync(m, v, 4);

ane & val X2 . //
212 (2| 2

ﬂ%f},@ USinC] CUDA Warp—Level 4// v += _ shfl down_sync(m, v, 2);

Primitives 4| 4
/ v += _ shfl down_sync(m, v, 1);
8
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Thread Block

Block At {E
// assuming blockDim.x is 128

Block WE/‘] thread ttiﬁ _global__ void syncthreads_valid_behavior(int* input_data, int* output_data) {

__shared__ int shared_data[128];
P IN F O S ;
7<’ﬂ’l CPU El] thread, T shared_data[threadIdx.x] = input_data[threadIdx.x];
if (blockIdx.x > 0) { // CORRECT, uniform condition across all block threads

__syncthreads();

'@ﬁ)ﬁ%;ﬁ%{/ﬁ\ WFE output_data[threadIdx.x] = shared_data[1l27 - threadIdx.x];

[2. ZREETFES.

X FB shared memory,

“

__global__ void syncthreads_invalid_behavior(int* input_data, int* output_data) {
__shared__ int shared_data[128];
shared_data[threadIdx.x] = input_data[threadIdx.x];
for (int i = 0; i < blockDim.x; ++i) {
if (i == threadIdx.x) { // WRONG, non-uniform condition
__syncthreads(); // Undefined Behavior

ks
output_data[threadIdx.x] = shared_data[127 - threadIdx.x];



Thread Block (3K)

Thread Block Cluster

M CC 9.0 Fri5, CUDA SIANT—E1EaIF [E]/Z2K: Thread Block Cluster,
Cluster F1y block fRIUEZE R — GPC (Graphics Processing Cluster) Fi1EE, T
IMXSEINEE block B,
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N7 E R 5

£ENEF—R

B 2.3. Writing SIMT Kernels — CUDA Programming Guide

Memory Type Scope Lifetime Location
Global Grid Application Device
Constant Grid Application Device
Shared Block Kernel SM

Local Thread Kernel Device

Register Thread Kernel SM
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N7 E R 5

Shared Memory

Shared Memory 5 L1 Cache
2R —RYEFEFNAE
7, UEELH. ATREA
{55 FH shared memory 894> 46
pEFRL, KB CUDA-From-
Correctness-To-Performance-
Code/gemm gpu tiling.cu

e restrict

e share_

- Xy ®RE

constexpr int TILE_SIZE = 32;
__global__ void gemm_gpu_tiling_kernel(

int* __restrict__ C, // [n, m], on gpu
const int* __restrict__ A, // [n, k], on gpu
const int* __restrict__ B, // [k, m], on gpu

int n, int m, int k // multiples of TILE_SIZE

) {

shared__ int a_tile[TILE_SIZE][TILE_SIZE];
shared__ int b_tile[TILE_SIZE][TILE_SIZE];
int my_c_result = 0;
for (int tile_index = 0; tile_index < k/TILE_SIZE; ++tile_index) {
a_tile[threadidx.y][threadidx.x] = A[(blockIdx.x*TILE_SIZE +
threadidx.y)*k + (tile_index*TILE_SIZE + threadIdx.x)];
b_tile[threadIdx.y][threadIdx.x] = B[(tile_index*TILE_SIZE +
threadIdx.y)*m + (blockIdx.y*TILE_SIZE + threadIdx.x)];
__syncthreads(Q);
for (int i = 0; i < TILE_SIZE; ++i) {
my_c_result += a_tile[threadIdx.y][i] * b_tile[i][threadIdx.x];

}
__syncthreads(Q);

3
C[(bTockIdx.x*TILE_SIZE + threadIdx.y)*m + (blockIdx.y*TILE_SIZE +

threadIdx.x)] = my_c_result;
}
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SM B A 845 #9—— L Blackwell Ultra 545

Streaming Multiprocessor (SM)
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*SFU: Special Function
Units (L 1%, 75

RAEEL sin,

*Tex. Texture

o1t 128 4> CUDA Cores
AT 32 (LR ERBFELT
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Occupancy

SM B R IEZ B BRAY

ZE—1 CC10.0 89 SM, KJ&E: 2.3. Writing SIMT
Kernels — CUDA Programming Guide

Occupancy = SEFRVES] warp £/ Bx K #5F warp X
= occupancy B B TR ER .

Since register pressure is a critical issue in many CUDA codes, the
use of restricted pointers can negatively impact performance by

reducing occupancy

Resource
maxBlocksPerMultiProcessor
sharedvemPerMultiprocessor
regsPerMultiprocessor
maxThreadsPerMultiProcessor
sharedmemPerBlock
regsPerBlock

maxThreadsPerBlock

Value

32

233472

65536

2048

49152

65536

1024
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Occupancy

RIS K

int minGridSize, blockSize;

cudaOccupancyMaxPotentialBlockSize(&minGridsize, &blockSize, myKernel, 0, 0);

int numBlocks;

cudaoccupancyMaxActiveBlocksPerMultiprocessor(&numBlocks, myKernel, blockSize, 0);
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- BALKFTHIT: 2958 thread/block & F FHEER SM
- kR TFIAE: &350 (coalescing) . {8 shared memory
« &x/I\M¥ warp divergence: {&%F warp RiEHIA—EK

- FIAEZ A Tensor Core



CUDA API 171§

HxIeE

cudaError_t err = cudaMalloc(&dI_A, N * sizeof(float));

if (err != cudaSuccess) {
fprintf(stderr, "CUDA error: %s\n", cudaGetErrorstring(err));
ex1t(EXIT_FAILURE);

3
#define CUDA_CHECK(expr_to_check) do { \
cudaError_t result = expr_to_check; \
if(result != cudaSuccess) \
{ \
fprintf(stderr, \
"CUDA Runtime Error: %s:%i:%d = %s\n", \
__FILE__, \
__LINE__, \
result,\
cudaGetErrorstring(result)); \
} \

} while(0)



CUDA API 171§

T

cudaEvent_t start, stop;
cudaEventCreate(&start);
cudaEventCreate(&stop);

cudaEventRecord(start);
myKernel<<<grid, block>>>(d_A, d_B, d_C);
cudaEventRecord(stop);

cudaEventSynchronize(stop);

float miTliseconds = 0;
cudaeventElapsedTime(&milliseconds, start, stop);
printf("Kernel time: %f ms\n", milliseconds);

cudaEventDestroy(start);
cudaEventDestroy(stop);



CUDA API 171§

Stream

CUDA Stream E—Ffh45< B %], A[E Stream B kernel B[ UFH LT, R
=ESMEBRIE.

cudaStream_t streaml, stream?2;
cudastreamCreate(&streaml) ;
cudaStreamCreate(&stream?2);

kernell<<<grid, block, 0, streaml>>>(...);

kerne12<<<grid b1ock, 0, stream2>>>(...); // uit5 kernell JfEK
// BEANRBHBERHE shared memory K/
cudastreamsynchronize(streaml);

cudastreamsynchronize(stream?2);

cudaStreambDestroy(streaml);
cudaStreambDestroy(stream2);



CUDA API 171§

B—NF

18T cudaMallocManaged D EC%— A TE, CPU 1 GPU Bat =R, T
Z=F 5 cudaMemcpy,
ol A __managed__ E&MmEE, BEFE—YLRH, 1#M 54.C/C++

Language Extensions — CUDA Programming Guide,

float *x;
cudaMallocManaged(&x, N * sizeof(float));
cudaFree(x);
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CUDA API 171§

ZFmiz

cudasetDevice(0); // Set device 0 as current
float* pO;

size_t size = 1024 * sizeof(float);

cudaMalloc(&p0, size); // Allocate memory on device 0
cudaSetDevice(l); // Set device 1 as current
float* pl;

cudaMalloc(&pl, size); // Allocate memory on device 1
cudaSetDevice(0); // Set device 0 as current
MyKernel<<<1000, 128>>>(p0); // Launch kernel on device 0
cudaSetDevice(1l); // Set device 1 as current

cudaMemcpypPeer(pl, 1, pO, 0, size); // Copy pO to pl
MyKernel<<<1000, 128>>>(pl); // Launch kernel on device 1



CUDA API 171§

ZFmiz

cudaSetDevice(0); // Set device 0 as current
float* p0;

size_t size = 1024 * sizeof(float);

cudamMalTloc(&p0, size); // Allocate memory on device 0
MyKernel<<<1000, 128>>>(p0); // Launch kernel on device 0O
cudaSetDevice(1l); // Set device 1 as current
cudaDeviceEnablePeerAccess(0, 0); // Enable peer-to-peer access

// with device 0

// Launch kernel on device 1
// This kernel Taunch can access memory on device 0 at address pO
MyKernel<<<1000, 128>>>(p0);



e CUDA-From-Correctness-To-Performance-Code/lecture.md

* CUDA Programming Guide

* CUDA C++ Programming Guide (Legacy)

* CUDA Best Practices Guide
e CMU 15-779 03-CUDA-programming.pdf
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Review: 3&F cuda kernel 1253%1 GPU
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T AFEE Tile-Level Programming?

SIMT &Y[a] 3]
o REUME. BIEE . shared memory BPEEFFEE
« Sk ED. AHHE. EURMK

Tile-Level
« € block MBI EIRMER B2 Eh(tile) iR {E
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Tile-Level programming
1. HE H B tile IALE
2. M global memory finZx tile
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« tl.store HIg| z

import torch
import triton
import triton.language as tl

@triton.jit

def add_kernel(x, y, z, n: tl.constexpr, BLOCK_SIZE: tl.constexpr):
pid = tl.program_id(0)
offsets = pid * BLOCK_SIZE + tl.arange(®, BLOCK_SIZE)
mask = offsets < n

x_val = tl.load(x + offsets, mask=mask, other=0.0)
y_val = tl.load(y + offsets, mask=mask, other=0.0)
out = x_val + y_val

I

tl.store(z + offsets, out, mask=mask)

def add(x, y):
z = torch.empty_like(x)
n = x.numel()
block_size = 1024
grid = (triton.cdiv(n, block_size),)
add_kernel[grid](x, y, z, n, BLOCK_SIZE=block_size)
return z
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A: (M, K), B: (K, N), C: (M, N)
/) program 15T E C f;9—> BLOCK M x BLOCK N tile
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Triton =5l : %BP%3E%

triton.jit
@triton.ji def matmul(A, B):

M, K = A.shape

def matmul_kernel(

A, B, C,

M: tl.constexpr, N: tl.constexpr, K: tl.constexpr, K2, N = B.shape

stride_am: tl.constexpr, stride_ak: tl.constexpr, assert K = K2

stride_bk: tl.constexpr, stride_bn: tl.constexpr,

stride_cm: tl.constexpr, stride_cn: tl.constexpr, C = torch.empty((M, N), device=A.device, dtype=torch.float32)
BLOCK_M: tl.constexpr, BLOCK_N: tl.constexpr, BLOCK_K: tl.constexpr, block_m, block_n, block_k = 16, 16, 32

grid = (triton.cdiv(M, block_m), triton.cdiv(N, block_n))
pid_m = tl.program_id(@)

pid_n = tl.program_id(1) .
matmul_kernel[grid](

offs_m = pid_m % BLOCK_M + tl.arange(®, BLOCK_M) A, B, C,

offs_n = pid_n * BLOCK_N + tl.arange(®, BLOCK_N) M, N, K,

offs_k = tl.arange(8, BLOCK_K) A.stride(8), A.stride(1),
B.stride(B8), B.stride(1),

acc = tl.zeros((BLOCK_M, BLOCK_N), dtype=tl.float32) C.stride(0), C.stride(1),

BLOCK_M=block_m, BLOCK_N=block_n, BLOCK_K=block_k,
for kB in range(8, K, BLOCK_K):

a_ptrs = A + offs_m[:, None] * stride_am + (kO + offs_k[None, :]1) * stride_ak
b_ptrs = B + (k@ + offs_k[:, None]) * stride_bk + offs_n[None, :] * stride_bn

)

return C

a = tl.load(a_ptrs, mask=(offs_m[:, None] < M) & (k@ + offs_k[None, :] < K), other=0.0)
tl.load(b_ptrs, mask=(k0 + offs_k[:, None] < K) & (offs_n[None, :] < N), other=0.0)

(=2
n

acc += tl.dot(a, b)

c_ptrs = C + offs_m[:, None] % stride_cm + offs_n[None, :] * stride_cn
c_mask = (offs_m[:, None] < M) & (offs_n[None, :] < N)
tl.store(c_ptrs, acc, mask=c_mask)
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CUDA to TileLang

CUDA TileLang

__global__ void matmul(half* A, half* B, half* C,
int M, int N, int K) {
int tx = threadIdx.x, ty = threadIdx.y;

int row = blockIdx.y * BM + ty;
int col = blockIdx.x * BN + tx; with T.Kernel(...) as (bx, by):
__shared__ half As[BM][BK], Bs[BK][BN]; = T.alloc_shared((BM, BK), "floatle")
float acc = @.0f; [; = T.alloc_shared((BK, BN), "floatle")
for (int ke = @; ke < K; ke += BK) { C local = T.alloc_fragment((BM, BN), "float32")
if (row < M && kO + tx < K) T.clear(C_local)
As[ty][tx] = A[row * K + k@ + tx]; for ko in T.Pipelined(T.ceildiv(K, BK), num_stages=3):
if (k@ + ty < K & col < N) [ T.copy(A[...], As)
Bs[ty][tx] = B[(ke + ty) * N + col]; T.copy(B[...], Bs)
__syncthreads(); E.T.gemm(As, Bs, C_local)
#pragma unroll T.copy(C_local, C[...])

for (int k = @; k < BK; ++k)
acc += As[ty][k] * Bs[k][tx];
__syncthreads(); < TO —H
) CUDA R4 RA T
if (row < M &% col < N) T||e|_ang 4[% Tile Q& i?&;‘ﬁ'_ﬁi—l—%’:éi;r@

C[row * N + col] = acc;



TileLang primitives GO | 7

EXE B3l

« @tilelang.jit: 4 p{FRIFTIAH Kernel

« @T.prim_func: EX TileLang/TIR E %X

e T.Kernel(...): BI& Grid, —PLFINN— CTA

HEERR
* RESE T.Tensor: Global Memory
* T.alloc_shared: CTA fH£Zy#A Tile

 T.alloc_fragment: ZFFsSFMNITELER
BERSITE

Global Memory ---> Shared Memory ---> Register Fragment ---> Global Memory
T.copy T.gemm T.copy

* T.Pipelined: )§ K#n R, FESBHRZE5ITE
* T.copy: RIEANEAFERZENEIERZ
« T.gemm: 3RiA Tile RBP4k N



TileLang Matmul

TileLang BYA 4549

« BRXDEL shared memory tile
A shared. B shared fZfEE N\ EUELR

« S22 register fragment {4 £ N8
C_local EFAr[a)45

« K EDRYEIR, ZFF pipeline
B M global #3iz%3EZ] shared
IAH gemm E#7 C_local

« FBIREFRIFEE global memory

SR IR EIERE N E R E

import tilelang

import tilelang.language as T

@tilelang.jit
def matmul(
M: int,
N: int,
K: int,
BLOCK_M: int,
BLOCK_N: int,
BLOCK_K: int,
dtype: str = "float16",
accum_dtype: str = "float32",

@T.prim_func
def main(
A: T.Buffer((M, K), dtype),
B: T.Buffer((K, N), dtype),
C: T.Buffer((M, N), accum_dtype),

with T.Kernel(
T.ceildiv(N, BLOCK_N),
T.ceildiv(M, BLOCK_M),
threads=128,

) as (bx, by):
A_shared = T.alloc_shared((BLOCK_M, BLOCK_K), dtype)
B_shared = T.alloc_shared((BLOCK_K, BLOCK_N), dtype)
C_local = T.alloc_fragment((BLOCK_M, BLOCK_N), accum_dtype)

T.clear(C_local)

for k in T.Pipelined(T.ceildiv(K, BLOCK_K), num_stages=3):
T.copy(A[by * BLOCK_M, k x BLOCK_K], A_shared)
T.copy(B[k * BLOCK_K, bx x BLOCK_N], B_shared)
T.gemm(A_shared, B_shared, C_local)

T.copy(C_local, C[by * BLOCK_M, bx * BLOCK_N])

return main
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* J&& elementwise. reduction, matmul. attention
TileLang

« BXREAFRRNEIEE F

« EEWHESMEE kernel £545

CUDA C++

o P THIR R A A

« 1& &Rk M RE UL S AR RE (HATL 1



4

o
\

2 Z3 Y

* NVIDIA CUDA C Programming Guide
https://docs.nvidia.com/cuda/cuda-c-programming-guide/
* Triton Language Documentation
https://triton-lang.org/
 Triton: An Intermediate Language and Compiler for Tiled Neural Network Computations
(2019)
https://www.eecs.harvard.edu/~htk/publication/2019-mapl-tillet-kung-cox.pdf
* TileLang
https://github.com/tile-ai/tilelang
* NVIDIA Deep Learning Performance Documentation
https://docs.nvidia.com/deeplearning/performance/




