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WEY) | BHERE, BPBEMRERER CUDA iR | EXRER T ## Blackwell, ISR A4EEERZE— 3]
A, ABESERHAE, Fitk , B1ME Blackwell SHYRBFELE |, AT LAKEEIE | REIZAEB IR EBANIR,  (85#E1)
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i AERKLE

BINEEZI SN CTA ML T/E | URXLETEMMADE LS B200 LHFRE CTA , B THEHTL /N,
RETEEEENFEN], TRAEBRREMERT, BHNMORERRE,

BEEBANEE B200 Attention W% , W84 CTA RERENEIE.

EX2RAERREFMABBERX -, XEALHEAME K BEESREMSEREREN N BEEE,
Attention E &t X%

FREBEE—NAK. FBEARAZRARESIANEZEMN tcgen05 B2 , IARELHBERFE NN EM, X
BRE-BELREETERNER,

E— I MAKRES , BAHITHNBELER , BRETTREENZ. ERAEERXTEE | HERTFL
Blackwell 43818 , TEASEL N A,

FERM

Attention EZA 2 FIREREFEL , FEIRE—IX Softmax. Softmax #J FLOPs 28% |, EE&TE ALU
MUFU 85tk | MA R Tensor Core L, £ Blackwell B200 L , Tensor Core & & KB EE , EHZEE T
HMEAREE ; FAd BXHZ A THHHEST B, Bt , ERAIW tile RYT , Softmax SHENEBHKSE D
REH MMA Z2F7% |, RAZAZNEERT ., SBLICAAFEETF : BE Softmax TENRKN , UkiLtEES
MEMEREES , LRIRIETREE MMA RITEE.

ii. TEHITIL
Tt B200 BAEMT 281 , £B THELTRIS.
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for each, batch and head:

One token
(1, 128)
/

T
]

One tile, containing
multiple tokens
(128, 128)

—-——
'

SEQ_LEN

e mmmmmmm———————

every tile is (BLOCK_SIZE=128, HEAD_DIM=128)
and spans the entire head dimension.
So, we onll/ tile along SEQ_LEN dimension

AL Q. K, V HEHKEREXNEGHBNAEIR : B, num_heads. seq_len, head_dim.
B RER DK tile , FZEERARERERE WA L7, M EBFR , tle R<TH [128, 128].

zooming into the Full kv loop of ¢T4 #1

Q, K, VvV SMEM
S, running O TMEM (
rowmax/rowsum registers f
P reuses K's SMEM storage siguentially
[ ision 1 Q= & "“” _’SRP@ m
Sofbmax
{Eeration 2 @ Ktl;z - —>P@ m
Gerinl
_ single tile of @ K softmax
L e

x"‘éor |oop -- iterate over all

pairs of tiles k[i], v[i]

HEAD_DIM

sequentiallyﬂ"’
in parallel @ e

K MATRIX cta #1: [ "S?ﬁtp@ lV[]J| [ i
cta #2: ¥[@_,sszﬁipe J.—) o2 Jl

output matrix

single tile of ©

HEAD_DIM ) i [
V MATRIX Cta #3' k@ [@ K[;] 77 SSE:"EE‘P@ (V[i]]J” ( o3 ) HEAD_DIM

single tile of V

cta #Ni| oo

SEQ_LEN

HEAD_DIM
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B200 Attention | SEEE R SR A % 1 E : Blackwell B200 Attention E#fSI

BP0 (Hd ) tile, MBEZDA CTA ; 4 CTA EE— Otile, FTE CTAARKRERTEH HKEN
230 tile, CTA HITHIT , REBFTL,

1 CTA AERM KV IR TN RINFINITH , REEETLk, MAME—/NCTA: RTEKBEZH Otile
CTA RinE— X RM Qtile , REEBAFTE KV tile 3. BHITE S_tile = Q_tile @ K_tile.T , BI{TEL
Softmax 8%l P_tile , 3}iE P_tile @ V_tile £/1%)iZ CTA FAEH O tile BHXH, XNFAE Otile RBETHFHE
e, EBR KV BHRFEH. KRE—RBERE , CTAX O BmMEHA—Ib , HEZRHNHEE tle EAZRRA
%o

MRPEEFFEHENRS , TREC , THSRABRRE S,

XX D EARRLCTF o HREETE : RE CTA ERFRME tile , — M tile S RHBEHRBZER CTA A,
{EE5ERERETE | Attention EEEEEAN KV B4 £4L Softmax RS,

BERENHARBOT
# purple arrow independent work itens mapped across CTAs

parall el _for batch, head, g_tile:

# one CTA starts here
Q= load_qg_tile(batch, head, g_tile)

# orange arrow. sequential loop inside this CTA
for K, Vin kv_tiles(batch, head):

# Section A Q @K T -> S
S=Q@KT

# Section B. S -> P, update rowrax/rowsum and correct old O
P, softmax_state, O = online_softnax_updat e(
S, softmax_state, O

)

# Section C. add the current P @V contribution
O+=P @V

# final normalization of this single Otile
out put[batch, head, gq_tile] = O/ softmax_state.rowsum

EBA Q tile AVEEIRE A CUDA grid ; B KV tile A E BN BES CTA AEB,
ERARBIRENE D 55— B200 A ARBEENK , AELFMITL

« A% ) Scores = Query @ Key.T : EAMRNIT tcgen05 , KA K-major /3,

« B #84 ) Scores -> Probabilities : A TMEM iHL,

+ C #% ) O += Probabilities @ Values : £ A HIRNIT tcgen05 , KA MN-major 1 &,

FRE 1 ENFRALCEXMNBEERSR  ETREESHKA , WARKNAKIA LRAKBHE -,
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B200 Attention | SEEE R SR A £ 1 E : Blackwell B200 Attention EA&t3LH]

iii. 1FFE AT, A% E

EH Ak, MBRELBREBHREMERE, NEHE. REZENRSYEARMNKE , URIAHAEHNKRE
#ITZTB|, AR,

55 BUERE TR I FLLZ AL

EEY-NMEESAINERER | 7RIEKTRE,

Global

C__‘tile_ +=

-
BB REEFFEFH MREBUERFIIFK tile , R/ tile EEHASRERTEARM A LFME NI AT NER
R EZREABRMBNEE. SR AN%HH  Bhh K4  FEER A, Btile 5 , BIEHIER

EmMBE— Ctileo LIEFTA Ktile f7 , XL LERMEN , ERZLENTTHD K ENTEBE/TE,

Attention WX EZMHHE , BHFT2HEE :

o —RRI D HIERETEEE— N Ctile , REBAEER .
« Attention EIE— Qtile , & KV B SI4ET
BIATR :

HIE , £RANFREFRERINGEIRE tile.

BRIREF— Atile F— Btile #HE. BINTEARGFHENE R, BAGEESITHTERR , BAKLIE
18, RITFLAEA Tensor Core , M7E Blackwell LM Tensor Core , EEX A tcgen05.mma S %,

LB tile_a M tile_b ERKREZ-4H5EMH , BENARCHFRENEEBUR , KRAEFR — 41,

B3 4E% : laroslav Elistratov - RESKBRZ 9



B200 Attention | SEEE R SR A £ 1 E : Blackwell B200 Attention EA&t3LH]

Logical view: Physical view:

row 1 row 2 row M

—_—

A_tile

N Youw M J

A_tile
Rt , BEENENFHERRBEDR S R,
fRiIx GMEM iy A BEBRAITERF. B4 , BITE—ERNFREELEN , WLEER.
EEXBREMERNFREIEAD [row, col] THE , FEMEEHTR , FIA stride iHERBE.
BlanE — MR [2,2] 88, HAEEUE my_matrix[1,1].

Plﬂ/sical view W“/——POMter Logical view

( ( ] )

desired element

(rows, columns)

shape == (2, 2)
memory is 1d (linearized / physical view) ctrde —= (2.
e == <
my_pointer if we want this index: [1][1]
/ clevent need these 3 things
for inolexing

[ L J L J J rule for indexing:

multiply each index by
its corr’eS(aono(ing stride,
then sum

my_pointer = walloc(...) stride -
nmaex

S

my__Pointer + 2%1 + 1%

mt/,__Poir\‘ter +3

XEZ 4 tile SLUEMAXNBRANERNTF, HRIMEE [row, col] X#HYEHE VARG B WIEAF UK ;
TEFRE—MHR,

BENRBAR tcgen05.mma(tile_A, tile_B) NREEAXM B LNITEFWERR. ERAXFLBIHEEEE
WHE , FTRAREBITEFDIEF. MMA EHAERBERR  ERETEE , FEEMW.

tcgen05 BERBFEHBEFREALR , URRERBEARNEREATF, W, EFAXBERER GMEM BREHK
, B3 GMEM HRAEK , BEBRLALEAGRS L7,

ANEEE : RINFEEE SMEM # |, £ A, B BEBIEH K tcgen05 XFMNE-—MHRF,

B3 4E% : laroslav Elistratov - RESKBRZ 10
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BIFAIN , BEEL

WHIMIEEMARBAR , 81 CTA AN Q REFE , 88 KV BHRITE :
*cA)Q@KT->S

+B)S->P

e C)P@V->0

XFER SEQ_LEN B M KV BRESRMITHZMEENE. THRARNE -—REF , BE-—HBX=D,

A) Q@K.T : B K-major
—R KNV BHRNE : =SHNE1 D,

BT QK 81 , Q FIHET K tile XMELE SMEM F, Q H CTA tnE—X , 8% K/V BERNMNEFH K tile, Q.
KERHEBMAR , FAIATERE Q WEFTRE , E8 K.

i TMA view (K-ma:\or no swizzle)

**K-MAJOR**

.

Global Logucal view:
SMEM
~
~
Zoomed into thi T
s si . ar
\ii"ilif-le A e t TMA separately
T copies each slice shee 1 sk ice 3 | shiee
SEQ_LEN es
/ : e |
BLOCK_M 4 | e {
—_— a_tile
HEAD_DIM A_J Brock_k
Q tile stays fixed For entire Brock_k = 32*
duration of a CTA (64 bytes)
(each CTA uses different Q tile)
J
K operand copying to SMEM is
same as @, but local sizes gre
(BLOCK_N, BLOCK_K)
omited for brevity
7 legend ! . N
[ e ) Pl«zsucal view:
I \ a_tile
I I
F .
|QK-matmul tile dins! row fragments 5 : 5
| | row1 row 2 .. row MI row1 row 2 .. row M, row 1 row row M row row row M
1 for Q@K.T, ' T T T  § i § T T ¢ | | ] I 1|
I BLOGK_K == HEAD_DIM | | J I
N e 4 shiee 1 slice 2 slice 3 chee &

AEE QK EERZEZNVEFNARB L BRXAENERETREZLEEZR | QMK @ KIN,KL.T = SIM,N]. X2FEB
EERENHSE  TREARBASRKENHSE,

I |, Blackwell B Tensor Core B3 tcgen05 IS HREH. tcgen05.mma ERBZERZRBERREAL , T
BEREEIL tile N RANEEHZHAZRNEERNIT MMA, Bt | RNLTUEHTFEERR MMA XENHERZ—.

WA, BEEMINMAE SMEM FHHHEE , FaEl MMA £/ ? 8RR , REH Qtile M GMEM %] SMEM
MEFIERE , Ktile BHMIHTHERE. £BEL , RIN Qtle ABYIKETRT , BRREN 45, BA
TMA Z%&M GMEM £#1%] SMEM , I LB SkE 2,

N ABRFL S tile, MAR—REFBN tile ? XRMFHE , TIEHEDVE, BFE-KEIAKRZKA ,
SEEFENBERER, EIAFTEE  BINRFFTEH,

B3 4E% : laroslav Elistratov - RESKBRZ 11



B200 Attention | SEEE R SR A £ 1 E : Blackwell B200 Attention EA&t3LH]

SEHZERELRWRE , M\ GMEM 2| SMEM I8 2 E1L . B EMHRR—NEH [BLOCK_M, BLOCK_K] 4R |
REREAEMNTF SMEM, EYERREFRLET , L ERZEMN Physical view'#5iE. SMEM ANERTHER
GMEM BREWITER , MRAE—NEKHFHMET , BES —MNETWAMETT , MKILEH,

BNEKHEHEBRATER , BB SMEM #F [BLOCK_M, BLOCK K] W B HIFFMENITEFRIIER , M2
tcgen05.mma X FWFTIB“MBA A" ( canonical layout ) 2 —, IBEXAMRIE , FEHELLEER,

Logica[ view: matrix view Logical view: matrix view

Physical view: arrows Physical view: arrows

Smem

Global

BLOCK_M

BLock_k

\ J BLock_k

i\ J
FTRAZ—®"ARXEBRE— Qtile £ GMEM 5 SMEM Y BRRER. PESFARRTENYEIRF,
GMEM R AEBITER ; SMEM N A tcgen05 BEFBHAEMFH. BHEMLR K-major, 7 swizzle WHEF ,
HEBH,

K-major FHIK' T2 Key 5kE , MRFENEMREGEFNELE, £XE , ©hiB5E tle WAKFHREMH, k£
HWBRIBREZTRAEE KEN—DED,

TR A BRI AT |, AR BRI  EHK tcgen05 B —XEFNHR. BFBR-REIAXRSHE , HtH R
LETEM TR, XEXERF : £ TMA EHPEFRF  XBETHENYELAR AN,

N AYEBERRBLARE  MAREMESRSR ? XEERBEIFEN , BHRIANRTNVIDIA XHEAEX
= tcgen05 XFWAEH Rz —"MI , ARBERNERER, FLEERRLARREHRY , BNLHUA
B R,

THRBERCHWERRE, S5 H src_col EFE Q ETRH 8 5, dst_smem N3EFFTE & E SMEM
HFEBRILE,

Q_tmap &1 TMA EH Q FREM THIE - £ BAEIE, dtype. %E. stride MEHIF IR, XENFRE
BLOCK_M 17. 8 BI#Y BF16 i,

TMA &XEnEdE. RLHRM SMEM Biriss , SFIEER

AERMEHWEEARXNTE. X Q, F1H TMA 1754255 , B Q_tmap HIRLFRMAMRSEL/IAE ; X
SMEM , M| B4 7 bk, It src_col WEMNES , MBRRBENENVEZET,

B3 4E% : laroslav Elistratov - RESKBRZ 12
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int SLICE COLS = 8;
int SLICE_BYTES = (BLOCK_M* SLICE_COLS) * 2; [// each BF16 value is 2 bytes

/1 one thread issues all copies in this |oop
for (int slice = 0; slice < BLOCK_K / SLICE_COLS; ++slice) {
/1 move right to the next source slice
int src_col = slice * SLICE_COS; /1 colum idx

// Qsnmemis starting byte address in SMEM
/1 place next slice after the previous one in SVMEM

int dst_snmem = Qsnem + slice * SLICE_BYTES; /] byte address
/1 TWMA copy
tma: : copy_2d_gnmem t o_snmen(
dst _smem /1 destination byte address in SMEM
&Q t map, /! Qs nmetadata (address, dtype, dinms, strides, and copy size)
src_col, /] starting source colum (advances by 8 each iter)
q_r owo, /1 this Qtile's first global row (stays fixed)
nmbar _addr /'l barrier to track copy conpletion
)

}

XEREEMITHHRMRER , 88X TMA BASEHITERN (BLOCK_M, 8) &, EATR SMEM B #rith 1t 380
SLICE_BYTES , EH&H ERE— N&TT. ATAYMEBRNEDERET 0 WATETT , BRET 1 WETT , it
Rt W EEFTR.

XE BLOCK K =128 , ALtEHRKIE 16 XEH, FLERET 4 &, BEIRENSEFERONRBELERE,

LR TMA 2% : B5%EM GMEM £41F] SMEM, IEHE MMA 4 : a3 22 4% 158 SMEM iz
BHIFHIT MMA,

TMA REEHIHE , AFMERFEEREA ML tcgen05.MMA, B—FH , tcgen05.MMA R AE I R D 845
ERE , ATMESFEENBIEHIWNMEA SMEM, FEALUEEEXETEHSHMETT S TEEHN
MMA 5. XENSREFEBLIRT, EFRAE , BRENRA—BHBRRINVIRE.

b MMA view (K-mo«jor no swizzle) cart

**K-MAJOR**

.

* TMA copying omitted for brevity

o Swmem
Global (we covered this earlier)
'
~N
zooued into this Single tile - N
=
SEQ_LEN
BLOCK_M
micro-tile 0 micro-tile 1
BLock
& )

( For now, focus only on the Q-tile,
| I'll covver K-tile next

|

| 1

| QK-matwmul tile dims|
| —
1 1

| for Q@K.T, ]
| BLOCK_K == HEAD_DIM |
’

B3 4E% : laroslav Elistratov - RESKBRZ 13



B200 Attention | SEEE R SR A £ 1 E : Blackwell B200 Attention EA&t3LH]

BREMLIHEE : RAEREE , BP4EH BLOCK K =HEAD _DIM =32 4\ BF16 7t % , B) 64B, TEIN X F
FEBERA BLOCK K =HEAD DIM =128 , B] 256B, REZ2E , REZGRRBHNEKHHELRFH
4 £,

EBH—T : 2808 K4LL 16B RS | I Q_tile F K_tile 2 3E /2 SMEM, MEZEEFHIR A (block_m,
block_k) K9 Q tile & (block_n, block_k).T #J K tile #i5€, %£REF Q, tLH 2 tcgen05.mma WE—NEA , ot
ERE-NEA Ko

BAIH tile £ K 485 BLOCK_K = 128 Nt % ; BF16 T Bl 256 FF5, {E—% tcgen05.mma £ K 4 J5H3E
MMA K =16 /N BF16 Jt& , B 32B , WX 3, MMA K M F tle WK BE , IHLEE— N for /g3, L 32 F
THALSKERN Q. Ktile ¥ BLOCK K 4 ; B E BRI SMEM ¥iE# TR ERMAER,

QMBRAFWE K4 16B , M —5 tcgen05.mma JE#E 32B. Eitt , MWK Q ZFHAKX— Q R, £H
B REBEHHE— MR,

X EBRBIR ( micro-tile ) 38 tcgen05 EEHFEM BLOCK_M = 128, MMA_K = 16 iER, “®4F” ( micro-step )
E—IX tcgen05.mma A , BHEFE - Q BURFXI AT K #i3k. BT BLOCK_K =128, MMA_K =16, 128/
16 =8 MASEN A EEENFN K 4, F{LREETERHEMHD,

,

)

'

'

!
N

| **¥K-MAJOR** |

MMA4 view (K-ma\jor no swizzle) part

* TMA copying omitted for brevity
(we covered this earlier) SMEM
GMEM all calls into the same
(128,128) S tile
— \’1"_’_>
) Zzooped into this single tile BLOCK_M
issue MMA4s
wicro-tile 0 miero-tile 1
BLOCK_K tcgev\OS.mma( ero-| - outpul “‘“CC“M)

Zoomed inte this Single ty,

OOP
V tiles

HEAD_DIM

ile
thenO5.MMQ( iero- output_aceum )

SEQ_LEN

L HEAD_DIM

P i ! BLOCK_K

BrLock_wv

|
1@K-matwul tile dims
—_— LOCK_K == 32 to

I
1 for qakT, ernel it's 12

T ! ceep diagram simple. In our
| BLOCK_K == HEAD_DIM | { b { s
, ame logic, just more slice

NTEEWN , RUEHT Ktile, K BHIRIYIEK 16B WHFRHEHE TMA £ , BHIKHFAE—I R, B
AERHE Q WEEMEE , ATEPER TS5 K _tile WEE,

F Qtile 5 K_tile #3k , ER LRI NHMFERE , I EERLAE :
s BI1INMNQWMR @ F 1 MNKHERT
s E2NMNQWMMR @ FE 2 MNKHERT

Y output_accum FhE 2 K tile S, £ Blackwell £ , tcgen05.mma 54t R 1% Tensor Memory ( TMEM )
; XR2IZ T SMEM MEFFENETHAA LF#. ERH GPU NISF Tensor Core RMEMEFFERP. FIE QK
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wEEHEME TMEM FE—4 Stile, MERFIZE MMA HH{ZF TMEM ; 2 B %% Softmax EEiEH S B
, B TMEM M2 B A5,

RIS EEZEREITH MMA B3 —NMERR , LL MMA K =16 BI#5EHA Q tile. K tile B BLOCK K 4.,
HRIBANT :

issue MMAs

# ie 32 bytes

Mmo._.k = 16

# 2 in this illustration, 8 in the actual kernel
num_wmicro_tiles = BLOCK_K // wmma_k

for micro_tile_idx in range(num_micro_tiles):
// Q w\?cro-ti[e (BLOCK_.M—‘-'IZ?, mma_k=16)

// K wmicro-tile (BLOCK_N=128, mma_k=16)
// output (BLOCK_M=128, BLOCK_N=128)

tcgenos.mma(
Q_tile[micro_tile_idx],
K_tile[micro_tile_idx],
)

THRXFRAKRPEERLA BB , B—NMEERIT

/1 tcgen05 mma_k width along K-dim
int MMA_K BYTES = 32; // in bytes
int MMVA K = 16; // in BF16 val ues

/1 for now, think of each K-major SMEM "descriptor" as a
/1 pointer-like value selecting current mcro-tile

/1 (it also contains sone |ayout netadata, covered |ater)
uint64_t q_desc = noswi zzl e::desc_kmajor(Q smem BLOCK M ;
uint64_t k_desc = noswi zzl e:: desc_knmaj or (K_snem BLOCK_N);

/] offsets to advance the descriptors to next Q and K micro-tiles

/1 (mnor detail, divide by 16 because descriptor addresses are encoded in 16B units)
uint64_t g_desc_step = (BLOCK_M* MVA K BYTES) / 16;

uint64_t k_desc_step = (BLOCK_N * MVA K BYTES) / 16;

/1 BLOCK_K = 128, MVA_ K = 16, so 8 micro-steps
for (int k = 0; k < BLOCK_ K/ MVA_K; ++k) {

/] one mcro-step

t cgen05: : mma_f 16(
taddr_s, q_desc, k_desc,
/*MVA shape and dtypes=*/i _desc_qgk,
/*enabl e_input_d=*/(k == 0?2 0 : 1));

/1 advance descriptors to the next pair of micro-tiles

g_desc += g_desc_step;
k_desc += k_desc_step;

R 4E# : laroslav Elistratov - RESRBRE
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/1 make mbarrier track conpletion of all 8 micro-steps
tcgen05: : commi t _arrive(nbar_addr);
/1 the wait and required synchronization are omtted here

FEX T — MMA_K = 16 BEIER B A tcgen05.mma , HEMEIE—4 Stile. F—1 MMA E#HA1L S,
R 7T HRERN, BEAMBEHRHAESTERG , S_tile EBE Q_tile @ K_tile. T LR,

TEERXEE K tile, Q. KIFEA K-major /. MMA #Y A BAERIEEIRE QImK] ; Xt F B #4AEH ,
tcgen05.mma FHEF K tile SR K Q @ K.T FTEM [k,n] BE. K-major ZEFTERE HEXMRER : A,
B R EH MMA REREN , BEIRD BN MK] M [KN], AT MMA X EMH#RETE.

RESLET QK T BHENRB, ARIE q_desc M k_desc FEEFLFHRMNKIEHE. THRT XL
BRFEIEWERBEE , UKk MMA WA EATEMLHR AR BIE.

P om MM4 view (K-major no swizzle) port

**K-MAJOR**

’

Swewm

( legend ]

8x8 -- atom
(row major inside)

BLOCK_M
—_— 1 slice
(consists of atoms)

ey micro- tile
-+ Ge 2 slices required for MMA)

micro-tile O wicro-tile 1

BLOCK_K

XEEXEEEFAN—EHNE, MAME— Q #3R , Bl BLOCK_M =128, MMA_K =16 ; HHIEZHEtERAT
K $3R

BRAEEHERENETHMR , HA atom. CUDA XRtF BN swizzle atom”s EEIRATULES H RF 1T
swizzle ; BNf# swizzle #3\2 None , NVIDIA {3¥F “swizzle layout atom™#ER B #5 , W&k 53, (4E#E)

atom M K/PNEURFRANIEHRF. EIXE | B K-major It swizzle /@ , atom R R (8, 8) , WEDE 4,
Er MU ZEBARAT , BREXR tcgen05.mma M—XFHNHF.

MNEBTESE  LERBA : — N BREAREZRETAR , 55T XH atom HK. RINEEZEMRE atom £
SMEM #iHEA |, BEEMFRIUEIMEREN MMA £T, &K MMA B, BENEDMREHIR , MIELA atom,

DAETUEZHENRE  AMTAEA TMA EZ 8 MRRRENABARHFES Q. K, MFR—IREFEN tile

?

ZHMEXTRETZMEILEEN , MEREF—Natom WEE., W QME , §% (128,8) & 2—B4 @ik
HI# (8,8) atom. FEA tile LIRIXLERT , XA TMA EHITE—8 , H7E SMEM FFEBMRTF R
XL tcgen05.mma X #FHY K-major atom #)3E 5 fF
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Swmewm

[ legend ]

8x8 -- atom
(row major inside)

1 slice
(consists of atoms)
| wicro-tile
(ie 2 slices required for MMA4)

BLOCK_M

wicro-tile 0 wicro-tile 1

BLocKk_k

2, AEEE , " BeERESRHEE tcgen05.mma BEMMRFEHR © — Q BIRM - K IR,
NFEANER , TES MMA REEDFFE atom it , AFRHEE - atom WEEH , L ELEASRH D,

fEEHECER R  EEHN—THRBAT MR, F-—REDER atom , IR 0 WER ; E-RED
28 atom |, BISR 1 BOER ; IR K 4, K REBHERFHENNE,

BRI RIF@E - atom , HELEI L, BRT B LIS | MMA & 2450 FE 208 M 5 BT SR BV 88 — 4 atom
FERIE] —HeR Py EAth atom,

Swmem

Qee ( \ [ legend J
(1] f 8x8 -- atom N

(row major inside)

1 shce
(consists of atoms)

‘ ‘ micro-tile
(ie 2 slices required for MMA)

—» LBO (k-major)

BLOCK_M

wmicro-tile 0 wmicro-tile 1

BLOCK_K

SBO (k-major)

FISIA SBO # LBO , N EE, ENFLEMHEHBIRRE , MRERE —HRFEM atom T EISEH I
&, SBO &iF MMA fIAZAR —&#H M T —4 atom ; LBO &iF MMA A& T —&KHE PR3 #HEH atom,

1L K K-major & swizzle SMEM #i [/ , 84 atom , AR BZRHABEH , WEEZ 8 1 BF16 t& , A
16B , EIk :
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SBO = 8 rows * 16B per row = 128B // step over one atom
LBO = BLOCK_M rows * 16B per row = 2048B /] step over one conplete slice of atons

XE LBO M2 Q E#IfEH R SLICE_BYTES , b2 SMEM FiEBAMEZHHNREE. — N QMREEHSE
&, R ENEHE R E 80 2 * SLICE_BYTES &% |, @A REA T — MR, AR 16 ZFHHE
I4R55 , FRUABRIA 16 /5 , S EI EERBEMM g_desc_steps

BERE , REEREEEHN—MHRBET -4, 1 SBO. LBO #iX HaIHRMAEEAM atom BIRE .

B ) f£4 Softmax : B S>P
—B KV BHRAE . =ZFHPWNE 2 5,
NEEWTZE —XERETRE QKT , BT kK#H ANKWEL Softmax &85 , B1 S -> P,

T4 Softmax WEZERIFEASR , #3EB200 ¥E , CHERZUE , IUAXBETEHMS . RRABMBIFRESE
¥, RBEERNAE B200 AR INASKIH,

changes each iteration
of the kv loop
accumulator

\ this CTA’s TMEM allocatio/

\
‘ S O J unallocated

128x128 FP32 (2222

running

QK accumulates S in FP32

S: current 128x128 score tile

O: running output accumulator

AFPEMERLY TMEM : Q@ KT HWEMETEMEREME S, MEMANE TMEM X5 | EEEL
Softmax {AJEEY S HEER K P,

TMEM 94543 128 17, 512 5 , EARE R DB, KV BB, A% 178 S OBE 128 5 , S O B9 H 128 51,
PEUFIREN | BHEBE 128 Nk, Rt 2B 128 5B E [128,128] #9 FP32 TMEM fZf# R,

S RIFEHHE KV tile WO , B KV BRBLBEE, O RETHHHMERMEE , 5E C $9H PQV BEH
&N, tcgen05.alloc FFFT o Bt XEH TMEM Bt E A X Z N ZFE tmem_addr , B Z2BXEX 2 K S.
O ANtk :

int TMEM S COLS = 128;
int TMEM O COLS = 128;

__shared__ int trmem.addr[1];

/1 sinplified PTX notation
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/1 warp sel ection and synchronization omtted.
tcgen05. al | oc(tmem addr, TMEM S_COLS + TMEM O _COLS);

/Il first 128 columms for S, next 128 for O

int taddr_s = tnem.addr[0];
int taddr_o = taddr_s + TMEM S _COLS;

EZaNXEHRETT

# Section B. S -> P, update rowrax/rowsum and correct old O
P, softmax_state, O = online_softmax_updat e(
S, softmax_state, O

)
—B KV ERPRPRESZMNT |, THEHRD

/1 Section A, covered earlier
/Il S=Q@KT;

/1 Section B:
tile_rowmax = row_nax(S);
/1 new basis

new_rowrax = max(running_rowrax, tile_rowrax);

/1 rescale old state to the new basis

rescal e = exp(runni ng_r owrax - new_r owmrax) ;
runni ng_rowsum *= rescal e;
(e} *= rescal e;

/] produce P and update denom

P = exp(S - new_rownrax);
runni ng_rowsum += row_sum(P);
runni ng_r ownax = New_r owmex;

/] Section C, covered |later:

/Il O+=P @V,

/Il after conplete K/ V | oop:

/1 output = O/ running_rowsum

XRBRAEL Softmax B#T , H3F B200 %8 , R ABZ#. TERBRMMAR TR K B200 A%,

FRARBEESNMNRSELS , BERAKPEANEL Softmax TEFEEL=)X TMEM BHAL , EMRASEH
REREHX=BHF. Bt , AR ER RN TMEM P HIEIE tile M= 108F .

ZIRBARI DA
. WXEBA Stile, HEATFTAERK P.
« —XiEBA Otile, BFX O E4 K.

R O ERHRNVTMR S EBA2H, BRTMA S EMNARMEE , RAILECNAE-—BHER , BEXH
O EF M.

THEH#RESA , BEENRAE,
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i) P

EHFMR SERWME SERKRE—LH P, MENES; 2EP 2T PQV EMTRZE, Nk, A% 1 X
TMEM # S 98 —1TBAMIX

1. B-RAUERTEAE , NEZSRHUBEREM,

2. BORBETHRABEHEUES , BN exp(S - new_rowmax) , £ KIEF—1L P,

EEERE , £ITE S BTRAEHNZITERRRMET , HH max trick , & Softmax EME AN BERER
T, SHURERANEDS , BEEEERTERL. BETRAE, £ exp AABERBTRAI , EFRHE
Softmax £RHEREEZEH, Et , TERE rowmax EEZEE exp(S) , BETERZRBEREM,

ZFIAEBFER , RRNKIVZEIEMSE S REEFEHRT. F—XIERN TMEM M S, BEFMBEITHRAK
B, ARERAR-AFEHFNHT —R, THAE-—AZBENN , RAENNBEETEFEFRP. NTERP
, B IR TMEM RER S , BEEHENITEAE , BEER.

$£—X SIEFA : iTE rowmax

KEFE-REBAWAHEE S AUERITHRAE , £BE , BENAB,

warps traverse S in TMEM

row-max pass shown; the P pass repeats the same 8-column traversal

From a CTA perspective: From one warp’s perspective:

s
s in porallel zoowing n on we'd ke to just load all
128x128 FP32 one of the g glements 128 elements but, leads to register
chunks — spills; so each thread processes its
row in 8-element chunks
LLLLLLLLLLLLLLI L)
29|z tc}nos,u processed in later
2 — 747, iterations of the because tegen05.ld is warp-
77 load (32,6) elements from lo777h> for-loop collective and all 32 threads in
THEM info regs | a warp do this loop at the same
N time -- on the warp level, we end
@ sigle row 128 up processing (sz,ﬁs) chunk ot
each warp logically owns a separate sequentially fterate over S in 8 each iteration of the for loop
MEM chunk of (32 rows, 128 cols) column chunkk (one at a time)

all warps process their chunks
independently in parallel

At [the individual-thread level:

n Po«ra“el

reduce eight values into the
| —= lane’s running row maximum
5 dendris Registers Registers for this tile

Registers

in parallel, threads from the other

warps above independently process
their own chunks (showing 1 thread
from each of the 3 warps above)

A tcgen05 T HRBEH Al TMEM , &8 load/store R1T. ITEZEITHRAMER , B ME TMEM FEEIE |
FH tbix B A tcgen05.1d ( Id &R 7R load ) MEIEM TMEM ingk 2 F 785

MNEFREXER, B2 =1NRXEE TMEMER : B4 CTA, —/ warp, BA%iZ warp i —PMN&RE,
TMEM ## S tile 73 128 7. 128 %,
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MCTABEE , 4 warp 2 S B 128 17 , 1 warp faxm—1 (32,128) B91T3R, ELA® 1 FEH 4 4 warp
, AR TRENMBEHHTLHESLEL 128 17,

BEN warp T2 —RIETEN (32,128) ., BLSHFTEEL  SES[TREUBHENXERNR | HIFSHEH
LB BREEAREBNERINEF. ABRX—2 , 4 P warp FELUE/DW (32,8) SKEFECH (32,128) $h
, WEDE 6, RLEEEEZE—/NEBFH TMEM FI#Y for f&ER,

BARE|EA warp : 5 E A tcgen05.1d M\ TMEM 0% 32 17, 8 BIMEIER, 32 MEBHARSE—&MEES
, tcgen05.1d 2 warp 4R E, SEMEN 32 TOHS 32 MEE , B&E—1T. At , B&LERIIECHB—
1789 8 N FP32 & , 32 NEBEAERBFETE (32,8) R,

MN—TMERERAEER  SRAKRER—1T, —XKF8ME; ©EMX 8 ME , REB AL HZKIE,

BAER , R warp EARIRE  MITITERLERTIRE, SEEIMBI ZTLIL 128 Mo, SHts 4
, At EE—X SEBAFMIRETHREARE. IMEESNEKBEEFESPLEFBCH tile_rowmax FREHN R
Ao

BNMNEREEN KV BHRHBRLKLAIERF —EIHIT. rowmax M rowsum BIERRE , M tile_rowmax,
tile_rowsum NI T tile EFTITE,

Hit , 4 N warp BRRXBRAE SH—1 (128,8) R , Bo AR 8 ¥EE, K3 128/8=16% , 4 > warp
B S £%F 128 5, @HERE , BNMLEHFEE — TMEM TR X{E.

KB A tcgen05::1d_32x32b_x8 FBIEEK : .32x32b KA ME 32 T TMEM , 4T —> 32 bit {& ; .x8 RTIE 8
I EESZFR , HEMR—%K tcgen05.1d EET. TREBLEEL 8N 2bit TLTERABCH 8 NEiFdR. X7
=B P (32,8) Hho

TERFE-XSEFNRE, BLELEP B tle_rowmax , FR I B HIFEREFEH.

float tile_rowmax = -FLT_MAX;

for (int score_n8 = 0; score_n8 < BLOCK_N / 8; ++score_n8) {
/1 8 FP32 tenporaries per |ane
float s8[8];

int addr = ... // covered bel ow
tcgen05: : 1 d_32x32b_x8(addr, s8);

for (int i =0; i <8; ++i) {
tile_rowrax = frmaxf(tile_rowrax, s8[i]);

}
}

B4, BN IFXFRESZRIUBNBAER 2

S tile # [BLOCK_M, BLOCK_N] = [128,128] 7 3IXt & TMEM BI1TH1%, WMBIFFTR , 4 D warp 2B BE TR
32 TX1g , MEA warp BITEERA Fll#EH .

TMEM #i3it R — NS EFRMNLIRH 32 bit B , MARZBEFZ T st :
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[ upper 16 bits: row ][ lower 16 bits: colum ]

PTX f TMEM B94T# N lane”s W T HBIMEAR , XM NLAIREEREN warp BIERWBIBITNG] , AR D
e MEREETI.

R EIT

/1 first row of this warp's region:

/1 0, 32, 64, or 96, depending on the warp_id
int row base = warp_id * 32;

/1 bitshift to the upper 16 bits

int trow = row base << 16;

/1 inside the |oop over S colums

int taddr =
trow // starting row, encoded in the upper bits
+ taddr_s /Il starting colum of S
+ score_n8 * 8; /1 current chunk's colum offset within S

<< 16 ¥¥ row_base BEIF 16 I , B¥ WO NF. JSHERD , BRAUTE 16 L, S¥HINF , THEBML
THEXESRER 16 fiI :

row_base << 16: [row_ base][ 0 ]
col um: [ 0 ][ col um]
sum [ row_base] [ col um]

(here, colum = taddr_s + score_n8 * 8)

ANFZRIAESE R AEEIERATRITHASK —N TMEM #zt,

AE, 2 NMNEEAAEBR taddro X FXANMEZFR |, BHEFIALER lane ID , ¥ row_base + lane_id 1THY
BREIBAE. BIFTESIE lane_id NEHut A | X5 |d.global WEBZELEIUTE. flE0 row_base = 32
B

« lane 0 YW E 58 32 1THIEUIE.
* lane 1 WH 5 33 TRV EUIE,
« lane 31 W% 63 1THIEIE.

XHME warp EEMBEHEN : @— warp 9 32 NEBERS SR —FZMBET. XEC{IERAMEE taddr , 18
BMNEREKRI B I—1TH 8 ME,

fEETR R AT |, trow A% |, MSIREE=XEM 8,

BTRSEHZE : EFEIT rowmax

BEIYA Stile WETHRAER , EBRAEL Softmax EXLEH R rowmax, rowsum. F—XEFEE
tile_rowmax , BN &0 S tile PIZITHHERAE ; FEZREFERANEIREE LA KV tile ERHRITHRAE, Fit
, BTREA AT, B4 tile_rowmax 5B rowmax &3 , 33 |H rowsum EHE K. XLEEHRFEFREPHNELER
BEHN , TRBEN—ES.

RN AEFNRAE , HITEERHR T
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float new_rowrax = fmaxf(rowmax, tile_rownax);
float rescale = __expf(rowrax - new_r owrex);

r OWTBX = New_r owrax;
rowsum *= rescal e;

IR Y] tile 125 T it rowmax , BBAIH rowsum RERZBTHNEAXEITER , SO rescale , FTREILL R ER
MEEFENRAE -

BIRSBHAEREHEN rowmax £/ P B— rescale b AMEMEIIE O £, BETE i DT,

BTIR SIEA : £ P HEHT rowsum

NEETEFNENRITTHRARE , BEF—X S, 2REES , N B R EIXLE rowmax , BLEEUIEE ,
EEEE*DH_{E P,

TMEM BAFREE—XHEE , T ZEETR. BLETHBLEXNMNEN 8 MEMM A : BEEHENWRIT
rowmax, BUEH. FERMAZITHM , #F P EA SMEM,

FHEEE =B WNAE P EA SMEM,

Kernel 1: P lives in SMEM

< read and P write order

S

q TMEM SMEM
\ P K-ma:‘or

processed in later ‘

iterations of the — -
For-loo(a over TMEM
processed in later

\ 128 iterations of the
=i For—|oop

at the ¢T4 level, ‘

each score_ng® iteration ’

reads 12€x% of S, and

writes 128x% of P i )

one iteration (Processing 13
columns) out of 128/8=16
such iterations is shown

FIE-R S, MERNN—R P, #EMK K-major SMEM i F. X2/EHE P@QV MMA FTERH T B,
EZRSEBREBRFTE 8% P, MABFHMRAR— 16 FIEY P i3k , HELE PV MMA B,
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TMEM ) S KFFZET, PEFEAZBEKHNE— SMEM £*X, QK &XRG K ELEELAR , Atkalgs
SERHEZEE P,

THEREZAXSEMNAKE , ATMEMiE S , #@ SMEM B P,
int row = row base + |ane_id;
float tile_rowsum= 0.0f;

for (int score_n8 = 0; score_n8 < BLOCK_N / 8; ++score_n8) {
float s8[8];

int addr = ...; // sane TMEM address cal cul ation as the first pass
tcgen05: : 1 d_32x32b_x8(addr, s8);

for (int i =0; i <8; ++i) {
float p = __expf(s8[i] - rowmax);

tile_rowsum += p;

/1 wite P into K-major SMEM

int col = score_n8 * 8 + i;
int p_idx = idx_kmajor_w8(BLOCK_M row, col);
P_smemptr[p_idx] = __float2bfloatl6_rn(p);

}

rowsum += tile_rowsum

P EA SMEM

idx_kmajor_w8 it E&H P TEEREN K-major SMEM B MALE |, HE4 PV EMTREMER ; ZHREHE
ABDNE. FHEBNEAIIATEE , IUBE, XEFE row TE , FAXEREBENZELE SMEM
store , 5 warp & TMEM load F[E,

i) X O EHEM

BE O ERM. FEBH , eNTFHAXSEAZHE., siEHCEHEHTNZEAERE , BIH Otile PLFIHEHAET,
Hit , MITO+=P @V BILTAERK O, XL Softmax F , I O I YpIHAEEMEZH , BETAE
ZEMmE O &PV,

2B ET S tile AA T it rowmax. rowmax HHELRERT—LPHWRE , tREMEMNE O FHY
P@V Rmk. HIt , FEMMAYE P@QV R#kel , XAMESHEKIA O , LR ETRBMEFHH rowmax XI5F,

XZFRHEEL Softmax 2 ; XEM — TR 2L S RETE Blackwell B200 &4,

WEIFTIR , rowsum F rowmax BZFL&EFRE. O TE , ERET TMEM HW5EE [BLOCK_M, HEAD_DIM] 4%
70 tileo

it , ERMOXLEEZTEIRER TMEM R{RE O 195 , ARIMFTIH rowmax EHE rescale ’ke1] , BEE
TMEM, #AEME , B3 O PRFPERMER , HIEKLHE ; FE PV ERSELEFTHENEETEM,

BLAEXNAC O THEEMEMEAR —1 rescale, EF—R KV IERRILER , RNERAIBO; B—1PVHK
H AL O,
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fl oat 08[8];
for (int out_n8 = 0; out_n8 < HEAD DIM/ 8; ++out_n8) {

/] same TMEM address cal cul ation as before, now for O

int taddr =
trow /1l starting row, encoded in the upper bits
+ taddr_o // starting colum of O
+ out_n8 * 8; /1 current chunk's colum offset within O

tcgen05: : 1d_32x32b_x8(taddr, 08);

for (int i =0; i <8; ++i) {
08[i] *= rescale;

}

tcgen05: : st _32x32b_x8(taddr, 08);
}

XEFEAE SERHERK 4 4 warp, THEM 8 52R, FAER : EFFRETRESHE MG , A tcgen05.st
FHEIEFH O BB TMEM,

LEab EBE store TREFFNELS, TEAZAR O WEAE PV EARMBEEZAITA.
H7E P B SMEM R , O thEff TMEM REZHK , C BAETIELP @ V MA O,

C)P@YV : #¥% MN-major
—B KV BHRAL . =LHWE 3 D,

BIENE THAER Ptile, MEEFES Viile k., 5 Q. K, P #HEEA K-major SMEM #w/HFE , VEAS
—% SMEM i F. XREETRHNEH,

ERR 1 7 | P_tile B Softmax EE4£KE SMEM , Rt TENRAEZUETE P,

KERRZE QK 28Ik K —M# V. XEF#H VIES , RBATEEH SMEM AREBREH PV ERFE
BAE— R ITe,
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w TMA view of V (MN-major no swizzle)

Log?cal view:

Swmem
[ 1
Global
TMA issue order
r TMA ?epamtely
l copies each
P_tile is N N o
produced into V_Tile zoomed into this single tile (8’8) atom
SMEM by :
softmax, so :
not shown in SEQ_LEN V :
GMEM ' Qut [
' er loop
Vover K/V tiles BLOCK_N BLOCK_N
_
HEAD_DIM
L - ) * showing (block_k=32, block_n=32)
to keep diagram simple. In our kernel
logic is same just wore atoms. Logical view: matrix view
16,16) atowms, not (4,4 . .
(16,16) ! (44 Physical view: arrows
Swmem
s I
o — e L —D
—_— — P — P
== e e == cro-tile 0
______________ P Sy i Y
|( legend ! BLoCK Kk =—f < — '14___’
D s = (AT S i —
’ ! —— ! —— —>
| d ' ¥/ =P == micro-tile 1
| : _=p =T —p P
1 PV-matmul tile dims i E=F i:! = ==
| —_——
| for Pay, i BLOCK_N
| BLOCK_N == HEAD_DIM | —
N e ’ \_

AR EMERERMAB A BEEMRENFOBELEE | RERNKIRBURE EER Attention tile £E#
TH PV EXRBEAERFRELESR : PIMK] @ VIKN] = O[M,N],

FR—-FHEBNALIBHUE M. N, Ko BEXNSREFEREDHIEAEN MINK 858 , B IXFRIQNER
BRFEN  MATCRERZER, Fit, XERAOEFRENBHEN , TREFBKE Q. K. P, V
BB HE .

B—NREERE QK. PV RAILERENEERB M. K ESEIREFFRENDA%E | QK PRI |
PV IR KV tile 89174, BEEE PV EEFFE.

Q. K, VERYXAHEENZBERNEFEMNE , EAKZBESEE MMABERAR |, IEEMBEFEH SMEM /.
R4 Q. K, Ptile A K-major , 1 Vtile EATENENS —THF ?

BN QK FRIE K ERZBEENER ; PVHNAREEARRETE , vV TRRE. BRI

X QMK @KNK.T
PV: PIMK] @V[K N

QK # , K& [N,K] 76 , MMA Z4F B R2EBU NIEE [KN]. ik K A K-major , £ MMA BEIEE T K tile
RRREEERERIEYR , MAFLEMES —HHE Ktile.

PV #H |V EZL2 MMA B 2EHRFTEN [KN] 5@ , FFAER MN-major , it MMA BIZHETE V , METLEE
Vtileo P 2 [M,K] B9 A B4EX , HEA K-major,
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BAER  IXEREANFEEOER , BRNEZHFRE :
o K-major : A K FEAM , &0 Q[M,K]. K[N,K]. P[M,K].
« MN-major #9 B #24E% : I K ELEM , @0 VIK,N].

XRARKFZXEREBMENRIZAS X , TR K-major, MN-major /8 BHERXE Lo

P@QV operomo(S
K-mo«:\or vs MA/-major (no swizzle_)

Logical view:

P_tile (4 operand) V_tile (B operand)
sSmem K-wmajor MN-wmajor

i reduction K non-reduction N axis :
L n !
! S ER T - MI T3 T .
: SR g u___‘f__l !
I . - IS T T n == ( Pty _‘|{ Pty _..” = _‘” | X
! non—reo!u.c‘t.ov\ { 2 ;:‘ ;'{‘_ - )II‘ ; reduction K 1‘__5_’ T ) i
: M axis ‘-:::_'{:::;\(_ ___\{:::‘ (T oy | \ |
1 N I [ o S L |
I R T T T (T il 1l 1

! [ 4 1 1l W ) | | !
1 |
' |
: |
| |

8x8 atom order; numbers show increasing SMEM atom-base address
(logical illustrations for the two layouts we use)

EAI—RE—IX PV MMA BB MEERK. tcgen05.mma A FIRIZIERE A, B B major mode , Eit P AT B2
K-major , V A LAZ MN-major,

EM P FERAS ALY QHEEH K-major atom JifF, HFHRTFEEH SMEM Hit, HidmEHEXA (8,8) atom
, XBITETF WL atom ERBEFR , XKRESX TMA BREHZLHIE,

i2fE, X Q, R TMA AREHBRAGSET , AREBINFREEFE atom. V B SMEM i FH atom JIi
FAE , EEEEEMERESR TVMA BANE S Z DR,

RNEATH Q —# , RERNFKHEH V?
QME—A@ETHH , & atom £ SMEM FELFN , Ft—IK TMA ATEHEBN R

EBF VH atom iF : ERE— 8 TETMXEN atom , BETBET—1MEw, Hit , B—H@%
WY atom £ SMEM AR# E b atom FEFF ; —X TMA EFIBRY O&KH , 218 atom BENE.
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n

MR ATEHEANET ? RAVEANEE, T swizzle =4 TMA EFI&ZF ’“T‘ﬁ%%ﬁﬁ? , BRIEZBITER
—EBIRR EET BT, BEERFHAREREME— (8,8) atom ¥ 8 1T , BT — atom,

FRAEA—IREH — atom , EXEHFE S atom 7£ SMEM FHZE R

THRBERELLH VEHRER. 5QFE , 8K TMA £E4|—1 (8,8) BF16 atom , MFBZENSENH @R

=
™o

V_tmap 5281 Q_tmap @EREXTEHIE , BI&FHibut, dtype. ##E. stride , BEEHFIRIER 8 17, 8 %,
kv_row0 248 Vtile WENERIT. BEF®HHR , iZ Vtle 1 BLOCK_K 1T, BLOCK_N 7,

int ATOM BYTES = (8 * 8) * 2; /1 one 8x8 BF16 atom
int STRIPE_BYTES = (8 * BLOCK_N) * 2; // one full 8-row stripe

/1 one thread issues all these TMA copi es;
/1 barrier setup and conpletion wait omtted

/! nove down V, 8 rows at a tine
for (int row8 = 0; row8 < BLOCK K / 8; ++row8) {

/1 copy one (8,8) atomper iteration, noving fromleft to right
for (int col8 = 0; col8 < BLOCK_N/ 8; ++col8) {

// starting row and colum of this (8,8) atomin global V;
/1 el enment coordinates, not byte offsets

int src_row = kv_row0 + row8 * 8;

int src_col = col8 * 8;

/l V_snmemis the starting byte address in SMEM
int dst_snmem = V_snem

+ row8 * STRI PE_BYTES
+ col 8 * ATOM BYTES;

tma: : copy_2d_gmem t o_smen(
dst_smem &V_tmap, src_col, src_row, nbar_addr);

}

HEBAETE atom £ SMEM FAESKER ; ARBAOTBET -1 8 THH K BEE, XERBMEL L
B A R B MN-major 1B/ B

F (128,128) K Vtile , FEIR A RME 16 X, @ 16 % , & 256 XEH, BINHATETENTE , BRI

254 (8,8) atom K2 % 64 ME,

WAEMET PV AAMRERMAE SMEM FERSF : P HAETE B #HH Softmax £/ , V MERNINMEHERE

MEH ., THEHE MMA BEHEEE].
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,
|
'
'
]
|

HEABEE A S QK HE : APHIAL4% BLOCK KA 128 4 BF16 Jt¥& , M —IX tcgen05.mma R iH#E
MMA_K =16 1, Bt PV 25K 128 /16 =8 > MMA #§5, RfETRER B RE 2 1,

I ‘ MMA view (MN-MG:‘OV no SW;ZZIQ)

*EMN-MAIOR** |

Lo@calﬁew:

Smem

3
32 bytes
micro-tile 0
BLOCK_K ]

IL J] wmicro-tile 1
A\

BLOCK_N

N

J

XAV AEG , BY K ZABB , A —DMEEEEFEEBHE R 8 1T

BN m BLOCK K B3 16 N BF16 ;& , 81 BF16 & 2 1 , UM 2B+ H 32 F¥,

PV B4 E QK R, P A K-major IR , TRIMZE V £H MN-major #HiR £, ESHEIREF i_desc_pv

BE MMA F2R, BIERENX LR EBRN,

NPV LS HEP W 16 51 V XN 16 17 , H@E— O tile WERE R,

/1 P uses SMEM storage previously used by K
int P_snmem = K _snem

uint64_t p_desc = noswi zzl e::desc_kmajor (P_snmem BLOCK M ;
uint64_t v_desc = noswi zzl e::desc_mmmaj or (V_snmem BLOCK_N);

/I MVA K = 16 BF16 val ues; MVA K BYTES = 32.

/] descriptor addresses are encoded in 16-byte units
uint64_t p_desc_step = (BLOCK_M* MVA K BYTES) / 16;
uint64_t v_desc_step = (BLOCK_N * MVA K BYTES) / 16;

/1 one thread issues all MVA micro-steps
for (int k = 0; k < BLOCK_ K/ MVA_K; ++k) {

}

// initialize Oonly on very first PV mcrostep,

/] every later microstep accunulates into existing O

/1 (kv_tile is zero-based index of the current K/'V tile).
int enable_input_d = (kv_tile == 0 & k == 0) ? 0 : 1;

t cgen05: : mma_f 16(
taddr_o, p_desc, v_desc, i_desc_pv, enable_input_d);

p_desc += p_desc_step; // next 16 columms of P
v_desc += v_desc_step; // next 16 rows of V

/1 track conpletion of all 128/ 16=8 PV m crosteps
tcgen05: : commi t _arri ve(nbar_addr);
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5 QK =1 X3 RHMALERSE. QK B8 KV IERELIZFE Stile ; O MATRE ST K/V tile BITTHE , T

BHX B #BoEMK. Hit , XE—#2 KV ERNE-—IHTNKRI O, BREHBRM. F-EEHT O EHM

, BAEEIAR O,

BN F MR R T T — 3R, WERK V HEIRAF - EbitiEaWE | MMA IAE W E — R Eib

atom ?

BN PV S S | VRERERFHEEUIEEZ 16 TRPHIE—1 (8,8) V atom,
WEOMVEMUREZEER

&5 atom,

Logical view:

Swmem
-
. @ @
{ 3 N aImicro-tile O
(SR Ty N\ M ) )
" 1 L} 1
N il "
BLOCK_K
—_— ]: i N ]
1 'I II \
= \ SN Y micro-tile 1
\ \! \ )
{ THHNImn A\
Brock_wv
\

THERR LBO, SBO M{AMNHRAFE 1t it B F —HIR PR HE R atomo

SBO = 8 * 16B

LBO = block_N * 16B

Logicd view:

Smem

~
SBo\ ! ) )
i " I y
__B_d_‘ : NS \’ micro-tile 0
AR NN
i\ i " '
BLOCK_K | === =
— } N A \
) L)
{ { 1\ o .
e e 3 qurD-tnle‘l
NI AN
L i AN )
BLOCK_N
\_

B PV SRR |, BIE@EE—%& 8 1T VEFHE D atom,

R 4E# : laroslav Elistratov - RESRBRE

atom, HREFFEFLERFBEIT —N 16 TR , B 1 NEMUBRTREE

legend

] (ie 2 slices required for MMA4)

N

BxB -~
(row ma_“or)

atom

1 slice
(consists of atoms)

wicro-tile

LBO (mn-major)
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LBO EXE =% 8 {THEH P AIXI B atom ; SBO MR N £EHBTEE R 8 5IMKE atom.

XEEV EHBERFNREEZESMEE. T 128 FI#Y V tile :

SBO = ATOMBYTES =8 * 8 * 2 = 128 bytes
LBO = STRIPE BYTES = 8 * BLOCK_N * 2 = 2048 bytes

Hit , EFEFRS MMA HEREFRT atom PN EER—2 : TMA BXERBHRE , MMA AHEBRBHREIE].
BLERBMU, BMEBR MMA IR , —)X tcgen05.mma B ETEM 16 1T V #k,

FEERINN P HIRFBRET—1N 165 , NV HRAFBRICENT—N16 1T VT —HMRICTTAH 16 17, BN
B TERE 8 1T | ATAE I8N 2 * STRIPE_BYTES = 4096 F1, iRfFubit Ll 16 5 B (IRD |
BREL 16 RiB 2 EERBFH v_desc_stepo

MEEERA  —8 KV IER
F1EA B, CHIBRANET - KV EBEFAANZTN TR, NELFTE-R KV ERKNEH.
LHNEERT —4SF : B,

TMA tnEF tcgen05.mma R FF M, BAXK 1 EENEERELAUZAESF - MEHE KV tile FEFF , B1T
QK E%F , TRITAE , Biz1T PV HEF. REPVERBFFIFHMET — KV tileo

Rt , INERKIAMBEMRBITET. RE MKV tile L FFERS , KV I, QK. TAER PV Z[Al
ZERER, BEARS FTHILXEHNRER,

JREBE A mbarrier ¥l 7% TMA, MMA &5 M. _ syncthreads() REF CTA FIELRBREER—& , #1a
£#R5 TMA 5 MMA &Ko

WE : BAMKV BRERE , MBEEHFH 4 4 warp 88X 8 5 TMEM H#y O, B&EFHCITHERIUSZL
rowsum , ¥8X BF16 , EA£RAE. SRHEN O EFKENTE , XEENRELHE , BERE2RANE,
A2 TMEM,

ARRER

ANFREH , KABEHEE,

2 1_baseline.cus

CIRERER T Z I NIRF

- B CTAEE -1 Qtile,, BI£E K, Vtileo

+ S=Q@K.T : EHIRMIT tcgen05 , KA K-major i Fo
+ S->P: i TMEM,

« O +=P@V : EHRINIT tcgen05 , XA MN-major i R

MEFRBX A,
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ZEItEee
LEBELER , XKRELEIM—IT, stock FA4 ( CuTe DSL ) H 100%. BMER 6 MNEIXIBITLLER F LK
B EEE A ERER —3R B200 LI £ 24 5 R H stock FA4,

A% hzh 4k 8k 16k

1 EL At S 14.2% 14.1% 13.7%

LEERA Star, FEMARNMERFRIMANZ, (5#E)

BEELEMESZ ML REXE, WMAMREE : Linkedin - X - YouTube,
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£ 2% &P MSMEM %E TMEM

A 1 B8 =X Softmax BAM TMEM i S |, B AKRIF—LBE P, BN P BEARLEE KH SMEM &4 [X,

QK e K EXBEAR , AT ZE2E R,

M2 WEPWERLE : TBIEP FREA SMEM , MEEME TMEM., XEFXRENEEE1L,

X—R T2 SMEM EHE |, BEREEMILEER, AZ1IBP RA K FABMERAN SMEME | BETH
EZEGEE QK GABEEK, BEENEE—ERP SAZ PVESRT , XATEE, AL P 2o
SMEM , BRLLL/LFEEEAN SM ) SMEM &, Eit , AN P BE TMEM , EFE 0 SMEM 2 Bl #Y

FIRTHBLEREY , EESFELEEML,
DEH SMEM F2Bd , EARKNEE Q. K. VHNFHZER,

Kernel 2: P lives in TMEM

< read and P write order

initial P-pass step 1 of 8 P-pass step @ of ¢

OO
RRRRIIK]

oo

1 | processed in later |
iterations of the b cee
| for-loop over TMEM

s

128x128 FP32

s
0%
0ot

OO

KRR
R
R

=
I

22
%

4
‘

52
%

1
v

ROX
:0;:
:;0'

54
5

2%

.
]
X554
-
;

%
R o
S

252
55
5
2o
355
K
o'.,,o
XL
0393
R
SR

oo
\
oo
PR
k-

5

088
K 0’
et
>
258
K

¥ &

L

T
SRS
KRR
SToeo
S

QD
2

per row:

reads 16 FP32 S values = 16 b32 TMEM cells
writes 16 BF16 P values (packed) = 8 b32 TMEM cells

P needs half as many TMEM columns as S because
each b32 cell packs two BF16 probabilities

H—-Fih , RINEEE P ERFERSF S WXE , THRFASE TMEM, EHEZIR TMEM B ELHRFREN S

AERANZLEE.

Bt , ZAK% 2, @— TMEM FER S L BERT A AL
- QKJE : R FP32 /9 S,

- Softmax £ ZiE : EHRM S RWITEH BF16 P Bx.
« PV FIZHEERN PIHRE,

BXWXB/ET S, PEDEH , BERFEHSER , ETHBP. KRBEMERF , WHE 7,

TMEM LA 32 bit 772 t4H4R , T P 2 BF16 , RHE A P EU AT E3#H —/ TMEM £5t, S 2 FP32 , —

DEE—Nb32 BT, FREL P FRER TMEM SI#ZE S BV —,

BT EMEs AR T —IXEELLE 16 Mo BNSR, RKBABIX tcgen05.1d.x8 &k ( BEEkL ) , BE—
X tcgen05.st.x8 BA ( &k&BEIL ) REH, A% 1R 8 WIRAIE P ; W% 2 BRIEHMEH , BI1TINE 16

NFP32S , /% 16 1N BF16 P, &I 16 DA HIERRER , WEDE 8,
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%£2E P M SMEM BE| TMEM

BiZA% 1, £K P BHRYUEH TMEM |, RZEIFEFEELL,

T RIEBLR P HREEA TMEM : 16 4~ P EHIT @
8NN b32 8w, Eit SiEEHTIH 165 , P EitTRai#t 8 5, X P EARKEEREHZE , RBEESHE=
PEMEZEBRNI , AMASBIRERIEWMN S, BhtERTIX— K,

HEDE 9o

SEH128 NTMEM %Il , B)xizEL16 5] , £FE 128/16=8%, &XRE , 1K 64 I b32 FI@ETEM 128 7
BF16 Ptile, P RBZ S EHXH—¥ , Z—¥RETLBENIH SE, T KV @R QK 28 S(i+1) &

BEBSEA S/IP &,

both PV operano(sz P('T'MEM), V (SMEM)

(KB
o~0:,0,%’ X

%%
O atsertatetetatatesecete

BLock M

K
eletete, 2
LRI RKLLLRRR
g‘%‘:‘:’:""“f‘:“‘:’.
RRRREEIXRARNKE

TMEM |

BLock_k

Logical view:

*illustrative, not to scale

BLock_~

J

PV %R 2R - P[BLOCK_M, BLOCK_K] @ V[BLOCK_K, BLOCK_N] -> O[BLOCK_M, BLOCK_N],

RUET AREBPHXRIF. A% 18P, VEMNSMEM B ; A% 2 89 P M TMEM , V M\ SMEM JE%%,

A 1 8 P FE K-major SMEM /B SMEM #iRRF, A% 2 BE#EA TMEM #iut¥riR P, T8 R P £ H

SMEM #iR7F,

K-major, MN-major & SMEM i/ , AT TMEM #E%. V 12 MN-major ¥ SMEM B £,

FXBEEHT P AERKHEAN TMEM , mIEE 1 E SMEM, BIEFITE PQV , RREF—MNREH P X

B TMEM,
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*not to scale:

LY
these diagrams illustrate P(128,32) @ Vv(32,128); MMA V| eW (P @V)

our actual tiles are P(128,128) @ v(128,128)

each tegen05.mma:
o[128,128] += P_k[128,16] @ V_k[16,122]

so the actual number of MMA steps in the kernel is eight.
here, only two of eight MMA_K=16 steps shown

Log‘ucal view:

wmicro-tile O

BLock_k
BLOCK_M

micro-tile 1

micro-tile 0 micro-tile 1 BLOCK_N

BLock_k
i8fE , B8 MMA BRI EE R XAENRIERTREIES - AIMK] @ B[K,N] = C[M,N].

PV i BLOCK K =128 134, 5% 1 ZE—# , X MMA BB ITHEA MMA_K = 16 $§3k : P[;, 16k : 16(k+1)] @
V[16k : 16(k+1), :]o 8 RAFABETEM BLOCK K =128, FEBREEAE , RERIFHX.

;SS(AQ MMAS two of eight calls shown;

all eislqt accumulate into
the same 128x128 0 tile

loop over micro-tiles shown inlined view /
-
(# e 32 bytes ) r / / 1
wmma_k = 16 P_tile| |V-tile 2
wicro-| [miero-|  cutput_laccu
tegen05.mmal |G| |55 put.fo ”)
# 2 in this illustration, 8 in the actual kernel \f

num_wmicro_tiles = BLOCK_K // mma_k f

|

P_tile| |v_tile v

for micro_tile_idx in range(num_micro_tiles): tc_gey\OS .MMQ( wicro-| | micro- output_accum)
// P wicro-tile (BLOCK_M=128, mma_k=16) ved| (g

// V wmicro-tile (mma_k=16, BLOCK_N=12%)

/ output (BLOCK_M=128, BLOCK_N=128)

tcgenOS.mma(
P_tile[micro_tile_idx], matching P/V
V_tile[micro_tile_idx], micro-tile pair
output_accumulator consumed by one
) MM4 issue
b _J

B R ANE 1 NiZ5E MMA_K = 16 BRI |, B8 TMEM #bitikiE P, MR 2#3 SMEM #EiRFF,
taddr_p + k * 8 #§[E T —1 128x16 P SRAEE =R ; F1THY 16 N BF16 fH 5 8 /> b32 5|, V HEIRAFHEH B PTHEAY
16 17, B XER#EMBIE — O tileo

P FEMH tcgen05.st 774 , HIITLRE PV FRBISAMEFX L TMEM store , FHIMTT fence. XRBHBEXR
mHHIN ek,

FTA® 2 e Softmax #%., PV IHYINFNEERE, —EXELR : QK £ TMEM £/ S , Softmax
FiZEFEEXEETR P, PV EZM TMEM B2 P,

ARRER

S 2_p_to_tmem.cu , 5N 1 # diff,

B3 4E% : laroslav Elistratov - RESKBRZ 35
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%£2E P M SMEM BE| TMEM

T AREEN S 2 HIRF

« Softmax Fi3T‘@H BF16 P B=EHEH S,

« PV )\ TMEM # P , M\ MN-major SMEM i V,
« PTBEHM K® SMEM #&,

MEBRERD,

LEIMERE
A% B &) 4k
1 EHAEsRH 14.2%
2 P #A TMEM 15.1%

KR BEHRMEERA , BHEBT K. PEREY , NEEMHKRELLIET F4,

8k

14.1%

15.0%

16k

13.7%

15.0%

BReE—%  MEAARKZ1, RARNE P EATMEM 25| AFHNT U, TIMEALHT. A1 ER

BB ZHBL , BTELTERENERE  FERARAREM £,
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88 3 & : Swizzling

BIE S RIFESR tile # MMA EBEH A | 8 QK H K-major, VI MN-major , % 1 E, A& 3 RFFE
# major mode FZ& , R 5IHZEE tile B9 swizzle 3 : SMEM # Q/K/V MT swizzle 2 SW128 , BUR 2
bank conflicte. P B7# TMEM , EILL T # swizzleo

EERZERERE swizzle Wahl , XBEFREE , BN BHR2ERF B200 Xx#E. REFEHE |, swizzle =2
atom WE# SMEM #z3it | {# Tensor Core 177 E it 75 8 E|& SMEM bank , i# % bank conflicte T E ¥
B200 13 B4 , MIEBEA swizzle Hiz.

Major mode 5 swizzle WEE , % 1 E21iJ18. Major mode FEAE 16B TN IFE ZHEF Y 2 BN 5B RF 5k
EHE : K-major 3 K, MN-major 73 M/N ; swizzle W% BEE K/ atom RINA i ER, Fitk £RHE
BERA®IER major mode , BAREMA SW128 , FFE atom SR EH T EM tcgen05 I RREE.

The matrices in the shared memory are made up of one or more “swizzle layout atom”. The exact layout of these swizzle atoms depends on the
swizzling mode, swizzle-atomicity, and the leading dimension. The layout of the swizzle are shown in Table

Table 58: Layout for swizzle atoms

Swizzling mode and Swizzle-Atomicity Leading Dimension Swizzle atom layout (128b element)
128B Swizzling with 16B atomicity M/N 8x8
K 8x8
64B Swizzling Mode M/N 4x8
K 8x4
32B Swizzling Mode M/N 2x8
K 8x2
None M/N 1x8
K 8x1

The above shapes are for elements of size 128 bits. For smaller element sizes, the same shapes would get multiplied along the leading dimension
by a factor of 128 / sizeof bits(Element) . For example, 128B MN major swizzle atom would have a shape of (8*(128/32))x8 = 32x8 for tf32 tensor
core inputs.

THERFHREVRER B AKEHHIERE BF16 TX.
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> LY
no-swizzle atom 128B-swizzle atom
earlier kernels kernel 3
MVIDIAs 128-bit table
NVIDIA's 128-bit table element = 8 BF16 values atom
otom clement = 8 BFIS velues 16B element 128B is the swizzle width, full BF16 atom is 1024B
16B element R
(sserse) \‘_k
= —
® T/ 2
‘ 64
(16 bytes) (128 bytes)
each row is a 16B element, values inside each 16B clement are not permuted;
elements inside atom are contiguous 16B clements themselves are permuted in each 128B row of the atom
('4 _ 1 | [ i i i | —
2 |
s
——
| — \
3
(16 bytes) 64

B F 1 6 (128 bytes)
A swizzle f5 , BRREBITIL : (i)atom ZBRET ; (i) atom KNEPKET swizzle, TEHMRXTA.

(i)atom ZE

NVIDIA B tcgen05 HERFHEREL 128 bit 7THE , BN 16 FH , H¥Ef , M2 BF16 E., —1 BF16 & 16
bit , ELt— 128 bit TEEE 128/16 =8 N BF16 H, (§E#2)

XHERIF B atom B leading dimension, & atom 4E & (MIN, K) #E31 | BiX— SR HTHEI |, WEE
10,

K-major B¥ leading dimension 2 K , b Fi 25 =/ N :

(8,8) -> (8, 8+8) = (8,64) BFL6
QKR tile 2 [M/N,K] 2454251 , FtbHE K-major atom Hi2k 2 (8,64).
MN-major 89 leading dimension 2 M/N , thFA 25 — N5 :

(8,8) -> (8*8, 8) = (64,8) BF16

3V, # NVIDIA B9 [N,K] %5 , MN-major atom 5 (64,8), MHKEHIE VIKN] BEMERIE T A H , B3
X (8,64)0 XMRAMTATERNRELISEA |, K atom #EEL (8,64) , RERAFERR—MHFo

FERAVUE Q@K AW K-major /& , BEERZ P@QV F V EAK MN-major 1@,
(i) AEBR A swizzle
RBREMR , 5l A swizzle f§ , TREMR 16B tENBHIHKIE K MEERIXL 16B TEAX S,

ENTROBTHEAER , RAFEEFIITE, £ Blackwell £, FAkFE TMA & swizzle-128B /BB A
, tcgen05 1z [E— 1 FIEEL.
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mEE 1 ZFFHA , SMEM R4 AE T MMA —2, B4R | £ TMA tensor map FikE
CU_TENSOR_MAP_SWIZZLE_128B , ff TMA L swizzle FRE Q/K/V ; BIE tcgen05 IR EBERF I E
Eify SW128 #E = , it tcgen05 FI& 20K %%,

L ow L TMA view (K-major 128B swizzle)

**K—MAJOR**

Global

a_Tile =
d
med inte this Single t;/, A ’
ile s e
—

Logical view:
Swmem

SEQ_LEN

128 bytes

SEQ_LEN M Q,.’rile

_—
TMA separately
copies each slice

HEAD_DIM Quter| loop

aver K/V tiles

BLOCK_K =128

(256 bytes)

Q tile stays fixed for entire
duration of a CTA
(each CTA uses different Q tile)

BLOCK_K =128
HEAD_DIM (256 ’oytes) k j
K operand copying to SMEM is
same as @, but local sizes qre
(BLOCK_N, BLOCK_K)
_ omited for brevity )

FHAME K-major 1F , EAT Q@K.T WFHE MRESR,

WHATR , E#I3 SMEM B &2 (8,64) atom B, —4 K-major SW128 atom Tt 64 4~ BF16 , B 128B ; 58
# Q/K tile 9 HEAD_DIM = 128 , Bl 256B.,

BAERARRN =% SW128 TMA map , TTE—IXEHEA 128 TEREMW tile , BER TMA FER AR MEL
swizzle #9 128B Xi3, CUDA E3R—/ SW128 TMA box W E4E &% 128B, £ Q/K tensor map # , W=
LEXNN HEAD_DIM , BNEF#Em4EE. Eitf HEAD_DIM tI &I 64 &R,

BXFEERES (8,64) atom FEBIM L —IX TMA, 128B RARHFAERE ; BRE®RN 64 /5, @— TMA
box ATLA[B &= tile WARETT :

« Q £l : (BLOCK_M, 64),
« K&#l : (BLOCK_N, 64),

LR FAAN tile # & 128, Hitk—IX TMA EHl—1 (128,64) &7 , BENEEBKRH 16 1 (8,64) atom,

LA E# T 045 iF TMA |, £ %% K-major swizzle SMEM 7 B A swizzle, =25 N R &iF MMA Q4
BEXTME.
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**K-MAJOR**

’

' I ‘ MMA view (K—major 128B SW‘ZZIG)

within each 128B row, SW128 permutes
the order of the eight 16B elements

\) K-major (128B-swizzle) atom
\ I
one atom: 8 [ ~ ]
8 rows * 64 BF16 64
= € rows * 128B R Swem
= 1024B total s

one slice:

BLOCK_M * 64 BF16

Tegend )

DT 8x128B - swizzle atom
1 shce
(consists of swizzle atoms)

*
BLOCK_M |

* sl«owing (block_m=32, block_k=12%)
to keep diagram simple. shee 1 slice 2

BLock_k

In kernel, num atoms along BLOCK_M
is 128(block_m)/8(atom l«eigl«t)f'é _

MAERAME—NIE 64 BI5RTH BET LK,

—/N K-major SW128 atom 77 (8,64) BF16 , Bl 1024B, —N3E 64 B Q & HIX L atom /8 BLOCK_M A @&
A Ko

INE RTEMW , AP RE BLOCK M =32 ; LR ERHAE 16 4 atom.

colors represent MMA microtiles
atom Fragments colored the same are Part of the same microtile

Qe Smem
0)

in our kernel,

1 MMA micro-tile:
(BLOCK_M, MMA_K)
= (128, 16) BF16
= 32B a|ong K

BLock_«k

/X MMA 5184 MMA_K =32B , Bl 16 I~ BF16 TEMNRE, BLOCK K KAF MMAK , AkEE 1 EXL
swizzle BEMELL , FE for fFHEL MMA_K = 16 NTE NS KIEH BLOCK K,

XBZMEZSE LEER{RDEA atom : B atom T 64 , T MMA_K RE 16, Fitk , 128B #Y atom F/E / 32B B9
MMA T2 E = 4 Nk,

7o swizzle B , FAMEM S atom EE— MR ; PENBIRMKRBFD atom , WIS H.
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% 3 & : Swizzling

W)

SBO =8 x 128B
= 1024B

L8

Smem

-

BoO (k-major)

BLOCK_M

o il fo g Vol |

slice 1

slice 2

BLock_k

X —4N K-major SW128 i , L SBO FHREMEN | FIFEHMAZEIET —4 8 17 atom FHIX M R
XERER LBO, EREM  XRRN :
1. SBO EZ&EIFEA AR EIE —HRPHEAM atom F R ; Z—7FH ,

2. HEHERFEMI , MR MMA AEHRAER , WALNABET MR, XHECHBBEZHRENRD
Hho

Rt , A FHEE LBO XHFWFIMRERMER S — MR AER 5 6o

BEm—T :

1% TE major mode 5 , SW128 RE —* atom IR , AR HE T 16B TRAMAE R, HHEFE SW128 HTEERE
B tile £ EB atom BIIRF

TMA E5|BFRRES atom EHE SMEM WHE. MMA —YERRFE A, SBO , SAKEAEE LBO , &
FHEERAERG A ; B AR BIREMRER . BN tcgen05 LIREEFIRBE.

BIXBABET W swizzle B K-majoro FFETIL PV $EREFREH V FEAMTE swizzle B9 MN-major 7 /B
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~

Cw L TMA view (MA/-major 128B swizzle)

| FEMN-MAJOR** |

within each 128B row, SW128 permutes
the order of the eight 16B elements
MN-major (128B-swizzle) atom
s@@@
Global 64 \\\ Smem

e N a I

P_tile is in tomed into this single tile

— =
TMEM by
ottt Broc.* Brock
K/V tiles
HEAD_DIM BLOCKN =128 B—L(()ﬁ . 1:)29
L — ) (256 bytes) ghes
_ _J

77 egend !

) « colors represent (8,64) SW128 atoms;
; 5 sl«owing (block_k=32, block_n=128) P! [ i
[ : to keep diagram simple. each atow is copied by one TMA issue
:PV—ma‘tmul tile o(?ms:

. : In code, num atoms alov\g BLOCK_K numbers represent TM4 issue order
\f‘f’fk_—f i”_EA_D:]_)I_M’,' is 128(block_k)/28(atom L\eigl«t)=16

Lo ‘ MMA view (MA/-MO\:\OY' 128B SWIZZIQ)

*EMN-MAJOR** |

colors represent MMA wmicrotiles
atoms colored the same are part of the same microtile

Smem
- A
R { N Y R
LBO = 8 * 1283 Eﬂ%-—-‘!l: _____ \'Jmicro-tile 0
SBO =3%* BLOCKN BLock_k™* TRt ‘j
* sizeof(BF16) ‘[ ________ ‘( ------- ) wicro-tile 1
1
AN
BLOCK_N = 128
256 b
* for BLOCK_K=128, L (256 bytes) )
2 of 8 microtiles shown

N PV MMA $RIEE V I — 16x128 §1 55 , BN K 516 16 17, %HH N 5@ 128 5, &/ atom 2 8x64
, FTLAiZYl 5 B E M4 atom,

£ VIKN] B+ , LBO #EIHM T — atom , SBO HEIT AT — 8 1TH#T,
RNEFHEE, BRRETR 8 N PV #IRPHFHE.
ABRRER

2 3_swizzle.cu , #5R# 2 #f diff,
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B200 Attention | SEE X iE 248

% 3 & : Swizzling

MEBRERD,

HHIERE
7 %z
1 HRs=m
2 P A TMEM
3 Swizzle

R 4E# : laroslav Elistratov - RESRBRE

4k

14.2%

15.1%

25.9%

8k

14.1%

15.0%

25.9%

16k

13.7%

15.0%

26.2%
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58 4 & : Warp Specialization ( warp 77T )

PV() must Finish before
we can reuse the K and V
buffers for tile i+1

e

Q loaded one
(outside the loop) KV iteration i +1

e @ B FED o) 66 @ETE) (o -
4 WARPS

\ e

warp 0 issues the loads and MMAs,
every warp owns one 32-row chunk of

Softmax and O-rescaling

BRI ER 4 N warp , SEH TV AR, BEi# 128 MNEEBEAKDTZRES , REFRER CTASEERE
H, BIENAKREZXERTHMEMNERLSH mbarrier , ZHiLFTE warp ZFEA], JLA _ syncthreads() t2 1}
BLSEAN CTA, LLEE,

RMNFLLULIHEE LR R warp , MUEXR , MEREHTHEECINW I, BEAFELL warp EZ2MIIETT
BEED |, ERIETR 2Bz TR,

fBlanE 2 128 &2, 4 1 warp , B HITE load K/V(i) -> QK(i) -> softmax(i) -> PV(i) -> load K/V(i+1) BB 8E7L4L
2RSS, BMNTUEEARK , UBINRERKRRASZREEEZTENLRE ; fIANEDL 4 4 warp FRIRA
THESAFE.

plan , EREFEES MMABEREBSREETF | £7% warp 2IXFE , BAKERLE (120] ; HEE warp &
FZFE, HEFMAD warp TRZSE R ARATUALACHITE  THREFEFHEE, X, TX warp &
MSEXREL  WEELBLE.

M 4 RMIXFHER : FTERZIESNTEMRBELS £ 128 LB , MEL & warp 2T , RAEFELEIRE
HIEEMEXHNFE.

Kernel 4: warp-specialized schedule

PV unlocks the next iteration of the loop: PV()
completion frees the K/V slot for tile i+1
(with only single-buffer; the loader cannot run ahead)

KV iteration i +1

LOAD @ [ wait PG) @ V() Y K1) VG [ wait PG+) @ V(i)
\ T 1 -
N

) @ o)) o) v (@ o) (s e ..

Q loaded once
(outside the loop)

) ¥

Row warps ([ meaak® | B YT | ) YT

x4

BIEE , A4 B warp PE TR AG , IEEEATCINEBHIBIITERERER, BETSEEREF
# warp ER{E BRI TEAMY , XEEFEXRN. Hit , EAZAGHEMRIESHK , BEHRELERSH
, EEMERMEARRELT : M -> MMA -> Softmax -> MMA., EAZIFIER load/MMA EF R, T4E warp
EFEESERETF  tRAEEFRTIERDL T =R,

B3 4E% : laroslav Elistratov - RESKBRZ 44



B200 Attention | SEEE R SR A % 4 E : Warp Specialization ( warp 9L )

XERTEE , RNFELZRA warp KT ; FHILELRLE. BXHFRHFRNTRERFHAERZ , TR R
b AT R 1.

BB ANTHRAERE , BEACERBEMATIHE , BENEEREERSE, B2 A% 4L
BAIAAKFRMITHEE FEFTERS , HUNVESIRIRIHED. FEAKBATINMY THE , BXiPae
HEREKFRHTHEESR,

EEVIXERITIESE, A4 FELZHESZH warp :

B, NHITER TMEM FEANS >P HEZE 4 N warp. S 7 128x128 , B4 warp BRXREEME 32 17, H
HATIEMLE 128 17 , BE 4 > warp, B R“1TAIE warp” (row warps ) , A3 Softmax 5 O EFE K ,
DUEE 11,

HR EFEMBFRAMILIHESE  REBLE—1 warp, ER SM %2 warp MIEELRBIFE |, IELRE TMA
HWIERD , AP BETE warp, FIIXEHE 54 warp.

ZMMA L ER A THEE |, 25 TMA HRINWER , EFE— warp , B8N 6,
HitR# 4 £ 6 4 warp : 4 NMTAE warp, 1 DNNE warp, 1 4> MMA warp,
ARKRER

S M, 4_warp_specialization.cu , #5HR# 3 f#f diff,

REBAERB,

ELTRESE
M w3 4k 8k 16k
1 AR 14.2% 14.1% 13.7%
2 P A TMEM 15.1% 15.0% 15.0%
3 Swizzle 25.9% 25.9% 26.2%
4 Warp % T 26.6% 26.4% 26.5%
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https://github.com/IaroslavElistratov/b200-attention/blob/master/kernels/1_basic/4_warp_specialization.cu
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EH#D  ENERE

EHE:FN Qtile

recap
Before: no K, v tile re-use Naive 2Q tiles: still no KV re-use
sequent'na“t/ Se.a]ue_ntia“y
n Para“el cta #3: cto #2:
softmax
cta #4:
@ [-=(0)- @ 8 E-= (0 @

M 4 A8 CTA 2B — Qtile. EIt , #4BFA CTA , BI[E batch/head 2 ELEIFELE Q tile B9 CTA , &34
SGEFARE— KV tile 5, HEBEMEAER KV, BBRBREBMERE , A LBEREA Qtile/CTA EME—IX , ME
B CTASREKYVERPER, T—IMHILMELE— CTARERA Qtile , MEHNEH KV BrESIIER ,
F—RMmERA S BEFHM Q tile THEL,

{UHEFHE Qtile BtE— CTA , M EBEM , EF%, WMEIMEH#ILE CTA EEZRE—D QHWEANKY BEH , B
RNEAEERR , PARLSEHERE KV MEFRE , TEEZEER SMEM FHEIE.

A 5 REH—E&E KV , iEB/MNINER tile BATRSHEA Q tileo

|l oad Q and Ql once

for each KV tile i:
| oad once K(i) and V(i)

use K(i) for QOK(i) and QLK(i)
use V(i) for POV(i) and P1V(i)

MEEFEAD Qtile , HHEEZ AT , KIV TMA MMEBRBURAD —¥, XBEZEEH SMEM Ay KV , FREKB TG
CTA 2 EIBIBENEE L2 L2 EA,

AFiESH , 0/1 #5iR Q stage , i $R1R K/V tileo $170 QOK(i) = Q0 @ K(i) T , POV(i) = PO(i) @ V(i). EL&EAZ

MAXEIES,
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zooming into a £ull [oop in the first ¢T4

QK watmuls online softmax PV matmuls aceumulate in
(@@ _
| g e
sequentially a1 e -
K tile 1 V tile 1

Serdtion 1/ I Q2 @ \ s2—— PZ/ \ -

Q@ MATRIX
_ (S’;,?\;m{ of Q /I‘M Weration 2 K t;le 2 tile 2

HEAD_DIN
in parallel
K MATRIX NOTE: same K tile NOTE; same V tile
single tile of K used twice s1 m P1 @ wedtuice OV |
) Softmax | - | - .
cba#: || | ey T vl || L output matrix
--------- single tle of O

SEQ_LEN

HEAD_DIM

V MATRIX HEAD_DIN

Single tile of V.

seaten | [ opacity to avei
visual clutter

HEAD_DIM

cta #WN:
— CTA MIEWMEMLBFHE D Q/O tile I ITE ; HEA KV BIRHEIFTEFHED Qtile , REERFE N H tileo

PN Q stage 7 K/V 1328 SMEM RREREA] , E& BN BIMIT QK. L Softmax M PV, 84 Q stage &
ERHCH S/Ptile, O RizR. THRAENTH.

TMEM

p
128x128 128x128 128x12%8 128x128
elements elements. elements. elements.

A\

Same as before: 128 cols * 4 = 512 TMEM columns,
P takes half as so we do not have spare TMEM anymore
space as S does,

becuase P is 16 bits
two output streams coexist; allowing

Once (P) has been computed, the original . .
matrix (S) is no longer f:\eede'o(‘ - (Pg every loaded K/V tile to serve twice
overwrites part of (S)

BIRQIEREEEMIMN TMEM RS , Bk wBERN LB R,
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Mz oi—# , 81 BF16 P tile E&1 32 bit TMEM £ tH T8 /ME , BEH FP32 S 2B XIBHE¥E D |
ME2E, FIUAPOREE SO 2HKZEE , P1 HAEE S1 2HANZEE, XGHE 2 ZEMds) : MR P FEA
BRI S EFX , MBEEHE—R TMEM , RELEUXMEESZRXNAFED Qtile FT S/P/O, WEDF 12,

BANAE , A% 5 REZHELEEA TMEM , BIE— KV &ERXREE , MIEE KV &R EE EER, B
Q/Output RN FE , FRBRERFER KV , BEERERBERWITERKE, £88 512 4 TMEM %|EE2 A
5, TEEYHHEN Qstage 24, BRKRFK KV ERRETER S(i+1)/P(i+1) stage , IWEIE 13,

XEEARKIMB KL, A% S5 EIN QER , BEMRAFIHEH— N KEN—1 V&,

Kernel 5: two-Q-tile schedule

load waits for the 2nd Q tile's PV to
Qs loaded once finish before recycling K, V (i cannot Py unlocks the next iteration of the
(outside the loop) reuse the K/V storage until then) loop: PVI) Frees the K/V pair,

loading tile i+1 can begin
KV iteration i \ +1

LOAD -m (ko)) C vt F10) @ VG)
Y it 60, a1 [t K v<>[ ][ EI C)FHh GO D) R @E

wait P‘L + 01 re
QO Y soFTMAx POG) : Z
ROW WARPS x4 ( b 298K J[ + 00 rescf‘[ed ]( il ‘}b 2 K("ﬂ) )

"
il ot &1 @ KG) SOFTMAX P1() wait &1 @ KGi1)o
ROW WARPS x4 [ 2 I + O1 rescaled )[ ]

Note (TODO): }na(ex‘mg here is s[‘»gl«tly inconsistent with
earlier diagrams: this one uses zero-based indexing
(Q0/00), earlier use one-based ‘molexing (Q1/01).
Semantics are unchanged

ZHEIZ 6 MNwarp, RE4E ; ME—NCTAHE 10 P warp :

warps 0..3: row softmax work for Q
warps 4..7: row soft max work for QL
warp 8: TMA | oads

warp 9: XK and PV MVA issue

FAMNTAE warp AR IR - MMA warp 42 Q1K B, Q0 BT B Al LAFF 1R,

WRAIE  BRHEMIRTLIE warp , M3E Softmax warp , AR BT RNIT Softmax , B O ERMK, £4 =
hRIXAMWE |, HIEFBE.

TR>PBRE - MMA warp , EIlt QOK, Q1K, POV, P1V H—%EF MMA ki , M FA_2Fm%EH 1T Tensor
Core ito #II— MMA warp F&EZEB INMEH Tensor Core Fiksk , RAFHEERBE —EEH4,

tcgen05.mma BFFH , —NKEHE , BIEE lane , MEIRER MMA, BRIBEEZT MMA EE TR ,
BlaNRERE A ME. XBTRERXREZ—NMMMAwarp , MRAERSREZ® I# , iLIA Tensor Core i
KERIFILER . BIEBEERBRMER , MMA XKBINFEFARNTIERECLREN THE, FEHBELHEHEN
BABERR , MA2EMNMMA XiEE, HEEXEREI MMA warp , LR EANEHBBRERA -1
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EMFHEN Qstage 5 , BEFHIERE. BLHFR stage = |, 5 — LN stage 43I :
+ g_ready. kv_ready : B/ Q stage #£Z, q_ready £ KV @I EIEHA —IX ; kv_ready BRIERER —X,
« gk_done[q]. softmax_done[q]. pv_done[q] : B/ Q stage 33 —4,

B softmax_done[q] T 4 JREE , KB D ELLZ Q stage BY 4 NMTLIE warp, XL warp BB AR
Softmax/P £/ 5 O EHM. 4 NEHEEE , RRPER% , BIH O RmeSRaM PV A, At , ZR
FEE X &K P-ready #1 O-safe , MMA ki PV Bi&EFE,

MEMR , KV IREBRRENS QO THEAMLAE , FRAMLABERMERATEFAX , FRFEEAT TN KV tile.
Rt RE P1V EREER KV 76 |, IWEDE 14,

ARRER

N

M 5_two_q_tiles.cu , H5H# 4 # diff,

TRIM ERNZF R,

REBAERB,

HHEItERE
M w3 4k 8k 16k
1 AR 14.2% 14.1% 13.7%
2 P A TMEM 15.1% 15.0% 15.0%
3 Swizzle 25.9% 25.9% 26.2%
4 Warp % T 26.6% 26.4% 26.5%
5 M Q tile 40.5% 40.3% 41.3%
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£ 6 F : MRk

per-CT. A KV-tile loo(o

each CT4 loops over all K, V tiles (iterates along SEQ_LEN)

for i in num_tiles:

G_tile>= k[:]
Cv_tile= v[i]

|ogica| operomo( stream

c N N T YT )
gt 1) operand type KO [VO K1LV1J K2|v2 K3|V3

e =7 s e N
el 2) logial ix o112 :[ 3 ]| 4|s5l6|2|
load pipeline has 3 stages backed by 3) PL‘VSRCO\I slot O r <F 2 l O 3 MZ >—<O e <

J /t J L ~—

NC
&

a cireular buffer. Buffer indices wrap

around modulo 3, so each slot is Stage—':to;oS

reused every three token loads

U \ ) —
Kv for-| b "
it er:;i oDnDSP . ' .
iter O iter 1 iter 2 iter 3

load pipeline length (3)

ENTESERELR  EREXTE  FENERLEISMFEEEF,

BRI ME K@), V() B2FE , MMA warp S E#INETHE ST 8EHIT QK. Bt QK T S ->P
BR&4 PV, BEHWMAE  EF K, VEMRERSETHRE

XEAWMIAERBZAL

1. QK REEK , FEEV, R TUMXE K IMBERERIIT QK , TAEFV , BLNEES, XELEH
R QK M S -> P, ik Softmax B2 , A ZER,

2. BEMEBARKL , TUAEZFRDSFHFRIX KV MK Z R e E,
BT RLRAENEEZMRA :

BEXRECEREKETE , BIMNE warp , 55HEE , Bl MMA warp, K& BIRREFERBIMBIBETRER
KEENREY , ILNBBEREEANTR. BREEERIZBELN  eRAUEEHE , MMA T ER
EAMAKMMET, SRR KH VRSN , HRENCTLECLE SMEM FRRER , \MEBNREITE

B—IRAULERKENEER :

BAVEEI K 5V MERKEIRIESR , MAE K@), V(i) BE—F , EEEEEANYE SMEM S [X | WL
15, EMNBRKEESE—NDKH Viile ; KVB] REEZEHN=EEHX , FEEHUUEKR V. Bt , K,
VEZ®EEDF , BHIEMNTREMIL FKE, M warp JLURFIHMH K MAASEEN KV HBIER,

Xt HE 2 E : P B E KK SMEM 76, Hitk QK FAIBAEIW K |, ™ P #4881 TMEM # PV £/,
EEREL B AT
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BN KV BHRRME—R Q0. Q1 , it RAEZRIEN KV BREHS ER K.
IBRAKLEIRESR 3, Bl 3 MIEBEAFX,

KV EERFF A s NE; KO, VO, K1, IEH=NEHX, KO, VOBTE—%# , KI A T—®Eamzk. F—1NH
%4 MMA 2 QO@KO0 , Q0 EfEREIEZ % , Rt Rk KO, RAERIULEFHETLHERE,

B KV tile Bt , N QK =5 PV ERATMEN KR V. F=1 Qstage AR , HEREHETE Q1K() =
P1V() R E 5 &K ’RIH token TBEE, E warp FEHCH token BHRHFEEF | REERZE | AENBEMNE
| 31, BRAKLRE |, NAKZRER NS, RNEEFEELE , eBRMBUOMKEH,

1£ = token Fik&&kF | #7 token FEARIEEM N K/V token, E token FAFE D Q stage EF , AT MMA R
fE % token BIAKLIE 4 XRTE QK/PV EREFE, XitsseEFATR , BEEEREELEEN A 2%
B, NTIEREEBMRESITE,

a Slot may l,e reused omly D‘.Fter its o[o( for token next_token (after the P‘»Pel?ne_deptl«\ fare‘:‘»“);
occupant’s final consumer completes: \ stage = mext_token % pipeline_depth
= = > pipeline_
old_token (ie recvc[e_token) = next_token - Pipe[ine_deptl«
after QK for last Q stage completes, a K token Slot Slot \ old_tile = old_token // TOKENS_PER_KV_ITER
is dead and its physical slot may be reused 2 O |
. if old_token % 2 == 0: #K
after PV for last Q stage completes, a V token l S wait until QK(last_q, old_tile) completes
is dead and its physical slot may be reused S Ot = else: #Vv
S 1 wait until PV(last_q, old_tile) completes
\\v

load next_token into KV[S‘tage]
pu’a[ish readiness through kv_ready[stage]

BHEFAXERTREF. RRESIES , BEMEMEZE pipeline_depth ( 3 ) B token BRETEIE — Y EFE |, FTIA
AEELUANREEAX, BEHEEENREBRI.

TEHEFMAGEERANEMNEIMIEE,

token #RIREE K = V BIEH ; stage FEMRFE=NYE SMEM 2 —, stage HTIRTRZECRES TLE
BE.

tokent 5 t+3 fEAR — Y&, ELLNE t 81 , NEEXLNEIH token t-3 MR E—NHEHBEEASE.

HFFEN Qtile B Q0. Q1 HEAR— KV, REHEN Qtile F{RE— 1NTRERAE , TeEEWHEN K = V
tokeno

ALt :
o« Ktoken WEEHBEERERF—1 QW QK.
« Vioken WREHBERZE—T QB PV,

THRAEHSFERIETENEE L THE :
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Worked example: logical_idx (ie next_token) = 7

1) what datoa does our los«icn[_jo!x repre,se.nt?

infer whether |ogica|_ic[x isKorV

token_kind = ‘ogica!_ﬁdx % 2 (tokens per KV iter) = 1 (so it's a V)

token_tile = logiml_,.ﬁnlx // 2 (tokens per KV iter) = 3 (so KV tile index 3)

==> therefore |og'.=n|__i=lx 7= .

2) where will we write our data?

legical_idx % pipeline_depth = (ie in the slot #1)

3) which old token currently occupies
this slot?

determine logicc\l idx of the token curren‘thf
stored in the slot

recycle_token = 7 (logical_idx) - 3 (pipeline_depth) = 4

4) does that recycle__token stand
for K or V?

infer whether recycle_token is K or V
recycle_kind = 4 (recycle_token) 7% 2 (tokens per KV iter) = 0 (so it's a K)

recycle_tile = recycle_token // 2 (tokens per KV iter) = 2 (se KV tile index 2)
=2> therefore recsfc!e_.‘token 4 = .

based on that, wait either on gk_done (if recycle_token is
K), or on (av__o(one Gif recycle_’token is V)

=2> wait on gk_done[last_q], NOT on pv_done[last_q]

5) Refill the slot and Pubhsl\
readiness

then, overwrite . with . ( in the slot )

Publisl\ the new contents tl'\rougk kv__ready[‘]]

TKEHERI RN AR RTHE :
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6 E  MEFRAE

Kernel 6: load pipeline

Kv[3] pl«\t/s‘ucal SMEM slots

sLoT 0

Rl

stoT 2 sLoT1

C—0

arrows show slot-reuse order,
data does not move between slots

consume token O

purple = resident / ready QK work for KV tile 0

green = being consumed by MMA

blue = Eeing loaded L-uf TMA Qa0 @ Ko
sLoT 0

al @ Ko
ﬁ- |

sLoT1

sLoT 2

<___

consume token 2
QK work for KV tile 1

sLoT 0

\

sLoT 2 sLoT1
K1 || K2
COMPUTE LOAD

Q0 @ K1 last-Q PV for tile 0 completes
Qe K -> VO is dead

refill slot 1 with next
loff?ca[ token 4 (k2)

N E

I 6_load_pipeline.cu , #5R# 5 #f diff,

\\\)1b

ERIMAYIERNIZF iFieay i,

RNEBAERE,

R 4E# : laroslav Elistratov - RESRBRE

Pre‘F]ll
(tokens 0, 1, 2)

stoT o

Rl

stoT1

sLoT 2

‘—_

consume token 1

PV work for KV tile 0

last-Q QK for tile O completes
-> KO is dead

stoT o refill slot 0 with next

v 1 log?cxz[ token 3 (V1)
LOAD

stoT 1

v o
COMPUTE

PO @ VO
P1@ Vvo

sLoT 2

‘.—__

consume token 3
PV work for KV tile 1

PO @ V1
SLeTO pi@ v
V1
COMPUTE ‘
SLOT 2 SLoT1

v2 K 2
LOAD

last-Q QK for tile 1 completes
-> K 1is dead

refill slot 2 with next
log?cal token 5 (V2)
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%6 E . MEMAL

HATtEse
M Kz
1 EAHsRH
2 P FA TMEM
3 Swizzle
4 Warp 20 T
5 R Q tile
6 hnEmak s
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4k

14.2%

15.1%

25.9%

26.6%

40.5%

48.6%

8k

14.1%

15.0%

25.9%

26.4%

40.3%

48.6%

16k

13.7%

15.0%

26.2%

26.5%

41.3%

48.4%
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B7EITERKEK

FEBEMEAKNBAELAR , INERT -IRERER.

Earlier kernels
next-tile QKs blocked by both current-tile PVs

only after scheduling
PIV(), does the next iter
(of the kv loop) begin

i-th iteration +1
MMA (@okG) ) (a1kG)) (@0KG+)] (@K1
Q1 softmax
Cistation, T |

1 0 or 1 tells which @ tile is being processed: Q0 or Q7;
i is the current K/V tile in the loop; i+1 is the next K/V tile; :
: for example: QOK() means QO @ K().T; POV() means PO() @ v(:)i

LLET MMA warp BA KV ERARE TE : &R QOK(>). Q1K() , BEARE POV(). P1V(), 2ZEFHHET -1,

Hit , F—1 Qtile ¥ PV Xi2f5 , H1T4E warp , B) Softmax M1 O E4EHK , 2R TR , TE#HAT %, K
7 MMA warp K EE =/ Qtile B PV , T2 EX QOK(i+1) , BIE—1 Qtile T —2#/H QKo

XERATER . F—1 Qtile B QK(i+1) , REEEEM Softmax(i+1) , MHPIEEE = Qtile B PV(i) FH.

BIEME 5 EX Q MLATFitTiE , 84 CTAWFSR Q TERKMEINIY , 88 SIP/IO EE8HX, EMNHEKV,
BXFREMFE QOK(i+1) EE P1V() EEMER , WEDE 16, Ht |, &B B Q stage BIFKBIFE LEE — Q tile
REIFEAT—2 , R EER QOK(i+1) XAHETE P1V(i) EEAAH,

BINFLEE—N Qtile ¥ PV(i) —&%iE , IRRAEHE QK(i+1) , BEE# 1T Softmax, XEE—N QW
Softmax(i+1) 5E =M Q W PV() E&8, FME—ZFTiH , Softmax EENMNAKNEEAA |, 825 MMA EBH
EZ RN

Deriving Kernel 7
(s‘tep 1)

%8
§8

avoidable idle
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FFE— Qstage , REE K(i+1) BT , 1L QK(i+1) RBE PV() €/ , M2 LRI T BFF : BHIX% Q
THER, LEHAT—XRQK, TEBHE-/N QW PV EE,

Deriving Kerne_l 7 2) but now these 1) for each @ stage:
(S‘tep 2) became duplicated (on placed next QK, right
the next iteration) after same-stage PV
Steaoll/ state COMPMte loop
(iteroﬂt}on i)
MMA wQ@)) (Pov()) [(okGed) (PVGY)  (@mKGa))
+
bt
Q1 softmax

BEREEE—D Qstage B QK(i+1) IREIZE i AN, RLEERE  FIiRRE—R, Fi+1 RIFLX K,
FE =/ Q stage thER#EH,

FRAAE B EX AR T E LSS X

Deriv?ng Kernel 7 1) peel the Tirst QK pair 2) but no: alsj need
out of the cop corresponding drain
(step 3) (this becomes prefill steady A loop (after the loop)
MMA (@0k(0) (&1K(0)) Pov()  (ROKG+)] (PIvVG)]  (&IKGin)

Q1 softmax

I Q stage 95 —IRX QK M for EHRFIB HR. XMUAK 6 HMBRKLTER , ARAETMERHRITE
KL

X, REEIRT2EERER 1T — tile B QKo

BRTERNMTHER  EBLERSEREEENNIE , TEM%K Q TER. AAGE-RZERET -
B, BTHZ , REMD PV tile RA 21T

Deriving Kernel 7 . .
(;re\; v;g) erne compute prefill steady shate conpute loop cc:mp::tj :(t:am
MMA (aov0) (@@ (Fov)] (a0kGD)) (PNVQ))  (QIGD)  riades,  [POVCTD) (FPAVCTA)

iterations

1

(5

J

Q1 softmax

S =l

XmHEE

h\l
+
it
&
AN
P
=

B3 4E% : laroslav Elistratov - RESKBRZ 56
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MG EE , BRI QK. PVIRFEET , EXHEE. XE q & Qstage &5/ 0% 1, RABEAERELH
PqV(i) TR S 8T KV tile , BA QqK(i+1) FFI T —1. XTEEEA KV tile , ITF=2 QqK(i) -> softmax-q(i) ->
PqV(i)o MR RBZ TREIFLR , tile AEBMIRFTELEE,

ARRER

I 7_compute_pipeline.cu , #5W# 6 f# diff,

N
=

ERIMAYIERNIZF sy iit.

SHATtERE

AE7 Ee 4k 8k 16k

1 ERhseHm 14.2% 14.1% 13.7%
2 P ZA TMEM 15.1% 15.0% 15.0%
3 Swizzle 25.9% 25.9% 26.2%
4 Warp 4T 26.6% 26.4% 26.5%
5 R Q tile 40.5% 40.3% 41.3%
6 IEORAL 48.6% 48.6% 48.4%
7 THERKE 58.2% 58.5% 58.0%
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E=F7 : AREHLAL

£ 8 E  EHEL

RERBRINECEENAR , FTUHRE - RQAHRE, F 10 EFEHMERAE TR,

BRI ZHEHRTHWREBE |, BZFT Softmax MREEMI : S > P FH exp B Qstage. B KVtile, &
—17. 81 8 PHMRBENIT , PV REZT. XXBE LT ITHELHY Tensor Core, ETRILMAK ,
BIENK 8 , FFHRBRERBRERA , ERBIRMAEL Softmax AEEHMH exp B,

GPU RALEEUA 2 NRMEBIET ex2.approx.ftz.f32, AEIRER I EEFIEMUITE exp2 , WENE 17,
FIEARE AU RAACERUEERN _expf BRI

{BFE4 Softmax EEM R exp , MEHIETE exp2, FIA exp(x) = exp2(x * log2(e)) , BEFRZEA exp HIETFTLL
log2(e) , ¥R N exp2 FTEREN , ERMETAIEN exp(x)e XIMEEX AT ERHEMN,

SEBRE , ZHIFFERZERAN _ expf BRLREN ex2.approx.fiz.f32 , Bi—EHEEITENBEES | BEXE
NM—EEFTHATEERATE, Rk, ZEBEEZA asm WA ex2.approx.fiz.f32 HEE LR , KR LHFHEERAN
10%. XELIFFE : BEARCLKFER MUFU.EX2 , %% 8 RUINERR B HE 2

KALEIL  BIRABER, _ expf BEBRIENE ex2.approx.ftz.f32 #HEHK MUFU.EX2 &l , BEBEZEE NG R
EMTRGERB, BAMENRERXLETE,

BTRHEER  BEMT. HEBL _expf BIFRABIMTFHRES -
/1 natural -exp argument originally passed to __expf
// float x = s * softmax_scale - rowrax;

/1 convert into base-2 exponent expected by exp2
/Il (see the nath identity dicussed above)
float u = x * LOR_E;
bool small = u < -126.0f;
/] preserve results that'd underflow
/] inside FTZ exp2 instruction
if (small) {
u *= 0.5f;
}

float y;
asnm("ex2.approx.ftz.f32 %@, %;" : "=f"(y) : "f"(u));

if (small) {
y *=y;
}

Hit , __expf BFFEEE ex2.approx.ftz.f32 MU KRABE &, NEMNWZT  REXRPFERETEROIE .
1. ESHHRT log2 EAE,
2. REBTRTHANLE , BFBALR,

AT FEERR  RRANRERTEAMMECTENIEY , RERTHENREIREIR expf BEHAT exp2 PAER
MK ; EX2 RO BBEMN TRLBELNEIR _expf £, FATENMETHERNE,
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M 8 R¥F MUFU SEBIRIERBAE , BERBERT BN _expf B :
1. £EEH log2 MRRFIABRAN , MEHERH S HM.

2. BRTEKRE , MKW FTZ,

THEHARRERXFR.

1) MEEM log2 RIER HRABIR
LLBTE L B RIS BERIE Softmax : p = __expf(s * softmax_scale - rowmax);o

RIZEZBEXBELIE _ expf , T2 RHEEBEL Softmax , ILEHB A —BELEES exp2 RN, FHILBRBEIR
FHEMNMEBEERE.

N 8 FHTERX—AE :

/] fold the usual 1/sqrt(HEAD_DIM attention
/1 scale together with |og2(e)
sof t max_scal e_l 0g2 = softmax_scale * |og2(e);
/] call ex2.approx.ftz directly
/1 (not the __expf which would add the w apper)
p = fast_exp2(
/] scale S by that scaling factor, which includes Iog2,
/1 so now the inputs are in exp2 input-friendly units;
/1 subtract rowrax as usual
s * softmax_scal e_l 0g2 - rowrax
)
rescal e = fast_exp2(ol d_rowrax - new_rowrax) ;
rowmax th %KM log2 B, EZE 1 E |, B TMEM BAFRX , & SHEK P, F—XMNIEHA S 2K
BKRE , 7%, HAE , W& 8 FBITHRAEXMrERI softmax_scale * log2(e) , EIEHEMK exp2 AL {L,

Rt , EERCER PG ELLT exp2 FRRH LA

score: s * softmax_scale * |o0g2(e)
rownax: already stored in those sane units

P. rowsum F1 O H#3EETF log2 ZE, KRB rowmax 5154 exp2 WESRM S FEHIXFE N,

2) BRTBAE , K FTZ
HR BB __expf WTBALE  tMBRTHNLEENS XZ1E,

EE-HFRE , XREEREHETHNEL, HEREA FPI2 FEMBCEEN , _expf BRAZWHITE
exp2(u/2), BF¥A , MREBEZER.

_expf BELEITE iflelse PiBWH. BIE/LFFERRT S BB K, FeARTEDX , BIMNMAXFiBAEL
B LA

BEYMAARSEETSTE , XAEREER , FTERIRESBTEESENRE, At , T BEZD | &
R __expf BHITHRIES., ERNTIBRMNIEERZE , RE exp2 £RET 20126 , BI&R/DIEH FP32 ERtFH
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Rt , A% 8 EERIEEMN P M rescale HFNF , MITHIMIX LA AJLUER . RIFH[TEBRIHULRE |
ARXFRRIFELNER , RESFTELFART.

THREFENERE  URETFEREERE  JUXFEBRANMLER, EEER ex2.approx.ftz.f32 BT IX
ENE  BEEHEET  ETEFN FTZRRTE—Ro

PMUUERE SRR , BRT B8R _expf WEE, RE, TERENHFERAN T HLE., BEF FA4 it FEE
FTZ,

SASS ¥ :
MUFU. EX2: 129 -> 129
static instructions: 3296 -> 2776
predi cated inst: 368 -> 110
FMUL: 644 -> 257
FSETP. GEU. AND: 129 -> 0

Hit , W% 8 HAREA MUFU 2 E , MEREKTHX MUFU BB/ IERA,

ARKRER
2 8_hardware_approx_exp2.cu , 5 K% 7 #§ diff,

REBEABRE,

LAl fERE

A7 X3 4k 8k 16k

1 Bt 14.2% 14.1% 13.7%
2 P A TMEM 15.1% 15.0% 15.0%
3 Swizzle 25.9% 25.9% 26.2%
4 Warp %' T 26.6% 26.4% 26.5%
5 X Q tile 40.5% 40.3% 41.3%
6 piIE=95I53 48.6% 48.6% 48.4%
7 THE Rk 58.2% 58.5% 58.0%
8 B4 exp2 64.1% 64.1% 63.8%
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29 E IRl

FERFRAERIECERNAE , AtE —RARBE. T-EREEE,

M 8 ZRR T BREHERREABNTNTE , B2E P EHRMHELTIRE — 5% MUFU.EX2 FKLk.
M 9 FED BTN MUFU BB HE | AEE ALUFMA ISR ITRAE S,

BAVRBEBD exp WERE ; Mzil—# , SHENMEBERER. TERFIEIBIIRKRES , BE
MUFU KL ER.

DEARMT :

for each 16 P val ues:
first 12 -> hardware exp2
final 4 -> software exp2

Rt , 25% &9 P ERERBRAFREE, BENEURTIME , MABRT P EX S,

B KM 25% ALU, 75% MUFU LEAIREREBE  FTREMER, HH exp2 EEFZET. GR{ENFERS ;
2EERBRER LRI ER I HMRR,

N AZRBRAEETTRE-FEFETR ? AARY exp2 £AFERMITHR, BHREIRE , BFEER
#WEAMENBRN MUFU Fiksk, 885 THEBEEE ALU , gl GPU AEZ MBI W ARTHK L.

B exp2 1##E
THNBBRELEBEREENR,
MRFLETHRECE |, WRIEM R4 exp2 wa T/E,

HWEIBRBABMT

float software_exp2_scal ar(float x) {
/1 polynom al coefficients

float C3 = 0.077f;
float C2 = 0.227f;
float Cl = 0.695f;

/1l input is in base-2 units, and we want to compute 2**x,

// if x is below -127, that neans 2**x will be extrenely small,
/'l so small that we don't care (FTZ like)

x = fmaxf(x, -127.0f);

int int_part = floor(x);
float frac_part = x - int_part;

/| approximate 2°frac_part using three chained FMAs;

/] as an optimzation, feed each result into the next FMA

/1 avoiding separate frac_part”2 and frac_part”3 conputations
float frac_exp2 = C3;

frac_exp2 = fma(frac_exp2, frac_part, C2);
frac_exp2 = fma(frac_exp2, frac_part, Cl);
frac_exp2 = fma(frac_exp2, frac_part, 1.0f);

/] expose the bits of our approxinmate 2°frac_part
int frac_exp2_bits = _ float_as_int(frac_exp2);

/1 FP32 has 23 fraction bits, so 1 << 23 is one exponent step
int exponent_adjustnent = int_part * (1 << 23);
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FOE  ®MEM

/1 conbi ne approximate 2°frac_part with 2%int_part
int result_bits = frac_exp2_bits + exponent_adj ust ment;

return __int_as_float(result_bits);

}

EEYURB FAA 1Y ex2_emulation 2, XERNETERE , F{LHERLE—ME ; SSRFHBERBAITIH f32x2

BT, XEMERRHRITHEBEE.

(884%)

55 8 EMVEM exp2 MAEMNHM exp HRBEHRIELUTE, XTLCRABEILE P ENITELSN , FTED

exp IR,

ARRER

2 9_selective_software_approx_exp2.cu , }#5W# 8 #f diff,

REBATRE,

HRItEae
M 3
1 EAt3kH
2 P A TMEM
3 Swizzle
4 Warp 7 T
5 X Q tile
6 hnEmak s
7 THERkE
8 B exp2
9 B exp2

R 4E# : laroslav Elistratov - RESRBRE

4k

14.2%

15.1%

25.9%

26.6%

40.5%

48.6%

58.2%

64.1%

69.3%

8k

14.1%

15.0%

25.9%

26.4%

40.3%

48.6%

58.5%

64.1%

70.1%

16k

13.7%

15.0%

26.2%

26.5%

41.3%

48.4%

58.0%

63.8%

70.6%
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FI10E . FEFHRER

before: every S value read twice

TMEM

S O

128x12% 128x128

(a) S read once to compute per-row max
values (M)

(b) S reread again to subtract M, before
exponentiation (producing P)

BIES/ Q stage EEFA FHiEE TMEM A S HIX , WE 1 E, FE—RITE rowmax , I EZSREBUERE
% ; EBITXOEE rowmax , BEUEH ., SEEE rowmax FEEAER , Rt EEFHXEHER S

TR CRETFRTREND S, BRLEEHN TMEM Eik.

cache high96, reread low32

' cached f

. in regs

Y S LT MEM
S L\igb\"IG O

Pass 1: S is read low to high
- read low32
- read + cache highaé

- * sdeinote: we would like to cache all
Pass 2: P production high to low 128 values (per thread) but it spills

- consume cached highd6 l«eavﬂy so cacl«ing onlt/ aé
- re-read low32

NTHEESEFREDEH , B
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« (a)EFB X TMEM B ZFHKIEXRIN S, ATMEIESHIRE , KITERIIBES 96 5,

e (b)FPAEKER , tMRERNEZRXTMEMER , XANSHIEETIHH | LRIEBFNELBER,
P must not clobber unread low32

WRONG: CORRECT:

if we instead P[aceol P to lower

I A clobber | re-read from
clobbered low 32 S S t en it'd clobber low S 32 TMEM, so don't
which we need to re-read clobber with P TMEM
r—H

128128 128x128 128x128 | 128x128 l

—rt—> G >
Slow32 S highdé S low32 S highaé
must survive just as in Cl\o«pter 2 must survive

P takes half as space as S does,
becuase P is 16 bits move packed P to upper S so

producing P cannot destroy
Once (P) has been computed, the the low 32 S that still need
or}giv\al matrix (S) is no longer needed, to b d
so (P) overwrites part of (S) © be rerea

MEE 2 Eifg |, WET—EIE P B TMEM S XEIMEFX 0. AERAZEEFS 96 5, SH 128 5IFME 32 52 /m

REEiR, FAlt, TREBIES 96 5 P EAKE S, ENLKESRHIHME 325 S. NF10ER , BT P 7
A SHE¥ED,
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B10E  FERER

P (aroa(uction order:
L\igL\QG {:irst, low32 last

P low32 written after re-
re_o«o('mg low32 S from TMEM

(written after low32 S reread)

BE-—R EENE325 S RATER 14K P, Bt 3/4 AFEFHREFH S £/

P kigl«Glé s computed
from S values cached

in regs (written first)

Rt , FBZIR S EBAMEFHE , BEITRM TMEM Eik 128 N HHH 324, ZET 3/4 HEEEE.

AERER

2 10_cache96 reread32.cu , #5H# 9 ##f diff.

REBEABRE,
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$10E . FERER

HRItEae
M 3
1 EAHsRH
2 P FA TMEM
3 Swizzle
4 Warp 7 T
5 N Qtile
6 hnEmak s
7 THE Rk
8 B exp2
9 B exp2

10 sEEEE

R 4E# : laroslav Elistratov - RESRBRE

4k
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15.1%

25.9%

26.6%

40.5%

48.6%

58.2%

64.1%

69.3%

72.9%

8k

14.1%

15.0%

25.9%

26.4%

40.3%

48.6%

58.5%

64.1%

70.1%

73.7%

16k
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26.2%
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EME:BE OERMK

FEXERINECEENAR , BE-—RHRB. T-EREEE,

E & Softmax BEFRIE1T , RE—XKIHZEL rowmax , BEE , BEUIEH.

E4Z Softmax FIRALIE— KV tile , ToET L FE R L rowmax. & tile FEHBZRET , FEM tile ATREHIN
BEARAE, FHlt , BEIBEET Softmax FE , £4 Softmax BFURE :

« BB 1NMNEARKE , HIZMRIEEL ?
o ERTLAMEEFEFIH rowmax ?
AHENZ—BRIERREARE , MYZXA :

new_r owmax = mex(ol d_rowmax, tile_rowrax)

REFLBIBPRSABIHEAT

old O *= rescal e
old rowsum *= rescal e

F$ rowsum RER , BEHK O EEFEREFH TMEM HE1T 128 ME., W# 10 8% KV BIREIHIT O B
7, BME scale B 1, BERW , RAETZE. rescale==18, HiEk 128 MO E , Tl 1, BEE@, XEHK
BELZSe , TR

A 11 H NRFH tile FRERLREZH rowmax BES , AL FEAIH rowmax , T3 O, rowsum #EET#,
REZBEREB A, FHREF rowmax , FIEIR O, rowsum EFHRIIFHE#E,

BRI EEBTHKIEER

X—RQEBMEXEEAAD , WHE 18, A—NMNMIFERRE O ERRSREMNL , BAEFLSRER
=Ko

BRiIERERNEA tile BT O EfimN , EARERGITIE. iR tile RAELIH rowmax & 7.78.
FRAVMAEXNFIB rowmax ITE P :

P = exp2(scal ed_S - kept_rowrax)

Rt , MOFAEE :

exp2(7.78) ~= 219

RERT O ERMK , MZAEHFREHKE , FREARER, BANAIErowmax iTE P, BRAGBERTH
219 EWARIFT—1L Po XBERMERFEERD P H,

FHNR  SREEFRNTAMEL  BEMARKLLERTETE. RARKH P Frf#H A Softmax BIFERS

: 9 F O M4 & rowsums,
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(¢} += P @V
rowsum += sun{ P)

LA, XFaEImE 219 8961 F -

(6] += 219 * V_new
rowsum += 219

BN KWV BERE

output = O/ rowsum

o BAE O A rowsum R ALY 219 Z K, REABREREREXMINER , REHEZE O, rowsum #
HWRE,

BAFAEENIREAE ?

WMRERL O/rowsum BEAEBHEBRE | UIFALUKIZARE&RA rowmax., HFLE , REMEHREEREL , B
SEAT LA, flE0|H rowmax BixiEfE FEER

gap = 20
| argest P = exp2(20) = 1,048,576

RAZREHRZLDHEN , B P, rowsum, O WHEELSEBRA, WFREL , &SR rowsum 93 —LE
AT RERERL,

BT RK MRS B warp & TMEM O iE/H

REVREEHETMIIRE |, B TMEM O MBS FM 2 warp SE4RE, REXERSRIMAT

/1 convert the current tile's raw rownax into base-2 exponent units
tile_rowrax *= sof t max_scal e_| 0g2;

/1 kept _rowrax is already stored in the sane units

fl oat candi date_rowmax = nax(kept _rownmex, tile_rownax);
float rowrax_gap = candi date_rowrax - kept_rowrax;

bool row needs_rebase = rowrax_gap >= REBASE THRESH LO®X;

float rescale = 1.0f;

/1 1) if needed, rescale this row s state and start using the new rowrax
if (row_needs_rebase) {

/1 this factor will be applied to both rowsum and O

rescal e = fast_exp2(kept_rownax - candi date_r ownax);

/1 move this row s scalar accunul ator into new rowrax basis
rowsum *= rescal e;

/1 use new rowrax when producing this P tile and future P tiles
kept _rowmax = candi dat e_r ownax;

/1 2) apply same rescale factor to O

Il

/1 TMEM | oads/ stores are warp-collective. |If any row needs rescaling,
/] entire warp nust process its 32x128 O sl ab.

/1 Rows that don't rebase still participate but with rescale 1
if (__any_sync(FULL_WARP_MASK, row _needs_rebase)) {
float o8[8];

/1 same O traversal used in earlier kernels
for (int col =0; col < HEAD DM col += 8) {
int taddr = taddr_o_stage + trow + col;

B3 4E% : laroslav Elistratov - RESKBRZ 68



B200 Attention | SEEE R SR A FENME:BIOEREM

tcgen05: :1d_32x32b_x8(taddr, 08);
for (int i =0; i <8; ++i) {
08[i] *= rescale;

}

tcgen05: : st _32x32b_x8(taddr, 08);
}

asnm("tcgenO05.wait::st...");
asn("tcgen05. fence: : before_thread_sync...");

}

/] P production and the later PV proceed as in earlier kernels,
/1 using kept_rowrax as the rowrax for this tile

KERRE

MR 8 i , EHMAEAN 2 NEWEM. A% 11 EARES, EES FA4 HE, FRER 8 A FRHZF
LFHRER, X BF16 P, FP32 RMZR[EE , 12 R 15 IHEANREEHRELBTESE, 8 RRTFEE , B
ZERIZHEENHN O BEHM , HIFBHLR,

exp2(8) = 256

it , LEENFHERE rowmax itEHWERARA—1L P KBIETF 256 , MHLEFEAIH rowmax. “PAXTF”
EEBUEHE £R %I rowmax. B X —BEE , BB rowmax , X BRES R E .

RNEIVNEX , 8 HEAD DIM =128 BF , JA 2 AEMIRE 8 WA P EMBEMHMLE :

base-2 exponent gap: 8
nat ural - exp gap: 8 / log2(e) ~= 5.545
raw QK-score gap: 5.545 * sqrt(128) ~= 62.7

62.7 R0l tile E{THRAESE kept_rowmax MR QK 2Bz BN E. ARERBEMBLEER 62.7 , K
FRE{ERTE log2 EAETH 8, XMERARFBEIER « HUREHER , JIE QK 7 BATZARE,

AERER
2 11_skip_o_rescale.cu , #5R# 10 ## diff,

REBAERB,
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EME BT O0EEN

S Al tERE
] Ry
1 EAt 73
2 P #A TMEM
3 Swizzle
4 Warp &0 T
5 R Q tile
6 ERAK L
7 THERAKEL
8 B exp2
9 B4 exp2
10 BEHRERT
11 BEld O B

R 4E# : laroslav Elistratov - RESRBRE

4k
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15.1%

25.9%

26.6%

40.5%

48.6%
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69.3%

72.9%

81.7%

8k
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15.0%
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48.6%

58.5%
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70.1%

73.7%
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%12 E : J{EIEE Softmax 98

*
A logical same-KV-tile view, not literal loop-body order: in the
E arl l er k ern el s loop over KV tiles, tkese’i QKs were issued one iteration earlier
(see Chapter 7 diagrams)
P roduct;oy\ $er;ahzed beL‘}y\d o co FFQCJC;OV\ to isolate Kernel 12's changes, here I'm illustrating logical
P same-KV-tile view, not the actual KV-loop body

MMA [QOK(?)j[QW(?)j

‘ M kV"lOOP

‘ iterations
[ rowmaxes -> mal/l:e resca[e O -> Prooluce P ] o060
SoFt max1 (I) softmax Ldone
Q1 So‘F‘t max { rowmaxes -> mm/i:e rescale O -> produce P ]

e et e N

i Notation: }
i 0 or 1identifies which Q tile the operation belongs to: Q0 or Q1;

' i identifies the K/V tile used by the operation; .
i For example, QOK(i) means Q0 @ K(i).T; POV() means PO() @ V(i) ;

i
,

LeEl , B—HITAE warp AR :

1. ITE AT tile 8 rowmax F O ERMEF.

2. FRF tile rowmax B Rit rowmax EEIRE , HXt O EHEK , AAK 11,

3. M'S #E = rowmax , BEUEEER P,

At , 5 (2) SERBATLEIR (1) E (3) TR OBIEE P EER—A warp R BTHIT.
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TL’\;S ker'\el *5, ol same-kV-tile view, tH; H FHL, in the

op over KV tiles, the QK emt;an earlier
mms)

|
looy
- - (se CL\pt 7 di
O correction overlaps P production o e
same-KV-tile view, not the et \Kv op body

MMA (@ok() )(@1KGY]  (POV()] (PIVG) |

[row»mxe.s -> produce PJ 1 reod N kV‘lOOP
iterations
softmax1(i) oo
Q1 so‘F‘t Mmax [rou/maxes -> prooluce P]

stats ready

[maybe rescale O% &no\ybe rescale 01]

OEMM (2) FHBARHE—L PIITE (3) , FTATBEIINS warp , 5EER P FITAE warp H1T. XBEM
PERBBEOMBE , ULFXIXEE  EETERT P £K. NETLE warp EEM# Softmax , FTAZEMH

9 “Softmax warp”,

PV EEE P-ready M O-safe. -/ Q stage A p_ready_o_safe REAHXANEME. PV MMA EF 8 X
B3k : 4 XK B Softmax warp , &R P B4 ; 4 RKBEE warp , KR 0 X2, ARITZIHREN —FRE
PV faRfBEFF 24,

EBEZAEZEW O-safe , M3k O-rescaled , EHEE 11 ER{L , BRE O ERK , HTEE2HITE

Softmax warp 1it# rescale , EA SMEM , % Hi stats_ready , REHEEK P, 1B warp EF1ZES |, H
H¥ , WERSEE KM scale TA 1, NTHKERERIE O EE ;, MREFE , MESEMK O,

{58 Softmax warp it & rescale , MARILIEE warp itE , RR NI ENFFRELEFEIHRLT rowmax F#E
tile rowmax, BAEBBIXLARSZLBIEE warp , HENREEEEHEFBE, Et Softmax BITREE—
&4 scale , S IEWmEERAZR O,

E—4 4 MEIE warp HH Q0. Q1 #£E, XEA Q stage , EA1IEH Softmax £ HIEIT scale , E4HAER O
tileo

2 12_split_correction_from_softmax.cu , 5 H# 11 fi§ diff,

NEBATRE,
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212 E : [ IEE Softmax 2%

S Al tERE
] ®zh
1 ERsKI
2 P A TMEM
3 Swizzle
4 Warp 7 T
5 X Q tile
6 MR AL
7 TR AL
8 B exp2
9 BAF exp2
10 BhrHET
11 BEld O B
12 DEIEIE
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% 13 & : |EEIIT PV

P production order

P_low32 P_.lmgl'\QG
Prooluceol next produced first
r ?,_7 ; 3 j

X
TMEM [/ 5
3 Sotoe
K]
202058
ey
> oot
% KXY
-

B ] ves
RS

% :
et
AL o,

P 1
SRR
SRR R
RN HAXRILY
s

P Proo(uc‘t‘non order
(softmax warps write 16-wide chunks)

iBfE , AR 10 LILRE , P NERELER , EHRERN TMEM RS imEEREA. Hit , A P tbTE
PERRME  FEXEEEMN , ABXKEEEE,

R 13 AR —IRF : & 96 51 P BAK. IHO ZX&/5 , MANFIEES PV MMA, THEEEAN P Rk , &M
p_high96 @ V_slice1 , & P_low32 £ R G E i P_low32 @ V_slice2,

HERRE  FFRER P 23RA1 , B2L5RkH 7 EA Stile B rowmax , Bt Rit rowmax/SZEEEEE. BFRER
1K 32 5l P & HZ rowmax , B FALSHTELERNS 96 5 P,

XA PR 3296 1D BERESE 10 E S FEHREFH 32/96 10 AN , BEXFRAFTER, MIAMLILAEIE
R, ARERZIAHRENFT , REE 19,

EHEETE-D Qstage W P1, RABETEERE,
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PV issue order: highd6 first, low32 later

P_low32 P_Jn?gl«alé
(2 microtiles) (6 microtiels)
r each slice denotes

MMA warp: ‘_/a micro-tile
1) waits mbar_p_highd6_ready + o_safe, N
issues green PV loop (microtiles k=2..7) F l@
2) waits Ml-:ar__P__reao!l/,
issues remaining red PV (microtiles k=0..1) %

0 32 12¢

*—p F—p

PV consumption order
(2) Q)] (steps in micro-tiles)

B IRERBNE , 2305 9% 5 PERE , HE 6 MRBEOHZF , O thRe, TEE 96 XIBAME ,
MMA F243% Softmax warp £ RIAFERMIR ; LA AE k=7.2 K , TLERBENHBESTL , LEE
20, BRE k=27 WRF , AREAX K V SMEM RSB W E @S |, HIERRER,
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Shc?ng P also slices V

PO (TMEM) V (SMEM)

0 A
RN
IS o skip first 2 micro-tiles
L (early_pv_v_offset_bytes)
\

Y wicro-tile 0

\
9 F> S>> 9 32 RS
‘- o A PV consumes k=2..7 v

wicro-tile 1

(1)

P_highd6 @ V_slice1

P[;, 32:128] @ V[32:128, :]

(6 micro-tiles)

128

32 128

o>
,ﬂ PV consumes k=2..7 skip first 2 micro-tiles,
’, (6 micro-tiles) these are not ready yet
(early_pv_start_microstep)

(2)

P_low32 @ V_slice2

PL:, 0:32] @ V[0:32, :]

0
PV consumes k=0..1 I ( \
2

(2 micro-tiles)

128

(o] 32 128

PV consumes k=0..1
(2 micro-tiles)

e e T LT LR TP
(o)

P selects all rows, but only some columns
V selects all colls of V, but only some rows

A p_high96 fAERFSRIERT , RPN V 415 , B P fiuRibit, V HRRFERBFANMHR  REFZE
o

2Ja , Softmaxwarp ERIK 325 P, HAEEXRTZE P %, BIFEZBRSHHE N , Bl P_low32 @
V_slice2 , R &5,

PR B SR A B R INEIE — O tileo HMNARRIBUMIE P, V EHRAFR , SERNDITERRNTE PQV,
ARRER

2 M 13 _early_pv_96_32.cu , #5R¥ 12 #f diff,

REBAERB,
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E13 E  BERIT PV

S Al tERE
] ®zh
1 EREsSKH
2 P A TMEM
3 Swizzle
4 Warp 7 T
5 X Q tile
6 MR AL
7 TR AL
8 B exp2
9 BAF exp2
10 BhrHET
11 B O B4
12 DEIEIE
13 =a PV

R 4E# : laroslav Elistratov - RESRBRE
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26.6%
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48.6%
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72.9%

81.7%

84.9%

87.2%

8k

14.1%

15.0%

25.9%

26.4%

40.3%

48.6%

58.5%

64.1%

70.1%

73.7%

83.0%

85.8%

88.1%
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15.0%
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41.3%

48.4%

58.0%
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83.3%

86.3%

88.4%
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E13 E  BERIT PV

EOE D  FALAK

E14E  FAIL

RINWAKZENS SM BEZEZE—/ CTA, ENE CTA HENRRME— SM Ert
N SM , RtEERNZIRZ 148 4 CTA T, ME 5 Eig , B4 CTARIIERFE Qtile, BAEE KV tile

HERB N tileo

work item

Q stage 0

&d~g

Q stage 1
-

sl'\are,o(

Full kv loop
|

EXMA—NIHEI (workitem ) , AMKRKEHRFR. FEEUTFEIANE, T-ILILRENHZE

work item

C—

Attention EEABHERER , MAREAEAE , A AT UL L EFMRE,

R 4E# : laroslav Elistratov - RESRBRE
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Before

one short-lived ¢T4 per work item
(2048 C¢TAs total, in 14 waves)

work item

#0

flattened /O tile idxs: Tiles 0-1

flattened Q/0 tile idxs:

flattened Q/0 tile idxs:

flattened Q/O tile idxs: Tiles 6-7

up to # work_items CTAs
(processed in waves)

LRl , MR TERHEBAT SM HE |, ILE - RLEBZMBEILE , 81 SM RERETEZAN CTA: —PNEK
THEIHEBHBE , 5 —METREITHEBHF CTA EE,

==

XL R TEMBIR” (waves ) o
ALRELEIEENSE CTALEEITE R

LA SEQ_LEN =4096 7l , Xt &4 batch, head , tile J+#H 128 , Q. O &H 4096/ 128 = 32 /" tile. 8 CTA
LHEHA , ARF32/2=16 MITHEH, T2 :

16 work itens per batch-head
8 batches * 16 heads * 16 = 2048 total work itens

3F SEQ_LEN = 16384 , #4 batch, head ¥ Q. O &5 16384 / 128 = 128 / tile, & CTALEHA , Hitt
B 128 /2 =64 NIEW,

64 work itenms per batch-head
2 batches * 16 heads * 64 = 2048 total work itens

FNFEHAEFEAN=ER , LA 2048 MR CTA |, 4 148 MNERIATEE , FHIL KLAHNIT 14 K : ceil(2048
/148 4 SM) = 14 &,

BEMZAKR , 8 CUDA HFLZEE —K 148 N CTA £HRINTEH. BN CTA —4XR , EFHHE —IH
AJRERIEZE A SM , FTLAR CTA AYHERE AT HI 246TT
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FREED SM KRAFRLE 14 NFE CTA : B — PMNERHABBAR , E—1MEEB, HX 14 AHBEEXFHEE
FF48 : TMEM 2B/ R, CTA £ AHRAIRE, B wFEE. REWNKBL. CTARES,

SEQ LEN #% , CTA BB EE

4K, 16K FEIREBEEE 14 X7, KB FAA iEXH=NEETRRBTFEE 2048 N IT/EM |, H b EIHFRIE 14 K
& E LA o

{B KV fERM 4K B9 32 518K Z 16K B 128 % , FTLL 16K BB S 4 ZBX I :

KV-1oop iterations = len_kv / BLOCK_N = 4096 / 128 = 32
KV-1oop iterations = len_kv / BLOCK N = 16384 / 128 = 128

W TETNMENER  E8TARRBATEERE. EFFMMN 14 KERWHBIILRAD , KV BHRNEE , Bit
BEFHGLES. SKFIHEL , LidE CTA BERAERIEN 4K THETH 55 RN LEAEKX,

After

148 persistent CTAs, each
processing multiple work items

sequentiauy
(within each CTA, not Iockstep across CTAs)

/ 7 Nater
persistent werk iem Vwork vEem |
CTA #O until no
i i work remains
i b
U later oo
work item| work item i
: until no
work remains
i
XX}
up to 148

persistent CTAs

WR— CTA RRAE—ANTHEI , RAURN—RADBLEAE , FESTHRISTITHE , BRBRToMES
By, NREMERAE , Bk CTA —EFE , LEBS KD 14 N TERANFI,

AR TEMENR B QM. KV ER. MHEE, work ID MiEHITE, XLEHXRfAEHTHERMA
B ; BMER— CTARESZM I , 8—BNFEFNIT,

CTA FL8iFIT , RLEHHEILAKETRRE., —4 CTA TR SERET B AT SUAEXN FHA CTA W#HRRE
"%,

BEIENERRE
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LRI REE CTA Ba R #liat—R , RFEE G AR, A% 14 ILREBEZ N TEREZ T,

BRIV RIEN , ETEMZBEELRE warp , EF2HTHEZR , BEYRBEXMHAEHANRL , REFFF
BT —Ul. PTXERERX—F , RAXNMERNREERA mbarrier.init R KEMITH ; EFHBCAT LR
"B warp PEFEAT. XHIER , DEIEMZEGEHEREW : FTE warp EERI1EE | 2B TEMNEHEER
TEEFHRT —To

NBRENTHETULRBEE XRMIEL , N 14 XTE CTA BARHIBILIERE—X , BEE TERFE
R BRME phase, |H work_done RIFZiLFTE warp EHIEE. FHAITFEHZE  REEVRILEZS  HRTiHE
IHEMEFRXERN TR EH. A% 14 XRETETGRASE KV BRXRE , B Q SMEM 10
q_free. EETBEVRILRRE , BT EL warp B work_done B,

Hit , BMEHAXESNTHEINEEREERERATE  BAIRK

Q SMEM
final K reads Qi)
-> qg_free
-> | oad Qi +1)

K/'V ring:
final QK reads K stage

->refill K stage

final PV reads V stage
->refill V stage

X#, TEBEE—IME—Z , §% work_item(i) &R, work_item(i+1) FF#8. Softmax warp AfEIH—{t HE
O(i) it , tnE warp ERIME T — 17 Q/K/V ; Q. K &S , MMA warp FREEFF 18 QK(i+1).

Rt , A# 14 EET8| A AL CTA £ A SE TEMRKLE,
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each work item

Q stage 0

09-6|

Q stage 1 "‘

—_
shared ‘
full kv loop 1: sequen‘tio\“({
(within each ¢TA4, not |oc‘<s‘tep across CTAs)
Active v;‘pw Later Later
|
same CTA: ! '
work_id += 148 etent | | | |
(numer of SMs) ge-:";$t¢€¢8 work item Ktk itemé_) work item | e
‘ #0 e 172 S #296 R
un‘tJ no
‘ : work remains
\ ¢ 1
tile idx = 2 * N R Teeseieeien -
work_id + q__s‘tage flattened Q/0O tile idxs: Tiles 0-1 Tiles 296-297 Tiles 592-593
70 TREIIIZLIES 7777777
work item | work item_, |work item! ooe
#1 L oggq 1 #297
: P until no
; o ; work remains
flattened Q/O tile idxs: Tiles 2-3 Tiles 298-299  Tiles 594-595

up to 1432
persistent CTAs

WMAMR , A% 14 F8MNEFAIL CTA AT BIEL work 1D,

5B R 2 work_id += gridDim.x; // 148 CTAs. &7 grid-stride BB THEMR A 148 MEAIL CTA 22—,
B IEMBEHLHE N QO tile , AT CTA it 148 N TIETRT | tile ZEIHT# 296, CTA 0 %ALHE tile 0-1 , B
4b3 296-297 , RIS 592-593,

Rt B AEN CTA PEELBEMN ITER, ERBESHXNBAER  BERGHER , RER2IMBELMLK
R, BERNFEUR | 4 CTA £/ ETEILEME batch-head BIARE Q 318t , HE L2 /Y KV EALEHE,

BhRRNREN CTA AWML THED , MIFEHITLR, METANE , @ warp B &AL R — T EH
BEE-MNITLER,

ARRER

S, 14_persistent.cu , F5M# 13 #§ diff,

REBAEBRE,
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https://github.com/IaroslavElistratov/b200-attention/blob/master/kernels/4_persistent/14_persistent.cu

B200 Attention | SEEE R SR A E14E BAL

SHATtERE

AEE7 Ee 4k 8k 16k

1 ERhseHm 14.2% 14.1% 13.7%
2 P ZA TMEM 15.1% 15.0% 15.0%
3 Swizzle 25.9% 25.9% 26.2%
4 Warp 4T 26.6% 26.4% 26.5%
5 R Q tile 40.5% 40.3% 41.3%
6 IEORA L 48.6% 48.6% 48.4%
7 THERAKE 58.2% 58.5% 58.0%
8 B exp2 64.1% 64.1% 63.8%
9 B exp2 69.3% 70.1% 70.6%
10 FERER 72.9% 73.7% 73.6%
11 Bt 0 B 81.7% 83.0% 83.3%
12 SFEIEE 84.9% 85.8% 86.3%
13 =281 PV 87.2% 88.1% 88.4%
14 A4t CTA 90.7% 90.3% 89.8%

‘MEAE

M 14 REE 14 MBREHNE R, NTEARRPMIBBMLL , KFPREXE, ¢EMRENDSESA
15-18 , FEZEM diff. SR , EIHFRKEILNE D KR,

HEIR 9 B ENE4F ( Deferred score acquisition ) o BtBIM TMEM i S £/ 16 X% , SXEEIMLENEF, A
A 8 RERME., FIUEERS. 4 FLIRIL rowmax KEEE , N —RE—FEFHIRE P X% TMEM Xig
B, IEMNMBEREERITHEER, SHWNIEKRE 4 £ILYT rowmax 8% ; EERESAEHRE , MBEMMTMELF
T Mo

o rowsum 2. P ESHKMBIER : FEREFIBTEN 96 5, ARk TMEM Eik5 Br=48 32 3,
THULFAB D BEE —FK rowsum fBiEE , MERLERF 96 FIRMEFNERD M , Bik 32 SIARERN , &F

PAN

P\l:l _;io [%ﬁ%]

Phase (U #%8, SR stage REE 0/1 phase , BIRENBESTR RSN PEAS |, 2FERFESFHBA
KERTNE, XEXABRBVEBEITE , LRABESES , Hspille  (858)

TMA L2 promotion. X TMA 1TIRERRE A — X157 256B XY 128B ¥ X , MARIEERMBRMREES —
¥, BIMNER TMA 522 256B BUA L2 , FHEEENS —¥EAREEETF. AIREEERFTE,
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https://github.com/IaroslavElistratov/b200-attention/blob/master/kernels/5_minor/15_wide_deferred_score_loads.cu
https://github.com/IaroslavElistratov/b200-attention/blob/master/kernels/5_minor/16_split_rowsum_accumulation.cu
https://github.com/IaroslavElistratov/b200-attention/blob/master/kernels/5_minor/17_phasebits.cu
https://github.com/IaroslavElistratov/b200-attention/blob/master/kernels/5_minor/18_tma_l2_promotion.cu

B200 Attention | SEEE R SR A MEAL

ik Ly (4 4k 8k 16k

R BIEMER 92.3% 92.5% 92.0%
#74 rowsum RN 93.4% 93.7% 93.7%
Phase U #H 93.7% 94.0% 94.1%
TMA L2 promotion 94.4% 94.4% 94.1%

SRESRER A RKM |

DERANIEL Attention IZMARBHNERE | ERWH. RBEAHEZH | FRNECEBRORRERRS
, 2 RBEAFR,

IR

r]ui

RESRET B NANRANE , Bl NVIDIA B200 EH#% BF16 Attention , A LTX-2.3 fISMERER, (8
1)

ERBEMN , ERSBAARNB Attention R 1056 X,
BEREETRE , — /it B200 ENARAEE 7 T, EBRELCE. TENE , HERZ R,
B200 £ —EX 104 ¥, 249 MMM AAFZEE 41 ¥, BITHBAEBRTEEBEREY K MAIRBNHAZ.

FATERTERMFE R ERAE , EEFENAATERANEBBRINARKREMRL, FEXKABRARER
BEHMSE R H BT, (8EE)

EXRSR

- MAED , B SSH BFH8s , RELE , 3 A b200-attention/capstone-project.
- REBIMNERE 54 ARE,

- REACELEMR, BEKEHMENABRNRERNZEZNN , TR XBEHZ.
BRE—RFRBEETENER, 00,

AMZHNEM... UAR—KFE

... HREERT -ReHER FA4, AZRHBHE,

BRUHB@BRXANNEZ , BREHAIIA T AEIL AL TN BSREFHA. EBHNMRIEE  EFSHE
agent I =BT N HMAEE,

Bt ERCNARBEIRE  ER BRIV )

FABNMEEBFTREN , BRAELAGENE  RRXHIE,
U EREMY T ER A ER TN I20%, BEANNER, £ —SHR  XEARTEF.
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https://github.com/IaroslavElistratov/b200-attention/tree/master/capstone-project
https://github.com/IaroslavElistratov/b200-attention/blob/master/kernels/5_minor/18_tma_l2_promotion.cu
https://github.com/IaroslavElistratov/b200-attention/blob/master/kernels/5_minor/18_tma_l2_promotion.cu
https://github.com/IaroslavElistratov/b200-attention/tree/master/kernels
https://github.com/IaroslavElistratov/b200-attention
https://github.com/IaroslavElistratov/b200-attention/blob/master/capstone-project/GETTING_STARTED.md
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AMZHHE

BR—RFE

FRIFERR , REESZ ML RERAR

FRE N MLER & SKERTN B #R4E B200 Attention €&,
BES BB MBI R,

HEBRREMA —RREHEBFH,

BZ ML RENE, WIHAAEEGAS.

X% : X - LinkedIn - YouTube - GitHub,
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https://github.com/IaroslavElistratov/b200-attention
https://x.com/iaro_e
https://www.linkedin.com/in/iaroslav-elistratov/
https://www.youtube.com/@IaroslavElistratov
https://github.com/IaroslavElistratov

B200 Attention | SEEE R SR A RERKR , KBEZ ML RENE

B %

51 H
@i sc{elistratov2026b200attention,
aut hor = {Elistratov, laroslav},
title = {{B200 Attention} Explained: From Scratch to Near-{SOTA}
in 60 Diagranms ({CUDA}/{PTX})},
year = {2026},

howpubl i shed = {\url {https://iarosl avelistratov.github.io/b200-attention/}}
}

EERE

FA4 EAEL BSHD HmBite , RN AKEREL BHLD, MAHCRZRETMEABERY , AtitrtgFTas
WMARRER, ZHARERANZY direct-BSHD £k |, TEHREFIRMEEEE R H M HiEL BSHD , X FE
ZE 1T stock FA4 B 92.1%-92.7%.,  (4#E)

HtiA beta29 , BNHAFTHMEZTH 19% , XTI, RELMBRANXHPEROBHRAE |, #ELXE
TEEREHEE FA4 B4 RUERNAKREFTEL

B stock FA4 betad ( CuTe DSL ) SiEXHBENI L :

L5 4k 8k 16k
FA4 13 TFLOPS 1532 1579 1601
32 stock FA4 TFLOPS 1484 1528 1554
SE stock FA4 /183 96.9% 96.8% 97.1%

XORBAER R 342 2 B200 B A , IENEIREL stock FA4 &Rk, EREAMN B200 £ , E S stock
FA4 &R Bt {ULEIL X Pk TFLOPs V4 97%., Ak , REEBESREIXZTNUEN FA4 XL |, MIEERXEHEX
ko

EHENATEEEHHA,

B exp2 I{A T4

FIOEREELNAETRAR, (8E)

N8 Zfa , BB ACKERN 2 ARMNEN , BIITE exp2(x).

BZE L exp2(x) = 2%

At , BRANFLA ALU RIB—E %2 2/ x WitE,

£ x IFREHRI M NEERS , 251K 2 WHERKE , BHEK. BT 2/atb)=2"a* 2" , EENTEEITE

2"Xo
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https://github.com/IaroslavElistratov/b200-attention/tree/master/benchmarks#input-layout-and-direct-bshd
https://github.com/Dao-AILab/flash-attention/issues/2729#issuecomment-5560916926
https://github.com/IaroslavElistratov/b200-attention/tree/master/benchmarks
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i nteger_part = floor(x)

/1 always between zero and one

/1 by our definition above
fractional _part = x - integer_part

2"x = 2"integer_part * 2°fractional _part

g -
X =-3.25
i nteger_part = -4
fractional _part = 0.75

XBEFBERIBSRAE , B FP32 ARFMEMNU 2 NEMERVE., Hitt , AFABSMXERNERN , FaE
e 27integer_part,

1B 2Mractional_part TREGERIB D AL E#MITE , BH FPI2 EBIBRERELS T , flINA Bz -4 & |
TeEBD 0.75 5, At , /NI XAZTMRIE S, RE N |, fractional_part 27 0 5 1 28 , FRARFIEML
2 HZH x € [0,1) I —/NER,

BB 20integer_part , ZINRALEE 2Mfractional_part.

ERA— N =ZRZTAIECUX R

27fractional _part
~= 1
+ cl * fractional _part
+ c2 * fractional _part”"2
+ ¢3 * fractional _part”"3

AEZMAERXNEHEREZFEMNERMMURS. BEESTHE , ZRMNABER ; = XSAXRES
RE, REXEEH:

1 constant, flat component
fractional _part strai ght-line conponent
fractional _part”2 quadratic curve
fractional _part”3 cubi c curve

R¥cl, c2. I BRHBPENTBEE. SMNHFEMEMNERMEL LEXESE K MEELLGIERE , EMNH
%71E 0 2l 1 X EREREE 2/fractional_part.

XBEFER—NMEL. NESXTL K E fractional_part**2, fractional_part**3 , B2 BIFRREKHMEM ; EXBiE
XEBFERNTNATRE, BIAAFRARMOLEREZEAT—IRTEM , HEBEN=ZRZIMAIF IR
FMA 5.

20 ~= ((C3*F + c2)*f + cl)*f + 1

RESE 9T : MAEEL
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Bt

Rt FlashAttention-4 BY4E& ., 1ESXHIFFIR CuTe DSL %%, Rt CUTLASS, CuTe DSL HPRA , ARFIE R
CUTLASS Blackwell FMHA 7=R#IF1 CuTe DSL Blackwell FMHA REIVEHTEROA .  (8E82E1) (85822) (%%
#3)  (EEE4)

UTHBEEERAE , 5 —TMARZHELUNBEHEER :
« Thien Tran : fRAVEREREEFIIEERE , MIHEEALAET N A
Modular FBA : {Blackwell B200 LRy EREFREY o (4E#E)

Aleksa Gordi¢ : (B SIEREMEMRIENRK) - (HEE)

Jay Shah 5 Colfax Hlfh,  (4E$%)

» Mark Saroufim : R #REIZ GPU MODE R E#[X,

UTXEAERE 7 FRERERIREFIN ML RS,

« Philippe Tillet : X THREHIENRALE TRBAB LR , REAB,  (H5)

« Edward Yang : fRILTZRZE £ ML R4, JLFERIREREY PyTorch internals 8% , IEFEEXK ; torch dev
podcast T T K4 4 £,

+ Horace He : BSiEAINRR , ARMRN KB E MIHHR %R, RBERIRH Thonk From First Principles
# Building ML Sys for a Trillion Trillion FLOPs, #ENGREEINRESEE K HE—ELXREE.

 Aleksa Gordi¢ : A 12B4RAY GNN I B MFRRB , BIRELAN 6 F , NEAE®R, FHSIANEREREERRE
R,

« Alexander Amini : ¥REY MIT 6.S191 BEBF B T RMWRELEE, (8EEE)
Justin Johnson : IR ZEBR K FREBIIFEHE,

* Yannic Kilcher : 7 8] , {REVMLL R E LREF,

« Wen-mei Hwu &% PMPP —$# & &% : GPU REMNXEF A,

PyTorch HIBA : B &% Composability Syncs , iIXEFHK —BERER.
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https://arxiv.org/abs/2603.05451
https://github.com/Dao-AILab/flash-attention/blob/fa4-v4.0.0.beta4/flash_attn/cute/flash_fwd_sm100.py
https://github.com/NVIDIA/cutlass/tree/v4.4.1/examples/77_blackwell_fmha
https://github.com/NVIDIA/cutlass/tree/v4.4.1/examples/77_blackwell_fmha
https://github.com/NVIDIA/cutlass/blob/v4.4.1/examples/python/CuTeDSL/blackwell/fmha.py
https://gau-nernst.github.io/tcgen05/
https://www.modular.com/matrix-multiplication-on-blackwell
https://www.aleksagordic.com/blog/matmul
https://research.colfax-intl.com/cutlass-tutorial-writing-gemm-kernels-using-tensor-memory-for-nvidia-blackwell
https://github.com/IaroslavElistratov/triton-autodiff
https://blog.ezyang.com/2019/05/pytorch-internals/
https://pytorch-dev-podcast.simplecast.com/episodes
https://pytorch-dev-podcast.simplecast.com/episodes
https://www.thonking.ai/
https://youtu.be/139UPjoq7Kw
https://introtodeeplearning.com/
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RiE

1. TEREETE YouTube EE“S CUDAHIISM, %R 2 —RMELEZBRIIRNE 5 MR , TAELFERRE , BII1HEN
GPU REEMSKMNER ; HEME (Programming Massively Parallel Processors) ( PMPP ) B#EIJLE, [REEX]

2. Hopper 8 TIRIFEH 8T TMA , EBR#ILL Idgsts %, Idgsts AIEfF RN X gather : warp BEEHAITERBDAEFERE

, FETERRTFHUUTELR , S EFNESOINRBLEAR. AUSIARHESHERFR , TEZLEMUITEES
RRFHu A EFEE. MMA AR RAZFLBERL SMEM A/ , Btk MAFEZZRLEIT U , HTERAKRRS, [REE
X]

3. XLEMRFIREKE PTX XK 39, B MxNxK EX MMA IR , EF AR MK, BRI KN, DN MN :  (4E#E)

/] These nunbers count BF16 el enents, not bytes.
For .kind::f16, no .ws, cta_group = 1, dense:

- B64XNxK

- 128xNxK

- N={8, 16, 24, ... 256}

- K=16

X[

4, TEMY/NHES - A A atom 2 (8,8) ? PTX LA 128 bit B TiIE BF16 JtREN atom. X TF K-major, T swizzle , PTX %
53 ¥ atom E XA 8x1, Bl 8 7. |IT—1 128 bit R, BMXENRITE 8 4 BF16 , Hitt atom FIRH (8,8) BF16 tR,  (
1) REIEX]

5 ZERRA—HR , AANEL Softmax HRLBRUIEBMKLERE KV for BHRZ/E , BEM LR KV tile fF, ELZAET , ™
KRREMNEFEHMERP , MRKRKA—LBR, ITHEE , ANEEK P, BFEEXRRE L P, XZ2/AT , 33E Blackwell
BHE  TRYEEXE. [BEIEX]

6. tcgen05.1d XIFETFTNEL , Hl40 32 5 , TR LLAH 8 5. BEERE : /8 TMEM FINBEHRRIBESRL , REETHIER
FESEERIES. XERE S WERSOHFHERY. BEEX]

7. PEA S H TMEM B/ | EIT—R QK A% PV HB|E P, FAEA S/P M. P i S £ , FTEH S BRIREN.
BESIRSE SIP BA | THABEE BN, M2 T KE QK EREAN , 1 P AA—EHE5 PV, HAEOKE
%, [REIEX]

8. A LLA —IX tcgen05.1d.x16 tNE 16 4 FP32 %k , BA —IX tcgen05.st.x8 B @ P, XERAMX Id.x8 , BATERI
BT 8 WMEHBI S, [REIEX]

9. F P S WEFHMIESHIMHERR  EBEIS¥EH , 2BRHAKIEIMH S, BRFE TMEM B IANEBE, [RE
EX]

10. NVIDIA XA ERIZFE major mode , 78 leading dimension BFF 128 bit, {B&R A (8,8) atom W4 E X GHHE LB 2
M/IN, BPR Ko Eik , AT 2HEMEHERE - M/N B E , K BFEB , FTE atom FRE#ER (MINK). [REEX]

11. B TLE warp” , M3E Softmax warp , ERENTRRITEEL Softmax , iEHE O EHM. [REIEX]

12. XthREAFH D Qstage MIEFM=ANEZRR, BitL , & CTAREEZ Qtile, A —FHE K/V B SMEM hnE ;
8 TMEM EEI LR , FEEERNE=/N Q7 S/IP/I0, BZHI%EE S £wAH , HIIERFRELRFULIE S EF SMEM , ¥}
£ SMEM £ /&% P, ib/E4E PV E#M SMEM 5E %%, iX# TMEM A KA EMRIGFZEH |, RIFERMHNEZ Q stage, A , TMEM
B HIRE AR AER T = Q AR KV EAlEE. [REIEX]

13. w2 , TMEM TN ENGEERLHFTEN Qtile , HHIT i+1 BRI EERE | XEREZHEEME TMEM , mEE6
512 BIE L A%, [REIEX]

14, XEEFREERTE QKB K BX® , ZAFE P1VREM. BAKS MK, VEEEXEW , 1V XAEEERE
PV, Bit&EF=E |, BINE warp , 1% P1V(). BEAZESEH., [REIEX]
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https://www.youtube.com/playlist?list=PLRRuQYjFhpmvu5ODQoY2l7D0ADgWEcYAX
https://docs.nvidia.com/cuda/archive/13.0.0/parallel-thread-execution/#tcgen05-kind-shapes
https://docs.nvidia.com/cuda/archive/13.0.0/parallel-thread-execution/#tcgen05-smem-swizzle-mode
https://docs.nvidia.com/cuda/archive/13.0.0/parallel-thread-execution/#tcgen05-smem-swizzle-mode

B200 Attention | 5EE& i SR A BE

15. Z2=BEHBEZTE KV I , MBEAA tile KN KV &, BN Q0. Q1 , #F 256 KiB SMEM , #id —1> SM # 227 KiB
E, REIEX]

16. A& 6 EEZHMER KV Igimks , Bk Vi) BE P1V() AR , Ki+1) NEZES—1 SMEM £4 X, [BREIEX]

17. $#8H R ex2.approx.ftz.f32, FTZ RRIE/NTF FP32 EMBCCEMNBEEZRES. MREMHIEMLITE ex2.approx AFH , XB2
FARIELRR. B MNMOPABHNEERNT 21126, [REIEX]

18. ZB/RECAIIBRIEL Softmax B/ tile FHELYVBREH , UETREERHEE , BEREE FA4 FiE, [REIIEX]

19. XEERANTEN 96/32 &%, A& 10 BEtls S &F : & 96 SIMEFFsR , € 32 5IM TMEM Eik, A% 13 BElS
PR : t& 96 5. FF#a PV, BRMWE 32 5. MBME(LIRIL , HARFEBIN T ; 1281 PV AHWAER 96/32 19 S &7,
¥ EWILATE P AERK 16, 32, 48, 64 = 80 FIAT R, AKIERF 96/32 , AT AR HMLLA], R 64/64 FH)5 , BIHEE
EE, [REIEY]

20. RTFRFLEEMERNNMERAZER, [BEIEX]
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