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Recall: Tensor Core session

=X Tensor Core EIXRIRFE—MIR: BHNEMERUNAIEHEEEICHER

L—CE TaYERR —RIER

(xf

sm80

: HiEeESFer, 81 HEE MU fragment - ldmatrix - swizzle
mpere

SrpsewEmAng, BT Core it&RJ CUDA
sm30 fﬁaﬁmbﬁ"@% Snsay Core SN core smem descriptor + 5 wgmma + TMA
Hopper TA
Bf"‘ig"l SR LAARSERE, MATEMREARELRE THEM - BB4EF2R% - mbarrier - 2-CTA
!558*?5 SEOEERIR, SIS TR block scaling + promotion - EEfREML

T—i3%: tiling « pipeline - warp specialization, FF%p X 50 {ZR9ZEIR

Bl Tensor Core VAR, BJLABZI— P EHERNEE: MBERETETHAMNRES, RFtaatikik
AHEURT Tensor Core ABEEBEZBIR, BEURTEEGFLEL. NMATHHEERMERuXE TR R, FEER
EET—MER. BIES eI I#okAY data movement + synchronization + pipeline,



Recall: Tensor Core session
U2 0 T SIS FH R

Volta: thread-driven — B8 MNEEECEH N, |d.global EHHE/F88. st.shared Bi# shmem,

Ampere: async copy — cp.async Bz N\ITELZEFEMBLE, aILZEK software pipeline,

Hopper: TMA —» —{&iZAR—MEIARTIREIAY tile iRz, H—PiBHtAERL. K. 0RGIE
R I TR BRTTIERE A=K, (cp.async FERAEECEIR. Ba4Embit, )

Blackwell: TMA + TMEM — #3ERRIZF0 tensor computation BUIAFRH— T EFHLA,
HUEMZIETEM programmer-managed i&FiifzEA hardware-managed,
Tensor Core BB T HUNBLRIFLHITHIZIL:

Voltay WMMA — warp REFERIZZHAITIERSE, E5RES1Fas fragment B,

Ampere B MMA — B ER] shape / layout / data movement 14l,

Hopper BIWGMMA — tcA—MREAZERRNTREEITTRN L — 1 BELaNTERE, EAFEFED

warpgroup #ERYF, ATLURRIASIPAIRETIN commit_group / wait_group, BEEEEMshmemArisEiaiA.
tcgen05 — accumulator RYIFEMNENFFERT EEl TMEM, IR FHFEFEEER.




A100 SM DATA MOVEMENT EFFICIENCY
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Recall: Tensor Core session ‘ %
Data Movement 1 Computation HUZEHEZ, (FI1EFR "AH—FKES = FFER
= FAT 58" NRSHITREEE A B LIERFIIITA I

Bign, TMA afLARE &E— Global Memory — Shared Memory BGE& Tile itiz; A LAERT

BEBHITEMITE, XA T — N EHKERIER . Consumer HARHMRAT AR £ HEEEUXER Shared
Memory? XEABRREESGEESRMNTEI TEMIE, MEANNHNEREZERERRERMN, MUNKES
HEGEEREKHE Consumer BIAEIFIR] IS4,

Htb, EIZENBM Thread / Control-flow Synchronization 4£[r] Data / Event Synchronization, &4t
Y _syncthreads() EEESFEZ [RIREHRAEMBMNAIRFERLZEN,; Hopper 5| AR mbarrier &
BN ATLAH— PR IA S REESF M RERRERK, £ Consumer BElSE S ERIEURE ST,
TMA., WGMMA, tcgen05 FEFL2(EHR async proxy #1417, ME1E Load/Store §F generic proxy;
AE proxy ZBHAEBE T IEAIFFEENTEEE ordering, FEtt U@ BRI SN EIER (K
i, 7EUMCERE E, mbarrier B9 transaction count LUK Blackwell 9 tcgen05.wait S #Ia]LUH—

IXFNEFEERS Memory / Tensor E{EIAZIFTERRISSAARTS.




Recall: Tensor Core session

XIrEfEEEE R workload, FRFUEFEMBRERNTEELT BRA—BFEIEHRNE: HIEE
HELESRY, BW=eER5ITEESE, producer #] consumer Z|BIRHKIREE R #4R%I
BXRX, UKEBIERE. B8 EasEEERE 4GSR,

GPU NEIZINHIRZHNSEABRE "HEEREIX" Mking "WNRTRIFT 7. BLEEEuE

B4 ready. Consumer HARHERAI AL SHBRESNTT" . RSHEIFGREERA, EBN4EREIERK
MHVERES. THNEEEREEE. BodwistRE. HAJE barrier F1 completion mechanism, 25 E#D
EFRRE— N WA EIERRE R IEFRRIAT BRI A IEENTTERTT, FhLitESaeEHR?
HA1th B2 7T NVIDIA GPU f{ai@id Pipeline B4REGERE. 5BFETEFIM ER KT
{8 Tensor Core RAJEERFF busy, AERY Pipeline Ordering AR ZEIBHEZIATNAE,
BENI&E8E producer 1 consumer BY5Ei5X&K. buffer BIEGER]. B RERUE,
LUINITE. iR SR ERNEZG .




Recall: Pipeline Ordering session

Where Does Uncertainty Live?
model main orchestration principal trade-off
GPU pipeline dynamic readiness + explicit waits buffering / occupancy
TPU systolic array spatial wave through MAC cells shape rigidity / fill-drain
Graphcore IPU placement + BSP exchange phases mapping / global imbalance
Groqg TSP functional slices + static stream schedule compiler burden / less dynamism

FttPipeline EIFREENAERE: ERREFTATIEEMN AR, EHANEIELRT? ERSHEPRER,

*

HEHNIT, FHAB—AHERANEIESEK?

XFAFRIEAVEEERE or B EE ix—, HPPKkE—HES &ZITtrade off: FEHSE4RIRIE
Y7o, wmEERESEHERE. #F5ESEE. BEHSEEE, RIRESHFUE, LIRMARIE

BEET RN R SIRSHIRLZHHE.




Communication 5|\

{E£EA GPU &R, iXEE(EATLAR Compiler, Warp Scheduler, Scoreboard.
Pipeline, Barrier, Copy Engine 1 Memory Hierarchy fE&HE, FE(iIFEHENME
£ Register, Shared Mem, R _EERB&EE HBM ZERaIFRIET S IEFEH.

SK, B(BEE— NI EE GPU-to-GPU EiEEEL,  IATEUER Producer #10
Consumer AB{\FE—3R GPU I, #uErIgEEEEE# GPU Fabric. NVLink /
NVSwitch, PCle, RNIC, RDMA Transport fI3Z#a/48, FRABRTER GPU ERHY
Readiness. Ordering. Completion #1 Visibility, IENREEHEARRNISS. b,
YN R I SR RS S da AV
XA — N RIEERFSERR B SN al

—IR Tensor Chunk )\ GPU A &% GPU B BY, SCfREE THARKIE?

GPU B aN{I#dmX REIEIE S LRI LA consumer kernel IERfth{sEA?




Recall: Networking System session

GB200 NVL72 ARCHITECTURE
NVIDIA Blackwell Ultra GPU 72 GPU Fully NVLink Connected with 14TB GPU Memory

Rack

x16 PCle Gen & High Bandwidth Interface 160 SMs per GPU: 540 Tensor Cores
256 GB/s CPU Host Interface 1078/s Die-to-Die 15 PetaFLOPS Dense NVEP4 4-GPU * ~120kW
Compute Tray 400Gb Node18 * ~2900 pounds
1B * ~85% LC/15% Alr
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What’s more in Rubin

NVLink-C2C 896 Tensor Cores
1,800GE/s Coherent 50 PF NVFP4 x16 PCle Gen 6
CPU-GPU Interface 256 GB/s CPU Host Interface
|

GRAPHICS RAP RAP GRAPHICS
PROCESSOR PROCESSOR RROCESSO PROCESSOR
CLUSTER USTER i CLUSTER
(GPC) RC P (GPC)
>z
F4
GRAPHICS 5 i : | GRAPHICS
PROCESSOR . - Py - PROCESSOR
CLUSTER CLUSTER
(GPC) (GPC)
288GE HBM4 (up to 22 TB/s) NVLink v6
s : " 3,600 GB/s to NVLink
Confidential Computing ’ Switch
TEE-1/0O Capable

Rubin GPUs contain up to 224 SMs and 288GB HBM4 Memory. Available SM count and HBM varies by SKU.



What’s more in Rubin

Blackwell Rubin

Memory GPU 1 SM GPU 1

SM GPU 0 NVLink — Memory GPU 1 SM GPU 1 SM GPU 0 NVLink

Data Sto re

Figure 7. Rubin accelerates NVLink communications using counted writes



AR

HRFILE NmRAAET BRI ESE. EVFFE
Delivery: WZfY packet 8} fragment ERELFIX?
Placement: ZUEREHSANIERIIBER buffer #1 offset?
Completion: AEENMAHEHEIRMENSEREL5TMN?
Visibility: B#RGPURI memory system EEERREIEMEZIXLEF N ?

Ordering: payload. completion signal, fence #1 consumer launch Z[BI2&wmENERITCIFEXER?

IXLEHRIATAIFTIGPU B E&X1SEBRR BT IR TG ERNE MK
FETE: Sender-side completion 7<&F remote consumability, Zith CQE. DMA FEpkEk;

packet Elix, #BAEE GPU B B consumer kernel B eI LA H A B REEE.

LA GPU A [8] GPU B f#f RDMA Write /9f5]: A 558 source buffer, A [a RNIC 1232 WQE, &iX75

CQE. transport ACK. B AJ RNIC i bytes 5 \H#¥r buffer, runtime &%p ready signal / counter, B

B9 consumer 47 acquire/wait, B Z£iERFITE,

[
&




&9 OVERVIEW

N TEMNXEEM, RETFEHIP sequence, offset. buffer ownership. credit,
ACK, reorder, completion, memory ordering. timeout ¥ recovery ZFIRZ,

BEiEtk=R LEREEFTNAETE, BREASTTER: XERSPATESFE
GPU. CPU. NIC, 3z#&#l. HBM, F_L SRAM. PBAZIFOHATHIIEL,
IS KETTICHRE : XERSH =S S ERZBERRE?

BN %7E GPU kernel, #@(SFE. host runtime, transport, NIC,
SmartNIC/DPU, ZEAIFIERHEHIES. ARRFRE: HERINEHRGRK. L7
=, ESSgEEE, 1R completion; E{RIE consumer visibility; 1EEREPHIE
[RERESRES, R EEERIRER M L ERSERFAEENT.

linll



&9 OVERVIEW

SIS HEIEY, BRUREDRERIRER,. KRN %DE&/J\E’J&A#FHE)J {EI_J
IBINCFRE, GEEFIEHA.

SENERSES, BEERE. BAZER workload, {B&1EI0 CPU/GPU FiH. RBE
SEIRFIA] WSS HIFR I,

AR workshop BEIGER— Tensor Chunk, 1EBER_EEKEHAIHIR BRI 5
. BAIRE. BRI IREHRIT.

H—~ Tensor Chunk )\ GPU A &1F GPU B i, BECFREITHEATIESIMAR? GPU B fEH4H
IGFRISRIET, A HIBREHETRIERR?

A T7EXA Chunk FEKENHRES, LAERBIRFENIERRIMEHXTEZ kernel AII, RAFEHE
FIREIAS. P TIRLiRSiN ? XEER(EN 2o ECLE GPU, @fSE. Runtime, Transport, NIC, 3
IR RIEHIE? ARNRENS NSTREFRIME. SRE. RiFE. AIFTUERT BERE? R
IR TTEVIERRLN R FHEE?
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15N P

B 1HZE TR D71 B0 B ERINX LA p IR S B
1. H+AF e 5Z?
Delivery. Placement, Completion, Visibility, Ordering 53 BIERB{+A?
2. HURISIIHRLAFR?
HBM. GPU fabric. PCle, NIC, RDMA S5x5ig#ZBlRETHA?
3. NS S AR ?
of5EtE. . 3. progress FIEEIASTERRLL ELE?
4. Workload #{eEB 2T
Ring. All-to-All, MoE, P2P/KV 5 distributed kernel &B1hEFEHE?
5. IBLEFFEESIFA Critical Path?
BEl/ER. REHRT. SEERNRE S IERIIE B 2H8?
6. NREFHXDINASERF?
IZF compute, memory 5 interconnect BSE RS, SENEEHTKIS?




~ ZK)XworkshopdT 45 HY 1815 E XX 57

workload dependency
| framework graph / parallel strategy

collective, P2P, EP or object API

| algorithm / channel / chunk schedule

CPU or GPU execution and progress

Il memory readiness / staging / registration / DMA
transport connection / congestion / reliability

| packetization / path selection / switch queues
link serialization / FEC / replay / credit

| destination placement / completion / memory ordering

consumer synchronization and recovery



EER 1. 2

1. 47 eiEZ?
Delivery, Placement, Completion, Visibility, Ordering

HIRRIA G S, BABIRE, RKEBRIES. *F GPU consumer A, LINHERITING, HAS
FE— 1S5, XEENXTEEFAAITICHIZR: AEBRER 2R,
2. FHRFREL 7RO R?
—AlgedIig12: HBM A — GPU memory system / local fabric = PCle / C2C —
RNIC DMA — RDMA transport over switch fabric = remote RNIC / fabric —

remote GPU fabric / PCle / C2C — HBM B

IESEE—MNARE, k. ownership, BAFI. SERGEN. BITUMFISEEERENMEIE, FEIER
HIR: Scale-up BEREIBETEAEIT RNIC, f#H host staging FJgR+iA<HI DRAM, payload.
control, completion, recovery ~—EER—%I&1E, Delivery AZ&FFHix GPU ELZHE A,
Placement "Z&F consumer BRI, HURIKE EFES MEAFNNGAR, BIEREEAIREE 7 +A?




1EEn 3, 4

3. RE&SIEHIRERIEHR?

s, AR, #HZEEEl. progress. completion FIEFEIRES 55 Bl R EHIMETT AL
Bl RC. MRC, Falcon, UCCL-Tran, UET EARRIKITEHERAVIASIE SiEHliER.
O EREMZRRaIRE, ERERATREITE), RIS IR E AN?

4. Workload dMafSimETMEFRF?

A[E Workload ARF=EARRRIMERE, BSBEARERKICRRFIFGTRER.

B THtERILRBEZRPITAZLSTN: P2P, collective, MoE routing. KV/object
movement, LAK distributed kernel, E#FEE(17BIFEMHARERY traffic pattern, BERIEFRELXE.
iat—2n): EREHEHEE? Contention HIMEME? BERESSITREESE? —1MEEE Stall Xa{a/E
EEIEE Collective?

ZIOESRPE: Workload dependency — traffic pattern — topology / queue / flow control —

progress and synchronization — wait-for graph — exposed critical path
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T 5

5. BEEFFHETE Scaling THNIBE54p/EHARY Critical Path?
HAEFME S HARRIERR. BIEREInE AT RREIRLTTARN overlap R, 7C
ST TEEH RZEE NSO B RBRIF .

FAMN=IEIRERE: 1. B3/ EiF: Bootstrap, Communicator, QP RIES®IRIRIL. 2.
S H1T: HBM footprint, RTT / BDP, Queue. Progress 5 Contention, 3. &GS IkE: Retry.
Reroute, Diagnosis, Communicator Rebuild 5 Restart
BB EEE —EE=HIonRAMEASEESHY Critical Path FXTEERFURHFTEK,

OpenAl MRCIAII AR | Zrtm 5= T~ *d data-plane / path resilience f9%3k, Meta i 100K+ GPU
R TIRH—nBE: BEEscaling, RAREEBREREZI, vLAIRZEEIHEINA (Finft. HBM/
QP REETE. BDP fifz. STRIZEFIAINNIMGES) Sl ABEEMEPFHNEZERER, EERNNRTR
Critical Path B9—&B73. (Collective Communication for 100k+ GPUs 5 SIGCOMMZ26: Connecting
100K+ GPUs)
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6. BB, NEHMEELRSER? (B CERIRD)

MRBANIABIELFRRANEERY, MELHARBENRITEE, SREMTA?

&g Cerebras, Grog. HBF. PNM. 3D Memory-Logic Stacking #1 NetDAM Z& Case Study, ¥
(ITHA— I REMBIERIAE: [RARBEERARNIIE, REMEIESR T, AEWEREET
Compiler, F_L#Ffi#. 1/0O Die, Memory Tier 8; Network Appliance?

Cerebrasitghsr chip-to-chip movement 3Zgk wafer-internal movement, {BE&Z&Z#0 off-wafer 1/0 pk
HEFIR,; Groq: IEEB% ordering/progress (REHIFEEI compiler/static schedule, {BERETFFIEINE
=HlERESR; HBF: oM, wRIER. BEEapfIERCARE; PNM/3D stacking: 4&%2 memory-
compute }EE3, {B5| A thermal #1 mapping/interface coupling; NetDAM: ARERRE, HEE
ownership, ordering, completion, NRFIHPEIRE.

XEF—FEN, FNERME: WMLBIRREESIEHEER 7 ? RS FRESEREREGER? B
S HIR R LR THRNAR? FRNARNSINTESE. T, X, HENSTERELIR?




INGE

\ e

CAE

Y]

e s
RS SR BERMAR, DARRFAMNEET AR,

AN |

g, mliRE t

C{ER: 1B producer—consumer {KEEE(Y ARTIGIE, BT
readiness contract, #HEATIEFRRINIE, WEVERIITFFIET WS

B. AEWMY. Runtime fFEAZRERIMRERER, 1£-

1’—T—E consumer

X495 contract B9

57 1XEinsightzfg, F{JFFiaDive into BE{RRIAT.



— XA TRERNLE

o N o Ut A W N = O

workload dependency {4 B BEXHEUE
framework / strategy  rank. group. FTHE
collective / P2P APl {EX.: reduce, send. get. put
algorithm / schedule  ring. tree, chunk, channel
kernel / progress 1 post. ifE poll. 1A signal
source memory readiness, layout, staging
device APl / DMA registration, WQE. doorbell, DMA
transport ordering, CC, ACK, retry
topology / path NIC. switch, ECMP, Z3¥m@E

9 queue / serialization  credit, HERA. ZiFEEIE

10 link protection FEC. CRC. replay. flow control

11 destination placement address, offset, reorder, commit

12 consumer / recovery  fence, timeout, ZEif. LEKE




= 1&

. 1B mirl_:.]‘E\.

T visible =
T source ready  FEF=EET/fMEES
+ T launch _progress launch, post, poll. doorbell

+ T stage copy staging. pack, registration, DMA setup

+ T _queue endpoint / NIC / switch HERA

+ T serialize bytes + BHEIKIRZR

+ T_propagate L, XMaBkER. PHY/FEC

+ T place ALFEH. BirSA. cache/memory commit
+ T _complete ACK. counter, CQE. fence

+ T consumer wait HEBEEIFRENERZIEUE

+ T recovery E8. &= f'mﬁi ERI%H
- T hidden overlap  #iTEaE M chunk FRiRRYERS




EREFUSIN

XMBEEERNATVAEEIRAABAMRR, TE2EAEIRR. I —RIEEZRERMETE)E

producer event—=WQE post 2 launch/progress;
post—first packet/DMA 2 source/NIC;
first—last byte 2 queue+wire;
last byte—ready signal & placement/completion;
ready—consumer start & scheduling/ordering,
E ping RAEAEEUEEEE RIS, E T queue F1 T recovery RTEEITHIN.

54 AllReduce, MoE dispatch # pipeline stage &8 EIEAKGh, BMFEFIITHATERE, RERF—

—REfE. CPU progress gap 8B4x HBMZ&F, EHLFYMEKH TR sEEiEkKRF.
XEBEXHIY/PI9/P999. F K rank BFEIFN barrier wait, 1ZWilRFERSCIE per-rank timeline $5—
MREZE, B/AEM producer, path, queue, retry. completion EXER; FEIEHEI rank AY
idle/barrier gap. B EARERERIKIIASE EEE.



el 1+ AREZE?

{BRi& GPU A 7£ HBM =47 — 32 KiB chunk, GPU B B TF— tile K E.
WER bytes/fragment ERZENAMERZIR (Delivery) ;
EEBANERRBRbIE. offset 1 generation (Placement) ;
B—IUEHIE A XS EEER (Completion) ;
B £ memory system ¥ consumer 2REEETE scope FTMEREIBAN (Visibility) ;

payload. signal. fence ¥ consumer launch Z[BJFEER] happens-before 283z (Ordering) .

(BENI—RD A iBZE R ISHYIE

/

SN ER A S

ST TR Pwire stage)

XEBE X5 sender-side completion 5 remote consumability: 7t CQE AIgER 1T A EF
source buffer, FFAIERR B B9 kernel B2 acquire E|Bi5EUE. 5450, Buffer ownership/lifetime £
EaRTEaiE: BEFERFIHEEESHRE, R A EETESHR source buffer, 2% B AY target slot B
ZH N EBE, BIIFBELEBEE.




EE 1 AT

A payload. =HEHESEFSSHEEISFF: payload fassik bytes, #IERR KM=
S, credit, ACK, counter, fence 8 error, {HI—5KIgZE(E, B ZFAIRERMNAE
1B EK. XEN=CABNE=FWNIE7AIEIREZ: =HEE 0885 payload —
Fof&H, completion tAJEE piggyback EizFER FaiEHE— endpoint BiZ~4

FESFNBAME: bytes EFIREIN, #&kl/metadata BB F TR IEFRERRE
#, LUNRIEREXRR completion/publication 2584 4%, XT B Y readiness
contract iR, REHP—RMETERB5TM, consumer FAJEEHREET, RN
kernel >Kj3zf1. polling 8% pipeline bubble; 5 B J53<Y source-side ACK ZEIRNIA—
EFEZE B,

LI

o




1.1 Delivery

Delivery [a]HYZ2, KEHY packet / fragment 2EZNANNE XA IRR? FEIRE:
message / chunk identity
sequence / offset / length
integrity 5 duplicate handling
gap / loss EEEHAIE (EMYTITFELFEER)

AR 2 ©BNBR buffer 2 consumer BETLUE,

ZRARIMER SR LAR remote RNIC EIFISUE T fragment, HEILAR scale-up endpoint 37—
/* transaction; FEEERBMMNGENXRER MEBERZIRAZIX GPU HBM,

Delivery 22 message identity, offset, length, F=TEMF0 gap/duplicate A7, EWOmAIBETOIF
ALFEIABmEeF L R ERTiRR. BIFEEHmPaY ACK, receive completion 8%t transport
state AILAIERAE—/EHY delivery obligation; B{IJA~BzhiERA payload E&5<MBRSA or B B
kernel 22 acquire 2lEHE. X1TXo=&R5FEMHE RC. MRC, Falcon, UCCL #1 UET HIECER,




1.2 Placement

Placement [AJfY2, bytes EBELE AIEfEHYaddress/offset/generation? WJRBLIL:

address translation / protection

range 5 length {&&

fragment coverage / hole tracking (&% 72 HEELF)

destination buffer ownership
EN AIFELRRT, direct placement BILARSIFELEB AN, {EFGERIHE IR BEESIR generation,
Placement BiraJggRizmim HBM, host staging buffer, Lt scratchpad 8—1"H runtime &£ slot;
W/RBAIBERZE consumer 1SEEXAUMEIHE, 32350 RELFRERINMY A, BJLUI% fragment offset B A,
AEK payload 1IZMBENXINFRIFT; LA =KImAEZER hole/bitmap. <E#0 generation, EHRIRZ]
A E—REdREIsH=R buffer, U ZHNIATaEATRIXLENIMAY reorder state,
DMA BEZBEN—Birttl, REFEA logical chunk BER5=EME; — message tHAJHEET
staging. reorder 853 H1E3L., UHEMARZE sender-side CQE, MEFEEFBNTEE. fragment
completion, reorder state 1 buffer lifetime,




1.3 Completion

Completion A2— 2FEH. TJeED3IFR:
sender: source buffer ATLAS A
transport: delivery / retry X455
endpoint: ZA<E DMA / write obligation B45
runtime: ready signal / counter &%
consumer: EiE/E acquire FIGFFHIR[ER (readiness endpoint)
=1 CQE / ACK / counter / event&fwi/na): BE=H—E?

s

Ki%E7A CQE FJaERFR~A Mt WQE B/ RNIC 4ME2, ZELAf#RR source-data obligation;

transport ACK BAIBERZRT X imES 7 MNENSS;

remote write completion, runtime signal 1 consumer acquire 24 EZ=X. B APl FhENX W
MACHIEEH] memory-ordering FEX A, KREX 53 definite success, definite rejection 1
unknown failure, EEfAREANMMRRBIFFER, FEINEPmEHRIT, MR buffer ES5RELE,
WIRANIE =R completion/ownership ElE&EwE 714,




1.4 Visibility

Visibility [a]gY2 consumer fY memory access BESERMIE scope THIERE! payload?

DMA write # kernel-visible write , signal observed # payload visible (BRIEENX 7FFrE&ER memory
ordering)

Visibility Z8X3F consumer 1 memory scope EXRY. FEFESRIRERMEBEHF—EE. EI fence,
event/stream dependency. acquire/release B EftE scope, KEEEFIMNE, memory model FixE:
EFRENARIHA consumer AJXEZRAYIE,

BIEIREE flag 2ak payload ready BYFE 0 EHE: producer 55 payload, B&E#H flag;, RE3
flag BUAFHEIEAM release/ordering IEX, FH consumer LAICEREY acquire XA 75 ISEENAT,
Mz=Z flag A 8E(F/91EEN payload BYk(4. BN, consumer AIGEEREEE! flag, FMABEEILCIERR
payload EfEFEE memory scope NI, FE#E, payload BN BHR memory system, 1EHE RIS
H—ER placement 8 DMA/write completion; A<~BzUERH consumer 2MZ=Zl payload 5& 2
1TFrFEAY acquire/fence FR1EHRITER. IR 8IS+ payload visibility B9 memory-model iE
#&. consumer-side acquire, event/fence. FERLICRLAKRIEESRY protocol trace,




1.5 Ordering

Ordering W ERISCIEREWIRNIL:
payload writes — publish signal, phase n — phase n+1, metadata — payload interpretation

producer ready — transfer launch, completion = consumer launch

sequence / phase / fence / barrier / acquire HEZFREXIXLE happens-before A5,

Ordering ¥JseBe “TEWBMEL. XJUERKIZL”

Zig12ay direct placement BJLARIF packet ELFEE; RE message identity, offset, KE.
sequence/bitmap 1 commit rule gEiEWIRRBIRTRE fragment 2655%, EWUrRHATLUE bytes 5
ZIERIE, Fi% logical order K7HERIAY completion/publication, XEEfZRHIE fragment FIIREN.
matREXRINE, ~FTF consumer E&5R1E1EEURTE.

RIfsE packet #ZFF2AH BiRmBEikeE placement Bi3E—/ZRY completion, tBABIIEKRE
payload Ei#AN consumer FFERIRI IMESEE, BEARLRE consumer EMITETEERY acquire/fence,




1.5 Ordering

MRS :
arrival order  packet/fragment {aJF5 2L endpoint
placement order  bytes {E]AfE A address / offset / generation
completion order f—ZERY transfer/publication X &{AAJ4ER
visibility payload {AJBIXS consumer {E£FffEE8 memory scope ~AIIL

execution order consumer {ABY5EAk acquire/fence FIREHITERFE

— MY ETBERIRIEE P —2(9y, HEKMHH endpoint, runtime, memory model 8

consumer kernel ¥p3%,

ESBALE stale signal: buffer ERfE, L—H#IREIRY completion, flag 8 counter NEEHRAEIER=
B generation By ready; &S HEIER generation/epoch/phase, ERAZENMTAIE FEIRIF
N,  (FEAIEER 3SFEFPRESEDRAILLR)




1.6 1\25

Delivery  #lEEKIREZR] T EFE fragment
Placement bytes {i7F1Eff address / offset / generation
Completion 1§EERY transfer / publication X545
Visibility =~ consumer 7R3 scope FRIMIZR payload
Ordering  payload. signal. phase. launch B95E/E295R AL

BT LR E— counter, fence 8 completion record =& k#, tEAILIBRSNERS BI4ER,

Buffer ownershlp/llfetlme ,—Ed‘ﬁl‘jyé%{th
— MY ATRERIRIER F—ER9, HAREMEH endpoint, runtime, memory model & consumer

kernel ¥p5%, IAEBHLE stale S|gnal buffer EFfE, L—41REIRY completion, flag ¢ counter A<gE
%}S'Z%’q’:hﬁlzéﬁu generation By ready; &HmSFFHHEAIIRIER generation/epoch/phase BRI

HYE FRRIFHLE,




2. SRS T HRLin R

ETICEIREEMLEIAFR R, BB STEBNRREXLBERS A BARE— send,
all_reduce & remote write, EARRFFELAHIERZAIEETEAR.

1£f&%5t PCle GPU 5588+, GPU 5 RNIC AJgEiEE/ER—1 PCle switch T, tBAJgEFEEES PCle
switch, CPU Root Complex #Z NUMA domain; X&ZEERSE#EZN GPU Direct RDMA BYH55.
SERT NIRRT S

£ DGX/HGX £+, [E— NVLink domain BAJ GPU BILAEIE NVLink/NVSwitch &5, miET
mEEEEAE=H A PCle/RNIC 1 scale-out network,

ZJT GH200. GB200 ZGrace Hopper/Grace Blackwell %, CPU 5 GPU Z[AIX1&I0T NVLink-
C2C, MZT1£48 PCle host-device boundary; £ NVLESH, NVLink/NVSwitch ifeH—E B
rack-scale GPU fabric,

Vera Rubin 4r4E50%E C2C, scale-up fabric 5 scale-out network o 2i&EH, (BEAREHREIRE(
BURTFSEbR mBc EFIFRFN.
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III\

\N\/

HItopoz3l

}jzﬂ]ﬁ‘ﬁé‘i‘ilkbﬂﬁgg%!l[ﬂj ¥ GPU, CPU. PCle switch, NVLink fabric #1 RNIC, BiZME[R): #4E
MNMAR, #k, ownership, queue, completlon V|S|b|I|ty$IIIfa||ure model E£ETHA

=/igId—

— PClex16

Blackwell

Basic 8 PCle GPU to CPU Block Diagram

Blackwell
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2.1 Inside Al Servers: Package, Node and NUMA

PF—FKIKR: HTRREH fabric

producer kernel writes x][i] into GPU A HBM

| source-ready signal / dependency
GPU A fabric endpoint reads or sources the bytes
| NVLink / xGMI / HCCS / accelerator fabric
switch / crossbar arbitrates and forwards
l
GPU B endpoint places x[i] into GPU B memory
| completion + ordering
consumer kernel may read x[i]
AN A, B i FRE—1HEHR scale-up fabric B9 domain, B{EEAIEEIERE NVLink (xGMI, HCCS &)
peer path, payload A~ 3 host CPU/CPU DRAM., #pEE RNIC 8 Ethernet/InfiniBand switch,
a2l PCle PEURTEUN GPU, HrizasflaFh)




2.1 Inside Al Servers: Package, Node and NUMA

ZiE&: AR producer 56 32 KiB chunk 558; &A™ GPU warp, copy/collective engine B
endpoint 3%18 ready £&{4; source endpoint M\ HBM/L2/SMEM 33h7E&{SENEY; fabric {4%y; B
endpoint 12 bytes EABMUIE; completion/fence &EFF B AY consumer, X3iEH NCCL &,
device putffEFERFEH, FaHY endpoint queue. fabric credit, arbitration. peer HBM write 5
signal BEEPEERE.

#RfmATgER source HBM read. endpoint injection, $LZ= fabric edge. destination HBM write &,
completion wait, EIRDBIRIEER producer [51< gap. fabric link . H— edge 180, B
memory busy SEUEEENE kernel {37E poll, IHENZS NVLink (xGMI/HCCS) counters, per-
link bytes/stall. HBM throughput #1 GPU timeline,

NRIRFB = KEIHANTRRER fabric, BEBERIMITFE—EIRSG:E, EUEFAIsERENER /0 1%
2 A—TRRALIE PCle P2P, EETRNENRIZE GPUDirect RDMA,



2.1 Inside Al Servers: Package, Node and NUMA

Ea_z—i’t&é T EIER 1/0 fabric

common host/runtime control:

setup: map/register peer memory (if required)
per operation: build DMA/copy descriptor — submit — poll event/fence
PCle P2P (when the platform permits peer access):

GPU A HBM — GPU A I/0O endpoint — PCle switch / root complex — GPU B I/O endpoint —
GPU B HBM

completion/publication (semantics vary):
copy-engine event / fence / signal — required consumer-side ordering/acquire — consume
BE—&iREEA. [REEH GPU fabric fif—Fft PCle peer-to-peer &K, H¥F&. IOMMU fIigEH
B I peer access, GPU A B9 copy/DMA engine BJLUEIZAM, 1/0 endpoint, PCle switch B root
complex, 8 payload EZEA GPU B HNE®F. (42 RDMA, ARFELID RNIC S57MaBAHRMZ)



2.1 Inside Al Servers: Package, Node and NUMA

CPU/runtime BJ8EfAE=EIZ peer mapping. 12 copy/DMA descriptor #1488

event/fence, {HE{ progress 3R]EEE GPU copy engine 8 runtime 5:E52HK.
Prog Py €ng

FEE 9 BINE source HBM read, GPU I/O injection, PCle switch/root-complex

FH. destination HBM write 1 copy completion, #& peer access. IOMMU BRET

PCle bridge (iR BZHEARHE, runtime T[EEEME] host-memory staging,
g y staging

TR GPU EE—aRFHEA—EEZR— PCle switch BB RERE, MN{ERA nvidia-smi topo
-m. PCle ##h. GPU peer-access g6/1. NUMA 4. P2P DMA microbenchmark #J] GPU timeline
HEIFIALPRESIZ.



2.1 Inside Al Servers: Package, Node and NUMA

FE=5I8R: 53 CPU/host memory B9 fallback

GPU A HBM —DMA/copy— source host buffer

source host buffer —RNIC/network— destination host buffer
destination host buffer -DMA/copy— GPU B HBM

[E—Hit payload # memory system JRSZE/ID=IK; B—EREPHIRIZAY queue,
completion 1 buffer lifetime,

= peer access. IOMMU BG5S, WEEMEIRBESASIFEIAR, runtime AJgEIE[E staging, XJ
[E— 32 KiB chunk, 5t A HBM #&Zl host buffer, ZHX—E& completion; RNIC BB host buffer
HE2imim host; REHEIRHF B HBMFA A% consumer-ready,

E4REAEFE HBM, PCle, CPU DRAM. RNIC DMA #1 launch/progress &iE; MEASARES, inm
2imAIEAI AT eERAEIENN. EEBEREN collective/P2P ZX18, FAKIE runtime B fallback, M2
host memory traffic 5 GPU copy engine j&Ek. NIC {3&a/RER, timeline HEL HBM—host #[
host—HBM REL.




2.1 Inside Al Servers: Package, Node and NUMA

1. BREE GPU, NIC, CPU socket 1 PCle switchfapkE—1E . (RIERE? R EIEREEIYS?
2. JWHEXIHAXIKR, [ERFIRAEBEEEXIFR? E1I8Y hop, Fie. ERFIFEEITAERE—E?

3. 81 NIC &2 PCle switch, root complex #1 NUMA domain? 5L GPU E5E#EA
peer-DMA Eg{2eKEEITRY affinity?

4. IgBLe PCle link, root complex, NIC uplink, fabric edge B aZHEH#F1E oversubscription?

5. BEIEBEHF X 1N EwmiEfg, addressability, ownership, completion, ordering., visibility 0
failure boundary K&ETHAZTL?

XA NS B E A EZAMWIEZIR, =20W ring . hierarchical collective 7345, EP
expert placement, prefill/decode gy NIC 5&4%, EABEEIE rall B AREEHIFE.

LB APl iBERZFILZEE rank, HARETER GPU,. NIC, PCle #1 NUMA B&3, Eit, BIEES
ZH0 |logical rank graph B§JZ! physical topology t. 3&iERY, M topology. rank mapping. SEfR
route, GPU-NIC affinity, per-link bytes/queue #1 per-rank completion time XJ5%; {XF—3K] &h
FNE|, FoATRNESCE(SEIE.
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IREE: —NBAE device (FHJEEE SHMWIRIEE

NVIDIA ELG A Blackwell: 1™ reticle-limited GPU dies B 10 TB/s chip-to-chip interconnect 1%

BER— “single, unified GPU" ., X 7 24 CUDA BFREEI— device, {EAREEHEHE M

tk, &4~ HBM i[af0&8 1 cross-die transaction E3EHEEIRER. THadA. RLhZiEiRl=sESE—
AETYIRRIZERR; 35%1E local / cross-die / peer / remote D FNIE.

: NVLink-C2C 896 Tensor Cores "
1.30@@8/5 Coherent 50 PF NVFP4 x16 PCle Gen 6
CPU-GPU Interface 256 GB/s CPU Host Interface

GGGGGGGGGGGGGGGG
RRRRRRRRRRRRRRRRR

288GB HBM4 (up to 22 TB/s) NVl7ink v6
. . . 3,600 GB/s to NVLink
Confidential Computing f%v;w% b

TEE-1/O Capable

Rubin GPUs contain up to 224 SMs and 288GB HBM4 Memory. Available SM count and HBM varies by SKU.

-



2.2 From Node to Cluster: NIC, Switch and Topology

EIXBHAIRET—EIRSSES: T GPU fabric, T8 PCle P2P, LARTGEEIARTHY
host-memory staging, IEEBFY BEIS—aIRSEs. XITF245F GPUDirect RDMA
5,25 peer DMA V&%, BEE payload K122

GPU A HBM — Zith GPU-RNIC 1/0 link = RNIC DMA/packet engine — RDMA & E{th transport
— Ethernet / InfiniBand switch fabric — imim RNIC — izmim GPU-RNIC 1/0O link = GPU B HBM

RNIC 25 WQE fOitbiit, A3UEAREFE DMA B, B9 ER. B0 transport header, HE
ARE, REFEAUME, transport completion;

SHRLRABE,R AR, BASIRD flow-control state;

DPU BILAZRIMNEST policy. storage/security/control;

scale-up endpoint N5k load/store, tile 8% collective transaction,
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F—r= AR E—MAR, RERhHSESBIEERS: initiator, progress engine,
data mover, completion owner, recovery owner,

FERAREBESEEAU switch queue 1 NIC SRAM, #I=LA launch gap. K&,
P99 & timeout FIFNFEZEA].

IGUERT S BUEE WQE/CQ. DMA. per-port queue/ECN, DPU core utilization F0
endpoint credit/replay iH

Ho

—
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—SRIURET AERBRI—S RC RDMA WRITE imPlimEs{dE :

0. setup: register MR / establish QP (1IBErRIHEE)

1. post: write doorbell = RNIC fetches WQE

2. validate: local Ikey/source buffer, remote address/rkey/access permission

3. source DMA: GPU/host memory — RNIC

4. packetize and schedule: segment payload, add transport headers, path / CC / pacing / queue
5. fabric forwarding: RNIC — switch fabric = remote RNIC

6. remote placement: remote RNIC validates packet and rkey, reorder if needed, DMA-write —
remote GPU/host memory

7. reliability: ACK/NAK/timeout, retransmit when required

8. retire: release outstanding/replay state, emit sender-side CQE

9. optional publication: WRITE WITH _IMM / remote flag / counter = consumer-side ordering /

acquire — consume
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— workload 2 RIgERIBTERERE. (LAAWSHICCLSDeepEPZEAF)
global collective — intra-system phase: NeuronLink / accelerator fabric = boundary / aggregation
buffer — inter-instance phase: EFA + SRD/libfabric path — remote intra-system distribution
FREEESEFTHIN: chunking, buffer, completion, failure boundary

—™ global collective AJ5GfE Trainium system &I NeuronLink/accelerator fabric reduce g
gather; ZREFINAG, HELE chunk 3245 EFA + SRD/libfabric; imimi RIS BEAM fabric 5%,

FERBER—IX collective, (ETFEZ/VPERERRE. M1 RTT SEE. FHESIEFXR, MKRBIEZEE
3kRY buffer/completion, 7 intra-system phase 1€, EFA link AJEEI<EA=A; EIESLf phase 18, ZAith
accelerator fabric &HIEFRT. MWIE collective timeline 435k local reduce, boundary ready, EFA
transfer, remote distribute F3 5B A1 fabric 5 EFA counters,

DeepEP V1 2DSH— M FHREPIE(SEZE: normal/high-throughput kernels & NVLink 13RAIEHEEE
HR¥ A% RDMA 15, BirRRKHENRUKHEILTE,; £X) decode NBERIZER, V1 Bigfd
pure-RDMA low-latency kernels




2.2 From Node

to Cluster: NIC, Switch and Topology {555}

Clos/Fat TreezH:

K22, ECMP BE# flow i5—5E&, BESEZEMNERER # — 1K flow BoiFAEENEER. path
diversity 2#Fr LFES/DEFNIRIR,; path selection 23#EA18L endpoint {EE— flow BREJEIHE
h—&KE&1E; capacity balance NIZEKIETE traffic matrix f7, 88— MEX cut. uplink F03ZRHAFIERS

RBIEIRSZE., BIBFEH AL /EME BaiL,
EHAY Ethernet/RoCE Clos/Fat Tree #1, ECMP Z#UkiIE A cHESCIERAY flow/FFEFERMY per-

flow hash: InfiniBand &

fabric NERAFERFAIEFNSITERR. XEFEALURF— flow lIE8ERF, B

KIME—M flow BEREA—2 next-hop,

FERTKIRAY hash filf:

Z2l spine 0, BiI&HE=RE—4A uplink FIBAFI; spine 1 BMEBEHNAE, 1B

AEEXFA flow BEioiE, EiMhIZA9 QP. subflow 5&(E channel, RBETECIASCIE S IMRET AL
JEI7RIZE flow BY, A BJEEIENN hash BUFAZL, RMFEILEHABERIEYS: flow HIK . hash seed 1HE.
Z~ QP HLBHEEFE, {sAAEERE collision, BURSCIIAH NCCL B9 channel BJ8ERRETEI— a1
connection/QP/flow, FREEE channel EEZRETFTE— ML flow,
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7]

£5%F adaptive routing. flowlet switching 8% packet spraying AJLUIH—2425 path entropy, 18
MNMAMCINT RGPS, BESESEHMEELFR: BilinaIsesmE sequence number, offset, gap
bitmap g reorder buffer; transport IAERFE per-path credit, ACK, timeout FIE(ERN{a]iE,

R A R VR Bl 8E3E{L 8 endpoint BY reorder, recovery 1 SRAM JRE, A BERE
fabric BUSIFIAZE,

non-blocking 2MEX BRI O LAIFDRERIZMS. BMEROELHIAEERZS oversubscription,
$57ERY incast, all-to-all traffic matrix, [EZ burst B FESHY reroute {ARIEEERA leaf, spine link
8y, priority queue FZRkB#RT hotspot,

Collective KABBEPERTAKEE tail. Ring F—M& edge &HiE{F1Z step B ™— send/recv;

completion &&ZEERHEIE rank/channel JR7E.



&
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Torus / MeshEEx: v4 TPUs have a direct connection to the nearest neighboring chips in 3
dimensions, resulting in a 3D mesh of networking connections. The connections can be configured
as a 3D torus on slices where the topology, AxBxC, is either 2A=B=C or 2A=2B=C, where each
dimension is a multiple of 4. For example, 4x4x8, 4x8x8, or 12x12x24.

A TPU v4 Pod is composed of 4096 chips interconnected with reconfigurable high-speed links.
TPU v4's flexible networking lets you connect the chips in a same-sized slice in multiple ways.
When you create a TPU slice, you specify the TPU version and the number of TPU resources you
require. You specify a TPU topology using a 3-tuple, AxBxC where A<=B<=C and A, B, C are either
all <= 4 or are all integer multiples of 4. The values A, B, and C are the chip counts in each of the
three dimensions.

Topologies where 2A=B=C or 2A=2B=C also have topology variants optimized for all-to-all
communication, for example, 4x4x8, 8x8x16, and 12x12x24. These are known as twisted torus

topologies.
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7£ Google TPU #4 3D #&#heh, Mesh FUGEEEFESRGE . TRt Comren oo
HRREZE; Torus 7 Mesh IEHNEEARIZERT wrap- s s et o o
around §58%, FEIESAEE. Ei9E, EEETSEERSK ——

FI4ME,

(EABNSTASEXEER, TEERHEKRE TPU
V4 HEEERHTINANMEIN, (8 Google IXERITTELT ol oo
B ERREERNNE HREREE, BBNESa A |
ZIEH—ETR. ) fﬂj by

"""""""""""""" /fi
rrrrr Core sorGone i
s R e
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Rail-optimized 21t rail ¥1iE 3 <2 £, 18id endpoint placement, rank mapping
1 traffic policy LIt EURIREZ.

XIRIR collective, RE1LE local rank {FAPITELEY GPU-NIC-rail, [F#E GPU—NIC first-hop FF5H,
Fi/ D8R ECMP path collision Fl&fa—BtFFE; XIohz& P2P 8% EP token, MstiFi@Ed PXN, Aithie
K. 5 rail B AARERHITERIE traffic placement/routing, IXEARJ PXN. local forwarding.
cross-rail traversal 24RREEXAIH]. XFHHYBIRERRESZRAFIAR, B EEIRYE]
IBEH, (BRERIAEEEIN local copy. hop. completion # path state,

rail-optimized HFARKREMBEEEREEER Y rail, BARKE(E(T workload #i—EHER, F
HRANRE RO, ERMWER rail utilization, GPU-NIC traffic, cross-rail/PXN bytes, rank

mapping LAK failure fallback behavior,
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Clos/Fat Tree, BRIMESZ T endpoint EBHEE[E—4H leaf. spine 1 uplink, ECMP @BE A&
flow 1%E3F—%% next hop; FEE&REZ RFERFE path diversity, FMFIE traffic E&£1895%95 7. hash
collision, leaf uplink oversubscription ¢ ™ priority queue BY backpressure, #BRIEELL—
collective BYIE rank RER—&HZ=L E.

Torus/Meshi&H Clos B9H:(» spine, TIEE endpoint IEMRNIMES, BEEEGMELFIHEETS
iR, BRINEEBEXRAZTNEEIRENNEH, BERIKEATLIBAIRT EHRERINIRITT ISR
B, WZHItERY partition shape 5, rank placement, F&HF0 collective schedule {3RJgEEEEHITE.

FTLGEHMSEIR TR KB E, BNE "IBELEESAHZMEAIEFIR" |, M mapping /
policy RE “BBLE rank 1 chunk {HEIXLH" . E— ring BIE Clos L, 2852 hash collision;
FAE rail-optimized B9 rail 2%t L, 18rRTHER cross-rail rank edge; H{E Torus £, 1EraNlalgEskH
hop. partition shape. bisection 8 wrap-around link fAt51;, Rail Z5#a8]LAENNTE Clos. Torus 8%
Efth fabric ; Torus B2 #5857, E3L 3D Torus AN =/ MEEFIXI M AYEE LR,
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ScaleUp vs ScaleOut:

scale-up/out 2—X transport contract BY2{Z., TTRARE A fabric 8¢ PCle P2P [@EE#HERHE RTT,
E eSS, credit. FEC, link replay LA endpoint completion BJLUEIF Bz sEIRRE S
TEE8;, —EEFIRSs, RNIC g IO, UFFEEFMINRF, payload #iER. HEBA. EREFE
ImimEHINE, INSBMERE endpoint &R QP. transport, ZZHEALBAZIFD runtime, RTT/BDP. &g
=HE. BE. T8, mRREBNKERNGESHAIRIT.

X "EOMME" A2ESSE: HL scale-up fabric BEJLUIRM message-like transaction,
RDMA tER[LAE#EB AXfim GPU iteir=sE.,

HIFEOPE: XMIFEWESEEL ownership transfer, IEREIFRR x[i] 2LATLAME B jE#? NSRS
AR ERFI— opagque message, consumer FZERBHERY ACK/CQE. publication #0 acquire; 15R#E:
BRI imIEUE=SE, 3mENX placement, ordering. PR, EE/REIEUEFD terminal error,
UALink, SUE. UET/RDMA HNER, BEEXEREHER—F. BESARIEE,. BB REmA.



—

2. B\25

T/RA: HBM A — local fabric / PCle / staging — HBM B

Tria: HBM_A — RNIC — transport + switch = RNIC — HBM B

BIE—MAREPEEFAIA: ownership — address/permission — queue/backpressure —
delivery/placement — completion/publication — visibility/acquire — error/recovery scope

YIRZAEMLE R RS, AN SRGTRESFSEMELR, MR RERLIHERIUSFIRERIE,

= APl IBXEREFER—IX send 8% collective, BEREFIZITEARBAREIEGEK—" Tk =4,

dinl

TEFRAIEERFRSR D FE2L]: Memory/Transaction 5 RDMA Message/Verbs; ©1i15BUEHE
ik, #HE. TRAIRSERSHERE. tR— TN ARBNKITaISEM. Ii~7. 2=, Progress SRR
FIEEAER?




3. Memory Semantics vs. RDMA Message Semantics 5%

Memory/Transaction 5 RDMA Message/Verbs By EIBR&BEE x[i] M producer ZEihazzg
consumer; FREEPELLE source readiness, R, #iEM=. backpressure, placement,

completion, visibility ¥ ordering,

e |

XAETFREATAIREITE

Memory / Transaction B E1LERAEESOPiEEL tile & load/store /atomic/fence 8¢ copy, BB
NEEE. 15SKHEBA. copy progress [ fence AL XPU, memory system B\ fabric endpoint &;
RDMA Message/Verbs NIEkiFAETE3E SEND/RECV/WRITE/READ/atomic & verb, FHEHE A
N7z, lkey/rkey. QP/RQ ¥ remote address, RNIC #EIt4ER WQE, DMA, 5E&. ACK/retry,
replay/reorder 1 CQ,

BIE BB ZERA kernel dataflow, {HRJgES A request queue, translation, copy engine Fl[EZ4K
; |F&1ES bulk transfer, direct placement # routed fabric, {BE{tH MR/QP/CQ LAK transport
BHNAS., EIEMECIRAIZM producer ready | consumer start fY5222E&1R, LAKRE—E completion
/ publication / acquire FTiR{ANIENE.
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Memory/Transaction iEAVmimGRI A 8e5 A load/store queue, MSHR, LAKSCHIHEXAY copy-

engine, TMA g, transaction-buffer JA%;

RDMA/verbs B&2M5 |\ WQE/doorbell posting, QP context, CQ progress. E{&/ELRIRSFHIN

FERA, EHAPEBo ANl LAIERIR (R B,

EmMELE M producer ready %l consumer visible BY5E2ERTE], MIABERLLER APl BiEi&T .
—NNEFA LA memory-like APl 3Kz message transport, RDMA WRITE t2r]LA7E GPUDirect
RDMA FZME FEEEAN GPU memory; EHILEG producer ready — issue/post — data movement

— placement — completion/publication — consumer visible — consumer start MZRimZ! iRk



3. KAS ST REYESF

Delivery: link / transport %R gap. duplicate, FfifA retry

Placement: endpoint / DMA #&3F address, offset 5 buffer ownership

Completion: device / NIC / runtime &%1 CQE. counter 8 signal

Visibility: memory system / consumer $#37 scope 5 acquire 15X

Ordering: protocol / runtime / kernel 4£3F sequence, phase 5 dependency
BUNRESTEZ: link B¢ transport RFAIMIKEZEEERNRASES; endpoint/DMA fiZ5
address, offset 1 buffer ownership; device, NIC 8% runtime &fmXIh/Z/XAY completion;
memory system 2] EFIRERISSIINEI, consumer/runtime j&id acquire, fence 1 memory
scope ERIXEIE N, ; protocol. runtime &y kernel 43R sequence. phase ¥ dependency,
SCRARFBERERME, NMFERIEREE owner, Scale-up it completion 5 acquire /
release, memory scope, XERIRY atomicity, LUREBIRFIKRAGSRIENXIT.




3.1 RC

RC: fEBAISEME. lW=F0 progress 4BETE QP/RNIC

QP / RNIC: address + protection, PSN + ordering, ACK/retry + replay, SQ/RQ/CQ progress
8 RC {BJU/RIP. FHISIREF. EJ%E'TE%DBA&UJ‘LEFE‘E&J‘L& QP/RNIC B9R&HL. RNIC WizR ACK, &hy

MNEEIR, RFEURT, #H WQE, FHiBid CQE [ runtime fIRE4ER,; #HZEEHIRI8EH RNIC, 32

HSIRAMECE R R, TR EREUAE—&ER, LRE verbs IEXMIEESHH, INERES

QP ZME, WERUHR. EERERENANERESY BASZIRLEH,

Host Memory GPU 1. The application launches a CUDA kernel that produces data in GPU memory.
2. The application calls an NVSHMEM operation (such as nvshmem put) to communicate with another processing element (PE). This
e operation can be called from within a CUDA kernel when performing fine-grain or overlapped communication. The NVSHMEM
_@_ SM w—CPU operation writes a work descriptor to the proxy buffer, which is in the host memory.
b — NIC 3. The NVSHMEM proxy thread detects the work descriptor and initiates the corresponding network operation.
- E—— 1o < wite
A=—p Read The following steps describe the sequence of operations performed by the proxy thread when interacting with an NVIDIA
_ 1. InfiniBand host channel adapter (HCA), such as the ConnectX-6 HCA:
(3)( “ 1. The CPU creates a work descriptor and enqueues it on the work queue (WQ) buffer, which resides in the host memory.
E 10) C?> 8 2. This descriptor indicates the requested operation such as an RDMA write, and contains the source address, destination
address, size, and other necessary network information.
3. The CPU updates the doorbell record (DBR) buffer in the host memory. This buffer is used in the recovery path in case the NIC
12 drops the write to its doorbell (DB).
NIC L 4. The CPU notifies the NIC by writing to its DB, which is a register in the NIC hardware.
- 5. The NIC reads the work descriptor from the WQ buffer.
-3 “ ( : ) > 6. The NIC directly copies the data from the GPU memory using GPUDirect RDMA.
'y 7. The NIC transfers the data to the remote node.
8. The NIC indicates that the network operation is completed by writing an event to the completion queue (CQ) buffer on the host
memory.

9.

The CPU polls on the CQ buffer to detect completion of the network operation.

10. The CPU notifies the GPU that the operation has completed. If GDRCopy is present, it writes a notification flag to the GPU
memory directly. Otherwise, it writes that flag to the proxy buffer. The GPU polls on the corresponding memory for the status

Figure 1. GPU communications using the CPU proxy to initiate NIC communications causes communication bottlenecks of the work request.

(¢)
O




3.2 MRC

MRC: 18 path failure F9xE TinZl transport/endpoint

endpoint / path layer: packet multipath + direct placement, SACK / selective retry, ECN + path
health, completion {33£5 runtime X%z

MRC BUt#z/L2iLE endpoint/path EHE packet spraying. BEEM#E. HROICRFNSEMEIRSERNTEA,
MImIEERS link, path #0 switch failure 887 transport £,

BIEEHRY replay/reorder/health state #RpETEFIMEFIESAY path FIAZ; {BAFHEIRY transport
FEFERE WRITE/WRITE-with-IMMEDIATE, NIC & endpoint &AB53J50]8E(E QP/job £, MRC

HY completion E¥/E#E(E] runtime, AEEHE transport recovery BalfiEFEAk consumer visibility,




3.3 Falcon

Falcon: FEW#{4idEN4E%2 reaction loop
hardware-assisted transport: fine-grained RTT + delay-based CC, per-flow hardware traffic

shaping, fast retransmission + error handling, multipath load balancing, programmable engine
+ ULP mapping

Falcon EHEAHHEIRY transport, B]4wiE engine FIARA-HEITThkIEH AR,
RiTREE: BREECSBEAMKEFIR SN SZIFAUER Ethernet, 0#E RTT MZ. EF delay A
Z1EH. 1% flow BIRES traffic shaping. BEHE(ESIEIRAEIE, LUK multipath load balancing; ULP
mapping EiXiEt RDMA/NVMe &, Ri§ ordering # graceful error handling,

XKD EE R4aFEIHZE/EE R MEREFIZ(E host software XEEEERNGIE, (BEMK replay.
timer, connection, ULP FJ completion AU L)AL INATE. host/runtime {3ZEHEE buffer
lifetime. NAZ publication/visibility, imrmEE&F] communicator recovery,




3.3 Falcon

NVM Express Custom ULP

Falcon Layer Function

Upper Layer Protocol (ULP) Mapping t++| -+ Messages, Flow Control, ULP Mapping to Falcon
\_ J
4 N
Transaction Layer +++ | -+ - Resource Management, Ordering, Scheduling
A\ J
' 5\
Packet Delivery Layer r -« | - - - Congestion Control, Reliability, Multipathing, Shaping
b =

K Falcon /




3.4 UCCL

UCCL software-only transport layer: CPU engines: TX/RX - pacing - CC - path/LB, UC /raw UD:
software reliability + recovery, RC / SRD: RNIC reliability; software path/chunk control, UC/RC:
RNIC segmentation/reassembly + GPUDirect DMA, UD/SRD: scatter-gather + CPU/GPU
reassembly path

UCCL-Tran (UCCLAY transport SCI) 2{i7F collective library 531F RDMA/AF XDP primitives 2
I8]8Y software-only extensible transport layer, #Z/ \Ef%FiE data path 5 control path,

CPU engine faZ TX/RX, pacing. CC. path selection/LB. timeout, X{&E(E. ¥ QP AY chunk
ordering FliEZRT. UC/RC E82{J3E RNIC {53 E=/E2850 GPUDirect payload DMA: UC Sid [t
Y packet reliability, CC FIELFEANIE, HERKG#h E ACK/timeout/recovery; RC BIfESCINSTiFHT KRR
4 CC, {B packet reliability/ordering {37E€ RNIC, # UD FEMHER/EEMeIEM, UCCL B
send/recv scatter-gather 1t CPU control header 5 GPU packet payload fate-share, H§ CPU 1JJ%3/
IRER. GPU reduction kernel #/3Bf] scattered-copy/reorder,



3.4 UCCL

AWS EFA 9 SRD MIZ27HEHE multipath, reliability 1 CC B4 reliable datagram primitive; UCCL &JLA
SHH datagram delivery, [EBJH connection/LB #1 GPU reassembly F{E3X{4E81=2, 48845 SRD &
A% "% UD #ifarsett” . 3E RDMA B9 AF XDP i&2E CPU E4H/g cudaMemcpy, A BEER,
GPUDirect, {Uiir&%E CPU/NUMA/polling, QP context, GPU reorder/memory bandwidth, PCle
traffic. ATRESHRIGELIR.

(XN TIER—NEEEZ A ETAMD GPULARAWSHIEFARM-<&ZEIF)



3.5 UET (Ultra Ethernet)

Ultra Ethernet: FxE wire contract, BE{k owner B§255C3

UET wire specification: endpoint multipath, ACK / SACK / retry, congestion-control behavior,
progress / timer / reorder state — implementation choice

UET & wire-level specification, A<2—MEE NIC 5 runtime, BlEmRZBENTIRATELE. &
12, ACK/SACK FHERHILAEARRSINERR(E; (8 replay buffer, timer, reorder, progress
engine ¥ recovery state IREHIE NIC. DPU, host 8% accelerator endpoint, FEARBAESESLINR
E. THT UET BIEX D "wire {TAFREML" #1 “FmAERIAE owner”




3RS EEFIREEIF S

reliability /  order / congestion/  progress/  recovery
RC RNIC/QP RNIC/QP RNIC+fabric RNIC/CQ  QP—runtime
MRC endpoint endpoint  endpoint endpoint runtime+endpoint
Falcon HW transport HW HW+telemetry HW HW—runtime
UCCL software* software software CPU CPU/runtime
UET wire contract implementation-defined

* UCCL B9 UC/UD 5 RC B&125EAR; RC {3REE RNIC reliability.

RS TZE RNIC/HEE, BEREEERY reaction loop FIEYE CPU B4, {BIEEINFRAETN. EHE
ZEMEPBLPE,; RS LERBE host/runtime, EBEMRAIJRIEMFIFERAUSKIRERN, (BFEIE CPU,
NUMA. polling #0 tail budget; UET R#TE wire contract, ABEEE/SCIHEEAREL owner,

hHtARRNHIER: [E— endpoint AJgERIRSTAESERIEEME. INEF0 progress, runtime {38

completion/publication #Zl consumer acquire,



3. i — i fEEE

packet loss / path degradation— e gap / RTT / ECN? — 1{R{F replay / reorder state? —
IERRTIFTRER reroute? — AT completion 8% terminal error?

RC RNIC/QP retry — QP error — runtime

MRC path health + SACK — selective recovery — endpoint/runtime

Falcon hardware fast loop — retransmit/reroute — runtime

UCCL CPU observes chunks — software recovery — runtime

UET  wire behavior fixed — owner depends on implementation

AR EEEBRIRUEY, HetEHAMITRIRSER:

RC 1.t RNIC/QP i#3R, MRC HBERD IREEPFEEETE endpoint/path 2, Falcon A& HRBE4FEfE /RN
[EE%, UCCL 1L CPU LA chunk ®ifEgi=dl, UET RAREERIFITH. ERETEREL, REVINRMHTE
EIFNRSHIEIR, 1k runtime iSRS, JREER,




3. INZG

state down — faster reaction - lower CPU - more hardware/state coupling

state up — more programmability - easier iteration - CPU/tail cost

RC. MRC. Falcon, UCCL #0 UET ;&EH##E workload, #EIMIMFEEERIEmER., EEELERNE:
IERENRAI, RIS, AR, EEERE, RMES, WRIBEA. CPU. HBM, SEvE
KSR,




4. Workload % .

workload 2 traffic shape 5 wait-for graph B94REE. ERESSEES. WHHME. fan-in/fan-out,
EER,. AR IREFEL. {afF completion ZBERERR F—5 KA BERREASARERBMESS stall,
BN aitEREEER] bytes, AllReduce RIGERZALERE rank w5 15AY reduction edge, pipeline
activation 2—%5@07F P2P edge, KV miss 2 identity 5 lifetime AJFE tier object fetch, MoE
dispatch/combine MEHRT5 | \ZIZ routing, metadata. incast fIiTE{RF!.

FtoHriiERE dependency — object/operation — traffic and state — progress/completion —

wait-for graph — exposed critical path,



. 4. Workload

AEIRIULSHER

4.1 bE8 collective reduction 887 GPU, g Fin&l NIC, DPU., switch 5 shared-memory fabric 7,
bytes. SM/HBM traffic, SREMRSFIKE SRENEEFT o EL,

4.2 IEEEIE P2P, activation, KV cache 5 object/state movement, Er2E identity, placement,
ownership. lifetime, tiering # publication;

4.3 B EP/MoE E7Rah7s routing, expert skew, incast 5 combine dependency dMAJHIKEIEIR ;
4.4 52/ topology/NUMA-aware placement 48581842, 7H chunking, async data movement 5

compute-communication overlap faiE{3AR] R NZEF.



4.1 Collective Communication

Where Should Reduction Execute?
Ring AllReduce per-rank traffic = 2 x (p-1)/p x message size

2N reduction: 21 rank EBRAK partial tensor, BEIZITRM sum/max FESER(E, Bt
FEREEIFER rank, EE ring 2 chunk GimRuRHkEE, S—BtHE GPU iEEA. reduce. AW,

EE. A454. shape #INAY AllReduce EES L. SHARP 5 NVSwitch shared-memory
collective I E2MELFERI. BiIFHI Aggregation Engine 2EZEM Sttt =S ER%mnR; XERY
SHARP 2 switch/fabric reduction placement, &~<2R—1%I5., on-package collective engine 132
i%ite, 2% Ascend 950 CCU,

WLNESRIESZE network bytes, GPU HBM traffic. communication-kernel SM time, tree setup.
reduce-engine occupancy # fallback/error count, #& wire bytes B GPU ZkiE, #RFIAREE

tree setup. completion B85 A, AR reduction &1,




4.2 P2P and Object/State Movement

P2P #AYZE B EanEHARIXISR

object = payload + shape/layout + object/request id+ source/destination placement +
ownership/lifetime + completion/error state

send(ptr, bytes) JiHiA payload B, RBRIEEKRTEEREIMMNMEK. WA layer, 4™ token
range, ;8B MEIE sender AIEFRIE A buffer, receiver BEtEEG A&, PP activation, PD KV,
RL #X &% remote cache #BfEH P2P, {B4dp/ERAAE: activation BEE—> microbatch [555%%,

KV BJgEiSZ21™ decode step EF, NEEFEEKXMZH ownership —2, MRIENMMTT RS L
e, &N “Eimschk’ JoiEFEL/IIERRRY ready state,

LL PD KV /945, control plane 5ciR%E decode worker ¥1B%r pool, aZ#eil/handle 5 request
metadata; data plane #§ KV blocks; completion & block table &y ready state; KKESERAIEER
StEH. #BoENEF worker 1B, EIERIM4RERERELCARZ GB/s, i£84E setup latency.
bytes/object\ P99 completion, buffer occupancy. cache hit #1 orphan object #=.



4.2 P2P and Object/State Movement

P2PHAREINIS=EANEFFRE. PPH BY stage B BEMNIRIREZE stage A BY activation; &iX
\2=H2Bk pipeline bubble, #U buffer RE&&ERI— stage. PD HRY KV 2i5kPIRZE, BJLATREL.
f£ host/remote tier HFF#221" token EF; {H decode admission fEIAFTES blocks & EMR
ALEtH., PD A~218 PP send/recv [FHFER, MEEINT placement, cache miss, request lifecycle
#0 failure recovery,

RERINTAE, PP & microbatch timeline, send/recv gap. stage bubble 1 queue depth;
PD BE&153K KV bytes, transfer P99, block-ready Bf[&]. decode admission wait, cache hit/miss
0 host/GPU pool occupancy,



4.2 Mooncake

8 "BAR M XEBBILT FAMNEIREE. Mooncake Transfer Engine (TE) 2#GEHIMNE:
VARG Store IRHRY. EiEMEIREIRYIRE/BirsNECE, RIEEHMOTBEimEE RDMA, TCP,
NVLink S(&iEE, EXMEND &R, FRSERESTMh. XEBER "FHEN" 28548, B
HURT transport, REEBLANGEM/IET 2 A AT,

Mooncake Store #2371t TE Z FHID I KV/IREFEEGEPEER. B4R key EIXUSR.

o RAREIAUEBERIIRES, RERETES placement, &, pin. EAURXISA] WM ; SCARAUBT R bytes
movement IBEMR TE 317, TE BHERTEAFFAIAZTT Store FXITR B TRIR XTI AT IEE,

FE, FHEWNRIER T payload fizFHEINEN, HA=BERNERR metadata lookup, placement
8% segment allocation, HE\ZFF. BE/EBANRRK. BIXDEANTRIASATEEHREMA. AFER
Mo BINE TE BYEM/EERIERE. HEBA. DMA/MZREHI. EidlFl completion AY[E], LUK Store AY
lookup. 3#ic/placement, BAFl. SHIIEFNEIARTE, BRI Store AYEHIEIEIRIRIIETF RDMA H

=]
3

I5s




4.2 Mooncake

Train/Inference Workflow

S NVIDIA TokenSpeed |
B8 DYNAMO  roicns ot the speea of i

1!
I
:: :: :
1! 1
I |
BERER R DA i A verl | 1 RTP-LLM LMCache £ LMDeploy @ Chity !
I
| 1! 1
|
¥ N :

Mooncake P2P Mooncake EP/PG Backend Mooncake Store

i TN TR (TR S S

C/C++ APIs Python APIs Go APIs Rust APIs
Batch Transfer Interface (zero-copy, tensor/kvcache-aware)

|

|

|

I RDMA Transport TP CXL/SHM/ MultiNode Ascend
| NVMe-oF NVLink HIXL
|R°CE B eRDMA EFA  Transport Transport  Transport  Transport
|

uto Discover  Fault Tolerance IMooncake Transfer Engine (TE)

4_’[ CPU lj"’[ CPU I]M ROMA]
s 3

veam [« epu )} (eru )
NVLink




4.2 Hicache

Mooncake/HiCache: object metadata /R7E bytes BER R IEFEE
key / request / layer / token range / dtype / layout / version
| lookup + placement
replica locations — transfer engine — destination pool
| publish / lease / eviction / failure cleanup
Mooncake Store 3 KV/object & placement. replica, eviction ¥1Z4 & backend; SGLang
HiCache BJ#z Mooncake backend, 257 SGLang integration i £fgiA HiSparse host pool / DSV4 C4

side pool By layer-first multi-buffer zero-copy M.

——

EIHEAI—ER bytes, &i#/D layer/token range, layout, dtype #0 version, #EWiRTEZEZEERH, &
object Eff5— replica, RFNIEFEHIARKE, MAZESM storage 1ZHY; 7 transfer FpoEM,
metadata ABEHRRIAFD ready, BEFIEFINIARE payload completion dN{E]JRF#BEHT object state,

MMIRZ 5579 metadata hit/lookup latency, placement decision, transfer latency. publish wait,

replica/eviction bytes #[] stale/orphan cleanup,



4.2 DualPath

& workload: multi-turn agent - long context - short append - high KV reuse

Zizaitg: PD disaggregation - layer-wise prefill - external KV storage

Frontend / Storage Network (SNIC): storage access

Backend / Scale-out / Compute Network (CNIC): EP/TP/PD relay

Scale-up Network: GPU-local collective / tensor path

PE-read: storage —SNIC— PE host —CNIC/HBM— prefill =CNIC— DE

DE-read: storage —SNIC— DE host —CNIC/RDMA— PE prefill

T scheduler chooses path by queue/load

{EFsCHEEH Prefill Engine (PE) A9 storage NIC (SNIC) WM& KV store fnEkdss KV, DE
FEZU PE FZpkHY5EEE prompt KV, X2—NEMMEANOAFE: PE-SNIC BJgefssuziigil, DE-
SNIC 0BEkF /35, DualPath 1/ DE-read: DE i&@3HHI SNIC iEE KV, #5%2| DE host
buffer, B% Backend/Compute NIC (CNIC) #1 RDMA 3% layer relay 2| PE; PE-read {J3{RE8, H
scheduler FEZRIEIEESERIALL



4.2 DualPath %

XEN=MWESBEETAEEXIS. Frontend/Storage Network \BEFEETFME. checkpoint FI
KV-store if5ia], SNIC EEREERFHAILIER NIC, E=FE+tEnlser DPU FE B SEIEIRSS ;
Backend/Scale-out/Compute Network 7&%; EP/TP &3{71@(5. PD relay, LINERS LANEEERNS
oz, KV store; Scale-up Network M2 NVLink 258y GPU-local iz, =& ENTFIESENIMNLEG, BEE
LIstRr. B51H= PCle 5l DPU £&1E, BURTIFEEERE. SNIC/CNIC EEREIRE.

L

AEMAN—TF
Hit KV-Cache Transfer: == Full Block —— Layer Block Hit KV-Cache Transfer: == Full Block —» Layer Block
Prefill Engine Decoding Engine Prefill Engine Decoding Engine
() 6 9 (5)
aPu ] cnic % . enic KB epu GPU - cNic 2 IFenic K2 epu
Wt @) {® @t 1e
DRAM DRAM DRAM DRAM
2 @
t ) { X0)

Persistent Storage Persistent Storage

(a) PE Read Path (b) DE Read Path

Figure 4: Dual-path loading illustration. The scheduler dynamically distributes data traffic between the two paths.



4.2 DualPath

REUHERIE PE SNIC + DE SNIC RERAIEERNFEREE, FHESRE— PE ingress queue IFEH
K&, layer-wise transfer 5 prefill compute overlap, miss token #Fr4EpkAY KV HIEZE] DE, 58210
Y hit KV &§F. {12 DE host buffer, Zioh CNIC/PCle/DRAM traffic, block layout ¥z, B&IZiE
12#0 completion/publication state; i£3HJ bottleneck-free SITARIRSIE P/D ratio. BIF PCle
locality, I9EEEF] compute fabric ANHZE,

MRXEEREAY compute network 5 storage network 438fE=, {8 DE—PE relay £\ compute
network, BEItbABER DualPath ik KV traffic £ SIREVEEYIIERE. 1©3ERER CNICH
VL/traffic-class QoS: t&2! collective TESLATHBATI, KV transfer £ BATIFEARIFT
MITIERIP latency-sensitive EP/TP/CP communication, [ERtZG KV mE={REIHILIDER,

DualPath FIFEWESKIRB =11, 5—, dual-path loading &9 EE PE/DE T LY storage
bandwidth, 38—, scheduler <R{# round robin, MRE%& storage read queue, unfinished token,
GPU/HBM capacity flit&E i %E%EFE PE/DE 5 read path, 8=, CNIC-centric traffic manager #&x{
FAAREIARE— A ERE, E% KV JE SNIC _EHRA,

i




4.2 HiSparse

H5EEE KV BB1E host, RIEARREERIZDEMRE GPU,
Decode GPU: fixed-size hot KV buffer

Decode CPU pinned memory: complete KV

sparse-attention top-k: on-demand host — device swap-in

HiSparse WEARFFXKEIE: decode GPU RIRBEIEAX/ hot buffer, CPU pinned memory {£
FETEE KV, sparse-attention 3% top-k blocks f§, runtime AIBEZERY blocks swap-in, B>
HBM B=EKFFA KV movement, {BIEfN top-k decision, host lookup, PCle/C2C transfer,
LRU/slot management ] graph-compatible staging,

FUBIS R IZ—IX miss H]: attention/selector =4 block ids — coordinator & host pool —
B GPU slot — JIT swap-in kernel/DMA — completion E#7 device table — attention %,

= top-k T{LIREFRENAAE, PCle 1 launch tail £82E; #& hot buffer X/)\, thrashing £{FEE
blocks &E#=, WMIETE hit rate, swap-in bytes/token, host—device P50/P99. buffer
occupancy # decode stall,



4.2 HiSparse

PD direct-to-host: 58 KV IEIRZ host tier, ER—IXTTHFEE
Prefill GPU —RDMA—> Decode CPU pinned host pool
| on demand
Decode GPU hot buffer

(EFCIAEESTIE P AY KV 5%l D GPU staging, BEiftZl D host full pool; %15 decode &R R B/
£ hot blocks #ii[a] GPU, X)X staging ;8#E D GPU BZE£#g5) PCle/HBM traffic,

direct-to-host 1L Prefill GPU @13 RDMA E#E Decode pinned host pool, Eak/5H decode
scheduler &% blocks, & swap-in GPU hot buffer, BE(IAFTRBIEHEKEZ: P/D wmimEmBiR
host addresses/handles, request/layer offsets, buffer lifetime ¥1 completion; D AgEEERENETS
& block, Prefill fIA~E&xN0 HiSparse, HiSparse 7 decode side & host/device tier,

SR EIRT 45+ &15A9 D GPU staging bytes. D HBM/PCle traffic, host write bandwidth.
RDMA P99 F1 decode admission; #& host memory g, NUMA B 9#R30, direct-to-host RIgERZHERA
FIM GPU 722l DRAM,




4.3 EP and MoE Communication

— > MoE token 22[HTALE, all-to-all R2FE—E
1 router %&£ top-k expert
2 count / quota JREE™ destination Y token #{
3 prefix / layout I TE H#x offset
4 pack payload + token/expert/source metadata
5 dispatch £l expert rank B9 receive buffer
6 grouped GEMM 15EEX expert-major layout
7 combine [B[jEFH#% top-k NEIFFH

Rigx— token BY hidden state &IiXZ5™1 expert, payload R2 hidden vector; A&

]
T

= token id.

source rank, top-k slot/weight, B#r expert #1B%r offset, ZWimA8e1TEFH7E combine BYS[RIE
MfafisE., & destination count kK1, FEES L count/prefix S{FEREE buffer; & expert #8H

quota, £7=4 drop. padding. reroute B,



4.3 EP and MoE Communication

HItE FN—ME4 all-to-all &ifF#e router/count, pack/layout, remote completion, GEMM ZEFF0
combine reduction, MWiZZHEE rank/expert token count, max-to-mean, pack/unpack kernel,
network bytes, receive-ready AJ[g], expert GEMM start 1 combine completion,
REMCIEEEREN MoE layer; runtime [ 1 router output £l destination count, offset [
buffer allocation; EP ZEB&5 7 pack. transport, notification 5 combine; RNIC/fabric 4#4zf25E
packet path 1 recovery, {H—=FZI8, AFREZIRVEEAIEESRZ MoE layer latency EFt. 12BN
token histogram F¥47, B metadata/layout, payload. completion &| GEMM,

DeepEP [2iHYE2—E dispatch/combine ¥ :
router output + token buffer — count/prefix + buffer layout — scale-up / scale-out transfer —

receive counters / notification — expert-ready buffer = combine transfer + source-side reduction



4.3 EP and MoE Communication

DeepEP Z25tXJ EP 12 high-throughput 5 low-latency B GPU communication kernels, E#4
NETE token layout, source/destination metadata, buffer capacity. ¥ NVLink/RDMA g3 hybrid
path, completion/notification 1 combine,
V2 NFFAMEEERE NCCL GIN backend, %— ElasticBuffer, H3&iER> SM 5H; XBRixEE payload
path, control state 1 compute resources E—i€i%it,
MNCCL EP BRFHTISZIRSARERIE:

LL: direct P2P all-to-all for latency-sensitive inference

HT: NVLink intra-node aggregation + RDMA inter-node hierarchy

LSA + GIN: GPU-initiated data path
LL path &[] latency-sensitive inference, {it[a] direct P2P, /DEREFNFE startup; HT path ERIEAX
batch, 5t NVLink 5iIEEHEH RDMA BT /R, LSA/GIN £2{# GPU-initiated data path, &
producer/consumer kernel BJLAER EZ#ENE. MEBELBEANN. FHA. HIMIZREEAR., EIE
B1#% token count/message size 7318, BI& startup. SM 5H. NVLink/RDMA bytes #0 P99,




4.3 EP and MoE Communication

UltraEPETFZ3R1 post-gating load SLRTE#I#vA expert, FH7E scale-up domain A reroute,
MoonEPj&Eiddynamic redundant experts + symmetric-memory weight layout, BFrREREIE rank
compute load

S expert =AY token BFIHEREUER, [IEERNAEE=R: S sender E&RF—HZ
incast; B¥r rank B9 receive/GEMM queue Z; Hith rank BFEREITE combine/barrier &4, R
transport CC 88{RIFRAT, ZDABEHRR expert itE{wH.

&4 auxiliary loss/EPLB {®{€0J[8]RE; UltraEP/MoonEP 1 replica placement, weight sync ]
reroute #EHZ| layer/microbatch critical path, BfiJBEESZEIADHERR, EEFHNEEZN/FELE. &
4 slot, gradient reduction, route plan #1 cache =,

BENENESITEIHE: per-expert token histogram, receiver ingress queue, expert GEMM
duration, replica sync bytes #1 combine wait, R&Z P99 network latency tHHEY, A~—ERE

transport &,%0JRA,



4.3 EP and MoE Communication

D%

5

Expert replica MIERERT "8 THFTF" GeGE=M
replicate hot experts inside fast domain

route bulk tokens across slower domain only when necessary

BE. RABELFNIZRT gradient reduction, & rack S#IRTRELENN fault blast radius FIELHRE. —
NEIEAFIMT R AR EERAY dispatch/combine tail + GEMM queue wait, 27&KF replica li/E5/
UltraEP BYATFSEIBEHIS reroute Z5REESTIFAY NVLink scale-up domain (i5B8 EP placement
B ERE ) .



4.4 Locality and Overlap

Overlap Rgefeim "MKEiitERIRAI AT BE—ER
8817: produce all — communicate all — consume all
7K. produce chunk i+1

— communicate chunk i

L— consume chunk i-1
exposed communication = communication - safely hidden portion
58 tensor YRR A FRRY chunk, producer W07 chunk i ready f[FABEA; consumer WA
chunk i SERFH/E ordering [5Z48EE. overlap RIIEKBEIE "FiF57E tensor” Hpk "FFDRlHe
B chunk” , %05 consumer NEZEE chunk, SEEETLEME partial result H444E, 5B A
BE4ESE critical path,
BN AIRERIRAHT. BEA8EhAH SM # pack/reduce/poll, BRIES HBM/L2; compute {5
FRE—®IE. WMNRHAEELEF] HBM, timeline T EERETREE®E. @HEMITHE exposed comm =
step with_ comm - ideal compute, & producer-ready—send. receive—consumer-start A gap.




4.4 Locality and Overlap

Multi-stream REFRIAMKH, BEARKEEERFERE

stream + event express dependency

chunking creates independent work

resource partitioning makes concurrency real
stream RER— stream W, event EI7FE stream B happens-before; B1FA&Bz0] chunk,
A~&9 communication g8 SM, tBASIES HBM/PCle/NVLink %%, — MNERISTKIBEFEEE:
producer 7 chunk-ready event [F/& (S, communication £ completion signal [SMAHE
consumer, ERIPRE in-flight chunk, BAlE buffer &5,
BUEBEDNM: event BEEN GEMM KE, S tile-level overlap; 1&#(5 kernel 5% SM, 1t
compute TLAEE,; WEFAH HBM, BRIAYEERE; chunk K/N, launch/signal/fiY B EIE B
Wzm. WLNESZE stream dependency. SM active/occupancy, HBM throughput, copy/NVLink/NIC

utilization, kernel duration inflation 1 buffer queue depth,



4.4 Overlap BYEAE B {AULM kernel Hg/\F tile

inter-kernel REZSCIFNAEIN, 1BRBEE chunk/kernel 1B573#;

fused producer-consumer BJf£ GEMM epilogue g tile ready By &1X, &8 HBM round trip;
persistent distributed kernel & remote load/store. signal/wait 5 compute Fu#E[EI— progress
loop, EBENEfEE/)\, BEEERHETE credits. arrival counters, phase. buffer lifetime FIfEiRIEH.
BERE, BT overlap #iK, EEFFHIASHME, EENERILE chunk serialization time,
producer/consumer tile BY[8). launch/signal p4~. BDP F0rJA buffer, ANE#k/NkiT: 13/N\SFEE
wire efficiency. &0 metadata/atomic/counter [£/1; T AN ZEREIFF.

Existing grid-level PDL (sm_90+):
prerequisite grid collectively triggers — dependent grid may start

consumer waits before reading prerequisite output



4.4 Overlap BYEAE B {AULM kernel Hg/\F tile

Rubin public claim: required tile becomes ready — corresponding consumer work can start earlier

& sequential launch {F1EZk producer kernel Z{A52, consumer kernel A F44; {8
consumer BJgER{KHR producer B5EEY—ER% tile, Programmatic Dependent Launch 531
prerequisite grid fit’& dependent grid ERFS, consumer FEEIFSEBYKEREGERIE wait, MR
launch/scheduling 5%l producer T{EES,

B griddepcontrol.launch dependents/wait )\ PTX 7.8, sm 90+ 27, {Bft&{IEXK
prerequisite grid BYFTE CTA BEHYT trigger 8i455K. Rubin BEAEEEREMRAIE tile/thread-block
producer—consumer coordination,

EAEEHIE kernel boundary FIEESEF, ANMFRIUE consumer BEXZENEENER tile, IARNBMRERS
% layout transform gi#r[8] HBM/SMEM placement, 3§iERGZE producer tile-ready. dependent

launch, consumer wait release 1 SM resource overlap, MAZREMR grid start time,



4.4 Counted writes

TBEIRB N Miminohi 38 EE— MR EE
sender kernel

L— fabric put / reduction —— remote data

L— remote byte counter += accessed bytes
receiver observes expected counter value — applies required ordering — consumes data
sender-side mbarrier — tracks local completion / error report
8@ remote write EEHB & flag/atomic/ack: F&5 payload, BIRIEINFE, BEH 22" KR, XiE

In—&=HEEE—IX remote atomic, tBEZHIN flag FoHERTD payload [E7KiZFTEE scope B WAY
tHiR, counted write 1B BirEEL RS Hinim byte counter EE#i4BE, receiver & counter 1XZ|
expected bytes, BHITFTEE ordering [FIEZE.
EIR/DHIZIRIZ completion [EEFOHYE round, AREikL receiver TLERE, sender-side mbarrier iR
RN operation completion/error report, remote counter ERERB#R bytes; FRENA[E,
counter EFAIAEE generation/phase, Frlt E—#iR%E write jSERT—4,



4.4 Distributed kernel

distributed kernel 2iLZ1> GPU i mESRE—FESSEIRERDAERIT. BEESCIER host [Fa—
PEDEUL GPU-resident persistent kernel; kernel 30/, ®5E warp/CTA M device-visible task
queue FKEX chunk, tRIEZHE placement REARMITEEITIRIGIE], FHRIT produce — remote
put/get — publish ready, #EW A N{T wait/acquire — compute — release buffer, H,
distributed AT 5B MUZSE)IEIRSS, persistent iR kernel <BFE3FEE, device-driven HHiA
ESAE. BEREMTRGEBETERREMHEH. remote operation RYSLFR DMA/progress {J3A]5E
NIC B=5chk, BKH host progress thread Ai#, EURTEAEERIR,

5{£4t host-driven path £/ kernel 8¢ chunk JAFRIBT™—E T{E3Z[E CPU/runtime #8LY, iXFhiE
BIATLASHFEERY per-chunk host launch/hand-off gap, 1B/KEEE] chunk 8 tile HIEE: 4 chunk i
IEEfE%RT, producer AILUER i+1, consumer NTEBEFERA i-1, (BIXREBTE chunk BJ H7
iH#E. completion BERAY R, WKHIFERTE, FEBEMRRY in-flight bufferfl credit A <4858
consumer-visible critical path,




4.4 Distributed kernel %

MY BIEN. payload, completion 1 lifetime: EIF{FEAXFRIBULELEEM memory handle,
& ready counter, receiver {EE{alfH acquire/fence. buffer {AIEJHNT— phase. credit FRG1E
FF, WK timeout, MBS X, ZNZMN. TRERFM unknown result AIRERTI. XEENASHES
BIE1RE load/ store BibiARST R,

KINMEEIHE(E warp/CTA &5 SM. =7F88. shared memory FIAERIR, Hulge5FiHES:
Fd HBM, L2, PCle, NVLink & NIC &85, EULIHGERIAEERE kernel A& ERESE, KENE
ready — submit, submit — complete, complete = consume FIPHERZEIR. remote outstanding,
credit starvation, phase transition, LAKE GEMM B occupancy #0 duration inflation, &EiE(SizH|
BRESXHITERETIE, H host hand-off FIKES T sEa &R FITHE.




4.4 Case Study: DeepGEMM MegaMoe

BIFR S Rin2ingER: EP dispatch / remote pull — Linear1 gate/up GEMM (FP8 x FP4) —
SwiGLU + amax + FP8 requantization — Linear2 GEMM — remote BF16 combine-buffer writes —
final top-k combine reduction
ST
persistent kernel + symmetric workspace
receive counters / arrival masks / token metadata

wave-and-phase scheduler
TMA + TMEM + two-CTA tcgen05 MMA

fM{E: 8 dispatch, B GEMM, EUE/EE. mim write-back FIE&ZE combine FUAR—MNEERS.



4.4 Case Study: DeepGEMM MegaMoe

Communication Latency Can Be Hidden.

The key insight of our EP scheme is that the communication latency can be effectively hidden beneath computation in
MoE layers. As shown in Figure 5, in DeepSeek-V4 series, each MoE layer can be decomposed mainly into four stages:
two communication-bound stages, Dispatch and Combine, and two computation-bound stages, Linear-1 and Linear-2.
Our profiling reveals that within a single MoE layer, the total time of communication is less than that of the computation.
Therefore, after fusing communication and computation into a unified pipeline, computation remains the dominant bot-
tleneck, implying that the system can tolerate lower interconnect bandwidth without degrading end-to-end performance.

(a) Naive Solution

//// ////// | Cambine

Communicati0|1—//////ff//;;7//// Combine

Theoretical speedup: 1.42x

(c) Ours

I Linear 1 GEMM
SwiGLU + FP8 Cast
! Linear 2 GEMM
77771 Combine All-to-All

Computation Theoretical speedup: 1.92x

Dispatch /”///////’/////
ispatc ///// axc] Dispatch All-to-All

Activation
& Combine

Expert Wave 3

Expert Wave 2

Expert Wave 1

Figure 5: lllustration of our EP scheme with related works. Comet (98) overlaps Dispatch with Linear-1, and Linear-2 with
Combine, separately. Our EP scheme achieves a finer-grained overlapping by splitting and scheduling experts into waves.
The theoretical speedup is evaluated in the configuration of the DeepSeek-V4-Flash architecture.



5. BREFFSESTE Scaling T#EA Critical Path?

setup / restart — bootstrap - communicator - QP / resource state
steady state — bytes - RTT/BDP - queue - progress - contention
failure / operations — detect - recover - diagnose - restart
!

consumer-visible time / goodput
exposed cost = total cost - safely hidden work - amortized work
MRC — path / link failure
NCCLX — collective API / algorithm / resource scale
Meta 100K+ GPU production stack — library / transport / operations lifecycle
critical path 2M producer dependency Zll consumer start FIGRIMHEKIRGE. =mBIEXDBIIINX
FZHEIAENIE : MRC (] link/path failure BEREE1E transport/endpoint; Meta gY CC for 100k+
GPUs LA NCCLX/CTran /3%y, 8] collective APl, EiEFIRIBINSEEST E; SIGCOMM 26 By
Connecting 100K+ GPUs 18 library, transport 5 operations U524 aa/EHE.,



DN

RLE FF$H = 7E Scaling N Critical Path?

SR step HNEIE rank REEFHER, #iRt. FRDE. BRRE. 2HMERREAR R
overlap @ amortize, FiEM "EFINERA" ZTHYE, consumer-visible time, & BDP. iRBAFIELEZIAE
ABA—ERIME,; RE in-flight state FESHEEERTA. 12 burst 1&8k queueing, EIkE/1ZHIE
2= MR EMGRET, ZTHAKRREE,

SEMARINEIUTER: BEEMPRT S copy/message/round, TF#E#EIT CPU. GPU. NIC,
DPU A2 switch, #7224 buffer, QP. reorder, metadata. staleness #] recovery state, zero-

copy RFERDP—IREI copy, AMRIEZE DMA, registration, flow control ¢ consumer wait;

100% link utilization tBAJRERIAE ERAIBAFIFIEZERT PI9,



5.1 OpenAl MRC m

B4k slowest transfer ;&% step + path collision / incast / link failure — multi-plane Clos
+ MRC + static SRv6 — job ride out many network failures

MRC I XHBE A= MERIRITA, %—, MRCE—1 QP RIE packet spray BISRIEH ]
aEIE, ERIES per-flow ECMP B flow collision; 58—, A multi-plane Clos LAE/D3c i ErazE
1T 100K GPU pyM4g, FHIZZ plane IR TR, 5=, F3&#% SRv6 source routing 1L MRC BEE =S
FHARRR, MARFFSHAIE. 1IBXRIBTRELL link, path, o RIRNERERERERTRSA
QP =} job failure,

packet: remote VA + rkey + entropy value (EV)

EV set (£ 128-256 / QP) — spray across planes / paths

000 direct placement — SACK / selective retry

ECN path health + trim/NACK + probes — retire / resurrect EV

SRv6 EV — static physical path

production evidence — job survives many path events # recovery is free or instantaneous



5.1 OpenAl MRC

MRC H#7 & RoCE RC RY—1ERiEFE, 18X HERZ WRITE #1 WRITE_WITH_IMMEDIATE, &1
packet #17 RDMA virtual address, remote key #0 EV, 1= NIC BJi% offset B EELFEARIEL
&, &RixmF SACK REHFLE packet B2, RE(EMRKERD, =T, packet trimming {RERI=HISLHF
fLoeiEis, 1HzBimA NACK SR TRIRES, ECN RIRATERTEHZE EV, 5= probe IREMIEZ(A
Bk E. SRv6 B EV MEJZIE%Z source route, N ABREMNETA—ENSEHIENEH.

Xf1: best-effort/lossy Ethernet k& MRC U HEERAY loss detection, SACK, reorder #]
replay state; &1~ QP E4EP EV/path-health &5, NIC % direct-placement #1 path mapping;
7875 SRV6 &Y, 7 IE/TATES FHWSFIE PR XL, AESRIGIMEIR, uSID/ERRECEF BRI,

=GR ENZENA: 18RS 75K GPU Za3Lie+F, MRC BIES. EEMEVE
MRS EAIRERIR; — 50K GPU s, TO transceiver &4k flap &4 —0 8. 29 25% WELT
B, {B job >k crash, QP kKM, NIC-TO im[O&FEfS, job AILA4%4E, {B EV remap FERYE], HES
fEie>— plane NBE, KEAKULEREMZA(Z,




5.2 Meta Bf1&NCCLX

NCCLXIE collective library Tk rl4miz. FI ERENEEE.

NCCLX APIs: host-initiated - host + GPU-resident metadata - device-initiated
CTran: host-driven transport, NVLink - InfiniBand/RoCE - socket,

collectives - P2P - RMA - custom algorithms

Meta B9 Collective Communication for 100k+ GPUs #FE 35K NCCLX E[=#E
100k GPU, BERDIIGFEIEREE., XEIRITEE API. &i&. transport
backend FIFFEEEREIE— T EIEZE: X% host-initiated, 7 GPU-resident

metadata BY host API, LINIFEY ERY device-initiated API;
JEE CTran & host-driven, 2 NVLink, IB/RoCE #[ socket backend, FH37#F

coO

lective, P2P, RMA_ zero-copy/SM-free 5 fault-tolerant collective,



5.2 Meta Bf1&NCCLX

.

X KRN ERIE—8R5 progress. SREEANIEHIASHE CPU/library: E@E'
REFIFIS A verbs, tEaSE% copy-based NCCL jE#E SM/HBM; {B CPU
control path, registration, QP/CQ #0 host scheduling {J3ZE{JR 4,

copy-based NCCL:user buffer = FIFO — RDMA — FIFO — user buffer
| extra SM/HBM copies + chunk/pipeline sync

CTran: user buffer — direct RDMA —> user buffer

| zero-copy / SM-free, but needs registration + flow control

CTran zero-copy Bzt user buffer Zjalffil RDMA, E/DFMl FIFO copy. SM/HBM

JHFEFNE RTT TAY plpellne/control wait; RMA Put

3T TP RUZHRIE

£ overlap;

HSDP + Fault Tolerant AllReduce i&id shrink/grow i EZBSEFEEIR HFFEFRINN;
MoE inference B9 GPU-resident collectives #] low-latency path NiE > padding.

CPU /NEBRFFIE.




5.2 Meta 18{5%& Connecting 100K+ GPUs

100K+ GPU RoCE fabric
multi-building RTT: &&%J 30x intra-rack
MoE: bursty all-to-all = transient hotspots
hardware failures: M anomaly £k frequent event
initialization / resource management / testing: HA4%asEHA
SIGCOMM 2026 Y Connecting 100K+ GPUs {5 HF I SYIEAFNE#Z building, imimiE
A9 bandwidth-delay product FIREREFRESHAR; MoE B9 bursty all-to-all SiEpgBERT s AT
[FERISRERA R ERIRUCAIRREEABIEHR A, RIS ERZE library, CTran transport,
HBM/QP Fig. iz, 20, profiling #0 scale testing {E9—4 production communication stack £
Eipzan
CCLX initialization / resource lifecycle — lazy connect - lazy channels - metadata slab
DQPLB — segment + QP/outstanding limits by topology / BDP

Fault Analyzer - PerfProfiler - CPU emulation — root cause - observability - control-plane scale



5.2 Meta j@{51% Connecting 100K+ GPUs

R mECCLX EA global communicator, FiZDEE bootstrap/AllGather, FHEZERDEIRZM O(N?)
fLiL&E O(N); #FIEAME, lazy algorithm/channel allocation 1 metadata slab FE/D&E
communicator f§ HBM. QP #1 channel &1F footprint,

DQPLB N{E zero-copy FEFH5|IAEI segmentation ¥ per-connection in-flight limit: #R#E rack.
zone, cross-zone, cross-DC By BDP A% data QP #{. segment size #[] outstanding £%; 1&E1J
sequence/immediate 5 receiver reorder map {#%%2 QP 1iBEIFE. TiskE /Y switch buffer
buildup FIEFEIEEFIAZR, (BFE T QP. sequence, reorder, CQ polling 1 topology-specific
tuning A%E; EFRAXESEILHER, LRAXESSHIE incast,

A LR /@ F progress/recovery ¥4 : Fault Analyzer A CollTrace 5 inter-collective

dependency graph X43 root stalled collective #0 cascading timeout; PerfProfiler i25% registration,

control sync, WQE post/completion, QP idle/post frequency, FBIE( slow rank, € 1/0 g
QP/path; CPU emulation F§ mock CUDA/verbs £ X#I#E CPU rank _E3GuF initialization, handle F0

failure path, 1830AFHEB &I listen-queue overflow Z control-plane [a]&K,



S ML =TS 2

MRC: endpoint/path, fast failure bypass; packet/SACK/EV/reorder state

NCCLX: collective library/host transport, APl and algorithm freedom; CPU/QP/HBM/control state
Connecting 100K+ : full lifecycle / operations, init + resource + flow + diagnosis + test

MRC &R EE. AEIOEHIERERE TiNE endpoint/path, HREUJLHHFIRAIIARER RN BRI
REOATEHES, BERMNE NIC LIRS, lossy fabric, 000 placement, #7Z source-route EE
AR verbs 15X,

NCCLX BUI%REIE APl, &%, progress fIRREE _FBRIRT4RTE library/host transport, EVES)||Zx/
HEIE workload BUERIEEDFIE /MY GPU copy =5, B2 CPU control path, registration,
QP/CQ FIEHEIRE,

SIGCOMM 2026 EiH—£: Bit¥Iiait. HBM/QP footprint, BDP flow control., #&Ei2lf. profiling
M emulation S{ERI—FREFFR, NHEFEZ telemetry, TEHEENME,

FILE =R EARINR LIEEMRED. RAEE. INESHATIR REE.



5. Takeaway

rare failure x 100K endpoints — routine recovery

per-rank state x communicators — HBM / QP footprint

RTT heterogeneity x bursty traffic — BDP / queue / tall

cascading timeout x synchronization — diagnosis / observability

startup / restart — training goodput

MRC 1.t—&B43 link/path failure B8 transport, {BAEEER NIC/port, GPU B job-level fault;
NCCLX iL collective API, zero-copy. ¥IIsftFIFIREIERE workload —i&2H &, (EABEHER
registration, CPU control #1 QP state; SIGCOMM 2026 15BE;& A initialization, flow-control,
diagnosis. profiling #1 emulation B9IESE, T rISEHE4EE] 100K+,

E=ZJ3[EIFY critical path: WR&E. FREN. ZWiakdliateerIRsz TERRIAISER,, EiITLARSE,; WNRE
(BB T—IRE collective. consumer By restart, BfiIFiRiRZiEaT8)., LIRS consumer-

visible latency. P99/tail. step goodput, restart budget, HBM/QP footprint #1 time-to-diagnosis,



6. BEF RIS Compute, Memory5 InterconnectiI5FR 4553
Decode T ABEIRAIERIAFR?

Prefill: @EE®&E#EIL compute-bound

Decode: @HEBE#EIL memory/latency-bound (FZX 73 Speculative Decoding/low latencyiz =)

active KV — warm KV — historical context

G1 HBM — G2 DRAM — G3 local SSD — G3.5 pod tier = G4 shared storage

TTFT - TPOT - tokens/s/user - KV capacity - fabric tail - power

X2 workload tendency, HAHERY; batch, FFHKE. B, FITREEH kernel SEMSIEE
roofline, Decode B4 RERM/E token, AREIZEUNE. 1HIAHERFHY KV cache, HAIBEFEIET
REVINER, EHEITEM Tensor Core IFERRIAZEXR. %, BEAFIHEAEIER,

KV B FHEEURTEEL. head B4R, dtype. ECFN attention R, FEER—IEER "B
token K/N' SRFAIEERE, (EFESM ETNMKEFABIK, HAMEESMN active request FEHZ]
warm/history, TN EEENERTE TTFT, TPOT. tokens/s/user. KV capacity, fabric tail f18E5%.




6.CPU\ GPU. DPUZ{EHN{AXI4>

CPU: orchestration - control - system memory
GPU: tensor compute - HBM - kernel dataflow
DPU/NIC: 1/O - isolation - DMA/transport offload

capacity boundary HBF / context tier

compute-memory boundary PNM / 3D stacking

compute—fabric boundary low-latency / in-network

IXERy CPU, GPU, DPU 2=HZE. CPUBEAIHAE. =5, MURAFIRZEANTF, GPU &
skEitE. HBM ifalfl kernel B dataflow; DPU/NIC BJ8E/&IE DMA, MR/ fFELRIE. R FREF0ER
73 progress/offload, DPU RIKE ARUEABHHEINZRIPLOAT, HEHEFLEEAS!, B completion #
recovery IR, PUSEMARIREXINARLF®ZE]: HBF EFENFIME, PNM &R movement FEir
A, 3D stacking IREWEREE, MEEEKRER/INERREL, SXBaIEEEHEN placement,
completion, visibility, QoS #[ recovery,




6.1 Cerebras 5 Groq

Cerebras: wafer-scale fabric + local SRAM — fewer fine-grained chip boundaries — off-wafer
I/O and capacity become harder limits
Grog-style: compiler/static schedule + spatial dataflow — ordering/progress become more

predictable — dynamic requests and external network remain

Cerebras L AEMKIE A8 movement uH wafer-scale fabric, &/ R EMYFIRLILR,; B
SRAM B&. K ETF3F0 off-wafer I/0 {[32#E295R, SemiAnalysis #z&1588: WSE-3 29 44 GB
SRAM/wafer, #J 43 PB/s REG R LHHL 2.4 Tb/s off-wafer I/0,

Groq 3z¥F compiler-managed/static scheduling. spatial dataflow 1 SRAM-centric local memory,
EiBE8 ordering, RWIRZECHI progress IRRRIBEIGmIESR, A MEAN timing variance; XA
FTREITER cycle-level deterministic, BAFTINFEMEEMNAIRBINER. FE. 1% batching,
K ETX. Mot EHFISMRMEBRIZ T,




0.2 ICMS

'NVIDIA context-memory 73[a]: 8 KV / context 5°FIZ1 tier

G1: GPU HBM active decode KV

G2: system DRAM staging / warm KV

G3: local SSD node-local warm KV

G3.5: CMX pod-level shared KV / context

G4: shared object / file  durable history / cold artifacts

CMX = Ethernet-attached flash/context tier, Dynamo + NIXL — KV block pre-stage — G2 / G1,
BlueField-4 + Spectrum-X — KV I/O and fabric

NVIDIA £ 2026 & 3 BRIMFIH1E CMX i85 Vera Rubin Al factory B pod-level context-
memory storage platform: B2F G1-G3 5§ G4 Z[aktFz— @R KV/context fY G3.5 B, CMX (&
FH BlueField-4 7318 KV I/0 #1gF4% control-plane/data-path offload, {8 Spectrum-X Ethernet #2{it
EE RDMA B pod AiE#E; Dynamo Y KV block manager, NVIDIA Inference Transfer Library

(NIXL) LARBXREHFERERRENSRINE. HEFFREYL,



0.2 ICMS

IXEIRIZHFBERETIE G3.5 BBIEIFTE decode kit al: FREXAERTAT, CMX HIZERETLAR
request-level lead time f&i&; @2 miss BF, lookup. queue, Ethernet/RDMA transfer, flash read
I promotion £EEH N TTFT/TPOT critical path, FTiSERE—ER, P object identity, fRA
/generation, ownership, completion, publication, eviction %[ failure policy,

(ERIXMETIFABRILSEBRIGIE, BlueField DPURNIRIHBE—E#RE S ARG, XB3A
MMECMX/ICMS (RIEA—MIiHERRSZFM AR, )



6.2 Discussion: Eh AR TN ETF?

Xdwarm KV cache3gii, &4t metadata, placement FIHEBE(FEFIERLE context pool, (&
T BB TRER, B 0ER. N\OWRiEHRSMARRRAR,; PHAEFE
ownership/BR7 FEIT /R shard, sPETIREERE, tLEEFIA host DRAM 5 local SSD, {HEALME
peer transfer, #mfmfl. FKMEIA. hA/generation MEE, WRJEER KV, EEALIA lease,
WRZAFOBEABAY stale/evict policy,

TZfiBIE Scale-Up B> host staging H3£1584%E RTT, {BXENXIHE/APR. completion,
visibility ¥1 QoS; #ZA Scale-Out E[3R1EEARUHESEMEM, (BIE RNIC, 3HEAIBAG. ZiRiE. 1
ZEFFEEF partial failure TEAIRR,

LU ERIEE workload. KV hit ratio. X3gK/)\. prefetch slack FOSTERE, MimElim

consumer-visible latency,




6.3 HBF + PNM + low-latency interconnect

HBF cold weights / cold context capacity

PNM filter - transpose - reduce near memory

3D memory-logic  dense bandwidth and energy efficiency

low-latency fabric small-message dispatch / completion

HBF BB EIARIMNE, BfE. SRER. EEamIISHAIREIENRIEE; KA KV FERERE,
IR B EFFEES NHMIEINL,

PNM EE45 movement SRR, R GPU/CPU 5 memory tier ZIERIRIZE, (BIEINSE.
A EUE/FTRIE N, ;

3D memory-logic stacking BT EHBEARS T oz S P& bit BEFE, RITIEAUR. RBRZE. i
% EOFVERD software mapping 48—,

(RFEIREEAA 4558 MoE dispatch/combine RS0, HAFREERBTERNX.

UETILIES, (BENIREVREIFREN placement, ordering, completion, visibility, QoS
0 recovery,

g



6.4 NetDAM

HE PNM FOEZR45S collective/data movement FRZEI/ZZ1H%.
GPU/XPU — scale-up / Ethernet — [NetDAM]
— SRAM/HBM

— vector/reduce engine

L— programmable memory operations

NetDAM £ 2021 & FPGA/100GE fA5/REL: memory EIEEEEMLEM, HATIJRIE in-memory ISA

il vector/reduce FE, BEESEFRE® MoE dispatch/combine, metadata transform F0ZE5

collective dN{IEEIAEHE. NetDAM EHIFFIERIR—MMYEIEMZA: operation identity, capability.

ordering, completion, backpressure, EE#117. unknown result, partial failure 0 recovery &w;

MEN.; MoE RE{RTF token, expert, sequence FIAZPIRE. EIEARERITR RAM, T2 "M
BINFHI R e SR E "



6. Takeaway

Cerebras i@/DERS 4RI A5, {B SRAM capacity 5 off-wafer I/0 B 9SFERERIZIER;

Groqg #8822 ordering/progress REEHIFEE] compiler/static schedule, {Eai&iak. BEFIMEREE
RICITHIALIE;

CMX/warm-KV tier i/ bAMBEFEIFIHSE KV EE, #FE pool metadata, prefetch, QoS.
eviction [ failure policy;

HBF B &XI5B I HBM, HISIATHER. HaHpflSHK;

PNM/3D stacking 4852 memory movement, #Z5|IAEGR. 20 software mapping;
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