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- &4 :CPU+ GPU/TPU/FPGA Z. KES] SEMHRIT
- 4% : Ethernet + RDMA / DPU . {KIER VAN ST =
. 1Zfi% : DRAM + NVM / NVMe SSD . KB&E FUEFFAL

28 CPU
Intel Xeon Ethenet
2x 48 cores 100/200 Gbps
w/ HTM

IB CX6

DRAM 2x 200 Gbps

DDR5
512 GB
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6 6 3 6 W 7FfiE : NVM/CSSD/NVMe ..

11 18 7 1 WV &7 : GPU/TPU/TEE/RISC-v . .
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HESTIEMHSTE , RESSMAFEX
-+ LIMZREFRDMAZIZIL | IEAFSEFERTFHTM, BHA ®» £ E @
SIEETTGPU, FBRMERENVMEREHERIERE }
BHTREG. SIE BEHE A TR — TR R RGN

B4 JRiE (primitive)

read | write | cas | xadd | send | recv | ...

xbegin | xend | xcommit | xabort | ...

clwb | sfence | pcommit | nt-store | ...

load | store | ... (on 128-512 bits, SIMD)
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HIFRDMARIS S IBIH5R RDMA
M THE : FARM@SOSP15/SIGMOD19  F3SST@OSDIL6 & R A AR TS i
{EFIRDMASCIER AR EIY | E#EOCC@SOSP15/0SDIL6 £ Efiﬁ;f
12 tHversioning EHAIFHERDMASE—EE [MEeZHR) jz};' RO
HFHTMHSESL IR HTM
FRIMETL(E : DBX®@Eurosysl4 ] gjs et al.@OSDII6 == IRHESMES |
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HIM: Hardware Transaction Memory

a non-transactional code will unconditionally abort
a fransaction when their accesses conflict Strang

Atomicity
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HIM: Hardware Transaction Memory

a non-transactional code will unconditionally abort
a fransaction when their accesses conflict Strang

, Atomicity
RDMA: Remote Direct Memory Access ¢

one-sided RDMA operations are cache-coherent
with local accesses Strang

Consistency
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HIM: Hardware Transaction Memory

a non-transactional code will unconditionally abort
a transaction when their accesses conflict

RDMA: Remote Direct Memory Access

one-sided RDMA operations are cache-coherent
with local accesses

RDMA ops will abort conflicting HTM TX

‘ Distributed HTM
Basis for Distribuied TX processing DHIVEHESHNE
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DrTM : EFDistributed-HTMi9S %X B4 E

EFRDMARI2PLIANY : 5F=EES (Distributed TX) > B#/1Z555(Local TX)
EERHTMEZSCHL RS 5540E
=T Distributed-HTMEYE D HIVRERME(DrTM-KV)

Worker Threads , 3 o s
Transaction § o § ,’m B DrTMF &R E
Layer

Memory

Store 2PL]
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~
~
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e
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DrTM : EFDistributed HTMi§ 3 %L E =4 E

« Fkik #1 . ETFRDMAGIREA4RIZSCIN - HbEk #2 . (ERIDFHEZRIHTME
A nVIES HESCINERSS AT

+ AR #1 . XPETHN(Lease)lIRDMA « BAR#2: A TX chopping AL

/\ L [RY I I ﬁ%\ /.—\ﬁ\ rl = QEGTF‘H@? )J/\
JJ 'ﬂjI\l/ S—0— ﬁli&f)u 7T H iﬁﬁt JJ
. 7 ) NEW- _NI;EYRDER s PAY- oo Mg:— OS - PAY
exclusive & state: 55 3 [ammmaouss | [ smvomoss | cosronmm 1) | Sromoves, w@D, SCRD . @--O-®
shared lock : /7' /7‘ [z ) |onomenvs | [masonons | | 2058 | ©—~O-O-CRENAD - €L
L , d t. h- ID] I . b‘T 7EP048TUMER 2:4 TTTTTT NEW bLY E
ease’'s end-time machine- exclusive-bi Sismazcr | [arsrory | [[2573CT | ®-@-@ - GO
ORD! - o T < SO-@-0-0
stocx ||  [STocK sL(@Ls) os-""— el
000...000, unlocked e : oot || [ gadge o cedge — F-adgs]
.  DELTA is used to tolerate the | s NEWy o
000...yyl, exclusive locked | ‘ NEW
P2

| time bias among machines |
.000, shared locked = = = ‘-rormmrmmimomomomsosoosmooomoooooooooo
EXPIRED: if now > end-time + DELTA

INVALID: if now < end-time - DELTA
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DrTM : EFDistributed HTMi 9o\ B4 E
- 6T=RDMAEEE L , BIVIEFRRILE S (Calvin) , HEITE1XZE 5.52 HATPC-CESESFHF
MHREIRFT201S , SYRTIERK FER2 N EER
- 1EELETFEAARDMARISEIR(OCCHMY) , FEItEH—1EFA50% , UUKEIFRYY Bt

N

8 | -% Calvin(8) 2] $ .| B DM il R% -7 DITM-OCC(8) f

g -0~ DrTM(8) ? 5t 2 3 | —B- DrTM(8) | Standard-mix (txns/sec) 3,243,135

= 4+ -8 DrTM(16) D X 4t = New-order (txns/sec) 1,459,495

=3 3l ’_,0"" 1 = =3 5 average 15.02

é ol é §_ Latency (us) 0% 7.02

S - = 2t < 41 0% 30.45

g 15: """ - s | s T c o ote %) s

oA c = , ) , ) apacity Abort Rate (% .

= o R R R 6 0% 42 16 20 24 S 2 3 4 5 6 Fallback Path Rate (%) 14.80
Number of Machines Number of Machines Number of Machines

TR ER%&FRIE SOSP, EuroSys, ACM TOCSEZRFMldin5ESINFIHET



E:; I"CCF GHIP

FETENFSCRRS

=4l #1-2 : SIHERZAS

EFRDMA+NVMERFAIARFKRE RDMA
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> A3 — Y 74 S5 Wﬁii_l%' I {E%;£
JFHRDMAFINVM ya) PR = | A5, % =
FIA 0 o mNR TSI RS  IEERS , SURE T S N

(VEETROMA+NVMRAERIE , K= BIMIAATR [(HRSR]  Zummans

— ® Hardware Limit NVM @

LLog | 5 \ RGSIER A HE

RDMA £ | ~ RDMA write NVM SHIRIEEATS Sy

) 5 T— . EBmTEEES
MAREEAE

Client Server One-sided write payload
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778 NVM EH4FE (e.g., Intel Optane PM)
« 5DRAM , LIKBHXIEBENERERAER
- NVM4RERAZT : Yang et al.@FAST20 | Kglia et al. @SOCC20 &£
. Intel BB HNLH TRDMABREENVM LIS 5%
- RDMASNVMZEHLNER , FEITZIEEERMH

—

- ‘ = Last Level Cache
— [0~ One-sided ' - |
Qii |-Romawrite -| NIC 4 PCle Ctrl ' —TT
[

NVM

Server
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Z7 4R RDMA+NVM BItEser it his

. REESHEMRMEY [9 Hints] | FHEHEWETE Octopus

- EWABERDMA+NVMZERZ I EENF T 2B 3 *
OO0

optimizing T

SAEZE S : Octopus@ATCl?  ¥dEREE : DrTM+H@OsDI2018

>8> DrTM+H
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FFIEAFT RDMA+NVM HIERERIMATS Hafdwa
- RE=FmEAEN [9 Hints] |, FHEHIUEHTGE o
+ TEHERDMA+NVMES: SRR A a3 SR S
SAEZE S : Octopus@ATCl?  ¥dEREE : DrTM+H@OsDI2018

—=
- \
- - -

Performance

One-sided write payload

Configuration (H1-H3) RDMA-NVM L6 (H1-H9)

[ H1. 37 KEHEE{E ANT-store

H2. &% 5% { FH B socketijj|g]
imizati ' Access pattern (H4-H8
Optimization Hints < P ( ) PETTIYPE ST

H4. B /D FF & CPU NVMijTT]
\. RDMA-aware (H9) "
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RDMA+NVM ﬂtmﬁgi& W?Last Level Cache
- H5 : X7 DDIO L\)\é%ﬁ%figgggﬁ ?i%ﬁﬁwe : NIC [ PCle Ctrl i :
} = NVM
NVM fEfiiE
- 488 : IFEE >> [EiS
FAA RDMA+NVM 133 i H2 H3 H5 -
- DDIO £{5ti% RDMA EANERF o I
- ZFLBINEINES NVM

NIRRT RE REER A
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] NVM

Server

NVM fE{45 1
- NVM ZiEK=EZINSiEK
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{B({EfFfE (key-value store) RDMA
o DN BREEEM . OLTP/OLAP, MHZRZ. FEFIIIEHE RIS TS

REFES | (BGE

- BEERE (KV) RIEZBRERIRT

Model (key) > pos // e.g., B* Tree =5|EfF MEI—2ME  EiE
KVS (pos) = value [i] (A NABMR : R/W/C/X

Key F————— A\ ———————————

! <<<<<<< (o P i

|

|

oS |
T | é e ’\ﬁ‘tﬁlﬁ'
T gy ™ PR

pos - 0 pos + pagezise
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HF Two-sided RDMA

EfFiEST

#1JFH RDMA (Send/Recv) filiE RPC , eRPC®@NSDILY Z&
ARS528 CPU R ot&sEHRRIT , FToixk7e o FIFH RDMA

CPU 3ERIBE/5T RDMA M-RHES

ARSI AR 1]

100000 3% CPUTSR
10000 O WEHR
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HF One-sided RDMA #{E{Ffi&Iit
- one-sided RDMA iEXBPR : Read/Write
+  EUR RDMAZFNEEEEN—ZEB T =
o BB ERS | SEKETIMNAEIRIE

DN FE s EIEZ IR MEIRIER
DRGHEIRIEEEO (log(n)) R ILEIRIE
100MEEEEHE , LRgetBE7RRDMA
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FETENFSCRRS
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Qe /] e
U E
/ | e
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ESIEFREA | EREEF (AM) 73|, BREHERSIFHE
o XEMUT/E : DrITM-KV@SOSP15  CELL@ATC16  FqRMy2@SIGMOD19 &=

- BFES| (B*) FMEERSIEFRA 228 | B
1. BENEFEFmRAFFEEX (100MEEFE ~ 650MB)

2. TAHE GENIR) ERETHRES , S Q ¢ /| samn
ERNIRESY NI TP

S-RKV <— e.g., DrTM-Tree = 30 ' ' ' ' ‘ B*RZ= 5|89
C-RKV B Al y= . —

No cache ZMvs. 76h > g 6L éﬁ I:F' ENERE /'ﬁ
1level s 20 +5L 1% J
2 levels g — 4L =
3 levels = L =
4 levels _8' 10 oL §
5 levels g’ ™ML
6 levels e No

All (optimal) ‘ ‘ . | = — S-RKV  — C-RKV
0 20 40 60 80 0 0 10 20 30 40 50 60

Throughput (M regs/s) Time (s)
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B FREURE RS | AYSIIE
- (f8-(i8) COFa LB MLUEBL)IZEIR (Learned Index@SIGMOD18)

+ (EFIHIEEEES] (ML) 188 (BB L) TR E Cumuative
ISTrioution
MLmodel (key) 2> pos //e.g., LR, NN Function

(sorted) pos T
CDF - max err
Kiy et \/ min_err
Model actual il 4 _ - -
odel | PR
(e.g-, NN) ey Model

I__ Machine

Learning

: »
pos - min_err pos + max_er K (sorted) key
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SUFRRRS : (EBHNEEES (ML) REEEERCIEF
- MURBEZFNA : GRTERD | TEEZEMER > At EiRmE”
« RDMARKZEE{FEL - 0(log(n)) > 0(1)
- [RARFHHE + EEIEINE EPE C L

Learned @ (1 I%
/ Cache

(Ko,0),(K1,1)

y v Get(K1) (K1,V1)
Model ) T / \
AN(log(n)) (e.g., NN) 0(1) i Addrof Ky=1 0 2|3 BEX

POS\Q pos

B+Tree

Key Key

e | Network | %

pos -0 pos + pagezise pos - min_err pos + max_er
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BUFREES - (EAINERFES (ML) RENSERS|EF N
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Client| ===~ SPECULATIVE
------------------------------------------------------------------------ EXECUTION R ERERECEEEEEETEEEEEEEE EEEEEREES
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XStore : BEF Bt E 5| EFHNRH B FEEFERS
- YCSB A-E : 100 M $#EXJ (8B key+8B value) , Uniform / Zipfan 5%

Thpt (Mreqs/sec)

100
80
60
40

20
-

" DrTM+Tree@Eurosys'16 Cell@ATC'16 B XSTORE
" EMassTree@NSDI'19 ' RDMA-Memached

RDMA p{-REREIR PR
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B MBEIRF+ 3.7 ~ 5.9X
I._ I II- I II- l II- m B .
A B C D E

A HE - 53M regs/s

MHebia ~
Workload A B C D E [4BEHETT 2.7 ~ 3.5X
R(S)/(U/1) 50:50 90:10 100:0 95:5 95:5

HRAERAEFRE Usenix OSDI, ACM TOS FERXFA TR TESINFIHAT
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> T AZ EEF
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v THieh  RTMESIZBIT  FEFiH
X AR (2x GPU) , GPUFIFIZ(E

300 60
2 540 | ™ Real-time Task ’c'éa‘ 8| &= Real-time Task
180 > a
5 [ EGPU S 36 [y EGPU
2120} S 24|
= -
S 60 1 % 12} 1
-C —
= 0 B _ 1 | L ! |_ 0 -
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BITH1T (Sequential Execution)
o RFEMTIE : Clockwork@0spr0 &
- EFITHES R
v RTESHITAZ T
X (UmEiwm)ATFE , GPUFRIBZME

Best-effort Task#1

________

Best-effort Task#2

[

Real-time Task#1

C )] ¥ s Y f e Y Y | i ] | )|
_____ J: COVICDOC D i:] —
— * (c— (— N —
N —

T 5% BE Task#2 Arriving

i Time
_____ \ — no preemption —
Sg| i CO@COCOCOI I |i’|""_1"(""3’ic ) C
5= | 20 rﬁ:) —) [ c—) — i § e {— b
30| O ) [— m— ! . fa—)
K& | f— — ! . l (a)

_______
I—— no concurrency

FETENFSCRRS
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i

fe>

Overall
Latency
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Preemption
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Eieh (Block-level Preemption)
RF|METANE : EffiSha@PPorPl7 &
FiFiTkernel>ehk

v BOIERYERE

X (I 2lum) BTRE(RAS. GPURI AR

Task Latency (ms)

—
o

o N A O @

=3 Preemption
mm Execution

e HIER

0 1 2 4 8

Number of Best-effort Tasks

Sequential

+ Block-level
Preemption

Execution

Best-effort Task#1

_______

[

Best-effort Task#2

FETENFSCRRS

Real-time Task#1

I COICOICOCD! i cDc P  — ]!
| | |
FOIC D OO I — —
_____ ! ,
> A — — i m— :
H I
B C ®'=

_____

_____

T 5% BE Task#2 Arriving

; Time
T \ —— no preemption —
COCOCOCDOI ] | i N |l c— Y c—
rﬁ' D I ¢ ) (D) — ! ] C e ) $
O [ ) — ! . fa—
| [— — o | (a)
—— wait-based approach L no concurrency
' YT ] | [ — " —" Y " Y —" J c—
$ Y DY 1 : COHCDOHCD 4
i G [— i . fa—) )
[— I L — (b)
th—h Overall
Latency
— End-to-end
Latency
] Preemption
Latency
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—— Y oo Best-effort Task#1 Best-effort Task#2 Real-time Task#1
= __________________________ 2 2 \
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# device codes

__global__ void conv_relu(in, weight, out):

1 sum = 9;

2 for 1 in range(9,3)

3 for j in range(9,3)
4 sum += in[..] x weight[..]
5 out[..] = ReLU(sum)

__global__ void dense(in, weight, bias, out):

6 sum = 9;

7 for 1 in range(9,512)
8 sum += in[..] x weight[..]
9 out[..] = sum + bias[..]
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# device codes
__device__ void dense(in, weight, bias, out): ...

__global__ void dkp(rt_kern, rt_args,
be_kerns, be_argss):
ncus = rt_kern.ncus # number of CUs
if (cu_id() < ncus) then
rt_kern(rt_args) # run RT/kernel
else
ncus += be_kerns[i1=0].ncus
while (cu_id() >= ncus)
ncus += be_Rerns[++i].ncus
be_kerns[i](be_argss[i]) # run BE/kernel

0ONOUVT A WNBR

# host codes
void inference(...):

# set the real-time kernel w/ its args (e.g., dense)
9 rt_kern, rt_args = ...

# select a set of best-effort kernels w/ their args
10 be_kerns, be_argss = kern_select(rt_kern)
11 dkp <<<..>>> (rt_kern, rt_args, be_kerns, be_argss)
12 ... # launch other dynamic padded kernels
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